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1. Introduction



Evidences for dark matter (DM)

• Rotation curve of galaxies

• Bullet cluster

• Cosmic microwave background (CMB)

It is confirmed that the DM exists!

Corbelli, Salucci ’00 Markevitch et al. ’04
Clowe et al.’04

Planck ’13



• Rotation curve of galaxies

• Bullet cluster

• Cosmic microwave background (CMB)

However, there’s no candidate for DM in the 
standard model (SM) of particle physics

Evidences for dark matter (DM)

Corbelli, Salucci ’00 Markevitch et al. ’04
Clowe et al.’04

Planck ’13



To be consistent the observations, DM has to be

• Electrically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observations



To be consistent the observations, DM has to be

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observations

How heavy?

• Electrically neutral



A rough sketch of particle DM candidates

1019
<latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="rnfHrlyEF8Qyc0a/5+3yocMoq44="></latexit><latexit sha1_base64="rnfHrlyEF8Qyc0a/5+3yocMoq44="></latexit><latexit sha1_base64="Hg5zKOVjx4JpjB2p1Q8XOlJATKs="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit>

[GeV]10�31
<latexit sha1_base64="JBhuPtS7h45y0ejNjIb9auR1YoQ="></latexit><latexit sha1_base64="JBhuPtS7h45y0ejNjIb9auR1YoQ="></latexit><latexit sha1_base64="JBhuPtS7h45y0ejNjIb9auR1YoQ="></latexit>

e.g.,

WIMPs

MeV GeV

sterile neutrino

keV TeV

fuzzy DM

eV

axion (like particles)

meV

gravitino, axino

asymmetric DM
RH sneutrino (FIMPs)



A rough sketch of particle DM candidates

1019
<latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="rnfHrlyEF8Qyc0a/5+3yocMoq44="></latexit><latexit sha1_base64="rnfHrlyEF8Qyc0a/5+3yocMoq44="></latexit><latexit sha1_base64="Hg5zKOVjx4JpjB2p1Q8XOlJATKs="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit><latexit sha1_base64="o2nuz+Q1Y+w6jyX58imzzvXGUP0="></latexit>

[GeV]10�31
<latexit sha1_base64="JBhuPtS7h45y0ejNjIb9auR1YoQ="></latexit><latexit sha1_base64="JBhuPtS7h45y0ejNjIb9auR1YoQ="></latexit><latexit sha1_base64="JBhuPtS7h45y0ejNjIb9auR1YoQ="></latexit>

e.g.,

WIMPs

MeV GeV

sterile neutrino

keV TeV

fuzzy DM

eV

axion (like particles)

meV

gravitino, axino

asymmetric DM

How heavy?

Almost unknown

RH sneutrino (FIMPs)



To be consistent the observations, DM has to be

• Electrically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observations



To be consistent the observations, DM has to be

• Electrically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observation



To be consistent the observations, DM has to be

• Electrically neutral

• Non-relativistic

• Stable or sufficiently long-lived
• Non-baryonic

• Its energy density should agree with the CMB observation

Stable or unstable?

Unknown



Stable or unstable?

How heavy?

Unknown

Almost unknown

Cosmic rays can be a probe for the questions
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e.g., tomographic cross-correlation using local galaxy distribution 12
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Tomography of the γ-ray diffuse extragalactic signal 9

FIG. 5.— Redshift distributions, dN/d ln z, of the different types of objects
considered for our cross-correlation analysis. SDSS DR6 QSOs (black, con-
tinuous line), 2MASS galaxies (red, short-dashed), NVSS galaxies (magenta,
long-dashed), SDSS DR8 LRGs (green, short, dot-dashed) and SDSS DR8
Main Galaxy Sample (blue, long, dot-dashed)

for visualization, but not during the analysis, the maps have
been smoothedwith a 1◦ Gaussian filter to remove small-scale
Poisson noise. The model seems to slightly over-subtract the
γ-ray emission around (l,b)∼ (175◦,−35◦), corresponding to
the gas- and dust-rich (and thus difficult to model) Taurus
Molecular region. Note, however, that when performing the
cross-correlation, this region is masked by the further mask
specific to the catalog, except in the NVSS case (see below),
so that no bias in the results is expected from this feature.

4. MAPS OF DISCRETE SOURCES
In this section we describe the different catalogs of extra-

galactic objects that we cross-correlate with the "10-maps of
the diffuse IGRB obtained after the cleaning procedure de-
scribed in Section 3.
In this work we have considered five different catalogs: i)

the SDSS DR6 quasar catalog released by Richards et al.
(2009) that should trace the FSRQ population, ii) the IR-
selected 2 Micron All-Sky Survey (2MASS) extended source
catalog (Jarrett et al. 2000) to trace SFGs, iii) the NRAOVLA
Sky Survey (NVSS) catalog of radio galaxies (Condon et al.
1998) that we regard as alternative tracers to the FS-
RQs, iv) the DR8 SDSS catalog of Luminous Red Galax-
ies (Abdalla et al. 2008), which should trace an intrinsically
fainter, more local AGN population like the BL Lacs, and v)
the DR8 SDSS main galaxy sample (Aihara et al. 2011) as a
potential additional tracer of SFGs.
The redshift distributions, dN/d lnz, of the various sources

are shown in Fig. 5, and described in more detail in the next
subsections. The various distributions peak at quite differ-
ent redshifts, with 2MASS representing the most local pop-
ulation and SDSS DR6 QSOs the most distant one. These
characteristics in principle enable breaking down the cross-
correlation analysis in different redshift ranges, effectively al-
lowing a tomographic investigation of the IGRB origin. A
detailed description of these catalogs, except the SDSS-DR8
main galaxy sample, can be found in Xia et al. (2011). Below
we briefly summarise the main features of each sample.

4.1. SDSS DR6 QSO

The SDSS DR6 quasar catalog (Richards et al. (2009),
hereafter DR6-QSO) contains about Nq ≈ 106 quasars with
photometric redshifts between 0.065 and 6.075, covering al-
most all of the north Galactic hemisphere plus three narrow
stripes in the south, for a total area of 8417 deg2 (correspond-
ing to ∼ 20% of the whole sky). The DR6-QSO dataset ex-
tends previous similar SDSS datasets (Richards et al. 2004;
Myers et al. 2006). The main improvements are due to the
fact that this catalog contains QSOs at higher redshift and also
contains putative QSOs flagged as objects with ultraviolet ex-
cess (UVX objects). We refer the reader to Richards et al.
(2009) for a detailed description of the object selection per-
formed with the non-parametric Bayesian classification ker-
nel density estimator (NBC-KDE) algorithm.
In this work we used objects listed in the electronically pub-

lished table with a “good object” flag in the range [0,6]. The
higher the value, the more probable for the object to be a real
QSO (Richards et al. 2009). We only consider the quasar can-
didates selected via the UV-excess-only criteria “uvxts=1”,
i.e., objects clearly showing a UV excess which represents
a characteristic QSO spectral signature. After this selection
we are left with Nq ≈ 6× 105 quasar candidates.
In order to determine the actual sky coverage of the DR6

survey and generate the corresponding geometry mask we
Monte Carlo sample the observed areas with a sufficiently
large number of objects using the DR6 database to ensure
roughly uniform sampling on the SDSS CasJobs9 website.
Following Xia et al. (2009) we combine the pixelized mask
geometry with a foreground mask obtained by removing all
pixels with the g-band Galactic extinction Ag ≡ 3.793×E(B−
V )> 0.18 to minimize the impact of Galactic reddening.
The redshift distribution function dN/dz of the DR6-QSO

sample in Fig. 5 is well approximated by the analytic function:

dN
dz
(z) =

β

Γ(m+1
β
)
zm

zm+10
exp

[

−

(

z
z0

)β
]

, (19)

where three free parameters values arem = 2.00, β = 2.20, and
z0 = 1.62 (Xia et al. 2009). In addition, to calculate theoreti-
cal predictions (Eq. 12) we follow Giannantonio et al. (2008);
Xia et al. (2009) and assume a constant, linear bias model
bS = 2.3.

