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“Behold, Arjuna, a million divine forms, with an in�nite
variety of color and shape.

Behold the gods of the natural world, and many more
wonders never revealed before.

Behold the entire cosmos turning within my body, and
the other things you desire to see.”

Lord Krishna, The Bhagavad Gita





Abstract

Galaxies that are observed locally assembled a majority of their stellar mass in the distant cosmic
past. The exact mechanisms by which the assembly of galaxies occurs are not yet clear. Star-
forming galaxies observed at high redshift are found to be clumpy in morphology and forming
stars at an extreme rate relative to nearby samples, likely as a result of a high fraction of turbulent
gas which is indicated by a large velocity dispersion, σgas. Dynamically, 1/3-1/2 of these galaxies
are smoothly rotating, inconsistent with merger driven star formation which is a common cause
of starburst activity locally. This has spurred theorists to develop new models of gas accretion
involving cosmic �ows in order to explain the observed gas content. Testing these models at
high redshift is inherently di�cult due to the vast distance between Earth and the galaxies that
are observed.

In this thesis I present a series of studies on the properties of a unique sample of extremely
star-forming disk galaxies at a redshift of z ∼ 0.1, which exhibit a number of striking similarities
to star-forming disks at high redshift. These galaxies are a subset of extremely star-forming
galaxies from the DYnamics of Newly Assembled Massive Objects (DYNAMO) survey, targeting
star-forming galaxies selected from SDSS, selected by excess Hα (with active galaxies excluded).
From our previous optical integral �eld spectroscopy (IFS) we �nd that roughly one third of
DYNAMO galaxies have kinematics consistent with a rotating disk, many with largeσgas relative
to typical disks locally. Many DYNAMO galaxies are marginally resolved in these observations,
some lower redshift objects show signs of clumpy substructure. These observations, along with
subsequent detections of a large fraction of molecular gas in a handful of DYNAMO galaxies,
indicate that extreme DYNAMO galaxies are an excellent sample for studying star-formation
processes similar to those found at high redshift.

Due to their relative proximity it is possible to perform detailed, multiwavelength studies of
the resolved properties of DYNAMO galaxies, providing constraints for models of disk forma-
tion and testing assumptions required for analysis of high redshift observations. In this thesis, I
will �rst present a study of the relationship between the stellar and ionized gas kinematics and
morphologies in two DYNAMO disks on kpc scales using optical IFS. These results are compared
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with toy models of disk formation in an attempt to understand the dynamical history and for-
mation of DYNAMO disks. The result of this is that the stellar and ionized gas kinematics in
these galaxies are closely coupled, with both components exhibiting large velocity dispersions
(∼ 40 km s−1), an assumption of recent models of high redshift disk formation. We also �nd
previously unresolved clumps, reminiscent of star-forming regions at high redshift, and small
bulges, possibly in the act of formation.

In addition to this I present a study of the resolved dust properties of four extremely star-
forming galaxies. This is done using adaptive optics assisted infrared IFS with space based nar-
rowband photometry providing a long baseline in wavelength for constraining dust content. We
�nd in four DYNAMO galaxies the overall dust content is similar to values found for nearby
star-forming galaxies (Av ' 0.5 − 2.0 mag) with spatial variation within galaxies of ∼1 mag. We
�nd no evidence for large regions of highly attenuated star-formation. This study is coupled to
a study of the integrated properties of a sample of 67 DYNAMO galaxies comparing the values
of E(B − V) measured for stars and gas. We �nd that galaxies with large sSFRs follow a relation
closer to E(B− V)stars = E(B− V)gas rather than the E(B− V)stars = 0.44 × E(B− V)gas relation
found for local starbursts by Calzetti et al. (1997). We suggest this relates to a large fraction of
stars dominating the light in these galaxies still being closely associated with the dusty regions
of their birth.

Finally I will present the preliminary results of an investigation of the local environment of
z∼0.1 extremely star-forming disks using data from the Galaxy And Mass Assembly (GAMA)
Survey. The GAMA Survey is underpinned by a spectroscopic survey of ∼300,000 galaxies pro-
viding accurate distances and positions of galaxies in the redshift range probed by DYNAMO
galaxies. Using these positions I �rst develop a 3D local density metric similar to the 2D �xed
aperture method, taking advantage of the precise redshifts provided in the database. We �nd
that only six galaxies from the original DYNAMO sample overlap with the GAMA survey, there-
fore we perform the DYNAMO selection criteria to the full GAMA survey providing thousands
of galaxies. This sample is subdivided by Hα luminosity and morphology (as indicated by the
Sérsic index) and the local environment on various scales is measured for each galaxy using our
3D �xed aperture metric. The goal of this investigation is to understand in what types of en-
vironments galaxies resembling high-redshift disks can be found and if this may be a driver of
their unique evolutionary state. The preliminary result is that high Hα �ux galaxies are found in
moderately underdense environments, possibly suggestive of galaxy groups. This suggests that
gas rich minor mergers, which will be most common in groups, is one plausible driver for the
unique, gas-rich state of DYNAMO disks.
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1.12 True colour images of the initial 67 DYNAMO galaxies composed of SDSS g−,
r− and i− bands in blue, green, and red respectively. Images are centered on the
location of the SDSS �bre and are ordered left to right and top to bottom in Hα
luminosity. (Figure credit: Andrew W. Green) . . . . . . . . . . . . . . . . . . . 52

1.13 The gas fraction (Mgas/(Mgas+Mstars)) inferred from the KS relation for DYNAMO
galaxies (Figure 7 of Green et al., 2014). Solid points indicate galaxies which
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star-forming galaxies. Low redshift samples of Epinat et al. (2008) and Terlevich
& Melnick (1981) are found to cluster at low values of both SFR and σ while high
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1.16 A projection in mass-spin-morphology space de�ned by M∗, js, and B/T with a
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1.17 A Comparison of the size-luminosity relation for clumps in DYNAMO galaxies
observed with HST compared with samples of clumpy galaxies observed at high
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and clumps are found to blend together in some cases, measurements of the size-
luminosity relation for blurred DYNAMO clumps match well the observations at
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2.1 SDSS true color (gri) images of DYNAMO galaxies observed using GMOS-IFS. In
each panel a white bar indicating 5.′′0 is shown along with the cardinal directions.
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2.3 Top: Graphical depiction of the GMOS CCD array, consisting of 3 rectangular
CCDs separated by 5 mm gaps. The light of 762 �bres is dispersed and stacked
vertically with wavelength increasing from left to right. The arced shapes of
various individual �bre spectra are shown (with curvature greatly exaggerated)
highlighting the importance of proper �bre tracing using �at �eld exposures (Im-
age credit R. Bassett). Bottom: An example of a �at �eld exposure showing the
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�bres that are dispersed onto the CCD array with a small vertical gap between
each group. Spectra are tightly packed with the width of each on the detector
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in our GMOS dataset. We have purposefully chosen a �bre near the edge of the
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2.5 Top: the resulting row stacked spectrum (RSS) produced by extracting a bias sub-
tracted CuAr arc observation with the task GFEXTRACT. The arc shaped features
that stretch from the bottom to the top trace the positions of various emission
lines produced by the CuAr lamp as a function of �bre number. Bottom: The
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fectly vertical shows that the wavelength calibrations for each �bre in this data
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2.6 Comparison between the native cosmic ray rejection algorithm included with
the Gemini IRAF software v. 1.19 and the LA cosmic algorithm of van Dokkum
(2001). From left to right: bias subtracted science target frame (in which Hβ emis-
sion from the galaxy can be seen) with no cosmic ray rejection, using the native
Gemini cosmic ray rejection, and employing the LA cosmic rejection. Using the
same number of iterations, the LA cosmic routine is clearly performs a more re-
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2.7 Two examples of bad positioning of the detector chip gaps for observations of
galaxy G 20-2. Emission from ionized gas as well as continuum emission from
the galaxy is clearly visible. The chip gaps can be seen as a relatively noise free
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This is due to the combination of variations in the wavelength range sampled by
the chip gap in each spaxel as well as velocity gradients in the target which cause
the emission lines to shift to the left and right. . . . . . . . . . . . . . . . . . . . 79

2.8 An example of a bad sky subtraction. The failure of this sky subtraction is man-
ifest as vertical lines of with extremely large absolute values. The cause of this
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2.9 An example of the �tting of our response curve based on a comparison between
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smoothed response and the second order polynomial �t to this smoothed spec-
trum. We use the parameters of this polynomial to de�ne the spectral response
of the GMOS-IFS system used to �ux calibrate our science data. . . . . . . . . . 84

2.10 Qualitative snapshots of the state of the ionized gas in galaxies from our GMOS
sample which are identi�ed as mergers. One criteria that can be used to dis-
tinguish interacting galaxies is unordered motion in the observed velocity �eld,
however this signature is only clearly exhibited by G 03-4 while the other two
seems to display large scale rotation with only small deviations at large radii.
H 10-2 clearly has two continuum peaks and all three galaxies have irregular σ
maps when compared to our disk sample. For these reasons these three galaxies
have been labeled “merging galaxies”. The white bar at the bottom of each false
colour image indicates a distance of 5.′′0. . . . . . . . . . . . . . . . . . . . . . . 87
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2.11 Qualitative snapshots of the state of the ionized gas in galaxies from our GMOS
sample which are identi�ed as disks. Both G 04-1 and G 20-2 exhibit smoothly
varying velocity �elds and centrally peaked velocity dispersions. These galaxies
are classi�ed as unperturbed disks and are the subject of the next Chapter. The
white bar at the bottom of each false colour image indicates a distance of 5.′′0. . 91

3.1 False colour images of our disk galaxies. Red corresponds to the median contin-
uum level while green and blue show the peak �ux of the Hβ and [OIII] (5007
Å) emission lines respectively. The colour scaling is not the same between com-
ponents, but is chosen to highlight substructure of our disk galaxies. The peak
of the continuum emission is marked by a dashed circle with a diameter equiva-
lent to the average seeing of our observations (∼0.′′5' 1.1 kpc at z= 0.14). In both
galaxies the continuum peak location is coincident with the kinematic center (see
Figure 3.6). Both galaxies exhibit multiple large clumps of gas that are o�set from
the central continuum clump by a distance approximately equal to the seeing of
our observations. The locations of the clumps are marked with white arrows. We
note the irregularities in the central regions of G 20-2, which is due to dead �bres
in the detector obscuring the central region in multiple exposures. Overplotted
are the footprints of Figure 3.6 in white, which indicate the area over which we
can reliably extract ionized gas kinematics from our datacubes. . . . . . . . . . . 97

3.2 Continuum subtracted Hα maps from HST with 0.′′05 pixel scale. HST resolution
of 0.′′1 corresponds to a physical distance of 229 pc and 246 pc at the redshift of
G 4-1 and G 20-2 respectively. Comparing with Figure 3.1 we �nd that clumps
in the HST imaging are more easily distinguished. While some clumps identi�ed
from GMOS-IFS data are matched to single clumps here, others are found to be
unresolved collections of multiple clumps. While clump sizes are smaller than
would be predicted from GMOS-IFS, most clumps are resolved by HST providing
a lower limit to their sizes of 250 pc. The white arrows indicate the same clump
locations shown in Figure 3.1. Comparisons between our low redshift IFS data
and high-resolution, space-based imaging will be valuable for the interpretation
of similar studies at high redshift. . . . . . . . . . . . . . . . . . . . . . . . . . . 98



LIST OF FIGURES xxi

3.3 Surface brightness pro�les of continuum emission for the two target galaxies,
G 04-2 (top) and G 20-2 (bottom). The �ux of the continuum maps of both pro�les
has been scaled to match that of SDSS i band pro�le. The solid dots represent
isophotes and the red line represents a Sérsic function bulge plus exponential
disk �t to the surface brightness pro�le. For each galaxy there is a “bulge” in the
surface brightness pro�le that is co-located with the rise in velocity dispersion
in our kinematic maps (Figure 3.6). Some galaxy properties from these �ts are
included in Table 2.1 and repeated here in Table 3.1 for convenience. . . . . . . 98

3.4 Comparison between spectra observed in the continuum peak and the brightest
Hβ clump of G 20-2 summed in a 0.′′5 aperture centered on these regions and
normalized by the median continuum level. Strong emission lines characterise
our spectra, in particular [OIII] and Balmer lines, as well as strong Balmer ab-
sorption associated with A-type stars. The top panel shows the continuum peak
spectrum in red over the emission line peak spectrum in black, while the bottom
shows the continuum peak spectrum subtracted from that of the emission line
peak. Here we show a section of our observed spectral range that includes the
Hγ and Hδ absorption lines, which (along with Hβ) are the strongest we observe.
The shape of the Balmer absorption lines in both are quite similar, suggesting
that the underlying stellar populations in both regions are of comparable age.
The major di�erence between the spectra is the equivalent width of the emission
lines as seen in the bottom panel. This is not surprising as the regions in which
the emission lines are strongest are not coincident with the peak in continuum
�ux. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.5 Velocity and velocity dispersion measurements of stellar kinematics for spectra
shown in Figure 3.4 at each template age (as described in Section 3.2.2). Both kine-
matics measures are normalized by measurements made using templates with
ages of 500 Myr. We have overplotted a dot-dashed line on the vertical axis at
1 for reference. We �nd in the age range from 60 to 500 Myr (indicated by ver-
tical dot-dashed lines) measurements of stellar kinematics remain relatively sta-
ble. We have also overplotted the χ2/DOF (not normalized) for each template and
�nd that this range also corresponds to the statistically best �tting templates. We
adopt a template age of 500 Myr for �tting stellar kinematics in this study as this
corresponds to the χ2/DOF closest to 1 for both regions. . . . . . . . . . . . . . . 103
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3.6 Velocity and velocity dispersion maps for the ionized gas component of our sam-
ple measured by �tting a Gaussian pro�le to the Hβ emission line. The small
white bars represent a distance of ∼ 1.5 kpc at the average redshift of these two
galaxies. Both galaxies display smoothly varying velocity �elds and centrally
peaked velocity dispersions typical of disk galaxies. The velocity dispersions here
are large relative to typical disk galaxies nearby (5-20 km s−1 from DISKMASS,
Andersen et al., 2006) suggesting that the gas disks in these galaxies are highly
turbulent. The black lines shown in the bottom row mark the boundaries of the
“central region” which exhibits increased velocity dispersion. These regions pos-
sibly represent a young galactic bulge while velocity dispersions in the outer bins
are characteristic of a marginally stable, turbulent disk. We measure a mean ion-
ized gas velocity dispersion of 36.6 km s−1 and 29.8 km s−1 for the outer regions
of G 20-2 and G 4-1 respectively. See Section 3.2.4 for further discussion of global
σ estimates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.7 Modeling the e�ects of beam smearing. Plots for each disk galaxy are shown
in a single row. From left to right each row shows maps of velocity dispersion
corrected for instrumental broadening, a simulated map of the in�uence of beam
smearing (described in Section 3.2.3), and velocity dispersion maps corrected for
beam smearing by subtracting the central panel from the left panel in quadrature.
It is seen that the in�uence of beam smearing peaks at the centers of our galaxies
as expected. Beam smearing estimates in these regions are 24-36 km s−1 and the
peak measured velocity dispersions are ∼ 70 km s−1. The applied correction here
is around 4-8 km s−1 showing that even at the centers of our galaxies this is a
minimal e�ect. In the outer portions of our disks the in�uence of beam smearing
can e�ectively be ignored. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
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3.8 Results of pPXF measurements of stellar kinematics in our sample. In order to
obtain reliable measurements in the faint outskirts of these galaxies, the Voronoi
Tessellated binning method was employed. The gas velocity was remeasured in
each bin for direct comparison. White bars in each panel correspond to a distance
of ∼ 1.5 kpc at the redshift of our galaxies. The velocity maps are plotted over the
footprint of the gas only measurements for comparison. The gas and stars in these
galaxies appear to be kinematically coupled, both are arranged in a smoothly
rotating disk with a large velocity dispersion. We calculate a mean stellar velocity
dispersion value for both the gas and stars, excluding central regions (indicated
by black lines in the velocity dispersion maps) for use in simple disk models. This
results in values of σd,∗ = 52.8 for G 20-2 and σd,∗ = 47.5 for G 4-1. See Section
3.2.4 for further discussion of global sigma values . . . . . . . . . . . . . . . . . 109

3.9 To estimate the uncertainties of our pPXF measurements, we perform a Monte
Carlo simulation as suggested by Cappellari & Emsellem (2004). Brie�y, the resid-
ual of our stellar kinematics �ts are shu�ed and added to the best-�t model. We
then re�t this spectrum with the original model in an attempt to recover the
known input kinematics. This process is repeated 1000 times for each spatial bin
and the uncertainties are taken as the standard deviation of these measurements.
Due to the high resolution of our spectra and the sensitivity of our observations,
we are able to make measurements of stellar kinematics accurate to 5− 8 km s−1

in most bins. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.10 Galaxy rotation curves and σ pro�les averaged in bins of 300 pc. Velocities are
plotted with a correction for angular dependence using V(r, φ) = V(r) cos(φ) sin(i)

where φ is the angle between a given spatial location and the semimajor axis with
the center of the galaxy as the vertex and i is the galaxy inclination. For σ we
have subtracted our beam smearing estimate from the observed velocity disper-
sion in quadrature on a bin-by-bin basis. We overplot values for the emission line
kinematics (black circles) and stellar kinematics (red error bars) extracted during
our pPXF procedure. For the emission line measurement, we probe well into the
�at portion of the rotation curve where the e�ects of beam smearing are negligi-
ble while stellar kinematics measurements just reach this region. The size of the
error bars plotted for our stellar kinematics indicate the average of our simulated
uncertainties in each bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115



xxiv LIST OF FIGURES

3.11 Cumulative fraction in σ for each �bre from Andersen et al. (2006) compared
with each value from outer spatial bins indicated in Figure 3.6 for both galaxies
considered here. It is clear that values measured for G 20-2 and G 4-1 do not
come from the same parent sample as those measured for local face on spirals.
Indeed, the values of σd,gas measured for these galaxies are in the 98th percentile
of individual �bres from Andersen et al. (2006). . . . . . . . . . . . . . . . . . . . 117

4.1 Testing the dependence of β measured from GALEX on galaxy redshift. Top:

model age of our PEGASE.2, constant SFR spectra versus the fractional di�erence
in β (compared to β at z = 0, β0) measured at redshifts corresponding to the lower
and upper bound of the DYNAMO survey. We �nd the largest di�erence (> 10%)
for very young models at z = 0.15, with a leveling o� at a di�erence < 5%. This is
typical of all redshifts in the range z = 0.05 − 0.15. Bottom: redshift versus the
average fractional di�erence in < βz > compared to β0 where < βz > represents
the average value of β at redshift z for PÉGASE templates older than 100 Myr. We
�nd a peak of ∼ 10% at z = 0.125, with a majority of values < 5%. Note that the
upturn at z∼0.1 is due to stellar absorption moving into the GALEX FUV �lter at
this redshift. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

4.2 A comparison between stellar masses taken from the MPA-JHU VAC (Kau�mann
et al., 2003c) and masses we compute through SED �tting to FUV to near-IR pho-
tometry. DYNAMO galaxies in the redshift bin 0.055 < z < 0.084 are plotted as a +’s
while those in the 0.129 < z < 0.254 bin are shown by open diamonds. Colours in-
dicate the sSFR as determined through SED �tting. The 1-1 relation is plotted as a
red dashed line. We �nd good agreement between the two measurements within
the errors however SED computed masses are systematically larger masses at
low stellar mass (a well known e�ect, Banerji et al., 2013). We attribute this to
the fact that our models allow for a larger contribution from star burst activity.
The scatter about the 1-to-1 line is measured to be 0.02 dex. . . . . . . . . . . . . 140

4.3 Here we examine the E(B−V)gas values from Kau�mann et al. (2003b) as a func-
tion of stellar mass (from SED �tting) and SFR (from Hα). We reproduce the
known correlation between stellar mass and attenuation (Garn & Best, 2010),
but �nd no clear relationship between SFR and E(B − V)gas. We note that the
DYNAMO selection biases us to less dusty systems, and likely excludes highly
attenuated ULIRG like systems with him SFRs that could remove any underlying
relationship. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
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4.4 Comparison between our two methods of calculating the integrated E(B−V)stars

for DYNAMO galaxies. The value from GALEX β following Kong et al. (2004) is
given on the x-axis while the value obtained through SED �tting is given on the
y-axis. 0.055 < z < 0.084 galaxies are denoted by +’s and 0.129 < z < 0.254 galaxies
are denoted by open diamonds. The colours of symbols are based on sSFRs from
SED �tting. We �nd a better correlation between our two AV,stars measures when
considering higher SFR galaxies (sSFR > 1.5×10−9 yr−1) compared to the entire
sample. We attribute this to the fact that AV,stars based on SED �tting will be
more sensitive to less attenuated light from older stellar populations which have
migrated away from their birth locations. This is consistent with the fact that
lower sSFR galaxies typically fall below the 1-to-1 dotted-dashed line. Galaxies
in our HST+OSIRIS sample, in which spatial resolved AV is investigated in Section
4.6, are indicated by large squares. The outlier is galaxy G 20-2, indicated by a
red arrow, which we show in Section 4.6.2 likely hosts a low luminosity AGN,
which could explain the irregular measurement. . . . . . . . . . . . . . . . . . . 144

4.5 Here we compare E(B − V)gas from the Balmer decrement with our two mea-
surements of E(B−V)stars, from SED �tting (right panel) and from β (left panel).
Point symbols and colours match those presented in Figure 4.4. We �nd in gen-
eral that DYNAMO galaxies, particularly those with large sSFRs, fall closer to the
1-to-1 line (solid black line) than the E(B−V)stars = 0.44×E(B−V)gas relation of
Calzetti et al. (1997) (dashed line). When considering E(B − V) determined from
βwe �nd even many lower sSFR galaxies fall closer to the 1-to-1 line while many
of these galaxies seem to follow the relation of Calzetti et al. (1997) for SED deter-
mined E(B − V). This is consistent with the suggestion that E(B − V) from SED
�tting will be more in�uenced by older stellar populations than β. Note galaxy G
20-2, again indicated by a red arrow, shows up as an outlier as in Figure 4.4. This
trend continues for Figures 4.6-4.8. . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.6 In this Figure we compare the di�erence in E(B − V) measured for gas and for
stars considering both E(B − V)stars measured through SED �tting (right panel)
and from β (left panel). Although we �nd that stellar mass correlates with overall
dust content in Figure 4.3, there is no such correlation found between stellar mass
and E(B−V)gas−E(B−V)stars. This suggests that the relative attenuation su�ered
by stars and gas is independent of host galaxy mass in the DYNAMO sample. The
colouring of points indicates the driving factor may be related to the SFR. . . . . 146



xxvi LIST OF FIGURES

4.7 Shown here is galaxy SFR (from SED �tting) versus E(B − V)gas − E(B − V)stars

for DYNAMO galaxies. We �nd that the upper limit to E(B − V)gas − E(B −

V)stars increases with SFR but no general trend is apparent. This could be due to
the selection of DYNAMO galaxies that is biased against extremely dusty, highly
star-forming galaxies such as LIRGS and ULIRGS. Galaxies such as these would
populate the upper right portion of each panel, and would restore the inherent
correlation. Galaxy G 20-2 is marked as in previous plots with a red arrow. . . . 147

4.8 The relationship between sSFR (de�ned from SED �tting) to the ratio of stellar
to ionized gas attenuation. Points are labeled as described in Figure 4.4, however
this time we have coloured points based on their birthrate parameter, b. We also
plot a simple linear �t to the points in the right panel as a black dashed line. This
relation seems to match well the observations, particularly at high sSFR, however
there is signi�cant scatter. Galaxy G 20-2 is marked as in previous plots with a
red arrow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.9 The results of our PSF matching procedure. We plot the input data for our em-
pirical OSIRIS (black crosses) and HST (blue diamonds) PSFs normalized to their
respective central �uxes. Each PSF was constructed from observed stars during
our program as described in Section 4.5.2. Overplotted in red is the binned ra-
dial pro�le of our output HST PSF after being matched to OSIRIS using the IRAF
task psfmatch. The oscillations apparent in the convolved pro�le are a result of
Fourier Transforms used by psfmatch in combination with the small �eld of view
of OSIRIS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

4.10 Our PSF matching procedure applied to each of the four galaxies in our combined
HST-OSIRIS sample with each galaxy shown in a single row. The scaling here is
arbitrary as we simply wish to illustrate the results of PSF matching an image
registration. There is not a large di�erence between the raw and matched HST
photometry due to the core of the Keck AO PSF being only slightly larger than
the PSF of HST. The most noticeable e�ects are a slight blurring due to the broad
wing of the AO PSF as well as a reduction of the pixel scale to match that of OSIRIS. 152
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4.11 left: diagnostic plot of our GMOS registration procedure. Brie�y, we clip each
image and match the galaxy centre based on the continuum image. The standard
deviation of the values in the velocity map residual (OSIRISvm-GMOSvm) is mea-
sured for all angles and the necessary rotation is taken as the minimum of the
distribution, marked with a red dashed line. right: examples of clipped images
used to produce the left plot. Panel A shows the GMOS velocity map rotated by
the angle indicated by the red dashed line, panel B shows the OSIRIS velocity
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1
Introduction

It is extraordinary to think that less than one hundred years have passed since astronomers
de�nitively proved the existence of galaxies external to our own home, the Milky Way (Hubble,
1926). In the intervening years, millions of galaxies have been identi�ed and catalogued along
with their various physical properties including stellar content, star-formation rates (SFRs), kine-
matics, as well as many others. By �tting together these many pieces astronomers continue their
mission of solving the puzzle of galaxy formation and evolution.

Current galaxy evolution theory can often reproduce well the properties of many galaxies
we see nearby. We know that galaxies are dense collections of gas, stars, dust, and dark mat-
ter which act as the birth sites for stars. The formation and evolution of galaxies results from
the interaction between gas accretion in various forms, stellar mass buildup both through star
formation and galaxy mergers, and feedback from star formation and nuclear activity. In order
to better understand the origins of structures we observe nearby we must observe galaxies at
greater distances, and thus earlier epochs of the universe. These observations are inherently
di�cult resulting in large uncertainties and preventing strong constraints from being placed on
galaxy evolution models, particularly in the early stages of formation.

The work of this thesis presents the detailed observations of small samples of extremely star-
forming, massive galaxies in the nearby universe that, while rare locally, present unique labora-
tories for investigating disk galaxy assembly. I will address the questions of “What are the e�ects

of low resolution on studies of galaxy kinematics in the distant universe?” “How do the stellar kine-

matics relate to the accretion of gas?”, “What is the role of dust attenuation in clumpy star-forming

galaxies?”, and “In what environment can extreme disk galaxies exist in the local universe?”. This
chapter will provide the necessary background on galaxy evolution in both theory and observa-
tion to motivate the original research presented and is structured as follows. In Section 1.1 I will
describe how star-forming galaxies are identi�ed nearby, the typical characteristics of samples
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selected in this way, and how these observations in�uenced the early theories of galaxy formation
and evolution. Section 1.2 will outline our current understanding of the relationships between
gas accretion, star-formation, and mass buildup and highlight some observed scaling relations. In
Sections 1.3 and 1.4 I will review the topics of dust attenuation and galaxy environment respec-
tively highlighting the ways in which they a�ect our understanding of galaxy evolution. I will
then discuss in Section 1.5 some advances in observational techniques and instrumentation that
have been instrumental in the study of star-forming galaxies in the distant universe, the topic of
Section 1.6. Finally in Section 1.7 I will end with an introduction and overview of current results
from the DYNAMO survey which provides the parent sample for galaxies studied in this thesis.

1.1 The Evolution of Disk Galaxies

The secular1 evolution of disk galaxies is a process governed by the interplay between the avail-
able supply of gas and the stars that form from this gas. A detailed understanding of these
processes is hampered by the extreme timescales involved, on the order of hundreds of millions
to billions of years. This means that while we can observe millions of galaxies, we can only ob-
serve a given galaxy at a single stage in its evolution. The protean nature of galaxies exacerbates
the problem of connecting these dots into a coherent picture of galaxy formation. As we observe
ever more distant galaxies, however, we are observing objects as they existed further and further
into the cosmic past. By building large samples of galactic snapshots at various epochs in the
universe’s history, astronomers can construct detailed evolutionary sequences for the various
types of galaxies we observe nearby.

This Section outlines the past and current state of observational studies of star-forming galax-
ies external to the Milky Way that provide the basis for theoretical models of galaxy formation
and evolution. Here I will discuss how star-forming galaxies are identi�ed and describe in de-
tail the general structure of a typical star-forming disk. I will follow this with an outline of the
development of the classical theories of disk galaxy formation that are based on observation of
star-forming galaxies in the nearby universe. Together, the observational and theoretical results
presented here form the basis and theoretical context for the research projects presented in this
Thesis.

1The term secular originally meant occuring without spiritual in�uence, i.e. without the in�uence of God. At one
stage in the study of galaxy evolution it came to mean evolution occuring without external in�uence. These days it
tends to simply refer to evolution occuring on time scales which are “slow” with respect to the dynamical crossing
time.
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Image�credit:�NASA

Figure 1.1: The Hubble Tuning Fork diagram represents the earliest classi�cation scheme for
galaxies based on their visual morphologies, a technique still in frequent use today. On the left
are the elliptical, or early-type, galaxies that increase in oblateness from E0 to E7 from left to
right. To the right of this are the spiral, or late-type, galaxies which are disk like and often
exhibit spiral arms. Late type galaxies are separated between disks with and without bars, and
from left to right on this diagram they decrease in the tightness of the winding of their spiral
arms. In between the early and late-type galaxies sit the S0, or lenticular, galaxies which are red
galaxies hosting a massive central bulge, which is surrounded by a faint disk.
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1.1.1 Star-Forming Galaxies Locally

Identifying Star Forming Galaxies

Shortly after many nebulae were proven to be extragalactic in nature, astronomers began clas-
sifying these objects based on their physical characteristics. One of the earliest classi�cation
schemes is the “Hubble tuning fork” diagram (shown in Figure 1.1) that separates galaxies by
morphological type (Hubble, 1926; Sandage, 1961). In broad terms this scheme separates galax-
ies into late-type disk galaxies (with and without bars) and early-type elliptical galaxies. Note
however that this scheme is appropriate for massive galaxies (to which observational surveys are
biased), but may be less applicable to low mass systems. Through the middle of the last century
a number of seminal works (Eggen et al., 1962; Sandage et al., 1970; Searle & Zinn, 1978; White &
Rees, 1978; Navarro et al., 1995) elucidating the physical nature of these galaxy types and setting
the groundwork for classical theories of galaxy evolution, which will be described in Section
1.1.3.

A trend that was recognised early on was that the bimodality (by construction) in morphol-
ogy is paralleled by a bimodal colour distribution with early type galaxies typically exhibiting
red colours and late-type galaxies having blue colours (de Vaucouleurs, 1961). With the relatively
recent advent of massive galaxy surveys such as the Sloan Digital Sky Survey (SDSS York et al.,
2000), the question of galaxy bimodality has been �rmly established in a statistical sense using
diagnostics such as the colour-magnitude or colour-mass (CM) relationship for galaxies shown
in Figure 1.2 (Strateva et al., 2001; Bell et al., 2003; Baldry et al., 2004; Schawinski et al., 2014).
The general result of such studies is that early-type galaxies are clustered at high luminosities
(therefore high stellar masses) and exhibit a narrow range in colour centered at very red colours:
the so-called “red sequence”. In comparison, late-type galaxies exhibit a wider range in bright-
ness and colour and this variation is attributed to signi�cant evolution among the population in
stellar mass, metal content, and dust content: the so-called “blue cloud” (Bell et al., 2004; Wyder
et al., 2007).

Through detailed comparative analysis between red and blue galaxies, it has been shown that
the observed colour bimodality is re�ected in their current evolutionary states. In the broadest
sense, colour can be considered a proxy for star formation with the blue, late-type galaxies ex-
hibiting on going star formation and the red, early-types being relatively inactive (Holmberg,
1958; Conselice, 2006). It is observed that the number density of galaxies on the red sequence
decreases with increasing distance (probing the cosmic past, see discussion on redshift in the
next Section) while the number density of blue galaxies remains roughly constant (Faber et al.,
2007). This is consistent with a picture in which galaxies are continually born onto the low mass
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Figure 1.2: Galaxy colour-mass diagram (CMD) from Schawinski et al. (2014) showing the SDSS
u − r colour as a function of stellar mass. The top left panel shows the CMD for all galaxies in
their sample, exhibiting a clear bimodality with more massive galaxies typically having redder
colours. In the right two panels the sample is separated between early and late types based
on visual classi�cation from the Galaxy Zoo project (Raddick et al., 2007), clearly showing the
observed colour bimodality to be directly re�ected in the galaxy morphology. Note however
that this dichotomy is not perfect, with early types showing a tail of intermediate mass, blue
spheroids and late types having an extension of high mass, red disks.
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end of the blue cloud and migrate towards lower magnitudes by increasing their mass through
star formation. Blue cloud galaxies eventually cease forming stars then join the population of
red sequence galaxies through the aging of their stellar populations. If this process occurs in
isolation the result will be a massive, red, galaxy with a disk and likely a massive bulge (it is even
possible that S0s formed through secular evolution, see 1.6.3). Evidence for such a population can
be seen in the bottom panel of Figure 1.2. I will discuss processes that result in the morphological
change of galaxies in Sections 1.1.3 and 1.4.

The Formation of Early Type Galaxies

It is largely agreed that early type galaxies mainly represent the late stages in the evolution of
galaxies. This is suggested in Figure 1.2 indicating that the transformation from star-forming disk
to quiescent elliptical is accompanied by an average increase in stellar mass. This is related to a
process known as hierarchical merging, an important aspect of the current paradigm in galaxy
evolution theory, which will be outlined in more detail in Section 1.1.3.

Galaxy mergers are violent cosmic events in which two galaxies are drawn together by grav-
ity and coalesce into a single system. The strong gravitational interactions randomize stellar
orbits and signi�cantly alter kinematics and morphologies of galaxies. In the absence of large
amounts of gas, so called “dry” mergers, this process is largely dissipationless resulting in the
most massive ellipticals observed locally (van Dokkum, 2005; Naab et al., 2007). This scenario
naturally explains both the morphological transformation and stellar mass evolution between
disks and ellipticals. Among early type galaxies the formation of S0 (or lenticular) galaxies is
still a matter of debate. While mergers and other galaxy interactions likely play a role in the
formation of many S0s, another possible formation mechanism involves the gradual depletion of
gas through star-formation in late-type galaxies (Larson et al., 1980). This process reddens the
galaxy through the aging of the stellar populations but largely leaves the disk intact. Elliptical
and S0 formation through mergers is also consistent with the observation that clusters of galax-
ies, locations of signi�cant past interactions, host a signi�cantly higher fraction of early type
galaxies than the �eld (the morphology density relation, Dressler, 1980).

Section 1.6.2 introduces a new class of clumpy star-forming galaxy that is now routinely
observed at high redshift, which theorists suggest to be closely connected to the emergence and
evolution of some early type galaxies. In particular the coalescence of clumps is suggested as a
mechanism for bulge growth in the absence of signi�cant galaxy interactions, the end result of
which may resemble S0s or compact, early-type progenitors of ellipticals, which assemble into
massive galaxies at low redshift (e.g. Bournaud et al., 2014, and see Section 1.6.3).

The focus of this thesis is the early evolution of star-forming galaxies, largely at the opposite
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end of the galaxy life cycle from early types discussed here. In this way, early type galaxies
are essential in attempting to understand the future evolution of star-forming galaxies. This in
turn provides some constraint on their early formation, a phase of galaxy evolution which is
di�cult to observe. Early type galaxies are mentioned brie�y here in order to provide context
for upcoming sections, however many of the topics mentioned here will be revisited later in the
context of clumpy star-forming galaxies in the early universe, which are possible progenitors of
some local early types (Sections 1.6.2, 1.6.3, and 3.3.4).

The Spectra of Star-Forming Galaxies

The colours of galaxies on the blue cloud are primarily due to the presence of young stellar
populations. The spectrum produced in the interior of a star matches roughly that of a black
body, which is then modi�ed by atomic absorption in the stellar atmosphere before being emitted
from the surface of the star. O and B stars are found to have masses > 8 M� resulting in a
large black body temperature and a spectral energy distribution (SED) that peaks at ultraviolet
(UV) wavelengths. These extremely luminous stars burn out quickly, however, having lifetimes
less than 20 Myr. Lower mass stars have SEDs which peak at optical wavelengths and drop o�
signi�cantly in their luminosity at wavelengths shorter than ∼4000 Å. This is the origin of the
4000 Å break observed strongly in red galaxies (Bruzual A., 1983; Gorgas et al., 1999). Stellar
populations in galaxies are thought to form in periods of enhanced star formation and galaxies
can experience multiple episodes of star formation, allowing star-forming galaxies to exhibit blue
colours for 1 Gyr or more (Bruzual & Charlot, 2003; Maraston & Strömbäck, 2011).

The behavior of galaxy colour with time is illustrated in Figure 1.3, which shows the evolution
of single stellar population (SSP) spectra modeled using the PÉGASE.2 software (Le Borgne et al.,
2004, 2011). The left panel shows the optical spectrum of a 500 Myr exponentially declining
star-burst at ages of 500 Myr, 2.5 Gyr, 7 Myr, and 20 Gyr that have each been normalized to
their spectral �ux density at a wavelength of 1×105 Å. This panel also shows the GALEX FUV
and SDSS u, g, and r �lters which we use to produce synthetic colours by summing the SED
multiplied by the transmission curve and converting this �ux into a magnitude. The right panel
shows the evolution of FUV−r, u−r, and g−r colours with time for the 500 Myr declining burst
model. We �nd evolution in all three colours with signi�cant evolution seen after 1 Gyr. The
largest di�erences are seen for FUV − r, consistent with the expected decrease in the in�uence
of massive UV emitting stars at later times.

The high energy UV photons, which are emitted strongly by young stellar populations, inter-
act with the surrounding gas rich medium from which these stars recently formed. This produces
vast regions of ionized gas that are commonly observed in star-forming galaxies at all epochs.
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Figure 1.3: Top Left: The optical spectrum of a single exponentially declining star-burst pro-
duced using the PÉGASE.2 software that combines empirical stellar spectra with SSP modeling.
We show the spectrum at ages of 500 Myr, 2.5 Gyr, 7 Gyr, and 20 Gyr showing a clear evolution
in the optical slope due to changes in the relative numbers of stars of di�erent spectral types.
Bottom Left: The GALEX FUV and SDSS u, g, and r transmission curves used to measure the
colours of our PÉGASE spectra. Right: The evolution of colour with time for our PÉGASE-HR
model. We show as a function of time FUV − r, u − r, and g − r. While all three colours show
some level of evolution, particularly after 1 Gyr, the largest di�erence is seen in FUV − r due to
the dramatic decrease in the contribution from massive stars at late times.
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Bright emission lines at discrete wavelengths are emitted from these clouds of gas through re-
combination processes that are associated with known elements such as Hydrogen, Oxygen,
Nitrogen, as well as many others. Observing the absolute and relative �uxes of these emission
lines allows for measurement of the physical properties of a galaxy such as star-formation rate
(SFR) or dust content (see Sections 1.2 and 1.3). Furthermore, by comparing the wavelengths of
these emission lines we observe in a galaxy with the known wavelengths from the laboratory,
we can measure an important quantity in astronomy, redshift (z), which is de�ned as:

1 + z =
λobs

λemit
(1.1)

where λobs is the wavelength of a particular line observed for a galaxy and λemit is the emitted
wavelength known from terrestrial experiments (e.g. Hα at 6563 Å). Note that while emission
lines are often used to measure redshifts to star-forming galaxies, redshifts measured from ab-
sorption lines are also common, particularly for quiescent galaxies, which produce little or no
line emission.

The large scale physics of the modern cosmological paradigm is governed by the equations
of general relativity (see Section 1.1.3). In this framework the apparent shift of emission line
wavelengths observed in distant galaxies is primarily a result of the expansion of space which is
described by the scale factor, a(t). From the geodesic equation for the path of light one can derive
the cosmological de�nition of redshift that describes the change in the wavelength of light as it
travels through an expanding universe:

1 + z =
anow

athen
(1.2)

In this way, astronomers can relate the observed wavelength of emission lines in a galaxy to
the scale factor of the universe at the time when this light was emitted. This de�nes the path
transversed by the detected photons and therefore the proper distance to the observed galaxy.
It is clear from the above equations that galaxies with λobs ' λemit will have z ' 0 with the
di�erence in emitted and observed wavelength increasing with z, and therefore proper distance.
In the local universe redshift can also be related to the relativistic Doppler shift:

1 + z =

√
1 + v||/c
1 − v||/c

(1.3)

where c is the speed of light and v|| is the radial velocity of the light source, the recessional
velocity of a galaxy. At low redshift the recessional velocity is linearly related to the proper
distance through the Hubble constant, currently measured at H0 = 67.8 ± 0.9 km s−1 Mpc−1
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(Planck Collaboration et al., 2015). Throughout this thesis I will refer to galaxies as being at low
or high redshift, which can be considered synonymous with nearby or distant. This also implies,
due to the �nite speed of light, that the observed light of high redshift galaxies was emitted at
an earlier epoch in the universe’s past.

Another important quantity directly related to the evolution of stellar populations within a
galaxy is the metallicity,

[
Fe
H

]
, which is de�ned as the ratio of Iron to Hydrogen relative to the

value observed in the sun: [
Fe
H

]
≡ log10

(
NFe
NH

)
− log10

(
NFe
NH

)
�

(1.4)

where Nα is an estimate of the number of atoms of element α and the � subscript indicates the
value observed in the Sun. Iron in the universe is produced in Type Ia supernovae which begin
to occur ∼106 yrs after the onset of star formation. Over time the interstellar medium (ISM),
from which future generations of stars are formed, becomes increasingly metal enriched. In this
way metallicity, at least within a given galaxy, can be considered a proxy for stellar population
age. Metallicity is often measured using the ratios of emission line �uxes from the so called α
elements (which form from the fusion of Helium nuclei) such as Oxygen or Nitrogen, particularly
in bright star-forming regions observed in distant galaxies (Tinsley & Larson, 1979; Kewley &
Ellison, 2008).

Types of Star-Forming Galaxies

From low mass dwarf galaxies to giant ellipticals, star formation has been observed in galaxies
of nearly all types. Star forming galaxies have been observed in isolation as well as in dense
galaxy clusters, regions harboring thousands of individual gravitationally bound galaxies. Each
of the subclasses of star-forming galaxies are subject to di�erent physical constraints resulting
in a wide range of galaxy properties, with each contributing disproportionately to the overall
star formation rate of the universe. Here I outline the major types of star-forming galaxies and
highlight their relative impact on the cosmic SFR (see Section 1.6.1 and Figure 1.10).

One might suggest that galaxies with elevated SFRs when compared to the average, often
referred to as starburst galaxies, may be the largest contributor to the cosmic SFR. These galax-
ies are often characterised by complex morphologies indicative of interactions between massive
galaxies known as major mergers (Elbaz & Cesarsky, 2003; Teyssier et al., 2010). Violent encoun-
ters such as these have been shown in simulations to be an e�ective mechanism for removing
angular momentum from galaxies allowing large amounts of gas to move inwards and trigger
extreme bursts of star formation (Hopkins & Beacom, 2006; Di Matteo et al., 2008). Major mergers
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are relatively rare at low redshift, however, thus the impact of such events locally on the cosmic
SFR will be minimal (Robaina et al., 2009). It is not entirely clear the level at which mergers in�u-
ence the overall star-formation in the high redshift universe, however some current observations
�nd only a modest increase in the merger rate at earlier epochs (Bell et al., 2005; Lotz et al., 2011,
however see Bridge et al., 2007 who �nd a more extreme evolution). This suggests that mergers
at high-z, like their local counterparts, represent rare and transient events with only a minor
contribution to the cosmic SFR.

Extreme star formation can often be associated with the heavy production of dust that ab-
sorbs light at UV and optical wavelengths (see Section 1.3). This means that some extremely
star-forming galaxies which are intrinsically very UV luminous have a majority of their UV
photons blocked by intervening dust and re-emitted in the infrared (IR). Galaxies such as these
make up a subclass of starburst galaxies called luminous (or ultraluminous) infrared galax-

ies (LIRGs/ULIRGs), and as a rule of thumb, LIRGS and ULIRGS at low redshift can be classi�ed
as dust enshrouded, on-going major mergers (see Sanders & Mirabel, 1996, for relevant reviews),
although this may not be the case at high redshift (see Section 1.6.1). In a rough de�nition of
these two galaxy classes, LIRGS have IR luminosities > 1011 L� and ULIRGS have L(IR) > 1012

L�.

Star-forming populations also exist among dwarf galaxies, covering a wide variety of SFRs.
These can range from passive dwarf spheroidal systems, through weakly star-forming irregu-
lars, and on to star-bursting blue compact dwarf (BCD) galaxies. While faint dwarf galaxies are
the most common galaxy type (Schechter, 1976; Ferguson et al., 1994), their low mass means
these systems harbour little star-forming gas relative to more massive galaxies and contribute
negligibly to the cosmic SFR density. The large gas fractions which are observed in some local
BCDs (Ugryumov et al., 2003; Huang et al., 2012) makes them interesting comparison sample
for high-redshift where gas fractions and SFRs are much higher than today. Low mass, highly
star-forming galaxies may play a more prominent role in the early evolution of galaxies (Bromm
& Loeb, 2003; Jeon et al., 2015, and see Section 1.6.1).

Although they have traditionally been assumed to “red and dead” with no on going star for-
mation, some S0 and early type galaxies have been de�nitively shown to form stars at measurable
rates (Schawinski et al., 2007; Young et al., 2011; Amblard et al., 2014). The highest SFRs are ob-
served in S0 galaxies that can be as large as 1-10 M� yr−1 (note however that S0 SFRs > 1 M�
are quite rare, Temi et al., 2009a,b). Regardless of these intriguing results, the stellar masses of
S0 and early type galaxies are dominated by old stellar populations, implying that these galaxies
are largely formed in the distant past.

The focus of this thesis is understanding the major avenue for the early assembly of galaxies.
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This necessitates a study of galaxies on the main sequence of star formation which represents a
power law relationship between SFR and M∗ valid for galaxies between 109 and 1011 M� locally
(Brinchmann et al., 2004). The main sequence is also observed at high redshift however the
overall normalization is pushed to higher SFRs (Daddi et al., 2007; Elbaz et al., 2007; Pannella
et al., 2015, and see Section 1.6.1). At low redshift, these galaxies form stars at rates between ∼0.1
M� yr−1 at low stellar masses (∼108 M�) and ∼1-10 M� yr−1 at the high mass end (M∗=1010−10.5

M�). Main sequence galaxies, both locally and at high redshift, represent the preferred avenue
for galaxy stellar mass growth in the universe. Locally these objects can broadly be classi�ed
as star-forming disks with a number of de�ning characteristics that are expanded upon in the
following sections. It will be useful however, to keep in mind the other types of star-forming
galaxies as they are useful for comparison.

Active Galaxies

Active galaxies are galaxies that harbor a supermassive black hole that is in the process of accret-
ing gas. Highly ionized regions are produced in the nuclei of active galaxies as an indirect result
of this accretion (i.e. material is heated through accretion and begins to radiate, ionizing the
surrounding material), and the associated energy powers strong feedback in the form of galactic
scale winds. These regions are commonly referred to as active galactic nuclei, or AGN. Feed-
back associated with AGN activity is widely believed to be responsible, in part, for the cessation
of star-formation in massive galaxies through the heating of available cool gas. Fabian (2012)
presents a recent review of AGN feedback from an observational perspective.

It is hypothesised that all massive galaxies host a supermassive black hole. It is therefore
most likely that periods of active accretion and subsequent feedback are a common and integral
process in the evolution of local galaxies (e.g. Croton et al., 2006). In this thesis I present studies
of extreme star formation requiring a selection based on strong emission lines. Galaxy samples
presented here are selected with active galaxies excluded in order to avoid low SFR galaxies in
which strong emission lines are produced by AGN. Active galaxies are mentioned brie�y here as
they �ll an essential role in any complete picture of galaxy evolution and will be considered in
comparison to galaxies studied here.

1.1.2 The Structure of Low-z Disk Galaxies

The middle of the last century saw the invention of charge coupled devices (CCDs) allowing for
the measurements of galaxy light pro�les to unprecedented precision. This sparked a revolution
in the quantitative characterisation of galaxy light pro�les, building on the pioneering work of
de Vaucouleurs (1948) and Sérsic (1963) who developed sophisticated surface brightness pro�les



1.1. THE EVOLUTION OF DISK GALAXIES 13

from photographic plates. Work in this area has revealed massive galaxies to follow a general
parameterisable pro�le with late-type galaxies exhibiting exponentially declining light pro�les
while early-type galaxies are found the be more centrally concentrated.

In addition to their characteristic exponential light pro�le, star-forming disks locally are also
de�ned by additional morphological traits. Local disk galaxies are typically composed of three
major components: a disk, a bulge, and a galactic halo. The relative amounts of mass contained
in these di�erent components is directly related to the formation and subsequent evolution of
a given galaxy and wide variation is observed. Studying each of these components in details
provides insight into these processes. For a cartoon view of the general picture of disk galaxy
structure see Figure 1.4.

The Thin Disk

The thin disk of late-type galaxies is generally the youngest component (in the sense that it
contains the most recently formed stars), and is often the most conspicuous being the site of
spiral arm formation. Spiral arms arise naturally in galactic disks due to di�erential rotation as
a function of radius resulting in a spiral pattern of density waves (Lin & Shu, 1964). These arms
are likely transient features with galaxies possible exhibiting multiple generations of spiral arms
(Sellwood, 2011). This galactic component typically hosts both a majority of young stars in a
galaxy as well as the major sites of ongoing star-formation. The prominence of the galactic thin
disk varies along the Hubble sequence with later types being the most disk dominated and earlier
types being dominated by the central stellar bulge, which will be described later.

Although spiral arms in disk galaxies appear quite complex, by creating radially averaged
light pro�les these complexities are smoothed over and disk galaxies are found to host a smoothly
declining light pro�le with an exponential shape (Sérsic, 1963; Graham & Driver, 2005). For local
disk galaxies, the average galaxy has an exponential slope for its surface brightness pro�le such
that

µ(r) = µ0e−1.678 r
re (1.5)

where µ is the surface brightness, µ0 is the central surface brightness, and re is the scale length.
re describes the radius within which 50% of the total light emitted by the galaxy is contained.

The vertical structure of galactic thin disks is found to follow a hyerbolic secant pro�le, and
the height is found to be roughly constant with radius (Robin et al., 2014). Within the Milky Way
the thin disk is found to have a scale height of 200-300 pc (van der Kruit & Freeman, 2011a). The
young stars of the thin disk are of particular relevance for studying the in�uence of star forma-
tion, as this galactic component hosts a vast majority of ongoing star formation and young stars.
These regions of active star-formation in the Milky Way exist in an extremely thin distribution
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Figure 1.4: Top: Hubble Space Telescope (HST) image of a nearly edge on disk galaxy NGC
4710. Bottom: An artist’s conception of an edge on view of the Milky Way with the various
galactic components labeled (adapted from Glazebrook, 2013). Depicted are the disk (which can
be further divided into the thin and thick disks), the galactic bulge, and the galactic halo with
rough sizes indicated for the Milky Way. This cartoon picture provides a reasonable general
model for disk galaxies. It is useful to keep such a conceptual model in mind as each of the
components illustrated are related to slightly di�erent aspects of galaxy formation.
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within the young thin disk itself with a scale height of only ∼50 pc (Stark & Brand, 1989).

Here it is useful to de�ne an important quantity in studies of galaxy kinematics and structure;
the velocity dispersion, typically denoted by σ. σ represents the statistical spread of velocities
about the mean for a given system. Observations of σ can be used to infer the physical thick-
ness of di�erent components of external galaxies by relating the scale height (hz) to the velocity
dispersion perpendicular to the disk (σz):

σ2
z = aGΣhz (1.6)

where G is the gravitational constant and Σ is the mass surface density. For stellar disks the
three dimensional (3D) velocity dispersion is an ellipsoid with the radial (σr) and azimuthal (σθ)
components related to σz through σθ ' 0.71σr and σz/σr ∼0.6 (see van der Kruit & Freeman,
2011b, for a discussion of this). Inferring the disk thickness from σz is particularly trustworthy
in disk galaxies observed face on where the e�ects of inclination are at a minimum. In the Milky
Way the average σz of stars in the thin disk is ∼20 km s−1, however this drops to ∼5-10 km s−1

when considering the youngest stars and the star-forming regions from which they are born
(Andersen et al., 2006; van der Kruit & Freeman, 2011b; Glazebrook, 2013).

The Thick Disk

The galactic thick disk is a structure very closely related to the thin disk as they are found to be
spatially coincident, but which was likely formed at an earlier epoch. This is evident primarily
by the low metallicity of thick disk stars relative to members of the thin disk as well as the lack
of ongoing star formation in the thick disk (Norris, 1999; Chiba & Beers, 2000).

Structurally, like the thin disk, the thick disk exhibits an exponential surface brightness pro-
�le as a function of radius and an exponentially declining number density with height above the
galactic plane. The re of the thick disk is possibly larger than that of the thin disk and its scale
height is signi�cantly larger (∼1.4 kpc in the Milky Way, Gilmore & Reid, 1983; Carroll & Ostlie,
1996). This suggests that either the thick disk has experience some dynamical evolution or it was
formed at a time when the galaxy was more compact and/or dynamically hotter than it is today.
The current σ observed for the thick disk of the Milky Way is ∼40 km s−1 (Chiba & Beers, 2000;
Pasetto et al., 2012).

Formation of thick disks through dynamical evolution involves the gradual heating of an ini-
tially much thinner distribution of stars (e.g. Robin et al., 1996; Chen et al., 2001). In this scenario
the thick disk is essentially an older extension of the thin disk that has been gravitationally in-
�uenced by internal (globular clusters, molecular clouds, etc Lacey, 1984; Carlberg & Freedman,
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1985; Bournaud et al., 2009) structures or through rapid heating through mergers (Yoachim &
Dalcanton, 2006; Purcell et al., 2010; Qu et al., 2011). Alternatively, the formation mechanisms
which produce thick disk stars may di�er fundamentally from those which are on going today
within the thin disk (e.g. Eggen et al., 1962; Brook et al., 2004; Kereš et al., 2005; Bournaud et al.,
2009). Speci�cally, star-forming gas as high-z may be intrinsically turbulent (likely as a result
of external in�uences) allowing stars to form high above the galactic midplane. In recent years
observations have shown thick disks to be nearly ubiquitous among populations of disk galaxies
(Dalcanton & Bernstein, 2002; Yoachim & Dalcanton, 2006), suggesting strongly that the pro-
cesses related to thick disk formation at high redshift are common and represent the results of a
shared early evolutionary history. We note here that some authors dispute the idea that the thin
and thick disk are distinct populations but rather the galactic disk is composed of a continuum of
disks with increasing age and decreasing σ (the age-σ relation, Seabroke & Gilmore, 2007; Bovy
et al., 2012; Sharma et al., 2014). This behavior has been observed in hydrodynamic simulations
of the formation of MW-like disk galaxies (Bird et al., 2013; Martig et al., 2014).

The Central Bulge

Central stellar bulges, like the thick disk, represent ancient relics from the early formation history
of disk galaxies. This component is distinct from the thick disk, having a much smaller radial
extent and being closer to ellipsoidal in geometry. A number of bulge morphologies have been
observed including centrally concentrated classical bulges, more disk-like pseudobulges with
exponential light pro�les, as well as more complex bulges such as boxy and peanut bulges.

