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What are known about UHECRs? 

PoS(ICRC2023)521

PoS(ICRC2023)249

Auger-TA mass composition working group report Alexey Yushkov
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Figure 7: Comparison of h-maxi and f(-max) measured at TA and for the Auger data transferred into the
TA detector (AugerMix). Statistical and systematic errors of each observatory are shown with error bars
and shaded areas correspondingly. In the h-maxi plot, Auger and TA systematic uncertainties combined in
quadrature are shown with a dashed line.

the mass fractions in AugerMixes is presented along with the examples of the -max distributions
measured at Auger and the AugerMixes distributions in two energy bins. The shapes of the Auger
and AugerMixes distributions agree well as a comparison of their h-maxi and f(-max) presented
in Fig. 5 shows. Results for AugerMixes in Figs. 4, 5 are obtained using maximum a posteriori
point estimates of nuclear fractions from the full posterior distributions, one example of which for
lg(⇢/eV) = 18.2 � 18.3 is shown in Fig. 6. To exploit information from posterior distributions,
we randomly sample from them 100 AugerMixes in each energy bin and process the mixes through
the TA analysis chain obtaining this way 100 AugerMixes ⌦ TA. Standard deviations of h-maxi and
f(-max) distributions for 100 mixes (see an example in Fig. 6) are then used as an estimation of
statistical errors on -max moments of AugerMixes ⌦ TA.

The comparison of the -max moments for the TA data and AugerMixes is presented in Fig. 7.
The TA -max fluctuations are not shown at lg(⇢/eV) > 19.2 since for these energies f(-max)
can not be reliably estimated due to the relatively low TA event statistics. One can see that
h-maxi measurements of the two observatories agree within the statistical and systematic errors
with shallower h-maxi TA values at the low-energy end lg(⇢/eV) < 18.5. At the moment,
we cannot identify the reasons for the observed energy-dependent behaviour of this discrepancy.
The -max fluctuations are generally in good agreement except for two energy bins (lg(⇢/eV) =
18.7 � 18.8, 18.9 � 19.0) where TA f(-max) have larger values. These larger fluctuations are due
to the presence of very deep events in the TA data as can be seen in Fig. 8 where examples of -max
distributions for the TA data and AugerMixes are shown. In this figure to compare the shapes of
the distribution we remove the mismatch between h-maxi of the two data sets by shifting the TA
distributions by the values indicated in each panel. Visually, the details of the TA and AugerMix
distributions look very similar. For a quantitative characterization of their compatibility, we apply
the Anderson-Darling (AD) statistical test in which each of 100 AugerMixes ⌦ TA is compared to
the TA -max distributions shifted to match h-maxi of an individual mix. We perform the same tests
also for the Auger data and AugerMixes folded with the Auger detector e�ects. The distributions
of p-values for these tests in the energy bin lg(⇢/eV) = 18.9 � 19.0 are shown in Fig. 9. The
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• Steepening >1019.5eV is established => Origin is unknown.  North/South difference?
• Anisotropy in the medium angular scale => Concentration along the SGP.   No excess from the Virgo.
• Heavier at higher energy => Consistent between TA and Auger.

Auger, PRD 102, 062005 (2020)

The energy-dependent lines drawn in Fig. 13 (right)
show the different ratios of intensity expected from the
dipolar patterns in each declination band relative to that
across the whole field of view. The corresponding data
points are observed, within uncertainties, to be in fair
agreement with these expectations.
Overall, there is thus no significant variation of the

spectrum as a function of the declination in the field of
view scrutinized here. A trend for a small declination
dependence, with the flux being higher in the Southern
Hemisphere, is observed consistent with the dipolar
patterns reported in [47]. At the highest energies, the
event numbers are still too small to identify any increase
or decrease of the flux with the declinations in our field
of view.

VI. COMPARISON WITH OTHER
MEASUREMENTS

Currently, the Telescope Array (TA) is the leading
experiment dedicated to observing UHECRs in the
Northern Hemisphere. As already pointed out, TA is also
a hybrid detector making use of a 700 km2 array of SD
scintillators overlooked by fluorescence telescopes located
at three sites. Although the techniques for assigning
energies to events are similar, there are differences as to
how the primary energies are derived, which result in
differences in the spectral estimates, as can be appreciated
in Fig. 14 where the E3-scaled spectrum derived in this
work and the one derived by the TA Collaboration [48]
are shown.
A useful way to appraise such differences is to make a

comparison of the observations at the position of the ankle.
Given the lack of anisotropy in this energy range, this
spectral feature must be quasi-invariant with respect to
direction on the sky. The energy at the ankle measured
using the TA data is found to be ð4.9"0.1ðstatÞÞ×1018 eV,

with an uncertainty of 21% in the energy scale [49] in good
agreement with the one reported here [ð5.0" 0.1ðstatÞ"
0.8ðsystÞÞ × 1018 eV]. Consistency between the two spec-
tra can be obtained in the ankle-energy region up to
≃1019 eV by rescaling the energies by þ5.2% for Auger
and −5.2% for TA. The factors are smaller than the current
systematic uncertainties in the energy scale of both experi-
ments. These values encompass the different fluorescence
yields adopted by the two Collaborations, the uncertainties
in the absolute calibration of the fluorescence telescopes,
the influence of the atmospheric transmission used in
the reconstruction, the uncertainties in the shower
reconstruction, and the uncertainties in the correction factor
for the invisible energy. It is worth noting that better
agreement can be obtained if the same models are adopted
for the fluorescence yield and for the invisible energy
correction. Detailed discussions on these matters can be
found in [50].
However, even after the rescaling, differences persist

above ≃1019 eV. At such high energies, anisotropies might
increase in size and induce differences in the energy spectra
detected in the Northern and Southern Hemispheres. To
disentangle possible anisotropy issues from systematic
effects, a detailed scrutiny of the spectra in the declination
range accessible to both observatories has been carried out
[51]. A further empirical, energy-dependent, systematic
shift of þ10% (−10%) per decade for Auger (TA) is
required to bring the spectra into agreement. A compre-
hensive search for energy-dependent systematic uncertain-
ties in the energies has resulted in possible nonlinearities in
this decade amounting to"3% for Auger and ð−0.3" 9Þ%
for TA, which are insufficient to explain the observed effect
[52]. A joint effort is underway to understand further the
sources of the observed differences and to study their
impact on the spectral features [53].

VII. SUMMARY

We have presented a measurement of the energy spec-
trum of cosmic rays for energies above 2.5 × 1018 eV
based on 215,030 events recorded with zenith angles below
60°. The corresponding exposure of 60; 400 km2 yr sr,
calculated in a purely geometrical manner, is independent
of any assumption on unknown hadronic physics or
primary mass composition. This measurement relies on
estimates of the energies that are similarly independent of
such assumptions. This includes the analysis that mini-
mizes the model/mass dependence of the invisible energy
estimation as presented in [33]. In the same manner, the
flux correction for detector effects is evaluated using a data-
driven analysis. Thus the approach adopted differs from
that of all other spectrum determinations above ≃5 ×
1014 eV where the air-shower phenomenon is used to
obtain information.
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FIG. 14. Comparison between the E3-scaled spectrum derived
in this work and the one derived at the Telescope Array.
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Correlation with candidates (Starburst Galaxies)
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Auger, ApJ Lett., 853:L29 (2018)

events for an experiment in the northern hemisphere to detect
the correlation; also, the Auger best-fit energy threshold found
with this catalog (E 60min � EeV) was higher than with the
SBGs, further reducing the available statistics.

5. Conclusions

This Letter presents the result of a search for a correlation
between arrival directions of UHECRs observed by TA and the
flux pattern of SBGs. The SBG sample, anisotropic fraction,
and angular scale were fixed to be the best-fit values as in the

Auger study. The energy threshold of 43EeV was determined
by taking into account of the energy-scale difference between
two experiments (Abu-Zayyad et al. 2018), corresponding to
39EeV, at which the most significant correlation was reported
in Auger. The result of this test was inconclusive, being
compatible both with isotropy to within 1.1σ and with the
Auger result to within 1.4σ. This means that the current TA
data is not capable of discriminating between these two
hypotheses. The ongoing expansion of TA (Kido 2018) will
increase its effective area by a factor of 4, allowing us to reduce
the statistical uncertainties and possibly to discriminate
between different hypothesis about the UHECR origin.

We thank Pierre Auger collaboration members Jonathan
Biteau and Olivier Deligny for useful discussions about their
analysis.
The Telescope Array experiment is supported by the Japan

Society for the Promotion of Science (JSPS) through Grants-
in-Aid for Priority Area 431, for Specially Promoted Research
JP21000002, for Scientific Research (S) JP19104006, for Specially
Promoted Research JP15H05693, for Scientific Research (S)
JP15H05741 and for Young Scientists (A) JPH26707011; by the
joint research program of the Institute for Cosmic Ray Research
(ICRR), The University of Tokyo; by the U.S. National Science
Foundation awards PHY-0601915, PHY-1404495, PHY-
1404502, and PHY-1607727; by the National Research Founda-
tion of Korea (2016R1A2B4014967, 2016R1A5A1013277,
2017K1A4A3015188, 2017R1A2A1A05071429); by the Russian

Figure 1. Maps of: (a) the anisotropic part of the model flux (Equation (4)); (b) the total model flux (Equation (3)); (c) the total model flux multiplied by the TA
exposure; and (d) the TA events above 43EeV. The dashed and dotted lines represent the Galactic and supergalactic planes, respectively, and the white disk shows the
Galactic center.

Figure 2. Distribution of test statistics in MC sets generated according to the
two flux hypotheses that we considered.
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TA, ApJ Lett., 867:L27 (2018)

• Auger reported 4𝜎 correlation with nearby Starburst Galaxies >38 EeV
• Only 10% source contribution!
• TA tested with the same model parameters but compatible with both isotropic and SBG hypotheses 

(lack of statistics) 

Figure 3. Top to bottom: observed excess map; model excess map; residual map; model flux map, for the best-fit parameters obtained with SBGs above 39 EeV (left)
and γAGNs above 60 EeV (right). The excess maps (best-fit isotropic component subtracted) and residual maps (observed minus model) are smeared at the best-fit
angular scale. The color scale indicates the number of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The
supergalactic plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.

