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Due to the unprecedented sensitivity in the ultrahigh energy y-ray band (red curve in lower panel), LHAASO (layout shown as the upper
panel) will play a leading role in the cosmic ray study.

Public summary
m y-rays are an important tool to study cosmic rays (CRs).
m y-rays can be used to probe the CR accelerator and the CR distributions.

m LHAASO and other future experiments will shed light on the origin of CRs.
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Abstract: Cosmic rays (CRs) are one of the most important components in the interstellar medium (ISM), and the origin
of CRs remains a mystery. The diffusion of CRs in turbulent magnetic fields erases the information on the distribution of
CR accelerators to a large extent. The energy dependent diffusion of CRs also significantly modifies the initial (accelera-
tion) spectra of CRs. In this regard, y-rays, the secondary products of interactions of CRs with gas and photons in the ISM,
provide us with more information about the origin of CRs. More specifically, the y-ray emissions associated with gas, can
be used to study the distribution of CRs throughout the Galaxy; discrete y-ray sources can elucidate the locations of indi-
vidual CR accelerators. Here, the current status and prospects in these fields are reviewed.
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1 Introduction

Cosmic rays (CRs) are relativistic charged particles in the in-
terstellar medium (ISM). They are mainly protons (hydrogen
nuclei) with an approximately 10% fraction of helium nuclei
and smaller abundances of heavier elements. The energy
density of CRs is approximately 1 eV/cm® ' in the vicinity of
the solar system, which is similar to that of the magnetic
fields and interstellar radiation fields (ISRF) in the Galactic
plane. CRs also determine the ionization rate and heating of
gas in the dense core of molecular clouds, where both UV
photons and X-rays are effectively shielded™*. Thus, CRs
play a leading role in the astro-chemistry processes therein
and control the star-forming processes'*”. CRs are also the
most important background in the indirect search of dark mat-
ter. More than a century has passed since Hess discovered
the extra-terrestrial origin of CRs in 1912, yet the origin of
CRs remains a mystery.

The direct measurement of CRs can be performed by both
ground-based detectors and space-borne detectors, such as
Pierre Auger), Telescope Array®, ARGO-YBIJ", AMS-02!""
and DAMPE!"", One of the most striking features of these dir-
ect measurements is that the energy spectrum above 1 GeV
can be described by a single power-law, and the first struc-
ture is the so-called “knee” at approximately 1 PeV, where the
spectral index increases from approximately 2.7 to 3.3". The
current paradigm of CRs postulates that the bulk of the CR
flux up to the “knee” is linked to galactic sources. However,
these direct studies of CRs, which include measurements of
the energy spectrum, mass composition and arrival directions
of particles, provide important but not decisive information
about the production sites of CRs and their propagation in the
Galaxy. CR are charged particles and will deflect when

propagating in the interstellar magnetic fields. Thus, the loc-
ally measured CRs already lose nearly all the spatial informa-
tion of their sources. The CRs are believed to diffuse in the
ISM with an energy-dependent diffusion coefficient!"”), which
will distort the measured CR energy spectrum. Furthermore,
it is not straightforward that CRs are distributed uniformly in
the Galaxy and the direct measurement near the Earth can be
a good representative of the CRs in the Galaxy.

On the other hand, CRs will inevitably interact with other
components in ISM which will produce y-rays and neutrinos.
These secondary particles propagate rectilinearly and can
provide direct information on the distributions and sources of
CRs. Neutrino detectors have made impressive progress in re-
cent years'* ", but neutrino astronomy still suffers from lim-
ited statistics and angular resolutions. To date, no high-
energy neutrino sources have been firmly identified. In this
regard, y-ray astronomy, with a development of more than 30
years and identifications of more than 5000 sources!”, is the
ideal tool for such a kind of study. More specifically, y-ray
emissions can be utilized to investigate CR physics in two
ways: the discrete y-ray sources can be used to elucidate the
locations of individual CR accelerators, identify which ob-
jects are responsible for the CR acceleration and investigate
the acceleration mechanisms; the y-ray emissions associated
with gas, such as the y-rays from the molecular clouds and
the diffuse emissions in the Galactic plane, can be used to
study the distribution of CRs throughout the Galaxy.

In this review, I will present the current state of art in this
field. The rest of the paper is organized as follows. In Section
2, I will describe the current status of y-ray astronomy, espe-
cially the recent progress of y-ray detectors. Then I will dis-
cuss the study on the potential CR sources by y-rays in Sec-
tion 3, in which I will focus on the supernova remnants
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(SNRs) and young massive star clusters (YMCs), as well as
the ultra-high-energy 7y-ray sources recently detected by
LHAASO. In Section 4, I will describe the y-ray observa-
tions on giant molecular clouds and diffuse y-ray emissions
in the Galactic plane, which can provide unique information
on CR distribution and propagation in our Galaxy. In Section
5, I will summarize and discuss the possible prospects.

