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Present-day galaxies are surrounded by cool and enriched halo gas extending for hundreds of kiloparsecs.
This halo gas is thought to be the dominant reservoir of material available to fuel future star formation,
but direct constraints on its mass and physical properties have been difficult to obtain. We report the
detection of a fast radio burst (FRB 181112), localized with arcsecond precision, which passes through the
halo of a foreground galaxy. Analysis of the burst shows the halo gas has low net magnetization and
turbulence. Our results imply predominantly diffuse gas in massive galactic halos, even those hosting
active supermassive black holes, contrary to some previous results.

The low-density gas located in the outskirts of galaxies influ-
ences the process of galaxy formation, especially gas accre-
tion and feedback (I). Absorption-line spectroscopy can
detect this nearly invisible medium. Surveys demonstrate a
very high incidence of cool gas (with temperature T ~ 10* K),
detected through hydrogen Lyman series and continuum ab-
sorption, surrounding galaxies with masses similar to our
Milky Way (e.g., (1, 2)). Properties of this gas depend on gal-
axy mass but are otherwise insensitive to the galaxy's internal
properties (I, 3-5). Estimates for the total mass of the cool gas
match or exceed the baryonic mass of the galaxy (4, 6). Theo-
retical treatments of halo gas around present-day galaxies
disagree on the proportion of total mass retained in the halo
during galaxy formation, with estimates ranging from several
tens of percent up to all of the baryons predicted to accrete
into the halo (e.g., (7, 8)). This uncertainty stems from obser-

vational insensitivity to the hot (T >10° K) gas which per-

vades galaxy halos (and within which the cold gas is
embedded), and from systematic uncertainties in estimating
its mass (I, 6). Constraints on the density and temperature of
the halo gas are sufficiently limited to allow qualitatively dif-
ferent descriptions of its ionization and distribution (9, 10).
The origin of the cool gas and its composition are challenging
to explain theoretically; some models require cosmic rays and
magnetic fields to transport material from the central galaxy
to sustain the cool medium (e.g., (11)).
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At Coordinated Universal Time 17:31:15.48365 on 2018
Nov 12 the Commensal Real-time ASKAP Fast Transients
(CRAFT) survey on the Australian Square Kilometer Array
Pathfinder (ASKAP) detected a fast radio burst (FRB 181112)
from the 12 antennas observing at the time. The burst arrival
time swept across the observing band (~1.129-1.465 GHz, Fig.
1A) due to propagation of the burst through a foreground
plasma. The burst sweep yields an estimate of the FRB dis-
persion measure DMggz = 589.27 + 0.03 pc cm~ which is the
integrated density of electrons 7, at distance r from Earth

scaled by (1 + 2)! with z the redshift: DM, = jne/(l+ z)dr.

The real-time detection triggered full download of the voltage
data; these precisely localized the burst to a sky position
21h49m23.630s, —-52d58m15.39s (right ascension, declination,
J2000 equinox) with a statistical (systematic) error ellipse
oriented at 120 deg E of N on the sky with major axis a =
0.555"(3.2") and minor axis b = 0.153"(0.8") (12).

Figure 1B shows a g-band image centered on FRB 181112
obtained with the FOcal Reducer/low dispersion Spectro-
graph 2 (FORS2) instrument on the Very Large Telescope
(VLT). It shows the presence of a galaxy coincident with FRB
181112, previously cataloged by the Dark Energy Survey (DES;
(13)) as DES J214923.66-525815.28. The DES and FORS2 data
also show a luminous galaxy ~5” to the North of the FRB
event (DES J214923.89-525810.43). We used follow-up
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spectroscopy with the FORS2 instrument to measure the red-
shift (12) of the former galaxy as = 0.47550, and the latter
galaxy as 2 = 0.3674, i.e., in the foreground. We associate FRB
181112 with DES J214923.66-525815.28 (12). Compared to the
other three known host galaxies of FRBs, the host galaxy of