(FITS files for this figures are available.)
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Observation (smeared)

SBG model (smeared)

As discussed in Section 4.1, all four sky models tested here are
based on improved versions of the catalogs used by Pierre Auger
Collaboration (2018b), although with a mild impact on the
significance of the results and no noticeable change in the best-fit
parameters. The maximum TS is obtained at the same point of the
parameter space using the catalogs of infrared galaxies, starburst
galaxies, and X-ray AGNs from Pierre Auger Collaboration
(2018b), with TS values of 16.0, 23.1, and 18.0, respectively,
differing by less than 2 units from the results in Table 2. The most

important change is observed for the gamma-ray catalog of jetted
AGNs: the maximum TS (13.5) is obtained above∼60 EeV with
the earlier catalog version based on the 2FHL catalog
(Eγ> 50GeV), while it is obtained above∼40 EeV with the
current version based on the 3FHL catalog (Eγ> 10 GeV). The
change can be understood from the lower energy threshold of the
3FHL catalog, which reduces the relative flux of blazars beyond
100Mpc (Mkn 421 and Mkn 501) with respect to the flux of local
radio galaxies (CenA, NGC 1275, and M 87).

Figure 4. TS as a function of signal fraction and search radius for the four tested catalogs, as labeled in the figure. The reference best-fit parameters obtained above the
energy threshold that maximizes the departure from isotropy are marked with a cross. The 68% C.L. contour is displayed as a black line. The complete figure set
(4 × 49 images), which shows the evolution of the TS mapping as a function of energy threshold, is available in the online journal.

(The complete figure set (49 images) is available.)

Table 2
Best-fit Results Obtained with the Four Catalogs at the Global (Upper) and Secondary (Lower) Maximum

Catalog Eth [EeV] Fisher Search Radius, Θ [deg] Signal Fraction, α [%] TSmax Post-trial p-value

All galaxies (IR) 40 16 6
11

-
+ 16 7

10
-
+ 18.0 7.9 × 10−4

Starbursts (radio) 38 15 4
8

-
+ 9 4

6
-
+ 25.0 3.2 × 10−5

All AGNs (X-rays) 39 16 5
8

-
+ 7 3

5
-
+ 19.4 4.2 × 10−4

Jetted AGNs (γ-rays) 39 14 4
6

-
+ 6 3

4
-
+ 17.9 8.3 × 10−4

All galaxies (IR) 58 14 5
9

-
+ 18 10

13
-
+ 9.8 2.9 × 10−2

Starbursts (radio) 58 18 6
11

-
+ 19 9

20
-
+ 17.7 9.0 × 10−4

All AGNs (X-rays) 58 16 6
8

-
+ 11 6

7
-
+ 14.9 3.2 × 10−3

Jetted AGNs (γ-rays) 58 17 5
8

-
+ 12 6

8
-
+ 17.4 1.0 × 10−3

Note. The energy threshold, Eth, Fisher search radius, Θ, and signal fraction, α, which maximize the TS, TSmax, for each of the catalogs. The post-trial p-value
accounts for the energy scan and search over α and Θ.
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where ABT indicates the conversion function. As Liouville’s
theorem tells that the flux value along each CR trajectory
remains constant (Bradt & Olbert 2008), we can determine the

CR flux on Earth Fearth as

q q
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n n
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Because of the nearby source contributions, the photonuclear
interaction during intergalactic propagation is not taken into
account in this study. Some examples of Fearth for different R
based on Forg in Figure 3 are shown in Figure 4. As shown in
Figure 4 (top left), at the highest rigidity (R= 100 EV), the
GMF does not affect the CR flux. As the rigidity R decreases,
the peaks of CR flux around NGC1068 and NGC253 become
displaced from the true source directions (top right panel in
Figure 4) for =Rlog EV 1.5( ) ). At lower rigidity (bottom left
panel in Figure 4 for R= 10 EV), the displacements become
larger and the peak around NGC4945 splits along the GP.
Through visual inspections, it is clear that the GMF bias is
stronger in the southern hemisphere.

2.3. Generation of Mock Data Sets

To quantitatively discuss the GMF biases in Section 3, we
generate mock events as follows. We adopt a best-fit function
and the parameters given in Heinze & Fedynitch (2019) based
on the observed UHECRs from the Auger experiment (Aab
et al. 2017). In Heinze & Fedynitch (2019), the energy
spectrum of each mass (A) at the source is assumed by the
following function JA, and fitting was performed for the mass
composition observed on Earth,

=
g-

J E f E Z R n z
E

, ,
10 GeV

. 5A A Acut max evol 9
 ⎛⎝ ⎞⎠( ) ( ) ( ) ( )

Figure 1. A schematic for a mock data-set generation.

Table 1
Catalog of SBGs in Aab et al. (2018)

IDa l (°)b b (°)b D (Mpc)c f (%)d

NGC 253 97.4 −88 2.7 13.6
M82 141.4 40.6 3.6 18.6
NGC 4945 305.3 13.3 4 16
M83 314.6 32 4 6.3
IC 342 138.2 10.6 4 5.5
NGC 6946 95.7 11.7 5.9 3.4
NGC 2903 208.7 44.5 6.6 1.1
NGC 5055 106 74.3 7.8 0.9
NGC 3628 240.9 64.8 8.1 1.3
NGC 3627 242 64.4 8.1 1.1
NGC 4631 142.8 84.2 8.7 2.9
M51 104.9 68.6 10.3 3.6
NGC 891 140.4 −17.4 11 1.7
NGC 3556 148.3 56.3 11.4 0.7
NGC 660 141.6 −47.4 15 0.9
NGC 2146 135.7 24.9 16.3 2.6
NGC 3079 157.8 48.4 17.4 2.1
NGC 1068 172.1 −51.9 17.9 12.1
NGC 1365 238 −54.6 22.3 1.3
Arp 299 141.9 55.4 46 1.6
Arp 220 36.6 53 80 0.8
NGC 6240 20.7 27.3 105 1
Mkn 231 121.6 60.2 183 0.8

Notes.
a SBG Names.
b SBG directions (galactic coordinates).
c Distances from the Earth.
d Relative flux contributions normalized by the radio flux at 1.4 GHz.

Figure 2. Directions and contributions of SBGs in Table 1 from Aab et al.
(2018; in equatorial coordinates). Circles show the direction of SBGs. The
color and area of each marker scale their relative flux contribution to the CR
flux models. The gray dots (circles) indicate the GP (the SGP).

Figure 3. An example of the SBG model with θ = 10° (in equatorial
coordinates). The dotted white lines represent the GP and the SGP (SGP). The
top six contributing SBGs are noted as gray stars.
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The cutoff function fcut is given as
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Because we only focus on the nearby sources, the redshift-
evolution term nevol(z) is approximated to be 1. We also assume
that the mass composition observed on Earth and the
composition at the source are the same. The fractions of
elements are defined as fA = SA A A  at 10 EeV in Heinze &
Fedynitch (2019). We adapt the best-fit parameters from
Heinze & Fedynitch (2019) as γ=−0.80 and =R 1.6 EVmax .
We also adapt the values of fA as (

1H,4He,14N, 28Si,56Fe)= (0.0,
82.0, 17.3, 0.6, 2.0 · 10−2)[%]. According to this mass fraction
and to the spectra, we determine the mass and energy, i.e., R, of
each mock event. The energy E of a mock event is randomly
sampled from the spectrum, and the rigidity R of the event is
calculated through the formula R = E/Ze. We adapt the
minimum energy =E 40 EeVmin according to previous studies
(Aab et al. 2018, =E 39 EeVmin ). Using the selected rigidity
R, we determine the arrival direction of the event based on the
CR flux model defined in Section 2.2.

An example of the distribution of the mock event arrival
directions is provided in Figure 5. The distribution in Figure 5
is similar to the distribution of pure-carbon case (Figure 10 in
Appendix A.1). Although we can see clustering around M82
and NGC4945, the centers of the distributions are displaced
from the source directions. The events that originated from
NGC1068 and NGC253 are mostly deflected. This suggests
that the real UHECR distribution cannot be reproduced with a
single isotropic smearing, and the deflections by the GMF
depend on the arrival directions.

2.4. The Sky Coverage of the Experiments

To make the comparison with the analysis of the observed
UHECRs (Aab et al. 2018; Abbasi et al. 2018), the sky
coverage of the TA and Auger experiments is considered based
on the equations given by Sommers (2001). In Sommers
(2001), the sky coverage ω(nCR) depends on the decl. δ,

w d d a a dµ +a acos cos sin sin sin . 70 m m 0( ) ( ) ( ) ( ) ( ) ( ) ( )

a
x

p x
x x

=
>
< -

- < <-

0 1
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Figure 4. Examples of the SBG model as seen from Earth when R = 102.0, 101.5, and 101.0 EV and θ = 10° (the JF12 model). The color scale is the same as in
Figure 3. The rigidity R is shown in the top right corner in each panel in the log scale.

Figure 5. Example of the distribution of the mock events
( q = f , 100%, 10ani

true true( ) ( )). The gray dots show the arrival directions of
4000 mock events. The directions of the SBGs whose contribution exceeds 5%
are shown by black stars and their name. The area of each star indicates its
relative contribution in Tabel 1. Black dots (circles) present the GP (SGP).
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Galactic magnetic deflection

44

Figure 3.8: The 3D projection of the CR trajectory when R = 100.1 to 103.0EV (black
lines, JF12 model). The sphere indicates the galaxy sphere (20 kpc from the GC).
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Figure 3.8: The 3D projection of the CR trajectory when R = 100.1 to 103.0EV (black
lines, JF12 model). The sphere indicates the galaxy sphere (20 kpc from the GC).
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Anisotropy, mass and magnetic field
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Figure 4.3: Composition of each mass group (left panel, Equation 4.3) and energy
histogram of 1000 datasets (4×106events) based on the mass composition taken from
the work of Heinze & Fedynitch (2019) (right panel). The thick black solid line shows
the distribution of all mass types. The thin dash-dot, dotted, dashed, and solid lines
indicate Z = 2, Z = 7, Z = 14, and Z = 26, respectively. The proton (Z = 1) does
not exist in these figures due to the small fraction fA = 0%.

Figure 4.4: Example of the mock UHECRs distribution with the
mixed-mass assumption (f true

ani =100%, θtrue = 10 deg). The gray
dots show the arrival directions of 4000 mock UHECR events.
The directions of the SBGs whose contribution is above 5% are
shown.
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not exist in these figures due to the small fraction fA = 0%.
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mixed-mass assumption (f true

ani =100%, θtrue = 10 deg). The gray
dots show the arrival directions of 4000 mock UHECR events.
The directions of the SBGs whose contribution is above 5% are
shown.
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where ABT indicates the conversion function. As Liouville’s
theorem tells that the flux value along each CR trajectory
remains constant (Bradt & Olbert 2008), we can determine the
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Because of the nearby source contributions, the photonuclear
interaction during intergalactic propagation is not taken into
account in this study. Some examples of Fearth for different R
based on Forg in Figure 3 are shown in Figure 4. As shown in
Figure 4 (top left), at the highest rigidity (R= 100 EV), the
GMF does not affect the CR flux. As the rigidity R decreases,
the peaks of CR flux around NGC1068 and NGC253 become
displaced from the true source directions (top right panel in
Figure 4) for =Rlog EV 1.5( ) ). At lower rigidity (bottom left
panel in Figure 4 for R= 10 EV), the displacements become
larger and the peak around NGC4945 splits along the GP.
Through visual inspections, it is clear that the GMF bias is
stronger in the southern hemisphere.

