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X - R A Y  A N D  N E A R - I R  V A R I A B I L I T Y  O F  T H E  A N O M A L O U S  X - R A Y  P U L S A R  1 E  1 0 4 8 .1 - 5 9 3 7 :  F R O M

Q U I E S C E N C E  B A C K  T O  A C T I V I T Y

C in d y  R . T a m , 1 F o t i s  P .  G a v r i i l ,2,3 R im  D ib , 1 V i c t o r i a  M . K a s p i , 1,4 P e t e r  M . W o o d s ,  5,6 C e e s  B a s s a , 1

A ccep ted  in  A p J ,  2 0 0 7  D ecem b er 2

A B S T R A C T

W e  r e p o r t  o n  n e w  a n d  a r c h iv a l  X - r a y  a n d  n e a r - i n f r a r e d  ( n e a r - I R )  o b s e r v a t i o n s  o f  t h e  a n o m a lo u s  

X - r a y  p u l s a r  1 E  1 0 4 8 .1 - 5 9 3 7  p e r f o r m e d  b e tw e e n  2 0 0 1 -2 0 0 7  w i t h  t h e  R o s s i  X - r a y  T i m i n g  E x p l o r e r  

( R X T E ), t h e  C h a n d r a  X - r a y  O b s e r v a t o r y  ( C X O ) ,  t h e  S w i f t  G a m m a - r a y  B u r s t  E x p lo r e r ,  t h e  H u b ­

b le  S p a c e  T e le s c o p e  ( H S T ), a n d  t h e  V e r y  L a r g e  T e le s c o p e .  D u r in g  i t s  ^ 2 0 0 1 - 2 0 0 4  a c t i v e  p e r io d ,

1 E  1 0 4 8 .1 - 5 9 3 7  e x h i b i t e d  tw o  la r g e ,  l o n g - t e r m  X - r a y  p u l s e d - f lu x  f la r e s  a s  w e ll  a s  s h o r t  b u r s t s ,  a n d  

l a r g e  ( > 1 0 x )  t o r q u e  c h a n g e s .  M o n i t o r i n g  w i t h  R X T E  r e v e a l e d  t h a t  t h e  s o u r c e  e n t e r e d  a  p h a s e  o f  

t i m i n g  s t a b i l i t y  i n  2 0 0 4 ; a t  t h e  s a m e  t im e ,  a  s e r ie s  o f  f o u r  s i m u l t a n e o u s  o b s e r v a t i o n s  w i t h  C X O  a n d  

H S T  i n  2 0 0 6  s h o w e d  t h a t  i t s  X - r a y  f lu x  a n d  s p e c t r u m  a n d  n e a r - I R  f lu x , a l l  v a r i a b l e  p r i o r  t o  2 0 0 5 , 

s t a b i l i z e d .  S p e c if ic a l ly ,  w e  f in d  t h e  2 0 0 6  X - r a y  s p e c t r u m  t o  b e  c o n s i s t e n t  w i t h  a  t w o - c o m p o n e n t  

b l a c k b o d y  p lu s  p o w e r  la w , w i t h  a v e r a g e  k T  =  0 .5 2  k e V  a n d  p o w e r - l a w  in d e x  r  =  2 .8  a t  a  m e a n  f lu x  

le v e l  i n  t h e  2 - 1 0  k e V  r a n g e  o f  ~ 6 . 5 x 1 0 - 1 2  e r g  c m - 2  s - 1 . T h e  n e a r - I R  f lu x ,  w h e n  d e t e c t e d  b y  H S T  

( H  ~  2 2 .7  m a g )  a n d  V L T  ( K S  ~  2 1 .0  m a g ) ,  w a s  c o n s i d e r a b l y  f a i n t e r  t h a n  p r e v i o u s l y  m e a s u r e d .  

R e c e n t ly ,  in  2 0 0 7  M a r c h ,  t h i s  n e w f o u n d  q u ie s c e n c e  w a s  i n t e r r u p t e d  b y  a  s u d d e n  f lu x  e n h a n c e m e n t ,  

X - r a y  s p e c t r a l  c h a n g e s  a n d  a  p u l s e  m o r p h o lo g y  c h a n g e ,  s i m u l t a n e o u s  w i t h  a  l a r g e  s p i n - u p  g l i t c h  a n d  

n e a r - I R  e n h a n c e m e n t .  O u r  R X T E  o b s e r v a t i o n s  r e v e a l e d  a  s u d d e n  p u l s e d  f lu x  i n c r e a s e  b y  a  f a c to r  

o f  ^ 3  i n  t h e  2 - 1 0  k e V  b a n d .  I n  o b s e r v a t i o n s  w i t h  C X O  a n d  S w i f t ,  w e  f o u n d  t h a t  t h e  t o t a l  X - r a y  

f lu x  i n c r e a s e d  m u c h  m o r e  t h a n  t h e  p u l s e d  f lu x , r e a c h in g  a  p e a k  v a lu e  o f  > 7  t im e s  t h e  q u i e s c e n t  v a lu e  

( 2 - 1 0  k e V ) .  W i t h  t h e s e  r e c e n t  d a t a ,  w e  f in d  a  s t r o n g  a n t i - c o r r e l a t i o n  b e tw e e n  X - r a y  f lu x  a n d  p u l s e d  

f r a c t i o n .  I n  a d d i t i o n ,  w e  f in d  a  c o r r e l a t i o n  b e tw e e n  X - r a y  s p e c t r a l  h a r d n e s s  a n d  f lu x . S i m u l t a n e o u s l y  

w i t h  t h e  r a d i a t i v e  a n d  t i m i n g  c h a n g e s ,  w e  o b s e r v e d  a  s ig n i f i c a n t  X - r a y  p u l s e  m o r p h o lo g y  c h a n g e  s u c h  

t h a t  t h e  p r o f i le  w e n t  f r o m  n e a r l y  s in u s o id a l  t o  h a v i n g  m u l t i p l e  p e a k s .  W e  c o m p a r e  t h e s e  r e m a r k a b l e  

e v e n t s  w i t h  o t h e r  A X P  o u t b u r s t s  a n d  d i s c u s s  im p l i c a t i o n s  in  t h e  c o n t e x t  o f  t h e  m a g n e t a r  m o d e l  a n d  

o t h e r  m o d e l s  o f  A X P  e m is s io n .

S u b j e c t  h e a d i n g s :  p u l s a r s :  g e n e r a l  —  p u l s a r s :  i n d i v i d u a l  ( 1 E  1 0 4 8 .1 - 5 9 3 7 )  —  s t a r s :  n e u t r o n  —  s t a r s :  

p u l s a r s

1. IN T R O D U C T IO N

T h e  s m a l l  h a n d f u l  o f  u n u s u a l  o b j e c t s  k n o w n  a s  a n o m a ­

l o u s  X - r a y  p u l s a r s  ( A X P s )  a r e  c h a r a c t e r i z e d  b y  t h e i r  

s lo w  s p i n  p e r i o d s  ( 5 - 1 2  s ) ,  l a r g e  i n f e r r e d  m a g n e t i c  f ie ld s  

( ~ 1 0 14 G ) ,  a n d  p e r s i s t e n t  X - r a y  lu m in o s i t i e s  in  g r e a t  e x ­

c e s s  o f  a v a i l a b le  s p in - d o w n  p o w e r .  T h e s e  y o u n g ,  i s o l a t e d  

p u l s a r s  h a v e  p r o p e r t i e s  c o m m o n  t o  a n o t h e r  c la s s  o f  o b ­

j e c t s ,  t h e  s o f t  g a m m a  r e p e a t e r s  ( S G R s ) .  F o r  r e c e n t  r e ­

v ie w s ,  s e e  W o o d s  &  T h o m p s o n  (2 0 0 6 ) a n d  K a s p i  ( 2 0 0 7 ). 

P o t e n t i a l l y  t h e  m o s t  i n t r i g u i n g  a n d  m o s t  r e v e a l i n g  p r o p ­

e r t y  s h a r e d  b y  A X P s  a n d  S G R s  is  t h e i r  h ig h ly  v o l a t i l e  

n a t u r e :  b o t h  a r e  k n o w n  t o  e x h i b i t  o c c a s io n a l  a n d  s u d d e n  

d r a m a t i c  f lu x  a n d  s p in  v a r i a b i l i t y  in  t h e  f o r m  o f  X - r a y  

b u r s t s ,  f la r e s ,  a n d  g l i t c h e s .

T h e  m a g n e t a r  m o d e l  ( D u n c a n  &  T h o m p s o n  1 9 9 2 ; 

T h o m p s o n  &  D u n c a n  1 9 9 5 ; T h o m p s o n  &  D u n c a n  1 9 9 6 )

1 D epa rtm en t o f Physics, R u th e rfo rd  Physics B uilding , M cG ill 
U niversity, 3600 U niversity  S tree t, M on trea l, Q C , H3A 2T8, 
C a n ada

2 N A SA  G o d da rd  Space F ligh t C en ter, A strophysics Science D i­
v ision, C ode  662, G reenbelt, M D, 20771, USA

3 N P P  Fellow; O ak  R idge  A ssocia ted  U niversities, B u ilding  
S C - 200, 1299 B ethe l V alley R oad, O ak  R idge, T N , 37830, USA

4 C an a d a  R esearch C hair; L orne  T ro tt ie r  C hair; R. H ow ard W eb ­
s te r  Fellow o f C IFA R

5 D ynetics, Inc., 1000 E xp lo rer B oulevard , H untsv ille, AL, 
35806, USA

6 N S ST C , 320 S p arkm an  D rive, H untsv ille , AL, 35805, USA

w a s  i n s t r u m e n t a l  in  e x p l a in in g  b o t h  t h e  “a n o m a l o u s ” 

X - r a y  e m is s io n ,  a s  w e ll  t h e  e p i s o d e s  o f  b u r s t  a c t i v ­

i ty .  I t  id e n t i f i e d  t h e  s o u r c e s  a s  h ig h ly  m a g n e t i z e d  is o ­

l a t e d  n e u t r o n  s t a r s ,  w i t h  f ie ld  s t r e n g t h s  o n  t h e  o r d e r  

o f  1 0 14 -  1 0 15 G . T h e  m a g n e t a r  m o d e l  u n iq u e ly ,  a n d  

c o r r e c t ly ,  p r e d i c t e d  t h a t  S G R - l ik e  b u r s t s  w o u ld  b e  o b ­

s e r v e d  f r o m  A X P s .  A  m a j o r  p r o p o s e d  e f fe c t  o f  t h i s  

e n o r m o u s  m a g n e t i z a t i o n  is  t h e  “t w i s t i n g ” o f  t h e  m a g n e ­

t o s p h e r e ,  w i t h  a s s o c i a t e d  m a g n e t o s p h e r i c  c u r r e n t s  a n d  

h e a t i n g  o f  t h e  c r u s t  a t  t h e  t w i s t e d  f ie ld - l in e  f o o t p o i n t s  

( T h o m p s o n  e t  a l .  2 0 0 2 ). T h i s  g iv e s  r i s e  t o  t h e  u n u s u a l  

X - r a y  s p e c t r u m ,  w h ic h  h a s  g e n e r a l l y  b e e n  e m p i r i c a l l y  

w e ll  c h a r a c t e r i z e d  b y  a  tw o - c o m p o n e n t  m o d e l  c o n s i s t i n g  

o f  a  p o w e r  la w  p lu s  b la c k b o d y .  B u r s t s  o f  h ig h - e n e r g y  

e m is s io n  o c c u r  p r e s u m a b l y  w h e n  t h e  c r u s t  s u c c u m b s  t o  

m a g n e t i c  s t r e s s e s  a n d  d e f o r m s ,  l e a d in g  t o  a  r a p i d  r e ­

a r r a n g e m e n t  o f  t h e  e x t e r n a l  m a g n e t i c  f ie ld . R e c e n t ly ,  

B e lo b o r o d o v  &  T h o m p s o n  (2 0 0 7 ) p r o p o s e d  t h e  e x i s t e n c e  

o f  a  p l a s m a  c o r o n a  c o n t a i n e d  w i t h i n  t h e  c lo s e d  m a g n e t o ­

s p h e r e  t o  e x p l a i n  t h e  b r o a d  b a n d  s p e c t r u m  o f  m a g n e t a r s  

t h a t  e x t e n d s  f r o m  t h e  i n f r a r e d  ( I R )  t o  h a r d  X - r a y s  b e ­

y o n d  1 0 0  k e V  ( K u i p e r  e t  a l .  2 0 0 6 ).

