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Summary of this work

pWe have calculated the polarized Balmer line
emissions from the shocks efficiently accelerating 
non-thermal particles.

pWe have shown that the energy loss rate of the 
shocks resulting from the particle acceleration can 
be measured by the polarization degree.

pOur calculation will be applied for an estimation 
of a distance from the acceleration sites.
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propagating into the ISM.
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Hereafter, we 
focus on the
SNRs. (although 
our study is
applicable to other 
objects)
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Collisionless Shocks

Spectrum of Balmer line 
Emissions 
(Ghavamian+02, for SNR 
SN 1006)

The lines consist of 
“narrow” and ”broad” 
components.
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Balmer Line Emissions from 
Collisionless Shocks
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ü Emission Mechanism (e.g. Chevalier+80)
• The collisionless shock is 

formed by the interaction 
between charged particles 
and plasma waves rather 
than Coulomb collision.

• The neutral particles (e.g. 
hydrogen atoms) are not 
affected.
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Collisionless Shocks

ü Emission Mechanism (e.g. Chevalier+80)

H + p (or e) → H* + p (or e)

H + p → p + H*

p Collisional Excitation

p Charge Transfer
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Emits “broad” comp.

The “broad” component 
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temperature of protons.
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Discovery of polarized Hα emission
@ SNR 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
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e

o

e
0
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45
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( ) ( )� . 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
pExperiments: Hydrogen atoms in electron/proton beam
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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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Case of electron
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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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ü Collision direction seen in the rest frame of hydrogen atoms

• In the rest frame of hydrogen 
atoms (i.e. the upstream
frame), the colliding charged 
particles are seen as a “mildly 
collimated beam”.

• The “width” of beam is 
determined by the 
downstream temperature.

• The anisotropy of collision 
yields polarized Hα with a 
few % degree.
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ü Collision direction seen in the rest frame of hydrogen atoms

• In the rest frame of hydrogen 
atoms (i.e. the upstream
frame), the colliding charged 
particles are seen as a “mildly 
collimated beam”.

• The “width” of beam is 
determined by the 
downstream temperature.

• The anisotropy of collision 
yields polarized Hα with a 
few % degree.

pThe polarized Hα with a few % degree was 
firstly predicted by Laming (1990) for SNR 
shocks, but he did not consider the 
acceleration of non-thermal particles (i.e. 
cosmic-rays).
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Cosmic Rays

Originated in SNRs���
Estimation of the energy loss of the 
SNR shocks suggests an efficient 
acceleration of cosmic-rays.
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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.



Previous works of the loss rate
Shock velocity is measured 
by the proper motion Dq.

Downstream temperature is 
measured by the broad Hα.

Helder+ 13 for SNR RCW 86

Dq
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Suggesting the significant 
energy loss (e.g. Helder+ 09, 
13, Shimoda+15, 18)



Problem in the previous estimation
pMeasurement of the shock velocity

Dq
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üIn order to derive the shock velocity from the 
proper motion, we need a distance to the SNR with 
high accuracy (with errors less than 1 %).
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ü Collision direction seen in the rest frame of hydrogen atoms

• In the rest frame of hydrogen 
atoms (i.e. the upstream
frame), the colliding charged 
particles are seen as a “mildly 
collimated beam”.

• The “width” of beam is 
determined by the 
downstream temperature.

• The anisotropy of collision 
yields polarized Hα with a 
few % degree.
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ü Collision direction seen in the rest frame of hydrogen atoms

• If the shock efficiently
accelerates cosmic-rays, then 
they can escape from the 
shock, carrying away 
significant energy.

• As a result, the downstream
temperature becomes lower
than the adiabatic case, 
yielding larger anisotropy of 
collision.

• Polarization degree increases!
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ü Collision direction seen in the rest frame of hydrogen atoms

• If the shock efficiently
accelerates cosmic-rays, then 
they can escape from the 
shock, carrying away 
significant energy.

• As a result, the downstream
temperature becomes lower
than the adiabatic case, 
yielding larger anisotropy of 
collision.

• Polarization degree increases!

p In the previous study, Laming (1990) 
considered only Hα emission from shocks 
without cosmic-rays.

p In this work, updating the atomic data (e.g. 
cross sections), we calculate Hα and Hβ 
emissions from shocks efficiently 
accelerating cosmic-rays.
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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-
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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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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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)
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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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Deu22 ≈ me/
(
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)
≪ 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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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
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) √
(γ + 1)2

2(γ − 1)
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. (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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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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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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pDownstream temperatures

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

∑

q=e,p

nq

(
Dq

π

) 3
2 e−Dqu2

2

(2Dqu2)4

×
∫ ∞

0

αq
3e

−
(

Dqαq
2u2

)2

(σ0,q − σ1,q)

×
[(

3

αq
3
+

1

αq

)
sinhαq −

3

αq
3
coshαq

]
dαq,

(6-2-19)
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p Distribution function of protons and electrons

The downstream proton and 
electron temperatures are 
observable.

� Parallel and Perpendicular 
are defined respecting to the 
shock surface.

Setting the downstream proton and electron 
temperatures, and the energy loss rate η, we derive 
the downstream velocity from the jump conditions 
for the shock loosing an energy (Cohen+98). 
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Conversion of Lyβ→Hα

Lyb

absorbed
reemitted

Ha
Ha 3p → 2s 

Ha is not absorbed by 
the hydrogen atoms in 
ground state.

Lyb 3p → 1s

a) A part of hydrogen atoms in n=3 emit Lyb due to 3p to 1s transition.
b) The emitted Lyb is absorbed by the hydrogen atoms in ground state.
c) Eventually, Lyb is converted toHa due to 3p to 2s transition.

Optically thin for Lyb is “Case A”
Optically thick for Lyb is “Case B”

We assume the converted Ha photons are unpolarized.
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Comparison with the 
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pWe need a precise measurement of 
polarization and a calculation for an 
arbitrary optical thickness of Lyβ.



Applications

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 suspicious.
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p Cosmic-ray protons : ηp

Number of thermal nuclei can be derived 
from Hα surface brightness with the 
calculation for an arbitrary optical thickness 
of Lyβ (e.g. Chevalier+80).

p Generation of Magnetic field: ηB
Related to Synchrotron surface 
brightness Lsyn

We can observationally constraint the energy 
budget of collisionless shock in detail.

known

p Cosmic-ray electrons : ηe
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We can observationally constraint the energy 
budget of collisionless shock in detail.

Surface brightness
are detectable

We have three equations 
with three unknowns!

η and coefficients a, 
b, and c are known



Summary of this work

pWe have calculated the polarized Balmer line
emissions from the shocks efficiently accelerating 
non-thermal particles.

pWe have shown that the energy loss rate of the 
shocks resulting from the particle acceleration can 
be measured by the polarization degree.

pOur calculation will be applied for an estimation 
of a distance from the acceleration sites.


