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Approximately half of the Universe’s dark matter resides in collapsed halos; signif-
icantly less than half of the baryonic matter (protons and neutrons) remains confined to
halos. A small fraction of baryons are in stars and the interstellar medium within galax-
ies. The lion’s share are diffuse (< 10~2 cm~?) and ionized (neutral fraction < 10~%), located
in the intergalactic medium (IGM) and in the halos of galaxy clusters, groups, and galax-
ies. This diffuse ionized gas is notoriously difficult to measure, but has wide implications
for galaxy formation, astrophysical feedback, and precision cosmology. Recently, the disper-
sion of extragalactic Fast Radio Bursts (FRBs) has been used to measure the total content of
cosmic baryons. Here, we present a large cosmological sample of FRB sources localized to
their host galaxies. We have robustly partitioned the missing baryons into the IGM, galaxy
clusters, and galaxies, providing a late-Universe measurement of the total baryon density
of O hyg = 0.051700%. Our results indicate efficient feedback processes that can deplete
galaxy halos and enrich the IGM (figy = 0.76701" ), agreeing with the baryon-rich cosmic
web scenario seen in cosmological simulations. Our results may reduce the “Sg tension” in

cosmology, as strong feedback leads to suppression of the matter power spectrum.



The DSA-110 is an interferometer operating between 1.28-1.53 GHz at Caltech’s Owens
Valley Radio Observatory (OVRO)!. It is the first radio telescope built with the express purpose
of detecting and localizing FRBs to their host galaxies, which is critical both for using FRBs as

13 and unveiling their physical origin*>. Between January 2022 and March

a cosmological too
2024, that array was continuously observing in a commissioning period with 48 core antennas
and 15 outrigger antennas for offline arcsecond localization. During this time 60 new FRBs were
discovered of which 39 now have a spectroscopic host galaxy redshift. The host galaxy properties
of a uniformly selected subset of these sources are presented in a companion work®, where the
Optical/IR follow-up procedure is described in detail. We present 9 sources that are not in that

sample®. We present three new FRBs near or beyond redshift 1, which constrain the IGM column

by virtue of their great distance.

We append our sample to 30 previously localized FRB sources. The distribution of extra-
galactic DM and redshift for our full sample is plotted in Figure 1. Their positions, DM, redshifts,
and detection instrument are displayed in Table 1. The 9 FRBs unique to this work are in Table 2
and their host galaxy image mosaic is shown in Extended Data Figure 1. The extragalactic DM
of localized FRBs encodes information about the quantity and distribution of diffuse baryons in
the Universe. The total observed DM of an FRB can be written as the sum of several components

along the line of sight,
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In DMyw we include both the Milky Way’s interstellar medium (ISM) and halo. DM;jg\ cor-
responds to the ionized gas outside of virialized halos and in the intergalactic medium’, and
DMx (M;, b)) is the rest-frame contribution from the ith intersected halo. The latter value will
depend on the halo mass M;, redshift z;, and the physical impact parameter b, (higher masses and
smaller offsets lead to more DM). DM, is from gas in the FRB host galaxy and may come from
the halo, its ISM, and/or circumsource plasma. DM;qy 1s expected to dominate for sources beyond
2 ~ 0.2, unless the sightline intersects a galaxy cluster® or the FRB is embedded in an unusually
dense local environment’. If we define a “cosmological DM” as DM..s = DMjgum + DMy, then

the average sightline’s DM from the IGM and intervening halos is,
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where (), is the cosmic baryon abundance, €2, is the matter density parameter, €2, is the dark en-
ergy parameter, [, is the Hubble constant, m,, is the proton mass, f. is the number of free electrons
per baryon, and f; is the baryon fraction in the diffuse ionized state (i.e. not in stars or cold neutral

gas). Taking f. = 0.875 and f,(2) to be constant and then using h7y = Hy/(7T0kms™! Mpc™),

one finds (DMcs) = 1085 2 f (32229) peem™ for 2z, < 1.

Our FRB analysis is centered on the extragalactic DM distribution as a function of redshift,
zs, where DMe, = DMg,s — DMyw. For each source in our sample, we compute a 1D likeli-
hood function P(DMy|zs, 5) where the model parameters are 0 = {fiecm, [xs Bhosts Thost - Our

new method explicitly parameterises the fraction of baryons in the IGM, figm = Q;)—GbM and in



intersected halos, fx = Q’#;OS referenced to redshift 0.1 (see Methods). The three components of
gas, DMiam, DMy, and DM, are in principle separable for a sufficiently large sample because
each has a different redshift dependence and P(DM]|z;) distribution. Our effective definition of the
IGM is gas outside of virialized dark matter halos. From the per-source likelihoods, we compute a
posterior over all FRBs as NﬁB P(DMy;|z,;) P(0) which we estimate using Markov chain Monte
Carlo (MCMC). We assume a log-normal distribution for the host contribution to DM with param-
eters /ipos¢ and oy,0°, which are the log-normal mean and standard deviation, respectively. We take
a wide, flat prior on the log-normal mean, p(tipest) ~ Uniform(0, 7), allowing the median host DM
to span 0 to 1,000 pc cm™—3. We assume the same flat prior on both figy and fx of Uniform(0, 1)
with the added constraint that fign + fx < 1. We take a simulation-based inference approach as
our primary method of fitting cosmic gas parameters, using a mock FRB survey in IllustrisTNG!?
as a baseline. Large hydrodynamical simulations are valuable for this task because of the complex

relationship between the dark matter distribution, galaxy formation, and baryons, which cannot be

described analytically.

The fit to our primary dataset of all eligible FRBs produces fiay = 0.76197% and fx =
0.157015, as shown in the corner plot in Figure 2. The large value of fiq\ emerges from a strong
feature in our data: The lack of FRBs with low values of extragalactic DM per redshift, some-
times referred to as the “DM CIiff”!! (more detail is provided in Methods). This implies a smooth
Universe and a significant minimum DM value from the IGM. For example, none of our sources
beyond redshift 0.1 has % < 800 pcem 3, If extragalactic DM were dominated by intervening

halos or the host galaxies, we would expect a less pronounced rise in P(DM,|zs) because most

sightlines in our sample do not intersect a halo. The same is true for a Universe in which baryons



trace perfectly the dark matter, as can be seen in the blue dotted curve of Figure 3. Instead, the
IGM provides a significant statistical floor in DM per unit distance because most sightlines inter-
sect many dozens of filaments'® and even cosmic voids contribute a considerable electron column.
Our FRB sample rules out scenarios where baryons trace dark matter, in which figyr is low and a
large portion of the missing baryons are confined to galaxy halos. We infer ji0; = 4.907035and
Ohost = 0.53701S. This corresponds to a modest median rest-frame host DM contribution of
130125 pcecm™ for this sample. We fit sub-samples of the data, for example DSA-110-detected
sources only. We have also performed jackknife resampling excluding/including individual sources
(high-z,, re-introducing sources with large excess DM, etc.). While the sources at z; 2 0.5 have

significant constraining power, in all cases our data prefer a large fraction of baryonic material in

the IGM and a large total diffuse fraction, f;,.

Although FRB DMs are impacted by the ionized gas in galaxy groups and clusters® !> 13,

the most precise constraints on the baryon budget in massive halos come from X-ray'*!> and

Sunyaev—Zeldovich (SZ) measurements'® !

. Thermal X-ray emission is o< [n2dl and SZ is o
[ neT,dl, where n. and T, are the free electron density and temperature respectively, so both
are sensitive to large, dense regions of hot gas. In contrast, FRBs pick up DM from all ionized
plasma along the line of sight. The hot baryon fraction in halos, f5., is a function of halo mass,
approaching the cosmological ratio ~ QQ—L for the most massive galaxy clusters'®. This quantity
is less certain for halos below 10 h-' M,'. However, recent advances in sample sizes and
measurement precision'> 2" have significantly improved our knowledge of the cluster mass function

and fr.;. We have synthesized these multiwavelength observations to estimate the fraction of the

Universe’s baryons in the hot gas of galaxy groups and clusters. We find ficy = 3.75 £0.5 % of all



baryons are in the intracluster medium (ICM). For galaxy groups with 1027 M, < M,, < 10 M,
this number is 5.4 £ 1.0 %. Together, we conclude that roughly 9% of baryons are in a diffuse

ionized state in massive halos.