2 Recent progress in y-ray astronomy

The atmosphere is opaque for y-rays. Thus, there are two
ways to detect y-rays: one is to place the detector into space,
and the other is to detect the secondary produced in the inter-
action between y-rays and the atmosphere. In space, pair con-
version telescopes such as the Fermi Large Area Telescope
(LAT)", AGILE™ and DArk Matter Particle Explorer
(DAMPE)!"" have made prominent progress in recent years.
In such detectors, the primary y-ray is converted into electron-
positron pairs, and the pairs are traced to reconstruct the dir-
ection and energy of the primary y-ray. As a result, such de-
tectors can only operate above dozens of MeVs, below which
the Compton scattering of incident y-rays will dominate the
pair production process. Thanks to the development of the
technology of both detectors and electronics, such detectors
can reach an angular resolution of several arcminutes above
10 GeV and an energy resolution of approximately 10%. The
geometry of such detectors also allows a large field of view
(FOV) of several steradians. Another advantage of such space-
borne detectors is the long duty-cycle; in principle, they can
operate continuously. However, since these detectors are de-
ployed in space, the effective area can hardly be larger than
1 m?; thus, the detection of y-rays above 1 TeV is limited by
statistics. Consequently, such detectors mainly focus on GeV
y-rays and have obtained fruitful results. Remarkably, more
than 5000 sources have been detected by the Fermi-LAT!
after an exposure of more than 10 years.

The interaction of y-rays with the atmosphere is described
by the cascade processes of electromagnetic interaction and
produces the air showers (for a review, see Ref. [19]). Thus,
the ground-based y-ray telescopes indeed observe the air
showers. Ground-based telescopes can be further divided into
two types. One is called the extensive air shower array (EAS),
which detects the electrons/muons in air showers directly us-
ing a particle detector array. The other is imaging air Cheren-
kov telescope arrays (IACT), which detect the Cherenkov ra-
diation of the secondaries (mainly electron/positrons) in the
air showers. EAS can be deployed in large areas and can eas-
ily reach an effective area of more than 10° m*. It can also op-
erate in a nearly full duty cycle. The detection efficiency of
the air shower drops with an increasing zenith angle, but the
FOV with a reasonable effective area can still be larger than
several steradians. However, due to the large fluctuation of
the lateral distribution of the particles in the air shower, the
angular resolution is limited for EAS, which can hardly be
better than 0.2°. Typical EAS arrays include ASy™),
HAWCE! ARGO-YBIJY and LHAASOP., Such detectors are
most effective for y-rays above 1 TeV. Since not only y-rays
but also CR can also produce air showers, EAS are also
powerful direct CR detectors. CRs are the dominant back-
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ground in ground-based y-ray astronomy, and the particle
identification directly determines the sensitivities of both
EAS and IACTs.

Cherenkov radiation is dominated by near-UV and optical
bands, and TACTs are indeed optical telescopes. With stereo
reconstructions, the angular resolution of such systems can
reach 2 arcminutes, which is the best in y-ray astronomy.
However, as optical telescopes, the FOVs of such systems are
limited. For current instruments, the diameters of FOVs are
all smaller than 5°. Furthermore, the Cherenkov light can only
be detected on clear nights. If the camera uses traditional
photo-multipliers (PMTs), the observations are further lim-
ited to clear nights without a moon. Thus, the duty cycles for
such systems are much smaller than the EAS arrays. Due to
the different advantages, EASs are especially suitable for sky
surveys and studies of extended or diffuse emissions, while
TACTs are good at obtaining deep observations on the com-
pact sources. In principle, the energy range of TACTs can be
as low as 1 GeV, but the low energy threshold requires an ex-
tremely large collection area of mirrors. The current IACT is
equipped with a mirror with a diameter of approximately 10
m, which provides an energy threshold of approximately 100
GeV. H.E.S.S.”, MAGIC" and VERITAS" are the operat-
ing IACTs, which have contributed significantly to TeV as-
tronomy and have detected more than 200 TeV sources. Cher-
enkov Telescope Array (CTA)™, the next generation of
TACTs, is also under construction. CTA will be equipped with
more than 100 telescopes located in both the Northern and
Southern Hemispheres. The total collection area will be lar-
ger than | km®. The telescopes with three different sizes will
also provide an energy coverage between 20 GeV and
300 TeV. With an angular resolution of several arcminutes
and a large collection area, the sensitivity of CTA would be
improved by one order of magnitude compared with the cur-
rent [ACTs.

The most exciting progress in recent years is the operating
of LHAASO (Large High Altitude Air Shower Observatory),
which opened the new window of ultra-high energy (UHE,
> 100 TeV) y-ray astronomy. LHAASO is a dual-task (CRs
and y-rays) EAS. It is one of the Chinese major national sci-
entific and technological infrastructure facility focusing on
cosmic ray observation and research””. It is located on Haizi
Mountain in Sichuan Province at an altitude of 4410 m. The
construction began in 2017 and was completed in August
2021. It started operation in 2019, when half of all arrays
were complete. It contains three sub-arrays, which will be de-
scribed below.

(I) km® array (KM2A), which contains 5216 electromag-
netic particle detectors (ED) and 1188 muon detectors (MD).
Each ED is made of plastic scintillators with a surface area of
1 m2. A total of 4922 EDs are distributed in the central part of
the array with a distance of 15 m, and the other 294 EDs are
placed in an outskirt ring with a distance of 30 m between
neighboring EDs. MDs are underground water Cherenkov de-
tectors, each with an area of 36 m>. The distance between the
neighboring MDs is set to 30 m. The EDs and MDs occupy a
total area of more than 1 km’. KM2A are designed to meas-
ure the energy of y-rays and CRs above 100 TeV. KM2A are
designed to measure the y-rays above 10TeV and CRs
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between 10”and 10" eV.

