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ABSTRACT
We investigate the missing baryon problem using Fast Radio Bursts (FRBs) to trace cosmic baryons.

Our CROCODILE simulations, performed with the GADGET3/4-OSAKA smoothed particle hydrody-
namics code, include star formation, supernova (SN) and active galactic nuclei (AGN) feedback. We
generate light cones from LSS simulations to compute gas density profiles and dispersion measures
(DMs) measurable by FRBs. Our results show that AGN feedback reduces central gas densities in
halos, reshaping the boundary between the circumgalactic medium (CGM) and intergalactic medium
(IGM). Zoom-in simulations reveal that AGN feedback significantly modulates the DM contributions
from foreground halos along different sight lines. Using the DM–redshift (DM–z) relation up to z = 1,
we constrain the diffuse baryon mass fraction at z = 1 to fdi↵ = 0.865+0.101�0.165 (fiducial) and
fdi↵ = 0.856+0.101�0.162 (NoBH), which includes contributions from both IGM (f IGM) and halos
(fHalos), serving as upper limits. We further separate and quantify the redshift evolution of fCGM,
fIGM, and hfdi↵,obsi, using both phase-based and structure-based definitions. Our study provides a
framework for understanding baryon distribution across cosmic structures, FRB host galaxies, and the
role of AGN in shaping foreground DM contributions.

Keywords: Radio transient sources (2008) — Cosmological parameters from large-scale structure (340)
— Hydrodynamical simulations (767) — Galaxy dark matter halos (1880) — Intergalactic
medium (813) — Circumgalactic medium (1879)

1. INTRODUCTION
Understanding the spatial distribution and evolution

of baryons is crucial for studying cosmic structure forma-
tion. Observations (C. W. Danforth & J. M. Shull 2005,
2008a; E. M. Tilton et al. 2012; T. M. Tripp et al. 2006;
P. Richter et al. 2004, 2006; P. Salucci & M. Persic 1999;
T. H. Reiprich & H. Böhringer 2002; M. A. Zwaan et al.
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2003; J. X. Prochaska et al. 2011) and simulations (e.g.,
J. M. Shull et al. 2012; R. Cen 2012) suggest that a large
fraction (⇠50–70%) of baryons reside in the IGM, yet a
significant fraction remains unaccounted for — the so-
called “missing baryon problem”. Hydrodynamical cos-
mological simulations (R. Cen & J. P. Ostriker 1999; R.
Davé et al. 2001; K. Yoshikawa et al. 2001) indicate that
these baryons likely exist in the warm-hot IGM (WHIM,
105 � 107 K).

Observations using X-ray (F. Nicastro et al. 2005a,b;
Y. Yao et al. 2012; B. Ren et al. 2014; F. Nicastro et al.
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2018; O. E. Kovács et al. 2019; X. Zhang et al. 2024),
Ly↵ (S. V. Penton et al. 2004; C. W. Danforth & J. M.
Shull 2008a; N. Tejos et al. 2016; O. E. Kovács et al.
2019; T. Hu et al. 2024), and the SZ effect (A. de Graaff
et al. 2019; B. Singari et al. 2020; C. Erciyes et al. 2023;
H. Tanimura & N. Aghanim 2023; B. Hadzhiyska et al.
2025) have placed significant constraints on the WHIM.
However, these methods are limited by observational un-
certainties, necessitating alternative approaches to trace
ionized baryons. Beyond direct observations, cosmolog-
ical simulations (D. Martizzi et al. 2019; C. Gheller &
F. Vazza 2019; I. Medlock & R. Cen 2021) have been
extensively employed to study the baryon distribution
in the WHIM, further highlighting its role in solving the
missing baryon problem.

Fast Radio Bursts (FRBs), powerful transient radio
pulses of extragalactic origin, were first discovered by
D. R. Lorimer et al. (2007). Subsequent observations by
D. Thornton et al. (2013) confirmed their cosmological
distances and further established FRBs as a new class of
astrophysical transients. These bursts offer a promising
avenue for mapping baryons through their DM, which
traces the column density of electrons along the line of
sight (LoS). Even before FRBs were discovered, K. Ioka
(2003) and S. Inoue (2004) discussed using the DM from
gamma-ray Bursts (GRBs) to study cosmic reionization
and the IGM.

M. McQuinn (2014) was the first to use simulations
to demonstrate how FRBs can be utilized to probe cos-
mology and galaxy physics. This study laid the the-
oretical foundation for using FRBs as cosmic probes.
Later, W. Deng & B. Zhang (2014) and Z. Zheng et al.
(2014) further explored the DM–z relation in the con-
text of FRBs, highlighting its implications for cosmology
and baryon tracing. Subsequently, J. P. Macquart et al.
(2020) established an observational correlation between
DM and FRB redshifts, now known as the Macquart
relation, which links DM with FRB redshifts and pro-
vides a new method to quantify baryon content in the
IGM. Building upon this, Z. Li et al. (2019) proposed
a cosmology-independent approach to estimate fIGM

11

using FRB DM and luminosity distances (dL), demon-
strating that as few as 50 FRBs can constrain fIGM

12

within 12% uncertainty. Subsequently, Z. J. Zhang et al.
(2021) applied this relation along with IllustrisTNG (R.

11
Here, fIGM is inferred from the total observed DM including

the contribution from the foreground halos. Therefore, to be

more precise, it is better described as the diffuse gas fraction,

fdiff, as we will discuss later in the paper. I.e., DMdi↵ =
DMIGM + DMHalos. See Eq. (7) and associated text for more

details.

12
Same as above, this refers to fdiff as defined later.

Weinberger et al. 2018; A. Pillepich et al. 2018) simula-
tion data to constrain the cosmological DM of FRBs and
analyze its redshift evolution. fiducialWith instruments
like Parkes, ASKAP, Arecibo, CHIME, and DSA-110
detecting thousands of FRBs annually (D. R. Lorimer
et al. 2007; L. G. Spitler et al. 2014; K. W. Bannister
et al. 2017; V. Ravi & DSA-110 Collaboration 2023),
FRBs are emerging as a powerful probe of cosmic baryon
distribution (e.g., S. Bhandari & C. Flynn 2021; M. Shi-
rasaki et al. 2022; B. Zhang 2023; M. Glowacki & K.-G.
Lee 2024; Q. Wu & F.-Y. Wang 2024).

Recent studies have refined estimates of the baryon
fraction in the IGM (fIGM), leveraging well-localized
FRB samples (K. B. Yang et al. 2022; B. Wang & J.-
J. Wei 2023). However, disentangling DM contributions
from the CGM of foreground galaxies remains challeng-
ing. Observational studies have highlighted the role of
foreground galaxy halos in contributing to the total DM
budget. J. X. Prochaska et al. (2019) and Y. Li et al.
(2019) demonstrated that intervening galaxy environ-
ments can significantly impact FRB dispersion, under-
scoring the necessity of accounting for these contribu-
tions in DM-based cosmological studies. Additionally,
L. Connor & V. Ravi (2022) and X. Wu & M. McQuinn
(2023) quantified the CGM’s contribution to DM using
CHIME/FRB data, while K.-G. Lee et al. (2022, 2023)
and S. Simha et al. (2023) incorporated galaxy density
reconstructions to refine baryon fraction estimates.

Large-scale structure (LSS) simulations have further
elucidated baryon redistribution mechanisms. D. Sorini
et al. (2022) and I. S. Khrykin et al. (2024a) highlight the
roles of SN and AGN feedback, with AGN-driven out-
flows being particularly effective at expelling baryons
into the IGM. W. Zhu & L.-L. Feng (2021) and J.-f.
Mo et al. (2025) used RAMSES and IllustrisTNG-100
(TNG-100), respectively, to examine the contributions
of various baryonic components to the DM and scatter-
ing of FRBs. I. Medlock et al. (2024) used CAMELS
simulations (F. Villaescusa-Navarro et al. 2021) to ana-
lyze DM profiles of dark matter halos, demonstrating the
significance of CGM contributions. I. S. Khrykin et al.
(2024b) refined these estimates by separately quantify-
ing CGM and IGM fractions, reporting a lower fIGM

of ⇠ 60%, highlighting the need for precise modeling
of CGM contributions when interpreting FRB observa-
tions. In contrast, L. Connor et al. (2024) found a signif-
icantly higher fIGM ⇡ 0.80, suggesting that the majority
of baryons reside in the IGM, with only ⇠11% in galaxy
halos (CGM). Using a large sample of localized FRBs
from DSA-110, they constrained the cosmic baryon bud-
get and found results that align closely with predictions
from IllustrisTNG and SIMBA (R. Davé et al. 2019)
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simulations, which also favor a baryon-rich IGM sce-
nario. Their findings reinforce the effectiveness of FRBs
in tracing diffuse baryons while implying a more lim-
ited role for the CGM. The discrepancy between these
results underscores the importance of improving theo-
retical models of baryon redistribution and CGM-IGM
interactions.

Recent work by D. Sorini et al. (2025) further explored
the impact of baryons on the internal structure of dark
matter haloes using TNG and MillenniumTNG simula-
tions, demonstrating that baryonic feedback—including
both stellar and AGN processes—can reduce total halo
mass by up to 20%. Moreover, baryonic effects, espe-
cially AGN feedback, can flatten the concentration–mass
relation and reshape halo density profiles within the
intermediate-mass range (1011.3–1013 M�). This re-
structuring has direct implications for interpreting FRB
sight lines through massive systems and for calibrating
CGM-related DM contributions.

Beyond the IGM, the host galaxy (HG) also con-
tributes significantly to the DM of FRBs, with varia-
tions arising from different HG types and source loca-
tions within the host. The nature of FRB host galaxies
provides crucial clues about their progenitors. J. P. Mac-
quart et al. (2020) first analyzed five ASKAP-localized
FRBs and found that their host properties resemble
those of core-collapse SNe, Type Ia SNe, and short
GRBs (K. E. Heintz et al. 2020; S. Bhandari et al. 2022).
This sample has since been expanded to over 90 local-
ized FRBs (A. C. Gordon et al. 2023; M. Bhardwaj et al.
2024; J. Kocz et al. 2019; C. J. Law et al. 2024; K.
Sharma et al. 2024; L. Connor et al. 2024; R. M. Shan-
non et al. 2024; M. Amiri et al. 2025), significantly im-
proving our understanding of FRB host properties.

FRB host galaxies exhibit a wide range of stellar popu-
lations. Early studies (Y. Li & B. Zhang 2020) suggested
that FRBs are predominantly found in intermediate-to-
old stellar populations, consistent with both magnetars
formed via extreme explosive events and those arising
from standard stellar evolution. Recent large-sample
analyses (K. Sharma et al. 2024; M. Amiri et al. 2025)
further refined this classification, showing that most
FRBs reside in Milky Way (MW)-like spirals, with a
smaller fraction in dwarf and elliptical galaxies.

Observational studies have extensively explored the
DM contribution from host galaxies. From FRB data,
the typical DMHG is approximately 100 pc cm�3, as
shown in Y. Li et al. (2019). More directly, this value
can also be derived from a simple linear fit to the DME–
z relation, which exhibits a y-intercept of around 100 pc
cm�3, as presented in B. Zhang (2023).

From a numerical simulation perspective, G. Q. Zhang
et al. (2020b) utilized the TNG-100 simulation, which
has a 100 Mpc box size, to study the relationship be-
tween the DM contribution of FRB host galaxies and
different FRB types, their physical origins (central en-
gines), and their locations within their host galaxies.J.-
F. Mo et al. (2023) complemented this research by ana-
lyzing both Illustris and TNG simulations, and further
distinguished between young and old progenitor popu-
lations, revealing significant differences in the resulting
host DM distributions. More recently, A. Theis et al.
(2024) used multiple simulation suites (TNG, SIMBA,
ASTRID) to systematically analyze the DM contribu-
tions of FRB host galaxies and their dependence on
galaxy formation models. Additionally, analytical mod-
els such as those in R. Reischke et al. (2024) provide a
complementary approach to understanding host galaxy
DM contributions and their impact on FRB sight lines.

The AGORA (Assembling Galaxies of Resolved
Anatomy) project (J.-h. Kim et al. 2014; S. Roca-
Fàbrega et al. 2021, 2024) plays a crucial role in bench-
marking numerical models of galaxy formation, provid-
ing high-resolution simulations that enhance our under-
standing of FRB host galaxy DM contributions. We
utilize one of their simulations for our analysis of the
host galaxy’s contribution to the total DM.

Additionally, the contribution of the MW’s DM to
FRB sight lines must be carefully accounted for. Empir-
ical models such as NE2001 (J. M. Cordes & T. J. W.
Lazio 2002) and YMW16 (J. M. Yao et al. 2017) are
widely used to estimate the Galactic DM contribution
by modeling the distribution of free electrons in the disk
and halo. J. X. Prochaska & Y. Zheng (2019) further
investigated the Galactic DM component, highlighting
its significant impact on the total observed DM. Accu-
rately characterizing these contributions is essential for
isolating extragalactic DM components in FRB studies.

Motivated by these studies, we employ the SPH-based
GADGET3/4-OSAKA code (I. Shimizu et al. 2019; K.
Nagamine et al. 2021; Y. Oku et al. 2022; L. E. C. Ro-
mano et al. 2022a,b; K. Fukushima et al. 2023; Y. Oku
& K. Nagamine 2024), incorporating star formation and
feedback models to simulate FRB sight lines. By com-
bining zoom-in and LSS simulations, we disentangle the
host galaxy and IGM contributions to DM. We further
introduce a light cone generation technique using ran-
domly rotated simulation boxes to mitigate boundary
artifacts, enhancing our ability to trace DM-z evolution
and constrain fIGM

13.

13
See previous footnotes regarding fdi↵ .
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2. DISPERSION MEASURE (DM) OF FRB
FRBs are brief but intense bursts of radio waves, emit-

ting energies between 1038 and 1042 erg/s. Their DM, as
first reported in the discovery of FRB 010724 by D. R.
Lorimer et al. (2007), results from frequency-dependent
delays as radio waves propagate through plasma. This
occurs due to interactions with free electrons, which al-
ter the refractive index and slow lower-frequency waves.

The DM quantifies this effect as the time delay relative
to a vacuum (W. Deng & B. Zhang 2014; Z. Zheng et al.
2014):

�tobs =

Z
⌫
2

p

⌫2
c

dl

c
=

e
2

2⇡mec⌫
2
c

DM, (1)

where ⌫p = (ne,ze
2
/⇡m)1/2 is the plasma frequency, ⌫c

is comoving frequency, c is the light speed e, me, ne are
the charge, mass and number density of electrons, tobs
is the observed time. For a plasma at a redshift z, the
rest-frame delay time is

�tz =
e
2

2⇡mec⌫
2
z

Z
L

0

ne,z dlz =
e
2

2⇡mec⌫
2
z

DMz, (2)

where L is the propagation distance of the EM wave
through the plasma, ⌫z is the rest-frame frequency at the
source (or proper coordinate system),

R
L

0
ne,zdlz = DMz

is the rest-frame DM. In the observed frame, �tz =
�tobs/(1 + z) and ⌫z = ⌫c(1 + z). So equation 2 can be
adapted as

�tobs =
e
2

2⇡mec⌫
2
c

Z
L

0

ne,z

1 + z
dlz. (3)

Comparing this with Eq. (1), the measured DM at the
observer frame is

DM =

Z
L

0

ne,z(l)

1 + z
dlz. (4)

When analyzing simulation results, we account for the
DM in the comoving frame. Therefore, the emitting-
frame length dlz is written as a cosmological distance
incorporating the expansion of the Universe as follows:

dlz =
c dz

(1 + z)H0E(z)
, (5)

where H0 is the Hubble constant, ⌦m and ⌦⇤ are the
matter density and dark energy density parameters, and
E(z) =

p
⌦m(1 + z)3 + ⌦⇤. Using the comoving elec-

tron density ne,c = ne,z/(1+z)3, the equation 4 becomes

DM =
c

H0

Z
z

0

ne,c(1 + z
0)

E(z0)
dz

0
. (6)

For a cosmological FRB, the total observed DM con-
sists of contributions from multiple sources:

DMFRB =
DMHG

1 + z
+DMIGM +DMHalos +DMMW. (7)

Here, DMHG is the host galaxy’s contribution, which
includes the host-halo (HH) and source contributions,
i.e., DMHG = DMsource+DMHH. DMMW arises from the
MW, DMIGM is for the IGM (excluding the intervening
halos), and DMHalos is for the gas in the intervening
halos along the LoS (the foreground galaxies and their
halos).

In this paper, we also use the diffuse dispersion mea-
sure, DMdi↵

14, to represent the sum of DMIGM and
DMHalos, i.e., DMdi↵ = DMIGM + DMHalos. The total
observed DMFRB for FRBs at redshifts z . 1 is typ-
ically . 103 pc cm�3 (D. R. Lorimer et al. 2007; D.
Thornton et al. 2013).

Using our cosmological simulations, we can compute
the total FRB DM contribution from the diffuse bary-
onic medium as follows:

DMdiff = fdiff
⇢c,0⌦b

mp

c

H0

Z
z

0

�e(z0)(1 + z
0)

E(z0)
dz

0 (8)

where ⇢c,0 is the critical mass density and ⌦b is the
baryon density parameter at z = 0. fdi↵ = fIGM+fHalos

represents the baryon fraction in the diffuse medium
(including both IGM and halos), mp is the proton
mass, and �e(z) is the electron abundance from ion-
ized hydrogen and helium, which is approximated by
�e(z) ⇡ YH �e,H(z)+YHe �e,He(z)/2, where YH and YHe

are the mass fractions of hydrogen and helium, respec-
tively, assuming complete ionization and ignoring heav-
ier elements.

