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4100 m

• Site: Sierra Negra, Mexico, 19°N, 4,100 m altitude. 
• Instantaneous FOV 2 sr. (15%) and daily 8sr (66%). 
• Duty cycle >90%. 
• 300 WCDs covering 22,000 m2 area.

The HAWC observatory
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The structure and the principle of operation
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HAWC Sky
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The 2HWC catalog based 507 days of data  contains 39 sources 

• 19 sources were not previously reported at TeV energies 
• 9 sources >56 TeV and 3 sources > 100 TeV

• Wide Field-of-View: ~2 sr 
• ~2/3 of the sky per day 
• Sensitive to γ-rays from ~0.1TeV to ~100 TeV

HAWC’s ~1038 days all-sky map
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Set meaningful constraints on the average CR protons spectrum in the local giant 

molecular clouds using Fermi-LAT stacked spectrum extending up to 1 TeV and 

HAWC’s 95% C.I. combined upper limits in 1-100 TeV energy range and compare it 

with the direct local measurement of AMS-02 experiment.

Motivation

December 05, 2019                                                              V. Baghmanyan – IFJ PAN – HAWC

Neronov et al. 2017
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MCO(10
5MSun)

<latexit sha1_base64="OQqBRYxRdnYrFutwWwaeYSjLuJA=">AAACDnicbVC7TsMwFHV4lvIKMLJYtEhlqRLebBUsLAgQtCA1pXJcp7VwnMi+QVRRvoCFX2FhACFWZjb+BvchxOtIVzo+51753uPHgmtwnA9rZHRsfGIyN5Wfnpmdm7cXFms6ShRlVRqJSF36RDPBJasCB8EuY8VI6At24V8f9PyLG6Y0j+Q5dGPWCElb8oBTAkZq2qsesFvwg7R41EwPjjOMS65ztYWxeZ4lMlsrZtjzmnbBKTt94L/EHZICGuKkab97rYgmIZNABdG67joxNFKigFPBsryXaBYTek3arG6oJCHTjbR/ToZXjdLCQaRMScB99ftESkKtu6FvOkMCHf3b64n/efUEgt1GymWcAJN08FGQCAwR7mWDW1wxCqJrCKGKm10x7RBFKJgE8/0Q9nrY/jr5L6mtl92N8ubpZqGyP4wjh5bRCiohF+2gCjpEJ6iKKLpDD+gJPVv31qP1Yr0OWkes4cwS+gHr7RPJ25or</latexit>

Names GLON, GLAT
Aquila Rift 24.138, 17.446 0.225 ± 0.06 1.5

Taurus 171.038, -15.316 0.40 ± 0.03 0.3
Rho Oph 354.337, 16.822 0.125 ± 0.02 0.3
Orion A 211.834, -18.795 0.49 ± 0.05 1.6
Orion B 205.142, -13.689 0.49 ± 0.05 1.7
Per OB2 159.094, -20.532 0.315 ± 0.03 1.3
Mon R2 214.247, -12.410 0.830 ± 0.08 1.2

Dame et al. 1987 Center of the templates Schlafly et al. 2014 Dame et al. 1987

Dkpc
<latexit sha1_base64="7ZlKlV5HqbZ/kOE3LTyBUdFgXLM=">AAAB73icbVDLSgNBEOzxGeMr6tHLYBA8hV0NPm5BPXiMYB6QLGF2MpsMmZ1dZ2aFsOQnvHhQxKu/482/cTZZRI0FDUVVN91dfiy4No7ziRYWl5ZXVgtrxfWNza3t0s5uU0eJoqxBIxGptk80E1yyhuFGsHasGAl9wVr+6CrzWw9MaR7JOzOOmReSgeQBp8RYqX3dS0cxnRR7pbJTcabA88TNSRly1Hulj24/oknIpKGCaN1xndh4KVGGU8EmxW6iWUzoiAxYx1JJQqa9dHrvBB9apY+DSNmSBk/VnxMpCbUeh77tDIkZ6r9eJv7ndRITnHspl3FimKSzRUEisIlw9jzuc8WoEWNLCFXc3orpkChCjY1oFsJFhtPvl+dJ87jinlSqt9Vy7TKPowD7cABH4MIZ1OAG6tAACgIe4Rle0D16Qq/obda6gPKZPfgF9P4FtuyP5Q==</latexit>

