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Evidence for X -ray synchrotron em ission from sim ultaneous  

m id-IR  to  X-ray observations o f a strong Sgr A* flare

K . D o d d s - E d e n 1’*, D . P o r q u e t2 , G . T r a p 3,4, E . Q u a t a e r t 5 , X . H a u b o is 6 , S. G il le s s e n 1,

N . G ro s s o 2, E . P a n t i n 3’7 , H . F a lc k e 8,9, D . R o u a n 6, R . G e n z e l1,10, G . H a s in g e r 1,

A . G o ld w u r m 3,4, F . Y u s e f -Z a d e h 11, Y . C le n e t6 , S. T r ip p e 1, P .-O . L a g a g e 3,7, H . B a r t k o 1,

F . E i s e n h a u e r 1, T . O t t 1, T . P a u m a r d 6, G . P e r r in 6 , F . Y u a n 12, T .K . F r i t z 1, L . M a s c e t t i1

A B S T R A C T

T h is  p a p e r  r e p o r t s  m e a s u r e m e n ts  o f  S g r A *  m a d e  w i th  N A C O  in  L '- b a n d  

(3 .8 0  ^ m ) ,  K s - b a n d  (2 .1 2  ^ m )  a n d  H - b a n d  (1 .6 6  ^ m )  a n d  w i th  V IS IR  in  N - b a n d  

(1 1 .8 8  ^ m )  a t  t h e  E S O  V L T 1, a s  w ell a s  w i th  X M M -N e w to n  a t  X - ra y  (2 -10  k eV ) 

w a v e le n g th s . O n  4 A p r il ,  2007 , a  v e ry  b r ig h t  f la re  w as  o b s e rv e d  f ro m  S g r A * 

s im u l ta n e o u s ly  a t  L '- b a n d  a n d  X - ra y  w a v e le n g th s . N o  e m is s io n  w as  d e te c te d
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u s in g  V IS IR . T h e  r e s u l t in g  S E D  h a s  a  b lu e  s lo p e  (fl >  0 fo r  v L v <x v ^ , c o n s is te n t  

w i th  v L v <x v 0'4) b e tw e e n  12 m ic ro n  a n d  3 .8  m ic ro n .

F o r  th e  f ir s t  t im e  o u r  h ig h  q u a l i ty  d a t a  a llo w  a  d e ta i le d  c o m p a r is o n  o f  in f r a r e d  

a n d  X - ra y  l ig h t  c u rv e s  w i th  a  r e s o lu t io n  o f  a  few  m in u te s .  T h e  I R  a n d  X - ra y  f la re s  

a r e  s im u l ta n e o u s  to  w i th in  3 m in u te s .  H o w e v e r th e  I R  f la re  la s t s  s ig n if ic a n tly  

lo n g e r  t h a n  th e  X - ra y  f la re  ( b o th  b e fo re  a n d  a f te r  t h e  X - ra y  p e a k )  a n d  p r o m in e n t  

s u b s t r u c tu r e s  in  th e  3 .8  m ic ro n  l ig h t c u rv e  a r e  c le a r ly  n o t  se en  in  th e  X - ra y  d a ta .

F ro m  th e  s h o r te s t  t im e s c a le  v a r ia t io n s  in  th e  L '- b a n d  l ig h tc u rv e  w e f in d  t h a t  th e  

f la r in g  r e g io n  m u s t  b e  n o  m o re  t h a n  1.2 R S in  size.

T h e  h ig h  X - ra y  to  in f r a r e d  f lu x  r a t io ,  b lu e  v L v s lo p e  M IR  to  L '- b a n d ,  a n d  

th e  so f t v L v s p e c t r a l  in d e x  o f  th e  X - ra y  f la re  to g e th e r  p la c e  s t r o n g  c o n s t r a in ts  o n  

p o s s ib le  f la re  e m is s io n  m e c h a n is m s . W e f in d  t h a t  i t  is q u a n t i t a t iv e ly  d iff ic u lt to  

e x p la in  th i s  b r ig h t  X - ra y  f la re  w i th  in v e rse  C o m p to n  p ro c e s se s . A  s y n c h r o tr o n  

e m is s io n  s c e n a r io  f ro m  a n  e le c t r o n  d is t r ib u t io n  w i th  a  c o o lin g  b r e a k  is a  m o re  

v ia b le  s c e n a r io .

S u b je c t  h ea d in g s:  a c c re t io n ,  a c c r e t io n  d isk s  —  b la c k  h o le  p h y s ic s  —  in f ra re d :  

g e n e ra l  —  r a d ia t io n  m e c h a n is m s : g e n e ra l  —  G a la x y : c e n te r  —  X -ra y s : g e n e ra l

1 . I n t r o d u c t i o n

T h e  r a d io  so u rc e  c o in c id e n t w i th  th e  g r a v i t a t io n a l  c e n te r  o f  t h e  M ilk y  W ay , n a m e d  

S g r A * , w as  f ir s t  d is c o v e re d  b y  B a lic k  &  B ro w n  in  1 9 7 4 . I t  h a d  a l r e a d y  b e e n  s u g g e s te d  

(L y n d e n -B e ll  &  R e e s  1 9 7 1 ) t h a t  t h e  M ilk y  W a y  m a y  h o s t  a  s u p e rm a s s iv e  b la c k  h o le  a t  

i t s  c e n te r ,  a n d  th e  n e w ly  d isc o v e re d , u n re s o lv e d  so u rc e  lo o k e d  lik e  i t  c o u ld  w ell b e  th e  

m a n i f e s ta t io n  o f  su c h  a n  o b je c t .  T h a t  th e r e  r e a l ly  is a  s u p e rm a s s iv e  b la c k  h o le  o f  ~  4 x  

106M q , h a s  n o w  b e e n  p ro v e n  b e y o n d  r e a s o n a b le  d o u b t  th r o u g h  lo n g - te r m  m o n i to r in g  a n d  

o b s e r v a t io n  o f  t h e  c lu s te r  o f  s t a r s  o r b i t in g  w ith in  a rc s e c o n d s  o f  t h e  b la c k  h o le , m o s t  n o ta b ly  

t h e  s t a r  S2 (S 0 -2  in  G h e z  e t  a l. 2 0 0 3 ) w h ic h  h a s  c o m p le te d  a  c o m p le te  1 5 -y e a r  o r b i t  s in c e  th e  

f ir s t  m o n i to r in g  o b s e rv a t io n s  in  1992 (S c h o d e l e t  a l. 2 0 0 2 ; G h e z  e t  a l. 2 0 0 3 ; E is e n h a u e r  e t  a l.

2 0 0 5 ).

S g r A *  is th u s  a  so u rc e  o f  in te n s e  o b s e r v a t io n a l  a n d  th e o r e t ic a l  in te r e s t ,  s in c e  i t  p ro v id e s  

a n  a v e n u e  b y  w h ic h  to  s tu d y  th e  p h y s ic s  o f  a c c r e t io n  in  th e  p re s e n c e  o f  e x t r e m e  g r a v i t a t io n a l  

f ie ld s. H o w ev er, i t  is  u n u s u a l ly  d im  fo r  a  s u p e rm a s s iv e  b la c k  h o le  (R ie k e  &  L e b o fsk y  1 9 8 2 ). 

T h e  s p e c t r a l  e n e rg y  d i s t r ib u t io n  o f  t h e  r a d io  so u rc e  r is e s  f ro m  r a d io  to w a rd s  s u b m m  w av e 

le n g th s ,  b u t  n o  s te a d y  e m is s io n  c a n  b e  d e te c te d  a b o v e  ro u g h ly  1012 H z , im p ly in g  t h a t  th e  

s p e c t r a l  e n e rg y  d i s t r ib u t io n  (S E D ) tu r n s  a b r u p t l y  a r o u n d  a t  th i s  p o in t  ( th is  f e a tu r e  h a s  b e e n
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n a m e d  th e  ‘s u b m m  b u m p ’). T h e  o v e ra ll  lu m in o s i ty  is f a r  b e lo w  (b y  a  h u g e  f a c to r  o f  ~  108) 

t h a t  e x p e c te d  fo r  a  b la c k  h o le  a c c r e t in g  a t  t h e  E d d in g to n  r a te .

I t  w a s  o n ly  r e c e n t ly  t h a t  t h e  so u rc e  w as  d is c o v e re d  a t  a ll o n  th e  h ig h  f re q u e n c y  s id e  o f 

t h e  s u b m m  b u m p , w h e re  i t  w as  f o u n d  to  e x h ib i t  s t r o n g  f la re s  in  th e  X - ra y  (B a g a n o f f  e t  al. 

2 0 0 1 ) a n d  in  th e  n e a r - in f r a r e d  (N IR )  (G e n z e l e t  a l. 2 0 0 3 ). A  s te a d y  q u ie sc e n t s t a t e  in  th e  

X -ra y s  a t  v e ry  low  lu m in o s it ie s  w as  a lso  f o u n d  (B a g a n o f f  e t  al. 2 0 0 3 ). T h e  q u ie sc e n t s t a t e  

h a s  n e v e r  b e e n  d e te c te d  u n a m b ig u o u s ly  in  th e  N IR , n o r  h a s  i t  e v e r  b e e n  d e te c te d  a t  m id -  

in f r a r e d  (M IR )  w a v e le n g th s  fo r  w h ic h  o n ly  u p p e r  l im its  c a n  b e  d e te r m in e d  o n  e i th e r  th e  

q u ie sc e n t s t a t e  o r  p o s s ib le  f la r in g  a c t iv i ty  (see  fo r  e x a m p le , S c h o d e l e t  a l. 2 0 0 7 ).

S u b s e q u e n t  t o  th e  f ir s t  d e te c t io n s  o f  S g r  A *  f la r in g  in  th e  X - ra y  a n d  N IR , a  n u m b e r  o f 

f la re s  h a v e  b e e n  o b s e rv e d  in  b o t h  I R  a n d  X - ra y  w a v e le n g th s . M u lt iw a v e le n g th  c a m p a ig n s  

c o - o r d in a t in g  te le s c o p e s  a c ro s s  th e  e le c t r o m a g n e t ic  s p e c t r u m  h a v e  w o rk e d  to w a rd s  o b ta in in g  

s im u l ta n e o u s  o b s e rv a tio n s .

S o m e  g e n e ra l  p r o p e r t i e s  c o n c e rn in g  th e  I R  a n d  X - ra y  f la re s  t h a t  h a v e  e m e rg e d  f ro m  

th o s e  s tu d ie s  a re :

1. I R / N I R  f la re s  o c c u r  o n  a v e ra g e  ~  4 t im e s  p e r  d a y  (see  e .g . F ig u r e  18, E c k a r t  e t  a l. 

2 0 0 6 a ), o r  b e tw e e n  30 -4 0 %  o f  th e  o b s e rv in g  t im e  (Y u se f-Z a d e h  e t  a l. 2 0 0 6 ).

2. S tr o n g  X - ra y  f la re s  o c c u r  o n  a v e ra g e  ~  1 p e r  d a y  (B a g a n o f f  2 0 0 3 ). H o w e v er, a n  e n 

h a n c e d  r a t e  o f  X - ra y  f la r in g  c a n  b e  o b s e rv e d  w i th in  a  t im e  in te r v a l  o f  ro u g h ly  h a l f  a  d a y  

(e .g . a  b r ig h t  f la re  fo llo w ed  b y  th r e e  f la re s  o f  m o re  m o d e r a te  a m p l i tu d e  P o r q u e t  e t  al. 

2 0 0 8 ).

3. E v e ry  X - ra y  f la re  a p p e a r s  t o  b e  a s s o c ia te d  w i th  a  N I R  f la re , h o w e v e r  n o t  e v e ry  N IR  

f la re  is a s s o c ia te d  w i th  a n  X - ra y  f la re  (e .g ., H o r n s te in  e t  a l. 2 0 0 7 ).

4. X - ra y  a n d  N I R  f la re s  o c c u r  s im u lta n e o u s ly , w i th  n o  s ig n if ic a n t d e la y  (E c k a r t  e t  a l.

2 0 0 4 , 2 0 0 6 c ; Y u se f -Z a d e h  e t  a l. 2 0 0 6 ).

5. S u b s t r u c tu r a l  v a r ia t io n s  w i th  c h a r a c te r i s t ic  t im e s c a le s  o f  15-25  m in u te s  a r e  se e n  in  IR  

f la re s  o n  a  r e g u la r  b a s is  (G e n z e l e t  a l. 2 0 0 3 ; M e y e r e t  a l. 2 0 0 6 b ; E c k a r t  e t  a l. 2 0 0 6 c ; 

T r ip p e  e t  a l. 2 0 0 7 ).

6 . S ig n if ic a n t d ro p s  in  f lu x  a re  s o m e tim e s  se e n  d u r in g  X - ra y  f la re s  (B a g a n o f f  e t  a l. 2 0 0 3 ; 

P o r q u e t  e t  a l. 2 0 0 3 ).

7. P o la r im e t r i c  in v e s t ig a t io n s  o f  th e  f la re s  in  th e  N I R  h a v e  sh o w n  t h a t  t h e  so u rc e  is 

s ig n if ic a n tly  p o la r iz e d  (E c k a r t  e t  a l. 2 0 0 6 b ) a n d  t h a t  th e  p o la r iz a t io n  a n g le  c a n  sw in g

in  th e  t a i l  e n d  o f  t h e  f la re  ( T r ip p e  e t  a l. 2 0 0 7 ; M e y e r  e t  a l. 2 0 0 6 b ).
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8 . A t h ig h  flu x e s  th e  f la re  h a s  a  c o n s ta n t  b lu e  s p e c t r a l  in d e x  in  v L v2 o f  fl =  0 .4  b e tw e e n  

3 .8  a n d  1.6 ^ m  (H o r n s te in  e t  a l. 2 0 0 7 ; G ille s se n  e t  a l. 2 0 0 6 ). F o r  lo w  flu x e s  i t  a p p e a r s  

t h a t  th e  f la re  sh o w s r e d  v L v s p e c t r a l  in d ic e s  (G h e z  e t  a l. 2 0 0 5 ; E is e n h a u e r  e t  a l. 2 0 0 5 ; 

K r a b b e  e t  a l. 2 0 0 6 ) w i th  a  p o s s ib le  t r e n d  o f  s p e c t r a l  in d e x  w i th  f lu x  (G ille s se n  e t  a l. 

2 0 0 6 ) a l th o u g h  th i s  is  d is p u te d  (H o r n s te in  e t  a l. 2 0 0 7 ).

9. T h e  tw o  b r ig h te s t  X - ra y  f la re s  ( P o r q u e t  e t  a l. 2 0 0 3 , 2 0 0 8 ) h a v e  b e e n  o b s e rv e d  to  h a v e  

w ell c o n s t r a in e d  so ft v L v s p e c t r a l  in d e x  v a lu e s  f l =  0 .2  ±  0 .3  a n d  fl =  0 .3  ±  0 .3  c a l 

c u la te d  a t  a  90%  c o n f id e n c e  r a n g e  ( P o r q u e t  e t  a l. 2 0 0 8 ). W h ile  s e v e ra l f a in te r  f la re s  

w e re  o b s e rv e d , o n ly  a  sm a ll n u m b e r  o f  p h o to n  in d e x  v a lu e s  h a s  b e e n  r e p o r te d ;  th e  

l a t t e r  e x h ib i t in g  h a r d e r  s p e c t r a l  in d ic e s  (e .g .,  B a g a n o f f  e t  a l. 2 0 0 1 ). A  r e -a n a ly s is  o f 

X M M -N e w to n  a rc h iv a l  f la re s  p e r f o r m e d  b y  P o r q u e t  e t  a l. (2 0 0 8 ) w i th  a  h o m o g e n e o u s  

d a t a  a n a ly s is  sh o w s t h a t  a t  low  X - ra y  f lu x  th e  s p e c t r a l  in d e x  is  in  f a c t  n o t  w ell c o n 

s t r a in e d  a n d  a  so ft in d e x  a s  f o u n d  fo r  t h e  tw o  b r ig h te s t  f la re s  c a n n o t  b e  e x c lu d e d . 

S im ila r ly , M a s c e t t i  e t  a l. 20 08  ( s u b m it te d )  a n a ly s e s  a  c o -a d d e d  s p e c t r u m  o f  a ll C h a n 

d r a  f la re s  to  d a t e  a n d  re a c h e s  th e  s a m e  c o n c lu s io n  (i.e . t h a t  so f t v L v in d ic e s  a r e  n o t  

e x c lu d e d ) .  T h e re fo re ,  h ig h e r  S /N  s p e c t r a  fo r  in d iv id u a l  w e a k /m o d e r a te  X - ra y  f la re s  

a r e  s t i l l  r e q u ir e d  to  e s ta b l is h  w h e th e r  a ll f la re s  h a v e  s im ila r  s p e c t r a l  s h a p e  o r  n o t .

10. T h e  X - ra y  f la re s  a p p e a r  u n a m b ig u o u s ly  to  b e  ‘e v e n ts ’, i.e . s h o r t ,  la rg e  a m p l i tu d e  

o u tb u r s t s  fo llo w ed  b y  w h a t  lo o k s  lik e  a  p e r f e c t ly  f la t  b a s e lin e  (B a g a n o f f  e t  a l. 2 0 0 3 ; 

P o r q u e t  e t  a l. 2 0 0 8 ). I n  th e  in f r a re d ,  i t  is  le ss  c le a r  w h e th e r  th i s  p ic tu r e  a p p lie s  o r  

w h e th e r  t h e  I R  ‘f la r e s ’ a r e  s im p ly  p e a k s  w i th in  a n  u n d e r ly in g  se a  o f  v a r ia b i l i ty  w i th  

th e  c h a r a c te r i s t ic s  o f  r e d  n o ise . S im ila r ly , i t  is d e b a te d  w h e th e r  t h e  s u b s t r u c tu r a l  

f e a tu r e s  se en  in  I R  f la re s  c o r re s p o n d  to  a  c h a r a c te r i s t ic  f re q u e n c y  o f  th e  s y s te m  (a  

q u a s i  p e r io d ic  o s c i l la t io n  ( Q P O ) ) ,  o r  w h e th e r  i t  is  c a u s e d  b y  s t a t i s t i c a l  f lu c tu a t io n s  in  

a  s m o o th ,  r e d  n o ise  p o w e r  s p e c t r u m  ( ? M e y e r  e t  a l. 2 0 0 8 ).

N o te  t h a t  th e r e  a re  a lso  m a n y  i m p o r t a n t  r e s u l t s  f ro m  o b s e rv a t io n s  a t  lo n g e r  w a v e le n g th s , 

b u t  s in c e  w e a r e  d i r e c t ly  c o n c e rn e d  w ith  th e  I R  a n d  X - ra y  d a t a  w e h a v e  o b ta in e d ,  w e h a v e  n o t  

g o n e  in to  th e m  in  th i s  p a p e r .  T h e  fu ll r e s u l t s  o f  o u r  A p r il  2 0 0 7  m u l t iw a v e le n g th  c a m p a ig n  

in c lu d in g  th e  o b s e rv a t io n s  a t  r a d io  a n d  s u b m m  w a v e le n g th s  w ill b e  p r e s e n te d  in  Y u se f-Z a d e h  

e t  a l. (2 0 0 9 , in  p re p .) .

T h e  q u ie sc e n t s t a t e  o f  S g r A *  c a n  b e  su c c e ss fu lly  d e s c r ib e d  b y  e i th e r  a  r a d ia t iv e ly  

in e ff ic ie n t a c c r e t io n  flow  (o r  R IA F ; see  fo r  e x a m p le  Y u a n  e t  a l. 2 0 0 3 ), o r  a s  a r is in g  f ro m  

t h e  b a s e  o f  a  c o m p a c t  j e t  (F a lc k e  &  M a rk o ff  2 0 0 0 ). E a c h  o f  th e s e  m o d e ls  c a n  d e s c r ib e  th e

2 Here and elsewhere in th is paper we use to  denote the vL v spectral index, defined as vL v <x .
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o b s e rv e d  p r o p e r t i e s  o f  t h e  q u ie sc e n t s t a t e  w i th  s im ila r  m a g n e t ic  fie ld  s t r e n g th s  ( B  ~  30 

G ) a n d  e le c t r o n  e n e rg ie s  (7 =  E / m c 2 ~  10). T h e  a d d i t io n  o f  B r e m s t r a h lu n g  e m is s io n  

f ro m  w ith in  th e  B o n d i a c c r e t io n  r a d iu s  (RBondi ~  1 '') e x p la in s  th e  X - ra y  q u ie sc e n t e m is s io n  

( Q u a ta e r t  2002).

T h e  o r ig in  o f  t h e  f la re  e m is s io n  w i th in  e i th e r  o f  th e s e  b a s ic  p ic tu r e s  is m u c h  le ss  c e r ta in .  

T h e  h ig h  d e g re e  o f  l in e a r  p o la r iz a t io n  o f  t h e  f la re s  a t  I R  w a v e le n g th s  p o in ts  t o  a  s y n c h r o tr o n  

o r ig in , b u t  th e  e m is s io n  m e c h a n is m  re s p o n s ib le  fo r  t h e  X - ra y  f la re s  is n o t  k n o w n . I n  th e  

a n a ly s is  o f  t h e  s im u l ta n e o u s  I R /X - r a y  m u lt iw a v e le n g th  o b s e rv a t io n s  to  d a te ,  in v e rse  C o m p 

t o n  s c a t t e r in g  p ro c e s se s  h a v e  b e e n  fa v o re d . E c k a r t  e t  a l. (2 0 0 4 ) a n d  E c k a r t  e t  a l. (2 0 0 6 c ) 

e x p la in e d  th e  s im u l ta n e i ty  a n d  th e  o b s e rv e d  flu x es  o f  in f r a r e d  a n d  X - ra y  f la re s  th r o u g h  

t h e  s y n c h r o tr o n  se lf  C o m p to n  (S S C ) e m is s io n  o f  a  c o m p a c t  so u rc e  c o m p o n e n t  e m i t t in g  p r i 

m a r i ly  a t  m m /s u b m m  w a v e le n g th s , w i th  th e  e m is s io n  a t  I R  w a v e le n g th s  p o s s ib ly  d u e  to  

a  c o m b in a t io n  o f  s y n c h r o tr o n  a n d  S S C  e m iss io n . In  Y u se f -Z a d e h  e t  a l. (2 0 0 6 ), t h e  I R  a n d  

X - ra y  o b s e rv a t io n s  w e re  in t e r p r e te d  w i th in  a  p ic tu r e  w h e re  th e  X - ra y  e m is s io n  w as  d u e  to  

in v e rse  C o m p to n  s c a t t e r in g  o f  s u b m m  a n d  I R  p h o to n s  in v o lv in g  p o p u la t io n s  o f  b o t h  s u b m m - 

e m i t t in g  a n d  I R - e m i t t in g  e le c tro n s . L iu  e t  a l. (2 0 0 6 a ) a n d  Y u a n  e t  a l. (2 0 0 3 ) a lso  p re s e n t  

m o d e ls  in v o lv in g  in v e rse  C o m p to n  p ro c e s se s . S y n c h r o tr o n  m o d e ls  fo r  t h e  X - ra y  f la re  h a v e  

b e e n  s u g g e s te d  b y  M a rk o ff  e t  a l. (2 0 0 1 ) a n d  Y u a n  e t  a l. (2 0 0 3 ) a n d  I R /X - r a y  s y n c h r o tr o n  

m o d e ls  b y  Y u a n  e t  a l. (2 0 0 4 ). S y n c h r o tr o n  m o d e ls  in  g e n e ra l  h a v e  b e e n  c r i t ic iz e d  d u e  to  

th e  f a c t  t h a t  th e  h ig h  e n e rg y  e le c tro n s  n e e d e d  to  g e n e r a te  X - ra y  s y n c h r o tr o n  e m is s io n  h a v e  

v e ry  s h o r t  c o o lin g  t im e s c a le s  (m u c h  s h o r te r  t h a n  th e  ty p ic a l  X - ra y  f la re  d u r a t i o n ) , r e q u ir in g  

c o n t in u o u s  in je c t io n  in  o r d e r  to  r e p le n is h  th e  h ig h  e n e rg y  p o p u la t io n .  H o w ev er, th i s  m a y  

n o t  b e  su c h  a  d is a d v a n ta g e ,  a n d  c o n t in u o u s  in je c t io n  is  in  f a c t  a  n a t u r a l  a n d  re a s o n a b le  

e x p e c ta t io n  fo r  t h e  k in d s  o f  p ro c e s se s  re s p o n s ib le  fo r  p a r t i c le  a c c e le r a t io n  su c h  as  m a g n e tic  

r e c o n n e c t io n ,  tu r b u le n c e  a n d  sh o ck s .

