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ABSTRACT

The present paper puts the Doppler redistribution theory of anisotropic radiation and resonance polarization in moving scattering media into
a predictive application following Sahal-Bréchot et al. (1998, A&A, 340, 579; PII ), using the example of the O vi 1032 Å line of the corona.
Numerical results are presented for diﬀerent heights over the limb compatible with observations of diﬀerent instruments on SOHO (SUMER,
CDS, UVCS) but far from coronal holes in order to avoid inhomogeneities of the transition zone incident radiation. The orders of magnitude
of our numerical results confirm the theoretical predictions of PII and show that interpretation of polarimetric data of the O vi 1032 Å line of
the corona, associated to the shift and the Doppler-dimming eﬀect, oﬀers a powerful diagnostic method of the complete velocity field vector,
provided that the partial anisotropy of the incident radiation field be taken into account. These results also explain the precision of the diagnostic
of interpretation polarimetric observations achieved by the ultraviolet spectrometer SUMER in the south polar coronal hole at 270 above the
solar limb; e.g. the solar wind acceleration region.
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1. Introduction
In the light of recent developments in the theory of matterradiation interaction in the presence of a magnetic fieldas
applied to non-LTE spectropolarimetry in astrophysics, we
revisited the theory of anisotropic resonance line scattering
in moving media by means of the density-matrix formalism,
which was introduced in a previous paper (Sahal-Bréchot et al.
1998, hereafter referred to as PII ). There we extended the theory of the “Doppler dimming” eﬀect (Gabriel 1971; Kohl &
Withbroe 1982) to resonance polarization. The purpose of PII
was to develop a theoretical method of determining the matter
velocity field vector in moving scattering media by means of a
spectropolarimetric diagnostic.
In PII we first rederived the basic theory of resonance
scattering in the density matrix formalism (Cohen-Tannoudji
1977; Blum 1981; Cohen-Tannoudji et al. 1988) for a partially directive and frequency-dependent incident radiation, the
moving atoms having an anisotropic velocity distribution (a
Maxwellian distribution of velocities with a drift velocity
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vector). In fact, the density-matrix formalism is well adapted
to polarimetric studies. Second, the theory developed in PII not
only showed that the re-emitted line is shifted and its intensity
dimmed by the Doppler eﬀect, due to the matter velocity field
of the plasma, but also predicted that its two linear polarization
parameters, degree and direction of polarization, are sensitive
to the matter velocity field vector.
The theory was then applied to a two-level atom in order to
obtain analytical expressions for the Stokes parameters of the
scattered line. The O vi 1032 Å (2p 2 P3/2 → 2s 2 S1/2 ) line
of the solar corona was used as an example. It is formed by
isotropic electron collisions and by partially anisotropic radiation coming from the same O vi line of the underlying transition region and then de-excited by spontaneous emission towards the ground state (resonance scattering). The O vi 1032 Å
line is linearly polarized, owing to the non spherical symmetry of its upper level J = 3/2 and to the partial anisotropy of
the incident radiation field, which can dominate the electron
collisional excitation at the low densities which prevail at coronal altitudes. The other component of the fine-structure doublet
1037 Å line is unpolarizable, due to the spherical symmetry
of its upper and lower levels J = 1/2. The two coronal

Article published by EDP Sciences and available at http://www.edpsciences.org/aa or http://dx.doi.org/10.1051/0004-6361:20052822

682

S. Sahal-Bréchot and N.-E. Raouafi: Doppler redistribution and resonance polarization

re-emitted components’ intensities can be dimmed by the
Doppler eﬀect, due to the outflow velocity field of the solar
wind plasma (Rompolt 1967, 1969; Hyder & Lites 1970; etc.).
This theory was recently used by Raouafi et al. (2002a,
2002b) when interpreting SUMER (the Solar Ultraviolet
Measurements of Emitted Radiation: Wilhelm et al. 1995;
Lemaire et al. 1997) SOHO (the Solar and Heliospheric
Observatory; Domingo et al. 1995) their observations (Raouafi
et al. 1999). This theory could also be used for interpreting
observations by other instruments such as CDS (the Coronal
Diagnostic Spectrometer: Harrison et al. 1995, 1997) and
UVCS (the UltraViolet Coronagraph Spectrometer: Kohl et al.
1995, 1997) on SOHO. In fact, attempts to measure polarization in coronal UV lines above the solar limb were also made by
Thomas (2003) using the CDS normal-incidence spectrometer
that is sensitive to polarization as is SUMER. His observations
suggest that the emitted radiation of the cooler lines is dominated by resonance scattering beyond a certain distance over
the limb, causing linear polarization. In addition, prospects in
solar physics for the next few decades insist on the crucial importance of determining of vector magnetic and velocity fields
for understanding of the heating and acceleration of the coronal
plasma. Consequently, a number of future instruments that are
currently being developed would include polarimeters designed
to measure circular and linear polarization of UV lines: e.g.
SUMI (Solar Ultraviolet Magnetograph Investigation: Porter
et al. 2003), and LYOT (LYman Orbiter Telescope, solar highresolution imager – coronagraph mission, Vial et al. 2003). The
development of these new instruments requires numerical simulations that predict the behavior and the order of magnitude of
the sensitivity of the Stokes parameters to the velocity field.
To this end, we apply the analytical formulae that give the
three first Stokes parameters of the re-emitted line obtained in
PII and give quantitative numerical results. The sensitivity of
the Stokes parameters and of the profile of the scattered line
to the three components of the velocity vector are highlighted
and discussed. The calculations are restricted to an emitting elementary volume around the plane of the sky. Integration along
the line of sight is outside the scope of the present works, but
see Raouafi & Solanki (2004, 2006). In fact, polarization measurements of scattered lines which are optically thin most often
concern observations made at the limb. For observations on the
disk, the direct incoming radiation (not polarized) from the underlying layer of the solar atmosphere (i.e. transition region)
is much more intense than the scattered coronal light under
investigation.
We use the same notations as those of PII , except when
specified, and start from Eqs. (A1)−(A8) of PII . For continuity,
except when specified, we use the same atomic and solar data
as those of Table 3 of Sahal-Bréchot et al. (1986), hereafter referred to as PI ). The limb-brightening coeﬃcient is given by
the analytical formula in PI . We will also assume (as in PI )
that inhomogeneities of the incoming transition zone radiation
are negligible. Therefore the incoming radiation intensity is assumed to have a cylindrical symmetry around the vertical, with
a center-to-limb variation described by a limb-brightening coeﬃcient (Eqs. (20) and (21) of PI ). Possible observations in

