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ABSTRACT

Context. The presence and importance of the coronal magnetic field is illustrated by a wide range of phenomena, such as the abnor-
mally high temperatures of the coronal plasma, the existence of a slow and fast solar wind, the triggering of explosive events such as
flares and CMEs.
Aims. We investigate the possibility of using the Hanle e!ect to diagnose the coronal magnetic field by analysing its influence on the
linear polarisation, i.e. the rotation of the plane of polarisation and depolarisation.
Methods. We analyse the polarisation characteristics of the first three lines of the hydrogen Lyman-series using an axisymmetric,
self-consistent, minimum-corona MHD model with relatively low values of the magnetic field (a few Gauss).
Results. We find that the Hanle e!ect in the above-mentioned lines indeed seems to be a valuable tool for analysing the coronal
magnetic field. However, great care must be taken when analysing the spectropolarimetry of the L! line, given that a non-radial solar
wind and active regions on the solar disk can mimic the e!ects of the magnetic field, and, in some cases, even mask them. Similar
drawbacks are not found for the L" and L# lines because they are more sensitive to the magnetic field. We also briefly consider the
instrumental requirements needed to perform polarimetric observations for diagnosing the coronal magnetic fields.
Conclusions. The combined analysis of the three aforementioned lines could provide an important step towards better constrainting
the value of solar coronal magnetic fields.
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1. Introduction

In 1908, Hale succeeded in measuring the magnetic field of a
sunspot for the first time by taking two separate spectra in right
and left circular polarisation, and interpreted his observations in
terms of the Zeeman e!ect, then recently discovered by Zeeman
where a magnetic field splits a spectral line into several di!er-
ently polarised components. As a result he pioneered the field of
magnetometry, i.e., the art of measuring the magnetic fields of
the solar atmosphere.

Despite its usefulness for photospheric field measurements,
the method developed by Hale cannot be readily applied to mag-
netic field determinations in the higher layers of the solar atmo-
sphere (upper chromosphere, transition region, and corona). The
reason for this is that the splitting e!ect of the magnetic field,
which is proportional to $2B where $ is the wavelength and B
the field intensity, has to be compared to the Doppler width of
the line, which, because of the temperature increase beginning in
the chromosphere, dominates, thus rendering the Zeeman e!ect
unobtrusive.

In 1924 however, Hanle discovered that the laws of reso-
nance scattering of polarised radiation are modified in the pres-
ence of a magnetic field. This modification consists mostly of
a depolarisation, but can, for certain geometries, even become

a hyperpolarisation of the scattered radiation accompanied by a
rotation of the plane of polarisation.

The first proposal to use the Hanle e!ect for astrophysical
purposes, e.g. magnetic field diagnostics of solar prominences,
was made by Öhman (1929). The same proposal was later placed
on more solid grounds by Hyder (1965) and House (1971), but
it was not until the late seventies that detailed observations were
reported (Leroy et al. 1977; House & Smartt 1979), and progress
made in the theoretical interpretation of the observations of
the helium D3 emission line (Bommier 1977; Sahal-Bréchot
et al. 1977; Bommier & Sahal-Bréchot 1978; Bommier 1980;
Landi Degl’Innocenti 1982). Bommier & Sahal-Bréchot (1982)
worked out the full quantum mechanical theory of resonance
scattering in the presence of a magnetic field for the specific case
of one of the strongest lines of the solar spectrum, namely the
1215.16 Å L! line, making the bold suggestion of using their
results to enter previously uncharted territory: the diagnostics
of the ever-elusive magnetic field of the solar corona. In their
seminal paper, the authors show that a linear polarisation de-
gree of up to about 20% can be expected in the solar corona at
heights of about one solar radius above the solar surface, and cal-
culate the depolarisation and rotation of the plane of polarisation
with respect to the solar limb for various directions and intensi-
ties of the magnetic field vector. The final line of their abstract
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reads: “After integrating along the line of sight, these formu-
lae could be used for magnetic field determination in the solar
corona from measurements of the linear polarisation of the L!
line”.

The recipe is apparently very simple, i.e. in the absence of
a magnetic field, the plane of linear polarisation is parallel to
the solar limb, and if it were possible to measure the rotation
of the plane of polarisation, then, through the algorithms devel-
oped, one could deduce the magnetic field vector. The authors
do however point out that this type of analysis cannot provide
a complete description of the three components of the magnetic
field vector because only two linear polarisation parameters can
be measured. We note that this subtlety was already tackled in a
previous paper (Bommier et al. 1981), in which the authors in-
vestigate various methods of adding supplementary information
to those resulting from the Hanle e!ect analysis of linear polar-
isation measurements of an emission line to provide the three
components of the magnetic field.

