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Modern imaging atmospheric Cherenkov telescopes have extensively observed young nearby su-
pernova remnants (SNRs), with ages of about 1000 years or less, in the very-high-energy (VHE)
gamma-ray band. These efforts resulted in the detection of VHE emission from three young SNRs
— Cassiopeia A, Tycho, and SN 1006 — and provided significant evidence for emission from the
more distant Kepler’s SNR. However, many questions on the production of VHE gamma rays in
these remnants remain unanswered. Using detailed physical models for Tycho’s SNR based on the
CR-hydro-NEI code and physically motivated models for the other young nearby remnants, we
simulated observations with the Cherenkov Telescope Array (CTA) of these gamma-ray sources.
We highlight properties of these remnants accessible for investigation with future CTA observa-
tions and discuss which questions are expected to be answered.
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1. Introduction

Young supernova remnants (< 1000 yr) provide a record of the most recent stellar explosions
[for a review, see 1]. The rate of supernovae in the Milky Way is approximately one per fifty
years. However, due to their predominant location in the dusty plane of the Milky Way, a large
fraction of the Galactic supernovae may not have been seen by human eyes. With the exception
of SN 1987A, the naked-eye supernovae observed throughout human history, known as historical
supernovae, have occurred at relatively close distances of less than 5 kpc. Such supernovae are
luminous optical events, typically powered by the energy input associated with the decay of ra-
dioactive nuclei synthesized in the explosion, and their brightness diminishes as the activity of the
radionuclides decrease in the weeks and months after the explosion. However, as the optical light
of the supernovae fades, their debris continue to propagate with high velocities and drive shocks
into the interstellar medium. After several hundred years, the typical sizes of supernova remnants
reach a few parsecs, which correspond to an angular extension of a few arcminutes at distances for
the Cassiopeia A (hereafter, Cas A), Tycho, and Kepler SNRs. Even though invisible to the naked
eye, the remnants of supernovae still provide us with information on their explosion and evolution.

The question that attracted a significant amount of attention in the last century is the origin
of cosmic rays (CRs), see [2]. Mostly consisting of high-energy protons, CRs reach Earth after
diffusive propagation in the Galactic halo. The fundamental question is in which sources these
particles were accelerated to the observed high energies. One of the most natural source candidates
are SNRs, since their energy budget is sufficient to account for the CR production if the fraction
of SN explosion kinetic energy converted into high-energy particles is about ~10%. To produce
the CR spectrum observed at the Earth, CR sources need to inject a spectrum which is close to
(although slightly steeper than) the test particle energy spectrum at strong SNR shocks, E~2. Two
additional facts that strongly support that the SNRs are excellent CR source candidates are (1) the
presence of a characteristic feature, the so-called pion bump, in the y-ray spectra indicating that
the y-ray emission from a handful of SNRs is due to hadronic emission [3], and (2) the presence
of accompanying y-ray emission from adjacent dense molecular clouds in a few cases, indicating
that high-energy protons escape from the SNRs [4, 5]. Collisionless shocks in SNRs are widely
accepted as the sites of CR acceleration in the energy range below the Galactic CR knee [6].

Numerical modeling of SNRs allows for the calculation of the evolution from a supernova into
a SNR, for example [7]. The information from observations is essential to determine the initial val-
ues of simulation parameters through a comparison of the observed and modeled physical quanti-
ties in the present epoch. The predictive power of computer modeling plays a role in understanding
what observations are necessary for achieving the scientific objectives. The CR-hydro-NEI code
models the SNR hydrodynamics modified to include the effects of non-linear diffusive shock ac-
celeration. A full description of the CR-hydro-NEI code can be found in [8]. The modeling of CR
production in SNRs, along with the associated coupling (feedback) between CR production and
SNR dynamics, is important, but complex. When such a high degree of complexity is involved, toy
models can to some extent be useful to complement the computer simulations. In this feasibility
study, we use the results of both computer modeling for Tycho’s SNR [9] to demonstrate the con-
cept and toy models for Cas A, Kepler, and SN 1006. We use these models in the setup of Monte
Carlo (MC) simulations of future Cherenkov Telescope Array (CTA) observations. Compared to
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the currently existing array of telescopes operating at very high energies (VHE; >100 GeV), CTA,
which will consist of a much larger number of telescopes, will achieve unprecedented performance
in sensitivity, angular resolution, and energy resolution. The objective of this feasibility study is
to assess the prospects of CTA to discover new and currently unknown aspects of the otherwise
well-studied nearby young supernova remnants.

