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Fast Radio Bursts (FRBs) are brief radio emissions from distant astronomical sources. Some

are known to repeat, but most are single bursts. Non-repeating FRB observations have had

insufficient positional accuracy to localize them to an individual host galaxy. We report the

interferometric localization of the single pulse FRB 180924 to a position 4 kpc from the center

of a luminous galaxy at redshift 0.3214. The burst has not been observed to repeat. The

properties of the burst and its host are markedly different from the only other accurately

localized FRB source. The integrated electron column density along the line of sight closely

matches models of the intergalactic medium, indicating that some FRBs are clean probes of

the baryonic component of the cosmic web.

Cosmological observations have shown that baryons comprise 4% of the energy density of the Universe, of

which only about 10% is in cold gas and stars (1), with the remainder residing in a diffuse plasma surrounding

and in between galaxies and galaxy clusters. The location and density of this material has been challenging to

characterize, and up to 50% of it remains unaccounted (2).

Fast radio bursts (FRBs; ref. (3)) are bright bursts of radio waves with millisecond duration. They can po-

tentially be used to detect, study, and map this medium, as bursts of emission are dispersed and scattered by their
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passage through any ionized material, including the intergalactic medium. If the emission is linearly polarized and

any of the media are magnetized, the burst is also subject to Faraday rotation, i.e., the frequency dependent rotation

of the plane of linear polarization due to its passage through a magnetized plasma (4).

Detailed studies of the medium, and the bursts themselves, require localization of bursts to host galaxies, so

that burst redshifts and their propagation distances can be determined.

To date, only one source (FRB 121102) has been localized (5) to sufficient accuracy to identify a host. Is is

also one of only two FRBs known to repeat (6). The burst localization was made through radio-interferometric

detections of repeated bursts. The burst source lies in a luminous radio nebula (5) within a dwarf galaxy with high

star formation rate per unit stellar mass, at redshift z = 0.19 (7). This has led to the hypothesis that bursts are

produced by young magnetars embedded in pulsar wind nebulae (8), with the host galaxy properties suggesting

an indirect connection between FRBs and other transient events which are common in this type of galaxy, such as

superluminous supernovae and long-duration gamma-ray bursts.

The relationship between the source of FRB 121102 and the larger FRB population is unclear (9–11). Many

sources have not been observed to repeat despite extensive campaigns spanning hundreds to thousands of hours

(10, 12). The progenitors and mechanism by which burst emission is generated remain uncertain. Localizing

examples of further bursts, including those from a population that have not repeated, is required to determine their

nature and establish if they can be used as cosmological probes.

Localizing fast radio bursts with ASKAP

The Australian Square Kilometre Array Pathfinder (ASKAP, Ref. (13)), a 36-antenna radio interferometer, has a

specially designed mode capable of directly localizing dispersed pulses, such as fast radio bursts (14). Each of the

12-m antennas has been placed in a quasi-random configuration with baselines extending to 6-km lengths, resulting

in a maximum angular resolution of 10 arcsec at a frequency of 1320 MHz, enabling positions to be measured to a

statistical precision of ∼10 arcsec/(2×S/N), where S/N is the source signal to noise ratio.

The antennas are equipped with phased-array feed receivers (15), each of which can form 36 simultaneous
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dual-polarization beams on the sky using digital beamforming, producing a total field-of-view of ∼ 30 deg2. For

burst detection, the beamformers produces channelized autocorrelation spectra for both linear polarizations of all

beams, with an integration time of 864µs and channel bandwidth of 1 MHz in these observations. We used 336

channels centered at 1320MHz. A real-time detection pipeline incoherently adds the spectra from all available

antennas (24 antennas in these observations) and polarization channels, then searches (16) the result for dispersed

pulses (17).

Burst localization is completed with a second data product that utilizes both the amplitude and phase infor-

mation of the burst radiation. The beamformers store samples of the complex electric field for all beams and

both polarizations in a ring buffer of 3.1 s duration, with the oldest data being continuously overwritten by new

data. The data are saved for offline interferometric analysis only when the pipeline identifies a candidate. For the

searches reported here the triggering required pulses with widths less than 9ms and S/N > 10.

Previous searches with ASKAP used antennas pointed in different directions to maximize sky coverage (10,

16). In contrast, our observations used antennas all pointed in the same direction, enabling the array to act as

an interferometer capable of sub-arcsecond localization with a 30 deg2 field of view. We targeted high Galactic

latitude fields (Galactic latitude |b| ∼ 50◦), that had been observed previously (10, 16), and Southern circumpolar

fields. The high-latitude fields were observed regularly through 2017 and early 2018 for a total duration of >

12, 000 hr (10) enabling us to put constraints on burst repetition. For daytime observations, circumpolar fields

were observed to enable prompt follow-up from Southern-hemisphere optical telescopes.

The detection of FRB 180924

We detected a burst (FRB 180924, see Fig. 1), with a signal to noise ratio of 21 in one of the high Galactic latitude

fields. The search pipeline identified the burst 281 ms after the dispersed pulse swept across the lowest frequency

channel, and triggered the download of the buffer containing the burst.

The properties of the burst, listed in Table 1, and the strong spectral modulation (see Fig. 1B), are similar

to the previous examples detected with ASKAP in lower-sensitivity searches (10, 18), suggesting that they belong
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to the same population. The dispersion measure (DM) of the burst, which is the integrated free electron content

along the line of sight, weighted by the rest frame frequency while passing through the dispersing medium, is

361.42 ± 0.06 pc cm−3 and the burst fluence is 16 ± 1 Jy ms (1 Jy = 10−26 W Hz−1 m−2). The burst is 80%

linearly polarized and shows evidence for only modest Faraday rotation. The measured strength of the Faraday

rotation (the rotation measure - RM) is RM=14 ± 1 rad m−2 (17). The Galactic foreground contribution to the

Faraday rotation along high latitude lines of sight is low; the Milky Way Faraday rotation along this line of sight

is predicted (19) to be 7.5 rad m−2. The pulse shows evidence for scatter broadening with a scattering time scale

τs = 580± 20 µs at a frequency of 1.2 GHz (17).

A sub-arcsecond localization

We localized the burst using an image made from the 3.1 s of voltage data, produced using techniques developed

for long-baseline radio interferometry. Two teams blindly analyzed the data using different pipelines and codes,

and derived the same initial source positions (17). In a refined, coherently formed, optimally weighted image, the

burst was detected with a signal to noise ratio of 194, from which the position was measured with a statistical

uncertainty (from thermal noise alone) of 0.04 arcsec.

To identify a host galaxy it is necessary to tie the radio image to an optical reference frame. We register the

position of the burst on a deep Dark Energy Survey (DES, Ref. (20)) optical image of the region by bootstrapping

the radio-interferometric image of the burst to a deeper radio observation of the field that can subsequently be

referenced to a standard sky coordinate system (17). In addition to the burst, three constant (non-transient) radio

sources were also detected in our 3.1-s ASKAP image. We compared their measured positions with those obtained

from phase-referenced observations with the Australia Telescope Compact Array (ATCA), observing in the same

frequency band as ASKAP. One source has both a precise radio position (uncertainty 0.004 arcsec) measured with

very long baseline interferometry and an optical position from DES. We corrected a small residual offset in the DES

image relative to the optical reference frame by cross matching stars in the DES images that had been cataloged

by the Gaia mission (17, 21). The positions agree with each other within their uncertainties, confirming that the
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radio and optical frames are well aligned. We estimate the combination of statistical and systematic uncertainty in

the burst’s position to be 0.12 arcsec in both right ascension and declination (17). The position of the burst is right

ascension 21h44m25.255s ± 0.008s, declination −40◦54’00.1” ±0.1” (equinox J2000).

The burst host galaxy

The sub-arcsecond localization for FRB 180924 allows us to uniquely identify the host by combining public

observations from the Dark Energy Survey (20) with deeper images of the field we obtained with the Very Large

Telescope (VLT), long-slit spectra with the Gemini South Telescope, and integral-field spectra with the Keck-II

telescope and the VLT (see (17) for details of instrumental setups).

Figure 2 shows a deep VLT image of the field around the burst position. The burst source is located 0.8 ±

0.1 arcsec from the center of galaxy DES J214425.25−405400.81 (galaxy A in Fig. 2A) cataloged by the DES (20).

Keck observations establish the spectroscopic redshift of this galaxy to be z = 0.3214, based on the ionized-

Oxygen emission from diffuse gas in the galaxy and Calcium-absorption lines from its stellar component (Figure

2B). The redshift was confirmed with spectroscopic observations of the galaxy with Gemini-South (Figure 2C-

D), which showed line emission from additional species at the same redshift, including the first two (Hydrogen)

Balmer transitions (Hα and Hβ) and ionized Nitrogen (17). The deeper images obtained with the VLT show two

other nearby objects which were also both detected in the integral-field spectra. There is faint ionized-Oxygen

emission from a dwarf galaxy, labeled galaxy B in Fig 2, at z = 0.384 approximately 3 arcsec to the north west of

the host and ≈ 3.6 arcsec from the position of FRB 180924. This corresponds to a projected distance of 19 kpc at

the redshift of this galaxy. A third galaxy with a redshift z = 0.50055 (galaxy C in Fig. 2) is located 3.5 arcsec

northeast of the FRB position, at a projected distance of 21 kpc. We rule out association of the burst with these

galaxies with high confidence (17).

We derive the properties of the host galaxy A by combining photometry from public surveys in optical (20)

and near-infrared wavelengths (from Wide-field Infrared Survey Explorer (WISE) 3.6 µm and 4.5 µm images) (22)

with our optical imaging and spectroscopy (Figs. 2 and 3), using standard techniques (17). The host properties are
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consistent with a massive lenticular or early-type spiral galaxy. The stellar population has a total mass of 2.2×1010

M� (M� is one solar mass), and is dominated by an old stellar population with an age tage > 4Gyr. The galaxy

shows nebular emission lines with ratios consistent with gas excited by a harder spectrum than the ionizing flux

of a star-forming population, characteristic of low-ionization narrow emission-line region (LINER) galaxies (23).

We demonstrate this by measuring the strength of forbidden transitions of singly ionized nitrogen ([N II]) and

doubly ionized Oxygen ([O III]), relative to, respectively, Hα and Hβ, and comparing to a well-studied sample of

galaxies (24), (Fig. 4). The host galaxy resides in the region of phase space occupied by LINER galaxies (25). The

galaxy also shows the presence of interstellar dust, which is attenuating the optical-wavelength emission. The ratio

of strength of Hα to Hβ, combined with multi-band photometry suggest that there is internal extinction by dust

within the galaxy (extinction AV ≈ 1 magnitudes, i.e., the optical V band is attenuated by a factor of ≈ 2.5). In

principle, the measured Hydrogen emission lines can be used to constrain star formation in the galaxy. While the

data allow for a non-zero star formation rate, we report an upper limit of < 2.0 M� per year, because we attribute

a large fraction of the dust-corrected Hα luminosity (26) to the LINER component. The galaxy has a compact

morphology described by a Sérsic profile (27) with index n = 2.0±0.2 and an effective radius of 2.79±0.01 kpc.

The burst is located exterior to ≈90% of the galaxy’s stellar light (17).

We detect no radio-continuum emission from the burst location or anywhere within its host. We searched the

host galaxy for radio emission with ATCA in a continuous band from 4.5− 8.5GHz, at 1 and 10 days post-burst,

and with ASKAP in a band from 1.1 to 1.3GHz 2 days post burst. We set 3σ flux-density limits on the emission

of 20 µJy at a central frequency of 6.5 GHz and 450 µJy at 1.3 GHz (17).

