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Discovery of the polarized Ho emission from SNR

SN1006 Ha
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The polarized line emission

Ground state Excited state Ground state
Hydrogen Atom Hydrogen atom Hydrogen Atom
Exata‘uon

hits
Spontaneous
transition
olasma particle The polarized line emission

a) The hydrogen atoms b) Resulting from the collision, c) By the conservation of the
entering the shock will the bound electron of the angular momentum, the
collide with the hydrogen atom obtains an energy radiated line emission can
downstream plasma and an orbital angular be linearly or circularly
particles. momentum. polarized.

O If the colliding plasma particle has the anisotropic velocity distribution in the hydrogen atom
rest frame, the orbital angular momentum direction obtained by the atomic electrons is
polarized.

O The anisotropic orbital angular momentum distribution can yield the polarized line emission.



e.g.) Experiment of the polarized Ho

The polarization degree of Ha resulting from the collision between
electron beam and hydrogen atoms (Kleinpoppen & Kraise 1968).

50 v' The polarization is directed along the
incident electron beam.
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as a function of the electron energy (the error bars in- finite temperature.
clude 2 xrms error plus an estimated systematic error)

~

" v This anisotropy eventually causes the
net polarization with the degree of a
few %.



e.g.) Experiment of the polarized Ho

The polarization degree of Ha resulting from the collision between
electron beam and hydrogen atoms (Kleinpoppen & Kraise 1968).

Velocity distribution of electrons in
hydrogen atom rest frame

shock normal direction

4>
shock tangential direction

v The polarization is directed along the
incident electron beam.

v’ For SNR, the charge particles hit
hydrogen atoms from various
directions in the downstream region.

v" In the rest frame of hydrogen atomes,
the colliding particles are seen as a
“mildly-collimated beam” due to a
finite temperature.

v’ This anisotropy eventually causes the
net polarization with the degree of a
few %.



The polarized Ha line emission from
the SNR shock

v" The downstream velocity distribution function of the (thermal) plasma particle “q”

in the hydrogen atom rest frame. anisotropy
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v Laming (1990) predicted the polarized Ho. emission from the
SNR shock without CR acceleration.



The CR acceleration efficiency at SNR

The energy density of CR around the Earth is explained if ~ 10 % of SN kinetic
energy is used for CR acceleration.

Observations of the northeastern region of the young SNR RCW 86 imply that
the efficiency is higher than ~ 50 % (Helder+ 09, 13)!?

. ¥ The measurement principle of the efficiency

Rankine-Hugoniot relations:

3
2
kIR = 7 6Mmsth
v The SNRs shock is loosing the energy due to the
CR acceleration.

- v If the actual downstream temperature T and

down

the shock velocity Vsh can be measured

S'mth 1397 individually, we get the CR acceleration efficiency

The Ha image of RCW 86 whose

as a missing thermal energy | o — |
radius is ~10 pc. & & 'RH

down-



The polarized Ha line emission from
the SNR shock

v" The downstream velocity distribution function of the (thermal) plasma particle “q”

in the hydrogen atom rest frame. anisotropy
; ( )2
m Mmag\Vg — U
q q\’q 2
Vg, U — €X - :
Ja(vg. u2) (27rkTq) p( 2KT, )

v Laming (1990) predicted the polarized Ho. emission from the
SNR shock without CR acceleration.

0 When the SNR shock accelerates efficiently CRs, the downstream
temperature becomes lower than the adiabatic shock case, that is,
the anisotropy of the velocity distribution becomes larger.

1 A large anisotropy vyields a large polarization degree.

[0 We calculate the polarized Ha emission from the SNR shock with CR
acceleration.



Shock jump conditions

Cohen, Piran & Sari (1998) provided

downstream cooling layer the shock jump conditions for a radiative
P2 | \ shock.
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Shock jump conditions
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Shock jump conditions

The downstream temperature and

2 T T T T 30 .
VelOCIty are set as
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Setting the parameter T, m, and [3, we calculate the polarized
Balmer line emissions.



