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Searching for the Galactic PeVatrons

Galactic Origin

Extragalactic Origin

δ = -2.7

δ = -3.0

• 90% protons, 9% helium, 1% electrons

• Almost featureless spectrum 

• CRs up to the knee are believed to have a 
Galactic origin

• Galactic accelerators have to inject particles 
up to at least to the knee at PeV

• The knee for protons at about 400-500 TeV
(ARGO Collaboration 2015)

Knee ~ 3 x10 15  eV

J. Cronin, T. Gaisser, S. Swordy, Sci. Amer. 276 (1997) 44.
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below 1015 eV    -  Galactic;   
beyond 1018 eV   -  Extragalactic;  
1015-1018 eV     ?   Galactic/Extragalactic 

Eun-Suk Seo

Cosmic Rays from sub-GeV to 100 EeV energies 

G EXG

?

Origin of Galactic Cosmic Rays ?

structure	before	the	knee	-		
																					recent	progress



𝑪𝑹𝒔( 𝟏 𝑷𝒆𝑽 ) + 𝒈𝒂𝒔 → 𝝅𝟎 → 𝜸𝜸 (~𝟎. 𝟏 𝑷𝒆𝑽)
𝑪𝑹𝒔 + 𝒈𝒂𝒔 → 𝝅!𝝅" → 𝝊

Relevant tests of candidate PeVatrons

Lγ ∝  Wp  t
−1∝  Wp  n

The candidate PeVatrons emits hundred TeV g-rays

The g radiation is hadronic

Ideally, estimate of energetic input in accelerated
particles -

The candidate PeVatron has a hard spectrum extending
up at least several tens of TeV without a break



Young (~1.5 kyr) and nearby (~1 kpc) SNR

First, and brightest resolved TeV shell

10 years of H.E.S.S. data. (> 27 000 γ’s)

Spectrum up to ~50 TeV: cuts off ~ 12 TeV

First Suspects : Young SNRs 

Theoretically: efficient CR acceleration 
mechanism 

Energetically:  energy budget – 1051 erg 
– to sustain the Gal CR population

RXJ1713-3946
HESS Collaboration+16



Hadronic or leptonic ? 

120 F. Aharonian and S. Casanova

Fig. 9 The energy distributions of the proton and electron populations of parent relativistic particles
in RX J1713.7-3946, derived the Fermi and HESS !-ray observations from (see Fig. 8), under the
assumptions that the detected !-rays from sub-GeV to multi-TeV energies are dominated either the
“"0-decay” (hadronic) or “IC” (leptonic) components of radiation (V. Zabalza, private communi-
cation)

In the leptonic models, the change of the spectral index of electrons from 1.7
to 3 cannot formally be referred to the radiative (synchrotron + IC) cooling break
since the latter predicts a change in the slope of the electron spectrum by exactly 1.
Nevertheless, the uncertainties in the derived electron spectrum at low energies do
not exclude the explanation of observations by the cooling break. However, for the
given age of the remnant RX J1713.7-3946 (less than 2000 years), this interpretation
requires a very strong magnetic field, B ! 100µGwhich is in contradiction with the
X-ray measurements. Indeed, assuming that IC !-rays and synchrotron X-rays are
produced by the same population of electrons and in the same region of the remnant,
one should require a quite modest magnetic field of order 15µG [85]. An alternative
assumption that themagnetic field is small but the source is much older than 103 year,
could, in principle, reproduce the cooling break in the electron spectrum around 1
TeV. But, such an assumption is not supported by the multiwavelength data either.
It should be noted, however, that the constraints on the strength of the magnetic
field are less robust, if the IC and synchrotron components of radiation are formed
in different zones [21]. Such a scenario in young SNRs is possible. In particular, it
can be realized in the forward and reverse shocks, in which the magnetic fields are
essentially different [94].

In the hadronic models, the spectral break in the proton population cannot be
explained by the radiative cooling effects. At low energies, the proton spectrum is
significantly harder than the “nominal” E"2 type acceleration spectrum predicted
by the “standard” models applied to this source [36, 47, 74, 94]. However, such
hard spectra in SNRs cannot be excluded, at least formally, from first principles
(see, e.g., Ref. [71]). Moreover, the proton spectrum derived from the !-ray data
is representative not for the entire proton population in the nebula, but for the part
confined currently in the region where from the !-rays are observed. Therefore, in

sabrinacasanova@gmail.com

.

Both hadronic and leptonic can explain
the GeV to TeV emission 

The content in accelerated hadrons in 
unknown because of the uncertainty in the 
estimate of the gas density

Zabalza2015



The youngest SNR in the Galaxy: G1.9+0.3   
TeV !-ray observations of SNRs G1.9+0.3 and G330.2+1.0 5

traction when measuring the VHE !-ray flux from both SNRs. In
this method, both ON and background (OFF) regions are identical
in size and have identical o!sets from the camera center, such
that they are a!ected by the radially-varying acceptance in the
same manner. Nearby regions with known VHE !-ray emission,
including the di!use emission near the GC, were excluded from
all OFF regions in order to avoid contaminating the background
estimation.

Results were cross-checked using the alternative Model analy-
sis technique3 (de Naurois & Rolland 2009) as well as an indepen-
dent calibration of the raw data and quality selection criteria. The
results obtained with these di!erent analysis chains are consistent.

3.3 Flux upper limits

Despite relatively deep exposures with the H.E.S.S. telescopes,
no significant VHE !-ray signal was detected from G1.9+0.3
or G330.2+1.0. The upper limits (ULs; 99% confidence level)
(Feldman & Cousins 1998) on the integral fluxes above the
0.26 TeV (G1.9+0.3) and 0.38 TeV (G330.2+1.0) energy thresh-
olds were calculated for three assumed spectral indices, " = 2.0,
2.5 and 3.0. The event statistics and ULs are summarized in Ta-
ble 2, where NON and NOFF are numbers of ON and OFF region
events, respectively, and " is the normalization factor between ON
and OFF regions such that excess can be defined as NON ! "NOFF.
The dependence of the integral flux UL on the energy threshold can
be seen in Fig. 1. Since the UL measurements are not strongly de-
pendent on the value of ", ULs with assumed spectral index " = 2.5
are used hereafter in this paper.