G o in g  b e y o n d  th e  e m is s io n  p ro c e s s  b e h in d  th e  f la re , th e r e  a r e  m o d e ls  w h ic h  a t t e m p t  to  

s im u l ta n e o u s ly  d e s c r ib e  th e  d e ta i le d  p r o p e r t i e s  a t  o n e  w a v e le n g th , su c h  a s  th e  h o t  s p o t  m o d e l 

(B ro d e r ic k  &  L o e b  2 0 0 5 ; M e y e r  e t  a l. 2 0 0 6 a ; T r ip p e  e t  a l. 2 0 0 7 ; ? ) ,  o r  a c c r e t io n  in s ta b i l i ty  

m o d e ls  (T a g g e r  &  M e lia  2 0 0 6 ; F a la n g a  e t  a l. 2 0 0 8 )

In  th i s  p a p e r  w e p r e s e n t  o u r  m u l t iw a v e le n g th  o b s e rv a t io n s  a n d  fo c u s  o n  c o n s t r a in in g  th e  

e m is s io n  m e c h a n is m s  r e s p o n s ib le  fo r  t h e  s im u l ta n e o u s  I R  a n d  X - ra y  f la re s  w e h a v e  o b se rv e d . 

A l th o u g h  a  fu ll a n a ly s is  o f  t h e  d e ta i le d  t im e - re s o lv e d  S E D  e v o lu t io n  is b e y o n d  th e  s c o p e  o f 

th i s  p a p e r ,  o u r  h ig h  q u a l i ty ,  fu ll c o v e ra g e , l ig h tc u rv e s  in  b o t h  L '- b a n d  a n d  X - ra y  w a v e le n g th s  

o ffe r  t h e  fo r  th e  f ir s t  t im e  th e  o p p o r tu n i ty  to  u n d e r ta k e  d e ta i le d  m o d e ll in g  o f  t h e  t im e  

e v o lu t io n  o f  th e  f la re  S E D , w h ic h  m a y  s h e d  f u r th e r  l ig h t  o n  th e  e m is s io n  m e c h a n is m s  a n d  

p h y s ic a l  c o n d i t io n s /p r o c e s s e s  g iv in g  r ise  to  a  f la re  e v e n t.
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T h r o u g h o u t  th i s  p a p e r  w e a d o p t  a  G a la c t ic  C e n te r  d is ta n c e  o f  8 k p c  ( E is e n h a u e r  e t  al.

2 0 0 3 ), a n d  a  b la c k  h o le  m a s s  o f  4 x  106 M q  ( ? G h e z  e t  a l. 2 0 0 8 ) fo r  w h ic h  th e  S c h w a rz sc h ild

r a d iu s  is R S =  1.2 x  1 012 cm . F o r  th e  s o la r  lu m in o s i ty  w e u s e d  th e  v a lu e  L q  =  3 .8  x  1033 
— 1

e rg  s 1.

2 . O b s e r v a t i o n s

In  th i s  s e c tio n  w e p r e s e n t  I R / N I R  (3 .8 , 2.1 a n d  1.6 ^ m ) ,  M IR  (1 1 .8 8  ^ m )  a n d  X -ra y  

(2 -1 0  k eV ) o b s e rv a t io n s  o f  S g r  A *  ta k e n  in  A p r il  2007 . In  p a r t i c u la r  w e fo c u s  o n  A p r il  4, 

2007 , o n  w h ic h  d a t e  a  v e ry  b r ig h t  f la re  w as  o b s e rv e d  in  b o t h  L '- b a n d  (3 .8  ^ m )  a n d  X -ra y  

s im u l ta n e o u s  to  th e  M IR  o b s e rv a tio n s .

2 .1 .  I R / N I R  O b s e r v a t i o n s

T h e  I R / N I R  o b s e rv a t io n s  w e re  t a k e n  a t  t h e  V L T  in  C h ile  a s  p a r t  o f  a  m u ltiw a v e 

l e n g th  c a m p a ig n  (L P  1 7 9 .B -0 2 6 1 ) in  A p r il  2007 , u s in g  th e  N A O S -C O N IC A  in s t r u m e n t  

(L e n z e n  e t  a l. 2 0 0 3 ; R o u s s e t  e t  a l. 2 0 0 3 ) in  im a g in g  a n d  p o la r im e t r ic  m o d e s . W e o b s e rv e d  

b e tw e e n  5 :0 0  a n d  11 :00  U T  o n  A p r il  1 to  A p r il  6 o b ta in in g  d a t a  in  L ' (3 .8  ^ m ) ,  K s  (2 .1  ^ m )  

a n d  H  (1 .6  ^ m )  w a v e le n g th  b a n d s .

W e s u b je c te d  th e  ra w  d a t a  to  a  sk y  s u b t r a c t io n  c o m p u te d  f ro m  j i t t e r e d  o b je c t  im a g e s  in  

t h e  L '- b a n d  ca se , a n d  f ro m  d e d ic a te d  o b s e rv a t io n s  o f  a  p a t c h  o f  sk y  d e v o id  o f  s t a r s  ~  7 0 0 '' W  

a n d  4 0 0 '' N  o f  th e  G C  fo r  th e  K s  a n d  H  b a n d  o b s e rv a tio n s .  T h is  w as  fo llo w ed  b y  f la t- f ie ld in g  

a n d  a  c o r r e c t io n  fo r  d e a d / h o t  p ix e ls .

O n c e  w e h a d  r e d u c e d  th e  s e t o f  im a g e s , t h e  ra w  f lu x  a t  t h e  p o s i t io n  o f  S g r A * 3 in  e a c h  

im a g e  w as  d e te r m in e d  v ia  tw o  in d e p e n d e n t  m e th o d s :  (i) a p e r tu r e  p h o to m e tr y ,  w h e re  th e  

f lu x  w as  c o m p u te d  a s  th e  s u m  o f  a ll p ix e ls  w i th in  a  sm a ll a p e r t u r e  c e n te re d  o n  S g r A * , f ro m  

w h ic h  th e  s u m  o f  p ix e ls  (n o rm a l iz e d  b y  a re a )  w i th in  a  la rg e r  a n n u la r  r e g io n  s u r r o u n d in g  S g r 

A * w as  s u b t r a c t e d  to  re m o v e  b a c k g r o u n d  c o n ta m in a t io n ;  a n d  (ii) P S F  p h o to m e tr y ,  w h e re  

w e u s e d  S ta r F in d e r  (D io la i t i  e t  a l. 2 0 0 0 ) to  a u to m a t ic a l ly  id e n tify  a n d  e x t r a c t  P S F s  f ro m  

th e  r e d u c e d  im a g e s , th e r e b y  o b ta in in g  so u rc e  flu x es .

F in a l ly , w e c a l ib r a t e d  th e  ra w  f lu x  w i th  th e  flu x es  o f  n e a r b y  s ta r s  o f  k n o w n  a n d  s ta b le  

b r ig h tn e s s ,  a n d  c o n v e r te d  i t  t o  a  p h y s ic a l  flux . F o r  th e  e x t in c t io n  c o r r e c t io n  w e u s e d  th e

3confused in these observations w ith the s ta r  S17.
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v a lu e s  A l  =  1.8 , A K  =  2 .8  a n d  A H =  4 .3  (G e n z e l e t  a l. 2 0 0 3 ).

F o r  th o s e  o b s e rv a t io n s  t a k e n  in  p o la r im e t r ic  m o d e , w e a d d e d  th e  f lu x e s  o b ta in e d  in  

o r d in a r y  a n d  e x t r a o r d in a r y  im a g e s  to  o b ta in  a n  in t e g r a te d  f lu x  (fo r f u r th e r  d e ta i ls  see 

T r ip p e  e t  a l. 2 0 0 7 ).

T h e  r e s u l t in g  l ig h tc u rv e s  fo r  th e  c o m b in e d  so u rc e  S g r  A *  +  S 17  a r e  p r e s e n te d  in  F ig u re

1 . S e v e ra l w e a k  f la re s  a re  se e n  ( la b e lle d  1-4 a n d  6 -7 ). O n  th e  n ig h t  o f  4 A p r il  a n d  u n d e r  

g o o d  c o n d i t io n s  (se e in g  ~  0 .5 5  — 0 .9  a n d  S tr e h l  r a t io s  ~  0 .4 5  — 0 .6 5 ) , a  v e ry  s t r o n g  f la re  

w as  seen  in  L '- b a n d  a t  th e  p o s i t io n  o f  S g r A * , b e g in n in g  j u s t  b e fo re  06 :0 0  U T , A p r i l  4, a n d  

la s t in g  fo r  r o u g h ly  2 h o u rs .  W e p r e s e n t  th e  l ig h tc u rv e  o f  th i s  f la re  in  d e ta i l  in  F ig u r e  2 .

S in ce  S g r  A *  w as  c o n fu se d  w i th  S 17  o n  A p r il  4 2007 , S 1 7  a lso  c o n t r ib u te s  f lu x  to  th e  

l ig h tc u rv e  sh o w n  in  F ig u r e  2 . In  a d d i t io n ,  t h e  q u ie sc e n t s t a t e  o f  S g r A * , if  i t  e x is ts ,  is  n o t  

w ell k n o w n  so  i t  is p o s s ib le  t h a t  t h e  q u ie sc e n t s t a t e  a n d  p o s s ib ly  o th e r  L ' - b a n d  so u rc e s  su c h  

a s  a  s m a ll  d u s t  c lo u d  c lo se  to  S g r A * (C le n e t  e t  a l. 2 0 0 5 ) a lso  c o n t r ib u te  to  th e  m in im u m  

f lu x  o f  S g r  A *  o n  th e  n ig h t  o f  A p r il  4. I t  is  a lso  n o t  c le a r  f ro m  th e  l ig h tc u rv e  w h e th e r  S g r  A * 

e v e r  re a c h e s  a  le v e l o f  n o n - a c t iv i ty  d u r in g  o u r  L ' - b a n d  o b s e rv a tio n s .  I f  w e ta k e  th e  m e a n  o f 

t h e  g r o u p  o f  p o in ts  w h e re  th e  lo w es t f lu x  fo r  th e  n ig h t  w as  r e c o rd e d  b e tw e e n  t  ~  295  to  300 

m in u te s ,  th i s  le a d s  to  a n  u p p e r  e s t im a te  fo r  t h e  c o n t r ib u t io n  o f  a n y  n o n v a r ia b le  e m is s io n  o f 

4 .3  m Jy .

T h e  c o m b in a t io n  o f  t h e  d a t a  q u a l i ty  a n d  th e  s t r e n g t h  o f  t h e  f la re  a c t iv i ty  m a k e  th e  A p r il  

4 f la re  p r e s e n te d  h e re  th e  b e s t  sp e c im e n  o f  o u r  e n t i r e  d a t a s e t  r e c o rd in g  th e  L ' - b a n d  a c t iv i ty  

o f  S g r A *  a n d  s p a n n in g  2003  to  2007 . T h e  l ig h tc u rv e  sh o w s v e ry  s ig n if ic a n t s u b s t r u c tu r e  

o n  a  t im e s c a le  o f  ~  20 m in u te s .  T h is  k in d  o f  s u b s t r u c tu r e  h a s  b e e n  se e n  in  p re v io u s  K s- 

b a n d  f la re s  (G e n z e l e t  a l. 2 0 0 3 ; E c k a r t  e t  a l. 2 0 0 6 b ; T r ip p e  e t  a l. 2 0 0 7 ), b u t  is s e e n  h e re  fo r 

th e  f ir s t  t im e  in  L ' - b a n d .  T h is  s t r e n g th e n s  th e  ca se  t h a t  t h e  p re s e n c e  o f  s u b s t r u c tu r e  is  a  

c o m m o n  f e a tu r e  o f  I R / N I R  f la re s .

2 .1 .1 .  L i m i t s  o n  L ' - b a n d  f l a r i n g  a c t iv i t y  ~  7-11 h rs  U T.

O n  A p r il  4 2 0 0 7  w e a lso  o b ta in e d  d a t a  in  o th e r  w a v e le n g th  b a n d s  ( K s - b a n d  p o la r im e t r y ,  

H - b a n d  im a g in g  a n d  K s - b a n d  im a g in g )  fo r  a n o th e r  ~  3 .5  h o u r s  a f te r  t h e  f la re  o b s e rv e d  in  

L '- b a n d  ( F ig u re  1 ) . T h e r e  w as  n o  o b v io u s  v a r ia b i l i ty  in  th e s e  w a v e le n g th  b a n d s .  W e f in d  

t h a t  o u r  m e a s u r e d  K s - b a n d  f lu x  fo r  S g r A *  +  S 17  o f  S K =  5 .1  ±  0 .4  m J y  is c o n s is te n t  

w i th  th e  m e a s u r e m e n t  o f  D o  e t  a l (2 0 0 8 ) fo r  S 1 7  a lo n e  (5 .5  m J y , d e r e d d e n e d  a c c o rd in g  to  

m K =  2 .8  a s  a s s u m e d  in  th i s  p a p e r ;  n o  e r r o r  w as  g iv e n ). I t  is a lso  c o n s is te n t  w i th  o u r  o w n  

p a s t  m e a s u r e m e n ts  o f  S 1 7 ’s m a g n i tu d e  ( m K =  4 .8  m J y ) ,  a l th o u g h  o u r  e r r o r  o n  th i s  v a lu e  is
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F ig . 1.—  L ig h tc u rv e  fo r  S g r A * +  S 1 7  fo r  A p r il  1-6 2GG7 I R / N I R  o b s e rv a t io n s  w i th  N A C O  

a t  t h e  V L T . O b s e rv a t io n s  w e re  t a k e n  a t  L ' (b la c k ) ,  K s  ( re d ) ,  H  (b lu e )  a s  w ell a s  in  K s- 

b a n d  u s in g  p o la r im e t r ic  m o d e  (g re e n ) .  S e v e ra l f la re  e v e n ts  a r e  see n  o v e r  th e  s ix  n ig h ts  o f 

o b s e rv a t io n s ,  la b e l le d  1-7. S o m e  n ig h ts  sh o w  a  m o re  c o n tin u o u s  lev e l o f  v a r ia b i l i ty  (A p r il  3 ), 

w h ile  o n  o th e r  n ig h ts  th e r e  a r e  lo n g  p e r io d s  w i th  n o  o b v io u s  v a r ia b le  e m is s io n . T h e  L '- b a n d  

f la re  f ro m  A p r il  4 is  t h e  m o s t  s ig n if ic a n t e v e n t seen . A  f la re  o f  e q u iv a le n t s t r e n g th  in  K s 

b a n d  (g iv e n  a  c o lo u r  o f  ß  =  G.4 in  v L v) w o u ld  r e a c h  S K ~  2G m J y . O n  A p r il  5 , a n o th e r  

L '- b a n d  f la re  is see n  u n d e r  less fa v o ra b le  c o n d i t io n s  w h ic h  re a c h e s  S L/ ~  2G m J y  in  L '-b a n d .
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F ig . 2 .—  E x t in c t io n - c o r r e c te d  L '- b a n d  f lu x  o f  S g r A * o n  4 A p r il  2007 , d e te r m in e d  v ia  P S F  

p h o to m e t r y  (b la c k  d a t a  p o in ts )  a n d  v ia  a p e r t u r e  p h o to m e t r y  (g re y  d a t a  p o in ts ) .  A b o v e  th e  

l ig h tc u rv e  o f  S g r A * is sh o w n  in  r e d  (P S F  p h o to m e tr y )  a n d  l ig h t r e d  ( a p e r tu r e  p h o to m e tr y )  

th e  f lu x  o f  th e  n e a r b y  s t a r  S2 a s  a  f lu x  c o m p a r is o n ,  c le a r ly  d e m o n s t r a t in g  t h a t  t h e  s u b s t r u c 

t u r e  is  in t r in s ic  t o  th e  S g r A *  so u rc e . S 2 w as  c o n fu se d  a t  t h e  t im e  o f  o b s e r v a t io n  w i th  S13, 

a n d  in  th e  f ig u re  th e i r  c o m b in e d  f lu x  is  s h if te d  u p w a rd s  b y  25 m J y . S g r A *  w as  c o n fu se d  

w i th  S 17  a n d  th e  f lu x  sh o w n  a lso  p o s s ib ly  h a s  a  c o n t r ib u t io n  f ro m  a  d u s t  c lo u d  a s  w ell a s  th e  

u n k n o w n  q u ie sc e n t s t a t e  o f  S g r A * . T h e  d a t a  a re  b in n e d  to  a  b in - w id th  o f  4 4 .3 s. T h e  P S F  

p h o to m e t r y  m e th o d  o n ly  l i s ts  f lu x es  o f  so u rc e s  d e te c te d  w i th  3 a  s ig n if ic a n c e , w h ic h  e x p la in s  

w h y  th e  l ig h tc u rv e  d e r iv e d  b y  P S F  p h o to m e t r y  b e g in s  o n ly  a t  a r o u n d  ~  300  m in u te s .  W e u se  

th e  m e a n  o f  th e s e  p o in ts  w i th  t  <  300 m in u te s  a s  a n  u p p e r  e s t im a te  o f  th e  b a c k g r o u n d  leve l 

(S 1 7  +  c o n fu se d  so u rc e s  +  q u ie sc e n t s t a t e )  u p o n  w h ic h  th e  f la re  e m is s io n  is  s u p e r im p o s e d .  

I f  t h e  m in im u m  o f  th e  l ig h tc u rv e  is u s e d  in s te a d ,  w e o b ta in  a  b a c k g r o u n d  e s t im a te  o f  2 .4  

m Jy .
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v e ry  la rg e  a n d  o n  th e  o r d e r  o f  2 m J y . T h e  H -K  c o lo r  o f  t h e  c o m b in e d  S g r A *  +  S 17  so u rc e  

is  ft =  2 .6  ±  0 .7 , c o n s is te n t  w i th  t h a t  o f  a  p u r e  s te l la r  so u rc e  (ft =  3 .0 ). F ro m  th i s  a n d  

t h e  la c k  o f  s ig n if ic a n t v a r ia b i l i ty  in  th e  e m is s io n  w e w o u ld  c o n c lu d e  t h a t  in  H  a n d  K s  b a n d  

t h e  e m is s io n  is  d o m in a te d  b y  S17. W e n o te  t h a t  in  d e c o n v o lv e d  im a g e s  o f  th i s  d a t a s e t  w e 

d o  see  a n  e lo n g a t io n  o f  th e  so u rc e  in  K s  b a n d ,  a n d  re so lv e  tw o  d is t in c t  so u rc e s  in  H  b a n d .  

O f  th e s e  tw o  H - b a n d  so u rc e s  w e c a n  n o t  b e  s u re  w h e th e r  th e  so u rc e  c o in c id e n t w i th  S g r 

A *  is s te l la r  (e .g . f ro m  f a in t  u n re s o lv e d  S - s ta r s  s u r r o u n d in g  th e  b la c k  h o le )  o r  w h e th e r  i t  

m ig h t  b e  q u ie s c e n t / f l a r in g  e m iss io n . D u e  to  th e  c lo se  p r o x im ity  o f  t h e  so u rc e s  (o n ly  3 p ix e l 

s e p a r a t io n )  i t  w as  n o t  p o s s ib le  to  d e te r m in e  th e  K s - b a n d  flu x es  o f  e a c h  so u rc e  a c c u ra te ly .

In  L '- b a n d  th e  lo w es t m e a s u r e d  lu m in o s i ty  lies  a b o v e  th e  e x t r a p o la t io n  o f  th e  (S g r  A * 

+  S 17) H -K  m e a s u r e d  c o lo r  a n d  w e c a n  c o n c lu d e  t h a t  w i th in  th e  t im e s p a n  o f  o u r  L '- b a n d  

o b s e rv a t io n s  w e d id  n o t  r e a c h  th e  f lu x  lev e l o f  S 17 , w h ic h  w o u ld  b e  e x p e c te d  a t  ~  1 m Jy . 

T h e  r e m a in in g  f lu x  w e see  m a y  b e  d u e  to  a  f u r th e r  c o n ta m in a t io n  o f  t h e  L ' - b a n d  f lu x  b y  a  

c o n fu se d  so u rc e  (e .g . a  s m a ll  d u s t  c lo u d  k n o w n  to  b e  a n  L ' - b a n d  so u rc e  n e a r ly  c o in c id e n t 

w i th  S g r A * , ~  4 .7  m J y  C le n e t e t  a l  200 5 , a l th o u g h  th i s  see m s u n lik e ly  g iv e n  th e  h ig h  f lu x ) , 

o r  i t  m ig h t  a lso  b e  d u e  to  th e  f a c t  t h a t  t h e  f la re  a c t iv i ty  n e v e r  c e a se d  w i th in  o u r  L ' - b a n d  

o b s e r v a t io n  t im e  in te rv a l .  S in ce  f la re s  a r e  r e d d e r  t h a n  th e  s ta r s ,  w e c a n  n o t  ru le  o u t  t h a t  

so m e  lo w -lev e l f la r in g  c o n t in u e d  to  o c c u r  a f te r  ~  430  m in u te s  w h ile  w e o b s e rv e d  in  K s-  a n d  

H -b a n d s .

T o  m a k e  so m e  e s t im a t io n  o f  t h e  L ' - b a n d  f lu x  d u r in g  th e  t im e  in te r v a l  w i th in  w h ic h  w e 

o b s e rv e d  in  K s  a n d  H  b a n d s  w e m u s t  e x t r a p o la t e  f ro m  o u r  K s - b a n d  m e a s u r e m e n ts ,  w h ic h  

in t r o d u c e s  la rg e  u n c e r ta in t ie s .  W e c a n  r e a s o n a b ly  a s s u m e  t h a t  a n y  f la r in g  e m is s io n  w as 

b e lo w  S K ~  2.1 m J y  d u r in g  th e  K s  a n d  H - b a n d  o b s e rv a t io n s  (o u r  lo w er l im it  o n  th e  f lu x  

o f  S 17  is 3 m J y ;  n o te  th i s  is  a lso  c o n s is te n t  w i th  e x t r a p o la t in g  th e  f lu x  o f  th e  d e c o n v o lv e d , 

s e p a r a t e d  so u rc e  in  th e  H - b a n d  im a g e s  to  K s - b a n d  w i th  a  s lo p e  o f  ft =  3). A l th o u g h  th e  

f la re  c o lo r  a t  low  f lu x  lev e ls  is  n o t  w ell e s ta b l is h e d ,  if  w e ta k e  a  f la re  c o lo r  o f  =  0 .4  

w e c a n  e s t im a te  t h a t  t h e  c o m b in e d  so u rc e  o f  S g r A * +  S 17  s h o u ld  n o t  h a v e  b e e n  a t  a  f lu x  

le v e l h ig h e r  t h a n  4 .7  m J y  in  L '- b a n d  d u r in g  th i s  t im e .  H o w ev er, if  th e  f la re  w e re  r e d d e r  a t  

lo w  f lu x  lev e ls  o r  if  so m e  f lu x  is  c o n t r ib u te d  f ro m  th e  d u s t  c lo u d  n e a r  S g r A *  th e n  th e  l im it  

o n  th e  f lu x  lev e l c o u ld  b e  h ig h e r .  W e o b ta in  a n  u p p e r  l im it  o f  9 m J y  if  w e a d d  th e  lo w es t 

f lu x  d e te c te d  d u r in g  th e  L '- b a n d  o b s e rv a t io n s  (4 .3  m J y ) ,  u s in g  i t  a s  a n  u p p e r  l im it  o n  th e  

m a g n i tu d e  o f  a n y  n o n v a r ia b le  c o n ta m in a t io n .
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O n  th e  4 th  o f  A p r il  2007 , t h e  V L T  o b s e rv a t io n s  d e s c r ib e d  in  S e c t io n  2.1 o v e r la p p e d  

w i th  th o s e  o f  X M M -N e w to n . T h e  o b s e rv a t io n s  a n d  d a t a  r e d u c t io n  o f  t h e  X - ra y  f la re  a re  

p u b l i s h e d  b y  P o r q u e t  e t  a l  (2 0 0 8 ), a n d  w ill n o t  b e  r e p e a te d  h e re . T h e  X - ra y  l ig h tc u rv e  is 

p r e s e n te d  in  F ig u r e  3 , w h e re  i t  is  c o m p a r e d  w i th  th e  L '- b a n d  lig h tc u rv e .

T h e  X - ra y  f la re  w as  v e ry  b r ig h t .  T h e  2 -10  k eV  s p e c t r u m  o f  th e  f la re  sh o w e d  a  so ft 

s p e c t r u m :  a  p o w e r  la w  f it c o r r e c t in g  th e  u n d e r ly in g  m o d e l fo r  d u s t  s c a t t e r in g  a n d  a b s o r p t io n  

g iv e s  a  p o w e r  la w  s lo p e  o f  r  =  2 .3  ±  0 .3  ( e r ro r  b a r s  g iv e n  a t  t h e  90%  c o n f id e n c e  le v e l) , 

e q u iv a le n t t o  a  s p e c t r a l  in d e x  o f  ft =  - 0 . 3  ±  0 .3 . T h e  b r ig h t  f la re  o b s e rv e d  o n  A p r il  4 th  

( la b e lle d  # 2  in  P o r q u e t  e t  a l. 2 0 0 8 ) is  t h e  s e c o n d  b r ig h te s t  f la re  o b s e rv e d  so  f a r  f ro m  S g r 

A *  w ith  a n  a m p l i tu d e  o f  a b o u t  100 c o m p a re d  to  th e  q u ie sc e n t s t a t e .  P o r q u e t  e t  a l. (2 0 0 8 ) 

sh o w  t h a t  th i s  f la re  a n d  th e  b r ig h te s t  X - ra y  f la re  o b s e rv e d  in  O c to b e r  2002  ( P o r q u e t  e t  a l. 

