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Abstract

The structure of a galaxy is one of its fundamental characteristics, as it carries the

imprint of key evolutionary properties, such as age, stellar and gas content, merger history,

environment, dynamics, star formation history, and central black hole mass. This thesis

has developed different methods to probe and quantify galaxy structure, and applied

them to study primarily late-type galaxies, their discs, their non-axisymmetric structures,

such as bars or X/peanut–shaped (X/P) features, their bulges, and the massive black

holes they harbour at their cores. The focus has been to analyse bar-related dynamical

processes, measure the size and orientation of the Milky Way’s bar and X-shaped “bulge”,

and constrain galaxy–(black hole) co-evolution in the unexplored regime of “intermediate-

mass” black holes.

I first developed a new software package, Isofit, to accurately model isophotal struc-

ture in morphologically complex galaxies. With an improved formulation of the mathe-

matical description of galaxy isophotes, Isofit can model galaxies with strong deviations

from pure ellipticity, capturing features with unprecedented accuracy, and enabling new

science on a broad range of topics.

Further, I isolated and studied the isophotal imprint of X/peanut “bulges”. Although

these distinctive features are common in barred galaxies across a wide range of morpho-

logical type, robust, quantitative techniques to study them have been lacking in the field.

Based on their characteristic signature in the isophotes of their host galaxies, I developed

a framework to quantify the radius, vertical extent above the disc plane, and “strength”

of the X/P instability. Applied to near-infrared imaging of twelve nearby galaxies with

X/P bulges, this method revealed new structural scaling relations among the peanut spa-

tial parameters, including correlations with the host galaxy dynamics, and a link between

peanuts and the stellar disc in which they are embedded. Thanks to Isofit, I also discov-

ered previously unknown double peanuts – in a “nested” arrangement – in two galaxies

which additionally showed the signatures of nested bars in their surface brightness profiles,

further consolidating the association between bars and peanut–shaped structures.

This approach was subsequently applied to quantify the closest X/P structure to the

Sun, that in the “bulge” of our own Milky Way galaxy. The size and geometry of the

Galaxy’s X/P–shaped “bulge” and “long bar” are still uncertain and disputed in the

literature, due primarily to our restricted perspective of these two components, which we

observe through, and from within, the Galactic disc. By analysing near-infrared imaging

of the Milky Way taken with the Wide–field Infrared Survey Explorer, we brought new
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constraints to the intrinsic sizes of both the X/P structure and long bar, as well as their

inclination relative to our line-of-sight to the Galactic Centre. We further compared the

X/P diagnostics of the Milky Way with those in nearby galaxies, finding typical values for

the size parameters, but a peanut strength marginally higher than expected.

To characterise the properties of each structural constituent of a galaxy, as they con-

tribute to its one-dimensional light profile, I developed a new and comprehensive program,

Profiler, which was released into the public domain. Profiler was designed to per-

form multi-component decompositions of structurally complex galaxies, offering a variety

of analytical models for discs, spheroidals, stellar bars, rings, and resolved or point-like

nuclear sources.

The algorithms and techniques developed throughout are expected to be useful for

studying a plethora of issues in extragalactic astronomy. In this thesis they were central to

investigate challenges to, and unexplored regimes in, well-known scaling relations between

central black hole mass (M•) and the luminosity, concentration, and stellar mass of the

host galaxy’s spheroidal component. We addressed the claim of an “over-massive” black

hole in a discy elliptical galaxy, which we explained had originated from a previously

incorrect modelling of this galaxy’s large-scale spheroid and embedded disc. Further,

we focussed on the low–mass regime occupied by rare “intermediate-mass” black holes

(IMBH), hypothesized to link stellar mass (< 102M�), and super-massive (> 105M�),

black holes, but lacking conclusive, direct detection due to the limitations of current

instruments. We modelled the structure of an interesting edge-on disc galaxy hosting an

off-centre (∼ 3.7 kiloparsecs), strong IMBH candidate. We further revealed the barred

nature of a dwarf spiral galaxy with a central IMBH candidate, and placed it for the

first time on the near-quadratic (black hole mass - spheroid stellar mass) scaling relation.

In six additional spiral galaxies reported to host probable IMBHs, we determined the

concentration (nsph) and luminosity (Lsph) of their spheroidal components and predicted

their black hole mass via the most recent (M• − nsph) and (M• − Lsph) scaling relations.

We combined these results with independent estimators, to place strong constraints on

the expected black hole masses in these objects, and provide a robust, indirect, approach

to further probe the intermediate mass black hole population.
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1
Introduction

In his Xth century Book of Fixed Stars, the Persian astronomer Abd al-Rahman Al-Sufi

noted the presence of the Large Magellanic Cloud and of the Andromeda galaxy, which

he referred to as a “little cloud” (Schjellerup 1874) . However, it would take until the first

decades of the XXth century before it became firmly rooted in our cosmological paradigm

that the Universe is populated with myriads of galaxies, vast stellar systems like the Milky

Way, existing and evolving outside of our Galaxy.

By the XVIIIth century, several hazy, “nebulous stars” were known, most notably the

“unresolvable star” in the “girdle of Andromeda” (Marius 1614; Hodierna 1654; Hevelius

& von Schmieden 1690), now known as the Andromeda galaxy, and astronomers were

beginning to seek, and catalogue, these objects. Some of the most important early efforts

was Charles Messier’s catalogue of 103 such nebulae (Messier 1784), most of which still

being referred to by their M (for Messier) number. In a series of publications, William

Herschel and his sister, Caroline, compiled catalogues of some few thousand nebulae (Her-

schel 1786, 1802). These were later systematised and enlarged by William’s son, John

Herschel (Herschel 1864), and would form the basis of the New General Catalogue (NGC),

and Index Catalogue (IC), of Nebulae and Clusters of Stars (Dreyer 1888, 1895, Dreyer

1910). As more and more such objects were being discovered, William Henry Parsons no-

tably revealed, through a 1845 drawing of the “Whirlpool galaxy”, M51a (or NGC 5194),

that some nebulae possessed spiral structure.

Influenced by Newton’s theory of gravity, Immanuel Kant was first to make the con-

ceptual link between these fuzzy objects and our Galaxy. The notion that the Milky Way

consists of a large number of small stars, grouped closely together, goes as far back as

Anexagoras and Democritus, in the the Vth century B.C., according to Aristotle’s treatise

1
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Meteorologica. Galileo Galilei later confirmed this view, noting that the density of stars

increases when pointing a telescope towards the patches of the sky crossed by the band of

the Milky Way (Galilei 1610). More than a century later, in his book An Original Theory

or New Hypothesis of the Universe, Thomas Wright introduced a number of important

concepts about the Milky Way. He argued that the appearance of the Galaxy is due to

the fact that the Sun is located within a “flat layer” of stars (Wright 1750). He imagined

this as a vast flattened ring of stars, in orbit about an unknown, hidden body at its centre

(an “incognitum”). Wright also imagined the Milky Way as a great whirlpool (“Vortex

Magnus”). Kant (1755) built upon Wright’s work, and conjectured that the Sun is em-

bedded in a rotating disc of stars held together by gravity, which formed, much like the

Solar system, from a spinning nebula (the well known “nebular hypothesis”). Kant went

further to suggest that the faint nebulous bodies known at the time are distant stellar

systems, arranged, like the Milky Way, in discs – an argument which he based on their

regular, oval appearance. It was later that von Humboldt (1850) would coin the concept

of “Weltinsel”, meaning “island world” or “island universe”, a term attributed to Kant,

which would stick until the 1930’s.

The advent of photography made it possible to study the features of these “spiral

nebulae” in much more detail, and early classification systems soon appeared (Wolf 1908;

Curtis 1918; Jeans 1919). The understaning of our own Galaxy too was evolving away

from a heliocentric picture (e.g., the “Kapteyn Universe” – Kapteyn & van Rhijn 1920

Kapteyn 1922). By studying the distribution of, and distances to, globular clusters in

the Milky Way, Harlow Shapley concluded, correctly, that the Sun is located in the outer

parts of the Milky Way’s disc, while the centre of the Galaxy is in the direction of the

Sagittarius constellation (Shapley & Swope 1924; Shapley 1928). However, the question

of whether the “nebulae” were part of our own Galaxy, or indeed extra-galactic, was still

unresolved.

The American astronomer Vesto Melvin Slipher measured radial velocities of nearby

spiral nebulae, and found that most were receding from us, with much larger relative ve-

locities than those of nearby stars (Slipher 1913, 1917). Using the relationship between the

pulsation period and absolute luminosity of Cepheid variable stars (Leavitt 1908; see also

Shapley 1914), Edwin Hubble later measured distances to M31 and M331 (Hubble 1925).

These studies would consolidate the hypothesis that some of the “nebulae” were indeed

1Hubble’s measured distance of ≈ 285 kpc (to both galaxies) was actually an underestimate by a factor
of ∼ 2-3.
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extragalactic stellar systems. The notion of other galaxies, external to the Milky Way,

and receding from us in all directions in proportion to their distance (Hubble 1929), lent

support to the emerging theories of a dynamic (as opposed to previously-thought steady-

state), expanding Universe (de Sitter 1917; Friedmann 1922; Lundmark 1924; Lemâıtre

1927; Robertson 1929). The implications were profound: the Universe, and galaxies within

it, would have had to form at a distant time in the past, and evolve to the present epoch.

Much of modern extragalactic astrophysics has since focussed on understanding how this

happens, and a powerful method to characterise many aspects of a galaxy’s evolutionary

processes is the study of its structure.

Galaxy Structure

The structural composition of a galaxy is one of its fundamental characteristics, as it car-

ries the imprints of its merger history, dynamics, age, stellar and gas content, environment,

star formation history, and central black hole mass.

The modern galaxy structural classification systems are broadly based on the early

schemes outlined by James Jeans (Jeans 1919, 1929) and elaborated by Hubble (Hubble

1926, 1936), in which galaxies were arranged, based on their apparent morphology, along a

sequence shaped like a tuning fork. Elliptical, or “early-type” galaxies occupy the handle,

and are grouped in order of increasing ellipticity towards the bifurcation point, which is

marked by the transition class of lenticular, or S0 galaxies. From this juncture, the spiral,

or “late-type” galaxies branch into two parallel sub-sequences (the prongs of the tuning

fork) – normal and barred spirals – arranged in order of decreasing bulge-to-disc ratio

and/or increasing spiral arm pitch angle (these concepts will become clearer in §1.1.2).

The Hubble-Jeans sequence has been revised, expanded and refined over the years

(Sandage 1961; de Vaucouleurs 1959; de Vaucouleurs et al. 1991; Sandage & Bedke 1994;

Buta et al. 2015), to include dwarf and irregular galaxies as well as additional morpho-

logical features, and sub-divisions according to their “stage” along the sequence, their

“family” (e.g., non-barred – SA, intermediate – SAB, or barred – SB, disc galaxies), and

their nuclear, or outer, “variety” (given by specific morphological features, such as rings,

lenses, bar-lenses, etc. – see §1.1.2), as detailed in Buta et al. (2015). Although not in-

tended to represent an evolutionary sequence (indeed, it has been since established that

this is not the case), this classification system remains in use today, as a popular means
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of representation of the immense structural diversity observed in the galaxy population.

The notation and terminology of the modern classification systems (Buta et al. 2015) will

be employed throughout the text.

Early-type Galaxies

The category of galaxies collectively referred to as “early-types” includes elliptical (E) and

lenticular (S0) galaxies.

Elliptical Galaxies

Elliptical galaxies are among the most massive and luminous known stellar systems. They

generally have red colours, old stars (typically K giants), and little star formation, cold gas

(∼ 1%, Knapp et al. 1985), and dust. They are characterised by a smooth light distribution

with a radially declining profile very well described by the Sérsic (1963) function (Caon

et al. 1993; D’Onofrio et al. 1994), which is given by:

I(R) = Ie exp

{
−bn

[(
R

Re

) 1
n

− 1

]}
, (1.1)

where Re is the effective, or “half-light”, radius (as its name suggests, the isophotal radius

enclosing 50% of the light), Ie is the intensity at the half-light radius, and n is the Sérsic

index, which encapsulates how centrally concentrated the light becomes as R → 0, and

how gradually it declines at R→∞. The parameter bn is not free but a function of n (a

more detailed description of the analytical functions used to model galaxy light profiles is

given in Chapter 5). As elliptical galaxies appear to lack an actual “edge”2, it is common

practice to use the half-light radius as their characteristic scale. Ellipticals display a range

in Sérsic indices (roughly between 1 and ∼7 – 8) which correlate with their luminosity,

such that the more luminous galaxies are also more concentrated (Caon et al. 1993; Young

& Currie 1994; Prugniel & Simien 1997; Graham & Guzmán 2003; Ferrarese et al. 2006;

Savorgnan 2016). These galaxies in fact obey a host of scaling relations between their

structural parameters (Ie, Re, n) and luminosity, as reviewed in Graham (2013).

From a dynamical point of view, the more luminous ellipticals are typically supported

2In Equation 1.1, the intensity declines asymptotically with radius, to infinity, so the light profile has
no “edge”.
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by stellar velocity dispersion, and are believed to have a triaxial structure and sometimes

“boxy” isophotes (Bender & Moellenhoff 1987), whereas their less luminous couterparts

show increased levels of ordered motion of stars, specifically rotation, and hence have a

more oblate structure with “discy” isophotes (Davies et al. 1983; Kormendy & Bender

1996). The velocity dispersion (σ) is therefore believed to be a fundamental global param-

eter of elliptical galaxies, which correlates with their dynamical mass, and thus luminosity,

as L ∝ σα. The early form of this relation is the popular Faber–Jackson (Faber & Jackson

1976) relation, where α equals 4. However, several studies have shown strong evidence

for variation in α, from ∼ 2 for dwarf ellipticals (Davies et al. 1983), to ∼ 5 for giant

ellipticals (Schechter 1980; Malumuth & Kirshner 1981; see also Graham 2013). As we

have seen above, the structural (Ie, Re, n), and dynamical (σ), parameters of ellipticals

correlate with the total luminosity. It is therefore natural that there exists a tight rela-

tion in the three-dimensional space defined by Re, Ie
3 and σ, in the form of a so-called

“fundamental plane” (Dressler et al. 1987; Djorgovski & Davis 1987; Faber et al. 1987).

Recent measurements define this plane as Re ∝ σ1.3 I−0.76e (Bernardi et al. 2007).

Lenticular Galaxies

Lenticular galaxies are systems with colours, sizes, gas content and star formation prop-

erties very similar to ellipticals (Caldwell et al. 1993). However, unlike the latter, S0s are

dominated by a large-scale, rotationally-supported disc (lacking a spiral pattern), often

with a sharply truncated surface brightness profile that thus defines an outer “edge” for

these systems. S0 galaxies are structurally more complex than other early-type galaxies,

having, in addition to the disc, a central spheroidal component, or “bulge”, which typically

accounts for 10 – 75% of the galaxy light (Laurikainen et al. 2005, 2010). Other common

components (in disc galaxies in general, as we shall expand on in §1.1.2) are stellar bars

(present in ∼ 2/3 of all disc galaxies; de Vaucouleurs 1963; Eskridge et al. 2000; Whyte

et al. 2002; Barazza et al. 2008; Masters et al. 2011) and “ovals” or “lenses” (see Kormendy

& Kennicutt 2004).

The presence or absence of a significant rotational component in E and S0 galaxies

have led Emsellem et al. (2007), and the ATLAS3D team4, to argue for a purely kinematic

classification criterion of the early-type sequence. They advocate to divide this sequence

3As shown by Prugniel & Simien (1997), the third Sérsic parameter – the concentration (or Sérsic index)
– also enters in this picture, as it correlates well with the residuals in the “fundamental plane”.

4http://www-astro.physics.ox.ac.uk/atlas3d/

http://www-astro.physics.ox.ac.uk/atlas3d/
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into slow and fast rotators, based on a quantitative parameter, λR, which encapsulates

the relative (projected) stellar angular momentum per unit mass (see also Bertola & Ca-

paccioli 1978; Bender & Nieto 1990). Thus, early-type galaxies can be classified as slow

or fast rotators based on their λR value, with the transition line between the two classes

being adopted as 0.31
√
ε, where ε is the ellipticity at the half-light radius. However, char-

acterising a galaxy by a unique number (chosen as the value of the λR profile at Re)

may overly–simplify matters. A galaxy may be rotation-dominated at some scales and

dispersion-dominated at others. The apparent continuum in kinematically measured disc

sizes (Romanowsky & Fall 2012; Arnold et al. 2014), enforced by an observed photometric

continuum of intermediate-scale discs, in “discy elliptical” (ES) galaxies (Liller 1966; Nieto

et al. 1988; Simien & Michard 1990), is believed to account for a smooth transition across

the early-type galaxy sequence, between E and S0 galaxies. Recognising the presence of

intermediate-scale discs embedded in large-scale spheroidal components is important for

the understanding of such early-type galaxies, having significant implications for the in-

terpretation of black hole scaling relations (§1.2.3), as will be later shown in Chapter 6

via a study of the ES galaxy NGC 1271 (Walsh et al. 2015; Graham et al. 2016a).

Late-type Galaxies

The “late-type” sequence is comprised of disc galaxies with a recognisable spiral pattern,

and is traditionally separated into non-barred, and barred, spirals (Hubble 1936; Sandage

1961; de Vaucouleurs et al. 1991). In contrast to early-type galaxies, spirals are much

more gas-rich (e.g., ∼ 10 – 20% of the baryonic mass of luminous spirals is in the form

of neutral hydrogen; Blanton & Moustakas 2009), and hence actively star-forming and

metal-rich. The bulk of star formation occurs in the disc, often resulting in significant

levels of interstellar dust (Draine 2003), centrally concentrated and mainly distributed in

the disc plane (noted as early as Curtis 1918). Dust can cause significant obscuration,

by absorbing ultraviolet and optical light (especially when the disc is oriented close to

edge-on), with re-emission in the infrared (Obrić et al. 2006). In addition to their discs,

late-type galaxies exhibit a rich diversity and complex structures ranging from spheroid

components, bars, X/Peanut–shaped features, ansae, rings, etc. The spiral galaxy (S) se-

quence is arranged according to the galaxy’s stage, which is denoted as a, b, c, d, and m,

with intermediary stages also defined (ab, bc, etc.). The stage of a late-type galaxy along

the sequence is given by the appearance and pitch angle of the spiral arms, as well as by

the relative prominence of the spheroidal component (the latter two are in fact physically
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related quantities; Lin & Shu 1966; Davis et al. 2015).

Discs

The radial light distribution in discs is well approximated by an exponential model (Pat-

terson 1940; de Vaucouleurs 1957; Freeman 1970) of the form:

I(R) = I0 exp

(
−R
h

)
, (1.2)

where I0 ≡ I(0) is the central intensity, and h is the exponential scale length of the disc.

Galactic discs usually extend out to roughly 3 to 5 times h (van der Kruit 1987, 2001),

where it had initially been thought that their surface brightness profile truncates, rather

sharply. A number of recent studies, however, have shown that only ∼ 56% of discs dis-

play a truncation, which can be more or less sharp (Pohlen et al. 2004; Pohlen & Trujillo

2006), while ∼ 24% of discs have an up-turn (or anti-truncation), with a shallower slope

(Erwin et al. 2005). From the remainder, ∼ 10% of discs show no break at all (some ex-

tending up to 10 times h, e.g. Bland-Hawthorn et al. 2005; see also Barton & Thompson

1997; Weiner et al. 2001), while the rest have more complicated surface brightness profiles

(Pohlen & Trujillo 2006). The gas component usually extends beyond the stellar compo-

nent, up to twice the break radius (Swaters et al. 2002), and star formation may also occur

in these outer parts (Gil de Paz et al. 2005; Thilker et al. 2007; Christlein & Zaritsky 2008).

Galaxy discs are dynamically supported by rotation. The stars and gas have approx-

imately circular orbits, and rotate differentially with increasing radius from the centre.

The rotation curve, expressed as the circular velocity5 as a function of radius, vc(R), can

be probed beyond the stellar disc via emission at 21 cm due to the HI hyperfine transition.

Empirically, rotation curves do not display a Keplerian decline, but rather reach a peak

value and flatten in the outskirts, indicating that galaxies have larger dynamical masses

than their baryonic content6. The maximum circular speed is famously known to corre-

late with the galaxy’s total luminosity via the Tully–Fisher (Tully & Fisher 1977) relation,

which is expressed as vc,max ∝ Lα, with the most recent measurements (differing due to

various systematics, see Strauss & Willick 1995) in the range α ∼ 0.27− 0.35± 0.15− 0.4

5The circular velocity, vc(R), is the velocity that a test particle in a galaxy’s potential would have if it
were on a circular orbit of radius R.

6This was among the first lines of evidence for what is now known as dark matter (e.g., Bosma 1978;
Rubin et al. 1980).
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mag (Verheijen 2001; Kannappan et al. 2002; Masters et al. 2006; Courteau et al. 2007).

Spiral arms are characteristic features of late-type galaxy discs. They distort the ex-

ponential profile of the disc by inducing “bumps” and/or “troughs” (Erwin 2005). The

winding strength, or pitch angle (φspir), of the spiral arms is one criterion for defining their

morphological type, such that Sa – Sab spirals have tightly-wound spiral arms, while the

most late-type spirals (Sd, Sm) have very loosely wound spiral arms (high pitch angles).

More luminous spirals tend to have more obvious and well-defined spiral arms across the

entire azimuthal range of the disc (these are the so-called “grand-design” spirals), while

in less luminous discs the spiral pattern is less-well defined and it is hard to discern the

number of spiral arms (these are known as “flocculent” spirals).

Bulges

Although pure discs are known to exist (see Kautsch 2009, and references within), most

spiral galaxies have additional structural components, most commonly a central “bulge”.

Bulges become apparent as excess light above the exponential disc extrapolation to the

centre of the galaxy. A “classical bulge”, or “spheroid”, is a red, smooth, Sérsic compo-

nent, dynamically dominated by stellar velocity dispersion, and believed to be the product

of the galaxy’s merger history (see §1.2.2). Spheroids are thus similar in many ways to the

more massive elliptical galaxies. The relative prominence of the bulge in a spiral galaxy

is one of the criteria for determining its morphological class. Spirals have a continuum

of spheroid structural properties along the late-type sequence, with spheroid-to-total flux

ratios (ranging from ∼75% to 0), and Sérsic indices (Graham 2001; Graham & Worley

2008; Gadotti 2009), decreasing from early-type spirals (Sa, Sb) to later-type spirals (Sd,

Sm). Many authors identify a separate class of bulges known as “pseudobulges” (see the

review by Kormendy & Kennicutt 2004 and references therein), also termed “disc-like”

bulges, (Athanassoula 2005). Unlike the classical spheroids, pseudobulges tend to be more

oblate, have approximately exponential light profiles, and their dynamics show significant

rotation (Kormendy & Illingworth 1982; Kormendy & Kennicutt 2004). Pseudobulges are

more likely to occur in later-type spirals and have a separate formation channel than clas-

sical bulges, resulting from the secular evolution of the host disc (§1.2.2). Many galaxy

bulges may be a combination between a merger-assembled component (classical bulge)

and a younger, secular component (pseudobulge) (Norman et al. 1996; Ganda et al. 2006;

Seidel et al. 2015).
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Bars

A galactic bar is an elongated, triaxial stellar structure which crosses the galaxy centre

and rotates roughly as a solid body within the disc (Sellwood & Wilkinson 1993; Buta

1996; Knapen 2010). Bars are ubiquitous structures, occuring in more than two thirds

of disc galaxies (de Vaucouleurs 1963; Eskridge et al. 2000; Whyte et al. 2002; Barazza

et al. 2008; Masters et al. 2011). Numerical simulations (Hohl 1971; Combes et al. 1990)

have shown that differentially rotating discs are unstable to forming bars (a mechanism

elucidated theoretically by Toomre 1981 – see §1.2.2), which can appear spontaneously in

N -body discs but develop even more efficiently if the galaxy interacts gravitationally with

a nearby companion (Berentzen et al. 2004; Athanassoula 2005). When present, bars can

accout for 2− 20% of a galaxy’s total flux (Elmegreen & Elmegreen 1985; Gadotti 2009).

As shown by Barazza et al. (2008), bars are more likely to occur in bluer (later type)

spirals (Sb, Sbc, etc.), but are stronger and more extended in redder lenticular galaxies

and earlier type spirals (Sa, Sab) (Erwin 2005; Erwin et al. 2005). The “strength” of a

bar is typically quantified from the shape of its isophotes, and is proportional to their axis

ratio, or ellipticity (ε). As pointed out by Athanassoula et al. (1990), bars are not purely

elliptical, but show a rather obround shape, which is additionally taken into account in

most photometric bar strength estimators (e.g., Athanassoula 1992; Martin 1995; Aguerri

et al. 1998). Other studies have also used gravitational torque as a measure of bar strength

(Combes & Sanders 1981; Buta & Block 2001; Laurikainen & Salo 2002).

When viewed in an edge-on disc orientation, and side-on bar orientation, many barred

galaxies display a characteristic bi-lobed structure within roughly the inner half of the bar.

First noted by Burbidge & Burbidge (1959), these structures are referred to as “boxy”,

or “peanut”, or “X-shaped” bulges (Figure 1.1 displays an example), although extensive

studies based on numerical simulations (Combes et al. 1990; Raha et al. 1991; Merritt &

Sellwood 1994) and observations (Shaw 1987; Kuijken & Merrifield 1995; Bureau & Free-

man 1999; Erwin & Debattista 2016) have shown that unlike bulges, these are not distinct

structural components, but rather the inner regions of bars7. To avoid any confusion with

galaxy spheroids or boxy elliptical galaxies, these features are referred throughout this

text as X/Peanut (X/P) structures. They are believed develop as a result of a buckling

7Note, however, that it is theoretically possible to have peanut-looking structures in galaxies without
a bar, as pointed out by Patsis et al. (2002).
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Figure 1.1 – A Hubble Space Telecope image of the edge-on galaxy ESO 597-G036, taken
with the WFPC2 camera (F814W filter). The disc is viewed close to edge-on, and shows
clear dust lanes, while the central region shows a prominent X-shaped structure.
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(bending) instability of the bar in the vertical direction (perpendicular to the plane of the

disc), which leads to the X/peanut shape when viewed edge-on. In face-on orientation,

X/P structures have the appearance of a “barlens” (Laurikainen et al. 2014; Athanassoula

et al. 2015), which is a lens-like structure embedded in a bar (Laurikainen et al. 2011). A

significant amount of this thesis is devoted to the quantitative study of X/P structures.

Chapter 3 introduces a method for the identification and characterisation of X/P struc-

tures from photometric data alone, applying the principle to a sample of twelve nearby

galaxies known to host peanut structures. In Chapter 4, this framework is employed to

examine the X/P–shaped structure in the Milky Way, comparing its properties with those

in other galaxies, and also constraining the size and orientation of the Galactic bar which,

as we shall see in the following Section, is currently the object of conflicting interpretations

in the literature.

The Milky Way Galaxy

The Milky Way, or the Galaxy, is believed to be a typical spiral galaxy in terms of its

mass, size and morphology. It is classified as a barred, intermediate stage (Sb or Sbc),

galaxy (Hodge 1983; Kennicutt 2001), with a total stellar mass of M? = 5± 1× 1010M�

(see the review by Bland-Hawthorn & Gerhard 2016).

The majority of its stars, including the Sun, are distributed in a flat disc, and rotate

about the Galactic Centre in roughly circular orbits. The Sun is located at a distance

R0 = 8.2 ± 0.1 kpc from the Galactic Centre (Bland-Hawthorn & Gerhard, 2016), and

has a small vertical offset from the disc mid-plane (z0 = 25 ± 5 pc; Jurić et al. 2008).

At the solar radius the circular speed is ∼ 220 – 240 km s−1, which roughly equals the

peak value of the Galaxy’s rotation curve (Schönrich 2012; Bland-Hawthorn & Gerhard

2016). Observations of the vertical distribution of stars in the disc have revealed the pres-

ence of a distinct, and more vertically extended (roughly 4 times in scale height), “thick”

disc component superposed on the main “thin” disc (Gilmore & Reid 1983). The thick

disc is chemically distinct from, and comprised of older stellar populations than, the thin

couterpart (e.g., Bensby 2014; Hawkins et al. 2015). Yoachim & Dalcanton (2006) have

found many similar examples in nearby edge-on galaxies, and Comerón et al. (2012) re-

port that the thin and thick components have comparable radial scale lengths, based on

near-infrared studies of S4G (Spitzer Survey of Stellar Structure in Galaxies8, Sheth et al.

8http://irsa.ipac.caltech.edu/data/SPITZER/S4G/

http://irsa.ipac.caltech.edu/data/SPITZER/S4G/
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2010) galaxies. For the Milky Way, the scale length(s) are difficult to measure due to our

location inside the disc, but the literature estimates appear to converge on h ≈ 2.5 – 2.7

kpc, in the infrared and optical (Licquia & Newman 2016). The more extended gas disc

is discussed in Kalberla & Dedes (2008).

Although the disc properties have been constrained to a reasonable degree of accuracy,

it is a different matter altogether in the case of the dominant structural components in the

Galaxy’s inner ∼ 4 – 5 kpc, namely the bar and “bulge”. From the Sun’s vantage point,

this complex central region, roughly in the direction of the Sagittarius constellation, is

discernible in Figure 1.2 (at the centre) as the reddish component bulging outside of the

bluer disc plane. The nature, intrinsic size, and relative orientation, of the bulge and bar

are still subject to conflicting interpretations and debate.

Figure 1.2 – A composite infrared image of the Milky Way from 2MASS (Two-Micron
All-Sky Survey), showing the blueish stellar disc, which contains copious amounts of dust
(orange), mainly in the mid-plane. Towards the centre of the image, the X/peanut-shaped
structure becomes apparent as a reddish feature bulging outside the disc plane. Image
credit: 2MASS/J. Carpenter, T. H. Jarrett & R. Hurt

It has long been recognised that the Galaxy hosts a bar, traditionally believed to be

roughly 3 kpc in radius and oriented at an angle α ≈ 20 − 30◦ (though values vary con-

siderably in the literature) with respect to our line-of-sight to the Galactic Centre (see

the review articles by Gerhard 2002 and Merrifield 2004). This picture changed somewhat

after the discovery of a longer bar (∼ 4 − 5 kpc), vertically thinner than the “bulge”,

and oriented at α ∼ 40− 45◦ (Hammersley et al. 1994). This structure was subsequently

confirmed and studied in a series of papers (Hammersley et al. 2000; López-Corredoira

et al. 2001, 2007; Cabrera-Lavers et al. 2007, 2008), leading to the hypothesis that the

long bar is distinct from, and misaligned with, the triaxial “bulge” of the Galaxy.

To complicate matters, the nature of the “bulge” itself is also unclear, and it is disputed

whether it is a classical bulge, a pseudobulge or neither. However, the COBE (COsmic
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Background Explorer) satellite revealed for the first time, trough the Diffuse InfraRed

Background Experiment (DIRBE), that the “bulge” region is distincly X/peanut–shaped

(Weiland et al. 1994; Dwek et al. 1995). The X/P structure was later confirmed in 2MASS

(Two-Micron All-Sky Survey; Skrutskie et al. 2006), and follow-up star count and stellar

population studies (McWilliam & Zoccali 2010; Ness et al. 2012; Di Matteo 2016) have

shown that most stars in the “bulge” region are associated with the X/P structure, and

originate from the stellar disc (though a classical, merger-built component to the “bulge”

is not ruled out). In a recent study, Wegg et al. 2015 have sought to reconcile the ap-

parent mis-alignment between the long bar and the (X/P) “bulge”, arguing (as we have

discussed in §1.1.2), that the two are parts of the same structure (see also Gerhard &

Martinez-Valpuesta 2012). Nevertheless, a convincing resolution to this problem has yet

to be presented. Chapter 4 of this thesis is devoted to investigating the (bar+“bulge”)

geometry, from the X/P structure perspective.

In addition to the structural components discussed above, the Milky Way also hosts

small-scale nuclear structures. The Galaxy displays a nuclear disc, detected in star counts

and COBE data, with a break radius of ≈ 90 pc, beyond which its light declines steeply

until its edge, at ∼ 230 pc (Launhardt et al. 2002; Nishiyama et al. 2013). Also present in

the Milky Way is a nuclear star cluster with effective radius (in the Spitzer/IRAC 4.5 µm

filter) of Re = 4.2±0.4 pc (Schödel et al. 2014). The centre region of the Galaxy harbours

a supermassive black hole, with a dynamically measured mass based on gas cloud motions

in the infrared, stellar proper motions in the nuclear star cluster region, adaptive optics

astrometry and orbit fitting of the black hole’s closest orbiting stars (Lacy et al. 1980;

Eckart & Genzel 1997; Ghez et al. 1998; Ghez et al. 2008; Gillessen et al. 2009). The most

recent measurements provide a black hole mass of M• = 4.2− 4.3× 106M�.

Measures of Structure

Several techniques have been developed throughout the years to extract quantitative struc-

tural information from galaxy imaging and spectroscopic data. Among these there are

global non-parametric methods such as CAS (concentration, asymmetry, smoothness –

Conselice 2003), and Gini/M20 (Abraham et al. 2003; Lotz et al. 2004, 2008), indices.

These quantities are efficient for automated, broad classification (for example, Gini in-

dices are quite adept at detecting galaxy mergers or interactions), and are particularly

useful for high redshift galaxies (see Conselice 2014). A more detailed insight into the
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inner structure and dynamics of a galaxy is provided by analysing stellar and gas kine-

matics, traditionally measured via long-slit spectroscopy, and, more recently, through

two-dimensional (2D) spatially-resolved kinematic maps (e.g., Bacon et al. 2001, 2010;

Croom et al. 2012; Sánchez et al. 2012; Bundy et al. 2015). Perhaps the most com-

mon and detailed quantitative technique for galaxy structural analysis is the modelling

of its surface brightness distribution. Several methods fall under this category, including

isophote–fitting and photometric decomposition. The former method is sensitive to radial

gradients in a galaxy’s light distribution (and can measure, e.g., triaxiality, bar strength),

while the latter method models in detail each structural constituent in a parametric way,

through empirically-determined analytical functions (e.g., Sérsic, exponential, Gaussian),

and quantifies their spatial extent and integrated luminosity.

Global Indices

The CAS parameters (concentration, asymmetry, smoothness), discussed in Conselice

(2003), are designed to capture various global (structural) characteristics of a galaxy in

a non-parametric way. The concentration (C) parameter is typically expressed as a ratio

of two isophotal radii which enclose different fractions of the galaxy total light (for ex-

ample 80% and 20% of the total light: R80/R20). As its name suggests, C measures how

centrally concentrated the light is in a galaxy, and is, unsurprisingly, strongly correlated

with the Sérsic index n. The asymmetry (A) parameter is computed from the residual

image resulting from subtracting a galaxy image rotated by 180◦ about the photocentre

from the original image. A therefore measures the fraction of light within a galaxy’s

non-(azimuthally symmetric) components. Finally, the smoothness parameter (S) is an

indicator of how smooth or clumpy a galaxy’s light is. One computes S by smoothing a

galaxy image, and subtracting the result from the original image9. The residual map is

a measure of the level of clumpiness, of a spatial scale defined by the smoothing kernel.

Taken together, the CAS indices provide a set of criteria for morphological differentiation

between elliptical and spiral galaxies, and provide clues about, e.g., their environment,

level of star formation, colour (Rix & Zaritsky 1995; Conselice et al. 2000).

A related set of global coefficients are the Gini/M20 indices. The Gini coefficient (G)

quantifies the flux distribution among the pixels in an image, and it is a number in the

range 0 ≤ G ≤ 1, where for G = 0 the flux is equally distributed, while if G =1 the entire

9The technique is similar to unsharp masking (e.g., Malin & Zealey 1979; Malin et al. 1983; Erwin &
Sparke 2003; Laurikainen et al. 2005)
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flux is concentrated in a single pixel. The M20 parameter (Lotz et al. 2004) is the nor-

malised, second order moment (relative to the photocentre) of the brightest pixels which

together amount to 20% of a galaxy’s total flux. This coefficient is akin to a concentration

parameter, but does not require a central concentration (i.e., it is sensitive to bright on-

or off-centre nuclei, spiral arms, bars, star clusters, etc.).

Kinematics

Spectroscopic data can provide a wealth of information pertaining to galaxy structure,

complementing and relieving some of the biases which act in surface photometry (e.g.,

the degeneracy between inclination and intrinsic ellipticity in early-type galaxies – Rix

& White 1990; Gerhard & Binney 1996). The line-of-sight velocity distribution acquired

through long-slit spectroscopy has been extensively used to build rotation curves and ve-

locity dispersion profiles in early-type galaxies (e.g. Davies et al. 1983; Franx et al. 1989;

Graham et al. 1998). This type of data has helped to establish large-scale structural

and dynamical properties, and scaling relations like the Faber-Jackson relation or the

Fundamental Plane (§1.1.1). The line-of-sight velocity distribution allows one to identify

rotationally-supported sub-structures such as embedded discs, or counter-rotating kine-

matically decoupled cores (Efstathiou et al. 1982; Bender 1988a; Franx & Illingworth

1988). In disc galaxies, Kuijken & Merrifield 1995 (see also Bureau & Freeman 1999) have

shown that bars leave a characteristic signature in position-velocity diagrams, along the

major axis of an edge-on galaxy. They further went on to show that edge-on galaxies with

X/P structures, seen in the shapes of their isophotes, also host kinematically–identified

bars, thus consolidating the link between the two non-axisymmetric structures. Another

kinematical characteristic of X/P structures is cylindrical rotation (Kormendy & Illing-

worth 1982), i.e., a roughly constant rotation profile with increasing vertical distance from

the disc plane.

The advent of integral field unit (IFU) spectrographs has made possible the acquisition

of spatially resolved, 2D maps of stellar and gas kinematics across the faces of individual

galaxies. To extract quantitative information from such kinematic maps, Krajnović et al.

2006 developed “kinemetry”, a formalism designed to study the moments of line-of-sight

velocity distributions, analogous to studying the harmonics of isophotes in surface photom-

etry with galaxy images (this will become clearer below). Techniques such as kinemetry

and measurements of specific angular momentum within the effective radius (λR, as de-
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fined in Emsellem et al. 2007), applied to the ATLAS3D survey (Cappellari et al. 2011),

have confirmed the duality (see §1.1.2) between luminous, boxy, triaxial early-types, and

the fainter, discy, axisymmetric (oblate) early-types (Krajnović et al. 2011, 2013), and

introduced a dynamical differentiation of early-type galaxies into slow and fast rotators

(Cappellari et al. 2011). Furthermore, the continuum in disc sizes across the early-type

galaxy sequence has motivated Cappellari et al. (2011) to propose a revision of the Hubble-

Jeans “tuning fork” diagram, advocating the “ATLAS3D comb”. It is worth noting that

2D line-of-sight velocity distribution maps also allow for the identification of X/P struc-

tures in barred disc galaxies viewed face-on (when the characteristic peanut shape may

not be as obvious as in edge-on orientation), as shown in Debattista et al. (2005). This

provides a complementary X/P identification criterion to the method presented in this

thesis, in Chapter 3.

Surface Photometry and Galaxy Decomposition

A powerful method for characterising the stellar structure of a galaxy involves modelling

the shape of its isophotes. The standard practice (Carter 1978; Jedrzejewski 1987a) is to fit

(quasi-) ellipses, of incrementing semi-major axis from the photocentre, to the isophotes.

Any deviations from pure ellipticity are expressed via a Fourier harmonic expansion, of

the form:

I(φ) = Iell +
∑

n

[An sin(nφ) +Bn cos(nφ)] , (1.3)

where Iell is the average intensity of the pure ellipse fit to the isophote, and φ is the

azimuthal canonical10 co-ordinate. In this formalism, the geometric parameters of the

isophotes are captured via the various Fourier moments in Equation 1.3. The most impor-

tant are the centre position (n = 1), position angle and ellipticity (n = 2), and boxyness

or discyness (both captured by the B4 cos(4φ) term, where boxy isophotes correspond to

B4 < 0 and discy to B4 > 0. The fourth moment has been known for a long time to

correlate with physical properties of elliptical galaxies (Carter 1987; Lauer 1985; Bender

1988b; Peletier et al. 1990; Nieto et al. 1991), while Aguerri et al. (1998) have shown how

bars in disc galaxies can be quantified through the n = 2 mode.

This theory has been implemented in the popular IRAF11 algorithm Ellipse (Jedrze-

10Measured from the centre of the ellipse, rather than from one of its foci.
11Image Reduction and Analysis Facility (http://iraf.noao.edu).

http://iraf.noao.edu
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jewski 1987a) which, however, fails in the regime where deviations are greater than a few

per cent, and/or in systems with high axis ratios, such as edge-on disc galaxies. This

problem, which has impacted many studies over the past decades, by producing biased

major axis light profiles and residual images marked by prominent artificial (usually cross-

shaped) features, originates in the mathematical formulation, and is addressed in detail,

solved, and tested in Chapter 2.

In multi-component systems, the gradients in the radial profiles of isophote parameters

(ellipticity, position angle, B4 coefficient, etc.), as well as the shape of the surface bright-

ness profile (SBP), allow for the differentiation between the various constituent structural

components, each dominating at different radial scales. In the one-dimensional (1D) pho-

tometric decomposition technique, the SBP is modelled as a sum of analytical functions,

each corresponding to a single component (e.g., Andredakis et al. 1995; Moriondo et al.

1998; Prieto et al. 2001; Balcells et al. 2003; Graham & Worley 2008). This is a para-

metric approach: every function, empirically found to represent the component’s radial

light distribution, is defined by parameters (such as the Sérsic index n, or the exponential

scale length h) which are adjusted on a case-by-case basis. Galaxy decomposition is thus

a quantitative structural analysis technique which allows one to separate out and study

in detail each component (size, individual luminosity, and fractional contribution to the

galaxy’s total flux), and determine structural scaling relations and correlations with the

galaxy’s physical properties (see Graham 2013 for a review).

A similar, and recently popular, approach involves modelling the galaxy image di-

rectly. In this technique, each component is modelled with the same parametric functions

mentioned above, but expressed as a 2D surface brightness distribution, which is the two-

dimensional analogue of the SBP. In addition, each component is additionally defined by a

fixed minor-to-major axis ratio, position angle, and higher order Fourier terms. A number

of software packages have been developed through the years for this purpose, e.g., Gim2d

(Simard et al. 2002), Budda (de Souza et al. 2004), Galfit (Peng et al. 2002, 2010),

Imfit (Erwin 2015), providing ever more flexibility in terms of computational time, and

number and type of components. The image-fitting approach uses every pixel in the im-

age in the minimsation process, and can easily handle misaligned, non-axisymmetric and

off-centre components, all problematic aspects in the 1D approach. However, the image-

fitting method typically fails to capture radial gradients in isophote parameters (which

can occur even in single-component systems, where they are an important indication of
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triaxiality – Mihalas & Binney 1981) due to having fixed geometric parameters for each

component. In the latter respect, the 1D isophote-modelling approach is more appropri-

ate. In practice, both 1D and 2D techniques present advantages as well as drawbacks, and

some authors opt to use (elements of) both methods in their analyses (e.g., Laurikainen

et al. 2005, 2011; Krajnović et al. 2013; Savorgnan & Graham 2016c). To address the

lack of a publicly available program dedicated to the 1D decomposition technique and

comparable in robustness and sophistication with the latest 2D codes, one such software

package was developed and is presented in Chapter 5, along with an in-depth review of

the decomposition of 1D galaxy light profiles.

The choice of what structural components one needs to include in a galaxy model is

often a non-trivial exercise. Laurikainen et al. (2005) have convincingly demonstrated how

the failure to model each structural component in a galaxy can lead to important biases.

By accounting for the bar component in their decompositions of disc galaxies, they showed

that previous studies which had ignored the bars led to significantly over-estimated bulge-

to-total flux ratios in such galaxies. As shown in, e.g., Laurikainen et al. (2005, 2011),

Savorgnan & Graham (2016c), it is important to use all available information in the data

(these authors examined radial profiles of ellipticity, position angle, Fourier modes, as well

as unsharp masks of the images) to identify, where possible, each structural component

of a galaxy, before the decomposition process. One must obviously avoid increasing the

number of free parameters of a model by adding unjustified components to it, with the

sole purpose of reducing the residuals.

Galaxy Evolution

Galaxy formation and evolution is at present understood as a hierarchical process. In our

current paradigm, galaxies grow their mass principally by merging with each other, while

in the intervening time they undergo slow processes like quiescent star formation, stellar

and gas accretion, and re-distribution of their matter and angular momentum, processes

collectively termed “secular evolution”.

Galaxy Mergers

Galaxy mergers are rapid and violent processes through which two, or more, progenitor

galaxies collide and coalesce. Depending on the gas content of the progenitors, mergers
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can be “wet” (gas-rich), “dry” (gas-poor), or mixed12.

Dry mergers are in essence a collisionless (dissipationless) processes, in which the stellar

mass of the remnant equals the sum of the stellar masses of the progenitors. Dynamically,

the system undergoes violent relaxation (Lynden-Bell 1967; van Albada 1982), a process

through which stars lose “memory” of their initial orbits due to the rapid variation of

the gravitational potential as the merger unfolds, and settles into a dispersion-dominated

spheroid, such as an elliptical galaxy or the classical bulge of a disc galaxy. Some ellipticals

show low surface brightness ripples, shells and tidal streams disturbing their smooth light

distribution, which are indicative of past mergers or interactions (Malin & Carter 1983;

Malin et al. 1983; Athanassoula & Bosma 1985; Del Burgo et al. 2008).

