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Abstract. Linear polarization of the hydrogen Ha line was observed during solar flares. The polarization vector
is directed towards disk center and its degree is of the order of 5%. The best explanation for this polarization
is anisotropic collisional excitation of the n = 3 level of hydrogen by vertical beams of protons with an energy
greater than a few keV. However, previous calculations gave an expected polarization degree of 2.5% or less, a
factor of two below the observations. In this paper, the theoretical model for the formation of the line polarization
has been refined, including the effect of polarization in the local radiation field that is created by hydrogen proton
anisotropic excitation. We have also increased the spectral index of the proton energy distribution from 4 to 5,
giving more weight to the low energy protons which are the most efficient for impact polarization, without ionizing
the atmosphere too much. It is found that the inclusion of the polarization of the local radiation field does not
increase the Ha polarization very significantly; however, going from a spectral index of 4 to 5 results in an expected
polarization degree of 4.5%, compatible with the observations.
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1. Introduction

A number of observations of linear polarization in the
Ha line of hydrogen during solar flares have been reported
(Hénoux et al. 1990; Metcalf et al. 1992, 1994; Vogt &
Hénoux 1999). In all these observations, which measure
the polarization integrated over the Ha line profile, the
linear polarization degree is of the order of 5% and the
direction of this polarization is in most cases close to
the flare-to-disk-center direction, which we refer to as ra-
dial polarization.

These characteristics suggested that anisotropic colli-
sional excitation of the hydrogen atoms by vertical beams
of non-thermal protons may be the cause of the linear po-
larization observed. Protons accelerated at the magnetic
reconnection site in the corona to energies greater than
a few hundreds keV are able to reach the Ha line core
formation level in the chromosphere without losing their
directivity and with residual energies of a few tens of keV,
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causing anisotropic excitation of the hydrogen atoms (im-
pact polarization) that leads to a linear polarization di-
rected along the direction of the beam (Vogt & Hénoux
1996). By projection on the solar disk, this vertical direc-
tion appears as radial, directed towards the center of the
disk.

In a previous paper (Vogt et al. 1997) that we will
further refer to as Paper I, we computed the expected lin-
ear polarization degree due to proton impact excitation
for 3 different atmospheric models, by solving the statis-
tical equilibrium equations for a 3 main levels (n = 1 to
n = 3) hydrogen atom. For the VAL F model (Vernazza
et al. 1981) — used to represent the active region before
the flare — the expected polarization degree was about
2.3%, accounting for the enhanced local electronic densi-
ties and line radiation caused by the proton bombardment.
Starting with the MAVN F1 model (Machado et al. 1980)
— representing an ongoing flare — the polarization degree
dropped below 1%. Compared to the observed polarization
of about 5%, these results were still significantly too low.
We attributed this discrepancy to the limitations of the
computation itself: we only had crude proton-hydrogen
cross-sections available at that time and we didn’t take
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into account the effect of the local radiation field polar-
ization, polarization that is itself created by the proton
impact excitation.

Later, new cross-sections for proton-hydrogen colli-
sions, based on close-coupling calculations were made
available (Balanca & Feautrier 1998). New computations
using these cross-sections and adding the charge exchange
transitions, which also contribute to line center polariza-
tion through the double charge exchange process, were
published in the 2"¢ Solar Polarization Workshop pro-
ceedings (Vogt et al. 1999). These gave for the base model
VAL F a maximum polarization degree of 2.5%, a little
higher than before, but still significantly below the obser-
vations.

In this paper, we introduce the polarization of the lo-
cal radiation field in the statistical equilibrium equations,
using the optically thick limit solution for the radiative
transfer equation. Starting from a non-polarized radia-
tion field, we solve the statistical equilibrium equations
iteratively, reintroducing the line radiation polarization
found at the preceeding step. We also investigate the ef-
fect of varying the spectral index of the proton number
flux energy distribution, a parameter which has been kept
constant in the previous computations. Going to higher
spectral indexes (from 4 to 5) will concentrate the energy
distribution more towards low energies, which will reduce
the ionization rates and thus the depolarising collisions
due to background thermal electrons and protons. These
two improvements should both contribute to raise the ex-
pected polarization degree.

