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Abstract Scattering of anisotropic radiation by atoms, ions or maleg is sufficient to generate linear
polarization observable in stars’ and planets’ atmosphatiecumstellar environments, and in particular
in the Sun’s atmosphere. This kind of polarization is cabedttering polarization (SP) or second solar
spectrum (SSS) if it is formed near the limb of the solar phpltere. Generation of linear SP can typically
be reached more easily than circular SP. Interestinglyatiter is often absent in observations and theories.
Intrigued by this, we propose to demonstrate how circulac&® be created by anisotropic collisions if
a magnetic field is present. We also demonstrate how anfgotecollisions can result in the creation of
circular SP if the radiation field is anisotropic. We showttilnader certain conditions, linear SP creation is
accompanied by the emergence of circular SP which can beldsedliagnostics of solar and astrophysical
plasmas. We treat an example and calculate the densityxnedéments of tensorial ordér = 1 which
are directly associated with the presence of circular SBs Work should encourage theoretical and
observational research to be increasingly oriented tosveirdular SP profiles in addition to linear SP in
order to improve our analysis tools of astrophysical andrsabservations.
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1 STATEMENT OF THE PROBLEM of polarization of spectral lines it is more convenient to
use the density matrix formalism expressed in the basis
Symmetry-breaking processes, such as (de-)excitations by jrreducible tensorial operatorg,. In this framework,
anisotropic light or anisotropic collisions, could gertera he density matrix elemeny%(aj) give the average state
the so-called scattering polarization (SP) of the emittedy the polarized atom which emits the polarized light (see
light. An atom is said to be polarized by scattering if thee_g_, sects. 3.6 and 3.7 bandi Degl'Innocenti & Landolfi
scattering processes result in an uneven population of itgooéy_ Herek is the tensorial order anglis the coherence
Zeeman sublevels and thereby the appearance of cohgfayeen the Zeeman sublevels, where< &k < 2J
ences bgtween them. This is what is referr?d toasatomigny 1 < 4 < k. The elementph=0(aJ) is related
polarization (e.g.,Sahal-Brechot 1977Trujillo Bueno {5 the population of the/-level whereas elements with
2007, sect. 3.6 oL.andi Degl'lnnocenti & Landolfi 200f 1 > 1 characterize the polarization state of the atom and
For an in-depth understanding of astrophysical/solagonsequently of the emitted radiation. In particular, the
plasma, the polarization properties of light emitted bygjrcylar SP represents the observational signature of the
atoms/ions/molecules must be carefully studied fromyjentation of atomic levels and is quantified by the density
observational and theoretical points of view. In thispairix elements with odd ranko’q“:1(aJ), ngzs(aJ),
context, newer theoretical techniques and modern instrysic. while linear SP is associated with the atomic level
ments allowing observation and interpretation of Sma”alignment which is characterized by even tensorial order

polarization signals are needed. density matrix element$’g:2(aj), ngz4(aJ)’ etc.
The effect of collisions on atomic statés.), and