The origins of di�erent types of bulges are related to their formation mechanism. Classical
bulges are believed to be formed through major mergers (Kau�mann & Charlot, 1994; Aguerri
et al., 2001) while boxy/peanut shaped bulges may be related to the evolution of galaxies hosting
bars (Bureau & Freeman, 1999). It is suggested pseudobulges, which follow more disk-like light
pro�les, are a result of the gradual in�ow of material and the properties of a given pseudobulge
may be directly related to the secular evolution of its host disk (Kormendy & Kennicutt, 2004).
The complexity of galaxy evolution allows for more than one of these mechanisms to be at play in
a given galaxy, and indeed recent observations support the existence of two component bulges,
a superposition of a classical and psuedobulge (Fisher & Drory, 2010; Erwin et al., 2015). At high
redshift, galactic bulges may be built rapidly as a result of “violent disk instabilities” (Dekel et al.,
2009b; Bournaud et al., 2014) as discussed in Section 1.6.3.

Regardless of the formation mechanism, bulges play an important role in the evolution of
galactic disks by providing a stabilizing mechanism for star-forming gas. Star-forming galaxies
in the early universe, which have yet to build up a signi�cant bulge, experience large scale in-



1.1. THE EVOLUTION OF DISK GALAXIES 17

stabilities resulting in an extremely turbulent inter-stellar medium (ISM, see Section 1.6.2). As
the relative amount of mass contained within the central bulge increases, it begins to provide a
stabilizing in�uence over the remaining disk material. The disk then continues to lower its gas
fraction until eventually star formation is con�ned within a thin disk as observed locally. This
e�ect is seen in simulations and is often described as “morphological quenching” of star forma-
tion (Martig et al., 2009; Ceverino et al., 2010). Observations of the coevolution of galaxy disks
and bulges, along with observations of high-z star-forming galaxies, have had a large in�uence
on theoretical models of disk galaxy evolution, a topic we will revisit in Section 1.6.3.

The Stellar and HI Halos

The �nal luminous components of disk galaxies are the stellar halo and the HI halo. The stellar
halo has both the lowest stellar mass (4×108 M�, roughly 10% of the total mass in the case of
the Milky Way, Bell et al., 2008) and the most extended stars, reaching 100 kpc or more in the
Milky Way. The stellar halo follows power-law light distribution, r−n, with n ∼ 3 and is largely
composed of di�use, low metallicity stars with a few percent contribution from gravitationally
bound collections of stars known as globular clusters. Random motions, rather than rotation,
provide most of the support to the halo, resulting in an oblate shape. Stars in the halo are typically
low metallicity, indicative of an early formation epoch (Eggen et al., 1962), however this may not
be true of all halos (e.g. the complex halo of M31, Richardson et al., 2009; Kawaguchi et al., 2014).
The HI (neutral Hydrogen) halo of the Milky Way is situated in a �ared disk with a scale height
of ∼1.6 kpc (Marasco et al., 2015), and it has been traced out to ∼60 kpc from the galactic centre
(Kalberla & Dedes, 2008). Similar to the stellar halo, the HI halo in the Milky Way contains
roughly 5-10% of the total HI content in the galaxy (Marasco et al., 2015). The origin of halo gas
is likely both internal and extrenal with recycled gas from supernovae ejecta (Shapiro & Moore,
1976) and accretion from satellite galaxies (Oort, 1970; Kaufmann et al., 2006) both playing a
role. The large scale environment also plays an important role in regulating the extrended HI
content of galaxies through violent processes such as ram pressure stripping which can result in
truncated gas disks in galaxies (Gunn & Tinsley, 1976; Bekki & Couch, 2011; Dénes et al., 2016).

In the current paradigm of disk galaxy evolution, the origins of many galactic halos are
believed to be largely external. Through violent interactions, stars, and globular clusters are
stripped from an in falling dwarf galaxy and trapped in high velocity orbits. Evidence of such
activity is apparent in the Milky Way as streams of stars that are composed of disrupted satellite
galaxies (Morrison et al., 2002). Some halo stars were likely formed during a period of early col-
lapse however it is clear a large fraction were captured through minor mergers. Gas contained in
accreted galaxies can settle into the galactic plane, but it contributes little to the overall growth
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Figure 1.5: The rotation curve of galaxy NGC 3198 with rotation curves corresponding to mod-
eled density pro�les presented by van Albada et al. (1985). Dots with error bars represent the
observed rotation curve measured by radio observations of HI. Solid lines correspond to the
contribution of the disk and dark matter halo masses to the observed rotation curve. The disk
contribution is modeled based on the observed photometric pro�le and clearly under predicts the
rotation velocity at large radii (the “maximum disk” model, Sellwood & Sanders, 1988; Palunas &
Williams, 2000). To account for this discrepancy the authors include the gravitational potential
of a spherical dark matter halo, which brings the predicted and observed rotation curves into
close agreement.

of the disk. For this reason, galactic halos will receive little further mention, but are included
here for completeness.

The Dark Matter Halo

The most mysterious component of all galaxies, not just those with disks, is believed to be com-
posed of a substance referred to as “dark matter”. Dark matter is described as “dark” because all
constraints obtained so far indicate that it interacts with normal matter only through gravita-
tional forces and thus emits no light. Early evidence for the existence of dark matter was found
through the analysis of disk galaxy rotation curves (e.g. Freeman, 1970; Rubin et al., 1980; Bosma,
1981; Salucci & Persic, 1997) which are often measured through observations of HI (e.g. van der
Kruit & Bosma, 1978; van Albada et al., 1985, and see Figure 1.5). Given the mass distribution in-
dicated by the observed stellar light in these galaxies, the estimated rotation curve should reach
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a peak and decrease with radius, whereas observed rotation curves remain roughly constant at
large radii. This is thought to be due to the increasing in�uence of dark matter, which becomes
dominant beyond the scale radius of a disk galaxy. It is currently believed that a majority of the
mass found in the universe is composed of dark matter and the early collapse of primordial dark
matter halos provided a gravitational framework allowing galaxies to grow (further discussion
is found in Section 1.1.3).

Our current understanding of dark matter is still based on indirect evidence as described
above, mass is detected indirectly by some means which has no corresponding luminous compo-
nent. Another example of this can be found in massive clusters of galaxies, where the observed
galactic orbits are inconsistent with the amount of mass observed in luminous matter (Zwicky,
1937). From a cosmological perspective, it is indisputable that there must be some additional
component to the universe which has yet to be directly observed.

The work in this thesis is primarily concerned with star-formation located in or near the
central regions of massive disk galaxies where the relative in�uence of dark matter on galaxy
dynamics is at a minimum. This is seen in Figure 1.5 which shows luminous matter to dominate
galactic dynamics where r < 10 kpc, however we note that this may not be true for low mass
galaxies (which are not studied in this thesis). For this reason, we will not consider the dark
matter halo further, but acknowledge here its important role in the formation of galaxies we
observe locally.

While there is variation between galaxies regarding the relative contribution of each compo-
nent, disk galaxies follow the general structural trend outlined above. In addition to their mor-
phological similarities, disk galaxies also share many more quantitative traits such as a roughly
uniform central surface brightness �rst noted by Freeman (1970) (although populations of low
surface brightness galaxies are known, Longmore et al., 1982; Binggeli et al., 1985; Geller et al.,
2012). There are also known correlations between physical properties such as kinematics, mass,
and SFR (see Section 1.2). All of these observations are strongly suggestive of a common evolu-
tionary path for disk galaxies, and constructing a realistic theory for this evolution has been the
goal of many astronomers for nearly a century.

1.1.3 The Classical Theories of Disk Formation

In the middle of the last century Eggen et al. (1962) �rst proposed the monolithic collapse model
for disk galaxy formation. In this model, disk galaxies are formed largely out of gas initially
situated in a single monolithic cloud. This gas cloud rapidly collapses due to gravity and is spun
up due to conservation of angular momentum resulting in a �attened disk of gas. The process of
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collapse is supersonic and creates a series of shock waves which heat the gas disk to temperatures
> 105 K, requiring a long cooling time before the onset of star formation. Once this occurs, star
formation will proceed until the available gas supply is exhausted.

The monolithic collapse model was successful in explaining a number of observed properties
of the Milky Way. One enticing feature is the natural formation of a rotating disk from very
simple initial conditions. This is in line with the observed ubiquity of late-type galaxies in the
universe as such a simplistic model is likely a very general description of the formation of disk
structure. The monolithic collapse model can also account for the ages and distribution of glob-
ular clusters in the stellar halo as these structures would have formed early during the collapse
at large radii. Recent observations of complex substructures in the galactic halo however are
inconsistent with this scenario (Bell et al., 2008; Lisanti et al., 2015), suggesting instead that some
fraction of the halo should be composed of stars captured from accreted satellite galaxies. These
observations con�rm the relative importance of galaxy mergers in galaxy formation suggested
earlier by observations of metallicities in the stellar halo (Searle & Zinn, 1978; Larsen et al., 2008).
In simulations, mergers have been found to be necessary in the formation of bulges and ellipti-
cal galaxies that match those observed locally (Hopkins et al., 2010; Inoue & Saitoh, 2012). This
observation draws a clear connection between the evolution of galaxies and the surrounding
universe, and therefore to the cosmological growth of structure.

Our observational understanding of cosmology was given a huge boost by Penzias & Wil-
son (1965) with the detection the Cosmic Microwave Background (CMB), which represents the
isotropic left over radiation from the early universe. This observation con�rmed that the universe
began in a compact state, a prediction of Big Bang cosmology. In this theory the early universe
is composed of an expanding primordial ball of plasma that cools as it expands. Eventually the
universe is cool enough that electrons are able to bond with protons creating neutral matter and
releasing the light that, to this point, had been trapped due to the low mean free path of photons
in plasma. The result of this release of photons is the smooth and isotropic signal we observe
today as the CMB. Small density �uctuations are observed in the CMB that are expected to grow
as the universe continues to expand becoming the formation sites of massive dark matter halos,
which seed the formation of galaxies. The dark matter distribution creates a deep potential that
attracts neutral gas. This gas eventually collapses due to its dissipational nature, allowing galax-
ies to form in the cores of massive dark matter halos. Angular momentum imparted on the host
halo due to torques between neighboring halos is inherited by the young galaxies resulting in
disky morphologies (Fall & Efstathiou, 1980; Blumenthal et al., 1984; Dalcanton et al., 1997; Mo
et al., 1998).

In this framework, known as cold dark matter (CDM) cosmology, the growth of structure is
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governed by the Friedmann equation (derived from Einstein’s �eld equations of general relativity,
Friedmann, 1922):

H2 ≡

( ȧ
a

)2
=

8πG
3
ρ −

kc2

a2 +
Λc2

3
(1.7)

where H is the Hubble parameter, a is the scale factor, ρ is the combined density of matter and
radiation, and k is the curvature of the universe. Λ is the cosmological constant that describes
the “dark energy” component of the universe (see Peebles & Ratra, 2003, for a review), a repul-
sive force counteracting the a�ects of gravity. The inclusion of Λ was deemed necessary after
the unexpected observation of the accelerating expansion of the universe (Riess et al., 1998; Perl-
mutter et al., 1999), which can not be achieved in a CDM only model. This results in the currently
favoured cosmological model, ΛCDM, which assumes the universe to be �at (k = 0) constraining
the mass-energy density to be near the critical value, ρcrit. This allows astronomers to de�ne
the present-day dimensionless density parameter, Ωx, for the various energy components of the
universe:

ρcrit =
3H2

8πG
; Ωx ≡

ρx

ρcrit
(1.8)

This gives for ΛCDM:
H(a) = H0

√
[Ωma−3 + Ωrada−4 + ΩΛ] (1.9)

Comparing to observations such as CMB anisotropy (Planck Collaboration et al., 2011; Hinshaw
et al., 2013), the galaxy two point correlation function (Croom et al., 2005; Contreras et al., 2013),
as well as others has allowed us to constrain these values as H0 ∼70 km s−1 Mpc−1, Ωm ∼0.30,
and ΩΛ ∼0.70.

These parameters, combined with the size of primordial density �uctuations, de�ne the dis-
tribution of dark matter halos and their degree of clustering (Weinberg et al., 2004) as well as the
rate of galaxy mergers (Hopkins et al., 2010), resulting in a distribution of galaxy masses which
can be compared to observations (Bell et al., 2003; Baldry et al., 2008). While there are still some
problems in matching simulated universes to observations, the successes of the ΛCDM model
places the evolution of galaxies in a cosmological context. Dark matter halos hosting low red-
shift galaxies are built up through accretion from their surrounding environment, and massive
local galaxies are built through the mergers of smaller structures. This theory of galaxy evolu-
tion is known as hierarchical assembly, and is one of the foundations of modern galaxy evolution
theory.

As astronomical instrumentation continues to improve, observations probe deeper into the
universe’s past. This allows for the study of galaxies at earlier points in their evolution providing
crucial tests on the earlier stages of disk formation in galaxy evolution models. Therefore it is
through detailed observation of young galaxies at high-z, which can often present signi�cant
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challenges to current disk evolution theories, that a true understanding of disk galaxy formation
will be established. We revisit this idea in Section 1.6.

1.2 Gas, Star Formation, and Kinematics

1.2.1 Quantifying Star Formation in the Interstellar Medium

The interstellar medium (ISM) of galaxies contains material in a variety of phases from highly
ionized gas with low densities and temperatures > 105 K to extremely dense cores of molecular
clouds and giant molecular clouds (GMCs) with temperatures of ∼10 K. It is the cores of these
molecular clouds that the density of gas can become high enough to collapse into stars and ignite
fusion within them. Observations of GMCs in the Milky Way show them to be closely associated
with young stars, in support of this idea (Blitz & Shu, 1980). The structure of Milky Way GMCs
is extremely complex and exhibits a fractal nature that is typically unresolved in observations of
extragalactic star-forming regions (Elmegreen et al., 2001; Lee et al., 2008). This is an important
point to keep in mind as measurements of the star-formation properties of external galaxies
represent average values on 10s-100s of pc scales for the most nearby galaxies or kpc or larger
scales for more distant objects (Fukui & Kawamura, 2010). This is particularly true for large scale
surveys, often providing a single value of a given property averaged over an entire galaxy.

As star formation begins within the cores of GMCs in galaxies, a small percentage of the
material is actually converted into stars while the remainder is ejected by feedback and/or pho-
todissociated by the bright emission of young stars and returned to the ambient ISM. The exact
number of stars that will be formed as a function of their mass, the so called “initial mass func-
tion” (IMF), in individual molecular clouds has been studied for over 50 years (e.g. Salpeter, 1955;
Kroupa, 2001; Chabrier, 2003). The question of whether the initial mass function varies depend-
ing on the environment and properties of a given galaxy is of the utmost importance in the
modern era of precision astrophysics. A treatment of varying IMFs is beyond the scope of this
thesis, but for a recent review see Bastian et al. (2010).

Measuring the current SFR of external galaxies is done by observation of photons that can
be closely associated with the on going production of massive stars. The �ux of UV continuum
photons for example, often measured using the GALEX telescope (Bianchi, 2014), is indicative of
the current in�uence of short-lived O and B stars which depends strongly on the current SFR due
to the short lifetimes of these stars resulting in dNstars/dt ∝ NOB. As was mentioned in Section
1.1.1, the strong ionizing radiation from O and B stars is also responsible for the production of
bright emission line regions within star-forming galaxies and consequently N(Hα) ∝ NUV (λ <

912 Å). This allows the observed luminosities of these lines to be converted into a SFR assuming
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an IMF, which dictates the production rate of massive stars, and thus the total output of ionizing
photons, as a function of SFR. Calibrations of SFRs based on emission line �uxes have been
provided for a number of lines including forbidden lines of oxygen and, most commonly, Hα
(6563 Å).

While SFR measurements based on optical emission lines and/or UV continuum emission are
common in practice, these methods are severely impacted by the presence of dust in galaxies.
Dust preferentially interferes with light at short wavelengths (see Section 1.3 and Chapter 4)
primarily due to the inherent size distribution of dust grains. High energy photons from young
stars are absorbed by dust in the ISM and reradiated in the far-IR (∼70-1000 µm) where dust
a�ects are at a minimum. For this reason, a majority of energy lost to dust from UV photons will
be re-emitted at far-IR wavelengths. This allows for a full census of the energy output of young
stars by combining observations at both extremes in wavelength, and it is found that UV+far-IR
estimates give the best estimates of the total SFR in galaxies (Kennicutt & Evans, 2012).

As previously mentioned, star formation is an ine�cient process due to feedback from mas-
sive stars which disperses molecular gas before it can form more stars. A low star-formation
e�ciency is observed in the Milky Way with stars forming at only a few percent of the rate im-
plied by free fall collapse of the observed population of Milky Way molecular clouds (Zuckerman
& Evans, 1974). Simulations incorporating strong feedback mechanisms have been successful in
matching observations with simulated GMCs consuming only ∼5-10 % of their mass through star
formation before being disrupted (see McKee & Ostriker, 2007, for a review of the physics driving
GMC formation and evolution).

1.2.2 Tully-Fisher Relation

The Tully-Fisher (TF) relation (Tully & Fisher, 1977) began as an empirical correlation between
a galaxy’s circular velocity, vc, and its luminosity L with L ∝ v2−3

c with the exponent varying
depending on the photometric band of the observations. An example of a measured TF relation
from the S4G Survey (Sheth et al., 2008) is shown in the left panel of Figure 1.6. In the broadest
sense the physical origin of the TF relation is a consequence of galaxy self gravity. The more
baryonic matter contained within a galaxy (indicated by its luminosity), the stronger the gravi-
tational �eld, and therefore the faster the galaxy will rotate. One can develop a simple theoretical
explanation for the TF relation following Mo et al. (1998) using assuming dark matter is arranged
in single isothermal spheres following the density pro�le:

ρ(r) =
v2

c

4πGr2 (1.10)
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Figure 1.6: Left: The baryonic mass Tully-Fisher relation for S4G Galaxies (Sheth et al., 2008)
from Zaritsky et al. (2014) which is related to the original relation through the stellar mass-to-
light ratio. Right: The Kennicutt-Schmidt relation from Kennicutt (1998) showing a correlation
between galaxy-averaged gas surface density and star-formation surface density over 5 orders
of magnitude in gas density.

The spherical collapse model (Gunn & Gott, 1972; Cole & Lacey, 1996) de�nes the size of a halo
as the radius at which the density is 200 times the critical density required for collapse as a given
redshift. In a cosmological context this is given by:

rhalo =
vc

10H(z)
(1.11)

where H(z) is the Hubble constant at redshift z de�ned in Section 1.1.3. The two above equations
imply:

M =
v2

crhalo

G
=

v3
c

10GH(z)
(1.12)

Assuming the fraction of the halo mass which settles into a galactic disk and the stellar mass-to-
light ratio are both �xed (variation in these values likely result in much of the scatter in the TF
relation, see below), this results in the relation L ∝ v3

c , similar to the observed TF relation. There
is signi�cant scatter observed in the TF relation that may be due to variations in IMF, merger his-
tory, and/or mass-to-light ratio. Furthermore, since the dynamics of a galaxy depend on the local
gravitational �eld, variations in the relative dark matter content of galaxies could signi�cantly af-
fect observations of the Tully-Fisher relation (Kannappan et al., 2002). While isothermal spheres
poorly describe the true pro�les of dark matter halos, the simple argument of Mo et al. (1998)
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outlined above is another intriguing connection between cosmological structure formation and
galaxy evolution.

The origins of the Tully-Fisher relation may be fundamental to our understanding of disk
galaxy formation as it may be a direct consequence of speci�c formation mechanisms (Somerville
et al., 2008). This could be done by searching for an evolution of this relation with time, which
may relate to di�erent stages of the physical evolution of a galaxy. One example of this type of
study is that of Cresci et al. (2009) who construct a TF relation for star-forming galaxies at z=2.2
�nding an o�set from the local relation. The authors �nd that the observed o�set is inconsis-
tent with galaxy evolution models resulting from pure spherical collapse, requiring instead some
fraction of material to be smoothly accreted from the halo (see 1.6 for more discussion).

Another route is to study galaxies that deviate from the TF relation and try to understand
what properties may be driving this observation. Dwarf galaxies for example are found to show
a larger scatter in TF relation, particularly at the lowest masses (Begum et al., 2008; McGaugh &
Wolf, 2010) possibly due to low mass halos being more prone to losing baryons through feedback
(Dekel & Woo, 2003; Tassis, 2007). Among sub-samples of disk galaxies there is also a range in
the scatter, slope, and intercept of the TF relation, and this has been partially attributed to mass
ratio of the galactic bulge and disk (Noordermeer & Verheijen, 2007). In particular, S0 galaxies
follow an o�set TF relation compared to late-types similar to that seen for disks at high redshift
(Williams et al., 2010), namely larger vc at a given stellar-mass. Both high-redshift disks and local
S0s are more compact than local disks at �xed mass, meaning they may be undergoing similar
physical processes. This may also suggest a direct evolutionary link in which S0’s represent faded
z ∼ 2 disks. Such an argument is bolstered by simulations of the evolution of the TF relation
showing galaxies to largely evolve along the relation with time (Dutton et al., 2010; Glazebrook,
2013).

1.2.3 Kennicutt-Schmidt Relation

The Kennicutt-Schmidt (KS, Schmidt, 1959; Kennicutt, 1998) relation is an empirical power law
relationship between the density of gas (molecular+atomic, the fuel for star-formation) and SFR.
Note however that, although the two works share many similarities and are conceptually con-
nected, Schmidt (1959) originally investigated volume densities while Kennicutt (1998) studied
surface densities. An example of an observed KS relation from Kennicutt (1998) is shown in the
right panel of Figure 1.6. Incredibly, this relation appears to hold true over 5 orders of magnitude
in gas surface density from the outer regions of disk galaxies to gas rich starbursts. As with the
TF relation, however, the physical origin of the KS relation is still not completely understood. An
interesting aspect of the KS relation is that formation of individual stars occurs on scales much
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smaller than galaxies while the measurements that build up the KS relation are averaged over
entire galaxies. It is currently unclear if this behavior is a result of the large scales probed regard-
less of how star-formation proceeds on smaller scales, or if the KS relation is a direct connection
between the largest and smallest scales within a galaxy.

In general the relation is found in observations to follow a power law such that ΣSFR ∝ ΣN
gas

where 1 < N < 3 (Kennicutt, 1998). This can be put on plausible grounds physically by postulating
(as was originally done by Schmidt, 1959) that the volume density of star formation (ρS FR) is pro-
portional to the volume density of molecular gas (ρmol) divided by the timescale for gravitational
collapse, known as the free fall time (t f f ):

ρS FR ∝
ρmol

t f f
(1.13)

It can be shown through simple dimensional analysis that the time required for a body to collapse
under self gravity in the absence of other forces t f f ∝ ρ

−0.5. Along with Equation 1.13 this implies
that

ρS FR ∝ ρ
1.5
mol (1.14)

Assuming a constant scale height, which has been observed in local late-type galaxies, and a
direct correspondence between surface and volume densities, this gives ΣSFR ∝ Σ1.5

mol within the
range of observations. The variation in values of the power law exponent, N, of the KS relation
may be related to di�erences in the star-formation e�ciency between galaxies or could be due
to dissimilar methodologies between studies (Bigiel et al., 2008; Kennicutt & Evans, 2012).

An important consideration for studies relating ρS FR and ρgas is the spatial resolution over
which these relations are being probed. Typically observations focus on performing a single
measurement per galaxy or have resolutions ≥1 kpc. This is problematic as signi�cant density
variations are commonly observed in local galaxies on sub-kpc scales. The e�ect of low spatial
resolution could be one of averaging the properties of a population of GMCs that are at di�erent
points in their evolution and may exhibit di�erent properties. One possibility is time variation
in the conversion factor between carbon monoxide emission (CO, which is easily observed) and
molecular hydrogen (HII, which is not easily observed) over the life cycle of molecular clouds
(Bigiel et al., 2008; Rebolledo et al., 2015). Another important consideration is the ratio of HI
to HII, which is found to vary both between galaxies and within individual galaxies. Galaxies
which have their gas content dominated by HI, as well as HI dominated regions within well-
resolved nearby galaxies, are found to have a lower e�ciency of star formation when compared
to dense HII regions. Considering only the HII dominated regime results in KS relations with a
smaller slope closer to N = 1 (Bigiel et al., 2008). Recent studies suggest that integrated mea-
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sures of the KS relation likely average over HI and HII dominated regions resulting in the larger
slope observed. Further knowledge of the behavior of the KS relation at sub kpc scales will be
aided greatly by direct observations of molecular gas using the Atacama Large Millimeter Array
(ALMA) and by future extremely large telescopes (ELTs) and the launch of the James Webb Space
Telescope (JWST).

1.3 The Dust Content of Star-Forming Galaxies

Astronomers in the early 19th century �rst postulated qualitatively the dimming e�ects of dust
due to the scattering of light on observations of stars in the Milky Way, however underestimates
of this e�ect resulted in a severe overestimate of the size of the Milky Way disk (Kapteyn, 1922;
Trumpler, 1934). The e�ect of dust attenuation has been extensively studied since, showing a
marked dependence on wavelength which can roughly be described as a power law in the optical
and IR. In general, longer wavelengths are less attenuated due to typical dust grains having sizes
closer to optical wavelengths.

The relation between attenuation and wavelength has been measured routinely in the Milky
Way since the late 1970’s, and more recently similar studies have been performed for external
galaxies using comparative analysis of statistical samples of galaxies. In this Section I brie�y
describe the results of these e�orts, and I expand upon many of these ideas in Chapter 4.

1.3.1 Extinction vs. Attenuation

The terms “extinction” and “attenuation” introduced in this Section both describe similar pro-
cesses, however they are inherently di�erent.

Extinction curves are measured by comparing observations of individual stars between
obscured and unobscured sightlines. Stars can be considered point sources in such observations
meaning the dust geometry is well approximated by a non-scattering screen. This results in a
well de�ned relation between and magnitudes of extinction.

Attenuation curves are produced from unresolved observations of distant galaxies. The
observed light will thus contain a mix of photons from both highly obscured and unobscured
regions, as well as light which is scattered into the line of sight by molecular clouds. The result is
that attenuation curves have a similar general behavior as extinction curves, but are far smoother.
For an extensive review of studies of dust in external galaxies see Calzetti (2001).
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Figure 1.7: Top: Infrared map of the Milky Way centre created using IRAS 60 µm observations
(Wheelock et al., 1994). Bottom: Optical (RGB) mosaic of the Milky Way centre produced by
Axel Mellinger (Mellinger, 2009). IR wavelengths clearly trace better the central regions of the
galaxy disk while the optical image shows the presence of large amounts of dust apparent as
extremely dark patches.

1.3.2 Dust in The Milky Way and The Magellanic Clouds: “Extinction”

The earliest studies which attempted to characterise the amount of extinction su�ered by astro-
nomical sources due to intervening dust focused on observations of pairs of similar stars (e.g.
Fitzpatrick & Massa, 1988). The result was that there appears to be a correlation between the op-
tical and UV extinction. The extinction law, Aλ/AV (where Aλ is the extinction in magnitudes at
wavelength λ), can be parameterised using the value RV ≡ AV /E(B − V) assuming an extinction
curve shape (see Figure 1.8). Here E(B − V) is the colour excess de�ned as the di�erence in the
extinction between the B and V bands, AB − AV . One of the key features observed in Aλ in the
Milky Way is the presence of an enhanced extinction at UV wavelengths near 2175 Å (Stecher,
1965). While this feature is well characterised within our own galaxy, the presence and strength
of a similar feature in external galaxies is uncertain (e.g. Calzetti, 2001; Wild et al., 2011; Reddy
et al., 2015).

The most commonly used parameterization for the Milky Way extinction curve is given by
Cardelli et al. (1989, included in Figure 1.8) building on previous work (see Savage & Mathis,
1979, for a review of early work on dust in the Milky way). Signi�cant variation can be observed
in the value of RV when comparing di�erent sightlines in the Milky Way which may be related
to the physical characteristics of dust grains located in di�erent regions of the galaxy (Draine,
2003). The regions of the Milky Way which su�er the largest amounts of extinction are those
associated with areas of ongoing star formation as this where a majority of the molecular gas (a
necessity for dust formation) resides. This means that dust will be closely associated with the
thin disk. This is apparent in Figure 1.7 comparing the relatively unextincted IR light with the
optical light, with obvious dark patches, towards the centre of the Milky Way.

Extinction laws derived using observations of individual stars are not limited solely to the
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Milky Way, but have been performed in the Large and Small Magellanic Clouds (LMC/SMC) as
well. Fitzpatrick (1986) presents an analysis of the extinction observed along several sightlines
into the LMC �nding the extinction curve to be similar to that of the Milky Way but exhibiting
a steeper slope in the UV and a weaker 2175 Å feature. These di�erences are found to increase
when considering only sightlines towards 30 Doradus, the most extremely star-forming region
in the LMC. This may suggest these di�erences are due either to strong star-formation feedback
(which may destroy the dust responsible for the UV feature through photo-evaporation) or com-
plex dust geometry observed in the core of 30 Doradus. Observations of the extinction curve
of the SMC focus on the central bar and exhibit an extremely weak (or entirely absent) 2175 Å
feature, with a simple power law behavior extending through the optical to the far UV as seen
in Figure 1.8.

Gordon et al. (2003) present an in depth comparison between the average Milky Way extinc-
tion curve of Cardelli et al. (1989) and extinction curves of the Magellanic Clouds produced by
matching pairs of resolved stars. In the LMC a small fraction of sight lines are indistinguishable
from the Cardelli et al. (1989) curve while others LMC sight lines and all of those considered
in the SMC show signi�cant deviation from the MW curve. The conclusions of Gordon et al.
(2003) is that the various extinction curves observed in the three galaxies considered represent a
continuum of dust properties which exist within galaxies, possibly related to dust composition
or gas content.

1.3.3 Dust in External Galaxies: “Attenuation”

The dust content of external galaxies is found to vary widely between di�erent samples of galax-
ies from nearly unobscured galaxies to LIRGS and ULIRGS in which a large majority of the UV
light is absorbed and re-emitted in the IR. In general, the total dust mass of a galaxy is found
to scale with both SFR and stellar mass (Santini et al., 2014) due to the fact that the metals and
other matter from which dust is composed are the direct product of stellar nucleosynthesis. As
generations of stars come and go, the metals they produce are continually dispersed into the
surrounding ISM where it collects into clouds of dust. This highlights the idea that dust content
and metallicity are related suggesting that metal poor galaxies will have less dust as they contain
less raw material from which to form it. Recent observations of low metallicity galaxies locally
(Fisher et al., 2014a) and, in particular, at high redshifts (Walter et al., 2012; Ouchi et al., 2013;
Santini et al., 2014) are in agreement with this idea.

A majority of studies of the attenuation curves of external galaxies have focused on star-
forming galaxies both on the main sequence as well as more extreme, starburst systems. This is
likely due to the fact that these bright systems are typically the easiest to observe. It is unfor-
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Figure 1.8: Extinction/attenuation curves from various studies. Here we compare the Milky Way
extinction curve of Cardelli et al. (1989) with attenuation curves produced from comparisons
within statistical samples of external galaxies produced by Calzetti et al. (2000) and Wild et al.
(2011). As a reference we also show a theoretical attenuation curve described simply by a single
exponential pro�les. Each curve has been normalized by its value in the V band (λ = 5500 Å).
This shows that while there seems to be signi�cant di�erences at short wavelengths, all curves
agree well in the IR and optical with an average exponential slope in this regime of ∼1.6.
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tunate that commonly used SFR indicators are located at UV and optical wavelengths for these
galaxy samples because light at these wavelengths will su�er the most signi�cant amounts of
attenuation. The most well known study of the e�ects of dust on the observed SEDs of local
star-forming galaxies is likely that of (Calzetti et al., 1994). In this study they stacked SEDs of
star-forming galaxies in bins separated by their measured “Balmer optical depth”

τl
B = τβ − τα = ln

 Robs
αβ

RcaseB
αβ

 (1.15)

where τβ − τα is the di�erence in optical depth at the wavelengths of Hβ and Hα, Robs
αβ is the ob-

served �ux ratio of Hα/Hβ, and RcaseB
αβ is the intrinsic ratio from Osterbrock (1989) assuming case

B recombination. This assumes star-forming regions from which optical emission lines originate
are optically thick clouds and that the relevant processes are downward radiative transitions and
the capture of photons in an equilibrium state. Assuming the typical temperature of MW star-
forming regions of ∼10,000 K RcaseB

αβ is found to be 2.87 (Hummer & Storey, 1987). The Balmer
optical depth is expected to correlate with attenuation, thus binning in this way separates galax-
ies by their overall dust content. By comparing stacked spectra in bins with large τl

B to bins with
a low value, one can infer the general shape of the attenuation curve for star-forming galaxies
locally.

The overall result of Calzetti et al. (1994) is that the shapes of dust attenuation curves mea-
sured in the optical and IR are in rough agreement with extinction curves measured for sight
lines in the Milky Way. In the UV however, they �nd only weak evidence for a 2175 Å bump
and a slightly shallower slope. These results are mirrored by the more recent study of Wild et al.
(2011) who perform a similar analysis using a much larger sample allowing them to probe trends
with other galaxy properties. They �nd stronger evidence for a 2175 Å bump in their samples
with a strength that is possibly dependent on the speci�c star-formation rate (sSFR ≡ SFR/M∗).
Dust curves taken from Calzetti et al. (1994) and Wild et al. (2011) are shown in comparison to
the MW curve of Cardelli et al. (1989) in Figure 1.8.

The cause of this “greying” of attenuation curves measured in external galaxies is believed to
be largely attributable to the relative geometry between stars, dust, and ionized gas which is typ-
ically unresolved in observations of other galaxies. If, for example, the dust follows a clumpy or
irregular distribution the integrated light from a galaxy will include light from highly attenuated
regions as well as unattenuated light. Additionally, photons produced in star-forming regions
of distant galaxies are scattered into the line of sight as well as out, further reducing the e�ects
of pure extinction. These e�ects are further complicated when clumpy geometries with mixed
layers of stars and dust are considered. This can cause a skin e�ect in which light at optical
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and UV wavelengths is produced by only the outer most stars while IR light can penetrate from
deep within the galaxy. Such an a�ect can greatly complicated the interpretation of emission
line ratios as a tracer of the dust content of galaxies.

1.3.4 Average Properties of Local Star-Forming Galaxies

Overall, investigations of the spatially integrated attenuation of local galaxies have revealed a
wide variation from galaxy to galaxy (Rix & Rieke, 1993; Beckman et al., 1995; Goudfrooij &
Trinchieri, 1998). The most star-forming systems also found to be those having the largest at-
tenuations (in general, Genzel et al., 1998; Brinchmann et al., 2004; da Cunha et al., 2010; Cortese
et al., 2012a; Piqueras López et al., 2013; da Cunha et al., 2015). Studies considering face-on,
star-forming, late-type galaxies �nd a smaller variation in attenuation with a typical B-band at-
tenuations (AB) of ∼0.5 magnitude (Keel & White, 2001; Matthews & Wood, 2001). Luminous
infrared galaxies (LIRGs) on the other hand typically have attenuations many times larger with
typical values falling in the range ∼2.5-8 mags (Valdés et al., 2005).

Another important result from studies of local starburst galaxies is the �nding that the V-band
attenuation, AV , a�ecting the stellar continuum is slightly less than half of the AV of the ionized
gas due to a di�erent covering factor of dust for these two emission sources. The AV for ionized
gas is estimated by comparing the observed ratios of di�erent emission lines produced by the
ionizing radiation of young stars, most often Balmer lines such as Hα and Hβ (the Balmer decre-
ment), to the intrinsic value assumed for star-forming regions following Case B recombination
as described by Osterbrock (1989). Measuring the attenuation using both the Balmer decrement
and from the shape of the stellar continuum for an individual galaxy provides a comparison of
the relative amounts of dust a�ecting the ionized gas and stars within that galaxy.

1.3.5 Attenuation Measures at High Redshift

Detailed knowledge of the dust properties of galaxies at high-z remains illusive due to the dif-
�culties presented by low spatial resolution and the typical inaccessability of the rest frame IR
(Takeuchi et al., 2005; Reddy et al., 2006; Kennicutt et al., 2009). Many recent studies at z > 1.5

infer the amount of dust attenuation through SED �tting to various photometric bands and either
assume the relation between stellar and ionized gas attenuation found locally applies (Förster-
Schreiber et al., 2009; Wuyts et al., 2011) or not (Erb et al., 2006; Law et al., 2009; Oteo et al., 2015).
The general result is that star-forming galaxies at high-z appear to exhibit AV of ∼0.4-1.2 mags,
consistent with values found for typical star-forming galaxies locally (Law et al., 2009; Genzel
et al., 2011; Wuyts et al., 2011; Oteo et al., 2015).

Recently Reddy et al. (2015) investigated the relative amounts of attenuation su�ered by
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ionized gas and stars in redshift∼ 1−2.5 star-forming galaxies from the MOSFIRE Deep Evolution
Field (MOSDEF) survey. One results of this study is that in integrated measurements the relative
attenuation su�ered by line emission lines compared to that of the continuum increases with
SFR. For galaxies with a low SFR, the attenuation su�ered by both components is dominated by
a di�use component resulting in AV,stars ' AV,gas. In high SFR galaxies star formation occurs
in dense, obscured knots while some fraction of young stars have migrated away from these
regions resulting in a mix of obscured and unobscured starlight, producing the gray extinction
curves observed. This result is in agreement with a number of other recent studies at low and
high redshift (Wang & Heckman, 1996; Buat et al., 2007; Reddy et al., 2010; Sobral et al., 2012;
Domínguez et al., 2013).

Overall, the dust properties of clumpy, star-forming galaxies commonly observed at high
redshift (described in detail in Section 1.6.2) are consistent with the range 0.5 < AV < 2.0 found
for local starburst galaxies (Erb et al., 2006; Law et al., 2009; Förster-Schreiber et al., 2009). It
is important to remember that these studies typically assume �rst that attenuation properties
derived for local starburst galaxies can be broadly applied to samples at all epochs and second
that the dust geometry in distant star-forming galaxies can be approximated by a simple fore-
ground screen. The clumpy star-formation in these galaxies may also be re�ected in an irregular
dust distribution which could have a strong e�ect on the relative brightness of clumps within
individual galaxies, an e�ect which will be missed assuming a relatively simple models for the
dust geometry. In particular, for rest frame UV and optical observations of clumpy galaxies at
high redshift, the contribution from massive clumps highly enshrouded in dust (if present) may
be signi�cantly underestimated or missed entirely. Chapter 4 investigates this with a spatially
resolved study of hydrogen emission in the IR in clumpy, low redshift galaxies (see also Section
1.7).

1.4 The Influence of Environment

When one discusses environment in the context of galaxy evolution, they almost exclusively
refer to the large scale structure in which a galaxy forms and evolves. Galaxies are found in a
wide range of environments from those born in relative isolation to those are clustered together
with many nearby neighbors. While stars are e�ectively collisionless due to a large ratio between
their average separation and their sizes (R/r) this value is ∼106 times lower for galaxies (R/r∼50).
Thus it is not unreasonable to suppose that the environment of a galaxy can signi�cantly impact
its evolution by dictating the available amount of star-forming gas as well as the number of
galaxy-galaxy interactions. Needless to say, galaxy environment is a factor that is treated with
care in modern studies of galaxy evolution.
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The �rst observation of a galaxy cluster was performed in the late 16th century by Charles
Messier who noticed an unusually dense collection of nebulae in the region that is now known
as the location of the Virgo cluster. During the �rst half of the last century, around the time
these nebulae were shown to be external galaxies, hundreds of member galaxies were identi�ed
by the work of astronomers like Harlow Shapley and Edwin Hubble (it was Hubble in fact who
�rst used the term “Virgo cluster”; Shapley & Ames, 1926; Hubble & Humason, 1931). Work on
galaxy clusters was furthered in the 50’s and 60’s, notably through the e�orts of Fritz Zwicky,
which provided early evidence for the existence of dark matter (Zwicky, 1933, 1937, 1952).

In the modern era of astronomy, hundreds of massive galaxy clusters have been identi�ed
both nearby and in the distant universe (currently up to z ∼ 2) with individual clusters host-
ing hundreds or even thousands of galaxies. Since the 1980’s, studies comparing galaxies be-
tween cluster and non-cluster environments have found that the most massive and most bulge-
dominated galaxies reside in the highest density environments, an observation known as the
morphology-density relation (Dressler, 1980; Postman & Geller, 1984). This relationship has long
been seen as evidence for environmentally driven galaxy evolution in galaxy groups and clusters.

The physical origin of the morphology density relation is most likely related to the increased
prevalence of galaxy-galaxy interactions in dense environments. A number of processes have
been put forward that typically involve a modi�cation of the gas content of cluster members.
Some are violent processes which heat the cold, star-forming gas content or remove it entirely
from a galaxy through interaction with the hot intracluster medium (ICM; Gunn & Gott, 1972; van
der Wel et al., 2010). Others are more gentle such as “starvation” which describes the tendency
for baryonic matter condensing in primordial dark matter halos to be funneled towards the most
massive halo, leaving lower mass halos nearby with a smaller gas content than would be expected
had the same halo formed in isolation (Dressler et al., 2013; Popesso et al., 2015).

Galaxy clusters have been observed at very large distances, with the current most distant
cluster found at z=2.1, when the universe was less than a quarter of its current age (Spitler et al.,
2012; Yuan et al., 2014). This strongly suggests that local environment may have a signi�cant
in�uence over the evolution of galaxies even at very early cosmic times. As I will show in Sec-
tion 1.6, the physical properties of z ∼ 2 star-forming galaxies are strikingly di�erent from those
found locally, speci�cally having much higher SFRs. This may be related to the relative availabil-
ity of star-forming material in the surrounding environment as these high SFRs could be powered
by large amounts of accreted gas. I will revisit the topic of environment in Chapter 5 which at-
tempts to understand in what kinds of environments a sample of extremely star-forming z ∼ 0.1

galaxies (described in Section 1.7) may reside and how this relates to their unique evolutionary
state.
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Figure 1.9: Left: A conceptual depiction of an IFS datacube showing a slice at a single wavelength
at the top and a slice along the dispersion axis to the right (taken from www.ukirt.hawaii.edu,
credit - OSIRIS team). Right: a visual description of the strehl ratio for adaptive optics observa-
tions. From this depiction it can be seen that the core size of the AO PSF is determined by the
optics and observed wavelength while the width of the broad wing relates to the atmospheric
seeing.

1.5 Observational Techniqes

Advances in imaging technology have directly paralleled advances in astronomical research over
the past 100 years. The �rst quantitative analyses of galaxy morphology were performed using
photographic plates developed in the mid 19th century and, as previously mentioned, the inven-
tion of CCDs in 1969 heralded the modern era of precision measurements in astrophysics. In
this section I will describe some recent advances in astronomical observations that have been
essential in performing the research presented in this thesis.

1.5.1 Integral Field Spectroscopy

Integral Field Spectroscopy, or IFS, is a general term used to describe a set of instruments that
perform spatially resolved spectroscopy. The data products of IFS instruments are 3D datacubes
with two spatial dimensions and a third spectral dimension. This is depicted graphically in Figure
1.9. Currently IFS is dominated by instruments targeting optical and IR wavelengths (although
the Photodetector Array Camera and Spectrometer on the Herschel Space Observatory, Poglitsch
et al., 2010, can achieve IFS in the sub-mm). Studies of galaxies of all types have been performed
using IFS in these wavelength regimes. It should also be noted that IFS datacubes are nearly
identical to data products of resolved interferometric observations at radio wavelengths that
have been commonplace for many decades (Tully et al., 1978; Allen & Goss, 1979; Begeman,
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1989), providing a knowledge base that can be readily capitalized upon.

The ubiquity of IFS instruments at major observatories today is a testament to a current shift
in studies of galaxy spectra from an era of integrated properties (metallicities, star-formation
rates, AGN activity, etc.) to one of resolved properties. It is becoming evident that integrated
galaxy properties, while useful in a statistical sense, often fail to accurately describe the physical
nature of individual galaxies. For this reason the current era of optical and IR astronomy is
heavily in�uenced by complex IFS observations which will, in turn, provide strong constraints
for future, highly detailed models of galaxy evolution.

As previously mentioned, the functionality of all IFS instruments and the reduced data they
produce are quite similar although there is signi�cant design variation when comparing di�er-
ent instruments. One of the earliest forms of IFS was performed using scanning Fabry-Perot

techniques (e.g. FAST, Krabbe et al., 1993). This is achieved by imaging a system through a Fabry-
Perot cavity that acts as a tunable narrowband �lter. Datacubes are assembled by imaging the
target at the initial wavelength, tuning the cavity to the next central wavelength and imaging
again, and so on assembling a series of images at di�erent wavelengths. Although Fabry-Perot
techniques are useful in providing coverage over a large �eld of view, their major drawback is
the time required to take exposures at each wavelength individually.

This drawback is not su�ered by modern IFS instruments, which use gratings to take spatially
and spectrally resolved observations in a single exposure. The general strategy is to separate
photons in di�erent spatial locations at the image plane and rearrange them in such a way that
they can be simultaneously dispersed without spectral overlap. The �rst modern IFS technique
developed was the lenslet array IFS (e.g. TIGER at CFHT, Bacon et al., 1995) which consists
of an array of small lenses at the focal plane which each project microscopic images on the
entrance plane of the spectrograph. A slight tilt in the direction of dispersion, as well as the use
of narrow-band pass �lters, prevents overlap between the spectra of individual lenselets. The
OH Suppressing InfraRed Integral �eld Spectrometer (OSIRIS, Larkin et al., 2006) on Keck, which
is used for the work presented in Chapter 4, is an example of this type of instrument. Image

slicers are an example of this type of IFS that is in common use today. Image slicers separate the
image plane into a series of narrow strips, or psuedoslits, using an array of angled glass plates or
mirrors. These pseudoslits are directed to a dispersion grating which separates them spectrally
and images the spectra on a CCD detector. Examples of commonly used image slicers include
SINFONI and MUSE at the Very Large Telescope (Bonnet et al., 2004), NIFS at Gemini (McGregor
et al., 2003), and WiFeS at the Anglo Australia Telescope (AAT; Dopita et al., 2007).

Another common variety of modern IFS, and the type which is utilized in the studies pre-
sented in this Chapters 2 and 3, comes in the form of optical �bre lenslet arrays. This type



1.5. OBSERVATIONAL TECHNIQUES 37

of instrument includes a bundle of �bre optic cables with the ends of one side arranged in an
array onto which the image from the telescope is projected. Due to their �exibility and their
negligible losses over short distances, these cables can then be rearranged such that the opposite
ends are neatly stacked and directed onto the dispersing grating. This allows a large number of
individual spectra to be o�set in the vertical direction along the detector with a roughly uniform
spectral coverage. Examples of �bre fed IFS instruments include SPIRAL and KOALA at the An-
glo Australian Telescope (Kenworthy et al., 2001; Ellis et al., 2012) and GMOS at Gemini (Hook
et al., 2004), both of which I will make use of in the original work presented in this thesis (for a
detailed description of GMOS-IFS data reduction see Section 2.4).

A major stumbling block of IFS studies in the past decade has been the relatively small sample
sizes considered. This drawback is imposed by the need to record three dimensions of data on
a two dimensional CCD with a few times 106 pixels. For example, if one requires 1000 spectral
channels one will be left with ∼ 30x30 spatial channels. This results in IFS instruments typically
having a small �eld of view (on the order of 10’s of square arcseconds) most suitable for single
galaxy observations. This limited spatial sampling also presents a challenge in forming a detailed
understanding of the large scale in�uences driving the evolution as IFS observations may only
target small subregions of galaxies.

Both of these issues are taken into account by recently designed IFS instruments and sur-
veys. The problem of small sample sizes is addressed using multi-object IFS instruments, many
of which are currently available and in use in surveys such as SAMI (Allen et al., 2015), MaNGA
(Bundy et al., 2015), and KMOS3D (Wisnioski et al., 2015). Multi-object IFS instruments are de-
signed with multiple independent �bre bundles which individually have a smaller footprint than
typical single object IFS instruments, but can be independently positioned such that the central
regions of many galaxies can be observed in a single pointing. A complementary approach is to
produce wide �eld IFS instruments such as MUSE at the VLT which is an image slicing IFS with a
1 arcmin2 �eld of view allowing for studies of resolved spectral properties at large distances from
targeted galaxies. Preliminary results of studies using these new instruments, which represent
the next generation of IFS observations, are just now being published. Finally, a third approach
is that of the Hobby-Eberly Telescope Dark Energy eXperiment (HETDEX, Hill, 2005), which has
a modular design utilising 150 individual

Analysis of IFS datacubes typically involves measuring a kinematics, metallicities, or other
spectrally determined properties at each spatial location in a galaxy, producing two dimensional
maps of these various properties (see e.g. Section 2.5.1). For studies of galaxy kinematics this
provides a huge advantage over traditional slit based techniques requiring the preselection of
the slit angle and position. In this way the measured rotation velocity of a galaxy may be highly
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dependent on this selection. IFS provides a two dimensional picture of a galaxy’s dynamics in a
single exposure, requiring no pre-existing knowledge regarding its internal motions. Use of IFS
mapping techniques are currently in wide use (e.g., Law et al., 2009; Genzel et al., 2011; Wisnioski
et al., 2012; Piqueras López et al., 2013; Green et al., 2014).

Low Redshift IFS Surveys

Table 1.1: Low Redshift IFS Surveys: Overview

Survey D or z Targeting? IFS Type Observatory Ngalaxies Npublications

DiskMass ∼1-100 Mpc face-on PPak/Sparsepak WIYN 3.5m 176 8
Sa-Sc Fibre Bundles

GHASP ∼5-100 Mpc Sa-Sc/Irr Fabré Perot Obs. de Haute 153 10
Provence

CALIFA 0.0 < z < 0.03 any PPak/Sparsepak CAHA 3.5m ∼600 35
Fibre Bundles

Analysis of the IFS observations of galaxies at low redshift has been an active area of research
for over a decade. These studies targeting bright, well-resolved, and nearby galaxies provide
an extremely detailed view of the baryonic physics and chemistry in�uencing their continued
evolution. These surveys provide a valuable comparison for IFS studies at high redshift. Here I
will brie�y outline three local IFS surveys, DiskMass, GHASP, and CALIFA. A broad overview of
these surveys is given in Table 1.1.

One pioneering IFS study focused on understanding the structure of nearby disk galaxies is
the DiskMass survey of Bershady et al. (2010) who target a sample of nearly face on disks using
the PPak and Sparsepak instruments at the Cera Alto 3.5 and the WIYN 3.5 m telescopes respec-
tively. The goal of the DiskMass project is to break the degeneracy between disk and halo mass
in decompositions of galaxy rotation curves imposed due to the required assumptions regard-
ing the galaxy mass-to-light ratio. This is achieved by measuring galaxy mass using dynamical
information obtained through IFS observations of the vertical velocity dispersion, σz. To this
end, DiskMass galaxies are selected to be late type galaxies which are observed to be face-on (or
nearly face-on) meaning observed σ will have the largest contribution from σz with the least
contamination from the radial and azimuthal velocity dispersions, σr and σθ.

The general result of the initial analysis of DiskMass galaxies is that the turbulent motions
observed in the gas in these galaxies ranges from 7.7 to 24.2 km s−1, consistent with the picture
of disk galaxy structure presented for the Milky Way in Section 1.1.2. There is also found a clear
trend of a decrease in velocity dispersion of the stars with increasing radius, expected for an
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exponential disk with a constant scale height (Westfall et al., 2011; Martinsson et al., 2013). The
continuum maps of many DiskMass galaxies also exhibit signi�cant central bulges, which can
cause an increase in the central velocity dispersion. Westfall et al. (2014) �nd that in general
DiskMass galaxies follow the expected KS relation with some possible deviation depending on
galaxy morphology. They also �nd weak evidence for an anti-correlation between disk stability
(see 1.6.3) and star-formation surface density, a theoretical prediction of Li et al. (2006).

Another large sample of star-forming galaxies observed in the local universe is the GHASP

survey of Epinat et al. (2008) who present IFS observations of 153 isolated galaxies using Fabry-
Pérot techniques. Turbulent motions observed in the GHASP survey mirror those of DiskMass
with values falling between 10 and 35 km s−1 with most measurements clustered around ∼25 km
s−1. An important result of the GHASP survey is that the ratio of the measured circular velocity
to that of the velocity dispersion, Vcirc/σ, which relates to the speci�c angular momentum of the
system, is typically large (5-20) for rapidly rotating galaxies. As I will show in Section 1.6, high
redshift star-forming galaxies appear morphologically quite di�erent from those found locally,
which may be related to an overall decrease in the value of Vcirc/σ with redshift.

Torres-Flores et al. (2011) study the TF relation in GHASP galaxies �nding general agreement
with the established literature with some evidence of a break in the relation for low luminosity
galaxies. Their results support a picture in which late-type spirals (typically low mass) have a
higher dark matter fraction than early-type spirals in agreement with simulations. The exact
mechanism that would cause this is not known but scenarios have been suggested such as a
large escape fraction of baryons due to feedback in the absence of a large gravitational �eld or
low mass dark matter haloes being less concentrated.

Perhaps the largest sample of nearby IFS sample is that of the CALIFA survey (Sánchez et al.,
2012). CALIFA is an extremely well studied sample of ∼600 galaxies selected to provide a good
coverage of the luminosity function in the redshift range 0.005 < z < 0.03. The broad goals of
CALIFA are to characterise galaxies out to large radii, measuring ionized gas properties (ioniza-
tion mechanisms, abundances, kinematics) as well as properties of the stars (population ages,
mass-to-light ratios, metallicities). The CALIFA collaboration has been wildly productive with
over 30 refereed publications since the survey’s start in 2012.

The wide range of galaxy types probed by the CALIFA survey is exploited by González Del-
gado et al. (2015) who compare the resolved stellar population ages and metallicities across the
full range of Hubble types. The general result is that all galaxy types exhibit negative stellar
metallicity gradients that �atten at large radii. This is in agreement with inside-out growth mod-
els for galaxy formation in which stars at large radii are formed from more recently accreted, less
enriched gas. They also �nd that di�erences in galaxy ages, as well as gradients in stellar ages,
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are largely driven by morphological di�erences, suggestive of “morphological quenching” (see
Section 1.6.3). A number of other properties of CALIFA galaxies have been investigated including
merger activity (Wild et al., 2014; Roche et al., 2015), the in�uence of bars (Barrera-Ballesteros
et al., 2014; Sánchez-Blázquez et al., 2014), star-formation histories (Cid Fernandes et al., 2013;
González Delgado et al., 2014), kinematics classi�cations from ionized gas (García-Lorenzo et al.,
2015), dust attenuation (De Geyter et al., 2014, and see Section 4.7.3), among others. This ex-
tremely active and on-going collaboration will provide an excellent resource for interpreting the
results of IFS studies performed at high redshift.

In this thesis I present two studies of extremely star-forming disks at z ∼ 0.1 using IFS observa-
tions: in Chapter 3 I compare their ionized gas and stellar kinematics and morphologies, and in
Chapter 4 I perform a spatially resolved analysis of the attenuation of light due to dust.

1.5.2 Adaptive Optics

Telescopes have continued to grow in size for over 100 years, providing and increase in sen-
sitivity and spatial resolution. In ground based optical and IR observations, however, further
improvement in spatial resolution is limited by the atmospheric properties of a telescope’s site
rather than its intrinsic di�raction limit. This is due to atmospheric turbulence, which distorts
the wavefronts of photons prior to their arrival at the telescope. The quality of a given site for
observations is broadly characterised by the full width half max (FWHM) of observations of a
bright point source such as a star. This is referred to as “seeing” and is typically measured in arc
seconds. The highest quality optical sites on Earth are at the summit of Maunae Kea in Hawaii
and at the European Souther Observatory site at Paranal in northern Chile where the seeing
averages between 0.4 and 1.0 arcsec.

