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Summary of this work

pWe have calculated the polarized Balmer line 

emissions from the collisionless shocks efficiently 

accelerating CRs.

pThe energy loss rate of the shocks due to the CR 
acceleration can be measured by the polarization 

degree.

pOur results suggest a sizable loss rate for SN 1006.
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Figure 3. Large upper panel shows a very deep Hα image of SN 1006, after continuum subtraction, obtained at the CTIO 4 m Blanco telescope with the Mosaic II
camera, 2010. The relatively bright filaments to the NW are saturated in this display, in order to emphasize the far fainter emission elsewhere in the remnant. The field
is 36′ square, and exactly matches that of the X-ray image, Figure 2. The smaller images below show both the 1998 and 2010 images at the same scale; most of the
features seen in the 2010 image are also visible in the earlier low-resolution image.

2013). We discuss these possibilities further in Section 8.3.
There are also several thin arcs of Balmer emission without an
obvious X-ray knot behind, which could have resulted from less
dense clumps of ejecta or ones that have dissipated.

In the NW, the new Hα image clearly shows the complex
structure ahead of the bright filaments, best shown in Figure 5
(center), where this region is displayed with a very hard stretch
to show the faintest emission. Very faint X-ray emission is also

seen outside the main Balmer filament, up to the outermost
limit of optical emission. The optical morphology indicates a
rippled sheet seen edge-on, with the multiple edges representing
tangencies at different locations (as shown by Hester 1987). It
has long been clear that this is the cause for the undulating
structure of the primary NW filament, but the deeper image
shows this structure to be more complex than previously
realized. The bright filament is the result of an encounter
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Mass loading of bow shock PWNe 3887

Figure 1. Schematic illustration of a bow shock nebula propagating through
fully ionized ISM, as seen in the rest frame of the pulsar. The dot–dashed
rectangle shows the region zoomed in Fig. 3.

Figure 2. Montage of H α images of optical bow shocks associated with
PWNe. Shown are J2224+65, the so-called Guitar nebula (Chatterjee &
Cordes 2002), J0742−2822, J2030+4415 and J2124−3348 (Brownsberger
& Romani 2014).

with a bright head, a faint neck and a body consisting of several
larger bubbles.

Although the morphologies of these nebulae vary from source to
source, there are a number of common features which, in our view,
not only reflect the intrinsic dynamical properties of the flows, but
which are also independent of the subtle details of both the pulsar
winds (e.g. the relative orientation of the velocity and spin axis) and
of the ISM. We stress the fact that all bow shock nebulae show qual-
itatively similar morphological features not expected from simple
fluid models. In the X-ray and radio bands the tails show highly non-
trivial morphologies with quasi-periodic variations in the intensity
(e.g. Kargaltsev & Pavlov 2008). For example, in the case of the
Guitar nebula the tail shows quasi-periodic bubble-like structures
(van Kerkwijk & Ingle 2008).

These peculiar tail shapes have been interpreted as the result
of density variations in the ISM (Romani, Cordes & Yadigaroglu

1997; Vigelius et al. 2007). However, based on the following con-
siderations, we find this explanation unsatisfactory: (i) all tails show
similar morphological variations (see Fig. 2); (ii) a common char-
acteristic of these bow shock nebulae is that they are all highly
symmetric with respect to the direction of motion of the pulsar –
this is not expected if variations are due to the external medium; (iii)
morphological features in H α, radio and X-rays are quasi-periodic
– this is also not expected from random ISM density variations.
From these observations we conclude that the peculiar morpholog-
ical features result from the internal dynamics of the pulsar wind,
rather than through inhomogeneities in the ISM.

van Kerkwijk & Ingle (2008) have also previously proposed that
the morphology of the Guitar nebula could be explained by (uniden-
tified) instabilities in the jet-like flow of pulsar material away from
the bow shock. Alternatively, Bucciantini & Bandiera (2001) and
Bucciantini (2002b) have suggested that the mass loading of pulsar
wind nebulae (PWNe) may strongly affect their dynamics. These
authors have shown that a non-negligible fraction of neutral atoms
can cross the shocked ISM behind the bow shock without undergo-
ing any interaction, thereby enabling these atoms to propagate into
the pulsar wind region. Once inside the wind, neutral hydrogen can
be ionized by UV or X photons emitted by the nebula, and possibly
by collisions with relativistic electrons and positrons, resulting in a
net mass loading of the wind.

In order to study this scenario, Bucciantini & Bandiera (2001) and
Bucciantini (2002b) extended the thin-layer approximation used to
model cometary nebulae (Bandiera 1993; Wilkin 1996, 2000). The
thin-layer approximation is conceptually analogous to a 1D model
as it neglects the thickness of the nebula, while all quantities depend
only on the distance from the apex. Despite the above-mentioned
simplifications, these models provide a good description of the head
region of the nebulae in terms of shape, hydrogen penetration length
scale and H α luminosity, as was later confirmed by more accurate
2D axisymmetric simulations, both in the HD regime (Bucciantini
2002a; Gaensler et al. 2004) and in the relativistic magnetohydro-
dynamic (MHD) regime (Bucciantini, Amato & Del Zanna 2005).
Using a 3D model, Vigelius et al. (2007) were able to extend the
study of these systems by also taking into account either a non-
uniform ambient medium, or the anisotropy of the pulsar wind
energy flux. However, none of these models is able to explain the
peculiar morphology of the H α emission often observed in the tail
regions of bow shock nebulae.

While the above-mentioned studies focused primarily on the head
of bow shock nebulae, the aim of the present paper is to investigate
the effect of neutral hydrogen on the tail region of these nebulae. The
question we would like to investigate is whether the mass loading
of neutral hydrogen in the pulsar wind can explain the peculiar
morphology observed at H α, radio and X-ray energies. In order to
focus on the effect of mass loading on the evolution of bow shock
nebulae, complications introduced by magnetic field pressure (and
topology) are neglected in the present paper. These aspects are
indeed necessary for a comprehensive and realistic treatment of the
problem, and will be the subject of a future study.

At this point the question arises as to whether one can use obser-
vations of the heliosphere to understand the problem formulated in
the previous paragraph. Although mass loading plays an important
role in the dynamics of the solar wind (Baranov, Krasnobaev &
Kilikovskii 1971; Baranov 1990; Zank 1999), there are a number of
key differences between this scenario and the pulsar wind scenario.
First, the velocity of the Sun through the ISM is, most likely, weakly
subfast magnetosonic (McComas et al. 2012), whereas the pul-
sar’s motion is highly supersonic; secondly, the pulsar wind is very
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Balmer line emissions (especially Hα) are 

ubiquitously seen in collisionless shocks 

propagating into the ISM.
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Discovery of polarized Hα emission
@ bright filament of SN 1006 (Sparks+ 15)

electron–proton equilibration at the shock front, with β< 0.07.
They also conclude that the Lyβ optical depth is low,
τ(Lyβ)∼ 0.5.

Morlino et al. (2012) consider Balmer emission from
collisionless shocks in a partially ionized medium. For a shock
velocity of 3000 km s−1, they find that the ratio of flux from the

Figure 2. Upper, co-added spectra showing total intensity after basic reductions, and lower, same after subtraction of sky background showing strong Balmer
dominated shock spectrum. Lines visible are, right to left, Hα, Hβ, and Hγ.

Figure 3. Un-normalized spectra for Stokes I, Q, and U, each the total across a 2.5 arcsec spatial window centered on the bright filament rim and averaged over 18
individual sequences. Hence the total counts are ≈18× the y axis values. The Q and U plots have been lightly smoothed with a Gaussian of σ ≈ 0.37 nm.

Table 1
Polarimetry Results for Cores of Hα and Hβ Lines in the SN 1006 Remnant

SN 1006 Stokes I Q U p, pn
a θ

Hα 52201.2 663.4 +/−147.7 −64.9 +/−139 0.0128 +/−0.0028 143.7 +/−6.3
0.0197 +/− 0.0043

Hβ 12522.1 217.6 +/−107 −79.8 +/−107 0.0185 +/−0.0086 131.4 +/−13.2

Note.
a The polarization of the total narrow-line core is p, and the estimated polarization of the narrow component only, pn, assuming the broad component is unpolarized.
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Ø Linear Polarization
Ø Polarization angle�

perpendicular to the shock
Ø Degree� 2.0 ± 0.4 %

are used to yield a complete set of linear Stokes polarization
spectra. Our observations used half-wave plate rotation angles
of 0°, 22°.5, 45°, and 67°.5. The spectral window includes the
first three lines of the Balmer series, Hα (656.3 nm), Hβ
(486.1 nm), and Hγ (434.1 nm), Figure 2.

