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发现：1967-1973

伽玛射线暴

4 

Stage 2: 1991-1996 
(CGRO era) 

Short/Hard vs. Long/Soft 

21 

Stage 5: 2008- 
(Fermi/Swift era) 

Fermi Satellite: 
Broad-Band High Energy Observatory 

8 

Stage 3: 1997-2003  
(BeppoSAX-HETE era) 

Discovery of afterglow of long GRBs 

16 

Stage 4: 2004-2008 
(Swift era) 

Swift & 2005 Discoveries 

 

 

3 

Non-thermal, smoothly joint 

broken power law spectrum 

Stage 1: 1967 (1973) - 1990 
(“dark” era) 

By mid 90’s:  

118 different 

theoretical 

models !  

A theorist’s 

heaven or hell? 

26 

Observers: racing for time 

Theorists: racing for clues 

伽玛暴是在宇宙空间发生的伽玛射线闪耀现象，平均每天可以观测到1-3次伽玛暴！



伽玛射线暴观测事实

早期样本积累：1991-1996

各项同性分布

长短暴分类

 伽玛暴很可能来自银河系之外
 伽玛暴有不同的起源

2
 s

e
c
o
n
d
s

长暴短暴

Kouveliotou et al.(1993)



余辉的发现 红移的确定

 伽玛暴存在多波段辐射
 伽玛暴确定来自银河系之外

8 

Stage 3: 1997-2003  
(BeppoSAX-HETE era) 

Discovery of afterglow of long GRBs 

Metzger et al. 1997

GRB970508 不同距离的光度估计

伽玛暴1秒钟释放的能量
（假设各项同性释放）相
当于太阳一生所释放能量

伽玛射线暴观测事实



长暴起源的确定

长暴起源于大质量恒星塌缩

13 

Confronting data with theory 

GRB/SN associations 

伽玛射线暴观测事实



短暴起源的确定

短暴起源于双致密星并合

伽玛射线暴观测事实



极端相对论运动

伽玛暴辐射区存在视超光速运动

11 

Relativity at Work 
* The huge luminosity of  GRBs raises the “Compactness Problem”. 

* The only solution is that the GRB ejecta is moving with a speed  

very close to speed of  light! 

Relativity at Work 

For a typical bright GRB, one gets 

typical speed: v ~ 0.999995 c, or G ~ 300  

Solution: 

1. In the comoving frame, the size of  emission 

increases by a factor Γ. 

2. In the comoving frame, the observed photon 

energy is systematically de-blueshifted by a 

factor Γ. Gamma-rays are now X-rays. The 

fraction of  photons that are above the pair 

production threshold is greatly reduced. 

 Putting the two effects together, the optical 

depth is reduced by a factor Γ2β-2.  

Taylor et al. 2004

伽玛射线暴观测事实



极端相对论运动的喷流

13 

Confronting data with theory 

GRB/SN associations 

伽玛暴余辉中存在喷流拐折现象

伽玛射线暴观测事实



伽玛射线暴基本图像



伽玛射线暴研究中的待解问题

➢ 是否还有特殊类型前身星？

➢ NS-WD？蓝超巨星？

➢ 磁星能否作为中心引擎？

➢ 喷流能量组分？

➢ 热能主导？磁能主导？

➢ 喷流结构？

➢ 结构化喷流？

➢ 是否是好的宇宙学探针？



EP的机遇（vs Swift/XRT）

W X T

大视场，低能段，可独立触发
➢未触发Swift/Fermi等探测器的软X射线暴
➢瞬时辐射阶段的软X射线辐射特征
➢极早期X射线余辉特征

F X T
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tb1:102-103 s tb2:103-104 s

tb3:104-105 s
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0

tFig. 2.22 A canonicalX -ray afterglow lightcurve show ing 5 distinct tem poralcom ponents:I.

steep decay phase;II.shallow decay phase (or plateau ifthe decay slope is close to 0);

III.norm aldecay phase;IV .post“jet”break phase;V .flares.T he segm ent“0”

denotes the prom pt em ission phase.From Zhang et al.(2006).

the other hand, for m ost G R B s the lightcurves m ay be decom posed into m ultiple

com ponents,each ofw hich can be categorized as one ofthese five com ponents.

B elow w e discuss the observationalproperties ofthese five com ponents as w ellas

their possible physical origins. Several com prehensive studies of the properties of

X -ray afterglow s can be found in,e.g.N ousek et al. (2006);O ’B rien et al. (2006);

W illingale et al. (2007); Zhang et al. (2007c); Liang et al. (2007b, 2008a, 2009);

E vans et al.(2007,2009);M arguttiet al.(2013).

I. Steep decay phase

T his com ponent is the earliest pow er law decay segm ent, com m only observed in

G R B s (Tagliaferriet al.,2005).T he tem poraldecay slope is steep,typically in the

range of ∼ − 3 to ∼ − 10. W hen joint X RT /B A T observations are available, it is

usually found that the extrapolation ofthis phase is sm oothly connected to the end

ofthe prom pt em ission (B arthelm y et al.,2005b).T his suggests that this phase is

the natural“tail”ofthe prom pt em ission.A tim e resolved spectralanalysis (Zhang

Zhang et al, 2006,  ApJ

I. 早期陡降 （高纬辐射）
II. 缓慢衰减 （能量注入）
III.正常衰减 （外激波辐射）
IV. 喷流拐折后衰减 （喷流减速）
V. X射线耀发 （中心引擎再活动）

灵敏度优于XRT

➢ GECAM/HXMT触发源的定位
➢ 扩大X射线耀发样本
➢ 扩大喷流拐折样本
➢ 特殊事件追踪



科学目标：XRF

X射线闪（X RF）
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一类特殊的伽玛暴:
➢ 能谱峰值处在软X射线能段
➢ 普通伽玛暴相似的持续时间
➢ 正常的伽马射线探测器无触发 

EP所探测到的伽玛暴绝大多数（>90%）属于XRF. 

X RF可能的物理解释

➢ 被偏轴观测的伽玛暴
➢ 高度重子污染的火球产生的伽玛暴
➢ 结构化的喷流，大角度观测

针对X RF的研究方案

➢ 瞬时辐射的光变与能谱分析
➢ 多波段余辉的后随观测
➢ XRF事件率与普通GRB事件率比对

预期目标

积累 X R F 样本

确定 X R F 起源

偏轴观测

重子污染

结构化喷流
喷流结构

喷流能量组分

XRF与GRB比例

李兵, 孙惠, 王灵俊, 魏俊杰, 黄永锋, 李立新, 黎卓, 梁恩维, 吴雪峰

中国科学EP专刊
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伽玛射线暴：宇宙高红移探针

Credit：Fayin Wang

Robertson & Ellis (2012)

恒星形成率/第一代恒星

宇宙学模型

Gao, Liang & Zhu (2012)

Wang, Dai, & Liang 2015, New Astronomy Review



科学目标：高红移伽玛射线暴
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Figure 1 (C oloronline)(a)–(d)C om parison ofthe properties ofz > 6 bursts (red squares and lines)w ith those obtained from the brightSw ift/BAT

sam ple (black pointsand lines)[55].
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Figure 5 (C olor online) Expected num ber of high-redshift (z > 6,

z > 8,or z > 12) G R B s detected by EP as a function of the m ission

lifetim e.
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Figure 6 (C olor online) Lightcurve of G R B 090423 as observed by