1 E  1 0 4 8 .1 - 5 9 3 7  h a s  h a d  a n  u n u s u a l  h i s t o r y ,  e v e n  

b y  A X P  s t a n d a r d s 7 . P r i o r  t o  2 0 0 2 , m o n i t o r i n g  o f

7 A su m m a ry  o f its  p ro p e rtie s  can  be 
found  in th e  online  S G R /A X P  C ata log

http://arXiv.org/abs/0707.2093v2
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t h e  p u l s e d  f lu x  w i t h  t h e  R o s s i  X - r a y  T i m i n g  E x p l o r e r  

( R X T E ) s h o w e d  t h a t  i t s  s p in  d o w n  w a s  s o  u n s t a b l e  

t h a t  p h a s e  c o h e r e n c e  c o u ld  b e  m a i n t a i n e d  fo r  p e r i ­

o d s  o f  o n ly  m o n t h s  a t  a  t i m e  ( K a s p i  e t  a l .  2 0 0 1 ), b e ­

h a v i o u r  w h ic h  e c h o e d  e a r l i e r  r e p o r t s  o f  P ,  f lu x  a n d  s p e c ­

t r a l  v a r i a b i l i t y  ( O o s t e r b r o e k  e t  a l .  1 9 9 8 ). T w o  s m a l l  

b u r s t s ,  t h e  f i r s t  e v e r  f o u n d  in  a n  A X P , w e r e  d i s ­

c o v e r e d  in  2 0 0 1  f r o m  1 E  1 0 4 8 .1 - 5 9 3 7  ( G a v r i i l  e t  a l.  

2 0 0 2 ) , c l in c h in g  t h e  s u s p e c t e d  a s s o c i a t i o n  b e tw e e n  A X P s  

a n d  S G R s .  S in c e  2 0 0 2 , t r i - w e e k ly  R X T E  o b s e r v a ­

t i o n s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  a l lo w e d  t h e  c h a n g in g  p u l s e d  

f lu x  a n d  s p in - d o w n  r a t e  t o  b e  m o n i t o r e d  o n  r e l a ­

t i v e l y  s h o r t  t im e s c a le s .  G a v r i i l  &  K a s p i  ( 2 0 0 4 , h e r e ­

a f t e r  G K 0 4 )  r e p o r t e d  o r d e r - o f - m a g n i t u d e  t o r q u e  v a r i ­

a b i l i t y  o n  t im e s c a l e s  o f  w e e k s  t o  m o n t h s  t h a t  o n ly  

m a r g i n a l l y  c o r r e l a t e d  w i t h  l a r g e  l u m i n o s i t y  v a r i a t i o n s .  

T h e  u n u s u a l l y  s lo w  a n d  lo n g - l iv e d  p u l s e d  f lu x  “f l a r e s ” 

( n o t  t o  b e  c o n f u s e d  w i t h  t h e  S G R  g i a n t  f la r e s ;  s e e  

W o o d s  &  T h o m p s o n  2 0 0 6 ) t h a t  b e g a n  i n  l a t e  2 0 0 1  a n d  

l a s t e d  i n t o  2 0 0 4  a r e  i n  s o m e  w a y s  u n l ik e  a c t i v i t y  s e e n  

i n  a n y  o t h e r  A X P  o r  S G R  t h u s  f a r .  T h e  2 - 1 0  k e V  

s p e c t r u m  a n d  p u l s e d  f r a c t i o n  a r e  a l s o  v a r i a b l e  o n  lo n g  

t im e s c a l e s ,  t h e  l a t t e r  b e in g  a n t i - c o r r e l a t e d  w i t h  l u m in o s ­

i t y  ( M e r e g h e t t i  e t  a l .  2 0 0 4 ; T i e n g o  e t  a l .  2 0 0 5 ). A t  n e a r -  

i n f r a r e d  ( n e a r - I R )  w a v e le n g th s ,  t h e  f lu x  v a r i e d  d r a m a t ­

i c a l l y  d u r i n g  2 0 0 2 - 2 0 0 3  ( W a n g  &  C h a k r a b a r t y  2 0 0 2 ; 

I s r a e l  e t  a l .  2 0 0 2 ); u n f o r t u n a t e l y ,  t h e  s p a r s i t y  o f  n e a r - I R  

o b s e r v a t i o n s  p r o h i b i t s  m e a s u r e m e n t s  o f  t h e  v a r i a b i l i t y  

t im e s c a l e ,  a l t h o u g h  a  n e a r - I R / X - r a y  a n t i - c o r r e l a t i o n  h a s  

b e e n  s u g g e s t e d  ( D u r a n t  &  v a n  K e r k w i jk  2 0 0 5 ). F u r t h e r  

a c t i v i t y  i n  t h e  f o r m  o f  a n o t h e r  b u r s t  a n d  s m a l l  p u l s e d -  

f lu x  i n c r e a s e  w a s  s e e n  i n  2 0 0 4  ( G a v r i i l  e t  a l .  2 0 0 6 ).

H e r e ,  w e  r e p o r t  o n  a  s e r ie s  o f  s i m u l t a n e o u s  C X O  a n d  

H S T  o b s e r v a t i o n s  o b t a i n e d  d u r i n g  t h e  c o u r s e  o f  2 0 0 6 , a s  

w e ll  a s  o n  a r c h iv a l  C X O ,  X M M  a n d  V L T  o b s e r v a t i o n s ,  in  

§ 2 . W e  a ls o  p r e s e n t  R X T E  t i m i n g  r e s u l t s  f r o m  t h e  p a s t  

t h r e e  y e a r s .  I n  2 0 0 7  M a r c h ,  1 E  1 0 4 8 .1 - 5 9 3 7  u n e x p e c t ­

e d l y  e n t e r e d  y e t  a n o t h e r  n e w  p h a s e  o f  a c t i v i t y ,  a n d  w e  

r e p o r t  o n  T a r g e t - o f - O p p o r t u n i t y  o b s e r v a t i o n s  w i t h  C X O  

a n d  S w i f t  t a k e n  a f t e r  t h e  2 0 0 7  M a r c h  e v e n t .  I n  § 3 .1  

w e  d i s c u s s  t h e  2 0 0 4 -2 0 0 6  p e r i o d  o f  r a d i a t i v e  a n d  s p in  

q u ie s c e n c e  i n  t h e  c o n t e x t  o f  b o t h  m a g e n t a r  a n d  a c c r e ­

t i o n  m o d e l s ,  a n d  in  § 3 .2 ,  w e  d e s c r ib e  a n d  i n t e r p r e t  t h e  

e v e n t s  f o l lo w in g  t h e  2 0 0 7  M a r c h  f la r e .

2. O B SER V A TIO N S, A N A LY SIS A N D  R ESU LTS

A s  p a r t  o f  a  l o n g - t e r m  p r o j e c t ,  w e  r e g u l a r l y  m o n i t o r  

A X P s  u s in g  t h e  R o s s i  X - r a y  T i m i n g  E x p l o r e r  ( R X T E ). 

1 E  1 0 4 8 .1 - 5 9 3 7  is  b y  f a r  t h e  m o s t  f r e q u e n t l y  o b s e r v e d  

A X P  d u e  t o  i t s  r e l a t i v e l y  p o o r  r o t a t i o n a l  s t a b i l i t y .  T h e  

R X T E  o b s e r v a t i o n s  ( s e e  § 2 .1 )  a r e  c r u c i a l  in  m e a s u r ­

in g  t h e  s p i n  e v o lu t i o n  o f  t h e  s o u r c e  a n d  i t s  p u l s e d  

f lu x . H o w e v e r ,  t h e  h i g h  b a c k g r o u n d  a n d  l a r g e  u n i m ­

a g e d  f ie ld -o f -v ie w  o f  R X T E  m a k e  s p e c t r a l  m e a s u r e m e n t s  

o f  1 E  1 0 4 8 .1 - 5 9 3 7  d i f f ic u l t  a n d  t o t a l  f lu x  ( a n d  c o n ­

s e q u e n t i a l l y  p u l s e d  f r a c t i o n )  m e a s u r e m e n t s  im p o s s ib le .  

T o  m a k e  t h e s e  m e a s u r e m e n t s ,  w e  o b t a i n e d  f iv e  C h a n ­

d r a  X - r a y  O b s e r v a t o r y  o b s e r v a t i o n s  ( C X O ; s e e  § 2 .2 )  

a p p r o x i m a t e l y  e q u i s p a c e d  t h r o u g h o u t  2 0 0 6 . I n  o r d e r  t o  

p r o b e  t h e  o r ig in  o f  t h e  n e a r - I R  e m is s io n  o f  t h i s  s o u r c e ,  

w e  o b s e r v e d  w i t h  t h e  H u b b le  S p a c e  T e le s c o p e  ( H S T ; s e e  

§ 2 .3 )  s i m u l t a n e o u s l y  w i t h  C X O . T h e  m o t i v a t i o n  fo r  s i-

h t tp : / /w w w .p h y s ic s .m c g i l l . c a /  ~ p u ls a r /m a g n e ta r /m a in .h tm l.

Year

5 2 0 0 0  5 2 5 0 0  5 3 0 0 0  5 3 5 0 0  5 4 0 0 0

M odified Ju lia n  Days

F ig . 1.—  T h e  long -term  evolution  of 1E 1 0 4 8 .1 -5937’s pulsed 
p roperties . T h e  th re e  vertica l dashed  lines ind ic a te  th e  ap p rox i ­
m ate  beg inn ings of th e  flux fla res on (from  left to  rig h t) 2001 O c ­
to b e r  26, 2002 A pril 6 , and  2007 M arch 21, respectively. H orizon ­
ta l  d o tte d  lines rep resen t th e  value o f th e  p lo tte d  p a ra m e te r  p rio r 
to  a ll observed flares. (a ) Spin frequency as observed by  R X T E .  
Sm all po in ts  show  th e  m easured frequencies, w hile in te rva ls  over 
w hich phase  coherence has been  m a in ta ined  a re  show n as th ick  
lines (G K 04; D ib e t a l., in p re p a ra tio n ) . (b) F requency deriva tive  
as a  function  of tim e. W hile  th e  frequency w as varying in 2002-2004 
a nd  a  phase-coheren t tim in g  so lu tion  could no t b e  found, v  w as de ­
te rm in ed  in sh o rt in te rva ls by ca lcu la ting  th e  slope o f th re e  consec ­
u tive  v  m easu rem en ts (a fte r  G K 04). Since 2004, phase  coherence 
has been  m ain ta in ed  and  v  reflects  th e  s ta n d a rd  techn ique  (D ib 
e t a l., in p re p a ra tio n ). (c) 2 - 1 0  keV  rm s pulsed flux as observed 
by  R X T E .  ( d ) S im ula ted to ta l  2 - 1 0  keV  un ab so rbed  flux, shown 
as green po in ts . T o ta l flux is es tim a te d  from  th e  R X T E  pulsed 
flux and  th e  pow er-law  co rre la tion  be tw een  pu lsed  frac tion  and  
m easured to ta l  flux, show n as red  po in ts , as described in § 3.2.2. 
T h e  sim u la ted  fluxes (g re e n ) have been  scaled to  m atch  th e  ac ­
tu a l m easu red  to ta l  fluxes (r e d ). ( e ) 2 - 1 0  keV  rm s pu lsed  frac tion  
ca lcu la ted  using th e  m ethod  described  in W oods e t al. (2004).

m u l t a n e o u s  C X O  a n d  H S T  o b s e r v a t i o n s  w a s  t o  s e a r c h  

fo r  c o r r e l a t e d  v a r i a b i l i t y  in  t h e  d i f f e r e n t  b a n d s ,  a s  t h a t  

p r o v id e s  i n s i g h t  i n t o  t h e  p h y s i c a l  m e c h a n i s m s  g e n e r a t ­

i n g  t h e  r a d i a t i o n .  W e  a ls o  e x a m i n e d  a r c h iv a l  K S - b a n d  

o b s e r v a t i o n s  w i t h  t h e  V e r y  L a r g e  T e le s c o p e  ( V L T ; s e e  

§ 2 .4 ) , w h ic h  c o n t r i b u t e  t o  o u r  m o n i t o r i n g  o f  i t s  n e a r - I R  

b r i g h t n e s s .  F o l lo w in g  t h e  2 0 0 7  M a r c h  g l i t c h  d e t e c t e d  in  

o u r  R X T E  m o n i t o r i n g  o b s e r v a t i o n s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  

( D ib  e t  a l .  2 0 0 7 b ), w e  i n i t i a t e d  t h r e e  C X O  a n d  tw o  S w i f t  

G a m m a - R a y  B u r s t  E x p l o r e r  ( S w i f t ; s e e  § 2 .2 )  T a r g e t - o f -  

O p p o r t u n i t y  ( T o O )  o b s e r v a t i o n s  t o  fo llo w  t h e  X - r a y  f lu x  

a n d  s p e c t r u m  o f  t h e  s o u r c e .  I n  o r d e r  t o  c h a r a c t e r i z e  t h e  

l o n g - t e r m  e v o l u t i o n  o f  1 E  1 0 4 8 .1 - 5 9 3 7  w e  a ls o  i n c o r ­

p o r a t e  a n d  r e a n a l y z e  a r c h iv a l  X M M - N e w t o n  a n d  C X O  

o b s e r v a t i o n s  ( s e e  G a v r i i l  e t  a l .  2 0 0 6 , fo r  d e t a i l s  o n  h o w  

t h e s e  d a t a  w e r e  p r o c e s s e d ) .  S e p a r a t e  p o s t - o u t b u r s t  o p ­

t i c a l  a n d  n e a r - I R  o b s e r v a t i o n s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  a r e  

r e p o r t e d  in  d e t a i l  e l s e w h e r e  ( W a n g  e t  a l .  2 0 0 7 ).

