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We study the cross-correlation between maps of the unresolved γ-ray background constructed from the
12-year data release of the Fermi Large-Area Telescope, and the overdensity of galaxies in the redshift
range z ≲ 0.4 as measured by the 2MASS photometric redshift survey and the WISE-SuperCOSMOS
photometric survey. A signal is detected at the 8 − 10σ level, which we interpret in terms of both
astrophysical γ-ray sources, and weakly interacting massive particles (WIMP) dark matter decay and
annihilation. The sensitivity achieved allows us to characterise the energy and redshift dependence of the
signal, and we show that the latter is incompatible with a pure dark matter origin. We thus use our
measurement to place an upper bound on the WIMP decay rate and the annihilation cross section, finding
constraints that are competitive with those found in other analyses. Our analysis is based on the extraction
of clean model-independent observables that can then be used to constrain arbitrary astrophysical and
particle physics models. In this sense we produce measurements of the γ-ray emissivity as a function of
redshift and rest-frame energy ε, and of a quantity FðεÞ encapsulating all WIMP parameters relevant for
dark matter decay or annihilation. We make these measurements, together with a full account of their
statistical uncertainties, publicly available.
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I. INTRODUCTION

The unresolved γ-ray background (UGRB) is the
collective emission observed after subtracting the diffuse
Galactic contribution and detected extragalactic sources.
It originates from unresolved astrophysical sources,
including star-forming galaxies [1,2], misaligned active
galactic nuclei (AGNs) [3], blazars [4,5], millisecond
pulsars [6], and the interaction of cosmic rays with the
extragalactic background light [7] (see [8] for a review).
More interestingly for fundamental physics, the UGRB
may also be used for the indirect detection of particle
dark matter.
Weakly interacting massive particles (WIMPs) are one

of the most promising candidates to make up a substantial
fraction of the dark matter (DM) needed to explain
cosmological observations [9–13]. With masses in the

range of mχ ≃ 1 GeV − 1 TeV,1 if produced thermally in
the early Universe and then decoupled from the plasma,
their relic density would be naturally of the order of the
measured global dark matter abundance [14,15]. In most
scenarios, decay or annihilation of WIMPs into Standard
Model particles leads to the emissions of γ-ray photons. For
this reason, data from γ-ray observatories, such as the
Fermi-LAT telescope, has been widely used to place
constraints on WIMPs as a dark matter candidate [16,17].
Both the extragalactic astrophysical sources of the

UGRB listed above, as well as any potential contribution
from DM processes, would trace the same large-scale
structures, and hence cause anisotropies in this background.
These anisotropies have been detected and studied via
measurements of the UGRB power spectrum [18–21],
revealing important information about its energy spectrum
and potential composition. However, significant additional
information can be obtained from the cross-correlations of
the UGRB with other tracers of the same large-scale
structure. First, cross-correlations with high signal-to-noise
tracers of structure are able to tease out low-significance
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signatures in the data e.g., [22,23]. Second, the cross-
correlation with tracers at different redshifts allows us to
reconstruct the joint dependence of the UGRB on redshift,
energy, and physical scales, which is vital to separate the
astrophysical sources of the signal from its potential DM
contributions.
In this sense, various probes of structure offer different

advantages. The spatial distribution of galaxies is generally
the highest signal-to-noise tracer of the matter fluctuations
and, if redshift information is available, allows for an
accurate tomographic reconstruction of the signal [24–30].
The main difficulty, however, is ensuring an accurate
modeling of the relationship between galaxy and matter
overdensities, particularly on small scales [31–33]. Cosmic
shear, caused by the weak gravitational lensing of back-
ground galaxies, is a direct tracer of the matter fluctuations,
and is therefore immune to this challenge. However, shape
measurement noise significantly reduces the sensitivity of
this tracer, even for the densest galaxy samples and, as a
cumulative effect along the line of sight, separating the
γ-ray signal into its contributions at different redshifts is
less straightforward [34–39]. Another promising cross-
correlation tracer is the positions of galaxy clusters. As
the most massive objects in the Universe, clusters of
galaxies contain significant amounts of dark matter, and
hence are promising environments to detect the associated
γ-ray signal [40–43]. Cross-correlation studies with other
less standard tracers have been carried out in the literature,
including cosmic microwave background anisotropies
(CMB) [44], lensing of the CMB [45], the cosmic infrared
background [46], the late-time 21 cm signal [47], the
thermal Sunyaev-Zel’dovich effect [48], and high-energy
neutrino events [49]. Finally, some of the tightest con-
straints on WIMPs have been obtained from the study of
the UGRB around local structures [50–53].
In this paper, we study the cross-correlation of maps of

the UGRB from 12 years of Fermi-LAT data with tomo-
graphic maps of the galaxy overdensity constructed from
the 2MASS Photometric Redshift survey (2MPZ) and the
WISE-SuperCOSMOS photometric survey (WI-SC), cov-
ering the redshift range z≲ 0.4. We interpret the associated
signal in terms of both astrophysical γ-ray sources and DM
processes. The main improvements from our analysis with
respect to previous similar works (e.g., [25,28]) is the use of
newer, more sensitive Fermi-LAT data (12-year dataset as
opposed to the 8-year release used in previous works,
together with its updated point-source mask), with corre-
spondingly enhanced constraints on DM decay and anni-
hilation, and the adoption of an agnostic modeling
approach. This allows us to compress our data into the
measurement of a few model-independent quantities.2 As
we show, this has key advantages, enabling an easy

interpretation of our measurements in the context of
arbitrary DM particle interactions, as well as providing
robust methods to identify the presence of astrophysical
contributions in the data.
This paper is structured as follows. Section II pre-

sents the theoretical background used to model the
UGRB and its cross-correlation with galaxies. The datasets
used in our analysis are described in Sec. III. The data
analysis methodology we employ is presented in Sec. IV.
Section V then presents the results of our analysis, and the
corresponding constraints on DM interactions and γ-ray
astrophysics. We summarise these and conclude in Sec. VI.

II. THEORETICAL MODEL

A. Power spectra and the halo model

Our two observables, the angular galaxy overdensity δg
(see Sec. II B), and the γ-ray intensity Iγ (see Sec. II C), are
sky projections of 3-dimensional fields, and can be written
in general as

uðn̂Þ ¼
Z

dχquðχÞUðχn̂; zÞ; ð1Þ

where U is the 3D counterpart of the projected field u, χ is
the radial comoving distance, and quðχÞ is the radial kernel
defining the projection. The angular power spectrum of two
such fields, u and v, can be calculated as

Cuv
l ¼

Z
dχ
χ2

quðχÞqvðχÞPUVðkl; zÞ; ð2Þ

where PUVðk; zÞ is the power spectrum of the associated 3D
fields, and kl ≡ ðlþ 1=2Þ=χ. The equation above assumes
the applicability of Limber’s approximation [54,55], which
holds when the radial kernels of the fields involved are
significantly broader than their typical correlation length
(this is the case for the observables studied here).
The 3D power spectra can be described using the halo

model [56–58]. In this formalism, the power spectrum
receives two contributions: the “two-halo” term, corre-
sponding to the contribution from pairs of matter elements
in different haloes, and the “one-halo” term, corresponding
to matter elements belonging to the same halo:

PUVðkÞ ¼ P2h
UVðkÞ þ P1h

UVðkÞ; ð3Þ

where we have omitted the redshift dependence for brevity.
These two contributions are given by

P1h
UVðkÞ ¼

Z
Mmin

dMnðMÞhUðkjMÞVðkjMÞi; ð4Þ

P2h
UVðkÞ ¼ hbUihbViPLðkÞ; ð5Þ

hbUi≡
Z
Mmin

dMnðMÞbhðMÞhUðkjMÞi: ð6Þ2We make these measurements and their statistical uncertain-
ties publicly available in https://github.com/anyabua/FermiX.
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where nðMÞ is the halo mass function, bhðMÞ is the halo
bias, UðkjMÞ is the Fourier transform of the halo profile
for field U around a halo of mass M, PLðkÞ is the linear
matter power spectrum, and h� � �i denotes averaging over
all possible realizations of haloes of the same mass. The
bias-weighted observable hbUiwill be of particular interest
in Sec. II E.

B. Galaxy clustering

We cross-correlate the γ-ray intensity maps with pro-
jected maps of the galaxy distribution in a set of tomo-
graphic redshift bins. Concretely, we produce maps of the
projected galaxy overdensity δgðn̂Þ≡ ngðn̂Þ=n̄g − 1, where
ng is the angular number density of galaxies, and n̄g is its
sky average. This quantity is related to the underlying 3D
galaxy overdensity Δg via

δgðn̂Þ ¼
Z

dχ
dz
dχ

pgðzÞΔgðχn̂Þ; ð7Þ

where pgðzÞ is the sample’s redshift distribution, and
dz=dχ ¼ HðzÞ is the expansion rate at redshift z.
For simplicity, we assume that galaxies are a biased

tracer of the underlying dark-matter overdensity

ΔgðxÞ ¼ bgδðxÞ; ð8Þ

where bg is the galaxy bias. We also assume that dark
matter is distributed in haloes according to a truncated
Navarro-Frenk-White (NFW) profile [59] (seeAppendixA 1
for details).
Thus, within this simple model, the radial kernel and

halo profile associated with galaxy clustering are

qgðχÞ ¼ bg
dz
dχ

pgðzÞ; UgðrÞ ¼
ρNFWðrÞ
ρ̄M;0

; ð9Þ

where ρ̄M;0 is the mean matter density today. To test that our
final results are not sensitive to the details of the galaxy-
halo relation, we repeat parts of our analysis for a more
sophisticated model, using the so-called halo occupation
distribution approach (HOD). The model is described in
more detail in Appendix A 2.