2. Model parameters
2.1. Solar atmosphere

As in paper I, the solar atmosphere will be described by
semi-empirical models. We will use the VAL F model as
representing the atmosphere of an active region at the be-
ginning of a flare and the MAVN F1 model as represent-
ing the heated atmosphere at the maximum of Ha emis-
sion. Both these models are modified to account for the
effects of the proton beam bombardment on the local elec-
tron and proton densities and on the hydrogen line inten-
sities. This is done by running a computer code devel-
opped by Fang & Hénoux (Fang et al. 1993) which solves
non-polarized radiative transfer equations together with
non-LTE statistical equilibrium equations including non-
thermal proton collision rates, for a proton number flux
F between 10'* and 107 cm™2 s™!, a power law proton
number flux energy distribution of spectral index § = 4 or
5 and an initial low energy threshold at the injection site
in the corona of 150 keV.

We will no longer use the VAL C model (average quiet
Sun) as it is not really suitable for describing any stage
of a flare. Also, we choose to ignore the MAVN F2 model,
which describes a bright flare, but using only thermal pro-
cesses, thus requiring very large local electron and proton
densities at the Ha line core formation level, of the order
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of 10'3 cm™3. Such high densities would lead to complete
depolarization of the line. Indeed, the fainter F1 model,
with the added non-thermal effects gives hydrogen line
emissions comparable to those of the hotter F2 model.
Similarly, the VAL F model gives enhanced line emissions
when the non-thermal effects are added.

2.2. Statistical equilibrium equations

As in Paper I, the statistical equilibrium equations are
written on the basis of the irreducible tensorial operators.
The same symmetry considerations allow us to consider
only diagonal density matrix elements "ljp’; with ¢ = 0
and k even. The equations are written for each level n'l’j’
and its corresponding multipolar orders ¥’ = 0, ...,2j" as:

1j k
> " Tt kv ™ = 0. (1)
nlj,k
The statistical equilibrium coefficients Il k7 5 di-
vide themselves into two groups. Those coupling two
different nlj levels are the sum of a radiative rate
Rkﬂk/,nljﬂn’l’j/ and a collisional rate Ckﬂk’,nljﬂn/l’j/:

(2)
whereas the others, representing the relaxation of a level
nlj, are expressed as a negative sum of radiative re-
: relax fal :
laxation rates R}Z%5 ., and collisional relaxation
rates C’,ﬁe_l?,f,ml j—ns1j Over all the possible relaxation paths
nlj — n'l'y"
1
Watjmntier = = Y OO tjmewrry
n/l’j'#nlj

relax
- E Rkﬂk’,nljﬂn’l’j/'
n/l’'j'#nlj

i k—ntrj bt = Crhmk mij—ntj + Rk mij—nrirj,

2.3. Collisional rates

The depolarizing collisions with the thermal background
electrons and protons will be treated as in Paper I, us-
ing the semi-classical perturbation approximation (Sahal-
Bréchot et al. 1996).

For the polarizing non-thermal collisions with the pro-
tons of the beam, we will use the close-coupling proton
hydrogen cross-sections from Balanga (1997) and Balanga
et al. (1998). As these authors give the excitation and
charge exchange cross sections 0?;’,“,;,  from fundamental
level 1s to excited levels n'l’” and multipolar order k&’ with-
out taking into account fine structure splitting, we have
first to obtain from these the cross sections for excitation
and charge exchange a?:%’i il towards fine structure
levels n'l’j’. As the collision energies are large compared
to the fine structure separation of the levels, the relation
between the two cross sections just involves some angular
algebra coefficients and is given by Feautrier (1999):

1 B , ;1 ll ll kl

— (25’ +1 1ﬂl’“5{. : }

\/5( J )( ) ]l ]l %
(4)

0—k’
XO—lS—W’L’l"

0—k’ _
Jlséﬂn’l/j’ -
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where the entity in chain brackets is a so-called 65 co-
efficient. We then obtain the collisional transition rates
Coﬂk,ylséﬂn,l,j, by integrating the cross sections over the
velocity distribution of the proton beam as:

o0
0—k’
OOHk:’,ls%Hn’l’j’ = NP / Uls%—wn’l’j' (’Uz)f(’(}z)d’ljz, (5)
v
where f(v,) is the velocity distribution function corre-
sponding to a vertical beam with a power law energy dis-
tribution of spectral index §, given by:

95 2 [0\
f(vz)dvz = o <Z_O> dvza v, 2> Vo, (6)

Np is the non-thermal proton density at the Ha line core
formation level (Vogt 1997):

26—3 F
Np=——Xx— 7
P22 " @
and vy = % is the velocity threshold corresponding

to the lower energy threshold Ey of the proton energy
distribution at the line formation level (from 1 to 20 keV).
Finally, since there are no proton-hydrogen close-
coupling cross sections available for transitions from n = 2
to n = 3, we will neglect these transitions and consider
only the non-thermal transitions from the fundamental
level. Since the relative populations of the higher levels
are very low (less than 107° in all cases), the non-thermal
transitions from these higher levels should not play any
significant role in the statistical equilibrium equations.

2.4. Radiative rates

In Paper I, we wrote the radiative transition and relax-
: 1

ation rates Ry nij—n/rjs and Riej,’;/’nljﬁn,l/j, respec-

tively as:

(0) (0)
k,j—>j’ﬁynlj—>n’l’j’

() (2
+Ck—>k’,j—>j’ﬁynlj—>n’l’j’ (8)
relax _ relax (0) _(0)
Rk—>k’,nlj—>n’l’j’ - 5k7klck,j~>j’ 'ynljﬂn’l’j’

relax (2) (2) (9)

+Ck~>k’,j~>j’ nlj—n'l’'j

Ri— i nij—nvjy = Op e

and

. 0
where 65 is a Kronecker symbol, VSLL;—m'l'j'

(2

Vilj—nrrjr ATE the radiative contributions respectively

(0) (2)

to population and alignment, and Chjmits Chok! jrjt

relax (0 relax (2 .
A () and kﬂ,?(.i , are angular algebra coefficients

defined in Sahal-Bréchot et al. (1996) as:

4} = e {44 a0
(2) k(s 15 ,
Chmpr g = (F1)"(25+1) ?(2k+1)(2k +1)
/ JJk
x<’0”8 (2)) J (11)
11 2

1129
relax (0)
e =1 (12)
relax (2) i—3'+1l/9,: 15 /

kK 2 kK 2 112
X - (13
(000>{JJJ}{JJJ'} (13)

At that time, we neglected the alignment contribution
term since we supposed that the local radiation field was
both isotropic and unpolarized. In fact, a significant part
of this local radiation field comes from photons emitted
by atoms that have been excited by the proton beam
and these photons are linearly polarized. This should be
taken into account in the statistical equilibrium equations
as these photons can transfer their polarization to other
atoms when absorbed. A full treatment would require solv-
ing together the polarized radiative transfer equations and
the statistical equilibrium equations, which is a quite com-
plicated task. However, in the optically thick limit, which
holds for Lya and Ly at the Ha line core formation level
(He itself is not really optically thick here, but we will
treat it in the same way, as its contribution to populating
the n = 3 level is significantly less than the Lyf one),
we can use the asymptotic solution of the radiative trans-
fer equation to get an analytic expression for the radia-
tive contribution terms in function of the polarization of
the emitted radiation and solve the statistical equilibrium
equations iteratively, starting from zero initial polariza-
tion (there is no significant polarization before the flare)
and iterating, reintroducing the polarization found previ-
ously, until it converges.

Landi Degl’'Innocenti (1984) gives the following expres-
sions for the radiative transition and relaxation rates that
involve absorption of radiation (Egs. (51) and (54) of his
paper). As in Paper I, symmetry considerations allow us
to discard all terms with ¢ # 0 and to keep only the £ =0
(population) and k = 2 (alignment) terms. Also, we can
neglect the anomalous dispersion terms for hydrogen lines
in the solar chromosphere. Transcribing his notations into
ours, we have the following expressions for the radiative
rates:

Rkﬂk’,nljﬂn/l/j’ = Z (2]+ 1)

K=0,2

x/3(2k +1)(2k + 1)(2K + 1)
1
1

g
;., ; (k’ k K)
1 000
XBnlen’l/j/joK(Vn/ﬂn)

@i+ =)

K=0,2
x+/3(2k +1)(2k + 1)(2K + 1)

X{llK}{kk’K}(kk’K)
g3 3 fli g i J\000

XBnljen’l’j’joK(Vn’—m)a (15)

