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ABSTRACT

Cosmological inference from weak lensing (WL) surveys is increasingly limited by uncertainties in baryonic physics, which
suppress the non-linear matter power spectrum on small scales. Multiprobe analyses that incorporate complementary
tracers of the gas distribution around haloes offer a pathway to calibrate these effects and recover unbiased cosmological
information. In this work, we forecast the constraining power of a joint analysis combining fiducial data from a Stage-
IV WL survey with measurements of the dispersion measure from fast radio bursts (FRBs). We evaluate the ability of
this approach to simultaneously constrain cosmological parameters and the astrophysical processes governing baryonic
feedback, and we quantify the impact of key FRB systematics, including redshift uncertainties and source clustering. We
find that, even after accounting for these effects, a 3 x2-point analysis of WL and FRBs significantly improves cosmological
constraints, reducing the degradation factor on Sg by ~ 80 per cent compared to WL alone. We further show that FRBs
alone are sensitive only to a degenerate combination of the key baryonic parameters, log;, M. and np, and that the
inclusion of WL measurements breaks this degeneracy. Finally, we extend our framework to incorporate galaxy clustering
measurements using luminous red galaxy and emission line galaxy samples, performing a unified 6 x2-point analysis of
WL, dispersion measures of FRBs, and galaxy clustering. While this combined approach tightens constraints on Qn, and
log,, M, it does not lead to a significant improvement in Sg constraints beyond those obtained from WL and FRBs alone.
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1 INTRODUCTION

Weak gravitational lensing (WL) provides a powerful and unbi-
ased probe of the total matter distribution in the Universe. By
statistically measuring the coherent distortions of background
galaxy shapes, WL traces the integrated mass along the line-of-
sight, providing a direct measurement of the underlying mat-
ter field. As current and upcoming surveys, such as Euclid (R.
Laureijs et al. 2011), and the Vera C. Rubin Observatory (LSST;
The LSST Dark Energy Science Collaboration 2018; 7. Tvezic¢
et al. 2019), achieve percent-level statistical precision, their cos-
mological constraining power will increasingly depend on how
accurately theoretical models capture the non-linear growth of
structure. On small scales, however, the matter distribution is
significantly affected by baryonic physics, which suppresses the
matter power spectrum by up to 30 percent (M. P. Daalen et
al. 2011; N. E. Chisari et al. 2019a). These processes, including
star formation and feedback from active galactic nuclei (AGNs),
redistribute the gas within and around haloes. If unaccounted for,
baryonic effects can introduce significant biases in cosmological
parameter inference from WL data (e.g. E. Semboloni et al. 2011;
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N. E. Chisari et al. 2019a; G. Arico et al. 2023; L. Bigwood et al.
2024; C. Garcia-Garcia et al. 2024).

One strategy to mitigate the uncertainties arising from bary-
onic feedback is to apply conservative scale cuts, removing the
small-scale data most affected by these processes (e.g. J. Prat
et al. 2022; G. Zacharegkas et al. 2022; A. Amon et al. 2023; J. U.
Lange et al. 2023). However, this approach inevitably reduces the
statistical power of WL measurements, highlighting the need for
methods that can retain small-scale information. Hence, accurate
models of baryonic physics are essential to fully benefit from the
information contained in small-scale measurements. For exam-
ple, hydrodynamical simulations provide a direct means of study-
ing the complex interactions between baryons and dark matter,
however, they rely on assumptions about sub-grid astrophysical
processes (e.g. Y. Dubois et al. 2014; R. S. Somerville & R. Davé
2015; I. G. McCarthy et al. 2017; J. Schaye et al. 2023). In contrast,
recent WL analyses including the Kilo-Degree Survey and Hyper
Suprime-Cam address uncertainties surrounding baryonic feed-
back by modelling small-scale effects with physics-based models,
such as HMcode (A. J. Mead et al. 2021; R. Dalal et al. 2023;
Dark Energy Survey and Kilo-Degree Survey Collaboration 2023).
Alternatively, observational tracers of the large-scale structure
(LSS) can be used to constrain baryonic feedback and break de-
generacies between astrophysical and cosmological parameters.
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Examples include the kinetic Sunyaev-Zel'dovich (kSZ) and the
thermal Sunyaev-Zel'dovich (tSZ) effects (R. A. Sunyaev & Y.
B. Zeldovich 1972, 1980), as demonstrated in studies such as S.
Amodeo et al. (2021), E. Schaan et al. (2021), T. Troster et al.
(2022), L. Bigwood et al. (2024), M. Kovac et al. (2025), J. Siegel
et al. (2025), and A. Wayland, D. Alonso & M. Zennaro (2025), as
well as X-ray data (e.g. A. Schneider et al. 2020; T. Ferreira et al.
2024; S. Grandis et al. 2024; A. La Posta et al. 2025). Recently,
fast radio bursts (FRBs) have emerged as a promising new tracer
of baryonic structure, offering a complementary perspective on
feedback processes and the distribution of diffuse gas.

The dispersion measure (DM) extracted from FRBs traces the
integrated column density of free electrons along the line-of-
sight, and therefore maps the large-scale distribution of free elec-
trons in the intergalactic medium (IGM). In contrast to the SZ
and X-ray signals, which probe dense virialized regions, the DM
of FRBs is most sensitive to the full complement of diffuse gas
that dominates the cosmic baryon budget. Moreover, since the
DM depends only on the electron number density and not on
the gas temperature, FRBs probe baryons in a different way from
other observables (e.g. tSZ or X-rays), which depend on both den-
sity and temperature. Previous studies using FRB samples have
demonstrated the potential of this technique for cosmology and
baryonic physics (e.g. M. S. Madhavacheril et al. 2019; D. Alonso
2021; R. Reischke, S. Hagstotz & R. Lilow 2021; S. Hagstotz, R.
Reischke & R. Lilow 2022; R. Reischke, S. Hagstotz & R. Lilow
2022; S. Saga & D. Alonso 2024; A. Theis et al. 2024; R. Reischke
et al. 2025). For instance, J.-P. Macquart et al. (2020) used local-
ized FRBs to confirm that the majority of the previously ‘missing’
baryons reside in the diffuse IGM, consistent with predictions
from hydrodynamical simulations (e.g. D. Sorini et al. 2022; O.
Veenema, D. Sorini & S. Bose 2026). Cross-correlation approaches
have also been proposed that link the DM of FRBs with galaxy
surveys and LSS tracers to test models of baryonic feedback (A.
Nicola et al. 2022; R. Reischke et al. 2023; R. Reischke & S.
Hagstotz 2025; K. Sharma et al. 2025a). Moreover, simulations
such as CAMELS have been employed to explore how different
baryonic feedback prescriptions impact FRB statistics and their
inferred dispersion measures (e.g. I. Medlock et al. 2024, 2025).
As the number of localized FRBs continues to increase rapidly
with instruments such as CHIME/FRB (H. Wang et al. 2025; FRB
Collaboration 2026) and DSA-2000 (G. Hallinan et al. 2019), DM
maps derived from these surveys will provide a new insight into
baryonic physics on cosmological scales. Indeed, the first tenta-
tive detections of a correlation between FRB DM measurements
and tracers of the large-scale structure have recently been made
(R. Takahashi et al. 2025; H. Wang et al. 2025).

In previous work (A. Wayland et al. 2025), we determined that
a combination of kSZ measurements and X-ray cluster gas frac-
tions would allow LSST-like experiments to self-calibrate bary-
onic effects almost perfectly. These observables probe the thermal
and dynamical states of the ionized gas within haloes, providing
complementary information on the small-scale baryonic physics
that drives feedback. However, including additional tracers of the
LSS with complementary sensitivity to baryonic physics could
allow us to break residual parameter degeneracies, and would
constitute a vital alternative route to self-calibration, confirming
the soundness and consistency of the physical model used to
describe feedback.

In this work, we consider the DM of FRBs as such a tracer.
Specifically, we extend the methodology of A. Wayland et al.
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(2025) by incorporating FRBs as an external tracer of baryonic
structure, and perform a joint analysis of synthetic LSST-like
weak lensing and FRB DM data in a 3x2-point framework. The
resulting auto- and cross-correlations between these observables
provide a powerful means of connecting the total matter field
traced by WL to the baryonic component traced by FRBs. The
work presented here goes beyond the analysis of earlier studies
(e.g. R. Reischke et al. 2023; K. Sharma et al. 2025a) in several im-
portant directions. First, we incorporate several additional FRB-
related systematics that were not explored in the previous work.
These include uncertainties in the FRB redshift distribution, the
impact of source clustering between FRBs and their host galaxies,
and the application of scale cuts to mitigate contamination from
the Milky Way foreground. Moreover, we build upon the work
of R. Reischke et al. (2021), which investigated how tomographic
analyses of the angular DM correlation function can be used to
constrain the primordial bispectrum shape parameter, fy... In this
work, however, we investigate FRB tomography in the context of
baryonic feedback. Specifically, we assess how redshift binning
of the FRB sample affects the ability to constrain a potential red-
shift dependence of the key baryonic parameter log,, M.. We also
explore the improvement in constraining power achieved when
using a more futuristic FRB sample with an order-of-magnitude
increase in the FRB number density. Furthermore, we directly
compare the constraining power of FRBs on key baryonic pa-
rameters with that of kSZ and X-ray measurements, highlighting
the complementary roles of these probes in constraining baryonic
feedback.

Additionally, galaxy clustering (GC) can be used as a local
tracer of the underlying matter density field, offering a promis-
ing avenue for enhancing cosmological constraints by breaking
parameter degeneracies. We therefore extend our analysis by in-
corporating galaxy clustering into a unified 6 x 2-point framework
together with WL and FRB DMs. While the combination of galaxy
clustering and FRBs has previously been explored in the context
of baryonic effects (K. Sharma et al. 2025a), and has recently led
to the first detection of a correlation between FRB DMs and the
LSS (H. Wang et al. 2025), our approach advances this framework
by considering multiple galaxy populations with distinct halo oc-
cupation distributions, specifically, luminous red galaxies (LRGSs)
and emission line galaxies (ELGs). The inclusion of two types of
galaxy samples is novel compared to existing studies involving
FRBs and galaxy clustering (e.g. K. Sharma et al. 2025a), and al-
lows us to directly probe the halo mass dependence of the bound
gas fraction. In turn, this enables more stringent constraints to be
placed on the baryonic processes governing the gas within haloes
and helps to break degeneracies between astrophysical and cos-
mological parameters. The joint analysis of WL, FRBs DMs, and
GC therefore provides a comprehensive, data-driven framework
for calibrating baryonic feedback models, ultimately improving
the robustness of cosmological constraints derived from WL mea-
surements, both alone and in combination with clustering.