Adaptive optics (AO, an extensive review of which can be found in Davies & Kasper, 2012) is
a term used to describe techniques that attempt to correct for atmospheric turbulence in ground
based astronomical observations. Achieving such a correction requires active adjustments of the
focal plane to compensate for the distortions imposed by the atmosphere on the wavefronts of
arriving photons. Typically this is done by attaching mechanical actuators to a small reimaging
telescope pupil allowing the AO capability to be turned on and o�. Designs of AO achieved
using deformable secondary mirrors or, very rarely, primary mirrors exist but are less practical
in their application. The actuators of an AO system are independently controlled with the precise
movements required being calculated based on the monitoring of a bright source near the target.

Ideally this correction is achieved using light from a bright star which has passed through
the full atmosphere however the requirement of a nearby star suitable for this so called “natural
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guide star” (NGS) AO can severely limit target selection. For example, at the Cerra Telolo Inter-
American Observatory (CTIO) this NGS requirements range from those for the R band, requiring
a star brighter than 13.1 mag within 13.′′4 of the target, to the K band, which requires a star
brighter than 17.3 mag within 58.′′1 of the target. For this reason, another option is to monitor a
bright laser that is directed near the target and is scattered by Sodium in a thin layer at a height
of 70 km in the upper atmosphere. This scattered light is then imaged by the telescope and
compared with the reference beam to provide the AO correction.

The large scale aberrations induced by atmospheric turbulence can be accounted for more
simply using a tip-tilt mirror, which accounts for the tilt of incoming wavefronts. This correction
is achieved using a single mirror that rotates about two axes. The simplest AO systems employ
only a tip-tilt correcting mirror while more complex systems follow the tip tilt correction by a
higher order correction using a deformable segmented mirror.

AO can signi�cantly improve the apparent sharpness of astronomical images taken from the
ground, however there are still a number of important challenges facing the future development
of AO instruments. One major issue concerns the complex point spread function (PSF) associated
with AO observations. The PSFs of AO observations have been shown to contain a compact
central core surrounded by a di�use broad component as shown in Figure 1.9. Such a PSF can
be characterised by its Strehl ratio, which quanti�es the relative contribution of the narrow and
broad components of the PSF. The Strehl ratio can vary rapidly over a night causing problems
for �ux calibration and coaddition of AO assisted observations (e.g. Section 4.2.2).

Another issue is that AO PSFs are known to vary not only temporally, but also spatially
with the shape and magnitude of the correction depending strongly on the speci�c location on
the detector. In general the quality of the AO correction will decrease with increasing distance
from the AO guide star, highlighting the importance of selecting targets that are very near to
bright stars. Attempts to solve this problem in post processing have shown promise and multi
conjugate AO instruments (e.g. Rigaut et al., 2014) which project an array of laser guide stars
giving the spatial variation in the AO PSF are in development which will mitigate this issue. We
note however that for observations combining AO and IFS, this e�ect will be negligible due to
the (typically) small �eld of view of IFS instruments.

Regardless, adaptive optics have proven to be a major breakthrough in ground based astro-
nomical observations, and state of the art AO instruments are included in the plans of all next
generation extremely large telescopes (ELTs). The work of Chapter 4 presents an analysis of the
resolved dust properties of a sample of galaxies using AO assisted IFS in the IR and requiring a
careful consideration of the AO PSF, described in Section 4.5.2.
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Figure 1.10: The cosmic star-formation surface density (Ψs f r) as a function of redshift showing a
clear peak in the redshift range 1 < z < 3. Here Madau & Dickinson (2014) have compiled UV and
IR luminosities from a variety of surveys performed over the past decade and covering a wide
range in redshifts and converted these into SFRs in a self consistent manner. Green and blue
points are derived from UV luminosities while red points come from IR observations.

1.6 Star Formation at High Redshift

Vast improvements in instrumentation and observational techniques in the past 20 years have
enabled the detailed study of the high redshift (z > 1.5) universe, where a majority of the stars
in local galaxies was assembled. This has necessitated broad changes to the accepted theories
of galaxy evolution as early models are based on low redshift observations, which provide little
constraints for the early stages of galaxy formation. In this Section we review some key obser-
vations of star-forming galaxies at high redshift and the revised models of their formation that
have been developed as a direct result.
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1.6.1 The Cosmic Evolution of Star Formation

One of the key observational relations in studies of galaxy evolution in the past 20 years is the
main sequence of star-forming galaxies. The main sequence of star-forming galaxies is a cor-
relation between galaxy stellar mass and SFR in star-forming, late-type galaxies (for a recent
review see Madau & Dickinson, 2014). It is in galaxies such as these that a majority of the stars
in the universe are born. The star-formation process is closely tied to the ways in which galaxies
accrete gas, how this gas forms stars, and the e�ects of feedback related to star formation (see
Section 1.2), which regulates the growth of galaxies.

As was discussed in Section 1.1.2, local galaxies are typically composed of multiple com-
ponents, which form during di�erent cosmic epochs. The oldest of these components, usually
galactic bulges and/or thick disks, are the most likely remnants from early periods of formation.
Having assembled at high redshift, these old galactic components were formed at a time during
which the physical conditions and in environments are markedly di�erent from those observed
locally. For this reason it is necessary to study star formation at all epochs thus informing our
understanding of the processes a�ecting gas accretion and galaxy formation and how they evolve
with time.

Through observations of the star-forming main sequence astronomers have located a peak in
the cosmic SFR density which is found in the redshift range 1 < z < 3 (e.g. Lilly et al., 1996; Madau
et al., 1998). This is seen in Figure 1.10 which shows Ψs f r, the cosmic star-formation surface
density in M� yr−1 Mpc−3, as a function of redshift using a compilation of SFR measurements
from various galaxy surveys. The typical SFR of a star-forming galaxy observed during the peak
of Ψs f r is found to be comparable to values found for local LIRGS and ULIRGS (Noeske et al.,
2007). This could hint at an increase in the prevalence of mergers in the distant universe, however
many studies have con�rmed the existence of a star-forming main sequence to high-z with a
similar slope to the low-z relation but a higher normalization (Elbaz et al., 2007; Lee et al., 2015).
Mergers tend to drive galaxies temporarily o� the main sequence thus observations of a high-
z main sequence disfavours a merger driven hypothesis for the high SFRs (Elbaz et al., 2011;
Rodighiero et al., 2011; Sargent et al., 2012).

What is clear is that the elevated SFRs relative to local galaxies is closely related to the amount
of available star-forming gas within galaxies at di�erent epochs. From observations of molecular
gas, as traced by CO emission, the PHIBSS Survey (Tacconi et al., 2010, 2013; Genzel et al., 2013;
Santini et al., 2014; Bolatto et al., 2015) �nd that the average gas fraction ( fgas = Mgas/(Mgas +

Mstars)) of main sequence galaxies increases from 0.08 at z = 0 to 0.47 at a z=2-3. Estimates of
the depletion time, the time it will take a galaxy to exhaust its supply of gas given the current
SFR, from these observations �nd times of ∼10-20% of a Hubble time. The ubiquity of the star-
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formation main sequence at all redshifts is evidence that the majority of star formation in galaxies
occurs in a mode with a long duty cycle. Combining this with the observed short depletion
timescales for merging galaxies suggests a need for a smooth, semicontinuous supply of gas to
fuel extended star formation on the main sequence.

1.6.2 Star-Forming Galaxies in The Distant Universe

Morphological studies of galaxies during the peak of star-formation activity became possible in
the early 1990’s with the launch and subsequent repair of The Hubble Space Telescope (HST).
It soon became apparent that, among star-forming galaxies, the fraction of objects classi�ed as
morphologically irregular is signi�cantly higher at high redshift than in local surveys. Many
groups have extensively observed galaxies such as these, which have been described as “clump
clusters”, “chains”, and “tadpoles” (Elmegreen & Elmegreen, 2005; Elmegreen et al., 2008; Genzel
et al., 2008; Förster-Schreiber et al., 2009; Law et al., 2009; Tacconi et al., 2010; Wisnioski et al.,
2011, 2015).

The clumps in high redshift galaxies have been routinely observed in both UV photometry
and optical IFS targeting emission lines, both clear tracers of ongoing star-formation. It is undis-
puted that these clumps are the sites of ongoing star-formation in their host galaxies, similar to
star-forming HII regions and GMCs observed in the Milky Way and other local galaxies. The
major di�erence however is the sizes and masses of star-forming regions at high redshift which
are typically have projected 2D sizes of around 1 comoving kpc and have masses of a few times
109 M�, both an order of magnitude larger than the most massive star-forming regions observed
nearby (Livermore et al., 2015).

In addition to resolving the star-forming properties, IFS observations provide velocity and
velocity dispersion maps of di�erent galactic components. These typically focus on strongly
emitting ionized gas at high redshift, which are used to interpret the dynamical state of a galaxy.
Such an analysis is useful in identifying galaxy mergers, which can often exhibit irregular kine-
matics (see Section 2.5.2). The general result of IFS surveys of high redshift star-forming galaxies
is that 1/3 - 1/2 are kinematically consistent with a smoothly rotating, undisturbed disk with a
large ionized gas velocity dispersion, σgas, when compared to local disks (50-150 km s−1 vs 5-20
km s−1, Förster-Schreiber et al., 2009; Law et al., 2009; Wisnioski et al., 2011). Recently Wisnioski
et al. (KMOS3D, 2015) investigated the evolution of the disk fraction of galaxies classi�ed using
strict IFS based criteria �nding an evolution from 47% at z ∼ 2 to 70% at z ∼ 1. Assuming the
sizes of molecular clouds scale with their velocity dispersion (as seen in the MW, Larson, 1981)
this large σ can naturally explain the large sizes of star-forming regions at high redshift.

The existence of galaxies with large gas fractions and extreme levels of star formation at
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high redshift challenges the classical picture of disk galaxy formation. As I described in Section
1.1.3 it was proposed that the early formation fo galaxies is driven by the monolithic collapse
of a large scale primordial gas cloud. During collapse shock waves propagate outwards heating
the gas and which increases the cooling time and slows the inward migration (Rees & Ostriker,
1977; Fall & Efstathiou, 1980). This e�ect prevents the large quantities of cool gas, required to
drive the observed SFRs at high redshift, from penetrating into the centers of forming galaxies.
To reconcile theory with observations, a new model for gas accretion and disk formation has
gained popularity in the past decade.

1.6.3 The Formation of Clumpy, Turbulent Disks

A key development in recent models of disk galaxy formation is the proposal of so called “cold
mode” gas accretion (Kereš et al., 2005). In this mode, gas is transported into the centers of dark
matter haloes along cosmic �laments often referred to as cold �ows. The heating e�ects of shocks
are mitigated in cold mode accretion, particularly near the centers of the �laments, as baryons
in such a �ow share the same bulk velocity as their neighboring particles. This allows large
quantities of unshocked (∼104 K) gas to penetrate into the centers of young dark matter halos
where it cools rapidly and begins forming stars.

Recently Nelson et al. (2013) pointed out however that the distinction between cold and hot
modes of accretion might be an oversimpli�cation, which often depends on de�nition. It has
also been suggested that the ability of simulations to funnel large quantities of “cold” gas into
the central regions of forming galaxies may be a numerical artefact due to limits of both spatial
and time resolution. Spatial resolution issues may occur for simulations that don’t distinguish
between particles that are accreted individually or those accreted as groups of particles smaller
than the simulation grid, an e�ect that can mask the in�uence of minor mergers. Kereš et al.
(2005) estimate contribution from unresolved mergers at z > 3 to be ∼7%, however the contribu-
tion at lower redshift could be higher. The limits of time step resolution relates to hot particles,
which may rapidly cool within a single time step and thus be labeled as “cold”. Kereš et al. (2005)
also consider this and suggest such an e�ect may cause errors of ∼10-20% on estimates of cold
and hot accretion rates.

Regardless, as in the monolithic collapse model, gas accreted in the cold mode will settle into
a rotating disk. The key di�erence is that gas in the cold �ow model is accreted much more
quickly and at lower temperatures, which rapidly builds a gas rich disk not possible with pure
monolithic collapse. A disk formed in this way is expected to be unstable to collapse due to the
strong gravitational self interaction coupled with the dissipative nature of the gas (“violent disk
instability”, Dekel et al., 2009a; Bournaud & Elmegreen, 2009).
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As the disk collapses, the formation of individual clumps of gas occurs according to the
Toomre instability theory (Toomre, 1964; Binney & Tremaine, 2008). In this framework a ro-
tating disk becomes unstable when the di�erential rotation and internal random motions, both
of which stabilize the disk, are overcome by local self gravity. This is described mathematically
for a single �uid (though a mixture of stars and gas is more complex) by the Toomre Q parameter
given by:

Q =
σrκ

πGΣ
< Qc (1.16)

In this equation the stabilizing forces are in the numerator, given by the radial velocity dispersion
(σr, random motions) and the epicyclic frequency (κ, the di�erential rotation). The denominator
contains the gravitational constant, G, and the gas surface mass density, Σ, together representing
the in�uence of local self gravity. The instability criteria is satis�ed when Q falls below the critical
value, Qc, which is predicted to be ≈1 for high redshift, gas rich disks (Dekel et al., 2009b)

IFS observations of high redshift star-forming galaxies have suggested the massive clumps
to coincide with unstable regions with Q ≤ 1, however this is not de�nitive as there is no direct
measurement of Σgas. Regardless, the collapse of the gas disk is expected to proceed rapidly as
the baryons are rearranged into a more stable con�guration. The large number density of such
objects at high redshift however implies a long duty cycle for clumpy star formation comparable
to a Hubble time at z ∼ 2. This underscores the previous assertion of a long duty cycle based
on the ubiquity of the star forming main sequence. As stated previously, this necessitates a
mechanism for self regulation in turbulent disks, which can maintain marginal stability (Q ≈ 1)
and large gas fraction (when facing rapid depletion times, Saintonge et al., 2011; Tacconi et al.,
2013) for long periods of time (Genzel et al., 2011).

One mechanism that can regulate the marginal stability of turbulent galaxies is strong feed-
back associated with star-formation. Star formation feedback can take the form of stellar winds
from massive stars as well as supernovae explosions that can deliver signi�cant amounts of en-
ergy and momentum into the surrounding ISM. Evidence of galactic scale winds which are gener-
ated from strong feedback have been observed at high redshift as a broad component of emission
line pro�les with widths of 100s of km s−1 (Law et al., 2009; Genzel et al., 2014). One can imagine
a scenario in which massive stars form within a gas rich disk, which then increase σ of the re-
maining gas through strong stellar feedback and supernovae. From an observational standpoint,
this will likely result in the measurement of a σ∗ that is less than that measured for σgas, as the
stars will inherit their kinematics from the less turbulent gas from which they formed. Due to
their large distance, the issue of feasibility has prevented such a measurement to be made for
individual galaxies.

Another possibility is that the marginal stability is driven by gravitational torques due to the
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interactions between clumps as well as between clumps and the surrounding gas rich environ-
ment (Gammie, 2001; Dekel et al., 2009b; Krumholz & Dekel, 2010). This e�ect is enhanced in the
cold �ow model due to the semi continuous accretion of low angular momentum gas, which will
form new generations of clumps (Dekel & Krumholz, 2013; Bournaud et al., 2014). Furthermore,
cosmic accretion �laments may already contain clumps themselves, which will contribute to the
stirring of the ISM. Pinpointing the primary driver of turbulence in clumpy galaxies will require
a better understanding of their internal dynamics, and in particular, a comparative analysis of
the stellar and ionized gas kinematics not currently possible at high redshift. Indeed, a caveat to
the Toomre stability analysis at high redshift is the assumption of σgas ≈ σ∗, which is currently
untested. I revisit these ideas in Chapter 3.

Regardless of the mechanism that drives marginal stability, it is suggested that the post for-
mation evolution of clumps is directly related to galaxy bulge formation. In the current model
clumps will spiral inward rapidly on sub-Gyr timescales due to their mutual dynamical friction.
When clumps migrate into the kinematic centres of their host galaxies they merge together and
over time the bulge is assembled by multiple generations of clumps (Noguchi, 1999; Immeli et al.,
2004; Dekel et al., 2009b; Dekel & Krumholz, 2013). Eventually the bulge mass becomes large
enough that it begins to have an in�uence over its host galaxy, stabilizing the gas disk against
large scale collapse (Martig et al., 2009; Ceverino et al., 2010; Martig et al., 2014). This process,
which has been described as morphological quenching, allows the gas to settle into a disk with
a small scale height and resume more quiescent star formation like what is observed in local
spirals.

1.6.4 Observational Constraints at High Redshift

A number of observational constraints have signi�cant e�ects on the selection and analysis of
galaxies in high redshift IFS samples. The most pertinent of these will be brie�y highlighted here.

Wavelength Accessibility: Current IFS instrumentation typically targets optical and near-IR
wavelengths from roughly 3000 Å to 2.4 µm. This wavelength range is suitable for performing in-
depth resolved spectral studies of nearby galaxies owing to the wealth of spectral features found
here. Observations of galaxies at high redshift (z > 1) using these instruments are restricted to
the rest-frame UV and some portion of the optical regime. Indeed, the Hα emission line (6563 Å)
is redshifted to 1.3 µm at z = 1 and is inaccessible to current IFS by a redshift of z ∼ 2.7.

As discussed in Section 1.3, light at UV and optical wavelengths is most signi�cantly in�u-
enced by intervening dust. Combining this with the λrest problem mentioned above imposes a
clear selection bias in selecting high redshift samples for IFS observations. Studies focused on
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measuring the gas properties from bright emission lines will likely be biased towards galaxies
that are intrinsically less dusty. Dust enshrouded galaxies are known at high redshifts (sub-
millimeter galaxies, SMGs, Barger et al., 1998) which may provide key comparisons using future
instruments such as IR IFS expected to be on board JWST.

Spatial Resolution and Surface Brightness: Another issue facing high redshift IFS surveys is
the lowered spatial resolution when compared to low redshift samples. Among studies of clumpy
galaxies at high redshift, few can resolve structures on sub-kpc scales (Law et al., 2009; Livermore
et al., 2015). Among local star-forming galaxies, HII regions are typically much less than 1 kpc in
size (Hunt & Hirashita, 2009). Many studies have suggested a negative power law behavior for
both the luminosity and size functions for HII regions in local galaxies,

N(RHII)dRHII = αR−βHIIdRHII (1.17)

and among local galaxies few HII regions are found with sizes > 100 pc (van den Bergh, 1981;
Oey et al., 2003). For this reason, the issue of clump blending may play a signi�cant role in
observations of clumpy galaxies. Furthermore galaxy sizes are found to reduce at high redshift,
with e�ective radii approaching 1 kpc (van Dokkum et al., 2008; Wuyts et al., 2011).

While spatial resolution is one key advantage of IFS relative to integrated spectral obser-
vations they can be less sensitive to light emitted from low surface brightness regions. This
e�ect has been shown by Gnerucci et al. (2011) who �nd that an increase in spatial resolution
biases IFS observations to high surface brightness regions and lowers the sensitivity to di�use,
low surface brightness emission. This issue is enhanced by observations of high redshift clumpy
galaxies, which are observed at sub-kpc resolution using AO and/or gravitational lensing (Law
et al., 2009; Livermore et al., 2015). It is often by observing the low surface brightness regions at
large radii that reliable kinematic classi�cations can be achieved, severely limiting the usefulness
of such classi�cations beyond z ' 2.5. Furthermore, high redshift observations will be insensi-
tive to low surface brightness features such as tidal tails, which would provide clear evidence of
galaxy interactions.

Beam Smearing: Related to the issue of spatial resolution is the observational phenomenon
known as beam smearing (Law et al., 2009). In ground based optical and IR observations, beam
smearing is an a�ect of atmospheric seeing where light emitted from a region with a given bulk
velocity is detected at other spatial locations which can arti�cially broaden emission line pro-
�les (although in space based and radio observartions beam smearing is an instrumental e�ect).
The e�ects of beam smearing are particularly apparent in kinematics maps created from IFS
observations in locations where the local velocity gradient is also large. The most obvious sig-
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nature found in disk galaxies is a bar-like peak in the velocity dispersion map coincident with
the kinematic center (see Sections 2.5.2 and 3.2.3 and Figures 2.11, 3.7, and 3.8). One technique
for avoiding the in�uence of this in global σ estimates is to measure average velocity dispersions
with the central region excluded (e.g. Section 3.2.4).

Simulations of disk assembly through cold �ow accretion have proven successful at reproduc-
ing disks which proceed through an early clumpy phase, eventually reproducing realistic disk
galaxies (Noguchi, 1999; Agertz et al., 2009; Ceverino et al., 2010; Martig et al., 2012; Hopkins
et al., 2012; Bournaud et al., 2014). The low sensitivity of high redshift observations, however
doesn’t allow for strong constraints on the stellar properties, stellar kinematics in particular, of
models. Furthermore the inherently low spatial resolution precludes a detailed understanding
of the physics driving star formation on sub-kpc scales. The necessary observations will be per-
formed after the launch of JWST in 2018 allowing for space based IR IFS, however we can test
these theories now by studying extreme objects at lower redshifts. With this aim in mind, the
next Section presents an overview of a unique sample of local star-forming galaxies that provide
a useful laboratory for studying clumpy star formation in detail.

1.7 The DYNAMO Survey

The DYnamics of Newly Assembled Massive Objects (DYNAMO) Survey is a multiwavelength IFS
survey of star-forming galaxies at low redshift. The DYNAMO Survey began as the thesis project
of Andrew W. Green (“Kinematics of Star-Formation in Evolving Galaxies”, 2012, Swinburne Uni-
versity of Technology) with the original purpose of better understanding how the combination
of inherently low spatial resolution and low sensitivity a�ects observations of clumpy galaxies
at high redshift. Initial IFS observations were carried out to measure Hα �uxes and kinemat-
ics. This revealed the surprising result that many of the extremely star-forming outliers from
the sample share strikingly similar properties to high redshift star-forming galaxies including
smooth rotation, large velocity dispersions, and clumpy morphologies.

This Section provides an overview of current DYNAMO results from studies lead by scien-
tists other than myself. Here I will describe the full DYNAMO sample selection and the initial IFS
observations performed at the Australian Astronomical Observatory (AAO) as well as the prelim-
inary kinematic analyses. Observations, analyses, and results presented here represent the work
of other members of the DYNAMO team as outlined below. The work of this thesis concerns
detailed studies of small subsamples of extremely star-forming DYNAMO galaxies using deep
observations and/or highly oversubscribed telescopes (e.g. Keck), which precludes analysis of
the full DYNAMO sample. An in depth discussion of these studies, constituting my contribution
to the DYNAMO project, begins in Chapter 2
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1.7.1 Contributions by Other DYNAMO Team Members

Andrew W. Green performed the initial sample selection, SPIRAL/WiFeS observations and data
reductions, inferred gas fractions using the KS relations, and measured the TF relation for DY-
NAMO galaxies (Green et al., 2014). David B. Fisher observed CO in DYNAMO galaxies using the
Plateau de Bure Interferometer (PdBI) measuring large gas fractions (0.2-0.3) in three DYNAMO
galaxies (Fisher et al., 2014b). Emily Wisnioski performed the observations and data reductions
of Keck OSIRIS IFS data presented in Chapter 4 and Ivana Damjanov performed the reduction
of the complementary HST observations presented in Chapter 4. Danail Obreschkow performed
an analysis of the speci�c angular momentum of four DYNAMO galaxies using kinematics maps
produces from GMOS and OSIRIS data (Obreschkow et al. 2015, submitted). Heidi Ann White
has performed the preliminary measurements of molecular gas properties using combined CO
and IR observations from PdBI and Herschel.

1.7.2 Sample Selection

DYNAMO galaxies are drawn from the Sloan Digital Sky Survey (SDSS York et al., 2000), which
provides ugriz photometry and optical spectroscopy for all targets. Galaxies selected from SDSS
are extremely well characterised relative to samples at high redshift both due to their proximity
and to the wide use of SDSS data products. A major bene�t of using such well understood data
is in constructing a sample that is properly matched to star-forming galaxy samples at high-
z which are subject to stronger observational constraints and selection e�ects. Stellar masses,
metallicities, and SFRs are taken from the MPA-JHU value added catalogue (Brinchmann et al.,
2004; Tremonti et al., 2004; Kau�mann et al., 2003b).

The goal of the DYNAMO selection is to build a sample which includes both highly luminous
galaxies, which will be most similar to star-forming galaxies at high redshift, as well as a volume
limited sample of galaxies in a broad distribution at lower luminosities. This allows us to test both
the e�ects of resolution on observations of extremely star-forming galaxies as well as the biases
imposed by detection limits for high redshift galaxies. This was achieved by de�ning selections
in two redshift windows and in bins of Hα luminosity depicted in Figure 1.11. The selection
of these redshift windows was chosen such that the emission lines of interest, Hα in particular,
did not overlap with known sky absorption bands, which would hamper detection or prevent it
entirely.

Figure 1.11 clearly shows how the goal of the DYNAMO sample selection was achieved. The
left most panel shows galaxy Hα luminosity measured by the SDSS �bre as a function of redshift
with the DYNAMO selection bins plotted over the full SDSS parent sample. The low redshift
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Figure 1.11: The DYNAMO sample selection (colored windows) plotted over the underlying SDSS
parent sample (grey points and black contours) from which they were selected (taken from Green
et al., 2014). Left: Galaxy Hα luminosity as a function of redshift. Right: Colour mass diagram
for galaxies in each redshift slice with DYNAMO galaxies highlighted. In the low redshift DY-
NAMO window we cover well the stellar mass and colour distribution of SDSS main-sequence
galaxies while high redshift DYNAMO galaxies are biased towards blue, intermediate mass galax-
ies.

DYNAMO selection consists of 5 bins of increasing Hα luminosity labeled A, B, C, D, and F2. The
former three bins contain primarily main sequence galaxies while bins D and F are populated by
more extremely star-forming galaxies. This is also seen in the central panel of Figure 1.11 which
shows the colour mass diagram for SDSS galaxies in the 0.055 < z < 0.084 bin with DYNAMO
galaxies overplotted. DYNAMO galaxies cover well the central portion of the main sequence as
well as sampling bluer objects at a range of stellar masses.

The high redshift DYNAMO selection, consisting of bins E, G, and H, focuses primarily on
extreme objects which will be most similar to extremely star-forming galaxies at z ∼ 1-2. This is
evident in the right most panel of Figure 1.11 showing the colour mass diagram for 0.124 < z <
0.151 SDSS galaxies with DYNAMO galaxies indicated. DYNAMO galaxies are found to populate
the blue, low mass tail of SDSS galaxies. Due to the sensitivity limit of SDSS (apparent in the left
panel of Figure 1.11 as an increase in the lower limit of Hα luminosity with z), however, galaxies in
the high redshift DYNAMO selection are likely representative of extremely star-forming galaxies
at intermediate masses in this redshift range. SDSS true color (gri) images for DYNAMO galaxies
are shown in Figure 1.12.

2low redshift bin F and high redshift bin G were added to the DYNAMO selection after bins A-E in order to include
very highly star-forming galaxies. This explains the seemingly unconventional bin naming which sees low redshift
bins labeled A, B, C, D, F rather than A, B, C, D, E.
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Figure 1.12: True colour images of the initial 67 DYNAMO galaxies composed of SDSS g−, r− and
i− bands in blue, green, and red respectively. Images are centered on the location of the SDSS
�bre and are ordered left to right and top to bottom in Hα luminosity. (Figure credit: Andrew W.
Green)
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Figure 1.13: The gas fraction (Mgas/(Mgas + Mstars)) inferred from the KS relation for DYNAMO
galaxies (Figure 7 of Green et al., 2014). Solid points indicate galaxies which are well resolved
with circles, squares, and triangles indicating rotating disks, perturbed rotators, and complex
kinematics classi�cations respectively. Symbols plotted in red indicate galaxies with SFRs higher
than 10 M� yr−1. Gas fraction in general decreases with stellar mass and increases with SFR.
The smooth blue line in the left panel shows the relationship found by the COLD GASS Survey
(Saintonge et al., 2011).

1.7.3 SPIRAL and WiFeS IFS

The initial DYNAMO observations were performed between July 2008 and January 2010 using
the 3.9 m Anglo-Australian Telescope (AAT) and the ANU 2.3 m Telescope at Siding Springs
Observatory, Australia. Each target was observed with the central wavelength chosen to target
Hα at the redshift of that galaxy. Galaxies targeted with the AAT were observed using the SPIRAL
IFS, which is consists of an array of 0.7 arcsec �bre-optic lenslets providing a 22.4 x 11.2 arcsec
�eld of view and feeding into the AAOmega spectrograph (Sharp et al., 2006). Observations at
the ANU 2.3 m Telescope were performed using the Wide-Field Spectrograph (WiFeS Dopita
et al., 2007) which is an image slicing IFS providing a 25 x 38 arcsec �eld of view. While there
are notable di�erences between the two instruments, the methodology of their observation and
analysis is essentially identical allowing the two sets of observations to be directly compared.
The initial DYNAMO sample, observations, and kinematic analysis are presented in Green et al.
(2014).

Kinematic Classi�cations

From the SPIRAL and WiFeS datacubes the ionized gas kinematics are mapped by �tting Gaussian
pro�les to the emission lines observed in each spaxel (see Green et al. (2014) or Section 2.5.1 for
more details on how these �ts are performed). Inspecting the velocity maps produced in this
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Figure 1.14: Examples of velocity �elds measured from models of rotating, disk galaxies from
(Glazebrook, 2013). The second and fourth panels show the velocity dispersions while the �rst
and third show the line-of-sight velocities showing the classic “spider-diagram” behavior (van
der Kruit & Bosma, 1978; Begeman, 1989).

way certain de�ning features can be identi�ed, in particular a “spider diagram” (van der Kruit &
Bosma, 1978; Begeman, 1989) velocity �eld is strongly indicative of disk-like rotation. Examples
of spider diagrams from modeled disk galaxies can be found in Figure 1.14. Two classes of rotating
galaxies are de�ned in a scheme based on the IMAGES survey (Flores et al., 2006, see also Section
2.5.2), rotating disks and perturbed rotators. The former includes all clearly rotating galaxies
in which the velocity dispersion peak is spatially coincident with the kinematic centre, while the
latter is made of up rotating galaxies with o�set velocity dispersion peaks. The peak of velocity
dispersion in the centres of disk galaxies is partially due to a beam smearing as this is the region of
the galaxy with the largest velocity gradient, however there may be some dynamical contribution
to this peak from the central bulge. Perturbed rotators are possibly indicative of interacting or
merging galaxies that are observed at a spatial resolution that is too low to recover complex
velocity structure associated with these activities.

The third kinematic class de�ned for DYNAMO galaxies is that of complex kinematics.
These are all galaxies that do not satisfy the criteria for either rotating disks or perturbed rotators
(i.e. no rotation) and the velocity maps of these galaxies often vary signi�cantly between di�erent
spatial locations. This is partially due to the fact that some spaxels contain multiple kinematic
components, as indicated by double peaked Hα pro�les, which are not accounted for in the single
gaussian �tting routine of Green et al. (2014). While double peaked pro�les could be �t using
multiple gaussian components, this analysis was out of the scope of the work of Green et al.
(2014). Complex kinematics galaxies are found to not obey the typical scaling relations seen in
star-forming galaxies due in part to the di�culty in de�ning certain kinematic quantities such
as rotational velocity for observations of these galaxies as well as to the fact that many of these
galaxies represent kinematically disturbed mergers which have yet to settle into a normal mode
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of star formation.
The general result of this kinematic classi�cation is that roughly one half of galaxies in the

DYNAMO sample exhibit regular disk-like rotation. This result parallels results of IFS surveys
targeting clumpy galaxies at high redshift from surveys such as SINS (Shapiro et al., 2008; Förster-
Schreiber et al., 2009) or more recently KMOS3D (Wisnioski et al., 2015).

Star Formation and Gas Fraction

Maps of Hα luminosity are produced for each DYNAMO galaxy and converted to maps of ΣSFR,
the star formation surface density using the conversion of Green et al. (2014). This conversion is
given by

SFR = 0.56LHα

(
7.9 × 10−42 M� yr−1

erg s−1

)
(1.18)

where the factor 7.9×1042 comes from Kennicutt (1998) and the factor of 0.56 gives the correction
to the Chabrier (2003) IMF. By selection, SFRs of DYNAMO galaxies are typically high and range
from 0.28 to 79.78 M� yr−1 which bridges the gas between local SFRs like those seen in the
GHASP survey (Epinat et al., 2008) and clumpy high redshift disks such as SINS galaxies (Förster-
Schreiber et al., 2009). This is shown clearly in Figure 1.15 taken from Green et al. (2014).

Assuming the Kennicutt-Schmidt relation applies, which is reasonable considering the > 1
kpc spatial resolution of these observations, ΣSFR maps are converted into a maps of Σgas allow-
ing for an estimate of the gas fraction of DYNAMO galaxies. Gas fractions are observed to vary
signi�cantly from galaxy to galaxy with some galaxies having extreme gas fraction as high as
∼0.8 as seen in Figure 1.13. This is comparable to gas fractions of star-forming galaxies observed
at high redshift through direct detection of molecular gas (Tacconi et al., 2013). In general, ex-
tremely star-forming galaxies with SFRs > 10 M� yr−1 have the highest gas fractions at �xed
stellar mass.

The Tully-Fisher Relation

Green et al. (2014) also investigates the Tully-Fisher relation (see Section 1.2) for DYNAMO galax-
ies. First, this relation is used as a test of the kinematics classi�cations that were performed
by visual inspection of kinematics maps. Galaxies classi�ed as having complex kinematics are
found to show no correlation between their shear velocity and stellar mass with a Pearson’s R
test giving R = 0.06 consistent with the idea that these galaxies are the most likely mergers
from the DYNAMO sample. There is a correlation between rotation velocity and stellar mass for
non-compact rotating galaxies for both rotating disks and perturbed rotators (R = 0.73) while
compact objects are slightly less correlated (R = 0.55). This test provides a good con�rmation of
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Figure 1.15: Comparing SFR vs Velocity Dispersion between low and high redshift samples of
star-forming galaxies. Low redshift samples of Epinat et al. (2008) and Terlevich & Melnick (1981)
are found to cluster at low values of both SFR and σ while high redshift samples are found at
the opposite extreme. DYNAMO galaxies occupy a unique position in between, bridging the gap
between star-formation regimes. This is not entirely surprising as the DYNAMO sample selection
includes galaxies with both normal and extreme SFRs for the local universe.
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the value of the DYNAMO kinematics classi�cations as well as showing that rotating galaxies in
our sample are likely disks.

There is an o�set between the Tully-Fisher relation for DYNAMO galaxy and the Tully-Fisher
relation observed at low redshift. This is similar to o�sets observed in the Tully-Fisher relation
at high redshift with a larger rotation velocity for a given stellar mass (Puech et al., 2008; Cresci
et al., 2009). The interpretation for both DYNAMO galaxies and samples observed at high redshift
is that this o�set is driven by the gas richness of these galaxies. This is supported by the fact
that the o�set between the DYNAMO and the local Tully-Fisher relation vanishes when the total
mass in DYNAMO is considered (stars and gas).

1.7.4 Other DYNAMO Results

This Subsection details the subsequent work by members of the DYNAMO team other than my-
self with those responsible indicated in each case. A majority of the work presented here is in
progress with publication of all results expected in the next ∼1-2 years. It is an exciting time for
the DYNAMO survey as the hard work on many projects is now coming to fruition.

Molecular Gas Fractions

Large gas fractions (0.3-0.8, Tacconi et al., 2013) have been observed in star-forming galaxies at
high redshift and have been suggested as a possible driver of clumpy morphologies of turbulent
disks at high redshift (Dekel et al., 2009a; Bournaud et al., 2014). It appears as if a large amount
of gas is a necessity in driving extreme star-formation at these redshifts. Therefore low redshift
samples selected in hopes of studying the physics of high redshift star formation should be among
the most gas rich in the current epoch. While Green et al. (2014) infers fgas as high as 0.8 from
SPIRAL and WiFeS observations, this requires some assumptions regarding the KS relation.

In order to test these assumptions observations targeting CO(1-0) emission were carried by
Fisher et al. (2014b) out using PdBI. Signi�cant amounts of molecular gas are clearly detected
in 3 DYNAMO galaxies. One of these, galaxy G 04-1 which will be the topic of future chapters
(Chapters 3 and 4), is well characterised as a rotating disk and our PdBI observations measure a
gas fraction of 0.31±0.03 in good agreement with the value of 0.40 estimated based on SPIRAL IFS
combined with the KS relation. Other galaxies observed in this program include D 13-5, a disk
galaxy with fgas = 0.18±0.07, and G 10-1 which was previously classi�ed as a perturbed rotator
and has fgas = 0.22 ± 0.21. A fourth galaxy, H 10-2, was undetected as it falls at the highest
redshift end of the DYNAMO sample, however we can place an upper limit of fgas < 0.22.

DYNAMO gas fractions presented by Fisher et al. (2014b) can be placed into context by com-
paring with local and high redshift samples. The COLD GASS Survey (Saintonge et al., 2011)
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Figure 1.16: A projection in mass-spin-morphology space de�ned by M∗, js, and B/T with a
comparison between DYNAMO galaxies and regular local disks as observed by THINGS (Walter
et al., 2008). At �xed M∗ and B/T , DYNAMO galaxies are found to have a lower js than normal
disks by a factor of∼ 3 at �xed mass and B/T . From Mo et al. (1998) one can derive js ∝ (1+z)−1/2

predicting a decrease in js by a factor of ∼ 2 when comparing angular momentum at z = 0 to
z = 2, comparable to that observed for DYNAMO galaxies. This result suggests js may be a
fundamental driver of the marginal stability of clumpy galaxies at both high and low redshift.
Figure taken from (Obreschkow et al., 2015).

presents the CO observations of a volume limited sample of local M∗ > 1010 M� galaxies �nding
a median fgas of 0.07±0.06 while Combes et al. (2013) �nd ULIRGS at 0.6 < z < 1.0 with 0.4 < fgas

0.9. DYNAMO galaxies, as well as these gas rich ULIRGS, are found to have high SFRs compara-
ble to clumpy high redshift galaxies however the latter are expected to rapidly deplete their gas
in contrast to the steady state evolution expected for main-sequence galaxies.

Speci�c Angular Momentum

An intriguing alternative driver of the marginal stability of high redshift galaxies is an evolution
of the stellar angular momentum, J, of galaxies with redshift. In local galaxies di�erences in the
speci�c angular momentum, js ≡ J/M∗, are found to drive morphological di�erences of main
sequence galaxies at �xed stellar mass (Romanowsky & Fall, 2012; Obreschkow & Glazebrook,
2014). In a recently submitted paper, Obreschkow et al. (2015) recasts the Toomre Q parameter
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in terms of js as
Q̄ ∝ M−1

∗ (1 − fg) jsσ (1.19)

where Q̄ is the mean Toomre paramter, fg is the fraction of cold gas de�ned as Mgas/Mgas + M∗,
and σ gives the velocity dispersion of the gas and stars (we show the two to be roughly the
same for two DYNAMO disks in Chapter 2). De�ning the redshift evolution of speci�c angular
momentum following Mo et al. (1998) one can arrive at the relation

js ∝ M2/3
s (1 + z)−1/2 (1.20)

This predicts a (1 + z)−1/2 cosmic evolution of js resulting in a factor of two lower js at z = 2. In
this way, it possible that low angular momentum in high redshift galaxies is responsible for the
observed marginal stability (Q ∼ 1).

By combining high spatial resolution AO assisted IR IFS observations using the OSIRIS in-
strument on Keck (data presented in Section 4.2.2) with lower resolution optical IFS from the
GMOS instrument at the Gemini Observatory, (Obreschkow et al., 2015) measure the speci�c
angular momentum of four DYNAMO galaxies. This measurement requires detailed kinematic
information in the central regions of target galaxies as well as large scale kinematics at large
radii. For this reason the use of both OSIRIS and GMOS observations is essential.

Figure 1.16 shows the distribution of DYNAMO galaxies in mass-spin-morphology space (de-
�ned by js, M∗, and the bulge-to-total ratio, B/T ) compared to the THINGS sample of regular
spirals (Walter et al., 2008). DYNAMO galaxies represent a shift by a factor of 3.0±0.7 to lower
js when compared the THINGS galaxies of the same M∗ and B/T . This analysis suggests that
the marginal stability observed in both DYNAMO galaxies and at high redshift, resulting in the
formation of massive star-forming clumps, is driven by a low js.

HST Clump Properties

DYNAMO galaxies represent an excellent sample of galaxies for exploring the properties of star-
forming regions in extreme, gas-rich galaxies at high spatial resolution. The DYNAMO team
has exploited the relative proximity of the sample to explore the ∼100 pc scale properties of
star-forming clumps in DYNAMO galaxies by targeting the Hα emission line using narrowband
photometry with the Hubble Space Telescope (HST). The relevant details of these observations
will be described here, however see Section 4.2.2 for a more detailed description.

In this program thirteen galaxies were observed using the Wide Field Camera for Surveys
(WFC/ACS) using the HST FR716N and FR782N ramp �lters, targeting Hα, as well as the asso-
ciated FR647M continuum �lter. Observations of three galaxies encountered technical problems
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Figure 1.17: A Comparison of the size-luminosity relation for clumps in DYNAMO galaxies ob-
served with HST compared with samples of clumpy galaxies observed at high redshift. The
left panel compares to observations performed on gravitationally lensed galaxies allowing these
galaxies to probe sub-kpc scales comparable to the resolution our DYNAMO observations. DY-
NAMO clumps are also found to compare well to star-forming regions in LBAs (0.1 < z < 0.3),
another sample of rare star-forming galaxies selected to be analogous to high redshift samples.
In the right panel we reassess the size-mass relation for DYNAMO clumps after blurring and
resampling our observations to match the expected observations were DYNAMO galaxies found
at z ∼ 2 as well as applying the surface brightness limits faced by high redshift IFS surveys
such as SINS. While fewer clumps are detected and clumps are found to blend together in some
cases, measurements of the size-luminosity relation for blurred DYNAMO clumps match well the
observations at high redshift. Figure taken from Fisher et al. 2015 (submitted).
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leaving ten galaxies for this study. Nine of these have elevated levels of star-formation (SFR∼10-
40 M� yr−1) and σHα (∼30-80 km s−1) while the �nal galaxy was chosen as a control and is more
typical of low redshift star-forming galaxies (SFR∼3; σHα ∼10 km s−1). Continuum subtracted
Hα images are produced for each galaxy allowing for measurements of clump sizes and extinction
corrected Hα+[NII] �uxes. Individual clumps in DYNAMO galaxies are found the be extremely
star-forming with the most Hα luminous exhibiting SFRs of ∼5-10 M� yr−1, comparable to the
integrated SFR of M 51, a nearby star-forming disk.

In the right panel of Figure 1.17 DYNAMO clumps are compared to star-forming clumps in
high redshift disks matching the ≥ 1 kpc spatial resolution typical of high redshift observations.
By degrading the HST Hα maps to the resolution that would be achieved were DYNAMO galax-
ies at z ∼ 2 and reducing the sensitivity limit to that of a typical high redshift IFS survey we �nd
that the number of detected clumps drops by 1-4 depending on the galaxy. This is due to both
the lowered sensitivity limit to less luminous clumps as well as the e�ect of clumps blurring to-
gether with the added e�ect of larger sizes measured for clumps on average. This result strongly
suggests that in a z ∼ 1−2 main-sequence galaxy, one should perform observations such that the
Jeans length is resolvable (roughly 100-400 pc). It is otherwise possible that “clumps” are actually
multiple regions blurred together. The left panel of Figure 1.17 compares the size-luminosity re-
lation for DYNAMO clumps to lensed observations of star-forming galaxies at z ∼ 1 resulting in
a close match to DYNAMO in spatial resolution. This shows DYNAMO clumps to be very similar
to those observed at high redshift provided the spatial scales probed are matched.

Clumps in DYNAMO galaxies are also compared with star-forming regions in nearby star-
forming galaxies. DYNAMO clumps are found to be much larger and more luminous than typical
star-forming regions in SINGS galaxies (Kennicutt et al., 2003) as well as those found in star-
bursting dwarfs. Among local samples, giant star-forming regions in the antenna system, a well
known galaxy merger, are found to be the most comparable in size and luminosity to DYNAMO
clumps. This merging system exhibits a SFR of ∼5 M� yr−1, comparable to the mid to upper range
in DYNAMO SFRs.

XCO Independent Gas Masses

The observed molecular gas fractions presented by Fisher et al. (2014b) rely on the poorly cal-
ibrated conversion factor between CO and molecular hydrogen (H2), XCO. Heidi Ann White
achieves molecular gas mass estimates independent of XCO by using IR observations using the
Herschel Space Observatory (Pilbratt et al., 2010). This allows us to characterise the IR SED of DY-
NAMO galaxies and accurately measure the dust mass directly from the thermal dust emission.
We can then estimate the total molecular gas mass using observed dust to gas ratios. Measuring
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Figure 1.18: Top panel: global σ/V versus the average clump diameter for DYNAMO galaxies.
Galaxies classi�ed as disks are given by pink squares while blue squares represent galaxy mergers
showing a correlation between these values as expected for marginal stability in gas-rich disks.
Bottom panel: similar to the top panel however clump diameters have been normalized by
the galaxy diameter. The location for marginally stable (0.5 < Q < 1.0) galaxies clearly showing
DYNAMO disks to be consistent with a marginally stable state is indicated by the grey shaded
region.
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gas masses in DYNAMO galaxies in two independent ways provides a robust test of the pre-
diction of Genzel et al. (2011, and see Section 1.6.3) that for marginally stable (Q ∼ 1) gas-rich
disks

σ

V
∝

1
fgas

(1.21)

Preliminary results from this investigation are in good agreement with this prediction. Figure
1.18 shows σ/V versus the average clump sizes (< dclump >, top panel) and < dclump > normal-
ized by the host galaxy diameter (dgalaxy). There is a correlation between clump σ/V and disk
galaxies, indicated by pink squares, follow the expected σ/V relation for marginally stable disks
as indicated by the grey shaded region. Blue squares in Figure 1.18 are merging galaxies which
complicates the de�nition of V , a likely explanation for their o�set in the bottom panel.

The observations and analyses presented above give signi�cant support to the argument
that extreme DYNAMO galaxies represent possible analogs to high redshift galaxies. Next we
consider other samples of rare star-forming galaxies observed locally and which also show sim-
ilarities to star-forming galaxies at high redshift and brie�y summarize the various DYNAMO
results presented here.

1.7.5 Analogs of High Redshift Star-Forming Galaxies?

Other samples of rare, nearby galaxies have been observed in the hopes of studying possible
analogs to main-sequence galaxies at high redshift. One example are the so called “Lyman Break
Analogs” (LBAs, Overzier et al., 2009). The selection of LBAs mimics that of high redshift Lyman
Break Galaxies (LBGs, Steidel et al., 1996) which are characterised as highly star-forming galaxies
with low extinction identi�ed at z > 3 by targeting the lyman break spectral feature. Investiga-
tions of the star-formation histories of LBGs typically agree that models of episodic star-burst
activity are in best agreement with observations suggesting a prevalence of mergers for LBG
samples (Lee et al., 2009; Wyithe & Loeb, 2011). Mirroring these results, kinematics consisent
with on going major mergers dominate samples of LBAs (Heckman et al., 2011). These results
may indicate that the main-sequence of star-forming galaxies, which is observed at z ≤ 2, may
not be well established at z ≥ 3. A clear signature of this would be a decrease in the scatter of the
SFR-M∗ relation with decreasing redshift. Regardless, the characterisation of LBAs as interacting
systems limits their applicability as analogs for main-sequence galaxies at z ∼ 2. Furthermore,
LBAs are typically more compact than z ∼ 2 disks which could also explain the discrepancy (see
Green et al., 2014).

A small fraction of LBAs are found to be extremely compact, highly star-forming galaxies that
may be similar to other possible low redshift analogs for high-redshift galaxies such as “green
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peas” (Cardamone et al., 2009) and “blue compact dwarf galaxies” (BCDGs, Thuan & Martin,
1981). Green pea galaxies were identi�ed by citizen scientists as part of the Galaxy Zoo project
as a subclass of compact, 0.1 ≤ z ≤ 0.3 galaxies with unusual optical colors. They are found to
have low masses (∼109.5 M�), low metallicities, and high SFRs (up to 30 M� yr−1). Green pea
galaxies are also found to be quite compact, typically unresolved in SDSS giving a rough upper
limit on their sizes of 5 kpc. Similarly, BCDs are compact (by de�nition), low in metallicity, high
in SFR, however they typically have lower stellar masses (∼107−9 M�) than green pea galaxies.
While LBA samples are good analogs for merger driven, extended LBGs at high redshift, it is
possible that green pea and BCD galaxies represent analogs for the minority of LBGs, which are
found to exhibit compact morphologies (Heckman et al., 2011).

While local analogs presented above have proven useful in understanding the star-forming
processes of galaxies undergoing intense star formation and compact z ≥ 3 star-forming galaxies
(represented by LBG samples), they are less suitable for understanding the processes governing
z ≤ 2 main-sequence galaxies. Fortunately, there are quite a few reasons to believe that extremely
star-forming DYNAMO galaxies represent possible analogs to clumpy main-sequence galaxies
observed at high redshift:

• They exhibit SFRs based on Hα emission of 5-50 M� yr−1

• When separated by kinematic classi�cations, DYNAMO galaxies closely match the kine-
matic distributions of many high redshift IFS samples with 1/3-1/2 begin classi�ed as ro-
tating disks.

• Measured ionized gas velocity dispersions are large for extreme DYNAMO galaxies, with
values up to 96 km s−1 resulting in Vcirc/σ < 10 (the full DYNAMO sample ranges from 0
to > 40)

• DYNAMO disks follow an o�set Tully-Fisher relation which is mirrored by observations
at high redshift

• Inferred fgas as well as direct detections in a handful of DYNAMO galaxies are comparable
to values found in PHIBBS galaxies at z ∼ 2

The next step in our investigation of extreme DYNAMO disks is to capitalize on their prox-
imity relative to their clumpy cousins at high redshift. This involves performing detailed follow
up observations of small subsamples of DYNAMO galaxies selected based on their close simi-
larity to star-forming galaxies at high redshift. A majority of the work of this thesis will focus
on observations of this type, which, due to their complex and time consuming nature, are not
suitable for performing on the full DYNAMO sample. This is something to keep in mind as we
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will now move from more statistically signi�cant studies of ∼70 DYNAMO galaxies to studying
2-5 extreme galaxies in great detail in Chapters 2, 3, and 4.





2
Gemini Multi-Object Spectrograph IFS

Observations

As was discussed in the previous Chapter, models of galaxy formation have undergone a serious
face-lift in the past decade. The key addition has been a new mode of gas accretion involving the
�owing of star-forming gas along �lamentary structures that penetrate into the central regions
of forming galaxies building a gas rich disk. Such a disk is expected to undergo violent instabili-
ties and fragment into a handful of massive kpc scale clumps. Models invoking cold �ows have
been largely developed in order to explain observations of high redshift galaxies exhibiting these
particular features. The subsequent evolution of clumpy galaxies at high redshift involves the in-
ward migration and coalescence of clumps followed by the formation of the bulge and thick disk.
As the bulge grows it will provide a stabilizing force on the surrounding disk, which lowers σgas

and slows the process of star formation. This process, described as morphological quenching,
can result in a correlation between the age of stellar populations and their velocity dispersion.

An alternative scenario is one in which primordial gas undergoes monolithic collapse then
slowly cools into a disk (Eggen et al., 1962). Stars will form from the material with the lowest
velocity dispersion, and thus will arrange in a thin disk. In this picture, the large σgas would
require an alternative source of turbulence such as star-formation feedback in the form of super-
novae and stellar winds. Discerning between these two formation scenarios can be achieved by
observing the kinematics of the stars. The former scenario predicts that young stars form from
turbulent gas resulting in a large σ∗ while the latter predicts that star-formation occurs in low
σ gas resulting in a small σ∗. One caveat, however, is that most theories predict some kinematic
heating with time, meaning populations of older stars are likely to have increased theirσ relative
to the value they were formed with.

Performing the resolved stellar kinematics observations required to test this is prohibitively

67
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Figure 2.1: SDSS true color (gri) images of DYNAMO galaxies observed using GMOS-IFS. In each
panel a white bar indicating 5.′′0 is shown along with the cardinal directions. Galaxy B 20-1, the
only galaxy in this program in the 0.055 < z < 0.084 redshift bin, shows clear spiral structure and
a lower average surface brightness than the remaining 5. Galaxy G 03-4 has a close companion
and shows signs of interactions such as warping and tidal tails. The remaining four appear quite
compact and regular in morphology, although G 20-2 and H10-2 have possible low luminosity
companions.

di�cult at high redshift due to (1 + z)4 surface brightness dimming. In practice, detecting ab-
sorption features in integrated spectra for even the most massive galaxies (>1011 M�) at z ∼ 2

requires total exposure times of ∼8 hours (Toft et al., 2012; Belli et al., 2014). Therefore in order
to investigate the stellar kinematics of turbulent disks we carried out deep observations using
the Gemini Multi-Object Spectrograph (GMOS Hook et al., 2004) in IFS mode of a subsample of
DYNAMO galaxies with large σgas. This chapter will present the sample selection, observational
design, data reduction, as well as preliminary morphologies and gas kinematics that are used as
diagnostics for the evolutionary state of our galaxy sample. Portions of this Chapter have been
published in Bassett et al. (2014).



2.1. SAMPLE SELECTION 69

2.1 Sample Selection

In this project we are interested in identifying the dominant source of turbulence in extremely
star-forming, disk-like galaxies. For this reason, our primary selection criteria are based on kine-
matics. The �rst selection criterion is a large ionized gas velocity dispersion of ∼40-100 km s−1

comparable to values observed in z ∼ 2 star-forming galaxies. We take 40 km s−1 as the lower
limit on the luminosity weighted gas velocity dispersion, σgas, which we de�ne as σm (measured
from our initial SPIRAL observations), for GMOS-IFS targets. Secondly we require that galaxies
in this sample exhibit some evidence of disk-like rotation from our previous observations.

Our second selection criterion requires that the galaxy be small enough on the sky such that
we can observe to 1-2 disk scale lengths within two pointings of the GMOS �eld of view of 5.′′0 x
3.′′5. Figure 2.1 shows the SDSS colour images of galaxies observed, with a white bar indicating
a size of 5.′′0 in each panel for comparison. met by all DYNAMO galaxies in the 0.124 < z < 0.151
bin, while a number of galaxies in the lower redshift bin are slightly too large. For this reason
we preferentially select galaxies in the higher redshift selection window of DYNAMO.

Taken together our selection criteria provide a fairly uniform sample of turbulent, rotating,
relatively compact galaxies. Ionized gas and continuum morphologies, as well as ionized gas
velocity and σm from our SPIRAL and WiFeS observations are shown in Figure 2.2. Table 2.1 lists
some previously known properties of these galaxies. From left to right, these are the DYNAMO
ID, spectroscopic redshift from SDSS, stellar mass from (Kau�mann et al., 2003b), SFR based on
IFS Hα observations from Green et al. (2014), the exponential scale radius (also from SDSS), and
�nally the circular velocity and �ux weighted velocity dispersions from Green et al. (2014). It is
clear that 5 of our selected galaxies meet our selection criteria while one object, B 20-1, is seen
to exhibit low σm. This galaxy was selected to sit on the main-sequence of star formation and
was included in our sample as a control object, a “normal” star-forming galaxy.