Sw ift/BAT (red crosses), Sw ift/X RT (blue plus) and in the N IR (cyan

points).A dopted from ref.[42].
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Figure 7 (C oloronline)LightcurvesofG R B 090423 assim ulated by EP/W X T atdifferentredshifts.
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高红移伽玛暴能谱中心红移到软X射线能段
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Figure 5 (C olor online) Expected num ber of high-redshift (z > 6,

z > 8,or z > 12) G R B s detected by EP as a function of the m ission

lifetim e.
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Figure 6 (C olor online) Light curve of G R B 090423 as observed by

Sw ift/BAT (red crosses), Sw ift/X RT (blue plus) and in the N IR (cyan

points).A dopted from ref.[42].
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Figure 7 (C oloronline)LightcurvesofG R B 090423 assim ulated by EP/W X T atdifferentredshifts.
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EP/WXT对GRB 090423在不同红移处的模拟探测

中国科学EP专刊

未来EP运行3年有望探测到
∼65个z >6的伽玛暴, 其中
包括∼20个z >8的伽玛暴和
∼3个z >12的伽玛暴。 

高红移伽玛暴鉴别

➢ 光学余辉后随观测
➢ 超高的X射线氢柱密度(NH,X ) 

Salvaterra，2015魏俊杰, 吴雪峰, 王发印, 刘柱, 戴子高, 张冰



科学目标：低光度伽玛射线暴

中等相对论的激波从前身星表面
或(光学厚的)星风冲出来导致的. 

（无明确）定义：瞬时辐射光度1 0 4 6 - 4 8e rg/ s 理论解释

低光度暴研究方案

➢ EP自身触发低光度暴样本分析
并进行后随观测

➢ 其他卫星触发低光度暴样本分
析并进行后随观测

预期目标

确定低光度暴起源
揭示伽玛暴和
超新星的关系

Campana et al. 2006 



科学目标：超长伽玛射线暴

SGRs 

TDEs? 

Galac c sources  

LLGRBs 

SGRBs 

LGRB 

GRB 101225A 

GRB 111209A 

GRB 121027A 

➢ 特殊的前身星（蓝超巨星）
➢ 特殊的中心引擎（毫秒磁星）

（无明确）定义：瞬时辐射时标大于～1 0 0 0 s 理论解释

超长暴研究方案

➢ EP自身触发超长暴样本分析并
进行后随观测

➢ 其他卫星触发超长暴样本分析
并进行后随观测

Gendre+ 13, Virgili+13, Stratta+ 13, Levan+ 14, Greiner+ 15 ……

预期目标

确定超长暴起源
磁星能否作
为中心引擎



科学目标：前兆辐射

 并合前
 中子星磁层断裂模型
 中子星磁层相互作用模型

 并合后
 激波突破模型
 火球光球辐射

短暴前兆辐射模型

未触发探测器的微弱信号

➢ 持续时间短于伽玛暴的主暴辐射, 并且比主暴要暗; 

➢ 和伽玛暴主暴辐射之间有一个安静的时间间隔；
➢ 光谱明显比主暴要软, 有几个例子辐射以黑体谱为主; 

Hu et al., 2014, ApJ

前兆辐射研究方案

➢ EP伽玛暴搜寻前兆辐射
➢ 其他伽玛暴，搜寻EP前兆辐射
➢ 其他伽玛暴，有前兆辐射的，判断

前兆辐射与主暴之间是否存在辐射



3 

Non-thermal, smoothly joint 

broken power law spectrum 

Stage 1: 1967 (1973) - 1990 
(“dark” era) 

By mid 90’s:  

118 different 

theoretical 

models !  

A theorist’s 

heaven or hell? 

伽玛射线暴瞬时辐射光谱

光谱形态多样化

23 

Big Picture: GRB jet composition 

• GRB jets have diverse 
compositions:  
– Photosphere dominated 

(GRB 090902B), rare  

– Intermediate bursts 
(weak but not fully 
suppressed 
photosphere, GRB 
100724B) 

– Photosphere 
suppressed, Poynting 
flux dominated (GRB 
080916C) 

GRB 090902B 

GRB 100724B 

GRB 080916C 

Why is GRB 

such a hot topic? 

Preece et al. 2000

48 G R B Phenom enology

T his is to display the detected photon num ber counts as a function ofenergy

bin.Since a detector usually has different sensitivities in different energy bins,

the count spectrum is heavily affected by the detector’s instrum entalresponse

function,and show s an irregular shape even ifthe intrinsic spectrum is regular

(e.g.pow er law or therm al).

• T he second w ay to describe a spectrum is the“photon num ber”spectrum N (E ),

in units of photons·cm − 2 ·s− 1 ·keV − 1. B y extracting such a spectrum , one

has already corrected for instrum ental response function effects so that the

spectrum m im ics the true specific photon flux detected from E arth. In this

notation, N (E )dE is the num ber of photons in the energy bin dE . In X -ray

and γ-ray astronom y, photons are counted individually, so that the photon

num ber spectrum is the m ost straightforw ard to obtain.

• T he third is to display the “specific flux density”spectrum , usually expressed

as F ν (e.g. in units of erg·cm − 2 ·s− 1 ·H z− 1), or E N (E ) (e.g. in units of

erg·cm − 2 ·s− 1 ·keV − 1). Such a spectrum is usually used in IR /optical/U V

astronom y,w hen individual photons cannot be counted directly.Instead,the

photon energy per unit frequency (or unit energy) is m easured and displayed.

A s a result,F νdν or E N (E )dE is the photon energy in the frequency bin dν

or energy bin dE .

• T he last one is to display the “energy”spectrum , usually expressed as νF ν or

E 2N (E )(e.g.in units oferg·cm − 2 ·s− 1).T his is also called a“spectralenergy

distribution”(SE D ).B y displaying such a spectrum ,one can im m ediately see

how the bolom etric energy ofthe source is distributed in frequency or energy.

Such a spectrum is oftheoreticalinterest.

ForG R B s,N (E )dE spectra are usually constructed first.Severalspectralm odels

have been applied to fit such spectra.

