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1. Introduction



• Electrically neutral

• Non-relativistic
• Stable or sufficiently long-lived
• Non-baryonic

•  

•                                          or  
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Figure 6: Wino-proton SI scattering cross section. Blue dashed and red solid lines rep-
resent LO and NLO results, respectively, with corresponding bands show perturbative
uncertainties. Gray band shows uncertainty resulting from the input error. Yellow shaded
area corresponds to the region in which neutrino background overcomes DM signal [32].

than 1%, and thus well controlled compared to the scalar contribution.

3.3 Scattering cross section

Finally, we evaluate the wino-nucleon SI scattering cross section, which is given by

�N
SI =

4

⇡

✓
MmN

M +mN

◆2

|fN
scalar + fN

twist2|
2 . (3.54)

We plot �p
SI as function of the wino mass in Fig. 6. Additionally we indicate the parameter

region where the neutrino background dominates the the DM-nucleon scattering [32] and
then it becomes hard to detect the DM signal in the DM direct detection experiments (yel-
low shaded). Here we estimate each error by varying the scalar and twist-2 contributions
within their uncertainties evaluated above. The result shows that the large uncertainty in
the LO computation is significantly reduced once the NLO QCD corrections are included,
which is now smaller than that from the input error. In the large DM mass limit, the SI
scattering cross section converges to a constant value,

�p
SI = 2.3 +0.2

�0.3
+0.5
�0.4 ⇥ 10�47 cm2 , (3.55)

where the first and second terms represent the perturbative and input uncertainties, re-
spectively. As seen from Fig. 6, �p

SI has little dependence on the DM mass; its variation
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Spin-independent cross section @QCD NLO
Hisano, KI, Nagata ’15

Figure 1: Diagrams for wino-nucleon scattering.

2.3 Wilson coe�cients

Now we evaluate the Wilson coe�cients of the e↵ective operators at the electroweak
scale µW to the NLO in ↵s/⇡. We use the MS scheme in the following calculation. The
scattering of a pure neutral wino �0 with a nucleon is induced via the weak interactions
accompanied by the charged winos �±. The interaction Lagrangian is given by

Lint = g2�0 /W�+ + h.c. , (2.13)

where g2 and Wµ are the SU(2)L gauge coupling constant and the W boson, respectively.
Since the winos do not couple to the Higgs field directly and the mass di↵erence �M
between the neutral and charged winos is radiatively generated after the electroweak
symmetry breaking, �M is much smaller than the DM mass itself or other masses which
enter into our computation; according to the recent NLO computation given in Ref. [40],
�M ' 165 MeV. Therefore, we safely neglect it in the following discussion.

Before looking into the details of the calculation, we first summarize the procedure
of the computation as well as the approximations we have used in the calculation. In
Fig. 1, we show the diagrams which induce the couplings of wino DM with quarks and
gluon, respectively [26–29]. These diagrams are classified into two types; one is the
Higgs exchange type like the upper two diagrams and the other is the box diagrams
corresponding to the lower two. We separately discuss each two type.

The Higgs contribution only induces the scalar-type operators. For the NLO-level
calculation, we need to evaluate the two- and three-loop diagrams for the quark and
gluon scalar-type operators, respectively.

For the box-type contribution, on the other hand, the NLO-level calculation requires
us to determine the Wilson coe�cients of the operators mq q̄q,

↵s
⇡ Ga

µ⌫G
aµ⌫ , and O

i
µ⌫ to

O(↵s/⇡). We first carry out the OPEs of the correlation function of the electroweak
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Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.

ton or ALP absorption, solar neutrinos will also limit the sensitivity to DM masses in the range
≥(1-103) MeV and ≥(1-103) eV, respectively, for large exposures ≥1 t y, as shown in Ref. [145].

Solid-state cryogenic detectors: Current experiments using the bolometric technique (see
Section 36.5 of this Review), together with either charge or light readout, are SuperCDMS (Si,
Ge) at Soudan, EDELWEISS (Ge) at the Laboratoire Souterrain de Modane (LSM) and CRESST
(CaWO4) at the Laboratori Nazionali del Gran Sasso (LNGS). These experiments are optimised for
low-mass DM searches, and can probe masses down to ≥0.2 GeV. CDMSlite also operates detectors
at higher bias voltages to amplify the phonon signals produced by drifting charges and thus have
access to light DM around 1.5 GeV. The goal of their future phases is to probe the low-mass
region down to cross sections of 10≠43-10≠44 cm2. Much smaller, gram-scale versions of cryogenic
detectors can have single-charge resolution and thus probe low-mass DM via inelastic electron
recoils. A SuperCDMS single-charge sensitive Si detector placed upper limits on DM interacting
with electrons for masses between (0.5 ≠ 104) MeV, as well as on dark photon kinetic mixing for
dark photon masses in the range (1.5 ≠ 40) eV. With Ge crystals operated at Soudan, SuperCDMS
constrained dark photons and ALPs in the mass range 40 eV to 500 keV.

Germanium ionisation detectors operated at 77 K can reach sub-keV energy thresholds and low
backgrounds, but lack the ability to distinguish electronic from nuclear recoils. The CDEX-10
experiment, located at the China Jinping Underground Laboratory (CJPL), uses p-type, point-
contact Ge detectors operated in liquid nitrogen, and probes DM masses down to 3 GeV. It also
reported constraints on the kinetic mixing of dark photons in the mass range 0.1-4.0 keV. The neu-
trinoless double beta experiments Majorana Demonstrator and GERDA have obtained constraints
on the couplings of ALPs and dark photons to electrons, with masses between (6-100) keV and
(60-1000) keV, respectively.

Noble liquids: Liquid argon (LAr) and liquid xenon (LXe) are employed as DM targets, while
R&D on liquid helium and neon is ongoing. We refer to Ref. [146] for a review of the liquid noble
gas detector technology in low-energy physics, as well to Section 36.4 of this Review. At present

11th August, 2022
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Figure 27.1: Upper limits on the SI DM-nucleon cross section as a function of DM mass.
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≥(1-103) MeV and ≥(1-103) eV, respectively, for large exposures ≥1 t y, as shown in Ref. [145].

Solid-state cryogenic detectors: Current experiments using the bolometric technique (see
Section 36.5 of this Review), together with either charge or light readout, are SuperCDMS (Si,
Ge) at Soudan, EDELWEISS (Ge) at the Laboratoire Souterrain de Modane (LSM) and CRESST
(CaWO4) at the Laboratori Nazionali del Gran Sasso (LNGS). These experiments are optimised for
low-mass DM searches, and can probe masses down to ≥0.2 GeV. CDMSlite also operates detectors
at higher bias voltages to amplify the phonon signals produced by drifting charges and thus have
access to light DM around 1.5 GeV. The goal of their future phases is to probe the low-mass
region down to cross sections of 10≠43-10≠44 cm2. Much smaller, gram-scale versions of cryogenic
detectors can have single-charge resolution and thus probe low-mass DM via inelastic electron
recoils. A SuperCDMS single-charge sensitive Si detector placed upper limits on DM interacting
with electrons for masses between (0.5 ≠ 104) MeV, as well as on dark photon kinetic mixing for
dark photon masses in the range (1.5 ≠ 40) eV. With Ge crystals operated at Soudan, SuperCDMS
constrained dark photons and ALPs in the mass range 40 eV to 500 keV.