2.3. Generation of Mock Data Sets

To quantitatively discuss the GMF biases in Section 3, we
generate mock events as follows. We adopt a best-fit function
and the parameters given in Heinze & Fedynitch (2019) based
on the observed UHECRs from the Auger experiment (Aab
et al. 2017). In Heinze & Fedynitch (2019), the energy
spectrum of each mass (A) at the source is assumed by the
following function JA, and fitting was performed for the mass
composition observed on Earth,

=
g-

J E f E Z R n z
E

, ,
10 GeV

. 5A A Acut max evol 9
 ⎛⎝ ⎞⎠( ) ( ) ( ) ( )

Figure 1. A schematic for a mock data-set generation.

Table 1
Catalog of SBGs in Aab et al. (2018)

IDa l (°)b b (°)b D (Mpc)c f (%)d

NGC 253 97.4 −88 2.7 13.6
M82 141.4 40.6 3.6 18.6
NGC 4945 305.3 13.3 4 16
M83 314.6 32 4 6.3
IC 342 138.2 10.6 4 5.5
NGC 6946 95.7 11.7 5.9 3.4
NGC 2903 208.7 44.5 6.6 1.1
NGC 5055 106 74.3 7.8 0.9
NGC 3628 240.9 64.8 8.1 1.3
NGC 3627 242 64.4 8.1 1.1
NGC 4631 142.8 84.2 8.7 2.9
M51 104.9 68.6 10.3 3.6
NGC 891 140.4 −17.4 11 1.7
NGC 3556 148.3 56.3 11.4 0.7
NGC 660 141.6 −47.4 15 0.9
NGC 2146 135.7 24.9 16.3 2.6
NGC 3079 157.8 48.4 17.4 2.1
NGC 1068 172.1 −51.9 17.9 12.1
NGC 1365 238 −54.6 22.3 1.3
Arp 299 141.9 55.4 46 1.6
Arp 220 36.6 53 80 0.8
NGC 6240 20.7 27.3 105 1
Mkn 231 121.6 60.2 183 0.8

Notes.
a SBG Names.
b SBG directions (galactic coordinates).
c Distances from the Earth.
d Relative flux contributions normalized by the radio flux at 1.4 GHz.

Figure 2. Directions and contributions of SBGs in Table 1 from Aab et al.
(2018; in equatorial coordinates). Circles show the direction of SBGs. The
color and area of each marker scale their relative flux contribution to the CR
flux models. The gray dots (circles) indicate the GP (the SGP).

Figure 3. An example of the SBG model with θ = 10° (in equatorial
coordinates). The dotted white lines represent the GP and the SGP (SGP). The
top six contributing SBGs are noted as gray stars.
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where ABT indicates the conversion function. As Liouville’s
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Because of the nearby source contributions, the photonuclear
interaction during intergalactic propagation is not taken into
account in this study. Some examples of Fearth for different R
based on Forg in Figure 3 are shown in Figure 4. As shown in
Figure 4 (top left), at the highest rigidity (R= 100 EV), the
GMF does not affect the CR flux. As the rigidity R decreases,
the peaks of CR flux around NGC1068 and NGC253 become
displaced from the true source directions (top right panel in
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panel in Figure 4 for R= 10 EV), the displacements become
larger and the peak around NGC4945 splits along the GP.
Through visual inspections, it is clear that the GMF bias is
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Figure 2. Directions and contributions of SBGs in Table 1 from Aab et al.
(2018; in equatorial coordinates). Circles show the direction of SBGs. The
color and area of each marker scale their relative flux contribution to the CR
flux models. The gray dots (circles) indicate the GP (the SGP).

Figure 3. An example of the SBG model with θ = 10° (in equatorial
coordinates). The dotted white lines represent the GP and the SGP (SGP). The
top six contributing SBGs are noted as gray stars.

3

The Astrophysical Journal, 949:107 (17pp), 2023 June 1 Higuchi et al.

Comparison with B-ignored model

44

Figure 3.8: The 3D projection of the CR trajectory when R = 100.1 to 103.0EV (black
lines, JF12 model). The sphere indicates the galaxy sphere (20 kpc from the GC).

Magnetic deflection



where θm is the maximum zenith angle and a0 is the latitude of
the experimental site. We adopt the latitude a0= 39°.3 (−35°.2)
and the maximum zenith angle θm= 55° (60°) for the TA
(Auger) experiment. From the all-sky data sets, we randomly
select mock events with the probability of each sky coverage.
Out of the 4000 mock events in each data set, approximately
1000 mock events each are selected by the TA and Auger
coverage. We define the data set selected by the sky coverage
of TA (Auger) as the north-sky (south-sky) data set.

3. Analysis

In order to investigate how much GMF deflections affect the
estimated parameters, we conduct the same maximum like-
lihood analysis as in Aab et al. (2018) on the mock data sets.
We test two hypotheses for the CR flux models. One is a flux
with nonzero fani with the SBG model (Fnorm), and the other is
the isotropic flux (Fiso), i.e., fani= 0. The test statistics TS are
calculated as the log-likelihood ratio,
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where F, ω(nCR), and nCR are the normalized CR flux model,
the sky coverage of each experiment (Equations (7)), and the
arrival directions of the observed UHECRs, respectively.
By scanning the set of parameters ( fani, θ), the best-fit

parameters that maximize the TS in Equation (10) are
determined.

4. Results

We show the distribution of the best-fit parameters for 1000
mock event data sets in Figures 6. The different panels show
the results for the different true parameters qf ,ani

true true( ) at the
top of each panel and with the gray star in each panel. From the
left to right column, the true parameter fani

true is given as 20%,
40%, and 60%. From the top to the bottom row, the true
parameter θ is given as 10°, 20°, and 30°. The black, blue, and
red contours indicate the 68% and 95% percentile containment

Figure 6. Distributions of the best-fit parameters for the 1000 mock event data sets. From the left to right column, the true parameter fani
true is given as 20%, 40%, and

60%. From the top to the bottom row, the true parameter θ is 10°, 20°, and 30°. The true parameters are marked by the gray stars. The black, blue, and red contours
indicate the 68% and 95% percentile containment for the all-sky, north-, and south-sky data sets, respectively. The black cross, blue circle, and red triangle show the
most frequent values qf ,ani( ˜ ˜) for the all-syk, north-, and south-sky data sets, respectively. The distributions of the best-fit parameters are smoothed with a kernel-
Gaussian distribution. The best-fit parameter q =f , 9.7%, 12.9 degani

Auger Auger( ) ( ) in Aab et al. (2018) is shown as the black triangle.
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Figure 4.3: Composition of each mass group (left panel, Equation 4.3) and energy
histogram of 1000 datasets (4×106events) based on the mass composition taken from
the work of Heinze & Fedynitch (2019) (right panel). The thick black solid line shows
the distribution of all mass types. The thin dash-dot, dotted, dashed, and solid lines
indicate Z = 2, Z = 7, Z = 14, and Z = 26, respectively. The proton (Z = 1) does
not exist in these figures due to the small fraction fA = 0%.

Figure 4.4: Example of the mock UHECRs distribution with the
mixed-mass assumption (f true

ani =100%, θtrue = 10 deg). The gray
dots show the arrival directions of 4000 mock UHECR events.
The directions of the SBGs whose contribution is above 5% are
shown.
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where ABT indicates the conversion function. As Liouville’s
theorem tells that the flux value along each CR trajectory
remains constant (Bradt & Olbert 2008), we can determine the
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Because of the nearby source contributions, the photonuclear
interaction during intergalactic propagation is not taken into
account in this study. Some examples of Fearth for different R
based on Forg in Figure 3 are shown in Figure 4. As shown in
Figure 4 (top left), at the highest rigidity (R= 100 EV), the
GMF does not affect the CR flux. As the rigidity R decreases,
the peaks of CR flux around NGC1068 and NGC253 become
displaced from the true source directions (top right panel in
Figure 4) for =Rlog EV 1.5( ) ). At lower rigidity (bottom left
panel in Figure 4 for R= 10 EV), the displacements become
larger and the peak around NGC4945 splits along the GP.
Through visual inspections, it is clear that the GMF bias is
stronger in the southern hemisphere.

2.3. Generation of Mock Data Sets

To quantitatively discuss the GMF biases in Section 3, we
generate mock events as follows. We adopt a best-fit function
and the parameters given in Heinze & Fedynitch (2019) based
on the observed UHECRs from the Auger experiment (Aab
et al. 2017). In Heinze & Fedynitch (2019), the energy
spectrum of each mass (A) at the source is assumed by the
following function JA, and fitting was performed for the mass
composition observed on Earth,
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Figure 1. A schematic for a mock data-set generation.

Table 1
Catalog of SBGs in Aab et al. (2018)

IDa l (°)b b (°)b D (Mpc)c f (%)d

NGC 253 97.4 −88 2.7 13.6
M82 141.4 40.6 3.6 18.6
NGC 4945 305.3 13.3 4 16
M83 314.6 32 4 6.3
IC 342 138.2 10.6 4 5.5
NGC 6946 95.7 11.7 5.9 3.4
NGC 2903 208.7 44.5 6.6 1.1
NGC 5055 106 74.3 7.8 0.9
NGC 3628 240.9 64.8 8.1 1.3
NGC 3627 242 64.4 8.1 1.1
NGC 4631 142.8 84.2 8.7 2.9
M51 104.9 68.6 10.3 3.6
NGC 891 140.4 −17.4 11 1.7
NGC 3556 148.3 56.3 11.4 0.7
NGC 660 141.6 −47.4 15 0.9
NGC 2146 135.7 24.9 16.3 2.6
NGC 3079 157.8 48.4 17.4 2.1
NGC 1068 172.1 −51.9 17.9 12.1
NGC 1365 238 −54.6 22.3 1.3
Arp 299 141.9 55.4 46 1.6
Arp 220 36.6 53 80 0.8
NGC 6240 20.7 27.3 105 1
Mkn 231 121.6 60.2 183 0.8

Notes.
a SBG Names.
b SBG directions (galactic coordinates).
c Distances from the Earth.
d Relative flux contributions normalized by the radio flux at 1.4 GHz.

Figure 2. Directions and contributions of SBGs in Table 1 from Aab et al.
(2018; in equatorial coordinates). Circles show the direction of SBGs. The
color and area of each marker scale their relative flux contribution to the CR
flux models. The gray dots (circles) indicate the GP (the SGP).