4.2. 2MASS
The 2MASS extended source catalog is an almost-all-sky

survey that contains ∼ 770000 galaxies with mean redshift
〈z〉 ≈ 0.072. In this work we have selected objects with
apparent isophotal magnitude 12.0 < K′

20 < 14.0, where the
prime symbol indicates that magnitudes are corrected for
Galactic extinction using K′

20 = K20 −Ak, with Ak = 0.367×
E(B−V). We select objects with a uniform detection thresh-
old (use−src = 1), remove known artefacts (cc−flag '= a and
cc−flag '= z), and exclude regions with severe reddening, Ak >
0.05, Schlegel et al. (1998). This procedure leaves approxi-
mately 67% of the sky unmasked. The redshift distribution of
the selected objects can be approximated with the same func-
tional form used for DR6 QSOs with parameters m = 1.90,
β = 1.75, and z0 = 0.07 (Giannantonio et al. 2008). The value
of the linear bias of 2MASS galaxies has been set equal to
bS = 1.4 (Rassat et al. 2007).
The possible incompleteness of the 2MASS catalog at

9 http://skyserver.sdss3.org/CasJobs/

クロス相関

•暗黒物質は、z < 0.1 の領域からの寄与が相対
的に大きい 

• 2MRS の銀河とクロス相関をとることで、z < 
0.1 の領域を選択的に取り出すことができる！

2MRS galaxies

Fermi γ 2MRS

•ガンマ線も銀河も宇宙の大規模構造を
トレースしている 

• 2つのマップはある程度似ているはず

Astro. BG can be reduced in z < 0.1

Fermi-LAT ’12 2MRS ’11



Figure 7. Lower limits on dark matter lifetime for leptonic channels due to cross correlation between
the EGRB and five galaxy catalogs. The solid curves are the limits as the result of analysis that takes
into account astrophysical contributions, while the dotted curves are the dark matter only analysis as
shown in Figs. 3–5. For example, for µ

+
µ
� channel, the obtained results are better than the latest

limit [42] given from dwarf galaxies by a few factors.

of the cosmic-ray anti-proton as mentioned in the previous subsection. Our present result
for W±

µ
⌥ final state excludes possibility to explain the anti-proton excess even in MAX or

MED models.6 As stressed before, including the impact of the IC gamma rays is crucial to
get this conclusion.

Finally we give results for annihilation cases. Figure 10 shows the same result as Fig. 6
but taking astrophysical components into account. Similar to decaying cases given in Figs. 7–
9, the constraints become more stringent by an order of magnitude compared to those by
taking only dark matter component. For a reference, a line h�vi = 3⇥ 10�26 cm3 s�1, which
is required value for the conventional thermal WIMP production scenario, is also shown in
the plot. It is found that the mass region mdm . 100 GeV is excluded for the thermal WIMP
mainly annihilating to bb̄ or ⌧

+
⌧
�. Namely the cross-correlating analysis is beginning to

6
It might be possible to find loophole for the constraint, e.g., considering unconventional propagation model

or spectrum for astrophysical proton source. Our discussion is based on conventional cases.

– 16 –

Figure 9. The same as Fig. 7 but for the hadronic channels.

In the article we compute the cross correlation of gamma rays from dark matter with
local galaxy catalogs for the study of dark matter. In the previous studies which use the same
technique, gamma rays from dark matter in inverse-Compton scattering were neglected, which
we have included in the present work. We have found that the inverse-Compton scattering
due to the CMB photon is crucial to constrain TeV scale dark matter, and consequently
most stringent constrains has been obtained, especially on leptonic channels of the decay or
annihilation of dark matter. We have done two types of analysis; computing the angular
cross correlation of the gamma rays from i) only dark matter or from ii) both dark matter
and astrophysical sources. To do comprehensive analysis, we have considered variety of
final states, l+i l

�
i , ⌫l

±
j l

⌥
k , W

±
l
⌥
i , bb̄, W

+
W

� for dark matter contribution. On the leptonic

channels of decaying scenarios, lifetime of dark matter is constrained as ⌧dm & 1027 s and
⌧dm & 1028 s in analysis i) and ii), respectively, for mdm & 1 TeV. Thus, the decaying
scenarios which are suggested to explain the positron or anti-proton excesses are excluded.
This conclusion is robust since there is no uncertainty in the calculation of gamma rays
from dark matter once decay channel is specified and that the we have based our discussion
on the data of the observed astrophysical sources. We have checked consistency with the

– 18 –

Ando, KI ’16

e.g., tomographic cross-correlation using local galaxy distribution

Decaying DM

DM models to explain the anomalous positron flux are excluded



Figure 10. Upper limit on dark matter annihilation cross section due to cross correlation between
the gamma-ray background and five galaxy catalogs. Line contents are the same as the decaying
cases, i.e., Figs. 7–9. Additionally, ‘Thermal WIMP’ line is included as in Fig. 6.

previous papers [16, 17], i.e., the similar results are obtained for hadronic channels (bb̄,
W

+
W

�, ⌧+⌧�) and on leptonic channels (µ+
µ
�) in mdm . 1 TeV region. For annihilating

– 19 –

Annihilating DM

e.g., tomographic cross-correlation using local galaxy distribution

As stringent bound as dSph 
galaxies

Ando, Geringer-Sameth, Hiroshima, 
Hoof, Trotta, Walker ’20

Alvarez, Calore, Genina, Read, Serpico, 
Zaldivar ’20

for recent progress

Ando, KI ’16

Hiroshima-san’s talk
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Past works on heavy decaying DM:

But no comprehensive analysis
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In our study

We simulate cosmic-ray (CR)  from heavy 
decaying DM ( ) in both

p, p̄, e±, γ, ν , ν̄
10 TeV ≤ mdm ≤ 1016 GeV

• Galactic 

• Extragalactic

regions and discuss the detectability of the signals with multi-
messenger astrophysical data



Table 1. Observations of cosmic-ray particles which are used in the analysis. The fourth column
shows whether each experiment detected the corresponding CRs. Otherwise, the last column shows
the confidence level (CL) of the upper limits quoted in the references.

CRs Observations Energy [GeV] Detected CL upper limits
Gamma (�) Fermi-LAT [30] 10�1 – 103 X

CASA-MIA [36] 105 – 107 90%
KASCADE [35] 105 – 107 90%

KASCADE-Grande [35] 107 – 108 90%
PAO [40, 41] 109 – 1010 95%

TA [44] 109 – 1011 95%
Proton (p) PAO [47] 109 – 1011 X 84%
Anti-proton (p̄) PAO [47] 109 – 1011 X 84%

AMS-02 [31] 10�1 – 102 X
Positron (e+) AMS-02 [32] 10�1 – 103 X
Neutrino (⌫) IceCube [45] 105 – 108 X 90%

IceCube [46] 106 – 1011 90%
PAO [47] 108 – 1011 90%

ANITA [48] 109 – 1012 90%

cosmic microwave background (CMB) and extragalactic background light (EBL). It will be
shown that each CR species from DM has a characteristic spectrum in the energy range of
10�3 to 1016GeV that could in principle be detected in archival CR data. There are some
works that have a similar aim to our current study (see e.g., Refs. [21–29]). However, to the
best of our knowledge, self-consistent simulations of the propagation of all the stable particles
in the energy range of 10�3 to 1016GeV in both the Galactic and extragalactic regions have
not been attempted yet.

