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Linearly polarized Balmer line emissions from supernova remnant shocks are studied taking into
account the energy loss of the shock owing to the production of nonthermal particles. The po-
larization degree depends on the downstream temperature and the velocity difference between
upstream and downstream regions. The former is derived once the line width of the broad com-
ponent of the Ha emission is observed. Then, the observation of the polarization degree tells us
the latter. At the same time, the estimated value of the velocity difference independently predicts
the apparent downstream temperature on the assumption that the shock is adiabatic. If the actu-
ally observed downstream temperature is lower than the apparent one, there is a missing thermal
energy which is consumed for particle acceleration. It is shown that a larger energy loss rate leads
to more highly polarized Hor emission. In comparison of actual observations, our result implies a
sizable energy loss rate for the SN 1006 shock.
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1. Introduction

The energy density of cosmic-rays (CRs), measured around the Earth at about 1 GeV is com-
parable to the energy densities of the main components of our galaxy such as stellar light, thermal
gas and magnetic field pressure. In our galaxy, the pressures of the magnetic field and CRs sup-
port matter against its own weight in the galactic gravitational potential (e.g. [[]). Moreover, the
CRs ionize dense, cold molecular gases (~ 10 K) that are star-formation sites. Since the ionization
degree of gas characterizes the gas dynamics via the frozen-in magnetic field, the CRs may regu-
late star-formation (e.g. [Q, B, B]). Then, supernovae originated from massive stars inject energy
so that the multiphase structure of interstellar medium and thus star-formation in our galaxy are
maintained ([B]).

The origin of CRs is a long-standing unresolved issue in Astrophysics. CRs with energy up
to 3 PeV are usually called ‘Galactic CRs’. It is believed that the collisionless shock waves of su-
pernova remnants (SNR) are the best candidates for the origin of Galactic CRs. The ‘collisionless’
aspect means that the shock transition occurs on a length scale much shorter than that associated
with a particle mean free path to Coulomb scattering. Therefore, thermal equilibrium is much less
strongly enforced. If roughly a tenth of supernova the explosion energy is consumed for the CR
acceleration, the energy density measured around the Earth can be explained (e.g. [B]). Thus, the
physics of particle acceleration is one of the most important issues of collisionless shocks.

An important concern is to specify the density of accelerated particles in SNR shocks, a neces-
sary step towards confirming the shocks as the main source of Galactic CRs. In addition, it allows
us to quantify the back reaction of accelerated particles on the background shock structure. If the
amount of accelerated particles is significant, in other words, if a large fraction of shock kinetic
energy goes to non-thermal particles resulting from the acceleration, the downstream temperature
becomes considerably lower than in the case of an adiabatic shock, i.e., there is some missing ther-
mal energy. (e.g. [@, B, B]). Therefore, if we measure both the downstream temperature (7gown)
and the shock velocity (Vg,) independently, we can estimate the energy loss rate. In order to do
this, we define kgTry = % ,ump\/sh2 (kg is the Boltzmann constant and u is the mean molecular
weight), which is the adiabatic downstream temperature predicted by Rankine-Hugoniot relation
in the strong shock limit without CR acceleration (i.e. adiabatic shocks). Then, the energy-loss rate
is defined as ([Id]),

TrRH — Tyown
Tru

n (1.1)
Observations of SNR RCW 86 give an example. The shock velocity is measured by the proper mo-
tion of an Ha filament as Vi, ~ 1800 km s~ !, which gives kg Tryy ~ 4 ke V(11 /0.62) (Vy, /1800 km s~ 1)?
([T@]). On the other hand, the downstream temperature is derived from spectroscopy of the Ha
emission as kTyown ~ 2 keV ([B]). Combining these observations, we obtain 1 =~ 0.5. Unfortu-
nately, to evaluate the shock velocity from the proper motion measurements, we need a distance to
the SNR with high accuracy, which is often hard in astronomy.

