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• Cosmological (scalar) perturbations                                                                                 
[density fluctuations, gravitational potential(s), …] 

• Observable sourced by perturbation(s)                                                                         
[galaxy number density fluctuations, weak gravitational lensing, …] 

• Correlation function                                                        

• Fourier-space power spectrum                 
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FIG. 4: Measurements of the matter power spectrum (of
DM and baryons only) linearly extrapolated to redshift
z = 0. The two black data points are the results of this
work and are obtained with the UV LF data from [25,
28], where we imposed a prior from Planck 2018 CMB
observations (TTTEEE+lowE+lensing) to constrain the
small-k behaviour. The coloured data points represent
measurements using Planck 2018 CMB [65], DES cosmic
shear [76], SDSS galaxy clustering [77] and SDSS Lyman-
↵ [78] data (see [1] for more details). The black line is the
prediction within ⇤CDM, using the best-fit values from
Planck 2018 [65]. All uncertainties in this figure are at
68% CL.

spectrum alongside data points from a number of other
probes [1]. We measure the small-scale amplitudes
(relative to ⇤CDM) in Eq. (11) to be as,2 = 0.93+0.34

�0.25

and as,3 = 0.66+0.43
�0.17 at 68% CL. Our UV LF analysis is

able to reach smaller scales than other current cosmic
probes, which provides a new lamppost to understand
the clustering properties of dark matter. We find
that the matter power spectrum is consistent with the
theoretical prediction of a standard ⇤CDM cosmology
up to k = 10Mpc�1, which disfavours alternatives that
suppress power at these scales, such as warm [72, 73] or
fuzzy [74, 75] DM.

Conclusions. — UV galaxy luminosity functions cap-
ture a wealth of information about the Universe around
the epoch of cosmic reionisation. In addition to shed-
ding light on the astrophysics of this interesting era, we
have shown that the same data can be used to measure
the clustering of matter at smaller scales and higher red-
shifts than currently accessible. In particular, here we
used UV LF data from observations of the Hubble Space
Telescope [25, 28] to derive new constraints on the matter
power spectrum at wavenumbers k = 0.5�10Mpc�1 and

redshifts z = 4 � 10. Throughout the text, we focused
on our fiducial model for the halo-galaxy connection. As
a cross-check, we have performed the same study using
the two other astrophysical models detailed in our com-
panion paper [29], and found good agreement among the
three models, due to our marginalisation over the astro-
physical parameters.
Our analysis here establishes the UV LF as a powerful

cosmic probe of small-scale structure, providing us with
valuable insights beyond the frameworks of specific
dark-matter or inflationary models [79–88]. Together
with current large-scale cosmological data sets, the
UV LF expands our knowledge on the clustering of
matter to cover nearly five orders of magnitude in scales
(10�4 Mpc�1

< k < 10Mpc�1, see Fig. 4). In the near
future, the James Webb Space Telescope [89] and Nancy
Gracy Roman Space Telescope [90] will not only observe
galaxies at higher redshifts than covered by current HST
data, but also probe halos with smaller masses. This
provides us with an exciting outlook on the study of the
growth and clustering of matter.
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• Cosmological (scalar) perturbations                                                                                 
[density fluctuations, gravitational potential(s), …] 

• Observable sourced by perturbation(s)                                                                         
[galaxy number density fluctuations, weak gravitational lensing, …] 

• Correlation function                                                        

• Fourier-space power spectrum                  

• Harmonic-space power spectrum                
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• Cosmological (scalar) perturbations                                                                   ,  
[density fluctuations, gravitational potential(s), …] 

• Observable sourced by perturbation(s)                                                        ,  
[galaxy number density fluctuations, weak gravitational lensing, …] 

• Correlation function                                                        

• Fourier-space power spectrum                  

• Harmonic-space power spectrum             
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• Observed signal 

• Auto-correlation power spectrum 

• Cross-correlation power spectrum
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f obs = f cosmo + f noise + f cont + f sys

⟨ f obs f obs⟩ = ⟨ f cosmo f cosmo⟩ + ⟨ f noise f noise⟩ + ⟨ f cont f cont⟩ + ⟨ f sys f sys⟩ + 2⟨ f cosmo f cont⟩

⟨ f obsgobs⟩ = ⟨ f cosmogcosmo⟩ + ⟨ f contgcont⟩ + ⟨ f cosmogcont⟩ + ⟨gcosmo f cont⟩
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Figure 9: The energy spectrum of the DGRB (black points) as recently measured by the Fermi LAT
[9]. Gray boxes around each data point denote the uncertainty associated with the Galactic di↵use
emission. The solid color lines indicate the expected gamma-ray emission from unresolved sources, for
4 di↵erent well-established astrophysical populations: blazars (in orange), MAGNs (in green), SFGs (in
blue) and MSPs (in red). Color bands represent the corresponding uncertainties on the emission of each
population. Estimates are taken from Ref. [25] (blazars), Ref. [29] (MAGNs), Ref. [161] (SFGs) and
Ref. [38] (MSPs).

(with a consequent IC gamma-ray emission extending to high latitudes) is con-
sidered. Furthermore, Ref. [239] investigates the possibility of a gas cloud with a
mass of few 1010M�, extending to hundreds of kpc from the center of the MW.
This halo would be theoretically well motivated, as it would alleviate the problem
of the missing baryons in spiral galaxies. A similar object around spiral galaxy
NGC 1961 would also explain the di↵use X-ray detected in Ref. [240]. Hints of
such large halo could be already present in hydrodynamical N -body simulations of
our Galaxy [241, 242, 239]. The gamma-ray emission associated with pion decay
in this hypothetical gas halo would be able to explain between 3% and 10% of the
Fermi LAT DGRB in Ref. [8], depending on the exact size of the halo.

Other possibilities not considered in the list above include emission from massive
black holes at z ⇠ 100 [243], from the evaporation of primordial black holes [244, 245],
from the annihilations at the boundaries of cosmic matter and anti-matter domains [246]
and from the decays of Higgs or gauge bosons produced from cosmic topological defects
[247].

We conclude this section by discussing Fig. 9. The image gathers the most recent
predictions for the “guaranteed” components to the DGRB, i.e. the emission associated
with unresolved blazars, MAGNs, SFGs and MSPs (see sections from 2.2.1 to 2.2.4).
They are taken from the results of Refs. [25, 29, 161, 38], respectively and they are

28
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Figure 3. Left: EGB emission as a function of observed energy for the four extragalactic components described in the text. Data are from Abdo et al. (2010b). Right:
γ -ray angular PS at E > 1 GeV for the same models of the left panel. The observed angular PS is summarized by the black band (Ackermann et al. 2012a).
(A color version of this figure is available in the online journal.)

where E0 = 100 MeV and AS is a factor that depends on which
specific luminosity is chosen as the characterizing parameter (as
we will describe below).