The structure of the paper is as follows. In Section 2, we intro-
duce the theoretical model used to describe cosmic shear, FRB
DM, galaxy clustering, and baryonic effects. The results of our
analysis are presented in Section 3, where we forecast the level
to which we can recover cosmological constraints using our mul-
titracer approach and the effect of FRB systematics. Finally, we
conclude with a summary of our key findings and their implica-
tions for future cosmological surveys and multitracer analyses in
Section 4.



2 LARGE-SCALE STRUCTURE TRACERS

2.1 Power spectra

In this work, we describe all LSS observables as projected fields
on the sky, obtained by integrating 3D quantities along the line-
of-sight with appropriate radial kernels. For any projected field
A(f), the spherical harmonic coefficients af\, are defined via

A(D) =) aj, Yim(R). ®
‘m

Assuming statistical isotropy, the spherical harmonic coefficients
of two projected fields A(fi) and B(h) satisfy

K sk
(a‘?ma?’jn/) = Sii’smm’C?B’ (2)
where C/® is the angular cross-power spectrum and 8§ denotes

the Kronecker delta function. The resulting angular power spec-
trum can be expressed in terms of the 3D power spectrum P45 of
the underlying fields as

2 00 XH .
i = 7/ dka/ dx Wa(x)Jje(kx)
T Jo 0
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where W,(x) and Wx(x) are the radial kernels associated with
the two tracers, j, is the spherical Bessel function of order ¢, and
xu denotes the comoving horizon distance. Under the Limber
approximation (D. N. Limber 1954; M. LoVerde & N. Afshordi
2008), we may write the angular power spectrum as

C?BZ/XH dePAB (kzw,zm)_ )
0 X X

Equation (4) provides the general framework for all angular auto-
and cross-power spectra considered in this work. Specifically, we
apply this formalism to cosmic shear (y), FRB DMs (D), and
galaxy clustering (g), and analyse the six spectra

DD ~Dy vy D8 ~8Y 88
{c( ¢ e el ey el

which follow directly from equation (4) for an appropriate choice
of radial kernels and 3D power spectra. We specify these ingredi-
ents for the particular tracers under consideration in the follow-
ing subsections. Noise contributions for each tracer (i.e. intrinsic
shape noise for WL, DM/host variance for FRBs, and shot noise
for GC) enter as additive diagonal terms of the form N*5p.

To compute the 3D power spectra P,p that enter equation (4),
we use the Core Cosmology Library (CCL N. E. Chisari et al.
2019b), which employs the halo model. Under this framework,
the power spectrum is written as the sum of one-halo and two-
halo contributions:

Pask, 2) = Pk, 2) + P2 (K, 2), s)
where
Pk, 2) = / " AM (M) A (M. ) up(M. k) ©)
0
and
Pk =t T [ [ avnonponuon ). @)
n=A,B LV0

Here, all halo model quantities are implicitly dependent on red-
shift z, and us (M, k) is the spherically averaged Fourier transform
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of the halo profile. This is in turn given by

o0 3 k
ua(M, k) = / dr4mr? smk( r
0 r

where A, (M, r) is the radial profile for the field A in a host halo
of mass M.

We then evaluate all halo model components using the follow-
ing parametrizations. We define halo masses using an overden-
sity threshold of A = 200 relative to the critical density, p.. For
the structural and statistical properties of haloes, we adopt the
concentration-mass relation ¢(M) from A. R. Duffy et al. (2008),
the halo mass function n(M) from J. Tinker et al. (2008), and the
halo bias b(M) from J. L. Tinker et al. (2010).

One limitation of the standard halo model is its reliance on the
linear bias assumption. This approximation leads to an underes-
timation of the matter power spectrum in the transition regime
between the one- and two-halo terms. To mitigate the resulting
biases in parameter inference, A. J. Mead & L. Verde (2021) devel-
oped a formalism that includes higher order bias terms. However,
implementing this approach is beyond the scope of this work, and
we therefore adopt the standard halo model.

An(r|M), ®)

2.2 Cosmic shear

Weak gravitational lensing arises from the deflection of photons
as they travel from a distant background source towards the ob-
server, induced by the gravitational potential of the intervening
large-scale structure (M. Bartelmann & P. Schneider 2001; R.
Mandelbaum 2018). This effect produces coherent distortions in
the observed shapes of background galaxies, which is known as
cosmic shear. As an unbiased tracer of the underlying matter
density field, cosmic shear provides a direct probe of the large-
scale distribution of matter in the Universe.

‘We model the cosmic shear signal within the general angular
power spectrum framework introduced in Section 2.1. In this
context, the E-mode cosmic shear power spectrum between to-
mographic redshift bins i and j is obtained by evaluating equation
(4) with the 3D matter power spectrum, Py (k, 2), and the lensing
efficiency kernel, W,,(x ), which in turn depends on the redshift
distribution of the source, p;(z), via

oo /
T ag pey Bk
a(x) 2(x) x (@)
where a = 1/(1 + z) is the scale factor. The prefactor G, is a
purely geometric factor that accounts for the conversion between
the 3D Laplacian of the gravitational potential and the angular
Hessian of the corresponding lensing potential, arising from the
spin-2 nature of the cosmic shear field and ensuring the correct
normalization of the cosmic shear power spectrum in harmonic
space (M. Kilbinger et al. 2017). This factor is given by

o je+2r 1
Ge = (-2 (+1/22 (10)

Similarly to A. Wayland et al. (2025), we follow the specifi-
cations of the LSST Dark Energy Science Collaboration Science
Requirements Document (The LSST Dark Energy Science Collab-
oration 2018) for the 10-yr weak lensing survey to construct our
mock cosmic shear data. We adopt the source number density,
redshift distribution, and photometric redshift uncertainty de-
scribed in C. D. Leonard et al. (2023), dividing the sample into five
tomographic bins of equal effective number density. The resulting

3
W, (x) = EGZHSQ ©)
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cosmic shear data vector then consists of all unique auto- and
cross-power spectra between these redshift bin pairs. We account
for shot noise in the WL autopower spectra by including the con-
tribution N” = o2/, where 7, is the galaxy number density
of the WL redshift bin under consideration and o, = 0.28 is the
single component ellipticity dispersion.

2.2.1 Systematics affecting cosmic shear

The cosmic shear signal is subject to several sources of system-
atic uncertainty, which can be broadly divided into two classes:
calibratable and non-calibratable systematics. Calibratable sys-
tematics can be constrained through independent external data
or instrument calibration, allowing tight priors to be imposed.
In contrast, non-calibratable systematics must be constrained di-
rectly by the cosmic shear data.

An important non-calibratable systematic in cosmic shear
analyses is the intrinsic alignment (IA) of galaxies with the sur-
rounding LSS (M. L. Brown et al. 2002). The non-linear linear
alignment (NLA) model is the simplest physical description for
this effect (C. M. Hirata & U. Seljak 2004). In this framework, the
IA contribution is parametrized by a redshift-dependent ampli-
tude,

1 +Z nA
Aa(z) = Ao < )

1+2z

where Aja o and 7y are free parameters describing the normaliza-
tion and slope of the redshift power-law, respectively. We adopt a
pivot redshift of z, = 0.62, following M. A. Troxel & others (2018)
and T. M. C. Abbott & others (2018).

Cosmic shear measurements are also significantly impacted
by photometric redshift uncertainties and multiplicative shape
biases (C. Bonnett et al. 2016; H. Hildebrandt & others 2020), both
of which are examples of calibratable systematics. Photometric
redshift uncertainties arise from imperfect knowledge of the true
redshift distributions in photometric redshift surveys. We model
this effect by introducing a shift parameter Az; for each tomo-
graphic bin, such that the true redshift distribution is given by
pi(z) = pi(z + Az;), where p;(z) is the best-guess redshift distri-
bution (J. Ruiz-Zapatero et al. 2023).

Multiplicative shape biases arise due to limitations in image
resolution and noise, which affect galaxy shape measurements
(L. Miller et al. 2013). These biases are parametrized by a multi-
plicative factor m; for each redshift bin i (see e.g. H. Hildebrandt
& others 2017). As a result, the observed angular power spectra,
C,, are related to the true angular power spectra, C,, via

(€3

Cl =1+ m)A+m)C, (12)

where m; and m; are the multiplicative biases of the redshift bins
iand j, respectively.

We marginalize over the calibratable systematics using the an-
alytical approximation introduced by B. Hadzhiyska et al. (2023)
and J. Ruiz-Zapatero et al. (2023), which is based on the Laplace
approximation. This approach avoids explicitly introducing two
additional nuisance parameters per redshift bin into the like-
lihood, leading to a substantial improvement in computational
efficiency. In practice, analytical marginalization simply amounts
to updating the covariance matrix of the data, C, to

C=C+TPTI, (13)

where P is the covariance matrix of the calibratable systematics,
which we assume to be uncorrelated, and the matrix T contains
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the derivatives of the theoretical prediction t with respect to
the set of calibratable parameters evaluated at their prior mean
values. We assume Gaussian priors on both Ag; and m;, with
68 per cent uncertainties on o (Ag;) = 0.001(1 + Z;) and o (m;) =
0.01, consistent with the LSST requirements reported in The LSST
Dark Energy Science Collaboration (2018).

2.3 FRB dispersion measure
2.3.1 FRB statistics

As electromagnetic pulses propagate through an ionized medium
composed of free electrons, their group velocity becomes
frequency-dependent. This dispersion results in a frequency-
dependent time delay that scales inversely with the square of
the observed frequency (S. R. Kulkarni 2020). The proportionality
constant, known as the DM, quantifies the column density of free
electrons along the line-of-sight.

The total observed DM, DM, can be expressed as the sum of
three distinct contributions:

DMhost

DMo(f, z) = DMs5(1, 2) + DMyw () + pt (14)

where DM gs represents the contribution from the LSS of the Uni-
verse, DMyw denotes the Milky Way contribution, and DMy is
the rest-frame DM associated with the host galaxy of the FRB.