(1I') The Water Cherenkov Detector Array (WCDA) con-
sists of 3 water ponds with a total area of 78000 m?, and the
effective water depth is 4 m. The WCDA focuses on survey-
ing the northern y-ray sky in the energy range between
100 GeV and 20 TeV.

(IIT) Wide Field Cherenkov Telescope Arrays (WFCTA)
are composed of 18 Cherenkov telescopes. The Cherenkov
telescope is equipped with a mirror with an area of approxim-
ately 5 m” and a camera with a filed of view of more than 10
degrees. WFCTA will be used to measure the longitudinal de-
velopment of air showers, which will provide unique informa-
tion on the composition of UHE CRs. The layout of the whole
LHAASO array is shown in Fig. 1. In the field of y-ray astro-
nomy, LHAASO KM2A provides unprecedented sensitivit-
ies above 20 TeV. As mentioned above, the cosmic ray back-
ground dominates the y-ray signals in ground-based y-ray as-
tronomy. Fortunately, the contents of air showers generated
from y-rays and CR hadrons are different and can be used to
distinguish the primary particles. Generally , the electromag-
netic showers generated by y-rays are dominated by the cas-
cade process, which mainly consists of pair production and
bremsstrahlung processes. The detected particles are then
dominated by electrons/positrons. On the other hand, for had-
ronic showers, pion production and decay processes domin-
ate and a significant portion of energy goes to muons. Thus
the number of muons detected in the shower can be used as a
straightforward parameter to distinguish y-ray showers from
CR showers. LHAASO KM2A, with more than 1000 MDs,
possesses the most powerful muon measurement ability thus
far. Together with the large effective area of more than | km?,
the sensitivity of LHAASO KM2A above 20 TeV is much
better than that of any other operating and even planned de-
tectors. The sensitivity curves of LHAASO and other major 7y -
ray detectors are shown in Fig. 2.

3 y-ray emission from CR sources

In the current consensus, SNRs are the most likely accelerat-
ors for CRs. Several hints support this hypothesis. First, the
diffusive shock acceleration (DSA)"” is regarded as one of

I

Fig. 1. The layout of three arrays in LHAASO. The figure is from
Ref. [27].

the most efficient particle acceleration, and the shock front of
the SNRs are the ideal place for such processes. Second, the
energy input of one supernova explosion event is on the
order of 10°" erg, and it is believed that the rate of supernova
in our Galaxy is approximately 3 per century. If 10% of the
kinetic energy is used to accelerate CRs, the CR injection rate
3x10%
3x107x 100

which is similar to the required CR injection rate estimated
from the direct observations of CRs and y-rays"". Third, y-
ray observations also provide clues.

One of the most important achievements in GeV astro-
nomy is the discovery of the so-called pion-bump feature in
GeV y-ray emissions from the mid-age (on the order of 10*
years) SNRst*#1 A distinct break in the low energy (below 1
GeV) y-ray spectra of W44 and IC 433 is observed, which is
predicted by the pion-decay process of y-ray production. This
is regarded as direct evidence that the SNRs accelerate CR
protons. However, as mentioned above, it is believed that at
least up to the knee (PeV), CRs should be accelerated by
Galactic sources. The search for PeV CR accelerators
(dubbed as PeVatrons) is the most important question in cur-
rent CR-related studies. In this regard, mid-age SNRs can
hardly be responsible for CRs with energies higher than TeV.
This is because the y-ray spectra of these CRs reveal a cutoff
at approximately 10 GeV, which corresponds to the parent
CR proton energy of about 100 GeV. Indeed in the mid-age
SNRs, the shocks have already been effectively decelerated,
and the current shock speed is already less than 1 000 km/s.
In diffusive shock accelerations, the maximum acceleration
energy is directly related to the shock speed”; thus, it is ex-
pected that these mid-age SNRs cannot accelerate the highest
energy CRs. The natural acceleration sites for higher energy
CRs are the younger SNRs with higher shock speeds. Young
SNRs (with age approximately 1000 yrs) are bright TeV y-
ray sources” 7. In general, the available data can be modeled
by both the hadronic (“n°-decay”) and leptonic (“inverse
Compton”) scenarios of TeV y-rays production. By ignoring
this ambiguity, and assuming that y-rays are produced by ac-