Table 2.1: SPIRAL Properties of GMOS Sample
Galaxy z M∗ SFRHα rexp,r V2.2R σm

109 M� M� yr−1 arcseconds km s−1 km s−1

B 20-1 0.08017 7.56 1.69 3.35 105 29
G 03-4 0.13373 64.61 41.03 1.88 (89) 53
G 04-1 0.12981 64.74 10.77 1.33 269 50
G 20-1 0.13722 53.06 46.03 0.98 (60) 96
G 20-2 0.14113 21.56 17.27 0.80 166 45
H 10-2 0.14907 9.50 25.35 1.03 62 59
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Figure 2.2: Maps derived from previous observations taken using the SPIRAL and WiFeS IFS at
Siding Springs Observatory. These datacubes target the Hα emission line, providing the �ux,
velocity and velocity dispersion of the ionized gas component of this galaxy. Observations were
typically deep enough such that the continuum is also detected at the centres of DYNAMO galax-
ies. The white bar at the bottom of each Hα �ux map shows a size of 5.′′0.
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Elbaz et al. (2007) characterises the star-forming main sequence for SDSS galaxies as

S FRz∼0
S DS S

[
M−1
�

]
= 8.7[−3.7,+7.4] ×

[
M∗/1011M�

]0.82
(2.1)

which predicts that a 1010 M� main sequence galaxy will form stars at a rate of 0.84-2.73 M� yr−1

The DYNAMO galaxies listed in Table 2.1 are found to host a large SFR relative to typical main-
sequence, star-forming galaxies at the redshifts probed by SDSS. This may be due to the observed
trend between SFR and σ from Green et al. (2014), meaning that selecting galaxies with large σ
preferentially selects high SFR galaxies. Daddi et al. (2007) measure an increased normalization
of the main-sequence by a factor of 7.3 at z ' 1 and 27 at z ' 2, broadly consistent with the SFRs
presented for our GMOS targets (excluding B 20-1, our control galaxy).

2.2 Experimental Design

We investigate the origins of the large σgas observed in extremely star-forming DYNAMO galax-
ies by a comparative analysis of the kinematics of their stellar and ionized gas components. One
possibility, which is suggested by the observed correlation between SFR and σgas, is that the tur-
bulence is driven directly by feedback from strong star formation. A signature of this scenario
would be a measuremed stellar velocity dispersion, σ∗, that is less than that of the gas (σ∗ <
σgas). This requires us to observe at a spectral resolution high enough such that we are capable
of measuring velocity dispersions smaller than the previously observed σgas.

Measurement of the ionized gas properties, as has been previously shown from our initial
SPIRAL observations, is quite robust in DYNAMO galaxies even for relatively short exposures
owing to their selection, which requires strong emission lines to be present. This is not the
case for measuring the stellar properties, which requires the analysis of absorption features in
the stellar continuum light which may be intrinsically weak. For DYNAMO galaxies, reliable
detection of absorption features will require both a larger telescope and long/multiple exposures
per object, which is re�ected in the relatively small sample considered for this project. This is
compounded by the previously mentioned requirement of high spectral resolution.

For each object we select the central λ of our dispersing element such that we receive cover-
age between ∼4000 and ∼6000 Å in the rest frame of the galaxy. This wavelength range includes
Balmer absorption lines Hδ through Hβ from young-to-intermediate age stars as well as Mg-b
from older stellar populations. This is designed in such a way as to allow us to compare the
properties of stellar populations that formed at di�erent epochs within the evolution of a single
galaxy.

Each galaxy was observed at two spatial positions which are chosen to target the leading a
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receding sides of each galaxy, a requirement due to the 3.5 x 5 arcsec �eld of view of the GMOS
IFS �bre bundle. By observing in this way we ensure that we will fully sample the rotation curves
of galaxies in our sample beyond 1-2 re allowing a robust characterisation of their dynamics. For
each galaxy we include a signi�cant overlap between the two pointings with the galaxy centered
on the overlap region. This provides a high signal to noise in the stellar continuum in the central
regions where the velocity curve is rapidly changing. The one exception is galaxy G 20-1 which
is particularly compact, and was therefore observed in one position with the galaxy centered in
the �eld of view.

2.3 Instrumental Setup and Observations

In the IFS con�guration (Allington-Smith et al., 2002), the GMOS �eld of view is comprised of 762
hexagonal �bres, each having a projected diameter of 0.′′2. Of these, 512 �bres are used for target
observations and are arranged in a rectangular �eld of view covering 3.′′5 × 5.′′0. The remaining
250 �bres are used for dedicated sky observations taken 1 arcmin from the science position. The
detector is made up of three 2048 × 4608 CCD chips separated by ∼0.5 mm gaps as shown in
Figure 2.3.

As mentioned in Section 2.2, we require high spectral resolution to accurately characterise
the dynamics of our galaxies. For this reason we choose to observe using the B1200 grating, the
highest resolution grating available on the GMOS instrument (R'5400 at the observed wave-
lengths) with a dispersion of 0.24 Å per pixel. In this setup we can measure velocity dispersions
down to ∼20 km s−1 at the average redshift of our sample, well below the values of σm measured
from previous SPIRAL and WiFeS observations.

The exposure times required to reliably detect stellar absorption lines in the observed spectra
of our sample were calculated using the GMOS integration time calculator (ITC). We compute
the signal to noise ratio (SNR) at re assuming the average surface brightness from the GMOS
subsample of gAB = 21.3 mags arcsec−1. Jørgensen et al. (2005) demonstrate that one can reliably
extract velocity dispersions slightly less than the instrumental resolution with an observed SNR
of 10 Å−1. Assuming no spectral binning we sum the signal over a 1.0 arcsec2 aperture (our
�ducial resolution given the seeing at Gemini) which gives a SNR of 12 Å−1 at 4500 Å for a total
of six 1800 s exposures. This demonstrates that we can reliably measure σ to 1 re in the faintest
galaxy in our sample while brighter objects can be measured to larger radii.

As previously mentioned, the GMOS detector is composed of three CCD chips, which are
spatially separated by two 5 mm gaps. In order to e�ectively remove the in�uence of these gaps
we choose to spectrally dither our observations. This is achieved by slightly adjusting the tilt
angle of the dispersion grating. We observe each position at three di�erent wavelengths in order
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Flat	Field	Calibration	Frame

Figure 2.3: Top: Graphical depiction of the GMOS CCD array, consisting of 3 rectangular CCDs
separated by 5 mm gaps. The light of 762 �bres is dispersed and stacked vertically with wave-
length increasing from left to right. The arced shapes of various individual �bre spectra are
shown (with curvature greatly exaggerated) highlighting the importance of proper �bre tracing
using �at �eld exposures (Image credit R. Bassett). Bottom: An example of a �at �eld exposure
showing the actual arrangement of �bre spectra. Fibres are separated into 15 groups of 50 �bres
that are dispersed onto the CCD array with a small vertical gap between each group. Spectra are
tightly packed with the width of each on the detector being 3-4 pixels FWHM.
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to achieve the most uniform coverage at wavelengths falling near the chip gaps.

2.4 Data Reduction

The bene�ts of IFS observations are in the wealth of information recorded in a single exposure.
This high level of complexity in the data products translates into a similarly complex process of
data reduction. In this Section I will describe the process of transforming a raw IFS observations
from the GMOS instrument into a fully reduced and calibrated datacube. While this will be a
speci�c description for the GMOS instrument, the concepts and techniques are broadly applicable
to many IFS instruments in use today.

The data for this project was reduced interactively using the Gemini IRAF software package
version 1.9 (Turner et al., 2006), which includes bias subtraction, �at-�eld correction, �bre tracing
and extraction, wavelength calibration, and sky subtraction. Due to some irregularities identi-
�ed during the reduction process we developed a custom pipeline, which includes an alternative
cosmic ray rejection algorithm as well as some custom routines used for preparing reduced dat-
acubes from di�erent exposures for coadding. In this section we describe each reduction step
and highlight any di�culties encountered requiring homebrewed solutions.

2.4.1 Reduction of Calibration Frames

The reduction of IFS data is a process of converting raw data from the CCD array (an example of a
raw �at �eld image is shown in the bottom panel of Figure 2.3) into a 3D datacube with two spatial
and one spectral axis (shown conceptually in Figure 1.9). Achieving this feat for observations
of galaxies would be impossible without the aid of ancillary calibration frames which form an
integral part of the reduction process.

Master Bias Frame

The �rst correction that is applied to our raw science exposures is to subtract the bias level of
the CCD known as the bias. Bias images for IFS observations are taken in a similar way as bias
imaging is done for photometry; extremely short exposures are taken with the CCD shuttered
allowing no photons to enter. This records the inherent DC signal, which can vary across the
detector and is removed using simple subtraction.

Multiple bias frames are typically taken at the Gemini observatory each night for each obser-
vational setup that is in the observational queue for that night. To correct the bias of our obser-
vations we begin by downloading 4-6 bias frames taken for our setup, depending on how many
were observed. Each frame is prepared using the Gemini IRAF task GPREPARE that attached the
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Figure 2.4: An example of the tracing of an individual �bre spectrum from a �at �eld image in our
GMOS dataset. We have purposefully chosen a �bre near the edge of the detector array where
spectra exhibit the largest amount of curvature. The �ux-weighted centre of the �bre’s spectrum
in each λ bin are shown by white X’s while the trace of the �bre produced by GFEXTRACT is
shown under these as a white dashed line.

“mask de�nition �le” (mdf) to the multi-extension FITS �le. The mdf de�nes the spatial locations
of �bres (as well as missing �bres) and is the necessary �rst step for any GMOS-IFS frame. The
prepared bias frames for each night are then combined using the task GBIAS, creating a master
bias frame for that night.

Tracing Flat Field Images

The next step in preparing the calibration frames is to trace the �bre spectra produced from
�at �eld imaging through the IFS instrument. Flat �eld frames are taken by exposing a bright
source of white light, often a lamp illuminating a screen within the dome or the walls of the
dome itself, using the same instrumental setup (central λ, grating, etc) as science frames. For IFS
data this produces bright bands for each �bre spectrum stretching from one edge of the detector
to the other. An example of a �at �eld exposure is depicted in the bottom of Figure 2.3. At the
top of Figure 2.3 we show an exaggerated view of the curvature of individual �bre spectra and
how this changes across the detectors, highlighting the importance of properly tracing each �bre
spectrum individually.

The �at �eld images are �rst passed through the GPREPARE IRAF task and then the bias level
is subtracted using the task GIREDUCE. Within the GIREDUCE task, the bias is speci�ed to be
the master bias for a given night as described previously. This will match the vertical o�set in
counts of each of the three CCDs, which can be signi�cantly di�erent in the base level of their
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Pixels

Figure 2.5: Top: the resulting row stacked spectrum (RSS) produced by extracting a bias sub-
tracted CuAr arc observation with the task GFEXTRACT. The arc shaped features that stretch
from the bottom to the top trace the positions of various emission lines produced by the CuAr
lamp as a function of �bre number. Bottom: The RSS image of the same arc exposure, which has
been wavelength calibrated by comparing the emission line locations in each �bre to the known
value from the Gemini database. The fact that the spectral lines in the bottom image are perfectly
vertical shows that the wavelength calibrations for each �bre in this data are consistent.

DC bias (measured using the overscan region of the CCD).

After matching the DC level of the three frames, they are passed on to the task GFEXTRACT.
This task performs the tracing of individual �bres across the CCD array. For each �bre an initial
guess as to the positioning of the spectra on the detector is formulated from the header infor-
mation of the FITS �les. The extraction is performed interactively using APALL, summing pixels
within 2.5 pixels of the aperture centre and each �bre trace is checked individually. An example
of one of these �ts as it appears in the IRAF window is shown in Figure 2.4. This process is iter-
ated over each of the 762 �bres of the GMOS-IFS instrument and the trace information is saved
in a database �le with the default location in a folder called “database/” in the current working
directory. This database �le is the important output of this step and it will be used later to trace
arc and science frames and extract the individual �bre spectra.

Wavelength Calibration of Arc Exposures

The spectral dimension of our science data is calibrated using observations of a copper-argon
(CuAr) lamp with the instrument setup as speci�ed by our science program (central wavelength,
etc). The spectrum produced by the CuAr lamp includes a variety of strong optical emission lines
that are imaged onto the GMOS CCD array. For precision wavelength calibration, arc exposures
are taken in sequence between science exposures, and typically before or after an additional �at
frame.

The raw arc observations are �rst prepared using the tasksGPREPARE andGIREDUCE as with
the �at �eld exposures, attaching mask information and subtracting the DC bias. Next, as in the
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previous step, the task GFEXTRACT is called, however this time the trace and recenter parameters
are set to “-” and the �at �eld image matched to the given arc is de�ned as the reference for �bre
tracing. This opens the database �le created in the �at �eld tracing step and the trace of the
previous �at �eld image is used to extract the arc spectra of the individual �bres.

This produces a row stacked spectrum (RSS) image for a given arc observation which is a 2
dimensional image with the spectral dimension matching the x-axis. In order to properly match
the physical wavelengths, a linear interpolation over the chip gaps is required. Each row of the
RSS image contains the one pixel wide spectrum of an individual �bre. An example RSS image
of an arc exposure is shown in Figure 2.5.

The �nal step in preparing the wavelength calibration for our science data is to run the
task GSWAVELENGTH on the RSS image of our arc exposures. This task reads the database �le
from the Gemini IRAF package directory that contains the wavelength de�nitions for the CuAr
lamp. For each row (each �bre) of the RSS image (of the IFS) individual peaks in the spectrum
corresponding to optical emission lines are located and matched to the emission line wavelengths
from the Gemini database. This produces a database �le containing the wavelength calibrations,
which can vary from �bre to �bre, and which is saved in the “database/” folder of the current
working directory.

To check the validity of the wavelength calibrations of each �bre and to make sure they are
internally consistent, the wavelength calibration �le is applied directly to the arc exposure used
to produce it. This is done using the task GFTRANSFORM that shifts each �bre spectrum in the
x-direction independently in order to match their spectral axes. The results of this procedure
for an arc exposure are shown in the bottom of Figure 2.5. The vertical arc lines in this image
indicate a trustworthy wavelength calibration. We estimate the uncertainty in our wavelength
calibration to be ∼ 0.4 Å from the gaussian width of spectral lines in our arc observations.

2.4.2 Reduction of Science Data

The initial steps of the reduction of science data are the same as for arc and �at images, �rst the
header information is applied using GPREPARE and the bias level is subtracted using GIREDUCE.
After completing these preliminary steps, the data must be reduced carefully due the inherent
faintness of science targets when compared to calibration images.

Cosmic Ray Rejection

The �rst additional step required for science data that is not necessary for calibration frames is
cosmic ray rejection. Cosmic rays are extremely high-energy radiation that produces a shower
of secondary particles upon interacting with the Earth’s upper atmosphere. These secondary
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Figure 2.6: Comparison between the native cosmic ray rejection algorithm included with the
Gemini IRAF software v. 1.19 and the LA cosmic algorithm of van Dokkum (2001). From left
to right: bias subtracted science target frame (in which Hβ emission from the galaxy can be
seen) with no cosmic ray rejection, using the native Gemini cosmic ray rejection, and employing
the LA cosmic rejection. Using the same number of iterations, the LA cosmic routine is clearly
performs a more reliable removal of cosmic rays for our long exposure IFS data.

particles can deposit large amounts of energy into CCDs used for astronomical observations
resulting in large spikes in raw imaging, which must be corrected.

The GMOS IRAF package contains a native cosmic ray rejection algorithm included, which
detects cosmic rays by checking the residuals of a high order polynomial �t to each line of the
raw data. Locations where the �tting residuals are wider than the instrumental resolution are
replaced by the �t value at the location of the cosmic ray. Because the �t at this location will be
biased upwards by the cosmic ray, it takes multiple iterations to smooth over these features.

We �nd that the native cosmic ray rejection algorithm performs poorly on our science data,
which is riddled with cosmic rays. The particular prevalence of cosmic rays in our science imag-
ing owes primarily to the long exposure times required to meet the scienti�c goals of this pro-
gram. To account for this we choose to implement an alternative cosmic ray rejection algorithm,
namely the LA Cosmic IRAF code developed by van Dokkum (2001) that rejects cosmic rays it-
eratively using Laplacian edge detection. The LA Cosmic routine is found to provide a far more
reliable cosmic ray rejection than the native GMOS algorithm, and is implemented quite often
by other users of the GMOS instrument.

We perform the cosmic ray rejection step between our bias subtraction and the extraction of
individual �bres to create an RSS image. This is done because the resampling of the �bres during
the extraction process severely distorts any cosmic rays and any corrections applied which cause
a blurring of the RSS image in two dimensions is certain to introduce signi�cant covariance due



2.4. DATA REDUCTION 79

Figure 2.7: Two examples of bad positioning of the detector chip gaps for observations of galaxy
G 20-2. Emission from ionized gas as well as continuum emission from the galaxy is clearly
visible. The chip gaps can be seen as a relatively noise free arc to the right of the Hβ emission
line. Left: In this exposure, the positioning of the galaxy’s emission lines avoids the gap in all
spaxels, however a bright sky line overlaps with the long wavelength extension of the chip gap
resulting in two bright artefacts as well as an improper sky subtraction. Right: In this exposure
the Hβ line in the lower spaxels falls completely in the chip gap, spaxels in the middle catch the
blue side of the line, and spaxels near the top catch the red side. This is due to the combination
of variations in the wavelength range sampled by the chip gap in each spaxel as well as velocity
gradients in the target which cause the emission lines to shift to the left and right.

to the stacking of the �bre spectra. Our implementation is achieved using a custom python
script that performs four iterations of the LA cosmic routine on each frame individually, then
reconstructs the FITS image to conform to the standards expected by the GMOS IRAF package.
An example of cosmic rays removed in this way is shown in Figure 2.6, which also shows a
comparison between LA Cosmic and the native GMOS cosmic ray rejection algorithm.

Extraction, RSS Masking, and Sky Subtraction

Once cleaned of cosmic rays, individual exposures are extracted using the database �le produced
from the interactive �bre tracing or our �at �eld imaging with the task GFEXTRACT, as with
our CuAr frames. It is important to be sure the �bre de�nition �le was created using a �at �eld
image matched to a given science image in central wavelength as the position of the dispersed
�bre light depends on the grating tilt angle. GFEXTRACT reduces our science exposures to two-
dimensional RSS images.

We choose to mask entirely the regions of our RSS images corresponding to the 5 mm chip
gaps. During the extraction step, the Gemini IRAF package populates the chip gaps using a linear
interpolation of values from one side to the other for each spaxel individually. The instrumental
setup of our observations is such that some spectral features of interest fall near, or within the
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Figure 2.8: An example of a bad sky subtraction. The failure of this sky subtraction is manifest
as vertical lines of with extremely large absolute values. The cause of this problem is residual
cosmic rays being included in the apertures used to calculate the average sky subtraction at each
wavelength.

chip gaps, and as such a linear interpolation over these features is too simplistic. An example of
this is shown in Figure 2.7 for two of our RSS images of galaxy G 20-2 in which show issues with
the positioning of the chip gap relative to other spectral features. This is due to the projection of
wavelengths on the imaging plane of the detector varying between spaxels as shown in Figure
2.3, and highlights the importance of carefully considering how chip gaps will overlap with the
spectra of the science target. We note however that this is often di�cult in practice due to issues
with the Gemini integration time calculator (ITC) used to assist in setting up observations. While
CCDs used with GMOS are periodically replaced, causing shifts in the physical location of chip
gaps (as well as changing the number of gaps in some cases), the ITC is not updated to re�ect
this meaning the chip gap locations “predicted” by the ITC have little or no relation to where
they will fall in your science data.

To mask the chip gaps we simply replace the entire columns of the RSS images that are
a�ected by the chip gap in ANY spaxel with the masked value of 0. This may seem like overkill
due to the curved nature of the chip gaps in our RSS imaging, meaning we will be masking
spectral regions of spaxels which are una�ected by the chip gaps and that the una�ected region
that is masked varies from spaxel to spaxel. The reason for this “overmasking” is due to the
subsequent resampling of the RSS image into a 3D datacube, which is described later. We also
mask residual cosmic rays (identi�ed by eye) that fall near regions of interest, while those in sky
dominated areas are left as is. Again, this is in consideration of the subsequent resampling into
a 3D format.

The �nal step prior to converting our RSS images into 3D datacubes is to subtract the sky
using the taskGFSKYSUB. Prior to running this task, the RSS image to be sky subtracted is visually
inspected, and rows corresponding to the sky �bres are selected. The numbers of these �bres
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(corresponding to their row number in the RSS counting from the bottom) are saved into a text �le
in the format “2-15,45-75,150-200,...” and so on, and this �le is utilised by the GFSKYSUB routine.
After this step has been performed the sky subtracted RSS images is inspected for additional
artefacts that may be introduced by this step. Most commonly, vertical lines of very large (or
very negative) values can appear when a residual cosmic ray is included in the sky subtraction
aperture de�nition �le. This happens because the sky subtraction is performed by subtracting
an average value in sky �bres from all �bres at each wavelength and pixels contaminated from
a cosmic ray have values ∼104−5× larger than typical pixel values. An example of this is shown
in Figure 2.8. When this occurs we simply rerun the sky subtraction excluding rows that are
a�ected by the residual cosmic ray (located by examining the RSS images) in order to produce a
clean sky subtraction for further processing.

In the event that these remaining artefacts are found in regions of our image that are away
from our target they are often left, as they will not a�ect our analysis. Artefacts that are expected
to overlap with important features of our science data are masked in the same way as the chip
gaps in order to prevent their being resampled into nearby spaxels.

Resampling: From 2D to 3D

The next step in the reduction of science data is to resample the RSS image from 2D into 3D using
the task GFCUBE. This task reads the mask de�nition �le, which was attached to the header at the
beginning of the reduction process by GPREPARE which contains the de�nitions of the spatial
locations of the �bres as well as the locations of bad �bres. During this step the �nal pixel scale
of the output datacubes is speci�ed. The spatial dithering pattern of our observations includes
shifts of 0.′′25, therefore we resample our RSS images into datacubes with 0.′′05 pixels. This is a
factor of∼10 smaller than the seeing of our observations, however after combining our individual
exposures we then resample to cube to a spatial resolution of 0.′′1 increasing the signal to noise
per spaxel.

The main issue with this step of the reduction process is that the spatial resampling mixes
light from �bres that are physically adjacent on the detector may not actually be near each other
at the image plane of the telescope due to the instrumental design of GMOS. This means that
artefacts caused by cosmic rays or bad �bres can spread non-intuitively across the datacube.
For the example shown in Figure 2.7, this would result in certain regions known from other
exposures to contain bright Hβ emission to appear emission line free. This is the reason for
masking entire columns during our masking step as the mixing of light from di�erent spaxels
only occurs spatially, with no blurring in the spectral direction.
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Sensitivity Matching and Coadding Datacubes

The steps outlined above are performed on each exposure for a given object producing between
6 and 9 3D datacubes for each galaxy. The next step is to coadd each individual frame using the
Gemini IRAF package task GEMCOMBINE. Due to the nature of our program however, exposures
of individual galaxies are often taken days, or even weeks, apart which causes signi�cant prob-
lems in combining our datacubes. The main issues are: (1) di�erences in �exure of the telescope
when pointed at di�erent locations causes spatial o�sets between data taken on di�erent nights
not accounted for in our dithering pattern (2) the photometric conditions can vary signi�cantly
from night to night meaning the datacubes may be poorly matched in total �ux and (3) both of
these issues can be exacerbated by the fact that in a given pointing, the galaxy center is often
near the edge of the GMOS �bre bundle.

Bearing these issues in mind we attempt to match the sensitivity of each of our observations
by normalizing each datacube to a similar scale. This is achieved by �rst creating a summed
spectra in an aperture centered on the continuum peak of the galaxy in each datacube. The
size of the aperture is chosen such that either we contain 1.5 re f f (signi�cantly larger than the
seeing scale of our observations) for the galaxy in question or it is the maximum aperture that �ts
entirely on the face of ALL datacubes for a given galaxy. We select a large region of featureless
continuum in our spectrum lying between the Hγ and Hβ emission lines and normalize the entire
cube by the median spectral �ux density of this spectral region. In this way all observations of a
given galaxy will be normalized in a self-similar way prior to combination.

The coaddition of datacubes is achieved using the native IRAF task IMCOMBINE. We �rst
create bad pixels masks which will be used as an input for this task using a custom IDL script
which simply detects pixels which were manually masked in a previous step. We generally com-
bine cubes in groups of two or three because the time required for combination of 3D datacubes
is signi�cantly longer than that for 2D images, particularly when bad pixel masks are included.
After the �rst combination of images, subsequent images are added to the previous output and
in this way we are able to construct a coadded datacube relatively quickly when compared to
adding all of the datacubes simultaneously. I note that between each coaddition, the output cube
is renormalized as described above.

Spectrophotometric Flux Calibration

The �nal step in the data reduction process is to apply a �ux calibration to our �nal coadded dat-
acube. The Gemini observatory provides observations of �ux standard stars a few times during
each month, however our instrumental setup uses the least subscribed dispersion grating which
reduced the probability that a standard star will be observed with our setup close in time to our
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observations. Furthermore, the normalization process applied during our coadding procedure
(largely required due to the large time gaps which sometimes occurred between observations)
would remove any correction we applied using the Gemini IRAF package’s native �ux calibration.

For these reasons we perform our �ux calibration by comparing our observed spectra with the
aperture spectra observed by SDSS. For each galaxy we produce a single spectrum by summing
the spectra of all spaxels falling within 1.′′5 of the galaxy center, the size of the SDSS �bre. We
rebin both this spectrum and the spectrum retrieved from SDSS in order to match them in wave-
length. The rebinned SDSS spectrum is then divided by our observed spectrum, which produces
a “raw” spectral response curve representing the actual response of the GMOS system modi�ed
by noise. To reduce the e�ects of noise we smooth the raw response with a gaussian with a
width of ∼20 Å then �t this smoothed response with a second order polynomial. An example
response curve �t is shown in Figure 2.9. To calibrate our science data we use the parameterized
response curve de�ned by our polynomial �t which provides a conversion between “counts” and
ergs/s/cm2/Å at each wavelength we observe.

2.5 Initial Gas Kinematics and Morphologies

We �nd a number of clear features in our reduced data cubes. The spectral range of the �nal
coadded data cubes varies slightly between our objects, but in the rest-frame of each galaxy the
coverage is the same (by design). For each of our objects, the sampled rest-frame wavelengths
extend from roughly 4000 Å to 5350 Å. This wavelength range allows us to measure ionized-
gas kinematics using three Balmer lines (Hβλ4861 Å, Hγλ4340 Å, and Hδλ4102 Å) and the [OIII]
doublet at 5007 Å. Here we present the general method for measuring the properties of the ionized
gas from emission lines. Here we focus on our GMOS dataset, however this method is applicable
to most, if not all, fully reduced IFS datacubes. Our method of measuring stellar kinematics will
be described in Section 3.2.2.

2.5.1 Emission Line Fitting

Using GMOS we achieve a three times improvement in spatial resolution compared to our initial
SPIRAL observations. This gives a detailed picture of the distribution of ionized gas within our
targeted galaxies and the long exposure times provide precise velocities for this gas. In each
spaxel we �t various emission lines with gaussian pro�les in order to estimate the total �ux,
velocity, and σ of ionized gas at each spatial position in our galaxies.

This is achieved using the IDL task gauss�t with 4 free terms, giving a functional form

f (x) = A0e
−y2

2 + A3 (2.2)
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Figure 2.9: An example of the �tting of our response curve based on a comparison between our
GMOS observations and the �bre spectrum of SDSS. The thin black line represents the “raw”
response produced by dividing the SDSS spectrum by our GMOS spectrum summed in an arti�-
cial aperture. The green and red thick lines show the smoothed response and the second order
polynomial �t to this smoothed spectrum. We use the parameters of this polynomial to de�ne
the spectral response of the GMOS-IFS system used to �ux calibrate our science data.
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where y is de�ned as
y =

x − A1

A2
(2.3)

Here A0 is the Gaussian height, A1 is the central wavelength, A2 is the dispersion in wavelength
units, and A3 is the continuum level. From this �t, A1 and A2 provide the velocity and σ respec-
tively. We then measure the total �ux by summing all spectral bins in a window centered on
the emission line with a constant continuum level, given by A3, subtracted. Prior to performing
this �tting, wavelength arrays have been divided by (1 + z) to convert to rest wavelengths at the
redshift of a given galaxy.

The kinematic outputs of our �tting code are given in wavelength units. For the velocity
map we �rst estimate the systemic value by taking a raw average of central wavelengths for
spaxels in which the peak value of the measured emission line is 1.5 standard deviations above
the continuum level (where σ is the standard deviation observed in our the sky spaxels). In each
spaxel we measure the di�erence in central wavelength for an emission line in a compared to
the systemic value giving the mapped value. For σ we output a value of the width of the line
in Å. Both of these outputs are in the form ∆λ. To convert these into units of km s−1 we must
multiply them by a factor of c/λem where c is the speed of light and λem is the emitted wavelength
of the emission line in question. Finally, for our measurements of σ we subtract in quadrature
the instrumental resolution in units of km s−1 from the raw value to account for line broadening
intrinsic to the instrument. For our GMOS observations we measure this value from our arc
observations to be ∼24-25 km s−1 with a slight dependence on galaxy redshift.

This general �tting procedure is used extensively throughout this thesis for data from various
IFS instruments targeting a variety of emission lines. We will refer back to this Section later where
relevant.

2.5.2 Kinematic Classi�cations

We seek to understand the secular evolution of turbulent disk galaxies necessitating a set of se-
lection criteria for distinguishing these from mergers and more dispersion dominated systems
such as ellipticals. Kinematic classi�cations using IFS observations are suitable for such a selec-
tion as they provide 2D kinematics with no dependence on instrumental setup as with classic slit
spectroscopy. Early work into such a scheme can be found in Flores et al. (2006) who observe
35 galaxies at 0.4 < z < 0.75 selected to have large [OII] (3727 Å) equivalent widths. Kinematic
maps are produced by pro�le �tting to the [OII] emission line. Flores et al. (2006) de�ne three
kinematic classes as:

• Rotating Disks: The major axis of rotation follows the optical major axis and a peak is
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seen in theσmap near the dynamical centre of the galaxy. Typical of undisturbed, rotating
disk galaxies.

• Perturbed Rotators: The major axis of rotation follows the optical major axis but the
σ map is unpeaked or peaks ∼1 kpc or more from the dynamical centre of the galaxy.
Indicative of disturbed galaxies, tidal interactions etc.

• Complex Kinematics: galaxies in which both the velocity and σ maps don’t agree with
the above criteria. This includes galaxies that are rotating but with a kinematic major axis
not aligned with the optical major axis. Indicative of interactions or major mergers.

It should be noted that these criteria were adopted by Green et al. (2014) to provide initial kine-
matic classi�cations for SPIRAL/WiFeS observations of DYNAMO galaxies. Such a small list of
criteria for classifying galaxies based on their kinematics may provide an oversimpli�cation of
the complex connection between dynamics and evolutionary state. Regardless the classi�cations
listed above give a broad characterisation which will become increasingly useful in the upcoming
era of large sample size IFS surveys such as MANGA (Bundy et al., 2015) and SAMI (Allen et al.,
2015).

More recently Wisnioski et al. (2015) presented the methodology and initial results of the
KMOS3D survey of 600 galaxies at 0.7 < z < 2.7 aimed at providing uniform coverage of the star
formation-M∗ and rest-frame (U−V)−M∗ planes at these epochs. The authors also wish to select
a sample of rotating disk galaxies from their observations and de�ne a similar set of criteria to
those of Flores et al. (2006), with stricter de�nitions allowed by the signi�cantly higher quality
data of KMOS3D. These criteria are outlined as follows:

• The velocity map exhibits a continuous gradient along a single axis

• The value vrot/σ0 > 1, where vrot is the inclination corrected rotation velocity

• The location where the steepest velocity gradient is coincident with the peak of the σmap

• Inclined galaxies must also exhibit kinematic and photometric axes that are in agreement

• The kinematic centre of the galaxy must be coincident with the continuum centre.

Due to the proximity of DYNAMO galaxies and the high signal to noise of our GMOS-IFS ob-
servations, we adopt the criteria outlined above from Wisnioski et al. (2015). Galaxies �tting all
�ve criteria are classi�ed as disks while the remainder will either exhibit complex kinematics or
possibly represent more pressure supported systems.
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Figure 2.10: Qualitative snapshots of the state of the ionized gas in galaxies from our GMOS
sample which are identi�ed as mergers. One criteria that can be used to distinguish interacting
galaxies is unordered motion in the observed velocity �eld, however this signature is only clearly
exhibited by G 03-4 while the other two seems to display large scale rotation with only small
deviations at large radii. H 10-2 clearly has two continuum peaks and all three galaxies have
irregular σmaps when compared to our disk sample. For these reasons these three galaxies have
been labeled “merging galaxies”. The white bar at the bottom of each false colour image indicates
a distance of 5.′′0.
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2.5.3 Complex Kinematics and Non-Detections

Of the six galaxies observed in our GMOS 2011/2012 program, four were found to be unsuitable
for studying the in-situ formation and growth of galaxy disks. Here we give a brief qualitative
description of the results of our GMOS observations for each of these galaxies, which is based
on the emission maps presented in Figure 2.10. This Figure shows from left to right false colour
RGB images of continuum �ux, Hβ emission, and [OIII] (5007 Å) emission respectively. Emission
line quantities are measured as described in the previous subsection while the continuum �ux is
measured as the median value in a spectral range selected to contain only featureless continuum
emission for each galaxy (roughly 5500 Å < λrest < 6000 Å).

B 20-1: The �rst of these rejected galaxies is B 20-1, our control galaxy originally classi�ed
as a rotating disk. Compared with our original SPIRAL observations of this galaxy, the GMOS
observations represent a signi�cant increase in both spatial and spectral resolution, as well as a
shift from observing Hα to observing the less luminous Hβ emission line. Furthermore, galaxy
B 20-1 is in the low redshift DYNAMO bin meaning it has a larger angular extent on the sky, and
therefore a lower surface brightness in mag/arcsec2. When all of these factors are compounded
the result is we were unable to reliably detect Hβ emission from a single exposure. This causes
problems with the coadding of datacubes described above and we have so far been unable to
produce a satisfactory full reduction.

While in theory a full reduction is possible for galaxy B 20-1, its inherent faintness limits
the usefulness of such a data product. It is most likely that, even coadding all exposures for this
galaxy; we will only detect emission from recombination lines with a weak (if at all present) con-
tinuum signal. The goal of this project is to measure the stellar kinematics of DYNAMO galaxies
in comparison with those of the ionized gas and it is highly unlikely even the most careful re-
duction of this galaxy will provide any constraint on the stellar motions. For these reasons we
omit this galaxy from further analysis.

G 03-4: The reduction of science data for galaxy G 03-4, classi�ed by Green et al. (2014) as having
complex kinematics, using our GMOS observations was complicated unnecessarily by a poorly
chosen dither pattern as evident in Figure 2.10. The two positions for these observations were
set up with a very small amount of overlap with the continuum peak positioned near the top
right and bottom left corners for the two positions. As was explained in Section 2.4.2 this can
cause problems in matching the sensitivity between exposures, particularly when exposures are
taken over multiple nights. Regardless, we obtain a reliable reduction allowing us to extract the
kinematic information, although the spatial coverage is less than ideal.
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From both the initial SPIRAL observations and the SDSS photometry for this galaxy we see
evidence of an extended tidal tail (see Figure 2.2), a likely indicator of recent interactions. This
tail is a low surface brightness feature, however we do detect it faintly in Hβ emission extend-
ing away from the continuum center to very large radii. From the SDSS gri image we see this
is likely a tidal tail which has formed in response to a close companion galaxy located ∼ 3 − 5

arcseconds to the south east of the main galaxy. Although this second peak is undetected in our
GMOS data it is clearly visible in the SDSS image shown in Figure 2.1. While the σ map for this
galaxy appears to have its highest values at the location of the continuum peak, the largeσ values
spread irregularly rather than being concentrated in a bar-like morphology as expected for disks.

G 20-1: Galaxy G 20-1 is the clearest example of a merging galaxy from our GMOS sample.
This galaxy was previously classi�ed as a compact galaxy with complex kinematics. First, we
�nd an irregular, multipeaked continuum morphology inconsistent with an exponential disk.
The velocity map shows strikingly multiple kinematic components that appear to rotate in quite
di�erent directions. Finally, the σ map is highly disordered which is not expected for smooth
rotation.

The reason for the lack of order, as well as the rapid changes, in the kinematics maps is that
the spectra in many spaxels shows a double peaked pro�le with the peaks o�set signi�cantly in
velocity space. Our kinematics �tting procedure utilizes a single guassian pro�le, which is clearly
not suited to �tting double peaked pro�les. This can result in extremely inaccurate velocities and
overestimated velocity dispersions due to these blended lines having a broader distribution than
either line independently. Furthermore, as we move spatially across the datacube our �tting rou-
tine will �t only one kinematic component and we are likely not mapping a single component
but rather a mix of the two depending on their relative in�uence at a given location. It is rel-
atively easy to include a second gaussian component to our �tting routine, however, as we are
not interested in interracting galaxies in this thesis we consider this out of the scope of this work.

H 10-2: Another galaxy that is clearly a merger in our GMOS data, H 10-2 was selected for this
sample due to its extreme Hα emission as well as a strong signature of smooth rotation from
our previous SPIRAL/WiFeS observations (previously classi�ed as a compact, perturbed rotator).
This galaxy is also composed of two clear continuum peaks separated by ∼ 1−2 arcseconds (also
visible as a second low luminosity peak in Figure 2.1). While the main component dominates
the velocity �eld, we do �nd evidence of rotation in the second continuum peak. The kinematic
major axis of the second peak appears rotated by 100-150 degrees counter clockwise (CCW).
Considering the σ map, again we �nd a peak near the kinematic center of the primary galaxy,
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we also �nd a signi�cant o� center peak near the edge of the second continuum peak. Complex
σ behavior is not generally expected for unperturbed disk galaxies. This shows that increasing
resolution can change the kinamtic classi�cations of DYNAMO galaxies.

I have shown that galaxies G 03-4, G 20-1, and H 10-2 are identi�ed using a qualitative assess-
ment of maps produced by Gaussian �tting of emission lines. These maps are shown in Figure
2.10. All three galaxies clearly do not �t our kinematic selection criteria for disk galaxies outlined
in Section 2.5.2. In this thesis we are speci�cally interested in turbulent, disk galaxies that are
evolving in the absence of violent mergers. We include these galaxies here �rst for completeness
regarding our GMOS observations, and second to draw attention to the di�culty and pitfalls in
kinematically classifying galaxies observed using IFS at low spatial resolution.

2.5.4 Disk Galaxies

Figure 2.11 shows the two galaxies from our GMOS program that are con�rmed to be undisturbed,
rotating disks. These galaxies were both classi�ed by Green et al. (2014) as compact rotating
disks from SPIRAL observations. Morphologically both can be described as having a single, ex-
ponentially declining peak in continuum emission surrounded by extended, and possibly clumpy,
ionized gas. The velocity maps exhibit strongly the expected spider diagram appearance as well
as a single, bar-like peak in the σ (see Figures 2.11, 3.6, and 3.8) map both indicative of a kine-
matically undisturbed disk galaxy. These galaxies are clearly the ideal candidates for studying in
detail the evolution of turbulent clumpy disks in isolation, the topic of the next Chapter.

Before moving on to the stellar kinematics analysis, we note that galaxy B 20-1, our low SFR
control galaxy, exhibits all of the criteria required for the selection of disk galaxies when con-
sidering the previous SPIRAL observations. While we do not detect this galaxy in our GMOS
observations, it is most likely that this galaxy would retain its disk classi�cation at GMOS spatial
resolution. Both G 04-1 and G 20-2 are the only other two galaxies that also meet all disk selec-
tion criteria, and are the only two that remain classi�ed as disks after our GMOS observations,
supporting this assertion.

Selection criteria for identifying disk galaxies using IFS have evolved through observing
galaxy samples at di�erent resolutions in the way presented here. As mentioned previously,
the KMOS3D team used a similar selection method with slightly more stringent criteria (but
with a lower spatial resolution) �nding this method to be robust even to a redshift of ∼2 (Wis-
nioski et al., 2015). The preliminary results of our GMOS observations presented in this Section
highlight the power of resolved spectral analysis in separating galaxy populations, which may
otherwise appear quite similar in most respects.
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Figure 2.11: Qualitative snapshots of the state of the ionized gas in galaxies from our GMOS
sample which are identi�ed as disks. Both G 04-1 and G 20-2 exhibit smoothly varying velocity
�elds and centrally peaked velocity dispersions. These galaxies are classi�ed as unperturbed
disks and are the subject of the next Chapter. The white bar at the bottom of each false colour
image indicates a distance of 5.′′0.
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2.5.5 Comparison with SPIRAL/WiFeS Results

From the kinematic maps produced from the GMOS-IFS observations we measure the global
propertiesσm, the �ux-weighted mean gas velocity dispersion, and vc, the circular velocity taken
as the di�erence between the largest and smallest velocity measured in spaxels with a robust de-
tection of Hβ. These values are compared with the previous measurements taken from the initial
SPIRAL and WiFeS IFS observations presented by Green et al. (2014) in Table 2.2 (note galaxy B
20-1, a non-detection in the GMOS data, is not included here). Uncertainties for GMOS obser-
vations are rough averages from spaxel-to-spaxel measured as described in Chapter 3. Galaxies
with vc,green14 in parenthesis are galaxies identi�ed to have complex kinematics for which this
value indicates one half of the sheer velocity as described in Green et al. (2014).

Table 2.2: GMOS vs SPIRAL: Integrated Kinematics
Galaxy σm,GMOS vc,GMOS σm,green14 vc,green14

km s−1 km s−1 km s−1 km s−1

G 03-4 62.4±8 175±4 53 (89)
G 04-1 45.0±8 203±4 50 269±22
G 20-1 105.8±8 140±4 96 (60)
G 20-2 55.1±8 178±4 45 166±10
H 10-2 70.3±8 135±4 59 62±29

In general we �nd a good agreement between σm,GMOS and σm,green14 considering the large
di�erence in sensitivity and resolution of the two sets of observations. For the two galaxies
classi�ed as disks based on their kinematics, G 04-1 and G 20-2, we also �nd good agreement
between vc,GMOS and vc,green14 considering the simplicity of our de�nition for vc,GMOS as well as
the fact that GMOS probes considerably lower surface brightness regions. We �nd systematically
larger vc for galaxies classi�ed as mergers than values found by Green et al. (2014). This is
likely due to the fact, again, that we have made a simple de�nition of vc,GMOS while Green et al.
(2014) perform a full disk model �tting to determine this value. Because the underlying galaxy
kinematics are actually not well described by a rotating disk, neither method can accurately
characterise the complex kinematics and thus disagreement is not surprising.

Given the goal of this project is to understand the secular evolution of disk galaxies by com-
paring their internal gas and stellar kinematics, it is necessary to focus from this point on galaxies
classi�ed as such: G 04-1 and G 20-2. The following Chapter presents a more detailed analysis of
the GMOS-IFS observations for these galaxies as well as an in depth discussion of the implications
of these results.



3
Stellar Kinematics of Two DYNAMO Disk

Galaxies

In this chapter we study the spatially resolved stellar kinematics of two star-forming disk galax-
ies at z ∼ 0.1, presented in Section 2.5.4, from the DYNAMO sample. These galaxies, which have
been characterised by high levels of star formation and large ionized gas velocity dispersions, are
considered possible analogs to high-redshift clumpy disks. They were observed using the GMOS
instrument in integral �eld spectroscopy (IFS) mode at the Gemini Observatory as described in
the previous chapter in order to measure the resolved stellar kinematics via absorption lines. We
also obtain higher-quality emission line kinematics than previous observations of Green et al.
(2014). The spatial resolution (1.2 kpc) is su�cient to show that the ionized gas in these galaxies
(as traced by Hβ emission) is morphologically irregular, forming multiple giant clumps while
stellar continuum light is smooth and well described by an exponential pro�le. Morphological
di�erences between the stars and ionized gas are not re�ected dynamically as stellar kinemat-
ics are found the be closely coupled to the kinematics of the ionized gas: both components are
smoothly rotating with large velocity dispersions (∼ 40 km s−1) suggesting that the high gas dis-
persions are not primarily driven by star-formation feedback. In addition, the stellar population
ages of these galaxies are estimated to be quite young (60-500 Myr). The large velocity disper-
sions measured for these young stars suggest that we are seeing the formation of thick disks
and/or stellar bulges in support of recent models which produce these from clumpy galaxies at
high redshift. This Chapter has largely been published in Bassett et al. (2014) with small changes
made for clarity and style.
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3.1 Introduction

Understanding the process of galaxy evolution, particularly in its earliest stages, is a major goal of
many research projects in astrophysics today. Galaxies observed locally are typically assembled
a majority of their stars at high redshift (z > 1), closer to the peak of cosmic star formation
(Madau et al., 1996; Lilly et al., 1996; Hopkins & Beacom, 2006; Sobral et al., 2012).

Star-forming galaxies at high redshift are often found to be composed of a few large (∼ 1

kpc) star-forming complexes (“clumps”) with high molecular gas content (gas fractions of 20-
50%) and high star-formation e�ciencies (Daddi et al., 2010; Tacconi et al., 2010; Elmegreen,
2011). These complexes are more massive (with typical gas masses of 108 − 109 M�) and form
stars more e�ciently than similar regions observed in the Milky Way (Elmegreen & Elmegreen,
2005; Förster Schreiber et al., 2011; Swinbank et al., 2011; Wisnioski et al., 2012). If star forming
regions at high redshift obey local scaling relations (Schmidt, 1959; Kennicutt, 1998), they require
high molecular-gas surface densities to fuel the extreme levels of star formation observed (Guo
et al., 2012).

Clumpy, irregular galaxies at high redshift have been observed using integral-�eld spec-
troscopy (IFS). For studies of galaxy dynamics, IFS data are used to produce detailed two dimen-
sional kinematics maps not possible using traditional spectroscopic techniques. In recent IFS
studies, roughly 1/3 of the high-redshift, clumpy galaxies display the random motions expected
for galaxies undergoing major mergers. The remainder are either too compact to be reliably clas-
si�ed by the employed methods, or display ordered rotation characteristic of disk galaxies. Disk
fractions were found to be 20−50% for a number of samples (Genzel et al., 2008; Förster-Schreiber
et al., 2009; Law et al., 2009; Wright et al., 2009; Wisnioski et al., 2011). One key observation of
clumpy high-redshift disks is large values of ionized gas velocity dispersion (as high as ∼90 km
s−1) compared with values of 20-30 km s−1 seen locally (Andersen et al., 2006). Glazebrook (2013)
provides a comprehensive review of kinematic studies at high redshift.

The origin and ultimate fate of the clumps in high redshift galaxies is a matter of some debate.
In some recent models of galaxy formation, massive high-redshift clumps are shown to spiral
inward due to dynamical friction and coalesce into the precursors of local thick disks and galactic
bulges (Noguchi, 1999; Immeli et al., 2004; Genzel et al., 2008; Dekel et al., 2009a; Ceverino et al.,
2010; Bournaud et al., 2014). Alternatively it has been suggested that star formation feedback in
the form of stellar winds and supernovae will cause clumps to be disrupted before migrating to
the proto-galactic center (Murray et al., 2010; Genel et al., 2012). These feedback mechanisms,
however, are not well constrained by current observations. In these simulations, the strength
and e�ciency of the feedback is known to have signi�cant e�ects on the evolution of simulated
high-redshift galaxies (Mandelker et al., 2013). Recent observations of star-forming clumps in
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high-redshift galaxies have estimated clump lifetimes ranging from 10 to 200 Myr (Elmegreen
et al., 2009; Genzel et al., 2011; Newman et al., 2012; Wuyts et al., 2012).

At high redshift, detailed studies of individual clumpy galaxies have been primarily based
on observations of ionized gas or broad-band stellar analysis based on infrared images (Wuyts
et al., 2012). Stellar kinematics and ages, which must be measured from absorption features, are
too observationally expensive to be resolved for individual galaxies, even using current state of
the art facilities. This is due in part to a dimming of galaxy surface brightness proportional to
(1 + z)4 as well as the redshifting of optical light into the near-IR which has a strong sky back-
ground, variability, and contains strong spectral features. Such observations, however, could be
key to distinguishing between models involving clump migration and coalescence from extreme
feedback models in which clumps are rapidly dissolved.

If the large velocity dispersions observed from Hα emission are the result of disruptive feed-
back, we would expect to measure stellar velocity dispersions smaller than those observed for the
ionized gas. This would indicate a thick gaseous disk, which has been in�ated by strong winds
originating from an underlying thinner disk of stars. On the other hand, a key prediction of the
turbulent, clumpy disk model is σ∗ = σgas which suggests that the stars are formed from an
already turbulent medium. Accounting for this initial turbulence may require external sources
of gas (e.g., cold accretion or galaxy interactions, Kereš et al., 2005; Bournaud & Elmegreen, 2009;
Dekel et al., 2009a; van de Voort et al., 2011). These external sources of gas may drive turbulence
directly or through instabilities commonly associated with gas rich disks or through clump-clump
torques (Dekel et al., 2009a; Forbes et al., 2013; Bournaud et al., 2014). As of yet, there is no clear
consensus on the true fate of giant star-forming clumps, however the above two scenarios are
currently the most popular. We note here that in HII regions in the Milky Way, cold gas velocity
dispersions (∼5 km s−1) are found to be lower than those of the young stellar thin disk (∼20 km
s−1), with the largest values found for the oldest stars (stellar thick disk, ∼40 km s−1, van der
Kruit & Freeman, 2011b; Pasetto et al., 2012).

While there has been a signi�cant e�ort to distinguish between clump migration and feed-
back dominated disk formation models, observing the stellar kinematics at high redshift has not
been possible and thus we turn to analogs that we can observe locally. It is important for analogs
for this purpose to have high star-formation rates, gas kinematics consistent with turbulent ro-
tating disks, large gas fractions, and clumpy gas morphologies in order to match key features of
high-redshift clumpy disks. Studies of low-redshift analogs such as these provide a much greater
level of detail and can be used to quantify the e�ects of resolution and sensitivity on high red-
shift IFS observations (Gonçalves et al., 2010). In previous work (Green et al., 2010, 2014) we have
found a sample of low-redshift (0.07 < z < 0.14) galaxies with SFRs and kinematics well matched
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to high-redshift clumpy galaxies. A subsample of these has also been shown from observations
with the Plateau de Bure Interferometer to host gas fractions of ∼0.4 (Fisher et al., 2014b).

In the following we examine stellar and ionized gas morphologies of two z ∼ 0.1 disk galaxies
which are found to exhibit both ordered rotation and turbulent ionized gas from previous IFS
observations (Green et al., 2014). Observations considered here are higher in both signal-to-noise
ratio (S/N) and spatial resolution than previous IFS observations of Green et al. (2014) allowing
us to perform far more detailed morphological and kinematic analysis. We compare this with
previous IFS observations in order to understand the e�ects of sensitivity and resolution on the
results of (Green et al., 2014). Finally, we compare the resolved stellar and ionized gas kinematics
of these galaxies in order to understand the sources of turbulence in young galactic disks.

This Chapter is laid out as follows: In Section 3.2 we describe our analysis methodology and
present the results, in Section 3.3 we discuss the implications of our results, and we provide a
brief summary in Section 3.4. Throughout this work, we adopt a �at cosmology with H0 = 70

km s−1 Mpc−1 and ΩM = 0.3. This results in a comoving line of sight distance of 533 and 578
Mpc and a spatial scale of 2.29 kpc/” and 2.46 kpc/” for galaxies G 4-1 and G 20-2 respectively.

3.2 Analysis and Results

3.2.1 Mapping Emission: Clumps

Table 3.1: Previous Known Properties of GMOS Disks
Galaxy z M∗ SFRHα rexp,r V2.2R σm

109 M� M� yr−1 arcseconds km s−1 km s−1

G 04-1 0.12981 64.74 10.77 1.33 269 50
G 20-2 0.14113 21.56 17.27 0.80 166 45

We use relative emission-line and continuum strengths to map their baryonic content in order
to better understand the structure of our galaxies in comparison with high-redshift clumpy disks.
The �ux of emission from these components is measured as described in Section 2.5.1. Figure 3.1
shows false colour images of our galaxy sample. Red corresponds to the median continuum value
in each spaxel, which traces the stellar-mass component. The ionized gas is traced in green and
blue, indicating the peak value of the Hβ and [OIII] emission lines, respectively. The scaling of
each component was chosen to best illustrate the clumpy substructure of our disk galaxies. The
white solid lines correspond to the spatial extent over which we were able to extract information
on ionized gas kinematics. Note the irregularity in the central regions of G 20-2 is due to dead
�bres in the instrument. These dead �bres cause problems matching the �ux between exposures,
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Figure 3.1: False colour images of our disk galaxies. Red corresponds to the median continuum
level while green and blue show the peak �ux of the Hβ and [OIII] (5007 Å) emission lines re-
spectively. The colour scaling is not the same between components, but is chosen to highlight
substructure of our disk galaxies. The peak of the continuum emission is marked by a dashed
circle with a diameter equivalent to the average seeing of our observations (∼0.′′5' 1.1 kpc at
z= 0.14). In both galaxies the continuum peak location is coincident with the kinematic center
(see Figure 3.6). Both galaxies exhibit multiple large clumps of gas that are o�set from the cen-
tral continuum clump by a distance approximately equal to the seeing of our observations. The
locations of the clumps are marked with white arrows. We note the irregularities in the central
regions of G 20-2, which is due to dead �bres in the detector obscuring the central region in
multiple exposures. Overplotted are the footprints of Figure 3.6 in white, which indicate the area
over which we can reliably extract ionized gas kinematics from our datacubes.
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Figure 3.2: Continuum subtracted Hα maps from HST with 0.′′05 pixel scale. HST resolution of
0.′′1 corresponds to a physical distance of 229 pc and 246 pc at the redshift of G 4-1 and G 20-2
respectively. Comparing with Figure 3.1 we �nd that clumps in the HST imaging are more easily
distinguished. While some clumps identi�ed from GMOS-IFS data are matched to single clumps
here, others are found to be unresolved collections of multiple clumps. While clump sizes are
smaller than would be predicted from GMOS-IFS, most clumps are resolved by HST providing a
lower limit to their sizes of 250 pc. The white arrows indicate the same clump locations shown
in Figure 3.1. Comparisons between our low redshift IFS data and high-resolution, space-based
imaging will be valuable for the interpretation of similar studies at high redshift.

Figure 3.3: Surface brightness pro�les of continuum emission for the two target galaxies, G 04-2
(top) and G 20-2 (bottom). The �ux of the continuum maps of both pro�les has been scaled to
match that of SDSS i band pro�le. The solid dots represent isophotes and the red line represents
a Sérsic function bulge plus exponential disk �t to the surface brightness pro�le. For each galaxy
there is a “bulge” in the surface brightness pro�le that is co-located with the rise in velocity
dispersion in our kinematic maps (Figure 3.6). Some galaxy properties from these �ts are included
in Table 2.1 and repeated here in Table 3.1 for convenience.
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but do not a�ect line-pro�le shapes and thus will not change our conclusions based on kinematics
as these do not depend on accurate �uxes.

In both galaxies we observe a single, centrally located peak in continuum emission, which
corresponds spatially with both a peak seen in i-band imaging from SDSS as well as the galaxies’
kinematic centers (see Figures 3.6 and 3.8). We indicate these locations with white dashed circles
in Figure 3.1, with diameters equivalent to the seeing of our observations (∼0.′′5, equivalent to
1.15 and 1.23 kpc for G 4-1 and G 20-2 respectively). We also observe multiple peaks in emission-
line strength, which are o�set from the continuum peak. We indicate these in Figure 3.1 by white
arrows. The o�sets between the continuum peak and emission line clumps are between 1 and 2
kpc, which is resolved by the seeing of our observations.