The LSS contribution, DMjgs, encodes valuable cosmological
information, as it traces the cosmic electron distribution, and can
be written as

A RTINS b o 4
DMiss(fh, z) = | dz' nec(h, z)——, (15)
0 H(z)
where H(z) is the Hubble parameter and n.  is the comoving free
electron number density. The physical electron number density is
related to its comoving counterpart via n, = n..a=>, and in turn
depends on the local matter overdensity, 8, according to

(1 4 xq) po(z)

[1+8.(R,2)], (16)
2mp

ne.c(ﬁv Z) =
where py(2) is the mean baryon density, m, is the proton mass,
xyg = 0.76 is the hydrogen mass fraction, and §. is the electron
overdensity. The mean baryon density can be written as g, =
Qb0 Lcrit0» With peico = (3HZ)/(87 G) denoting the present-day
critical density. The cosmological contribution to DM, is then

1+7)
H(z)

DMyss(d. 2) = A / ‘2 [1+ 5.8, 2)]. a7
0

where the prefactor A is

_ 3Hng0 (1 +XH)
~ 87Gmy, 2

(1 - fneutral - fstar)- (18)

Here, fheutral denotes the fraction of baryons in the form of neutral
gas. Observations of the cosmic neutral hydrogen density indicate
that fheuwal ~ 1073 at low redshift (e.g. M. G. Jones et al. 2018;
A. Obuljen et al. 2019). This contribution is therefore at the sub-
percent level and has a negligible effect on our forecasts. Hence,
for simplicity, we may drop this factor and assume fully ionized
gas. We also subtract the stellar component, fg,,, to account for
the fraction of baryons bound in stars, which do not contribute
to the ionized gas. This fraction is given by the mass-function
weighted average of equation (46).

Following R. Reischke et al. (2021), the LSS contribution to the
total DM can be decomposed into a mean background term and



the spatial fluctuations:
DM;ss(f, 2) = DMiss(z) + D(A, 2), (19)

where D(A, z) denotes the perturbation to the DM induced by
inhomogeneities in the free electron distribution (i.e. the contri-
bution in equation (17) proportional to §.). This fluctuation can
be written as a weighted line-of-sight integral over the electron
overdensity as follows. Given a normalized redshift distribution
n(z) of FRB sources, satisfying [ dzn(z) =1, and defining the
corresponding distribution in comoving distance yx as

dz
n(x) = n@) . (20)
X
the redshift-averaged DM fluctuation is given by

XH
D(h) = / dx nGODG, 2(0). (21)
0

where xy denotes the comoving horizon distance. Combining
equations (17) and (21), and after simple algebra, we obtain the
following expression for the redshift-average DM fluctuation:

XH
D) = [ dx WoG0su(h. 20) 22)
0
where the DM radial kernel is

Wo(x) = A(1 +2(x)) / " axn(). (23)

2.3.2 FRB source clustering

As discussed in recent studies such as D. Alonso (2021) and H.
Wang et al. (2025), the observed DM correlations are not solely
determined by fluctuations in the large-scale electron distribu-
tion. In particular, an additional contribution arises from the
spatial clustering of FRB host galaxies, which modulates the
observed DM field. Physically, this term captures the fact that
FRBs preferentially occur in overdense regions that may also
host an excess of free electrons. As a result, the observed DM
fluctuations are partially sourced by the mean DM modulated
by the FRB overdensity, and by correlations between the spatial
distribution of FRB hosts and the electron density field, which
must be accounted for in cosmological analyses involving FRBs.
In this section, we derive this effect by computing the angular
cross-power spectrum between the electron distribution in the
LSS and the spatial distribution of FRB host galaxies.

We begin by expressing the total observed DM field in a given
sky direction fi as an average over the DM of all FRBs along i

1

DMtot(ﬁ) = Nf(ﬁ)

/w dzn(z)[1 + 8e(xh, )]

DMhost(ﬁa Z)) (24)

x | DM;ss(f, 2) +
( iss(h,2) + 2

where DM ss(f, z) is given in equation (17), and DMy (1, 2) is
the rest-frame host contribution for an FRB at redshift z and sky
position A. The quantity Ny(f1) is the angular density of FRBs
detected along fi and is given by

Ni(h) = /0 " dzn@ 11 + (. 7). 25)

For simplicity, we have further assumed that the galactic contri-
bution to the observed DM has been modelled and subtracted
(J. M. Yao, R. N. Manchester & N. Wang 2017; E. Platts, J. X.

Probing baryonic feedback with FRBs 5

Prochaska & C. J. Law 2020). We may now split DM;gs into
its cosmological mean DMgs(z) and fluctuation D(A, z), as in
equation (19). We can also express DMy, as a sum of mean and
spatial fluctuation, where the latter incorporates the halo-to-halo
stochasticity in gas content for FRB-hosting haloes, as well as
correlated fluctuations in the host DM contribution tracking the
local LSS (we provide a toy example of such a contribution in
Appendix A). This leads to

DMhost(ﬁy Z) = Whost(Z) + Dhost(ﬁ, Z)- (26)

Expanding 1/N;(f1) to first order in d¢, and keeping only terms
linear in the perturbations (8¢, D, Dhost), We find the total DM
fluctuation to be

D) = D8 + [ &z ) Dy (8, 2)
+/dzn(z) |:ADMLss(Z) +A (W)} 8:(x 1, 2),
@7)
where we have defined
AX(2) = X(2) - / 47 n(Z)X () (28)

as the difference of a given background quantity X (z) with respect
to its FRB-weighted average as a function of redshift. We thus see
that the observed DM fluctuation receives additional contribu-
tions from the intrinsic fluctuation in the host DM, as given by
the second term in the first line of equation (27), and from the
clustering of the FRBs coupled with the redshift evolution of the
mean LSS and host DMs, as given in the second line of equation
27).

Here, we will use a relatively simple model. First, we will
neglect the intrinsic host fluctuation Dy (o1, in other words,
assume that it is not significantly correlated with the LSS). Sec-
ondly, we will assume no evolution in the mean host contribu-
tion, which we take to be fixed at DMyps; = 90 pc cm~>. Finally,
we will model the FRB source overdensity as a linearly biased
tracer of the matter fluctuations, §¢(x ) >~ bs 8, (x ), and we will
treat the FRB bias, by, as a free parameter.

Note that these simplifications are not overly prescriptive.
First, as shown in D. Alonso (2021), the FRB clustering contri-
bution is likely relatively small (less than 10 per cent of the LSS
signal). Hence, an approximate model to describe it is likely suf-
ficient. Secondly, the neglected Dy contribution has the same
structure as the FRB clustering terms, with its radial kernel track-
ing the redshift distribution of FRBs in the sample. The impact
from this term can therefore be absorbed approximately into the
effective FRB bias parameter, bg, over which we marginalize. It
is important to note that we have dropped higher-order terms in
deriving this expression. At such orders, the scale dependence of
the host contribution becomes relevant, and accurately capturing
this effect would require modelling both the spatial distribution
of FRBs within their host haloes and the corresponding distribu-
tion of host DMs. In this work, however, we focus on the overall
clustering amplitude, as the scale dependence enters only as a
higher-order correction. Specifically, it arises as a bispectrum con-
tribution, involving the three-point function of the local power
spectrum and the matter overdensity, and is likely negligible in
practice.

To summarize, we include the contribution from source clus-
tering as an additional projected tracer of the matter fluctuations
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Figure 1. The contributions to the angular power spectrum arising from FRB source clustering effects. The bands corresponding to the correlations
involving the source-clustering term represent the range by € {1.0, 3.0} for the FRB bias. Left panel: Components of the FRB autocorrelation, C[DD, as

given in equation (30). Middle panel: Components of the cross-correlation between the FRB DM and the first WL redshift bin, CZD”, from equation (31).

Right panel: Components of the cross-correlation between the FRB DM and galaxy clustering for the LRG sample, Cfg, from equation (32).

dm with a radial kernel given by

Wa(x) = by n(z) [AWLss<z) + DMy A (%)] . (29)
+z

The source-clustering term then introduces additional correla-
tions between the DM fluctuations and any LSS tracer. In par-
ticular, the power spectra involving the probes considered here
become

CPP =Cf 20 +CF, (30)
) =Cy +cy, €
CcrE=C® 4+ CE, (32)

where the superscript ‘c’ denotes correlations with the source
clustering term, and ‘e’ denotes the standard LSS contribution
to the DM (D). Fig. 1 presents the individual contributions to
the auto- and cross-power spectra involving DM correlations, as
defined in equations (30)-(32). The source clustering and large-
scale structure power spectra exhibit distinct shapes, with the
former having a significantly smaller amplitude for reasonable
values of the FRB bias (b; € {1.0, 3.0}).

2.3.3 FRB survey specifications

We now specify the FRB survey characteristics and noise prop-
erties associated with the observed DMs. The DM signal receives
contributions not only from the cosmological free-electron dis-
tribution, but also from the Milky Way and the host galaxies of
FRBs. Since the Milky Way component acts as a foreground with
awell-characterized spatial structure and is uncorrelated with the
extragalactic LSS, its impact is expected to be most significant on
large angular scales (J. M. Yao et al. 2017; E. Platts et al. 2020).
We therefore treat it as a large-scale systematic and discuss its
mitigation via scale cuts in Section 3.2.1. On the other hand, the
contribution from the FRB host galaxy introduces a stochastic
variance o7, due to intrinsic scatter among sources. This acts as
a white noise term in the angular power spectrum, arising from
the finite number of FRBs per unit solid angle, 7. Accounting for
both the intrinsic DM variance, aé, and the host contribution, the
total noise power spectrum is given by
op + 0oy
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where the intrinsic DM variance is

20+1
oh=Yy e cPP, (34)
4

and the redshift-dependent host variance is

o2
Ops = /dz nFRB(Z)ﬁ- (35)
This expression arises from taking the average of the host vari-
ance over redshift, where the 1/(1 + z)? factor comes from trans-
lating from the rest frame of the FRB to that of the observer.
The intrinsic DM variance, o3, enters the noise term in equation
(33) because the DM field is sampled only at discrete FRB posi-
tions, with self-pair contributions producing a scale-independent
variance analogous to shot noise, while cross-pairs trace the an-
gular correlations and contribute to the signal CP? (K. Wolz, D.
Alonso & A. Nicola 2025).