2 .1 . R X T E

W e  h a v e  o b s e r v e d  1 E  1 0 4 8 .1 - 5 9 3 7  r e g u l a r l y  s in c e  

1 9 9 7  w i t h  R X T E  ( K a s p i  e t  a l .  2 0 0 1 ; G K 0 4 ). O u r  d a t a  

w e re  o b t a i n e d  u s in g  t h e  P r o p o r t i o n a l  C o u n t e r  A r r a y  

( P C A )  o n  b o a r d  R X T E  w h ic h  c o n s i s t s  o f  f iv e  i d e n t i c a l

http://www.physics.mcgill
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a n d  i n d e p e n d e n t  X e n o n / M e t h a n e  P r o p o r t i o n a l  C o u n t e r  

U n i t s  ( P C U s ) .  W e  u s e  o u r  R X T E  o b s e r v a t i o n s  o f  

1 E  1 0 4 8 .1 - 5 9 3 7  t o  lo o k  fo r  t h e  p r e s e n c e  o f  b u r s t s  (s e e  

G a v r i i l  e t  a l .  2 0 0 4  fo r  d e t a i l s ) ,  t o  l o o k  fo r  p u l s e  p ro f i le  

c h a n g e s ,  t o  m o n i t o r  i t s  p u l s e d  f lu x , a n d  t o  m o n i t o r  i t s  

f r e q u e n c y  e v o l u t i o n  u s in g  p h a s e - c o h e r e n t  t i m i n g  w h e n  

p o s s ib le .

F o r  t h e  t i m i n g  a n a ly s i s ,  w e  c r e a t e d  b a r y c e n t e r e d  

l i g h t c u r v e s  i n  t h e  2 - 5 . 5  k e V  b a n d  w i t h  3 1 .2 5  m s  t i m e  r e s ­

o l u t i o n .  A s  p a s t  m o n i t o r i n g  h a s  s h o w n  t h a t  i t  c a n  b e  d i f ­

f i c u l t  t o  m a i n t a i n  p u l s e  p h a s e  c o h e r e n c e  o v e r  t im e s c a l e s  

l o n g e r  t h a n  a  fe w  w e e k s , o b s e r v a t i o n s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  

s in c e  2 0 0 2  a r e  d o n e  t h r e e  t i m e s  p e r  w e e k , w i t h  t h e  t h r e e  

o b s e r v a t i o n s  c a r e f u l l y  s p a c e d  s o  a s  t o  a l lo w  a  p h a s e -  

c o h e r e n t  a n a ly s i s  a n d  a  p r e c i s e  f r e q u e n c y  m e a s u r e m e n t .  

T h u s ,  fo r  e a c h  o b s e r v a t i o n ,  w e  fo ld  a t  t h e  p u l s e  p e r i o d  

d e t e r m i n e d  v i a  p e r i o d o g r a m ,  c r o s s - c o r r e l a t e  t h e  f o ld e d  

p r o f i le s  w i t h  a  h ig h  s ig n a l - t o - n o i s e  t e m p l a t e ,  a n d  f i t  t h e  

r e s u l t i n g  p h a s e s  w i t h  a  l i n e a r  f u n c t i o n  w h o s e  s lo p e  p r o ­

v id e s  t h e  a v e r a g e  f r e q u e n c y .  F r e q u e n c ie s  d e t e r m i n e d  in  

t h i s  w a y  a r e  s h o w n  in  F i g u r e  1 . A s  c a n  b e  s e e n  in  t h i s  f ig ­

u r e ,  t h e  2 0 0 4 -2 0 0 6  f r e q u e n c ie s  w e r e  a c t u a l l y  m u c h  m o r e  

s t a b l e  t h a n  in  t h e  p a s t ;  w e  t h e r e f o r e  a t t e m p t e d  a  f u l ly  

p h a s e - c o h e r e n t  a n a ly s i s  a s  w e ll . T h i s  w il l  b e  d e s c r ib e d  

e l s e w h e r e  ( D ib  e t  a l . ,  i n  p r e p a r a t i o n ) .  F r e q u e n c y  d e r iv a ­

t i v e s ,  w h ic h  a r e  a l s o  d i s p l a y e d  i n  F i g u r e  1 a n d  a r e  f r o m  

G K 0 4  a n d  D ib  e t  a l . ,  ( in  p r e p a r a t i o n ) ,  a r e  c l e a r ly  m u c h  

m o r e  s t a b l e  i n  t h e  2 0 0 4 -2 0 0 6  i n t e r v a l  t h a n  p r e v io u s ly .

T h i s  p e r i o d  o f  r o t a t i o n a l  s t a b i l i t y  w a s  a c c o m p a n ie d  

b y  X - r a y  p u l s e d  f lu x  s t a b i l i t y  a n d  r e l a t i v e  q u ie s c e n c e :  

t h e  p u l s e d  f lu x  t i m e  s e r ie s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  i n  t h e  

2 - 1 0  k e V  b a n d  is  p r e s e n t e d  i n  F i g u r e  1 . T h e  p u l s e d  

f lu x  w a s  c a l c u l a t e d  u s in g  a  m e t h o d  s im i l a r  t o  t h a t  d e ­

s c r i b e d  i n  W o o d s  e t  a l .  ( 2 0 0 4 ) a n d  is  b a s e d  o n  t h e  r m s  

o f  t h e  f o ld e d  p ro f i le ,  b u t  w i t h o u t  v a r i a n c e  s u b t r a c t i o n .

T h e  lo n g  p e r i o d  o f  r o t a t i o n a l  s t a b i l i t y  e n d e d  in  2 0 0 7  

M a r c h ,  w h e n  a  l a r g e  g l i t c h  w a s  o b s e r v e d  ( D ib  e t  a l.  

2 0 0 7 b ). T h e  g l i t c h  a l s o  s ig n a l e d  t h e  e n d  o f  t h e  p e r i o d  

o f  p u l s e d  f lu x  q u ie s c e n c e .  T h e  p u l s e d  f lu x  s u d d e n l y  i n ­

c r e a s e d  b y  a  f a c t o r  o f  ^ 3  in  t h e  e n e r g y  r a n g e  2 - 1 0  k e V . 

T h e  u p p e r  l i m i t  o n  t h e  r i s e  t i m e  o f  t h e  p u l s e d  f lu x  fo r  

t h i s  e v e n t  is  a p p r o x i m a t e l y  o n e  w e e k . T h e  p e a k  p u l s e d  

f lu x  r e a c h e d  b y  t h e  s o u r c e  w a s  ^ 1 0 %  la r g e r  t h a n  t h e  

p e a k  f lu x  r e a c h e d  d u r i n g  t h e  l a r g e s t  o f  t h e  tw o  p r e v i ­

o u s ly  o b s e r v e d  f la r e s ,  a n d  t h e  r i s e  t i m e  w a s  a t  l e a s t  4 

t im e s  s m a l l e r .  O n  2 0 0 7  M a y  17 , t h e  d a t e  o f  t h e  l a s t  

X - r a y  im a g in g  o b s e r v a t i o n  i n c lu d e d  in  t h i s  p a p e r ,  t h e  

p u l s e d  f lu x  h a d  d e c r e a s e d  b y  ^ 1 0 % .  I t  is  a s  y e t  d i f f ic u l t  

t o  c o m p a r e  t h e  d e c a y  t im e s c a l e  o f  t h e  p u l s e d  f lu x  o f  t h i s  

n e w  e v e n t  t o  t h a t  o f  t h e  p r e v io u s  f la r e s  h o w e v e r  i t  w ill  

b e  p o s s ib le  i n  t h e  n e a r  f u tu r e .

2 .2 . C X O  a n d  S w i f t

X - r a y  im a g in g  o b s e r v a t i o n s  w e r e  c a r r i e d  o u t  w i t h  t h e  

C X O  a n d  S w i f t  t e l e s c o p e s .  T h e  d a t e ,  t o t a l  e x p o s u r e  

t i m e  a n d  r e s u l t i n g  c o u n t  r a t e  fo r  e a c h  r e g io n - f i l t e r e d  

b a c k g r o u n d - s u b t r a c t e d  o b s e r v a t i o n  a r e  l i s t e d  in  T a b le  1 

a n d  a  d e t a i l e d  d e s c r i p t i o n  o f  o u r  s p e c t r a l  f i t t i n g  is  g iv e n  

in  § 2 .2 .1 .

1 E  1 0 4 8 .1 - 5 9 3 7  w a s  o b s e r v e d  f iv e  t i m e s 8 i n  2 0 0 6  w i t h

8 A lthough  fou r s im u ltaneous observations were o rig ina lly
p lanned , H S T  experienced  techn ica l difficulties du ring  one, re su lt ­
ing in a  fifth  C X O  observa tion.

Y ear
2 0 0 2  2 0 0 4  2 0 0 6

M odified Ju lia n  Days

F ig . 2 .—  T h e  evolution  o f 1E 1 0 4 8 .1 -5937’s X -ray  sp ec tra l p ro p ­
e rties. For consistency, a ll th e  sp e c tra  from  C X O , S w ift , and  X M M  
were fit jo in tly  w ith  a  tw o-com ponen t ab so rbed  b lackbody  p lus 
pow er-law  m odel, th a t  p roduced  a  be st-fit Nh  =  (0.97 ±  0.01) X 
1022 cm - 2  (see § 2 .2 .1 ). T h e  unce rta in tie s  show n reflect s ta tis tic a l 
e rro rs  only. V ertica l dashed  lines ind ic a te  th e  beginn ings of th e  
flux fla res (see Fig. 1 cap tio n ), w hile ho rizon ta l d o tte d  lines indi ­
c a te  quiescent values. (a ) B lackbody  te m p e ra tu re  k T . (b) P ho ton  
index  r .  (c) R a tio  o f th e  2 - 1 0  keV  flux co n tr ib u tio n  from  th e  
b lackbody  and  pow er law  com ponents. ( d ) T o ta l una bso rb ed  flux 
in 2 - 1 0  keV. ( e ) 2 - 1 0  keV  rm s pulsed  frac tion  ca lcu la ted  using 
th e  m ethod  described  in W oods e t al. (2004). ( f ) For reference, we 
show  th e  2 - 1 0  keV  rm s pulsed flux as observed by R X T E .

C X O  i n  q u a s i - e q u i s p a c e d  i n t e r v a l s ,  a n d  t h r e e  t i m e s  in  

2 0 0 7  A p r i l .  T h e  o b s e r v a t i o n s  w e r e  m a d e  w i t h  t h e  A d ­

v a n c e d  C C D  I m a g in g  S p e c t r o m e t e r  (A C I S )  c a m e r a  u s ­

i n g  t h e  S 3  c h ip  i n  c o n t i n u o u s  c lo c k in g  ( C C )  m o d e .  T h i s  

m o d e  g e n e r a t e s  a  1 x  1 0 2 4  p ix e l  im a g e ,  w h ic h  is  r e a d  o u t  

e v e r y  2 .8  m s ;  p i l e - u p  i n  t h i s  m o d e  is  n o t  a n  i s s u e .  T h e  

s u b s e q u e n t  a n a ly s i s  w a s  b a s e d  o n  t h e  “L e v e l  2 ” e v e n t s  

f i le s  fo r  w h ic h  t h e  e v e n t  t im e s  a r e  p h o t o n  a r r i v a l  t im e s  

( a s  o p p o s e d  t o  r e a d o u t  t im e s  fo r  t h e  “L e v e l  1” e v e n t s ) .  

F o l lo w in g  t h e  s t a n d a r d  t h r e a d s  w e  t h e n  c o r r e c t e d  t h e  

“L e v e l  2 ” e v e n t s  fo r  c e r t a i n  c a v e a t s  r e l a t e d  t o  A C I S  C C -  

m o d e  d a t a 9 . W e  e x t r a c t e d  a  r e c t a n g u l a r  r e g io n  c e n t e r e d  

o n  t h e  s o u r c e  w i t h  a  w i d t h  t y p i c a l l y  o f  ^ 3 0  p ix e ls .  W e  

e s t i m a t e d  t h e  b a c k g r o u n d  u s in g  r e c t a n g u l a r  r e g io n s  o n  

e i t h e r  s id e  o f  t h e  s o u r c e  w h ic h  e x t e n d e d  f r o m  ^ 1 0  p ix e ls  

b e y o n d  t h e  e d g e  o f  t h e  s o u r c e  r e g io n  t o  ^ 1 0  p ix e l s  f r o m  

t h e  e d g e  o f  t h e  im a g e .  F o l lo w in g  t h e  s t a n d a r d  t h r e a d s ,  

t h e  s o u r c e  a n d  b a c k g r o u n d  s p e c t r a  w e r e  t h e n  e x t r a c t e d  

u s in g  C IA O 10 v 3 .4 .  W e  g r o u p e d  t h e  s o u r c e  s p e c t r u m  s u c h  

t h a t  t h e r e  w e r e  n o  fe w e r  t h a n  2 0  c o u n t s  p e r  b i n  a f t e r  

b a c k g r o u n d  s u b t r a c t i o n .  T h e  r e s p o n s e  m a t r i x  f u n c t io n  

( r m f )  a n d  a r e a  r e s p o n s e  f u n c t i o n  ( a r f )  fo r  e a c h  o b s e r v a ­

t i o n  w e r e  a l s o  g e n e r a t e d  u s in g  CIAO a n d  CALDB. W e  u s e d  

T i m e d  E x p o s u r e  ( T E )  m o d e  r e s p o n s e  m a t r i c e s  b e c a u s e

9 h t t p : / /c x c .h a r v a r d .e d u /c ia o 3 .4 /w h y /ccm ode.htm l
10 h t t p : / / c x c .h a r v a r d .e d u / c i a o

http://cxc.harvard.edu/ciao3.4/why/ccmode.html
http://cxc.harvard.edu/ciao
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o f  t h e  a b s e n c e  o f  a v a i l a b le  s p e c t r a l  c a l i b r a t i o n  fo r  C C  

m o d e .

