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The luminosity densities of high-energy cosmic radiations are studied to find connections among the
various components, including high-energy neutrinos measured with IceCube and gamma rays with the
Fermi satellite. Matching the cosmic-ray energy generation rate density in a GeV–TeV range estimated
for Milky Way with the ultra-high-energy component requires a power-law index of the spectrum
scr ≈ 2.1–2.2, somewhat harder than scr ≈ 2.3–2.4 for the local index derived from the AMS-02
experiment. The soft GeV–TeV cosmic-ray spectrum extrapolated to higher energies can be compatible
with PeV cosmic rays inferred from neutrino measurements, but overshoots the CR luminosity density to
explain GeV–TeV gamma rays. The extrapolation from ultrahigh energies with a hard spectrum, on the
other hand, can be consistent with both neutrinos and gamma rays. These point towards either
reacceleration of galactic cosmic rays or the presence of extragalactic sources with a hard spectrum.
We discuss possible cosmic-ray sources that can be added.
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I. INTRODUCTION

Cosmic rays (CRs) carry the energy about 1 eV per cubic
centimetre in the solar neighborhood. This amounts to
Ωcr ∼ 10−11.4 when the local energy density is extended to
the entire Milky Way galaxy and integrated over the optical
luminosity function of galaxies, assuming that the CR
energy is proportional to optical luminosity of galaxies [1].
It is known, however, that CRs leak from our Galaxy in a
time scale about ∼10–100 Myr. When this is taken into
account, assuming that leaked CRs survive without sig-
nificant energy losses, the global CR energy density
amounts to Ωcr ∼ 10−8.3 [1]. This energy that represents
the CR generation is about 20% of the cumulative amount
of kinetic energies produced in core-collapse supernovae
(ccSNe) integrated to higher redshifts, Ωsn;ke ∼ 10−7.3 [1].
Such an energetics consideration endorses that the pro-
duction of CRs is associated with the star-formation activity
in galaxies.
In recent years, much information relevant to extraga-

lactic CRs became available at very high energies. This
would raise the question as to connections among various
extragalactic cosmic particles and CRs that are locally
observed [2,3]. The observations of high-energy CRs are
supplemented by unprecedentedly accurate knowledge of

local CRs in the GeV–TeV region by PAMELA [4] and by
AMS-02 [5], which leads us to infer accurately the
propagation of Galactic CRs, and thus would in turn make
clear the position of Galactic and extragalactic CRs in the
universe.
Ultrahigh-energy (UHE) CRs in excess of 1018.5 eV are

likely to be extragalactic: further to the fact that they cannot
be confined in the Galaxy, their spectrum shows a sharp
decrease above the energy 5 × 1019 eV, as observed in the
Pierre Auger Observatory [6] and the Telescope Array [7],
which can be ascribed to the Greisen-Zatsepin-Kuzmin
(GZK) and photodisintegration cutoffs, and indicates the
origin of UHE CRs at a great distance of several tens
of Mpc.
In addition, observations have been made for GeV–TeV

gamma rays with the Fermi telescope (e.g., [8]), and for
TeV-PeV cosmic neutrinos with the IceCube experiment
(e.g., [9]). These experiments tell us about the high-energy
CRs as primaries to be compared with the direct CR
observation at lower energies.
In this paper, we focus on luminosity densities of GeV–

TeV and UHE CRs, and those needed to account for high-
energy gamma-ray and neutrino observations. We study
physical connections among these components. This con-
sideration hints us to clarify the origin of high-energy
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cosmic particles. We consider that a typical error of our
argument is no greater than 0.3 dex, unless otherwise
explicitly noted, from a number of cross checks we have
performed.
We takeH0 ¼ 70 kms−1Mpc−1,Ωm ¼ 0.3 andΩΛ ¼ 0.7

for cosmological parameters.

II. ENERGETICS OF COSMIC RADIATIONS

A. Galactic cosmic rays

1. Galactic cosmic-ray luminosity

The CR proton flux derived by AMS-02 is given
approximately as [5]

E2Φcr ¼ 1.8 × 10−2 GeV cm−2 s−1 sr−1
�

E
300 GeV

�
2−γcr

;

ð1Þ

for the kinetic energy E≳ 50 GeV, where γcr is the spectral
index of CRs observed on Earth: γcr ≈ 2.85 below
∼300 GeV hardens to γcr ≈ 2.72 above ∼300 GeV, This
hardening has been known from the CREAM [10] and
PAMELA experiments [4]. The helium flux is known to be
harder by Δγcr ¼ −0.08, corresponding to γcr ≈ 2.78 below
∼250 GV that hardens to γcr ≈ 2.66 above ∼250 GV [11].
We use Refs. [5,11] for proton and helium fluxes above
46 GV. For lower energies, where the solar modulation is
more important, we adopt Ref. [12] that considers the latest
Voyager data [13]. See also Ref. [14] for a detailed study on
solar modulation effects.
The Galactic CR energy density is written

EdUcr=dE ¼ dUcr=d lnE ¼ 4πE2Φcr=v; ð2Þ

where v is the particle velocity. The total energy density of
CR protons and helium nuclei is estimated to be
Ucr ¼

R
dEðdUcr=dEÞ ≈ 1 eV cm−3, consistent with the

value based on Ref. [15], taking account of the solar
modulation using the Fisk model with the solar poten-
tial 700 MV.
To evaluate the high-energy CR luminosity of the

Milky Way, we take account of the fact that CRs eventually
escape from the Galactic disc and the larger CR halo region.
We here introduce the grammage along the CR path length
Xesc ≡ R

dl nðlÞμ, where nðlÞ is the nucleon density and
μ ≈ 1.4mp is the mean mass of gas. In the steady state, Xesc

is related to the CR residence time tesc, as XescðRÞ ¼
n̄μvtescðRÞ, where n̄ is the mean nucleon density in the CR
confinement volume in the MilkyWay. The CR halo, which
is typically h ∼ 1–10 kpc, is larger than the scale hight of
the Galactic disc (∼300 pc). Correspondingly, n̄ should be
lower than the averaged density in the Galactic disc, while
the exact value is uncertain as it depends on the CR halo
size [1] that is uncertain too. Instead, the grammage that

consists of the product of n̄ and tesc can be determined
better by CR data [16]. From the ratio of boron to carbon
fluxes [17,18] the grammage (e.g., [16,19]) traversed by
CRs is estimated to be

XescðRÞ ≈ 8.7 g cm−2
�

R
10 GV

�
−δ
; ð3Þ

where R ¼ cp=Ze is the rigidity. Whereas a single power
law with δ ¼ 0.4 gives a reasonable fit (with 20%
accuracy) to the grammage deduced from the boron-to-
carbon ratio data for R > 5 GV [16], the recent AMS-02
measurement indicates a lower value, δ ¼ 0.333�
0.014ðfitÞ � 0.005ðsystÞ above 65 GV [18]. Noting that
δ appears decreasing as energy increases [20], we take a
broken power law with δ ¼ 0.46 for R < 250 GV and
δ ¼ 0.33 for R ≥ 250 GV. The hardening of the CR
spectrum is then translated to this flatter energy depend-
ence of the grammage at a higher rigidity: with the index
of the CR injection spectrum scr ¼ γcr − δ ¼ 2.39 (for the
proton) and 2.33 (for the helium), δ can give proper
spectral indices of CRs for a wide range of the energy (see
also Ref. [20]). Our conclusions are unchanged by the
choice of δ within the uncertainty. We remark that for
R≲ 20 GV the Fermi measurement of gamma rays from
nearby molecular clouds gives different indices, e.g., γcr ≈
2.9 for R≳ 10–20 GV [21], implying a steeper high-
energy CR spectrum.
Now let us estimate the CR luminosity of the Milky Way.

