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Fig.1 The emission lines observed during the total solar eclipse in Gabon on November 3, 2013. Bright
vertical lines in the image are the emission lines superposed on the continuous spectra. Horizontal

direction indicates the dispersion, each longitudinal spectrum is generated by a fiber (the sampling point).
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3.3 HEE

T K PH BBk feash I XK A% FEARAR, KRB B RS PEOIRES, R =4 T
KERBL. N TRV 2 HEERARYEL R @, SRAEN-LTESE I 54 2 /2 fif e iX 2 o] @
I ESD IR, N-LTESE 3 5% il i th T3 AR5 5 SR BUR S 2 18] ) AR 26 1 88 A 1
R K BH ) B 5 e MR 2 — . B AT, WS 2R SRR S 1 K 2 SR D /I A%
ALY 7R fd o, B AN 1 —J8385&E M AUE 72, X e 7 i St AUl 5 5
TR EE AR 25 Aok, A Sy s AR R, BIAGEAR, MR UK il s i e A Al i1 15 7
FERU, FRATTHE AL B R FH R SRS R M U, 208 T Lites®5 A\ T 19884 3¢ T Jse Jai Ml i
LR riEl). LR A R AL T RE T s A0

g =—kl+7j, (10)

A TR R, 208 VI A28 77 1) U & 1 LA B, o i IR R B, 2 e RS
ZE

K = K¢+ Ko@, (11)
Jj= KeSe + HOSI¢5 (12)
1 ey

AN IEE B B ke AN S SR IR SR I I FE. ko W ORI R EL, 75 BTRIA R P o2k
RAGTFCER (TR = ZE KA, BT 5 B X K 2 it 26110 5 B, FATHFEER TN %
Tk L HR O X RRI ST A0, Ao SR i R I ZR O K
F R m 260 G IR, paR 7P AT 1 J2 45 1 1 RSB H O M R 54, Wdro/p =
—kodz, FHEIAry = ke /Ko, PRJEM(11)—(13)=45 2
Md;ro = (ro + ¢)I —roSc — S19, (14)

9-7



62 & X X %= K 1

% B AT VT JZE S5 R RS G i s cos ™!, N T 3RS 1 2R S e B T R RO e A
A, T L MBI, AV e, Siv ron AN, HRYE R

I = / ef(m+¢>)70 (TOSC 4 S1¢)d70 ) (]_5)
0

b, roy P FUUE LR 2O UR KA, X (15) AUHEAT 73 B 7045 2

(roSe + S1¢) [1 — e~ (roto)on]

I= —— . (16)

BSen Siv Tos Tors Aos ANMERNFERZE, H(13)F1(16) 205 A% Bl tbr W B A

RFEVEIPE S R ST 26, Rl EaBkrb EBELR (Mg T 02 517.3 nm) FIRE I X — VL Bk 2k (Fe 11

531.7 nm) AT A, AT EILL LTI AER S ENE. EAERIEMe 162 517.3 nm(l]

R 2 B 5 T T L ER R DR D 7R AR I — S 1 R R S UK #5108 eV, fiE

Ko PGs sl RIERERE = 3kT/2, XM AT R E N3.95 x 10* K, TfiiFe 11

531.7 nm /X S 2% BB AL Kk BE B N31.09 eV, X N K BRI B R2.403 x 10° K, (Kt

BRI AT I X (CL B UK B8 208E >k B http: / /www.nist.gov/pml/atomic-spectra-

database). AT R H X B K MR, 6 T EAS B Ssh R ETHIE, EH
A

mc* AN mV2
2kN3 2k

2 W) T AN T, Hdm 2 P AR I R B T IR, o RS LA T R AR
FEIESE, BL3.0 x 10% m/s. V2ROt id B, 75 K PH RS P oM i il i 52 VF 2 R K5
Wi, TR = RIUR L. 3T AERZ, FATARYE VernazzaZ BI/E 198 14EH2 H (145
RICHI & Fh KRS8, K EBR)Z T =1 £ 500-2000 km i [ Py ER A 000 i 3t
B SR ECEIME, BP2.85 km/s. AT Tid )% X, AR H JevremoviédE A 20004F 3 & 1 15
FI P I8 DX I ARV i A S P, BP4.60 Jem /5123