2. Simulated data sets

To simulate, reduce, and analyze the data we use the software ctools [10], a package devel-
oped for the analysis of CTA data. Tycho and Cas A are targets in the northern hemisphere for
the northern CTA Observatory array (CTAO-North), while Kepler and SN 1006 are in the southern
hemisphere in reach of the southern CTA Observatory array (CTAO-South). We use the CTA In-
strument Response Functions (IRFs [11]; prod5-v0.1 1. The IRFs were calculated for the planned
CTAO-North and CTAO-South that observe an object at three zenith angles (20°, 40°, and 60°). We
used the IRFs optimized for 50 h observation time. The prod5-v0.1 version of the IRFs assumes
the CTAO arrays in the so-called Alpha configuration, consisting of 4 large-sized telescopes and
9 medium-sized telescopes for CTAO-North and 14 medium-sized telescopes and 37 small-sized
telescopes for CTAO-South. The IRFs used for the simulated data set of each of these SNRs are
listed in Table 1. For each SNR, we performed MC simulations to generate 25 different random
photon samples for each astrophysical model and computed the mean value and the standard de-
viation for measurable quantities. In addition to the SNRs, we added the cosmic ray background
(‘CTAIrfBackground’) to the source models.

SNR Array Zenith angle | Azimuth
Tycho CTAO-North | 40° north
Cas A CTAO-North | 40° north
Kepler CTAO-South | 20° north
SN 1006 | CTAO-South | 20° average

Table 1: The IRFs selected for MC simulations with ctools.

For the MC simulations, we selected observing conditions that can be expected for observa-
tions of these SNRs with CTA. Kepler and SN 1006 can be observed from the CTAO-South site
at small zenith angles, while the other two studied remnants, Tycho and Cas A, are at declinations
of about +64° and +58° allowing their observations on La Palma (latitude about 28° N) at zenith
angle larger than 36° and 30°. At La Palma, Tycho and Cas A are visible in the north, and the
geomagnetic effect is a limiting factor for observations at these zenith angles in that direction [12].
Taking this into account, we checked the performance of the prod5-v0.1 IRFs for this simulation
setup by comparing them with the IRFs based on alternative quality cuts. We found that the angular
resolution for studying Tycho and Cas A is expected to be finer than that from the prod5-v0.1 IRFs.
Therefore, the results presented in these proceedings are conservative.

Thttps://zenodo.org/record/5499840
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Figure 1: Change in log likelihood while fixing outer radius to values within the range 1.5-5.0 arcmin, as
derived from one of the 25 simulated data sets.

3. Analyses and results

In this section, we describe the model and present the feasibility study for each of the four
young nearby SNRs. We begin with Tycho’s SNR, modeled using CR-hydro-NEI computer simu-
lations. After that, we show the results for the other three selected SNRs. We highlight properties
of these SNRs accessible for investigation with CTA.

3.1 Tycho

Tycho’s SNR is the remnant of a the thermonuclear supernova SN 1572. It is therefore just over
450 years old. Along with Cas A and Kepler’s SNR, Tycho’s SNR is one of the youngest Galactic
SNRs within a 5 kpc distance. However, being closer than Kepler’s SNR and older than Cas A,
Tycho’s SNR has the largest angular size among the three. In the VHE y-ray band, Tycho’s SNR
was detected with VERITAS [13]. Subsequent spatial studies based on the centroid’s position of y
emission did not reveal a significant shift from the geometrical center of this SNR [14]. We show
here that the fine angular resolution of CTA is necessary to distinguish a shell-like morphology
from a point-like morphology for this SNR. The addition of Tycho’s SNR to the list of the TeV
shell-type SNRs, such as Vela Jr., and RCW 86 [15, 16], is important, since y-ray emission from
Tycho’s SNR in the TeV band is most likely of a hadronic origin, while y-ray emission from the
other TeV shell-type SNRs are mostly of a leptonic origin.