1 E  1 0 4 8 .1 - 5 9 3 7  w a s  o b s e r v e d  t h r e e  t i m e s 11 i n  2 0 0 7  

w i t h  S w i f t  u s in g  t h e  X - r a y  T e le s c o p e  ( X R T ) .  X R T  

h a s  tw o  o b s e r v i n g  m o d e s :  p h o t o n  c o u n t i n g  ( P C )  a n d  

w in d o w e d - t im in g  ( W T ) .  P C  m o d e  p r o v id e s  a  ^ 6 0 0 x 6 0 0  

p ix e l 2 im a g e  w i t h  lo w  ( ~ 2 . 5  s)  t i m e  r e s o l u t i o n ,  w h e r e a s  

W T  m o d e  p r o v id e s  a  o n e - d im e n s io n a l  ^ 2 0 0 - p i x e l  w id e  

im a g e  w i t h  h i g h  ( ^ 0 . 7 4  m s )  t i m e  r e s o lu t i o n .  X R T  a u ­

t o m a t i c a l l y  s w i tc h e s  f r o m  W T  t o  P C - m o d e  w h e n  t h e  

c o u n t  r a t e  e x c e e d s  ^ 2  c o u n t s  s - 1 . I n  o u r  a n a ly s i s  w e  

i g n o r e d  t h e  W T  m o d e  d a t a  a s  t h e y  w e r e  t o o  s h o r t  t o  

b e  o f  u s e .  W e  u s e d  t h e  P C - m o d e  e v e n t  f i le s  f r o m  t h e  

s t a n d a r d  p ip e l in e ;  t h e s e  w e r e  c l e a n e d  a n d  b a r y c e n t e r e d .  

U s in g  FTOOL x r t c e n t r o i d ,  w e d e t e r m i n e d  t h e  c e n t r o i d  

o f  t h e  im a g e ,  a n d  i n p u t  t h e  c le a n e d ,  b a r y c e n t e r e d  e v e n t s  

i n t o  t h e  c o m m a n d  l in e  i n t e r f a c e  x s e l e c t 12. W e  s e l e c t e d  

a  c i r c u l a r  s o u r c e  r e g io n  w i t h  a  2 5  p ix e l  r a d i u s  c e n t e r e d  o n  

t h e  c e n t r o i d  o f  t h e  im a g e .  S in c e  t h e  s o u r c e  w a s  s l i g h t ly  

p i l e d  u p ,  w e  e x c lu d e d  a  4  p ix e l  r a d i u s  c i r c u l a r  r e g io n  

c e n t e r e d  o n  t h e  c e n t r o i d  o f  t h e  im a g e .  W e  u s e d  4  p ix e ls  

b e c a u s e  t h a t  is  t h e  r e c o m m e n d e d  e x c lu s io n  r a d i u s  fo r  a  

s o u r c e  w i t h  1 E  1 0 4 8 . 1 - 5 9 3 7 ’s  s p e c t r u m  (L . A n g e l in i ,  p r i ­

v a t e  c o m m u n i c a t i o n ) .  F o r  t h e  b a c k g r o u n d ,  w e  s e l e c t e d  

e v e n t s  f r o m  a n  a n n u l u s  w i t h  a n  i n n e r  r a d i u s  o f  5 0  p ix e ls  

a n d  o u t e r  r a d i u s  o f  13 0  p ix e ls .  W e  f u r t h e r  f i l t e r e d  o u r  

e v e n t s  b y  s e le c t in g  o n ly  t h o s e  t h a t  h a d  g r a d e s  0  t o  1 2 . 

W i t h  x s e l e c t  w e  t h e n  c r e a t e d  s o u r c e  a n d  b a c k g r o u n d  

P H A  f ile s . T h e  FTOOL x r t m k a r f  w a s  u s e d  t o  c r e a t e  t h e  

a r f s ,  a n d  w e  i n p u t  t h e  s o u r c e  P H A  file  w i t h  t h e  e x c lu d e d  

c e n t e r  s o  t h a t  i t  w o u ld  b e  c o r r e c t e d  fo r  p i l e - u p .  W e  u s e d  

t h e  f ile  p r o v i d e d  b y  CALDB a p p r o p r i a t e  fo r  P C  m o d e  d a t a  

e v e n t s  o f  g r a d e s  0  t o  1 2  t o  m a k e  t h e  r m f .

2 .2 .1 . G lo b a l S p e c tr a l  F i t

W e  e x t r a c t e d  s p e c t r a  o f  1 E  1 0 4 8 .1 - 5 9 3 7  f r o m  a ll  

a r c h iv a l ,  m o n i t o r i n g ,  a n d  T o O  o b s e r v a t i o n s  c o l l e c te d  

f r o m  C X O , X M M  a n d  S w i f t . A  d e s c r i p t i o n  o f  t h e  r e ­

c e n t  d a t a  a n a ly s i s  is  i n  § 2 .2 , a n d  t h e  a r c h iv a l  a n a l ­

y s i s  w a s  d e s c r i b e d  i n  G a v r i i l  e t  a l .  ( 2 0 0 6 ). U s in g  t h e  

f i t t i n g  p a c k a g e  X SPEC 13 v 1 2 .3 .1  w e  m o d e le d  t h e  X - 

r a y  s p e c t r a  w i t h  a  p h o t o e l e c t r i c a l l y  a b s o r b e d  b la c k -  

b o d y  p l u s  p o w e r  la w . W e  u s e d  t h e  p h a b s  p h o t o e l e c ­

t r i c  a b s o r p t i o n  XSPEC m o d e l ,  w h ic h  a s s u m e s  t h e  s o ­

l a r  a b u n d a n c e  t a b l e  o f  A n d e r s  &  G r e v e s s e  ( 1 9 8 9 ) a n d  

u s e s  t h e  b c m c  p h o t o i o n i z a t i o n  c r o s s - s e c t i o n  t a b l e  f r o m  

B a l u c i n s k a - C h u r c h  &  M c C a m m o n  ( 1 9 9 2 ) w i t h  t h e  n e w  

H e  c r o s s - s e c t i o n  f r o m  B a l u c i n s k a - C h u r c h  &  M c C a m m o n  

(1 9 9 8 ) . W e  f i t  t h i s  m o d e l  t o  a l l  t h e  o b s e r v a t i o n s  s i ­

m u l t a n e o u s ly ,  a l lo w in g  t h e  c o lu m n  d e n s i t y  N H  t o  v a r y  

b u t  w i t h  t h e  s o le  c o n s t r a i n t  t h a t  i t  b e  t h e  s a m e  fo r  a ll  

o b s e r v a t i o n s .  W e  r e s t r i c t e d  o u r  f i t  t o  t h e  0 .7 - 5  k e V  

b a n d .  T h e  t o t a l  g lo b a l  f i t  h a d  x i  =  1 .0 7  fo r  v  =  

4 2 0 0  d e g r e e s  o f  f r e e d o m  ( d o f ) .  I n d iv id u a l ly ,  t h e  o b ­

s e r v a t i o n s  w e r e  e q u a l l y  w e ll  m o d e le d  ( e x c e p t  fo r  a  r e l ­

a t i v e l y  h ig h  x 2 v a lu e  in  o n e  o b s e r v a t i o n ,  s e e  § 2 .2 .2 ) . 

O u r  b e s t - f i t  c o lu m n  d e n s i t y  o b t a i n e d  f r o m  t h e  g lo b a l  

f i t  is  N h  =  (0 .9 7  ±  0 .0 1 )  x  1 0 22 c m - 2 , i n  a g r e e m e n t  

w i t h  D u r a n t  &  v a n  K e r k w i jk  ( 2 0 0 6 b ). T h e  r e s u l t s  o f  o u r

11 T w o  ad d itio na l S w if t  observa tions tak en  contem poraneously  
were o m itted  from  ou r analysis  because th e ir  sh o rt exposures 
y ielded p roh ib itive ly  la rge uncerta in ties .

12 h t t p : / / h e a s a r c .g s f c .n a s a .g o v /d o c s / s o f t w a r e / l h e a s o f t / f t
13 h t t p : / / x s p e c .g s f c .n a s a .g o v

s p e c t r a l  f i t t i n g  a r e  l i s t e d  i n  T a b le  1 a n d  p l o t t e d  in  F i g ­

u r e  2 .

2 .2 .2 . P o s s ib le  S p e c tr a l  F e a tu r e

A ll o b s e r v a t i o n s  h a d  s p e c t r a  t h a t  w e r e  w e ll  m o d e le d  b y  

a  p h o t o e l e c t r i c a l l y  a b s o r b e d  b l a c k b o d y  p lu s  p o w e r  la w . 

H o w e v e r ,  t h e  C X O  o b s e r v a t i o n  o n  2 0 0 7  A p r i l  6  ( o b s e r ­

v a t i o n  I D  7 6 4 7 ) ,  t h e  f i r s t  a f t e r  t h e  2 0 0 7  M a r c h  e v e n t ,  

h a d  a  r e l a t i v e l y  h ig h  x ^  =  1 .3 3  ( v  =  3 5 3  d o f ) .  T h e r e  

is  p o s s ib le  e v id e n c e  fo r  a n  a b s o r p t i o n  l in e  a t  ^ 2 . 7  k e V  

( s e e  F ig .  3 ) . A d d in g  a  G a u s s i a n  l in e  i m p r o v e d  t h e  f i t  

(xV  =  1 .2 0  fo r  v  =  35 1  d o f )  w i t h  A x 2 =  4 8 .3 .  W i t h  t h e  

l in e  w i d t h  f ix e d  a t  0 .1  k e V , w e  m e a s u r e  a  l in e  e n e r g y  o f  

2 .7 3  ±  0 .0 3  k e V . A l lo w in g  t h e  l in e  w i d t h  a  t o  b e  a  f r e e  

p a r a m e t e r ,  w e  o b t a i n  a  =  0 .1 6  ±  0 .0 3  k e V , a  l in e  e n e r g y  

o f  2 .7 4  ±  0 .0 3  k e V  a n d  x ^  =  1 .1 9  fo r  3 5 1  d o f . W e  f in d  

n o  e v id e n c e  o f  a  p h a s e  d e p e n d e n c e  fo r  t h i s  p o s s ib le  l in e .  

A  d e t a i l e d  p h a s e - r e s o lv e d  s p e c t r o s c o p i c  a n a ly s i s  w il l  b e  

p r e s e n t e d  i n  a  f o r t h c o m in g  p a p e r .

T o  t e s t  t h e  s ig n i f ic a n c e  o f  a d d i n g  s u c h  a  l in e ,  w e  p e r ­

f o r m e d  t h e  fo l lo w in g  s im u l a t i o n .  W e  g e n e r a t e d  1 0 0 0 0  

s i m u l a t e d  s p e c t r a  b y  a d d i n g  P o i s s o n  n o is e  t o  a  b la c k -  

b o d y  p lu s  p o w e r - la w  m o d e l  s p e c t r u m  h a v in g  t h e  s a m e  

p a r a m e t e r s  a s  o u r  b e s t - f i t  m o d e l .  W e  t h e n  d e t e r m i n e d  

t h e  m a x i m u m  c h a n g e  in  x 2 a f t e r  a d d i n g  a  G a u s s i a n  l in e .  