No repeated bursts were observed from this direction, before or after the burst was detected. We conducted

sensitive searches with the Parkes radio telescope for a duration of 9 hr starting 8 days post-burst and a further 2

hours, 23 days post-burst (17). No pulses were found above a 10σ limit of 0.5w−1/2
ms Jy ms for widths of wms ms.

Likewise, no pulses were found in 720 hr of observations of the field as part of previous, less sensitive, single-

antenna observations with ASKAP (10) conducted between March 2017 and February 2018. These searches place

10σ limits on fluence of 25w−1/2
ms Jy ms, for pulses of width wms ms (17). The burst was detected in a campaign
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in which the field was observed with a 10σ fluence limit of 5w−1/2
ms Jy ms in a total observing time of 8.5 hr.

Comparison to FRB 121102 and its host

The properties of the burst and its host differ markedly to those of the repeating burst source FRB 121102 and

its host galaxy. The host galaxy of FRB 180924 is a lenticular or early-type spiral with negligible or low rates

of star formation. In contrast, the host of the FRB 121102 is a factor of 30 less luminous, and is a low-mass,

low-metallicity (low abundance of heavy elements), dwarf galaxy, with high star formation rate (28). Such dwarf

galaxies are sites of high mass star formation, and frequent hosts of superluminous supernova and gamma-ray

bursts (29). The two galaxies reside in completely different regions of the galaxy-type phase-space defined by

their emission lines (Fig. 4).

The burst source environments are also very different. FRB 121102 resides in a radio nebula containing highly

magnetized plasma; its bursts have high rotation measures (RM∼ 105 rad m−2, Ref. (30)), with the bursts showing

a 10% decrease over about a year (30). A large dispersion measure contribution is inferred from FRB 121102’s host

and local environment (55 to 225 pc cm−3 (7, 28)), indicating that it propagates through (and is likely embedded

in) a dense, highly magnetized and dynamic plasma. The source of the repeating FRB 121102 is also co-located

with a compact radio source with luminosity 1.8 × 1022 W Hz−1 (5) at 6 GHz, while FRB 180924 shows no

evidence for persistent associated radio emission at a limit ∼ 3 times less luminous than the luminosity of the

FRB 121102 compact source.

FRB 180924 has not been observed to repeat, despite extensive observations at low sensitivity with ASKAP

and sensitive contemporaneous observations with the Parkes radio telescope. It is difficult to assess the statistical

significance of the non repetitions from a single burst source. While the repetition rate of FRB 121102 is poorly

characterized, the activity appears to be clustered into week-month time scales (31, 32) followed by long periods

of inactivity. Sensitive searches with the Parkes radio telescope shortly after FRB 180924 was discovered did not

detect any further bursts on week-month timescales.

The differences between FRB 180924 and FRB 121102 – the only other well localized burst source – suggest
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that either there could be two different populations of burst progenitors, or that progenitors occur in diverse envi-

ronments. Models assuming a single progenitor class for bursts must reproduce the diversity in phenomenology

and environments observed for burst sources.

Using the burst as an intergalactic and cosmological probe

The dispersion and redshift of FRB 180924 can be used to test models of the free electron column density of the

intergalactic medium (IGM). We model the dispersion to be the sum of components from the Milky Way’s disk and

halo, the intergalactic medium, and the burst’s host galaxy. Using models of the Milky Way, we infer a dispersion

contribution from the disk (33) to be 40 pc cm−3 and the halo (34) to be 60 pc cm−3. A simple model of the

intergalactic medium, based on the average baryon density and ionization fraction of the Universe (34) predicts

the intergalactic component of the dispersion to be 307 pc cm−3 out to the redshift of the host. The sum of these

components exceeds the dispersion of FRB 180924 by 46 pc cm−3 without including any contribution from the

host galaxy interstellar medium and its halo. The errors in the Milky Way and halo components are expected to be

small (∼ 30 pc cm−3) relative to the total dispersion budget (34), so the main source of uncertainties in estimating

the host dispersion contribution is the intergalactic medium component. The latter depends on the distribution of

foreground circumgalactic gas with respect to the associated dark matter halos (a process strongly influenced by

galactic feedback) and sample variance along a given sight line.

We use an IGM model that takes these uncertainties into account (35) to derive posterior probability distribu-

tions on the host electron densities under a range of assumed halo shapes (17). The mean host contribution to the

dispersion inferred from these models, corrected for host redshift is in the range (30− 81) pc cm−3, with the 95%

upper limits ranging from 77 − 133 pc cm−3. This indicates that dispersion of FRB 180924 is consistent with

models of the IGM, provided the host contribution is much smaller than that found for FRB 121102.

There are two plausible locations for the burst temporal broadening: in the host galaxy or an intervening

galaxy halo. It is unlikely that the burst is scattered by the diffuse extragalactic medium (36). Similarly the

temporal broadening in the Milky Way at high latitudes is predicted to be small at these frequencies ( < 1µs,
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Ref. (33)). If the burst is scattered by the host galaxy, the medium has increased turbulence compared to the Milky

Way (17). Substantially lower levels of turbulence would be required in an intervening galaxy halo to produce

the measured scatter broadening, because turbulence near the midpoint between the source and observer produces

relatively more broadening than if the same level of turbulence were at either end. For a fixed turbulence strength,

relative to an ISM line of sight a distance DISM = 10 kpc in the host galaxy’s ISM, the extragalactic line of sight

has an enhancement in temporal broadening by a factor DIGM/DISM ∼ 105, for lines of sight of at a distance of

DIGM = 106 kpc in the IGM (36).

The burst can be used to quantify the mean magnetization of the dispersing plasma along the line of sight.

Assuming both uniform magnetic field and electron densities along the line of sight, and using the excess Faraday

rotation and dispersion of this burst, we set an upper limit on the magnetic field strength in the IGM parallel to the

line of sight of . 30(1+zEG) nG, where zEG is the mean redshift of the magnetized plasma. These constraints are

similar to those found for previous bright bursts (12), and consistent with models of magnetization in extragalactic

plasma (37).

Based on our sub-arcsecond localization of FRB 180924 to a galaxy at z = 0.3214, we expect single-pulse

fast radio bursts to be potential probes of the intergalactic medium at cosmological distances. Firstly, the rate of

detection of single event bursts is a factor > 30 greater than those that have been found to repeat, so we expect

them to provide a larger statistical sample. Secondly, if the environment of FRB 180924 is representative, this

population of bursts have relatively small uncertainties in estimating the density and magnetization of the IGM out

to large distances. Finally, if the hosts of other bursts are similarly luminous as the host of FRB 180924, identifying

hosts at high redshift will be easier than if bursts are exclusively hosted in dwarf galaxies (38), like the host galaxy

of FRB 121102.
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Figure 1: Spectral and polarimetric properties of FRB 180924. (A) Integrated pulse pro-
file. (B) Burst discovery dynamic spectrum, dedispersed by the measured dispersion measure
(DM=361.42 pc cm−3). The red bands are regions flagged due to radio-frequency interference
in the high time resolution data. (C) Burst fluence spectrum (Eν) averaged over the pulse. For
this lower time resolution spectrum we partially mitigated the radio interference, so present es-
timates of the spectrum in the affected part of the bands flagged in (A) (17). (D) Polarization
position angle (Ψ) of the burst. The dots are measurements for individual spectral channels.
The black curve shows a version smoothed using a Gaussian kernel with a standard deviation of
5 channels. The red line is the maximum-likelihood model for the polarization position angle
swing of the burst assuming RM= 14 rad m−2. (17).
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Figure 2: Panel A: Host galaxy of FRB 180924. (A) VLT/FORS2 g′-band image showing the
host galaxy of FRB 180924, labeled A. The burst location uncertainty is shown by the black
circle. Two background faint background galaxies, labeled B and C, can be seen to the right
and upper left are also visible (see supplementary text).
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Figure 2: Panels B-D: Host galaxy of FRB 180924. (B) Keck Cosmic Web Imager (KCWI)
spectrum (17) of the FRB 180924 host, showing the detection of forbidden-line ionized oxygen
emission [OII], and Calcium absorption which set the FRB redshift z = 0.3214. fλ is relative
flux. The oxygen emission is attributed to gas ionized by a hard ionizing spectrum. The ab-
sorption lines are stellar. (C) Section of Gemini Multi Object Spectrograph (GMOS) spectrum.
The spectrum shows (Hydrogen) Balmer line Hα, Nitrogen, and Sulfur emission at a redshift
consistent with the lines detected in the Keck spectrum. (D) Section of GMOS spectrum show-
ing detections of the Balmer line Hβ and forbidden line emission from doubly ionized Oxygen
([O III]).
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Figure 3: Spectrophotometric properties of FRB 180924 host galaxy. (A) photometric mea-
surements of the host galaxy. Spectral energy distribution (SED) modeling yields an estimated
stellar mass of M∗ = 2.2 × 1010M� dominated by a modestly reddened, old stellar population
(tage > 4 Gyr). (B-D) Nebular line emission of the FRB 180924 host from the VLT/MUSE data
cube. Penalised Pixel Fitting (pPXF) models fitted to these data (green lines) yield [O III]/Hβ
and [N II]/Hα line-ratios characteristic of early-type LINER galaxies. (B) Spectrum includes
Hydrogen Balmer line (Hα) and forbidden Nitrogen ([N II]). (C) Spectrum includes forbidden
oxygen ([O II]) and stellar absorption features. (D) Spectrum includes Hydrogen Balmer line
(Hβ) and forbidden oxygen ([O III]) transitions.
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Figure 4: Diagnostic plot for characterizing emission line galaxies. The green points show
the distribution of ≈ 75, 000 nearby (0.02 < z < 0.4) emission-line galaxies from the Sloan
Digital Sky survey, restricted to have S/N> 5. The intensity scaling is logarithmic to accentuate
regions away from the dominant, star-forming locus. Black lines separate the star-forming
galaxies (solid; (25)) from sources dominated by hard spectra (dashed; (39)), and the dotted line
separates sources designated as Active Galactic Nuclei into either Seyfert or LINER galaxies
(40). The host galaxy of FRB 180924 (red circle) is well offset from the star-formation locus and
most consistent with LINER emission. In contrast, the host galaxy of the repeating FRB 121102
falls firmly in the star-forming sequence (blue star). Its [N II]/Hα ratio is formally an upper
limit).
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Table 1: Properties of FRB 180924 and its host. The fluence is derived from incoherent sum
data. The implied isotropic energy density has been corrected to emission rest frame using a
spectral index of -1.6 (18). The redshift inferred from the DM has large scatter is expected
about the mean trend (35) as discussed in the main text and the supplementary information.
The Milky-Way DM component was estimated from the NE2001 model (33).