In the latest development, we showed that the polarimetry of Hor can be a novel diagnostic
for the energy loss rate independently of the distance (see [[2]). Recently, [[3] discovered linearly
polarized H o emission with 2.0 £ 0.4 per cent polarization degree in the north-west region of the
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young SNR, SN 1006. In laboratory experiments, linearly polarized H « emission from hydro-
gen atoms excited by electron beams has been measured with ~ 40 per cent polarization degree
[[4]. The electron beam, which collides with hydrogen atoms from only one direction, behaves
as a quantization axis of the orbital angular momentum of the bound electron in excited hydrogen
atoms. The bound electrons lose their energy and total angular momentum owing to the sponta-
neous transition, and emit photons. The polarization of the photon is then determined to be linear
or circular by the variation of the orbital angular-momentum component along with the beam direc-
tion. The linearly polarized intensity becomes largest when viewed from the direction orthogonal to
the beam. For BDS, charged hot particles impact the cold hydrogen atoms from various directions
in the downstream region. In the rest frame of the cold hydrogen atoms (i.e. the upstream frame),
the colliding charged particles are seen as a mildly-collimated beam. Therefore, this anisotropy
eventually causes a net polarization of the line emission, with the polarization degree of a few
percent. If the SNR shock efficiently accelerates CRs, then they can escape the shock, carrying
away significant energy. As a result, the downstream temperature becomes lower, yielding larger
anisotropy of the particle velocity downstream. In [[2], we studied the linearly polarized Balmer
line emissions from the downstream region of SNR shocks losing their thermal energy. We showed
that a higher energy loss rate causes higher polarization degree. The polarization degree of the
line emission is determined by the anisotropy of the velocity distribution of charged particles (i.e.
collimation of incident beam), which is given by the downstream temperature and the upstream
fluid velocity. We can measure the downstream temperature from the width of H « line, whereas
the downstream fluid velocity is derived from the polarization measurements. Since the shock ve-
locity Vi, relates Try by Rankine-Hugoniot relation, we can obtain the energy loss rate 7 without
measuring the SNR distance.

The polarization degree of Ha depends on the optical depth of the Lyman series line (LyJ3,
Lyy and so on). This is because when hydrogen atoms in the 3p state emit Lyf3, this emitted LyJ3
is absorbed by other hydrogen atoms, the atom is re-excited to the 3p state, and eventually the
re-excited atom emits Hee. In [[A], we considered only the optically thin limit and thick limit of the
Lyman line, although it has been pointed out that the depth is of intermediate thickness in realistic
SNRs (e.g. [@T]). Indeed, by constructing a sophisticated radiative line transfer model of SNR
shock, [[A] confirmed the intermediate optical thickness. Thus, in this paper, combining the results
of [[] and [[A], we estimate more a realistic polarization degree of the Balmer lines (especially
Ho). Note that throughout this paper, we consider only ‘narrow’ component of Ho that is emitted
by hydrogen atoms experiencing no charge exchange reactions (see [[2] for detail).

2. Model Calculations

In order to evaluate the effects of Lyf-Ha conversion upon the Ha polarization degree in
realistic shocks, we use the results of atomic population calculation by [[d]. In the model of [IA],
the SNR shock is set to be plane-parallel and axially-symmetric about the z-axis. This geometry
is the same as [[X]. Thus, the emission coefficient of the total intensity of Hoe (Stokes I of Ho)
depends only on z,

hv
1 35,2 3p.2s 3d2
Jvu(@) = i {nH,3SA3s,2p¢v,u P+ ni3pAsp s v+ nu3aA3d 2p Py i p} ; (2.1)
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where h is Planck’s constant, ny ; is the number den51ty of hydrogen atom in the state j, Ay ; is the
spontaneous transition rate from the state k to j and (bv 'u 18 the line profile function for the transition
from k to j, respectively. The frequency of photon is v and (t = cos 6 denotes the direction cosine
of the photon, that is the wave vector of photon makes an angle 6 with the z-axis. In the following,
we fix our line of sight along the y-axis (4 = 0). Supposing the optically thin limit for the Balmer
lines, we obtain the total specific intensity of Ho as