A first implementation of a line-of-sight (LOS) integration of
the hydrogen L! line was undertaken by Fineschi and cowork-
ers. In a series of papers (Fineschi et al. 1991, 1992, 1993, 1999),
these authors thoroughly examine the feasibility of diagnosing
the coronal magnetic field after a LOS integration, and simul-
taneously address the problem from an experimental point of
view, defining and investigating the relevant parameters and even
suggesting instruments capable of achieving the necessary mea-
surement sensitivity. They recommend that polarimetric mea-
surements be undertaken at relatively low altitudes ("1.1 solar
radii), and show that the bulk of the emission comes predom-
inantly from the high-density scattering points along the LOS
that are close to the plane of the sky, i.e. the plane perpendicu-
lar to the LOS passing through the Sun’s centre. In their 1993
paper, they model a typical coronal large-scale structure, i.e., a
loop connecting two large sunspots of opposite polarity, and sim-
ulate the magnetic field placing a magnetic dipole below the so-
lar surface, demonstrating that the averaging e!ects of the LOS
integration do not cancel out the Hanle e!ect. They also argue
that the solar wind at these distances ("1.1 solar radii) is rather
slow thus eliminating the need to take into account the e!ects of
Doppler-dimming when comparing with the Hanle e!ect caused
by the relatively strong magnetic field of the active region. To
assess the disturbing e!ects of magnetic fields in the coronal
fore-and background with respect to the plane of the sky, they
model an array of loops along the LOS simulating a “random”
field configuration. Despite this morphological complexity, and
taking into account measuring uncertainties, they show that the
di!erence between the LOS integrated signal and that produced
by only one loop is negligible, suggesting that “to first order”
one can interpret the LOS integration as stemming only from
the plane of the sky, thus facilitating the identification of two
of the three components of the magnetic field1. To overcome
the dimensional problem of having a magnetic field with three
components, they suggest applying a cluster of far ultraviolet
(FUV) coronagraphs/polarimeters operating at di!erent wave-
lengths and making simultaneous observations of the Hanle ef-
fect in various lines. In their 1999 paper, the authors analyse
the Hanle e!ect for two additional lines of the Lyman-series,
the 1025 Å L" and the 972 Å L# lines, which are more sen-
sitive to the Hanle e!ect, and show how the L# seems to be a

1 In their simulations, the authors have used a four times higher density
of scattering atoms in the central loop with respect to the surrounding
atmosphere. In the general case, however, the contribution from points
outside the plane of the sky cannot be neglected.

particularly promising line, given that the rotation angle of the
linear polarisation at a heliocentric distance of 1.1 solar radii is
close to 13 degrees for a magnetic field of 4 G, which, as will
be shown later, is quite a substantial rotation. The value of the
magnetic field just quoted was validated by Lin et al. (2004), us-
ing Zeeman-splitting observations of infrared coronal emission
lines for the above-mentioned height.

Various groups have modelled the corona assuming sim-
ple magnetic field configurations, i.e. dipoles in the Sun’s in-
terior and current sheets in the Sun’s equatorial plane, or photo-
spheric field extrapolations. With these simplified models, they
preformed LOS integrations of the transfer equation of polarised
radiation finding the rotation of the plane of polarisation and de-
polarisation for the L! line (Derouich et al. 2010), and both L!
and L" (Raouafi et al. 2009).

To date, however, the polarimetric properties of the radiation
expected from self-consistent, magneto-hydrodynamicalcoronal
models and the detailed influence of a non-radial solar wind on
the same properties have not yet been fully investigated. It is to
fill this gap in our understanding of the complete spectrum of
forward modelling results of more realistic, self-consistent coro-
nal models, accounting for the presence of magnetic fields, of
non-radial outflow velocities (solar wind), and of active regions,
that we revisit the Hanle e!ect in the first three spectral lines of
the Lyman-series. In this paper, we report on the results obtained
using a self-consistent 2.5-D, MHD global coronal model with a
solar minimum-like magnetic field topology, i.e. a global dipole
field directed along the Sun’s polar regions with a current-sheet-
like structure in the equatorial plane, and strengths that lie in the
realistic range of a few Gauss, thus taking forward modelling of
the Hanle e!ect in the Lyman-series one step further in predict-
ing the outcome of real solar coronal observations.

In Sect. 2, we review the theory of resonance polarisation
and the Hanle e!ect, and in Sect. 3 we present and discuss our
simulation results. In Sect. 4, we analyse aspects of the instru-
mental requirements for doing spectropolarimetric observations
in the solar minimum corona, and finally present our conclusions
in Sect. 5.

2. Theory

The physical problem we wish to address is the following: what
are the scattering polarisation properties of neutral hydrogen
atoms situated in the solar corona in the presence of the pump-
ing, anisotropic radiation field coming from the solar chromo-
sphere, magnetic fields, collisions, (non-radial) outflow veloci-
ties, and active regions?

After the intervention of some simplifying assumptions, the
algorithm for solving the problem is quite straightforward. Once
the physical boundary conditions are specified, the excitation
state of the atom is found by solving the statistical equilib-
rium equations, thus enabling the determination of its emissivity,
which is then integrated along the LOS, given that the corona is
optically thin for FUV lines.

The phenomenon of polarisation in resonance scattering is
the emission of linearly polarised radiation by atoms that are
illuminated anisotropically. In a cylindrically symmetric solar
corona, the degree of linear polarisation is an increasing function
of the height above the solar surface and its direction is parallel
to the closest solar limb. In the following, we describe how it is
possible to incorporate into our modelling three di!erent mecha-
nisms capable of modifying the degree of linear polarisation and
rotating the plane of polarisation. These mechanisms stem from
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the presence of magnetic fields, non-radial outflow velocities,
and active regions on the solar surface. For each case, we briefly
present the initial assumptions and show the equations used to
calculate the polarisation signatures these mechanisms produce
in the radiation emitted by the hydrogen atoms in the first three
spectral lines of the Lyman-series.

For additional details about the theory of resonance scat-
tering of polarised radiation, we recommend that the interested
reader consult the monograph “Polarisation in Spectral Lines”
by Landi Degl’Innocenti & Landolfi (2004), hereafter LL04.