4 DISCUSSION

The synchrotron nature of the X-ray emission indicates that elec-
trons in both SNRs are accelerated to very high (TeV) energies. For
such high energies, the acceleration process should run very sim-
ilarly for electrons and hadrons. Some important di!erences arise
from the cut-o! in the electron spectrum (due to electron radia-
tion losses; see e.g. Reynolds & Keohane (1999)) and in the num-
ber of accelerated particles in each distribution. Nonetheless, the
existence of high-energy electrons directly shows that there should
also exist hadrons accelerated to energies at least as high.

This leads to the expectation of !-ray emission from inverse
Compton (IC) scattering of relativistic electrons on photon fields
and/or from hadronic (e.g. proton-nucleus) interactions. The non-
detection of this emission allows constraints to be placed on pa-
rameters such as the magnetic field strength, the ISM density, the
distance and the cosmic-ray (CR) e#ciency, the latter defined as
the fraction of SN explosion energy that is transferred to the parti-
cle acceleration.

4.1 Leptonic scenario

Although the comparison of the X-ray and radio data reveals gen-
eral anti-correlation for both SNRs indicating that radio and X-ray
emitting electrons may not come from the same population, the
one-zone leptonic model is used to obtain constraints on physical
parameters of the remnants and ambient media. Assuming that the

3 ParisAnalysis software version 0-8-18
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Figure 1. The upper limit (99% confidence level) of the integrated TeV !-
ray flux from G1.9+0.3 (top) and G330.2+1.0 (bottom) for three di!erent
assumed spectral indices, " = 2.0, 2.5 and 3.0.

Table 3. SED model fitting parameters.

SNR "e B Ecut Wtot
[µG] [TeV] [erg]

Uncooled electron spectrum

G1.9+0.3 2.2 > 12.1 < 44 < 4.2 " 1048

G330.2+1.0 2.2 > 8.0 < 21 < 13.2 " 1048

Dominating synchrotron losses

G1.9+0.3 2.0 > 8.6 < 80 –
G330.2+1.0 2.0 > 4.3 < 56 –

c# 2014 RAS, MNRAS 000, 1–9

• non thermal dominated 
youngest SNR 

• age~ 150-220 yr
• highest energy protons 

cannot propagate beyond 
several pc. 

• LHESS( >1 TeV) < 1e32 
erg/s -> Wpp<1045 erg 

• Shock speed 14000km/s, 
Expected in Bohm regime 
synch peak at 20 keV 
instead only 1 keV - not 
efficient accelerator

A&A proofs: manuscript no. ms

0 1.5 3.1 4.6 6.2 7.7 9.3 11 12 14 15 0 1.5 3.1 4.6 6.1 7.7 9.2 11 12 14 15

Fig. 1: Images from the observation 40001015007 for the FPMA (left) and FPMB (right) modules. The source and background
regions are indicated by the white and green contours, respectively.
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Fig. 2: The spectral points of G1.9+0.3 (this work; black circles) and RX J1713.4-3946 (red square) from Tanaka et al. (2008). The
energies of the points of RX J1713.4-3946 are rescaled by the factor of the square of the ratio of shock speeds of J1713.4-3946 and
G1.9+0.3: (14, 000 km/s/4000 km/s)2 = 12.25.

Table 1: Spectral Fitting results for G1.9+0.3

model PL index cuto! (keV) ! "2/d.o. f .
PL 2.54 (2.52 - 2.56) 1089.4/666
PL+ecut 2.04 (1.98 - 2.10) 11.8 (10.5 - 13.3) 697.7/665
PL+ecut (!=0.5) 1.65 (1.60 - 1.70) 1.68 ( 1.50 - 1.90) 0.5 686.2/665
PL+ecut (! free) 1.62(1.48 - 1.75) 1.41 (1.30-1.55) 0.48 (0.40-0.56) 685.8/664

of G1.9+0.3 in hard X-rays by NuSTAR provide unique infor-
mation about the acceleration e"ciency of electrons. Together
with Chandra data at lower energies, these data allow model-
independent conclusions. Although the general shape of the en-
ergy spectrum of X-rays is in a very good agreement with pred-
ications of the di!usive shock-acceleration theory, the acceler-
ation rate appears an order of magnitude slower relative to the
maximum acceleration rate achieved in the nominal Bohm di!u-
sion limit. To a certain extent, this is a surprise, especially when
compared with young SNRs like Cas A and RX J1713.4-3946 in

which the acceleration of electrons proceeds in the regime close
to the Bohm di!usion. If the acceleration of protons and nuclei
proceeds in the same manner as the electron acceleration, this
result could have a negative impact on the ability of G1.9+0.3 to
operate as a PeVatron. Apparently, the observations of G1.9+0.3
alone are not su"cient to conclude whether this conclusion can
be generalised for other SNRs.

Article number, page 4 of 6

Sun, Yang, Aharonian, 2018



Spectra of young SNRs
• Cutoffs in the spectra of famous young SNRs at few TeVs. Particle acceleration 

proceeds up to 100 TeV.  No indication of particle acceleration proceeding up to 
the knee 

• SNRs thought to act as PeVatrons only during the early phases. Small chance to 
detect SNRs when they are PeVatrons. Maybe PeVatron gamma-ray signatures 
from nearby clouds illuminated by runaway CRs Gamma-ray observation of Young SNRs�

•  All gamma-ray spectrum young SNRs 
shows soft spectrum or early cutoff at ~ 
10 TeV  

•  corresponding to CR energy of 100 TeV 

•  Hard to address a single power law 
spectrum of CRs up to PeV 

�

Aharonian+2018

HESS Collaboration2018



§ Very hard spectrum, index 2.07 
§ No preference for a cutoff
§ Data points until 20 TeV
§ Lower limit on proton cutoff energy: 100 TeV
§ Wp = 1050 n-1 erg
§ Leptonic scenario implies particle spectra up to 
at least 700 TeV
§ Several sources like HESS J1641–463 needed 

Runaway cosmic rays ? 
HESS Collaboration 2014



§ Point-like, central source on top of extended (ridge) 
emission

§ Central point source: cut-off @ 10 TeV

§ Diffuse emission shows no cut-off well > 10 TeV

§ Origin of diffuse emission:

§ Interaction of CR (from central BH) with 
interstellar medium ?