We perform 25 MC simulations for a feasibility study of Tycho’s SNR, for which we used
the results obtained from the computer simulations, see Model A [9], as input parameters. In this
most successful model, the emission is dominated by neutral pion decay resulting from the colli-
sions between relativistic protons accelerated at the forward shock and gas nuclei, with a significant
contribution between 1 GeV and 10 GeV arising from inverse Compton scattering of an ambient
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photon field. In this model, at the current age of Tycho’s SNR, the remnant has swept up ~ 2.5 Mg
of ISM material and has converted 16% of the kinetic energy of the supernova explosion into rela-
tivistic particles. The maximum proton energy is nearly 50 TeV. For the radial density profile, the
broadband SED covering the y-ray band, and the CR proton and electron spectra, see the reference
[9]. To set up these MC simulations, we included two y-ray emission components produced via
the neutral pion decay and the inverse Compton mechanism, respectively. We binned the modeled
emission from Tycho’s SNR in one hundred concentric shells in a two-dimensional observational
plane. To characterize the spectrum in each radial shell, we used 20 logarithmic energy bins, in-
cluding 8 energy bins between 100 GeV and 10 TeV. We added a ShellFunction source with an
angular width of 3.7 arcsec in the source model for each of the concentric shell and each of the two
emission components.

We used three models for a comparison; a background model, a point-like source model, and
a shell source model with a width fixed at 1 arcmin and a free shell radius. The point-like source
model and the shell source model have power-law spectral shapes. Comparing the background
model with the point-like source model, we found the source at the position of Tycho’s SNR is
expected to be detected at a significance of 35 o with 50 hours of CTAO-North observations.
Comparing the shell source model with the point-like source model, we found that the former is
expected to be favored at a significance of 6.5 o using 50 hours of observations. From the simulated
data, we checked how precisely the outer radius of the shell and the photon index are expected to
be measured and we found confidence intervals of 3.96 +0.24 arcmin and 2.21 + 0.03, respectively.
Additionally, we used a disk source model and fitted it to the simulated data. The log likelihood
values obtained for shell and disk source models are close and the inferred disk radius is compatible
with the inferred outer radius of the shell within statistical errors. Figure 1 shows the log likelihood
profile for the shell source model. The accurate measurement of the radius is, therefore, feasible
and the significance is expected to be sufficient to measure the radius of the shock front at which
proton acceleration occurs.

3.2 Cas A

At VHE y-ray energies, Cas A is the brightest among the young SNRs. The high y-ray bright-
ness allows for a spatial analysis on arcmin scales for a point spread function like the one of CTA.
Among the four young SNRs in our sample, Cas A is the only example of a core-collapse super-
nova. The revelation of an exponential cut-off at a few TeV in its VHE y-ray spectrum measured
with MAGIC and VERITAS [17, 18] was unexpected, given that it is widely believed that young
SNRs accelerate CRs up to significantly higher energies. One of the working hypotheses for ex-
plaining the presence of this cut-off is based on a two-zone emission model for regions associated
with the forward and reverse shocks [19]. In this model, the contribution from the latter is assumed
to be dominant at lower energies, while the contribution from the region associated with the for-
ward shock is still to be discovered above several TeV. We used a disk template and a radial shell
template” to model the components associated with the reverse and forward shocks, respectively.
The selected radii correspond to the measured radii of the forward and reverse shocks [20], re-
spectively. We took the spectrum with an exponential cut-off at 2.3 TeV from [18], attributed this

2The results only slightly depend on the geometry of the latter template.
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spectrum to the region of the reverse shock, and assumed that the component corresponding to the
region of the forward shock has a 6 times lower flux at 1 TeV and a power-law spectrum with a
photon index of 2.17.

We fitted three models to the simulated data. The first model is for a point-like source, the sec-
ond model is for a disk template corresponding to the region associated with the reverse shock, and
the third model includes two spatial templates, a radial shell and a disk, for the regions associated
with the forward and reverse shocks, respectively. We analyzed simulations with the tool CTLIKE
from ctools, performing a maximum-likelihood fit to the data, and compared the models. The
analysis of our MC simulations shows that 50-hour observations with CTA will allow a detection
of spatially extended emission from Cas A at a significance of 4.0 o~ and a detection of the power-
law spectral component from the region associated with the forward shock at a significance of 5.1
o. The former significance depends on the presence of the component associated with the forward
shock in the simulated data and decreases from 4.0 o to 3.5 o in its absence.

