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Abstract

Fast radio bursts (FRBs) are millisecond-duration radio transients that serve as unique probes of ionizedextragalactic
matter. We report the discovery and localization of two FRBs piercing the Andromeda galaxy (M31) with the realfast
transient-detection system at the Very Large Array. These unique sightlines enable constraints on M31’s electron
density distribution. We localized FRB 20230930A to a host galaxy at redshift z= 0.0925 and FRB 20230506C to a
host galaxy at redshift z= 0.3896. After accounting for the dispersion contributions from the Milky Way, the host
galaxies, and the intergalactic medium, we estimate M31’s contribution to be 26–239 pc cm−3 toward FRB
20230930A and 51–366 pc cm−3 toward FRB 20230506C, within the 90% credible interval (CI). By modeling the
M31 disk’s contribution, we isolate the halo component and ind that M31’s halo contributes 7–169 pc cm−3 along
FRB 20230930A (90% CI). The inferred values of DMM31,halo from the FRBs are consistent with predictions from a
modiied Navarro–Frenk–White proile at the corresponding impact parameter. The cool and warm phase gas is
unlikely to account for the DMM31,halo unless the ionization fraction is as high as 90%. While limited to two sightlines,
these results offer tentative evidence for the existence of a hot halo surrounding M31. We also discuss the potential
contribution of other foreground structures, particularly in explaining the DM excess observed in FRB 20230506C.
This work demonstrates how FRBs can be used to probe the circumgalactic medium of intervening galaxies.

Uniied Astronomy Thesaurus concepts: Radio transient sources (2008); Radio bursts (1339); Galaxies (573)

1. Introduction

A hot corona around our Galaxy was irst predicted by

L. Spitzer (1956) as the cause of absorption lines in the spectra

of stars at high Galactic latitude. The exploration of this

circumgalactic gas was then carried out by absorption line

spectroscopy of bright background sources. The circumgalac-

tic medium (CGM) regulates the inlow and outlow of gases

and therefore plays an important role in galaxy evolution. The

CGM represents a multiphase metal-enriched gas reservoir

around all galaxies and likely extends beyond the virial radius,

Rvir (e.g., J. Tumlinson et al. 2017). Apart from absorption line

studies, independent constraints on the CGM were measured in

the microwave regime by studying the distortion in the cosmic

microwave background spectrum by the hot electrons in the

halo. This process termed as the thermal Sunyaev–Zeldovich

(SZ) effect (R. A. Sunyaev & I. B. Zeldovich 1980), has been

used to study the CGM of nearby galaxies (J. N. Bregman

et al. 2022). X-ray emission due to thermal bremsstrahlung

(J.-T. Li et al. 2018) has also been used to study the hot CGM

around nearby galaxies.
The Andromeda galaxy (M31), at a distance of 761 ± 11 kpc

(S. Li et al. 2021), is the closest large galaxy to the Milky Way

and its halo subtends an angle of 30° in the sky, making it a

perfect candidate to study the CGM. N. Lehner et al. (2015)

discovered evidence of a massive extended CGM around M31

The Astrophysical Journal, 993:221 (13pp), 2025 November 10 https://doi.org/10.3847/1538-4357/ae1014

© 2025. The Author(s). Published by the American Astronomical Society.

aaaaaaa

19
Sloan Fellow

Original content from this work may be used under the terms

of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title

of the work, journal citation and DOI.

1

https://orcid.org/0000-0001-8057-0633
https://orcid.org/0000-0002-4119-9963
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0002-5025-4645
https://orcid.org/0000-0002-4477-3625
https://orcid.org/0000-0002-7502-0597
https://orcid.org/0000-0001-9504-7386
https://orcid.org/0000-0003-4052-7838
https://orcid.org/0000-0002-3038-3896
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0003-4056-9982
https://orcid.org/0000-0002-8400-3705
https://orcid.org/0000-0002-7587-6352
https://orcid.org/0000-0002-6664-965X
https://orcid.org/0000-0002-7374-935X
https://orcid.org/0000-0002-2028-9329
https://orcid.org/0000-0003-4793-7880
mailto:thomas@astron.nl
http://astrothesaurus.org/uat/2008
http://astrothesaurus.org/uat/1339
http://astrothesaurus.org/uat/573
https://doi.org/10.3847/1538-4357/ae1014
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ae1014&domain=pdf&date_stamp=2025-11-06
https://creativecommons.org/licenses/by/4.0/