§ CR acceleration in CMZ (and in particular star
forming regions) ?

§ …

GC PeVatron : Spectral Studies with H.E.S.S. 

HESS Coll, Nature2016



GC PeVatron : Morphological studies 

§ Emission profile consistent with propagation of 
protons accelerated continuously from a region 
< 10 pc from GC 

§ Current bolometric lum of Sgr A* is 100-1000 
times less than required to support CR 
population. PeVatron more powerful in the past 
? Other PeVatrons in the Galaxy ?

Diffusion regime,
Continuous injection

Wind advection regime,
Continuous injection

H.E.S.S. data



Young Stellar Clusters 

Extended gamma-ray emissions around young star clusters (50 ~ 200 pc). Gamma-ray
luminosity ~ 1e36 erg/s. 

Each source has hard spectrum
~ 2.2, without cutoff

CR distribution derived by
gamma-ray profile and
gas distributions. 1/r
profile implies a
continuous injection
in the lifetime of clusters

Aharonian et al 2018



Fermi - Argo -HAWC-LHAASO cocoon 
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HAWC significance map
of the Cygnus Cocoon

§ Fermi-LAT	detection	of	hard	and	
extended	GeV	gamma-ray	emission	
in	Cygnus

§ “Cocoon”	of	freshly	accelerated		
cosmic	rays	

§ Extent	~ 50	pc	between	OB2		and	
SNR	Gamma	Cygni

§ Origin	possibly	attributed	to	
Gamma	Cygni or/and	OB2

2

Cygnus	Cocoon	

Ackermann,	M.,	et	al.	2011,	Science,	334,	1103

Fermi detected hard and extended emission
from Cygnus X, between OB2 and Gamma 
Cygni SNR

§ Attributed due to a
Cocoon of freshly 
accelerated Cosmic Rays

§ Powered by Supernova 
Remnant or Star forming 
region?

§ Evidence of star forming 
region as GCR accelerator

§ Unique and only seen at 
GeV energies – no TeV
counterpart so far

Fermi-LAT Cocoon

Fermi-LAT Residual Photon Count Map 
photons/bin

Ackermann, M., et al. 2011, Science, 334, 1103

5

Ackermann, M., et al. 2011 Subtracting HAWC PWN & -	Cygni

13

§ Significance map of the region after 
subtracting HAWC PWN & γ	Cygni
with 0.5° smearing applied

§ HAWC (RA, Dec): (307.65°, 41.14°)

§ Gaussian radius of ~ 2°

§ Described by a simple power law 
spectrum

Contours:
0.16, 0.24 and 0.32  
photons/bin from 
FERMI-LAT Cocoon

HAWC Coll, NatAstr 2021



Cocoon Spectrum and morphology
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LETTERSNATURE ASTRONOMY

cosmic ray density profile above 100 GeV from ref. 19, which clearly 
favours the 1/r profile. Alternatively, the 1/r profile is less striking 
for TeV cosmic rays because of their escape time.

The angular size of the Cygnus Cocoon is about 2.1°, which trans-
lates into a radius of r = 55 pc at 1.4 kpc. The size of the Cocoon is 
similar in both the TeV and GeV energy range. Assuming a loss-free 
regime, the particles from tens of GeV to hundreds of TeV diffuse 
in the region over a time tdiff given by tdiff = r2/(2D) (ref. 20), where D 
is the particle diffusion coefficient. If D(E*) = ! D0(E*), where D0(E*) 
is the average diffusion coefficient in the Galaxy at a given energy E* 
and ! is the suppression coefficient, then at 10 GeV
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The diffusion time (tdiff) of 10 GeV particles detected with 
Fermi-LAT needs to be shorter than the age of the Cyg OB2 associa-
tion tage, that is, tdiff (10 GeV) < tage ! 1"7 Myr (ref. 21), which yields 
! > 0.002. By contrast, the diffusion time of 100 TeV particles must 
be longer than the light-travel time to the edges of the Cocoon, 
tdiff (100 TeV) # Rdiff/c, where Rdiff is the diffusion radius and c is the 
speed of light. With D0(100 TeV) = 3 $ 1030 cm2 s"1, we obtain ! % 1. 
The combination of observations by the GeV and TeV instruments 
provides unique insights to particle transport in the Cocoon super-
bubble. The ‘suppression of the diffusion coefficient’ (!) is found to 
be 0.002 < ! % 1. This confirms that closer to particle injectors, high 
turbulence is driven by the accelerated particles, and cosmic rays 
are likely to diffuse more slowly than in other regions of the Galaxy.

As discussed in ref. 10, although the PWN powered by PSR 
J2021+4026 and PSR J2032+4127 cannot explain this extended 
Cocoon emission, we cannot rule out that the emission could be 
from a yet-undiscovered PWN. The nearby & Cygni SNR might 
not have been able to diffuse over the Cocoon region because of 
its young age10. The &-ray emission measured from the Cocoon 

region over five orders of magnitude in energy is likely produced by  
protons in the GeV to PeV range that collide with the ambient dense 
gas. The spectral shape in the TeV energy range is well described by 
a power law without an indication of a cut-off up to energies above 
100 TeV. Therefore, it might be the case that the powerful shocks 
produced by multiple strong star winds in the Cygnus Cocoon can 
accelerate particles, not only to energies up to tens of TeV as previ-
ously indicated by the Fermi-LAT detection, but even beyond PeV 
energies. However, the presence of a cut-off or a break in the GeV to 
TeV &-ray spectrum at a few TeV, as evidenced in the measurements 
of both ARGO and HAWC detectors, argues against the efficiency 
of the acceleration process beyond several hundred TeV.