X
K

(14)
Rrelax

k—k' nlj—n’l'j’
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where Bpij_.n/ivj is the Einstein coeflicient for absorption
of radiation in the transition considered and Ji (v, ) is
the K order component of the radiation field tensor inte-
grated over the line absorption profile. JJ is just the profile
integrated mean intensity (that we called I, in Paper I,
even if it is not a specific intensity), and JZ is the align-
ment component that we want to introduce. Comparing
these expressions with the previous Egs. (8) and (9) and
using the usual symmetry relations for 35, 6 and 9j coef-
ficients, we find the following expressions for the radiative
absorption contributions:

(0)

Tnlj—n'vjr = Bytj—ntrjr J§ (Vnr—n) (16)
’YSLQI;Hn’l/j’ = \/5Bnlj—m’l’j’jg(Vn’—m)- (17)

As, for the radiative emission terms, they are the same as
in Paper I:

(0)

’Yn’l’_] —nlj = A"lllj/‘)nlj (18)
2
nyl/gljlﬂnlj = 0. (19)

Induced emission has been neglected, as it is much smaller
than spontaneous emission for chromospheric hydrogen
lines. Also, the latter being an isotropic process, there is
no alignment term associated with it.

So, we now need to find an expression for JZ as a func-
tion of the polarization of the radiation emitted by the
other local atoms. jg is defined as (Landi Degl’Innocenti
1984):

JQ_%dQZ (i, ) Z;(Q),

where the Z;(Q) = I,Q,U,V (i = 0—3) are the profile
averaged Stokes parameters of the incident radiation in
direction € (we use line profile averaged quantities here
as we are only interested in profile averaged polarization)
and the Té( (7,9) are the irreducible spherical tensors for
polarimetry defined in Appendix 1 of Landi Degl’Innocenti
(1984).

Normally, the Z;(€2) should be obtained by solving the
polarized radiative transfer equations. However, for the
optically thick (at Ha formation level) Lya and Ly/3 lines,
we can use the asymptotic limit for great optical depths:
Z;(Q) =~ Si(), the source function for the i Stokes pa-
rameter. If we further assume that the absorption matrix
is diagonal — neglecting any process that could affect the
polarization of the radiation between its emission and its
absorption, like the Hanle effect — and reduces to a scalar
absorption coefficient k1, we can write:
- &i(Q)

Iz(Q) ~ /g—I’

(20)

(21)

introducing the emissivity in Stokes parameter i, & (),
giving the following approximation for the radiation
tensor:

1 [d0C
7K K, c.
B~ ;ZO:TQ (i, )E (). (22)
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Still following Landi Degl’'Innocenti (1984), the emissivity
can be written as:

& hl/n’ﬂn -
g’b(Qﬂ Vn’*m) = An Ny Z An’l/j’ﬂnlj V 2j"+1
U'j'—lj
K n 4
X Z w;/*ngQ/ Z Q) v i pg/ , (23)

K’ Q/

where Appj—ni; is the Einstein coefficient for spon-
taneous emission, Ny is the local hydrogen density,
(K")

wy,_; is the ratio of 2 6j coefficients defined in Landi

Degl’Innocenti (1984) Eq. (38) and "ll/j/pg/l is a density
matrix element as they appear in the statistical equi-
librium equations. Again, induced emission has been ne-
glected as well as the so-called “Rayleigh diffusion term”
(Bommier 1997) which is only of interest when partial
frequency redistribution effects are considered. We now
replace this expression in Eq. (22), to get:

Nu Z Apjr—nij /25 +1

hl/’n/ﬂn

JE (Vprap) ~ — 0
Q( n n) 47_‘_%](1/”,_)'”)

U'j'—lj
K ’ n/ Y ’
x 3 wiAGG M (24)
KI QI
with
/ dQ
Agt = Z =10 (9T (. 9). (25)

=0

This integral can be calculated using the definitions of the
Té( in Landi Degl'Innocenti (1984), giving the following
expression:

AQ Q/ — A(K) 6K7K’ 6Q7_Q’, (26)

with A =1 for mean intensity, A1) = 3 for orientation

and A® = 7 for alignment. So we arrive at the following
final expressmn for the radiation tensor:

NH.A(K) Z An’l’j’—mlj

Vi —lj
x /2§ + LwlfO 1K

In particular, the ratio of the radiation alignment over the
mean intensity can be expressed as:

hvp —n

jK I ~ —
Q (Vn n) 47”€I(Vn/~>n)

(27)

A2
A0)

% D gty Anrg i vV2j + 1 w( ) e V2
0 / 4l
Zz'jqu Aprirgr—niivV2j' +1 w(,LJ Uy p8
7
1_0 2\/§ nnl**na

jg(’/n/ﬂn)

Jg(Vn’—m)

(28)

using the 7/, quantity defined in Paper I, Eq. (27).
With the mean intensity given by the non-polarized ra-
diative transfer code, we can finally express the alignment
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radiative contribution 4 as a function of the mean in-
tensity and the 7 polarization factor as:

2) 7

Ynlj—ntj) = 4 1_0 nn/Hanlenll/jlj(())(l/nlﬂn)' (29>

This expression can be used in a straightforward way to
introduce the alignment contribution of the local radia-
tion field in the statistical equilibrium equations, using
the 7 factors that were obtained on the previous iteration.

2.5. Polarization degree

The maximum linear polarization degree (observed at a
90 degrees angle from the beam), is obtained from the
7 factor by the following expression:

3nn’~>n

" . 30
1- Tin' —n ( )

T90,n/ —n = —
This is similar to Eq. (28) in Paper I except for the mi-
nus sign, which comes from a different sign convention
used in the definition of the Stokes @ emissivity (Eq. (23)
of this paper versus Eq. (24) of Paper I). The previous
sign convention gives in fact a negative polarization de-
gree (proton excitation at the energies considered creates
negative alignment) which was not coherent with the re-
sults shown in the same paper or the observation papers
(Vogt & Hénoux 1996, 1999).

3. Results and discussion

The Ho maximum linear polarization degree 799 has been
computed for the base models VAL F and MAVN F1, with
a proton spectral index § of either 4 or 5. The lower en-
ergy threshold Ey of the proton energy distribution at
Ha formation level in the chromosphere has been var-
ied between 1 and 20 keV and the proton number flux
F between 1 x 10 and 2 x 107 cm~2s~! for the VAL
F model and between 1 x 10'¢ and 1 x 10 ecm=2s~! for
the F1 model. The results are shown in Tables 1 to 4. All
these calculations include the effect of the polarization in
the local radiation field.

If we compare the results obtained for the
VAL F model and § = 4 (Table 1) to the ones ob-
tained previously without the effect of the background
radiation polarization (Balanga & Vogt 1999) (Balanga
& Vogt 2001) (Vogt et al. 1999), we see that, contrary
to our initial expectations, the effect of this polarization
in the local radiation is rather small, reinforcing the
polarization only by a small fraction. The maximum
polarization predicted in this case is now 2.6%, compared
to 2.5% previously, and so is still significantly lower
than the typical observed polarization degree of 3-6%.
Similarly, in the case of the MAVN F1 model (Table 3),
the maximum polarization expected is of the order of
0.7%, comparable to the values obtained in Paper I.
However, we should note that the iterative process of
reintroducing the emitted radiation polarization into
the statistical equilibrium equations converges very well,
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reaching a less than 107° relative correction on the
Ha polarization degree in less than 10 iterations. We
have also verified that the same final result is obtained
if we start from a fully polarized local radiation field
instead of an unpolarized one. So it is clear that this
smaller than expected correction is not due to numerical
computation problems, but that taking into account the
linear polarization of the radiation field at the origin of
the radiative excitation is not enough to significantly
boost the Ha line polarization degree.