Next, we consolidate estimates of the baryon fraction in galaxies, including stellar mass and
cold gas. These are the last major components of the baryon budget. The majority of cold gas
in the Universe is neutral atomic hydrogen, with traces of molecular hydrogen and helium. At
low redshifts, 21 cm galaxy surveys measure the HI mass function which can then be integrated
to estimate the neutral hydrogen density?!. We take the values for Qyy, Qy,, and their associated
uncertainty from a recently-assembled suite of volumetric surveys??, finding fy; = 9.63:2 x 1073,
fi, = 1.670% x 1072 and f.eq = 1.1753 x 1072, Thus, just over one percent of the Universe’s
baryons are in cold neutral gas within galaxies. The total baryon content of stars and stellar rem-

1224 Most stellar mass is in low-mass stars, so the

nants is larger, but more difficult to mode
baryon fraction in stars and stellar remnants, f,, is sensitive to the chosen initial mass function
(IMF) which dictates the number of low-mass stars. Using the bottom heavy Salpeter IMF? (i.e.

many low-mass stars), f, can be as high as 14% at low redshifts**2°

. If instead we opt for a
Chabrier IMF (fewer low-mass stars) and use a smooth fit to multiple measurements of p,(z), we

find f, ~ 4 — 7%*>? (see Methods for a detailed discussion).

We fully account for the so-called missing baryons. More importantly, we are able to parti-
tion them into the IGM, galaxy groups, galaxy clusters, and galaxies after synthesizing our FRB
results with other observations. A significant majority of baryonic matter resides in the IGM, out-

side of virialized halos. From our FRB-independent analysis of X-ray groups and clusters, we



find that 9.2%7:5% are in an ionized phase occupying massive halos. Roughly one percent are in
cold neutral gas in galaxies. This leads us to conclude that the CGM of individual galaxies cannot
harbor a substantial fraction of the baryons in the Universe. The global analysis is in agreement
with detailed studies of individual FRB source sightlines. Our FRBs that intersect one or more
foreground galaxy CGM at low impact parameter do not have significant excess dispersion (see
Methods). We find that f,,; = O.35Jj8:§gQQ—Lfor 109 M, < M < 5 x 10'2 M, below the cosmic
average. These results require feedback processes®® to expel and/or prevent gas from falling into
their potential wells. We cannot discriminate between specific models, but our picture of a rich
IGM and baryon-deficient CGM is consistent with simulations where feedback suppresses lower-
mass baryon halos 2°3°. For example, with all feedback turned off in the SIMBA simulation®!
it was found that figy ~ 0.6 by z < 1; with AGN feedback turned on, figv was over eighty
five percent?®. Similarly, in IlustrisTNG fign =~ 80% at low redshifts!®3? and baryons are miss-
ing from the CGM of Milky Way-like galaxies®® (see Extended Data Figure 2). Our findings
also agree with recent statistical cross-correlations of galaxy surveys with X-ray** and kinematic
Sunyaev-Zel’dovich (kSZ)**, indicating a dearth of baryons confined to galaxy halos. Our findings
may alleviate some of the “Sg tension” in cosmology™®, where weak lensing surveys have reported
lower fluctuation amplitudes in the large-scale structure than Planck’s best fit ACDM parameters.

If gas is evacuated from halos into the IGM by strong feedback, observed weak lensing signals will

be smaller than expected?®.

We have attempted to construct a model with enough flexibility that any physically real-
istic partition of cosmic gas could be fit (see Extended Data Figure 3). However, our primary

simulation-based inference approach uses a single cosmological simulation, TNG300, adding un-



certainty to our fit. We account for this with a 30% increase of our MCMC errors based on model
mismatch resampling experiments. To verify the large derived value of fiq\, we apply an indepen-
dent technique that directly quantifies the total diffuse gas fraction, f;, using the average cosmic
dispersion of our sample, (DM_.s(zs)) (see Equation 2). This method does not rely on a parti-
tion of the cosmic baryons, as the quantity is sensitive to both intergalactic and intervening halo
gas. We find f; = O.94f8j8§, independent of any assumptions about P,,;(DMjgn, DMy ) and its
redshift evolution (see Extended Data Figure 4). We have also tested our large figy result with a
semi-analytic DM distribution in which baryons trace dark matter, and by a post-hoc alteration to
the IllustrisTNG mock FRB survey (see Methods). If we instead make the Universe’s total cos-
mic baryon content a free parameter, we find €, h7o = 0.05170 00 (see Figure 4). This late-time
measurement is consistent at the 10% level with early Universe constraints of the physical baryon
density from Big Bang Nucleosynthesis®’ and the Cosmic Microwave Background®. An equally
precise constraint can be obtained for the Hubble constant, resulting in Hy = 7117 km s~ Mpc™!.
This comes with an important caveat that disentangling H, from (), requires fixing the baryon

density parameter at the early Universe value, rendering a direct and independent measurement of

H, with FRBs difficult 3%4°.

Notably, the mean cosmological DM of FRBs places a ceiling on the total stellar mass in
the Universe because f, < 1 — f; — feoa, for a given €, h7g. Our results suggest that over ninety
percent of baryons are in the diffuse ionized state or in cold gas (i.e. not in stars). This constraint is
independent of galaxy spectral energy distribution modeling, choice of the IMF, and the low mass
cut-off that affects typical methods?*. Since most stellar mass is bound in the abundant low-mass

stars, our f, upper-limit constrains the mean stellar IMF. We place a 90% upper limit on the stellar



baryon fraction at low redshifts of f, < 9% and therefore p, < 5.6 X 108 Mg Mpc’?’. We use this

to rule out Salpeter IMFs for a low-mass cut-off below 0.10 M.
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Figure 1 A full account and partition of the missing baryons. We show the distribution of ex-
tragalactic dispersion measure and redshift of localized FRBs in our sample, over half of which are
sources recently discovered by the DSA-110. The heatmap corresponds to a likelihood function
P(DM,,|zs) with figy = 0.80 and fy = 0.10 and a log-normal host DM distribution. The five
cyan squares are the sample that was used to derive the original “Macquart Relation™*. The solid
dark curve is the mean DM at that z, and white curves show the median, 1-o and 2-¢ contours. The
radial treemap inset figure shows our comprehensive partition of cosmic baryons. We have created
this chart by synthesizing our FRB results with other precision probes of the Universe’s normal
matter, including the baryon budget of groups and clusters, cold gas, and stars as determined by

various methods.
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Figure 2: An MCMC fit of extragalactic gas parameters to a sample of localized FRBs. We
show the joint posteriors of the fraction of baryons in the IGM, fiqw, in halos, fx, as well as those
of a log-normal distribution taken to describe the host galaxy DM, fij0s: and op,s. The orange
regions correspond to the results of fitting the full FRB sample; blue is a sub-sample of only
DSA-110 discovered sources, which produces consistent values with slightly larger uncertainty.
The shaded regions are 1-0 and 2-0 contours. Previously, figy was highly uncertain because
intergalactic gas is hot, diffuse, and difficult to detect directly. Our results demonstrate that four
fifths of all baryons occupy the cosmic web, outside of dark matter halos.
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Figure 3: The extragalactic DM distribution of FRBs prefers a gas-rich intergalactic medium.
In panel a we show the simulated cosmic DM distributions (i.e. beyond the Milky Way but exclud-

ing the host DM) for two scenarios. Red histograms

represent a gas-rich IGM with figmy = 0.80

and baryon-deficient halos where fx = 0.12; green histograms correspond to fign = 0.60 and
fx = 0.32. Panel b shows the respective cumulative DM distributions. The green and red distri-

bution have the same mean cosmic DM, despite very

different shapes at below-median DM values.

The blue dotted curve is a semi-analytic DM distribution assuming the baryons perfectly trace
dark matter. As expected from the MCMC fits, the scenario with low figy and baryon-rich halos
is disfavoured by our data, as is the scenario where baryons trace dark matter.
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Figure 4: A ten percent measurement of the present day baryon parameter: We show con-
straints on €2, hr for our sample of FRBs. These fits are independent of the partition of hot gas
into the IGM and halos because cosmic DM is proportional to €2, h7o, assuming a prior on f,;. Our
results agree with cosmic microwave background (CMB) and Big Bang Nucleosynthesis (BBN)
measurements with unprecedented precision, bridging the gap between the early and late Universe.
We fit our data with two methods. The first is an MCMC over all individual FRBs which fits for
the host DM distribution as well as €2, h7y (orange). The second is a maximum-likelihood estimate
on the mean cosmic DM (blue). We also fit our model to a previous sample (M20, Macquart et al.
(2020) in grey), which was the first to use FRBs to constrain the baryon density parameter.
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Methods

New DSA-110 fast radio bursts In addition to the sample described in our companion paper °, we
present nine new FRBs discovered with the DSA-110 between February 2022 and February 2024.
All FRBs were discovered and localized using techniques summarized in Sharma et al. (2024) °.
The nine additional FRBs were not included in the companion paper because they did not meet

either the host-galaxy magnitude selection criterion, or the date cutoff.