Figure 3. An example of the SBG model with θ = 10° (in equatorial
coordinates). The dotted white lines represent the GP and the SGP (SGP). The
top six contributing SBGs are noted as gray stars.
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Because of the nearby source contributions, the photonuclear
interaction during intergalactic propagation is not taken into
account in this study. Some examples of Fearth for different R
based on Forg in Figure 3 are shown in Figure 4. As shown in
Figure 4 (top left), at the highest rigidity (R= 100 EV), the
GMF does not affect the CR flux. As the rigidity R decreases,
the peaks of CR flux around NGC1068 and NGC253 become
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Figure 3. An example of the SBG model with θ = 10° (in equatorial
coordinates). The dotted white lines represent the GP and the SGP (SGP). The
top six contributing SBGs are noted as gray stars.
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Figure 3.8: The 3D projection of the CR trajectory when R = 100.1 to 103.0EV (black
lines, JF12 model). The sphere indicates the galaxy sphere (20 kpc from the GC).
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Potential source(s) of TA hot spot
(He et al., 2016)

Free parameters
• RA, Dec.: coordinates of the CR source
• A1: Deflection angle at 100EeV by regular 

magnetic field 
• A2: Smearing angle at 100EeV by random 

magnetic field
• α: Direction of regular magnetic field
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Arrival directions of >1020eV CRs
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UHECR observations in MM astronomy
• Source association 

• Effect of magnetic field => mass sensitivity 
• Highest energy CR astronomy

• >1020eV is surprisingly isotropic => more data, mass sensitivity
• Neutral particles

• Neutrinos and gammaʼs => PID by machine learning
• Neutrons => galactic sources

• More data
• TAx4 => more events in North
• Auger prime => SD mass sensitivity
• GCOS for future

17



TAx4 and AugerPrime
18 Chapter 3. The TA⇥4 surface detectors

FIGURE 3.1: The layout of the TA⇥4 experiment. The red circles rep-
resent 507 TA SDs (TA SD array). The blue circles are newly deployed
257 SDs for the TA⇥4 experiment in 2019. The northen array (TA⇥4
North array) consists of 3 sub-arrays: Keg Mountain (KM), Desert
Mountain (DM) and Smelter Knolls North (SN). The southern array
(TA⇥4 South array) also consists of 3 sub-arrays: Black Rock FD (BF),
South Cricket (SC) and Sand Ridge (SR). The solid black lines indicate
the boundary of the sub-arrays. The blue dots are SDs planned to be
deployed for TA⇥4 experiment in future. The light green circles rep-
resent SDs for TALE experiment, which aims to observe cosmic rays
below 1018 eV. The pink diamonds show the locations of communica-

tion towers for TAx4 northern array and southern array.

PoS(ICRC2023)308

TAx4 SD energy spectrum Kozo Fujisue

(a) Effective aperture. (b) Effective exposure.

Figure 2: Effective aperture (left) and effective exposure (right) of the TA⇥4 northern SD + the TA⇥4
southern SD (blue stars). Those of the TA SD (gray squares) and the combined aperture (black dots) are also
shown.

Figure 3: The cosmic ray energy spectrum measured with the TA⇥4 SD (blue squares). The blue solid
line represents the fit result for the TA⇥4 SD energy spectrum. The fit results are listed in Table 2. For
comparison, the TA SD energy spectrum [10] (gray squares) and the Auger energy spectrum [11] (open
circles) are also shown. The green arrow indicates the systematic uncertainty due to the uncertainty of the
energy scale ⇠21% almost independent of energy [12].

6

AUGERPRIME UPGRADE

Fabio Convenga (INFN & UNIVAQ), The performances of the upgraded surface detector stations of AugerPrime 2

Discrimination of the muonic and electromagnetic components based on the different and complementary response of detectors

e/m

µ

Radio antenna to exploit the correlation
of the electromagnetic energy and the
number of muons for horizontal air
showers

e/m µ
Scintillator-based surface detector
(SSD) to sample shower with two
detectors having different responses

Horizontal showers 
(55°- 90° zenith)

Vertical showers 
(0°- 55° zenith)

Underground muon detectors
(UMDs) buried in the SD-750 and SD-
433 arrays to measure the muon
component directly.

The Upgraded Unified Board
(UUB), in addition to WCD,
supports the SSD, RD, UMD, and
the sPMT.

One small, 1- inch 
photomultiplier (sPMT) has been 
added to the existing WCD 
PMTs to extend the dynamic 
range.

J. Pawlowsky, #344

J. de Jesús, #267 G. Anastasi, #343

Fabio Convenga (INFN & UNIVAQ), The performances of the upgraded surface detector stations of AugerPrime 4

DEPLOYMENT STATUS

previous electronics +SSD
Final upgraded station
Not upgraded station
SSD, without UUB

2023

Great work by local staff!

• SSD deployment completed

• UUB deployment completed end of June 2023

• Data acquisition and monitoring program as well as the data analysis pipeline updated
for AugerPrime

• During deployment constant commissioning work to evaluate stability and long-term
performances

TAx2.5 (eq.) running

TA, PoS(ICRC2023)308

Auger, ICRC2023, CRI 14-06
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Sub-PeV 𝜸 astonomy and galactic CRs

7

Figure 1. Significance maps of the region monitored by LHAASO. A point test source with a spectral index
of 2.6 for WCDA data and 3.0 for KM2A data is used.

significance. In this work, a power-law spectrum is assumed with an index of 2.6 for WCDA data in
the energy range 1�25 TeV and 3.0 for KM2A data at energies E > 25 TeV as initial conditions.
This leaves only one free parameter for the likelihood calculation. According to Wilks’ Theorem, the
TS is distributed as �2 with one degree of freedom (dof), and the significance can be estimated with
S =

p
TS. Figure 1 shows the significance maps obtained in the energy bands 1 TeV < E < 25 TeV

and E > 25 TeV in Galactic coordinates. The signals are clearly visible. However, most sources
in the Galactic plane are nearby and overlapping. Hence, further analysis is needed to derive each
source separately.

3. CONSTRUCTION OF THE CATALOG

The identification of point-like gamma-ray sources and their corresponding significance can be
roughly derived from Figure 1. However, it is important to note that the significance may be over-
estimated due to the overlap with nearby sources. Conversely, in the search for point sources, a
significant portion of the sources may actually be extended, resulting in an underestimation of their
significance. To improve source detection, the significance of a given source is reassessed by coupling
the fitting of localization, extension and spectrum, and new potential sources are also explored. In

Tibet AS 𝛾 Collaboration, 
PRL 123, 051101 (2019)
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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ⌃Nµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the ⌃⇢, where ⌃⇢ is roughly proportional to energy, and ⌃⇢ = 1000 roughly corresponds to
100 TeV.
For E > 100 TeV, the averaged ⌃Nµ for the cosmic-ray background events is more than 100, while the muon cut

value is set to be approximately ⌃Nµ = 10 ⇠ 30 depending on ⌃⇢. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.
Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is

defined as the ratio of the observed ⌃Nµ to the ⌃Nµ on the muon cut line in Fig. 2 at the observed ⌃⇢. Three
events among 24 photon-like evens have ⌃Nµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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s

Relative muon number Rµ

Rµ=0
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
⌃Nµ to the ⌃Nµ value on the muon cut line in Fig. 2 at the observed ⌃⇢. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.

Tibet AS 𝛾 Collaboration, PRL 126, 141101 (2021)

LHAASO Collaboration, arXiv:2305.1703v1 (2023)

• Tibet AS𝛾 opened a new window of astronomy in 
the sub-PeV range

• Origins and distribution of PeV CRs can be surveyed19



Diffuse emission >400TeV 𝜸 and IceCube 𝝂

as tracks in IceCube. The selection of cascade
events instead of track events therefore reduces
the contamination of atmospheric neutrinos—
by about an order of magnitude at tera–electron
volt energies—and permits the energy thresh-
old of the analysis to be lowered to about 1 TeV.
In the Southern sky, the lower background,

better energy resolution, and lower energy
threshold of cascade events compensate for
their inferior angular resolution, compared
with those of tracks. This is particularly true for
searches for emission from extended objects,
such as the Galactic plane, for which the size
of the emitting region is larger than (or similar
to) the angular resolution. Compared with
track-based searches, cascade-based analyses
are more reliant on the signal purity and less
on the angular resolution of individual events.
We therefore expect analyses based on cascades
to have substantially better sensitivity to ex-
tended neutrino emission in the tera–electron
volt energy range from the Southern sky.

Application of deep learning to cascade events

To identify and reconstruct cascade events in
IceCube, we used tools based on deep learn-
ing. These tools are designed to reject the

overwhelming background from atmospheric
muon events, then to identify the energies and
directions of the neutrinos that generated the
cascade events. IceCube observes events at a
rate of about about 2.7 kHz (18), arisingmostly
from background events (atmospheric muons
and atmospheric neutrinos) that outnumber
signal events (astrophysical neutrinos) at a
ratio of roughly 108:1. To search for neutrino
sources, event selection was required to im-
prove the signal purity by orders of magnitude.
Previously used event selections for cascade

events (22, 26, 27) relied on high-level observ-
ables, such as the event location within the
IceCube volumeand totalmeasured light levels,
to reduce the initial data rate. In subsequent
selection steps, more computing-intensive se-
lection strategies were performed, such as the
definition of veto regions within the detector,
to further reject events identified as incoming
muons. We adopted a different approach,
using tools based on convolutional neural net-
works (CNNs) (15, 28) to perform event selec-
tions. The high inference speed of the neural
networks (milliseconds per event) allowed us
to use a more complex filtering strategy at
earlier stages of the event selection pipeline.