therefore on the SP, can be described by the polarization In the solar context, observations with the EMIS
transfer and relaxation rates; heye denotes the total telescope (Spain)and with the Advanced Solar Polarimeter
angular momentum and represents the other quantum (USA) by Lopez Ariste et al.(2005 have revealed the
numbers associated with the atomic state. For the studgxistence of unexpected circular SP (symméiriGtokes)
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of the Hx line which cannot be attributed to the Zeeman
effect. On the contrary, by using the ZIMPOL telescope,
Ramelli et al. (2005 observedV profiles showing an
antisymmetric shape typically due to the Zeeman effect.
Let us recall that symmetrit’-Stokes profiles are related
to circular SP and hence to the orientation of the atomic
level (i.e., p% (a.J) with odd k), while anti-symmetric/-
Stokes are known to be due to the Zeeman effect. In light of
these contradictory observations, theoretical integpicat
seems to be necessarRoberto Casini & Manso Sainz
(2006 proposed that the observation of symmetvie
Stokes could be due to the effect of an electric field.
Derouich (2007 proposed a scenario based on impact
circular polarization by anisotropic collisions. In addit,
linear-to-circular SP transfer processes have been hig
lighted theoretically bjManabe et al(1979 and measured
experimentally by the same authors in 19Bafabe et al.
198)). Similar processes have been reported also by
Petrashen’ et al(1993, which also contains extensive Fig.1 Geometrical configuration of the different axes
references. drayv_n in the refgrence framE. For a given binary
collision, the relative velocity of the colliding partners
vrel, POINtS in the direction of the emitter-perturber axis,
It is well known that isotropic collisions can only Zrel-
result in the decrease of atomic polarization (e.g.,
Derouich et al. 20038 However, anisotropic collisions can
create or increase the polarizationf’) levels. The vari-
ation of the atomic polarization may be due to transitiong, orger to solve the statistical equilibrium equations
between Zeeman sublevels of the same electronic IeV?éEE) for the atomic levelsy; J,)
|aJ) and/or between two different electronic levels. Thisyagqribed b '
can roughly be interpreted as the transfer of anisotropy, 4 referen

2 THEORETICAL CONSIDERATIONS

of the emitting atom
y the elemen§ (c; J,,, ), we place ourselves
_ i o > ce framé&;, centered on the atom and having its
from the relative velocity distribution of the colliding z-axis in thezpe direction. The framé is obtained by a
partners to the population of the Zeeman sublevels OFotationRB = R(-yg, 05, -x5) Of the magnetic reference
the electronic sublevels involved in the transitions (€.9.yefined by the,,..-axis (see Figl)L. The collisional cross
Dyakonov & Perel 1978 sections are usually obtained in the collision frame having
its z-axis joining the perturber and the perturbed atom
Now consider an ensemble of atoms illuminated by(z.. in Fig. 1), and then rotated to the frani where
unpolarized light having cylindrical symmetry around anthe average over relative velocity distribution is perfedn
axis zraq. The atoms also undergo anisotropic collisionsin fact in the latter frame, the symmetry properties of
with beams of perturbers having axial symmetry around atthe collisional rates are manifest which simplifies the
axis zpert. FuUrthermore, in a magnetized plasma like thesolution of SEE. The radiative contributions to the SEE
Sun, the Hanle effect of a magnetic field is an importantire also rotated to the fram& It can be proved that the
ingredient in modeling the polarization state (eldanle  expressions for relaxation and transfer radiative rates ar
1924 sect. 10.3 of.andi Degl'Innocenti & Landolfi 2004  formally invariant under rotation (see e.g., pages 330-331
Derouich etal. 2007 del pino Aleman 2018 Let us of Landi Degl'lnnocenti & Landolfi 2004
therefore consider a general case of a magnetic field |y the basis of irreducible tensorial operators and
oriented along an axisma, Which is neither parallel 0 jn the references, the time variation of the elements
Zrad NOI parallel toz,er¢. The geometrical configuration p’;(aiJai,) can be written as (see e.g., pages 284-285

of the different axes is depicted in Figute Our aim in  of Landi Degl'lnnocenti & Landolfi 2004 Manabe et al.
this work is to demonstrate that, under these conditions;979:

mixing between even and odd tensorial orders is allowed

and Can be hlghllghte.d theoretlca_”y and observationally b 1 Since the magnetic kernﬂ’;q,(RB) is independent of the Euler
o_btalnlng non-zero circular SP (l'e" symmeﬂ'/l’eStokes anglevg, it can be arbitrarily set to zergg =0 (see e.g., page 548 of
signals). Landi Degl'lnnocenti & Landolfi 200%
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are related to two different transitions. Therefore, the
quantities 7 (e Jo, + aida,) and R (e s, —