Observations were obtained in VLT service mode on the
nights of 2013 April 12/13 (6 sequences), 2013 April 19/20 (8
sequences), and 2013 May 8 (4 sequences), for a total of 18
sequences, each sequence comprising a 305 s exposure for each
of four retarder settings, yielding a total exposure time on target
of 6.1 hr. Both polarized and unpolarized standard star
observations were provided by ESO, using the same observing
procedure.

The data were debiassed, flat-fielded using a pixel sensitivity
flat field, corrected for image shear following Sparks et al.
(2014), and co-added to result in a final set of (ordinary) o- and
(extraordinary) e-beam pairs for each of the four retarder
settings. A simple cosmic-ray rejection algorithm was applied
during the co-addition by comparing each frame, normalized
by the median in the spatial direction, to a median of all 18
similar spectra. The cosmic rays were identified in a mask
image, and omitted during the subsequent averaging of like-
frames. To derive the polarization information, we used the flux
ratio method (Miller et al. 1987). The normalized Stokes
parameters are given by q R R1 1q q( ) ( )� � � , where

Rq
I
I

I
I

o

e

o

e
0

0

45

45
( ) ( )� and u R R1 1u u( ) ( )� � � , where

Ru
I
I

I
I

o

e

o

e
22.5

22.5

67.5

67.5
( ) ( )� . The Stokes I and normalized q and u

frames were derived without sky subtraction, which resulted in
a clean set of q and u images since sky lines are unpolarized,
and a Stokes I image, which includes the sky. The normalized q
and u data were converted to polarized intensities Stokes Q and
U by multiplying q and u by Stokes I. We then subtracted a sky
estimate from the Stokes I image by averaging the spectra
below the bright Hα rim seen in Figure 2 (to the lower left in
Figure 1), and subtracting it from Stokes I. This worked well,
as is evident from the lower panel of Figure 2. To measure the

line emission polarization, we took the 2.5 arcsec wide region
covering the bright rim (the entire filament structure is
≈10 arcsec across), and derived a spatially integrated spectrum
for I, Q, and U, Figure 3. We integrated the section from 653.6
to 658.6 nm for Hα and 483.6 to 488.6 for Hβ, after subtracting
“continuum” regions on either side, 619.6–649.6 nm and
662.6–692.6 nm for Hα and 449.6–479.6 and
492.6–522.6 nm for Hβ. The continuum baseline subtraction
served to remove any zero point offsets from the I, Q, and U
intensity spectra. The mean values for baseline subtracted Q
and U were divided by the mean of the sky subtracted, baseline
subtracted Stokes I to derive new, final normalized Stokes
parameters q f and uf, and hence polarization degree
p q uf f

2 2� � , and position angle U Qtan1
2

1( )R G� �� ,
where f includes the instrument rotation on the sky to slit
position angle −35° and the retarder offset calibration provided
by ESO.3 The rms dispersion of Q and U about the baseline fits
provided the uncertainty estimates used for Table 1.

3. RESULTS

Figure 3 illustrates the data used to derive the polarimetric
results presented in Table 1. For the narrow core of the
dominant Hα line, polarization is detected at a level ≈4.5σ,
p≈ 0.0128 polarization degree (i.e., 1.3% polarization) and
position angle at 143°.7, only 1°.3 from the perpendicular to the
filament. The Hβ polarization is barely significant, at an≈ 2σ
level, though the values are consistent within the uncertainties
with those for Hα, at position angle 13° +/−13° from the
filament perpendicular. The Hα results form the basis of our
assertion that polarized line emission has been discovered in
the SN 1006 remnant. We estimated that the intensity of the
narrow component In to that of the broad component Ib, within
the spectral range of the narrow component only, is In /Ib≈ 1.9
(cf. Nikolić et al. 2013). Hence if only the narrow component is
contributing to the polarization, the implied corrected polariza-
tion degree of the narrow component is pn ≈ 0.0197, i.e.,
≈2.0% orthogonal to the filament direction.

4. DISCUSSION

Laming (1990) predicted emission line polarization due to
the highly anisotropic impact of energetic protons and
electrons. Specifically, Laming (1990) considers strong shocks
in a pure hydrogen plasma. For the range of shock parameters
he considers, he finds that the polarization vector should be
normal to the plane of the shock front. His analysis gives
predicted values of the polarization of the narrow Hα
component as seen in a plane perpendicular to the direction
of motion of the shock front, for various values of the shock
velocity and of the ratio β=Te/Ti of the electron to proton
post-shock temperatures. He also gives two sets of values,
depending on whether the Lyβ transition is optically thin (Case
A) or optically thick (Case B). The difference here is that if
Lyα photons are absorbed and then re-emitted at Hα, then
those Hα photons would have essentially zero net polarization.
Ghavamian et al. (2002) model the optical spectra of SN

1006. They observe essentially the same filament section as we
do. From their analysis, they conclude that the shock velocity is
2890+/−100 km s−1, and they require a low degree of

Figure 1. Location of 22 arcsec polarization slit segment on the Hubble Space
Telescope (HST) image of the SN 1006 remnant. North is up, east is to the left;
the SNR filament is in position angle ≈55°.

3 http://www.eso.org/sci/facilities/paranal/instruments/fors/inst/
pola.html
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Polarized Hα in Experiment

Incident p/e beam

Linearly polarized Hα

along the incident beam
H atom gas

In the experiments, the proton/electron beam excites the H 

atoms, resulting in linearly polarized Hα along the incident 

beam direction.
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Balmer H↵ line polarization 133

to the beam. The associated Legendre polynomial P
1
1 (cos#1) tends to zero for vanishing

#1 and hence the probability for excitation into the 3p1 state is smaller for electrons in
comparison to protons.

To obtain �l one has to sum over �lm. The square of the scattering amplitude is then
an incoherent sum over the spherical harmonics and therefore independent of #1. The only
differences between projectiles of different mass remain in the lower integration limit 1min

of the integral over ⇢
2
l
(1). So the FBA shows obviously the sensitivy of the polarization

fraction to the projectile mass whereas the l-shell excitation cross section is less sensitive.

4. Results

4.1. e
� + H impact

Our results for the polarization fraction of the H↵ line as a function of impact energy are
inserted in a figure taken from Syms et al (1975), containing their FBA and their DWPO
II results (figure 5). Data are from Kleinpoppen et al (1962), from Kleinpoppen and Kraiss
(1968) and from Mahan et al (1976). Our own data covering the energy range from 80
eV to 3 keV show relatively small polarization fraction values (error bars are obtained as
described in section 2), which, when extrapolated to lower energies, support the more recent
data from Kleinpoppen and Kraiss. Our experiments do not confirm the data of Mahan,
which are determined by weighting the the theoretical FBA polarization fractions with the
measured l-subshell cross sections. The reason for this discrepancy is probably the use of
the theoretical FBA polarization fractions. Their l-subshell cross sections are normalized to
the FBA for 500 eV and for energies below 200 eV the data deviate from the FBA. The
DWPO II results of Syms et al (1975) underestimate the present data, but the calculation is
in better agreement with our data than the FBA.
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Figure 5. Polarization fraction for electron impact. Experiment: M, present data; •,
Kleinpoppen et al (1962); N, Kleinpoppen and Kraiss (1968); ⌅, Mahan et al (1976)
(�3l + 5FBA). Theory: · · · · · ·, FBA; – – –, DWPO II model, both Syms et al (1975).
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Polarized Hα in Experiment

Incident p/e beam

134 A Werner and K-H Schartner

4.2. p, He
+ + H impact

The polarization fractions for proton and helium impact as a function of the specific energy
are presented in figure 6. For specific energies above 70 keV/amu, protons and helium ions
induce the same alignment. For specific energies below 70 keV/amu, the proton data deviate
from the helium data. The reason for these deviations is probably the capture process into
the n = 3 states of the projectile, because the fluorescence light from the projectile could not
be experimentally discriminated. To support this assumption the polarization fraction of the
H↵ line emitted by the hydrogen molecule was measured and is plotted in figure 7. If one
assumes the atoms to be aligned along the internuclear axis after dissociative excitation,
the polarization fraction should be nearly zero, since the internuclear axis is randomly
aligned. However, at an energy of 50 keV/amu the proton data show a significant positive
polarization fraction. In a classical picture the capture process can cause this polarization
fraction, because in the initial system of the projectile the target electron always carries an
orbital angular momentum perpendicular to the beam axis. In general the capture process
has to be treated in a more complicated quasimolecular orbital picture.
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Figure 6. Polarization fraction for proton and helium impact. Present data: N, proton impact;
•, He+ impact. Theory: – – –, FBA (see section 3); ⇤, symmetric close coupling (Shakeshaft
1978); �, symmetric close coupling (Slim 1994); ⌃, single centred 10-state close coupling
(Schöller et al 1986) and depolarization included; M, eikonal impulse approximation (Rodriguez
and Miraglia 1992).