The GLF of blazars is computed following the model de-
scribed in Inoue & Totani (2009) with the AGN X-ray lu-
minosity function from Ueda et al. (2003) and with the nu-
merical value of parameters derived in Harding & Abazajian
(2012) by fitting Fermi-LAT data on EGB diffuse emission and
anisotropies. The spectrum is taken to be a power law with
α = 2.2, and L is the γ -ray luminosity at 100 MeV (which
leads to AS = (1 + z)−α). We assume that no blazars fainter
than the luminosity cutoff Lmin = 1042 erg s−1 can exist at any
redshift, while Lmax(z) is the maximum luminosity above which
a blazar can be resolved (for 5 yr Fermi-LAT, it is computed
taking Fmax = 2 × 10−9 cm−2 s−1 for E > 100 MeV). The rela-
tion between halo-mass and blazar luminosity can be described
through mh = 1011.3 M#(L/1044.7 erg s−1)1.7 following Ando
et al. (2007b), where the blazar γ -ray luminosity is linked to the
mass of the associated supermassive black hole, which is in turn
related to the halo mass. The description of mh(L) suffers from
sizable uncertainties which propagate to the prediction of the
one-halo term. However, as can be seen from Figures 1 (middle)
and 2 (middle), where we introduce an alternative model (model
B) which dramatically increases mh(L) with respect to our
benchmark case (model A), the blazar contribution remains
largely subdominant.

For the GLF of SFGs, we follow results from the Fermi-
LAT Collaboration (Ackermann et al. 2012b), which are based
on the infrared (IR) luminosity function derived in Rodighiero
et al. (2010), and the rescaling relation between γ -ray and
IR luminosity obtained analyzing resolved SFGs (Ackermann
et al. 2012b). The spectrum is assumed to be a power law
with α = 2.7, similar to the Milky Way case, and L is the
γ -ray luminosity between 0.1 and 100 GeV (which leads to
AS = (α − 2)/(1 + z)2). The dependence of the SFG–shear
PS on the m(L) relation is milder than for blazars. In this
case, the relation could, in principle, be computed from the
relation between γ -ray luminosity and star formation rate
(SFR; Ackermann et al. 2012b), the Schmidt–Kennicutt law
(connecting SFR and gas density), and the ratio of gas to total
galactic mass. This leads to different relations for each different
sub-population of SFGs (e.g., ellipticals are much brighter than
spirals of the same mass); on the other hand, we do not have

γ -ray data to compute the specific GLF of the sub-populations,
thus we have to derive an effective averaged relation. Assuming
a power-law scaling m = A × 1012 M#(L/1039 erg s−1)B and
a maximum galactic mass of mmax = 1014 M#, we can find
A and B using, e.g., the Milky Way data (m $ 1012 M# and
L $ 1039 erg s−1) and requiring that the mass associated with
the maximum luminosity ∼1043 erg s−1 (this can be computed
from the maximum observed IR luminosity (Rodighiero et al.
2010) rescaled to γ -ray frequency (Ackermann et al. 2012b))
not to exceed mmax. We found A $ 1 and B $ 0.5. This is just
a simple benchmark model, and we estimated the impact of the
associated uncertainty (by varying A and B within reasonable
ranges) in Figures 1 (right) and 2 (right).

3. RESULTS

For the sake of clarity, we focus on a benchmark annihilating
(decaying) DM scenario, where the WIMP has a mass of
100 GeV (200 GeV), annihilation (decay) rate of (σav) =
8×10−26 cm3 s−1 (τd = 3×1026 s) and dominant final state b̄b.
The characteristics of the DM particle are chosen to saturate (at
least in one particular energy range) the EGB emission, without
violating the experimental constraints.4 In particular, we note
that, although we take DM to be a significant component of the
EGB at E ! 1 GeV in Figure 3 (left), it is basically impossible
to obtain an evidence for DM from the angular PS of γ -rays
alone because the latter is dominated by the blazar contribution.

In Figure 4, we show the ingredients of Equation (2) for
the computation of the shear/γ -ray cross-correlation angular
PS: the window function for the cosmic shear signal nicely
overlaps with the DM window function, both for annihilating
and decaying DM, while this happens only at intermediate
redshifts for the SFG window function and only at high redshifts
for the case of blazars. This suggests that a tomographic
approach could be a powerful strategy to further disentangle
different contributions in the angular PS (this will be pursued in
a future work; S. Camera et al. 2013, in preparation). The shear
signal is stronger for larger DM masses. The same is also true

4 The annihilation rate is degenerate with the clumping factor in setting the
size of the signal: different clustering schemes providing larger boost factors
could accommodate smaller values of (σav), still obtaining similar predictions
for the angular PS.

4

[SC et al., ApJL 2013]

×
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the reference galaxy survey. Error bars are estimated for the total signal (in black). Right: same as in the left panel but for annihilating DM, with Euclid as the reference
galaxy survey.
(A color version of this figure is available in the online journal.)

for the γ -ray signal from DM and this fact gives a large one-
halo contribution which dominates starting from k ! 1 h Mpc−1

in Figure 4 (right). Galaxies have masses !1014 M$, thus they
correlate with the shear signal of lower-mass halos and the
one-halo contribution becomes important at slightly smaller
scale k " 1 h/Mpc−1. Since the bulk of unresolved blazars
in 5 yr Fermi-LAT will be hosted in relatively small halos
at large redshift, the one-halo term of the blazar/shear PS is
suppressed. Thus, an important result is that, since both the
shear and DM-induced γ -ray signals are stronger for larger
halos, their cross-correlation is more effective with respect to
the case of astrophysical sources. This, together with the sizable
overlapping of the DM γ -ray and shear window functions at
low redshift, leads to the expectation of a sizable DM signal in
the angular PS, which is indeed what we find in Figure 5. For
" ! 100, the two-halo term dominates for all the sources, thus
the relative size is roughly given by the relative contribution in
the total EGB emission. At " " 100, the one-halo term starts to
be important in the DM case which grows more rapidly than the
astrophysical sources. At " " 103, the one-halo term also takes

over in the SFG spectrum which is brought again close to the
DM curve. Blazars are largely subdominant in the whole range
of multipoles.

The observational forecasts for the cross-correlation between
DES or Euclid and Fermi-LAT are shown for the benchmark
models considered in this work (for error estimates, we take
observational performances from Atwood et al. (2009), The
Dark Energy Survey Collaboration (2005), and Laureijs et al.
(2011)). Figure 5 shows that a DM signal can be disentangled
in the angular PS at " ! 103. The same conclusion can be
derived for DM models with different mass and annihilation/
decay channels, provided the DM is a significant component
of the total γ -ray EGB (at least in one energy bin) as in our
assumptions.