T o  a v o id  lo c a l  m i n i m a  a n d  e n s u r e  t h a t  w e  f o u n d  t h e  t r u e  

m i n i m u m  x 2 fo r  e a c h  s i m u l a t i o n  i t e r a t i o n ,  i n s t e a d  o f  f i t ­

t i n g  fo r  t h e  p e a k  e n e r g y ,  w e  s t e p p e d  t h r o u g h  d i f f e r e n t  

l in e  e n e r g ie s  b e tw e e n  0 .6  a n d  7 .0  k e V  w i t h  a  s t e p  s iz e  

o f  0 .0 2 5  k e V . T h e  w i d t h  o f  e a c h  l in e  w a s  h e ld  f ix e d  a t  

0 .1  k e V  a n d  i t s  n o r m a l i z a t i o n  w a s  a l lo w e d  t o  v a ry . I n  

a l l  t h e  s i m u l a t i o n  i t e r a t i o n s ,  n o n e  h a d  a  c h a n g e  in  x 2 

g r e a t e r  t h a n  4 8 .3 .  T h e  p r o b a b i l i t y  t h a t  t h i s  f e a t u r e  is  d u e  

t o  r a n d o m  c h a n c e  is  < 0 .1 3 % ,  a c c o u n t i n g  fo r  t h e  n u m b e r  

o f  t r i a l s .  W e  n o t e  h o w e v e r  t h a t  w i t h  t h e  a d d i t i o n  o f  t h e  

l in e ,  t h e  o v e r a l l  f i t  is  s t i l l  u n a c c e p t a b l e ;  w e  s p e c u l a t e  t h a t  

o t h e r  f e a t u r e s  m a y  b e  p r e s e n t  a s  w e ll , t h o u g h  a t  m a r g i n a l  

s ig n i f ic a n c e .  F o r  e x a m p le ,  t h e r e  is  a  s m a l l  b u t  i n t r i g u i n g  

f e a t u r e  a t  ~ 1 . 3  k e V , w h ic h  is  a p p r o x i m a t e l y  h a l f  t h e  e n ­

e r g y  o f  t h e  l in e  d i s c u s s e d  a b o v e .  T h e  e v id e n c e  fo r  a  l in e  

m u s t  b e  c o n s id e r e d  t e n t a t i v e  b e c a u s e  C C  m o d e ,  w h ic h  

u s e s  t h e  T E  m o d e  r e s p o n s e  m a t r i c e s ,  is  n o t  s p e c t r a l l y  

c a l i b r a t e d ,  a n d  t h e r e  e x i s t  c a l i b r a t i o n  l in e s  b e tw e e n  1 .7  

a n d  3 k e V  in  t h e  T E  r e s p o n s e .  H o w e v e r ,  t h i s  is  t r u e  fo r  

t h e  o t h e r  C X O  o b s e r v a t i o n s ,  i n c lu d in g  t h o s e  in  w h ic h  w e  

f in d  n o  s u c h  f e a tu r e s .

2 .2 .3 . P u ls e  M o r p h o lo g y  a n d  P u ls e d  F r a c t io n  S t u d y

U s in g  o u r  C X O  a n d  S w i f t  o b s e r v a t i o n s  w e  w e r e  a l s o  

a b l e  t o  s t u d y  t h e  s o u r c e ’s p u l s e  m o r p h o lo g y ,  f lu x  a n d  

p u l s e d  f r a c t i o n .

F o r  t h e  C X O  o b s e r v a t i o n s ,  w e  b a r y c e n t e r e d  o u r  c o r ­

r e c t e d  L e v e l  2 e v e n t  l i s t s  a n d  t h e n  e x t r a c t e d  b a c k g r o u n d -  

s u b t r a c t e d  l i g h t  c u r v e s  i n  t h e  d i f f e r e n t  b a n d s  u s in g  t h e  

s a m e  s o u r c e  a n d  b a c k g r o u n d  r e g io n s  a s  f o r  t h e  s p e c t r a l  

a n a ly s i s .  W e  f o ld e d  t h e s e  l i g h t c u r v e s  a t  t h e  o p t i m a l  f r e ­

q u e n c y  a s  d e t e r m i n e d  b y  a  p e r i o d o g r a m .  T h e  f r e q u e n c ie s  

w e  o b t a i n e d  a l l  a g r e e d  w i t h  t h e  e p h e m e r id e s  d e t e r m i n e d  

w i t h  o u r  c o n t e m p o r a n e o u s  R X T E  d a t a .  F i g u r e  4  ( l e f t ) 

d i s p l a y s  t h e  C X O  p u l s e  p r o f i le s  in  t h e  1 - 3  a n d  3 -  10  k e V  

b a n d s .  N o t ic e  t h a t  a f t e r  t h e  f l a r e  ( l a s t  3 p a n e l s  i n  F i g ­

u r e  4  l e f t ), t h e  p u l s e  p r o f i le  c h a n g e d  f r o m  s in g le  t o  a t  

s / l f i M e t / p s g l p e # k f t i l  T o  s t u d y  t h e  p u l s e  m o r p h o lo g y  e v o ­

l u t i o n  q u a n t i t a t i v e l y  w e  d e c o m p o s e d  t h e  p u l s e  p r o f i le s

http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/ft
http://xspec.gsfc.nasa.gov
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t a b l e  1
CXO, X M M  a n d  S w ift  o b s e rv in g  p a r a m e te r s  a n d  r e s u l t s

D ate M JD O bs. ID E xposu re C oun t r a te  r a k T a U nabs. F lu x a’b F p L /F B B a’c Pulsed

(s) (coun ts  s —1) (keV) ( 10-1 2  erg cm - 2  s - 1 ) F rac tion  d

A rchival X M M  O bserva tions
2000 Dec 28 51906 0112780401 4447 1.461(18) 3.31(22) 0.656(17) 4.8(4) 0 .6 (2 ) 0.76(2)
2003 Ju l 16 52836 0147860101 41145 3.429(9) 2.93(4) 0.599(6) 11.5(1) 1.21(5) 0.44(4)
2004 Ju l 9 53195 0164570301 32679 0.985(6) 2.75(5) 0.542(15) 9.6(1) 2 .1(2 ) 0.561(7)

A rchival C X O  O bserva tions
2004 Ju l 10 53196 4653 28860 1.363(7) 2.87(7) 0.56(1) 9.3(1) 1.2 ( 1) 0.56(1)
2004 Ju l 15 53201 4654 28085 1.317(7) 2.87(7) 0.55(1) 9.4(2) 1.2 ( 1) 0.55(1)

M on ito ring  C X O  O bserva tions
2006 Feb 26 53792 6733 22085 1.072(8) 2.79(6) 0.51(1) 7.1(1) 2 .0 (2 ) 0.63(1)
2006 A p r 20 53845 6734 20553 1.157(9) 2.75(5) 0.50(1) 7.1(2) 2 .0 (2 ) 0.61(1)
2006 Ju n  14 53900 6735 22085 0.985(9) 2.95(9) 0.55(1) 6.3(1) 1.4(2) 0.64(1)
2006 Ju l 30 53946 7347 22176 0.821(8) 2.72(8) 0.51(1) 6 .8 (2 ) 1.2 (2 ) 0.70(1)
2006 Sep 23 54001 6736 22022 1.006(7) 3.14(11) 0.56(1) 5.1(1) 1.0 (2 ) 0.64(1)

ToO  C X O  O bserva tions
2007 A pr  6 54196 7647 20079 4.241(15) 2.30(4) 0.56(1) 36.9(5) 1.6 ( 1) 0.299(5)
2007 A p r 16 54206 7648 18387 3.959(15) 2.27(4) 0.55(1) 36.0(5) 1.7(1) 0.286(6)
2007 A p r 28 54218 7649 19082 4.332(15) 2.12(4) 0.55(1) 36.0(5) 1.8 ( 1) 0.287(5)

ToO  S w ift  O bservations
2007 A pr  3 54193 30912001 4905 0.58(1) 2.7(2) 0.58(6) 35(2) 2 .0 (6 ) 0.22(3)
2007 A pr  13 54203 30912003 4829 0.55(1) 2.8(4) 0.62(4) 32(2) 0.7(3) 0.17(3)
2007 M ay 17 54237 30912009 3626 0.51(1) 2.3(4) 0.7(1) 35(3) 2 ( 1) 0.22(3)

N o te .  —  A ll quo ted  erro rs  rep re sen t 1a  unc erta in tie s . T h e  archiva l X M M  and  C X O  observa tions have been  p rev iously rep o r ted  
by  M ereghetti e t al. (2004), T iengo e t al. (2005), and  G avriil e t al. (2006).
a T hese  resu lts  a re  from  a  sim u ltaneous sp ec tra l fit to  a ll th e  d a ta  u sing as a  m odel a  ph o to e lec tr ica lly  ab so rbed  b la ckbody  w ith  
te m p e ra tu re  k T  and  a  pow er law  w ith  ph o to n  index  r .  In th e  sim u ltaneous fit th e  colum n density, N h  , w as con stra ine d  to  be  th e  
sam e for a ll observa tions. T h e  re su lta n t N h  from  th e  g lobal fit w as N h  =  (0.97 ±  0.01) X 1022 cm - 2 ; see th e  te x t  for d e ta ils .b T o ta l 
unabso rb ed  flux in th e  2 - 1 0  keV  b a n d .c R a tio  of th e  2 - 1 0  keV  flux in th e  pow er-law  com ponen t, F p l ,  to  th e  2 - 1 0  keV  flux in th e  
b la ckbody  com ponent, FB B .d 2 - 1 0  keV  pulsed fraction , u sing th e  defin ition  of pu lsed frac tion  described  in W oods e t al. (2004).

Energy (keV)

F ig . 3 .—  1E 1 0 4 8 .1 -5937’s X -ray  spe c tru m  on 2007 A pril 6 , 
as observed by C X O . Top: T h e  be st-fit pho to e lec trica lly  abso rbed  
b la ckbody  p lus pow er law  is p lo tte d  as a  solid line; see te x t for 
de ta ils  on th e  ana lysis . T h e  qu ality  of th e  fit w as low, w ith  xV =  
1.33 for v =  353 dof. B o tto m :  R esiduals  a f te r  su b tra c tin g  th e  
best-fit m odel. N otice a  possible sp ec tra l fea tu re  a t  ~ 2 .7  keV.

i n t o  t h e i r  F o u r i e r  c o m p o n e n t s .  I n  F i g u r e  4  ( r i g h t ) w e  

p l o t  t h e  F o u r i e r  c o m p o n e n t s  in  t e r m s  o f  t h e i r  r a t i o  t o  

t h e  f u n d a m e n t a l  ( t h e  n  =  0  a n d  f u n d a m e n t a l  a r e  e x ­

c l u d e d  f r o m  t h e  p l o t ) .  N o t i c e  t h a t  b e f o r e  t h e  f la r e  t h e  

p r o f i l e  c o n s i s t e d  o n ly  o f  t h e  f u n d a m e n t a l  a n d  a n  n  =  2 

F o u r i e r  c o m p o n e n t .  A f t e r  t h e  f la r e ,  t h e  p r o f i le  e x h i b i t e d  

s ig n i f i c a n t  F o u r i e r  c o m p o n e n t s  o f  o r d e r  n  =  2 , 3 , 5 . I n t e r ­

e s t in g ly ,  d e s p i t e  t h e  d r a s t i c  c h a n g e s  in  t h e  o t h e r  F o u r i e r  

c o m p o n e n t s ,  t h e  n  =  4  c o m p o n e n t  r e m a i n s  c o n s i s t e n t  

w i t h  z e r o  t h r o u g h o u t  t h e  f la r e .

S im i la r ly ,  fo r  t h e  S w i f t  o b s e r v a t i o n s  w e  u s e d  t h e  

b a r y c e n t e r e d ,  c le a n e d ,  a n d  p o i n t e d  P C - m o d e  d a t a  

e v e n t s .  T h e  X R T  W T  d a t a  c o n s i s t e d  o f  t o o  fe w  p u l s e s  

t o  b e  u s e f u l .  S w i f t  P C - m o d e  d a t a  h a v e  o n ly  2 .5 - s  r e s o ­

l u t i o n ,  p r o v id in g  fe w e r  t h a n  3 p u l s e  p h a s e  b i n s  fo r  t h i s  

6 .4 5 - s  p u l s a r .  W e  a t t e m p t e d  t o  im p r o v e  o n  t h e  c o a r s e  

s a m p l i n g  b y  u t i l i z in g  a d v a n c e d  “b i n  s p l i t t i n g ” t e c h n iq u e s  

(G .  I s r a e l ,  p r i v a t e  c o m m u n i c a t i o n ) ,  h o w e v e r  w e  f in d  o n ly  

m a r g i n a l  e v id e n c e  fo r  a  p u l s e  p r o f i le  c h a n g e  f r o m  t h e s e  

d a t a  ( b u t  s e e  C a m p a n a  &  I s r a e l  2 0 0 7 ).

U s in g  o u r  f o ld e d  p u l s e  p r o f i le s  w e  m e a s u r e d  r o o t - m e a n -  

s q u a r e  ( r m s )  p u l s e d  f r a c t i o n s 14 u s in g  t h e  m e t h o d  d e ­

s c r i b e d  i n  W o o d s  e t  a l .  ( 2 0 0 4 ). O u r  2 - 1 0  k e V  r m s  

p u l s e d  f r a c t i o n s  a r e  l i s t e d  i n  T a b le  1 a n d  p l o t t e d  i n  F i g ­

u r e s  1 a n d  2 . T h e  X M M  p u l s e d  f r a c t i o n s ,  t a k e n  f r o m  

G a v r i i l  e t  a l .  ( 2 0 0 6 ), w e r e  e x t r a c t e d  in  t h e  s a m e  f a s h io n .  

