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Planck Collaboration: The cosmological legacy of Planck

Fig. 19. The (linear theory) matter power spectrum (at z = 0) inferred from di↵erent cosmological probes. The broad agreement
of the model (black line) with such a disparate compilation of data, spanning 14 Gyr in time and three decades in scale is an
impressive testament to the explanatory power of ⇤CDM. Earlier versions of similar plots can be found in, for example, White et al.
(1994), Scott et al. (1995), Tegmark & Zaldarriaga (2002), and Tegmark et al. (2004). A comparison with those papers shows that
the evolution of the field in the last two decades has been dramatic, with ⇤CDM continuing to provide a good fit on these scales.

Palanque-Delabrouille et al. (2015); the latter was obtained by
di↵erentiating the corresponding 1D power spectrum using the
method of Chartrand (2011). The measurements of Ly↵ are at
higher redshift (2 < z < 3) than galaxy clustering and probe
smaller scales, but are more model-dependent.

Intermediate in redshift between the galaxy clustering and
Ly↵ forest data are cosmic shear measurements and redshift-
space distortions (Hamilton 1998; Weinberg et al. 2013). Here
we plot the results from the The Dark Energy Survey Y1 mea-
surements (Troxel et al. 2017) which are currently the most con-
straining cosmic shear measurements. They show good agree-
ment with the matter power spectrum inferred from ⇤CDM
constrained to Planck. These points depend upon the nonlin-
ear matter power spectrum, and we have used the method of
Tegmark & Zaldarriaga (2002) based on the fitting function of
Peacock & Dodds (1996) to deconvolve the nonlinear e↵ects,
which yields constraints sensitive to larger scales than would
it would otherwise appear. The nuisance parameters have been
fixed for the purposes of this plot. (More detail of the calcula-
tions involved in producing Fig. 19 can be found in Chabanier et
al. in prep.). Bearing in mind all of these caveats the good agree-

ment across more than three decades in wavenumber in Fig. 19
is quite remarkable.

Figure 20 shows the rate23 of growth, f�8, determined from
redshift-space distortions over the range 0 < z < 1.6, compared
to the predictions of ⇤CDM fit to Planck. Though the current
constraints from redshift surveys have limited statistical power,
the agreement is quite good over the entire redshift range. In par-
ticular, there is little evidence that the amplitude of fluctuations
in the late Universe determined from these measurements is sys-
tematically lower than predicted.

We shall discuss in Sect. 6 cross-correlations of CMB lens-
ing with other tracers and the distance scale inferred from baryon
acoustic oscillations (BAO). In general there is very good agree-
ment between the predictions of the ⇤CDM model and the mea-
surements. If there is new physics beyond base ⇤CDM, then
its signatures are very weak on large scales and at early times,
where the calculations are best understood.

23Conventionally one defines f as the logarithmic growth rate of the
density perturbation �, i.e., f = d ln �/d ln a. Multiplying this by the
normalization, �8, converts it to a growth rate per ln a.
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• Exploiting synergies between optical/NIR data and 
observations of the cosmos at other wavelengths: 

• Optical/NIR-radio synergies for dark energy  

• Optical/NIR-gamma ray synergies for dark matter 

Outline
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Cosmic shear

convergence shear + shear × 
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Cosmic shear

PoS(AASKA14)023
Weak lensing with the Square Kilometre Array M. L. Brown

Figure 3: As Fig. 1 but for a 3p steradian weak lensing survey requiring 2 years observing time on SKA2.
Also shown for comparison are the n(z) distribution and forecasted power spectrum constraints for the 15000
deg2 Euclid satellite mission.

for 50% of the z < 2.0 population. The forecasts presented in Fig. 4 account for these redshift
uncertainties.

We see from Fig. 4 that even the SKA1-early survey targeting the smallest sky area can provide
competitive constraints on cosmological parameters — the forecasted constraints for the 1000 deg2

SKA1-early survey are a factor of ⇠5 better than the tomographic weak lensing analysis of the
current state-of-the-art CFHTLenS data (Heymans et al. 2013). We also see large improvements in
the constraints obtainable with each subsequent stage of the SKA — the constraints obtainable with
SKA1 are broadly comparable with the KiDS and DES optical surveys while SKA2 is competitive
with Euclid.

