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Abstract

We present Suzaku “Long Program” observations of Tycho’s Supernova Remnant (SNR) performed
in the AO-3 cycle. Despite that collisionless shocks are ubiquitous in astrophysics, their fundamental
properties are still poorly understood. In particular, the process known as collisionless electron heating is
one of the main open issues in shock physics. Here we show the first robust evidence for efficient collisionless
heating of electrons at the SNR reverse shock, uncovered by our novel analysis method applied to high-
quality X-ray data from Suzaku. We detect Kβ (3p→1s) fluorescence emission from low-ionization Fe
ejecta excited by energetic thermal electrons at the reverse shock front, which peaks at a smaller radius
than Fe Kα (2p→1s) emission dominated by a relatively highly-ionized component. Comparison with our
hydrodynamical simulations implies instantaneous electron heating to a temperature 1000 times higher
than expected from Coulomb collisions alone. We present similar results from SNR 0509-67.5 as well.
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1. Introduction

Astrophysical shock waves have been extensively ob-
served in a number of objects with a wide range of spatial
scales, from the solar wind (e.g., Schwartz et al. 1988) to
afterglows of gamma-ray bursts (GRBs) (e.g., Meszaros
& Rees 1997) and merging galaxy clusters (e.g., Marke-
vitch et al. 2005). Their properties are fundamentally
different from those in terrestrial shocks. In the low-
density astrophysical environment, the typical particle
mean free path for Coulomb collisions is much longer
than the scale length of the shock transition. This im-
plies that collisionless processes involving collective inter-
actions between particles and electromagnetic fields are
responsible for the shock formation (e.g., McKee 1974).
Despite the ubiquity and importance of these collision-
less shocks, however, their certain key aspects are still
poorly understood.

The process known as collisionless electron heating,
whereby electrons are rapidly energized at the shock
front (e.g., Laming 2000), is one of the main open issues
in shock physics. A strong shock with velocity vs will
result in a downstream temperature Ti = 3 mi v2

s/16 kB,

where mi is the mass of particle i and kB is the Boltz-
mann constant. Since the timescale for collisional equi-
libration between different species is much longer than
the time a particle spends in the shock transition zone,
the equation above can be applied independently to each
species i at the collisionless limit. Therefore, the elec-
tron temperature (Te) should be much lower than the ion
temperature (Tion) immediately behind the shock, and
they will slowly equilibrate to a common temperature
via Coulomb collisions further downstream. However, a
number of theoretical investigations have suggested that
rapid collisionless electron heating can occur at shock
fronts (e.g., McKee 1974; Ghavamian et al. 2007).

Supernova remnants (SNRs) offer an ideal site to
study this heating, because they form long-lived, fast
shocks in both interstellar medium (ISM) and super-
nova ejecta. To date, most work has concentrated on
Balmer-dominated shocks associated with SNR blast
waves which propagate into the ISM (e.g., Raymond et
al. 1983; Ghavamian et al. 2007), whereas studies of this
heating at reverse shocks (RSs) which heat the supernova
ejecta, are very limited. Investigation of physical condi-
tions at the RS front has been challenging, especially
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Fig. 1. (a) XIS spectrum of Tycho’s SNR (Yamaguchi et al. 2014a).
The Fe emission can be explained self-consistently with a ‘two–
component’ model with higher-ionization (red) and lower-ioniza-
tion (green) components, where the theoretically-expected Kα
and Kβ centroid energies and their ux ratios are assumed. (b)
Theoretical Fe Kβ/Kα ux ratios as a function of the charge num-
ber of Fe ions. Corresponding ionization ages are indicated above.
The best-fit value for Tycho’s SNR is shown with the solid green
line. The dashed lines indicates the 1σ lower- and upper-limits of
the observed value.

because they are always subject to the projection effect;
even with a high-resolution image of Chandra, spectral
data cannot be extracted purely from the forefront of
postshock regions. To solve this issue, we have devel-
oped a new method that combines the state-of-the-art
atomic physics models and hydrodynamical simulations
(Yamaguchi et al. 2014a). Here we present application
of our method to Tycho’s SNR and 0509–67.5, providing
strong evidence for collisionless electron heating at the
RSs of both SNRs. Details of analysis procedure as well
as useful atomic data for Fe ions in various charge states
are found in Yamaguchi et al. (2014a).