HAMERATK H Interactive Data Language (IDL)#K A4 H curvefit 72 /3 X WL 21 1) & 5
LREC B A (16) AT LG, AL BREHE i, FRATIN J5L 4 B0 A 15 21 1 4 S 58 P T A i %
SR PR 4 S R P A T3 AT TV — 1R (I /1) 53 I 2% R B i 2R AT 0L & mT SR B H
HA RIS & R R BN Rk 4t 2 UG AR T LS B X6 B e LA 2K
B R, e, B65 R P 451 2iMg 1 517.3 nm (_E)FIFe T 531.7 nm (F)#
G, KR PNA T ZE 0 B N1.36 x 1074H18.22 x 10~ RAEMEH R K WHES,
Siv Tos Tois Aos AN, HAdE i (17) ARG B — A S TE S S S S IR E T
SR SN T E6FT R R, MMg I 517.3 nmZE Ml & KIS H W F: S, = 68.549. S, =
288.480. 79 = 1.646. 791 = 0.00526. Ao = 517.276 nm. Ay = 0.0217 nm; MFe II
531.7 nmZ M E WS E I T: S, = 18.309. S = 76.219. 7o = 33.529. 751 = 0.00163.
Ao = 531.668 nm. AXq = 0.0101 nm. W& H W7o KRG, P& FTAL I RS ISEa 62
i, flmg; < 1, HFe 11 531.7 nmZe X B 170, B/, BB TR GE B T m = 7F N
P, AT SRR 7 AEAR 3 Hh B 35 R S A S5 3 B 0 2 W B T T A 25 () SR B 1 5

T =

(17)

9-8



62 % X OREEE: I H ARG PRI I AR 2 SR URT SRy 8 4l 144 P i 25 14

RN 72T T T T AE 25 18] Mg T 517.3 nmAlIFe 1T 531.7 nm P % 1% 28 (3 45 51 (0L
BI7). MBI AT DR ) LG S 50 RE G I AL #8 58, Mg 1 517.3 nm T an F T in AL A
G5 RN 224y A 23,18 x 1074HF16.34 x 10~ TfiFe 1T 531.7 nm T ax A1 Topin A0
o TN T 223 B HE1.06 x 1073 F14.98 x 1073, FRATZE R 1 K254 25 18] 5543 B 72 A
(125 5% B 26 0L . AR AR 73 A0 37 B 0 1) 2 AR i (D621 ) HE AR AT — 4 2% 1) s 1 ]
GCE K, AH SR S R R A Rk Bl g A I R AR i A 380 R T g 25 R 4 ) 3 A D
8.

F Mg |
300 E
i 517.3nm
S E
N
10F 3
Fa 2
; A A DD
Or 3
E N R Lo [
517.2 517.3 517.4
Wavelength/nm
[ Fe Il
67 —
r 531.7nm
(6] 47 _
~
b L
27 —
r A A A 4 2 A AL N
ol . o
531.6 531.7 531.8

Wavelength/nm

Bl 6 MR IA— b a5 B S AR B R, B AR LIRS iR, ROt FR I AR, LR
Mg I 517.3 nmif R IALEE, FTEIZEFe 11 531.7 nm & 45 R,

Fig.6 The observed spectral profiles and the fitted profiles normalized by local continuum intensity. The
triangles in the figures represent the intensity of observation, and the black solid lines present the
theoretical fitting profiles. The top panel is for Mg I 517.3 nm line, and the bottom panel for Fe II

531.7 nm line.
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Fig.7 The observed spectral profiles and fitting profiles at the lowest and highest temperatures derived
by Mg I 517.3 nm and Fe II 531.7 nm, respectively. The left column images are the fitting results of the
two spectral lines recovering the lowest temperatures, and the right column images are the fitting results

of the two spectral lines giving the highest temperatures.

4 BIESHT

it 1 A B R B8] B R BH R KR B DX AR A SR BT S5 RN 1 2R
JEET AN i 25 TR 5y PR 22 1) o3 A i 0. B o KA 2R A 1) B8 75 10 448 1 A I 163 1 A
BV 1] 5 5 v 2 (AL v 2 A o o il ) s 6 L 1 B2 ) B ) 7 1. A2 B R SR s
U S T FY 2 ) A 75 0 T 2 H A S KU i P i L AR 1 B2 UL, T AT
X T i e BE AR AR — 2. o ) B 450 A 23l 0 22 R R T 23 18] o0 A s 0L, 1A
B0 J0) Js e AR v 25 D]y B 2 18] 23 AT A0 I 6 PR 45 Y PR 20 A AT I 1R 2 i, A1)
i WA — S, AR A TR R A AR S AR TR AL ) BN AR IR AR 2 S5 R X AR
SERISEAR S R A G ) LAT v BE VT REA ROR AR Ak, TR, AR S o 58 5 PO 9050 o i 2 55