2 0 0 3 ) h a v e  s im ila r  l ig h t  c u rv e  s h a p e ,  d u r a t io n ,  a n d  s p e c t r a l  c h a r a c te r i s t ic s  ( p h o to n  in d e x ) .

2 .3 .  M i d - I n f r a r e d  O b s e r v a t i o n s

V IS IR , th e  V L T  Im a g e r  a n d  S p e c t r o m e te r  fo r  th e  m id - in f r a r e d ,  m o u n te d  o n  th e  E S O /V L T  

te le s c o p e  M e lip a l (U T 3 )  a t  P a r a n a l ,  C h ile  (L a g a g e  e t  a l. 2 0 0 4 ; P a n t i n  e t  a l. 2 0 0 5 ), o b s e rv e d  

t h e  G a la c t ic  C e n te r  f ro m  2 0 0 7 -0 4 -0 4  0 5 :2 9 :0 0  to  2 0 0 7 -0 4 -0 4  1 0 :34 :00  (U T ) .  W e c o l le c te d  th e  

d a t a  w i th  th e  im a g in g  PAH2_2 f i l te r  o n , a t  11 .88  ±  0 .3 7  ¡in l  in  th e  a tm o s p h e r ic  w in d o w  “N ” . 

T h e  S m a ll F ie ld  m o d e  (SF) w as  e m p lo y e d , r e s u l t in g  in  a  f ie ld  o f  v ie w  o f  256 x  256 p ix e ls  

(1 9 .2  a rc s e c 2), e a c h  p ix e l c o r r e s p o n d in g  to  0 .0 7 5  a rc s e c 2.

W e p e r f o r m e d  th e  c a l ib r a t io n  o f  t h e  PAH_2 f i l te r  o n  2 0 0 7 -0 4 -0 4  0 5 :1 6 :2 4  (U T )  w i th  a  

109 .9 s  o b s e r v a t io n  o f  t h e  s t a n d a r d  s t a r  H D  102461  (9 .2 3 7  J y  in  th e  PAH2_2 f ilte r ;  C o h e n  e t  al. 

1 9 9 9 ).

T h e  b a s ic  ‘c h o p p in g  a n d  n o d d in g ’ te c h n iq u e  w as  a p p l ie d  to  a c q u ire  th e  d a t a ,  w h ic h  

w e re  th e n  r e d u c e d  w i th  th e  s t a n d a r d  V I S I R  p ip e l in e4 : th i s  in v o lv e d  f la tf ie ld in g , b a d  p ix e l 

c o r r e c t io n  a n d  c o m b in a t io n  o f  a  s ta c k  o f  c h o p p e d  a n d  n o d d e d  f ra m e s  to  p r o d u c e  a  f in a l s e t 

o f  79 c o n s e c u t iv e  im a g e s .

W e d e te r m in e d  th e  p o s i t io n  o f  S g r  A *  u s in g  th e  p re c is e  p o s i t io n s  o f  t h e  S iO  m a s e r  

so u rc e s  IR S  7, IR S  9 a n d  IR S  1 0 E E , d i s t r i b u te d  a b o u t  S g r  A *  (R e id  e t  a l. 2 0 0 7 ). N o  p o in t  

so u rc e  a t  t h e  p o s i t io n  o f  S g r A *  is d e te c te d  in  e i th e r  t h e  in d iv id u a l  im a g e s  o r  t h e  c o lla p s e d

2.2. X -ray O bservations

4see h t t p : / / w w w .e s o .o r g / in s t r u m e n ts /v is ir /

http://www.eso.org/instruments/visir/
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F ig . 3 .—  C o m p a r is o n  o f  t h e  L '- b a n d  a n d  2 -10  k e V  l ig h tc u rv e s  ( la b e lle d  I R  a n d  X , r e s p e c 

t iv e ly ) .  T h e  to p  tw o  p a n e ls  sh o w  th e  tw o  f la re s  o v e r  th e  p e r io d  o f  t h e  L '- b a n d  o b s e rv a tio n s . 

In  t h e  lo w e r tw o  p a n e ls ,  a  la rg e r  t im e  in te r v a l  is  sh o w n . W e a lso  sh o w  d a t a  t a k e n  in  o th e r  

w a v e le n g th  b a n d s  ( K s - b a n d  p o la r im e t r y ,  H - b a n d  im a g in g , a n d  K s - b a n d  im a g in g )  s u b s e q u e n t  

t o  th e  L ' - b a n d  f la re  in d ic a t in g  t h a t  t h e  f la re  a c t iv i ty  c e a se d  in  b o t h  w a v e le n g th  b a n d s  a f 

t e r  ro u g h ly  4 :00  U T . I n  th e  s a m e  n ig h t  o f  o b s e rv a t io n s  th r e e  m o re  X - ra y  f la re s  w e re  see n  

( P o r q u e t  e t  a l 2 0 0 8 ); t h e  f ir s t  o f  th e s e  s t a r t e d  a t  U T  11 :32  (692  m in u te s ) ,  i.e . ro u g h ly  a n  

h o u r  a f te r  th e  la s t  o f  t h e  N I R  o b s e rv a tio n s .  T h e  d a s h e d  lin e s  in d ic a te  o u r  e s t im a te s  o f  th e  

b a c k g r o u n d  lev e ls  (i.e . e m is s io n  t h a t  is  n o t  f la r in g  e m is s io n )  a t  e a c h  w a v e le n g th . In  th e  ca se  

o f  th e  I R  l ig h tc u rv e  th i s  m a y  b e  a n  o v e re s t im a te .



-  13 -

im a g e  o f  t h e  e n t i r e  n ig h t .  W e a lso  p e r f o r m e d  a  L u c y - R ic h a rd s o n  d e c o n v o lu tio n  w i th  H D  

102461  a s  P S F  w i th  a g a in  n o  so u rc e  d e te c t io n .  T h e  f lu x  f ro m  a  b o x  o f  0 .3 7 5  a rc s e c 2 c e n te re d  

o n  th e  p o s i t io n  o f  S g r A * is c o n s ta n t  w i th  a n  a v e ra g e  v a lu e  o f  123 ±  6 m J y . T h is  f lu x  m a y  b e  

a t t r i b u t e d  to  th e  w e a k  a n d  d iffu se  d u s t  r id g e  o n  w h ic h  S g r A *  lies , a n d  o u r  m e a s u r e d  v a lu e  

is c o n s is te n t  w i th  p re v io u s  V I S I R  o b s e rv a t io n s  (E c k a r t  e t  a l. 2 0 0 4 ; S c h o d e l e t  a l. 2 0 0 7 ).

T o  d e te r m in e  a n  u p p e r  l im it  o f  t h e  b r ig h tn e s s  o f  t h e  s im u l ta n e o u s ly  o b s e rv e d  f la re , w e 

s u b t r a c t e d  a n  a v e ra g e  im a g e  o f  t h e  q u ie sc e n t p h a s e  (12  im a g e s  f ro m  0 7 :1 7  to  0 8 :0 0 ) f ro m  a n  

a v e ra g e  im a g e  o f  t h e  f la r in g  p h a s e  (12  im a g e s  f ro m  0 5 :3 0  to  0 6 :1 35). W e in c lu d e d  a  s lig h t s h if t  

in  t h e  r e la t iv e  p o s i t io n s  (less  t h a n  h a l f  a  p ix e l)  o f  th e  im a g e s , d e g r a d e d  th e  m e a n  im a g e s  w i th  

M o ffa t f u n c t io n s  to  m im ic  th e  s lig h t d iffe re n c e s  o f  a tm o s p h e r ic  c o n d i t io n s  b e tw e e n  th e m , a n d  

f in a lly  d e s t r ip e d  th e  s u b t r a c t e d  im a g e . O v e r  a  r e g io n  o f  ~  3 a rc s e c 2 c e n te r e d  o n  S g r A * , 

n o r t h  o f  t h e  m in is p ir a l ,  t h e  s u b t r a c t e d  im a g e  d is p la y s  a  r e la t iv e ly  f la t  b a c k g ro u n d .

T o  q u a n t i t a t iv e ly  e s t im a te  o u r  d e te c t io n  l im it ,  w e p r o c e e d e d  b y  s im u la t in g  a n  a r t i f ic ia l  

f la re  in  th e  d a t a .  W e in c lu d e d  a  w e a k  p o in t  so u rc e  o f  a  g iv e n  f lu x  (w i th  V I S I R ’s P S F )  a t  

t h e  p o s i t io n  o f  S g r A * in  th e  s u b s t r a c te d  im a g e . W e in c re a s e d  t h e  p o in t  s o u r c e ’s f lu x  u n t i l  i t  

w as  d e te c te d  a t  a  s ig n if ic a n c e  o f  3 a  a n d  to o k  th i s  v a lu e  a s  a n  u p p e r  l im it  o n  th e  f la r e ’s m e a n  

flu x . W e th u s  e s t im a te  t h a t  S g r  A *  c o u ld  n o t  h a v e  b e e n  b r ig h te r  t h a n  ~  12 m J y  a t  11 .88  ^ m  

(3 a ,  n o t  d e r e d d e n e d ) .  N o te  t h a t  th i s  v a lu e  is c o m p a t ib le  w i th  V I S I R ’s e m p ir ic a l  s e n s i t iv i ty  

a t  th i s  w a v e le n g th : 7 m J y / 1 0 a / 1  h r  ( m e d ia n  v a lu e  fo r  d if fe re n t a tm o s p h e r ic  c o n d i t io n s ) .

T h e  v a lu e  o f  th e  e x t in c t io n  c o r r e c t io n  in  th e  M IR  d e p e n d s  c r i t ic a l ly  o n  th e  s t r e n g t h  a n d  

s h a p e  o f  t h e  s i l ic a te  a b s o r p t io n  f e a tu r e  a t  ~  9 ^ m . T h e  v a lu e s  in  th e  l i t e r a tu r e  a r e  p u b lis h e d  

a s  r a t io s  r e la t iv e  to  A K  o r  A V , so  w e u se  th e  v a lu e  A K  =  2 .8  m a g  (A V =  25) m a g  to  e n s u re  

c o n s is te n c y  a c ro s s  o u r  m u l t iw a v e le n g th  o b s e rv a tio n s .  T h e  c lo se s t e x t in c t io n  m e a s u r e m e n t  

to  o u r  o b s e r v a t io n  w a v e le n g th , A =  1 1 .8 8 ^ m , w as  m a d e  b y  L u tz  (1 9 9 9 ) fo r  a  w a v e le n g th  

o f  ~  1 2 .4 ^ m . W e c o n s id e r  th r e e  th e o r e t ic a l  m o d e ls  ( C h ia r  &  T ie le n s  2 0 0 6 ; D r a in e  &  L ee  

1 9 8 4 ; R o c h e  &  A itk e n  1 9 8 4 ) fo r  t h e  s h a p e  o f  t h e  s i l ic a te  p ro f ile  in  th e  re g io n , t o  a llo w  u s  

t o  e x t r a p o la t e  th e  v a lu e  m e a s u r e d  a t  1 2 .4 ^ m  to  1 1 .8 8 ^ m . T h e s e  m o d e ls  e a c h  u se  d if fe re n t 

so u rc e s  a s  t e m p la t e  p ro f ile s  b u t  a re  a ll v e ry  s im ila r  in  s lo p e  a r o u n d  12 ^ m  a n d  r e s u l t  in  v e ry  

s im ila r  v a lu e s  o f  e x t in c t io n  w h e n  n o rm a l iz e d  to  th e  L u tz  (1 9 9 9 ) v a lu e  a t  12 .4  ^ m .  T h e  th u s  

d e te r m in e d  e x t in c t io n  v a lu e  is A n.gs^m  =  1 .7  ±  0 .2  m a g . W i th  th i s  v a lu e , t h e  d e r e d d e n e d  

3 a  u p p e r  l im it  o n  e m is s io n  f ro m  S g r A * d u r in g  th e  f la re  is F MIR ~  5 7  m Jy .

5Note th a t VISIR observations s ta rted  5 min after the beginning of the X-ray flare, which was from 05:25 

to  06:13
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3 . R e s u l t s

3 .1 .  S i m u l t a n e i t y  o f  i n f r a r e d  a n d  X - r a y  f l a r e

W e h a v e  o b ta in e d  c o m p le te ,  fu lly  s a m p le d  l ig h tc u rv e s  in  L ' - b a n d  a n d  X -ra y . T h e  X -ra y  

l ig h tc u rv e  sh o w e d  n o  o th e r  e v e n ts  d u r in g  e i th e r  a  ~  15 h o u r  p e r io d  b e fo re  a n d  ~  5 h o u r s  

a f te r  t h e  b r ig h t  X - ra y  fla re . In  th e  I R /N I R ,  in  th e  r e m a in in g  o b s e rv a t io n s  o f  a b o u t  3 |  h o u r s  

fo llo w in g  th e  L ' - b a n d  f la re , th e r e  w e re  n o  o th e r  f la re s  o r  o b v io u s  v a r ia b le  e m is s io n  a b o v e  

a  lev e l o f  S K ~  2 .4  m J y  ( im p ly in g  <  12%  th e  e q u iv a le n t K s - b a n d  f lu x  o f  t h e  p e a k  o f  th e  

L '- b a n d  f la re , u s in g  ft =  0 .4 ). W e t r a n s l a t e d  th i s  t o  a  m o re  c o n s e rv a t iv e  l im it  (see  S e c tio n  

2 .1 .1 ) in  L '- b a n d  o f  S L  <  9 m J y  ( <  32%  th e  p e a k  L '- b a n d  f la re  f lu x ) . A t le a s t  o n  th i s  

o c c a s io n , b o t h  in f r a r e d  a n d  X - ra y  e m is s io n  c a n  th u s  b e  b e s t  c h a r a c te r iz e d  a s  is o la te d  ‘f la r e ’ 

e v e n ts .

F ro m  a  c o r r e la t io n  a n a ly s is ,  t h e  L ' - b a n d  a n d  X - ra y  f la re s  a re  fo u n d  to  b e  s im u l ta n e o u s  

t o  w i th in  ~  3 m in u te s .  In  p a r t i c u la r  w e d o  n o t  see a n y  s ig n if ic a n t d e la y  o r  a s y m m e tr y  in  

th e  lo n g e r  w a v e le n g th  e m is s io n  r e la t iv e  to  th e  p e a k  o f  t h e  X - ra y  f la re , th u s  e x c lu d in g  t h a t  

a d ia b a t i c  e x p a n s io n  o f  a n  in i t ia l ly  o p t ic a l ly  th ic k  b lo b  p la y s  a  ro le  in  th e  in f r a r e d  a n d  X -ra y s .

3 .2 .  G e n e r a l  L i g h t c u r v e  S h a p e

T h is  m u l t iw a v e le n g th  o b s e r v a t io n  a llo w s u s  to  m a k e  th e  m o s t  d e ta i le d  l ig h tc u rv e  c o m 

p a r is o n  so  fa r ,  o f  s im u l ta n e o u s  I R  a n d  X - ra y  f la re s  f ro m  S g r A *. F ro m  th e  c o m p a r is o n  o f 

t h e  tw o  l ig h tc u rv e s  sh o w n  in  F ig u r e  3 i t  a p p e a r s  t h a t  th e  L '- b a n d  f la re  b e g in s  f ir s t .  T h e  

L ' - b a n d  l ig h tc u rv e  r is e s  b e fo re  a n y  s ig n if ic a n t X - ra y  e m is s io n  is seen , a n d  L ' - b a n d  e m is s io n  

r e m a in s  a f te r  t h e  X - ra y  e m is s io n  h a s  s u b s id e d . I t  a p p e a r s  t h a t  t h e  tw o  e v e n ts  h a v e  d if fe re n t 

d u r a t io n s  f ro m  o n e  a n o th e r ,  a n d  t h a t  t h e  in f r a r e d  e v e n t la s t s  lo n g e r  o v e ra ll  t h a n  th e  X - ra y  

e v e n t.

T a k in g  th e  u n c e r ta in t ie s  o n  th e  b a c k g r o u n d  lev e ls  in to  a c c o u n t ,  w e m e a s u r e  F W H M  

d u r a t io n s  fo r  e a c h  ( b a c k g r o u n d - s u b t r a c te d )  l ig h tc u rv e  o f  F W H M 1R =  66 ±  8 a n d  F W H M X =  

28 ±  0 .5  m in u te s .  T h u s  w e f in d  t h a t  t h e  F W H M  o f  th e  L - b a n d  f la re  is ~  2 t im e s  t h a t  o f  th e  

X - ra y  fla re .
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O n e  v e ry  s t r ik in g  f e a tu r e  o f  t h e  L '- b a n d  l ig h tc u rv e  is t h e  s u b s t r u c tu r a l  v a r ia t io n s  see n  

o n  a  t im e s c a le  o f  ~  20 m in u te s .  T h e  v a r ia t io n s  in  f lu x  a re  la rg e : u p  to  ~  30%  th e  p e a k  flux . 

T h e r e  a r e  n o  a p p a r e n t  f e a tu r e s  t h a t  w o u ld  c o r re s p o n d  to  th e s e  in  t h e  s im u l ta n e o u s  X -ra y  

l ig h tc u rv e .

A l th o u g h  th e  X - ra y  l ig h tc u rv e  h a s  lo w er S N R  t h a n  th e  L '- b a n d  l ig h tc u rv e ,  t h e  e r r o r  

b a r s  a r e  o n ly  o n  th e  o r d e r  o f  ~  10 %  th e  p e a k  flu x , a n d  th u s  c a n n o t  h id e  s u b s t r u c tu r e s  as  

la rg e  a s  th o s e  in  th e  L '- b a n d  l ig h tc u rv e . F ro m  th i s  w e c o n c lu d e  t h a t  th e  la c k  o f  s u b s t r u c tu r e  

in  th e  X - ra y  l ig h tc u rv e  is n o t  d u e  to  lo w er S N R , a n d  t h a t  th i s  p r o p e r ty  is  in  f a c t  in t r in s ic  

t o  th e  s im u l ta n e o u s  I R /X - r a y  lig h tc u rv e s .

3 .4 .  S h o r t e s t  t i m e - s c a l e  v a r i a t i o n s

In  t h e  L '- b a n d  l ig h tc u rv e ,  in  p a r t i c u la r  a t  t  ~  350 m in u te s  b u t  a lso  n e a r  t o  t  ~  370 

a n d  395 m in u te s ,  v e ry  r a p id  c h a n g e s  in  f lu x  ( fa c to rs  120%  to  170% , s ig n if ic a n c e  >  3 a )  a re  

o b s e rv e d  w ith in  a  v e ry  s h o r t  t im e s c a le ,  A t  <  4 7  se c o n d s .

S u ch  s h o r t  t e r m  v a r ia t io n s  p la c e  a  l im it  o n  th e  s ize  o f  th e  f la r in g  so u rc e , o r  a t  le a s t  

t h e  s ize o f  th e  p a r t  o f  th e  so u rc e  p r o v id in g  th e  s u d d e n  c h a n g e  in  f lu x  (w h ic h  is  a  s ig n if ic a n t 

f r a c t io n ,  ~  30% , o f  th e  t o t a l  f lu x ) . S in ce  su c h  v a r ia t io n s  c a n n o t  p r o p a g a te  w i th in  th e  so u rc e  

f a s te r  t h a n  th e  s p e e d  o f  l ig h t  c, th e  so u rc e  s ize R F is im m e d ia te ly  c o n s t r a in e d  to  b e

R f  <  c A t  =  1 .2R s .

A  c a v e a t  t o  th i s  c o n s t r a in t  is t h a t  w e h a v e  n o t  c o n s id e re d  v a r io u s  r e la t iv i s t ic  fa c to rs ;  

g iv e n  th e  s m a ll  s ize  o b ta in e d  a n d  th e  f a c t  t h a t  w e th i n k  th e  f la re  m ig h t  o c c u r  a t  v e ry  sm a ll 

r a d i i  in  t h e  a c c r e t io n  flow , r e la t iv i s t ic  e ffe c ts  m ig h t  b e  a n  im p o r t a n t  f a c to r  in  in f lu e n c in g  

th e  t im e  v a r ia b i l i ty  o f  t h e  so u rc e . R e la t iv is t ic  b e a m in g  n e a r  t h e  e v e n t h o r iz o n  is  a  p o s s ib le  

so u rc e  o f  m a g n ify in g  th e  a m p l i tu d e  o f  v a r ia t io n s  d u e  to  a n  u n d e r ly in g  s p a t ia l  s t r u c t u r e  in  th e  

in f r a r e d  e m is s io n . S u c h  b e a m in g  e ffe c ts  c o u ld  b e  c o n s id e ra b le  ( ? B ro d e r ic k  &  L o e b  2 0 0 5 ).

3 .5 .  P o w e r  S p e c t r a

W h e th e r  o r  n o t  t h e  s u b s t r u c tu r e s  se e n  in  th e  L '- b a n d  l ig h tc u rv e  a re  in d ic a t iv e  o f  a  

Q P O  o r  a re  m e re ly  s p u r io u s  p e a k s  in  a  r e d  n o ise  p ro c e s s  is  a  m a t t e r  o f  c u r r e n t  d e b a te

3.3. Su bstructure
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(e .g . ? M e y e r  e t  a l. 2 0 0 8 ). S in ce  th e  p u ta t iv e  Q P O s  in e v i ta b ly  t u r n  o u t  t o  b e  to o  w e a k  to  

s t a n d  a  s ig n if ic a n c e  t e s t  f ro m  a  s in g le  o b s e r v a t io n  n i g h t ’s w o r th  o f  d a t a ,  w e t u r n  o u r  fo cu s  

t o  lo n g e r  tim e s c a le s .  H - b a n d  a n d  K s - b a n d  p o la r im e t r ic  d a t a  t h a t  w e re  t a k e n  fo llo w in g  th e  

L ' - b a n d  m e a s u r e m e n ts  sh o w  n o  e v id e n c e  o f  a n y  v a r ia b le  e m iss io n , a n d  th i s  c le a r ly  h o ld s  a n  

im p l ic a t io n  fo r  t h e  v a r ia b i l i ty  b e h a v io u r  o f  t h e  so u rc e  o n  lo n g e r  tim e s c a le s .

F ig u r e  4 sh o w s th e  p e r io d o g r a m  o f  th e  L ' - b a n d  d a t a  c o m p a r e d  w i th  t h a t  o f  t h e  X - ra y  

l ig h tc u rv e . W e u se  th e  o r d in a r y  p e r io d o g r a m  w i th  th e  R M S -s q u a re d  n o r m a l iz a t io n  (see, 

fo r  e x a m p le  U t t l e y  e t  a l. 2 0 0 2 ) w h ic h  a llo w s u s  to  c o m p a re  l ig h tc u rv e s  t a k e n  w i th  d if fe re n t 

in s t r u m e n ts  ( a n d  h e re  a t  d if fe re n t w a v e le n g th s ) .  F o r  a  c o n s is te n t  c o m p a r is o n  b e tw e e n  th e  IR  

a n d  X - ra y  v a r ia b i l i ty  w e to o k  th e  m e a n  f ro m  th e  s a m e  t im e  in te rv a l ,  i.e . t h e  m a x im u m  t im e  

o v e r la p p in g  t im e  in te r v a l  o f  t h e  I R  a n d  X - ra y  o b s e rv a tio n s .  F o r  t im e s c a le s  <  130 m in u te s  

( f re q u e n c ie s  >  0 .0 0 8  m in - 1 ) w e sh o w  th e  p o w e r  s p e c t r u m  o f  th e  L '- b a n d  d a t a  on ly . W e 

u se  o u r  l im its  o n  th e  v a r ia b le  e m is s io n  in  K s  a n d  H  b a n d s  to  c o n s t r a in  th e  p e r io d o g r a m  a t  

lo w e r f re q u e n c ie s . S o m e  u n c e r t a in ty  in  th e  n o r m a l iz a t io n  o f  th e  I R  p o w e r  s p e c t r u m  co m es  

a b o u t  th r o u g h  o u r  u n c e r t a in ty  in  th e  m e a n  v a lu e  g iv e n  th e  e x t r a p o la t io n  f ro m  K s - b a n d  to  

L '- b a n d .  T h e r e  is  a n  a p p a r e n t  p e a k  a t  ~  20 m in u te  t im e s c a le s .  W h e th e r  i t  is a  r e a l  Q P O  

o r  th e  s p u r io u s  p e a k  o f  a  r e d  n o ise  s p e c tr u m , i t  is  n o te w o r th y  t h a t  t h e  p u ta t iv e  Q P O  p e a k  

o f  th e  L ' - b a n d  d a t a  h a s  n o  c o r r e s p o n d in g  f e a tu r e  in  th e  X - ra y  p o w e r  s p e c tr u m . T h is  is 

c o n s is te n t  w i th  o u r  o b s e r v a t io n  t h a t  t h e  s u b s t r u c tu r e s  o f  t h e  I R  l ig h tc u rv e  a r e  n o t  p re s e n t  

in  th e  X - ra y  l ig h tc u rv e ,  w h ic h  is  c o m p a r a t iv e ly  s m o o th .