FRB 181112 has an intermediate stellar mass of M, ~10>* so-

lar masses (M) (fig. S3) (12). It has colors matching star-
forming galaxies at & ~ 0.4, has an estimated star formation
rate of 0.6 M yr*, and shows no signatures of an active ga-

lactic nucleus (AGN) (12).
The FRB sightline passes at an impact parameter
R, =29 kpc from DES J214923.89-525810.43 (hereafter re-

ferred to as FG-181112) allowing us to probe the halo of this
foreground galaxy. We analyzed the DES, FORS2, and com-
plementary longer-wavelength Wide-field Infrared Survey
Explorer (WISE) data to determine FG-181112’s physical prop-
erties (I2), We derive a high stellar mass
log,, M, /M, =10.69'0%; , detect nebular emission lines indic-

ative of an AGN and classify it as a Seyfert galaxy, and infer
an old (age >1.4 Gyr) quiescent stellar population (Table 1 and
table S5). Surveys of the halo gas surrounding galaxies of sim-
ilar mass, with or without AGN activity (14), almost ubiqui-
tously reveal strong absorption by cool (T ~ 10* K) gas for
sightlines R, <100 kpc . Generally, the inferred total column

densities of ionized gas exceed 10*° cm2 (4, 6), and transitions
of heavy elements indicate a turbulent velocity field (15) sug-
gesting that a fraction of the gas has a relatively high density
(ng ~ 1 cm™3; (16)). Such a foreground medium should impact
the FRB signal.

The column of gas close to this massive galaxy, however,
does not dominate DMygg. It contributes only DMgg ~ 50 -
120 pc cm~2, depending on assumptions for the density profile
and total mass of the halo gas (12). The measured DMggs is
consistent with models that include cosmic gas, our Galaxy,
and the host (fig. S9) (17, 18). The sightline to FRB 181112 also
intersects the edge of the Fermi Bubbles (12), a complex of
hot gas encompassing the Galactic Center. The expected DM
contribution from gas in these bubbles is small (12), but their
entrained magnetic field may contribute to the FRB rotation
measure.

The rotation measure RM is the density-weighted integral
of the magnetic field parallel to the FRB sightline. The volt-
ages recorded from the ASKAP antennas measure the electric
field at the antenna locations in two orthogonal directions on
the plane of the sky, enabling the linear polarization fraction
of the burst radiation (and its position angle) to be measured
as a function of frequency. Averaged over its duration we find
the burst to be approximately 90% linearly polarized and 10%
circularly polarized (12). This can be used to estimate the
burst RM, as PAos = PAin: + (¢/V)*RM, where v is the frequency
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and PA.,s and PA;, are the observed and intrinsic polarization
angles, respectively. Figure 2 depicts the frequency sweep of
the polarization angle; the apparent v=2 frequency depend-
ence is the RM signature. We fitted an RM model to the
sweep, yielding RM = 10.9 + 0.9 rad m2 This is a low RM
value, consistent (within the uncertainty) with the estimated
RM due to our Galaxy toward FRB 181112 (12). Adopting an

upper limit of RM <11 rad m™, we calculate an upper limit
for the maximum parallel magnetic field B”’"ax in the halo of

FG-181112: B™ <0.8 uG(n,/10° em™)" (AL/30 kpe) ', in the

limit of a perfectly ordered magnetic field with AL a charac-
teristic length-scale through the halo. We have adopted fidu-
cial values for n, and L that may characterize the halo of FG-
181112 (similar to those adopted for the DMj¢ estimation).

Field reversals would lead us to underestimate B‘;“ax . Never-

theless, this low value for B™ implies that either the mag-

netic field in the halo is low compared to the interstellar
medium, or that it is largely disordered.

These constraints have implications for the circumgalac-
tic gas. The magnetic field value in equipartition with the
thermal energy of the virialized halo gas is

B, =Bk, T =2 uG(n,/10° cm®)" (T/10° K)"* with &,

the Boltzmann constant. Our BHmalx limit is similar to Beq for

physically motivated n., AL and T, constraining the magnetic
field to be near or below equipartition if the total field is sim-
ilar to the net parallel field. Magnetic fields around the equi-
partition value enhance the rate of condensation of the hot
circumgalactic gas into cooler clouds (11) as well as the sur-
vival of cool accreting gas (19). Near equipartition field
strengths are generated in some models in which cosmic ray
pressure transports cool gas and metals to large distances

from galaxies (20, 2I). Our limit on BHmax is below the mean

estimate for sightlines that show strong gas absorption (22)
despite our sightline likely intersecting gas with similarly
strong absorption in FG-181112 (e.g., (3)).