On the other hand, using a spectral index of 5 gives a
very significant increase in the polarization degree, with
a maximum value of 4.7% for the VAL F atmosphere
(Table 2). This appears clearly in Fig. 1, where the po-
larization degree for § = 5 (plain line) and § = 4 (dot-
ted line) are plotted together as a function of the proton
number flux F, the lower energy threshold Ej being set
to the value leading to maximal polarization (4 keV for
0 =5 and 7 keV for § = 4). We can see on this graph
that the polarization degrees for the two values of § are
similar up to a flux of a few 10'® cm~2s~!, after which
the curve for § = 4 starts to curve downward, peaking
at 2.6% for a flux of 10 ecm™2s~!, whereas the curve
for 6 = 5 continues to rise and finally peaks at 4.8%
when the flux reaches 5 x 10'® cm~=2s~!. This difference
is due to the highest proportion of high energy protons
in the § = 4 proton energy distribution. These high en-
ergy protons (100 keV and above) cause ionization of the
ambient hydrogen atoms and raise the local electron and
protons densities, thus producing larger depolarizing col-
lisional rates. It is this rise of the depolarizing collisions
that finally causes the polarization to decrease at high
fluxes. If these depolarizing rates are reduced because of
a proton energy distribution more concentrated towards
low energies, the polarization can reach higher values. A
similar increase of the maximum polarization is obtained
with the hot F1 model, where the polarization can reach
1.2% with a 6 = 5 distribution instead of 0.7% for 6 = 4
(Table 4 and Fig. 2).

In Figs. 3 and 4, we have also represented the Ha po-
larization degree as a function of the proton lower energy
threshold at chromospheric level. For § = 4, the curves are
rather flat between 4 and 15 keV, whereas for § = 5, they
are more clearly peaked around 4-5 keV. This is due to the
fact that an energy distribution more peaked towards low
energies will cause less smoothing of the excitation cross
sections when the integration in Eq. (5) is performed. In
any case, the precise value of this lower energy threshold
is not critical for the polarization degree and will indeed
no longer be a free parameter when a more sophisticated
model fully including energy deposit into the atmosphere
by the proton beam and the resulting evolution of the
beam energy distribution function will be available.

The results obtained here are much more compatible
with the observed Ha polarization degrees of 3—6%, (Vogt
& Hénoux 1999) than those in Paper I, which implies that
the non-thermal protons at the origin of the observed po-
larization must have a rather soft energy distribution with
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Table 1. Ha polarization degree 190 for the initial atmospheric model VAL F and proton spectral index § = 4 as a function of
chromospheric level lower energy threshold Eq (in keV) and proton number flux F (in particles cm™2s™1).

F\Ey | 1keV 2keV 3keV 4keV 5keV 7keV 10keV 15keV 20 keV
1x 10" | 0.02% 0.05% 0.07% 0.09% 0.10% 0.12% 0.13%  0.14%  0.12%
2x 10" | 0.04% 0.09% 0.14% 0.18% 0.20% 0.23% 0.26% 027%  0.23%
5x 10" | 0.09% 0.22% 0.33% 0.42% 047% 0.53% 0.58%  0.60%  0.52%
1x10% | 0.17% 0.40% 0.61% 0.75% 0.84% 0.94% 1.02%  1.04%  0.89%
2x 10" | 0.30% 0.68% 1.02% 1.25% 1.37% 1.49% 159%  1.60%  1.37%
5x10% | 0.54% 1.17% 1.68% 1.99% 2.13% 2.24% 2.30%  2.26%  1.93%
1x10* | 0.70% 1.47% 2.05% 2.36% 2.48% 2.55% 2.54%  2.45%  2.09%
2x10% | 0.75% 1.52% 2.08% 2.35% 243% 2.45% 2.41% @ 2.31%  1.96%
5x 10" | 0.71% 1.39% 1.86% 2.07% 2.10% 2.09% 2.02% 1.92%  1.63%
1x 107 | 0.64% 1.23% 1.63% 1.78% 1.80% 1.77% 1.70%  1.60%  1.36%

Table 2. Ha polarization degree 190 for the initial atmospheric model VAL F and proton spectral index § = 5 as a function of
chromospheric level lower energy threshold Ey (in keV) and proton number flux F (in particles cm™2s71).