4. CONCLUSIONS

In this Letter, we discussed the cross-correlation angular
PS of weak-lensing cosmic shear and γ -rays produced by
WIMP annihilations/decays and astrophysical sources. We

5
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Figure 15. Forecasts on the reconstruction of the DM mass and annihilation cross section, for a DM
particle with a mass of 100GeV, thermal annihilation cross section and bb̄ annihilation channel. The
low clustering model is assumed and astrophysical γ-ray emission is taken from model B. Contours
show the 1σ CL reconstruction. Left: red contours refer to DES+Fermi-10yr , whilst green regions
correspond to Euclid+‘Fermissimo’. For each set of curves, solid lines correspond to marginalisation
of the parameters Ai over the range of priors mentioned in the text, whilst dashed line refer to
marginalisation without prior assumptions. Right: magenta contours refer to the case in which
neither redshift nor energy binning is considered. Green (blue) lines show the case where only the
binning in redshift (energy) is considered, whilst for the red contours the full tomographic-spectral
analysis is implemented. The combination Euclid+‘Fermissimo’ is assumed. In this plot, Ai are
marginalised over without additional prior assumptions.

(the same considered in the previous figures, reproduced to ease comparison), whilst blue
stands for τ+τ− and green for µ+µ− annihilation channels. The left and right panel show
the impact of the astrophysical assumption, model A and B respectively. The size of the
contours is mostly set by the efficiency of the channel in producing photons. A larger photon
yield, as for the bb̄ and τ+τ− cases, increases the sensitivity of the cross-correlation technique
(see also figure 11) and in turn the capability of reconstructing mass and annihilation rate.
The case of muons as final states produces a smaller amount of photons and is hence the
one with the worst forecast. Indeed, it is easy to see that contours are not closed in the
region plotted of figure 16. Another aspect to be taken into account is that different channels
have different spectral shapes and some of them can mimic the astrophysical emission, thus
making the reconstruction of the DM signal more difficult. This has however less impact
than the emitted photon multiplicity.

We now consider the case of a decaying DM candidate. We compute the precision that
can be achieved by the γ-ray and cosmic-shear cross-correlation in the reconstruction of its
mass, mDM, and decay rate, Γd, again for a few specific benchmark scenarios. In figure 17 (left
panel), we illustrate the marginal error contours for a DM particle with a mass of 20, 200GeV
and 2TeV (blue, green and red regions, respectively). The decay rate is fixed at a common
value of Γd = 0.33×10−27 s−1, just for definiteness. The analysis refers to the combination of
Euclid+‘Fermissimo’. Analogously to the case of annihilating DM, the reconstruction power

– 34 –

[SC et al., 2015]
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the impact of the astrophysical assumption, model A and B respectively. The size of the
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yield, as for the bb̄ and τ+τ− cases, increases the sensitivity of the cross-correlation technique
(see also figure 11) and in turn the capability of reconstructing mass and annihilation rate.
The case of muons as final states produces a smaller amount of photons and is hence the
one with the worst forecast. Indeed, it is easy to see that contours are not closed in the
region plotted of figure 16. Another aspect to be taken into account is that different channels
have different spectral shapes and some of them can mimic the astrophysical emission, thus
making the reconstruction of the DM signal more difficult. This has however less impact
than the emitted photon multiplicity.

We now consider the case of a decaying DM candidate. We compute the precision that
can be achieved by the γ-ray and cosmic-shear cross-correlation in the reconstruction of its
mass, mDM, and decay rate, Γd, again for a few specific benchmark scenarios. In figure 17 (left
panel), we illustrate the marginal error contours for a DM particle with a mass of 20, 200GeV
and 2TeV (blue, green and red regions, respectively). The decay rate is fixed at a common
value of Γd = 0.33×10−27 s−1, just for definiteness. The analysis refers to the combination of
Euclid+‘Fermissimo’. Analogously to the case of annihilating DM, the reconstruction power
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• Non-detections: 

• Clustering of galaxies [SDSS LRGs] x UGRB [Fermi Pass7-reprocessed (76 mths)] 

• Cosmic shear [CFHTLenS+RCSLenS] x UGRB [Fermi Pass7-r (76 mths), Pass8 (85 mths)] 

• Cosmic shear [Subaru HSC] x UGRB [Pass8 (85 mths)] 

• Cosmic shear [CFHTLenS+RCSLenS+KiDS] x UGRB [Fermi Pass8 (84 mths)]

[Shirasaki et al. 2015]

[Shirasaki et al. 2014, 2016]

[Shirasaki et al. 2018]

[Tröster, SC et al. 2017]
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2σ bounds

Fermi (γ-ray auto-correlation)
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[Ammazzalorso, SC et al. in prep.]

[De Angelis, SC et al. 2018]

[Tröster, SC et al. 2017]

[Fornasa et al. 2016]
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• >3σ evidence 

• CMB lensing 
[Planck 2013 & 2015] 

• UGRB 
[Fermi Pass7-r (68 months)]

Gaussian approximation (averaged in the multipole bin b):

G =
+

+

g k g k g g k( ) ( ) ( )C CC C

ℓ f
˜

(2 1)
, (2)b

ij ℓ ℓ ℓ ℓ

b

( )

sky

i j i j

where
g k( )Cℓ

i

is the cross-correlation APS, estimated using a
benchmark theoretical prediction discussed in the next section.
(Note that this term is in any case subdominant in

Equation (2).) kCℓ
( ) and

g( )Cℓ

i

are the autocorrelation APS that

we estimate from the corresponding maps using PolSpice and
g g( )Cℓ

i j

is the cross-correlation APS between the two energy
bins i and j. As a sanity test, we checked that the noise-

subtracted estimate = -
æ
è
ççç

ö
ø
÷÷÷

g g g( ) ( ) ( )CC C Wℓ ℓ N ℓ
2

i i i

(where CN is

the power spectrum of the shot noise and Wℓ is the beam
function) agrees well with the autocorrelation APS reported by
the Fermi-LAT Collaboration et al. (2012a). Similarly, our

kCℓ
( ) is consistent with theoretical expectations, once corrected

for the noise APS provided in the Planck public data release
(Planck Collaboration et al. 2014b). The factor fsky corrects for
the effective available fraction of the sky, but Equation (2)
might actually underestimate the impact of masks. To have a
more conservative error estimate, we derive a scaling
coefficient Mi b, from G = GM ˜

b
ii

i b b
ii

,
2 , where Gb

ii is obtained from

PolSpice and G̃b
ii from Equation (2), and then we define the off-

diagonal terms of the covariance matrix as G = GM M ˜
b
ij

i b j b b
ij

, , .
The reliability of this scaling is further supported by the fact
that we are using the same mask for all the γ-ray maps.
The combined APS gkCb