A t low  f r e q u e n c y  w e a lso  see  th e  d if fe re n c e  in  w id th s  o f  o u r  l ig h tc u rv e s ;  t h e  p o w e r  

s p e c t r u m  o f  th e  X - ra y  l ig h tc u rv e  re se m b le s  a  G a u s s ia n  a t  low  fre q u e n c ie s  w h ic h  is  a s  e x p e c te d  

fo r  t h e  p o w e r  s p e c t r u m  o f  a  s in g le  G a u s s ia n - l ik e  f la re  e v e n t. T h e  p o w e r  s p e c t r u m  o f  th e  IR  

l ig h tc u rv e  re se m b le s  a  n a r ro w e r  G a u s s ia n ,  a g a in  e x p e c te d  f ro m  th e  f a c t  t h a t  th e  I R  l ig h tc u rv e  

w as  o f  lo n g e r  d u r a t i o n  t h a n  th e  X - ra y  lig h tc u rv e . W e n o te  th e n  t h a t  t h e  c le a r  f la t te n in g  o f 

th e  p o w e r  s p e c t r u m  to w a rd s  lo w  fre q u e n c ie s  a g a in  s u g g e s ts  t h a t  t h e  I R  f la re s  a r e  d is c re te  

e v e n ts .

3 .6 .  S p e c t r a l  E n e r g y  D i s t r i b u t i o n

T h e  ‘f la re  s t a t e ’ S E D  fo r  t h e  o b s e rv a t io n s  o f  S g r A * o n  A p r il  4 , a s  d e te r m in e d  b y  o u r  

m u l t iw a v e le n g th  o b s e rv a t io n s ,  is sh o w n  in  F ig u r e  5 .

F o r  th e  v a lu e  a t  L '- b a n d  w e c o m p u te d  th e  m e a n  o f  th e  e x t in c t io n  c o r re c te d ,  b a c k 

g r o u n d  s u b t r a c t e d  L '- b a n d  flu x . W e ch o se  to  ta k e  th e  m e a n  v a lu e  r a th e r  t h a n  th e  p e a k  

v a lu e  s in c e  th e  M IR  l im it  a n d  X - ra y  s p e c t r a  w e re  b o t h  d e te r m in e d  a s  a v e ra g e s  o v e r  th e  f la re
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F ig . 4 .—  P o w e r  s p e c t r a  o f  th e  1 / - b a n d  ( th ic k  b la c k )  a n d  X - ra y  (b lu e  s q u a re s )  l ig h tc u rv e s .  

O u r  c o n s t r a in t  o n  th e  p e r io d o g r a m  a t  lo w  fre q u e n c ie s  f ro m  K s  a n d  H  b a n d  d a t a  is  sh o w n  

a s  th e  g ra y  r e g io n  (w ith  th e  in te r v a l  m e a n  sh o w n  a s  b la c k  d a s h e d  lin e ) . T h e  R M S -s q u a re d  

n o r m a l iz a t io n  w as  u s e d , w h e re  th e  m e a n  o f  th e  I R  a n d  X - ra y  l ig h tc u rv e s  w as  t a k e n  f ro m  th e  

s a m e  t im e  in te rv a l .  A  p e a k  is s e e n  a r o u n d  th e  20 m in  t im e s c a le  ( ~  0 .0 4  m in - 1 ), w h ile  th e r e  

is  n o  c o r r e s p o n d in g  p e a k  in  th e  X - ra y  p o w e r  s p e c tr u m . T h e  tw o  d a s h e d  lin e s  in d ic a te  th e  

c o r r e s p o n d in g  F W H M  fre q u e n c y  fo r  t h e  F o u r ie r  t r a n s f o r m  o f  a  G a u s s ia n  g iv e n  th e  F W H M  

d u r a t io n s  o f  t h e  I R  a n d  X - ra y  f la re s .
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F ig . 5 .—  T h e  S p e c t r a l  E n e rg y  D is t r ib u t io n  o f  S g r  A *: in  b la c k  (filled  tr ia n g le s )  a r e  r a d io  

t o  s u b m m  m e a s u r e m e n ts  o f  t h e  q u ie sc e n t s t a t e  (M a rk o ff  e t  a l. 2 0 0 1 ; Z h a o  e t  a l. 2 0 0 3 ). N o te  

t h a t  th e s e  m e a s u r e m e n ts  a re  t im e  a v e ra g e d  m e a s u r e m e n ts  a n d  th e  e r r o r b a r s  in c lu d e  v a r ia b le  

e m is s io n  o f  u p  to  50% . A s o p e n  b la c k  c irc le s  w i th  a r ro w s  a r e  sh o w n  30 ^ m ,  2 4 .5 ^ m  a n d  

8.6 ^ m  u p p e r  l im its  t a k e n  f ro m  M e lia  &  F a lc k e  (2 0 0 1 ), th e  u p p e r  l im it  a t  8.6 ^ m  f ro m  

S c h o d e l e t  a l. (2 0 0 7 ) a n d  th e  l im it  o n  th e  q u ie sc e n t s t a t e  a t  2 ^ m  f ro m  H o r n s te in  e t  a l. 

(2002). T h e  q u ie sc e n t s t a t e  v a lu e s  f ro m  G e n z e l e t  a l. (2 0 0 3 ) a r e  sh o w n  as  th e  o p e n  b la c k  

c irc le s  w i th  e r r o r b a r s ,  a n d  th e  f la re  v a lu e s  f ro m  th e  s a m e  p a p e r  a s  g ra y  filled  c irc le s . T h e  

X - ra y  q u ie sc e n t s t a t e  is sh o w n  as  th e  b la c k  b o w - tie  (B a g a n o f f  e t  a l. 2 0 0 3 ). T h e  d a s h e d  lin e  

sh o w s a  m o d e l fo r  t h e  q u ie sc e n t s t a t e  (Y u a n  e t  a l. 2 0 0 3 ). O u r  n e w  m e a s u r e m e n ts  fo r  t h e  S E D  

o f  a  f la r in g  s t a t e  o f  S g r  A * a r e  sh o w n  in  r e d  (filled  s q u a re s ) :  (i) th e  M IR  (1 1 .8 8  ^ m )  u p p e r  

l im it  is sh o w n  as  th e  d o w n w a rd s -p o in t in g  a r ro w . T h e  M IR  u p p e r  l im it  is  d e te r m in e d  o v e r  

a n  in te r v a l  05 :3 0  to  06 :1 3  (see  d is c u s s io n  in  S e c t io n  2 .3 ) . (ii) T h e  L '- b a n d  m e a s u r e m e n t  is 

sh o w n  a s  th e  r e d  s q u a re  w i th  e r r o r b a r s .  T h is  c o r r e s p o n d s  to  e x t in c t io n  c o r re c te d ,  b a c k g r o u n d  

s u b t r a c t e d  m e a n  v a lu e  o f  t h e  L '- b a n d  o b s e rv a t io n s ,  19.1 ±  3 .6  m J y  ( in  th i s  c a se  w e u s e d  th e  

m in im u m  o f  th e  l ig h tc u rv e ,  2 .4  m J y  as  th e  b a c k g r o u n d  e s t im a te ) .  S in c e  th e  M IR  o b s e rv a t io n s  

d id  n o t  s t a r t  u n t i l  5 :30  ( a p p r o x im a te ly  h a l f  a n  h o u r  a f te r  th e  o n s e t  o f  t h e  N I R  f la re ) ,  th e  

m e a n  w as  c o m p u te d  o v e r  th e  M IR  t im e  in te r v a l  r a t h e r  t h a n  th e  e n t i r e  L ' - b a n d  f la r in g  in te rv a l .  

A lso  sh o w n  n e x t  t o  th e  L ' - b a n d  d a t a  p o in t  is h o w  th e  L ' - b a n d  m e a s u r e m e n t  w o u ld  c o n t in u e  

in to  K s  a n d  H  b a n d  w i th  a  s lo p e  o f  0 .4 , c h a r a c te r i s t ic  o f  th e  L '-H  s lo p e  o f  a  n u m b e r  o f 

‘b r i g h t ’ o b s e rv e d  f la re s  in  th e  l i t e r a t u r e  (H o r n s te in  e t  a l. 2 0 0 7 ; G ille s se n  e t  a l. 2 0 0 6 ) a n d  

a lso  c o n s is te n t  w i th  th e  s lo p e  o f  th e  p e a k  f la re  v a lu e s  o f  G e n z e l e t  a l. (2 0 0 3 ). (iii) T w o  

p o s s ib le  X - ra y  s p e c t r a  a r e  sh o w n , n e i th e r  o f  w h ic h  is m o d e l- in d e p e n d e n t .  T h e  r e d  p o in ts  

w h ic h  s lo p e  u p w a rd s  to  th e  le f t  in d ic a te  th e  p o w e r  la w  f it , o f  P o r q u e t  e t  a l. (2 0 0 8 ), w h ile  

th e  g re y  p o in ts  sh o w  th e  b la c k b o d y  f it o f  t h e  s a m e  p a p e r .  T h e  X - ra y  s p e c t r u m  w as  s c a le d  

b y  a  s m a ll f a c to r  s in c e  i t  in c o r p o r a te d  d a t a  f ro m  a n  e x t r a  five m in u te s  b e fo re  th e  M IR
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in te rv a l .  T h e  e r r o r  in  th e  L '- b a n d  d a t a  p o in t  is  c o m p u te d  a s  th e  s t a n d a r d  d e v ia t io n  o f  th e  

l ig h tc u rv e .

F o r  th e  X - ra y  d a t a ,  i t  is d iff ic u lt t o  sh o w  a n  in t r in s ic ,  d u s t  a n d  a b s o r p t io n -c o r r e c te d  

X - ra y  s p e c t r u m  w i th o u t  th e  a s s u m p t io n  o f  a  m o d e l.  T h is  is b e c a u s e  th e  in v e rs io n  o f  a  ra w  

c o u n t s / c h a n n e l  X - ra y  s p e c t r u m  is g e n e ra lly  n o n - u n iq u e  a n d  u n s ta b le  to  s m a ll  c h a n g e s  in  th e  

c o u n t s / c h a n n e l  s p e c t r u m  ( A r n a u d  1 9 9 6 ). T o  d e te r m in e  th e  b e s t  f i t t in g  s p e c tr u m , a  m o d e l is 

c a lc u la te d  a n d  ‘f o ld e d ’, o r  c o n v o lv e d  w ith  th e  in s t r u m e n ta l  r e s p o n s e  a f te r  w h ic h  th e  fo ld e d  

m o d e l s p e c t r u m  is c o m p a re d  to  th e  o b s e rv e d  c o u n ts  in  e a c h  c h a n n e l.  O n c e  o n e  h a s  f o u n d  a  

b e s t  f it , t h e  p ro c e s s  c a n  b e  r e v e rs e d  fo r  t h e  b e s t  f i t t in g  m o d e l a n d  o n e  o b ta in s  a n  in t r in s ic ,  

b u t  m o d e l d e p e n d e n t ,  s p e c t r u m .

B e c a u se  o f  th i s ,  w e c a n  n o t  sh o w  a  s in g le , m o d e l- in d e p e n d e n t  X - ra y  m e a s u r e m e n t  o n  

t h e  S E D  fo r  th e  A p r il  4 f la re . I n s te a d ,  w e sh o w  tw o  p o s s ib le  X - ra y  s p e c t r a  a s  o b ta in e d  

b y  P o r q u e t  e t  a l. (2 0 0 8 ) (i) a s s u m in g  a  p o w e r  la w  s h a p e ,  w i th  r  =  2 .3  ±  0 .4  a n d  N H =  

12 .8+ |;1  x  1022 c m -2  ( a t  t h e  90%  c o n f id e n c e  lev e l, u s in g  th e  x 2 s ta t i s t ic ;  see  A p p e n d ix  

B  in  P o r q u e t  e t  a l. 2 0 0 8 ), a n d  (ii) a s s u m in g  a  b la c k b o d y  m o d e l,  w i th  p a r a m e te r s  N H =  

7 .3 + 1 ;| x  1022 c m -2  a n d  k T  =  1.5+0.1 k eV . T h e  b la c k b o d y  f it h a d  th e  lo w e s t N H o f  th e  m o d e ls  

in v e s t ig a te d  in  t h a t  p a p e r .  B o th  m o d e ls  sh o w  a  so ft s p e c t r a l  in d e x  a b o v e  v  1 018 H z. W e 

s c a le d  th e  X - ra y  d a t a ,  w h ic h  w as  d e te r m in e d  o v e r  th e  fu ll X - ra y  f la r in g  in te rv a l ,  b y  a  f a c to r

0 .9 5  to  a c c o u n t  fo r  t h e  f a c t  t h a t  t h e  in te r v a l  o v e r  w h ic h  th e  M IR  u p p e r  l im it  w as  c a lc u la te d  

w as  s h o r te r  b y  5 m in u te s  ( th e  s c a lin g  f a c to r  w as  d e te r m in e d  as  t h e  r a t i o  in  f lu x es  b e tw e e n  

th e s e  tw o  in te rv a ls ) .

In  b o t h  L ' - b a n d  a n d  X -ra y s , th e r e  is  a  s u b s t a n t i a l  in c re a s e  in  f lu x  a b o v e  t h e  q u ie sc e n t 

leve l. T h e  a b s e n c e  o f  a n y  d e te c ta b le  e m is s io n  a t  11 .88  ^ m  im p lie s  t h a t  t h e  f la re  e m is s io n  

s p e c t r u m  m u s t  r is e  f ro m  11 .88  ^ m  to  3 .80  ^ m .  T h is  a p p e a r s  c o n s is te n t  w i th  a  ( v L v) s p e c tr a l  

in d e x  o f  f t =  0 .4  (H o r n s te in  e t  a l. 2 0 0 7 ; G ille s se n  e t  a l. 2 0 0 6 ; G e n z e l e t  a l. 2 0 0 3 ).

T h e  r is e  in  v L v f ro m  th e  M IR  to w a rd s  N I R  w a v e le n g th s  s u g g e s ts  t h a t  th e  p o p u la t io n  o f 

e le c tro n s  p r o d u c in g  th e  L ' - b a n d  f la re  m u s t  h a v e  a  d if fe re n t d is t r ib u t io n  o f  e le c t r o n  e n e rg ie s  

to  th o s e  in  th e  s u b m m  b u m p . T h is  m ig h t  b e  a n  p o w e r  la w  ta i l  o f  t r a n s i e n t ly  a c c e le r a te d  

e le c tro n s ,  fo r  e x a m p le , o r  a  s m a ll g r o u p  o f  e le c tro n s  h e a te d  to  a  h ig h  t e m p e r a tu r e .  W h a t  

th i s  o b s e r v a t io n  sh o w s is t h a t  a  N I R  f la re  c a n n o t  b e  d u e  to  a  sm a ll c h a n g e  in  o ve r a ll  p r o p 

e r t ie s  o f  t h e  s u b m m  b u m p  (su c h  a s , fo r  e x a m p le , a  g lo b a l in c re a s e  in  m a g n e t ic  fie ld  w h ic h  

te m p o r a r i ly  in c re a s e s  th e  e m i t t e d  s y n c h r o tr o n  e m is s io n  o f  t h e  q u ie sc e n t s t a t e ) .  T h e  f la re  

e v e n t m u s t  in v o lv e  o n ly  a  s m a ll f r a c t io n  o f  th e  q u ie sc e n t s t a t e  e le c tro n s , e i th e r  in  so m e  k in d  

o f  a c c e le r a t io n  p ro c e s s  t h a t  a c ts  g lo b a lly  b u t  in e ff ic ie n tly  w i th in  th e  a c c r e t io n  flow , o r  v ia  a  

m o re  e ffic ien t b u t  v e ry  lo c a liz e d  a c c e le r a t io n  p ro c e s s . A s m e n t io n e d  in  S e c t io n  3 .4 , t h e  s h o r t  

t im e  sc a le  v a r ia b i l i ty  o f  t h e  so u rc e  a lso  p o in ts  to w a rd s  a  lo c a liz e d  e v e n t.
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4 .  M o d e l l i n g  t h e  f l a r e  s t a t e  S E D  o f  S g r  A *

W e s tu d ie d  th e  f la re  s t a t e  S E D  o f  S g r A *  u n d e r  fo u r  s im p le  S E D  m o d e ls . T h e s e  m o d e ls  

e x p lo re  d if fe re n t e m is s io n  s c e n a r io s  fo r  th e  I R /X - r a y  f la re  a n d  c o r re s p o n d  to  s c e n a r io s  w h e re  

t h e  I R  a n d  X - ra y  f la re s  a r e  d u e  to  s y n c h r o tr o n  a n d  in v e rse  C o m p to n  e m is s io n  m e c h a n is m s . 

F o r  th e  f i t t in g  o f  t h e  S E D  m o d e ls  to  th e  d a t a  w e u se  th e  X - ra y  s p e c t r a l  f i t t in g  p r o g r a m  

X S P E C  ( A r n a u d  1 9 9 6 ). T o  in c o r p o r a te  o u r  in f r a r e d  d a t a  p o in ts  w e a d d  a n  e x t r a  d a t a  

c h a n n e l  w i th  th e  L ' - b a n d  e x t in c t io n  c o r r e c te d  flux ; t h e  in s t r u m e n ta l  r e s p o n s e  fo r  th i s  d a t a  

c h a n n e l  is a n  id e n t i ty  m a t r ix .  T h e  fo u r  X S P E C  m o d e ls  w e u s e d  a re :

1. i c m o d e l :  I R  e m is s io n  is s y n c h r o tr o n  e m is s io n  b y  t r a n s i e n t ly  h e a t e d /a c c e le r a t e d  e le c 

t r o n s ;  X - ra y  e m is s io n  is  d u e  to  th e  in v e rse  C o m p to n  s c a t t e r in g  o f  s u b m m  p h o to n s  f ro m  

th e  ‘q u ie s c e n t’ p o p u la t io n  o f  e le c tro n s  b y  th e  p o p u la t io n  o f  e le c tro n s  p r o d u c in g  th e  IR  

e m iss io n .

T h e  se e d  p h o to n  s p e c t r u m  co m e s  f ro m  th e  q u ie sc e n t p o p u la t io n  o f  e le c tro n s  a n d  i t s  

s p e c t r u m  a n d  t o t a l  lu m in o s i ty  is  f ix e d  (w e u se  th e  m o d e l s p e c t r u m  o f  Y u a n  e t  a l. 

2 0 0 3 ). R q , t h e  size  o f  t h e  r e g io n  c o n ta in in g  th e  q u ie sc e n t s t a t e  ( s u b m m - e m it t in g  

e le c tro n s )  e le c tro n s  is  a  free  p a r a m e te r  a n d  c o n tro ls  th e  p h o to n  d e n s i ty  o f  s u b m m  

p h o to n s  a v a i la b le  fo r  in v e rse  C o m p to n  s c a t te r in g .

T h e  I R  s y n c h r o tr o n  e m is s io n  is m o d e lle d  b a s e d  o n  a  th e r m a l  d is t r ib u t io n  o f  e le c tro n s . 

T h e r e  a r e  th r e e  p a r a m e te r s  t h a t  p e r t a i n  to  th e  t r a n s i e n t ly  h e a te d  p o p u la t io n  o f  e le c 

t r o n s  p r o d u c in g  I R  s y n c h r o tr o n  e m iss io n : B ,  th e  m a g n e t ic  fie ld , 0E , t h e  d im e n s io n le s s  

e le c t r o n  t e m p e r a t u r e  (0E d e n o te s  th e  ty p ic a l  e n e rg y  7  o f  t h e  e le c tr o n  d is t r ib u t io n ;  i t  

is  e q u a l  t o  k T e / m c 2, w h e re  T e is  t h e  t e m p e r a t u r e  o f  t h e  th e r m a l  e le c tro n  d is t r ib u t io n ) ,  

a n d  N ,  th e  t o t a l  n u m b e r  o f  I R  s y n c h r o tr o n  e m i t t in g  e le c tro n s .

2. s s c m o d e l :  I R  e m is s io n  is  s y n c h r o tr o n  e m is s io n  b y  t r a n s i e n t ly  h e a t e d /a c c e le r a t e d  e lec 

t r o n s ;  X - ra y  e m is s io n  to  I R / N I R  p h o to n s  o f  t h e  t r a n s i e n t ly  h e a t e d /a c c e le r a t e d  (fla re )  

e le c t r o n  p o p u la t io n  t h a t  a re  in v e rse  C o m p to n  s c a t t e r e d  b y  th e  s a m e  p o p u la t io n  (i.e . 

S S C ).

T h e  I R  s y n c h r o tr o n  e m is s io n  is a g a in  m o d e lle d  b a s e d  o n  a  th e r m a l  d is t r ib u t io n  o f 

e le c tro n s . T h is  I R  s y n c h r o tr o n  e m is s io n  c a n  b e  a g a in  c o m p u te d  f ro m  th e  p a r a m e te r s :

B ,  m a g n e t ic  fie ld , 9E , th e  d im e n s io n le s s  e le c t r o n  t e m p e r a t u r e  ( th e  ty p ic a l  7  o f  th e  

e le c tro n s ,  see i c m o d e l ) ,  a n d  N , t h e  t o t a l  n u m b e r  o f  I R  s y n c h r o tr o n  e m i t t in g  e le c tro n s .

In  th i s  m o d e l  i t  is  t h e  p a r a m e te r  R f  , t h e  s ize  o f  t h e  r e g io n  c o n ta in in g  th e  f la r in g  

( I R - e m i t t in g )  e le c tro n s  t h a t  c o n tro ls  t h e  p h o to n  d e n s i ty  o f  th e  se e d  p h o to n  s p e c tr u m .
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3. p o w e r la w : I R  e m is s io n  is s y n c h r o tr o n  e m is s io n  f ro m  a  p o w e r  la w  e n e rg y  d i s t r ib u t io n  

o f  a c c e le r a te d  e le c tro n s . T h e  p a r a m e te r  o f  in te r e s t  in  th i s  m o d e l is  t h e  p a r t i c le  in d e x  

o f  t h e  p o w e r  la w  e le c t r o n  d i s t r ib u t io n ,  p , i.e . N (7 ) <x Y- p .

4. p o w e r la w c o o l :  I R  e m is s io n  is  a g a in  s y n c h r o tr o n  e m is s io n  f ro m  a n  e le c tr o n  d i s t r ib u 

t i o n  w i th  c o n t in u o u s  in je c t io n  o f  p o w e r  la w  e le c tro n s  a n d  th e  a d d i t io n  o f  s y n c h r o tr o n  

c o o lin g . P a r a m e te r s  o f  th i s  m o d e l a re  p ,  t h e  p a r t i c le  in d e x  o f  th e  in je c te d  e le c tr o n  

s p e c tr u m , a n d  th e  m a g n e t ic  f ie ld  B ,  w h ic h  d e te r m in e s  th e  c o o lin g  t im e  o f  e le c tro n s  

a n d  th u s  th e  e n e r g y / f r e q u e n c y  a t  w h ic h  th e  c o o lin g  b r e a k  o c c u rs .

T h e  tw o  m o d e ls  i c m o d e l  a n d  s s c m o d e l  w e re  d e v e lo p e d  e sp e c ia lly  fo r  th i s  w o rk , w h ile  

p o w e r la w c o o l  w as  a  s im p le  a d a p t a t i o n  o f  t h e  e x is t in g  X S P E C  m o d e l p o w e r la w  to  in c o rp o 

r a t e  t h e  c o o lin g  b re a k .  S p ec ific  d e ta i ls  o f  t h e  ic m o d e l ,  s s c m o d e l  a n d  p o w e r la w c o o l  m o d e ls  

a r e  l i s te d  in  th e  A p p e n d ix .

F o r  e a c h  m o d e l w e a lso  ta k e  in to  a c c o u n t  th e  e ffec t o f  p h o to e le c t r ic  a b s o r p t io n  a n d  

d u s t  s c a t t e r in g  o n  th e  X - ra y  s p e c t r u m  v ia  th e  X S P E C  r o u t in e s  s c a t t e r  a n d  w ab s  (fo r m o re  

d e ta i ls ,  see P o r q u e t  e t  a l. 2 0 0 8 ). T h e s e  e ffec ts  w e re  n o t  a p p l ie d  t o  th e  N I R  d a ta .  F o r  th e  

d u s t  s c a t t e r in g  ( s c a t t e r ) ,  w e fix  A V =  25 to  m a tc h  th e  d u s t  e x t in c t io n  c o r re c t io n s  u s e d  fo r 

t h e  L '- b a n d  a n d  M IR  d a ta .  F o r  p h o to e le c t r ic  a b s o r p t io n  (w ab s) w e a llo w  th e  p a r a m e te r  N H 

to  b e  d e te rm in e d .