We model the FRB redshift distribution, ngrp(z), using a
parametrization commonly adopted in recent analyses (e.g. R.
Reischke et al. 2023; K. Sharma et al. 2025a). Specifically, we
assume

nere(z) o (7 + 82)% exp(—az), (36)

where the parameter « governs the effective depth of the sam-
ple (i.e. the high-redshift tail of the distribution) and §z allows
for shifts in its mean redshift. This functional form captures
the declining FRB detection efficiency at high redshift, driven
by a combination of the FRB luminosity function, instrumen-
tation selection effects, and intrinsic evolution of the underly-
ing population. We assume that the redshifts are known for a
representative subset of FRBs, while the overall redshift distri-
bution remains subject to significant uncertainty. Consequently,
we marginalize over o and 8z using broad priors, as listed in
Table 1.

We consider the following survey configuration, based on cur-
rent experiments such as CHIME/FRB (M. Rafiei-Ravandi & oth-
ers 2021). Specifically, we adopt « = 3.5 and 8z = 0 for the fidu-
cial FRB redshift distribution, an FRB number density of 7 =
0.5 deg‘z, a host galaxy DM variance of ope.0 = 90 pccm™3, and
a survey area of fy, = 0.7. It is worth noting that the host galaxy
DM variance plays a non-negligible role in parameter constraints.
For example, increasing opes.o from 90pcem—2 to 180 pccm™3
significantly degrades the precision on 7, by a factor of ~ 2, while
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Table 1. Qualitative descriptions of cosmological parameters, baryonic parameters used in the hydrostatic equilibrium model, intrinsic alignment
parameters, FRB survey configuration parameters, and HOD parameters for the LRG and ELG samples. Note that all masses are in units of M throughout
this work. Here, fiducial value refers to the parameter value used to generate the mock data. We use Gaussian priors, centred on the corresponding fiducial
value, for all free parameters.

Parameter Description Fiducial value Prior

Cosmological

Qm Density of matter in units of the critical density of the Universe 0.30967 N(0.30967,0.1)

o3 Cold mass linear mass variance in 84~'Mpc spheres 0.8102 N(0.8102,0.1)

Qp Density of baryons in units of the critical density of the Universe 0.04897 -

h Dimensionless Hubble constant 0.6766 N(0.6766,0.1)

g Scalar spectral index 0.9665 N(0.9665,0.1)

zm, Sum of neutrino masses in units of eV 0.06 N(0.06,0.1)

Baryonic feedback

log; o M Characteristic halo mass for which half the gas is retained 14.0 N(14.0,5.0)

s Directly proportional to the radius of ejected gas from the halo 0.5 N(0.5,5.0)

B Describes the rate at which the depletion of gas increases towards smaller 0.6 —
haloes

y Related to the polytropic index of the gasviay = 1/(I' — 1) 1.17 -

Ay Controls the stellar abundance 0.03 -

Intrinsic alignments

Alao Amplitude of the NLA model for I1As 0.0 N(0,1.0)

na Slope of the NLA model for IAs 0.0 N(0,1.0)

Fast radio bursts

Ohost,0 Host galaxy DM variance 90 pccm™3 -

il FRB number density 0.5 deg™2 -

o Effective depth of FRB sample 3.5 N(3.5,1.0)

82 Shift parameter for the mean redshift of the FRB distribution 0.0 N(0,1.0)

be FRB bias, a constant relating FRB overdensity to the matter overdensity 1.0 N(1.0,1.0)

LRG sample

log; o Mmin Threshold halo mass for central galaxy occupation 12.86 N(12.86,1.0)

log,o M1 Characteristic mass at which haloes host on average one satellite galaxy 13.96 N(13.96,1.0)

log,, Mo Minimum halo mass required to host satellite galaxies 12.47 —

OlnM Sets the width of the mass distribution 0.026 -

a Satellite power-law index 1.27 —

ELG sample

log; o Mmin Threshold halo mass for central galaxy occupation 11.87 N(11.87,1.0)

log,o My Characteristic mass at which haloes host on average one satellite galaxy 9.30 N(9.30,1.0)

log,o Mo Minimum halo mass required to host satellite galaxies 11.73 -

OlnM Sets the width of the mass distribution 0.07 -

o Satellite power-law index —0.28 -

Ac Controls the size of the central galaxy sample 1.0 —

As Controls the size of the satellite galaxy sample 0.09 -

y Controls the high-mass asymmetry of the mass distribution —4.42 —

only mildly affecting log;, M.. This highlights the importance
of accurately modelling this contribution (e.g. R. Reischke et al.
2023; K. Sharma et al. 2025a).

For this survey configuration, we assess the detectability of
the FRB autocorrelation and FRB-WL cross-correlation signals,
and examine the improvement expected from a future survey
with an order-of-magnitude increase in the FRB number density,
fi = 5.0deg >. Such number densities may be achievable with a
combination of next-generation instruments including SKA (J.
Lazio 2009), DSA-2000 (G. Hallinan et al. 2019), and CHORD
(K. Vanderlinde et al. 2019), although in practice only a subset
of detected FRBs will be sufficiently well-localized for clustering
and cross-correlation analyses.

Fig. 2 shows the signal-to-noise ratio (SNR) as a function of
the maximum multipole, £, for the FRB auto-angular power
spectrum and the FRB-WL cross-angular power spectrum, con-
sidering the first and final WL redshift bins and illustrating the
dependence on the FRB number density. Increasing the FRB

number density enhances the SNR by a factor of ~ 3 for the
autocorrelation and by ~ 2 for the cross-correlations.

For the cross-correlation with the final WL redshift bin, the
covariance is dominated by cosmic variance, with a reduced con-
tribution from shape noise. As a result, for a fixed FRB number
density, the total SNR is enhanced by a factor of ~ 5 compared to
the first WL redshift bin.

Moreover, the SNR saturates at 2P > 500 and ¢P” > 1000 for
the auto- and cross-correlation analyses, respectively, indicating
that small-scale modes contribute minimally to the total signal.
Based on these results, we adopt £22 = 500 and £5%, = 1000 in
our analysis.

2.4 Galaxy clustering

The overdensity in the distribution of galaxies is a biased tracer
of the underlying matter overdensity. In the simplest model,
galaxies are assumed to follow the matter field through a linear
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Figure 2. The SNR as a function of the maximum multipole, ¢yax, for two FRB number densities. The left panel shows the SNR of the FRB auto-
angular power spectrum, while the right panel shows the SNR of the FRB-WL cross-angular power spectrum for the first (dashed) and the final (solid)
WL redshift bins. The red curves correspond to the fiducial case with 7 = 0.5 deg™2, and the blue curves to a future survey with 7 = 5.0 deg~2. The
vertical dashed lines indicate the adopted maximum scale cuts, £2P = 500 and (ﬁ’;x = 1000.

max

bias relation. However, this approximation holds on sufficiently
large scales, whereas more sophisticated bias models are typically
required at smaller scales (see e.g. V. Desjacques, D. Jeong & F.
Schmidt 2018, for a review).

In this work, we investigate the potential of the cross-
correlation between galaxies and FRBs to constrain baryonic ef-
fects. This requires probing sufficiently small scales to resolve
the gas distribution within haloes. To model galaxy clustering
on these scales, we adopt a halo occupation distribution (HOD)
framework, as described below, and restrict our analysis to angu-
lar multipoles up to £yax = 1000.

We consider two types of galaxy samples that probe haloes of
different characteristic masses, specifically, LRGs and ELGs. For
the LRG sample, we use the standard HOD framework (Z. Zheng
etal. 2005; S. Ando, A. Benoit-Lévy & E. Komatsu 2018; A. Nicola
et al. 2020). Under this model, the mean occupation numbers of
central and satellite galaxies are given by

(Neen(M)) = 1 |:1 + erf <%>} (37)
2 OlnM
and
(Ne(M)) = O(M — M) <MM_—M) , 38)
1

respectively. Here, My, sets the threshold halo mass for central
galaxy occupation, oy, s is the width of the mass distribution, M,
is the minimum halo mass required for satellite occupation, M, is
the characteristic mass scale at which haloes host on average one
satellite galaxy, and « governs the increase in satellite richness
as halo mass increases. The mean galaxy density profile is then
given by

(l’Lg(V)|M) = <Ncen(M)> [fc + (Nsat(M)> usat(rlM)] P

where f. is the observed fraction of central galaxies and
ust(r|]M) is the radial distribution of satellite galaxies as
a function of distance to the centre of the halo, which
is assumed to follow an Navarro-Frenk-White (NFW) pro-
file (J. F. Navarro, C. S. Frenk & S. D. M. White 1997).
For our fiducial LRG sample, we adopt the following set
of HOD parameters: {log;, Mmin, l0g;y My, log,, M1, &, o} =
{12.86, 12.47,13.97,1.27, 0.026}. These values are derived for the

(39)

MNRAS 547, 1-18 (2026)

first redshift bin in R. Zhou et al. (2023) using a linear interpolator
based on the HOD parameters reported in table 4 of R. Zhou et al.
(2021).

For the ELG sample, we employ the star-forming halo occu-
pation distribution (SFHOD) model, using the parametrization
and fits of A. Rocher et al. (2023). The mean central occupation
is given by

(NGLOPQD) M < Meen,
<Ncen(M)> = Ac M M M (40)
‘/EO'IHM Mpmin > cens
where the Gaussian HOD component is
A 1 M/Mpin )?
(NGEOP (V) = © —exp <—( 0810 2/ min) ) . (41)
V2T Olnm 200, M

Here, A, controls the size of the central galaxy sample and y
governs the high-mass asymmetry of the distribution. We adopt
the following HOD for satellites in the ELG population:
{Neat(M)) = A (M—M‘)) : (42)
M,

where A; sets the size of the satellite galaxy sample, and the pa-
rameters My, M1, and « are the same as defined in equation (38).
For our fiducial ELG sample, we adopt the SFHOD fit reported in
table 2 of A. Rocher et al. (2023) for the DESI ELG One-Percent
survey, ie. {Ac, A, 108,y Mmin, log,, Mo, log,, M1, o, O1npm, v} =
{1.0,0.09,11.87,11.73, 9.30, —0.28, 0.07, —4.42}.