2.1. Resonance polarisation

We now present the most important equations describing the
phenomenon of resonance polarisation. We state the approxima-
tions used and end up finding the Stokes parameters I, Q, and U
of the radiation emitted in the scattering processes as a function
of the incident radiation field2.

The hydrogen atoms are described in terms of the multipole
moments of the density matrix in the spherical statistical ten-
sor representation, and are modelled as having only three levels,
two upper levels with Ju = 3/2 and Ju = 1/2, respectively, and
a lower one with J% = 1/2, where J is the total angular mo-
mentum. This model is well suited to describing L!, whereas
for L" and L# it represents a first-order approximation that could
be improved by considering more sophisticated models involv-
ing further atomic levels and the e!ect of the pumping photo-
spheric radiation in H-! (for the L" case) and in H-!, H-", and
Paschen-! (for the L# case). Given the exploratory nature of our
investigation, we have, at this stage, chosen not to consider these
sophistications in our model calculations. Owing to the large dif-
ference in energy between the two upper levels relative to their
natural width, we neglect quantum interferences between them
and assume that they are independent. One is left with a cou-
ple of equivalent two-level atoms whose upper level has either
Ju = 3/2 or Ju = 1/2. According to Bommier & Sahal-Bréchot
(1982), the hyperfine structure can also be safely neglected, and,
with this approximation, only the upper level for which Ju = 3/2
can harbour atomic polarisation. We assuming the lower level to
be unpolarised, ignore for the moment the e!ects of collisions
(elastic, inelastic, and super-elastic) on the upper levels, and ne-
glect stimulation e!ects due to the dilution of the solar radiation
in the FUV. After solving the statistical equilibrium equations,
the multipole moments of the upper level are given by3

&K
Q (!u Ju) =

!
2J% + 1
2Ju + 1

B (!%J% # !uJu)
A (!uJu # !%J%)

w(K)
Ju J%

$(%1)Q JK
%Q ('0) &0

0 (!%J%) , (1)

where A(!%J% # !uJu) and B(!uJu # !%J%) are the Einstein
coe"cients for spontaneous emission and absorption, respec-
tively. The symbols w(K)

Ju J%
, introduced by Landi Degl’Innocenti

(1984), are a sort of “e"ciency factor” characterising the trans-
fer of the K-th order multipole moment from the radiation field
to the atomic density matrix in the absorption process from the
lower to the upper level, while &0

0(!%J%) is the multipole mo-
ment of the unpolarised lower level proportional to the number

2 Since we, in the present paper, are concerned with the line-integrated
Stokes parameters, Stokes-V is identically zero. The magnetic field can
indeed induce an antisymmetric circular polarisation profile that, how-
ever, does not contribute to the line-integrated V Stokes parameter.
3 Here and in the following we use the notations of LL04.

density of hydrogen atoms, and ! is a set of quantum numbers
related to the spectroscopic properties of the energy level. The
frequency '0 corresponds to the transition between the upper and
lower level.

The tensor JK
Q that appears in Eq. (1) describes the incoming

radiation field. It is usually called the radiation field tensor and
is given by

JK
Q ('0) =

" &

%&
f (u % w) d3u

$
#

d#'

4(
T K

Q
$
0,!!

%
I
&
'0

&
1 +
u ·!!

c

'
,!!

'
. (2)

We assume the radiation field to be unpolarised and indepen-
dent of the heliocentric angle. The absence of limb-darkening
or limb-brightening in the pumping chromospheric radiation is
indeed consistent with observations to a good degree of approx-
imation. Furthermore, in Eq. (2), we have to perform an inte-
gration over the velocity distribution function of the hydrogen
atoms, f (u%w), which we assume to be Maxwellian. The veloc-
ity, u, is the vector sum of the thermal velocity, and of the solar
wind velocity, w, and in the expression for the intensity we have
taken into account the Doppler e!ect to first order in v/c.

Finally, the quantities T K
Q (0,!!) are spherical tensors per-

taining to the geometry of the scattering event.
These two expressions, Eqs. (1) and (2) for the upper-level

statistical tensors and the radiation field tensor, can now be used
to find the frequency-integrated emission coe"cients (Stokes pa-
rameters) given by (cf. Eq. (10.15) of LL04)

)̃i(!) = kA
L

(

KQ

WK (J%, Ju) (%1)Q T K
Q (i,!) JK

%Q ('0)

(i = 0, 1, 2, 3), (3)

where kA
L is the frequency-integrated absorption coe"cient of

the line, given by kA
L =

h'
4(N%B(!%J% # !u Ju), h' is the energy

of the scattered photons, and N% = N
(

2J% + 1 &0
0(!%J%) is the

number of hydrogen atoms per unit volume in the lower level,N
being the overall number density of atoms. Finally, WK(J%, Ju) =
(w(K)

Ju J%
)2.

Given that the corona is an optically thin plasma in the FUV,
to obtain the emergent signals, we simply have to perform an
integration along the LOS of the emission coe"cient, and get
for any one of the Stokes parameters

Ĩi(!) =
"

LOS
)̃i(!) ds, (4)

where s is the coordinate along the LOS.