Out of these nine FRBs, four have a candidate host galaxy detected in archival r-band from
the Beijing-Arizona Sky Survey (BASS) from the Dark Energy Survey *! and two have a candidate
host galaxy detected in archival r-band data from PanSTARRS1 (PS1) **. For the other four
candidates, we obtain deep optical/IR imaging with the Low Resolution Imaging Spectrometer
(LRIS) ** on Keck-I, DEep Imaging Multi-Object Spectrograph (DEIMOS) * on Keck-1I at W. M.
Keck Observatory and the Wide Field Infrared Camera (WIRC) # instrument, mounted on the 200-
inch Hale Telescope at the Palomar Observatory. These data were reduced either using standard

procedures (such as LPipe “¢ for LRIS) or a custom pipeline, as described in our companion

paper.

Having obtained plausible host candidates for all host galaxies, we use the Bayesian Prob-
abilistic Association of Transients to their Hosts (PATH) formalism 7 to estimate the host asso-
ciation probability (Py.s¢). We find that all of these FRBs have secure host galaxy associations
with Pyost > 95%. The imaging mosaic of the host galaxies of these FRBs is shown in Ex-

tended Data Figure 1 and the basic FRB properties are listed in Table 2. Next, we obtain their
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optical/IR spectroscopy with Keck:I/LRIS, Multi-Object Spectrometer For Infra-Red Exploration
(MOSFIRE) *® at the Keck Observatory and Double Spectrograph (DBSP) # on the 200-inch Tele-
scope at Palomar Observatory. The spectroscopy setups used are summarized in Supplementary
Table 1. These data were reduced using the LPipe *°, the Python Spectroscopic Data Reduction
Pipeline (PypeIt) %! and the DBSP_DRP °? software. The 1D spectra for bright hosts and 2D

spectra for faint hosts are shown in Supplementary Figure 1 and 2 respectively.

The redshift we adopt for 20230521B is based on the detection of a single line in its MOS-
FIRE spectrum. The line does not overlap any night-sky emission lines, was not intersected by
any cosmic ray hits, and is evident in jack-knife subsets of exposures. We assume that this line
corresponds to Hav. If this line corresponds to any other bright line in a typical galaxy spectrum®,
such as [OIII]AS007 and [OII]A3727, 20230521B would be at an unrealistically high redshift.
We also note that a deep optical spectrum of 20230521B obtained with LRIS, which attained ap-
proximately 30 sensitivity per resolution element of 7 x 10~ ¥ergs~'em=2A 1, did not reveal any

emission lines.

Since our goal is to measure the cosmological distribution of ionized gas, we treat the DM},
and its variance as nuisance parameters to be marginalized over. We are free to exclude FRBs for
which there is evidence of strong local dispersion. If such sources are correctly identified and
are not correlated with the large-scale structure, their removal should not bias our inference of
the IGM and halo gas parameters. We exclude two sources for this reason, FRB 20190520B° and
FRB 20220831A *, which both have strong evidence for excess local dispersion (large Faraday

rotation measure, scattering, which are not caused by the IGM).
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The full localized FRB sample Over half of the FRBs in our sample were detected and localized
by the DSA-110'. The majority of non-DSA FRB localizations have come from the ASKAP
CRAFT survey®>>®, with a handful of others from CHIME/FRB>"3¢, MeerKAT>’, and realfast on

the VLA,

We estimate DM, for each FRB as DM, minus the Milky Way DM, which we take to be the
NE2001 value®! in that direction plus the halo contribution. We exclude from our sample sources
whose modeled Milky Way DM is greater than 40% of the total observed DM, since the uncertainty
in Galactic ISM models is difficult to constrain. This effectively discards sources that are both
nearby and at low Galactic latitude. Most of our sources lie at high Galactic latitudes, where the
ISM contribution to DMyw is dominated by the thick disk. The maximum DM contribution of the
thick disk is well-constrained empirically by pulsars with measured distances (especially pulsars in
distant globular clusters), the most recent constraint giving DM,,,,, = (23.5+2.5 pc em™%) x csc|b|
where b is Galactic latitude®®. This maximum DM estimate is entirely consistent with NE2001 and
has ~ 10% uncertainties for latitudes = 10° (barring the presence of discrete structures along
the LOS, which are rare at high latitudes and likely irrelevant for the FRBs we consider)®?. We
adopt a constant value for the Milky Way halo DM of 30 pccm™3. This is lower than previous
estimates due to recent evidence from nearby extragalactic FRBs and globular cluster pulsars that
the Milky Way CGM contributes a modest amount of DM®*:%*, However, we have run our MCMC
fits assuming the halo DM is 50 pc cm~3 and 10 pc cm 2. In both cases the cosmic gas parameters

are unaffected at the ~ percent level, but DM is shifted from/to the host galaxy DM parameters.

We include in our analysis only FRBs for which there is a robust host-galaxy association.
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Below we describe several notable sources, including those that we have chosen to exclude from

our sample.

FRB 20230521B: This is the highest published redshift of any FRB to date. We find no evidence
for significant excess DM due to foreground structures. Instead, the extragalactic DM is slightly
below median for this redshift, providing significant constraining power on figyr thanks to its high
redshift and proximity to the “DM CIliff”. In Supplementary Figure 2 we show its host galaxy

spectrum.

FRB 20221029A: This source is at redshift 0.975 with DM,, ~ 1350 pccm™3. It passes by the
outskirts of one massive galaxy cluster (10'4® M at b, ~ 1.28 Mpc, cluster J092758+721851%)
and passes through at least one massive galaxy group (J092809+722355). Still, it is unlikely
that the ICM or IGrM dominates the total extragalactic DM given the high impact parameters.
The correlation of filamentary structure with massive halos means the IGM along this line of site

probably contributes excess DM compared with other sightlines for z ~ 1.

FRB 20240123A: The host galaxy is at redshift 0.968 with DM, =~ 1370pccm™3. Notably
FRB 20240123A passes within 3.9 arcminutes of the cataloged position of the nearby (~ 3 Mpc)
dwarf spiral galaxy NC 1560. Indeed, the burst is observed through the visible stellar disk of the
galaxy. It is unlikely that the galaxy, which has a stellar mass of ~ 5 x 108M%, contributes

significantly to the DM budget of FRB 20240123A.

FRB20221219A: The sightline of FRB 20221219A is crowded, despite its limited extragalactic

dispersion®” (DM, = 662pccm™3 at z, = 0.554). The FRB passes through a z ~ 0.14 galaxy
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cluster with mass ~ 10141 M (cluster J171039.6+713427) at its virial radius. The ICM appears
not to contribute a large amount of DM, which could be due to the significant variation within
and between clusters in free electron column at a fixed b,®. The pulse also traversed the CGM
of two foreground galaxies behind the cluster but in front of the host (b, = 43.0%]1% kpc for a
M, = 10.60705 Mg, galaxy and b, ~ 36.17 13 kpc for a M, = 10.017055 M, galaxy). The
tight DM, budget constrains DMcqy to be less than ~ 40 pccm™ for both galaxies combined,
bolstering our finding that a significant fraction of the Universe’s baryons are in the IGM, not in

galaxy halos.

FRB20231220A: Similar to FRB 20221219A, this source passes through the CGM of two fore-
ground galaxies. The sightline traverses the halo of NGC 2523 at b; ~ 70kpc and comes within
~ 30kpc of the barred spiral galaxy UGC 4279. The burst’s extragalactic DM was ~ 410 pccm ™3

with a host galaxy redshift of 0.3355, indicating limited excess DM from the foreground halos.

FRB 20190520B: This repeating FRB source is highly scattered®®, has a large and rapidly varying
Faraday rotation measure (RM)®, and originates in a star-forming dwarf galaxy at z = 0.241°.
Its excess DM is O(10%) pc cm™3. Thus, there is good evidence that FRB 201905208 is dispersed
in nearby plasma as well as the host galaxy’s ISM. It also appears to be impacted by at least one
foreground galaxy cluster’’, but the fast dynamics demand an active local environment. We elect to
exclude FRB 20190520B from our primary MCMC fits because of the large local DM. This biases
our estimates of nuissance parameters fij,s; and o, but only removes noise from our estimate of

fiem and fx. However, we have reintroduced this source to our fits during jackknife tests.

FRB 20220831A: With a low-mass host galaxy at z; = 0.2620, no significant foreground struc-
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ture, and roughly four times more extragalactic DM than typical sightlines at the same redshift, we
conclude that FRB 20220831A has a large DMy,s;. The sightline was cross-matched against sev-
eral galaxy group and cluster catalogs>* with no large foreground halos within 5 Mpc in transverse

projection. We exclude it from our cosmic sample.

FRB 2019061 1B: We follow previous works® by excluding FRB 20190611B from our analysis, as
its host galaxy association is not secure: There are several galaxies near the source with “chance-
coincidence” probabilities above 0.97!. Its PATH probability is also too low to be included in our

sample.