Since our main aim is to explore the possibility of characteriz-
ing the mass dependence of the gas model parameters through
the cross-correlation of DM and galaxies of different types, we
assume the same redshift distribution for the LRG and ELG sam-
ples for simplicity. Specifically, we adopt the first redshift bin of R.
Zhou et al. (2023) for both galaxy populations. The resulting dis-
tribution has a mean redshift of 0.47 and a standard deviation of
0.06. The radial kernel for galaxy, W(x), is related to the redshift
distribution, ng(z), via

H(z)
C

We(x) = ng(2). (43)



2.5 Baryon model

We incorporate baryonic effects within the halo model frame-
work using the hydrostatic equilibrium model described in T.
Ferreira et al. (2024) and A. La Posta et al. (2025). This implemen-
tation models the gas density profile as the sum of the bound and
ejected gas, each described separately under the assumption of
hydrostatic equilibrium within a dark matter halo. In the follow-
ing subsections, we outline the adopted parametrizations for the
mass fractions and density profiles of the relevant components.
Specifically, the model employs the dark matter profile of J. F.
Navarro et al. (1997), the stellar profile of C. Fedeli et al. (2014),
the bound gas profile of A. J. Mead et al. (2020), and the ejected
gas profile of A. Schneider & R. Teyssier (2015).

2.5.1 Dark matter

We consider haloes to be composed of cold dark matter (CDM),
gas, and stars. The CDM mass fraction is fixed to the universal
value

Q¢
feon) = &= (44)
which reflects the fact that baryonic feedback can redistribute
CDM within haloes, but cannot eject it.

Using gravity-only simulations, J. F. Navarro et al. (1997)
demonstrated that dark matter haloes form approximately spher-
ical structures described by the NFW profile:

1
r/rs(L+1/r)? ’
where rg is the scale radius, which is related to the halo virial ra-

dius ryp0c through ry = ry0c/c, with ¢ denoting the concentration
parameter.

pe(M, 1) (45)

2.5.2 Central galaxy

The stellar mass fraction follows the parametrization proposed by
C. Fedeli et al. (2014):

(46)
o,

f(M) = A, exp {—; (710&0(1\/1/ M*)>2} :
where M, = 10'>° My /h, o, = 1.2, and A, = 0.03 (B. P. Moster,
T. Naab & S. D. M. White 2013; A. V. Kravtsov, A. A. Vikhlinin &
A. V. Meshcheryakov 2018). This Gaussian form encapsulates the
trend that star formation efficiency peaks in haloes of mass M,
with halo stellar mass fraction A,, and declines at both higher
and lower halo masses with a logarithmic width o,.. Given that the
stellar component contributes only at very small distances from
the central galaxy, we model its scale-dependent profile as a Dirac
deltaatr = 0.

2.5.3 Bound gas

The total gas budget in a halo can be decomposed into a com-
ponent gravitationally bound within haloes and a component
ejected beyond the virial radius by baryonic feedback processes.
The bound gas mass fraction is modelled as

Qb/Qm — fi

fb(M) = W’

(47)
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where €, is the cosmic baryon density with respect to the critical
density, M, denotes the characteristic mass scale at which half of
the gas has been ejected from the halo by AGN-driven outlows,
and B controls the steepness of the depletion with halo mass.

For the spatial distribution of bound gas, we adopt the profile of
D. Martizzi, R. Teyssier & B. Moore (2013), which is a simplified
version of the model from E. Komatsu & U. Seljak (2001), chosen
for its simplicity for calculations in Fourier space. The profile is
parametrized as

In(1 + r/r) TV
r/rs
where I is the gas polytropic index, which we fixto I' = 1.17.

Po(M, 1) [ . (48)

2.5.4 Ejected gas

The ejected gas fraction accounts for the remaining baryons orig-
inally associated with the halo. It is simply given by

Je(M) = Q2p/Qm — fi(M) — fo(M), (49)

where Q,/Qp, is the total baryon mass fraction, f,(M) is the stel-
lar mass fraction given by equation (46), and f,(M) is the bound
gas mass fraction from equation (47).

The ejected gas density profile follows the Gaussian model of
A. Schneider & R. Teyssier (2015), which is motivated by the
assumption that gas particles are expelled with a Maxwellian
velocity distribution:

pe(r, M) _ exp ——rz (50)
(] ’ ’
(2nré)3/2 2r§j

where the characteristic scale r,; corresponds to the mean dis-
tance travelled by a gas particle moving at the escape velocity.
Following A. Schneider & R. Teyssier (2015), we parametrize this
scale as

Tej = 0.375 VA nppra, (51)

where A = 200 and 7, quantifies the distance to which gas is
expelled by the AGN.

2.6 Likelihood

Throughout this work, we adopt a Planck cosmology (Planck
Collaboration 2020) as our fiducial model, with parameter val-
ues {Qc, Q, h, ng, 0y, Tm,} = {0.2607, 0.04897, 0.6766, 0.9665,
0.8102, 0.06}. This cosmology is used to generate the mock data
vectors, d, for the observables. We include multipoles up to £,y =
{500, 1000, 2000} for the FRB autocorrelations, WL-FRB cross-
correlations, and WL auto- and cross-correlations, respectively,
and £max = 1000 for correlations involving galaxy clustering. The
choices of ¢,y for correlations involving FRBs are motivated by
the angular resolution of CHIME/FRB, which is approximately
0.2° (corresponding to £ ~ 1000) (M. Rafiei-Ravandi et al. 2021).
Multipoles above this scale cannot be reliably measured, so these
scale cuts are applied to ensure that the analysis remains robust
while retaining the majority of the measurable signal.

We adopt survey sky fractions of fq, = {0.4, 0.7, 0.35} for the
mock WL, FRB, and GC data, respectively. The slightly smaller
fraction used for galaxy clustering accounts for the more stringent
requirements imposed on the final survey geometry by the need
to select a sufficiently homogeneous sample of sources. When
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computing the cross-correlation of two tracers, we take their over-
lapping sky area, corresponding to their minimum sky fraction.

The covariance matrix of the data is constructed following the
Knox formula for Gaussian fields (L. Knox 1997):

ij e mik il il Ak
c(cl.ctt) = -t (ckel +ciclt), 52
14 l) (26+1)fsky<l ¢ 13 Z) ( )
where
CJ =c/ +Nis;. (53)

Here, Nj denotes the noise contribution for tracer i (i.e. DM/host
variance contribution for FRB, intrinsic shape noise for weak
lensing, and shot noise for galaxy clustering. The indices {i, j, k, [}
run over the set of tracers {D, y,, g}, corresponding to FRB DMs,
cosmic shear in tomographic bin a, and galaxy clustering in tomo-
graphic bin b. Assuming a Gaussian likelihood, the x? statistic for
a parameter set 6 is then defined as

x% = —2log p(d|#) = (d — t(8))'C(d — t(8)) + K, (54)

where t denotes the theoretical prediction for the data d,
and K is a normalization constant. We sample the posterior
distribution using the Cobaya framework (J. Torrado & A.
Lewis 2021), which implements the Metropolis—Hastings Markov
chain Monte Carlo algorithm (N. Metropolis et al. 1953). In
our analysis, we sample over five cosmological parameters
(Qm, 03, h, ng, Tm,), two WL IA parameters (Aja o, m1a) as de-
fined in equation (11), and two baryonic feedback parameters
(log,, Mc, n,). We fix the cosmological baryon fraction, Qy, to
its fiducial value, given its precise determination from both the
Cosmic Microwave Background (CMB) and Big Bang Nucleosyn-
thesis (BBN). Additionally, we marginalize over the calibratable
systematics affecting cosmic shear (i.e. photometric redshift un-
certainties and multiplicative shape biases) using the analytical
approximation described in Section 2.2.1. In analyses incorporat-
ing FRB DMs, we marginalize over the relevant FRB nuisance
parameters, specifically the redshift parameters o and 8z, and
the FRB clustering bias, bs. For analyses involving GC, we ad-
ditionally marginalize over the HOD parameters log,, Mmin and
log,, M. A summary of all free parameters and their priors is
presented in Table 1.

It is worth noting that, in addition to the DM clustering statis-
tics used here, in principle, the variance of the FRB DM-redshift
relation provides additional information that could be used to
enhance constraints on cosmological and baryonic parameters
(see e.g. I. Medlock et al. 2025; R. Reischke & S. Hagstotz 2025;
K. Sharma et al. 2025b). Since the exact form of the likelihood
needed to incorporate this information is not trivial, this is left
for future work.

3 RESULTS

3.1 FRBs as an external calibrator of baryonic effects

In this section, we consider FRBs as an external calibrator of bary-
onic effects for WL analyses. We begin by quantifying the extent
to which having freedom over the baryonic feedback parameters
degrades the cosmological constraints for LSST-like cosmic shear
data. We then perform a full 3x2-point analysis that combines the
mock WL measurements with the DMs of the mock FRB sample,
calculating all combinations of power spectra, {CP?, ny, Ccrry.
Fig. 3 compares the posterior constraints obtained from WL
alone assuming perfect knowledge of baryonic effects (solid
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Figure 3. The marginalized posteriors on cosmological parameters for
LSST-like weak lensing data only for fixed baryonic parameters (solid
black), LSST-like weak lensing data only with marginalization over bary-
onic parameters (dashed black), and a joint analysis of LSST-like weak
lensing data with FRB DM correlations in a 3 x 2-point analysis (blue). The
inner and outer contours show the 68 per cent and 95 per cent confidence
levels, respectively. We marginalize over intrinsic alignments, photomet-
ric redshift uncertainties, and multiplicative shape biases for the weak
lensing data. We include multipoles up to £max = {500, 1000, 2000} for
the FRB autocorrelations, WL-FRB cross-correlations, and WL auto- and
cross-correlations, respectively.

black) with those obtained after marginalizing over baryonic
feedback parameters (dashed black). The blue contours show the
marginalized posteriors from the combined 3x2-point analysis
of WL and FRB DMs, under the idealized assumption that the
FRB redshift distribution and source clustering contributions are
perfectly known (we will examine the impact of these systematics
in the following section). For WL alone, we find that the error
in Sg = 03/ /0.3, the parameter best determined by current
weak lensing surveys, increases by a factor of 1.4 when marginal-
izing over baryonic parameters. We find that the joint WL-FRB
3x2-point analysis offers a significant improvement in cosmo-
logical constraints compared to WL alone, with the degradation
factor on Sg decreasing from 1.4 to 1.0.

