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We report the first detection, at very high significance (23¢), of the cross-correlation between cosmic
shear and the diffuse x-ray background, using data from the Dark Energy Survey and the ROSAT
satellite. The x-ray cross-correlation signal is sensitive to the distribution of the surrounding gas in dark
matter halos. This allows us to use our measurements to place constraints on key physical parameters that
determine the impact of baryonic effects in the matter power spectrum. In particular, we determine the
mass of halos in which feedback has expelled half of their gas content on average to be logo(M./Mg) =
13.64370%" and the polytropic index of the gas to be I' = 1.2317)017. This represents a first step in the
direct use of x-ray cross-correlations to obtain improved constraints on cosmology and the physics of the

intergalactic gas.

DOI: 10.1103/PhysRevLett.133.051001

Introduction—The cosmic baryonic component contains
invaluable information to advance our understanding of
cosmology and astrophysics from large-scale structures
(LSSs). Because of the complexity of the astrophysical
processes used to probe the cosmic gas, this information is
not fully utilized. Understanding the baryonic component is
vital to obtain robust cosmological constraints. If not
modeled, baryonic feedback processes may significantly
bias cosmological parameters extracted from weak lensing
data, for cosmic shear alone, and its combination with
galaxy clustering (the “3 x 2-point” analysis) [1-3].

In this Letter, we use a novel probe: the cross-correlation
between diffuse x-ray maps and cosmic-shear data. Hot gas
in overdense regions emits in x rays through bremsstrah-
lung and collisionally ionized line emission. As a result, the
X-ray emissivity is proportional to the square of the gas
density, and to a function A(7T,, Z), which depends on the
gas temperature and chemical composition [4]. This
dependence on density and temperature [ n3A(T,)]
makes it possible to use x-ray observations to constrain
baryonic effects and cosmology. This has been done
indirectly using observations of bound gas fractions in
x-ray cluster observations [5-8]. Instead, here we directly
explore this cross-correlation to constrain baryonic physics.
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This complements other x-ray cross-correlation studies in
the literature [9-15].

The use of this cross-correlation has clear advantages.
First, it directly involves the main observable, cosmic
shear, where the impact of mismodeled baryonic physics
is most relevant. Second, the cross-correlation signal is
sourced by the collective emission of all LSSs, making the
analysis less sensitive to errors in the modeling of
individual objects (only statistical means over the whole
halo ensemble are needed). Third, the tomographic nature
of cosmic-shear data gives insights into the time evolution
of the main gas properties. Finally, using the same type of
summary statistics (angular power spectra or correlation
functions) as in the standard cosmic shear and 3 x 2-point
analysis allows a straightforward incorporation of the
associated measurements. This enables a cosmological
analysis that self-consistently constrains cosmology and
baryonic effects, propagating all measurement and mod-
eling uncertainties exactly. Here we present a first detec-
tion of the cross-correlation between cosmic shear and the
soft x-ray background, using data from the ROSAT All-
Sky Survey (RASS [16]) and the year-3 data release of the
Dark Energy Survey (DES Y3 [17,18]). We show that the
cross-correlation signal is detected at very high signifi-
cance in all redshift bins, providing strong bounds on
baryonic effects.

Data analysis—The Dark Energy Survey: We use the
cosmic-shear data made available with the DES Y3 [17].
We process the source catalog following the steps in the
DES cosmic-shear analysis [19,20]. The catalog is divided
into four redshift bins, and galaxy ellipticities are corrected
for additive and multiplicative shape measurement biases
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calculated from the weighted average ellipticity and shear
response tensor in each bin. After obtaining the source
weights and corrected ellipticities, we produce shear maps
following the steps in [21]. We use the HEALPix pixeliza-
tion scheme [22] with resolution parameter N4, =
1024, corresponding to pixels of size 06 ~ 3.4 min.
When interpreting the power spectrum measurements
described below, we use the redshift distributions employed
in the DES Y3 analysis [23].