Dowek et al (1992) have investigated the polarization fraction of the ion impact-
induced Lyman-↵ radiation. In He+–H2 collisions, observing the polarization fraction due
to dissociative excitation, the alignment is nearly zero, in contrast to H+–He collisions,
where the polarization fraction due to charge transfer is positive for energies above 20 keV.

Calculated polarization fractions included in figure 6 result from the FBA as described
in section 3. The FBA yields a smooth dependency with the correct decrease to higher
energies, but overall the polarization fraction is shifted towards negative values.

From close-coupling calculations yielding the magnetic sublevel cross sections, the
polarization fraction was computed using the equations in section 3.1. The CC calculation by
Shakeshaft (1978) shows an oscillatory behaviour and does not really match the experiment
at any energy. The calculation by Slim (1994) using a large symmetric basis is oscillating
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Case of protonH atom gas

In the experiments, the proton/electron beam excites the H 

atoms, resulting in linearly polarized Hα along the incident 

beam direction.



Polarized Hα in SNR shocks

Incident p/e beam
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Shock front



Polarized Hα in SNR shocks

Incident p/e beam

~Vsh

– 5 –

∼ Vsh (41)

∼

√
kTRH

mp
(42)

∼
√

kTRH

me
(43)

∼

√
kTdown

mp
=

√
kTRH

mp
(44)

∼

√
kTdown

mp
<

√
kTRH

mp
(45)

(46)

(47)

∆p =
4

3

(u0 − u2)p

c
(48)

pk ∝ exp

(
k
∆p

p0

)
(49)

Nk ∝ exp

(
−k

4u2
c

)
(50)

dNk

dp
∝ p−s (51)

s = 1 +
3u2

u0 − u2
≈ 2 (52)

Fup =
N(p)c

4
(53)

Fdown = N(p)u2 (54)
Fdown

Fup
=

4u2
c

(55)

L ∼ D(E)

u0
(56)

L ∼ RSNR (57)

Shock

heated p/e

• In the SNR shocks, since the shock heated 

proton/electron also excites the H atoms, the net 
linear polarization of Hα is depolarized.

pFor SNR shocks, the polarized Hα with a 
few % degree was firstly predicted by Laming 
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On the energy loss of the shocks
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On the energy loss of the shocks

If we measure independently the downstream 

temperature Tdown and the shock velocity Vsh, we 

can estimate the energy loss rate as a missing 
thermal energy.
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Suggesting the significant energy 
loss @ RCW 86 (e.g. Helder+ 09, 
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üIn order to derive the shock velocity from the 

proper motion, we need a distance to the SNR with 
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heated p/e

• In the SNR shocks, since the shock heated 

proton/electron also excites the H atoms, the net 
linear polarization of Hα is depolarized.

Shock front
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• When the shock efficiently accelerates CRs, the 
downstream temperature becomes lower, 
resulting in a higher polarization of Hα.

Shock front
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heated p/e

• When the shock efficiently accelerates CRs, the 
downstream temperature becomes lower, 
resulting in a higher polarization of Hα.

Shock front

p In the previous study, Laming (1990) 

considered only Hα emission from shocks 
without CRs.

p In this work, updating the atomic data (e.g. 

cross sections), we calculate polarized Hα 
emissions from shocks efficiently 
accelerating CRs based on the latest 

radiation line transfer model constructed by 

Shimoda & Laming (2019).



Calculation diagram
Shock!jump!condi>ons�

The!downstream!temperature!and!
velocity!are!set!as�

– 3 –

kTRH =
3

16
µmpVsh

2 (3)

Vsh ≈ 1871± 250 km/s (4)

kTRH =
3

16
µmpVsh

2 ≈ 4.5± 1.2 keV (5)

kTdown ≈ 2.3± 0.3 keV (6)

η =
TRH − Tdown

TRH
≈ 0.6± 0.1 (7)

δ ≡ 1− u′2
u′1

(8)

kTp =
3

16
(1− η)µmpV

2
sh (9)

kTe = βkTp (10)

8 J. Shimoda et al.

 0

 0.5

 1

 1.5

 2

 0  0.2  0.4  0.6  0.8  1
 0

 5

 10

 15

 20

 25

 30

γ1=4/3

Rc=7

η=0.34

γ 1
, 
ε

R
c,

 D
q
 u

2
2

η

γ1

ε
Rc

Dpu2
2

Deu2
2

Figure 5. The relationships between η and γ1, ε, Rc and
Dqu22 = mqu22/(2kTq ). The left hand side vertical axis repre-
sents γ1 and ε, and the right hand side shows Rc and Dqu22.
The purple line is γ1. The green line represents the energy loss
fraction ε. The effective compression ratio Rc is shown by the
light blue line. The orange solid line is Dpu22 and the orange bro-
ken line is Deu22 for β = 0.05. The vertical black line in the panel
is η = 0.34, where γ1 = 4/3 and Rc = 7.

We take the minus sign in front of the square root in Eq. (34)
to derive the physical solution satisfying γ1 = γ for η = 0.
Hence, the compression ratio Rc is given by the energy loss
rate η. The downstream velocity in the region behind the
cooling layer u2, which is measured in the upstream frame,
is derived from Eqs. (28) and (29) as

u2 =
(
1 − 1

Rc

)
Vsh =

(
1 − 1

Rc

) √
(γ + 1)2

2(γ − 1)
kTp

(1 − η)µmp
. (35)

Figure 5 shows γ1, ε, Rc and Dqu22 = mqu22/(2kTq ) as func-
tion of η. The representative value of η = 0.34 is illustrated
by the vertical black line, where γ1 = 4/3 and Rc = 7. We pre-
dict that highly polarized Balmer line emissions come from
large Dqu22. From the above formulae, setting the parame-
ters Tp, η and β, we calculate the polarization degree from
Eqs. (19) and (20). Note that for given downstream proton
temperature Tp, a large energy loss rate η corresponds to a
large shock velocity Vsh.

For typical young SNR, the temperature ratio, β, is
estimated by the intensity ratio of the broad component
of H α to narrow one, and to be β ∼ 0.03-0.07 (e.g.
van Adelsberg et al. 2008). Furthermore, Laming (1990)
showed that the polarized intensity depends on the proton
temperature rather than the electron temperature. This fact
arises from the stronger anisotropy of the proton’s velocity
distribution than that for the electrons, Deu22/(Dpu22) =
me/(mp β) ≪ 1. Hence, the polarization intensity, Qn, is
mainly determined by the proton impacts. Indeed, the
anisotropy of electron velocity distribution is very small as
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Figure 6. The anisotropy of velocity distribution of protons and
electrons, Dqu22 = mqu22/(2kTq ), and the effective mean molecu-
lar weight µ as function of β for η = 0. The left hand side vertical
axis represents Dqu22. The orange solid line is Dpu22 and the or-
ange broken line is Deu22. The purple line shows µ, whose value
is represented by the right hand side vertical axis.