A s a n  e x t r a  c o n s t r a in t ,  w e a d d  a n  e x t r a  d a t a  p o in t  a t  H - b a n d  (1 .6 5  ^ m )  w h ic h  c o r 

r e s p o n d s  to  a  c o n s t r a in t  o n  th e  v L v s lo p e  f ro m  L '-H  b a n d  o f  ft =  0 .4  ±  0 .2 . W e f in d  t h a t  

a d d in g  th i s  c o n s t r a in t  g e n e ra lly  r e s u l t s  a lso  in  m o d e ls  w h ic h  d o  n o t  v io la te  t h e  M IR  3 a  u p p e r  

l im it .  W e r a n  m o d e ls  a lso  w i th o u t  th i s  e x t r a  c o n s t r a in t  a n d  v e ry  s im ila r  b e s t  f it v a lu e s  w ere  

o b ta in e d .

T a b le  1 l is ts  t h e  p a r a m e te r s  o f  th e  f i t t e d  m o d e ls .  F ig u r e  6 sh o w s th e  S E D  c o r r e s p o n d in g  

t o  th e  b e s t  f i t t in g  c a se  fo r  e a c h  m o d e l. In  th e  n e x t  s u b s e c t io n s  w e g o  th r o u g h  e a c h  m o d e l 

in  d e ta i l .

4 .1 .  i c m o d e l :  F l a r e  c a u s e d  b y  i n v e r s e  c o m p t o n i z e d  s u b m m  b u m p  p h o t o n s

A  b e s t  f it  m o d e l fo r  th e  c a se  o f  s u b m m  p h o to n s  s c a t t e r e d  b y  I R - e m i t t in g  e le c tro n s  is 

sh o w n  in  F ig u r e  6 . T h e  m o d e l is  a  s a t i s f a c to r y  f it  t o  t h e  d a t a .  T h e  ty p ic a l  e le c tr o n  e n e rg ie s  

in v o lv e d  a p p e a r  r e a s o n a b le  (7 ~  140). H o w ev er, t h e  m a g n e t ic  f ie ld  s t r e n g th  o f  210 G  is h ig h  

c o m p a r e d  to  t h a t  e x p e c te d  fo r  th e  in n e r  re g io n s  o f  t h e  a c c r e t io n  flow  (10  — 30 G ) , a n d  th e  

p a r a m e te r  R q  h a s  a  b e s t  f it v a lu e  o f  0 .0 4 6  R s , w h ic h  a s  w e w ill a r g u e  is  a n  u n r e a s o n a b ly  sm a ll



T a b le  1. M o d e ls : F i t  P a r a m e te r s

Fit to Mean Fluxes & NIR spectral index
Parameter icmodel sscmodel powerlaw powerlawcool

Nh [x1022 cm 2] 11.7 (9.9,14.3) 11.5 (9.7, 13.7) 11.5 (10.6, 12.7) 12.4 (11.0, 12.1)
B [Gauss] 210 (30,2900) 6000 (2200, 7900) < 0.1, or > 60 6.1 (0.1, 60)
0e  [kTe/m ec2] 140 (50, 210) 11 (9, 16) - -
Ne [x1040 electrons] 4.7 (0.2, 130) 1.5 (0.7, 4.2) - -

r q  [Rs ] 0.046 (0.001, 0.27) - - -
Rf  [Rs] > 0.02 0.0013 (0.0009, 0.0020) - -
p - - 2.88 (2.82, 2.94) 2.4 (2.1, 3.1)

X2 /  d.o.f. 70.1 /74 69.9 /74 72.4 /77 70.4/76
reduced x2 0.95 0.94 0.94 0.93

Violates 3a MIR upper limit? No No Yes No

Note. — Summary of best fit parameters for different scenarios: synchrotron + submm IC (icmodel), synchrotron + NIR SSC (sscmodel), 
simple power law (powerlaw), power law with cooling break (powerlawcool). In each case a NIR vLv slope of 0 = 0.4 ± 0.2 was enforced 
in order to add enough constraint to the parameters. We found that models which violated the NIR slope by > 2a usually violated the 3a 
MIR limit also. Listed is also whether the model violates the MIR limit. Next to each value we provide the 90% confidence interval for each 
parameter.
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F ig . 6 .—  T h e  b e s t  f its  o f  t h e  fo u r  X S P E C  m o d e ls  fo r  t h e  A p r il  4 f la re  I R  a n d  X - ra y  d a ta .  

T h e  X - ra y  d a t a  p o in t s  a r e  th e  u n fo ld e d  s p e c t r u m  fo r  t h e  g iv e n  m o d e l  (b lu e  so lid  l in e ) ; o n ly  

t h e  P N  u n fo ld e d  s p e c t r a  a re  sh o w n , w i th  th e  d a t a  p o in t s  b in n e d  fo r  p lo t t i n g  p u rp o s e s .  (i) 

ic m o d e l :  T h e  so lid  b lu e  lin e  sh o w s th e  b e s t  f it IC  m o d e l fo r  th e  f it c o n s t r a in ts  o f  t h e  A p r il  

4 f la re , w h ic h  sa tis f ie s  t h e  M IR  l im it  a n d  th e  N I R  s p e c t r a l  in d e x . T h e  d a s h e d  b lu e  lin e  

sh o w s th e  b e s t  f it  m o d e l h o ld in g  th e  m a g n e t ic  fie ld  f ix e d  a t  B = 3 0  G . T h is  m o d e l v io la te s  

t h e  N I R  s p e c t r a l  in d e x  a n d  c o m e s  c lo se  to  v io la t in g  th e  M IR  u p p e r  l im it .  I t  d o e s  h o w ev e r  

a llo w  a  la rg e r  s ize  fo r  t h e  q u ie sc e n t re g io n , R q  =  0 .2 7  R s . T h is  is h o w e v e r s t i l l  f a r  f ro m  

t h e  s iz e /p h o to n  d e n s it ie s  e x p e c te d  f ro m  size  m e a s u r e m e n ts  o f  S g r A * . (ii) s s c m o d e l :  B e s t 

f it S S C  m o d e l.  In  th i s  c a se  th e  m a g n e t ic  fie ld  a n d  d e n s i ty  a re  e x tre m e ly  h ig h . T h e  so u rc e  

b e c o m e s  s e lf -a b s o rb e d  in  th e  N IR , a n d  th e  s p e c t r u m  sh o w s s t r o n g  c u r v a tu r e  f ro m  1 / t o  H - 

b a n d .  (iii) p o w e r la w : B e s t  f it p o w e r  la w  m o d e l. T h is  m o d e l v io la te s  b o t h  M IR  l im it  a n d  

N I R  s p e c t r a l  in d e x . (iv ) p o w e r la w c o o l :  A  m o re  fe a s ib le  s y n c h r o tr o n  m o d e l w i th  a  c o o lin g  

b re a k .  T h is  m o d e l c o r re s p o n d s  to  th e  s te a d y  s t a t e  s o lu t io n  fo r  a  s y s te m  w i th  a  c o n s ta n t  

in je c t io n  o f  p o w e r  la w  e le c tro n s  w h e re  th e  e n e rg y  lo ss  o f  t h e  e le c tro n s  d u e  to  s y n c h r o tr o n  

e m is s io n  is  ta k e n  in to  a c c o u n t.
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size  to  c o n ta in  th e  q u ie sc e n t s t a t e  o f  S g r A * ( s t a t e d  a n o th e r  w ay , i t  c o r r e s p o n d s  to  a  m u c h  

h ig h e r  p h o to n  d e n s i ty  o f  s u b m m  p h o to n s  w i th in  th e  f la r in g  r e g io n  t h a n  c a n  b e  e x p e c te d ) .

T o  u n d e r s t a n d  w h e th e r  th e  s m a ll  v a lu e  o f  R q  is r e a l ly  ‘to o  s m a l l ’, w e m u s t  b e  s u re  o f 

h o w  th e  p a r a m e te r  R q  s h o u ld  b e  in te r p r e te d .  W e n o te  t h a t  R q  is  in  f a c t  c o n s t r a in e d  th r o u g h  

t h e  q u ie sc e n t p h o to n  e n e rg y  d e n s i ty  r e q u ir e d  to  p r o d u c e  X - ra y  e m is s io n  o f  t h e  a m p l i tu d e  

t h a t  w e see  in  th e  X - ra y  fla re . S in ce  p h o to n  d e n s i ty  is  d e f in e d  th r o u g h  Uph =  L / c A ,  w i th  A  

th e  s u r fa c e  a r e a  o f  t h e  r e g io n  e m i t t in g  th e  lu m in o s i ty  L , w e see t h a t  R q  c a n  b e  in t e r p r e te d  

a s  a  c o n s t r a in t  o n  th e  s u r fa c e  a r e a  o f  t h e  (q u ie s c e n t)  e m is s io n  re g io n .

T h u s  th e  t r u e  q u ie sc e n t r e g io n ’s g e o m e try  m u s t  h a v e  a  s u r fa c e  a r e a  e q u iv a le n t  t o  th e  

s u r fa c e  a r e a  o f  a  s p h e re  o f  r a d iu s  R q  in  o r d e r  t o  r e p r o d u c e  th e  r e q u ir e d  p h o to n  d e n s ity . F o r  

e x a m p le , a  to r u s  s i tu a te d  a t  t h e  la s t  s ta b le  o r b i t ,  R l s o  =  3 R s  w o u ld  h a v e  a n  e q u iv a le n t 

s u r fa c e  a r e a  to  o u r  b e s t  f it R q  fo r  a  r in g  th ic k n e s s  o f  2 x  10 -4  R s : e x t re m e ly  th in .

N ew  o b s e rv a t io n s  o f  th e  s ize  o f  S g r  A *  a t  1.3 m m , (D o e le m a n  e t  a l. 2 0 0 8 ) a p p r o a c h in g  

t h e  p e a k  o f  t h e  s u b m m  b u m p , s u g g e s t t h a t  t h e  q u ie sc e n t e m is s io n  r e g io n  m a y  n o t  b e  c e n t r e d  

o n  th e  b la c k  h o le . T h e  r e a s o n  fo r  th i s  is t h e  f a c t  t h a t  t h e  m e a s u r e d  size  fo r  S g r  A * a t  1 .3 m m  

is s m a l le r  t h a n  th e  m in im u m  a p p a r e n t  ( g r a v i ta t io n a l ly  le n se d )  s ize  a llo w e d  fo r  a n  o b je c t  v e ry  

n e a r  a  b la c k  h o le . I f  t h e  q u ie sc e n t e m is s io n  r e g io n  is in d e e d  o ffse t f ro m  th e  p o s i t io n  o f  th e  

b la c k  h o le  th e n  w e n o  lo n g e r  r e q u ire  a n  e x tre m e ly  th i n  r in g  c o n ta in in g  m o s t  o f  t h e  q u ie sc e n t 

r e g io n  e le c tro n s . H o w ev er, th i s  s t i l l  d o e s  n o t  so lv e  th e  s ize issu e : a t  th e  90%  c o n fid e n c e  

lev e l, t h e  la rg e s t  v a lu e  o f  R q  t h a t  is  c o m p a t ib le  w i th  th e  d a t a ,  R q  =  0 .2 7  R S (0 .5 4  R S in  

d ia m e te r )  is  s t i l l  f a r  b e lo w  th e  m e a s u r e d  F W H M  size  a t  1.3  m m  o f  ~  3 .7  R S .

A n o th e r  is su e  s te m s  f ro m  th e  f a c t  t h a t  o u r  m o d e l d o e s  n o t  ta k e  in to  a c c o u n t  a  s t r a t i f ie d  

r e g io n  (i.e . t h e  p r o p e r ty  t h a t  th e  o b s e rv e d  size  c h a n g e s  w i th  w a v e le n g th , B o w e r e t  a l. 2 0 0 4 ; 

S h e n  e t  a l. 2 0 0 5 ) in  th e  c a lc u la t io n  o f  th e  p h o to n  d e n s i ty  f ro m  L submm a n d  R q . W i th in  th e  

t r u e  (n o n -h o m o g e n e o u s )  q u ie sc e n t so u rc e  th e  lo c a l d e n s i ty  o f  q u ie sc e n t p h o to n s  w ill c h a n g e  

w i th  p o s i t io n .  I t  m a y  b e  m o re  re a l is t ic ,  r a t h e r  t h a n  to  in p u t  t h e  p h o to n  d e n s i ty  v ia  th e  

v a r ia b le  p a r a m e te r  R q  , t o  in p u t  t h e  k n o w n  p h o to n  d e n s i ty  o f  a  k n o w n  m o d e l fo r  S g r A * 

w h ic h  s a tis f ie s  a l l  t h e  o b s e rv a t io n s  in c lu d in g  th e  s ize  m e a s u r e m e n ts .  A s a  d e m o n s t r a t io n  o f 

h o w  w e c a n  im p le m e n t  th i s  w e a g a in  ta k e  th e  m o d e l o f  Y u a n  e t  a l. (2 0 0 3 , see F ig u r e  5) fo r 

w h ic h  w e h a v e  o b ta in e d  ta b le s  o f  t h e  q u a n t i ty  n ( v ,  R )  a t  d if fe re n t r a d i i  R . T h is  m o d e l  h a s  

b e e n  sh o w n  t o  p r e d ic t  s izes a t  3 .5  a n d  7 m m  c o n s is te n t  w i th  th o s e  o b s e rv e d  (Y u a n  e t  a l.

2 0 0 6 ).

Im p le m e n t in g  th i s  m o d e l,  t h e  free  p a r a m e te r  r e p la c in g  R q  is t h e  r a d ia l  p o s i t io n  o f  th e  

f la re  f ro m  th e  th e  c e n t r a l  b la c k  h o le , r pos. T h is  p o s i t io n  w ill d e te r m in e  th e  lo c a l  p h o to n  

e n e rg y  d e n s i ty  t h a t  is  t o  b e  in v e rse  C o m p to n  s c a t t e r e d  b y  th e  f la re  e le c tr o n  p o p u la t io n .
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W h e n  w e in c o r p o r a te  th e  m o d e l ’s p h o to n  d e n s i ty  in to  o u r  in v e rse  C o m p to n  c o d e  h o w ev er, 

w e f in d  i t  d iff ic u lt t o  f in d  a  r e a s o n a b le  f it fo r  a n y  r pos.

O n e  c a n  u n d e r s t a n d  w h y  th i s  is th r o u g h  F ig u r e  7 , w h ic h  sh o w s th e  e n e rg y  d e n s i ty  

s p e c t r u m  fo r  (i) o u r  s im p le  ‘o n e -s iz e ’ m o d e ls , fo r  t h e  b e s t  f it R q  a s  w ell a s  a  ~  3 a  u p p e r  

l im it  (i.e . c o r r e s p o n d in g  to  th e  lo w e s t e n e rg y  d e n s i ty  s p e c t r u m  a llo w e d  to  p r o d u c e  a c c e p ta b le  

X - ra y  IC  s c a t t e r in g )  c o m p a r e d  w i th  (ii) t h e  e n e rg y  d e n s i ty  s p e c t r a  fo r  v a r io u s  in n e r  r a d i i  

o f  t h e  Y u a n  e t  a l  m o d e l.  A s w e c a n  see , t h e  p h o to n  d e n s i ty  in  th e  m o d e l is j u s t  to o  low  

o v e r  th e  e n t i r e  f re q u e n c y  r a n g e  to  r e p r o d u c e  a  b r ig h t ,  so f t,  X - ra y  f la re  v ia  in v e rse  C o m p to n  

s c a t te r in g .

F in a lly , a l th o u g h  w e w e re  f i t t in g  a n  IC  m o d e l t o  th e  f la re , w e m u s t  n o t  fo rg e t  a b o u t  

t h e  f a c t  t h a t  t h e  e le c tro n s  p r o d u c in g  th e  N I R  a n d  IC  e m is s io n  m u s t  a lso  b e  p r o d u c in g  S S C  

e m iss io n . In  f a c t ,  a s s u m in g  th e  IC  s c e n a r io  to  b e  th e  c a u s e  o f  th e  X - ra y  f la re , w e c a n  p u t  

a  lo w er l im it  o n  th e  s ize  o f  th e  f la re  e m is s io n  r e g io n  R f , b y  r e q u ir in g  th e  a b s en c e  o f  a n  

S S C  c o n t r ib u t io n .  T o  e s t im a te  th is ,  w e s lo w ly  v a r ie d  R f  f ro m  i t s  m a x im u m  v a lu e  ( R q )  

a n d  o b s e rv e d  a t  w h ic h  p o in t  S S C  e m is s io n  b e g a n  to  o v e rw h e lm  th e  IC  X - ra y  e m is s io n 6 . W e 

f o u n d  t h a t  t h e  f la re  r e g io n  m u s t  b e  m o re  t h a n  0 .0 2  R s  in  size. T h is  w o u ld  im p ly  a  d e n s i ty  

o f  n e <  8 x  108c m - 3 , w h ic h  c o u ld  b e  c o m p a t ib le  w i th  th e  k in d s  o f  d e n s it ie s  ( n e ~  107c m - 3 ) 

e x p e c te d  fo r  t h e  in n e r  re g io n s  o f  a n  a c c r e t io n  flow  n e a r  S g r A * (Y u a n  e t  a l. 2 0 0 3 )

4 .2 .  s s c m o d e l :  F l a r e  c a u s e d  b y  i n v e r s e  C o m p t o n i z e d  N I R  f l a r e  p h o t o n s  ( S S C  

c a s e )

T h e  c r i t ic a l  f r e q u e n c y  fo r  s y n c h r o tr o n  e m is s io n  (vc , t h e  f re q u e n c y  a t  w h ic h  a  s y n c h r o tr o n -  

e m i t t in g  e le c t r o n  e m its  m o s t  o f  i t s  e n e rg y , a n d  th u s  th e  e n e rg y  a t  w h ic h  th e  v L v s p e c t r u m  

tu r n s  o v e r, see S e c t io n  6 .1 ) is l in e a r  in  B  a n d  q u a d r a t i c  in  7 . T h u s  t o  o b ta in  a n  S S C  p e a k  

b e lo w  1 0 18 H z  th e  e le c tro n s  m u s t  h a v e  v e ry  lo w  e n e rg ie s  o f  7  ~  10-15 . I f  th e  e le c tro n s  w ere  

to  h a v e  su c h  low  e n e rg ie s , i t  fo llo w s t h a t  a  v e ry  la rg e  B  is n e e d e d  to  p r o d u c e  a  s y n c h r o tr o n  

p e a k  a b o v e  N I R  fre q u e n c ie s  so  t h a t  a n  in c re a s in g  v L v s p e c t r a l  in d e x  is o b s e rv e d  in  th e  N IR .

T h u s  i t  m a k e s  sen se  t h a t  o u r  b e s t  f it  S S C  m o d e l,  sh o w n  in  F ig u r e  6 , c o r re s p o n d s  to  low  

e le c t r o n  e n e rg ie s  a n d  h ig h  m a g n e t ic  f ie ld  s t r e n g th .  T h e  m a g n e t ic  fie ld  s t r e n g th s  r e q u ir e d  a re  

e n o rm o u s , a  f a c to r  o f  >  200 g r e a t e r  t h a n  th e  ty p ic a l  m a g n e t ic  f ie ld s  o f  th e  q u ie sc e n t s ta te .  

A t t h e  s a m e  t im e ,  a  d r a m a t ic  d e c re a se  in  th e  r a t i o  o f  9E / B  w ill h a v e  th e  e ffec t o f  s u p p re s s in g

6For the electron energies of our IC models, the SSC emission peak always occurred higher th an  X-ray

frequencies, so the SSC spectrum  had a hard  v L v spectral index and is not a valid solution.
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F ig . 7 .—  C o m p a r is o n  o f  th e  p h o to n  d e n s i ty  a t  e a c h  f re q u e n c y  in  (i) t h e  b e s t  f it IC  m o d e l 

w i th  R q  =  0 .0 4 6 R s  ( th ic k  r e d  so lid  lin e )  a n d  (ii) d if fe re n t r a d i i  b e tw e e n  1.5 R s  a n d  10 R s  

in  th e  Y u a n  e t  a l. (2 0 0 3 ) m o d e l ( th in  b lu e  so lid  lin e s ) . T h e  d a s h e d  r e d  lin e  sh o w s th e  th e  

p h o to n  d e n s i ty  s p e c t r u m  fo r  R q  =  0 .2 7 , a t  t h e  90%  c o n f id e n c e  lev e l fo r  th e  p a r a m e te r  R q . 

T h e  p h o to n  d e n s it ie s  o f  Y u a n  e t  a l. (2 0 0 3 ) a re  in  g e n e ra l  2 to  3 o rd e r s  o f  m a g n i tu d e  to o  low , 

w h ic h  sh o w s w h y  th e r e  is  n o  w ell f i t t in g  IC  m o d e l fo r  t h e  m u l t iw a v e le n g th  o b s e rv a t io n s  o f 

t h e  A p r il  4 f la re , g iv e n  th e  p h o to n  d e n s it ie s  o f  th e  Y u a n  e t  a l. (2 0 0 3 ) m o d e l.
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th e  S S C  e m iss io n . A c c o rd in g ly  th e  d e n s i ty  r e q u ir e d  f ro m  th e  s m a ll  size , n e ~  9 x  10 11c m - 3 , is 

e q u iv a le n t t o  a  d e n s i ty  e n h a n c e m e n t  o n  th e  o r d e r  o f  104 a b o v e  d e n s it ie s  ty p ic a l  fo r  t h e  in n e r  

re g io n s  o f  t h e  a c c r e t io n  flow  a n d  is a lso  u n r e a l is t ic .  T h e  h ig h  d e n s it ie s  r e q u ir e d  e v e n  h a v e  th e  

r e s u l t  t h a t  t h e  s y n c h r o tr o n  s p e c t r u m  a t  I R / N I R  w a v e le n g th s  b e c o m e s  s e lf -a b s o rb e d . T h e  

s e lf - a b s o rp t io n  r e s u l t s  in  a  v e ry  s te e p  s p e c t r u m  a t  I R  w a v e le n g th s , a n d  i t  sh o w s s ig n if ic a n t 

c u r v a tu r e .  O v e ra ll ,  d u e  to  th e  e x t r e m e  p h y s ic a l  c o n d i t io n s  r e q u ir e d  to  c r e a te  th e  o b s e rv e d  

X - ra y  e m is s io n  v ia  S S C , w e ru le  i t  o u t  a s  t h e  e m is s io n  p ro c e s s  b e h in d  th e  A p r il  4 X - ra y  fla re .

4 .3 .  p o w e r la w : X - r a y  a n d  I R  f l a r e  f r o m  s i n g l e  p o w e r  l a w  s y n c h r o t r o n  e m i s s i o n

W e h a v e  f o u n d  t h a t  n e i th e r  t h e  IC  n o r  S S C  s c e n a r io s  a re  e n t i r e ly  s a t i s f a c to r y  a s  e x p la n a 

t io n s  fo r  t h e  s im u l ta n e o u s  o b s e rv a t io n s  o f  A p r il  4. T h e re fo re , i t  is  w o r th w h ile  to  in v e s t ig a te  

o th e r  p o s s ib le  s c e n a r io s  fo r  t h e  p r o d u c t io n  o f  t h e  X - ra y  fla re . O n e  su c h  p o s s ib i l i ty  is  t h a t  

b o th  I R  a n d  X - ra y  f la re s  a r e  s y n c h r o tr o n  e m iss io n .

A  p o w e r  la w  e n e rg y  d i s t r ib u t io n  o f  e le c tro n s

N ( E ) d E  k  E - p d E

in  t h e  p re s e n c e  o f  a  m a g n e t ic  fie ld , w ill c r e a te  a  s y n c h r o tr o n  e m is s io n  s p e c t r u m

v L v k  v (3 -p)/2 .

W h ile  th e  p o w e r la w  m o d e l g iv e s  a  r e a s o n a b le  f it t o  t h e  L '- b a n d  a n d  X - ra y  d a t a ,  i t  

v io la te s  th e  M IR  l im it  a n d  g iv es  a  so ft v L v s p e c t r a l  in d e x  in  th e  N IR . T h is  m o d e l is a lso  

u n r e a l is t ic  s in c e  fo r  r e a s o n a b le  m a g n e t ic  fie ld  s t r e n g th s  B  «  10 — 30 G  w e e x p e c t  e le c tro n s  

w i th in  th e  e n e rg y  r a n g e  o f  o u r  p o w e r  la w  d i s t r ib u t io n  to  h a v e  v e ry  s h o r t  c o o lin g  tim e s c a le s .  

E i th e r  v e ry  lo w  ( B  <  0 .1 G ) m a g n e t ic  f ie ld s  a r e  n e e d e d  o r  v e ry  h ig h  ( B  >  6 0 G , to g e th e r  

w i th  a  v e ry  f la t  s p e c t r u m  o f  in je c te d  e le c tro n s  p  ~  1 .9) t o  p r e v e n t  a  c o o lin g  b r e a k  o c c u r r in g  

b e tw e e n  I R  a n d  X - ra y  w a v e le n g th s  ( i.e ., th i s  m o t iv a te s  o u r  n e x t  m o d e l p o w e r la w c o o l ) .  W e 

c a n  th u s  d e f in itiv e ly  ru le  o u t  th i s  s c e n a r io .