2.2. The Hanle effect in resonance polarisation

The Hanle e!ect is the modification of the polarisation parame-
ters of a spectral line in the presence of a magnetic field. Its con-
sequences, relative to the non-magnetic case, are a modification
(usually a decrease) of the linear polarisation degree and a simul-
taneous rotation of the plane of polarisation that depends on both
the strength and direction of the field in a non-linear manner. The
usual way to depict the Hanle e!ect is in a so-called Hanle dia-
gram, which for various values of the field strength and orienta-
tion (horizontal field) shows the depolarisation along the y-axis
and the rotation of the plane of polarisation along the x-axis,
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as shown, for instance, in Fig. 5 of Bommier & Sahal-Bréchot
(1982).

If one relaxes the condition of considering only horizontal
fields, and allows the polar angle to vary, one can also achieve
a hyper polarisation as shown in Figs. 6b%d of Fineschi et al.
(1993).

With the same assumptions as in the previous section, the
solution of the statistical equilibrium equations in the presence
of a magnetic field is

&K
Q (!u Ju) =

!
2J% + 1
2Ju + 1

B (!%J% # !uJu)
A (!uJu # !%J%) + 2(i'Lg!u Ju Q

$w(K)
Ju J%

(%1)Q JK
%Q ('0) &0

0 (!%J%) , (5)

where all the tensors are now defined in the reference system in
which the z-axis is directed along the magnetic field, g!u Ju is the
Landé factor of the upper level, and 'L is its Larmor frequency,
which is proportional to the magnetic field intensity.

Defining the dimensionless parameter Hu as

Hu =
2('Lg!u Ju

A (!u Ju # !%J%)
(6)

allows us to recast Eq. (5) as

&K
Q (!u Ju) =

1
1 + iQHu

)
&K

Q

*
B=0
, (7)

where [&K
Q]B=0 are the multipole moments in the non-magnetic

case. This expression embodies the Hanle e!ect both qualita-
tively and quantitatively, i.e. coherences with Q = 0 (popula-
tions of the Zeeman sub-levels) are una!ected by the magnetic
field, while the absolute values of these with Q ! 0 are re-
duced by a factor

+
1 + Q2H2

u , with respect to the non-magnetic
case.

The frequency-integrated emission coe"cients are easily
found to be

)̃i(!) = kA
L

(

KQ

WK (J%, Ju) (%1)Q T K
Q (i,!)

1
1 + iQHu

JK
%Q ('0) ,

(8)

and, as in the previous case, we obtain the emergent Stokes pa-
rameters by integrating the emissivity along the LOS.

2.3. Resonance polarisation in the presence of non-radial
outflow velocities

We now turn our attention to the second of the three phenomena
capable of modifying the polarisation parameters of a spectral
line, i.e. a non-radial solar wind.

This problem was tackled for the first time by Sahal-Bréchot
et al. (1998) for the 1032 Å O VI line. In their paper, as in ours,
the thermal velocity distribution was assumed to be isotropic.
The SUMER (Solar UV Measurement of Emitted Radiation) in-
strument on SOHO (Solar and Heliospheric Observatory), which
provided the first, and to date only, detection of UV resonance-
line polarisation in the solar corona, found that H0 and O5+

ions have anisotropic distributions of their unresolved veloc-
ities (see Kohl et al. 1998). This prompted Fineschi (2001)
to study resonance polarisation in the presence of “anisotropic
Doppler-width dimming” and demonstrate that this e!ect ampli-
fies considerably the variation in the polarimetric outcome (see

also Raouafi & Solanki 2003 for a discussion of the same ef-
fect). In the present paper, however, we do not take into account
the e!ects of anisotropic Doppler velocities.

To understand the e!ects of a non-radial solar velocity on
the polarisation characteristics of the emitted light in a scattering
process, we must examine in detail the expression for the radia-
tion field tensor, Eq. (2). The first argument of the unpolarised in-
tensity contains the Doppler-e!ect, u·!!, where u is the atom ve-
locity and !! is the propagation direction of the chromospheric
radiation. Because of the nature of the profile, for non-radial ve-
locities of the solar wind, the atoms will experience di!erent in-
tensities coming from di!erent directions, a phenomenon known
as Doppler-dimming or Doppler-brightening. For a purely radial
velocity, because of the cylindrical symmetry of the radiation
field, the only non-zero components of the radiation field tensor
in a reference system in which the z-axis is directed along the
vertical are J2

0 and J0
0 , thus causing the linear polarisation to be

parallel to the solar limb. This property obviously holds in the
absence of magnetic fields and/or active regions, whose polari-
sation signatures will be discussed in the following section. The
scalar product u ·!! can in general be written as

u ·!! = v (cos * cos *v + sin * sin *v cos (+ % +v)) , (9)

where * and + are the angles of the propagation direction !!
of the radiation impinging on the atom of velocity u with direc-
tion *v and +v (see Fig. 12.10 in LL04).

When this expression is inserted into Eq. (2), one sees that
additional components of the radiation field tensor, besides J2

0
and J0

0 , di!er from zero. These components can now be inserted
into Eqs. (1) and (3) in order to find the frequency-integrated
Stokes parameters in the non-magnetic case, or into Eqs. (5)
and (8) in the presence of a magnetic field. The e!ect is very
similar to that of a magnetic field, i.e. non-radial outflows can
depolarise or hyperpolarise and rotate the plane of polarisation
and one must be very careful when interpreting observations in
order to di!erentiate the e!ects of velocities from those of the
Hanle e!ect.