In a wet merger, the gas in the system is compressed and driven to the centre, often

leading to a burst in star formation, or “starburst” (Mihos et al. 1992; Cox et al. 2006).

The remnant assumes again a spheroidal stellar distribution. In the early Universe, where

galaxies were more gas-rich and dusty, wet mergers were more common, and are seen

in infrared bands as luminous, and ultraluminous, infrared galaxies (Sanders & Mirabel

1996). Galaxy mergers are classed as major if the mass ratio of the progenitors is between

1:1 and (∼ 3 – 4):1, and minor if higher. Minor mergers are less violent, but more com-

mon (Bundy et al. 2009), processes in which the less massive progenitor typically becomes

disrupted and eventually absorbed by the more massive companion.

Secular Evolution

Galaxy “secular” evolution is defined, in a general sense, as any internally and/or envi-

ronmentally driven process that occurs gradually in a galaxy over long dynamical time

scales, i.e., much longer than the system crossing time tcross = r/v, where r is the sys-

tem’s radial scale, and v is the characteristic orbital velocity. These processes include the

steady accretion of gas and stars, in situ star formation, recurring spiral structure and

radial mixing in discs, the formation, growth and buckling – via dynamical instabilities

– of bars, and (pseudo)bulge formation and growth. From a dynamical point of view,

secular evolution is summarised as the re-structuring of a galaxy through re-distribution

of (externally acquired) angular momentum, in order to reach the lowest attainable en-

12A special case of a mixed merger type is a “damp” merger, where the system contains sufficient gas
for star formation to be triggered, but insufficient to form globular clusters (Forbes et al. 2007).
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ergy state (Kormendy 2013; Sellwood 2014). As such, secular processes are particularly

relevant in disc systems.

Many galaxy discs display spectacular spiral patterns across their faces. Spiral arms are

believed to be gravitationally-induced density waves in stellar discs, as first advanced by

Lin & Shu (1964) and later supported observationally by numerous studies (e.g., Schweizer

1976; Visser 1980; Gnedin et al. 1995; Grosbøl et al. 2004; Chemin et al. 2006; Shetty et al.

2007; Zibetti et al. 2009). Simulations indicate that they are transient features, only per-

sisting for a few disc rotations (Sellwood 2011). The increased gas density in spiral arms

triggers star formation, observed through blue stars and dust lanes tracing these features.

Spiral arms act to increase the velocity dispersion of stars in discs (a process often referred

to as dynamical “heating”), and facilitate radial mixing within the disc (Sellwood 2014).

As noted in numerical simulations (Hohl 1971; Ostriker & Peebles 1973; Sparke &

Sellwood 1987; Bournaud & Combes 2002), rotation-supported thin discs quickly become

dynamically unstable, and develop symmetric two-arm spirals, which can form a straight

and persistent bar in the inner regions, while the outer arms wind up and eventually dis-

solve in the disc. According to Toomre (1981), the bar is a “swing-amplified” mode, akin

to a standing wave reflecting off the walls of a “cavity”, which is defined by a harmonic-like

(i.e., with a rising rotation curve) potential. Once formed, bars slow their rotation and

grow in length via dynamical friction (e.g., Athanassoula & Misiriotis 2002). Bar forma-

tion and growth is accelerated by the presence of gas in the system (Sellwood 2014) and

gravitational interactions with nearby companions (Berentzen et al. 2004; Athanassoula

2005). Observational studies indicate that bars may drive spiral density waves, though

probably only in their growth phase (Buta et al. 2009).

After a bar has formed, it usually experiences a different instability which causes it

to thicken vertically (outside the plane of the disc) in its central region, and assume a

characteristic X/peanut shape when observed in an edge-on orientation of the disc and

nearly side-on alignment of the bar (Figure 1.1). This process, believed to occur in a high

fraction of barred galaxies (up to ∼ 87% for S0–Sb types; Erwin & Debattista 2013), has

been ascribed to orbital resonances between bar and disc stars, specifically at the inner

Lindblad resonance radius (Combes & Sanders 1981; Pfenniger & Friedli 1991), and/or

a vertical buckling instability of the bar (Raha et al. 1991; Martinez-Valpuesta & Shlos-

man 2004; Erwin & Debattista 2016). The secular evolution of peanuts mirrors that of
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the bars from which they arise: as the bar grows in radius and slows down, the X/P

structure follows suit (Athanassoula & Misiriotis 2002). This behaviour is consistent with

the resonance point migrating outwards as the bar slows down, as pointed out by Quillen

et al. (2014). If bars grow considerably in length, they may undergo a second buckling

phase (Martinez-Valpuesta et al. 2006). As noted, the thickening does not occur across

the entire length of the bar (Lütticke et al. 2000; Athanassoula 2005; Gadotti et al. 2007),

but appears to be confined to roughly the inner half of the bar radius, as recent studies

have shown (e.g., Laurikainen & Salo 2017; Erwin & Debattista 2017). This also seems to

be the case for the Milky Way, which displays an X/P structure and a long, thin bar ex-

tending beyond it (§1.1.3). As is the case for bars, X/P structures may have their strength

enhanced through interactions with nearby galaxies, specifically through “cannibalism” of

small satellites (Binney & Petrou 1985).

Black Holes

An important breakthrough in our understanding of galaxy evolution has been the re-

alisation that the majority of galaxies harbour supermassive black holes at their cores.

The theoretical argument that high-redshift quasar demographics must map onto to the

present-epoch black hole distribution (i.e., “dead quasars”; Soltan 1982; see also Rees

1984), implies that most present-day galaxies should host a supermassive black hole. Sev-

eral key observations confirmed the existence of such black holes in external galaxies

(through gravitational broadening of emission lines – Tanaka et al. 1995; and nuclear ac-

cretion disc dynamics – Miyoshi et al. 1995; Greenhill et al. 2003), and at the centre of the

Milky Way (see §1.1.3), such that presently it is widely accepted that these astrophysical

objects exist, in a more or less quiescent state, at the centres of most galaxies (Kormendy

& Richstone 1995; Magorrian et al. 1998).

Despite their small (typically sub-parsec scale) gravitational sphere of influence (Pee-

bles 1972), black holes are believed to play an important role in a galaxy’s global evolution,

through the active galactic nucleus (AGN) phenomenon, observed in many galaxies from

radio wavelengths to X-rays, and often invoked in galaxy evolution models as a regulator

of star formation (e.g., Croton et al. 2006). That black holes correlate with galaxy prop-

erties of spatial scales many orders of magnitude beyond their sphere of influence, has

been firmly established through multiple scaling relations between black hole mass (M•)

and large-scale galaxy structure (Graham 2016). In particular, strong correlations have
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been found between M• and various properties of the host spheroid (i.e., elliptical galaxy

or the bulge of a disc galaxy), such as spheroid luminosity (e.g., Marconi & Hunt 2003;

Savorgnan & Graham 2016c), stellar and dynamical mass (Magorrian et al. 1998; Häring

& Rix 2004), stellar velocity dispersion (Ferrarese & Merritt 2000; Gültekin et al. 2009),

or light concentration (Graham et al. 2001; Graham & Driver 2007; Savorgnan 2016). The

more massive/luminous/centrally concentrated spheroids host more massive black holes.

A somewhat related black hole scaling relation has been shown to occur in spiral galaxies,

and couples black hole mass with the pitch angle of the spiral arms (Seigar et al. 2008;

Berrier et al. 2013). As we have seen in §1.1.2, the prominence of the spheroid varies in

tandem with the spiral arm pitch angle across the late-type galaxy sequence. As such,

galaxies with more massive/luminous/centrally concentrated spheroids also tend to have

more tightly–wound spiral arms and more massive black holes at their cores.

The nearly log-linear behaviour of the scaling relation between black hole mass and

spheroid luminosity (Lsph), at least at the high-mass end, has been interpreted as evidence

for co-evolution between black hole and host spheroid, i.e., a common growth mechanism.

However, in a recent paper Graham & Scott (2013) notably pointed out that this rela-

tion, log-linear for giant elliptical galaxies, steepens and becomes nearly log-quadratic in

less luminous systems (see also Savorgnan & Graham 2016c). Graham & Scott (2013)

have argued that in the low-mass regime black holes grow faster than the spheroid due to

(secular) gas-rich processes. At the high-mass end, both balck holes and bulges grow as

a result of dry mergers (§1.2.1), which are additive processes for both the stellar masses

and black hole masses of the progenitors, and the log-linear relation is recovered.

The low-mass end of these relations is currently a puzzling area, since there appears

to be a dearth in black holes below a mass of ≈ 105M�. Such objects are termed

“intermediate-mass” black holes (IMBH), since they would bridge the “gap” between

stellar-mass (. 102M�), and supermassive (& 105M�), black holes. Despite their appar-

ent scarcity, largely due to the inability of current instruments to resolve their gravitational

sphere of influence (and thus obtain direct mass measurements), with only a handful of

strong IMBH candidates to date (e.g., Farrell et al. 2009), there is mounting theoretical,

and observational (indirect) support for their existence (Quinlan & Shapiro 1990; Madau

& Rees 2001; Miller & Hamilton 2002; Gill et al. 2008; Reines et al. 2013; Graham &

Scott 2013; Lemons et al. 2015; Ryu et al. 2016). IMBHs are important for galaxy–(black

hole) co-evolution theory, as they may constitute the seeds of supermassive black holes
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(Mezcua 2017). The formation of the latter is, presently, rather poorly understood, and

theories invoke either a Population III star origin, direct collapse of pristine gas clouds in

the early Universe, or nuclear star cluster core collapse (see Volonteri & Bellovary 2012),

all forming roughly 103 − 105M� black hole seeds. Whether galaxies can harbour IMBHs

at their cores is currently unclear, and this topic is approached in Chapter 6.

Thesis Outline

The aim of this thesis is to bring scientific contributions to several aspects pertaining to

the secular evolution, and black hole co-evolution, of disc galaxies, through the quantita-

tive characterisation of their stellar structure, at optical and near-infrared wavelengths.

After developing two robust algorithms designed to analyse imaging data, a new frame-

work is introduced to quantify X/peanut–shaped (X/P) structures in barred disc galaxies.

X/P features are the product of buckling instabilities that occur throughout the lifetime

of stellar bars in galaxies. They are common features, observed in a high fraction of disc

galaxies of all morphological types – including our Milky Way – yet, to date, most studies

of these distinctive structures have remained predominantly qualitative. The new frame-

work developed here is demonstrated on a sample of twelve nearby galaxies, revealing

structural scaling relations and discovering previously unknown, nested, X/P structures.

The approach is further applied to the Milky Way, constraining the size and orientation

of its bar and peanut structure. Finally, black hole scaling relations are explored, with a

particular emphasis on intermediate-mass black holes. The latter are rare astrophysical

objects which may be the precursors of supermassive black holes (SMBH). Confirming the

existence, and characterising the environment, of intermediate-mass black holes, is impor-

tant towards elucidating and constraining the formation of SMBH, which is at present still

an open question. The thesis is further organised as follows.

In Chapter 2 (Ciambur 2015) I introduce a revised mathematical description of galaxy

isophotes, which enables accurate modelling of galaxies with distinctly non-elliptical shapes.

I implement this scheme as a new IRAF isophote fitting algorithm (Isofit), which I

further test on a number of case-study galaxies that highlight its applicability, namely

galaxies with edge-on discs, X/P structures, and highly complex isophotal structure (e.g.,

barlens galaxies viewed face-on). The formulation overcomes the often significant system-

atics occurring in the standard algorithm Ellipse (Jedrzejewski 1987a), and additionally

allows the measurement of higher-order Fourier terms (Equation 1.3), i.e. beyond boxy-



1.3. Thesis Outline 24

ness/discyness. This provides the potential to study complex galaxy structures quantita-

tively, directly from photometric data.

In Chapter 3 (Ciambur & Graham 2016) I develop a quantitative framework for

analysing X/peanut–shaped structures in edge-on disc galaxies, based on their isopho-

tal structure. As previously suggested in Ciambur (2015), the higher13 order B6 cos(6φ)

term in the Fourier expansion of the isophotes (Equation 1.3), is employed as a tracer of

X/P features. I define various structural parameters of peanuts, including their physical

size in- and off-plane, and the strength of the X/P instability. The technique is demon-

strated on a sample of twelve X/P galaxies, including the “archetypal” peanut in NGC 128

(Burbidge & Burbidge 1959). Finally, I explore structural scaling relations between vari-

ous X/P parameters and their correlation with the host galaxy dynamics and disc size.

Chapter 4 (Ciambur et al. 2017) tackles the controversial topic of the nature, and

geometry, of the Milky Way’s dominant structures in the inner ∼ 4 – 5 kpc, namely the

“bulge” and “long bar”. In contrast to the standard approach in the literature – which

probes the three-dimensional stellar distribution, as traced by “red clump” giant stars

(e.g., López-Corredoira et al. 2007; Wegg et al. 2015) – I instead quantify the properties of

the Galaxy’s X/peanut structure, and use this information to infer the size and orientation

of the long bar. I use infrared imaging of the Milky Way, taken with the Wide-field In-

frared Survey Explorer (Wise – Wright et al. 2010; Ness & Lang 2016), at 3.4 µm and 4.6

µm, a wavelength regime best suited to minimise dust obscuration effects in the Galactic

mid-plane. In addition to constraining the (bar+peanut) geometry, I also gauge how the

Milky Way’s X/P structure fits into the scaling relations defined by external galaxies, as

presented previously in Ciambur & Graham (2016).

Chapter 5 (Ciambur 2016) focuses on the 1D galaxy decomposition technique, and

introduces a new software package (Profiler) developed to model surface brightness

profiles of a broad range of galaxy morphological types. This chapter details the avail-

able parametric functions routinely used to model various structural components, such as

spheroids, discs (at any inclination, and with possible breaks), bars, rings, resolved or un-

resolved nuclear components, etc., and provides an in-depth treatment of the convolution

procedure with the instrumental point-spread-function14. I demonstrate the applicability

13The standard terms range from n = 1 to n = 4 (Equation 1.3) – see §1.1.4
14Every instrument has a diffraction limit to how well it can resolve point sources, and ground-based

instruments suffer from additional blurring caused by atmospheric “seeing”. The point-spread function
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of this algorithm with three examples, namely a cored elliptical galaxy (NGC 3348), a

nucleated dwarf galaxy (Pox 52) and an edge-on disc galaxy with nested bars and a trun-

cated outer disc (NGC 2549).

Chapter 6 presents a collection of work that I have contributed to four articles, in the

general theme of black hole scaling relations with galaxy structure. Specifically, in Graham

et al. (2016a) we revisit the structural composition of the discy elliptical galaxy NGC 1271,

addressing the purported “over-massive” black hole issue raised by Walsh et al. (2015). I

extract and model this galaxy’s light profile, revealing an intermediate-scale disc embed-

ded within a luminous, and concentrated, large-scale spheroid, a model which relieves the

claim that this galaxy is an outlier from black hole scaling relations. In Graham et al.

(2016b) we reveal the barred nature of LEDA 87300, a dwarf spiral galaxy reported to

host an intermediate-mass black hole (§1.2.3) at its core (Baldassare et al. 2015). I model

this galaxy’s structure and extract its bulge properties, placing it for the first time on

the near-quadratic (black hole mass) – (spheroid stellar mass) diagram (Graham & Scott

2013). In Koliopanos et al. (2017), I quantify the structure of six additional late-type

galaxies with suspected central black holes in the intermediate-mass range, and use the

latest scaling relations between black hole mass and bulge luminosity, and concentration,

to predict the masses of their black holes. Finally, in Webb et al. 2017, I investigate the

structural properties of the host galaxy of ESO 243-49 HLX-1 (Farrell et al. 2009), an

off-centre hyperluminous X–ray source that is one of the best intermediate-mass black

hole candidates detected to date.

The thesis concludes with Chapter 7, where the main findings are summarised, and

some final remarks are presented, together with an overview of the possible avenues this

research may follow in the future.

(PSF) describes the blurring specific to each instrument, which is replicated in the model through a
convolution operation.



2
Isophotal Structure

The quantitative analysis of a galaxy’s two-dimensional light distribution – as it appears

projected onto the plane of the sky – through surface photometry (§1.1.4), involves ex-

tracting structural information from the shape and brightness of galaxy isophotes. The

first to formulate a mathematical description of realistic isophote shapes, in order to study

(relatively simple) elliptical galaxies, was Carter (1978). In his scheme, a pure ellipse was

initially fit to an isophote, which was subsequently “rectified” (circularised) and examined

for deviations from perfect circularity, by performing a Fourier series expansion as a func-

tion of azimuthal angle (φ) along the isophote circumference (Equation 1.3). In this rather

elegant description, the lower-order harmonics (n ≤ 4) capture deviations from the initial

isophote fit which correspond to geometric corrections to its centre (the n = 1 terms),

the minor-to-major axis ratio (or ellipticity, ε) and position angle (the n = 2 cosine and

sine terms, respectively), as well as how boxy or discy the isophote appears (a property

captured by the n = 4 cosine term). As we have seen in Chapter 1, the amplitude of the

latter harmonic, namely B4 in Equation 1.3, correlates with (and can therefore quantify)

structural and dynamical properties in early-type galaxies, such as whether they are oblate

or triaxial, or whether they are dispersion- or rotation-dominated, etc. (Davies et al. 1983;

Bender & Moellenhoff 1987; Kormendy & Bender 1996). Fitting such isophotes at pro-

gressively increasing radii from the photometric centre yields the galaxy’s radial surface

brightness profile (discussed in more detail in Chapter 5), and can reveal isophote twists,

or ellipticity gradients, which are further indicators of triaxiality (Mihalas & Binney 1981),

and possibly of additional structures which are not otherwise apparent, such as embedded

discs, or bars.

This formalism has been implemented in the popular isophote-fitting algorithm called

26



27

Ellipse (Jedrzejewski 1987b), part of the STSDAS1 software package. As its name

suggests, Ellipse was designed to model chiefly elliptical galaxies, and has proved to

be a powerful tool to perform surface photometry of objects with relatively low elliptic-

ity (ε . 0.5) and/or low-level deviations from purely elliptical isophotes (of the order of

∼ 1%). However, for galaxies with more complex isophotal structure than the above,

Ellipse has been known to fail, often producing significant, and purely artificial, sub-

structure in residual maps, as well as biased surface brightness profiles.

In this Chapter, the failure of Ellipse is identified to be caused by a major problem,

overlooked for decades, in the isophote co-ordinate system employed by this algorithm.

This problem is overcome here by re-formulating the mathematical description in Ellipse

to allow for the correct and accurate modelling of any isophotal structure, extending the

applicability of this program to multi-component, structurally complex, disc galaxies. In

the revised scheme, the harmonic terms of quasi-elliptical isophotes are expressed as a

function of the eccentric anomaly (rather than the previously used, but incorrect, polar

angle), a natural angular co-ordinate for ellipses which is also frequently used in celestial

dynamics. The formalism is implemented in a new software tool, based on Ellipse, and

named Isofit. Finally, the solution is tested on multiple case-study galaxies, chosen to

illustrate the potential for new science with Isofit, which include include disc galaxies

viewed in edge-on projection, galaxies with bars, barlenses (Laurikainen et al. 2011), or

X/Peanut–shaped structures (§1.1.2). In addition to generating unbiased surface bright-

ness profiles, and capturing complex galaxy features with unprecedented accuracy, Isofit

now provides harmonic coefficients beyond boxyness/discyness, and with this, the ability

to study quantitatively the isophotal imprint of complicated stellar structures, as we shall

expand on here, and in Chapters 3 and 4.

The remainder of this Chapter consists of the article “Beyond Ellipse(s): Accurately

Modelling the Isophotal Structure of Galaxies with Isofit and Cmodel”, by B. C. Ciambur,

as it appears in the Astrophysical Journal, Vol. 810, No. 2, ID. 120 (2015).

1The Space Telescope Science Data Analysis System (STSDAS) is a data reduction and analysis package
included in the broader Image Reduction and Analysis Facility (IRAF), an extended astronomical software
collection written and supported by the National Optical Astronomy Observatories in Tucson, Arizona
(United States).
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ABSTRACT

This work introduces a new fitting formalism for isophotes that enables more accurate modeling of galaxies with
non-elliptical shapes, such as disk galaxies viewed edge-on or galaxies with X-shaped/peanut bulges. Within this
scheme, the angular parameter that defines quasi-elliptical isophotes is transformed from the commonly used, but
inappropriate, polar coordinate to the “eccentric anomaly.” This provides a superior description of deviations from
ellipticity, better capturing the true isophotal shape. Furthermore, this makes it possible to accurately recover both
the surface brightness profile, using the correct azimuthally averaged isophote, and the two-dimensional model of
any galaxy: the hitherto ubiquitous, but artificial, cross-like features in residual images are completely removed.
The formalism has been implemented into the Image Reduction and Analysis Facility tasks ELLIPSE and BMODEL to
create the new tasks “ISOFIT,” and “CMODEL.” The new tools are demonstrated here with application to five galaxies,
chosen to be representative case-studies for several areas where this technique makes it possible to gain new
scientific insight. Specifically: properly quantifying boxy/disky isophotes via the fourth harmonic order in edge-on
galaxies, quantifying X-shaped/peanut bulges, higher-order Fourier moments for modeling bars in disks, and
complex isophote shapes. Higher order (n > 4) harmonics now become meaningful and may correlate with
structural properties, as boxyness/diskyness is known to do. This work also illustrates how the accurate
construction, and subtraction, of a model from a galaxy image facilitates the identification and recovery of over-
lapping sources such as globular clusters and the optical counterparts of X-ray sources.

Key words: galaxies: fundamental parameters – galaxies: photometry – galaxies: structure – techniques: image
processing

1. INTRODUCTION

Galaxies come in a wide variety of shapes and sizes. Among
the numerous efforts throughout the years to impose some
order among their ever growing numbers, one particular
classification scheme remains persistent to this day: grouping
galaxies by their shape as it is seen at optical and infrared
wavelengths. This is essentially a structural classification—
while some galaxies, known as “late-type” on the Hubble/
Jeans sequence (Jeans 1919, 1928; Hubble 1926), display
disks, spiral arms, bars, and bulges, others are more relaxed
systems, and are commonly referred to as “early-type,”
elliptical or lenticular galaxies. However, even “elliptical”
galaxies are rarely truly elliptical. Their isophote shapes often
deviate from pure ellipses, in a characteristic way. These
deviations, the most common being referred to as “boxyness”
or “diskyness,” originate from the structure of the stellar orbits
that make up the galaxy. Because of the physical link between
isophote shape and galaxy (structural) properties, quantifying
these deviations provides a valuable tool to study galaxies.
Numerous works have revealed correlations between boxy-
ness/diskyness and physical properties such as kinematics
(Carter 1978, 1987; Davies et al. 1983; Lauer 1985;
Bender 1988; Peletier et al. 1990; Jaffe et al. 1994), brightness
profiles (Nieto et al. 1991), and even global radio and X-ray
properties (Bender et al. 1989).

However, the formalism used in the past (and to this day) to
describe boxyness/diskyness in isophotes has limited applic-
ability. In particular, it is only efficient when applied to galaxy
isophotes that are relatively well described by pure ellipses and
the deviations from ellipticity are small (a few percent). This
has limited isophotal structure studies to only a subsample of

the whole galaxy population which met the above conditions,
specifically elliptical or early-type galaxies. Even in such
objects, the presence of, e.g., embedded disks caused the
models to fail and produce residual maps marked by ubiquitous
crosses or artificial features. The literature is literally full of
such examples (e.g., Reda et al. 2004, 2005; Rothberg &
Joseph 2004; Janowiecki et al. 2010; Chies-Santos et al. 2011;
Peng et al. 2011; Alamo-Martínez et al. 2013; Capaccioli
et al. 2015; Guérou et al. 2015, etc.). Moreover, some of the
correlations (or lack thereof) have been affected by the use of a
formalism that fails to adequately capture the true isophotal
shapes.
In this work, a new isophote fitting formalism is introduced,

which is capable of modeling galaxies with significantly more
complex or exotic isophote structures, with a particular focus
on disk galaxies viewed edge-on. The paper is structured as
follows. Section 2 provides a short description of how
deviations from perfect ellipticity are commonly expressed
and modeled in the popular isophote analysis tool ELLIPSE. In
Section 3, a new angular metric is introduced, which better
expresses isophote shapes in general and is particularly
powerful in modeling disk galaxies viewed edge-on, as well
as galaxies with X-shaped/peanut bulges. The formalism is
implemented and further demonstrated on a representative
galaxy. Section 4 demonstrates the applicability of this
formalism to any isophote shape, and explores scientific case-
studies where this new technique can provide insight. In this
section, four additional galaxies are modeled and the possibility
of quantifying the peanut/X-shape bulge of some galaxies from
their photometric structure is briefly explored. Finally, in
Section 5, the paper reiterates its main conclusions and
proposes further potential scientific applications of the method.
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2. ISOPHOTE FITTING

Among the early efforts to express departures from pure
elliptical shapes in mathematical form, the work of Carter
(1978) was to become key in modeling more refined and
realistic galaxy isophotes. This work proposed adding
perturbations to an ellipse as a function of azimuthal angle f,
in the same way as in a Fourier series decomposition

I I A n B nsin cos , 1
n

n nell [ ]( ) ( ) ( ) ( )åf f f= + +

where I(f) is the intensity profile along the isophote, expressed
as a function of (central) azimuthal angle, Iell is the average
intensity of the purely elliptical path, and the sum represents
Fourier harmonic perturbations to Iell , with n being the
harmonic (integer) order. Note that perturbing the intensity
distribution in this way is equivalent to distorting the physical
shape of the isophote. The two cases are used interchangeably
throughout for illustrative purposes.

This formalism is particularly elegant because the coeffi-
cients of the Fourier harmonics (An and Bn) carry physical
meaning. This is illustrated in Figure 1 for the first four
harmonic orders. Here we observe how the harmonics bring
corrections to the ellipse’s center (n= 1), the ellipticity, and
position angle (PA) (n= 2), as well as capturing various types
of asymmetries and the boxy or disky feature (the B4
coefficient).

These principles were later detailed into a full isophote
fitting algorithm in the seminal paper of Jedrzejewski (1987a;
also in Jedrzejewski 1987b). The reader is referred to these
works for detailed descriptions of the algorithm, which is only
briefly outlined below. In this method, nested isophotes (not
necessarily concentric) are fitted at several pre-defined points
along the semimajor axis (denoted by a) of a galaxy in a CCD
image. At each of these points, the isophote starts as a pure
ellipse defined by initial guess-values for its geometric
parameters, namely center position x y,0 0( ), PA, and ellipticity
(e b a1= - , where b is the semiminor axis). The image is
then sampled along this elliptical path, giving the one-
dimensional (1D) intensity distribution as a function of
azimuthal angle Idata ( )f , which is first modeled by the right-
hand side of Equation (1), but restricted to n 1, 2{ }Î , i.e.,

I I A n B nsin cos . 2
n

n nell
1

2

[ ]( ) ( ) ( ) ( )åf f f= + +
=

After a least-squares minimization of the quantity S in
Equation (3), the best-fit values of the harmonic coefficients are
used to update the geometric parameters of the ellipse, and then
Iell .

S I I . 3
i

i idata
2( ) ( ) ( )å f f= -⎡⎣ ⎤⎦

The minimization iterates until a minimum rms criterion is
met. By only considering the first two harmonics (center, PA,
and e), this section of the algorithm essentially computes the
best-fiting pure ellipse on the data isophote corresponding to
this semimajor axis radius. Finally, higher order harmonic
perturbations to the ellipse (n � 3) are fitted (sequentially)
through the same iterative minimization.
A powerful and robust implementation of this algorithm is in

the Image Reduction and Analysis Facility (IRAF1) external
software package ISOPHOTE, developed by the Space Telescope
Science Data Analysis System2 (STSDAS). The main tasks in
this package (frequently referred to in the remainder of this
work) are the isophote fitting task ELLIPSE, and the task
BMODEL, which builds a two-dimensional (2D) galaxy model
based on the parameters obtained by ELLIPSE. This software has
had considerable success since its release, performing admir-
ably when modeling the type of galaxies it was designed to
work with, which are objcts characterized, in general, by
relatively low ellipticity (e  0.5) or, for higher e, with
isophotes very close to elliptical (low harmonic amplitudes).
These are typically early-type galaxies with no (or with rather
face-on) disks. The ELLIPSE task also performs quite well when
modeling (late-type) disk galaxies viewed face-on, after the
appropriate masking of biasing features such as dust lanes.
However, for galaxies with more complex shapes or, in

particular, for disk galaxies viewed at relatively high inclina-
tion or edge-on, ELLIPSE (and BMODEL) begin to break down and
give rise to residual images marked by ubiquitous cross-like
patterns or characteristic, alternating regions of excess and
deficit light (see Sections 3.3 and 4).
Obviously, it is desirable to correctly model a galaxy’s light

distribution. A good model provides physical insight into the
galaxy itself, but moreover, subtracting an accurate model from
an image allows for the possibility to perform meaningful

Figure 1. Physical significance of the first four harmonic corrections to an
elliptical isophote. Positive coefficients are illustrated in blue (thick) while
negative coefficients in red (thin). The reference isophote is plotted in black
(dotted) in each panel.

1 http://iraf.noao.edu/
2 http://www.stsci.edu/institute/software_hardware/stsdas
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studies of substructures still remaining after the subtraction,
such as star clusters, globular clusters (GCs), or optical
counterparts to X-ray/radio sources. In the case of edge-on
galaxies, a model where the light intensity is significantly
underestimated along the major axis of the galaxy introduces
errors in the surface brightness profile, which is typically
measured (and in fact output by ELLIPSE) along a, and is one of
the main quantities of interest provided by isophote fitting
programs. The surface brightness profile is essential in galaxy
decomposition and is routinely used to quantify galaxy
components and characterize structural scaling relations (see
the review article of Graham 2013 and the references therein).

3. A NATURAL ANGULAR METRIC

The reason why isophote-fitting algorithms like ELLIPSE fail
in the regime of high e and high harmonic amplitudes is traced
back to the incorrect manner in which a quasi-elliptical
isophote path is parameterized and sampled. The task
ELLIPSE splits the isophote into sectors as it would a circle: it
divides the azimuthal range 0; 2( [ ])f pÎ uniformly, in equal
bins. While the sectors (arc lengths) corresponding to equal
steps in f are all equal for a circle, they are not for an ellipse,
but are actually longest along the major axis and shortest along
the minor axis (see Figure 2, left panel). This causes the
isophote to be too coarsely sampled along a (in the case of
edge-on galaxies, a corresponds to the plane of the disk, and
thus needs to be very finely sampled as it contains most of the
light), which then leads to bright streaks in residual images.

3.1. The Eccentric Anomaly

This work introduces a new isophote fitting formalism
implemented in a new IRAF task ISOFIT, where the Fourier
harmonics that quantify deviations from perfect ellipses are
expressed as a function of an angular parameter more natural to
elliptical shapes, namely the “eccentric anomaly,” henceforth
denoted by ψ. The eccentric anomaly is frequently used in
celestial mechanics to describe the position of a point orbiting
on an elliptical path, in canonical form (i.e., where the angle is
defined from the orbit center, not from one focus), or more
generally to express the parametric equation of an ellipse. It is
the “natural” angular coordinate for ellipses, and the ψ
coordinate of a point on an ellipse is in fact related to its
azimuthal/plane-polar angular coordinate (denoted as f
throughout this paper) through the ellipticity e b a1º - ,

such that

e
arctan

tan
1

. 4
( ) ( )y
f

= -
-

⎜ ⎟⎛
⎝

⎞
⎠

By transforming from f to ψ, the isophotes are sampled
uniformly along the entire azimuthal range (Figure 2, right-
hand panel), and the Fourier corrections are expressed as

I I A n B nsin cos . 5
n

n nell [ ]( ) ( ) ( ) ( )åy y y= + +

Furthermore, the Fourier harmonics correct the isophotal
shape quite differently. This is illustrated in Figure 3, where the
top panel shows how the cosine form of ψ (which enters in
Equation (5)) changes as the ellipticity changes from e = 0
(ψ = f) to high ellipticity. The bottom panel illustrates how the
cosine part of the n = 4 harmonic (i.e., boxyness/diskyness)
acts sharply at the major axis (defined to correspond to ψ = 0,
2π, and ψ = π) and more softly along the minor axis (ψ = π/2,
and ψ = 3π/2), as the ellipticity increases. The more flattened
(i.e., high e) an isophote, the sharper the harmonic correction
around a and the softer the correction around b. This is
precisely what is required, since a disk galaxy viewed edge-on
has a very bright but thin disk dominating the light along a,
while along and around the minor axis b the light is dominated
by a spheroidal bulge. The lower panel in Figure 3 thus
illustrates how the “lemon-shaped” contours in the lower-right
panel of Figure 1 can be made more “pointy” along the
major axis.
A concrete example of harmonic terms characterizing an

isophote shape is given in Figure 4, which also highlights the
difference between using the generic polar angle (ELLIPSE) and
eccentric anomaly (ISOFIT) to express the Fourier corrections.
Here we notice how the angle transformation (f y) makes
the A2 correction correspond more to a rotation (change in PA),

Figure 2. Panel (a): equal polar opening angles (f) define equal arc lengths on
a circle (c1 = c2) but not on an ellipse .1 2( )� �¹ Panel (b): when the same
opening angles are transformed to the “eccentric anomaly” (ψ), they change as
a function of f such that they define equal arc lengths on an ellipse ( 1 2� �¢ = ¢ ),
but no longer on the circle (c c1 2¢ ¹ ¢). ψ therefore samples an ellipse uniformly.

Figure 3. Top: the cosine of the “eccentric anomaly” ψ, for different values of
ellipticity (e) plotted against the polar angle f. The amplitude of this harmonic
(B1 in Figure 1) controls the center position of the isophote. Bottom: the cosine
of 4ψ, for the same values of e as in the top panel. The amplitude of this
harmonic (B4 in Figure 1) controls the boxyness/diskyness of the isophote.
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and the B4 correction resemble more a disky, lemon- or
diamond-shaped contour. The lower two panels show a higher
(n= 6) harmonic, which may carry physical meaning in edge-
on galaxies with so-called X-shaped or “peanut” bulges. This
tentative point is further explored in Section 4.1 by modeling
such a galaxy.

3.2. Implementation in IRAF

In order to model galaxy isophotes according to the
formalism discussed in the previous section, the source code
of the IRAF package ISOPHOTE was modified at the harmonic
fitting level (ELLIPSE) and 2D galaxy model building (BMODEL).
An angular parameter similar to the eccentric anomaly has been
used in other galaxy-modeling codes, most notably in GALFIT

(Peng et al. 2010), where it takes a slightly different form (the
Fourier formalism distorts the coordinate grid rather than the
intensity distribution) and the authors consider only the cosine
of the angle plus a phase in expressing the harmonics.

The ELLIPSE task was modified and renamed ISOFIT in order to
differentiate the new formalism from the standard ELLIPSE.
When fitting for the harmonic coefficients, ISOFIT now defines
the isophotes as a function of the eccentric anomaly ψ by
transforming the azimuthal angle f according to Equation (4)
and applying the appropriate sign correction to each angle
quadrant. Additionally, all harmonic corrections of n � 2 are
now added simultaneously, in contrast to ELLIPSE, which fitted
n > 2 harmonics sequentially. By fitting the harmonics
simultaneously, all orders contribute together to construct the
isophote (just as in a Fourier decomposition), rather than each
individual order being a “best-attempt” at capturing the
dominant components of the galaxy light distribution. For

example, in the particular case when the dominant component
is a bright, thin disk along the major axis (i.e., an edge-on
galaxy), we have seen in Figure 1 and in Figure 4 (bottom two
panels), and one can also deduce from Equation (1), that every
even-n Bn harmonic provides a correction at the positions
corresponding to a (ψ = 0 and ψ = π). Therefore, by fitting
them sequentially each coefficient is optimized to best capture
the disk feature rather than all orders contributing together to
model less obvious features over the whole azimuthal range.
In ELLIPSE, the harmonics are chosen by the user and their

number is technically unlimited. This same flexibility in terms
of choice is kept in ISOFIT, though the simultaneous fitting does
limit the number of useful harmonics. Nevertheless, in practice,
the harmonic amplitude decreases with increasing n and usually
asymptotes to zero for n ∼ 10–12 and above, even for
extremely thin edge-on disks. Furthermore, in the majority of
cases, odd-n harmonics bring little-to-no refinement to the
isophote shapes (unless the galaxy has significant asymme-
tries), so by restricting the choice to only even orders, one can
reliably fit harmonics up to n = 12 and obtain accurate models,
as is demonstrated in Section 3.3 below.
In addition to ELLIPSE, the auxilliary task BMODEL (“build

model”) was modified and renamed CMODEL (“construct
model”). The task CMODEL considers all harmonics included
by the user (BMODEL only used n � 4) and generates a 2D
model of the galaxy based on the fitting results output by ISOFIT.
The harmonic corrections are applied as a function of ψ, which
is obtained as before. In the regime e 0, the standard
ELLIPSE result is recovered, since in this limit ψ = f.

3.3. Detailed Example in Practice: the Edge-on Galaxy ESO
243-49

The ideal test-cases, which best highlight the improvements
brought by the formalism discussed in this work, are edge-on
disk galaxies. These galaxies are characterized by diamond-like
or lemon-like isophote shapes, which deviate strongly from
pure ellipses. They are the objects for which the standard
version of ELLIPSE gives the least accurate results in both 1D
(systematically underestimated major-axis surface brightness
profiles) and 2D (cross-like features in residual images).
The S0 galaxy ESO 243-49 was chosen as the test-case for

the new tasks ISOFIT and CMODEL. This edge-on galaxy has been
intensly studied following the discovery of a source of
hyperluminous X-ray emission (referred to as HLX-1)
associated with a potential intermediate-mass black hole within
the galaxy but outside the nuclear region (Farrell et al. 2009;
Webb et al. 2010). The fact that HLX-1 was found to have an
optical counterpart (Soria et al. 2010) makes this galaxy
particularly interesting to model, as one of the aims of this
work is to achieve high-quality 2D galaxy models and, after
subtracting them from the image data, to perform accurate
photometry on the remaining substructure (such as HLX-1) left
behind in the residual image. Additionally, ESO 243-49 also
displays a relatively large number of star clusters both in the
plane of the disk and outside, as well as a dust disk in the
nucleus, also viewed edge-on. The image data for ESO 243-49
was retrieved from the Hubble Legacy Archive3 and consisted
of an H-band image taken with the Wide Field Camera 3
(WFC3, IR channel, F160W filter, PI: S. A. Farrell) on the
Hubble Space Telescope (HST).

Figure 4. Examples of three harmonic corrections to an elliptical isophote,
expressed as a function of polar angle f (left panels) and in the new formalism
(as a function of ψ; right panels), for values of e = 0.65 and
A2 = B4 = B6 = 0.15, chosen to be relatively high to clearly illustrate the
effect. In every panel, the reference ellipse is displayed with a dashed line.

3 http://hla.stsci.edu
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To fully showcase the improvements brought by the new
formalism, the image was modeled first with the standard
ELLIPSE/BMODEL and then with ISOFIT/CMODEL. Both versions
were run, where applicable, with identical initial conditions.

3.3.1. Constructing the Isophotes

An important observation concerning the construction of
each isophote is that, due to the use of the polar angle f instead
of ψ to define the isophote in ELLIPSE, the high-order (n  4)
harmonics do very little to improve its shape (see Figure 4,
bottom-left panel). This is in part why, generally, higher order
harmonics have not been used in the literature and it has been
assumed that they are not important. This is illustrated in the
top panel of Figure 5, which shows a single isophote and its
constituent even Fourier contributions for 2 � n � 10. This
isophote was constructed from the harmonic coefficients
computed by ELLIPSE while modeling ESO 243-49. The bottom
panel in Figure 5 displays an isophote constructed at the same
semimajor axis, but with the new formalism of ISOFIT proposed
in this work. Here we see how each upper harmonic order
brings a new level of refinement to the final shape, as one
expects in fact from a Fourier analysis. The ability of each of
these corrections to describe the actual isophote shape (at this
semimajor axis) in ESO 243-49 will become apparent in
Section 3.3.3.

3.3.2. 1D Improvements

A very useful quantity routinely extracted from galaxy
images with the use of isophote fitting tools is, of course, the
surface brightness profile μ(R)—the radial distribution of light
in the galaxy. This quantity is frequently used when performing
1D structural decompositions (e.g., bulge/disk) of galaxies.
Oftentimes, μ is measured along the major axis of the galaxy.
For edge-on galaxies, this is precisely the locus where light is
systematically underestimated when using improperly defined
isophote shapes. In such cases (and the test-case ESO 243-49 is
a prime example), one must resort to estimating μ(R) by taking
a crude “cut” along the image major axis, which is undesirable
for several reasons. First, this method is noisy, because of, e.g.,
dust, star clusters or foreground stars that happen to be located
in the plane of the disk. Furthermore, when taking a cut, one
obtains a single measurement of the brightness at each radial
position, whereas by fitting the isophote, one obtains a value
for the brightness at a given R, which is the average value
across the whole azimuthal range. Second, a cut is a less
accurate representation of the major axis surface brightness
profile because, in general, the PA of the isophotes does not
remain constant with increasing radius (the isophotes some-
times follow features such as bars; see Section 4.2), so a 1D cut
capturing this effect must be a curve, not a line.
Figure 6 shows how the use of the old formalism in

ELLIPSE systematically underestimates the major axis surface
brightness profile of the test-case galaxy ESO 243-49,
compared with a (constant PA) direct cut taken along the disk
plane and assumed to be a more realistic approximation of the
true μ(Rmaj). The discrepancy is most prominent across the
range (5  Rmaj  30 arcsec) where the disk light dominates.
The formalism presented in this work does remarkably better
and is the closest and most accurate representation of μ(Rmaj),
for the reasons explained above. The discrepancy between the
profiles computed with ELLIPSE and ISOFIT is maximal at
Rmaj = 16.5 arcsec, where ELLIPSE underestimates μ by
0.77 mag arcsec−2, which is a factor of two in surface
brightness.
Such a discrepancy propagates into the bulge/disk decom-

positions and leads to wrong results. Judging by the shape of

Figure 5. Example of how an isophote of ESO 243-49 (thick black line) is
constructed from several harmonic orders, with the standard I(f) formalism
(top) and the new I(ψ) formalism (bottom). The different harmonic orders,
denoted by n, refer to Equation (1) (top) and Equation (5) (bottom).

Figure 6. Major axis surface brightness profile of ESO 243-49. The standard
ELLIPSE task systematically underestimates the profile in the range of
5–30 arcsec (where the disk dominates), by as much as a factor of two in
surface brightness occurring at Rmaj = 16.5 arcsec. See the lower panels of
Figure 7 to understand this.
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the underestimated profile (the green dashed curve in Figure 6),
the disk component appears to follow an exponential form. If
modeled as such, it would eat into and impact the fit of the
central bulge (its brightness, concentration, effective radius,
etc.). When considering the correct profile (black solid curve in
Figure 6), the disk component is, in reality, more appropriately
described by an inclined disk model (a Sérsic function with
n 1Sersić < ; Pastrav et al. 2013), which leads to quite a different
decomposition result, with a brighter and more concentrated
(higher Sérsic index) bulge. When performing bulge/disk
decompositions, it is common for the major-axis surface
brightness profile, μ(Rmaj), to be mapped onto the “equivalent”
axis Req. This mapping is equivalent to transforming each
isophote of semimajor axis Rmaj into a circle of equal enclosed
area, which then has a radius Req. This way, one can use
azimuthal symmetry to compute integrated quantities from μ
(Req), including the magnitudes of the model components that
are fit to this profile. This is fully consistent with the formalism
implemented in this work because the Fourier harmonic
perturbations change the shape of the isophote but conserve
its area. This is demonstrated in the Appendix.

A final note on the 1D aspect of this work is that using the
correct angular metric to express the isophotes makes it

possible to obtain the surface brightness profile not just of the
major axis, but also the minor axis or in fact any direction,
directly by using Iellá ñ and the harmonic coefficients (all
provided by ISOFIT) in Equation (5), for any azimuthal angle.
This was not possible before, and we can readily see it just by
inspecting the single isophote shown in the upper panel of
Figure 5 (the shape as a function of azimuthal angle is wrong).

3.3.3. 2D Improvements

The auxilliary task BMODEL in the IRAF package ISOPHOTE
has been routinely used in the past to generate two-dimensional
models of galaxies, based on the 1D information computed by
ELLIPSE. Due to the improper angular metric employed, the
residuals obtained from subtracting these 2D models from
galaxy images are notorious for displaying obvious artificial
features, in particular, for systems with strong departures from
pure elliptical shapes. In this subsection, BMODEL and the new
task CMODEL, are both run on the test-case galaxy ESO 243-49.
The input information for BMODEL consisted of the best-fit
generated by ELLIPSE, while the input for CMODEL consisted of
the best-fit generated by ISOFIT. The results are shown in
Figure 7.