can be estimated as W ~ erg/s ~10* erg/s,
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Fig. 2. The one year LHASSO sensitivity for y-rays, compared with the
sensitivities of other instruments. The sensitivities of other instruments
are from Refs. [21, 26, 28, 29].
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celerated protons, there is still a problem with the TeV y-ray
spectra. The measured TeV 7y-ray spectra are quite steep with
a differential slope I' ~2.4—-2.7% (also shown in Fig. 3),
which does not agree with the predictions of the standard
DSA theory for strong shocks of young SNRs. This result can
be interpreted in three different ways. First, the steep power-
law proton spectrum can be explained as the combination of a
hard (E-2 type) power-law spectrum and an “early” exponen-
tial cutoff, E, < 100 TeV. This simple explanation is pre-
dicted by the standard DSA and the conclusion of Lagage and
Cesarsky!™!. If this explanation is correct, observations with
higher sensitivities will find clear cutoffs. In this case, then
young SNRs can hardly account for all the CR up to PeV.
Second, the prediction of the hard accelerated CR spectrum
and early exponential cutoff in strong shock acceleration may
be incorrect. Indeed, steep power-law proton spectra can be
formed over a wide energy interval in certain realistic envir-
onments and scenarios (see, e.g., Refs. [46—49]). The steep
power-law spectra can extend over a wide energy interval and
even up to 1 PeV. In this case the resulting steep power-law vy -
ray spectra could continue up to 100 TeV and the young
SNRs with steep observed TeV y-ray spectra can still be
PeVatrons, but the CR injection spectrum at the acceleration
site may be steeper than expected before. Finally, the PeVat-
ron phase can only be achieved at the very early stage of SNR
evolution, such as the first 10 to 100 years"”, in particular, be-
cause the shock speed exceeds 10000 km/s. The multi-TeV
CRs have already escaped from the SNRs so the current y-ray
spectra are soft, even for very young ones, such as Cas
AP0 and Tycho™ . In this case, the y-ray radiation outside
the remnant will be different from the first case in which the

HESS )J1640-465
RXJ1713.7-3946
Cas A

HESS J1731-347
Tycho

Vela Jr

SN 1006 SW

1035 4

foR e R e R e Xel

1034 4

1033 4

1032 4

Differential luminosity (erg/s/TeV)

1031 4
103° T T
107! 10° 10!
Energy (TeV)

Fig. 3. The differential spectrum of several TeV-bright SNRs; the data
points are from Refs. [37, 39-44]. The figure is from Ref. [38].
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SNR cannot accelerate PeV particles at all. Any detection or
upper limit of y-rays at tens to hundreds of TeV in the vicin-
ity of young SNRs would provide important clues to whether
specific SNRs could accelerate protons 1 PeV at any epoch of
their evolution. Pioneering works in this direction have been
performed by H.E.S.S. collaborations®*. The youngest known
SNR in our Galaxy is SNR G1.9+0.3. X-ray observations
have estimated the age of this SNR to be approximately 150
years™, and the current shock speed is as high as
18000 km/s, which makes it the most plausible candidate for
PeVatrons. Due to the limited age of this source, the multi-
TeV particles cannot run too far away from their remnants. In
the case of G1.9+0.3 located in the Galactic Center, the
propagation depth of E > 10 TeV protons for 100 years could
hardly exceed 30 pc. For a distance to the source of 8.5 kpc,
the angular size of this region is expected to be less than 10
arcminute; therefore, the upper limit on the point source y-ray
luminosity L,(>1 TeV)<2x10%erg/s reported by the
H.E.S.S. collaboration®* can be used to constrain the total en-
ergy of CRs within the R <30 pc environment around the
source:

Wy(> 10E) = L,(> E) t ", (M

where o~ 1.5x10"n"s is the cooling time of protons
through the n° production and decay channel; the parameter
n~ 1.5-2 takes into account the production of y-rays in in-
teractions with the involvement of nuclei of both CRs and
ISMP. Due to the proximity to the Galactic Center, the gas
density in the region surrounding G1.9+0.3 can be very high,
n~ 100 cm™; thus, the upper limit of the energy content of
0.01-1 PeV protons is estimated to be ~ 10* erg, i.e., several
orders of magnitude below the CR release in an SNR re-
quired by former estimations.

To conclude, although SNRs have been established as a
main source population in TeV astronomy, further observa-
tions of these objects can still provide important information,
especially on the identification of PeVatrons. Such observa-
tions can be performed in two ways. One is to measure the
energy spectrum of young SNRs up to the energy range of
more than 100 TeV. Such measurements can distinguish
whether the soft y-ray spectra of the young SNRs are caused
by the energy cutoff in the acceleration CR spectra or just be-
cause the accelerated CR spectra are steep. In the latter case,
young SNRs can still be PeVatrons but with a steeper injec-
tion spectrum; thus, the current understanding of CR propaga-
tion in the Galactic halo may also reveal modifications. The
other way is to measure the diffuse y-ray emission near the
young and very young SNRs; for those objects, the CR
propagation is limited by age. If such objects have acceler-
ated PeV CRs at the very beginning of their evolution, these
particles cannot propagate too far, and y-ray observations
above 100 TeV can provide clues or upper limits of these PeV
CRs. The first method indeed measures the energy spectrum
in the cutoff/break region, and the second method observes
the faint diffuse emissions; both require extremely high sens-
itivities. In this regard, LHAASO and CTA will be ideal tools
for such studies in the future.

