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Why depolarizing collisions?

@ Magnetic fiel, B,
drives energy flux to the corona and its
dynamiCS Raouafi, Solank & Wiegelmann ('09)
@ B is high in solar atmosphere
B is low in solar corona
@ High B measured using Zeeman splittings
Low B from polarization of spectral lines
@ Line polarization arises from anisotropic
light in the upper solar atmosphere

@ B reduces polarization through Hanle effect

@ Other depolarization processes needed
Eg. collisions with Hydrogen atoms
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Atomic spectral lines: reduced density matrix

e Upper atmosphere at T> 5000 K
¢ High density of H atoms, ny

e Weak magnetic fields,

¢ Anisotropic radiation, hv

— Mixture state described density matrix: p = p4 ® pr ® pp, ® pr
— Only A detected, and the rest remain in their ground state

— Only the reduced matrix p.3(IM, M') described by master equation
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Statistical equilibrium equation for Atom

The reduced density matrix p.,;(IM, M’) of atom A (?S*1L;) governed by

Bommier & Sahal-Brechot ('78), Landi Degl'Innoccenti & Landolfi ('04) , etc

d
—pag (M, M") =
L ( )

d
L oy (M, M
* |:dtp 'J( ' ):| radiative

d
L ey (M, M’
+ {dtp J( )}

collision

Impact approximation: radiative and collisional are obtained separately
Lamb & ter Haar ('71)

d

T Ps (M, My) = > ClaJMMy o/ J'M{M3)  paryr(M], Mj)
o' J' M} M}
- Y C(a' T MM« aJMyMy)  pay(My, My)

o' J' M| M o
Collisional rate constants
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Thermal Rate Constants, C

For a collisional event at relative speed v
Ale, J, M)+ H(2S) — A/, J', M")
the rate equation is
dpary (M, M)
dt

¢ [C] = 1/(concentration x time) = volume/(no.atoms x time)
“Effective volume per atom and time”:

=C(JMM + aJMM;v) paj(M,M) ngy

o : cross section, [L]?
Cv)=ng o(v)xL/t
L = vt, (t : unit of time)

Assuming a Boltzman distribution of velocities, the thermal rate constant is

3/2 .00
C(T)<27r:BT> TLH/O vo(v)e Prn/ksT dry2dy
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Expansion in Spherical Tensors

o pg (aJ): an irreducible representation under rotation Fano ('57), Omont (77)

po ()= > (-1)/"MV2K +1

(J J K
My Mo

Af{l 7]\/[2 7Q ) p(XJ(Z\Jl-,AIQ)
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Expansion in Spherical Tensors

o pg (aJ): an irreducible representation under rotation Fano ('57), Omont (77)
@ Similar expansion of the rates, C*(a/.J’ + a.J)
Due to isotropic distribution of H atoms Landi Degl'Innoccenti & Landolfi (04)
2J+1 ) Y
C(a' J MM} < o.J M, M>) TL 1)/ =M+l =Moo 4 1)
‘ K
J J K JJ K (K) (1 71
( My —M, —Q ) < M, —My —Q )C (@' = ad)
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Expansion in Spherical Tensors

@ pf(aJ): anirreducible representation under rotation Fano (57), Omont (77)
@ Similar expansion of the rates, C* (a/J" « a.J)
@ Rate equation for multipolar moments Landi Degl'Innoccenti & Landolfi ('04)

d [2J" +1
gpg(oa]) = Z 2J+IC(K)(aJea'J')pg(a'J')

T4

— Z COJ — aJ)+ DE) () pgy ()
o' J'#ad
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Expansion in Spherical Tensors

@ pf(aJ): anirreducible representation under rotation Fano ('57), Omont (77)

@ Similar expansion of the rates, C*(a/.J’ + a.J)

@ Rate equation for multipolar moments Landi Degl'Innoccenti & Landolfi ('04)
d 2J +1
dth (o) g]\/ i C(K (a] « o' J)pg (o' ')

— Z COJ — aJ)+ DE) () pgy ()
o' J'#ad

@ Calculation with Quantum Dynamical methods of
CHE) (o + aJ)
D) () = CO(a] «+ aJ) — CH)(a] « aJ)
g (aJ) = DF) (o) + Dot T ted CO(J + al) Omont, Kerkeni
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Collision Cross Section,

