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The Polarization and Magnetic Sensitivity of UV Resonance Lines
Mg Il h & k vs. Ly-alpha
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Why Solar UV Spectropolarimetry ?

* To probe the physics of the upper
chromosphere, transition region and corona

* To explore virgin territory in solar physics

* To facilitate similar developments in other
branches of astrophysics
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INDEX

* The physical mechanisms

* RT calculations of the Stokes profiles and their magnetic sensitivity

J,=3/12
J,=1/2

(a) Lyman-alpha

(b) Mg IT h & k

e The 3D world

e Conclusions
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The physical mechanisms

The Zeeman effect

The Stark effect

Scattering processes

The Hanle effect of a magnetic field

The Hanle effect in the presence of magnetic

and/or electric fields
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The physical mechanisms

* The Zeeman effect
e Scattering processes

* The Hanle effect of a magnetic field

* The effectint nce of magnetic
and ric
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(1) The Zeeman effect polarization:

Zeeman splitting

Stokes V ~ R R = o \DB «1

9 ANp VI 1
Stokes Q & U ~ R \

Line's Doppler width

Atomic weight Especially in
strong UV lines
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(1) The Zeeman effect polarization:

Zeeman splitting

Stokes V ~ R R = M - \B «1

AAp V11
M \

Line's Doppler width

Atomic weight Especially in
strong UV lines
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(1) The Zeeman effect polarization:

Zeeman splitting

Stokes V ~ R R = A AB 1
) AN VT/p
Stokes &t~ R \
Line’s Doppler width Atomic weight Especially in

strong UV lines

For Lyman-alpha at 1216 Angstroms,

assuming T=10000 K and B=10 gauss

R ~0.0001 — Stokes V/I ~0.01% — VERY difficult !
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(1) The Zeeman effect polarization:

Zeeman splitting

Stokes V ~ R \DB

R:A)‘B~ «<1

AAp V11
M \

Line's Doppler width

Atomic weight Especially in
strong UV lines

For Mg Il h & k at 2800 Angstroms,

assuming T=10000 K and B=10 gauss

R ~0.001 — Stokes V/I ~ 0.1 % — Feasible !
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The Zeeman effect in the Mg Il lines — 5 s
a b
15 1~ T T ) 2P3/2
- B=50G (vertical) b ] I )
B ] P112
1.0 .
: : h
0.5F 2 - S
S j ]
0.0
~ 00 r —
> i i
: h :
~1.0F .
5 Mg 1l 1
—1.50 . ]
2785 2790 2795 2800 2805 2810

Wavelenght (A)

Belluzzi & Trujillo Bueno (2012;: ApJ) 2016 ChromoAID workshop in Boulder



(2) The scattering line polarization

It is the linear polarization in a spectral line produced by the
scattering of anisotropic radiation:

B=0 gauss

-7

It does NOT need of a magnetic field !
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(3) The Hanle effect of a magnetic field

The MODIFICATION of the scattering line polarization due to
the presence of a magnetic field

B=0 gauss

e

2016 ChromoAID workshop in Boulder



Magnetic sensitivity (due to the Hanle effect) of
the scattering line polarization

6
8.79x10,g By = 1/Lifetime = Aul

/ |

Level’ s Lande factor gauss seconds
— A _J/
Y Y
Level’ s splitting in frequency units Natural width of the Level

Typically, the Hanle-effect sensitivity is from: 0.2B, to 5B,
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Magnetic sensitivity (due to the Hanle effect) of
the scattering line polarization

6
8.79x10,g By = 1/Lifetime = Aul

/ |

Level’ s Lande factor gauss seconds
— A _J/
Y Y
Level’ s splitting in frequency units Natural width of the Level

Typically, the Hanle-effect sensitivity is from: 0.2B, to 5B,
B,=850G B.=290G B,=53G B,=20G

He II line at 304A  Si IIT line at 1206 A Ly-alpha of HI k-line of Mg IT

2016 ChromoAID workshop in Boulder



Magnetic sensitivity (due to the Hanle effect) of
the scattering line polarization

6
8.79x10,g By = 1/Lifetime = Aul

/ |

Level’ s Lande factor gauss seconds
— A _J/
Y Y
Level’ s splitting in frequency units Natural width of the Level

Typically, the Hanle-effect sensitivity is from: 0.2B, to 5B,
B,=53G B,=20G

Ly-alpha of H I k-line of Mg IT
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J,=3/2
J,=1/2
This atomic model:

) =172
is suitable for understanding the polarization in these lines.