In addition to SNRs, YMCs have recently also been con-
sidered as major CR accelerators. There are also several hints
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supporting such a scenario. First, the recent measurements of
%Fe abundance in CRs"” indicate that a substantial fraction of
CRs could be accelerated in super bubble structures, where
both SNRs and massive stars exist. Second, the measure-
ments of the Galactic diffuse y-ray emission show that the
CRs have a similar radial distribution to OB stars rather than
SNRsP**1 (see also the discussion in the next section). Fi-
nally, massive stars have sufficient kinetic energies, supplied
by collective stellar winds, to provide the flux of locally
measured CRs"*°", Indeed, the idea that the stellar wind can
accelerate protons to PeV energies, has already been dis-
cussed by Cesarsky and Montmerle™ as early as 1983. The
speed of stellar wind can be as high as 3000 km/s, which is
still significantly lower than the shock speed in very young
SNRs, but the stellar wind can last 10° years; thus, the stellar
wind may be able to accelerate CRs even to higher energy
than SNR shocks ““. In addition, thanks to the advance of the
y-ray astronomy, several YMCs have recently been identi-
fied as y-ray sources. This is also predicted if these objects
are CR accelerators due to the fresh accelerated CRs interact-
ing with ambient gas. Several YMCs have been detected in -
rays, such as Cygnus Cocoon!, NGC 36031**! Westerlund
19 Westerlund 217, RSGC 1% W40 and W43\ They
all reveal a extended y-ray morphology with a hard (index
~ 2.3 type) y-ray spectra. The spectra of some bright YMCs
are shown in Fig. 4. We found that the spectra of several sys-
tems, such as the Cygnus cocoon, Westerlund 1 and Galactic
Center regions, can extend to approximately 10 TeV without
any hint of cutoff, which makes them promising PeVatron
candidates.

The observations of such systems at even higher energy
would be crucial in determining whether these systems are
PeVatrons or not. Indeed, a hard y-ray spectrum with no
break/cutoff above dozens of TeV can be regarded as the dir-
ect evidence of PeVatrons. This is because in this energy
range, the y-ray production mechanism should be either pion-
decay process in the inelastic collision between CR protons
with ambient gas, or the inverse Compton scattering (IC) pro-
cess of the relativistic electrons. In the energy range above 10
TeV, the main low energy photon field for IC is CMB, and
the Klein-Nishina effects are significant’™. Thus, even the
parent electron spectrum has no break or cutoff, the decline of
cross section would introduce a softening in the produced vy -
ray spectrum. Such a method has already been invoked by
H.E.S.S. collaborations in the study of HESS J1641-463"
and the Galactic Center, and they also concluded that GC
harbors a PeVatron by studying the spectrum of the diffuse -
ray emissions. Such a method requires accurate measurement
above 10 TeV; again, thanks to the unparalleled sensitivities
in this energy range, LHAASO would be the ideal tool to im-
plement this kind of study.

In addition to the spectral features, the spatial distribution
also provides unique information on CR related studies.
Aharonian et al.”" studied the CR distribution around several
YMCs by taking into account the y-ray observations as well
as the gas distributions. The results are summarized in Fig. 5.
A universal 1/r relation was derived for all three systems.
Such a CR distribution is predicted for continuous injection in
the standard paradigm of diffusion dominated propagation of
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CRs. Considering the size and energy budget of these sources,
the CRs should be continuously injected for approximately
10° years, which is much longer than the lifetime of SNRs,
but consistent with the lifetime of massive stars, which is ad-
ditional proof that these CRs are accelerated by stellar winds.
The spatial morphology can also be used to study the radi-
ation mechanisms. Recently, a new y-ray source population
was detected by the HAWC collaboration”, who found halo
structures near old pulsars and derived the diffusion coeffi-
cient of the relativistic electrons therein from the brightness
profiles. The derived diffusion coefficient is orders of mag-
nitude smaller than the average value in the Galactic plane
and such structures are named “TeV halos”. Thus, it would be
important to distinguish TeV halos with the extended y-ray
structures near the YMCs. Indeed, due to the fast cooling of
electrons, the spatial distribution of TeV halos should be
sharper. Considering both the energy loss and projection ef-
fects, the difference between the two cases is studied in detail
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in Ref. [77], and the main results are shown in Fig. 6. The dif-
ference can be used in the future to distinguish the two differ-
ent scenarios of extended y-ray emissions. It should be noted
that for TeV halos, the target photon fields (CMB) are ex-
tremely uniform and the y-ray emissions directly reflect the
distribution of CR protons. For the emissions around YMC,
the y-ray distribution is determined by both CR and gas dis-
tribution, which may make such a study difficult.

Recently, LHAASO detected 12 UHE sources in the
Galactic plane, opening the new window of y-ray astro-
nomy. As mentioned above, LHAASO is extremely powerful
in CR-related studies. Both SNRs and YMCs require VHE
observations to identify whether they can be PeVatrons. The
discovery of 12 UHE sources is a landmark in this area,
however, due to the complexity in the Galactic plane and the
limited angular resolution of LHAASO, the nature of these 12
sources cannot yet be determined. One interesting point is that
nearly all the sources except Crab nebular reveal an extended
morphology, which makes them possible candidates for TeV
halo or CR cocoons near YMCs. The accumulation of expos-
ure and multiwavelength studies, as well as higher angular
resolution observations with IACTs, will shed light on this
issue.