C. Gamma ray intensity

γ-ray observations can be used to construct maps of the
UGRB intensity, defined as the number No of observed
photons detected per unit time to, detector area Ao, photon
energy εo, and solid angle dΩo along direction n̂:

Iðn̂; εoÞ ¼
dNo

dtodAodεodΩo
; ð10Þ

where the subscript o denotes quantities measured in the
observer’s frame. The contribution to the total observed

intensity from sources in a distance interval dle along the
line of sight is given by

dIðn̂Þ ¼ dNe

dtedεedVedΩe

dNo

dNe

dtedεe
dtodεo

dAedΩe

dAodΩo
dle; ð11Þ

where e denotes quantities in the frame of the emitting
material, and the transverse volume element is dVe ≡
dAedle. Ignoring all geometric and redshift distortions,
we can write:

dεedte
dεodto

¼ 1;
dAedΩe

dAodΩo
¼ 1

ð1þ zÞ2 ; dle ¼
dχ

1þ z
; ð12Þ

where dχ is an interval of comoving distance. The ratio of
observed to emitted photons can for now be written as

dNo

dNe
¼ exp½−τðχÞ�; ð13Þ

where the optical depth τ accounts for the absorption of
γ-ray photons by the extragalactic background light [60].
For simplicity, in what follows, we will label energies

measured in the observer’s frame with an uppercase E, and
rest-frame energies simply with a Greek lowercase ε.
The total intensity can then be calculated by integrating

along the line of sight, obtaining:

Iðn̂Þ ¼
Z

dχe−τ
ṅγεðχn̂Þ

4πð1þ zÞ3 ; ð14Þ

where ṅγε is the emissivity: the physical3 number density of
photons emitted per unit time and energy

ṅγε ≡ dNe

dtedεedVe
: ð15Þ

The form of ṅγε (e.g., its dependence on cosmological and
astrophysical parameters) depends on the process giving
rise to γ-ray emission. In the next two sections we will
present models to describe γ-ray emission from DM decay
and annihilation, and from regular astrophysical processes.

D. Gamma rays from dark matter

1. Dark matter annihilation

The probability per unit time for one DM particle to
annihilate against another is

dpann ¼ nDMσdx ¼ nDMhσvidt; ð16Þ

where nDM is the number density of DM particles, and hσvi
is the annihilation cross section times the relative velocity

3As opposed to comoving.
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between particles averaged over the velocity distribution.
The total number of annihilations taking place per unit
volume and time is therefore

dNann

dtdV
¼ nDM

2

dpann

dt
¼ 1

2

ρ2DM
m2

DM
hσvi; ð17Þ

where ρDM is the DM density, and mDM is the DM particle
mass. The factor of 1=2 must be included to avoid double-
counting unique pairs of annihilating particles.
To obtain the emissivity due to annihilation we simply

multiply the number density rate of annihilations by the
spectrum dNann

γ =dε (i.e., the number of photons emitted per
unit energy) for each annihilation:

ṅγεðxÞ ¼ hσvi
2m2

DM

dNann
γ

dε
ρ2DMðxÞ: ð18Þ

2. Dark matter decay

Calculating the emissivity for DM decay is even simpler.
The probability per unit time for a DM particle to decay
dpdec=dt is simply given by the decay rate Γ. Thus, the
number of decays per unit volume and time is

dNdec

dVdt
¼ ΓnDM: ð19Þ

To obtain the emissivity we simply multiply this by the
decay spectrum dNdec

γ =dε:

ṅγεðxÞ ¼ Γ
mDM

dNdec
γ

dε
ρDMðxÞ: ð20Þ

3. γ-ray intensity maps from DM decay
and annihilation

Combining the results for decay and annihilation, the
γ-ray intensity can be written schematically as

Iγðn̂; EÞ ¼
Z

dχe−τðχÞð1þ zÞCðzÞFðεÞΔγðχn̂Þ; ð21Þ

where ε≡ Eð1þ zÞ is the rest-frame energy of the emitted
photons. Above, CðzÞ is a radial kernel involving only
cosmological quantities, FðεÞ is a function depending only
on particle physics properties of DM, and ΔγðxÞ is a three-
dimensional field tracing the large-scale structure. The
specific form of these quantities depends on the emission
process (decay or annihilation):

(i) Annihilation:

CðzÞ≡ ρ2c;0Ω2
DM

8π
ð1þ zÞ2; ð22Þ

FðεÞ≡ hσvi
m2

DM

dNann
γ

dε
; ð23Þ

Δγ ≡ ð1þ δÞ2: ð24Þ

(ii) Decay:

CðzÞ≡ ρc;0ΩDM

4πð1þ zÞ ; ð25Þ

FðεÞ≡ Γ
mDM

dNdec
γ

dε
; ð26Þ

Δγ ≡ 1þ δ: ð27Þ

Here, δðxÞ≡ ρDMðxÞ=ρ̄DM − 1 is the DM overdensity,
ρc;0 ≡ 3H2

0=8πG is the critical density today, with H0

the Hubble constant, ΩDM ≡ ρ̄DM;0=ρc;0 is the fractional
dark matter density, and we have used the fact that the DM
density evolves as ρ̄DMðzÞ ¼ ρ̄DM;0ð1þ zÞ3.
Finally, we will make use of intensity maps integrated

over a finite energy bin

Īiγðn̂Þ≡ 1

Eiþ1 − Ei

Z
Eiþ1

Ei

dEIγðn̂; EÞ: ð28Þ

These are then related to the quantities defined above via

Īiγðn̂Þ ¼
Z

dχe−τðχÞCðzÞF̄iðzÞΔγðχn̂Þ; ð29Þ

where

F̄iðzÞ≡ 1

Eiþ1 − Ei

Z
Eiþ1ð1þzÞ

Eið1þzÞ
dεFðεÞ: ð30Þ

With this, the radial kernel associated with the γ-ray
intensity maps is

qiγðχÞ ¼ e−τðχÞCðzÞF̄iðzÞ: ð31Þ

At the redshifts and energies under study, the optical depth
τ can be safely ignored [60], and we will do so in what
follows.
The halo profile associated with DM decay is simply the

NFW profile, described in Appendix A 1:

Udec
γ ðrÞ ¼ ρNFWðrÞ

ρ̄M;0
: ð32Þ

The case of annihilation is more complicated. Since
annihilation is proportional to the mean of the squared DM
density, the signal is highly sensitive to the amount of
substructure, i.e., fluctuations around the mean NFW
profile for haloes of a given mass, normally manifested
in the form of subhaloes. We will present constraints from
annihilation assuming three different models to describe the
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boost factor to the annihilation halo profile associated with
substructures. Ordered by the amplitude of the associated
boost factor, these are the substructure models of [61–63]
(labeled SC14, M16, and G12 hereon, respectively). Details
of these four models are described in Appendix A 3, and
follow the description in [64]. Unless otherwise stated, our
fiducial constraints on annihilation will assume the M16
substructure model.
Another important aspect of the model for annihilation is

the minimummass over which haloes contribute effectively
to the signal [64] [see Eqs. (4) and (6)]. As in previous
works (e.g., [25]), we will set this to be Mmin ¼ 10−6M⊙,
corresponding to a typical WIMP free-streaming mass.
We explore the uncertainty associated with this choice
in Appendix B.

4. Modeling F

FðεÞ depends solely on the fundamental properties of the
DM particles: mass, cross section/decay rate, and the
associated spectra. The specific form of F thus depends
on the particle physics model used to describe DM and its
interactions. Here we will take an agnostic approach and
instead attempt to reconstruct the form of F directly from
the data. To do so, we will model FðεÞ simply as a step-
wise function:

FðεÞ≡XNF

n¼1

FnΘðεn < ε < εnþ1Þ; ð33Þ

where Θðεn < ε < εnþ1Þ is a top-hat function in the range
½εn; εnþ1Þ, and the amplitudes Fn are free parameters of the
model. Inserting this into Eq. (29), the model for the
intensity map in the ith bin takes a particularly simple form:

Iiγðn̂Þ ¼
XNF

n¼1

FnI
i;n
γ ðn̂Þ; ð34Þ

where

I i;n
γ ðn̂Þ≡

Z
dχe−τðχÞCðzÞWi;nðzÞΔγðχn̂Þ; ð35Þ

and

Wi;nðzÞ≡ 1

Eiþ1 − Ei

Z
Eiþ1ð1þzÞ

Eið1þzÞ
dεΘðεn < ε < εnþ1Þ

¼ Min½Eiþ1ð1þ zÞ; εnþ1� −Max½Eið1þ zÞ; εn�
Eiþ1 − Ei

× Θðεnþ1 > Eið1þ zÞÞΘðεn < Eiþ1ð1þ zÞÞ:
ð36Þ

Above, the two last Heavyside functions ensure that the
integral is zero when there is no overlap between both
energy intervals.

For simplicity, and since we will only explore relatively
low redshifts (z≲ 0.4), and hence the effects of redshifting
from the source to the observer frame are mild relative to
the energy bin widths, we will use the same bin boundaries
used to construct the intensity maps, fEig, as the edges
fεng used to model F in Eq. (33).
Finally, note that the step-wise parametrization of FðεÞ

[Eq. (33)] allows us to write the cross-correlation between
the gth galaxy sample and the ith γ-ray intensity map as

Cg;i
l ¼

X
n

FnC
g;i;n
l ; ð37Þ

where

Cg;i;n
l ≡

Z
dz
χ2

bgpgðzÞCðzÞWn;iðzÞPδΔγ
ðkl; zÞ: ð38Þ

The template power spectra Cg;i;n
l thus depend solely on

cosmological quantities (distances, redshifts, and power
spectra of various powers of the matter overdensity), while
all the particle-physics properties are compressed into the
linear amplitudes Fn. Our aim will therefore be to recon-
struct Fn from the measured cross-correlations.

E. Astrophysical γ-ray emission

Since astrophysical γ-ray sources trace the same large-
scale structure as the dark matter structures that could
contribute to the UGRB through decay or annihilation, their
contribution may dominate the cross-correlation with the
galaxy overdensity, and is the main contaminant for this
type of study. Here we develop a simple and generic
scheme, based on the halo model, to interpret our mea-
surements purely in terms of an astrophysical signal. Our
treatment follows closely that used by [65] to constrain the
star formation rate density from cross-correlations of the
cosmic infrared background.
Consider Eq. (5) in the large-scale limit (i.e., on scales

larger than the typical size of a halo). In this regime, we can
write the 2-halo contribution to the galaxy-γ-ray cross
power spectrum as

P2h
gγ ðkÞ ¼ hbṅγεibgPmmðkÞ; ð39Þ

where bg is the galaxy bias, and we have defined the bias-
weighted mean γ-ray emissivity

hbṅγεi≡
Z

dMnðMÞbhðMÞ dṄ
dε

ðMÞ; ð40Þ

with dṄ=dε the specific luminosity (total number of
photons per unit time and energy interval emitted by
the halo). Assuming we know the galaxy bias bg, and
the matter power spectrum PmmðkÞ, the amplitude of the
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cross-correlation is therefore sensitive to the mean γ-ray
emissivity (weighted by halo bias).
The 1-halo term is more difficult to interpret since it

depends on the covariance between the galaxy density and
the γ-ray emissivity within haloes. However, following
[28,65], we can assume the scale dependence of this term to
be effectively flat in harmonic space. This is an acceptable
approximation since the Fermi point-spread function (PSF)
is too broad to resolve dark-matter haloes in detail.
Using this approximation, and assuming the galaxy

samples under study have relatively narrow redshift bins
(compared to the typical variation of hbṅγεi), we can write a
remarkably simple model for the cross-power spectrum
between the gth sample of galaxies and the ith γ-ray
intensity map, at energy Ei:

Cg;i
l ¼ hbṅγEið1þzgÞiQ

g
l þ Cg;i

1h ; ð41Þ

where zg is the mean redshift of the sample, Cg;i
1h is the

1-halo contribution to this power spectrum, and the
template Qg

l is [see Eq. (14)]

Qg
l ≡

Z
dz
χ2

bgpgðzÞ
4πð1þ zÞ3 Pmmðkl; zÞ: ð42Þ

Note that hbṅγεi in Eq. (41) is evaluated at the rest-frame
energy Eð1þ zgÞ, and that itself is an intrinsic function of
redshift (which we do not state explicitly above for brevity).
We can thus reconstruct the energy and redshift depend-

ence of the γ-ray emissivity by fitting the model in Eq. (41)
to the measured galaxy-γ-ray correlations using hbṅγεi and
Cg;E
1h as free parameters.