It allows us to take into account:

* Frequency correlations between the incoming and
outgoing photons (PrD)

 Quantum interference between the two upper

J,=3/2 AN AAAN:

J-levels (7-state interference): J,=1/2 D
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The hydrogen Ly-alpha line

H I Lya
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TIT

(Stokes I observation by Roussel-Dupré 1982)
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RT synthesis in 1D semi-empirical model

2016 ChromoAID workshop in Boulder



The Ly-alpha Q/T profile for mu=0.4

J,=312

)y =172

L= (With PRD + J-state interference) ::-:'-:'-:'-:'-:'-z":’j
)l

Overall Q/TI pattern (30 Angstroms interval) Zoom around line core (4 Angstroms interval)

Q/1 (%)
A

5k =
[ u=0.4
| FAL-C
-8l e
1205 1210 1215 1220 1225 12: 1214 1215 1216 1217

A (A) A (A)

Belluzzi, Trujillo Bueno & Stepan (2012, ApJ)
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Q/1 (%)

O | 1 1 1 | 1
______ NOJ_StOte
=2  interference ]
- \/ f\/_
—6F _
[ u=0.4
| FAL-C
—8|||||
1205 1210 1215 1220 1225 12:
A (A)

The Ly-alpha Q/T profile for mu=0.4

Overall Q/TI pattern (30 Angstroms interval)

Belluzzi, Trujillo Bueno & Stepan (2012, ApJ)

J,=3/2 ) Y‘\‘:‘f

=172 (The impact of J-state interference) :3535353;13:31}15
DI

J=172 /\

Zoom around line core (4 Angstroms interval)

No J-state
interference

1215

1216
A (A)

1217
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CLV of Q/

or 1 o

" PRD with | FAL-C
J—state interf. | \

CHI u=0.7
— Ol | "T‘ “““ L I
1214 W2W5‘ 1216 12717
Belluzzi, Trujillo Bueno & Stepan (2012, ApJ) 7\‘ (A)
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See CLASP observations in the talk by Ishikawa et al. next Thursday !

CLV of Q/

or 1 o

~ PRD with ] FAL-C
J—state interf. | \

CHI u=0.7
— Ol | "T‘ “““ L I
1214 W2W5‘ 1216 12717
Belluzzi, Trujillo Bueno & Stepan (2012, ApJ) 7\‘ (A)
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The Ly-alpha Q/T profile for mu=0.4

J,=312

J,=1/2 ( PRD )

Zoom around line core (4 Angstroms interval)

Q/1 (%)
5 &

1214 1215 1216 1217
A (A)
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The Ly-alpha Q/T profile for mu=0.4

J,=312

J,=1/2 ( CRD )

Zoom around line core (4 Angstroms interval)

o T
_2— -
® Z
_ -4} -
N [l
& I
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= T T PO P
1214 1215 1216 1217
A (A)
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The Mg Il h & k Lines

Intensity (10%rg/cm?®/s/sr/A)

e L 67— " " T T T T T T T T
I ] 10 FAL-C Mg Il h and k
- I
o<(
2 S
[7p]
| “
r T (%) 10 - _:
‘ 1 9 V 5
L - = |
O
I { e ]
1 PR S S TR NN S ST SR NN SUNT TR S S SR S S NN SR ST S R S S S 104 L L 1 L L 1 L L | L L | L
279.4 279.6 279.8 280v.,(:velength2(8:r.:) 280.4 280.6 280.8 2 79 O 2 7 9 5 2 SOO 2 805
Wavelength [A]
Observed on the quiet Sun disk RT synthesis in 1D semi-empirical model
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The Q/I of Mg IT h & k for mu=0.1

J,=312

i (With PRD + J-state interference)
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=0.1
The Q/I of Mg IT h & k for mu=0