4 y-ray emissions as a tool to study CR
distribution in the Galaxy

The study of y-ray sources provided direct information on the
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Fig. 5. The CR proton radial distributions in the Cygnus Cocoon, Wd 1
Cocoon and CMZ above 10 TeV. For the Cygnus Cocoon, the energy
density of protons above 10 TeV is derived from the extrapolation of the
Fermi-LAT y-ray data to higher energies. The flux reported by the
ARGO collaboration at 1 TeV supports the validity of this extrapolation.
For comparison, the energy densities of CR protons above 10 TeV based
on the measurements by AMS-02 are also shown in Ref. [75]. The figure
is from Ref. [38].

possible acceleration site of CRs. The diffuse y-ray emis-
sions can provide information on CR distributions in our
Galaxy and then can be used to study the propagation process
of CRs. The diffuse y-ray emission in our Galaxy are mainly
consists of the pion-decay process of CR protons interacting
with ambient gas, IC and bremsstrahlung radiation of relativ-
istic electrons. In dense environments such as giant molecu-
lar clouds (GMCs) and Galactic plane, the pion-decay pro-
cess dominates above several hundred MeV!. In this case the
y-ray spectrum shape is determined solely by the CR spec-
trum. The normalization of y-ray emission is determined by
the normalization of CR flux and gas density. Thus, combin-
ing the gas information determined from the infrared/radio
observations and the y-ray measurement, one can in prin-
ciple derive the CR spectrum and density.

In this direction, GMCs are regarded as the best sites for
this kind of study. These objects are believed to be free of
other y-ray sources, and the high density therein makes them
ideal CR “calorimeters™. After the launching of Fermi-
LAT, the y-rays in GMCs have already been extensively
studied,and similar CR density and spectra inside the GMCs
in the Gould Belt have been derived™-*!. As an example we
show the Fermi-LAT vy-ray observations above 1 GeV to-
wards the GMC Orion A as well as the Planck dust opacity
map in the same region in Fig. 7. The Planck dust opacity
(7353) map can be used to represent the distribution of gases™".
By eye we can find that the gas and y-rays are in good correl-
ation with each other, which is expected if the y-rays are uni-
formly distributed inside GMCs. It should also be mentioned
that the y-ray counts maps shown here are nearly raw data be-
fore subtracting any contributions from background/fore-
ground sources, which means that the results derived with this
method are robust and free of any assumption of radiation
models. With this information, one can further derive the CR
spectrum and density in these clouds. For Orion A the results
are shown in Fig. 8. The derived CR spectrum in Orion A is
consistent with the direct measurement of CR spectrum by
PAMELA® above dozens of GeV. At low energy, the differ-
ence may come from the solar modulation effects of the local
measured CR spectrum. Thus, the results imply that the CR
density and spectrum in our solar system are similar to those
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Fig. 6. The surface brightness profile of both the TeV halo (electron) and
CR continuous injection case (1/r). The figure is from Ref. [77].
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in Orion A, which is approximately 500 pc away. This is also
compatible with the current understanding of CR propagation
that CR are well mixed in Galactic magnetic fields.

Such a study can also be promoted to a large scale, such as
the whole Galactic plane. In Refs. [58, 59], the diffuse y-ray
emission from the whole Galactic plane has been used to
study the large-scale distributions of CRs in the whole
Galaxy. The Galactic diffuse y-ray emissions in the Galactic
plane are also dominated by CR interaction with the ambient
gas; however, due to the complex nature of the Galactic
plane, the contributions from discrete y-ray sources as well as
the IC emissions cannot be ignored. Thus the analysis is more
complex and model-dependent compared with the results
from nearby GMCs. The current method assumed a cylindric-
ally symmetric distribution of CRs in our Galaxy, and then di-
vided the gas distribution into several rings with different
Galactocentric radiuses. The normalization and spectrum of y -
rays associated with these gas rings are derived from global
likelihood fitting and then the CR density and spectrum are
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Fig. 7. Top panel: The Fermi-LAT y-ray counts map above 1 GeV to-
wards Orion A. Bottom panel: The Planck dust opacity (r3s53) map, which
is proportional to the gas column density.

derived. The results in Refs. [58, 59] are compatible with
each other, although they used different regions of interest.
The CR distributions in different Galactocentric rings from
Ref. [59] are shown in Fig. 9. It is quite unexpected that there
is a peak in the distributions at the ring 4 — 6 kpc away from
the Galactic Center, which cannot be addressed in the stand-
ard CR propagation models (e.g., Ref. [87]), in which the CR
should be well mixed and the distribution should be much
flatter. Additionally, plotted in Fig. 9 are the distributions of
SNRs™ and OB stars™!. We found that the peak positions of
the derived CR distributions are in good agreement with the
OB stars rather than SNRs, which was also cited as a hint that
the OB stars can contribute significantly to CRs. The derived
CR radial distribution in our Galaxy also motivates related
theoretical studies, in which such a distribution is explained
as the consequence of the fact that CR propagation is domin-
ated by scattering with CR self-generated turbulence™ or by
the spatial-dependent diffusion’,

In the higher energy range, diffuse y-ray emission in the
Galactic plane has also been detected by Milagro®” and
ASyP1. Remarkably, ASy detected diffuse emission up to
nearly PeV in the Galactic plane, which implies that cosmic
rays are accelerated beyond PeV energies in our Galaxy and
spread over the Galactic disk. Indeed, the y-ray flux in this
energy range depends not only on the parent CR spectrum but
also on the CR mass composition near the knee, which is not
well measured by direct CR observations. Thus, y-ray emis-
sion can provide an independent measurement of the knee of
CRs. In addition, as in the GeV energy range, combining the
y-ray observations above 100 TeV and the gas information,
one can derive the PeV CR distribution in our Galaxy, which
would provide us with direct insight into their origin. The cur-
rent statistics of data are not yet sufficient to carry out these
studies, but as the exposure accumulates, LHAASO will def-
initely make significant progress in this area in the next few
years.