Fig. 1. Q/I without velocity field, with and without collisions. The variation of the electronic density with heliocentric distance is taken from
Doyle et al. (1999). If Q/I is negative, the polarization direction is perpendicular to the limb and the fractional polarization is equal to -Q/I.
If Q/I is positive, the direction of polarization is parallel to the limb
and the fractional polarization is equal to Q/I.

the vicinity of a coronal hole or of an active region are thus
excluded from the present study.
The paper is organized as follows. In Sect. 2, we briefly recall the system used for calculation of the scattered line profiles
and polarization parameters. In Sect. 3, we compare results obtained in our theory (PII , Doppler redistribution approach) to
those obtained from the complete Doppler redistribution approximation. In Sect. 4, we apply the obtained theoretical results to the coronal O vi 1032 Å, then discuss and interpret the
results. We give our conclusions in Sect. 5.

2. Settings of the calculations
As outlined in the introduction, the emitting elementary volume is considered above the solar limb in the plane of the sky.
Thus the scattering angle θ, which is the angle between the solar vertical (polar axis) and the line of sight is equal to −π/2
(right angle scattering). This is illustrated in Fig. 3 of PII .
In a first step, we calculate the polarization degree of the
coronal O vi 1032 Å line with and without electron collisions.
Electron densities taken into account are a function of the
height over the solar limb. The velocity eﬀect (Doppler dimming) and the magnetic field eﬀect (Hanle eﬀect, see Mitchell
& Zemansky 1934) are not taken into account. The variation
of the electron density with the heliocentric distance is taken
from Doyle et al. (1999). It is a combination of data recorded
by SUMER (Doyle et al. 1999); UVCS (Kohl et al. 1999) and
LASCO (Lamy et al. 1997). Figure 1 displays the obtained polarization rates and also the densities employed. The negative
and positive values of the ratio Q/I correspond to polarization
vectors perpendicular and parallel to the solar limb, respectively. Figure 1 shows that the predicted polarization degree
is noticeable, in particular at a height larger than ∼1.3 R from
Sun center. Since the incident radiation field is cylindrically
symmetric with respect to the polar axis and since the
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Fig. 2. Profiles of the O vi 1032 Å line (solid lines) calculated for an
outflow speed of 90 km s−1 and for diﬀerent values of the polar angle αv and an azimuthal angle βv equal to 90◦ (outflow velocity field
in the scattering plane). Ordonnae: ratio of the frequency ν and velocity field vector V dependence of the intensity I(V, ν) on the maximum
value of the intensity in zero-velocity field. Abscissae: frequency in
units of Doppler velocity shift (km s−1 ). These profiles correspond to
a heliocentric distance of 1.05 R . The dotted lines display the radiative contribution of the re-emitted line to the whole profile, and the
dashed ones provide the collisional component (the electron density is
equal to 7 × 107 cm−3 ). It is easy to note the evolution of the diﬀerent parameters (width, shift and dimming) with the polar angle of the
outflow velocity vector and the influence on the whole profile.

electron collisions are isotropic, the polarization direction of
the re-emitted photons in the direction of the observer is parallel to the limb, except at very low altitudes (h < 1.1 R ), where
it becomes radial due to dominance of the limb-brightening effect. Indeed at low altitudes the polarization is masked by collisional excitations, which are predominant.
The relative importance of the contribution of collisions to
the re-emitted line profiles is illustrated by Figs. 2 and 3 for two
heliocentric distances of 1.05 R and 1.5 R and for the case of
an outflow velocity field in the scattering plane.
By applying Eqs. (A1) to (A8) of PII , we are now able to
numerically study the eﬀect of the velocity field on the Stokes
parameters and on the spectral profile of the scattered coronal line. Equation (A1) predicts an asymmetry in the line profile which remains very small (<1%) if we assume that the
width ∆νDs of the velocity distribution of the scattering ions
(assumed to be Maxwellian in the atomic frame) is suﬃciently
larger than the width ∆νDi of the profile of O vi lines of the
incident radiation coming from the solar transition region. In
the opposite case, the asymmetry of the re-emitted line should
be visible. This asymmetry will be neglected in the rest of this
paper. The profile is, in fact, very close to a Gaussian shape;
therefore, we will consider that the scattered line is symmetric
and can be characterized by its Doppler width w, shift d, and
dimming D.
It can also be shown that the frequency dependence of the
Stokes Q and U parameters is the same as that of the intensity I.
Therefore the scattered line can be also characterized by its
polarization parameters: the global frequency integrated degree
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Fig. 3. The same as Fig. 2 but for a heliocentric distance of 1.5 R .
The electron density is equal to 1.5 × 107 cm−3 .