2.4. The polarimetric signature of active regions

The third possible way in which the polarisation parameters of
a spectral line can be modified, is by the presence of active re-
gions on the solar surface. As mentioned in the previous section,
at a given point P of the solar corona, owing to the cylindri-
cal symmetry of the chromospheric radiation, the only non-zero
components of the radiation field tensor, defined in a reference
system whose z-axis is directed along the vertical, are J0

0
and J2

0 .
In addition to a non-radial solar wind, a number of phenom-

ena can, however, break this symmetry, an example of which is
the presence of active regions characterised by an intensity con-
trast with respect to the quiet chromosphere. Other examples are
granulation, faculae, or, in general, any of the typical structures
of solar activity capable of rendering the radiation field tensor
less homogeneous, but since their typical dimensions and life-
times are small compared to active regions they are neglected in
the following.

An active region whose “centre” has coordinates , and - in
the above-mentioned coordinate system (see Fig. 12.8 in LL04)
is seen under the small solid angle $# from a point P of the
corona. If we denote by $I' the intensity variation in the ac-
tive region with respect to its surroundings, then the radiation
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field tensor components at P are, to a first order approximation,
given by

J0
0(') =

)
J0

0(')
*
cyl.s
+
$#

4(
$I', (10)

J2
0(') =

)
J2

0(')
*
cyl.s
+

1

2
(

2

,
3 cos2 *0 % 1

- $#
4(
$I', (11)

J2
±1(') = )

(
3

2
sin *0 cos *0 e±i+0

$#

4(
$I', (12)

J2
±2(') =

(
3

4
sin2 *0 e±2i+0

$#

4(
$I', (13)

where the quantities [JK
Q(')]cyl.s are the components of the ra-

diation field tensor in the cylindrically symmetric case, and
the angles *0 and +0 are related to the sunspot coordinates by
+0 = - % (, and *0 = arctan

. sin ,
1%cos ,+h/R*

/
, h being the height of P

above the solar surface and R* the solar radius.
These are the expressions for the radiation field tensor that

can now be inserted into either Eqs. (1) and (3) in order to find
the frequency-integrated Stokes parameters in the non-magnetic
case, or, into Eqs. (5) and (8) in the presence of a magnetic field.

As for non-radial outflow velocities, but in this case owing
to a di!erence in intensity caused by active regions, the conse-
quences are a modification of the Stokes parameters leading to
either a depolarisation or hyperpolarisation and a simultaneous
rotation of the plane of polarisation.

3. Results

We chose to visualise our simulation results using three di!erent
kinds of graphs. The blue graphs represent the logarithm of the
number of photons per unit area, per unit time, and per steradi-
ans. The inclination and length of the little black segments on top
represent the angle and degree of the fractional linear polarisa-
tion. The number of photons is obviously given by the intensity
of the scattered radiation divided by the energy per photon. The
fractional linear polarisation is obtained via

PL =

+
Q2 + U2

I
, (14)

and the polarisation angle, !, is obtained from

tan(2!) = U/Q. (15)

The red graphs represent the di!erence in angle of the linear
polarisation direction with respect to the solar limb, caused by
magnetic fields, active regions, solar wind, or any combina-
tion of them. The angle is expressed in degrees and measured
counterclockwise. Finally, the green graphs represent the frac-
tional change in percent of the linear polarisation, defined by
(P0%PL)/P0, where P0 is the degree of linear polarisation in the
absence of symmetry-breaking e!ects.

The substrate for our polarimetric forward modelling is a
series of 2.5-D MHD self-consistent coronal models by Wang
et al. (1993), in particular their steady-state solutions that evolve
from an initial dipole magnetic field configuration. The magnetic
and velocity field configurations are shown in Figs. 2a and 6a of
their paper. The profiles and intensities of the chromospheric L!
and L" lines are taken from Lemaire et al. (2005), while the L#
line profile is assumed to be equal to that of the L" line with the
di!erence in peak intensity taken from Raymond et al. (1997).

Fig. 1. Resonance polarisation of the L! line in the static, non-magnetic
solar corona.

These lines are all formed by doublets at almost the same wave-
length, and each doublet has the same lifetime, but, as already
mentioned, only the Ju = 3/2 # J% = 1/2 transition can be
linearly polarised in resonance scattering.

The hydrogen L! is one of the brightest lines of the solar
corona. According to Gabriel et al. (1971), the dominant ex-
citation mechanism is almost exclusively caused by the reso-
nant photo-excitation of coronal neutral hydrogen by the chro-
mospherically produced L! photons. For the L" line, there is a
slightly dominant contribution from collisional excitations rel-
ative to photo-excitations, which in contrast for the L# line by
far dominates (see Table 4 of Raymond et al. 1997). Only in the
case of photo-excitation can the scattered radiation become lin-
early polarised. Atoms that are collisionally excited (mostly by
electrons) are not able to emit polarised light since the collisions
are believed to be isotropic. This results in a decrease in the de-
gree of linear polarisation, leaving, however, the direction of the
plane of polarisation and the relative depolarisation una!ected.
The advantage of the L! line is on the one hand its brightness,
and on the other hand its ratio of photo-excitation to collisional
excitation. The L" and L# lines are much fainter and the con-
tribution coming from the collisional excitation is unfortunately
not negligible thus producing much less linearly polarised light
than the L! line. To account for the e!ect of collisions, we added
an extra contribution of unpolarised radiation equal to x times
the scattered radiation itself, with x being equal to two for L"
and ten for L#.