%Pﬁ(ai"ai) = L0, Gaida; D Kog (RB)PG (0iday) ;J.,) are in general different in value. It can be noticed
¢ that even if they are equal our solutions of the SEE
= > [ra(@iJa, kak'a) + re(aiJa, kak'q')] remain valid and, as can be verified in the next section,
k,k,q’ the orientation emergence will be clearly possible. The
Py (@ida;) expression for the collisional rates in the case of axial
+ ) talaida,ka, ajJajk,q,)p];: (o Jay) symmetry around the axis,.,+ can be found, for example,
ik'a’ in Derouich(2007 andManabe et al(1979.

j<i
Axial symmetry of collisions combined with the

+ 3 tp(aida, kg, aj e, K'd)pk (0 Ja. . o
D te(eidaika o Ja;k'd oy (o) Hermiticity of the density matrix dictate that (e.@mont

jk,q,
i>i 1977andManabe et al. 1979

+ Z Ez&l(ai‘fai%ajJaj)p];:(ajJaj)
— : : Kk _ ; Kk Kk _ kK
kg Toy =0 forq#q', ie, T =04 Ty =T,

kk' K’ 2 o /

- ;/ Raqr (@ido; = ajda;)pgr (i Jay)- Tgk = ('1)k+k Ekk ) 2)

JRq

@ and
For simplicity, we have ignored stimulated
emissions since they are negligible in natural k!
plasma such as the solar atmosphere. The term ¢
WL i Ja, Gaida, g Ky (RB) phi (@i Ja,) corresponds
to the Hanle effect of magnetic field in the reference, R have similar properties ag;zk
where wi a,,, = 27vLa,, denotes the Larmor For simplicity, let us consider a two-level system with
angular frequency andg,,s,, signifies the Landé ynpolarizable ground statd,, = 0. Since the ground
g-factor. The expression for the magnetic kernelstate is unpolarizable, we are interested only in atomic
K, (Rg) can be found, for example, on page 548polarization of the excited state. Thus, our intention is
of Landi Degl'lnnocenti & Landolfi(2009. rr and ra  to obtainy’ elements describing the state of the excited
respectively denote the relaxation rates due to spontaneojevel and characterizing its atomic polarization in the
emission and absorption, whilg; and ¢y respectively  reference® (e.g.,Derouich et al. 2007 We focus on the
signify the transfer rates due to spontaneous emission angignment b’; with even k)-to-orientation (7]3 with odd
absorption. Expressions for these radiative rates can bg transfer within the polarizable upper level. Alignment-
found in the literature (see e.@ommier & Sahal-Brechot to-orientation transfer by anisotropic collisions could
1978 pages 287-288 dfandi Degl'Innocenti & Landolfi  explain, for instance, solar observations of circular SP by
2009. Lopez Ariste et al(2005. To demonstrate the possibility
We note here that due to mixing under rotation, theof circular SP creation by collisions, one must determine
coherences in the radiation field tensd)f; responsible  orientation e|emem;glqc:0dd to confirm that they are not
for the radiative rates' and t, are present in the equal to zero. We solve the SEE, given by Equatiby (
frame,’’, despite being non-existentin the radiation framein the reference framg. The Euler angles of the rotation
Tow (Qida, = ajda;) @andREY (aida; — ;o) denote  R(-yg,-f,-xi) are between the magnetic reference and
the collisional transfer and relaxation rates, respelgtive the framex.
The quantity 7" (a;Ja, < ;Ja,) represents the gain For the purpose of illustration, we take the total
due to collisional transitions from other |evel$ éé ’L) angu|ar momentum of the excited Statgu’ to be 1.
and/sublevels of the same level & ) in contrast to Further for simplicity, we take,,. to be in the{z2} peri-
REF (aido, — ajJa;) which represents the relaxation plane, i.e., we set the azimuthal anglg = 0. In what
(loss) due to collisional transitions to other levejs#  follows, we replace the notationg,, and.J,, by 0 and
i) and sublevels of the same leve] (= ). In the 1 respectively. For exampl!!(1,0) correspond to the
dyadic basis, for collisional transition taking place viith  relaxation rateR“*" associated with the loss of electrons
the same level j( = i), R;* is associated with the from the level J,, = 1 to the level.J,, = 0 where
term - ap s Retastic(ajjM — a;jM’) x pla;jM) | = k' =1 andq = 1. RI!(1) are the relaxation rates
and 7;’“’“' contains the terrrEM,#M Tetastic(g JM due to elastic collisions within the same levg], = 1.
ayJM') x pla;JM') (see, e.g.Derouich etal. 2008  Similarly, 7;7°(1,0) is the gain of electrons going from
The ratesTcastic and Relastic are not equal since they the level J,, = 0 to the levelJ,, = 1 wherek = 2,

