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Abstract

The dispersion measure of fast radio bursts (FRBs), arising from the interactions with free electrons along the propagation
path, constitutes a unique probe of the cosmic baryon distribution. Their constraining power is further enhanced in
combination with observations of the foreground large-scale structure and intervening galaxies. In this work, we present
the first constraints on the partition of the cosmic baryons between the intergalactic medium (IGM) and circumgalactic
medium (CGM), inferred from the FLIMFLAM spectroscopic survey. In its first data release, the FLIMFLAM survey
targeted galaxies in the foreground of eight localized FRBs. Using Bayesian techniques, we reconstruct the underlying
∼Mpc-scale matter density field that is traced by the IGM gas. Simultaneously, deeper spectroscopy of intervening
foreground galaxies (at impact parameters b⊥ r200) and the FRB host galaxies constrains the contribution from the
CGM. Applying Bayesian parameter inference to our data and assuming a fiducial set of priors, we infer the IGM cosmic
baryon fraction to be f 0.59igm 0.10

0.11= -
+ and a CGM gas fraction of f 0.55gas 0.29

0.26= -
+ for 1010MeMhalo 1013Me

halos. The mean FRB host dispersion measure (rest-frame) in our sample is DM 90 pc cmhost 19
29 3á ñ = -
+ - , of which

DM 69 pc cmhost
unk

19
28 3á ñ = -
+ - arises from the host galaxy interstellar medium (ISM) and/or the FRB progenitor

environment. While our current figm and fgas uncertainties are too broad to constrain most galactic feedback models, this
result marks the first measurement of the IGM and CGM baryon fractions, as well as the first systematic separation of the
FRB host dispersion measure into two components: arising from the halo and from the inner ISM/FRB engine.

Unified Astronomy Thesaurus concepts: Missing mass (1068); Intergalactic gas (812); Circumgalactic medium
(1879); Cosmic web (330); Redshift surveys (1378)

1. Introduction

As the gravitational pull of (primarily) dark matter forms the

cosmic web, complex and nonlinear astrophysical processes

conspire to redistribute the baryonic matter. This occurs

especially in the potential wells of dark matter halos, where

galaxies form and produce supernovae and active galactic

nuclei (AGN). Stellar and AGN explosions and radiation heat

the gas, pushing it outward. These “feedback” processes can

entirely evacuate the potential wells of baryons, driving them

far beyond the halo’s virial radius (e.g., Sorini et al. 2022;

Ayromlou et al. 2023; Khrykin et al. 2023).
In parallel, the collapse of matter onto the filamentary structures

that comprise the cosmic web is predicted to shock-heat the gas

and produce the warm-hot intergalactic medium (WHIM; Cen &

Ostriker 1999) that may be the dominant phase of baryons in the

z∼ 0 Universe (e.g., Nevalainen et al. 2015). This WHIM was

introduced originally to “explain” the missing baryons problem

highlighted by Fukugita et al. (1998): the nondetection of∼40% of

the mass density of baryons, ρb. Yet despite sustained attempts

over the past 20+ yr (e.g., Lehner et al. 2007; Tripp et al. 2008;

Narayanan et al. 2009; Prochaska et al. 2011; Tejos et al. 2016;

Nicastro et al. 2018; de Graaff et al. 2019), observational evidence

for the WHIM has been scarce. As such, the (presumed) dominant

phase of baryons in the present-day Universe is largely unexplored.
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Recently, astronomers have leveraged an unexpected
phenomenon to resolve the missing baryons problem: fast
radio bursts (FRBs; Lorimer et al. 2007; Petroff et al. 2022).
Encoded in the signal of these brief pulses of bright radio
emission is the dispersion measure (DMFRB), the integrated
electron density along the sight line weighted by the scale
factor a≡ 1/(1+ z). Unlike most other probes of the
intergalactic medium (IGM), DMFRB is sensitive to the free
electron density with only very tiny dependencies on the gas
temperature and metallicity, potentially allowing for straight-
forward interpretations of the observations. To the extent that
the vast majority of extragalactic baryons have been ionized
since the end of cosmic reionization (z 6; Gunn & Peter-
son 1965), the free electrons probed by FRBs represent a
promising probe of the cosmic baryons.

Analyzing the first handful of localized FRBs, Macquart
et al. (2020) confirmed the expectation that DMFRB increases
with host redshift. The positive correlation is consistent with
the cosmic baryon density, Ωb, derived from early Universe
observations (e.g., Cooke et al. 2018). While this work (and
subsequent FRB observations) has detected the missing
baryons, the scarcity of the data and large variance in the
Macquart relation caused by the unknown cosmic structures
traversed by the FRB makes it challenging to determine the
relative location of this otherwise invisible matter (but see
Baptista et al. 2023 for first attempts from FRBs alone).

Thus motivated, we initiated the Foreground Line-of-sight
Ionization Measurement From Lightcone AAOmega Mapping
(FLIMFLAM) survey (Lee et al. 2022) to cross-correlate the
DMFRB with foreground structures and galactic halos. The
primary goal of the FLIMFLAM survey is to acquire spectro-
scopic redshifts of galaxies and that way map their distribution
in the foregrounds of well-localized FRBs. In addition, using a
Bayesian algorithm for matter density reconstructions (Ata
et al. 2015, 2017, 2021) allows us to significantly account for
the scatter in the observed DMFRB arising from the variance of
the large-scale structures. Lee et al. (2022) have illustrated how
this technique reduces the impact of cosmic variance by a
factor of ;2–3 and simultaneously constrains the IGM and
circumgalactic medium (CGM) baryon fractions with far
greater precision than feasible with localized FRBs alone (see
also Simha et al. 2020). Such a measurement would also
provide insights into the galaxy formation and evolution
models. For example, Khrykin et al. (2023) showed that
different galaxy or AGN feedback prescriptions can drastically

change the relative distribution of baryons between the
circumhalo media of galaxies17 vis-à-vis the low-density
IGM outside of halos.
In this work, utilizing the “FRB foreground mapping”

technique, we compare the observed DMFRB of the sample of
eight FRBs that are part of the first FLIMFLAM data release to
predictions of baryon distribution from theoretical models and
obtain the first observational constraints on cosmic baryons
residing in the diffuse IGM and CGM gas of virialized halos.
We utilize the Bayesian Markov Chain Monte Carlo (MCMC)
algorithm that takes into account both observational and
modeling uncertainties, allowing one to measure the partition
of cosmic baryons with high precision.
This paper is organized as follows. In Section 2, we discuss

the FLIMFLAM observations and archival data that have been
used in this work. We describe the density reconstruction
algorithm and its results in Section 3. In Section 4, we present
and describe each component of the model for the observed
FRB DM. We summarize our statistical algorithm for inferring
the model parameters gathering the distribution of cosmic
baryons and present the results of the parameter inference from
the MCMC in Section 5. We discuss our findings in Section 6
and conclude in Section 7.
Throughout this work, we assume a flat ΛCDM cosmology

with dimensionless Hubble constant h= 0.673, Ωm= 0.315,
Ωb= 0.046, σ8= 0.8, and ns= 0.96, consistent with the latest
Planck results (Planck Collaboration et al. 2020).