4 .4 .  p o w e r la w c o o l :  X - r a y  a n d  I R  f l a r e  f r o m  p o w e r  l a w  s y n c h r o t r o n  e m i s s i o n  

w i t h  c o o l i n g  b r e a k

I t  is  w ell k n o w n  fo r  s y n c h r o tr o n  e m is s io n  so u rc e s  to  e x h ib i t  v a r io u s  b r e a k s  in  th e i r  

s p e c t r a  d u e  to  c o o lin g  p ro c e s s e s  (e .g . P a c h o lc z y k  1 9 7 0 ). O n e  o f  t h e  lo w e s t f re q u e n c y  b re a k s  

lik e ly  to  o c c u r  is d u e  to  s y n c h r o tr o n  lo sses . T h e  e le c tro n s  r e s p o n s ib le  fo r  t h e  e m is s io n  a b o v e
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th i s  c o o lin g  b r e a k  lo se  e n e rg y  d u e  to  s y n c h r o tr o n  c o o lin g  f a s te r  t h a n  th e y  c a n  ty p ic a l ly  

e s c a p e  (w h ic h  th e y  d o  o n  ro u g h ly  th e  d y n a m ic a l  t im e s c a le ) .  I f  t h e  s o u rc e  o f  a c c e le ra t io n  

in  th e  p la s m a  o c c u rs  c o n tin u o u s ly  (i.e . th e r e  is  a  c o n t in u o u s  in je c t io n  o f  e le c tro n s  f ro m  th e  

h e a t in g /a c c e le r a t io n  p ro c e s s ) ,  a  s te a d y  s t a t e  s o lu t io n  e x is ts  w h e re  th e  s p e c t r u m  fo llo w s th e  

u s u a l  s y n c h r o tr o n  s p e c t r a l  in d e x  o f  ft =  (3 — p ) / 2  ( w ith  p  th e  p a r t i c le  in d e x )  a t  e n e rg ie s  

b e lo w  a  c h a r a c te r i s t ic  e n e rg y , th e  ‘c o o lin g  b r e a k ’, w h ile  a b o v e  th i s  e n e rg y  th e  s p e c t r a l  in d e x  

f la t te n s  to  f t =  (2 — p ) / 2 ,  c o r r e s p o n d in g  to  a  p a r t i c le  in d e x  o f  p  + 1  (Y u a n  e t  a l. 2 0 0 3 ; ? ) . 

T h e  p o s i t io n  o f  t h e  c o o lin g  b r e a k  c o r re s p o n d s  to  th e  e le c tro n  e n e rg y  (o r , in  t h e  e m i t t e d  

s p e c tr u m , th e  f re q u e n c y )  a t  w h ic h  th e  c o o lin g  t im e  is e q u a l  to  th e  e s c a p e  t im e . T h e  e s c a p e  

t im e  is  u n c e r t a in  b u t  fo r  o u r  s im p le  e s t im a te  w e w ill u se  th e  d y n a m ic a l  t im e :

(  B  V 3/2 /  v  \  —1/2

T<°°‘ = 8 ( s o g  )  ( w n b )  m i n  (1)

(2)

T h e  c o o lin g  b r e a k  th e re fo re

(3)

T h is  m o d e l  h a s  m o re  f re e d o m  t h a n  th e  p o w e r  la w  m o d e l,  a n d  th e  d a t a  p ro v id e  less 

c o n s t r a in t  o n  p h y s ic a l  p a r a m e te r s  t h a n  in  th e  IC  o r  S S C  (b e c a u se  in  th o s e  ca se s  th e  I R  a n d  

X - ra y  f la re s  a r is e  f ro m  d if fe re n t e m is s io n  m e c h a n is m s ) .  W e c a n  d e te r m in e  w h a t  m a g n e tic  

f ie ld  s t r e n g th s  a re  n e c e s s a ry  fo r  su c h  a  m o d e l s in c e  th e  m a g n e t ic  f ie ld  B  d ir e c t ly  in f lu e n c e s  

th e  p o s i t io n  o f  th e  c o o lin g  b re a k .

S u ch  a  c o o lin g  b r e a k  m o d e l f its  t h e  d a t a  w ell. T h e  m a g n e t ic  fie ld  s t r e n g th s  w e f in d  fo r 

th i s  c a se  a r e  o f  t h e  o r d e r  o f  t h e  m a g n i tu d e  o f  th o s e  e x p e c te d  fo r  t h e  in n e r  re g io n s  a r o u n d  

S g r A *.

5 . F l a r e  E v o l u t i o n :  L i g h t c u r v e  S h a p e  a n d  S u b s t r u c t u r e

T h e  S E D  m o d e ll in g  w e p r e s e n te d  in  th e  la s t  s e c tio n  o n ly  e x a m in e d  th e  m e a n  p r o p e r 

t ie s  o f  th e  f la re  e m iss io n . O u r  o b s e rv a t io n s  h o ld  a  g r e a t  d e a l  m o re  v a lu a b le  in f o r m a t io n  in  

th e  t im e - d e p e n d e n t  p r o p e r t i e s  o f  t h e  l ig h tc u rv e s . I t  is in te r e s t in g  to  e x a m in e  w h a t  d if fe re n t 

e m is s io n  s c e n a r io s  im p ly  fo r  t h e  e v o lu t io n  o f  s im u l ta n e o u s  f la re  in  th e  I R  a n d  X - ra y  b a n d s .  

T h e r e  a r e  tw o  o u ts ta n d in g  f e a tu r e s  o f  t h e  s im u l ta n e o u s  l ig h tc u rv e s  t h a t  n e e d  to  b e  u n d e r -

I R 3  r  •
Tchm =  \  -------- ~  5 n u n

dyn V 2 G M

w ith  R  &  3 .5  R S t h e  r a d ia l  p o s i t io n  w i th in  th e  a c c r e t io n  flow . 

o c c u rs  a t  a  f r e q u e n c y  o f
B  —3

^ ooi =  2 . 5 6 f — j  x  1 0 14 H z
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s to o d :  t h e  b r o a d n e s s  o f  th e  N I R  l ig h tc u rv e  in  c o m p a r is o n  to  th e  X - ra y  l ig h tc u rv e ,  a n d  th e  

s u b s t r u c tu r e s  se en  in  th e  N I R  l ig h tc u rv e  b u t  n o t  in  th e  X - ra y  lig h tc u rv e .

T h e  s y n c h r o tr o n  a n d  IC  lu m in o s i t ie s  d e p e n d  o n  B ,  0E ( th in k  7 ) 7 , N  a n d  th e  s ize  o f  th e  

q u ie sc e n t r e g io n  R q  a s

Lynch «  N « E  B 2 (4)

L ,c  k  N « E R —2 (5 )

T h e  S S C  lu m in o s i ty  d e p e n d s  n o t  o n  R q  b u t  o n  th e  s ize  o f  th e  f la r in g  r e g io n  R F as

L s s c  k  N 2^ E B 2R —2. (6)

T h e  (c h a n g in g )  p a r a m e te r s  g o v e rn in g  th e  o v e ra ll  f la re  e v o lu t io n  a re  p r o b a b ly  N ( t )  a n d  

t h e  e le c tr o n  t e m p e r a t u r e  0E ( t) .  F o r  th e  c a se  o f  s u b m m  p h o to n  IC , th e s e  a re  th e  o n ly  p a 

r a m e te r s  t h a t  c a n  a ffe c t b o th  th e  o p t ic a l ly  th i n  s y n c h r o tr o n  lu m in o s i ty  (n o t  d e p e n d e n t  o n  

f la re  o r  q u ie sc e n t r e g io n  size) a n d  th e  IC  s c a t t e r e d  lu m in o s i ty  (n o t  d e p e n d e n t  o n  m a g n e tic  

f ie ld ) .

F o r  th e  s u b m m  IC  c a se , b o th  th e  s y n c h r o tr o n  a n d  in v e rse  C o m p to n  lu m in o s i t ie s  d e p e n d  

o n  th e  s a m e  p o w e rs  o f  N  a n d  0E . T h is  m e a n s  t h a t  i f  o n ly  N  o r  0E w e re  to  c h a n g e  th r o u g h o u t  

a  f la re , t h e  X - ra y  l ig h tc u rv e  s h o u ld  fo llow  th e  s a m e  f u n c t io n a l  fo rm  a s  th e  s y n c h r o tr o n  

l ig h tc u rv e . T h a t  is , both  l ig h tcu r v e s  s h o u ld  h a v e  th e  s a m e  w id th ,  o r  d u r a tio n .  W e c a n  ta k e  

th i s  e i th e r

•  a s  f u r th e r  e v id e n c e  a g a in s t  th e  s u b m m  p h o to n  IC  s c e n a r io , o r

•  t o  im p ly  t h a t  i f  t h e  X - ra y  f la re  is t o  b e  e x p la in e d  b y  th e  s u b m m  IC  s c e n a r io , th e n  th e  

o b s e rv e d  l ig h tc u rv e  w id th s  c a n  o n ly  b e  p r o d u c e d  if  so m e  p a r a m e te r  a s id e  f ro m  N  a n d  

0E a lso  v a r ie s  th r o u g h o u t  th e  fla re .

I f  w e c o n s id e r  t h e  s e c o n d  p o s s ib ili ty ,  t h e n  th e  m a g n e t ic  fie ld , B ,  is p e r h a p s  th e  m o s t  

o b v io u s  ch o ic e  fo r  t h e  v a ry in g  p a r a m e te r .  T h e  d e p e n d e n c e  o f  th e  l ig h tc u rv e s  o n  B  m e a n s  

t h a t  fo r  a  c h a n g e  in  B  to  c r e a te  a  b r o a d e r  N I R  l ig h tc u rv e ,  t h e  m a g n e t ic  f ie ld  m u s t  d ecrea se  

d u r in g  th e  f la re . T h e  p ro c e s s  m u s t  re v e rs e  i t s e l f  to w a rd s  th e  e n d  o f  th e  f la re : t h e  m a g n e tic  

f ie ld  m u s t  in c re a s e  a g a in  to w a rd s  in i t ia l  v a lu e s . S u c h  b e h a v io r  c o u ld , fo r  in s ta n c e ,  o c c u r  

if  s to r e d  m a g n e t ic  e n e rg y  in  a  s m a ll  r e g io n  w e re  re le a s e d  to  a c c e le ra te  e le c tro n s ,  a s  in  a

7We use 0E and not 7 in our argum ents because 0E represents a characteristic  energy of the entire 

population of electrons, while 7 more properly  denotes the energy of each electron in the population.
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re c o n n e c t io n  e v e n t.  R e m e m b e r  h o w e v e r  th e  h ig h  m a g n e t ic  f ie ld s  r e q u ir e d  ( B  ~  200 G ) fo r 

t h e  s u b m m  IC  p ic tu r e  w i th  i c m o d e l  in  S e c t io n  4 , w h ic h  m a k e s  i t  d iff ic u lt t o  d e c re a se  th e  

m a g n e t ic  fie ld  d u r in g  a  f la re  u n le s s  w e a c c e p t  e v e n  h ig h e r  v a lu e s  fo r  th e  m a g n e t ic  f ie ld  b e fo re  

a n d  a f te r  t h e  fla re .

T h e  o n ly  o th e r  p o s s ib i l i ty  to  e x p la in  th e  l ig h tc u rv e  d u r a t io n s  in  th e  s u b m m  IC  s c e n a r io  

is  t h a t  t h e  p h o to n  d e n s i ty  in c re a s e s  d u r in g  th e  f la re  (i.e . e ffec tiv e ly  th r o u g h  th e  p a r a m e te r  

R q ). A l th o u g h  i t  is  n o t  r e a l is t ic  fo r  th e  o v e ra ll p h o to n  d e n s i ty  o f  q u ie sc e n t s t a t e  p h o to n s  to  

c h a n g e  m u c h  w i th  t im e ,  th e  p h o to n  d e n s i ty  e x p e r ie n c e d  b y  th e  f la re  e le c tro n s  c o u ld  in c re a s e  

a s  i t  m o v e s  in w a rd s  w i th in  th e  a c c r e t io n  flow  to w a rd s  h ig h e r  s u b m m  p h o to n  d e n s ity . A g a in , 

t o  e x p la in  th e  s e c o n d  h a l f  o f  th e  f la re , fo r  th i s  p o s s ib i l i ty  th e  p o s i t io n  o f  th e  f la re  w i th in  th e  

a c c r e t io n  flow  m u s t  m o v e  o u tw a r d s  to w a rd s  lo w e r p h o to n  d e n s i ty  to  in c re a s e  th e  I R  e m is s io n  

r e la t iv e  to  X - ra y  e m is s io n  a s  th e  f la re  d e c lin e s .

A s f a r  a s  th e  s u b s t r u c tu r e  is  c o n c e rn e d  w e c a n  see f ro m  th e  s a m e  r e la t io n s  t h a t  a  

v a r ia t io n  in  th e  m a g n e t ic  f ie ld  a f fe c ts  t h e  s y n c h r o tr o n  lu m in o s i ty  b u t  n o t  t h e  IC  lu m in o s i ty  

o f  s u b m m - b u m p  s c a t t e r e d  p h o to n s .  W i th in  th e  IC  p ic tu r e  th e n ,  i t  w o u ld  b e  q u i te  n a t u r a l  

fo r  th e  v a r ia t io n s  se e n  in  th e  L '- b a n d  lu m in o s i ty  to  b e  d u e  to  f lu c tu a t io n s  in  th e  m a g n e tic  

fie ld . T h e  IC  lu m in o s i ty  o f  s u b m m  b u m p  p h o to n s ,  n o t  d e p e n d e n t  o n  B ,  w o u ld  r e m a in  

u n a f fe c te d  b y  su c h  f lu c tu a t io n s .  I f  r e la t iv i s t ic  e ffe c ts  a r e  a lso  t a k e n  in to  a c c o u n t  (D o p p le r  

b o o s t in g  in  p a r t i c u la r )  th e n  th e  m a g n e t ic  f ie ld  f lu c tu a t io n s  w e a r e  t a lk in g  a b o u t  a r e  a c tu a l ly  

th e  f lu c tu a t io n s  in  th e  m a g n e t ic  fie ld  o f  th e  o b ser v ab le  r e g io n  a t  a n y  g iv e n  t im e .

H o w ev er, i f  th e  m a g n e t ic  f ie ld  w e re  a s  h ig h  a s  t h a t  f o u n d  in  th e  S E D  m o d e ll in g  s e c tio n  

fo r  t h e  IC  m o d e l ( B  ~  210 G ), t h e n  th e r e  w o u ld  b e  a  c o o lin g  b r e a k  b e lo w  I R  fre q u e n c ie s  

a n d  th i s  p ic tu r e  c o u ld  n o  lo n g e r  w o rk , s in c e  a b o v e  th e  c o o lin g  b r e a k  th e  l ig h tc u rv e  t r a c e s  

t h e  p u r e  r a t e  o f  e n e rg y  in je c t io n  (n o  lo n g e r  w i th  a n y  d e p e n d e n c e  o n  m a g n e t ic  f ie ld ). W e a re  

fa c e d  w i th  a  d i le m m a  ( in  a d d i t io n  to  th e  s m a ll  s ize  o f  t h e  q u ie sc e n t r e g io n  w h ic h  is  r e q u i r e d ) , 

w h e re  h ig h  m a g n e t ic  f ie ld s  a re  r e q u ir e d  to  f in d  a n  a c c e p ta b le  s o lu t io n  fo r  t h e  o b s e rv e d  S E D  o f 

th e  f la re , b u t  low  m a g n e t ic  f ie ld s  a re  n e e d e d  to  k e e p  th e  c o o lin g  b r e a k  a b o v e  I R  f re q u e n c ie s , 

a n d  w e c a n  n o t  h a v e  b o t h  a t  o n ce .

I f  w e n o w  e x a m in e  th e  S S C  s c e n a r io , t h e  S S C  lu m in o s i ty  g o e s  q u a d r a t ic a l ly  in  th e  

q u a n t i ty  N9"E , w h ic h  m e a n s  t h a t  a  s y n c h r o tr o n  l ig h tc u rv e  h a s  a  n a t u r a l  w id th  t h a t  is a  f a c to r  

V 2 t im e s  th e  w id th  o f  i t s  S S C  e m is s io n  (fo r  e x a m p le , if  t h e  l ig h tc u rv e s  c a n  b e  d e s c r ib e d  b y  

G a u s s ia n  p ro file s  ƒ  ( t)  k  e x p ( —k ( t  —10) 2/ w 2). T h u s  a  lo n g e r  d u r a t io n  s y n c h r o tr o n  l ig h tc u rv e  

is  e x p e c te d  in  th e  s y n c h r o tr o n  case .

T h e  o b s e rv a t io n s  o f  s u b s t r u c tu r e  h o w e v e r a r e  n o t  n a tu r a l ly  e x p la in e d . W i th in  th e  S S C  

s c e n a r io  b o th  th e  S S C  lu m in o s i ty  a n d  th e  s y n c h r o tr o n  lu m in o s i ty  a r e  p r o p o r t io n a l  t o  B 2 ,
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a n d  f lu c tu a t io n s  s h o u ld  th u s  in d u c e  v a r ia t io n s  o f  s im i la r  s t r e n g t h  in  b o t h  L '- b a n d  a n d  X -ra y  

l ig h tc u rv e s . A s d is c u s s e d  in  S e c t io n  3 .3 , s u b s t r u c tu r e  w o u ld  b e  d is t in g u is h a b le  in  th e  X - ra y  

l ig h tc u rv e  if  i t  w e re  o f  s im i la r  a m p l i tu d e  to  t h a t  o f  t h e  L '- b a n d  l ig h tc u rv e .

F in a lly , th e r e  is t h e  s y n c h r o tr o n  s c e n a r io  w i th  a  c o o lin g  b re a k .  U n d e r s ta n d in g  s im u l 

t a n e o u s  l ig h t  c u rv e s  in  th i s  s c e n a r io  is  m o re  s e n s itiv e  to  th e  t im e  d e p e n d e n t  e v o lu t io n  o f 

t h e  e le c t r o n  d i s t r ib u t io n  i t s e l f  a n d  th u s  s e lf -c o n s is te n t  t im e - d e p e n d e n t  m o d e lin g  is r e q u ire d .  

W e c a n  m a k e  a t  le a s t  so m e  q u a l i ta t iv e  p r e d ic t io n s  fo r  t h e  l ig h t  c u rv e s  o f  th i s  m o d e l: a s  fa r  

a s  t h e  d iffe re n c e  in  l ig h t  c u rv e  w id th s  is  c o n c e rn e d , i t  see m s  i t  w o u ld  b e  n e c e s s a ry  fo r  th e  

c o o lin g  b r e a k  to  in c re a s e  in  f r e q u e n c y  d u r in g  th e  f la re  w h ic h  w o u ld , a s  fo r  t h e  s u b m m  IC  

ca se , r e q u ir e  a  d e c re a se  in  m a g n e t ic  fie ld  d u r in g  th e  f la re  (see  E q u a t io n  3 ) . In  c o n t r a s t  to  

t h e  s u b m m  IC  c a se , fo r  th i s  c a se  t h e  d e c re a se  in  m a g n e t ic  fie ld  c o u ld  o c c u r  to g e th e r  w i th  

p la u s ib le  v a lu e s  fo r  t h e  m a g n e t ic  fie ld .

I t  a lso  tu r n s  o u t  t h a t  o b ta in in g  s u b s t r u c tu r e  in  th e  I R  l ig h t  c u rv e  a t  t h e  s a m e  t im e  as 

p r o d u c in g  a  s m o o th  X - ra y  l ig h t  c u rv e  c o u ld  b e  q u i te  n a t u r a l  in  th e  c o o lin g  b r e a k  s y n c h r o tr o n  

m o d e l.  B e lo w  th e  c o o lin g  b r e a k  th e  e m i t t e d  s y n c h r o tr o n  s p e c t r u m  is s e n s it iv e  to  v a r ia t io n s  

in  th e  m a g n e t ic  fie ld  w h ic h  is  e x p e c te d  to  b e  c lu m p y ; w h ile  a b o v e  th e  c o o lin g  b r e a k  o n  th e  

o th e r  h a n d  th e  s y n c h r o tr o n  e m is s io n  t r a c e s  r a t h e r  t h e  r a t e  o f  e n e rg y  in je c t io n  a lo n e . T h is  

c o u ld  b e  e x p e c te d  to  b e  r a t h e r  s m o o th .

W e th i n k  th e s e  a s p e c ts  a d d  v e ry  m u c h  to  th e  p la u s ib i l i ty  o f  t h e  s y n c h r o tr o n  s c e n a r io  as  

a  v ia b le  m e c h a n is m  fo r  th e  p r o d u c t io n  o f  th e  N I R /X - r a y  fla re .

6 . D i s c u s s i o n

6 .1 .  W h y  i n v e r s e  C o m p t o n  s c e n a r i o s  d o n ’t  w o r k

H e re  w e g iv e  so m e  a n a ly t ic a l  a r g u m e n ts  t h a t  c la r ify  w h ic h  e s s e n tia l  f e a tu r e s  o f  o u r  

m u l t iw a v e le n g th  o b s e rv a t io n s  le a d  u s  to  e x c lu d e  th e  in v e rse  C o m p to n  p ro c e s se s  a s  p o s s ib le  

e m is s io n  s c e n a r io s .

T h e r e  a r e  th r e e  e q u a t io n s  (see  R y b ic k i &  L ig h tm a n  1 9 8 6 ) w h ic h  e s s e n tia l ly  d e s c r ib e  a ll 

i m p o r t a n t  r e la t io n s h ip s  b e tw e e n  see d , s y n c h r o tr o n  a n d  s c a t t e r e d  s p e c t r a  in v o lv e d  in  o n e  

in v e rse  C o m p to n  s c a t t e r in g  p ro c e s s . T h e  f ir s t  o f  th e s e  is t h e  r e la t io n s h ip  t h a t  d e s c r ib e s  th e  

s h if t  in  f re q u e n c y  o f  a  se e d  p h o to n  u p o n  e n c o u n te r in g  a n  e le c t r o n  o f  e n e rg y  y :

2
VlC =  Y Vseed

F o r  th e  s u b m m  IC  c a se , p h o to n s  a r e  s c a t t e r e d  f ro m  th e  s u b m m  b u m p , a t  vseed 1 0 12 H z. 

F o r  th e  X - ra y  s lo p e  to  b e  so ft (v1C <  1 018 H z) th i s  e q u a t io n  r e s t r i c t s  t h e  e le c t r o n  e n e rg ie s
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o f  th e  e le c tro n s  in v o lv e d  in  th e  fla re :

Y <  1000 .

S eco n d ly , th e  f re q u e n c y  a t  w h ic h  th e s e  e le c tro n s  a re  th e m s e lv e s  e m i t t in g  s y n c h r o tr o n  

e m is s io n  is  d e p e n d e n t  u p o n  Y a n d  B  8 :

vc =  4 .2  x  106B y 2. (7)

S in ce  w e h a v e  a l r e a d y  m a d e  a  r e s t r ic t io n  o n  th e  e le c t r o n  e n e rg ie s , t h e n  i f  w e r e q u ire  

vc >  1 014 H z (fo r  a  h a r d  v L v s p e c t r a l  in d e x  in  th e  IR ) ,  t h e n  w e f in d  t h a t  t h e  m a g n e t ic  fie ld  

is  a lso  r e s t r ic te d :

B  >  25 G .

T h ird ly ,  th e r e  is th e  e q u a t io n  r e la t in g  th e  r a t i o  o f  IC  to  s y n c h r o tr o n  lu m in o s ity :

(8)
L compt _ Uph,seed

L synch

w h e re  Uph,seed is t h e  e n e rg y  d e n s i ty  o f  s e e d  p h o to n s ,  Uph,seed — L ph,seed/c A ,  a n d  A  th e  su r fa c e  

a r e a  o f  th e  e le c t r o n  p o p u la t io n  p r o d u c in g  th e  se e d  s p e c tru m .

In  th e  s u b m m  c a se  L ph,seed is  L submm, a n d  th e  e q u a t io n  c a n  b e  r e w r i t t e n  fo r  R q  =  

\ J A / A n  a s

W i th  th i s  w e o b ta in  a n  u n c o m fo r ta b ly  low  c o n s t r a in t  o n  th e  s ize  o f  ( th e  m o s t  lu m in o u s  

p a r t  o f)  th e  q u ie sc e n t r e g io n  o f  R q  <  0 .1 R S , s im i la r  t o  th e  sm a ll s izes  w e f o u n d  w e re  r e q u ir e d  

in  th e  S E D  m o d e l f i t t in g  o f  S e c t io n  4 .