Figure 3.2 shows continuum subtracted Hαmaps from HST with 0.′′05 pixel scale (see Chapter
4 for a full description of our HST observations). HST resolution of 0.′′1 corresponds to a physical
distance of 229 pc and 246 pc at the redshifts of G 4-1 and G 20-2 respectively. We identify
a number of clumps in the HST Hα maps through visual inspection. These clumps range in
luminosity from 1041 to 1042 ergs s−1 indicating SFRs of ∼1-10 M� yr−1. These numbers are
consistent with the properties of clumps observed in z ∼2 disk galaxies (Genzel et al., 2011). A
detailed study of the clump properties using the HST photometry will be the subject of future
work by the DYNAMO team (Fisher et al., submitted).

Comparing Figures 3.1 and 3.2 we �nd that clumps in the HST imaging are more easily dis-
tinguished. Some clumps identi�ed from GMOS-IFS data correspond to single clumps from HST
while others are unresolved collections of multiple clumps. Clump sizes are smaller than would
be indicated from GMOS-IFS, however, most clumps are well resolved by HST giving a lower
limit to their sizes of 250 pc (HST resolution at z = 0.13). This shows that the comparison be-
tween our low-redshift IFS data and high-resolution, space-based imaging will be valuable for
the interpretation of similar studies at high redshift.

In Figure 3.3, we show the surface-brightness pro�les of the starlight for both target galaxies.
These pro�les are composite surface-brightness pro�les of HST FR647M, SDSS i and continuum
emission from our GMOS observations (see Figure 3.1). The surface photometry from each tele-
scope is scaled and combined using the method of Fisher & Drory (2008). This method reduces
random errors (eg., sky subtraction) and allows us to probe surface-brightness pro�les to larger
radius. The stellar emission is smooth, and the main body of both galaxies (r & 1.5 kpc) are
well described by exponential surface-brightness pro�les at large radii, suggesting that these are
unperturbed disks (van der Kruit & Freeman, 2011b). We determine scale lengths of 2.75 and 2.63
kpc for G 20-2 and G 4-1 respectively, these values are also included in Table 3.1. Both galaxies
have bulges in their continuum emission. We indicate our bulge-disk decomposition with red
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lines. The bulges in these galaxies appear to be co-located with rises in the velocity-dispersion
maps of Figure 3.6. The central kinematic component will be discussed in more detail in Sec-
tion 3.2.4.

In Figure 3.4, we make a qualitative comparison between the spectra in di�erent regions. We
show two spectra, each in arti�cial apertures with diameter equal to 0.′′5. The �rst is centered
on the continuum peak and the second is located at the peak of Hβ �ux. Figure 3.4 shows a
small section of these spectra centered between Hδ and Hγ for galaxy G 20-2 (spectra for G 4-1
are qualitatively very similar). These spectra have been normalized by the median continuum
value for direct comparison. Although not apparent in Figure 3.1, Figure 3.4 clearly shows that
we observe signi�cant line emission even in the central regions. The one di�erence between
the two regions is a much higher emission-line equivalent width in the emission-line region,
apparent in the di�erence plot (bottom panel of Figure 3.4). This is not surprising as the regions
in which the emission lines are strongest are not coincident with the peak in continuum �ux.

The emission-line-region spectrum has a lower S/N ratio due to the lower continuum surface
brightness, but the overall continuum shape is nearly identical to that of the peak continuum
region. This suggests that the regions in which we can reliably observe absorption-line pro�les
host similar aged stellar populations. This could partially be an e�ect of the seeing in which age
di�erences are smeared out. We also note that it is quite di�cult to probe stellar populations in
the regions of maximum Hβ equivalent width (where the average stellar age is likely to be the
lowest) due to the exponentially dropping continuum surface brightness.

By examining the ionized gas and continuum components of G 4-1 and G 20-2 we provide
further evidence that these galaxies are excellent low-redshift analogs to high-redshift clumpy
disks. We �nd that the ionized gas is arranged in multiple clumps surrounding a central con-
tinuum peak. We show that clumps are marginally resolved, but that our 0.′′1 resolution HST
imaging will be required to measure accurate sizes for these clumps. Surface brightness pro�le
�tting to combined HST, GMOS, and SDSS data shows that both galaxies are well described by
an exponential at large radii with evidence of a small bulge. From our HST r-band imaging (�lter
FR647M) the bulge-to-total mass ratios for galaxies G 04-1 and G 20-2 we �nd using the method
described in Obreschkow & Glazebrook (2014) are 0.15 and 0.18 respectively, consistent with
values found for late-type spiral galaxies locally.

3.2.2 Matching SSP Templates with Observed Spectra: Stellar Populations

We employed the full spectrum stellar-kinematics �tting program Penalized Pixel-Fitting (pPXF,
Cappellari & Emsellem, 2004) to measure the velocity and velocity dispersion of the stellar pop-
ulations in our sample. We �t our observations using synthetic galaxy spectra created with the
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Figure 3.4: Comparison between spectra observed in the continuum peak and the brightest Hβ
clump of G 20-2 summed in a 0.′′5 aperture centered on these regions and normalized by the
median continuum level. Strong emission lines characterise our spectra, in particular [OIII] and
Balmer lines, as well as strong Balmer absorption associated with A-type stars. The top panel
shows the continuum peak spectrum in red over the emission line peak spectrum in black, while
the bottom shows the continuum peak spectrum subtracted from that of the emission line peak.
Here we show a section of our observed spectral range that includes the Hγ and Hδ absorption
lines, which (along with Hβ) are the strongest we observe. The shape of the Balmer absorption
lines in both are quite similar, suggesting that the underlying stellar populations in both regions
are of comparable age. The major di�erence between the spectra is the equivalent width of the
emission lines as seen in the bottom panel. This is not surprising as the regions in which the
emission lines are strongest are not coincident with the peak in continuum �ux.
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PÉGASE-HR code (Le Borgne et al., 2004). This code uses high-resolution (R=10,000) stellar spec-
tra from the ÉLODIE library (Prugniel & Soubiran, 2001) to construct an evolutionary sequence
of composite spectra based on simple stellar populations (SSPs) with ages ranging from 10 Myr
to 20 Gyr.

We �rst developed a test to select the PÉGASE template with an SSP age most similar to
our observed spectra. Selecting a spectral template that is well matched to the observed spectra
is essential in reliably extracting kinematics through full spectrum �tting. This is because of
the wide range of absorption line pro�les associated with di�erent stellar populations. Our test
involves using pPXF to �t the representative spectra considered in Section 3.1 (see Figure 3.4)
with each PÉGASE-HR template individually while masking the emission lines. This procedure
measures the velocity, velocity dispersion, and goodness of �t (χ2/DOF) at each SSP template age.
We performed this test on spectra from both the continuum and emission line peaks to check
for any spatial variation in stellar population age. We then selected the template with χ2/DOF
closest to 1. The results of template selection are shown in Figure 3.5. Kinematic values presented
have been normalized by the measurement made using a template age of 500 Myr.

Figure 3.5 shows that there is a range in template ages between 60 and 500 Myrs in which
both the stellar velocity and velocity dispersion measurements remain relatively stable. The
χ2/DOF values indicate that templates in this age range are the best �tting from the PÉGASE-HR
library (this is also apparent from visual inspection of individual �ts). This is true for both the
continuum and emission line peaks suggesting that there is no evidence of spatial variations in
stellar population ages in our observations.

Qualitatively it is reasonable to expect the continuum emission from these galaxies in this
wavelength regime to be dominated by young stellar populations because the extreme levels of
line emission are indicative of a recent (and likely ongoing) star formation activity. A PÉGASE-
HR template with an age of 500 Myr is selected for stellar kinematics measurements throughout
the remainder of this chapter. Fits using templates of this age display the nearest χ2/DOF value
to 1 in both regions for both galaxies.

3.2.3 Measuring Kinematics

High Resolution Ionized-Gas Kinematics

We also produced ionized gas velocity and velocity dispersion maps by �tting a single Gaussian
pro�le to the Hβ emission line. The velocity and velocity dispersion are then calculated using the
centroid position andσgas of the model �t. To correct for instrumental broadening, we subtracted
the instrumental line width from the raw measurement in quadrature: σgas =

√
σ2

obs − σ
2
inst,

whereσobs is the observed velocity dispersion andσinst is the instrumental broadening measured
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Figure 3.5: Velocity and velocity dispersion measurements of stellar kinematics for spectra shown
in Figure 3.4 at each template age (as described in Section 3.2.2). Both kinematics measures are
normalized by measurements made using templates with ages of 500 Myr. We have overplotted
a dot-dashed line on the vertical axis at 1 for reference. We �nd in the age range from 60 to 500
Myr (indicated by vertical dot-dashed lines) measurements of stellar kinematics remain relatively
stable. We have also overplotted the χ2/DOF (not normalized) for each template and �nd that
this range also corresponds to the statistically best �tting templates. We adopt a template age of
500 Myr for �tting stellar kinematics in this study as this corresponds to the χ2/DOF closest to 1
for both regions.
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from our arc observations to be 24 km s−1. Figure 3.6 shows the results of this procedure.

We employ the Voronoi Binning method of Cappellari & Copin (2003) in order to extend
this analysis to radii beyond which these measurements from single spaxels are reliable. This
technique uses maps of S/N to ensure that each spatial bin falls above a speci�ed S/N threshold.
For our inputs we use the continuum maps of our galaxies from Figure 3.1 and a constant noise
based on the variance of our spectra in o� target regions. Because the line emission is signif-
icantly stronger than that of the continuum we use a low S/N threshold of 1.0, however many
bins (particularly those at the center) have S/N much higher than this. We choose to use con-
tinuum S/N rather than emission-line S/N because the clumpy structure results in oddly shaped
bins, which distort the kinematic maps. Our low S/N threshold ensures that within the region in
which we observe clumps, all Voronoi bins contain a single spaxel.

We used our kinematics maps to measure global σ values, which we compare with previous
results. The ionized-gas-velocity maps we produced from our GMOS observations extend into
the �at portion of the rotation curve (which is shown later in Section 3.2.6) where beam-smearing
e�ects are minimized. This allows for robust measurements of velocity dispersion. We took an
average value of the outer bins to make an estimate of the velocity-dispersion value across the
disk. We indicate the bins over which these averages were taken by black lines in the bottom
panel of Figure 3.6. These bins correspond to regions that are a distance equivalent to our seeing
away from the kinematic centers of our galaxies. This results in mean Hβ dispersions of 36.6±7.9
km s−1 and 29.8±8.2 km s−1 for G 20-2 and G 4-1, respectively. We consider these our best
estimates of the overall disk velocity dispersion and compare them with velocity dispersions of
local disks in Section 3.3.1.

We also take raw averages without excluding central bins to compare with previous work
(Green et al., 2014). This results in values of 43.2 km s−1 and 35.6 km s−1. For G 20-2 this is much
closer to the value of 44.9 km s−1 found from SPIRAL data, while the dispersion measured for G
4-1 is signi�cantly lower (σS PIRAL,m = 50.2 km s−1).

We performed a test to see if the di�erence between our GMOS and SPIRAL results is an
e�ect of spatial resolution. We resample our GMOS datacubes to the resolution of the previous
SPIRAL observations and follow the same Gaussian �tting procedure outlined above. We then
calculated a �ux-weighted velocity dispersion (matching the analysis of Green et al., 2014) for
both galaxies resulting in σm of 45.3 and 38.8 km s−1 for G 20-2 and G 4-1. For G 20-2, σm is well
matched to the value calculated from SPIRAL data, while our measurement for G 4-1 is still 10
km s−1 less than previous measurements.

The remaining di�erence of 10 km s−1 between GMOS and SPIRAL measurements for G 4-1
(as well as the 10-20 km s−1 di�erence between σm of Green et al. (2014) and our mean σgas
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Figure 3.6: Velocity and velocity dispersion maps for the ionized gas component of our sample
measured by �tting a Gaussian pro�le to the Hβ emission line. The small white bars repre-
sent a distance of ∼ 1.5 kpc at the average redshift of these two galaxies. Both galaxies display
smoothly varying velocity �elds and centrally peaked velocity dispersions typical of disk galax-
ies. The velocity dispersions here are large relative to typical disk galaxies nearby (5-20 km s−1

from DISKMASS, Andersen et al., 2006) suggesting that the gas disks in these galaxies are highly
turbulent. The black lines shown in the bottom row mark the boundaries of the “central region”
which exhibits increased velocity dispersion. These regions possibly represent a young galactic
bulge while velocity dispersions in the outer bins are characteristic of a marginally stable, tur-
bulent disk. We measure a mean ionized gas velocity dispersion of 36.6 km s−1 and 29.8 km s−1

for the outer regions of G 20-2 and G 4-1 respectively. See Section 3.2.4 for further discussion of
global σ estimates.
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excluding central bins) can be attributed to a bias of the previous SPIRAL measurements towards
regions of highest Hα �ux due to the lower sensitivity of previous observations. This means
that our σm values from SPIRAL observations contain little or no contribution from dynamically
cooler gas at large radii. Additionally, if the most intense line emission is coincident with the
kinematic center of a galaxy, then our previous measurements will be more strongly in�uenced
by beam smearing as the central region is where velocity gradients will be at a maximum. This
is the case for galaxy G 4-1 while in G 20-2 the most intense line emission is o�set from the
kinematic center (see Figures 3.1 and 3.6).

In summary, discrepancies between σm measurements from SPIRAL and GMOS can largely
be attributed to spatial resolution, sensitivity, and beam smearing. We note that our GMOS
dispersions are consistent with higher resolution kinematics maps based on Paschen α from
adaptive optics assisted observations using OSIRIS on Keck (Bassett et al. in prep). A more
detailed analysis of global velocity dispersions can be found in Section 3.2.4.

Modeling the E�ects of Beam Smearing

While the GMOS observations presented here bene�t from improved spatial resolution, beam
smearing can still play an important role in understanding our kinematic measurements. Davies
et al. (2011) shows how typical observations of z ∼ 0.1 galaxies at ∼1.′′0 resolution can in�ate the
velocity dispersion of average disk galaxies (∼ 10− 25 km s−1, Andersen et al., 2006; Martinsson
et al., 2013) to the large values found here. The size of this e�ect depends on the relative sizes of
the galaxies being observed and the resolution of the observations.

Beam smearing a�ects both the observed velocity and velocity-dispersion maps due to veloc-
ity gradients over individual beams. The end result is a slight reduction in the slope of rotation
curves and an in�ation of velocity-dispersion measurements (e.g. de Blok & McGaugh, 1996).
This e�ect is most pronounced in the central regions of disk galaxies, where velocity gradients
are at a maximum. We can attempt to correct for this by carefully considering the observed shape
of the velocity �eld as well as the average seeing of our observations.

We performed a simulation to better understand quantitatively the e�ects of beam smearing
on our velocity-dispersion measurements. We �rst �t a PSF convolved rotating disk model to
the observed ionized gas kinematics, the details of which can be found in Green et al. (2014).
We mapped the in�uence of beam smearing on these models when subject to conditions typical
of our observations (∼ 0.′′5 seeing). This mapping was done by creating an arti�cial datacube
with two spatial dimensions and one velocity, with the velocity resolution chosen to match our
observations. The velocity distribution of each arti�cial spaxel received a contribution from
every other spaxel weighted by a two dimensional Gaussian function with FWHM equal to our
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Figure 3.7: Modeling the e�ects of beam smearing. Plots for each disk galaxy are shown in a single
row. From left to right each row shows maps of velocity dispersion corrected for instrumental
broadening, a simulated map of the in�uence of beam smearing (described in Section 3.2.3), and
velocity dispersion maps corrected for beam smearing by subtracting the central panel from the
left panel in quadrature. It is seen that the in�uence of beam smearing peaks at the centers of our
galaxies as expected. Beam smearing estimates in these regions are 24-36 km s−1 and the peak
measured velocity dispersions are ∼ 70 km s−1. The applied correction here is around 4-8 km s−1

showing that even at the centers of our galaxies this is a minimal e�ect. In the outer portions of
our disks the in�uence of beam smearing can e�ectively be ignored.
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average seeing. The velocity distribution was subsequently �t with a Gaussian function and
the σ of these �ts were taken as the contribution of beam smearing to our measured velocity
dispersions.

We subtracted the produced “beam smearing maps” in quadrature from the observed velocity-
dispersion maps to correct for the beam-smearing e�ect in our velocity dispersion maps (Gnerucci
et al., 2011; Epinat et al., 2012). Maps of our modeled beam smearing and the corrected velocity
dispersion are shown in Figure 3.7. From the central �gure in each row it is seen that the esti-
mated in�uence of beam smearing peaks as expected in the central region, where the velocity
gradient is at a maximum. Typical values in the central regions of our beam-smearing maps are
24-30 km s−1, which is low relative to measured velocity dispersions in the same regions (55-80
km s−1).

We also compared the central beam-smearing estimates with a simple analytic calculation.
We assumed a linear velocity gradient and constant intensity, which is a reasonable approxima-
tion for the central regions of smoothly rotating disks. We estimated a central velocity gradient
from Figure 3.6 of 5-6 km s−1 pixel−1 by measuring the di�erence in velocity between the two
�at portions of the rotation curves and dividing by the separation between these two portions in
pixels. The contribution of beam smearing was then estimated as

σBS ≈
dV
dθ
σθ, (3.1)

where dθ is a distance corresponding to one pixel and σθ is the seeing of our observations in
pixels (∼5 pixels). This results in a value of 25-30 km s−1, consistent with the modeled values.

When the modeled beam-smearing contribution is subtracted in quadrature from the ob-
served velocity dispersion in the regions of maximum velocity dispersion (55-80 km s−1), the
correction is only 4-8 km s−1, comparable to our errors in stellar-kinematics measurements (see
Section 3.2.3). This small correction suggests that the increased velocity dispersion in the central
regions are real and a possible signature of a small bulge or pseudobulge (see Section 3.3.4 for
discussion). Furthermore, in regions further than our seeing distance from the central regions,
beam smearing can e�ectively be ignored.

Mapping Stellar Kinematics

In this section, we map the stellar kinematics of our galaxies and compare them directly to those
of the ionized gas. We again employed the Voronoi Binning method of Cappellari & Copin (2003)
to ensure that our measurements are reliable even in the faint outskirts of our galaxies. We used
the same setup as in Section 3.2.3, but with a larger S/N threshold of 10. We used a larger S/N
threshold here because the absorption signal is much weaker than the emission line strength.



3.2. ANALYSIS AND RESULTS 109

Figure 3.8: Results of pPXF measurements of stellar kinematics in our sample. In order to obtain
reliable measurements in the faint outskirts of these galaxies, the Voronoi Tessellated binning
method was employed. The gas velocity was remeasured in each bin for direct comparison.
White bars in each panel correspond to a distance of ∼ 1.5 kpc at the redshift of our galaxies.
The velocity maps are plotted over the footprint of the gas only measurements for comparison.
The gas and stars in these galaxies appear to be kinematically coupled, both are arranged in
a smoothly rotating disk with a large velocity dispersion. We calculate a mean stellar velocity
dispersion value for both the gas and stars, excluding central regions (indicated by black lines in
the velocity dispersion maps) for use in simple disk models. This results in values of σd,∗ = 52.8
for G 20-2 and σd,∗ = 47.5 for G 4-1. See Section 3.2.4 for further discussion of global sigma
values
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We developed a custom IDL wrapper for pPXF which simultaneously �ts for stellar and
emission-line kinematics. This allows us to directly compare stellar and gas kinematics on a
bin-by-bin basis. We �rst �tted the spectrum with pPXF using emission-line masking and sub-
tracted the resulting �t. The result is a spectrum composed only of emission lines. Next, we �t
the emission lines using a single Gaussian pro�le. From the centroid position and σ of these �ts
we again measured the velocity and velocity dispersion of the ionized gas in our galaxies.

We plot the results of our stellar-kinematics �tting procedure in Figure 3.8. For each galaxy,
the velocity maps of the ionized gas and stars, as well as the subtracted residual of vgas − v∗, are
shown in the top row. Similarly, the bottom row shows the maps of velocity dispersion, but this
time showing the absolute di�erence: |σgas − σ∗|. This allows us to plot using the same colour
bar used for the velocity-dispersion maps, however we note that in most bins the stellar velocity
dispersions is larger than that of the gas (see Figure 3.10). Also depicted in the top row of Figure
3.8 as solid white lines are the footprints of the gas only kinematics measurements from Figure
3.6 for comparison. These footprints indicate the extent to which we can reliably measure ionized
gas kinematics. Solid black lines in the bottom row di�erentiate bins that are considered part of
the central region and those that are part of the outer disk. Global σ values are calculated for
these regions and discussed in Section 3.2.4.

Finally we note that in the experimental design for our GMOS observations, described in
Section 2.2, we speci�ed that we require stellar kinematics measurements beyond 1×re in order
to achieve a robust measurement of σ. From the stellar kinematics maps presented in here we
estimate the radius to which we can reliably extract the stellar kinematics to be ∼ 1.′′8 for both
galaxies. This can be compared to the re measured from SDSS r-band imaging given in Table 2.1
which shows for G 04-1 we reach ∼ 1.4 × re and for G 20-2 we reach beyond 2×re.

Stellar Kinematics Uncertainties

We next consider if the residual-kinematic maps (right columns for both galaxies in Figure 3.8)
are signi�cant or if they are within our measurement uncertainties. Following the procedure
suggested by Cappellari & Emsellem (2004), we performed a Monte Carlo simulation of our ab-
sorption �tting routine. This simulation was done by �rst subtracting the best-�t spectrum out-
put by pPXF, from the original spectrum, to produce a residual spectrum. The residual spectrum
was then randomized in wavelength (using the IDL task SHUFFLE), and added to the best �t in
order to simulate an idealized spectrum with noise characteristic of our observations. We chose
to add the shu�ed residual to the model rather than the original spectrum, as the latter tends
to produce spectra that are noisier than the original, thus overestimating the uncertainty. Some
areas of the spectra display unusually large residuals due to the chip gaps in the detector (which



3.2. ANALYSIS AND RESULTS 111

Figure 3.9: To estimate the uncertainties of our pPXF measurements, we perform a Monte Carlo
simulation as suggested by Cappellari & Emsellem (2004). Brie�y, the residual of our stellar
kinematics �ts are shu�ed and added to the best-�t model. We then re�t this spectrum with the
original model in an attempt to recover the known input kinematics. This process is repeated
1000 times for each spatial bin and the uncertainties are taken as the standard deviation of these
measurements. Due to the high resolution of our spectra and the sensitivity of our observations,
we are able to make measurements of stellar kinematics accurate to 5 − 8 km s−1 in most bins.
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are masked out in the �tting procedure). To account for these large deviations we replace values
in masked regions by random values based on the standard deviation of the unmasked regions
of the residual spectrum.

We produced 1000 simulated spectra for each spatial bin and re�t each of them using the
same pPXF setup. We then computed the standard deviations of the sample of simulated �t values
(using the square root of the IDL VARIANCE task). These values were taken as our uncertainties
in each bin. Figure 3.9 shows the maps of our uncertainties in velocity and velocity dispersion
for G 20-2 and G 4-1. Our measurements are most accurate in the centers of our galaxies, where
the continuum strength is the highest. The centers are also the areas in which the e�ects of beam
smearing are the greatest.

Due to the sensitivity and high spectral resolution of our observations, even measurements
of the stellar kinematics made at the largest radii are quite robust. We estimate the measurement
uncertainty of our pPXF procedure by taking two mean values for both stellar velocity and ve-
locity dispersion. One measurement in the central regions and one in the outer bins. Central and
outer regions are de�ned as in Section 3.2.3 and Figure 3.8. These values are presented in Table
3.2. Kinematics measurements in most bins are known within ±8 km s−1 based on our Monte
Carlo simulation.

Table 3.2: Stellar Kinematics Uncertainties
Velocity Uncertainty σ Uncertainty

± km s−1 ± km s−1

G 4-1 center 4.7 5.2
G4-1 disk 6.7 7.9

G 20-2 center 5.0 5.9
G 20-2 disk 6.7 8.2

Comparing Figures 3.8 and 3.9 one can see that kinematics for these two components match
quite closely. The mean values of |vgas − v∗| and |σgas − σ∗| are 15.8 and 8.4 km s−1 for G 20-2
and 8.9 and 8.3 km s−1 for G 4-1 mostly consistent with our estimated stellar kinematics un-
certainties. The large velocity di�erence in G 20-2 between stars and gas may be attributed to
asymmetric drift. This is a phenomenon observed in many late-type galaxies in which the stellar
disk lags behind the gas disk due to extra support from random motions (Binney & Tremaine,
1987; Golubov et al., 2013, some evidence for this can be seen in Figure 3.10).

We �nd that the ionized gas and stellar kinematics of these galaxies are coupled and charac-
terised by smooth rotation and large, centrally peaked velocity dispersions. It is interesting that
these two components are so well matched kinematically while their morphologies (shown in
Figure 3.1) appear very di�erent.
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3.2.4 Global Velocity Dispersion Estimates

We �nd that our disk galaxies exhibit enhanced velocity dispersions in their central regions,
which are unlikely to be entirely attributed to the e�ects of beam smearing. Regions of en-
hanced velocity dispersion correspond to a central excess in stellar light compared with a single
exponential pro�le (see Figure 3.3). This is possible evidence for a galactic bulge and thus we
calculated two average velocity dispersions for both the stellar and ionized gas components: one
mean in the central regions (σc) and one in the outer regions (σd). These two values correspond
to a “bulge” and “disk” mean σ respectively. Di�erent regions for calculating mean σ values are
indicated in the velocity dispersion maps of Figures 3.6 and 3.8 by solid black lines. We also cal-
culated the average in�uence of beam smearing in the central and outer regions. This was done
by taking an average of pixels from our beam-smearing maps (Figure 3.7) in each of the Voronoi
Bins of Figures 3.6 and 3.8. We then average these binned-beam-smearing values in the same
way as was done for the velocity-dispersion measurements. A correction is then applied to the
respective mean velocity-dispersion values as

(
σ2

mean − σ
2
BS

) 1
2 .

We �rst consider the mean velocity-dispersion values of the central bins, σc. The resulting
values are shown in Table 3.3. The measurements made are the mean ionized-gas velocity dis-
persion from gas-only measurements (σc,gas) and the mean stellar velocity dispersion (σc,∗). We
also include for comparison σm,SPIRAL, which is the �ux weighted mean ionized gas velocity dis-
persion from Green et al. (2014). In both galaxies, the values of σc,∗ are larger than σc,gas. The
di�erences are 17.7 and 14.5 km s−1 for G 20-2 and G 4-1, respectively. This can be attributed to
the fact that in our simple mean each Voronoi bin is given the same weight. Because our data
cubes are more coarsely binned during our pPXF procedure, the outer regions (where velocity
dispersion are lowest) are given less weight per unit area in σc,∗ than in σc,gas. When Voronoi
bins are also weighted by bin size, this di�erence is reduced by half.

We next make similar measurements considering the outer disk regions of σd,gas and σd,∗.
These results are shown in Table 3.3. Similar to the central regions, our measurements of σd,∗

are larger than σd,gas by 16.2 and 17.7 km s−1 for G 20-2 and G 4-1, respectively. The di�erence
in this case is likely due to the reduced spatial coverage of our pPXF kinematics (see Figure 3.8),
which are restricted to the largest σ regions of the galactic disks.

Table 3.3: Global Beam-Smearing Corrected σ Values
Galaxy σm,SPIRAL

1 σc,gas
2 σc,∗

3 σd,gas
4 σd,∗

5

km s−1 km s−1 km s−1 km s−1 km s−1

G 4-1 50.2 43.5 58.0 29.8 47.5
G 20-2 44.9 48.6 66.3 36.6 53.0
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3.2.5 Rotation Curves

The main result of this study is that in both galaxies, the stellar kinematics closely mirror those of

the ionized gas. This is shown again in Figure 3.10 where we plot our kinematics measurements
versus distance to the galactic center. In the top panels we have computed V(r) in each spatial bin
using V(r, φ) = V(r) cos(θ)sin(i) (Warner et al., 1973) where θ is the azimuthal angle in the galactic
plane measured from the kinematic major axis and i is the inclination. In the bottom panels we
plot velocity dispersions after correcting for beam smearing by subtracting our simulated beam
smearing contribution (see Section 3.2.3) from the measured velocity dispersion in quadrature
on a bin-by-bin basis.

We estimated the inclinations of our galaxies, i, from axis ratios determined using GALFIT
(Peng et al., 2002). We performed this �t on continuum images created from our data cubes but
taking the median value of each spaxel. The axis ratios calculated using GALFIT are sensitive
to the choice of point-spread function (PSF), however there is little (if any) precedent for using
GALFIT with IFS data. We require a PSF that has been observed in a similar manner as our
galaxies. To achieve this we observed an A-type star with GMOS in IFS mode with the spectral
range chosen to match the rest frame wavelengths of our galaxy observations. This data was
reduced in the same manner as described in Section 2.4.2. We created a median image of this star
from the reduced data cube and used this as our PSF while �tting with GALFIT. We consider this
the best possible method for de�ning the IFS response to a point source. We report the axis ratios
(b/a) we recover, as well as inclinations calculated using the standard equation in Table 3.1.

Figure 3.10 shows the computed rotation curves and velocity dispersion pro�les for our galax-
ies. Both the ionized-gas (open circles) and stellar (red error bars) kinematics are measured out
to the �at portion of the rotation curves of these galaxies. This allows us to make robust esti-
mates of global velocity dispersions. In all bins, the velocity curves of both components are well
matched with small di�erences likely due to di�erences in binning between our gas and stellar
kinematics �tting procedures. Large di�erences seen in the rotation curves of G 20-2 are possible
indications of asymmetric drift. Stellar velocity dispersions in most bins agree with the ionized
gas velocity dispersions within our simulated uncertainties (indicated by the size of the error
bars) or are found to be slightly higher. This suggests that the observed turbulence in the ionized
gas in DYNAMO galaxies is not primarily due to star-formation feedback. If the turbulence were
due to feedback, stellar velocity dispersion measurements would be lower than that of the gas.

3.2.6 Results Summary

Young stellar populations dominate the spectra of these galaxies. Figure 3.4 shows that the ab-
sorption spectrum is dominated by Balmer lines. These lines are strongest in B and A type stars
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Figure 3.10: Galaxy rotation curves and σ pro�les averaged in bins of 300 pc. Velocities are
plotted with a correction for angular dependence using V(r, φ) = V(r) cos(φ) sin(i) where φ is
the angle between a given spatial location and the semimajor axis with the center of the galaxy
as the vertex and i is the galaxy inclination. For σ we have subtracted our beam smearing
estimate from the observed velocity dispersion in quadrature on a bin-by-bin basis. We overplot
values for the emission line kinematics (black circles) and stellar kinematics (red error bars)
extracted during our pPXF procedure. For the emission line measurement, we probe well into
the �at portion of the rotation curve where the e�ects of beam smearing are negligible while
stellar kinematics measurements just reach this region. The size of the error bars plotted for our
stellar kinematics indicate the average of our simulated uncertainties in each bin.
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which dominate optical spectra of SSP’s at ages younger than 1 Gyr. This is consistent with the
young ages (500 Myr) of templates selected for our stellar kinematics �tting. These young ages,
along with the dynamically hot kinematics, high rates of star formation (Green et al., 2014), and
large gas fractions (Fisher et al., 2014b) are suggestive of early stages of disk-galaxy evolution.
Such an evolutionary state is more characteristic of star-forming galaxies at high redshift than
star-forming galaxies at z < 1.

We map the relative strength of emission line and continuum �ux, which reveals clumpy
substructure that was not resolved in previous observations (Figure 3.1). Both galaxies exhibit
multiple regions of high emission-line equivalent width located 1-2 kpc from a single, centrally
located peak in continuum emission. The discovery of these clumps lends further support to the
suggestion that these galaxies are low redshift analogues to clumpy galaxies at z ∼ 2.

We measure the ionized-gas and stellar velocities and velocity dispersions for both galaxies.
We �rst test the e�ects of beam smearing on our observations �nding that elevated σgas in the
central regions is a real kinematic signature and not an instrumental artefact. This means that the
large central σ’s observed may be indicative of a young bulge forming, consistent with the radial
surface brightness pro�les shown in Figure 3.3. Comparing the gas and stars we �nd that the
kinematics of both components are well matched, with large stellar velocity dispersions similar
to ionized gas velocity dispersions found in previous work (Green et al., 2014). This is indicative
of a scenario in which the ionized gas turbulence is driven externally rather than being primarily
due to star-formation feedback.

3.3 Discussion

3.3.1 Comparison With Local Disks

In Figure 3.11, we show that our ionized-gas velocity-dispersion measurements are truly unusual
compared to similar measurements of low-redshift late-type galaxies. We established this di�er-
ence based on comparison with the IFS studies from the DiskMass survey of Andersen et al.
(2006), who examine the Hα linewidths of 39 nearby, face-on disks using the DensePak instru-
ment on the WIYN 3.5 m telescope. We obtained Hα-line-width measurements from each �bre
from their observations to compare directly with our Hβ measurements in each of our spatial
bins from Figure 3.6. We plot in Figure 3.11 the cumulative fractions of velocity dispersion for
the two samples.

It is clear from Figure 3.11 that the disk galaxies considered here are outliers relative to local
disk samples. The disk velocity dispersions of ∼ 32 km s−1 we measure for our sample are in
the 98th percentile of individual �bre measurements for the sample of Andersen et al. (2006).
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Figure 3.11: Cumulative fraction in σ for each �bre from Andersen et al. (2006) compared with
each value from outer spatial bins indicated in Figure 3.6 for both galaxies considered here. It
is clear that values measured for G 20-2 and G 4-1 do not come from the same parent sample as
those measured for local face on spirals. Indeed, the values of σd,gas measured for these galaxies
are in the 98th percentile of individual �bres from Andersen et al. (2006).
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We note, however, that galaxies in Andersen et al. (2006) were selected in part for their face-on
inclinations, an orientation which will produce the lowest possible measurements of velocity
dispersion due to a minimal contribution from velocity dispersions within the plane of the disk.
While this may bias their results to low σ measurements, theirs represents the best comparison
sample currently available.

3.3.2 Stellar Kinematics and Disk Thickness

Both the ionized-gas and young-stellar components are observed to have similarly high veloc-
ity dispersions (compared to a velocity dispersion of ∼10 km s−1 observed for young stars in
the Milky Way, Wielen, 1977; Seabroke & Gilmore, 2007). We suggest that the gas was already
turbulent during the epoch in which the young, bright stars (which dominate the observed con-
tinuum emission) were formed. This is in contrast to a scenario in which the stars were formed
from a gas cloud with a low velocity dispersion, which is subsequently in�ated through stellar
feedback to the turbulent-gas disks currently observed (Robin et al., 1996; Chen et al., 2001). To
account for this initial turbulence, external sources of gas may be required. One possibility is
that these galaxies are undergoing large amounts of gas accretion, which can drive turbulence
through momentum or can induce turbulence through instabilities associated with gas rich disks
(Dekel et al., 2009a; Forbes et al., 2013; Bournaud et al., 2014).

What is the fate of the young stellar populations we observe in G 20-2 and G 4-1? It is
di�cult to signi�cantly alter the stellar orbits in a galaxy short of a major merger. A violent
event such as this, however, would increase the stellar velocity dispersions of the host galaxies
involved (Schauer et al., 2014). We observe young stellar populations in G 20-2 and G 4-1 with
large velocity dispersions suggesting a thick disk of stars. As this population ages, it will likely
become a similarly thick distribution of old stars akin to thick disks observed in low-redshift disk
galaxies. We suggest that these galaxies contain a young, thick disk, which is in the process of
forming.

We have shown in Figure 3.3 that these galaxies are well approximated by an exponential
disk, allowing us to estimate their disk thicknesses by considering the vertical component of the
stellar velocity dispersion. We calculate disk scale heights using the equation (van der Kruit &
Freeman, 2011b):

hz =
σ2

z

cπGΣM∗
, (3.2)

where hz represents the scale height, σz is the vertical stellar velocity dispersion, G is the
gravitational constant, ΣM∗ is the stellar mass surface density, and c is an empirical constant that
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varies between 3/2 for an exponential disk and 2 for an isothermal distribution. Here we choose a
value of 3/2, which is often used in studies of disk galaxies. We calculate our stellar mass surface
density using:

ΣM∗(r) =
M∗

2πh2 e−r/h (3.3)

WhereM∗ is the total stellar mass, r is the radius, and h is the exponential disk scale length.
We take previously reported stellar masses from Table 3.1, and we determine scale lengths from
exponential disk �ts presented in Figure 3.3 and also reported in Table 3.1. Evaluating Equation
3.3 at the average radius of our σd,∗ measurements results in ΣM∗ values of 198 and 650 M� pc−2

for G 20-2 and G 4-1 respectively.
What remains is to determine values of σz from our observed velocity dispersions. The disk

velocity dispersions reported in Section 3.2.3 are line of sight values that contain a contribution
from the radial and tangential velocity dispersions (σR and σφ). We can recover the vertical
component of velocity dispersion using the equation (Shapiro et al., 2003):

σ2
los = [σ2

R sin2 θ + σ2
φ cos2 θ] sin2 i + σ2

z cos2 i, (3.4)

with i representing the inclination angle (determined from axis ratios measured with GALFIT,
Peng et al., 2002) and θ the position angle from the major axis in the plane of the disk. To isolate
σz we consider the ratios α ≡ σz/σR and β ≡ σφ/σR. Combining these with Equation 3.4 and
taking an average over θ results in:

σz =
σlos
cos i

(
1 +

(β2 + 1) tan2 i
2α2

)−1/2

(3.5)

From kinematics observations of the Solar Neighborhood these values are found to be 0.5 <
α < 0.6 and 0.6 < β < 0.7 for the thin disk of the Milky Way. While it is likely that observations of
radially decreasing vertical velocity dispersions will be re�ected in α and β, radial dependence
of these values has yet to be measured (Bershady et al., 2010).

Measurements of α and β in external galaxies are also limited. The best example is that of
Shapiro et al. (2003), who compare integrated velocity dispersions along the major and minor
axes of 6 nearby spiral galaxies from spectroscopic observations allowing them to measure α
directly. This results in 0.5 < α < 0.8 increasing with Hubble type from Sc to Sa. This increase,
however, could simply be a result of an increased in�uence of the bulge at earlier types. Values for
later types are found in the range 0.5 < α < 0.7 in agreement with measurements of van der Kruit
& de Grijs (1999), who measure α of 36 edge-on, late type galaxies (Sb - Sd) from photometry
using empirical relations of Bottema (1993).
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As discussed previously, our large values ofσc,∗ may be in�uenced by a young galactic bulge.
Thus for estimating the thickness of our galactic disks we take σlos = σd,∗. For our inclination
corrections we take α = 0.6 and β = 0.7, but we note that these values are based on assumptions
that may be invalid for young, marginally stable disks.

We believe it is reasonable to assume that velocity dispersions during disk assembly are closer
to isotropic, forcing α and β to values closer to 1. In the limit α = β = 1, Equation 3.5 reduces
to σz = σlos. The large-scale rotation in these galaxies suggests that the true value of σz will
fall somewhere between our inclination corrected value and σlos. We present our disk height
calculations in Table 3.4 using both σz and σlos in Equation 3.2.

Table 3.4: Stellar Disk Thicknesses
Galaxy σlos σz hz,los hz,corr

km s−1 km s−1 pc pc
G 4-1 47.5 41.6 171 131
G 20-2 53.0 47.5 700 562

We compare estimates of disk scale heights presented here with Yoachim & Dalcanton (2006)
who �t two component (thin plus thick) disk models to R-band photometry of local edge-on,
late-type galaxies. The disk heights we estimate for G 20-2 (562-700 pc) are consistent with the
high end of thin disk scale heights and the low end for thick disks. Our scale height estimate
for G 4-1, however, is well within the thin disk regime. A caveat to our scale height estimates
is that they are very dependent on our assumptions, which are based on normal disk galaxies.
These assumptions may not be valid for turbulent, gas-rich disks such as those studied here. We
also note that estimates of the thin disk scale height of the Milky Way range 200-300 pc (van der
Kruit & Freeman, 2011b).

An age dependence of stellar disk scale height is predicted by the simulations Bird et al.
(2013) who �nd that the kinematics of a stellar population are largely inherited at birth (though
some subsequent kinematic heating does occur). Stars formed early are scattered by gas rich
mergers (or by interactions with clumps Elmegreen & Struck, 2013) to kinematically hot orbits.
The combination of young SSP ages and large velocity dispersions we measure from GMOS-IFS
data for galaxy G 20-2 are consistent with the early stages of disk formation in the simulations
of (Bird et al., 2013).

3.3.3 Stellar Populations

The star light that we measure in our sample is dominated by A type stars, which are responsible
for the strong Balmer absorption we observe (See Figure 3.4). From evolutionary studies of single
stellar population models it is known that the spectra of galaxies change most signi�cantly at
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early times as short-lived massive stars evolve o� the main sequence. In particular we have
inferred from visual inspection of the PÉGASE templates that the A-star-dominated phase occurs
approximately between 1 Myr and 1 Gyr. This qualitative assessment is consistent with the ages
of our sample from spectral �tting using a full set of PÉGASE templates with ages ranging from
1 Myr to 20 Gyr (see Section 3.2.2). From this procedure we infer a SSP age of 500 Myr to be
consistent with the stellar population that dominates the continuum �ux in our galaxies.

It is most likely that our galaxies also host an older, less luminous, underlying stellar popu-
lation. Apart from strong Balmer absorption lines, we also observe absorption associated with
iron which must be produced in supernovae indicating multiple generations of stars. Regardless,
by �tting our spectra using spectral templates of young SSPs we are measuring the kinematics
of the young stars, which are more closely associated with the strongly emitting ionized gas.

Figure 3.4 demonstrates that there is no obvious di�erence between the underlying shape of
the continuum spectra between the regions of strongest Hβ emission and the central regions.
The only major di�erence is the equivalent width of Hβ emission that is likely due to a local
di�erence in speci�c star formation rate. This suggests that the stellar populations contributing
the largest portion of the observed �ux in our sample are similar across the extent of our galaxies,
with ages around 500 Myr.

3.3.4 Fate of Star-Forming Clumps

We observe previously unresolved clumps of ionized gas within our galaxies (see Figure 3.1),
which are completely absent from the stellar light mapped by continuum emission. The fate of
these star-forming clumps is still uncertain. Due to their high star formation rates it has been
suggested that clumps such as these will be dissolved by stellar feedback before they are able to
migrate into the centers of their host galaxies (Murray et al., 2010; Genel et al., 2012). Previous
studies of out�ows in high redshift clumpy galaxies have estimated clump lifetimes in the range
between 10 and 200 Myr (Elmegreen et al., 2009; Genzel et al., 2011; Newman et al., 2012; Wuyts
et al., 2012). This is younger than the χ2/DOF selected SSP age of our galaxies of 500 Myr. Figure
3.5 shows however that SSP ages as young as 60 Myr also provide reasonable kinematics �ts.

The smooth appearance of the continuum images of our galaxies would appear to favor of
short clump lifetimes, however this is not necessarily the case. In the simulations of Bournaud
et al. (2014), large gas out�ow rates from massive (>108 M�) clumps are matched by large amounts
of gas accretion. This allows clumps to survive long enough to spiral into the center of their host
galaxy while retaining a constant mass. These simulations predict that this process should be
complete for most clumps (excluding those formed at large radii) in less than 500 Myr. During
infall the old stellar component of these clumps will continually be stripped, possibly fueling
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thick disk formation. Therefore, if these simulations are representative of the galaxies presented
here, the smooth appearance of the continuum images is not a strong argument against long-
lived clumps. Such a scenario is consistent with the theoretical work of Dekel et al. (2013).

We show in Section 3.2.3 that the large velocity dispersions we measure in the central regions
of G 20-2 and G 4-1 are not caused by beam smearing. We suggest that this is possible evidence
for a young bulge or pseudobulge formed from inspiralling clumps. From long slit spectroscopy
of the bulges of local late type galaxies, Fabricius et al. (2012) �nd velocity dispersions ranging
from 50-200 km s−1 consistent with central stellar velocity dispersions presented here (σc,∗ = 66.3
and 58.0 km s−1). In particular, they �nd that pseudobulges (as indicated by low Sérsic indices
and nuclear morphology that is similar to disks) have central stellar velocity dispersion of 50-150
km s−1 with an average of ∼100 km s−1. We note that the largest stellar velocity dispersions we
measure for single spaxels in the centers of G 20-2 and G 4-1 are ∼80 km s−1 after correcting for
beam smearing.

In both of our galaxies the bulge-disk decomposition of the stellar surface brightness pro�les
result in bulges with very low Sérsic index (nb ∼ 0.5−0.8); typically low Sérsic indices are indica-
tive of pseudobulges in nearby galaxies (Fisher & Drory, 2008). However the bulges in our galax-
ies have signi�cant di�erences compared to those typical of low redshift samples. Both galaxies,
particularly G20-2, are more compact than typical of pseudobulges (Fisher & Drory, 2010). Also
it is di�cult to interpret the properties of our bulges as the central starburst in each galaxy may
a�ect the mass-to-light ratios. Nonetheless, a plausible scenario may be that pseudobulges (or
at least pseudobulges in S0-Sb galaxies) are constructed through multiple mechanisms including
early build up from clumps and in more recent epochs from secular evolution. This may be sup-
ported both by the near ubiquity of clumpy galaxies at high redshift (Tacconi et al., 2013) and
pseudobulge galaxies at low redshift (Fisher & Drory, 2011). In this case, we may be observing
the early stages of pseudobulge formation in our target galaxies.

Considering both morphological and dynamical information obtained from GMOS-IFS data
we �nd that galaxies G 20-2 and G 4-1 are consistent with an early evolutionary state of massive
late-type galaxies characterised by rapid bulge growth through the infall of gas rich clumps.

3.3.5 Analogues to High Redshift Clumps?

We observe many similarities between our galaxies and clumpy galaxies observed at high red-
shift. Galaxies in the DYNAMO sample were initially selected for their extreme Hα emission (and
thus extreme star formation) while excluding AGN. Resolved kinematic measurements reveal a
number of them to exhibit smooth rotation and large velocity dispersions typical of high redshift
samples. Studies at both epochs have also inferred large sSFRs based on the Kennicut-Schmidt
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relation (Kennicutt, 1998). These �ndings imply large gas fractions that have subsequently been
con�rmed both at high redshift (Tacconi et al., 2010; Daddi et al., 2010; Tacconi et al., 2013) and
in the DYNAMO sample (Fisher et al., 2014b).

Furthermore, the GMOS observations presented here reveal two compact disk-like galax-
ies from DYNAMO host clumps similar to those observed at high redshift. Providing yet more
evidence of their similarity to high-redshift clumpy disks. False colour images we produce high-
lighting the di�erences between emission line regions and the stellar continuum bear a striking
resemblance to false colour images of high redshift clumpy galaxies from Wuyts et al. (2012)
which are of similar stellar mass to galaxies presented here. We note that this comparison may
not be entirely fair, however, as their clumpy images are produced from rest frame ultraviolet
rather than emission lines.

3.4 Summary

In this work we have presented the spatially resolved stellar-kinematics measurements of a sam-
ple of young, star-forming galaxies using IFS observations with the GMOS instrument at the
Gemini Observatories. These galaxies are taken from the larger DYNAMO sample (Green et al.,
2010, 2014) of extremely Hα luminous galaxies selected from SDSS DR4 as possible analogues of
high-redshift clumpy disks.

Previous studies of these objects have shown them to contain a turbulent rotating disk of
ionized gas. It was not known, however, if the source of this turbulence was feedback (e.g. driven
by star-formation) or dynamical instabilities (such as caused by a gas-rich disk). By showing that
the kinematics of the ionised gas and the dominant, young stellar population are closely coupled
we provide strong evidence for the latter scenario. Our �ndings can be summarized as follows:

• For galaxy G 20-2, we con�rm that the previously reported gas turbulence is not an artifact
of beam smearing or spatial resolution. For galaxy G 4-1 we �nd disk velocity dispersions
∼20 km s−1 lower than previously reported values. While beam smearing make a small
contribution the di�erence is driven more by the low sensitivity of previous observations
in the outer disk.

• In both galaxies, the rotation of the stars and ionized gas are closely coupled, and char-
acterised by smooth rotation and large velocity dispersions. Velocity dispersions of both
components are found to be ∼ 10 km s−1 larger than values measured in nearby disk galax-
ies (∼ 20 km s−1).

• We have determined that the stellar populations that dominate the optical continuum light
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are composed of young stars with ages of 60-500 Myr. Their large stellar velocity dispersion
(∼ 50 km s−1) is in marked contrast to that of the young stellar population in the disk of
the Milky Way (∼ 5–10 km s−1 for < 1 Gyr, Wielen, 1977; Seabroke & Gilmore, 2007).

• We resolve clumpy substructure in the ionized gas component of these galaxies that was
not previously apparent. This supports the idea that these galaxies are analogous to young
and clumpy disk galaxies at high redshift.

If the star formation in these galaxies is rapidly truncated and they continue to evolve in the
absence of major mergers, they may eventually resemble S0 galaxies or the bulges of late type
galaxies we see nearby. This is a likely outcome as it is di�cult to signi�cantly alter the velocity
pro�le of the stellar component of a galaxy; the velocity dispersions of stellar populations are
e�ectively inherited from the gas in which they formed, although some minor kinematic heating
will occur (Hänninen & Flynn, 2002). As star formation continues to gradually deplete the gas
content, the gas disk will thin and produce future generations of stars with smaller scale heights.
This scenario could also result in galaxies similar to the Milky Way, assuming that the stellar
component we currently observe will becomes a thick disk of old stars. If the DYNAMO sample
shares the same fate as high-redshift galaxies (as they share many physical properties) then it
is possible that high-redshift clumpy disks truly represent progenitors of disks and S0 galaxies
locally, as predicted by theory.



4
Dust Attenuation and Geometry in DYNAMO

Galaxies

As was discussed in Sections 1.6.1 and 1.6.2, recent observations of star formation at high red-
shift have revealed a dramatic shift in the nature of star-forming galaxies in the early universe.
Measurements of SFRs both locally and at high redshift are subject to assumptions regarding the
amount of attenuation su�ered by emitted light as a result of scattering from dust grains (see
Section 1.3 Draine, 2003). At low redshift, methods for determining the dust content of galaxies
have been studied in detail but are still not entirely understood (Cardelli et al., 1989; Calzetti,
2001; Wild et al., 2011). Regardless, dust corrections applied to samples of star-forming galaxies
at high redshift are often based on the relations calibrated locally (from the relation of Calzetti
et al., 1997; Förster-Schreiber et al., 2009; Law et al., 2009, etc.). For this reason, a better un-
derstanding of attenuation in extremely star-forming galaxies, typical at high redshift, is of the
utmost importance.

This issue could be particularly problematic when considering turbulent, clumpy galaxies at
z ≥ 1.5. As discussed in Section 1.6.2 these galaxies have elevated SFR when compared to typical
star-forming disks locally, forming stars at rates more comparable to ULIRGS at intermediate
redshifts. ULIRGS locally are typically characterised as dust enshrouded starburst galaxies, which
can exhibit attenuations of up to 30 magnitudes in the V-band (Genzel et al., 1998; da Cunha
et al., 2010). Therefore it is not unreasonable to suggest that extremely star-forming disks at
high redshift may harbor star-forming regions with ULIRG like attenuations (although clearly
some, probably large, portion of the light su�ers relatively little attenuation). Observations of
turbulent high redshift galaxies are limited to optical and UV rest frame wavelengths due to
observational constraints meaning such highly attenuated regions would be missed by current
observations.
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This Chapter presents the analysis of dust attenuation in DYNAMO galaxies. Integrated stel-
lar and ionized gas attenuations are compared in the sample of 67 galaxies presented in Green
et al. (2014) in order to test whether prescriptions for estimating attenuation in normal star-
forming galaxies apply to more extremely star-forming galaxies. Stellar attenuations are esti-
mated using both SED colours and from the UV spectral slope, β, while ionized gas attenuations
are taken from the MPA-JHU VAC (Kau�mann et al., 2003b) who base their measurements on
the Balmer decrement. In addition a spatially resolved analysis of attenuation in four extremely
star-forming galaxies from the DYNAMO sample which represent possible low redshift (0.07 <
z < 0.15) analogs to main sequence galaxies at z > 1.5 is performed. The data for this analysis
combines HST Hα photometry and AO assisted optical and near-IR IFS observations used to
measure the attenuation a�ecting nebular emission lines. Together these data sets will be sen-
sitive to highly attenuated star formation due to the use of near-IR wavelengths allowing us to
search for star-forming regions that would be missed in high redshift observations. We can also
estimate the level of spatial variation in attenuation in DYNAMO galaxies, which can have im-
portant implications for high redshift studies. An analysis of the far-IR emission in DYNAMO
galaxies, as observed by Herschel, and a comparison with LIRGs/ULIRGs is also in preparation
by the DYNAMO team (White et al. in prep, and see Section 1.7.4).

4.1 Introduction

Dust attenuation has been extensively characterised in the local universe. Section 1.3 presents
a general overview of studies of dust in star-forming galaxies from the past ∼50 years. The
wavelength dependence of attenuation is roughly exponential in nature from IR to optical wave-
lengths with more complex behavior at shorter wavelengths (see Section 1.8). Evidence for an
absorption feature in the UV, the 2150 Å bump, is clear for observations in the MW and Mag-
ellanic clouds while the strength of this feature in distant galaxies is not well known. Within
the MW variations in attenuation from 0 to 30 mags (Cambrésy et al., 2011) have been observed
while signi�cantly lower variation is found for integrated measurements of external galaxies.
Typical attenuations in face on star-forming disks is found to be ∼ 0.5 − 2.0 magnitudes in the
B-band (Keel & White, 2001; Matthews & Wood, 2001) and the overall dust content of galaxies
is found increase with both stellar mass and SFR (Garn et al., 2010; Garn & Best, 2010). Di�er-
ences between attenuations measured at very high resolution in the MW and Magellanic Clouds
and integrated measurements of external galaxies highlight the limitations inherent in analyses
based on integrated properties of galaxies (see Boquien et al., 2015).

Mentioned in Section 1.3, the di�erences between attenuation curves observed for integrated
observations of galaxies and extinction curves measured in the MW and LMC/SMC is an expected
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consequence of variations in dust geometry. For extinction studies performed in the MW the as-
sumption of a single, non-scattering screen between the source and the observer is appropriate
due to the point-like nature of the stars being observed. Interstellar dust within galaxies is ob-
served to be quite complex with both thick dust lanes and unobscured regions apparent from
optical imaging being quite common. Attenuation curves constructed from integrated observa-
tions of external galaxies average over all of these regions which results in the overall “greying”
of these curves relative to the MW. In addition to this, for geometries in which stars, gas, and
dust are mixed the light at short wavelengths will be preferentially emitted from regions near the
outer edge of the galaxy while redder light emerges from higher column density regions. Mod-
els of mixed geometries �nd that this can introduce a large scatter in the relationship between
dust content indicators at di�erent wavelengths whereas more simple geometries provide a clear
correlation (Calzetti et al., 2000; Charlot & Fall, 2000; Reddy et al., 2010; Wild et al., 2011).

Observations at far infrared (far-IR) and sub mm wavelengths at low redshift provide the best
constraints on the total dust content of galaxies as these wavelengths probe directly the thermal
emission from warm dust (e.g. da Cunha et al., 2008). Performing such far-IR observations at
high redshift is inherently di�cult due to surface brightness dimming with redshift requiring
extremely long exposure times for reliable detection (Takeuchi et al., 2005; Reddy et al., 2006;
Kennicutt et al., 2009). This also results in a large uncertainty regarding the conversion between
observables and AV , and in turn the observed SFR(Hα).