using far-ultraviolet absorption lines of metal ions corresp-
onding to a cold phase (T� 104 K) and a warm phase
(T ∼ 105.5 K). They showed that this CGM is bound, exists in
multiple phases, and its ionization fraction increases with the
radius from the center. The baryon mass within Rvir for the cold-
warm phase (T ∼ 104–105.5 K) CGM was estimated to be

( )/> × Z Z M4 10 0.310 1 (N. Lehner et al. 2020), where Z
denotes the metallicity of the medium. Observational evidence
of the hot (T� 106 K) phase of the CGM, presumably
surrounding the cold phase, is still lacking.

The frequency-dependent dispersion associated with fast
radio bursts (FRBs; D. R. Lorimer et al. 2007) provides a
unique probe to measure the baryon content of the intervening
medium between the source and the observer. The dispersion
measure, DM = ∫dnedl, is a direct measurement of the electron
density in the observer’s line of sight. Previous studies have
used FRBs to measure the electron density of the halos of
intervening galaxies (J. X. Prochaska et al. 2019; X. Wu &
M. McQuinn 2023), including the Milky Way (A. M. Cook
et al. 2023; V. Ravi et al. 2025), the intracluster medium
(L. Connor et al. 2023), and the intergalactic medium
(J. P. Macquart et al. 2020). Previously, L. Connor et al.
(2020) and J. van Leeuwen et al. (2023) detected FRBs
skewering the M31–M33 halos and suggested that the shared
plasma of the group contributed to the DM of the FRB. In a
different study using hundreds of FRBs detected by the
Canadian Hydrogen Intensity Mapping Experiment (CHIME),
L. Connor & V. Ravi (2022) ind weak evidence for DM
excess contributed by the halos of M31 and M33, whereas
X. Wu & M. McQuinn (2023) found the evidence to be only
marginal. Therefore, it is crucial to detect more FRBs
intersecting the Local Group galaxies to reliably understand
the CGM around these galaxies and its potential impact on
FRB detection.
Realfast (C. J. Law et al. 2015, 2018) is a real-time

commensal transient search, detection, and localization system
operating at the Karl J. Jansky Very Large Array (VLA)

between the frequencies 1 and 10 GHz. Realfast has been
instrumental in the localization of many FRBs like the irst
repeating FRB 20121102A (S. Chatterjee et al. 2017), FRB
20180916B (K. Aggarwal et al. 2020), and FRB 20190520B
(C. H. Niu et al. 2022). It has also discovered FRB 20190614D
(C. J. Law et al. 2020) and a Galactic pulsar-like source
J1818–1531 (R. Anna-Thomas et al. 2024). In this paper, we
discuss the discovery and localization of two FRBs by realfast
that pierce through M31.

This paper is organized into multiple sections: Section 2
describes radio and optical observations and data reduction,
Section 3 discusses the DM budget and constraints the DM
contribution from M31, Section 4 discusses various DM
contributions, and Section 5 summarizes the results. Through-
out this paper, we adopt cosmological model and parameters
from the Planck 2018 analysis for any calculation that requires
assumed cosmology Planck Collaboration et al. (2020).

2. Observations and Data Reduction

2.1. VLA/Realfast Observation

The VLA was observing the Local Group Legacy survey
(EVLA 20A-346; P.I. Adam Leroy), which targets deep, high
spatial resolution imaging of 21 cm and L-Band continuum
emission of six Local Group galaxies, including M31. The

realfast transient-detection system ran commensally with these
observations, ingesting correlated voltages sampled at 10 ms
resolution. The software RFPIPE applies online calibration,
searches for bursts at many different trial DM and widths.
Candidates above 8σ luence limit for a 10 ms image
(0.29 Jy ms at L-band) triggered the recording of a few
seconds of visibility data centered around the candidate. These
candidates are then visually inspected by the realfast users.