W e c a n  r e p e a t  th e  a b o v e  se rie s  o f  a r g u m e n ts  fo r  t h e  S S C  c a se  to  o b ta in

Y <  100 

B  >  2400  G 

R f  <  0 .0 0 2  R s

8Note th a t the formula we give here is for the case where electrons are spiralling exactly perpendicular to

the magnetic field direction; i.e. the above equation actually contains a sin 0 te rm  (0 the pitch angle of the

electrons to  the  magnetic field) which is a t m axim um 1. If we took a smaller constant value (more realistic

for an electron d istribution  w ith isotropically d istributed  pitch angles) then  the results which follow would

be even more restrictive.
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A  c o n s t r a in t  o n  th e  s ize  o f  th e  f la re  e m i t t in g  r e g io n  i t s e l f  a lso  e n a b le s  a  c o n s t r a in t  o n  

t h e  d e n s i ty  o f  t h e  f la re  e m is s io n  re g io n :

„« ~  2 .4  x  10s ( ^ T 2 ( ^ jV2 ( ^  \  ( J _ T 2 c m - s  
\Le) V Lq J \40 Gy \100/

a n d  w e o b ta in  t h a t  n e >  1 0 10 c m - 3 . A s w ith  th e  d e n s i ty  w e f o u n d  in  th e  S E D  m o d e ll in g  o f 

S e c t io n  4 , th i s  is a  v e ry  h ig h  d e n s ity , s e v e ra l o rd e r s  o f  m a g n i tu d e  h ig h e r  t h a n  th e  d e n s i ty  

in fe r r e d  fo r  t h e  in n e r  re g io n s  o f  th e  a c c r e t io n  flow  a r o u n d  S g r A * ( ~  107 c m - 3 : Y u a n  e t  a l. 

2 0 0 3 ).

A s fo r  t h e  s u b m m  IC  ca se , t h e  d r iv e r  fo r  t h e  h ig h  m a g n e t ic  f ie ld s  a n d  d e n s it ie s  in  th e  

S S C  c a se  is  th e  r e s t r i c t io n  o n  th e  e le c t r o n  e n e rg ie s  r e q u ir e d  b y  th e  so f t X - ra y  s lo p e , w h ic h  in  

c o m b in a t io n  w i th  a  p o s i t iv e  I R  s lo p e  fo rc e s  th e  m a g n e t ic  f ie ld  to  v e ry  h ig h  v a lu e s . A d d in g  

t o  t h a t  t h e  h ig h  lu m in o s i ty  r a t io ,  L X / L 1R, th e  size  o f  t h e  f la re  r e g io n  is d r iv e n  to  v e ry  sm a ll 

v a lu e s  w h ic h  in  t u r n  fo rc e s  th e  d e n s i ty  to  v e ry  h ig h  v a lu e s .

T h e s e  a r g u m e n ts  sh o w  t h a t  fo r  b o th  ca se s  th e r e  a re  th r e e  m a in  p r o p e r t i e s  w h ic h  in  

c o m b in a t io n  a re  d r iv in g  (i) in  t h e  s u b m m  IC  c a se , t h e  m a g n e t ic  fie ld  to  h ig h e r  v a lu e s  t h a n  

B  «  30 G  a n d  th e  IC  re g io n  to  s m a ll  sizes, a n d  (ii) in  t h e  S S C  c a se , t o  e x tre m e ly  h ig h  

m a g n e t ic  f ie ld s  a n d  e le c tr o n  d e n s it ie s .  T h e s e  a re :

1. t h e  so f t X - ra y  s p e c t r a l  in d e x

2. t h e  h a r d  M I R - I R  s p e c t r a l  in d e x

3. t h e  h ig h  lu m in o s i ty  r a t io ,  L X / L 1R.

6 .2 .  C o m p a r i s o n  w i t h  p a s t  m u l t i w a v e l e n g t h  s t u d i e s

P a s t  m u l t iw a v e le n g th  o b s e rv a t io n s  o f  S g r A * h a v e  fa v o re d  m o d e ls  w h e re  th e  X - ra y  

e m is s io n  is  d u e  to  in v e rse  C o m p to n  s c a t t e r in g  p ro c e s se s , w i th  v a r io u s  p o s s ib le  c o m b in a t io n s  

o f  se e d  p h o to n s  a n d  se e d  e le c tro n s  f ro m  th o s e  p r o d u c in g  th e  q u ie sc e n t ( s u b m m ) a n d  f la r in g  

( IR )  s ta te s .  T h e  o b v io u s  q u e s t io n  is: w h y  d o  w e n o t  f in d  th e  sa m e ?

E c k a r t  e t  a l. (2 0 0 4 ) m o d e lle d  b o t h  I R  a n d  X - ra y  f la re s  a s  S S C  e m is s io n . H o w e v er, t h a t  

t h e  f la re s  a t  I R  w a v e le n g th s  a r e  S S C  e m is s io n  is  r u le d  o u t  s in c e  th e  p o la r iz a t io n  o f  th e  IR  

f la re s  p o in t s  t o  a  s y n c h r o tr o n  o r ig in .

E c k a r t  e t  a l. (2 0 0 6 c ) m o d e lle d  th e  X - ra y  f la re  a s  S S C  e m is s io n  v ia  th e  p r e s c r ip t io n  o f 

M a rs c h e r  (1 9 8 3 ), a n d  in  th e i r  m o d e l th e  X - ra y  e m is s io n  h a d  a  h a r d  v L v in d e x  o f  ft =  0 .4  to
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m a tc h  th e i r  X - ra y  o b s e rv a t io n s .  A  h a r d  v L v in d e x  in  th e  X - ra y  w ill p ro v id e  n o  c o n s t r a in t  

o n  th e  e n e rg ie s  o f  t h e  e le c tro n s  p r o d u c in g  th e  I R  f la re , w h ic h  e x p la in s  w h y  th e s e  s tu d ie s  

f o u n d  th i s  m o d e l t o  b e  a c c e p ta b le  w i th  r e a s o n a b le  s izes  fo r  th e  q u ie sc e n t s t a t e  o f  S g r  A *. 

T h e  X - ra y  f la re s  o f  th e i r  s tu d y  w e re  h o w e v e r q u i te  w e a k  a n d  th e  p h o to n  in d e x  m a y  n o t  h a v e  

b e e n  w ell c o n s t r a in e d  ( P o r q u e t  e t  a l. 2 0 0 8 , M a s c e t t i  e t .  a l. 20 08  ( s u b m it te d ) ) .

A  s im ila r  s to r y  a p p lie s  t o  o th e r  in v e s t ig a t io n s  o f  t h e  X - ra y  f la re s  w i th  IC  a n d  S S C  

p ro c e s se s . F o r  e x a m p le , in  L iu  e t  a l. (2 0 0 6 b ) a n d  M a r r o n e  e t  a l. (2 0 0 8 ) th e  X - ra y  e m is s io n  

w as  m o d e lle d  w i th  S S C , b u t  a g a in  th i s  w as  fo r  a  h a r d  s p e c t r a l  in d e x  in  v L v . F o r  th e s e  case s  

a s  fo r  E c k a r t  e t  a l. (2 0 0 6 c ) th e r e  w as  n o  r e s t r i c t io n  o n  th e  e le c tr o n  e n e rg ie s  s in c e  th e  X -ra y  

f la re  w as  t a k e n  to  b e  h a r d ,  a n d  a c c o rd in g ly  i t  w as  p o s s ib le  to  f in d  a  m o d e l w i th  re a s o n a b le  

p h y s ic a l  p a r a m e te r s .

Y u se f -Z a d e h  e t  a l. (2 0 0 6 ) s u g g e s te d  tw o  sc e n a r io s  w h e re  th e  X - ra y  e m is s io n  c o u ld  b e  d u e  

e i th e r  t o  (i) s u b m m  p h o to n s  u p s c a t t e r e d  b y  e le c tro n s  p r o d u c in g  I R  e m is s io n , t h e  s c e n a r io  w e 

c o n s id e re d  in  S e c t io n  4 .1 , o r  (ii) I R  (f la re ) p h o to n s  u p s c a t t e r e d  b y  th e  e le c tro n s  p r o d u c in g  

t h e  q u ie sc e n t s t a t e  o f  S g r A *.

T h e  f ir s t  c a se  is  t h e  ca se  w e e x p lo re d  in  S e c t io n  4 .1 . In  Y u se f -Z a d e h  e t  a l. (2 0 0 6 ) 

h o w e v e r, th e  t r e a tm e n t  in v o lv es  a  p o w e r  la w  d i s t r ib u t io n  o f  e le c tro n s  a n d  th e  d if fe re n tia l  

f lu x  is c a lc u la te d  fo r  th e  c o r r e s p o n d in g  p o w e r  la w  s e c tio n  o f  t h e  in v e rse  C o m p to n  s c a t t e r e d  

s p e c t r u m  o n ly . S in c e  th e  X - ra y  s p e c t r a l  in d e x  in  th i s  m o d e l w as  c o n s id e re d  to  b e  h a r d  in  

v L v (ft =  0 .4 ), w e h a v e  th e  s a m e  s i tu a t io n  a s  w i th  th e  p re v io u s  cases ; th e r e  is  n o  r e s t r ic t io n  

o n  th e  e le c tr o n  e n e rg ie s  p r o d u c in g  th e  I R  fla re . T h e re fo re , w i th  e le c tro n s  u p  to  y  ~  6 0 0 0 , i t  

w as  p o s s ib le  to  f in d  a  m o d e l t h a t  w o rk e d  u s in g  a  r e a s o n a b le  q u ie sc e n t r e g io n  s ize  ( R q  ~  10 

R s  ).

T h e  s e c o n d  c a se  is a  s c e n a r io  w e d id  n o t  c o n s id e r  in  o u r  m o d e llin g . In  f a c t  i t  c a n  

b e  sh o w n  t h a t  t h e  in v e rse  C o m p to n  lu m in o s i ty  v ia  th i s  p ro c e s s  ( IR  p h o to n s  s c a t t e r e d  b y  

s u b m m - e m it t in g  e le c tro n s )  c a n  n e v e r  e x c e e d  th e  lu m in o s i ty  o f  th e  IC  ca se  w e c o n s id e re d  

p re v io u s ly  ( s u b m m  p h o to n s  s c a t t e r e d  b y  I R  p h o to n s ) .

F o r  th e  c a se  o f  I R  p h o to n s  s c a t t e r e d  b y  s u b m m - e m it t in g  e le c tro n s , th e  lu m in o s i ty  is 

(h e re  u s in g  v  to  d e n o te  a  p h o to n )

r /TT-, i —\ 2 R F L submmL IR
L IC {IR  V, s u b m m  e ) = ------^ 3^ 52------

w h e re  w e h a v e  m a d e  u se  o f  t h e  f a c t  t h a t  o n ly  so m e  p r o p o r t io n  o f  t h e  q u ie sc e n t e le c tro n s  

( th o s e  w i th in  th e  f la r in g  r e g io n  w h e re  th e  p h o to n  d e n s i ty  o f  I R  p h o to n s  is h ig h e s t )  a re
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a v a i la b le  to  in v e rse  C o m p to n  s c a t t e r  p h o to n s :

l_F_

?Q

F o r  th e  s u b m m  IC  c a se  t h a t  w e a l r e a d y  c o n s id e re d  w e h a v e

2 L  L2 L  submm L IR
L / c  ( s u b m m  u, I R  e ) -

a n d  th e  r a t i o  o f  th e  tw o  is

L IC ( I R  v , s u b m m  e ) R F 

L IC (s u b m m  v , I R  e - ) R q

T h u s  th e  X - ra y  lu m in o s i ty  p ro v id e d  b y  th e  I R  se e d  p h o to n  c a se  is a lw a y s  g o in g  to  b e , 

a t  b e s t ,  c o m p a r a b le  to  th e  X - ra y  lu m in o s i ty  p r o d u c e d  in  th e  s u b m m  see d  p h o to n  ca se  a n d  

w ill n e v e r  d o m in a te  th e  e m is s io n . In  S e c t io n  4 .1  w e f o u n d  i t  w as  d iff ic u lt t o  f in d  a  s o lu t io n  

t h a t  d id  n o t  in v o lv e  a n  u n r e a l is t ic a l ly  s m a ll  s ize  fo r  th e  q u ie sc e n t r e g io n  o f  S g r A * . T h e  

c o n t r ib u t io n  o f  IC  e m is s io n  th r o u g h  th e  s c a t t e r in g  o f  I R  se e d  p h o to n s  b y  s u b m m - e m it t in g  

e le c tro n s  is a t  b e s t  c o m p a r a b le  to  th i s  e m is s io n  a n d  c a n  n o t  s a t is fy  th e  o b s e rv a t io n s  e i th e r .

W e a lso  c o m p a re  e x p e c ta t io n s  fo r  t h e  in v e rse  C o m p to n  s c a t t e r e d  v s. s y n c h r o tr o n  

l ig h tc u rv e s  fo r  th i s  s c e n a r io . T h e  d if fe re n t w id th s  o f  t h e  l ig h tc u rv e s  is  a s  d if f ic u lt t o  u n 

d e r s ta n d  a s  in  th e  c a se  o f  in v e rse  C o m p to n  s c a t t e r e d  s u b m m  b u m p  p h o to n s ;  a g a in ,  t h e  o n ly  

w ay  o u t  m a y  b e  fo r  t h e  m a g n e t ic  fie ld  to  d e c re a se  d u r in g  th e  f la re , a n d  to  b e  r e s to r e d  a t  th e  

e n d  o f  th e  f la re . A d d it io n a lly ,  i f  th e  I R  f la re  p ro v id e s  th e  se e d  p h o to n s  fo r  th e  X - ra y  fla re , 

t h e n  w e s h o u ld  e x p e c t  t o  see s u b s t r u c tu r e s  in  th e  X - ra y  l ig h tc u rv e  o f  t h e  s a m e  o r d e r  a s  a n d  

s im u l ta n e o u s  w ith  th o s e  in  th e  I R  l ig h tc u rv e . F lu c tu a t io n s  in  th e  m a g n e t ic  fie ld  c o u ld  n o t  

h e lp  th i s  s c e n a r io  b e c a u s e  th e  I R  f la re  is  d i r e c t ly  p ro v id in g  th e  see d  p h o to n s  fo r  t h e  X - ra y  

f la re  in  th i s  c a se . T h e re fo re  w e c o n c lu d e  t h a t  t h e  t im e - re s o lv e d  f e a tu r e s  o f  t h e  lig h tc u rv e s  

d o  n o t  s u p p o r t  th i s  e m is s io n  s c e n a r io  e i th e r .

O v e ra ll ,  w e h a v e  c o v e re d  a ll r e a s o n a b le  c o n c e iv a b le  in v e rse  C o m p to n  s c e n a r io s  fo r  th e  

o r ig in  o f  t h e  X - ra y  f la re  s im u l ta n e o u s  w i th  o u r  I R  f la re  a n d  h a v e  c o n c lu d e d  t h a t  n o n e  o f 

th e s e  in v e rse  C o m p to n  s c a t t e r in g  s c e n a r io s  a r e  v ia b le .

O f  p a s t  in v e s t ig a t io n s ,  th e  m o s t  s im i la r  s y n c h r o tr o n  m o d e l to  th o s e  w e p r e s e n t  in  th i s  

p a p e r  is  th e  o n e -c o m p o n e n t  s y n c h r o tr o n  m o d e l p r e s e n te d  b y  Y u a n  e t  a l. (2 0 0 4 , see  F ig u re  

3 ). T o  o u r  k n o w le d g e , th i s  is th e  o n ly  p re v io u s  w o rk  to  s u g g e s t t h a t  b o th  I R  a n d  X -ra y  

f la re s  a re  p r o d u c e d  b y  s y n c h r o tr o n  e m iss io n . In te re s t in g ly ,  in  t h a t  p a p e r ,  a  o n e -c o m p o n e n t  

m o d e l fo r  th e  e le c t r o n  d is t r ib u t io n  is r u le d  o u t  o n  th e  b a s is  t h a t  t h e  X - ra y  s p e c t r u m  is to o  

so f t ( r  ~  2) t o  b e  c o n s is te n t  w i th  th e  X - ra y  f la re s  o b s e rv e d  b y  C h a n d r a .
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In  S e c t io n  4 w h e re  w e in v e s t ig a te d  in v e rse  C o m p to n  s c e n a r io s  fo r  t h e  s im u l ta n e o u s  

I R /X - r a y  f la re  ( i c m o d e l  a n d  s s c m o d e l )  w e a s s u m e d  a  th e r m a l  d is t r ib u t io n  fo r  t h e  e n e rg y  

d is t r ib u t io n  o f  t h e  r e la t iv i s t ic  e le c tro n s . T h e  r e a s o n  fo r  th i s  ch o ice  w as  fo r  e a se  o f  c a lc u la t io n  

s in c e  th e  s y n c h r o tr o n  e m is s io n  o f  a  th e r m a l  d is t r ib u t io n  o f  e le c tro n s  is  d e s c r ib e d  b y  w ell 

k n o w n  fo rm u la s  (see  A p p e n d ix ) .  T h e  th e r m a l  d is t r ib u t io n  is  a lso  a n  e x p e c te d  r e s u l t  o f  

t u r b u l e n t  h e a t in g  a n d  r a d ia t iv e  c o o lin g  p ro c e s se s  a n d  h a s  b e e n  u s e d  e lse w h e re  in  m o d e ls  

fo r  th e  f la re s  o f  S g r A *  (L iu  e t  a l. 2 0 0 6 b ). N e v e r th e le s s ,  o n e  m ig h t  w o rry  t h a t  t h r o u g h  

o u r  a s s u m p t io n  o f  a  th e r m a l  d i s t r ib u t io n  o f  e le c tr o n  e n e rg ie s  w e h a v e  l im ite d  o u rse lv e s  to  

a  s p e c ia l  c a se  a n d  t h a t  th e r e  m a y  e x is t  o th e r  d i s t r ib u t io n s  o f  e le c t r o n  e n e rg ie s  t h a t  a llo w  

th e  in v e rse  C o m p to n  s c e n a r io  to  b e  a n  e x p la n a t io n  fo r  t h e  A p r il  4 I R /X - r a y  f la re  a f te r  a ll. 

A l th o u g h  w e d o  n o t  e x p e c t  o u r  r e s u l t s  t o  b e  p a r t i c u la r  t o  th e  th e r m a l  d is t r ib u t io n  g iv e n  t h a t  

th e  a r g u m e n ts  w e d e v e lo p e d  in  S e c t io n  6 .1  w e re  n o t  sp e c ific  t o  a n y  p a r t i c u la r  a r r a n g e m e n t  

o f  th e  e le c tro n s , w e w o u ld  like  to  h e re  c o r r o b o r a te  th i s  e x p e c ta t io n  th r o u g h  m o d e lin g .

T o  in v e s t ig a te  th e  s e n s t iv i ty  o f  o u r  r e s u l t s  t o  th e  fo rm  o f  th e  e le c t r o n  d i s t r ib u t io n  w e 

in v e s t ig a te d  p o w e r  la w  m o d e ls  fo r  th e  N I R  s y n c h r o tr o n  e m is s io n  w i th  th e  in c lu s io n  o f  in v e rse  

C o m p to n  s c a t t e r in g .  W e ta k e  p o w e r  la w  m o d e ls  o f  th e  fo rm  n (Y ) Y-p  b e tw e e n  e n e rg ie s  o f  

Ymin  a n d  Ymax a n d  c a lc u la te  th e  s y n c h r o tr o n  a n d  in v e rse  C o m p to n  e m is s io n  b y  in t e g r a t in g  

t h e  s y n c h r o tr o n  s p e c t r u m  o f  a  s in g le  e le c tro n  o f  e n e rg y  Y o v e r  a ll e le c tro n s  in  th e  d is t r ib u t io n .  

W e fix e d  t h e  p a r a m e te r  Ymin =  20, a s s u m in g  t h a t  t h e  e le c tro n s  a re  a c c e le r a te d  o u t  o f  th e  

p o p u la t io n  o f  e le c tro n s  (y  ~  10  — 20) t h a t  c r e a te  th e  q u ie sc e n t s t a t e  s y n c h r o tr o n  e m is s io n , 

b u t  w e a lso  fo u n d  t h a t  t h e  r e s u l t s  a re  n o t  a t  a ll s e n s it iv e  to  th e  v a lu e  o f  Ymin  a s  w e sh o w  

in  F ig u r e  8 w h e re  w e sh o w  a lso  a  m o d e l w i th  Ymin = 1 .  A s w e d id  fo r  o u r  p re v io u s  s e t  o f 

m o d e ls ,  w e fit th e  c a lc u la te d  S E D s  to  th e  o b s e rv e d  d a t a  u s in g  X S P E C , n a m in g  th i s  m o d e l 

p o w e r la w ic m o d e l .

W e te s t e d  th r e e  m o d e ls ,  w i th  p  = 2 ,  p  =  0 a n d  p  =  —2, c o r r e s p o n d in g  to  fa llin g , f la t  

a n d  r is in g  e le c t r o n  d i s t r ib u t io n s  re sp e c tiv e ly . In  F ig u r e  8 w e sh o w  th e  e m i t t e d  S E D  a n d  

t h e  e le c tr o n  d i s t r ib u t io n s  t h a t  c o r r e s p o n d  to  th e  b e s t  f it in  e a c h  case . T h e  d i s t r i b u t io n  o f 

e le c t r o n  e n e rg ie s  is i r r e le v a n t  t o  f in d in g  a  g o o d  fit t o  th e  o b s e rv e d  d a t a ,  a n d  th e  S E D s  fo r  th e  

b e s t  f i ts  fo r  a ll m o d e ls  a p p e a r  s im ila r . A m o n g s t  th e  b e s t  f it m o d e ls  t h e  e le c t r o n  d is t r ib u t io n s  

sh o w  a  lo t  o f  v a r ie ty . F o r  a  p o w e r  la w  o f  e le c tro n s  w i th  in d e x  p  =  —2 to  w h ic h  w e a lso  a d d  

a n  e x p o n e n t ia l  c u to ff , w e f in d  t h a t  th e  e le c t r o n  d is t r ib u t io n  o f  th e  b e s t  f it a p p ro a c h e s  th e  

t h e r m a l  d i s t r ib u t io n  c o r r e s p o n d in g  to  th e  b e s t  f it fo r  ic m o d e l ,  a s  w e w o u ld  e x p e c t .

In te re s t in g ly ,  fo r  th i s  v a r ie ty  o f  m o d e ls ,  th e  e le c tro n  d i s t r ib u t io n s  a ll m e e t  a t  a  p a r t i c u la r  

e n e rg y , y  ~  1000 . I t  a p p e a r s  t h a t  th i s  e n e rg y  is  i m p o r t a n t  ( e v e n ,  th e  o n ly  i m p o r t a n t  e n e r g y ) 

fo r  t h e  s u b m m  IC  s c e n a r io , a n d  w e n o te  t h a t  i t  c o r re s p o n d s  e x a c t ly  to  th e  u p p e r  l im it  o n

6.3. T he electron  energy d istribu tion
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V  (Hz)

F ig . 8 .—  U p p e r  p a n e l :  B e s t  f it S E D s  w h e re  th e  N I R  s y n c h r o tr o n  e m is s io n  is p r o d u c e d  b y  a  

p o w e r  la w  d i s t r ib u t io n  o f  e le c tro n s  w i th  in d e x  p  =  2 , 0 , —2 (m a g e n ta ,  g re e n  a n d  r e d  d a s h e d  

lin e s ) . T h e  b e s t  f it m o d e l  fo r  a  th e r m a l  d is t r ib u t io n  o f  e le c tro n s  is sh o w n  in  so lid  b lu e . 

A ll m o d e ls  a p p e a r  r e la t iv e ly  s im ila r .  N o te  t h a t  th e  (m o d e l-d e p e n d e n t)  X - ra y  d a t a  is o n ly  

sh o w n  fo r  t h e  th e r m a l  d i s t r ib u t io n  o f  e le c tro n s  c a se , b u t  i t  s h o u ld  b e  s im ila r  fo r  t h e  o th e r  

m o d e ls . L o w e r  p a n e l:  T h e  e le c t r o n  e n e rg y  d i s t r ib u t io n s  o f  b e s t  f it s u b m m  IC  m o d e ls  e a c h  

a s s u m in g  a  d if fe re n t u n d e r ly in g  fo rm  fo r  th e  e n e rg y  d is t r ib u t io n .  W e c o m p a re  p o w e r  la w  

m o d e ls  ( n ( 7 ) <x 7 - p ) o f  in d e x  p  =  2, 0 a n d  -2  (m a g e n ta ,  g re e n  a n d  r e d  r e s p e c t iv e ly ) .  W e 

a lso  d e m o n s t r a te  t h a t  in  a  p o w e r  la w  m o d e l o f  in d e x  -2 w i th  a n  e x p o n e n t ia l  c u to f f  (b lu e )  

w e f o u n d  th e  s a m e  e n e rg y  d is t r ib u t io n  a s  in  th e  th e r m a l  d i s t r ib u t io n  ca se  ( in  b la c k ; n o te  

t h a t  w e u s e d  a n a ly t ic a l  e q u a t io n s  to  c a lc u la te  th e  s y n c h r o tr o n  e m is s io n  fo r  th e  th e r m a l  ca se  

in  i c m o d e l  a n d  s s c m o d e l  o f  S e c t io n  4 ) . A l th o u g h  th e  e le c t r o n  d i s t r ib u t io n s  a ll lo o k  v e ry  

d if fe re n t, th e y  a ll c ro ss  a t  a n  e n e rg y  7  1000 .
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e le c tr o n  e n e rg y  t h a t  w e f o u n d  in  S e c t io n  6 .1 , fo r  t h e  s u b m m  IC  case .