3.3 Kepler

Kepler’s SNR is located at a larger distance than Tycho’s SNR and therefore it is more difficult
to detect and perform a spatial morphology study of this source in y rays. Gamma-ray emission
from Kepler’s SNR was measured on the basis of 150 hours of the H.E.S.S. data at VHE energies
[21] and on the basis of 12 years of the Fermi-LAT data in the GeV band [21-23]. The broad
spectral energy distributions of Kepler’s SNR and Tycho’s SNR are similar considering the different
distances to these two SNRs [21]. Recently developed physical models, discussed above, suggest
that the y-ray emission from Tycho’s SNR is primarily due to hadronic processes. Taking both this
fact and the GeV flux from Kepler’s SNR into account, it is more than plausible that the hadronic
scenario is favored for Kepler’s SNR as well. To prove the hadronic origin of y-ray emission from
Kepler’s SNR, a spatial morphology analysis with a finer resolution is required. The northern
part of Kepler’s SNR has a higher gas density than the others parts of Kepler’s SNR [24]. If the
observed y-ray emission is produced in hadronic interaction, then we expect a higher y-ray intensity
in the northern part of Kepler’s SNR. Given the angular radius of Kepler’s SNR of 1.8 arcmin and
assuming a dominant contribution from the northern part of the SNR to the total emission, to model
the centroid shift we placed a point-like source with the y-ray flux taken from the H.E.S.S. paper
[21] at the position at 1.3 arcmin offset from the geometrical center of Kepler’s SNR.

We analyzed 25 MC simulations with the tool CTLIKE from ctools and compared the models
with a central source and with a source located at an offset of 1.3 arcmin. The analysis shows that 50
hours of CTA observations will result in a detection of Kepler’s SNR at 17 o~ and that the centroid
offset from the geometrical center is expected to be established at 7.5 . We also performed 25 MC
simulations lowering the TeV flux normalization by the H.E.S.S. systematic uncertainty and found
that the centroid offset from the geometrical center is expected to be revealed at 5.8 o

3.4 SN 1006

SN 1006, with a 0.25 deg angular radius, covers a significantly larger fraction of the sky than
the other SNRs from our sample. It is projected at a high Galactic latitude of +14.6 deg and
exploded into a lower density medium. VHE vy rays from this SNR mostly come from its two
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(north-eastern and south-western) limbs. The spectrum of SN 1006 as observed with the H.E.S.S.
array is compatible with a power-law function for each of the limbs [25]. Along with RCW 86,
Vela Jr., RX J1731-347, and probably RX J1713-3946, this SNR produces VHE 7y emission via
the inverse Compton scattering by relativistic electrons. The shapes of y-ray spectra of RCW 86,
Vela Jr., RX J1731-347, and RX J1713-3946 have a hard spectral index in the GeV band and a
(super)exponential cut-off at TeV energies. The SN 1006 remnant has a lower y-ray luminosity
compared with RCW 86, Vela Jr., RX J1731-347, and RX J1713-3946 [e.g., 26] and, in contrast,
did not show evidence for a cut-off in the TeV band. To set up MC simulations, we assumed a radial
shell morphology with a radius of 0.25 deg and a width of 0.025 deg, and a super-exponential-cut-
off power-law spectrum, dN/dE « E~% exp(— VE/E.), characteristic for the leptonic scenario from
[27]. Given the observed bilateral and simulated shell-shaped morphologies, we used a simulated
total flux twice as large as the measured one. In this case, 25 hours of simulated data for the whole
shell are equivalent to 50 hours of simulated data for the north-eastern and south-western limbs.

We analyzed 25 MC simulations with CTLIKE from ctools and compared the spectral models
with a super-exponential-cut-off power-law shape and with a power-law shape. In both analyses
the spectral parameters were kept free. Under the assumption of a power-law spectrum, the best-fit
index is 2.32 + 0.02. Under the assumption of a super-exponential-cut-off power-law spectrum, the
median best-fit index is @ = 1.58 and the median best-fit energy cut-off is £, = 0.69 TeV, which
are close to the model values of 1.56 and 0.68 TeV. The uncertainties on the index and the cut-off
energy are 0.13 and 0.22 TeV, respectively. The spectral curvature in the VHE band is expected to
be established at a significance of 7.8 o.

4. Summary

We performed a feasibility study of future observations of Tycho’s SNR, Cas A, Kepler, and
SN 1006 with CTA. The model for Tycho’s SNR is based on detailed CR-hydro-NEI computer
simulations, while the models for the other three SNRs are toy models built to incorporate different
physical effects. The performed study shows that the spatial extensions of Tycho and Cas A SNRs,
the offset of the y-ray centroid to the north in Kepler’s SNR, and the spectral shape of a super-
exponential-cut-off in SN 1006 are accessible for investigation with future CTA observations of
these young nearby SNRs.
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