We start by looking at the simulation results for the L! line.
Figure 1 is just a simple “warm-up” graph depicting the static
solar corona (no solar wind) in the absence of active regions and
a magnetic field4. We note how the degree of polarisation is an
increasing function of the height above the solar surface, reach-
ing a maximum value of 21.3% for the distances considered in
the plot, and how the linear polarisation is parallel everywhere
to the solar limb.

In Fig. 2, we display the red graph obtained from a simula-
tion relative to a model evolved from an initial magnetic dipole-
field, with a maximum value of roughly 4 G just above the solar
poles (for the exact values see Fig. 7a of Wang et al. 1993), but

4 The coronal plasma parameters, i.e. temperature and density are
however those given by the model and are therefore derived consistently
with both magnetic field and solar wind. It is only in our spectropolari-
metric simulations that we “turn on and o!” both or anyone of them.
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Fig. 2. The Hanle e!ect in the L! line.

Fig. 3. Resonance polarisation in the presence of a non-radial solar wind
in the L! line.

no active regions or solar wind. The combination of this rather
weak value of the magnetic field with the sensitivity of the L!
line to the Hanle e!ect results in very small changes in angle,
i.e. ±0.11 degrees. The relative depolarisation ranges from zero
to 2.23%. We note how the e!ect is predominant at both the
Sun’s poles and relatively low altitudes, right from the surface
up to roughly 0.2 solar radii.

In Fig. 3, we “turned o!” the magnetic field and show the
simulation results of the e!ect of the non-radial solar wind. We
find a rotation of the plane of polarisation that is quantitatively
almost identical to that of the magnetic field. The rotation is al-
ready present at very low heights above the solar surface and
lasts all the way out to distances of about one solar radius. The
relative depolarisation ranges from %3.48 to 0.25% and shows
that the e!ect of a non-radial solar wind is mostly a polarising
one, i.e. it creates polarisation.

In Fig. 4, we “turned o!” both the magnetic field and solar
wind and show the e!ect of active regions on the solar surface by
placing eight active regions symmetrically on both hemispheres
at latitudes of ±(/4 and longitudes (measured from the plane of
the sky) of 0, (/2, (, and 3(/2, respectively, reflecting more or
less the starting configuration of activity at the beginning of the
solar cycle.

Fig. 4. Resonance polarisation in the presence of active regions in
the L! line.

Fig. 5. The Hanle e!ect combined with a non-radial solar wind and ac-
tive regions in the L! line.

The values for the intensity contrast were taken from
Raymond et al. (1997), and the active regions are all assumed
to have the same diameter of 30 000 km. We find rotations that
locally attain values of the same order of magnitude as those
found for magnetic fields and the solar wind, i.e. ±0.44 degrees.
As in the case of the solar wind, the e!ect of the active regions
is to polarise, rather than depolarise, with values of the depo-
larisation parameter that range from %7.8 to 0.7%. As expected,
only the e!ect of the regions of longitude 0 and ( are seen in the
graph.

As can be seen from the previous four graphs, and also ex-
pected theoretically, not only do magnetic fields, active regions,
and non-radial outflow velocities have almost the same polar-
isation signature, but, for the values used in our simulations,
the quantitative outcome is painstakingly similar, alerting us to
be very cautious when attributing a polarisation signal to any
of the aforementioned “polarimetrically active” agents, whose
combined e!ect is shown in Fig. 5.

This panorama completely changes when one looks at the
same simulation results (including magnetic field, non-radial
outflow velocities, and active regions) using the L" and L# lines,
which are shown in Figs. 6 and 7, respectively.

For L", we get a rotation of ±1.32 and a relative depolarisa-
tion ranging from %3.7 to 22.3%, and for L# the same values are
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Fig. 6. The Hanle e!ect combined with a non-radial solar wind and ac-
tive regions in the L" line.

Fig. 7. The Hanle e!ect combined with a non-radial solar wind and ac-
tive regions in the L# line.

Fig. 8. Relative depolarisation of the Hanle e!ect combined with a non-
radial solar wind and active regions in the L# line.

±4.58 and from %3.6 to 57.6%. As an example of a green graph,
we show the relative depolarisation of the L# line in Fig. 8.

This abrupt change in the polarimetric parameters for these
lines is due to their di!erential sensitivity to the magnetic field.
The critical value of the magnetic field at which the Hanle e!ect

appears is found by setting the previously defined parameter
Hu " 1. This leads to a sensitivity of the L! line to the mag-
netic field for values that range from roughly 10 G to 70 G, for
L" to values that range from 2 G to 15 G, and finally for L# to
values from 1 G to 7 G, leading us to conclude that these last two
lines are the most suitable for magnetic field diagnostics in the
solar corona, at least for observations around the solar minimum.

As previously mentioned, the drawbacks of the L" and L#
lines are their faintness and that they have a smaller amount of
linear polarisation caused by the predominant collisional excita-
tion mechanism, and it remains to be seen whether these lines
can be set to work for magnetic field diagnostics in the solar
corona. If, for technical reasons, it were not possible to use
the L" and L# lines, and one only had information from the L!
line, everything would however not be lost. The problem of the
contribution from the active regions could be solved by simulta-
neously tracking their presence and position, and, armed with the
knowledge of their e!ect on the polarisation signals, one could
subtract their contribution from the observations. Given that only
the largest active regions have a detectable influence and that
their longevity outlasts the solar rotation, even those present on
the Sun’s backside should not cause major problems.

As to the solar wind, one could use di!erent methods to as-
sess its value (see e.g. Cranmer et al. 1999) and thereby likewise
subtract its contribution.