2. Data Sample

In this paper, we analyze spectroscopic data obtained in the
fields surrounding a sample of eight localized FRBs as listed in
Table 1. Generally, we selected FRBs that were (i) localized to
a host galaxy with a high probabilistic association of transients
to their hosts posterior probability (P(O|x)> 0.95; see Aggar-
wal et al. 2021), (ii) located in regions of the sky with relatively
low dust extinction (EB−V 0.06), and (iii) not believed to
have a very large (?100 pc cm−3

) host contribution to the FRB
DM (e.g., Lee et al. 2023; Simha et al. 2023). Our FRBs are
derived from the Commensal Real-time ASKAP Fast Tran-
sients (CRAFT) survey conducted on the Australian Square
Kilometre Array Pathfinder (ASKAP) radio telescope. These

Table 1

List of FRBs in FLIMFLAM DR1 as Used in This Work

FRB R.A. Decl. Redshift Wide-field Narrow-field DMFRB References

(deg) (deg) Data Data (pc cm−3
)

20211127A 199.8088 −18.8381 0.0469 6dF AAT 234.83 A. Deller et al. (2024, in preparation)

20211212A 157.3507 +01.3605 0.0713 SDSS AAT 206.00 A. Deller et al. (2024, in preparation)

20190608A 334.0199 −07.8982 0.1178 SDSS, 6dF SDSS, KCWI, MUSE 339.50 Macquart et al. (2020)

20200430A 229.7066 +12.3761 0.1608 SDSS, AAT LRIS, DEIMOS, MUSE 380.10 Heintz et al. (2020)

20191001A 323.3516 −54.7477 0.2340 AAT AAT, MUSE, GMOS-S 506.92 Bhandari et al. (2020)

20190714A 183.9795 −13.0207 0.2365 AAT LRIS, DEIMOS, MUSE 504.70 Heintz et al. (2020)

20180924B 326.1052 −40.9000 0.3212 AAT AAT, MUSE 362.40 Bannister et al. (2019)

20200906A 053.4956 −14.0833 0.3688 AAT LRIS, DEIMOS, MUSE 577.80 Bhandari et al. (2020)

Note. From left to right, the columns show the ID of a given FRB, R.A. and decl. in equatorial J2000 coordinates, spectroscopic redshift, survey or instrument used to

acquire the wide- and narrow-field spectroscopic foreground distribution of galaxies, and the overall observed DMFRB, as well as the references for these estimates.

17
Variously known as the CGM, intragroup medium, or ICM, depending on

the halo mass.
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were then followed up with optical facilities by both the
CRAFT and the Fast and Fortunate for FRB Follow-up
collaborations18 in order to identify the host galaxies and their
redshift. At the time of observation (2020–2022), these sight
lines listed in Table 1 represented the majority of known
localized FRBs that fulfilled the aforementioned criteria.

2.1. Wide-field Data

The analysis in this paper combines the observed DMs from
each FRB with detailed spectroscopic observations of their
foreground galaxies. We will publish a separate paper (Huang
et al. 2024) to describe the data in detail in conjunction with
our first data release (DR1), but here we provide a broad
overview.

The overall spectroscopic follow-up effort is dubbed the
FLIMFLAM survey, which acknowledges the fact that a large
fraction of the spectroscopic observations were carried out using
the 2dF-AAOmega multiobject fiber spectrograph on the 3.9 m
Anglo-Australian Telescope (AAT). The AAOmega data
represent the bulk of our “wide” survey, which represents the
shallowest but foundational tier of our “wedding cake”
observational strategy, covering thousands of foreground
galaxies over ∼3 deg2 for each FRB field. The 3D positions
of these galaxies will act as tracers for our density reconstruction
of the foreground cosmic web toward individual FRB sight lines.

To select targets for our AAOmega observations, we typically
used publicly available imaging survey catalogs such as those
from the Dark Energy Survey (Abbott et al. 2021), the Panoramic
Survey Telescope and Rapid Response System (Chambers et al.
2016), and the Dark Energy Camera Legacy Surveys (Dey et al.
2019). In each field, we then defined a magnitude limit to select
galaxies for spectroscopy based on the redshift of the FRB; for
zFRB [0.15, 0.25, 0.4], our nominal selection thresholds are
dereddened Kron magnitudes of r� [19.2, 19.4, 19.8], respec-
tively. We dereddened the magnitudes using the milky Way dust
maps of Schlegel et al. (1998). However, we had some confusion
between the magnitude definitions from several of the imaging
surveys that were only discovered after the spectroscopy was
carried out. Cross-comparison between overlapping regions of
different imaging surveys was then used to settle on a consistent
magnitude definition. Henceforth, we used Kron magnitudes
across all our targets. This generally resulted in small modifica-
tions to the overall spectroscopic completeness and radial
selection functions (RSFs). The one exception is that the effective
depth of the FRB 20200430A spectroscopy turned out to be
r� 18.6, i.e., significantly shallower than the nominal selection
threshold of r� 19.2 for this field. Therefore, we recalculated
each field’s RSFs to account for shallower observations.

With AAT/2dF-AAOmega, we can observe ∼350 science
targets simultaneously in a field of radius ∼1° (i.e., 3.1 deg2),
but there were typically several thousand targets within our
magnitude threshold within each 2dF pointing. We therefore
designed 5–10 separate fiber plate configurations per field to
obtain between 1200 and 2500 successful galaxy redshifts
around each FRB position. The typical exposure times per
galaxy range from 40 to 60 minutes depending on observing
conditions, magnitude threshold, and dust extinction.

For our lowest-redshift sight lines (FRBs 20211127A,
20211212A, 20190608A, and 20200430A), we also included
publicly available spectroscopic redshift survey data from the

6dF Galaxy Survey (Jones et al. 2009) and the New York
University Value-Added Galaxy Catalog (Blanton et al. 2005)
derived from the legacy Sloan Digital Sky Survey (SDSS;
Abazajian et al. 2009). From these catalogs, we incorporated
galaxies within 10° from the FRB position into our density
reconstructions. The large footprint available from these wide-
field surveys allowed us to cover a larger transverse distance
than possible with the AAT observations. This allows a more
accurate density reconstruction at the low-redshift end, which
dominates the path length toward these FRBs.

2.2. Narrow-field Data

For galaxies that might be directly intersected by the FRB
sight lines, it was our desire to reach fainter magnitudes than
the L∼ Lå galaxies targeted as large-scale structure tracers in
the wide-field data. Early on in FLIMFLAM, we decided to
target fainter galaxies down to r� 21.5 within a 2. 5¢ radius
around each FRB, which we dubbed our “narrow-field” sample
of galaxies. To obtain better signal-to-noise on these fainter
galaxies, the “narrow-field” galaxies were each assigned fibers
across two to three plate configurations within the same field to
boost their total exposure time.
As our survey collaboration took shape, we obtained

supplementary observing time on larger telescopes to target even
fainter galaxies around our FRB sight lines. These include the
DEIMOS and LRIS spectrographs at the W. M. Keck
Observatory, GMOS on Gemini-South, and MUSE on UT4 of
the Very Large Telescope (VLT). Multiobject slit masks were
used with the Keck and Gemini spectrographs to target multiple
galaxies within 10¢ of each FRB, corresponding to one to two
virial radii of typical galaxy halo masses. The typical depth of
these observations was r� 22.5, which corresponds to L∼ 0.1 Lå

for galaxies at z∼ 0.3 (see Figure 4 in Heintz et al. 2020).
In the case of our two lowest-redshift FRBs (20211127A and

20211212A), our nominal goal to observe L∼ 0.1 Lå galaxies
corresponds to a comparatively bright magnitude limit of r≈ 20,
for which the 3.9 m AAT was deemed sufficient. We therefore
observed two plates filled only with “narrow-field” galaxies over
each of these two fields—the public SDSS and/or 6dF survey
data were deemed sufficient for the “wide-field” large-scale
structure tracer galaxies for these low-redshift FRB fields.
For all sight lines except FRB 20211127I and FRB

20211212A, we also managed to obtain integral field unit
spectroscopy within 0. 5 1~ ¢ - ¢ around the FRB positions using
the Keck II/KCWI and VLT/MUSE instruments, respectively.
MUSE observations were conducted in its “wide-field adaptive
optics” mode, i.e., covering a 1× 1 arcmin2 field, and each field
was integrated for 4800 s corresponding to a 5σ depth of r∼ 25.
The reduced and flux-calibrated cubes were summed in the
spectral direction to produce a white-light image to identify
sources. Spectra were extracted at the location of the identified
sources. To produce the synthetic photometry for sources
without data in existing public surveys, we used the g, r, i
SDSS filter transmission curves but manually set transmission to
0 beyond the wavelength coverage of MUSE (4800–9300Å).
Furthermore, we set the transmission to 0 between 5800 and
5960Å to account for the blocking filter used to avoid the light
from the laser guide stars.
Finally, for each FRB field, we also queried the publicly

available NASA/IPAC Extragalactic Database Local Volume
Sample (Cook et al. 2023b), which contains spectroscopic and
photometric information (from the Galaxy Evolution Explorer,18

https://sites.google.com/ucolick.org/f-4
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Two Micron All Sky Survey (2MASS), and AllWISE all-sky
survey) about nearby galaxies at cosmic distances up to
100 cMpc that might intersect within impact parameters of
b⊥� 2 cMpc. This helps to supplement our foreground sample
with relatively nearby galaxies that might intersect our FRB
sight lines despite being outside the field of view of our
dedicated observations.