of polarization p and the direction of global polarization, φ,
relative to the tangent to the solar limb (the axis (Ox) or (OX)
in Figs. 2 and 3 of PII ).
We define the dimming and the polarization parameters of
the scattered line as follows:
D = Imax (V)/Imax (V = 0);

Q2 + U2
;
p=
I
Q
cos(2 φ) = 
;
2
Q + U2
U
sin(2 φ) = 
,
2
Q + U2

(1)

where w is the (1/e) width that is obtained by applying a
Gaussian fit to the scattered line profile. It is related to the full
width at half-maximum, FWHM, by

(2)
FWHM = 2 log 2 w.
The direction of polarization φ is defined between 0 and π.

3. Comparison with the complete redistribution
approximation
Since the scattering is monochromatic in the atomic rest frame,
the theory developed in PII is an approximation of Doppler
redistribution. It is denoted as “velocity-coherence” approximation by Landi Degl’Innocenti & Landolfi (2004), and corresponds to case I of redistribution process in the formalism
developed by Hummer (1962) and discussed in the book by
Mihalas (1978, p. 412). We compare it to the complete redistribution in velocities approximation (cf. Sahal-Bréchot &
Choucq-Bruston 1994). A comprehensive discussion of the
validity conditions of the “velocity-coherence” approximation
and of the complete redistribution in velocities approximation
has been made by Landi Degl’Innocenti & Landolfi (2004,
Sect. 2 of Chap. 13). Also see Oxenius (1986).
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Physically, the complete redistribution in velocities means
that the velocity is completely randomly redistributed in the
comoving frame during the re-emission process, i.e. when the
ion is in its excited state. Then the distribution of the velocities
of the atom (ion) in the excited state is the same as that of the
ground level, the Maxwell distribution in the comoving frame.
On the contrary, the coherent redistribution in velocities (the
one of the present paper) means that the atomic (ionic) velocity is unchanged during the re-emission process. The velocitycoherence approximation is valid, if during the lifetime of the
atomic (ionic) state, no ion-ion elastic collisions take place that
give rise to velocity changes of the atom (ion). By contrast,
the complete redistribution in velocities is valid if elastic collisions with the excited atom (ion) occur that change its velocity. In practice (see Landi Degl’Innocenti & Landolfi 2004), in
outer layers of stellar atmospheres the densities are so weak
that these elastic collisions are negligible and the “velocitycoherence” approximation is valid. However, the complete redistribution approximation in velocities is most often used.
For simplicity, we ignore the polarization of the re-emitted
spectral line for the moment. Besides, this does not alter the
generality of the reasoning. Therefore only the first Stokes parameter I(ν) enters the present discussion. In our theory (the
so-called Mihalas “Case I”), we can write (cf. PII ):
I(ν) dν = ε(ν) dν
=

1
dvAZ
4π


NAu (uA ) F(uA ) dvAX dvAY

(3)

with ε(ν) the emissivity coeﬃcient of the line emitted between
the excited level u and the ground one l at frequency ν0 = νul .
NAu (uA ) is the population of the atomic level u (of the O vi
in the present study) with the velocity vector uA . F(uA ) is the
atomic distribution of velocities (normalized to unity), and vAZ
the component of uA along the line of sight. It is related to the
frequency of the re-emitted photons by ν = ν0 (1 + vAZ /c). The
intensity of the scattered line is given in number of photons per
unit of solid angle, per unit of time, per unit of frequency, and
per unit of volume.
Since the internal (atomic levels) and external (velocities)
atomic variables are decoupled (Sect. 2.2 of PII ), the total probability of having an atom in the excited state u with velocity uA
is equal to NAu (uA ) F(uA ). Following Oxenius (1986), we can
define the population NAu integrated over all velocities of the
level u by

NAu =
NAu (uA ) F(uA ) d3 uA ,
(4)
and consequently we must define a distribution of velocities for
each internal level u
NAu (uA ) F(uA )
·
Fu (uA ) =
NAu

(5)

Equation (3) can then be written as
I(ν) dν = ε(ν) dν
=

1
dvAZ
4π


NAu Fu (uA ) dvAX dvAY .

(6)

The complete Doppler redistribution approximation consists in
assuming that the velocity distributions of all the internal levels u are the same (Oxenius 1986, p.169), i.e.: Fu (uA ) = F(uA ).
In fact, the atomic profiles are equal since they are assumed
to be Dirac δ-functions (see PII ). Thus all the above is the same
thing as saying that the emission profile ψν is equal to the absorption profile φν (Mihalas 1978; Oxenius 1986), which is
the complete redistribution approximation. Therefore, in the
complete redistribution approximation in velocities, the first
Stokes parameter (emissivity coeﬃcient εcr at the frequency ν)
is equal to
Icr (ν) dν = εcr (ν) dν =