Fig. 4 also demonstrates that our nominal choice of target survey areas for the three stages of
the SKA are, broadly speaking, optimal choices from the point of view of constraining these cos-
mological parameters — for SKA1-early the 1000 deg2 survey provides the strongest constraints,
for SKA1 the 5000 deg2 survey performs the best while for SKA2, the 3p steradian survey provides
the best constraints.

2.2 The promise of radio observations to suppress weak lensing systematics

Optical and radio surveys, such as Euclid and/or LSST and the SKA, have a particularly useful
synergy in reducing and quantifying the impact of systematic effects which may dominate each
survey alone on some scales. By cross-correlating the shear estimators from one of these surveys
with those of the other, several systematic errors are mitigated.

We can see this by writing the contributions to an optical (o) or radio (r) shear estimator:

g(o) = ggrav + g(o)int + g(o)sys (2.1)

g(r) = ggrav + g(r)int + g(r)sys, (2.2)

where ggrav is the gravitational shear we are seeking, gint is the intrinsic ellipticity of the object,
and gsys are systematic errors induced by the telescope. If we correlate optical shears with optical

7

[Brown, SC et al., 2015]
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Cosmic shear

�obs(z, ~✓) = �(z, ~✓) + �sys(z, ~✓)
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�obs(z, ~✓) = �(z, ~✓) + �sys(z, ~✓)
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Radio-optical cosmic shear

�obs,i
(b) = �i + ai(b)
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Radio-optical cosmic shear
[SC, Harrison, Bonaldi & Brown, 2016]
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[SC, Harrison, Bonaldi & Brown, 2016]
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52 CAPITOLO 4. RISULTATI OTTENUTI

4.3 Simulazione con sistematiche moltiplicative

In ultimo si presenta lo studio fatto sull’impatto di sistematiche moltiplicative sul-
la stima di �. Come espresso nella sezione 3.1, una calibrazione imprecisa si può
manifestare anche come un fattore moltiplicativo che modula il segnale in manie-
ra dipendente dalla distanza, portando a uno shear osservato del tipo �mul(z)�(✓).
Poichè la divisione in bin tomografici è una separazione della popolazione osser-
vata per fasce di redshift, nella simulazione degli esperimenti è stata approssimata
una calibrazione imprecisa tramite l’inserimento di un insieme parametri molti-
plicativi {mi}, ognuno relativo ad un singolo bin. Si illustrano qui i risultati del
confronto tra i diversi strumenti di analisi con e senza modellizzazione dell’errore
e introduzione dei nuisance parameters.

4.3.1 Parametrizzazione errore assente

Come per il caso additivo, il primo approccio per verificare l’impatto di siste-
matiche moltiplicative è stato applicare i quattro metodi di analisi proposti senza
modellizzazione dell’errore. La simulazione ha creato uno spettro definito dall’in-
sieme di parametri {⌦m, As, w, wa, {mi}} mentre lo spazio esplorato comprende
solo i parametri cosmologici e non suppone termini moltiplicativi. L’insieme dei
parametri di bias {mi} relativi ai bin di Euclid e SKA sono stati creati come cinque
numeri casuali compresi nell’intervallo �0.1/0.1, diversi per i due esperimenti. In
figura 4.6 si riportano le densità di probabilità dello spazio dei parametri.

Figura 4.6: Grafici di densità in L con termini moltiplicativi senza marginalizzazione per

SKA (rosso), Euclid (blu), Cross (verde) e Full (nero)

w
a

w0

SKA weak lensing III: mitigating systematics 4751

Figure 3. Marginal joint 1σ error contours in the dark energy equation-of-state parameter plane. The black cross indicates the "CDM fiducial values for dark
energy parameters, namely {w0, wa} = {−1, 0}. Blue, red and green ellipses are for radio and optical/near-IR surveys and their cross-correlation, respectively.
The left-hand (right-hand) panel is for Stage III(IV) DETF cosmic shear surveys. Dashed, dot–dashed and dotted contours refer to amplitudes of the residual
systematic power spectrum with variance σ 2

sys = 10−7, 10−6 and 5 × 10−5, respectively. All contours but those for the cross-correlation are biased (i.e. they
are not centred on the black cross) due to the presence of residual, additive experimental systematics (Section 3.1).