Figure 7. Top panels: 2D model of the galaxy ESO 243-49 constructed with the old formalism of ELLIPSE and BMODEL (top-left), the HST image of ESO 243-49
(top-center) and the 2D model constructed with ISOFIT and CMODEL (top-right). Bottom panels: residual images obtained after subtracting the BMODEL-based galaxy
model (bottom-left) and the new CMODEL-based galaxy model (bottom-right) from the galaxy image. The position of the optical counterpart of HLX-1 is marked
with the cyan circle in both residual maps. The higher harmonic terms were turned on and used to construct both models. However, the old formalism used in
ELLIPSE/BMODEL fails due to the reasons detailed in Section 3.
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We can clearly recognize in the upper-left panel of Figure 7
the wrong shape of a disky isophote resulting from improperly
defined ellipses (we noticed this in Figures 4 and 5). The
inevitable consequence is that when such a model is subtracted
from the galaxy image, the resulting residual map is
contaminated by artificial features (for ESO 243-49, the
residual image is dominated by such an artificial feature along
the disk plane, which is quite obvious in the bottom-left panel
of Figure 7).

It is immediately apparent that CMODEL (top-right and
bottom-right panels in Figure 7) achieves a remarkably better
representation of the galaxy light distribution than the previous
standard (BMODEL). With CMODEL, it is now possible to
construct realistic and accurate 2D models of galaxies. Having
such models can bring considerable insight into the structure
and morphology of galaxies and also enables meaningful
studies of the substructure left behind after subtracting the
accurate model from the image. Regarding the latter,
CMODEL makes it possible to easily identify the optical
counterpart of the X-ray source HLX-1 and compute its near-
infrared brightness. This was done with the software Aperture
Photometry Tool (Laher et al. 2012), resulting in the apparent
H-band magnitude mH = 22.68 ± 0.27 (in the Vega magnitude
system).

4. NEW SCIENCE—CASE STUDIES

This section demonstrates the much broader applicability of
the new technique to describing virtually any galaxy. Four
additional galaxies are modeled, chosen to be representative of
a specific class that presents scientific interest and is the object
of active current research. The following is by no means an
exhaustive study of each class, but it is meant to merely
illustrate the usefulness of the method introduced in this work,
and to highlight some tentative ways to investigate such
galaxies and quantify their properties.

4.1. Peanut/X-shaped Bulges and Boxy+Disky Isophotes

The bulges of many nearby galaxies have been observed to
display non-elliptical shapes, particularly obvious in (but not
restricted to) galaxies where the bulge is embedded in a large
scale disk. These bulges are commonly referred to as boxy,
peanut-shaped, or X-shaped, and have been amply studied both
observationally and with simulations (e.g., de Vaucouleurs
1974; Combes & Sanders 1981; Bureau & Freeman 1999;
Bureau et al. 2006—see Laurikainen & Salo 2015 for a recent
review). In terms of formation scenarios, it is believed that this
structural feature has a kinematical origin, resulting from the re-
organization of stellar orbits within the bulge, and is possibly
related to the formation of bars. Because peanut/X-shaped
bulges are especially obvious when the galaxies are viewed
edge-on, these objects make ideal candidates for the modeling
technique described in this work.

A representative galaxy, known to have an X-shaped bulge,
was chosen to be modeled in this section, namely NGC 2549.
The imaging data was retrieved from the HLA, and consisted of
an R-band HST image taken with the Wide Field and Planetary
Camera 2 (WFPC2, filter F702W; PI: W. Jaffe). As before, the
galaxy was modeled with the old method (standard ELLIPSE,
BMODEL) and the new technique (ISOFIT, CMODEL), both run with

identical starting conditions. The results are displayed in
Figure 8.
As mentioned in Section 3, one of the goals of this work is to

investigate whether a galaxy’s more complex morphological
features are encoded in its isophotal structure, and can therefore
be quantified through the Fourier coefficients. While the B4
harmonic coefficient has been shown in the past to correlate
with structural and physical properties of elliptical galaxies, the
higher orders and late-type galaxies have been left quite
unexplored (largely due to the improper expression of the
isophote contours). With this new formalism it is now possible
to explore this parameter space.
If we observe the isophote contours of NGC 2549 in the

upper panels (center and right) of Figure 8, we notice how the
isophotes transition from boxy (inner) to disky (outer).
However, the shapes at the transition are not elliptical (even
though B4 = 0), but rather a combination of boxy and disky
(green contour), reminiscent of the B6-corrected ellipse
illustrated in Figure 4 (bottom right panel). The transition
occurs precisely in the radial range where the X-shape/peanut
feature is most obvious in the image. Since it is clear that
higher-order harmonics are necessary to capture this morpho-
logical feature, the harmonic coefficients actually “measure”
the peanutness in this way. This is an important result: with the
degree of peanutness quantifiable this way, it is now possible to
directly and quantitatively compare observations of real
galaxies with simulations (such as, e.g.,
Athanassoula 2005, 2015).
A second galaxy, NGC 3610, which displays a combination

of boxy and disky isophotes was modeled in this section. This
galaxy is consistent with having a thick boxy bulge, i.e., the
extent of the disk component is less than or comparable to that
of the bulge. In this work, the terminology “boxy/peanut (B/P)
bulge” is avoided, however, precisely because boxyness is
expressed through B4, whereas the isophotes of these structures
are associated with different/additional harmonics. Instead,
these structures are referred to as X-shaped/peanut (X/P)
bulges. The data was again retrieved from the HLA, and
consisted of an I-band image taken with WFPC2 (filter F814W;
PI: B. Whitmore). The resulting models and residual maps
corresponding to this galaxy are displayed in Figure 9. Once
again, the standard ELLIPSE cannot model the higher harmonic
orders, and the residual image is dominated by an artificial
streak along the disk plane.
Figure 10 displays the B4 and B6 coefficients of NGC 2549

and NGC 3610, computed with ISOFIT, because they change
with radius (along the major axis). The coefficients are re-
normalized by the local gradient and local semimajor axis
length (Equation (6)), such that
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where a is the local semimajor axis length of the ellipse. This is
a common way of expressing the coefficients as (dimension-
less) deviations from ellipticity, as opposed to concrete
intensity corrections. The transition between boxy and disky
isophotes (B4 crossing 0) occurs in both galaxies, and also B6

has non-zero amplitude for most of the radial range, which
indicates that it plays a part in capturing the isophote shape.
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Such accurate information was not available with the old
formalism used in IRAF.

4.2. Photometry of Galaxy Substructure

Perhaps the most basic use of a high-quality model of a
galaxy is the study of residual substructure, such as star
clusters, GCs, satellites, streams, etc. Once the model is
subtracted from the original image, all of this substructure is
left behind in the residual image. We have seen in Section 3.3
that CMODEL makes it possible to perform photometry on
residual images quite straightforwardly with tools such as the
Aperture Photometry Tool. In this section, we qualitatively
explore this further, and extend the study to modeling galaxies
with more complex isophotal structures such as misaligned
bars. To begin with, the interesting barred lenticular (SB0)
galaxy NGC 936 (Muñoz-Mateos et al. 2015) was the first
candidate to be modeled. Due to this galaxy’s orientation
(slightly inclined but close to face-on view) and components
(bulge, disk, and barlens; see Laurikainen et al. 2011), its
isophote structure is relatively complicated. The data was
retrieved from the publicly available archive of the Spitzer
Survey of Stellar Structure in Galaxies (S4G4), and consisted of
an infrared (3.6 μ) Spitzer observation (IRAC 1 instrument, PI:

K. Sheth). Figure 11 displays the results: the isophote shape
starts off close to elliptical in the central regions, then it
transitions to lemon-shaped and parallelogram-shaped (when
capturing the barlens) and finally returns to a shape close to
elliptical, when the barlens no longer dominates and the disk
takes over. The isophotes also rotate in PA with increasing
radius, a process that is again driven by the barlens. Because of
all these strong deviations from ellipticity, the 2D model built
with BMODEL fails to reproduce the light distribution in this
galaxy and after its subtraction from the image, a residual map
remains that is heavily contaminated by twisting features, both
positive and negative. The much more realistic 2D model built
with CMODEL (top right) and the associate residual map (bottom
right) demonstrate that the formalism proposed here is not
limited to edge-on systems, but can competently handle any
type of galaxy. With such good quality results, it is now
possible to make stronger claims about galaxy morphology and
also gain better insight into the substructure than before. The
previous contaminated residual images made it difficult to
analyze GCs because the artificial features often hid them in
oversubtracted regions or covered them through the bright
artificial streaks. This not a problem because, with our new
approach, it is now possible to perform GC number statistics
(e.g., GC number density radial profiles) as well as more
accurate photometry.

Figure 8. NGC 2549: a galaxy with a known X-shaped bulge. The panels are arranged analogously to Figure 7. The upper panels use a segmented colormap to better
highlight the X-shaped bulge feature, and only three contours are overplotted: the inner and outer black contours have boxy and disky shapes, respectively. The middle
contour (green) is a combination of both and needs higher orders to be properly modeled.

4 http://irsa.ipac.caltech.edu/data/SPITZER/S4G/
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The second galaxy modeled in this section was deliberately
chosen from a survey dedicated to GC studies, namely the
SLUGGS5 survey (Usher et al. 2012; Brodie et al. 2014). The

galaxy in question, NGC 4111, is another example of a disk
viewed at close to 90° inclination, and is in fact the “flattest”
galaxy modeled in this paper. The data was again retrieved
from the S4G archive, and consisted of an infrared (4.5 μ)
Spitzer observation (IRAC 2 instrument, PI: K. Sheth). The

Figure 9. NGC 3610. The panels are arranged analogously to Figure 7. The isophote shapes require higher-order harmonics to properly capture the combination of
both boxyness (“square” along the minor axis) and diskyness (“pointy” along the major axis due to the embedded, nearly edge-on disk) within the same isophote.

Figure 10. Fourth and sixth Fourier coefficient profiles corresponding to the isophotes of NGC 2549 (left panel) and NGC 3610 (right panel), normalized by the local
semimajor axis and intensity gradient (see Equation (6)) and plotted as a function of semimajor axis length. In NGC 2549, there is a transition between boxy (negative
B4 at Rmaj  50 pixels) and disky (positive B4 at Rmaj  50 pixels) isophotal shapes, and the higher order B6 term is required to capture the “peanut” feature. NGC
3610 has a similar transition in B4 and also requires a B6 contribution.

5 http://sluggs.swin.edu.au/
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results are displayed in Figure 12, where again we notice the
contaminated residual image produced with BMODEL as well as
the “cleaner” residual obtained with with CMODEL.

5. SUMMARY AND OUTLOOK

This paper proposes a new formalism in which the isophotes
of galaxies are expressed as a function of an angular parameter
more natural to ellipses, namely the “eccentric anomaly.” This
replaces the use of the polar angle and significantly improves
past algorithms, such as the IRAF tasks ELLIPSE and BMODEL.
Isohotes with significant deviations from pure ellipses can now
be accurately modeled, opening the door to new science.

This new formalism is implemented in the tasks ELLIPSE and
BMODEL, which are renamed ISOFIT and CMODEL, respectively, in
order to differentiate the new implementation from the old
standard. The method is tested on an edge-on galaxy, ESO 243-
49, and is found to bring considerable improvements in both
1D (major axis surface brightness profile) and 2D (model and
residual image). Specifically, with ISOFIT, the true surface
brightness profile of ESO 243-49 is recovered, in shape and
normalization, while, with ELLIPSE, it was systematically under-
estimated, the discrepancy reaching a maximum of
0.77 mag arcsec−2 (a factor of ∼2 in brightness) at
Rmaj = 16.5 arcsec for the galaxy in question. In addition, the
second new task CMODEL was found to produce a realistic 2D
representation of the light distribution, which, after being

subtracted from the image, left behind a high quality residual
image on which photometry was possible. The H-band
apparent magnitude of the optical counterpart of HLX-1 was
measured to be mH = 22.68 ± 0.27 mag.
This work makes it possible to study a wide range of

photometrically interesting objects, and two particular scien-
ctific applications (beyond galaxies with near edge-on disks)
were further considered: galaxies with X-shaped/peanut
bulges, and photometry of galaxy substructure. By expressing
isophotes with a more natural metric, the higher order Fourier
moments now carry meaning and can potentially quantify
morphological features such as the peanut feature in galaxy
bulges. This conclusion, however, is only based on the two
galaxies modeled in the paper and an exhaustive and more
quantitative study on a larger sample is reserved for future
work to confirm this hypothesis. While the full power of this
new formalism is most obvious in edge-on galaxies, it is not
limited to these systems, and in fact is fully applicable to any
galaxy. The task ISOFIT is capable of capturing complex
isophote shapes with high deviations from ellipticity and, in
the limit of low ellipticity or low deviations from ellipticity, the
results of ELLIPSE are fully recovered.
The case-studies discussed in the above sections represent a

small sample of the much wider range of science made possible
by the better mathematical description of isophotal structure
used in ISOFIT. Section 3.3.3 illustrates how the accurate

Figure 11. NGC 936: an SB0 galaxy with a barlens and complex isophotes. The panels are arranged analogously to Figure 7. The barlens induces strong departures
from pure elliptical shapes, as well as substantial (close to 90°) isophote rotation.
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modeling of the galaxy ESO 243-49 with ISOFIT and
CMODEL makes it possible to characterize the optical counter-
part of the hyperluminous X-ray source HLX-1. This case-
study can be extended to a systematic study of such objects, by,
e.g., cross-correlating the positions of similar X-ray sources
(from X-ray databases) with the positions of nearby galaxies.

Another potential application involves the modeling of
compact, low-mass early-type galaxies. Current investigations
on such galaxies (e.g., Guérou et al. 2015) still model them
with ELLIPSE and thus fail to capture interesting features such as
embedded disks, which in turn leads to the familiar cross-
pattern in residual maps. Because of this, often times the
harmonics are deliberately not included, and the presence of
disks/diskyness is pointed out by the cross pattern in the
residual image.

Additionally, recent studies have shown that the bulge of the
Milky Way has an X/peanut-shaped structure (Di Matteo et al.
2015; Qin et al. 2015; Wegg et al. 2015). Since this makes it
the nearest X/P bulge in an edge-on galaxy, it is a prime
candidate to study with ISOFIT and investigate potential
connections between the X/P characteristic and n > 4 Fourier
coefficients.

Finally, these new galaxy modeling tools can be applied to
the interesting shell-galaxies (e.g., Forbes et al. 1994; Del
Burgo et al. 2008). These are elliptical galaxies marked with

shell-like or ring-like structures, thought to be the remnants of
past merger events.
All of these constitute extensive projects in their own right

and are deferred to future work.

The author expresses his sincere gratitude to Alister W.
Graham, for his expert advice, insightful and stimulating
discussions, continual encouragement, and for a careful reading
of key parts of this manuscript. The author expresses thanks to
Luke Hodkinson, who provided helpful technical support for
modifying the source code in the IRAF package ISOPHOTE to
implement the formalism introduced in this work. The author
additionally expresses thanks to the referee, who provided
useful comments and suggestions.

APPENDIX

The formalism proposed in this work is fully consistent with
re-mapping the major-axis surface brightness profile μ(Rmaj),
computed by ISOFIT, onto the “equivalent axis” Req. The
“equivalent radius” Req is the radius of the “circularized”
isophote of semimajor axis length Rmaj such that the circle
encloses an equal area as that of the isophote. This
transformation is routinely performed on μ(Rmaj) following a
bulge/disk decomposition of μ(Rmaj), because it allows the use

Figure 12. NGC 4111: an edge-on galaxy surrounded by globular clusters. The panels are arranged analogously to Figure 7. The artificial cross in the residual
obtained from BMODEL (bottom left) makes it hard to detect all of the globular clusters and contaminates the computation of their brightness. Application of the new
CMODEL obtains a much better residual image (bottom right).
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of circular symmetry in computing the integrated surface
brightness (i.e., the magnitude) of the model components. The
deviations from a purely elliptical shape brought by the
ISOFIT formalism conserve the enclosed area, as is demonstrated
below.

(I) Consider a surface enclosed in a circle of radius a. In
plane-polar coordinates, where r is the radial coordinate and f
the azimuthal coordinate, the surface element dS is given by

dS rdrd . 7( )f=

The total area �, obtained by integrating dS in the range of
r a0,[ ]Î and 0, 2[ ]f pÎ is the usual

r drd a . 8
a

0 0

2
2 ( )� ò ò f p= =

p

(II) Consider re-scaling the circle along the y-axis by a factor
b/a. The resulting shape is an ellipse with semimajor axis a
and semiminor axis b (Figure 13, panel (a)). Moreover, the area
� is also re-scaled by the same factor:

b a a b a abell
2 ( )� � p p= = = , the usual expression for

the area of an ellipse. Furthermore, a point F on the circle
(defined by a central angle f) becomes the point F′ on the
ellipse, and is now defined by a central angle ψ. The two angles
are related to each other through the axis ratio b/a or ellipticity
e a b1= - , through Equation (4). This is in fact the
geometric definition of the “eccentric anomaly” ψ.

(III) Consider again the circular surface, but perturbed with a
set of sinusoidal waves, as a function of the polar angle (e.g.,
Figure 13, panel (b)), such that

r r A n B n1 sin cos , 9n n[ ]( ) ( ) ( ) ( )f f f= + +

where An, Bn are constant coefficients and n is an integer. The
new surface element (denoted as dS′) becomes

dS r A n B n drd1 sin cos . 10n n[ ]( ) ( ) ( )f f f¢ = + +

As before, the total area of the perturbed shape (denoted as
�¢) is given by integrating the surface element in the same

limits:

r A n B n drd

r drd A r n drd

B r n drd
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The sinusoidal functions change the area as a function of f
but the net change is zero over the full range [0, 2π], i.e., the
positive “bumps” are cancelled out by the negative “dips” over
the whole azimuthal range, independently of the choice of n.
(IV) Consider now the perturbed shape “squeezed” along the

y direction by a factor of b/a (Figure 13, panels (b) and (c)), in
the same way as the circular shape was re-scaled (panel (a)). A
point P on the perturbed circle, which was described by the
polar angle f (panel (b)), becomes the point P′ on the perturbed
ellipse (panel (c)), described by the eccentric anomaly ψ as
before. This is at the heart of the the new formalism—a Fourier
wave on a circle needs a different coordinate system on the
corresponding ellipse. As a consequence of the re-scaling
(“squeezing”), all areas (in panel (b)) are reduced by the same
factor (b/a) in panel (c). The area inside and outside of the
ellipse is thus reduced by b/a, but there is still, obviously, an
equal amount of area inside and outside. The area of the ellipse
is therefore conserved following the perturbation.
(V) From the output of ISOFIT ( I R,ell maj and An, Bn—see

Section 2 for the explanation) the major axis surface brightness
profile μ(Rmaj) can be constructed in two equivalent ways.

1. By applying the perturbations to the intensity/surface
brightness (I I0 ell¹y= )—keeping the isophote shape

Figure 13. Panel (a): when the circle of radius a is “squeezed” along the y-axis by a factor b/a, it results in an ellipse of semiminor axis b and semimajor axis a. The
point F on the circle (defined by f) corresponds to F′ on the ellipse, which is described by the “eccentric anomaly ψ. Panel (b): the circle in panel (a) distorted through
Equation (9), with n = 4, An = 0, Bn = 0.1 (thick line). A point P along the circumference is defined by the polar angle f. Panel (c): when the distorted circle in panel
(b) is “squeezed” into a distorted ellipse, the same point (now denoted by P′) is now defined by the “eccentric anomaly” ψ.
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elliptical and distorting the intensity distribution along its
circumference. This is in fact how ISOFIT works.

2. By keeping Iell fixed and applying the corrections to
Rmaj—distorting the ellipse shape and keeping the
intensity fixed. This step additionally requires the
intensity gradient, which is also provided by
ISOFIT (ELLIPSE also computes all of these quantities,
though with incorrect An, Bn), to re-normalize the
coefficients (such that they correspond to Rmaj
perturbations).

Performing the distortion the second way is analogous to
case (IV): a given isophote is a distorted ellipse whose area is
the same as that of the original, pure ellipse
( ab a e R e1 1iso ell

2
maj
2( ) ( )� � p p p= = = - º - ). The

intensity associated with this isophote area is Iell (which is
converted into the surface brightness μell). Therefore, if the area
is expressed as a circular area, its radius Req can be obtained as

R R e1 12eq
2

maj
2 ( ) ( )p p= -

R R e1 . 13eq maj ( )= -

With the surface brightness profile now expressed along the
equivalent axis, it is straightforward to compute magnitudes in
the usual fashion.
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3
Quantifying (X/Peanut)–shaped Structures in

Edge-on Galaxies

We have seen in Chapter 2 how the Fourier expansion of a galaxy’s isophotes can capture,

and quantify, specific structural properties, such as the presence of discs, bars and their

strength, triaxiality in early-type galaxies, etc. The re-formulation, in Ciambur (2015), of

this mathematical description has allowed for a more accurate representation of a galaxy’s

surface photometry, but, moreover, it has opened the door for studying higher-order terms

(n > 4 in Equation 1.3), as measures of more complex structures. In Chapter 2 we have

briefly explored the possible connection between the amplitude of the 6th order cosine

term (B6) and X/P structures in edge-on disc galaxies. Here we develop on this idea, and

present a comprehensive framework for quantifying X/P features directly from photomet-

ric data, through their imprint in the galaxy’s isophotes.

X/P structures (or boxy/peanut/X–shaped “bulges”, as they are often confusingly re-

ferred to) are characteristic bi-lobed, “peanut”–shaped structures observed in barred disc

galaxies (Jarvis 1986; Lütticke et al. 2000; Laurikainen et al. 2011; Buta et al. 2015),

that develop from the vertical thickening of galactic bars outside the plane of the disc in

which they are embedded. Simulations indicate that they result naturally from internal

orbital resonances or bar-buckling instabilities (Combes & Sanders 1981; Raha et al. 1991;

see §1.2.2). They can be quite prominent when the disc galaxy in which they reside is

viewed in edge-on projection, while at higher inclinations, they are generally believed to

assume the morphology of a barlens (Laurikainen et al. 2011; Athanassoula et al. 2015;

Laurikainen & Salo 2017). Their obvious prevalence in the barred galaxy population (up

to ∼87% in S0–Sb types; Erwin & Debattista 2013) indicates that the X/P instability is a

common secular process, which may play an important role in the host galaxy’s (chemo-)

41
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dynamical evolution. Nevertheless, analysing these structures in detail in real galaxies has

proved challenging in the past, with most studies relying on qualitative approaches such

as visual inspection of the image, or of its unsharp mask1 (e.g., Aronica et al. 2003).

In this Chapter we quantitatively examine the isophotal structure of a sample of edge-

on disc galaxies, previously identified in the literature to host peanut structures. We

obtained archival images from the S4G (Sheth et al. 2010) and SDSS (DR9; Ahn et al.

2012) surveys, as well as Hubble Space Telescope observations2, which we analysed with

Isofit, extracting the galaxies’ surface brightness profiles as well as their isophote geo-

metric parameters. As predicted in Chapter 2, we identified the B6 harmonic as a clear

tracer of the X/P structure, and developed a framework to quantify the radial and vertical

extent of the structure, as well as the integrated strength of the X/P instability, from the

radial B6 profile. We additionally performed photometric decompositions for each galaxy,

with the method presented in Chapter 5. Studying the X/P parameter space revealed

structural scaling relations between the peanut in-plane length, off-plane height and inte-

grated strength, which are discussed and interpreted from a secular evolution standpoint

(e.g., formation, radial drift/growth, recurrent buckling phases; Martinez-Valpuesta et al.

2006; Quillen et al. 2014). Moreover, all parameters were normalised by the exponential

scale length of each galaxy’s disc, as obtained from the decompositions. This removed

uncertainties arising from errors in distance measurements, while preserving the trends

between X/P parameters – suggesting that peanuts “know” about their host disc.

The advantages of this method are its sensitivity to faint structures, its accuracy, but

also its applicability to both galaxy images and projected density maps from numerical

simulations, which can in principle add observational constraints (such as the scaling rela-

tions) to the theory (this is discussed further in Chapter 7). The sensitivity of Isofit led

to the discovery of previously unknown, “nested”, X/P structures co-existing in the same

galaxy. We found this peculiar configuration in two galaxies in our sample (NCG 128 and

NGC 2549). Their decomposition additionally showed that they are double-barred galax-

ies (e.g., Friedli et al. 1996; Erwin 2011), consolidating the peanut–bar connection (§1.2.2).

The remainder of this Chapter consists of the article “Quantifying the (X/Peanut)–

1Note that since the publication of the article presented in this Chapter, Laurikainen & Salo (2017)
have applied the unsharp masking technique to observed and simulated X/P galaxies, to measure their
radial and vertical extent.

2http://hla.stsci.edu

http://hla.stsci.edu
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ABSTRACT
X-shaped or peanut-shaped (X/P) bulges are observed in more than 40 per cent of (nearly)
edge-on disc galaxies, though to date a robust method to quantify them is lacking. Using
Fourier harmonics to describe the deviation of galaxy isophotes from ellipses, we demonstrate
with a sample of 11 such galaxies (including NGC 128) that the sixth Fourier component
(B6) carries physical meaning by tracing this X/P structure. We introduce five quantitative
diagnostics based on the radial B6 profile, namely: its ‘peak’ amplitude (!max); the (projected
major-axis) ‘length’ where this peak occurs (R!, max); its vertical ‘height’ above the disc plane
(z!, max); a measure of theB6 profile’s integrated ‘strength’ (S!); and theB6 peak ‘width’ (W!).
We also introduce different ‘classes’ of B6 profile shape. Furthermore, we convincingly detect
and measure the properties of multiple (nested) X/P structures in individual galaxies which
additionally display the signatures of multiple bars in their surface brightness profiles, thus
consolidating further the scenario in which peanuts are associated with bars. We reveal that
the peanut parameter space (‘length’, ‘strength’ and ‘height’) for real galaxies is not randomly
populated, but the three metrics are inter-correlated (both in kpc and disc scalelength h).
Additionally, the X/P ‘length’ and ‘strength’ appear to correlate with (vrot/σ ⋆), lending further
support to the notion that peanuts ‘know’ about the galactic disc in which they reside. Such
constraints are important for numerical simulations, as they provide a direct link between
peanuts and their host disc. Our diagnostics reveal a spectrum of X/P properties and could
provide a means of distinguishing between different peanut formation scenarios discussed
in the literature. Moreover, nested peanuts, as remnants of bar buckling events, can provide
insights into the disc and bar instability history.

Key words: galaxies: bulges – galaxies: fundamental parameters – galaxies: peculiar –
galaxies: structure.

1 INTRODUCTION

Quite apart from the spheroid-shaped bulges observed at the cores
of many disc galaxies, some galaxy bulges display a characteris-
tic bi-lobed, boxy or X-like shape if viewed in projection close to
edge-on (for example, the famous IC 4767 – ‘the X-galaxy’; Whit-
more & Bell 1988). Shortly after this class of galaxy was noticed
(Burbidge & Burbidge 1959) they were coined ‘peanut’ bulges by
deVaucouleurs& deVaucouleurs (1972), and have since been found
to occur in a significant fraction of galaxies (e.g. Lütticke, Dettmar
& Pohlen 2000 found that >40 per cent of disc galaxies in close to
edge-on orientation and ranging from S0 to Sd have (peanut/X)-
shaped bulges; see also Jarvis 1986 and Buta et al. 2015). Addition-
ally, more recent works suggest that the bulge of our own Galaxy is

⋆ E-mail: bciambur@swin.edu.au

peanut-shaped (Sellwood 1993; Dwek et al. 1995; Ness et al. 2012;
Wegg, Gerhard & Portail 2015).
The early analyses (based on N-body simulations) of Combes

& Sanders (1981), Combes et al. (1990) and Raha et al. (1991),
suggested that peanuts arise naturally from the thickening and/or
buckling of galactic bars, or vertical resonance mechanisms, such
as the Inner Lindblad Resonance (ILR). Observational support for
the peanut-bar link quickly followed (e.g. Shaw 1987; Dettmar &
Barteldrees 1990; Kuijken & Merrifield 1995; Bureau & Freeman
1999; Bureau & Athanassoula 2005), the fraction of barred disc
galaxies (∼45 per cent; Aguerri, Méndez-Abreu & Corsini 2009)
being found to be close (within a few per cent) to that of X/P
hosts. Other than their characteristic morphology, X/P bulges also
exhibit specific kinematic signatures in face-on orientation (Debat-
tista et al. 2005; Méndez-Abreu et al. 2008), as well as cylindrical
rotation, i.e. almost constant rotational velocity in the direction
perpendicular to the disc plane (e.g. Molaeinezhad et al. 2016 and

C⃝ 2016 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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references therein). The field has advanced significantly, with three-
dimensional simulations becoming ever more refined (e.g. Quillen
et al. 2014; Athanassoula et al. 2015; Li & Shen 2015) and peanuts
being detected at lower inclinations (e.g. Erwin & Debattista 2013).
For a more in-depth overview, we refer the reader to the review ar-
ticles of Laurikainen & Salo (2016) and Athanassoula (2016), and
references therein.
Quantifying X/P structures in real galaxies has proved a chal-

lenging feat, with most observational studies relying on qualitative
methods, such as visual inspection. Several quantitative diagnostics
have been attempted, particularly: determining whether isophotes
crossing the minor axis are ‘pinched’ or concave (Williams, Bu-
reau & Cappellari 2009), examining one-dimensional cuts parallel
to the disc plane (D’Onofrio et al. 1999; Athanassoula 2005) or
looking for the peanut imprint in the fourth Fourier component (B4)
of isophotes (Beaton et al. 2007; Erwin & Debattista 2013). How-
ever, all of these approaches are problematic. As we will show in
Section 4, many peanut galaxies do not exhibit a very prominent
X/P feature compared to the disc and spheroid. As such, their pho-
tometric structure is dominated by the combination of the latter
two, thus most often resulting in straight (parallel to the disc plane)
or even convex isophotes which cross the minor axis1 (where the
shape is dominated by the spheroid), despite the presence of an X/P.
Taking cuts parallel to the disc plane also works best only for strong
peanuts, and further suffers from noise from, e.g. substructure, see-
ing, etc. Finally, B4 usually measures the boxyness or discyness
of isophotes. However, X/P structures are believed to be different
to boxy ellipticals (Combes et al. 1990), and in fact for edge-on
galaxies the disc makes the isophotes discy, i.e. when the isophote
crosses the major axis, it is highly convex (not concave, as would
be the case for boxy isophotes).
In this work, we propose a method which is more accurate, easy

to automate, can probe fainter peanuts and is well suited to compare
observations (galaxy isophotes) with simulations (projected isoden-
sity contours). Ciambur (2015, hereafter C15), recently suggested
that, just as B4 quantifies boxyness or discyness, so the sixth Fourier
component of isophotes (B6) carries physical meaning, capturing
the X/P feature. In this paper, we show that B6 does trace X/peanut
structures remarkably well and provides a wealth of information
about them.
The paper is structured as follows. In Section 2, we define our

five diagnostics, based on the radial B6 profile, and we additionally
present them in the context of peanut formation theory. Section 3
details our sample of eleven galaxies with known X/P structures,
obtained from the literature. Section 4 provides a detailed demon-
stration of X/P structure quantification using a well-known peanut
galaxy, NGC 128, as well as the results for the full sample. We in-
terpret and discuss our results in Section 5, and finally, we re-iterate
our main findings and conclude with Section 6. Throughout this
paper, we assume a flat Universe cosmology with $m = 0.27 and
H0 = 70 km s−1 Mpc−1.

2 THEORY AND QUANTITATIVE X/P
PARAMETERS

Bars in discs are dynamically unstable, and are susceptible to buck-
ling outside of the disc plane. Numerical simulations have shown

1 There are of course exceptions,most notablyNGC128, inwhich the peanut
is the dominant component, and the isophotes crossing the minor axis are
highly concave.

that bar buckling is one channel through which disc galaxies can
develop X/P structures (Raha et al. 1991;Merritt & Sellwood 1994).
In such cases, the bar buckles and forms a peanut in the inner re-
gions (Athanassoula & Martinez-Valpuesta 2009) and the stronger
the buckling, the more pronounced is the resulting peanut. Another
scenariowhich also arose fromN-body simulations is that the peanut
is actually due to a resonance mechanism (e.g. Combes & Sanders
1981; Combes et al. 1990), in particular a vertical ILR. The X/P
shape is given by stellar orbits undergoing a 2:1 vertical Lindblad
Resonance:

$p,b = $ − νz

2
, (1)

where $p, b is the pattern rotation frequency of the bar, $ is the
circular rotation frequency of stars in the disc, and νz is their vertical
oscillation frequency. Essentially, there is a ‘sweet spot’ in radius
where the vertical component of stellar orbits is resonant with the
bar’s pattern speed, and for the 2:1 resonance, the stellar orbits
oscillate twice per bar rotation (i.e. each time the two ends of the
bar pass underneath). As this is a resonance, this vertical motion
enhancement causes the orbits of these stars to ‘puff’ out of the
disc plane at these two points, thus leading to the observed peanut
shape in an edge-on projection. Finally, Patsis et al. (2002) explore
N-body simulations where X/P bulges develop without a bar at all.

In order to disentangle the variousmechanisms and thus constrain
galaxy dynamics, it is obviously interesting to measure a number of
peanut properties: the radius where it is most prominent, how high
above the disc plane it reaches, and how strong it is, in real galaxies.
Our methodology provides a framework for measuring these quan-
tities and thus allows us to probe the theory via direct observations,
as well as comparing real X/P galaxies among themselves. This
framework is based on the azimuthal profiles of galaxy isophotes.
Throughout our work, we employed the quasi-elliptical isophote
fitting software ISOFIT, introduced in C15. As detailed in C15,
ISOFIT provides a superior description of isophote deviations from
pure ellipses (which real galaxy isophotes are observed to have),
than its predecessor, ELLIPSE. These deviations are mathematically
expressed as Fourier harmonics, and in ISOFIT, they are expressed as
a function of the eccentric anomaly (ψ) of the ellipse, such that:

R′(ψ) = R(ψ)+
!

n

[Ansin(nψ)+ Bncos(nψ)], (2)

where R(ψ) is the angle-dependent radial coordinate of a pure el-
lipse, n is the harmonic order andψ is the azimuthal angular coordi-
nate (see Fig. 1). The angleψ is related to the usual polar coordinate
φ as follows. If a point on a circle is defined in polar co-ordinates
(r, φ), and the circle is ‘flattened’ in one direction such that it
becomes an ellipse, then the same point has the new co-ordinates
(R(ψ),ψ). By using the eccentric anomaly as the angular coordinate,
ISOFIT drastically improves on previous isophote-fitting algorithms,
such as ELLIPSE.

Note that generally the harmonic coefficients (An, Bn) can have
either units of length (assumed in equation 2), or intensity (as ISOFIT

uses and outputs), or they can be dimensionless. Fortunately, it is
relatively easy to alternate between units if the isophote semimajor
axis and local intensity gradient are known. As usually done in the
literature, we plot the dimensionless coefficients (i.e. Bn in units
of intensity, re-normalized by the isophote semimajor axis (a) and
local intensity gradient −∂I/∂a), as given by

Bn → −Bn

"
a
∂I

∂a

#−1

; An → −An

"
a
∂I

∂a

#−1

. (3)
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Figure 1. An isophote with the characteristic X/P shape (thick curve),
obtained by perturbing an elliptical isophote (e = 0.4, thin curve) with the
sixth Fourier harmonic (B6 = 0.1). The projected radial ‘length’ of the
peanut, R!, is defined here, as is its projected ‘height’ above the disc plane,
Z!.

Figure 2. A schematic example of a B6(R!) profile (see Fig. 1 for the
definition of R!), which illustrates the main elements used in defining
the five X/P metrics, i.e. the peanut ‘peak’ (!max), the projected ‘length’
(R!, max), the peak ‘width’ (W!). The peanut ‘strength’ (S!) is the area under
the profile enclosed byR1 andR2. Aswith theX/P length, the peanut ‘height’
(z!, max) also corresponds to the isophote with maximum B6 amplitude
(!max).

In the past, quantitative studies of galactic bars have been per-
formed on similar principles, most notably in Ohta, Hamabe &
Wakamatsu (1990), Regan & Elmegreen (1997) and Aguerri, Beck-
man & Prieto (1998) (the latter in particular use diagnostics for bar
length and strength derived from isophotal n = 2 Fourier terms),
but see also Schwarz (1984) and Buta, Laurikainen & Salo (2004).
Out of all the Fourier coefficients of equation (2), the sixth co-
sine coefficient B6 is of particular interest in our work quantifying
X/peanut-shaped features. C15 already suggested that B6 may trace
the X/P feature in galaxies, and qualitatively explored this possibil-
ity (see e.g. their Fig. 4). Here we demonstrate that this is indeed
the case, and we define the following peanut diagnostics, derived
from the B6 profile (see Fig. 2).

(i) !max(= B6,max) – the X/P peak, equal to the maximum B6

amplitude. The quantity B6, like all the An and Bn coefficients, is a
function of radius, such that each isophote has its own value.
(ii) R!, max – the projected X/P length, equal to the (major-axis)

radius where !max occurs. Note that the true length of a peanut
(l!, max) is only measurable from a galaxy image when the bar is
viewed perfectly side-on. As the bar’s viewing angle (α in our

notation) is unknown, we can only calculate a lower limit of the
peanut length, that is, the projected radius R!, max = l!, max sin(α)
(α = 0◦ for end-on and 90◦ for side-on orientation). This latter
quantity is straightforward to compute from equation (2):

R!,max = R′(ψ! )cos(ψ! ), (4)

calculated at the isophote with maximum B6 amplitude, and where
ψ! is the eccentric anomaly angle of the peanut, given by

ψ! = −arctan
$
tan(2π/6)
1 − ϵ

%
, (5)

with ϵ being the isophote ellipticity.
(iii) z!, max – the X/P height, equal to the vertical extent above

the disc plane computed from the isophote where !max occurs:

z!,max =
Z!,max

sin(i)
= R′(ψ! ) sin(ψ! )

sin(i)
, (6)

where Z!, max is the projected height and i is the inclination angle of
the galaxy’s disc (such that 90◦ corresponds to edge-on). Since X/P
structures arise from vertical oscillations (⊥ to the disc plane), the
observed vertical extent is diminished in proportion to the observed
disc inclination. We correct for this effect for non-edge-on galaxies
in our sample through the use of equation (6), thus recovering the
true vertical extent of the peanut, z!, max. We illustrate how R!, max

and Z!, max are derived from an isophote in Fig. 1.
(iv) S! – the integrated strength of the X/P feature, which we

define as

S! = 100 ×
& R2

R1

B6(R)dR, (7)

where R1 and R2 are the (major-axis) radii enclosing the part of the
B6(R) profile higher than the peak half-maximum2 (!max/2).

(v) W! – the X/P peak width, is the radial extent R2 − R1.

Although the harmonic profiles are typically plotted as a function
of the isophotal semimajor axis, i.e. ‘a’ in Fig. 1, we plot B6 as a
function of R! [see equation (4) and Fig. 1].

In our analysis, an X/P feature can be ‘strong’ in two ways: when
it displays a high B6 amplitude, or if the peak in the B6 profile is
extended over a large radial range (i.e. a largeW!). Thiswill bemore
clear when we present actual B6 profiles in the following sections,
and is illustrated here schematically in Fig. 2. Both of these cases
are accounted for in our definition of the peanut strength diagnostic,
S!. We chose to perform the integral in equation (7) within the half-
maximum limits so that the X/P feature is well separated from other
potential components or the noise in theB6 profile, asB6 approaches
zero. Throughout this work, we provide the X/P length, height,
strength and peak width both in the usual angular units (arcsec), in
kiloparsecs and in units of the disc exponential scalelength h. We
prefer the latter, since it is more insightful from a galaxy structure
perspective, and is independent of the distance to the galaxy.

Perhaps the most important advantage of our method is that it
is simple, practical, and constitutes an objective and accurate way
of measuring X/P structures. Moreover, it is not restricted to the
strongest and most visibly obvious X/P bulges, but can detect and
measureweaker structures, in regions of the galaxywhere additional
components (such as the bulge or the disc) dominate the isophotes.

2 Variations of this can readily be envisaged, andwe tested a fewbut preferred
!max/2.
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Table 1. The X/P sample.

Galaxy (peanut) Telescope (filter) Type Scale Inclination i vrot σ⋆ MK
(pc arcsec−1) (◦) (km s−1) (km s−1) (mag)

NGC 128 (a, b) HST, NIC3 (F160W) S0 pec 288 78 180±40∗ 211±32 −25.35±0.15
NGC 128 (b) SDSS (r)
NGC 678 Spitzer (3.6µ) SB(s)b? 193 90 195±29 133±20 −24.29±0.15
NGC 2549 (a) HST (F702W) SA00(r) 95 75 160±10∗ 143±22 −23.40±0.15
NGC 2549 (b) SDSS (r)
NGC 2654 Spitzer (3.6µ) SBab: 117 81 236±10 – −23.45±0.15
NGC 2683 Spitzer (3.6µ) SA(rs)b 32 82 218±7 118±18 −22.75±0.15
NGC 3628 Spitzer (4.5µ) Sb pec 43 90 230±5 81±12 −23.67±0.15
NGC 4111 SDSS (i) SA0+(r): 75 90 89±6 147±22 −23.41±0.15
NGC 4469 SDSS (z) SB(s)0/a? 19 75 18±9 107±16 −19.93±0.20
NGC 4710 Spitzer (3.6µ) SA0+(r)? 71 90 150±36 117±18 −23.25±0.15
NGC 7332 SDSS (r) S0 pec 96 80 186±28 128±19 −23.47±0.15
ESO 443-042 Spitzer (4.5µ) Sb: 175 90 191±8 – −23.11±0.15
∗vrot of stars

3 DATA

It is difficult to decide upon the optimal observational data for edge-
on peanut galaxies. An important consideration is dust obscuration,
which is likely to be a problem for peanut galaxies because they are
disc galaxies viewed, in the majority of cases, at high inclination
or close to edge-on. Therefore, were their discs to have embedded
dust lanes (which is quite common in actively star-forming spirals),
the undesired obscuration would have a maximal impact. Opting
for near-infrared (NIR) imaging has the advantage of revealing X/P
structures which may be contaminated (or even completely ob-
scured) in the visible bands by dust (Quillen et al. 1997). However,
the disadvantage of NIR data is a broader point spread function
(PSF), often with strong Airy rings. Should a galaxy contain a large
number of point-like or (small) resolved objects (such as a bright
active galactic nucleus, star clusters, etc.), their light is spread by
the instrumental PSF into the diffuse galaxy light (i.e. the peanut,
bulge, disc) and thus introduces noise/bias in the true shape of
these components. To diminish this effect, shorter wavelengths are
preferable, particularly since determining the shape of the peanut
accuratelymakes it possible to detect weak or nested peanuts, which
would otherwise be lost in the noise.
We compiled a sample of 11 nearly edge-on galaxies with known

X/P structures from the literature (Sandage 1961; Tsikoudi 1980;
Jarvis 1986; de Souza & Dos Anjos 1987; Shaw 1987; Shaw,
Dettmar & Barteldrees 1990). We sourced the imaging for our sam-
ple from three archives, namely (i) the Hubble Legacy Archive3 for
visible and NIR imaging taken with the Hubble Space Telescope
(HST) (ii) Data Release 9 (Ahn et al. 2012) of the Sloan Digital Sky
Survey4 (SDSS), where we generally opted for the redder bands (r,
i, z), and (iii) the Spitzer Survey of Stellar Structure in Galaxies5

(S4G; Sheth et al. 2010; Buta et al. 2015) for NIR imaging (3.6µ
and 4.5µ). We decided on the optimal source on a case-by-case
basis, depending on the image availability, level of dust obscuration
and field of view size. For NGC 128 and NGC 2549, we made use
of more than one image.
Table 1 lists the full sample, together with the source archive and

bandpass (filter), as well as the morphological classification from
the Third Reference Catalogue of Bright Galaxies6 (de Vaucouleurs
et al. 1991, hereafter RC3). The inclination angle i of each galaxy is

3 http://hla.stsci.edu
4 https://www.sdss3.org/dr9/
5 http://irsa.ipac.caltech.edu/data/SPITZER/S4G/
6 http://vizier.u-strasbg.fr

also listed, and was calculated from the axis ratio reported in Salo
et al. (2015) for the S4G galaxies, and in RC3 for the remainder,
while assuming an intrinsic thickness of an edge-on disc of 0.22
(Unterborn & Ryden 2008). The intrinsic thickness is degenerate
with the inclination: when a disc approaches an edge-on viewing
angle, its axis ratio is dominated by its natural thickness. For this
reason, all our galaxies with an RC3 value of b/a < 0.22 are as-
sumed to be exactly edge-on (i = 90◦). Additionally, Table 1 lists
the physical scale (pc arcsec−1) of each image, corrected for in-
fall into the Virgo Cluster and the Great Attractor, as provided by
the NASA/IPAC Extragalactic Database7 (NED), plus the 2MASS8

K-band magnitude (MK) of each galaxy, as listed in NED. Finally
the gas rotational velocity (vrot) and the stellar velocity dispersion
(σ ⋆) were retrieved from the HyperLeda9 (Makarov et al. 2014)
data base and are also listed in Table 1 for each galaxy. We used
the vrot of the gas reported by Giovanelli et al. (1986), Giovanelli
et al. (2007), Haynes et al. (2011) and Braun, Thilker & Walter-
bos (2003) for NGC 678, NGC 4710, NGC 4469 and NGC 7332,
respectively; the stellar rotational velocity reported by Bertola &
Capaccioli (1977) and Simien & Prugniel (1997) for NGC 128 and
NGC2549; and gas rotational velocities values reported by Courtois
et al. (2009) for the rest of the sample.
In Table 1, those galaxies where an inner, nested peanut was

found, are henceforth labelled with (a) for the inner peanut and (b)
for the outer.