2. Results

2.1. Tycho’s SNR

Fig. 1a shows the XIS spectrum in the 5.0–9.0 keV band
from the northwest (NW) rim of Tycho’s SNR. The ob-
servations were performed during August 2008 (in the
AO-3 cycle) with a total effective exposure of 415 ksec.
The Fe Kβ emission detected in the spectrum is partic-
ularly important for plasma diagnostics, because under

3 arcmin

Fig. 2. XIS image of Tycho’s SNR in the Fe-Kβ (7.0–7.2 keV) band,
where the Fe Kα image is overplotted in contours. The estimated
ux of the synchrotron continuum was subtracted from the raw Fe
Kβ image. It is clear that the Fe Kβ emission peaks at a smaller
radius than the Kα emission in the bright NW rim.

the NEI condition, strong Fe Kβ fluorescence is expected
only from low-ionization plasmas where Fe ions still have
many 3p electrons, and hence key to probing the plasma
state of the immediate postshock ejecta. As shown in
Fig. 1b, the Fe Kβ/Kα flux ratio experiences a drastic
decrease in the range z = 8 − 14 (where z is the charge
number of Fe) due to the loss of 3p electrons. For Ty-
cho’s SNR, the observed flux ratio of 5–6% is consistent
with the value expected for z =12∼13. On the other
hand, it has been well known that the centroid energy of
the strong Fe Kα line (∼6435 eV) suggests the dominant
Fe charge number of z ∼ 16 (Ne-like)1 , which predicts a
significantly lower Kβ/Kα ratio of ∼1% (Fig. 1b).

This inconsistency implies that the Kβ emission is
dominated by Fe ejecta less ionized than those respon-
sible for the Kα emission. In fact, we found that the
observed Kβ centroid (7104 ± 10 eV) is consistent with
the value for Fe8+ (Ar-like). We verified that the Fe-K
spectrum can be self-consistently explained by introduc-
ing a ‘two-component’ model which consists of Fe16+-
dominant and Fe8+-dominant plasmas, as demonstrated
in Fig. 1a. Furthermore, we revealed by imaging anal-
ysis that the Fe Kβ emission peaks at a smaller radius
than the Kα emission (Fig. 2), which is consistent with
our interpretation; the Kβ emission originates from the
innermost ejecta heated by the RS very recently.

2.2. SNR 0509–67.5

Our method was also applied to SNR 0509–67.5, a young
Type Ia SNR in the Large Magellanic Cloud (LMC).

*1 The theoretical values for the Fe Kα and Kβ centroids are
given in Table 2 of Yamaguchi et al. (2014a).
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Fig. 3. XIS spectrum of SNR 0509–67.5. The Fe Kβ emission was
detected for the first time.

During the Suzaku AO-8 cycle, we observed this SNR
with a long exposure of 330 ks, and successfully detected
the Fe Kβ emission for the first time. Note that the
shorter (45-ks) observation of this SNR performed in the
Suzaku AO-1 cycle failed to detect this weak emission,
indicating that a deep observation with Suzaku is indeed
sensitive to such a weak line feature.

We measured the centroid energies of the Fe Kα (EKα)
and Kβ (EKβ) line blends and their flux ratio (R) us-
ing Gaussian functions, and obtain EKα = 6424 ± 9 eV,
EKβ = 7063 ± 30 eV, and R = 0.14 ± 0.04%. The EKα

and EKβ values correspond to the Fe charge numbers of
z = 14 ± 2 and z ≤ 8, respectively (Yamaguchi et al.
2014a). Also, the R value is consistent with that ex-
pected for z ≤ 10. This implies the presence of a range
of plasma conditions, with the Kα emission being dom-
inated by more highly ionized and the Kβ emission by
less ionized Fe, similarly to Tycho’s SNR. Interestingly,
the mean ionization state of Fe is significantly lower in
SNR 0509–67.5 than in Tycho’s SNR, despite the simi-
lar SNR ages (∼400 yr). This suggests that SNR 0509–
67.5 is evolving in an extremely low-density environment,
supporting the previous estimate by Warren & Hughes
(2004; see also Yamaguchi et al. 2014b for a discussion).

3. Comparison with Theoretical Calculation

The prominent Kβ emission from the low-ionized Fe
ejecta we discovered in both SNRs requires the electron
temperature near the RS front be high enough to ionize
the inner K-shell electrons of these Fe ions. We present
comparison between the observational results from Ty-
cho’s SNR and our hydrodynamical simulations of Type
Ia SNR evolution that incorporate an NEI calculation
(Badenes et al. 2006), to constrain the efficiency of col-
lisionless electron heating at the RS of this SNR. Fig. 4
shows the simulation results which compare the relation-
ship between the Fe charge state and electron tempera-
ture among the different parameters of collisionless elec-
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Fig. 4. Simulated electron temperature as a function of the Fe mean
charge (and the radius). The parameterized temperature ratio
between the electrons and ions at the RS front (β) is indicated
beside each curve.