FRB20221027A: We elect to exclude this FRB from our sample because of its ambiguous host
galaxy. Two candidate galaxies at z = 0.5422 and z = 0.2290 could each plausibly be the host (in

the absence of a strong prior on DM(zy)).

A direct estimate of f; The average cosmic DM (i.e. DMgy + DMx) of a large sample of
localized FRBs is a proxy for the total ionized baryon content of the Universe, f; (), independent

of the partition between halos and the IGM. Taking f, to be roughly constant for z < 1.5,

= (14 2)d=
0 /O +Qn(1+2)3

<DMCOS> ~ fd KQb h?O (3)

where K' = o gcmp. If we now define the right side of the equation after f; as a function of redshift

g(z), we get (DMos) = fag(2). Since we can compute g(z) directly for a given cosmology, we

now simply need to estimate the quantity (DM_,) from our data in order to produce a measurement
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fd. We go about this in two ways. The first is a simple mean, where we include only FRBs
beyond redshift 0.2. Each FRB’s f; value is weighted by its inverse variance. We include only
higher redshift sources because a larger portion of their total extragalactic DM is expected to come
from diffuse cosmic gas and DM,.s/g(z) is a more reliable estimator of f,;. If we do this, we
find (DMeos/g(2)) = 995 & 87pcem > and f; = 0.93 £ 0.08, where the quoted uncertainty is
from propagating errors due to subtracting host galaxy DM from DM, and from the Milky Way

contribution.

A shortcoming of this method is its reliance on the (DM, ) fit from our full MCMC param-

eter estimation. If instead we construct a Gaussian likelihood function with,

[\

1 (DI‘lexi - Dl‘lg(oid)2
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we can marginalize over the host DM properties to estimate the total diffuse gas content directly.

Here, DM,y ; is the data and DM™°4 s our model for the it* FRB’s extragalactic DM,

ex,i

D]\/[g{od = DMcos(2s, fa) + (DMpost) (1 + Zs)fl_ 5)

We estimate several sources of uncertainty that contribute to o; and add them in quadrature. The
error on opyy,, is due to subtracting off the Milky Way DM. This is the halo DM uncertainty and the
error in NE2001, which we take to be 15pccm ™2 and 0.1 DMyw respectively®?. The uncertainty

in DM, is due to the uncertainty in 2, hyo, assuming that f, is the free parameter that we are
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trying to fit. The largest source of uncertainty is the host galaxy DM variance, which we take to be

a free parameter that is marginalized over.

1\ 2
07 = Oapw + Oos + (nost (1 + 25) ™) (6)

The results of this fit are shown in Extended Data Figure 4. We find f; = 0.941)0for the full
sample. For the DSA-110 only sample, it is f; = 0.89155%. The uncertainty from direct fitting
is less than if we take figm + fx from our previous method, because in that case the error is
dominated by model uncertainty in apportioning DM, to halos vs. intergalactic gas. Our data

suggest that a large portion of the cosmic baryons are in a diffuse ionized state that can impact

FRB DMs.

It is important that these general methods agrees with our primary MCMC fit, because they
do not rely on the relative values of figy and fx, nor on the statistical scaffolding of IllustrisTNG
that was used in our broader inference approach. We are simply estimating the mean cosmic
dispersion measure, (DM,.s), normalizing by known a cosmological quantity g(z) to get f;, and
then marginalizing over the host contribution. The sizeable f; found by our methods constrain

from above the baryon budget that can be allotted to stars and cold gas.

A late-Universe measurement of (2}, hy, If one has an external prior on the diffuse baryon fraction
fa» then (DM_,) can be used to constrain the physical baryon density €2, hq independently of early
Universe measurements. We start by writing down a Gaussian likelihood function on the difference

between the mean extragalactic DM of our sample and the predicted mean DM, for a given £, a7,
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((DMmod>7 (DMeX>)2

P((DMey)) ox € 207 (7N

where (DM, ) comes from our data and,

<DMmod> = <fd Qb h70 g(Z) + DMhost(l + Zs)_l> . (8)

We calculate o based on the uncertainty in the mean host contribution from our global fit of the
cosmic gas parameters, uncertainty in DM, and the width of our prior distribution on f;. This

results in €, hyo = 0.05170 500,

We can also use the likelihood function from Eq. 5 and sample the posterior via MCMC. The
MCMC fit estimates the host galaxy DM, its variance, and €2, h7y with the latter posterior being
0.04975:07. In Figure 4 we plot both methods. The key difference is that in the MCMC method the
likelihood function is over all individual FRBs and is free to choose a best fit host-DM distribution.
We opt to present the more conservative Gaussian likelihood approach on (DM, ) as our primary

measurement of the baryon parameter.

Partitioning the IGM and Halos We devise a new method of modelling the extragalactic DMs of
FRBs. Past analyses have used a single 1D PDF to describe the probability distribution of cosmic
dispersion, P(DM,,;s|zs), which does not explicitly separate the gas into the IGM and halos. We
choose to describe the cosmic DM distribution as a 2D PDF in DM;g\ and DM x, allowing us

to parameterize the fraction of gas in the IGM (fign) and halos (fy) in our model. DMqy
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and DM x are covariant because sightlines that traverse overdensities in the large-scale structure
are more likely to intersect halos; conversely, sightlines that pass through voids will have less
DM;am and DMy, on average (see Extended Data Figure 3). Since their PDFs do not factorize,
one cannot simply draw from the distributions of halo DM and IGM DM independently. We model
P.os(DMigm, DMx|zs, T'eos) as a bivariate log-normal distribution. This function is log-normal in
both DM;gy and DMy, but with some covariance between them. The parameters of the cosmic
DM distribution are the log-normal means and standard deviations of the two variables (1tpas, ey,
ODMans MDMy» ODMy ) and p, which is the correlation between IGM and the halo contribution.
These parameters are all redshift dependent and we calibrate them to IllustrisTNG, as described
below. Following previous work>’?, we model the host galaxy DM in the rest frame as a log-normal
distribution, Py, (DMpst|2s, fthost, or)- The mean, median, and variance of the host contribution is

ehhostTO705t/2 ehhost and [e"fwst — 1]62“h°5t+0’2w$t, respectively.

For an input DM, host redshift z;, model parameters .., fthost and op,s:, W can compute

the likelihood of a single FRB as

DMEX DMCX*DMIGM
P<DMex‘Zsa F) = / / PCOS<DMIGM) DMX|Zsy Fcos)Ph(DMhost|Zsa Hhost Uh) dDMX dDMIGMa

0 0

(€))

DMhost = [DMex - DMIGM - DMX] (1 -+ Zs)-

We next want to fit our dataset (pairs of z; and DM, values) to physical parameters that de-
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scribe the distribution of ionized gas in the Universe. Rather than trying to fit the large number of
redshift-dependent parameters described previously, we use IllustrisTNG as a baseline’®. Taking
results from a mock FRB survey in TNG300-1, we can fit a bivariate log-normal distribution to the
simulated DMs because DM x and DM\ are recorded for each sightline. This was done at all
redshifts, giving us a continuous 2D function P,.(zs). We found a systematic mis-estimation of
DM variance in the ray-tracing methods of Zhang et al. (2020)"* and Walker et al. (2024)'°, which
is due to redshift gaps between simulation snapshots and the method of interpolation between those
snapshots. Previous methods find approximately correct mean DM(z;), but must be adjusted for
accurate redshift-dependent variance by ray-tracing without gaps between snapshots (Konietzka et

al., in prep, will explore this further).

We then vary the P, distribution from TNG300-1 by making fiqy and fx free parameters
that can be fit to our data. Halos are defined as regions where the dark matter density is at least
57 times the critical density of the Universe'®3*7. This is the expected dark matter overdensity
at Ropo. Since we know the TNG300 values' of fiay and fx as well as fipayey, HDMy> WE
can calibrate to the simulation without being restricted by the particular partition in Illustris. We

transform fipni,,, and ppwmy in the following way,

Jiem
0.827

KDMy = H + log x
DMx = #DMx,1ne 0.138

HDMigm = HDMigm, NG + 10g

For example, if one increases fx by 10%, the mean DM from intervening halos will increase by
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10%. While the log-variance is fixed at the value of our baseline simulation, the variance is not.

Increasing fx will also increase the variance from halos, because the variance of a log-normal
2

distribution depends on both its log-mean and log-variance ([e”?Mrien — 1] *PMian DM G ). As

expected, if halos are more gas-rich, the total DM and line-of-sight scatter from halos will increase.

By using TNG300-1 as a baseline and allowing figy and fx to be free parameters, we
are effectively adopting the definition of the IGM and halos used in the mock FRB survey that
we calibrate against!®. They follow previous attempts at partitioning the large-scale structure®*7
and assume three classes of cosmic structure: Voids, with pgn,/p. < 0.1; filaments with 0.1 <

Pam/ pe < 57; and halos with pg,, /p. > 57. We combine filaments and voids to be the IGM. Our

results therefore assume ppq10s > 57p. and pray < H7pe.