Real for evenk + k'
= < Imaginary foroddk + k' andg # 0. 3)
0 forodd k + k£’ andg = 0
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k' = 0 andg = 0 and 77°(1) represents the gain due defined by:

to electrons transferring from sublevels within the same po(1) =0, 4)
level. Physmally,lthe collisional relaxation correspsrtd pL(1) = Rep! (1) +i Impk(1)

the loss of atomig-coherence/-order of the level under _ 0
consideration. In contrast, the transfer rates correspmnd = ¢ Bo (lmeJrl Re‘f)po(O) (5)
the gain of coherence or order coming from other levels =1%Bn (J%)* p9(0),

and sublevels of the same level. Collisional contributionynere is expressed as

to the evolution of the density-matrix elements is due to

transfer and relaxation rates. The full set of SEE desagibin cl2(1,0)

: L . L E=— .
the two-level system under consideration is provided in VB[(CI(1,0)+ A10) (C22(1,0)+ A10) +C12(1,0)C21 (1, 0)]
AppendixA. Let us mention that we used the same way to ©

denote the density matrix elements as for collisional ratesH 4 4B tively denote the Einstei ¢
for instancep}(1) represents the density matrix elementf_ gret “]2 an Oi respectively deno ed eh tms e'S coet.—
wherek =1, g=1and.J,, 1. icients for spontaneous emission and photon absorption

. . characterizing the probability of transitions between the
Solution of the SEE in the general case, where th g P y

thr ) t anisotrony di d above are all Sower level withJ,, =0 and the upper level witl,, =1.
ee sources of anisotropy discussed above are all prese{)l,, ,.,e also defin@l’;kl(Ja“Jaj)ERZkl(Jai%Jaj) N

leads to very large expressions which we do not show_, ., k! kK

here. Instead, we consider some special cases in whigﬁik/(‘]“i_)‘]ai)k;, 7y (Jai<_‘]1°“27‘) =Ry (Ji‘;"]af) +
two sources of anistropy are present at a time. As W(;,Rr{2 (Ja,) _127:1 (Jo,) (€9 C17(1,0) = Ry (1’.0) *
affirm below, this is enough to illustrate our main point; ®1~ (1) — 7—11 (1)]. As can be seen from Equations)
namely, the breaking of cylindrical symmetry could lead@"d 6), thepi(1) is non-zero, S|gnallngo the emergence of
to the emergence of circular SP. In addition, we givecircular SP, provided that “(1,0) andp, (0) are different
only the p}(ary Ju,) and pl(aw Ju,) = Rept(aw Ja,) from zero. The rat€;2(1, 0) is necessarily non-zero given
i Tmp! (g Ja )uto demonstrate that it is possiblie to the symmetry conditions explained in Secti@fsee e.g.,
obtain orientation withk — 1 (circular polarization) Manabe etal. 19-')2 Further, the density matrix element
from alignment withk — 2 (linear polarization). Other of the lower level,pg(0), is expected to be different from

expressions O/f)’;’(ai Ja,) can be obtained from the set of zero since lifetime of the lower Ievellis. usually large
SEE in Appendi. compared to that of the upper level. This is the case even