“B and”function

W hen the detector’s energy band is w ide enough,a G R B spectrum can be usually

fit w ith a sm oothly-joint (in an exponentialform ) broken pow er law know n as the

B and-function or G R B function (B and et al.,1993).T he photon num ber spectrum

in this m odelreads

N (E ) =

⎧
⎨

⎩

A E
100 keV

α
exp − E

E 0
, E < (α − β)E 0 ,

A (α− β)E 0

100 keV

α− β

exp(β − α) E
100 keV

β
, E ≥(α − β)E 0 ,

(2.5)

w here A is the norm alization ofthe spectrum ,E 0 is the break energy in the spec-

trum ,α and β (both negative) are the low -energy and high-energy photon spectral

indices,respectively.1 T he tw o spectralregim es are separated by the break energy

1 W ithin the G R B afterglow context, another convention for the notations α and β is used:

F ν ∝t− α ν− β ,w here α and β are the tem poral decay index and flux density spectralindex of

the afterglow , respectively. In this book, w e do not differentiate these notations and stillkeep

Band谱：非热拐折幂律谱

Band et al. 1993



科学目标：联合谱拟合

喷流跟周围介质作用
光球辐射缺失问题

Gao & Zhang, 2015, ApJ

Li， Gao & Zhang, 2023

光谱形态多样化由磁化因子大小决定

E P与其他高能卫星数据联合谱拟合

➢ 大部分伽玛暴的光谱中缺少光球辐射成分
➢ 大部分伽玛暴拥有较高的磁化因子
➢ 光球辐射在软X射线波段

寻找缺失的光球辐射 喷流能量组分



LETTERS

A n enigm atic long-lasting c-ray burst not
accom panied by a bright supernova
M .D ella V alle1,G .Chincarini2,3,N .Panagia4,5,6,G .Tagliaferri3,D .M alesani7,V .Testa8,D .Fugazza2,3,S.Cam pana3,
S.Covino3,V .M angano9,L.A .A ntonelli8,10,P.D’A vanzo3,11,K.H urley12,I.F.M irabel13,L.J.Pellizza14,
S.Piranom onte8 & L.Stella8

G am m a-ray bursts(G RBs)are short,intense flashes ofsoftc-rays
com ing from the distant U niverse. Long-duration G RBs (those
lasting m ore than 2 s)are believed to originate from the deaths
ofm assive stars1,m ainly on the basisofa handfulofsolid associa-
tions betw een G RBs and supernovae2–7.G RB 060614,one of the
closestG RBsdiscovered,consisted ofa 5-shard spike follow ed by
softer, brighter em ission that lasted for 100 s (refs 8,9).H ere
w e report deep optical observations of G RB 060614 show ing no
em erging supernova w ith absolute visualm agnitude brighterthan
M V 5 2 13.7. A ny supernova associated w ith G RB 060614 w as
therefore at least 100 tim es fainter,at optical w avelengths,than
the other supernovae associated w ith G RBs10.This dem onstrates
thatsom e long-lasting G RBs can either be associated w ith a very
faintsupernova or produced by different phenom ena.

Follow ing thediscovery oftheX-ray and opticalafterglow ofG RB
0606149,w e observed it w ith the European Southern O bservatory
(ESO )8.2 m V ery Large Telescope (V LT).The spectrum ofthe host
galaxy exhibitsnebularem ission lines(Fig.1),w hich revealongoing
starform ation and thepresence ofyoung,m assive stars.The specific
starform ation rate,norm alized to thehostlum inosity (B-band m ag-
nitude M B 5 2 15.5),isabout2M [ yr2 1 L{ 1,w here M [ isthe solar
m ass and L is the typicallum inosity offield galaxies.This value is
com parable to thatexhibited bytheM ilky W ay,and isatthelow end
ofthe distribution found forlong-duration G RB hosts11.The galaxy
isalso fainter than m ostG RB hosts12.

Starting 15h after the burst,w e m onitored the lightcurve ofthe
optical transient associated w ith G RB 060614. D eep observations
obtained in the R band (roughly corresponding to the V band in
the G RB rest fram e) up to 65 d after the burst did not reveal the
em ergence ofa supernova com ponent (Fig.2;see also refs 13,14);
such a com ponent has been often observed in a num ber ofnearby
long-duration G RBs. O ur data are consistent w ith no supernova
contribution (blue line).Adopting as a tem plate the light curve of
supernova SN 1998bw 2,w e constrain the brightness ofa supernova
coincident w ith G RB 060614 to be atleast5.6m ag fainter than the
tem plate (3s lim it;green linesin Fig.2).Thiscorrespondsto a peak
absolute m agnitude M V . 2 13.5.Sim ilar lim iting m agnitudes are
obtained adopting differentsupernova lightcurve shapes.A brighter
supernova (yellow linesin Fig.2)w ould provide atotally inadequate
fit.The faintness ofa possible supernova atopticalw avelengths w as
furtherconfirm ed byaseriesofaboutten spectraobtained attheV LT

in the 4,500–8,000 Å w avelength range,betw een 2006 June 15 and
2006 July 30.N one ofthem show sthe broad undulations due to the
veryhigh expansion velocities(, 30,000 km s2 1)typicalofthesuper-
novae15 associated w ith G RBs.

Such faintness cannot be due to dustextinction.First,the after-
glow optical spectra are not particularly red (from our BV RIJK

1IN A F,O sservatorio A strofisico diA rcetri,largo E.Ferm i5,I-50125 Firenze,Italy.2D ipartim ento diFisica,U niversità degliStudidiM ilano-Bicocca,piazza delle Scienze 3,I-20126
M ilano,Italy.3IN A F,O sservatorio A stronom ico diBrera,via E.Bianchi46,I-23807 M erate (Lc),Italy.4Space Telescope Science Institute,3700 San M artin D rive,Baltim ore,M aryland
21218,U SA .5Istituto N azionale diA strofisica,viale delParco M ellini84,I-00136,Rom a,Italy.6Supernova Ltd,O lde Yard V illage #131,N orthsound Road,V irgin G orda,British V irgin
Islands.7InternationalSchoolforA dvanced Studies (SISSA /ISA S),via Beirut2–4,I-34014 Trieste,Italy.8IN A F,O sservatorio A stronom ico diRom a,via diFrascati33,I-00040
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Figure 1 | Spectrum ofthe hostgalaxy ofG RB 060614. Thisisthe average
ofseveralobservations taken w ith the V LT equipped w ith the FO RS2
spectrograph in the period 2006 June 20 to July 30.From the em ission
features (m arked w ith solid bars)w e infer a redshiftz5 0.1254 6 0.0005.
This confirm s the redshiftproposed in ref.28.H c and H d are seen in
absorption (dashed bars).The flux from the H a line,notcorrected for
internalextinction,am ounts to 4.1 3 102 17 ergcm 2 2 s2 1 (corrected forslit
loss).This corresponds to an unobscured starform ation rate of
1.3 3 102 2M [ yr2 1.G iven the faintness ofthe galaxy (M B < 2 15.5),
how ever,the specific starform ation rate (2M [ yr2 1 L{ 1,assum ing forthe
absolute B-band m agnitude offield galaxies M B~ { 21)isnotnegligible.
From theobserved flux ofthe[O III]linesand the lim itson [N II],w einfera
m etallicity largerthan , 1/20 solar.
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A novelexplosive process is required for the c-ray
burst G R B 0 60 614
A .G al-Yam 1,D .B.Fox2,P.A .Price3,E.O .O fek1,M .R.D avis4,D .C.Leonard4,A .M .Soderberg1,B.P.Schm idt5,
K.M .Lew is5,B.A .Peterson5,S.R.Kulkarni1,E.Berger6,7,S.B.Cenko1,R.Sari1,K.Sharon8,D .Frail9,D .-S.M oon1,
P.J.Brow n2,A .Cucchiara2,F.H arrison1,T.Piran10,S.E.Persson6,7,P.J.M cCarthy6,7,B.E.Penprase11,
R.A .Chevalier12 & A .I.M acFadyen13,14

O ver the pastdecade,our physicalunderstanding ofc-ray bursts
(G RBs)hasprogressed rapidly,thanksto the discovery and obser-
vation of their long-lived afterglow em ission. Long-duration
(> 2 s) G RBs are associated w ith the explosive deaths of m as-
sive stars (‘collapsars’, ref. 1), w hich produce accom panying
supernovae2–5;the short-duration (= 2 s) G RBs have a different
origin,w hich has been argued to be the m erger of tw o com pact
objects6–9. H ere w e report optical observations of G RB 060614
(duration 100 s,ref.10) that rule out the presence of an asso-
ciated supernova. This w ould seem to require a new explosive
process: either a m assive collapsar that pow ers a G RB w ithout
any associated supernova,or a new type of‘engine’,as long-lived
asthe collapsar butw ithouta m assive star.W e also show thatthe
properties of the host galaxy (redshift z5 0.125) distinguish it
from other long-duration G RB hosts and suggestthatan entirely
new type ofG RB progenitor m ay be required.

