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Abstract: IceCube measures a diffuse neutrino flux comparable to the Waxman-Bahcall bound, which
suggests the possibility that the ultra-high energy cosmic rays (UHECRs) have a common origin
with diffuse high energy neutrinos. We propose high energy gamma-ray and/or neutrino obser-
vations toward the arrival directions of UHECRs to search for the sources and test this possibility.
We calculate the detection probability of gamma-ray/neutrino sources, and find that the average
probability per UHECR of >10 EeV is ~10% if the sensitivity of the gamma-ray or neutrino telescope
is ~10712 erg cm~2 s~ ! and the source number density is ~10~> Mpc—3. Future gamma-ray and neu-
trino observations toward UHECRs, e.g., by LHAASO-WCDA, CTA, IceCube/Gen2, are encouraged

to constrain the density of UHECR sources or even identify the sources of UHECRs.

Keywords: ultra-high energy cosmic rays; neutrinos; gamma-rays

1. Introduction

The origin of ultra-high energy cosmic rays (>10!° eV; UHECRs) is still an open
question [1,2]. Because cosmic rays are charged particles, their arrival directions will
be affected by magnetic field during propagation, which makes it difficult to locate the
UHECR sources by their arrival directions directly. The sample size is another difficulty
of searching sources by UHECR observations. The cosmic ray flux above the cosmic ray
spectral “ankle” is small and there is a cutoff feature at the highest energies [3,4]. The ankle
might be attributed to the transition from Galactic to extra-galactic components [5,6], or the
“dip” due to the electron pair production in cosmic ray propagation [7]. The cutoff may
be caused by interactions of UHECRs with the cosmic background radiation, known as
Greisen-Zatsepin-Kuzmin (GZK) cutoff [8,9], however, the maximum energy of particle
acceleration [10] in the sources may also lead to such cutoff. These features of cosmic ray
energy spectrum indicate that UHECRs may come from extra-galactic sources.

Cosmic rays may produce high energy gamma-rays and neutrinos via pion production
processes, when cosmic rays interact with background photons or matter. This makes it
possible to build a connection between UHECRs and gamma-rays or neutrinos. Neutral
particles are not deflected by magnetic fields, pointing back to the sources. Moreover, neu-
trinos hardly interact with other matter, which makes them a special kind of astrophysical
messengers [11,12].

High energy astrophysical neutrinos are discovered by the IceCube neutrino
detector [13,14], opening a window to high energy neutrino astronomy. The IceCube mea-
sured neutrino flux [15] is comparable to the Waxman-Bahcall bound [16,17], ~2 X 108 GeV
cm~2 s~ sr~!, which is an upper bound for the extra-galactic neutrino flux derived from
the observed UHECR flux and assuming all the UHECR energy are converted to pions.
Such coincidence may suggest that the UHECRs and high energy neutrinos are produced
in the same or related processes [18]. The cosmic ray particles resulting in secondary neutri-
nos lose energy efficiently in the sources or the environment by pion production, thus the
neutrino flux from charged pion decay can be comparable to the Waxman-Bahcall bound.
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In this work, we assume a common origin of UHECRs and the high energy neutrinos,
and suggest an observation strategy that search for gamma-ray and neutrino sources at
UHECR directions. We calculate the probability of the detection of gamma-ray or neutrino
sources in the UHECR directions.

2. Physical Picture and Assumption

We adopt the following physical picture for the emission of gamma-ray and neutrinos
associated with UHECR sources, and some assumptions in the calculation of the gamma-ray
and neutrino emission.

2.1. UHECR Sources as Gamma-Ray and Neutrino Sources

We assume the UHECRs are dominantly protons, although there is debate of proton
versus heavy nucleus composition. In this case, the spectral cut-off feature at highest
energy is well explained by the GZK effect, and the observed spectral index above 10!° eV
is consistent with explained by shock acceleration [19].