( ) of Equation (1) is shown in
Figure 1 for the four cases considered. Error bars are given by

Nb . The different analyses are in excellent agreement with
each other. As for the analysis with gamma-rays integrated
above 1 GeV, we estimate the significance of the cross-
correlation signal in the multipole-bins <⩽ ℓ40 160,

<⩽ ℓ160 280, and <⩽ ℓ280 400. The significances now
amount to 3.0, 0.7, and s1.2 , respectively. A comparison with
the results of the previous analysis shows that by adding
spectral information increases the significance of the signal in
the low-ℓ sector, while in the larger-ℓ bins the cross-
correlations are still compatible with zero. The results obtained
so far therefore show evidence of correlation for multipoles
below 1ℓ 150–160.
As a cross-check for the stability of the γ-ray data, we repeat

the analysis considering the data from the first 150 weeks and
subsequent 150 weeks separately. The obtained APS are
compatible and, once combined together, very closely resemble
the APS of the full period presented above.
The subtraction of the galactic foreground in the γ-ray maps

has a significant systematic uncertainty related to the modeling
of the galactic diffuse emission, which can affect anisotropies
on large scales (Fermi-LAT Collaboration et al. 2012a). The
foreground residuals in the lensing map are instead thought to

Table 1
Summary of Statistical Significances for the Three Adopted Methods

Energy Multipole Statistical Significance

Test P15-3FGL P15-2FGL P13-3FGL P13-2FGL

Single E-bin [1, 300] GeV Single ℓ-bin <⩽ ℓ40 160 dá ñ á ñgk gkℓ C ℓ Cℓ ℓ s1.7 s1.8 s1.5 s2.1

6 E-bins [0.7, 300] GeV Single ℓ-bin <⩽ ℓ40 160 dá ñ á ñgk gkℓ C ℓ Cℓ ℓ s3.0 s3.3 s2.8 s3.2

6 E-bins [0.7, 300] GeV 6 ℓ-bins, D =ℓ 60 <⩽ ℓ40 400 Model fitting s3.0 s3.2 s2.7 s3.0

Notes. All analyses are performed on gkℓ Cℓ to make the observable approximately flat in multipoles. The errors d á ñgkℓ Cℓ are obtained from the covariance matrix of
PolSpice. In the first row, the symbol á ñ· denotes mean in the multipole bin. In the second row, the APS (and corresponding errors) at different energies Ei are obtained
as discussed in connection to Equation (1) and are whitened through multiplication by DE Ei i

2.4 (with the symbol á ñ· denoting the average in a multipole bin and
among energy bins). The third row reports model fitting: the significance is obtained from a c2 difference between the null signal and best-fit model. P15 (P13) stands
for the analysis using the Planck 2015 (2013) map.

Figure 1. Cross-correlation APS gkCℓ
( ) as a function of the multipole ℓ for γ-

ray energies >E 1 GeV. The measurements are averaged (linearly in terms of
gkℓ Cℓ

( ) ) in multipole bins of D =ℓ 60, starting at =ℓ 40. Points report the
minimum-variance combination of the measurement in individual energy bins
(assuming a spectrum µ -E 2.4), as described in Equation (1). Four different
analyses are shown. They arise from the combination of two lensing maps
(from Planck 2013 and 2015 releases) and two γ-ray point-source masks
(2FGL and 3FGL). The benchmark theoretical model, shown in black, is the
sum of the contributions from BL Lac objects (red), FSRQs (blue), mAGNs
(green), and SFGs (orange), multiplied by =gkA 1.35 (see the text). We also
show two “generic” models, G0.1 and G2 with Gaussian W(z) (normalized to
provide the whole EGB above 1 GeV and then multiplied by the factor gkA
described in the text), with peak at z0 = 0.1 and width s = 0.1z (cyan dashed),
and =z 20 and s = 0.5z (magenta dashed), respectively. In the upper inset, we
show the EGB benchmark model and Fermi-LAT measurement (Fermi-LAT
Collaboration et al. 2014). The data used to create this figure are available.

3

The Astrophysical Journal Letters, 802:L1 (6pp), 2015 March 20 Fornengo et al.

[Fornengo, SC et al. ApJL 2015]
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• >3.5σ evidence 

• Clustering of galaxies 
[2MASS, NVSS, QSOs, SDSS] 

• UGRB 
[Fermi Pass7 (60 months)]

[Xia et al. ApJL 2015, Cuoco et al. ApJS 2015, Regis et al. PRL 2015]

(E > 0.5; 1, and 10 GeV), and the indices θi and θj run over
10 angular bins logarithmically spaced between θ ¼ 0.1°
and 100°. Cn

θiθj
is the covariance matrix that quantifies the

errors of the data and their covariance among the angular
bins. Data and covariance matrix are taken from
Ref. [9]. The parameter vector for annihilating DM is
A ¼ ðmDM; hσavi; C1hÞ, whereas for the decaying DM it
is A ¼ ðmDM; τd; C1hÞ.
Results.—In Fig. 1 we show a comparison between the

measured CCF in one of the considered energy bins
(E > 500 MeV) and the best fitting annihilating and
decaying DM models obtained from the analysis discussed
below. Error bars are given by the diagonal elements of the
covariance matrix. DM models fit the measured CCF
remarkably well (for the best fitting model, χ2BF ¼ 16.7
with 26 d.o.f.). It is also noteworthy that the level of
annihilation or decay rate provides a minor contribution to
the isotropic gamma-ray background (IGRB) measured by
the Fermi-LAT [27], as shown in the inset of the figure.
This implies that the cross-correlation technique can detect
DM signals too faint to show up in the total intensity
measurement (for a review of the IGRB properties,
see Ref. [28]).
In Fig. 2, we show the 1σ and 2σ C.L. contours (obtained

marginalizing over C1h) for DM mass and annihilation or

decay rate for various final states. Note that, although we
use only three energy bins, they are sufficient to constrain
the DM mass which induces a small but characteristic
signature in the energy spectrum. In the LOW scenario the
1σ region lies just above the thermal annihilation rate
hσavi ¼ 3 × 10−26 cm3 s−1. In the HIGH case, the DM
signal increases by a factor of ∼10 and consequently
regions shift down by 1 order of magnitude. Therefore,
given the current uncertainty in modeling DM structures we
conclude that the thermal cross section is well within the
allowed regions for mDM ≲ 200 GeV.
We stress that the confidence contours in Fig. 2 are drawn