A single collisional event has cylindrical symmetry around &
Differential cross section: flux collected at &’

T 0] WY S

—l
[lfI=mvbh

___’U
N db

B1 /7 TN . .
15, (&, k'): Scattering amplitude
Theory and Modelling of Polarisation in Astrophysics, Prague, May 5-8t" 2014

B =aJM;SMs in A +H collisions
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Collision Cross Section,

Integral cross section:
o (@ My My; o ' M{MG) = > ﬁ / dk / k' ai’/
]\ls,JV[é Ok v K ,
7
vk
e [Ifl=mvb

__’L/
— db

Integration over k — isotropic distribution

Thermal rate constant:
C(a' J' M{ M} + aJ My Ms) = Ngeo / vdv f(T,v) o®(aJ My My; o' J' M] M3)
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Scattering Amplitude £ (k, k')

Asymtptotic Conditions of the total Wave function
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Scattering Amplitude f/j,(f{, k)

Asymtptotic Conditions of the total Wave function

lim Ds(k, k') = e* B 0T M)|SMsg)
R—o0
k R
IR IRV ' ag!
z§jf (k, k' W\QJM>\5MS>

AU

incident plane wave

outgoing amplitude on
p=A'J M)+ H(S'Mg)

e'MR/R flkk)e'*R/R Simplified considering

outgoing spherical wave outgoing wave
Jt:J+S+£:cte.I
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Amplitude f, S-Matrix: under central forces

Total angular momentum conserved —

L =cte

3—-D

Partial wave expansion

B(R) = £ D" A @u(R) Vi (R)
=0

1-D

®(R) are eigenfunctions of
[-2V2 4+ V(R) - B () =0

with boundary conditions

Theory and Modelling of Polarisation in Astrophysics, Prague, May 5-8t" 2014

@y (R) are eigenfunctions of

R R e g ey = 0
“op dm? WD + V(R) — ¢(R) =
Py(R) o< e 1 S(E)etkR

R — >



Collision Theory
00008000

Amplitude f, S-Matrix: A(a, J, M) + H(S, Mg) case

. Scattering amplitude partial wave expansion
f/j' Z Z Z BYImg n/m (k ) <6H,JI,/ - S;,]t,, (E))
Je My bmy [’m
where B is a geometric factor

2 Yy Il _ 5\ . ’
B = %(—1)ZZ Z (_1)J+J +J+J ——t' —2542Mi+m+m 2J: + 1)y/(25 + )25’ + 1)

ji’ mm/

« j ¢ Jt i’ V4 Jt J S j J’ S 5’ 1)
m my — My m’ 'm% — M, M Mg —m M’ M ,S —m/
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Amplitude f, S-Matrix: A(a, J, M) + H(S, Mg) case

( Alexander & Davis ('83) )

e Scattering amplitude state multipoles
FE (@ISMg ke — o T'S'MEE) =333 b (K”)G Y, (k) Yo, (k)

tmp t'm;, K K’

with

(k) = 2 S (G = S0 E) (1) 25 4 1257 + 1)

n,

[ A J K0
<2Jt+1){J s K}{ 78 K K J K"

X

(- 1)£+2K '+2Mg+2MG—Q+2Q" (2K + 1)K + 1)VIRTTT

K’ K K" S ¢ K S’ e K’
Mg my; Q My mp, Q)

X

Q/ -Q _Q//

Theory and Modelling of Polarisation in Astrophysics, Prague, May 5-8t" 2014

Octavio Roncero



Collision Theory
00008000

Amplitude f, S-Matrix: A(a, J, M) + H(S, Mg) case

e Scattering amplitude state multipoles ( Alexander & Davis ('83) )
FE (@ISMg ke — o T'S'MEE) =333 b (K”)G Y, (k) Yo, (k)

tmp t'm;, K K’

with
Bl (K7 = ZE S (8,0 = S0 (B)) (=D 2 1 st + 1)
T35’
2 j o T i’ J K0
x <2Jt+1>{ A S A I R I
e Cross section state multipoles ( Kerkeni et al. (00) )
K Jrr v x+r! (2K 4+ 1) J g K’ N s
Tt sal g (B) = §< 1) 47ﬂ(25+1){ S }\XN:IQN+1)<2 +1)‘
e Rate constants ( Landi Degl'Innoccenti & Landolfi (04) )
2J"+1 .
C(K)(O/J' —alJ)= Y v2dvf(T, v) Uf,aw/,,/(E)
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Representation of A(«, J, M) + H(S, M) collisions