Germanium ionisation detectors operated at 77 K can reach sub-keV energy thresholds and low
backgrounds, but lack the ability to distinguish electronic from nuclear recoils. The CDEX-10
experiment, located at the China Jinping Underground Laboratory (CJPL), uses p-type, point-
contact Ge detectors operated in liquid nitrogen, and probes DM masses down to 3 GeV. It also
reported constraints on the kinetic mixing of dark photons in the mass range 0.1-4.0 keV. The neu-
trinoless double beta experiments Majorana Demonstrator and GERDA have obtained constraints
on the couplings of ALPs and dark photons to electrons, with masses between (6-100) keV and
(60-1000) keV, respectively.

Noble liquids: Liquid argon (LAr) and liquid xenon (LXe) are employed as DM targets, while
R&D on liquid helium and neon is ongoing. We refer to Ref. [146] for a review of the liquid noble
gas detector technology in low-energy physics, as well to Section 36.4 of this Review. At present
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Figure 9: Expected 95% upper limits on �vline by CTA North with 500 hours of

exposure for the Wino DM, for the ultrafaint dSphs:Reticulum II (left), Segue 1

(middle), and Ursa Major II (right). Top and bottom panels show the results cor-

responding to di↵erent satellite priors with V50 = 10.5 and 18 km s�1, respectively.

The solid curve shows the expected median sensitivity at 95% CL, while thick and

thin bands are 68% and 95% containment regions, respectively. Dotted curves are

existing upper limits by the current generation of telescopes: HESS [61] (orange),

MAGIC [60] (red), VERITAS [62] (green), and HAWC [63] (purple). The dashed

curve shows the expected Wino annihilation cross section with the Sommerfeld en-

hancement, whereas purple vertical region highlights the most likely region of the

Wino mass, 2.7–3 TeV.
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2. CRs from decaying heavy DM
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Past works on heavy decaying DM:

But no comprehensive analysis

Let’s use all data to constrain DM
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Figure 2.18: Panorama of VHE astrophysical neutrino measurements from the IceCube Neutrino
Observatory [256–258], and UHE and constraints from IceCube [252], the Pierre Auger Observatory
[61], and the ANITA detector [259], in terms of energy flux (all flavors). Also plotted are the UHECR
spectrum as measured at the Pierre Auger Observatory [33, 129] and the Telescope Array [109].

the non-observation of UHE neutrinos and photons either in UHECR observatories such as Auger
[61, 251] or with dedicated UHE neutrino observatories such as IceCube [252], constrains the fraction
of protons that can be accelerated in them [61, 250, 253], disfavoring sources that would produce
a proton fraction larger than ⇠ 30% in the GZK energy range, provided the density of sources
follows a strong evolution with redshift [61, 250]. It has to be emphasized that an independent
measurement of the UHECR composition via air shower experiments provides a reliable prediction
of the cosmogenic UHE neutrino flux for the nearby universe. A comparison with model-dependent
composition constrains obtained by neutrino measurements will determine if the origin of UHECR
is consistent between the nearby and distant universe.

The constraints on UHECR sources from observations of the UHECR spectrum and mass
composition are also complemented by multi-messenger observations of GeV-TeV energy pho-
tons, 100 TeV-PeV neutrinos, and the lack of detection of neutrinos at EeV energies, see e.g.,
Refs. [248, 254]. It is also important to keep in mind that neutrinos and (in case of nearby sources)
photons that are produced directly in the UHECR sources may outshine cosmogenic fluxes in some
scenarios [254, 255]. If the neutrino flux found cannot be correlated with the sources then it may be
that the sources are too numerous and cannot be resolved or it may be that the detected neutrinos
are cosmogenic. Cosmogenic neutrino fluxes constitute a background in the search of source corre-
lations and it is important to quantify their fluxes. In fact, the low fluxes of cosmogenic neutrinos
and photons that are expected from the limited maximum rigidity of the sources, may provide
favorable conditions for identifying neutrinos from point sources.

35

2.2 Energy spectrum: Well established but not well explained

The flux of cosmic rays as a function of energy, i.e., the energy spectrum, is one of the most
fundamental observables to infer on the nature of UHECRs. The production mechanisms, the
source type and distribution and the propagation environment, shape the spectrum in a non-trivial
way, imprinting on the spectrum several features deviating from a pure power law. The shape is
thus an object of detailed scrutiny for studying the combined e↵ects of the evolution of the arrival
directions and mass composition with primary energy. The precise measurements of the spectrum
have been used to put strong constraints on astrophysical models of the sources, particularly when
combined with other measurements like Xmax [107, 108] (see Ch. 4).

Figure 2.6: Recent measurements of the all-particle flux from the TA [109], IceCube [83], Pierre
Auger [33, 49, 67], Yakutsk [110], KASCADE-Grande [111], and TUNKA [112] experiments, which
define the spectral features in the UHE region, are shown. Those with upgrades specifically de-
scribed in this white paper are shown in color. The direction and magnitude of the systematic
uncertainty in the energy scale for Auger and TA is indicated by the corresponding arrows.

The spectra measured by the Auger (Sec.2.1.1) and TA (see Sec.2.1.2) collaborations are shown
in Fig. 2.6, scaled by E

3 to highlight the deviation from a pure power law. Despite being conceived
as UHECR detectors, the two observatories achieve an impressive 5 orders of magnitude spectrum
in energy. This feature, other than being visually extremely powerful, allows to construct a single
overview of the spectrum from the low energy up to the highest. This allows to give a single
description of the transition from the galactic to extragalactic cosmic rays, reducing the systematic
uncertainties that would result from di↵erent measurements. Modelling e↵orts can now rely on data
from single experiments, both in the northern and southern hemispheres, over an impressively wide
ranges of energy. Several features are now well established, the knee at ' 5 ⇥ 1015 eV, the so-called
low energy ankle just above 1016 eV, the second-knee at ' 1017 eV, the ankle at ' 5 ⇥ 1018 eV, the
instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
the transition from galactic to extragalactic component will be also briefly discussed.
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Figure 5. Upper limits (at 95% C.L.) on the integral photon flux above 2⇥1017 eV determined here (red circles). Shown are also
previous upper limits by various experiments: Pierre Auger Observatory (hybrid: blue circles, taken from Savina & Pierre Auger
Collaboration (2021); SD: cyan circles, taken from Rautenberg & Pierre Auger Collaboration (2019)), KASCADE/KASCADE-
Grande (orange triangles, taken from Apel et al. (2017)), EAS-MSU (magenta diamonds, taken from Fomin et al. (2017))
and Telescope Array (green squares, taken from Abbasi et al. (2019)). The red band denotes the range of expected GZK
photon fluxes under the assumption of a pure-proton scenario (Kampert et al. 2011). The green band shows the expected GZK
photon flux assuming a mixed composition that would fit the Auger data (Bobrikova et al. 2021). In addition, the expected
photon fluxes from the decay of super-heavy dark matter particles are included (decay into hadrons: dashed violet line, based
on Kalashev & Kuznetsov (2016); decay into leptons: dot-dashed gray line, based on Kachelriess et al. (2018); the exact lines
have been obtained through personal communication with one of the authors). The photon fluxes that would be expected from
pp interactions in the Galactic halo (Kalashev & Troitsky (2014), olive-green line) or from cosmic-ray interactions with matter
in the Milky Way (Bérat et al. (2022), blue band) are shown as well. Also included is the expected flux of photons from a single,
putative source without a cuto↵ in its spectrum (dotted turquoise line, modeled after HAWC J1825-134, Albert et al. (2021),
where we extrapolated the measured flux to the highest energies), ignoring its directionality as if its flux were distributed over
the full sky.