In the steady state, the differential CR luminosity satisfies
EðdLcr=dEÞtesc¼EðdUcr=dEÞVhalo, where Vhalo is the halo
volume. This can be rewritten EðdLcr=dEÞXesc ¼
EðdUcr=dEÞMgas, where Mgas is the total gas mass con-
tained in the CR halo. In general, the gas mass consists
of Mgas ¼ Mcold þMwarm=hot, where Mcold is the cold gas
mass in the disc region. The so-called missing baryon
problem [22] implies that the latter, i.e., warm or hot
circumgalactic mass, is significant in a scale of the virial
radius of the Milky Way, which is about 250 kpc.
References [23–25] suggest Mwarm=hot≈ð1−4Þ×108M⊙
within 15 kpc and Mwarm=hot ≈ ð2 − 3Þ × 109 M⊙ within
50 kpc. Thus, we can safely ignore the circumgalactic
gas mass in a scale of the CR halo with h ∼ 1–10 kpc.
The stellar mass of the Milky Way is estimated M� ¼
5.1 × 1010 M⊙ (e.g., [26]). The cold gas mass (H I, He I
and molecular gas) estimated from HIPASS and CO
surveys, Ωgas=Ω� ¼ 0.00078=0.0027 ≃ 29% [1], which is
consistent with an estimate for the gas mass of the
Milky Way within a factor of 2 (e.g., [27]). Taking these
uncertainties into account, we take the gas mass fraction
to be 15%–30% of the stellar mass: Mgas ≈Mcold ¼
ð0.75 − 1.5Þ × 1010 M⊙. For the steady state, the
Galactic CR proton luminosity per logarithmic energy
range is, using Eq. (3),
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E
dLcr

dE
¼ E

dUcr

dE
vVhalo

tescðEÞ
¼ E

dUcr

dE

vMgas

XescðEÞ

≃ 1.5 × 1040 erg s−1
�

Mgas

1010 M⊙

��
E

10 GeV

�
2−scr

:

ð4Þ

We note that the above quantity is the differential
luminosity multiplied by the relevant energy, which
should be smaller than the integrated luminosity, Lcr ¼R
dEðdLcr=dEÞ. With the helium contribution, Eq. (4)

leads to Lcr ≃ 8.5 × 1040 erg s−1, consistent with the esti-
mate in Ref. [28] within 20%.
We remark that the derived CR luminosity is based on

local CRs in the solar neighborhood. Observations of
gamma rays from nearby molecular clouds [21] give a
result consistent with this. The CR density may be larger
toward the Galactic center. If we assume that the CR
production is proportional to the radio emission [29], the
total density of CRs may be larger than our estimate by a
factor of 2 [1]. The recent observations in GeV–TeV
gamma rays suggest that the CR density is higher by a
factor of 5 within 100 pc of the Galactic center [30], or by a
factor of 2–4 within the 3 kpc region [31,32]. These mean
that the CR luminosity enhancement is at most modest,
only up to by a factor of 2 when averaged over the galaxy.
Indeed, if one invokes a propagation model such as

GALPROP, in which an inhomogeneous distribution
of CRs including the enhancement around the Galactic
center, can be captured [31,32], one obtains EðdLcr=dEÞ ≃
1.3 × 1040 erg s−1 around 10 GeV [33]. Our result in
Eq. (4), without taking account of the enhancement by
the CR inhomogeneity, agrees with variants of estimates to
within a factor of 2. This is an example that our estimate
of the uncertainty in the CR luminosity, typically less than
0.3 dex, in fact, holds.

2. Consistency with traditional estimates

Let us note here the consistency between CR and
acceleration in remnants of ccSNe. If we take the conven-
tional ccSN rate, ρsn ¼ 1=30 yr−1 [34], we find the average
CR luminosity generated in the Milky Way galaxy,

E
dLcr

dE
≃ 2.1 × 1040 erg s−1

�
ϵcrEsn

1050 erg

��
E

10 GeV

�
−0.39

;

ð5Þ

taking the CR spectrum from AMS-02, the kinetic energy
of a ccSN Esn ∼ 1051 erg, and the energy fraction carried by
CRs ϵcr ∼ 0.1. This is consistent with Eq. (4). Thus, ccSNe
may well account for the entire CR luminosity with the
energy fraction carried by CRs, ϵcr ∼ 10%.

The abundance of the secondary nuclei, boron, lithium,
and beryllium indicates tesc ∼ 15–100 Myr [35,36]. In
particular, measurements of the beryllium ratio lead to
tesc ¼ 15� 1.6 Myr with the aid of the leaky box model:
the diffusion model predicts a longer time scale,
tesc ∼ 30–100 Myr, which depends on the CR halo size,
h [35]. This is also consistent with Ref. [37]. These are at
least by three orders of magnitude longer than the crossing
time, tcross ¼ h=c ≃ 13 kyrðh=4 kpcÞ. This escape time
means that a dominant part of generated CRs escape.
Namely, the fraction of CRs that reside in galaxies is
∼tesc=tH times the generated CRs (where tH ¼ 1=H0 is
the Hubble time). Under the assumption that the CR halo
size is energy independent, the simple diffusion model
(e.g., [35,38]) gives

tescðRÞ ∼ 60 Myrðc=vÞðR=1 GVÞ−δ; ð6Þ

which is consistent with the diffusion constant at 1 GV,
Dð1 GVÞ ∼ 4 × 1028 cm2 s−1 for h ¼ 4 kpc. If we
assume that CRs reside in the CR halo with the volume
of Vhalo ¼ 2πr2MWh with rMW ¼ 20 kpc and h ¼ 4 kpc, we
obtain the Galactic CR proton luminosity per logarithmic
energy,

E
dUcr

dE
Vhalo

tescðEÞ
∼ 2 × 1040 erg s−1

�
E

10 GeV

�
−0.39

; ð7Þ

consistent with Eqs. (4) and (5). Equations (4) and (7) may
not be fully independent because D and h are usually
determined by exploiting a propagation model and using
information on the ratio of secondary and primary CR
fluxes. The advantage of Eq. (4), over Eq. (7), is that the CR
luminosity is expressed with Mgas and Xesc that do not
explicitly refer to the uncertain CR halo size, h. Here it is
more useful to show both derivations to see its consistency
with the traditional expression [i.e., Eq. (7)].

3. Global cosmic-ray energy generation rate density

With the CR dominantly produced in ccSNe we may
assume that its energy generation rate density is pro-
portional to the star-formation rate ψ . We may take the
star-formation rate of the Milky Way, ψMW ≈ 1.7�
0.2 M⊙ yr−1 [26], which is consistent with the global value
at z ¼ 0, ψ ¼ 0.015 M⊙ Mpc−3 yr−1 [39] within a factor of
2, when scaled the Milky Way luminosity to the global
luminosity density of galaxies.
Using Eq. (4), the global CR energy generation rate

density, or simply CR luminosity density, Qcr is given per
logarithmic energy, as

ENERGETICS OF HIGH-ENERGY COSMIC RADIATIONS PHYS. REV. D 99, 063012 (2019)