Here we simulate the production and propagation of DM decay yields, including p, p̄,
�, e±, ⌫ and ⌫̄, in the Galactic and extragalactic regions. Various types of CRs have been
observed in a wide energy range; MeV–TeV �, p̄ and e+ with Fermi-LAT [30] and AMS-
02 [31, 32], respectively; in the PeV energy range, photons are observed or constrained with,
e.g., KASCADE [33], KASCADE-Grande [34, 35], CASA-MIA [36, 37], CASA-BLANCA [38],
and DICE [39]. Furthermore, for energies in the EeV range, photon flux upper limits have
been obtained by (PAO) [40, 41] and Telescope Array (TA) [42–44]. Astrophysical ⌫ have
been observed/constrained by IceCube [45, 46], Pierre Auger Observatory (PAO) [47], and
ANITA [48]. The unprecedented high quality of the publicly available multi-messenger data
described above will allow us to impose robust constraints on the DM lifetime in a very wide
DM mass range. A list with the CR particles assumed in our analysis is given in Table 1
along with the corresponding references that we use to extract the data.

This paper is organized as follows. Section 2 presents the computation of the DM
decaying spectra for the di↵erent CR species and the model frameworks for the solution of
the CR transport equation in the extragalactic, Galactic region and Heliosphere, respectively.
In Sec. 3 we show the predicted CR spectra after propagation and the resulting limits on the
DM lifetime. Finally, we conclude in Sec. 4.

– 2 –
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Figure 1: DM annihilation/decay initially produces a hard positron-electron pair. The spectrum

of the hard objects is altered by electroweak virtual corrections (green photon line) and real Z

emission. The Z decays hadronically through a qq̄ pair and produces a great number of much

softer objects, among which an antiproton and two pions; the latter cascade decay to softer �s

and leptons.

are not present in QED and QCD and this e↵ect has been baptized “Bloch-Nordsieck Theorem

Violation” [14]. We refer the reader to the relevant literature [14, 15, 16] for details. In the case

at hand, since the initial DM particles are nonrelativistic, radiation related to the initial legs

does not produce log-enhanced terms. Therefore, we only need to examine soft EW radiation

related to the final state particles.

The hard scale in the case we examine here is provided by the DM massM >
⇠ 1 TeV while the

soft scale is the typical energy where the spectra of the final products of DM decay/annihilation

are measured, E <
⇠ 100 GeV. Even bearing in mind that weak interactions are not so weak

at the TeV scale, one might wonder whether such “strong” electroweak e↵ects are relevant

for measurements with uncertainties very far from the precision reachable by ground-based

experiments at colliders. In this context, and in view of our ignorance about the physics

responsible for DM cross sections, it might seem that even a O(30)% relative e↵ect should

have a minor impact. This is by no means the case: including electroweak corrections has a

huge impact on the measured energy spectra from DM decay/annihilation. There are two basic

reasons for this rather surprising result.

• In the first place, since energy is conserved, but the total number of particles is not,

because of electroweak radiation a small number of highly energetic particles is converted

into a great number of low energy particles, thus enhancing the low energy (<⇠ 100 GeV)

part of the spectrum, which is the one of relevance from the experimental point of view.

5

Fig. from Ciafaloni, Comelli, Riotto, Sala, Strumia, Urbano ’11

You can “find” variety of particles in a single particle, which can be 
described by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) Eqs.

In the decay product of heavy DM ( ), QCD and 
electroweak (EW) cascades happen

mdm ≳ 10 TeV

Bahr et al.  ’08
Bellm et al.  ’15

Birkel, Sarkar ’98
Sarkar, Toldra ’02

Aloisio, Berezinsky, Kachelriess ’02
Berezinsky, Kachelriess ’01

Barbot, Drees ’02, ’03
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 evolution described by DGLAP Eqs.:Q

: fragmentation function (FF)Di(x,Q)
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You can apply the DGLAP evolution to calculate DM decay
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In the present work, we focus on  final statebb̄

1. Solve DGLAP Eqs. to derive the fragmentation functions of the 
hadrons  ,  

2. Simulate the decays of the hadrons by Pythia to give the 
distributions of stable particles , 

h Dh
b

I fI
h

dNI

dz
= 2

X

h

Z 1

z

dy

y
Dh

b (y,m
2
dm)f

I
h(z/y)
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I = e±, γ, p, p̄, ν, ν̄
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Initial state Target field Process Secondaries
Nuclei CBR Pair production (Bethe-Heitler) e±

Nuclei CBR Photo-pion production p, n, ⌫, e±, �
Nuclei CBR Photodisintegration p, n, d, t, 3He,↵, �*
Nuclei CBR Elastic scattering* �
Nuclei – Nuclear decay p, n, ⌫, e±, �*
Photons CBR Pair production* (Breit-Wheeler) e±

Photons CBR Double pair production* e±

Electrons CBR Triplet pair production* e±

Electrons CBR Inverse Compton scattering* �
Electrons B-field Synchrotron radiation* �

Table 1: Implemented processes for cosmic-ray nuclei (including protons and neutrons), photons and electrons interacting with
cosmic background radiation (CBR) or with cosmic magnetic fields. Secondary particles from these processes are indicated.
Processes and secondary particles newly implemented in CRPropa 3.1 are denoted by a *. Note that while synchrotron radiation
applies to all charged particles it is typically not relevant for nuclei.

optical background (IRB). The IRB models imple-
mented in CRPropa are Kneiske 2004 [36], Stecker
2005 [37], Franceschini 2008 [38], Finke 2010 [39],
Dominguez 2011 [40], Gilmore 2012 [41] and, as
new additions, the upper and lower bounds deter-
mined by Stecker 2016 [42]. Electromagnetic par-
ticles at UHE energies can also significantly inter-
act with the cosmic radio background for which the
Protheroe [43] model is implemented.

The interaction rate or inverse interaction length
of a cosmic ray of energy E, mass m and velocity
� ⇡ 1 interacting with an isotropic radiation field
is given by

��1(E) =
1

8�E2

Z 1

0

n(✏)

✏2

Z smax

sth

�(s)(s�m2c4)ds d✏

(1)

where n(✏) = dn/d✏ is the di↵erential photon num-
ber density per energy interval d✏ and �(s) is the
cross-section of the considered process as a func-
tion of the squared center of momentum energy
s. A minimum sth is required for the produc-
tion of secondary particles. The maximum value
smax = 4E✏+m2 corresponds to a head-on collision
between the cosmic ray and a background photon
of energy ✏.

Several interaction processes described in sec-
tions 3 and 4 call for sampling the energy of the
interacting background photon. This sampling is
done using the di↵erential interaction rate as a
probability density function (PDF),

PDF(✏;E) / d��1

d✏
(E) . (2)

Since calculating equations (1), (2) is compu-
tationally expensive, all (di↵erential) interaction
rates are tabulated beforehand and interpolated in
CRPropa during runtime. Here, the interaction
rates are calculated separately for each process and
each relevant photon background model to enable
a fine grained control of the simulation setup.