AV,stars is often measured from SED colours or from the slope of the UV continuum (e.g.
Meurer et al., 1999) which are subject to the degeneracy between stellar population age and
AV,stars, both of which cause reddening. Regardless AV,stars values measured in this way must
also be converted to AV,gas before attenuation corrected SFRs based on Hα can be obtained. It
is unclear if the low redshift relation E(B − V)stars = 0.44 × E(B − V)gas of Fanelli et al. (1988);
Calzetti et al. (1997) applies at high redshift and studies assuming this relation (Förster-Schreiber
et al., 2009; Wuyts et al., 2011) as well as those assuming E(B − V)stars = E(B − V)gas (Erb et al.,
2006; Law et al., 2009; Oteo et al., 2015) which may be more appropriate for these samples.

Careful consideration of the e�ects of dust is therefore essential in studies of star-forming
galaxies at high redshift. As mentioned, attenuation corrections applied to high redshift samples
are based on observations of the rest frame UV and optical resulting in a bias towards less dusty
galaxies as well as a bias towards less attenuated regions within individual galaxies. This is
particularly important when considering clumpy star-forming galaxies typical at z ≥ 1.5 as low
spatial resolution typically forces studies to assume a single value of attenuation for all clumps.
If clumps within individual galaxies are subject to a wide range of AV ’s this may have important
implications for clump scaling relations observed at high redshift such as the slope of the size
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luminosity relation for clumps (Genzel et al., 2011; Wisnioski et al., 2012; Livermore et al., 2015)

Perhaps the most straightforward method to determine AV,gas, necessary for correcting lu-
minosities of Hα clumps, is through observations of the relative �ux of Hydrogen emission lines
(such as the Balmer decrement assuming case B recombination, see Section 1.3). These emission
lines are directly related to star formation and thus AV,gas measured from them can is more likely
to be characteristic of star-forming regions than AV,stars which includes a contribution from older
stars which have migrated away from their birth clouds. Observing the Balmer decrement how-
ever is di�cult even for integrated observations of spectra at high redshift due to the relative
faintness of Hβ, particularly in highly attenuated galaxies (Price et al., 2014; Reddy et al., 2015).
This di�culty is compounded when considering spatially resolved IFS observations needed to
obtain 2D maps of attenuation based on the Balmer decrement. This is not possible at sub-kpc
resolution beyond z ∼ 1 using currently available facilities as Hβ will not even reach the J-band
until z = 2, still beyond the reach of AO.

In this Chapter, we explore both the integrated and spatially resolved attenuation properties
of DYNAMO galaxies. We begin by comparing AV,gas (determined from SDSS Balmer decrements,
Kau�mann et al., 2003b) and AV,stars (determined from by β and SED colours) for a sample of 67
DYNAMO galaxies from Green et al. (2014) with reliable GALEX photometry with the goal of
testing the relation between E(B − V)stars and E(B − V)gas of Calzetti et al. (1997). We then
combine HST Hα photometry and AO assisted IR IFS of Paschen α (Paα) taken at Keck to study
the spatially resolved AV,gas in four clumpy, high SFR DYNAMO galaxies on ∼ 1 kpc scales.
This provides a necessary test of clump-to-clump variation in attenuation for turbulent, clumpy
galaxies, which is not possibly at high redshift. Furthermore, because Paα is emitted in the rest
frame IR, we will be sensitive to highly attenuated star-formation that may be unaccounted for in
high redshift surveys. Stated succinctly, this project has two distinct advantages over studies of
clumpy galaxies at high redshift: sensitivity to highly obscured line emission and ∼1 kpc spatial
resolution. This is not my �nal analysis, more work will be completed after the submission of
this Thesis and the result will be submitted by the end of 2015.

This Chapter is laid out as follows: in Section 4.2.1 we describe the subsample of DYNAMO
galaxies used to study integrated AV properties while Sections 4.2.2 and we describe the four
DYNAMO galaxies for which we perform a resolved AV analysis as well as the observations,
reductions, and calibrations of the IFS and photometric data used, in Sections 4.3 and 4.4 we
discuss the methods used to measure the integrated AV properties of the former sample and the
results of these measurements, in Section 4.5 we describe the analysis of IFS data used and in 4.6
we present the resolved AV maps, Section 4.7 contains a discussion of the results, and Section 4.8
presents the summary and conclusions.



4.2. DATA 129

4.2 Data

The study of attenuation in DYNAMO galaxies presented in this paper is separated into two
parts. First we compare integrated attenuation measurements for ionized gas and stars for the
full sample of galaxies presented in Green et al. (2014). This is done by comparing AV from the
MPA-JHU VAC (Brinchmann et al., 2004) estimated from the measured Balmer decrement with
stellar AV from both SED colours and using the UV slope β following Meurer et al. (1999). In the
second part we analyse the resolved properties of 4 of these galaxies that have been observed
in the optical with HST and in the IR with adaptive optics at Keck providing a long baseline in
wavelength for constraining the dust content. In this section we present the data used to perform
these two studies.

4.2.1 Integrated Attenuations Sample

We begin by investigating the relationship between the relative attenuation su�ered by the ion-
ized gas and stellar continuum in the full sample of DYNAMO galaxies presented in Green et al.
(2014). Galaxies in the low redshift (0.055 < z < 0.084) DYNAMO bin cover a wide range of stel-
lar masses and SFRs including main sequence galaxies as well as more extremely star-forming
outliers. At higher redshifts (0.129 < z < 0.254) DYNAMO observations are focused on extremely
star-forming galaxies due to the higher sensitivity limit imposed. By comparing the integrated
attenuation properties of this larger sample of DYNAMO galaxies we attempt to place the inte-
grated properties measured for our HST+OSIRIS sample in a larger context.

For this analysis, ionized gas attenuations, AV,gas are taken from the MPA-JHU value added
catalog and were estimated based on the observed Balmer decrement in the SDSS �bre, corrected
for stellar absorption. Attenuation of the stellar continuum, AV,stars, is also obtained from the
MPA-JHU value added catalog, and their method is brie�y described in Section 4.3.3. We also
estimate AV,stars using the relationship between the UV slope β ( fλ ∝ λβ) and AV,stars following
Meurer et al. (1999) and using GALEX catalog magnitudes to de�ne β. This is described in Section
4.3.2. For each galaxy we compile the magnitdues and uncertainties from the GALEX database.
We then correct each magnitude for attenuation caused by dust in the Milky Way by applying
the dust curve of Cardelli et al. (1989) which has been parameterized according to the galactic
dust map of (Schla�y & Finkbeiner, 2011).

AV,stars measured by the MPA-JHU group is largely constrained by the observed continuum
shape while AV,stars from β rely upon reliable UV magnitudes. For this reason we exclude from
comparative analysis between the two methods galaxies with no, or unreliable, GALEX mag-
nitudes. After applying this exclusion criterion we are left with 67 galaxies, including the four
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galaxies included in our HST+OSIRIS sample.

High Redshift Comparison: MOSDEF

One of the ultimate goals of DYNAMO is to better understand the detailed properties of star-
forming galaxies at high redshift. In this vein we compare the integrated attenuations of DY-
NAMO galaxies to samples at high redshift. This requires a large sample of high redshift galaxies
which have reliable and independent measurements of E(B − V)gas and E(B − V)stars.

The MOSFIRE Deep Evolution Field (MOSDEF, Kriek et al., 2015) survey is an ongoing IR
spectroscopic survey of galaxies at z > 1.5 which is being performed using the MOSFIRE spec-
trograph on the Keck I telescope. The goal of this survey is to explore the evolution in the
rest-frame optical spectra of ∼1500 galaxies in the redshift range 1.4 < z < 3.4. More speci�cally
we compare DYNAMO galaxies with the sample presented in Reddy et al. (2015) who focus on
dust attenuation for 224 MOSDEF galaxies with secure detections of both Hα and Hβ at 1.4 <
z < 2.6. Galaxies in this sample are selected to have a roughly constant mass limit of ∼109 M�
independent of redshift. Stellar masses and E(B − V)stars were computed through SED �tting of
3D-HST photometry (Skelton et al., 2014) which covers the rest-frame UV to near-IR of MOSDEF
galaxies. Emission line �uxes are then measured from MOSFIRE spectra with the best �tting
SED model subtracted similarly to the MPA-JHU measurements, thus accounting for the e�ect
of Balmer absorption on the observed Hα and Hβ �uxes. E(B − V)gas is then computed via the
Balmer decrement as described in Section 4.6.1. Finally, values of E(B−V)gas are used to correct
Hα �uxes for attenuation and the corrected Hα �uxes are converted to SFR using the calibration
of Kennicutt (1998) and assuming a Chabrier (2003) IMF. We choose to compare MOSDEF galax-
ies for which the Hβ emission line is securely detected, leaving a sample of 121 star-forming
z > 1.5 galaxies considered in this work. MOSDEF represents the current largest sample of
z > 1.5 galaxies with secure Hα and Hβ detections making it the ideal sample for comparing
DYNAMO galaxies to typical star-forming galaxies at high redshift.

4.2.2 Spatially Resolved Sample

A subset of DYNAMO galaxies have been targeted with both HST Hα photometric observations
(Section 4.2.2) as well as AO assisted IFS using the OH Suppressing Infrared Integral �eld Spec-
trograph (OSIRIS, Larkin et al., 2006) at Keck targeting Paα (Section 4.2.2). By combining these
two complimentary datasets we are able to create maps of the attenuation in DYNAMO galax-
ies with resolution comparable to the Jean’s length in these extreme objects (∼ 0.7 − 1.0 kpc,
resolved by HST observations, Fisher et al. 2015, in prep, and see Dekel et al., 2009b; Bournaud
et al., 2014). This allows us to study the attenuation su�ered by individual clumps in turbulent
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Table 4.1: Resolved Attenuation Sample: Previous DYNAMO Observations

ID z M∗ SFRHα σgas PSF Scale
(109 M�) (M�yr−1) (km s−1) (kpc)

D 13-5 0.075 53.84 15.14 46 0.85
G 04-1 0.129 64.74 41.61 50 1.37
G 20-2 0.141 21.56 17.27 45 1.47
H 10-2 0.149 9.5 23.35 59 1.54

galaxies with IR observations providing a high sensitivity to strongly attenuated star formation.
Clump by clump attenuation comparison such as this is currently impossible at high redshift.

Comparing galaxies targeted with HST to those observed with OSIRIS we �nd an overlap of
four galaxies. These four objects (DYNAMO ID numbers D 13-5, G 04-1, G 20-2, and H 10-2) make
up our sample for measuring extinction in clumpy, star-forming galaxies (sample properties are
summarized in Table 4.1. DYNAMO objects in our HST+OSIRIS sample were previously classi�ed
as rotating disks (Green et al., 2014), exhibit large velocity Hα velocity dispersion (45-60 km s−1),
and form stars rapidly (SFR∼15-40 M� yr−1).

Three of the galaxies in our sample are characterised by undisturbed continuum morpholo-
gies and smooth, disk-like rotation. Two of these, G 04-1 and G 20-2, are in the high-z and high
Hα �ux bins of the original DYNAMO sample and as such their angular sizes and �uxes are well
suited to observation with OSIRIS. We also note that galaxies G 04-1 and G 20-2 were the subjects
of our stellar kinematics analysis presented in Chapter 3. The third disk-like galaxy, D 13-5, is
at a lower redshift and we therefore primarily cover only the central most regions of this galaxy,
missing �ux at large radii.

The fourth galaxy in our sample, DYNAMO H 10-2, was originally identi�ed as an extremely
Hα luminous galaxy with disk-like rotation from our initial observations. Deep optical IFS using
GMOS (see Figure 2.10) at Gemini revealed a second component rotation at 90 degrees relative to
the previously identi�ed kinematic axis. Further observations, such as large [OIII] to Hβ ratios
(indicative of shocks, see Figure 4.18) and two signi�cant peaks in continuum emission have
led us to reclassify this galaxy as an ongoing merger. Regardless, we include this object in our
analysis, as it is valuable as a comparison to our disk sample.

Millimeter observations of CO in two of the galaxies in this subsample, namely G 04-1 and
H 10-2, have been performed with PdBI (see Section 1.7.4). G 04-1 was clearly detected and
found to have the highest gas fraction among galaxies studies in Fisher et al. (2014b), estimated
at fgas = 0.31 ± 0.03. Galaxy H 10-2 on the other hand was not detected in our observations,
either due to a low gas content, consistent with the merger hypothesis for this galaxy, or the fact
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that this galaxy falls very near the high redshift end of the DYNAMO survey (z = 0.149). At
this redshift we can place an upper limit on the gas fraction of H 10-2 of fgas ≤ 0.22, which is
still relatively high compared to local main sequence galaxies (Saintonge et al., 2011). There is
a well-known correlation between total masses of dust and molecular gas (Sanders et al., 1991;
Cortese et al., 2012b), suggesting we should expect higher AV in G 04-1 compared to H 10-2 on
average.

Hα Photometric Observations

Our Hα photometry was collected using the Hubble Space Telescope (HST ) Advanced Camera for
Surveys (ACS) Wide-Field Camera chip 1 (WFC1) FR647M (Proposal ID 12977, PI: Damjanov).
Observations were performed using the FR716N and FR782N ramp �lters, which are equivalent
to tunable narrow-width pass band �lters, targeting Hα emission with a 2% bandwidth. Con-
tinuum subtraction is achieved using observations in the associated continuum �lter, FR647M.
Integration times for our Hα and continuum observations are 45 min and 15 min respectively.
The typical HST pipeline is used to reduce images for analysis.

HST targets were selected to be very bright in Hα (LHα > 1041.5 ergs s−1), with large gas
velocity dispersions (30 < σHα < 80 km s−1 Green et al., 2014) and SFRs (∼ 10 − 40 M� yr−1).
The full HST sample of 10 detected galaxies, which includes one low SFR (∼3 M� yr−1) galaxy
for comparison, will be presented in an upcoming paper (Fisher et al. in prep). To be included
in the study presented here galaxies must overlap with our Keck OSIRIS sample, leaving us with
the four galaxies described in Section 4.2.2 and Table 4.1.

Infrared IFS Observations and Reduction

As previously mentioned, Paα data comes from IFS observations using OSIRIS. Observations
prior to 2012 were made with either the Keck II laser guide star adaptive optics (LGSAO) system
or the natural guide star adaptive optics (NGSAO) system, and in 2012 with the Keck I AO sys-
tems (Wizinowich et al., 2006; van Dam et al., 2006). OSIRIS is a lenslet array spectrograph with a
2048x2048 HAWAII-2 detector and spectral resolution R ∼ 3000 in the 0.′′100 spatial scale. Obser-
vations were performed in February, June, August, and September 2011, and July and September
2012. Seeing ranged from 0.′′35 to 0.′′80 with an average of ∼0.′′6. As mentioned previously, we
study here only galaxies for which we have both Hα and Paα data.

The standard observing procedure was as follows. We �rst acquired the tip-tilt star and
applied the optimal position angle of OSIRIS to position the star within the unvignetted �eld-
of-view of the LGSAO system. Short, 60s, integrations were taken on the star for calculations
of the PSF and to centre the star in the �eld for the target o�sets. Multiple positions for science
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observations were dithered by 0.′′05 around the base positions in each exposure to remove bad
pixels and cosmic ray contamination. Sky frames were taken completely o�set from the object
as the galaxies �ll the whole �eld of view of OSIRIS. All galaxies were observed in the 100mas
scale.

Emily Wisnioski completed the data reduction using the OSIRIS data reduction pipeline re-
version 2.3, and custom IDL routines developed for faint emission-line espectra. The pipeline re-
moves crosstalk, detector glitches, and cosmic hrays before it mosaics individual exposures and
assembles a reduced data cube with two spatial dimensions and one spectral dimension. First
order sky subtraction was achieved by the spatial nodding on the sky. Further sky subtraction
was applied using custom IDL routines that employ the methods of Davies (2007).

Spectrophotometric Flux Calibration

Flux calibration of our OSIRIS data is achieved by comparing telluric standard star observations
taken throughout our program to a model spectrum of Vega. On average two to three A0 telluric
standard stars were observed each night allowing us to reliably estimate the systematic uncer-
tainty. A0 stars are particularly useful for OSIRIS calibration as they are relatively smooth in the
IR.

The �rst step of our �ux calibration process is to create a synthetic observation of our A0
standard star by scaling our model Vega spectrum. This is possible due to the fact that A0 type
stars have similar spectral shapes in the near-IR regardless of their subtype allowing a model of
Vega’s spectrum to well represent that of our standard stars after correcting for the di�erence in
magnitude. The scaling factor, which we refer to here as α, is computed as:

α = 10−0.4mstand. (4.1)

Where mstand is the magnitude of the standard star. Our synthetic standard star observation
is simply our model Vega spectrum multiplied by α. We check the validity of this procedure
integrating the �ux modi�ed by the 2MASS Ks band response curve and computing the magni-
tude using the standard 2MASS zero points providing an independent check on our procedure.
Magnitudes computed from our models in this way agree with the input value within a tenth of
a magnitude, and we attribute this small di�erence to the low resolution of absorption features
in our model spectrum.

The next step of our �ux calibration is to convert the 3D datacubes of our standard star ob-
servations into single 1D spectra. We select the brightest spaxel in a given standard observation
as the central point. We then sum the spectra in circular apertures around the central spaxel
at increasing radii. At each radius we measure the signal to noise of the summed spectra. We
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choose the radius at which the signal to noise of our summed spectrum reaches a peak, as the
smallest aperture containing the total observed �ux of the standard star, as beyond this radius
spaxels are dominated by sky emission. For our standard star observations this typically falls in
the range rap =∼ 1.′′5 − 2.′′0.

We can now directly compare our synthetic observation produced from our model Vega spec-
trum with the aperture spectrum from our standard observation. We produce a “raw” spectral
response curve by dividing our synthetic spectrum by our observed spectrum. We �nd the re-
sponse is well described by a straight line that decreases as a function of wavelength, with a
scatter around this line induced by the noise in our observations. In order to prevent us from
forcing our observations to match our lower resolution model, we �t our raw response with a
straight line and use this �t to calculate our �ux calibration factor at each wavelength.

As a check on our �ux calibration we compare with Ks band magnitudes from the 2 Micron All
Sky Survey (2MASS). For observations of our standard stars we �nd that our �ux-calibrated data
agrees with magnitudes from 2MASS at the 5-10% level. For DYNAMO we �nd that the �uxes are
systematically underestimated from our OSIRIS observations at the 20-30% level, similar to other
studies using OSIRIS (Law et al., 2009; Wright et al., 2009; Wisnioski et al., 2012). This is consistent
with the fact that the OSIRIS �eld of view is comparable to the angular size of the optical disks of
DYNAMO galaxies, and a portion of the stellar light falls o� of the detector in our observations.
Consistent with this, we �nd the best agreement between our OSIRIS magnitude and Ks from
2MASS for galaxy G 20-2 which is both compact and well centered in our observations. We note
that this e�ect is only apparent when comparing the total light in our OSIRIS �eld of view to
integrated measurements from other data sets (e.g. 2MASS) while comparisons between datasets
for sub-regions within our data will be more reliable.

We perform the process described above for each galaxy in our sample using the standard
star observations taken closest in time to our galaxy observation. At the end of this process we
simply take the conversion factor from our modeled response curve at the observed wavelength
of Paα and save it for use at the end of our analysis. While this is often not ideal due to the
large variability of the AO PSF over a night, a problem that is compounded for galaxies that are
observed on multiple nights, it is the most reliable method using the available data. For these
reasons, the �ux calibration of our OSIRIS datacubes presents the largest source of uncertainty
in this study. While this leads to a large systematic in the absolute measured �ux, we can still
reliably study the relative trends between di�erent regions within individual galaxies. The major
goal of this analysis is to check for variation between individual clumps in DYNAMO galaxies
and therefore we are not limited by the systematic uncertainty of OSIRIS �uxes.
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Ancillary IFS Data

[OIII]/Hβ: We also explore variations in the ionization state of the gas in our galaxy sample using
optical GMOS-IFS observations of Hβ and [OIII] (5007 Å) described in Chapter 2. Each galaxy
was observed for roughly 6 hours, as the goal of this program was to measure stellar kinematics
from absorption lines. As a bonus of such long exposure times, the emission line pro�les from
these observations are extremely well characterised. By comparing the strength of the Balmer
emission to that of the forbidden transition of oxygen we can recover some information on the
ionization state of the gas. This ratio will be sensitive to shocks from stellar winds as well as
low luminosity active galactic nuclei (AGN) if present. Such a measurement will allow us to
estimate the relative contributions of star-formation and AGN activity to the ionizing radiation
responsible for the strong emission line �uxes we observe.

Flux calibration of our GMOS data is achieved using methods described in Section 2.4.2. We
note here that due to the small format of most current IFS instrumentation we �nd that the SDSS
�bre footprint is typically larger than our observation which is a potential source of error. We
expect this error to be quite low however because galaxies in our sample exhibit an exponential
pro�le in the optical continuum and we cover all of our GMOS targets beyond 2re. We also note
that the spectral response of the GMOS detector is quite �at, particularly at the red end where
both lines fall in our observations as shown in Figure 2.9. We estimate the di�erence in [OIII]/Hβ
before and after �ux calibration is < 5%.

[NII]/Hα: In addition to optical IFS from GMOS, we also have data from the original DYNAMO
observations performed using the AAOmega-SPIRAL and Wide Field Spectrograph (WiFeS) IFS,
which targeted Hα emission. The details of these observations the data reduction can be found in
(Green et al., 2014). SPIRAL and WiFeS observations were taken with a smaller aperture relative
to GMOS, with poorer seeing (1.′′0-1.′′5), and with much shorter exposure times. As such, there
is little resolved substructure in these observations, however they are suitable for observing any
strong radial trends in emission line properties as well as measuring global properties.

From the SPIRAL and WiFeS datacubes we will characterise the relative �uxes of [NII] and
Hα in each of our galaxies. It is known, due to the proximity of these two emission lines, that
both will fall within the wavelength range of our HST ramp �lter. The measured ratio of the
Hα �ux and the total �ux contained in our HST band, F(Hα)/F(HS T ), and any observed spatial
variation will be applied directly to the HST photometry to correct for this on a galaxy-by-galaxy
basis. A description of our correction method for [NII] emission in our HST �lter is described in
Section 4.5.3.
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4.3 Integrated Attenuations

In this section we describe the methods used to measure the integrated AV for the sample of
DYNAMO galaxies presented by Green et al. (2014). Our values of gas attenuation are calculated
from the observed Balmer decrement, F(Hα)/F(Hβ), taken from the MPA-JHU VAC (Brinchmann
et al., 2004), which is corrected for stellar absorption associated with young-to-intermediate age
stars. To compare with these measurements, we calculate the stellar attenuation from both the
UV slope (de�ned by the pass bands of the GALEX telescope) and from full SED colours. These
two methods are commonly used to estimate stellar attenuations at high redshift (Erb et al., 2006;
Law et al., 2009; Förster-Schreiber et al., 2009; Price et al., 2014; Reddy et al., 2015).

Many studies quote the measured value of E(B−V) (see Section 1.3) therefore here we convert
various Aλ values to E(B − V) assuming a Calzetti et al. (2000) attenuation curve and RV = 4.0.
Many high redshift studies then scale these values based on the E(B − V)stars = 0.44E(B −

V)gas relation observed in local star-burst galaxies (Calzetti et al., 1997), providing a nebular line
attenuation which is used to correct emission line ratios (note di�erent k(λ) are assumed for gas
and stars). Here we test these properties among a sample of 67 DYNAMO galaxies with SFR
ranging from typical z = 0.1 main-sequence galaxies to those with SFRs comparable to the main
sequence at z ∼ 1 − 2.

4.3.1 E(B − V)gas: Emission Line Ratios

For our measurements of gas attenuation we adopt the attenuation curve of Cardelli et al. (1989),
which is derived from the attenuation in the di�use interstellar medium of the Milky Way. This
curve is parameterized by E(B-V), the optical continuum slope of a galaxy, and R(V), which is
de�ned as:

R(V) =
AV

E(B − V)
(4.2)

with the average value of R(V) in the MW is found to be ∼3.1, de�ning the attenuation law
k(λ) = Aλ/E(B − V).

This attenuation law can be used to derive an absolute extinction at a given λ once the value
of E(B − V) is known. We assume for simplicity that the dust in our sample is situated in a
uniform, non-scattering layer between the emission source and the observer. In a system with
this geometry the observed intensity, Iobs

λ , is related to the emitted intensity, Iem
λ , by the optical

depth, 1.086τλ = k(λ)E(B − V), through

Iobs
λ = Iem

λ e−τ(λ) (4.3)
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It then becomes useful to de�ne the di�erence in optical depth between various Hydrogen tran-
sition lines as

τl
12 = τ1 − τ2 = ln

Robs
12

Rint
12

 = ln(R′12) (4.4)

where τn is the optical depth at λn, Robs
12 is the observed line �ux ratio, and Rint

12 is the intrinsic line
ratio. Intrinsic line ratios are taken from Osterbrock (1989) who provide the theoretical line �ux
ratios for various emission lines assuming case B recombination at T = ∼10,000 K in the absence
of dust.

The di�erence in optical depth calculated in this way can then be related to E(B − V) using

E(B − V) =
1.086

k(λ1) − k(λ2)
ln(R′12) (4.5)

where k(λ) is the assumed attenuation law. In this paper we will measure the nebular attenuation
through observations of two di�erent line �ux ratios, Hα/Hβ and Paα/Hα with intrinsic values
of 2.87 and 0.123 respectively.

4.3.2 E(B − V)stars from GALEX Slope β

We measure the slope of the UV continuum from available GALEX photometry as a means of
estimating the average attenuation a�ecting the stellar continuum light in our sample. This is
done by retrieving the highest quality far-UV (FUV) and near-UV (NUV) images from the GALEX
catalog and performing aperture photometry as described in Section 4.2.1. We �nd our values are
in good agreement with magnitudes from the GALEX database. The UV slope, β, is calculated
as:

β =
ln( fNUV ) − ln( fFUV )
ln(λNUV ) − ln(λFUV )

(4.6)

For GALEX �lters at low redshift we follow Kong et al. (2004) and Cortese et al. (2006) and
calculate βGLX as

β = 2.201 × (FUV − NUV) − 1.804 (4.7)

where FUV and NUV are the FUV and NUV magnitudes measured from GALEX.
The studies of Kong et al. (2004) and Cortese et al. (2006) were performed at lower redshift

than the DYNAMO survey. For this reason we test the dependence on the measured value of β
from GALEX on z using model population synthesis spectra with a constant SFR (to account for
the young ages of these galaxies as indicated by strong emission lines) created using PEGASE.2
(Le Borgne et al., 2004, 2011). We produce synthetic values of β by applying the GALEX FUV
and NUV �lters to template spectra aged between 1 Myr and 14 Gyr and repeat this process at
redshifts between z = 0.05 and 0.15, the boundaries of the DYNAMO survey. The results of this
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Figure 4.1: Testing the dependence of β measured from GALEX on galaxy redshift. Top: model
age of our PEGASE.2, constant SFR spectra versus the fractional di�erence in β (compared to β
at z = 0, β0) measured at redshifts corresponding to the lower and upper bound of the DYNAMO
survey. We �nd the largest di�erence (> 10%) for very young models at z = 0.15, with a leveling
o� at a di�erence < 5%. This is typical of all redshifts in the range z = 0.05− 0.15. Bottom: red-
shift versus the average fractional di�erence in < βz > compared to β0 where < βz > represents
the average value of β at redshift z for PÉGASE templates older than 100 Myr. We �nd a peak of
∼ 10% at z = 0.125, with a majority of values < 5%. Note that the upturn at z∼0.1 is due to stellar
absorption moving into the GALEX FUV �lter at this redshift.
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process are shown in Figure 4.1. In the top panel we show the fractional di�erence between β at a
given redshift, βz, and β at z = 0, β0 as a function of template age measured for spectra redshifted
to the boundaries of DYNAMO. We �nd the largest di�erence for young template ages at higher
redshift of around 10% with a leveling o� for spectra older than 100 Myr. This is typical behavior
for when performing this test at all redshifts in the DYNAMO survey.

DYNAMO galaxies are massive and likely have luminosity weighted ages > 100 Myr (even for
highly star forming galaxies with 2×10−4 < sSFR < 2×10−3 Myr−1 typical of the DYNAMO sample,
e.g. Section 3.2.2). As this marks the point at which (βz(t)−β0)/β0 �attens, at a given redshift we
consider the mean value for templates older than 100 Myr, < βz >, as a reasonable estimate of the
average di�erence for galaxies observed at redshift z. The bottom panel of Figure 4.1 shows the
average fractional di�erence between < βz > and β0 as a function of redshift. At most redshifts
the average di�erence is < 5%, however there is a peak of ∼10% at z = 0.125. We also note that
there is a shift at z = 0.1 with βz underestimating β0 at low redshifts and overestimating β0 at
high redshifts. We plan to account for the redshift dependence of βmeasured from GALEX more
carefully in the future, however at the time of the writing of this thesis we simply note that this
e�ect is small, likely on the 5-10% level.

Estimating the stellar attenuation from β also requires an assumption regarding the intrinsic
UV spectrum of a given galaxy as this quantity depends strongly both on attenuation and stellar
population age. Meurer et al. (1999) investigated the relationship between β and attenuation, as
inferred from the excess of IR radiation when compared to the UV, for starburst galaxies �nding
a clear correlation given by

A1600Å = 4.43 + 1.99 × β (4.8)

It is found that less actively star-forming systems may deviate from this relationship however.
We note that Kong et al. (2004) calculate the attenuation in the GALEX FUV band as

AFUV = 3.87 + 1.87 × (β + 0.4log10b) (4.9)

Where b is the birthrate parameter (e.g. Shipman & Green, 1980), which Kong et al. (2004) de�ne
as

b =
S FR × (age)

M∗
(1 − R f ) (4.10)

where age is in years and (1 − R f ) represents the mass fraction accounted for in stars. For star-
forming galaxies the value of (1−R f ) is often taken from Kennicutt et al. (1994) who �nd b ' 0.6

for low redshift star-forming galaxies. We do not have an age estimate for our galaxies, therefore
we choose to calculate E(B − V)β using Equation 4.8.

In order to directly compare our di�erent attenuation measures directly we convert AFUV
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Figure 4.2: A comparison between stellar masses taken from the MPA-JHU VAC (Kau�mann et al.,
2003c) and masses we compute through SED �tting to FUV to near-IR photometry. DYNAMO
galaxies in the redshift bin 0.055 < z < 0.084 are plotted as a +’s while those in the 0.129 < z <
0.254 bin are shown by open diamonds. Colours indicate the sSFR as determined through SED
�tting. The 1-1 relation is plotted as a red dashed line. We �nd good agreement between the
two measurements within the errors however SED computed masses are systematically larger
masses at low stellar mass (a well known e�ect, Banerji et al., 2013). We attribute this to the fact
that our models allow for a larger contribution from star burst activity. The scatter about the
1-to-1 line is measured to be 0.02 dex.

calculated in Equation 4.9 to AV assuming a Calzetti et al. (2000) attenuation curve. This is likely
appropriate for the young stellar populations in DYNAMO galaxies, some fraction of which will
have migrated away from their birth clouds or disrupted them through stellar feedback. This
means attenuated and unattenuated UV light will be signi�cantly mixed resulting in a grey atten-
uation curve. The resulting AV,stars is converted to E(B−V) assuming RV = 4.0 and is compared
with other measures in Figures 4.4-4.8.

4.3.3 E(B − V)stars from SED Fitting

In addition to calculating the stellar attenuation using β, we also perform a full SED �tting from
the FUV to the near-IR using catalog magnitudes from GALEX (FUV/NUV), SDSS (ugriz), and
2MASS (JHK) giving up to ten bands of photometry, depending on the availability of each object



4.4. INTEGRATED E(B − V): RESULTS 141

in the various databases. SED �tting is performed using a minimum χ2 search of all models using
the method of Glazebrook et al. (2004). This provides stellar masses, SFRs, ages, metallicities, as
well as a second estimate of the stellar attenuation. We note that this does not provide an entirely
independent estimate of AV,stars when compared to the β method as the result from SED �tting
is largely constrained by the same GALEX magnitudes used to measure β. See Section 4.4 and
Figure 4.4 for a comparison between di�erent measurements of AV,stars. As with AFUV calculated
from β we convert AV calculated through SED �tting to E(B − V) assuming RV = 4.0.

In Figure 4.2 we compare the stellar masses we compute with masses from the MPA-JHU
VAC (Kau�mann et al., 2003c) who assign a mass to light ratio based on the strength of the 4000
Å break and the Hδ index. We �nd our SED masses tend to agree with the results of Kau�mann
et al. (2003c) (the scatter around the 1-to-1 relation is 0.02 dex) however we �nd systematically
larger masses for low mass galaxies. This is likely an e�ect of a larger freedom in our modeling
for a larger contribution by star bursts which, when not included, can mask a portion of the true
stellar content (Banerji et al., 2013). For this reason we adopt stellar masses computed by our SED
�ts (found in Figures 4.2 and 4.6) as well as adopting SED based speci�c SFRs (sSFR≡SFR/M∗, used
in colour scales of Figures 4.2-4.8).

Note: we located a critical error in our SED �tting procedure after the initial submission of this

Thesis. We have subsequently remeasured E(B − V)stars in a di�erent way and we describe this

method and present our corrected results at the end of this Thesis.

4.4 Integrated E(B − V): Results

In the local universe, overall dust content in galaxies is most fundamentally correlated with stellar
mass (Garn & Best, 2010). This is due to the fact that dust is continually created as a by-product
of star-formation. Simply put, more massive galaxies have produced more stars and therefore
more dust. We recover this correlation in the left panel of Figure 4.3, which shows M∗ versus
E(B − V)gas for DYNAMO galaxies.

Considering the right panel of Figure 4.3 however we �nd no such correlation between total
dust content and SFR (as de�ned from SPIRAL observations of Hα). This is in contrast with the
results of the HiZELS survey (Garn et al., 2010) that �nds a slight increase in AHα with increasing
Hα luminosity. They attribute this to the fact that higher SFR galaxies also form dust at higher
rates and this dust is directly tied to sites of on going star formation (a correlation is also seen
between SFR and dust mass, da Cunha et al., 2010). The lack of a correlation found for DYNAMO
galaxies may be a selection e�ect however as DYNAMO galaxies are selected based on Hα lu-
minosity. If there is an underlying relationship between Hα luminosity and AHα, the DYNAMO
selection will be biased towards less attenuated galaxies at high F(Hα) while high SFR galaxies
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Figure 4.3: Here we examine the E(B−V)gas values from Kau�mann et al. (2003b) as a function of
stellar mass (from SED �tting) and SFR (from Hα). We reproduce the known correlation between
stellar mass and attenuation (Garn & Best, 2010), but �nd no clear relationship between SFR and
E(B − V)gas. We note that the DYNAMO selection biases us to less dusty systems, and likely
excludes highly attenuated ULIRG like systems with him SFRs that could remove any underlying
relationship.
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su�ering large attenuations will be missed or would fall in lower F(Hα) bins (see also Figure 5.1).
Together these selection e�ects would cause a weakening of any observed correlation between
SFR and AHα for DYNAMO galaxies.

4.4.1 E(B − V)stars: SED vs β

We compare the values of E(B − V)stars calculated through SED �tting and from β following
Meurer et al. (1999) in Figure 4.4. A moderate correlation is found with a Spearman’s rank-
order correlation coe�cient rS (E(B− V)β, E(B− V)S ED)=0.66 with a signi�cance of 8.44×10−10.
This is not surprising as the same GALEX magnitudes used to determine β also provide strong
constraints on AV,stars measured during our SED �tting procedure.

We split galaxies between low and high sSFR bins with the separating value chosen to be
our median(sSFR)=9.49×10−10 yr−1. Figure 4.4 suggests that more star-forming galaxies exhibit
a tighter correlation. Indeed, for high sSFR DYNAMO galaxies we �nd rS (E(B − V)β, E(B −

V)S ED)=0.77 albeit with a slightly lower signi�cance of 1.70×10−7. Considering our low sSFR
galaxies we �nd values of rS (E(B − V)β, E(B − V)S ED)=0.44 with a signi�cance of 0.016.

We suggest that the driver of the strength of the correlation between E(B−V)stars at di�erent
sSFRs is the sensitivity of our SED �ts to older stellar populations. Galaxies with lower sSFRs will
have a larger contribution to their stellar light from such a population of older stars that will have
had more time to migrate away from the dusty regions associated with ongoing star formation.
Measuring E(B − V) considering only β is sensitive to hot, young stars since older stars emit
weakly, if at all, in the UV. In this simple framework, measuring E(B − V) from β should give
values more consistent with dusty regions of on going star formation. This is consistent with the
fact that a majority of low sSFR galaxies in Figure 4.4 fall below the 1-to-1 line.

In the next Subsection we compare the values of E(B−V)stars presented here with E(B−V)gas

determined from the Balmer decrement (see Figures 4.5-4.8). We present this comparison using
E(B − V)stars measured through both SED �tting and from β in order to check consistency with
results presented here.

4.4.2 Variation in E(B − V)gas − E(B − V)stars

One goal of this study is to test the relation found by Calzetti et al. (1997), namely E(B−V)stars =

0.44 × E(B − V)gas, on a sample of turbulent, clumpy galaxies. This relation has come under
recent scrutiny, particularly at high redshifts, and its applicability to turbulent high redshift disks
is unclear (Price et al., 2014; Reddy et al., 2015, and see Section 4.7). Here we present comparisons
between the relative attenuation su�ered by stars and gas in DYNAMO galaxies in an attempt
to determine which galaxy properties tend to drive galaxies away from the Calzetti et al. (1997)
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Figure 4.4: Comparison between our two methods of calculating the integrated E(B − V)stars

for DYNAMO galaxies. The value from GALEX β following Kong et al. (2004) is given on the
x-axis while the value obtained through SED �tting is given on the y-axis. 0.055 < z < 0.084
galaxies are denoted by +’s and 0.129 < z < 0.254 galaxies are denoted by open diamonds. The
colours of symbols are based on sSFRs from SED �tting. We �nd a better correlation between our
two AV,stars measures when considering higher SFR galaxies (sSFR > 1.5×10−9 yr−1) compared to
the entire sample. We attribute this to the fact that AV,stars based on SED �tting will be more
sensitive to less attenuated light from older stellar populations which have migrated away from
their birth locations. This is consistent with the fact that lower sSFR galaxies typically fall below
the 1-to-1 dotted-dashed line. Galaxies in our HST+OSIRIS sample, in which spatial resolved
AV is investigated in Section 4.6, are indicated by large squares. The outlier is galaxy G 20-2,
indicated by a red arrow, which we show in Section 4.6.2 likely hosts a low luminosity AGN,
which could explain the irregular measurement.
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Figure 4.5: Here we compare E(B−V)gas from the Balmer decrement with our two measurements
of E(B−V)stars, from SED �tting (right panel) and from β (left panel). Point symbols and colours
match those presented in Figure 4.4. We �nd in general that DYNAMO galaxies, particularly
those with large sSFRs, fall closer to the 1-to-1 line (solid black line) than the E(B − V)stars =

0.44 × E(B − V)gas relation of Calzetti et al. (1997) (dashed line). When considering E(B − V)
determined from β we �nd even many lower sSFR galaxies fall closer to the 1-to-1 line while
many of these galaxies seem to follow the relation of Calzetti et al. (1997) for SED determined
E(B − V). This is consistent with the suggestion that E(B − V) from SED �tting will be more
in�uenced by older stellar populations than β. Note galaxy G 20-2, again indicated by a red arrow,
shows up as an outlier as in Figure 4.4. This trend continues for Figures 4.6-4.8.
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Figure 4.6: In this Figure we compare the di�erence in E(B − V) measured for gas and for stars
considering both E(B−V)stars measured through SED �tting (right panel) and from β (left panel).
Although we �nd that stellar mass correlates with overall dust content in Figure 4.3, there is no
such correlation found between stellar mass and E(B − V)gas − E(B − V)stars. This suggests
that the relative attenuation su�ered by stars and gas is independent of host galaxy mass in the
DYNAMO sample. The colouring of points indicates the driving factor may be related to the SFR.

relation.

First, in Figure 4.5 we plot E(B−V)stars versus E(B−V)gas with results measuring E(B−V)stars

through SED �tting and β both shown. In each panel the solid line gives the 1-to-1 relation
while the dashed line shows the E(B − V)stars = 0.44 × E(B − V)gas relation of Calzetti et al.
(1997). Symbol colours are given according to sSFR as de�ned by our SED �tting. Comparing the
two panels we �nd a larger variation in E(B − V)stars when considering the SED �tting results,
particularly for low sSFR galaxies. Many of these low sSFR galaxies follow the Calzetti et al.
(1997) relation when E(B−V)stars is measured from SED �tting but move closer to the 1-to-1 line
when E(B − V)stars is calculated from β. Among the higher sSFR galaxies there is less di�erence
between E(B − V)stars when comparing the two methods (consistent with Figure 4.4) with high
sSFR galaxies typically falling near the 1-to-1 line in both panels.

What galaxy property is the driver of the di�erences in E(B−V)gas−E(B−V)stars from galaxy
to galaxy? To answer this we �rst check for a dependence on stellar mass, as the known relation
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Figure 4.7: Shown here is galaxy SFR (from SED �tting) versus E(B − V)gas − E(B − V)stars for
DYNAMO galaxies. We �nd that the upper limit to E(B − V)gas − E(B − V)stars increases with
SFR but no general trend is apparent. This could be due to the selection of DYNAMO galaxies
that is biased against extremely dusty, highly star-forming galaxies such as LIRGS and ULIRGS.
Galaxies such as these would populate the upper right portion of each panel, and would restore
the inherent correlation. Galaxy G 20-2 is marked as in previous plots with a red arrow.

between stellar mass and total dust content (Garn & Best, 2010) has been shown in Figure 4.3 to
hold true for DYNAMO galaxies. In Figure 4.6 we plot stellar masses determined through SED
�tting vs E(B−V)gas−E(B−V)stars for galaxies in our sample with E(B−V)stars calculated from β

in the left panel and from SED �tting in the right panel. Although the total dust content correlates
well with stellar mass, we �nd no correlation between stellar mass and E(B−V)gas−E(B−V)stars

suggesting host galaxy mass is not the primary driver of the relative attenuation su�ered by gas
and stars.

Apparent from the colouring of points in Figures 4.3-4.6, di�erences in E(B − V)gas − E(B −

V)stars are most likely related to current star formation. We explore this in Figure 4.7, which
shows galaxy SFR (based on L(Hα)) versus E(B − V)gas − E(B − V)stars. We �nd that the upper
limit to E(B − V)gas − E(B − V)stars increases with increasing SFR, however the scatter also
increases considerably leading to no observed correlation between SFR and E(B−V)gas − E(B−

V)stars. There appear to be trends with sSFR as in previous plots, with the highest sSFR galaxies
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tending towards E(B − V)stars = E(B − V)gas as well as large overall SFR. This relates to the
previously mentioned selection bias against highly dust-enshrouded galaxies, particularly at high
SFR, inherent to the DYNAMO sample. We suggest that this bias removes the inherent correlation
between E(B − V)gas − E(B − V)stars and SFR when observed in DYNAMO galaxies. Including
dusty star-forming galaxies such as LIRGS and ULIRGS in Figure 4.7 could test this.

Finally we plot in Figure 4.8 galaxy sSFR versus E(B − V)gas − E(B − V)stars for DYNAMO
galaxies. Note that we now colour points based on their birthrate parameter. Points in Figure 4.8
are plotted over the a simple linear �t to the data on the right panel:

E(B − V)gas − E(B − V)stars = α × sS FR (4.11)

�nding α ' −5.0 × 107 yr. We �nd a rough agreement between this relation and the DYNAMO
results, particularly at high sSFR, however we note that there is a large scatter. In general, E(B−

V)gas − E(B− V)stars in DYNAMO galaxies decreases with sSFR, particularly when E(B− V)stars

is measured from SED �tting rather than UV slope β.

Results presented in this Section clearly show that some DYNAMO galaxies appear to follow
the relationship de�ned by Calzetti et al. (1997) while others do not. While the known correlation
between overall dust content and attenuation is recovered in our sample, E(B − V)gas − E(B −

V)stars appears to be uncorrelated with stellar mass. In general, Figures 4.4-4.8 suggest that galaxy
property most related to di�erences in stellar and gas attenuation is current star formation. We
do not, however, �nd a clear correlation between SFR and E(B − V)gas − E(B − V)stars but this
is likely a result of the DYNAMO sample selection and may not be re�ective of the inherent
relationship for star-forming galaxies. Note however that biases similar to those su�ered by
the DYNAMO selection will a�ect samples of high redshift, star-forming galaxies selected in the
optical rest-frame such as those from the SINS Survey (Förster-Schreiber et al., 2009; Genzel et al.,
2011).

Another interesting result from Figures 4.4-4.8 is that there are clear di�erences between
E(B − V)stars measured through SED �tting when compared to measurements from β. We �nd
E(B−V)stars from SED �tting generally gives a larger spread in values, particularly towards low
values. This is particularly true for galaxies with low sSFRs. This may be due to the fact that
β is extremely sensitive to young stellar populations which are closely associated with dusty
regions of on going star formation while SED �tting is partially constrained by observations at
longer wavelengths giving a larger contribution from older, low mass stars. These older stars are
more likely to have migrated away from the dusty star-forming regions allowing them to emit
relatively unattenuated continuum light. For more discussion of this see Section 4.7.
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Figure 4.8: The relationship between sSFR (de�ned from SED �tting) to the ratio of stellar to
ionized gas attenuation. Points are labeled as described in Figure 4.4, however this time we have
coloured points based on their birthrate parameter, b. We also plot a simple linear �t to the points
in the right panel as a black dashed line. This relation seems to match well the observations,
particularly at high sSFR, however there is signi�cant scatter. Galaxy G 20-2 is marked as in
previous plots with a red arrow.
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The main result of this section is that we �nd a trend between E(B−V)gas−E(B−V)stars and
sSFR DYNAMO galaxies, with integrated measurements of attenuation for high sSFR galaxies
appear to follow the relation E(B−V)stars = E(B−V)gas, unlike E(B−V)stars = 0.44× E(B−V)

found for local star-bursts (Calzetti et al., 1997). We �t a linear relation between E(B − V)stars −

E(B − V)gas and sSFR �nding a slope of -5.0×107 yr. This may have important implications for
studies of turbulent, star-forming galaxies at z ∼ 1 − 2 (see Section 4.7).

4.5 Analysis of Resolved Data

4.5.1 IFS Emission Line Maps

We produce maps of various emission lines from our IFS datacubes as described in 2.5.1. In
particular we map Paα from our OSIRIS datacubes, Hβ and [OIII] from our GMOS datacubes,
and Hα and [NII] from our SPIRAL datacubes. For our main analysis of AV we map the Paα �ux
for comparison with our HST photometry (Section 4.6.2). From ancillary optical IFS datacubes
we investigate variations in emission line ratios in di�erent regions of the galaxy at lower spatial
resolution. From GMOS datacubes we map [OIII]/Hβwhich highlights regions of high ionization
which may be related to AGN or shocks (Section 4.7.3 and Figure 4.18). From SPIRAL datacubes
we map [NII]/Hα which provides a correction to our HST photometry due to the [NII] emission
line falling in the spectral window of our HST ramp �lter (Section 4.6.1 and Table 4.2).

4.5.2 Matching Line-Flux Maps

PSF Matching

A key to accurately measuring variations in AV in individual DYNAMO galaxies will be reliably
matching the point spread function (PSF) of HST to that of OSIRIS. Terrestrial observations in the
optical and infrared typically have lower than HST observations due to atmospheric turbulence
(see Section 1.3).

We reduce this di�erence by using AO in our OSIRIS observations, signi�cantly reducing the
core size of the PSF. One typical drawback of AO systems is that a large fraction (often a majority,
∼60% in our observations) of the light from a point source will be distributed in a broad wing
extending signi�cantly further than the PSF core. Because the HST PSF is more compact (and
contains a larger fraction of the light in its core), measurements of the Paα to Hα ratio using
OSIRIS and HST data will be arti�cially high in clump cores and arti�cially low in non-clump
regions if the HST data is not matched to the AO PSF of OSIRIS.

We employ the IRAF task psfmatch to properly account for di�erences between the HST and
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Figure 4.9: The results of our PSF matching procedure. We plot the input data for our empiri-
cal OSIRIS (black crosses) and HST (blue diamonds) PSFs normalized to their respective central
�uxes. Each PSF was constructed from observed stars during our program as described in Section
4.5.2. Overplotted in red is the binned radial pro�le of our output HST PSF after being matched
to OSIRIS using the IRAF task psfmatch. The oscillations apparent in the convolved pro�le are
a result of Fourier Transforms used by psfmatch in combination with the small �eld of view of
OSIRIS.
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Figure 4.10: Our PSF matching procedure applied to each of the four galaxies in our combined
HST-OSIRIS sample with each galaxy shown in a single row. The scaling here is arbitrary as we
simply wish to illustrate the results of PSF matching an image registration. There is not a large
di�erence between the raw and matched HST photometry due to the core of the Keck AO PSF
being only slightly larger than the PSF of HST. The most noticeable e�ects are a slight blurring
due to the broad wing of the AO PSF as well as a reduction of the pixel scale to match that of
OSIRIS.
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OSIRIS PSFs. This task creates a convolution kernel, which can transform an input PSF to into a
given output PSF through a comparison of the two in Fourier space. For our HST data, we created
a PSF by averaging three stars which fall within our observed region, normalized to their peak
�ux value. We perform a similar procedure to create an empirical OSIRIS PSF using continuum
averaged IFS observations of tip-tilt stars during a single night.

During the PSF matching procedure we initially attempted to match our HST PSF to various
modelled OSIRIS PSFs due to the known high levels of variability of the Keck AO-PSF. The models
we tested were a single 2 dimensional (2D) Gaussian, a double 2D Gaussian, a 2D Lorentzian, and
a Gaussian plus exponential, the latter three in an attempt to account for the broad wings of the
OSIRIS PSF. We �nd that for all runs, including the empirical OSIRIS PSF, the PSF core is generally
well reproduced while we found large discrepancies at larger radii. This is primarily due to the
fact that such models are not well matched to the outskirts of the empirical PSF, thus it is not
surprising this is where our PSF matching fails. For this reason, we choose to psfmatch each of
our OSIRIS observations using our empirical OSIRIS PSF as this gives the best results.

We measure the total Hα �uxes from our images before and after PSF matching �nding the
PSF matched values to be systematically larger. This can be attributed to a systematic under
subtraction of the sky from our HST photometry. Prior to PSF matching to our OSIRIS images,
this residual background presents a negligible contribution, which is signi�cantly enhanced by
the psfmatch task. To correct for this we perform a second sky subtraction prior to PSF matching
taking our sky values from annuli centered on our galaxies and well beyond the Hα emitting
regions.

The initial PSF size of both our HST observations and the core size of the OSIRIS PSF are
comparable. This means our PSF matching procedure, based on Fourier transformations of our
PSF images, tends to over correct our HST photometry. Due to this, we choose to also PSF match
our OSIRIS imaging to the PSF of HST thus performing our PSF matching procedure in both
directions. The �nal results of our PSF matching procedure are showing in Figure 4.9.

Image Registration

Due to the recent move of OSIRIS from Keck 2 to Keck 1, WCS information in datacube headers
is not entirely reliable. For this reason, we choose to match our emission line �ux maps based on
the position of bright clumps that appear in both datasets rather than using WCS transformation.

To achieve this we employ the IRAF tasks geomap and gregister. As an input, geomap requires
a four-column text �le containing the x and y pixel coordinates of a number of reference posi-
tions for both images. Due to the irregular, clumpy morphologies of galaxies in our sample, we
typically observe 4-5 marginally resolved star-forming regions that provide suitable reference
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Figure 4.11: left: diagnostic plot of our GMOS registration procedure. Brie�y, we clip each image
and match the galaxy centre based on the continuum image. The standard deviation of the values
in the velocity map residual (OSIRISvm-GMOSvm) is measured for all angles and the necessary
rotation is taken as the minimum of the distribution, marked with a red dashed line. right:
examples of clipped images used to produce the left plot. Panel A shows the GMOS velocity map
rotated by the angle indicated by the red dashed line, panel B shows the OSIRIS velocity map,
and panel C shows the residual velocity map.

points for this process. We estimate the centres of clumps from both datasets using the IRAF
task ellipse and use these values to create input �les for geomap. The geomap task outputs a
database containing the appropriate coordinate transformations that are used as input for gregis-
ter. Together, these tasks provide a �exible tool for image matching that simultaneously handles
re�ection, rotation, translation, and magni�cation.

We also match maps produced from our GMOS IFS observations (see Chapters 2 and 3) using a
slightly di�erent procedure. Due to the lower spatial resolution of these observations the clumps
begin to blend together hampering our ability to use the registration method described above. In
this case we wish to match maps from two IFS datasets, both of which can provide a wealth of
spatially resolved information. We perform our registration in two steps, the �rst of which is to
match the centroid position of the continuum image of the galaxy for both instruments. We then
shift the velocity and velocity dispersion maps produced from our GMOS observations based on
this shift and produce rotated versions of these kinematic at a large number of rotation angles
locating the angle which minimizes the di�erence average residual in both velocity (vOS IRIS −

vGMOS ,rotated) and velocity dispersion (σOS IRIS −σGMOS ,rotated). We also perform the test adjusting
the x and y shifts estimated based on the continuum images by ±0.′′3 to account for the seeing of
our GMOS observations. An example of this procedure is shown in Figure 4.11.

After selecting the best �tting shift and rotation angle, these are applied to the maps of
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[OIII]/Hβ, giving a more complete understanding of the state of the gas in DYNAMO HST+OSIRIS
galaxies. In particular, variations in [OIII]/Hβ may indicate the presence of ionizing processes
other than star-formation which may be responsible for a portion of the ionizing radiation. In
this case, Hydrogen line ratios which we use to estimate the amount of attenuation su�ered by
ionized gas, may no longer follow the relation given by Case B recombination resulting in a poor
estimate of AV . Registered maps of [OIII]/Hβ from GMOS to our HST+OSIRIS maps of nebular
attenuation in Figure 4.18 in Section 4.6.

4.5.3 HST [NII]/Hα Correction

We must correct our HST photometry for contamination from the [NII] emission line doublet
(at 6548 Å and 6583 Å) because it is known to fall within the spectral window of our ramp �lter.
To accomplish this we investigate the �ux ratio of these lines from the original DYNAMO obser-
vations taken with the SPIRAL spectrograph. These observations are often marginally resolved
spatially but can provide Hα and [NII] �uxes and any spatial variations on 2-5 kpc scales.

In each spaxel of our SPIRAL and WiFeS datacubes we measure the ratio of the Hα line
�ux to the total continuum subtracted �ux in an arti�cial HST ramp �lter. Spaxel to spaxel
Hα �uxes are measured by �tting a gaussian pro�le giving the Hα �ux, F(Hα). We then make
an estimate of the total �ux of all emission lines (Hα plus the [NII] doublet) in our narrow band
�lter, F(HSTNB). This is done by subtracting a linear continuum �t to the spectrum in each spaxel
and summing the total �ux contained in an arti�cial HST ramp �lter. Our arti�cial ramp �lter is
a top-hat function centered on the pivot wavelength de�ned by our individual HST observations
and with a bandwidth given by 2% of this pivot wavelength. The ratio of the �uxes measured in
this way, F(Hα)/F(HSTNB), represents the multiplicative factor needed to corrected our HST Hα
photometry for the presence of [NII] in our HST ramp �lter. In our three disk galaxies, D 13-5, G
04-1 and G 20-2, we �nd that the maps of F(Hα)/F(HSTNB) exhibit central values of 0.5-0.7 with
a sudden increase to ∼0.9 at the large radii where Hα uncertainties are highest. For this reasons
we choose to apply a �at correction for the presence of [NII] emission in our HST ramp �lter
based on integrated measurements of our SPIRAL datacubes.