FRB properties
Dispersion Measure (DM) 361.42± 0.06 pc cm−3

Arrival time at 1152 MHz 2018-09-24 16:23:12.6265 UT
Fluence 16± 1 Jy ms
Pulse width 1.30± 0.09 ms
Right Ascension (J2000) 21h44m25.255s ± 0.008s
Declination (J2000) −40◦54’00.1” ±0.1”
Galactic Longitude 0.742467 deg
Galactic Latitude −49.414787 deg
Incoherent Detection S/N 21
Image frequency-weighted S/N 194
Fractional linear polarization 80± 10%
Spectral modulation index 0.80
Decorrelation bandwidth 8.5 MHz
Rotation Measure 14± 1 rad m−2

Host-galaxy properties
Redshift 0.3214± 0.0002
Right Ascension (J2000) 21h44m25.25s
Declination (J2000) −40d54m00.81s
r-band mag 20.54± 0.02
g-band mag 21.62± 0.03
i-band mag 21.14± 0.02
(g − r) mag 1.08± 0.04
(r − i) mag 0.41± 0.03
WISE 3.6 µm mag 16.9± 0.1
WISE 4.5 µm mag 16.1± 0.2
Radio continuum (1.4 GHz, 3σ) < 450 µJy
Radio continuum (6.5 GHz), 3σ) < 20.4 µJy
Inferred properties
Implied FRB isotropic energy density 6× 1031 erg Hz−1

Redshift inferred from DM (41) 0.34
DM Milky-Way Disk 40.5 pc cm−3

DM Milky-Way Halo 30 pc cm−3

15



References

1. M. Fukugita, P. J. E. Peebles. The Cosmic Energy Inventory. Astrophys. J. 616, 643 (2004).

2. J. M. Shull, B. D. Smith, C. W. Danforth. The Baryon Census in a Multiphase Intergalactic Medium: 30% of

the Baryons May Still be Missing. Astrophys. J. 759, 23 (2012).

3. D. Thornton, et al.. A Population of Fast Radio Bursts at Cosmological Distances. Science 341, 53 (2013).

4. K. Masui, et al.. Dense magnetized plasma associated with a fast radio burst. Nature 528, 523 (2015).

5. S. Chatterjee, et al.. A direct localization of a fast radio burst and its host. Nature 541, 58 (2017).

6. M. Amiri, et al.. A second source of repeating fast radio bursts. Nature 566, 235 (2019).

7. S. P. Tendulkar, et al.. The Host Galaxy and Redshift of the Repeating Fast Radio Burst FRB 121102.

Astrophys. J. 834, L7 (2017).

8. B. Margalit, B. D. Metzger. A Concordance Picture of FRB 121102 as a Flaring Magnetar Embedded in a

Magnetized Ion-Electron Wind Nebula. Astrophys. J. 868, L4 (2018).

9. M. Nicholl, et al.. Empirical Constraints on the Origin of Fast Radio Bursts: Volumetric Rates and Host

Galaxy Demographics as a Test of Millisecond Magnetar Connection. Astrophys. J. 843, 84 (2017).

10. R. M. Shannon, et al.. The dispersion-brightness relation for fast radio bursts from a wide-field survey. Nature

562, 386 (2018).

11. V. Ravi. Measuring the Circumgalactic and Intergalactic Baryon Contents with Fast Radio Bursts. Astrophys.

J. 872, 88 (2019).

12. V. Ravi, et al.. The magnetic field and turbulence of the cosmic web measured using a brilliant fast radio burst.

Science 354, 1249 (2016).

13. S. Johnston, et al.. Science with ASKAP. The Australian square-kilometre-array pathfinder. Experimental

Astronomy 22, 151 (2008).

16



14. N. Clarke, L. D’Addario, R. Navarro, J. Trinh. a Multi-Beam Radio Transient Detector with Real-Time De-

Dispersion Over a Wide DM Range. Journal of Astronomical Instrumentation 3, 1450004 (2014).

15. S. G. Hay, J. D. O’Sullivan. Analysis of common-mode effects in a dual-polarized planar connected-array

antenna. Radio Science 43, RS6S04 (2008).

16. K. W. Bannister, et al.. The Detection of an Extremely Bright Fast Radio Burst in a Phased Array Feed Survey.

Astrophys. J. 841, L12 (2017).

17. Materials and methods are available as supplementary materials .

18. J.-P. Macquart, et al.. The Spectral Properties of the Bright Fast Radio Burst Population. Astrophys. J. 872,

L19 (2019).

19. N. Oppermann, et al.. An improved map of the Galactic Faraday sky. Astron. & Astrophys. 542, A93 (2012).

20. T. M. C. Abbott, et al.. The Dark Energy Survey: Data Release 1. Astrophys. J. 239, 18 (2018).

21. Gaia Collaboration, et al.. Gaia Data Release 2. Summary of the contents and survey properties. Astron. &

Astrophys. 616, A1 (2018).

22. E. L. Wright, et al.. The Wide-field Infrared Survey Explorer (WISE): Mission Description and Initial On-orbit

Performance. Astron. J. 140, 1868 (2010).

23. R. Yan, M. R. Blanton. The Nature of LINER-like Emission in Red Galaxies. Astrophys. J. 747, 61 (2012).

24. J. A. Baldwin, M. M. Phillips, R. Terlevich. Classification parameters for the emission-line spectra of extra-

galactic objects. Pub. Astron. Soc. Pacific 93, 5 (1981).

25. L. J. Kewley, M. A. Dopita, R. S. Sutherland, C. A. Heisler, J. Trevena. Theoretical Modeling of Starburst

Galaxies. Astrophys. J. 556, 121 (2001).

26. R. C. Kennicutt, N. J. Evans. Star Formation in the Milky Way and Nearby Galaxies. Annu. Rev. Astron.

Astrophys. 50, 531 (2012).

17
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S1 Materials and Methods

S1.1 Follow-up observations
A summary of the observations used in this analysis is displayed in Table S1.

S1.2 ASKAP description and configuration for FRB searching
The basic components of the ASKAP, and its FRB detection pipeline are described previ-
ously (16). We have used a similar setup. Briefly, ASKAP comprises 36, 12-m antennas,
each of which has a phased-array feed (PAF) at its focus. For this work, 24 antennas were
used. Each PAF has 94 dual linear polarization receivers sensitive to the frequency range 700
to 1800 MHz. The sampled electric field from each element is digitized and channelized to 1
MHz resolution and sent to digital beamformers. For this work, the system was configured to
a center frequency of 1320 MHz and bandwidth of 336 MHz. The beamformers produce 36
configurable dual-polarization beams by applying independent complex-valued weights to each
of the ports, at 1 MHz intervals. We used a 6 × 6 hexagonal closed packed beam configura-
tion (see (10), their figure S1). The beamformers produce fast-dump autocorrelation spectra by
squaring and averaging the beamformed voltages over a 864 microsecond window (14). These
spectra are streamed over Ethernet to a dedicated fast transient searching node and processed
on a single graphics processing unit (GPU). Simultaneously, the beamformers store the beam-
formed voltages in a configurable circular buffer. The buffers were configured to save all 36
dual polarization beams, with the voltages quantized to 4-bit complex-valued integers with a
3.1-second buffer length. The buffer can be stopped and downloaded to disk, either manually,
or under control of the detection pipeline.

S1.3 Search Pipeline
We search the data using a custom GPU-based detection pipeline termed FREDDA (Fast Real-
time Engine for DeDispersing Amplitudes (42)) which is optimized for ASKAP processing
and capable of detecting bursts with low latency. Firstly, the pipeline normalizes the incoming
spectra to have zero mean and unit variance in blocks of 1024 time samples, by measuring
the mean and variance over the previous block and subtracting the mean and dividing by the
variance independently for each channel, polarization and antenna. The pipeline zero-weights
channels where the mean or variance change by more than 20% in adjacent blocks, or with
excess kurtosis greater than 30. These steps effectively flag strong radio-frequency interference
(RFI) from satellite transmitters. The pipeline also flags individual integrations that are a factor
of ten greater than the standard deviation. This flagging could excise exceptionally bright bursts,
and would flag broad band bursts with S/N above 10

√
NantNchan ≈ 900. This effectively flags

RFI from aircraft transponders. After rescaling and flagging, the pipeline sums across both
polarizations andNant antennas to produce a single dynamic spectrum for all available antennas.

1



This incoherent sum results in an improvement in sensitivity by a factor of (2Nant)
1/2 than a

single polarization from an antenna (if the signal is unpolarized). The pipeline then performs
a Fast Dispersion Measure Transform (43) - searching 2048 DM trials - equivalent to a DM
range of 0-1285 pc cm−3with a DM resolution of 0.63 pc cm−3. Finally, the pipeline performs
a boxcar convolution of all of the dedispersed time series with widths of 1 to 32 samples.
Candidates with S/N > 10 are transmitted as UDP packets to a second computer program
that triggers the voltage buffers. This second program declares a trigger when a candidate with
S/N > 10 is detected with a width w < 8 integrations. This width was chosen to reduce the
number of false triggers. When these criteria are met, it stops the circular buffer and downloads
the beamformer voltage buffers for the desired beam; once a download is completed, data flow
into the circular buffer is restored and the system is available for a new trigger.

S1.4 Interferometry of ASKAP Voltage Data
To robustly confirm the location of the FRB, two teams independently correlated, calibrated,
and imaged the burst using entirely separate software pipelines, without sharing results before
each had obtained a position.

One team used a custom correlator that was originally created for commissioning purposes,
which read the antenna voltage data in raw format, correlated it, and processed the resulting
data in MIRIAD (44). The second team converted the stored antenna voltage data into a format
readable by the DiFX software correlator (45) and correlated the data using this package, using
incoherent dedispersion to align the FRB emission in frequency. The resulting files (in FITS-
IDI format) were calibrated with standard techniques using AIPS (46); the calibrated data was
then imaged using CASA version 5.3.0-143 (47) .

Both teams obtained nearly identical results, with the FRB position agreeing to within 1σ.
The dataset produced by the DiFX correlator (which has been verified to sub-milliarcsecond
levels of accuracy when correlating very long baseline radio interferometers (48), and hence is
expected to introduce negligible systematic position offsets) was adopted as our fiducial result.
Both processing pipelines were tested with a long (10-hr) observation of a strong continuum
source to show a stable phase and amplitude response with time.

In order to calibrate the FRB visibility datasets, 5 hr after the detection, we observed a bright
compact (< 10 mas) radio galaxy PKS 0407−658, which was placed at the center of the beam
in which the burst was detected. The voltages obtained were processed identically as those for
the FRB. The Vela pulsar (PSR J0834−4510) was observed 12 hr after the FRB was detected
and a voltage download similarly triggered and correlated.

A total of seven visibility datasets were produced using DiFX and the three sets of volt-
age data, listed below. Each included full-polarization products and a frequency resolution of
9.26 kHz, averaged post-correlation to 148 kHz resolution.

• PKS 0407−658 data, correlation centered at PKS 0407−658 (R.A. 04h08m20.38s, Decl.
−65d45’09.08”), time resolution 1.3824 s, total integration time 3.1 s (the calibrator
dataset).
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• FRB 180924 data, correlation centered at the ASKAP PAF beam center position (R.A.
21h45m17.83s, Decl. −41d03’34.67”), time resolution 1.3824 s, total integration time
3.1 s (the field dataset).

• FRB 180924 data, correlation centered at approximate FRB position (R.A. 21h44m25.2943s,
Decl. −40d53’59.9959”), time resolution 1 ms, total integration time 1ms, dedispersed
with DM 361.53 pc cm−3 (the FRB position dataset).

• FRB 180924 data, correlation centered on approximate FRB position (R.A. 21h44m25.2943s,
Decl. −40d53’59.9959”), time resolution 0.2 ms, total integration time 3 ms, de-dispersed
with DM 361.53 pc cm−3 (the FRB structure dataset). The small offset (0.2 arcsec) be-
tween the correlated phase center and the burst position does not affect astrometric preci-
sion or accuracy.