1
NA FZ (vAZ ) dvAZ ,
4π u

(7)

where FZ (vAZ ) is the Z component of the distribution of velocities in the laboratory frame (cf. PII ).
We then extend the same reasoning to the other Stokes parameters. As pointed out by Landi Degl’Innocenti & Landolfi
(2004), when the complete redistribution approximation on velocities is fully justified, polarization phenomena turns out, in
general, to be of marginal importance, because densities are not
weak and thus depolarizing collisions that redistribute the internal (Zeeman) states of the atom (ion) are also important. The
complete redistribution approximation in velocities is most often used in radiative transfer for polarized radiation, especially
for the solution of non-LTE problems. In fact, that approach,
though incorrect in principle, is adopted to get an approximate
solution to a problem that would be insoluble in practice.
We now obtain the expression of the three Stokes parameters of interest in the complete Doppler redistribution approximation. First we integrate the atomic density-matrix elements
that were obtained for the velocity uA (formula (30) of PII ) over
all atomic velocities. Secondly we obtain the Stokes profiles in
the complete redistribution approximation by multiplying the
precedent ones by FZ (vAZ ). We have then
⎛
⎞
⎜⎜⎜ I cr (ν) ⎟⎟⎟
⎟⎟
1
⎜⎜⎜⎜
FZ (vAZ )
⎜⎜⎜ Qcr (ν) ⎟⎟⎟⎟⎟ dν =
4
π
⎝
⎠
U cr (ν)
⎡
⎤
⎞
⎛
⎢⎢⎢ ⎜⎜⎜ I(uA ) ⎟⎟⎟
⎥⎥⎥
⎢⎢⎢
⎥
⎟⎟⎟
⎜⎜⎜
⎜⎜⎜ Q(uA ) ⎟⎟⎟ F(uA ) d3 vA ⎥⎥⎥⎥⎥ dvAZ ,
× ⎢⎢⎢
⎢⎣
⎥⎦
⎟⎠
⎜⎝
U(uA )

(8)

where I, Q and U are the Stokes parameters in the Doppler
redistribution of PII .
Next, as in PII , we assume a Maxwellian velocity distribution for the scattering ions with a drift V:
F(uA ) =

 m 3/2
 m

A
A
|uA − V|2
exp −
2πkT
2kT

(9)

where c is the speed of light, k the Boltzmann constant, and T
and mA are the atomic temperature and mass, respectively. The
distribution of velocities is Maxwellian in all directions in the
atomic frame (at rest), so we have for the vAZ component
FZ (vAZ ) =

 m 1/2
 m 

A
A
exp −
v AZ − V Z 2 .
2πkT
2kT

(10)
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Therefore the formulae (A1) to (A7) of Appendix A of PII (case
of the coronal O vi 1032 Å line) become in the complete redistribution approximation:
⎛
⎞
⎜⎜⎜ I cr (ν) ⎟⎟⎟
1
⎜⎜⎜
⎟
⎜⎜⎝ Qcr (ν) ⎟⎟⎟⎟⎠ dν = dν √
π
∆νDs
U cr (ν)
⎛ ⎞
(11)
⎡ 
 ⎤
⎢⎢⎢ ν − ν0 − ∆νZ 2 ⎥⎥⎥ ⎜⎜⎜⎜ I ⎟⎟⎟⎟
⎥⎥⎦ ⎜⎜⎜ Q ⎟⎟⎟
× exp ⎢⎢⎣−
⎜⎝ ⎟⎠
∆νDs
U

where ∆νDs = νc0 2mkAT , and where I, Q, U are the ν-integrated
Stokes parameters of Eq. (A8) of PII .
Therefore, in the complete redistribution approximation,
the Doppler width wcr of the radiative component of the reemitted line is equal to ∆νDs and does not depend on the macroscopic velocity vector V of the scattering ions. The Doppler
shift in the complete redistribution approximation is equal to
dcr = ν0 VZ /c = ∆νZ , and thus is a function only of the lineof-sight component VZ of V. Consequently, the profile of the
radiative component is the same as the one for the collisional
component. The only diﬀerence lies in the amplitude that determines the contribution of each of them to the whole line
profile. In addition the frequency-integrated Stokes parameters, and consequently the degree and direction of polarization, are the same in both the Doppler redistribution theory
and the complete redistribution approximation. The diﬀerences
concern only the Doppler shift and width.
In order to compare the results of both the Doppler redistribution theory and the complete redistribution approximation
and then to study the sensitivity of those physical quantities
of interest for the velocity field vector, we calculate the ratios w(V)/wcr and d(V)/dcr (see Sect. 4). In addition, these
quantities converge to unity at very large distances from Sun
center when the incident radiation can be considered as purely
directive. This is due to the fact that the Doppler width and shift
in the Doppler redistribution theory converge towards ∆νDs
and ∆νZ , respectively (see Sahal-Bréchot et al. 1992 and PII ).

4. Numerical results: Application
to the O VI 1032 Å coronal line
We apply the theory developed in PII to calculate the polarization parameters and the Doppler shift d, width w, and intensity dimming D of the O vi 1032 Å line emitted in the solar
corona. The profile of the incident solar disk line is assumed to
be Gaussian with a width equal to 30 km s−1 . The profile of the
scattered line is also assumed to be Gaussian with a width ∆νDs
equal to 55 km s−1 .
The calculations are then achieved for four coronal altitudes: 1.05 R from Sun center (very close to the solar limb,
where the contribution of the limb-brightening to the radiative component is very important): 1.5 R ; 2.0 R ; and 5.0 R ,
where the incident radiation becomes almost purely directive.
The electron density is given in Fig. 1 as a function of the heliocentric distance. The velocity distribution is assumed to be a
Maxwellian with a drift velocity vector V that can be equated to
the outflow speed of the solar wind. The outflow velocity field
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vector V is defined by its strength V, by the polar angle αv made
with the vertical to the solar surface, and by the azimuth angle βv made with the tangent to the solar limb (see Fig. 3 in PII ).
The results are given for (0 ≤ αv ≤ π/2) and (0 ≤ βv ≤ π/2).
The results for (π/2 < αv < 2 π) and (π/2 < βv < 2π) can be
deduced from the present ones by symmetry (cf. Sect. 3.2 and
Fig. 4 of PII ).