4 ANALYSIS

4.1 Methodology: modelling a strong peanut – NGC 128

Here we demonstrate our analysis of X/P bulges on the interesting,
well known peanut galaxy NGC 128. This peculiar lenticular galaxy
displays a very pronounced X/P structure (Fig. 3) and is in fact the
first galaxy where such a feature was noted (Burbidge & Burbidge
1959).

The first image that we modelled was the SDSS r-band image.
Using ISOFIT, nested isophoteswere fit at increasingmajor-axis steps,
each having full freedom in varying their geometric parameters,
such as centre position, ellipticity (ϵ) and position angle (PA). ISOFIT
distorts the purely elliptical shapes at each radial location through

7 https://ned.ipac.caltech.edu
8 http://www.ipac.caltech.edu/2mass/
9 http://leda.univ-lyon1.fr
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Figure 3. NGC 128 in the SDSS r band. This galaxy has a peculiar disc
morphology, particularly at R ! 40 arcsec, which is likely related to its
interaction with the companion galaxy NGC 127, also displayed here (to the
west).

Fourier terms (equation 2) whose number (1 to n) are chosen at the
start of the run. The modes chosen for our analysis were n= 2, 3, 4,
6, 8, and 10. Briefly, n= 2, 3, and 4 are the standard harmonics used
in the literature (n = 2 fits the ϵ and PA, n =3 fits for asymmetry
and n =4 for boxyness/discyness), whereas n = 6, 8, 10 are higher
order terms which in general are negligible but for peanut galaxies
are relevant (n= 6 is in fact crucial since this is the harmonic which
describes the X/P feature, as we will show). Because odd-numbered
harmonics capture ever more complicated asymmetries, we did not
include n > 3 odd terms.
The first aspect analysed from our isophotal study was the major-

axis surface brightness profile µ(Rmaj), which we subsequently de-
composed into galaxy components. There is a long history of using
analytical functions to describe the radial surface brightness profiles
of galaxies and their components (see Graham 2013 for a review),
with multicomponent (≥2) decompositions routinely fit these days
(e.g. Laurikainen et al. 2014; Savorgnan & Graham 2016). The de-
composition was performed with the software PROFILER (Ciambur,
in preparation). PROFILER constructs a model µ(Rmaj) from user-
defined analytical functions (such as Sérsic, exponential, Gaussian,
etc.) each of which is intended to describe a particular photomet-
ric component (e.g. the disc, the bulge). The model is built by
adding together all the components and then convolving the result-
ing profile with the instrumental PSF. This process is iterated until
the best-fitting solution is found. PROFILER employs the Levenberg–
Marquardt (Marquardt 1963) minimization algorithm, as well as a
hybrid (fast Fourier transform-based + direct) convolution scheme.
PROFILER has many desirable features, such as a fast minimization
process (chiefly due to its efficient convolution scheme), an intuitive
graphical user interface, and several options for the choice of PSF
profile, specifically Gaussian or Moffat (Moffat 1969) functions, or
any user-provided profile in the form of a table of values. For NGC
128, the PSF was characterized by fitting Gaussian profiles to bright
unsaturated stars in the image, with the IRAF task IMEXAMINE.
The decomposition of NGC 128’s surface brightness profile is

shown in the top panel of Fig. 4. In addition to the spheroid com-
ponent (red curve) and inclined disc component (blue curve), the
profile also displays the signatures of two bar components, plot-
ted in cyan. While multiple, nested, bars are known to occur in
some galaxies (Friedli et al. 1996; Erwin et al. 2001; Erwin 2011),
this instance is particularly interesting as the bulge of NGC 128 is
peanut-shaped, and X/P structures are known to be associated with
bars. Martinez-Valpuesta, Shlosman & Heller (2006) show how, in

Figure 4. Top: the surface brightness profile of NGC 128, extracted from
the SDSS r-band image, and decomposed into its constituent components:
spheroid (red), edge-on disc (blue) and two bars (cyan). The dashed vertical
lines correspond to the semimajor axis lengths of the isophotes associated
with the inner (a) and outer (b) X/P structures. Middle: the residual profile
(data – model). Bottom: the isophote ellipticity profile.

their simulations, bars can undergo recurrent buckling events, each
giving rise to a progressively longer peanut-shaped structure, but
the X/P structures themselves do not co-exist (they occur as single
structures at different times, not a nested structure). For NGC 128
though, as we will show below, each of the two co-existing bars has
its own corresponding peanut.

The second image that we investigated was a higher resolution
image of NGC 128, taken with the NICMOS-3 (NIC3) instrument
on board theHST. While the field of view is small, the better spatial
resolution at smaller radii is ideal to showcase the X/P feature of this
galaxy, and measure it more accurately than from the SDSS r band.
Again, the modelling was performed with ISOFIT, and additionally,
a two-dimensional reconstruction of the image was generated with
the IRAF task CMODEL (also introduced in C15). NGC 128 and the
reconstructed image are displayed in Fig. 5. The residual image
(data minus reconstruction) is shown in Fig. 6.

If we were to generate a perfect model of the galaxy, then sub-
tracting it from the image would produce a residual map in which
the distribution of pixel values is centred on zero, and has some in-
evitable dispersion due to the noise in the data. However, failing to
adequately capture a given photometric component leads to system-
atics in the residual, which broaden the pixel distribution and cause
it to depart from a (narrow)Gaussian shape.We can discernwhich is
the harmonic that captures the X-shape/peanut-shape from Fig. 6.
The figure shows the distribution of pixel values in the residual
image (left-hand panels) and the residual image itself (right-hand
panels), for five values of the maximum harmonic order chosen in
ISOFIT. The first (top) case corresponds to purely elliptical isophotes
(n = 0),10 for which the residual image displays obvious (and
essentially expected) X-shaped systematics. The latter are reflected

10 Strictly speaking, ISOFIT does use the n = 2 harmonic to adjust the el-
lipticity (ϵ) and PA of ellipses as they are fitted. However, once adjusted,
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Figure 5. The HST/NIC3 image of NGC 128 (top) and the reconstruction
with ISOFIT/CMODEL (bottom). The residual image resulting from subtract-
ing the reconstruction from the image can be seen in the lower panel of
Fig. 6. Both panels have contours overlayed (at the same intensity levels),
to highlight the isophote shapes. The two solid thick contours represent the
isophotes corresponding to the two peaks in the B6 harmonic amplitude
(see Fig. 7), while the thick dashed contours represent the isophote with the
minimum B6 amplitude between the two peaks.

in the relatively broad dispersion of the pixel distribution (the red
curve), which also appears to be bi-modal: the bright features are
compensated by dark features, each giving rise to its own peak.
It is notable that upgrading the model’s level of sophistication to
the use of n ≤ 4, i.e. the standard boxyness/discyness terms, does
little to nothing to improve the fit. The dispersion is just as broad,
still bi-modal, and the X-shape just as pronounced (Fig. 6, mid-
dle panels). This clearly shows that, for edge-on galaxies, the X/P
feature cannot be quantified with the B4 harmonic term. It is only
when the sixth harmonic is included that the pixel distribution sud-
denly approaches a Gaussian shape, with a dispersion 2.3 times
narrower than the n ≤ 4 case (2.5 times narrower than for the pure
ellipse model), and the X-shaped feature is adequately captured.
The pixel distribution resulting from our highest quality model
(corresponding to n ≤ 10) is overplotted in black in all panels of
Fig. 6. In passing, we note how ISOFIT/CMODEL enable the easy vi-
sual identification of a background spiral galaxy in the image of
NGC 128.
The role played by B6 is even more apparent when we plot the

radial profiles of the harmonic coefficients. We show the even-
n cosine coefficients output by ISOFIT in Fig. 7, for the range of
harmonic orders 4 ≤ n ≤ 10.
In Fig. 7, B4 (which models boxyness/discyness, as usual) con-

tributes significantly to the isophote shape. The B4 profile indicates
a transition from discy (B4 > 0) to boxy (B4 < 0) to discy again
with increasing Rmaj. However, it is not this harmonic which cap-
tures the X/P feature, but in fact the B6 harmonic (Fig. 6). It is clear

the old ellipses distorted by n = 2 become new ellipses with no distortions
(n = 0) but updated ϵ and PA.

that B6 dominates over all other coefficients at Rmaj ! 20 arcsec.
This is in fact the locus where the peanut is most prominent, as we
show in Fig. 5 through the outer thick contour (which corresponds
to !max) overlayed on the data and the reconstructed image. As
Rmaj decreases, so does the B6 amplitude, mirroring the isophotes
becoming more elliptical (slightly boxy) and the peanut shape less
and less apparent. The higher order harmonics are comparatively
low-level, and most likely only serve to refine the final isophote
shape, as we shall discuss below.

It is worth noting that at Rmaj ∼5 arcsec, there is another peak
in the B6 profile. While this is a radius where the isophote has
contributions from other harmonic orders, it is likely that there
is in fact a second, nested X/P structure in these inner regions.
The use of ISOFIT, therefore, is essential in identifying and mea-
suring very faint X/P structures that would otherwise not be
detected.

Curiously, a faint 8-prong pattern is evident in the central∼ 6 arc-
sec of the residual image, when employing the n ≤ 6 model (Fig. 6,
third panel down). As the n = 6 harmonic describes the X/P shape,
the n = 8 term then captures this fainter eight-spoked feature (see
Fig. 7, third panel down). One can speculate that the latter pattern
may reflect that in the central ∼6 arcsec, the spheroid component
contributes to the isophote shapes along the minor axis, and thus the
spheroid, disc an peanut together induce a total of eight ‘bumps’ in
the shapes of the inner isophotes: two from the disc (along the major
axis), two from the bulge (along the minor axis) and four from the
peanut’s X-like ‘arms’. This pattern might also be caused by the fact
that the two nested X shapes are slightly offset from each other, i.e.
they do not necessarily have the same point of origin and certainly
do not have the same opening angle ψ of the X ‘arm’ relative to the
major axis (see Table 2). This offset may therefore cause these low-
level, leftover systematics, which are corrected by the higher order
harmonics.

The five X/P diagnostics of NGC 128 were computed from both
the HST- and SDSS-derived B6 profiles (Figs 7 and 8). This was
necessary because, due to the small field of view of the HST image,
the integrated strength of the main (outer) peanut could not be
measured reliably [R2 from equation (7) corresponds to an isophote
semimajor axis of ∼38 arcsec, outside of the NIC3 CCD]. It also
provided a consistency check for!max, R!, max and z!, max from two
different images of the same galaxy. In addition to the main outer
peanut, we also measured the five quantities for the inner peanut.
The results are tabulated in Tables 2 and 3.

Figs 4 and 7 nicely show how the two X/P structures of NGC
128 are associated with its two bars. This is indicated through the
major-axis radii of the isophotes corresponding to the two peanuts
of this galaxy, namely Rmaj, a for the inner peanut and Rmaj, b for
the outer. We draw the reader’s attention to the fact that, for a
given isophote, the projected peanut radius R! is different to the
isophote’s major-axis radius Rmaj, the latter being always longer
than the former (see Fig. 1). In Figs 4 and 9, we follow the standard
practice of plotting the surface brightness profile as a function of
isophote semimajor axis, i.e. Rmaj. For consistency, we indicate
in these two plots the Rmaj of the isophotes having the maximum
B6 value, corresponding to the two peanuts. These two radii clearly
correspond visually to approximately the ends of the inner and outer
bars (i.e. the radii where the bar profiles cease to be flat and start to
drop off in surface brightness), respectively, though we recognize
that the actual peanut lengths are shorter than the bars, which is in
agreement with simulations (see the review article by Athanassoula
2016, and alsoAthanassoula&Misiriotis 2002;Martinez-Valpuesta
et al. 2006).
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Figure 6. Finding the harmonic order which captures the X/P feature in NGC 128, based on the NIC3 image. Left-hand panels – the red curves represent
the pixel distribution in the residual image for five upper limits in the number of harmonic terms, from top to bottom: n = 0, i.e. no harmonic terms, purely
elliptical isophotes (top), n ≤ 4 (middle), n ≤ 6, n ≤ 8 and our preferred model, n ≤ 10 (bottom). The black curve is the same in all five panels, and represents
the pixel distribution corresponding to the residual image from the highest quality model (i.e. the bottom panel), which corresponds to the reconstruction in
Fig. 5 and is adopted throughout our work. Right-hand panels – residual profiles associated with the five cases considered on the left-hand side.

4.2 The full galaxy sample

Having now detailed the analysis and quantification of X/P struc-
tures in our case study of NGC 128, we now present the remaining
galaxies. While NGC 128 hosts a remarkably strong and obvious
peanut structure, this is not necessarily the case for all such galaxies
(moreover, its inner peanut was hidden under the luminosity of the
bulge and disc). Peanut bulges come in a wide range of shapes and
sizes: some puffing up strongly outside the disc plane and show-
ing a clear X-shape (e.g. NGC 3628, ESO 443-042), others (e.g.
NGC 2654, NGC 2683) displaying so-called spurs (Erwin & De-
battista 2013), some barely perturbing the discy/lenticular shape
of their host [e.g. NGC 2549 (b)] while others showing peanut-
like isophotes ‘pinched’ along the minor axis (e.g. NGC 128, NGC
4469). Nevertheless, our method of isophotal analysis proved robust
for all of these cases, as the peanut invariably left its imprint on the
radial B6 profiles of these galaxies.

The results of the isophotal analysis (image, reconstruction, resid-
ual andB6 profile) for each individual galaxy are shown inAppendix

A (Fig. A1), while we report the peanut diagnostics in Table 2. Be-
fore proceeding, provide some additional remarks concerning some
of the galaxies in our sample.

(i) NGC 2549 – this is the second galaxy where we detect both
an inner and an outer X/P structure. As for NGC 128, we denote
the inner peanut with (a) and the outer with (b). Also similarly to
NGC 128, we measured the diagnostics for (a) from an HST image,
this time taken with the Wide Field (WF) + Planetary Camera (PC),
WFPC 2. We refer the reader to fig. 8 in C15 to see the image,
reconstruction and residual, and their fig. 10 to see the B6 profile.
However, because the peak in the outer peanut coincided spatially
with the gap between the WF and PC chips, we again opted to
model peanut (b) using the SDSS r-band image. We show the latter
in Fig. A1 with an increased number of contours overplotted, to
aid the eye in making out the inner peanut. Although we also see
the signature of peanut (a) in the SDSS B6 profile, we prefer the
higher spatial resolution (and lower seeing) of the HST image for
measuring it, since poorer seeing smears out and systematically
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Figure 7. Dimensionless (see equation 3) even harmonic cosine coefficients
(Bn) of the order of 4 ≤ n ≤ 10, plotted as a function of isophote semimajor
axis. B4 represents boxyness/discyness, while B6 captures the peanut shape
and dominates in amplitude over the other harmonic orders at Rmaj ∼ 10–
25 arcsec (see also Fig. 8), where the X/P feature is most prominent. The
higher orders have comparatively low amplitudes, and serve to refine the
final isophote shape through small perturbations to the elliptical shape. Data
extracted from the NIC3 image (Fig. 5).

underestimates the X/P peak (we see this in Table 2, where the
B6 profile of NGC 128 has lower amplitude for both peanuts in the
SDSSdata compared to theHST data). Again,we indicate themajor-
axis radii of peanuts (a) and (b) on the surface brightness profile

Figure 8. Extended B6 profile of NGC 128, derived from the SDSS r-band
image (Fig. 3).

decomposition (Fig. 9), and again we see that both radii match
approximately the ends of the two bars: ∼10 arcsec for bar (a) (in
good agreement with the range 8–10 arcsec reported in Laurikainen
et al. 2011) and ∼30 arcsec for bar (b).
(ii) NGC 2654 and NGC 2683 – both of these galaxies display

regions of comparatively low brightness, bordered by ‘spurs’, along
the major axis on either side of the ‘bulge’, suggesting that they
are boxy/peanut (Erwin & Debattista 2013) or barlens galaxies
(Laurikainen et al. 2014; Athanassoula et al. 2015) viewed close
to, but not exactly, edge-on, with a thin bar aligned such that its
viewing angle α < 90◦ (i.e. not exactly side-on).

(iii) NGC 4111 – this galaxy appears to host an inner peanut as
well, at ∼2 arcsec, in the SDSS i-band image. However, a closer
inspection reveals an edge-on dust torus perpendicular to the disc
plane at precisely this spatial scale. The obscuration which this
induces causes the isophotes to appear ‘pinched’, just as they would
if an inner peanut were there. Therefore, we chose to not classify
this as an inner peanut, at least not until higher resolution NIR
imaging is available (NB: the ‘inner peanut’ does not show at all
in the B6 profile extracted from the Spitzer imaging, both 3.6 and
4.5µ).

(iv) NGC 4469 – themajor axis of this galaxy is heavily obscured
by dust. As there is no NIR image available, we used the reddest
SDSS passband (z) image, which has relatively poor S/N, and still
shows the dust slightly, in the inner regions (see residual map).
Nevertheless, the B6 profile, though noisy, is robust and very nicely
shows the peanut signature.

Table 2. The X/P diagnostics, in kpc.

Galaxy h !max R!, max z!, max S! W! ψ Shape
(arcsec, kpc) (kpc) (kpc) (kpc) (kpc) (kpc) (◦)

NGC 128 (a)† – 0.042 ± 0.003 0.72 ± 0.02 0.70 ± 0.02 1.68 ± 0.59 0.53 ± 0.06 43.49 Hump
NGC 128 (b)† – 0.091 ± 0.004 3.44 ± 0.02 2.58 ± 0.02 – – 36.29 –
NGC 128 (b)‡ – 0.087 ± 0.008 3.54 ± 0.09 2.66 ± 0.09 24.64 ± 6.62 3.42 ± 0.24 36.39 Hump
NGC 678 47.92 ± 7.69, 9.25 ± 1.48 0.054 ± 0.006 2.67 ± 0.11 2.30 ± 0.11 5.51 ± 2.78 1.27 ± 0.31 40.72 Pyramid
NGC 2549 (a)† 43.56 ± 0.58, 4.14 ± 0.06 0.037 ± 0.002 0.53 ± 0.01 0.50 ± 0.01 0.96 ± 0.06 0.33 ± 0.02 42.35 Hump
NGC 2549 (b)‡ 43.56 ± 0.58, 4.14 ± 0.06 0.030 ± 0.002 1.57 ± 0.03 1.12 ± 0.03 1.80 ± 0.60 0.76 ± 0.08 34.53 Hump
NGC 2654 31.52 ± 0.36, 3.69 ± 0.04 0.066 ± 0.008 2.25 ± 0.04 1.11 ± 0.07 4.31 ± 2.15 0.77 ± 0.19 26.08 HoP
NGC 2683 87.18 ± 4.5, 2.79 ± 0.14 0.036 ± 0.003 1.80 ± 0.04 0.95 ± 0.02 2.76 ± 0.66 0.93 ± 0.05 27.47 Saw-tooth
NGC 3628 68.09 ± 1.41, 2.93 ± 0.06 0.055 ± 0.007 3.08 ± 0.03 1.13 ± 0.03 6.74 ± 1.21 1.79 ± 0.07 20.05 Top-hat
NGC 4111 30.51 ± 0.34, 2.29 ± 0.03 0.035 ± 0.003 0.92 ± 0.02 0.56 ± 0.02 1.78 ± 0.59 0.62 ± 0.06 31.08 Hump
NGC 4469 40.94 ± 1.55, 0.78 ± 0.03 0.067 ± 0.007 0.69 ± 0.01 0.38 ± 0.01 1.36 ± 0.34 0.26 ± 0.02 27.78 Hump
NGC 4710 31.05 ± 0.25, 2.21 ± 0.02 0.059 ± 0.015 1.21 ± 0.08 0.60 ± 0.08 2.71 ± 1.22 0.60 ± 0.11 26.24 HoP
NGC 7332 20.30 ± 0.15, 1.95 ± 0.01 0.037 ± 0.003 1.44 ± 0.03 0.86 ± 0.06 3.10 ± 0.88 1.06 ± 0.08 30.36 Hump
ESO 443-042 36.13 ± 1.12, 6.32 ± 0.20 0.109 ± 0.045 3.32 ± 0.20 0.87 ± 0.20 8.93 ± 4.79 1.02 ± 0.28 14.38 HoP

†from HST image, ‡from SDSS image
Note. Due to the non-exponential disc in NGC 128, we do not have an (exponential) scalelength h value.
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Table 3. The X/P diagnostics, in units of h and arcsec.

Galaxy R!, max z!, max S! W!

(units of h, arcsec) (units of h, arcsec) (units of h, arcsec) (units of h, arcsec)

NGC 128 (a)† 0.12 ± 0.01, 2.50 ± 0.15 0.12 ± 0.01, 2.43 ± 0.15 – , 5.8 ± 2.1 – , 1.8 ± 0.2
NGC 128 (b)† 0.59 ± 0.01, 11.95 ± 0.15 0.44 ± 0.01, 8.97 ± 0.15 – –
NGC 128 (b)‡ 0.61 ± 0.03, 12.28 ± 0.59 0.46 ± 0.03, 9.25 ± 0.59 – , 85.6 ± 23.0 – , 11.9 ± 0.9
NGC 678 0.29 ± 0.05, 13.83 ± 1.13 0.25 ± 0.09, 11.90 ± 1.13 0.60 ± 0.30, 28.6 ± 14.4 0.14 ± 0.03, 6.6 ± 1.6
NGC 2549 (a)† 0.13 ± 0.04, 5.60 ± 0.15 0.12 ± 0.01, 5.29 ± 0.15 0.23 ± 0.06, 10.1 ± 2.6 0.08 ± 0.01, 3.5 ± 0.2
NGC 2549 (b)‡ 0.38 ± 0.02, 16.51 ± 0.59 0.27 ± 0.02, 11.77 ± 0.59 0.43 ± 0.15, 18.9 ± 6.3 0.19 ± 0.02, 8.0 ± 0.9
NGC 2654 0.61 ± 0.04, 19.19 ± 1.13 0.30 ± 0.04, 9.51 ± 1.13 1.17 ± 0.58, 36.8 ± 18.4 0.21 ± 0.05, 6.6 ± 1.6
NGC 2683 0.65 ± 0.07, 56.32 ± 1.13 0.34 ± 0.07, 29.57 ± 1.13 0.99 ± 0.24, 86.1 ± 20.7 0.34 ± 0.02, 29.2 ± 1.6
NGC 3628 1.05 ± 0.05, 71.69 ± 1.13 0.38 ± 0.05, 26.16 ± 1.13 2.30 ± 0.41, 156.7 ± 28.1 0.61 ± 0.02, 41.6 ± 1.6
NGC 4111 0.40 ± 0.02, 12.30 ± 0.59 0.24 ± 0.02, 7.41 ± 0.59 0.78 ± 0.26, 23.8 ± 7.8 0.27 ± 0.03, 8.3 ± 0.9
NGC 4469 0.89 ± 0.04, 36.32 ± 0.59 0.48 ± 0.07, 19.81 ± 0.59 1.75 ± 0.44, 71.6 ± 18.1 0.33 ± 0.02, 13.5 ± 0.8
NGC 4710 0.55 ± 0.03, 17.08 ± 1.13 0.27 ± 0.04, 8.42 ± 1.13 1.23 ± 0.55, 38.2 ± 17.2 0.27 ± 0.05, 8.5 ± 1.6
NGC 7332 0.74 ± 0.03, 15.00 ± 0.59 0.44 ± 0.03, 8.92 ± 0.59 1.59 ± 0.45, 32.2 ± 9.2 0.55 ± 0.04, 11.1 ± 0.8
ESO 443-042 0.55 ± 0.04, 19.96 ± 1.13 0.14 ± 0.04, 5.11 ± 1.13 1.41 ± 0.76, 51.1 ± 27.4 0.16 ± 0.04, 5.9 ± 1.6

†from HST image, ‡from SDSS image

Figure 9. The decomposition of the SDSS r-band surface brightness profile
of NGC 2549. Apart from a Sérsic (spheroid) and an exponential (disc)
component, the profile also shows the signatures of two bars, modelled with
Sérsic functions of low n (∼0.1–0.2), and plotted as the cyan curves. As in
Fig. 4, the major-axis radii of the isophotes associated with the two peanuts
(Rmaj, a and Rmaj, b) are indicated as vertical dashed lines.

(v) NGC 4710 – the image of this galaxy (and, much more ob-
viously, the residual image) shows two pronounced stripes, which
were attributed to dark stripes on the CCDs caused by a bright star
(there are two because the image is a mosaic of different individual
exposures).

For each galaxy in the sample, we extracted the major-axis sur-
face brightness profile, µ(Rmaj), and decomposed it with PROFILER

to obtain the disc scalelength. As we have discussed above, X/P
structures are closely associated with the galactic discs in which
they are embedded. If a disc buckles and gives rise to a bar, which
also buckles and gives rise to a peanut, the peanut may reflect the
disc’s fundamental properties. A pertinent question, therefore, is:
are the peanut’s metrics (size, shape) random, or do they depend on

their host disc’s properties? We address this question by measuring
the disc’s scalelength h, and expressing the peanut height, projected
length, peak width and integrated strength in units of h, as well in
kiloparsecs. Because our test-case galaxy, NGC 128, displays very
unusual (warped) morphology, and the surface brightness profile
of its disc is not exponential, but Sérsic (n ∼ 0.4; see Fig. 4), it is
not meaningful to assign it a scalelength. As such, we only report
values of h for the rest of the galaxies in our sample.

The PSF profiles used to convolve themodelµ(Rmaj) were always
characterized frombright stars in the image of each galaxy.A second
example of a PROFILER decomposition is shown for NGC 2549 in the
top panel of Fig. 9, where the model consisted of a bulge (Sérsic
function, red curve), a disc (exponential, blue curve) and a bar
associated with each of the two peanuts (Ferrers functions – Ferrers
1877, cyan curves), once again nicely confirming the bar-peanut
connection in this second galaxy with a nested peanut structure.

4.3 Scaling relations

The data show a remarkably tight correlation between R!, max and
the integrated peanut strength S! (i.e. the area under the B6 curve).
We display this relationship in the upper panels of Fig. 10. As
B6 is dimensionless, with any radial dependence normalized out
through equation (3), it is independent of R!, max, and therefore
so is S!, which is derived from the profile. This relation implies
that stronger peanuts are located further out in a galaxy, and it
is further surprising that, while reasonably tight in units of kpc,
it also holds when expressing both quantities in units of the disc
scalelength h (Fig. 10, top-left panel). This suggests that when a
disc defined by a scalelength h buckles and forms a bar, which
in turn gives rise to a peanut, the resulting peanut still retains the
information about its parent disc’s scalelength. This is consistent
with the scenario proposed by Bureau et al. (2006), who suggest that
the different components of galaxies with X/P features (including
the peanut component itself) are dynamically coupled, and most
likely all originated from the disc material.

We performed basic linear fits to all the trends plotted in Fig. 10,
which we show as equations (8), (9), (10) and (11). As NGC 128
(b) appears to be an outlier from all the trends, we excluded it
from the fits. The fact that this galaxy is an outlier is not entirely
surprising considering its peculiarity. More specifically, in addition
to its visibly distorted morphology, there is also evidence that it
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Figure 10. Left: projected radial length (top), and vertical height above the disc plane (bottom) of the X/P structures, as a function of integrated strength S!,
all in units of the disc scalelength h. Right: the same quantities as in the left-hand panels, but plotted in kpc. Red symbols correspond to NGC 128 while green
symbols correspond to NGC 2549; filled circles correspond to outer peanuts whereas open circles to inner peanuts. The linear relations shown are given by
equations (8)–(11), and exclude the outer, outlying peanut of NGC 128.

hosts a counter-rotating gas disc, tilted at ∼26◦ from its major axis
(Emsellem & Arsenault 1997). Perhaps NGC 128 is an example of
the scenario proposed by Binney & Petrou (1985), who argue that
galaxy interactions (slow accretion: galactic cannibalism) may if
not generate, then at least enhance the peanut shape. NGC 128 is
just such a galaxy, and we deliberately show its companion NGC
127 in Fig. 3, which visibly exchanges material with it. In fact,
several of our galaxies display somewhat distorted (S-shaped) disc
planes, possibly indicating instability due to tidal interaction (e.g.
NGC 7332). Note that we expect non-symmetric harmonics (both
An and Bn coefficients) in galaxies observed in the process of bar-
buckling. For such cases, the dominant shape of the instabilitywould
be a strong banana shape, which would likely be described by, e.g.
n = 3 or, if the disc is comparatively bright at those radial scales,
by n = 5 (in edge-on disc projection, side-on bar projection).
All the linear regressions were performed with the bisector

method. The fit uncertainties were computed through bootstrap re-
sampling (10 000 samples), which is best suited for such sparse
data.

R!,max

kpc
= (0.03± 0.08)+ (0.53± 0.07)

S!

kpc
(8)

R!,max

h
= (0.08± 0.07)+ (0.46± 0.05)

S!

h
(9)

z!,max

kpc
= (0.15± 0.17)+ (0.25± 0.09)

S!

kpc
(10)

z!,max

h
= (0.09± 0.06)+ (0.21± 0.05)

S!

h
. (11)

That the peanut strength correlates with both its height and its
length is not surprising, given that the latter two appear to be

Figure 11. The smaller peanuts appear to follow a characteristic ratio of
z!, max/R!, max of∼0.5–0.6, while the larger peanuts appear to deviate from
this. As in Fig. 10, the green symbols correspond to NGC 2549, while the
red symbols correspond to NGC 128, and filled circles correspond to outer
peanuts whereas open circles to inner peanuts.

correlated to each other. As shown in Fig. 11, the shorter (R!, max

" 2.5 kpc) X/P structures follow a characteristic height-to-length
ratio of ∼0.5–0.6, which breaks down for the longer X/P structures.
While the bar orientation [the sin(α) term mentioned prior to equa-
tion (4)] may impact this trend, driving down the observed projected
length if not viewed perfectly side-on, the discrepancies can be per-
haps also understood from the point of view of the peanut’s age or
additional, non-secular processes, as we will speculate in Section 5.

In terms of the peanut height above the disc (z!, max), we found
that for all galaxies in our sample this lies in the range 0.1h ≤ z!

≤ 0.5h, or equivalently, within ∼2.6 kpc. The stronger peanuts also
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Figure 12. Top: the v/σ ratio as a function of peanut strength. The colour scheme is analogous to Figs 10 and 11. Data points enclosed in squares were
excluded from the linear fits (see Section 4.3), which are given by equations 12 and 13).The data point corresponding to the outer peanut of NGC 128 is a
significant outlier of this trend, and is outside (to the right of) the plot area (it was excluded from the fits, where applicable). Bottom: the v/σ ratio as a function
of peanut length.

seem to reach greater heights above the disc plane, though this trend
is not as tight as the location–strength relation.

4.3.1 Peanut-disc scaling relations

Just as ‘bar strength’ has been tested for correlations with properties
of the host disc, such as star formation (e.g. Martinet & Friedli
1997; Aguerri 1999), nuclear activity (e.g. Laurikainen, Salo &
Rautiainen 2002; Laurikainen, Salo & Buta 2004; Cisternas et al.
2013), central velocity dispersion (Das et al. 2008), various gaseous
features (e.g. Peeples & Martini 2006; Kim, Seo & Kim 2012;
see also Athanassoula, Machado & Rodionov 2013), etc., we can
now test for correlations between peanut strength and the physical
characteristics of the host disc. It is hoped that this will provide
a further quantitative setting for testing the different mechanisms
proposed for peanut formation, and thus a deeper understanding of
their evolutionary path.
We observed a positive, though weak, correlation of the galaxy’s

vrot/σ ⋆ (Fig. 12). This trend shows, in essence, that peanuts are
more pronounced in faster rotating galaxies, once more pointing
towards their link with the host disc. As before, we performed linear
(bisector method) fits to the relations in Fig. 12, and estimated the
uncertainties via bootstrap re-sampling. We show the relations as
equations (12) and (13). We note, however, the exclusion of five
data points from these fits, namely NCG 2654 and ESO 443-042, as
we lacked values for their velocity dispersion, σ ⋆; NGC 128(a) and
(b), because of ambiguities arising from this galaxy’s complicated

morphology (see Section 5); and NGC 4469, as we find that its
reported value of vrot = 18 ± 9 km s−1 is implausibly low for a
rotation-supported, edge-on disc galaxy.

vrot, gas

σ⋆

= (0.21± 0.30)+ (0.75± 0.16)
R!,max

kpc

= (0.32± 0.48)+ (2.17± 0.82)
R!,max

h
(12)

vrot, gas

σ⋆

= (0.39± 0.25)+ (0.34± 0.06)
S!

kpc

= (0.47± 0.28)+ (0.98± 0.18)
S!

h
. (13)

We did not find any correlation between any of our X/P diagnos-
tics and the galaxy global, Ks-band magnitude.

5 DISCUSSION

Having diagnosed and quantified the X/P features in our galaxy
sample, we now shift the focus of the paper to discussing the infor-
mation encoded in our peanut diagnostics.

Most studies in the literature invoke either the buckling of bars
(Raha et al. 1991) or vertical Lindblad Resonances (Combes et al.
1990) to describe essentially the same class of objects. While nu-
merical simulations have been resoundingly successful at repro-
ducing, visually, X/P-like structures, direct comparisons between
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observations and simulations have seldom been performed. As such,
it remains an open question which physical mechanism is respon-
sible for which type of X/P structure. Our study aims, among other
things, to provide a set of useful measurements from real X/P galax-
ies which can act as constraints for N-body simulations of galactic
dynamics (e.g. Saha & Gerhard 2013).
The first point to note is that our sample galaxies are remarkably

heterogeneous in terms of their radial B6 profile shape. While all
show an unambiguous peak in B6, which is the mark of the peanut,
the peak can be shaped like a hump (e.g. NGC 128a, NGC 2549a
and b, NGC 4111), hump-on-plateau (NGC 128b, NGC 2654, NGC
4710, ESO 443-042), top-hat (NGC 3628), saw-tooth (steady rise
followed by sharp decline; NGC 2683, NGC 4469) or even pyramid
(NGC 678). This is not very surprising since bars (and triaxial
ellipsoids in general) can host a large variety of orbit families (Patsis,
Skokos & Athanassoula 2002; Patsis & Katsanikas 2014a; Patsis
& Katsanikas 2014b; Valluri et al. 2016), each of which potentially
leaving its characteristic imprint on the photometric morphology of
the host galaxy.
If a bar buckles, it forms a peanut in the inner regions (Raha et al.

1991; Athanassoula & Martinez-Valpuesta 2009), and one would
expect a relatively flatB6 profile (e.g. top-hat) along the entire peanut
length. On the other hand, a resonance mechanism usually occurs
in a narrow radial range, thus corresponding to a comparatively
sharper peanut peak (e.g. hump or pyramid). It would be interesting
to see from simulations (i) whether there is a characteristic B6 shape
for each of the two phenomenologies, and (ii) how the shape evolves
with time.
We might be observing peanuts at different stages of their life-

time, i.e. newly formed or old. As these features have been shown
to drift outwards with time (Quillen et al. 2014), the radial length
R!, max, coupled with the peak width, W!, of the B6 profile, might
be an indicator of their age. The latter point is supported by noticing
that for the two galaxies which host nested peanuts (NGC 128 and
NGC 2549), the inner peanut (which is presumably the younger)
has a narrower span than the outer, presumably older X/P structure.
For this work, however, we are limited by projection effects and can
only measure the projected peanut length, R!, max = l!, max sin(α).
This aspect is a strong restriction to any conclusions we may draw
from Figs 10 to 12. For now, we speculate that we may see tentative
evidence of radial drift (starting from the ‘characteristic ratio’ and
moving out in radiuswhile keeping the sameheight) or length/height
enhancements due to external, non-secular processes, such as tidal
interactions), though we require additional information on the bar’s
orientation in the disc plane to draw any conclusions. The key to
constraining α may lie in applying our method to edge-on (disc)
projections of simulated galaxies viewed at different bar angles α,
ranging from side-on to end-on. The B6 profiles, which may con-
tain information about α, could easily be recovered from isodensity
contours of the simulation projections (rather than isophotes). Such
a study exceeds the scope of this paper, however, and we defer it
for future works.

6 CONCLUSIONS

In thiswork,we definefive quantitative diagnostics ofX/P structures
in edge-on galaxies, based on the sixth Fourier mode (B6) of their
isophotes: (i) the peak amplitude of theB6 radial profile,!max, (ii) its
projected length along the major-axis, R!, max, (iii) its height above
the disc plane, z!, max, (iv) the integrated strength, S! (equation 7),
and (v) the width of the B6 peak, W!. Additionally, we introduce a

qualitative classification of X/P galaxies, based on the shape of the
B6 profile.

We demonstrate our methodology on NGC 128, a galaxy with
a very strong peanut, and extend our analysis to a sample of 11
other galaxies known to host such structures. This technique is
accurate, easy to implemented and automate, and it performs best
when using imaging with low dust obscuration (dust-free galaxies
or NIR wavelengths).

Our main findings can be summarized as follows.

(i) The n = 4 Fourier harmonic of isophotes (B4) does not de-
scribe the X/peanut-shaped structure. Out of all the Fourier har-
monics tested (0 ≤ n ≤ 10), it is the n = 6 order (B6 term) which
captures the peanut.

(ii) We detect, for the first time, nested peanuts (one inner and
one outer) in 2 of the 11 galaxies of our sample, namely NGC 128
and NGC 2549.

(iii) The galaxies in our sample are quite heterogeneous in terms
of their B6 profile shapes (which range from hump-shaped, hump-
on-plateau, top-hat, saw-tooth and pyramid, in our classification
scheme). We speculate that these may provide insight into dis-
entangling between the various peanut formation scenarios in the
literature.

(iv) We identified trends between peanut projected length and
strength, and between peanut height and strength. The stronger
peanuts are located at larger radii and reach greater heights above
the disc plane. These trends hold when expressed in units of kpc
and disc scalelength, indicating that peanuts ‘know’ about the
disc in which they live. Together with an apparently characteris-
tic height-to-length ratio for small peanuts, this constitutes valuable
constraints for simulations.

(v) We additionally identified a positive, though weak, corre-
lation between peanut parameters (length and strength) and the
galaxy’s vrot/σ ⋆, such that faster rotating galaxies tend to host larger
and more pronounced X/P structures. This provides yet more sup-
port for the peanut-host disc link, but would benefit from more
data.

There are many catalogues of edge-on disc galaxies (e.g. Dal-
canton & Bernstein 2002; Kregel, van der Kruit & Freeman 2005;
Kautsch et al. 2006; Yoachim & Dalcanton 2006; Comerón et al.
2011; Bizyaev et al. 2014) including even the late-type ultra-flat
galaxies (Karachentseva et al. 2016) that can now be quantitatively
analysed for the presence of X-shaped features. ISOFIT is also well
placed to both search for and quantify, in addition to cataloguing,
banana-shaped (in projection) bars in the act of buckling in real
galaxies, through non-symmetric harmonic terms.

Additionally, kinematic follow-up of nested peanuts may be in-
sightful, and several integral field spectrographs such as the Calar
Alto Legacy Integral Field Area (Sánchez et al. 2012); the Sydney-
AAO Multi-object Integral field spectrograph (Croom et al. 2012),
the Mapping Nearby Galaxies survey (Bundy et al. 2015), or the
Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010) are
ideal for this task (see for example, Gonzalez et al. 2016, who study
the X/P galaxy NGC 4710 with the MUSE instrument).

Furthermore, this method allows for direct comparisons between
real, observed galaxies and simulations. Used in conjunction, an
observational approach, coupled with N-body simulations, have the
potential to disentangle the various X/P formation mechanisms pro-
posed in the literature.

Such studies, however, are beyond the scope of this paper and,
along with a study of the Milky Way’s own peanut-shaped bulge,
we defer them for future works.
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APPENDIX A: MODELLING THE GALAXIES

In this section, we show the results of our ISOFIT/CMODEL analysis
for each of the galaxies in our sample. Specifically, in each panel of
Fig. A1, we show the galaxy image and its orientation, the image
reconstruction made with CMODEL, the residual image obtained by
subtracting the reconstruction from the original image and, at the
bottom, the B6 profile as a function of peanut radius (see Fig. 1).
The image and its reconstruction both have their respective isophote
contours overlayed (at identical levels), and the thicker contour
corresponds to the maximum B6 amplitude (!max).
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Figure A1. Each quadrant, from top to bottom panel: image, model, residual and B6 profile. Thick contours correspond to !max (the isophote with maximal
B6 amplitude).
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Figure A1 – continued.
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Figure A1 – continued.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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4
Quantifying the Milky Way’s Bar &

(X/Peanut)–shaped Structure

In Chapter 3 we developed a comprehensive method to quantify X/P structures in edge–on

disc galaxies, directly from photometric data. Here we turn our attention to the closest

such peanut feature, that of our own Milky Way galaxy (Dwek et al. 1995; McWilliam &

Zoccali 2010; Ness & Lang 2016, etc.). The Sun’s placement within the Milky Way’s stel-

lar disc provides a unique close-up perspective of the X/P–shaped “bulge” emerging from

the plane of the disc, in the direction of the Galactic Centre (GC) (Figure 1.2). However,

inside the disc, the intervening stars and obscuring dust make it difficult to disentangle

the in-plane stellar distribution (including the Galactic bar), and thus constrain the Milky

Way’s global morphology. Progress in this area has been made through in-plane, near-

infrared star counts (Hammersley et al. 1994) or by analysing stellar populations that are

tracers of structure, in the inner ∼ 5 kpc (e.g., López-Corredoira et al. 2007; Wegg et al.

2015). To date the geometry (intrinsic size and orientation) of the “bulge” and long bar

– the dominating components in this region – have remained disputed (§1.1.3).

In this Chapter, we tackle this problem with a new approach: by exploiting the two–

dimensional information encoded in the X/P structure, and accurately quantifying it with

the method presented in Chapter 3, we infer the properties of the long bar, from which

it is expected to have formed. We run our analysis on WISE (Wide-field Infrared Survey

Explorer; Wright et al. 2010; Lang 2014) images of the Milky Way, in two photometric

bands (3.4 and 4.6 µm), to mitigate dust effects and ensure a robust and self-consistent

analysis. One important difference between the Milky Way and the sample of Ciambur

& Graham (2016) is that the Galaxy’s X/P structure is oriented at an angle with respect

to the Sun–(GC) line of sight. Coupled with its relatively close proximity, the inclination
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induces an East–West asymmetry (in Galactic co-ordinates) in the isophotes about the

GC, such that the near-side appears larger in projection than the far–side. This warranted

a separate treatment of the two hemispheres. Measuring the projected radius of the X/P

structure in the two directions provided a direct constraint on the orientation angle, and

thus allowed the recovery of the intrinsic length of the peanut.

Building upon the theoretically-based X/P formation scenarios, where peanuts arise

due to vertical buckling instabilities in the inner regions of bars (§1.2.2), we suggest that

the Milky Way’s X/P bulge is no different, i.e. it is the central part of, and thus aligned

with, the long bar (see also Gerhard & Martinez-Valpuesta 2012; Wegg et al. 2015). More-

over, recent studies indicate that X/P structures typically extend out to ≈ half the length

of bars (Laurikainen & Salo 2017; Erwin & Debattista 2017). Bearing all this in mind, we

treated the X/P structure as a proxy of the long bar, and thus inferred the geometry of

the latter from our measurements of the former.

Finally, we explored how the parameters of the Milky Way’s peanut compare with

those of external galaxies, specifically the edge-on, X/P galaxy sample studied in Chapter

3. Correcting to a side-on view of the bar/peanut, we computed an average radial B6

profile of the Milky Way, from which we extracted all the quantitative diagnostics of the

X/P structure. As before, we normalised the X/P length, height and integrated strength

by the exponential scale length of the disc, which we measured from the same data set by

modelling the integrated (along the line-of-sight) light profile along the disc mid-plane, ac-

counting for individual spiral arms. The Milky Way is broadly consistent with the scaling

relations presented in the previous Chapter (Ciambur & Graham 2016), though appears to

have a marginally stronger peanut than expected. This may indicate an X/P enhancement

due to the Galaxy’s interactions with its satellites, while, in addition, tentative evidence

is presented that the buckling phase of the Milky Way’s bar may have been recent.

The remainder of this Chapter consists of the article “Quantifying the (X/Peanut)–

Shaped Structure of the Milky Way – New Constraints on the Bar Geometry”, by B. C.