The break in the &-ray spectrum around a few TeV could be due 
to either leakage of cosmic rays from the Cocoon or a cut-off in the 
cosmic ray spectrum injected from the source. In the first scenario, 
the &-ray emission is dominated by recent starburst activities less 
than 0.1 Myr ago. The diffusion length in the Cocoon is 100–1,000 
times less than that in the interstellar medium owing to strong mag-
netic turbulence10 that is plausibly driven by starburst activities. The 
lower-energy cosmic rays are confined by the magnetic field of the 
Cocoon, whereas higher-energy cosmic rays escape from the region 
before producing & rays, which results in a spectral break from GeV 
to TeV regime. An injection index of " ! "2.1 for the cosmic ray spec-
trum is needed to explain the Fermi-LAT observation. Such a spec-
trum can be achieved by different particle acceleration mechanisms, 
for example through shock acceleration. An example of the leakage 
model is illustrated as the thick solid grey line in Fig. 2a. Assuming 
a recent activity that happened 0.1 Myr ago and a gas density of 30 
nucleons per cm3 as suggested by H ! and H !! observations22, the 
proton injection luminosity is found to be Lp ! 4 $ 1037 erg s"1 above 
1 GeV (Methods). The data above 100 TeV suggest that the stellar 
winds inject protons to above PeV with a hard spectrum.

In the second scenario, the &-ray emission is produced by contin-
uous starburst activities over the OB2 star lifetime, 1–7 Myr. In this 
scenario, a hard cosmic ray spectrum of " ! "2.0, depending on the 
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Fig. 2 | Spectral energy distribution of the !-ray emission and cosmic ray density at the Cocoon region. a, Spectral energy distribution of the Cocoon 
measured by different &-ray instruments. Here, #& is the &-ray flux, which is given by E&

2 $ dN/dE& and E& is the &-ray energy. Blue circles are the spectral 
measurements for the Cocoon in this study. The errors on the flux points are the 1$ statistical errors. At low TeV energy, HAWC data agree with the 
measurements by the ARGO observatory shown in grey squares14. The red and grey circles are the Fermi-LAT flux points published in ref. 15 and ref. 10, 
respectively. The grey triangles are from the Fermi-LAT analysis in ref. 19. The grey solid and dashed lines are &-ray spectra derived from the hadronic 
modelling of the region. (The leptonic modelling results are provided in Extended Data Fig. 1). b, Cosmic ray energy density profile calculated for four 
rings (0–15!pc, 15–29!pc, 29–44!pc and 44–55!pc) centred at the OB2 association. The green circles are the cosmic ray densities derived above 10!TeV 
using HAWC &-ray data. The y errors are the statistical errors and the x error bars are the width of the x bins. The orange and blue lines are the 1/r profile 
(signature of the continuous particle injection) and constant profile (signature of the burst injection), respectively, calculated by assuming a spherical 
symmetry for the &-ray emission region and by averaging the density profile over the line of sight within the emission region. The black dashed line is the 
local cosmic ray density above 10!TeV based on Alpha Magnetic Spectrometer measurements18. The black triangles are the cosmic ray densities above 
100!GeV from ref. 19.

NATURE ASTRONOMY | VOL 5 | MAY 2021 | 465–471 | www.nature.com/natureastronomy 467

Unique SFR seen from GeV to PeV energies

Spectral break with respect to Fermi datapoints

CR density > 10 TeV higher than local CR in the whole region

1/r profile would suggest a continous injection. A constant profile would suggest a recent 
burst event happened less than 0.1 Myr

10000 CygOB2 would be required for CRs Galactic  population

Nat Astr, HAWC 2021



16

Highest energy photon

l 1.42±0.13 PeV from the Cygnus region

l Chance probility due to cosmic ray 
background  0.028%.

Nature 594:33-36 (2021)

2.7x10-7 according 
to muon-content

Slide by Ruizhi Yang



HAWC survey for Galactic PeVatrons
PeVatron Searches:	Recent	More	Detailed	Results

PRL	124,	021102	(2020)
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(Cygnus	Cocoon)*
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all	these	analyses	involve	multi-component	fits
And	have	been	published



The Galaxy above 56 TeV
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MGRO 2019+371 MGRO 1908+06
HESS J1825+137
HESS J1826-130

but

4

FIG. 1.
p
TS map of the Galactic plane for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology. Black

triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33

eHWC J1839-057 279.77 ± 0.12 -5.71 ± 0.10 0.34 ± 0.08 1.5 ± 0.3 7.03 J1837-065 0.96 3.06

eHWC J1842-035 280.72 ± 0.15 -3.51 ± 0.11 0.39 ± 0.09 1.5 ± 0.3 6.63 J1844-032 0.44 2.70

eHWC J1850+001 282.59 ± 0.21 0.14 ± 0.12 0.37 ± 0.16 1.1+0.3
�0.2 5.31 J1849+001 0.20 3.04

eHWC J1907+063 286.91 ± 0.10 6.32 ± 0.09 0.52 ± 0.09 2.8 ± 0.4 10.4 J1908+063 0.16 7.30

eHWC J2019+368 304.95 ± 0.07 36.78 ± 0.04 0.20 ± 0.05 1.6+0.3
�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

p
TS

is the square root of the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular
distance to it are also provided. In addition, the

p
TS of the same integral flux fit but above Ê >100TeV is provided. All

uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2� at the Crab declination [19],
but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power-law.
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FIG. 1.
p
TS map of the Galactic plane for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology. Black

triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33

eHWC J1839-057 279.77 ± 0.12 -5.71 ± 0.10 0.34 ± 0.08 1.5 ± 0.3 7.03 J1837-065 0.96 3.06

eHWC J1842-035 280.72 ± 0.15 -3.51 ± 0.11 0.39 ± 0.09 1.5 ± 0.3 6.63 J1844-032 0.44 2.70

eHWC J1850+001 282.59 ± 0.21 0.14 ± 0.12 0.37 ± 0.16 1.1+0.3
�0.2 5.31 J1849+001 0.20 3.04

eHWC J1907+063 286.91 ± 0.10 6.32 ± 0.09 0.52 ± 0.09 2.8 ± 0.4 10.4 J1908+063 0.16 7.30

eHWC J2019+368 304.95 ± 0.07 36.78 ± 0.04 0.20 ± 0.05 1.6+0.3
�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

p
TS

is the square root of the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular
distance to it are also provided. In addition, the

p
TS of the same integral flux fit but above Ê >100TeV is provided. All

uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2� at the Crab declination [19],
but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power-law.
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Source Energy Radius
p
TS RA (�) Dec (�) Nearest 2HWC source Distance to 2HWC source (�)

