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Kepler’s supernova remnant (SNR) which is produced by the most recent naked-eye supernova
in our Galaxy is one of the best studied SNRs, but its gamma-ray detection has eluded us so far.
Observations with modern imaging atmospheric Cherenkov telescopes (IACT) have enlarged the
knowledge about nearby SNRs with ages younger than 500 years by establishing Cassiopeia A
and Tycho’s SNRs as very high energy (VHE) gamma-ray sources and setting a lower limit on the
distance to Kepler’s SNR. This SNR is significantly more distant than the other two and expected
to be one of the faintest gamma-ray sources within reach of the IACT arrays of this generation.
We report strong evidence for a VHE signal from Kepler’s SNR based on deep observations of
the High Energy Stereoscopic System (H.E.S.S.) with an exposure of 152 hours, including 122
hours accumulated in 2017-2020. We further discuss implications of this result for cosmic-ray

acceleration in young SNRs.
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Kepler’s SNR with H.E.S.S. Dmitry Prokhorov

1. Introduction

It is believed that the supernova remnants (SNRs) can convert 210% of their SN explosion
energy into the energy of relativistic atomic nuclei (the so-called hadronic cosmic rays), accelerated
at their shock fronts. Given the supernova rate and explosion energies, SNRs are considered to be
the main sources of cosmic rays with energies up to 3 x 101> eV.

The remnant of the youngest naked-eye supernova SN 1604, better known as Kepler’s SNR, is
among the best studied SNRs across the whole electromagnetic spectrum [for a review, 1]. Both
the historical light curve and the X-ray spectra show that SN 1604 belongs to the class of normal
Type Ia SNe, which explode with energies of 103! erg. The dynamics of the SNR has been well
studied, indicating shock velocities of 2000-5300d5 km s~!, with ds the distance in units of 5 kpc.
The distance was long uncertain, but a reassessment of the historical light curve and new proper
motion/spectral studies in the optical band showed that d = 5 + 1 kpc [2, 3]. The large range in
shock velocities, as well as infrared (IR) and optical studies indicate that the SNR is interacting with
a dense and clumpy medium in the northwest and along the central bar, which, given the height
above the Galactic plane of 600ds pc likely originates from the progenitor system itself [1].

The high overall shock velocities are ideal for accelerating cosmic rays. And indeed, the X-ray
continuum reveals thin regions of synchrotron emission demarcating the shock in Kepler’s SNR.
The presence of these filaments show that electrons are accelerated to > 10'3 eV and the filament
widths show that the magnetic fields must be larger than 100 G [4]. The width of these filaments
are only comparable to those at shock regions of Cassiopeia A and Tycho’s SNR [4], which all
provide the highest levels of magnetic field amplification by cosmic-ray streaming. Hence, these
shocks should efficiently accelerated particles.

Kepler’s SNR is the only historical SNR which is absent from the list of young SNRs detected at
very high energies (VHE, > 100 GeV). The High Energy Stereoscopic System (H.E.S.S.) Cherenkov
telescopes did observe Kepler’s SNR in the past (in 2004-2005) [5]. The previous observations did
not result in a detection of the remnant, but in a flux upper limit. This is partially due to the relatively
short exposure time compared to other SNRs, but partially also due to the fact that Kepler’s SNR is
more distant than the other historical SNRs.

We present the results of deep observations of Kepler’s SNR performed with H.E.S.S. based
on 152 hours of the observations, including 122 hours of observations in 2017-2020. The exposure
time of these observations exceeds that of the previously reported observations [5] by more than
10 times. We report strong evidence for a VHE signal from Kepler’s SNR in the deep H.E.S.S.
observations at a statistical level of 4.60. It indicates that Kepler’s SNR is a VHE gamma-ray
source and confirms the presence of particles accelerated to TeV energies. The strong evidence
for the VHE signal from Kepler’s SNR is supported by the presence of a tentative source in the
Fermi-LAT data in the direction of Kepler’s SNR as shown by our analysis. The combination of
high-energy and VHE gamma-ray results is also important for determining whether the gamma-ray
emission is dominated by hadronic or leptonic emission processes.
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Figure 1: H.E.S.S. gamma-ray significance map of Kepler’s SNR using an integration radius of 0.1 degree.
The positions of Kepler’s SNR and SNR G4.8+6.2 are shown with crosses.