On 2023 May 6 (MJD 60070) and on 2023 September 30
(MJD 60217), realfast detected two FRBs, FRB 20230930A
and FRB 20230506C, when the telescope was pointed at
J2000 R.A.= 00h41m40.s844, decl.= 41°44 02.379 (ield =
M31LARGE_47) and R.A.= 00h48m42.s535, decl.= 42°
00 51.122 (M31LARGE_4), respectively. This triggered
the download of 10 ms Science Data Model data. Repeat
bursts from FRB 20230506C were subsequently detected on
2023 August 26 (MJD 60182) and 2023 September 28
(MJD 60215). The VLA was in the B-coniguration on
60070, and in A coniguration on 60182, 60215, and 60217.
The frequency range of the realfast data is 1.308–
2.012 GHz and is divided into eight spectral windows,
each having 64 channels with 1 MHz resolution. We also
note that the frequencies between 1.49 and 1.69 GHz were
not recorded due to the spectral set up of the primary
observation. The realfast system also did not store the
visibilities on MJD 60182 for FRB 20230506C and it was
only detected by the real-time pipeline. For both ields, we
observed the sources J2355+4950 for phase calibration at
regular intervals, 3C48 for lux calibration and J1800+7828
for polarization calibration at the end of each track.

The burst proiles and spectrograms are shown in Figure 1.
We used the package BURSTFIT on the realfast bursts to do
spectrotemporal modeling of the bursts. We modeled the
temporal proile of the burst using a Gaussian convolved with
an exponential tail and the time-averaged spectra of the burst
using a simple Gaussian as done in K. Aggarwal et al. (2021).
We do not report the scattering timescale (τ) since the ratio of
τ/σt < 3, which indicates that the scattering is not signiicant.
Here σt represents the standard deviation of the Gaussian
pulse. Using this modeling, we it for the width, DM, center
frequency, and the bandwidth of each burst.

The signal-to-noise (S/N) maximized DM of FRB

20230930A is +
456 0.6

0.5 pc cm−3 and the DM of the brightest

burst of FRB 20230506C is +
772 2

3 pc cm−3. The burst
properties of the three realfast bursts are given in Table 1.

2.2. Realfast Imaging and Localization

The real-time images of the candidates are convolved with
the point-spread function and are made with several assump-
tions like coarse DM grid, nonoptimal image size, simpler
calibration model, etc. To rectify this, we followed the steps in
R. Anna-Thomas et al. (2024) for post-processing and ofline
imaging of the realfast data. An additional step of spectral-
window mapping was applied to ensure that solutions were
applied to the correct frequencies. As mentioned earlier,
realfast did not record the fast-sampled visibility data for the
FRB detected on MJD 60182. For the other three bursts, we
created cleaned images using CASA and itted the bursts by a
2D elliptical Gaussian using imfit to get the lux density,
centroid position, and 1σ image plane uncertainties. The
statistical uncertainty in the position of FRB 20230930A is

2
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2.75 hr. We combine all tracks and image the source within
1.3–1.5 GHz from the L-band coverage, where there is
minimal RFI at the VLA site, using tclean with robust-0.5
weighting and the wproject gridder.

For the FRB 20230930A (ield M31LARGE_14), the
continuum image is dynamic range limited using standard
calibration techniques due to a 0.28 Jy beam−1 source that is
5 offset from the host location. We derived phase and

amplitude self-calibration solutions using the auto-selfcal21

routines. After self-calibration, the local RMS near the host
location is 18 μJy beam−1, roughly twice the theoretical noise
limit of 10 μJy beam−1. We use the self-calibrated image
deconvolved to 3σ ≈ 60 μJy beam−1 with a restored beam size
of 5″ × 4″.