@ Basis setfor A(a, J,M):J =L+ Sy
|[JM;a = L,Sy)

@ Basis set for A(a, J, M) + H(S, Mg) fragments: j = J + S
l[im; aJ, S)

@ Angular basisset: J, =j+ £
| Ve Mey with n = jlaJsS

@ Total wave function: in a space-fixed basis set representation

o) = 3 BB

where ¢/t""(R: F) are obtained numerically

n’
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Close coupling equations and S-matrix

@ Total Hamiltonian

(20 0 2 N
He- (29 L SN Y g +H
2 <R8R+8R2)+2/LRQ+ L+ Hso

@ Close Coupling equations: n = jlaJS

B n? 92 N h2e(e+1) L EAL  —BleltMin (g gy = - <yJ,,M,, o |y.lth>(I)J1\un(R_ ")
Z OR2 2uR2 LS,J n ’ - n! " - ! ’

@ Asymptotic boundary conditions

m { e—i(kR—tx/2) s ei(k' R—t'm/2) }
nn/ §

e ~s’t (B
27h2 (B N

® Vk “nn

J',’Mt" (R — oo E) o<
n

The problem is the evaluation of electronic matrix elements
(VM Mo + Hso| VM)

n
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Electronic Matrix elements

@ |V/:M+) are defined in a space fixed such as
HA |\YIMYy =B, (YIMYy with n=jlads

@ Total electronic Hamiltonian
HY+H, with H*=H}+ Hso

@ H.: AlaJM) + H(S, Mg) interaction in a body-fixed frame 2’ | R
Hale?y) = Vir(R)lefy)  with A= L.

@ Body-fixed — Space-fixed transformation

YVIMAH VTN =N NG VE(R)

Q A S

Born-Oppenheimer approximation: calculation of VLSX(R) at each R value
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Summary of the Quantum method

For a particular A(J;« = LS): (neglecting transitions between different «)

3 Conference by C. Sanz I
@ Calculation of V' (R)

- for a collection of distances R;
-for |A| < L
-for S, =5—-1/2,5+1/2

@ Use the experimental Hgo energies

@ Resolution of the coupled equations to obtain S;ff,,, (E)
- for 1000-10000 energies in the interval 1 meV - 50 eV

- for J,=0 or 1/2 up to 1000 or 2000

(E)

@ Numerical integration to get: C)(a/.J" + a.])
and fit them to analytical functions

@ Calculation of o

aJ—a’J!
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Results: Neutral and singly ionized Alkaline Earths

Energy (eV)
w
\
2]

D ape.
‘D

Mg Il Call Ball Mg | Srl Bal
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Results: Neutral and singly ionized Alkaline Earths

0.04 HF i 4t HF i
| Ba'Cs) || Ba'CP) || Ba'CD) || Ba(P) |
0 . |
L A

i ]
3! 1 n—

-0.04 z 4 a 1 A s %y ——
s 3 ;-
L L 3 1L e b n J

n o
-0.08 4 A L 1
. M | (PR | ST o SIS | AT

004 T

L ca*(®s) :: \\ ca*(®p) :: \\\ ca*(°’D) :: \\/\Sr(lP) :

L y— s — WZ*-- i
3. 1, n——
by m
-0.04 B 3 1 A 1k s ——
b3 3 N
L 4k 3 Jk po3 d1 i
n n——
°a

0.08 | 1+ 1+

o \\\ o \\ ' IMIg*(;D)I::IkI e ]

o
T

Energy (a.u.)