In addition to the improvements in the (2, og) plane, we find
that the inclusion of FRB DMs leads to a notable tightening of
constraints on the Hubble parameter, h. In standard WL analyses
with fixed baryonic physics, h is only weakly constrained be-
cause the shear power spectra are largely insensitive to the abso-
lute distance scale, with any residual sensitivity arising primarily
through the dependence of the matter power spectrum shape on
the horizon scale at matter-radiation equality (i.e. the Meszaros
effect; P. Meszaros 1974). When FRBs are included, however, the
uncertainty on h decreases significantly, which indicates that the
improvement is driven directly by the FRB measurements. This
behaviour can be understood as follows. The DM can be inter-
preted as an integral constraint on the distance-redshift relation,
with DM « h for a fixed baryon density. As a result, provided that
the FRB redshift distribution is well known, the FRB autocorre-
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Figure 4. The impact of varying the parameters h, log;, Mc, and 1, on the CZDD (top) and Cf" (bottom) angular power spectra. Each column isolates
the response to a single parameter by varying it around the fiducial model, while keeping the remaining parameters fixed at their fiducial values.

lation and its cross-correlation with WL carry direct information
about the expansion rate, allowing the joint WL-FRB analysis to
break the degeneracy and substantially improve constraints on h.

We investigate this behaviour by inspecting the sensitivity of
the FRB-FRB and WL-FRB angular power spectra to variations
in h, compared with variations in the main baryonic feedback
parameters, log,, M. and n,. Fig. 4 illustrates that the dependence
on h of these power spectra is distinct from the parameters gov-
erning baryonic suppression, providing insight into how the FRB
contribution sharpens the posterior for h. Specifically, we observe
that both log,, M. and n, influence the small-scale slope of the
FRB-FRB power spectrum. We observe a similar behaviour in
the case of CZDV, although the impact of log,, M. seems more pro-
nounced in that case. This behaviour makes sense: the baryonic
parameters govern the distribution of gas (the bound fraction and
the spatial extent of the ejected gas) within each halo, but they
do not change the overall abundance of gas associated with the
halo, with the total baryonic fraction fixed to the cosmic average
2, /Qm. Thus, varying log,, M. or 1, can only modify the clus-
tering on sub-halo scales, whereas on large scales, the two-halo
regime is left unchanged. In turn, we see that varying h modifies
both power spectra on all scales. The scaling of the redshift-
distance and redshift-DM relations with this parameter, leads to
an overall scaling of the FRB autocorrelation, and a change in the
broadband slope in the WL-FRB cross-correlation.

Since the inclusion of additional cosmological degrees of free-
dom does not qualitatively modify our conclusions for the main
parameters of interest, we adopt a simplified cosmological model
for the remainder of the analysis in which only Q, and oy are
treated as free. The extended cosmological parameter space yields
results that are consistent with the simplified case, with the main
exception of h, for which we have highlighted the distinctive
improvement enabled by the FRB data. For clarity, we therefore
focus on the {2y, 03} constraints in our fiducial analysis. In this
case, we find that the error in Sy increases by a factor of 2.2

when marginalizing over baryonic parameters for WL alone, with
the joint WL-FRB 3 x2-point analysis decreasing the degradation
factor on Sg to 1.2. The numerical constraints are listed in the first
three rows of Table 2.

3.1.1 Assessing the sensitivity of FRBs to baryonic effects

As a further step, we compare the constraining power of FRBs
on baryonic physics with that of other established baryonic trac-
ers. Specifically, we consider mock measurements of the X-ray-
derived bound gas fraction and the stacked kSZ temperature pro-
file, adopting the long-term data sets presented in A. Wayland
et al. (2025). Specifically, the X-ray data set is constructed from
a sample of 5259 galaxy groups and clusters detected by the
eROSITA survey (V. Ghirardini & others 2024), while the kSZ
data set assumes the sensitivity and sky coverage of a CMB-S4-
like experiment (E. Schiappucci et al. 2025). As demonstrated in
previous studies (e.g. L. Bigwood et al. 2024; T. Ferreira et al. 2024;
M. Kovac et al. 2025; A. La Posta et al. 2025; A. Wayland et al.
2025), these probes are particularly effective at constraining the
bound and ejected gas components of haloes, respectively.

Comparing these tracers with FRBs therefore provides a com-
plementary view of baryonic processes across different spatial
scales. While X-ray and kSZ measurements are primarily sensi-
tive to gas associated with haloes, FRBs probe the total line-of-
sight electron content and thus offer sensitivity to more diffuse
baryons. This comparison enables a direct assessment of the rel-
ative constraining power of each tracer, highlighting the potential
benefits of combining them to break parameter degeneracies and
obtain a more complete picture of baryonic feedback.

To investigate this, we fix all cosmological parameters to their
fiducial values and vary only the baryonic parameters log,, M,
Ny, and B. The resulting constraints are shown in Fig. 5, where the
blue, purple, and red contours correspond to the FRB, kSZ, and
X-ray measurements, respectively. We find that FRB data alone
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Table 2. The constraints on the cosmological parameters Qn and Sg = 03+/€2n/0.3 obtained from different
combinations of large-scale structure tracers. We report the mean marginal value of each parameter and their
associated errors given by the 95 per cent confidence level. Here, WL refers to LSST-like weak lensing data. We
marginalize over intrinsic alignments, photometric redshift uncertainties, and multiplicative shape biases in the
WL data. In all cases other than the first row, we marginalize over the parameters log;, M. and ny, describing
baryonic effects. In the final column, we present the degradation factor on Sg, defined as the ratio of the error on
Sg for the tracer under consideration to that for the WL (or WL + GC) only fixed baryons case.

Tracer(s) Qm Sg Degradation factor on Sg
WL only with baryons fixed 0.309810:993%  0.823010002> -
WL only 0.309970:00%  0.823870-000¢ 2.2
WL + FRBs 0.309210003s  0.82267000% 12
WL + FRBs with systematics 0.309770:0032  0.823370:0032 1.3
WL + long-term FRBs 0.30971000%  0.82257000%¢ 1.0
WL + GC only with baryons fixed (LRG only) 0.3096170:9938  0.8231 100022 -
WL + GC only (LRG only) 0.31001000%  0.82371590%3 2.4
WL + FRBs + GC (LRG only) 0.3093700057  0.822979003% 14
WL + GC only with baryons fixed (LRG + ELG) ~ 0.309770003¢  0.823170:00% -
WL + GC only (LRG + ELG) 0.309970:9%43  0.8238 100052 2.4
WL + FRBs + GC (LRG + ELG) 0.309570:9938  0.8227+9:00%0 14

] —— FRB dataset
—— kSZ dataset
—— X-ray dataset

13 14 15
logio M.

Figure 5. The marginalized posteriors on log,, M. and ny, for three dif-
ferent probes of baryonic physics with fixed cosmological parameters. The
blue, purple, and red contours correspond to the constraints obtained
from FRB DMs alone, kSZ alone, and X-rays alone, respectively. The
inner and outer contours show the 68 per cent and 95 per cent confidence
levels, respectively. The mock measurements of X-ray gas fractions are
based on a sample of 5259 clusters from the eROSITA data set, and the
mock measurements of the stacked kSZ profile assume a CMB-S4-like
experiment.

exhibits a strong degeneracy between log,, M. and ny, preventing
tight constraints on either parameter. This is further illustrated
in Fig. 4, which shows that independent variations of log,, M,
and 7y, produce similar changes in the power spectrum on scales
sensitive to baryonic physics.
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Similarly, kSZ measurements alone are unable to place strin-
gent constraints on log,, M. due to a degeneracy with f. As dis-
cussed in A. Wayland et al. (2025), this degeneracy may be broken
by including additional kSZ observations at different redshifts
and stellar masses. In contrast, X-ray observations tightly con-
strain both log,, M. and g, as they directly probe the bound gas
component within haloes. Quantitatively, X-ray data improves
the uncertainties on log,, M. and g by factors of 23.2 and 25.9,
respectively, relative to the FRB-only case.

Interestingly, neither X-ray nor kSZ data significantly improve
constraints on 1, relative to those obtained from FRBs. In fact, for
X-ray observations, the uncertainty on 7, increases by a factor of
1.7 relative to the FRB-only data set, reflecting the limited sensi-
tivity of X-rays to the ejected gas component of haloes. In contrast,
kSZ measurements offer a slight improvement in the constraint
on 7y, reducing the uncertainty by a factor of 1.1 compared to
FRBs alone.

It is important to highlight that these results are optimistic
in the sense that we have not marginalized over the systemat-
ics affecting each tracer. While the impact of some systematics
affecting the mock X-ray and kSZ measurements is explored in
A. Wayland et al. (2025), we defer a detailed treatment of FRB-
related systematics to the following section.

3.2 Impact of FRB systematics

Here, we perform a 3 x2-point analysis of WL and FRBs in which
we marginalize simultaneously over all FRB systematics consid-
ered in this work, specifically, the redshift parameters («, §z) and
the FRB bias (b¢). This provides a more realistic treatment of the
mock FRB sample compared to the optimistic case presented in
Section 3.1. In this framework, we find that the WL-FRB 3 x2-
point analysis is unable to place tight constraints on these nui-
sance parameters, which therefore remain prior-dominated.

For unlocalized FRBs, the source redshift cannot be uniquely
inferred from the DM due to its degeneracy with the line-of-sight
electron density and source distance. To account for the limited
knowledge of the true redshift distribution, we adopt broad priors
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Figure 6. The marginalized posteriors on cosmological and baryonic
parameters for LSST-like weak lensing data only for fixed baryonic param-
eters (solid black), LSST-like weak lensing data only with marginalization
over baryonic parameters (dashed black), and joint analyses of LSST-like
weak lensing data with FRB DM correlations in a 3 x 2-point analysis. The
filled blue contours show the ideal case in which FRB systematics are well
known, whereas the dashed blue contours represent a more realistic case
in which we marginalize over FRB systematics.

on the nuisance parameters « and 8z (as listed in Table 1) and
marginalize over them in our analysis. We find that the result-
ing posteriors on « and §z are largely prior-dominated. Within
these broad prior ranges, we find that uncertainties in the FRB
redshift distribution have a relatively minor effect on the inferred
cosmological and baryonic parameters. This approach effectively
assumes that the redshift distribution can be approximately cal-
ibrated from localized FRBs, with residual uncertainties propa-
gated through « and 4z.