This formulation aligns with previous works on the
Macquart relationship and allows us to constrain fdi↵

using our simulation results, providing a robust frame-
work to understand the baryonic distribution in the Uni-
verse.

3. LSS SIMULATIONS AND THEIR RESULTS

3.1. Simulation Setup

Our results utilize data from the GADGET3/4-OSAKA
simulation suite. The GADGET-3 code, an evolved ver-
sion of GADGET-2 (V. Springel 2005), serves as the foun-
dation for our GADGET3-OSAKA simulations, incorpo-
rating enhancements for star formation and supernova
feedback (I. Shimizu et al. 2019; Y. Oku et al. 2022).
The GADGET4-OSAKA simulation extends this with ad-
ditional feedback mechanisms, particularly within the

14
Note that J. P. Macquart et al. (2020) referred to this quan-

tity as DMcosmic, which is equivalent to our DMdi↵ . However,

our fdi↵ explicitly excludes stars and compact stellar remnants

(e.g. black holes), whereas fcosmic may include them, since DM

only traces ionized components along the LoS, while fcosmic

may account for all baryons regardless of their ionization state.

See Appendix J for a detailed discussion of fdi↵
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CROCODILE dataset15 (Y. Oku & K. Nagamine 2024),
which implements updated SN and thermal AGN feed-
back models, providing a comprehensive range of runs
with diverse feedback parameters.

We analyze multiple cosmological simulations across
a range of box sizes and feedback implementations:
25h�1Mpc with AGN feedback (L25N512fiducial),
50h�1Mpc with (L50N512fiducial) and without
(L50N512NoBH) AGN feedback, 100h�1Mpc with
(L100N1024fiducial) and without (L100N1024NoBH)
AGN feedback, and 500h�1Mpc with stellar feedback
but no AGN feedback (L500N1024NoBH). AGN feed-
back is not included in the current 500 Mpc run due to
data availability

Table 1 summarizes the parameters, including box
size, total particle count Np, dark matter and gas-
particle masses (mDM, mgas), and gravitational soften-
ing length ✏grav. Initial conditions were generated us-
ing MUSIC2 (O. Hahn & T. Abel 2013), with Planck
2018 cosmological parameters ( Planck Collaboration
et al. 2020): H0 = 67.74 km s�1 Mpc�1, ⌦m = 0.3099,
⌦⇤ = 0.6901, and ⌦b = 0.04889. Our treatment of
supermassive black holes (SMBHs) follows the model
used in the EAGLE simulation (J. Schaye et al. 2014;
R. A. Crain et al. 2015). Black hole seeding is per-
formed using the Friend-of-Friends (FoF) halo finder,
where a gas particle with the minimum gravitational
potential is converted into a black hole particle if the
total FoF halo mass (Mhalo, FoF) exceeds Mseeding, FoF =
1010h�1

M� and the stellar mass in the halo is greater
than Mseeding, star = 108 h�1

M�, provided the halo does
not already contain a black hole. Black holes are reposi-
tioned within the HH based on the potential minimum
and assigned the velocity of the FoF halo. The accre-
tion onto black holes follows the Bondi-Hoyle prescrip-
tion, and feedback is implemented via a thermal quasar
mode, affecting the surrounding gas distribution. For
more details on the SMBH and AGN feedback imple-
mentation in CROCODILE simulations, see Y. Oku &
K. Nagamine (2024).

Appendices A–F provide details on these simulations,
contextualizing the role of AGN feedback in our FRB-
related results. This supplementary information sup-
ports our primary analyses while maintaining a focus
on FRB implications in the main text. The following
sections present results from LSS simulations, followed
by zoom-in cosmological hydrodynamic simulations in
Section 6.

15
https://sites.google.com/view/crocodilesimulation/home

Figure 1. Electron density (ne) distribution along 10,000
light cones in the fiducial model with AGN feedback. The
integration spans 2500 Mpc in comoving space from z = 0 to
z ⇡ 1. The NoBH model exhibits a similar distribution, with
no visually significant differences, and is therefore omitted for
clarity. Different colors represent different lines of sight.

3.2. Cosmological Dispersion Measure in LSS
Simulations

To construct FRB sight lines, we randomly rotate LSS
simulation boxes and seamlessly connect the LoS across
redshifts. This method ensures comprehensive cosmic
structure sampling beyond fixed parallel directions. The
detailed method of light-cone generation is described
in Appendix G. We note that in our light-cone setup,
FRB sight lines are initiated from a 100⇥100 uniformly
spaced grid on the z = 0 plane. This ensures broad
spatial sampling, however, without enforcing that each
origin or endpoint resides within a halo. This model-
ing choice and its possible impact on DM estimation are
discussed in Appendix H.

Figure 1 shows the electron density distributions along
10000 sight lines in the L100 fiducial simulation (with
AGN feedback). Each colored line represents the elec-
tron density along an individual sightline, reflecting the
underlying baryonic distribution. The x-axis denotes
the comoving distance. Although the NoBH model was
also analyzed, its distribution is visually indistinguish-
able from the fiducial case, so it has been omitted for
clarity.

By integrating electron density along sight lines from
z = 0, we obtain the cumulative DM as a function of
redshift (Figure 2), spanning z = 0 to z ⇡ 1 (⇠ 2500
Mpc comoving distance). The fiducial model (left panel)
shows a slightly higher average DM due to AGN feed-
back redistributing gas in the IGM. However, this effect
is modest since CROCODILE lacks strong jet feedback,
making AGN-driven outflows weaker than those in sim-
ulations like SIMBA or IllustrisTNG. Since we still in-
clude foreground halos, the DM here represents DMdi↵

https://sites.google.com/view/crocodilesimulation/home
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Table 1. Simulation Parameters for Different Simulations
Simulation Box Size Particle Numbers Dark Matter Mass Gas Mass ✏

†
G AGN Feedback

(h�1 cMpc) (h�1
M�) (h�1

M�) (h�1 ckpc / h
�1 pkpc)

L25N512fiducial 25 2⇥ 5123 8.43⇥ 106 1.58⇥ 106 1.63 / 0.25 X

L50N512fiducial 50 2⇥ 5123 6.75⇥ 107 1.26⇥ 107 3.38 / 0.50 X

L50N512NoBH 50 2⇥ 5123 6.75⇥ 107 1.26⇥ 107 3.38 / 0.50 5

L100N1024fiducial 100 2⇥ 10243 6.75⇥ 107 1.26⇥ 107 3.38 / 0.50 X

L100N1024NoBH 100 2⇥ 10243 6.75⇥ 107 1.26⇥ 107 3.38 / 0.50 5

L500N1024NoBH 500 2⇥ 10243 8.43⇥ 107 1.58⇥ 107 16 / 2.50 5

†
✏G represents the gravitational softening length. The two values listed correspond to the softening comoving length (left, in

h
�1 ckpc) and the softening max physical length (right, in h

�1 pkpc), which is the resolution limit of the simulation.

Figure 2. DM of all LoS are shown for the L100 fiducial model with AGN feedback (left panel), and the NoBH model (right
panel). In each panel, the left subpanel shows the DM-z relationship, with linear and logarithmic averages indicated, alongside
the median and standard deviation of the DM values. The right sub-panel presents the histogram of DM values at z = 1, with
the best-fit log-normal distributions shown in red curves, and the dashed lines mark the median DM values of 936.40 pc cm�3

for the fiducial model and 927.25 pc cm�3 for the NoBH model.

rather than DMIGM, reducing the influence of AGN feed-
back on the commonly used fIGM parameter, which in
fact represents fdi↵ .

The subpanel in each figure presents a histogram of
DM values, well described by a log-normal distribution:

P (x) =
1p
2⇡�x

exp

✓
� (lnx� lnµ)2

2�2

◆
, (9)

where µ is the median value of DM and � is standard
deviation of ln(DM). The mean and standard deviation
of DM in this log-normal framework are given by:

E(DM) = µe
1
2�

2

, Std(DM) = µe
1
2�

2
p
e�

2 � 1. (10)

The long tails in both models are due to intervening
halos with large amounts of ionized plasma.

For the fiducial model, we find µfiducial = 0.1727 ±
0.0017 and �fiducial = 963.34 ± 1.91pc cm�3. The cor-
responding mean and sta ndard deviation of DM, inte-
grated up to z = 1, are E(DM)fiducial = 977.81pc cm�3

and Std(DM)fiducial = 170.10pc cm�3. For the
NoBH model, we find µNoBH = 0.1712 ± 0.0017 and
�NoBH = 952.46 ± 1.87 pc cm�3. The corresponding
mean and standard deviation of DM are E(DM)NoBH =
966.52 pc cm�3 and Std(DM)NoBH = 166.65pc cm�3.

The median DM values from data, marked by the
dashed lines, are 936.40 and 927.25 pc cm�3 for the fidu-
cial and NoBH models, respectively.

Figure 3 compares simulations with the Macquart re-
lation (equation 8) for fdi↵ = 0.5 � 1.0. Our simula-
tion results remain consistent with the model predic-
tions. The fiducial model constrains fdi↵ at z = 1 to
0.865+0.101

�0.165
, while NoBH gives 0.856+0.101

�0.162
. The slightly

lower value in NoBH suggests AGN feedback modestly
enhances electron density in the IGM. Here, the error
bounds of fdi↵ represent the 16th–84th percentile range
across individual sight lines in log space, capturing the
intrinsic cosmic variance (i.e., LoS scatter) caused pri-
marily by foreground halo intersections, rather than the
standard error on the mean, which is negligible given
the large sample size (SEM 0.001).

Since DMHalos is not subtracted in Figure 3, inferred
fdi↵ values have larger uncertainties, occasionally ex-
ceeding 1 due to dense foreground halos. This over-
estimation arises because certain sight lines frequently
pass through dense and massive foreground halos, which
significantly enhance the total DM. As a result, the in-
ferred fIdi↵ values are biased upwards. This bias will be
corrected later when we isolate DMIGM from DMdi↵ .
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Figure 3. The dispersion measure up to certain distances, obtained from the light-cone data of CROCODILE simulation
(log mean and median) and the model results calculated from Eq. 6 for different values of fdi↵ (for both IGM and intervening
halo gas). The left panel shows results for the fiducial simulation, while the right panel corresponds to the NoBH simulation.
The magenta-shaded region represents the 16th–84th percentile DM uncertainty range obtained from our simulations. The
red dashed line and the purple dash-dotted line indicate the logarithmic mean and the median DM value from the simulation,
respectively. The solid lines correspond to theoretical DM-z relations derived from the Macquart relation for different values of
fdi↵ ranging from 0.5 to 1.0.

4. HALO PROFILE ANALYSIS FOR DM
CONTRIBUTIONS OF FOREGROUND HALOS

We analyze the contributions of foreground halos to
the DM observed in FRB observations, comparing sim-
ulation results with theoretical models and examining
the impact of AGN feedback.

4.1. Theoretical Model of Halo Density Profile

To characterize the density profile of dark matter ha-
los, we adopt two widely used models: the Navarro-
Frenk-White (NFW) (J. F. Navarro et al. 1997) and
modified NFW (mNFW) (A. R. Duffy et al. 2010) pro-
files:

⇢(r) =

8
><

>:

⇢0

y(1+y)2
, (NFW)

⇢0

y1�↵(y0+y)2+↵ , (mNFW)
(11)

where

y = c200
r

R200

, c200 = C

✓
Mhalo,200

1014M�

◆��

,

⇢0 =
(200⇢c)

3
c
3

200
f(c200), (12)

and
f(c) = ln(1 + c)� c

1 + c
. (13)

Here, R200 is the halo radius where density is 200
times the critical density, ⇢c = 8.6 ⇥ 10�30 g cm�3.
Mhalo,200 is defined as the total mass enclosed within
R200. The concentration parameter c200 depends on
halo mass Mhalo,200, with C as normalization. ⇢0 is set
by c200 and f(c200). The mNFW profile modifies the
inner slope via ↵ to account for baryonic effects, with

y0 controlling the transition scale and � describing the
mass dependence of c.

While the NFW profile provides a standard descrip-
tion of dark matter halos, the mNFW model accounts
for baryonic feedback, including AGN-driven outflows.
We use these profiles to analyze the DM contributions
from foreground halos along FRB sight lines.

4.2. Density profiles derived from LSS simulations

We present density profiles derived from simulations,
including gas, dark matter, stellar mass density, and ne.
To compute these profiles, we first categorize all halos
in the LSS simulation into different mass bins, covering
the range 1010.5 � 1015.5M�. Within each mass bin, we
randomly select 500 halos and compute their individual
density profiles for various components. The median
density profile is then extracted for each mass range,
with the 16th-84th percentile range determined to rep-
resent the upper and lower bounds of the distribution.
Additionally, we calculate the median R200 for halos in
each mass bin. Since the R200 values for the fiducial and
NoBH runs show negligible differences, we only retain
the fiducial results. These profiles provide insights into
the distribution of baryons and dark matter in halos of
different masses and serve as an essential component for
modeling the DM along FRB sight lines. The resulting
density profiles are shown in Figures 4 and 5.

Figure 4 show the median density profiles from the
L100 simulation, respectively, for various mass ranges.
(The L500 results are shown in the Appendix F).
Panel (a) displays gas density, panel (b) ne, panel (c)
dark matter density (⇢DM), and panel (d) stellar mass
density. The shaded regions indicate the 16th–84th per-
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(c) (d)

Figure 4. Comparison of density profiles for fiducial and NoBH simulations in the 100 Mpc box. The panels show the overlay
of median density profiles for different components. The shaded regions represent the 1� range of variations in each mass bin.
Solid lines represent fiducial simulations, while dashed lines represent NoBH simulations. The dotted lines indicate the median
R200 for halos in each mass range in the fiducial results, with NoBH results showing nearly no difference.

centile range. range of variations among the selected
halos. Notably, the trends in gas and ne profiles are
consistent, reflecting the high ionization fraction of the
gas.

To assess the effects of AGN feedback, we compare the
density profiles of fiducial and NoBH simulations in the
L100 simulation, as shown in Figure 4. Each panel com-
pares the fiducial (solid lines) and NoBH (dashed lines)
simulations across different halo mass ranges. AGN
feedback significantly reduces the central densities of gas
and ne in halos, redistributing baryonic matter toward
the outskirts. This effect is particularly pronounced in
halos with masses between 1012.5 M� and 1013.5 M�.
For lower-mass halos (< 1012.5 M�), AGN feedback has
minimal impact, while for more massive halos, gravita-
tional forces limit its effectiveness.

Based on panels (c) and (d), despite the relatively
weak influence of AGN feedback on dark matter and
stellar mass, it slightly reduces the central densities of
these components in high-mass halos. This subtle effect

is likely due to the gravitational drag exerted by gas par-
ticles that are expelled by AGN feedback. As the gas is
redistributed outward, its gravitational interaction mod-
ulates the distribution of non-baryonic components, in-
cluding dark matter and stars. This effect has been thor-
oughly analyzed and discussed in the recent work by D.
Sorini et al. (2025), which provides a detailed charac-
terization of how baryonic processes shape dark matter
density profiles. While this effect is not as prominent
as the redistribution of gas and ne, it nonetheless un-
derscores the interconnected dynamics of baryonic and
non-baryonic matter in high-mass halos influenced by
AGN feedback.

We compare the dark matter density profiles for fidu-
cial and NoBH simulations using NFW and mNFW
models, as shown in Figure 5. Both models fit the dark
matter density profiles well; however, the mNFW model
provides a slightly better fit, capturing the subtle fea-
tures in our simulation results more effectively.
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Figure 5. Comparison of the mNFW and NFW mass pro-
files for fiducial (top) and NoBH (bottom) for 100 Mpc box

4.3. DM profile as a function of impact parameter

To quantify the contribution of foreground halos to
the DM, we determined the center of each halo and ex-
tracted all gas particles within a sphere of radius 2R200.
sight lines were then generated perpendicular to a ref-
erence plane passing through the halo center, with the
impact parameter b representing the perpendicular dis-
tance from the sightline to the halo center.

The DM for each sightline was calculated using equa-
tion 4, which integrates the electron number density
ne,halo(l) along the sightline over a path length of
�2R200 to 2R200. This method was applied to 500 halos
in each mass range to obtain the DM distribution as a
function of b. Separate analyses were conducted for sim-
ulations with and without AGN feedback to investigate
its influence.

Figure 6 illustrates the DM distributions for halos of
varying masses. For sight lines passing close to the
halo center, DM values range from a few pc cm�3 for

Figure 6. Dispersion measure (DM) as a function of impact
parameter b for halos in the L100 (top) and L50 (bottom)
simulations, categorized by mass ranges. Solid and dashed
lines represent our simulations with and without AGN feed-
back, respectively, while shaded regions denote the 1� range
of DM values for 500 halos in each mass range. The cen-
tral curves correspond to the median DM values at each im-
pact parameter. The DM values are obtained by integrat-
ing electron densities along the LoS over a path length of
�2R200 to 2R200. Observational constraints from X. Wu &
M. McQuinn (2023), L. Connor et al. (2024), and K.-G. Lee
et al. (2023), as well as simulation-based fits from I. Med-
lock et al. (2024), are overlaid for comparison. The Medlock
data points include results from TNG, Astrid, and SIMBA
simulations across different mass bins. The points from L.
Connor et al. (2023) correspond to FRBs intersecting galaxy
clusters A2310 and A2311. The K.-G. Lee et al. (2023) esti-
mates are derived from semi-analytical ICM models for two
foreground clusters intersected by FRB 20190520B, assum-
ing cutoff radii (rmax) of R200 and 2R200.
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low-mass halos to several thousand pc cm�3 for massive
halos. AGN feedback notably reduces the central DM
while increasing the outer DM profiles, particularly in
halos with masses 1012.5 M� < MH < 1013.5 M�.