• FRB 180924 data, correlation centered at approximate FRB position (R.A. 21h44m25.2943s,
Decl. −40d53’59.9959”), time resolution 33 ms, total integration time 30 ms (centered
on the FRB time, but excluding 3 ms centered on the FRB itself), de-dispersed with DM
361.53pc cm−3 (the FRB RFI subtraction dataset).

• Vela data, correlation centered at the location of the Vela pulsar (R.A. 08h35m20.61149s,
Decl. −45d10’34.8751”), time resolution 1.3824 s, total integration time 3.1 s, de-
dispersed with DM 67.99 pc cm−3, using pulsar gating to select only 0.9 ms from every
rotation of the pulsar when the emission is brightest (the Vela dataset).

• Vela data, correlation centered at the location of the Vela pulsar (R.A. 08h35m20.61149s,
Decl. −45d10’34.8751”), time resolution 1.3824 s, integration time 3.1 s, de-dispersed
with DM 67.99 pc cm−3, using pulsar gating to select 30 ms of data per Vela rotation
from times adjacent to but not on the Vela pulse (the Vela RFI subtraction dataset)

By inspecting the PKS 0407−658 data in the calibrator dataset, we identified and solved
for residual, unmodeled antenna-based delays. Once identified, these delays were removed
from the visibility datasets by re-correlating all datasets while applying the necessary delay
corrections in the correlator-delay model.

Calibration solutions were derived from the calibrator data set as follows. Due to strong
radio frequency interference, approximately 100 MHz of bandwidth concentrated towards the
lowest frequencies of the observed band was flagged prior to the derivation of any solutions.
Residual antenna-based delay and phase errors were derived using the AIPS task FRING. The
flux density scale was set using the tasks SETJY and CALIB, assuming PKS 0407−658 to be
a 9.5 Jy, flat spectrum, unpolarized source. Finally, frequency-dependent amplitude and phase
corrections accounting for the instrumental bandpass were derived using the task CPASS to
interpolate over the flagged regions of spectrum. The resulting corrections were transferred
from the calibrator dataset to all 6 other datasets and applied.

3



First, we imaged the FRB to obtain its position. To mitigate the effects of radio frequency
interference, we subtracted a scaled version of the FRB RFI subtraction dataset from the FRB
position dataset. Since the effect of the RFI on the visibilities is approximately constant on
millisecond timescales, this effectively removes the RFI (and constant background celestial
sources) from the FRB position dataset, leaving only signals that vary on millisecond timescales
- i.e. the FRB itself. A custom ParselTongue script (49) was used to manipulate the visibili-
ties directly in AIPS to perform this subtraction (the UVSUBSCALED.PY task in the PSRVL-
BIREDUCE repository). We imaged this RFI subtracted dataset in CASA, initially using the
task CLEAN in widefield multifrequency synthesis mode with natural weighting, producing a
2048 × 2048 pixel image with 3 arcsec pixels. Once the source location was identified, we
re-imaged the data producing a smaller 128 × 128 pixel image with a 1 arcsec pixel centered
on the FRB. We estimated the position and flux density of the FRB, and the corresponding
uncertainties, using the AIPS task JMFIT.

Since the FRB is observed to be highly polarized and predominantly detected in only one
linearly polarized receptor (Y), we extracted positions using only the YY polarization image,
which has the highest signal to noise ratio. A simple combination of the entire 336 MHz band-
width yielded a detection significance of 70σ. However, this is not an optimum approach for a
source whose amplitude varies substantially across the observing band such as FRB 180924. To
account for this and produce the highest possible S/N on the FRB, we first produced an image
cube with 4 MHz resolution and used this to estimate the FRB flux density ratio (the ratio of
instantaneous flux density to frequency-averaged flux density) as a function of frequency. We
then used this estimate to re-weight and re-scale the FRB data with the UVFRBWT task (see
the CRAFT repository), dividing the visibility amplitudes by the FRB flux density ratio and
multiplying the visibility weights by the FRB flux density ratio squared. This has the effect
of normalizing the FRB amplitude to a constant value across the band while up-weighting the
regions where the FRB is bright and down-weighting regions where it is faint.

Using this rescaled and reweighted dataset, we obtained a detection of significance 184σ,
with position (J2000) of R.A. 21h44m25.255s ± 0.003s and Decl. −40d54’00.10” ± 0.04”,
where the uncertainties are the statistical values reported by JMFIT only. We find that the posi-
tion of the source changes by a root-mean-square value of 70 mas in both R.A. and Decl. when
we change the weighting used in the imaging, which exceeds the statistical uncertainty from
JMFIT. We therefore use the larger 70 mas value as an estimate of the astrometric uncertainty
for the burst position.

As a cross-check, we imaged only the upper regions of the frequency spectrum using the
non-RFI subtracted FRB position dataset and obtained a consistent position with a larger un-
certainty due to the lower signal-to-noise ratio. We also extracted the positions from each plane
of the 4 MHz resolution image cube, confirming that they gave results consistent with the best-
fitting position as a function of frequency.

To analyze the polarization properties of the burst, we produced a full Stokes image cube
using the RFI-subtracted FRB position dataset, with a frequency resolution of 0.167 MHz.
We used the CASAVIEWER tool to extract the mean pixel value within a small window cen-
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tered on the best fit FRB position in each image slice, thereby obtaining the FRB spectrum in
each Stokes parameter at 0.167 MHz spectral resolution. We repeated the polarization analy-
sis and positional analysis described above with the Vela datasets, performing RFI subtraction
and imaging in an analogous manner. To determine if there is an offset between the YY and I
frames, we compared the positions of continuum sources in the field derived from the YY and
Stokes-I images. We found the positions were consistent to within measurement uncertainty.

Finally, we imaged the FRB field dataset using CASA to determine the location of radio con-
tinuum sources that could be used to register the FRB position derived above in the International
Celestial Reference Frame (ICRF3).

Since no RFI subtraction could be performed with this dataset, regions of strong RFI (as
noted above, concentrated in the lower half of the band, and predominantly due to satellite trans-
mitters) were identified and flagged prior to imaging, leaving 205 MHz of usable bandwidth.
We made use of the CASA task TCLEAN task using multi-scale multi-frequency synthesis and
two Taylor terms to account for real or instrumental spectral index effects. Initially, a Stokes-I
image was made using natural weighting. Six continuum sources were detected above a S/N of
10, with 3 being sufficiently compact and bright to be useful for astrometry. The positions of
each ASKAP source were extracted using the AIPS task JMFIT (see Table S2).

In addition to the multi-frequency synthesis image spanning the full ASKAP bandwidth,
we produced a Stokes-I image cube with 4-MHz resolution, yielding 58 (out of 83) 4 MHz
frequency channels that could be used for fitting, and which were unaffected by RFI. Extracting
positions for the brightest source, PKS 2144−418 from each channel of the cube showed no
significant deviations as a function of frequency across the band. Stokes Q, U , and V image
cubes were also produced along with multi-frequency synthesis Stokes Q, U , and V images to
determine the level of polarization leakage, yielding no significant detections in the polarized
Stokes parameters and a typical 2σ detection upper limit leakage range for each of 10-15%.

After imaging the FRB field, we used the GAINCAL task in CASA to derive phase-only
self-calibration solutions, using the ASKAP model of the field sources. A single solution was
derived per antenna, spanning the entire integration time and bandwidth. The phase corrections
derived in this manner were small (averaging a few degrees) and consistent with the noise
expected given the ASKAP sensitivity and the brightness of the sources in the field. Application
of these self-calibration solutions did not substantially improve the dynamic range of the image,
and so the self-calibration solutions were not applied to either this dataset or any of the FRB
datasets.

S1.5 Radio Astrometry
To tie the ASKAP positions to the International Celestial Reference Frame (ICRF3) we ob-
served the three bright continuum sources detected with ASKAP (PKS 2144−418,
SUMSS J214421−412640 and SUMSS J214438−411835, see Table S2) with the Australia
Telescope Compact Array (ATCA) on 2018 October 5. The observations were carried out from
1.1-3.1 GHz in the 6A configuration (which has baselines as long as 6 km) to maximise over-
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lap with the ASKAP frequency band and angular resolution. Four ATCA phase calibrators
(PKS 2106−413, PKS 2211−388, PKS 2052−474 and PKS 2054−377) were interspersed
throughout the observations, spending 2 mins integration time on each of the calibrators and
4 mins on the ASKAP-detected sources.

This process was repeated for a total of 11 hrs to maximize coverage of the u-v plane. The
four phase calibrators used were selected to have very small phase closure defects on 6-km
baselines and small position uncertainties.

A significant amount of the band between 1.1-2.1 GHz was affected by RFI so only the
2.1-3.1 GHz band was used in the data reduction. The data was flagged, calibrated and imaged
using standard MIRIAD tasks. We used robust=−1 (close to uniform) resulting in beam sizes
ranging from 3.4−3.8×2.4 arcsec. Positions and associated errors were extracted using IMFIT
and fitting a point source.

We investigated the ATCA astrometric uncertainties by calibrating using each phase calibra-
tor separately, and applying the calibration solution to the remaining three calibrators and imag-
ing and extracting the positions as described above. We found large errors in PKS 2211−388
which we suspect is due to structure in the source. The position extracted from the images
agreed with the cataloged position within 100 mas in all other cases, with the measurement
uncertainties typically 10 mas. We calibrated the target sources based on the phase calibrator
PKS 2052−474 only, which is a Defining source for the ICRF3 frame.

Of the three ASKAP-detected sources, only PKS 2144−418 was detected in the ASKAP
data with sufficient S/N to enable a useful measure of the astrometric uncertainties. The mea-
sured positions for this source from ATCA, ASKAP, VLBI and DES are shown in Figure S1.
For this source, the offset between the ATCA and ASKAP positions is +25.3±93.5 mas in R.A.
and +47.2±91.5 mas in Decl., where the 1σ errors are the measurement errors for ASKAP and
ATCA positions (dominated by the ASKAP positions), added in quadrature. We find no evi-
dence for a systematic offset larger than the measurement errors when comparing the ASKAP
and ATCA astrometry. Any systematic error is likely smaller than the measurement uncer-
tainties quoted in Table 1. We therefore adopt a conservative estimate of systematic errors in
ASKAP positions of 90 mas.

For FRB 180924, we add this systematic error in quadrature to the 70 mas measurement
error and obtain 120 mas uncertainties in the position of FRB 180924.

We also compared the ASKAP and ATCA positions of PKS 2144−418 with a VLBI-
measured position from the radio fundamental catalog (RFC version 2018c, (50)). Asymmetric
morphology can cause shifts in the radio positions measured with different angular resolutions,
but in this case both the ATCA and ASKAP positions agree with the VLBI position within
50 mas, providing a further confirmation that our estimate of 90 mas for the systematic uncer-
tainty is robust, and that our final position for the FRB is firmly anchored in the ICRF.