The halo gas of FG-181112 broadens the width of the pulse
at any given frequency. This temporal broadening tscr arises
from density fluctuations within the medium which impose
small differences in light-travel time for rays propagating
through the gas (17, 23). This scattering is geometrical and its
effects are maximal for a scattering “screen” located at one-
half the distance to the FRB. We determine an upper limit of
Tseatt < 40 ps due to scattering, constraining both the turbulent
properties of the halo gas and its density. A pulse with 150
times higher width (3 ms) would have still been detected, i.e.,
the very narrow width of FRB 181112 is not the result of ob-
servational bias. Figure 2B shows that the temporal profile of
FRB 181112 consists of two pulses separated by approximately
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800 ps. The broadening limit is derived by modeling each
component as a symmetric intrinsic pulse convolved with the
one-sided exponential decay expected due to scattering (see
(12)). Temporal smearing due to inhomogeneities in the
plasma distribution along the line of sight would otherwise
broaden the pulse to a frequency-dependent duration tscu(Vv)
= 10(v/1 GHz)", where the index v is typically ~—4 (12).

The observed 1s.: constrains the integral of the square of

the density along the sightline, j dxan, (x)*, which we relate

to the electron column density with the parameterization
12
(n,) AL =a™*([dxsnZ ", which takes the halo of FG-181112

to have characteristic length AL with an average density of
(ne>. Thus, the parameter o encapsulates the root-mean-

square amplitude of density fluctuations and the volume fill-
ing fraction of the turbulence, f. The limit on the in situ den-
sity assuming a Kolmogorov spectrum of turbulence (12) is

-1/2 5/12
(n)<2x10%a™ AL Ly Tscat em™® (1)
50 kpc 1 kpc ) 40 ps

where AL ~ 50 kpc approximates the path length through
the foreground halo and L, is the outer scale of turbulence.
As the turbulence is likely to be produced by galactic winds
and inflows, we expect it to be driven at scales less than the
impact parameter (~30 kpc) and consider L, = 1 kpc a reason-
able value.

We now examine two standard models for halo gas in
which the medium is comprised of either hot (T ~ 10° K) viri-
alized gas or cool gas pressure-confined by the hot gas. In the

case of hot virialized gas, our constraint on (n,) suggests

densities lower than those expected of ~10~ cm™ gas with
kiloparsec driving scales (see fig. S12). Because we expect the
volume filling factor of this gas to be near unity, the upper
limit on the density can only be ameliorated if the gas is much
less turbulent (i.e., o< 1) relative to galactic astrophysical

plasmas, especially the interstellar medium of our Galaxy,
where o ~ 7 (12, 24).

For turbulent, cool 10* K clouds embedded in a hot me-
dium, the constraints are stronger. Assuming pressure equi-
librium with characteristic values for the hot gas n. = 107
cm® and T = 2 x 10° K, application of Eq. 1 with L, = 1 kpc
and AL = 50 kpc yields a < 0.01. Because o o« f\,’/2 , We require

a filling factor of cool clouds of fi- < 107* if the clouds are fully
turbulent. Even lower values are required to satisfy this con-
dition if the driving for turbulence within cool clouds is in-
stead at parsec scales, which may be physically motivated
(25).

These limits on the halo gas density derived from the scat-
tering analysis contradict prior inferences that cool halo gas
has a volume filling fraction of fir ~ 1072 - 1072 (6, 26, 27). The
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total neutral hydrogen column density offers the most direct
comparison to our result: photoionization equilibrium con-
strains the same combination of parameters as scattering, im-

plying (ne /0.1 cm‘3)( f, /107 )”2 (AL/50 kpc)”2 ~1 if we take a

typical neutral hydrogen column density of 10" ¢cm= at 30
kpc measured for halos with similar masses as FG-181112 (4).
Reconciling these values with the scattering from FG-181112
either implies that the cool clouds are less turbulent than as-
sumed or that our sight line has less cool gas than is typical.
The foreground galaxy is classified as a Seyfert, with an em-
bedded accreting supermassive black hole in a central AGN
that could lead to a more evacuated halo (28), although it has
been argued that such activity may lead to more cool gas (29).
Even if the clouds are not turbulent and instead we consider
the refractive bending of light through a network of parsec-
scale clouds (25), we rule out a population of 0.1 pc clouds or
smaller with f;- ~ 1072 (12).

FRBs experience a number of propagation effects which
render them sensitive probes of the density, magnetic field
and turbulence of the otherwise elusive gas that pervades gal-
axy halos. The constraints derived from FRB 181112 for the
halo of a massive galaxy are summarized in Fig. 3. The n,, B

parameter space ruled out by our observations conflicts with
several previous inferences for halo gas (22, 26, 27). Our ob-
servations indicate a density of hot gas that is lower than in
many models and also a column of cool gas that is smaller
than commonly inferred.