Ciambur, A. W. Graham and J. Bland-Hawthorn, submitted to Monthly Notices of the

Royal Astronomical Society, (under review).
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ABSTRACT

The nature, size, and orientation of the Milky Way’s bar and ‘bulge’ have been the
subject of conflicting interpretations in the literature. Here we present a novel approach
to inferring the properties of the long bar, which extends beyond the inner ‘bulge’,
by using information encoded in the Galaxy’s X/peanut (X/P)-shaped structure. We
perform a quantitative analysis of the X/P feature seen in wise wide-field images, at
3.4 µm and 4.6 µm, by measuring the deviations of the isophotes from pure ellipses
and using the radial profile of their sixth order Fourier harmonic (cosine term, B6). In
addition to the vertical height and integrated ‘strength’ of the observed X/P instability,
we report an intrinsic radius RΠ ,int = 1.67 ± 0.27 kpc, and an orientation angle of

α = 37◦+7◦

−10◦ with respect to our line-of-sight to the Galactic Centre. Based on X/P-
structures observed in other galaxies, we assume that the Milky Way’s X/P-structure
is intrinsically symmetric, aligned with the long Galactic bar, and that its size is
correlated with this bar. The implications for the Galactic bar are that it is oriented
at a 37◦ angle and has a radius of ≈4.2 kpc, but possibly as low as ≈3.2 kpc. We
have investigated how the Milky Way’s X/P-structure compares with analogues in
other galaxies, and find that it is consistent with recently established scaling relations,
though with a marginally stronger X/P instability than expected. We additionally
perform a photometric decomposition of the Milky Way’s major axis surface brightness
profile, accounting for spiral structure, and determine an average disc scale length of
h = 2.54 ± 0.16 kpc.

Key words:
Galaxy: bulge – Galaxy: disc – Galaxy: fundamental parameters – Galaxy: structure

1 INTRODUCTION

Although the Sun’s placement within the Galactic disc of-
fers a restricted perspective of the Galaxy’s central struc-
tural components, it has become generally accepted that
the Milky Way is a barred galaxy (see Gerhard 2002 and
Merrifield 2004 for reviews on the topic). Nevertheless, a
consensus has yet to be reached on the exact details of its
central components. There are conflicting interpretations in
the literature with regard to the nature and geometry of the
Galactic ‘bulge’: whether it is a classical or pseudo-bulge or
both, the primary bar or the inner part of a longer, thinner
bar, etc. The notion of a long, thin bar extending beyond
the triaxial ‘bulge’ region (10◦ < l < 30◦) was introduced
by Hammersley et al. (1994), who found evidence for such

? E-mail: bciambur@swin.edu.au

a structure from star counts in the Galactic plane. Build-
ing upon this, Hammersley et al. (2000), López-Corredoira
et al. (2001, 2007) and Cabrera-Lavers et al. (2007, 2008)
confirmed and characterised this long bar. Using red clump
giant (RCG) stars – which are approximate standard candles
(Stanek et al. 1994) – as tracers of the bar’s structure, they
obtained a bar approximately 4 – 4.5 kpc long and inclined
at close to ∼ 43◦ with respect to the Sun–(Galactic Centre)
line-of-sight (see also Sevenster et al. 1999). While other
studies have reported lower bar viewing angles (38◦ ± 6◦

in Zasowski 2012; 30◦ ± 10◦ in Francis & Anderson 2012),
these results nevertheless point to a misalignment between
the newly discovered long bar and the inner triaxial ‘bulge’,
which recent works place at an orientation angle of ∼ 20◦ –
30◦ (Babusiaux & Gilmore 2005, Cao et al. 2013, Wegg &
Gerhard 2013).

The majority of barred galaxies display ‘boxy’, or

c© 0000 RAS



2 Ciambur et al.

X/peanut (X/P)–shaped ‘bulges’. These structures occur
when orbital resonances (Combes et al. 1990) or buckling
(Raha et al. 1991) cause the bars’ inner parts to thicken
vertically and take the characteristic ‘X’, or ‘peanut’ shape
when viewed in close to side-on (bar) and edge-on (disc)
projection, while in face-on views they often take the form
of a ‘bar-lens’ (Laurikainen et al. 2011, 2014; Athanassoula
et al. 2015, Laurikainen & Salo 2017). Recently, Ciambur
& Graham (2016) (hereafter CG16) introduced a quantita-
tive framework to characterise the properties of X/P struc-
tures, and additionally showed evidence, through a sample of
twelve nearby galaxies with X/P ‘bulges’, that peanuts obey
specific scaling relations. As a typical barred spiral galaxy,
the Milky Way’s ‘bulge’ too is X/P–shaped (Weiland et al.
1994, Dwek et al. 1995, López-Corredoira, Cabrera-Lavers &
Gerhard 2005, Wegg & Gerhard 2013, Ness & Lang 2016).
Multiple studies of the distribution, chemistry and kine-
matics of the stellar populations in the ‘bulge’ region sup-
port its X/P nature (e.g., McWilliam & Zoccali 2010, Ness
et al. 2012, Vásquez et al. 2013, Zoccali et al. 2014, Rojas-
Arriagada et al. 2014, Williams et al. 2016, Debattista et al.
2017), although see López-Corredoira (2016, 2017), Gran
et al. (2016), Joo, Lee & Chung (2017).

From a dynamical point of view, the developing pic-
ture asserts that the Milky Way’s peanut and long bar are
different parts of essentially the same structure, i.e., the
X/P structure is the central, vertically thickened part of the
long bar (Combes et al. 1990, Martinez-Valpuesta & Ger-
hard 2011, Romero-Gómez et al. 2011, Zoccali & Valenti
2016), despite the slight misalignment between the two com-
ponents. In support of this scenario, Wegg, Gerhard & Por-
tail (2015) appear to reconcile this misalignment and find
a long bar angle between 28◦ and 33◦, consistent with the
orientation of the triaxial ‘bulge’.

Since X/P structures arise from, and are thus part of,
galactic bars, one can infer information pertaining to the lat-
ter by studying the properties of the former. For the Milky
Way in particular, the eastern and western hemispheres of
the X/P structure, viewed as they are, at different distances
relative to the Sun, contain ample information both in the
radial (in-plane) and vertical (off-plane) directions with re-
spect to the disc. This in principle can constrain the X/P
structure’s orientation, and by extension, that of the Galac-
tic bar, relative to the Sun. Moreover, the radial extent of
X/P structures in other galaxies appears to correlate well
with the length of their associated bars, with recent studies
placing the ratio RX/P /Rbar ≈ 0.4–0.5 (Lütticke, Dettmar
& Pohlen 2000, Laurikainen & Salo 2017, Erwin & Debat-
tista 2017). Careful measurements of the Milky Way’s X/P
bulge therefore have the potential to reveal the geometry
(extent and orientation) of the Galactic bar. This is one of
the main goals of this study.

In this paper, we use for the first time the Milky Way’s
X/P structure as a proxy for the long bar, and thus con-
strain the latter’s spatial extent and orientation angle based
on the properties of the former. We characterise in detail
the Milky Way’s X/P feature and compare it with other
nearby analogues. The remainder of the paper is structured
as follows. §2 provides a theoretical outline of the method-
ology employed to extract quantitative diagnostics of the
peanut structure, based on Ciambur (2015) (hereafter C15)
and Ciambur & Graham (2016), as well as the peanut and

bar geometric parameters. §3 presents the wide-field wise
datasets and the analysis process, and the results are pre-
sented in §4, where the Milky Way is also compared with
other, local X/P galaxies. The results are interpreted and
discussed in §5, and finally we conclude with §6. Through-
out this paper we employ Galactic co-ordinates and assume
a distance of the Sun to the Galactic Centre of R0 = 8.2±0.1
kpc (Bland-Hawthorn & Gerhard 2016).

2 THEORY

C15 has suggested that X/P structures likely leave an im-
print in the 6th Fourier component of galaxy isophotes,
specifically in the cosine term, B6 (see Figure 1). Subse-
quently, CG16 demonstrated with a sample of twelve known
X/P galaxies that this is indeed the case, and further in-
troduced a methodology for extracting quantitative peanut
diagnostics from a galaxy’s radial B6 profile1.

2.1 The Quantitative X/P Parameters

In this work we apply the CG16 methodology to extract the
parameters of the Milky Way’s X/P structure. We briefly
summarise these diagnostics here, and refer the reader to
the aforementioned papers for further details.

(i) the peak value of the B6 profile, denoted by Πmax.
(ii) the projected X/P radius, or half-length (RΠ ), cor-

responding to the (major axis) radius where Πmax occurs.
Note that the true, intrinsic, radius of a peanut is gener-
ally only measurable from a galaxy image when the bar is
viewed perfectly side-on, or when its viewing angle (α in
our notation) is known. However, as we show in §2.2, it is
possible to directly constrain this angle for the special case
of the Milky Way, due to our privileged location within the
Galactic disc and relative proximity to the bar. Throughout
the paper we denote the intrinsic (deprojected) radius by
RΠ ,int, and employ the convention α = 0◦ for end-on, and
90◦ for side-on, orientation.

(iii) the X/P height (zΠ ) above the disc plane, a quantity
computed from the isophote where Πmax occurs. In general
this value depends on the disc’s inclination with respect to
the line of sight, reaching a maximum when the disc is edge-
on. Fortunately, this is the case for the Milky Way, as the
Sun is located roughly in the disc’s plane with a planar offset
of z0 = 25± 5 pc (Jurić et al. 2008).

(iv) the integrated X/P strength (SΠ ) defined as:

SΠ = 100×
∫ R2

R1

B6(R)dR , (1)

where the limits R1 and R2 enclose the part of the B6(R)
profile above the peak’s half-maximum (Πmax/2), and

(v) the B6 profile’s width (WΠ ), equal to the full width
at half-maximum (i.e. R2 −R1).

1 The Fourier coefficients (including B6) of a galaxy’s isophotes
vary with radius from the photocentre, such that each isophote

has its own value. One can thus extract a radial B6 profile.

c© 0000 RAS, MNRAS 000, 000–000
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l

b b = 0◦

l = 0◦

RΠ,WRΠ,E

E W

zΠ,WzΠ,E

Figure 1. An X/P–shaped isophote (thick black), obtained by

distorting an ellipse (thin grey) via a n = 6 order Fourier har-
monic (cosine term, B6 = 0.1). The X/P projected radius (RΠ )

and vertical height (zΠ ) above the disc plane (i.e., the b = 0◦

plane) are derived from the isophote, as shown. Unlike the sym-
metric (side-on) X/P isophote shown above, the orientation angle

and proximity of the Milky Way’s X/P structure relative to the

Sun induce an asymmetry in its isophotes about the l = 0◦ axis,
such that the near (East) side appears larger, in projection, than

the far (West) side, i.e., RΠ ,E > RΠ ,W and zΠ ,E > zΠ ,W (see

also Figure 2).

The galaxy isophote with the strongest B6 perturba-
tion, i.e., the isophote with semi-major axis associated with
the peak of the radial B6 profile (Πmax), defines the X/P
structure’s projected radius (RΠ ) and height (zΠ ) above the
disc, as shown in Figure 1. Note however that Figure 1 shows
an X/P–shaped isophote that is symmetric about the l = 0◦

direction, as it would be observed in an external, edge-on
galaxy with its bar oriented perpendicular to the line-of-
sight. Our perspective of the Milky Way’s X/P structure
is from within the disc plane (b = 0◦), at relatively close
proximity, and it is oriented at an angle with respect to the
Sun–(Galactic Centre) line-of-sight, as illustrated in Figure
2. This perspective induces an asymmetry in its isophotes,
such that the near (East) ‘half’ appears larger, in projec-
tion, than the far (West) ‘half’, i.e., RΠ ,E > RΠ ,W and
zΠ ,E > zΠ ,W . This asymmetry warrants a separate treat-
ment of the eastern and western hemispheres of our data,
but offers the possibility to recover the intrinsic radius and
viewing angle of the X/P structure, as we show in the fol-
lowing subsection.

2.2 The Geometry of the Problem

The geometry of the (Sun – peanut) configuration is illus-
trated schematically in Figure 2, and shows how the two
‘halves’ of the peanut2, which is oriented at an angle α with
respect to our line-of-sight to the Galactic Centre (C), have
different projected angular sizes. The half nearer to the Sun
(East of the Galactic Centre) has a larger angular size (β)

2 This schematic holds for any symmetrically elongated structure

viewed at relatively close proximity, such as the Galactic bar itself.

while the more distant half (West of the Galactic Centre)
appears shorter (γ). The angles β and γ, and the distance
between the Sun and the Galactic Centre (i.e., SC ≡ R0) are
the only quantities needed to obtain the intrinsic (not ap-
parent) radial extent of the peanut (RΠ ,int) and orientation
angle (α), which are given by:

RΠ ,int =

√
R2
β(1− η) +R2

0η

[
1− (1− η)

cos2(β)

]
, (2)

where Rβ is the projected radius of the peanut eastward of
C, on a plane located at a distance R0 from the Sun, i.e.,
Rβ ≡ RΠ ,E = R0 tan(β), and η is given by the ratio:

η =
Rβ −Rγ
Rβ +Rγ

, (3)

where Rγ(≡ RΠ ,W ) is the analogue of Rβ , but westward of
C (see Figure 2). The orientation of the peanut structure,
i.e., the angle α between the peanut and the line-of-sight
towards the Galactic Centre, is given by:

α = cos−1

(
η
R0

RΠ

)
. (4)

The derivation of these equations, based on Stweart’s
theorem, is provided in Appendix B. Note that this frame-
work operates on the assumption that the X/P structure
is essentially 1D, as in Figure 2. However, the bulge is
by all accounts triaxial (Pérez-Villegas, Portail & Gerhard
2017), and so its in-plane width, coupled with our per-
spective of it, adds some uncertainty. For example, in their
Fig. 6, López-Corredoira et al. (2007) illustrate how the in-
clination angle of a triaxial ellipsoid viewed in projection
can be over-estimated and, respectively, its intrinsic radius
under-estimated, due to the different angular positions of the
structure’s true, and apparent (projected), ends. This effect
is proportional to the in-plane ‘thickness’ of the elongated
structure, and to its length relative to R0.

3 DATA ANALYSIS

3.1 WISE Data

To measure the properties of the Milky Way’s X/P struc-
ture, we use two wide-field, infrared images (at 3.4 and
4.6µm) of the Galaxy, observed with the Wide-field In-
frared Survey Explorer (wise) satellite (Wright et al. 2010,
Mainzer et al. 2014). The images are identical to those used
in Ness & Lang (2016) except that they cover a slightly wider
field of view. They were generated (D. Lang, private com-
munication) by resampling the publicly released neowise-
Reactivation3 first-year data, particularly the “unwise”
(Lang 2014) co-adds from Meisner, Lang & Schlegel (2017),
into a Galactic coordinate system.

One advantage of this particular dataset is that both
images were observed in a wavelength regime where dust ef-
fects – obscuration at shorter wavelengths and dust glow at
longer – are minimal, though still present (we discuss this

3 http://neowise.ipac.caltech.edu/
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Figure 2. A schematic representation of the (Sun+peanut) con-
figuration, viewed from above the Galaxy. S represents the Sun, C

the Galactic Centre, and their separation is denoted by R0. The

thick line represents the peanut structure, which has an intrin-
sic radius of RΠ ,int, and makes an angle α with the line-of-sight

from S to C. Finally, the projected angular sizes of the peanut,

to the left (E) and to the right (W ) of C, are labelled as β and
γ respectively, and correspond to the projected radii Rβ and Rγ
at a distance R0.

further in §A2). This can be readily noticed in Figure 3,
which shows the raw 3.4µm image (panel a) and 4.6µm im-
age (panel c). Moreover, performing our analysis on distinct
datasets is useful for checking the robustness of the method,
and results, to various biasing aspects, like data quality, or
the amount/type of contamination (such as dust obscura-
tion or extended bright sources, e.g., star clusters), which
do not affect the two images the same.

3.2 Pre-processing the Raw WISE Images

Before extracting the X/P parameters, both images were
pre-processed in order to reduce, as much as possible, con-
tamination from dust or bright sources such as star clusters,
both visible in the raw images (Figure 3). This was done
by taking advantage of the fact that such contamination is
unlikely to occur symmetrically at both positive and neg-
ative Galactic latitudes (b and −b), i.e, above and below
the mid-plane, for a given Galactic longitude l. Each image
was traversed pixel by pixel and, wherever a pixel of co-
ordinates (l, b) was determined to have a value significantly
offset from its local background (2.5σ above or 2σ below the
median within a 15×15 pixel box around the pixel of inter-

est), it was replaced by its symmetric counterpart (l,−b) on
the opposite side of the disc mid-plane, provided that the
latter pixel was not offset from its local background as well.
The results of this pre-processing are displayed in Figure
3, panel b) for the 3.4µm observation and panel d) for the
4.5µm image. The pre-processed images were tested against
the raw images by performing the subsequent analysis on
both sets, and no systematic effect of the pre-processing was
found. The various radial profiles extracted from the images
(surface brightness profiles, ellipticity and B6 profiles, etc.)
did not differ in shape nor amplitude but only in the noise
level, which was noticeably higher in the raw data.

The noise-reduced images were then convolved with
a Gaussian kernel to produce a smoother (more diffuse)
light distribution. This was done because Isofit, like most
isophote-fitting codes, was designed to model external galax-
ies where the light is not discretised (individual stars are
not resolved). Several values for the kernel size (dispersion
σ) were tested and the value of σ = 5 pixels was adopted,
as it presented the best compromise between undersmooth-
ing (light still discretised) and oversmoothing (erasing struc-
tures).

Our relatively close proximity to the bar+peanut gives
rise to an apparently asymmetric X/P structure, with a
larger limb to the East of the Galactic Centre and a smaller
one to the West, as discussed in §2.2 (see also Figure 3).
Consequently, the eastward and westward sides were mod-
elled separately, in both images, by generating mirrored im-
ages reflected about the l = 0◦ axis. We show these four re-
flected images in Figure 4, where panels a and b correspond
to the near (E) and far (W ) side reflections, respectively, for
the 3.4µm data, while panels c and d are analogous, but for
the 4.6µm data. Interestingly, panels a and c (the reflected
near-side of the peanut, at both wavelengths) appear to dis-
play a slight additional asymmetry, between the northern
and southern hemispheres of the X/P structure. In particu-
lar the ‘arms’ of the X–shape seem to extend further apart
at positive latitudes compared to negative latitudes. How-
ever, this apparent asymmetry is not evident in the reflected
far-side images (panels b and d).

The final step in preparing the data was to manually
mask the four reflected images. In addition to the left-over
regions still affected by dust (mostly at 3.4µm), the (thin)
disc was also masked. While CG16 retained the galaxy discs
in their analysis (their 12 galaxies were also oriented nearly
edge-on), the situation is different for the Milky Way be-
cause we are inside the disc. As such, the radial light profile
along the mid-plane appears shallower than it would, were
we observing from well outside the disc (i.e., the disc appears
comparatively brighter at increasing distance from the cen-
tre than it would, were we not observing from within it).
In order to avoid any biasing of the isophote shape caused
by this effect, we thus excluded the major axis (the range
b = ± ≈ 2◦.5) and relied on the data in the remaining az-
imuthal range of the isophotes to constrain their shape. This
effect is not important for the structural components of in-
terest (bar, peanut) since the Sun is well outside of them.
Manually masking the dust-affected regions is common prac-
tice in galaxy photometric modelling, and the results are
usually robust to the amount of masking (except in extreme
cases). This, coupled with the low levels of dust in our data
(almost exclusively in the thin disc plane, which was already
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Figure 3. The Milky Way’s X/peanut–shaped structure, observed by wise at 3.4µm (a) and 4.6µm (c). Scale assumes R0 = 8.2 kpc.

Image stretch adjusted to highlight the X/P structure. Panels b) and d) correspond to the results of our pre-processing by symmetric
replacement process (see text) intended to reduce contamination from dust or extended sources like star clusters.
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Figure 4. Milky Way images reflected about the l = 0◦ axis. Left: 3.4µm image: E hemisphere reflected to the W (a) and vice versa
(b). Right: 4.6µm image: E hemisphere reflected to the W (c) and vice versa (d). Compared to Figure 3, the panels have a larger

field-of-view, and the stretch has been adjusted to display a broader dynamical range. The contours are in 0.5 mag steps and the levels
are the same in all four panels.

excluded for different reasons), did not warrant a more in-
depth treatment of dust for this stage of the analysis.

3.3 Modelling the Milky Way’s X/P Structure

The image analysis was performed by running the isophote-
fitting task Isofit (C15). We ran Isofit on the four pro-
cessed images (E and W reflections, 3.4 and 4.6µm, Fig-
ure 4), choosing a linear radial sampling step, fixing the
isophotes’ centre and position angle and allowing the ellip-
ticity to vary.

The four resulting radial B6 profiles are shown in Figure
5. One can immediately discern the apparent asymmetry in
the B6 profile about the Galactic Centre (l = 0◦), caused
by our perspective of the bar and peanut structure, as dis-
cussed in §2.2. The two peaks where the peanut structure is
a maximum, indicated by the vertical dashed lines in Fig-
ure 5, mark the projected angular sizes of the two peanut
limbs, which were computed to be: β = 8◦.25 ± 0◦.45 and
γ = 5◦.96 ± 0◦.44. This same methodology for quantifying
peanut sizes was employed in CG16. The full range in which
the B6 term is present in the isophotes extends roughly
twice as far out (≈ 16◦.5W,−10◦.5E), at which point both
sides curiously display a small ‘bump’ just before reaching
zero. The outer limits of positive B6 are not of interest for
our purposes, however, for several reasons. First, the outer
‘edge’ of the B6 signature corresponds to its faint outskirts,
where the precise termination point of the feature becomes
ambiguous due to noise – this is seen in Figure 5 – or to
other photometric components, such as the disc, beginning
to dominate the light (the disc is particularly relevant for
the Milky Way, since we observe the X/P structure through
the disc). Second, previous studies that have measured X/P
structures relied on identification techniques (e.g., visual in-
spection, unsharp masking) that are sensitive to the point
where the feature is strongest, not weakest. To keep con-
sistency with the literature, on which we will draw in the
following Sections, we remain within the CG16 framework

15 10 5 0 355 350 345
l [°]

−0.10

−0.05

0.00

0.05

0.10

B 6

3.4 µm
4.6 µm

Figure 5. The B6 harmonic amplitude as a function of Galactic

longitude l. The E and W profiles peak at different projected
angular distances (β and γ in Figure 2) from the Galactic Centre

due to our perspective of the Milky Way’s bar/peanut structure.

The locations of the two peaks, indicated by vertical dashed lines,
allow for the computation of the length and viewing angle of the

X/P structure and, by proxy, of the bar.

and use the B6 profile peak as the most reliable scale of the
X/P structure. Nevertheless, the full range of the B6 pro-
file is still of interest, as it provides the width (WΠ ) and
‘shape’ of the profile, which are additional quantitative and,
respectively, qualitative measures of peanut structure. Also
apparent from Figure 5 is that the X/P structure is slightly
more prominent in the redder 4.6µm band than at 3.4µm.

4 RESULTS

4.1 The (X/P Structure + Bar) Geometry

In §3 we have measured the apparent (projected) extent of
the Milky Way’s X/P structure, E and W of the Galactic
Centre, which we shall now use to obtain the intrinsic radius
of the peanut (RΠ ,int) as well as its orientation angle α with
respect to our line-of-sight to the centre of the Galaxy. We
have determined the radial location of the B6 profile peak
in the two directions (Figure 5) to be β = 8◦.25± 0◦.45 and
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γ = 5◦.96± 0◦.44. These yield an intrinsic radius of the X/P
structure of RΠ ,int = 1.67± 0.27 kpc from Equation 2, and

an orientation angle of α = 37◦+7◦
−10◦ from Equation 4. The

uncertainties have been computed according to Appendix
B, using Equations B10 (δRΠ ) and B23 (δ+,−α). The outer
bounds (east and west) where the B6 profile declines to zero
(see Figure 5) could, in principle, also be used to constrain
α. Estimating these points to occur at ≈ 16◦.5W,−10◦.5E
yields a value for the orientation angle of 44◦+10◦

−13◦ . However,
as explained in §3.3, the greater statistical and systematic
uncertainties, as well as possible biasing from disc light, as-
sociated with these outer radial locations make this mea-
surement less reliable than using the B6 peak, which we do
throughout the analysis.

Multiple studies, based on stellar populations and nu-
merical simulations, have shown evidence that the Milky
Way’s central ‘bulge’ is not (primarily) the remnant of past
merger events, i.e., a ‘classical’ bulge, but rather it was
built predominantly from disc stars through the buckling
and secular evolution of the Galactic bar, the latter itself
originating from the disc (Shen et al. 2010, Ness et al.
2012, 2013; Di Matteo et al. 2014; Di Matteo 2016; Ab-
bott et al. 2017; Debattista et al. 2017; see also Fragkoudi
et al. 2017). This result is consistent with the X/P morphol-
ogy and indicates that the X/P ‘bulge’ and bar are aligned,
since one has formed from, and is still the thick central part
of, the other (see also Martinez-Valpuesta & Gerhard 2011,
Romero-Gómez et al. 2011 and Wegg, Gerhard & Portail
2015). There may be a small merger-built component to
the Galactic bulge, with half light radius Re ≈ 0.5 kpc,
assuming h = 2.54 ± 0.16 kpc (see §A2 in Appendix A,
where we model the Milky Way’s radial light profile) and
Re/h ≈ 0.2 (Courteau, de Jong & Broeils 1996, Graham &
Worley 2008). However, we exclude the data in the inner
500 pc in §A2 and do not address the issue of a classical
bulge in this paper, nor a nuclear bar, nor a nuclear disc
(Alard 2001, Launhardt, Zylka & Mezger 2002, Nishiyama
et al. 2005, Gerhard & Martinez-Valpuesta 2012). Here we
assume that strictly the X/P structure is aligned with the
long bar and use it as a proxy for its orientation angle (α as
above) as well as its extent.

From a sample of 88 galaxies with X–shaped bulges,
Laurikainen & Salo (2017) measured a mean RΠ ,obs/Rbar

ratio of ≈ 0.4, in good agreement with Lütticke, Dettmar
& Pohlen (2000). The former authors, however, also found
a subtle dichotomy in normalised (by bar length) sizes of
X–shapes and those of barlenses, computing average ratios
typically higher than & 0.5 for barlenses. They concluded,
based on the argument that X/P ‘bulges’ and barlenses are
the same structures viewed at different angles, that the in-
trinsic ratio is likely ≈ 0.5 for both (see their Fig. 8). More
recently, Erwin & Debattista (2017) place the mean of this
ratio in the range 0.42 6 RΠ ,obs/Rbar 6 0.53, where the
lower and upper limits are determined by different defini-
tions of bar length. With this in mind, based on the peak
of the B6 profile we estimate that the Milky Way bar has a
radius of 4.2 ±0.68 kpc if the RΠ ,int/Rbar ratio is 0.4, but
may be as short as 3.2 kpc if RΠ ,int/Rbar = 0.5.

0 1 2 3 4
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0.00

0.05

0.10

B 6
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0 0.5 1 1.75
RΠ/hdisc

Figure 6. The radial B6 profile of the Milky Way, as it would
be viewed if the peanut were oriented side-on. The data points

correspond to the extracted B6 profiles in the E and W directions
(Figure 5), corrected for the bar’s/peanut’s viewing angle α (ad-

justed to a 90◦ orientation, rather than as observed at 37◦). The

thick curve is the average over both directions and each wave-
length, with the 1-σ scatter shown through the shaded region.

4.2 X/P Diagnostics and Scaling Relations

The viewing angle of the Milky Way’s X/P structure enables
us to deproject the four radial B6 profiles (E, W , 3.4µm and
4.6µm, Figure 5), and thus compute the peanut’s intrinsic
metrics, such as length, height above the disc plane and
integrated strength. The deprojected profiles (i.e., converted
to a side-on view) are shown in Figure 6, along with an
average profile (black curve) and its 1-σ scatter (grey shaded
region). Following CG16, we classify this as a ‘hump’–shaped
profile which peaks at RΠ ,int= 1.67 kpc and declines to zero
by ≈ 3 kpc. From the average, deprojected B6 profile we
computed the peanut’s quantitative diagnostics, which are
listed in Table 1.

Specifically, we report the maximum amplitude of the
6th order harmonic (B6), labelled as Πmax, the peanut intrin-
sic radius RΠ ,int and height above the disc plane zΠ ,int, the
integrated strength of the peanut instability (SΠ ), the full
width at half-maximum of the B6 signature (WΠ ), as well
as the qualitative shape of the B6 profile, as used in CG16.
Table 1 additionally reports the orientation angle (α) of the
(bar+X/P structure).

CG16 have shown that the X/P parameter space is not
randomly populated but rather the X/P metrics give rise to
several scaling relations. One such correlation involves the
peanut radius, RΠ , and its vertical height above the disc, zΠ .
This is shown in Figure 7, where the black and grey data
points correspond to the twelve galaxies in the CG16 sam-
ple4, and the red star corresponds to the Milky Way value
as obtained here. This trend is relevant for constraining the
age of X/P structures, in light of their ‘radial drift’ (see e.g.,
Quillen et al. 2014). As the peanut is believed to arise at
the inner Lindblad resonance point, the bar’s slowing down
causes the resonance point to drift outward, elongating the
peanut.

The Milky Way is consistent with the general trend in
Figure 7, though appears to be marginally shifted towards

4 The four grey data points correspond to two galaxies with

nested X/P structures: hollow symbols for the inner and filled

symbols for the outer.
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Table 1. The Milky Way’s X/P Diagnostics

Π
(a)
max R

(b)
Π ,int z

(c)
Π ,int S

(d)
Π W

(e)
Π α(f) shape(g)

[kpc, units of h] [kpc, units of h] [kpc, units of h] [kpc, units of h] [◦]

0.073±0.007 1.67±0.27, 0.66±0.14 0.64±0.17, 0.25±0.07 5.67±2.00, 2.23±0.79 1.04±0.08, 0.41±0.04 37+7
−10 hump

(a)– maximum amplitude of B6 harmonic; (b)– intrinsic radius of X/P structure; (c)– intrinsic vertical height of X/P structure;

(d)– integrated strength of the B6 profile; (e)– full width at half-maximum of the B6 profile; (f)– peanut angle with Sun-(Galactic
Centre) line-of-sight; (g)– qualitative shape of the B6 profile (as defined in CG16).

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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z Π
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]

Figure 7. Trend between X/P length within, and height above,

the disc plane. Black and grey data from CG16, where RΠ is

projected and zΠ is intrinsic. The red star is the Milky Way data
point computed in this work, for which both RΠ and zΠ are

intrinsic.

a slightly higher RΠ value (or lower zΠ ). However, in their
analysis, CG16 were limited by the unknown viewing an-
gles of the galactic bars in their galaxy sample, and hence
their measured X/P radii were in fact projected quanti-
ties, i.e., their data are RΠ ≡ RΠ ,obs 6 RΠ ,int. For the
Milky Way, our determination of the bar’s viewing angle re-
lieves this limitation and so our X/P radius is intrinsic, i.e.
RΠ ≡ RΠ ,int. Note that CG16 obtained intrinsic zΠ values
by using the inclinations of the galaxy discs to correct for
projection effects in the vertical direction. Our zΠ value is
also intrinsic, since we are viewing the Galaxy’s disc almost
perfectly edge-on (the disc’s inclination is i . 0◦.2).

Another set of correlations occur between the X/P size
(length and height) and its integrated strength SΠ (Equa-
tion 1). These are shown in Figure 8, where, as before, the
black and grey data corresponds to the CG16 sample. The
line is their linear fit to the data and the red star corresponds
to the Milky Way. Interestingly, these trends also hold when
plotted in units of the disc’s scale length (rather than in
kpc), indicating that peanuts ‘know’ about their host disc.
CG16 proposed to normalise, where applicable, the metrics
of the peanut structures by h, since this provides quantities
that are independent of the type or size of individual galax-
ies, or the uncertainties in their distance estimates. This
also facilitates comparisons with numerical simulations. We

determined the scale length of the Milky Way by perform-
ing a photometric decomposition of the major axis surface
brightness profile, separately in the E and W directions, and
taking into account the Sun’s placement within the disc as
well as the Galaxy’s spiral structure. The full analysis is pre-
sented in Appendix A. Our preferred models, shown in Fig-
ure 9, resulted in an average value over both bands and both
directions, of h = 2.54 ± 0.16 kpc, in good agreement with
the literature (Licquia & Newman 2016, Bland-Hawthorn &
Gerhard 2016).

Figure 8 shows how the Milky Way fits in with the
(zΠ − SΠ ) and (RΠ − SΠ ) scaling relations. The Galaxy
is consistent (within 2σ) with the trend seen in the CG16
sample, albeit with an X/P strength SΠ that is somewhat
on the high side. The X/P strength, however, is also sensi-
tive to the bar viewing angle α, since SΠ is an integral of the
B6 curve and α controls the deprojection (‘stretching’), of
the B6 profile when adjusting to a side-on orientation of the
peanut (Figure 6). As α was unknown for the CG16 galaxies,
the scaling relations presented are between projected, and
thus potentially underestimated in-plane quantities.

Finally, X/P structures are also known to correlate
with their host galaxy’s kinematics (Bureau & Freeman
1999, Debattista et al. 2005, Iannuzzi & Athanassoula 2015,
Athanassoula, Rodionov & Prantzos 2017). CG16 have
shown a (weak) trend between galaxy vrot/σ (rotation veloc-
ity/velocity dispersion) ratio and the length and strength of
the peanut structures, such that larger and stronger peanuts
occur in more rotation-dominated systems. These correla-
tions are shown in Figure 10, where the colour scheme is
analogous to Figures 7 and 8. The data points framed in
open squares have unreliable vrot/σ ratios (see CG16 for
details). As in Figure 8, these correlations also hold when
the X/P parameters are normalised by the disc scale length
h, once again indicating that the disc in which peanuts are
embedded is important. For the Milky Way we adopted a
vrot/σ ratio of 2.27± 0.44 based on a disc rotation velocity
of 238±15 km s−1 (Bland-Hawthorn & Gerhard 2016; see
also Schönrich 2012, Reid et al. 2014, Reid & Dame 2016)
and a central velocity dispersion of 105±20 km s−1 (Merritt
& Ferrarese 2001, Gültekin et al. 2009).

5 DISCUSSION

5.1 The Milky Way’s X/P Parameters in Context

The spatial parameters (length, height above the disc) of the
Milky Way’s X/P structure measured in this paper agree
well with those of other nearby galaxies, making our Galaxy
typical in this respect. The integrated strength of the X/P
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Figure 8. CG16 scaling relations showing X/P radius (top) and height (bottom) as a function of integrated strength. The colour scheme

is analogous to Figure 7 and the lines represent linear fits from CG16. The correlations are shown in kpc (left) and in units of disc scale
length h (right). The outer peanut of NGC 128 is an outlier from the trends (outside the plotting area in the right-hand panels), possibly

having its X/P strength enhanced through interactions with its satellite.
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Figure 9. 1D cuts in the plane of the disc to the East of the Galactic Centre (left-hand side) and to the West (right-hand side). Grey

symbols represent raw cuts from processed images (as in Figure 3) while blue and red data are corrected for dust extinction and glow

and correspond to the 3.4µm and 4.6µm data, respectively. Black curves represent the best-fitting model (exponential+2 Gaussians),
corrected for our vantage point within the disc and assuming Sun’s Galactocentric distance of 8.2 kpc. Insets indicate the best-fit disc

scale length h for each panel. The 3.4µm profiles are offset by 2 magnitudes, for display clarity, and the inner 500 pc were excluded from

the fits, since the light in that radial range is dominated by a small scale but bright component.

structure appears, however, to be moderately larger than
the general trend, which may be due to projection effects,
as explained in §4.2. Specifically, the peanut strength, SΠ , is
sensitive to the orientation angle (α) at which the bar, and
X/P structure, are viewed. In a more end-on orientation,
the observed (in projection) B6 profile is more ‘contracted’
compared to a side-on view, and as the integral over this
profile, SΠ has a maximal value in side-on orientation and
decreases with decreasing α. While in this work our knowl-
edge of α allowed us to deproject the Milky Way’s B6 profile

to side-on orientation, the galaxies in CG16 had unknown
bar/peanut viewing angles, and hence possibly underesti-
mated SΠ values. Note that an unknown α would also imply
potentially underestimated RΠ values, but would not bias
the peanut height (zΠ ) measurements, which in CG16 are
intrinsic values. Therefore, projection effects may only ex-
plain the moderate offset of the Milky Way in the zΠ − SΠ

trends (bottom panels in Figure 8).

An alternative, and intriguing, explanation for this is
that the Milky Way may have had its X/P strength en-

c© 0000 RAS, MNRAS 000, 000–000



10 Ciambur et al.

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
RΠ [kpc]

0.0
0.5
1.0
1.5
2.0
2.5
3.0

v r
ot

/
σ
?

0.0 0.2 0.4 0.6 0.8 1.0 1.2
RΠ [units of h]

0 1 2 3 4 5 6 7 8 9 10
SΠ [kpc]

0.0
0.5
1.0
1.5
2.0
2.5
3.0

v r
ot

/
σ
?

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
SΠ [units of h]

Figure 10. CG16 scaling relations between galaxy vrot/σ and the peanut properties: radius (top) and strength (bottom). The colour

scheme is analogous to Figure 8, and data points framed in squares were excluded from the fit in CG16 (see §4.2). The correlations hold

when the X/P parameters are both in kpc (left) and in units of disc scale length h (right).

hanced through tidal interactions with its infalling satellites,
such as the Small and Large Magellanic Cloud, or the dis-
rupted Sagittarius dwarf (Jiang & Binney 2000). Attempt-
ing to explain how boxy/peanut/X–shaped structures form,
Binney & Petrou (1985) and Rowley (1988) argued that in-
teractions with small satellite galaxies (disruption and ac-
cretion of material) can give rise to orbit families that lead
to rectangular, boxy isophotes and cylindrical rotation in
their larger companions. While this scenario was ruled un-
likely to be the primary formation mechanism of X/P struc-
tures (see Bureau & Freeman 1999, their Sec. 2.1), satel-
lite interactions may still serve to enhance the strength of
the peanut. For example, NGC 128, one of the most promi-
nent X/P galaxies, clearly shows material exchange with its
smaller companion NGC 127, as shown in Fig. 3 in CG16.
By contrast, the rest of the CG16 sample of X/P galax-
ies did not show any clear evidence of satellites. As such,
the datum corresponding to NGC 1285, plotted as the filled
grey downward triangle in Figure 8, is a significant outlier of
the trend. Note that accretion of the intergalactic medium
(López-Corredoira, Betancort-Rijo & Beckman 2002) may
also play a role in this respect.

Interestingly, the Milky Way’s isophotes in the X/P re-
gion show an apparent, though weak, North−South asym-
metry, such that the northern two ‘arms’ of the X shape
appear to have a wider opening angle than the southern two
arms, in both filters. This is reminiscent of bars in the buck-

5 More precisely, to the outer peanut of NGC 128. The inner
peanut (empty grey downward triangle in Figure 8) appears to

fit the trend quite well.

ling phase seen in simulations (e.g., Martinez-Valpuesta,
Shlosman & Heller 2006) as well as observations (e.g., Erwin
& Debattista 2016), which is the primary instability mech-
anism that leads to X/P structures. We may be observing
the remaining signature of the Milky Way’s past bar buck-
ling event. The asymmetry, however, is only apparent on
the eastern (closer) limb of the peanut structure (Figure 4,
panels a and c), which warrants a more in-depth study of
differences between positive and negative latitudes. This is,
however, beyond the scope of this paper.

5.2 The Long Bar Parameters: Implications

5.2.1 Comparison with Literature

In Figure 11 we compare our bar parameters (orientation
angle and radius) with other results from the literature.

Our preferred parameters of α = 37◦+7◦
−10◦ and Rbar =

4.16 ± 0.68 kpc agree well with Zasowski (2012), who mea-
sured α = 38◦ ± 6◦ from glimpse (Benjamin et al. 2005,
Churchwell et al. 2009) data, and the recent study of Monari
et al. (2017), who show evidence for a relatively short and
fast bar with a co-rotation radius of ∼ 4 kpc. We plot
our preferred parameters, which assume a RΠ ,int/Rbar ra-
tio of 0.4, in Figure 11 as the red star symbol. Addition-
ally, our lower estimate for the bar length, which assumes
RΠ ,int/Rbar = 0.5, is shown by the black star symbol.
The literature results were taken from Picaud (2004) (P04;
α = 45◦ ± 9◦, Rbar = 3.9± 0.4 kpc), Benjamin et al. (2005)
(B05; α = 44◦ ± 10◦, Rbar = 4.4 ± 0.5 kpc), from the com-
bined works of the group Hammersley et al. (2000), López-
Corredoira et al. (2001, 2007) and Cabrera-Lavers et al.
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Figure 11. Bar radius vs. orientation angle α. Curves illustrate
the coupling of the two parameters given our β (angular size of

the peanut eastward of the Galactic Centre) measurement (thick)

and taking reasonable upper and lower limits of it (thin). Red
solid and black dashed curves assume different RΠ ,int/Rbar ra-

tios (see legend). Boxes indicate literature results and their un-
certainties, while the stars are the results of this work, assuming

RΠ ,int/Rbar=0.4 (red) and 0.5 (black).

(2007, 2008) (HLC; α = 43◦± ∼ 2◦, Rbar = 3.9 − 4.5 kpc),
from Francis & Anderson (2012) (FA12; α = 30◦ ± 10◦,
Rbar = 4.2 ± 0.1 kpc) and from Wegg, Gerhard & Portail
(2015) (WGP15; α = 28◦− 33◦, Rbar = 4.6± 0.3− 5.0± 0.2
kpc). Our preferred data point, without considering the er-
ror bars for the moment, is consistent (within the errors)
with P04, B05 and FA12, but appears to show tension with
WGP15 and HLC, i.e., lying roughly between their respec-
tive ranges but outside their uncertainty intervals, which are
comparatively smaller than the other studies and, notably,
exclude each other. The latter two groups advocate compet-
ing interpretations of the Milky Way’s central components.
HLC posit the existence of a long thin bar and a shorter,
thicker, triaxial bulge, the two misaligned with each other.
WGP15 on the other hand advocate the notion that the long
bar has a smaller orientation angle, and is thus aligned with
the X/P structure, and that in fact the latter is essentially
the central, vertically thickened part of the former.

Due to our substantial uncertainty intervals, our result
does not rule out either of the above two scenarios. But
were we to relax some of our assumptions or measurements,
and explore the systematics and sources of uncertainty in
our analysis, could we arrive at a better agreement with
either of the two pictures? We explore this in the following
sub-sections, by again looking at the (α − Rbar) parameter
space.

5.2.2 Limitations and Systematics

Although our methodology for detecting X/P structures is
both sensitive and accurate for external galaxies (capable of
detecting ‘nested’ X/P structures, as shown in CG16), our
vantage point of the Milky Way may introduce uncertain-
ties in this analysis. Specifically, we are observing the X/P
structure through intervening disc light, which may ‘wash
out’ the faint extremities of the peanut, both in–plane and

in the vertical direction. A more accurate approach would
involve the use of data that is not affected by disc light,
e.g., (2D) maps of the distribution of RCG stars, which are
commonly used as tracers of Galactic structure. In addition,
our analysis only considered the radial (length) and verti-
cal (height) directions of what is in fact a three-dimensional
structure. Additional uncertainties in the true ‘ends’ of the
peanut may arise from its in-plane ‘thickness’, and how this
projects onto the plane of the sky (e.g., Fig. 6 in López-
Corredoira et al. 2007; see also Buta & Crocker 1991, Buta
1995, Laurikainen et al. 2011 and Salo & Laurikainen 2017
for interesting examples of peanuts viewed face-on). To avoid
most of the aforementioned issues, and keep consistency with
CG16, we have used the peak in the B6 profile, rather than
the point where it declines to zero, as the indicator of the
peanut’s characteristic scale. At this point the peanut is
most prominent, and hence using it additionally ensures con-
sistency with other studies that have measured X/P struc-
tures, which relied on identification techniques (e.g., visual
inspection, unsharp masking) that are sensitive to the point
where the feature is most prominent.

Of particular interest for this paper are studies which
report the typical value of RΠ /Rbar, since we have relied
on this ratio to obtain the bar length. Recent studies place
its mean value, in nearby X/P galaxies, between ∼ 0.4− 0.5
(Laurikainen & Salo 2017, Erwin & Debattista 2017), but all
find scatter in it. Prima facie, our analysis shows that a value
closer to 0.4 for the Milky Way is more consistent with the
bar parameters in the literature, while a value of 0.5 appears
to underestimate the bar length (Figure 11). However, in
the following sub-section we investigate how the reliability
of our measured X/P size, and how the applicability of the
RΠ ,int/Rbar ratio to our measurements of the Milky Way,
affects our results.

5.2.3 Exploring the (α−Rbar) Coupling

Considering that we observe the (bar+X/P structure) in
projection, it is obvious that our derived intrinsic X/P ra-
dius RΠ ,int (and, by extension, Rbar) and viewing angle, are
correlated quantities: a given projected size (i.e., the mea-
surement/observation) can correspond to a large intrinsic
size if the viewing angle α is small, or to a smaller intrin-
sic size if the angle is larger (see Figure 2, which applies to
both the peanut and the bar, and any elongated structure
viewed at an angle). This (α – intrinsic size) coupling, is
shown in Figure 11 through the red and black curves, for
which the observed quantity (projected size) is β, i.e., the
peanut’s angular size in the eastern direction (see Figure 2).
If we were to assume that our measured value of β = 8◦.25 is
the only information we have6, then the data point must lie
on the thick red curve, if RΠ ,int/Rbar = 0.4 (our preferred
scenario), or on the thick dashed curve if RΠ ,int/Rbar = 0.5.
If we assume that the true value of α is smaller than 37◦ (i.e.,
if we assume that our measurement of γ was biased, since
β and γ together constrain α), and is more in the region of

6 We chose β because it corresponds to the nearer limb of the

peanut, which in principle should be easier to measure. However,
we repeated the exercise with γ – the projected angular size on

the West (far) side – and obtained similar results.
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∼ 30◦, then travelling down the thick red curve brings us in
good agreement with WGP15. On the other hand, a higher
value of α (∼ 43◦) improves the agreement with HLC. If
we further assume that our measurement of β was biased as
well, and the true end of the peanut occurs beyond 8◦.25 (we
show 10◦ in Figure 11, a typical upper limit for the bulge–
bar transition), then the opposite occurs. A lower value of
β increases the discrepancy with all the literature numbers.
All of this however is for a fixed RΠ ,int/Rbar, a ratio nec-
essary to map the X/P size (β) onto a bar size. Varying
this ratio translates the three red curves in the x–direction,
as illustrated through the black dashed curves, which are
equivalent to the red curves but for a higher RΠ ,int/Rbar

value of 0.5.