Several of the 2D P, distributions with different parameters are shown in the top two rows
of Extended Data Figure 3 for z, = 0.5 and z, = 1. The bottom row shows the resulting Macquart
relation of that columns’ cosmic gas parameters. As gas moves from the IGM to halos (left to right

columns), the total line-of-sight DM variance increases.

We seek to compute a posterior distribution over four parameters 0 = { fiam, fx, tn, On}-

The posterior is proportional to the likelihood from Eq. 9 multiplied by our prior distribution on g,

P(6|DM.,, z,) & P(DM,,, 2, |8) x P(6). (10)

Taking its logarithm and ignoring the constant offset from the evidence term, we get
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log P(0| DMy, z5) = L + log P(0) (11)

where L is the total log-likelihood that comes from summing over all nprp sources,

NFRB

L= log P(DMey,lz.6). (12)

We are effectively treating each FRB’s (DM,,, z) pair as independent by summing their 1D log
likelihoods. While a likelihood function need not necessarily sum to one, as they are not PDFs, we
normalize P(DM,,|z;) to have the same integral at each z,. An alternative approach would be to
compute a single 2D likelihood function that takes into account the FRB redshift distribution and
various observational selection effects’>—in other words, the full forward model. We choose not
to do so because the completeness of DSA-110 as a function of DM, pulse width, scattering, and
fluence has not yet been fully characterized. An exception is that each P(DM,, ;|z,;) for DSA-
110 FRBs has been multiplied by a Heaviside function that is zero above the maximum search DM
during commissioning of 1500 pc cm~3. Below that value, we recover injected simulated FRBs at
consistent rates. We estimate that this is only marginally sub-optimal compared to weighting by

the full DM sensitivity curve’>7°.

The DM CIliff We find evidence of a “DM cliff”, first described by'!, which is the sharp probability
cutoff at low DM, for a given z,. It is much more common for an FRB to be over-dispersed (i.e.

above the maximum-likelihood DM for a given redshift) than under-dispersed. This is because
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the FRB can intersect a galaxy cluster, traverse the barrel of a filament, or be significantly locally
dispersed, but if the sightline passes through one or multiple voids and does not intersect any halo,
the IGM will still contribute a baseline quantity of cosmic DM!°. Said more plainly, the distribution

P(DM|zs) is skew with a wide tail at high DM, values.

Sources near the low-end in DM, or the “DM CIliff”, place the tightest constraints on the
IGM. For FRBs in our sample beyond redshift 0.1, we do not find any source with DM, /2, <
800 pc cm 2. If the IGM were depleted and most extragalactic DM came from the intersection of
halos, we would not expect such a sharp fall-off at low DM, at a given redshift. An FRB at z; ~
0.5 can intersect zero, one, or a few halos, which would lead to large Poissonian variance and this
cliff would be both lower and smoother. The same is true if a dominant portion of the dispersion
budget were due to a wide distribution of local DM, as this would smear out P(DM|z;). The
errors we quote on the inferred DM parameters are the 1 o0 width of our MCMC posteriors times
1.3. We add 30% to the uncertainty as a model uncertainty term because we have only used
one simulation as a baseline, leading to systematic error. The value was motivated by the 30%
increased uncertainty in the fit parameters when we force a model mismatch between the assumed

TNG parameters and the true values.

Verification of DM/z, method Given the novelty of our approach to fitting extragalactic DM, we
wish to further verify the method and the results it has produced. We have already established that
a partition-independent analysis of mean cosmic DM reproduces a large f,;; we would also like to

know if the large fign value is supported by other methods.

We start with a simple argument against a low value of figy and high halo gas content,
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fx. Suppose the IGM were maximally smooth (i.e. a one-to-one mapping between redshift and
DMicm). If fianm were 0.50, the lowest possible extragalactic DM would be roughly 1080 fig 2, pc cm ™3
= 540 z, pc cm~3, corresponding to sightlines that do not pass through a halo. The majority of our
sample does not pass through a halo, as 75,4, ~ 1 at z; = 0.6 and the median redshift of our sample

is 0.28. If figy were 0.50 and the cosmic baryons traced dark matter (i.e., maximally porous on

large scales with a dark matter/gas bias of one), then the Macquart Relation would have a large

scatter and many sightlines would have DM, < 540 z,. The two extremal low fig\ scenarios are

ruled out by our data, where DM, > 800 z, for all sources beyond redshift 0.1.

In future work, a different cosmological simulation (e.g. SIMBA or EAGLE) could be used
as a baseline model from which to do simulation based inference. As an approximation to that,
we can alter the DMs in the TNG300-1 mock FRB survey to artificially increase the effective fx
and decrease figy. Each sightline has some DM x, DMy, and redshift. We simply multiply all
DMy by a fixed value and decrease all DMy values such that fx + figy is conserved. This is
akin to moving baryons into halos and out of the cosmic web, but using the same f; and €2, hr. An
example is shown in panel “a” of Figure 3, where we compare the DM distributions for simulated
FRB sources at z; = 1 using two different sets of cosmic gas parameters. Although the two
3

distributions have the same mean DM, there is a clear difference at DMs below ~ 1000 pc cm™

(in other words, the location and shape of the DM cliff is highly sensitive to fx / fiam)-

In panel “b” of Figure 3, we compare our localized FRB sample with the two simulated
scenarios, (fx = 0.32, fiam = 0.60) and (fx = 0.12, figm = 0.80), and one semi-analytic case

where the baryon and dark matter distributions are identical. We have taken the modified Illus-
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trisSTNG DMs for all sources 0.20 < z, < 1.5, added to them a log-normal host DM distribution
with fip0st = 4.8 and 07,5 = 0.5 weighted by (1 + z,) ', and then excluded high-DM sources that
would not have been detected by our instruments. This is a crude forward model for the observed
DM distributions in a baryon-rich IGM scenario (ficy = 0.80) vs. a baryon-deficient cosmic
web (ficm = 0.60). Next, we normalize these DM, values by ¢(z) (defined after Equation 2)

and multiply by 1080 pc cm™3

, which is the mean cosmic DM at z = 1 if f; = 1. This allows
us to compare across multiple redshifts. For the case where baryons trace dark matter, we have
taken o pyr(zs) from Mcquinn (2013)77, which was calculated analytically by integrating the dark
matter powerspectrum. We combine that with DM(z,) assuming baryons trace dark matter. We
then plug those values into the functional form for P(DM]|z,) used by Macquart et al. (2020)* and

assume the same host galaxy DM distribution as before to estimate P(< DM) for sources between

0.20 < z; < 1.5. This gives the dotted blue curve shown in panel “b” of Figure 3.

We plot our FRB sample in black for all sources beyond redshift 0.20. We compute a two-
sample Kolmogorov—Smirnov (KS) test comparing our observations with the simulated FRB DMs.
We find pxg = 9 x 10~* when comparing our data with the figy = 0.60 sample and pxg = 0.09
for the figy = 0.80 data. The point here is not to obtain a fit of the cosmic gas parameters in this
space, but instead to show that our central results can be produced independently of the multivariate
log-normal distribution and the MCMC posterior estimation. The case where the IGM is devoid of
baryons and the halos have roughly the cosmological average of 3—; ~ (.16 is disfavoured out by

our data.

There are risks associated with simulation-based inference, such as overfitting to the par-
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ticular simulation that was used or subtleties in ray-tracing. As discussed, we seek to extend
this approach to different cosmological simulations in the future as well as suites with a variety
of feedback and cosmological parameters. It will also be crucial to develop analytic tools, even
if they cannot capture the full complexities of astrophysical feedback and the large-scale baryon

distribution. A basic halo-model approach to DM statistics may still prove valuable.

The host DM distribution We have paramaterized the host DM distribution as log-normal with
log DMyest ~ N (fthost; a,zwst). The median host DM of such a distribution will be e##ost| which we
find to be modest for our cosmological sample, at 13033 pccm 3. The mean DM,,,; of our best fit
is ~30% higher than the median. This is in line with other analyses’® "’ that find the median rest-
frame host DM of detected FRBs is likely not much more than O(10%) pccm™3. If one considers
the most nearby FRBs (several of which did not meet our sample criteria), it is not uncommon
to have low host DM. FRB 20200120E resides in an M81 globular cluster with almost no DM},
beyond the M81 CGM>"-%; FRB 20220319D is in a spiral galaxy at just 50 Mpc and likely has
less than 10pccm ™ from the host®*; FRB20181030A is at z, = 0.0039 and likely has a local
contribution below 30 pc cm~ 8; and the periodically active repeating source FRB 20180916B at

~ 150 Mpc has no detectable local scattering even down to 100 MHz3!-%?