063012-3



E
dQcr

dE
¼ dQcr

d lnE
¼ ψ

ψMW

dLcr

d lnE

≃ 1045.9�0.3 ergMpc−3 yr−1
�

E
10 GeV

�
2−scr

; ð8Þ

including the helium contribution.
The result is shown in Fig. 1 in the (grey) shaded region

for E < 3 TeV, where the AMS-02 data are available.
A factor of 4 uncertainty is implied here to represent
various uncertainties, such as the CR density enhancement
around the Galactic center region, the gas mass estimate,
star-formation rate, and so on. The calculation with the
single power-law grammage with δ ¼ 0.4 is shown with the
double dashed lines, which differ little from the broken
power-law case shown with the solid lines, showing
impacts of a different power-law index. In this figure,
we also depict the UHE CR from Auger, the gamma-ray
luminosity density from the Fermi Large Area Telescope
[8], and the high-energy neutrino luminosity density from
IceCube [9], to compare them with the CR luminosity
density, as we discuss in later subsections. Table I summa-
rizes the luminosity and energy densities of high-energy
cosmic particles.
Our results imply that the source spectral index for the

proton component is larger than the nominal value expected
by the diffusive shock acceleration mechanism for non-
relativistic quasiparallel shocks (i.e., scr ¼ 2.0). Our larger

index is consistent with the recent result based on the leaky
box model [40], and the observations of young supernova
remnants such as Cas A [41]. Such a steeper spectrum
might point to additional processes that may play a role in
the CR acceleration (e.g., [42–45]).
We remark that scr ≈ 2.3–2.4 derived from the AMS-02

experiment is the local spectral index. The CR spectral index
may vary spatially across the Milky Way, which can be
probed by gamma-ray observations. For instance, GeV
gamma-ray observations suggest harder indices in the inner
regions of the Milky Way [31]. Somewhat a harder global
index such as scr ∼ 2.2 may be allowed by the anisotropic
diffusion [46], although indices required for theperpendicular
diffusion, δ ∼ 0.5, seem larger than thevalue suggested by the
AMS-02 experiment [18]. On the other hard, a relatively soft
spectrum with scr ∼ 2.4 is also inferred from the gamma-ray
data of the starburst galaxy Arp 220 [47]. The global index
is by no means definitive in the state-of-the-art experiments.
For this study we take the local value inferred from the
AMS-02 experiment literally.We note that a 0.1 difference in
the index causes a 0.5 dex change in the luminosity density at
1019 eV when extrapolated from 1014 eV. This is somewhat
beyond what we tolerate at UHE energies.

B. Extragalactic cosmic rays

UHE CRs that cannot be confined in the Milky Way
would represent extragalactic CRs. To estimate the lumi-
nosity density, we assume that UHE CRs are composed
dominantly of protons. The dominance of protons or light
nuclei is suggested in the energy range near the ankle [6,7],
and we find that this assumption would not result in too
significant an error in our order of magnitude estimate. The
UHE CR flux measured by Auger is written [48]

E2Φuhecr ¼ 2.43 × 10−8 GeVcm−2 s−1 sr−1
�

E
Eankle

�
2−γcr

×

(
1 ðE < EankleÞh
1þðEankle=EsuppÞΔγcr
1þðE=EsuppÞΔγcr

i
ðE ≥ EankleÞ

ð9Þ

where γcr ¼ 3.29 below the ankle energy Eankle ¼
ð4.82� 0.8Þ × 1018 eV, and γcr ¼ 2.60 above it; Esupp ¼
ð4.21� 0.78Þ × 1019 eV is the energy of suppression
and Δγcr ¼ 3.1.
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FIG. 1. Local (z ¼ 0) CR energy generation rate density
estimated from the AMS-02, Voyager and other relevant CR
data. UHE CR luminosity density is based on the Auger
experiment. High-energy neutrino and gamma-ray luminosity
densities use IceCube and Fermi Large Area Telescope, res-
pectively. With the IceCube data both results from the global
analysis and the upgoing muon neutrino analysis are included.
For gamma rays, both total “extragalactic gamma-ray back-
ground” (EGB: including resolved gamma-ray sources) and
“isotropic diffuse gamma-ray background (IGRB)” are displayed.
The star-formation history is assumed for the neutrino and
gamma-ray luminosity densities as discussed in the text.

TABLE I. Luminosity densities Q in units of ergMpc−3 yr−1

and energy densities Ω in units of the critical density ϱcritc2 of
CRs, UHE CRs, high-energy neutrinos, and gamma rays,
integrated over energies. For redshift evolution, the star-forma-
tion rate history is assumed, as discussed in the text.

CR UHE CR ν (global) ν (upgoing) γ (total) γ (IGRB)

Q 1046.6 1044.5 1044.3 1043.8 1045.52 1045.31

Ω 10−8.3 10−11.5 10−10.7 10−11.2 10−9.44 10−9.64
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Using the observed UHE CR flux and their characteristic
energy-loss lengths, ctloss ∼ 100–1000 Mpc at E∼
1019–1020 eV, the UHE CR luminosity density is roughly

E
dQuhecr

dE
≈
4πE2Φuhecr

ctloss

≃ 0.9 × 1044 ergMpc−3 yr−1
�

ctloss
1 Gpc

�
−1
: ð10Þ

at around E ¼ 1019 eV. Calculations of the propagation
following Refs. [49,50], taking into account energy losses
due to the photonuclear and Bethe-Heitler processes, give

E
dQuhecr

dE
≈1043.8�0.2 ergMpc−3yr−1CðscrÞ

�
E

1019.5 eV

�
2−scr

;

ð11Þ

where CðscrÞ ¼ max½1; scr − 1� for 1.5≲ scr ≲ 2.5, being
consistent with Refs. [51,52] within 50%. The result on the
UHE CR luminosity density depends on the fitting range,
which reflects details of modeling of the Galactic to
extragalactic transition. It is slightly affected by the redshift
evolution of sources, but is not very important, for UHE
CRs from high redshift sources are attenuated by energy
losses. The interpretation of the shower maximum in air-
shower experiments is under debate, and the UHE CR
composition is unclear due to uncertainties in hadronic
interaction models. The UHE CR spectrum can be fitted not
only by protons but also by medium heavy or heavy nuclei,
and the composition also affects precise values of the
UHECR generation rate density. However, because energy
loss lengths of different nuclei are comparable at E ∼
1019 eV (e.g., [53]), their differential UHE CR generation
rate densities are similar in this energy range. For example,
at E ∼ 1019 eV, energy loss lengths of nuclei lighter than
nitrogen or oxygen are slightly shorter than that of protons.
Heavier nuclei have longer but still comparable loss lengths
thanks to unavoidable energy losses by the cosmic expan-
sion, which results in somewhat smaller values of the UHE
CR generation rate density. We take a factor of 2 uncer-
tainty in this study, which is conservative if we hold the
proton composition scenario.
The differential UHE CR luminosity density, depicted

in Fig. 1 above, is of the order of ∼1044 ergMpc−3 yr−1.
The spectral index at the sources is assumed to be
1.5 ≤ scr ≤ 2.5. We remark that the differential UHE CR
luminosity density at ∼3 × 1019 eV that concerns us is not
too sensitive to the source spectral index scr, which is not
easy to infer due to the degeneracy with other parameters
such as the redshift evolution (e.g., [54,55]) and extra-
galactic magnetic fields (e.g., [56,57]). This is also con-
sistent with the fact that the cosmogenic neutrino flux at
∼1 EeV does not depend on scr and the maximum CR
energy at least in the proton composition case (see Figs. 6

and 7 of Ref. [58]). Given these, one may suspect that the
galactic CRs at low energies, when the leakage from
galaxies is fully taken into account, may extrapolate to
the UHE range around 3 × 1019 eV reasonably well: in
fact, the two regions can match if the spectral index is
effectively scr ≈ 2.1–2.2.
Lower-energy CR, however, if extrapolated to high

energies with the power-law index with scr ≈ 2.33–2.39
as derived from AMS-02, undershoots the UHECR lumi-
nosity density by an order of magnitude [59]. Matching of
the low-energy and the high-energy components of CRs,
requires tilting of the power law, say by anisotropic
diffusion, reacceleration outside the galactic disc, or else,
additional sources with a harder spectrum are needed. CRs
cannot achieve UHE energies in remnants of ordinary
ccSNe, so we focus on the latter two possibilities.
For active galactic nuclei (AGN), for instance, to be a

valid candidate for such an additional agent, the require-
ment is that the CR luminosity density above TeV-PeV
energies from additional sources overwhelm that from
normal star-forming galaxies. The luminosity density of
CRs generated in AGN is unknown for sure, but we see
circumstantial evidence that the total CR luminosity density
of AGN can be on the same order of magnitude as that from
normal galaxies, as we argue in Appendix A 2. Not only
AGN but a number of rival candidates would raise the
luminosity density required for UHE CRs, as also discussed
in Appendixes A 1 and A 3.
The luminosity density and the energy density are sum-

marized in Table I. Both quantities are calculated by integrat-
ing over energies from E¼1018.5 eV to E¼1020.5 eV. We
need to fix the slope of the spectrum: for example, scr ¼ 2.0
gives Quhecr ≃ 3.5 × 1044 ergMpc−3 yr−1. If we extrapolate
this UHE CR spectrum to E ¼ 1 GeV, we have Quhecr ≃
1045.3 ergMpc−3 yr−1. With Eq. (9), we obtain Ωuhecr ≃
10−11.5, which is about∼10−3 of the total CR energy density.