if REF(Ja,) = TJ*(Ja,) as can be verified from the
definition ofC5*' (J.,,, Ja,) above.
3 SOLUTIONSOF THE SEE AND DISCUSSION The generation of circular SP is clearly due to the
breaking of cylindrical symmetry of the problem. Had the
As discussed above, in a spherically symmetric situationggiation field been isotropic or cylindrically symmetric
the atomic polarization, if at all present, can only deceeas 5,qund an axiszyaq, Which is parallel/anti-parallel to that
Reduction in the symmetry of the problem leads to théy collisions, z,,..., there would be no coherences in the
formation or increase of SP. For exa}mple, .I|near. S.Pradiation field (2, = 0 in the frame ) and hence no
can be created in the presence of anisotropic radiatiogmergence of circular SP. Similarly, if the collisions were
(e.g., sect. 10.2 dfandi Degl'Innocenti & Landolfi 2004 isotropic, collisional rates with # k' or with ¢ 0 would
or anisotropic collisions (e.gSahal-Brechotetal. 1996 \4nish. Consequently, there would be no circular SP as
Vogt et al. 200). We now show that further reduction in o pe seen from EquationS) (and ). In the last two
the symmetry of the problem can lead to the generation of5ses; the cylindrical symmetry of the problem is restored

circular SP. and thus there can only be linear SP. In other words, the
generation of circular SP is possible only if the whole
3.1 Anisotropic Collisonsand Anisotropic Radiation problem is neither isotropic nor has axial symmetry.
Field:

) _ ) - 3.2 Anisotropic Collisionsand Oriented Magnetic
We first consider the case where axially symmetric  giqq

collisions and an axially symmetric unpolarized radiation

field, whose axes of symmetry are in general not parallel th.et us consider another case of broken axial symmetry
each other, are present. The SEE describing the situatido further illustrate our point. In this setup we have
are obtained from those in Appendix by settingw;,=0. an ensemble of atoms undergoing axially symmetric
These SEE can be easily solved to obtain the densitgollisions in the presence of an oriented magnetic field and
matrix. The elements of the density matrix with=1 are  isotropic radiation field. This case is described by the SEE
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given in AppendixA while settingJ,f =0. Solution of the
SEE in this case holds:

V29101 150 IMpi (1)

P00 = "I, 0) + Al

(7)

Repk(1) = (gle 50, C 0, o>{g%wa1 [ g ety (CL1(1,0) + ) + ¢, [t s, (G (1,0)
+2C7(1,0) + 3A410) + (Co*(1,0) + Aso) {3A§0 + [4CT(1,0) + 4CF3(1,0) — 2C5%(1,0)] Ao
~ [C32(1,0)1° +4C12(1,0)CE'(1,0) + 4C1 (1,0)CE(1,0) }] + 53, (CF2(1,0) + Aso)

(O (1,0) + C11(1,0) + C2(1,0) + C(1,0)] Aso + 243, + g 153, + CY1 (1,0} (1,0)

+C#(1,0)C3%(1, 0)} + (Co'(1,0) 4+ A1) [CL(1,0)CF (1,0) + (C{(1,0) + A10) (CT2(1,0) + Asp) ]

x (€3%(1,0) + A10)2} X {3080(0, 1)(€5°(1,0) + A1o) + Bor ) (3¢5°(1,0) — V372°(0, 1))

C(T0,1) 4 VEAw) T, o>}) 0(0) / (Vé{zngws,lc& (C1(1,0) + An)