Finally, the position of the optical counterpart for PKS 2144−418, from the DES catalog, is
also shown in Figure S1. While the uncertainty in the DES position is much larger than that for
the radio sources, we obtain agreement between the optical and radio positions after applying
the required shift to the DES frame (see below).
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S1.5.1 Comparison between incoherent and interferometric localization methods

The interferometric detection enabled the test of a previous incoherent detection algorithm used
to localize bursts. ASKAP FRBs are typically detected in multiple beams as the PAF beams
oversample the focal plane. By using the detected signal to noise ratios and the beam positions,
it is possible to get a localization precision ∆θ ≈ θFWHP/S/N ≈ 10 arcmin (90%), where
θFWHP is the beam width at half power (1◦ for the observations here) and S/N is the burst signal
to noise ratio in the strongest detection. This algorithm was employed on previous ASKAP
detections and has been described in detail (16). FRB 180924 was detected strongly (S/N>7) in
two beams and had moderate detections (S/N>4) in two additional beams. In all beams adjacent
to the primary detection the burst had a measured S/N>2 (The algorithm for measuring S/N is
two sided. Beams distant from the burst position on the sky would have 50% probability of
being negative). The burst position derived from this algorithm is consistent with the arcsecond
localization (see Figure S2). The maximum likelihood position derived using the incoherent
technique is only 30 arcsec distant from the interferometric position, so is much smaller than
the quoted 10 arcmin uncertainty on the incoherent position. This could be the result of good
fortune, or of conservative assumptions applied in the incoherent algorithm. In particular, the
algorithm incorporates uncertainties in beam sensitivities, shapes and positions that may be
overestimated.

S1.6 FRB Polarimetry: Calibration
Full-Stokes data products were produced by DiFX as described above. This provided datasets
that had been calibrated in Stokes I . However the bandpass calibration does not calibrate the
other Stokes parameters. The largest polarization defect in the observations is an unknown
phase and delay between the two linearly polarized beams. The delay will cause a frequency
dependent conversion of linear to circular polarization (in particular from stokes U into V ), and
vice versa. The measured values of U and V in the case of a phase offset Φ0 and a delay τ at a
frequency f are

U ′(f) = U(f) cos (2πfτ + Φ0) + V (f) sin (2πfτ + Φ0) (S1)

and
V ′(f) = −U(f) sin (2πfτ + Φ0) + V (f) cos (2πfτ + Φ0) (S2)

We calibrated the data products by comparing observations of the Vela pulsar taken with
ASKAP and those taken with Parkes. The pulsar has well defined polarization properties (51),
with the pulse showing strong (≈ 95%) linear polarization with modest Faraday rotation (RM=
40 rad m−2), and approximately 5% circular polarization.

We formed a spectrum of the Vela pulsar from data taken with ASKAP 10 h after the FRB
was detected: this is the Vela data set described above. We produced a model for the frequency
dependence of the pulse profile in this band using publicly available observations from the 64-
m Parkes radio telescope, which can largely cover the ASKAP band. The Parkes data were
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calibrated for differential gain and phase, as well as feed ellipticity, and followed techniques
described previously (52). We produced models for the expected relative values for Q, U , and
V , relative to I .

The model for the polarization for the Vela pulsar is:

L

I
(f) =

√
Q2(f) + U2(f)

I(f)
= 0.95 (S3)

V

I
(f) = 0.05 (S4)

Q

I
(f) = L(f) cos (2PA(f)) (S5)

U

I
(f) = L(f) sin (2PA(f)) . (S6)

(S7)

The polarization position angle is modeled to be

PA(f) = 0.09 RM(f−2
GHz − 1.4−2)− PA0, (S8)

and PA0 is the polarization position angle at a reference frequency of 1.4 GHz. We fit this to the
Parkes data to find RM = 40(1) rad m−2 and PA0 = −0.35 rad. While higher than the cataloged
value, the rotation measure of the Vela pulsar is known to vary (53).

While in principle we know the orientation of the ASKAP beams on the sky, we use the
polarization model to solve for this (which causes the leakage of Stokes Q into U and vice
versa). Thus the measured values of the Stokes parameters (Q′, U ′, and V ′) relative to the
model are:

Q′(f) = L(f) cos (2PA(f) + Ψ0) (S9)
U ′(f) = L(f) sin (2PA(f) + Ψ0) cos(2πfτ + Φ0) + V (f) sin (2πfτ + Φ0) (S10)
V ′(f) = −L(f) sin (2PA(f) + Ψ0) sin(2πfτ + Φ0) + V (f) cos (2πfτ + Φ0) (S11)

In practice, we solve these equations by first solving for Ψ0 using Q′(f). We then calculate
Φ0 and τ and using U ′(f). We then apply this calibration solution to the FRB data to determine
the FRB rotation measure.

Bayesian methodology is used to calculate the rotation measure for the FRB using the cal-
ibrated data. We measured the rotation measure by fitting the fractional polarization in the
calibrated Qi and Ui for each channel.

The model values for Q and U are then:

Q̂m,i = Li cos (2PAFRB(fi)) (S12)

and
Ûm,i = Li sin (2PAFRB(fi)) , (S13)
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where the position angle is

PAFRB(fi) = 0.09 RMFRBf
−2
i,GHz + PA0 (S14)

We assume the noise is identical in Q and U , and is Gaussian distributed with no frequency
dependence.

The likelihood in this case is:

L =
Nc∏
i

1

2πσ2
exp

[
−(Qi − Q̂mi

)2

2σ2

]
exp

[
−(Ui − Ûmi

)2

2σ2

]
(S15)

We calculate the posterior probabilities for the parameters (PA0, RMFRB, and σ). Li is a
nuisance parameter so we analytically marginalize over it, assuming uniform priors. The final
likelihood is then

L =
Nc∏
i

1

2πσ2
exp

[
−Q

2
i + U2

i − (Qi cos(2PAFRB) + Ui sin(2PAFRB))2

2σ2

]
. (S16)

We assume uniform priors on PA0, RMFRB, and Gaussian priors on τ and Φ0, with the
means of τ and Φ0 set to their maximum-likelihood values from the Vela-pulsar fit and the
standard deviations set to the fit uncertainties. We sample the posterior distribution using a
nested-sampling algorithm (54). The method was tested by measuring the rotation measure of
well known pulsars using observations from the 64-m Parkes radio telescope. The frequency-
averaged Stokes parameters (after correcting for Faraday rotation) can be found in Table S3.

S1.7 Optical Astrometry
We referenced positions of the host dark energy survey (DES, (20)) galaxy to the optical refer-
ence frame using Gaia (21). The Gaia reference frame is known to be well aligned with ICRF3
used for radio astrometry (21). We use the DES image and catalog to conduct astrometry, rather
than the deeper VLT image (discussed below), because the imaging camera used for DES has
been well characterized (55). The wide field of view ensures that many stars are within a single
image, enabling a robust comparison of the DES astrometry from that of Gaia.

From the DES Data Release 1 (DR1) catalog, we selected sources in a 0.2 deg square around
the FRB position that had a g-band magnitude less than 21 and were stellar or quasi stellar as
determined using the cataloged SPREAD parameter. We selected sources as being quasi stellar
using SPREAD < 0.003. In total, 111 sources in the DES catalog satisfied these criteria. We
cross-matched the DES sources with the Gaia catalog and found unique identifications for all
of them.

The DES DR1 comprises data from the first 3 seasons of DES (starting in 2013.63 and
ending at 2016.14, Ref. (20)). To account for proper motion, we referenced the Gaia sources
(which have measured proper motions and positions defined at epoch 2015.5) to DES, which
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we assumed to be observed at epoch 2014.9, which is the mean of the start of the first season
and the end of the last season. We found that accounting for source proper motion did not
substantially affect the astrometric offset between DES and Gaia positions, but did reduce the
root-mean-square scatter in the positions (Table S4).

We plot the R.A. offset and Decl. offset in Figure S3 and find no evidence for any correlation
between the offsets in axes. Similarly, plotting R.A. offset vs R.A. and Decl. offset vs Decl.
in Figure S4 we find no evidence for large systematic errors in the position, other than a shift,
between DES and Gaia positions in the 0.2 degree field we investigated.

The derived offsets and scatter in the positions are displayed in Table S2 and applied to the
optical positions of the host galaxy in Fig. 2 and the host galaxy of the VLBI check source in
Fig. S1.

S1.8 FORS2 Optical imaging
Observations of the host galaxy of FRB 180924 were carried out in service mode (i.e., queued
observing) with the FORS2 instrument (56) mounted on Unit Telescope 1 (Antu) of the Euro-
pean Southern Observatory’s Very Large Telescope (VLT) on 2018 Nov 9 UT. Five exposures
of 500 s in the g HIGH filter with incremental offsets of 10′′ between each were followed by
5×90 s exposures in the I BESS filter with similar offsets. The Standard Resolution collimator
was used with 2 × 2 binning of the CCD array to yield a pixel scale of 0.25′′ per pixel. Skies
were photometric, and the seeing varied between 0.7 and 1.3′′.

Standard image processing was performed using version 2.9.1 of the ESO Reflex (57)
pipeline. The dithered images in each filter were registered and co-added using a custom script
and tasks in v2.16 of IRAF. The zero-point for I-band was taken from ESO’s nightly monitoring
program, while DES g′-band imaging of the surroundings to FRB 180924 was used to calibrate
the g HIGH imaging. Summing up the flux from the FRB host galaxy, and using transforma-
tions between the V + I and g′+ i′ filters (58) we find i′ = 20.28± 0.05 and g′ = 21.57± 0.04.
For comparison, the integrated magnitudes from the DES Catalog (20) are i′ = 20.14 ± 0.02
and g′ = 21.62± 0.02.

Astrometry for the FORS2 mosaics in g- and I-band was refined using astrometry.net (59)
and the United States Naval Observatory (USNO) B1.0 catalog (60).

S1.9 Keck-KCWI Integral-field spectroscopy
On UT 04 October 2018, we executed a Target of Opportunity observation of the field surround-
ing FRB 180924 with the Keck Cosmic Web Imager (KCWI; Ref. (61)) instrument on the W.M.
Keck II telescope. This integral field unit (IFU) spectrometer was configured with its medium
slicer giving an approximately 16 arcsec × 20 arcsec field-of-view and the instrument was ro-
tated to 10 deg. west of the parallactic angle. We employed the BL grating tilted to a central
wavelength of approximately 4500 Angstrom given a resolving power of 1,800 and wavelength
coverage spanning ∼ 3500 − 5500 Angstrom. Beginning at 06:47 UTC, we obtained a series
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of four, 600-s exposures with small (∼ 1 arcsec) offset dithers in-between. The data were taken
under good conditions but at a high airmass (∼ 2.0). A series of calibration images were taken
during the preceding afternoon.

The spectral images were processed with the KCWI data reduction pipeline v1.1.0 (62)
which solves for the wavelength and geometric solutions to generate a sky-subtracted IFU
data cube. Using a sensitivity function derived from an observation of the flux standard star
BD+284211, the data cubes were then flux calibrated. Each spaxel in this cube has a rect-
angular dimension of approximately 0.7 arcsec × 0.29 arcsec. Using the Montage software
package (63), we then combined the image frames, and produced a final cube with square 0.29
arcsec × 0.29 arcsec pixels aligned with the parallactic. Lastly, we extracted the galaxy spec-
trum using the 5 × 5 spaxels surrounding its center, summed without weighting (i.e. boxcar).
The wavelengths of this spectrum were corrected to vacuum and into the heliocentric reference
frame. From the observed [O II] emission and Ca H+K absorption, we estimate the galaxy
redshift to be z = 0.3214 and estimate an uncertainty of approximately 30 km s−1 due to asym-
metries in the spectral features and systematics in the wavelength calibration.