under the assumption of no contribution from astrophysical
sources. While their purpose is mainly illustrative, they may
not be unrealistic since astrophysical sources, which are
indeed required to account for the IGRB thanks to their
medium-to-large redshift emission, can indeed provide a
negligible contribution to the cross-correlation signal
between Fermi-LAT and 2MASS galaxies that, as we point
out, has a rather local origin (see the discussion in Sec. S2 of
the Supplemental Material [14]). On the other hand, given
the current uncertainty on the astrophysical components
of the IGRB, an astrophysical model that can explain the
measured cross-correlation signal with no additional con-
tribution from DM can be found [9]. Future data and
analyses will help distinguishing between these two options.
This cross-correlation measurement can alternatively be

used to derive 95% C.L. upper bounds on the annihilation
or decay rate. These bounds are conservative and robust,
since we assume here that DM is the only source of the
γ-ray signal, without introducing additional assumptions on
astrophysical components which would make the con-
straints stronger but also more model dependent. The
95% C.L. upper bounds on the WIMP annihilation (decay)
rate as a function of WIMP mass are shown in the left-hand
(right-hand) panel of Fig. 3. For bb̄ and τþτ− final states,
the thermal annihilation rate is excluded for masses below
10 (100) GeV in the LOW (HIGH) scenario. In the case of
μþμ−, the bounds degrade by about 1 order of magnitude.
In Fig. 4 we compare the sensitivity of our cross-

correlation method with that of other extragalactic γ-ray
probes. We focus on these probes since they are similarly
affected by uncertainties in modeling DM halo and subhalo
properties. This allows us to compare various techniques in
a homogeneous and robust way, something that cannot be
done with local DM tracers (galactic regions, dwarf
galaxies) or early Universe probes, which have different
systematic uncertainties (see, however, the discussion in
Sec. S1 of the Supplemental Material [14]). For illustrative
purposes, we selected the LOW substructure scheme and bb̄
final states case. We verified that different choices provide
little differences and the results are robust to both the DM
clustering model and the annihilation or decay channel. We
consider again the simplest case (where most conservative
bounds can be derived), in which the astrophysical
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FIG. 1 (color online). Cross-correlation above 500 MeV for
the best fitting annihilating and decaying DM scenarios,
compared to the measured CCF. The curves are for DM particles
of 100 GeV (200 GeV) annihilating (decaying) into bb̄. We
show the two annihilation models, HIGH and LOW, with annihi-
lation rates hσavi ¼ 2 × 10−26 cm3 s−1 (blue-dashed curve) and
2.4 × 10−25 cm3 s−1 (blue-solid curve), respectively, and a decay
model with lifetime τ ¼ 1.6 × 1027 s (red-dotted curve). The
green curve shows the CCF of the one-halo correction term C1h.
We show the sum of this component and the DMCCF (in the LOW

scenario) with the black curve. The inset shows that these DM
models provide a subdominant contribution to the observed
IGRB spectrum [27].

PRL 114, 241301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
19 JUNE 2015

241301-3

(E > 0.5; 1, and 10 GeV), and the indices θi and θj run over
10 angular bins logarithmically spaced between θ ¼ 0.1°
and 100°. Cn

θiθj
is the covariance matrix that quantifies the

errors of the data and their covariance among the angular
bins. Data and covariance matrix are taken from
Ref. [9]. The parameter vector for annihilating DM is
A ¼ ðmDM; hσavi; C1hÞ, whereas for the decaying DM it
is A ¼ ðmDM; τd; C1hÞ.
Results.—In Fig. 1 we show a comparison between the

measured CCF in one of the considered energy bins
(E > 500 MeV) and the best fitting annihilating and
decaying DM models obtained from the analysis discussed
below. Error bars are given by the diagonal elements of the
covariance matrix. DM models fit the measured CCF
remarkably well (for the best fitting model, χ2BF ¼ 16.7
with 26 d.o.f.). It is also noteworthy that the level of
annihilation or decay rate provides a minor contribution to
the isotropic gamma-ray background (IGRB) measured by
the Fermi-LAT [27], as shown in the inset of the figure.
This implies that the cross-correlation technique can detect
DM signals too faint to show up in the total intensity
measurement (for a review of the IGRB properties,
see Ref. [28]).
In Fig. 2, we show the 1σ and 2σ C.L. contours (obtained

marginalizing over C1h) for DM mass and annihilation or

decay rate for various final states. Note that, although we
use only three energy bins, they are sufficient to constrain
the DM mass which induces a small but characteristic
signature in the energy spectrum. In the LOW scenario the
1σ region lies just above the thermal annihilation rate
hσavi ¼ 3 × 10−26 cm3 s−1. In the HIGH case, the DM
signal increases by a factor of ∼10 and consequently
regions shift down by 1 order of magnitude. Therefore,
given the current uncertainty in modeling DM structures we
conclude that the thermal cross section is well within the
allowed regions for mDM ≲ 200 GeV.
We stress that the confidence contours in Fig. 2 are drawn

under the assumption of no contribution from astrophysical
sources. While their purpose is mainly illustrative, they may
not be unrealistic since astrophysical sources, which are
indeed required to account for the IGRB thanks to their
medium-to-large redshift emission, can indeed provide a
negligible contribution to the cross-correlation signal
between Fermi-LAT and 2MASS galaxies that, as we point
out, has a rather local origin (see the discussion in Sec. S2 of
the Supplemental Material [14]). On the other hand, given
the current uncertainty on the astrophysical components
of the IGRB, an astrophysical model that can explain the
measured cross-correlation signal with no additional con-
tribution from DM can be found [9]. Future data and
analyses will help distinguishing between these two options.
This cross-correlation measurement can alternatively be

used to derive 95% C.L. upper bounds on the annihilation
or decay rate. These bounds are conservative and robust,
since we assume here that DM is the only source of the
γ-ray signal, without introducing additional assumptions on
astrophysical components which would make the con-
straints stronger but also more model dependent. The
95% C.L. upper bounds on the WIMP annihilation (decay)
rate as a function of WIMP mass are shown in the left-hand
(right-hand) panel of Fig. 3. For bb̄ and τþτ− final states,
the thermal annihilation rate is excluded for masses below
10 (100) GeV in the LOW (HIGH) scenario. In the case of
μþμ−, the bounds degrade by about 1 order of magnitude.
In Fig. 4 we compare the sensitivity of our cross-

correlation method with that of other extragalactic γ-ray
probes. We focus on these probes since they are similarly
affected by uncertainties in modeling DM halo and subhalo
properties. This allows us to compare various techniques in
a homogeneous and robust way, something that cannot be
done with local DM tracers (galactic regions, dwarf
galaxies) or early Universe probes, which have different
systematic uncertainties (see, however, the discussion in
Sec. S1 of the Supplemental Material [14]). For illustrative
purposes, we selected the LOW substructure scheme and bb̄
final states case. We verified that different choices provide
little differences and the results are robust to both the DM
clustering model and the annihilation or decay channel. We
consider again the simplest case (where most conservative
bounds can be derived), in which the astrophysical
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FIG. 1 (color online). Cross-correlation above 500 MeV for
the best fitting annihilating and decaying DM scenarios,
compared to the measured CCF. The curves are for DM particles
of 100 GeV (200 GeV) annihilating (decaying) into bb̄. We
show the two annihilation models, HIGH and LOW, with annihi-
lation rates hσavi ¼ 2 × 10−26 cm3 s−1 (blue-dashed curve) and
2.4 × 10−25 cm3 s−1 (blue-solid curve), respectively, and a decay
model with lifetime τ ¼ 1.6 × 1027 s (red-dotted curve). The
green curve shows the CCF of the one-halo correction term C1h.
We show the sum of this component and the DMCCF (in the LOW

scenario) with the black curve. The inset shows that these DM
models provide a subdominant contribution to the observed
IGRB spectrum [27].