We detect a 250 ± 71 μJy beam−1 L-band radio-continuum
source consistent with the host location. We it the radio source
to a 2D Gaussian using CARTA and ind it is moderately

resolved with a size of 7.1 × 5.4 with uncertainties of ∼1″ in
each direction, consistent with the pixel size of the map.

We image individual 1 MHz (∼50 km s−1
) channels after

subtracting the continuum model. Using a 6″ diameter circular
aperture centered at the radio source location, we extract a
spectrum from 1.32 to 1.404 GHz, corresponding to redshifts
up to z = 0.08. Lower frequencies, approaching the optical
line-determined redshift of z = 0.0925 (Section 2.5), are
severely affected by RFI. The nondetection of H I up to
z = 0.08 is therefore consistent with the host redshift of
z = 0.0925 (Section 2.5).

Finally, we measure M31’s H I column density toward FRB
20230930A using LGLBS’s 0.4 km s−1 resolution coverage of
the 21 cm H I line from −700 to 100 km s−1

(centered at M31’s
systemic velocity near −300 km s−1

). We center an aperture

corresponding to the synthesized beam size of 5.23 × 4.81 and
beam position angle of −76.8 deg on the location of the FRB in
the integrated intensity image and extract a mean integrated
intensity of 574 K km s−1, corresponding to an H I column
density of 1.05× 1021 cm−2 under the optically thin assumption.

For the FRB 20230506C (ield M31LARGE_47), we do not
detect a radio-continuum source and set a 5σ upper limit of
50 μJy beam−1. The locally measured rms of 10 μJy beam−1 is

consistent with the expected theoretical noise, and thus we did
not use self-calibration for the continuum imaging. We
estimate a H I column density of 1.7 × 1021 cm−2 toward the
sightline of FRB 20230506C, measured by taking the mean
pixel value in an integrated intensity image within an aperture
matching the size of the synthesized beam (5.1 × 4.8) that is
centered on the sightline. We then integrated over velocity
range of −700 km s−1 to +100 km s−1 LSR. The 1σ rms in the
H I column density over this velocity range, for both the FRB
lines of sight, is equal to 2.2 × 1020 cm−2.

2.5. Host Galaxy Optical Observations

To accurately determine the DM contribution from the
intergalactic medium, it is necessary to obtain redshifts for the
FRB host galaxies. Host galaxy observations also help us
understand the progenitors of FRBs and their formation
channels (S. Bhandari et al. 2022; A. C. Gordon et al. 2023;
M. Bhardwaj et al. 2024; C. J. Law et al. 2024; R. M. Shannon
et al. 2025; K. Sharma et al. 2024). In this subsection, we
describe the optical identiication and follow-up of the host
galaxies of FRB 20230930A and FRB 20230506C.

2.5.1. Host Galaxy of FRB 20230930A

We associate the FRB 20230930A with the galaxy coincident
with the FRB location, a spiral galaxy at R.A.= 00h42m01.s676,
decl.= 41°25 3.143, cataloged as WISEA J004201.69+412502.9
in the NASA Extragalactic Database and PSO J010.5070
+41.4175 in the Pan-STARRS catalog. We employed ASTRO-

PATH (K. Aggarwal et al. 2021) to determine the association
probability of the FRB and host galaxy. We ind that this galaxy
has a posterior of 0.9994 adopting standard priors for the offset
distribution of FRBs (R. M. Shannon et al. 2025), thus conirming
the association. This galaxy was also detected in the archival
Hubble Space Telescope (HST) data. The HST/ACS image was
CR-cleaned, Gaia-aligned, and the calibrated drizzled images in
the optical photometric bands F555W and F814W is shown in
Figure 3. The Milky Way Galactic extinction along this sight-
line is E(B − V ) = 0.086 mag. We use the PS1 r-band images
to subtract stellar confusion and estimate a galaxy magni-
tude of r = 18.706 ± 0.065 mag (corrected for Galactic dust
extinction).