Observational constraints from X. Wu & M. McQuinn
(2023), L. Connor et al. (2023), and K.-G. Lee et al.
(2023), along with simulation-based fits from I. Med-
lock et al. (2024), are included for comparison. Although
some deviations exist, the simulation results align well
with Medlock’s fits within similar mass ranges. The es-
timates from K.-G. Lee et al. (2023) are derived using
a semi-analytical gas profile model for two foreground
clusters intersecting the sightline of FRB 20190520B,
assuming different cutoff radii (R200 and 2R200). The
results from L. Connor et al. (2023) are based on excess
DM values of two FRBs (20220914A and 20220509G)
hosted by massive clusters A2310 and A2311, after sub-
tracting Galactic and IGM contributions. These obser-
vational points fall within or slightly above the range
predicted by our halo DM profiles across the correspond-
ing mass scales. Furthermore, our analysis extends to
higher halo masses (MH & 1014M�), surpassing those
considered in CAMELS simulations, allowing us to ex-
plore the DM contribution from the most massive halos.
This provides new insights into the CGM properties in
cluster-scale environments.

4.4. 2D DM Map and 1D Profiles of Individual Halos

The two-dimensional DM distribution (i.e. 2D map)
of individual halos is often more complex than 1D pro-
files, especially for high-mass halos, such as galaxy clus-
ters and massive galaxies. These halos can exhibit in-
tricate structures, including satellite galaxies, varying
degrees of gas dispersal (potentially influenced by AGN
feedback), or even multiple halos in close proximity un-
dergoing merger processes. In these cases, 1D spheri-
cally symmetric models may fail to accurately capture
the true characteristics of the halos. Using such models
requires caution when applied to such complex systems.

To investigate the contributions of dense substructures
near halo centers and the surrounding gas environment,
as well as to assess their deviations from 1D models, we
analyzed the 2D DM map of halos. This analysis also
enables us to examine the impact of AGN feedback on
these distributions.

Figure 7 presents the 2D DM maps and 1D DM pro-
files of representative halos from different mass ranges in
the L500 simulation. For high-mass halos like Halo 2 and
Halo 1387, more complex structural distributions are ob-
served. Numerous satellite galaxies surround these ha-
los, leading to noticeable “peaks” in their 1D DM profiles
at various locations. These fluctuations result in signif-

icantly elevated DM values and contribute to variations
in the mean profile, although the overall impact on the
average remains moderate. Halo 2, compared to Halo
1387, exhibits a larger number of substructures, and its
surrounding gas environment shows greater overlap, re-
sulting in a 1D profile with a broader scatter depending
on the LoS location.

In contrast, low-mass halos, such as Halo 25373 and
Halo 273657 (two lower sets), tend to be more isolated,
lacking complex substructures. As a result, they are bet-
ter described by 1D spherically symmetric models. Be-
tween these two halos, Halo 25373, having a higher mass,
shows a sharp density increase near its center, appearing
as a distinct peak in the 2D distribution. Conversely, the
lower-mass Halo 273657 has a smoother central region,
and its surrounding gas environment is more dispersed
due to weaker gravitational influence.

To investigate the influence of AGN feedback on the
contribution of foreground halos to the DM of FRBs, we
compare results from the L100 simulations. Figure 24
presents the 2D DM maps and 1D DM–b profiles of two
representative massive halos (⇠ 1014.8M�) in both the
L100N1024fiducial and L100N1024NoBH runs.

An analysis of ten halos with masses exceeding
1014.5M� in the L100 simulations reveals that AGN
feedback generally has a limited impact on the gas distri-
bution within such massive halos, which exhibit strong
self-gravitating systems. This is exemplified by Halo
1, where AGN feedback induces only minimal redistri-
bution effects, with slight diffusion observed near the
core in both the 2D map and 1D profile. However,
among these massive halos, we identify an exceptional
case—Halo 0. As seen in its 2D map and 1D profile,
the NoBH simulation exhibits a highly dense, compact
region approximately 1 Mpc from the halo center, with
a gas density exceeding that of the central region, lead-
ing to an anomalous DM distribution. Such occurrences
are possible in the absence of AGN feedback, where gas
can over-concentrate locally. Similar phenomena are fre-
quently observed in massive halos within the L500 simu-
lation (Figure 7). In contrast, the fiducial run of Halo 0
shows that this dense clump is absent, as AGN feedback
efficiently disperses the gas, resulting in a more diffuse
central gas distribution.

Figure 25 presents a comparison of two halos in the
1012.5 � 1013.5M� mass range, where AGN feedback is
expected to be more efficient. Our statistical analysis of
over a hundred halos in this range confirms that AGN
feedback is particularly effective within this mass inter-
val. We highlight two representative cases: Halo 223
(fiducial) and Halo 222 (NoBH), both with masses of
⇠ 1013.5M�, collectively referred to as Halo ↵; and Halo
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Figure 7. 2D DM maps (left column) and 1D DM profiles as a function of impact parameter b (right column) for the most
massive halos in each representative mass range, as shown in Figure 22, from the L500 simulation. Each row corresponds to a
halo, arranged in descending order of mass from top to bottom, with the halo ID and mass indicated in the title of each plot.
The vertical red dashed lines in the right panels indicate the virial radius of the halo (R200). Shaded regions in the 1D profiles
represent the scatter of different sight lines at each b. All halos are from simulations without AGN feedback (labeled "n").
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1000 (fiducial) and Halo 886 (NoBH), with masses in
the range of 1012.8 � 1012.9M�, collectively referred to
as Halo �.

Halo ↵ exhibits three distinct structures: a primary
halo, a massive subhalo in close proximity, and a signifi-
cantly smaller subhalo. AGN feedback has a pronounced
effect on both main components, leading to a substantial
reduction in central DM in the fiducial run compared to
the NoBH counterpart. Additionally, the highest AGN
feedback efficiency is observed near 1013M�, as demon-
strated by Halo �. The NoBH simulation yields a cen-
tral DM approaching 103 pc cm�3, whereas the fidu-
cial counterpart shows a significantly lower central DM,
barely exceeding 102 pc cm�3.

To quantify the redistributing impact of AGN feed-
back on halo gas densities and DM, we compute the
AGN-driven central gas expulsion fraction and central
DM suppression fraction, defined as:

f
15

exp
=

b⇢NoBH(r = 15 kpc)� b⇢fiducial(r = 15 kpc)

b⇢NoBH(r = 15 kpc)
,

(14)

f
c

suppr
=

dDMNoBH(b = 0)� dDMfiducial(b = 0)
dDMNoBH(b = 0)

, (15)

where b⇢(r = 15 kpc) represents the median gas density
at 15 kpc for different halo mass bins, and dDM(b = 0)
represents the median DM at impact parameter b = 0.
The computed expulsion and suppression fractions for
different halo mass ranges are:

• 1010.5 � 1011.5M�: f
15

exp
= 2.3%, f c

suppr
= �20.6%,

• 1011.5 � 1012.5M�: f
15

exp
= 16.2%, f c

suppr
= 6.8%,

• 1012.5 � 1013.5M�: f
15

exp
= 86.1%, f c

suppr
= 73.0%,

• 1013.5 � 1014.5M�: f
15

exp
= 81.7%, f c

suppr
= 57.1%,

• 1014.5 � 1015.5M�: f
15

exp
= 81.9%, f c

suppr
= 25.3%.

This analysis demonstrates that AGN feedback is
most efficient at expelling gas from halos in the mass
range 1012.5 � 1013.5M�, significantly reducing central
gas densities. The strong correlation between f

c

exp
and

f
c

suppr
indicates that AGN-driven gas removal directly

impacts DM suppression along the LoS.
It is worth noting that although the AGN feedback in

the 1013.5�1014.5M� and 1014.5�1015.5M� mass ranges
also exhibits strong gas expulsion effects in the central
region (at 15 kpc), it does not completely expel the gas
from the halo. As shown in Figures 4 and 6, most of
the redistributed gas remains within R200, meaning that
the expelled material largely stays within the so-called

"CGM". Beyond R200, the difference between the fidu-
cial and NoBH simulations is relatively small. However,
for halos in the 1012.5 � 1013.5M� range, we observe
that beyond R200, the gas density profile, electron num-
ber density profile, and DM profile in the fiducial run
are all significantly higher than those in the NoBH run.
This suggests that halos in this mass range are the pri-
mary drivers of baryonic redistribution. In addition to
exhibiting the highest AGN feedback efficiency, these
halos also play a dominant role in facilitating material
exchange between the IGM and CGM.

In the lowest-mass bin (1010.5�1011.5M�), we observe
a very small f c

exp
but a significant negative f

c

suppr
. This

suggests that rather than AGN-driven expulsion, ion-
ization effects are the primary factor responsible for the
observed changes. The increased electron density and
corresponding enhancement in DM could be attributed
to the following possible mechanisms: (1) collisionally
ionized gas due to heating within the halo itself, (2)
shock heating effects from nearby massive halos, or (3)
thermal energy injected by the SN-driven outflows. A
more detailed investigation of these effects is beyond the
scope of this paper.

The efficiency of AGN feedback in the 1012.5 �
1013.5M� range is further validated in the appendix,
where we analyze the relationship between AGN feed-
back energy and halo mass. As illustrated in Figures 19
and 21, the correlation between AGN feedback efficiency
and halo mass provides additional evidence supporting
our findings.

5. IGM BARYON FRACTION ANALYSIS
In Section 3.2, we constrained an important parame-

ter, fdi↵ , using the DM–z relation for FRBs. This pa-
rameter directly reflects the distribution of the "missing
baryons" that we are investigating. As the dark matter
halos grow, fdi↵ evolves over time. Additionally, based
on numerical simulations, aside from the DM–z relation,
we can also estimate the gas mass fraction belonging to
the IGM by excluding the gas in the halos, which is of-
ten called CGM. Here, we treat the fdi↵ inferred from
the DM–z relation as the observational estimate, and
the simulation-derived fIGM — which excludes the halo
(CGM) gas (whose mass dependence is shown in figure
8) — as the theoretical reference or “true value.” In the
actual observations, it is usually difficult to subtract the
intervening halo contribution, hence fdi↵ = fIGM+fhalo,
as we defined in Sec 2. In some observational papers, the
observed fdi↵ is written as fIGM assuming that fHalos is
a part of the smooth IGM component. Such an estimate
might lead to an overestimate of true fIGM, and a care is
needed in its interpretation. In the present work, we at-
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tempt to clarify the distinction between fdi↵ , fIGM, and
fHalo in the following sections.

5.1. “Observed” fdi↵

The calculation of the "observed value" (fdi↵,obs) fol-
lows the same method as in Section 3.2, where we
record the constrained fdi↵,obs at each redshift when
constructing the light cone and connecting the simula-
tion box. We emphasize that the observationally con-
strained fdi↵,obs—derived through the integration of DM
along light cones—is not strictly equivalent to the in-
stantaneous simulation-based definition of fdi↵(z) at a
given redshift. The subtle differences are elaborated in
Appendix J.

Since most FRB sources are observed at z < 1,
we primarily focus on calculating the evolution
of fdi↵ up to z = 1, as shown in Figure 9b,
with the redshifts of our simulation snapshots
including z = [0.106, 0.287, 0.508, 0.754, 1.041].
The black and orange circles represent data
points constrained by L100N1024fiducial and
L100N1024NoBH, respectively, with values given as
fdi↵,obs = [0.706, 0.758, 0.810, 0.835, 0.865] (fiducial)
and [0.685, 0.749, 0.804, 0.829, 0.856] (NoBH). The
fiducial results are marginally higher than those of
the NoBH case, reflecting the baryon redistribution
driven by AGN feedback. A more detailed analysis is
presented in Section 5.3.

At z = 1, our fiducial simulation yields fdi↵,fiducial =
0.865 and the NoBH simulation gives fdi↵,NoBH = 0.856,
which are slightly lower than the latest FRB observa-
tional constraints from L. Connor et al. (2024), where
the full sample of all localized FRBs (including detec-
tions from DSA-110, ASKAP, CHIME, MeerKAT, and
VLA realfast) gives fdi↵ = 0.93+0.04

�0.02
. However, our fidu-

cial result is comparable to the constraint from the DSA-
110 only sample, which gives fdi↵ = 0.89+0.06

�0.06
. This

agreement highlights the robustness of our simulation
in capturing the baryonic distribution within large-scale
structures and its impact on FRB DM statistics.

5.2. “True” fIGM

The estimation of fIGM,true (the "true value" of fIGM

which does not include the halo component) depends
critically on how we subtract the contributions from
intervening halos. Unless we have a sufficiently de-
tailed understanding of the foreground galaxies along
the sight lines, which would allow us to identify all in-
tervening halos and their density profiles, we cannot ef-
fectively remove their contributions to the IGM fraction.
Thus, the calculation of fIGM,true relies on the subtrac-
tion of CGM gas, which involves defining what gas be-
longs to the CGM. We employed multiple methods to

identify the most appropriate approach for subtracting
CGM gas fractions. We also find that the constraint on
fIGM = 0.8+0.08

�0.09
from L. Connor et al. (2024) falls within

this range as well.

5.2.1. Using the HMF to Calculate fIGM,true

Figure 8. Evolution of CGM gas fraction (fgas) as a func-
tion of halo mass for the L100N1024fiducial run. The top
panel shows the median gas fractions at different redshifts
for various mass ranges. The bottom panel presents the lin-
ear mean of fgas under the same conditions. Both plots re-
flect the redshift evolution and its dependence on halo mass,
highlighting the role of AGN feedback in modifying the gas
fraction.

We begin with the simplest approach: utilizing the
W. H. Press & P. Schechter (1974) theoretical model to
compute the halo mass function (HMF) at different red-
shifts (the result from our simulations at z = 0 is shown
in Figure 16). We assume that the gas mass fraction in
the CGM of each halo is a constant fgas ⇠ ⌦b/⌦m ⇡
0.16. Then, based on the HMF, we estimate the CGM
gas fraction by summing over halos in different mass
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bins. This gives us an estimate for fIGM:

fIGM(z) = 1�
fgas

R
M�(M, z)dM

⌦b⇢crit
(16)

where �(M, z) represents the HMF at redshift z. M de-
notes the halo mass, and the denominator, ⌦b⇢crit, rep-
resents the cosmic mean baryon density, which serves as
the total baryonic mass budget of the universe. fgas ac-
counts for the gas fraction within halos, which we define
as the CGM gas fraction:

fgas =
Mgas,Rcut

Mhalo,Rcut

. (17)

Here, Mgas,Rcut is the total gas mass enclosed within a
halo up to a cutoff radius Rcut, and Mhalo,Rcut is the
total halo mass within the same radius. This defini-
tion explicitly incorporates the dependence on the cho-
sen truncation radius, which we explore in later sections.
The Press-Schechter (PS74) prediction is shown by the
orange dot-dashed line in Figure 9a (diamond marker).
It is clear that this result is much lower than fIGM con-
strained by the Macquart relation, with fIGM,true ⇠ 0.7
at z = 1. This discrepancy likely stems from three fac-
tors: (1) we cannot approximate the CGM gas fraction
by the cosmic average baryon-to-matter ratio, and (2)
fgas evolves with halo mass, and (3) random LoSs to-
wards FRBs do not go through all halos at each redshift.
The redistribution of baryons within halos reduces the
CGM gas fraction below the cosmic average, and this ef-
fect is mass-dependent, as shown in Fig. 8 and the lower
panels of Figure 19. To improve the accuracy of our es-
timate, We extract the median and mean fgas evolution
across redshifts and mass bins, as illustrated in Figure 8.
We then employ them in a modified calculation:

fIGM(z) = 1�
R
fgas(M, z)M�(M)dM

⌦b⇢crit
(18)

where fgas(M, z) now explicitly accounts for mass- and
redshift-dependent evolution. The resulting modified
fIGM is shown by the green and red dotted lines and
diamond markers indicated with ‘Modified PS’ in Fig-
ure 9a. This result is closer to the constraints from the
Macquart relation, though the evolution in the z < 1
range is somewhat smoother.

5.2.2. Directly Subtracting CGM Gas to Calculate fIGM,true

Both the DM–z relation and the Press-Schechter
HMF-based calculations of fIGM inherently rely on the-
oretical assumptions and uniform matter distribution.
A more direct approach is to identify and precisely re-
move all CGM-associated gas particles within each halo
in the simulation snapshot at each redshift. However,

Table 2. CGM subtraction methods and their markers

Rcut Type Line Style Marker

R200

Fiducial Light purple solid ⇥
NoBH Light purple dashed 4

2R200

Fiducial Magenta solid .

NoBH Magenta dashed O

3R200

Fiducial Olive-green solid /

NoBH Olive-green dashed ?

this method introduces a key challenge: defining the
spatial extent of the CGM. The choice of CGM bound-
ary significantly impacts the computed fIGM.