Atomic Polarization Fraction [%]

Atomic Polarization Fraction

\
proton

- electron

The polarization fraction of Ha resulting
from the collision between hydrogen
atoms and electron/proton beam
(Syms+ 75, Laming 90).
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Lyman Line Trapping

Ho emission due to
3p = 2s transition

Ho

Ly[3 emission due to

3p - 1s transition Ha photons are not absorbed

by the ground state hydrogen
atoms.

absorbed

reemitted

a) A part of hydrogen atoms in the state n=3 emit Ly[5 photon due to 3p->1s transition.
b) The emitted Ly[3 photons are absorbed by the ground state hydrogen atoms.

c) Eventually, the Ly[3 photons are converted Ho photons, which are optically thin for the
ground state hydrogen atoms.

Optically thin for Ly3 - “Case A”
Optically thick for Ly} - “Case B”

We assume that the converted Ho photons are unpolarized.



Polarization degree [%]

The polarized Ha line emission from
the SNR shock

I I

451 Case A n:ﬁgoi |
Al ;TN "02 ~ | The polarization degree
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Polarization degree [%]

The polarized Ha line emission from
the SNR shock

|

SN 1006 (Observed)

Tycho’s SNR (Predicted)
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n

The polarization degree
for SN 1006 and Tycho’s
SNR.

If SN 1006 is Case A, the
energy loss rate is n=0.8.

Extending the model to
an arbitrary optical
depth of Ly 3 photon is
required.



The polarized Ha line emission from
the SNR shock

0.5 ————— The total intensity ratio
e for SN 1006 and Tycho’s

0.45 SNR

0.4
S sl If SN 1006 is Case A, the
;: energy loss rate is n=0.8.
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Q, (Hp)/Q, (Hy)
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The polarized Ha line emission from
the SNR shock

—

SN 1006 ——

Tycho
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The polarized intensity ratio of
HP to Ha is also calculated.

The ratio is not affected by the
Lyman line trapping.

For SN 1006, the acceleration
efficiency is not constrained.



Summary

SNRs are believed as acceleration sites of Galactic CRs.

The energy density of CR around the Earth can be explained if the
10% of SN kinetic energy is used for CR acceleration.

We show that the polarization measurements of the Balmer line
emissions from SNR shock could provide the CR acceleration
efficiency (without the argument of the distance).

For precise measurement of the efficiency, we must extend the
model to an arbitrary optical depth of Lyman line emissions.

The observation of Tycho’s SNR by SUBARU is coming soon (Katsuda
et al. 2019-).



Measurements of the shock velocity

profile of region 6
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The northeastern region of RCW 86.
The proper motion is measured in boxes.

(Helder+ 09, 13)

v" The shock velocity V,, is measured by the proper motion of

v" The proper motion
measured by the shift of
surface brightness profile.

x’ = fdx(Lzow(JC—AX)—Lzom(x))2

v’ The shift is determined so
that the x? takes minimum
value (Helder+ 13).

v The distance of RCW 86 is
estimated as 2.5 kpc (Helder
+ 09)

The downstream temperature measured along the long slit.



Measurements of the downstream
emperature

Ha emission emerged from charge-exchange reaction
between hydrogen atoms and shocked protons

upstream downstream
charge-exchange reaction
“¢““H+p9 p+H
H o
—
p
—_—
e
—_—> emits broad Ha
SNR shock

The downstream proton temperature T, IS
measured directly by the spectrum of the broad
component of Ha.




Measurements of downstream
temperature

v" The downstream temperature is measured by the
spectrum of broad Hoo component along the long slit.
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' The observed downstream proton temperature

KTyown = 2.320.3 keV (Helder+ 09).




The estimation of the CR acceleration
efficiency.

v The expansion speed measured by the proper
motion of the Ha filament:

‘/Sh ~ 1871 4+ 250 km/s ( for Region 6)
3

kT = 1—6umpvsh2 ~ 4.5+ 1.2keV

v" The downstream temperature :

ETqown ~ 2.3 £0.3 keV

v The CR acceleration efficiency:
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Atomic Polarization Fraction [%],
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Polarization degree [%]

The polarized Ha line emission from
the SNR shock
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depends on the electron
temperature.



The polarized Ha line emission from
the SNR shock
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