of the UHECR flux, and the mass composition. The
limits obtained in this study improve previous ones in
the energy range of interest to probe such a flux; yet
they remain between two and three orders of magnitude
above the expectations.
The cosmogenic fluxes just mentioned can be seen as

floors above which increased sensitivity to photons could
reveal unexpected phenomena. To exemplify such a po-
tential, we explain below the four curves that correspond
to fluxes from putative sources in the Galactic disk or
to patterns that could emerge from proton-proton inter-
actions in the halo of the Galaxy or from the decay of
super-heavy dark matter (SHDM).
The recent observation of photons above 2⇥1014 eV

from decaying neutral pions from the J1825-134 source

reported in Albert et al. (2021), in a direction coincident
with a giant molecular cloud, provides evidence that cos-
mic rays are indeed accelerated to energies of several
1015 eV, and above, in the Galaxy. Interestingly, the
flux of this source could extend well beyond 2⇥1014 eV,
as no cuto↵ is currently observed in its energy spectrum
measured up to this energy. As an example of the dis-
covery potential with increased exposure, we show as
the green curve the flux from such a putative source ex-
trapolated to the highest energies. Note that this flux,
which is directional in essence, is here for simplicity cal-
culated by converting it to a di↵use one, assuming the
flux were distributed over the full sky. We observe that
the extrapolated flux for this source is higher than the
cosmogenic ones below 1018 eV. The upper limits deter-

Pierre Auger Observatory (PAO) ’22

Integrated gamma flux
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Figure 2.18: Panorama of VHE astrophysical neutrino measurements from the IceCube Neutrino
Observatory [256–258], and UHE and constraints from IceCube [252], the Pierre Auger Observatory
[61], and the ANITA detector [259], in terms of energy flux (all flavors). Also plotted are the UHECR
spectrum as measured at the Pierre Auger Observatory [33, 129] and the Telescope Array [109].

the non-observation of UHE neutrinos and photons either in UHECR observatories such as Auger
[61, 251] or with dedicated UHE neutrino observatories such as IceCube [252], constrains the fraction
of protons that can be accelerated in them [61, 250, 253], disfavoring sources that would produce
a proton fraction larger than ⇠ 30% in the GZK energy range, provided the density of sources
follows a strong evolution with redshift [61, 250]. It has to be emphasized that an independent
measurement of the UHECR composition via air shower experiments provides a reliable prediction
of the cosmogenic UHE neutrino flux for the nearby universe. A comparison with model-dependent
composition constrains obtained by neutrino measurements will determine if the origin of UHECR
is consistent between the nearby and distant universe.

The constraints on UHECR sources from observations of the UHECR spectrum and mass
composition are also complemented by multi-messenger observations of GeV-TeV energy pho-
tons, 100 TeV-PeV neutrinos, and the lack of detection of neutrinos at EeV energies, see e.g.,
Refs. [248, 254]. It is also important to keep in mind that neutrinos and (in case of nearby sources)
photons that are produced directly in the UHECR sources may outshine cosmogenic fluxes in some
scenarios [254, 255]. If the neutrino flux found cannot be correlated with the sources then it may be
that the sources are too numerous and cannot be resolved or it may be that the detected neutrinos
are cosmogenic. Cosmogenic neutrino fluxes constitute a background in the search of source corre-
lations and it is important to quantify their fluxes. In fact, the low fluxes of cosmogenic neutrinos
and photons that are expected from the limited maximum rigidity of the sources, may provide
favorable conditions for identifying neutrinos from point sources.

35

2.2 Energy spectrum: Well established but not well explained

The flux of cosmic rays as a function of energy, i.e., the energy spectrum, is one of the most
fundamental observables to infer on the nature of UHECRs. The production mechanisms, the
source type and distribution and the propagation environment, shape the spectrum in a non-trivial
way, imprinting on the spectrum several features deviating from a pure power law. The shape is
thus an object of detailed scrutiny for studying the combined e↵ects of the evolution of the arrival
directions and mass composition with primary energy. The precise measurements of the spectrum
have been used to put strong constraints on astrophysical models of the sources, particularly when
combined with other measurements like Xmax [107, 108] (see Ch. 4).

Figure 2.6: Recent measurements of the all-particle flux from the TA [109], IceCube [83], Pierre
Auger [33, 49, 67], Yakutsk [110], KASCADE-Grande [111], and TUNKA [112] experiments, which
define the spectral features in the UHE region, are shown. Those with upgrades specifically de-
scribed in this white paper are shown in color. The direction and magnitude of the systematic
uncertainty in the energy scale for Auger and TA is indicated by the corresponding arrows.

The spectra measured by the Auger (Sec.2.1.1) and TA (see Sec.2.1.2) collaborations are shown
in Fig. 2.6, scaled by E

3 to highlight the deviation from a pure power law. Despite being conceived
as UHECR detectors, the two observatories achieve an impressive 5 orders of magnitude spectrum
in energy. This feature, other than being visually extremely powerful, allows to construct a single
overview of the spectrum from the low energy up to the highest. This allows to give a single
description of the transition from the galactic to extragalactic cosmic rays, reducing the systematic
uncertainties that would result from di↵erent measurements. Modelling e↵orts can now rely on data
from single experiments, both in the northern and southern hemispheres, over an impressively wide
ranges of energy. Several features are now well established, the knee at ' 5 ⇥ 1015 eV, the so-called
low energy ankle just above 1016 eV, the second-knee at ' 1017 eV, the ankle at ' 5 ⇥ 1018 eV, the
instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
the transition from galactic to extragalactic component will be also briefly discussed.
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SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

 interactions in halo (Kalashev & Troitsky 2014)pp

CR interactions in Milky Way (Berat et al. 2022)
Single source without cutoff

Figure 5. Upper limits (at 95% C.L.) on the integral photon flux above 2⇥1017 eV determined here (red circles). Shown are also
previous upper limits by various experiments: Pierre Auger Observatory (hybrid: blue circles, taken from Savina & Pierre Auger
Collaboration (2021); SD: cyan circles, taken from Rautenberg & Pierre Auger Collaboration (2019)), KASCADE/KASCADE-
Grande (orange triangles, taken from Apel et al. (2017)), EAS-MSU (magenta diamonds, taken from Fomin et al. (2017))
and Telescope Array (green squares, taken from Abbasi et al. (2019)). The red band denotes the range of expected GZK
photon fluxes under the assumption of a pure-proton scenario (Kampert et al. 2011). The green band shows the expected GZK
photon flux assuming a mixed composition that would fit the Auger data (Bobrikova et al. 2021). In addition, the expected
photon fluxes from the decay of super-heavy dark matter particles are included (decay into hadrons: dashed violet line, based
on Kalashev & Kuznetsov (2016); decay into leptons: dot-dashed gray line, based on Kachelriess et al. (2018); the exact lines
have been obtained through personal communication with one of the authors). The photon fluxes that would be expected from
pp interactions in the Galactic halo (Kalashev & Troitsky (2014), olive-green line) or from cosmic-ray interactions with matter
in the Milky Way (Bérat et al. (2022), blue band) are shown as well. Also included is the expected flux of photons from a single,
putative source without a cuto↵ in its spectrum (dotted turquoise line, modeled after HAWC J1825-134, Albert et al. (2021),
where we extrapolated the measured flux to the highest energies), ignoring its directionality as if its flux were distributed over
the full sky.