J,=312

= interference)
A (With PRD + J-state
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The calculated Q/I signals in the CORE of the Mg II Lines

l' L] T T Ll l T T Ll T ]

With J-state
interference —

i Witth' -state
— 2 = “ interference |-
O fa-c | ] -
: ,u,=O. 1 .39, Sign-reversal Mg 1 :
_4 1 1 1 f | L ! | ' f ' N | '
2790 2795 2800 2805

Wavelength (A)

Belluzzi & Trujillo Bueno (2012; ApJ) 2016 ChromoAID workshop in Boulder



The calculated Q/I signals in the CORE of the Mg II Lines

Neglecting J-state
interference

oL %
: FAL=C “ With J-state -
i /,L=O1 interference Mg | |
| T T PP
2790 2799 2800 2805
Wavelength (A)

Belluzzi & Trujillo Bueno (2012; ApJ) 2016 ChromoAID workshop in Boulder



The Q/I of Mg IT h & k for mu=0.1

( PRD )

Q/1 (%)

2790 2795 2800
A (A)
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The Q/I of Mg IT h & k for mu=0.1

( CRD)
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The Q/I of Mg IT h & k for mu=0.1

( PRD vs. CRD)

Q/1 (%)
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How are the line-center scattering polarization signals
of Ly-alpha and Mg IT k in a 3D MHD model ?

3D model of an enhanced
network region, 24 x 24 x 17 Mm
(see Carlsson et al. 2015).

Resulting from a MHD simulation
with the bifrost code
(Gudiksen et al. 2011).

State of the art MHD
simulation with non-equilibrium
hydrogen ionization.

3D radiative transfer code PORTA

(see Stepan & Trujillo Bueno 2013)
for modeling the spectral line
intensity and polarization

12.6—1

z(Mm)

Visualization of the model’ s magnetic field lines
1Bl (G)

.20
12

7.3

4.5
Py

1.6

In this MHD model the magnetic field has a predominantly bipolar structure
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Z [Mm]

The 3D world

Atmospheric heights where the line-center
optical depth along the LOS is unity

The mean magnetic field strength is <B> ~ 15 gauss

1.6x10°

1.2x10°

8.0x10

Temperature [K]

4.0x10°

25%x10°

at the corrugated boundary that delineates the Transition Region
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1D
B breaks the symmetry

y4
A

B

coron:\ TR\
‘ chromosphere ‘

1D plane-parallel model

3D

Symmetry breaking always

B

corona

chromosphere

3D model
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For resonance lines like Ly-alpha:

d

— T —

dr

[ — 5]

Q — 5q

U — Sy

dr = —nrds

Monochromatic optical
distance along the ray
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In 3D the line contribution to the source function components:

line ~ 0
S] SO

Sg""e = w(Ji)Jl{Q—\/i(,uz —1)S5 — /3y /1 — p2(cos xS — sin xS7)
V3

— (1 + p®)(cos 2y S2 — sin 2y S5
5 (1 1) (cos 2 55 — sin2x 43)

Real part Imaginary part
. 2 p . ~ A ¢
Sline — wt(]u)Jl\/g {-\/ 1 — p2(sin xS% 4 cos xS%)

+1(sin 2 S5 + cos 2y 95)}
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Expressions for scattering polarization and the Hanle effect in 3D:

This is the MAGNETIC kernel !

0 0
72 2
(§§\ ( {%\ 0 My Mz Mu Mis /*Sg\
5t o) JT My 0 Mo Moy Mas ST
[1 + 5(1 — E)] é’% = (1 — E) 'wJqu —{% —(1 — E)Fu M31 M32 0 M34 M35 g%
S3 J3 My Mg Mg O My || S2
\ 82 ) \ —J2 Msi Msy Mss Mso 0 )\ §2 )

Population imbalances and coherence

|

Ty =8.79 x 1095, B/Ay (with B in gauss and A, in s™")

These are the radiation field tensors
R=[defo ‘i” 5 (67 = DL+ 302 - 1Q,]
Ji = /da:fqﬁxd—gie"x Vi=12 [0 (Lg + Qo) — Usg)
03 1 .
B= [ f 6L (L0 - iDL~ 30+ 105~ iU,
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Mg Il k