T
0.04 | \
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Mg (?P) example; S-matrices for several J;

J=1/2,3/2 j=J+£5=012 C= |y =g, Je +7
12 channels
. . 0+ 1
Effective potential: H.; + Hso + (+1)
2uR?
MgH'*(?P) [S3=112, j=1, 1=3, > 3=312, j=1, |:J(|2
02 T T T T T T T T T T
~ 01} g g
< _
\é | J=2 i | i
[
I o0
0 5 10 15 20 25 30 35 40 0 0.2 0.4 0.6 0.8 1
R (a.u.) Probability
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Mg (?P) example; S-matrices for several J;

J=1/2,3/2 j=J+£5=012 C= |y =g, Je +7
12 channels
. . 0+ 1
Effective potential: H.; + Hso + (+1)
2uR?
MgH'*(?P) [S3=172, j=1, 1=3, > 3=312, j=1, |:J(|2
02 T T T T T T T T T T
~ 01} g g
< _
\é | J=2 i | i
[
I o0
0 5 10 15 20 25 30 35 40 0 0.2 0.4 0.6 0.8 1
R (a.u.) Probability
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Mg+ (?P) example: cross-section o

Inelastic cross section:
1

[2J'+1 p_
Oatsar g (E) = 271 Z TaiM—ar g v (E) = m”fJ_ga’J’(E)

MM’
1000

NA T T T
3
&
» 100 ¥ ¥ 3
: K=0 ¥ K=1 F K=2 ]
%7 - 032> 312 + 032> 312 + 03/2 > 312 -
[ K=0 T K=1 T 1
B 0312 -> 112 T - 0325172 T h
B K=0 T K=1 + -
O1/2 > 112 O1/2 > 112
i K=0 ] K=1 T b
O1/2 > 3/2 " 012532
10 1 1 1 1 1 1
0 0.1 0.2 0 0.1 0.2 0 0.1 0.2

Energy (a.u.)
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Mg*(?P) example: rates C¥

Rate constants ( Landi Degl'Innoccenti & Landolfi (04) )

K 2J +1
( ) / / —_— S —
C (on <—0¢J)— 27 12\/H

o

/ Rdvf(T,v) 0%, (E)

K=2 J=3/2 -~ J=312 ——

20

@ - 2) [RI1)RI+1M n, 10° (cms)

o 3=3/2  J=3/2 ——
J=1/2 - =112
10 ¢ 3=32 - J=12 —— ]
J=1/2 - =312 ——
Fit o
2000 6000 10000 2000 6000 10000
TK) TK)

; [ [20" +1 T \" 1/5 _ _
Analy“cal f|t o) (@' —aJ)= 2L a (*) 175000 107° Npo s
2J +1 5000
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Comparison with other studies

Quantum and Semi-classical total depolarization rate

g () = {C’(O)(Oz,] —aJ)—CE) (] — on)] + Z COaJ = a'J")
JI#T

@ Faurobert-Scholl et al. ('95): Sr 1, Ca |
@ Kerkeni ('02) : Mg I, Cal, Srl, Na |

@ Kerkeni et al. (03) : Cal

@ Derouich et al. (03): Mg |, Ca |, Na |

@ This work ('14): Mg (1, Il), Ca(ll), Sr(l), Ba(l,1I)
ApdJ in press, ArXiv 1404.6339
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Mg(?>P): Quantum versus Semiclassical

Quantum this work

Quantum Kerkeni ('02)

Semiclassical Derouich et el. ('03)

20 (rrr 25 10° . 161074
18 | mg('P) [ Mg('P) el Mo ()
- 16 210% ~
2 1t [ 12107
§ 12} st ¢ ] e
© 10} ”'; /l/ //’/// gIew"‘
HI 8r R E: 1t g// 1 5 6107%
S 6} g'=1) ® t - T
> 4 T o / £ S A
2k [y 2100 f =T
0 i . o L L L . o A . - - :
0 2000 6000 10000 o0 0 2000 4000 G000 8000 1 10% 0 2000 4000 6000 8000 110° 1210°
T ) T(K)
¢ xNx10~° cm 3/s at T=5000K
K | This work | Kerkeni ('02) | Derouich et al. (03) (n*=2.03)
1 13.696 13.836 -
2 11.944 10.79 11.767
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Sr(2P): Quantum versus Semiclassical

