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We use our time-dependent acceleration code RATPaC to study the formation of extended gamma-
ray halos around supernova remnants and the morphological implications that arise when the
high-energetic particles start to escape from the remnant.

We performed spherically symmetric 1-D simulations in which we simultaneously solve the
transport equations for cosmic rays, magnetic turbulence, and the hydrodynamical flow of the
thermal plasma in a volume large enough to keep all cosmic rays in the simulation.

For older supernova remnants we find strong morphological differences between the hadronic
and the leptonic gamma-ray intensity. At early times both - the inverse-Compton and the Pion-
decay morphology - are shell-like. However, as soon as the maximum-energy of the freshly
accelerated particles starts to fall, the inverse-Compton morphology starts to become center-
filled whereas the Pion-decay morphology retains its shell-like structure. Escaping high-energy
electrons start to produce an emission halo around the remnant at this time. There are good
prospects for detecting the spectrally hard halo component with the future Cherenkov Telescope
Array, likewise for detecting variations of the gamma-ray spectral index across the interior of
the remnant, whereas current-generation gamma-ray observatories have insufficient sensitivity.
Further, we find a constantly decreasing non-thermal X-ray flux that makes a detection of X-ray
unlikely after the first few thousand years of the remnants evolution. The radio flux is increasing
throughout the SNR’s lifetime and changes from a shell-like to a more center-filled morphology
later on.
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1. Introduction

A self-regulation of the diffusion coefficient by escaping particles is known to exist around
supernova remnants (SNRs). There, the scattering turbulence is created mainly by escaping hadrons,
and the electrons accelerated at the SNR blast-wave are trapped as a side effect [19, 20].

So far, there has not been a direct measurement of CRs escaping from a SNR. There is evidence
of larger extension of the gamma-ray emission around RX J1713 compared to the X-ray emission
that could indicate CR escape [11]. However, there is indirect evidence that CR escape has to
happen around SNRs. Recent studies of particle acceleration in supernova remnants showed that
the typical soft, broken power-law spectra of aged SNRs [29] result from the escape of high-energy
particles from the interior of the SNR. Here, the most energetic particles escape once the SNR is no
longer capable of accelerating them any further, creating soft spectra inside the SNR where most
of the emission is produced [5, 7].

2. Basic equations and assumptions

The methodology is similar to that of [5], and here we shall only give a short summary. We com-
bine a kinetic treatment of the CRs with a thermal leakage injection model, a fully time-dependent
treatment of the magnetic turbulence, and a PLUTO-based simulation of the hydrodynamical flow
profiles.

2.1 Cosmic rays

We solve the kinetic equation for the differential number density of cosmic rays, N,
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in the test-particle limit, where D, denotes the spatial diffusion coefficient, u the advective velocity,
p energy losses, and Q the source of thermal particles [24]. We use a thermal leakage model
[3, 16] for the injection of particles. This injection scenario is a simplification, in particular for
electrons, for which pre-acceleration to a few tens of MeV is required and established at the shock
[4, 14, 17]. We are interested in particles at energies well above 100 MeV, and so the particulars of
that pre-acceleration can be ignored. For this work we choose injection parameters that guarantee a
CR pressure of less than 2.5 % of the shock ram pressure during the entire simulation. The number
of injected particles is close to that seen in SN 1006.

In addition to the synchrotron losses, electrons will also suffer losses by collisions with photons
from background photon-fields. Usually these inverse-Compton (IC) losses can be neglected as
synchrotron losses in amplified magnetic field will dominate. However, high-energy electrons
spend a large fraction of time upstream of the shock, where IC and synchrotron losses are of similar
strength. We used the approximations derived by [22] to account for IC losses by collisions with
the cosmic microwave background.

2.2 Magnetic turbulence

In parallel to the transport equation for CRs, we solve a transport equation for the magnetic-
turbulence spectrum, assuming Alfvén waves only. The temporal and spatial evolution of the
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spectral energy-density per unit logarithmic bandwidth, E,,, is described by
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Here, u denotes the advection velocity, k the wavenumber, D the diffusion coefficient in wavenum-
ber space, and I'y and Iy the growth and damping terms, respectively [6].

We use a growth-rate based on the resonant streaming instability [1, 24],
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where v, is the Alfven-velocity. We introduced a linear scaling factor, A, to artificially enhance the
amplification. We used A = 10 throughout this paper to mimic the more efficient amplification due
to the non-resonant streaming instability [2, 15]. The value we choose for A guarantees a cut-off

energy in the gamma-ray spectrum between 1 — 10 TeV as observed in young SNRs.

2

We calculate the total magnetic-field strength as Byot = 4 /B(z) +B where By is the large-scale

magnetic field. We solve the induction equation to model the transpglrr? of the frozen-in large-scale
magnetic field [26]. The far-upstream field is assumed to be uniform with strength 5uG.

Since we exceed the growth rate of the resonant streaming instability [1] by a factor of ten, the
turbulent field is amplified to 6 B > B during the initial phases of SNR evolution.

The growth of the magnetic turbulence and hence the magnetic field is balanced by cascading.