3. Density Reconstructions

To obtain the underlying density field along the line of sight
of each individual FRB, we utilize the ARGO numerical
algorithm (Ata et al. 2015, 2017), based on works by Kitaura &
Enßlin (2008), Jasche & Kitaura (2010), and Kitaura et al.
(2010). In what follows, we outline the main properties of the
ARGO reconstructions used in this work and refer the reader to
more detailed descriptions given in the aforementioned manu-
scripts, as well as in Lee et al. (2022), where the multitracer
extension is described.

3.1. ARGO Setup

ARGO is a fully Bayesian inference algorithm that applies a
hybrid Monte Carlo (HMC) technique (Duane et al. 1987;
Neal 2011) to reconstruct the evolved cosmic matter density
fields given the observed redshift space distribution of galaxies
on the light cone. The code depends only on the assumed
cosmological and structure formation models, once the galaxy
survey’s selection functions and galaxy bias are taken into
account. In addition, our version of ARGO adopts a prescription
from Ata et al. (2021) that allows combining information from
multiple individual spectroscopic surveys.

Before running ARGO, first, for a given FRB field, we set up a
rectangular comoving reconstruction volume with cell sizes of
1.875 h−1Mpc, where the X-axis is aligned with the line-of-sight
direction to the FRB. Each volume contains Ny=Nz= 100 cells
along the Y- and Z-axes, respectively, which represent the
dimensions perpendicular to the line of sight. Our fields are
narrow enough that we can adopt the flat-sky approximation and
assume that the plane of the sky is always perpendicular to the
line of sight. The number of cells along the X-axis is adjusted
depending on the comoving distance between the observer and

an FRB, given by

( )
( )d

c

H

dz

z1
. 1

z

com
0 0

M
3

spec

ò=
W + + Wl

Similar to Lee et al. (2022), we exclude the first 50 h−1Mpc
along the X-axis direction due to decreased ARGO performance at
nearby comoving distances, where the light-cone distribution of
galaxies becomes very narrow and the reconstructions would be
noisy. For the first 50 h−1Mpc of the path, we simply apply the
mean cosmic 〈DMigm〉 value. In addition, we extend the X-axis
beyond the line-of-sight position of a given FRB to avoid any
potential boundary effects in the reconstructions near the FRB
location. We provide a summary of the ARGO reconstruction
volume properties in Table 2.
To simplify the DMigm estimation at later stages of our

analysis, the center of the coordinate system of the ARGO volume
is chosen in such a way that an FRB is located at Cartesian
coordinates p= {Xfrb, Y= 0, Z= 0}. In order to place an FRB at
these coordinates, we need to adopt a transformation between the
on-sky and the corresponding Cartesian coordinates, provided by

X d

Y d

Z d

cos cos ,

sin cos ,

sin ,

com

com

com

a d
a d
d

=
=
=

where α and δ are the R.A. and decl. coordinates of the FRB

and dcom is given by Equation (1). However, the resulting FRB

coordinate vector is not yet aligned with the aforementioned

coordinate system of the ARGO volume. Thus, we further

estimate the rotation matrix that is then used to rotate the

observed FRB frame to the correct ARGO coordinate system.

3.2. Galaxy Sample

As mentioned in Section 2.1, we adopt the wide-field sample
of galaxies as tracers of the underlying matter density field in
our ARGO density reconstructions. Therefore, the positions of
the galaxies in these “wide-field” samples have to be mapped
onto the ARGO coordinate system as well. Similar to the
discussion in the previous section, we first convert galaxy on-
sky coordinates to a Cartesian representation. Then, we adopt
the rotation matrix found for the vector of FRB coordinates and

Table 2

Parameters of the ARGO Reconstruction Volume for the FRB Fields Analyzed in This Work (See Table 1)

FRB dFRB
ARGO Volume Parameters

WF Survey Limiting No.

Nx/Ny/Nz X; Y/Z Ranges Source r mag of Galaxies

(h−1 Mpc) (h−1 Mpc)

20211127I 136.4 100/100/100 50–237.5; −93.75 to 93.75 6dF 15.60 1901

20211212A 210.1 100/100/100 50–237.5; −93.75 to 93.75 SDSS 17.77 15,321

20190608B 343.1 175/100/100 50–378.1; −93.75 to 93.75 SDSS 17.77 6640

6dF 15.60 1273

20200430A 463.9 250/100/100 50–518.8; −93.75 to 93.75 SDSS 17.77 30,579

AAT 18.60 260

20191001A 661.5 350/100/100 50–706.3; −93.75 to 93.75 AAT 19.40 1712

20190714A 677.4 350/100/100 50–706.3; −93.75 to 93.75 AAT 19.40 1270

20180924B 884.2 475/100/100 50–940.6; −93.75 to 93.75 AAT 19.80 2128

20200906A 1006.1 525/100/100 50–1034.4; −93.75 to 93.75 AAT 19.80 2186

Note. From left to right, the columns show the ID of a given FRB; the comoving distance to the FRB redshift, estimated with Equation (1); the number of

reconstruction cells and the corresponding ranges along the X-, Y-, and Z-directions; the survey or instrument used to acquire wide-field spectroscopic data; the limiting

r-band photometric magnitude used to select galaxies and estimate ASF/RSF; and the final number of galaxies used in ARGO reconstructions.
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rotate these Cartesian coordinates to match the chosen ARGO

coordinate system.
In addition to the coordinates of the galaxies, we supply

ARGO with their respective stellar masses M*. We estimate M*
with the publicly available CIGALE algorithm (Boquien et al.
2019), which fits a spectral energy distribution (SED) to the
photometric information in multiple bands (see discussion in
Section 2). For the SDSS and 6dF data, we query public
archives to acquire the photometric magnitudes of the galaxies
in our FRB fields. SDSS data have their own photometry, while
for galaxies in the 6dF survey, we used magnitudes from
2MASS (Skrutskie et al. 2006) and the SuperCOSMOS survey
that were used for target selection in the 6dF survey design
(Jones et al. 2009).

Similar to Simha et al. (2023), we initialized the CIGALE

algorithm assuming a delayed-exponential star formation
history with no burst population, a synthetic stellar population
described in Bruzual & Charlot (2003), the Chabrier (2003)
initial mass function (IMF), dust attenuation models from
Calzetti (2001), and a dust emission template from Dale et al.
(2014), assuming an AGN fraction of <20%.

CIGALE estimates the mean stellar masses with the
corresponding uncertainties. In what follows, we adopt the
mean stellar mass estimates from CIGALE. We also summarize
the main properties of the wide-field samples that are used in
the ARGO reconstructions in Table 2.

3.3. Groups and Clusters of Galaxies

Lee et al. (2023) illustrated the importance of taking into
account foreground groups and clusters of galaxies when
analyzing FRB DMs (see also Simha et al. 2023). Omitting this
critical information might lead to erroneous conclusions about
the nature of the observed DM. Likewise, such large cosmic
structures might significantly affect the density reconstructions
that do not capture such massive, nonlinear structures.
Therefore, following the discussion in Lee et al. (2023), we
apply an anisotropic friends-of-friends (FoF) group-finding
algorithm (Tago et al. 2008; see also Tempel et al. 2012, 2014)
on the galaxy samples in each FRB field.

