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G a m m a r a y b u r s t s { w h ic h a r e ¯ r s t d e t e c t e d in

e n e r g e t ic g a m m a r a y s a n d w h ic h t h e n g lo w in

X -r a y , v is ib le a n d r a d io w a v e le n g t h s { a r e t h e

r e s u lt o f t h e b ig g e s t e x p lo s io n s in t h e u n iv e r s e .

A s t r o n o m e r s w o n d e r w h a t c a u s e s t h e s e v io le n t

e v e n t s , a n d s o m e o f t h e ir id e a s a r e d is c u s s e d in

t h is a r t ic le .

1 . S e r e n d ip it o u s D is c o v e r y

T h e sto ry o f G a m m a R a y B u rsts (G R B ) b e g a n in 1 9 6 3
a fte r U S A a n d th e th e n U S S R sig n e d a n u c lea r te st-
b a n tre a ty. T h e y a g re ed n o t to co n d u c t a n y te st o f

n u cle a r b o m b s a b o v e g ro u n d o r u n d e r w a ter. T h e n
U S A la u n ch ed a serie s o f sp y sa tte lite s to w a tch o u t
fo r a n y n u c le a r tests b e in g p erfo rm e d in se c ret b y th e
U S S R . T h e se sa tellite s w e re c a lled V ela s (S p a n ish fo r

ẁ a tch m en '), a n d th ey w e re d e sig n e d to d e tec t e n e rg e tic
g a m m a ra y s fro m ea rth , sin c e n u c le a r rea ctio n s a lw a y s

p ro ce e d w ith th e e m issio n o f g a m m a ra y s. B u t th e sci-
e n tists d isc o v ere d so m e th in g co m p le tely u n e x p ec te d .

In J u ly 1 9 6 7 , o n e o f th e se sa tellite s fo u n d a b rig h t ° a sh

o f g a m m a ra y s. T h en it k e p t o n d e tec tin g ° a sh es o f
g a m m a ra y s fro m d i® e re n t d ire c tio n s, o ften b rig h te r th a n
a n y o th e r so u rc es o f g a m m a ra y s in th e sk y fo r m in u te s
o n en d . S o o n th e sc ie n tists re a liz e d th a t th ese b u rsts
w ere n o t d u e to a n y se cre t e x p e rim en ts b e in g c a rried o n

e a rth { th e y w e re fro m a stro n o m ic a l o b je cts. B u t th ey
w a n te d to b e su re o f it a n d it w a s n o t u n til 1 9 7 3 th a t
th is d isc o v e ry { o f e n ig m a tic g a m m a ra y b u rsts { w a s
a n n o u n c ed b y th e d e fen ce esta b lish m e n t to th e p u b lic
a n d a stro n o m ers a t la rg e .

S o o n th e th eo rists c a m e u p w ith a n u m b e r o f id e a s fo r
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w h a t m ig h t b e a t th e ro o t o f th e se e x p lo sio n s. S o m e th o u g h t th e se w e re a sso c i-
a te d w ith n e u tro n sta rs in o u r G a la x y. T h e se sta rs a re th e re m n a n ts o f su p e rn o v a
e x p lo sio n s w h ich o c cu r w h e n a m a ssiv e sta r ru n s o u t o f n u c le a r fu e l to sh in e. T h e

c o re o f th e se m a ssiv e sta rs a re m a d e o f n e u tro n s (w h ich a re su b a to m ic p a rticle s,
w ith m a ss co m p a ra b le to p ro to n s b u t w ith o u t a n y e le c tric ch a rg e ), a n d p o sse ss
v e ry h ig h m a g n etic ¯ e ld , a lm o st a th o u sa n d b illio n tim e s th a t o f th e e a rth . P er-
h a p s, th e th e o rists su rm ise d , th e m a g n e tic ¯ eld co n ¯ g u ra tio n h a d so m e g litch es
fro m tim e to tim e a n d re le a se d en e rg y in th e fo rm o f b u rsts. A t th e sa m e tim e ,

so m e a stro n o m ers h y p o th e sised th a t g a m m a ra y b u rsts w e re a sso cia te d w ith o b -
jec ts o u tsid e th e g a la x y .

2 . H o w F a r a r e t h e B u r s t s ?

T h e b ig g e st p ro b lem fa c in g th e a stro n o m e rs a t th a t tim e w a s th e la ck o f k n o w l-
e d g e o f th e d ista n ce o f th e g a m m a ra y b u rst so u rc es. W ith o u t th is in fo rm a tio n
o n e d id n o t k n o w th e a c tu a l lu m in o sity o f th e b u rst, a n d so n o h y p o th esis co u ld
b e ru led o u t e a sily. A d ista n t b rig h t sta r a n d a d im n e a rb y sta r w o u ld b o th

a p p e a r fa in t in o u r sk y , a n d w ith o u t k n o w in g th e d ista n c e o n e ca n n o t ro o t fo r
o n e h y p o th e sis o v e r a n o th e r. T h e d ista n ce fa c to r h a s a lw a y s b e e n a h a n d ic a p fo r
a stro n o m e rs, a n d tim e a n d tim e a g a in in th e h isto ry o f a stro n o m y it h a s m a d e
th e ir ta sk d i± c u lt.