Our results demonstrate that FRBs can be used to eluci-
date the physical properties of diffuse gas in the halos of gal-
axies. The multiple pulses observed in FRB 181112 could be
due to multipath propagation through the gas. That would be
a natural consequence of a medium comprising very low fill-
ing-factor cool clouds embedded in hot virialized halo gas,
with the pulse multiplicity signifying the number of clouds
intersected, and their arrival times yielding their offsets from
the direct burst sight line.
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Fig. 1. Dynamic spectrum of FRB 181112 and optical imaging of its host and a
coincident foreground galaxy. (A) Dynamic spectrum of FRB 181112 recorded by
ASKAP. The dispersion measure DMers = 589.27 pc cm=3; (B) g-band FORS2 image
centered on FRB 181112 whose positionis depicted by the red ellipses with solid/dashed
lines indicating the statistical/systematic uncertainty. We estimate an additional
systematic uncertainty of #0.5" in the astrometric solution of the FORS2 image. The
host is well-localized to a faint galaxy cataloged as DES J214923.66-525815.28, and
one identifies a brighter galaxy located ~0.5" away at a PA =~ 13° (cataloged as DES
J214923.89-525810.43, referred to as FG-181112). The sightline to FRB 181112 passes
through the halo of this foreground galaxy at an impact parameter R, =29 kpc .
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Fig. 3. Constraints on the coherent magnetic
field parallel to the line of sight B and
electron density 7. in the halo of FG-181112.
The hatched regions show the parameter
space in B, n, (cool gas) ruled out for the halo

of FG-181112 from the measured RM and tscatt
of FRB 181112. These constraints are largely
independent of the properties of the
foreground galaxy. We compare these results
with previous inferences for the density of cool
halo gas (colored regions) based on ionization
modeling and Lya fluorescence. We also
illustrate previous estimations for the magnetic
field strength in halo gas (yellow curve; (22))
which conflict with our results.
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Fig. 2. Spectropolarimeric properties of
FRB 181112. (A) Relative linear
polarization position angle ¥ of the burst
averaged in frequency. (B) Polarimetric
pulse profile of burst in four Stokes
components (I - thick solid line; Q -
dashed line; U - dashed-dotted line, V -
thin solid line). The two components,
separated by approximately 800 ps show
different position angles. (C) Spectrum of
E, burst averaged over both pulses. (D)
Position angle ¥ of the burst plottedas a
function of frequency, with the black
points showing measurements in
individual frequency channels, and line
these measurements smoothed using a
Gaussian Kernel with standard deviation
of 4 MHz. The variation of the position
angle with frequency is the result of
Faraday rotation. The blue line shows a
maximum-likelihood model for
polarization, using the inferred rotation
measure RM =10.9 rad m=.
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Table 1. Properties of FRB 181112, its host, and the foreground galaxy FG-181112. The two uncertainties in Right
Ascension and Declination are statistical and systematic, projected onto the coordinate axes. These uncertainties are
best described as ellipses with position angle 120 deg East of North and major/minor axes of (astatistical = 0.55", Dstatistical
=0.15") and (asystematic = 3.2", bsystematic = 0.8""). The coherent magnetic field, density and filling factor estimates assume
a characteristic path length through the halo of AL = 50 kpc. The density and filling factor estimates assume a driving
scale with root mean density fluctuations of one at Lo = 1 kpc, with the bound scaling as « Lf , as well as a Kolmogorov
spectrum of turbulence to separations below rqi. The filling factor estimate further assumes cool Tcoo = 10* K gas is in
pressure equilibrium with hot gas with density (ne) =107 cm™® and temperature Thot = 2 x 10° K hot gas, with the bound

scaling as o< ({n, ) T,oy /Tooo )72 . See text and (12) for details.

FRB

Right Ascension (J2000)
Declination (J2000)
Dispersion measure (DMegrs)
Rotation measure (RM)

Pulse width
Host Galaxy
Redshift
Stellar Mass

Star formation rate

Foreground galaxy FG-181112
Redshift

Impact parameter to the FRB sightline (R, )
Stellar Mass

Star formation rate

Coherent magnetic field parallel to the line of sight

Density constraint for hot, diffuse gas (fv ~ 1)
Filling factor constraint for cool, clumpy gas

327.34846 + 0.00007 £0.0006 deg
-52.97093 £ 0.00004 + 0.0002 deg
589.27+0.03 pccm®
10.9+0.9radm™

<40 pys

0.47550 + 0.00015
2.6+1.1x10°M _

0.6 M, yr

0.36738 + 0.00007
29+ 3 kpc

4.9+3.2x10°M
<03M, yr
B, <0.5 uG(n, /10 cm™®)

Ne<2x103cm3
fv < 104
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