To address this, we adopt four different halo gas re-
moval criteria. The first method involves directly ex-
cluding gas bound within FoF halos. The FoF algo-
rithm identifies halos by linking particles within a fixed
linking length, set to 0.2 times the mean interparticle
separation. This method effectively captures the total
mass and extent of a halo, including diffuse CGM. The
results using this approach are shown as the blue solid
line (square markers; fiducial) and the blue dashed line
(circle markers; NoBH) in Figures 9 and 10 .

In addition to the FoF-based method, we further em-
ploy three alternative CGM subtraction approaches us-
ing different cutoff radii, listed in Table 2.

As shown in Figure 9a, all these methods, along with
the fIGM computed via the Press-Schechter HMF ap-
proach (Section 5.2.1), converge towards fIGM = 1 (gray
dashed line) at high redshifts (z ⇠ 10), indicating their
consistency in the early Universe when there are few
dark matter halos. At lower redshifts, significant dif-
ferences emerge as halos develop. When removing gas
only within R200, fIGM remains the highest and ex-
ceeds the Macquart relation constraints, but at z = 1,
it reaches fIGM = 0.874 (fiducial) and 0.865 (NoBH),
aligning closely with the Macquart estimate (i.e., using
Eq. (8) and regarding fdi↵ as fIGM). For Rcut = 2R200,
the resulting fIGM is lower than the Macquart estimate,
yielding fIGM = 0.738 (fiducial) and 0.733 (NoBH) at
z = 1. When extending Rcut to 3R200, the lowest fIGM

values are obtained, with fIGM = 0.560 (fiducial) and
0.558 (NoBH) at z = 1. These values are obtained only
using a single snapshot of CROCODILE simulation at
each redshift. The results derived from the FoF halo
approach lie between the R200 and 2R200 cases, suggest-
ing that the effective radius defined by the FoF method
is within this range. Although the R200-based calcula-
tion yields fIGM values closest to the Macquart relation
at z = 1, the overall redshift evolution of fIGM derived
from the FoF halo method exhibits the best agreement
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(a)

(b)

Figure 9. Redshift evolution of the baryon mass fractions in the intergalactic and diffuse media. (a) The baryon mass fraction
in the intergalactic medium (fIGM), computed from the fiducial simulation under various CGM gas removal criteria, including
radius cutoffs at Rcut = R200, 2R200, 3R200 and FoF-based halo boundaries. Solid and dashed lines represent results from the
fiducial and NoBH models, respectively. The orange dot-dashed line shows the analytical prediction from the Press-Schechter
HMF (W. H. Press & P. Schechter 1974) with ⌦b/⌦m = 0.16. Green and red dashed lines indicate “modified PS” estimates
derived from the median and linear-mean gas fractions of halos in different mass bins. The orange pentagram shows the
constraint on fIGM from L. Connor et al. (2024) based on the full sample of all previously localized FRBs. The grey dashed
line at fIGM indicates the total cosmic baryon budget. (b) The baryon mass fraction in the diffuse medium (fdiff) for z  1,
constrained using the Macquart relation. Black open squares and red open circles show simulation results from the fiducial and
NoBH runs, respectively. The blue "X" and orange pentagon correspond to observational constraints from L. Connor et al.
(2024) using the full sample and the DSA-110-only sample. For comparison, the fIGM results from panel (a) are overplotted
using thinner lines and smaller markers
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with the Macquart relation at low redshifts. This sug-
gests that if CGM is defined within the range of R200

to 2R200, the fdi↵ constrained by the Macquart relation
closely matches the true fIGM at z . 1.

However, the observed “fIGM” inferred from the FRB
DM–z relation is systematically higher than the true
fIGM due to the inclusion of foreground halos, which
are not explicitly separated in most previous FRB-based
studies (e.g., K. B. Yang et al. 2022; B. Wang & J.-J.
Wei 2023). Scientifically, our primary interest lies in
accurately determining fIGM rather than fdi↵ , as fIGM

more directly represents the baryon fraction in the IGM.
This further underscores the necessity of constructing a
foreground galaxy map to refine the Macquart relation’s
application in constraining fIGM, as emphasized by Y.
Li et al. (2019); K.-G. Lee et al. (2022, 2023) and I. S.
Khrykin et al. (2024b).

5.3. Effect of AGN Feedback on Baryon Redistribution

To more precisely analyze the impact of AGN feedback
on baryon redistribution, we examine the evolution of
halo gas relative to the IGM. Figure 10 shows the red-
shift evolution of the ratio 16

fCGM/fIGM for both the
fiducial and NoBH models under different Rcut defini-
tions. In general, we see that this ratio is increasing with
decreasing redshift, as the halos grow due to gravita-
tional instability. Notably, the observational constraints
from L. Connor et al. (2024) are broadly consistent with
the predictions adopting Rcut = R200, suggesting that
this structural definition may best capture the CGM
scale probed by current FRB observations. At low red-
shifts, the ratio is systematically lower in the fiducial
case, indicating that AGN feedback expels a portion of
halo gas into the IGM. This trend confirms that AGN
feedback plays a moderate but non-negligible role in re-
distributing baryons. This ratio therefore serves as a
complementary tracer of AGN-induced baryon redistri-
bution.

However, the relatively small gap between fiducial
and NoBH simulations suggests that AGN feedback in
our CROCODILE simulations has a modest impact on
fdi↵,obs and fCGM/fIGM. This result can be attributed
to several factors:

• Absence of kinetic AGN feedback: Our cur-
rent implementation of AGN feedback in the
CROCODILE simulations primarily relies on ther-
mal feedback and lacks AGN jet (kinetic) feed-
back. Without this additional kinetic mode, the

16
After we define the CGM in Section 5.2.2, the concept of fHalos

can be naturally replaced by fCGM.

efficiency of AGN-driven redistribution is likely
underestimated.

• Effects of AGN feedback vary with halo mass:
While high-mass halos (Mhalo > 1012.5M�) are
expected to exhibit stronger AGN-driven outflows,
lower-mass halos (Mhalo < 1012M�) retain a sig-
nificant fraction of their CGM, leading to only a
minor difference in fdi↵ between the two runs.

• Impact of cooling and recycling. Even if AGN
feedback expels gas into the IGM, a fraction of
this gas can return to the halo through radiative
cooling and the gravity of the halo, partially coun-
teracting the redistribution effect. This fallback
might reduce the difference in fdi↵ between the
fiducial and NoBH runs.

• Coupling between fIGM and fCGM: While fdi↵

is defined as the sum of fIGM and fCGM, these
two components are intrinsically coupled, espe-
cially in the presence of AGN feedback. AGN-
driven outflows can increase fIGM by expelling gas
from halos while simultaneously reducing fCGM

by depleting CGM gas. Observationally, con-
straining fIGM using FRBs requires careful sub-
traction of foreground halo contributions along
each LoS — a challenging but essential task for
FRB-based cosmology. From the simulation per-
spective, although we have full knowledge of halo
properties and provide a detailed comparison of
CGM/IGM separation in Figure 28, the precise
definition of the CGM–IGM boundary remains
model-dependent and nontrivial. This under-
scores the importance of joint observational and
simulation-based efforts.

5.4. Fitting the Redshift Evolution of fIGM and fdiff

We provide fitting models for the redshift evolution
of fIGM and fdiff, which could be useful for semi-
analytic models of galaxy formation and IGM. A nat-
ural first approach is to use a power-law function, as
many cosmic-scale evolutionary processes can be well-
described by such relations. However, fIGM asymptot-
ically approaches 1 at high redshifts, suggesting that a
simple power-law function may not be sufficient to cap-
ture this behavior. Consequently, we adopt an “expo-
nential convergence model”, ensuring that as z increases,
fIGM naturally approaches 1.

To this end, we introduce three models of increasing
complexity, each progressively improving the accuracy
of the fit:
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Figure 10. Redshift evolution of the baryon fraction ratio between the circumgalactic medium (CGM) and the intergalactic
medium (IGM), fCGM/fIGM, under various CGM gas exclusion methods. Solid and dashed lines represent the fiducial and
NoBH simulations, respectively. Observational estimates from L. Connor et al. (2024) (olive "X" symbols) are included for
reference. The purple pentagram and dark green diamond indicate the expected CGM–IGM ratios from the TNG300 gas-rich
and gas-poor simulations used in Connor’s study for comparison with observations.

1. Convergence Exponential Model (C-Exp):

f(z) = 1� exp(�(z + ⌧)) (19)

This is the simplest model, assuming that the
growth of fIGM or fdiff follows a straightforward
exponential process governed by  and ⌧ . While it
effectively describes the large-scale growth trend,
it lacks flexibility in capturing the detailed evolu-
tion at both higher and lower redshifts (z . 1).

2. Convergence Power-Law Exponential Model
(CPL-Exp):

f(z) = 1� exp(�(z + ⌧)⇣) (20)

By introducing the exponent ⇣, this model gains
additional flexibility, allowing the growth rate to
vary with redshift instead of following a fixed ex-
ponential form. As a result, it better captures the
evolution at lower redshifts while preserving the
high-redshift convergence to 1.

3. Double Power-Law Exponential Model (DPL-
Exp):

f(z) = 1� exp(�(z� + ⌧)⇣) (21)

Further refining the model, we introduce an addi-
tional exponent � to allow the redshift dependence
to be more flexible. This enables the model to
better capture the growth behavior across differ-
ent redshift ranges. In particular, it significantly
improves the fit at lower redshifts, ensuring that
the model accounts for early-stage evolution more
effectively.

From C-Exp to CPL-Exp to DPL-Exp, each successive
model builds upon the previous one by adding degrees of
freedom, leading to a progressively better fit for fIGM to
the data. However, for fdiff the CPL-Exp model provides
the best fit, as indicated by the �

2/DOF values (table 5
in Appendix L).

As seen from the best-fit parameters listed in Table 5,
the evolution of fIGM and fdiff follows a well-defined
trend across different redshifts. Notably, we observe
that the observationally inferred fdiff, derived from FRB
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DM–z constraints, exhibits a significantly higher growth
rate compared to the intrinsic fIGM. This trend aligns
with expectations:

- At low redshifts, fdiff remains low, closely matching
the results obtained from applying a halo mass cut of
Rcut = 2R200. This suggests that at lower redshifts, the
probability of an FRB intersecting a massive foreground
halo is low. As a result, the inferred fdiff is closer to the
intrinsic fIGM, as it receives minimal contributions from
foreground halos.

- As redshift increases, the probability of FRBs pass-
ing through massive foreground halos increases signifi-
cantly. Consequently, the inferred fdiff includes a larger
contribution from foreground halos, leading to a steeper
increase. By z ⇠ 1, the inferred fdiff surpasses the FoF-
halo-excluded results and closely matches the results ob-
tained from a 1R200 mass cut at z ⇠ 1.

Furthermore, although direct DM–z constraints can-
not determine the exact value of fdiff at z = 0, we can
use our best-fit models to extrapolate their asymptotic
values as z ! 0. These extrapolated values are:

• C-Exp: fdiff(z ! 0) = 0.685 (fiducial), 0.667
(NoBH)

• CPL-Exp: fdiff(z ! 0) = 0.655 (fiducial), 0.604
(NoBH)

• DPL-Exp: fdiff(z ! 0) = 0.706 (fiducial), 0.684
(NoBH)

For comparison, using the Press-Schechter HMF and
the cosmic mean baryon density, the expected value of
fIGM at z = 0 is approximately fIGM(z = 0) = 0.631.
This value closely matches the extrapolated values from
the CPL-Exp model, supporting the validity of its ex-
trapolations.

In summary, our results confirm that the inferred fdiff
from FRB DM–z constraints systematically increases
with redshift due to the increasing contribution of fore-
ground halos. Our progressively refined models effec-
tively capture this trend and provide robust extrapola-
tions for fdiff at z = 0. These results offer new insights
into the distribution of ionized gas in the Universe and
its redshift evolution.

5.5. From FRB Observables to Intrinsic fIGM(z): A
Semi-Analytic Reconstruction Framework

We now discuss how to observationally constrain the
"true" IGM baryon content using FRB sight lines. The
diffuse component of the DM was given by Eq. (8).
From an observational perspective, assuming that FRBs
are randomly distributed across the sky, and consider-
ing that fdi↵ evolves with redshift, what we constrain

is actually its cumulative, redshift-averaged form as we
discussed in Appendix J:

hDMdi↵(< z)i / hfdi↵, obs(< z)i
Z

z

0

1 + z
0

E(z0)
dz

0
, (22)

where E(z) =
p
⌦m(1 + z)3 + ⌦⇤. Here we assume a

constant ionization fraction �e ⇡ 0.875 for fully ionized
diffuse medium. Explicitly considering the contribution
from intersecting halos, the average DM contribution
from both IGM and halos can be expressed as:

hDMdi↵(< z)i /
Z

z

0

⇥
fIGM(z0) + hf intersect

Halos
(z0)i

⇤ 1 + z
0

E(z0)
dz

0
,

(23)
where the term hf intersect

Halos
(z)i represents the average con-

tribution from halos intersected by FRB sight lines at
redshift z. To incorporate the extended gas density pro-
files of halos in a physically motivated manner, we ex-
press this halo term as an integral over a halo mass range
[Mlow, Mup], with the projected baryonic column den-
sity:

⌦
f
intersect

Halos
(z)

↵
=

1

⇢b(z)

Z
Mup

Mlow

n(Mh, z)⇥
"Z

Rcut(Mh)

0

2⇡b⌃g(b;Mh, z) db

#
dMh,

(24)

where

⌃g(b) = 2

Z
Rcut(Mh)

b

rfgas⇢model(r)p
r2 � b2

dr. (25)

Here ⌃g(b;Mh, z) is the projected gas mass column den-
sity of a halo with mass Mh at impact parameter b,
n(Mh, z) is the HMF, ⇢model(r) is the modeled density
profile of the dark matter halo (e.g., Equation 11), and
⇢b(z) is the mean cosmic baryon density at redshift z.
The upper limit Rcut(Mh) is the assumed maximum cut-
off radius of halo gas (e.g., R200 or 2R200). This formula-
tion properly accounts for both the extended gas struc-
ture and the geometric probability of intersecting a halo,
making it a physically motivated expression for the av-
erage halo contribution to the FRB dispersion measure.

By differentiating both sides of Equations 22 and 23,
we derive the following expression for the IGM baryon
fraction:

fIGM(z) = hfdi↵,obs(< z)i �
⌦
f
intersect

Halos
(z)

↵

+

✓
d

dz
hfdi↵,obs(< z)i

◆
·


1

X(z)

Z
z

0

X(z0) dz0
�

(26)
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where

X(z) =
(1 + z)

E(z)
. (27)

Here, hfdi↵,obs(< z)i can be inferred from the observa-
tion of the Macquart relation up to z, which statistically
links FRB DMs and redshift. Its analytic form can be
approximated using the empirical fitting functions (e.g.,
C-exp) described in Section 5.4, allowing us to compute
the derivative term d

dz
hfdi↵,obs(< z)i.

The sightline-weighted halo baryon fraction
hf intersect

Halos
(z)i can also be constrained observation-

ally, by modeling the density field of foreground
galaxies along FRB sight lines (e.g., K.-G. Lee et al.
2022).

Figure 11 compares the reconstructed IGM baryon
fraction fIGM,th(z)—recoverd from the cumulative
observational constraint hfdi↵,obs(< z)i—with the
baryon fraction directly computed from simulations,
fIGM,sim(z). The black curve in the figure corresponds
to the CPL-Exp fit to the fiducial hfdi↵,obs(< z)i shown
in Table 5.

To calculate hf intersect

Halos
(z)i (Equation 24), we adopt

two standard HMFs—PS74 and Tinker08. For the gas
density profiles, we use the fitted parameters of the
mNFW profile at z = 0, evaluated in different halo
mass bins (listed in Table 6), assuming a gas distribu-
tion of the form fgas⇢model(r). The resulting values of
hf intersect

Halos
(z)i are shown in Table 7.

As shown in Figure 11, fIGM,th(z) lies closer to the
simulated fIGM,sim(z) obtained with a CGM exclusion
radius of 2R200. Compared to the 1R200 case, it shows
a steeper evolution with redshift and lies inbetween the
R200 and 2R200 definitions at z ⇠ 1.

It is important to note several sources of systematic
uncertainties in this reconstruction:

1. The analytic form of hfdi↵,obs(< z)i significantly
affects the inferred IGM fraction and depends on
the validity of the chosen fitting function.

2. The HMF used in our model is based on analytical
(PS74) and empirical (Tinker08) relations. How-
ever, as shown in Figure 16, these HMFs can de-
viate from the simulation results, especially at the
high-mass end. In principle, one could interpo-
late the HMF directly from simulation outputs at
each redshift for higher accuracy, but this would
undermine the purpose of using FRBs to test theo-
retical models — as in reality, we do not know the
true HMF of the Universe. Therefore, we opt for
established analytic HMFs instead of interpolated
simulation values.

3. The mNFW fitting parameters are derived from
median density profiles at z = 0 in each mass bin.
These do not represent individual halos and are
used as characteristic profiles for population-level
estimation.

4. The concentration parameter c200 evolves with
redshift and alters the relationship between M200

and R200, thereby modifying the density profile
shape of the halo. This is particularly important
for gas, whose distribution is further affected by
baryon–DM interactions (see A. D. Ludlow et al.
(2016); D. Sorini et al. (2025)).