Table 1
Observed Properties of All Realfast Bursts

Properties FRB 20230930A FRB 20230506C B1 FRB 20230506C B2

R.A. 00h42m01.s734 00h48m23.s9579 00h48m23.s9608

ΔR.A. 0.1 0.12 0.12

decl. + °41 25 02.4143 + °42 00 21.8822 + °42 00 21.9249

Δdecl. 0.18 0.18 0.18

S/N 55 14 38

MJD 60217.2074113 60070.7238837 60215.2046195

DM (pc cm−3
) +

456 0.6

0.5 +
761 5

5 +
772 2

3

Flux (Jy) 0.27 ± 0.004 0.05 ± 0.001 0.14 ± 0.002

Width (ms) +
8.7 1.1

1.1 +
18 1.1

1.4
17 0.7

0.7

μf (MHz) +
1329 10

10 +
1392 5

5 +
1351 3

3

σf (MHz) +
134 7

7 +
59 5

6 +
58 3

3

Note.S/N is the image plane signal-to-noise obtained during the ofline reinement of the bursts. MJD is the time of arrival of the bursts corrected to the barycentric

frame of reference (TDB) and ininite frequency. DM is the S/N maximizing dispersion measure obtained from BURSTFIT. Flux as obtained from CASA’s imfit.

Width of the burst in milliseconds as obtained from BURSTFIT. μf is the center frequency of the burst obtained from BURSTFIT. σf is the bandwidth of the burst

spectra from BURSTFIT. (Realfast did not record the data for a burst of FRB 20230506C on MJD 60182 and hence it is omitted here).

21
github.com/jjtobin/auto_selfcal
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To account for these systematic discrepancies, we assume a
30% uncertainty on the Milky Way disk DM contribution.
Therefore, ( )P DMMW,disk is a truncated Gaussian distribution
with a lower limit set at 53 pc cm−3, μ = 70 pc cm−3, and
σ = 21 pc cm−3 for FRB 20230930A and μ = 68 pc cm−3 and
σ = 20 for the FRB 20230506C. For the Milky Way halo, we
assume a Gaussian distribution with μ = 38 pc cm−3 and
σ = 19 pc cm−3 corresponding to a 50% uncertainty (V. Ravi
et al. 2025).

3.2. DM from the IGM

We calculate the average DMcosmic using Equation (2) in
J. P. Macquart et al. (2020). We use the same prescription to
calculate the probability density and use the values α = 3.0
and β = 3.0 for the parameters describing the inner halo
density proile and feedback parameter F = 0.31.

3.3. DM from Host Galaxies

Although host galaxies are expected to contribute signii-
cantly to the total DM of FRBs, estimating this contribution is
challenging. Hα surface density can trace the emission
measure and, in principle, the DM. However, this estimate
depends on several factors—such as the gas temperature, the
clumpiness of the Hα-emitting regions, and the FRB’s path
length through the host—resulting in a potentially wide range
of DMhost,disk that can overlap with the observed total DM.

Using a large sample of cosmological FRBs, L. Connor
et al. (2025) found that DMhost is well described by a log-
normal distribution with µ = +

4.90 0.20

0.18 and =
+

0.53 0.14

0.16. We
therefore adopt the same log-normal prior for our host
galaxies. This also includes the contribution from the
host’s halo.

3.4. DM from M31

To convolve different PDFs, it is essential to assume that
each PDF is independent of the others. To verify this
assumption, we performed Monte Carlo sampling for each
DM component from its respective distribution and computed
the pairwise Pearson correlation coeficients. The largest
correlation coeficient was found to be 0.003, indicating that
the DM components can be considered independent.

We deined the PDF of each component as described above,
imposing a zero probability for negative DM values, followed
by normalization. The PDF of DMM31 was then computed via
the convolution in Equation (2). probability of any negatives in
DMM31 were again set to zero and the distribution renorma-
lized, from which the median and CIs were derived. We adopt
a 90% CI, rather than the more commonly used 68%, to
provide a more conservative characterization of our

asymmetric posterior distribution. The resultant distribution
is shown in Figure 5 and the values are listed in Table 5.