The redshift dependence of a background field
is taken into account through a global scaling fac-
tor s(z). This allows for computing the interaction
rates at any redshift from the tabulated values at
z = 0 using the relation

��1 (E, z) = (1 + z)2 s(z)��1 (E(1 + z) , z = 0) .

This global scaling is exact in the case of the CMB,
whereas for the IRB and radio background, whose
spectral shapes are redshift-dependent, the error in-
troduced depends on the average propagation dis-
tance and is typically small, see [34] for details.

3. Production of EM particles by UHE nu-

clei

In the following we concentrate on important
production processes for electromagnetic particles
and discuss their implementation in the CRPropa
framework. This includes the existing implemen-
tations for photo-pion and pair production, as well
as the newly implemented photon production chan-
nels via photodisintegration, elastic scattering and
radiative decay. While the additional channels are
negligible for cosmic-ray nuclei, they can give rise to
a relevant contribution of UHE photons, cf. section
5.1.
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The interactions of CRs in the extragalactic region

Initial state Target field Process Secondaries
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Table 1: Implemented processes for cosmic-ray nuclei (including protons and neutrons), photons and electrons interacting with
cosmic background radiation (CBR) or with cosmic magnetic fields. Secondary particles from these processes are indicated.
Processes and secondary particles newly implemented in CRPropa 3.1 are denoted by a *. Note that while synchrotron radiation
applies to all charged particles it is typically not relevant for nuclei.
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2005 [37], Franceschini 2008 [38], Finke 2010 [39],
Dominguez 2011 [40], Gilmore 2012 [41] and, as
new additions, the upper and lower bounds deter-
mined by Stecker 2016 [42]. Electromagnetic par-
ticles at UHE energies can also significantly inter-
act with the cosmic radio background for which the
Protheroe [43] model is implemented.

The interaction rate or inverse interaction length
of a cosmic ray of energy E, mass m and velocity
� ⇡ 1 interacting with an isotropic radiation field
is given by
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where n(✏) = dn/d✏ is the di↵erential photon num-
ber density per energy interval d✏ and �(s) is the
cross-section of the considered process as a func-
tion of the squared center of momentum energy
s. A minimum sth is required for the produc-
tion of secondary particles. The maximum value
smax = 4E✏+m2 corresponds to a head-on collision
between the cosmic ray and a background photon
of energy ✏.

Several interaction processes described in sec-
tions 3 and 4 call for sampling the energy of the
interacting background photon. This sampling is
done using the di↵erential interaction rate as a
probability density function (PDF),

PDF(✏;E) / d��1

d✏
(E) . (2)

Since calculating equations (1), (2) is compu-
tationally expensive, all (di↵erential) interaction
rates are tabulated beforehand and interpolated in
CRPropa during runtime. Here, the interaction
rates are calculated separately for each process and
each relevant photon background model to enable
a fine grained control of the simulation setup.

The redshift dependence of a background field
is taken into account through a global scaling fac-
tor s(z). This allows for computing the interaction
rates at any redshift from the tabulated values at
z = 0 using the relation

��1 (E, z) = (1 + z)2 s(z)��1 (E(1 + z) , z = 0) .

This global scaling is exact in the case of the CMB,
whereas for the IRB and radio background, whose
spectral shapes are redshift-dependent, the error in-
troduced depends on the average propagation dis-
tance and is typically small, see [34] for details.

3. Production of EM particles by UHE nu-

clei

In the following we concentrate on important
production processes for electromagnetic particles
and discuss their implementation in the CRPropa
framework. This includes the existing implemen-
tations for photo-pion and pair production, as well
as the newly implemented photon production chan-
nels via photodisintegration, elastic scattering and
radiative decay. While the additional channels are
negligible for cosmic-ray nuclei, they can give rise to
a relevant contribution of UHE photons, cf. section
5.1.
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Photo-hadronic processes

Here E (ε) is the proton (photon) energy and the proton and
neutral pion masses aremp andmπ0 , respectively. The CMB
photon density is given by n(ε) in units of cm−3 eV−1 and
the photoproduction cross section, σpγ(s), is taken from the
parametrization implemented in SOPHIA.
The mean energy loss distance xloss(E), shown in Fig. 1a

as triple-dot-dashed curve, is calculated as

xloss(E) =
E

dE/dx
=

λ(E)

κ(E)
(5)

with κ(E) being the mean inelasticity

κ(E) =
〈∆E〉
E

. (6)

The mean energy loss of the nucleon due to the hadron pro-
duction, 〈∆E〉, has been calculated by simulating 104 inter-
actions for each given proton energy, resulting in a statistical
error of the order of 1%. For E > 1020 eV losses through
photomeson production dominate with a loss distance of about
15Mpc at E ≥ 8× 1020 eV. Below this energy, Bethe-Heitler
pair production and adiabatic losses due to the cosmological
expansion in the Hubble flow determine the proton energy
losses.
Both the photoproduction interaction and the pair produc-

tion are characterized by strongly energy dependent cross sec-
tions and threshold effects. Fig. 1a shows λph decreasing
by more than three orders of magnitude for a proton energy
increasing by a factor of three. After the minimum λph is
reached, the proton energy loss distance is approximately con-
stant. It is worth noting that the threshold region of λph is very
important for the shape of the propagated proton spectrum. As
pointed out by Berezinsky & Grigoreva [8], a pile–up of pro-
tons will be formed at the intersection of the photoproduction
and pair production energy loss distances. Another, smaller
pile–up will develop at the intersection of the pair production
and adiabatic loss functions.
In the current calculation we treat pair production as a con-

tinuous loss process which is justified considering its small
inelasticity of 2me/mp ≈ 10−3 (with me,mp being the
electron and proton masses, respectively) compared to pion-
photoproduction (κ ≈ 0.2 − 0.5). We use the analytical fit
functions given by Chodorowsky et al. [28] to calculate the
mean energy loss distance for Bethe-Heitler pair production.
This result is in excellent agreement with results obtained by
simulating this process via Monte Carlo as done by Protheroe
& Johnson [12].
The turning point from pion production loss dominance to

pair production loss dominance lies at E ≈ 6× 1019 eV, with
a mean energy loss distance of ≈ 1 Gpc. The minimum of
the pair production loss length is reached at E ≈ (2 − 4) ×
1019 eV. For E ≤ (2 − 3) × 1018 eV continuous losses due
to the expansion of the universe dominate. For an Einstein-de
Sitter (flat, matter-dominated) universe as considered here, the
cosmological energy loss distance scales with redshift z as

xloss,ad(E, z) =
c

H0
(1 + z)−3/2 ≈ 4000 Mpc (1 + z)−3/2,

(7)

FIG. 1. a) Mean energy loss length due to adiabatic expan-
sion (upper dotted curve), Bethe-Heitler pair production (dash-dotted
curve), hadron production (triple-dot-dashed curve). Also shown are
the hadron interaction length (dashed curve) and the neutron decay
length (lower dotted curve). The solid line shows the total xloss.
b) Ratio of mean energy loss length as calculated in Refs. [8] (dot-
ted), [10] (long-dashed), [9] (short-dashed), [12] (dash-dotted), [13]
(dashed-dot-dot-dot), and [25] (thin solid) to the loss length of the
present work presented in the upper panel.

for a Hubble constant of H0 = 75 km/s/Mpc, which we
use throughout this paper. All other energy loss distances,
xloss,BH for Bethe-Heitler pair production and xloss,ph for
photomeson production, scale as

xloss(E, z) = (1 + z)−3xloss[(1 + z)E, z = 0] . (8)

