264 % 52 1
2023F 3 A

K X % ik
ACTA ASTRONOMICA SINICA

Vol. 64 No. 2
Mar., 2023

doi: 10.15940/j.cnki.0001-5245.2023.02.001

S Btk piE=y- o)

L2

s 2R R
N LT

T A3

Egpfets

1 FERFRESLERTE BE 210023)
(2 FEMFEAAFRAXEZ % FR 6L 230026)
(3 Department of Physics and Astronomy, Texas A&M University, Texas TX-77843)
(4 B RFHEZ L3 100084)
(5 ALK X8 A3 100044)

TOEE Tartdiii S VA T 148 1 08 2 1 TR R P 3 9 MRS 0 R, 02 P 5 2 B 3 £
PRAEROG. SR, TaRRHT 2 A AT 5 R RGN NLREAA IR Z AU B R TT. )UK, IalUEH 2 K2
JFR AR 1R (R OGTE. B A 5 AR 2 8] 23 A U AR TeTa R R A ) B R A AR [
JEJA AR IR O HIUR S AE Ta RGBT SR G S A D AR il 2oy D' vl A i 9% 55 07 1007 26 LI Rz, S vk B IE % O Ta 2R
SETT LAY P : W S A P T A i La BT J2E . 0o LI PR D6 8 2 T LUK B e i La R T R AE DB K R
JUASH A 58 0 0 i W PO . 2 €0 ) DOE e 2 A b R AR R BN LS A5 3. RN, TaZRY T 2 S0
e I AT DB 1 2 AR R R ORE R /N BT, B U A D IR A5 5 T DA RO R S ) AR MR s 18] o A UL
5 IR WY X Ta LB T 2 G SUTF) 22 0 PR i IR U 00 A2 460 s JH B JA AR SR A B R ) B 2 B

Xigin BIE: L8, 2AYR, Rk
HhESES: P145;  EFRIRAD: A

515

T B IR K A2 24l T s N E A
HIRIN 2 —, 1X19 2 T TaZ M HT 2 R i 5 2% 5 Vg8
I BE AR G PR A PR . Ta 268 3 B2 SR T i 4
I 22 7E o 4 T R Ay 28 R B PR I P A R A
7= AR B WA Y B AT LA E110%8 erg - 571, [A]A HOl
A il 263 /£ Phillips 5% &, 7] DUE i %A% h 26 i 1
A PR W (B 6 A IE B — M hn ik i BUE Y Lok
R TR B G EEFE B AL A5 5., AT RAK
2022-04-024% 2| 5L F, 2022-05-301 EE B f

1

LT A T I AR RS, X th A2 I RE R A7 AE
REEHE 231 SRTT, Ta 006 B B2 10 P B A YO0 A 7E
ARG RO TS, XA AT RE R 20 R B T
SR . B AR R R I JoT R IE R R LA KB B R
FE A ECE N R E N, R AR
WU RGP SEOLR R BN, R RS, B
BRPLAER. EFESEDE, FENY5HE
I T 9 A I B R XA W g R AR B 9 R R
TSl TR I RGN, tEE RS AR
PRGN T AR B AR A3 3T W B 2 R gl 5]

EX BAREIESTE (11761141001)  H E R} =B gTvERF22 2 S0 A0 H (QYZDY-SSW-SLHO010) % Bl

tkaihukaihul23@pmo.ac.cn

Hifan@tamu.edu

13-1



64 % N

3

s
&

b 2 #

TIPS BRI B &, SBONABE N IS
FNTa 2 B B2 3

B AR AR B & 3 AT R A ik A E 0% B
N, HEATE S W R AR A — 2
5. ERE I R, ERAZEL T IE S E N
A RE SRR R E AR E RN, R £ b R
X-rayfs 50 HUL RS mt, f s o0 BRI B
ST S 0 R A i SR AU R 1 R R O B BN
R R T AR S 7 AR Ta 2R 3 R e R [10), 4l o
KGR, BRERAAZRERMNEARE S KER
R LE, IXRE R R rT AR AR I S A
FAERMIM. EEUMRBRR T, A5 E AT
Ae H AN B ZY, DRI B AR b %% I B & AT DASE I
BRI, XN T RERE RGN, ENA%E
ARG, NRERARERASWEY I
B— N ERARE. XFERE ST, A EBEHT
% THI Bk 8 Joe T 2t 460 s S 0 8 1 0 B2 R 3 4 b 1
SRS o SR 5 B AT ) 1 AL o R B T
FEA TR B R R, T R b AR AR 2
PR AR P A R (R R R B2, T 3 5 00 A £ L4161,