PRL 114, 241301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
19 JUNE 2015

241301-3



Stefano Camera Synergies across the spectrum for astrophysics and cosmology 10 · XII · 2021

• >5σ evidence 

• Clustering of clusters 
[Planck-SZ 2015, redMaPPer, WH12] 

• UGRB 
[Fermi Pass8 (78 mths)]

8 Branchini et al.

For the cross correlation between point-like astrophysical516

�-ray emitters and clusters we have:517
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Both terms depend on the luminosity function of the emitter,518

�i and the mean luminosity density h f�i
i =

R
dLL�i(L,z),519

whereas the linear mass power spectrum P
lin(k) and the bias520

b�i
only enter the two-halo term. For the bias we adopt a521

simple linear model and assume that the bias of the emit-522

ter is equal to that of its halo host b�i
(L) = bh(M(L)) mod-523

eled according to Sheth & Tormen (1999). For the rela-524

tion between the mass of the halo host and the luminosity525

of the emitter, M(L), we adopt the one derived by Cam-526

era et al. (2015). The effective halo occupation of clusters527

hNc j
i = (dnc j

/dM)/(dn/dM) is obtained from the cluster mass528

functions dnc j
/dM used in Section 4.1. In this way, we ac-529

count for selection effects and completeness of the catalogs.530

The average number density of clusters at a given redshift is531

given by n̄c j
(z) =

R
dM hNc j

idn/dM. Note that Eq. (10) does532

not depend on the wavenumber k. It describes the picture of533

point-like �-ray emitters located at the center of the clusters.534

Being flat, it acts as a shot-noise-like term.535

Cuoco et al. (2015) have shown that this halo model is not536

sufficient to describe the effect of the Fermi-LAT PSF that cre-537

ates an additional shot-noise-like term on small-scales, which538

is not captured by the above equations. Quantifying the am-539

plitude of this effect is not straightforward. However, since540

we know it is scale-independent, we can model it empirically541

by adding an extra, shot-noise-like constant term in the fit of542

the measured C
(�c)
` . Therefore, following Ando (2014) and543

Cuoco et al. (2015) we include one additional free parameter544

for each combination of cluster catalog and �-ray source.545

We note also that the 1-halo term model above assumes that546

the relation M(L) is deterministic. We argue that ignoring the547

scatter in the relation does not significantly affect our results548

since the 1-halo term is small (blazars, mAGN and SFG reside549

in halos typically smaller than the cluster size) and subdomi-550

nant with respect to the shot-noise term.551

For the cross correlation between �-ray emission from the552

ICM and clusters we have:553
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where now the luminosity density is h f�c
i=

R
dM dn/dML/⇢̄,554

and ṽ�(k|M) is the Fourier transform of the normalized halo555

density profile ⇢h(x|M)/⇢̄DM , that we assume to have a NFW556

shape Navarro et al. (1997). The underlying assumption is557

that the �-ray emission from the ICM has the same profile558

of the host halo (in practice, this is not a crucial assumption,559
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since in the current analysis we do not probe scales smaller560

than the typical size of a cluster).561

Unlike in the previous case, uncertainties in the 1-halo term562

cannot be ignored. They stem from the fact that no extended563

�-ray emission from clusters has been unambiguously de-564

tected and, consequently, no observational constraint exists565

for the L�c
(M) relation. To account for this potential source566

of systematic error, we again include an additional constant567

term when we fit the cross-correlation model to the data.568

[Branchini, SC et al. ApJS 2017]
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aforementioned cross-correlations have the potential to dis-
entangle signatures due to astrophysics from dark matter
(see also Ref. [7]). More generally, the method can provide
valuable information on the redshift distribution and on the
clustering properties of the unresolved γ-ray source popula-
tions, including blazars, AGNs, and star-forming galaxies.
Since cross-correlations of the UGRB with gravitational

lensing have been proposed as a probe, several observa-
tional attempts have followed [8–11], but none so far have
detected the signal. Here, we report the first detection of
such a cross-correlation. We used 108-month γ-ray data
from Fermi-LAT and first year (Y1) shear measurements
from the Dark Energy Survey (DES). In the following, we
describe details of the analysis and discuss the results.
Analysis and results.—The observable we probe is the

cross-correlation between the unresolved component of
the γ-ray emission and gravitational shear. To this aim, the
Fermi-LAT data have been preprocessed to produce the
relevant energy-dependent response functions of the detec-
tor and full-sky maps of photon intensities in several energy
bins. Resolved γ-ray sources and the bright Galactic plane
emission have been masked with energy- and flux-depen-
dent masks, in order to minimize the sky fraction removal.
Furthermore, we have subtracted a model of the Galactic
plane emission. Galactic foreground emission does not lead
to false detection of a cross-correlation, since it does
not correlate with the large-scale structure measured by
gravitational shear, but it increases the variance of the
measurements (see Supplemental Material [12] and, e.g.,
Refs. [8,9,11,50,51]). The weak lensing information is
extracted by measuring the mean tangential ellipticity of
source galaxies in the DES footprint around pixels
weighted by their UGRB flux. The shear catalog is divided

in redshift bins in order to perform a tomographic analysis.
As an illustration of the overlapping area between DES and
Fermi-LAT, Fig. 1 shows the DES footprint and the Fermi-
LAT map for photon energies in the 1–10 GeV interval.
We measure the cross-correlation between the UGRB

and gravitational shear through its two-point angular
correlation function. Specifically, we adopt the following
estimator (see also Ref. [52]):