We also show the mean decay distance of∼ 9×10−9γn kpc
for neutrons, where γn is the Lorentz factor of the neutron.
Obviously, neutrons of energy below 1021 eV tend to decay,
whereas at higher energies neutrons tend to interact.
Since the details of the proton energy loss directly affect the

proton spectra after propagation, we present the ratio of the
loss distance in previous calculations to that of our work on a
linear scale in Fig. 1b. Generally all values of the energy loss
distance are in a good qualitative agreement. Rachen & Bier-
mann [10] treat both Bethe-Heitler and pion production losses
very similarly to our work except for the threshold region of
pion production. In the pair production region our work is
also in perfect agreement with Protheroe & Johnson [12]. An
overestimate of the loss distance due to pion production of
∼ 10 − 20% in Ref. [12], however, will result in a small
shift of the GZK cutoff to higher energies in comparison to the
present calculations. Berezinsky & Grigoreva [8] used a very
good approximation for the pion production losses, but under-

3

• Photo-pion production

• Pair production
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xloss(E) =
E

dE/dx

Stanev, Engel, Mücke, Protheroe, Rachen ’00

Proton 

Eth ∼ 6.8 × 1010 (meV/EγBG
) GeV

Eth ∼ 4.8 × 108 (meV/EγBG
) GeV

Pair production Photo-pion production



Here E (ε) is the proton (photon) energy and the proton and
neutral pion masses aremp andmπ0 , respectively. The CMB
photon density is given by n(ε) in units of cm−3 eV−1 and
the photoproduction cross section, σpγ(s), is taken from the
parametrization implemented in SOPHIA.
The mean energy loss distance xloss(E), shown in Fig. 1a

as triple-dot-dashed curve, is calculated as

xloss(E) =
E

dE/dx
=

λ(E)

κ(E)
(5)

with κ(E) being the mean inelasticity

κ(E) =
〈∆E〉
E

. (6)

The mean energy loss of the nucleon due to the hadron pro-
duction, 〈∆E〉, has been calculated by simulating 104 inter-
actions for each given proton energy, resulting in a statistical
error of the order of 1%. For E > 1020 eV losses through
photomeson production dominate with a loss distance of about
15Mpc at E ≥ 8× 1020 eV. Below this energy, Bethe-Heitler
pair production and adiabatic losses due to the cosmological
expansion in the Hubble flow determine the proton energy
losses.
Both the photoproduction interaction and the pair produc-

tion are characterized by strongly energy dependent cross sec-
tions and threshold effects. Fig. 1a shows λph decreasing
by more than three orders of magnitude for a proton energy
increasing by a factor of three. After the minimum λph is
reached, the proton energy loss distance is approximately con-
stant. It is worth noting that the threshold region of λph is very
important for the shape of the propagated proton spectrum. As
pointed out by Berezinsky & Grigoreva [8], a pile–up of pro-
tons will be formed at the intersection of the photoproduction
and pair production energy loss distances. Another, smaller
pile–up will develop at the intersection of the pair production
and adiabatic loss functions.
In the current calculation we treat pair production as a con-

tinuous loss process which is justified considering its small
inelasticity of 2me/mp ≈ 10−3 (with me,mp being the
electron and proton masses, respectively) compared to pion-
photoproduction (κ ≈ 0.2 − 0.5). We use the analytical fit
functions given by Chodorowsky et al. [28] to calculate the
mean energy loss distance for Bethe-Heitler pair production.
This result is in excellent agreement with results obtained by
simulating this process via Monte Carlo as done by Protheroe
& Johnson [12].
The turning point from pion production loss dominance to

pair production loss dominance lies at E ≈ 6× 1019 eV, with
a mean energy loss distance of ≈ 1 Gpc. The minimum of
the pair production loss length is reached at E ≈ (2 − 4) ×
1019 eV. For E ≤ (2 − 3) × 1018 eV continuous losses due
to the expansion of the universe dominate. For an Einstein-de
Sitter (flat, matter-dominated) universe as considered here, the
cosmological energy loss distance scales with redshift z as

xloss,ad(E, z) =
c

H0
(1 + z)−3/2 ≈ 4000 Mpc (1 + z)−3/2,

(7)

FIG. 1. a) Mean energy loss length due to adiabatic expan-
sion (upper dotted curve), Bethe-Heitler pair production (dash-dotted
curve), hadron production (triple-dot-dashed curve). Also shown are
the hadron interaction length (dashed curve) and the neutron decay
length (lower dotted curve). The solid line shows the total xloss.
b) Ratio of mean energy loss length as calculated in Refs. [8] (dot-
ted), [10] (long-dashed), [9] (short-dashed), [12] (dash-dotted), [13]
(dashed-dot-dot-dot), and [25] (thin solid) to the loss length of the
present work presented in the upper panel.

for a Hubble constant of H0 = 75 km/s/Mpc, which we
use throughout this paper. All other energy loss distances,
xloss,BH for Bethe-Heitler pair production and xloss,ph for
photomeson production, scale as

xloss(E, z) = (1 + z)−3xloss[(1 + z)E, z = 0] . (8)

We also show the mean decay distance of∼ 9×10−9γn kpc
for neutrons, where γn is the Lorentz factor of the neutron.
Obviously, neutrons of energy below 1021 eV tend to decay,
whereas at higher energies neutrons tend to interact.
Since the details of the proton energy loss directly affect the

proton spectra after propagation, we present the ratio of the
loss distance in previous calculations to that of our work on a
linear scale in Fig. 1b. Generally all values of the energy loss
distance are in a good qualitative agreement. Rachen & Bier-
mann [10] treat both Bethe-Heitler and pion production losses
very similarly to our work except for the threshold region of
pion production. In the pair production region our work is
also in perfect agreement with Protheroe & Johnson [12]. An
overestimate of the loss distance due to pion production of
∼ 10 − 20% in Ref. [12], however, will result in a small
shift of the GZK cutoff to higher energies in comparison to the
present calculations. Berezinsky & Grigoreva [8] used a very
good approximation for the pion production losses, but under-
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The interactions of CRs in the extragalactic region

Initial state Target field Process Secondaries
Nuclei CBR Pair production (Bethe-Heitler) e±

Nuclei CBR Photo-pion production p, n, ⌫, e±, �
Nuclei CBR Photodisintegration p, n, d, t, 3He,↵, �*
Nuclei CBR Elastic scattering* �
Nuclei – Nuclear decay p, n, ⌫, e±, �*
Photons CBR Pair production* (Breit-Wheeler) e±

Photons CBR Double pair production* e±

Electrons CBR Triplet pair production* e±

Electrons CBR Inverse Compton scattering* �
Electrons B-field Synchrotron radiation* �

Table 1: Implemented processes for cosmic-ray nuclei (including protons and neutrons), photons and electrons interacting with
cosmic background radiation (CBR) or with cosmic magnetic fields. Secondary particles from these processes are indicated.
Processes and secondary particles newly implemented in CRPropa 3.1 are denoted by a *. Note that while synchrotron radiation
applies to all charged particles it is typically not relevant for nuclei.

optical background (IRB). The IRB models imple-
mented in CRPropa are Kneiske 2004 [36], Stecker
2005 [37], Franceschini 2008 [38], Finke 2010 [39],
Dominguez 2011 [40], Gilmore 2012 [41] and, as
new additions, the upper and lower bounds deter-
mined by Stecker 2016 [42]. Electromagnetic par-
ticles at UHE energies can also significantly inter-
act with the cosmic radio background for which the
Protheroe [43] model is implemented.