5. The gas density profiles are more complex than
simply scaling dark matter profiles by a constant
fgas — baryonic processes such as feedback and
thermal pressure modulate the gas structure dif-
ferently from dark matter (D. Sorini et al. 2025).

Despite the limitations from these sources of uncer-
tainty, this semi-analytic framework provides a direct
bridge between FRB cosmological observables, such as
fdi↵, obs, and physically motivated quantities predicted
by theoretical models (e.g., in the standard ⇤CDM
cosmology), enabling improved interpretation of FRB-
derived constraints on the cosmic baryon distribution.

6. ZOOM-IN COSMOLOGICAL HYDRODYNAMIC
SIMULATIONS AND THEIR RESULTS

To examine the contribution of the HHs of FRBs
(DMhost), it is crucial to analyze FRB host environ-
ments with high-resolution simulations. This allows for
a detailed separation of DMhost contributions and helps
in understanding how different types of host galaxies
and the specific locations of FRBs within these galaxies
(e.g., central regions versus outskirts) impact the total
DM. To this end, we employ zoom-in cosmological hy-
drodynamic simulations performed by both GADGET3-
OSAKA and GADGET4-OSAKA codes (simply due to
the historical timeline). We employ three different zoom
simulations to probe host galaxies of different mass
scales and different environments: dwarf galaxy, MW
(MW)-like galaxy, and galaxy cluster. The initial con-
ditions and parameters are summarized in Table 3.

Figure 12 presents the gas mass (left panels) and stel-
lar mass (right panels) distributions for three different
types of galaxies (dark matter halos) simulated using
zoom-in techniques.

• Dwarf Galaxy: In the top row of Figure 12, the
results for a dwarf galaxy (K. Tomaru et al. in
prep.) from GADGET4-Osaka are displayed. The
gas mass distribution shows a concentrated core,
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Figure 11. Comparison of the redshift evolution of the average diffuse baryon fraction hfobs

di↵ i (black) obtained from the DM–z
relation against our theoretical modeling. The dashed lines represent simulation results of fIGM under two different CGM
boundary definitions: R200 (light purple) and 2R200 (pink). The dotted lines show the reconstructed IGM baryon fraction
recovered from fdi↵ using PS74 (blue) and Tinker08 (yellow) HMFs.

with some surrounding substructures. Given the
small overall mass of this galaxy (M200 = 9.3 ⇥
109 M�), the gas distribution is primarily centered
around the core, and the star formation is also
concentrated in this region, reflecting the compact
nature of this system. The stellar mass is 2.2 ⇥
107 M�, further emphasizing the compactness of
the galaxy.

• MW-like Galaxy: The bottom row shows the re-
sults from a MW-like galaxy in the AGORA GAD-
GET3 simulation (S. Roca-Fàbrega et al. 2021,
2024). The gas mass distribution reveals a well-
defined spiral structure, typical of a disk galaxy.
The stellar mass is concentrated in the disk and
bulge regions, with significant star formation oc-
curring throughout the spiral arms. With M200 =
1.24⇥ 1012M�, this structure highlights the char-
acteristic organization of stars and gas in spiral
galaxies.

• Galaxy Cluster: The middle row displays the gas
and stellar mass distributions for a galaxy clus-
ter, also from GADGET3-OSAKA (K. Fukushima
et al. 2023). The gas mass is widely distributed,
showing the large scale of this system (M200 =
9.23 ⇥ 1014 M�). The gas distribution covers a

vast region, with the stellar mass being more con-
centrated in the central region, reflecting the dense
core of the cluster. This extensive distribution and
the filamentary LSS are characteristic of galaxy
clusters, with star formation centered in the core
but more dispersed compared to the dwarf galaxy.

6.1. FRBs in Dwarf Galaxies

Many repeating FRBs, such as FRB 121102 and FRB
20190520B, are located in low-metallicity, star-forming
dwarf galaxies (S. P. Tendulkar et al. 2017; C. H. Niu
et al. 2022). These FRBs are believed to originate
from highly magnetized environments, possibly driven
by young neutron stars or magnetars as discussed in
Appendix M. The stellar masses of these dwarf galaxies
range approximately from 107M� to 109M�, with star
formation rates not exceeding 1M�yr�1. Here, we select
a relatively low-mass dwarf galaxy to reflect its charac-
teristic features, with a stellar mass of only 2.2⇥107M�
and a star formation rate of 0.03M�yr�1. On the other
hand, although BNS mergers are no longer considered
a dominant FRB formation mechanism, they may still
contribute a minor subset of the FRB population, as dis-
cussed in Appendix M. We compute the DM distribution
along 10000 different sight lines originating from both
the central and off-center locations of the host galaxies



21

Figure 12. Distribution of gas mass (left panels) and stellar mass (right panels) for a dwarf galaxy (top row; Tomaru et al. in
prep.), a MW-like galaxy from the AGORA simulation (middle row S. Roca-Fàbrega et al. 2021, 2024), and a galaxy cluster
(bottom row) from K. Fukushima et al. (2023). The red stars indicate the center-of-mass of each target halo.
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Table 3. Zoom-in Simulation Parameters

Parameter Dwarf Galaxy† MW-like Galaxy] Galaxy Cluster‡

Simulation Code GADGET4-Osaka AGORA-GADGET3 GADGET3-Osaka
H0 [km s�1 Mpc�1] 70.2 70.2 67.74
⌦m 0.272 0.272 0.3099
⌦⇤ 0.728 0.728 0.6901
⌦b 0.0455 0.0455 0.04889
Box Size [h�1 cMpc] 20 60 100
mDM [h�1

M�] 7.32⇥ 103 2.8⇥ 105 6.73⇥ 107

mgas [h�1
M�] 1.47⇥ 103 5.65⇥ 104 1.26⇥ 107

✏grav [h�1 kpc] 0.195 0.080 3.26
z
§
snapshot

0 0.3 0
R200 [kpc] 43.35 141.3 2052.94
Mhalo,200 [M�] 9.32⇥ 109 1.24⇥ 1012 9.23⇥ 1014

MFoF [M�] 1.13⇥ 1010 1.33⇥ 1012 1.20⇥ 1015

Dark Matter Mass [M�] 1.11⇥ 1010 1.17⇥ 1012 1.05⇥ 1015

Gas Mass [M�] 2.10⇥ 108 1.02⇥ 1011 1.22⇥ 1014

Stellar Mass [M�] 2.2⇥ 107 6.58⇥ 1010 3.70⇥ 1013

Stellar Feedback X X X

AGN Feedback 5 5 5

† Tomaru et al. in prep. ] S. Roca-Fàbrega et al. (2021, 2024) ‡ K. Fukushima et al. (2023)
§
zsnapshot is the redshift at which host galaxy properties are analyzed. All halo-related quantities

(R200, Mhalo,200, MFoF, and total masses of dark matter, gas, and stars) are computed at this redshift.
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(Figure 13). For the central case, the DM integration
length endpoint for each galaxy type is set to 2R200, and
the LoS resolution length is chosen as ✏grav, both listed
in Table 3. For the off-center case, the DM integration
length is set to 2 Mpc, and the LoS resolution length
is chosen as 1 kpc. Unlike the central case, where the
dominant contribution comes from the dense interstellar
medium (ISM), the off-center DM primarily originates
from the CGM and the extended halo. A shorter in-
tegration length might lead to an artificially narrow or
underestimated DM distribution, failing to capture the
full contribution from the CGM and halo gas.

To account for off-center FRB sources caused by bi-
nary neutron star (BNS) mergers, we consider that these
sources can be offset due to the kick velocity imparted to
the system during supernova explosions. Here we sim-
ply assume that the source is located at an off-center
location of 580 kpc for this dwarf galaxy.

In Figure 13, the blue component represents the dwarf
galaxy throughout the figure, while the orange and
pink components correspond to the MW-like galaxy and
galaxy cluster, respectively, which will be discussed in
later sections. Panel (a) shows that the electron number
density in the central region of the dwarf galaxy can ex-
ceed 10�3 cm�3 but rapidly declines within tens of kpc.
The corresponding DM profile in panel (c) shows that
the median DM rapidly converges in the high-density re-
gion within a few tens of kpc and is primarily distributed
(16th-84th percentile) in the range of 2.3-9.6pc cm�3.
The DM distribution at 2R200 (DM2R200) in the dwarf
galaxy is best described by a Gaussian Mixture Model
(GMM), indicating that multiple underlying compo-
nents contribute to the observed distribution rather than
a single Gaussian or log-normal function. The GMM
is a probabilistic model that represents the data as a
weighted sum of multiple Gaussian distributions:

P (x) =
nX

i=1

wi · N (x|µi,�
2

i
), (28)

where n is the number of Gaussian components, wi is the
weight of each Gaussian component, and N (x|µi,�

2

i
) is

a Gaussian distribution defined as:
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2�2

◆
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We apply a three-component GMM (n = 3) to fit the
DM distribution of the dwarf galaxy, effectively captur-
ing the observed structure, as shown in panel (e). The
best-fit parameters, including the means (µi), covari-
ances (�2

i
), and weights (wi), are summarized in Table 4.

Among the three Gaussian components, the dominant
one is centered at µ1 = 3.65+8.42

�0.02
pc cm�3, with the

highest weight of w1 = 0.80+0.01

�0.66
, indicating that this

component contributes the most to the overall distri-
bution. This suggests that the majority of sight lines
in the dwarf galaxy have DM values close to this peak,
likely corresponding to the bulk of the ISM within the
galaxy. The second and third components (see Table 4),
which correspond to higher DM values with relatively
small weights, likely represent more extreme sight lines.
These may trace regions with higher gas densities or
outer halo structures

The median DM value for the dwarf galaxy is found to
be DMmedian = 4.13 pc cm�3, aligning closely with the
primary Gaussian component, further supporting the in-
terpretation that this component dominates the overall
distribution.

For the off-center case, the electron number density
profile is more dispersed, hovering around the cosmic
mean electron density of 2.2⇥10�7 cm�3. Consequently,
its contribution to the FRB’s DMHost is negligible and
does not fit a log-normal distribution. Its symmetry
is weaker, with most values concentrated near the lower
boundary. As a result, the DM2Mpc distribution exhibits
a shape characterized by a rapid rise followed by a slow
decline. Therefore, we applied the Generalized Pareto
Distribution (GPD) to fit the distribution.

f(x; k,�, ✓) =

8
<

:

1

�

�
1 + k

x�✓

�

�� 1
k�1

, k 6= 0

1

�
e
� x�✓

� , k = 0
(30)

Where the shape parameter is k = 0.65+0.01

�0.02
, and the

scale parameter is � = 0.02+0.0004

�0.0001
. The location param-

eter is tightly constrained at ✓ = 0.01 with negligible
uncertainty. The median DM for the off-center case is
only 0.02 pc cm�3.

This result indicates that, if the FRB source is located
in the star-forming region of this dwarf galaxy, its DM
contribution would generally remain within 4 pc cm�3.
In contrast, for the off-center case, the DM contribution
can be considered negligible.

Although our analysis indicates that the DM contribu-
tion from this dwarf galaxy is quite limited, it is impor-
tant to note that the stellar mass of our selected FRB
host galaxy is only 2.2 ⇥ 107 M�, which is relatively
low even among dwarf galaxies. This mass is also close
to the lower end of the dwarf galaxy sample studied
in G. Q. Zhang et al. (2020b). While even lower-mass
dwarf galaxies exist, FRB hosts below this mass range
are rarely identified, likely due to both observational
limitations and intrinsically lower FRB occurrence rates.
Their faintness makes precise localization challenging,
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Table 4. Gaussian Mixture Model Fit for DM2R200 in Dwarf and MW-like Galaxies.

Dwarf Galaxy MW-like Galaxy (AGORA)
Component Mean µi Variance �

2
i Weight wi Mean µi Variance �

2
i Weight wi

(pc cm�3) (pc2 cm�6) (pc cm�3) (pc2 cm�6)
1 3.65

+8.42
�0.02 2.32

+16.56
�0.05 0.80

+0.01
�0.66 120.03

+323.91
�1.48 2571.98

+52246.88
�140.31 0.60

+0.01
�0.33

2 25.50
+0.31
�13.67 9.84

+1.76
�3.10 0.070

+0.07
�0.01 448.16

+1423.77
�37.11 56537.28

+5.38⇥104

�5.38⇥104
0.27

+0.32
�0.11

3 12.11
+3.25
�0.52 19.13

+1.57
�11.58 0.1340

+0.01
�0.06 1847.64

+1420.32
�326.08 917426.72

+8.67⇥105

�1.11⇥105
0.15

+0.11
�0.01

and their lower star formation rates may result in fewer
FRB events. Considering that some more massive dwarf
galaxies can reach up to 109 M�, the DM contribution
from this galaxy can be regarded as a lower bound for
identifiable FRB host dwarf galaxies.

6.2. FRBs in Spiral Galaxies

Repeating FRBs such as FRB 180916 and FRB
20201124A are also believed to be magnetar-driven, but
their host galaxies differ from FRB 121102. These FRBs
are located in the star-forming regions of spiral galaxies,
whose stellar masses range from 109� 1010 M� and star
formation rates exceeding 0.01M� yr�1.

For this study, we select a MW-like galaxy with a
stellar mass of 1.21⇥1011 M� and a star formation rate
of 6.6M� yr�1, as shown in Table 3, to represent its key
characteristics. The analysis method follows the same
procedure as in Section 6.1. Results are presented in
Figure 13. However, due to the higher mass of the spiral
galaxy compared to the dwarf galaxy, the BNS merger
timescale is expected to be shorter. Therefore, we adopt
a smaller off-center distance 194 kpc.

In Figure 13, panel (a) shows that the differences in
electron density profiles between central and off-center
sight lines are within two orders of magnitude. In the
central region, the electron density exceeds 10�2 cm�3,
while in the off-center case, it is around 10�4 cm�3. De-
spite this, the electron density curves exhibit notice-
able differences: in the central case, ne decreases more
steeply, whereas in the off-center case, the decline is
more gradual. Additionally, the off-center profiles ex-
hibit larger deviations near the source. Both cases dis-
play numerous peaks in their profiles, indicative of the
complex structures within spiral galaxies.

Panel (c) presents the DM2Mpc distribution. The
DM for the central case is primarily distributed in
83-813 pc cm�3, we also use the GMM (equation 28)
with n = 3, to fit the distribution, as shown in
panel (e). The best-fit parameters are listed in Ta-
ble 4. The dominant component is centered at µ1 =
120.03+323.91

�1.48
pc cm�3, with the highest weight of w1 =

0.60+0.01

�0.33
, indicating that this component contributes

the most to the overall distribution.

For the off-center case (panel e), the DM values range
between 6.38-28.42 pc cm�3. The distribution’s shape is
similar to the off-center case for dwarf galaxies, with
the values more concentrated near the lower boundary.
Consequently, we use the GPD (Equation 30) to fit the
distribution. The best-fit parameters are: k = 0.21+0.03

�0.01
,

� = 11.43+0.37

�0.87
, and ✓ = 3.91+0.19

�0.20
.

The median DM values are 163.53 pc cm�3 and
11.59 pc cm�3 for the central and off-center cases, re-
spectively. The median value for the central case is
comparable to the Galactic ISM contribution DMMW ⇡
140 pc cm�3 or DMMW ⇡ 200 pc cm�3, according to the
NE2001 model(J. M. Cordes & T. J. W. Lazio 2002) and
the YMW16 model(J. M. Yao et al. 2017).

6.3. FRBs in Galaxy Clusters

Galaxy clusters represent the most massive gravita-
tionally bound structures in the Universe, and their vast
gravitational potential significantly impacts the DM dis-
tribution of any hosted FRB. Unlike spiral or dwarf
galaxies, the massive gravitational potential of a galaxy
cluster confines its BNS mergers to regions very close
to the cluster center. This results in a negligible differ-
ence between central and off-center sources. Therefore,
instead of studying the off-center case, we analyze the
DM contributions from a satellite galaxy located within
the galaxy cluster.

For this analysis, we select the largest subhalo near the
galaxy cluster halo center as the representative satellite
galaxy. This subhalo is located approximately 1.86Mpc
from the cluster center. The analysis follows the same
methodology as that used for spiral galaxies, as outlined
in 6.2, but the off-center case is replaced by the satellite
case. The results are presented using pink component
in Figure 13.

In Figure 13, panel (a)) shows the electron density
profile along central sight lines, while panel (b) displays
the profile for the satellite galaxy. The central case
exhibits electron densities approaching 10�1 cm�3 near
the cluster center, gradually declining over a distance of
several thousand kiloparsecs. The satellite case, while
showing lower electron densities near the center, still
reflects a complex density structure, including peaks in-
dicative of substructures within the cluster. These pro-
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files suggest that galaxy clusters possess extremely dense
and complex baryonic distributions.

Panels (c) and (d) show the DM profiles for the
central and satellite cases, respectively. The central
case demonstrates a steep increase in DM near the
center, and the 16th-84th percentile DM range is dis-
tributed between 1477-2003 pc cm�3, with a median DM
value of 1670.16 pc cm�3. The log-normal distribution
(Equation 9) provides a good fit to the DM distri-
bution. The best-fit parameters for the central case
are � = 0.1466+0.0008

�0.0010
and µ = 1698.05+2.31

�2.18
pc cm�3.