eHWC J0534+220 > 56 TeV PS 11.6 83.63 22.02 2HWC 0534+220 (Crab) 0.0
eHWC J0534+220 - 0.5� 9.42 83.67 22.06 - 0.06
eHWC J0535+220 - 1.0� 5.72 83.94 22.06 - 0.31
eHWC J1809-193 > 56 TeV PS 6.75 272.42 -19.39 2HWC J1809-190 0.35
eHWC J1809-193 - 0.5� 6.73 272.46 -19.31 - 0.27
eHWC J1810-192 - 1.0� 6.30 272.55 -19.27 - 0.25
eHWC J1825-132 > 56 TeV PS 12.1 276.46 -13.25 2HWC J1825-134 0.15
eHWC J1825-133 - 0.5� 13.9 276.42 -13.36 - 0.06
eHWC J1824-133 - 1.0� 13.2 276.24 -13.36 - 0.22
eHWC J1825-132 > 100 TeV PS 6.75 276.42 -13.21 - 0.19
eHWC J1825-134 - 0.5� 7.34 276.42 -13.44 - 0.06
eHWC J1824-134 - 1.0� 6.76 276.20 -13.40 - 0.26
eHWC J1839-057 > 56 TeV PS 5.57 279.84 -5.79 2HWC J1837-065 0.92
eHWC J1839-056 - 0.5� 6.41 279.84 -5.64 - 1.06
eHWC J1837-056 - 1.0� 5.99 279.45 -5.60 - 0.98
eHWC J1842-035 > 56 TeV 0.5� 5.74 280.68 -3.51 2HWC J1844-032 0.47
eHWC J1843-036 - 1.0� 5.85 280.85 -3.66 - 0.47
eHWC J1849+000 > 56 TeV PS 5.27 282.31 0.04 2HWC J1849+001 0.11
eHWC J1850+001 - 0.5� 5.05 282.57 0.19 - 0.20
eHWC J1849-004 - 1.0� 5.50 282.44 -0.45 - 0.56
eHWC J1908+065 > 56 TeV PS 7.27 287.01 6.50 2HWC J1908+063 0.12
eHWC J1907+063 - 0.5� 9.54 286.96 6.39 - 0.09
eHWC J1907+062 - 1.0� 9.63 286.83 6.20 - 0.29
eHWC J1908+065 > 100 TeV PS 5.70 287.01 6.50 - 0.12
eHWC J1907+063 - 0.5� 7.03 286.79 6.32 - 0.27
eHWC J1908+065 - 1.0� 6.71 287.01 6.50 - 0.12
eHWC J2020+367 > 56 TeV PS 9.73 305.02 36.80 2HWC J2019+367 0.08
eHWC J2019+367 - 0.5� 9.48 304.85 36.80 - 0.08
eHWC J2019+371 - 1.0� 7.15 304.89 37.12 - 0.32
eHWC J2019+367 > 100 TeV PS 5.39 304.94 36.80 - 0.00
eHWC J2019+368 - 0.5� 5.36 304.89 36.84 - 0.06
eHWC J2030+412 > 56 TeV PS 5.74 307.70 41.26 2HWC J2031+415 0.34
eHWC J2031+412 - 0.5� 5.94 307.84 41.21 - 0.31

TABLE S1. The results of the high-energy catalog search. The column “Radius” denotes which map the source was found in.
PS stands for “point source”.

p
TS is the square root of the test statistic of detection, assuming a power law spectrum with

an index of 2.0 and the specified source radius. The distance between each source and the nearest 2HWC source is also given.
After the catalog search is run, each source’s Right Ascension, Declination, and extension are concurrently fit; these results are
in Table I of the main text.

Source F (10�14 ph cm�2 s�1)
p
TS > 56 TeV

p
TS > 100 TeV

eHWC J0534+220 1.5+0.3
�0.2 11.7 4.27

eHWC J1809-193 2.6+0.7
�0.6 6.76 4.69

eHWC J1825-134 5.4+0.7
�0.6 14.0 7.35

eHWC J1839-057 1.7+0.4
�0.3 6.63 3.03

eHWC J1842-035 1.7+0.4
�0.3 6.06 2.52

eHWC J1850+001 1.3+0.4
�0.3 5.18 3.09

eHWC J1907+063 3.4+0.5
�0.4 10.3 7.17

eHWC J2019+368 1.9 ± 0.3 9.86 5.55

eHWC J2030+412 1.1+0.3
�0.2 6.16 2.96

TABLE S2. The integral flux values calculated assuming a spectral index of -2.0. An index of -2.7 is assumed in the main text.

source and the eHWC source. Note that not all TeVCat
sources are detected by HAWC.

HAWC Collaboration+19Optimising SWGO Harm Schoorlemmer

Figure 3: Di�erential point source sensitivity of several experiments[9–12] and the phase-space that will be
explored in the design studies for SWGO (see text for more detail).

sation, which takes into account the constrains and exact properties from the proposed site of the130

observatory, as well as the decisions made on detector hardware implementation.131
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the slope of the tangent. For all three spectra, the log-parabola fits 
are preferred over simple power-law fits. The gradual steepening of 
multi-hundred-teraelectronvolt !-rays is partly due to the !–! absorp-
tion that occurs during their interactions with the diffuse far-infrared 
and microwave radiation fields. However, as follows from Fig."1, for 
all sources the effect of absorption appears to be small, even at the 
highest energies. These results demonstrate the capability of KM2A 
for spectral measurements of sharply declining !-ray fluxes. This 
achievement is the result of the combination of: (i) a 1-km2 detection 
area providing adequate UHE photon statistics; (ii) suppression of the 
CR background at the level of 10#5, enabling background-free detec-
tion of !-rays; and (iii) an energy resolution of <20% constraining the 
spillover that mainly occurs in the neighbouring energy channels with 
a width of $(logE)"="0.2.

In Fig."1, we show also the significance maps of !-rays with E"%"25"TeV. 
The two-dimensional images of these sources extend to at least 1°, 
implying that !-ray emitters occupy huge (%104"pc3) regions in the 
Galactic plane. Although !-ray emission itself indicates the presence 
of active or recent particle accelerators inside or in the proximity of 
!-ray-emitting regions, the localization and identification of particle 
accelerators is not a trivial task and requires deep theoretical and phe-
nomenological studies based on comprehensive multi-wavelength 
data.