The interaction rate or inverse interaction length
of a cosmic ray of energy E, mass m and velocity
� ⇡ 1 interacting with an isotropic radiation field
is given by

��1(E) =
1

8�E2

Z 1

0

n(✏)

✏2

Z smax

sth

�(s)(s�m2c4)ds d✏

(1)

where n(✏) = dn/d✏ is the di↵erential photon num-
ber density per energy interval d✏ and �(s) is the
cross-section of the considered process as a func-
tion of the squared center of momentum energy
s. A minimum sth is required for the produc-
tion of secondary particles. The maximum value
smax = 4E✏+m2 corresponds to a head-on collision
between the cosmic ray and a background photon
of energy ✏.

Several interaction processes described in sec-
tions 3 and 4 call for sampling the energy of the
interacting background photon. This sampling is
done using the di↵erential interaction rate as a
probability density function (PDF),

PDF(✏;E) / d��1

d✏
(E) . (2)

Since calculating equations (1), (2) is compu-
tationally expensive, all (di↵erential) interaction
rates are tabulated beforehand and interpolated in
CRPropa during runtime. Here, the interaction
rates are calculated separately for each process and
each relevant photon background model to enable
a fine grained control of the simulation setup.

The redshift dependence of a background field
is taken into account through a global scaling fac-
tor s(z). This allows for computing the interaction
rates at any redshift from the tabulated values at
z = 0 using the relation

��1 (E, z) = (1 + z)2 s(z)��1 (E(1 + z) , z = 0) .

This global scaling is exact in the case of the CMB,
whereas for the IRB and radio background, whose
spectral shapes are redshift-dependent, the error in-
troduced depends on the average propagation dis-
tance and is typically small, see [34] for details.

3. Production of EM particles by UHE nu-

clei

In the following we concentrate on important
production processes for electromagnetic particles
and discuss their implementation in the CRPropa
framework. This includes the existing implemen-
tations for photo-pion and pair production, as well
as the newly implemented photon production chan-
nels via photodisintegration, elastic scattering and
radiative decay. While the additional channels are
negligible for cosmic-ray nuclei, they can give rise to
a relevant contribution of UHE photons, cf. section
5.1.
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EM cascades

• Pair production (PP)

• Double pair production (DPP)

• Triple pair production (TPP)

• Inverse Compton scattering (ICS)
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Figure 5: Interaction lengths for cosmic-ray photons (left) and electrons (right) interacting with cosmic photon backgrounds.
The relevant processes are pair production (PP, black solid line) and double pair production (DPP, black dashed line) for
photons, and triplet pair production (TPP, black solid line) and inverse Compton scattering (ICS, black dashed line) for
electrons. Colored lines show the contribution of the individual photon fields, IRB (blue, Gilmore model [41]), CMB (green)
and radio background (red, Protheroe model [43]). In addition, the energy loss length of synchrotron radiation is indicated for
three magnetic field strengths (gray dotted lines).
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E to produce an electron-positron pair of ener-
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photons, and triplet pair production (TPP, black solid line) and inverse Compton scattering (ICS, black dashed line) for
electrons. Colored lines show the contribution of the individual photon fields, IRB (blue, Gilmore model [41]), CMB (green)
and radio background (red, Protheroe model [43]). In addition, the energy loss length of synchrotron radiation is indicated for
three magnetic field strengths (gray dotted lines).
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Figure 5: Interaction lengths for cosmic-ray photons (left) and electrons (right) interacting with cosmic photon backgrounds.
The relevant processes are pair production (PP, black solid line) and double pair production (DPP, black dashed line) for
photons, and triplet pair production (TPP, black solid line) and inverse Compton scattering (ICS, black dashed line) for
electrons. Colored lines show the contribution of the individual photon fields, IRB (blue, Gilmore model [41]), CMB (green)
and radio background (red, Protheroe model [43]). In addition, the energy loss length of synchrotron radiation is indicated for
three magnetic field strengths (gray dotted lines).
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3. Numerical results
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Figure 6. CR � spectra from decaying DM particles into the b̄b channel. See text for descriptions
of the modelling assumptions. Components shown in each panel follow the same conventions as in
Fig. 3. Shown are DM masses of mdm = 106 and 108 GeV. Photon spectral measurements are taken
from Fermi-LAT [20] and PAO [37].
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Figure 5: Interaction lengths for cosmic-ray photons (left) and electrons (right) interacting with cosmic photon backgrounds.
The relevant processes are pair production (PP, black solid line) and double pair production (DPP, black dashed line) for
photons, and triplet pair production (TPP, black solid line) and inverse Compton scattering (ICS, black dashed line) for
electrons. Colored lines show the contribution of the individual photon fields, IRB (blue, Gilmore model [41]), CMB (green)
and radio background (red, Protheroe model [43]). In addition, the energy loss length of synchrotron radiation is indicated for
three magnetic field strengths (gray dotted lines).
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Figure 7. Integrated � fluxes. Modelling parameters are taken to be the same as in Fig. 6. Upper
bounds from the observations are given by CASA-MIA [26], KASCADE, KASCADE-Grande [25],
PAO [30, 31] and TA [34].
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Figure 8. ⌫ + ⌫̄ fluxes. Modelling parameters are taken to be the same as in Fig. 3. The spectrum
obtained from propagation in the Galactic region (yellow solid) is plotted in addition to the total
spectrum (red dot-dashed). Data points are from IceCube [35], and the others are upper bounds by
IceCube [36], PAO [37], and ANITA [38].

– 15 –

 fluxν + ν̄ τdm = 1027 s



Figure 8. ⌫ + ⌫̄ fluxes. Modelling parameters are taken to be the same as in Fig. 3. The spectrum
obtained from propagation in the Galactic region (yellow solid) is plotted in addition to the total
spectrum (red dot-dashed). Data points are from IceCube [35], and the others are upper bounds by
IceCube [36], PAO [37], and ANITA [38].

– 15 –

 fluxν + ν̄ τdm = 1027 s

Extragalactic flux 
is dominant



Constraints on DM lifetime (extragalactic)



Constraints on DM lifetime (extragalactic)

Fermi-LAT gives constrains 
in wide range of mdm

IceCube gives a more stringent  bound 
in 106 GeV ≲ mdm ≲ 1011 GeV



Constraints on DM lifetime (extragalactic)

PAO gives comparable bound in 
mdm ≳ 1012 GeV



Constraints on DM lifetime (Galactic)



Fermi-LAT: mdm ≲ 106 GeV KASCADE-Grande: 
108 GeV ≲ mdm ≲ 1010 GeV

PAO: 1010 GeV ≲ mdm

All  observations!γ

Constraints on DM lifetime (Galactic)



AMS-02  gives 
much weaker 
constraints

p̄

Constraints on DM lifetime (Galactic)

PAO gives 
much weaker 
constraints



Figure 9. Conservative strong limits on the dark matter lifetime ⌧dm obtained in this work. The limits
are separated according to the region in which the DM CRs were originated (left panel corresponds
to the Galactic and right panel to extragalactic region). Shaded areas show regions of the parameter
space that are excluded by the CR data sets shown in the labels.

process is so e↵ective that photons with these energies lose most of their energy producing
lower energy � and e±. This explains how even for very high DM masses a fair amount of
photons with energies of MeV to TeV exist. We note that this fact makes it possible to
constrain decaying DM particles of very high masses using Fermi-LAT observations. Fur-
thermore, as can be seen specially in the bottom row of Fig. 6, � with energies larger than
1011GeV also survive. Consequently, the CR fluxes observed by PAO and TA can be used
to constrain such � fluxes.