This FoF finder adopts a redshift-dependent transverse
linking length, dLL,⊥, given by

( ) [ ( )] ( )d z d a z z1 arctan , 2LL, LL,0= +^

where dLL,0 is the linking length at a fiducial redshift and

parameters a and z* govern the redshift evolution. Such redshift-

dependent modification of the linking length allows one to

account for the decreasing completeness of the flux-limited

spectroscopic surveys. The radial linking length, dLL,∥, is then

assumed to be simply proportional to dLL,⊥. In this work, we

adopt the following parameter values: dLL,⊥= 0.35 h−1Mpc,

a= 0.75, z*= 0.1, and dLL,∥/dLL,⊥= 10.
In order to have a more robust sample, we further refine the

FoF algorithm findings by taking into account only the groups
with richness parameter Ngal> 5. Once the galaxy groups are
identified in each FRB field, we remove their individual
member galaxies from the compiled “wide-field” galaxy
samples and replace them with the information (redshift,
coordinates, and halo mass) on their corresponding group. The
right-hand column of Table 2 shows the final numbers of halos
that are derived from the “wide-field” sample of galaxies,
serving as input to ARGO.

3.4. Selection Functions

The final ingredient of the ARGO machinery is the
information about the angular selection functions (ASFs) and
RSFs of the various wide-field surveys, listed in Table 1. It is
crucial to incorporate this information to accurately determine,
e.g., whether a given underdensity of galaxies within the survey
volume is due to a cosmic void or a lack of observations within
that region. In this section, we briefly outline the basic aspects
of the ASF/RSF calculations and refer the interested reader to
the detailed description provided by Huang et al. (2024).
For the FRB fields that contain SDSS data, we follow the

strategy outlined in Ata et al. (2021) and extract the ASF in the
10× 10 deg2 region around the position of the FRB from the
publicly available MANGLE outputs19 (Hamilton & Teg-
mark 2004; Swanson et al. 2008). For the FRB fields
containing 6dF survey data, we apply the ASF estimation
algorithm in Ata et al. (2021) by comparing the final 6dF DR3
galaxy catalog (Jones et al. 2009) with the map of 6dF on-sky
pointings and stellar masks (communicated privately), again
over a 10× 10 deg2 field around the FRB. Similarly, the ASF
of the AAT survey data is calculated by comparing the number
of galaxies with good-quality redshifts to the lists of the
selected targets for AAOmega observations combined with the
corresponding stellar masks.
Finally, to estimate the RSF in each field, we compute the

distribution of observed galaxies in the ARGO reconstruction
volumes as a function of comoving distance from the observer
in bins of 10 h−1Mpc.

3.5. ARGO Reconstruction Results

Once all the ARGO inputs are prepared, we initialize the
reconstructions in each FRB field and run the HMC sampler for
12,000 iterations. We find that the posterior samples have a
correlation length of ∼100–150, which allows us to extract
N= 61 posterior realizations of each reconstructed density
field, separated by at least 150 iterations on the chain.
In Figures 1 and 2, we show one realization each of the

reconstructed matter density field in the foreground of all FRBs
in our sample. The density field is smoothed with a Gaussian
kernel with the size R= 0.7 h−1Mpc, and the corresponding
redshift space distribution of the galaxies in the “wide-field”
sample is shown by the black dots.
Because ARGO yields multiple posterior realizations of the

reconstructed matter density field per each FRB foreground
region, we are able to not only estimate the integrated DM
along the given FRB line of sight but also estimate the
corresponding statistical uncertainty of the reconstruction,
which we discuss in the next section.

4. DM Model

One of the key characteristics of any FRB signal is the
DM—a time delay of the arrival of photons at different
frequencies. As an integral measure, it is typical to model the
observed DMFRB as contributions from several components.
For each ith FRB in our sample, we assume a model for the
observed DMFRB, given by

( )DM DM DM DM , 3i i i imodel, MW, cosmic, host,= + +

19
https://space.mit.edu/~molly/mangle/download/data.html
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where DMMW represents the contribution from the interstellar

medium (ISM) and halo of the Milky Way, DMhost comes from

the FRB host galaxy, while

( )DM DM DM 4i icosmic, igm,i halos,= +

is the contribution from the foreground cosmic structures in the

diffuse IGM, DMigm, and intersected foreground galactic halos,

DMhalos, respectively.
Note that in the FRB literature, the notation DMigm is often used

to collectively denote both the IGM and CGM contributions,
which we consider separately in Equation (4) and in our analysis.
Roughly speaking, DMigm arises from gas tracing the low-density
( ¯0 10r r  ) voids and filaments of the cosmic web, while
DMhalos arises from intersections approximately within the virial
radii of galactic halos at matter densities of ¯ 10 100r r - .

In what follows, we discuss these components separately and
describe our model and our adopted parameters for DM
estimation.

4.1. The Milky Way

The DM contribution from the Milky Way is given by

( )DM DM DM , 5i iMW, MW,
ISM

MW
halo= +

where DM iMW,
ISM arises from the ISM, while DMMW

halo is

contributed by the ionized gas in the Milky Way’s halo.
In this work, we adopt DMMW

ISM values estimated from the
NE2001 model (Cordes & Lazio 2002) based on their Galactic
latitude and longitude, which were conveniently tabulated in
James et al. (2022b). The Galactic halo contribution, on the
other hand, is given by the estimates of Prochaska & Zheng
(2019). In what follows, we adopt the mean value of DMMW

halo =
40 pc cm 3- for each FRB field and include an uncertainty
of σMW= 15 pc cm−3 into the inference algorithm (see
Section 5.1). We list the corresponding combined DMMW

values in each FRB field in Table 3.
We note that DMMW

halo remains a highly uncertain quantity.

Previous studies place it in the range 10 pc cm 3- 
DM 111 pc cmMW

halo 3- (Keating & Pen 2020; Cook et al.
2023a; Ravi et al. 2023). However, the exact choice of the
mean and the uncertainty on DMMW

halo is a subdominant error
component in our analysis given the FLIMFLAM DR1 limited
data sample.

4.2. The IGM

The DMigm, arising from the low-density intergalactic gas
tracing the large-scale cosmic web along the path s to the FRB,

Figure 1. 2D slices through one realization of the matter density fields reconstructed by the ARGO algorithm. The X-coordinate increases with cosmic distance, while
the Y-coordinate is parallel to the sky plane. The Z-coordinate is also parallel to the sky plane, but in this projection, we have set it to 0 to center the slices on FRB
hosts. The black dots illustrate the spatial distribution of the galaxies in the wide- and narrow-field samples, while the star symbol marks the location of a given FRB
host. The dashed line at Y = 0 denotes the line of sight of each given FRB.
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is given by

( )

( )
( )

n s

z s
dsDM

1
, 6

e
igm

,igmò= +

where ne,igm is the number density of free electrons residing in

the IGM along the sight line. For each FRB field in our sample,

we estimate DMigm directly from the ARGO density reconstruc-

tions, adopting the discretized version of Equation (6) as

follows:

¯ ( ¯) ( ) ( ) ( )n z l zDM 1 1 , 7e

s

m s s sigm
argo

,bar ,
sm 1å d= + + -

where ls is the path length to the cell s of the ARGO

reconstruction volume along the FRB line of sight, zs is the

corresponding redshift of the cell, and m s,
smd is the smoothed

matter overdensity (see example in Figures 1 and 2). The

smoothing length is R= 0.7 h−1Mpc, which was found by Lee

et al. (2022) to allow dark-matter-only N-body simulations with

1.875 h−1Mpc grid cells to match the global DMigm distribu-

tion in cosmological hydrodynamical simulations. We define

¯ ( ¯)n ze,bar as the mean cosmic density of electrons at the median

redshift z̄ traversed by the ensemble of FRB paths, defined as

¯ ( ¯) ¯ ( ¯)
( )

( )⎡
⎣⎢

⎤
⎦⎥

n z z
m Y Ym

m m

1 2
, 8e b c,bar

He H

He H

r= W
- +

where mH and mHe are the atomic masses of hydrogen and

helium atoms, respectively; YHe= 0.243 is the cosmic mass

fraction of doubly ionized helium; Ωb= 0.044 is the cosmic

baryon density; and ¯ ( ¯)zcr is the critical density of the Universe.