The corresponding mean and standard deviation (Equa-
tion 10) of DM are E(DM) = 1716.40 pc cm�3 and
Std(DM) = 252.98 pc cm�3.

For the satellite case, the DM distribution exhibits
a more gradual increase, with a median value of
1472.86 pc cm�3. The log-normal fit for this case gives
� = 0.1063+0.0014

�0.0015
and µ = 1490.15+1.34

�1.50
pc cm�3.

The corresponding mean and standard deviation of
DM are E(DM) = 1498.59 pc cm�3 and Std(DM) =
159.75 pc cm�3.

The results reveal that if a galaxy cluster serves as
the host for an FRB, its DM contribution (DMHG) is
expected to dominate the total DMFRB, potentially ex-
ceeding the contributions from all other components
combined. Even for FRBs originating in satellite galax-
ies within the cluster, the DMHG remains significant,
highlighting the importance of considering the environ-
ment of galaxy clusters in FRB studies.

7. DISCUSSION
Our analysis highlights the potential variations in

FRB DM statistics when applying our methodology to
numerical simulations that incorporate different phys-
ical processes. In this section, we discuss the impact
of different physical processes and modeling choices on
DM estimation, as well as future directions for improv-
ing both numerical simulations and observational con-
straints.

• AGN Feedback and DM Estimation: AGN feed-
back plays a crucial role in redistributing baryons
between the CGM and IGM, influencing the DM
observed along FRB sight lines. Strong feedback
expels more gas into the IGM, reducing CGM’s
DM contribution, while weaker feedback retains
more baryons in the CGM, increasing its impact
on FRB sight lines.

Different simulations implement AGN feedback
differently, leading to variations in DM statistics.
For example, SIMBA employs strong kinetic jet
feedback that efficiently removes gas from halos,

whereas IllustrisTNG and EAGLE (J. Schaye et al.
2014) use different combinations of thermal and
kinetic feedback, resulting in distinct CGM struc-
tures. These variations directly affect the free elec-
tron column density and DM measurements.

Our CROCODILE simulations currently lack
AGN jet feedback, which may contribute to the
relatively small difference in DM statistics be-
tween the fiducial and NoBH runs. This limita-
tion is consistent with the results from I. Medlock
et al. (2025b), who analyzed feedback energetics in
CAMELS and found that different AGN feedback
implementations lead to varying baryon redistri-
bution efficiencies. In particular, kinetic feedback
models tend to push gas farther into the IGM
compared to thermal models, significantly affect-
ing the fraction of CGM gas. The regulation of ki-
netic feedback activation (e.g., the black hole mass
threshold) is a key factor controlling its impact at
low redshift (z = 0). These results suggest that
future improvements to the CROCODILE simula-
tions should incorporate kinetic AGN feedback to
better capture the redistribution of gas.

Additionally, I. Medlock et al. (2025a) explored
the impact of fIGM on the suppression of the
matter power spectrum, showing that baryon re-
distribution due to feedback processes alters the
clustering of matter on different scales. This ef-
fect is particularly relevant for FRB-based con-
straints on the baryon fraction, as it influences
the statistical properties of DM fluctuations along
sight lines. Future work should examine whether
such suppression is observable in FRB samples and
how it compares with large-scale simulations like
CROCODILE.

• F -parameter and Baryon Spread: The F -
parameter provides a statistical characterization
of feedback strength based on the scatter in the
Macquart relation, following the formalism intro-
duced in M. McQuinn (2014) and later developed
in J. P. Macquart et al. (2020). The parameter is
derived from the fractional standard deviation of
the DM (�DM) and is given by:

�DM(�) = Fz
�1/2 (31)

where �DM represents the standard deviation of
the DM at a given redshift z, and F quantifies
the amount of feedback-driven baryon redistribu-
tion. A lower F value corresponds to stronger
feedback (under fixed ⌦m and �8), where more
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(a) Electron density profile (central) (b) Electron density profile (off-center/satellite)

(c) DM profile (central) (d) DM profile (off-center/satellite)

(e) Log-Normal Fit for DM distribution (center) (f) Exponential Fit for DM distribution (off-center/satellite)

Figure 13. Consolidated analysis for different galaxy environments. The blue, orange, and pink colors represent the dwarf
galaxy, MW-like galaxy, and galaxy cluster cases, respectively. We utilize 10000 sight lines, with different integration limits: for
the central cases (panels a, c, e), the integration extends only up to 2R200 for higher resolution, while for the off-center/satellite
cases (panels b, d, f ), the integration extends to 2000 kpc. The solid lines in panels (a) and (b) indicate the median values, while
the dashed lines represent the uncertainty range of 16th–84th percentile. The red dotted line in panels (a) and (b) denotes the
critical electron density (ne,critical). Panels (c) and (d) display the DM profiles along the LoS. For the central cases (panel e),
the DM distributions are fitted using a Gaussian Mixture Model (GMM) with 3 components n = 3 for the dwarf and MW-like
Galaxies, and a log-normal distribution for the galaxy cluster. For the off-center/satellite cases (panel f ), the dwarf and MW-like
galaxies represent off-center DM values, with DMmedian values of 0.02 pc cm�3 and 11.59 pc cm�3, respectively, both fitted with
a Generalized Pareto Distribution (GPD). The galaxy cluster instead represents a satellite halo near the cluster center, fitted
with a skewed log-normal distribution, with a DMmedian of 1472.86 pc cm�3.
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baryons are expelled into the IGM, leading to re-
duced DM scatter. Conversely, higher F values
indicate weaker feedback, where baryons remain
in CGM, resulting in increased DM scatter along
FRB sight lines.

I. Medlock et al. (2024, 2025b) have used
CAMELS simulations to study how different feed-
back implementations affect F . Their results sug-
gest that SIMBA’s kinetic feedback produces lower
F values, indicating stronger baryon redistribu-
tion, while IllustrisTNG and Astrid exhibit weaker
feedback with higher F . They also highlight that
box size limitations constrain their analysis, as
small volumes may not fully capture the impact
of large-scale structures on the DM distribution,
similar to the findings of A. Batten (2020), who
analyzed box size effects using the EAGLE simu-
lation.

Moreover, observational constraints on F remain
limited. The recent analysis by J. Baptista et al.
(2024) provided an empirical lower limit on F us-
ing localized FRBs. Comparing these results with
simulations can offer insights into the dominant
feedback mechanisms shaping the IGM. The rela-
tionship between F and baryon spread, as shown
in Figure 1 of I. Medlock et al. (2025a), under-
scores the need for refined models incorporating
AGN-driven gas expulsion.

• Impact of Initial Conditions. Variations in cosmo-
logical parameters, such as �8 and ⌦m, influence
LSS formation and thus affect CGM and IGM gas
distribution (I. S. Khrykin et al. 2024a,b) (the F -
parameter is also affected). These differences may
introduce systematic shifts in DM measurements.

Additionally, stochastic initial perturbations cause
sight-line-to-sight-line variations in DM, leading to
scatter in statistical results. The formation his-
tory of galaxies, including merger rates and cool-
ing timescales, also shapes CGM structure, further
influencing FRB DM contributions. Future simu-
lations with refined treatments of these factors will
improve the accuracy of DM-based baryon fraction
estimates.

• Numerical Methodology and Computational Ef-
fects. Numerical methods contribute to varia-
tions in DM statistics. Smoothed Particle Hydro-
dynamics (SPH) produces smoother CGM distri-
butions, especially in low-density regions, which
may lead to underestimating DM. Similarly, dif-
ferences in radiative transfer models, ultraviolet

background intensity, and AGN radiation feedback
can impact CGM ionization and alter DM esti-
mates. While these computational effects are rel-
evant, our focus remains on the physical processes
governing baryon distribution.

• Bridging Simulations and Observations. Future
improvements in both simulations and observa-
tions will be crucial for refining DM-based baryon
fraction estimates. Larger simulation volumes,
such as TNG-300 and CAMELS, will allow for
a more comprehensive statistical analysis and im-
prove our understanding of DM variability. Higher
resolution and more refined galaxy formation mod-
els can enhance halo density profile calculations,
leading to better estimates of foreground galaxy
contributions.

From an observational perspective, upcoming
large-scale FRB surveys, such as DSA-2000 (G.
Hallinan et al. 2019) and BURSTT (H.-H. Lin
et al. 2022), will provide significantly larger FRB
samples, enabling precise constraints on CGM’s
DM contribution. Additionally, deep spectro-
scopic surveys, such as those conducted with the
Prime Focus Spectrograph on the Subaru Tele-
scope (N. Tamura et al. 2016), will help charac-
terize foreground galaxies along FRB sight lines.
These observations will constrain CGM gas distri-
bution, ionization state, and metallicity, improv-
ing DM modeling.

The synergy between simulations and observations
is essential for resolving the missing Baryon Prob-
lem. Simulations provide physically motivated
models for baryon distribution, while new obser-
vations offer critical constraints to refine them. As
both approaches progress, their interplay will con-
tinue to enhance our understanding of baryon dis-
tribution in the Universe.

8. SUMMARY

We have conducted a comprehensive investigation into
the cosmic baryon distribution using FRBs within the
framework of the CROCODILE simulations. These
simulations, performed with the GADGET3/4-OSAKA
SPH code, incorporate star formation, SN feedback, and
AGN feedback to model LSSs in the Universe.

By generating light cones from our simulations, we
computed gas density profiles and DMs along FRB sight
lines. Our findings indicate that AGN feedback plays a
crucial role in modulating baryon distribution, reduc-
ing the central gas densities in halos and reshaping the
transition between the CGM and IGM. The impact of
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AGN feedback is particularly pronounced in halos within
the mass range of 1012.5 � 1013.5M�, where it efficiently
redistributes gas and central gas density at 15 kpc is re-
duced by 86.1%.

We derived the DM–z relation from our light-cone
data and constrained the diffuse baryon mass fraction at
z = 1 to be fdi↵ = 0.865+0.101

�0.165
for our fiducial model and

fdi↵ = 0.856+0.101

�0.162
for the NoBH model. These results

align with observational constraints derived from FRB
data and confirm the robustness of the Macquart rela-
tion when halo-associated gas contributions are properly
accounted for. It also provides a nice cross-check of the
⇤CDM model.

We quantified the values of fdi↵ and fIGM as a func-
tion of redshift using different cutoff radius for the halo
gas (CGM). We provided fitting results to these results,
which might be useful for semianalytic models of galaxy
formation and IGM.

To further explore the role of foreground halos in
shaping FRB DMs, we examined the density profiles
of dark matter halos and their contributions to DM
along different impact parameters. Our results confirm
that AGN feedback significantly lowers the DM contri-
butions from the central regions of halos while increas-
ing contributions at larger radii. Specifically, in the
1012.5�1013.5M� mass range, AGN feedback suppresses
the median central DM contribution by approximately
73% compared to the NoBH case, highlighting its strong
impact on baryon redistribution. The modified NFW
profile provides a better fit to our simulated density dis-
tributions than the standard NFW profile, capturing the
effects of AGN-driven gas expulsion more accurately.

Finally, we investigated the DM contributions from
FRB host galaxies using higher-resolution zoom-in cos-
mological hydrodynamic simulations of dwarf galaxies,
MW-like galaxies, and galaxy clusters. Our analysis
reveals that the host DM varies significantly depend-
ing on the galaxy type and FRB location. For exam-
ple, in dwarf galaxies, the central DM is typically be-
low 100 pc cm�3, whereas in galaxy clusters, the cen-
tral DM can exceed 1300pc cm�3, dominating the total
FRB DM budget.

Our study provides a framework for understanding the
cosmic baryon distribution and the role of AGN feedback
in redistributing gas across cosmic structures. By lever-
aging FRBs as probes of the IGM and CGM, we demon-
strate the power of combining simulations with obser-
vational data to refine our understanding of baryonic
physics in the universe. Future observational advance-
ments in FRB surveys, coupled with high-resolution sim-
ulations, will further enhance our ability to constrain
baryon fraction evolution and feedback processes.
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APPENDIX

A. OVERVIEW OF LSS SIMULATIONS

Figure 14. Projected gas mass density distributions for different simulation box sizes: L25N512 (top left), L500N1024 (top
right), L100N1024fiducial (middle left), L100N1024NoBH (middle right), L50N512fiducial (bottom left) and L50N512NoBH (bottom
right). The black stars indicate the locations of the most massive halos.
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Figure 14 shows the projected gas mass density distributions for different simulations. The L50N512 and L100N512
simulations include runs both with and without AGN feedback. In the present paper, we only consider the thermal
AGN feedback without the jet (radio) mode. We plot the radial profiles of mass density and electron number density of
the most massive halos in Figure 15. The simulation without AGN feedback (L50/L100 NoBH) shows a significantly
higher central density, indicating that in the absence of AGN feedback, there is no mechanism to drive material
outward, resulting in a more concentrated mass distribution at the center. In contrast, the simulation with AGN
feedback (L50/L100 fiducial) has a lower central density but higher densities in the outer regions. This suggests that
AGN feedback is effective in expelling material outwards into the CGM and even into the IGM, leading to a more
extended distribution of mass and electron density.

Figure 15. Radial profiles of gas mass density (left) and electron number density (right) for the most massive halos in
simulations with different box sizes, as summarized in Table 1.

We also perform statistical analysis on all the halos in each simulation data to examine the HMF. Figure 16 shows
the HMF for simulations with different box sizes, comparing the results with theoretical models from W. H. Press &
P. Schechter (1974); J. Tinker et al. (2008).

The results agree well with the theoretical HMFs, indicating accurate halo formation processes. Notably, the L25
simulation shows a larger number of low-mass halos at M < 109.5 M� due to higher resolution than in other runs.
It also results in the absence of halos above 1014 M� in the L25 run due to its small box size. In contrast, in larger
simulation volumes, the effects of AGN feedback are more likely to be averaged out across a larger number of halos,
leading to a more balanced distribution of halo masses. For the L50/L100 runs, differences in the HMF between
simulations with and without AGN feedback are relatively small.

B. PHASE DIAGRAM AND IONIZATION FRACTION

To investigate the impact of AGN feedback, Figure 17 presents the results from the L100 simulations, highlighting
the relationship between gas temperature and density, as well as other key properties such as electron number density
and hydrogen ionization state.

In the presence of AGN feedback, the phase diagram (left) exhibits a distinct difference from the NoBH scenario. In
the temperature–density diagram (top row), AGN feedback leads to more hot gas with T & 108 K in the low-density,
high-temperature regions, while the NoBH case exhibits lower temperatures in these areas. In the high-density regions,
the NoBH simulation shows a higher degree of condensation, with particles distributed more uniformly and extensively.
This indicates that AGN feedback is actively expelling gas from the dense, collapsed regions, heating it to higher
temperatures and disrupting the condensation process observed in the NoBH scenario.

In the hydrogen ionization fraction diagram (bottom row), while low-density hydrogen remains almost fully ionized
in both scenarios, the NoBH simulation exhibits a broader distribution of highly ionized regions at high densities. This
suggests that in the absence of AGN feedback, ionized gas remains more concentrated in dense environments, leading
to a more extended ionization structure.
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Figure 16. HMF for different simulations. The solid lines represent the simulation data, while the dashed and dotted lines
indicate the theoretical models from J. Tinker et al. (2008) and W. H. Press & P. Schechter (1974).

These differences highlight the role of AGN feedback in regulating the thermal and ionization states of gas, as it
redistributes baryons from dense regions into a more diffuse, hotter intergalactic medium. This underscores the signif-
icant impact of AGN activity in shaping the balance between the circumgalactic medium (CGM) and the intergalactic
medium (IGM).

C. HALO, BLACK HOLE, AND STELLAR MASS RELATIONS
To understand the broader impact of AGN feedback, we next examine how it influences the relationships between

halo mass and both black hole mass and stellar mass. By exploring this connection, we can further elucidate the role of
AGN feedback in the broader context of galaxy evolution, particularly in regulating black hole growth and quenching
star formation.

Figure 18 compares the black hole mass vs. halo mass relations in the L50 (upper) and L100 (lower) simulations.
In this context, Mhalo,200 refers to the total halo mass enclosed within a radius R200. The dashed red line represents
the relation from C. M. Booth & J. Schaye (2010), while the solid blue line indicates the best-fit log-linear relation
derived from this work:

log
10

MBH = ↵ log
10

Mhalo,200 + b, (C1)
where ↵ and b represent the slope and intercept of the log-linear fit.The observed differences might stem from the
smaller sample size in the L50 box, which could enhance the impact of stochastic effects and deviations from the mean
relation.

Additionally, the presence of two distinct black hole branches in both simulations might be attributed to the different
merger histories of the black holes and growth histories. To characterize the upper branch, we apply a log-power-law
(Log-PL) fit to its median values:

MBH = 10M0 +AM
↵

halo,200
, (C2)

where M0 accounts for the shift in normalization, A is the amplitude, and ↵ is the power-law exponent. The upper
branch potentially results from major mergers, while the lower branch could be due to more isolated black hole systems
that have experienced fewer mergers, which requires further analysis in our follow-up paper (D. Nishihama et al. 2025,
in preparation).