III. DATA

A. The Fermi-LAT 12-year data

In this work we use 12 years of γ-ray observations from
the Fermi Large Area Telescope (Fermi-LAT), which we
process using the Fermi Tools and FERMIPY [66],4 follow-
ing a similar procedure to Ackermann et al. [21]. We reject
the lowest quartile of photons according to their PSF
(PSF0) and divide the remaining photons into 100 loga-
rithmically spaced energy bins in the range [0.5248,
1000] GeV. To project and bin these observations spatially
onto a sky map, we use the HEALPY package [67] and the
HEALPix pixelation scheme. More information on HEALPix

can be found in [68]. The angular resolution of the data
(parametrized by the HEALPix resolution parameter
nside), is nside ¼ 1024 which corresponds to a pixel
size of ∼3.4 arcminutes.
We impose masks that remove all bright γ-ray sources

detected by Fermi-LAT and recorded in the LAT 12-year

source catalog (4FGL-DR3),5 comprising of more than
6000 sources. The masks are different in each energy bin
due to the energy-dependence of the Fermi point-source
response function, which is summarized as follows. The
reconstruction of the direction of photons detected by
Fermi is imperfect, and the uncertainty depends strongly
on energy. This effectively leads to a smearing of the γ-ray
maps, which can be quantified by the PSF. In real space, the
PSF corresponds to the probability of measuring an
incoming photon direction that differs from its true direc-
tion by an angle θ. This leads to a suppression of power in
the γ-ray maps on scales smaller than the typical extent of
the PSF. In harmonic space, this is quantified by the
harmonic transform of the real-space PSF, which we plot
in Fig. 1. We see that bl is consistently 1 for a larger range
of l values at higher energy bins than lower bins. In
particular, there is significant suppression on medium-large
l scales, with relatively low energy bins (energies
0.52 GeV to 15 GeV) suffering the most from this effect.
We include the PSF in our fiducial analysis by multiplying
all theoretical power spectra templates by the correspond-
ing PSF function in harmonic space.
As well as masking all point sources, we mask the region

of the sky for which the fiducial galactic diffuse emission
template (gll_iem_v07) exceeds three times the isotropic
template. Repeating our analysis using a factor four instead,
we verified that the results presented here are unaffected by
this choice. The isotropic template is spatially constant,
with a spectrum given by the Fermi Isotropic Spectral
Template.6 The galactic template is calibrated using a
model of inverse Compton emission and spectral line
surveys of HI and CO and infrared tracers of dust column
density and is described in more detail in Acero et al. [69].

FIG. 1. The point-spread function (PSF) in harmonic space bl
for the 12 Fermi-LAT energy bins considered in this work. The
vertical markers indicate the mean of the multipole bandpowers
used in this work.

4https://github.com/fermiPy/fermipy.

5https://fermi.gsfc.nasa.gov/ssc/data/access/lat/12yr_catalog/.
6https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Background-

Models.html.
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After applying these masks, we refit the amplitudes of
the isotropic and galactic templates in each of the 100
energy bins, maximizing a Poisson likelihood. The resid-
uals to this fit are corrected for the Fermi exposure and then
summed into 12 logarithmically spaced energy bins. The
edges of these bins are listed in the second column of
Table II. These summed residual maps are the maps used in
the remainder of the analysis.

B. 2MPZ and WISC

We make use of photometric galaxy samples from the
2MASS photometric redshift survey (2MPZ [70]) and the
WISE-SuperCOSMOS photometric survey (WI-SC [71]).
2MPZ combines optical and infrared photometry from
the Two-Metre All Sky Survey (2MASS [72,73]), the
SuperCOSMOS sky survey [74,75], and the Wide-field
Infrared Survey Explorer (WISE [76]), to obtain high-
accuracy photometric redshifts (σz ∼ 0.015) for over
940,000 sources at redshifts z≲ 0.15. WI-SC, in turn,
sacrifices the 2MASS photometric data (and the corre-
sponding photometric redshift accuracy—σz ∼ 0.033) for
deeper redshift coverage, comprising about 20 million
galaxies at redshifts z≲ 0.4.
When analyzing the 2MPZ and WI-SC data, we follow

closely the treatment of [77,78]. We divide the sample into
6 redshift bins, with 2MPZ comprising the lowest bin, and
WI-SC being split into 5 bins with equal photometric
redshift width (Δzph ¼ 0.05) in the range 0.1 ≤ zph ≤ 0.35.
These are the same redshift bins used in [77,78], and further
details about the resulting galaxy samples are provided in
those references. Unlike in [77,78], we characterized the
redshift distribution of each of the six redshift bins employed
using the direct calibration (DIR) method of [79], using a
cross-matched spectroscopic sample including sources from
SDSSDR14 [80], 2dFGRS [81],WiggleZ [82],GAMA[83],
SHELS [84], VIPERS [85], and AGES [86]. Details of the
method can be found in [87]. Galaxy weights were found

through a search of the 20 nearest neighbors to each
spectroscopic source in the multi-dimensional space of
observedmagnitudes (8 dimensions for 2MPZ, 4 dimensions
for WI-SC). The resulting redshift distributions are shown
in Fig. 2.
Galaxy overdensity maps were constructed from the

number counts of galaxies in pixels, and corrected for
contamination from extinction and stars as described
in [78]. The residual contamination is limited to large
scales (l≲ 10), which we remove from our analysis (see
Sec. IVA). The associated sky mask was constructed as
described in [78].

IV. METHODS

A. Power spectrum estimation

To compute all power spectra we use the MASTER
algorithm [88] implemented in NAMASTER

7 [89]. The
estimator can be summarized as follows (refer to [89]
for further details). Observations of a given field are usually
on an incomplete sky. We can relate the true map of
the field uðn̂Þ, to the observed map ũðn̂Þ via ũðn̂Þ ¼
guðn̂Þuðn̂Þ, where, in the simplest case, guðn̂Þ is a binary
mask such that guðn̂Þ ¼ 1 if a pixel at n̂ has been observed
and guðn̂Þ ¼ 0 otherwise. In general, gu may be understood
as a local weight, which can be tuned to optimise the
precision of the estimated power spectra. To compute the
Cl in terms of the observed maps, we use the “pseudo-Cl”
estimator:

C̃uv
l ≡ 1

2lþ 1

Xl
m¼−l

ũlmṽ�lm; ð43Þ

where ũlm and ṽ�lm are the harmonic coefficients of the
masked maps ũðn̂Þ and ṽðn̂Þ respectively. Multiplying a
true map by a fixed sky mask results in statistical coupling
between the different harmonic coefficients, which leads to
coupling between different power spectrum multipoles,
thus making the pseudo-Cl estimator biased with respect to
the true Cl:

hC̃uv
l i ¼

X
l0

Mgugv
ll0 C

uv
l ; ð44Þ

where h� � �i is an ensemble average. Mgugv
ll0 is the “mode-

coupling matrix” (MCM), which can be computed entirely
in terms of the pseudo-Cl of the masks. In principle, we
would invert the MCM to obtain an unbiased estimator of
the true Cl. In general, the MCM is not guaranteed to be
invertible but can be approximately inverted by binning the
pseudo-Cl into bandpowers. The procedure is summarized
as follows:

FIG. 2. The redshift distributions of the six redshift bins
considered in this work. The mean redshift of each respective
bin is tabulated with the plot. 7https://github.com/LSSTDESC/NaMaster.
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(1) We bin the pseudo-Cl to obtain the mode-coupled
bandpowers C̃uv

q ¼ P
l∈ q B

l
qC̃

uv
l and the binned

MCM Mgugv
qq0 ¼ P

l∈ q

P
l0 ∈ q0 B

l
qM

gugv
ll0 , where Bq

is a binning operator for the q-th bandpower.
(2) We invert the binned MCM to obtain the decoupled,

bandpowers Ĉuv
q ¼ P

q0 ðMgugvÞ−1qq0C̃uv
q0

In principle, in order to relate our estimated power
spectra to their theoretical prediction, we would need to
apply the same binning operation to the latter. This can be
achieved by convolving it with the so-called “bandpower
window functions,” which encode the effects of mode-
coupling, binning, and MCM-inversion:

F gugv
ql ¼

X
q0l0

ðMgugvÞ−1qq0Bl0
q0M

gugv
l0l : ð45Þ

In practice, since the power spectra under study are noisy
and rather flat, we can simply approximate

Cuv
q ≡X

l

F gugv
ql Cuv

l ≃ Cuv
lq
; ð46Þ

where lq is the central multipole in band q. We use a mixed
binning scheme, consisting of linear bin widths ofΔl ¼ 30
between 0 ≤ l ≤ 240 and then logarithmic bins until
lmax ¼ 3071 with Δ log10ðlÞ ¼ 0.055.
To avoid any potential systematics in the galaxy over-

density maps on large angular scales (e.g., extinction or
star contamination), we remove the first bandpower
(l < 30). To avoid numerical inaccuracies in the spherical
harmonic transforms (see Appendix A in [90]) we limit the
smallest scale to l ¼ 2Nside ¼ 2048. This leaves a total of
24 bandpowers for each cross-correlation. The total data
vector, containing 6 × 12 cross-correlations, thus has 1728
elements.
To estimate the statistical uncertainties of these power

spectra, we made use of the analytical approach outlined
in [91]. The method assumes that all fields involved are
Gaussian-distributed, and accurately accounts for the
impact of mode-coupling caused by the presence of sky
masks. The method requires an estimate of the power
spectra of all fields involved. For this, we use the pseudo-
Cl estimate corrected by the sky fraction of the masks
involved:

Cab;Cov
l ≃

C̃ab
l

hwawbi
: ð47Þ

Here Cab;Cov
l is the power spectrum between fields a and b

used to estimate the covariance matrix, C̃ab
l is the corre-

sponding pseudo-Cl, wa is the mask of field a, and h� � �i
denotes averaging over all pixels in the sky. [91] found that
using this recipe was able to accurately account for the
impact of mode-coupling in the covariance matrix. To test

the validity of the analytical covariance, we compared it
with the statistical uncertainties found via jackknife resam-
pling in some of the cross-correlations, obtaining a rea-
sonable agreement between both approaches.

