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ABSTRACT

3

Gf‘: Db ervatboass with imaging atmos pheric Chinmnkoy telescopes {IACTS) have eabanced our knowlodpe of ndacby supamova (SM) remnants with
L) ages younger than 300 years by establishing Cassiopeia A amd the remnant of Tycho's SN as very-high-energy (VHE ] y-ray soarces, The rensnan
= of Kepler's SN, which 15 the product of the most recent nakind-eye superniva incar Galaxy. is comparable mage 1o the oller twa, bt is significantly
* more distant. I the y-ray luminosities of the rensnants of Tyoho's amd Kepler's SKe are similar, then the laner i expectad s be ome of the fantest
T yeray sowrces within seach of the corenl generation JACT amays.
Hem: we repont evidence at a statistical kevel of 4.6 or for a VHE signal from the remmant of Kepler's SN based on deep observations by the High
Encigy Sicncoscopic System (H.E.5.5.) with on exposure of 152 hours. The messured integral flux sbove an encrgy of 226 GeV is ~0.3% of the
4 Bux of the Crab Nebuls. The speciral encrgy disribution {SED) reveals a y-my cmilling component s WHE ensivsion 4 with
-:-; HES.S, io the emicion obacrved =8 GeV energies with Foros:LAT, The owerall SED ix similar bo that of the remamnt of Tycho's SN, possibly
o imibcating the saime son-thermal emisison proociuss actng in both these young remessts of thermonuchesr SMe

" Key worda. gamnurays: general, supemovae: individual: Kepler's SN, 1SM: supermnona remnants, radisfion mechanisems: non-themmal

dI

1. Introduction synchrotron radiation from SNRs docs indecd prove that chec-
trons sre accelerated to GeV oor even of order 10 Te'V energies
P;:fdr::dwnlﬁ:fpcmm rﬂ:!ﬂ“%’““ﬂ have M—‘ﬂé‘;‘- {e.g. Reynolds 2008, Helder ctal. 2012, Dubner & Giacani 2015,
E | the meoat likely sources of Galsctic cosmic rays (CRS.  wipk 2020, for reviews), further insight into the particle accel-
... Ginzborg & 33‘“-""“‘“"-_“ 1964), 1.e. CRs with energies & crogion jn SNRs comes from ¥-ray astronomy, which inter alia
feast up to 3 107 V. While the dewection of radio and X138y provides a probe of CR protons and nuclei through ebservations
of GeV o Te'V emission resulting from the decay of secondary
Send affprimt requests ro; HES 5. collsboration, neutral pons produced in CR interactions.
e-mail: contace hessShess-experiment eu
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SNRs as Sources of Galactic CR hadrons
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Historical SNRs detected in VHE gamma rays
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Cas A, Kepler, and Tycho
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Hadronic model for Cas A and Tycho

Cassiopeia A Tycho
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Kepler’s SNR (SN 1604), the remnant of the
most recent naked-eye supernova in our Galaxy

jir
97} {I
TR T
O SN 1604 (European data)
Q ® SN 1604 (Korean data)
' s 1.2
s 0.82
Days from mao light
The visual light curve of SN 1604 Remnant of SN 1604 seen in the Remnant of SN 1604 seen in
(from Ruiz-Lapuente 2016) HE X-ray band with Chandra the infrared band with Spitzer

Kepler's SNR is a remnant of a thermonuclear SN located 6.8 degrees (500 pc)

above the Galactic plane (at a distance of 5 kpc)
(]QQ (Tycho’'s SNR at 3 kpc, SN 1006 - 2.2 kpc, SN 185 - 2.8 kpc, Cas A— 3.4 kpc)
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Evidence of 10-100 TeV Electrons in SNRSs

Table. Observed widths of synchrotron filaments and downstream inferred magnetic field strength.

Flux (photons cm™ 8™ keV™")

SNR Age Dist Radius Rw  laav B Eel Tsyn
(yr)  (kpe)  (pc) (") (10" em)  (uG) (TeV) (yr)
G1.940.3 (SW) 110 85 18 31 2.8 67 33 86
Cas A (NE) 334 3.4 2.5 1.4 0.4 246 17 12
CKepler (SE). ... o 401....60 ..., 3T .. | 7 S o 122 .24, ... i
Tycho (W) 433 3.0 3.7 1.6 0.5 207 19 16
SN1006 (E) 999 2.2 9.1 9.1 2.1 81 30 64
RX J1713.7-3946 (SW) 1612 1.0 7.8 63.5 6.7 37 44 206
RCW 86 (NE) 1820 2.5 16.0 286 7.6 35 46 232
RX J0852.0-4622 (N) 2203 1.0 16.3 284 3.0 64 34 92

from a review by Helder at al. (2012) and based on Chandra data, see also Vink & Laming (2003) and Vdlk et al. (2005)
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Previous searches and predictions for
gamma rays from Kepler's SNR
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H.E.S.S. observations and analysis

H.E.S.S.- a system of imaging Cherenkov Telescopes

* located in Namibia at an altitude of 1800m

* well-suited for VHE (>100 GeV) observations of SNRs in the
Southern sky, including Kepler's SNR

* with the 12m-diameter telescopes (2016)

Observations and analysis of Kepler's SNR with H.E.S.S.