3.5. Independent DM Constraints on M31

The M31 DM we determined in the above section is the sum
total of the DM contribution from its disk and halo. In this
section, we identify the individual contribution to the total DM
from the disk and halo. To make sure that the FRB line of sight
is not intersecting any regions of excess electron density, we
compared the positions of the FRBs with respect to the H II

regions of M31. S. K. Ocker et al. (2024) have revealed that
H II regions can contribute tens to hundreds of DM units
depending up on the path length intersecting the region. It is
clear from Figure 6 that the FRB sightlines do not intersect any
cataloged H II regions or planetary nebulae in M31 (M. Azimlu
et al. 2011) and therefore the DMM31 might not be dominated
by any overdense regions.

3.5.1. M31 Disk DM

We modeled the electron density distribution of the thin and
thick disk of M31 as a function of radial and vertical distance,
assuming it is similar to the Milky Way using the models from
J. M. Yao et al. (2017). The thick disk was modeled using the
equation

( )=n n g
z

H
sech , 3dthick thick,0

2

1

where nthick,0 and H1 is the midplane density and scale height,

respectively. The vertical and the radial extent of the disk is set

by the parameters Ad and Bd. For R� Bd, gd = 1 and for

( )> =R B g, sechd d

R B

A

2 d

d

. The electron density of the thin

disk is modeled by the equation

( )=n n g
R B

A

z

K H
sech sech , 4dthin thin,0

2 2

2

2

2

where H is the parameterized scale height on R given by:

( )= + × + ×H R R32 1.3 10 4.0 10 . 53 7

Table 4 lists the values of the constants used.
The total electron density of the M31 disk is,

ntotal = nthick + nthin. We take the center of M31 as the origin
and the LOS of the FRBs are inclined to the plane of M31 at an
angle of 12°.5 (F. Simien et al. 1978). For FRB 20230930A, a
projected impact parameter of 2.7 kpc corresponds to a
galactocentric radius of 12.5 kpc within M31’s disk. By
integrating the total electron density ntotal along the line of
sight that crosses the disk vertically at this radius in the z–R
(Figure 7), we estimate a disk contribution DMM31,disk =
128 pc cm−3. At an impact parameter of 17.1 kpc, the M31
disk contributes negligibly to the DM of FRB 20230506C. In
this modeling, we assumed that M31 is analogous to the Milky
Way, and disregarded the contributions from spiral arms and
other galactic components. To account for this in addition to
the inherent uncertainties in the YMW16 model, we assume a
50% uncertainty on the calculation.

3.6. M31 Halo DM

The estimation of DMM31,disk allows us to isolate the
DMM31,halo from the total DMM31. The PDF of DMM31,halo (see

Table 3
PSRπ Pulsars within 20° of the Line of Sight of Both FRBs

Pulsar DMmeasured Distance DMpredicted

(pc cm−3
) (kpc) (pc cm−3

)

J0040+5716 92.6 9.77 183.3

J0055+5117 44.1 2.87 71.1

J0147+5922 40.1 2.02 31.8

Note. The predicted DM is from NE2001 model.

8
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Therefore, adopting χH I = 0.3 is likely more appropriate for

our DMhalo estimates in the inner halo.
J. X. Prochaska & Y. Zheng (2019) also ind a direct

correlation between the DM values from NH I and Si ions.
Therefore, we also estimate the DMcool from the average
contribution of Si ions. We have 〈NSi〉 = 2.5 × 1013 cm−2 at
R < 25 kpc (N. Lehner et al. 2015). Here 〈NSi〉 is the average
of NSi II + NSi III. Si also has a covering fraction of about unity
within R < 0.2Rvir (N. Lehner et al. 2020). To estimate the
DM, we can write

( )N N1.2 10e H

( )

( )
( )

/
=

×

N
N Si

Z Si H
. 11H

The metallicity in the CGM of M31 is undetermined; however,

a lower limit of Z > 0.2Z⊙ is estimated (N. Lehner et al. 2020)

and we assume (Si/H)⊙ = 10−4.49
(M. Asplund et al. 2009).