In Fig. 6, we provide an updated version of Fig. 3, now includ-
ing the marginalized posteriors obtained from the more complete
treatment of FRB systematics. The solid blue contours corre-
spond to the optimistic case in which b, «, and §z are fixed to
their fiducial values, while the dashed blue contours show the
constraints obtained after marginalizing over b¢, «, and 8z. We
find that adopting a more realistic modelling approach leads to a
modest reduction in constraining power relative to the optimistic
case, with the degradation factor for Sg increasing from 1.2 to
1.3. Despite this, the combined 3 x2-point analysis of FRBs and
cosmic shear continues to provide a significant improvement in
cosmological constraints relative to cosmic shear alone, as high-
lighted by the reduction of degradation factor from 2.2 to 1.3,
corresponding to an improvement of ~ 80 per cent. Moreover,
we find that the majority of the loss in constraining power arises
from marginalization over FRB redshift uncertainties rather than
from FRB source clustering effects. In particular, the degradation
factor remains as 1.3 when the FRB bias b; is held fixed to its
fiducial value. This indicates that source clustering contributions
are negligible, in agreement with Fig. 1.

Furthermore, the right panel of Fig. 6 shows that the FRB DM
is primarily sensitive to a specific combination of log;, M. and ny,
as discussed in the previous section. While the inclusion of FRBs
reduces the allowed parameter volume in the log,, M.—ny plane,
the constraint on log,, M, itself remains largely driven by WL
rather than by the FRB data. As a result, we find that a joint 3x2-
point analysis of WL and FRBs yields substantially tighter con-
straints on baryonic feedback parameters than WL alone. In the
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optimistic scenario in which FRB systematics are calibrated, the
constraints on log;, M. and n, improve by factors of 1.1 and 1.7,
respectively, relative to WL-only constraints. Hence, the inclusion
of WL is essential for breaking the log,, M.-7, degeneracy.

We also note that FRB-related systematics primarily act to
broaden the constraints in the log,, Mc-n, plane. Quantitatively,
marginalizing over the FRB systematic parameters degrades the
constraints on log,, M. and 1, by factors of approximately 0.9 and
1.1, respectively, compared to the idealized case in which these
parameters are fixed to their fiducial values.

3.2.1 Milky Way foreground

As discussed in Section 2.3.3, the Milky Way contribution to the
total DM acts as a foreground with a known spatial structure
and is uncorrelated with the LSS. Its impact is therefore expected
to be most significant on large angular scales. Here, we model
this contribution as a large-scale systematic in order to explicitly
account for potential contamination. Specifically, we impose a
rather large minimum multipole scale-cut of £2P = 100 in the
FRB autocorrelation and compare the resulting constraints to
the fiducial analysis with ¢°7 = 2. We find that introducing this
scale-cut in the FRB mock data has a relatively mild impact on
the inferred posterior constraints, with the degradation factor on
Sg increasing from 1.2 to 1.5. Given the modest impact of this
scale-cut, we adopt the fiducial analysis with ¢2P = 2 for the
remainder of this work.

3.2.2 Effect of WL multipole range

Furthermore, we investigate the sensitivity of the cosmological
constraints to the choice of maximum multipole in the WL mock
data. To this end, we extend the multipole range of the LSST-like
WL data from £,,x = 2000 to £n.x = 5000. We find that increas-
ing the maximum multipole up to £, = 5000 leads to tighter
constraints relative to the fiducial case. In particular, the degra-
dation factor on Sg for the WL-FRB 3 x 2-point analysis decreases
from 1.2 for £max = 2000 to 1.1 for £, = 5000. This improve-
ment reflects the additional small-scale information incorporated
into the analysis. However, the robustness of these results de-
pends strongly on the assumed feedback model; future work is
therefore required to assess the validity of the modelling on very
small scales (e.g. £max = 5000).

3.3 FRB tomography

Thus far, we have assumed a single FRB bin, motivated by the
practical difficulty of obtaining redshifts for all sources. Neverthe-
less, it is informative to consider the potential gains from dividing
the sample in redshift. Such a division could be achieved if a suf-
ficient number of FRBs are localized, or alternatively by binning
in DM. This approach may allow for the study of the potential
redshift evolution of baryonic parameters. In this section, we
consider redshift-dependent evolution of log,, M., since this pa-
rameter drives the amplitude of the power spectrum suppression.

We divide the FRB sample into two redshift bins, nprp(z <
Zmax) and nerp(Z > Zmax ), Where Zinay is the redshift at which the
distribution attains its maximum value. We then compute the
autocorrelation of each bin and the cross-correlation between the
two bins, as well as all corresponding correlations with WL. These
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Figure 7. The marginalized posteriors on cosmological parameters and
on the redshift dependence of log;, M. for LSST-like WL data combined
with FRBs in a 3x2-point analysis for two cases: (i) treating the full
FRB redshift distribution as a single bin (blue) and (ii) dividing the FRB
redshift distribution into two FRB tomographic bins (purple).

observables are appended to the data vector, and we repeat the full
3x2-point analysis described above.

To model a potential redshift dependence of log,, M., we adopt
the parametrization

log,, M. = log;y Mo + (1 — a)log,, Mcq, (55)

where log,, M. o and log,, M. , are treated as free parameters.

In Fig. 7, we present the marginalized posteriors on the cosmo-
logical parameters for two WL-FRB 3x2-point configurations,
after introducing redshift dependence in log,, M. according to
equation (55). We first consider a configuration in which the
full FRB redshift distribution is treated as a single bin, with the
corresponding constraints shown in blue. We then perform FRB
tomography by splitting the FRB sample into two redshift bins,
with the resulting constraints shown in purple.

In the single-bin case, introducing redshift dependence in
log,, M. has only a negligible impact on the parameter con-
straints, with the degradation factor on Sy increasing modestly
from 1.2 to 1.4 relative to the fiducial case without redshift depen-
dence in log,, M. The same result is observed when the sample is
divided into two FRB redshift bins, indicating that FRB tomogra-
phy does not improve the constraints on Sg for the setup consid-
ered here. However, the two-bin approach offers a ~ 3 per cent
improvement in the constraints on log,, M. Overall, we find
that FRB redshift tomography does not significantly affect our
results, therefore, we adopt the one-bin configuration for the
remainder of our analysis.

3.4 Constraints from future FRB surveys

We now consider a more ambitious FRB sample, representative
of what might be achieved by future surveys such as SKA (J.
Lazio 2009), DSA-2000 (G. Hallinan et al. 2019), and CHORD (K.
Vanderlinde et al. 2019). To investigate this scenario, we increase
the number density of FRBs by an order of magnitude, from 72 =
0.5deg™*to 7 = 5.0 deg™2. We then repeat the 3 x 2-point analysis
with WL, following the procedure outlined above, assuming the
ideal case in which both the redshift distribution and source clus-
tering effects are known. The resulting constraints are presented
in Fig. 8. We find that the futuristic FRB sample yields a signif-
icant improvement in cosmological constraints, decreasing the
degradation factor on Sg from 1.2 to 1.0. Moreover, the constraint
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Figure 8. The marginalized posteriors on cosmological and baryonic
parameters for LSST-like WL data only for fixed baryonic parameters
(solid black), LSST-like WL data only with marginalization over baryonic
parameters (dashed black), and a joint 3x 2 analysis of LSST-like WL data
with FRB DM correlations. The blue contours correspond to a near-term
FRB sample with 72 = 0.5 deg 2, while the purple contours correspond to
a long-term FRB sample with 7i = 5.0 deg 2.

onlog,, M. improves by a factor of 1.2, relative to the fiducial FRB
sample with 7i = 0.5deg 2. These results highlight the value of
longer-term FRB samples for enhancing the constraining power
of joint WL-FRB analyses.

3.5 6x2-point analysis of FRB DMs, WL, and GC

In this section, we extend the 3x2-point framework to include
galaxy clustering in a unified 6x2-point analysis. Specifically,
we consider two galaxy populations, LRGs and ELGs. These
galaxy samples probe different halo masses, thereby allowing us
to constrain the halo-mass dependence of the bound gas fraction,
fogas(M). In turn, this could allow for more stringent constraints
to be placed on the bound gas parameter log,, M. The LRG and
ELG populations are modelled using the HOD and SFHOD mod-
els, respectively, as described in Section 2.4.

We first consider a single galaxy tracer, assuming a photo-
metric LRG-like sample. We marginalize over the HOD param-
eters log,;, Mmin and log;, M;. As shown in Fig. 9, incorporating
this sample into a 6x2-point analysis with WL and FRB DMs
yields only a negligible improvement relative to the WL-FRB
3x2-point analysis. Quantitatively, the degradation factor on Sg
decreases from 2.4 for the WL-GC 3 x2-point analysis to 1.4 for
the WL-FRB 3x2-point analysis, while the degradation factor
remains at 1.4 for the full WL-FRB-GC 6 x 2-point case. Similarly,
there is a negligible change in the error on log, , M.. This outcome
is consistent with our expectations, as a single galaxy sample
does not sufficiently probe the mass dependence of fig.s(M), and
therefore cannot meaningfully improve the constraints on the
bound gas parameter log,, M.