<. Declination <

The Gould Belt (in red) compared to the galactic plane (in blue)

CO map - Dame et al. 2001
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List of the high altitude molecular clouds used in the stacking analysis
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List of the high altitude molecular clouds used in the stacking analysis
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Dust opacity map - Planck Collaboration XIX 2011

Aquila Rift

Per OB2
Taurus

Orion A

Orion BMon R2

Rho Oph

Dust opacity map - Planck Collaboration XIX 2011



!9
Dust opacity map - Planck Collaboration XIX 2011

The templates and regions used in the analysis
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Region 1

Region 3 Region 4

Region 2

Aquila Rift

Per OB2

Taurus

Orion A

Orion B Mon R2

Rho Oph

Orion A

The opacity is >5e-5 
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Data selection 
• Time period - 2008 Aug 04-2019 Aug 04 
• Energy range  - 3 GeV - 1 TeV 
Standard analysis of selected 4 regions using Fermipy 
• 4 spatial templates have been considered during each analysis: Cloud and diffuse galactic based 

on Planck dust maps, IC galprop and standard Fermi extragalactic isotropic emission templates 
• 4FGL catalog 
• PL model for cloud and Galactic diffuse emission

F [MeV cm�2s�1]
<latexit sha1_base64="dxywP64VFrtYC4PzdL5CKF/7L7o=">AAACD3icbVDLSsNAFJ3UV42vqEs3g0VxoSWpxceuKIgboYJ9QBPLZDpth04yYWYilJA/cOOvuHGhiFu37vwbJ20RtR4Y7uGce5l7jx8xKpVtfxq5mdm5+YX8orm0vLK6Zq1v1CWPBSY1zBkXTR9JwmhIaooqRpqRICjwGWn4g/PMb9wRISkPb9QwIl6AeiHtUoyUltrWrutz1pHDQJfkwt1vXZE6xMFtclBKodTFSb3UNNtWwS7aI8Bp4kxIAUxQbVsfbofjOCChwgxJ2XLsSHkJEopiRlLTjSWJEB6gHmlpGqKASC8Z3ZPCHa10YJcL/UIFR+rPiQQFMltZdwZI9eVfLxP/81qx6p54CQ2jWJEQjz/qxgwqDrNwYIcKghUbaoKwoHpXiPtIIKx0hOMQTjMcfZ88TeqlonNYLF+XC5WzSRx5sAW2wR5wwDGogEtQBTWAwT14BM/gxXgwnoxX423cmjMmM5vgF4z3L/9Jm3g=</latexit>

Region 1 Index TS
Cloud (3.93±0.06)e-04 -2.63±0.01 20919.01

Diffuse (4.79±0.05)e-02 2.54±0.01 52435.46

Isodiff (2.2±0.04)e-02 2.24 2997.83

IC (1.97±0.05)e-02 0.24±0.03 30457.47

F [MeV cm�2s�1]
<latexit sha1_base64="dxywP64VFrtYC4PzdL5CKF/7L7o=">AAACD3icbVDLSsNAFJ3UV42vqEs3g0VxoSWpxceuKIgboYJ9QBPLZDpth04yYWYilJA/cOOvuHGhiFu37vwbJ20RtR4Y7uGce5l7jx8xKpVtfxq5mdm5+YX8orm0vLK6Zq1v1CWPBSY1zBkXTR9JwmhIaooqRpqRICjwGWn4g/PMb9wRISkPb9QwIl6AeiHtUoyUltrWrutz1pHDQJfkwt1vXZE6xMFtclBKodTFSb3UNNtWwS7aI8Bp4kxIAUxQbVsfbofjOCChwgxJ2XLsSHkJEopiRlLTjSWJEB6gHmlpGqKASC8Z3ZPCHa10YJcL/UIFR+rPiQQFMltZdwZI9eVfLxP/81qx6p54CQ2jWJEQjz/qxgwqDrNwYIcKghUbaoKwoHpXiPtIIKx0hOMQTjMcfZ88TeqlonNYLF+XC5WzSRx5sAW2wR5wwDGogEtQBTWAwT14BM/gxXgwnoxX423cmjMmM5vgF4z3L/9Jm3g=</latexit>