, indicating a relatively
pristine nearby environment. The modest host DMs found in our and others’ works may suggest
older stellar populations as the origin of many FRBs®34. There are of course counter examples
(FRB 20121102A, FRB 20190520B, FRB 2022083 1A, etc.), but we now have evidence that many
observed FRBs reside in typical locations in their galaxies, away from significant star formation®.

Since we include the host halo’s contribution in DMy, the local Universe sample supports our

broader finding that the CGM of L* galaxies are not baryon rich.
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We naively expected most of the constraining power in our four-parameter MCMC fit of the
baryon distribution to come from the most distant sources. This may be true for figy and fx,
but more nearby sources (zs; < 0.2) provide a useful anchor for the host DM distribution. The fit
“learns” the host DM distribution from low redshift sources because it is a larger fraction of the
total DM and because of the (1+ z) dilution factor of the restframe DM in the host galaxy. Indeed,
when we include only sources beyond redshift 0.2, the uncertainty on .5 and op,s: Increases
dramatically with best fit values of 3.07} % and 1.17)%3, respectively. The cosmic gas parameters

remain consistent at the 1 o level with the main sample, but f;,, increases by about 4%.

Our primary analysis method does not include redshift dependence in the host contribution.
This is because the median redshift of FRBs with host galaxies is ~ 0.28, with 90% of sources at
zs < 0.6. Thus, we assume a single log-Normal distribution for the rest-frame DM. However, for
a larger sample with many sources beyond redshift 1, the evolution of host galaxies and their ISM

may become important.

Resampling and jackknife tests Our FRB sample spans a factor of roughly 200 in luminosity
distance, with sources from ~ 50 Mpc away and several sources at or beyond redshift 1. We have
FRBs detected and localized by different interferometers, as well. It is therefore worth testing how
our parameter estimation responds to different subsets of the data. We have carried out several
resampling tests, starting with running MCMC fits with different redshift cuts. If we exclude
from our standard sample the high-redshift sources (z; > 0.8), we find figm = 0.751“8:8;, fx =

0.08f8:(1)8, Whost = 4.76f8j§g, and 0,05 = 0.65f8jf§. When analyzing only the DSA-110 detected

sample, we get fian = 0.707073, fx = 0.207013, fihost = 4.977033, and 005 = 0.47%2L,. All
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are consistent at the 1-o level with our primary sample fits.

We have tried reintroducing FRB 20190520B and FRB 20220831A to our fit, which were
not used in our primary sample because of their inferred high local DM. Their inclusion does

not significantly alter the cosmic gas parameters figy or fx, which are 0.81757 and 0.2170;

respectively. The central value of fx increased, but was still consistent with other sample results
within the uncertainty. The uncertainty on fio\ was marginally higher. As expected, inclusion of
the local-DM sources increase both the mean host DM and oy, slightly. The uncertainty on fx,

Ihost> and op.s all increased. This is a useful sanity check, establishing that our model behaves as

expected and can differentiate between the IGM and other components.

Jackknife resampling for error and bias estimation involves excluding one observation from
the sample per fit and estimating parameters for each subset. This typically requires independent
and identically distributed (z.2.d) samples. In our case, each FRB does not carry equal information:
Higher redshift FRBs carry more information about the cosmic gas than low redshifts sources and
FRBs near the “DM Cliff”” will do more work constraining fign. With those caveats aside, we have
removed each source, run the MCMC fits, and collected the statistics of the posterior estimates less
one FRB. The jackknife uncertainty on parameter 6 is 09 = \/nrrp — 1 0k, Where o is the
standard deviation of the jackknife results. We find o, = 0.09, slightly larger than the error on
our full-sample fits. We obtain similar results for the other parameters. We choose to present our
full-sample MCMC posteriors as our primary results because our data do not match the standard

criteria for jackknife error estimation.

In addition to resampling tests, we can change our prior on figy. We initially wanted to keep
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our priors as wide as possible and allowed the f;on; + fx to exceed 1 slightly for flexibility (if
there were issues with the model, the data may end up preferring unphysically large values, etc.).
If instead we set an upper-limit on the total cosmic gas based on the measurement of f;, we can
use franm + fx < 0.98. The lower ceiling on f;5y + fx leads to smaller error bars on the high

side of the f;qas, but a similar central value.

Comparison with past methods Ever since the discovery of FRBs, it has been a central goal to
use their DMs to map out the Universe’s baryons, which was made possible with the first sample of
sources localized to their host galaxy>% . Past methods have modelled the total cosmic dispersion
(DM;ca + DMy), because of limited sample sizes and the lack of analysis tools for partitioning
the cosmic gas. This has allowed Macquart et al. (2020)° and Yang et al. (2022)* to constrain the
total diffuse baryon content of the Universe. The latter work include multiwavelength observations
assembeled by Shull et al. (2012)%¢, but do not partition the cosmic gas with FRB data. Previously,
it was assumed that the majority of line-of-sight variance in FRB DMs comes from intersecting
foreground galaxy halos’’?, which can be described as a Poisson process. This would lead to the
natural expectation that the fractional standard deviation of DM, o/, scales as 2, /2 pecause the
number of halos intersected is roughly proportional to redshift. If this redshift scaling is known,
then the line-of-sight variance can be parameterized by a single number. Indeed, a parameter F' (a
“feedback” or “fluctuation” parameter) has been proposed’’>*’, which is defined as F' = opr(/z,
and is approximated as a fixed, redshift-independent value. A virtue of the F' parameter is its
simplicity: a Universe with a large fluctuation F' will have large line-of-sight variance in DM,
caused by weak feedback®’; small F' results in a smooth Universe and low op,. In this scenario,

halos retain their baryons and the Universe is less homogeneous.
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Several works have adopted the following analytic form for cosmic DM_,s>74,

(13)

Pt 42 o[22

2 ;2
202 07,

which includes both halos and the IGM. Here, A(z) = <gﬁzzz> and the effective standard deviation

is given by opy; = F 2~ /2. Most authors then assume o = 3 and 3 = 3 based on the premise that

the variance in A comes from halos and that the gas in halos have some assumed radial distribution.

While this is a useful parameterization of the total gas distribution, the premise that DM
variance is due mainly to the Poissonian intersection of intervening halos may not hold, requiring a
redshift-dependent /' parameter. We find that significant scatter in extragalactic DMs comes from
the large-scale structure in the IGM, particularly the intersection of filaments and sheets, which
can occur at a variety of angles and is less well described by Poisson statistics. The intersection
of filaments, sheets, and voids is also less classically Poissonian because of the large number of
intersections per sightline ((O(10?)). This is borne out in simulations such as IllustrisTNG, where
it has been observed that oy, does not scale as 1/,/z; 87 indicating that the DM scatter is not a
simple Poisson process. Our simulations found that the intersection of filaments plays the dominant
role in determining cosmic DM. This is also explicitly demonstrated in mock FRB surveys!'® where
the IGM contributes significantly more DM, than halos and considerable line-of-sight variance.

The Macquart Relations for each component of DM is shown in Extended Data Figure 2.

We are interested in using FRB DMs to partition the baryons into the IGM and halos. For this

reason, we require a fitting method that explicitly parameterizes the location of cosmic gas. The de
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facto standard method for modelling DM/z, with P(A) does not provide a partition. Stacking anal-
yses have been used to search for the impact of foreground halo gas on unlocalized CHIME/FRB
sources'®8, but these do not measure the IGM content. Another method that has emerged for
interpreting the extragalactic DMs of FRBs is centered around foreground mapping®. Wide-field
galaxy survey data are used to reconstruct intervening large-scale structure, with the goal of using
this model to estimate the baryon partition on a per-source basis. A recent study of eight localized
FRBs by the FLIMFLAM collaboration employed the foreground mapping method, finding a sig-
nificantly lower value of fiqy and lower f,; than our results”. It will be useful to compare global

fitting methods such as ours with foreground mapping efforts of larger numbers of sightlines.

In our and others’ scheme!® 327 the reference density is 57 p.. We find that using a reference
density closer to the virial density is appropriate, because otherwise dense plasma in filaments and
sheets, far from collapsed halos, would incorrectly contribute to fx, not figy (see Figure 1 in
90,91

Walker et al. (2023)!°). Ultimately, one wants to characterize the baryon powerspectrum in

order to measure gas fluctuations on all scales, without requiring any taxonomy.