ROSAT: We use data from the RASS [16,24], cover-
ing the full celestial sphere. ROSAT is currently the only
publicly available all-sky x-ray survey, before the data
taken by eROSITA [25] are released. We produce maps of
the photon count rate density (i.e., number of photons
observed per unit time and solid angle) in the observed
energy range E € [0.5,2] keV. For this, we use the photon
table available at the German Astrophysics Virtual
Observatory [26] and of the merged exposure maps from
the RASS data release [27]. Exposure maps were repro-
jected onto a HEALPix map with resolution N4, = 1024,
and the photon count rate density map was constructed by
binning all photons in the energy range onto these pixels
and dividing by the corresponding exposure and pixel
area. We verified that the photon count and exposure maps
thus constructed matched those made available by the
Centre d’Analyse de Données Etendue [28].

Power spectra and covariances: We estimate the cross-
correlation between the shear and x-ray maps using the
pseudo-C, estimator [29,30] as implemented in NaMaster
[30]. The treatment of the cosmic-shear data closely
followed the description in [21]. To account for the
inhomogeneous noise properties in ROSAT, the mask used
for the photon count rate map in the pseudo-C, estimator
was proportional to the exposure map. We masked pixels
with exposures below 100 s, and imposed a Galactic mask
constructed by thresholding the dust extinction map of
[31] to minimize potential contamination from Galactic
foregrounds (see Ref. [32]). The covariance matrix of our
measurements was constructed analytically with the
methods introduced in [21,33], using the power spectra
directly computed from the data. We verified that our code
was able to reproduce the cosmic-shear angular power
spectra and covariance matrix published by DES [20]. The
power spectra were calculated in the same ¢ bins used in
[34], only considering angular scales in the range
30 < £ < 2Nqe, resulting in 24 bins per C,. We incorpo-
rated the effects of marginalizing over uncertainties in the
DES redshift distributions and on the multiplicative bias
into the power spectrum covariance using the method
described in [35]. Although our analytical covariance
matrix accounts only for Gaussian contributions, we
verified that including non-Gaussian terms (one-halo
trispectrum and supersample covariance) changes y?
values by less than 2%.

Theoretical model—X-ray count rate density maps:
The observed count rate density of x-ray photons along the
directional unit vector fi is given by

CR(R) = [ Tl (7,.2). (1)

where y is the comoving radial distance, n., and ny are the
physical number densities of free electrons and hydrogen
nuclei, and 7', and Z are the temperature and metallicity of
the plasma. J(T,,Z) is the x-ray emissivity of the gas
convolved with the instrument response function and
integrated over the observed energy range. That is,

/ dE/ dE M(E,|E)A(E)
x5 (T ZE(1+z)) (2)

Here, E is the true photon energy in the observer’s rest
frame, and E, is the energy measured by ROSAT.
M(E,|E) is the energy redistribution matrix, and A(E)
is the effective detector area for photons with energy E;
these are given by the response matrix files and the
ancillary response files, respectively. de/dE is the x-ray
emissivity (number of photons emitted per unit volume,
time, energy, and squared number density), evaluated at the
rest-frame energy of the plasma, E(1 + z). We compute this
quantity using the Astrophysics Plasma Emission Code
(APEC [36]) as implemented in PYATOMDB [37].

Assuming a fully ionized plasma, n, and ny are propor-
tional to the gas mass density p,: ny = p,Xy/m,, and
ne = pg(1 + Xy)/(2my,), where Xy = 0.76 is the hydro-
gen mass fraction, fixed at the primordial abundance. The
x-ray map is thus sensitive to the physical properties of the
gas (density, temperature, metallicity). We assume a met-
allicity Z = 0.3Z, where Z, is the solar metallicity [38].

A hydrodynamical halo model: To describe the dis-
tribution of mass and gas within halos we use a halo model,
strongly inspired by [39] (M20 hereon). Following M20,
we consider contributions to the total halo mass from cold
dark matter (CDM), gravitationally bound gas, ejected gas,
and stars.

As in M20, we model the bound gas assuming hydro-
static equilibrium and P o p". This results in the so-called
“KS” density profile [40], with " determining its scale
dependence. The profile normalization is fixed by requiring
the total bound gas mass to follow the relation [41]
Fona(M) = (,/Q0)/[1 + (M./M)P]. The mass scale
M . (which we refer to as the “halfway mass”) is the halo
mass at which half of the gas mass has been ejected. We fix
f = 0.6 [39,41]. The stellar component is concentrated at
the halo center and modeled as in Eq. (27) of M20 and [42].
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The rest of the gas mass (adding up to the cosmic mean) is
assumed to be in the form of ejected gas. We model the
scale dependence of this component following [41], using a
Gaussian profile with a characteristic ejection scale
controlled by a free parameter 7, [see Eq. (2.25) of
[41]]. The CDM component is assumed to follow a
Navarro-Frenk-White profile [43] (NFW). Finally, we
account for the effects of clumping using the model of
[44]. While our data are not sensitive to the details of the
ejected gas distribution, as it is sufficiently diffuse and cold
to avoid detection via x rays, the “clumpiness” of the bound
gas can have a significant effect on the signal, and its model
should be carefully calibrated.