Deu22 ≈ me/
(
mp β(1 − η)

)
≪ 1. Since the electrons colliding

with energy Ee >∼ 10 eV (equivalently ve ≈ 2500 km/s) ex-
cite the hydrogen atom, it contributes to Qn in the case of
u2 >∼ 2500 km/s and β ≈ me/mp. However, the electron im-
pacts yield unpolarized emission, that is, the polarization
degree Qn/In depends on the electron temperature. Figure 6
shows Dqu22 and µ as function of β for η = 0.

3 THE POLARIZATION DEGREE OF H α
EMISSION

In this section, we show the results of the observed polariza-
tion degree of H α emission.

First of all, we show the results for χ = π/2 and β = 0.05.
Figure 7 represents the observed polarization degree as a
function of the energy loss rate η for Case A with fixed Tp.
The solid lines show the results for Tp = 0.47-16.9 keV (cor-
responding points are shown in the panel). For large η, the
anisotropy of the proton velocity distribution becomes large
(as shown in Fig. 5), resulting in larger polarization degree.
For fixed Tp, large η yields large downstream velocity u2
(see Eq. (35)). It means that the peak of the particle veloc-
ity distribution slides to the high velocity side but its width
is fixed. When the downstream velocity u2 is larger than
≈ 2500 km s−1, the excitation rate of the hydrogen atoms
by the electron impact becomes large, because almost all
the electrons can excite the hydrogen atoms. That causes
the large unpolarized intensity In and the small polarization
degree Qn/In.

Figure 8 represents the temperature dependence of the
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ters Tp, η and β, we calculate the polarization degree from
Eqs. (19) and (20). Note that for given downstream proton
temperature Tp, a large energy loss rate η corresponds to a
large shock velocity Vsh.

For typical young SNR, the temperature ratio, β, is
estimated by the intensity ratio of the broad component
of H α to narrow one, and to be β ∼ 0.03-0.07 (e.g.
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with energy Ee >∼ 10 eV (equivalently ve ≈ 2500 km/s) ex-
cite the hydrogen atom, it contributes to Qn in the case of
u2 >∼ 2500 km/s and β ≈ me/mp. However, the electron im-
pacts yield unpolarized emission, that is, the polarization
degree Qn/In depends on the electron temperature. Figure 6
shows Dqu22 and µ as function of β for η = 0.

3 THE POLARIZATION DEGREE OF H α
EMISSION

In this section, we show the results of the observed polariza-
tion degree of H α emission.

First of all, we show the results for χ = π/2 and β = 0.05.
Figure 7 represents the observed polarization degree as a
function of the energy loss rate η for Case A with fixed Tp.
The solid lines show the results for Tp = 0.47-16.9 keV (cor-
responding points are shown in the panel). For large η, the
anisotropy of the proton velocity distribution becomes large
(as shown in Fig. 5), resulting in larger polarization degree.
For fixed Tp, large η yields large downstream velocity u2
(see Eq. (35)). It means that the peak of the particle veloc-
ity distribution slides to the high velocity side but its width
is fixed. When the downstream velocity u2 is larger than
≈ 2500 km s−1, the excitation rate of the hydrogen atoms
by the electron impact becomes large, because almost all
the electrons can excite the hydrogen atoms. That causes
the large unpolarized intensity In and the small polarization
degree Qn/In.
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We take the minus sign in front of the square root in Eq. (34)
to derive the physical solution satisfying γ1 = γ for η = 0.
Hence, the compression ratio Rc is given by the energy loss
rate η. The downstream velocity in the region behind the
cooling layer u2, which is measured in the upstream frame,
is derived from Eqs. (28) and (29) as
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Figure 5 shows γ1, ε, Rc and Dqu22 = mqu22/(2kTq ) as func-
tion of η. The representative value of η = 0.34 is illustrated
by the vertical black line, where γ1 = 4/3 and Rc = 7. We pre-
dict that highly polarized Balmer line emissions come from
large Dqu22. From the above formulae, setting the parame-
ters Tp, η and β, we calculate the polarization degree from
Eqs. (19) and (20). Note that for given downstream proton
temperature Tp, a large energy loss rate η corresponds to a
large shock velocity Vsh.

For typical young SNR, the temperature ratio, β, is
estimated by the intensity ratio of the broad component
of H α to narrow one, and to be β ∼ 0.03-0.07 (e.g.
van Adelsberg et al. 2008). Furthermore, Laming (1990)
showed that the polarized intensity depends on the proton
temperature rather than the electron temperature. This fact
arises from the stronger anisotropy of the proton’s velocity
distribution than that for the electrons, Deu22/(Dpu22) =
me/(mp β) ≪ 1. Hence, the polarization intensity, Qn, is
mainly determined by the proton impacts. Indeed, the
anisotropy of electron velocity distribution is very small as
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with energy Ee >∼ 10 eV (equivalently ve ≈ 2500 km/s) ex-
cite the hydrogen atom, it contributes to Qn in the case of
u2 >∼ 2500 km/s and β ≈ me/mp. However, the electron im-
pacts yield unpolarized emission, that is, the polarization
degree Qn/In depends on the electron temperature. Figure 6
shows Dqu22 and µ as function of β for η = 0.

3 THE POLARIZATION DEGREE OF H α
EMISSION

In this section, we show the results of the observed polariza-
tion degree of H α emission.

First of all, we show the results for χ = π/2 and β = 0.05.
Figure 7 represents the observed polarization degree as a
function of the energy loss rate η for Case A with fixed Tp.
The solid lines show the results for Tp = 0.47-16.9 keV (cor-
responding points are shown in the panel). For large η, the
anisotropy of the proton velocity distribution becomes large
(as shown in Fig. 5), resulting in larger polarization degree.
For fixed Tp, large η yields large downstream velocity u2
(see Eq. (35)). It means that the peak of the particle veloc-
ity distribution slides to the high velocity side but its width
is fixed. When the downstream velocity u2 is larger than
≈ 2500 km s−1, the excitation rate of the hydrogen atoms
by the electron impact becomes large, because almost all
the electrons can excite the hydrogen atoms. That causes
the large unpolarized intensity In and the small polarization
degree Qn/In.

Figure 8 represents the temperature dependence of the
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We take the minus sign in front of the square root in Eq. (34)
to derive the physical solution satisfying γ1 = γ for η = 0.
Hence, the compression ratio Rc is given by the energy loss
rate η. The downstream velocity in the region behind the
cooling layer u2, which is measured in the upstream frame,
is derived from Eqs. (28) and (29) as

u2 =
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)
Vsh =
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) √
(γ + 1)2

2(γ − 1)
kTp

(1 − η)µmp
. (35)

Figure 5 shows γ1, ε, Rc and Dqu22 = mqu22/(2kTq ) as func-
tion of η. The representative value of η = 0.34 is illustrated
by the vertical black line, where γ1 = 4/3 and Rc = 7. We pre-
dict that highly polarized Balmer line emissions come from
large Dqu22. From the above formulae, setting the parame-
ters Tp, η and β, we calculate the polarization degree from
Eqs. (19) and (20). Note that for given downstream proton
temperature Tp, a large energy loss rate η corresponds to a
large shock velocity Vsh.

For typical young SNR, the temperature ratio, β, is
estimated by the intensity ratio of the broad component
of H α to narrow one, and to be β ∼ 0.03-0.07 (e.g.
van Adelsberg et al. 2008). Furthermore, Laming (1990)
showed that the polarized intensity depends on the proton
temperature rather than the electron temperature. This fact
arises from the stronger anisotropy of the proton’s velocity
distribution than that for the electrons, Deu22/(Dpu22) =
me/(mp β) ≪ 1. Hence, the polarization intensity, Qn, is
mainly determined by the proton impacts. Indeed, the
anisotropy of electron velocity distribution is very small as
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Deu22 ≈ me/
(
mp β(1 − η)

)
≪ 1. Since the electrons colliding

with energy Ee >∼ 10 eV (equivalently ve ≈ 2500 km/s) ex-
cite the hydrogen atom, it contributes to Qn in the case of
u2 >∼ 2500 km/s and β ≈ me/mp. However, the electron im-
pacts yield unpolarized emission, that is, the polarization
degree Qn/In depends on the electron temperature. Figure 6
shows Dqu22 and µ as function of β for η = 0.

3 THE POLARIZATION DEGREE OF H α
EMISSION

In this section, we show the results of the observed polariza-
tion degree of H α emission.