MM |, TaZR 8% B U HT 5 B RGBS 3%
AR OB AR, IR B AN R X
PLFR 215 S R e A5 5. T Ta 2R 3 B2 1 2 ) A0
RIS B R R TR A, R R
ArLGE S R R R FE A B E R BUR R
PR S R AR R R A RO U R A AT
PR &2 1A LA Z B BOm AR E B A L J@
B il T 28 A 37 2 2 ) A0 I 10 P 55 25 ) g A RS
A AR AT B B R G WOl IF o BTa 28 5
SR AT RN 52 T LA S 11 5 e T
HL S, JIT DANa IDWR US4 22 77 AE B 5k 1) B[] Y6 AL R
1, B nTaZt 8 H B2 SNe 1999¢l. 2006 X F120071e i
MR KAE 512U B A B Na IDIR Y LR /2
W, giit B RS AINa TDW I 2k 8 2 2
A JATAE UL B 52122281,

MRAEST 1T 6355 At 28 75 Y6 bl K i 5 B2, W]
DL 55 A2 Phillips5¢ & HITa% 48 357 A2 4 Bl IE & 38
& (normal-velocity ) 1 /& i# (high-velocity) Ta’t i
R P, Wang®5 25038 1 Na, TDWR U 28 2548 55 5 1)
BEACFREADEAR RS JLAN H A BB BB &8

13-2

7R T R L R R 2 A T R R A . X
PIAR 75 ARG B T A BL 2 A A BREE Y, K4
10" em. FEASCH, FATHRGE H— A A R MM Ta
ROEB R FEA, DL 8 Ta B 22 (1 00 I Kb
A B B AR I 2R, DA FRER 72 70 A (1) 2
JA) A2 RS TR 40 v A T TR R T 2 G ST 1 01 A i 2k
WATIERT TE T TR Hr B2 1 1 O6 1 #0506 2
22 R JURE DA /)~ R IR ) R B 3T AR A i o 2 ) 22 2
P P PR A1)

2 TaBS@BFERNTHEHE

LA AR, AR B8R IH &4 )
BAT IR R T R 8RB . B anLOSS
(Lick Observatory Supernova Search) & — T 46
T 19974 Ly T A6 R 4B A AR 1 A R T
H 0. PTF (Polomar Transient Factory)Uh & LAtk
R )G 2200 HZTF (Zwicky Transient Facil-
ity) 2 1 Bl — & 41 A7 R A0 37 1) it % oy B o 4 T
J& 1) I 30K R T 27281 3K e j T (1) 3% R T H
—J7 TR FRATT AT DK 3 e 2 R Ta R R B A
JEWE 5T, 1SN 2017cbv29), SN 2018gvI1 6 AISN
20180h 305 7 — 7 TR AR AR B AR T Geit 1
W7 TAE. WangZ5251 5 FCfA (Center for Astro-
physics )i # 2 T H B1-32If1CSP (Carnegie Super-
nova Project )3 34 ) B £R 78 1 1F H B A v iR
TR T A2 0 U0 ' 3% Y 2 PR R AR, 4 HH s Ta Y
T FE B B A% it 2 WG S ) o R B R A
JiE R PR ER

AT Wang %5 251 R REA Bk H A AR R M 1Y
ORI 5 JEE P Ta 2R R T A R A e T R T B AR
RNERATTHIBE FRT R BT A IR Tl R e
(SN 2002dp. SN 2002fk. SN 2003cg. SN 2005el\
SN 2007affISN 201 1fe) 7E 1 HA% A Bk B M 565
7, HOUAR AR ARG — B, [ IR
HE ATt BT FESN 2007afFISN 201 1feff) 2 & 3F
SR T 35501 g R IR A A A AE T R
G5, BT LA, FRATIR F IR R R Ta R T A 0
T4 A BB B ' A%l 4 (A AR 25- 370 g o —
JoTH, iR IaBY A 2 (SN 2006X. SN 2007gi. SN
2009YFISN 2014J) B B IG5 fi 4 WSt K2



64 4

BRI i Ta B RT 2 A  CRE H RE A  AR RU

2 A

Ja—MHAFFME R B R IS, %I R AT R
ok B TR A AR SR R RO EASCI A e, 3R
ATIR P el ooh R 3K 58 20 A 0 B2 R AR IR B O3 il 0L
T A 1 T Ta 20 7 T 2 G ) A T 2.