The temperature of the bound and ejected gas is modeled
as in M20. The bound gas temperature follows the scale
dependence predicted by the polytropic equation of state
and the NFW gravitational potential. We assume the gas to
be close to virialized, with a free parameter a; describing
departures from a perfect virial relation [for which a; = 1;
see Eq. (39) of M20]. As in M20 we fix the temperature of
the ejected gas to that of the warm-hot intergalactic medium
(IGM) T,, = 10%° K.

The model thus depends on four free parameters, which
we vary assuming flat priors: log,oM. € [13,15],
r'e[l.1,1.5], ay €[0.5,2.0], and , €]0.2,2.0]. To trans-
form this model into predictions for angular power spectra,
we use the general formalism described in, e.g., [32]. We
use a halo mass definition with overdensity parameter A =
200 times the critical density, the mass function and halo
bias prescriptions of [45], and the concentration-mass
relation of [46]. We note that we have ignored the impact
of intrinsic alignments (IAs), since the DES Y3 analysis did
not find significant evidence for this contribution [19]. We
verified that including the IAs with an amplitude Ajp, = 1
changed the results by less than 1 standard deviation, as
consistent with KiDS [47]. A more detailed description of
the model, and the role of its parameters, will be provided
in future work. All theoretical calculations were carried out
using the Core Cosmology Library [48]. We keep all
cosmological parameters fixed to the best-fit ACDM values
found by Planck [49], since it is not possible to simulta-
neously constrain the cosmological and baryonic physics
parameters using only the x-ray cross-correlation studied
here [50]. Together with IA parameters, the cosmology
should be marginalized over in a joint analysis with the
cosmic-shear autocorrelations.

Results—Measurement and detection significance: We
estimate the power spectra between the ROSAT count rate
density map and cosmic-shear £ mode in the four DES
redshift bins. The measurements are shown in Fig. 1,
together with the best-fit model prediction. The detection
significance is calculated as SNR = /y2. — 3, where
x> and y3 are the y* for the best-fit model and for a null
model, respectively. The goodness of fit of the model is
quantified in terms of the probability to exceed (PTE) for
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FIG. 1. Cross-correlations between the ROSAT count rate

density map and the DES Y3 cosmic-shear data in four redshift
bins for the scales used in the analysis (30 < # < 2Nq.)- The red
solid line shows our best-fit prediction, with the dashed and
dotted lines showing predictions deviating from this model by 5o
in log;g M. and I', respectively.

the best-fit y> assuming a y? distribution with Ny, ; =
N, — N, degrees of freedom, where N, is the number of
data points and N, = 4 is the number of free parameters of
the model. Table I lists the best-fit y2’s, PTE, and SNRs for
each redshift bin and for the combination of all measure-
ments. The signal is detected at high significance
(SNR > 7) in all redshift bins, with a total SNR = 23.4.
The model provides a good fit to the data in all bins
individually and jointly, with PTE above 0.3. The joint
best-fit model is also a good fit to each power spectrum,
with PTE ranging between 0.29 and 0.72.

To validate these measurements, we perform a null test,
evaluating the detection significance of the correlation
between ROSAT and the cosmic-shear B modes. As
expected, we find these measurements to be compatible
with zero in all bins (the associated y> values and
probabilities to exceed are listed in Table I).

Constraints on baryonic effects: To constrain the four
parameters of our model {log,(M., T, ar,n,}, we assume a
Gaussian likelihood, which we sample with the Metropolis-
Hastings Monte Carlo Markov chain (MCMC) algorithm in
COBAYA [51]. We present parameter constraints by quoting
the peak of the marginalized 1D distribution, together with
its 68% asymmetric confidence-level interval. Figure 2
shows 2D contours for the four parameters for each redshift
bin (colored shaded contours) and for the total data vector
(black contours).