C. High-energy neutrinos

An analysis based on a global fit of the neutrino data
measured in the IceCube experiment yields the flux [60]

Eν
2Φν ¼ ð6.7� 1.2Þ × 10−8 GeV cm−2 s−1 sr−1

×

�
Eν

0.1 PeV

�
−0.50�0.09

; ð12Þ

in the 25 TeV–2.8 PeV range. Here neutrinos (and anti-
neutrinos) are added over three flavors. This is consistent
with neutrino-induced showers, which gives the neutrino
spectrum Φν ∝ Eν

−s with s ¼ 2.48� 0.08 [9].
The high-energy neutrino flux is also measured with

upgoing muons in the 119 TeV-4.8 PeV region. Eight years
of the IceCube data give [9]
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Eν
2Φνμ ¼ 1.01þ0.26

−0.23 × 10−8 GeV cm−2 s−1 sr−1

×

�
Eν

0.1 PeV

�
−0.19�0.10

ð13Þ

per neutrino flavor. A global fit of neutrino data gives
a softer spectrum, and this is also true in the analyses
of neutrino-induced showers and high-energy starting
events [9].
The arrival direction of high-energy neutrinos is con-

sistent with isotropic, which constrains the Galactic con-
tribution, and points to predominantly extragalactic nature
of sources for IceCube neutrinos [9,61].
The differential neutrino luminosity density is

Eν
dQν

dEν
≈
4πEν

2Φν

cξztH

≃ 1043.3�0.1 ergMpc−3 yr−1
�
2

ξz

�

×

�
Eν

2Φν

3 × 10−8 GeV cm−2 s−1 sr−1

�
; ð14Þ

where ξz ¼ t−1H
R

dz
1þz j dtdz jðQνðzÞ=QνÞ ≈ 2 is the correction

factor for the integration over redshift with the star-
formation history we adopt [39]. We note that the line-
of-sight integral in the diffuse flux calculation is dominated
by sources at z ∼ 1. The neutrino luminosity densities
derived from the IceCube data are also presented in Fig. 1
above. Equation (13) is multiplied by a factor of 3 in the
figure to take into account the other flavors.
The global analysis of the ≳10–30 TeV neutrino data

gives Qν ≃ 1.8 × 1044 ergMpc−3 yr−1ð2=ξzÞ, and the
upgoing muon neutrino analysis focusing on ≳100 TeV
leads to Qν≃5.6×1043 ergMpc−3yr−1ð2=ξzÞ (see Table I).
The former is by a factor of 3 larger because of the higher
neutrino flux in the 10–30 TeV range. If the neutrino
spectrum is extended to lower energies with s ∼ 2.5–3.0,
both Qν and Ων will be even larger.
High-energy neutrinos are produced by CRs through

inelastic pp or pγ interactions, yielding the energy flux
(e.g., [62,63]),

E2
νΦ

ðpp=pγÞ
ν ≈

cξztH
4π

3K
4ð1þ KÞmin½1; fmeson�Ep

dQexcr

dEp
;

ð15Þ

where K ¼ 1 or 2 for pγ or pp interactions, respectively,
and fmeson is the effective optical depth for the meson

production. With E2
νΦν ¼ E2

νΦ
ðpp=pγÞ
ν we are led to a

constraint on the CR luminosity density at energies relevant
to IceCube neutrinos:

Ep
dQexcr

dEp
≈ 4.4 × 1043 ergMpc−3 yr−1

½4ð1þ KÞ=6K�
min½1; fmeson�

×

�
2

ξz

��
E2
νΦν

3 × 10−8 GeVcm−2 s−1 sr−1

�
:

ð16Þ

Imposing min½1; fmeson� ≤ 1 gives a lower limit on the
differential CR luminosity density [3]. At a few PeV
energies, this is on the correct order of magnitude of
the CR luminosity densities extrapolated from either the
GeV–TeV range or UHE range.

D. High-energy gamma rays

The Fermi Large Area Telescope has identified a large
number of extragalactic gamma-ray sources that consist of
blazars, radio galaxies, and actively star-forming galaxies,
but also it gives the “extragalactic gamma-ray background
(EGB)” above 0.1 GeV [8], as

E2
γΦγ ¼ ð1.48� 0.09Þ × 10−6 GeVcm−2 s−1 sr−1

×

�
Eγ

0.1 GeV

�
−0.31�0.02

: ð17Þ

At ≳50 GeV energies one considers that the EGB is
dominated by unresolved point sources, mainly of blazars
[64–66]. The remaining background, including both unre-
solved point sources and diffuse component, is referred as
the “isotropic diffuse gamma-ray background (IGRB)”.
The IRGB flux up to ∼1 TeV is [8]

E2
γΦγ ¼ ð0.95� 0.08Þ × 10−6 GeVcm−2 s−1 sr−1

×
�

Eγ

0.1 GeV

�
−0.32�0.02

: ð18Þ

As in Eq. (14), the gamma-ray background flux can
be translated into the differential gamma-ray luminosity
density

Eγ
dQγ

dEγ
≈
4πEγ

2Φγ

cξztH

≃ 1043.86�0.05 ergMpc−3 yr−1
�
2

ξz

�

×

�
Eγ

2Φγ

10−7 GeV cm−2 s−1 sr−1

�
; ð19Þ

which gives Qγ ≃ 3.3 × 1045 ergMpc−3 yr−1ð2=ξzÞ for the
total EGB and Qγ ≃ 2.1 × 1045 ergMpc−3 yr−1ð2=ξzÞ for
the IGRB. The gamma-ray luminosity densities derived
from the EGB and IGRB are also shown in Fig. 1.
Gamma rays are produced by leptonic processes such

as the inverse-Compton radiation in addition to hadronic
processes of pp and pγ interactions. For the hadronic

KOHTA MURASE and MASATAKA FUKUGITA PHYS. REV. D 99, 063012 (2019)

063012-6



component the generated energy flux of gamma rays from
neutral pion decay is, similarly to Eq. (15),

E2
γΦ

ðpp=pγÞ
γ ≈

cξztH
4π

1

1þ K
min½1; fmeson�Ep

dQexcr

dEp
: ð20Þ

The fact that the EGB and IGRB receive both leptonic and

hadronic contributions means E2
γΦ

ðpp=pγÞ
γ ≤ E2

γΦγ , which
leads to an upper limit

Ep
dQexcr

dEp
≲ 2.2 × 1044 ergMpc−3 yr−1

½ð1þ KÞ=3�
min½1; fmeson�

×

�
2

ξz

��
E2
γΦγ

10−7 GeVcm−2 s−1 sr−1

�
: ð21Þ

Equation (21) is valid for gamma rays in the GeV range.
Very high-energy gamma rays with Eγ ≳ 0.1 TeV, how-
ever, interact with the extragalactic background light (EBL)
and cosmic microwave background (CMB), causing elec-
tron-positron pair creation. The generated electrons and
positrons lose their energies through inverse-Compton
scattering, producing electromagnetic cascades, whose
resulting gamma rays appear in the MeV–TeV region.
The spectrum of gamma rays may be characterized
effectively with Gγ, the ratio of the differential energy
spectrum of cascade gamma rays at specific energy Eγ to
the integrated energy spectrum of injected gamma rays,
electrons and positrons [67,68], such that EγðdGγ=dEγÞ≡
E2
γϕ