This process is described as a diffusion process in wavenumber space, and the diffusion-coefficient

is given by [23, 30]
E
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This phenomenological treatment will result in a Kolmogorov-like spectrum, if cascading is domi-
nant.

2.3 Thermal plasma

In the test-particle limit, the evolution of an SNR can be described with the standard gas-
dynamical equations. We solve the hydro-equations under the assumption of spherical symmetry
in 1-D using the PLUTO code [18]. The non-equilibrium cooling function, L, is taken from [25].

In this work, we display results for type-Ia supernova explosions. We initiate the simulations
with exponential-ejecta profiles:

psn =Aexp(—=v/ve)t; > and v = r/t;, (5)
1/2, 3/2 M2
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as initial conditions [8]. Here, 7; = 2.5yrs is the start time of our simulation, Mj; = 1.4M the
ejecta mass, Eex = 10°! erg the explosion energy, and r the spatial coordinate. The density of the
ambient medium was chosen to be 0.4 cm™3.
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Figure 1: Left panel: Maps of normalized surface brightness of a Type-Ia SNR after 300, 1000, 2,000 and
10,000 yrs (from top left to bottom right). Left hemispheres are for IC emission and right hemispheres for
PD emission. Right panel: Maps of spectral-index variation in three energy bands at 300, 1000, 2,000 and
10,000yrs (from top left to bottom right), relative to the average spectral index of the remnant (including the
halo). Left hemispheres are inverse-Compton emission and right hemispheres Pion-decay emission.

3. Results

We followed the evolution of the remnant for 25, 000 years. The total magnetic field strength
reaches 90 uG after 300 yrs and drops to 40 uG after 1000 yrs. After 10, 000 yrs, the turbulent field
is weaker than the compressed large-scale field.

3.1 Halo and spectral index evolution

We calculated intensity maps for IC and PD emission at three energies over the lifetime of the
SNR. The results are presented in Figure 1.

Initially, both radiation mechanisms produce a shell-like morphology in all energy bands. From
roughly 1000 years on, the shell thickness of IC emission exceeds that of PD radiation, because the
latter is boosted by the high gas density immediately downstream of the shock. Contrary, the IC
emission reflects only the distribution of electrons, and already after 1000 years - the onset of the
Sedov-stage - we notice IC emission outside the SNRs shell. The transition to the Sedov-phase
usually also marks the time of the highest maximum energy of particles [21]. At later times,
particles of the highest energy start to escape from the remnant [5].

Even after 10, 000 years, the PD morphology remains shell-like whereas that of IC emission
becomes center-filled. Even low-energy CRs propagated into the center of the remnant, and the
projection enhances the brightness towards the center of the remnant in the IC channel. The low
density of the thermal plasma in the center keeps suppressing PD emission from the central region.
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As more and more high-energy electrons escape with increasing age, an extensive halo of > 100-
GeV electrons is formed around the remnant. The halo in the PD channel remains faint even after
10, 000 years on account of the low gas density upstream of the forward shock.

The angular resolution of gamma-ray observatories is key to a study of spatial variations of the
gamma-ray spectra [11-13].

The spectrum of emission from outside the remnant is typically harder than that from the
interior. Figure 1 illustrates spectral index variations across the remnant at different ages. For
emission from the interior of the remnant, the deviations are moderate, |6s| < 0.2, in all three
energy bands that we consider, but those of the halo emission can be larger.

The detection of hadronic halo emission is unlikely given the current observational sensitivities
of As ~ £0.1-0.2. Considering the limited spatial resolution and the poor statistics in some regions,
a significant detection of spectral-index deviations is unlikely with current-generation IACTs. The
higher sensitivity of CTA should reduce the uncertainty, As and possibly allow the detection of
spectral-index variations.

3.2 Reduction of the diffusion coefficient

The escape of particles from the SNR and consequently the amplification of turbulence change
the diffusion coefficient in the vicinity of the SNR [9, 10]. Figure 2 shows that spatial variation
relative to the assumed diffusion coefficient in the ISM, which is set to 10% of the conventional
Galactic diffusion coefficient [27].

Figure 2: Normalized dif-
fusion coefficient in the up-
stream region as function
of distance to the shock and
the SNR age. The left
panel is for a particle en-
ergy of 100 GeV, the right
panel for 3 TeV. The dashed
lines correspond to 1 %,
10 % and 50 % of Digm.
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For both electrons and ions the reduction of the diffusion coefficient is strongest after 5, 000 years
(10%-level) and 2,000 years (1%-level), around the time of, or shortly after, the transition from
free expansion to the Sedov-Taylor phase, when the maximum energy of the accelerated particles
starts to decrease. Then there are too few freshly accelerated particles at high energy to sustain
the level of turbulence, and consequently the diffusion coefficient starts to increase. The main
damping mechanism of turbulence is cascading. Consequently, the distributions in Figure 2 show
an energy-dependent time-evolution. The spatial extent is similar though, because the suppression
of the diffusion coefficient for 100 GeV-particles is governed mainly by cascading from smaller
k, i.e. by turbulence driven by particles at higher energy. Turbulence driving by the low-energy
particles is only important very close to the shock.
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During the initial growth of turbulence in the precursor, for the two particle energies shown in
Figure 2 the diffusion coefficient shows the same trend, until the supply of freshly accelerated 3 -TeV
particles is exhausted. However, the precursor scale of 100-GeV particles is significantly smaller
than for 3 -TeV particles, because the turbulence scattering the lower-energy particles results from
cascading of modes resonant with the more energetic particles. Later, the escape of particles, that
were trapped in the interior of the remnant, becomes the main driver of turbulence, and in fact the
maximum extent of the turbulence precursor, and hence the reduced diffusion coefficient, is reached
well after the beginning of the Sedov-phase.