+ {g%wL 155, (C11(1,0) + A1g) + [C12(1,0)CF (1,0) 4+ (C1'(1,0) 4+ A1) (CT3(1,0) + Ayo) ]
x (C2(1,0) +A10)} X {g%wﬁlsgB + g2w? 2 [CN(1,0)CH(1,0) + C22(1,0)C22(1,0)
+ (G5 (1,0) + €11 (1,0) + CF2(1,0) + C32(1,0)) Ao + 243, ] + (C41(1,0) + Aio)
x (C3M(1,0) + A1o) [C1%(1,0)CF' (1,0) 4+ (C{'(1,0) 4+ Ayo) (CT2(1,0) + A10)] (C3%(1,0) + Aw)}
+ chy 4ﬁ%éwEACP(LO)fC§(LOD—%gﬁfﬂ«%%lxn4wa)PAi)+2LMCP(L0)

2(1,0)) + CE(1,0)] Aso + [C2(1, 0] + 4([c} (1,01 + [C2(1,0)1° - 2¢12(1,0)¢(1,0))] }
+ g5, {wb 158, (C31(1,0) — 4C11(1,0) — 3410) + gl s [34% — (2641(1,0) + 3¢11(1,0)
= 10C1%(1,0) - 4C3%(1,0)) Ay + {4[CF*(1,0)] +2(C5" (1, 0) +4C{(1,0))CF2(1,0)
+[C37(1,0)]* = 4(2C51(1,0) + €11 (1,0))C1 1 (1,0) + 8C1*(1,0)CH (1,0) 4 2(C5 ' (1,0) + €11(1,0)
+C1%(1,0))C32(1,0) } Aro + €1 (1, 0)[C3(1, 0)]* +4CT(1, 0) (C1*(1,0)CF (1, 0) + €1 (1, 0)CF(1, 0))
+ € (1,0){ — 4[CH (1, 0)]% + 4C12(1,0)C(1,0) + 267(1,0)C3(1,0)}| + gfel (€' (1,0) + Auo)
X {GAQ*O +2{5(C{'(1,0) + C73(1,0)) + 2C3%(1,0) } A3, + {5[Ci'(1,0)]* + 16CF*(1,0)C1 (1, 0)

+5[C2(1,0)]% + 2[C5%(1,0)]% + 6C{3(1,0)CF' (1,0) + 4(C1'(1,0) + CF(1,0))C3(1,0) } AT,
+2{(C1'(1,0) + CF3(1,0))C32(1,0)]* + ([C1*(1,0)]*+[CF?(1,0)]* —2C{3(1,0)CF (1, 0))C3%(1, 0)
+4(C11(1,0)+C7%(1,0)) x (C13(1,0)C31(1,0) + C11(1,0)C7%(1,0)) }A1o + ([C1(1,0)* + [CF2(1,0))

—2C12(1,0)C21(1,0))[C22(1,0)]2 + 4(C12(1,0)C (1, 0)+CL (1, 0)C22(1, o)ﬂ }}

X {082(1,0)7500(0, 1)+ (V3C5*(1,0)—TL%(0,1))A10—C5(1,0) TP*(0, 1)}) ,
8
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2
imp}(1) = ~ (@g%wa%ce]gcﬁu, 0) gt {4, (€1 (1,0) + €P(1,0) +241)
+ 855, (=261 (1,0) + C2(1,0) — Aso) } + (C11(1,0) +CF2(1,0) + 2419) (C3%(1,0) + Amﬂ

[ —3C0°(0,1)(C5°(1,0) + A1o) + Bor B (V3T(0,1) — 3C5°(1,0)) + 3(7¢°(0, 1) + v3A410) T3 (1, O)D

X p8(0)/ <{ [ — giwg 1ch (2CF2(1,0) + C52(1,0) + 3A10) + C1(1,0)C7(1,0)(C3%(1,0) + Ago)

+ {giwl 15, +big(Co'(1,0) + A10) (C17(1,0) + Aro) Hgiwd 1 (1 — 3¢5,)

+(C2(1,0) + A10) (C22(1,0) + Ayo) } /{Ce(1,0) + Aw}} x [gfwﬁl{zxch (CI(1,0) 4 C22(1,0) + 2450)
+ 53, (= 201(1,0) + CF(1,0) — o)} + (CI1(1,0) + CF(1,0) + 2410) x (C3(1,0) + Avo)”]