3 ERERHMHRE

HE KA. B R PR R A2 K
N S 49 5 2 DL PR A7 70 8 B R R O R 1 R SR
B2, 10 58 7 U S UM SR A A A R i R
LT G Ta A E E Na IDWR IR 2R, AR
2B AW IR 5 L&, LR A ABRMEE KL
107108 cml?5: 37381 SRR PR B R R ARIE T2
HAETUEmﬂt%E A N Y
TH R B, IR A R A R AR ) B B K 24910
1%hﬂm%%&“ﬁﬁ$ﬂ R ALE Ta TR B 2 A
KRG TUHE RN B2 8] o0 A 2 1E 5 1. 58118 5 o A
(R JE AR 32 BN STk (O Bt 5 R S AR T LU 52
%%@ﬁ&ﬁﬁ%%ﬁﬁm%&@ﬁ%ﬁ»ﬁﬁ%
73 30 A% bR A0 S Ta 28R B B2 19 06 A% il 28 6 A B ]
FAFLE B A AR BRAFAE I I B A il £k 1X LAY
1% BR B0 BT BAN e ik b B RR S R RS I AR, JF HL2

RS PR LIRSS, A LA
ML Ah, TR A, LA B 14 S TR
ey

A SRR 7 T S A R WU 7 A R
eI Rt — AR BRI U5 12, IR AE — ek
GBI B2 AT T HuAE B TARE T

— BB R Eﬁiﬂ‘]lﬁ‘ﬂfﬁiﬂqﬂ RIR (AT A

$£rﬁzfﬁﬁ’3%ﬂ}§5{%§iﬁﬁ[43] R ATI R
MERAIRESH, iseEl’J}iﬁﬁi FICH AT AT

SRR R A5 AT DU I OK B B T AR 3. ﬁfﬁﬁ%ﬁ
S FRATH AR BB AU R B A B 24

J WE 22 ST ek T A S R R S A A ] e 2 B0
B, 08 I A Ta 2 68 B A2 1) 16 96 78 il 2 >R B 1
SR A AR 1R 0 A3 18] 43 A R AE, 5 0 8L 2R 3R ) O TR
A AN S FE T ) R AR IR S [ A R,
TaZR 3T B 58 5 16 178 2 A AR iR ST 5 7%
AR ] LU SRV R RS ). HusERT %
FET B BRFCAIHTFRER FE3F0 B A A 2 18] 4
A, A M RE = AR Tk E B & B i AR i

13-3

FE, BRTEATRESR B T2 X W02 A AR /R IE 7 17
WP PR S 17 S AR IR el X B R e AR A T g
SN I T Ta R 22 T B A R SRR L. T BAARSC
AU RE Tl FRER5E — 23 [R) ) A ALY ik o
PRERTEASE Y[R 23 [8] 9 Al 75 25D 2L, 70 Al R Bip B
FIERT WA R A2 7 IE & 58 5 Ryia M A
11838 i 125 BRO0T PR L 1) 2 Ko Mls. B ] A2 4% 22 (]
ARSI EAERI R = Rin + Ryia. ARIRBURECH
FE A (N (R, 0)) 7258 37 22 2 18] 1 #R 25 (R) AT X
T b xR R T B A7 () F) R KR, HARAA S
TR

Rm Rout T 1

N(R,0) = R ol I

[sm 0)s+ (1 —9)],
(1)

Ho ooy 2 F5 A2 2 UKL B BE AT e A, ek
RGOk 14 J5 RN 2 (6] 4 A R 8 RT3, R4S RIS
ﬁ%%%%ﬁ%a%A%ﬁ%%%%ﬁﬂ% ot
TR AR AT kiR % g
5 THEO L (1) % bR B0 26 RS 200 21 1) 6 AR
I

T TR S AN SR — R, FRATTFE X R ik Ta
TR BT A B B A T ' AR il 2 1 0L & B s R B 4
Yo T 18242 290.05 um A RERR 2. TaZi 8 3 AL
2877 A I 2R SR e AR AR 5 ok HAR T R AR
AN —FAAS A AR R IR IR T, Tal kBT R
(P2 R e 70 (B B T R 3 ) IX AT RE S T2 R
A IR A O, B inTaZid 0T 2 B A 5
HR R b B UK T RE DL AR &R Fp ) R B A 5 SR 5
AN — D5 T, LSO Wang S 29 () T/ R B LR
Rl 2 o 1) A AR R T DUIR I M0 A v i Ta Y
R R I 2P BOR R L, 5 — 7T, AR5 SR
1% b RN TG 5 T B AE 2R 328 1 Ak 2 41 0 78 R T Y
R O S B W B G IR P AR B
22 0L BT L, AN R Rk R £ o — AL 22 4 oy
M % 25 8 TE & T AR T2 0 2 AL R 1
P 5y X — LR IR E R ZE. M58,
BAT A 7 2242 90,20 umA10.50 pm ) A2 &
A 35 06} v R Ta 28 A B A M 22 0 AR Ol 1 kAT
LA, I DA PR A R 2R 4 g RS A5 M