The philosophy of forward modelling is to use an analytical
description of all the complex physics involved in the scattering
process in the presence of magnetic fields, and by making fine
tunings in parameter space, find the simulation results that most
closely reproduce the observations. It is clear that one could in
principle encounter many situations in which the magnetic field
vectors might vary along the LOS, cancelling the Hanle e!ect
locally, and thus rendering the interpretation of the polarisation
signal in terms of the magnetic field extremely ambiguous, if not
outright spurious. The same obviously holds true for non-radial
outflow velocities and active regions. The interpretation of LOS
integrated data is inherently a risky business and extreme care
is warranted when one attempts to use it for deducing physical
observables.

For now, we limit ourselves here to presenting the expected
spectropolarimetric outcome based on our models, but in a
follow-up paper we plan to use a multi-line approach in a dif-
ferent sense from what we have done here, i.e. separating the
e!ects of the magnetic field from those caused by non-radial
outflow velocities and active regions by shifting from the L!
line to the L" and, preferably, L# lines, to address the problem
of what kind of information on the topology and intensity of the
magnetic field can actually be extracted from LOS integrations
in forward modelling.

We close this section by briefly commenting on the results
obtained from the simulation with the solar wind shown in Fig. 3,
and those pertaining to the e!ects of active regions shown in
Fig. 4. Until now, the e!ects of the solar wind have been consid-
ered negligible compared to the Hanle e!ect due to the mag-
netic field of an active region, both from a theoretical (e.g.
Beckers & Chipman 1974; Fineschi et al. 1993), and an ob-
servational point of view (e.g. Withbroe et al. 1982). Our sim-
ulations, which have much lower values of the magnetic field
corresponding to solar minimum conditions, demonstrate that
one cannot neglect the e!ects of the solar wind when consider-
ing the L! line, but that they are negligible when one considers
the L" and L# lines, again due to their augmented sensitivity to
the magnetic field. Another interesting thing to note in Fig. 3 is
how the polarisation signal can be used as a diagnostic tool for
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elucidating the direction of the magnetic field in the interface re-
gion between the open field lines of the coronal holes and the
closed ones of the streamers.

Our results for active regions on the solar surface are in line
with those of Sahal-Bréchot et al. (1986) where the authors in-
vestigate the e!ects of active regions on magnetic field diagnos-
tics in the solar corona using the 1032 Å O VI line and show
that for the most realistic values of the involved parameters one
would overestimate or underestimate the actual field value by
30%40% if one did not take into account the presence of active
regions. They, as we, conclude that the polarisation parameters
measured by an UV-corona graph/polarimeter should be associ-
ated with spectroheliograms to elucidate the true values of the
radiation field tensor and thereby render the magnetic field diag-
nostics more realistic.

4. Instrumental requirements
We briefly digress and address the issue of instrumental require-
ments in terms of a hypothetical instrument’s parameters to be
able to detect the di!erences in the Stokes parameters that our
simulation results suggest.

We note that an instrument capable of performing polarime-
try in the FUV, thus making the observations needed to confirm
our results has never previously existed. After performing the
simulations and arriving at certain values of the Stokes parame-
ters I, Q and U, we ask ourselves how many photons a measur-
ing device would have to pick up for the data analysts to have
an unequivocal confirmation of a magnetic field, or more gener-
ally, active regions on the solar surface and/or non-radial outflow
velocities. The number of counts, Ni, that a given measuring de-
vice detects in any one of the components of the Stokes vector is
a function of the five parameters given by

Ni = IiA#)t, (16)

where Ii is any Stokes vector component, in units of photons per
unit area per unit time and per steradians, A is the instrument’s
collection area, # is the spatial sampling in steradians, ) is the
instrument’s e"ciency, and t is the exposure time. We assume Ii,
A, #, and ) to be fixed, leaving t as the only leftover parameter
controlling the value of Ni.

To assess how many counts one should have to be sure that
the signal in the presence of “rotation-active” agents di!ers from
the “uncontaminated” quiet Sun signal we demand that the dis-
tance between two points in the (Q,U)-plane (one being the re-
sult of a simulation with a magnetic field and the other without a
magnetic field) be greater than 3., where . =

(
N0 is the stan-

dard deviation of the polarimetric error assuming that this is due
only to Poisson statistics in the number of counts.

As an example, we consider the specific case of a model
evolved from an initial dipole configuration and analyse it for
the first three resonance lines of the Lyman-series. The results
are shown in Fig. 9, where we plot the logarithm of the observa-
tion time as a function of the radial distance for A = 500 cm2,
with an angle of 20 arc sec subtended by the resolution element,
and an instrument e"ciency, ), of 0.01.

For the radial direction, we chose the symmetry line that bi-
sects the first quadrant in the plane of the sky, i.e. with polar an-
gle equal to (/4. From Fig. 9, we see that for this set of parame-
ters, at "1.1 solar radii one would need an exposure time of about
"17 min for the L! line, "1.4 h for the L" line, and roughly 4.7 h
for the L# line, which is quite acceptable (i.e. we do not expect
the phenomena that we wish to study to have timescales shorter
than this). The trend shown in Fig. 9 is quite clear, that is, the

Fig. 9. Observation time as a function of radial distance for the L! (low-
est curve), L" (centre curve) and L# (top curve) lines.

further out one goes, the more the observation time increases.
This is obviously due to the exponential decline in the density of
emitting atoms, thus restricting our possibilities of doing mea-
surements at heights definitively no more than 1.5 solar radii. If
it were possible to increase the instrumental e"ciency, aperture,
and pixel size, maybe one could realistically push the limit all
the way out to two solar radii.