of the UHECR flux, and the mass composition. The
limits obtained in this study improve previous ones in
the energy range of interest to probe such a flux; yet
they remain between two and three orders of magnitude
above the expectations.
The cosmogenic fluxes just mentioned can be seen as

floors above which increased sensitivity to photons could
reveal unexpected phenomena. To exemplify such a po-
tential, we explain below the four curves that correspond
to fluxes from putative sources in the Galactic disk or
to patterns that could emerge from proton-proton inter-
actions in the halo of the Galaxy or from the decay of
super-heavy dark matter (SHDM).
The recent observation of photons above 2⇥1014 eV

from decaying neutral pions from the J1825-134 source

reported in Albert et al. (2021), in a direction coincident
with a giant molecular cloud, provides evidence that cos-
mic rays are indeed accelerated to energies of several
1015 eV, and above, in the Galaxy. Interestingly, the
flux of this source could extend well beyond 2⇥1014 eV,
as no cuto↵ is currently observed in its energy spectrum
measured up to this energy. As an example of the dis-
covery potential with increased exposure, we show as
the green curve the flux from such a putative source ex-
trapolated to the highest energies. Note that this flux,
which is directional in essence, is here for simplicity cal-
culated by converting it to a di↵use one, assuming the
flux were distributed over the full sky. We observe that
the extrapolated flux for this source is higher than the
cosmogenic ones below 1018 eV. The upper limits deter-
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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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FIG. 8: Observational constraints on the power spectrum. The lines at small k are the Planck 1�
and 3� measurements. On much smaller scales there are only upper bounds; shaded regions are
disallowed. The solid blue line shows the upper bound from µ-distortions for a delta function
power spectrum, PR = As�(log(k/kp)), as a function of kp, and the solid orange line shows the
PBH upper bounds, subject to the uncertainties discussed in the main text. The dashed purple
line shows the upper bound from µ-distortions for the steepest growth power spectrum
PR = 4As(k/kp)4 which drops to zero for k > kp, and the solid black line shows the PTA upper
bounds for the same power spectrum. The factor of 4 is included so that it has the same
normalisation as the delta function power spectrum when integrating with respect to ln k. The
dashed black lines have a k

4 slope.

law instead of logarithmically as is the case in radiation domination that we have assumed to plot
the orange line in Fig. 8. One could then question whether the constraints on the power spectrum
change more quickly than the k4 limit. Using constraints on the power spectrum from [89], we have
verified that they do not change more quickly than k

4, and therefore that PBHs of every possible
mass can still be generated while respecting this bound on the power spectrum growth.

V. CONCLUSIONS

We have shown that the steepest possible growth of the primordial power spectrum is given
by ns � 1 = 4 during canonical single-field inflation, independent of the shape of the inflaton
potential. Such a rapid growth is only possible when the inflaton makes a rapid transition from
“slow-roll” inflation to non-attractor inflation, characterised by an almost exactly flat potential,
and remains true even if the potential is not always decreasing11. In the standard case of single-

11 Note added: As we were preparing this paper, ref. [131] appeared, aiming to derive a lower bound of ⌘ > �6
from causality arguments. However, the matching calculation on which this is based neglected to impose both

Byrnes, Cole, Patil ’19
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This small scale can be probed 
by tracking the evolution of DM 
substructure  
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FIG. 2. Primordial curvature perturbation PR(k) (left), variance �(M) of the power spectrum (middle), and average of host
halo mass evolution Mhost(z) (right). kb = 1.0 ⇥ 102 Mpc�1h is taken for all and each line corresponds to A = 2.5 ⇥ 10�3,
1.6 ⇥ 10�4, 1.0 ⇥ 10�5, 6.3 ⇥ 10�7, and 4.0 ⇥ 10�8. As a reference, the result without the bump is shown as ‘No bump’.
Mhost(0) = 1.3⇥ 1012M� is taken for Mhost(z). See Appendix C for additional figures with di↵erent values of kb.

FIG. 3. Mass function dNsh/dm of subhalo (left) and cumula-
tive maximum circular velocity function Nsh(> Vmax) (right).
We take tidal model (a) and the other parameters are the
same as Fig. 2. See Appendix C for additional figures with
di↵erent values of kb.
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Here ⌧dyn is the halo’s dynamical time. Since g(z) and
⇣(z) are given in z  7 in model (b), we take g(z) = g(7)
and ⇣(z) = ⇣(7) for z > 7 in the current calculation.
The model (c) corresponds to the so-called un-evolved
mass function. We note that the model (c) might be
more realistic than the others when we compute the boost
factor. This is because the tidal stripping e↵ect may
not change the inner structure of the halo profile in the
case of highly concentrated profile [27], which is expected
in the current case. The mass distribution function of
subhalos at the accretion is given by the EPS formalism
as function of ma, za and the host halo mass M0 at z =
z0. Using the number d2Nsh,a of subhalos with mass ma

that accrete at z = za, the subhalo mass function after

the tidal stripping is obtained by

dNsh

dm
=

Z
d
2
Nsh,a

Z
dcvir,aP

cvir,a(ma, za)�(m�m0) ,

(5)

where P cvir,a(ma, za) is the distribution function for cvir,a
that is computed from the one for the concentration-mass
relation. A subscript “0” stands for the values at z = z0.
We plot the mass function dNsh/dm of the subhalo at

z0 = 0 computed using the tidal model (a) in Fig. 3. We
found that the mass function is a↵ected significantly, de-
pending on A and kb. As kb becomes small, the mass
function is altered in large subhalo mass, which is ex-
pected from the behavior of �(M). Due to the bump,
the number of the subhalo of a mass scale tends to be
enhanced. On the contrary, the mass function is sup-
pressed below that mass scale. This e↵ect is significant
for large A and small kb. Such a drastic change leads
to change the prediction of the number of dSphs, which
are formed in subhalos. Additionally, we found that the
result is almost independent of the tidal models and zmax

if zmax � 7. Here zmax is the maximum redshift to track
the subhalo evolution. Therefore, we expect the observ-
able consequences are determined by the evolution in the
low redshift regime and that they are not significantly af-
fected by the details of the tidal evolution models, which
we confirm below.
Astrophysical observables and constraint: It is consid-
ered that subhalos which satisfy certain conditions form
galaxies inside. A quantity for the criterion is the max-
imum circular velocity. Based on the conventional the-
ory of galaxy formation, for instance, the dSphs forma-
tion occurs for Vmax,a > 18 km/s, where Vmax,a is the
maximum circular velocity at the time of the accretion.
Using this condition, we can predict the number of the
present dSphs in the Galaxy, which is one of the impor-
tant observables of the dSphs. However, this criterion is
under debate. A recent study suggests a di↵erent crite-
rion of Vmax,a > 10.5 km/s [28]. Therefore, the predicted
number of dSphs can change, depending on the choice of
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FIG. 2. Primordial curvature perturbation PR(k) (left), variance �(M) of the power spectrum (middle), and average of host
halo mass evolution Mhost(z) (right). kb = 1.0 ⇥ 102 Mpc�1h is taken for all and each line corresponds to A = 2.5 ⇥ 10�3,
1.6 ⇥ 10�4, 1.0 ⇥ 10�5, 6.3 ⇥ 10�7, and 4.0 ⇥ 10�8. As a reference, the result without the bump is shown as ‘No bump’.
Mhost(0) = 1.3⇥ 1012M� is taken for Mhost(z). See Appendix C for additional figures with di↵erent values of kb.