Figure 7 shows the integrated gamma flux. In this energy range, the flux is dominated
by Galactic contributions. It is seen that the lifetime of DM is expected to be constrained by
CASA-MIA, KASCADE, and KASCADE-Grande for mdm & 109GeV and by TA and PAO
for mdm & 1012GeV.

Finally ⌫ + ⌫̄ fluxes are displayed in Fig. 8. Here the Galactic contributions are shown
separately. As can be seen, the Galactic component is subdominant compared to the extra-
galactic one. As what happened in the photon channel, neutrino fluxes in the extragalactic
region are composed of two components; prompt neutrinos from DM and secondary ones
resulting from photo-hadronic processes. We find that the secondary neutrinos contribute
much less than the prompt component. We see that the prompt component starts to surpass
observed flux or the upper bounds for DM masses of 106GeV . mdm . 1012GeV. As such,
this observations (upper limits) can be used to constrain the DM lifetime in this mass range.

3.2 Constraints on dark matter lifetime

Using the observational data and our flux predictions, we set conservative and robust con-
straints on the DM lifetime as a function of its mass. Figure 9 shows the main results of
our study. To demonstrate the impact of the Galactic and extragalactic CRs from DM, we
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4. Conclusion



We have done a comprehensive analysis of CRs in heavy 
decaying DM model with multi-messenger astrophysical data

i.e., DM , → bb̄ 10 TeV ≤ mdm ≤ 1016 GeV

• , , and  give less stringent constraintsp p̄ e+

• Current  and  observations give the most stringent 
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Tomography of the γ-ray diffuse extragalactic signal 9

FIG. 5.— Redshift distributions, dN/d ln z, of the different types of objects
considered for our cross-correlation analysis. SDSS DR6 QSOs (black, con-
tinuous line), 2MASS galaxies (red, short-dashed), NVSS galaxies (magenta,
long-dashed), SDSS DR8 LRGs (green, short, dot-dashed) and SDSS DR8
Main Galaxy Sample (blue, long, dot-dashed)

for visualization, but not during the analysis, the maps have
been smoothedwith a 1◦ Gaussian filter to remove small-scale
Poisson noise. The model seems to slightly over-subtract the
γ-ray emission around (l,b)∼ (175◦,−35◦), corresponding to
the gas- and dust-rich (and thus difficult to model) Taurus
Molecular region. Note, however, that when performing the
cross-correlation, this region is masked by the further mask
specific to the catalog, except in the NVSS case (see below),
so that no bias in the results is expected from this feature.

4. MAPS OF DISCRETE SOURCES
In this section we describe the different catalogs of extra-

galactic objects that we cross-correlate with the "10-maps of
the diffuse IGRB obtained after the cleaning procedure de-
scribed in Section 3.
In this work we have considered five different catalogs: i)

the SDSS DR6 quasar catalog released by Richards et al.
(2009) that should trace the FSRQ population, ii) the IR-
selected 2 Micron All-Sky Survey (2MASS) extended source
catalog (Jarrett et al. 2000) to trace SFGs, iii) the NRAOVLA
Sky Survey (NVSS) catalog of radio galaxies (Condon et al.
1998) that we regard as alternative tracers to the FS-
RQs, iv) the DR8 SDSS catalog of Luminous Red Galax-
ies (Abdalla et al. 2008), which should trace an intrinsically
fainter, more local AGN population like the BL Lacs, and v)
the DR8 SDSS main galaxy sample (Aihara et al. 2011) as a
potential additional tracer of SFGs.
The redshift distributions, dN/d lnz, of the various sources

are shown in Fig. 5, and described in more detail in the next
subsections. The various distributions peak at quite differ-
ent redshifts, with 2MASS representing the most local pop-
ulation and SDSS DR6 QSOs the most distant one. These
characteristics in principle enable breaking down the cross-
correlation analysis in different redshift ranges, effectively al-
lowing a tomographic investigation of the IGRB origin. A
detailed description of these catalogs, except the SDSS-DR8
main galaxy sample, can be found in Xia et al. (2011). Below
we briefly summarise the main features of each sample.

4.1. SDSS DR6 QSO

The SDSS DR6 quasar catalog (Richards et al. (2009),
hereafter DR6-QSO) contains about Nq ≈ 106 quasars with
photometric redshifts between 0.065 and 6.075, covering al-
most all of the north Galactic hemisphere plus three narrow
stripes in the south, for a total area of 8417 deg2 (correspond-
ing to ∼ 20% of the whole sky). The DR6-QSO dataset ex-
tends previous similar SDSS datasets (Richards et al. 2004;
Myers et al. 2006). The main improvements are due to the
fact that this catalog contains QSOs at higher redshift and also
contains putative QSOs flagged as objects with ultraviolet ex-
cess (UVX objects). We refer the reader to Richards et al.
(2009) for a detailed description of the object selection per-
formed with the non-parametric Bayesian classification ker-
nel density estimator (NBC-KDE) algorithm.
In this work we used objects listed in the electronically pub-

lished table with a “good object” flag in the range [0,6]. The
higher the value, the more probable for the object to be a real
QSO (Richards et al. 2009). We only consider the quasar can-
didates selected via the UV-excess-only criteria “uvxts=1”,
i.e., objects clearly showing a UV excess which represents
a characteristic QSO spectral signature. After this selection
we are left with Nq ≈ 6× 105 quasar candidates.
In order to determine the actual sky coverage of the DR6

survey and generate the corresponding geometry mask we
Monte Carlo sample the observed areas with a sufficiently
large number of objects using the DR6 database to ensure
roughly uniform sampling on the SDSS CasJobs9 website.
Following Xia et al. (2009) we combine the pixelized mask
geometry with a foreground mask obtained by removing all
pixels with the g-band Galactic extinction Ag ≡ 3.793×E(B−
V )> 0.18 to minimize the impact of Galactic reddening.
The redshift distribution function dN/dz of the DR6-QSO

sample in Fig. 5 is well approximated by the analytic function:

dN
dz
(z) =

β

Γ(m+1
β
)
zm

zm+10
exp

[

−

(

z
z0

)β
]

, (19)

where three free parameters values arem = 2.00, β = 2.20, and
z0 = 1.62 (Xia et al. 2009). In addition, to calculate theoreti-
cal predictions (Eq. 12) we follow Giannantonio et al. (2008);
Xia et al. (2009) and assume a constant, linear bias model
bS = 2.3.