We assume UHECRs and the high energy neutrino producing cosmic rays are acceler-
ated by the same sources. The UHECRs escape from the sources and their environment,
e.g., the host galaxy, promptly due to their large rigidity, while the cosmic rays with lower
energy are trapped in the host galaxy. These trapped cosmic rays interact with matter,
e.g., the interstellar medium, in the host galaxy and lose most of their energy in pion
production process, then neutrinos and gamma-rays can be produced by pion decay. In this
situation, we naturally expect a diffuse neutrino flux from UHECR sources roughly equal
to the Waxman-Bahcall bound, and IceCube diffuse neutrino flux is mainly contributed by
these UHECR associated neutrinos.

The host galaxies emit both high energy neutrinos and gamma-rays. Neutrinos come
from charged pion decay, 1% — y + v, and the following muon decay, y — e + v, + vy.
Neutral pions 7t are also produced in pion production process, and they quickly decay to
high energy gamma-rays, 7 — . In this picture, high energy neutrinos and gamma-rays
are well connected in arrival directions and flux with UHECRs, if UHECRs do not change
their directions in propagation, which is the case as shown below.

2.2. Spatial and Temporal Association of UHECRs with Gamma-Ray/Neutrino Signals

Consider the propagation of protons with energy E in the magnetic field with strength
B and correlation length A. After travel a distance d, the typical angle deflection of

the proton is Gw(d//\)% (A/Rpr), where Ry = E/eB is Lamour radius of the proton [20],
ie., 8~1.8°(E/10%°eV)~1(d/100 Mpc)'/%(B/1nG)(A/1Mpc)/2. Tt is expected to observe
gamma-ray and neutrino point sources toward the UHECR directions within few de-
gree separation.

Due to the deflection, the arrival time of UHECRs will be delayed relative to a photon
emitted in the same time by a typical delay time, At~62d/c~10° yr for E~10?° eV and a
distance d~100 Mpc, The arrival time will spread in a timescale similar to At, if the UHECRs
are produced by explosive events rather than steady sources.

We assume the diffuse neutrino flux measured by IceCube can be accounted for by
UHECR sources and their environments. Thus we expect to observe gamma-rays and
neutrinos from the UHECR directions in the same time for steady sources—however, even
for explosive sources of UHECRs, this is also very likely. For the low energy cosmic rays
to be trapped in the source environment, say the source’s host galaxy, and lose energy
significantly in pion production, it may be required that the energy loss time scale is larger
than the escape time scale of cosmic rays, thus the gamma-ray and neutrino emission
duration will be the energy loss time of cosmic rays, At~1/cnsmoy,~107 yr, given pp
cross section ¢pp~100mb for PeV protons, medium density n75p~1 cm 3, much larger
than the UHECR spreading time. We expect to find a persistent source of gamma-rays or
neutrinos around the direction of a detected UHECR.



Universe 2022, 8, 560

30f8

3. Method and Formula

The way to estimate the probability of finding correlated gamma-ray and neutrino
sources is shown in this section.

3.1. Horizon for Gamma-Ray and Neutrino Sources

Both gamma-ray and neutrino source detection are limited by the sensitivity of tele-
scopes. In addition, high energy gamma-rays from extra-galactic sources are attenuated
due to the absorption by the extra-galactic background light (EBL), y + ygp. — e™ +¢™.
So only sources within some “horizon” can be detected.

The horizon is determined by the typical luminosity of the source. For gamma-ray
sources, the typical specific gamma-ray luminosity, dL, /dE,, of a single source related to

UHECRSs can be derived via CzﬁtHnsE,yj% = E?rgbw ie.,

dL,  47E,¢,
dE,  &.ctpns

)

where 71 is the source number density in the local universe, t is the Hubble timescale of the
universe, ¢ is a coefficient accounting for the redshift evolution of the UHECR production
rate density and we take ¢, ~ 3 for redshift evolution following the star formation rate [16],
and E%q)y is the total flux of gamma-ray from UHECR sources when EBL absorption
is neglected.