ðcasÞ
γ =

R
dEγEγϕ

ðemÞ
γ ,

dGγ

dEγ
∝
� ðEγ=Ebr

γ Þ−1=2 ðEγ ≤ Ebr
γ Þ

ðEγ=Ebr
γ Þ1−β ðEbr

γ < Eγ ≤ Ecut
γ Þ: ð22Þ

where dGγ=dEγ is normalized as
R
dEγðdGγ=dEγÞ ¼ 1;

the break energy Ebr
γ ≈ ð4=3ÞðE0cut

γ =mec2Þ2εCMB ≃
0.034 GeVðEcut

γ =0.1 TeVÞ2½ð1þ zÞ=2�2 with εCMB the
CMB energy, Ecut

γ is the cutoff due to EBL and the spectral
index β ∼ 2. Averaging over redshifts, Ebr

γ ðdḠγ=dEγÞjEbr
γ
∼

ð2þ lnðEcut
γ =Ebr

γ ÞÞ−1 ∼ 0.1, which is consistent with a
numerical calculation [68]. The detail of initial spectra is
unimportant for they are largely washed out.
Electromagnetic cascades convert the bolometric electro-

magnetic energy, when input at sufficiently high energies,
to lower-energy gamma rays in the Fermi range. The
resulting gamma-ray background flux is [68]

E2
γΦ

ðcasÞ
γ ≈

cξztH
4π

QðemÞ
γ Eγ

dḠγ

dEγ
; ð23Þ

where QðemÞ
γ ≈ 4π

R
dEγΦ

ðemÞ
γ =ðcξztHÞ is the electromag-

netic luminosity density due to the photomeson production

and the Bethe-Heitler pair production. Using Eqs. (18)
and (23), one obtains [52,68]

QðemÞ
γ ≲ 8 × 1044 ergMpc−3 yr−1ð2=ξzÞ

×

�
E2
γΦγ

10−7 GeV cm−2 s−1 sr−1

�
; ð24Þ

which is taken as an upper limit on the UHE CR luminosity
density, since the effective optical depth is ≳1 for the
photomeson and the Bethe-Heitler pair production of UHE
CRs above E≳ 1018.5 eV.

III. ENERGY DENSITY
OF COSMIC RADIATIONS

With the generation rate density Qcr, the CR energy
density is

E
dUcr

dE
¼ E

dΩcr

dE
ðϱcritc2Þ ≈

Z
tsurv dt

1þ z
E0 dQcr

dE
; ð25Þ

where E0 ¼ ð1þ zÞE and tsurv ≈min½tH; tloss� is the sur-
vival time. In the absence of energy losses during the
Hubble time,

E
dΩcr

dE
≈

ξztH
ϱcritc2

E
dQcr

dE

≃ 10−9.1�0.3

�
E

10 GeV

�
2−scrðξz=2Þ; ð26Þ

where ξz ¼ t−1H
R

dz
1þz j dtdz jðQcrðzÞ=QcrÞ ≈ 2 is introduced as

in Sec. II. Integrating over energies, we obtain the global
CR energy density in units of the critical energy density,
ϱcritc2,

Ωcr ¼ Ucr=ðϱcritc2Þ ≃ 10−8.3�0.3ðξz=2Þ; ð27Þ

in agreement with Ref. [1].
Figure 2 shows the cosmic energy density of CRs per

logarithmic energy, dΩcr=d lnE, translated from Fig. 1. The
upper (grey) shaded region is the global CR energy density,
corresponding to the upper curves in Fig. 1. We also show
the energy density of CRs that reside in the galactic disc,
discarding the escaped CRs, with (brown) shades in the
lower part of the figure. If, as in our archetype argument,
the CRs generated in a galaxy escape, then the energy
density of confined CRs amounts to tescðEÞ=ðξztHÞ times
the above estimate. Here it is assumed that Eq. (6), given for
the Milky Way, represents the typical escape time of
galactic CRs.
In reality, low-energy CRs may undergo adiabatic energy

losses in the expanding wind [69] and inelastic pp
collisions, in particular, in actively star-forming galaxies
(starburst galaxies), in which the pp cooling time is likely
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to be shorter than the advection and the escape times
[70,71]. Thus, whereas the above estimate, corresponding
to the upper curve in Fig. 2, may be valid in normal
galaxies, thisΩcr we obtained is taken, for sure, as an upper
limit on the current energy density of CRs with stellar
origins.
For extragalactic radiations, including UHE CRs,

neutrinos, and gamma rays, the differential global energy
density is written in terms of the observed energy density as,

E
dΩ
dE

¼ E
dU
dE

1

ϱcritc2
¼ 4πE2Φ

c
1

ϱcritc2
: ð28Þ

The UHE CR energy density on Earth is measured
accurately, but the global energy density depends on the
transition from Galactic to extragalactic CRs. In Fig. 2, the
upper curve of the UHE CR shade region is taken from
Ref. [57] which uses the mixed composition model with
the proton dominance around the ankle energy. For
E≳ 1018.5 eV this model has the spectrum that is close
to the flux given by Eq. (9). The lower curve of the (green)
shade region is based on the classical proton ankle model
with ssc ¼ 2.0 [52,72], which can be taken as a more
conservative estimate on the UHE CR energy density. Note
that both curves agree with each other above E ∼ 1019 eV,
where the extragalactic component is dominant.
High-energy neutrino observations serve as a probe for

the differential luminosity and energy density of CRs. For a
given spectral index we obtain the total luminosity density:
for s ¼ 2.5 we have Qν ≃ 1044.3�0.1 ergMpc−3 yr−1ð2=ξzÞ
and Ων ≃ 10−10.7�0.1 above 25 TeV (see Table I).

This yields Qexcr ≳ 1044.6�0.1 ergMpc−3 yr−1ð2=ξzÞ and
Ωexcr ≳ 10−10.4�0.1 above Ep ∼ 0.5 PeV, assuming inelastic
pp interactions being the dominant process.
As indicated in Fig. 3 below, the GeV–TeV CR spectrum

extrapolated to PeV energies can be compatible with the
soft CR spectrum indicated by the 10–100 TeV neutrino
data if the meson production is fully efficient for PeV CRs,
i.e., the effective optical depth fmeson ≳ 1. On the other
hand, Ωcr ≫ Ωγ means that the CR energy density in the
GeV–TeV range needed to explain GeV–TeV gamma rays
overshoots the observed CR roughly by a factor of 3–10
(see Fig. 3). This implies that the gamma-ray production
for GeV–TeV CRs should not be fully efficient (i.e.,
fmeson ≪ 1) and/or the hadronic gamma rays are attenuated
by interactions with ambient matter or radiation. A com-
parison of the IceCube and Fermi data implies that the CR
accelerators are hidden when viewed in GeV–TeV gamma
rays [62].

IV. DISCUSSION

A. Cosmic-ray reacceleration in star-forming galaxies

The CR energy generation rate density in the GeV–TeV
range, when leaked CRs are included, is not much different
from that in the UHE range, across energies 10 orders of
magnitude apart. This may point towards the idea that CRs
may be reaccelerated by the Fermi acceleration in the
vicinity of galaxies, say, in superbubbles or galactic winds
driven by the star formation, whose power-law index can be
scr ∼ 2 or smaller [73,74].
The velocity of galactic winds driven by the star

formation can be Vs ∼ 300–1000 km s−1 [75,76] (see also
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FIG. 2. Local (z ¼ 0) energy densities of cosmic particles (in
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of CRs injected in the past. Unavoidable energy losses of UHE
CRs are taken into account, and we show both proton ankle and
mixed composition models. The energy density of CRs confined
in normal galaxies is indicated assuming tesc ¼ 15–100 Myr at
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41

42

43

44

45

46

47

48

8 9 10 11 12 13 14 15 16 17 18 19 20

lo
g(

E
 d

Q
cr

/d
E

 [e
rg

 M
pc

-3
yr

-1
])

log(E [eV])

CR

UHE CR

-ray upper limit on
CR sources with fmeson >1

 constraint on
CR sources
with fmeson >1

-ray upper limit on
CR sources with fmeson=0.1  constraint on

CR sources
with fmeson<1

scr=2.2

scr=2.0

scr=2.