64 % X X ¥ W 2 #

4 B2RALEBRHSFNERIBEEHE  AuEAIOBENE. X TG A S50 A, Al
et B8 Ale e cbh 4 e ] A % T LOZEL AR RF 508 Al T R 16,5, 6905 LA
BIRE R T L HI A 0°F100°, FLIFIRE 10°. 730 % TR R FROR AL
FAV R R EEAHRSE, K RS R E ST S0 5 E L .
RIS RS RS R IR RO B 55 g T s v LA i L0 0 7 B2 I 3010625 o
THRRE BRI ASNLTRICIR T RRIE R gy 2000, AT LT 3 T B BORAE il 25 103
BAEMAAN S EATR, BOTUTE RN % (RMSEL):
0.05 wm f¥IFE R £ 9 91, 25 78 £ 80 i B o A5 il 2%

FR DL 22 R L 1 52 D 546 562 B0y T RMSELc —

SETLB 90 B B B A M BN M

RO 0B A 902 P 5 (i 2 0 5 2 4 . o0 (o
5 1 B4 10 59 P RV 8. HuoT il 2 fmogn () ~ mogu (OF/(M =20). ()

R 5T L JE 20 5 B 7 A 1A R B TR R PR, B

TR 2 4 ) R R RO 7T LAAS BUADE A% B 8o A, 3 Hmagyyy (4) /2 BT B B 7 e i K S 3 d
SH T R EOEAS R IS R ASIR B bt KIBIBUR S, Mimagg, (1) A 2 8/ FRAEAE T i)
(23 W40 4. FEA SO p, BATEE M A4 AEFINES BENCHEKIE30 dZHEM d. M
T TR B TB Y B A £, B IE  POBUELE N T130, H B AR B R T s Ta
B BB S MR A R SRR SR IR R, TR IO T R O I 1 E R
R1DH) TR FRIRGERA (S HGE . RATESG B, FTAZE T ERMSEy o 72 P 8 % 18 i i Ta
T 5000040 M5 8 B M0k o, 1 — B HOBUE RE S BRI B

Fz1 BHAMBKEEANSHRE (HEP R MR aHBMNERRK)
Table 1 The parameter configuration of the axis-symmetric shell (the unit of R;, and Rwiq is light day)

Parameter T Rin Rwia m s Oobs

Range  [0.05,0.8] [30,300] [30,300] [1,5] [0,1] [0°,90°]

TEARSCHIRE T, FATHERMSEL ¢ RI1{HE 2 N TR TR 70 4570 1K) 23 50 (9] 10 Ry 1 Rt ) PR 1) 1) — AN B
0.15. FATHkIE i Bir A 3 £ RMSELc/N T:0.15H 2 NPT B P, AT SR At Sk s e Ta 28 T 22
B IR S i s AE B L p . B ATR B, ki 7 SRS T MDA 2R R
W7y RinMlRyia 3TSEHNPARTOL B TABE b i 80 10 2 508008 B 91016 T 2rh, 3 RLIDE
TETa Y 8 BT AL i BAB I Bt = 8 B FE EEAN A, B A 1 285 [ 02 FE e 7 2 . S e Ta e 4 3 R
DLICIRTHO A IR DI R HI 2 5 EFBIETR s e 2 1 (o A ol Pl a1
FR B SN 2007giHISN 2014 T 075 i 2 B}fiéz@m%ﬁ@*ﬁ;éﬁggggﬂﬁ

YIRS H£0.2-0.3:2 [H]. TSN 2006XAISN 2009Y b .
Xt R VN A B0 AN, e Ry 0T ILAA PR SN AL AR 9

B . SRR U Bl B A R I LIRS R B SR SR B0 A . 2

I H B ) R B AR B P A A R ) 4 A . AT ATTR FH R PR 3R 58 70 A1 1 B2 ) 2 R 2R AT DUAH X

(4516 5 B R 2L B B = A 1% 2R B0 161 FE e & B A0 A i W T BB A2 SNe 2006X. 2007gi

& BUR BT 2009Y F12014J 0 1] 1) 06 AR il 2, SR AT G )
JA P A BB IR VLRERORE T AR T2 A 2

13-4



64 & BRI i Ta B RT 2 A  CRE H RE A  AR RU 2

1 2006X
0.4} —— — 1
heveead "5 2007gi
b = 2009Y
Pl w2014
b
03f N
1 | J—_—
5 b -
S b .
o] : . I
2 ;
So2f ] —
@ ] |
a ! i
1
1
1
1 L
===
0.1F) .
1
Jrrenss
1
1
b=
1
0 L

1 2006X

1 2006X

=75 2007gi | "= 2007gi |
— = 2009Y — = 2009Y
T 2014 T 2014

0.2 0.4 0.6 0.8 50 100

T Rin/light day

200 250 300 50 100 150 200 250 300

Rwig/light day

K1 XIEEAE BRGNS FRIR R S M. Rin Ml Ryia MEUE MG B— D SEEBE S A B /B E 27, HFH S —fk. 85—
MTEF, g4, B, BEfEas iR ERIaAEH ESNe 2006X. 2007gi. 2009Y #2014 IS EUE /5 4 .