ΞarðθÞ ¼ Ξsignal
Δθh;ΔEa;Δzr − Ξrandom

Δθh;ΔEa;Δzr

¼
P

i;je
r
ij;tI

a
j

R
P

i;jI
a
j

−
P

i;je
r
ij;tI

a
j;random

R
P

i;jI
a
j;random

; ð1Þ

where Ξsignal
Δθh;ΔEa;Δzr is the correlation function in the configu-

ration space of the two observables measured in different
angular (Δθh), γ-ray energy (ΔEa), and lensing source-
galaxy redshift (Δzr) bins. The correlation is obtained by
summing the products of tangential ellipticity of source
galaxies i relative to a pixel j, erij;t, multiplied by the Fermi-
LATphoton intensity flux in theath energy bin and in pixel j,
Iaj . The sum runs over all unmasked pixels j and all sources i
in the redshift bin of the shear catalog, and it is performed in
each of the different photon energy bins (labeled by a) and
source-galaxy redshift bins (labeled by r). Lastly, R is the
mean response of ellipticity to shear for sources in the
redshift bin, determined by the METACALIBRATION algorithm
[53,54] to be between 0.54 and 0.73 for the source-galaxy
redshift bins used here.
From the correlation function, we removeΞrandom

Δθh;ΔEa;Δzr , the
measurement of tangential shear around random lines of
sight. This is done by setting Iaj;random ¼ 1 anywhere within

FIG. 1. DES Y1 (solid, used in this Letter) and final (dashed) sky coverage superimposed on the Fermi-LAT γ-ray map for photons in
the 1–10 GeVenergy range. The Galactic plane and point-source emissions are clearly visible. The plot is in McBryde-Thomas flat polar
quartic projection.
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• 5.3σ evidence 

• Cosmic shear 
[DES Y1] 

• UGRB 
[Fermi (108 mths)]

origin, though this term shows lower statistical significance
than the one-halo component. Concerning the redshift
dependence of the signal, the statistical significance is
almost equally distributed among the lower and higher
redshift bins. The allowed regions for the parameters of the
phenomenological model are shown in Fig. 3, while the
cross-correlation function for the best fit of the phenom-
enological model are shown in the left panel of Fig. 2: the
PSF-like term due to pointlike sources well reproduces the
behavior of the measured cross-correlation up to about
1 deg scale. We note here that for the subset of high E and
small θ, comprising 88 data points, we do obtain a
distinctive signal without application of the matched filter.
The χ2null ¼ 137 for these points corresponds to a p value of
0.0006, meaning that the null hypothesis is excluded at
3.5σ in this subset.
Discussion.—In the following, we attempt a physical

interpretation of the signal detected in the previous section.
Star-forming galaxies and misaligned AGNs are not
expected to be able to produce a sufficiently hard energy
spectrum, which thus points to a dominant blazar compo-
nent. Particle dark matter in terms of WIMPs can also
provide a hard spectrum, especially if the annihilation
channel is predominantly leptonic or, in the case of a
hadronic final state, if the dark matter mass is large (above a
few hundred GeV).
Blazars are compact sources and, for our purposes, they

can be considered as pointlike; i.e., their size is, on average,
much smaller than the Fermi-LAT PSF. Also the size of the
halo hosting blazars rarely exceeds the Fermi-LAT PSF.

This has a consequence that the angular correlation
function for the one-halo term essentially follows from
the detector PSF. Conversely, the relevant dark matter halos
have a larger angular extent, and the corresponding one-
halo correlation function thus drops more slowly with
angular scale. On very large scales, the correlation func-
tions of the two components have a similar angular
behavior, since the two-halo power spectra differ only
by the bias terms. The fact that our signal is detected with
high significance only on small scales therefore points
toward blazars as the dominant source. In order to inves-
tigate this interpretation, we perform the statistical tests
discussed in the previous section with a physical model,
based on a detailed characterization of the components
expected to produce the cross-correlation signal: blazars
(BLZs), misaligned active galactic nuclei (mAGN), star-
forming galaxies (SFGs) and possibly dark matter (DM).
The physical cross-correlation function model reads

Ξar
physðθÞhIai ¼ A1h

BLZ × Ξ̂ar
BLZ;1hðθÞ þ A2h

BLZ × Ξ̂ar
BLZ;2hðθÞ

þ AmAGN × Ξ̂ar
mAGNðθÞ þ ASFG × Ξ̂ar

SFGðθÞ

þ ADM × Ξ̂ar
DMðθ;mDMÞ: ð5Þ

The model parameters are free normalizations for the
astrophysical sources, A1h

BLZ, A
2h
BLZ, AmAGN, and ASFG, the

mass of the dark matter particle mDM, and its velocity-
averaged annihilation rate hσannvi, expressed in terms of the
“thermal” cross section hσannvith ¼ 3 × 10−26 cm3 s−1
through the normalization ADM ≡ hσannvi=hσannvith. Note

FIG. 3. (Left) Constraints on the normalization and spectral index parameters of the phenomenological model (the redshift dependence
parameters are unconstrained and not shown in the plot). (Right) Constraints on the parameters of the dark matter and blazar models
described in Eq. (5). The blazar model assumes a single population matching the properties of Fermi resolved sources. The dark matter
model assumes annihilation in the τþτ− channel. In both panels, 2D contours refer to the 68% and 95% C.L. regions. The dashed and
solid vertical lines in the 1D subplots denote the 68% and 95% C.L. constraints of the 1D profile likelihood distributions.
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beam-free prediction.

previous arguments: the signal is boosted back up to the same
level of the AC because the kernels of galaxies and UHECRs
now coincide. Additionally, while the uncertainty increases with
energy as both samples become sparser, it is not large enough to
hide the XC signal. It is worth noticing that the increase in galaxy
power that we expect towards lower redshifts is significantly less
relevant than the matching of the radial kernels.

In practice, using optimal weights may not be possible given
the uncertainties in the radial kernel for UHECRs (we do not
yet know the actual injection spectrum). The availability of red-
shift information in the galaxy catalogue, however, would allow
us to turn this into an advantage: the UHECR kernel could be
reconstructed by modifying the galaxy weights to maximise the
signal-to-noise, essentially following the ‘clustering redshifts’
method used to reconstruct unknown redshift distributions in
weak lensing data (Newman 2008).

To quantify the improvement in detectability brought by the
XC, in Fig. 4 we present the cumulative S/N for all the data com-
binations discussed in Sect. 3.1, viz. AC alone (leftmost panel),
XC alone (central panel), and all the data combined into a sin-
gle data vector S` (rightmost panel). In each panel, the left half
shows the cumulative S/N as a function of the maximum mul-
tipole, `max, whilst the right half is for the cumulative S/N as
a function of the minimum multipole, `min. In both cases, the
case with all the data combined has, unsurprisingly, the largest
S/N, but the contributions from AC and XC come from di↵er-
ent angular scales. These scales in turn are sensitive to di↵erent
redshift ranges depending on Ecut, which sets the propagation
depth for UHECRs. This highlights the complementarity of the
two observables.