This kind of analysis used an assumption that CRs are dis-
tributed cylindrically symmetric in our Galaxy, which may be
oversimplified. A possible improvement is to use the GMCs
in different positions of the Galaxy rather than the solar
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Fig. 8. The derived CR spectrum in Orion A (shaded area) compared with
the direct measurement of the CR spectrum from PAMELA (data
points)*“1. The figure is from Ref. [82].
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neighborhood. This is not a simple task since the y-ray flux
from a GMC scale is M/d?*, where M and d are the mass and
distance of the GMC, respectively. Thus, to detect these ob-
jects, we must use very massive clouds. One natural choice is
the Sgr B complex near GC, which is one of the densest re-
gions in our Galaxy. Yang et al.’” and Aharonian et al.””
measured the y-ray emission in this region and the results are
shown in Fig. 10, where the derived CR flux and spectrum are
quite similar to those in the solar neighborhood, and above
several hundred GeVs, there is a hint of hardening, which
may be connected to the diffuse TeV y-ray emissions ob-
served by H.E.S.S.I"" and related to the fresh accelerated CR
in the GC region. Later, thanks to the progress in the distance
determination in our Galaxy, Rice et al.” identified several
thousand molecular clouds in our Galaxy. With this new in-
formation, Aharonian et al.’”! and Peron et al.’! analyzed the
Fermi-LAT +y-ray observation towards several massive
GMCs in different positions of the Galaxy and measured the
CR density and spectra therein. The results of Aharonian et
al.””! are summarized in Fig. 11. They found that the galacto-
centric radial distribution of the CR density derived fromy-
ray and gas observations unveils a homogeneous “sea” of
CRs with a constant density and spectral shape close to the
flux of directly (locally) measured CRs. This applies to the
galactocentric distances exceeding 8 kpc, as well as the Sagit-
tarius B complex, in the region of the Galactic Center. And in
the region 4 — 8 kpc from the GC, there are significant vari-
ations in the CR density and spectrum from cloud to cloud. In
Ref. [96], the Galactocentric ring with a radius of
1.5 — 4.5 kpc away from the GC, in which a peak in CR dens-
ity is discovered by using diffuse y-ray emissions discussed
abovel™ > are further studied by using GMCs. The CR dens-
ity measured at the locations of these clouds is compatible
with the locally measured one. Thus, the CR density gradient
derived from the diffuse y-ray emission (see also Fig. 9) may
be the result of the presence of CR accelerators rather than a
global change in the sea of Galactic cosmic rays due to their
propagation. The results from Refs. [93, 94] reveal a differ-
ent picture of CR distributions in our Galaxy, as well a differ-
ent explanation of the CR density profile derived from dif-
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Fig. 10. The energy distribution of y-rays in the Sgr B complex. The data
points are from Refs. [93, 94].

fuse y-ray emissions in the Galactic plane. In such a picture,
CR is distributed nearly homogeneously in the whole Galaxy,
and the spectral and density variations found in Refs. [58, 59]
are a result of the influence of local CR sources in the inner
ring of our Galaxy. We note that a uniform CR density in the
Galaxy is also far from the prediction of the “standard” CR
propagation models'”, in which the diffusion can smooth but
cannot totally erase the spatial distribution of the CR sources.
The origin of such a uniform CR distribution requires further
phenomenological and theoretical investigations.

5 Discussion and prospects

The y-ray astronomy has provided plentiful information for
CR studies. Potential CR accelerators such as SNRs and
YMCs are detected in y-rays from the GeV to PeV energy
ranges. The spectral and spatial distributions of these sources
are well studied, which significantly extend our understand-
ing of these objects, although the site of PeV CR acceleration
has not yet been finalized. We expect LHAASO to shed light
on this question very soon.