Not surprisingly, in the vicinity of the extended UHE sources, one can 
find potential counterparts for both the !-ray production regions and 
the nearby particle accelerators (see Extended Data Table"2). The list 
includes candidates that are potentially responsible for the electron and 
proton PeVatrons in the Milky Way: pulsars and pulsar wind nebulae, 
supernova remnants and young massive star clusters. Detailed studies 
of the spectral and morphological features of UHE sources and their 
astrophysical implications are beyond the scope of this paper. The 
results of in-depth studies of individual LHAASO sources, including the 
data from both WCDA and KM2A, acquired over three decades from 
1"TeV to 1"PeV, will be published elsewhere. Here we limit the discussion 
to a few general comments on the origin of the UHE radiation.

The only firmly identified source in Table"1 is the Crab Nebula, a repre-
sentative of pulsar wind nebulae, one of the largest nonthermal source 
populations in our Galaxy. The Crab Nebula is a peculiar pulsar wind 
nebula. It differs from other members of this source population by the 
Crab pulsar’s huge spin-down luminosity, L0"&"5"'"1038"erg"s#1, compact 
size (a few parsecs) and large nebular magnetic field, B &"100"µG. The 
latter makes the conversion of the energy of relativistic electrons to 
inverse Compton !-rays inefficient, as low as 0.01%. Yet, thanks to the 

large spin-down luminosity, the Crab Nebula is a luminous !-ray source. 
The rotational powers of other pulsars are smaller by orders of magni-
tude. On the other hand, the magnetic field strength in the surrounding 
nebulae is typically smaller than 10"µG. This dramatically enhances the 
!-ray production efficiency, which scales as B#2, and thus compensates 
for the relatively modest rotational power of pulsars. On the basis of 
such arguments, pulsar wind nebulae have been predicted, and later 
established, as a prolific teraelectronvolt !-ray source population9.

The size of a pulsar wind nebula is determined by the region in which 
electrons, being accelerated at the termination shock, advect with the 
nebular flow. Typically, it varies between a few to 10 parsecs. These 
hydrodynamical (usually asymmetric) formations are enveloped by 
larger and more regular structures consisting of relativistic electrons 
and positrons that have already left the nebula and propagate diffu-
sively in the interstellar medium9. The spectrum and energy-dependent 
morphology of !-rays depend on the character of propagation of elec-
trons10,11; therefore, it can be used to measure the diffusion coefficient 
in the interstellar medium9,12. It has been argued13,14 that a considerable 
fraction of the extended multi-teraelectronvolt !-ray sources detected 
by HAWC are linked to these giant ‘halos’. This could be also the case for 
some of the LHAASO sources that presumably host energetic pulsars 
(see Extended Data Table"2).

A possible realization of this scenario is demonstrated in Extended 
Data Fig."5 for LHAASO J1908+0621. It is assumed that electrons 
are injected with a rate that closely follows the time history of the 
spin-down luminosity of the pulsar PSR"J1907+0602, receiving a 
constant 6% of the spin-down power. The !-ray spectral points with 
energies from gigaelectronvolt to several hundred teraelectronvolts 
could be explained by a power-law spectrum of accelerated electrons 
with index "e"="1.75, and a super-exponential cutoff at E0"="0.8"PeV (see 
Methods). Although acceleration at the wind termination shock could, 
in principle, boost the energy of electrons to 1"PeV, their escape from 
the acceleration site and further propagation over distances of tens of 
parsecs is a challenge. Alternatively, UHE !-rays can be explained by 
interactions of protons with the ambient gas through the production 
and decay of #0 mesons. If the reported fluxes at gigaelectronvolt and 
teraelectronvolt energies are linked to the UHE source, it is difficult to 
fit the spectral points in the entire gigaelectronvolt–petaelectronvolt 
energy range of !-rays using, for example, a simple power law with an 
exponential cutoff or broken-power-law proton spectra. However, a 
more complex spectral distribution—for example, a broken power 
law with an exponential cutoff—can fit the data (see Methods and 
Extended Data Fig."5). The production of hadronic UHE !-rays can 

Table 1 | UHE !-ray sources

Source name RA (°) dec. (°) Signi"icance above 100 TeV (#!) Emax (PeV) Flux at 100 TeV (CU)

LHAASO J0534+2202 83.55 22.05 17.8 0.88!±!0.11 1.00(0.14)

LHAASO J1825-1326 276.45 "13.45 16.4 0.42!±!0.16 3.57(0.52)

LHAASO J1839-0545 279.95 "5.75 7.7 0.21!±!0.05 0.70(0.18)

LHAASO J1843-0338 280.75 "3.65 8.5 # +0.26 0.10 0.16 0.73(0.17)

LHAASO J1849-0003 282.35 "0.05 10.4 0.35!±!0.07 0.74(0.15)

LHAASO J1908+0621 287.05 6.35 17.2 0.44!±!0.05 1.36(0.18)

LHAASO J1929+1745 292.25 17.75 7.4 # +0.71 0.07 0.16 0.38(0.09)

LHAASO J1956+2845 299.05 28.75 7.4 0.42!±!0.03 0.41(0.09)

LHAASO J2018+3651 304.75 36.85 10.4 0.27!±!0.02 0.50(0.10)

LHAASO J2032+4102 308.05 41.05 10.5 1.42!±!0.13 0.54(0.10)

LHAASO J2108+5157 317.15 51.95 8.3 0.43!±!0.05 0.38(0.09)

LHAASO J2226+6057 336.75 60.95 13.6 0.57!±!0.19 1.05(0.16)

Celestial coordinates (RA, dec.); statistical signi#icance of detection above 100!TeV (calculated using a point-like template for the Crab Nebula and LHAASO J2108+5157 and 0.3° extension 
templates for the other sources); the corresponding differential photon #luxes at 100!TeV; and detected highest photon energies. Errors are estimated as the boundary values of the area that 
contains ±34.14% of events with respect to the most probable value of the event distribution. In most cases, the distribution is a Gaussian and the error is 1!.LHAASO Coll Nature 2021



HAWC J1825-134

23

Previously of J1825 Region

3

>200 TeV

• Spectral analysis from HAWC data 

1.Extended source HAWC J1826-128 and 
extended source HAWC J1825-138 both 
started cutoff around 30 TeV 