tron heating efficiency, β = Te/Tion at the RS front. In
the black curve, no collisionless heating (hence Te/TFe =
me/mFe ∼ 10−5) is assumed, and the subsequent tem-
perature increase is purely due to ion–electron Coulomb
collisions. This model predicts an electron temperature
of < 1 keV in the region dominated by low-ionized Fe,
so the free electrons are not energetic enough to produce
strong Kβ emission. The remaining models, on the other
hand, assumes a certain amount of collisionless electron
heating at the RS, hence the low-ionized Fe are associ-
ated with energetic free electrons. This is shown more
quantitatively in Fig. 5, where we plot the expected Fe
Kα and Kβ luminosity for each charge state. The βmin

model (a) clearly fails to reproduce the strong Kβ emis-
sion from low-ionized Fe, in direct conflict with our ob-
servations. By contrast, the collisionless heating models
(b), where β = 0.01 is assumed, can reproduce the emis-
sion from the broad Fe ion population. We found that
this model can quantitatively explain the observed Fe-K
centroids and flux ratio (Yamaguchi et al. 2014a). This
implies instantaneous electron heating to a temperature
∼103 times higher occurring at the RS front.

The key result from SNR 0509–67.5 is basically same
as that from Tycho’s SNR; efficient collisionless electron
heating is required to explain the observed Kβ/Kα flux
ratio together with their centroid energies. A similar
situation is considered in Kepler’s SNR as well, given
that the Suzaku spectrum of this SNR also shows Kβ
emission from low-ionized Fe (Park et al. 2013).
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Fig. 5. (a) Predicted luminosities of the Fe Kα (red) and Kβ (green)
emission lines for the βmin model. Owing to the low electron
temperature in the innermost region, little or no emission from
low-ionized (z < 10) Fe is expected. (b) Same as panel (a), but
for the model with β = 0.01. Emission from Fe with various
charge states, including z < 10 where higher Kβ/Kα ratios are
achieved, is expected.

4. Discussion and Future Prospect

Owing to the high-quality datasets combined with our
novel analysis technique, we have revealed the robust ev-
idence for the collisionless electron heating taking place
at the RSs of Tycho’s SNR and 0509–67.5. For SNR
forward shocks, two main scenarios are suggested as the
possible origin of the electron heating: lower hybrid wave
heating in a cosmic-ray precursor (e.g., Laming 2000),
and plasma wave heating due to Buneman instability
formed by reflected non-Maxwellian ions (e.g., Cargill
& Papadopoulos 1988). Both scenarios require a strong
magnetic field perpendicular to the fluid flow, and work
under the field strength in the typical ISM. For SNR
RSs, on the other hand, the quasi-parallel magnetic field
is expected (from expansion-induced stretch of the field
lines), and so these scenarios are not favored. More-
over, there is little evidence for relativistic cosmic-rays
at the RSs of these SNRs (Warren et al. 2005), which
makes the former scenario more unlikely. Alternatively,
the cross-shock potential scenario, which has also been
suggested as the origin of energetic electrons in gamma-
ray after grows (e.g., Gedaline et al. 2008), may apply
to the electron heating at the SNR RSs. In this model,
charge separation is created at the shock front due to
the different gyroradii of ions and electrons, forming a
potential gap where electrons arriving later can be accel-
erated. Importantly, this model predicts self-generation
of small-scale electromagnetic fields, and requires no spe-

cific orientation of the initial magnetic field (Gedaline et
al. 2008). Our observation of efficient collisionless heat-
ing in the unique environment of an SNR RS suggests
that these shocks may be fundamentally different from
the more widely studied Balmer-dominated shocks into
ISM material.

One of the issues still remaining is how the efficiency
of this heating depends on the environment of shocks. In
particular, the role of the initial magnetic field strength
is the key to constrain the responsible mechanism for
collisionless shocks. Suh & Mathews (2000) suggested
that the magnetic field strength can reach to ∼1013 G
in the WD interior before SN explosion. From flux
conservation, the conservative upper-limit for the field
strength present at the remnant RS location is esti-
mated to be ∼0.2 µG for the RS radius of Tycho’s SNR
(∼ 7 × 1018 cm). In a physically-larger Type Ia remnant
SN1006, an even lower field strength is expected. From
the canonical distance to this SNR (2.2 kpc: Winker et
al. 2003) and the angular radius of ∼15′, we estimate
the value to be ∼0.01 µG, sufficiently low compared to
the typical ISM magnetic field. Therefore, it is essen-
tial to investigate if collisionless electron heating works
at the SN1006 RS to constrain the responsible physical
mechanism in this heating. This is the main goal of our
deep observation of this SNR, which has been approved
as one of the ‘key-project’ targets for the Suzaku AO-9
cycle. It should be of interest not only to astrophysicists
but also to other wide scientific fields, such as plasma
physics, hydrodynamics, and laboratory astrophysics.

We are thankful to Drs. John D. Raymond and Tim-
othy R. Kallman for useful information and discussion.
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