Y e t a stro n o m e rs h a v e a lw a y s fo u n d a w a y o u t, a n d in th is ca se to o th ey h a d
a n id e a o f th e d ista n c e s o f g a m m a ra y b u rst so u rc e s w ith in a few d ec a d es. B u t
b e fo re th e c o n clu siv e re su lts c a m e in , th ey h a d a n in d ic a tio n o f p o ssib le d ista n c e
m ea su re s b y ju st stu d y in g th e d istrib u tio n o f so u rc e s in th e sk y . O u r G a la x y ,
th e M ilk y W a y, h a s th e sh a p e o f a th in d isk w ith o u r su n (a n d th e so la r sy ste m )

n e a r th e e d g e. S o , fro m o u r p o in t o f v iew o n ea rth , th e M ilk y W a y a p p e a rs to
b e a lu m in o u s b a n d cu ttin g a c ro ss th e sk y. If th e m a jo rity o f g a m m a ra y b u rsts
o rig in a te d in sid e o u r G a la x y , th e n th e y w o u ld m o stly a p p ea r to c o m e fro m a
b a n d -lik e re g io n in th e sk y .

In itia lly , th e n u m b e r o f d ete c ted g a m m a ra y b u rsts w e re n o t la rg e e n o u g h fo r
a stro n o m e rs to d o a p ro p er sta tistic a l stu d y , b u t b y th e y e a r 2 0 0 0 , th ey h a d a la rg e
e n o u g h sa m p le, th a n k s to a sa te llite n a m e d C o m p to n G a m m a -ra y O b se rv a to ry ,
la u n ch e d b y N A S A to stu d y a stro n o m ic a l g a m m a ra y so u rc e s. A n e x p e rim e n t

d o n e w ith a d ete c to r a b o a rd th is sa te llite, e sp e c ia lly d e sig n e d to d e tec t ° a sh es o f
g a m m a ra y s (c a lle d th e B u rsts a n d T ra n sien t S o u rc e E x p e rim en t) fo u n d a b o u t
2 7 0 0 so u rce s b e tw e e n 1 9 9 1 a n d 2 0 0 0 . T o th e su rp rise o f m a n y a stro n o m e rs, th e
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Figure 1. The distribution of

gamma ray bursts in the sky

is fairly uniform. The bursts

whose positions are shown

as dots in this plot were de-

tected by Compton Gamma-

Ray Observatory launched

by NASA, by the Burst and

Transient Source Experi-

ment (BATSE) carried

aboard it, between 1991 and

2000.Thecolours of the dots

signify the intensity of theburst, with the intensity increasing from blue to red.This experiment ruled

out the possibility of gamma ray bursts being associated with sources like neutron stars in our

Galaxy, and prompted the astronomers to link them to sources outside our Galaxy.

d istrib u tio n (se e F igu re 1 ) o f g a m m a ra y b u rsts in th e sk y lo o k e d a n y th in g b u t
u n e v e n { th e re w a s n o w a y th a t so u rc e s w ith in o u r G a la x y co u ld h a v e ex p la in ed
su ch a u n ifo rm d istrib u tio n . S o th e ty p ic a l d ista n c es m u st b e la rg er th a n th e

e x te n t o f o u r G a la x y (w h ich is a b o u t 4 0 ,0 0 0 lig h t y e a rs in ra d iu s). M o re o v e r,
th e y co u ld n o t b e a ll c o m in g fro m n e a rb y g a la x ie s, o th e rw ise th e p lo t w o u ld
lo o k c lu stere d in ce rta in p a rts, sin ce g a la x ie s a re d istrib u te d v e ry u n e v e n ly in th e
n e a rb y u n iv e rse.

T h e o n ly e x p la n a tio n w a s th a t g a m m a ra y b u rsts o cc u rre d in d ista n t g a la x ie s,
sp a n n in g o u t to th e e d g e o f th e k n o w n u n iv erse, so th a t th eir d istrib u tio n in th e
sk y w o u ld lo o k u n ifo rm .

W h e n a stro n o m ers stu m b le o n a n e w cla ss o f lu m in o u s o b jec ts, th e y lik e to d e-
te rm in e th eir d istrib u tio n in sp a c e w ith a sta tistic a l stu d y o f th e d istrib u tio n o f
o b je cts w ith d i® ere n t lu m in o sitie s. C o n sid e r th e c a se o f u n ifo rm ly d istrib u ted
o b je cts, a ll w ith th e sa m e b rig h tn e ss L , a n d c o n sid e r th e ° u x o f su ch a n o b je ct a t
a d ista n c e d : f = L = 4 ¼ d 2 . S u p p o se th e re a re n o b je c ts p er u n it v o lu m e . T h e n ,

fo r a n o b serv e r (p u t a n y w h e re in th is v o lu m e) th e n u m b e r o f o b jec ts w ith ° u x

grea te r th a n f w o u ld m e a n th e n u m b e r o f o b je cts in a v o lu m e (4 = 3 )¼ (L = 4 ¼ f )3 = 2 ,
w h ich is g iv en b y n £ (4 = 3 )¼ (L = 4¼ f )3 = 2 . T h is sh o w s th a t th e n u m b er o f o b je cts
g re a te r th a n a g iv e n ° u x f sh o u ld sca le a s f ¡ 3 = 2 , if o b je cts a re d istrib u te d e v e n ly .
A lth o u g h w e h a v e a ssu m e d co n sta n t b rig h tn e ss fo r a ll o b je cts, th is a rg u m en t c a n

b e e a sily m a d e m o re so p h istica te d , a n d th e sa m e re su lt h o ld s.