This retains more low-energy astrophysical
neutrino events (Fig. 2) and includes cascade
events that are difficult to reconstruct and dis-
tinguish from background because of their lo-
cation at the boundaries of the instrumented
volume or in regions of the ice with degraded
optical clarity (from higher concentrations of
impurities in the ice).
After the selection of events, we refined

event properties, such as the direction of the
incoming neutrino and deposited energy, using
the patterns of deposited light in the detector.
The likelihood of the observed light pattern
under a given event hypothesis was maximized
to determine the event properties that best
describe the data. For this purpose, we used
a hybrid reconstruction method (16, 17) that
combines a maximum likelihood estimation
with deep learning. In this approach, we used
a neural network (NN) to parameterize the
relationship between the event hypothesis
and expected light yield in the detector. This
smoothly approximates a (more computation-
ally expensive) Monte Carlo simulation while
avoiding the simplifications that limit other
reconstruction methods (19, 29). Starting with
an event hypothesis, theNNmodels the photon

IceCube Collaboration, Science 380, 1338–1343 (2023) 30 June 2023 2 of 6
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B
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D

E

Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to
(E) are in Galactic coordinates, with the origin being at the Galactic Center,
extending ±15° in latitude and ±180° in longitude. (A) Optical color image (39),
which is partly obscured by clouds of gas and dust that absorb optical photons.
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40)
at energies greater than 1 GeV, obtained from the Fermi Science Support Center
and processed with the Fermi-LAT ScienceTools. (C) The emission template
calculated for the expected neutrino flux, derived from the p0 template that

matches the Fermi-LAT observations of the diffuse gamma-ray emission (1).
(D) The emission template from (C), after including the detector sensitivity to
cascade-like neutrino events and the angular uncertainty of a typical signal event
(7°, indicated by the dotted white circle). Contours indicate the central regions
that contain 20 and 50% of the predicted diffuse neutrino emission signal.
(E) The pretrial significance of the IceCube neutrino observations, calculated
from the all-sky scan for point-like sources by using the cascade neutrino event
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the
northern-southern sky horizon at the IceCube detector.
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the second model is assumed to be harder in the central
region of the Galaxy than that at Earth as indicated by the
observed spectral index of Galactic diffuse gamma rays in
0.1 < E < 100 GeV. This kind of scenario was also dis-
cussed elsewhere [31]. Both models can reproduce the
observed flux and spatial distribution of arrival directions
by Fermi-LAT in the GeV energy region. The predicted
gamma-ray spectrum above 1 GeV is also dominated by
the contribution from the hadronic interaction between the
interstellar matter and cosmic rays. It was concluded that
the contribution to the diffuse gamma rays from the IC
scattering and bremsstrahlung by relativistic electrons is
less than 5% compared with the hadronic process
above 100 TeV, considering the steep electron and positron
spectra with p ¼ −3.8 measured by high energy stereo-
scopic system (H.E.S.S.) [32], dark matter particle explore
(DAMPE) [33], and calorimetric electron telescope
(CALET) [34]. Another model [35] showed the IC scatter-
ing contribution in the low Galactic latitude is negligible
above 20 TeV.
Gray histograms in Fig. 2 show the prediction of

the space-independent model [8]. It is seen that the
distribution in Figs. 2(a) and 2(b) is overall consistent
with the model prediction. The distribution in Fig. 2(c)
observed in 398 < E < 1000 TeV looks broader than that
in Figs. 2(a) and 2(b), but it is also statistically consistent
with the prediction rebinned in every 5° of the Galactic
latitude (b).
Figure 4 shows the observed differential energy spectra

of diffuse gamma rays, compared with the model predic-
tions by Lipari and Vernetto [8] in which gamma-ray
spectra are calculated in (a) 25° < l < 100° and
(b) 50° < l < 200° along the Galactic plane, each in
jbj < 5°. The measured fluxes by the Tibet ASþMD
array are summarized in Table S2 in Supplemental Material
[22]. These fluxes are obtained after subtracting events
within 0.5° from the known TeV sources, and the system-
atic error of the observed flux is approximately 30% due to
the uncertainty of absolute energy scale [21]. We corrected
time variation of detector gain at each detector based on the
single-particle measurement for each run. The time varia-
tion of gamma-ray-like excess above 100 TeV in jbj < 5° is
stable within approximately 10%. It is seen that the
measured fluxes by the Tibet ASþMD array are compat-
ible with both the space-independent and space-dependent
models based on the hadronic scenario. As a leptonic
model, it is proposed that gamma-ray halos induced by the
relativistic electrons and positrons from pulsars explain
the Galactic diffuse gamma rays above 500 GeV [36].
However, the gamma-ray flux predicted by this model has
an exponential cutoff well below 100 TeV and is incon-
sistent with the observation by Tibet ASþMD array [see
Fig. 4(a)].
The observed flux in the highest-energy bin in

398 < E < 1000 TeV looks higher than the model

prediction, but it is not inconsistent with the model when
the statistical and systematic errors are considered. Above
398 TeV, the total number of observed events is ten
in each of 25° < l < 100° and 50° < l < 200°, which
includes the Cygnus region around l ¼ 80°. Interestingly,
four out of ten events are detected within 4° from the center
of the Cygnus cocoon, which is claimed as an extended
gamma-ray source by the ARGO-YBJ [37] and also
proposed as a strong candidate of the PeVatrons [38],
but not taken into account in the model [8]. If these four
events are simply excluded, the observed flux at the highest
energy in Fig. 4 better agrees with model predictions.
The high-energy astrophysical neutrinos are also a good

probe of the spectrum and spatial distribution of PeV
cosmic rays in the Galaxy [39,40]. According to Lipari and
Vernetto [8], the diffuse gamma-ray or neutrino fluxes
predicted near the Galactic Center (jlj < 30°) by the
space-dependent model are more than 5 times higher

FIG. 4. Differential energy spectra of the diffuse gamma rays
from the Galactic plane in the regions of (a) jbj < 5°, 25° < l <
100° and (b) jbj < 5°, 50° < l < 200°, respectively. The solid
circles show the observed flux after excluding the contribution
from the known TeV sources listed in the TeV gamma-ray catalog
[9], while the solid and dashed curves display the predicted
energy spectra by the space-independent and space-dependent
models by Lipari and Vernetto [8], respectively (see the text). The
dotted curve in (a) shows the flux predicted by a leptonic model
[36] in which gamma rays are induced by relativistic electrons
and positrons from pulsars. Solid squares in (a) and triangles with
arrows in (b) indicate the flux measured by ARGO-YBJ [17] and
the flux upper limit by the CASA-MIA experiment [18],
respectively. The error bar shows 1σ statistical error.

PHYSICAL REVIEW LETTERS 126, 141101 (2021)
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MM astronomy of sub-PeV 𝜸!𝒔
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(Abeysekara et al. 2017a), the timescale of the electrons
diffusing up to the size of TASG J1844–038 (;26 pc at the
assumed distance to PSR J1844–0346 of 4.3 kpc) is estimated
at ∼8 kyr, which is within the characteristic age of PSR
J1844–0346 and the cooling time of ∼11 kyr owing to the
synchrotron emission and ICS estimated from Equations (5)
and (7) of Hinton & Hofmann (2009). Similarly, the extension
of HESS J1843–033 in the TeV range can be explained by ICS
off the CMB photons by ;10 TeV electrons diffusing for ∼8
kyr. Devin et al. (2021) found no radio or X-ray emission that
indicates the existence of a PWN. Given the characteristic age
of PSR J1844–0346, synchrotron emission from the PWN
would not be bright enough to be observed owing to the decay
of the magnetic field (Tanaka & Takahara 2010). Future studies
with wide-field-of-view and high-sensitivity observations of
X-rays will be a key to constraining the TeV PWN scenario.

It should be noted that there are additional SNR candidates
near TASG J1844–038 discovered by THOR (Anderson et al.
2017). Out of these candidates, G28.56+0.00, G28.64+0.20,
and G28.78–0.44 overlap with TASG J1844–038, and future
research on these SNRs is expected. Moreover, as pointed out
by Devin et al. (2021), the star-forming region N49 (Dirienzo
et al. 2012) is also located within TASG J1844–038 (see
Figure 4). Several observations support the acceleration of
cosmic rays in star-forming regions (see, e.g., Ackermann et al.
2011; Aharonian et al. 2019), and detailed morphological
studies of the gamma-ray emission of TASG J1844–038 by
imaging atmospheric Cerenkov telescopes and its comparison
with the stellar and gas distributions observed in other
wavelength ranges will be needed to discuss a possible
association with N49.

5. Conclusion

A gamma-ray source TASG J1844–038 is detected above
25 TeV near HESS J1843–033 with a statistical significance of
6.2σ using the data recorded by the Tibet AS array and the MD
array. Its extension is estimated at 0°.34± 0°.12, and the center
(α, δ)= (281°.09± 0°.10, −3°.76± 0°.09) is statistically con-
sistent with those of HESS J1843–033, eHWC J1842–035, and
LHAASO J1843–0338. The gamma-ray energy spectrum is
measured beyond 100 TeV for the first time and is found to be
smoothly connected to that of HESS J1843–033. The combined
spectra of HESS J1843–033, LHAASO J1843–0338, and
TASG J1844–038 are well fitted with a power-law function
with the exponential cutoff energy of 49.5± 9.0 TeV.
The origin of TASG J1844–038 is also discussed in detail for

the first time assuming its associations with SNR G28.6-0.1
and PSR J1844–0346. If SNR G28.6-0.1 is assumed to be the
counterpart, the nature of TASG J1844–038 can be explained
by π0-decay gamma rays generated in hadronic interactions
between adjacent molecular clouds and cosmic-ray protons
with E 500 TeV that are accelerated by the SNR and
diffusely propagate through the clouds. Given the similarities
with SNR G106.3+2.7 in terms of the maximum energy of
accelerated protons, the partial overlap of the gamma-ray
distribution with molecular clouds, and the SNR’s age, SNR
G28.6–0.1 could have been a PeVatron and accelerating
cosmic-ray protons up to the PeV energy range in the past. On
the other hand, if associated with PSR J1844–0346, TASG
J1844–038 can be explained by the gamma-ray emission from
a TeV PWN generated by ICS off the CMB photons by high-
energy electrons. Other nearby sources, including SNR
candidates and the star-forming region N49, should also be

Figure 4. Integrated intensity map of 12CO (J = 1 − 0) line emission in the velocity range from 75 to 95 km s−1 reconstructed from the public FUGIN data (Umemoto
et al. 2017). The color scale shows the main-beam brightness temperature. The solid and dashed white circles denote the extension of TASG J1844–038 with a radius
of σext and the positional uncertainty at the 68% confidence level with a radius of R0.68, respectively (see Table 1). Positions and extensions of nearby sources are
shown in the same way as in Figure 1 except that the orange hexagon denotes the star-forming region N49 (Dirienzo et al. 2012).
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package18, which allows us to estimate the parent particle spectrum 
to best reproduce the observed gamma-ray energy spectrum. For 
the energy distribution of the parent particles, we assume an expo-
nential cut-off power-law form of dN=dE / E!α exp !E=Ecutð Þ

I
. 