Most studies report on a bar length & 4 − 4.5 kpc,
which, in conjunction with our work, suggest that for the
Milky Way, RΠ ,int/Rbar is close to ≈ 0.4. However, the long
bar may not be as long after all. In a recent paper, Monari
et al. (2017) argue, based on Gaia DR1 (Gaia Collaboration
et al. 2016) and LAMOST (Liu et al. 2014) data, that the
position of the Hercules stream in velocity space favours a
shorter bar, with a co-rotation radius of ∼ 4 kpc (at odds
with Portail et al. 2017, who report a longer, ∼6 kpc radius
of co-rotation). A shorter bar would also be more consistent
with bar-to-disc sizes in other disc galaxies, as the Milky
Way is usually invoked to be a typical barred spiral. Er-
win (2005) found bar sizes to range between 1–10 kpc (with
a mean of 3.3 kpc) or 0.5–2.5h for early-type disc galax-
ies (S0–Sab). Later-type disc galaxies, such as the Milky
Way, which is believed to be Sb or Sbc, by most sources
(Hodge 1983, Kennicutt 2001), have comparatively shorter
bars, ranging from 0.5–3.5 kpc, or 0.2h–1.5h. Assuming our
measured value of h = 2.54 kpc for the disc’s exponential
scale length, this maps the WGP15 range (4.6–5) kpc into
(1.8–2)h, the HLC range (3.7–4.5) kpc into (1.5–1.8)h and
our estimated range of (3.3–4.2) kpc into (1.3–1.7)h. Natu-
rally, these numbers carry quite large uncertainties not only
due to intrinsic scatter but also due to different definitions
of ‘bar length’ (see Athanassoula & Misiriotis 2002, their
Sec. 8).

As previously mentioned, Laurikainen & Salo (2017) re-
port a mean RΠ ,obs/Rbar ratio of ∼ 0.4 for X/P structures
while for barlenses their measurements exceed ∼ 0.5. From
the argument that X/P structures and barlenses are the
same structures viewed at different inclinations (edge-on vs
face-on) and by analysing simulated X/P galaxies at differ-
ent projection angles, they conclude that the mean intrinsic
ratio is ≈ 0.5 for both features (with some scatter). While
most literature measurements of the length of the long bar,
coupled with our RΠ ,int, favour an RΠ ,int/RΠ ,bar ratio of
≈ 0.4 for the Milky Way, a value closer to 0.5 would imply
a shorter bar, as seen in Figure 11 (black star symbol). A
shorter bar is not necessarily in contradiction with the find-
ings of many authors. As suggested by Monari et al. (2017),
a flat stellar distribution extending further than 4 kpc could
simply correspond to loosely wound spiral arms that origi-
nate from the bar’s ends. In light of the above arguments,
we choose to keep our shorter estimate of Rbar = 3.24±0.54
kpc as a plausible value.

The scenario in which the Milky Way’s ‘bulge’ is
the inner, thickened, X/peanut-shaped region of its long
bar, which has arisen through the buckling of the former

(Martinez-Valpuesta & Gerhard 2011, Romero-Gómez et al.
2011, WGP15), is a natural interpretation of our Galaxy’s
central components. This scenario is supported by numeri-
cal simulations as well as observational evidence that most
of the stars in the bulge originate from the disc (Shen et al.
2010; Ness et al. 2013, 2014; Di Matteo et al. 2014; Di Mat-
teo 2016), implying that it formed predominantly from the
buckling and secular evolution of the disc and bar. In sup-
port of this picture, WGP15 have argued that the angle of
the long bar is smaller than previously thought, and is con-
sistent with that of the elongated ‘bulge’. While we agree
with WGP15 that the two structures are likely aligned, we
propose, and show evidence, that it is not the long bar which
has a lower angle (∼30◦) than most literature measurements
but that the X/P ‘bulge’ instead has a larger angle (∼37◦)
than previously thought. If WGP15 increase their α value to
our value of ∼ 37◦ (i.e., move up the red curve in Figure 11),
then their result would agree with our work and produce a
bar radius shorter than 5 kpc.

5.3 The End of the Bar

An accurate accounting of the long bar is crucial if we are
to understand the inner dynamics of the galaxy and, in par-
ticular, the disc-bar-bulge transition in this region. This has
been a long-standing problem in the widely used Besançon
(Robin et al. 2003) and Galaxia (Sharma et al. 2011) models
of the Galaxy, for example. At present, these inner structures
are inserted artificially and do not conform to a dynamically
self-consistent framework.

Wegg, Gerhard & Portail 2015 have revealed that there
are two scale height components extending into the long
bar region: the ‘thin’ component and the ‘superthin’ com-
ponent. The ‘thin‘ bar has a scale height of 180 pc, with a
declining density with radius, and appears to be the barred
counterpart of the old inner disc. The ‘superthin’ compo-
nent has a remarkably small scale height of 45 pc, and the
density appears to increase outwards. They argue that the
thinness may reflect a young stellar population that is at
least 500 Myr in age to account for the presence of RCGs.
The coldness of the superthin component may reflect young
stars trapped in resonances at the bar ends. Such morpho-
logical features, called ‘ansae’, are seen in external galax-
ies and simulations (Martinez-Valpuesta, Knapen & Buta
2008, Athanassoula et al. 2015, Athanassoula 2016). Com-
plex structures like these may complicate the determination
of the long bar length and, indeed, the projected properties
here are not symmetric about the Galactic Centre, even ac-
counting for the different distances (Wegg, Gerhard & Por-
tail 2015). At the present time, it is not possible to deter-
mine a definitive stellar age for either component, which is
clearly an important test. We may alternatively be observ-
ing the beginnings of loosely wound spiral arms emerging
from the ends of the bar, which, as they twist into our line-
of-sight, would account for an increasing density of young
stars at both ends. The presence of a prominent star forma-
tion region at the receding end of the bar, and associated
with the Scutum arm, has been previously reported (López-
Corredoira et al. 1999).
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6 CONCLUSION

In this paper we measured quantitative parameters of the
Milky Way’s (X/Peanut)–shaped structure from the Fourier
n = 6 component (cosine term, B6) of its isophotes, ex-
tracted from 3.4µm and 4.6µm wise wide-field imaging.
From the radial B6 profile extracted with the IRAF task
Isofit, we determined the X/P length, height above the disc
plane, as well as its orientation angle with respect to our line-
of-sight to the Galactic centre. Specifically, we determined
an intrinsic peanut radius ofRΠ ,int= 1.67±0.27 kpc, a height

zΠ = 0.65 ± 0.17 kpc, and a viewing angle of α = 37◦+7◦
−10◦ .

Using the X/P structure as a proxy of the Milky Way’s long
bar, we conclude that the latter is oriented at the same an-
gle α and has an expected radius of ≈ 4.16± 0.68 kpc, but
could possibly be as short as 3.24±0.54 kpc. Our results are
based on the picture in which the long bar and the elongated
X/P structure of the Milky Way are not distinct and mis-
aligned components, but are different regions of the same
structure. Tilted at ≈ 37◦ from an end-on orientation, we
find that this structure is viewed at a wider angle than con-
ventionally thought for the triaxial ‘bulge’ region (∼ 27◦)
and a narrower angle than conventionally thought for the
long thin bar (∼43◦).

The Milky Way appears to be a typical X/P galaxy,
consistent with the CG16 scaling relations between the var-
ious X/P diagnostics (length, height and integrated strength
of the peanut instability), as well as the observed correlation
of v/σ with peanut length and strength. The X/P strength
parameter appears however to be marginally higher than the
trend observed in nearby X/P galaxies, which is possibly a
consequence of projection effects but may alternatively point
to an enhancement in the Galaxy’s X/P strength caused by
accretion from its satellites. Additionally, we find tentative
evidence of a North−South asymmetry in the X/P feature,
possibly reflecting the Galactic bar’s past buckling phase
that led to the formation of the peanut. We performed a
photometric decomposition of the major axis surface bright-
ness profile, in both wise bands, modelling the data with an
exponential profile for the disc and Gaussian functions for
the various spiral arms. We performed this in both the east-
ward and westward directions (with respect to the Galactic
North) and obtained an average scale length of the disc of
h = 2.54± 0.16 kpc, in good agreement with the literature.
As with other nearby X/P galaxies, the Milky way obeys
the CG16 scaling relations when the peanut metrics are re-
scaled by h, lending further support to the disc origin of the
peanut (Shen et al. 2010; Ness et al. 2012, 2013; Di Matteo
et al. 2014; Di Matteo 2016).
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C., López-Corredoira M., Garzón F., Mahoney T. J., 2007,
A&A, 465, 825

Cao L., Mao S., Nataf D., Rattenbury N. J., Gould A.,
2013, MNRAS, 434, 595

Churchwell E. et al., 2009, PASP, 121, 213
Ciambur B. C., 2015, ApJ, 810, 120
Ciambur B. C., Graham A. W., 2016, MNRAS, 459, 1276
Combes F., Debbasch F., Friedli D., Pfenniger D., 1990,
AAP, 233, 82

Courteau S., de Jong R. S., Broeils A. H., 1996, ApJL, 457,
L73

Debattista V. P., Carollo C. M., Mayer L., Moore B., 2005,
ApJ, 628, 678

Debattista V. P., Ness M., Gonzalez O. A., Freeman K.,
Zoccali M., Minniti D., 2017, MNRAS, 469, 1587

Di Matteo P., 2016, PASA, 33, e027
Di Matteo P. et al., 2014, A&A, 567, A122
Dwek E. et al., 1995, ApJ, 445, 716
Erwin P., 2005, MNRAS, 364, 283
Erwin P., Debattista V. P., 2016, ApJL, 825, L30
Erwin P., Debattista V. P., 2017, MNRAS, 468, 2058
Fragkoudi F., Di Matteo P., Haywood M., Gómez A.,
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López-Corredoira M., Garzón F., Beckman J. E., Mahoney
T. J., Hammersley P. L., Calbet X., 1999, AJ, 118, 381
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Robin A. C., Reylé C., Derrière S., Picaud S., 2003, A&A,
409, 523

Rojas-Arriagada A. et al., 2014, A&A, 569, A103
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APPENDIX A: MILKY WAY PHOTOMETRIC
DECOMPOSITION

A1 Integrated Light Approach

CG16 have shown that the X/P parameters of external
galaxies are not arbitrarily distributed, but define specific
scaling relations. The X/P length and height are correlated
with each other, and both further correlate with the strength
of the structure. Additionally, X/P galaxies also show a
weak trend between their v/σ ratio and the X/P length and
strength. These trends hold when the various parameters are
expressed either in kpc or in units of the host disc’s scale
length h.

To investigate how the Milky Way fits into this pic-
ture, we determined its disc scale length by fitting its major
axis surface brightness profile, i.e. the surface brightness as
a function of galactic longitude l, in the mid-plane (galactic
latitude b = 0). This is similar to a typical galaxy decom-
position, but it involves an extra step to correct for the fact
that our vantage point is inside the galaxy being modelled.
We first assume that the planar offset of the Sun is negligi-
ble, and that the disc (out to ∼8 kpc) has an exponentially
declining intensity profile given by:

I(r) = I0exp(−r/h) (A1)

where I0 is the intensity at the (Galactic) centre and h is
the exponential scale length of the disc. The galactocentric
radial co-ordinate r is expressed in heliocentric co-ordinates
(R, l, b) as:

r(R, l; b=0) =
√
R2

0 +R2 − 2RR0 cos(l). (A2)

As we assume the Sun to be embedded in the disc plane,
the observed intensity in a particular direction along the
mid-plane (given by l alone) is the integrated light from the
position of the Sun to infinity:

I(l) =

∫ ∞

0

I(R′, l; b=0)dR′. (A3)

Assuming that the optical depth is also negligible (a
reasonable assumption for our particular dataset), Equation
A3 represents the model being fit to the observed mid-plane
brightness profiles extracted from our wide-field imaging
data, and corrected for dust absorption and IR glow (see
§A2). In the case of a single-component exponential model,
I(R′, l, b = 0) is simply given by Equation A1, with r ex-
pressed as in Equation A2. However, any azimuthally sym-
metric radial profile can be used, and in fact we employ
additional components to capture the various spiral arms
we observe in the data.

A2 Disc Scale Length from WISE Data

We obtained the scale length (h) of the Milky Way’s disc
from the photometric decomposition of its major axis surface
brightness profile (SBP), correcting for the fact that we are
observing the disc from within, as detailed in §A2.

The surface brightness profiles were extracted by tak-
ing image “cuts” along the disc mid-plane. While discs are

02468
Rmaj [kpc]

−4

−2

0

2

4

(µ
3.

4µ
m

+2
),

(µ
4.

6µ
m

)[
m

ag
/k

pc
2 ] h4.6µm = 2.68 kpc

h3.4µm = 2.65 kpc

E

Figure A1. The eastward major axis surface brightness profile

of the Milky Way at 3.4µm (blue data) and 4.6µm (red data).
The models (black curves) consist of an exponential disc (dashed

curves) and a Gaussian ring (dotted curves), the latter captur-

ing the (Scutum + far 3 kpc) spiral arms as single, ‘blended’
features.

generally approximated to have exponentially declining light
profiles, in practice they often display complicating features
such as spiral arms, which induce “bumps” in the light pro-
file. Because of the asymmetry induced by the Milky Way’s
various spiral arms, we again analysed the E and W sides
separately.

The raw major axis light profiles are shown in Figures
A1 and A2 through grey symbols. They were further cor-
rected for the effects of dust, particularly dust glow and
extinction. From Li & Draine (2001) (see their Fig. 10) we
estimated dust glow to be ≈ 1/13 of the stellar emission
at 3.4µm and ≈ 1/8 at 4.6µm. We further estimated the
dust absorption at these wavelengths from extinction in the
V−band. From Tab. 3 of Nozawa & Fukugita (2013) we used
the ratios A3.4µm/AV = 0.0346 and A4.6µm/AV = 0.0201.
The major axis AV profile was extracted from the all-sky
AV extinction maps of Rowles & Froebrich (2009), and is
shown in Figure A3. The dust-corrected surface brightness
profiles are shown in Figures A1 and A2 as blue symbols
(3.4µm) and red symbols (4.6µm). As dust is typically more
centrally concentrated in disc galaxies, the net effect of these
corrections was to slightly steepen the SBPs compared to
raw cuts.

While it is tempting to model spiral arms in the usual
manner, as Gaussian rings, one must be mindful of the fact
that they have a logarithmic nature, increasing their dis-
tance from the centre as they wind around azimuthally. We
see this exemplified by the Scutum arm, which peaks at dif-
ferent spatial scales in the two directions about the Galactic
Centre, i.e. at ∼ 4.5 kpc in the E and at ∼ 8 kpc in the
W . We did nevertheless first attempt to model the arms as
Gaussian rings, employing the same technique of integrat-
ing the light along lines of sight (§A). Thus, a Gaussian ring
appears to take the form shown in Figure A1 through the
dotted curves. At the centre, the line-of-sight crosses per-
pendicular to the ring, so the SB value, given by twice the
integral over the ring’s thickness, is relatively low. By con-
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Figure A2. 1D cuts in the plane of the disc to the East of the Galactic Centre (left-hand side) and to the West (right-hand side).

Blue and red data correspond to the 3.4µm and 4.6µm images, while black curves represent the best-fitting model, corrected for our
vantage point within the disc and assuming Sun’s Galactocentric distance of 8.2 kpc. Insets indicate the best-fit disc scale length h for

each panel. Top: Single exponential models. Bottom: (exponential disc + 1 Gaussian spiral arm) models. Bottom: (exponential disc

+ 2 Gaussian spiral arms). See main text for a discussion on individual spiral arms and their modelling.
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Figure A3. The V –band extinction profile along the major axis
(disc mid-plane) extracted from the dust maps of Rowles & Froe-

brich 2009.

trast, at the ring’s radius, the line-of-sight is tangential to
the ring, running along it, so the integrated light reaches
a maximum (bump) here, and gradually declines beyond
this point. As noted above, a realistic spiral arm always has
a lower curvature (or pitch angle) than a ring, which im-

plies that at its tangent point, a line of sight runs a longer
distance along the spiral arm than it would along a more
curved ring. Therefore, the SB profile of a spiral arm has a
stronger Gaussian-like bump and a weaker flattening central
tail than a ring. After experimenting with both functions we
found the pure Gaussian to give more robust and consistent
results, and so chose this form for modelling the spiral arms.

We modelled the data with increasing levels of sophis-
tication. This is shown in Figure A2, where the left-hand
panels correspond to the eastward SBP while the right-hand
panels to the westward SBPs. On the eastward side the data
shows the Scutum spiral arm as a rather prominent bump
at ∼ 4.5 kpc, as well as the less prominent far 3 kiloparsec
arm as a feature centred at ∼ 3 kpc. The dip occurring at
∼ 3.5 kpc is due to dust crossing the disc mid-plane, and is
more pronounced (as expected) in the bluer filter. The west-
ward SBPs show the near 3 kiloparsec arm at just beyond
3 kpc, and again the Scutum (or Scutum-Centaurus) arm,
this time at ∼ 8 kpc. We began by modelling the data on
both sides with just an exponential profile (Figure A2 top

c© 0000 RAS, MNRAS 000, 000–000
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panels). We further added a single spiral arm component
(bottom panels) to the models, in each direction. Finally,
we modelled both profiles with an exponential disc compo-
nent and two spiral arm components, in each direction. We
show these best-fit models in the main text of the paper, in
Figure 9.

We adopt a ‘global’ value of the disc’s scale length of
h=2.54±0.16 kpc, the average of the best-fit (disc+2 spiral
arms) models, in both filters and in the two directions. This
result is in good agreement with the literature. For com-
parison, Licquia & Newman (2016) report an average scale
length, in the infrared, of 2.51+0.15

−0.13 kpc, from a Bayesian
averaging method of literature measurements. We also refer
the reader to Bland-Hawthorn & Gerhard (2016) for a useful
review on the Milky Way’s structure. Finally, we note that
a bar component, although faint, could also in principle be
added to the models. We chose however not to include such
a component since it is not well constrained by the data
(which is additionally most affected by dust on the central
spatial scales, where the bar is observed) and is thus degen-
erate with the spiral arm components.

APPENDIX B: DERIVATION OF THE X/P
ABSOLUTE LENGTH AND VIEWING ANGLE

B1 Derivation Based on Stewart’s Theorem

Equations 2 and 4 in the main text, which yield the X/P
length (RΠ ) and viewing angle (α), were derived by solving
a system of two equations with the two quantities as the
unknowns. The geometry of the problem is illustrated in
Figure A1, which is analogous to Figure 2 but with different
notation, to ensure clarity in this derivation.

The first equation relating RΠ and α came from consid-
ering the similar triangles 4SAC and 4SA′A′′. The funda-
mental theorem of similar triangles states that:

SA′′

SC
=
A′A′′

AC
(B1)

Analogously, from the similar triangles4SBC and4SB′B′′
it follows that:

SC

SB′′
=

BC

B′B′′
(B2)

As the two sides of the X/P structure are assumed to be
equal (A′C = B′C), then A′Csinα = B′Csinα = A′A′′ =
B′B′′, so, from B1 and B2, it follows that:

AC·SA′′
SC

=
BC·SB′′
SC

(B3)

Making the substitutions SA′′ = SC−A′Ccosα and SB′′ =
SC + B′Ccosα, and simplifying the denominators, B3 be-
comes:

AC(SC −A′Ccosα) = BC(SC + B′Ccosα) (B4)

Rearranging and using the notation of Figure 2, we obtain
the first equation which relates RΠ and α, namely:

A D B E

B′B′′

A′ A′′

S

C

α

α

β

γ

β

γ

Figure A1. Schematic of the (Sun+peanut) configuration, anal-
ogous to Figure 2 but with different notation used throughout the

derivations in the Appendix. S corresponds to the Sun, C to the

Galactic Centre and the thick line represents the X/P structure,
orientated at a viewing angle α.

cosα =
R0

RΠ

Rβ −Rγ
Rβ +Rγ

≡ η R0

RΠ
(B5)

The second equation relating RΠ and α is obtained from
Stewart’s theorem. In particular, in4CAS, with CA′ as the
cevian, Stewart’s theorem yields:

AC2·SA′ + SC2·A′A = SA(A′C2 + SA′·A′A) (B6)

where SA = SC/cosβ ≡ R0/cosβ, and SA′ and A′A can be
obtained from the similar triangles 4SA′A′′ and 4SAC, as
follows:

SA′

SA
=
SA′′

SC
⇔ SA′cosβ

R0
=
R0 −RΠ cosα

R0
⇒

⇒ SA′ =
R0 −RΠ cosα

cosβ

(B7)

and

A′A = SA− SA′

=
R0

cosβ
− R0 −RΠ cosα

cosβ

=
RΠ cosα

cosβ

(B8)
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Noting that AC = Rβ and using the expressions in B5, B7
and B8, equation B6 becomes:

R2
βR0(1− η)

cosβ
+
R3

0η

cosβ
=

R0

cosβ

[
R2

Π +
R0η(R0 −R0η)

cos2β

]
.

(B9)

Having substituted all (cosα) terms through B5, the only
unknown in B9 is RΠ , and re-arranging for it yields the
required Equation 2. The uncertainty in RΠ is propagated
from β, η and Rβ and is given by:

δRΠ =
RΠ

2

{
[2Rβ(1− η)δRβ ]2 +

[
R2

0

(
1 +

2η − 1

cos2β −R2
β

)
δη

]2

+

(
2ηR2

0sinβδβ

cos3β

)2
}1/2

,

(B10)

where δβ is the uncertainty in β, and δRβ is obtained from
δRβ =

√
(R0δβ)2 + (βδR0)2, which assumes the small angle

approximation tanβ ≈ β and an uncertainty in R0 of δR0.
In B10, δη is the uncertainty in η, given by:

δη =
2

(tanβ + tanγ)2

√
[tanγ δ(tanβ)]2 + [tanβ δ(tanγ)]2,

(B11)
which reduces, in the small angle approximation, to:

δη =
2

(β + γ)2

√
(γ δβ)2 + (β δγ)2. (B12)

B2 Viewing Angle and Uncertainties

One can also first derive an expression for α, and then re-
cover RΠ , through B5. To do this we again start by defining
two equations with the same two unknowns (RΠ and α).
First, we see from Figure A1 that:

AC = DC +AD = A′C sinα+A′D tanβ. (B13)

Since AC ≡ Rβ , A′C ≡ RΠ , and A′D = A′′C = RΠ cosα,
B13 can be re-written as:

Rβ = RΠ sinα+RΠ cosα tanβ. (B14)

Also from Figure A1, we see that:

BC = EC − EB = B′B′′ − EB′ tanγ

= B′C sinα− EB′ tanγ.
(B15)

But BC ≡ Rγ , B′C ≡ RΠ and B′E = B′′C = RΠ cosα,
which, when substituted into B15, yields:

Rγ = RΠ sinα−RΠ cosα tanγ. (B16)

Dividing B14 and B16 by a factor of (cosα) yields the equa-
tions:

Rβ
cosα

= RΠ (tanα+ tanβ), (B17)

and

Rγ
cosα

= RΠ (tanα− tanγ). (B18)

Further dividing B17 by B18, and making the substitutions
Rβ = R0 tanβ and Rγ = R0 tanγ, results in:

R0 tanβ

R0 tanγ
=
RΠ (tanα+ tanβ)

RΠ (tanα− tanγ)
, (B19)

where R0 and RΠ simplify, and the equation rearranges into
an expression for α as a function of only the two (measur-
able) angles β and γ, which is:

2

tanα
=

1

tanγ
− 1

tanβ
. (B20)

Having thus obtained the angle α, one can the use it to
calculate RΠ through B5. The uncertainty in α can be com-
puted by propagating the uncertainties in β and γ. Since
both angles are smaller than ∼ 10◦, one can approximate
tanβ ≈ β and tanγ ≈ γ. Equation B20 is re-written as:

tanα ≈ 2βγ

β − γ ≡ T. (B21)

The uncertainty in T is therefore:

δT =
2

(β − γ)2

√
γ4δβ2 + β4δγ2, (B22)

which yields the upper and lower uncertainties in α, namely
δ+α and δ−α as follows:

δ+α = tan−1(T + δT )− tan−1(T )

= tan−1(T + δT )− α
δ−α = tan−1(T )− tan−1(T − δT )

= α− tan−1(T − δT ).

(B23)
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5
Galaxy Decomposition

Having developed, in Chapter 2, a method which extends isophotal structure analysis tech-

niques from relatively simple, elliptical galaxies to complex, multi–component systems –

such as disc galaxies, with bulge, bar, X/P, or barlens components – the present Chapter

now turns to the analytical modelling of their radial surface brightness profiles (SBP),

through the technique of galaxy decomposition.

Several versatile image-fitting programs have been recently developed and made avail-

able to the community (e.g., Galfit – Peng et al. 2002, 2010; Imfit – Erwin 2015; see

§1.1.4), which has more or less homogenised two-dimensional decompositions in the lit-

erature during the past few decades. Nevertheless, despite its powerful impact, the 2D

method suffers from several drawbacks, and can often be less stable and insightful than

the 1D approach, as explained in §1.1.4, and detailed further in this Chapter. This has

led some authors to exploit both techniques, for a particularly thorough treatment of the

data (e.g., Laurikainen et al. 2005, 2010; Savorgnan & Graham 2016c). Although there

is a long history of one-dimensional (1D) SBP modelling (see Graham 2013 for a review),

most authors have either coded, or inherited private versions of, the fitting software. This

lack of a robust, multi-purpose, publicly available platform for 1D SBP decompositions

has motivated the development, and release into the public domain, of Profiler, a new

program designed for this purpose, which is presented in this Chapter.

Profiler is designed to model multi-component systems, and is particularly tailored

for (but not limited to) disc galaxies. As such, it can model classical exponential discs

(Equation 1.2), truncated discs (Pohlen et al. 2004; Erwin et al. 2005; Pohlen & Trujillo

2006) via a broken exponential model, and edge-on discs, either with a Sérsic (1963) func-

tion (Pastrav et al. 2013) or with two special cases of the edge–on disc model (van der

81
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Kruit & Searle 1981), namely along the major and minor axis, respectively. In addition

to discs, Profiler can model spheroids with a Sérsic (Caon et al. 1993) or core-Sérsic

(Graham et al. 2003) model, bars with a Sérsic or Ferrers (1877) model, rings and spiral

arms with a Gaussian model, and both resolved and point–like nuclear sources, with a

variety of the above functions.

This code is extensively used throughout Chapters 3 and 6, to model the (non-

exponential) edge-on discs, in the discy elliptical NGC 1271 (Graham et al. 2016a), and

in a sample of X/P galaxies (Ciambur & Graham 2016), as well as to quantify the bulges

of intermediate-mass black hole hosts (Graham et al. 2016b; Webb et al. 2017; Koliopanos

et al. 2017). More recently, Profiler was employed to model an embedded face-on disc

in the dwarf early-type galaxy CG 611 (Graham et al. 2017).

Unless a galaxy is perfectly circular at all radii, its radial surface brightness profile

(typically plotted along the major axis of the isophotes) is insufficient to reconstruct the

2D surface brightness distribution. To do this, the geometric parameters of the isophotes

are required (ellipticity, position angle, and higher–order harmonic terms). Profiler is

designed to read isophote tables (such as the output of Ellipse or Isofit, see previous

Chapter), and use their additional information to generate, and model, the “equivalent”

axis (Req) profile. The latter is obtained by mapping each (quasi-elliptical) isophote onto

an equivalent circle such that it conserves its enclosed surface area. The circularly sym-

metric Req profile thus easily allows one to compute the total flux of each component

analytically (see Graham & Driver 2005 for the Sérsic model), from the best–fit parame-

ters of the equivalent axis solution.

Profiler is written in Python and designed for flexibility, computational speed and

interactive use through a graphics user interface (GUI). The user can in principle add any

number, and combination, of components, chosen from the available functions, to build

a model. The solution is reached through a least-squares minimisation, performed with

the Levenberg-Marquardt algorithm (Marquardt 1963), via an external Python library

(lmfit1). Particular care is taken when performing the convolution of the model SBP

with the instrumental point spread function (PSF). This operation is required in order to

reproduce the blurring present in astronomical images, caused by each telescope’s resolu-

tion limit and, for ground–based instruments, by observing conditions (i.e., atmospheric

1https://pypi.python.org/pypi/lmfit

https://pypi.python.org/pypi/lmfit
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turbulence, or “seeing”). Since this process is inherently two–dimensional, the convo-

lution operation in Profiler is performed in 2D, and allows for ellipticity in the model

(as shown to be important in Trujillo et al. 2001a,b), as well three different choices for PSF.

The remainder of this Chapter consists of the article “Profiler– A Fast and Versatile

New Program for Decomposing Galaxy Light Profiles”, by B. C. Ciambur, as it appears in

Publications of the Astronomical Society of Australia, Vol. 33, Ed. 62 (2016), reproduced

with permission.
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PROFILER – A Fast and Versatile New Program for Decomposing
Galaxy Light Profiles

Bogdan C. Ciambur1,2
1Centre for Astrophysics and Supercomputing, Swinburne University of Technology, Hawthorn, VIC 3122, Australia
2Email: bciambur@swin.edu.au

(RECEIVED July 31, 2016; ACCEPTED November 28, 2016)

Abstract

I introduce PROFILER, a user-friendly program designed to analyse the radial surface brightness profiles of galaxies. With
an intuitive graphical user interface, PROFILER can accurately model galaxies of a broad range of morphological types,
with various parametric functions routinely employed in the field (Sérsic, core-Sérsic, exponential, Gaussian, Moffat, and
Ferrers). In addition to these, PROFILER can employ the broken exponential model for disc truncations or anti–truncations,
and two special cases of the edge-on disc model: along the disc’s major or minor axis. The convolution of (circular or
elliptical) models with the point spread function is performed in 2D, and offers a choice between Gaussian, Moffat or a
user-provided profile for the point spread function. PROFILER is optimised to work with galaxy light profiles obtained
from isophotal measurements, which allow for radial gradients in the geometric parameters of the isophotes, and are thus
often better at capturing the total light than 2D image-fitting programs. Additionally, the 1D approach is generally less
computationally expensive andmore stable. I demonstrate PROFILER’s features by decomposing three case-study galaxies:
the cored elliptical galaxy NGC 3348, the nucleated dwarf Seyfert I galaxy Pox 52, and NGC 2549, a double-barred galaxy
with an edge-on, truncated disc.
PROFILER is freely available at https://github.com/BogdanCiambur/PROFILER.

Keywords: galaxies: fundamental parameters – galaxies: individual (NGC 2549, NGC 3348, Pox 52) – galaxies: structure
– methods: data analysis

1 INTRODUCTION

Galaxies are complex structures assembled through a variety
of physical processes which act at different stages of their
life, such as gas accretion; star formation; disc formation,
growth, and buckling; bar formation and buckling etc.; as
well as mergers and interactions with neighbouring galaxies.
The result is a rich variety of galactic components in the ob-
served galaxy population.Classifying galaxies based on these
structures, in the optical and/or near-infrared bands has been
and still is now common practise (e.g., Jeans 1919, Hubble
1926, de Vaucouleurs 1959, Sandage 1975, de Vaucouleurs
et al. 1991, Abraham, van den Bergh, &Nair 2003, Buta et al.
2015, etc.).
A quantitative structural classification requires a reliable

method to separate out each structural component from
the others that make up the galaxy. Moreover, individually
analysing each constituent probes, the specific physical or
dynamical processes associated with it and thus provides in-
sight into galaxy evolution. The common practise is to model

one of the fundamental diagnostics of a galaxy’s structure,
namely its radial light (or surface brightness) profile (SBP),
by decomposing it into a sum of analytical functions, with
each function representing a single component (e.g., Prieto
et al. 2001, Balcells et al. 2003, Blanton et al. 2003, Naab &
Trujillo 2006, Graham & Worley 2008). See Graham 2013
for a comprehensive review of modelling the light profile of
galaxies.
One of the best methods to extract an SBP from a galaxy

image is by fitting quasi-elliptical isophotes as a function of
increasing distance from the photometric centre of the galaxy.
In such schemes, the isophotes are free to change their axis
ratio, or ellipticity, position angle (PA), and shape (quantified
through Fourier harmonics) with radius, which ensures that
the models capture the galaxy light very well. A popular tool
for this is the IRAF task ELLIPSE (Jedrzejewski 1987), which
works well for galaxies whose isophotes display low-level
deviations from pure ellipses, such as elliptical galaxies or
disc galaxies viewed relatively face-on. For more complex
isophotal structures however, such as edge-on disc galaxies,

1
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2 Ciambur

X/peanut-shaped bulges, bars, and barlenses, ELLIPSE has
been shown to fail and the newer IRAF task ISOFIT1 (Ciambur
2015) is more appropriate.
A somewhat different approach in performing galaxy de-

composition is to directly fit the galaxy’s projected light dis-
tribution, i.e. the galaxy image, in two dimensions (2D). Re-
cent years have seen the advent and development of a num-
ber of programs dedicated to this purpose, notably GIM2D
(Simard et al. 2002), BUDDA (de Souza,Gadotti,&dosAnjos
2004), GALFIT (Peng et al. 2010), and IMFIT (Erwin 2015).

In support for the 2D method, Erwin (2015) has invoked
several drawbacks of one-dimensional (1D) profile mod-
elling, namely that it is unclear which azimuthal direction to
model (major axis, minor axis, or other), that most of the data
from the image is discarded, and that non-axisymmetric com-
ponents (such as bars) can be misinterpreted as axisymmetric
components, and their properties cannot be extracted from a
1D light profile. While these issues certainly apply when one
extracts the SBP by taking a 1D cut from a galaxy image, all
of these issues are resolved if the SBP is obtained from an
isophotal analysis. In particular, fitting isophotes makes use
of the entire image (so no data is discarded) and apart from
the SBP itself, this process additionally provides information
about the isophotes’ ellipticities, PAs, and deviations from
ellipticity (in the form of Fourier modes). All of this infor-
mation is sufficient to completely reconstruct the galaxy im-
age for even highly complex and non-axisymmetric isophote
shapes (see Ciambur 2015 and Section 5 of this paper). Hav-
ing these extra isophote parameters allows one to obtain the
SBP along any azimuthal direction, and identify and quan-
titatively study non-axisymmetric components such as bars
or even peanut/X-shaped bulges (Ciambur & Graham 2016).
It is therefore recommended to always use isophote tables
rather than image cuts in 1D decompositions.
Overall, both 1Dand2Ddecomposition techniques present

benefits as well as disadvantages. The 2D image-modelling
technique has the advantage that every pixel (except those
deliberately masked out due to contaminating sources) in the
image contributes directly to the fitting process, whereas in
an isophotal (1D) analysis, pixels contribute in an azimuthal-
average sense. Multicomponent systems with different pho-
tometric centres can also pose a problem for 1D SBPs, which
assume a single centre for all components at R = 02, but can
however be easily modelled in 2D. On the other hand, 2D
codes suffer from the fact that each component has a single,
fixed value for the ellipticity, PA, and Fourier moments (such
as boxyness or discyness, and also higher orders), which can
in some cases limit the method considerably. Triaxial ellip-
soids viewed in projection can have radial gradients in their
ellipticities and PAs (Binney 1978, Mihalas & Binney 1981),
an effect captured in a 1D isophotal analysis (where both

1 https://github.com/BogdanCiambur/ISOFIT
2 This applies also to ring components, which have their brightest point at
R > 0 along the 1D profile. This radial parameter represents the radius of
the ring, while its centre is still assumed to be at R = 0.

quantities can change with radius) but not in a 2D decompo-
sition3.

There are notable examples in the literature where the 1D
method has been preferred over the 2D technique. One such
case is the decomposition of the ATLAS3D (Cappellari et al.
2011) sample4 of early-type galaxies, in Krajnović et al.
(2013). I point the reader to Section 2 and Appendix A of
their paper, where they discuss both methods and test the
performance of their preferred 1D method against a 2D anal-
ysis (with GALFIT). Another illuminating example is in Sa-
vorgnan & Graham (2016). They performed both 1D (with
private code) and 2D (with IMFIT) decompositions of 72
galaxies, out of which 41 did not converge or did not give
meaningful solutions in 2D, whereas only nine could not be
modelled in 1D. Section 4.1 in their paper also provides an in-
sightful and practical comparison between 1D and 2D galaxy
modelling techniques.
The past few decades have seen a flurry of 2D image-fitting

codes, whereas publicly available tools that focus on 1D de-
compositions are scarce. In this paper, I present PROFILER,
a freely available code written in PYTHON, designed to pro-
vide a fast, flexible, user-friendly, and accurate platform for
performing structural decompositions of galaxy SBP.
The remainder of the paper is structured as follows. In

Section 2, I describe the input data and information required
by PROFILER prior to the decomposition process. Section 3 is
a concise reviewof typical galaxy components and the analyt-
ical functions employed tomodel them. Section 4 then details
the fitting process, and Section 5 provides three example ap-
plications, each illustrating different features of PROFILER.
Finally, I summarise and conclude with Section 6.

2 THE INPUT DATA

With a view to streamline the decomposition process, PRO-
FILER has a built-in Graphical User Interface (GUI) coded
in the standard PYTHON package TKINTER. This ensures
that the decomposition process is entirely interactive, with
all settings, options, and input information readily change-
able through buttons, text-box, and check-boxwidgets in the
main GUI. Thus, the need to perpetually change a separate
configuration file each time one wishes to modify settings is
eliminated, and the user can employ the visualisation tools
(which will be discussed in Section 5) and the GUI to make
any required tweaks, until the solution is reached. Figure 1
presents the GUI, with most widgets active for illustration
purposes. Note that the user must specify all this galaxy-
specific information on a case-by-case basis, as is detailed
below.

3 Note, however, that the 2D code IMFIT can generate 2D images from line-
of-sight integration of 3D luminosity density.

4 http://www-astro.physics.ox.ac.uk/atlas3d/
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4 Ciambur

2.1. The surface brightness profile

PROFILER was designed to work with isophote tables gener-
ated by either ELLIPSE or ISOFIT. Apart from the galaxy light
profile itself, the two programs provide useful ancillary in-
formation such as the isophotes’ ellipticities, PAs, departures
from pure ellipses, etc. Alternatively, the user can provide a
simple table consisting of two columns, namely radius R and
intensity I (R).
Instrument-specific details are additionally required, in

particular the CCD angular size of a pixel, in arcsec, and
the zero-point magnitude. The isophote intensity I is then
converted into surface brightnessμ (in magnitudes arcsec−2)
through

μ(R) = m0 − 2.5log10

[
I (R)

ps2

]
, (1)

where m0 is the zero-point magnitude and ps is the pixel an-
gular size. In Equation (1), R generally corresponds to the
isophote’s semi-major axis (Rmaj). Often the major axis pro-
file is mapped onto the ‘equivalent’, or geometric mean axis,
Req, through

Req = Rmaj

√
1 − ε(Rmaj ), (2)

where ε(Rmaj) is the isophote ellipticity, defined as 1 minus
the axis ratio. This mapping converts the isophote into the
equivalent circle that conserves the original surface area of the
isophote (see theAppendix ofCiambur 2015 for a derivation).
The equivalent axis profile is thus circularly symmetric, and
decomposing it allows for an analytical computation of the
totalmagnitude of components directly from their parameters
(e.g., Graham & Driver 2005 for Sérsic parameters).
The user has a choice between modelling the profile along

Rmaj (the default) or Req. For the latter option, provided
that the input data contains ellipticity information, PRO-
FILER generates the equivalent axis profile internally and out-
puts the totalmagnitudes of components after the decomposi-
tion. If the input data is a two-column table, it is assumed that
the R column is already the axis chosen by the user. When-
ever the sampling step �R between successive isophotes is
not constant, PROFILER linearly interpolates the SBP inter-
nally on a uniformly spaced radial axis before performing the
PSF convolution.

2.2. The point spread function

The ability of telescopes to resolve a point-source is dictated
by a number of factors, including their diffraction limit (due
to the fact that they have a finite aperture), the detector spatial
resolution (pixel size) and, for ground-based instruments, the
distortion of wavefronts caused by turbulent mixing in the at-
mosphere, an effect known as ‘seeing’. All of these effects
blur astronomical images, spreading the light at every point
in a way characteristic to each instrument. In an ideal image,
a point source’s profile is a delta function. In a real image,
however, the functional form is called the instrumental point

Figure 2. Different point spread functions represented as intensity vs. ra-
dius, in arbitrary units. The Moffat function (black curves) accounts for
seeing effects (e.g., Airy rings) by transferring flux from the peak of the PSF
into its wings. This is controlled by the β parameter and, for large values
of β the Moffat approaches a Gaussian (red curve). All curves plotted here
have an FWHM of 0.5.

spread function (PSF). In order to reconstruct the true distri-
bution of light in an image, it is essential to know the PSF at
every point across the focal plane.
The most basic aproximation of a PSF is a Gaussian func-

tional form with the single parameter FWHM (or disper-
sion σ , the two being related by FWHM = 2σ

√
2 ln2). This

form, however, underestimates the flux in the ‘wings’ of the
PSF, which can bias decomposition parameters (Trujillo et al.
2001b found the effect to range between 10–30% for Sérsic
parameters).
A more realistic approximation which is capable of mod-

elling PSF wings is the Moffat profile (Moffat 1969), given
by

I (R) = I0

[
1 +

(
R

α

)2
]−β

, (3)

where α is a characteristic width related to the FWHM by the
identity FWHM = 2α

√
21/β − 1, and β controls the amount

of light in the ‘wings’ of the profile compared to the centre
(redistributing the light of the central peak into wings mimics
the effect of spreading light in Airy rings). Figure 2 shows
Moffat functions of the same FWHM but different values of
β, as well as the limiting case where β → ∞, which corre-
sponds to a Gaussian (Trujillo et al. 2001b).
In practise, when characterising the PSF the usual norm is

to fit either a Gaussian or a Moffat profile on bright, unsat-
urated stars in the image with e.g., the IRAF task IMEXAM-
INE. This task directly provides the FWHM for the former
and (FWHM; β) for the latter case.
In PROFILER, the user has a choice of either Gaussian,

Moffat, or data vector PSF. The first two require the pa-
rameters specific to each function, from which PROFILER
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PROFILER – Galaxy Light Profile Decomposition 5

Table 1. An index of the functions available in PROFILER.

Function Parameters Used for

Sérsic 3 Ellipticals, bulges, bars, edge-on discs
Core-Sérsic 6 Cored ellipticals
Exponential 2 Discs
Broken exponential 4 (Anti-)truncated discs
Edge-on disc model 2 Edge-on discs
Ferrers 4 Bars
Gaussian 3 (1/0) Rings, spiral arms, (point source/PSF)
Moffat 1/0 Point source/PSF
Data vector PSF 1/0 Point source/PSF

generates the PSF internally when needed. The third option
requires a table of values, R and I (R), in the form of a text
file provided by the user5. The radial extent of the data vec-
tor PSF is required by PROFILER to at least match or exceed
that of the galaxy profile. As I will show in Section 5.3, this
feature is very useful when the analytical functions above do
not provide a sufficiently exact description of the PSF.

3 THE MODEL

PROFILER can employ several analytical functions to model
the radial light profiles of a galaxy’s constituent components.
The user is free to add an indefinite number of components
to the model, and each component (function) can have its
parameters freely varying or fixed to given values during the
fit.
In the remainder, I provide a description of each function

available in PROFILER in the context of the photometric com-
ponent(s) which it is intended to model. A summary of all the
functions, with their typical uses and number of parameters,
is provided in Table 1 at the end of this section.