A stro n o m e rs fo u n d th a t th e ° u x d istrib u tio n o f g a m m a ra y b u rsts fo llo w s th e te ll-
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ta le f ¡ 3 = 2 sig n a tu re fo r la rg e ° u x e s (a p p a re n tly b rig h t b u rsts), b u t fo r d im m e r
b u rsts, th e d istrib u tio n h a s a p o w er in d e x th a t is sm a lle r th a n 3 = 2 . O u r d e riv a tio n
o f th e ° u x d istrib u tio n a ssu m e d a n E u clid e a n sp a c e , a n d th e ° u x d istrib u tio n w ill

b e d i® ere n t fo r cu rv e d sp a ce . T h is o b se rv a tio n th en im p lie s th a t fa in t b u rsts, o r
so u rce s a t la rg e d ista n ce s, a re d istrib u ted in c u rv e d sp a ce , w h ich is e x p ec te d in
o u r ex p a n d in g u n iv e rse . T h e refo re th is d eta ile d sta tistica l stu d y c o n ¯ rm ed th e
su sp ic io n th a t g a m m a ra y b u rst so u rc e s a re v e ry d ista n t, so m e o f th em b e in g a t
th e e d g e o f th e o b se rv a b le u n iv e rse .

B u t th is c o n ¯ rm a tio n im m ed ia te ly th re w a ch a lle n g e fo r th e th e o re ticia n s. A t
la rg e d ista n c e s, th e a c tu a l b rig h tn e sse s o f th e se o b je cts o r e v e n ts m u st b e v e ry
la rg e , a n d a stro n o m e rs w o n d e re d w h a t so rt o f p h e n o m e n o n co u ld g iv e rise to
re le a se o f su ch g ig a n tic a m o u n t o f e n erg y.

If th e a stro n o m e rs c o u ld a sso cia te th e b u rsts w ith k n o w n o b je c ts th e n it w o u ld
h a v e h e lp e d th e th e o rists. B u t th e a n g u la r re so lu tio n o f B A T S E w a s p o o r, a n d
it c o u ld n o t p in -p o in t th e b u rsts w ith a n a c cu ra cy m o re th a n a d e g re e o r so . In

su ch a la rg e p o rtio n o f th e sk y { la rg e r th a n th e a p p a re n t d ia m ete r o f m o o n in
e a rth 's sk y { th e re c o u ld b e m a n y d ista n t o b je cts, a n d it w a s n o t e a sy to ¯ n d a n
a sso cia tio n .

3 . F ir e b a ll M o d e l o f G a m m a R a y B u r s t s

In 1 9 9 3 , tw o th e o rists m a d e a sig n ī c a n t a d v a n ce m en t in th is reg a rd . M a rtin
R ee s o f C a m b rid g e U n iv ersity , U K , a n d P ete r M esza ro s o f P e n n S ta te U n iv ersity
in th e U S a rg u e d th a t th e re w o u ld b e à fterg lo w s' o f th e se g a m m a ra y b u rsts, in

o th e r w a v e len g th s, a n d if o n e co u ld fo llo w th e m u p , h o p e fu lly w ith b e tte r a n g u la r
re so lu tio n , th en th e sea rch m ig h t le a d to th e c u lp rit o b je c t. T h e y a lso p red ic ted
h o w th ese a fte rg lo w s m ig h t e v o lv e w ith tim e. T h ey h a d th e fo llo w in g sce n a rio in
m in d : if a n e x p lo siv e ev en t d e p o sits a la rg e a m o u n t o f e n e rg y in a sm a ll a m o u n t
o f m a tte r, th e n it w o u ld re su lt in a ¯ re b a ll e x p a n d in g ra p id ly , a lm o st w ith th e

sp ee d o f lig h t.

T h e re a re rea so n s w h y o n e n e ed s ex p a n d in g ¯ re b a lls to e x p la in g a m m a ra y b u rsts.
If it w e re a sta tic p h en o m e n o n th e n th e e n erg y d en sity o f p h o to n s tu rn s o u t to

b e to o la rg e. W e w ill se e la te r th a t ty p ic a lly th e e n e rg y o u tp u t in th ese b u rsts
is a b o u t 1 0 4 4 J . W e ca n a lso g e t a n id e a o f th e siz e o f th e re g io n in w h ich th is
e n erg y is c o n ce n tra te d { it co u ld n o t b e la rg e r th a n c t w h e re t is th e d u ra tio n
o f th e b u rst. T h e ty p ic a l d u ra tio n is o f o rd er o f a sec o n d o r so (th ere a re a lso
b u rsts o f sh o rter d u ra tio n , w h ich w e w ill m e n tio n la te r). N o w co n sid er su ch a
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la rg e a m o u n t o f e n e rg y in g a m m a ra y p h o to n s b ein g c o n c e n tra ted in a re g io n o f
size c t. O n e c a n sh o w th a t th e se g a m m a ra y p h o to n s w o u ld in te ra c t so stro n g ly {
b e c a u se o f b e in g p a ck e d so co m p a ct { th a t th e y w o u ld d e g ra d e in e n e rg y q u ick ly

d o w n to lo w er e n erg y p h o to n s (b y p ro d u c in g p a irs o f e lec tro n s a n d p o sitro n s,
w h ich w o u ld in tu rn in tera ct w ith p h o to n s, a n d so o n ). T h e n , b e ca u se o f th e
stro n g in te ra c tio n w ith m a tte r p a rtic le s, th e re su ltin g sp e ctru m sh o u ld b e th a t
o f a b la ck b o d y (P la n ck ia n sp ec tru m ), w h ich is n o t o b serv ed .

