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Schematic of Zeeman splitting and polarization of the Tmand o
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How to measure the coronal magnetic field?

Spectropolarimetry of the visible and near-infrared ~_ radio imaging observations
coronal emission lines (Lin et al. 2004, ApJL)  (Fleishman et al. 2020, Science)

magnetoseismology (Yang et
al. 2020, Science)
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Magnetic-field Induced Transitions, MITs

= State j has a “fast” decay channel to the
ground state k; strong spectral feature

= State / is metastable; small transition
probability A(/ — k)

H=Hss + Hp = Hrs + (N + AND) - B

A simple three-level system

(Grumer et al. 2014) _ _ (lIJjO |Hp [97)
LIJl- = z leq)i le ~ 0 0

J

= External magnetic fields mix
states j and j; a “new” transition
channel i — k: magnetic-field o A(i - k
induced transition (MIT) U=07% (AE;;)?

. i 12 .-
Apr (i > k) = |le| A = k)
2

GRASP(Jonsson et al. 2023)+HFSZEEMAN (Li et al. 2020)



Zeeman quenching: shorten the lifetime of long-lived
levels (Feldman et al.,1967; Balling et al.,1992; Andersen et
al.,1993; Mannervik et al. 1997; Schef et al. 2005)

Schef et al. 2005: lifetime measurement of metastable
states in Xe Il in lon Storage Ring + laser probing
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Measurement of MIT in the Laboratory

Ne-like 1ons in Electron Beam Ion Trap (EBIT)
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20000

15000

5000

10000

Wavelength (A)

T 1T 11 I TTTTTTTTT [ IIIIIIIII [ | I LR
‘ 3G
(b)  3F \
L, \\7. | | V,M2
‘ | ||I ,/
| |
E | |11
B | [ 1]
\ |
N L
, | 3T
Lttt r.k:'-f—v‘f:r B 1 S : g e o MY
48.0 49.0 50.0

= Be-, Ne- and Mg-like ions: MITs are generally
very weak for small external fields.



MIT in Fe X
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= AE from EBIT measurements: 3.5 cm! with

.. . Tt
upper limit of 7.8 cm™! (Li et al. ApJ, 2016) 3030134 Doublet
. . | |
= double Gaussian fit for lines from the same Ll i 27 Yae
upper level to “Dy), 5 Ret.
i 62 /
v SO82-B/SKYLAB spectra: 3.6 £2.7 cm™ %> "~ T ”
(JUdge et al. ApJ, 2016) 257.26 A 345738 A
v'SoHO/SUMER spectra: 2.29 + 0.5 cm’! 35305200 T
(Landi et al. ApJ, 2020)
30:—I|I”HIHIL\IN§I -
af x :
A w N
g 20_— ] s
2 -
N s
6 15F <
oo
St v v v b b e e L
1602.6 1602.8 1603.0 1603.2 1603.4 1603.6 1603.8 00 100 260 360 460 560 660 760 860 960 100%

Wavelength (A) B (Gauss)



Intensity (arb.units)

Laboratory measurement of MIT in Fe X at different
magnetic fields@ SH-Htsc EBIT (Xu et al. 2022, ApJ)

I I I I I I I v I I 1 I I I 20
= Experiment data
2 "; < 1255 G
: < 3c = 1.8} 1679 G
<< g 2 Mg & 2102 G
. =3 %§ & 2z %< S
9 = s S8 < & & & 2 ~
e u8 258 3 i & 1.6 ——
b= © Zk N & =
» L 9 ') :<l s z :
r4 H ] <} v H £ vy |
i oif = < i N f—t—t
A & S & o' 1
i 3 % & 2 1.4¢
S >
ol & ; o Qa‘) —
o e . R=
& z = N
wU 12}
ik gl .15. |.|.l.|.|.1.| . |. 15.1 1.0 . \ . ) . i " i i i ) :
200 205 210 215 220 225 230 235 240 245 250 255 260 265 1000 1200 1400 1600 1800 2000 2200

Wavelength (A) Magnetic field (G)



Outline

J
J

JApplications of Fe X MIT in solar/stellar coronal
magnetic field measurements
= Methodology
* Forward modeling with 3D MHD model
= Application to Hinode/EIS observations

J



Coronal magnetic field diagnostics using MIT method
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compare the observed 257/Ref. with theoretical predictions
LR(T,N,B)

= Reference line: insensitive to B

= Density diagnostic: intensity ratio with Fe X 174/175

= Temperature diagnostic: intensity ratio with Fe X 184/345
Spectral modelling: CHIANTI database, Int(T,N,B)



Forward modeling with a 3D MHD model (Chen et al. 2021,
ApJ)

= Construct MHD models of solar corona for a range of activity
levels

= establish an atomic database of the Fe x ion (Chianti+MIT)

= synthesize the emissions of Fe x lines from 3D MHD model

= Density diagnostics: Fe X 175/174 ratio

= Temperature diagnostics: constant or Fe X 184/345 ratio

= Derive the magnetic field strengths using the intensity ratios
257/Ref.

= compare the derived field strengths with those in the models
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Forward modeling with a 3D MHD model (Chen et al. 2021,
ApJ)

Off-limb observations
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Hinode/EIS Measurements of Solar Coronal Magnetic
Fields

Hinode/EIS:

solar corona and upper transition region
emission lines in the wavelength ranges

170 — 210 A (SW) and 250 — 290 A (LW)
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Portion of Fe X spectrum from Hinode/EIS



= 174 and 175 as reference lines (Si et al., ApJL, 2020)

= 174/175 for density determination

= Constant temperature of log T/K = 6.0

» observed intensity ratios from Brown et al. ApJS, 2008, an

active region observed on Nov. 4, 2006 on the solar disk from
Hinode/EIS
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The field strength was determined to be around 270 G.



= reference line: 184 A (Landi et al. ApJ, 2020, 2021)
* Density measurement: Fe X 174/175
= Constant temperature of log T/K = 6.0
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Limitations and uncertainties

= Only field strength can be measured, but not the direction

= Uncertainty in atomic data:
AE: 20% uncertainty from the SUMER measurements (Landi et al. 2020)
CHIANTI v10 — transition and collisional data from R-matrix (Del Zanna

et al. 2012)

Wang et al. 2020, Li et al. 2021, 2022 :
» |large-scale MCDHEF calculations for levels and radiative data for states u

to n=4
= Dirac Atomic R-matrix calculation for electron-impact collision strengths
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» the absorption of the Fe X emission from cool plasma
significantly affects the accuracy of density and magnetic field
diagnostics(Martinez-Sykora et al. 2022)

» |[ntensity calibration: short-(reference lines) and long-
wavelength (257 A line)

= Temperature measurement

Chen et al. 2023, MNRAS
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Summary

= The pseudo-degeneracy of two levels in Fe X causes the magnetic-field-
induced transition, MIT@257 A line to be sensitive to the relatively small
magnetic fields expected in the solar corona.

* Forward modeling with 3D MHD models has verified that the MIT
technique could provide reasonably accurate solar and stellar coronal
magnetic field measurements.

= The MIT method has been applied to HINODE/EIS observations and
illustrates the potential of a new diagnostic technique for coronal field
strength measurement.

= Further efforts are necessary on both theoretical and observational side to
provide a better estimation of magnetic field using the MIT method.

= [t 1s also highly desirable to combine different magnetic field techniques to
achieve a better understanding of coronal magnetism.

Thanks for your attention!