Region 2 Index TS
Cloud (1.32±0.03)e-04 -2.78±0.02 15645.45

Diffuse (3.29±0.05)e-02 2.74±0.02 25337.72

Isodiff (1.80±0.05)e-02 2.24 1446.25

IC (3.18±0.04)e-02 0.20±0.08 751.37

F [MeV cm�2s�1]
<latexit sha1_base64="dxywP64VFrtYC4PzdL5CKF/7L7o=">AAACD3icbVDLSsNAFJ3UV42vqEs3g0VxoSWpxceuKIgboYJ9QBPLZDpth04yYWYilJA/cOOvuHGhiFu37vwbJ20RtR4Y7uGce5l7jx8xKpVtfxq5mdm5+YX8orm0vLK6Zq1v1CWPBSY1zBkXTR9JwmhIaooqRpqRICjwGWn4g/PMb9wRISkPb9QwIl6AeiHtUoyUltrWrutz1pHDQJfkwt1vXZE6xMFtclBKodTFSb3UNNtWwS7aI8Bp4kxIAUxQbVsfbofjOCChwgxJ2XLsSHkJEopiRlLTjSWJEB6gHmlpGqKASC8Z3ZPCHa10YJcL/UIFR+rPiQQFMltZdwZI9eVfLxP/81qx6p54CQ2jWJEQjz/qxgwqDrNwYIcKghUbaoKwoHpXiPtIIKx0hOMQTjMcfZ88TeqlonNYLF+XC5WzSRx5sAW2wR5wwDGogEtQBTWAwT14BM/gxXgwnoxX423cmjMmM5vgF4z3L/9Jm3g=</latexit>

Region 4 Index TS
Cloud (1.12±0.03)e-04 -2.72±0.03 10755.52

Diffuse (2.99±0.03)e-02 2.78±0.01 60112.35

Isodiff (1.80±0.04)e-02 2.24 2688.25

IC (3.53±0.04)e-02 0.27±0.07 1040.19

Fermi LAT data selection and analysis of individual regions 
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F [MeV cm�2s�1]
<latexit sha1_base64="dxywP64VFrtYC4PzdL5CKF/7L7o=">AAACD3icbVDLSsNAFJ3UV42vqEs3g0VxoSWpxceuKIgboYJ9QBPLZDpth04yYWYilJA/cOOvuHGhiFu37vwbJ20RtR4Y7uGce5l7jx8xKpVtfxq5mdm5+YX8orm0vLK6Zq1v1CWPBSY1zBkXTR9JwmhIaooqRpqRICjwGWn4g/PMb9wRISkPb9QwIl6AeiHtUoyUltrWrutz1pHDQJfkwt1vXZE6xMFtclBKodTFSb3UNNtWwS7aI8Bp4kxIAUxQbVsfbofjOCChwgxJ2XLsSHkJEopiRlLTjSWJEB6gHmlpGqKASC8Z3ZPCHa10YJcL/UIFR+rPiQQFMltZdwZI9eVfLxP/81qx6p54CQ2jWJEQjz/qxgwqDrNwYIcKghUbaoKwoHpXiPtIIKx0hOMQTjMcfZ88TeqlonNYLF+XC5WzSRx5sAW2wR5wwDGogEtQBTWAwT14BM/gxXgwnoxX423cmjMmM5vgF4z3L/9Jm3g=</latexit>

Region 3 Index TS
Cloud (0.97±0.03)e-04 -2.67±0.03 6226.59

Diffuse (4.30±0.08)e-02 2.66±0.02 15322.55

Isodiff (2.16±0.08)e-02 2.24 720.76

IC (2.96±0.06)e-02 -0.08±0.03 16409.94
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• The likelihood of all regions are 
summed tying prefactors and indexes 
of all clouds.

• The parameters of the rest point and 
extended sources are fixed to the 
best fit values of the analysis of  
individual regions.

• During the computation of the SED 
the index in each energy bin is fixed 
to the best fit value of global fit.