As written, n̄e,bar assumes that all baryons in the Universe are

ionized and reside in the IGM. We can further introduce figm,

the fraction of all cosmic baryons residing in the IGM, which

will be one of the free parameters in our analysis. Thus,

¯ ¯ ( )n f n 9e e,igm igm ,barº

Figure 2. Same as Figure 1 but illustrating the higher-redshift FRBs in our sample.

Table 3

Inferred Values of the DM Components Described in Section 4, Estimated for Each FRB in Our Sample

FRB Redshift DMigm
argo

DMhalos DMhost
halo ( )M Mlog10 host

halo
á ñ DMMW DMFRB

20211127A 0.0469 61.6 ± 32.0 22.6 ± 13.2 24.1 ± 5.5 11.3 82.5 234.83

20211212A 0.0713 171.2 ± 106.4 13.4 ± 15.7 35.8 ± 8.1 11.7 67.1 206.00

20190608A 0.1178 89.9 ± 12.0 30.5 ± 20.4 46.1 ± 10.4 12.1 78.1 339.50

20200430A 0.1608 116.1 ± 5.6 120.0 ± 33.1 24.2 ± 5.7 11.2 67.0 380.10

20191001A 0.2340 466.3 ± 170.4 360.7 ± 72.4 58.1 ± 13.0 12.3 84.7 506.92

20190714A 0.2365 326.5 ± 94.7 321.4 ± 92.1 37.4 ± 8.7 11.8 78.0 504.70

20180924B 0.3212 329.2 ± 91.0 11.5 ± 10.6 44.0 ± 10.4 11.9 81.9 362.40

20200906A 0.3688 559.9 ± 202.8 37.4 ± 23.5 45.8 ± 10.8 11.9 75.9 577.80

Note. From left to right, the columns show the ID of a given FRB, the spectroscopic redshift, the mean and standard deviation of the DMigm inferred from the

corresponding ARGO reconstructions assuming figm = 1.0, the mean and standard deviation of the DMhalos assuming fgas = 1.0 and r r 1.0max 200 = , the mean and

standard deviation of the FRB host’s halo contribution assuming fgas = 1.0, the mean halo mass estimate for each FRB host based on the stellar masses from Gordon

et al. (2023), the combined contributions from the Milky Way’s ISM and halo components, and the overall observed DMFRB. All DM values are quoted in units of

pc cm−3.
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is the actual mean number density of free electrons in the IGM

as constrained by our data. To tie together Equations (6), (7),

(8), and (9) with the current limited data set, we will constrain

figm as a free parameter assuming a fixed redshift of z̄ 0.20 ,

which is approximately the median redshift probed by the DR1

FRB sight lines.
The top panel of Figure 3 shows inferred distributions of

DMigm in each FRB field in our sample, evaluated from the
corresponding Nreal= 61 posterior realizations of the matter
density field estimated by ARGO. As discussed in Section 3.1,
to take into account the first 50 h−1Mpc, excluded from ARGO

reconstructions, we add 15 pc cm−3 to each individual DMigm

posterior value. From each DMigm distribution, we then
calculate the mean, DMigm

argoá ñ, and standard deviation, igm
argos ,

and plot the results as a function of FRB redshift in the bottom
panel of Figure 3.

We adopt the median of the ARGO realizations for each FRB,
scaled by figm, as the IGM contribution to our model DM in
Equation (3), given by

( )f
N

DM
DM

, 10i

j

N
ij

igm, igm

igm,
argo

real

real

å=

for each FRB sight line i.

4.3. The Intervening Halos

To model the contribution of the foreground halos to the
observed DM, in each FRB field, we adopt the modified
Navarro–Frank–White model (mNFW; Prochaska&Zheng 2019)
to estimate the radial density distribution of the gas in each
galaxy halo from the corresponding “narrow-field” sample (see
Section 2.2). In this model, the baryon density is given by

( )
( )

( )
( )r f

M

y y y
, 11b

b

m
gas

0 halo

1
0

2
r

r
=

W
W +a a- +

where fgas is the fraction of cosmic baryons residing in the

CGM of each individual galactic halo relative to the total

amount of baryons within the halo if the cosmic baryon fraction

were assumed, i.e., ( )M f M ;b mcgm gas halo= W W ρ0 is the central

density of the halo as a function of halo mass Mhalo;

( )y c r r200º , where c is the concentration parameter; and y0
and α are the mNFW profile parameters. In this work, we use

the fiducial values y0= α= 2 from Prochaska & Zheng (2019)

and adopt fgas as another free model parameter in our

model DM.
As described in Section 3.2, we use CIGALE to estimate the

stellar masses of the galaxies in the “narrow-field” samples. We
then convert the average stellar masses found by CIGALE to
the corresponding halo masses, Mhalo, by adopting the mean
stellar-to-halo mass relation described in Moster et al. (2013).
Similar to the discussion in Section 3.3, we use the FoF

finder to check if any of the galaxies in the “narrow-field”
sample are members of groups and/or clusters. If any groups
are found, we remove the entries of the member galaxies from
our list and add the information on their respective groups.
Figure 4 illustrates all foreground halos of galaxies and groups
found in the foreground of all FRB sight lines. The circles
illustrate the corresponding sizes of the halo’s virial radii (only
to scale in the vertical direction, transverse to the line of sight),
while the colors indicate the average halo masses inferred from
CIGALE.
The overall distribution of halo masses, intersected by the

FRB sight lines, is shown in Figure 5. We mostly probe halos
with masses of 1011MeMhalo 1012.5Me, although a small
number of our halos are approaching the dwarf galaxy regime
(Mhalo∼ 1010–1011Me), while at the other extreme, we probe
several galaxy group halos with Mhalo∼ 1013Me.
Note that in contrast to Lee et al. (2022), who assumed the

mNFW truncation radius rmax as a free parameter, we adopt a
fixed r rmax 200= . While the exact size of the galactic halos is
not well constrained, Simha et al. (2020) showed that extending
the mNFW profiles to 2× r200 can double the DMhalos

contribution (see also Prochaska & Zheng 2019; Lee et al.
2023). These results suggest that, in principle, the extent of
galactic halos should be included as another free parameter
(similar to the discussion in Lee et al. 2022). However, the
present DR1 sample is of limited constraining power, and the
truncated mNFW profile is in any case an approximation. In
this work, we therefore adopt a fixed truncation radius and
leave more refined parameterization to future work with larger
samples.
Finally, to obtain the cumulative DMhalos,i along the line of

sight of the ith FRB, we sum up the DMs of all individual
foreground halos that are found by integrating their respective
mNFW profiles in Equation (11). The integration is performed
along the intersecting paths of the FRB sight line corresp-
onding to the impact parameters b⊥ of the foreground halos,
determined by their respective redshifts and angular positions.
So far, we have considered only the average halo masses of

the foreground halos. However, there are considerable uncer-
tainties in the stellar mass estimation from the SED fitting
technique. These uncertainties, as well as the scatter in the stellar
mass–halo mass relationship, propagate into the DMhalos,i

calculation. In order to take them into account, we introduce a
relative random scatter, ( [ ])M Mlog 0.3M 10 halohalo s = dex, to
the inferred halo masses. This is the typical uncertainty in
converting M* to Mhalo for M*= 1010.5 Me galaxies

Figure 3. Top: KDE-smoothed probability density function (PDF) of the
DMigm distributions estimated for each considered FRB field from the
corresponding ARGO reconstructions, with figm = 0.8 for illustrative purposes.
Bottom: estimated values of DMigm from ARGO reconstructions as a function of
FRB redshift. Each marker is the 50th percentile of the corresponding
distribution from the top panel, while the error bars are given by 16th and 84th
percentiles of the same distributions.
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(Simha et al. 2021). For each “narrow-field” galaxy catalog of

each FRB sight line, we generate Nreal= 1000 Monte Carlo

realizations of the DMhalos,i, where we randomly sample

combinations of halo masses that would be consistent with the
mean and scatter of the intervening galaxies’ halo masses. For a
given FRB sight line i, we compute the mean of these
Nreal= 1000 realizations, scaled by fgas, and incorporate it in
our model of the observed DM as

( )f
N z

DM
1 DM

1
, 12i

j

N

k

N
k

j

k

halos, gas
real

halo,

halo,

real halos

å å=
+

where the DMhalo,k of each k foreground halo is corrected for

the redshift dilation by a factor of ( )z1 1 khalo,+ . On the other

hand, the standard deviation σhalos,i of the resulting Monte

Carlo realizations of DMhalos,i is then adopted for the likelihood

calculation for the MCMC analysis (see Section 5.1).
We illustrate the resulting distribution of DMhalos,i along

each FRB sight line in the top panel of Figure 6. For
illustrative purposes, we adopt a value of fgas= 0.25. The
bottom panel of Figure 6, meanwhile, shows the mean and
standard deviation of these distributions as a function of the
free parameter fgas.