B e c a u s e  o f  t h e  lo w  t i m e  r e s o l u t i o n  o f  t h e  S w i f t  d a t a ,  t h e  

r m s  p u l s e d  f r a c t i o n  w o u ld  b e  a r t i f i c i a l l y  r e d u c e d  i f  t h e  

p u l s e  c o n t a i n e d  a s  m u c h  h a r m o n i c  c o n t e n t  a s  t h e  C X O  

d a t a  d u r i n g  t h e  f la r e .  T h u s ,  f o r  e a c h  S w i f t  o b s e r v a t i o n  w e  

s im u l a t e d ,  g iv e n  i t s  o b s e r v e d  p u l s e d  f r a c t i o n  a n d  m e a n

14 For a  s im ple  signal o f th e  form  c( tf)  =  A s in (2 n ^ )+  B , th e  rm s 

pulsed frac tion  is given by  P F TIns =  —̂  -jj. an d  th e  peak -to -peak  

pulsed frac tion  is given by P F pp =  j y . W e op ted  to  use th e  rm s 

w ith  Fourier filte ring  (A rchiba ld  e t al., in p repa ra tio n )  because  it is 
a  m ore  ro b u s t es tim a to r of th e  pulsed frac tion  th a n  peak -to -peak .
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F ig . 4 .—  L e f t : 1 - 3  keV  (b lue)  and  3 - 1 0  keV  (re d ) norm alized  pu lsed  profiles as observed by  C X O . T h e  profiles a re  phase  a ligned, have 
had  th e ir  m inim um  b ins su b tra c te d , and  a re  norm alized  such th a t  th e  a re a  u n de rne a th  th e m  is unity . N ote th a t  th e  2007 even t occured  
arou nd  M JD  54183. R ig h t : 1 - 3  keV  (b lu e ) and  3 - 1 0  keV  (re d ) F ourier decom position  o f th e  pulse  profiles. T h e  pow ers P n  a re  p lo tte d  
in te rm s o f th e ir  ra tio  to  th e  fu nda m e n ta l P 1 . T h e  n  =  0 and  th e  n  = 1  (fundam en ta l) com ponen ts a re  exc luded. N otice how th e  pu lse 
profile has ad d ition a l s tru c tu re  a fte r  th e  g litch /flu x  enhancem en t.

c o u n t  r a t e ,  w h a t  i t s  t r u e  p u l s e d  f r a c t i o n  w o u ld  b e  a s ­

s u m in g  a  p u l s e  p r o f i le  w i t h  a s  m u c h  h a r m o n i c  c o n t e n t  a s  

t h e  n e a r e s t  C X O  o b s e r v a t i o n .  O n  a v e r a g e  w e  f o u n d  a  

r e d u c t i o n  o f  n o  m o r e  t h a n  ^ 7 3 % .  N o te  i n  F i g u r e  2  t h e  

o b s e r v e d  t i g h t  c o r r e l a t i o n  b e tw e e n  t o t a l  f lu x  a n d  p u l s e d  

f r a c t i o n  ( s e e  a l s o  T ie n g o  e t  a l .  2 0 0 5 ) w h ic h  w e  d i s c u s s  in  

d e t a i l  in  § 3 .2 .2 .

2 .3. H S T

W e  o b s e r v e d  1 E  1 0 4 8 .1 - 5 9 3 7  u s in g  H S T  s i m u l t a n e ­

o u s ly  w i t h  C X O  o n  f o u r  o c c a s io n s  i n  2 0 0 6 : F e b r u a r y  2 6 ,

A p r i l  2 0 , J u l y  3 0 , a n d  S e p t e m b e r  2 3  ( P r o g r a m  ID  1 0 7 6 1 ) .

O b s e r v a t i o n s  w e r e  m a d e  w i t h  t h e  N e a r  I n f r a r e d  C a m e r a  

a n d  M u l t i - O b j e c t  S p e c t r o m e t e r  ( N I C M O S )  i n s t r u m e n t ,  

a  2 5 6  x  2 5 6  s q u a r e  p ix e l  H g C d T e  d e t e c t o r .  C o m b in e d  

w i t h  c a m e r a  3 , i t  p r o v i d e d  a  fo c u s  r a t i o  o f  f / 1 7 ,  a  f ie ld  

o f  v ie w  o f  5 1 ' x  5 1 ',  a n d  a  p l a t e  s c a le  o f  0 " 2  p i x e l - 1 . T h e  

d e t e c t o r  w a s  r e a d  o u t  i n  M U L T I A C C U M  m o d e ,  a n d  a  

s p i r a l  d i t h e r  p a t t e r n  w i t h  5 ' '  s p a c in g s  w a s  a p p l i e d .  W e  

o b s e r v e d  u s in g  t h e  f i l t e r  F 1 1 0 W  ( s im i la r  t o  t h e  g r o u n d  

b a s e d  J - b a n d  f i l t e r )  o n  tw o  o c c a s io n s  a n d  F 1 6 0 W  ( s im ­

i l a r  t o  H - b a n d )  o n  f o u r  o c c a s io n s .  T h e  a v e r a g e  F W H M  

o f  t h e  p o i n t  s p r e a d  f u n c t i o n  ( P S F )  w a s  ~  0 " 4  fo r  a ll  

N I C M O S  o b s e r v a t i o n s .  O b s e r v i n g  p a r a m e t e r s  a r e  s u m ­

m a r i z e d  i n  T a b le  2 .

T h e  d a t a  u n d e r w e n t  “O n - T h e - F l y - R e p r o c e s s i n g ” i n ­

v o lv in g  s t a n d a r d  p ip e l i n e  r o u t i n e s  b e f o r e  b e in g  r e t r i e v e d  

f r o m  t h e  H S T  A r c h iv e .  T h e  c a l i b r a t i o n  r o u t i n e  c a l n i c a  

p e r f o r m e d  b a s i c  d a t a  r e d u c t i o n  s t e p s ,  a n d  c a l n i c b  p r o ­

d u c e d  a  s in g le  f in a l  im a g e  fo r  e a c h  o b s e r v a t i o n ,  c o m -

M o d if ie d  J u l i a n  D a y s

F ig . 5 .—  T h e  evolution  o f 1E 1 0 4 8 .1 -5937’s nea r-IR  b rightness. 
V L T  and  H S T  resu lts  from  th is  w ork fall a f te r  2004, w hile d a ta  
p rio r to  th a t  a re  from  p revious l ite ra tu re  (W ang & C h a k ra b a rty  
2002; Israel e t al. 2002; D u ran t & van K erkw ijk 2005). W e also  
show th e  co rrespond ing  m agn itud e  on th e  rig h t axis; however th e  
tra n s la tio n  is no t exac t due  to  H S T ’s un ique  filters. V ertical 
dashed lines ind ic a te  th e  beg inn ings o f th e  flux flares (see Fig. 1 
cap tion ), w hile ho rizon ta l d o tte d  lines ind ic a te  quiescent values. 
( a ) " J -ba n d” flux v F v . (b) " H -b an d” flux v F v . T h e  de tec tion  
m ade from  com bin ing th re e  H S T  observa tions (see § 2.3) is shown 
in grey. (c) "Ks -b an d ” flux v F v . R esu lts  from  2007 are  described 
in de ta il elsew here (W ang e t al. 2007). ( d ) For reference, we show 
th e  2 - 1 0  keV  rm s pu lsed flux as observed  by  R X T E .
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b i n i n g  t h e  d i t h e r e d  m o s a ic  i n p u t  im a g e s .  D A O P H O T  

( S t e t s o n  1 9 8 7 ) fo r  I R A F  v 2 .1 2 .2  w a s  u s e d  t o  p e r f o r m  

P S F  p h o t o m e t r y .  A b s o lu t e  c a l i b r a t i o n  o f  o u r  m e a s u r e ­

m e n t s  w a s  d o n e  u s in g  t h e  N I C M O S  P h o t o m e t r i c  K e y -  

w o r d s 15 f o r  w h ic h  t h e  u n c e r t a i n t i e s  a r e  b e l i e v e d  t o  b e  

le s s  t h a n  5 % ; w e  f o u n d  t h e  a p e r t u r e  c o r r e c t i o n  t o  c o r r e ­

s p o n d  w i t h  t h e  c a l i b r a t i o n  k e y w o r d s  b y  s i m u l a t i n g  P S F s  

w i t h  t h e  T i n y  T i m 16 s o f tw a r e  p a c k a g e .

I n  o r d e r  t o  d e t e r m i n e  l i m i t i n g  i n s t r u m e n t a l  m a g n i ­

t u d e s  in  e a c h  o f  t h e  o b s e r v a t i o n s ,  w e  p e r f o r m e d  P S F  

p h o t o m e t r y  o n  a  s e t  o f  a  h u n d r e d  t r i a l  im a g e s  t o  w h ic h  

a  s in g le  a r t i f i c i a l  s t a r  w a s  a d d e d .  T h i s  a r t i f i c i a l  s t a r  w a s  

p l a c e d  in  a  0 " 3  b o x  i n  a  b l a n k  r e g io n  n e a r  t h e  n o m in a l  

p o s i t i o n  o f  t h e  I R  c o u n t e r p a r t .  B y  v a r y in g  t h e  b r i g h t ­

n e s s  o f  t h e  s t a r ,  w e  d e f in e  t h e  3 a  d e t e c t i o n  l im i t  a t  t h e  

i n s t r u m e n t a l  m a g n i t u d e  fo r  w h ic h  t h e  P S F  p h o t o m e t r y  

r e c o v e r s  t h e  a r t i f i c i a l  s t a r  w i t h  a n  u n c e r t a i n y  o f  0 .3  m a g  

( s e e  H u l l e m a n  e t  a l .  2 0 0 0 ).

A t  t h e  p o s i t i o n  o f  1 E  1 0 4 8 .1 - 5 9 3 7 ,  a s  m e a s u r e d  b y  

W a n g  &  C h a k r a b a r t y  ( 2 0 0 2 ) i n  K S - b a n d  w i t h  t h e  M a g ­

e l l a n  t e l e s c o p e ,  w e  f in d  o n e  p o i n t  s o u r c e  in  t h e  F 1 6 0 W  

im a g e  f r o m  2 0 0 6  F e b r u a r y  2 6  o n ly . T o  c o n f i r m  t h e  p o ­

s i t i o n a l  c o in c id e n c e  o f  t h i s  s o u r c e  w i t h  t h e  M a g e l l a n  o b ­

j e c t ,  w e  a s t r o m e t r i c a l l y  t i e d  N  =  31  n e a r b y  f ie ld  s t a r s  

i n  o u r  H S T  im a g e  t o  t h o s e  f r o m  t h e  M a g e l l a n  im a g e .  

A  ~  0 " 0 5  o f f s e t  w a s  f o u n d  fo r  t h e  1 E  1 0 4 8 .1 - 5 9 3 7  

c a n d i d a t e .  T h e  M a g e l l a n  s o u r c e ’s  r e l a t i v e  p o s i t i o n a l  

u n c e r t a i n t y ,  g iv e n  i t s  0 " 4  F W H M  r a d i u s ,  is  r o u g h l y  

F W H M /V ^ V  ~  0 " 0 7 .  T h e r e f o r e ,  w e  c o n s id e r  t h i s  H S T  

o b j e c t  t h e  c o u n t e r p a r t  o f  1 E  1 0 4 8 .1 - 5 9 3 7 .

T h u s ,  w e  m e a s u r e  o u r  lo n e  d e t e c t i o n  o f  

1 E  1 0 4 8 .1 - 5 9 3 7  t o  h a v e  m F  160W =  2 2 .7 0  ±  0 .1 4  m a g ;  

u n c e r t a i n t i e s  i n d i c a t e  t h e  n o m i n a l  e r r o r s  d e t e r m i n e d  b y  

D A O P H O T  a n d  i n c o r p o r a t e  P S F  f i t t i n g  u n c e r t a i n t i e s .  

L i m i t i n g  m a g n i t u d e s  fo r  t h e  t h r e e  l a t t e r  H S T  F 1 6 0 W  

o b s e r v a t i o n s  i n  w h ic h  n o  c o u n t e r p a r t  w a s  s e e n  a r e  p r e ­

s e n t e d  in  T a b le  2 . T o  d e e p e n  t h e  s e n s i t iv i ty ,  g e o m e t r i c  

t r a n s f o r m s  w e r e  c o m p u t e d  t o  r e g i s t e r  a n d  c o m b in e  t h e  

t h r e e  n o n - d e t e c t i o n  d a t a s e t s .  I n  t h e  c o m b in e d  d a t a ,  

w e  t e n t a t i v e l y  d e t e c t  a n  e x t r e m e l y  f a in t  c o u n t e r p a r t  

o f  b r i g h t n e s s  m F  160W =  2 3 .4 2  ±  0 .2 0  m a g ,  w h e r e  t h e  

3 a  u p p e r  l im i t  is  >  2 3 .5  m a g .  W e  f in d  n o  F 1 1 0 W  

c o u n t e r p a r t  d o w n  t o  a  3 a  u p p e r  l i m i t  o f  m F  110W 

>  2 5 .0  m a g  a n d  >  2 4 .8  m a g ,  o n  F e b r u a r y  2 6  a n d  A p r i l  

2 0 , r e s p e c t iv e ly .  R e s u l t s  a r e  p l o t t e d  i n  F i g u r e  5 .