3.1. Ellipticals and galaxy bulges

3.1.1. The Sérsic model

There have been many attempts in the past to analytically
describe the SBPs of elliptical galaxies, including deVau-
couleurs’ R1/4 ‘law’ (de Vaucouleurs 1948, 1953), the King
profile (King 1962, 1966), etc. See Graham (2013) for a re-
view of these past efforts. At present, it is generally agreed
that the most robust function for this purpose is given by the
Sérsic (1963) R1/n model (Caon, Capaccioli, & D’Onofrio
1993, D’Onofrio, Capaccioli, & Caon 1994).
While the Sérsic function in itself does not contain any

physical meaning, it is remarkably flexible and can accu-
rately capture the light profiles of a broad range of spheroid
components, from the small bulges of late-type spiral galax-
ies to the highly concentrated light profiles of bright elliptical

5 One way to obtain this would be to extract the light profile of a bright star
in the image.

Figure 3. The Sérsic profile for five values of the Sérsic index n. The curves
represent surface brightness as a function of radius, in arbitrary units, and
all profiles have the same values of μe and Re. The half-light radius, Re, is
indicated by the vertical dotted line.

galaxies. Additionally (as will be discussed in the following
sections), the Sérsic profile can model discs and bars.
The Sérsic profile is parameterised by three quantities: the

radius enclosing half of the light, Re, the intensity at this
radius, Ie = I (Re), and the concentration, or Sérsic index, n.
It takes the form

I (R) = Ieexp

{
−bn

[(
R

Re

) 1
n

− 1

]}
, (4)

where bn depends on n and is obtained by solving

�(2n) = 2γ (2n, bn), (5)

where � is the (complete) gamma function and γ the incom-
plete gamma function, given by the integral

γ (2n, x) =
∫ x

0
e−t t2n−1dt . (6)

Figure 3 shows the Sérsic profile for a range of concen-
tration parameters (n). The reader will also find a review of
the Sérsic model, useful equations pertaining to it, as well as
early references, in Graham & Driver (2005).
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6 Ciambur

Figure 4. The core-Sérsic profile. The curves represent surface brightness
as a function of radius, in arbitrary units. Red curves illustrate the effect of
varying the inner slope γ , while black curves illustrate changing the break
sharpness α. The break radius and effective radius are indicated through the
vertical dotted lines, and are marked as Rb and Re, respectively.

3.1.2. The core-Sérsic model

The most luminous early-type galaxies display ‘cored’ cen-
tral profiles, thought to be the result of black hole binary
systems kicking out stars through 3-body interactions (Begel-
man, Blandford, & Rees 1980), thus causing a deficit of light
in the centre (King 1978, Dullo & Graham 2012, 2014 and
references therein). An ideal functional formwhich describes
these types of objects is the 6-parameter core-Sérsic model
(Graham et al. 2003), given by

I (R) = I ′
[
1 +

(
Rb

R

)α] γ
α

exp

{
−bn

[
Rα + Rα

b

Rα
e

] 1
αn

}
. (7)

The core-Sérsic function takes the form of a power law
in the core region, which then transitions into a Sérsic form
outside the core region (Figure 4). It is parameterised by the
break (transition) radius Rb and half-light radius Re, the inner
profile slope γ , the smoothness of the transition, controlled
byα, the Sérsic index n and a normalisation, or scale intensity
I ′, which is related to the intensity at the break radius through
Equation (6) in Graham et al. (2003), that is

I ′ = Ib 2
−γ /α exp

[
bn

(
21/αRb

Re

)1/n
]

. (8)

The core-Sérsicmodel has also been recently implemented
in 2D fitting codes, specifically in the GALFIT add-on code
GALFIT-CORSAIR (Bonfini 2014), and in IMFIT (Erwin
2015).

3.2. Discs

3.2.1. The exponential model

The radial decline of light in flat galaxy discs has long been
known to be approximately exponential (Patterson 1940,

Figure 5. The three types of exponential disc models represented as surface
brightness vs. radius, in arbitrary units. The black curve is a single exponen-
tial (Type I) profile. The broken exponential profile takes two forms: the Type
II, or truncated, profile (h2 < h1, blue), and the Type III, or anti-truncated
profile (h2 > h1, red).

de Vaucouleurs 1957, Freeman 1970). For disc compo-
nents, PROFILER can employ the two-parameter exponential
model:

I (R) = I0 exp

(
−R

h

)
, (9)

where I0 is the intensity at R = 0 and h is the exponential
scale length, which corresponds to the length in which the
light diminishes by a factor of e, i.e., I (h) = I0/e.

3.2.2. The broken exponential model

While the light profiles of galaxy discs are commonly as-
sumed to be characterised by a single exponential for their
whole extent (galaxies for which this is true are said to have
‘Type I’ profiles in the classification of Erwin, Pohlen, &
Beckman 2008), as many as 90% (Pohlen & Trujillo 2006) of
disc galaxies display a ‘break’ in their light profiles, typically
at a few scale lengths from the photocentre (van der Kruit
1987, Pohlen et al. 2004). More specifically, this is an abrupt
change in their exponential scale length (Figure 5). This phe-
nomenon is referred to as a truncation, or ‘Type II’ profile, if
the scale length decreases (the light fall-off becomes steeper)
and ananti-truncation, or ‘Type III’ profile (Erwin,Beckman,
& Pohlen 2005), if the scale-length becomes longer (the fall-
off becomes shallower). PROFILER provides a broken expo-
nential function to fit these types of profiles [Equation (10)],
characterised by four free parameters: The central flux I0, the
break radius Rb, and the inner and outer scale lengths, h1 and
h2, respectively.

I (R) =
{
I0 exp (−R/h1) , R � Rb

Ib exp [−(R − Rb)/h2] , R > Rb ,
(10)

where Ib is the brightness at the break radius, and is not a free
parameter since Ib = I (Rb).
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PROFILER – Galaxy Light Profile Decomposition 7

Figure 6. Various disc models: exponential (black, solid), edge-on disc
along major-axis [Equation (12); blue, solid], edge-on disc along the minor-
axis (Equation (13); green, solid), and Sérsic (n = 0.7; red, dashed). The
profiles are represented as surface brightness vs. radius, in arbitrary units.
They all have the same central surface brightness (μ0) and the same e-folding
radius, equal to h, the exponential scale length. The vertical dotted linesmark
each profile’s characteristic scale length (keeping the colour scheme).

3.2.3. The Edge-on disc model

When disc galaxies are viewed in close to edge-on orienta-
tion, the disc SBP exhibits a gradually shallower slope to-
wards the centre (van der Kruit & Searle 1981; Pastrav et al.
2013). In this regime, PROFILER can use two special cases
of the inclined disc profile of van der Kruit & Searle (1981),
which is defined in 2D as a function of major axis R and
minor axis Z , as

I (R,Z ) = I0

(
R

hr

)
K1

(
R

hr

)
sech2

(
Z

hz

)
, (11)

where I0 is the central intensity, hr is the scale length in the
plane of the disc (major axis), hz is the scale length in the
vertical (minor axis) direction (⊥ to the disc plane), and K1

is the modified Bessel function of the second kind.
In the limiting case of Z = 0, Equation (11) reduces to the

major axis form

I (Rmaj) = I0

(
Rmaj

hr

)
K1

(
Rmaj

hr

)
. (12)

Similarly, along the minor axis (R = 0), Equation (11) re-
duces to

I (Rmin ) = I0 sech
2

(
Rmin

hz

)
. (13)

PROFILER can employ Equations (12) and (13) to fit edge-
on discs along the major and minor axes, respectively. Note
that neither hr nor hz are equal to the exponential scale length
h. Their corresponding profiles do not decrease in intensity
by a factor of e at every hr or hz (see van der Kruit & Searle
1981 for more details on the definition of these two scale pa-
rameters). One can readily discern this visually in Figure 6

( blue and green curves): The curvature of these profiles to-
wards R → 0 implies that they cannot be characterised by a
single value for the e-folding radius, as exponential profiles
are. Rather, the e-folding starts off large towards the centre
(where the slopes are shallower) and gradually decreaseswith
increasing R. At high radii, the e-foldings asymptote to con-
stant values and therefore both profiles approach exponential
forms. The major-axis profile has an e-folding length (from
R = 0) equal to 1.658hr , whereas the minor-axis profile has
an e-folding length equal to 1.085hz6. This is illustrated in
Figure 6.

3.2.4. The Sérsic model for discs

The Sérsic function can also successfully model discs. The
n = 1 Sérsic function is identical to an exponential and can be
used to model Type I profiles, while inclined (edge-on) discs,
or those with dusty centres, may be fitted with n < 1 Sérsic
functions (typically in the range n ∼ 0.7−0.9; see Figure 6).
In this case, one can still recover its e-folding length hS and
central surface brightness μ0 from

hS = Re

(bn)n
, (14)

and

μ0 = μe − 2.5

ln(10)
bn. (15)

As before, if n �= 1, the e-folding radius is not unique along
the whole profile and is again highest towards the centre and
lower at high-R. When n = 1, Equations (14) and (15) reduce
to hS = Re/1.67835 and μ0 = μe − 1.82224, respectively.
Unlike the edge-on disc model, the n < 1 Sérsic function
does not asymptote to an exponential, but has an ever steeper
slope with increasing R (see Figure 3).

3.3. Bars

Bars are common in disc galaxies (the fraction is ∼ 2/3 in
the near-infrared; Eskridge et al. 2000, Menéndez-Delmestre
et al. 2007, Laurikainen et al. 2009, Nair & Abraham 2010)
and display a characteristic flat profilewhich endswith a rela-
tively sharp drop-off. This shows up in SBPs as a ‘shelf’-like
or ‘shoulder’-like feature, usually (but not necessarily) be-
tween the inner spheroid component and the outer disc. Bars
are often modelled with the four-parameter Ferrers profile
(Ferrers 1877), expressed as

I (R) = I0

[
1 −

(
R

Rend

)2−β
]α

, (16)

where I0 is the central brightness, Rend is the cut-off radius,
and α and β control the inner slope and break sharpness (see
Figure 7). Note that β > 0 causes a cusp in the central parts

6 This factor is given by 1.085 = arccosh(
√
e), not to be confused with the

factor 1.086 = 2.5/ln(10) in Equation (17) fromGraham&Driver (2005),
which relates the central surface brightness of an exponential to the value
at R = h by μ0 = μ(h) − 1.086.
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8 Ciambur

Figure 7. Possible bar components: the black and blue curves are all Ferrers
profiles [Equation (16)] with the same central surface brightness (μ0) and
end radius (Rend), but different permutations of the α and β parameters, such
that curves of the same colour illustrate the effect of changingβ, while curves
of the same style (i.e., solid vs. dashed) illustrate the effect of changingα. All
profiles are represented as surface brightness vs. radius, in arbitrary units.

of the profile. As there is no observational evidence that the
profiles of bars display such a cusp, it is recommended that
β be set to 0.
Another function which can be used to model bars is a

low-n Sérsic function (typically in the range n � 0.1–0.5,
the drop-off being sharper the lower n is; see Figure 7, red
curve).

3.4. Rings and spiral arms

The presence of spiral arms in a disc can cause deviations
from an exponential profile in the form of ‘bumps’ (Erwin
et al. 2005). A stellar ring also causes a ‘bump’ in the pro-
file. These features are modelled in PROFILER via the three-
component Gaussian profile, given by

I (R) = I (Rr ) exp

[
− (R − Rr )2

2σ 2

]
, (17)

where Rr is the radius of the bump, I (Rr ) is its peak intensity,
and σ its width (dispersion).

4 FITTING THE DATA

Once the required input information is provided, the user
must make a choice of components that are to make up the
model. Before this (or at any point after having provided the
input information), they can visualise the galaxy light profile
and, if it is based on isophote fits with ELLIPSE or ISOFIT,
the ellipticity ε, PA or B4 (fourth cosine harmonic amplitude)
profiles can be displayed. This helps the user decide which
components to use and make an educated guess for the initial
values of their parameters. The default setting is that allmodel

parameters are free, but the user has a choice to hold one or
more of the parameters fixed to specific values during the
fitting process.
The user must provide a value for a ‘global’ ellipticity of

the central profile (εc), i.e. the part dominated by the PSF.
εc is important for the convolution process because mod-
els with different ellipticities yield slightly different con-
volved SBPs, as will become clear in Section 4.1. As the
galaxy being modelled often consists of a superposition of
different components, each with its own ellipticity, a single
value for ε does not apply to the entire model. However,
εc is only relevant for the part of the model affected by the
PSF, and should roughly correspond to the ellipticity of that
component which dominates the light in the central few PSF
FWHM.
The user can estimate εc as a luminosity-weighted average

of the galaxy’s ellipticity profile at a radius of ∼2–3 PSF
FWHM.The values interior to this should be avoided because
here the isophotes are circularised by the PSF, and do not
reflect the component’s ellipticity. If εc is not provided, the
default value is set to zero, which corresponds to a circularly
symmetric model.
When all the desired components are included, PRO-

FILER can begin the search for the best-fitting solution
through an iterative minimisation process, which begins with
the parameter guess-values set by the user. Each iteration,
corresponding to a specific location in the parameter space,
consists of building a model, convolving it with the PSF, and
comparing the result with the data.

4.1. PSF convolution

The convolution of the model with the PSF is performed in
2D due to two important aspects.
First, the axis ratio (or ellipticity) of a component affects

the way its light distribution is blurred by seeing effects (see
Trujillo et al. 2001a, 2001b). For a circularly symmetric PSF,
if the component too is circularly symmetric then the light
from a point located at a distance R from the centre is scat-
tered the same way as any other point at the same radius
R. However, if the component is elliptical, then the light at
fixed distance from the centre is scattered more efficiently
by points lying on the major axis than by the points in other
azimuthal directions. In this case, the convolved major axis
profile is systematically lower than in the circular case. This
effect is illustrated in Figure 8, for three Sérsic profiles, each
with three different axis ratios.
Second, the PSF convolution should not be performed in

1D, i.e., by convolving the SBP curve with the PSF profile.
This is because each data point in the SBP represents a (local)
sur f ace brightness at a particular distance from the centre (R)
and along a particular direction (θ ), i.e., I ≡ I (R, θ ). The SBP
itself represents the radial distribution of light for a particular
choice of θ (e.g., major axis: θ = 0) and is analogous to, but
more accurate than, a 1D cut from the image provided that
the isophote PAs are constant with radius. As such, the area
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PROFILER – Galaxy Light Profile Decomposition 9

Figure 8. The effect of a component’s ellipticity on the PSF convolution, for three different Sérsic functions with the same μe and Re but different
n. All profiles represent surface brightness as a function of radius, in arbitrary units. In each panel, the thick grey curve represents the unconvolved
Sérsic profile, the thick black lines (solid, dot-dashed, and dashed) represent the profile convolved in 2D with a circular Gaussian PSF, assuming
different ellipticities (ε) for the Sérsic model, while the thin red curve represents the profile (incorrectly) convolved in 1D with the same PSF profile.
Convolving the grey curve in 1D is inappropriate because, while it does conserve the area under grey curve [Equation (18)], it does not conserve the
total flux [Equation (19)], and therefore does not model the effect of seeing. The Gaussian FWHM was chosen to be large (0.167 = 0.5Re, in the
arbitrary units of the x-axis), for clarity.

under the curve, ∫ ∞

0
I (R, θ )dR, (18)

does not correspond to the total flux in the image, which
requires an additional integration in the azimuthal direction:∫ 2π

0

∫ ∞

0
R I (R, θ ) dR dθ. (19)

A 1D convolution conserves the area under the SBP curve
[Equation (18)] but not the total flux in the image [Equation
(19)], and is therefore inappropriate to reproduce seeing ef-
fects in images, which conserve total flux. The difference
between the two types of convolution (1D vs. 2D) is also
illustrated in Figure 8.
The convolution is performed in several steps. If the fitting

axis is the major axis, then an elliptical 2D light distribu-
tion is generated, with a global ellipticity provided by the
user and the same profile along the major axis as that of the
model SBP. If the fitting is performed along the equivalent
axis, the convolution is performed as above except that εc is
set to 0, since the equivalent axis is circularly symmetric by
construction.
In the next step, a circularly symmetric 2D PSF is gen-

erated, on the same array as the model. This can be based
on either the parameters of Gaussian or Moffat forms, or
the user-provided data vector PSF. The model array and PSF
array are then convolved using the FFT (Fast Fourier Trans-
form) method, and finally, the resulting distribution’s major
axis profile is obtained, which represents the desired con-
volved model SBP. This quantity is compared with the data
at each iteration.

4.2. Minimisation and solution

While most 2D decomposition codes perform signal-to-
noise (S/N)-weighted minimisations in intensity units, PRO-
FILER uses an unweighted least-squares method in units of
surface brightness. Because noise in galaxy images is domi-
nated by Poisson noise, galaxies have the highest S/N at the
centre, where they are usually brightest. However, the central
regions can often be affected by dust, active galactic nuclei,
nuclear discs, or PSF uncertainty, the latter being particu-
larly important for highly concentrated galaxies. Therefore,
placing most of the weight on the central data points can
substantially bias the fit for the entire radial range if all of
these issues are not dealt with (see similar arguments in Gra-
ham et al. 2016). In an unweighted scheme, all data points
along the SBP contribute equally to constraining the model
and thus, even when the central data is biased, the model is
still well constrained by the outer data points. The caveat,
however, is that one must ensure that the image sky back-
ground is accurately measured and subtracted, otherwise the
outer data points introduce a bias in the model. For example,
if the outer data corresponds to an exponential disc, inaccu-
rate background subtraction would lead to the wrong scale
length, which affects the entire radial range because a disc
component runs all the way to the centre.
The minimisation is performed with the PYTHON pack-

age LMFIT7, and the method is a least-squares Levenberg–
Marquardt algorithm (Marquardt 1963). The quantity being

7 https://pypi.python.org/pypi/lmfit/
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10 Ciambur

minimised is

�rms =
√∑

i

(μdata,i − μmodel,i ), (20)

where i is the radial bin, μdata is the data SBP, and μmodel is
the model at one iteration.
When the solution is reached, the result is displayed and

a logfile is generated. The logfile contains a time-stamp of
the fit, all the input information and settings, and a raw fit
report with all parameters and their correlations. A more in-
depth report follows, which lists each component’s best-fit
parameter values and, if the decomposition was performed
on the equivalent axis, their total magnitude.
The quantity �rms quantifies the global quality of the fit,

but a more reliable proxy of the solution’s accuracy, in de-
tail, is the residual profile: �μ(R) = μdata (R) − μmodel(R).
A good fit is characterised by a flat�μ profile which scatters
about the zero value with a level of scatter of the order of
the noise level in the data profile. Systematic features such
as curvature usually signal the need for additional compo-
nents, or modelling with inadequate functions, or biased data
(caused by e.g., unmasked dust). While the addition of more
components will invariably improve the fit, it must neverthe-
less remain physically motivated, i.e., the user should seek
evidence for the presence of extra components, either in the
image, ellipticity, PA, or B4 profile. As noted in Section 3.4
of Dullo &Graham (2014), one should not blindly add Sérsic
components.
The user can choose the radial range of data to be consid-

ered throughout the fit, by entering start and stop values (in
arcsec). While excluding any data is not generally desirable
(unless there are biasing factors in a particular range), par-
ticularly in the central regions, where most of the signal is,
varying the radial extent of the data can provide an idea of
the stability of the chosen model, and the uncertainties in its
parameters.

5 EXAMPLE DECOMPOSITIONS

5.1. NGC 3348 – a cored elliptical galaxy

In the first example, I consider the galaxy NGC 3348, a mas-
sive elliptical galaxy with a cored inner SBP (Rest et al.
2001, Graham et al. 2003). Archival HST data taken with
theACS/WFC camera (F814W filter) was retrieved from the
Hubble Legacy Archive8 (Figure 9, panel a). The sky back-
ground was measured with IMEXAMINE close to the chip
edges, and subtracted from the image. The galaxy light pro-
file was extracted from the resulting image with ISOFIT and
the PSF was characterised from the image by fitting a Moffat
profile to bright stars, with IMEXAMINE.

The galaxywasmodelledwith a single core-Sérsic compo-
nent, in the range 0–50 arcsec (roughly the distance from the
photocentre to three out of four chip edges of the ACS/WFC

8 http://hla.stsci.edu

chip), and the best-fitting solution is displayed in Figure 10.A
2Dreconstructionof the image,with the IRAF task CMODEL,
was further generated based on the isophote parameters, i.e.,
their surface brightness, ellipticity, and Fourier harmonics
along the major axis. This reconstructed image was then sub-
tracted from the original image, which resulted in the residual
map shown in Figure 9, panel b. Panel c of the same figure
shows the residual map obtained from the same isophote ta-
ble but with the surface brightness column (red symbols in
Figure 10) replaced with the modelled SBP (black curve in
Figure 10).
The single-component fit yielded a core radius of Rb =

0.43 arcsec, break sharpness α = 1.86, core slope γ = 0.09,
half-light radius Re = 27.63 arcsec, and Sérsic index n =
4.91. These results are generally in good agreementwithGra-
ham et al. (2003), though the outer Sérsic parameters, Re and
n, are both ∼ 21% higher in this analysis. The break radius
agrees well with their reported value of Rb = 0.45 arcsec,
whereas the inner profile slope is shallower in this work than
their reported value of γ = 0.18.
When interpreting these differences it must be taken into

consideration that this analysis was performed on different
imaging than theWFPC2/F555W data used inGraham et al.
(2003). The ACS/WFC/F814W image was preferred in this
instance due to its better spatial resolution and lower sensitiv-
ity to dust. Both aspects are important when probing small-
scale structures like depleted cores. Additionally, and per-
haps more importantly, Graham et al. (2003) performed the
decomposition on deconvolved data from Rest et al. (2001),
whereas PROFILER accounts for seeing effects by convolv-
ing the model instead. As Ferrarese et al. (2006) point out,
deconvolving (noisy) data can lead to unstable results, as it
is sensitive to noise and contamination from bright sources
or dust. This can have a significant impact on small-scale
features such as core regions. On the other hand, the con-
volution of a noisless model is mathematically a more well-
defined process, and hence is more robust. PROFILER’s con-
volution scheme was tested with Sérsic and core-Sérsic mod-
els and Gaussian seeing, by modelling synthetic 2D images
with known light profiles, that were generated and convolved
with independent software (the IRAF tasks BMODEL and
GAUSS).
The core-Sérsic model was tested with PROFILER on four

additional cored galaxies (namely NGC 1016, NGC 3842,
NGC 5982, and NGC 7619) and compared with results from
Dullo & Graham (2012) and Dullo & Graham (2014). These
works, like Graham et al. 2003, have used deconvolved pro-
files, but taken from Lauer et al. (2005). The core slopes ob-
tainedwith PROFILER were systematically shallower (�γ ∼
0.05–0.25) than the literature values computed from decon-
volved data9. If this is indeed a systematic discrepancy and
not simply a chance occurrence in thefivegalaxies considered

9 Note, however, that these past studies performed the decomposition with α

held fixed, whereas PROFILER allows this parameter to remain free. This
aspect may influence the core profile slope γ .
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PROFILER – Galaxy Light Profile Decomposition 11

Figure 9. Panel (a): HST (F814W ) image of the cored early-type galaxy NGC 3348. Panel (b): Image in (a) minus a 2D reconstruction generated
with CMODEL (see Ciambur 2015), based on isophote fitting with ISOFIT. Panel (c): Image in (a) minus a reconstruction based on the same
isophote tables but with the data surface brightness column (red circles in Figure 10, top panel) replaced by the decomposition model obtained with
PROFILER (black curve in Figure 10, top panel). The image stretch was adjusted to reveal low small-level systematics (<0.05 mag arcsec−2) causing
the appearence of ripples (and correspond to the curvature in the residual profile �μ(R), also shown in Figure 10, second panel from the top). The
central systematic indicates that the core region is offset from the photometric centre of the external isophotes.

Figure 10. Major axis surface brightness profile (red circles) of the cored
elliptical galaxy NGC 3842, obtained from the HST , F814W filter. The
model is a core-Sérsic profile [black curve; Equation (7)], with break radius
Rb = 0.43 arcsec, inner slope γ = 0.09, and break sharpness α = 1.86. The
profile beyond Rb has a Sérsic index of n = 4.91 and half-light radius of
Re = 27.63 arcsec. The bottom panel shows the residual profile (�μ).

here, this issue would imply that literature measurements of
the cores’ light deficit are biased-low, if the PROFILER result
is indeed the correct one. This is probably the case, consid-
ering that (i) PROFILER accounts for seeing by convolving
themodel—amore robust approach than fitting deconvolved,
noisy data; (ii) the convolution scheme was tested with inde-
pendent software; and (iii) many literature results are based
on deconvolved data and fits where the α parameter is not
allowed to vary. In order to confirm this discrepancy and
identify its causes, a more comprehensive study on a larger
sample of cored galaxies would be necessary, which is how-
ever beyond the scope of this paper.

5.2. Pox 52—using the data vector PSF option

The second example is intended to illustrate how, when
diffraction effects are significant, even the Moffat approxi-
mation of the true PSF is inadequate and can lead to wrong
results. This can be avoided with PROFILER through the use
of the data vector PSF feature.
The data chosen for demonstrating this featurewas anHST

image of the nucleated dwarf Seyfert 1 galaxy Pox 52 (Kunth,
Sargent, & Bothun 1987, Barth et al. 2004, Thornton et al.
2008), observed with the ACS/HRC camera in the I−band
(F814W filter).

The bright point-source (AGN) at the centre is ‘spread’
onto the detector into a distinct Airy pattern (see Figure 11),
which is also obvious in the SBP (Figure 12). For this galaxy,
the PSF was characterised from a bright, nearby star (inset
of Figure 11), in two ways: (a) by fitting a Moffat profile
with IMEXAMINE and (b) by fitting the star’s light profile
(extracted with ELLIPSE) with four Gaussians (for the Airy
disc and first three rings)10. The galaxy’s SBP was then fit
with PROFILER with two components, namely a nuclear point
source and a Sérsic component. This was done for both PSF
choices, and the results are displayed in Figure 12.
The best-fitting Moffat profile from IMEXAMINE had an

FWHM of 3.04 pixels and a β parameter of 7.41. The high
value of β indicates that IMEXAMINE fit essentially a Gaus-
sian on just the Airy disc (first peak of the PSF) and ignored
the wings (Airy rings)11.

10 Note that a raw profile obtained with ELLIPSE (or ISOFIT) can be used as
well, but this can be noisy at large distances from the star’s centroid, so
in this work this was modelled with four Gaussians, for a smooth result.

11 This is most likely caused by IMEXAMINE’s weighting scheme for pixels
outside the half-maximum radius, which reduces the contribution ofwings
to the profile.
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12 Ciambur

Figure 11. I-band image of Pox 52, taken with the ACS/HRC camera (F814W filter) onboard theHST . The three panels are analogous to Figure 4,
except panel (a) is plotted on a logarithmic scale and false-colour scheme, for clarity. With a pixel size of 0.025 arcsec, the PSF is well sampled: The
central point source displays a clear first Airy ring and a faint second. The Airy rings are also obvious in the surface brightness profile (Figure 12).
The inset is a nearby bright star in the same data, to the SW of Pox 52. For clarity, it is zoomed-in by a ratio of 2:1 compared to the Pox 52 image.

Figure 12. Equivalent axis surface brightness profile of Pox 52 (red circles) modelled with two choices of PSF: a Moffat PSF (left-hand panel) and
a data vector PSF (right-hand panel). The models (black curves) are each built from a point-source (green) and a Sérsic component (red). The data
vector PSF better captures the Airy rings (see Figure 11) and thus provides a superior model.

The decomposition solution with the Moffat PSF is a two-
component model: a point source of central surface bright-
ness μ0 = 13.51 and a Sérsic component characterised by
μe = 19.62, Re = 1.03 arcsec, and n = 4.19. This solution
is displayed in the left-hand panel of Figure 11. During the
decomposition process, PROFILER tried to compensate for
the unaccounted-for flux in the PSF wings (between 0.1–0.3
arcsec) by making the Sérsic component more concentrated
than it should be. This illustrates a case when things went
wrong, not because of PROFILER but because of the input
PSF.
When performing the decomposition with a data vector

PSF, the flux in the wings of the PSF is accounted for much
more accurately, and the overall solution is better. Quanti-
tatively, it was also a two-component model, with the point
source μ0 = 12.92 and the Sérsic component μe = 20.11,
Re = 1.27 arcsec, and n = 3.12. The Sérsic component is

now less concentrated and its totalmagnitudem = 16.33mag
(in the Vega magnitude system) is ∼50% fainter than in the
previous case, but in good agreement with the value of 16.2
reported by Thornton et al. (2008). Additionally, the resid-
ual profile displays considerably reduced curvature beyond
0.1arcsec (�rms is reduced by a factor of 2), though there is
still systematic curvature at the scale of the first two Airy
rings, which is due to the still imperfect PSF estimation.

5.3. NGC 2549 – one spheroid, two bars, and a
truncated disc

The third example involves the complex edge-on galaxy
NGC 2549. Apart from a spheroid and a disc component,
this object shows the signatures of two nested bars, and was
shown to host nested X/peanut-shaped structures associated
with the two bars (Ciambur & Graham 2016).
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PROFILER – Galaxy Light Profile Decomposition 13

Figure 13. Panel (a): SDSS r−band image of NGC 2549. Panel (b): Image in (a) minus a 2D reconstruction generated with CMODEL (see Ciambur
2015), based on isophote fitting with ISOFIT. Panel (c): Image in (a) minus a 2D reconstruction with CMODEL, based on the same isophote tables but
with the data surface brightness column (red circles in Figure 14, top panel) replaced by decomposition model obtained with PROFILER (black curve
in Figure 14, top panel). The image stretch was adjusted to reveal low-level systematics, which cause the appearence of ripples (and correspond to the
curvature in the residual profile �μ(R), also shown in Figure 14, second panel from the top). However, the nested peanut structures are well captured
(there are no X-shaped systematics).

SDSS r-band data fromDR9 (Figure 13, panel a)was anal-
ysed as before, and the best-fitting model consisted of a Sér-
sic shperoid, two nested bars, alsomodelled with Sérsic func-
tions, and a truncated (Type II) exponential disc, with a break
radius of 86.2 arcsec, inner scale length h1 = 42.7 arcsec
and outer h2 = 27.2. The solution is displayed in Figure 14,
which also shows the ellipticity and B4 harmonic profiles.
Displaying these ancillary profiles is an option available to
the user (as check-boxes in the GUI, see Figure 1) and, in
conjunction with the residual profile, they are often useful to
signal the presence of additional components—in this case,
both ε(Rmaj) and B4(Rmaj) strongly indicate the presence of
the inner bar component, and also display faint ‘bumps’ cor-
responding to the outer bar, which is however more obvious
in the SBP. The detection of the nested bars is particularly
important given that this galaxy is viewed edge-on, i.e., the
most difficult orientation for finding bars.
As before, a 2D reconstruction of the galaxy image was

performed with CMODEL, based on the best-fitting SBP and
the isophote parameters computed by ISOFIT. This was sub-
tracted from the original galaxy image, resulting in a residual
image displayed in Figure 13, panel (c). The appearence of
waves in-a-pond reflects the curvature in the residual profile
�μ (Figure 14). Note, however, that there are no X-shaped
systematics, which indicates that the peanut bulges were well
captured by the isophotal analysis.

6 CONCLUSIONS

I have introduced PROFILER, a flexible and user-friendly pro-
gramme coded in PYTHON, designed to model radial SBP of
galaxies.
With an intuitive GUI, PROFILER can model a wide range

of galaxy components, such as elliptical galaxies or the bulges

Figure 14. Top panel shows the major axis surface brightness profile de-
composition of the edge-on, double-bar (nested peanut) galaxy NGC 2549,
based on SDSS r-band data. The model is made up of a Sérsic spheroid
(red), two nested, Sérsic bars (orange; n = 0.15 for the inner, n = 0.23 for
the outer) and a truncated disc (blue) with a truncation radius of Rb = 86
arcsec. Directly underneath is he residual profile, followed by the ellipticity
(ε) and B4 (boxyness/discyness) profiles.

of spiral or lenticular galaxies, face-on, inclined, edge-on, and
(anti-)truncated discs, resolved or unresolved nuclear point-
sources, bars, rings, or spiral arms, with an arsenal of an-
alytical functions routinely used in the field. These include
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14 Ciambur

the Sérsic and core-Sérsic functions, the edge-on disc model,
the exponential, Gaussian, Moffat, and Ferrers’ functions. In
addition, PROFILER can employ a broken exponential model
(relevant for disc truncations or anti-truncations) and two 1D
special cases of the 2D edge-on disc model, namely along the
major axis and along the minor axis.

PROFILER is optimised to analyse isophote tables gener-
ated by the IRAF tasks ELLIPSE and ISOFIT but can also anal-
yse two-column tables of radius and surface brightness. After
reaching the best-fitting solution, the corresponding model
parameters are returned. The major and equivalent axis pro-
files can both be analysed, and for the latter profile, each
component’s total magnitude is additionally returned.
The model convolution with the PSF is performed in 2D,

with a FFT-based scheme. This allows for elliptical models,
and additionally ensures that the convolution conserves the
model’s total flux (as a 1D convolution of the model profile
with the PSF profile does not). Further, PROFILER allows
for a choice between Gaussian, Moffat, or a user-provided
data vector for the PSF (a table of R and I (R) values). All
of the possible PSF choices can also be used as point-source
components in the model.

PROFILER is freely available from the following URL:
https://github.com/BogdanCiambur/PROFILER.
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6
Galaxy Structure and Black Holes

Supermassive black holes are observed to correlate with a remarkable number of structural

and dynamical properties of their host galaxies (§1.2.3). Such “scaling relations” between

black hole mass (M•) and large scale galaxy properties, orders of magnitude beyond the

black hole’s gravitational sphere of influence, have been firmly established over the past

decades (as reviewed in Graham 2016). Among these are M• correlations with the host

spheroid component’s stellar and dynamical mass (M?,sph, Mdyn,sph), velocity dispersion

(σ), luminosity (Lsph) and concentration (nsph), as well as with the pitch angle (φspir) –

or degree of winding – of the spiral arms in late-type galaxies. These scaling relations,

calibrated with galaxies in the nearby Universe, where one has access to direct measure-

ments of M•, provide a key constraint for both observational and theoretical studies of

galaxy evolution, and reveal the principal physical processes which drive the co-evolution

of black holes and their hosts.

The analysis tools developed and presented in the previous Chapters are brought into

play here, to study the extrema of modern black hole scaling relations. The Chapter first

addresses challenges to the high-mass end of the (black hole – host spheroid) scaling re-

lations, in the form of apparently significant outliers termed “over–massive” black holes.

In §6.1 one such alleged outlier, the discy elliptical (ES) galaxy NGC 1271, is studied.

The remaining Sections of this Chapter focus on intermediate-mass black holes (IMBH),

objects which are hypothesised to provide the link in the distinctly bi-modal black hole

mass distribution currently observed, between stellar-mass (< 102M�), and supermassive

(> 105M�), black holes. This intermediate-mass class is currently of considerable inter-

est in the context of galaxy (and central black hole) evolution, as IMBHs may explain

the formation of supermassive black holes, a topic still actively investigated (Volonteri

& Bellovary 2012). However, IMBHs are beyond the capacity of current instruments to

99
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resolve their sphere of influence, and thus obtain direct measurements of M• (Miller &

Colbert 2004; Mezcua 2017). As such, most IMBH candidates in the literature only have

predicted masses via indirect methods, such as the above scaling relations. In §6.2, the

host galaxy structure of an off-centre IMBH candidate, ESO 243-49 HLX-1, is investi-

gated. §6.3 is dedicated to the late-type galaxy LEDA 87300, recently reported to host

a central IMBH candidate. Finally, in §6.4, we apply multiple independent methods to

predict the black hole mass of six other spiral galaxies with central IMBH candidates.

This Chapter cumulates research contributed to four articles, namely Graham et al.

(2016a) (§6.1), Webb et al. (2017) (§6.2), Graham et al. (2016b) (§6.3) and Koliopanos

et al. (2017) (§6.4). My contribution to Graham et al. (2016a) was to acquire and process

the archival HST imaging data, and model the galaxy’s surface photometry with Isofit.

Further, I modelled the 1D major and equivalent axis light profiles, with Profiler, and

obtained the parameters of the galaxy’s constituent components (listed in Table 1 in the

paper). Of principal interest in this work were the spheroid component’s major axis Sérsic

index and total luminosity, which I obtained from the 1D fits. I generated Figures 2

and 3 in this paper, and provided text describing my contribution. My contribution to

Webb et al. (2017) was to acquire and process the archival HST imaging data, and model

the galaxy (ESO 243-49) surface photometry with Isofit (as in Chapter 2, for the same

dataset), extracting its 1D radial light profile. I modelled the 1D major and equivalent axis

light profiles, with Profiler, revealing the barred nature of the galaxy and obtaining the

best-fit parameters of its constituent photometric components. I provided two estimates

for the mass of the central black hole in this galaxy, based on the spheroid parameters I

obtained from the 1D models and the black hole scaling relations reported in Savorgnan

et al. (2016) and Savorgnan (2016). Finally, I processed and modelled proprietary MUSE

imaging of ESO 243-49 with Isofit, and subtracted the galaxy model to reveal the lo-

cation, and constrain the astrometry, of HLX-1s optical counterpart. I generated Figure

3 in this paper, and provided text describing my contribution. My contribution to Gra-

ham et al. (2016b) was to acquire and process archival SDSS imaging of the galaxy in

question, and model its surface photometry with Isofit. Resulting from this, I modelled

its 1D light profile in two filters and obtained the best-fit parameters of its constituent

components, which are listed in Table 1 of the paper. Of particular interest were the Sérsic

index, magnitude and colour of the bulge component, which I obtained from the 1D fits.

I generated Figures 2, 3, 4, 5 and 6 in the paper. My contribution to Koliopanos et al.

(2017) was to acquire and process archival HST and Spitzer data, and model the surface
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photometry of the galaxies in the sample with Isofit, extracting their 1D light profiles. I

decomposed the latter, with Profiler, obtaining the major axis Sérsic indices, and total

luminosities, of their bulge components. I provided two predictions for the black hole

mass in each galaxy, using the two bulge parameters and the black hole scaling relations

reported in Savorgnan et al. (2016) and Savorgnan (2016), listed in Table 2 of the paper.

I also computed the stellar mass of the bulge components, and generated Figures 2 and 4

in the paper.

NGC 1271 – an ES Galaxy with a 109M� Black Hole

Some recent studies of a few discy elliptical (ES) galaxies (see §1.1.1) have claimed that

these objects harbour so-called “over-massive” black holes at their cores, i.e., significant

outliers from the (high-mass end of) black hole scaling relations (see Savorgnan & Gra-

ham 2016a, and references therein). Graham et al. (2016a) addresses this alleged issue and

analyses one such object, namely NGC 1271, a compact massive galaxy with an embedded

disc, situated in the Abell 426 (Perseus) cluster (Brunzendorf & Meusinger 1999). Based

on dynamical Schwarzschild models (Schwarzschild 1979; van den Bosch et al. 2008) con-

strained by spatially-resolved stellar kinematics, Walsh et al. (2015) estimated the mass of

the central black hole in NGC 1271 to be M• ∼ 3×109M�. From their derived bulge stellar

mass (M?,sph), Walsh et al. (2015) concluded that NGC 1271 harbours an “over-massive”

black hole, ∼ one order of magnitude higher than predicted by the (M• −M?,sph) scaling

relation of Kormendy & Ho (2013). Here we present an alternative structural analysis of

this galaxy than that of Walsh et al. (2015), in which the spheroid component is extended

and concentrated, and hosts an embedded, intermediate-scale disc. This naturally recov-

ers agreement with the latest (M• −M?,sph) scaling relations, for this galaxy (see other

examples in Savorgnan & Graham 2016a).

We retrieved archival H–band imaging of NGC 1271, observed in the near-infrared

F160W filter, with the Wide Field Camera 3 (WFC3) on board the Hubble Space Tele-

scope (HST) (Figure 6.1, panel a). After a careful examination of the sky background

level, contaminating sources (such as star clusters, fore- and background stars, background

galaxies) were masked and the galaxy isophotes were modelled with Isofit (Ciambur

2015; Chapter 2), which generated their surface brightness, ellipticity, position angle, and

Fourier harmonics profiles. The reconstructed 2D surface brightness distribution (built

with Cmodel, a sub-task associated with Isofit) resulting from these isophote parame-
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ters, is shown in Figure 6.1, panel b. Panel c of the same figure displays the residual map

resulting from the subtraction of the 2D model from the original image. Unlike its prede-

cessor (Ellipse), Isofit correctly captured the isophote shape (particularly the discyness

resulting from the embedded disc, and the rather boxy isophotes towards the outskirts),

showing a “clean” residual map.

-10 0 10
x [arcsec]

b)

-10 0 10
x [arcsec]

-20

-10

0

10

20

y
[a

rc
se

c]

N

a)

E
-10 0 10

x [arcsec]

c)

Figure 6.1 – Modelling the surface photometry of the ES galaxy NGC 1271. Panel a):
The HST image of the galaxy, observed with the Wide Field Camera 3 instrument, in
the near-infrared H–band (F160W filter). The embedded, nearly edge-on, disc is quite
apparent. Panel b): The 2D model of the galaxy, constructed with Isofit and its
associated task Cmodel (Ciambur 2015). Panel c): The residual image (a minus b),
with a re-adjusted instensity scale to enhance any faint remaining substructure, as well as
embedded, foreground and background features.

In contrast to Walsh et al. (2015), who modelled this galaxy with three components,

we opted for an alternative interpretation of NGC 1271, as an extended, concentrated

shperoid with an intermediate-scale disc embedded within, and observed in nearly edge-

on projection. Our preferred best-fit model is shown in the top panel of Figure 6.2 as the

black curve over-plotted on the data (red and empty circles). This solution was obtained

with Profiler (Ciambur 2016; Chapter 5), and consists of a Sérsic spheroid (red curve)

with concentration nsph = 4.26, and a disc (blue curve) modelled with the 1D (major axis)

special case of the “edge-on disc model” (van der Kruit & Searle 1981), which takes the

form:
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Figure 6.2 – Modelling the light profile of NGC 1271 with Profiler (Ciambur 2016).
Top: The major axis surface brightness profile (circles) and best-fit two-component model
(black curve), made up of an embedded edge-on disc (blue curve) and a Sérsic spheroid
component of concentration n ≈ 4 (red curve). Middle: The residual profile (data minus
model). Bottom: The ellipticity profile along the major axis, rising steadily as the light
becomes dominated by the edge-on disc (up to ∼ 9′′), then declining as the spheroid light
takes over at large scales. In all panels, empty circles correspond to data excluded from
the fit.

I(Rmaj) = I0

(
Rmaj

hr

)
K1

(
Rmaj

hr

)
, (6.1)

where I0 is the central brightness, hr is a scale radius (different to the exponential scale

length h) and K1 the modified Bessel function of the second kind (see Chapter 5 for fur-

ther details). This functional form was found superior to the routinely used exponential

model, but did not significantly affect the derived spheroid parameters, which were of

interest in this work. The model constructed in this way was convolved with the PSF,
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which was measured from several bright, un-saturated stars in the image, and modelled

with a Gaussian profile with a FWHM = 0′′.24. Figure 6.2 additionally shows the residual

profile (∆µ = data minus model) in the middle panel, as well as the ellipticity (ε) profile of

the isophotes in the bottom panel. The “bump” in ε(Rmaj), peaking at ∼ 9′′, is additional

evidence of the embedded disc, and is typical in ES galaxies (Savorgnan & Graham 2016b).

In addition to the major axis, the surface brightness profile was mapped onto the

equivalent axis, through the operation Req = Rmaj

√
1− ε. This mapping circularises

each isophote such that its enclosed surface area is conserved, and generates a circularly-

symmetric radial profile which allows one to compute the total flux of each model compo-

nent analytically, from the best-fit parameters (e.g., Graham & Driver 2005 for Sérsic

parameters). Thus, we obtained an apparent H–band magnitude of the spheroid of

mH,sph = 10.96 ± 0.15 mag (Vega). Factoring in the distance modulus of NHC 1271,

galactic extinction and redshift dimming provided by the NASA Extragalactic Database

(NED1), and the H–band stellar mass-to-light ratio reported by Walsh et al. (2015), re-

sulted in a spheroid stellar mass of M?,sph ≈ 9 × 1010M�. Taking this spheroid stellar

mass in conjunction with the measured supermassive black hole mass (Walsh et al. 2015)

brings NGC 1271 back in agreement with the (M•−M?,sph) scaling relations (Scott et al.

2013; Savorgnan & Graham 2016c), undermining the claim of a “over-massive” black hole

in this galaxy. NGC 1271 has provided support to the notion that many such ES galaxies

have been erroneously labelled as hosting over-massive black holes due to the problematic

modelling of their embedded discs (Savorgnan & Graham 2015, 2016b; Graham et al.

2016c).

ESO 243-49 – an Edge–on Disc Galaxy With an Off–centre IMBH

Candidate

Having explored the high–mass end of the black hole distribution, we now turn our atten-

tion to intermediate-mass black holes (IMBHs), elusive objects defined to lie in the mass

range [2 6 log10(M•/M�) 6 5]. In Webb et al. (2017), we investigated one of the few

strong IMBH candidates observed to date, located off-centre in the edge-on disc galaxy

ESO 243-49, a member of the cluster Abell 2877 (Santiago & Vale 2008). At a projected

separation of ∼ 8′′ from the galaxy’s photocentre, just above the plane of its stellar disc,

1https://ned.ipac.caltech.edu

https://ned.ipac.caltech.edu
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the hyperluminous X–ray source HLX-1 was serendipitously detected by Farrell et al.

(2009), and subsequently shown to be physically associated with ESO 243-49 (Soria et al.

2010) through the spectral properties of HLX-1’s optical (V and R bands) counterpart.

Given its X-ray and radio luminosities, HLX-1 was shown to be consistent with an ac-

creting black hole with mass M• ∼ 104M� (Webb et al. 2012; Straub et al. (2014)), with

a lower limit of M• > 500M� (Farrell et al. 2009), making it a strong IMBH candidate.

However, it is unclear how HLX-1 came to have its observed location in its host galaxy.

