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Outline

* Motivation for gamma-ray astronomy

* Technical details about VERITAS array

« Supernova remnants study with VERITAS
v Cassiopeia A

v |C 443
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Cosmic rays and y-rays

Galactic magnetic field
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VERITAS arra

2009 - 2015

FERMI Telescope

VERITAS

o Four telescopes
Each telescope has a diameter of 12 m

PMT camera with a field of view of 3.5 degrees
Energy range: 85 GeV to > 30 TeV

§ + Angular resolution: ~ 5 arc minute at 1 TeV

. .C‘herehk.ov light ié émitted frdrh E‘I\/Iushower a
Light is focussed onto a fast-response camera

§ » Analysis of images is done to reconstruct
properties of shower; energy, direction, timing
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SNRs as origin of Cosmic rays

* Cosmic rays are mainly charged
particles that contribute an energy
density of 7 eV cm3in our Galaxy

LEAP - éwlm A
X Proton - satellite
43 Yakustk - ground array
) Haverah Park - ground array
O Akeno - ground array
A AGASA - ground array
a Fly's Eye - air fluorescence

¥ HiRes1 mono - air fluorescence

Flux (m? sr GeV sec)’

¢ HiRes2 mono - air fluorescence

HiRes Stereo - air fluorescence

SN
(=]
#

* SNRs are considered as the best
candidates for the origin of Galactic
CRs up to 101% eV (PeVatron)

= Power required to maintain the cosmic
ray flux in our galaxy can be supplied by
supernova explosions if 2-3 SNe happen
per century and converted 10% of their
energy into CRs

= Diffusive shock acceleration naturally
explains the power-law spectrum of

cosmic rays (o = -2.7 up to PeV energies)

Auger - hybrid

10° 10" 10" 10" 10" 10™ 10" 10'"® 10" 10" 10" 10%°
Energy (eV)

Blasi et al. 2013
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SNR: Cassiopeia A

? YO S‘ »(~ Beafs) ret froﬂ t’IIJvepIéiA of q'ssié”ﬂsar o
{ ¢ Explosion drives shock waves into the circumstellar medium ~‘
|¢_Particles get accelerated at the shocks by diffuse shock acceleration (D5A) |

Observational evidence of acceleration of electrons at the shocks

Synchrotron Emission of
electrons in the
magnetic field

— —

Radio image

X-ray image

Can SNR also accelerate protons ? To test this, observations in gamma-ray

regime can be helpful
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VERITAS and Fermi-LAT spectral measurements of Cas A

 ~65 hours of VERITAS data (200 GeV - 10 TeV)

 ~11 years of Fermi-LAT data (100 MeV - 500 GeV)

Spectral energy distribution Joint fit of LAT-VERITAS points above 1 GeV
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-Systematic error,
10711k 101

- —a

I I

wn n

b 9

€ €

(9] &)

= h-12 w 107!

% 10 .

~ ~~

= =2

o ©

~ o~

W w O Fermi-LAT (this wor

@® VERITAS (this worl k)
@ MAGIC (Ahnen et al. 2017)
Fermi-LAT (this resul - = Best fit mode I(ECPL)
10_13 I U ermi- (t t) 10_13 L
@® VERITAS (this resu It)
0 F m/MAGIC(Ah et I2017) " e e e e M - |
10_1 " A s 1 22 160 P P 10 2 P 10 " F 10 A s 2 223 164 2 2 100 101 102 103 104
Energy [GeV]

Energy [GeV]
A. U. Abeysekara et al 2020 ApJ 894 51

TeVPA 2022 Aug 08, 2022 Sajan Kumar



VERITAS and Fermi-LAT observations of Cas A
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....9ED Modelling

Emission Processes : Synchrotron, Bremsstrahlung, Inverse Compton, Pion Decay

Proton dominated emission

Electron dominated emission
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Conclusion: Acceleration of protons up to TeV is required for any scenario,

however gamma-ray spectrum still not showing energies up to 100 TeV

A. U. Abeysekara et al 2020 ApJ 894 51

TeVPA 2022

Aug 08, 2022 Sajan Kumar



Mlddle aged SNR: IC 443

o Remnant of core Collapse SN evolvmg IN mhomogeneous |
L environment

—varying amount of target material

; Interacting with a molecular cloud (average density of
particles ~ 200 cm-3)

' Distance of 1.5 kpc, 0.75° BRI

IC 443
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Observations

* Fermi-LAT
- 10.5 years of data 2008-08-04 to 2019-02-28, pass8r3

- To match VERITAS PSF, events above 5 GeV in two best PSF classes
(PSF2, PSF3) are selected

* VERITAS

- 155 hours of quality data

- To Improve angular reconstruction, events with images in at least
three telescopes are selected

- Energy threshold ~180 GeV
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Preliminary

Fermi analysis TeVPA 2022

Templates used
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e Choose different spatial templates to understand

morphology of IC 443 emission

e Akaike information criterion = 2k -TS is used to

find the best-fit model

e | AT deconvolve model is the best model

Spatial model In L TS k A AIC Ref.
Null -15070.437 . - -
LAT deconvolution -10729.047 | 8682.780 | 3 | -17359.560
LAT 4 regions -10725.472 | 8689.930 | 12 | -17355.860
Point source -12660.859 | 4819.156 -9632.312
Uniform disk -10882.574 | 8375.726 -16745.452
(Gaussian -10839.263 | 8462.348 -16918.696

(Gaussian+PPoint source

-10781.674

el A d

RHT77.526

-17145.052

HCO+ template
X-ray template
Radio template
VERITAS template
IR templates
X-ray + HCO+

-11545.793
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-11198.363
-108389.611

-10951.103

7049.288
7711.068
7744.148
8361.652

8238.668
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-16465.336
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Fermi-LAT and VERITAS skymaps

VERITAS Significance map
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* Morphology between TeV and GeV emission
matches
¢ |[ndicate that same type of particles are producing
both GeV/TeV emission
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Morpholoqy comparison at other wavelengths
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Spectral studies
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Spectral Modellin
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The spectrum softens from a power-law index of ~2.4 in GeV band to ~ 3.0 in the VHE
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band in each region, and for the entire SNR
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Broad band picture for entire SNR

e Smooth rollover of PL index from 2 (GeV) to 3 (TeV)
e Spectrum agrees with model from literature
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Summary

* We have a proof of cosmic ray acceleration in
SNRs (pion bump in IC 443, Cas A)

- There is still a lack of evidence of energy
reaching 1010 eV

* Resolved morphology and getting spectrum from
different parts help to understand acceleration
mechanism under different environmental
conditions
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