We get NH = 3.8 × 1018 cm−2 and converting this to DM, we

get DMcool,Si < 2 pc cm−3, thereby conirming our conclusion

that cool halo gas does not contribute signiicantly to the

total DM.
We also estimated the DM contribution from the warm

component of M31’s CGM traced by O VI and C IV. N. Lehner
et al. (2013) studied the cool CGM of nearby galaxies and
found that metallicities exhibit a bimodal distribution ranging
from Z/Z⊙ = 0.01–3, with the higher end associated with
massive outlows. However, studies of M31’s CGM by
N. Lehner et al. (2020) indicate that, due to the lack of
nucleosynthetic effects on the abundances of elements such as
Fe and C relative to Si, the metallicity of M31’s CGM is likely
subsolar but not signiicanlty below 1/3 Z⊙. Additionally,
ionization fractions can also vary from sightline-to-sightline;
for example, O VI can originate in nonequilibrium cooling
layers, turbulent mixing layers, or photoionized streams,
resulting in ion fractions that can vary by factors of a few
(B. D. Oppenheimer & J. Schaye 2013). Therefore, we
assumed a range of values for Z/Z⊙ = 0.1–0.5 and ionization
fraction χion = 0.1–0.9. For CIV, we used the average column
density within R < 25 kpc from N. Lehner et al. (2015) and the
solar carbon abundance (C/H)⊙ = 10−3.57

(M. Asplund et al.
2009) and a covering fraction of 0.8 (N. Lehner et al. 2015),
obtaining a 90% CI upper bound of DMwarm,C IV < 6 pc cm−3.
Similarly for O VI, the solar oxygen abundance
(O/H)⊙ = 10−3.31

(M. Asplund et al. 2009) and a covering
fraction of 1 (N. Lehner et al. 2015), we ind the upper bound
to be DMwarm,OV I < 5 pc cm−3. We note here that for O VI we
assumed a covering fraction of 1 based on only two quasar
sightlines from N. Lehner et al. (2015) and therefore the value
for O VI should be considered as an upper limit.

Taken together, the cool and warm CGM components
contribute at most ∼15 pc cm−3 along FRB 20230930A and
∼13 pc cm−3 along FRB 20230506C, for χH I = 0.322 For
FRB 20230930A, this contribution only grazes the lower edge
of the 90% CI, while for FRB 20230506C it falls far short of
the observed excess. Thus, the cool and warm phase gas is
unlikely to account for the measured DMM31,halo. An
additional component, most plausibly a hot, ionized halo, is
likely required. Our results therefore provide indirect evidence

for the presence of a hot gaseous halo around M31, along at
least two sightlines.

4.1. Other Foreground Contributions

The other possibility for the estimated DMM31,halo is the hot
bridge connecting M31 and MW. There are detections of a
large-scale (r ∼ 20°) X-ray and SZ bright hot plasma bridge
between the MW and M31, with a length of 400 kpc and radius
of 120 kpc (Z. Qu et al. 2021). Even though it is not a part of
the M31 halo, the bridge could potentially contribute to the
DM of the FRB. This plasma bridge has an electron number
density of 2 × 10−4–10−3 cm−3, for a length of 400 kpc, this
can contribute DM = 80–400 pc cm−3. We note, however, that
the reported X-ray and SZ detections are at <5σ signiicance
(Z. Qu et al. 2021), and the geometry of the intersection
strongly affects the actual DM contribution. Although the
distribution of the DMM31,halo measurement from the FRBs are
broadly consistent with the theoretical predictions of mNFW,
FRB 20230506C exhibits only weak consistency. Therefore, it
is plausible that the line of sight of FRB 20230506C has
intersected the plasma bridge.

The Triangulum galaxy, M33, is the third massive spiral
galaxy in the Local Group, along with Milky Way and M31.
We investigated whether M33 would contribute to the DM of
these FRBs. We ind that the FRBs in our sample are located
approximately 14°.5 away from the position of M33, corresp-
onding to a projected distance of 213 kpc. Given that the virial
radius of M33’s halo is roughly 168 kpc (S. Zacharie Kam
et al. 2017), the FRB sightline lies well outside the central halo
region, and we therefore expect negligible contribution from
M33 alone to the foreground DM, although we cannot rule out
a contribution from shared plasma of M33 and M31 along the
line of sight.