previous case of residual (or additive) systematics. First, a calibra-
tion error term will be also present in the cross-correlation power
spectrum. This is because this multiplicative systematic term, be-
ing attached to the cosmological signal in the fashion of an overall
amplitude, will not cancel out when correlating data sets obtained
in different bands of the electromagnetic spectrum – opposite to
what will happen for the residual (additive) systematic effect dis-
cussed in Section 3.1. Secondly, such a term will most likely present
a redshift-bin dependence, inherited from γ mul(z). Nevertheless, it
is important to emphasize that the multiplicative calibration er-
ror γ mul(z) will be different for radio and optical/near-IR, and the
cross-correlation of the measurements will bear a combination of
the two. Therefore, in the worst case scenario where the calibration
error is so severe as to seriously threaten the precision of parame-
ter estimation, the confidence regions for radio or optical/near-IR
autocorrelations (shown for instance in Fig. 3) will be scattered
around the parameter space with no apparent correlation, whereas
the cross-correlation of the two will contain information on both
calibration errors. Hence, an a posteriori reconstruction can be per-
formed, where we could iteratively try to remove two multiplicative
systematic effects, i.e. for radio and optical/near-IR data, by using
three variables, namely the two autocorrelation cosmic shear power
spectra and their cross-correlation.

To illustrate this, we generate 20 random calibration errors
γ mul

X,i , 10 for the 10 radio redshift bins and 10 for the 10
optical/near-IR bins, (uniformly) randomly picked in the range
0 per cent, 10 per cent. By doing so, we construct a matrix M, with
entries

Mij = Amul

(
γ mul

Xi
+ γ mul

Yj

)
, (11)

Figure 4. Same as the right-hand panels of Fig. 3, but for calibration errors
(Section 3.2). Note that, in this case, the contours obtained via the cross-
correlation of DES and SKA1 too is biased. Conversely, the self-calibrated
combination of all auto- and cross-correlations, with the inclusion of nui-
sance parameters for calibration errors, is not (black ellipse).

and overall amplitude parameter Amul, which we marginalize over.
This matrix multiplies the cosmic shear tomographic matrix CXY

$ .
The results are presented in Fig. 4, where, as opposed to Fig. 3, the
green ellipse of the cross-correlation of radio and optical/near-IR

MNRAS 464, 4747–4760 (2017)

�obs,i
(b) =

h
1 +mi

(b)

i
�i

<latexit sha1_base64="Hz59yCbfVmKow8EoChs23Y05mMg="></latexit>

[Berardi, SC & Brown, in prep.]
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Figura 4.7: Grafici di densità in L con termini moltiplicativi per SKA (rosso), Euclid

(blu), Cross (verde) e Full (nero)

totale è sensibilmente maggiore, in particolare per quanto riguarda l’equazione di
stato per l’energia oscura mostrata nel pannello di destra. La cross-correlazione
invece sembra posarsi sulla stessa precisione dell’esperimento con maggiore den-
sità di galassie osservate. L’efficienza dell’analisi a tutto spettro è particolarmente
evidente anche nella figura 4.8, dove si mostrano le regioni di confidenza per al-
cuni dei parametri di bias: nessuna tra le autocorrelazioni e la correlazione cross-
esperimento è in grado di restringere l’area in maniera significativa rispetto ai
prior, mentre l’analisi a tutto spettro identifica correttamente i parametri mi come
interni all’intervallo �0.1/0.1.

Figura 4.8: Grafici di densità in L per parametri {mi} per Euclid (blu), Cross (verde) e

Full (nero)

SKA weak lensing III: mitigating systematics 4751

Figure 3. Marginal joint 1σ error contours in the dark energy equation-of-state parameter plane. The black cross indicates the "CDM fiducial values for dark
energy parameters, namely {w0, wa} = {−1, 0}. Blue, red and green ellipses are for radio and optical/near-IR surveys and their cross-correlation, respectively.
The left-hand (right-hand) panel is for Stage III(IV) DETF cosmic shear surveys. Dashed, dot–dashed and dotted contours refer to amplitudes of the residual
systematic power spectrum with variance σ 2

sys = 10−7, 10−6 and 5 × 10−5, respectively. All contours but those for the cross-correlation are biased (i.e. they
are not centred on the black cross) due to the presence of residual, additive experimental systematics (Section 3.1).