D. RELATION BETWEEN GAS MASS AND DARK MATTER HALO MASS
Figure 19 presents the comparison between the halo mass (Mhalo) and gas mass (Mgas) relations across different

simulations with and without AGN feedback. The gas mass generally increases with halo mass across all simulations,
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Figure 17. Comparison of various properties in fiducial and NoBH simulations for the L100 run. Each row represents a different
set of properties: temperature vs. density (top row), baryon overdensity vs. hydrogen number density (second row), hydrogen
number density vs. electron number density (third row), and hydrogen number density vs. ionization fraction (bottom row).
The results from the fiducial simulation (left panels) are compared with those from the NoBH simulation (right panels).



36

Figure 18. Black hole mass vs. dark matter halo mass relations for the L50N512fiducial (upper) and L100N1024fiducial (lower)
fiducial simulations. The dashed red line represents the relation from C. M. Booth & J. Schaye (2010), while the solid blue line
represents the best-fit relation from this work using a log-linear fit. The green dashed line represents the manual boundary line
separating the upper and lower branches. The upper branch is fitted separately using a log-power-law (Log-PL) function. The
best-fit values for each fitting method are annotated in each panel. The orange points indicate the binned median values used
for fitting the upper branch.

as expected. However, AGN feedback tends to reduce the gas mass at a given halo mass, especially in more massive
halos.

In all the upper panels of Figure 19, the relationship between Mgas and Mhalo,200 shows a linear fit in log–log space,
with minor differences in the slope ↵. The fiducial run has a slightly shallower slope, particularly in the high-mass
region (Mhalo > 1012M�), likely due to stronger AGN feedback expelling gas more efficiently in massive halos.

In the bottom panels of Figure 19, gas fraction fgas is shown as a function of Mhalo,200. As halo mass increases,
the overall trend of fgas shows a gradual increase. In the low-mass region (Mhalo < 1011M�), the fgas distribution is
relatively dispersed, with most fgas below 0.1, while some retain higher gas fractions (exceeding 0.2). This suggests
that lower-mass halos tend to lose more gas due to stellar feedback and supernova-driven winds, but there are still
some halos capable of retaining a significant fraction of their baryonic content.

In the intermediate mass range (Mhalo 2 1012 � 1013.5M�), AGN feedback becomes the dominant mechanism in
redistributing baryons between CGM and IGM. The efficiency of AGN-driven outflows in this range is high enough
to expel gas from the CGM, effectively lowering the gas fraction of halos and causing a more dispersed distribution in
fgas. This indicates that AGN feedback is most efficient at removing gas entirely from the halo potential well in this
mass regime.

However, for massive halos beyond the galaxy group scale (Mhalo > 1013.5M�), the scatter in fgas becomes signif-
icantly smaller. This suggests that despite stronger AGN feedback at higher masses, it is no longer strong enough
to expel gas beyond the deep gravitational potential well of these halos. Instead, AGN feedback redistributes gas
within the halo rather than fully removing it, likely pushing gas from the central regions to the outskirts of the CGM.
This expelled gas remains gravitationally bound and will eventually reaccrete back into the halo center over time,
contributing to the stable gas fraction observed in massive halos.

To further evaluate our results, we compare the baryon mass fraction (fbaryon) in our simulations to previous
theoretical models and observational constraints. Figure 20 illustrates the fbaryon as a function of halo mass at z = 0,
including results from our fiducial and various feedback models described in Y. Oku & K. Nagamine (2024), along
with comparisons to EAGLE-Ref and TNG-100 simulations. Observational constraints from S. Das et al. (2023) are
also shown. We can see a better agreement to the observed gas fraction in the intermediate halo mass range for the
CROCODILE simulation compared to EAGLE-Ref and TNG-100, which could be pushing the gas too much by AGN
feedback.

E. FEEDBACK ENERGY, POTENTIAL ENERGY, VS. HALO MASS RELATIONS
To identify the halo mass range where AGN feedback is most effective, we compare the energy from AGN feedback

(EAGN) with the gravitational potential energy (Egrav), the binding energy (Ebind), and the quench energy (Equench)
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Figure 19. Comparison of dark matter halo mass vs. gas mass relations. The top row corresponds to the L50N512fiducial (left)
and L50N512NoBH (right), while the bottom row corresponds to the L100N1024fiducial (left) and L100N1024NoBH (right). The
color gradient represents the number of halos, and the solid lines indicate the best-fit relations for each case.
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Figure 20. Comparison of CGM gas mass fraction (fgas) as a function of halo mass at z = 0. The gray dashed and solid
lines indicate the median relations from the EAGLE-Ref and TNG-100 simulations, obtained from J. J. Davies et al. (2020).
The shaded gray region represents observational constraints from S. Das et al. (2023). Data points represent the median
values, with error bars indicating the 16th and 84th percentile. Different colors and symbols correspond to various feedback
implementations in Y. Oku & K. Nagamine (2024): fiducial (orange circles), no BHs (blue squares), fixed Chabrier IMF across
different metallicities (green triangles), and no BHs and no SN feedback cases (yellow triangles). Our fiducial model better
reproduces the baryon fraction in intermediate-mass halos compared to EAGLE-Ref and TNG-100.

across different halo masses, as shown in Figure 21. We can compute each energy component by the following equations:

ĖAGN = ✏f ✏rṁaccc
2 =

✏f ✏r

1� ✏r
ṁBHc

2
, (E3)

Egrav =
3GM

2

200

5R200

, (E4)

Ebind =
1

2
fgas

GM
2

200

R200

, (E5)

Equench = fB ⇥ Ebind. (E6)

Here, the parameter ✏f is the AGN feedback efficiency, where we adopt ✏f = 0.15, as calibrated by C. M. Booth &
J. Schaye (2010). ✏r is the radiative efficiency, typically derived from the standard model by N. I. Shakura & R. A.
Sunyaev (1973), and in our work, we adopt ✏r = 0.1. ṁacc represents the accretion rate of gas onto the black hole.
ṁBH is the rate of mass accretion rate onto the black hole. fgas is the gas mass fraction within the halo. fB is a
coupling efficiency factor defined as

fB =
⌘EAGN

Ebind
, (E7)
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Figure 21. Energy vs. dark matter halo mass relations for the L100N1024fiducial runs. The top panel shows results from the
50 h

�1 cMpc simulation, and the bottom panel shows results from the 100 h
�1 cMpc simulation. The different curves represent

the average AGN energy hEAGNi, gravitational energy hEgravi, binding energy hEquenchi, and total binding energy hEbindi.

where ⌘ encapsulates the inefficiencies in energy transfer, including radiative losses and the interaction between AGN
feedback and halo gas. fB serves as a calibration factor to align theoretical models with observational constraints (Z.
Chen et al. 2020), reflecting the effective energy transfer required to overcome the binding energy and quench star
formation or drive gas outflows.

The comparison between EAGN and Equench highlights the halo mass range where AGN feedback is most effective.
As shown in Figure 21, the largest difference between EAGN and Equench occurs in halos with masses around 1012.5 �
1013.5 M�, where AGN feedback efficiently overcomes the gravitational binding energy, facilitating the quenching of
star formation and the removal of gas. In contrast, in halos with masses exceeding 1014 M�, the gravitational binding
energy becomes dominant, significantly reducing the effectiveness of AGN feedback. Although AGN energy may still
contribute to heating and driving outflows, gravity emerges as the primary factor regulating the gas and limiting the
feedback’s capacity to quench star formation.

F. IMPACT OF RESOLUTION AND BOX SIZE ON DENSITY PROFILES

Figure 22 show the median density profiles from the L500 simulation for various mass ranges, similar to Figure 4.
Figure 23 compares the density profiles of gas and dark matter across simulations with different box sizes and

resolutions. Panels (a) and (b) illustrate the fiducial L25, L50, L100 simulations, while panels (c) and (d) display the
NoBH L50, L100, L500 simulations. This comparison highlights the effects of box size and resolution on the density
profiles of halos within similar mass ranges.

In panels (a) and (v), the gas and dark matter profiles in the L25 and L50 simulations exhibit slight deviations
from the L100 results. For dark matter, the L25 and L50 results are relatively close and slightly higher than the L100
simulation. This discrepancy likely arises from sample variance due to the smaller box sizes, where fewer massive halos
are available for statistical averaging. For gas, the profiles show distinct trends across mass ranges. In low-mass halos
(1010.5 M� < MH < 1012.5 M�), the L25 and L50 simulations yield similar results, deviating from the L100. However,
for halos in the 1012.5 M� < MH < 1013.5 M� range, the profiles near the halo center differ significantly across all box
sizes, highlighting the crucial role of AGN feedback in this mass regime. In the highest mass range (MH > 1013.5 M�),
the L25 and L50 profiles remain closer, with larger deviations observed for the L100 simulation.

In panels (c)) and (d), the NoBH simulations show different trends. For dark matter, the L50 and L500 profiles are
more aligned, while the L100 profiles deviate slightly. This consistency between L50 and L500 simulations suggests
that sample variance in the L100 box may contribute to the differences. For gas, the L500 simulation exhibits a steep
rise in the central density, distinct from the L50 and L100 results. This steep rise is attributed to the lower resolution
of the L500 simulation, where the gravitational softening length (16h�1 ckpc) coincides with the scale of the steep
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Figure 22. Median density profiles for halos in the L500NoBH simulation, categorized by mass ranges: electron number density
ne (panel a), dark matter density ⇢DM (panel b), gas density ⇢gas (panel c), and stellar mass density ⇢star (panel d). The shaded
regions indicate 1� uncertainties for 500 halos in each mass range. The vertical dotted lines represent the median bR200 of halos
in each mass range.

density increase. The limited resolution smooths gas distributions and artificially concentrates gas particles near the
halo center, leading to an overestimation of central densities.

The differences in gas and dark matter profiles highlight the impact of resolution and box size on simulations.
Gas profiles are more sensitive to resolution due to the interplay of gravitational forces, hydrodynamics, and cooling
processes. In contrast, dark matter profiles, driven solely by gravitational interactions, remain relatively robust against
resolution changes. The findings highlight the necessity of using higher-resolution simulations for accurately studying
baryonic processes, particularly in large-scale simulations with low mass resolution.

G. LIGHT-CONE GENERATION FOR FRB SIGHT LINES

The Light-cone generation process involves:

• Initial setup and LoS Selection: A simulation box at a given redshift (e.g., z = 0) is positioned at the origin of
one plane (e.g., xy-plane). A random direction vector d is generated to define the initial LoS, ensuring uniform
sampling in three-dimensional space. The components of d are given by:

di =

8
<

:
random(0, 1) with probability 0.5,

random(�1, 0) otherwise.
(G8)

One of the three components is set to ±1 to normalize the major axis. The corresponding LoS vector is:

LoS =

✓
L

m
,
L

n
,
L

o

◆
, (G9)
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Figure 23. Comparison of density profiles for halos in different box sizes (25, 50, 100, and 500 Mpc). The left column compares
fiducial simulations in 25, 50, and 100 Mpc boxes, and the right column compares NoBH simulations in 50, 100, and 500 Mpc
boxes.

where m = 1/dx, n = 1/dy, and o = 1/dz. The total length of the light cone in each single box is computed as:

LLC =
qX

LoS2
. (G10)

• DM Calculation within a single snapshot: The electron number density ne along the light cone is computed using
a gridding approach. The simulation box is divided into cells based on hierarchical levels: lv7 (1283), lv8 (2563),
lv9 (5123), and lv10 (10243). Each gas particle’s mass and electron number density are distributed among the
overlapping cells according to its smoothing length. The LoS is subdivided into bins (e.g., 400 bins for lv8). The
electron density of a given LoS bin i is taken from the corresponding cell j, and the DM contribution for that
bin is computed as:

DMi = ne,j

li

1 + z
. (G11)

The total DM along the LoS is obtained by summing over all bins. Tests show that for cell levels lv8 and higher
(cell size ⇠ 400 kpc), DM results are numerically converged. Thus, we adopt lv8 in our study.

• Extending and shifting across snapshots: The light cone is extended beyond a single snapshot by assigning a
new random angle for the next segment. This ensures diverse structure sampling while preserving continuity in
the cosmic web. The process is repeated until the total comoving path length matches the required distance to
the next snapshot (e.g., z = 0.1).

• Handling Snapshot Transitions and Smoothing: When transitioning between snapshots at different redshifts, an
overlapping region of 5h�1 cMpc is introduced to prevent artificial discontinuities. The electron density in this
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overlap region is interpolated using a weighted linear approach:

ne,overlap(i) =
wlowne,low(i) + wupne,up(i)

wlow + wup
, (G12)

where the weights are defined as:

wlow =
Noverlap � i

Noverlap
, wup =

i

Noverlap
. (G13)

Here, Noverlap represents the number of bins within the overlapping region (typically 13 bins for lv8). This
interpolated region is then inserted at the interface between snapshots, and the DM calculation is repeated
following the method described above.

H. IMPLICATIONS OF RANDOM SIGHTLINE PLACEMENT
In our large-scale light cone simulation, FRBs are modeled as occurring along random sight lines through the cosmic

web, without explicitly fixing their origin or termination within halos. This assumption allows for efficient statistical
sampling but does not guarantee a “halo-to-halo” configuration. As a result, individual sight lines may start or end
inside, near, or outside of halos.

In the real Universe, FRBs originate in galaxies and terminate in the MW. Our use of random sight lines may
therefore lead to a modest underestimation of total DM, compared to an idealized configuration in which all sight lines
pass through both a HH and the MW halo. This effect is partially mitigated by averaging over a large number of sight
lines, which collectively sample diverse environments.

To assess this potential offset, we refer to our dedicated HH analysis (see Section 6, Figure 13e, f), where the local
DM contribution from FRBs varies by environment:

• Galaxy Cluster (central): ⇠1477–2003 pc cm�3 (median: 1670.16)

• MW-like Galaxy (central): ⇠83–813 pc cm�3 (median: 163.53)

• MW-like Galaxy (off-center): ⇠6.38–28.42 pc cm�3 (median: 11.59)

• Dwarf Galaxy (central): ⇠2.3–9.6 pc cm�3 (median: 4.13)

• Dwarf Galaxy (off-center): ⇠0.01–0.02 pc cm�3

These values estimate the systematic DM contribution omitted by random-LOS sampling. Accordingly, we caution
that our DM results represent only the cosmic contribution outside the MW and host galaxies, which are analyzed
separately in Section 3.2.

I. IMPACT OF AGN FEEDBACK ON 2D DM DISTRIBUTIONS IN MASSIVE HALOS
Here we present additional visualizations of the DM distributions in halos from the L100 simulations. Figures 24

and 25 compare the effects of AGN feedback in two different halo mass ranges.
Figure 24 shows the 2D DM maps and 1D DM–b profiles of two representative massive halos (⇠ 1014.8M�) in both

the fiducial and NoBH simulations. The analysis of these halos suggests that AGN feedback has a limited impact on
the central gas distribution in the most massive halos but may still affect their outskirts.

Figure 25 illustrates the effect of AGN feedback in the 1012.5 � 1013.5M� mass range, where feedback mechanisms
are expected to be more effective. The comparison highlights the redistribution of gas and its impact on DM profiles
due to AGN feedback.

These results support the findings discussed in Section 4.4 of the main text, emphasizing the varying efficiency of
AGN feedback across different halo mass ranges.

J. FURTHER CLARIFICATION ON THE DEFINITION AND INTERPRETATION OF fdi↵

In Section 2, we defined the diffuse baryon fraction, fdi↵ , as the sum of those in the IGM and halos. However, both
components are redshift-dependent, and thus fdi↵ evolves with redshift as fdi↵(z) = fIGM(z)+fHalos(z) (see Figure 10).
This relation can be rigorously obtained from cosmological simulations. However, the value of fdi↵, obs constrained
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Figure 24. Similar to Figure 7, this figure compares 2D DM maps (top row) and 1D DM–b profiles (bottom row) for halos in
the highest mass range, focusing on Halo 0 and Halo 1. Results with AGN feedback (L100N1024fiducial) are shown in the left
column, and results without AGN feedback (L100N1024NoBH) are shown in the right column.



44

Figure 25. Similar to Figure 7, this figure is for halos in the mass range of 1012.5-1013.5 M�, where AGN feedback is expected
to be more efficient. The left column shows results from the fiducial simulation (L100N1024fiducial), while the right column
corresponds to the NoBH simulation (L100N1024NoBH). The impact of AGN feedback is evident, particularly in reducing
central DM contributions.
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observationally via Equation 8 represents a distinct concept. It reflects the integrated contribution of diffuse gas and
halos along the entire sightline up to a given redshift z, weighted by the DM contribution of intersected structures.

More precisely, for an FRB located at redshift z = zi providing a sightline i, the observed fraction can be written as

f
(i)

di↵, obs
(z < zi) = f

(i)

IGM
(z < zi) + f

(i)

Halos
(z < zi), (J14)

which depends not only on the redshift integration but also on the intervening halo distribution along the LoS. When
we take a median or logarithmic mean over many FRBs, this yields a statistical measure hfdi↵, obs(< z)i that reflects
both cosmic structure and observational selection effects. To achieve this goal, one would need a well-defined sample
of localized FRBs with good redshift measurements.

Furthermore, Figure 26 illustrates the composition of cosmic baryons at z = 0 in our CROCODILE simulation in
terms of both physical phases and large-scale structures. Baryons are primarily composed of gas, with only minor
contributions from stars and black holes.

In the phase-based classification, gas is divided using a temperature threshold of 104 K to separate cold and hot
components, and a baryon overdensity threshold of log

10
(⇢gas/⇢̄b) = 3.5 to distinguish diffuse from dense phases. In

contrast, the structure-based classification is based on the CGM subtraction method (Section 5.2.2), in which gas within
halos is excluded based on a cutoff radius Rcut.