FIG. 3. Similar to Fig. 1, but neutrino and gamma-ray lumi-
nosity densities are converted into CR energy generation rate
densities assuming that they are produced by inelastic pp
interactions. The high-energy neutrino background gives con-
straints on the CR energy generation rate density, while the IGRB
is taken as an upper limit for a given value of the effective optical
depth to meson production (fmeson): the cases for fmeson ≥ 1 and
fmeson ¼ 0.1 are displayed.

KOHTA MURASE and MASATAKA FUKUGITA PHYS. REV. D 99, 063012 (2019)

063012-8



reviews, e.g., [77,78]), and the termination shock radius
would be Rs ∼ 5–50 kpc (e.g., [69]). The Fermi bubbles,
which are seen in gamma rays, could be attributed to the
termination shock formed by starburst winds. With a
magnetic field of B ∼ 5 μG [69,79], the maximum energy
of CRs is

Emax≈
3

20
ZeBðVs=cÞRs

∼1016 eVZ

�
B

5 μG

��
Vs

1000 kms−1

��
Rs

5 kpc

�
; ð29Þ

which means that galactic CRs in the halo can be
reaccelerated up to or even beyond the knee energy
≈3–4 PeV. The Galactic CR spectrum may be explained
by the reacceleration of cosmic rays originating from
supernovae.
The actively star-forming galaxies, often referred to as

starburst galaxies, may have a higher wind velocity of Vs ∼
1000–2000 km s−1 [75,80] and a larger magnetic field of
B ∼ 0.1–1 mG [81], with which the maximum energy
could reach Emax ∼ 1020.5ðZ=26Þ eV. This value is signifi-
cantly higher than that for the Milky Way. Thus, if galactic
CRs can be reaccelerated in the galactic halo with a hard
spectral index of scr ∼ 2.0–2.2, it is possible that the global
CR generation rate density in the GeV–TeV range could
match that in the UHE range, up to one order of magnitude
across the energy difference extending 10 orders of
magnitude. In this scenario, the highest-energy CRs are
largely nuclei and the correlation between UHE CRs and
starburst galaxies can be expected.

B. Active galactic nuclei and structure
formation shocks

As detailed in Appendix A 2, recent observations
revealed that luminosity densities of nonthermal gamma-
ray emissions from AGN, including blazars, lie in the range
QAGN

γ ∼ 3 × ð1044 − 1046Þ ergMpc−3 yr−1. The observed
x-ray and gamma-ray emissions are attributed to synchro-
tron and inverse-Compton radiation from relativistic elec-
trons. We expect that ions may also be accelerated by the
Fermi acceleration mechanism, so that the CR luminosity
density for AGN may be comparable to or even larger than
that for star-forming galaxies,Qcr≃2×1046 ergMpc−3yr−1,
as well as QAGN

γ . The gamma-ray luminosity densities
for blazars and radio galaxies are similar to that for starburst
galaxies, QSBG

γ ∼ 3 × 1044 ergMpc−3 yr−1, which is con-
sistent with the idea that EGB consists of multiple
components.
CRs may be accelerated by shocks in hierarchical

structure formation, which induces accretion shocks,
cluster and galaxy mergers. The integrated CR lumi-
nosity densities associated with these shocks are

Qcr∼3×ð1045−1046ÞergMpc−3yr−1 (see Appendix A 3).
This is also comparable to that for star-forming galaxies.

C. Consistency among high-energy
cosmic radiations?

In summary, Fig. 3 reiterates the energy generation rate
density of CRs. In this figure, energies of high-energy
neutrinos and gamma rays are those of primary CRs.
IceCube neutrinos give constraints on the CR luminosity
density in the 1–100 PeV range. In particular, for
scr ∼ 2.0–2.3, CR spectra extrapolated from UHE energies
can match the CR luminosity needed to explain the IceCube
data, if the efficiency to produce neutrinos is sufficiently
high (i.e., min ½1; fmeson� ∼ 0.03–1); see Fig. 3 and Eq. (16).
The IGRB gives an upper limit on the CR luminosity
density for a given fmeson [see Eq. (21)]; Fig. 3 displays the
case for fmeson ≥ 1). This upper limit becomes weaker if
fmeson < 1. The figure indicates that hard CR spectra with
scr ∼ 2.0–2.2 can explain the UHE CR and neutrino fluxes
without violating the upper limits from the IGRB; see
also Ref. [2].
That UHE CR flux around the ankle energy is compat-

ible with those of 0.1 PeV neutrinos and 0.1 TeV gamma
rays (see Fig. 2 above). This implies that the UHE CR
luminosity density is comparable to the CR energy gen-
eration rate density to explain the high-energy neutrino
background in the sub-PeV range and the IGRB in the sub-
TeV range (see Fig. 3). This fact naturally leads to an idea
that UHE CRs, neutrinos, and gamma rays may share a
common origin. As an example, let us consider the CR
luminosity density given by Eq. (11), which yields
EðdQuhecr=dEÞ ≈ 0.75 × 1044 ergMpc−3 yr−1 for ssr ∼ 2.
From Eq. (16), the IceCube neutrino flux can be explained
if the following condition is met:

min½1; fmeson� ∼ 0.6½4ð1þ KÞ=6K�ð2=ξzÞ: ð30Þ

With K ¼ 2 and ξz ¼ 2, this means fmes ∼ 0.6 (cf. Fig. 1 of
Ref. [72]). Such high-energy neutrino sources also satisfy
Eq. (21), since

min½1; fmeson�≲ 3½ð1þ KÞ=3�ð2=ξzÞ: ð31Þ

This implies that the gamma-ray flux from pp interactions
is E2

γΦγ ∼ 2 × 10−8 GeVcm−2 s−1 sr−1 with fmeson ∼ 0.6.
Including the cascade component that would enhance
the flux by a factor of 2, we have E2

γΦγ ∼
4 × 10−8 GeV cm−2 s−1 sr−1, as consistent with a numerical
calculation [2]. UHE CRs also produce cosmogenic gamma
rays during their propagation in intergalactic space. At
E≳ 1018.5 eV, ∼65% − 100% of the UHE CR proton is
converted to the electromagnetic energy. Thus, one finds

that the IGRB constraint on QðemÞ
γ [see Eq. (24)] is readily

met, and the corresponding cosmogenic gamma-ray
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flux is E2
γΦγ ∼ 4 × 10−8 GeV cm−2 s−1 sr−1. Summing up

contributions originating from pp interactions in the
source and pγ interactions in intergalactic space, the total
gamma-ray flux is E2

γΦγ ∼ 8 × 10−8 GeVcm−2 s−1 sr−1

(at ∼10 GeV), which matches the nonblazar component of
the EGB [8,66]. (We note that the sub-TeV spectrum of the
EGB is affected by gamma-ray attenuation due to the
extragalactic background light.) This result also agrees with
Fig. 1 of Ref. [72], and the CR spectral index needs to be
scr ≲ 2.1 in simple power-law models (see also Ref. [57], in
which such a hard CR index is effectively achieved for CRs
leaving their accelerators). A hard CR spectrum extrapo-
lated from UHE energies downwards can simultaneously
account for high-energy neutrinos and gamma rays. UHE
CRs may come from either reacceleration of galactic CRs
in the halo or additional source population.