We provide the best-fit gamma-ray spectra for hadronic and lep-
tonic models (Extended Data Fig. 1) and list the best-fit param-
eters (Supplementary Table 2). In the hadronic model, we obtain 
Ecut ≈ 0.5 PeV and α ≈ 1.8. The value of α falls between that pre-
dicted in the standard diffusive shock acceleration (α = 2) and the 
asymptotic limit of the very efficient proton acceleration (α = 1.5)  
(refs. 19,20). The total energy of protons with energies >1 GeV 
(>0.5 PeV) is estimated to be ~5.0 × 1047 erg (3.0 × 1046 erg) for a tar-
get gas density of 10 cm−3. One might argue that, considering the 
estimated SNR age of 10 kyr, PeV protons escape the SNR much 
earlier than the present time in the standard theory of cosmic-ray 
acceleration. Given that Ecut ≈ 0.5 PeV and that the maximum energy 
of protons that remain inside an SNR is proportional to τ−0.5 where 
τ is the SNR age21, protons should be accelerated up to ~1.6 PeV at 
τ = 1 kyr in the case of G106.3+2.7. This suggests that the accelera-
tion of protons at G106.3+2.7 should be efficient enough21 to push 
their maximum energy up to ~1.6 PeV during the SNR free expan-
sion phase. In addition, G106.3+2.7 has a dense molecular cloud 
nearby that is indispensable for accelerated protons to produce 
TeV gamma rays via π0 production. With α ≈ 1.8, the proton energy 
spectrum does not appear softened, which implies that protons may 
not be able to escape the SNR easily owing to the suppression of the 
diffusion coefficient (Supplementary Information). Future observa-
tions of the physical parameters of G106.3+2.7 such as the magnetic 
field and the particle density could provide useful information for 
these theoretical studies on its mechanisms of particle acceleration 
and confinement.

Alternatively, the observed gamma-ray emission might result 
from protons accelerated by the SNR up to 0.1 PeV and then 
re-accelerated up to 1 PeV by the adiabatic compression of the 
Boomerang pulsar wind nebula (PWN) inside the SNR22. If the 
adiabatic compression ended at an age of 5 kyr as estimated in ref. 22,  
accelerated PeV protons need to travel a distance of 6 pc from the 
Boomerang PWN to the molecular cloud during the lapse time 
of T = 5 kyr until the present time. The diffusion coeffiicient of a 
0.5 PeV proton in the interstellar medium with a magnetic field of 
3 μG would be D ≈ 2 × 1030 cm2 s−1 (ref. 23), which gives a diffusion 
length of L ! 2

ffiffiffiffiffiffiffi
DT

p

I
 = 380 pc (ref. 24) for T = 5 kyr. As the diffusion 

length around an SNR could be shorter by a factor of 10 or more25, 
we then estimate L ≲ 38 pc. As this is much larger than 6 pc, it would 
be possible for 0.5 PeV protons to diffuse from the Boomerang 
PWN to the molecular cloud and emit TeV gamma rays through π0 
production. This scenario might not be natural, however, consid-
ering that TeV gamma-ray emissions have not been detected from 
other molecular cloud clumps around the source (Fig. 1, green con-
tours) although protons should also be able to diffuse up to them, 
and considering that the proton spectrum needs to be kept hard 
with α ≈ 1.8 after the diffusion of 6 pc for T = 5 kyr.

In the leptonic model, we obtain Ecut ≈ 190 TeV, α ≈ 2.3 and an 
SNR magnetic field strength of ~9 μG. The total energy of relativistic 
electrons with energies >10 MeV is estimated to be ~1.4 × 1047 erg. 
We estimate (Supplementary Information) that electrons need to be 
newly accelerated within 1 kyr if they originate from the SNR, and 
that electrons provided by the Boomerang PWN are not likely to 
produce the observed gamma-ray emission in view of the energy 
budget and the gamma-ray morphology. The X-ray flux for the 
small 2′-radius region at PSR J2229+6114 has been measured in the 
2−10 keV range6, whereas the X-ray flux for the extended region 
of our gamma-ray emission region with the 1σ extent of 0.24° has 
not been published yet, although X-ray data of the region observed 
by Suzaku, XMM-Newton and Chandra are publicly available 
(https://www.darts.isas.jaxa.jp/astro/suzaku/data/public_list/). We 
point out that a flux upper limit on the synchrotron spectrum at 
the X-ray band would provide important information to rule out 
the leptonic scenario for particle acceleration at the gamma-ray 
source (Supplementary Fig. 1). In a scenario presented in previous  
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100 TeV, the pixel with the maximum significance (let us call it
“the brightest pixel”) is found at (α, δ)= (282°.33, 0°.08),
deviating by 0°.15 from HESS J1849−000. A toy MC
simulation shows that the 68% statistical uncertainty in the
brightest pixel’s orientation is 0°.18. The pointing systematics
of the experiment along R.A. and decl. are also estimated as
0°.058 and 0°.055, respectively, from a data analysis of the
gamma rays coming from the Crab Nebula; see Appendix C.
From the above statistical and systematic uncertainties, the total
uncertainty in the center position of the observed gamma-ray
emission at the 68% confidence level is estimated as 0°.22
following the methodology used in previous studies (H.E.S.S.
Collaboration 2018a; Amenomori et al. 2022). Therefore, the
center position of the sub-PeV gamma-ray emission observed
in this study is consistent with that of HESS J1849−000. On
the other hand, HESS J1852−000 (H.E.S.S. Collaboration
2018a) deviates by 0°.74 in angular distance from the brightest

pixel, and the deviation corresponds to a 3.0σ significance
taking into account both the uncertainty in the center position
of the observed sub-PeV gamma-ray emission (0°.22) and that
in the position of HESS J1852−000. The result thus disfavors
HESS J1852−000 as the origin of the observed sub-PeV
gamma rays.

3.2. Energy Spectrum

The energy spectrum of gamma rays from HESS J1849−000
is measured for the first time in the energy range between
40 TeV< E< 320 TeV as shown with the red points in
Figure 2. The differential energy flux in each energy bin is
calculated only if the detection significance of gamma
rays exceeds 2σ, otherwise, the 99% upper limit on the flux
is calculated. Table 1 summarizes the result of the
calculation. A simple power-law (PL) function can be

Figure 1. Top: significance map of the HESS J1849−000 region above 25 TeV, pixelized by 0°. 05 × 0°. 05 pixels and smoothed with the PSF. The white dashed line
indicates the Galactic plane. The positions of nearby celestial objects in the sky region, including Galactic SNRs (and candidates), PSR J1849−0001, and gamma-ray
sources, are plotted with symbols as presented in the right legend, and their extensions (if they have) are indicated with circles with the same colors as the symbols.
The data of these nearby objects are cited from H.E.S.S. Collaboration (2018a; H.E.S.S.); Abeysekara et al. (2017), Albert et al. (2020), and Abeysekara et al. (2020;
HAWC); Cao et al. (2021b; LHAASO); Abdollahi et al. (2020; 4FGL sources and Fermi-LAT); Anderson et al. (2017; SNRs); and Manchester et al. (2005; PSR
J1849−0001). The green contours show the 12CO (J = 1–0) line emission which is found near HESS J1849−000 in an analysis of archive data published by the
FUGIN survey (Umemoto et al. 2017). The emission is integrated with the velocity range of 93–100 km s−1 and the contour levels are 20, 30, 40, and 50 K km s−1.
The lower-left inset shows the PSF. Bottom: significance map above 100 TeV smoothed with the PSF.
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Extended Data Fig. 4 | LHAASO sky map at energies above 100 TeV. The circles indicate the positions of known very-high-energy γ-ray sources.
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Extended Data Fig. 4 | LHAASO sky map at energies above 100 TeV. The circles indicate the positions of known very-high-energy γ-ray sources.

LHAASO Collaboration, Nature 594, 33-36 (2021)

de la Fuente et al.: The molecular gamma-ray target of LHAASO J2108+5157

5           10       15         20         25           30         35         40         45

+

4FGL J2108.0+5155

HS

LHAASO J2108+5157

Cyg-OB7OPU 12CO(J=2→1) Fermi-LAT above 2 GeV

TS

[FKT-MC]2022

[MML2017]4607

Fig. 1. Molecular clouds and gamma-ray sources associated to J2108. Left: OPU 12CO(J=2!1) emission map towards the Cygnus OB7 associ-
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50, 60, 70, 80, 90] in percentage of the maximum excess value. Right: Spectrum of the 13CO (J=1!0) emission extracted from the area outlined
by the dashed ellipse in the left panel, which covers the Fermi-LAT gamma-ray region of excess. Three spectral components are identified and
they are centred at ⇠ �13 , �3 and +9 km s�1 and they are labelled as C1, C2 and C3, respectively.

Given their proximity to the gamma-ray sources J2108 and HS
we call these components [FTK–MC]J2108 and [FTK–MC]HS,
located toward the north and south, respectively. The emission in
the moment-0 maps of the central column of Fig. 3 (C2) covers
the entire region (including Kronberger 82; Paper I). Although
this emission partially arises from gas associated with [FKT–
MC]2022 (VLSR ⇠ –3 km s�1; Paper I), it is di�cult to quan-
tify how much of it is due to [FKT–MC]2022 and how much
to ambient gas (see e.g. position-velocity diagrams in Fig. A.1
appendix A). The emission corresponding to the spectral com-

ponent C3 seems to be associated with another molecular region
coincident with the edge of an HI cloud observed with DRAO
between 5 and 12 km s�1 (see appendix B). Given the spatial cor-
relation between the emission of C1 and the Fermi-LAT gamma-
ray excess, in this work we only consider the gas associated to
this spectral component and exclude the contribution from the
other ones (see Appendix A). In Fig. 4 the 13CO emission (con-
tours) of the cloud [FTK–MC] (i.e., the 13CO emission of the
spectral component C1) is superimposed on the Fermi–LAT TS
map. In this image, the position of J2108 and HS are marked
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Table 4. Best-fit parameters of an ECPL electron distribution in the
form dN/dE = N0(E/E0)�↵ exp(�(E/Ec)), where E0 is the energy scale,
↵ the spectral index, and Ec the cuto↵ energy.

Parameter Best fit value Frozen

E0 [TeV] 1 True
Ee,min [GeV] 0.1 True
Ee,max [TeV] 1000 True
N0 [⇥1043 TeV�1] 1.7+4

�1.4 False
Ec [TeV] 100+70

�30 False
↵ 1.5 ± 0.4 False

Notes. Normalization of the spectrum N0 is calculated for the source
distance of 1 kpc. VHE-UHE emission of LHAASO J2108+5157 is
assumed to be dominated by emission due to IC scattering of electrons
on CMB (T = 2.83 K, u = 0.26 eVcm�3) and FIR (T = 20 K, u =
0.3 eVcm�3) seed photon fields.