The Milky Way, M31, M33, and their numerous satellite
galaxies, including the Magellanic Clouds, are all part of the
Local Group. Theoretically, these galaxies are expected to be
embedded in an ionized intragroup medium; however, no cool
or hot intragroup medium has yet been detected observation-
ally. We expect a potential degeneracy between the DM
attributed to M31 and that from the intragroup medium.
Nevertheless, Y. Huang et al. (2025), using the HESTIA

simulations, modeled the DM from the Milky Way halo and
the Local Group medium, and found only a negligible
contribution (2 pc cm−3

) from the intragroup medium beyond
that associated with the spiral galaxies and their satellites.

We note that we have not systematically searched for other
foreground halos, which could contribute additional DM
components. This is especially important for the FRB
20230506C, given its larger distance.

5. Conclusion

In this paper, we report on the realfast discovery of two
FRBs that pierce both the halo and the disk of M31. We
detected repeat bursts from FRB 20230506C. Optical follow-
up identiied the host of FRB 20230930A at a redshift of
z = 0.0925 and the host of FRB 20230506C at a redshift of
z = 0.3896. We used the DM budget of these FRBs to
constrain the electron density distribution of M31’s halo.

1. The Milky Way disk contribution was estimated from the
NE2001 model and a lower limit on the error bar was
chosen based on the DM of the nearest pulsar.

22
For χH I = 0.1, this becomes at most 28 and 21 pc cm−3 for FRB

20230930A and FRB 20230506C, respectively.
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2. After modeling out the DM contributions from the Milky
Way, the IGM and the host galaxies, we isolated the total
DMM31 in the lines of sight of both FRBs. The 90% CIs
for the total DMM31 can range from 26 to 239 pc cm−3

and 51–366 pc cm−3 for FRB 20230930A and FRB
20230506C, respectively.

3. We then modeled the disk of M31 using a Milky Way
analog of the YMW16 electron density model. After
subtracting the disk contribution from the total DMM31,
we obtained the PDF of the DM contribution from the
CGM of M31, DMM31,halo. While the M31’s disk
contribution to the total DM of FRB 20230506C was
found to be zero, the nonzero contribution to the FRB
20230930A constrained the DMM31,halo along that line of
sight to be between 7 and 169 pc cm−3.

4. We compared our measurements to the predictions from
the mNFW proile of M31’s halo and ind that it is
broadly consistent within the CIs for both FRBs.

5. The measured DMM31,halo, along these two sightlines, is
consistent with the presence of a hot gaseous halo around
M31, as contributions from the cool and warm phases
alone are unlikely to explain the observed values.

6. The other possibility that can account for the excess in
DMM31,halo along FRB 20230506C is if its line of sight
intersects the plasma bridge between MW and M31. We
also discuss the possibility of additional DM contribution
from M33 and the Local Group medium and ind it to be
negligible.

In this work, we have demonstrated how FRBs can be used
to study the CGM of nearby galaxies. Higher time resolution
and polarimetric follow-up of the repeating FRB 20230506C
will help constrain the turbulence and magnetization of the
halo by measuring properties such as scattering and rotation
measure (J. X. Prochaska et al. 2019).

Instruments such as CHIME are expected to detect and
localize hundreds of FRBs intersecting M31, enabling a
detailed reconstruction of its DM proile, particularly in the
outer halo where our current constraints are limited. Improved
estimates of DMhost are also crucial for establishing more
informative priors. Integral ield spectroscopy of FRB host
galaxies (L. Bernales-Cortes et al. 2025) offers a promising
path forward, as spatially resolved maps of ionized gas can
reveal whether an FRB resides within a dense, ionized clump
that contributes signiicantly to DMhost or instead lies in a
comparatively diffuse environment.
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