Line center intensity (upper chromosphere)

TN
5.0 T+
®
'5.5 'E
O
6.0 "o
o
6.5 =
7.0 &

del Pino Aleman et al. (2016; in preparation) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for a disk-center observation

B = 0 gauss
3|
4
9
3 %%
20_
’
Mg Il k

del Pino Aleman et al. (2016; in preparation) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for a disk-center observation

B = model’'s B
5
4
3 2
D_m
2
1
Mg Il k

del Pino Aleman et al. (2016; in preparation) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for a disk-center observation

B > 100 gauss P=vVaQi+Uu?/ I

N w EAN @)
I:)Sat[%’]

Mg Il k

del Pino Aleman et al. (2016; in preparation) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for mu=0.5

B = 0 gauss P=VaQ2+U’/ I

Pe_ol%]

Mg Il k

del Pino Aleman et al. (2016; in preparation) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for mu=0.5

B = model’s B P=vVaQ2+U?/ |

Pgl%]

Y(Mm)

Mg Il k

0 12 24

del Pino Aleman et al. (2016; in preparation) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for mu=0.5

B > 100 gauss P=vaQ’+u?/I

Psal%]

Mg Il k

0 12 24
X(Mm)

del Pino Aleman et al. (2016; in preparation) 2016 ChromoAID workshop in Boulder



Lyman-alpha

Line center intensity (Transion Region)

®
o

Log,, | [ergs™ cm®sr' Hz"]

X [Mm]

See Stepan, Trujillo Bueno, Leenaarts, Carlsson (2015; ApJ) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for a disk-center observation

B = 0 gauss

5.50

412

2.75

Pa_o [%]

1.38

0.00
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The TOTAL fractional linear polarization for a disk-center observation

B = model’'s B

5.50

412

> o
1.38
Ly-alpha
0.00

See Stepan, Trujillo Bueno, Leenaarts, Carlsson (2015; ApJ) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for a disk-center observation

B > 250 gauss
5.50
412
€ S
E 2.75 hé
> o
1.38
Ly-alpha
0.00
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The TOTAL fractional linear polarization for mu=0.4

P=VaQ’+u’/ |
B = 0 gauss

6.75

4.50

Pag [%]

—12.25

Ly-alpha

0.00

0 5 10 15 20
X [Mm]
See Stepan, Trujillo Bueno, Leenaarts, Carlsson (2015; ApJ)

2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for mu=0.4

P=vVQ2+U’/ I
B = model’'s B

2.25

Ly-alpha

0.00

0 5 10 15 20

X [Mm]
See Stepan, Trujillo Bueno, Leenaarts, Carlsson (2015; ApJ) 2016 ChromoAID workshop in Boulder



The TOTAL fractional linear polarization for mu=0.4

P=vVQ2+U’/ I

9.00

B > 250 gauss

20
6.75
15
'E —
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” 10 1 "
—12.25
5
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0 0.00
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See Stepan, Trujillo Bueno, Leenaarts, Carlsson (2015; ApJ) 2016 ChromoAID workshop in Boulder



The spatially-averaged CLV of Q/I calculated in the 3D model

I3|I3(fl=1) - lLy-élbhé
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See Stepan, Trujillo Bueno, Leenaarts, Carlsson (2015; ApJ) 2016 ChromoAID workshop in Boulder



Concluding comments

The scattering polarization in UV resonance lines
encodes valuable information on the magnetization
and geometrical complexity of the upper
chromosphere and transition region.

A promising space-based spectropolarimeter would
be one capable of measuring simultaneously a few
lines with different magnetic sensitivities:

Ly-alpha + Si 111 1206 and Mg Il h & k
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Dear MHD friends, please, develop:

“Realistic” 3D models with SPICULES !

Centeno et al. (2010; ApJ) modeled spectropolarimetric observations of quiet

Sun spicules by exploiting the Hanle and Zeeman effects in the He 1 10830 A
triplet and concluded:

“Magnetic fields as strong as 50 G were detected, which could

represent a possible lower value of the field strength of organized
network spicules”
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