Figure 4. Observed distribution of foreground halos of galaxies and groups around the line of sight of the FRBs in the sample. The circles show the estimated size of
the halos, r200, given the mean estimate of the corresponding halo masses. The sizes of the halos are only valid along the y-axis; for visualization purposes, the circles
representing halo sizes are not to scale along the x-axis. The color of the points represents the halo masses as given by the color bar.

Figure 5. Distribution of the intersected foreground halo masses in the
FLIMFLAM DR1 sample. Only halos with impact parameters smaller than the
corresponding r200 radius (assuming the mean halo mass estimate from
CIGALE) of our FRB sight lines are plotted.
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4.4. The Hosts

The contribution to the observed DM from the FRB host
galaxies remains a highly uncertain quantity. Previous studies
have often either used a constant value or estimated it from an
assumed probability density distribution (e.g., Macquart et al.
2020; James et al. 2022a, 2022b; but see L. Bernales-Cortes
et al. 2024, in preparation, for an empirical estimation). In this
work, we employ the following model for the DMhost:

( )
z

DM
DM DM

1
, 13i

i

i

host,
host,
halo

host
unk

frb,

=
+ á ñ

+

where DM ihost,
halo is the contribution from the CGM halo of the

FRB host galaxy and DMhost
unká ñ is left as a free parameter in our

inference model, describing the unknown contributions from

the host ISM, the FRB engine, and its immediate surroundings.
In order to estimate DM ihost,

halo for a given FRB, we follow
Section 4.3 and use the mNFW model to calculate the halo
density profile of the host galaxy, given published estimates of
its stellar mass (Gordon et al. 2023). To obtain the DM ihost,

halo , we
then integrate the resulting density profile along the path
determined by the FRB impact parameter relative to the center
of the host galaxy. In contrast to DMhalos, here we integrate
only half of the halo. Similar to the discussion in Section 4.3,
we take into account the uncertainty in the measured masses of
the host galaxies’ halos by introducing a random scatter

( [ ])M Mlog 0.3010 host
halo

s = dex. For each FRB host, we then

compute the mean and standard deviation, ihost,
halos , of Nreal=

1000 Monte Carlo realizations of the DMhost
halo given by

( ) ( )f
N

MDM
1

DM . 14i

j

N

jhost,
halo

gas
real

host
halo

host,
halo

real

å=

We note that the FRB 20191001A host galaxy is a special
case among the DR1 sample because it has been found to reside
within a galaxy group based on the methodology described in
Section 3.3 (see also Bhandari et al. 2020). As discussed in
Section 4.3, we replace the information about the individual

members with the corresponding properties of the group itself
(mass, impact parameter, etc.) and use them to estimate the
contribution that we assign to the DMhalos (DM= 166±
50 pc cm−3

). On the other hand, to calculate the DMhost
halo, we

adopt the mean stellar/halo mass of the host galaxy itself and

find DM 58.1 13.0 pc cmhost
halo 3=  - (assuming fgas= 1.0) in

the case of FRB 20191001A (see Table 3). In other words, we
include the contribution from both the host galaxy and its
galaxy group, albeit in different DM terms. This assumption
should be tested with cosmological hydrodynamical simula-
tions in future work.
FRB 20191001A is, to our knowledge, the fourth FRB

known to reside within a galaxy group or cluster (Connor et al.
2023; Gordon et al. 2023), and it will be interesting to follow
up such objects in future analyses to investigate the possible
insights this might have on the FRB host population.

5. Parameter Inference

In this section, we describe our inference algorithm and the
corresponding model parameters governing the evolution of
DM components, discussed in Section 4. We begin with the
definition of the likelihood function, required by the MCMC
algorithm later.

5.1. The Likelihood

We assume that the joint likelihood function ( ∣ ) DMfrb frb Q
for eight FRBs in our sample (see Table 1) is well described by
a Gaussian,

( ∣ )
( ( ) )

( )

⎡
⎣⎢

⎤
⎦⎥

ln DM
1

2

DM DM
,

15

i

N
i i

i

FRB
model, FRB,

2

2

frb

å
s

Q µ -
Q -

where { }f f, , DMigm gas host
unkQ = á ñ represents our model para-

meters; DMmodel,i is the model DM, described in detail in the

previous section; and the model variance i
2s is estimated by

combining in quadrature uncertainties on the individual

components of the total DMmodel,i, given by

( ) ( ) ( )

( ) ( ) ( ), 16

i i i

i i

2
igm,
argo 2

halos,
2

host
unk 2

host,
halo 2

MW,
2

s s s s

s s

= + +

+ +

where we omit the uncertainty on the observed DMFRB because

it is negligible in comparison to other considered uncertainties.

For a given value of DMhost
unká ñ, we assume a lognormal

distribution such that the corresponding variance ( )host
unk 2s is

described by

( ) ( ) ( )( )e e1 , 17host
unk 2 22 2

s = -s m s+

where DMhost
unkm º á ñ, and we use the best-fit value σ*= 1.23

from James et al. (2022a).20

5.2. The Priors

For the FLIMFLAM DR1 analysis, we will adopt several
combinations of physically motivated priors that we will
describe here, summarized in Table 4. In all cases, we assume a

Figure 6. Top: KDE-smoothed PDF of the DMhalos distributions estimated for
each considered FRB field. Bottom: estimated values of DMhalos as a function
of fgas. Each marker is the 50th percentile of the corresponding distribution
from the top panel, while the error bars are given by 16th and 84th percentiles
of the same distributions.

20
James et al. (2022a) reported the standard deviation of the lognormal DMhost

distribution in log10 units (σ = 0.53). We rescaled it by a factor of e1 log10 in
order to convert to the natural logarithm units.
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flat linear prior on the fraction of cosmic baryons inside the
IGM, i.e., ( ) ( ]f 0.0, 1.0igmp = . Similarly, also in all cases, we
adopt a flat logarithmic prior on the unknown FRB host
contribution ( ) [ ]ln DM 0.0, 6.0host

unkp á ñ = , consistent with the
ranges explored by James et al. (2022b).

For fgas, we take as the default case a flat prior spanning all
physical values between 0 and unity: ( ) ( ]f 0.0, 1.0gasp = .
However, recently, Khrykin et al. (2023) explored the
evolution of the cosmic baryon fractions in and around
simulated halos in the Simba suite of cosmological hydro-
dynamical simulations (Davé et al. 2019). They found that the
fgas value depends significantly on both the considered halo
mass range and the exact feedback prescription used in the
simulations. For the range of halo masses estimated for the
foreground galaxies/groups in the FLIMFLAM DR1 sample
used in this work (see Figure 5), the results of Khrykin et al.
(2023) suggest a range of ( ]f 0, 0.70gas = for all feedback
prescriptions they considered. We therefore also consider an
additional “limited fgas” prior with ( ) ( ]f 0.0, 0.7gasp = .

We also include additional priors describing the total budget
of baryons expected to be found in the diffuse states outside of
individual galaxies,

( )

f f f f

f f f1 , 18

d igm cgm icm

bh ism

º + +

= - - -

where ficm is the fraction of all cosmic baryons that reside

within the intracluster media (ICM) of galaxy clusters with

Mhalo 1014Me and fcgm is the fraction in lower-mass halos.