O n 14 June 2006,at12:43 U T,the burstalerttelescope (BAT) on
board the Sw iftsatellite detected G RB 06061410,w ith a duration of
102 s.D etailed inform ation w as collected by the Sw ift BAT,X-ray
telescope (XRT)and ultraviolet-opticaltelescope11 (U V O T).In par-
ticular,the burstshow ed strong variability during m uch ofthatper-
iod, as confirm ed by parallel observations by the K onus-W ind
satellite12, indicating sustained energy injection from an active
engine,rather than the early onsetofthe afterglow (radiation from
the interaction ofan expanding outflow ).W e began observing this
event , 26m in later using the 40-inch telescope at Siding Springs
O bservatory (SSO ). The evolution of the optical radiation from
this event as traced by our data,augm ented by Sw ift observations
and additional data from the literature, is show n in Fig. 1 (see
Supplem entary Inform ation for data tables).As the opticalsource
decayed, w e noticed that it w as apparently superposed on a faint
dw arfhost galaxy.O n 19 June 2006 U T w e obtained a spectrum of
the hostusing the G M O S-S spectrograph m ounted on the G em ini
South 8-m telescope atC erro Pachon,C hile.From thisspectrum w e
derived theredshiftofthehostgalaxy,z5 0.125,w hich isalow value
for long G RBs. W e confirm ed this redshift w ith a higher quality
spectrum obtained using the sam e instrum ent on 15 July 2006 U T

(Supplem entary Inform ation section 2).Previouslong G RBsatsuch
low redshifts show ed clear signatures ofthe underlying supernova

explosions at com parable age post-burst3,13.H ow ever, such signa-
turesw ere lacking in the case ofthislong G RB 14.
Thus m otivated, w e undertook target-of-opportunity observa-

tions w ith the H ubble Space Telescope (H ST). W e observed the
location of G RB 060614 using the W ide Field and Planetary
C am era 2 (W FPC 2)on board H ST on 27–28 June2006 U T,and again
using theAdvanced C am era forSurveys(AC S)on 15–16 July,29 July
and 8 Septem ber 2006 U T.Inspection ofthe data (Fig.2) reveals a
pointsourceoffsetfrom theG RB hostnucleus,w hich isw ell-detected
in ourfirst-epoch W FPC 2 observations,and isapparently gone dur-
ing our nextvisit.W e identify thisobjectasthe opticalafterglow of
G RB 060614, and derive its brightness using im age-subtraction
m ethods. These high-resolution H ST data strongly support the
association of the G RB w ith the z5 0.125 host (Supplem entary
Inform ation section 1).O ur analysis (Fig.1) show s that our H ST
detection is probably dom inated by the afterglow (that is,residual
decaying radiation from the interaction ofthe G RB ejecta w ith itself
and/or the surrounding m aterial),rather than a possible supernova
(w hoseopticalradiation isdom inated byenergy released from radio-
activedecayofnew lysynthesized elem ents,m ostly 56N i),w hich isnot
required by the data. Any putative supernova com ponent m ust
be m ore than 100 tim es fainter than the faintest event previously
know n to be associated w ith a long G RB (supernova SN 2006aj/
G RB 06021813,15; Fig. 1). In fact, such a supernova (absolute
V -band m agnitude M V . 2 12.3 m ag,assum ing V -band extinction
A V , 0.2; ref. 16) w ould be fainter than any supernova ever
observed17.A conservative upperlim iton theam ountofsynthesized
56N i is 53 102 4M [ (assum ing that supernova peak lum inosity
scalesw ith N im ass18),w hich ism ore than tw o ordersofm agnitude
less than the typicalam ount synthesized by long G RB/supernovae.
O urH ST data thusindicate thatthisG RB w asnotassociated w ith a
radioactively-pow ered eventsim ilar to any know n supernova.
Furtherm ore, our H ST and ground-based data reveal that the

properties of the host of G RB 060614 and its environm ent are
unusualw hen com pared to those ofthe large sam ple ofpreviously
observed long G RBs.In particular,the star form ation rate that w e
m easurefrom thespectrum ofthehost,0.0084M [ yr2 1,isverysm all,
and even the specific star form ation rate, correcting for the low
lum inosity ofthisdw arfgalaxy (M B 5 2 15.9 m ag)isaboutten tim es
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A new c-ray burst classification schem e from
G R B 0 60 614
N .G ehrels1,J.P.N orris1,S.D .Barthelm y1,J.G ranot2,Y.Kaneko3,C.Kouveliotou4,C.B.M arkw ardt1,5,P.M észáros6,7,
E.N akar8,J.A .N ousek6,P.T.O ’Brien9,M .Page10,D .M .Palm er11,A .M .Parsons1,P.W .A .Rom ing6,T.Sakam oto1,12,
C.L.Sarazin13,P.Schady6,10,M .Stam atikos1,12 & S.E.W oosley14

G am m a-ray bursts (G RBs) are know n to com e in tw o duration
classes1,separated at 2 s.Long-duration bursts originate from
star-form ing regions in galaxies2,have accom panying supernovae
w hen these arenearenough to observe and areprobably caused by
m assive-star collapsars3.Recentobservations4–10 show thatshort-
duration burstsoriginate in regionsw ithin theirhostgalaxiesthat
have low er star-form ation rates,consistent w ith binary neutron
star or neutron star–black hole m ergers11,12.M oreover,although
theirhostsarepredom inantlynearby galaxies,no supernovae have
been so far associated w ith short-duration G RBs.H ere w e report
thatthe bright,nearby G RB 060614 does notfitinto either class.
Its 102-s duration groups itw ith long-duration G RBs,w hile its
tem poral lag and peak lum inosity fallentirely w ithin the short-
duration G RB subclass.M oreover,very deep opticalobservations
exclude an accom panying supernova13–15,sim ilar to short-dura-
tion G RBs. This com bination of a long-duration event w ithout
an accom panying supernova poses a challenge to both the collap-
sar and the m erging-neutron-star interpretations and opens the
doorto a new G RB classification schem e thatstraddles both long-
and short-duration bursts.