Needless to say, the above outlined procedure can easily be
generalised to any other of the remaining parameters while fix-
ing the observation time beforehand. In the preceding section,
we showed that the expected rotation angle, !, for the L! case
amounts to some tenths of a degree, thus setting a very strin-
gent limit on the necessary sensitivity of the instrument. We also
showed that the L" and L# lines are more sensitive to the mag-
netic field, causing more substantial rotations of the plane of po-
larisation, and we advocate the use of these lines if the rotation
angles for the L! line turn out to be unmeasurable. The following
analysis shows, however, that the L! could be the most suitable
line.

The instrumental polarimetric sensitivity, $P, needed to
measure the rotation of the plane of polarisation, P, with an er-
ror, $,, is given by5

$P = $,P. (17)

In the L! case, the line is bright (P + brightness of the line),
but the rotation is small ($, + the rotation angle, !), whereas in
the L" and L# cases the lines are faint and the rotation is bigger.
This means that our previous comment about the L! line placing
heavy demands on the instruments sensitivity is also valid for
the L" and L# lines.

We now attempt to estimate the value of $,L!. It can be
shown that the accuracy of the measurement of the rotation an-
gle for a given line intensity is inversely proportional to the
number of counts that the measuring device detects ($! +
1/
(

N). This means that $,L!/$,L# ,
+

NL#/NL!, which gives

5 See Sect. 3.2 in Fineschi et al. (1993) for a discussion of the formulae
used in the following.
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$,L! , $,L#
+

NL#/NL!. In the solar corona, the typical value
of

+
NL#/NL! is roughly 0.01. If we set $,L# to be equal to

one third of its maximum rotation found in our simulations, then
$,L! , 0.02 degrees, which is about five times smaller than the
actual value for the maximum rotation. An instrument with this
accuracy might actually measure rotation angles as small as one
tenth of a degree, the typical values we found in our simulations.

This is quite a remarkable result for this rather simple analy-
sis based purely on Poisson statistics. The overpowering bright-
ness of the L! line compensates for the small rotation angle and
makes a more suitable diagnostic of the physical parameters of
the solar corona6.

These are very interesting findings for future solar FUV po-
larimetry space missions, because it means that instruments with
the parameters used in this section would have the necessary sen-
sitivity for at least the first three lines of the Lyman-series. A
coronagraph with the same parameters as the ones we have used
here was suggested in 2007 as part of a mission (Compass) pro-
posed to the ESA cosmic vision program. An improved version
of a similar coronagraph has recently been suggested as part of
a future ESA mission (SolmeX).

5. Conclusions
We have presented our forward modelling results of the e!ects
of magnetic fields (Hanle e!ect), non-radial outflow velocities
(solar wind), and the presence of active regions on the first three
Stokes parameters of the radiation scattered by the solar corona
in the first three lines of the Lyman-series using a self-consistent
2.5-D global MHD model of the corona with realistic low field
values of a few Gauss. We have shown that all three of these “po-
larimetrically active” agents have the same e!ect, i.e. they rotate
the plane of linear polarisation and cause a depolarisation (in a
few cases hyperpolarisation) of the scattered light, and that their
e!ects, even after a line-of-sight integration, are still detectable.
The use of a global MHD model has for the first time (previously
these e!ects had only been studied separately, or pairwise) en-
abled us to compare the relative contributions of the three e!ects
that in the L! case indicate that besides being qualitatively are
also quantitatively almost identical, producing rotations of a few
tenths of a degree.

We have also discussed how to circumvent the possible con-
fusion caused by the simultaneous presence of all three agents
and show how, because of the augmented sensitivity to the mag-
netic field, the L" and especially the L# lines produce rotation
angles that in principle should be measurable.

Finally, we have briefly turned our focus to the instrumental
side of the problem by showing how the observation time of a
hypothetical instrument varies as a function of height above the
solar surface. At the most suitable distances for observations,
"1.1 solar radii, and a realistic set of instrument parameters, we
have presented substantial arguments in favour of being able to
measure rotation angles with an error of 0.02 degrees, making
the tiny rotations in the L! case possibly measurable.

In conclusion, forward modelling can be a very valuable tool
for elucidating the physics of the solar corona as demonstrated
convincingly by Cranmer et al. (1999), who succeeded in
deriving outflow velocities in polar coronal holes by combin-
ing forward modelling with UVCS/SOHO data. In this paper, we

6 Note that the intensities of the L" and L# lines are further diminished
by collisions at the distances at which we recommend the observations
be made, "1.1 solar radii.

have shown how a similar derivation can be accomplished for
the magnetic field vector.

In spite of all the proposals that have been advanced by var-
ious groups to the di!erent space agencies to make coronal po-
larimetric observations in the FUV possible, (see, e.g., the re-
sponse by Trujillo Bueno et al. 2005, to ESA’s call for ideas in
the framework of the “Cosmic Vision 2020” program; Fineschi
2001), the only mission has been the SUMER instrument on
SOHO.

We hope that the results presented in this paper and the refer-
ences cited herein will stimulate the space agencies to commis-
sion the building of instruments capable of doing the necessary
measurements, in order to be able to assess the full potential of
this promising approach that has been the main subject of the
present paper.
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