B. Galaxy bias modeling

Our fiducial analysis assumes a linear galaxy bias
relation. We fix the linear bias parameter of each redshift
bin to the values measured by [77,78], corrected for the
fiducial cosmology used here. Given the large uncertainties
of the cross-correlations analyzed in this work, propagating
the small statistical error in the linear bias measurement,
obtained from the measurements of the galaxy autocorre-
lation, has a negligible effect on our final constraints.
For the same reasons, we expect the simplifying

assumption of a linear bias relation to be sufficiently
accurate for the analysis presented here. To test this, we
repeat our analysis assuming a more sophisticated model of
the galaxy-halo connection, in the form of a halo occupa-
tion distribution (HOD) parametrization. In particular, we
use the HOD model of [92], as implemented in [78], for the
analysis of the same galaxy samples used here. In this
model, the number of galaxies in haloes of a given mass is
determined in terms of two free parameters:

(i) Mmin: the halo mass for which the mean number of
central galaxies is 0.5.

(ii) M1: the typical mass of haloes hosting one satellite
galaxy.

All other parameters of the model (described in detail in
Appendix A 2) were fixed to the values used in [78]. As we
will show, the simpler linear bias parametrization recovers
results that are compatible with those found using this HOD
model given the measurement uncertainties. The values of
the linear galaxy bias, as well as the best-fit values of
ðMmin;M1Þ, found in [78] for each redshift bin, are shown
in Table I.

C. Likelihood analysis

The models described in Sec. II depend on a set of
primary parameters θ⃗. These are either the dark matter
parametersFn, describing the functionFðεÞ (see Secs. II D 3
and II D 4), or the astrophysical parameters fhbṅγεi; Cg;E

1h g

TABLE I. Main properties of the 6 galaxy samples used in the
analysis: mean redshift (second column), linear bias (third
column), and HOD parameters (fourth and fifth columns).

Bin hzi bg log10ðMmin=M⊙Þ log10ðM1=M⊙Þ
1 0.06 1.18 12.1 13.3
2 0.13 1.10 11.7 13.0
3 0.19 1.15 11.7 12.9
4 0.24 1.19 11.5 12.5
5 0.29 1.20 11.5 12.6
6 0.34 1.46 12.1 12.9
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(see Sec. II E). We constrain these parameters from our data
vector d, consisting of all 6 × 12 galaxy-γ-ray cross-corre-
lations. To do so, we assume that d follows a Gaussian
likelihood

χ2 ≡ −2 logpðdjθ⃗Þ ¼ ðd − tðθ⃗ÞÞTC−1ðd − tðθ⃗ÞÞ þ K;

ð48Þ
where t is the theory prediction for our data vector, C is the
covariance matrix, and K is a normalization constant.
When the theory prediction is a linear function of

the model parameters, which is the case for both Fn and
fhbṅγεi; Cg;i

1hg, and assuming wide, uniform priors (as we
will do here), the posterior distribution is Gaussian in
those parameters by construction, and their mean and
covariance can be calculated analytically. Specifically,
consider the case:

t ¼ Tθ⃗; ð49Þ

where T is an model-independentNd × Np matrix (withNd

and Np equal to the number of data points and free

parameters, respectively). The posterior mean of θ⃗ (which
coincides with its maximum a posteriori—MAP), and its
covariance are simply given by:

θ⃗MAP ¼ ðTTC−1TÞ−1TTC−1d; Covðθ⃗Þ ¼ ðTTC−1TÞ−1:
ð50Þ

When constraining FðεÞ, θ⃗≡ fFng, and the elements of
T are [see Eqs. (37) and (38)]

Tðg;i;lÞ
n ≡ Cg;i;n

l : ð51Þ

When constraining the astrophysical parameters, we can
write the parameter vector as θα;g;i, with α∈ f1; 2g, and

θ1;g;i ≡ hbṅγEið1þzgÞi; θ2;g;i ≡ Cg;i
1h : ð52Þ

The elements of T, in turn, are [see Eqs. (41) and (42)]:

Tðg;i;lÞ
ð1;g0;jÞ ≡ δijδgg0Q

g
l; Tðg;i;lÞ

ð2;g0;jÞ ≡ δijδgg0 : ð53Þ

After having measured these linear model parameters
from a given set of power spectra, we make use of these
measurements to constrain other secondary parameters
(e.g., DM annihilation cross section or decay rate, or the
functional dependence of the γ-ray emissivity on energy
and redshift). In those cases, we still use a Gaussian
likelihood, as in Eq. (48), using the measured linear
parameters as data (i.e., with d and C given by θ⃗MAP
and Covθ in Eq. (50) for the linear parameters). This is
mathematically consistent, since the linear dependence of

the theory on these primary parameters ensures that they
follow a Gaussian distribution. Since these secondary
parameters are in general not linearly related to the primary
ones, in this case we make use of Markov-chain Monte-
Carlo (MCMC) techniques in order to obtain parameter
constraints. For this, we use the EMCEE package8 [93].
All theoretical predictions were computed with the Core

Cosmology Library (CCL [94]), making use of the CAMB
Boltzmann solver [95] to compute the linear matter power
spectrum. The non-linear power spectrum, where neces-
sary, was computed using the HALOFIT implementation of
[96]. We fixed all cosmological parameters to the best-fit
values found by Planck [11]. In halo model calculations,
we made use of the halo mass function parametrization of
[97], the halo bias model of [98], and the concentration-
mass relation of [99]. We use a spherical overdensity halo
mass definition with overdensity parameter Δ ¼ 200 with
respect to the critical density (see Eq. (A2). We verified
that, changing the mass function and concentration para-
metrizations (to that of [100,101], respectively) leads to
only small changes in our results, at the level of 10%–20%,
in line with the usual accuracy of most halo model
ingredients [102].

V. RESULTS

A. Power spectrum measurements

We compute the angular power spectrum for the galaxy-
clustering maps in 6 redshift bins with the γ-ray maps in 12
energy bins, resulting in 72 cross-correlations in total. We
shall refer to an individual galaxy-γ-ray cross-correlation
with the notation: redshift bin × energy bin.
As a preliminary exploration of the data vector, we

compute a rough estimate of the signal-to-noise ratio (SNR)
in each power spectrum as

gSNR≡ signðχ20 − NdÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jχ20 − Ndj

q
; ð54Þ

where Nd ¼ 24 is the number of data points in any given
power spectrum, and χ20 is the χ

2 statistic [see Eq. (48)] for a
null model (t ¼ 0). Since we are not fitting the data to a
particular model at this stage (we do not consider any noise
models), we shall take Eq. (54) as a crude estimate of the
detection significance for our cross-correlations. The
rationale behind Eq. (54) is that the expectation value of
the χ2 for purely noise-dominated Gaussian noise is Nd,
and thus the equation is a measure of the departure with
respect to this expectation. Note that we will use a more
principled definition for SNR when adopting a given model
in the rest of the paper.
In Fig. 3, we present a visualization of gSNR for

the 6 × 12 power spectra analyzed in this work. From this

8https://github.com/dfm/emcee.
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qualitative estimate, we observe that the signal measure-
ment is dominated by the intermediate energy bins (3 GeV–
120 GeV), and that the 2–3 highest- and lowest-energy bins
are largely noise-dominated. This is as expected, as Fermi-
LAT is most sensitive at intermediate energies [103]. The
highest gSNR is achieved in the 4 × 4 power spectrum, with
a tentative ∼5σ detection of the signal.
Since each of the 72 power spectra explored carries only a

relatively small part to the total SNR of the data, determining
whether a signal is being consistently detected is not
straightforward by analyzing any individual spectrum. As
we will see in Sec. V C, the data supports a model in which

the γ-ray emissivity scales with rest-frame energy approx-
imately as εα, with α ∼ −2.3. We can use this to produce
measurements of the cross-correlation between galaxy red-
shift bin g coadded over all 12 energy bins as follows:
(1) We multiply the cross-correlation with the ith energy

bin by the inverse of the energy scaling, ðεi;g=ε�Þ−α,
where εi;g ≡ Eið1þ zgÞ is a rough estimate of the
mean rest-frame energy in each bin, with Ei the
mean energy of the ith bin, and zg the mean redshift
of the g-th galaxy sample. We use a pivot energy
ε� ≡ 20 GeV, and the best-fit value of α ¼ −2.3
found in Section V C.

(2) We correct this cross-correlation by the beam trans-
fer function for that energy bin (see Fig. 1).

(3) The result of the two previous steps is a set of 12
power spectra that, assuming perfect correlation
across energies, should roughly correspond to the
same quantity: the cross-correlation between galaxies
and the γ-ray emissivity at ε ¼ ε�. The coadded Cl is
then computed as the inverse-variance-weighted
mean of these 12 rescaled spectra.

Note that we only do this here for visualization purposes. All
steps of our analysis in the next sections are based on the raw
set of 6 × 12 power spectra.
Figure 4 shows the six coadded cross-correlations, as

well as the approximate gSNR of each bin. We see that we
obtain consistently positive cross-correlations, detected
between 2.7σ and 6.7σ. The figure also shows the best-
fit theoretical prediction for the astrophysical model
described in Sec. II E (solid blue line), and for the DM
decay and annihilation models of Sec. II D (dotted red and

FIG. 3. The signal-to-noise ratio ( gSNR) estimates given a null
model of each respective 6 × 12 galaxy-clustering and γ-ray
cross-correlations. The negative values arise from the sign
function in Eq. (54).