The Burst Alert Telescope (BAT) onboard the Sw ift satellite16

detected G RB 060614 on 14June2006 at12:43:48 U T.U singtheinitial
positionsfrom the onboard X-ray and ultraviolet/opticaltelescopes,
theburstw assubsequently located by ground-and space-based tele-
scopes atthe outskirts ofa relatively nearby faintdw arfgalaxy ata
redshiftofz5 0.125 (ref.17).W e do notfind the suggestion 18,19 ofa
chancealignm entbetw een abackground G RB and foreground galaxy
atz5 0.125 to becredible;theprobability ofthe observed 0.5"offset
betw een the G RB and the z5 0.125 galaxy occurring by chance is
only 2 3 102 5. Also, fits to the com bined ultraviolet/optical and
X-ray telescope spectra give z, 1.3 atthe 99.99% confidence level,
excluding thesuggested 18 location atz. 1.4 (seeref.14 foradditional
evidence againsta chance alignm ent).

The event’s duration,T 90 5 102 s (15–350 keV ;w here T 90 is the
tim e during w hich 90% ofthe eventphotonsw ere collected),clearly
places G RB 060614 in the long-duration burstcategory1.The event
w as also at close proxim ity, so it becam e a prim e candidate for a
supernova search in itslightcurve,asindeed had been found in four
individual cases in the past20.The three accom panying papers13–15

reportvery tightupperlim its—100 tim eslow erthan previousdetec-
tions—in these searches.Thus far,strictsupernova lim its had been
found only for the G RBs of the short-duration variety. So w hy

w as there no supernova associated w ith the long-duration
G RB 060614?

A closeexam ination oftheBAT lightcurveofG RB 060614 (Fig.1)
reveals a firstshort,hard-spectrum episode ofem ission (lasting 5s)
follow ed by an extended and som ew hat softer episode (lasting
, 100 s).The totalenergy contentofthe second episode isfive tim es
thatofthe first,w ith fluences of(1.69 6 0.02)3 102 5 ergcm 2 2 and
(3.3 6 0.1)3 102 6 ergcm 2 2,respectively, in the 15–350 keV band.
Therecentdiscovery ofa sim ilartw o-com ponentem ission structure
in severalSw iftand theH igh Energy TransientExplorer2 (H ETE-2)
spacecraft short-duration G RBs prom pted N orris and Bonnell21 to
search the Burst And Transient Source Experim ent (BATSE) G RB
database for sim ilar events.They found three bursts w ith a bright
softerem ission com ponent,spectrally sim ilarto thatofG RB 060614
(corresponding to roughly , 1% of the num ber ofshort-duration
BATSE G RBs).W eakersoftcom ponentsarefound in fourof16 Sw ift
and H ETE-2 short bursts and 11 out of 130 short-duration G RBs
observed by the K onus spacecraft22,w hich represents , 10–25% of
their short-duration G RB databases.Itm ay be thatthe m ajority of
short bursts have such soft com ponents,since at present only tw o
Sw ift short-duration G RBs (G RB 051221A and G RB 060313) are
brightenough to allow low fractionallim itsto be set.W e note that,
regardless of their duration, alm ost allof these events w ith softer
com ponents have a com m on appearance:a 5–10-s gap betw een the
firstand second episodesand a hum p-shaped second com ponent.

Another m ethod ofdistinguishing categories ofG RBsisto com -
pute the tem porallagsbetw een theirlightcurve featuresin different
energy bands21,23,24.W e introduce a new varianton thisapproach by
including shortburstsin a plotofpeak lum inosity (Lpeak)versuslag
(tlag);the redshiftm easurem ents from the pastyearfora num berof
short-duration Sw ift G RBs now m akes the com parison possible.
There is an anti-correlation betw een tlag and Lpeak for long bursts
asshow n in Fig.2.In contrast,shortburstshave sm alltlag and sm all
Lpeak and occupyaseparate areaofparam eterspacefrom long bursts.
ThelagforG RB 060614 forthefirst5sis36 6m s.Thus,in spiteofits
long duration, G RB 060614 falls into the sam e region of the lag–
lum inosity plotasdo shortbursts.M oreover,w ew ere able to accur-
ately calculate a lag forthe softersecond episode,ow ing to itsspiky
lightcurve.W e find tlag 5 36 9m s,consistentw ith the short,hard
episode,and thus indicating a sim ilar origin.The physicalcause of
lags in G RBsisnotyetw ellunderstood,butithasbeen suggested23

thatburstsw ith sm aller lagshave m ore relativistic outflow s.
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◆T90>2s

◆低红移
◆没有SN成协

长短暴挑战者：GRB060614



Hard short spike

Extended Emission

20% 短暴有延展辐射，包括GRB050724

◆ Type I: 并合起源
◆ Type II: 塌缩起源

Zhang et al. 2009 ApJ

GRB060614：引入延展辐射概念稀释矛盾

物理分类方案

Sakamoto et al. 2011 ApJS；Lv et al. 2015 ApJ



延展辐射

Gao et al., 2015, 2017, ApJ

磁星驱动?

GW170817

黑洞回落吸积驱动?

Liu et al. 2012, ApJ; Gao, Lei & Zhu 2022 ApJL



科学目标：延展辐射

针对延展辐射的研究方案

➢ 延展辐射能谱偏软
➢ 对其他卫星触发的短暴进行数据搜寻，拓展

延展辐射样本
➢ 对延展辐射样本触发多波段后随观测
➢ 确定延展辐射样本占短暴比例

预期目标

积累样本

后随观测

延展辐射

总能量

晚期千新星

光度

MTOV

Mmax

NS

BH

SMNS

22%

  
M

max
= M

TOV
(1+aPb )

利用延展辐射的比例限制

中子星最大质量

 双中子星系统中子星质量分布

 延展辐射表征双中子星并合产生大质量中子星

Gao et al., 2016 PRD, 93, 044065

磁星能否作
为中心引擎



科学目标：辐射区位置

早期余辉陡降

晚期喷流拐折

13 

Confronting data with theory 

GRB/SN associations 

Zhang & Yan 2011 ApJ

早期陡降与晚期喷流拐折同时观测可限制辐射区位置

辐射区位置

内激波模型：R G R B～1 0 1 2 - 1 3c m

I C M A RT模型：R G R B～1 0 1 5c m

Wang et al. 2018 ApJ

喷流能量组分



科学目标：搜寻被引力透镜化伽玛射线暴

伽玛射线： 伽马射线暴探测器定位误差较大以及GRB缺乏红移测量

理论模型不确定性、非全天观测的伽马射线探测器 (BATSE: FoV = 0.6 整天 以及~2390/3323天)

伽马波段GRB辐射时间短暂、背景干扰因素以及GRB探测器定位误差大

多波段余辉： 宽带辐射(光学、X射线…)、可探测时间范围广(长达年)、

光变曲线形状简单、物理模型清晰、卫星和地面多波段探测器

多重图像无法被分辨→叠加信号

𝜃 ∼ 0.1" 𝑀𝑙/10
10𝑀⊙

1/2
𝐷𝑙𝐷𝑠/𝐷𝑙𝑠/𝐺𝑝𝑐

−1/2

② 𝑡𝑑𝑒𝑙𝑎𝑦 ∼ 50𝑠(𝑀𝑙/10
6𝑀⊙)

