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Abstract. A particularly interesting line for exploring the physical conditions of the quiet
solar chromosphere is He, but its intensity profile is magnetically insensitive and the small
circular polarization signatures produced by the longitudinal Zeeman effect come mainly
from the underlying photosphere. Here we show that the Hanle effect in Ha provides quan-
titative information on the magnetism of the quiet chromosphere. To this end, we calculate
the response function of the emergent scattering polarization to perturbations in the mag-

netic field.
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1. Introduction

The only way to obtain reliable empirical in-
formation on the magnetic fields of the so-
lar chromosphere is through the measurement
and physical interpretation of the emergent
polarization in chromospheric spectral lines.
A particularly important line is He, because
high-spatial resolution intensity images taken
at its very line center reveal the fine scale
structuring of the quiet solar chromosphere.
Unfortunately, the Ha line is so broad that in
the quiet chromosphere the Zeeman effect is of
little practical interest (see below). Fortunately,
there is a less familiar physical mechanism that
produces linear polarization in the Ha line:
scattering polarization and its modification by
the Hanle effect. Here we show that the scatter-
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ing polarization in He provides quantitative in-
formation on the magnetic structure of the up-
per quiet chromosphere.

2. Scattering polarization in Ha

He in the quiet solar chromosphere is a strong
absorption line which is formed under highly
non-local conditions. It is a septuplet result-
ing from seven allowed transitions between the
fine structure levels of the n = 2 and n = 3 lev-
els.! The atomic terms and the fine structure
levels pertaining to the same n level are quasi-
degenerated. Thus, the individual line compo-
nents are blended due to the thermal Doppler
broadening of the line (see Fig. 1).

! Following the arguments of
Bommier & Sahal-Bréchot (1982), the hyperfine
structure is neglected in the present investigation.
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Fig. 1. The He line is composed of 7 fine-structure
components, 4 of which (full bars) are responsi-
ble of the observed linear polarization. Compare the
splitting of the components with the width of the
Doppler-broadened intensity profile.
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Fig. 2. The observed (Gandorfer 2000) Q/I profile
at 4 = 0.1 vs. the calculated emergent profile in the
non-magnetic atmosphere of Fontenla et al. (1993,
hereafter FAL-C model). Positive Q/I corresponds
to the tangential direction of polarization. The ob-
served linear polarization profile represents an av-
erage profile resulting from sacrificing the spatial
and temporal resolution. The disagreement between
the two profiles suggests that there is a missing fun-
damental ingredient in such a model: the magnetic
field (see text for details).

The Ha line center is formed in the upper
chromosphere while the wings originate in the
photosphere (Schoolman 1972). The tempera-
ture minimum region is transparent to He ra-
diation because the population of the n = 2
level is too small there to produce sufficient
absorption in He. As a result, the response
of the line’s Stokes V signal to the Zeeman
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effect is concentrated mainly in the photo-
sphere of the chosen quiet atmospheric model
(Socas-Navarro & Uitenbroek 2004). Another
problem with the Zeeman effect in the Ha
line is that the field strength required to pro-
duce significant Stokes-V signals is too high
for the quiet chromosphere. In conclusion, the
Zeeman effect in He is unsuitable for diagnos-
tics of the quiet chromosphere.

Fortunately, the Hea line observed by
Gandorfer (2000) close to the quiet solar limb
shows a positive fractional linear polarization
Q/I profile with the maximum value at the
line center (see Fig. 2). This scattering po-
larization signal results from the population
imbalances and quantum coherences among
the magnetic sublevels of the line’s upper
levels that are produced by anisotropic optical
pumping processes (eg. Trujillo Bueno 2009).
While each of the 7 components of the line
contributes to the absorption coefficient, only
4 of them (those with total angular momentum
of the upper level j, > 1/2) contribute to the
emission of polarized photons. The emergent
linear polarization is modified by a magnetic
field via the so-called Hanle effect, which
operates mainly in the line core (eg. Stenflo

1994, Landi Degl’Innocenti & Landolfi
2004). We point out that “zero-field
dichroism” in the quiet chromosphere

(Trujillo Bueno & Landi Degl’Innocenti 1997;
Manso Sainz & Trujillo Bueno 2003) is negli-
gible for He so that the 2p3/,—3s1/2 transition
does not selectively absorb the incident
radiation.