FIG. 4. Cross-correlations between Fermi-LAT and the 6 2MPZ and WI-SC galaxy samples. Each panel shows the power spectrum
coadded over γ-ray energies assuming a power-law spectrum with spectral index α ¼ −2.3 and inverse-variance weighting. The
measured power spectra are shown as black circles with error bars. Empty circles show the absolute value of a given measurement when
negative. The solid blue lines show the best-fit predictions for the astrophysical model presented in Sec. V C, while the dashed orange,
and dotted red lines show the best predictions for DM annihilation and decay, respectively, described in Sec. V B 1 (obtained from the
model-independent reconstruction of FðεÞ, and hence independent of the specific decay/annihilation channel and WIMP mass).
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dashed orange lines). These results are presented in more
detail in Secs. V B and V C. Although all models are able to
provide a reasonably good fit to the data, these preliminary
results already show that the DM models are not flexible
enough to fully reproduce the redshift evolution of the
signal. We will quantify this more accurately in Secs. V B 1
and V C.
Using the best-fit theoretical predictions for the three

models explored in the next sections, we can produce more
accurate estimates of the detection significance of the
signal, given by

SNRM ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ20 − χ2M − Nθ þ 1

q
ð55Þ

where, as before, χ20 is the χ
2 with respect to a null model,

χ2M is the χ2 with respect to the best-fit prediction within
model M, and Nθ is the number of free parameters of the
model. Using this definition, together with the best-fit
models presented in the next sections (DM decay and
annihilation from the model-independent reconstruction of
FðεÞ, and astrophysical sources), we obtain:

SNRdecay ¼ 8.2; SNRann ¼ 8.6; SNRastro ¼ 9.7: ð56Þ

We thus find that the cross-correlation between the diffuse
γ-ray emission as measured by Fermi, and the 2MPZþ
WI-SC galaxy samples is detected at the ∼8–10σ level.

B. Dark matter constraints

1. Measuring F

We produce measurements of the step-wise amplitudes
Fn characterizing the energy dependence of the model-
independent quantity FðεÞ (see Sec. II D 4) from our power
spectrum measurements, using the analytical solution for
linear parameters described in Sec. IV C. We do so for each
redshift bin individually (combining all cross-correlations
with the 12 energy bins), and for the full data vector
containing all 6 × 12 cross-correlations.
The results are shown in Fig. 5 for annihilation (top

panel) and decay (bottom panel). We can see that, within
each redshift bin, as well as for the coadded measure-
ments of Fn, the function FðεÞ seems to be well described
by a power-law behavior. Focusing on the energy bins
with highest detection significance (e.g., ε ≃ 10 GeV), we
further observe a coherent evolution of the signal with
redshift, with the amplitude of F growing with z. Since, by
construction, FðεÞ depends only on particle-physics quan-
tities, and should therefore not be redshift-dependent, this
already provides qualitative evidence that the observed
signal is not consistent with a purely DM origin.
The coadded measurements of Fn are listed in Table II

for DM decay and annihilation, including all 4 models of
substructure explored. Since the model used to parametrize
the cross-correlations is fully described by the Fn (having
fixed the cosmological and galaxy bias parameters), these

FIG. 5. The tomographic and coadded measurements of Fn for annihilation (top panel) and decay (bottom panel). The horizontal shift
in data points is for visualization purposes. The points marked by a cross are the negative values of Fn, and the points marked by a dot
are the positive values.
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measurements compress all the particle physics information
contained in our 1728-element data vector into only 12
numbers. Furthermore, since these measurements have
been obtained without assuming any specific decay/anni-
hilation channels, they can be used directly to place
constraints on arbitrary DM particle physics models. It is
worth noting that the uncertainties on the measured Fn in
different energy bins are not entirely uncorrelated. The full
covariance matrix is made publicly available together with
the measurements of F.
We find that our measurements of F are robust to the

choice of a simple linear bias parametrization used here,
with results changing by less than 10% and 40% of the
statistical uncertainties for annihilation and decay, respec-
tively, when using the HOD model described in Sec. IV B.
As an example, we fit the measured Fn in each redshift

bin to a simple power-law model of the form

FðεÞ ¼ F0

�
ε

ε0

�
α

: ð57Þ

We choose a pivot frequency ε0 ¼ 20 GeV, and fit for the
amplitude F0 and spectral index α as free parameters.

We imposed flat priors on both parameters: α∈ ½−3; 0�
for both decay and annihilation, and Fdec

0 ∈ ½0.001; 3� ×
10−29 GeV−2 s−1 andFann

0 ∈½0.01;3�×10−29 cm3GeV−3 s−1.
We sample the resulting posterior distribution using EMCEE.
We tabulate the constraints on F0 and α for each redshift

bin, and for the coadded measurements of Fn in Table III.
For the coadded measurements, we obtain the following
spectral indices: αann ¼ −2.31� 0.08 and αdec ¼ −2.19�
0.08 for annihilation and decay respectively. [21] modeled
the unresolved γ-ray spectrum detected by Fermi-LAT
as a double power-law with an exponential cutoff,
obtaining the following spectral indices: −2.55� 0.23
and −1.86� 0.15, where the two spectral indices corre-
spond to the case in which the detected spectrum is sourced
by a double-population scenario. As noted in [21], these
spectral indices are compatible with blazarlike sources and
misaligned active galactic nuclei at energies above and
below a few GeV, respectively. Our measurement for the
annihilation and decay spectral indices lie in between
both of these measurements, with the annihilation spectral
index being compatible with the first measurement. Our
measurements lie somewhat in between both values. [30]
obtained a spectral index of −2.75þ0.71

−0.46 , in agreement with

TABLE II. Coadded measurements of Fn for annihilation and decay, for each of the 12γ-ray energy bins weighted by the energy
spectrum with an index of α ¼ −2.3, together with their 68% uncertainties. The annihilation constraints are presented for the 4 different
models of substructure described at the end of Sec. II D 3 and in Appendix A 3.

E [GeV] Fann
G12 [cm3 GeV−3 s−1] Fann

M16 [cm3 GeV−3 s−1] Fann
SC14 [cm3 GeV−3 s−1] Fdec [GeV−2 s−1]

0.71 ð−6.23� 37.7Þ × 10−29 ð−2.34� 71.1Þ × 10−29 ð−2.43� 76.2Þ × 10−29 ð2.32� 2.54Þ × 10−27

1.29 ð3.82� 1.47Þ × 10−29 ð8.79� 3.14Þ × 10−29 ð9.42� 3.38Þ × 10−29 ð7.02� 5.82Þ × 10−29

2.25 ð5.62� 2.2Þ × 10−30 ð1.54� 0.496Þ × 10−29 ð1.66� 0.535Þ × 10−29 ð6.47� 7.53Þ × 10−30

3.91 ð2.51� 0.557Þ × 10−30 ð4.45� 1.31Þ × 10−30 ð4.68� 1.42Þ × 10−30 ð8.1� 1.8Þ × 10−30

6.52 ð6.56� 2.15Þ × 10−31 ð1.72� 0.543Þ × 10−30 ð1.86� 0.588Þ × 10−30 ð1.19� 0.686Þ × 10−30

11.20 ð2.12� 0.574Þ × 10−31 ð4.32� 1.48Þ × 10−31 ð4.57� 1.6Þ × 10−31 ð6.42� 1.84Þ × 10−31

18.90 ð7.25� 3.49Þ × 10−32 ð1.5� 0.988Þ × 10−31 ð1.59� 1.08Þ × 10−31 ð2.61� 1.13Þ × 10−31

29.65 ð4.93� 1.07Þ × 10−32 ð1.14� 0.279Þ × 10−31 ð1.21� 0.303Þ × 10−31 ð1.36� 0.352Þ × 10−31

53.59 ð8.18� 3.22Þ × 10−33 ð2.34� 0.849Þ × 10−32 ð2.52� 0.921Þ × 10−32 ð2.42� 1.06Þ × 10−32

94.28 ð3.28� 1.44Þ × 10−33 ð7.52� 3.94Þ × 10−33 ð8.02� 4.28Þ × 10−33 ð7.16� 4.71Þ × 10−33

187.64 ð2.15� 2.07Þ × 10−34 ð1.89� 5.14Þ × 10−34 ð1.79� 5.55Þ × 10−34 ð1.01� 0.685Þ × 10−33

534.99 ð−2.69� 2.43Þ × 10−35 ð−1.03� 0.603Þ × 10−34 ð−1.13� 0.652Þ × 10−34 ð−5.23� 8.04Þ × 10−35

TABLE III. Constraints on the free parameters of the power-law model for FðεÞ [see Eq. (57)] for DM annihilation
and decay, in each of the 6 redshift bins (first 6 rows), and for the coadded measurements (last row).

hzi Fann
0 × 1030 [cm3 GeV−3 s−1] Fdec

0 × 1030 [GeV−2 s−1] −αann −αdec

0.06 0.149� 0.047 0.137� 0.038 2.32� 0.19 2.24� 0.16
0.13 0.116� 0.031 0.138� 0.036 2.37� 0.16 2.28� 0.15
0.19 0.163� 0.032 0.237� 0.046 2.36� 0.13 2.22� 0.12
0.24 0.144� 0.032 0.245� 0.055 2.37� 0.13 2.27� 0.12
0.29 0.126� 0.033 0.302� 0.070 2.20� 0.16 2.06� 0.12
0.34 0.153� 0.039 0.430� 0.105 2.41� 0.16 2.35� 0.15
Coadd 0.154� 0.020 0.174� 0.023 2.31� 0.08 2.19� 0.08
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our results. [104] obtained a slightly steeper index of
−2.41� 0.05 for a single power-law by modeling detected
Fermi-LAT sources and the diffuse Galactic γ-ray emission
for energy ranges of 0.2 to 100 GeV (probing most of the
energy range considered in this work). Our annihilation
spectral index is compatible with [104]. Our results are in
excellent agreement with those of [28] (see e.g., their
Table 5), who determined the spectral index of diffuse γ-ray
emission through cross-correlations of earlier Fermi data
with a large set of galaxy samples, including 2MPZ and
WI-SC.
Our measurements of F0 for decay and annihilation

are shown in Fig. 6 as a function of redshift. As already
anticipated in Figs. 4 and 5, we observe a trend for the
amplitude of FðεÞ to grow with redshift, especially for DM
decay, which should not be the case if the detected signal
were caused by DM processes. Quantifying the evidence
for this trend is not entirely straightforward a priori, given
the non-negligible overlap between the six redshift bins
explored here. We will do so in Sec. V C.
This trend indicates that at least a sizeable fraction of the

measured signal is likely caused by astrophysical, baryonic

sources, rather than DM processes. Thus, without a reliable
prediction for what this fraction is, in what follows we will
treat our measurements as contributing to the upper bound
on the contribution to the diffuse γ-ray background from
DM decay and annihilation. Specifically, when quoting an
upper bound on a given DM property μ (e.g., hσvi of Γ), we
will quote μ̄þ 2σμ, where μ̄ and σμ are the mean and
standard deviation of the inferred quantity. Note that, since
we will fix the WIMP mass when constraining Γ and hσvi,
these parameters are still linearly related to the Fn mea-
surements, and to our original data vector of cross-
correlations, and thus their statistical uncertainties are
Gaussianly distributed.