Baryon fraction in halos The dark matter halos of individual galaxies are filled with multi-phase

gas known as the circumgalactic medium (CGM)?®. The shared gas in the halos of galaxy groups
is the intragroup medium (IGrM). The ionized plasma in the most massive halos is the intracluster
medium (ICM) and is the best observationally constrained of the three, thanks to the detectability
of the ICM in X-ray (x [ n2 dl) and SZ (x [ n. T, dl)'>"". While the taxonomy varies throughout
the literature, we define the ICM as ionized gas in halos with A/ > 104 h;ol M, the IGrM as

gas within halos 10'%7 ho} My, < M < 10" h;) M, and the CGM as gas in halos with M <
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10'27 h-t My,. Technically, the halos of modest galaxy groups such as the Local Group would be

classified as CGM in this definition?.

Approximately 14% of the total matter in the low-redshift Universe resides within 7599 of ha-
los with mass greater than 10'% h-y M. For galaxy clusters with M > 10'* h-' M, this number
is 4.440.4 %. The baryon gas fraction in halos, f,,s, is a function of halo mass, and approaches the
cosmic value of ~ .16 for the most massive clusters. This quantity is well measured by X-ray and
SZ observations for galaxy clusters'#, but less well constrained for groups. It is even more difficult
to pin down for the gas fraction of individual galaxies. Below we amalgamate multiple public
datasets to estimate the fraction of cosmic baryons in halos of different masses. We estimate the
fraction of baryons in halos above M), by integrating the cluster mass function, n. (M), weighted
by the mean hot baryonic fraction in those halos fho~n, = ﬁ S ]\Z ne(M) frot(M) M dM.

Both f,; and ny (M) are now known more precisely than ever.

Clusters: The total baryonic material contained in the ICM can be estimated with the cluster mass

function, ny (M), and the mean baryonic fraction in those halos fy,s(M).

o = / " na (M) fyus (M) dM (14)

My

In Fukugita, Hogan, & Peebles (1998)%*, the authors took the cluster mass function from**
and estimated Q. = 1.55759, x 1073 h=1, which translates to ficy ~ 1.7—5.2 % with modern
values of h and €2,. Based on an updated definition of cluster mass, it was estimated®® that 44-1.5 %

of the Universe’s baryons reside in galaxy clusters. This value was adopted in an census of cosmic
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baryons from just over one decade ago®’.

In the decades since the first estimates of (¢, samples of galaxy clusters have grown
considerably'>. Measurements of f,,s()M ) have improved in precision and have also crept down
to lower and lower halo masses'*!”. The REFLEX galaxy cluster survey, comprised of 911 X-ray
luminous ROSAT clusters, was used to determine the mass function of galaxy clusters to ~ 10%

precision. They parameterized the cumulative total mass function as,

M
2 x 10 hoy M,

na(> M) = a ( )B exp (—M° /), (15)

with best-fit values of 5 = 0.907, 7 = 0.961, § = 0.625, and v = 1.237x 107" Mpc > h, 10'* M.

Recently, The German eROSITA Consortium (eROSITA-DE) made public its first data re-
lease of the Western Galactic Sky in the 0.2—10 keV energy band. The survey produced a galaxy
cluster catalog with 12,247 optically confirmed galaxy groups and clusters detected in X-rays'®.

Their inferred cluster mass function now agrees with other cosmological measurements of Ss.

Integrating the cluster mass function above 10'* h-, we find that Q,; = 4.4 4 0.4 % of the

Universe’s matter is confined within ryyy of massive galaxy clusters. Assuming f; 4 = 13.5 £ 1,

we find that f;cp = 3.75 + 0.5 % of the cosmic baryons reside in galaxy cluster gas.

Massive groups: Using the same halo mass function from Eq. 15, roughly 10 + 1% of the total
matter in the Universe is in halos between 10'% h-' M, and 10'* h-} M, and 13.541 % is between
10127 bz M, and 10' h-y M. However, the average baryon fraction of massive galaxy groups
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is less well constrained than that of clusters. Still, there is good evidence that the baryon fraction of
halos below 10 h;ol M, falls below the cosmic average. We use the following empirical fgqs/Ms500

relation'* for the weighted integral of halo masses,

M
Foas(Msgo) = (0.0616 £ 0.0060) ( 00 (16)

0.135+0.030
13
10 M@)

Here f,,s is the average baryon fraction within 7509. Integrating the cluster mass function with

fqas> then adjusting from 7509, we find that 5.4710% of baryons are in the IGrM.

The circumgalactic medium: The 10*~7 K gas in the halos of galaxies (0.1 < % < 1) plays a
significant role in galaxy formation and evolution, but there remains heated debate over its total
mass and spatial distribution®®. The low density and high ionization fraction render the CGM dif-
ficult to observe directly, but also difficult to model because of the complex astrophysics involved:
AGN feedback, stellar feedback, and gravitational accretion shocks, all likely play a role in the

distribution of this gas. In our work, we define the CGM as gas around M < 5 x 10'2 M, halos

where the dark matter over-density is at least 57 times the critical density, not including the disk.

Our analysis of FRB DMs combined with the baryon counts of massive halos suggest that
the mass of the CGM around Lx* galaxies cannot be a major component of the total cosmic baryon
budget. In other words, it is not the case that most of the “missing baryons” are hiding in galaxy
halos. This agrees with a recent stacking analysis of O(10°) galaxies in X-ray from the eRASS
all-sky survey”, which detected the hot CGM but at a level that indicates a baryon deficit. Our

measurement of fx from FRBs cannot differentiate between the CGM and gas in more massive
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halos. However, if we combine our measurement of figy with external measurements of groups,
clusters, and cold gas, we can constrain the allowed budget of the ionized CGM. Our findings
of a baryon-rich IGM also agree with a cross-correlation between kinematic Sunyaev-Zel’dovich
(kSZ) effect from the Atacama Cosmology Telescope the luminous red galaxy (LRG) sample of
the Dark Energy Spectroscopic Instrument (DESI) imaging survey**. The authors claim a 400
discrepancy between their data and the scenario where baryons tracing the dark matter at small

scales, indicating strong feedback.

The CGM is a complex, multi-phase medium that cannot be studied with a single empirical
probe. The best measured phase is the cool CGM thanks to the available UV lines at 10%~5 K798,
We estimate the budget of the cool CGM (~ 10* K)) based on results from the COS-Halos Survey®”,
which indicate that 2 — 4% of the baryons in the Universe are in this phase in halos between
101 Mg, and 2 x 10'2M,,. In order to estimate the total CGM portion of the baryon budget, we
combine multiple measurements. Noting that fcam = fa — fiam — fiem — figeum, the probability

distribution of the CGM baryon fraction is,

1—feotd fa—fcam fa—fecam—fiom
p(feam) = /p(fd) /p(fIGM) / p(fiem) p(fieem) dfadfiam dfiom. (17
0 0 0

We integrate f,; from 0 to 0.96, which is the largest possible value of f; given what we know about
the cold gas and stars. We use this probability density function to estimate foay = 0.08700¢. This

means that on average, fyas = 0.357033 % for halos between 10° M and 5 x 10'2 M.
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The baryon content of galaxies The total baryon content of galaxies (stars, stellar remnants,

and cold gas) is probed in a multitude of ways!%??

. The primary uncertainty in f,, is the total
mass in stars, f*'m. Specifically, the choice of IMF dictates the abundance of low-mass stars
(M < 0.4 M) that make up a large fraction of total stellar mass despite contributing only 1% of

the bolometric stellar luminosity ',

Cold gas: The majority of cold gas in the Universe is neutral atomic Hydrogen, with traces of

molecular Hydrogen and Helium. The fraction of baryons in cold gas is therefore roughly,

Qur + O, + Qe
Q

(18)

fcold ~

Each quantity is estimated by a variety of observational means. For example, at low redshifts,
21 cm galaxy surveys measure the HI mass function which can then be integrated to estimate the
neutral hydrogen density at z < 1?!. A very different approach recently made the first detection of
cosmological HI via intensity mapping'®, which is in principle sensitive to all neutral Hydrogen
and not just that confined to galaxies. Combining their HI powerspectrum measurement with priors

from other probes, the authors found that log Qg = —3.2370 12103,

We take the values for ppr and py, in galaxies, and their associated uncertainty from??,
who consolidated a large suite of volumetric surveys to study galaxy-associated gas over cosmic
time. Converting to cosmological density parameters we find Qg = 4.7 x 107* and Qy, =
7.975 x 107 at z = 0. This suggests that roughly one percent of the baryons are in cold gas within

galaxies.
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Stars: The p, and W, values from?* use a Salpeter IMF, which has significant probability weight at
low stellar masses. They integrate between 0.1 and 100 M. In ?* the authors fit a smoothly varying
function to the same noisy data as a function of redshift, finding that p, = 475 x 108 (M, Mpc™?)
on the fitted curve at z ~ 0 (see Figure 2. of that paper). As a baryon fraction, the 90% confidence
interval is f, = 4 — 11%. This value is slightly lower than other estimates that use the Salpeter
IMF?** because the noisy data points at z < 0.1 happen to be above the global fit. A Chabrier
mass function for the same data produces an integrated mass that is ~ 1.7 times smaller, i.e.,
f« = 2.5 —6.5% at 90% confidence. On top of the IMF uncertainty, a discrepancy exists between
the value of p, from modelling mass to light ratios vs. integrating the cosmic star formation rate?*,

the latter being about 40% higher. However, it may now be resolved'%*.