The neutrino and gamma-ray are both from pion decays. We assume in pp interac-
tions,pion number ratio is 7%:7r+:71~~ 1:1:1. Each gamma-ray gains 1/2 of energy of a
7%, while each neutrino gains 1/4 of energy of a 7*. Then we have E§<p7 = (1/2)E2¢n,
and E2¢, = (1/4)E%¢y. So high energy gamma-ray flux (without EBL absorption) from
UHECR sources can be scaled with neutrino flux as

E ¢y = 2E59 @

with E,, = 2E,. From the latest results of IceCube observations, we have ¢, = 1.44 x 10-18
(E,/100TeV) 228 GeV ! em2s 1 sr~! [21] for single flavor (we have assumed equal fla-
vor ratio for the three neutrino flavors).

Considering the EBL absorption for high energy gamma-rays, the maximum redshift
Zmax Of the gamma-ray sources that can be detected is determined by equation

dL / _
dEl h—t _TEBL(E /Zmax,'y) =4 d2 E.).
>E, 7dE£Ye ! a7 (zmax,y ) f i, (> Ey) 3)

Here trp; is the optical depth of high energy gamma-rays due to EBL absorption,
for which we adopt the observational results from [22]. f,, (> E,) is the integral sensitivity
of gamma-ray telescope at gamma-ray energy above E, and dr is the luminosity distance
(we adopt the standard ACDM cosmological model). The sensitivity f,,(> E,) and the
source number density 15 are two parameters that decide the maximum redshift.

The horizon for neutrino source searching can be derived similarly. Due to the very
weak interactions with the background matter, the universe is transparent to neutrinos,
thus the neutrino horizon can be solved out via

dF’ dL,

SE, VdiEQ = 47Td%(zmax/1/)f7th(> Ey) 4)

where f,, (> E,) is the neutrino telescope sensitivity, and the typical specific neutrino
luminosity dL, /dE, for a single source can be obtained by

dL, 4mE,¢y
dE, o CZCtHTlS'

Q)
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N(>E,z )= AT/Z““”” dz /oo dE’
emaxy/v) 0 E(1+z)

3.2. Detection Probability

We propose to use gamma-ray and/or neutrino telescopes to observe the directions of
the detected UHECRs, and estimate the average probability to detect a gamma-ray and/or
neutrino source for per UHECR.

For an UHECR detector array with the effective area A,f; and the observational time
AT, the total number of UHECRs that are detected above some energy E is the integration
of the UHECR production rate over the universe history,

E'/(1+2))(1+2)
47d? (z)

oo o0 , A
N(>E) = AT/ dz/ ap'dV (E/,z)e Tozx(E'2) eff
0 E(1+z) dz

7 (6)

where Q(E, z) « (E/Eg)~*(1 + z)™ is the specific production rate density of UHECRs as
function of cosmic ray energy E and at redshift z, dV /dz is the comoving volume per unit
redshift, and 75z accounts for the GZK effect (see below).

To account for the GZK effect, consider an “optical depth” 1gzx = d(z)/lgzk, where
d(z) is the comoving distance and Igzk is the energy loss length due to GZK effect.
Following [23], we take g7k (E, z) = c(1+z)3t((1 + z)E), with t being the energy loss time
of UHECRs in the Cosmic Microwave Background, which is parameterized as
tH(E) = toge tor/E 4ty e For/E with Ecep = 2.7 x 1018eV, fo,p = 3.4 x 10%yr,
Ecr =32 x10%eV, and ty , = 2.2 x 107 yr.

Given the telescope horizon, the number of detected UHECRs that are originated from
sources within the horizon, i.e., within the maximum redshift, is

AV o e A (E/1+2)A+2)
' B

e @)

The ratio between the above two gives the average probability of finding a source
from each detected UHECR with energy above E,

N(> Erzmax,'y/v)

P NG E)

'y/v(> E) =

®)