T h is p ro b lem is e a sily so lv ed if m o tio n s w ith sp e e d c lo se to th a t o f lig h t, th a t is,
re la tiv istic m o tio n s a re in v o lv e d . C o n sid e r th e ca se o f b u lk m o tio n w ith L o re n tz
fa c to r ° = (1 ¡ v 2 = c 2 )¡ 1 = 2 . T h e n , b e c a u se o f re la tiv istic e ® e cts (se e B o x 1 ), w h a t
a p p e a rs to a n o b serv er to b e a d u ra tio n t, w o u ld a ctu a lly (in th e rest fra m e o f
m o v in g m a tte r) c o rre sp o n d to a lo n ger tim e { to b e p rec ise , a d u ra tio n o f » ° 2 t.

B o x 1 : R e la t iv is t ic E ® e c t s in G a m m a R a y B u r s t s

Consider an ob ject moving along in a line towards the observer with a constant velocity
v , which is very close to the speed of light c . This means that the Lorentz factor ¡ =

1p
1 ¡ v 2 = c 2

is very large. Now consider two photons emit ted by this ob j ect along its path,

at distances R 1 and R 2 from the observer. The time taken by the ob j ect (in it s rest
frame) to move between these two p ositions is ( R 1 ¡ R 2 ) = v . Let us call this the time
di®erence in it s frame, ¢te . It is easy t o show (and left as an exercise for the reader) that

t he time di®erence of arrival of two photons at the observer is ¢to = (R 1 ¡ R 2 )
v

¡ (R 1 ¡ R 2 )
c

.
For large values of the Lorentz fact or, this can be simpli¯ed in the following way:

¢to =
(R 1 ¡ R 2 )

v
(1 ¡

v

c
) =

(R 1 ¡ R 2 )

v

1 ¡ v 2

c 2

1 + v
c

¼
¢ te

2¡2
; (i)

where the last approximation follows from the fact that v » c . This means that what
appears to be a duration to to the observer actually refers to a longer duration ¢ te in
t he frame of the moving ob ject,

¢te )¼ 2 ¡ 2 ¢ to : (ii)
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T h e n th e co rresp o n d in g le n g th sc a le a n d v o lu m e w o u ld b e m u ch la rg e r th a n th a t
in fe rre d w ith o u t c o n sid e rin g re la tiv istic e ® ec ts, a n d th e p ro b le m o f h ig h e n erg y
d e n sity w o u ld d isa p p e a r. T h e e n erg y d e n sity w ill d e c rea se (fro m th e e a rlie r,

n a iv e e stim a te ) b y a fa c to r o f ° 6 . T h e re a re o th er re la tiv istic e ® e c ts w h ich h e lp
fu rth e r { fo r e x a m p le , th e ra d ia tio n w ill b e b e a m e d in a n a rro w c o n e a n d th e
p h o to n en e rg y w ill a p p e a r to in cre a se b y D o p p le r e® ec t. T a k in g a ll th ese e® e cts
in to co n sid era tio n , o n e ca n sh o w th a t th e h ig h ra d ia tio n e n e rg y d e n sity p ro b le m
is a llev ia te d if th e L o re n tz fa c to r is la rg e r th a n 1 0 0 (c o rre sp o n d in g to a sp e ed
v >» 0 :9 9 9 9 5 c ).

T h is ex p a n d in g ¯ reb a ll w o u ld lea d to a p o w e rfu l sh o ck , sw ee p in g u p su rro u n d in g
m a tte r, a n d a cc e le ra tin g p a rticle s o f m a tte r to h ig h en e rg y . E lec tro n s w h ich
a re th u s a c c ele ra te d to h ig h e n erg y w o u ld sp ira l a ro u n d m a g n e tic ¯ e ld lin e s a n d

e m it ra d ia tio n (c a lle d sy n ch ro tro n ra d ia tio n ). T h is ra d ia tio n w o u ld c o v e r a la rg e
ra n g e o f fre q u en c ies in th e e lec tro m a g n etic sp e ctru m , a n d w o u ld c a u se th e so u rc e
to h a v e a n à fte rg lo w ' in w a v e len g th s o th e r th a n g a m m a ra y s. R e es a n d M e sz a ro s
a lso p red ic ted th a t th e b rig h tn e ss o f th e a fterg lo w w o u ld d e c rea se q u ick ly in th e
b e g in n in g , a n d th e n slo w ly a s tim e p ro g re sse d (so th a t th e y w o u ld a p p e a r to

fa d e u n ifo rm ly w ith lo g a rith m o f tim e ). In o th er w o rd s, th e b rig h tn e ss w o u ld b e
p ro p o rtio n a l to so m e p o w er o f tim e : / t¡ ® .

It th e n re m a in ed fo r a stro n o m e rs to lo o k fo r th e se a fte rg lo w s o f g a m m a ra y b u rsts

q u ick ly e n o u g h , b e fo re th ey fa d e d a w a y, a n d try to lo c a te th e p o sitio n o f th e
so u rce a c c u ra te ly e n o u g h so th a t th e y c o u ld b e a sso c ia ted w ith so m e k n o w n
o b je cts.