As anticipated, the x-ray data are most sensitive to the
properties of the bound gas and constrained both the
halfway mass scale log,q M, (which controls the amplitude
of the cross-correlation) and the polytropic index I" (which
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TABLE L

Parameter bounds, best-fit ;(2, associated PTE, and detection significance from each redshift bin individually (first four

rows) and combined (last row). The first five columns show results for the two parameters constrained by the data {log;oM., T’} in the
four-parameter model (varying {log,;oM., T, ar, n,}). The next three columns show results for the single-parameter model of M20 using
the AGN feedback parameter log;, Tagn- The last two columns show y? and PTE for the corresponding B-mode power spectra.

Data logio M, r Zin  PTE SNR 10210 Tacn Zwm  PTE 43 PIE
Bin 1 14367019 12031092 165 068 60 802940028 170 081 135 097
Bin 2 141791097 12147006 242 023 111 8005+0016 259 030 173 083
Bin 3 1418470091 12067093 190 052 156 7.998+£0012 191 069 210 0.64
Bin 4 14.09070065 12161000 238 025 151 7.987+£0012 259 031 269 031
Allbins 140597095 120470015 801 081 234 799840008 821 08 787 090

controls its scale dependence). We are mostly insensitive to
variations concerning the virial temperature (encoded in
ar) and the scale dependence of the ejected gas profile
(encoded in 7,), since its low temperature renders it
invisible to x rays. With the full data vector, our constraints
on log;y M. and I'" are

logi oM. = 14.059709%5  T'=1.224793!%. (3)
These results are in good agreement with those found in
cosmic-shear analyses when including the impact from
baryonic effects [52-56] and when considering x-ray
measurements of gas fractions [6,8]. Our constraints are
nevertheless significantly tighter, particularly in the case of
log;g M., which is the main parameter regulating the
impact of baryonic effects in weak lensing data [56].
Table I shows the constraints found for each redshift
bin. We find reasonable agreement between bins, with a
mild trend for log;g M. to decrease with redshift and no
clear trend in the case of T
Constraints on single-parameter models: Since there
have been attempts at modeling baryonic effects on cosmic-
B Bin 1 B Bin 3 Bin 4

I Bin2 — Allbins

FIG. 2. Constraints on the four parameters of the hydrodynam-
ical halo model used in this Letter. Results are shown for each of
the four DES Y3 redshift bins independently (shaded colored
contours) and for the combination of all bins (solid black line).
Our data are most sensitive to the density of bound gas and
constrains the halo mass at which half of the gas content has been
ejected (log;y M), which controls the overall amplitude of the
density profile, and the polytropic index (I"), which controls its
scale dependence. The departure from the virial temperature
relation ay and the scale of the ejected gas (1) are largely
unconstrained.

shear analysis with a single free parameter, it is thus
interesting to explore whether our measurements can be
described by these simpler models. In particular, we loosely
follow the prescription of M20, which was applied to the
joint analysis of cosmic-shear and thermal Sunyaev-
Zel’dovich (tSZ) data in [57].

In [57], the authors fitted the density and pressure power
spectra in the BAHAMAS suite of hydrodynamical sim-
ulations [58] to the halo model described above and
connected the various parameters of the model to a single
“active  galactic nucleus temperature”  parameter
log o T agn, Which regulates the strength of feedback in
the simulations. Using the results shown in Table 2 of M20,
we reparametrize our model as a function of log;y 7' sgn and
use our data to constrain this parameter. It is worth noting
that our model assumes a Gaussian profile for the ejected
gas, whereas [57] set the one-halo contribution from the
ejected gas to zero. Since our data are not sensitive to the
ejected gas parameters, we fix 7, = 0.5 following [41].

The constraints on log;y T sgn are listed in Table 1. We
find log;y T agny = 7.998 4= 0.008 from our combined data
vector, which is in excellent agreement with both the
BAHAMAS model [57] and the constraints found by
[52,56] from the joint analysis of cosmic-shear and tSZ
data using this model. The joint constraint is also in
reasonable agreement with those found for individual
redshift bins, and the model provides a good fit to the
data in all cases. Although there seems to be some
qualitative evidence of evolution in log;y Tagn, this is
not easy to quantify, given the large overlap between the
lensing kernels of all bins. The trend might also be purely
an artifact of the log;y T sgn parametrization or depend on
the impact from intrinsic alignments at low redshifts, which
were neglected.