+ [g%wﬁl(sch —1) —2C{3(1,0)C7'(1,0) — 21 (1,0)C72(1,0) — {3(C1*(1,0) + CF2(1,0))

+2C3%(1,0) } Arg — (C1(1,0) + C2(1,0)) C3%( 414%0} {91% 165, 1 1207w 1 (1 — 3¢,,)

— (€8(1,0) + A1)} +C12(1,0)¢7'(1,0) {4glelceB (CF(1,0) + A10)”}
+ {2l 152, + (CAY(1,0) + A1) (C1(1,0) + Aro) H g3 1 [4e2, (CF2(1,0) + Aug)

EEL0) ¢ 4] + € (L.0) 4 ) (€00 + 1)L (e 100+l |

X {6002(17 0)7-000(()) 1) + AlO (\/56002(1a 0) - 7-002 (07 1)) - COOO(L 0)7-002(07 1)}) )
9)

where we have defineg,, =sin 05 andcy, =cos 6. In the case at hand, circular SP is generated which is atglnuged
to the breaking of axial symmetry of the problem. This can éefied from Equations?), (8) and Q) by settingsy, =0
orm,i.e., by makingz,ert andzmag respectively parallel or anti-parallel, which yields

ph(1)=Repl (1) =Imp! (1)=0.

In other words, restoring the cylindrical symmetry of one can verify that
the problem results in a vanishing circular SP. It can be 1 1 1

o ; i po(1)=Rep; =Imp; =0.
verified from Equations?), (8) and @) that circular SP
would be present if is neither zero norr. In particular,  Clearly, the generation of circular SP is not possible in
we have verified that, for the special casefgf= 7/2,  this case despite the breaking of axial symmetry in the
po(1)=1mpj(1)=0 but Rep; (1) #0. problem. This is due to the fact that a weak magnetic
field cannot cause the mixing of density matrix elements
with different order,k, besides the restriction imposed
by selection rules on the possible optical transitions
which prevents the mixing between odd- and even-order
density matrix elements (see e.g., sects. 7.11 and 10.8
For completeness, let us also consider the case in which drandi Degl’'lnnocenti & Landolfi 2004 The later obstacle
ensemble of atoms is illuminated by anisotropic radiatioris not present in the case of anisotropic collisions. That
in the presence of an oriented magnetic field. We coulds the reason, in the case of anisotropic collisions, the
also allow the atoms to undergo isotropic collisions. Thebreaking of cylindrical symmetry leads to the generation
SEE describing this situation are obtained from those irof circular SP whereas there is no creation of circular SP if
AppendixA by setting all collisional rates with £ k' or  the anisotropy in collisions is replaced by a deterministic
with ¢#0 to zero. Solving for the density matrix elements, weak magnetic field.

3.3 Anisotropic Radiation and Oriented Magnetic
Field
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4 CONCLUSIONS well-established that the velocity distributions of théaso
wind’s electrons, protons and heavy ions are non-thermal,
We formulated the circularly polarizing effect of anisqifo  meaning that they are anisotropic and cannot be described
ic collisions in the presence of an anisotropic radiationOy a Maxwellian distribution (e.gPilipp et al. 1987and
field and/or deterministic magnetic field. In particular, we pjerrard & Lamy 200} Different models are proposed
confirm the possibility of creating atomic circular SP if the ¢ represent those distributions, like bi-Maxwellian or
density of perturbers is sufficient for anisotropic cobiss kappa distributions (e.gMaksimovic et al. 1997 Solar
to be effective. This physical situation can occur in awing diagnostics are traditionally based on spectroscopic
plasma where charged particles (e.g., protons or elegtrongnajysis, which only relies on the Stokésaeasurements.
move in a direction different from that photons mostoy results can be used to gain a better understanding
frequently are moving in and/or different from that of the ¢ the solar wind physics since the polarization is very