This leads to two distinct definitions of the diffuse baryon fraction:

fdi↵, phase = fcold, di↵ + fhot, di↵

= 1� fcold, dense � fhot, dense � f? � fBH, (J15)
fdi↵, struct = fCGM + fIGM

= 1� f? � fBH. (J16)

Each component can be measured directly from simulations, but cannot be independently constrained from FRB DM
observations. For fdi↵, struct, we do not distinguish between the ISM and intra-cluster medium (ICM), as our CGM
subtraction method does not depend on halo mass or internal structure — these components are effectively included
in the CGM term.

By comparing fiducial and NoBH simulations, we find that the fiducial model yields more hot and diffuse gas in the
phase-based decomposition, reflecting AGN-driven heating and gas ejection. Similarly, the structure-based decomposi-
tion shows a larger IGM fraction and a smaller CGM fraction in the fiducial case, indicating baryon redistribution due
to AGN feedback. Additionally, the stellar mass fraction is clearly lower in the fiducial model, confirming suppression
of star formation by AGN.

We find fdi↵, phase = fcold, di↵ + fhot, di↵ ⇡ 93% at z = 0, in agreement with estimates from L. Connor et al. (2024).
Assuming that the IGM is primarily composed of hot diffuse gas (with fhot, di↵ ⇡ 78% in fiducial and 74% in NoBH),
our values closely match those from the structure-based method with Rcut = R200, where fIGM ⇡ 80% (fiducial) and
76% (NoBH) at z = 0. As Rcut increases, the balance between CGM and IGM varies significantly, reaffirming the
sensitivity of these components to the adopted halo boundary.

The quantity hfdi↵, obs(< z)i represents a redshift-integrated and sightline-averaged observable derived from many
FRB sight lines. It is not a snapshot of the instantaneous baryon fraction at a given redshift, but rather a statistical
measure shaped by both the redshift integration and the distribution of intervening halos along the LoS. For example,
to interpret an FRB observed at z = 1, one must sample many sight-lines in a light-cone data up to z = 1, effectively
stacking the contributions from all structures within that redshift range. As such, hfdi↵, obs(< z)i can be understood
as a weighted average over the redshift-dependent curves of (instantaneous or differential) fCGM(z) and fIGM(z) shown
in Figure 28 (Appendix K).

While the IGM contribution dominates due to its nearly universal presence in all directions, the halo contribution
varies significantly depending on redshift and sightline geometry. At low redshift, many FRBs may not intersect any
foreground halos, leading to an underestimated hfdi↵, obsi, as seen in the behavior of the Macquart relation fit toward
z = 0 in Figure 9b and Table 5 (fdi↵(z ! 0)). At higher redshifts, although the number of intersecting halos increases,
their relative DM contributions decrease due to smaller physical sizes and increased redshift dilution. Thus, hfdi↵, obsi
encodes both the underlying cosmic gas distribution and observational sample bias effects.
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Phase-based:

Structure-based:

𝑹𝐜𝐮𝐭 = 𝑹𝟐𝟎𝟎

𝑹𝐜𝐮𝐭 = 𝟐𝑹𝟐𝟎𝟎

𝑹𝐜𝐮𝐭 = 𝟑𝑹𝟐𝟎𝟎

Figure 26. Pie chart comparison of baryon composition at z = 0 under two classification schemes: gas phase-based (top row)
and structure-based definitions (bottom three rows). The top row shows the distribution between cold/hot IGM/ phases. The
remaining panels show baryon fractions under different CGM definitions based on Rcut = R200, 2R200, 3R200 for both fiducial
(left) and NoBH (right) simulations.
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Table 5. Fitting parameters and �
2 values for C-Exp, CPL-Exp, and DPL-Exp.

Model Case  ⌧ ⇣ � �
2/DOF

C-Exp

fIGM:  ⌧ - - �
2/DOF

Fiducial (FoF) 0.27+0.02
�0.02 5.44+0.56

�0.51 - - 0.142
NoBH (FoF) 0.28+0.02

�0.02 5.03+0.54
�0.39 - - 0.127

Rcut = R200 (Fiducial) 0.30+0.01
�0.01 5.37+0.21

�0.24 - - 0.017
Rcut = R200 (NoBH) 0.33+0.02

�0.02 4.51+0.28
�0.28 - - 0.037

Rcut = 2R200 (Fiducial) 0.27+0.02
�0.01 3.76+0.20

�0.30 - - 0.107
Rcut = 2R200 (NoBH) 0.28+0.01

�0.01 3.42+0.17
�0.23 - - 0.106

Rcut = 3R200 (Fiducial) 0.24+0.02
�0.02 2.67+0.34

�0.33 - - 1.371
Rcut = 3R200 (NoBH) 0.24+0.02

�0.01 2.53+0.24
�0.33 - - 1.284

fdi↵ (Fiducial) 0.87+0.05
�0.09 1.32+0.23

�0.10 - - 0.057
fdi↵ (NoBH) 0.90+0.11

�0.14 1.22+0.36
�0.16 - - 0.129

fdi↵(z ! 0) (Fiducial) 0.685

fdi↵(z ! 0) (NoBH) 0.666

CPL-Exp

fIGM:  ⌧ ⇣ � �
2/DOF

Fiducial (FoF) 0.51+0.48
�0.51 3.74+14.91

�1.86 0.78+1.68
�0.23 - 0.143

NoBH (FoF) 0.62+0.37
�0.61 3.01+10.30

�1.31 0.72+1.24
�0.18 - 0.123

Rcut = R200 (Fiducial) 0.05+0.11
�0.05 9.56+7.33

�2.74 1.56+0.95
�0.35 - 0.016

Rcut = R200 (NoBH) 0.25+0.25
�0.20 5.07+3.69

�1.62 1.09+0.51
�0.23 - 0.039

Rcut = 2R200 (Fiducial) 1.00+0.03
�0.07 ⇥ 10�3 13.61+0.25

�0.32 2.66+0.02
�0.02 - 0.034

Rcut = 2R200 (NoBH) 1.00+0.05
�0.01 ⇥ 10�3 12.86+0.27

�2.97 2.71+0.01
�0.49 - 0.049

Rcut = 3R200 (Fiducial) 1.00+0.01
�0.05 ⇥ 10�3 10.88+0.48

�0.54 2.72+0.04
�0.04 - 0.651

Rcut = 3R200 (NoBH) 1.00+0.05
�0.07 ⇥ 10�3 10.58+0.039

�0.47 2.74+0.04
�0.03 - 0.560

fdi↵ (Fiducial) 1.83+0.12
�0.16 0.24+0.19

�0.23 0.37+0.11
�0.11 - 0.014

fdi↵ (NoBH) 1.86+0.05
�0.04 0.10+0.05

�0.10 0.31+0.03
�0.05 - 0.015

fdi↵(z ! 0) (Fiducial) 0.655

fdi↵(z ! 0) (NoBH) 0.604

DPL-Exp

fIGM:  ⌧ ⇣ � �
2/DOF

Fiducial (FoF) 8.89+2.21
�8.80 ⇥ 10�7 18.94+5.11

�1.50 4.84+0.12
�0.34 0.67+4.34

�3.84 0.100
NoBH (FoF) 8.31+7.20

�2.05 ⇥ 10�7 18.22+3.47
�1.16 4.92+0.08

�0.25 0.66+4.09
�3.83 0.083

Rcut = R200 (Fiducial) 8.99+4.27
�5.12 ⇥ 10�7 25.32+1.38

�2.72 4.45+0.10
�0.19 0.87+3.68

�3.40 0.015
Rcut = R200 (NoBH) 1.51+3.20

�6.22 ⇥ 10�6 20.60+1.32
�1.66 4.55+0.18

�0.36 0.68+3.69
�3.39 0.040

Rcut = 2R200 (Fiducial) 3.18+1.88
�2.42 ⇥ 10�6 23.29+2.43

�12.80 4.04+0.42
�2.32 1.03+3.43

�0.68 0.030
Rcut = 2R200 (NoBH) 3.20+9.71

�3.19 ⇥ 10�4 14.55+7.47
�8.19 3.01+1.54

�1.74 1.00+3.54
�0.27 0.052

Rcut = 3R200 (Fiducial) 0.18+0.11
�0.12 8.18+3.74

�1.38 0.67+0.38
�0.19 2.03+0.99

�1.56 0.127
Rcut = 3R200 (NoBH) 0.16+0.12

�0.12 7.28+3.79
�1.36 0.74+0.47

�0.21 1.89+0.968
�1.37 0.123

fdi↵ (Fiducial) 1.97+0.00
�1.97 1.73+44.10

�0.10 ⇥ 10�8 0.03+4.97
�0.01 9.82+4.82

�9.80 0.016
fdi↵ (NoBH) 1.92+0.01

�1.32 1.12+15.91
�1.03 ⇥ 10�8 0.03+4.97

�0.01 9.30+4.41
�9.80 0.016

fdi↵(z ! 0) (Fiducial) 0.706

fdi↵(z ! 0) (NoBH) 0.684

K. REDSHIFT EVOLUTION OF BARYONS IN DIFFERENT COSMOLOGICAL COMPONENTS

In this appendix, we present a comprehensive view of the redshift evolution of baryonic mass fractions across different
cosmological components and classification schemes.

IGM–CGM evolution: Figure 27 shows the evolution of gas baryon fractions under both phase-based and structure-
based classification. With a CGM cutoff of Rcut = R200, we find that fIGM decreases from nearly unity at high redshift
to . 0.8 at z = 0, while fCGM increases from zero to . 0.2. This reflects the gradual incorporation of intergalactic
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Table 6. mNFW fitting parameters for Dark Matter and Gas Density profiles across halo mass bins.

Mass Range (M�)

Profile Parameter 1010.5–1011.5 1011.5–1012.5 1012.5–1013.5 1013.5–1014.5 1014.5–1015.5

Dark
Matter

y0 4.89+3.48
�3.30 5.18+3.28

�3.45 5.04+3.34
�3.31 4.18+3.76

�2.96 4.40+3.64
�3.02

↵ �1.06+3.04
�0.46 �0.77+2.81

�0.48 �0.29+2.71
�0.74 �0.31+1.06

�0.50 0.01+1.50
�0.66

C 9.99+6.87
�6.80 9.71+7.00

�6.78 9.91+6.86
�6.76 11.40+5.93

�6.88 11.38+5.99
�6.91

� 0.06+0.68
�1.34 �0.01+0.67

�1.28 0.34+0.82
�1.35 0.33+1.19

�1.47 �0.48+1.10
�1.10

Gas

y0 4.83+3.50
�3.39 5.41+3.15

�3.51 5.40+3.20
�3.40 4.52+3.59

�2.91 4.58+3.57
�3.07

↵ �1.29+3.69
�1.62 �0.85+0.31

�0.27 �0.33+0.48
�0.31 0.52+1.08

�0.64 1.05+1.63
�0.95

C 10.11+6.75
�6.67 9.35+7.23

�6.64 9.29+7.22
�6.68 11.33+5.95

�6.63 11.56+5.78
�6.49

� 0.85+0.78
�1.48 �0.99+0.77

�0.69 �0.77+0.88
�0.82 0.35+1.14

�1.45 �0.66+1.32
�0.91

fgas 0.034+0.019
�0.012 0.035+0.019

�0.012 0.082+0.049
�0.030 0.142+0.081

�0.052 0.155+0.091
�0.055

Table 7. Comparison between theoretical fHalos and simulated fCGM

Redshift z f
Press

Halos f
Tinker

Halos f
sim

CGM

0.000 0.1899 0.1407 0.1662
0.106 0.1758 0.1318 0.1683
0.287 0.1527 0.1176 0.1619
0.508 0.1268 0.0991 0.1493
0.754 0.1021 0.0805 0.1378
1.041 0.0790 0.0624 0.1230

gas into halos. The impact of AGN feedback on baryon redistribution appears mainly below z . 2 and is relatively
modest in our CROCODILE simulations.

Early phase evolution (z > 8): At early times, fcold,di↵ dominates due to the absence of collapsed halo structures
and the overall low temperature of the gas. As redshift decreases below z ⇠ 13, fcold,di↵ begins to decline slowly, while
fhot,di↵ shows a gradual increase. This transition reflects mild heating caused by adiabatic compression in regions of
growing density perturbations, although the overall composition of the baryon phase remains largely unchanged during
this epoch.

Reionization (z ⇠ 8 ! 6): Reionization starts at z ⇠ 8, causing a rapid and nearly complete conversion of cold
diffuse gas (fcold,di↵) into hot diffuse gas (fhot,di↵) by z ⇠ 7. After this point, both components stabilize, indicating
the end of reionization and the establishment of a fully ionized diffuse medium.

Thermal evolution (z ⇡ 6 to 2): After hydrogen reionization completes around z ⇠ 6, the diffuse IGM cools through
adiabatic expansion and Compton scattering off the CMB, leading to a decline in fhot,di↵ and a corresponding rise
in fcold,di↵ . From z ⇠ 5 to z ⇠ 3.2, HeII reionization driven by quasars gradually reheats the IGM (whose effect
is included via the uniform UV background radiation), causing fhot,di↵ to increase again. Below z ⇠ 3.2, after the
completion of HeII reionization, the IGM enters another cooling phase due to adiabatic expansion. As a result, fhot,di↵
begins to decline while fcold,di↵ correspondingly rises. We also note that this thermal transition is sensitive to the
adopted temperature threshold: lowering the cutoff from 10000 K to 8000 K significantly suppresses the apparent
oscillatory feature.

AGN feedback at low redshift (z < 2): In this phase, AGN feedback becomes increasingly important and begins
to heat and expel gas from condensed structures back into the diffuse phase. This effect is reflected by comparing
the fiducial and NoBH simulations: in the fiducial run, both fhot,cond and fcold,cond show lower values, while fhot,di↵

increases correspondingly. Thus, the apparent transition is not primarily a result of redshift evolution, but rather a
manifestation of AGN-driven redistribution of baryons.
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Figure 27. Redshift evolution of baryonic mass fractions under two classification schemes using a CGM cutoff of Rcut = R200.
Solid and dashed lines represent results from the fiducial and NoBH models, respectively. For the structure-based classification,
the IGM and CGM are shown as pink and orange lines (without markers). For the phase-based classification, square markers
denote condensed phases and x symbols denote diffuse phases. Cold and hot components are colored using cool and warm tones,
respectively: deep blue for fcold, cond, yellow for fhot, cond, cyan-green for fcold, IGM, and bright red for fhot, IGM.

Structure-based view: Figure 28 highlights how the evolution of fCGM and fIGM depends on Rcut. For Rcut = 3R200,
both fractions tend toward ⇠ 0.5 at z = 0. This emphasizes that the observationally inferred hfdi↵, obsi from FRBs is not
a snapshot of the instantaneous IGM fraction at redshift z, but rather a LoS integrated average over all contributing
structures at z

0
< z. At low redshift, many FRBs intersect no halos at all, resulting in a dominance of the IGM

contribution to DM. The inset panel further shows that AGN feedback suppresses stellar growth in the fiducial model,
while black hole growth remains limited throughout cosmic time.

L. FITTING PARAMETERS FOR THE MODELS

Table 5 summarizes the best-fit parameters for the C-Exp, CPL-Exp, and DPL-Exp models.

M. ORIGIN OF FRBS

The formation mechanism of FRBs remains an active field of research, with magnetars being the leading candidate.
This theory is supported by observations of the magnetar SGR 1935+2154, which is associated with a similar burst,
FRB 200428 (C. D. Bochenek et al. 2020). However, other formation channels may contribute to the overall FRB
population, albeit to a lesser extent.

One alternative formation scenario involves binary neutron star (BNS) mergers (B. Zhang 2020; F. Y. Wang et al.
2020). While BNS mergers have been proposed as a potential FRB production mechanism, their event rate is too low
to explain the observed FRB population. V. M. Lipunov & M. V. Pruzhinskaya (2014) estimated a BNS merger rate of
approximately one per galaxy per 1000 years, far below the observed FRB event rate. Additionally, G. Q. Zhang et al.
(2020a) suggested that only ⇠ 6% of repeating FRBs could originate from magnetars formed through BNS mergers.
These results reinforce the idea that BNS mergers contribute only a minor fraction of all FRBs.

Although BNS mergers are unlikely to be a dominant FRB formation channel, they may generate offset FRB sources
due to the high kick velocities imparted to neutron star binaries during supernova explosions. These kicks displace the
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Figure 28. Redshift evolution of baryon mass fractions in various cosmological components. The curves for fCGM (orange)
and fIGM (pink) are plotted for different Rcut values: solid (R200), dashed (2R200), and dotted (3R200). The evolution of f?

(green, five-pointed star markers) and fBH (black, solid circles) is also shown for both fiducial and NoBH models. The inset
panel zooms in on the redshift range z < 4 to highlight the detailed evolution of the stellar and black hole mass fractions.

progenitor system from the galactic center and lead to FRB sources located at significant distances from their host
galaxies’ centers, introducing a unique observational signature.

Investigating these offset FRBs provides insights into the kinematic evolution of FRB progenitors and the diversity
of their host environments. Although BNS mergers may contribute to some offset FRBs, other mechanisms could
also produce such spatial distributions. Their spatial distribution, while not the dominant formation pathway, offers
a complementary probe of FRB progenitor mechanisms.
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