4. Results

Based on the method and assumptions above, we calculate the horizon distance
and the source detection probability. We consider observations of gamma-rays above
2 TeV with telescope sensitivity in the range of about 10~ *~10! ergcm ~2s~. For neu-
trino observations, the sensitivity for neutrino source detection at >100 TeV is also about
10~ 2 ergem 257!, The horizons for gamma-ray and neutrino telescopes are shown in
Figure 1 for various source density n;. The gamma-ray horizon is roughly scaling with the
sensitivity as d(zmax)o ftzl/ 2. And we find that the horizon is <100 Mpc for high energy
gamma-ray sources. The EBL absorption does not affect the horizon significantly, and the lim-
itation on the gamma-ray source detection is mainly determined by the telescope sensitivity.
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Figure 1. The horizon distance as a function of telescope sensitivities. Left panel: observation of
>2 TeV gamma-rays. Right panel: observation of >100 TeV neutrinos. The three lines from top to
bottom correspond to three source number densities, 1073,1074,and 107> Mpc*3.

For the UHECR production rate and spectrum, we take a = 2 for particle acceleration
in collisionless shocks [19], and m = 3, comparable to star formation rate evolution and
active galactic nuclei redshift distribution [24]. As for the effective area of the UHECR
array we assume the energy dependence following the Auger experiment [25], i.e., beyond
10185 eV, the detection reaches a full efficiency and A, ff is a constant independent of E.

With the horizons derived, the probability of source detection per UHECR can be
calculated. Three parameters determine the detection probability: the sensitivity, source
number density and the lower limit of cosmic ray energy. The first two parameters affect
the horizon together by their product, fth ns, because the maximum redshift z,,;, can be
seperated from n; and fj;, in Equations (3) and (4). The dependence of the detection
probability on the product, f;,ns, is shown in Figure 2. A larger source number density
leads to lower luminosity, and then smaller detection probability. A better gamma-ray or
neutrino telescope sensitivity surely leads to a higher probability.

10°4 10°4
] —— E>10%eV J —— E>10%%ev
T ---- E>1017eV ] ---- E>101%7eV
T E>10%%eV e e E>102%eV
™y T T [m} T
Alol4 Tl A 10714 TTheel
> 3 Tl = | e
< ] e < ] RN
1072 T L B e S R S T T T T T 1072 T T T T T T LN B e
1077 10716 1071 107V 10716 10715

finns (ergcm=2s~1 Mpc3) finns (ergcm=2s~1 Mpc3)

Figure 2. Average detection probability for gamma-ray/neutrino sources toward UHECR directions
as a function of the product of source number density and the gamma-ray/neutrino telescope
sensitivity. Left panel: observation of >2 TeV gamma-rays. Right panel: observation of >100 TeV
neutrinos. The three lines correspond to three lower limits of cosmic ray energy, E > 1019 eV,
E >10"7eVand E > 10%eV.

Prediction for LHAASO-WCDA and IceCube can be obtained from Figure 2. For the
WCDA sensitivity of f, = 10712 erg cm~2s71[26] and assuming a source number density
of ng = 10~*Mpc~3, the detection probability of gamma-ray sources at the directions
of UHECRs with energy above 10’ eV can be quite high, P,(>102°¢V)~10%. Similar
probability is obtained for neutrino source searching with IceCube, which has a typical
sensitivity of fi, = 1077 GeV em 257! [27].
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In Figure 3 we show the dependence of the detection probability on the energy lower
limit of UHECRs sample, assuming f;; = 10~ '2ergcm =2 s~1. The probability increases
with cosmic ray energy. For higher energy cosmic rays, the GZK effect will suppress
UHECR flux from distant sources, leading to a higher detection probability for gamma-ray
or neutrino sources. Above energy 101 eV, GZK cutoff suppresses the observed UHECR
flux more significantly, and lead to a fast increasing of detection probability.

10° 10°
—— ng=10"3Mpc~3
---- ng=10"*Mpc~3
........ ns =105 Mpc™3

—— ns=10"3Mpc3
---- ng=10"*Mpc~3
........ ns =105 Mpc™3

\,
L

w .
A1otg e A 1071
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o T L 4 ad
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10%° 2x10% 3x10% 4x10%° 6 x 10%° 1020 1019 2 x 10 3x 109 4 x 1010 6 x 10%° 1020
E (eV) E(eV)

Figure 3. Average detection probability for gamma-ray/neutrino sources toward UHECR directions
as a function of the lower limit of the cosmic ray energy. Left panel: observation of >2 TeV gamma-rays.
Right panel: observation of >100 TeV neutrinos. The three lines correspond to three source number
densities, 1073, 1074, and 107> Mpc 3. The sensitivity is assumed to be f;;, = 10712 ergcm 257! for
both gamma-ray and neutrino telescopes.