However, although LHAASO is expected to make great
progress in this field, the PSF of LHAASO may still be a lim-
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Fig. 11. The derived CR density and index in different position of the
Galaxy using GMCs in Ref. [93].
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itation in specific questions. For example, in the first 12
sources detected by LHAASO, except for Crab nebular, no
confirmed association between the sources and the astrophys-
ical objects has yet been established. Even for the brightest
sources, such as LHAASO J1825-1326, LHAASO
J1908+0621 and LHAASO J2226+6957", whose fluxes
above 100 TeV are higher than Crab, we cannot confirm
which astrophysical objects correspond to the y-ray emis-
sions. This is because all these sources are located inside very
crowded regions and inside the LHAASO PSF several pos-
sible CR accelerators are present, such as the PWN and
SNRs. As one example we show the LHAASO KM2A signi-
ficance map of LHAASO J1825-1326 overlaid with the astro-
physical sources in Fig. 12. We found that in the y-ray bright
region observed by LHAASO KM2A, there are two bright
pulsars, two H.E.S.S. sources as well as several gas clumps.
To understand the origin of these y-rays and finally identify
PeVatrons the observations with better angular resolution are
required. One natural choice is IACTs, whose angular resolu-
tion can reach 0.05°. Indeed, these sources are already well
studied by H.E.S.S.”! However, as shown in Fig. 2, the sens-
itivity of H.E.S.S. are nearly two orders of magnitude worse
than LHAASO. Therefore, the observations from H.E.S.S.
and other current IACTs are in fact for much lower energy
range and cannot help us to pin down the origin of the UHE vy -
rays. In this regard, CTA as the next generation IACTs will
have great potential in this direction. In particular, CTA-
south, which will be equipped with small size telescope (SST)
arrays whose effective areas are also larger than | km® will
have good sensitivity above 100 TeVs. However, we note that
CTA south will not cover most of the LHAASO field of
views due to the different latitudes of their sites. Thus, a
Cherenkov telescope array for high energy (above 10 TeV)
with the same FOV as LHAASO can provide the best syn-
ergy with LHAASO in PeVatron searching. One recent pro-
gress is the ASTRI mini-array!” which will be installed in
Tenerife in the Canary Islands. It consists of 9 small size tele-
scopes and will significantly improve sensitivities compared
with the current IACTs. A more ambitious idea is to build an
IACT array inside the LHAASO site; the small telescopes
occupy the same 1km’ as KM2A and will provide suffi-
ciently good sensitivities to collaborate with KM2A above
100 TeV. The MDs in KM2A can be used to help the particle
identifications of IACT array, which can also potentially im-
prove its sensitivities'*'.

The progress and prospects above mainly focus on the en-
ergy range above GeV. MeV y-rays can also be used to study
CR physics. In fact, due to the power law shape of the CR
spectrum, a significant portion of the energy density of CRs is
contributed by particles below 1 GeV. More importantly, the
ionization and heating of ambient gas are also dominated by
low energy CRs (LECRs). It is these CRs that control the ion-
ization rate in the dense core of molecular clouds and thus the
astro-chemistry chain as well as the star-forming processes.
However, the pion production process has an energy
threshold of approximately 280 MeV, which means that most
MeV CRs do not produce pion-decay y-rays. At energies be-
low this kinematic threshold, the nuclear de-excitation lines
provide the most straightforward information about the LECR
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Fig. 12. The significance map above 25 TeV from the LHAASO-KM2A
observations on LHAASO J1825-1326. The green circle in the right bot-
tom is the point spread function of LHAASO-KM2A. The white circles
are the extensions of HESS J1825-137 at lower (large) and higher (smal-
ler) energies. The purple circle is the extension of HESS J1826-130. The
two black diamonds label the position of two pulsars while the cyan el-
lipse is the dense molecular gas clump identified in Ref. [97]. The figure
is from Ref. [98].

protons and nuclei (e.g., Refs. [102, 103]. Because of the
slow propagation and severe energy losses, the local LECRs
make negligible contributions to the fluxes beyond 100 pc.
For the same reason, LECRs are expected to be inhomogen-
eously distributed in the Galactic disk; subrelativistic protons
and nuclei are expected to be concentrated around their accel-
eration sites. Because all potential CR source populations
(SNRs, stellar clusters, individual stars, etc.) are linked in one
way or another to the star-forming region, the effective con-
finement of LECRs in these regions is expected to produce
feedback that stimulates the star formation through the ioniza-
tion of the nearby molecular clouds. Thus an unbiased, obser-
vation based information about LECRs at the sites of their
concentrations in the Milky Way is crucial for understanding
the fundamental processes linked to the dynamics and chem-
istry of the interstellar medium, star formation, etc. The most
direct channel of information is provided by nuclear de-excit-
ation y-ray lines resulting from the interactions of protons
and nuclei of LECRs with the ambient gas'*. However, the
expected y-ray fluxes are unfortunately well below the sensit-
ivity of current y-ray detectors. With the arrival of the pro-
posed y-ray detectors that are dedicated to low energies, such
as e-ASTROGAM!”! and AEMGO!"!, the detection of nucle-
ar y-rays, in particular, the lines at 0.847, 1.63, 4.44, and 6.13
MeV of nearby (within a few kpc) accelerators of LECRs
would become feasible provided that the LECR accelerators
are surrounded by dense (> 100cm™) gaseous regions in
which LECRs propagate significantly more slowly than in the
interstellar medium.

In conclusion, y-rays provide a unique tool for studying
CRs. Great progress has already been achieved. The diffuse y-
ray emissions are well studied from GeV to PeV. A handful
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of GMCs have been detected in the GeV energy range, and
progress is still ongoing. The diffuse emissions in the
Galactic plane are also well studied, and together with gas
distributions, the spatial distributions of GeV CRs in our
Galaxy are studied. Diffuse VHE/UHE vy-ray emissions are
also detected in the Galactic plane, but current statistics pre-
vent any strong conclusion. After several years of data accu-
mulation of LHAASO, we expect the GMC and the longitud-
inal profile of the diffuse y-ray emissions in the Galactic
plane to be detected above 100 TeV. The potential CR accel-
erators are also well measured, and LHAASO will continue
unveiling the PeV y-ray sky. The synergy with current and
forthcoming IACTs will bring us direct insight into the ex-
treme particle acceleration processes. The future MeV instru-
ments will also provide information on low-energy CRs and
their interplay with other astrophysical processes. We expect
that the mystery of CRs will eventually be solved with the
continuous progress of y -ray astronomy.
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