previous case of residual (or additive) systematics. First, a calibra-
tion error term will be also present in the cross-correlation power
spectrum. This is because this multiplicative systematic term, be-
ing attached to the cosmological signal in the fashion of an overall
amplitude, will not cancel out when correlating data sets obtained
in different bands of the electromagnetic spectrum – opposite to
what will happen for the residual (additive) systematic effect dis-
cussed in Section 3.1. Secondly, such a term will most likely present
a redshift-bin dependence, inherited from γ mul(z). Nevertheless, it
is important to emphasize that the multiplicative calibration er-
ror γ mul(z) will be different for radio and optical/near-IR, and the
cross-correlation of the measurements will bear a combination of
the two. Therefore, in the worst case scenario where the calibration
error is so severe as to seriously threaten the precision of parame-
ter estimation, the confidence regions for radio or optical/near-IR
autocorrelations (shown for instance in Fig. 3) will be scattered
around the parameter space with no apparent correlation, whereas
the cross-correlation of the two will contain information on both
calibration errors. Hence, an a posteriori reconstruction can be per-
formed, where we could iteratively try to remove two multiplicative
systematic effects, i.e. for radio and optical/near-IR data, by using
three variables, namely the two autocorrelation cosmic shear power
spectra and their cross-correlation.

To illustrate this, we generate 20 random calibration errors
γ mul

X,i , 10 for the 10 radio redshift bins and 10 for the 10
optical/near-IR bins, (uniformly) randomly picked in the range
0 per cent, 10 per cent. By doing so, we construct a matrix M, with
entries

Mij = Amul

(
γ mul

Xi
+ γ mul

Yj

)
, (11)

Figure 4. Same as the right-hand panels of Fig. 3, but for calibration errors
(Section 3.2). Note that, in this case, the contours obtained via the cross-
correlation of DES and SKA1 too is biased. Conversely, the self-calibrated
combination of all auto- and cross-correlations, with the inclusion of nui-
sance parameters for calibration errors, is not (black ellipse).

and overall amplitude parameter Amul, which we marginalize over.
This matrix multiplies the cosmic shear tomographic matrix CXY

$ .
The results are presented in Fig. 4, where, as opposed to Fig. 3, the
green ellipse of the cross-correlation of radio and optical/near-IR

MNRAS 464, 4747–4760 (2017)
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• Hunting down signals of WIMP annihilation/decay 

• γ-ray energy spectrum
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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

DM-sourced γ rays

[Fornasa & Sánchez-Conde, 2015]
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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

[Fornasa & Sánchez-Conde, 2015]
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DM-sourced γ rays
• Hunting down signals of WIMP annihilation/decay 

• γ-ray anisotropy angular power spectrum

[SC et al., ApJL 2013]

The Astrophysical Journal Letters, 771:L5 (6pp), 2013 July 1 Camera et al.
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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
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DM gravitational probes
[Lukic et al.; Image: Casey Stark]
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DM gravitational probes
[Lukic et al.; Image: Casey Stark]

Galaxies, 
galaxy clusters, 
gravitational lensing
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DM gravitational probes
[Lukic et al.; Image: Casey Stark]

Galaxies, 
galaxy clusters, 
gravitational lensing

γ rays from 
astrophysical sources 
hosted within the 
dark matter halo
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DM gravitational probes
[Lukic et al.; Image: Casey Stark]

Galaxies, 
galaxy clusters, 
gravitational lensing

γ rays from 
astrophysical sources 
hosted within the 
dark matter halo

γ rays from 
annihilations/decays of 
dark matter particles 
forming the halo
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DM gravitational probes

• Find an optimal tracer of the cosmic dark matter distribution 
on large scale to filter out astrophysical non-thermal emission 
from the dark matter gamma-ray signal
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DM gravitational probes

• Find an optimal tracer of the cosmic dark matter distribution 
on large scale to filter out astrophysical non-thermal emission 
from the dark matter gamma-ray signal 

• Main tracers of the cosmic large-scale structure: 

• Weak gravitational lensing (cosmic shear, CMB lensing…) 

• Clustering of structures (galaxies, galaxy clusters…)