4.1. Polarization parameters
As in Hanle studies, we display the velocity dependence of the
fractional polarization (or degree of linear polarization) p(V)
and the direction of linear polarization and compare them to
those obtained in a zero-velocity field. Figures 4−7 display the
abaques of linear polarization of the O vi 1032 Å coronal line.
The top and bottom-left panels of each figure display the relative fractional polarization p(V)/p(V = 0) as a function of the
rotation angle φ of the polarization direction with respect to the
parallel to the solar limb for diﬀerent values of the macroscopic
velocity vector V and for the four chosen heliocentric distances.
The bottom-right panels of the same figures display the relative
fractional polarization as a function of the azimuthal angle βv
of the velocity field. In this case the plane of polarization is
parallel to the solar limb (cf. below).
On the one hand, the velocity field modifies both the polarization degree and the direction of polarization, while on the
other hand, the collisions only reduce the polarization degree.
In fact, the direction of polarization is not aﬀected by collisions, because Q and U contain only those anisotropy eﬀects
of the incident radiation that are not sensitive to collisions. At
low altitudes the collisional component is important, thus the
polarization degree is considerably reduced by collisions (cf.
Fig. 1 for the zero-velocity field case). For giving an order
of magnitude at 1.5 R from Sun center, excitations by collisions are roughly two times greater than those by radiation.
At 2 R , radiative excitations are ten times greater than excitations by collisions. The polarization degree is more sensitive to
the velocity field at low altitudes than at high altitudes (compare Figs. 4 and 7). This is due to the fact that collisions are
dominant at low altitudes. The intensity I is hardly sensitive
to the incident radiation, thus to the velocity
 field, and the polarization degree given by the ratio p = Q2 + U2 /I becomes
significantly sensitive to the velocity field. On the contrary, at
high altitudes, collisions can be neglected because radiative excitations are predominant. Thus, without collisions (the case at
high altitudes), the sensitivity of the three Stokes parameters I,
Q, and U to the velocity field is almost the same, and the ratio giving the polarization degree becomes nearly insensitive to
the velocity field.
The top-left panels of Figs. 4−7 correspond to a vertical velocity field, i.e. with the same direction as the symmetry axis
of the incident radiation field. Owing to the Doppler dimming
eﬀect, the scattering atoms absorb less radiation since the absorption takes place in the wings of the incident line. At very
low altitudes most of the radiation comes from the limb of the
spherical cap, hence the anisotropy increases when the velocity
increases and the polarization degree increases. The drift has a
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Fig. 4. Eﬀect of the outflow velocity field vector on the polarization parameters of the O vi 1032 Å scattered line for an altitude of 1.05 R
from Sun center. The electron density is equal to 7 × 107 cm−3 . In a zero-velocity field, the degree of polarization p(V = 0) = 0.0095, and the
direction of polarization is perpendicular to the solar limb (owing to the limb brightening eﬀect that is very important at very low altitudes).
The diﬀerent velocity vectors are described by their outflow speeds (0−100 km s−1 ) and their directions are given by αv (0, 30, 60, 90◦ ), and βv
which are ranging from 0◦ to 90◦ per steps of 10◦ . The diﬀerent symbols are related to the speed values (in km s−1 ) according to the top-left
panel. Top and bottom-left panels (αv = 0, 30, 60◦ ) display the variation of the linear polarization degree versus the rotation angle of the
polarization direction (with respect to the tangent to solar limb that is the reference axis) of the scattered line. For βv = 90◦ the polarization
vector is always perpendicular to the solar surface (φ = 90◦ ). For αv = 90◦ (bottom-right panel), the direction of polarization is perpendicular
to the solar surface for every value of βv , thus the variation of the degree of linear polarization as a function of βv is plotted in this case.

polarizing eﬀect. However, for high altitudes, the limb brightening is less important; most of the radiation comes along the
vertical, thus the anisotropy decreases when the velocity increases and the polarization degree decreases with the velocity.
The drift has a depolarizing eﬀect. The direction of polarization is not modified because the cylindrical symmetry around
the vertical is conserved.
For inclined outflows (with respect to the vertical), the
cylindrical symmetry is broken and coherences appear in the
polarization matrix of the incident radiation. Therefore the degree of polarization is modified and the plane of polarization
rotated, as shown by the other diagrams.
The bottom-right panels of Figs. 4−7 (αv = 90◦ ) correspond to a horizontal velocity field. The polarization direction
is unchanged and the plane of polarization is parallel to the solar limb. In this case the contributions to U of the incident radiation coming from half-spaces (0 ≤ βv ≤ π) and (π ≤ βv ≤ 2π)
are opposite and cancel each other.
For the other polar angles (top-right and bottom-left panels) the situation is more complex. A particular case concerns a
velocity field in the scattering plane (βv = 90◦ ). In that case
U = 0, because the contributions to U coming from above
(−π/2 ≤ βv ≤ π/2) and below (π/2 ≤ βv ≤ 3π/2) the scattering
plane are opposite, thereby cancelling each other out. So the
rotation φ of the direction of polarization is zero.

