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Summary of this work

[dWe have calculated the polarized Balmer line
emissions from the collisionless shocks efficiently
accelerating CRs.

[dThe energy loss rate of the shocks due to the CR
acceleration can be measured by the polarization
degree.

C1Our results suggest a sizable loss rate for SN 1006.



mer Line Emissions from
lisionless Shocks
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Balmer line emissions (especially Ha) are
ubiquitously seen in collisionless shocks
propagating into the ISM.



Discovery of polarized Ha emission
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Polarized Hat in Experiment

Linearly polarized Ha
" atom gasﬁ 4 alongthe incident beam
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. Incident p/e beam

In the experiments, the proton/electron beam excites the H
atoms, resulting in linearly polarized Ha along the incident
beam direction.




Polarized Ha'in, I:xperlment

AN
o

w
o

H atom gas

Polarization degree 11 [%]
N
o

............ 10
0
_10 [ l l l l I
& 100 1000
¢ Electron energy [eV]
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In the experiments, the proton/electron beam excites the H
atoms, resulting in linearly polarized Ha along the incident
beam direction.




Polarized Ha | in Experlment
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In the experiments, the proton/electron beam excites the H

atoms, resulting in linearly polarized Ha along the incident
beam direction.




Polarized Ha in SNR shocks

»* Incident p/e beam

In the SNR shocks, since the shock heated
proton/electron also excites the H atoms, the net
linear polarization of Ha is depolarized.




Polarized Ha in SNR shocks

1 For SNR shocks the polarized Ha with a

few % degree was firstly predicted by Laming
(1990), but he did not consider the effects of
CR acceleration.

»* Incident p/e beam

In the SNR shocks, since the shock heated
proton/electron also excites the H atoms, the net
linear polarization of Hat is depolarized.




Cosmic Rays

The energy spectrum of CRs
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On the energy loss of the shocks
No cosmic-rays

Downstream
temperature

Upstream
kinetic energy

Downstream
kinetic energy

If the shock accelerates cosmic-ray, ...



On the energy loss of the shocks
Efficient Acceleration

Downstream

temperature

3
kT down < KThu = — pmyp Vi

Upstream oo
kinetic energy

Cosmic-ray Acceleration

Downstream
kinetic energy

Energy loss rate n = Tru — Ldown
(Shimoda+ 15) - Tr1




On the energy loss of the shocks
Efficient Acceleration

Downstream
temperature

Upstream

kinetic energv
If we measure independently the downstream
temperature 7,,,, and the shock velocity Vi, we
can estimate the energy loss rate as a missing
thermal energy.

Energy loss rate _ Tru — Ldown
(Shimoda+ 15) - o




Previous estimates of the loss rate
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Problem in the previous estimates

LIMeasurement of the shock velocity
Sky

A6 J

v'In 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 %).




Polarized Ha in SNR shocks (no CRs)

»* Incident p/e beam

 In the SNR shocks, since the shock heated
proton/electron also excites the H atoms, the net
linear polarization of Ha is depolarized.




Polarized Ha in SNR shocks (with CRs)

Sh

Shock
heated p/e

»* Incident p/e beam

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




Polarized Ha in SNR shocks (with CRs)

[11In the previous study, Laming (1990)
considered only Ha emission from shocks
without CRs.

[11n this work, updating the atomic data (e.g.

cross sections), we calculate polarized Ha
emissions from shocks efficiently
accelerating CRs based on the latest
radiation line transfer model constructed by
Shimoda & Laming (2019).




Calculation diagram

[EI Downstream temperatures A
3 The downstream proton and
kT, = —(1— ),umpV .
16 electron temperatures are
K. = BKT, observable. y

We derive the downstream velocity from the jump
' conditions for the shock loosing an energy (like a

radiative shock, Cohen+98).
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Polarization degree of Ha [%]

Polarization degree of Ho

> N=0.5 10 The degree
4_””/7 1 depends on the
n=0.3 loss rate 7.

; / | The observation
SN 1006 =0 | of SN 1006

2 F % 1 impliesy = 0.15

1 / i

O I I I I I
5 10 15 20 25 30

Downstream Proton Temperature [keV]




Polarization degree of Ha [%]
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SN 1006

~ 0.1 ? (this work)

v' density ~ 0.3 cm™3
vV, ~ 3000 km/s @
2.2 kpc

(Raymond+ 07; Katsuda+12)
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SN 1006

n~ 0.1 7? (this work)

v' density ~ 0.3 cm™3
v' V,~ 3000 km/s @
2.2 kpc

(Raymond+ 07; Katsuda+12)
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Summary of this work

[dWe have calculated the polarized Balmer line
emissions from the collisionless shocks efficiently
accelerating CRs.

[dThe energy loss rate of the shocks due to the CR
acceleration can be measured by the polarization
degree.

C1Our results suggest a sizable loss rate for SN 1006.

- Hadronic dominated y-rays will be detected ?



Once we determine the n and distance

Downstream
temperature

[0 Cosmic-ray protoons /.
PCR + Pthermal — T — 27
Number of thermal nuclei can be

derived from Ha surface brightness
(e.g. Raymond+07).

2

3
ETqown < kTRH = — pmp Ve

16

Cosmic-ray Acceleration

Downstream

O Cosmic-ray electrons : 7,

ECR T YCMB — 7IC
known

O Generation of Magnetic field: 7

Related to Synchrotron surface
brightness L, ,

kinetic energy

TRH — Tdown

Tru
We can observationally constraint the energy

budget of collisionless shock in detail.




Once we determine the n and distance

Downstream
temperature

3
kT qown < kTRE = E/unpvsh2

N ="Ne T Np + 1B

Ly = Lic(ne) + Lzo(1p)
= ane + bnp

Lsyn — Cl)el]B
P—— n and coefficients a,

Surface brightness
are detectable b, and c are known

Cosmic-ray Acceleration

Downstream
kinetic energy

We have three unknowns

IR — Taown and three equations!

Tru
We can observationally constraint the energy

budget of collisionless shock in detail.




Line Transfer Model

Parameters:

(a) far upstream
outer boundary (z=z,,,)

TTTTTTTTTTT T = @D u pstream number density n.,

pstream

(2) Upstream ionization degree ¥,

= —> (3 Downstream proton
Nownstream NN & )
AR \\\\\ temperature gou,

fully ionized inner boundary =z)  (4) Downstream electron
temperature 7.=0T,

z (symmetric axis)

(® Energy loss rate 7

(b) number density

downstream fully ionize

NN

d Shock jump condition:

Cohen+98 (like a radiative shock)
Pure hydrogen plasma.

ndary

Excitation level is solved up to 4f.

N ———— - -

5" | inner bou

: Polarization is estimated only for
the downside of shock.



Applications of Ha

1980~

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 2000~
suggested (e.g. Hughes+00, Warren+05,

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

We can estimate the distance by present

combination of the loss rate by polarization
and the proper motion.