This correction is achieved by summing the spaxels within two r-band re of the galaxy centre,
creating a characteristic spectrum for each galaxy. We measure F(Hα)/F(HSTNB) as described
above on this summed spectrum giving the global correction value which is applied to all spaxels.
For our �nal galaxy, H 10-2, we �nd very little variation in F(Hα)/F(HSTNB) roughly consistent
with the global value of 0.85 in all spaxels. Therefor for this galaxy we also apply the global value
as a �at correction.

The form of our correction is given as:
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Table 4.2: Flux Correction Factors
Galaxy F(Hα)/F(Hα+[NII] (6548 & 6583 Å)) cPaα

Hα, Section 4.5.3 Paα, Section 4.6.1
D 13-5 0.50 2.61
G 04-1 0.60 1.15
G 20-2 0.62 1.27
H 10-2 0.85 1.07

F(Hα) = FHS T

(
F(Hα)

F(HS TNB)

)
S PIRAL

(4.12)

and this correction is applied to each pixel producing a corrected Hα image. Our correction
factors for Hα for each galaxy are presented in Table 4.2

4.5.4 Testing the E�ects of PSF Matching

We would like to understand any possible biases that may be introduced into our observed maps
of AV as a result of our PSF matching procedure. To do this we create two additional AV maps
for each galaxies for comparison with those we observe. The �rst is created by PSF matching
our HST photometry as described in Section 4.5.2 then scaling the PSF matched image such
that it simulates the expected Paα �ux subject to 1 mag AV in a simple foreground screen dust
geometry. This map isolates the e�ect of our PSF matching procedure. Without performing the
PSF matching for this case, we would expect a perfectly �at dust map, meaning any deviations
we see are due solely to PSF matching. We refer to this test map as “HST Only”. Dividing our
Paα by our Hα map without performing PSF matching produces the second additional AV map.

We plot the comparison between our observed and our test AV maps in Figure 4.12 which
examines AV /median(AV ) as a function of F(Paα)/mean(F(Paα)). Our observed AV values are
given by black points and large black crosses for binned data (with bin sizes of 0.2 in F(Paα)/<
F(Paα) >) while red points and red diamonds give the HST Only values. For low �ux spaxels
both the observed and HST Only pixels exhibit signi�cant scatter. At high spaxel �ux however,
there is a clear di�erence between the two maps with the HST Only predicting a signi�cant
decline in AV in higher �ux spaxels while our observed AV remains roughly �at at all �uxes.
This is attributed to the fact that in our PSF matching procedure the simulated Paα image has a
signi�cant amount of �ux redistributed in the broad PSF wing of OSIRIS, which can remove an
appreciable amount of �ux that is emitted from the centers of bright clumps.

We next test how this will a�ect measurements of E(B − V) for individual clumps in each
galaxy. For clump measurements we sum pixels/spaxels in apertures centered on the local emis-
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Figure 4.12: For each galaxy we compare AV /median(AV ) as a function of the Paα �ux in a given
pixel normalized by the average �ux for that galaxy. The small black points give individual spaxel
measurements for our observations and the large black crosses are binned values. Similarly we
create mock observations described in Section 4.5.4 using our PSF matched and non-matched
HST images, these values are plotted as red points for spaxels and red diamonds for binned (bin
sizes of 0.2 in F(Paα)/< F(Paα) >) values. Finally we plot as a solid blue line the results using the
observed Paα and Hα maps without PSF matching. The expected behavior of the AV /medianAV

induced by PSF matching our map of Paα on a �at AV distribution (HST only) is matched when
maps are produced from data with no PSF matching (blue line).
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sion peak which de�nes each clump and compute the ratio of Paα to Hα in these apertures. For
each clump in each galaxy we measure this ratio in apertures of increasing size, and this is done
for our HST+OSIRIS dataset as well as the two test cases described above. We then compute a
value of E(B−V) assuming a Calzetti et al. (2000) attenuation curve. In order to compare clumps
within an individual galaxy, which have slight di�erences in measured E(B − V) we normalize
the E(B−V) pro�les produced in this way by the value measured for very large apertures which
should be similar for each clump (and similar to the integrated value). We plot the results of this
test in Figure 4.13 with a panel for each galaxy. Pro�les presented in this Figure represent the av-
erage pro�le for all clumps in a given galaxy. The black solid line gives our actual measurements
while red and green lines give our HST Only and No PSF match test cases respectively.

For both of our test cases we �nd a rising pro�le of E(B − V) with aperture size. This is
the expected result of the AO PSF in which the Paα �ux in the centre of a given clump being
redistributed at larger radii as the HST images of Hα do not su�er from this e�ect and clumps
will be more centrally concentrated. For our actual measurements which include PSF matching
between the compared datasets we �nd that the pro�le of E(B−V) with aperture radius decreases
in all cases. We conclude then that the integrated AV values we measure for clumps represent a
lower limit to the true AV as the di�erences seen when no PSF correction is used drive central
AV measurements down. We �nd that r = 0.′′3 apertures are satisfactory and adopt these for
measuring AV in DYNAMO clumps in Section 4.6.3.

4.6 Resolved Attenuation of Four Clumpy Galaxies

The general result of our analysis is that we �nd a one-to-one correspondence between the num-
ber of clumps brighter than our Paα detection limit in both our HST photometry and our OSIRIS
IFS observations as seen in Figure 4.9. This means that we do not �nd any additional bright
clumps in Paα that were not detected at Hαwhich would be indicative of a population of heavily
attenuated star forming regions. This suggests that the clump samples identi�ed in each of our
HST Hα images should be a representative sample for that galaxy.

We would like to quantify the size of variations in attenuation at di�erent spatial locations
within our galaxies, an observation only possible using our well-resolved HST and OSIRIS data.
Due to systematic errors in our Paα zero point (which are associated with the di�culties in �ux
calibration for our OSIRIS datacubes, see Section 4.2.2) we must �rst apply a correction based on
global line ratios from SDSS.
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Figure 4.13: For each galaxy we measure E(B − V)gas in apertures of increasing radii for our
PSF matched data, as well as the two test cases described in Section 4.5.4, both of which do
not include PSF matching. Here we plot E(B − V)gas as a function of aperture size averaged
over all of the clumps within a given galaxy. Individual pro�les are found to be less regular due
variation induced by noise. We normalize each pro�le by the value in the largest apertures prior
to averaging to account for absolute di�erences between each clump. For all galaxies we �nd
the test cases exhibit a rising pro�le, a signature of the PSF mismatch, while our observations
show a decrease. In each panel we plot a vertical dashed line at 0.′′3, which roughly marks the
transition at which the test case using both HST and OSIRIS data comes intro agreement with our
observations. We note that this is typically quite close (∼5%) from the value in large apertures,
re�ecting the limitations imposed by the broad wings of the AO PSF.
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4.6.1 Correcting F(Paα) Based on SDSS Balmer Decrement

In this section we will compare E(B − V)gas calculated from the ratio of Hα to Hβ (SDSS) to
E(B − V)gas estimated from the ratio of Paα to Hα (HST+OSIRIS). Both of these estimates are
dependent of the chosen dust model, however the large measurement uncertainty associated
with our Paα observations prevent us from making robust integrated estimates of E(B − V)gas

from R(Paα,Hα). For this reason we choose to correct our Paα �ux maps based on in estimates
of E(B − V)gas from integrated R(Hβ,Hα) from SDSS.

We estimate the global �ux ratios for our galaxies in the following way. Fluxes of the Hα
and Hβ emission lines are taken directly from the MPA-JHU catalogs and the ratio of these two
values is calculated providing our “global” value for R(Hβ,Hα). Next we sum the �ux of our PSF
matched HST Hα photometry in an arti�cial aperture matched to that of the SDSS spectroscopic
�bre, and similarly we create an aperture spectrum of our OSIRIS data by summing all spaxels
contained within an arti�cial SDSS aperture. The Hα �ux is calculated from the HST counts
and the Paα line �ux is measured as described in Section 4.5.1 from the summed spectrum. This
measurement of R(Paα,Hα) is thus taken in a geometric region comparable to that sampled by
the SDSS �bre.

The next step is to calculate the expected value of E(B − V) from the Balmer decrement
observed by SDSS using Equation 4.5. We assume this to be the charateristic global value of
E(B − V)gas for a given galaxy as the emission lines in the SDSS spectra are likely internally
consistent, whereas Hα and Paα measurements come from di�erent observations. This global
E(B − V)gas value is then used to calculated an expected τl

Hα,Paα by inverting Equation 4.5 and
assuming a Cardelli et al. (1989) extinction curve, thus providing an expectation for the observed
value of Paα/Hα.

As Hα �uxes from HST photometry are far more reliable than Paα �uxes from our AO assisted
IFS observations, we choose to correct the latter while assuming the former to be correct. The
multiplicative correction factor, cPaα, for each of our Paα observations is calculated by dividing
the expected value of R′Hα,Paα by the value we observe. By performing this correction we �x
our Paα �uxes based on a more robust measurement of the overall attenuation in our system,
which will provide more reliable measurements in a spatially resolved sense as we show in the
following section. Values of cPaα are quoted in Table 4.2 for each galaxy.

4.6.2 Maps of Attenuation From R(Paα, Hα)

We produce maps of AHα by simply dividing the Paα maps, which have been scaled by the mul-
tiplicative factor found in the previous section, by the PSF matched and registered Hα maps.
This map of the ratio of Paα to Hα �ux is then converted to AHα following the method outlined
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Figure 4.14: Emission line �ux, continuum �ux, and AHα maps for galaxy D 13-5 which exhibits an
exponential continuum light pro�le and is classi�ed as a rotating disk. Star formation is largely
con�ned to a clumpy starburst arranged in a circumnuclear ring. D 13-5 exhibits the widest
variation in AHα in our sample, possibly due to its low-z/high spatial resolution. The peak in
AHα is coincident with the peak in F(Paα) while AHα near the peak in F(Hα) is ∼1 mag smaller.

Figure 4.15: Maps of emission properties for galaxy G 04-1, a rotating exponential disk galaxy.
In the outer regions of the galaxy there is little variation between the observed attenuation from
clump to clump while di�erences as large as 1 magnitude are observed for di�erent locations
in the more central star-forming ring. This is indicative of kpc scale dust features that may not
display a one to one correspondence with structures observed optically and in the IR.
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Figure 4.16: Emission property maps for galaxy G 20-2, also a smoothly rotating exponential disk.
Bright clumps in this galaxy are nearly all situated in along a Hα emitting ring around a single,
centrally located, point like emission peak, with a few lower luminosity clumps outside of this
region. The attenuation map for this galaxy shows very little variation, particularly along the
observed ring structure. The largest deviations are found in the central region, where a decrease
in the ratio of F(Paα) to F(Hα) is shown here as a decrease in he measured attenuation. From
our ancillary GMOS data we �nd a similar point source like feature in the observed map of the
ratio of OIII to Hβ, possibly indicative of an extremely compact, highly ionized region (see Figure
4.18). This could alter the intrinsic Balmer ratio and mimic the signature we observe.

Figure 4.17: Emission property maps of galaxy H 10-2, a relatively dust free merger. This galaxy
has the lowest overall dust content in our sample with some regions consistent with zero attenu-
ation. This galaxy exhibits two peaks in the continuum, which are coincident with the brightest
Hα emitting clumps, and these regions exhibit both the largest local variation in A(Hα) as well as
the lowest values of A(Hα). The clumpy star forming regions, which extend from the brighter of
the two continuum peaks, show relatively smooth low levels of attenuation. H 10-2 also exhibits
a drop in the measured AHα to the bottom right of the bright continuum peak coincidence with
a peak in the [OIII]/Hβ seen in Figure 4.18 indicative of large scale shocks triggered by the on
going merger.
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in Section 4.3.1. In general we �nd overall attenuation values consistent with values found for
local star forming samples or roughly 0.25 mag ≤ AHα ≤ 2.0 mag, however galaxy G 04-1 appears
dustier on average. Within an individual galaxy variations of AHα are typically less than 1.0 mag.
We show the resulting maps of F(Paα), F(Hα), F(KOS IRIS ), AHα, as well as histograms of AHα

for each galaxy in Figures 4.14-4.17.

Overall we �nd that galaxies in our HST+OSIRIS sample are characterised by relatively low
levels of attenuation comparable to samples of star-forming disks nearby. While we do �nd
variation from spaxel to spaxel of 0 to 3 magnitudes, we �nd no evidence of highly attenuated
regions in any of our galaxies. We can say with con�dence that DYNAMO galaxies presented
here do not contain highly attenuated clumps hosting any appreciable star-formation, clumps
that would be readily apparent in our OSIRIS maps of Paα. Such clumps would also stick out in
our maps of AV with values signi�cantly higher than 1. This result suggests that observations
of optical emission lines in clumpy, star-forming galaxies is likely to give a complete census of
star-formation, both obscured and not.

For galaxies G 04-1, G 20-2, and H 10-2 we have ancillary optical IFS data from the GMOS
spectrograph (described in Section 4.2) which include the [OIII] (5007 Å) and Hβ emission lines.
The ratio of these two lines is a commonly used diagnostic that is sensitive to AGN activity and
shock excitation (Kau�mann et al., 2003a). We show in Figure 4.18 a side-by-side comparison
of maps of the ratio of [OIII]/Hβ and our maps of AHα produced from our HST and OSIRIS
observations. We have registered the GMOS data using the kinematics information as described
in Section 4.5.2.

D 13-5 is classi�ed as a rotating disk from our initial SPIRAL observations, and its continuum
light pro�le is consistent with an exponential pro�le consistent with this galaxy being an undis-
turbed disk. Hα photometry from HST reveals two irregularly coiled and faint spiral arms ex-
tending away from a central ring of strong star formation. The OSIRIS �eld of view is only
slightly larger than the nuclear starburst region, and thus it is in this region where we can reli-
ably measure the Paα/Hα ratio.

A by eye comparison between the maps of Paα and Hα �ux shows that the relative promi-
nence of di�erent clumps in each map are di�erent. This is re�ected in the wide variation in
AHα observed, with the largest values of AHα ' 2.5 found for the most Paα bright clump in the
bottom right corner (typical values in this area are 1.8 ≤ AHα ≤ 2.5. This contrasts with regions
surrounding the most Hα luminous clumps where typical values are 0.8 ≤ AHα ≤ 1.5, an order of
magnitude less. The amount of variation in AHα observed in D 13-5 is the largest of any galaxy
in this sample, possibly due to its lower z and thus higher spatial resolution.

Finally, we note that at the time of writing this thesis GMOS observations, which provide
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Figure 4.18: Left Column: Maps of the ratio of [OIII] (5007 Å) to Hβ as observed using the
GMOS instrument in IFS mode at the Gemini Observatory. This ratio is a common indicator of
AGN activity and/or galactic scale shocks. Right Column: Maps of the nebular attenuation at
Hα as measured from our HST and OSIRIS observations. For each galaxy we �nd local maximum
in [OIII]/Hβ are spatially coincident with minima in the maps of AHα. Most notably a point like
feature in the central region of G 20-2 and a ridge feature near the centre of H 10-2.
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our maps of [OIII]/Hβ were not available for galaxy D 13-5. For this reason, these maps are not
included in our analysis for this object.

G 04-1 was previously classi�ed as a compact rotating disk, and subsequent observations have
revealed it to host an extremely smooth exponential pro�le in its stellar light. Line emission is
arranged in clumpy spiral arms as well as an extremely luminous circumnuclear ring. The spiral
arms observed in Paα and Hα are mirrored by possible low surface brightness features in the
K-band continuum from our OSIRIS observations.

For clumps in the outer disk of G 04-1 we see little variation between the attenuation for
clumps and the surrounding areas. The largest variations in the measured attenuation are seen
the central star-forming ring which is apparent in both observations. We �nd an enhancement
in the relative �ux of Paα in the top right portion of the ring as pictured in Figure 4.15 indicative
of an increase in the column depth of dust in this region. Similarly there is a relative decrease
of Paα on the opposite side of the ring consistent with this region being relatively dust free.
The average di�erence in A(Hα) found in spaxels between these two regions is ∼1 mag. This
is consistent with one portion of the ring being obscured by a thick dust cloud while another
portion is shining through a relatively dust free window.

The map of [OIII]/Hβ is shown in Figure 4.18. This map is relatively �at compared to galaxies
G 20-2 and H 10-2, with an average value of log10([OIII]/Hβ) = −0.52, consistent with pure star
formation. Combining this, we �nd an average value of log10([NII]/Hα) = −0.21, this galaxy
falls among the bulk of local star-forming galaxies when plotted on the standard BPT diagram
(Kau�mann et al., 2003a).

G 20-2 is an exponential disk with a number of bright clumps situated in a star-forming ring
surrounding a central peak in Hα �ux. We also �nd clumps at larger radii, the brightest of which
are near the detection limits of our OSIRIS IFS observations. Overall we �nd a narrow range in
the attenuation at Hα with nearly all spaxels within 0.5 magnitudes of A(V)=1. Compared to
typical star-forming disks locally, this galaxy can be considered to be quite average.

We �nd little variation from clump to clump, with the clumpy structure completely absent
from the map of A(Hα). The main feature of the map of attenuation for G 20-2 is an apparent
drop in the amount of attenuation in the central region. From our GMOS-IFS observations we
produce maps of [OIII]/Hβ which is sensitive to the ionization state of the gas shown in Figure
4.18. Large values of this ratio are commonly used as indicators of AGN activity and/or large scale
shocks which lead to a departure from the ionization pro�le expected for pure star-formation.
The extremely compact peak in [OIII]/Hβ we observe could be indicative of a low luminosity
AGN which would result in an intrinsic ratio of Paα to Hα di�erent than the value assumed
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here for Case B recombination. The measured ratio in the central region of G 20-2 are less than
suggested by Case B suggesting negative attenuation, a possibility for which we have no physical
explanation. Paα to Hα ratios less than the intrinsic ratio suggested by case B recombination have
also been measured for AGN by Kim et al. (2010) consistent with the values found in the central
region of G 20-2. Comparing the peak value of log10([OIII]/Hβ) = 0.38 in the centre of G 20-
2 with the average values of log10([NII]/Hα) = −0.176 from SPIRAL observations places the
centre of G 20-2 well within the AGN region of the BPT diagram (Kau�mann et al., 2003a). For
this reason we leave the central clump of G 20-2 out of our further analysis.

We also note that integrated measurements of stellar and ionized gas attenuations in galaxy
G 20-2 appear as outliers in Figures 4.3-4.8 (resolved galaxies indicated by large black squares).
The existence of a low luminosity AGN in this galaxy provides a possible explanation for this
behavior, although we currently have no strong constraints on the AGN luminosity.

H 10-2 has been classi�ed as a merging system based on complex kinematics apparent in our
GMOS-IFS observations. This is consistent with the OSIRIS continuum morphology as H 10-2
is the only galaxy in our sample that exhibits two peaks in continuum emission, presumably
the cores of the two merging galaxies. The bulk of the line emission is centered on these two
continuum peaks with lower luminosity star formation occurring in clumpy substructure asso-
ciated with the brighter (more massive) galaxy. This clumpy substructure is situated on one side
of the galaxy, opposite to the secondary galaxy. This indicates that tidal forces induced by the
secondary merging galaxy have triggered the clumpy star formation at large radii.

The violent interaction that produces the star-forming clumps may also be responsible for
large-scale shocks on the far side of the more massive merging galaxy. This is indicated by
a ridge-like peak in the map of [OIII]/Hβ shown in Figure 4.18. This [OIII]/Hβ peak is also
coincident with a drop in the measured value of AHα produced by our combined HST+OSIRIS
images. The peak value in this region is relatively large at log10([OIII]/Hβ = 0.45, however
we also observe a low [NII]/Hα from WiFeS of log10([NII]/Hα = −0.753. When placed on the
BPT diagram, this region of H 10-2 is consistent with low metallicity (and thus low dust/AV ) star
formation.

From the histogram of spaxel A(Hα) measurements it is apparent that this galaxy, consistent
with the low metallicity from [NII]/Hα, has the lowest overall dust content. Similar to galaxy G
20-2, we �nd the lowest values in the regions with the largest continuum �ux although variation
from spaxel to spaxel in this region can be quite large (0.0-0.66 mag). Clumps show less variation
with values falling near 0.5 mag, slightly higher than the global average. A scenario for the
formation of this galaxy is an on going, low fgas (and therefore low dust, Cortese et al., 2012b)
merger (Fisher et al., 2014b). Although fgas is low a large tidal forces can induce a large SFR and
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Figure 4.19: Apertures used to de�ne our clump F(Paα) and F(Hα). In each panel we show the
Hα image of the indicated galaxy with green circles around each clump studied here. We alter
the colouring pixels in the images to red or orange to indicate exactly which pixels are selected.
Fluxes measured from these regions are used in values plotted in Figures 4.20 and 4.21

this star formation will su�er a low AV .

4.6.3 Clump-to-Clump Measurements of AHα

We show in Figure 4.20 F(Paα) versus F(Hα) for clumps in each of our galaxies. For galaxies
in the high redshift bin (0.129 < z < 0.151) we measure �uxes in apertures of 0.′′3, while D 13-5,
which is at lower redshift, we use an aperture of 0.′′6 to account for the roughly 2× higher spatial
resolution we achieve. These apertures are illustrated in Figure 4.19. For DYNAMO galaxies
in the higher redshift bin we �nd a correlation between F(Hα) and F(Paα) apparent in Figure
4.20 suggesting the attenuation su�ered by di�erent clumps in a given galaxy is quite similar
(F(Paα)/F(Hα) = constant). The vertical o�set between the relations de�ned for each galaxy is
due to the di�erence in the total dust content of each galaxy with a lower normalization for lower
dust content.

The apparent �atness of A(Hα) measured in clumps for a given galaxy can also be seen in
Figure 4.21 where we plot the luminosity of Hα versus the attenuation at Hα computed based
on the ratio of Paα to Hα and assuming a Calzetti et al. (2000) attenuation curve. For each of
our high-z galaxies we �nd no correlation between the luminosity of a clump and its measured
attenuation and a narrow spread in clump AV broadly consistent with observations of local star-
burst galaxies.

Another trend apparent in Figure 4.21 is that as the average Hα luminosity of clumps in a
galaxy increases, the overall dust content of that galaxy content decreases. To put this another
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Figure 4.20: The relation between Paα and Hα measured in apertures centered on each clump.
Results for each galaxy are plotted using di�erent colours and symbols. For high z galaxies G
04-1, G 20-2, and H 10-2 we employ an aperture of 0.′′2, while a larger 0.′′35 aperture is required
for D 13-5 to ensure we include �ux our to 2re. In galaxies at high z we �nd a correlation between
F(Hα) and F(Paα) while galaxy D 13-5 shows a �at relation. This may be an e�ect of a signi�cantly
higher physical resolution achieved due to the relative proximity of this galaxy.
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way, we �nd an anti-correlation between the integrated SFR and total dust content consistent
with what was found in Section 4.4. From our small sample of four galaxies, however, it would be
premature to assume this is a general result for larger samples. As discussed in Section 4.4, such
a trend may be an e�ect of the selection of DYNAMO galaxies. It is known locally that galaxies
with the highest SFR are often the most highly obscured, in apparent contrast with the results
presented here. The key point is that DYNAMO galaxies are selected based on their large �ux of
Hα, which will be highly obscured in LIRGS/ULIRGS. This means that at the high Hα �ux end
we should expect to be biased away from extremely dust enshrouded galaxies, consistent with
the �ndings presented here. We note again that similar selection biases will be su�ered by high
redshift samples selected from the rest-frame UV and optical, thus not precluding the usefulness
of DYNAMO galaxies for comparison to clumpy, z ∼ 1 − 2 disks.

The apparent lack of a correlation for galaxy D 13-5, which is situated at a lower redshift
(z = 0.07535), may be a result of this galaxy being observed at a higher spatial resolution. The
region contained within the relatively small OSIRIS �eld of view is almost entirely dominated by
a central ring of star-formation in this galaxy, probably analogous to the central rings of clumps
observed in galaxies G 20-2 and G 04-1.

4.7 Discussion

4.7.1 Measuring Integrated E(B − V): Balmer Decrement vs SED vs β

It is important to remember when considering studies of DYNAMO galaxies that this sample
represents star-forming galaxies selected based on total Hα �ux. In particular, many extremely
star-forming DYNAMO galaxies selected for detailed follow up observations represent the top
98th percentile in Hα �uxes from the SDSS survey. This means that for galaxies with both high
F(Hα) and M∗, we are biased to relatively unobscured galaxies. We note that this limitation
will also be su�ered by studies of galaxies at high redshift selected in the rest frame optical (e.g.
Förster-Schreiber et al., 2009; Law et al., 2009; Wisnioski et al., 2012). Burgarella et al. (2011)
see this e�ect in a study of LBGs at 0.7 < z < 1.6, �nding the maximum attenuation su�ered by
LBGs decreases with luminosity. Selection e�ects on our sample result in the DYNAMO galaxies
having, on average, attenuations typical of other samples of nearby star-forming galaxies of
AV ∼ 0 − 2 (Keel & White, 2001; Matthews & Wood, 2001) similar to �ndings at z ∼ 2 for the
SINS survey (Förster-Schreiber et al., 2009). Massive, highly star-forming, and highly attenuated
galaxies are not represented in the DYNAMO survey. E(B − V) values of DYNAMO galaxies are
typically 1.5 to 3 times less than those of Hemmati et al. (2015) who study a sample of K-band
selected z ∼ 0.4 star-forming disks Hemmati et al. (2015). Performing a selection based on the
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D�13-5���������G�04-1�������G�20-2��������H�10-2

Figure 4.21: For each clump we plot the Hα aperture luminosity versus the attenuation su�ered
at the wavelength of Hα with symbols corresponding to each galaxy. Here we have calculated
A(Hα) from the ratio of Paα to Hα where the total Paα �ux in each galaxy has been scaled to
match the expected A(Hα) from SDSS. In high redshift galaxies we see little internal variation
in the value of A(Hα) with larger di�erences seen when comparing clumps between galaxies.
In comparison, D 13-5 shows signi�cant di�erences in the amount of attenuation even at �xed
L(Hα), possibly as a result of increased spatial resolution.
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K-band will be sensitive to obscured star-formation possibly introducing a selection bias towards
dusty galaxies, opposite to that imposed on DYNAMO and high redshift samples mentioned here.

SFRs of galaxies observed at high redshift are often measured from the rest from optical or UV,
meaning these measurements are highly dependent on the assumed dust correction. Locally star-
burst galaxies are known to approximately follow the relation E(B−V)stars = 0.44×E(B−V)gas

of Calzetti et al. (1997), however the applicability of this relation at high redshift is uncertain.
Many groups have studied UV and optical AV indicators, investigating the magnitude of the AV

excess for ionized gas. Results consistent with Calzetti et al. (1997) have been found (Yoshikawa
et al., 2010; Mancini et al., 2011), while a number of groups �nd that the extra attenuation over-
estimates SFR (Erb et al., 2006; Reddy et al., 2010; Kashino et al., 2013). Price et al. (2014) suggest
these di�erences may be due to observational biases su�ered by various studies. For DYNAMO
galaxies we �nd that, particularly at high sSFR, stellar and gas attenuations more closely follow
the relation E(B − V)stars = E(B − V)gas.

Recently studies focusing on stellar and gas E(B − V) in galaxies at z > 1.5, �nding similar
trends with galaxy sSFR to those shown here for the DYNAMO sample. In particular, Reddy
et al. (2015) investigate the relationship between E(B−V)stars (from SED �tting) and E(B−V)gas

(from the measured Balmer decrement) for galaxies from the MOSDEF survey selected for their
strong emission lines at redshifts z ∼ 1.5, z ∼ 2.3 and z ∼ 3.4. Roughly 7% of observed galaxies
follow the relation of Calzetti et al. (1997) while ∼50% have equal gas and stellar attenuations.
This is particularly true for high SFRs comparable to UV selected samples at z ∼ 2, a number of
which appear to have E(B − V)starsE(B − V)gas. Price et al. (2014) come to a similar conclusion
using data from the 3D-HST survey. The authors measure AV,stars (from SED �tting) and AV,gas

(from the Balmer decrement) for 1.36 < z < 1.50 galaxies selected to have a signal to noise of Hα
> 5. AV,gas is measured for stacked data that is binned by AV,stars, SFR, or sSFR (all from SED
�tting) as individual observations are too noisy. The main result is that most bins have stellar
and gas attenuations consistent, within errors, with the Calzetti et al. (1997) relation, however
the highest sSFR bin falls closer to E(B−V)stars = E(B−V)gas, similar to the result for high sSFR
DYNAMO galaxies shown in Section 4.4. This result is consistent with Puglisi et al. (2015) who
present further work examining dust in 3D-HST using far-IR data that probes directly the SED
of thermal dust emission.

High redshift results like those of Price et al. (2014) and Puglisi et al. (2015), as well as results
presented here for DYNAMO galaxies, may suggest that in galaxies with a large fraction of young
O and B stars a majority of the stellar light is emitted from dust regions associated with on going
star formation and line emission. A decreasing trend of E(B−V)gas−E(B−V)stars with increasing
sSFR has also been recently observed by Wild et al. (2011) in low redshift star-forming galaxies
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using a similar method at Calzetti et al. (1997) on a much larger sample. As the mass fraction
of old to young stars increases (decreasing sSFR) a larger portion starlight is emitted from stars
that have migrated into relatively unattenuated regions away from their birth clouds.

This is consistent with our comparison between E(B − V)stars measured using SED �tting
and from the GALEX slope β in DYNAMO galaxies. When considering E(B − V)stars measured
from β, low sSFR galaxies are found to lie closer to the E(B − V)stars = E(B − V)gas followed
by high sSFR galaxies. Our interpretation is that measuring E(B − V)stars through SED �tting,
which takes into consideration IR light, will be more sensitive to older stellar populations which
are less associated with dusty, star-forming regions. Young, massive stars on the other hand
emit the UV light used to measure β. This will be true even for low sSFR galaxies. The result is
that E(B − V)stars measurements based on β in all galaxies are biased towards the attenuations
of O and B stars closely associated with optical emission lines. This explains the tendency for
DYNAMO galaxies to follow the relation E(B − V)stars = E(B − V)gas when considering β for
calculating E(B − V)stars. This suggests that for observations of optically selected clumpy disks
observed at z ∼ 1 − 2 may follow the E(B − V)stars = E(B − V)gas relation found here.

An alternative to the discrepancy between measured E(B−V)stars when considering β versus
SED �tting results is presented by Buat et al. (2012). In this work, AFUV from SED �tting for
galaxies from the MUSYC survey of galaxies at 0.95 < z < 2.2 is compared with β. The result
is a steeper relation between AFUV and β at z ∼ 1.5 than is found by Meurer et al. (1999) for
local starbursts. This result is consistent with contemporary works investigating dust through
IR observations (Reddy et al., 2012; Roseboom et al., 2012). If extreme DYNAMO galaxies follow
a similar relation between attenuation and UV slope, measured values of E(B − V)stars from β

would be lowered, putting our results more in line with the relation of Calzetti et al. (1997).

4.7.2 No Evidence for High AV Star-Forming Regions

The main advantage of using IR emission lines for studying attenuation in galaxies is the low
intrinsic attenuation at these wavelengths allowing lines such as Paα to emerge from deep within
dust enshrouded regions. This means that using observations of Paα will be signi�cantly more
sensitive to regions of high dust obscuration than optical and UV techniques such as the Balmer
decrement or the UV slope β. For foreground dust geometries, the implication is that optical
techniques will be biased towards unextincted regions and may actually completely miss star-
forming regions located behind extremely dusty regions (Calzetti et al., 1997).

The �rst result from our HST+OSIRIS sample, which is apparent from Figure 4.10, is a lack
of extremely bright clumps in our Paα maps that are absent (or at least very low luminosity) in
our Hα imaging. This would be indicative of star formation that is sitting behind a very high



4.7. DISCUSSION 173

column density region of dust, which completely attenuates the optical emission but allows the
IR emission to shine through. Genzel et al. (2013) have performed semi-resolved observations of
CO (3-2) in a single main-sequence galaxy at z = 1.53 from the PHIBSS survey (Tacconi et al.,
2010, 2013), �nding evidence of large quantities of molecular gas spatially correlated with their
map of AV (from SED �tting). From this observation they infer, assuming the dust is situated in a
single foreground cloud, AV in these regions could reach as high as∼50 mag. Assuming a Cardelli
et al. (1989) dust curve this implies an attenuation of ∼ 8 mag even at the wavelength of Paα.
We estimate that an individual star-forming clump situated behind such a cloud would require a
SFR ∼50 M� yr−1 to be detected by our OSIRIS observations of our most nearby galaxy, thus we
can not rule out the possibility of lower levels of highly obscured star-formation in DYNAMO
galaxies. In local star-forming galaxies, however, dust is most likely clumped on sub-kpc scales
and/or mixed with stars and gas (e.g. Bedregal et al., 2009; Liu et al., 2013; Piqueras López et al.,
2013; Boquien et al., 2015). Thus highly star-forming (and therefore large, Wisnioski et al., 2012)
clumps are unlikely to be fully obscured by high column density dust clouds. Furthermore, we
observe a maximum Hα attenuation of ∼3 mag thus a jump from this to regions of AHα > 10 with
no intermediate cases is unlikely. For these reasons we suggest that the levels of highly attenuated
star-formation in clumpy DYNAMO galaxies are minor relative to that currently observable in
clumps.

This result may carry implications regarding observations of clumpy main-sequence galaxies
at high redshift. Resolving clumps in z ∼ 1−2 star-forming galaxies in the IR, as is done here for
DYNAMO galaxies at z ∼ 0.1, is not possible using current facilities. If the physical conditions
of DYNAMO galaxies can be considered as similar to the conditions in clumpy high-z disks, then
it should be reasonable to assume that observations of Hα will likely provide a full census of
star-forming regions in a given galaxy. Put another way, any problem regarding SFRs inferred
at high-z which are related to attenuation will likely vary in a systematic way (such as overall
normalization).

4.7.3 Spatial Variation in Attenuation

We observe a range of attenuation values both between galaxies as well as within individual
galaxies with typical values 0.0 < AHα < 3.0. This result is generally consistent with attenua-
tion measurements of star bursting galaxies at both low (Calzetti et al., 2000) and high redshifts
(Förster Schreiber et al., 2011).

The right panels of Figures 4.14-4.17 demonstrate the variation within individual galaxies as
histograms of the reliably measured AHα values. We �t these histograms with Gaussian pro�les
using the IDL code gauss�t allowing us to estimate the σ of AHα values for each galaxy. We �nd



174 CHAPTER 4. DUST ATTENUATION AND GEOMETRY IN DYNAMO GALAXIES

a general trend of a decrease in σ with overall dust content, meaning more highly attenuated
galaxies exhibit a wider variation in AHα when comparing di�erent lines of sight. This is con-
sistent with the �ndings of our investigation of integrated E(B − V) in DYNAMO galaxies also
presented in this Chapter.

How do the resolved attenuations of the four DYNAMO galaxies presented here compare
with other resolved studies of attenuation? Highly attenuated LIRGS and ULIRGS are found
to have typical median AV values of 4-6 mag with individual measurements ranging from ∼1
to ∼20 mags within a single galaxy (Bedregal et al., 2009; Piqueras López et al., 2013), showing
signi�cantly more attenuation that that of our sample. At the other extreme of star-forming
galaxies, Boquien et al. (2009) �nd AV values of 0.1 - 1 for a sample of low SFR, face-on disks,
more consistent with the results presented for DYNAMO galaxies. The general result of resolved
attenuation observations these studies that dust is geometrically clumpy, and that galaxies with
larger overall dust content host the highest column density clumps. We do not observe this
behavior in DYNAMO galaxies, however, if dust is clumped on scales below our spatial resolution,
in each spaxel we are observing a mix of both obscured and unobscured sight lines (a so called
“picket fence” geometry, e.g. Calzetti et al., 1997).

Related to this possibility, the fact that we observe the largest spread in values for galaxy
D 13-5 may also be due to the lower redshift, and thus spatial resolution, of this object when
compared with the remainder of the sample. This redshift distance corresponds to an increased
spatial resolution for this object of 863 pc when compared to ∼1.5 pc at high redshift. This is con-
sistent with the study of Boquien et al. (2015) who test the e�ects of resolution on the resolved
attenuation measurements of M33. The general result of this study is that spatial variation in
attenuation maps becomes more apparent for small spatial sampling scales, with di�erences re-
ducing to ∼ 0 at scales of ∼1 kpc.

At high redshift, few examples of resolved attenuation measurements exist. As previously
mentioned Genzel et al. (2013) examine one galaxy from the PHIBBS survey, comparing spatially
resolved SED �tting performed on Voronoi-binned HST photometry with CO maps from PdBI.
They �nd a good correspondence between regions of high attenuation and large CO column
density, with spatial variation suggestive of a dust lane. CO column densities converted to dust
masses using typical dust mass to gas mass ratios allow the authors to infer AV of 50 mag or more
(note that this is strongly dependent on the assumption of a screen like dust geometry). The fact
that any Hα emission is observed necessitates a clumpy, mixed geometry for stars, gas, and dust.
It is clear that further resolved observations of the distribution of dust in star-forming galaxies,
like the work presented here, will be necessary. In particular, this will strongly in�uence theory
regarding the connection between molecular gas and star formation by linking global trends, like
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the KS relation, to resolved observations.

4.8 Conclusions

Presented here are two studies of attenuation in DYNAMO galaxies. Integrated measurements of
stellar and ionized gas attenuations are compared for a sample of 67 DYNAMO galaxies. We also
present a study of the spatially resolved attenuation of four extremely star-forming DYNAMO
galaxies using HST photometry and Keck OSIRIS IR IFS. The conclusions of this study are as
follows:

• DYNAMO galaxies exhibit a wide range of stellar and gas attenuations in the range 0 < AV

< 1.8, roughly consistent with populations of star-forming galaxies at both low and high
redshifts.

• Some DYNAMO galaxies are consistent with the local relation, E(B−V)stars = 0.44×E(B−

V)gas, while others do not. We �nd a weak correlation with stellar mass, with more massive
galaxies having a larger excess of E(B − V)gas. Unlike the MOSDEF survey, however, we
�nd no clear correlation with SFR.

• From resolved observations we �nd no evidence for highly attenuated clumps which could
be missed in observations of star-forming galaxies at high-z

• We �nd mild spatial variation in the amount of attenuation depending on the spatial lo-
cation within a given galaxy. Values of AV vary from ∼ 0 to ∼ 3 with most values in the
0.5-1.5 range, typical of local star-forming galaxies. Within a single galaxy the spread in
values is ∼1 mag.

• In galaxies G 20-2 and H 10-2 we �nd drops in the measured value of AHα in attenuation
maps coincide with peaks in the [OIII]/Hβmaps from our GMOS observations suggesting
some portion of the ionization energy is provided by shocks.

An important result of this study is the e�ects of the DYNAMO sample selection on the
distribution of total dust content seen in our samples. Attenuation is found to correlate with
star-formation (Garn & Best, 2010) in general. This means that high F(Hα) DYNAMO galaxies
are relatively dust free compared to the average for their SFRs. Another consequence is that
galaxies that are both highly star-forming and highly attenuated may actually be found in low
F(Hα) DYNAMO bins, an e�ect we observe using GAMA galaxies in the next Chapter (see Figure
5.1). Future telescopes such as JWST and the Giant Magellan Telescope will provide many of the
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IR observations required to better understand the impact of attenuation on high redshift star-
forming galaxies.



5
Environments of DYNAMO Galaxies

Previous works by other members of the DYNAMO team presented in Section 1.7 show these
galaxies to be gas-rich, clumpy, and turbulent galaxies with elevated SFRs when compared to
local main-sequence galaxies. These observations provide a plausible link between DYNAMO
galaxies and clumpy disks found at high redshift. Chapters 2-4 presented detailed studies of the
internal properties (kinematics, SFRs, AV , etc.) of DYNAMO galaxies with a discussion of the
implications of these results on studies of star-forming galaxies at high redshift. Considering the
large di�erences in the star-formation properties of galaxies between z ≥ 1.5 and z = 0.1 one
major question regarding DYNAMO galaxies remains unanswered: what drives the formation of
turbulent DYNAMO disks at low redshift?

Many starburst galaxies at low redshift, particularly at high masses, are driven by on going
major mergers. DYNAMO galaxies have all been observed using IFS, providing a reliable method
for rejecting mergers based on 2D kinematics (see Section 2.5.2). For these reasons it is fair to
say that the elevated SFRs found in some DYNAMO galaxies is not driven by major mergers.

While galaxies with SFRs of ∼ 50 M� yr−1 or more are common in the distant universe, these
are in the 98th percentile of SFRs observed in SDSS. In this Chapter we propose the hypothe-
sis that the unique evolutionary state of extreme DYNAMO disks may be related to their local
environment. This is plausible, as local studies have commonly shown a correlation between
SFR and local galaxy density, with a higher fraction of quiescent galaxies in cluster populations
when compared with the �eld. This most likely relates to galaxy interactions (Kau�mann et al.,
2004; Cooper et al., 2006; Blanton & Moustakas, 2009). A plausible scenario for the formation of
highly star-forming DYNAMO galaxies is that they are formed in environments with enhanced
rates of gas-rich minor mergers, which could result in gas rich disks mimicking the properties of
turbulent disks at high redshift. To test this we perform a F(Hα) selection based on the original
DYNAMO selection for SDSS on the Galaxy And Mass Assembly Survey (GAMA, Liske et al.,

177



178 CHAPTER 5. ENVIRONMENTS OF DYNAMO GALAXIES

2015), which provides precise redshifts to r < 19.8 mag for galaxies in the redshift range probed
by DYNAMO (0.05 < z < 0.15). This allows us to characterise local environment using a 3D �xed
aperture method using the full 3D galaxy distribution de�ned by GAMA. GAMA is signi�cantly
deeper than SDSS providing a higher contrast in measured densities. We �nd that local density
on scales of∼1-15 Mpc is correlated with Hα luminosity with the most luminous galaxies residing
in the lowest density regions. Di�erences between the average local density of galaxy samples
selected by Hα luminosity measured using this metric are largest using 3D �xed apertures with
sizes between 4 and 12 Mpc. At the time of writing this Thesis, we have yet to conduct a detailed
comparison between the environmental metric de�ned here and more commonly used (and bet-
ter understood) metrics that will strongly in�uence the interpretation of our results. With this
caveat in mind, this Chapter presents the preliminary results of our study of the environments
of DYNAMO-like galaxies selected from the GAMA survey.

5.1 Introduction

It is well established that the nature of star-formation evolves signi�cantly from z = 2 to to-
day. Main-sequence galaxies at these early epochs form stars 10’s to 100’s of times more rapidly
than at low redshift (Section 1.6.1), and much of this star formation is found in turbulent disks
hosting kpc scale clumps (Section 1.6.2). Observations of galaxies such as these have lead to the
development of galaxy formation models involving cold accretion along �lamentary structures.
This cold mode of accretion can build gas rich disks that are known to be unstable to collapse
according to the Toomre (1964) instability criteria. Overall, models including cold �ow accretion
have been quite successful in reproducing the observed properties of star-forming galaxies at
z > 1.5 (Section 1.6.3).

The occurrence of cold �ows should decrease towards lower redshift, however the relative
in�uence of this mode of accretion at z ∼ 0.1 is uncertain. Models predict cold �ows to shut
o� by z = 0.5 resulting in a drop of the covering fraction of gas in the circumgalactic medium
(CGM) to near zero levels, particularly for massive halos (Kereš et al., 2009; Stewart et al., 2011;
van de Voort et al., 2011). This is inconsistent with observations of CGM gas (Churchill et al.,
2013), including gas preferentially along the major axis consistent with gas accretion rather than
out�ows (Kacprzak et al., 2012). At z ∼ 0.1 things are even less clear, however observations of
CGM kinematics consistent with gas in�ow have been reported (Kacprzak et al., 2011). If cold
accretion does in fact exist at z < 0.5, it is likely to be quite rare. As has been stressed, extreme
DYNAMO galaxies are themselves quite rare at z ∼ 0.1, thus it is plausible that SFR in some
DYNAMO galaxies is fueled by cold accretion.

An alternative scenario for the formation of extreme DYNAMO galaxies is a gas-rich, minor
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merger. We note though that observationally, such an event may actually be di�cult to distin-
guish from cold �ow accretion (perhaps re�ecting the somewhat ambiguous de�nitions of “hot”
and “cold” modes, see Section 1.6.3). Extensive e�ort has been put towards measuring galaxy
merger rates observationally by investigation the fraction of close pairs in galaxy surveys (Jogee
et al., 2009; Lotz et al., 2011; Casteels et al., 2014). The common result is that minor galaxy merg-
ers (mergers with mass ratios < 4:1) are signi�cantly more common than major mergers. Unlike
major mergers, which are known can often result in the formation of massive elliptical galax-
ies (Toomre & Toomre, 1972; Cox et al., 2006; Robertson et al., 2006), minor mergers can deliver
signi�cant amounts of star-forming gas without destroying any existing stellar disk (Hopkins
et al., 2010). In simulations, this scenario can even result in a gas rich disk galaxy similar to
clumpy, turbulent galaxies found at z > 1.5 (Stewart et al., 2009). This striking phase of galaxy
evolution, which is common in star-forming galaxies at high redshift, is expected to contribute
to the growth of stellar bulges (see Section 1.6.3). Similarly, bulge growth is also observed in
simulations of minor mergers (Hopkins et al., 2010), lending weight to the suggestion that minor
mergers at low redshift can result in galactic processes analogous to those found at z > 1.5. We
also note that gas fractions, fgas = Mgas/Mtotal, of gas rich mergers relates to the merger ratio.
In the extreme case of a merger between galaxies with fgas = 0 and fgas = 1 the �nal fgas of the
merger remnant will be equal to M2/M1.

Environmentally, minor galaxy mergers are also found both observationally (Balogh et al.,
2000; Hoyle et al., 2012) and in simulations (McGee et al., 2009; De Lucia et al., 2012; Vijayaragha-
van & Ricker, 2013) to be most common in galaxy groups (σ < 400 km s−1). In �eld environments
the distances between galaxies precludes high rates of mergers while in high density environ-
ments, such as the cores of rich clusters, relative velocities between galaxies are too high (up to
∼ 1000 km s−1) for interacting galaxies to become gravitationally bound. This results in envi-
ronmental “pre-processing” of galaxies before joining the primarily passive populations found
in clusters (Postman & Geller, 1984). For this reason we propose that a plausible environmental
explanation for extreme DYNAMO disk galaxies is that they form largely as a result of recent
gas-rich minor mergers in galaxy groups.

This Chapter presents the environmental study of extremely star-forming galaxies selected
by applying the DYNAMO sample selection to data from the Galaxy And Mass Assembly (GAMA)
Survey data release 2 (DR2, Liske et al., 2015). Using value added catalogues provided as part of
GAMA DR2 we also isolate late-type galaxies based on the quantitative morphology provided by
the Sérsic index (Sérsic, 1963). This provides us with statistically signi�cant subsample sizes on
the order of N=103 for our analysis. If extreme star-formation in disk galaxies is driven by gas
accretion from minor mergers, we might expect them to reside preferentially in galaxy groups
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due to the frequency of mergers in these environments. In Section 5.2 we describe the data set
and sample selections, in Section 5.3 we present our method of quantifying the local environment
of galaxies, Section 5.4 presents the preliminary results of our analysis, and Section 5.5 outlines
the remaining work required to complete this study.

5.2 Data & Sample Selection

5.2.1 Data

GAMA (Driver et al., 2009) is an ongoing multi-wavelength survey with a strong spectroscopic
base. While covering much less area on sky than SDSS (250 sq. degrees), GAMA provides sig-
ni�cant improvement in spatial and spectral resolution, much fainter spectroscopic limits, and
broader wavelength coverage from ultraviolet to radio. The main scienti�c goals of GAMA in-
volve accurate measurements of the mass functions of both baryons and dark matter (Kelvin
et al., 2014) and a better characterization of the rates of mergers and star formation at low to
intermediate redshifts (Casteels et al., 2014; Robotham et al., 2014), both of which are closely
related to the evolution of structure in the universe. The depth of the GAMA survey when com-
pared to SDSS provides much better completeness, particularly at low galaxy mass, giving a far
more reliable characterisation of environment.

In particular, we are �rst interested in the 3D positions of galaxies from the GAMA sur-
vey de�ned by right ascension (RA), declination (DEC), and spectroscopic redshifts. We convert
spectroscopic redshifts into physical distances using the comovdist.los function from the astro

package for the R programming language. The comoving distances, along with RA and DEC,
allow us to examine the 3D distributions of galaxies in the GAMA survey.

We also use data from several GAMA value added catalogs. In particular we compile Sérsic
indices in 9 bands from U to K from the (Kelvin et al., 2012), Hα luminosities and star-formation
classi�cations (Hopkins et al., 2013), rest frame colors and stellar masses (Taylor et al., 2011), and
previously measured environmental information from the GAMA Galaxy Group Catalog (G3C,
Robotham et al., 2011). This rich data set is used to perform various sample selections (described
in Section 5.2.2) used to test our 3D environment metric, and later to examine the properties of
new samples selected based on 3D environments diagnostic diagrams (described in Section 5.3.2).

5.2.2 Sample Selections

We �rst checked which galaxies from the original DYNAMO selection are also identi�ed in
GAMA. Due to its low angular coverage (300 deg2), the volume surveyed by GAMA in the redshift
range probed by SDSS is quite small, and as such, only seven DYNAMO galaxies are identi�ed
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Figure 5.1: SFR (from Hα luminosity) versus stellar mass (left panel) and τs f , the e-folding
timescale for an exponentially declining star-formation history (Taylor et al., 2011, measured
from SED �tting using common assumptions regarding galaxy SFH, right panel). Subsamples
A, B, C, and D are shown as red, green, purple, and blue points respectively and are given here
in order of increasing Hα �ux. We �nd signi�cant overlap between subsamples, each of which
are widely distributed in stellar mass. At the highest masses we �nd a bias towards low Hα �ux
galaxies. These massive galaxies are found to have low τs f suggestive of bursty star formation.
High Hα �ux objects cluster at long τs f indicating sustained, main-sequence like star formation.
Note that our sample includes galaxies with unrealistic SFRs as high as ∼108 M� yr−1. We sus-
pect these rare cases may result from a dubious Balmer decrement measurement resulting in an
overcorrection for attenuation.
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as GAMA targets. In this sense, the real statistical power of the GAMA survey lies in its depth.
To exploit this, we create new samples from the GAMA survey based on the original DYNAMO
selection, which should result in galaxies with similar trends in galaxy properties (morpholo-
gies, SFRs, etc) as DYNAMO galaxies. The details of these selections are summarized in Table
5.2, brie�y we separate all GAMA galaxies in the redshift range 0.05 to 0.20 into four bins of Hα
�ux1. We note that the Hα �uxes used are �bre spectra �uxes that may only cover the central
most regions of galaxies. Considering the fact that the original DYNAMO sample bins were also
based on �bre spectra �uxes (from SDSS), we suggest that this is the most reasonable method
by which to perform a sample selection comparable to Green et al. (2014). Non-star forming
galaxies and AGN hosts are rejected based on their emission line classi�cation provided in the
SpecLineSFR data management unit (DMU) (Hopkins et al., 2013) which includes various galaxy
properties derived from analysis of spectroscopy of emission lines (dust attenuation, SFR, etc.).
This produces samples containing NA = 5577, NB = 11002, NC = 6832, and ND = 845 galaxies
in samples A, B, C, and D respectively.

The Hα �ux bins used here are selected in a similar manner to the �ux ranges of the original
DYNAMO selection presented by Green et al. (2014) however we note that naming conventions
do not have an exact correspondence to previous work. We check the consistency of the classi�-
cations of Green et al. (2014) for the seven galaxies from that work that are found in GAMA. We
�nd that a majority are high F(Hα) objects (bins F, G, and H in Green et al. 2014) which fall in the
D bin in our new classi�cation scheme. Three galaxies, all at lower redshift, have lower F(Hα)

and we �nd a 1-to-1 correspondence between the classi�cation of Green et al. (2014) and those
found here. This comparison is shown in Table 5.1. The di�erence between the new classi�cation
and that of Green et al. (2014) is that bin D becomes a catch-all for high F(Hα) galaxies while we
also sample galaxies with main-sequence galaxies to higher redshifts (i.e. bins A, B, and C are
not limited to 0.05 < z < 0.08).

In our scheme (as well as that of Green et al. (2014)), galaxies are binned by �ux meaning
that we are not tracing the same L(Hα) (∝SFR) as a function of redshift. However, as we are
comparing our GAMA selection with the original DYNAMO selection criteria of Green et al.
(2014), which are also based on Hα �ux, the selection presented here was deemed appropriate.
Due to the much larger redshift range considered here when compared to the original DYNAMO
sample, however, this will be a larger e�ect in the current analysis. We note that, although Green
et al. (2014) used narrow redshift bins, the use of Hα �ux as a selection criteria still resulted in

1Although it is likely more reasonable to consider bins of Hα luminosity rather than Hα �ux, we choose to recreate
the orignal DYNAMO selection of Green et al. (2014) where bins are de�ned by Hα �ux. In future work we plan to
rebin galaxies using Hα luminosity and explore the e�ects of the factor of ∼16 di�erence in the �ux to luminosity
conversion over the DYNAMO redshift range. As SFR ∝ L(Hα), selecting galaxies based on luminosity will provide a
much cleaner separation of samples presented in Figure 5.1.
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some peculiarities as indicated by Table 5.1 where it can be seen that galaxy A 08-2 has a larger
Hα luminosity than galaxy C 08-2 due to the di�erence in redshift. We will consider this selection
e�ect further in future work, and simply make note of it here.

Table 5.1: Class Comparison with Green et al. (2014)
Green et al. (2014) Class z F(Hα) L(Hα) GAMA Class

10−17 ergs s−1 cm−2 1040 ergs s−1

A 08-2 0.070 113.66 1.37 A
C 08-2 0.059 534.65 0.96 C
C 14-2 0.057 840.10 6.60 C
F 14-1 0.074 1220.78 16.57 D
G 08-1 0.136 1183.17 59.00 D
H 09-1 0.183 1052.63 101.0 D
H 11-4 0.125 3617.05 150.0 D

We also use data from the GAMA DR2 to create subsamples based on derived galaxy prop-
erties. In particular we are interested in separating galaxies morphologically using Sérsic in-
dices in 9 bands and separating by rest frame UV colour. The purpose here is to focus on blue,
star-forming galaxies having light pro�les consistent with unperturbed disks and which exhibit
a range of star-formation rates well matched to the original DYNAMO sample of Green et al.
(2014).

Table 5.2: Hα Sample Selection
Sample Hα Flux Range Nselected

10−17 ergs s−1 cm−2

A 65 < F(Hα) < 140 5577
B 140 < F(Hα) < 300 11002
C 300 < F(Hα) < 930 6832
D 930 < F(Hα) 845

The sample properties of selected GAMA galaxies are plotted in Figure 5.1. In the left panel
we plot the stellar mass versus SFR (from SED �tting) with di�erent subsamples plotted by di�er-
ent colour points as indicated. It is useful to compare SED SFRs from Taylor et al. (2011) with our
bin de�nitions based on F(Hα) in order to check for biases mentioned in Section 4.4. Indeed, we
�nd that selecting in bins of F(Hα) provides a reasonable coverage of the stellar masses probed
by GAMA, with signi�cant overlap between subsamples. Very high mass, high SFR galaxies often
fall in the lowest Hα �ux bin, A, likely representing massive, dusty starbursts. This is corrobo-
rated by the right panel which plots the e-folding timescales for star-formation, τs f , which are
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measured from SSP modeling assuming simple, exponentially declining star-formation histories
(SFR∝ eτs f /t, Taylor et al., 2011). We �nd that A galaxies almost exclusively populate the low
τs f indicative of rapid bursts of star-formation. We note, however, that some low mass, low SFR
galaxies also fall in bin A, which will make interpretation of this bin more di�cult. High F(Hα)

galaxies cluster at large values of τs f , suggestive of sustained, main-sequence-like star formation.