2.New Point like source HAWC J1825-134 
extend beyond 200 TeV and don’t showing 
any cut off in HAWC data

https://iopscience.iop.org/article/10.3847/2041-8213/abd77b/pdf

Previously of J1825 Region

4

• Proton can be accelerated at Young Star 
Cluster [BDS2003]8  

• High energy protons can travel to giant 
molecular cloud [MML2017]99 and collide 
with ambient gas to produce  

•  can decay to photons, then contribute the 
emission seen by HAWC

!0

!0

https://iopscience.iop.org/article/10.3847/2041-8213/abd77b/pdf

Above 177 TeV 

HAWC Coll  ApJL 2021
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LHAASO J1825
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• BPL for protons :  index 2.0 and 
3.4 below and above 120 TeV 

• PLEC for electrons: injection 

index of 2.07 cutoff ~ 600 TeV 
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9

• LHAASO reported the gradual steepening of the 
-ray spectrum is partly due to the -  absorption  

• Around 200 TeV the attenuation start to have big 
impact  

• How does this compare to HAWC’s result?

!
! !

Gamma-ray opacities

https://rdcu.be/ckK9w 

How About New Point Source Energy

LHAASO Coll Nature 2021



HAWC J1825-134 and LHAASO 
J1825-136 above 200 TeV 

25

10

• Assume the LHAASO flux points > 200 TeV are 
coming from the same origin of HAWC 
J1825-134 

• Flux point at 200 TeV agrees HAWC J1825-134 
point source spectrum 

• The spectrum become softer beyond 300 TeV 

• HAWC Outriggers!

How About New Point Source Energy

HAWC Coll 2021



Testing the SNR paradigm

HAWC TeV γ-rays from middle-aged

from γ-Cygni, IC 433, and W51C

26



SNR G106.3+2.7: Galactic PeVatron ?

HAWC Collaboration, ApJL 2020

• SNR G106.3+2.7 is a 10kyr comet-shaped 
radio source at 0.8 kpc  

• PSR J2229+6114, seen in radio, X-rays, and 
gamma rays 

• Boomerang Nebula is contained in the 
remnant 

• VERITAS source (energy range 900 GeV – 16 
TeV)

• HAWC emission pointlike, morphology 
compatible with VERITAS source and 
coincident with a region of high gas density



28

Gamma PL : 2.29,   Lower limit on gamma Ecut = 120 TeV

Proton PL :  2.35,    Lower limit on proton Ecut = 800 TeV,  

Wp = 1048 (n/50)-1 erg

G106.3+2.7 : a Galactic PeVatron?

VERITAS index = -2.29
HAWC index = -2.25

Joint VERITAS-HAWC PL  from 800 GeV to 180 TeV

HAWC Collaboration, ApJL 2020
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Significance above 10 TeV
Tibet Array, 2021

HAWC

SNR
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HAWC J1908+06 as neutrino 
source?

30

Some HAWC PeV candidates are 
promising neutrino sources

Neutrinos seen in coincidence with a 
PeVatron candidate would 
unambiguously indicate hadronic origin

J1908+06 one of best p-values in 
IceCube point source searches, although 
still consistent with background-only 
hypothesiss



HAWC Collaboration+19

Two independent energy 
estimation algorithms (grey and 
green points/bands above)

837 day dataset

The error bars on the flux points 
are statistical only The shaded 
grey and green shaded bands 
denote systematic uncertainties. 

First Crab spectra that goes past 
100 TeV in reconstructed energy

100 TeV photons from the Crab with HAWC

Highest Energies~100 TeV
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PeV photons from the Crab !Crab as electron PeVatron

E-2.5

E-3.7
LHAASO collaboration 
Science 373, 425
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Crab as electron PeVatron

E-2.5

E-3.7
LHAASO collaboration 
Science 373, 425

LHAASO Coll Science+21



Microquasars as
gamma-ray sources: 
SS433 Lobes

• SS 433 is a Galactic micro-quasar observed in 
radio-X-rays. 

• SS433 is a binary system formed by a 
Supergiant 30 solar masses star and a compact 
object, either a neutron star or a black hole

• Two jets, the most powerful known in the 
Galaxy, extend perpendicular to the line of 
sight and terminate in W50 nebula and 
produce western and eastern X-ray lobes

• SS433 jet  : 1039-40 erg/s  

• SS433 jet speed roughly c/4

• Baryon loaded

• Particle acceleration is believed to occur at the 
lobes where strong radiation is expected to be 
emitted at GeV and TeV energies 



Origin of the emission (e1) 13 Broadband Spectral Energy Distrib. of e1 

•  Leptonic: radio + X-ray photons are produced via synchrotron emission in a magnetic 
field and TeV γ rays observed by HAWC are produced via IC scattering of the same e-. 

 
•  Multiwavelength spectral fit (solid + dashed line) of leptonic scenario assumes 

                                
                    
                                                                          

in a magnetic field of strength B. We inferred Emax > 1 PeV. 

dN
dE

∝E−α exp( −E
Emax

),

K. Fang 
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• IC scattering off CMB photons, scattering off optical and infrared suppressed electron 
acceleration 

• Electrons of at least 130 TeV required in a magnetic field of 16microGauss  

• Hadronic emission assumes 10% conversion of jet energy into protons and 0.05 cm-3 

density

Nature, HAWC Coll 2018



Conclusions and Outlook

• Both target analysis and discoveries in blind survey searches brought recently 

new insights in the search for the Galactic PeVatrons

• We have not yet pinned down the origin of PeV particles but we now know 

that the Galaxy is rich in multi-TeV up to PeV gamma-ray sources

• Synergy: imaging and wide FoV instruments

• High discovery potentials with HAWC/LHAASO and SWGO

• Detailed morphology with HESS/VERITAS/MAGIC and CTA 

• Combined spectra over many ranges in energies from GeV to PeV

• Gas (great improvements in resolution of surveys in infrared, submm and radio) 
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Dame+1987, Dame+2001,Rice+2016,Miville-Dechenes+2018

The CfA Survey of Molecular Gas



The Milky Way in Molecular Clouds (Nanten survey)

(courtesy: Y. Fukui)



The 4PiHI Survey of Atomic Gas
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RELATED  L INK

NAO J  Web  S i t e / COMING  Web  S i t e / S t a r  fo r m a t i o n  We b  S i t e

Copy r i gh t  ©  20 18  FUG IN .  A l l  R i gh t s  Re s e r ved .