Fig. 7. Multiwavelength SED of LHAASO J2108+5157 showing a
leptonic scenario of emission. Observations with di↵erent instruments
are represented by data points of di↵erent colors: XMM-Newton r =
60 (blue), r = 160 (green), Fermi-LAT (red), LST-1 (purple), and
LHAASO-KM2A (yellow). The black solid line represents the best-
fitting IC-dominated emission of LST-1 and LHAASO data. The cor-
responding synchrotron radiation of the same population of electrons
is represented with dashed and dash-dotted lines for B = 1.2 µG and
B = 1.9 µG, respectively. The dotted line represents a phenomenolog-
ical model of a tentative pulsar: the best-fit PL with a subexponential
cuto↵ on the Fermi-LAT data.

limits, which are relevant if the source is relatively close, the
constraints on the magnetic field would be even stronger, namely
B . 0.5 µG. Given its Galactic latitude of b ⇡ 3�, the source is
close to the Galactic plane if it is not too distant from the Sun,
and one should not expect a background magnetic field strength
significantly below the typical level; therefore the absorbed case
is favored. The possibility of greater extension of the undetected
PWN – which would potentially lead to more relaxed constraints
on its magnetic field – cannot be excluded. However, we note
that even the approximate absorbed X-ray flux ULs scaled on the
full UHE source extension lead to a relatively low B . 1.9 µG
compared to the average Galactic magnetic field (also shown in
Fig. 7 for reference).

Such a weak magnetic field, needed to suppress the syn-
chrotron emission of LHAASO J2108+5157, is on the lower
end of the typical range seen for BPWN, which is, 1�100 µG
(Martin et al. 2014; Zhu et al. 2018). However, we note that a
relatively weak magnetic field is needed to explain a leptonic
UHE emission, which is only possible in radiation-dominated
environments (Vannoni et al. 2009; Breuhaus et al. 2021, 2022).
MILAGRO (Abdo et al. 2009) and HAWC (Abeysekara et al.
2017) detected an extended 2� TeV emission surrounding the
pulsar Geminga, leading to the recent establishment of a new
class of TeV-halo sources (Linden et al. 2017; Sudoh et al.
2019). Resulting from propagation of relativistic electrons that
already left the PWN in the interstellar medium (ISM), mag-
netic field in the TeV halos can be expected to follow the
level of the magnetic field in the ISM. However, Liu et al.
(2019) obtained an upper limit on the magnetic field in the
halo of Geminga of B < 1 µG, and therefore the TeV halo
scenario for LHAASO J2108+5157 is also feasible. The TeV
nebula surrounding Geminga has a large angular extension, but
this pulsar is also relatively close (d = 250 pc Faherty et al.
2007). In the Geminga-like scenario, the lower limit on the
distance of LHAASO J2108+5157 is approximately 2 kpc in
order not to violate the source-extension UL of 0.26� provided
by Cao et al. (2021a).

Inverse-Compton-dominated radiation of a single electron
population cannot explain the soft GeV emission of 4FGL
J2108.0+5155, which is spatially coincident with LHAASO
J2108+5157. There are 117 �-ray pulsars identified in the
Fermi-LAT data showing similar spectral properties to 4FGL
J2108.0+5155 (Abdo et al. 2013). We therefore put forward the
hypothesis that the GeV emission is the signature of a �-ray pul-
sar. Saz Parkinson et al. (2016) applied machine learning meth-
ods to classify sources in the Third Fermi-LAT catalog in two
major classes: AGNs and pulsars. 3FGL J2108.1+5202, which is
the Third Fermi-LAT general catalog (Acero et al. 2015) coun-
terpart of 4FGL J2108.0+5155, was classified consistently with
logistic regression (LR) and RF classifiers as a pulsar, which
provides support for our hypothesis. However, we note that the
resulting LR and FR probabilities are relatively low, that is,
only about 30%, and therefore we cannot exclude the possibil-
ity of misclassification of the source, and an extragalactic origin
of the HE emission cannot be excluded (for further details see
Saz Parkinson et al. 2016).

Gamma-ray pulsars are characterized by soft spectra, with
the flux steeply falling above a few GeV (e.g., MAGIC
Collaboration 2020). In the Fermi-LAT energy band, the typical
di↵erential spectrum can be described with a PL with a subexpo-
nential cuto↵ dN/dE = N0(E/E0)�� exp(�(E/Ecuto↵)b), where
E0 is the energy scale, � the photon index, Ecuto↵ the cuto↵
energy, and b the cut-o↵ strength (Leung et al. 2014; MAGIC
Collaboration 2020). In order to reduce the degeneracy of the
model parameters, considering that there are only three signifi-
cant Fermi-LAT flux points, we fixed b = 0.7, which is the cut-
o↵ strength of the PL with a subexponential cuto↵ model of the
Geminga pulsar SED in the GeV band (MAGIC Collaboration
2020). The best fit of the Fermi-LAT data consistent with XMM-

Newton ULs shown in Fig. 7 has � = 1.5+0.1
�0.2 and Ecuto↵ =

0.9 ± 0.2 GeV. Despite the large uncertainty, the photon index
is consistent with that of �-ray pulsars with a spin-down power
of Ė = 1034 � 1037 erg s�1 (Abdo et al. 2013). The �-ray lumi-
nosity of 4FGL J2108.0+5155 of between 1 and 100 GeV is
L1�100 GeV = 2 ⇥ 1033(d/1 kpc)2 erg s�1. One should note that,
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Fig. 1. Molecular clouds and gamma-ray sources associated to J2108. Left: OPU 12CO(J=2!1) emission map towards the Cygnus OB7 associ-
ation (de la Fuente et al. 2023). The molecular clouds [MML2017]4607 and [FKT-MC]2022 are indicated with ellipses. The angular resolution
of the map is 30. Right: Fermi-LAT TS map above 2 GeV in the region around J2108 adapted from Fig. 3 of Abe et al. (2023). The 95% posi-
tional uncertainty of 4FGL J2108.0+5155 is shown as a green ellipse. Cyan circles (radius of 0.14� and 0.26�) correspond to the 95% positional
uncertainty and 95% UL of J2108, respectively.
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Fig. 2. 13CO emission toward the vicinity of J2108. Left: 13CO moment-0 map, integrated between �22 and 14 km s�1, presented in a colour scale.
The temperature scale has been corrected for main-beam e�ciency. The Fermi-LAT TS map from Fig 1 is overlaid with contours [10, 15, 30, 40,
50, 60, 70, 80, 90] in percentage of the maximum excess value. Right: Spectrum of the 13CO (J=1!0) emission extracted from the area outlined
by the dashed ellipse in the left panel, which covers the Fermi-LAT gamma-ray region of excess. Three spectral components are identified and
they are centred at ⇠ �13 , �3 and +9 km s�1 and they are labelled as C1, C2 and C3, respectively.

Given their proximity to the gamma-ray sources J2108 and HS
we call these components [FTK–MC]J2108 and [FTK–MC]HS,
located toward the north and south, respectively. The emission in
the moment-0 maps of the central column of Fig. 3 (C2) covers
the entire region (including Kronberger 82; Paper I). Although
this emission partially arises from gas associated with [FKT–
MC]2022 (VLSR ⇠ –3 km s�1; Paper I), it is di�cult to quan-
tify how much of it is due to [FKT–MC]2022 and how much
to ambient gas (see e.g. position-velocity diagrams in Fig. A.1
appendix A). The emission corresponding to the spectral com-

ponent C3 seems to be associated with another molecular region
coincident with the edge of an HI cloud observed with DRAO
between 5 and 12 km s�1 (see appendix B). Given the spatial cor-
relation between the emission of C1 and the Fermi-LAT gamma-
ray excess, in this work we only consider the gas associated to
this spectral component and exclude the contribution from the
other ones (see Appendix A). In Fig. 4 the 13CO emission (con-
tours) of the cloud [FTK–MC] (i.e., the 13CO emission of the
spectral component C1) is superimposed on the Fermi–LAT TS
map. In this image, the position of J2108 and HS are marked
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Fig. 3. 12,13CO moment-0 maps of the three spectral components shown in the right panel of Fig. 2. The units of the colour-scale are K km s�1,
corrected for antenna main-beam e�ciency. The molecular cloud [FTK–MC]2023 is most prominent in the map with velocity range from �20-
8 km s�1, which corresponds to the spectral component C1, and is delineated with a dashed line. The positions of the sources J2108 and HS are
indicated with crosses.

with an ⇥ and + symbols, respectively. It is clear that the peak
of the Fermi–LAT gamma-ray excess coincides with the compo-
nent [FTK–MC]J2108.

All previous studies of the molecular gas around J2108 have
used observations of the 12CO emission. The main problem with
this approach is that, since the emission is optically thick, the
derived column density is just a lower limit of the actual value,
which hinders the determination of the density of nucleons. Our
Nobeyama observations of the 13CO emission allow us to de-
termine for the first time the physical parameters of the molec-
ular gas around J2108 in the optically thin regime, resulting in
more reliable values of the physical parameters. The calculation
of the density of nucleons, n(H) = 2n(H2) + n(HI), requires the
size of the molecular cloud [FTK–MC]. However, given its com-
plex morphology, we first fitted 2-dimensional Gaussian func-
tions to the emission of [FTK–MC]J2108 and [FTK–MC]HS,
respectively. The FWHM of the fitted Gaussians are represented
as dashed and dotted ellipses in Fig. 4. The central positions of
the fitted Gaussians are (l, b)=92.20�, 2.90� and (l, b)=92.53�,
2.59�, respectively. A representative angular size for [FTK–MC]
can be obtained as the sum of the fitted sizes of [FTK–MC]J2108
and [FTK–MC]HS, which gives a value of 0.55 ± 0.02 deg. Sub-
sequently, the column densities of the molecular and atomic gas
are obtained from the 13CO and HI emission corresponding to
the spectral component C1 (VLSR ⇠ �13 km s�1). The details of
the data analysis and calculations are given in Appendix A.

For our analysis we adopted a distance of 1.6 ± 0.1 kpc. This
distance was determined using the using the Revised Kinematic
Distance Calculator of Reid et al. (2014, 2019) on the basis of

the systemic velocity of the spectral component C1 (VLSR ⇠ �13
km s�1). This value is similar, albeit slightly lower, to the one
we adopted in Paper I (1.7 kpc), and close to the upper limit of
the distances that Schneider et al. (2006) reports for Cygnus-X .
On the other hand, it is just half the value proposed by (Cao et
al. 2021b, 3.28 kpc). The reason for adopting a distance of 1.6 ±
0.1 kpc is that the calculator takes into account the probable as-
sociation of the cloud [FTK–MC] with other sources, whose dis-
tance has been accurately measured via trigonometric parallax.
In addition, the distance calculator of Reid et al. (2014, 2019)
also takes into account the probable association of the molec-
ular cloud with Galactic spiral arms, which increases the reli-
ability of the estimated distance. The details of the calculation
of the distance are given in Appendix B. Following the meth-
ods and equations presented in Paper I, and using the observa-
tional values associated with component C1 shown in Tab C.2,
we derived physical parameters for [FTK–MC]J2108 and [FTK–
MC]HS, separately. The column and volumetric densities of the
cloud [FTK–MC] are taken as the average of the values of the
ones obtained for [FTK–MC]J2108 and [FTK–MC]HS. All the
derived physical parameters are listed in Tab C.3.