Lyo(z) = jio(2)L, 2.2)

where L is the path length along the line of sight. For the emission coefficient of polarized inten-
sity (Stokes Q), we assume that the radiative excitation (Lyf-Ha conversion) and cascades from
higher levels yield completely unpolarized Ha for simplicity, ! that is, the polarized intensity only
originates from the collisional excitation. Then, we approximately obtain the emission coefficient
of polarized intensity of Hx as

. hv 35,2 3p,2s 3d,2
]v%t (Z) ~ E {nH,lsCls,3s¢vfiL P + nH,lscls,Sp(PvSi ) + nH,lscls,Sd(Pv,/.j p} 1— .uZPa (2.3)

where /1 — 2P is the polarization degree of Ha for the optically thin limit of the Lyman lines.
Note that /1 — u2P is equal to the ratio of equation (19) to equation (20) in [[2]. The collisional
excitation rate for the transition from j to k is C; . Note that for the calculation of jv%, we omit
the excitation via the charge exchange reaction. Thus, the Stokes Q along the line of sight is given
as

Ovo(z) = jv?O(Z)L' (2.4)
Then, the observed polarization degree of He is

JOvodv p_ IHIs (Cis3s+Cis3p+ Cis3d)

HO (Z) = ~ )
JIvodv 1y 35A3s,2p + 1 3pA3p,2s + 1H,3dA3d,2p

2.9)

where we approximate ¢3S 2P ¢3p’25 ~ ¢3d 2P . (see also [[A]). Similarly, we define the polarization
degree for the spatially integrated Stokes parameters as

~ f QVV()dVdZ

Iy = = . 2.6

Note that in order to describe the shock energy loss, we use the shock jump conditions derived
by [[A] and solve the ionization structure of hydrogen based on the jump conditions. For the
numerical calculation, we fix the ionization degree of far upstream region as ¥y = 0.5 and the ratio
of downstream electron temperature to downstream proton temperature as § = 0.1 (see [[8] for
detail).

3. Results and Conclusions

Figure [ shows the spatial profile of polarization degree of Hot, ITy(z), for the energy loss rates
of n = (0,0.3,0.5) with given kg7, = 12 keV, where T}, is the downstream proton temperature. A

!In particular, the former assumption may be invalid because the conversion of Lyf to Hot corresponds to the
scattering of electromagnetic wave that can yield a polarized light in general. We will investigate this in future work.
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Figure 1: Spatial profile of polarization degree of Ha, I1y(z), for n = (0,0.3,0.5) with given § = 0.1,
Xo =0.5 and kg T}, = 12 keV, where T, is the downstream proton temperature. The shock is located at z = 0.
The spatial profile is normalized by the number density of far upstream region, ny.

larger shock energy loss due to the production of non-thermal particles results in a larger polariza-
tion degree of Ha because the aniosotropy of collisions between hydrogen atoms and downstream
protons becomes stronger. This result is consistent with [[A]. The energy loss rate can be evaluated
from the spatial profile, although the Ho emission from the far downstream region becomes fainter
and difficult to observe. It may be also difficult to obtain the spatially resolved profile by current
observations that need roughly better than 0.1 arcsecond angular resolution.

Figure D shows the spatially unresolved polarization degree of Ha, Iy, as function of down-
stream proton temperature for fixed values 11 = (0,0.3,0.5). The energy loss rate 1 can be evaluated
even if there are no spatially resolved polarization measurements. In comparison with observations
of SNR SN 1006 (kgT}, ~ 9.87 £ 0.68 [[3]; Iy = 2.0+ 0.4 [3]), we find that the shock energy
loss rate of SNR SN 1006 may be as sizable as 7 ~ 0.1. Note that the polarization degree would
depend on the electron temperature and ionization degree of far upstream region that are fixed in
this paper for simplicity. Moreover, it is still unclear whether the spatially unresolved polarization
degree observed by [[[3] is affected by Ho emissions from upstream region originating from the
LyB-Ho conversion. In order to obtain more strict constraint about 1, we will investigate them in
a forthcoming paper.
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Figure 2: Spatially unresolved polarization degree of Ha, Tly, as function of the downstream proton tem-
perature for fixed values 7 = (0,0.3,0.5). The actual observation data of SNR SN 1006 is also displayed

(from [[3] and [[3]).
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