Quantum this work

Quantum Kerkeni ('02) Faurobert-Scholl et el. ('95)
14
1 14 10° T T T 1,00 10° - - 1 -
2} Sr('P) sr('P) ®) SrH
12 10° e
2 110 //' < A,
< -~ — 230010 '
2 28100 4 =
: E H
1 Fe00 ] g
g = 3
= £
s N 110° 2200107 DN,
3 s
2 °© /‘/ DN,
o ] /_/
0 o 2000 4000 6000 8000 10000
T 0 10° L L L L
0 2000 4000 6000 8000 1 10 1,00 10° L - L .
T(K) 2000 4000 6000 8000 10000 12000

Temperature (Kelvin)

g% at T=5000K | This work | Kerkeni ('02) | Faurobert-Scholl et al. ('95)

1 10.543 8.9875 ~17.5

2 8.42791 8.0015 ~ 14

Larger differences — curve crossing effects? I

Octavio Roncero CSIC
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Curve crossings and failure of B.O. approx.

0.7 pPrr—rrrrrrrrrrrT

H(2S)+Sr(*P)

Energy (+3131.0) in Hartree

g [ T T S T T A T O T S S
6 10 14 18

R (a.u.)
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Curve crossings and failure of B.O. approx.

@ Close lying electronic states
M* + H~ cross M(L, S) + H

-0.7 prrrrrrrreeeeeree @ Adiabatic approximation fails at
crossings

@ Couplings between different L, S

HCs)+sr('s) S
Diabatization: C. Sanz

H(“S)+Sr("P)

Energy (+3131.0) in Hartree

2 1 i ,
H("S)+Sr("D) @ Anstee, Barklem and O’'Mara
-10 1 use a single electron model
L X2s5 1 no ionic states
[ [ S NN T Y Y S S S R Y T
6 10 14 18
R (a.u.)
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Simulations
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Valid for:

30

20

10

rate/ny 10° (cmsls)

Octavio Ronce

134Bq 24%

B6Ba 7.8%

B8pBa 71,7%
Ba('P)

L cW=1) —— |
g'u=t) ——
g?u=1)

0 2000 6000 10000

TK)

Ba*(%D)

g°(J=5/2)

g°(J=5/2)
g*(J=5/2)
5, —
0%(J=3/2)
Ba*(°D)
[ 9%(J=3/2]]
5 C/(J=3/2)
0 .. A L
0 2000 6000
T (K)

10000
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Results for Ba | and Ba Il: I>0

For:
135Ba I=3/2 6,6%
BBa 1=3/2 112%
Hyperfine structure
F=J+T
Hyperfine splitting << Temperature

J-transitions independent of I

Recoupling approach raure & Lique (12)

J o 2
cr',FHJ/F/(E):(QF/+1)Z{ e } o (E)
k

Octavio Roncero Theory and Modelling of Polarisation in Astrophysics, Prague, May 5-gth ,2014
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Conclusions

@ Full Quantum treatment for A(**+1 L ;)+H depolarizing collisions
has been developed and applied to Mg(l, Il), Sr(l), Ca(ll), Ba(l,I)

@ Based on adiabatic electronic approximation within the same (L,S)
level: quasi-elastic collisions
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Conclusions

@ Full Quantum treatment for A(**+1 L ;)+H depolarizing collisions
has been developed and applied to Mg(l, Il), Sr(l), Ca(ll), Ba(l,I)
@ Based on adiabatic electronic approximation within the same (L,S)
level: quasi-elastic collisions
@ Inclusion of (L, S) — (L', S’) transitions in progress
diabatization techniques (C. Sanz)
@ Inclusion of hyperfine structure in progress
recoupling techniques
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Conclusions

@ Full Quantum treatment for A(**+1 L ;)+H depolarizing collisions
has been developed and applied to Mg(l, Il), Sr(l), Ca(ll), Ba(l,I)

@ Based on adiabatic electronic approximation within the same (L,S)
level: quasi-elastic collisions

@ Inclusion of (L, S) — (L', S’) transitions in progress
diabatization techniques (C. Sanz)

@ Inclusion of hyperfine structure in progress
recoupling techniques

@ Possible application to H + MgH collision:
inclusion of exchange reaction: H + MgH — HMg + H

@ He(3S,2 P;? D) + H also under consideration:
problem of autoionization He(*S) + H* + e

Octavio Roncero Theory and Modelling of Polarisation in Astrophysics, Prague, May 5-gth ,2014
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