FIG. 3. Mass function dNsh/dm of subhalo (left) and cumula-
tive maximum circular velocity function Nsh(> Vmax) (right).
We take tidal model (a) and the other parameters are the
same as Fig. 2. See Appendix C for additional figures with
di↵erent values of kb.
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Here ⌧dyn is the halo’s dynamical time. Since g(z) and
⇣(z) are given in z  7 in model (b), we take g(z) = g(7)
and ⇣(z) = ⇣(7) for z > 7 in the current calculation.
The model (c) corresponds to the so-called un-evolved
mass function. We note that the model (c) might be
more realistic than the others when we compute the boost
factor. This is because the tidal stripping e↵ect may
not change the inner structure of the halo profile in the
case of highly concentrated profile [27], which is expected
in the current case. The mass distribution function of
subhalos at the accretion is given by the EPS formalism
as function of ma, za and the host halo mass M0 at z =
z0. Using the number d2Nsh,a of subhalos with mass ma

that accrete at z = za, the subhalo mass function after

the tidal stripping is obtained by

dNsh
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=
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where P cvir,a(ma, za) is the distribution function for cvir,a
that is computed from the one for the concentration-mass
relation. A subscript “0” stands for the values at z = z0.
We plot the mass function dNsh/dm of the subhalo at

z0 = 0 computed using the tidal model (a) in Fig. 3. We
found that the mass function is a↵ected significantly, de-
pending on A and kb. As kb becomes small, the mass
function is altered in large subhalo mass, which is ex-
pected from the behavior of �(M). Due to the bump,
the number of the subhalo of a mass scale tends to be
enhanced. On the contrary, the mass function is sup-
pressed below that mass scale. This e↵ect is significant
for large A and small kb. Such a drastic change leads
to change the prediction of the number of dSphs, which
are formed in subhalos. Additionally, we found that the
result is almost independent of the tidal models and zmax

if zmax � 7. Here zmax is the maximum redshift to track
the subhalo evolution. Therefore, we expect the observ-
able consequences are determined by the evolution in the
low redshift regime and that they are not significantly af-
fected by the details of the tidal evolution models, which
we confirm below.
Astrophysical observables and constraint: It is consid-
ered that subhalos which satisfy certain conditions form
galaxies inside. A quantity for the criterion is the max-
imum circular velocity. Based on the conventional the-
ory of galaxy formation, for instance, the dSphs forma-
tion occurs for Vmax,a > 18 km/s, where Vmax,a is the
maximum circular velocity at the time of the accretion.
Using this condition, we can predict the number of the
present dSphs in the Galaxy, which is one of the impor-
tant observables of the dSphs. However, this criterion is
under debate. A recent study suggests a di↵erent crite-
rion of Vmax,a > 10.5 km/s [28]. Therefore, the predicted
number of dSphs can change, depending on the choice of
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FIG. 2. Primordial curvature perturbation PR(k) (left), variance �(M) of the power spectrum (middle), and average of host
halo mass evolution Mhost(z) (right). kb = 1.0 ⇥ 102 Mpc�1h is taken for all and each line corresponds to A = 2.5 ⇥ 10�3,
1.6 ⇥ 10�4, 1.0 ⇥ 10�5, 6.3 ⇥ 10�7, and 4.0 ⇥ 10�8. As a reference, the result without the bump is shown as ‘No bump’.
Mhost(0) = 1.3⇥ 1012M� is taken for Mhost(z). See Appendix C for additional figures with di↵erent values of kb.

FIG. 3. Mass function dNsh/dm of subhalo (left) and cumula-
tive maximum circular velocity function Nsh(> Vmax) (right).
We take tidal model (a) and the other parameters are the
same as Fig. 2. See Appendix C for additional figures with
di↵erent values of kb.
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Here ⌧dyn is the halo’s dynamical time. Since g(z) and
⇣(z) are given in z  7 in model (b), we take g(z) = g(7)
and ⇣(z) = ⇣(7) for z > 7 in the current calculation.
The model (c) corresponds to the so-called un-evolved
mass function. We note that the model (c) might be
more realistic than the others when we compute the boost
factor. This is because the tidal stripping e↵ect may
not change the inner structure of the halo profile in the
case of highly concentrated profile [27], which is expected
in the current case. The mass distribution function of
subhalos at the accretion is given by the EPS formalism
as function of ma, za and the host halo mass M0 at z =
z0. Using the number d2Nsh,a of subhalos with mass ma

that accrete at z = za, the subhalo mass function after

the tidal stripping is obtained by

dNsh
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=
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cvir,a(ma, za)�(m�m0) ,
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where P cvir,a(ma, za) is the distribution function for cvir,a
that is computed from the one for the concentration-mass
relation. A subscript “0” stands for the values at z = z0.
We plot the mass function dNsh/dm of the subhalo at

z0 = 0 computed using the tidal model (a) in Fig. 3. We
found that the mass function is a↵ected significantly, de-
pending on A and kb. As kb becomes small, the mass
function is altered in large subhalo mass, which is ex-
pected from the behavior of �(M). Due to the bump,
the number of the subhalo of a mass scale tends to be
enhanced. On the contrary, the mass function is sup-
pressed below that mass scale. This e↵ect is significant
for large A and small kb. Such a drastic change leads
to change the prediction of the number of dSphs, which
are formed in subhalos. Additionally, we found that the
result is almost independent of the tidal models and zmax

if zmax � 7. Here zmax is the maximum redshift to track
the subhalo evolution. Therefore, we expect the observ-
able consequences are determined by the evolution in the
low redshift regime and that they are not significantly af-
fected by the details of the tidal evolution models, which
we confirm below.
Astrophysical observables and constraint: It is consid-
ered that subhalos which satisfy certain conditions form
galaxies inside. A quantity for the criterion is the max-
imum circular velocity. Based on the conventional the-
ory of galaxy formation, for instance, the dSphs forma-
tion occurs for Vmax,a > 18 km/s, where Vmax,a is the
maximum circular velocity at the time of the accretion.
Using this condition, we can predict the number of the
present dSphs in the Galaxy, which is one of the impor-
tant observables of the dSphs. However, this criterion is
under debate. A recent study suggests a di↵erent crite-
rion of Vmax,a > 10.5 km/s [28]. Therefore, the predicted
number of dSphs can change, depending on the choice of
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FIG. 2. Primordial curvature perturbation PR(k) (left), variance �(M) of the power spectrum (middle), and average of host
halo mass evolution Mhost(z) (right). kb = 1.0 ⇥ 102 Mpc�1h is taken for all and each line corresponds to A = 2.5 ⇥ 10�3,
1.6 ⇥ 10�4, 1.0 ⇥ 10�5, 6.3 ⇥ 10�7, and 4.0 ⇥ 10�8. As a reference, the result without the bump is shown as ‘No bump’.
Mhost(0) = 1.3⇥ 1012M� is taken for Mhost(z). See Appendix C for additional figures with di↵erent values of kb.