5. Conclusions and Discussion

In this work, we show a picture for UHECR source bearing galaxies as high energy
gamma-ray and neutrino sources, motivated by the coincidence of IceCube neutrino flux
and Waxman-Bahcall bound. We estimate the probability of detecting gamma-ray or neu-
trino sources around UHECR directions. The detection probability for different parameters,
including the lower limit of UHECR energy, the source number density and the sensitivity
of gamma-ray and neutrino telescopes, is estimated. We find that the average probability
per UHECR is about 10% for detecting gamma-ray sources at the directions of UHECRs with
energy > 10'° eV, for a gamma-ray telescope with a sensitivity of fy, = 10712 ergem 257!
and if the source density number density is 7; = 107> Mpc 3. This implies that it needs
a UHECR sample containing about 10 events of E > 10?% eV to find a gamma-ray source.
The probability for neutrino source detection is found to be in the same order of 10% for the
same parameter setting, because the gamma-ray and neutrino emission is well connected
in the flux and spectrum.

The model can be used for both steady sources and transient sources of UHECRs.
For steady sources, the source number density in our model and calculation just means their
number density. For example, starbusrt galaxies are one kind of potential sources for UHE-
CRs [28]. Number density of starburst galaxies is about 107> Mpc~3, and they can be seen
as steady sources. When the gamma-ray telescope sensitivity is 1012 ergcm =2 s~!, we have
10% probability to find gamma-ray source at direction of a UHECR with energy > 10" eV,
if source number density is at a level of that for starburst galaxies. For transient sources,
gamma-ray and neutrino emission from their host galaxies still last At;~107 yr. The pro-
duction, 71;Aty, is an average number density for transient sources. But these transient
events often occur repeatedly in their host galaxies, and we consider the host galaxies as
the gamma-ray and neutrino sources. To get the number density of host galaxies, the aver-
age number density of the sources should multiply a factor At;,;/At;, where Aty is the
typical time interval between two transient events. So we can use ns~7sAty (At / Aty)
as the source number density for transient sources. Gamma-ray bursts (GRBs) are can-
didate sources for UHECRs [20,29,30], and they are transient events. Event rate of GRB
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is about i1grp~(47/AQ) x 1Gpc =3 yr~1~10""Mpc~3 yr~!, if we consider the beaming
effect. When we take the time interval At;,;~103 yr, we get source number density for
GRBs is nS,GRB~10_4 Mpc~3. For source number density at this level, an UHECR sample
with energy above 10%° eV is needed to get a 10% detection probability.

We consider protons as the main composition of UHECRs. A heavier composition will
affect our results. For heavy nuclei, the Lamour radius will be smaller, R; = E/ZeB, which
lead to a stronger deflection. The typical deflection angle for heavy nuclei is Z times as
large as that for proton, 67 = Z0proton- It is hard to find gamma-rays or neutrino sources
in a small region around UHECR direction when the UHECRs composition is too heavy.
And if the search is in a larger region, there will be more noise and false positive signals.

When we calculate the typical gamma-ray luminosity of single source in Section 3.1,
we consider the high energy gamma-rays all from ¥ decay. Besides the gamma-rays
hadronic process, there are other leptonic processes, Inverse-Compton and synchrotron
radiation of electrons, producing high energy gamma-rays. We assume gamma-rays from
¥ decay typically account for a fraction f (f < 1) of the total gamma-ray luminosity, while
the calculation in Sections 3 and 4 just takes f = 1. When leptonic components contribute
significantly, the gamma-ray luminosity should be modified by multiplying a factor of
1/ f. The effect of this modification is the same as multiplying a factor f on source number
density or on telescope sensitivity.
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