We derived a nucleon number density of n(H) = 133 cm�3,
which four times higher than the value obtained by Cao et al.
(2021b) (n(H) ⇠ 30 cm�2). After re-scaling our calculations with
their proposed distance of 3.28 kpc, the number density obtained
in this work is still higher by a factor of 2. This shows the im-
portance of using optically thin emission to derive the physical
parameters of the molecular gas. By considering the neutral pion
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Table 4. Best-fit parameters of an ECPL electron distribution in the
form dN/dE = N0(E/E0)�↵ exp(�(E/Ec)), where E0 is the energy scale,
↵ the spectral index, and Ec the cuto↵ energy.

Parameter Best fit value Frozen

E0 [TeV] 1 True
Ee,min [GeV] 0.1 True
Ee,max [TeV] 1000 True
N0 [⇥1043 TeV�1] 1.7+4

�1.4 False
Ec [TeV] 100+70

�30 False
↵ 1.5 ± 0.4 False

Notes. Normalization of the spectrum N0 is calculated for the source
distance of 1 kpc. VHE-UHE emission of LHAASO J2108+5157 is
assumed to be dominated by emission due to IC scattering of electrons
on CMB (T = 2.83 K, u = 0.26 eVcm�3) and FIR (T = 20 K, u =
0.3 eVcm�3) seed photon fields.

Fig. 7. Multiwavelength SED of LHAASO J2108+5157 showing a
leptonic scenario of emission. Observations with di↵erent instruments
are represented by data points of di↵erent colors: XMM-Newton r =
60 (blue), r = 160 (green), Fermi-LAT (red), LST-1 (purple), and
LHAASO-KM2A (yellow). The black solid line represents the best-
fitting IC-dominated emission of LST-1 and LHAASO data. The cor-
responding synchrotron radiation of the same population of electrons
is represented with dashed and dash-dotted lines for B = 1.2 µG and
B = 1.9 µG, respectively. The dotted line represents a phenomenolog-
ical model of a tentative pulsar: the best-fit PL with a subexponential
cuto↵ on the Fermi-LAT data.

limits, which are relevant if the source is relatively close, the
constraints on the magnetic field would be even stronger, namely
B . 0.5 µG. Given its Galactic latitude of b ⇡ 3�, the source is
close to the Galactic plane if it is not too distant from the Sun,
and one should not expect a background magnetic field strength
significantly below the typical level; therefore the absorbed case
is favored. The possibility of greater extension of the undetected
PWN – which would potentially lead to more relaxed constraints
on its magnetic field – cannot be excluded. However, we note
that even the approximate absorbed X-ray flux ULs scaled on the
full UHE source extension lead to a relatively low B . 1.9 µG
compared to the average Galactic magnetic field (also shown in
Fig. 7 for reference).

Such a weak magnetic field, needed to suppress the syn-
chrotron emission of LHAASO J2108+5157, is on the lower
end of the typical range seen for BPWN, which is, 1�100 µG
(Martin et al. 2014; Zhu et al. 2018). However, we note that a
relatively weak magnetic field is needed to explain a leptonic
UHE emission, which is only possible in radiation-dominated
environments (Vannoni et al. 2009; Breuhaus et al. 2021, 2022).
MILAGRO (Abdo et al. 2009) and HAWC (Abeysekara et al.
2017) detected an extended 2� TeV emission surrounding the
pulsar Geminga, leading to the recent establishment of a new
class of TeV-halo sources (Linden et al. 2017; Sudoh et al.
2019). Resulting from propagation of relativistic electrons that
already left the PWN in the interstellar medium (ISM), mag-
netic field in the TeV halos can be expected to follow the
level of the magnetic field in the ISM. However, Liu et al.
(2019) obtained an upper limit on the magnetic field in the
halo of Geminga of B < 1 µG, and therefore the TeV halo
scenario for LHAASO J2108+5157 is also feasible. The TeV
nebula surrounding Geminga has a large angular extension, but
this pulsar is also relatively close (d = 250 pc Faherty et al.
2007). In the Geminga-like scenario, the lower limit on the
distance of LHAASO J2108+5157 is approximately 2 kpc in
order not to violate the source-extension UL of 0.26� provided
by Cao et al. (2021a).

Inverse-Compton-dominated radiation of a single electron
population cannot explain the soft GeV emission of 4FGL
J2108.0+5155, which is spatially coincident with LHAASO
J2108+5157. There are 117 �-ray pulsars identified in the
Fermi-LAT data showing similar spectral properties to 4FGL
J2108.0+5155 (Abdo et al. 2013). We therefore put forward the
hypothesis that the GeV emission is the signature of a �-ray pul-
sar. Saz Parkinson et al. (2016) applied machine learning meth-
ods to classify sources in the Third Fermi-LAT catalog in two
major classes: AGNs and pulsars. 3FGL J2108.1+5202, which is
the Third Fermi-LAT general catalog (Acero et al. 2015) coun-
terpart of 4FGL J2108.0+5155, was classified consistently with
logistic regression (LR) and RF classifiers as a pulsar, which
provides support for our hypothesis. However, we note that the
resulting LR and FR probabilities are relatively low, that is,
only about 30%, and therefore we cannot exclude the possibil-
ity of misclassification of the source, and an extragalactic origin
of the HE emission cannot be excluded (for further details see
Saz Parkinson et al. 2016).

Gamma-ray pulsars are characterized by soft spectra, with
the flux steeply falling above a few GeV (e.g., MAGIC
Collaboration 2020). In the Fermi-LAT energy band, the typical
di↵erential spectrum can be described with a PL with a subexpo-
nential cuto↵ dN/dE = N0(E/E0)�� exp(�(E/Ecuto↵)b), where
E0 is the energy scale, � the photon index, Ecuto↵ the cuto↵
energy, and b the cut-o↵ strength (Leung et al. 2014; MAGIC
Collaboration 2020). In order to reduce the degeneracy of the
model parameters, considering that there are only three signifi-
cant Fermi-LAT flux points, we fixed b = 0.7, which is the cut-
o↵ strength of the PL with a subexponential cuto↵ model of the
Geminga pulsar SED in the GeV band (MAGIC Collaboration
2020). The best fit of the Fermi-LAT data consistent with XMM-

Newton ULs shown in Fig. 7 has � = 1.5+0.1
�0.2 and Ecuto↵ =

0.9 ± 0.2 GeV. Despite the large uncertainty, the photon index
is consistent with that of �-ray pulsars with a spin-down power
of Ė = 1034 � 1037 erg s�1 (Abdo et al. 2013). The �-ray lumi-
nosity of 4FGL J2108.0+5155 of between 1 and 100 GeV is
L1�100 GeV = 2 ⇥ 1033(d/1 kpc)2 erg s�1. One should note that,
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Figure 1. Significance maps of the region monitored by LHAASO. A point test source with a spectral index
of 2.6 for WCDA data and 3.0 for KM2A data is used.

significance. In this work, a power-law spectrum is assumed with an index of 2.6 for WCDA data in
the energy range 1�25 TeV and 3.0 for KM2A data at energies E > 25 TeV as initial conditions.
This leaves only one free parameter for the likelihood calculation. According to Wilks’ Theorem, the
TS is distributed as �2 with one degree of freedom (dof), and the significance can be estimated with
S =

p
TS. Figure 1 shows the significance maps obtained in the energy bands 1 TeV < E < 25 TeV

and E > 25 TeV in Galactic coordinates. The signals are clearly visible. However, most sources
in the Galactic plane are nearby and overlapping. Hence, further analysis is needed to derive each
source separately.

3. CONSTRUCTION OF THE CATALOG

The identification of point-like gamma-ray sources and their corresponding significance can be
roughly derived from Figure 1. However, it is important to note that the significance may be over-
estimated due to the overlap with nearby sources. Conversely, in the search for point sources, a
significant portion of the sources may actually be extended, resulting in an underestimation of their
significance. To improve source detection, the significance of a given source is reassessed by coupling
the fitting of localization, extension and spectrum, and new potential sources are also explored. In
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ALPACA joins MM astronomy

Fig. 17 Sensitivity curve of ALPAQUITA (the thick black curve) for a gamma-ray point source together
with the energy spectra of the H.E.S.S. [26, 46] and HAWC [17] gamma-ray sources that are in the
ALPAQUITA field of view. The thick purple curve shows the estimated sensitivity of ALPACA. The
ALPACA curve is derived by scaling the sensitivity curve of Tibet ASγ [40] considering the ratio of the
areas of these two experiments. Regarding the energy spectra, different colors indicate different source
species: supernova remnants (SNR) in red, pulsar wind nebulae (PWN) in blue, composite SNRs (Com-
posite) in green, compact binary systems (Binary) in magenta and unidentified sources (UNID) in gray,
respectively. The Crab Nebula spectrum modeled by M. Amenomori et al. (2019) [14] is shown in orange.
Solid and dashed lines show observed and extrapolated regions, respectively. In extrapolating the spectra,
the attenuation of gamma rays due to the e+e− pair production with the interstellar radiation field is not
taken into consideration

and the declination dependence of exposure does not affect the conclusion about the
source detection.

HESS J1702-420A HESS J1702-420A is a gamma-ray point source discovered by
H.E.S.S. along with the surrounding extended source HESS J1702-420B [46]. The
relation between these two sources is not clear. The energy spectra of both sources
extend up to ≃ 100 TeV without showing cutoff, and HESS J1702-420A domi-
nates the total gamma-ray flux beyond 50 TeV with its extremely hard spectral index
(≃ 1.5). Although SNR G344.7-0.1 and PSR J1702-4128 are in the vicinity of the
gamma-ray emission region, it is not easy to consider these objects as the origin of
the emission [48, 49]. The absence of X-ray flux [50, 51] and the observation of
gamma rays in 10 GeV to 30 TeV [52] do not favor the leptonic origin scenario of the
VHE gamma-ray emission, but the hadronic scenario is not conclusive because of the
lack of clear correlation between the VHE gamma-ray emission region and the ISM
distribution [46, 53]. According to Figs. 17 and 18, ALPAQUITA will detect HESS
J1702-420A above ≃ 300 TeV with its one calendar year observation if the spectrum
extends without cutoff and to provide data to discuss the mechanism of the particle
acceleration taking place in this peculiar object.
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• ALPAQUITA SDs stably running => Shadow of the moon
• Construction of ALPAQUITA MD in FY2023-2024
• Full ALPACA in FY2025
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