For βv = 0◦ the rotation of polarization is maximum and
this maximum depends on the polar angle αv and on the velocity strength V.
The directions (αv = 90◦ , βv = 0◦ ) and (αv = 90◦ ,
βv = 90◦ ) are parallel to the limb and along the line of sight, respectively. The direction αv = 0◦ is vertical. Hence for outflow
velocity vectors of the scattering atoms parallel to one of the
three principal axes (solar vertical, tangent to the limb, and the
line of sight), the rotation of the plane of polarization is zero.
As for 1.05 R (Fig. 4), at low altitudes and in zero outflow speed, the direction of polarization is perpendicular to the
solar surface, because the center-to-limb brightening eﬀect is
predominant. The radiative component results mostly from the
radiation coming from the limb of the spherical cap in addition
to electron collisions. Generally the degree of polarization p(V)
of the scattered radiation increases with outflow speed V and
with azimuth angle βv for low values of the polar angle αv
(see top-right panel of Fig. 4), except for low values of V
where the degree of polarization decreases slightly with βv .
In fact, when the velocity drift V increases, the anisotropy increases, because the incident radiation comes more and more
from the limb of the spherical cap, so that the polarization degree increases. For higher values of the polar angle, variation
of the degree of polarization is more complex. The degree of
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Fig. 5. Same plots as those of Fig. 4 but
for 1.5 R from Sun center. The electron
density is equal to 1.5 × 107 cm−3 . At V = 0
the fractional polarization is equal to 0.147
and the direction of polarization is parallel to the limb (cf. Fig. 2). Notice that for
βv = 90◦ the polarization vector is always
parallel to the solar surface (φ = 0◦ ). For
αv = 90◦ (bottom-right panel), the direction
of polarization is parallel to the solar surface
for every value of βv , thus the variation of
the degree of linear polarization as a function of βv is plotted in this case as in Fig. 4.

Fig. 6. Same plots as those of Fig. 4 but
for 2.0 R from Sun center. The electron
density is equal to 3.8 × 105 cm−3 . At V = 0
the fractional polarization is equal to 0.272
and the direction of polarization is parallel
to the limb.

polarization decreases first and then increases beyond a given
value of βv , characteristic of each value of αv .
For medium distances (1.5 and 2 R ), the degree of polarization of the re-emitted radiation generally decreases as the
outflow speed of the emitting ions increases. It increases with
the polar angle αv and with the azimuth angle βv . The decrease in p(V) with the increase in the outflow speed is due to
the Doppler dimming eﬀect, which is roughly proportional to
the component along the solar vertical of the velocity drift V
of the scattering ions. On the one hand, the amount of the

absorbed radiation and then the re-emitted one decreases when
the velocity drift of the scattering ions is higher, and thus the
contribution of the non-polarizing collisional component becomes more important. On the other hand, when αv increases,
the component of the velocity drift along the solar vertical decreases, which implies an increase in the degree of linear polarization of the re-emitted radiation.
At high altitudes above the solar limb (5 R : Fig. 7), the
incident radiation beam can be considered as almost purely
directive. The polarization vector remains in a first order
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Fig. 7. Same plots as those of Fig. 4 but
for 5.0 R from Sun center. The electron
density is equal to 1.1 × 104 cm−3 . At V = 0
the fractional polarization is equal to 0.4 and
the direction of polarization is parallel to the
limb. The polarization vector is nearly parallel to the solar limb due to the fact that the
incident radiation is almost a pure directive
beam.

approximation parallel to the solar limb, i.e. small rotation angle of the direction of polarization, top, and bottom-left panels
of the same figure. The variation of the polarization degree with
the outflow speed V, αv , and βv is similar to the previous case.
For the case of non-right angle scattering, Raouafi et al.
(2002a) made a detailed study of the variation of the polarization parameters of the O vi 1032 Å. The eﬀect of an eventual anisotropy in the velocity distribution of the scattering ions
in the atomic frame has been studied by Raouafi & Solanki
(2003).

4.2. The intensity profile: Doppler width, shift,
and dimming
Figures 8−11 display the variation of the ratios (“Doppler redistribution/complete redistribution” quantities) of the Doppler
widths (w(V)/wcr , top panels), the Doppler shifts (d(V)/dcr ,
middle panels), and the dimming (D = Imax (V)/Imax (V = 0),
bottom panels) as a function of the polar angle αv and for different values both of the azimuth angle βv and of the macroscopic outflow speed V of the scattering ions. Computations of
the re-emitted profile are achieved for the same altitudes as in
the previous section. Figures 8−11 correspond to heliocentric
distances equal to 1.05, 1.5, 2.0, and 5.0 R , respectively.
The obtained results are first briefly described and then we
interpret the variation of the diﬀerent spectroscopic parameters
as a function of the velocity vector of the scattering ions.