First of all, we show the results for χ = π/2 and β = 0.05.
Figure 7 represents the observed polarization degree as a
function of the energy loss rate η for Case A with fixed Tp.
The solid lines show the results for Tp = 0.47-16.9 keV (cor-
responding points are shown in the panel). For large η, the
anisotropy of the proton velocity distribution becomes large
(as shown in Fig. 5), resulting in larger polarization degree.
For fixed Tp, large η yields large downstream velocity u2
(see Eq. (35)). It means that the peak of the particle veloc-
ity distribution slides to the high velocity side but its width
is fixed. When the downstream velocity u2 is larger than
≈ 2500 km s−1, the excitation rate of the hydrogen atoms
by the electron impact becomes large, because almost all
the electrons can excite the hydrogen atoms. That causes
the large unpolarized intensity In and the small polarization
degree Qn/In.

Figure 8 represents the temperature dependence of the
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p Downstream velocity in the upstream frame

of particle q, ∼ 108 s
( nq

1 cm−3

)−1 ( σ
1016 cm2

)−1 ( vq
108 cm s−1

)−1
for SNR shocks. Therefore, we

assume that all the hydrogen atoms are excited from the ground state (e.g. van Adelsberg
et al., 2008).

6.2.4 Lyman Line Trapping

A part of hydrogen atoms in the states n > 2 emit Lyman-series photons (e.g. 3p → 1s).
If the system is optically thick for the Lyman photon, the emitted Lyman photons are
absorbed by the ground-state hydrogen atoms and eventually converted to other series as
Balmer, Paschen and so on (e.g. Heng, 2010). In such a situation, for instance, the branching
ratio in Eq. (6-2-13) is effectively B3p,2s ≈ 1 (e.g. van Adelsberg et al., 2008). It is called
“Case B”. On the other hand, for optically thin limit (known as “Case A”), we can use the
values of the branching ratio summarized in Table 6.1.

In this paper, we assume that the Balmer photons emitted by the absorption of Lyman
photons are unpolarized. Therefore, for Case B, the branching ratios concerning I are
approximately

B3p,2s = 1,

B4p,2s = 1− B4p,3s − B4p,3d,

B4p,3s = 1− B4p,2s − B4p,3d.

6.2.5 Polarization from the Shock Wave

Using the atomic data given in previous sections, we calculate the Stokes parameters for
an arbitrary velocity distribution of the particle q, fq(vq,u2). The velocity distribution
function of particle q is set to a Maxwellian as

fq(vq,u2) =

(
mq

2πkTq

) 3
2

exp

(
−mq(vq − u2)2

2kTq

)
, (6-2-18)

where mq and k are respectively the mass of particle q and Boltzmann constant, Tq is the
downstream temperature of particle q. Substituting Eq. (6-2-18) into Eqs. (6-2-5)-(6-2-6),
and integrating 0 ≤ θ ≤ π and 0 ≤ ϕ ≤ 2π, we derive

Qn = 4πnHE
2 sin2 χ
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) 3
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×
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×
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1

αq
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sinhαq −
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(6-2-19)
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radiative shock, Cohen+98). 

– 5 –

∆p =
4

3

(u0 − u2)p

c
(46)

pk ∝ exp

(
k
∆p

p0

)
(47)

Nk ∝ exp

(
−k

4u2
c

)
(48)

dNk

dp
∝ p−s (49)

s = 1 +
3u2

u0 − u2
≈ 2 (50)

Fup =
N(p)c

4
(51)

Fdown = N(p)u2 (52)
Fdown

Fup
=

4u2
c

(53)

L ∼ D(E)

u0
(54)

L ∼ RSNR (55)

ζ =
JzBz

ρc

rg(p1)

ush2
=

eCR

ρush2
ush
c

1− p1
p2

ln
(

p1
mpc

) (56)

lep ∼ 1018 cm

(
lnΛ

30.9

)−1 ( n

1 cm−3

)−1
(

T

1 keV

)2

(57)

(58)

Π ≡
I∥ − I⊥
I∥ + I⊥

(59)

Q ≡ I∥ − I⊥ (60)

I ≡ I∥ + I⊥ (61)

(62)

– 5 –

∆p =
4

3

(u0 − u2)p

c
(46)

pk ∝ exp

(
k
∆p

p0

)
(47)

Nk ∝ exp

(
−k

4u2
c

)
(48)

dNk

dp
∝ p−s (49)

s = 1 +
3u2

u0 − u2
≈ 2 (50)

Fup =
N(p)c

4
(51)

Fdown = N(p)u2 (52)
Fdown

Fup
=

4u2
c

(53)

L ∼ D(E)

u0
(54)

L ∼ RSNR (55)

ζ =
JzBz

ρc

rg(p1)

ush2
=

eCR

ρush2
ush
c

1− p1
p2

ln
(

p1
mpc

) (56)

lep ∼ 1018 cm

(
lnΛ

30.9

)−1 ( n

1 cm−3

)−1
(

T

1 keV

)2

(57)

(58)

Π ≡
I∥ − I⊥
I∥ + I⊥

(59)

Q ≡ I∥ − I⊥ (60)

I ≡ I∥ + I⊥ (61)

(62)

– 6 –

ζ =
JzBz

ρc

rg(p1)

ush2
=

eCR

ρush2
ush
c

1− p1
p2

ln
(

p1
mpc

) (58)

lep ∼ 1018 cm

(
lnΛ

30.9

)−1 ( n

1 cm−3

)−1
(

T

1 keV

)2

(59)

(60)

Π ≡
I∥ − I⊥
I∥ + I⊥

(61)

Q ≡ I∥ − I⊥ (62)

I ≡ I∥ + I⊥ (63)

(64)

ρu = const. (65)

ρu2 + p = const. (66)

F0(u0)− F2(u2) = εF0(u0) (67)

F (u) ≡ ρu

(
u2

2
+

γ

γ − 1

p

ρ

)
(68)

p ∝ ργ (69)

u′2 =
γ1 + 1

γ1 − 1
u′0 (70)

ρ2 =
γ1 − 1

γ1 + 1
ρ0 (71)

p2 =
2

γ1 + 1
ρ0u

′
0
2 (72)

u2 =

(
1− 1

Rc

)√
16

3

kTp

(1− η)µmp
(73)

Rc ≡
ρ2
ρ0

(74)

η = 1− 16

3

2(γ1 − 1)

(γ1 + 1)2
(75)



0

1

2

3

4

5

5 10 15 20 25 30

η=0

η=0.3

η=0.5

SN 1006

Po
la
riz
at
io
n
de
gr
ee
of
H
α
[%
]

Downstream Proton Temperature [keV]

Polarization degree of Ha

p The degree 

depends on the 

loss rate η.

p The observation 

of SN 1006 

implies η ≈ 0.15



0

1

2

3

4

5

5 10 15 20 25 30

η=0

η=0.15

η=0.3

η=0.5

SN 1006

Po
la
riz
at
io
n
de
gr
ee
of
H
α
[%
]

Downstream Proton Temperature [keV]

Polarization degree of Ha

p The degree 

depends on the 

loss rate η.

p The observation 

of SN 1006 

implies η ≈ 0.15



SN 1006
The Astrophysical Journal, 781:65 (18pp), 2014 February 1 Winkler et al.

04:00.0 30.0 15:03:00.0 30.0 02:00.0 01:30.0

-4
1:

40
:0

0.
0

45
:0

0.
0

50
:0

0.
0

55
:0

0.
0

-4
2:

00
:0

0.
0

05
:0

0.
0

10
:0

0.
0

R.A. (J2000.0)

D
ec

l. 
(J

20
00

.0
)

1998 2010

Figure 3. Large upper panel shows a very deep Hα image of SN 1006, after continuum subtraction, obtained at the CTIO 4 m Blanco telescope with the Mosaic II
camera, 2010. The relatively bright filaments to the NW are saturated in this display, in order to emphasize the far fainter emission elsewhere in the remnant. The field
is 36′ square, and exactly matches that of the X-ray image, Figure 2. The smaller images below show both the 1998 and 2010 images at the same scale; most of the
features seen in the 2010 image are also visible in the earlier low-resolution image.

2013). We discuss these possibilities further in Section 8.3.
There are also several thin arcs of Balmer emission without an
obvious X-ray knot behind, which could have resulted from less
dense clumps of ejecta or ones that have dissipated.