2. Observations and results

2.1 H.E.S.S. data

H.E.S.S. is a system of five Imaging Cherenkov Telescopes, located in the Khomas Highland
of Namibia at an altitude of 1800 m. Located in the southern hemisphere it is well-suited for VHE
observations of Kepler’s SNR. In 2017-2020, the H.E.S.S. array consisted of four upgraded 12 m-
diameter telescopes placed in a square with 120 m sides and one 28 m-diameter telescope (H.E.S.S.
phase II array) in the center of the array. H.E.S.S. employs the stereoscopic imaging atmospheric
Cherenkov technique. Dedicated observations of Kepler’s SNR with H.E.S.S. were performed in
wobble mode with offsets by 0.7° from Kepler’s SNR, allowing a simultaneous measurement of the
background in the same field of view. Observations of Kepler’s SNR were conducted during the
May-October visibility window.

A standard data quality selection procedure was used to identify observations with the satisfac-
tory hardware state of the cameras and good atmospheric conditions. The data were analyzed using
the Model Analysis [6] and the analysis configuration, which requires a minimum of 60 photo-
electrons per image and considers events with an estimated direction reconstruction uncertainty
of less than 0.1°. The results were cross-checked with the Image Pixel-wise fit for Atmospheric
Cherenkov Telescope (ImPACT) analysis [7].

The background subtraction was performed using the standard algorithms used in H.E.S.S.
- the ring background method (for sky maps) and the reflected-region background method (for
spectral measurements), see [8]. The region around another potential VHE gamma-ray source
(SNR G4.8+6.2) in the field of view was excluded from background estimation. At the nominal
position of Kepler’s SNR an excess of 178 gamma rays above the background was detected by us
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Figure 2: SED of Kepler’s SNR. Fermi-LAT (< 100 GeV) and H.E.S.S. data (> 226 GeV) points along with
the hadronic and leptonic models.

with a statistical significance of 4.60. The energy spectrum was derived using a forward-folding
technique. The analysis energy threshold for this data set is 226 GeV. The H.E.S.S. significance
map is in Figure 1. The spectral analysis resulted in points shown in Figure 2.

2.2 Fermi-LAT data

The Large Area Telescope [9] is a pair-conversion telescope, covering the energy range from
about 20 MeV to more than 300 GeV, onboard the Fermi Gamma-ray Space Telescope.

For the data analysis, the Fermitools package and PSR3_SOURCE_V2 instrument response
functions were used. For this analysis, LAT gamma-ray events with reconstructed energies between
750 MeV and 300 GeV and accumulated from 2008 August 4 to 2019 May 16 were selected, but
those with a zenith angle larger than 90° were excluded. Standard quality cuts (DATA_QUAL> 0
&& LAT_CONFIG==1) were applied. To model the sources within the ROI, sources from the 4FGL
catalog were included. The normalization and photon index of Kepler’s SNR, the normalizations of
Galactic and isotropic diffuse sources, gl1_iem_07.fits and iso_P8R3_SOURCE_V2_v1.txt,
and the normalizations of 4FGL gamma-ray sources within 3° from Kepler’s SNR were allowed to
vary, while the normalizations of other 4FGL sources were held fixed.

Our analysis resulted in a test-statistic [TS; 10] value for Kepler’s SNR of 16.8, which corre-
sponds to a 4 sigma significance. The Fermi-LAT TS map reveals similarities with the H.E.S.S.
significance map indicating the presence of both the SNRs, Kepler’s SNR and G4.8+6.2. The
spectral butterfly plot obtained on the basis of the Fermi-LAT data is in Figure 2.

The GeV counterparts of Kepler’s SNR and SNR G4.8+6.2, if considered together with the cor-
responding VHE excesses seen with H.E.S.S., provide strong support for identification of Kepler’s
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SNR in the GeV and VHE gamma-ray bands!.