(Swift/XRT:  18" ; 1𝑚(光学): ~1" )①



GRB 160227A的X射线波段余辉的引力透镜效应模拟 

科学目标：搜寻被引力透镜化伽玛射线暴

透镜化伽玛暴搜寻方案

➢ 早期多耀发线性时间下分析
➢ 晚期极陡上升

透镜化伽玛暴应用

➢ 精确测量H0

➢ 限制原初黑洞等暗物质组分
➢ 限制LIV等基本物理问题

L orentz Invariance V iolation T est from T im e D elays M easured w ith G ravitationally
L ensed G R B C andidates 950830 and 200716C
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A bstract

T he spectral lag features in gam m a-ray bursts (G R B s) have been w idely used to investigate possible L orentz
invariance violation (L IV ).H ow ever, these constraints could depend on the unknow n source-intrinsic tim e delays
in differentenergy bands.B iesiada & Piórkow ska theoretically proposed thatgravitational lensing tim e delays in a
strongly lensed G R B can becom e a tool for testing L IV free from the intrinsic tim e lag problem . R ecently G R B
950830 and G R B 200716C have been proposed to be lensed by an interm ediate-m ass black hole.T hey should still
be considered as candidates of strongly lensed bursts, since no angular offset (i.e., the evidence for m ultiple
im ages)w as detected,butonly a double peak structure in the lightcurve.T he redshiftofthe burstzs and ofthe lens
zl have not been m easured in either case; hence w e assum ed a reasonable guess of zl= 1.0, zs = 2.0 for G R B
950830 and zl= 0.174, zs = 0.348 for G R B 200716C . B earing all this in m ind, w e attem pted to constrain L IV
theories in a prospective w ay based on the tw o G R B s by considering tim e delays betw een tw o pulses in different
energy channels.B y directly tting the tim e delay data of G R B s 950830 and 200716C w e obtained the follow ing
lim its on L IV energy scale: E Q G ,1 3.2 ×109 G eV and E Q G ,1 6.3 ×109 G eV ,respectively. Sensitivity analysis
regarding the (unknow n) redshifts leads to the m ost conservative estim ate, E Q G ,1 1.5 ×108 G eV for G R B
950830 and E Q G ,1 4.8 ×108 G eV for G R B 200716C , w hen they w ould be located at zs ∼ 5.

U ni ed A stronom y Thesaurus concepts: G am m a-ray bursts (629)

1. Introduction

L orentz invariance is the foundational sym m etry of space-
tim e in E instein’s relativity underlying tw o best know n
fundam ental theories of nature: theory of gravity according to
w hich the gravitational interaction is a consequence of
curvature of spacetim e and quantum eld theory underlying
the standard m odel of elem entary particles. H ow ever, general
relativity and quantum m echanics still rem ain to be uni ed
w ithin som e, yet unknow n, quantum gravity (Q G ) theories. A
certain num ber of candidate Q G scenarios have predicted that
the L orentz invariance violation (L IV ) could m anifestitself ata
high-energy scale, expected to be of the order of the Planck

energy scale c G 1.22 10Pl
5 1 G eV (K ostelecký

& Sam uel1989;A m elino-C am elia etal.1997,1998;K ostelecký
& M ew es 2001;M attingly 2005;A m elino-C am elia 2013;T asson
2014).In such cases,photon velocity in a vacuum depends on its
energy such that high-energy photons propagate slow er (or
faster) than low -energy ones (A m elino-C am elia et al. 1998).
H ence, the energy scale for L IV (i.e., E Q G ) could be
constrained from the differences in arrivaltim es of the photons
originating from the sam e astrophysical source m easured in
different energy bands (A m elino-C am elia et al. 1998; E llis &
M avrom atos 2013).

G am m a-ray bursts (G R B s) falling into tw o classes, short
(duration < 2 s) and long (duration > 2 s) ones, are character-
ized by highly energetic photon em ission detectable from large
cosm ological distances w ith som e spectral lags in the prom pt

em ission phase (N orris et al. 1986; C heng et al. 1995; N orris
et al.1996; B and 1997; Peng etal.2007; Shao etal.2017; L u
et al. 2018) suggesting different arrival tim es of photons
observed at different energy channels. T he picture is that in
m ostcases such lags are positive,w hich m eans thatthe peak of
a G R B light curve registered at higher energies occurs earlier
com pared to those at low er ones w ith a sm aller fraction of
G R B s revealing null or even an inverse trend of the observed
pulses (i.e., zero or negative spectral lags). A num ber of
possible explanations can be found in the literature (see, e.g.,
discussion in D u etal.2021 and references therein) butthe true
nature of such G R B features is notentirely clear.B eing visible
from very large cosm ological distances, displaying short tim e
variability in their light curves across som e energy bands,
G R B s have been w idely used to constrain L IV theories
(A m elino-C am elia et al. 1998; E llis et al. 2006; Jacob &
Piran 2008; Shao et al. 2010; E llis & M avrom atos 2013;
K ostelecký & M ew es 2013). For instance, various lim its on
L IV have been obtained using the observed tim e lags of single
G R B s or a sam ple of G R B s (e.g., Schaefer 1999; B oggs et al.
2004; E llis et al.2006; C hang et al.2012; Z hang & M a 2015;
C hang et al. 2016; B ernardini et al. 2017; X iao et al. 2022).
Particularly, som e rare G R B s w ith high-energy photon
em ission (e.g., G R B 080916C , G R B 090510) or w ith the
transition features from positive to negative lags in G R B
lightcurve data atdifferent energy bands presented m ore robust
lim its on L IV (e.g., A bdo et al. 2009a, 2009b; X iao &
M a 2009;N em iroff etal.2012;V asileiou etal.2013;Pan etal.
2015; W ei et al. 2017a, 2017b; A cciari et al. 2020; Pan et al.
2020; D u et al. 2021).

H ow ever, the intrinsic effects caused by the unknow n
em ission and acceleration m echanism s in the source could
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引力透镜化暂现源的应用

L IV paradigm . So let us start w ith a rem inder of the L IV tim e
of ight delays.

3.1. LIV -induced Tim e D elays

M any approaches to quantum gravity predict the L orentz
invariance violation m anifested as an energy-dependent
m odi cation of the relativistic dispersion relation for the
photon:

( )E p c s E
E

E
, 1

n

2 2 2 2

Q G

w here E Q G is the quantum gravity energy scale (stillunknow n,
but often believed to be of the order of the Planck scale), n is
the order of the speci c L IV theory (w e w ould assum e later
n = 1), and s± is the sign param eter, w ith s±= + 1 corresp-
onding to superlum inal, and s±= − 1 to sublum inal m otion of
high-energy photons (A m elino-C am elia et al. 1998). T he
dispersion E quation (1) leads to the H am iltonian

( )p c 1
E

E

n
2 2

Q G
,from w hich the photon’s group velocity

could be inferred as v
p
. In cosm ological context this

velocity w ill be tim e dependent (i.e., redshift dependent)
since the photon’s m om entum p scales w ith the scale factor
a(t). T o the rst order in sm all param eter E /E Q G one has:

( )( ) ( ) ( )v z c z z1 1 1
n E

E

n
n1

2 Q G
. T herefore, one

can attribute the com oving distance to the source at redshift
z, w hich under L IV w ould be energy dependent:

( )
( )

( ) ( )r z
c

H z

n E

E
z dz1

1

2
1 , 2

z
n

n
L IV

0 Q G

w here H (z)is the expansion rate (H ubble function)atredshiftz.
Physically this construction is a bit arti cial, because the true
com oving distance of the source is r(z),butitis closely related
to the tim e of ight difference t= rL IV (z)/c, w here
rL IV (z)= |rL IV (z)− r(z)|. T his approach w ill be useful for

calculations regarding strong lensing.
Introducing the notation

( )
( )

( )
( )I z z

z dz

h z
,

1
, 3n

z

z n

1 2
1

2

w here ( ) ( ) [ ( ) ]h z H z H z10 m
3 1 2 is the

dim ensionless expansion rate, one m ay w rite rL IV (z)=
r(z)− rL IV (z), w here ( ) (z I z0,

c

H 0
0

is the standard

com oving distance of the source at redshift z, and the L IV

correction is ( )( ) (r z I z0,
c

H

n E

E

n

nL IV
1

20 Q G
.Furtherm ore,

it w ould be useful to sim plify expressions by introducing a
sm all param eter ε:

( ) ( )[ ( )] ( )r z r z z1 , 4L IV L IV

w here:

( )

( )
( )

n E

E

I z

I z

1

2

0,

0,
. 5

n
n

L IV
Q G 0

T o sum m arize the issue of L IV -induced tim e delays: tw o
photons w ith different energies (low er E l and higher E h;

E h > E l) em itted from the sam e source at the sam e tim e w ould
arrive to the observer at different tim es. From the preceding
discussion, itfollow s that the L IV -induced tim e delay is given
by Jacob & Piran (2008)5

( )
( )

t t t

n E

E

I z

H

1

2

0,
, 6

n
n

L IV l h

Q G 0

w here tl and th are the arrival tim es of the low -energy photon
and the high-energy photon, respectively.

3.2. G ravitational Lensing Tim e D elays

L et us consider a lens at redshift zl. G ravitational lensing
tim e delay functional at the (angular) position on the lens
plane can be calculated as

( ) ( ) ( ) ( )t
z

c

D D

D

1 1

2
, 7l l s

ls

2

w here is (angular) position of the source (direction to the

source in the absence of lensing), ( ) is the projected
gravitationalpotential,D land D s are angular diam eter distances
to the lens and the source located at redshifts zl and zs,
respectively, and D ls is the angular diam eter distance betw een
the lens and the source. T he angular diam eter distances can be
expressed by com oving distances r(zl) and r(zs) as

( ) ( ) ( ) ( )
( )D

r z

z
D

r z

z
D

r z r z

z1
;

1
;

1
. 8l

l

l
s
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s
ls

s l

s

B ecause Paynter etal.(2021) tted the G R B 950830 data to the
point-m ass lens, w e w ill restrict ourselves to this particular
m odel. T his m odel is essentially different from the SIS m odel
used in galaxy lensing studies.H ence,the results of this and the
next section are com plem entary to those presented in B iesiada
& Piórkow ska (2009b).

T he E instein radius for the point-m ass lens m odel reads

( )
G M

c

D

D D

4
, 9E

l ls

s l
2

w here M l is the m ass of the gravitational lens. A point-m ass
lens produces a pair of im ages w hose angular positions (w ith
respect to the direction of the lens) are:

( ) ( )
1

2
4 10E

2 2

and a lensing m agni cation of im ages reads

( )
x

x

y

y y1

1

2

2

2 4
, 11

4

4

2

2

w here x±= θ±/θE and y = β/θE. Introducing the ux ratio

,one can see that the follow ing convenient expression

5 H ere, w e only consider a sim ple L IV scenario w ith broken relativistic
sym m etries. O ther m ore com plex possibilities have been investigated, e.g.,for
the doubly specialrelativity (D SR )fram ew ork,in w hich relativistic sym m etries
are deform ed rather than broken, and using a D SR lag–redshift relation w ould
lead to sm aller lags and low er lim its (R osati et al. 2015).
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LIV下光子存在色散关系

等效于不同能量光子共动距离不同

最终不同能量光子到达时间不同

在透镜系统下， 不同能量光子爱因斯坦半径不同
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high-energy photons (A m elino-C am elia et al. 1998). T he
dispersion E quation (1) leads to the H am iltonian
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velocity w ill be tim e dependent (i.e., redshift dependent)
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w here H (z)is the expansion rate (H ubble function)atredshiftz.
Physically this construction is a bit arti cial, because the true
com oving distance of the source is r(z),butitis closely related
to the tim e of ight difference t= rL IV (z)/c, w here
rL IV (z)= |rL IV (z)− r(z)|. T his approach w ill be useful for
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T o sum m arize the issue of L IV -induced tim e delays: tw o
photons w ith different energies (low er E l and higher E h;

E h > E l) em itted from the sam e source at the sam e tim e w ould
arrive to the observer at different tim es. From the preceding
discussion, it follow s that the L IV -induced tim e delay is given
by Jacob & Piran (2008)5
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w here tl and th are the arrival tim es of the low -energy photon
and the high-energy photon, respectively.

3.2. G ravitational Lensing Tim e D elays

L et us consider a lens at redshift zl. G ravitational lensing
tim e delay functional at the (angular) position on the lens
plane can be calculated as
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w here is (angular) position of the source (direction to the

source in the absence of lensing), ( ) is the projected
gravitationalpotential,D land D s are angular diam eter distances
to the lens and the source located at redshifts zl and zs,
respectively, and D ls is the angular diam eter distance betw een
the lens and the source.T he angular diam eter distances can be
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B ecause Paynter etal.(2021) tted the G R B 950830 data to the
point-m ass lens, w e w ill restrict ourselves to this particular
m odel. T his m odel is essentially different from the SIS m odel
used in galaxy lensing studies.H ence,the results ofthis and the
next section are com plem entary to those presented in B iesiada
& Piórkow ska (2009b).

T he E instein radius for the point-m ass lens m odel reads
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w here M l is the m ass of the gravitational lens. A point-m ass
lens produces a pair of im ages w hose angular positions (w ith
respect to the direction of the lens) are:
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w here x±= θ±/θE and y = β/θE. Introducing the ux ratio

,one can see that the follow ing convenient expression

5
H ere, w e only consider a sim ple L IV scenario w ith broken relativistic

sym m etries. O ther m ore com plex possibilities have been investigated, e.g.,for
the doubly specialrelativity (D SR )fram ew ork,in w hich relativistic sym m etries
are deform ed rather than broken, and using a D SR lag–redshift relation w ould
lead to sm aller lags and low er lim its (R osati et al. 2015).

4

T h e A stroph ysical Jou rn al, 937:62 (7pp), 2022 O ctober 1 L an et al.

L IV paradigm . So let us start w ith a rem inder of the L IV tim e
of ight delays.