About
The FUGIN (FOREST Unbiased Galactic plane Imaging survey with the Nobeyama

45-m telescope) project is one of the legacy projects uti l izing the new multi-

beam receiver FOREST (FOur-beam REceiver System on the 45 m Telescope).

This project aims at investigating the distribution, kinematics ,  and physical

properties of both diffuse and dense molecular gases in the Galaxy observed in

the 12 CO, 13 CO, and C 18 O J = 1-0 l ines s imultaneously. The mapping area

extends over a large parts in the first quadrant (10° <= l <= 50°, |b| <= 1°) and

the third quadrant (198° <= l <= 236°, |b| <= 1°) of the Galactic plane, which

include spiral arms, the bar structure, and the molecular ring of the Milky Way.

FUGIN provides us the highest angular resolution data to date (~20") among

the existing Galactic plane CO surveys. The high quality data enable us to

study Galactic interstel lar medium (ISM) in wide aspects from galactic-scale

structures to dense molecular f i laments/clumps/cores, and their evolution and

star formation. The archival dataset is available for al l  astronomers worldwide.

Scientif ic Purposes

1 .Molecular Cloud Formation & Evolution

Physical process of transit ion from HI to H2

Evolution of mass, structure, and density of MCs

2. Star Formation

Mechanism of massive SF (CCC)

Dominant mode of SF

3. Feedback & Cloud Destruction

Destruction time scale of Macs

Energy budgets of feedback

Home / Member s / P ro jec t / S ta tu s / Data / Pub l i ca t ion s
FUGIN 



MALT45   7mm Survey with ATCA
> 5x more sensitive than Mopra   ( 1 arc-min resolution ) 

(Jordan etal 2013, 2015)CS(1-0) peak pixel image with HOPS NH3(1,1) contours  

CS(1-0) position/velocity → can see far side of galaxy in dense gas!

From 2017  “Full Strength MALT 45” l = 300 to 360   (Breen et al..)
→ dense gas ISM survey over southern gal. plane

Credit: G Rowell



ASKAP  - Australian Square Kilometre Array Pathfinder
Phased array feeds (PAFs) 30-beams
- Continuum survey, HI & OH lines, B-field strength & turbulence, transients 

New HI + OH survey with the ASKAP
- 30 arc-sec resolution
- Commencing 2018

www.atnf.csiro.au/research/GASKAP/
Credit: G Rowell
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Diffuse g-rays at hundred TeVs
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FIG. 4. Di!erential energy spectra of the di!use gamma
rays from the galactic plane in the regions of (a) |b| < 5!,
25! < l < 100! and (b) |b| < 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 [6], while the solid and dashed curves dis-
play the predicted energy spectra by the space-independent
and space-dependent models by Lipari and Vernetto [19], re-
spectively (see text). Solid squares in panel (a) and triangles
with arrows in panel (b) indicate the flux measured by ARGO-
YBJ and the flux upper limit by the CASA-MIA experiment,
respectively.

and space-dependent models based on the hadronic sce-
nario. The observed flux in the highest energy bin in
398 < E < 1000 TeV looks higher than the model predic-
tion, 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 10 in
each of 25! < l < 100! and 50! < l < 200!, which in-
cludes the Cygnus region around l = 80!. Interestingly,
4 out of 10 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 [24] and also pro-
posed as a strong candidate of the PeVatrons [25], but
not taken into account in [19]. If these 4 events are sim-
ply excluded, the observed flux at the highest energy in
Figure 4 better agrees with the model prediction.

The high-energy astrophysical neutrino is also a good
probe of the spectrum and spatial distribution of PeV
cosmic rays in the Galaxy [26, 27]. According to Li-
pari and Vernetto [19], the di!use gamma-ray/neutrino
flux predicted near the Galactic center (|l| < 30!) by

the space-dependent model is more than 5 times higher
than that predicted by the space-independent model in
100 TeV < E < 10 PeV. Also PeV di!use gamma
rays/neutrinos from the Fermi-bubble [28] could be a
good probe of the possible dark matter distribution
around the Galactic center [29, 30]. Therefore, the
gamma-ray/neutrino observation in the southern hemi-
sphere, which is capable of observing the Galactic center
region, will also play important roles to study the funda-
mental physics.

V. CONCLUSIONS

We successfully observed the galactic di!use gamma
rays in 100 TeV < E < 1 PeV by the Tibet AS+MD ar-
ray. Particularly, in the energy region above 398 TeV, we
found 23 gamma-ray like events against 2.7 background
events, which corresponds to 5.9! statistical significance,
in |b| < 10! in our FoV. The highest energy of observed
gamma-ray is 957 TeV, which reaches nearly 1 PeV. The
gamma-ray distribution are extended around the Galac-
tic plane apart from known galactic TeV gamma-ray
sources. We also found no significant signal above 10 TeV
in directions of 38 gamma-ray like events above 398 TeV,
which implies that these events are orphan gamma rays
as is expected from the di!use gamma-ray scenario. The
measured fluxes are overall consistent with recent models
assuming the hadronic cosmic-ray origin. These facts are
hard to interpret with the leptonic cosmic-ray origin, in-
dicating that sub-PeV di!use gamma rays are produced
by the hadronic interaction of protons, which are accel-
erated up to a few PeV energies (possibly ! 10 PeV)
and escaping from the source, with the interstellar gas
in our Galaxy. Hence, we conclude that the PeVatrons
inevitably exist in the present and/or past Galaxy ac-
celerating cosmic rays which spread in the Galaxy being
well confined around the Galactic disk.
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• The fractional source
contribution to the diffuse
component is estimated to
be 13%.

• All events above 398 TeV
observed more than 0.5 deg
apart from known sources.
PeV electrons cannot easily
explain such emission

• Above 398 TeV 4 out of 10
events are detected within 4◦
from the centre of the
Cygnus cocoon If these 4
events are simply excluded,
the observed flux at the
highest energy agrees with
the model prediction.