4 . A ft e r g lo w o f G a m m a R a y B u r s t s

T h e ir p a tie n c e w a s re w a rd e d in 1 9 9 7 , a lm o st th ree d e ca d e s a fte r th e in itia l d is-
c o v e ry o f g a m m a ra y b u rsts. O n 2 8 th F e b ru a ry 1 9 9 7 , a stro n o m ers u se d th e
Ita lia n { D u tch sa tellite (n a m e d B e p p o S A X ) fo r X -ra y o b se rv a tio n s to lo o k a t a

d irec tio n in th e sk y w h e re a b u rst h a d ta k e n p la ce eig h t h o u rs ea rlier. T h e y w e re
h o p in g to ca tch a g lim p se o f th e fa d in g a fte rg lo w in X -ra y w a v e le n g th s, a n d th e y
w ere fo rtu n a te. T h e n e w s o f th e ir d isc o v e ry a ± rm ed th e id e a o f th e o rists, a n d it
sp u rre d fu rth e r re se a rch in th is to p ic .

S o o n a stro n o m e rs d isc o v e red g a m m a ra y b u rst a fte rg lo w s in o th e r w a v e len g th s{
in clu d in g v isib le a n d ra d io . T h e se a re d i± c u lt o b serv a tio n s: a stro n o m ers h a v e
to q u ick ly se t u p th e ir te le sc o p e s{ th e y a re u su a lly n o tī e d a fte r a b u rst h a s b e en
in itia lly d e te cte d a n d lo c a te d w ith in a sm a ll p o rtio n o f th e sk y { p e rh a p s to a rc-
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m in u te re so lu tio n (o n e six tieth o f a d e g re e ). T h en X -ra y sa te llites, a n d la te r o n ,
o p tic a l te le sc o p es a re u sed to tra ck th em d o w n to fu rth e r sm a lle r p o rtio n s o f th e
sk y . T y p ic a lly , th e X -ra y a n d o p tic a l a fterg lo w s c a n b e d e te cte d fo r a b o u t a w e ek ,

a n d in ra d io w a v elen g th s, fo r m o n th s.

T h e In d ia n o b serv a to ry U P S O a t N a in ita l, w ith its m o d e st 1 m e te r o p tic a l te le-
sc o p e is situ a te d a t a cru c ia l p o sitio n o n th e ea rth { it is o n e o f th e fe w o b ser-
v a to rie s b etw e en A u stra lia a n d E u ro p e { a n d h a s p a rtic ip a te d in th e se e x c itin g

e x p erim en ts. T h e G ia n t M e te r-w a v e R a d io T e le sc o p e n e a r P u n e h a s a lso d ete c ted
so m e fa in t a fte rg lo w s in ra d io w a v e len g th s.

A stro n o m e rs' ta sk h a s n o w b e e n a id e d b y a n ew sa te llite c a lle d S w ift, w h ich

w a s la u n ch ed b y N A S A in 2 0 0 4 . It h a s a b u rst d ete c to r a n d a m u lti-w a v e le n g th
o b serv a to ry in X -ra y , u ltra v io let a n d o p tica l w a v ele n g th s, a n d c a n b e u se d to
q u ick ly p o in t th e te le sc o p e to w a rd s a n y b u rst a n d d e te ct ev en fa in t a fterg lo w s.

D u rin g th eir o b se rv a tio n s, a stro n o m ers ta k e th e sp ec tra o f th e a fterg lo w s, a n d
th e y o ften ¯ n d a b so rp tio n lin e s in th e se sp e c tra . T h e se lin e s a re d u e to a b so rp tio n
o f a fte rg lo w lig h t b y in te rv e n in g m a tter { b e tw ee n ea rth a n d th e so u rc e { a t
c erta in w a v elen g th s. O n e u su a lly ¯ n d s th a t th e se lin e s h a v e w a v e len g th s th a t a re
sh ifted to w a rd s th e red co m p a re d to sta n d a rd v a lu e s th a t a re b e n ch m a rk ed fro m
la b o ra to ry e x p e rim e n ts. T h is r̀e d sh ift' is a g e n e ra l p h e n o m en a in o u r e x p a n d in g
u n iv e rse { it w a s th e d isc o v e ry o f re d sh ift o f sp e ctra o f g a la x ie s th a t le d E d w in
H u b b le to p ro p o se a n e x p a n d in g u n iv e rse . W h en a so u rce o f lig h t rec e d es fro m

Figure 2. The gamma ray burst afterglow in visible light fades away quickly and one must quickly

mount a search to be able to catch the light from the burst. Shown here is the dimming of the optical

afterglow of the gamma ray burst of 29th March 2003 (the image on the left was taken on 29th March

and on the right, on 1st May 2004). The position of burst is shown by a circle.

Images were taken at the State Observatory, Nainital, India. (Courtesy : SO, Nainital)
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th e o b se rv e r, th e fre q u e n c y o f lig h t b e c o m es la rg e r, o r it sh ifts fro m b lu e to re d .
T h is is a n a lo g o u s to th e sh ift in th e p itch { fro m h ig h p itch to lo w { o f a siren
fro m a n a m b u la n ce sp e ed in g a w a y fro m u s.