3.1. LIV -induced Tim e D elays

M any approaches to quantum gravity predict the L orentz
invariance violation m anifested as an energy-dependent
m odi cation of the relativistic dispersion relation for the
photon:
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LIV下不同像高低能量光子到达时间差不同

etal.2017a;A cciarietal.2020;Pan etal.2020;D u etal.2021).
B ut the advantage of our L IV results is in considering
gravitational lensing tim e delays as a tool, w hich m ake this
inference independentof intrinsic tim e lags.In our approach,w e
attribute allthe differences in the gravitationallensing tim e delays
betw een lensed im ages in different energy channels to L IV . In
principle,how ever,part of the differences could also be induced
due to the dispersion effect since different im ages experience
differentpaths (dispersion effectshould be very lim ited for γ-ray
photons), or they could com e from the illusion caused by the
different response capabilities of satellites in different energy
channels. T hese factors m ay increase the uncertainty of our
results and w eaken the lim its on L IV .H ere w e only consider the
point-m ass lens m odel,w hich should be enough for the purpose
of this w ork,since the inferred lens m ass for both G R B s 950830
and 200716C although depending on the unknow n lens redshift,
falls into the m ass range of interm ediate-m ass black holes (e.g.,
∼ 104–105 M e ). In the future, w hen galaxy-lensed G R B s are
found and applied to constrain L IV ,properties of the lens should
be m odeled m ore carefully (see B iesiada & Piórkow ska 2009b
for theoretical discussion on a L IV test by adopting other lens
m odels). T he lens m odeling w ould, of course, introduce further
uncertainties.M oreover,here w e x the cosm ologicalm odeland
its relevant param eters (see Section 1) to constrain L IV , w hich
m ight cause additional uncertainties (Pan et al. 2015). T he
greatest uncertainty of our result com es from the unknow n

redshiftof G R B s 950830 and 200716C .A ccording to analysis in
previous w orks, here w e assum e G R B 950830 at redshift zs∼ 2
w ith a lens at redshift zl∼ 1 and G R B 200716C at redshift
zs ∼ 0.348 w ith a lens at redshift zl∼ 0.174 (Paynter et al.2021;
W ang etal.2021).In order to evaluate the uncertainty caused by
the redshiftassum ption,w e have perform ed a sensitivity analysis
by assigning a w ide range of redshifts for these tw o G R B s,from
zs = 0.1 to zs = 8. For each case w e used zl= zs/2 since it is a
con guration close to the m ost probable one (i.e., the one that
m axim izes lensing probability). T he param eters for the investi-
gated scenarios are displayed in T able 2. E ventually, w e found
that w hen different redshifts are taken, lim its on L IV from our
m ethod could vary w ithin 1 order of m agnitude, w hich could be
taken as a system atic uncertainty for our results.A ccording to the
m ost conservative estim ate, for a linear L IV case, w e nd
E Q G ,1 1.5 ×108 G eV for G R B 950830 and E Q G ,1 4.8 ×
108 G eV for G R B 200716C , w hen they are located at zs∼ 5.

5. C onclusions and P rospects

G R B s have been view ed as one of the m ost prom ising
sources for possible L IV studies due to their large cosm ological
distances and high-energy em ission across w ide energy bands.
H ow ever the energy-dependent tim e of ightm easurem ents, in
principle, depend on the intrinsic tim e delays due to em ission
and acceleration m echanism s at the source. T his could lead to
system atic uncertainties on the L IV constraints in the ight-
tim e m ethod,w hich even though they are sm all,are stillhard to
assess. In this paper, w e attem pted to use tw o possibly
gravitationally lensed G R B s 950830 and 200716C to elim inate
the uncertainty of intrinsic tim e delays. B y assum ing that the
differences of lensed G R B tim e delays betw een tw o pulses in
different energy channels are induced by the L IV effect, w e
used the observed tim e delays of gravitational lensing for
G R B s 950830 and 200716C to carry outprecisely a testof L IV
based on the point-m ass m odel. For the linear L IV case, w e
found E Q G ,1 3.2 ×109 G eV and E Q G ,1 6.3 ×109 G eV for
G R B s 950830 and 200716C , respectively.

F igure 2.E nergy dependence of the observed gravitational lensing tim e delays

L IV ( tPM ) (relative to the softest energy band), and the best- t theoretical
curves (red solid line)— the linear (n = 1) L IV m odel.

T able 2
T he Param eters and R esults of the Sensitivity A nalysis R egarding R edshifts of

the Source and the L ens in the L inear L IV Scenario (i.e., n = 1)

G R B N am e zs zl M l Jn(zl, zs) E Q G

(105 M e ) (G eV )

950830 0.1 0.05 2.56 ± 0.63 1 4.8 × 109

1 0.5 1.79 ± 0.44 0.953 4.0 × 109

2 1 1.35 ± 0.33 0.810 3.2 × 109

3 1.5 1.08 ± 0.27 0.592 2.6 × 109

4 2 0.90 ± 0.22 0.321 1.8 × 109

5 2.5 0.77 ± 0.19 0.01 1.5 × 108

6 3 0.67 ± 0.17 − 0.332 2.1 × 109

7 3.5 0.60 ± 0.15 − 0.699 3.3 × 109

8 4 0.54 ± 0.13 − 1.087 5.3 × 109

200716C 0.1 0.05 3.29 ± 0.83 1 6.8 × 109

1 0.5 2.30 ± 0.58 0.953 6.1 × 109

2 1 1.73 ± 0.44 0.810 5.7 × 109

3 1.5 1.38 ± 0.35 0.592 5.2 × 109

4 2 1.20 ± 0.29 0.321 4.2 × 109

5 2.5 0.99 ± 0.25 0.010 4.8 × 108

6 3 0.86 ± 0.22 − 0.332 4.5 × 109

7 3.5 0.77 ± 0.19 − 0.699 5.8 × 109

8 4 0.69 ± 0.17 − 1.087 7.6 × 109
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不受内禀时间差影响



科学目标：巨耀发

GRB 121027A GRB 111209A

“回落吸积模型”

大部分的前身星包层都被
抛射出去了，但是有少量
包层在较晚的时间回落回
来，被中心黑洞吸积产生
新的喷流，从而产生X射
线巨耀发。

Wu et al. 2013 ApJL; Gao et al. 2016 ApJ

Zhao et al. 2021 ApJ

在2 1例Sw i f t长暴中找到巨耀发候选体

预期目标

确定巨耀发起源
是否还有特殊
类型前身星



科学目标：内平台后期监测

平台

内平台:  平台后面一
段的下降斜率陡于3. 

t: 100-1000s

Rowlinson et al. 2010,2013; Lü& Zhang (2014); Lüet al. (2015)

NS

正常

内平台后出现耀发与新平台

Chen, Lei et al. 2017                Zhao, Gao et al. 2020

预期目标

确定内平台起源
磁星能否作
为中心引擎



总结与讨论

➢ WXT独立触发

➢ XRF、高红移暴、超长暴、低光度暴

➢ WXT瞬时辐射联合探测

➢ 前兆辐射、光球辐射、延展辐射

➢ WXT极早期余辉

➢ 陡降时标、引力透镜、巨耀发

➢ FXT晚期余辉跟踪

➢ 内平台后耀发与双平台
谢谢聆听，欢迎批评指正！
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