F\ Eo 1keV 2keV 3keV 4keV 5keV TkeV 10keV 15keV 20 keV
1x 10" | 0.02% 0.04% 0.07% 0.09% 0.10% 0.11% 0.13% 0.15% 0.13%
2x 10" | 0.03% 0.08% 0.13% 0.17% 0.19% 0.22% 0.26%  0.28%  0.25%
5x 10" | 0.08% 0.19% 0.32% 0.41% 0.47% 054% 0.61% 0.67%  0.58%
1x10% | 0.15% 0.37% 0.61% 0.78% 0.88% 0.99% 1.11% 1.19%  1.03%
2x 10" | 0.29% 0.69% 1.11% 1.40% 1.56% 1.71% 1.86% 1.95%  1.69%
5x 10" | 0.64% 1.43% 2.20% 2.65% 2.86% 2.99% 3.10%  3.12% = 2.68%
1x10% | 1.05% 2.20% 3.21% 3.69% 3.87% 3.90% 3.87% 3.79%  3.25%
2x10' | 1.55% 2.95% 4.07% 4.50% 4.58% 4.47% 4.29%  4.11%  3.51%
5x 10 | 2.04% 3.47% 450% 4.74% 4.70% 4.44% 4.15%  3.91%  3.33%
1x10Y7 | 2.13%  3.39% 4.27% 4.39% 4.30% 4.00% 3.69% = 3.46% = 2.94%
2x 10" | 2.03% 3.04% 3.75% 3.81% 3.69% 3.40% 3.12%  291%  2.48%

Table 3. Ha polarization degree 9o for the initial atmospheric model MAVN F1 and proton spectral index § = 4 as a function
of chromospheric level lower energy threshold Eo (in keV) and proton number flux F (in particles cm™2s™ ).

F\ Eo 1 keV 2 keV 3keV 4keV 5H5keV TkeV 10keV 15keV 20 keV
1x10% | 0.003% 0.008% 0.01% 0.02% 0.02% 0.02% 0.02%  0.02%  0.02%
2 x 10'° | 0.006% 0.02%  0.02% 0.03% 0.03% 0.04% 0.04%  0.05%  0.04%
5x 10 | 0.02%  0.04%  0.06% 0.07% 0.08% 0.09% 0.10%  0.11%  0.09%
1x10*7 | 0.03%  0.07%  0.10% 0.13% 0.14% 0.16% 0.18%  0.19%  0.16%
2x 10" | 0.05%  0.12%  0.18% 0.23% 0.25% 0.28% 0.30%  0.31%  0.26%
5x 107 | 0.10%  0.23%  0.33% 0.40% 0.43% 0.46% 0.48%  0.47%  0.40%
1x10% | 015%  0.33%  047% 0.54% 0.57% 0.59% 0.59%  0.57%  0.49%
2x 10" | 020% 0.41%  0.55% 0.62% 0.64% 0.64% 0.63% 0.61%  0.51%
5x 10" | 025%  0.48%  0.63% 0.68% 0.68% 0.67% 0.64%  0.60%  0.51%
1x10" | 0.25%  0.46%  0.59% 0.64% 0.64% 0.63% 0.60%  0.56%  0.48%

a spectral index around 5 below 1 MeV and a particle
number flux of a few 10'® cm~2s~!. This can be used to
constrain proton acceleration models. It should be noted
that since our modified atmospheric models do not yet
take into account the energy balance, particle fluxes in

excess of 5 x 10'® cm~2s~! are no longer compatible with

the thermal structure of the VAL F model (more energy
is deposited by the proton beam than can be radiated
away, even when considering the enhanced line emission
that the proton bombardment produces). It is thus more
reasonable to use the hotter MAVN F1 model for proton
fluxes between 1017 and 5 x 10'® cm=2? s~! (limit at which
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Table 4. Ha polarization degree 79 for the initial atmospheric model MAVN F1 and proton spectral index § = 5 as a function
of chromospheric level lower energy threshold Ey (in keV) and proton number flux F (in particles cm™2s™1).

F\Ey |1keV 2keV 3keV 4keV 5keV 7TkeV 10keV 15keV 20 keV
1x10% | 0.003% 0.006% 0.01% 0.01% 0.02% 0.02% 0.02%  0.03%  0.02%
2 x 10'° | 0.005% 0.01%  0.02% 0.03% 0.03% 0.04% 0.04%  0.05%  0.04%
5x10'° | 0.01%  0.03%  0.05% 0.07% 0.08% 0.09% 0.10% 0.11%  0.10%
1x10'7 | 0.02%  0.06%  0.10% 0.12% 0.14% 0.16% 0.19%  0.20%  0.18%
2% 107 | 0.05%  0.11%  0.19% 0.24% 0.27% 0.30% 0.33% 0.36%  0.31%
5x 10 | 0.11%  026%  0.41% 0.50% 0.54% 0.58% 0.61%  0.63%  0.54%
1x10"® | 0.19%  0.42%  0.63% 0.74% 0.78% 0.80% 0.80%  0.80%  0.68%
2x 10" | 0.31%  0.62%  0.88% 0.98% 1.00% 0.98% 0.95% 0.92%  0.78%
5x 10 | 049%  0.84%  1.10% 1.16% 1.15% 1.07% 1.00%  0.95%  0.81%
1x10" | 0.57%  0.90%  1.13% 1.15% 1.12% 1.04% 0.95%  0.90%  0.76%
2x10"° | 061%  090% 1.10% 1.11% 1.0™% 0.97% 0.89%  0.83%  0.70%