T h e a m o u n t o f re d sh ift te lls u s th e d ista n c e , sin ce o n e k n o w s h o w sp e e d a n d
d ista n c e c o rre la te in o u r e x p a n d in g u n iv e rse. A n d th ese o b serv a tio n s c o n ¯ rm ed
th e in itia l su sp ic io n o f a stro n o m e rs th a t g a m m a ra y b u rsts ty p ic a lly o c c u rred
a t v e ry la rg e d ista n c es { so m e tim e s a t th e e d g e s o f th e k n o w n u n iv erse. T h e

m o st d ista n t g a m m a ra y b u rst th a t h a s b ee n d ete c ted so fa r w a s se e n o n 5 th
S e p tem b e r 2 0 0 5 , a n d fro m its sp e ctru m , it w a s d e d u c e d th a t it o rig in a te d w h en
th e u n iv erse w a s b a re ly a b illio n y e a r o ld { co m p a red to its p re se n t a g e o f a b o u t
1 4 b illio n y ea rs. T h e co n c ep t o f d ista n c e in a n e x p a n d in g u n iv erse is a b it trick y ,
a n d so m e tim e s it is b e tte r to d isc u ss in term s o f th e tim e o f th e ev en t.

T h e la rg e d ista n c e s in v o lv ed in th e se ev e n ts n ec e ssa rily m e a n la rg e a m o u n t o f e n -
e rg y re le a se { fo r a c erta in a p p a ren t b rig h tn e ss in th e sk y , th e a c tu a l lu m in o sity o f
a n o b je ct in c re a se s a s th e sq u a re o f th e a ssu m e d d ista n c e. A stro n o m ers d e d u c ed

fro m th is sim p le e stim a te th e e n e rg y o u tp u t in v o lv e d in so m e g a m m a ra y b u rsts
to b e a s la rg e a s 1 0 4 8 J . T h is is a sta g g e rin g a m o u n t o f en e rg y in d e ed { it is ev en
la rg e r th a n w h a t o n e w o u ld g e t if th e m a ss o f th e su n w ere c o n v erte d to e n erg y
(u sin g E = m c 2 ). It is a lm o st im p o ssib le to th in k o f a sce n a rio o f c o n v e rtin g su ch
a la rg e a m o u n t o f m a ss to e n e rg y in se co n d s.

A stro n o m e rs so o n fo u n d th a t g a m m a ra y b u rsts d o n o t e m it e q u a lly in a ll d ire c-
tio n s, w h ere a s th e y a ssu m ed so fo r th eir e stim a te o f to ta l e n e rg y in v o lv e d . W h en
th e y tra ck e d th e e v o lu tio n o f a fterg lo w in ten sity , th ey fo u n d th a t a fter so m e tim e ,
th e in d e x ® fo r tim e e v o lu tio n (in t¡ ® ) ch a n g e d m a rk ed ly , th e in te n sity fa llin g

ste ep ly a fte rw a rd . T h is w a s in te rp rete d a s th e sig n th a t th e g e o m etry o f th e
e m ittin g re g io n ch a n g e s w ith tim e. In itia lly th e m o tio n is c o n ¯ n ed to a n a rro w
a n g le , so th e m a te ria l u p ta k e fro m th e su rro u n d in g s is lim ite d a n d th e slo w d o w n
is g ra d u a l. A fte r a ce rta in tim e , w h e n th e fo rw a rd m o tio n o f th e jet slo w s d o w n
su ± c ie n tly , th e sid ew a y s ex p a n sio n b ec o m e s m o re d o m in a n t. T h e o p e n in g a n g le

o f th e jet ra p id ly in c re a se s, e n h a n c in g th e ra te o f m a te ria l u p ta k e a n d c o n se-
q u en tly th a t o f slo w in g d o w n o f th e je t. T h e slo w in g d o w n c a u ses th e in ten sity
to d ro p . A lso , b e ca u se o f th e g ra d u a l slo w in g d o w n o f th e je t, th e ra d ia tio n is
n o t b ea m ed in a n a rro w a n g le a n y m o re . T h e se tw o e® e cts c o m b in e to m a k e th e
in te n sity fa d e ste e p ly a fter a c e rta in tim e . T h is su d d en d ro p o f in ten sity o c cu rs

a t a ll w a v elen g th s, a n d th e refo re c a n b e e a sily d ete rm in e d .
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F ro m th is, o n e ca n e stim a te th e a n g le o f th e in itia l c o n e o f ra d ia tio n { a s in a
lig h th o u se b ea m . T h is c a n th e n b e u sed to e stim a te th e to ta l e n e rg y re le a sed
b y th e so u rce , a n d it w a s fo u n d th a t th e n e w estim a te s o f e n e rg y a re lo w e r b y

fa c to rs a s la rg e a s 1 0 0 { 1 0 0 0 th a n th e p rev io u s o n e s. T h e to ta l en e rg y o u tp u t is
ty p ic a lly in th e ra n g e o f 1 0 4 4 ¡ 4 5 J , w h ich is n o t m u ch la rg er th a n th a t o f a n o rm a l
su p ern o v a , a n d th ere fo re is n o t a b su rd ly la rg e.