An emerging hypothesis is that it originates from a past merger between ESO 243-49 and

a dwarf galaxy with a central IMBH, which was subsequently stripped of its material in

all but the dense nucleus, now observed as HLX-1’s optical counterpart (Webb et al. 2010;

Farrell et al. 2012). Alternatively, it may reside in a globular cluster, as some IMBHs

are believed to do (Miller & Colbert 2004; Gill et al. 2008; Mezcua 2017). In order to

study the merger scenario through numerical simulations (e.g., Mapelli et al. 2012), and

elucidate the formation of HLX-1, a thorough understanding is required of its host galaxy.

This paper was devoted to measure the structure, kinematics and central supermassive

black hole mass of ESO 243-49.

In Chapter 2 (Ciambur 2015), high-resolution HST imaging of ESO 243-49, in the

H–band (Farrell et al. 2012), was modelled as a case-study for Isofit’s performance in

reproducing the 2D surface brightness distribution of an edge-on galaxy. The correct

extraction of its major axis surface brightness profile was demonstrated, which shows a

curved radial fall-off of light (on a logarithmic, magnitude scale) at scales where the disc

component dominates2. For comparison, Ellipse systematically underestimated the disc

light, by up to roughly a factor of 2 (in flux) in places. Obviously one requires the cor-

rect shape of the surface brightness profile in order to accurately model each photometric

component: an incorrect disc model, extrapolated to the centre, where other components

usually dominate the light (e.g., bulges, bars, etc), would compromise those components

as well. The correct H–band light profile, extracted with Isofit, was used here to decom-

pose ESO 243-49 into its structural constituents.

The decomposition of ESO 243-49 is shown in Figure 6.3. The galaxy was modelled

with a Sérsic bulge component (red dashed curve), with the best-fit parameters displayed

in the inset in Figure 6.3. The disc was also modelled with a Sérsic function (dash-dot

blue curve) as shown to be occasionally necessary in edge-on systems by Pastrav et al.

2This behaviour has been noted and explained by Pastrav et al. (2013) for edge-on discs.
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Figure 6.3 – Photometric decomposition of ESO 243-49, based on the H–band HST data
from Chapter 2. Top three panels are analogous to Figure 6.2, while bottom panel shows
the radial profile of the isophotes’ B4 harmonic amplitude. This galaxy was modelled
with 3 components: a central Sérsic spheroid (red dashed curve; parameters inset in the
top panel), a Sérsic edge-on disc (blue dot-dashed curve) and a Sérsic bar (dotted orange
curve).

(2013). Finally, the signature of a bar component was detected, both as a slight excess

in surface brightness above the (bulge+disc) model roughly between 5′′ . Rmaj . 12′′

(Figure 6.3, top panel), and as a “bump“ in the B4 harmonic profile (Figure 6.3, bottom

panel), peaking at ∼ 9′′. The bar too was modelled with a low–n Sérsic function, which

provided a superior description, for this galaxy, than the Ferrers (1877) model (which is

another function routinely used to fit bars, see Chapter 5). The PSF in this image was

characterised, as before (§6.1), from bright stars in the image, and modelled with a Moffat

profile, of average FWHM = 2′′ and β = 4.895. The apparently short extent of the bar,

coupled with a small, positive B6 harmonic amplitude, indicates that it is probably viewed

in close to end-on orientation. As in §6.1, the equivalent axis was constructed and mod-

elled, yielding the integrated magnitude of each component. The resulting bulge-to-total
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flux ratio of (B/T )H = 0.25±0.06 indicates that ESO 243-49 is a barred S0 – S0/a galaxy

(Graham & Worley 2008).

The bulge parameters, namely major axis Sérsic index and spheroid luminosity, were

used to estimate the black hole mass of ESO 243-49 via the (M•−nsph) (Savorgnan 2016)

and (M• −Lsph) (Savorgnan et al. 2016) scaling relations. Thus we obtained a black hole

mass of log(M•/M�) = 6.69 ± 0.57 based on nsph = 1.44 ± 0.08, and log(M•/M�) =

6.85 ± 0.27, based on the spheroid absolute magnitude of Msph,H = −22.08 ± 0.18 mag

(additionally converted into an equivalent 3.6 µm magnitude as in Savorgnan & Graham

2016c).
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Figure 6.4 – The optical imaging (V –band) “face” of the MUSE data cube acquired for
ESO 243-49 (Webb et al. 2017), with a subtracted partial model of the galaxy (dark
elliptical annulus) constructed with Isofit/Cmodel. Among the left-over substructure
is the optical counterpart of HLX-1, indicated by the blue arrow.

In addition to the structure of ESO 243-49, this article also investigated the kinemat-

ics of this galaxy and the spectral properties of HLX-1, through spatially resolved IFU

spectroscopy obtained with the MUSE instrument (Bacon et al. 2010), in the wavelength
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range 4750 – 9300 Å. Here, the sensitivity of Isofit was required to model and subtract

the diffuse galaxy light in the MUSE imaging, so as to accurately measure the astrometric

position of HLX-1 and thus extract its associated spectrum from the data cube. Due to

the ∼ 1′′ seeing (FWHM) in the imaging, most of the faint, resolved sources within the

galaxy, including HLX-1, were highly blended with the diffuse galaxy light, making their

astrometric identification impossible with any other technique than a careful modelling,

and subtraction, of the host galaxy light distribution. This is shown in Figure 6.4, where

HLX-1 is revealed in the residual map (dark elliptical annulus), as indicated with the blue

arrow. Its astrometry thus constrained, the associated spectrum of HLX-1 was extracted

in a region 3 pixels in radius around its position, from the MUSE data cube. This allowed

for the computation of HLX-1’s V – and R–band magnitudes, as well as the investigation

of the prominent Balmer Hα emission line (the feature previously used by Soria et al.

2010 to measure the distance to HLX-1) and its physical, environmental origin (i.e., from

potential accretion disc, host star cluster or surrounding gas).

By investigating the environment of HLX-1, and the structure, morphology and su-

permassive black hole mass of its host galaxy, ESO 243-49, we have advanced our un-

derstanding of this interesting system, and brought strong constraints for future N–

body/hydrodynamical simulations aiming to study its formation, testing in particular the

merger scenario (Webb et al. 2010; Mapelli et al. 2012). This in turn can help understand

where IMBHs form, and if/how they come to grow into the supermassive black holes that

we observe in many galaxy cores.

LEDA 87300 – a Barred Disc Galaxy With a Central IMBH Can-

didate

Apart from off-centre hyperluminous X-ray sources (as discussed above), and possibly

globular clusters (Gill et al. 2008; Lützgendorf et al. 2013), IMBHs are also believed to

inhabit the nuclei of dwarf galaxies (Barth et al. 2004; Reines et al. 2013) or of late-type

spirals with small bulges (Graham & Scott 2013). Such objects are particularly interesting

to study, as they have the potential to explain the formation process of supermassive black

holes (§1.2.3). In a recent study, Baldassare et al. (2015) reported the discovery of such an

IMBH (M• ∼ 5 × 104M�) in the centre of the barred late-type (Sm) dwarf LEDA 87300

(which they designated “RGG 118” from its position the catalogue compiled by Reines
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et al. 2013). This section presents my scientific contribution to the article Graham et al.

(2016b), where we investigate how this galaxy fits in with the near-quadratic scaling be-

tween black hole mass and spheroid stellar mass. Specifically, there is mounting evidence

that the log-linear (M•−M?,sph) relation observed for bright elliptical galaxies (see §1.2.3)

is broken, becoming steeper (near-quadratic) at low masses, i.e., for the Sérsic bulges of

disc galaxies (Graham 2012; Graham & Scott 2013, 2015; Scott et al. 2013; Savorgnan

et al. 2016). This has important consequences for our theory of (black hole – host galaxy)

co-evolution. While at the high-mass end, the growth – in tandem – of both black hole

and bulge is thought to be largely driven by (dry) mergers, additional gas-rich processes

are required to steepen the relation at the low-mass end, resulting in a faster growth of the

black hole (Graham & Scott 2013) relative to the spheroid. Baldassare et al. (2015) have

attempted to quantify the bulge of this galaxy, but have not included the bar component

in their analysis, which forced their bulge model to account for this excess flux, and led to

an uncharacteristically high B/T ratio of ∼ 0.3, given this galaxy’s “late” morphological

type (Sm). Obviously, to study correlations between black holes and galaxy bulges, a

correct measure of both components is required. In this article, Graham et al. (2016b), we

examine the location of LEDA 87300 on the (M•−M?,sph) diagram, from the stand-point

of a re-visited structural model for the galaxy, which takes the bar into account. The

implications of this work are discussed in the context of how current supermassive black

hole scaling relations extend into the IMBH regime, a crucial test of the rapid, “quadratic”

black hole growth scenario, and thus of early black hole evolution.

We retrieved SDSS imaging of LEDA 87300 in the g′ and r′ bands. Two fields contain-

ing this galaxy were available from the ninth data release (DR9 – Ahn et al. 2012). In each

filter, the two data sets were adjusted to the same level of seeing3 and then stacked, to

improve the signal-to-noise (panel a of Figure 6.5 shows the r′–band image resulting from

this process). Further, the surface brightness profiles, and isophote geometric parameters,

were extracted, in both bands, with Isofit. The PSF was modelled by fitting Gaussian

profiles to several stars in the combined images, for each filter.

Despite the discernable presence of the bar (Figure 6.5, panel a), we first attempted to

fit a 3-component model to the galaxy similar to that of Baldassare et al. (2015), namely

an AGN point-source (shaped like the PSF), a (bulge+bar) Sérsic component (which we

termed a “barge”, to differentiate from the bulge in our later model) and an exponential

3This was necessary because, for a given filter, the atmospheric seeing conditions were different between
the two exposures.
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Figure 6.5 – The dwarf late-type galaxy LEDA 87300. Panel a): Combined r′–band SDSS
exposures (from two fields) revealing the bar and spiral pattern of this galaxy. Panel b):
The residual map obtained by subtracting the galaxy model, generated with Isofit, from
the image in panel a. The intensity scale was re-adjusted to enhance the residuals, which
reveal a tentative three-arm spiral pattern in the disc.

disc. Note that the disc presents a truncation (down-turn) in its light profile at Rmaj ≈ 16′′,

beyond which its scale length becomes shorter. This spatial range was not modelled, how-

ever, as it did not affect the inner components of interest. This first model of the galaxy’s

light profile is shown in Figure 6.6 (left panel), and results in a barge-to-total flux ratio

of ∼ 0.1 in the r′ band, still somewhat larger than the typical few % value for Scd/Sm

galaxies (Graham & Worley 2008). Our preferred model consisted of a small Sérsic bulge,

a Ferrers bar, and an exponential disc. This is shown, again for the r′–band (for compari-

son), in the right panel of Figure 6.6. Both the r′ and the g′ band data were modelled this

way, along the major and the equivalent axis. We obtained an r′ band nsph = 1.08± 0.06

and absolute magnitude of Msph,r′ = −15.2 ± 0.4 AB mag (corrected for extinction and

gravitational redshift dimming, using NED as before). Adding the g′ band results, we

obtained a bulge colour of (g′ − r′)sph = 0.5 ± 0.2 and a somewhat bluer bar colour of

(g′−r′)bar = 0.2±0.2. Following Baldassare et al. (2015), we computed the r′–band stellar

mass-to-light ratio of the bulge from its (g′−r′) colour (Bell et al. 2003), obtaining a bulge

stellar mass of M?,sph = 0.9 × 108M�, and a bulge-to-disc mass ratio of 0.04, consistent

with other galaxies of its morphological type.

The analysis continued with a revision of the measured stellar velocity dispersion, and
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Figure 6.6 – Modelling the r′–band light profile of LEDA 87300. Left: A 3–
component model consisting of an AGN point-source component (orange), a Sérsic “barge”
(bulge+bar) component (red curve) and an exponential disc (blue curve). Right: The
preferred model, consisting of a Sérsic bulge (red curve), a Ferrers bar (cyan curve) and
an exponential disc (blue curve). In both panels, the disc is modelled up to its trunca-
tion radius (∼ 16′′), and the data beyond is excluded from the fit. The inset parameters
correspond, in both panels, to the Sérsic component.

of the black hole mass. Specifically, the latter was reduced by a factor of ∼ 1.74 from

the virial black hole mass4 estimate reported in Baldassare et al. (2015). This correction

was warranted by the need for a reduced virial scaling factor f (see footnote 4) shown

to be more appropriate for barred galaxies by Graham et al. (2011) (also Shankar et al.

2016). Having thus measured and refined both bulge parameters and black hole mass,

LEDA 87300 was placed on the (M• −M?,sph), (M• − nsph) and (M• − σ?) diagrams.

This article has shown that LEDA 87300 is consistent with the near-quadratic (M• −
M?,sph) relation, observed to be obeyed by spiral galaxies (Graham 2013; Savorgnan et al.

2016). This is an important starting point to understand the evolutionary continuity be-

tween black holes and their host galaxies, as it extends into low-mass systems and the

(as yet) largely unprobed intermediate-mass black hole regime. This work further showed

consistency of this galaxy with the established (M•−nsph) and (M•−σ?) relations, further

4With the virial (or “reverberation mapping”) method, the black hole mass can be estimated from the
spectral properties of emission lines originating from the ‘broad line region” (BLR), which is assumed to be
in virial equilibrium. Thus, M• = f rBLR σ

2/G, where rBLR is the radius of the broad line region (usually
quantified by the luminosity in a given emission line, e.g., Hα – Greene & Ho 2005), σ is the width of the
line, f is a geometric scaling factor and G is the gravitational constant (see Kaspi et al. 2000; Peterson
et al. 2004; Bentz et al. 2010).
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strengthening our conclusions. Finally, the importance of properly accounting for every

structural component in galaxy models, particularly bars (as demonstrated by Laurikainen

et al. 2005) was re-enforced. In this particular case, the galactic bar entered in every as-

pect of the analysis, from the photometric decomposition to the black hole mass estimate.

The (Black Hole – Bulge) Correlation of Six (plus One) IMBH

Candidates

The previous Section has shown how one dwarf late-type galaxy with an IMBH candidate

at its core fits in with the low-mass extrapolation of black hole scaling relations established

for supermassive black holes. Here (Koliopanos et al. 2017) we studied seven additional

galaxies believed to host IMBHs. The galaxies were drawn from the more extended cat-

alogue of Graham & Scott (2013), which contained 45 galaxies predicted to host IMBHs

based on the Ks–band bulge luminosities reported in Dong & De Robertis (2006) and

corrected for dust extinction in Graham & Scott (2013). The aim of this work was to

refine the black hole mass predictions for these seven galaxies, possibly confirming their

intermediate-masses, by jointly using multiple independent black hole scaling relations.

Our galaxy sample was determined by the availability of archival radio and X-ray data

required in part of the analysis, as explained below. We used multi-wavelength observa-

tions, in the radio, near-infrared, optical, ultraviolet, and X-ray, to estimate the black hole

masses from the latest scaling relations between black hole mass and host bulge luminosity

and concentration (Savorgnan et al. 2016; Savorgnan 2016), between black hole mass and

the pitch angle of the host galaxy’s spiral arms (Davis et al. 2017), and between black hole

mass and its associated radio and X-ray emission (Plotkin et al. 2012).

For the photometric analysis, near-infrared archival data was acquired from two sources.

High-resolution HST images in the I–band (F814W filter) were acquired from the Hubble

Legacy Archive5, for the galaxies NGC 628, NGC 3185 and NGC 3486. The remaining

four objects, NGC 3198, NGC 3507, NGC 4314 and NGC 4470, either displayed significant

dust obscuration (often crossing the bulge region, which for our purposes required accurate

modelling) or had not been observed with the HST. For these objects we therefore opted

for redder Spitzer observations, with the IRAC 1 instrument (at 3.6 µm), where dust

effects were reduced, albeit at the cost of spatial resolution. These were retrieved from the

5http://hla.stsci.edu

http://hla.stsci.edu
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S4G archive6, and benefited from the fact that the (M• − Lsph) relation used to predict

their black holes (Savorgnan et al. 2016), was calibrated in the same bandpass, in which

light is an excellent tracer of stellar mass (Savorgnan & Graham 2016c).

Contaminating sources (star clusters, dust lanes, fore/background objects) were masked

out in all images. For each galaxy, the PSF was characterised by fitting Moffat profiles to

bright stars, with the IRAF task Imexamine. The major axis radial surface brightness

profiles were then extracted by fitting each galaxy’s isophotes with Isofit, which addition-

ally provided the ellipticity, position angle and Fourier harmonics of the isophotes. All this

information was used to perform multi-component decompositions, with Profiler, of the

major axis light profile, which provided the bulge major axis Sérsic index (nsph), and the

equivalent axis light profile, which provided the bulge apparent magnitudes (msph). All

galaxies apart from NGC 628 were found to be barred, and consistent with their previously

reported morphological classification, with the exception of NGC 4470, which we reported

to be bulge-less but barred. All bulge magnitudes were further corrected for galactic fore-

ground extinction (from NED, as before) and intrinsic extinction (for the I–band data

– Driver et al. 2008). Finally, distance moduli listed in the NED database were used to

compute the absolute bulge magnitudes for all six galaxies with bulges out of the seven

in the sample. An average colour of (F814W – 3.6 µm) = 3.53± 0.03 mag was measured

for NGC 4314, which was observed in both filters. This was assumed to be representative

for the entire sample, and was used to convert the bulge luminosities of the three galaxies

observed with HST from the I–band (F814W filter) to 3.6 µm. The major axis Sérsic

indices of the galaxy bulges, and their 3.6 µm absolute magnitudes, were used to predict

the mass of the central black holes in these galaxies, according to the (M•−nsph) relation

(Savorgnan 2016) and (M• −Msph,3.6µm) relation (Savorgnan et al. 2016). The derived

bulge parameters and predicted black hole masses are listed in Table 6.1.

In addition to the above two (black hole – bulge) scaling relations, two additional, inde-

pendent methods were used to estimate the black hole masses in these galaxies. The first

relied on the observed correlation between the mass of an accreting black hole and its asso-

ciated radio and X-ray emission, known as the “fundamental plane of black hole activity”

(FP-BH – Merloni et al. 2003). X-ray data from archival Chandra and XMMNewton

observations, and proprietary radio data observed with the Karl G. Jansky Very Large

Array (VLA), were used to predict the black hole masses, from the updated FP-BH re-

6http://irsa.ipac.caltech.edu/data/SPITZER/S4G/

http://irsa.ipac.caltech.edu/data/SPITZER/S4G/
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Table 6.1 – Bulge parameters and black hole mass predictions from the near-infrared
image analysis. (a) bulge major axis Sérsic index; (b) bulge absolute magnitude at 3.6
µm; (c) predicted black hole mass from the (M• − nsph) relation (Savorgnan 2016); (d)
predicted black hole mass from the (M• −Msph,3.6µm) relation (Savorgnan et al. 2016).

Source n
(a)
sph M

(b)
sph,3.6µm log(M•/M�)(c) log(M•/M�)(d)

[mag]

NGC 628 1.16±0.20 -21.25±0.21 6.7±0.4 6.6±0.7
NGC 3185 1.77±0.25 -21.15±0.41 7.3±0.3 6.6±0.8
NGC 3198 1.08±0.35 -20.06±0.32 6.6±0.5 6.0±0.8
NGC 3486 2.43±0.40 -22.00±0.50 7.7±0.3 7.0±0.6
NGC 3507 1.74±0.35 -20.29±0.41 7.3±0.3 6.1±0.8
NGC 4314 1.20±0.28 -20.89±0.43 6.8±0.5 6.4±0.7
NGC 4470 – – – –

lation of Plotkin et al. (2012). Three galaxies in the sample (NGC 628, NGC 4314 and

NGC 4470) lacked coincident radio sources, and upper limits for M• were computed based

on radio fluxes corresponding to the 3σ level of the observed root-mean-squared noise. Fi-

nally, we predicted black hole masses, for each galaxy, exploiting the observed correlation

between M• and the degree of winding, or pitch angle (φspir), of the spiral arms (Seigar

et al. 2008; Berrier et al. 2013; Davis et al. 2017). Optical imaging (better than near-

infrared for detecting spiral structure) from various sources was used to measure the pitch

angles with the method described in Davis et al. (2012), while the updated (M• − φspir)
relation of Davis et al. (2017) yielded black hole mass estimates.

Having applied a battery of independent methods to update their black hole mass pre-

dictions, we then studied these galaxies in the context of the near-quadratic (M•−M?,sph)

scaling relation, as before for LEDA 87300 (§6.3). The bulge stellar mass (M?,sph) was

calculated for each galaxy using a stellar mass-to-light ratio of Γ3.6µm = 0.65 (Savorgnan

et al. 2016) for the spheroid magnitudes derived from (Spitzer) 3.6 µm data, and ΓI = 2.7

(Yoshino & Ichikawa 2008) for the spheroid magnitudes obtained from (HST) I–band

data. The resulting (M• −M?,sph) diagram is presented in Figure 6.7, which plots the

predicted black hole masses, based on major axis Sérsic index (red stars), spiral arm pitch

angle (blue squares) and the fundamental plane of black hole activity (green circles), as a

function of their spheroid stellar mass, for all but the bulge-less galaxy NGC 4470. Over-

plotted in this diagram are linear scaling relations derived by Savorgnan et al. (2016) for
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Figure 6.7 – The placement of the six IMBH candidates in the (M•−M?,sph) diagram. The
red stars correspond to the M• predictions based on bulge major axis Sérsic index (nsph),
while the blue squares and green circles correspond to (M•−φspir) and fundamental plane
of black hole activity (FP-BH) predictions, respectively. Overplotted is the “broken”
relation of Savorgnan et al. (2016), which has a shallower slope for early-type galaxies
(black lines and upward triangles) than for late-type galaxies (grey lines and downward
triangles). The fourth prediction for M• is not explicitly plotted, to avoid crowding, but
would lie roughly on the solid grey line, for the corresponding M?,sph of each of the six
galaxies in the sample. The open diamonds correspond to the IMBH mass and spheroid
stellar mass of LEDA 87300 (§6.3) and those of Pox 52 (Barth et al. 2004; Thornton et al.
2008; Ciambur 2016).

early-type galaxies (black) and late-type spirals (grey), together with the corresponding

data from which they were derived (black and grey triangles, respectively). The solid

lines correspond to Y-on-X regressions, while the dashed lines are symmetric (bisector)

regressions, performed in Savorgnan et al. (2016). Since the bulge stellar mass is related

to its luminosity via the mass-to-light ratio, our black hole mass predictions from the

(M• −Msph,3.6µm) relation would lie roughly7 on the solid grey line, and so were not ex-

plicitly plotted here, to avoid crowding. Finally, the open diamonds represent two other

galaxies with central IMBH candidates, namely LEDA 87300 (discussed in §6.3 above), and

the dwarf Seyfert 1 galaxy Pox 52 (Barth et al. 2004; Thornton et al. 2008; Ciambur 2016).

7The predicted M• for the three galaxies observed at 3.6 µm would lie exactly on the solid grey line,
which has been derived by Savorgnan et al. (2016) based on 3.6 µm data. The other three galaxies would
lie close to the solid grey line, subject to the accuracy of the assumed (F814W - 3.6 µm) colour.
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Figure 6.7 shows that our new multi-method black hole mass predictions are above the

IMBH range for all six galaxies considered. The bulge-less nature of NGC 4470 restricted

our M• estimates to two methods, namely the FP-BH and (M• − φspir) relation, both

yielding a black hole mass of log(M•/M�) ∼ 7.5, again well above the IMBH range. This

is consistent with their morphological classification, ranging from Sa to Sc, which sug-

gested that they may host bigger bulges (and thus more massive black holes) than those

associated with IMBHs. Nevertheless, this work has shown general consistency among

the predictions of four independent black hole scaling relations, albeit with large error

bars. The approach is thus a promising start to probe the extension of existing black hole

scaling relations into the unknown IMBH regime, which can be achieved with an extended

galaxy sample (e.g., Graham & Scott 2013), and may also benefit from the addition of the

(M•− σ) relation (Ferrarese & Merritt 2000; Gültekin et al. 2009; Graham & Scott 2013)

to the array of methods.



7
Concluding Remarks & Outlook

This thesis has brought scientific contributions to the field of galaxy structure and quan-

titative morphology, with the main focus on structural properties and scaling relations in

barred disc galaxies. (X/peanut)–shaped structures in nearby galaxies, and in the Milky

Way, were modelled and quantified with new principles and unprecedented accuracy, lead-

ing to the discovery of nested peanut structures, X/P structural scaling relations (size,

strength), and to new constraints for the size and orientation of the Milky Way’s bar and

X–shaped “bulge”. In addition, the high- and low-mass ends of modern black hole scaling

relations were studied, specifically an alleged “over-massive” outlier of the relations in

an ES early-type galaxy, as well as central, and off-centre, intermediate-mass black hole

candidates in disc galaxies.

In Chapter 2, a new formalism was developed for modelling galaxy isophotes, where

their deviations from pure ellipticity are expressed as a function of an ellipse-specific az-

imuthal co-ordinate: the eccentric anomaly. This scheme was implemented in the IRAF

software package Isofit, and its performance was demonstrated on different scientific case-

study galaxies with complex isophotal structure, with a particular focus on disc galaxies

viewed in edge-on projection. Isofit was shown to produce high-accuracy models of galaxy

surface brightness, extracting unbiased radial light profiles, and completely removing the

cross-shaped, (purely artificial) residual sub-structure frequently affecting its predecessor

algorithm, Ellipse. Galaxies with strong, or complicated, deviations from ellipticity can

now be modelled, opening the way for new science.

The accurate construction of a galaxy model, and subsequent subtraction from the

original image, can greatly facilitate the study of underlying sources in the galaxy. In this

precise respect, Isofit has contributed to the understanding of the intermediate-mass

117
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black hole candidate HLX-1, the hyperluminous X–ray source embedded off–centre in the

edge-on disc galaxy ESO 243-49 (Farrell et al. 2009). Specifically, in Ciambur (2015) a

model of the host galaxy was constructed, which allowed for the identification and quan-

tification of the optical counterpart of HLX-1 in H–band HST imaging, a wavelength

range where this was not previously possible with other techniques (such as, e.g., Soria

et al. 2010, for the R–band), but nevertheless important to constrain the source’s spectral

energy distribution. The same technique was applied to MUSE data in Webb et al. (2017)

(see Chapter 6), particularly on the imaging “face” of the data cube, in order to deter-

mine the astrometry of HLX-1, and thus identify the relevant spectrum associated with it.

This same technique is generally applicable to the study of over-lapping X–ray, or radio,

sources in galaxies, and the identification of possible optical counterparts. Additionally,

this technique can be applied to study the spatial distribution of globular clusters around

galaxies, (and, e.g., constrain the density profile of the host galaxy and halo), or indeed

any sub-structure which differentiates itself from the diffuse galaxy light.

Isofit has also brought important contributions to the study of edge-on galaxy discs,

particularly when measuring their precise shape, or even their detection, is non-trivial.

One example is provided by the embedded edge-on disc in the ES galaxy NGC 1271,

where disc light dominates that of the concentrated spheroid only over an intermediate

radial scale (Graham et al. 2016a; see Chapter 6). Another example constitutes edge-on

discs with outer breaks in their profiles, towards the faint outskirts of galaxies where the

sky background and the PSF become important effects relative to the disc flux (Borlaff

et al. 2017). In both cases, Isofit has enabled accurate modelling of the galaxy surface

photometry, and has provided superior galaxy models compared to the results obtained

with the 2D code Galfit.

Finally, in the mathematical formulation in Isofit, the deviations from pure elliptic-

ity, expressed as Fourier harmonics of different orders, can be used to trace and quantify

galaxy structure beyond boxyness or discyness. This has been applied in Chapters 3 and 4

of this thesis, where the 6th order term was used to quantitatively characterise X/Peanut–

shaped structures in a sample of twelve nearby galaxies (Ciambur & Graham 2016), as

well as in the Milky Way (Ciambur et al. 2017).

In Chapter 3, a new framework was introduced to accurately and quantitatively mea-

sure X/P structures in edge-on disc galaxies, based on the characteristic signature they
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leave in the host galaxy’s isophotal structure, as measured with Isofit. This work demon-

strates that the amplitude of the 6th order harmonic, B6, traces the X/P structure remark-

ably well, and the radial B6 profile provides a means to measure peanuts metrics (radial

and vertical extent) as well as the integrated “strength” of the X/P instability. This

framework was applied to the archetypal X/P galaxy NGC 128, the first galaxy of this

class to be noted (by Burbidge & Burbidge 1959), and to eleven other systems previously

known in the literature to host peanut structures. Near-infrared imaging of these galaxies,

observed with HST, Spitzer (S4G), and SDSS (data release 9), was analysed with Isofit

to extract their isophote parameters. It was found that the peanut length, height, and

strength, define specific scaling relations, which hold in physical units (kpc) but also when

normalised by the exponential scale length (h) of their host discs, indicating an underlying

connection between the two components. This provides a concrete observational constraint

for X/P formation and secular evolution theory, which has been predominantly explored

in the past through N–body simulations (e.g., Combes & Sanders 1981; Athanassoula

2005; Martinez-Valpuesta et al. 2006; Quillen et al. 2014) which, however, have seldom

been compared against observations in a more than qualitative way (see, however, Lau-

rikainen & Salo 2017). Secondly, two galaxies in the sample (NGC 128 and NGC 2549)

were found to harbor previously unknown double (or nested) peanut structures. The pho-

tometric decomposition of their host galaxies revealed that they are double-barred (as in

Erwin 2011), which confirms the X/P–bar association. It is worth noting that Martinez-

Valpuesta et al. (2006) have shown that bars may undergo multiple buckling phases (the

vertical instability mechanism which leads to the formation of an X/P structure in the

inner regions of the bar) as they grow and evolve, though the resulting peanuts do not ac-

tually co-exist temporally, as observed here. Therefore, the discovery of such nested X/P

structures provides another concrete observational prediction for simulations to reproduce.

Finally, it was noted that NGC 128 appears to host a particularly strong X/P structure

when compared with the rest of the sample. Given the presence of a significant companion

with which this galaxy visibly exchanges material (a situation not observed with the other

eleven objects in the sample), it was suggested that this may be quantitative evidence for

an enhancement of the X/P structure resulting from “galactic cannibalism”, as discussed

in Binney & Petrou (1985).

The framework presented in Chapter 3 allows in principle for direct comparisons be-

tween observations (projected light distribution of galaxies) and simulations (projected

density distributions). Isofit therefore provides a common ground to compare the two,
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constraining the models with observations and, conversely, interpreting the observations

with numerical models. For example, X/P formation theory invokes a dynamical insta-

bility of bars (Raha et al. 1991), which themselves result from swing amplified dynamical

instabilities in stellar discs (Toomre 1981). The observed scaling relations between X/P

parameters, and their invariance to normalisation by the disc h, provide verifiable con-

straints for galaxy simulations, pertaining to the secular co-evolution between peanuts and

the discs from which they originate. Additionally, the shape of the B6 profile was found

to vary across the galaxies in the sample considered in Chapter 3, indicating the pres-

ence of additional information encoded in the isophotes. This may allow in the future for

the discrimination between different formation, or enhancement, mechanisms (e.g., inner

Lindblad Resonance – Combes et al. 1990; accretion via cannibalism of satellites, etc.),

or possibly constrain the orientation angle of bars in edge-on projection. These different

possibilities can be tested by directly applying the technique developed here to numerical

simulations, such as the models presented in Athanassoula (2016), Salo & Laurikainen

(2017), or the GalMer1 simulation suite (Chilingarian et al. 2010).

In Chapter 4, the framework elaborated in Ciambur & Graham (2016) was applied

to the closest X/P structure to the Sun: that in our own Galaxy. In doing so, we have

tackled, and brought an alternative perspective to, the long-standing debate regarding the

nature, size and orientation of the Milky Way’s bar and “bulge” (e.g., Hammersley et al.

1994; López-Corredoira et al. 2007; Wegg et al. 2015). For this analysis, near-infrared

WISE imaging was used (Lang 2014), in two filters, namely at 3.4 µm and 4.6 µm, chosen

to minimise as far as possible the biasing effects of dust (obscuration and glow). Our

perspective of the Milky Way from within its stellar disc warranted a special treatment

of the data. Specifically, the East and West directions (in Galactic co-ordinates) were

modelled separately, to account for the asymmetry in the isophotes about the centre of

the Galaxy, induced by the close-up perspective of the inclined bar and X/P structure.

Taking this into account, we obtained the orientation angle and thus intrinsic size of the

Milky Way’s peanut, which we used to infer the geometry of the long bar. The emerg-

ing picture is that of a typical thin bar between 3 and 4 kpc in radius, with a vertically

thickened inner ∼ half, where it assumes the characteristic peanut morphology, and which

is oriented at ∼ 37◦ with respect to our line-of-sight to the centre of the Galaxy. The

constraints obtained here could be refined further by applying this technique to maps of

the “red clump” giants distribution, a (stellar) tracer population of Galactic structure in

1http://galmer.obspm.fr

http://galmer.obspm.fr
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the bar and X/P region (e.g., Wegg & Gerhard 2013).

The Milky Way’s X/P structure is similar to those of nearby galaxies. Its spatial

parameters – radius and vertical height above the disc – are consistent with the trends

presented in Chapter 3 (Ciambur & Graham 2016), while the strength of the X/P insta-

bility appears somewhat higher (but within 2σ) than expected. This might be evidence

for an enhancement of the Milky Way’s peanut caused by interaction with its satellite

companions such as Sagittarius, or the Magellanic Clouds (§1.2.2). Alternatively, this

could suggest a relatively recent X/P formation through a bar buckling phase, as sug-

gested by a slight (North− South) asymmetry in the peanut isophotes (akin to galaxies

in the process of buckling – Erwin & Debattista 2016). Both possibilities would ben-

efit from follow-up studies, but can in principle be probed via N−body simulations of

(Milky Way)-like galaxies (Shen et al. 2010; Athanassoula et al. 2017), with or without

companions, as they form and evolve their bars and X/P feature. Adding such theoret-

ical input, and directly comparing with observations, constitutes an effective avenue to

better understand our Galaxy’s past evolution and large-scale morphology, and thus pro-

vide a stronger foundation to use the Milky Way as a benchmark system for other galaxies.

Chapter 5 has focussed on the parametric modelling of galaxy radial light profiles, and

Profiler, the software program developed for this purpose, was introduced, described

and demonstrated. Profiler was designed to model multi-component systems, and de-

votes particular attention to galactic discs, for which it can employ five different models. In

addition to discs, the program can model spheroids (with and without cores), bar compo-

nents, rings, spiral arms, and point-like or resolved nuclear sources. An especially careful

treatment is given to the PSF convolution operation, which is performed in 2D between

the PSF (which has three possible choices) and circularly-symmetric or elliptical models.

Both the major, and geometric mean (or “equivalent”), axis profiles can be modelled,

and in the latter case, the total flux of each component is provided, in addition to the

parameters of the best-fit solution. Profiler has been extensively used throughout this

thesis, to study the structural composition of X/P galaxies (Chapter 3), spiral galaxies

hosting intermediate-mass black hole (Chapter 6), and ES, and dwarf early-type, galaxies

(Graham et al. 2016a; Graham et al. 2017).

Profiler was released into the public domain, and is intended to provide a robust

galaxy decomposition platform for extragalactic structural studies, alternative (or com-
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plementary) to the recent, publicly available 2D image-fitting programs, such as Galfit

(Peng et al. 2010), or Imfit (Erwin 2015). By analysing the 1D surface brightness profiles

of galaxies and using the associated (radially-varying profiles of) different isophote param-

eters, such as ellipticity, position angle, and higher-order harmonic terms, this approach

can overcome some of the biases and limitations of the 2D method. Profiler’s intuitive

design and extended arsenal of analytical functions available to model various components,

makes it easily applicable to a broad range of galaxy morphological types, and with broad

use, offers the potential to homogenise 1D decompositions in the literature, as the afore-

mentioned image-fitting tools have accomplished with the 2D approach.

Chapter 6 has presented contributed research to four articles, and focuses on chal-

lenges to, and unexplored regimes in, the numerous existing scaling relations between

central black holes and their host galaxy structure (i.e., spheroid luminosity, stellar mass,

concentration, velocity dispersion, etc.). First, an investigation was performed into an

alleged “over-massive” black hole, at the core of the discy elliptical galaxy NGC 1271

(Walsh et al. 2015). A careful modelling of the host galaxy, however, revealed consistency

with the high-mass end of the (black hole – host spheroid) scaling relations (Graham et al.

2016a). Second, the focus shifted to the un-probed low-mass end of these relations, occu-

pied by rare, “intermediate-mass” black holes (IMBH). This elusive class of black holes,

defined to lie within the mass range [2 6 log10(M•/M�) 6 5], is believed to constitute

the seeds of supermassive black holes, though, as yet, little observational evidence for

such objects has been gathered, due primarily to the limits of current instrumentation

(Mezcua 2017). In Webb et al. (2017), we studied the environment of HLX-1, a promising

IMBH candidate (Farrell et al. 2009) located off-centre in the disc galaxy ESO 243-49.

Using high-resolution HST imaging in the H–band, we modelled the radial light profile

of ESO 243-49, revealing (despite the edge-on disc orientation) the presence of a bar com-

ponent. We further measured the spheroid Sérsic index and luminosity, which provided –

via the scaling relations in Savorgnan et al. (2016) and Savorgnan (2016) – two estimates

for the central, supermassive, black hole mass of this galaxy (M• ∼ 107M�). These are

important constraints for future N -body simulations aiming to test the merger-scenario

of HLX-1 with its host galaxy, which require a thorough understanding of the structure

and and supermassive black hole mass, of ESO 243-49, as was measured here. Further,

in Graham et al. (2016b), we studied the spiral galaxy LEDA 87300, reported to host an

IMBH at its core (Baldassare et al. 2015). We revealed the barred nature of this galaxy,

which had previously not been accounted for, thus biasing the (bulge+disc) only decompo-
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sition of Baldassare et al. (2015). We interpreted this galaxy in the context of the broken

(M• −M?,sph) relation, and its possible extension into the unprobed intermediate-mass

regime. This work has powerful implications for our understanding of the formation of

supermassive black holes. In Koliopanos et al. (2017) we employed four independent black

hole scaling relations to jointly constrain the masses of six IMBH candidates. Specifically,

we used the fundamental plane of black hole activity (relating the mass of an accreting

black hole with its associated X-ray and radio emission – Merloni et al. 2003), the correla-

tions between black hole mass and the luminosity and concentration of the host spheroid

(Savorgnan et al. 2016; Savorgnan 2016), and the scaling relation between black hole mass

and the spiral arm pitch angle (Berrier et al. 2013). This analysis can be extended in the

future to a broader sample of galaxies with IMBH candidates (such as the 45 candidates in

Graham & Scott 2013), thus probing the galaxy – black hole co-evolution into the IMBH

regime.

Finally, all the elements presented above have the potential to shed new light upon

the effect of bar-related secular processes on black hole growth. Numerous studies have

shown that non-axisymmetric structures like bars or peanuts can regulate the inflow of gas

towards the centre of a galaxy (see Fragkoudi et al. 2016 and references therein), possibly

providing a gas reservoir from which black holes can accrete, become active and grow.

The photometric technique for identifying and quantifying X/P structures, presented in

Chapter 2, can be used in conjunction with kinematic diagnostics (Debattista et al. 2005)

to gauge their prevalence of X/P structures in the galaxy population, in all orientations.

Further, via structural decomposition with the method presented in Chapter 5, black hole

scaling relations can be constructed for this galaxy class, which may show evidence of

gas-driven “quadratic growth” (Graham & Scott 2013) believed to operate in late-type

galaxies, at the low-mass end. Such investigations will serve to refine our understanding

of how supermassive black holes grow and evolve within their host galaxies.
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Additional Publications

In addition to the articles presented in this thesis, I have contributed to the following

articles:

• “Implications for the Origin of Early-type Dwarf Galaxies: A Detailed Look at the

Isolated Rotating Early-type Dwarf Galaxy LEDA 2108986 (CG 611), Ramifications for

the Fundamental Planes S2
K Kinematic Scaling, and the SpinEllipticity Diagram”, by A.

W. Graham, J. Janz, S. J. Penny, I. V. Chilingarian, B. C. Ciambur, D. A. Forbes &

R. L. Davies, ApJ, Vol. 840, ID. 68 (2017)

• “Evolution of the Anti-truncated Stellar Profiles of S0 Galaxies Since z = 0.6 in

the SHARDS Survey: I - Sample and Methods”, by A. Borlaff, C. M. Eliche-Moral, J. E.

Beckman, B. C. Ciambur, P. G. Pérez-González, G. Barro, A. Cava, N. Cardiel, A&A,

in press (2017)
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Ferrarese, L., Côté, P., Jordán, A., et al. 2006, ApJS, 164, 334

Ferrers, N. M. 1877, Quart. J. Pure Appl. Math., 14

Forbes, D. A., Proctor, R., Strader, J., & Brodie, J. P. 2007, ApJ, 659, 188

Fragkoudi, F., Athanassoula, E., & Bosma, A. 2016, MNRAS, 462, L41

Franx, M., Illingworth, G., & Heckman, T. 1989, ApJ, 344, 613

Franx, M., & Illingworth, G. D. 1988, ApJ, 327, L55

Freeman, K. C. 1970, ApJ, 160, 811

Friedli, D., Wozniak, H., Rieke, M., Martinet, L., & Bratschi, P. 1996, A&AS, 118, 461

Friedmann, A. 1922, Zeitschrift fur Physik, 10, 377

Gadotti, D. A. 2009, MNRAS, 393, 1531

Gadotti, D. A., Athanassoula, E., Carrasco, L., et al. 2007, MNRAS, 381, 943

Galilei, G. 1610, Sidereus Nuncius

Ganda, K., Falcón-Barroso, J., Peletier, R. F., et al. 2006, MNRAS, 367, 46

Gerhard, O. 2002, in Astronomical Society of the Pacific Conference Series, Vol. 273, The

Dynamics, Structure & History of Galaxies: A Workshop in Honour of Professor Ken

Freeman, ed. G. S. Da Costa, E. M. Sadler, & H. Jerjen, 73

Gerhard, O., & Martinez-Valpuesta, I. 2012, ApJL, 744, L8

Gerhard, O. E., & Binney, J. J. 1996, MNRAS, 279, 993

Ghez, A. M., Klein, B. L., Morris, M., & Becklin, E. E. 1998, ApJ, 509, 678

Ghez, A. M., Salim, S., Weinberg, N. N., et al. 2008, ApJ, 689, 1044

Gil de Paz, A., Madore, B. F., Boissier, S., et al. 2005, ApJL, 627, L29

Gill, M., Trenti, M., Miller, M. C., et al. 2008, ApJ, 686, 303

Gillessen, S., Eisenhauer, F., Trippe, S., et al. 2009, ApJ, 692, 1075

http://adsabs.harvard.edu/abs/2012ApJ...747L..13F
http://adsabs.harvard.edu/abs/2000ApJ...539L...9F
http://adsabs.harvard.edu/abs/2006ApJS..164..334F
http://adsabs.harvard.edu/abs/2007ApJ...659..188F
http://adsabs.harvard.edu/abs/2016MNRAS.462L..41F
http://adsabs.harvard.edu/abs/1989ApJ...344..613F
http://adsabs.harvard.edu/abs/1988ApJ...327L..55F
http://adsabs.harvard.edu/abs/1970ApJ...160..811F
http://adsabs.harvard.edu/abs/1996A%26AS..118..461F
http://adsabs.harvard.edu/abs/1922ZPhy...10..377F
http://adsabs.harvard.edu/abs/2009MNRAS.393.1531G
http://adsabs.harvard.edu/abs/2007MNRAS.381..943G
http://adsabs.harvard.edu/abs/1610snml.book.....G
http://adsabs.harvard.edu/abs/2006MNRAS.367...46G
http://adsabs.harvard.edu/abs/2002ASPC..273...73G
http://adsabs.harvard.edu/abs/2012ApJ...744L...8G
http://adsabs.harvard.edu/abs/1996MNRAS.279..993G
http://adsabs.harvard.edu/abs/1998ApJ...509..678G
http://adsabs.harvard.edu/abs/2008ApJ...689.1044G
http://adsabs.harvard.edu/abs/2005ApJ...627L..29G
http://adsabs.harvard.edu/abs/2008ApJ...686..303G
http://adsabs.harvard.edu/abs/2009ApJ...692.1075G


Bibliography 131

Gilmore, G., & Reid, N. 1983, MNRAS, 202, 1025

Gnedin, O. Y., Goodman, J., & Frei, Z. 1995, AJ, 110, 1105

Graham, A. W. 2001, AJ, 121, 820

Graham, A. W. 2012, ApJ, 746, 113

Graham, A. W. 2013, Elliptical and Disk Galaxy Structure and Modern Scaling Laws, ed.

T. D. Oswalt & W. C. Keel, 91

Graham, A. W. 2016, Galactic Bulges, 418, 263

Graham, A. W., Ciambur, B. C., & Savorgnan, G. A. D. 2016a, ApJ, 831, 132

Graham, A. W., Ciambur, B. C., & Soria, R. 2016b, ApJ, 818, 172

Graham, A. W., Colless, M. M., Busarello, G., Zaggia, S., & Longo, G. 1998, A&AS, 133,

325

Graham, A. W., & Driver, S. P. 2005, PASA, 22, 118

Graham, A. W., & Driver, S. P. 2007, ApJ, 655, 77
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