4.2.1. Case of low altitudes: r = 1.05 R
For weak and medium values of the outflow speeds (V =
30−60 km s−1 , respectively), the relative width w(V)/wcr of
the re-emitted line profile (Fig. 8, top panels) decreases with
the polar and azimuth angles, αv and βv , respectively, for low

values of βv . For values of βv higher than ∼50◦ for V =
30 km s−1 and ∼10◦ for V = 60 km s−1 , the width ratio decreases first until a given limit of αv , beyond which it increases.
However, for high values of V (V = 90 km s−1 ) (top-right panel
of Fig. 8), the variation of the width ratio is similar to the preceding case for low values of the azimuth angle and more complex for higher values of βv .
For weak outflow velocities, the shift ratio d(V)/dcr increases with the azimuth angle for a given value of the polar
angle. The shift ratio decreases with the polar angle for values
of βv ≤ 50◦ and increases for higher values of the azimuth angle (see medium-right panel of Fig. 8). For medium and high
outflow speed (see Fig. 8 for V = 60 and 90 km s−1 ), the shift
ratio is decreasing with the polar angle and varies more slowly
with the azimuth angle for velocity vectors having a small inclination with respect to the solar vertical. However, for higher
values of αv , the shift increases with both angles.
The dimming D (bottom panels of Fig. 8) generally decreases with both polar and azimuth angles except for high
outflow speeds where an increase with αv and also with βv is
remarkable.
That can be explained as follows: the re-emitted line profile is the result of two contributions, a collisional profile and
a radiative one. The width of the collisional profile is equal
to ∆νDs and its shift is equal to ∆νZ in both Doppler and complete redistribution approximation (see dashed line in Fig. 2).
The collisional profile is not sensitive to the Doppler dimming
that only aﬀects the radiative profile. Thus, the width and amplitude of the collisional profile do not depend on the outflow
speed of the reemitting ions. Only the Doppler shift can change,
depending on the direction of the velocity drift of the scattering
ions. The line width of the radiative profile is sensitive to the
Doppler dimming eﬀect and is slightly smaller than that of the
collisional one (dotted line in Fig. 2). This is why for small
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Fig. 8. Relative variation of the Doppler
width w(V) (top panels) and shift (middle
panels) with respect to those obtained for
the complete redistribution case for diﬀerent velocity field vectors V (V, αv , βv ) of the
scattering ions as a function of the polar angle αv and for diﬀerent values of the azimuthal angle βv . ∆νDs is the width of the
velocity field distribution of the scattering
ions and also the re-emitted line width wcr
in the complete redistribution approximation. In the present case, ∆νDs = 55 km s−1 .
∆ν is the Doppler shift of the re-emitted line
and dcr = ∆νZ = ν0 VZ /c is the shift in
the complete redistribution approximation.
The bottom panels display the variation of
the Doppler dimming. These results are obtained for a heliocentric distance of 1.05 R .

Fig. 9. Same plots as those of Fig. 8 but for
a heliocentric distance of 1.5 R . The variation of the re-emitted line width and the
Doppler shift as a function of the polar angle αv and the azimuthal angle βv is quite
diﬀerent from that given by weaker outflow
speeds. The variation of the Doppler dimming is, however, analogous.

outflow speeds the relative line width values are lower than
those obtained in the complete Doppler redistribution approximation ∆νDs . The shift of the radiative profile is also smaller
than ∆νZ , and the diﬀerence between this shift and ∆νZ increases with the polar angle. This explains the decrease in the
shift ratio ∆ν(V)/∆νZ with the polar angle. Since the major
part of the incident radiation comes from the solar limb at very
small distances such as 1.05 R , the dimming is more eﬃcient
for high values of the polar and azimuth angles. All these facts
can explain the increase in the widths and shifts for these

angles and the decrease of the dimming Imax (V)/Imax (V = 0)
with the polar angle, as well as with the azimuth angle.
For strong outflow velocities, the radiative profile is shifted
more than the collisional one for low values of the polar angle
(top-right panel of Fig. 2). This shift increases over a small
range of αv and begins to decrease after a given value of αv
for a given value of βv . The variation of the shift is greater for
high values of the azimuth angle. The variation of the shift of
the radiative component explains the variation of relative width
and shift given by Fig. 8 for V = 90 km s−1 .
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Fig. 10. Same plots as those of Fig. 8 but for
a heliocentric distance of 2.0 R .

Fig. 11. Same plots as those of Fig. 8 but for
a heliocentric distance of 5.0 R .

4.2.2. Case of medium and high altitudes: r = 1.5, 2.0
and 5.0 R
Figures 9–11 display the same parameters as in Fig. 8. These
parameters are obtained at heliocentric distances of 1.5, 2.0,
and 5.0 R . The variation of all the calculated quantities with
the azimuth angle βv is much less than in the case of R =
1.05 R . All these quantities decrease with the polar angle, except for the width at 1.5 R , where the variation is similar to the

one obtained at 1.05 R . The relative width, shift, and dimming
increase with the outflow speed of the scattering ions.
That can explained as follows: the profile of the collisional
component has the same properties (width and shift) as in the
case of R = 1.05 R (dashed lines in Fig. 3). However, the line
width of the radiative profile decreases with the polar angle for
a given value of the azimuthal angle. Since the shifts are not
very high for low values of the outflow speed, we obtain a decreasing behavior with the polar angle of the ratio (w(V)/wcr ).
For low outflows, the shift of the radiative profile is smaller
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Fig. 12. Angular behavior of the dimming D
and comparison with the one obtained with
a vertical directive radiation beam. Top
panel: logarithm of the dimming for heliocentric distances of 1.5 R , 2.0 R ,
and 5.0 R versus cos2 αv . Bottom panel:
Ratio of dimming D to the dimming obtained for a vertical directive radiation, for
heliocentric distances of 1.5 R , 2.0 R ,
and 5.0 R versus cos2 αv . The diﬀerent series of βv values (from 0 to 90◦ ) give quite
identical curves for all the panels, except for
the top-left one.