The aforementioned sensitivity to di↵erent angular scales
can be captured better by looking at Fig. 5, where we show
the contribution to the total S/N from each integer multipole,
S/N`. The colour code is the same as throughout the paper, and
we mark with horizontal dashed lines the thresholds correspond-
ing to 1, 2, and 3� evidence for a one-parameter amplitude fit.
These panels can be interpreted as evidence for anisotropy on a
given scale; it is clear that the XC with galaxies helps to push the
detectability of the signal to smaller scales (i.e. larger ` values).
This per-` S/N` is a useful quantity for assessing whether the
AC or the XC is the best observable for detecting the anisotropy
in UHECRs, assuming that UHECRs trace the LSS.

The sensitivity of the XC to small-scale anisotropies can
be precious in realistic situations for two further reasons. First,
a single Earth-based experiment is blind to a large fraction of
the sky (roughly speaking, one celestial hemisphere); galaxy
catalogues can also have incomplete sky coverage. Moreover,
it might be advantageous (see our discussion of the direction-
dependent magnetic deflections in Sect. 2.4) to restrict the
UHECR dataset to a portion of the sky to maximise the chances

for a clean detection. In all these situations, the low harmonic
multipoles are the most a↵ected by these sky cuts. Second, if
two experiments join their datasets, as the Telescope Array and
Pierre Auger collaborations have done in their harmonic AC
analysis, they need to cross-calibrate their sets, and this cross-
calibration introduces errors that are significantly larger for low
multipoles than for high multipoles (Abu-Zayyad et al. 2013;
Aab et al. 2014; Deligny 2015; di Matteo et al. 2020).

As we argued in Sect. 2.4, there is no shortcut to account
for the e↵ects of the GMF on the AC and XC. Nonetheless, it
is instructive to look at how the signal degrades with a simple
smearing of the source map. To this end, we have plotted in
Fig. 6 the total S/N for ` = [2, 1000] as a function of the
smearing angle, ✓smear, of the galaxy map for the same energy
cuts we have used so far. According to Eq. (26), the deflections
for 40 EV rigidity peak at around 7� near the Galactic centre,
whereas more than half of the sky would be well described by
a 2.5� smearing. It should be noted that, as mentioned in the
introduction, the composition of UHECRs at the highest ener-
gies is unknown (Castellina 2020; Bergman 2019), and a heavier
composition would imply lower rigidities and larger deflections.
The smearing impacts the high-multipole regions in the XC more
than it does in the AC, as expected, and degrades the XC more
prominently at larger smearing angles (see also Appendix D).

The XC is strongly dependent on energy and the choice
of weights. This means that we can disentangle small-scale
anisotropies caused by the propagation through the GMF from
the intrinsic anisotropies inherited from the LSS. In particular,
any GMF-induced signal is erased at higher energies because
UHECRs go straighter, whereas the LSS-inherited signal is
enhanced because of the smaller propagation horizon. Moreover,
any GMF-induced signal is indi↵erent to the weights we apply,
whereas the signal from LSS anisotropies is strongly enhanced
with the use of optimal weights.

Before closing this section, we remark that in a real experi-
ment there will be modelled and un-modelled systematic errors
to take into account. Systematic errors are expected to contribute
to the AC more significantly than to the XC, particularly on
large scales (low-` end), for example the cross-calibration of two
UHECR datasets. On the other hand, biassed redshift informa-
tion in galaxy catalogues or UHECR injection properties will
a↵ect both observables. To be clear, while the galaxy catalogue
and the optimal weights, which depend on UHECR data for the
reconstruction of the injection properties, do not enter into the AC
obtained from UHECR data alone, they are needed once we test
the source model (e.g., so that UHECRs correlate with the LSS).
Hence, once systematic e↵ects are taken into account, the S/N for
the AC may decrease more than the S/N for the XC. This is one fur-
ther motivation to explore the possibilities of and improvements
from the use of XCs in UHECR anisotropy studies.
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Fig. 4. S/N for UHECR flux
anisotropies from di↵erent combi-
nations of data, namely UHECR AC in
the leftmost panel, XC in the central

panel, and the combination of all data
in the rightmost panel. In each panel,
the left half shows the cumulative
S/N as a function of the maximum
multipole, `max, whereas the right half

is for the cumulative S/N as a function
of the minimum multipole, `min. The
horizontal dashed line marks the 3�
threshold for detection.
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4. Conclusions and outlook

In this work we have introduced a new observable for UHECR
physics: the harmonic-space XC between the arrival directions
of UHECRs and the distribution of the cosmic LSS as mapped
by galaxies (Eq. (16)). We have developed the main theoretical
tools necessary to model the signal and its uncertainties.

The take-away points of this study are as follows.
– The XC can be easier to detect than the UHECR AC for a

range of energies and multipoles (see Figs. 3 and 5). This
performance is mostly driven by the sheer number of galax-
ies that can trace the underlying LSS distribution, which is
assumed to be the baseline distribution for both the UHECR
flux and the galaxy angular distribution.

– The XC is more sensitive to small-scale angular anisotropies
than the AC; conversely, the AC is more sensitive to large-
scale anisotropies. This finding could therefore be instru-
mental in understanding properties of UHECR sources that
would not be accessible otherwise.

– It is in principle possible to optimise the XC signal by assign-
ing optimal redshift-dependent weights to sources in the

galaxy catalogue in order to match the UHECR radial ker-
nel as determined by UHECR energy losses. Since matching
the kernels has a strong impact on the XC, it could be possi-
ble to use this e↵ect to reverse engineer the injection model
(which defines the radial kernel).

– The great disruptor of UHECR anisotropies is the GMF.
The XC, with its higher S/N and sensitivity to small angular
scales, could be very useful in understanding the properties
of the GMF (although we have not explored this angle here).
Moreover, it may be possible, in the near future, to exploit a
tomographic approach to disentangle the e↵ects of interven-
ing magnetic fields from di↵erent injection spectra and study
di↵erent regions of the sky separately.

In our treatment we do not take any experimental uncertainties
into account, with the exception of the experimental UHECR
angular resolution. Moreover, we limit ourselves to a proton-
only injection model and do not include the e↵ects of the
intervening magnetic fields. This choice was made in order to
underline the physics behind our proposal and method. This
method can be readily generalised and extended to include the
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• Great time for cosmological synergies at various wavelengths 

• Cross-correlations crucial for: 

• Cross-checking validity of cosmological results 

• Accessing signal buried in noise or cosmic variance 
[e.g. particle dark matter, UHECRs] 

• Removing/alleviating contamination from systematic effects 
[e.g. radio-optical cosmic shear, galaxy and HI intensity mapping]