5 . S u p e r n o v a e a n d G a m m a R a y B u r s t s

A s a m a tte r o f fa c t, th e c o m p a riso n w ith su p e rn o v a m a y n o t b e a co in c id en ce .
S u p ern o v a s h a p p e n to b e sta rs m o re m a ssiv e th a n e ig h t tim e s o u r su n , w h en th e y
ru n o u t o f n u c lea r fu el to p ro d u c e e n e rg y (fro m th e rm o n u c lea r rea ctio n s, co u rte sy
E = m c 2 ) a n d ca n n o t su p p o rt th e g ra v ity o f th e ir h u g e m a ss a n y lo n g e r. T h e
c o re th e n co lla p se s u n d e r g ra v ity to fo rm a n e u tro n sta r a s m e n tio n ed e a rlie r (o r
a b la ck h o le, if it tu rn s o u t to b e v e ry m a ssiv e ). T h e e n erg y relea se d d u e to th is
d riv e s th e re st o f th e sta r o u tw a rd s, sh re d d in g it to p ie c es a n d p ro d u c in g a b rig h t
e x p lo sio n . T h e sp e ed o f e x p a n sio n is n o t la rg e fo r m o st su p e rn o v a s: ty p ica lly it

is » 1 0 7 m / s, a n d so » 0 :0 3 c , m u ch sm a ller th a n th a t n ee d e d in a g a m m a ra y
b u rst ¯ re b a ll. B u t a stro n o m ers w o n d e red if th e re w a s a c la ss o f su p e rn o v a , w h ich
th e y ten ta tiv e ly c a lled a h y p e rn o v a , in w h ich m o st o f th e en e rg y is d ep o site d in
a n a rro w je t w h ich c o u ld p ro d u c e g a m m a ra y b u rst ¯ re b a lls.

In A p ril 1 9 9 8 , a stro n o m e rs d e te cte d a n e n e rg e tic su p e rn o v a , o ± cia lly n a m ed
S N 1 9 9 8 b w , a n d it w a s se en a t a lo c a tio n w h e re th e re w a s a g a m m a ra y b u rst
a fe w d a y s e a rlie r. T h e p ro b a b ility o f th is b e in g m e re c o in c id e n c e (co n sid erin g
th e sm a ll p o rtio n o f th e sk y w ith in w h ich th e g a m m a ra y b u rst w a s lo c a te d ) w a s
e stim a te d to b e le ss th a n 0 :0 1 % . B u t th is w a s n o t a p ro o f th a t g a m m a ra y b u rsts

a re a sso cia te d w ith su p e rn o v a s { th is o n e co u ld b e a n u n u su a l su p e rn o v a , a n d
m a n y a stro n o m e rs a rg u e d th a t th e g a m m a ra y b u rst w a s u n u su a lly le ss en erg etic
th a n th e ty p ica l b u rsts.

T h e n , in M a rch 2 0 0 3 , a sa te llite n a m e d H E T E -2 (H ig h -E n e rg y T ra n sien t E x -
p lo re r) w ith X -ra y d e tec to r a b o a rd , fo u n d a b rig h t g a m m a ra y b u rst. It tu rn ed
o u t to b e a n e a rb y o n e, ju d g ed fro m th e a b so rp tio n lin es in its sp ec tru m { ju st
a b o u t 2 b illio n lig h t y e a rs a w a y . A n d a su p ern o v a w a s se e n to g o o ® a lm o st
sim u lta n e o u sly ! T h e a fterg lo w o f th e b u rst w a s tra ck ed in d i® ere n t w a v e le n g th s,

a n d a fte r a fe w d a y s, so m e em issio n lin e s w e re se e n in its sp ec tru m th a t w e re
sim ila r to th o se se e n in th e su p ern o v a in 1 9 9 8 . T h e lin e s w ere w id e b ec a u se o f
D o p p le r sh ift a n d th e sp e e d in v o lv e d w a s e stim a te d to b e » 0 :1 2 c . E x tra p o la tin g
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b a ck w ith th is e stim a te o f sp e ed , a stro n o m e rs fo u n d th a t th e su p e rn o v a a n d th e
g a m m a ra y b u rst o c cu rre d a t th e sa m e in sta n t.

A lth o u g h o n e su ch ev en t c a n n o t c o n stitu te a p ro o f th a t a ll g a m m a ra y b u rsts a re
a sso cia te d w ith so m e c la ss o f su p ern o v a , b u t th is o b se rv a tio n su g g este d a d e ep
lin k b etw e en th e se tw o p h en o m e n a . T h e m o st p o p u la r m o d e l o f co n n e ctin g th e se
p h e n o m e n a n o w a p p e a rs to b e th e c̀ o lla p sa r' m o d e l.

V e ry m a ssiv e sta rs, in th e ir in itia l y ea rs, sh ed th eir su rfa c e la y e rs o w in g to th e
p re ssu re o f th e ra d ia tio n fro m th e sta r. T h e re m a in in g sta r th en b u rn s in its
c o re (th ro u g h th erm o n u c le a r re a ctio n s) to sh in e a n d q u ick ly d e p le te s its su p p ly
o f n u c le a r fu e l. A c o re c o lla p se en su es, ju st lik e in n o rm a l su p ern o v a , b u t h e re th e

c o re is v ery m a ssiv e a n d it fo rm s a b la ck h o le . P a rt o f th e ste lla r m a teria l n e a r th e
c o lla p sed c o re b e g in s to o rb it th is b la ck h o le a n d fo rm s a d isk , th e m a tter in sid e
w h ich slo w ly lo ses its a n g u la r m o m en tu m a n d sin k s in w a rd . A t th e sa m e tim e ,
th e re st o f th e sta r slo w ly re sp o n d s to th e ev e n ts in th e c en tre . T h e d i® e re n ce in
th e m o tio n o f m a tte r { w h ich is ch a rg ed (io n iz ed ) b e ca u se o f th e h ig h te m p era tu re