T o  e x a m in e  h o w  t h i s  c o m p a r e s  w i t h  p a s t  r e s u l t s ,  w e  

a l s o  c a l i b r a t e d  o u r  m e a s u r e m e n t s  u s in g  t h e  H  m a g n i ­

t u d e s  f r o m  D u r a n t  &  v a n  K e r k w i jk  ( 2 0 0 5 ). A  r e l a t i v e  

o f f s e t  is  f o u n d  b e tw e e n  H S T ’s  F 1 6 0 W  f i l t e r  a n d  g r o u n d  

b a s e d  H - b a n d ,  a s  a  f u n c t io n  o f  J  -  H  c o lo r .  W e  k n o w  

t h e  c o lo r  o f  1 E  1 0 4 8 .1 - 5 9 3 7  o n ly  d u r i n g  a  b r i g h t e n e d  

s t a t e  ( J  -  H  «  0 .9  in  A p r i l  2 0 0 2 ; W a n g  &  C h a k r a b a r t y  

2 0 0 2 ), a n d  s u s p e c t  t h a t  i t  is  n o t  c o n s t a n t ;  t h e r e f o r e ,  t h i s  

is  n o t  a  p e r f e c t  c o m p a r i s o n ,  b u t  p r o v id e s  a  r o u g h  e s t i ­

m a t e .  B a s e d  o n  t h e  m a g n i t u d e s  o f  s e v e n  n e a r b y  f ie ld  

o b j e c t s ,  w e  m e a s u r e  H  «  2 2 .7 3  m a g  o n  F e b r u a r y  2 6 , 

w h ic h  is  v e r y  n e a r  w h a t  w e  f in d  fo r  m F  160W .

2.4. V L T

W e  h a v e  a n a l y z e d  a r c h iv a l  o b s e r v a t i o n s  o f  

1 E  1 0 4 8 .1 - 5 9 3 7  w h ic h  w e r e  o b t a i n e d  w i t h  N A O S -

15 h t t p : / /www. s t s c i . e d u /h s t/n ic m o s /p e r fo rm a n c e /p h o to m e try
16 h t t p : / /www. s t s c i . e d u /s o f tw a r e / t in y t im / t in y t im .h tm l

C O N I C A  ( N A C O ) ,  t h e  n e a r - I R  a d a p t i v e  o p t i c s  (A O )  

i n s t r u m e n t  a t  V L T  o f  t h e  E u r o p e a n  S o u t h e r n  O b s e r v a ­

t o r y .  T h e  s o u r c e  w a s  o b s e r v e d  fo r  9 0 0  s  i n  K s- b a n d  u s in g  

t h e  S 2 7  c a m e r a  ( 2 8 ' '  x  2 8 ' '  f ie ld -o f -v ie w  a n d  2 7  m a s p i x - 1  

p ix e l  s c a le )  o n  f o u r  o c c a s io n s  ( A p r i l  11 , A p r i l  2 9 , M a y  

2 7  a n d  J u n e  6 ) i n  2 0 0 5 . S t a r  A  ( W a n g  &  C h a k r a b a r t y  

2 0 0 2 ) , l o c a t e d  9 "  5 f r o m  t h e  A X P , w a s  u s e d  a s  t h e  

w a v e f r o n t - s e n s in g  ( W F S )  s t a r .  D u e  t o  t h e  r e l a t i v e  

f a i n t n e s s  o f  t h e  W F S  s t a r  ( r '  =  1 6 .5  m a g ) ,  t h e  A O  

c o r r e c t i o n  w a s  o n l y  p a r t i a l .

T h e  o b s e r v a t i o n s ,  e i t h e r  d i t h e r e d  s e t s  o f  5 2  x  9 0  s  i n t e ­

g r a t i o n s  ( o n  t h e  f i r s t  n i g h t )  o r  o f  10 1 x  9 0  s  i n t e g r a t i o n s ,  

w e r e  c o r r e c t e d  fo r  d a r k  c u r r e n t ,  f l a t - f i e ld e d  ( u s in g  a v e r ­

a g e s  d e r iv e d  f r o m  t h e  s c ie n c e  f r a m e s )  a n d  c o r r e c t e d  fo r  

v a r i a t i o n s  in  t h e  s k y  ( u s in g  m e d i a n  a v e r a g e s  o f  t h e  f la t -  

f ie ld e d  s c ie n c e  f r a m e s ) .  F in a l l y ,  t h e  r e d u c e d  s c ie n c e  im ­

a g e s  w e r e  a l i g n e d  u s in g  i n t e g e r  p ix e l  o f f s e ts  a n d  m e d ia n -  

c o m b in e d  t o  c r e a t e  a n  a v e r a g e  im a g e  fo r  e a c h  n ig h t .

U s in g  D A O P H O T ,  w e  t r i e d  P S F  p h o t o m e t r y  o n  e a c h  

o f  t h e  f o u r  a v e r a g e d  im a g e s ,  u s in g  d i f f e r e n t  m o d e l s  fo r  

t h e  P S F .  B e c a u s e  t h e  A O  c o r r e c t i o n  is  o n l y  p a r t i a l ,  w e  

f o u n d  t h a t  t h e  P S F  is  r e a s o n a b l y  w e ll  m o d e le d  b y  a  M o f ­

f a t  f u n c t i o n  o f  e x p o n e n t  2 .5  in  c o m b i n a t i o n  w i t h  a  lo o k ­

u p  t a b l e .  T h e  w i d t h  o f  t h e  P S F  t h a t  w a s  d e t e r m i n e d  fo r  

e a c h  o b s e r v a t i o n  w a s  0 '.'34  ( A p r i l  1 1 ) , 0 '.'43  ( A p r i l  2 9 ) ,

0 . '2 4  ( M a y  2 7 )  a n d  0 . '2 0  ( J u n e  6 ). O n l y  in  t h e  o b s e r v a ­

t i o n  o f  M a y  2 7  d id  w e  d e t e c t  t h e  n e a r - I R  c o u n t e r p a r t  t o  

1 E  1 0 4 8 .1 - 5 9 3 7 .

W e  c a l i b r a t e d  t h e  i n s t r u m e n t a l  m a g n i t u d e s  a n d  m a g ­

n i t u d e  l im i t s  u s in g  s t a r s  X 2  t o  X 8  a n d  A  a n d  B  a g a i n s t  

t h e  c a l i b r a t e d  K s m a g n i t u d e s  o f  W a n g  &  C h a k r a b a r t y  

(2 0 0 2 ) .  T h e  r m s  u n c e r t a i n t y  in  t h e  c a l i b r a t i o n  is  a b o u t

0 .2 m a g .  T h e  n e a r - I R  c o u n t e r p a r t  t o  1 E  1 0 4 8 .1 - 5 9 3 7  

w a s  d e t e c t e d  a t  K s =  2 1 .0  ±  0 .3  o n  2 0 0 5  M a y  2 7 ; t h e  

3 a  u p p e r  l im i t s  fo r  A p r i l  11 , A p r i l  2 9 , M a y  2 7  a n d  J u n e

6  a r e  K s >  2 0 .3 ,  K s >  2 0 .6 ,  K s >  2 1 .2  a n d  K s >  2 1 .4 ,  

r e s p e c t iv e ly .  L i m i t i n g  m a g n i t u d e s  w e r e  d e t e r m i n e d  w i th  

t h e  s a m e  m e t h o d  d e s c r i b e d  i n  § 2 .3 . R e s u l t s  a r e  s h o w n  

in  F i g u r e  5 .

N o te  t h a t  p o s t - 2 0 0 7  e v e n t  o p t i c a l  a n d  n e a r - I R  o b s e r ­

v a t i o n s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  w e re  o b t a i n e d  w i t h  V L T  a n d  

M a g e l l a n  ( W a n g  e t  a l .  2 0 0 7 ; I s r a e l  e t  a l .  2 0 0 7 ). P r e l i m ­

i n a r y  r e s u l t s  o f  t h e  K S - b a n d  o b s e r v a t i o n s  a r e  s h o w n  in  

F i g u r e  5 , a n d  d e t a i l s  o n  s o m e  o f  t h e  o b s e r v a t i o n s  c a n  b e  

f o u n d  in  W a n g  e t  a l .  ( 2 0 0 7 ).

3. D ISC U SSIO N

E x p l a i n i n g  t h e  o r ig in  o f  t h e  d i f f e r e n t  t y p e s  o f  A X P  

v a r i a b i l i t y  a c r o s s  t h e  e l e c t r o m a g n e t i c  s p e c t r u m  is  a  m a ­

j o r  c h a l l e n g e  fo r  t h e  m a g n e t a r  m o d e l .  M a n y  f u n d a m e n t a l  

q u e s t i o n s  r e m a i n  o p e n .  I n  t h e  c a s e  o f  1 E  1 0 4 8 .1 - 5 9 3 7 ,  

h o w  a r e  t i m i n g  i n s t a b i l i t i e s  r e l a t e d  t o  r a d i a t i v e  v a r i a b i l ­

i t y ?  A X P  s p i n - u p  g l i t c h e s  s o m e t im e s  a r e  a c c o m p a n ie d  

b y  m a j o r  r a d i a t i v e  e v e n t s ,  a s  i n  t h e  2 0 0 2  o u t b u r s t  o f  

A X P  1 E  2 2 5 9 + 5 8 6  ( K a s p i  e t  a l .  2 0 0 3 ), a n d  s o m e t im e s  

n o t ,  a s  i n  t h e  l a r g e  g l i t c h  o f  1 E  1 8 4 1 - 0 4 5  ( D ib  e t  a l.  

2 0 0 7 a ). M o r e o v e r ,  a r e  t h e  g r a d u a l  l a r g e - s c a le  c h a n g e s  

s e e n  i n  t h e  2 0 0 1 -2 0 0 2  f la r e s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  o f  a  s im ­

i l a r  o r ig in  t o  A X P  o u t b u r s t s  l ik e  t h a t  o f  1 E  2 2 5 9 + 5 8 6  

o r  X T E  J 1 8 1 0 - 1 9 7  ( I b r a h i m  e t  a l .  2 0 0 4 ), a n d  h o w  c a n  

t h e y  b e  a c c o u n t e d  fo r  b y  m a g n e t a r  m o d e l s ?  A ls o ,  w h a t  

is  t h e  n a t u r e  o f  t h e  o p t i c a l / I R  e m is s io n  o b s e r v e d  in  fiv e  

o u t  o f  e i g h t  c o n f i r m e d  A X P s ?  S u g g e s t e d  o r ig in s  in c lu d e  

c o h e r e n t  o r  c u r v a t u r e  e m is s io n  in  t h e  p l a s m a  m a g n e ­

http://www.stsci.edu/hst/nicmos/performance/photometry
http://www.stsci.edu/software/tinytim/tinytim.html
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t a b l e  2
H S T  a n d  V L T  o b s e rv in g  p a r a m e te r s  a n d  r e s u l t s

D ate M JD E xposu re

(s)

F il te ra L im iting
M a gn itude

D etec tion v F v  b
( 10 - 1B ergs s - 1  cm - 2 )

V L T  O bserva tions
2005 A p r 11 52324 900 K s > 20 .3 < 7 .0
2005 A p r 29 53471 900 K s > 20.6 < 5 .3
2005 M ay 27 53489 900 K s > 21.2 21.0(3) < 3.1; 3 .7±1 .0
2005 Ju n  6 53527 900 K S > 21 .4 < 2.6

H S T  O bserva tions
2006 Feb 26 53792 2637 F110W > 25 .0 < 0.37
2006 Feb 26 53792 1196 F160W > 23.7 22.70(14) < 0.49; 1 .3±0.2
2006 A p r 20 53845 2637 F110W > 24 .8 <0 .45
2006 A p r 20 53845 1196 F160W >23.1 <0 .89
2006 Ju l 30 53946 1037 F160W > 23 .3 <0 .74
2006 Sep 23 54001 1037 F160W > 22 .9 < 1.0

No t e . —  M agn itude  u n ce rta in tie s  reflect e rro rs  de te rm in ed  by D A O PH O T ; up pe r lim its  a re  
3 a  lim its , as defined in th e  te x t. M easured  qu an titie s  a re  "observed” , ie. have no t been  co rrec ted 
for re d d e n in g /ex tin c tio n  effects.
a A lthough  th e  filte r sy stem  o f H S T  does no t prec ise ly  m atch  s ta n d a rd  g round-based  near-IR  
filters , no te  th a t  F 110W  «  J  -b and  and  F160W  «  H -b a n d .b To convert s ta n d a rd  IR  m agn itudes 
to  flux, we ta k e  as th e  K s  =  0 m ag zero p o in t vFv =  9.28 X 10- 7 ergs s - 1 cm - 2 , derived from  
Cox (2000). H S T  fluxes a re  de te rm ine d  from  N ICM O S P ho to m etric  K eyw ords.

t o s p h e r e  ( E i c h l e r  e t  a l .  2 0 0 2 ; B e lo b o r o d o v  &  T h o m p s o n  

2 0 0 7 ) , b u t  s o  f a r  t h i s  h a s  n o t  b e  c o n f i r m e d .  A r e  t h e  

lo w -  a n d  h i g h - e n e r g y  e m is s io n  m e c h a n i s m s  i n t i m a t e l y  

c o n n e c t e d  (H e y l  &  H e r n q u i s t  2 0 0 5 )?  C o r r e l a t e d  p o s t ­

b u r s t  f lu x  d e c a y  in  t h e  X - r a y  a n d  n e a r - I R  r e g im e s  h a s  

b e e n  s e e n  i n  a t  l e a s t  o n e  o t h e r  A X P  ( T a m  e t  a l .  2 0 0 4 ).