In the NW, the new Hα image clearly shows the complex
structure ahead of the bright filaments, best shown in Figure 5
(center), where this region is displayed with a very hard stretch
to show the faintest emission. Very faint X-ray emission is also

seen outside the main Balmer filament, up to the outermost
limit of optical emission. The optical morphology indicates a
rippled sheet seen edge-on, with the multiple edges representing
tangencies at different locations (as shown by Hester 1987). It
has long been clear that this is the cause for the undulating
structure of the primary NW filament, but the deeper image
shows this structure to be more complex than previously
realized. The bright filament is the result of an encounter
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Figure 2. “True-color” X-ray mosaic of all the 2012 Chandra/ACIS observations of SN 1006; red = soft (0.5–1.2 keV), green = medium (1.2–2.0 keV), blue = hard
(2.0–7.0 keV). The synchrotron-dominated regions along the NE and SW rims are much harder than the thermal-dominated emission from elsewhere in SN 1006.

is presumably in the foreground or background and not physi-
cally associated with SN 1006 itself. It is not clear just which
emission features within the shell are physically associated, but
some—ones with associated X-ray features—definitely are, as
we discuss in the following section.

4. RELATION OF X-RAY AND OPTICAL FEATURES

Comparison between the X-ray and optical images shows
several thin arcs of Balmer emission, primarily within the
southern portion of the SN 1006 shell, that lie immediately in
front of some of the brighter tufts or flocculi of X-ray emission.
These X-ray structures, also seen in previous X-ray images, have
scales that are typically 10′′–30′′ (0.1–0.3 pc). Two examples are
shown in Figure 4. These Balmer filaments seen (in projection)
in the remnant interior strongly resemble bowshocks, and the
X-ray tufts behind them have spectra indicating that they are
ejecta-dominated (see Section 6). These are probably similar
structures to the far brighter bulge in the NW Balmer filament,
at about 2 o’clock in Figure 3, which precedes a bright thermal

X-ray knot that has long been attributed to an ejecta bullet (Long
et al. 2003; Vink et al. 2003; Broersen et al. 2013).

The presence of Balmer emission absolutely requires partially
neutral interstellar H ahead of the shock, so the bowshock
features must be located on the front or back sides of the
remnant’s shell, seen in the interior only in projection. The X-ray
knots behind them have a somewhat flattened appearance,
consistent with ejecta running into interstellar material. There
are many small X-ray tufts similar to those shown in Figure 4,
and with a spectral character that indicates SN ejecta, but that
are not preceded by optical bowshocks. This absence simply
indicates the absence of neutral gas in front of them; they may
not have reached the remnant shell, or the pre-shock gas at that
point could be fully ionized or too tenuous to produce significant
Balmer emission. The origin of the X-ray tufts—whether with
or without associated Balmer bowshocks—is not obvious; they
could have resulted from small-scale density inhomogeneities
imprinted during the explosion itself (Orlando et al. 2012), or
they could be the result of more recent Rayleigh–Taylor (R-T)
instabilities in the expanding ejecta (e.g., Warren & Blondin
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Figure 2. “True-color” X-ray mosaic of all the 2012 Chandra/ACIS observations of SN 1006; red = soft (0.5–1.2 keV), green = medium (1.2–2.0 keV), blue = hard
(2.0–7.0 keV). The synchrotron-dominated regions along the NE and SW rims are much harder than the thermal-dominated emission from elsewhere in SN 1006.

is presumably in the foreground or background and not physi-
cally associated with SN 1006 itself. It is not clear just which
emission features within the shell are physically associated, but
some—ones with associated X-ray features—definitely are, as
we discuss in the following section.

4. RELATION OF X-RAY AND OPTICAL FEATURES

Comparison between the X-ray and optical images shows
several thin arcs of Balmer emission, primarily within the
southern portion of the SN 1006 shell, that lie immediately in
front of some of the brighter tufts or flocculi of X-ray emission.
These X-ray structures, also seen in previous X-ray images, have
scales that are typically 10′′–30′′ (0.1–0.3 pc). Two examples are
shown in Figure 4. These Balmer filaments seen (in projection)
in the remnant interior strongly resemble bowshocks, and the
X-ray tufts behind them have spectra indicating that they are
ejecta-dominated (see Section 6). These are probably similar
structures to the far brighter bulge in the NW Balmer filament,
at about 2 o’clock in Figure 3, which precedes a bright thermal

X-ray knot that has long been attributed to an ejecta bullet (Long
et al. 2003; Vink et al. 2003; Broersen et al. 2013).

The presence of Balmer emission absolutely requires partially
neutral interstellar H ahead of the shock, so the bowshock
features must be located on the front or back sides of the
remnant’s shell, seen in the interior only in projection. The X-ray
knots behind them have a somewhat flattened appearance,
consistent with ejecta running into interstellar material. There
are many small X-ray tufts similar to those shown in Figure 4,
and with a spectral character that indicates SN ejecta, but that
are not preceded by optical bowshocks. This absence simply
indicates the absence of neutral gas in front of them; they may
not have reached the remnant shell, or the pre-shock gas at that
point could be fully ionized or too tenuous to produce significant
Balmer emission. The origin of the X-ray tufts—whether with
or without associated Balmer bowshocks—is not obvious; they
could have resulted from small-scale density inhomogeneities
imprinted during the explosion itself (Orlando et al. 2012), or
they could be the result of more recent Rayleigh–Taylor (R-T)
instabilities in the expanding ejecta (e.g., Warren & Blondin
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Figure 2. “True-color” X-ray mosaic of all the 2012 Chandra/ACIS observations of SN 1006; red = soft (0.5–1.2 keV), green = medium (1.2–2.0 keV), blue = hard
(2.0–7.0 keV). The synchrotron-dominated regions along the NE and SW rims are much harder than the thermal-dominated emission from elsewhere in SN 1006.

is presumably in the foreground or background and not physi-
cally associated with SN 1006 itself. It is not clear just which
emission features within the shell are physically associated, but
some—ones with associated X-ray features—definitely are, as
we discuss in the following section.

4. RELATION OF X-RAY AND OPTICAL FEATURES

Comparison between the X-ray and optical images shows
several thin arcs of Balmer emission, primarily within the
southern portion of the SN 1006 shell, that lie immediately in
front of some of the brighter tufts or flocculi of X-ray emission.
These X-ray structures, also seen in previous X-ray images, have
scales that are typically 10′′–30′′ (0.1–0.3 pc). Two examples are
shown in Figure 4. These Balmer filaments seen (in projection)
in the remnant interior strongly resemble bowshocks, and the
X-ray tufts behind them have spectra indicating that they are
ejecta-dominated (see Section 6). These are probably similar
structures to the far brighter bulge in the NW Balmer filament,
at about 2 o’clock in Figure 3, which precedes a bright thermal

X-ray knot that has long been attributed to an ejecta bullet (Long
et al. 2003; Vink et al. 2003; Broersen et al. 2013).

The presence of Balmer emission absolutely requires partially
neutral interstellar H ahead of the shock, so the bowshock
features must be located on the front or back sides of the
remnant’s shell, seen in the interior only in projection. The X-ray
knots behind them have a somewhat flattened appearance,
consistent with ejecta running into interstellar material. There
are many small X-ray tufts similar to those shown in Figure 4,
and with a spectral character that indicates SN ejecta, but that
are not preceded by optical bowshocks. This absence simply
indicates the absence of neutral gas in front of them; they may
not have reached the remnant shell, or the pre-shock gas at that
point could be fully ionized or too tenuous to produce significant
Balmer emission. The origin of the X-ray tufts—whether with
or without associated Balmer bowshocks—is not obvious; they
could have resulted from small-scale density inhomogeneities
imprinted during the explosion itself (Orlando et al. 2012), or
they could be the result of more recent Rayleigh–Taylor (R-T)
instabilities in the expanding ejecta (e.g., Warren & Blondin
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the assumption of a spectral difference between the NE and the
SW region. The large uncertainties on SWG make this difference
not significant and more data are crucially needed to shed light
on this point. Finally, the presence or not of a hadronic
component does not explain why the SW region is fainter than
the NE region in the GeV band. This could mean that the IC
emission is dimmer in this energy band, for instance due to a
harder electron population in the SW region where part of the
shock is interacting with a cloud. Again, more data is needed to
confirm this effect.