9-10



62 % X OREEE: I H ARG PRI I AR 2 SR URT SRy 8 4l 144 P i 25 14

R FE SRR R VLA 7 6] ()RR 18 45 B AR A 2R R L AT T R R )4
BEAL, T B8 A P, AN ] 0 R BIAS [ B AE ] — 2% 18] P9t LA AN TR 0 25 30
FIFWE . AR SR FEA M E T 58 N K i 2EMg T 517.3 nmAllFe 11 531.7 nm 5 H 1945
S OB T DUE Y 570 B S 0 B R AR R R B A U s 55 A LL A, R TR B B R R
e T 4D L FBE 0 A - A B U v B — B 3 m. Hh R B ) D MM T 517.3 nm 5t (1)
PEBE R 7S5 30BN 71 S IR B o A R, I AT DB B3R B = 1 s AL T 2R A Ak
AEHE RS v B SE K P A U SR 380 1 e e L 2 349498 K, T i B IR A A T R
JEAA BT —A A BRARIR A 183359 K. B4k BF, FUAbHIX M2 BUKIR X 8, R EHIX
B e, R H O ), R AR R R R K AR, XA RN RS
Bl (107N, IR o0 A A S22 4. Rl 51 B2 M Fe 1T 531.7 nm S HH (1 — X B 1)
BRES TSR0 J1 2R FE 1 o A MG, B B T B R 7 e A (B3 b #5086 v B o s
7)), KRR E 2181002 K, B AL T 42 B A B m Ao B, %F NI /236510 K. AR
JE B (BPFE I H o0 B 30 ) B A4 IR FE A AEG, Bt o5 DK 35 s B 36, 33 B 38, (2 4
B — 2 S g, b E s NP B A, BT R 2 R R 2 A [ K BH
KA U 5 BE R BRI 28 (43 ) Mg T 517.3 nmAllFe I1 531.7 nm) LA AN [F) 76 2 (kL
F, WRTFTIR, Mg I 517.3 nm/E AL EBEKZE, MiFe 1T 531.7 nm /¥ BIE (A ERE DL _E 8
X, AT LA 3 (035 FE o A7 P 22 S K. 3 A0 S Wt i 5 40 8l 1 47 Je D BEIR S R 2. A1
N MFe 11 531.7 nm T H SR04 0 AR F/NTMg T 517.3 nm 5N /15415
FE. XU T AN [F] 0 R AR AS R TS5 2030 1 S 2 BAR K, 54—l fe 2 Fa o
P5 B o A 22 S T . A5 4 R TR AN O 25 IR 1 2 A B, A A SR R i )
Ji. ATLAE AT AR 26 S )RR N i 5 R S 8] 23 A 5 S BN 0 R A3 TR 43 A
AAYAFAE— B M e, o Mg 1 517.3 nm&E S H A 6 25 R 1~ 00 A7 5 0B 0 A
AP S B 5. R 4R T 2 T R B R R G i 5 TR PR O, BRAELER /N i S K.
B, X PR AT B A YR BRAT & 0 A R — R USRI R R, XM Mg T 517.3 nm T iH
(053 A7, $5e/IMi B AL T B o 2R B A (RS B K b 7 ), AL 290,923, 17 i 75 B K Ak ot 7
25 [) et B A7 B A T U B A R b T, AR 28 TR 2B 290,859, 78 T b A B 3T X 458
BRI AR B, W H G A, AR S R T BE R R AR R
LB AR, 6T HHFe 11 531.7 nm T3 H A (s 25 B85 23 A0 A7 (B RUE L. 72X
NiFe T 531.7 nm%& 300 115 18 B e K 1 25 (8] AR B 5y, v = 0.918, 1R#zi 1, K
WA B B IS A8l B o R b T 0 87 3 P R I ) A, R O 5 T /20,661, 1X
ANEUE I S EE Mg T 517.3 nm 5 H (15 /ME0.859/MR 2, BB W25 B K. BRI &, t
T Mg I 517.3 nmAIFe 1T 531.7 nm#E K FH RS s FEA —FEAIAN [F] Je 300 & 045
JR AL 38 BT AR R 25 R T BB A 2 AR (1 22 5. MFe 1T 531.7 nm S H A AH X 25 BR 744
fH Mg T 517.3 nm T H PEE /N, HAW S 123 B AR K. 573 5 BN L% 23 1)
SEIIEN0.708, J5#E T H B H0.893. i B FIT 3 IR A 55 25 Al i B 22, 1X 53R
AT E RAT &, 3% B B3R o AR UG AT 70 #r, v LU H, 7R K BE R E KA R B
DX 5k, 25 S5 58 ot 5 A PH R B B N i /0, 3R 9 AT SR 5o A 25 IR 1 0 A1 5 S
F 43 AT T0 B R AR G, AERRDGT (i 29 ER1 7 1 20 A5 R B KAk 2 AR oG, AN B N i HE RSO0
P rR RATTAT LA 2, H 6 251 48 5 UL BE 43 AT 55 R 6 i 125 TR 7 0 A ZE AR /N R R X