H alpha polarization for model MAVN F1
T T T T

o

H alpha polarization for model VAL F
T T T T

IS

o

polarization degree (%)
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il L
108 10
proton number flux (/crm2/s)

Ly
15 17

Fig. 1. Ha polarization degree (in percent) as a function of
the proton number flux (in particles cm™2s™") for the initial
atmospheric model VAL F, for § =5, Ey = 4 keV (plain line)
and § =4, Ep = 7 keV (dotted line).

the F1 thermal structure breaks down as well). Since this
model predicts much lower polarization, it can be expected
that the polarization signal will be much lower during the
hottest phase of a flare. Such an effect was indeed seen for
the June 1989 flare that was observed in Meudon (Vogt &
Hénoux 1999; Emslie et al. 2000).

4. Conclusion

In this paper, we have computed the Ha polarization de-
gree expected when the solar chromosphere is bombarded
by a vertically directed beam of non-thermal protons with
a power law energy distribution of spectral index 4 or 5.
All the processes leading to the population and alignment
exchange between sublevels have been taken into account,
including charge exchange and the self-consistent effect

0.8

0.6

polarizotion degree (%)

0.4

0.2

L
1019

proton number flux (/cm~2/s)

Fig. 2. Ha polarization degree (in percent) as a function of
the proton number flux (in particles cm™2s™') for the initial
atmospheric model MAVN F1, for 6 = 5, Ey = 4 keV (plain
line) and § = 4, Eop =5 keV (dotted line).

of the polarization of the local radiation field. While this
last effect proved to have only a small effect on the result-
ing polarization, we found that the polarization is greatly
enhanced when using the softer proton spectrum of in-
dex 5 compared to the spectral index 4 that was used in
previous papers. When the chromosphere is not too hot,
a polarization degree of 4-5% can be expected, which is
now in better agreement with observed values. When the
chromosphere is hot, such as during the maximum phases
of a big flare, the polarization is expected to drop to values
around or below 1%.

The observed Ha polarization values of 3-6% ob-
served by Vogt et al. (1999) allows us to estimate
that the chromosphere was submitted during that
flare to a bombardment by a proton beam of spectral
index of 5 or greater with a particle flux of a few
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H alpha polarization for model VAL F
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Fig. 3. Ha polarization degree (in percent) as a function of
the proton lower energy threshold (in keV) for the initial at-
mospheric model VAL F, for § = 5, F = 5 x 10'® cm™2s7!
(plain line) and § = 4, F = 10'® ecm™?s™! (dotted line).

H alpha polarization for model MAVN F1
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Fig. 4. Ha polarization degree (in percent) as a function of
the proton lower energy threshold (in keV) for the initial at-
mospheric model MAVN F1, for § =5, F = 5x 10'® cm™ 257!
(plain line) and § =4, F =5 x 10'® em™2s™" (dotted line).

106 em™2s~'. A more precise diagnostic would re-
quire more information than just the profile integrated
polarization degree of the Ha line, such as simultane-
ous observations in other impact polarization-sensitive
lines or the polarization along the line profile. Both

E. Vogt et al.: Polarization of the hydrogen Ha line in solar flares

information can be obtained with the solar telescope
THEMIS in Tenerife (Spain) that is able to observe polar-
ization across the line profiles in several lines simultane-
ously. Observations made with THEMIS in summer 2000
in the Ha, HB and sodium D; and D5 lines are currently
being processed (Hénoux & Vogt 2001). The interpreta-
tion of THEMIS data will produce a need for further de-
velopments to the model of impact polarization presented
here such that it can be used for lines other than Ha and
can predict the polarization across the line profile (which
requires including polarized radiative transfer through the
solar atmosphere).
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