2. Constraints on DM parameters

To obtain the constraints on DM annihilation and decay
properties, we follow the prescription outlined in Sec. IV C
and employ Eq. (50). The data vector d is now our mea-
surementsFðεÞ and we set θ⃗MAP to be the DM quantities we
wish to constrain: the velocity-averaged annihilation rate
hσvi and the decay rate Γ for DM annihilation and decay
respectively, as a function of the WIMP mass mDM. We set
the T matrix of the linear regression [Eq. (50)] to be [recall
Eqs. (23) and (26)]:

T ¼
8<
:

1
m2

DM

dN
dε ; Annihilation

1
mDM

dN
dε ; Decay:

ð58Þ

To determine T, we use the Fermi Tools and FERMIPY to
obtain the theoretical spectrum dN=dε for both annihilation
and decay. Specifically, we use DMFitFunction9 in
FERMIPY to calculate the spectrum dN=dε as a function of
DM mass, and decay channel. Since the signal follows
roughly a power law, with the spectral indices quoted in the
previous section, instead of convolving the spectrum with
the energy bandpass of each channel, we simply evaluated
the function at effective energies weighted by this power-
law spectrum:

εeval;i ¼
R
εiþ1
εi

dεεαþ1R
εiþ1
εi

dεε
¼ αþ 1

αþ 2

εαþ2
iþ1 − εαþ2

i

εαþ1
iþ1 − εαþ1

i

; ð59Þ

using the values of α for decay and annihilation found
above. We compute hσvi and Γ at fixed DM mass,
considering logarithmically spaced values within the range
[2, 400] GeV.
In Fig. 7, we present the 95% confidence limit con-

straints on hσvi and Γ for different Standard Model (SM)
particle-antiparticle channels. The constraints derived here

FIG. 6. Constraints on the amplitude of the FðεÞ function, in the
power-law model of Eq. (57), for DM annihilation (top panel) and
decay (bottom panel). The points with error bars show constraints
in each redshift bin, with the corresponding mean redshift shown
in the x axis. The shaded horizontal bands show the constraint
obtained from the coadded measurement of FðεÞ.

9https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_
models.html.
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are contingent on the following implicit assumptions/
conditions:
(1) The only progenitor of γ-rays are DM particles, i.e.,

we have not taken into account any astrophysical
models that could potentially source the γ-rays.

(2) Annihilation occurs non-relativistically with orbital
angular momentum L ¼ 0 (so-called s-wave anni-
hilation). This allows us to treat the decay spectrum
to be equivalent to the annihilation spectrum but
with half of the DM mass.

(3) The DM particle decays/annihilates into single SM
particle-anti-particle channels with an branching
ratio of 1, i.e., we omit the possibility of decaying/
annihilating into multiple channels per event.

(4) We impose kinematic constraints, such that a decay
can only occur ifmDM ≥ 2mSM and similarlymDM ≥
mSM for annihilation, where the subscript SM de-
notes the corresponding SM particle. Hence some
particle channels (e.g., tt̄) do not probe the full range
of DM masses.

With these assumptions in mind, we find that the con-
straints derived for both Γ and hσvi are competitive with
previous studies that have considered cross-correlations
between γ-rays and other cosmological tracers: weak-
lensing [35–37], galaxy surveys [25,26], as well as con-
straints derived from local structures [50–52,105,106]. In
the following section, we shall only consider the bb̄, μþμ−

and τþτ− channels for comparative purposes and for sake of
clarity. For Γ, we find that across all three channels, we
obtain constraints that are of the same order of magnitude at
mDM ∼ 100 GeV when compared to constraints found by
[26]. For the bb̄ channel and at a DMmass of ∼10 GeV, we
obtain constraints that are less stringent than those of [37]

for their conservative (DMþ Astro) and optimisitc (only
DM) models. But, as we go toward higher masses, at
around ∼100 GeV, we obtain constraints that are slightly
tighter than both these models. For both the μþμ− and τþτ−
channels, our constraints are nearly an order of magnitude
tighter for all masses greater than ∼10 GeV than both DM
and DMþ Astro models. At ∼ 10 GeV, all three channels
are roughly at the same order of magnitude as [30] with the
bb̄ constraint derived in this work being weaker by a factor
of 6. The constraints on the bb̄ channel are up to two orders
of magnitude weaker than those derived from other cross-
correlations with galaxy surveys [25,26], with μþμ− and
τþτ− channels being roughly the same order of magnitude.
Likewise, we find that the constraints on hσvi derived in

this work are competitive with those found in the literature.
In Fig. 8, we present an exclusion plot for bb̄, μþμ− and
τþτ− annihilation channels where the shaded areas re-
present regions that can be ruled out from our 95% limit
constraints in three substructure regimes: G12, M16, and
SC14. The constraints on hσvi across all substructure
models have been computed by extrapolating the halo
mass down to 10−6M⊙ for the sake of concurrence with
constraints presented in current literature. We explore the
effect of changing this lower bound of the mass in
Appendix B. When comparing equivalent substructure
models, we find that the constraints derived in this work
are up to roughly two orders of magnitude more stringent
than [37], obtained from cross-correlation with weak
lensing, across all three channels for all three substructure
cases. In particular, the G12 constraints obtained are
only marginally stronger than both the conservative
(DMþ Astro) and optimistic (DM only) models for the
bb̄ channel. In comparison to constraints derived via

FIG. 7. 95% upper bounds on the DM annihilation cross section (left) and decay rate (right) as a function of WIMP mass. The different
lines show constraints assuming a single decay/annihilation channel into Standard Model particle-antiparticle pairs (see legend).
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cross-correlations with galaxy catalogues for equivalent
substructure regimes, our constraints are slightly less
stringent than [25] by an order of magnitude at a mass
of ∼10 GeV. This may be because our measurements are
limited by the amplitude of the detected astrophysical
signal, and hence our upper bound is not determined solely
by the statistical error achieved. Although weaker for the
bb̄ channel, we find that the constraints derived in this
work for both the τþτ− and μþμ− channels for equivalent
substructure regimes are up to an order of magnitude more
stringent than those found in [25]. More in detail, our
constraints for the τþτ− channel achieves roughly the same
constraining power with only slightly tighter constraints
in the mass range 10 GeV–100 GeV for the SC14
substructure regime. For constraints derived through
DM-only models [26], we find that we can provide roughly
the same constraining power for the bb̄ channel. We obtain
roughly an order of magnitude tighter constraints for μþμ−
and τþτ−.
It is worth noting, however, that the detailed modeling of

the impact of substructure on γ-ray emission from DM
annihilation is a large source of theoretical uncertainty in
this analysis. In [26] the difference in the most optimistic
case (referred to as LOW in their study, and corresponding
to our M16 model) and the most conservative case (HIGH,
corresponding to G12) is roughly an order of magnitude.
By comparison, we find the difference between these two
models to be more modest. Note, however, that, our M16
model [62] is a refinement of the M16 model used in their
work [61]. The difference between these two cases is a

more detailed modeling of halo concentrations. This
comparison highlights the sensitivity of the constraints to
the substructure modeling parameters. The constraints
found assuming the potentially optimistic model of G12
for the subhalo boost factor gives rise to a factor of ∼3
difference in the constraints from the SC14 substructure
case. The difference in both extreme cases is modest in
comparison to [26], who report a difference of an order of
magnitude.
In the case of bb̄, we are able to exclude the thermal relic

cross section around mDM ∼ 10 GeV, in a range of WIMP
masses that depend heavily on the substructure model
assumed. In the most optimistic case (G12), for both the bb̄
and τþτ− channels, the constraints obtained are comparable
to those found through the study of dwarf spheroidal
galaxies (dSph) [51,52]. Finally, our constraints are more
stringent than those found by [30] from a field-level
analysis of low-redshift structures, by a factor that ranges
between ∼2 and ∼10 depending on the substructure
model used.

C. Constraints on the diffuse astrophysical
γ-ray background

In Sec. V B 1 we presented evidence that the DM kernel
FðεÞ evolves with redshift, in a manner that would be
incompatible with DM decay or annihilation as the sole
origin of the cross-correlation between the diffuse γ-ray
background and the positions of galaxies in 2MPZ and WI-
SC. This prevents our interpretation of the measured signal

FIG. 8. 95% upper bounds on the DM annihilation cross-section for the bb̄, μþμ−, and τþτ− channels. The constraints found from our
data are shown as shaded band. Constraints found for the four different substructure models described in Appendix A 3 are shown as
purple bands with different shadings. The yellow dashed line shows the constraints found by [30] from a field-level analysis of low-
redshift structures. The dashed red and blue lines show the constraints obtained from dwarf spheroidals (dSph), as computed by [52,51],
respectively. The solid black line shows the thermal relic limit [107].
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in terms of fundamental DM properties, and limits our
ability to obtain a tighter upper limit on them.
In this section, we instead take a more agnostic approach,

and use our measurements to place constraints on the
energy and redshift dependence of the γ-ray emissivity
from our data, regardless of its physical origin. To do this,
we follow the methodology outlined in Sec. II E, which
allows us to determine the bias-weighted γ-ray emissivity
hbṅγεiðzÞ from the two-halo regime of the galaxy-γ-ray
cross-correlation. Using the linear reconstruction method of
Sec. IV C, we obtain the measurements shown in Fig. 9. It
is worth emphasizing that we obtain a single measurement
of hbṅγεi for each individual cross-correlation: the cross-
correlation between galaxies at mean redshift zg and the
γ-ray map with mean observed energy Ei, provides a
measurement of hbṅγεi at redshift zg and at the rest-frame
energy εgi ≡ Eið1þ zgÞ. The position of each measurement
along the x axis of the figure corresponds to the associated
rest-frame energy (hence the displacement between points
at different redshifts).
As in the case of FðεÞ, we find that the γ-ray emissivity

follows a power-lawlike dependence on energy. To quantify
this further, we fit the measured values of hbṅγεi in each
redshift bin g to a power-law of the form:

hbṅγεig ¼ hbṅγε0ig
�
ε

ε0

�
αg
; ð60Þ

with ε0 ¼ 20 GeV as before. As in Sec. V B 1, since the
measured values of hbṅγEð1þzgÞi are linearly related to the

cross-power spectra, they also follow a Gaussian like-
lihood. We assume flat priors for both hbṅγε0ig and αg, and
sample the posterior distribution using EMCEE. The results
are shown in Table IV. In all cases, the power-law model is
a good fit to the data, with reasonable χ2 values and
associated probabilities. These results are shown as black
points with error bars in Fig. 10. We see that all redshift
bins recover compatible values for the spectral index which,

FIG. 9. Constraints on the bias-weighted mean γ-ray emissivity as a function of rest-frame energy ε and redshift (see legend). Obtained
from the analysis of the galaxy- Fermi-LAT cross-correlations using the model described in Sec. II E.