Our free parameters are related to Equation (18) through figm
explicitly and fcgm, which is a function of fgas. Meanwhile, ficm
is constrained by ICM gas mass fraction ( fgas,icm) measure-

ments using X-ray (e.g., Gonzalez et al. 2013; Chiu et al. 2018)

and Sunyaev–Zel’dovich (e.g., de Graaff et al. 2019)

observations.
The overall ( )f zd can be estimated by the process of

elimination: one estimates the total observed budget of stars, f*;
stellar remnants (neutron stars and black holes), fbh; and ISM in
galaxies, fism, and then subtracts these from the total cosmic
baryon to yield fd as seen in the second line of Equation (18).
To calculate ( )f zd , we follow the calculation presented in
Macquart et al. (2020) and encoded in the FRB repository.21

The error in ( )f zd is dominated by the systematic uncertainty in
the stellar mass density ρ*, which depends on an assumed
stellar IMF. The values reported by Madau & Dickinson
(2014), which are the defaults, assume the Salpeter IMF
(Salpeter 1955). If we instead adopt the Chabrier IMF
(Chabrier 2003), the ρ* values decrease by 1.7 and ( )f zd

increases at z= 0 from ≈0.84 to ≈0.9. The resulting ( )f zd is
shown as a function of redshift in Figure 7. We use the fd

evaluated at z̄ 0.20= , the mean redshift probed by our sight
lines, and implement it as a prior in two ways: (i) as a flat prior
such that ( ) [ ]f z 0.75, 0.95d = (“flat fd”) or (ii) as a Gaussian
prior with a mean of μ= 0.86 and standard deviation σ= 0.02
(“Gaussian fd”).
Our analysis aims to constrain as one of our free parameters

the quantity fgas, which represents the fraction of baryons
residing in the CGM on a per-halo basis. Therefore, in order to
use the prior in Equation (18), we need to convert fgas to fcgm,
which is the fraction of cosmic baryons residing in all the halos
in the Universe. For a range of the halo masses [ ]M M,1 2 , fcgm is
given by

( ) ¯ ( )

( )

( ) ( )

⎡
⎣

⎤
⎦

f
V z dV

f M z r r dr

M d
M

M

1

, , 4

ln , 19

b
V

M

M r

b

cgm

m

0
gas halo halo

2

halo
halo

1

2 max



ò

ò ò

r

r p

f

=
W

´ W

´

where ¯ ( )zmr is the cosmic matter density at a given redshift,

( )z r,halor , the radial matter density profile of collapsed halos

with mass Mhalo, and f(Mhalo) is the halo mass function (see

more the detailed discussion in Khrykin et al. 2023). The

conversion between fgas,icm and ficm is similar, except that the

mass range is specifically set to Mhalo� 1014Me. In the case of

the ICM, we assume a fixed fgas,icm= 0.8 with a Gaussian

standard deviation of σ= 0.1, which is consistent with current

measurements of gas in galaxy clusters (Gonzalez et al. 2013;

Chiu et al. 2018). Adopting the halo mass function from the

Table 4

Bayesian Prior Combinations

Flat fd Flat fd + Limited fgas Gaussian fd Gaussian fd + Limited fgas
(Fiducial)

( )figmp ( ]0, 1.00 ( ]0, 1.00 ( ]0, 1.00 ( ]0, 1.00

( )fgasp ( ]0, 1.00 ( ]0, 0.70 ( ]0, 1.00 ( ]0, 0.70

( )lnDMhost
unkp [ ]0, 6.00 [ ]0, 6.00 [ ]0, 6.00 [ ]0, 6.00

( )fdp [ ]0.75, 0.95 [ ]0.75, 0.95 ( ) 0.86, 0.02m s= = ( ) 0.86, 0.02m s= =

Figure 7. Evolution of the cosmic diffuse baryon fraction fd as a function of
redshift. The shaded area illustrates the 2σ error bars.

21
https://github.com/FRBs/FRB
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Aemulus package (McClintock et al. 2019) and assuming the

mean redshift of our sample z̄ 0.20 and r r1.0max 200= ´ , we

precompute a lookup reference table between fgas and fcgm
values (and, equivalently, fgas,icm and ficm) using Equation (19).

While the definition of fcgm in Equation (18) is supposed to
span the entire range of noncluster halo masses in the Universe
(M< 1014Me), the FLIMFLAM DR1 “narrow-field” fore-
ground data do not fully cover this entire mass range (Figure 5).
We therefore further split fcgm into two terms, fcgm= fcgm,ff+

fcgm,other. The fcgm,ff represents the halo mass range sampled by
our data, for which fgas is a free parameter. For halo masses not
represented by our data, fcgm,other is the unknown contribution
to the cosmic budget. We assume that the fgas for these halos
can span 0< fgas� 1 with uniform probability.

Consequently, at each MCMC step, the proposed value of
fgas is then converted to fcgm,ff, while random realizations of ficm
and fcgm,other are drawn, making the aforementioned assump-
tions for their respective fgas. These terms are then compared to
fd in Equation (18) to apply the aforementioned prior.

Note that, in general, fgas is expected to be a function of halo
mass (Ayromlou et al. 2023; Khrykin et al. 2023). Future
analyses should adopt more sophisticated parameterization, but
for FLIMFLAM DR1, the simplified assumption described
above should suffice given the limited data.

6. Results

Given the expression for the joint likelihood in Equation (15)
and the choice of priors described in Section 5.2, we now
proceed to sample the aforementioned likelihood function
using the MCMC algorithm in order to estimate the posterior
probability distributions for the model parameters figm, fgas, and
DMhost

unká ñ. We adopt the publicly available affine-invariant
MCMC sampling algorithm EMCEE (Foreman-Mackey et al.
2013).

The results of the MCMC inference are shown in Figure 8,
where the 2D contours illustrate the 95% (gray) and 68%
(black) confidence intervals, respectively. 1D marginalized
posterior probability distributions for each model parameter are
also shown by the corresponding histograms, while the values
are tabulated in Table 5.

For the purpose of the discussion, we adopt the flat-fd-only
case as the fiducial prior (see Table 4). In this case, we estimate
the IGM baryon fraction to be f 0.59igm 0.10

0.11= -
+ and the

unknown DM contribution from the host ISM and FRB engine
to be DM 69 pc cmhost

unk
19
28 3á ñ = -
+ - .

On the other hand, the results presented in Figure 8 indicate
that the current sample of FRBs used in this work has only
limited sensitivity to the fgas value: we find f 0.55gas 0.29

0.26= -
+ ,

and within the 95th confidence level, the 1D and 2D contours
span the entire range of allowed fgas values (Figure 8).
Applying Equation (19), this implies that f 0.20cgm,ff 0.11

0.10= -
+ of

the baryons in the Universe exist as CGM gas surrounding
halos with 1011MeMhalo 1013Me. There is a degeneracy
between figm and fgas primarily set by the prior constraints on
the total number of diffuse baryons, fd, residing outside of
galaxies (see Section 5.2).