The sensitivity of the Ha line polarization
to the magnetic field in the quiet chromosphere
is investigated here by solving the multilevel
non-LTE radiative transfer problem taking into
account all the relevant physical processes
(anisotropic optical pumping, atomic level po-
larization, Hanle effect, collisional depolariza-
tion, etc.). Fig. 3 shows the line-center values
of the calculated Q/I profile for 9 different in-
clinations of an unresolved (i.e., with a random
azimuth) magnetic field. In these model calcu-
lations, the field intensity is uniform within the
whole atmosphere. Note that the line polariza-
tion is sensitive to field strengths between ap-
proximately 1 and 50 G.
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Fig. 3. Q/I amplitude of Ha for a LOS with u =
0.1 assuming a uniformly magnetized FAL-C atmo-
sphere. We take into account depolarization by colli-
sions (Sahal-Bréchot et al. 1996) and by a random-
azimuth magnetic field with the indicated inclina-
tion.
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Fig.4. Response function Rp(1,z) of the emer-
gent Q/I profile of Hae (LOS with u = 0.1)
to the Hanle effect of a horizontal magnetic field
with a random azimuth. The unperturbed model
is the non-magnetic FAL-C atmosphere. Note that
the chromosphere-corona transition region starts at
2200 km. Dark areas indicate a decrease of the Q/1
signal while bright areas indicate an increase of a
signal. The strong line-center response in the upper
chromospheric layers makes the Ha line particularly
promising for mapping the magnetic field in the up-
per chromosphere of the quiet Sun. The response
function units: 10 G~ km™!.

3. Response functions

The spatio-temporally averaged observation of
Gandorfer (2000) shows that at u = cosé =
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0.1 (with 8 being the heliocentric angle) the
amplitude of the Q/I profile is about 0.12%
(see Fig. 2). To obtain this Q/I amplitude
assuming uniform magnetic field in a one-
dimensional model like FAL-C we need a mag-
netic strength larger than = 15 G and with
an inclination higher than 40° (cf. Fig. 3).
However, the assumption of a homogenous
field is unrealistic and it can only provide a first
rough guess about the actual magnetization of
the quiet chromosphere.

In order to investigate the magnetic sensi-
tivity of the He linear polarization profile, we
calculate response functions to the Hanle ef-
fect. In particular, we investigate the sensitiv-
ity of the emergent linear polarization profile
of the He line to magnetic field perturbations.?
As shown below, different parts of the Q/1 pro-
file are differently affected when the magnetic
field is varied at a given height in the atmo-
sphere. The response function provides valu-
able information on the quantitative reaction of
the emergent linear polarization profile to the
local magnetic field.

In Fig. 4, we show the Hanle response
function of the He line in the (non-magnetic)
FAL-C atmosphere to a perturbation in the
strength of a horizontally oriented magnetic
field with a random azimuth. In order to com-
pute the response function, we have followed
the same approach used by Uitenbroek (2006)
by defining the response function of ¢ = Q/I
as

1d
Rp(1,2) = Ed_[AqZ(/D] , ey
Z

where b is a small perturbation in the magnetic
field (b = 3 G in our case) and Ag.(1) is the
modification of the emergent g(1) signal due
to a perturbation applied up to the height z.
Obviously, a key point is that to this end we
apply a multilevel non-LTE radiative transfer
code for the Hanle effect.

As seen in Fig. 4, the center of the Q/I pro-
file of He is strongly reduced by a magnetic

2 Note that in the quiet chromosphere, the inten-
sity profile of He is not sensitive to the magnetic
field. Thus, the response functions of Q/I and of Q
to perturbations in the magnetic field provide similar
information.
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field enhancement in the upper layers of the
chromospheric model, while it is practically
unaffected below z =~ 1700 km. On the other
hand, the polarization signal in the near wings
at about +0.5 A from the line center can be
slightly increased by enhancing the magnetic
field at about z = 1500 km. Note that a mag-
netic field in the uppermost layers also affects
the Ha wings: this time it decreases the Q/I
signal.

A much more detailed analysis of the re-
sponse function of Ha to the Hanle effect
will be presented in a forthcoming publication
(Stépan & Trujillo Bueno 2009b; in prepara-
tion).

4. Conclusions

The Zeeman effect in He is blind to the mag-
netic field of the upper chromosphere of the
quiet Sun. Fortunately, observations of linear
polarization of the He line close to the limb
show a non-negligible signal in the line cen-
ter. This is due to the anisotropic illumination
of the hydrogen atoms in the upper chromo-
sphere. Here we have shown that this scatter-
ing polarization signal is significantly modified
by the presence of magnetic fields. The Hanle
response function of the emergent Q/I profile
shows that the line core linear polarization ob-
served close to the limb is exclusively sensitive
to the magnetic fields in the uppermost layers
of the chromosphere while the near wings can
also be affected by magnetic fields in the lower
chromosphere.

Careful spectropolarimetric observations
and detailed radiative transfer modeling of the
He line profile can be used as a sensitive diag-
nostic tool of the magnetism of the quiet chro-
mosphere, especially in its uppermost layers,
providing us with valuable quantitative infor-
mation on the magnetic field there (see Stépan
& Trujillo Bueno 2009a; submitted).
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