We then incorporate an ELG sample as an additional galaxy
tracer. For each galaxy sample, we marginalize over the HOD
parameters log,, Mmin and log,, M;. As illustrated in Fig. 10, com-
bining LRGs and ELGs in the full 6x2-point analysis with WL
and FRB DMs reduces the error on log,, M. by a factor of 1.1
relative to the WL-FRB 3x2-point case. Interestingly, this im-
provement in constraining power on log,, M. does not propagate
to tighter constraints on Sg. While the degradation factor on S
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Figure 9. The marginalized posteriors on cosmological and baryonic
parameters for different combinations of tracers. The solid black contours
show the constraints obtained from the combined WL-GC 3 x2-point
analysis under the assumption of perfect knowledge of baryonic effects,
while the dashed black contours show those obtained from the combined
WL-GC 3x2-point analysis with marginalization over baryonic effects.
The blue contours show the constraints obtained from a 3 x2-point anal-
ysis of WL and FRBs, while the purple contours show those obtained from
a unified 6 x2-point analysis of WL, FRBs, and GC. The latter involves a
single galaxy tracer, assuming a photometric LRG sample.
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Figure 10. As Fig. 9, but now including both LRGs and ELGs, probing
complementary halo mass ranges.

is reduced from 2.4 for the WL-GC 3 x2-point analysis to 1.4 for
the WL-FRB 3 x2-point case, it remains at 1.4 when extending to
the full WL-FRB-GC 6x2-point analysis. Moreover, comparing
the purple contours in the Ss-Q;, plane in Figs 9 and 10 shows
that including ELGs as an additional galaxy sample improves
the constraints on Q, by a factor of 1.1. This suggests that the
additional galaxy information primarily enhances sensitivity to
@, and baryonic parameters, with limited impact on the cosmo-
logical degeneracies governing Ss.

4 CONCLUSIONS

In this work, we explored the potential of FRBs as tracers of large-
scale structure and as a complementary probe to weak lensing
and galaxy clustering in constraining both cosmological param-
eters and baryonic feedback. The angular power spectrum of
the FRB DM encodes the electron autopower spectrum, with a
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redshift sensitivity that peaks in the foreground of FRB sources.
As a result, FRB DM perturbations are particularly sensitive to
baryonic physics and cosmology through their dependence on
the electron power spectrum, the mean DM-redshift relation,
and their associated radial weighting function (K. Sharma et al.
2025a).

We investigated the cross-correlation between FRB DM per-
turbations and WL through their angular cross-power spectrum,
which probes the electron-matter cross-power spectrum. By in-
corporating FRBs into a 3x2-point analysis alongside LSST-like
WL data, we showed that FRB-WL correlations provide addi-
tional information beyond WL alone, helping to break degen-
eracies between cosmological and baryonic parameters. Quan-
titatively, we found a substantial reduction in the degradation
factor on the Sg uncertainty, from 2.2 for WL alone to 1.2 for the
WL-FRB 3 x2-point analysis. Crucially, FRB data is sensitive to a
somewhat degenerate combination of the bound gas abundance
(characterized by log,, M), and the spatial extent of the ejected
gas (characterized by ny). This degeneracy is then partially broken
through the combination with WL data, which exhibits stronger
sensitivity to log;, M.

Moreover, the inclusion of FRB DMs yields a significant gain
in sensitivity to the Hubble parameter h. In contrast to WL,
which depends only weakly on h, FRB DMs probe the distance-
redshift relation directly, leading to a characteristic response of
both the FRB autocorrelation and the WL-FRB cross-correlation
that is distinct from the effects of baryonic feedback. This enables
the joint analysis to substantially tighten constraints on h, even
when baryonic parameters are allowed to vary. Since extending
the cosmological parameter space does not otherwise alter our
main conclusions, we therefore adopt a simplified cosmological
model in which Q,, and oy are varied for the remainder of the
analysis, while highlighting the improved constraint on h as a key
additional gain enabled by FRB data.

We then examined the key systematics relevant to FRB sur-
veys, including uncertainties in the FRB redshift distribution
and source clustering of FRBs with their host galaxies. These
effects were modelled through additional nuisance parameters
describing photometric redshift uncertainties and the FRB bias.
We found that such systematics lead only to a modest degradation
in cosmological constraints, with the degradation factor on S
increasing from 1.2 to 1.3 when these uncertainties are included.
Instrumental calibration effects associated with the DM selection
function remain an important systematic for future work (see e.g.
M. Rafiei-Ravandi, K. M. Smith & K. W. Masui 2020; M. Rafiei-
Ravandi et al. 2021). For instance, the instrument DM selection
function may prevent the detection of FRBs with high DMs,
which would in turn bias the constraints on baryonic feedback
parameters (A. Q. Cheng et al. 2025).

We further considered several extensions to our baseline analy-
sis. For a more futuristic FRB survey with an order-of-magnitude
increase in FRB number density, we found a corresponding im-
provement in cosmological constraints, with the degradation fac-
tor on Sg further decreasing from 1.2 to 1.0. This indicates that
a 3x2-point analysis with such a future FRB survey could fully
recover the loss of information in the Sg constraint induced by
uncertainties surrounding baryonic feedback. Moreover, we as-
sessed the ability of FRB tomography to constrain a possible red-
shift dependence of the parameter log,, M, by dividing the FRB
redshift distribution into two tomographic bins. However, this
tomographic approach did not yield a significant improvement in
the constraining power on Sg relative to the single-bin case. Com-
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paring FRBs to other probes of the gas distribution, we found that
FRBs alone exhibit the aforementioned degeneracy between the
baryonic parameters log,, M. and ;. In contrast, mock X-ray and
kSZ measurements based on the eROSITA survey and a CMB-S4-
like experiment can place stringent constraints on log,, M. and
1y, respectively, highlighting the complementary nature of these
observables.

Finally, we extended our analysis to include galaxy clustering,
performing a full 6 x2-point analysis combining FRBs, WL, and
galaxy clustering samples. By incorporating both LRGs and ELGs,
we were able to probe the bound gas fraction across different
halo mass scales and obtain tighter constraints on Q,, and the
bound gas parameter log,, M.. Although galaxy autocorrelations
are highly sensitive to cosmological and halo occupation parame-
ters, they are largely insensitive to baryonic feedback. In contrast,
FRBs directly trace the spatial distribution of ionized gas and
therefore provide direct sensitivity to baryonic parameters. De-
spite this complementarity, we found that the full 6 x 2-point anal-
ysis did not yield any significant improvement in the constraints
on Sg compared to the 3x2-point analysis combining FRBs and
WL.

A potential avenue for future work is to extend our framework
by jointly analysing the FRB DM-redshift relation together with
the FRB angular power spectra. While our analysis has focused
on DM fluctuations, the mean DM-z relation encodes comple-
mentary information on the integrated electron density and its
redshift evolution, and can further help to break degeneracies
between cosmological parameters and baryonic feedback (I. Med-
lock et al. 2025; R. Reischke & S. Hagstotz 2025; K. Sharma et al.
2025b). A consistent treatment that combines DM perturbations
and the DM-z relation, including the relevant systematics, would
therefore strengthen the cosmological and astrophysical inter-
pretation of FRB observations. In addition, pushing the analysis
to smaller angular scales would allow more stringent tests of
baryonic feedback models, where differences between feedback
prescriptions are expected to be more pronounced. Such an ex-
tension will require improved modelling of non-linear gas astro-
physics and potential limitations of the halo-based description
adopted here. Together, these developments would enable FRBs
to more fully realize their potential as probes of baryonic physics
and structure formation across a wide range of scales.

Overall, our results highlight the complementary role of FRBs
in multitracer analyses. As FRB samples continue to grow and
are combined with next-generation WL and galaxy surveys, such
joint analyses could play a crucial role in disentangling baryonic
effects and in improving the precision of specific cosmological
parameters, enabling more robust constraints to be obtained in
the era of precision cosmology.
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APPENDIX A: INTRINSIC HOST DM
FLUCTUATIONS

We present here a simplified model illustrating the presence of
the contribution from intrinsic host DM fluctuations, Dy, de-
scribed in Section 2.3.2.

Consider a simplified halo model for FRBs in which haloes may
host 0 or 1 FRBs at their centre, with Ny(M) the expected number
of FRBs in a halo of mass M. Given a model for the gas content in
haloes, we can then calculate the DM of the central FRB due to
the host halo, DMy, (M, z). For simplicity, let us consider this to
be the only contribution to the observed DM, ignoring that of the
intervening IGM. The host ‘DM density’ (i.e. cuamulative host DM
per unit volume) for FRBs at redshift z and position x can then be
calculated as

pom(X) = /dMn(M) DMhost (M) N(M) [1 + én(xIM)], (A1)

where n(M) is the halo mass function, and §,(x|M) is the over-
density of haloes of mass M. For ease of notation we have omitted
the redshift dependence of all quantities, and we have ignored the
factor of 1/(1 + z) relating the DM in the rest-frame of the FRB
to the observer. Likewise, the number density of FRBs is

ne(x) = / AM (M) N:(M) [1 + u (x[M)]. (A2)

The angular DM and FRB number densities (i.e. cumulative host
DM and number of FRBs per unit solid angle) are then given by

Sou(h) = / dx oom(xh). no. () = / dx 1* ns(xA).

The observed DM map is then the ratio of these two quantities
DMg(fh) = Epm()/ng, r(fi). Expanding this to linear order in
the halo overdensity, we obtain

DMgq(fi) = DMq +

/ d_X X2 /dMn(M)Nf(M) [DMhost(M) - WQ:I Sn(x M),
ng,f

where the mean projected DM and FRB angular number density
are

oy = f dx x° / dM n(M) Ne(M)

/dx x> Ae(x),

DM,

1
o dx x* f dM n(M) N¢(M) DMpoq (M)

* f dy 7)) DM,
I’lgyf

which also defines the mean FRB number density, fie(x ), and the
mean host DM at comoving distance x, DM(x).
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Assuming haloes to be linearly biased tracers, &n(x|M) =~
bp(M) ém(x), we can write the angular fluctuation in host DM
D(fl) = DMQ(ﬁ) - WQ as

2
D(h) = / d}j‘n); 3:0) [br.ow DM(x) — bDMa ] Sm(xf).  (A3)

where we have defined the FRB bias, bs, and the DM-weighted
FRB bias, bs py, as

__ [/ dM n(M) N¢(M) b, (M)
by = TAMn(M)N; (M) ° (A4)
__ J dM n(M) N;(M) DM(M) b, (M)
bt.pm = T dM n(M) Np (M) DM(M) (AS5)

We can see that equation (A3) is equal to the last term in
equation (27) if by = bs pm, which is not in general the case, due to
the expected mass dependence of the host DM. Thus, the intrinsic
fluctuation in the host DM contribution Dy, in equation (27) is
given, in this simplified model, by

Dhost(fa, x) = [b.pm — br] DM()) $m(x ). (A6)
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