3.3 Detectability

Figure 3 shows the emission spectra expected from the SNR itself and the halo at different
times for a generic distance of 1 kpc to the remnant. The contribution from the halo is shown twice,
once as volume-integrated emission from r > rgj;, and once only the component that in projection
appears to come from outside of the SNR.

The evolution of the spectral energy distributions (SEDs) for PD-emission clearly shows the
mechanism for the spectral softening [5] for both emission channels. The lack of target material
outside the SNR suppresses hadronic emission from the halo at all times. The halo emission from
IC scattering is always much brighter than the PD component. Overall, the flux from the halo is
20% to 30% of that of the SNR itself, making a detection possible only for the brightest known
Galactic SNRs. As low-energy particles reside closer to the shock, they contribute little to the
projected halo emission whose spectrum is thus relatively hard.

Leptonic emission detected from an SNR by current-generation gamma-ray observatories
probably includes emission from the halo. Most of it is produced close to the remnant and
in projection is very difficult to observationally distinguish. What may have been seen already
in RXJ1713.7-3946 is that the leptonic halo causes a larger extent of the very-high gamma-ray
emission than that of the X-ray emission.
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Figure 4: Left panel: Synchrotron flux from the remnant at various times. The upper boundaries of the
filled areas mark the total emission from the remnant while the lower boundaries indicate emission from
downstream only. The green band indicates the 1 — 10 GHz range. Right panel: Normalized synchrotron
intensity from a Type-Ia SNR after 300, 1000, 2,000 and 10,000 yrs (from top left to bottom right).

3.4 Synchrotron emission

We evaluated the non-thermal synchrotron emission from the SNR over its lifetime (Figure 4).
Contrary to the IC-emission, there is little difference between the total and the downstream-only
flux, except for very old remnants, because a strong magnetic field boosts the emission from the
downstream region. At later times, most of the high-energy electrons were able to escape the
remnant and the magnetic field is not amplified any more, the halo emission starts to dominate.

The flux in the X-ray band decreases with time, because the magnetic-field strength decreases
and cooling takes its toll. Consequently, the remnant is brightest and best detectable during the first
2,000 yrs after the supernova - matching the census of Galactic SNRs [28].

In contrast, the radio flux increases throughout the entire lifetime of the SNR. The steady
accumulation of GeV-scale particles compensates for the weakening magnetic field. Interestingly,
the escape of electrons affects the spectral index in the radio band. Between 1 GHz and 30 GHz
(Roughly 1073 keV to 107 keV) the radio spectra are fairly soft after 10,000 yrs, with a spectral
index @ = 0.75 (S, o« v~ %), close to that observed for very old SNRs.

Figure 4 shows the emission morphology at radio and X-ray energies for four stages of SNR
evolution. Throughout the SNR’s lifetime the magnetic-field strength peaks right downstream of
the forward shock. Consequently, the synchrotron emissivity peaks immediately downstream to
the shock-location. The radio emission shows the same shell-like structure. However, the spatial
variation of the magnetic field has a moderate impact on the synchrotron emissivity, typically
oc B!, The radio shells appear thicker as a consequence. Moreover, diffusion of electron towards
the center of the remnant partially compensates the weak magnetic field in the interior. Thus, the
remnant appears somewhat center-filled in the radio band at later stages.
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4. Conclusions

We performed numerical simulations of particle acceleration in SNRs, solving time-dependent

transport equations of CRs and magnetic turbulence in the test-particle limit alongside the standard

gas-dynamical equations for Type-Ila SNRs. We derived the CR diffusion coefficient from the

spectrum of magnetic turbulence, that evolves through driving by the resonant streaming instability

as well as cascading and wave damping.

Leptonic gamma-ray emission tends to produce a center-filled appearance with increasing
remnant age

Hadronic gamma-ray emitters retain a shell-like morphology
The detection of a leptonic gamma-ray halo around SNRs is in sight with CTA

There is strong spatial and temporal evolution of the diffusion coefficient in the upstream of
the shock. Diffusion of low-energetic particles is gonverend by down-cascading of turbulence
from larger scales

The deviation of the spectral index in the gamma-ray domain by As =~ 0.2 is likely not

detectable with current generation IACTs and might be marginally detected by CTA

The non-thermal X-ray emission cedes after a few thousand years and the radio-morphology
of the remnant becomes more center-filled. A softening in the radio-band is observed at the

latest stages.
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