We have used our measurements of the cosmic baryon budget to bound the total stellar mass
in the Universe, and therefore constrain the mean IMF. Noting that f, = 1 — f; — f.oia, We place
an upper limit on the stellar baryon fraction at low redshifts by deriving a lower limit on f; + f.o4,
which includes our FRB results, the ISM, and the cold CGM. We find f, < 9% and therefore
ps < 5.6 x 10 My Mpc™? with 90% confidence. We then tether our p, upper-limit to a recent
estimate of the stellar mass that used a Chabrier IMF?’. We are able to rule out the Salpeter IMF

with a low-mass cut-off below 0.10 M.
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Name DM,,s DM, Redshift DMyw Survey

FRB 20220204A  612.20 561.50 0.4000 50.7 DSA-110
FRB 20220207C  262.30 186.30 0.0430 76.0 DSA-110
FRB 20220208A  437.00 335.40 0.3510 101.6 DSA-110
FRB 20220307B  499.15  371.00 0.2507 128.2 DSA-110
FRB 20220310F  462.15 415.90 0.4790 46.3 DSA-110
FRB 20220319D  110.95 -28.80 0.0111 139.8 DSA-110
FRB 20220330D  468.10  429.50 0.3714 38.6 DSA-110
FRB 20220418A 62345 586.80 0.6220 36.7 DSA-110
FRB 20220506D  396.93  312.40 0.3005 84.5 DSA-110
FRB 20220509G  269.50 213.90 0.0894 55.6 DSA-110
FRB 20220726A  686.55 597.00 0.3610 89.5 DSA-110
FRB 20220825A  651.20 572.70 0.2414 78.5 DSA-110
FRB 20220831A 1146.25 1019.50 0.2620 126.7 DSA-110
FRB 20220914A  631.05 576.40 0.1138 54.7 DSA-110
FRB 20220920A  315.00 275.10 0.1585 39.9 DSA-110
FRB 20221012A 44220 387.80 0.2840 54.4 DSA-110
FRB 20221027A  452.50  405.30 0.2290 47.2 DSA-110
FRB 20221029A 1391.05 1347.10 0.9750 439 DSA-110
FRB 20221101B  490.70  359.50 0.2395 131.2 DSA-110
FRB 20221113A  411.40 319.70 0.2505 91.7 DSA-110
FRB 20221116A  640.60  508.30 0.2764 132.3 DSA-110
FRB 20221219A  706.70  662.30 0.5540 44.4 DSA-110
FRB 20230124A  590.60 552.10 0.0940 38.5 DSA-110
FRB 20230216A  828.00  789.50 0.5310 38.5 DSA-110
FRB 20230307A  608.90 571.30 0.2710 37.6 DSA-110
FRB 20230501A  532.50  406.90 0.3010 125.6 DSA-110
FRB 20230521B 134290 1204.10 1.3540 138.8 DSA-110
FRB 20230626A  451.20 412.00 0.3270 39.2 DSA-110
FRB 20230628A  345.15  306.00 0.1265 39.1 DSA-110
FRB 20230712A  586.96  547.80 0.4525 39.2 DSA-110
FRB 20230814B  696.40 591.50 0.5535 104.9 DSA-110
FRB 20231120A 43890  395.10 0.0700 43.8 DSA-110
FRB 20231123B  396.70  356.50 0.2625 40.2 DSA-110
FRB 20231220A  491.20 441.30 0.3355 49.9 DSA-110
FRB 20240119A  483.10 44520 0.3700f 37.9 DSA-110
FRB 20240123A 1462.00 1371.70 0.9680 90.3 DSA-110
FRB 20240213A  357.40 317.30 0.1185 40.1 DSA-110
FRB 20240215A  549.50 501.50 0.2100 48.0 DSA-110
FRB 20240229A  491.15 45320 0.2870f 37.9 DSA-110
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Name DM,,s DM, Redshift DMyw Survey

FRB20121102A  558.10  369.70 0.1927 188.4 Arecibo
FRB20171020A  114.10 77.60 0.0087 36.5 ASKAP
FRB20180301A  536.00 384.40 0.3304 151.6 Parkes

FRB20180916B  348.76  149.90 0.0337 198.9 CHIME

FRB20180924A  362.16 321.70 0.3212 404 CHIME
FRB20181030A  103.50 62.40 0.0039 41.1 CHIME
FRB20181112A  589.27  547.50 0.4755 417 ASKAP
FRB20190102C  364.55 307.10 0.2912 57.4 ASKAP
FRB20190520B 1210.30 1150.20 0.2410 60.1 FAST

FRB20190523A  760.80  723.60 0.6600 37.2 DSA-10
FRB20190608B  340.05  302.90 0.1178 37.2 ASKAP
FRB20190711A  587.90  531.50 0.5217 56.4 ASKAP
FRB20190714A  504.13  465.70 0.2365 38.4 ASKAP
FRB20191001A  507.90  463.70 0.2340 442 ASKAP
FRB20191228A  298.00  265.10 0.2430 32.9 ASKAP
FRB20200120E 87.82 47.10 0.0008 40.8 CHIME
FRB20200430A  380.00 352.90 0.1610 27.1 ASKAP
FRB20200906A  577.84  542.00 0.3688 35.8 ASKAP

FRB20201123A  433.55 181.10 0.0507 252.5 MeerKAT
FRB20201124A  411.00 271.10 0.0982 139.9 CHIME

FRB20210117A  728.95  694.70 0.2145 343 ASKAP
FRB20210320C  384.59  345.40 0.2797 39.2 ASKAP
FRB20210410D  575.00  518.80 0.1415 56.2 MeerKAT
FRB20210807D  251.30  130.00 0.1293 121.3 ASKAP
FRB202111271 23497  192.50 0.0469 42.5 ASKAP
FRB20211203C  635.00 571.40 0.3439 63.6 ASKAP
FRB20211212A  209.00 170.20 0.0707 38.8 ASKAP
FRB20220105A  580.00  558.10 0.2785 21.9 ASKAP
FRB20220610A 1458.10 1427.20 1.0150 30.9 ASKAP

Table 1: The basic properties of cosmological FRBs with host galaxy redshifts. All DM values
have units pccm 3.  indicates that the redshift is photometric. All others are spectroscopic.
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Table 2: Basic FRB and host properties of 9 new sources.

FRB RA (FRB) Decl. (FRB) RA (Host) Decl. (Host) Ppost 2 Mg Filter E(B-V)
[J2000] [J2000] [J2000] [J2000] [mag]

FRB 20240213A 11:04:40.39 +74:04:31.40 11:04:40.27 +74:04:28.86 0.99 0.1185 19.33 BASSr  0.074

(Annie) + 1.00 + 0.60 + 0.04

FRB 20240215A 17:53:45.90 +70:13:56.50 17:53:45.97 +70:13:56.18 0.99 0.2100 20.36 BASSr  0.037

(Bubble) +0.80 +0.50 +0.02

FRB 20220831A 22:34:46.93 +70:32:18.40 22:34:47.13 +70:32:17.40 0.99 0.2620 22.70 LRIS R 0.598

(Ada) + 1.03 + 0.67 + 0.06

FRB 20231220A 08:15:38.09 +73:39:35.70 08:15:38.47 +73:39:34.76 0.99 0.3355 20.49 PS1r 0.806

(Gemechu) +0.70 + 0.50 + 0.04

FRB 20240229A 11:19:56.05 +70:40:34.40 11:19:56.48 +70:40:34.67 0.99 0.2870 21.12 BASSr 0.018

(Casey) +0.80 =+ 0.60 + 0.06

FRB 20240119A 14:57:52.12 +71:36:42.33 14:57:53.01 +71:36:40.99 0.98 0.3760 21.20 BASSr  0.024

(Nikhil) +1.30 +0.70 +0.02

FRB20230814A 22:23:53.94 +73:01:33.26 22:23:54.26 +73:01:32.77 0.99 0.5530 22.90 DEIMOS R  0.650

(Johndoe) + 1.70 +0.39 4+ 0.01

FRB 20240123A 04:33:03.00 +71:56:43.02 04:33:03.01 +71:56:43.20 0.99 0.9680 21.91 PS1r 0.806

(Pushkin) + 1.30 +0.80 +0.04

FRB 20230521B 23:24:08.64 +71:08:16.91 23:24:07.88 +71:08:17.59 0.95 1.3540 21.15 WIRC J 0970

(Bruce) +1.20 + 0.60 +0.12
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