As the new spectral points for the whole remnant are very
close to the upper limits from Acero et al. (2015b), our
modeling is consistent with the one shown in the upper panel of
Figure 6 in Miceli et al. (2016); we confirm that a total hadronic
energy of 5 1049´ erg is conceivable to explain the HE γ-ray
emission in the SW region of SN1006.

6. Conclusion

In this work, we studied the shell-type SNRs HESSJ1731
−347 and SN1006 in the GeV band. Analyzing 8 years of LAT
Pass 8 data in the energy range 1 GeV− 2 TeV, we found
significant γ-ray excesses at the positions of both sources. The
spectral study using templates derived from the H.E.S.S. excess
maps revealed a photon index of 1.66 0.16 0.12stat systG = o o
for HESSJ1731−347 and 1.79 0.17 0.27stat systG = o o for
SN1006, both in agreement with previous works (Acero et al.
2015b; Xing et al. 2016). Although a detection of these two
sources with Fermi-LAT was not expected without several more
years of data, as argued in Acero et al. (2015b)ʼs conclusion, the
improved efficiency of the Pass8 data combined with an energy
range extended to higher energy made it feasible.

In our Figure 3, we reproduce Figure 3 from Acero et al.
(2015b) and overlay HESSJ1731−347 and SN1006 spectral
points in the GeV–TeV band. We can see that the new spectra
are in good agreement with the models. Overall, the hard
spectra of these SNRs suggest a common scenario in which the
bulk of the γ-ray emission is produced by inverse Compton

scattering of high-energy electrons. The γ-ray emission is likely
to be leptonic dominated. However, this does not rule out
efficient hadron acceleration in these TeV shells and the
spectral asymmetry visible in SN1006 might be a first
evidence in this respect.
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Figure 3. Leptonic modeling for the five TeV shell-type remnants: RCW86
(Red), RXJ1713.7−3946 (Black), RXJ0852.0−4622 (Blue), HESSJ1731
−347 (Green) and SN1006 (Purple). Spectral points in the GeV and TeV
bands are shown for HESSJ1731−347 and SN1006. For the references of
each modeling, see Acero et al. (2015b), from which the original version of this
figure is extracted.
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Figure 2. “True-color” X-ray mosaic of all the 2012 Chandra/ACIS observations of SN 1006; red = soft (0.5–1.2 keV), green = medium (1.2–2.0 keV), blue = hard
(2.0–7.0 keV). The synchrotron-dominated regions along the NE and SW rims are much harder than the thermal-dominated emission from elsewhere in SN 1006.

is presumably in the foreground or background and not physi-
cally associated with SN 1006 itself. It is not clear just which
emission features within the shell are physically associated, but
some—ones with associated X-ray features—definitely are, as
we discuss in the following section.

4. RELATION OF X-RAY AND OPTICAL FEATURES

Comparison between the X-ray and optical images shows
several thin arcs of Balmer emission, primarily within the
southern portion of the SN 1006 shell, that lie immediately in
front of some of the brighter tufts or flocculi of X-ray emission.
These X-ray structures, also seen in previous X-ray images, have
scales that are typically 10′′–30′′ (0.1–0.3 pc). Two examples are
shown in Figure 4. These Balmer filaments seen (in projection)
in the remnant interior strongly resemble bowshocks, and the
X-ray tufts behind them have spectra indicating that they are
ejecta-dominated (see Section 6). These are probably similar
structures to the far brighter bulge in the NW Balmer filament,
at about 2 o’clock in Figure 3, which precedes a bright thermal

X-ray knot that has long been attributed to an ejecta bullet (Long
et al. 2003; Vink et al. 2003; Broersen et al. 2013).

The presence of Balmer emission absolutely requires partially
neutral interstellar H ahead of the shock, so the bowshock
features must be located on the front or back sides of the
remnant’s shell, seen in the interior only in projection. The X-ray
knots behind them have a somewhat flattened appearance,
consistent with ejecta running into interstellar material. There
are many small X-ray tufts similar to those shown in Figure 4,
and with a spectral character that indicates SN ejecta, but that
are not preceded by optical bowshocks. This absence simply
indicates the absence of neutral gas in front of them; they may
not have reached the remnant shell, or the pre-shock gas at that
point could be fully ionized or too tenuous to produce significant
Balmer emission. The origin of the X-ray tufts—whether with
or without associated Balmer bowshocks—is not obvious; they
could have resulted from small-scale density inhomogeneities
imprinted during the explosion itself (Orlando et al. 2012), or
they could be the result of more recent Rayleigh–Taylor (R-T)
instabilities in the expanding ejecta (e.g., Warren & Blondin
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the assumption of a spectral difference between the NE and the
SW region. The large uncertainties on SWG make this difference
not significant and more data are crucially needed to shed light
on this point. Finally, the presence or not of a hadronic
component does not explain why the SW region is fainter than
the NE region in the GeV band. This could mean that the IC
emission is dimmer in this energy band, for instance due to a
harder electron population in the SW region where part of the
shock is interacting with a cloud. Again, more data is needed to
confirm this effect.

As the new spectral points for the whole remnant are very
close to the upper limits from Acero et al. (2015b), our
modeling is consistent with the one shown in the upper panel of
Figure 6 in Miceli et al. (2016); we confirm that a total hadronic
energy of 5 1049´ erg is conceivable to explain the HE γ-ray
emission in the SW region of SN1006.

6. Conclusion

In this work, we studied the shell-type SNRs HESSJ1731
−347 and SN1006 in the GeV band. Analyzing 8 years of LAT
Pass 8 data in the energy range 1 GeV− 2 TeV, we found
significant γ-ray excesses at the positions of both sources. The
spectral study using templates derived from the H.E.S.S. excess
maps revealed a photon index of 1.66 0.16 0.12stat systG = o o
for HESSJ1731−347 and 1.79 0.17 0.27stat systG = o o for
SN1006, both in agreement with previous works (Acero et al.
2015b; Xing et al. 2016). Although a detection of these two
sources with Fermi-LAT was not expected without several more
years of data, as argued in Acero et al. (2015b)ʼs conclusion, the
improved efficiency of the Pass8 data combined with an energy
range extended to higher energy made it feasible.

In our Figure 3, we reproduce Figure 3 from Acero et al.
(2015b) and overlay HESSJ1731−347 and SN1006 spectral
points in the GeV–TeV band. We can see that the new spectra
are in good agreement with the models. Overall, the hard
spectra of these SNRs suggest a common scenario in which the
bulk of the γ-ray emission is produced by inverse Compton

scattering of high-energy electrons. The γ-ray emission is likely
to be leptonic dominated. However, this does not rule out
efficient hadron acceleration in these TeV shells and the
spectral asymmetry visible in SN1006 might be a first
evidence in this respect.
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Figure 3. Leptonic modeling for the five TeV shell-type remnants: RCW86
(Red), RXJ1713.7−3946 (Black), RXJ0852.0−4622 (Blue), HESSJ1731
−347 (Green) and SN1006 (Purple). Spectral points in the GeV and TeV
bands are shown for HESSJ1731−347 and SN1006. For the references of
each modeling, see Acero et al. (2015b), from which the original version of this
figure is extracted.
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We hope further observations!



Summary of this work

pWe have calculated the polarized Balmer line 

emissions from the collisionless shocks efficiently 

accelerating CRs.

pThe energy loss rate of the shocks due to the CR 
acceleration can be measured by the polarization 

degree.

pOur results suggest a sizable loss rate for SN 1006.

→ Hadronic dominated γ-rays will be detected ?