V. SUMMARY

We have studied energy generation rate densities and
energy densities of nonthermal cosmic particles, using the
recent experiments of CRs at both GeV–TeV region and
ultrahigh energies, and in addition high-energy neutrinos
and gamma rays. The total energy density of GeV–TeV
CRs is Ωcr ≃ 10−8.3. Extrapolation to UHE energies, across
the energy range of 10 orders of magnitude, gives, if we
would adopt the local CR spectral index derived from the
AMS-02 experiment at GeV–TeV energies, nominally a
value smaller than the observed UHE CR luminosity
density by a factor of ∼30. That is, the UHE CRs do
not quite match the extrapolation from the GeV–TeV CRs
if the global CR spectral index is the same as the local one,
scr ≈ 2.3–2.4. The matching requires somewhat harder
spectra, say scr ≈ 2.1–2.2.
The gap between GeV–TeV CRs and UHE CRs leaves

room for reacceleration of GeV–TeV CRs, or additional
components contributing to the high-energyCRs. In fact, the
energy stored in circumgalactic and cluster warm matter is
Ω ≃ 10−8.0�0.2 [1]. This is larger than the total energy density
of CRs, so that it can be used to reaccelerate CRs.
Alternatively, we can think of a number of candidate sources
that would fill the gap, such as AGN and/or similar active
objects, or some violent transients that have comparable
energies when integrated over time. We argue that it is
energetically possible that any of such sources could fill the
gap. For the moment, we are unable to distinguish between
the two possibilities, or single out some candidate sources.
It is interesting to observe that high-energy cosmic

neutrinos and gamma rays indicate the relevant luminosity
densities that are, roughly speaking, comparable to that of
the UHE CRs. In fact, the observed high-energy neutrino
flux is consistent with extragalactic CRs, but the CRs
needed to produce gamma rays, at an estimate of the
maximum meson production efficiency, should be smaller
than GeV–TeV CRs. The gamma-ray production may be

suppressed effectively, say, by small effective optical
depths for meson production and/or by large optical depths
to two photon annihilation. As a global picture, our
energetics argument is suggestive of a common origin of
UHE CRs, high-energy neutrinos and gamma rays [57].
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APPENDIX: LUMINOSITY DENSITY
OF VARIOUS SOURCES

We discuss here a number of candidate sources that may
contribute significantly to CRs, with the fact in mind that
robust estimates for their CR energy generation rate density
are difficult with the present knowledge and, hence, they
remain as order of magnitude estimates (see Table II for a
summary of luminosity densities of photons or CRs).
We write the luminosity density QðzÞ at z of some

astrophysical source,

QðzÞ ¼
Z

dLL
dns
dL

ðL; zÞ; ðA1Þ

where ns ¼
R
dLðdns=dLÞ is the number density of the

source per comoving volume. For the transient source, we
write the luminosity density,

QðzÞ ¼
Z

dE E
dρs
dE

ðE; zÞ; ðA2Þ

where E is the energy and ρs ¼
R
dEðdρs=dEÞ is the

number of the transient sources per comoving volume
per time (rate density). We denote their local luminosity
density as Q.

1. Energetic transients in star-forming galaxies

Our result in the main text (Table I above) shows the
luminosity density of galactic CRs,
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Qcr ∼ 4 × 1046 ergMpc−3 yr−1: ðA3Þ

This is compared with CRs to be generated in ccSNe
showing that the two values are consistent; the bulk of CR
can be ascribed to ccSNe.
In addition to ordinary ccSNe, rare but more energetic

transients may occur, in particular, in star-forming galaxies,
such as broadline Type Ibc supernovae, often called hyper-
novae with EHN ∼ 1052 erg. The broadline Type Ibc rate is
approximately ρHN ∼ 3000 Gpc−3 yr−1 [82], which is
0.032� 0.007 times the ccSN rate. The CR luminosity
density of hypernovae is then

QHN
cr ∼ 3 × 1045 ergMpc−3 yr−1ϵcr;−1EHN;52: ðA4Þ

If scr ∼ 2 and the maximum energy Emax ¼ 1020.5 eV, the
differential UHE CR luminosity density EðdQHN

cr =dEÞ ∼
1 × 1044 ergMpc−3 yr−1 is comparable to EðdQuhecr=dEÞ≈
0.75 × 1044 ergMpc−3 yr−1 which is the UHE CR lumi-
nosity density given by Eq. (11).
One may suspect that Type Ia supernovae may also

contribute to the CR generation. The rate of occurrence,
however, is 1=20 that of ccSN, if integrated over the look
back time to a higher redshift, and so their contribution to
extragalactic CRs would be insignificant.
We have other events that may contribute to CRs. The

recent detection of a double neutron star merger (DNS)
suggests a rate density of ρDNS ∼ 1540 Gpc−3 yr−1 [83]
with a large error. The kinetic energy of the ejecta is
Eej ∼ 2 × 1051 erg. Their CR luminosity density, with the
10% CR efficiency assumption, is

QDNS
cr ∼ 3 × 1044 ergMpc−3 yr−1ϵcr;−1EDNS;51.3; ðA5Þ

which could give an order of magnitude of UHE CRs.
Gamma-ray bursts (GRB) are also suggested as sources

of UHE CRs [84,85]. The local rate density is estimated
to be around ρGRB ∼ 1 Gpc−3 yr−1 [86,87]. With the Swift
sample, the isotropic-equivalent gamma-ray energy is

Eisoγ ¼ 1052.3�0.7 erg [88], or Eisoγ ∼ 1052.65 erg in the
BATSE band. Then the gamma-ray luminosity of GRBs is

QGRB
MeVγ ∼ 4 × 1043 ergMpc−3 yr−1Eisoγ;52.65; ðA6Þ

which is again comparable to the luminosity density of
UHE CRs above the ankle.
It is considered that low-luminosity GRBs (LL GRB)

form another population of gamma-ray transients. The rate
density of low-luminosity GRBs, if associated with trans-
relativistic supernovae with relativistic ejecta [89,90], is
ρLLGRB ∼ 100–1000 Gpc−3 yr−1 [91,92]. With an isotropic-
equivalent radiation energy Eisoγ ∼ 1050 erg, the gamma-ray
luminosity of low-luminosity GRBs is

QLLGRB
keV−MeVγ ∼ 3 × 1043 ergMpc−3 yr−1Eisoγ;50; ðA7Þ

which is comparable to that of canonical GRBs. Therefore,
low-luminosity GRBs have often been considered as the
CR sources at ultrahigh energies [50,93].
Starburst galaxies are a subclass of star-forming galaxies.

In the IR band, a significant fraction (∼5%–100%) of star-
forming galaxies are claimed to be starbursts. In the local
universe, however, only a few percent of the star formation
occurs in starburst galaxies. The local CR luminosity
density from star burst galaxies is

QSBG
cr ∼ 1 × 1045 ergMpc−3 yr−1: ðA8Þ

In starbursts, CRs may efficiently interact with the ambient
gas and lose almost all their energies via pp interactions.
Since 1=3 of the CR energy goes to pionic gamma rays, the
upper limit on the gamma-ray luminosity density due to
starburst galaxies is

QSBG
GeVγ ∼ 3 × 1044 ergMpc−3 yr−1; ðA9Þ

which explains ∼10%–20% of the EGB if a spectral index
of s ¼ 2.2, as consistent with previous studies (e.g., [94]).