[SC et al., ApJL 2013; Fornengo, SC et al., ApJL 2015; Shirasaki et al. 2013; 
2015; 2018; Tröster, SC et al., 2017; Ammazzalorso, SC et al., PRL 2020]

[Fornengo & Regis, 2014; Ando et al., 2014; Xia et al., ApJS 2015; Regis et al., PRL 2015; 
Shirasaki et al., 2015, Branchini, SC et al., ApJS 2017; Colavincenzo, SC et al., 2019]
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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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(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 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]

Stefano Camera Added value of optical/NIR data to shed new light on the dark Universe  15 · IX · 2020

UNIVERSITÀ 
DEGLI STUDI 
DI TORINO 

ALMA UNIVERSITAS 
TAURINENSIS

UNIVERSITÀ 
DEGLI STUDI 

DI TORINO 
ALMA UNIVERSITAS 

TAURINENSIS

UNIVERSITÀ 
DEGLI STUDI 
DI TORINO 
ALMA UNIVERSITAS 
TAURINENSIS



Cosmic shear & γ rays 
[Ammazzalorso, SC et al., PRL 2020]

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.

PHYSICAL REVIEW LETTERS 124, 101102 (2020)

101102-3

Stefano Camera Added value of optical/NIR data to shed new light on the dark Universe  15 · IX · 2020

UNIVERSITÀ 
DEGLI STUDI 
DI TORINO 

ALMA UNIVERSITAS 
TAURINENSIS

UNIVERSITÀ 
DEGLI STUDI 

DI TORINO 
ALMA UNIVERSITAS 

TAURINENSIS

UNIVERSITÀ 
DEGLI STUDI 
DI TORINO 
ALMA UNIVERSITAS 
TAURINENSIS



Cosmic shear & γ rays 

[Ammazzalorso, SC et al., PRL 2020]

the sky region used for γ-raymeasurements in that energy bin
and zero elsewhere. This reduces additive shear systematic
effects, random very-large-scale structures, or chance shear
alignments relative to the mask. The random subtraction,
while not affecting the expected signal, lowers thevariance at
large angular separations (see also Refs. [52,55]).
We analyze the data in 12 logarithmically spaced angular

bins with radii between 5 and 600 arc min, 9 photon energy
bins between 0.631 and 103 GeV, and 4 redshift bins
defined by 0.20 < hzi < 0.43, 0.43 < hzi < 0.63, 0.63 <
hzi < 0.90, and 0.90 < hzi < 1.30, where hzi is the esti-
mated expectation value of galaxy redshift from DES. The
energy bins used in the analysis and the corresponding 68%
and 95% containment angles of the Fermi-LAT point-
spread function (PSF) are shown in Table I. These sum up
to a total of 432 bins for the cross-correlation measurement.
The analysis is performed blindly, i.e., on multiple variants
of the measurements including artificial versions, in order to
avoid experimental bias in measurement and interpretation
of the signal. See the Supplemental Material for details [12].

The result of the measured cross-correlations, averaged
over all energy and redshift bins, is shown inFig. 2 in terms of
the estimatorΞðθÞdefined inEq. (1).Note that thedata points
reported on both panels are the same, although confronted
with different models. A clear positive cross-correlation is
observed, especially at small angular separations.
In order to determine the statistical significance of the

signal, we test the deviation of the measurement from a null
signal (null hypothesis of pure noise) by means of a
phenomenological model, which aims at capturing the
general expected features of the cross-correlation signal
without resorting to any specific, detailed modeling of its
physical origin (in the next section, we will instead adopt a
physical model to provide insights on the origin of the
cross-correlation). In the halo-model approach, all mass in
the large-scale structure of the Universe is associated with
virialized dark matter halos, and the correlation function
can thus be decomposed into the so-called one- and two-
halo terms (1h and 2h in formulas hereafter). The former
refers to the correlation between two points in the same

TABLE I. Energy bins over which the analysis is performed, 68% and 95% containment angles θcont of the Fermi-LAT PSF, and
photon counts in the unmasked Fermi area in each energy bin.