Discussion—We conducted the first analysis of the
angular power spectrum between x-ray count maps and
cosmic-shear data. The signal is detected at very high
significance, allowing us to place strong constraints on the
free parameters of a hydrodynamical halo model describing
the gas content of halos. In particular, we constrain the
halfway mass log;y M. and the polytropic index I', which
govern the abundance of bound and ejected gas, and the
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FIG. 3. Suppression of the matter power spectrum due to
baryonic effects. The solid, dashed, and dot-dashed lines show
results for various hydrodynamical simulations [58,59]. The blue
and yellow bands show the level of suppression needed to
reconcile KiDS 1000 and DES Y3 cosmic-shear data with Planck
[55]. The red band is the 16 bounds obtained from the ROSAT-
DES cross-correlations within our fiducial four-parameter model,
converging to unity at larger scales.

scale dependence of the former. Both parameters, particu-
larly log,g M., play significant roles in modeling and
mitigating the impact of baryonic effects in the matter
power spectrum. This is a major source of uncertainty in
cosmic-shear analyses, preventing the use of smaller scales
to improve cosmological constraints.

As shown, x rays are an excellent probe for this
parameter as it traces the hot gas inside halos and thus
provides strong bounds for its properties. For reference,
Fig. 3 shows the level of suppression of the matter power
spectrum predicted by various hydrodynamical simulations
[58,59], the level needed to reconcile cosmic-shear data
with CMB data from Planck (as quantified in [55]), and the
bounds on this suppression imposed by our constraints on
log;o M, and I'. It is worth emphasizing that these bounds
are only indirect evidence for this suppression, based on
the constraints on the distribution of gas arising from the
shear—x-ray cross-correlation. Our constraints straddle the
levels of suppression preferred by DES and KiDS, which
may have an impact in solving the so-called “Sg tension”
[53,55,56]. The x-ray—cosmic-shear cross-correlation pre-
sented here can thus be used to calibrate the impact of
baryonic effects. In contrast with previous approaches to
using x-ray measurements of cluster samples for similar
purposes [5—-8], the cross-correlation approach allows for a
joint analysis with any other cosmic-shear correlations
(e.g., 3 x2-point analyses), consistently and naturally
propagating all uncertainties and accounting for the covari-
ance between probes. Residual degeneracy between cos-
mological and hydrodynamical parameters could be broken
by including cross-correlation with Sunyaev-Zel’dovich
Compton-y maps, given their complementary sensitivity

to gas density and temperature. We leave such analysis for
future work. Alternatively, x-ray cross-correlations could
be used in the calibration of baryonic physics in hydro-
dynamical simulations [58].

Given the high sensitivity of these measurements, a
careful validation of the theoretical model used to describe
them is crucial before the methodology presented here can
be used in cosmological analyses. Here we utilized a simple
halo model parametrization, which is likely subject to
several sources of uncertainty. These include the mismod-
eling of the one- to two-halo transition regime, the idealized
nature of the various halo profiles used, the hydrostatic
mass bias (used to rescale halo masses to account for
nonthermal contributions to the pressure) [2], and the
stochastic relationship between halo mass and gas proper-
ties that could affect the one-halo contribution. Other x-ray-
specific systematics, such as the detailed chemical compo-
sition of the IGM or the effects of clumping, will also
require a more careful treatment. Finally, we kept all
cosmological parameters fixed to their best-fit Planck
values and neglected the contribution from intrinsic align-
ments. As argued here, both assumptions would not affect
the qualitative conclusions made regarding the potential of
cross-correlations with the diffuse x-ray background to
constrain baryonic physics. However, they would need to
be addressed in a joint cosmological analysis involving,
e.g., cosmic-shear autocorrelations.

This Letter paves the way for the use of cross-correlations
between cosmic shear and maps of the diffuse x-ray back-
ground to address central questions in the path to obtain
robust cosmological constraints from large-scale structure
data. The inclusion of this probe in the joint analysis of future
weak lensing surveys (e.g., the Vera Rubin Observatory [60]
and Euclid [61]) with ongoing x-ray missions, such as
eROSITA [25], will be instrumental to improve the precision
of the associated cosmological constraints and their robust-
ness to astrophysical uncertainties.
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