FIG. 3. Mass function dNsh/dm of subhalo (left) and cumula-
tive maximum circular velocity function Nsh(> Vmax) (right).
We take tidal model (a) and the other parameters are the
same as Fig. 2. See Appendix C for additional figures with
di↵erent values of kb.
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Here ⌧dyn is the halo’s dynamical time. Since g(z) and
⇣(z) are given in z  7 in model (b), we take g(z) = g(7)
and ⇣(z) = ⇣(7) for z > 7 in the current calculation.
The model (c) corresponds to the so-called un-evolved
mass function. We note that the model (c) might be
more realistic than the others when we compute the boost
factor. This is because the tidal stripping e↵ect may
not change the inner structure of the halo profile in the
case of highly concentrated profile [27], which is expected
in the current case. The mass distribution function of
subhalos at the accretion is given by the EPS formalism
as function of ma, za and the host halo mass M0 at z =
z0. Using the number d2Nsh,a of subhalos with mass ma

that accrete at z = za, the subhalo mass function after

the tidal stripping is obtained by
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=
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cvir,a(ma, za)�(m�m0) ,
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where P cvir,a(ma, za) is the distribution function for cvir,a
that is computed from the one for the concentration-mass
relation. A subscript “0” stands for the values at z = z0.
We plot the mass function dNsh/dm of the subhalo at

z0 = 0 computed using the tidal model (a) in Fig. 3. We
found that the mass function is a↵ected significantly, de-
pending on A and kb. As kb becomes small, the mass
function is altered in large subhalo mass, which is ex-
pected from the behavior of �(M). Due to the bump,
the number of the subhalo of a mass scale tends to be
enhanced. On the contrary, the mass function is sup-
pressed below that mass scale. This e↵ect is significant
for large A and small kb. Such a drastic change leads
to change the prediction of the number of dSphs, which
are formed in subhalos. Additionally, we found that the
result is almost independent of the tidal models and zmax

if zmax � 7. Here zmax is the maximum redshift to track
the subhalo evolution. Therefore, we expect the observ-
able consequences are determined by the evolution in the
low redshift regime and that they are not significantly af-
fected by the details of the tidal evolution models, which
we confirm below.
Astrophysical observables and constraint: It is consid-
ered that subhalos which satisfy certain conditions form
galaxies inside. A quantity for the criterion is the max-
imum circular velocity. Based on the conventional the-
ory of galaxy formation, for instance, the dSphs forma-
tion occurs for Vmax,a > 18 km/s, where Vmax,a is the
maximum circular velocity at the time of the accretion.
Using this condition, we can predict the number of the
present dSphs in the Galaxy, which is one of the impor-
tant observables of the dSphs. However, this criterion is
under debate. A recent study suggests a di↵erent crite-
rion of Vmax,a > 10.5 km/s [28]. Therefore, the predicted
number of dSphs can change, depending on the choice of
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FIG. 2. Primordial curvature perturbation PR(k) (left), variance �(M) of the power spectrum (middle), and average of host
halo mass evolution Mhost(z) (right). kb = 1.0 ⇥ 102 Mpc�1h is taken for all and each line corresponds to A = 2.5 ⇥ 10�3,
1.6 ⇥ 10�4, 1.0 ⇥ 10�5, 6.3 ⇥ 10�7, and 4.0 ⇥ 10�8. As a reference, the result without the bump is shown as ‘No bump’.
Mhost(0) = 1.3⇥ 1012M� is taken for Mhost(z). See Appendix C for additional figures with di↵erent values of kb.

FIG. 3. Mass function dNsh/dm of subhalo (left) and cumula-
tive maximum circular velocity function Nsh(> Vmax) (right).
We take tidal model (a) and the other parameters are the
same as Fig. 2. See Appendix C for additional figures with
di↵erent values of kb.
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Here ⌧dyn is the halo’s dynamical time. Since g(z) and
⇣(z) are given in z  7 in model (b), we take g(z) = g(7)
and ⇣(z) = ⇣(7) for z > 7 in the current calculation.
The model (c) corresponds to the so-called un-evolved
mass function. We note that the model (c) might be
more realistic than the others when we compute the boost
factor. This is because the tidal stripping e↵ect may
not change the inner structure of the halo profile in the
case of highly concentrated profile [27], which is expected
in the current case. The mass distribution function of
subhalos at the accretion is given by the EPS formalism
as function of ma, za and the host halo mass M0 at z =
z0. Using the number d2Nsh,a of subhalos with mass ma

that accrete at z = za, the subhalo mass function after

the tidal stripping is obtained by
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cvir,a(ma, za)�(m�m0) ,
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where P cvir,a(ma, za) is the distribution function for cvir,a
that is computed from the one for the concentration-mass
relation. A subscript “0” stands for the values at z = z0.
We plot the mass function dNsh/dm of the subhalo at

z0 = 0 computed using the tidal model (a) in Fig. 3. We
found that the mass function is a↵ected significantly, de-
pending on A and kb. As kb becomes small, the mass
function is altered in large subhalo mass, which is ex-
pected from the behavior of �(M). Due to the bump,
the number of the subhalo of a mass scale tends to be
enhanced. On the contrary, the mass function is sup-
pressed below that mass scale. This e↵ect is significant
for large A and small kb. Such a drastic change leads
to change the prediction of the number of dSphs, which
are formed in subhalos. Additionally, we found that the
result is almost independent of the tidal models and zmax

if zmax � 7. Here zmax is the maximum redshift to track
the subhalo evolution. Therefore, we expect the observ-
able consequences are determined by the evolution in the
low redshift regime and that they are not significantly af-
fected by the details of the tidal evolution models, which
we confirm below.
Astrophysical observables and constraint: It is consid-
ered that subhalos which satisfy certain conditions form
galaxies inside. A quantity for the criterion is the max-
imum circular velocity. Based on the conventional the-
ory of galaxy formation, for instance, the dSphs forma-
tion occurs for Vmax,a > 18 km/s, where Vmax,a is the
maximum circular velocity at the time of the accretion.
Using this condition, we can predict the number of the
present dSphs in the Galaxy, which is one of the impor-
tant observables of the dSphs. However, this criterion is
under debate. A recent study suggests a di↵erent crite-
rion of Vmax,a > 10.5 km/s [28]. Therefore, the predicted
number of dSphs can change, depending on the choice of



The observable: satellite counts

<latexit sha1_base64="dlI+jRz/yjmvsJCLsG5mxJAqU70="></latexit>

N low
dSph(Vmax > 4 km/s) = 94

Excluded

Graus, Bullock, Kelley, Boylan-Kolchin, Garrison-Kimmel, Qi ’19
Dekker, Ando, Correa, Ng ’21

Conservative limit



The observable: satellite counts
Enhanced



The observable: stellar stream <latexit sha1_base64="dH14WiGZIz6ReI35F74lzJirysc="></latexit>

Nsh : Number of subhalos 
whose mass > 

<latexit sha1_base64="gJ23hrcN6i1LtOKkpvh4uMu6Uq4="></latexit>

105M�



The observable: stellar stream

<latexit sha1_base64="xZy8zevVt50BPFNkVLVtB+NO05w="></latexit>

Nsh/Nsh,CDM < 2.7 (95% CL)

Banik, Bovy, Bertone, Erkal, de Boer ’21

Excluded

Conservative limit



Tidal stripping model 
Hiroshima, Ando, Ishiyama ’18

No tidal strippingTidal stripping model 
Jiang, van den Bosch ’16

No tidal model dependence 

Ando, KI, Hiroshima ’22



4. Conclusion



• Multimessenger astrophysical data, especially  and  
data, is powerful tool to constrain heavy DM decay

γ ν

• Tracking the evolution of DM substructure is a new 
technique to probe the primordial curvature perturbation

We have discussed indirect searches on heavy DM decay and 
primordial curvature perturbation
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Propagation of CR nuclei

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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• 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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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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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
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 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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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].