In  T a b le  2 w e g iv e  p a r a m e te r  v a lu e s  fo r  t h e  p o w e r  la w  m o d e l w i th  p  =  2. W e f in d  

t h a t  in  g e n e ra l  t h e  p a r a m e te r s ,  in  p a r t i c u la r  t h e  c o n f id e n c e  in te rv a ls ,  a re  s im i la r  to  th o s e  in  

T a b le  1 fo r  i c m o d e l .  O f  p a r t i c u la r  in te r e s t  is  t o  see  w h e th e r  a  la rg e r  v a lu e  o f  R q  c a n  b e  

a c c o m m o d a te d  to  r e v a l id a te  th e  in v e rse  C o m p to n  s c e n a r io . T h e  u p p e r  l im it  (90%  co n fid e n c e )  

fo r  th i s  p a r a m e te r  h o w e v e r  o f  R q  <  0 .3 2  h o w e v e r, is s t i l l  v e ry  s m a ll  a n d  d o e s  n o t  a llo w  fo r 

t h e  th i s  s c e n a r io  to  b e  c o m p a t ib le  w i th  th e  s ize  m e a s u r e m e n ts  o f  S g r A * . I t  a p p e a r s  t h a t  o u r  

f in d in g  fo r  t h e  s u b m m  IC  s c e n a r io , w h e re  w e f in d  th e  im p lie d  s ize  fo r  t h e  s u b m m - e m it t in g  

r e g io n  m u s t  b e  m u c h  s m a l le r  t h a n  th e  o b s e rv e d  size , is  r o b u s t  a n d  is n o t  s e n s it iv e  to  th e  

f o rm  o f  th e  e le c tr o n  d is t r ib u t io n .

B e y o n d  a s s u m in g  a  p a r t i c u la r  fo rm  fo r  th e  e le c t r o n  d i s t r ib u t io n ,  w e s h o u ld  k e e p  in  m in d  

t h a t  in  r e a l i ty  th e  e le c t r o n  e n e rg y  d i s t r ib u t io n  is  a n  e v o lv in g  fu n c t io n  t h a t  d e p e n d s  o n  th e  

d e ta i ls  o f  in j e c t io n /e s c a p e  a n d  e le c t r o n  c o o lin g . A  t r u l y  s e lf -c o n s is te n t  a p p r o a c h  w o u ld  a llo w  

t h e  e le c t r o n  d is t r ib u t io n  f u n c t io n  to  b e  d e te r m in e d  f ro m  th e  p a r a m e te r s  th e m s e lv e s  (su c h  

a s , e .g . t h e  m a g n e t ic  fie ld , w h ic h  d e te r m in e s  h o w  lo n g  th e  e le c tro n s  ta k e  to  co o l a n d  th u s  

h a s  a n  i m p o r t a n t  e ffec t o n  th e  s h a p e  o f  t h e  e le c tr o n  s p e c t r u m ) .  T h e  s y n c h r o tr o n  s p e c t r u m  

w o u ld  th e n  b e  c a lc u la te d  d ir e c t ly  f ro m  th e  t im e - d e p e n d e n t  e n e rg y  d is t r ib u t io n  f u n c t io n .

A s a n  e x a m p le  o f  w h y  th e  e le c t r o n  d i s t r ib u t io n  s h o u ld  b e  s e lf -c o n s is te n tly  c a lc u la te d  

f ro m  th e  m o d e l p a r a m e te r s ,  w e n o te  t h a t  b o th  o f  o u r  in v e rse  C o m p to n  m o d e ls  r e q u ir e  h ig h  

m a g n e t ic  fie ld s . E v e n  fo r  th e  s u b m m  IC  m o d e l w i th  th e  lo w er o f  t h e  tw o  m a g n e t ic  fie ld s , 

t h e  c o o lin g  t im e s c a le  ( E q u a t io n  1) is s h o r te r  t h a n  th e  d y n a m ic a l  t im e s c a le  a l r e a d y  a t  IR  

f re q u e n c ie s . T h e  e le c tr o n  d i s t r ib u t io n  in  th e  c a se  o f  su c h  h ig h  m a g n e t ic  f ie ld s  w o u ld  th e n  

b e  a l r e a d y  d o m in a te d  b y  c o o lin g  a t  L '- b a n d  w a v e le n g th s . In  e sse n c e , a  f u r th e r  r e q u ir e m e n t  

o n  o u r  m o d e ls  is  t h a t  w e h o p e  to  f in d  a  s o lu t io n  w i th  B  <  30 G  in  o r d e r  t o  k e e p  th e  

c o o lin g  b r e a k  a b o v e  th e  N I R  b a n d .  H o w ev er, a s  w e h a v e  f o u n d  in  o u r  a n a ly s is ,  th e r e  a re  

c e r ta in ly  n o  s o lu tio n s  fo r  t h e  S S C  m o d e l w i th  su c h  lo w  m a g n e t ic  fie ld , a n d  th e  s u b m m  IC  

o n ly  a c c o m m o d a te s  su c h  a  low  m a g n e t ic  fie ld  a t  t h e  e d g e  o f  i t s  90%  c o n f id e n c e  re g io n .

6 .4 .  T h e  j e t  m o d e l

T h e  m o d e l s p e c t r u m  w e u s e d  to  c a lc u la te  th e  p h o to n  d e n s i ty  o f  s u b m m  p h o to n s  in  

i c m o d e l  w as  t h a t  o f  Y u a n  e t  a l. (2 0 0 3 ). H o w ev er, th i s  is  n o t  th e  o n ly  m o d e l t h a t  d e s c r ib e s  

t h e  q u ie sc e n t s p e c t r u m  o f  S g r A *; th e  q u ie sc e n t s p e c t r u m  is a lso  w ell d e s c r ib e d  b y  a  j e t  

m o d e l (F a lck e  &  M a rk o ff  2 0 0 0 ).

T o  t e s t  w h e th e r  o u r  c o n c lu s io n s  w e re  r o b u s t  w i th  r e s p e c t  t o  th e  a s s u m p t io n  o f  a  q u i-
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T a b le  2. M o d e ls : F i t  P a r a m e te r s

Fit to Mean Fluxes & NIR spectral index 
Parameter powerlawicmodel

Nh  [x1022 cm 2] 11.8 (10.0, 14.3)
B [Gauss] 330 (22, 2100)

Tmax [ ] 1100 (280,1600)
Ne [x1040 electrons] 20 (1.7, 1900)

r q  [r s  ] 0.028 (0.00003, 0.32)

r f  [r s ] > 0.02

p 2.0

X2 /  d.o.f. 70.3 /75
reduced x2 0.94

Violates 3a MIR upper limit? No

Note. — Summary of best fit parameters for 
powerlawicmodel fixing p = 2. The constraints on the 
parameters are very similar to those found for the icmodel of 
Section 4 and appear to obey the constraints of Section 6.1.

v (Hz)

F ig . 9 .—  A  s u b m m  in v e rse  C o m p to n  m o d e l fo r  t h e  X - ra y  f la re  u s in g  a  d if fe re n t m o d e l ( th e  

j e t  m o d e l,  F a lc k e  &  M a rk o ff  2 0 0 0 ) a s  t e m p la t e  fo r  t h e  s u b m m  p h o to n  s p e c tr u m . T h e  d a s h e d  

g ra y  lin e  sh o w s th e  j e t  m o d e l w h ic h  is  u s e d  a s  th e  so u rc e  o f  se e d  p h o to n s .  T h e  so lid  b lu e  

lin e  sh o w s th e  b e s t  f it X S P E C  m o d e l.
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e s c e n t m o d e l s p e c t r u m  w e c r e a te d  a  n e w  X S P E C  m o d e l in  w h ic h  th e  s u b m m  s p e c t r u m  to  

b e  u p s c a t t e r e d  w as  t h a t  o f  F a lc k e  &  M a rk o ff  (2 0 0 0 ). F ig u r e  9 sh o w s th e  b e s t  f it  m o d e l fo r 

th i s  c a se , a n d  th e  b e s t  f it p a r a m e te r s  a r e  v e ry  s im ila r  t o  th o s e  o f  i c m o d e l ,  w i th  s o m e w h a t 

h ig h e r  m a g n e t ic  f ie ld  (B  «  300 a n d  lo w e r e le c tr o n  t e m p e r a t u r e  0E ~  8 0 ) . T h e  size  o f  th e  

q u ie sc e n t re g io n , R q  is s t i l l  v e ry  s m a ll ( R q  ~  0 .0 2 )  fo r  t h e  b e s t  f it m o d e l.  T h u s  w e c a n  

c o n c lu d e  t h a t  o u r  f in d in g s  a re  a lso  n o t  s e n s it iv e  to  th e  p a r t i c u la r  m o d e l w e u s e d  to  m o d e l 

th e  s u b m m  p h o to n  d e n s ity .

6 .5 .  S u b s t r u c t u r e  i n  t h e  c o n t e x t  o f  a n  o r b i t i n g  h o t  s p o t  m o d e l

I t  is  w o r th  m a k in g  a  c lo s in g  c o m m e n t o n  o u r  r e s u l t s  in  th e  c o n te x t  o f  th e  o r b i t in g  b lo b  

m o d e l (G e n z e l e t  a l. 2 0 0 3 ; B ro d e r ic k  &  L o e b  2 0 0 5 ; M e y e r e t  a l. 2 0 0 6 a ; T r ip p e  e t  a l. 2 0 0 7 ), 

w h e re  th e  s u b s t r u c tu r e s  o b s e rv e d  c o m m o n ly  in  th e  I R / N I R  l ig h tc u rv e s  a r e  p o s tu l a t e d  to  b e  

d u e  to  r e la t iv i s t ic  b e a m in g  o n  th e  a p p r o a c h in g  s id e  o f  t h e  h o t  s p o t ’s o r b i t  a b o u t  t h e  S M B H .

D u e  to  th e  f a c t  t h a t  th e  X - ra y  l ig h tc u rv e  is so  s m o o th ,  a n d  th e  s u b s t r u c tu r e  o n ly  sh o w s 

u p  in  th e  N IR  l ig h tc u rv e ,  t h e n  n a iv e ly , t h e  h o t  s p o t  m o d e l d o e s  n o t  s e e m  to  b e  c o m p a tib le  

w i th  th e  o b s e rv e d  lig h tc u rv e s ;  if  r e la t iv i s t ic  b e a m in g  is  o c c u r r in g ,  i t  is n o t  o b v io u s  h o w  su c h  

s t r u c tu r e s  c o u ld  n o t  a lso  sh o w  u p  in  th e  X - ra y  lig h tc u rv e .

W e th i n k  th i s  a s p e c t  o f  t h e  m u l t iw a v e le n g th  e m is s io n  f ro m  S g r A * c e r ta in ly  d e se rv e s  

c o n s id e r a t io n  in  m o d e ls  d e s c r ib in g  th e  f la re  e m is s io n  f ro m  S g r A * v ia  a  h o t  s p o t  m o d e l.  T h e  

d if fe re n t w id th s  o f  t h e  l ig h tc u rv e s  a re  a n  a d d i t io n a l  i m p o r t a n t  c lu e  in  th i s  r e g a r d .  C o n v e rse ly , 

i t  is a lso  o b v io u s  t h a t  g iv e n  i t s  lik e ly  p ro x im ity  to  th e  S M B H  o f  ~  4 x  106 M ©  r e la t iv i s t ic  

e ffec ts  c a n  h a v e  a  c o n s id e ra b le  in f lu e n c e  o n  th e  o b s e rv e d  e m is s io n  f ro m  S g r A *  a n d  s h o u ld  

b e  ta k e n  in to  a c c o u n t  in  m o d e ls  t h a t  t r y  to  e x p la in  m u l t iw a v e le n g th  p r o p e r t i e s  o f  f la re s  f ro m  

S g r A *.

7 . C o n c l u s i o n s

W e h a v e  p r e s e n te d  th e  r e s u l t s  o f  a  s im u l ta n e o u s  m u l t iw a v e le n g th  c a m p a ig n  a t  L '- b a n d ,  

X - ra y  a n d  M IR  w a v e le n g th s  c a r r ie d  o u t  o n  A p r il  4 2008 . W e s u m m a r iz e  th e  m a in  o b s e rv a 

t i o n a l  r e s u l t s  a s  fo llow s:

•  T h e  L '- b a n d  a n d  X - ra y  f la re s  w e re  s im u l ta n e o u s  to  w i th in  3 m in u te s .

•  T h e  L '- b a n d  f la re  is  m u c h  b r o a d e r  o v e ra ll  t h a n  th e  X - ra y  lig h tc u rv e .
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•  T h e  L '- b a n d  f la re  sh o w e d  s ig n if ic a n t s u b s t r u c tu r e  w i th  a  t im e s c a le  o f  ~ 2 0  m in u te s ,  

w h ile  t h e  X - ra y  f la re  sh o w e d  n o  c o r r e s p o n d in g  s ig n if ic a n t s u b s t r u c tu r e .

•  T h e  v L v s p e c t r u m  in c re a s e s  b e tw e e n  11 .8 8  ^ m  a n d  3 .8  ^ m .

•  T h e  X - ra y  f la re  w as  v e ry  b r ig h t  a n d  so ft in  v L v (ft =  —0 .3 ±  0 .3 ; P o r q u e t  e t  a l. 2 0 0 8 ).

•  T h e  e m is s io n  r e g io n  m u s t  b e  sm a ll,  <  1 .5 R s .

W e h a v e  d r a w n  c o n c lu s io n s  a b o u t  th e  e m is s io n  m e c h a n is m  b e h in d  th e  f la re s  w h ic h  c a n  

b e  t r a c e d  e s s e n t ia l ly  to  th e  h a r d  M I R - I R  v L v s p e c t r a l  in d e x , th e  so f t X - ra y  v L v s p e c tr a l  

in d e x , a n d  th e  h ig h  r a t i o  o f  X - ra y  to  I R  lu m in o s ity . O u r  c o n c lu s io n s  a re :

•  W e s tr o n g ly  d is fa v o r  th e  S S C  ca se  d u e  to  th e  e x tre m e ly  h ig h  m a g n e t ic  f ie ld s  a n d  e lec 

t r o n  d e n s it ie s  r e q u ir e d  to  r e p r o d u c e  th e  o b s e rv e d  d a ta .  B o th  q u a n t i t i e s  a r e  s e v e ra l 

o rd e r s  o f  m a g n i tu d e  la rg e r  t h a n  th e  v a lu e s  e x p e c te d  fo r  th e  in n e r  re g io n s  o f  t h e  a c c re 

t i o n  flow  a b o u t  S g r A *.

•  W e d is fa v o r  th e  s u b m m  IC  ca se  d u e  to  th e  h ig h  s u b m m  p h o to n  d e n s it ie s  r e q u ir e d  to  

p r o d u c e  th e  o b s e rv e d  X - ra y  e m is s io n , w h ic h  im p ly  a  q u ie sc e n t r e g io n  s ize  m u c h  s m a lle r  

t h a n  im p lie d  b y  th e  s ize  m e a s u r e m e n ts .  T h e  IC  c a se  is  a lso  o n ly  m a rg in a l ly  c o m p a tib le  

w i th  p h y s ic a l ly  p la u s ib le  m a g n e t ic  f ie ld s  o f  10 — 30 G .

•  W e a lso  d is fa v o r  a  d if fe re n t IC  ca se  (w h e re  th e  X - ra y  f la re  is d u e  t o  I R  se e d  p h o to n s  

u p s c a t t e r e d  b y  q u ie sc e n t s t a t e  s u b m m - e m it t in g  e le c tro n s )  s in ce  th e  in v e rse  C o m p to n  

s c a t t e r e d  lu m in o s i ty  in  th i s  c a se  is a lw a y s  d o m in a te d  b y  th e  in v e rse  C o m p to n  s c a t t e r e d  

lu m in o s i ty  o f  s u b m m  p h o to n s  s c a t t e r e d  b y  I R - e m i t t in g  e le c tro n s .

•  W e fa v o r  a  s y n c h r o tr o n  s c e n a r io  w h e re  th e  e m i t t e d  s p e c t r u m  f la t te n s  to w a rd s  X - ra y  

e n e rg ie s  d u e  t o  a  c o o lin g  b re a k .  T h is  s c e n a r io  c a n  b e  a c h ie v e d  w i th  p h y s ic a l ly  p la u s ib le  

m a g n e t ic  f ie ld  s t r e n g th s  a n d  h o ld s  p ro m is e  to  e x p la in  m o re  d e ta i le d  s t r u c tu r e s  o f  th e  

lig h tc u rv e s .

•  F o r  b o t h  th e  s y n c h r o tr o n  a n d  IC  c a se s , th e  r e la t iv e ly  s h o r te r  d u r a t i o n  o f  t h e  X -ra y  

f la re  a n d  p e r h a p s  th e  s u b s t r u c tu r e  o f  t h e  I R  e m is s io n  is m o s t  p la u s ib ly  u n d e r s to o d  as  

a  r e s u l t  o f  a  t r a n s i e n t  d e c re a se  o f  th e  m a g n e t ic  fie ld  in  th e  r e g io n  o f  t h e  f la re . S u c h  a  

d e c re a se  m a y  p o in t  to w a r d  f la re s  b e in g  t r ig g e r e d  b y  c o n v e rs io n  in to  e le c t r o n  h e a t in g  

o f  s to r e d  m a g n e t ic  e n e rg y , su c h  a s  a  m a g n e t ic  r e c o n n e c t io n  e v e n t.
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A . ic m o d e l  a n d  s s c m o d e l

B o th  ic m o d e l  a n d  s s c m o d e l  a re  su b se ts  o f a  s ing le  m o d e l w ith  five p a ra m e te rs  B , N ,

0E , R F a n d  R q .

F o r th is  m o d e l, we a ssu m e  a  sp h e rica l h o m o g en eo u s  em issio n  re g io n  (c o n ta in in g  th e  

t r a n s ie n t ly  h e a te d /a c c e le ra te d  e le c tro n  (flare) p o p u la t io n  e m it t in g  in  th e  IR ) o f size R f  a n d  

o f e le c tro n  d e n s ity  n e =  N / ( 4 n R F ). T h e  re g io n  c o n ta in s  a  h o m o g en eo u s  m a g n e tic  fie ld  

o f s t r e n g th  B . W e choose  to  m o d e l th e  e le c tro n  d is tr ib u t io n  w ith  th e  th e rm a l e le c tro n  

d is tr ib u t io n  (i.e ., a  re la tiv is t ic  M ax w ellian )

ne' fy/l  -  1/ 72
n(7) = eEK2(ueE)

w ith  0E =  kT e/ m ec2 th e  d im en sio n less  e le c tro n  te m p e ra tu re ,  a n d  K 2 (x ) a  m o d ified  B essel 

fu n c tio n  o f th e  seco n d  k in d . T h e  th e rm a l  d is tr ib u t io n  is a  g o o d  e x a m p le  o f  a n  e le c tro n  

d is tr ib u t io n  o f a  c h a ra c te r is t ic  e n e rg y  (i.e . 7  ~  0E ), a n d  is a n  e x p e c te d  re s u lt  o f  tu rb u le n t  

h e a t in g  p ro cesses  (L iu  e t al. 2 0 0 6 b ).

T h e  em issio n  coefficien t is a p p ro x im a te d  by  (M a h a d e v a n  e t al. 1996)

n ee 2 2 v

V 3cK 2  ( 1 /^ E  ) 3 vbPe

This preprint was prepared with the AAS IATgX macros v5.2.
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in  u n its  o f  e rg  s 1 cm  3Hz 1s te r  1, a n d  w ith

M  (x ) =  4 .0 5 0 5 a x -1 /6  e x p ( - 1 .8 8 9 6 x 1/3)(1  +  0 .4 0 b x -1/4  +  0 .5 3 1 6 cx -1 /2 ). 

T h e  a b s o rp t io n  coefficien t is

c2
OLv,th =  j v, t h / B v (T e) =  j uj h  7̂  (ex p  ( h u / k T e) -  1)

a n d  th e  re s u l ta n t  sy n c h ro tro n  s p e c tru m  is c o m p u te d  fo r o u r  sp h e ric a l f la re  re g io n  ( in c lu d in g  

o p tic a l d e p th  effects) b y  th e  e q u a tio n  o f r a d ia tiv e  t r a n s fe r

L v,s =  47t  [  —  (  1 — e x p ( —a v y j R f 2 — r 2
JO a v

—  ( l  — e x p ( —olv \ ] R f 2 — r 2] i i r r d r  
V /

w h ich  fo r sm all o p tic a l d e p th  (a n  o p tic a lly  th in  fla re ) s im plifies to

Lu,s  =  4 tt j v

W e c o m p u te  th e  In verse  C o m p to n  s c a t te re d  lu m in o s ity  in  o u r  m o d e l th ro u g h  (B lu m e n th a l & G o u ld  

1970)

L Vy ic  =  -^-RF' ih '1')2 J n(l) j  ( d N 1^ / d t d i i d i ) d i d ry

w h ere  7 , e a n d  ei =  h v  a re  th e  e le c tro n  energy , in it ia l  a n d  s c a t te re d  p h o to n  en erg ies  re sp e c 

tively , a n d  th e  q u a n ti ty

d N l t i / d t d t i d t  =  3 a T c n ph( e ) /4 /y2e 2 q l n q  +  (1 +  2 q ) ( l  -  q) +  ^2( i+ reg ^

w h ere  r e =  4 e Y /m c 2 is th e  C o m p to n  fa c to r , q =  e1 / r e (Y m c2 — e1). T h e  p h o to n  d e n s ity  

n ph(e), o f fla re  s ta te  p h o to n s  is d e te rm in e d  fro m  th e  m o d e l f la re ’s lu m in o s ity  by  n ph(e) =  

n ph ( v ) / h  =  L v / ( 4 n h 2v c R ^ ). In s te a d  o f m o d e llin g  th e  q u ie sc e n t s ta te  ou rse lv es , we use  

th e  lu m in o s ity  g iven  b y  th e  q u ie sc e n t m o d e l o f  Y u a n  e t al. (2003), w h ich  re p ro d u c e s  th e  

o b se rv a tio n s  q u ite  w ell. U sin g  th is  q u ie sc e n t m o d e l as  in p u t  s p e c tru m  L v q  th e n , th e  p h o to n  

d e n s ity  o f q u ie sc e n t s ta te  p h o to n s  is n ph(e) =  L v,q / ( 4 / 3 n h 2v cR Q 2).

W e im p le m e n t ic m o d e l  a n d  s s c m o d e l  v ia  th e  ab o v e  p re sc r ip tio n , w ith  o n ly  one  d iffer 

ence  co n ce rn in g  th e  p a ra m e te rs  R q  a n d  R f . F o r ic m o d e l ,  R f  is n o t  a n  in p u t  p a ra m e te r ,  

a n d  is m e re ly  se t to  R f  =  R q  ( th is  s im p ly  e n su res  t h a t  a  m in im u m  o f SSC  em issio n  is p ro 

d u c ed , so t h a t  a  so lu tio n  w h ere  th e  X -ra y  em issio n  is d u e  to  inverse  C o m p to n  s c a t te r in g  of 

su b m m  p h o to n s  m a y  b e  fo u n d ). S im ila rly  fo r s s c m o d e l ,  R q  is n o t  a n  in p u t  p a ra m e te r ,  b u t  

is se t to  a n  a rb i t r a r i ly  h ig h  v a lu e  (in  th is  case  to  e n su re  t h a t  v e ry  l i t t le  in v e rse -C o m p to n iz e d  

su b m m  em issio n  is p ro d u c e d  a n d  a  so lu tio n  is fo u n d  w h ere  th e  X -ra y  em iss io n  is d u e  to  SSC 

o f I R /N I R  p h o to n s ) .
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B .  p o w e r la w c o o l

T h is  m o d e l c a n  b e  w r i t te n  as

_ v (3- p)/2 Vmin <  V <  Vc

V K  v (2- p)/2 Vc <  Y <  Vmax

T h e  co o lin g  b re a k , vc (E q u a tio n  3) o c cu rs  a t  vc =  2.56 ( B /3 0  G ) 3 x  1014 H z, a n d  th e  

in d e x  p  c o rre sp o n d s  to  th e  p a r tic le  in d e x  in  th e  u n d e r ly in g  e le c tro n  d is tr ib u tio n :

/ \ ƒ Y-P  Ymin <  Y <  Yc,
n (Y ) oc < / , n

l  Y (p+1) Yc <  Y <  Ymax-