The gamma-ray excesses at GeV and TeV energies at the location of SNR G4.8+6.2 come as a
surprise. This SNR candidate is not well studied, so its physical properties are not well known. In
the radio band, SNR G4.8+6.2 has a shell-like morphology and an angular extent of 18 at 1.4 GHz
(the NRAO VLA Sky Survey). At 2.3 GHz it appears highly polarized with an almost constant
orientation of the polarization vectors across the source and with the mean fraction of polarized
emission of up to 25% [12]. Young SNRs, such as Kepler’s SNR, have a much smaller fractional
polarization. Given that G4.8+6.2 comes out of a blind search for sources using observations
targeting Kepler’s SNR, the a-posteriori significance of of Kepler’s SNR is higher. More details
will be published in a forthcoming paper.

3. Interpretation

Given the gamma-ray spectral properties of Tycho’s SNR and Cassiopeia A, their gamma-ray
emissions are likely of hadronic origin [13, 14]. The leptonic scenario, in which inverse Compton
mechanism dominates the VHE emission, is still a viable scenario for Tycho’s SNR, but only for
its TeV emission, and under the assumption that its GeV gamma-ray emission is due to hadronic
interactions.

To construct a characteristic spectral energy distribution (SED) of Kepler’s SNR, we used the
H.E.S.S. and Fermi-LAT data points reported in this paper and additionally included the archival
data points in the radio and X-ray bands. We used a package, Naima [15], to model these data.
More information about the SED modeling will be given in the forthcoming journal paper [16]. We
show both the hadronic and leptonic models in Figure 2. The values of physical parameters used
for the hadronic model are: the SN Ia explosion energy, 10°! erg; the cosmic-ray hadron energy of
10% of the SN Ia explosion energy; the gas target particle density, 0.5 cm™3, the cosmic-ray proton
spectral index, 2.2; and the exponential cut-off in the cosmic-ray proton spectrum at 300 TeV.

The values of the physical parameters used for the leptonic model are: the cosmic-ray electron
energy of 0.15% of the SN Ia explosion energy; the cosmic-ray electron spectral index, 2.3; the
magnetic field strength, 80 uG; the exponential cut-off energy of the cosmic-ray electron spectrum
is 11 TeV. To compute the inverse Compton gamma-ray component, we include three soft photon
fields, the cosmic microwave background (CMB), the infrared photon field emitted by dust in the
SNR, and the Galactic infrared photon field. We found that the derived LAT photon index of
I' = 2.12 + 0.32 is softer than the value expected for the leptonic model, I' = 1 + @ = 1.71, with
a = 0.71 the radio spectral index. But the two values are marginally compatible within error
bars. However, the magnetic field strength of 80 uG required by the leptonic model is smaller than
inferred from the non-thermal X-ray filaments.

The hadronic model for emission at both GeV and TeV energies is thus preferred on physical
grounds. It is indicative that the SED and preferred radiation models for Tycho’s and Kepler’s
SNRs are rather similar. Since Kepler’s SNR is fainter than Tycho’s SNR and the associated flux

'We took the results presented in this section into account when we made the decision to perform H.E.S.S. observations
of Kepler’s SNR in 2020. During the preparation of the H.E.S.S. and Fermi-LAT results reported in this paper, we became
aware of the results of [11], who derived similar evidence for the GeV excess toward Kepler’'s SNR from Fermi-LAT
data.
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uncertainties are larger on account of its larger distance, a situation similar to that for Tycho’s SNR,
in that the inverse Compton mechanism is viable only for the TeV emission, but not for the GeV
emission, is possible.

4. Summary

The H.E.S.S. observations with exposure time of 152 hours resulted in significant evidence for
VHE gamma-ray emission from Kepler’s SNR. This confirms the presence of particles at energies
over 1 TeV accelerated in Kepler’s SNR as previously established in the X-ray band. Given that the
other near SNR younger than 500 years old, Cassiopeia A and Tycho, have previously been revealed
as VHE gamma-ray sources, our results obtained for Kepler’s SNR support that the production of
VHE emission is a general property of SNR with age of about 400 years. Fermi-LAT observations
provides a further support for identification of this gamma-ray signal with Kepler’s SNR.
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