Bin number

1 2 3 4 5 6 7 8 9

Emin (GeV) 0.631 1.202 2.290 4.786 9.120 17.38 36.31 69.18 131.8
Emax (GeV) 1.202 2.290 4.786 9.120 17.38 36.31 69.18 131.8 1000.0
θcont 68% (deg) 0.50 0.58 0.36 0.22 0.15 0.12 0.11 0.10 0.10
θcont 95% (deg) 1.03 1.06 0.62 0.39 0.28 0.22 0.20 0.18 0.16

Photon counts 345 230 444 559 286 209 102 821 41 148 16 932 5250 1728 722

FIG. 2. Measurement and model of the cross-correlation between γ-ray photons and gravitational shear. The points in both figure parts
show the measured cross-correlation, averaged over all redshift and energy bins, while the fits are done across all dimensions. The lines
refer the best-fit results for the phenomenological model (left) and for the physical model (right), averaged the same way.
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the sky region used for γ-raymeasurements in that energy bin
and zero elsewhere. This reduces additive shear systematic
effects, random very-large-scale structures, or chance shear
alignments relative to the mask. The random subtraction,
while not affecting the expected signal, lowers thevariance at
large angular separations (see also Refs. [52,55]).
We analyze the data in 12 logarithmically spaced angular

bins with radii between 5 and 600 arc min, 9 photon energy
bins between 0.631 and 103 GeV, and 4 redshift bins
defined by 0.20 < hzi < 0.43, 0.43 < hzi < 0.63, 0.63 <
hzi < 0.90, and 0.90 < hzi < 1.30, where hzi is the esti-
mated expectation value of galaxy redshift from DES. The
energy bins used in the analysis and the corresponding 68%
and 95% containment angles of the Fermi-LAT point-
spread function (PSF) are shown in Table I. These sum up
to a total of 432 bins for the cross-correlation measurement.
The analysis is performed blindly, i.e., on multiple variants
of the measurements including artificial versions, in order to
avoid experimental bias in measurement and interpretation
of the signal. See the Supplemental Material for details [12].

The result of the measured cross-correlations, averaged
over all energy and redshift bins, is shown inFig. 2 in terms of
the estimatorΞðθÞdefined inEq. (1).Note that thedata points
reported on both panels are the same, although confronted
with different models. A clear positive cross-correlation is
observed, especially at small angular separations.
In order to determine the statistical significance of the

signal, we test the deviation of the measurement from a null
signal (null hypothesis of pure noise) by means of a
phenomenological model, which aims at capturing the
general expected features of the cross-correlation signal
without resorting to any specific, detailed modeling of its
physical origin (in the next section, we will instead adopt a
physical model to provide insights on the origin of the
cross-correlation). In the halo-model approach, all mass in
the large-scale structure of the Universe is associated with
virialized dark matter halos, and the correlation function
can thus be decomposed into the so-called one- and two-
halo terms (1h and 2h in formulas hereafter). The former
refers to the correlation between two points in the same

TABLE I. Energy bins over which the analysis is performed, 68% and 95% containment angles θcont of the Fermi-LAT PSF, and
photon counts in the unmasked Fermi area in each energy bin.

Bin number

1 2 3 4 5 6 7 8 9

Emin (GeV) 0.631 1.202 2.290 4.786 9.120 17.38 36.31 69.18 131.8
Emax (GeV) 1.202 2.290 4.786 9.120 17.38 36.31 69.18 131.8 1000.0
θcont 68% (deg) 0.50 0.58 0.36 0.22 0.15 0.12 0.11 0.10 0.10
θcont 95% (deg) 1.03 1.06 0.62 0.39 0.28 0.22 0.20 0.18 0.16

Photon counts 345 230 444 559 286 209 102 821 41 148 16 932 5250 1728 722

FIG. 2. Measurement and model of the cross-correlation between γ-ray photons and gravitational shear. The points in both figure parts
show the measured cross-correlation, averaged over all redshift and energy bins, while the fits are done across all dimensions. The lines
refer the best-fit results for the phenomenological model (left) and for the physical model (right), averaged the same way.
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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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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
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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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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
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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
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Blazars are compact sources and, for our purposes, they
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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
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based on a detailed characterization of the components
expected to produce the cross-correlation signal: blazars
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forming galaxies (SFGs) and possibly dark matter (DM).
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Summary

• 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, multi-tracing for non-Gaussianity] 

• Removing/alleviating contamination from systematic effects 
[e.g. radio-optical cosmic shear]
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