{ n e a r th e c o re a n d a w a y fro m th e c o re , a cts lik e a g e n e ra to r a n d p ro d u c e s h ig h
e le ctric a n d m a g n e tic ¯ eld s. T h e e ® e c t o f th ese stro n g ¯ e ld s is to eje c t m a tte r
a lo n g th e ro ta tio n a l a x is o f th e sta r. T h e stro n g je t p lo u g h s th ro u g h th e su rfa c e
la y e rs o f th e sta r, ta k in g a fe w se co n d s to em e rg e o u t o f it. T h e sta r is rip p ed
a p a rt in th is p ro c ess in a n e x p lo sio n , w h ich is o b se rv e d a s a su p e rn o v a . W h en th e

jet h a s tra v elle d o u tsid e th e sta r, a fter a w h ile , d i® ere n t p a rts o f th e je t m o v in g
w ith d i® e ren t sp e ed s c o llid e a n d re lea se en erg y in p o w erfu l g a m m a ra y s { th is
c a u se s th e g a m m a ra y b u rst.

N o w , o n e n ee d s to b e a lm o st in th e lin e o f sig h t o f th e je t to d ete c t th e g a m m a ra y

b u rst. It is h o w ev e r p o ssib le th a t th ere a re m a n y su ch ex p lo sio n s o f c̀ o lla p sa rs'
in w h ich jets p o in t in so m e o th er d ire ctio n a n d n o t to w a rd s th e ea rth . In th a t
c a se w e o n ly se e a su p e rn o v a a n d n o t th e g a m m a ra y b u rst.

H o w e v e r, it tu rn s o u t th a t a n o th er e ® e c t o f a g a m m a ra y b u rst is a lso d ete c ted
so m e tim e s. W h en th e jet a d v a n c es, its slo w ly m o v in g p a rts em it ra d ia tio n th a t is
n o t b e a m e d in th e fo rw a rd d ire ctio n , a n d sin c e th is ra d ia tio n c o m es fro m slo w ly
m o v in g m a tte r, it is n o t sh ifted to v e ry h ig h e n e rg ie s, a n d th e refo re it sh o w s u p
a t a lo w e r en e rg y, in X -ra y s. A stro n o m e rs th ere fo re th o u g h t th a t th e re sh o u ld

b e b rig h t X -ra y ° a sh e s fo r g a m m a ra y b u rsts w h ich a re m issed o n a c c o u n t o f
m isa lig n m e n t o f th e je t a x is w ith o u r lin e o f sig h t. S in ce th e jets a re u su a lly
n a rro w , o n e ex p ec ts m a n y m o re m issed b u rsts th a n d e tec te d b u rsts, o r in o th e r
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w o rd s, m o re X -ra y ° a sh e s th a n g a m m a ra y b u rsts.

A stro n o m e rs h a v e in d e e d d e te cte d th e se X -ra y ° a sh e s w ith d e te cto rs a b o a rd B e p -
p o S A X a n d H E T E -2 . T h e y ex p ec te d th a t, ¯ rstly, th e so u rce s o f X -ra y ° a sh es
sh o u ld b e n e a rb y { sin c e th ese a re e x p e cte d to b e n o t a s b rig h t a s a ty p ic a l
g a m m a ra y b u rst a n d ca n n o t b e d ete c ted fro m a la rg e d ista n ce . S ec o n d ly , th e
X -ra y ° a sh e s sh o u ld c o m e to g e th er w ith a su p e rn o v a . A n d th ird ly, sin c e th e a s-
so c ia te d a fte rg lo w sh o u ld p o in t in a d i® ere n t d ire ctio n , it sh o u ld b e d im in itia lly

a n d th en b rig h te n , fo llo w e d b y a d ec a y lik e a ll o th er a fterg lo w s. T h e se e x p e c-
ta tio n s h a v e b e en m et b y th e X -ra y ° a sh e s th a t h a v e b e en d e te cte d , b eg in n in g
w ith o n e in 2 0 0 3 .

T h e c o lla p sa r m o d el is n o w b e in g d e v e lo p e d in d eta il b y sc ien tists, a lth o u g h
a stro n o m e rs h a v e n o t co m p le tely a b a n d o n ed o th e r h y p o th eses, lik e m e rg e rs o f
n e u tro n sta rs o r en e rg e tic w in d s fro m n ew ly fo rm e d , h ig h ly m a g n etic n e u tro n
sta rs. O n e c la ss o f g a m m a ra y b u rsts { w h ich la st sh o rte r th a n th e m o re p o w e rfu l
a n d lo n g er o n e s { a p p ea r to o rig in a te in a d i® e re n t se t o f o b je c ts. A stro n o m ers

th in k th e y o rig in a te in n eu tro n sta rs th a t h a v e e x trem e ly h ig h m a g n e tic ¯ e ld s
(c a lle d m̀ a g n e ta rs') a n d m o st o f th em a re n e a rb y, a s th ey a re n o t p o w erfu l a s
th e o th er, c̀o lla p sa r' re la ted g a m m a ra y b u rsts. F u tu re o b se rv a tio n s w ill tell
a stro n o m e rs if th e re a re o th e r su rp rises a n d tw ists in th e sto ry o f g a m m a ra y
b u rsts, o r if th e y h a v e u n co v ere d th e m y stery b e h in d th e b ig g e st e x p lo sio n s in

th e u n iv e rse .
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