– 13 –

 fluxγ τdm = 1027 s



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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FIG. 2. Primordial curvature perturbation PR(k) (left), variance �(M) of the power spectrum (middle), and average of host
halo mass evolution Mhost(z) (right). kb = 1.0 ⇥ 102 Mpc�1h is taken for all and each line corresponds to A = 2.5 ⇥ 10�3,
1.6 ⇥ 10�4, 1.0 ⇥ 10�5, 6.3 ⇥ 10�7, and 4.0 ⇥ 10�8. As a reference, the result without the bump is shown as ‘No bump’.
Mhost(0) = 1.3⇥ 1012M� is taken for Mhost(z). See Appendix C for additional figures with di↵erent values of kb.

FIG. 3. Mass function dNsh/dm of subhalo (left) and cumula-
tive maximum circular velocity function Nsh(> Vmax) (right).
We take tidal model (a) and the other parameters are the
same as Fig. 2. See Appendix C for additional figures with
di↵erent values of kb.
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Here ⌧dyn is the halo’s dynamical time. Since g(z) and
⇣(z) are given in z  7 in model (b), we take g(z) = g(7)
and ⇣(z) = ⇣(7) for z > 7 in the current calculation.
The model (c) corresponds to the so-called un-evolved
mass function. We note that the model (c) might be
more realistic than the others when we compute the boost
factor. This is because the tidal stripping e↵ect may
not change the inner structure of the halo profile in the
case of highly concentrated profile [27], which is expected
in the current case. The mass distribution function of
subhalos at the accretion is given by the EPS formalism
as function of ma, za and the host halo mass M0 at z =
z0. Using the number d2Nsh,a of subhalos with mass ma

that accrete at z = za, the subhalo mass function after

the tidal stripping is obtained by
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where P cvir,a(ma, za) is the distribution function for cvir,a
that is computed from the one for the concentration-mass
relation. A subscript “0” stands for the values at z = z0.
We plot the mass function dNsh/dm of the subhalo at

z0 = 0 computed using the tidal model (a) in Fig. 3. We
found that the mass function is a↵ected significantly, de-
pending on A and kb. As kb becomes small, the mass
function is altered in large subhalo mass, which is ex-
pected from the behavior of �(M). Due to the bump,
the number of the subhalo of a mass scale tends to be
enhanced. On the contrary, the mass function is sup-
pressed below that mass scale. This e↵ect is significant
for large A and small kb. Such a drastic change leads
to change the prediction of the number of dSphs, which
are formed in subhalos. Additionally, we found that the
result is almost independent of the tidal models and zmax

if zmax � 7. Here zmax is the maximum redshift to track
the subhalo evolution. Therefore, we expect the observ-
able consequences are determined by the evolution in the
low redshift regime and that they are not significantly af-
fected by the details of the tidal evolution models, which
we confirm below.
Astrophysical observables and constraint: It is consid-
ered that subhalos which satisfy certain conditions form
galaxies inside. A quantity for the criterion is the max-
imum circular velocity. Based on the conventional the-
ory of galaxy formation, for instance, the dSphs forma-
tion occurs for Vmax,a > 18 km/s, where Vmax,a is the
maximum circular velocity at the time of the accretion.
Using this condition, we can predict the number of the
present dSphs in the Galaxy, which is one of the impor-
tant observables of the dSphs. However, this criterion is
under debate. A recent study suggests a di↵erent crite-
rion of Vmax,a > 10.5 km/s [28]. Therefore, the predicted
number of dSphs can change, depending on the choice of
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Mhost(0) = 1.3⇥ 1012M� is taken for Mhost(z). See Appendix C for additional figures with di↵erent values of kb.
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same as Fig. 2. See Appendix C for additional figures with
di↵erent values of kb.
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where P cvir,a(ma, za) is the distribution function for cvir,a
that is computed from the one for the concentration-mass
relation. A subscript “0” stands for the values at z = z0.
We plot the mass function dNsh/dm of the subhalo at

z0 = 0 computed using the tidal model (a) in Fig. 3. We
found that the mass function is a↵ected significantly, de-
pending on A and kb. As kb becomes small, the mass
function is altered in large subhalo mass, which is ex-
pected from the behavior of �(M). Due to the bump,
the number of the subhalo of a mass scale tends to be
enhanced. On the contrary, the mass function is sup-
pressed below that mass scale. This e↵ect is significant
for large A and small kb. Such a drastic change leads
to change the prediction of the number of dSphs, which
are formed in subhalos. Additionally, we found that the
result is almost independent of the tidal models and zmax

if zmax � 7. Here zmax is the maximum redshift to track
the subhalo evolution. Therefore, we expect the observ-
able consequences are determined by the evolution in the
low redshift regime and that they are not significantly af-
fected by the details of the tidal evolution models, which
we confirm below.
Astrophysical observables and constraint: It is consid-
ered that subhalos which satisfy certain conditions form
galaxies inside. A quantity for the criterion is the max-
imum circular velocity. Based on the conventional the-
ory of galaxy formation, for instance, the dSphs forma-
tion occurs for Vmax,a > 18 km/s, where Vmax,a is the
maximum circular velocity at the time of the accretion.
Using this condition, we can predict the number of the
present dSphs in the Galaxy, which is one of the impor-
tant observables of the dSphs. However, this criterion is
under debate. A recent study suggests a di↵erent crite-
rion of Vmax,a > 10.5 km/s [28]. Therefore, the predicted
number of dSphs can change, depending on the choice of
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FIG. 7. Mass function of subhalo. Tidal model corresponds to (a) Jiang & van den Bosch [26], (b) Hiroshima et al. [12], (c)
No tidal stripping, from top to bottom. The parameters are the same as Fig. 5.

arXiv:1912.03302 [astro-ph.GA].
[31] Gaia Collaboration, A. G. A. Brown et al., “Gaia Data

Release 1. Summary of the astrometric, photometric,
and survey properties,” Astronomy & Astrophysics 595

(2016) A2.
[32] Gaia Collaboration, L. Lindegren et al., “Gaia Data

Release 2: The astrometric solution,” Astronomy &

Astrophysics 616 (2018) A2.
[33] Pan-STARRA1 Collaboration, K. C. Chambers et al.,

“The Pan-STARRS1 Surveys,” arXiv:1612.05560
[astro-ph.IM].

[34] J. Diemand, B. Moore, and J. Stadel, “Earth-mass
dark-matter haloes as the first structures in the early
Universe,” Nature 433 (2005) 389–391,
arXiv:astro-ph/0501589.