magnetig field, in a way that cylindrical symmetry of the gansitive to the anisotropic part of velocity distributson
problem is broken.
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important to calculate the relaxation and transfer rateby the Deanship of Scientific Research (DSR) at King
due to anisotropic collisions of hydrogen atoms with Abdulaziz University, Jeddah, under grant no. (G:348-130-
electrons. Then, it is necessary to introduce them in a code440). The authors, therefore, acknowledge with thanks
of resolution of the SEE in order to determine the circularDSR for technical and financial support.
polarization. In addition, in the low corona, it is now

Appendix A: SEE

Assuming steady state and utilizing conjugation propsiifdhe density matrixof (i Jo, )] = (-1)?p (i Ja, ), and the
radiation field tensor[J’q“;(uaiJai_,jJaj )] = (-1)quf“qrr (yai.]ai_,j(]aj ), and the symmetry properties of the collision rates,

given by Equations3) and @), the set of coupled SEE can be written as (whgye= 0 and.J,,, = 1)

(680(07 1) + Bong)pg(O) - (7-000(()’ 1) + \/gAlo)pg(l) - 7-002(()’ 1)P3(1) =0, (A-l)
(75°(1,0) + %Boﬂg)ﬂg(o) — (€3°(1,0) + A10) p (1) = C5*(1,0)p3(1) = 0, (A.2)
V2g101,18051Mp} (1) — (C5(1,0) + A10) pg(1) =0, (A.3)
giwr,1¢051Mpy (1) — (C11(1,0) + Ajo)Repy (1) + C1%(1,0)Impi(1) =0, (A.4)
9101 (s051MpT (1) + 2¢9,IMp3 (1)) — (C3%(1,0) + A1o)Reps (1) + %BmReJ%PS(O) =0, (A.5)

g1WrL 1 (CQBImp%(l) + 89B|mp§(1)) + Cfl(lv O)Imp%(l) - (652(17 0) + AlO) Rep%(l)
1 2 0 (A.6)

+ %BolReleo(O) = 0,

\/691wL,1SGB|mP%(1) + (7620(1a 0) + %Bov]g)Pg(o) - Cgo(l, O)Pg(l) - (ng(l, 0) + Alo)Pg(l) =0, (A7)
59100,1 (V50 pb(1) + 2e5, Repk (1)) + (C11(1,0) + Aro)Impk (1) + C2(1L, ORet(1) =0, (AB)
g1wr,1 (6, RepT(1) + 2¢p,Rep3(1)) + (C37(1,0) + A1o)Imp3 (1) + %Boﬂmﬁﬂg(o) =0, (A.9)

Soon [0, (VEA(1) + 2Re3(1) + 200, Rept (1)] +C7(1,0)Rep} (1) + (€72(1,0) + Aro)Imp (1)

(A.10)

1

MV

Bo1TmJ?pJ(0) = 0,
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where we have define@* (J.,, Jo,) = RE¥ (Jo, = Ja,) + RE¥ (Ja, = Ja,) = TF¥ (Ja, = Ja,) = REV (Ja,, Jay) +
REV (Jo,) = T (Ja,) [€.9.CF2(1,0) = RI2(1,0)+ RI2(1) — T12(1)], o, = sinfp andcg,, = cosfp. The system of
equations above, having a zero determinant, is not closedecjuently, one cannot solve for all density matrix elesien
To overcome this issue, the usual practice is to add the &auation, i.€)_, \/2.J,, +1p§(Ja,) = N with N being the
population number, to the system of equations in order tblertae solution for all density matrix elements. However,
in the case at hand we are interested only in the orientaeimns;p’;zl. Therefore, we solve the SEE to obtaigfl in
terms of the population of the lower levef (0), which is expected to be non-zero since the lifetime of theeldevel is
large compared to the upper level. For this purpose, we rethe algebraic program Mathematica.
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