than that of the collisional profile. The shift diﬀerence between
these two components increases with the polar angle and hardly
changes with the azimuthal angle of the outflow velocity vector. This explains the variation of the shifts shown by the middle panel in Fig. 8 for V = 30 km s−1 . For higher outflow
speeds, the shift of the radiative component is larger than that
of the collisional one for low values of αv (see top-left panel
of Fig. 3). In fact, it increases first with the polar angle until a
certain limit beyond which it begins to decrease while the polar angle is increasing (see Fig. 3). This explains the variation
of the diﬀerent parameters of the re-emitted line profile in a
similar way as for 1.05 R : width, shift, and dimming.
At medium and large heliocentric distances, as shown by
Fig. 12, the dimming is not very sensitive to the azimuth and
depends almost only on the radial component of the drift velocity field. At R = 2 R and for higher heliocentric distances,
it varies as exp(−Vz2 ) (top panel). Moreover, at R = 5 R , the
dimming resulting from a purely directive incident radiation
is almost obtained (bottom-right panel). This can be explained
as follows: for radial velocities αv = 0◦ and high velocities (300 km s−1 ), the Doppler dimming is important for radiation coming from the vertical, thus the radiative contribution of
the limb is not completely negligible and the dimming diﬀers
by almost 16% from the perfectly directive case. For nearly
horizontal velocities (αv = 90◦ ), the Doppler dimming has a
weaker eﬀect on the radial radiative contribution, than on the
the radiation coming from the limb, and the overall dimming
diﬀers by less than 1% from the one obtained for a purely directive incident radiation and is thus only sensitive to the radial
component of the velocity field Vz .
By taking into consideration the accuracy of the measurements and the small change of the line width with the velocity
field coordinates, it can also be concluded that the line width
will probably be not very useful for the vector velocity diagnostic. In the same way, the shift will be a probe of the line of
sight velocity component only.

5. Conclusion
These results show that interpretation of the linear polarization
parameters, together with the profile of the re-emitted line (especially the Doppler shift and dimming), can yield valuable information about the the outflow velocity vector of the coronal
plasma in the acceleration zone of the solar wind. Bearing in
mind that the polarization parameters can also be sensitive to
the magnetic field via the Hanle eﬀect (PII ), 6 unknowns will
have to be determined, which would be reduced to 4, since the
velocity and the magnetic field are usually assumed to be parallel (or antiparallel) in the solar corona. Consequently, 6 pieces
of independent observational data must be obtained. The shift
will give the line of sight component of the velocity field, and
the dimming give the radial component, while interpretation
of the two linear polarization parameters should complete the
vectorial diagnostic of the velocity and magnetic field. See the
pioneering work on this subject by Raouafi et al. (2002a). In
addition, the intensity ratio of diﬀerent spectral lines (i.e. the
1032−1037 Å O vi doublet; Si viii; etc.) can be used to determine other quantities (i.e. electron densities, electron, and
ion temperatures; etc.). See Wilhelm et al. (1998); Doyle et al.
(1999); Zangrilli et al. (2002); Gabriel et al. (2003). These
quantities are necessary for interpretation of the polarization
and line profiles in terms of velocity vectors. However, it is
also important to take the correct anisotropy of the incident radiation into account (center-to-limb brightening, plumes, and
inter-plumes structures, shape of the coronal polar hole, etc.).
We conclude that the O vi line at 1032 Å is a good candidate for performing the diagnostic of the solar wind outflow
velocity in the solar wind acceleration region. On one hand, at
large distances from the limb, the results show that the Doppler
width, shift, dimming, and polarization parameters of the scattered O vi 1032 Å are not very sensitive to the azimuth angle
of the velocity field. Then the results of the complete redistribution approximation are obtained. The radial component of
the velocity field can be obtained through to the interpretation
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of the dimming, and the component along the line of sight can
be obtained through the shift. The component of the velocity
field along the perpendicular to the scattering plane cannot be
obtained with this method. At medium-large distances, the ensemble of 4 parameters shift, dimming, and the two linear polarization parameters become sensitive to the three components
of the velocity field; but the accuracy of the complete vectorial
diagnostic will remain rather imprecise. On the other hand, at
small and medium distances where the solar wind accelerates,
all these parameters are sensitive to the three components of
the velocity field vector in a diﬀerent manner. Thus a complete vector velocity field diagnostic would be achieved with
rather good accuracy. See the pioneering constraints obtained
by Raouafi et al. (2002a,b) limited by accuracy of the measurements. The present work demonstrates the importance of
accurate polarization parameters measurements in the EUV for
coronal diagnostics of vector velocity and magnetic field vectors. We finally conclude that our proposed method is realistic.
In addition, we notice that the integration along the line of
sight has a significant eﬀect on the spectral line profiles emitted in the solar corona (Raouafi & Solanki 2004, 2006), which
could be very important for the resulting polarization of the
scattered line. This has to be taken into account for a realistic interpretation of coronal observations. This consideration,
general to all spectroscopic diagnostics of optically thin lines,
is essential for spectropolarimetric diagnostics where angular
processes are of drastic importance.
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