In comparison with the fiducial flat fd prior, changing to the
Gaussian fd case leads to negligible changes to the resulting
parameter constraints and errors at the ∼1% level. However,
adopting a more limited range of fgas= (0.00, 0.70] as
suggested by hydrodynamical simulations (Khrykin et al.
2023) leads to more noticeable differences. As expected, fgas is

reduced from f 0.55gas 0.29
0.26= -
+ in the fiducial case to

f 0.44gas 0.24
0.18= -
+ , corresponding to a CGM fraction of

f 0.16cgm,ff 0.09
0.07= -
+ for our halo mass range. With the reduction

of fgas from the limited fgas prior, figm also increases along the
figm–fgas degeneracy direction to f 0.63igm 0.07

0.09= -
+ . The differ-

ence in the recovered 1D marginalized posterior distributions
of each parameter in different MCMC runs is shown in
Figure 9.
Our constraints of figm≈ 0.59–0.64 are consistent with an

IGM that has experienced no galaxy feedback of any kind,
which should yield figm≈ 0.59 according to the cosmological
hydrodynamical simulations analyzed by Khrykin et al. (2023).
However, irrespective of the chosen priors, given the
uncertainties, our resulting constraints on figm are also
consistent with an IGM that has experienced stellar feedback
( figm; 0.70 per Khrykin et al. 2023). On the other hand,
Khrykin et al. (2023) showed that AGN jet feedback ejects
significant numbers of baryons out into the IGM, resulting in
higher IGM baryon fractions in the relevant simulations:
figm≈ 0.85–0.87. Therefore, our constraints mildly disfavor the
AGN jet feedback scenario at the 2σ level.
For all the prior combinations we have considered here,

however, the resulting constraints on the “unknown” host ISM
and host engine contribution to DMhost remain consistently at

DM 70 pc cmhost
unk 3á ñ » - . This indicates that our data are

successful at separating out the DMhost component from the
total observed DM, even though we only weakly constrain the
further separation of the DMigm and DMhalos components.
As mentioned in Section 4.4, the contribution of the FRB

host galaxy DMhost to the observed DM is driven by two

components: the host’s extended CGM halo DMhost
halo and the

hitherto unconstrained input from the host’s stellar/ISM
environment and the FRB progenitor itself or its immediate
surroundings, DMhost

unká ñ. Following Equation (13), we can
estimate the mean total host contribution 〈DMhost〉, averaged
over our eight FRB sight lines, which is given by

( )
N

fDM
1

DM DM , 20
i

N

ihost
frb

gas host,
halo

host
unk

frb

åá ñ = + á ñ

where we omitted the factor of ( )z1 1 frb+ in Equation (20)

since it was already taken into account previously (see

discussion in Sections 4.4).
To fully capture the covariance between fgas and DMhost

unká ñ
estimated by the MCMC algorithm in Section 5, we sample the
posterior pairs of these parameters from the corresponding
MCMC chains. Moreover, for each pair of fgas and DMhost

unká ñ
drawn from the MCMC chain, we additionally randomly
choose a value of the host galaxy halo mass from the
corresponding Gaussian distribution (see Section 4.4) and
calculate the DM ihost,

halo in Equation (20). This results in ≈10,000
realizations of 〈DMhost〉 per each MCMC run. Finally, we
estimate the corresponding 16th, 50th, and 84th percentiles of
these distributions. We report the resulting average host galaxy
contribution to the observed DM and the corresponding
uncertainties in the last row of Table 5.
In all considered prior combinations, we find consistent

mean values of 〈DMhost〉≈ 86–90 pc cm−3 and comparable
uncertainties. This value is somewhat lower than that reported
by James et al. (2022a; and subsequently Baptista et al. 2023).
In their analysis of nearly 70 FRBs, they found
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DM 130 pc cmhost 48
66 3á ñ » -
+ - and a lognormal scatter of

log 0.5010 s .
Although our 〈DMhost〉 is formally consistent with their

result, we believe our lower value can probably be explained by

the fact that we have explicitly rejected from our sample FRBs
believed to have large 〈DMhost〉, e.g., FRB 20210117A (Simha
et al. 2023) and FRB 20190520B (Lee et al. 2023). James et al.
(2022a), on the other hand, did not make use of any foreground

Table 5

Results of the MCMC Analysis for Different Sets of Priors ( )p Q

Flat fd Flat fd + Limited fgas Gaussian fd Gaussian fd + Limited fgas
(Fiducial)

figm 0.59 0.10
0.11

-
+ 0.63 0.07

0.09
-
+ 0.59 0.10

0.11
-
+ 0.64 0.07

0.09
-
+

fgas 0.55 0.29
0.26

-
+ 0.44 0.24

0.18
-
+ 0.55 0.29

0.26
-
+ 0.44 0.24

0.18
-
+

DMhost
unká ñ 69 pc cm19

28 3
-
+ - 70 pc cm18

29 3
-
+ - 69 pc cm19

29 3
-
+ - 70 pc cm19

29 3
-
+ -

〈DMhost〉 90 pc cm19
29 3

-
+ - 86 pc cm18

28 3
-
+ - 90 pc cm20

31 3
-
+ - 87 pc cm19

29 3
-
+ -

Note. The last row shows the values of the total host contribution (both from the corresponding halo and the unknown contribution from the host’s ISM and FRB

engine) averaged over eight FRB sight lines used in this work.

Figure 8. Results of the MCMC inference on the observed sample of FRBs in Table 1. The panels show inferred 2D contours and marginalized 1D posterior
probabilities of the model parameters. The black and gray contours correspond to the 68% and 95% confidence regions, respectively. Each triangle plot corresponds to
a specific choice of priors. See text for details.
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information, and therefore such excess-DM objects would have
been included. In the future, it is possible that other measured
FRB quantities, such as the scattering time (e.g., Cordes et al.
2022) or Hα emission measure (Tendulkar et al. 2017), could
be used as priors for the DMhost

unk contribution from individual
FRBs in the analysis sample (L. Bernales-Cortes et al. 2024, in
preparation).

7. Conclusions

In this work, we presented the analysis of the first data
release of the FLIMFLAM survey, aimed at revealing the
distribution of the comic baryons within the diffuse IGM as
well as the CGM gas of galaxy halos.

We have conducted an extensive observational campaign to
collect wide-field spectroscopic information on galaxies in the
foreground of eight localized FRBs at z 0.4 (with a mean
redshift of z̄ 0.20 probed by the sample). This information
has been used in the state-of-the-art ARGO Bayesian statistical
algorithm to reconstruct the matter density field along each
FRB sight line, permitting models for the contribution of the
diffuse IGM gas to the observed FRB DMs. We have also
collected narrow-field spectroscopic data about the foreground
halos intersected by the FRB. This allowed us to estimate their
contribution to the observed FRB DMFRB.

We have then utilized a Bayesian algorithm to statistically
compare the observed FRB DMs to the theoretical model
predictions. The main results of our work are as follows.

1. Assuming the fiducial set of flat priors on the model
parameters, we measure the fraction of baryons residing
in the IGM to be f 0.59igm 0.10

0.11= -
+ and the corresponding

f 0.20cgm 0.11
0.10= -
+ of baryons in the Universe inside the

CGM of 1010 MeMhalo 1013 Me halos. Imposing a
more strict prior on fgas, motivated by the hydrodynamical
simulations, modifies this partition of cosmic baryons to
f 0.63igm 0.07

0.09= -
+ and f 0.16cgm 0.09

0.07= -
+ , respectively.

2. Our results on figm so far appear to be consistent with the
predictions of recent hydrodynamical simulations for the
IGM gas. However, given the large uncertainties in this
preliminary sample, we cannot rule out any of the
feedback models analyzed by Khrykin et al. (2023).

3. Based on our sample, we find that the host galaxies on
average contribute DM 90host 19

29á ñ = -
+ pc cm−3 to the

observed DMFRB (fiducial priors), while the major part
of it is coming from the “unknown” host ISM and/or FRB
engine, adding on average DM 69host

unk
19
28á ñ = -
+ pc cm−3.

This is the first analysis to attempt to separate out these
components.

The information, encoded in the foreground structures
traversed by the FRB, is paramount for placing high-precision
constraints on cosmological and astrophysical parameters (e.g.,
Simha et al. 2020, 2023; Lee et al. 2023). The future complete
FLIMFLAM sample of N; 20 FRBs will provide a more
robust estimate of both, the distribution of baryons and the
involvement of various feedback mechanisms in shaping it.
Beyond FLIMFLAM, increasing localization efforts by
CRAFT (Macquart et al. 2010), the MeerKAT TRAnsients
and Pulsars (Sanidas et al. 2018), and the Deep Synoptic Array
(Kocz et al. 2019), coupled with observational campaigns on 4
m class multiplexed instruments such as DESI (Levi et al.
2013), will achieve detailed measurements of the cosmic
baryon distribution in the low-redshift Universe (z 0.3) on
samples of N 100 FRBs.
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