4.2. 2MASS
The 2MASS extended source catalog is an almost-all-sky

survey that contains ∼ 770000 galaxies with mean redshift
〈z〉 ≈ 0.072. In this work we have selected objects with
apparent isophotal magnitude 12.0 < K′

20 < 14.0, where the
prime symbol indicates that magnitudes are corrected for
Galactic extinction using K′

20 = K20 −Ak, with Ak = 0.367×
E(B−V). We select objects with a uniform detection thresh-
old (use−src = 1), remove known artefacts (cc−flag '= a and
cc−flag '= z), and exclude regions with severe reddening, Ak >
0.05, Schlegel et al. (1998). This procedure leaves approxi-
mately 67% of the sky unmasked. The redshift distribution of
the selected objects can be approximated with the same func-
tional form used for DR6 QSOs with parameters m = 1.90,
β = 1.75, and z0 = 0.07 (Giannantonio et al. 2008). The value
of the linear bias of 2MASS galaxies has been set equal to
bS = 1.4 (Rassat et al. 2007).
The possible incompleteness of the 2MASS catalog at

9 http://skyserver.sdss3.org/CasJobs/
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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
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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
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クロス相関

•暗黒物質は、z < 0.1 の領域からの寄与が相対
的に大きい 

• 2MRS の銀河とクロス相関をとることで、z < 
0.1 の領域を選択的に取り出すことができる！

2MRS galaxies

Fermi γ 2MRS

•ガンマ線も銀河も宇宙の大規模構造を
トレースしている 

• 2つのマップはある程度似ているはず

Ando ’14
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The interactions are characterized by the mean interaction length:
Szabo, Protheroe ’94
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Examples:
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Absorption in ISRF+CMB
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Figure 2. The energy density of ISRF (including starlight, IR and CMB), extracted from GAL-
PROP [28], at three different positions in our Galaxy: the dotted curves are for (r, z) = (0, 0), that is
GC; the solid curves are for (r, z) = (8.3, 0) kpc, that is the Sun position, and the dot-dashed curves
are for (r, z) = (8.3, 5) kpc.
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Figure 3. Plot of the absorption of �-rays on SL+IR photons, for a source at distance L = 8.3 kpc
(solid curves) and 20 kpc (dashed curves) for various directions.
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Figure 1a shows the ⌧CMB
�� as function of E� for three different values of L = 4 kpc, 8.3

kpc and 20 kpc. As can be seen, for a source of �-ray at Galactic center (GC), at about
L = 8.3 kpc, the absorption is ⇠ 70% at E� ⇠ 2 PeV. Figure 1b shows the contour plot of
exp[�⌧CMB

�� ], as function of photon energy E� and source distance L.
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(a) (b)

Figure 1. Plot of the absorption of �-rays on CMB photons. Panel (a): for a source at distance
L = 4 kpc, 8.3 kpc and 20 kpc. Panel (b): 2D density plot of exp[�⌧CMB

�� ] as function of L and E� .

The optical depth due to pair production on the SL+IR photon bath can be calculated
similarly to eq. (2.1), with the extra complication that the integral along the line of sight is
non-trivial, since the photon bath number density nSL+IR also depends on position x, and
the optical depth also depends on the Galactic coordinates (b, l). In the approximation that
the photon field is inhomogeneous but isotropic one can write

⌧SL+IR
�� (E� , L, b, l) =

Z L

0
ds

ZZ
���(E� , ")nSL+IR [",x(s, b, l)]

1� cos ✓

2
sin ✓d✓ d" , (2.6)

where the line-of-sight parameter s is related e.g. to the cylindrical coordinates (r, z), with
the origin at the GC, by

r =
q
R2

� + s2 cos2 b� 2sR� cos b cos l and z = s sin b , (2.7)

where R� ' 8.3 kpc is the distance of the Sun to the GC. The number densities of SL and
IR photons have been extracted from the GALPROP code [28] and their energy densities for
some representative positions are plotted in figure 2. Obviously, the CMB radiation field is
homogenous and thus pervades the whole Galaxy uniformly, while the SL and IR components
of radiation field are clearly position dependent: larger at GC and in the Galactic disk,
decreasing rapidly by moving perpendicularly from Galactic disk, along the z direction.

The optical depth due to SL+IR photon bath for two different distances and various
directions are shown in figure 3. It is clear that the absorption effect is relevant around
energies of O(100) TeV, but only for directions towards the inner Galaxy (b ' l ' 0). The
calculated optical depths in this section are consistent with the results reported in [3]. The
effect of the total opacity of Galactic medium (i.e., ⌧�� = ⌧CMB

�� + ⌧SL+IR
�� ) will be discussed

in the following sections.
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Figure 4. CR p̄ spectra from decaying dark matter. The propagation parameter setup used to
determine the spectrum is shown in Tab. 2 and 3. The DM spectrum (red dot-dashed) is displayed
for some particular DM mass values: mdm = 103, 104, 105 and 106 GeV (from top to bottom, left
to right). The astrophysical background model (black dotted) reproduces the one found through a
robust MCMC scan in Ref. [70]. The data points are taken from AMS-02 [21]

We show the p̄ spectra for mdm = 103, 104, 105, and 106GeV in Fig. 4. In this figure,
the astrophysical background is also shown. As explained in the previous section, the as-
trophysical background used in this work reproduces the one explored in Ref. [70]. In this
case we find that the extragalactic flux spectra is negligibly small for this energy range. In
addition, it can be noticed that the p̄ flux gets suppressed as the DM mass increases. It will
be shown in the next section, that the resulting constraints for this channel (using AMS-02
data) are stringent around mdm ⇠ 1TeV but become weaker for larger DM masses.

Using the same propagation parameter setup as for other CR species, the e+ spectra
is shown in Fig. 5. It can be noticed that the predicted DM flux gets suppressed for larger
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 flux in the Galaxyp̄

Flux gets smaller 
for larger mdm

τdm = 1027 s

Constraints from AMS-02 becomes irrelevant for large mdm



 flux in the Galaxye+

Similar behavior to  fluxp̄

τdm = 1027 s

Figure 5. CR e+ spectra from decaying dark matter particles into the b̄b channel. The propagation
parameter setup assumed is the same as for Fig. 4. Displayed data is taken from the most recent
release by AMS-02 [22].

DM masses, just as what happened in the p̄ case. Since it is much smaller than the observed
AMS-02 e±, it is expected that the resulting constraints on the DM lifetime are going to be
weaker compared to the ones obtained from p̄ data.

Figure 6 shows � fluxes for the same mass values assumed in Fig. 3. The spectral bump
seen in the high energy regime corresponds to the contribution from the Galactic component.
We find that the � rays due to the ICS and bremsstrahlung in the Galaxy are subdominant
in the total flux. The extragalactic component, on the other hand, exhibits two spectral
peaks; one at low energies and another one at high energies. The former originates in the
cascades from prompt DM decays, while the later arise from electromagnetic cascades of �
and e± coming from photo-hadronic processes. In all the panels we observe an energy range
(105GeV . E . 1010GeV) where the emission of � is relatively high. This is because the PP

– 12 –



 fluxp + p̄

Figure 3. p + p̄ fluxes due to dark matter decaying to bb̄ where mdm = 1010, 1012, 1014, and
1016 GeV (from top to bottom, left to right), and the lifetime of dark matter is 1027 s. Total flux
(red dot-dashed) and extragalactic contribution (purple solid) are shown. Data points correspond to
the observed CR fluxes by PAO [37].

the extragalactic ones for mdm . 1011GeV, however the later become dominant for larger
DM masses. We anticipate that more stringent bounds on DM lifetime will be obtained by
using the predicted Galactic CR spectra. Furthermore, while the extragalactic contributions
are suppressed for mdm & 1011GeV, its overall intensity remains unchanged up to mdm ⇠
1011GeV. This behavior is a result of the GZK e↵ect. Namely, p (p̄) lose their energies due
to photo-pion production process which is relevant for p energy over 1011GeV. Then part
of that lost energy is converted into pions, whose decay products emit a given amount of �,
e± and ⌫, ⌫̄. Although their fluxes are suppressed for E & 1011GeV, these are nonetheless
comparable to the observed CR fluxes at Earth. Thus, models of new physics predicting
DM particles with ⌧dm . 1027 s and mdm & 1010GeV are expected to be constrained by
observations.
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region for large mdm
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Combined results