TABLE IV. Constraints on the phenomenological parameters of
the power-law γ-ray emissivity model [see Eq. (60)] in each
redshift bin.

Bin hzi hbṅγε0i [cm−3 s−1 GeV−1] α χ2

1 0.06 ð2.21� 0.60Þ × 10−37 −2.24� 0.16 10.5
2 0.13 ð2.94� 0.77Þ × 10−37 −2.34� 0.16 16.9
3 0.19 ð6.79� 1.22Þ × 10−37 −2.35� 0.11 17.9
4 0.24 ð7.75� 1.66Þ × 10−37 −2.36� 0.13 13.2
5 0.29 ð9.88� 2.49Þ × 10−37 −2.23� 0.16 5.2
6 0.34 ð1.73� 0.43Þ × 10−36 −2.37� 0.15 12.1

FIG. 10. Amplitude (top panel) and spectral index (bottom
panel) of the γ-ray emissivity found by fitting the data in Fig. 9 a
power-law model [see Eq. (60)]. Circles with error bars show
the constraints from the 6 2MPZ and WI-SC redshift bins. The
shaded band shows the 1σ joint constraints found when using
the global model of Eq. (61), which additionally accounts for the
intrinsic redshift evolution of the emissivity.
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as expected, is also in agreement with the spectral index
measurement found for FðεÞ in Sec. V B 1. Furthermore,
there is a clear evolution of the γ-ray emissivity with
redshift.
To quantify this redshift evolution, and compare it with

the evolution expected for DM decay and annihilation, we
fit a global model of the form

hbṅγεiðzÞ ¼ hbṅγε0i0
�
ε

ε0

�
α

ð1þ zÞβ; ð61Þ

to the values of hbṅγεi measured from all pairs of redshift
and energy bins. The amplitude and spectral index param-
eters ðhbṅγε0i0; αÞ have the same interpretation as before,
with the power-law index β parametrizing the redshift
evolution. As before, we use a Gaussian likelihood
and assume flat priors for all parameters, obtaining the
following constraints:

hbṅγε0i0 ¼ ð1.22� 0.35Þ × 10−37 cm−3 s−1 GeV−1;

α ¼ −2.30� 0.08; β ¼ 8.92� 1.4: ð62Þ
The model has a best-fit χ2 of 89.5 for 69 degrees of
freedom and thus provides an adequate fit to the data. The
shaded bands in Fig. 10 show our 1σ constraints on
hbṅγ20GeViðzÞ for this model, obtained from the MCMC
chains. The posterior distribution on the redshift evolution
parameter β is shown in Fig. 11.
We can use our constraints on β to quantify the evidence

against a purely DM-related origin for the signal we
measured based on its redshift dependence. This is
straightforward for DM decay since, in this case, the
emissivity is directly proportional to the dark matter over-
density. The value of β for DM decay can then be found

by simply comparing the radial kernels of both models.
The astrophysical kernel is proportional to ð1þ zÞ−3 [see
Eq. (14)], whereas the DM kernel is constant [see Eqs. (21)
and (25)]. Hence, for decay βdecay ¼ 3. This value is shown
as a vertical red dashed line in Fig. 11.
For annihilation, the comparison is less straightforward.

The annihilation radial kernel is proportional to ð1þ zÞ3
[see Eqs. (21) and (22)]. However, annihilation is propor-
tional to ð1þ δÞ2 instead of (1þ δ), and the power spec-
trum of both quantities evolves differently with redshift.
The effective radial kernel for annihilation is therefore
proportional to ð1þ zÞ3þΔβann , and hence βann ≡ 6þ Δβann,
where

Δβann ≡ d
d logð1þ zÞ log

�
Pδ;δðk; 0ÞPδ;δ2ðk; zÞ
Pδ;δðk; zÞPδ;δ2ðk; 0Þ

�
: ð63Þ

Here Pδ;δðk; zÞ is the power spectrum of the matter over-
density, whereas Pδ;δ2ðk; zÞ is the cross-spectrum between
1þ δ and ð1þ δÞ2. The value ofΔβann depends on scale, as
well as on the model used to describe substructure. Over
scales relevant for this analysis (0.01Mpc−1 < k< 1Mpc),
and for the various models of substructure explored here,
Δβann varies in the range ½−2.8;−1.7�. The corresponding
allowed range of βann is shown as a vertical blue. band
in Fig. 11.
Considering the highest value of β compatible with DM

annihilation, we thus find that our measurements are
incompatible with a purely DM-related origin to the diffuse
γ-ray background at the 2.8σ level (considering the most
extreme annihilation case). This justifies our interpretation
of the detected signal as an upper bound of the emission
fromDM processes, rather than an indirect detection of DM
decay or annihilation.

VI. CONCLUSIONS

Observations of the UGRB present a unique probe to
improve our understanding of high-energy astrophysics, as
well as a window to constrain, or potentially detect, WIMP
dark matter. In this work, we have analyzed cross-
correlations between γ-ray intensity maps, covering the
energy range E∈ ½0.5 GeV; 1 TeV�, with the galaxy over-
density at 6 different redshift ranges covered by the 2MPZ
and WI-SC surveys.
We detect a positive cross-correlation between both

datasets at the level of 8 − 10σ, confirming the extragalactic
nature of the UGRB. The sensitivity of this measurement,
and the availability of redshift data, allows us to reconstruct
the dependence of the signal on rest-frame energy and
redshift, enabling us to interpret it in the context of both
dark matter and astrophysics.
In the context of WIMP searches, we make use of linear

regressionmethods to reconstruct, from our cross-correlation
measurements, a function FðεÞ, defined in Eqs. (23) and
(26), that depends solely on the particle physics parameters

FIG. 11. Constraints on the power-law index characterizing the
redshift evolution of the γ-ray emissivity using the global model
in Eq. (61). The black solid line shows the posterior distribution
obtained from the set of cross-correlations studied here. The
vertical red line and shaded bands show the values of β expected
for DM decay and annihilation. The measured signal is incom-
patible with a DM origin at the ∼3σ level.
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governing DM decay and annihilation. We do so in a model-
independent way that compresses all the information in our
cross-correlations into a set of 12 numbers, fFng, character-
izing the dependence of this function of rest-frame energy.
The reconstructed function has a power-law energy depend-
ence (FðεÞ ∝ εα) with a spectral index α ≃ −2.3. Repeating
this for each redshift bin independently, we find evidence
that the amplitude of FðεÞ evolves monotonically with
redshift. This would not be possible for a signal sourced
only by dark matter processes, implying the presence of
astrophysical contamination in our measurements.
Nevertheless, we may use the measured value of FðεÞ to
place an upper-bound constraint on the WIMP decay rate
and the annihilation cross-section. Although, due to this
contamination, the constraints are systematics-limited, we
find bounds that are competitivewith those obtained by other
groups targeting similar large-scale structure cross-correla-
tions, as well as constraints from local structures. As in all
other γ-ray WIMP searches, our annihilation constraints are
hampered by the theoretical uncertainty on the impact of
substructure. Constraints may vary by up to two orders of
magnitude between a model with no substructure, and the
most extreme substructure model studied here [61]. In the
most optimistic case, we can rule out, at the 95% confidence
level, the thermal relic bound for WIMPmasses of a few tens
of GeVs assuming complete decay into bb̄ quarks or τþτ−
leptons. Better control over the impact of substructures on
the expected annihilation signal must be achieved before
such a claim can be undisputed.
Arguably the main source of uncertainty in our ability to

constrain DM physics, is our inability to characterize and
clean the contamination from astrophysical sources in the
signal, which, as the analysis of Sec. V C shows, must be
present. This forces us to interpret the cross-correlation
signal, detected at the ∼8–10σ level, as contributing to the
upper bound on the DM contribution. Together with the
uncertainty in the theoretical model from substructures, this
constitutes arguably the main impediment in obtaining
reliable constraints on DM annihilation. This could be
improved in the future by incorporating (and marginalizing
over) a physics-based model of all potential astrophysical
sources. Removing these contaminants at the map level
(e.g., by detecting and masking out further extragalactic
point sources), would likely lead to larger improvements.
Finally, other sectors of the data, including higher-order
statistics (e.g., through a field-level analysis of all tracers
over the same volume [30]), as well as including γ-ray auto-
correlations and measurements of the isotropic signal,
could significantly enhance the constraints presented
here. Future Fermi-LAT data (e.g., masking with the
new 14-year data source catalog 4FGL-DR4), and its
combination with denser and more reliable galaxy catalogs
from next-generation surveys, such as DESI [108], the
Rubin Observatory LSST [109], Euclid [110], or the
Roman Space Telescope [111], have the potential to

improve the constraints presented here using similar
analysis methods, assuming that the modeling challenges
outlined above are tackled.

ACKNOWLEDGMENTS

We thank Natalia Porqueres for helpful comments on an
early version of this work, and Stefano Camera, Nicolao
Fornengo, and Tilman Tröster for useful discussions. We
also thank the anonymous referee for their comments,
which allowed us to improve the quality of this manuscript
significantly. A. P. is partially supported by the National
Astronomical Institute of Thailand (NARIT) and St Peter’s
College, Oxford. D. A. acknowledges support from the
Science and Technology Facilities Council through an
Ernest Rutherford Fellowship, Grant Reference No. ST/
P004474, and from the Beecroft Trust. D. J. B. is supported
by the Simons Collaboration on “Learning the Universe”
and was supported by STFC and Oriel College, Oxford.
M. B. is supported by the Polish National Science Center
through Grants No. 2020/38/E/ST9/00395, No. 2018/30/E/
ST9/00698, No. 2018/31/G/ST9/03388 and 2020/39/B/
ST9/03494, and by the Polish Ministry of Science and
Higher Education through Grant No. DIR/WK/2018/12.
We made extensive use of computational resources at the
University of Oxford Department of Physics, funded by the
John Fell Oxford University Press Research Fund.