• (3-80) GeV and (80-1000) GeV 
energy ranges are divided in equal 
1 3 a n d 4 l o g a r i t h m i c b i n s 
respectively.

dN

dE
= (3.15± 0.02)⇥ 10�12

✓
E

5000GeV

◆�2.70±0.01

<latexit sha1_base64="VMSgPZLzEH8zx6FKLXyu2OZeL7I="></latexit>

https://github.com/fermi-lat/pyLikelihood/blob/master/python/Composite2.py

Fermi-LAT stacking analysis 
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The green bowtie indicates the best fit 3 GeV - 
1 TeV LAT flux with statistical errors only

https://github.com/fermi-lat/pyLikelihood/blob/master/python/Composite2.py
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HAWC - HAL framework in addition to 3ML 
• Standard fHit (the ratio of the number of hits of events over the total available PMTs) 

analysis with 37 months count maps (maps-20180523) and associated response 

• Models defined by the same Planck dust maps used in Fermi-LAT analysis 
• Model - PL (indexes were fixed to 2.7 like the CR flux index) 
• 95% CL (CI) ULs for 4 equal logarithmic bins in 1-100 TeV energy range

HAWC stacking analysis 
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F�(E�) = N0

✓
E

E0

◆�2.70

<latexit sha1_base64="w02m0CLUtxpwoEB2MREhD/xa5ys="></latexit>
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Differential cross-section parametrisation (Kafexhiu et al. 2014)

enhancement factor includes contribution of heavy nuclei from both the interstellar medium and CRs ⇠N = 1.8
<latexit sha1_base64="nr8RarKRbkfJFSshSWKWdoc9rCw=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwFRItWhdC0Y0rqWAfkIYymU7aoZOZMDMRS+hnuHGhiFu/xp1/4yQN4uvAhcM593LvPUHMqNKO82GVFhaXllfKq5W19Y3Nrer2TkeJRGLSxoIJ2QuQIoxy0tZUM9KLJUFRwEg3mFxmfveOSEUFv9XTmPgRGnEaUoy0kbz+PR2k17Nz124MqjXHdnLAv8QtSA0UaA2q7/2hwElEuMYMKeW5Tqz9FElNMSOzSj9RJEZ4gkbEM5SjiCg/zU+ewQOjDGEopCmuYa5+n0hRpNQ0CkxnhPRY/fYy8T/PS3TY8FPK40QTjueLwoRBLWD2PxxSSbBmU0MQltTcCvEYSYS1SamSh3CW4eTr5b+kc2S7x3b9pl5rXhRxlMEe2AeHwAWnoAmuQAu0AQYCPIAn8Gxp69F6sV7nrSWrmNkFP2C9fQJwSpDW</latexit>

AMS-02 based gamma-ray spectrum 
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CR proton spectrum reported by the AM (Aguilar et al. 2015)

M = mHNHAcloud = mH⌧D/

✓
⌧D
NH

◆ref

AangularD
2

<latexit sha1_base64="oW43VjzKR2j+HKycvf8YsUqyzC4="></latexit>

✓
⌧D
NH

◆ref

= (1.18± 0.17)⇥ 10�26cm2

<latexit sha1_base64="L+Trb87zFBKTvM8ZDHan9t/ZVnI="></latexit>

F�(E�) = 1.25⇥ 1019A⇠N

Z
dEp

d�

dE�
Fp(Ep) (A = M5/d

2
kpc,M5 = M/MSun)

<latexit sha1_base64="nAvs0DxpK1QQT+UAZH9ieeoEPnY="></latexit>



!14

Fermi-LAT and HAWC joint gamma-ray spectrum 
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AT =
X

i

Mi

D2
i

= 66.6 (MT = 6.11⇥ 105M, Deff = 0.303 kpc)
<latexit sha1_base64="UKYtbCSQJVJ216j6POUOTUZRadc="></latexit>



• 3 GeV - 1 TeV average spectrum is well described by a power-law with a spectral index of 

2.70±0.01 in good agreement with the CR flux index although the normalization of the 

spectrum is slightly higher than the spectrum based on direct measurements of local CRs by 

the AMS02 experiment, which can imply non-homogeneous distribution of CRs at least within 

1 kpc of the Local Galaxy.  

• HAWC’s 95% C.I. combined upper limits in 1-100 TeV energy range provides no constrain on 

Fermi-LAT’s spectrum and more years of operation are needed to make a definite conclusion 

in physical models above 1 TeV. 

• HAWC measurements don’t show evidence against the paradigm that the ‘sea’ of cosmic rays 

flux is the same in the whole galaxy.

Summary & Future work

Thank You!

Derive average energy spectra of CR protons from the Fermi-LAT data and 
HAWC’s ULs with Naima fit and compare it with AMS-02 experimental data.