Once we determine the η and distance

– 7 –

γ1, ε (76)√
mqu22

2kTq
(77)

√
mpu22

2kTp
(78)

√
meu22

2kTe
(79)

S ∼ NH,0REXδWLI!ω = NH,0Vsh
REX

RI
δW!ω (80)

I ∼ S/d2 (81)

ω2 − CA
2k2 ± iζush

2 k

rg(p1)

[
1− Jz

Bz

j⊥
b⊥

+
ω

kush

]
= 0 (82)

η = 0.5± 0.2 (83)

η = −0.2± 0.8 (84)

η = −1.4± 0.4 (85)

η = 0.5± 0.3 (86)

η = −0.2± 0.9 (87)

η = −1.4± 0.5 (88)

E [eV] (89)

E2dF/dE [eV m2 s−1 sr−1] (90)

kTdown = kTRH ≡ 3

16
µmpVsh

2 (91)

kTdown < kTRH ≡ 3

16
µmpVsh

2 (92)

Downstream
temperature

Downstream
kinetic energy

Cosmic-ray Acceleration

– 4 –

kTRH =
3

16
µmpVsh

2 (24)

Vsh = 1871± 250 km s−1 (25)

kTRH = 4.5± 1.2 keV
( µ

0.62

)(
Vsh

1871± 250 km s−1

)2

(26)

kTRH = 1.8± 1.1 keV
( µ

0.62

)(
Vsh

1196± 367 km s−1

)2

(27)

kTRH = 2.3± 0.8 keV
( µ

0.62

)(
Vsh

1325± 221 km s−1

)2

(28)

kTdown = 2.3± 0.3 keV (29)

η ≡ TRH − Tdown

TRH
= 0.5± 0.2 (30)

(31)

η = 0.6± 0.1 (32)

η = −0.08± 0.7 (33)

η = 0.1± 0.3 (34)

∆x = d sin∆θ (35)

η = 0.6± 0.2 (36)

η = −0.08± 0.8 (37)

η = 0.1± 0.5 (38)

η ≡ TRH − Tdown

TRH
= 0 (39)

η ≡ TRH − Tdown

TRH
> 0 (40)

p Cosmic-ray protons : ηp

– 8 –

Emax ∼ 1013 eV
Z

ξB

(
BISM

1 µG

)(
RSNR

10 pc

)( u0
3000 km s−1

)
(95)

BISM ! 1 mG
1

Z

(
ξB
4

)(
Emax

1015.5 eV

)

×
(
RSNR

10 pc

)−1 ( u0
3000 km s−1

)−1
(96)

εCR > 0.2
ξB−2

krg(p1)

ln
(

p2
mpc

)

1− p1
p2

( ush
3000 km s−1

)

≡ εBI(p1)

pCR + pthermal → π0 → 2γ (97)
Number of thermal nuclei can be 
derived from Hα surface brightness 
(e.g. Raymond+07).
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We can observationally constraint the energy 

budget of collisionless shock in detail.
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Figure 1. Schematic illustrations of the SNR shock. (a): The shock is axially
symmetric to the z-axis. The x-y plane corresponds to the shock surface.
The red arrows indicate the photon ray, which makes the angle θ with the
z-axis. The upstream side is z < 0, while the downstream side is z > 0. Two
broken lines at z = zout and z = zin represent the free-escape boundaries
of photons for the upside and the downside, respectively. (b): The curves
with colors black, blue and orange indicate the number density of narrow
hydrogen atoms, broad hydrogen atoms and protons, respectively. Here we
assume that there is no leaky particles to the upstream region. The red
arrows represent the ray of scattered photons, which escape from the shock
by crossing the outer/inner boundary.

structure of ‘narrow’ hydrogen atoms, which can be well approx-
imated by the classical model. Moreover, we consider only the
hydrogen line emissions and ignore the bremsstrahlung radiation,
thermal emissions from the SNR ejecta, external radiation sources
and so on for simplicity. Thus, our model predicts somewhat smaller
number of the 2s-state hydrogen atoms than the realistic SNR shock.
In Section 2, we formulate the radiative line transfer problem for the
SNR shock. In Section 3, we present the results of atomic popula-
tion. In Section 4, we consider how the hydrogen lines are observed
based on the results of atomic population. Finally, we summarize
our results.

2 FORMULATION OF LINE TRANSFER
The line transfer problem is reviewed in several literatures (e.g.
Castor 2004). We apply their formulation to the problem for the
SNR shocks propagating into pure atomic hydrogen plasma, which
consist of hydrogen atoms (denoted ’H’), protons (’p’) and electrons
(’e’). The shock is set to be stationary, axially symmetric to z-axis,
plane-parallel to x-y plane and located at z = 0 (see, Fig. 1a). We
set two free-escape boundaries for photons at the upside (z = zout)
and downside (z = zin) of the shock. For simplicity, we assume that
there is no leaky particles to the upstream region and the radiation
filed consists of only the line emissions (i.e. bremsstrahlung radia-
tion, emission from the SNR ejecta and any other external radiation
sources are neglected). Moreover, we assume the temperature equi-

librium for the upstream plasma and fix the upstream temperature
as T0 = 6000 K for simplicity.

Firstly, we describe the ionization structure of hydrogen atoms.
Let nN

H, j be the number density of ’narrow’ hydrogen atoms, which
have not experienced the charge-exchange reactions, while nB

H, j
be the number density of ’broad’ hydrogen atoms emerged by the
charge-exchange reactions. Obviously, we have the relation nH, j =
nN

H, j+nB
H, j . Fig. 1b is schematic illustration of the spatial distribution

of particles. We consider that the partially ionized plasma flows from
the far upstream region (z < zout) and presume that they are in the
ionization equilibrium. Hence, we set the boundary conditions as
nN

H,1s(z < 0) = nN
H,1s(zout), nB

H,1s(z < 0) = 0 and np(z < 0) =
np(zout), where np is the number density of proton. At the shock
(z = 0), we assume the jump conditions as

np(0) = 4np(zout), (6)

u2 =
Vsh
4 , (7)

kBTp =
3
16 µ

′mpVsh
2 (8)

Te = βTp (9)

where Vsh is the shock velocity, kB is the Boltzmann constant and
mp is the proton mass. Tp and Te are the downstream temperatures of
proton and electron, respectively. µ′ is the effective mean molecular
weight, which is defined as

µ′ = 1 −
(
1 − µ′⊙

) β − me
mp

µ′⊙ + (1 − µ′⊙)β −
me
mp

, (10)

where µ′⊙ = 0.62 and me is the electron mass (see Shimoda et al.
2018, for detail). Note that the number density of downstream proton
is function of z, while u2, Tp and Te are constant. In the following,
we neglect the recombination rate ∼ 10−14 s−1 cm−3, which is
very smaller than any other rates. Moreover, we assume nH, j!1s ≪
nH,1s (see Eq. (4)). We will address these assumptions later. Then,
the spatial distribution of narrow hydrogen atoms is given by

∂nN
H,1s
∂z

= −nN
H,1s

CI,N + CCX,N
Vsh

, (11)

where we define the collisional ionization rate,

CI,N =
∑

q={e,p}
nq

∫
f N
H fq∆vqσI

qd3vHd3vq, (12)

and the charge-exchange rate,

CCX,N = np

∫
f N
H fp∆vpσCXd3vHd3vp. (13)

nq is the number density of particle q. vq and vH denote the velocity
vectors of particle q and hydrogen atom, respectively. ∆vq ≡

%%vH −
vq

%% is the relative velocity between the hydrogen atom and particle
q. σI

q is the ionization cross-section by the collision with particle
q and σCX is the total cross-section of charge-exchange reactions.1
We assume the velocity distribution function of narrow hydrogen
atoms as

f N
H =

(
mH

2πkBT0

) 3
2

exp
[
−mH (vH − Vsh)2

2kBT0

]
, (14)

1 We omit rates of collisions between hydrogen atoms, which are small
compared with the rates by proton/electron collisions because of no shock
compression.

MNRAS 000, 1–13 (2018)

Parameters:

� Upstream number density ntot,0

� Upstream ionization degree χ0

� Downstream proton 

temperature Tdown

� Downstream electron 

temperature Te=βTp

� Energy loss rate η
Shock jump condition:

Cohen+98 (like a radiative shock)

Pure hydrogen plasma.

Excitation level is solved up to 4f.

Polarization is estimated only for 
the downside of shock.



Applications of Hα

We can estimate the distance by 
combination of the loss rate by polarization 
and the proper motion.

Comparison of the proper motion and the 

downstream temperature had been relied on 
for an estimation of distance to the SNR 

(Chevalier+80).

The significant energy loss of shock was 

suggested (e.g. Hughes+00, Warren+05, 

Helder+09,13). The previous estimation of 
distance became doubtful.

1980~

2000~

present