[35] Q. Wang, L. Gao, and C. Meng, “The Ultramarine
Simulation: properties of dark matter haloes before
redshift 5.5,” arXiv:2206.06313 [astro-ph.CO].

[36] S. Vegetti, G. Despali, M. R. Lovell, and W. Enzi,

“Constraining sterile neutrino cosmologies with strong
gravitational lensing observations at redshift z ⇠ 0.2,”
Mon. Not. Roy. Astron. Soc. 481 no. 3, (2018)
3661–3669, arXiv:1801.01505 [astro-ph.CO].

[37] D. Gilman, S. Birrer, T. Treu, A. Nierenberg, and
A. Benson, “Probing dark matter structure down to 107

solar masses: flux ratio statistics in gravitational lenses
with line-of-sight haloes,” Mon. Not. Roy. Astron. Soc.

487 no. 4, (2019) 5721–5738, arXiv:1901.11031
[astro-ph.CO].

[38] D. Gilman, S. Birrer, A. Nierenberg, T. Treu, X. Du,
and A. Benson, “Warm dark matter chills out:
constraints on the halo mass function and the
free-streaming length of dark matter with eight
quadruple-image strong gravitational lenses,” Mon. Not.

Roy. Astron. Soc. 491 no. 4, (2020) 6077–6101,
arXiv:1908.06983 [astro-ph.CO].

[39] E. O. Nadler, S. Birrer, D. Gilman, R. H. Wechsler,
X. Du, A. Benson, A. M. Nierenberg, and T. Treu,

Subhalo mass function



10

FIG. 8. Cumulative maximum circular velocity function. Tidal models, the parameters, and the ordering of panels are the
same as Fig. 7.

“Dark Matter Constraints from a Unified Analysis of
Strong Gravitational Lenses and Milky Way Satellite
Galaxies,” Astrophys. J. 917 no. 1, (2021) 7,
arXiv:2101.07810 [astro-ph.CO].

[40] N. A. Montel, A. Coogan, C. Correa, K. Karchev, and
C. Weniger, “Estimating the warm dark matter mass
from strong lensing images with truncated marginal
neural ratio estimation,” arXiv:2205.09126
[astro-ph.CO].

[41] V. S. H. Lee, A. Mitridate, T. Trickle, and K. M. Zurek,
“Probing Small-Scale Power Spectra with Pulsar
Timing Arrays,” JHEP 06 (2021) 028,
arXiv:2012.09857 [astro-ph.CO].

[42] V. S. H. Lee, S. R. Taylor, T. Trickle, and K. M. Zurek,
“Bayesian Forecasts for Dark Matter Substructure
Searches with Mock Pulsar Timing Data,” JCAP 08

(2021) 025, arXiv:2104.05717 [astro-ph.CO].
[43] K. Kashiyama and M. Oguri, “Detectability of

Small-Scale Dark Matter Clumps with Pulsar Timing

Arrays,” arXiv:1801.07847 [astro-ph.CO].
[44] M. S. Delos and T. Linden, “Dark Matter Microhalos in

the Solar Neighborhood: Pulsar Timing Signatures of
Early Matter Domination,” arXiv:2109.03240
[astro-ph.CO].

[45] H. A. Clark, G. F. Lewis, and P. Scott, “Investigating
dark matter substructure with pulsar timing -I.
Constraints on ultracompact minihaloes,” Mon. Not.

Roy. Astron. Soc. 456 no. 2, (2016) 1394–1401,
arXiv:1509.02938 [astro-ph.CO]. [Erratum:
Mon.Not.Roy.Astron.Soc. 464, 2468 (2017)].

[46] T. Ishiyama, J. Makino, and T. Ebisuzaki, “Gamma-ray
Signal from Earth-mass Dark Matter Microhalos,”
Astrophys. J. Lett. 723 (2010) L195, arXiv:1006.3392
[astro-ph.CO].

[47] J. R. Bond, S. Cole, G. Efstathiou, and N. Kaiser,
“Excursion set mass functions for hierarchical Gaussian
fluctuations,” Astrophys. J. 379 (1991) 440.

[48] R. G. Bower, “The Evolution of groups of galaxies in

Cumulative maximum circular velocity function



11

FIG. 9. (Color map of the cumulative number of subhalos with the maximum circular velocity satisfying Vmax > 4 km/s (left)
, Nsh/Nsh,CDM (middle), and boost factor (right) on (A, kb) plane. For both panels the tidal models are (a) Jiang & van den
Bosch [26], (b) Hiroshima et al. [12], and (c) No tidal stripping, from the top to the bottom. As a reference, the constraint due
to µ-distortion is shown as “µ-distortion”, which is given in Ref. [4]. Shaded region on the left is disfavored from the Lyman-↵
observations [11].

the Press-Schechter formalism,” Mon. Not. Roy. Astron.

Soc. 248 (1991) 332.
[49] C. Lacey and S. Cole, “Merger rates in hierarchical

models of galaxy formation.,” Monthly notices of the

Royal Astronomical Society. 262 no. 3, (June, 1993)
627–649. http://dro.dur.ac.uk/14652/.

[50] N. Hiroshima, S. Ando, and T. Ishiyama,
“Semi-analytical frameworks for subhalos from the
smallest to the largest scale,” arXiv:2206.01358
[astro-ph.CO].

[51] J. Bland-Hawthorn and O. Gerhard, “The Galaxy in
Context: Structural, Kinematic, and Integrated
Properties,” Ann. Rev. Astron. Astrophys. 54 (2016)
529, arXiv:1602.07702 [astro-ph.GA].

[52] C. A. Correa, J. S. B. Wyithe, J. Schaye, and A. R.
Du↵y, “The accretion history of dark matter haloes –
III. A physical model for the concentration–mass
relation,” Mon. Not. Roy. Astron. Soc. 452 no. 2,
(2015) 1217–1232, arXiv:1502.00391 [astro-ph.CO].

[53] W. Hu and A. V. Kravtsov, “Sample variance

considerations for cluster surveys,” Astrophys. J. 584

(2003) 702–715, arXiv:astro-ph/0203169.
[54] T. Ishiyama, J. Makino, S. Portegies Zwart, D. Groen,

K. Nitadori, S. Rieder, C. de Laat, S. McMillan,
K. Hiraki, and S. Harfst, “The Cosmogrid Simulation:
Statistical Properties of Small Dark Matter Halos,”
Astrophys. J. 767 (2013) 146, arXiv:1101.2020
[astro-ph.CO].

[55] G. L. Bryan and M. L. Norman, “Statistical properties
of x-ray clusters: Analytic and numerical comparisons,”
Astrophys. J. 495 (1998) 80, arXiv:astro-ph/9710107.

[56] J. Penarrubia, A. J. Benson, M. G. Walker, G. Gilmore,
A. W. McConnachie, and L. Mayer, “The impact of
dark matter cusps and cores on the satellite galaxy
population around spiral galaxies,” Monthly Notices of

the Royal Astronomical Society (May, 2010) no–no.
https:
//doi.org/10.1111%2Fj.1365-2966.2010.16762.x.

[57] https://camb.info by Antony Lewis and Anthony
Challinor.

Cumulative number of subhalos, maximum circular velocity 
function, and boost factor