S1.10 Gemini-GMOS long-slit spectroscopy
On 2018 Oct 5 UT we triggered Target of Opportunity (ToO) observations of two galaxies
(B and C in Figure 2 of the main text) located near the localization of FRB 180924 with the
GMOS spectrograph (64,65) mounted on the Gemini South telescope. Specifically, we centered
a long slit (1 arcsec width) on galaxy A, oriented with a position angle of PA=280.9 degrees to
cover the neighboring galaxy B. Observations were carried out in dark time, airmass below
1.08, seeing between 0.7− 1.0 arcsec, and thin cirrus. Four individual exposures of 700 s were
taken using the R400 grating centered at 7000 Å with the blocking filter GG455 and a 2 × 2
CCD binning. This configuration gives a spectral coverage of 4750 − 9300 Å at a resolving
power of R ≡ λ

∆λ
≈ 1000 at λ = 7000 Å, respectively, and with a dispersion of ≈ 1.5 Å

per pixel. Calibration images for flat fielding, bias subtraction, and wavelength calibration were
also acquired. These spectral images were reduced using the PypeIt package (66) using standard
techniques for image processing, extraction, calibration, and coadding.

From the GMOS data (Figure 2C-D ) we confirmed the redshift of each galaxy as first
estimated from the Keck observations. These data also demonstrated the relatively weak Hβ
emission for galaxy A (suggesting internal extinction) and an unusually high [NII]/Hα flux
ratio (suggesting an AGN or LINER emission).

S1.10.1 VLT-MUSE integral-field spectroscopy

We obtained data from the Multi Unit Spectroscopic Explorer (MUSE) (67) mounted on UT4
(Yepun) of the VLT on 2018 Nov 5 UT, in gray time, airmasses between 1.14−1.22 and DIMM
seeing between 1.1 − 1.3 arcsec. Four individual exposures of 628 s were taken in the MUSE
Wide Field Mode - Adaptive Optics (WFM-AO) mode, roughly centered on galaxy A. Each
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exposure was taken with a small spatial dithering offset of 1 arcsec and at a position angle (PA)
offset of +90 degrees with respect to the previous one starting with a PA = 0 deg, to reduce
the effects of bad pixels and difference in illumination between the individual image slicers in
a given spaxel.

The individual exposures were reduced and combined with the standard European Southern
Observatory (ESO) MUSE pipeline version 2.4 (68), to produce a combined datacube of total
exposure time of 2512 s. The wavelength coverage of the datacube is 4750 − 9300 Å at a
resolving power of R ≡ λ

∆λ
= 1750 − 3590, respectively, and with a dispersion of 1.25 Å per

pixel. The spectral range between 5800− 5950 Å has been blocked out to avoid contamination
from the NaD laser emission used in the AO mode. The final field of view is about 1×1 arcmin2

with a spatial pixel scale of 0.2 arcsec per pixel. Given the WFM-AO mode, the effective seeing
of the combined datacube is ≈ 0.8 arcsec. In order to improve the sky subtraction we run the
Zurich Atmospheric Purge (ZAP) pipeline (69) version 2.0, masking out bright objects before
defining the overall sky level.

The MUSE astrometric solution from the standard pipeline showed a systematic offset of
about ≈ 2 arcsec, which we corrected as follows. First, we created a mock r-band image from
the MUSE datacube, and then imposed the astrometric centroid of galaxy A from this image to
match that of the DES r-band image. In this manner, we made the MUSE astrometry to match
that of DES. Then, we applied an extra smaller offset to pass from the DES astrometry to that of
Gaia-based (21) astrometry described above (+108 mas in R.A. and −97 mas in Declination).

The MUSE data allowed for a more complete spectroscopic search for sources at the position
of FRB 180924. We confirmed the redshifts of galaxies A and B, as well as a third source
about 4.5 arcsec to the North East of galaxy A, referred to as galaxy C, having z = 0.50055
(see Figure 2). A fourth source about 10 arcsec to the West of galaxy A has a larger redshift
of z = 0.75 and is not considered further. In summary, MUSE observations confirmed that
galaxies A, B and C are the only sources within a radius of 5 arcsec from the FRB position to a
conservative limit of r ∼ 25, also corroborated by the deep g′ deep imaging (Figure 2).

S1.11 Searches for repeated pulses
Observations of the field were taken with the 64-meter Parkes radio telescope, on 2018-10-02
for 8.8 hr and on 2018-10-16 for 2 hr. The telescope was pointed at the position derived using
the fly’s-eye localization method presented previously (16) as the sub-arcsecond position had
not been determined at the time of the observations. As discussed in Section S1.5.1, this position
(and hence the telescope pointing) was offset from the true FRB position by approximately 30
arcsec, much smaller than the nominal 10 arcmin uncertainty quoted for the fly’s-eye method,
and much smaller than the Parkes beam.

Observations were conducted with the 20-cm multibeam receiving system (70). Data were
recorded with the Berkeley-Parkes Swinburne Recorder (71), with 64 µs time resolution and
380 kHz spectral resolution, over a 350 MHz use-able bandwidth The data were searched in
real-time for radio pulses using Heimdall (72). No pulses were detected above a S/N of
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10 at the dispersion measure of the burst nor at any other dispersion measure between 10 and
4000 pc cm−3. The system system equivalent flux density of the central beam of the multibeam
system is approximately 40 Jy, so the limiting fluence for a pulse of with wms is 0.5wms Jy ms.

S1.12 ATCA 4-cm observations
Observations of the field were taken with the ATCA at 5.5 and 7.5 GHz to search for compact,
continuum emission associated with the FRB. Initial observations were carried out 24 hr after
the detection of the FRB. Since these observations were taken prior the sub-arcsec determination
of the burst position, three pointings were observed to cover the localization region determined
by the incoherent array detection method applied to previous fly’s-eye detections with ASKAP
(10, 16). The array was in the 750C configuration (5 of the 6 antennas within 750-m of one
another, with the remaining antenna approximately 3-km distant) leading to a resolution of
of 7.8 × 1.1 arcsec at 5.5 GHz and 5.7 × 0.8 arcsec at 7.5 GHz using Briggs weighting with
robust= 0.5. The total observation duration (including calibration and overhead) was 8.5 hr. No
continuum source was found at the location of the FRB or anywhere in the host galaxy.

Follow-up observations in the more extended 6A configuration (maximum baseline length
of 6 km) were carried out at the same frequencies on 2018 October 4, 10 days post-burst. A
single pointing was observed at the known position of the FRB for 5 hrs reaching rms of 11.8,
10.3 µJy at 5.5 and 7.5 GHz. The radio galaxy, PKS 1934−638 was used as the bandpass
and primary calibrator for both observations, while PKS 2106−413 and PKS 2211−388 were
used for phase calibration for each observation respectively. Again, no continuum source was
detected at the location of the FRB or in the host galaxy.

The calibrated visibilities from these two observations were combined and re-imaged using
natural weighting to achieve a spatial resolution of 8.0×2.2 arcsec and an rms of 6.8 µJy beam−1

at the position of the FRB. Using a redshift of z = 0.32 and assuming a flat spectral index this
results in a 3σ upper limit on the radio spectral luminosity of Lν < 5.5 × 1021 W Hz−1 at
6.5 GHz, a factor of 3.5 times smaller than luminosity of the persistent source associated with
FRB 121102 (5).

S1.13 ASKAP radio-continuum observations
We observed the field in the vicinity of FRB 180924 during commissioning of ASKAP on 2018
September 26 10:01 (UTC). The duration of the observation was 10 h with a total of 13 ASKAP
antennas at a central frequency of 1344 MHz and a bandwidth of 288 MHz. As FRB 180924
was situated within 12 arcmin of the center of beam 18 of the ASKAP closepack36 footprint,
only that beam was processed. The bandpass and flux scale was calibrated using observations
of the primary calibrator PKS B1934−638 with CASA (47). Deconvolution was performed
with the CASA task clean using the Briggs weighting scheme (robust= 0). The resulting
image was restored with a 35 arcsec × 30 arcsec beam (position angle 34◦ ) and achieved a 1σ
root-mean-square sensitivity of 150µJy beam−1.
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S1.14 Host-galaxy analysis
S1.14.1 Morphology

We have assessed the stellar morphology of the host galaxy, using the VLT/FORS2 data, with
the GALFIT software package (73). We used the image of a nearby star as an estimate of
the point spread function (PSF). It has a DES r-band magnitude of 18.656 ± 0.002 and was
chosen because it was the closest star that was not saturated in the DES imaging. The same star
was also used for analysis of our MUSE and FORS2 data. We fitted the galaxy with a Sérsic
profile and the sky background with a constant value. The sky background fit was ∼ 0.1% of
the peak value of the galaxy surface brightness. Analysis of the DES r-band image yields an
effective radius reff = 2.8 ± 0.2 kpc which is within the uncertainty of the Nyquist sampling
(2 pixels), i.e., the galaxy is not well-resolved. The analysis further yields an estimated Sérsic
index n = 1 − 2.4 with n ≈ 2 preferred. These span the range from an exponential disk to a
more bulge-dominated system. We also measure an axis-ratio (b/a) = 0.62 ± 0.05 indicative
of a disk-like profile and a position angle of PA = −24± 5 deg. Adopting this model, the FRB
event occurred at a radius that encompasses ≈ 90% of the stellar light.

We have repeated the GALFIT analysis with a pseudo-narrow band (NB) image at Hα
generated from the MUSE data cube and recover similar results but with a lower central Sérsic
index (n = 1.7 is preferred). Based on the GALFIT residuals, we can also conclude that
the the galaxy does not show any obvious excess or absence of Hα flux at the position of the
FRB 180924 with respect to the overall smooth distribution modeled.

The same exercise was also performed for the FORS2 I band data and this gave us tighter
bounds on the index, 2.0 ± 0.2. The estimated light fraction within the radius corresponding
to the FRB is 0.92 ± 0.02. We caution again, that the galaxy is not well-resolved by these
ground-based images with typical seeing of 0.8− 1.3 arcsec.

S1.14.2 Photometry

The host galaxy of FRB 180924 is detected in all five bands of the DES DR1 survey (20).
The galaxy is also detected in the W1 and W2 bands of the WISE all-sky survey. Table S5
summarizes this set of photometric measurements, all of which were taken from the DES DR1
release and its cross-matched WISE catalog (22). The galaxy has a g − i ∼ 1.5 color (roughly
corresponding to u − r rest-frame at z = 0.32), which is indicative of a galaxy with limited
recent star formation.

We performed an SED analysis of the galaxy photometry with the CIGALE software pack-
age (74). The grid of SEDs that defined the model search space includes allowances for an
AGN contribution (75) and nebular emission. The stellar population models (76), use a ‘peri-
odic’ star-formation history (SFH) model characterized by a number of exponentially decaying
starburst episodes assuming a standard (77) initial mass function (IMF). Both the stars and gas
are attenuated by model composted of standard extinction curves ( (78), (79)) with a 2175 Å
bump feature.
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Figure 3 compares the best-fitting model from CIGALE with the observed fluxes, demon-
strating agreement with the data. This model is dominated by stellar emission from the pop-
ulation of older stars, both by mass and luminosity (at optical and near-IR wavelengths). The
SFH-weighted age is 5.5 Gyr and the model Star Formation Rate (SFR) exhibits a monotonic,
decreasing rate over the past 10 Gyr.