TABLE II. The luminosity density Q in units of ergMpc−3 yr−1 and the rate density ρ in units of Mpc−3 yr−1 or number density n in
units of Mpc−3, as discussed in the text: core-collapse supernova (ccSNe), hypernovae (HN), double neutron star mergers (DNS),
gamma-ray bursts (GRB), low-luminosity gamma-ray bursts (LL GRB), tidal disruption events (TDE), BL Lac objects (BL Lac), flat-
spectrum radio quasars (FSRQ), radio galaxies (RG), and accretion or merger shocks due to the cosmic structure formation (Accr/Mger).
CR luminosity densities are those estimated from kinetic luminosity densities assuming ϵcr ¼ 0.1. For GRB and TDE the γ-ray
luminosity densities are based on the BATSE and the Swift band observations. For BL Lac and FSRQ data are taken from Fermi Large
Area Telescope observations.

ccSN (CR) HN (CR) DNS (CR) GRB (γ) LL GRB (γ) TDE (γ)

Q [ergMpc−3 yr−1] 1046.6 1045.5 1044.5 1043.6 1043.5 1043.5

ρ [Mpc−3 yr−1] 10−4 10−5.5 10−5.8 10−9 10−6.5 10−10.5

SBG (γ) AGN (X) BL Lac (γ) FSRQ (γ) RG (γ) Accr/Mger (CR)
Q [ergMpc−3 yr−1] 1044.5 1046.3 1045.4 1044.3 1044.6 1046.5

n [Mpc−3] 10−4 10−4 − 10−3 10−7 − 10−6.5 10−9 − 10−8 10−5 − 10−4 10−6 − 10−5
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Starbursts, if coexisting with AGN, could enhance the
contribution to the IGRB [95].
Stars close to the center of galaxies may be tidally

disrupted. Some of such tidal disruption events (TDE) show
relativistic jets with an isotropic-equivalent x-ray luminos-
ity Lisoγ ∼ 1048 erg s−1. Based on the Swift observation of
Sw 1644þ 57, one may infer the rate density of jetting
TDEs to be ρTDE ∼ 0.03 Gpc−3 yr−1 [96]. We obtain their
x-ray luminosity density

QTDE
keV−MeVγ ∼ 3 × 1043 ergMpc−3 yr−1Eisoγ;54; ðA10Þ

where Eisoγ ¼ LisoγΔT with ΔT ∼ 106 s the duration of
TDEs [96]. This number is again comparable to the UHE
CR luminosity density, and hence TDEs can also be
considered as sources of UHE CRs [97,98].

2. Supermassive black holes

a. Active galactic nuclei

Nonthermal x-ray emission arises from Comptonization
of disc emission in thermal coronae heated via magnetic
reconnections. X-ray observations give the luminosity
density of AGN in the 2–10 keV band [99],

QAGN
keVγ ≃ 2.0 × 1046 ergMpc−3 yr−1; ðA11Þ

which is comparable to the CR luminosity density of
star-forming galaxies. We note that a large part of the
observed x-ray background is ascribed to unresolved and
obscured AGN.
The bolometric luminosity of x rays, which is dominated

by supermassive black holes with a standard accretion disc
or a radiatively more efficient slim disc, is mostly of
thermal origin, giving QAGN

bol ≃ 6.3 × 1047 ergMpc−3 yr−1

[99]. Recent observations indicate that quasars and Seyferts
ubiquitously possess fast outflows, which carry ∼10% of
the bolometric luminosity [100,101]. Then, if ϵcr ∼ 10%
of the kinetic luminosity is converted into CRs via the
acceleration, we may have

QAGN
cr ∼ 6 × 1045 ergMpc−3 yr−1ϵcr;−1; ðA12Þ

which is comparable to Eq. (A3) within an order of
magnitude.
AGN outflows driven by a central AGN are also relevant

for reacceleration in circumgalactic space: CRs may further
be accelerated in powerful galactic winds. As mentioned in
the main text, the reacceleration in low-density regions
could explain very high-energy CRs above the knee energy.

b. Blazars

The luminosity density of blazars is estimated using
Fermi’s gamma-ray data in the 0.1–100 GeV range.
Blazars are divided into two types, BL Lac objects and

flat-spectrum radio quasars (FSRQs). The latter is also
referred to as quasar-hosted blazars. They are usually more
luminous and more rapidly evolving than BL Lacs. With a
luminosity-dependent evolution model, the local gamma-
ray luminosity of BL Lac objects is [102]

QBLLac
GeVγ ≃ 2.5 × 1045 ergMpc−3 yr−1; ðA13Þ

where ∼50% errors in 1σ is understood. The gamma-ray
data show that BL Lacs have a weak evolution in redshift,
corresponding to ξz ∼ 0.8. The gamma-ray energy density
is Ωγ ∼ 10−10.0, which is comparable in order of magnitude
to that of the EGB. It has been suggested that BL Lacs
can explain a significant fraction of the EGB. A recent
analysis on the photon count distribution [64] claimed that
86� 14% of the EGB are explained by blazars.
Similarly, the local gamma-ray luminosity density of

FSRQs is [102]

QGeVγ
FSRQ ∼ 2 × 1044 ergMpc−3 yr−1; ðA14Þ

with errors by a factor of 2. FSRQs show a strong redshift
evolution: ξz ∼ 8. The gamma-ray energy density of FSRQs
is estimated to be Ωγ ∼ 10−10.1, which may also account for
a significant fraction of the EGB. At present epoch, the
energy densities of gamma rays from BL Lacs and FSRQs
seem comparable.

c. Misaligned radio-loud active galactic nuclei

The number density of misaligned radio-loud AGN
[103,104] is nRG ∼ 10−5–10−4 Mpc−3. Radio observations
allow us to estimate the kinetic luminosity of jets ∼1044 −
1045 erg s−1 [105,106], using theoretically motivated scal-
ing relations. Assuming that ϵcr ∼ 10% of the jet luminosity
is converted to CRs, the CR luminosity density reads

QRG
cr ∼ 3 × 1046 ergMpc−3 yr−1ϵcr;−1; ðA15Þ

which is comparable to or could even be larger than the CR
luminosity density from star-forming galaxies. A large
systematic uncertainty, however, comes from the used
relationship between the radio and jet luminosities.
Radio galaxies are observed with Fermi in gamma rays.

If we use the empirical relation, e.g., Lγ ∝ L1.16
5 GHz, radio

galaxies make a significant contribution to the EGB
[107,108]. It is found that Ωγ ∼ 10−10.1, however, with a
large uncertainty, corresponding to

QRG
GeVγ ∼ 4 × 1044 ergMpc−3 yr−1: ðA16Þ

It is likely that misaligned radio-loud AGN give a con-
tribution to the EGB comparable to that of blazars. If we
assume the beaming factor of AGN jets fb ≪ 1, the source
number density of blazars is fb times that of radio galaxies,
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and their isotropic-equivalent luminosity is enhanced by the
same factor f−1b . Thus, fb cancels out. Their gamma ray
contribution being similar to that from blazar is then
naturally understood if the blazer and radio galaxies are
in fact the same entity.

3. Hierarchical structure formation

Extragalactic CRs may also be accelerated in clusters and
groups of galaxies, where the intergalactic medium is heated
(e.g., [109,110]). Accretion luminosity of galaxy cluster is
L ≈ ðΩb=ΩmÞGM _M=rvir ≃ 0.9 × 1046 erg s−1M1=3

15 , where
M is the cluster (or group) mass and rvir the
virial radius. The cluster number density above 1015 M⊙
is ncl ∼ 10−6 Mpc−3. Assuming ϵcr ∼ 10%, the CR

luminosity density due to accretion shocks is on the
order

Qcr ∼ 3 × 1046 ergMpc−3 yr−1ϵcr;−1; ðA17Þ

which is comparable to that of star-forming galaxies and
radio galaxies within an order of magnitude.
As a result of hierarchical halomergers, the kinetic energy

is dissipated by shocks caused by galaxy and cluster
mergers. TheCR luminosity due to the halomergers is [111],

Qcr ∼ 2 × 1045 ergMpc−3 yr−1ϵcr;−1; ðA18Þ

which is comparable to CRs in starburst galaxies.
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