APPENDIX A: HALO MODELS
FOR THE UGRB AND GALAXIES

1. The mean dark matter profile

To describe the mean density of dark matter around
haloes, we will use the Navarro-Frenk and White profile
(NFW, [59]), which takes the form

ρNFWðrÞ ¼
ρ0

xð1þ xÞ2Θðr < rΔÞ; x≡ r=rs: ðA1Þ

Here the comoving spherical overdensity radius rΔ is
related to the halo mass via

M ¼ 4π

3
Δρ̄cr3Δ; ðA2Þ

where ρ̄c is the critical density, and Δ is the so-called
spherical-overdensity parameter, which we will set to
Δ ¼ 200. The characteristic radius rs is related to rΔ
through the concentration-mass relation cðMÞ

rΔ ¼ cðMÞrs: ðA3Þ

We will use the parametrization of [99] to calculate cðMÞ.
The normalization ρ0 can be found by integrating the
density profile over volume, and is related to the halo
mass via
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ρ0 ¼
M

4πr3s ½logð1þ cÞ − c=ð1þ cÞ� : ðA4Þ

The simple form of the NFW profile makes it possible to
compute its Fourier transform analytically:

ρNFWðkjMÞ≡ 4π

Z
∞

0

drr2ρNFWðrjMÞ sin kr
kr

¼ M
logð1þ cÞ − c=ð1þ cÞ

×

�
cos qðCiðð1þ cÞqÞ − CiðqÞÞ

þ sin qðSiðð1þ cÞqÞ − SiðqÞÞ − sin cq
1þ cq

�
;

ðA5Þ

with q≡ krΔ=c.

2. The halo occupation distribution

As an alternative model describing the non-linear rela-
tion between the galaxies and matter overdensities, we use
the halo occupation distribution framework (HOD,
[112,113]). In this case, the number density of galaxies
in a halo of mass M is parametrized in terms of the mean
number of central and satellite galaxies (N̄cðMÞ, and
N̄sðMÞ respectively), as well as the profile describing
the distribution of satellites around a given halo usðrjMÞ.
Themean overdensity of galaxies around a halo ofmassM is
thus given by

h1þ δgðxjMÞi ¼ N̄cðMÞ
n̄g

½δDðxÞ þ N̄sðMÞusðjxjjMÞ�;

ðA6Þ

where the mean number density of galaxies n̄g is given by

n̄g ¼
Z

dMnðMÞN̄cðMÞ½1þ N̄sðMÞ�: ðA7Þ

In this work, wewill use the same parametrization employed
in [78,92]. The mean number of centrals and satellites is
given by:

N̄cðMÞ ¼ 1

2

�
1þ erf

�
logðM=MminÞ

σlogM

��
;

N̄sðMÞ ¼ ΘðM −M0Þ
�
M −M0

M1

�
α

: ðA8Þ

WhereMmin is the mass at which haloes have on average 0.5
central galaxies, M0 is the mass at which haloes may start
forming satellite galaxies, and M1 is the typical mass for
haloes hosting satellites.We further assume that satellites are

distributed around haloes following the matter density, and
hence

usðrjMÞ≡ ρNFWðrjMÞ=M: ðA9Þ

We will fix the free parameters of the model to the best-
fit values for the 2MPZ and WI-SC samples found in [78].
In this case,M0 ¼ Mmin, σlogM ¼ 0, and α ¼ 1 in all cases.
The remaining free parameters (Mmin;M1) are fitted in each
redshift bin, and take the values found in Table I.

3. Halo profile for DM annihilation

As noted in Sec. II D 3, we consider two limits regarding
the impact of substructure on DM annihilation. In the most
conservative limit, we study the case with no substructure.
In this case, all haloes follow an exact NFW profile, and
hρ2DMi ¼ hρDMi2. Thus, the halo profile for annihilation
without substructure is

Uann;no−sub
γ ðrjMÞ ¼ ρ2NFWðrjMÞ

ρ̄2M;0
: ðA10Þ

The simplicity of the NFW functional form makes it
possible to calculate the Fourier transform of the squared
profile analytically:

Uann;no−sub
γ ðkjMÞ ¼ VðMÞ½T1ðkjMÞ þ T2ðkjMÞ

þ T3ðkjMÞ þ T4ðkjMÞ�; ðA11Þ

with

T1ðkjMÞ≡ 1

6q
½qðq2 − 6Þ sin qþ 3ðq2 − 2Þ cos q�

× ½Siðð1þ cÞqÞ − SiðqÞ�; ðA12Þ

T2ðkjMÞ≡ 1

6q
½qðq2 − 6Þ cos q − 3ðq2 − 2Þ sin q�

× ½Ciðð1þ cÞqÞ − CiðqÞ�; ðA13Þ

T3ðkjMÞ≡ −
cððq2 − 6Þcþ 2q2 − 15Þ þ q2 − 11

6qð1þ cÞ3 sinðcqÞ;

ðA14Þ

T4ðkjMÞ≡ ð3cþ 4Þ cosðqcÞ
6ð1þ cÞ2 þ SiðqcÞ

q
−
2

3
; ðA15Þ

VðMÞ≡ 4πr3sρ20
ρ̄2M;0

; ðA16Þ

where ρ0 is given in Eq. (A4), and q≡ krΔ=c as before.
To describe the effects of substructure, we extend this

model as outlined in [64]. In this case, the contribution from
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subhaloes is characterized by a mass-dependent boost
factor bshðMÞ. The associated halo profile is then given by

Uann
γ ðkjMÞ ¼Uann;no−sub

γ ðkjMÞþbshðMÞVhostðMÞushðkjMÞ;
ðA17Þ

where Uann;no−sub
γ ðkjMÞ, given in Eq. (A11), is the smooth

contribution from the squared host halo density, and the
second term is the contribution from the squared density of
subhaloes. This neglects a term of the form host × subhalo,
which is only relevant on scales where the densities of host
halo and subhaloes are similar. In Eq. (A17), Vhost is simply
the volume integral of the host profile,

VhostðMÞ≡ 4π

Z
drr2Uann;no−sub

γ ðrjMÞ

¼ VðMÞ
�
1 −

1

ð1þ cÞ3
�
; ðA18Þ

and ush is the squared density profile of subhaloes nor-
malized to have a unit volume integral. For this, we use the
functional form of [64] which, in Fourier space, is

ushðkjMÞ ¼ A

�Z
1

0

dx
x2

ðx2 þ 1=16Þ3=2
sin κx
κx

þ 64

173=2
κ cos κ þ η sin κ

κðκ2 þ η2Þ
�
; ðA19Þ

where A ¼ 0.636 ensures that ushðk → 0jMÞ → 1, and
κ ≡ krΔ.
The amplitude of the contribution from substructures is

controlled by the boost factor bshðMÞ. We consider three
different models of substructure. Ordering them by the
amplitude of the effective boost provided to the annihilation
signal, these are

(i) SC14. We use the fitting function of [61]:

log10 bshðMÞ ¼
X5
n¼0

bn logðMÞn; ðA20Þ

with bn ¼ f−0.442; 0.0796;−0.0025; 4.77 × 10−6;
4.77 × 10−6;−9.69 × 10−8g.

(ii) M16. We use the fitting fucnction of [62]:

log10 bshðMÞ ¼
X5
n¼0

bn log10ðMÞn; ðA21Þ

with bn ¼ f−0.186;0.144;−8.8× 10−3;1.13× 10−3;
−3.7× 10−5;−2× 10−7g.

(iii) G12. We use the fitting function of [63]:

bsh ¼ 110

�
M

1012M⊙

�
0.39

: ðA22Þ

The boost factors associated with each of these models
are shown in Fig. 12. In all cases, the boost factor
parametrizations were determined assuming a minimum
subhalo mass of Mmin ¼ 10−6Mmin.

APPENDIX B: MINIMUM HALO MASS
FOR ANNIHILATION

One of the most important sources of theoretical uncer-
tainties when deriving constraints from DM annihilation, is
the minimum halo mass contributing to the signal. In this
work, we have fixed this to Mmin ¼ 10−6M⊙, following
most other analyses in the literature (e.g., [25]). Figure 13
shows, however, that the choice of Mmin can have a
significant impact on the hσvi constraints, and on their
interpretation.
The left panel shows the 95%-level constraints on hσvi

obtained assuming different values for Mmin, in the range
½10−6M⊙; 106M⊙�. The constraints may vary by up to one
order of magnitude depending on this choice. The value of
Mmin also affects the redshift evolution of the signal, and
thus can affect the interpretation of tomographic mea-
surements. The right panel shows the redshift evolution
parameter Δβann, defined in Eq. (63), as a function of
minimum halo mass. Depending on the model of sub-
structure used, Δβ may take values spanning the range
−2.8≲ Δβ ≲ −1.5. It is worth noting that, although these
results do quantify the uncertainty due to the exact
minimum halo mass adopted in the analysis, our study
here is not entirely self-consistent, since the boost factor
parametrization adopted (see Appendix A 3) were deter-
mined for a specific minimum subhalo mass.

FIG. 12. Boost factor as a function of host halo mass for with
the three models of substructure used in this analysis, based on
[63] (solid black), [62] (dashed blue), and [61] (dotted orange).
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APPENDIX C: COMPARISON AGAINST
THE 8-YEAR DATASET

This Appendix compares the results obtained in this
work, using the 12-year Fermi-LAT data, with those
obtained using the 8-year dataset in cross-correlation with
the same galaxy samples. The overall signal-to-noise ratio
of the full set of cross-correlations is reduced by ∼1 (e.g.,
SNRastro;Y8 ¼ 9.1, instead of 9.8), as do, on average, each
of the individual cross-correlations presented in Fig. 4. We
do find larger variations in bins 2, 3 and 6, while bins 1, 4,
and 5 remain at roughly the same SNR.

This increase in sensitivity is accompanied by tighter
constraints on the dark matter and astrophysical param-
eters of the models used in this work. Figure 14
compares the constraints from the 8-year and 12-year
datasets on the DM annihilation cross-section (left
panel), and on the amplitude and spectral tilt of our
astrophysical model (right panel). The upper bound on
hσvi improves by a factor ∼1.4 with the newer data. The
astrophysical constraints are tightened at a similar level,
and are compatible with the results obtained with the
12-year data.

FIG. 13. Left: 95% upper bounds on the DM annihilation cross section for the M16 substructure case. The increasing darkness of
green corresponds to increasing the minimum massMmin. The lightest shade corresponds to our fiducial constraints presented in Sec. V
B 2. Right: the redshift evolution parameterΔβann [see Eq. (63)] as a function ofMmin for the M16 and G12 substructure models (red and
blue bands, respectively).

FIG. 14. Left: 95% upper bounds on the DM annihilation cross section for the bb̄ channel, comparing the results found with the 8-year
and 12-year datasets in the three substructure regimes. Right: constraints on the amplitude and spectral index of the astrophysical model
for the γ-ray emissivity [see Eq. (60)], showing the per-bin constraints found with the 8-year (blue) and 12-year (black) Fermi-LAT
datasets.
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