The stellar mass is estimated at 2.2 × 1010M� for the assumed IMF. The fitting results in a
non-negligible selective extinction, E(B − V ) ≈ 0.3 mag, for the dominant, old stellar com-
ponent. Table S7 summarizes the best-fitting parameters and estimated uncertainties from the
Bayesian methods used in CIGALE. There are potentially substantial degeneracies in the re-
sults, e.g., between dust extinction and estimated star-formation rate. Furthermore, the results
have modest dependence on the allowed parameterization of the SFH. For example, a model
which combines an old-and-dead stellar component with a younger, recently formed compo-
nent yields an ≈ 30% lower stellar mass. Nevertheless, the preferred model is an old galaxy
with a declining SFH and low current SFR (consistent with zero; see below for an upper limit
derived from Hα line-emission). The best-fitting model includes a small AGN component, but
its estimated contribution is consistent with zero.

S1.14.3 Spectroscopy

Our spectroscopy includes long-slit observations with the Gemini-S/GMOS spectrograph and
IFU datacubes with the Keck/KCWI and VLT/MUSE. Of these, the VLT/MUSE dataset has
the highest S/N over the widest wavelength coverage and we focus on that dataset; results are
consistent between spectrometers. From the MUSE datacube, we constructed a 1D spectrum
of the host galaxy by optimally coadding its spaxels weighting by the total flux in the white-
light image and renormalizing to conserve total flux within an aperture. For this we used the
PyMUSE software (80), defining an elliptical aperture comprising the full spatial extent of the
galaxy A but avoiding flux from galaxies B and C. This optimal extraction is robust to changes in
the edge limits of the aperture, because spaxels with total flux consistent with the sky level have
effectively zero weight. We then employed the pPXf software package (81,82) on the extracted
1D spectrum. The software fits a set of stellar population models and nebular emission lines to
an input spectrum to assess the kinematics and stellar composition of the galaxy. For the stellar
spectra, which vary in age and metallicity, we employ models from a database (83) that assume
the Chabrier initial mass function. The model also allowed for a 3rd order, additive polynomial
to adjust the continuum to account for minor fluxing errors and extinction of the stellar light by
a foreground screen of dust.

Consistent with the CIGALE analysis describe above, the best-fitting pPXf model is dom-
inated by old stars with a light-weighted age of tweighted ≈ 6 Gyr. The model also results in a
selective extinction E(B − V ) ≈ 0.2 mag (from the stellar continuum), and the light-weighted
mass-to-light ratio implies a total stellar mass of ≈ 1010M�.

The pPXf package also estimates line fluxes for a series of standard nebular emission lines
after correcting for any coincident stellar absorption. These are listed in Table S6 with their
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estimated uncertainties. From the observed Balmer decrement, F(Hα)/F(Hβ) = 3.8 ± 0.1,
where F () is the flux of the line, we infer a modest internal extinction (the Galactic extinction
along this sightline is estimated to be less than 0.1 mag (84)). Adopting a standard Galactic
extinction law (84) and the Case B recombination intrinsic ratio of Hα/Hβ = 2.8 (85), we
estimate AV = 1.0 and E(B − V ) = 0.3. The extinction-corrected line-luminosities are listed
in Table S6 using our adopted cosmology.

From these line luminosities, we estimate additional properties of the host galaxy. First,
we note the [NII]/Hα line-ratio exceeds the values observed for normal, star-forming galaxies.
This is emphasized in Figure 4 which presents a canonical Baldwin-Phillips-Terlevich (BPT)
diagram frequently used to assess the ionizing sources within a galaxy. We find that the host
galaxy of FRB 180924 is offset from the locus of z ∼ 0, star-forming galaxies. Instead, its
position in Figure 4 is near the locus of galaxies known to host active galactic nuclei (AGN)
and those that exhibit LINER emission (40).

We conclude that the line emission in this galaxy is produced in part by the ionizing mech-
anisms invoked for LINER galaxies. For galaxies dominated by old stellar populations, the
currently favored scenario is starlight from post-AGB stars. Such stars might also provide the
dust responsible for the observed extinction.

If the observed Hα flux were dominated by the line-emission of star-forming regions, the
luminosity would yield an estimate of the current SFR. Applying the standard conversion fac-
tor (26), this would imply ≈ 2M� yr−1 with uncertainty dominated by the applied extinction
correction (≈ 30%). Given the LINER excitation, the derived value yields only an upper limit
for the galaxy. We therefore report an upper limit of SFR < 2M� yr−1.

S2 Supplementary Text
Throughout the analysis we use cosmological parameters from the Planck 2015 results (86).

S2.1 Arguments against an association with the background galaxies
Given the association of FRB 121102 with a dwarf galaxy, it is necessary to consider whether
the burst source can be associated instead with two other galaxies, which are in the background
to DES J214425.25−5400.81. These galaxies are labeled label B (z = 0.384) and C (z =
0.50005) in Figure 2. DES J214425.25−5400.81 is labeled A. Two separate arguments suggest
that FRB 180924 does not reside in the halo of either of these galaxies.

Firstly, if we assume that the burst originated in the halo of galaxy B or C, then the probabil-
ity of a chance coincidence is at most 7% for galaxy B and 4% for galaxy C under the unlikely
assumption that the burst could originate anywhere within the halo of the background galaxy
with uniform probability to the observed separation from the galaxy center. If the probabil-
ity was (for instance) weighted by the stellar light of galaxy B or C, the likelihood of chance
coincidence becomes negligibly small for either galaxy. Secondly, the burst properties are in-
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consistent with it having propagated from a background galaxy through the foreground. Integral
field spectroscopy shows that ionized gas is present in the foreground galaxy at the position of
FRB 180924. Any burst emitted from either other galaxy would incur sufficient excess disper-
sion from its passage through the ionized gas in the lower-redshift galaxy to make it inconsistent
with that expected from the intergalactic medium. In this scenario, the burst would also be ex-
pected to be severely broadened due to diffractive scattering, if the gas in the lower-redshift
galaxy has turbulence comparable to that in the Milky Way. We therefore conclude that the
burst is associated with the closest galaxy, DES J214424.97−405400.2 (galaxy A).

S2.1.1 The dispersion measure contribution of galaxy A

At an offset of ≈ 3.9 kpc from the center of a relatively massive galaxy, the dispersion measure
contributed by the host galaxy of FRB 180924 and its halo are likely to be substantial. Consider
first a fiducial estimate for gas within the dark matter halo surrounding the galaxy. Adopting
a stellar mass of 2 × 1010M�, we may roughly estimate the halo mass using the halo abun-
dance matching technique (87). This methodology yields a halo mass log10Mh = 11.9 with
an ≈ 0.3 dex uncertainty. In the following, we also assume a concentration c = 7.7 which is
characteristic of halos of this mass at low redshift. We make the following assumptions on the
baryons within the halo: (i) the density profile of halo gas follows a modified Navarro-Frenk-
White (NFW) profile:

ρb =
ρ0
b

y1−α(y0 + y)2+α
, (S17)

as discussed in (34) where ρ0
b is a normalizing density, y is dimensionless radial coordinate, with

a steepness index set to α = 2 and (dimensionless) scale length y0 = 2.”; (ii) the halo contains
a cosmic fraction of baryons, i.e.Mb = Mh(Ωb/Ωm)(fb/1) whereMb is the baryon mass, Mh is
the halo mass, Ωb is the cosmic average baryon density, Ωm is the cosmic average matter density,
and fb is the fraction of baryons in halos, and that 75% of these baryons are in a diffuse, ionized
plasma within the halo. This sets the normalization in the above equation. We emphasize that
neither fb nor the gas-density profile are well determined for galaxy halos (34, 35, 41, 88, 89).

Adopting this fiducial model and an impact parameter R⊥ = 3.9 kpc, the integrated elec-
tron column density through the halo defined by its virial radius (rvir ≈ 190 kpc) is Ne =
108pc cm−3. This gives a halo-integrated dispersion measure DMhalo

A = 82 pc cm−3. Of
course, if FRB 180924 is hosted in the stellar disk of galaxy A it will be near the mid plane
of the halo and the expected halo contribution would be half of this quantity. We caution that
this estimate is subject to large uncertainties related to both fb and the adopted density profile.
Numerical simulations of galactic halo gas predict fb values that range from unity to much less
than one, often with a steep halo mass dependence (90, 91). This implies at least a 50% uncer-
tainty in our adopted DMhalo

A value. This treatment ignores any gas local to the burst source.
Given the low flux of Hα emission at the FRB location, however, we infer this to be a small
contribution.
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S2.1.2 The dispersion-measure contributions to galaxies B and C

We consider whether the observed DM of 362pc cm−3 of FRB 180924 is sufficiently large to
be compatible with passage through all of the Milky Way (estimated as DMMW & 70 pc cm−3

as described above, the halo of galaxy A (DMA ≈ 82 pc cm−3), and through the intergalactic
medium out to the redshifts of galaxies B or C, at z = 0.384 and z = 0.50055 respectively.
We use models (35) to quantify the minimum likely contribution from the IGM. These models
account for variation in the IGM dispersion measure caused by variations in the distribution
of cosmic baryons between different sight lines, for which much of the variance is due to the
number of galaxy baryonic halos intersected. We use as a representative model, one in which
each galaxy halo baryon profile follows an NFW distribution that extends out to the virial radius
of each galaxy. The NFW halo models here are conservative because most models find the
profile is more diffuse than NFW (where NFW traces the dark matter), which would lead to the
distribution being narrower.

Figure S5 shows the expected DM distribution parameterized according to the minimum
halo mass for which a galaxy will retain its baryonic halo; we consider halo masses in the range
1010-1014 M�. The lowest minimum DM is obtained for models in which the minimum halo
mass is 1010 M�. The physical motivation for parameterizing the models in terms of a mass
cutoff at some minimum mass is that below this minimum mass feedback is able to blow out all
the halo gas; this is thought to occur around 1012 M� (91), but this does depend on the specific
feedback implementation.

A useful constraint is set by considering the location of the fifth percentile of the DM dis-
tribution (i.e. the point above which 95% of the probability is contained). For z = 0.38 this
minimum IGM DM contribution is 227pc cm−3, while for z = 0.50 it is 325pc cm−3. Folding
in additional contributions from the Milky Way and galaxy A, the minimum expected DM from
a burst associated with galaxy B is 380pc cm−3, while it is 480pc cm−3 for one associated with
galaxy C. Both lower limit estimates are inconsistent with the measured burst DM.

S2.2 Stars and their host galaxies
The stellar mass function for nearby galaxies (92) implies that most stars in the nearby Universe
lie in moderately massive galaxies with stellar masses above about 1010 M�. Table S8 shows
a rough breakdown of the fraction of stars in the local Universe that lie in galaxies of different
masses - the distribution is strongly influenced by the ’knee’ of the galaxy stellar mass function
(92), which lies near 4 × 1010 M�. Above this mass the volume density of galaxies starts to
decrease rapidly, while below this mass the volume density of galaxies rises too slowly to offset
the smaller number of stars in each galaxy. Unlike FRB 121102, FRB 180924 is located in the
kind of moderately massive galaxy in which the bulk of stars in the local Universe are found. If
this is a common property of FRB host galaxies, it would suggest that the progenitors of FRBs
are drawn from the overall stellar population (including the endpoints of stellar evolution, like
neutron stars and white dwarfs), rather than from an exotic sub-population found mainly in
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dwarf galaxies.

S2.3 Models of burst dispersion measure: IGM and host residual
Models of the baryon distribution of the IGM generically show there is a minimum non-zero
dispersion measure contribution from the IGM for any object at z > 0.2. This can be used to
place an upper limit on the host galaxy dispersion measure contribution in the present case. We
derived the probability distribution of DMIGM for a variety of IGM models previously consid-
ered (35).