Fig.1 This figure displays the distribution of parameter 7 (left panel), R;, (middle panel), and Ryia (right panel). The number

of bins for each parameter distribution is 7, and the distribution has been normalized to 1. In each panel, the red, cyan, orange,
and black lines correspond to the parameter distributions of SNe 2006X, 2007gi, 2009Y, and 2014J, respectively.
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Table 2 The parameter values of the
axis-symmetric shell model for the late-phase
B-band light curves of high-velocity SNe 2006X,
2007gi, 2009Y, and 2014J, respectively
SN T Rin Rwia m s Oobs/°
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Fig.2 This figure displays the fitted late-phase B-band light
curves of high-velocity type Ia supernovae by the
axis-symmetric shell model. The gray hollow symbols are the
observed light curves of normal-velocity type Ia supernovae,
and the gray solid line is the generated template of the
B-band light curve. The red, cyan, orange, and black symbols
are the observed light curves of high-velocity SNe 2006X,
2007gi, 2009Y, and 2014J, respectively. The corresponding
solid lines are the fitted light curves by the axis-symmetric
shell model with parameter values shown in Table 2, and the
dashed lines are the curves of scattered light. All the light

curves have been scaled to their peak magnitude.
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Fig.3 This figure displays the result of fitting the late-phase
excess in B-band (Mexcess(B)) and V band (Mmexcess(V)) by
our model with different dust sizes. The black hollow
symbols represent the four revisited high-velocity SNe Ia in
this paper, and the red, orange, and cyan solid symbols
represent the fitted late-phase excess relating to the averaged
radii of 0.05 pm, 0.20 um, and 0.50 pm for our dust model,
respectively. The dashed lines are the linear fitting with their

slopes shown on the left side of the figure.
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Fig.4 The upper panel: the black solid and gray dashed lines

are the spectra of SN 2006X and SN 2003du during 460 days

since the peak brightness, respectively. The red, orange, and
cyan lines are the predicted spectra by our axis-symmetric
shell model. They share the same values of the geometric

parameters as shown in Table 2 but with different dust sizes.
The red solid line corresponds to the silicon grain with the
average radius of 0.05 um, while the orange and cyan solid

lines are for 0.20 pm and 0.50 pm, respectively. In the lower

panel, the solid lines are the spectra of scattered light

predicted by our axis-symmetric shell model during +60 days

since the maximum brightness, and the gray dashed line is
the spectrum of SN 2003du during its peak light.
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Fig.5 The diamond symbols represent the predicted degree
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shell model. As shown in the color-bar, the range of inner
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The Blue Excess of High-velocity Type Ia Supernovae: Dust
Scattering of Circumstellar Material
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Asstract Type Ia supernovae (SNe Ia) originate from thermonuclear explosions of carbon-oxygen
white dwarfs at masses approaching the Chandrasekhar limit and are widely used as standard candles
for cosmological distances. However, the progenitor system and explosion mechanism of SNe Ia are still
unclear. The circumstellar environment of SNe Ia has received increasing attention in recent decades. The
distance and other geometric properties of the circumstellar material provide important clues for exploring
the physical origin of SNe Ia. At the same time, the scattering of circumstellar dusts can produce observable
effects on the light curve, spectrum and polarization during the late phase of SNe Ia. The spectroscopically
normal SNe Ia can be classified into two categories: normal-velocity and high-velocity SNe Ia. Comparing
the light curve of the two, it can be found that the high-velocity SNe Ia have a clear blue excess within a few
months after the maximum brightness. This blue excess can be fitted by dust scattering in the circumstellar
material. At the same time, the fitting late-phase spectra of SNe Ia can limit the size of dust grains, and
the late-phase polarization signal can effectively limit the geometric distribution of circumstellar dusts.
The result indicates that multi-epochs image polarimetry during the late phase of SNe Ia is an important
probe to reveal the characteristics of circumstellar dusts.

Key words supernovae: general, circumstellar matter, polarization
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