9-11



62 & A - R 1

W (7500 km x 7500 km) HA AR a0, HWE SHENSMAEAREZER. TA1ZK
Tk A i A T A0, 15 380 R AU 2R 1 B K Bl g 2 i PR RTOR I PR R X AR 28 R 2 A, BT
AR Ak R B AR _E FNOL it 303805 SR F A AR B A PR — 2, R 2 AN 25 R A0 it R P 1)
TEOUT, R AT LIS 2 IR 418,

N
w E
Intensity Temperature/K Departure factor
b
a 2000 4000 6000 1x10% 2x10° 3x10° 4x10° 05 0 07 08 0% 10
s}
Mg I 4
517. 3om
3
2
1
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
to solar disk center to solar disk center to solar disk center
s} 2000 5000 TR DT BN 05 06 07 08 0% 1.0
Fe II
531. Tom

to solar disk center to solar disk center to selar disk center

8 i omBEET, S RUBN 1 U T AUAE R i B IR Py R B A R . BT 3 AN ZE A 73 IR YO Mg T 517.3 nmi 2k
KRS RE, SR EN 7 2 TR R AR B R T s (B 4 A, 5 3R Fe T1 531.7 nm (AR AR, [t A5 %4030 71 2% i
JEEFIAFLRT e 125 BT (40 73 A
Fig.8 The reconstructed images of radiative intensities, effective dynamic temperatures and departure
factors. The distributions of radiative intensity, temperature and departure factor derived by Mg I

517.3 nm line are shown in the upper three panels respectively, and the distributions by Fe II 531.7 nm

are depicted in the lower three panels respectively.
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Detection of Departure from Thermal Dynamic
Equilibrium in the Solar Middle Lower Atmosphere
Using Total Solar Eclipse Data

LIU Xi*? QU Zhong-quan*?  SONG Zhi-ming!?

(1 School of Astronomy and Space Science, University of Chinese Academy of Sciences,
Beijing 100049)
(2 Yunnan Astronomical Observatory, Chinese Academy of Sciences, Kunming 650011)

AsstracT There are abundant emission and absorption lines superimposed on the
continuum spectrum of the solar atmosphere at different levels. The chemical compo-
sition and physical state of the solar atmosphere can be probed by the inversion of the
profiles of the measured spectral lines. Due to its low density and large temperature
difference, it is hard to establish thermal dynamic equilibrium in the chromosphere
and transition regions of the Sun. In this paper, the departure from thermodynamic
equilibrium in the middle lower atmosphere of the sun is investigated according to the
well-defined relative departure factor and the corresponding calculation. We invert the
spectral lines formed from chromosphere and transition regions at different heights dur-
ing a total solar eclipse observation to obtain the line parameters, such as continuum
source function, line source function, Doppler width and thus the equivalent kinetic
temperature, and then the relative departure factor is calculated. Then, we reconstruct
the two-dimensional distribution maps of radiative intensity, equivalent kinetic temper-
ature and relative departure factor according to the alignment of optical fiber array
of the integrated field unit (IFU) used by telescope. The results show that there is a
certain correlation between the distribution of temperature and relative departure fac-
tor, but no evident correlation with the distribution of radiation intensity. The spatial
distributions of both effective temperature and departure from thermal equilibrium of
the two lines have very different patterns, showing complicated structures. This pro-
vides a new perspective for us to further understand the physics of the middle lower
atmosphere of the Sun.

Key words solar atmosphere, spectral line, relative departure factor
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