Specifically, we examined models in which the baryonic halos of galaxies that intersect the
FRB sightline have gas profiles whose densities possess an NFW distribution (93) around their
galaxy centers. The baryonic profiles were taken to extend out to the virial radius and were pa-
rameterized in terms of the minimum halo mass that retain its gas: we considered minimum halo
masses over the range 1010 to 1014 solar masses, ranging between dwarf galaxies and galaxy
cluster masses. This parameterization is motivated by galactic feedback, which simulations find
evacuates the halo gas below some halo mass threshold (with this threshold affected dependent
on how stellar and AGN feedback is implemented).

If we posit that DMIGM must lie within the 95% of its allowed range, we obtain a correspond-
ing upper limit on DMhost, after removing the additional contribution from the Milky Way. The
Milky Way contribution lies in the range 55−90 pc cm−3, taking into account 40 pc cm−3from
the Galactic disk, and a further 15− 60 pc cm−3due to the (highly) uncertain contribution from
the Galactic halo. Table S9 shows the corresponding 95% confidence upper limits on DMhost,
for the variety of models considered, assuming a 62 pc cm−3dispersion-measure contribution
from the Milky Way (i.e., 300 pc cm−3 from the IGM and host combined). We choose to assume
62 pc cm−3for the the Milky Way (disk and halo) contribution; because it provides conservative
(maximal) constraints on the possible host galaxy dispersion contribution. The 95% confidence
limit range from 77(1 + zhost) pc cm−3 to 133(1 + zhost) pc cm−3. We also list the mean ex-
pected value of DMHost for each of these models. The full probability distribution of DMhost,
derived from the probability distributions of DMIGM, is shown in Figure S6.

S2.4 Interpreting the scatter broadening of FRB 180924
Inhomogeneities in electron density refract and diffract propagating radio waves. Diffraction is
manifested as either scintillation, pulse broadening, and sometimes both. FRB 180924 shows
evidence for spectral modulation like other ASKAP bursts (18). It also shows evidence for pulse
broadening.

The power spectrum of the density fluctuations is modeled to be a power law between an
inner and outer scale of the turbulence:

P (q) = C2
nq

β, (S18)
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where q is the spectral wavenumber and C2
n(s) represents the amplitude of the turbulence at a

distace along the line of sight s. If the turbulence follows a Kolmogorov spectrum, then the
power law index is β = −11/3. The scattering measure (SM) is the integrated value of C2

n(s)
along the line of sight:

SM =

∫
dsC2

n. (S19)

Observable quantities (e.g. the pulse broadening time (τ ), scintillation bandwidths, or angular
broadening) can be related to the scattering measure assuming a model for the turbulence in the
ISM.

In the Milky Way, for a geometrically thick medium, with density fluctuations following a
Kolmogorov spectrum, the scattering measure (SM) can be calculated from the scatter broad-
ening (33) using

SMMW = 292 kpc m−20/3

(
τd,s
Lkpc

)5/6

ν
11/3
GHz , (S20)

where the pulse broadening time (τd,s) is measured in seconds, the extent of the line of sight
(Lkpc) is measured in kpc, and the observing frequency (νGHz) is measured in GHz. In the
Milky Way, other media (such as geometrically thin cases) will result in a relation that changes
the coefficient of proportionality by a factor that is close to unity (94).

In the case of scattering in the host galaxy, the relationships need to be adjusted to account
for the different geometry, and to correct for the redshift of the host. Scattering in the host will
be half as effective as would be expected from Equation S20. Additionally, the line of sight
length L is measured through the host galaxy (i.e., not the entire path length from the burst
source to Earth).

We then need to convert the scattering measure to the rest frame of the host galaxy:

SMhost = 1560 kpc m−20/3

(
2τd,s
Lkpc

)5/6

ν
11/3
GHz (1 + z)17/3, (S21)

and the average scattering strength along the line of sight is

C2
n,host = 1560 m−20/3 τ

5/6
d,s L

−11/6
kpc ν

11/3
GHz (1 + z)17/3, (S22)

where Lkpc is the length of the line of sight in kpc.
Thus for the host of FRB 180924, we find SM=3 kpc m−20/3 (L/5 kpc)−5/6, and C2

n =

0.6 m−20/3 (L/5 kpc)−5/6. In Figure S7, we show how the scattering strengthC2
n of FRB 180924

compares to measurements along lines of sight to pulsars in the Milky Way, assuming a path
length through the host ranging from 1 to 5 kpc, and a host dispersion measure of 175 pc cm−3

(in the rest frame) which is the most conservative (largest) 95% limit from the models consid-
ered above. The plot shows that if the scattering originates in the host, the strength is marginally
higher than that measured along Milky Way lines of sight.
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Figure S1: Positions of radio source PKS 2144−418 as measured in the ASKAP download
that contained FRB 180924. The positions are ASKAP (blue), the ATCA (purple), and VLBI
positions from the Radio Fundamental Catalog (50). The radius of the circles are the 1σ uncer-
tainty for the ATCA and ASKAP positions - no systematic component has been included.Two
DES positions of the optical counterpart are plotted. The measured being the position given
in the catalog, and the corrected is after the Gaia-DES offsets listed in Table S2 have been ap-
plied. For the DES positions the 1 sigma radius of the circle is the astrometric precision of 151
mas (20).
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Figure S2: Comparison of incoherent and interferometric burst localization. The blue
contour shows the posterior localization region using the incoherent burst localization method
previously employed (10, 16, 18). The red circle is centered on the interferometric burst local-
ization region. The background is a radio image of the field taken from the Sydney Univer-
sity Molonglo Sky Survey (SUMSS) (95). The green circles are contours of radio-continuum
sources in the ASKAP 3.1 s image.
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Figure S3: Apparent offsets in R.A. (∆α) and Declination (∆δ) from Gaia-DR2 and DES-
DR1 catalogs. The black squares show the positions of individual sources. The center of the
blue cross is the mean of the positions and the size is the 1-sigma root-mean-square .
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Figure S4: Apparent offset in positions from Gaia-DR2 and DES-DR1 catalogs. (A) RA
offset vs RA. (B) Dec offset vs Dec.
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Figure S5: The probability distribution of the IGM contribution to the dispersion measure,
p(DMIGM). (A) shows the distribution if the burst emanates from either galaxy B and (B) shows
the distribution comes from Galaxy C, under the assumption that the baryonic halos of galaxies
near the line of sight follow an NFW profile extending out to the virial radius. Differences in
the probability distributions reflect uncertainty in the minimum halo mass.
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Figure S6: Posterior probability distributions on the host DM, p(DMhost) under a range of
assumptions the gaseous profiles around foreground galaxies (see text).
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Figure S7: Turbulence strength (C2
n) and dispersion measures for Galactic lines of sight

(black points) and FRB 180924 (red). The Galactic lines of sight are from (96) and (97).
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Supplementary Tables

Table S1: A summary of followup observations of FRB 180924. The fourth column shows
the number of days since the FRB.

Telescope Instrument UT Date Days Remarks
ASKAP 1.1-1.4 GHz 2018 Sep 26 2 continuum emission search
ATCA 4.5-8.5 GHz 2018 Sep 25 & Oct 4 1 & 10 continuum emission search
Parkes 1.4 GHz 2018 Oct 2 & 17 8 & 23 search for repeat bursts
Keck KCWI 2018 Oct 4 10 integral field unit λ ≈ 4000− 5500Å.
Gemini-S GMOS 2018 Oct 5 11 long-slit spectroscopy λ ≈ 4700− 9300Å
VLT MUSE 2018 Nov 5 41 1′ × 1′ integral field unit λ ≈ 4750− 9300Å
VLT FORS2 2018 Nov 9 45 g′ + I-band imaging
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Table S2: Positions and flux densities for the three brightest (> 10σ) sources in the ASKAP
field data set. Sν is flux density.

Source R.A. Decl. R.A. error Decl. error Sν Sν error
(J2000) (J2000) (mas) (mas) mJy mJy beam−1 .

PKS 2144−418 21h44m04.717s −41d37’51.12” 90 90 259 3
SUMSS J214421−412640 21h44m21.302s −41d26’40.90” 280 260 88 3
SUMSS J214438−411835 21h44m38.828s −41d18’33.54” 943 740 31 3.09
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Table S3: Polarimetric properties of FRB 180924. Stokes parameters, Q and U , and the po-
larization position angle Ψ have been referenced to a frequency of 1.2 GHz assuming a rotation
measure of 14 rad m−2.

I (Jy) Q (Jy) U (Jy) V (Jy) Ψ (rad)
11.8(1) 1.4(1) -10.5(1) 1.0 (1) 2.4(1)
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Table S4: Offsets in source positions between Gaia (G) and DES (D)
RAG − RAD DECG −DECG

Without Proper Motion (mas) 109(20) −108(17)
With Proper Motion (mas) 102(15) −97(12)
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Table S5: Host-galaxy photometry
Survey Filter Value Uncertainty

DES-DR1 g 21.62 0.03
DES-DR1 r 20.54 0.02
DES-DR1 i 20.14 0.02
DES-DR1 z 19.85 0.02
DES-DR1 Y 19.81 0.06

WISE W1 16.85 0.10
WISE W2 16.06 0.18
WISE W3 > 11.69 −
WISE W4 > 8.50 −
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Table S6: Host Galaxy Nebular Emission. All magnitudes have been extinction-corrected
assuming AV =0.96 mag.

Line Flux Flux Uncertainty Luminositya Lum. Uncertainty
(10−17 erg/s/cm2) (10−17 erg/s/cm2) (1040 erg/s) (1040 erg/s)

[OII] 3726 4.0 0.2 5.6 0.3
[OII] 3729 7.0 0.3 9.7 0.4

H β 7.3 0.2 7.4 0.2
[OIII] 5007 7.9 0.2 7.6 0.2

H α 28.1 0.3 20.8 0.2
[NII] 6583 19.5 0.3 14.4 0.2
[SII] 6716 4.5 0.2 3.2 0.1
[SII] 6731 3.2 0.2 2.3 0.1

a
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Table S7: Results from CIGALE Modeling.
Parameter Value Error
Total Mass (1010M�) 2.25 0.71
Old Stellar Mass (1010M�) 2.24 0.71
AGN Fraction 0.2 0.2
u− r (rest frame) 1.7 0.2
Mr (rest frame) -20.77 0.05
SFR M� yr−1 2.9 3.9
E(B − V ) 0.27 0.11
tage (Gyr) 5.55 3.17
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Table S8: Location of stars in the nearby Universe derived from the galaxy stellar mass
function (92).

Galaxy stellar mass (M�) Fraction of local stars
107 to 108 1%
108 to 109 4%
109 to 10 10 16%
1010 to 1011 68%
1011 to 1012 11%
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Table S9: Host DM likelihoods for z = 0.32 and an upper limit of 300 pc cm−3.
Halo Radius Mean Standard deviation 95% DM
( Rvir) (pc cm−3) (pc cm−3) (pc cm−3)

Top-hat model 0.5 81 39 133
0.75 62 36 122
1 51 32 108
2 32 24 79

NFW model 1 66 34 119
2 43 29 95
Minimum halo mass Mean Standard Deviation 95% DM
(M·) (pc cm−3) (pc cm−3) (pc cm−3)

NFW Model 1010 66 34 119
extended to 1012 50 27 94
1.0×Rvirial 1013 36 23 79

1014 30 24 77
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