Data with exposure of 122 hours were taken in 2017-2020
The total amount of data is 152 hours since 2004

~10 times longer than the observations in 2004-2005

In wobble mode with offsets by 0.7 degree from Kepler's SNR
Analysis chains: M++ (de Naurois and Rolland, 2009) and
IMPACT (Parsons and Hinton, 2014)
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Fermi-LAT observations and analysis

Fermi LAT Area Telescope (LAT)

* IS a pair-conversion telescope
* has been scanning the entire sky since August 2008
from about 20 MeV to more than 300 GeV

Observations and analysis of Kepler's SNR with Fermi-LAT

were used by us to trigger H.E.S.S. observations in 2020
Data with exposure of 10.7 years (August 2008-May 2019)
Events with energies between 750 MeV and 300 GeV

The region of interest of 10x10 squared degrees

The model includes sources from the 4FGL catalog

Similar Fermi-LAT excess reported by Xiang & Jiang (2021)

13
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Fermi-LAT TS map (E>4.75 GeV)
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Spectrum of Kepler's SNR

10°®
. - ICRC 2021
i e ﬂ
10° ‘!ml.
g \
o l-—----.::r—___---
:
% - T
laq i
101 L
= Hadronic model
Bl
.12
10 ‘
\J T =

10t 102 i .




Theoretical models

Hadronic scenario

* SNIla explosion energy 10°>'erg

e Cosmic-ray hadron energy of 7% of the
explosion energy

» Target particle density 1.0 cm™
* Cosmic-ray proton spectral index, 2.2

* Exponential cut-off in the cosmic-ray
proton spectrum at 100 TeV

16

Leptonic scenario

SNIla explosion energy 10°'erg

Cosmic-ray electron energy of 0.15% of
the explosion energy

Three soft photon fields, CMB, infrared
emission by dust in the SNR and Galaxy

Magnetic field strength 80uG
Cosmic-ray electron spectral index, 2.3

Exponential cut-off in the cosmic-ray
electron spectrum at 11 TeV




The same hadronic model scaled with distance

works for Kepler and Tycho
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Leptonic model
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The lower limit on a magnetic field strength is 80 uG
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Summary of Fermi-LAT analysis and conclusions by Xiang & Jiang (2021)

* Detection of Kepler’s SNR at ~4 sigma significance in 0.2-500 GeV
* Insignificant flux variability in time at a 2 sigma level
* Ten new sources in the 5x5 sq.deg region (9 of them are unidentified)

* More observation data are necessary to firmly confirm the association between
the gamma-ray source and Kepler's SNR in the future (at GeV and TeV)

It remains unnoticed by them that among ten new sources two are with harder spectra

H.E.S.SN] 19



Summary of Fermi-LAT analysis and conclusions by
Acero, Lemoine-Goumard, and Ballet (2022)

Detection of Kepler's SNR at 6 sigma significance in 0.1-1000 GeV after
« applying a max zenith angle of 90 deg below 1 GeV and 105 deg above 1 GeV
« using the summed likelihood method for events with different reconstruction quality

e using 12 years of Fermi-LAT data

SED models are similar to that we obtained
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Summary

* Deep observations (152 hr) of Kepler’'s SNR with H.E.S.S.
» Strong evidence emission from Kepler’'s SNR at VHE

* Fermi-LAT data: HE gamma-ray excess

* Kepler’'s SNR (SN 1604) is best fit with a hadronic model,
similar to Tycho’'s SNR (SN 1572)

H.E.S.S\ 21



H.E.S.S. (High Energy Stereoscopic System)
The Cherenkov technique:

a high-energy gamma ray interacts high up in the atmosphere and generates an air shower of

secondary particles

» the shower particles emit Cherenkov light beamed around the direction of the incident primary
particle

» produced Cherenkov light illuminates on the ground an area of about 250 m diameter

» Cherenkov photons arrive within a very short time interval, a few nanoseconds.

» the image obtained with the telescope shows the distribution of the Cherenkov light emitted
by the air shower. The shape of the image is used to reject particle background.

» the geometry of the shower is reconstructed using multiple telescopes, which see the same

shower from different points of view

Located in Namibia,
Gamma- : i3 5'_" 15°E - Mirror surface
ray Altitude : 1B00'm e 3 107 m* (d = 12 m)
Xy Focal length 15 m

Particle

Threshold at zenith ~ 160 GeV
Threshold at 40 deg - 300 GeV




Fermi-LAT (Large Area Telescope)

pair production telescope
high-Z material converts gamma-rays into electron-

positron pairs
sensitive to gamma-rays between about 20 MeV and greater

than 300 GeV
— high energy (HE)
tracker, calorimeter, and anti-coincidence detector

Y

Anticoincidence
Detector (background rejection)

11— Conversion Foil

/

T~ Particle Tracking
Detectors

Calorimeter
(energy measurement)

all-sky gamma-ray cbservatory

5065 sources detected
» 94% of associations are active galactic

nuclei
* only 42 radio galaxies (0.5%)
o No association = Ppssible assocation with SNR or PWH = AGN
#* Fusa & Globular cluster » Stacburst Galaxy * PWH
= Birary + Ginlay o SMR # Nova 23
= Unclassifiad sowce

® Smrformng ragion
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