5.3 Analysis

In this Section we present our 3D galaxy environment metric that involves a comparison of
the local stellar density around individual galaxies to the average density of stellar mass when
considering the full volume probed by GAMA at a comparable redshift. Here we describe our
methods of measuring this, the “mean stellar density” (Section 5.3.1), measuring local galaxy
density (Section 5.3.2), and using these measurements as diagnostics for di�erent types of galaxy
environments (Section 5.3.3).

5.3.1 Measuring the Mean Stellar Density

We �rst measure the mean stellar density in the redshift range 0.05 < z < 0.20 in order to set a
benchmark for our de�nitions of “under dense” and “over dense” regions. We select all galaxies in
bins of δz = 0.05 and sum the total stellar mass in the GAMA survey in this redshift interval. We
then measure the area on sky of the three GAMA pointings of DR2 at the center of the redshift
interval and convert this to Mpc2. We approximate the volume de�ned in each redshift interval
as a trio of rectangular prisms de�ned by the GAMA DR2 pointing footprints with the third
dimension provided by the line of sight distance between the start and end of the given redshift
bin. Finally, we divide the total stellar mass by the approximated volume giving an estimate of
the mean stellar density at that redshift bin.

Next, we check for variation in the value of the mean stellar density with redshift. We perform
the calculation described above using redshifts in the range 0 < z < 0.6 spaced by δz = 0.05. The
results of this calculation are shown in Figure 5.2. It can be seen that using this method we
measure a roughly constant mean stellar density to z = 0.3, with the drop o� at higher redshifts.
This drop o� is largely attributed to the increase in the non-detections of low mass galaxies
with increasing redshift, however there could also be some contribution from any actual redshift
evolution in the average environments of galaxies (Madau & Dickinson, 2014). The shaded blue
region shows the redshift range within which we select GAMA galaxies for this study (0.05 < z

< 0.2). Figure 5.2 demonstrates that across our redshift range of interest we are probing a single
cosmic epoch in terms of average galaxy density.
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Figure 5.2: Our calculation of the mean stellar density as a function of redshift in bins of δz = 0.05.
Blue shaded regions show the redshift range in which we select GAMA galaxies for this study. We
measure a roughly constant mean stellar density as a function of redshift to z = 0.3, with the drop
at higher redshifts attributed to the lowering completeness of the survey. Small variations in the
mean stellar density at low to intermediate redshifts are most likely due to structure variations
(occurrences of clusters, groups, or voids) in the GAMA survey. In later sections we use the same
redshift bins when comparing the local stellar density of individual galaxies to the “global” mean
stellar density to account for these variations.

Small variations in the mean stellar density at low to intermediate redshifts are most likely
due to structure variations such as clusters, groups, or voids within the GAMA survey. In Section
5.3.2 we introduce our 3D �xed aperture environment metric, which involves a comparison of
the local stellar density of individual galaxies to the mean stellar density. To account for these
structural variations within GAMA on our metric, we perform our measurements in the same
redshift bins presented in this section and use the mean stellar density calculated in that bin for
comparison.

5.3.2 The 3D Fixed Aperture Environment Metric

Measuring the local environment of galaxies relies on the de�nition of local density and the
metric used to make the calculation. Environmental metrics are typically based on 2D projections
on the sky of the distributions of galaxies within a given redshift range. These metrics most
commonly come in two varieties; �xed apertures (Hogg et al., 2003; Kau�mann et al., 2004; Croton
et al., 2005) and nearest Nth nearest neighbor (Dressler, 1980; Baldry et al., 2006). The former
measures density by placing a circular aperture of �xed size (in Mpc) around surveyed galaxies
and counting galaxies it contains, and the latter creates ordered lists for each galaxy of increasing
distance to neighboring galaxies and de�nes the density as the distance to neighbor N (with
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Figure 5.3: Left: A example of a 3D distribution of galaxies with centred within a red spherical
aperture. Black dots represent other galaxies in the GAMA survey and 3D isodensity contours
are shown in blue. Right: example RDPs for 4 of the 7 DYNAMO galaxies that are found in
GAMA. The RDP of the indicated galaxy is shown as a red dashed line while the shaded regions
shows the 75 percentile range for RDPs of all galaxies in a redshift bin of δz = 0.05 centered on
that galaxy’s redshift. The remaining 3 DYNAMO galaxies in GAMA have qualitatively similar
RDPs.

N = 7 quite common). Both of these methods typically compare to a reference density value like
the mean stellar density measured in Section 5.3.1.

Shattow et al. (2013) compare projected 2D environmental with the true 3D densities mea-
sured for galaxies in the Millenium simulation. The authors �nd that both metrics show a rea-
sonable agreement with the 3D value, suggesting the exact de�nition of environmental metric
is somewhat arbitrary. Regardless, 2D �xed aperture metrics fall closer to the 1-to-1 line and
also exhibit less scatter when compared to Nth nearest neighbor metrics. We note however that
di�erences in the results based on measurements using the same metrics can be disagree due to
sample selection biases.

With this in mind we develop an environment metric for use in this paper that is an extension
of the standard �xed aperture technique to 3D. This “3D �xed aperture” environment metric in-
volves summing the total stellar mass within spheres of varying radii centered on a given galaxy.
This stellar mass is then divided by the volume of the sphere to estimate the local density on
scales of rap Mpc. Finally the local density is compared to the mean stellar density in the redshift
bin containing the given galaxy. In this way we can classify our local density measurements as
over dense, under dense, or average density, and we perform this classi�cation on all galaxies in
the GAMA redshift slice studied here. Formally we de�ne the relative local density pro�le (RDP)
at the location of galaxy n as:
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ρrel,n(rap) =
ΣM∗(r < rap)
ρm(z)Vap(rap)

(5.1)

where rap is the 3D �xed aperture radius, ΣM∗(r < rap) is the total stellar mass contained
within the aperture excluding galaxy n, ρm(z) is the mean stellar density at the median redshift of
the redshift bin containing galaxy n, and Vap(rap) is the volume of the aperture given by 4

3πr3
ap.

For each galaxy we sample the RDP using 3D �xed aperture radii in the range 1.5 Mpc ≤ rap ≤ 60
Mpc in steps of 0.5 Mpc. Example RPDs are shown in Figure 5.3 as well as a 3D representation
of our metric. For apertures which contain no stellar mass we substitute a value of zero. The
qualitative behavior of the RDPs of the 7 DYNAMO galaxies found in GAMA are similar to those
presented in Figure 5.3, however there is large variation in density with radius for individual
pro�les. This, combined with the observed spread at �xed radius for GAMA subsamples and
the small sample size, makes drawing strong conclusions based on these 7 DYNAMO galaxies
di�cult. For this reason, we focus for the remainder of this Chapter on the average results for
Hα �ux selected, “DYNAMO like”, GAMA galaxies presented in Section 5.2.2.

We note that observed 3D distributions of galaxies that consider redshift as the line of sight
dimension do not represent “true” 3D due to redshift space distortions. Redshift space distortion
is an e�ect caused by gravitational interactions that decouple the motions of galaxies from the
general Hubble �ow. This results in redshift measurements for galaxies that do not relate directly
to their proper distance according to ΛCDM. Redshift space distortions have been performed on
GAMA by Blake et al. (2013) and Simpson et al. (2015) with the expectation that this will have
a negligible e�ect on environmental metrics on scales > 3 Mpc. This is in agreement with other
past studies on redshift space distortions (Guzzo et al., 1997; Ross et al., 2007).

Within a given subsample we also de�ne a mean relative density, ρ̄sample(rap), at each rap as
the average of all measurements in a subsample at that rap, excluding zeros. Examples of these
mean relative density pro�les (MRDP) for subsamples A, B, C, and D from Section 5.2.2 can be
seen in Figure 5.4.

5.3.3 Diagnostic Plots: Di�erence from the Mean Pro�le

We seek to employ an environment diagnostic that uses RDP measurements at di�erent rap to
de�ne samples of interest such as isolated groups or cluster core galaxies. Our chosen diagnostic
we refer to as the di�erence from mean density diagram (DMDD) allowing us to look at the
distribution of environments for individual galaxies. We de�ne the di�erence from mean density
for a given galaxy, n, formally as:
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∆ρn(rap) =
ρrel,n(rap) − ρ̄sample(rap)

ρ̄sample(rap)
(5.2)

This value represents the fractional di�erence between the RDP for galaxy n and the MRDP
used for comparison as a function of 3D �xed aperture radius.

We create the DMDD for a given subsample by �rst measuring the di�erence from mean
density for each galaxy in that subsample at two radii. These values are taken as the x and y
coordinates of the DMDD on which we plot isodensity contours. One can examine environmental
variations within a sample by creating the DMDD for a given sample using the corresponding
ρ̄sample(rap) (e.g. subsample A DMDD calculated in comparison to ρ̄A(rap)). Alternatively one
may compare one sample with another (e.g. subsample A DMDD calculated in comparison to
ρ̄D(rap)). Examples of DMDDs can be seen in Figures 5.6 and 5.7 for subsamples discussed in
Section 5.2.2. To some extent any choice of environmental metric is semi-arbitrary and subject
to observational biases (see Section 5.3.2).

By testing our environment metric using various pre-selected samples, we will gain a better
understanding of the types of environments to which our metric is sensitive. After characterizing
the behaviour of the DMDD, we will then de�ne selection regions in which we select galaxies
with interesting RDPs. For example, we may want to select those galaxies that reside in isolated
groups (groups away from dense clusters) that may exhibit densities close to or above the average
on small scales (∼1-3 Mpc), while densities on intermediate scales (∼8-10 Mpc) would be signif-
icantly below the average. This comparison is a large portion of the remaining work needed to
convert this Chapter into a published work and will be discussed more in Section 5.5.1.

5.4 Results

5.4.1 Hα Selected Samples

Comparing Mean Radial Density Pro�les

In this section we present the mean relative density pro�les for Hα �ux selected samples de�ned
in Section 5.2.2. The results of our MRDP calculations for subsamples A, B, C, and D are shown
in Figure 5.4 as well as the MRDP for all star-forming galaxies in GAMA. It is apparent from this
�gure that at all 3D �xed aperture radii there is a trend of lower MRDP values with increasing
Hα �ux with the largest drop seen when moving from subsample C to subsample D. Di�erences
in MRDPs between Hα selected samples are the largest in the 3D �xed aperture radius range 4
Mpc < rap < 12 Mpc (reference lines are plotted in Figure 5.4), consistent with the �ndings of
Croton et al. (2005) who �nd spheres of ∼4h−1 Mpc and ∼15h−1 Mpc are optimal for identifying
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Figure 5.4: The mean local density vs galaxy centred sphere radius (3D equivalent to a �xed
aperture) for di�erent samples separated by Hα �ux in the redshift range 0.05 < z < 0.30, we plot
a dotted line at y=0 for reference. Flux ranges are the same as those described in Green et al.
2014. Brie�y, samples A, B, C, and D have �ux ranges of 65 < f (Hα) < 140, 140 < f (Hα) < 300,
300 < f (Hα) < 930, f (Hα) > 930 respectively (where values are normalized by 10−17 ergs s−1). It
can be seen that there is a trend of lower relative densities with increasing Hα �ux, which is most
signi�cant at sphere radii ∼5-25 Mpc. Croton et al. 2005 found that spheres of 8h−1 Mpc are the
best probe of both the under and over-dense regions in the 2dF survey, but that using spheres in
the range from 4h−1 and 12h−1 did not change their conclusions. We plot vertical dotted lines at
sphere radii of 4 and 12 Mpc for reference. Investigating the RDPs of samples de�ned based on
more commonly used environment metrics will greatly aid in the interpretation of this Figure
(see 5.5.1).



190 CHAPTER 5. ENVIRONMENTS OF DYNAMO GALAXIES

Figure 5.5: Similar to Figure 5.4, but now only showing results for the “All” and “D” samples,
and including the 1σ statistical errors. Black dotted lines for reference match those presented in
the previous plot. While there is signi�cant overlap we �nd the largest di�erences considering
apertures between 3 and 9 Mpc.

groups/clusters and voids respectively. We also plot the highest Hα luminosity MRDP over the
MRDP for all GAMA galaxies in our redshift range with the 1σ statistical spread indicated in
Figure 5.5.

Comparing Environmental Diagnostic Diagrams

In this section we present the di�erence from mean density diagrams (DMDDs) for our Hα se-
lected samples. We choose for the x and y axes the RDP values at 3 Mpc and 9 Mpc (motivated by
the discussion in the previous section), and for each sample we evaluate the di�erence compared
with the mean for all GAMA galaxies. The DMDDs for each of the four Hα selected subsamples
are presented in Figure 5.6. As is evident from the MRDPs in Figure 5.4, the highest Hα �ux sub-
sample di�ers dramatically from the others, tending towards lower relative local densities on the
scales probed by our DMDDs. Furthermore, the locii of the contours for subsample D lie below
the 1-to-1 line. This may suggest that their local densities are higher on 3 Mpc scales than on 9
Mpc scales, suggestive of isolated group environments. As we have yet to compare our metric
with other, more typical metrics from the literature, the validity of this statement is not currently
clear.

A major goal of the DYNAMO survey (reviewed in Section 1.7) is understanding the early
evolution of late type galaxies, motivating us to also make selections based on morphology. For
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Figure 5.6: The di�erence from mean density diagrams (DMDD) for Hα selected subsamples A, B,
C, and D. The contours represent the number density of a given subsample. For each subsample
the di�erence from mean was calculated in comparison to the DMDD for all GAMA galaxies in
our redshift range 0.05 < z < 0.20 (indicated by the color scale which is the same in each panel).
It is seen that the DMDDs for subsamples A, B, and C are quite similar while the highest Hα
luminosity subsample, subsample D, is skewed towards lower relative local densities on both 3
Mpc and 9 Mpc scales (which is also re�ected in Figures 5.4 and 5.5).

our morphological selection we take Sérsic indices from the GAMA DR2 SersicPhotometry DMU,
which includes single component Sérsic pro�le �ts to the bands UGRizYJHK covering the UV to
IR. We compute an average Sérsic index across all bands for which the �ts have been �agged as
reliable for a given galaxy. We then select disk like galaxies as those with average Sérsic index
below 1.5. The DMDDs for these galaxies are presented in Figure 5.7.

An interesting feature of Figures 5.6 and 5.7 is the change from a bimodal to a unimodal
distribution when considering subsample D, the high Hα �ux galaxies. From the contours in
Figure 5.6 two peaks can clearly be seen, one close to the mean stellar density at both 3 and 9
Mpc scales and one at lower density on both scales. The higher density peak nearly vanishes
in Figure 5.7 where we have excluded galaxies with Sérsic indices > 1.5 more typical of early-
type and bulge dominated galaxies. This may suggest that disk dominated, highly star-forming
galaxies are among the most isolated galaxies in the GAMA survey. In contrast, bulge dominated
galaxies with a large Hα �ux are more closely associated with more “average” environments
which could hint at star-formation driven by accretion events such as gas-rich minor mergers.
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Figure 5.7: Similar to the previous plot, but now we have also selected for morphology based
on single Sérsic �ts in up to nine photometric bands from UV to IR. In this Figure we have
excluded galaxies that have an average Sérsic index less than 1.5 in order to isolate disk dominated
galaxies. Contours for subsamples A, B, and C are largely unchanged from the previous plot while
subsample D changes from bimodal to unimodal, tending towards lower relative local densities
on 3 Mpc and 9 Mpc scales. This suggests that among highly star-forming galaxies, those with
disk like morphologies (n < 1.5) are typically found in relatively less dense environments.
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5.5 Summary and Future Work

The preliminary work on the environments of DYNAMO-selected galaxies from GAMA DR2
has been presented in this Chapter. This involves matching the original DYNAMO selection
in the GAMA survey based on the various value added catalogs included in the survey and is
necessitated by the low overlap between DYNAMO galaxies from Green et al. (2014) and the
GAMA survey. We then de�ne our 3D �xed aperture metric which is measured to all of the
galaxies in the GAMA redshift range 0.05 < z < 0.2 using aperture sizes between 1 and 60 Mpc
(producing a radial density pro�le, RDP) and compare this with the average stellar density at
these redshifts measured from GAMA.

We �nd that there is a correspondence between deviations from the average density of galaxy
subsamples and their average F(Hα), with the highest Hα �ux galaxies found in the least dense
environments. Furthermore, this signature is most apparent considering aperture sizes between
3 and 9 Mpc, roughly consistent with the �ndings of Croton et al. (2005). We compare the average
local density measured in 3 and 9 Mpc spheres for our highest F(Hα) subsample �nding these
galaxies to deviate further from the average at 9 Mpc (meaning they fall below the dashed 1-
to-1 line in Figures 5.6 and 5.7). This suggests that these galaxies may be found in average to
group like environments on small scales that lie relatively far from any larger structure such as
a massive galaxy cluster.

If this is true, it is possible that we are observing extreme galaxies in the early stages of
galaxy pre-processing in groups. As mentioned, galaxy mergers are most common in group en-
vironments due to the low relative velocities between member galaxies. A majority of mergers
are minor (mass ratios > 4 : 1) meaning mergers in group environments may contribute signif-
icantly to galaxy growth at all epochs. Is this a viable pathway for producing turbulent disks
similar to those found at high redshift? Figure 5.7 suggests this may be the case, as morpho-
logically selected (n < 1.5) GAMA galaxies exhibit the lowest relative densities on scales ≥ the
sizes of groups (∼0.3-1.0 Mpc, Balogh et al., 2014; Tully, 2015) while being slightly closer to the
average on smaller scales.

5.5.1 Testing The 3D Fixed Aperture Metric

The logical next step in this project is the perform tests on our density metric by comparing �rst
with previous observations. The simplest test involves comparing the density measurements for
GAMA galaxies in this Chapter with published environmental information included in GAMA
DR2. Speci�cally we will compare with the GAMA Galaxy Group Catalog (G3C, Robotham et al.,
2011) and the GAMA tendrils and �laments catalog (Alpaslan et al., 2014). The former will allow
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us to connect the RDPs we measure with the richness of groups in which these galaxies reside (i.e.
Ngal), providing predictive power to our density metric. Comparison to the catalog of �laments
and tendrils in GAMA is an interesting an novel approach that investigates novel de�nitions of
environment that have not been possible using lower quality survey data such as SDSS.

Such a comparison begs the question, why should a new environmental metric be developed
when various other measures of environment already exist for the GAMA survey such as those
of Robotham et al. (2011) and Alpaslan et al. (2014)? Considering the former, the information
provided in the G3C includes only information on the particular group (e.g. group mass and
radius) in which a galaxy resides. We are interested in probing the larger scale structure, i.e. if
a galaxy does reside in a group is the group itself isolated from other cosmological structures?
Furthermore, for isolated galaxies, there is essentially no additional information provided for
that galaxy other than the fact that it does not reside in a group. Our metric provides more
detailed information in such cases. Considering the tendrils and �laments catalog of Alpaslan
et al. (2014), although it provides an excellent connection with large scale structures, this catalog
is not currently publicly available and the methods used to construct it are fairly complex and
not easily reproduceable. If we are able to connect the RDPs described in this chapter, which are
relatively straighforward to measure, with structures identi�ed by Alpaslan et al. (2014) this can
provide a quick check for such structures by other researchers that can also be applied to other
similar surveys.

Another avenue along these line is to adapt our 3D environments code for use with SDSS
survey data. The bene�ts of this would be two fold: 1) we can investigate directly the density
distribution of all galaxies from the original DYNAMO selection and 2) we can also compare our
metric with a wealth of environmental studies performed using SDSS data. We note however that
results from SDSS may be more di�cult to interpret when compared to GAMA as the survey is
less deep and therefore less complete at low galaxy masses. This is particularly important in this
case as we are concerned with identifying environments in which minor mergers involving low
mass galaxies may be more prevalent.

We also plan to compare all of the results described above with results of 3D �xed aperture
studies of large-scale N-body dark matter simulations such as Bolshoi or Millenium. Positions of
simulated galaxies are known exactly allowing for unambiguous de�nitions of environment in
3D (Shattow et al., 2013). Uncertainties and magnitude limits of the GAMA survey can then be
applied to simulated data providing a valuable check on environmental measures performed on
real data.
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Conclusions

This thesis presents three studies of DYNAMO galaxies, 0.05 < z < 0.15 star-forming galaxies se-
lected from SDSS based on F(Hα), with a focus on extremely star-forming outliers. The �rst two
projects, presented in Chapters 2-4, examine the resolved spectral properties of galaxies using
IFS observations. Chapter 3 examines the relation between stellar and ionized gas kinematics in
two high SFR DYNAMO disk galaxies using optical IFS from Gemini Observatory while Chapter
4 uses combined HST Hα photometry and AO assisted IFS from OSIRIS at Keck targeting Paα
to investigate the resolved attenuation on ∼1 kpc scales. Also presented in Chapter 4 is a study
of integrated measurements of attenuation in a sample of 67 DYNAMO galaxies focusing on the
comparison between E(B − V)stars and E(B − V)gas. Finally, this is followed in Chapter 5 with
a study of the 3D environments of thousands of galaxies selected from the GAMA survey us-
ing the DYNAMO selection criteria originally applied to SDSS. The work presented in Chapter
5 is preliminary in nature, however we have already identi�ed some intriguing trends from our
analysis.

6.1 Summary of Major Conclusions

6.1.1 Stellar Versus Ionized Gas Kinematics

The conclusions of our study of stellar and ionized gas kinematics in two DYNAMO disks pre-
sented in Chapter 3 can be summarised as follows:

• Large σgas from previous observations are not a product of low spatial resolution, so called
“beam smearing”.

• Stellar and ionized gas kinematics in these two galaxies appear closely coupled, exhibit-
ing σ’s ∼10 km s−1 larger than typical star-forming disks locally such as those found in
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DiskMass (Andersen et al., 2006) and GHASP (Epinat et al., 2008)

• The stellar emission from these galaxies is dominated by young stellar populations with
ages of ∼60-500 Myr indicated by the strong Balmer absorption observed.

• We �nd evidence for clumpy substructure not apparent from previous IFS observations.
This is con�rmed by observations of Hα using HST, which also reveals the presence of a
small bulge.

Together these observations provide a strong argument that the processes at work in clumpy,
high redshift galaxies are also driving the evolution of extreme DYNAMO disks. The observa-
tion of young stellar populations with σstars ' σgas con�rms a major assumption of models of
turbulent disks such as those of Dekel et al. (2009b), Ceverino et al. (2010), Bournaud et al. (2009),
and others. Giant star-forming clumps in simulated galaxies have been proposed as a driver of
bulge formation and growth, supported by the HST observations of these two DYNAMO disks.

6.1.2 Dust Attenuation in DYNAMO Galaxies

In Chapter 4, we draw the following conclusions about the attenuation su�ered by light produced
in DYNAMO galaxies:

• The DYNAMO galaxy selection criteria impose a strong bias against highly attenuated
galaxies at high F(Hα). These galaxies will either be shifted to lower F(Hα) due to atten-
uation, or not be detected at all in the case of very high column densities such as those
observed in ULIRGS. High F(Hα) galaxies represent a di�erent class of high SFR galaxies
to ULIRGS, which may be more compatable to z ∼ 2 main sequence galaxies.

• High sSFR DYNAMO galaxies follow the relation E(B − V)stars = E(B − V)gas in contrast
to Calzetti et al. (1997) who study low redshift starburst galaxies.

• Low sSFR galaxies fall closer to the Calzetti et al. (1997) relation when E(B − V)stars is
determined through SED �tting, however many galaxies shift to the 1-to-1 line when E(B−

V)stars is estimated from the UV slope, β.

• From our resolved maps of attenuation we �nd no evidence for highly attenuated massive
clumps, which would be missed at high redshift in current observations.

• We �nd mild spatial variation in four extreme DYNAMO galaxies fromAV=0.5-2 mag. Vari-
ation within individual galaxies is less, with standard deviations of ∼1 mag.
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• Tentative evidence suggests drops in the maps of AHα coincide with peaks in maps of
the [OIII] to Hβ ratio suggesting shocks in these regions contribute signi�cantly to the
ionizing potential.

Perhaps the two most intriguing results in regards to observations at high redshift involve the
sample selection of DYNAMO galaxies and the lack of highly attenuated, massive, star-forming
clumps. The former suggests that populations of galaxies represented by IFS studies of optically
selected, turbulent disks at z ∼ 1 − 2 may be biased towards only those galaxies which host
very little dust. The lack of highly attenuated clumps from our resolved observations however,
suggests that optical IFS surveys at z ∼ 2 mainly capture the bulk of the star formation present in
the observed galaxies. This is also consistent with these samples having a bias towards relatively
low dust content.

6.1.3 3D Environments of DYNAMO selected GAMA Galaxies

The project presented in Chapter 5 regarding the 3D environments of DYNAMO galaxies is still in
the relatively early stages. At the time of writing this thesis, we have de�ned our environmental
metric, but have yet to test this versus better-known and better established metrics that are
commonly used. This currently limits our ability to interpret the results of our analysis. With
this caveat in mind, the preliminary results of this work are listed as follows:

• Applying the DYNAMO selection criteria to the GAMA survey shows that high F(Hα)

galaxies are experiencing sustained star formation (based on large star formation timescale
indicated by τs f from SED �tting), while bursty and highly obscured systems fall in lower
F(Hα) bins consistent with the results of Chapter 4.

• The highest F(Hα) objects are in systematically lower density environments on 9 Mpc
scales when compared to 3 Mpc, suggesting these galaxies may exist in groups but typically
avoid dense clusters.

• This di�erence for high F(Hα) galaxies is enhanced when considering only low Sérsic
index galaxies suggesting environment may be a key driver of the evolution of unobscured,
disky, highly star-forming galaxies at 0.05 < z < 0.15.

The work remaining on this project primarily involves performing tests of our environmen-
tal metric using other, independently de�ned metrics for GAMA galaxies. In particular we will
compare our radial density pro�le (RDP) method with data from the Gama Galaxy Groups Cat-
alog (G3C, Robotham et al., 2011) and the GAMA tendrils and �laments catalog (Alpaslan et al.,
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2014). This will give a better understanding of the in�uence of cosmic structures on galaxy RDPs,
bolstering any interpretation of our results.

6.2 Future Work

Some work will still be required to convert Chapters 4 and 5 into published works. In particular,
correcting integrated βstars measurements based on GALEX �uxes for the redshift dependence
of this de�nition in the DYNAMO redshift range (Section 4.3.2 and Figure 4.1) for Chapter 4
and testing our 3D metric as described above for Chapter 5. The completion of the DYNAMO
attenuation study will be undertaken immediately following my PhD studies and submission
of this work to an academic journal is expected by the end of the 2015. Work on DYNAMO
environments will continue into 2016 with submission expected that year.

In semester A of 2014 and semesters A and B of 2015, DYNAMO galaxies have received con-
tinued observations using the GMOS-IFS instrument at Gemini as a part of two programs. The
�rst (2014A/2015A) is designed to increase our sample of high F(Hα) disks with high spatial
resolution gas and stellar kinematics measurements which overlap with our HST observations.
These galaxies were observed using the same design and setup as previous observations as those
in Chapter 2 (however with an improved dithering pattern). Using strict disk selection criteria
such as those of KMOS3D (Wisnioski et al., 2015, and see Section 2.5.2) we have increased our
sample of observed disks to 12 galaxies. Using this high quality data, as well as previous ob-
servations presented in Chapter 2, we will also test for stellar population age gradients. Bulge
growth models involving inward migration of clumps at high redshift make predictions regard-
ing the strength of stellar population gradients in young galaxies (Noguchi, 1999; Murray et al.,
2010; Genel et al., 2012; Bournaud et al., 2014). The reduction of data from the 2014A and 2015A
programs are observed and partially reduced, and reduction will be completed by the end of 2015.

Observations taken in 2015B are at a lower resolution and targeting the much brighter Hα
emission line in galaxies that have previously been observed with OSIRIS. The goal of these
observations is to map the galaxy kinematics, based on Hα, to beyond 2re in order to increase
our sample of galaxies with speci�c angular momentum (angular momentum/galaxy mass) mea-
surements. This provides a test of the hypothesis that low angular momentum is a key driver
of marginal stability in gas rich disks, as described in Section 1.7.4 (Obreschkow et al. 2015,
submitted).

The DYNAMO collaboration has grown quite rich in data, particularly optical and IR IFS ob-
servations, requiring careful and detailed analysis. Extensive e�ort to this end has been under-
taken and in the next few years, a number of exciting results are expected from the DYNAMO
team. High F(Hα) DYNAMO galaxies have been shown to be the most plausible low redshift
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analogs to high redshift, clumpy galaxies (Green et al., 2014; Bassett et al., 2014; Fisher et al.,
2014b).

As has always been the case in astronomy, continued improvements in instrumentation and
construction of ever larger telescopes will bring unprecedented advancement in our understand-
ing of the universe. Currently, astronomers are scrambling to be granted access to ALMA, which
can provide millimeter observations at resolutions comparable to HST. By comparing such obser-
vations of molecular clouds with observations of corresponding star-forming regions in nearby
galaxies, astronomers will be able to perform detailed tests of the KS relation on sub-kpc scales.
This may provide key observations in understanding the origin of the KS relation and the con-
nection between the small and large scale processes governing galaxy evolution and how this
varies with other galaxy properties.

Performing these observations for extremely star-forming galaxies nearby (such as those
in the DYNAMO survey) will provide pioneering work for future work at high redshift using
next generation instruments and telescopes. Speci�cally, next generation very large telescopes
such as the Giant Magellan Telescope, the Thirty Metre Telescope, and the European Extremely
Large Telescope, aided by continued advanced in adaptive optics technology, will provide greatly
improved sensitivity and resolution for observations of faint, high redshift galaxies. Appropriate
to this aim, the instrumentation currently planned for these observatories are strongly focused
on the IR wavelength regime necessary for high redshift observations. In parallel to these ground
based e�orts, the launch of JWST, with an impressive suite of IR instruments (including IR IFS
capability) will provide a factor of ∼7 increase in collecting area compared to HST. For many
reasons, the observational prospects for studying galaxy formation and evolution, particularly
at high redshift, appear quite promising in the next decade.
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7
Erratum: Attenuation Project Correction

7.1 Reassesing Integrated E(B − V)

Subsequent to the initial submission of this Thesis, a serious issue was found with our SED
�tting code. Galaxies found to follow the 1-to-1 relation between E(B − V)stars and E(B − V)gas

were found to have unplausible SFRs measured from our SED �tting often in excess of 150 M�
yr−1. Upon further investigation a bug was located in our SED �tting code that implemented an
unsubstantiated initial mass function resulting in extremely low metallicities and extremely high
SFR. This rendered integrated results presented in Chapter 4 unreliable.

We have remeasured E(B − V)stars in a more reliable way and we describe this method in
Section 7.1.1 and present results and discussion in Sections 7.2 and 7.3.1 respectively. Section 7.2
is indented to replace Section 4.4 and Section 7.3.1 replaces Section 4.7.1.

7.1.1 E(B − V)stars from SED Colours

E(B − V)stars is also obtained from the MPA-JHU VAC values of Kau�mann et al. (2003b) who
create synthetic g, r, and i magnitudes from SDSS spectra by convolving with the corresponding
SDSS �lters. Using these, the authors compare synthetic g − r and r − i colours with similarly
produced colours using a library of single stellar population spectra constructed according to
the models of Bruzual & Charlot (2003). Through this process, they obtain an estimate of the
V-band optical depth, τV , a�ecting the emitted starlight. We convert this to E(B − V)stars using
the equation (Calzetti, 2001):

τV = 0.921 × E(B − V)stars × k(λ) (7.1)
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Table 7.1: Parameterisation of AHα Relations from Garn & Best (2010)(See Equation 7.2)

Model B0 B1 B2 B3

SFR 0.53 0.54
M∗ 0.91 0.77 0.11 -0.09

In this case we assume an attenuation curve with a functional form of k(λ) ∝ λ0.7, which follows
the procedure of Kau�mann et al. (2003b).

7.2 Integrated E(B − V): Results

Garn & Best (2010) �nd attenuation of ionized gas to correlate with both M∗ and SFR in a sample
of star-forming SDSS galaxies (with AGN excluded). From this sample Garn & Best (2010) per-
form �ts to the AHα vs SFR and AHα vs M∗ relationships independently. We compare the results
for DYNAMO and MOSDEF galaxies to these local relations in Figure 7.1 where the results of
Garn & Best (2010) are shown as black dashed lines. These relations represent polynomial �ts of
the form:

AHα = Σn
i=0BiXi (7.2)

where Bi are the �t coe�cients and X = log10(SFR/M� yr−1) or log10(M∗/1010 M�) depending on
the galaxy property in question. We present in Table 7.1 the coe�cients for each �t copied from
Table 4 of Garn & Best (2010).

In general Garn & Best (2010) �nds that attenuation of line emitting gas increases with both
SFR and M∗, as well as metallicity, in non-active, star-forming SDSS galaxies. The authors con-
clude that galaxy mass is the best indicator of attenuation and that, considering M∗, Equation
7.2 is able to predict AHα with an error of 0.28 mag. They suggest that this is because as a galaxy
increases in M∗ via star-formation it also continuously builds up a dust reservoir thus gradually
increasing in AHα. More massive galaxies form greater amounts of stars during bursts and they
retain a larger fraction of metals produced through star formation resulting in AHα vs SFR and
AHα vs metallicity relationships, which are secondary to the dependence on M∗.

In Figure 7.1, we check for similar correlations in DYNAMO and high redshift MOSDEF data
(see Section 4.2.1). Overplotted as a dashed line in each panel are the 4th order polynomial �ts
from SDSS (Garn & Best, 2010) that relates AHα to M∗ and SFR (see Equation 7.2 and Table 7.1)
where we have converted AHα to E(B− V)gas assuming a Calzetti et al. (2000) attenuation curve
with RV = 4.0. We �nd a rough agreement between the SDSS M∗-E(B − V)gas relation and the
DYNAMO and MOSDEF samples, however correlations between E(B − V)gas and SFR are less
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Figure 7.1: The relationships between E(B − V)gas measured from the Balmer decrement and
stellar mass (left panel) and E(B − V)gas and SFR (Hα, right panel). Overplotted in each panel
are the low redshift relationships between mass/SFR and E(B − V)gas from the SDSS (Garn &
Best, 2010) as well as data from the MOSDEF survey taken from Reddy et al. (2015). We also
plot linear �ts to log10(M∗) and log10(SFR) for DYNAMO galaxies as solid orange lines in each
panel, which show DYNAMO galaxies to be in rough agreement with Garn & Best (2010). The
MOSDEF sample also roughly follows the SDSS trend with M∗ (considering the large scatter
found by Garn & Best, 2010) while following a steeper relation with SFR mirrored by high sSFR
DYNAMO galaxies



226 CHAPTER 7. ERRATUM: ATTENUATION PROJECT CORRECTION

certain. Considering the entire sample of DYNAMO galaxies we �nd a weak correlation between
E(B−V)gas and SFR (Kendall τ = 0.31, 3.73σ signi�cance) and we plot the linear �t to DYNAMO
points in Figure 7.1, which is comparable to SDSS relations. MOSDEF galaxies on the other hand
appear to follow a steeper relationship compared to that of SDSS.

Splitting DYNAMO galaxies into low and high speci�c SFR (sSFR=SFR/M∗, where SFRs and
masses are taken from Green et al. 2014) with the cut at log10(sSFR)=7.08×10−10 yr−1, the median
of the DYNAMO sample. We �nd that at high sSFR galaxies appear to follow a similar trend
to that found for the MOSDEF survey while low sSFR galaxies remain uncorrelated. This may
be due to an intrinsically di�erent relationship for galaxies with very high sSFR and also may
re�ect the di�culty in obtaining reliable Hα and Hβ �uxes (which are both necessary to measure
E(B − V)gas) for galaxies with a large E(B − V)gas and low SFR at high redshift. We note here
that Garn et al. (2010) �nd no evidence of an evolution in the SFR vs AHα relation compared to
SDSS up to z = 0.84 considering observations of star-forming galaxies from the High Redshift
(Z) Emission Line Survey (HiZELS, Geach et al., 2008) and Domínguez et al. (2013) extend this to
z ∼ 1.5 using Wide Field Camera 3 (WFC3) IR Spectroscopic Parallel (WISP) Survey data.

7.2.1 E(B − V)stars: SED vs β

We compare the values of E(B − V)stars calculated through SED �tting and from β following
Meurer et al. (1999) in Figure 7.2. A weak correlation is found with a Spearman’s rank-order
correlation coe�cient rS (E(B−V)β, E(B−V)S ED)=0.34 a p-value of 0.003. This is not surprising
as the same GALEX magnitudes used to determine β also provide strong constraints on AV,stars

measured during our SED �tting procedure.
We split galaxies between low and high sSFR bins with the separating value chosen to be

our median(sSFR)=7.08×10−10 yr−1. Figure 7.2 suggests that more star-forming galaxies exhibit
a tighter correlation. Indeed, for high sSFR DYNAMO galaxies we �nd rS (E(B − V)β, E(B −

V)S ED)=0.49 with the same p-value of 0.003. Considering our low sSFR galaxies we �nd values
of rS (E(B − V)β, E(B − V)S ED)=0.37 with a less signi�cant p-value of 0.03.

We suggest that the driver of the strength of the correlation between E(B−V)stars at di�erent
sSFRs is the fact that the Meurer et al. (1999) relationship is calibrated speci�cally for local star-
burst galaxies. At high sSFR, a large fraction of the stellar mass is made up of young stars resulting
in very blue colours, and therefor a steep negative gradient in the UV SED (thus a low value of
β, Meurer et al. (1999) assume intrinsic β = −2.23). Galaxies with lower sSFR have intrinsically
redder colours and larger intrinsic values of β caused by reddening of the SED from the presence
of older stellar populations. We explore the variation in the intrinsic value of β using two PE-
GASE.2 models. One model exhibits an exponentially declining SFR while the other represents
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Figure 7.2: Comparison between our two methods of calculating the integrated E(B − V)stars

for DYNAMO galaxies. The value from GALEX β following Kong et al. (2004) is given on the
x-axis while the value obtained through SED colours is given on the y-axis. Red circles indicated
galaxies with sSFR lower than the median value while blue circles indicates those with larger
sSFR. We �nd a better correlation between our two E(B − V)stars measures when considering
higher SFR galaxies (sSFR > 7.08×10−10 yr−1) compared to the entire sample.
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Figure 7.3: The relationship between age and intrinsic UV slope, β, for star-formation histories
(SFH) traced by our PEGASE.2 models. Here we show an exponentially declining SFH as well
as a constant SFR model. Both model values remain relatively close to the Meurer et al. (1999)
value, indicated by the solid red line, until roughly 1 Gyr, where the exponentially declining SFH
model increases dramatically due to the decreasing in�uence of hot, massive stars. The constant
SFR model remains close to the Meurer et al. (1999) value for the entire simulation, resulting in
little variation in E(B − V)stars with age and sSFR.

a galaxy with a constant SFR. For both models we measure β using the GALEX �lter response
curves at each time step. The results are presented in Figure 7.3, which demonstrates that for the
�rst ∼1 Gyr the measured slopes of both models are very close to the Meurer et al. (1999) value
of -2.23 (shown by the red line). After this, the intrinsic β for the exponentially declining model
increases dramatically as the population of hot, massive stars dies o�. Eventually the instrinsic β
drops again due to the increasing in�uence of lower mass, post-main sequence stars, however it
remains signi�cantly redder than the initial values. The constant SFR model remains close to β
= -2.23 for the entire simulation, resulting in very little variation in E(B − V)stars. This suggests
that a declining star-formation history is more likely to account for the discrepancy found when
comparing E(B − V)stars values between β and SED colours.

Do high sSFR DYNAMO galaxies follow the trend indicated by our PEGASE.2 model? We
check for this behavior in DYNAMO galaxies in the following way. First we compare the observed
β and E(B − V)stars from SED colours and use a modi�ed version of Equation 4.8 to predict the
intrinsic β, βint, of each galaxy:

A1600Å = 1.99 × (β − βint) (7.3)

Here we �rst convert E(B − V)stars from SED colours to A1600Å assuming a Calzetti et al. (2000)
attenuation curve then estimate βint based on the observed β. Ideally, we would measure βint
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Figure 7.4: sSFR versus βint for DYNAMO galaxies where βint is calculated from the observed β
and E(B − V)stars from SED colours using Equation ??. We �nd the expected decreasing trend
with a large scatter that we attribute to the complex relationship between galaxy UV �ux and
star-formation history.

directly from SED models used by the MPA-JHU group, however these are not available to us
thus we employ the procedure described above. We show the results of this as sSFR versus
βint in Figure 7.4. There is a rough decrease in βint with sSFR, as expected. The large scatter is
likely due to the complex relationship between UV �ux and star-formation history. This shows
that for intrinsically red galaxies, the extra reddening is incorrectly attributed to dust assuming
the Meurer et al. (1999) relation. This ultimately results in an overestimation of E(B − V)stars.
The method of Kau�mann et al. (2003b) uses a variable SED shape, and in this way the varying
intrinsic spectral slope is accounted for.

In the next Subsection we compare the values of E(B−V)stars presented here with E(B−V)gas

determined from the Balmer decrement (see Figures 7.5-7.8). We present this comparison using
E(B−V)stars measured through both SED colours only, as we consider these to re�ect better the
true E(B − V)stars value of galaxies in our sample.

7.2.2 Variation in E(B − V)gas − E(B − V)stars

One goal of this study is to test the relation found by Calzetti et al. (1997), namely E(B−V)stars =

0.44 × E(B − V)gas, on a sample of turbulent, clumpy galaxies. This relation has come under
recent scrutiny, particularly at high redshifts, and its applicability to turbulent high redshift disks
is unclear (Price et al., 2014; Reddy et al., 2015, and see Section 4.7). Here we present comparisons
between the relative attenuation su�ered by stars and gas in DYNAMO galaxies in an attempt
to determine which galaxy properties tend to drive galaxies away from the Calzetti et al. (1997)



230 CHAPTER 7. ERRATUM: ATTENUATION PROJECT CORRECTION

Figure 7.5: Here we compare integrated measures of E(B−V)gas from the Balmer decrement with
measurements of E(B − V)stars. DYNAMO galaxies are given by blue circles while high redshift
MOSDEF galaxies are given by red diamonds. These datapoints are plotted over a greyscale
density map which represents the 55,000 SDSS data release 4 galaxies from the MPA-JHU VAC,
the parent sample of the DYNAMO survey. We also indicate the local relation E(B − V)stars =

0.44 × E(B − V)gas (Calzetti et al., 1997) as a orange dashed line, and the 1-to-1 relation using a
solid line. Galaxies for which resolved attenuations are investigated are shown using green open
squares. We �nd that both DYNAMO and MOSDEF galaxies fall between the local relation and
the 1-to-1 line, particularly for larger values of E(B − V).
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relation.

In Figure 7.5 we plot E(B − V)stars versus E(B − V)gas for DYNAMO and MOSDEF galaxies.
The solid line in this plot gives the 1-to-1 relation while the dashed line shows the local relation,
E(B − V)stars = 0.44 × E(B − V)gas. In the left panel we compare DYNAMO galaxies with star-
forming galaxies at z ∼ 1.5 − 2.5 from the MOSDEF (Reddy et al., 2015) survey. These samples
are plotted over a greyscale density map which shows values for the ∼55,000 SDSS data release
4 galaxies taken from the MPA-JHU VAC, which represents the parent sample of the DYNAMO
survey. As expected, SDSS galaxies apprear roughly consistent with the local relation.

We �nd remarkable agreement in the relationship between E(B − V)stars and E(B − V)gas

when comparing the DYNAMO and MOSDEF samples. Many galaxies from both surveys appear
to be well described by the local relation, although a signi�cant portion of both samples fall
below this relation, closer to the 1-to-1 line. Overall, we suggest that applying the local relation,
E(B − V)stars = 0.44 × E(B − V)gas, often provides a reasonable estimate of the attenuation
su�ered by ionised gas emission where reliable direct estimates of E(B − V)gas (e.g. the Balmer
decrement) are not available. In some cases, particularly for more highly attenuated galaxies,
this relationship may lead to an overestimate of E(B − V)gas, and in turn, an overestimate of
SFR if this is measured from F(Hα). The median value of E(B − V)stars/E(B − V)gas for the
DYNAMO and MOSDEF samples plotted in Figure 7.5 are 0.53 and 0.76 respectively. We also
note that three of four galaxies making up our resolved attenuations sample fall very close to the
E(B−V)stars = 0.44× E(B−V)gas line, while one, galaxy D 13-5, falls roughly halfway between
this relation and the 1-to-1 line.

What galaxy property is the driver of the di�erences in E(B−V)gas−E(B−V)stars from galaxy
to galaxy? To answer this we �rst check for a dependence on stellar mass, as the known relation
between stellar mass and total dust content (Garn & Best, 2010) has been shown in Figure 7.1 to
hold true for DYNAMO galaxies. In Figure 7.6 we plot stellar masses vs E(B−V)gas−E(B−V)stars

for galaxies in our sample. We �nd a weak correlation between stellar mass and E(B − V)gas −

E(B − V)stars suggesting that lower mass galaxies are more likely to exhibit a smaller di�erence
between the stellar and ionized gas attenuations. We note here the large scatter in this relation,
however, particularly at low stellar mass. MOSDEF galaxies, shown as black diamonds, have a
similar general behavior however high mass, high E(B−V)gas-E(B−V)stars galaxies in MOSDEF
are not represented in DYNAMO. This may be due to the DYNAMO selection that is biased
against galaxies with high E(B − V)gas.

In Figure 7.7 we show galaxy SFR (based on L(Hα)) versus E(B − V)gas − E(B − V)stars for
DYNAMO galaxies. Considering all DYNAMO galaxies we �nd no correlation between SFR and
E(B − V)gas − E(B − V)stars. We also �nd no correlation for highly star-forming galaxies that
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Figure 7.6: In this Figure we compare the di�erence in E(B − V) measured for gas and for stars.
We �nd that stellar mass correlates with overall dust content in Figure 4.3, and we also �nd a
weak correlation between stellar mass and E(B − V)gas − E(B − V)stars. We compare DYNAMO
galaxies with those of the MOSDEF survey given by open black diamonds. The two samples have
a similar general behaviour although MOSDEF covers a larger parameter space.
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Figure 7.7: Shown here is galaxy SFR (based on Hα �ux) versus E(B − V)gas − E(B − V)stars for
DYNAMO galaxies. We �nd that the upper limit to E(B−V)gas−E(B−V)stars increases with SFR
but no general trend is apparent. This could be due to the selection of DYNAMO galaxies that
is biased against extremely dusty, highly star-forming galaxies such as those MOSDEF galaxies
that populate the upper right region. MOSDEF �nds a strong correlation between E(B− V)gas −

E(B − V)stars, however we note this is driven by highly star-forming outliers and, possibly, by a
lack of low SFR galaxies that may be below the MOSDEF detection limit.
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were shown in Figure 4.3 to be most similar to galaxies from the MOSDEF sample. In their
study of the MOSDEF sample of high redshift star-forming galaxies, Reddy et al. (2015) �nds
that E(B − V)gas - E(B − V)stars is most correlated with SFR, clearly at odds with the results
of DYNAMO. This discrepency may be due to the previously mentioned selection bias against
highly dust-enshrouded galaxies, particularly at high SFR, inherent to the DYNAMO sample. We
suggest that this bias removes the inherent correlation between E(B− V)gas − E(B− V)stars and
SFR when observed in DYNAMO galaxies. Alternatively, the strength of the correlation found for
MOSDEF may be overstated as it could be driven by highly star-forming outliers and a lack of low
SFR galaxies similar to the red DYNAMO points in Figure 7.7. A major conclusion of Reddy et al.
(2015) is that above a SFR of 20 M� yr−1 nebular lines exhibit an increase in attenuation relative
to star light. We do not �nd a similar trend in DYNAMO and, again, this may be attributed to
selection biases of the DYNAMO sample or this trend may be driven by outliers in the MOSDEF
sample. We also plot in Figure 7.8 galaxy sSFR versus E(B− V)gas − E(B− V)stars, but again �nd
no clear correlation for both DYNAMO and MOSDEF galaxies.

Results presented in this Section clearly show that some DYNAMO galaxies appear to follow
the relationship de�ned by Calzetti et al. (1997) while others do not. The known correlation
between overall dust content and attenuation is recovered in our sample, however E(B−V)gas −

E(B − V)stars appears to be uncorrelated with both SFR and sSFR in contrast to recent results at
high redshift (Reddy et al., 2015). This may be a result of the DYNAMO sample selection and may
not be re�ective of the inherent relationship for star-forming galaxies. Note however that biases
similar to those su�ered by the DYNAMO selection will a�ect samples of high redshift, star-
forming galaxies selected in the optical rest-frame such as those from the SINS Survey (Förster-
Schreiber et al., 2009; Genzel et al., 2011).

We do �nd a weak correlation between E(B−V)gas−E(B−V)stars and stellar mass, with lower
mass galaxies more likely to have the property E(B−V)stars = E(B−V)gas. One possibility is that
the colours of massive galaxies, from which our stellar E(B−V) values are derived, have a larger
in�uence from old stellar populations, which have migrated away from the dusty sites of on-
going star formation, than do low mass galaxies. In this way, a larger fraction of the stellar light
in massive galaxies originates from relatively unobscured regions while ionized gas emission
lines originate in stellar birth clouds. As this is mechanism is often suggested to be the key driver
to the local relation, E(B−V)stars = 0.44×E(B−V)gas, this may present a plausible explanation.
We �nd in Figure 7.7, however, that the low mass galaxies with the lowest (negative) values of
E(B−V)gas-E(B−V)stars typically also have low sSFR, which may be at odds with the hypothesis
presented above. In the future, we will explore in more detail the relationship between integrated
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Figure 7.8: The relationship between sSFR and the di�erence between stellar and ionized gas at-
tenuation. Points are labeled as described in Figure 7.7. As with SFR, we �nd no clear correlation
between sSFR and E(B−V)gas−E(B−V)stars and, unlike with SFR, this is true of both DYNAMO
and MOSDEF samples.
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stellar vs gas attenuation and other galaxy properties, particularly at low mass, in order to gain
insight into what drives galaxies away from the relation E(B − V)stars = 0.44 × E(B − V)gas.
The similarity between the attenuations of DYNAMO galaxies and high-redshift galaxies in the
MOSDEF sample shown in Figures 4.3 and 7.6-7.8 make this a particularly intriguing line of
inquiry.

7.3 Discussion

7.3.1 Measuring Integrated E(B − V): Balmer Decrement vs SED

It is important to remember when considering studies of DYNAMO galaxies that this sample
represents star-forming galaxies selected based on total Hα �ux. In particular, many extremely
star-forming DYNAMO galaxies selected for detailed follow up observations represent the top
98th percentile in Hα �uxes from the SDSS survey. This means that for galaxies with both high
F(Hα) and M∗, we are biased to relatively unobscured galaxies. We note that this limitation
will also be su�ered by studies of galaxies at high redshift selected in the rest frame optical (e.g.
Förster-Schreiber et al., 2009; Law et al., 2009; Wisnioski et al., 2012). Burgarella et al. (2011)
see this e�ect in a study of LBGs at 0.7 < z < 1.6, �nding the maximum attenuation su�ered by
LBGs decreases with luminosity. Selection e�ects on our sample result in the DYNAMO galaxies
having, on average, attenuations typical of other samples of nearby star-forming galaxies of
AV ∼ 0 − 2 (Keel & White, 2001; Matthews & Wood, 2001) similar to �ndings at z ∼ 2 for the
SINS survey (Förster-Schreiber et al., 2009). Massive, highly star-forming, and highly attenuated
galaxies are not represented in the DYNAMO survey. E(B − V) values of DYNAMO galaxies are
typically 1.5 to 3 times less than those of Hemmati et al. (2015) who study a sample of K-band
selected z ∼ 0.4 star-forming disks Hemmati et al. (2015). Performing a selection based on the
K-band will be sensitive to obscured star-formation possibly introducing a selection bias towards
dusty galaxies, opposite to that imposed on DYNAMO and high redshift samples mentioned here.

SFRs of galaxies observed at high redshift are often measured from the rest from optical or UV,
meaning these measurements are highly dependent on the assumed dust correction. Locally star-
burst galaxies are known to approximately follow the relation E(B−V)stars = 0.44×E(B−V)gas of
Calzetti et al. (1997), however the applicability of this relation at high redshift is uncertain. Many
groups have studied UV and optical AV indicators, investigating the magnitude of the AV excess
for ionized gas. Results consistent with Calzetti et al. (1997) have been found (Yoshikawa et al.,
2010; Mancini et al., 2011), while a number of groups �nd that the extra attenuation overestimates
SFR (Erb et al., 2006; Reddy et al., 2010; Kashino et al., 2013). Price et al. (2014) suggest these
di�erences may be due to observational biases su�ered by various studies. For DYNAMO galaxies
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we �nd that many galaxies do follow the relation E(B − V)stars = 0.44 × E(B − V)gas, though at
low stellar mass this relation moves towards unity (albiet with large scatter).

Recently studies focusing on stellar and gas E(B − V) in galaxies at z > 1.5, �nding trends
with the star-formation properties. In particular, Reddy et al. (2015) investigate the relationship
between E(B−V)stars (from SED �tting) and E(B−V)gas (from the measured Balmer decrement)
for galaxies from the MOSDEF survey selected for their strong emission lines at redshifts z ∼ 1.5,
z ∼ 2.3 and z ∼ 3.4. Roughly 7% of observed galaxies follow the relation of Calzetti et al. (1997)
while ∼50% have equal gas and stellar attenuations within one standard deviation of E(B−V)stars

or E(B−V)gas. By the same criteria we �nd that ∼33% of DYNAMO galaxies are consistent with
the Calzetti et al. (1997) relation while only ∼10% are consistent with E(B− V)gas=E(B− V)stars.
For MOSDEF, the di�erence between gas and stellar attenuation is found to increase strongly
with SFR, with those galaxies having SFR > 20 M� yr−1 having the largest excess of E(B − V)gas

compared to E(B − V)stars. Price et al. (2014) come to a the opposite conclusion using similar
data from the 3D-HST survey, which is also the parent sample of MOSDEF. The authors measure
AV,stars (from SED �tting) and AV,gas (from the Balmer decrement) for 1.36 < z < 1.50 galaxies
selected to have a signal to noise of Hα > 5. AV,gas is measured for stacked data that is binned
by AV,stars, SFR, or sSFR (all from SED �tting) as individual observations are too noisy. The
main result is that most bins have stellar and gas attenuations consistent, within errors, with
the Calzetti et al. (1997) relation, however the highest sSFR bin falls closer to E(B − V)stars =

E(B − V)gas. It is possible that this result, based on stacked observations, is biased towards
galaxies with low attenuation at high SFR, as these galaxies will have extremely large Hα �uxes.
The con�icting results between Reddy et al. (2015) and Price et al. (2014), where both samples
are based on 3D-HST observations, may point to the limitations of stacking in studying the
attenuations of high redshift galaxies.

In future work we will investigate further the integrated attenuations of DYNAMO galaxies
using full SED �tting of UV to far-IR data (where available), which can provide strong constraints
on attenuation by probing both the attenuation of dust as well as direct thermal emission at ∼70-
300 µm (White et al. in prep). We have shown that highly star-forming DYNAMO galaxies
share similar physical properties to the high redshift MOSDEF sample of Reddy et al. (2015),
thus a more detailed understanding of their integrated attenuations may help to reconcile the
con�icting results of Reddy et al. (2015) and Price et al. (2014).
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