G iv e n  t h e  m a n y  o b s e r v a t i o n a l  p r o p e r t i e s  t h a t  h a v e  

b e e n  c h a r a c t e r i z e d  fo r  1 E  1 0 4 8 .1 - 5 9 3 7  i n  t h i s  w o r k  a n d  

fo r  o t h e r  A X P s  in  s im i l a r  s t u d i e s ,  w h ic h  p r o p e r t y  w ill  

e m e r g e  a s  b e in g  t h e  m o s t  c o n s t r a i n i n g  o f  p h y s ic s  is  h a r d  

t o  k n o w . T h e  m o s t  p r o m is in g  b e h a v i o r s  a r e  t h o s e  w h ic h  

s h o w  c l e a r  c o r r e l a t i o n s  w i t h  o t h e r s ,  o r  t h o s e  t h a t  a r e  

c o m m o n  t o  m a n y  o r  a l l  A X P s  a n d  S G R s .  I n  t h i s  s e c t io n ,  

w e  d i s c u s s  t h e  b e h a v i o r  o f  1 E  1 0 4 8 .1 - 5 9 3 7 ,  a n d  fo c u s  o n  

t h e  p h e n o m e n a  t h a t  a r e  p o t e n t i a l l y  t h e  m o s t  u s e f u l  fo r  

t e s t i n g  t h e  m a g n e t a r  o r  o t h e r  c o m p e t i n g  m o d e l s .  W e  

f i r s t  c o n s id e r  t h e  q u i e s c e n t  p h a s e  w e  h a v e  o b s e r v e d  in  

2 0 0 4 -2 0 0 6 ,  a n d  i t s  im p l i c a t i o n s  fo r  A X P  m o d e ls ,  t h e n  

s u b s e q u e n t l y  d i s c u s s  t h e  s o u r c e ’s  r e t u r n  t o  a c t i v i t y  in  

2 0 0 7  M a r c h .

3 .1. T h e  2 0 0 4 - 2 0 0 6  Q u i e s c e n t  P h a s e

3 .1 .1 . X - r a y  F lu x  a n d  S p e c tru m ,

T h e  X - r a y  f l a r i n g  o b s e r v e d  p r e - 2 0 0 4  c o n t r a s t s  s t r o n g l y  

w i t h  t h e  s t a b l e  p u l s e d  f lu x e s  w e  o b s e r v e d  i n  2 0 0 4 -2 0 0 6  

( F ig .  1 c ) .  C l e a r l y  t h e  s o u r c e ’s  s t a b l e  s t a t e  is  a l s o  i t s  

f a i n t e s t .  T h e  X - r a y  s p e c t r u m  d u r i n g  t h i s  q u i e s c e n t  p h a s e  

is  a l s o  f a i r l y  c o n s t a n t ,  w i t h  k T  e v o lv in g  p o s t - f l a r e ,  o n  a  

t i m e  s c a le  o f  s e v e r a l  y e a r s .  I n t e r e s t i n g l y ,  k T  d o e s  n o t  

r e t u r n  t o  i t s  p r e - f l a r e  v a lu e  a s  m e a s u r e d  i n  2 0 0 0  D e c e m ­

b e r  ( s e e  F ig .  2 a ) . S im i la r ly ,  t h e  p h o t o n  in d e x  ( F ig .  2 b) 

d e c r e a s e d  in  2 0 0 4 -2 0 0 6 ,  a w a y  f r o m  i t s  s o f t e r  p r e - f l a r e  

v a lu e .  M e a n w h i le  t h e  p u l s e d  f r a c t i o n  ( F ig s .  1 e a n d  2 e ) 

w a s  s lo w ly  r i s i n g  in  2 0 0 4 -2 0 0 6 , a s  t h e  s o u r c e  g r e w  f a in t e r ,  

a s  if, u n l ik e  k T  a n d  r ,  i t  w a s  s lo w ly  r e c o v e r in g  t o  t h e  p r e ­

f l a r e  v a lu e .  T h u s ,  o v e r a l l ,  t h e  q u i e s c e n t  p e r i o d  is  c h a r ­

a c t e r i z e d  b y  s lo w  e v o lu t i o n ,  o n  t im e s c a l e s  o f  y e a r s ,  in  

w h ic h  t h e  s o u r c e  f lu x  a n d  p u l s e d  f r a c t i o n  s lo w ly  r e l a x e d  

b a c k  t o  t h e i r  p r e - f l a r e  v a lu e s ,  w h i le  t h e  s o u r c e  s p e c t r u m  

v a r i e d  s i g n i f i c a n t l y  ( F ig .  2 c) a n d  d i d  n o t  r e l a x  b a c k  t o  

i t s  p r e - f l a r e  s t a t e .  T h i s  is  s u g g e s t iv e  o f  a  f ix e d  e n e r g y

lo s s  r a t e  i n  q u ie s c e n c e ,  t h o u g h  p e r h a p s  w i t h  a  d i f f e r e n t  

m a g n e t o s p h e r i c  c u r r e n t  c o n f ig u r a t i o n ,  w h ic h  i m p a c t s  t h e  

s u r f a c e  e m is s io n  v i a  r e t u r n  c u r r e n t s  ( T h o m p s o n  e t  a l.

2 0 0 2 ) . W e  n o t e ,  o n  t h e  o t h e r  h a n d ,  t h a t  t h e  2 0 0 6  a n d  

p r e - 2 0 0 1  p u l s e  p r o f i le  w e r e  v e r y  s im i l a r  i f  n o t  i d e n t i c a l  

( K a s p i  e t  a l .  2 0 0 1 ), a n d  t h a t  t h e  T h o m p s o n  e t  a l .  ( 2 0 0 2 ) 

s im p le  p r e d i c t i o n  fo r  t h e  d e c a y  t i m e  o f  t h e  s o r t  o f  m a g n e -  

t o s p h e r i c  t w i s t  r e q u i r e d  fo r  1 E  1 0 4 8 .1 - 5 9 3 7  is  a n  o r d e r  

o f  m a g n i t u d e  t o o  l a r g e  fo r  s t a n d a r d  p a r a m e t e r s .  T h e  

e v o l u t i o n  c o u ld  a l s o  b e  p u r e l y  d u e  t o  t h e  t h e r m a l  c o m ­

p o n e n t  (O z e l  &  G u v e r  2 0 0 7 ).

3 .1 .2 . T i m i n g  S ta b i l i t y

S i m u l t a n e o u s  w i t h  t h e  s lo w  e v o l u t i o n  o f  t h e  X - r a y  f lu x , 

p u l s e d  f r a c t i o n ,  a n d  s p e c t r u m ,  t h e  p u l s a r ’s  r o t a t i o n a l  b e ­

h a v i o r  c l e a r l y  s t a b i l i z e d ,  w i t h  t h e  s o u r c e  s p in n in g  d o w n  

r e l a t i v e l y  s m o o t h l y  a t  a  v a lu e  c lo s e  t o  t h e  l o n g - t e r m  a v e r ­

a g e  in  2 0 0 4 -2 0 0 6  ( F ig .  1 a ) . W h e r e a s  p r e v i o u s l y  t h i s  A X P  

d i s t i n g u i s h e d  i t s e l f  f r o m  o t h e r s  b y  d e f y in g  a t t e m p t s  a t  

p h a s e - c o h e r e n t  t i m i n g  a n d  e x h i b i t i n g  l a r g e  t o r q u e  v a r i ­

a t i o n s  ( F ig .  1 b ) , in  2 0 0 4 -2 0 0 6 , 1 E  1 0 4 8 .1 - 5 9 3 7  r e s e m ­

b le d ,  f r o m  a  t i m i n g  p o i n t  o f  v ie w , o t h e r  A X P s  w h ic h  

a r e  r e l a t i v e l y  s t a b l e  r o t a t o r s ,  a t  l e a s t  w h e n  n o t  g l i t c h in g  

(e .g .  K a s p i  e t  a l .  1 9 9 9 ; D ib  e t  a l .  2 0 0 7 a ). T h i s  b e h a v i o r  

d e m o n s t r a t e s  a  c l e a r  r e l a t i o n s h i p  b e tw e e n  t i m i n g  a n d  r a ­

d i a t i v e  p r o p e r t i e s ,  a n d  t h a t  t h e  “n o i s e ” s e e n  i n  t h e  f r e ­

q u e n c y  d e r i v a t i v e  d u r i n g  2 0 0 1 -2 0 0 4  is  l ik e ly  p h y s i c a l l y  

d i f f e r e n t  f r o m  t h e  “t i m i n g  n o i s e ” o b s e r v e d  u b i q u i t o u s l y  

in  r a d i o  p u l s a r s  a n d  in  o th e r w i s e  r a d i a t i v e l y  s t a b l e  A X P s .

I n  t h e  c o n t e x t  o f  t h e  m a g n e t a r  m o d e l ,  m a g n e t o s p h e r i c  

a c t i v i t y  c a n  a c c o u n t  fo r  b o t h  t o r q u e  a n d  X - r a y  f lu x  v a r i ­

a b i l i ty ,  a l t h o u g h  t h e  f o r m e r  is  m o s t  s e n s i t i v e  t o  c u r r e n t s  

a n c h o r e d  c lo s e s t  t o  t h e  m a g n e t i c  p o le s ,  s o  t h a t  o n ly  a  

b r o a d  c o r r e l a t i o n  b e tw e e n  f lu x  a n d  t o r q u e  is  e x p e c t e d  

( T h o m p s o n  e t  a l .  2 0 0 2 ) a n d  i n d e e d  is  s e e n  w h e n  c o n s id ­

e r i n g  m a n y  A X P s  a n d  S G R s  ( M a r s d e n  &  W h i t e  2 0 0 1 ). 

T h a t  t h e  t o r q u e  a n d  lu m i n o s i t y  i n  1 E  1 0 4 8 .1 - 5 9 3 7  

d o  n o t  v a r y  s i m u l t a n e o u s l y  o r  i n  a  c l e a r ly  c o r r e l a t e d  

w a y  is  t h u s  n o t  n e c e s s a r i l y  p r o b l e m a t i c  i f  t h e  m a g n e -  

t o s p h e r i c  c u r r e n t  c o n f i g u r a t i o n  is  c h a n g in g ,  a l t h o u g h  i t  

d o e s  d e m o n s t r a t e  t h a t  t h e  m a g n e t a r  m o d e l  in  t h i s  p a r ­

t i c u l a r  r e g a r d  is  n o t  s t r o n g l y  p r e d i c t i v e .
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A l t h o u g h  t h e  m a g n e t a r  m o d e l  is  f a v o r e d ,  i t  h a s  a ls o  

b e e n  s u g g e s t e d  t h a t  a c c r e t i o n  f r o m  a  fo s s i l  d e b r i s  d i s k  

c o u ld  e x p la in  A X P  s p i n  c h a r a c t e r i s t i c s  ( C h a t t e r j e e  e t  a l.  

2 0 0 0 ; A l p a r  2 0 0 1 ) a s  w e ll  a s  a l l  a s p e c t s  o f  t h e  b r o a d  b a n d  

e m is s io n  ( E r t a n  &  C a l i s k a n  2 0 0 6 ). W h i le  i t  is  n o w  e v ­

i d e n t  t h a t  a c c r e t i o n  a lo n e  c a n n o t  b e  r e s p o n s ib l e  fo r  a ll  

o b s e r v e d  p r o p e r t i e s ,  m o s t  n o t a b l y  t h e  e n e r g e t i c  X - r a y  

b u r s t s ,  a  “h y b r i d ” m o d e l  h a s  b e e n  in v o k e d  t h a t  p u t s  

a  t h i n  d e b r i s  d i s k  a r o u n d  a  h ig h ly  m a g n e t i z e d  p u l s a r  

( E k s i  &  A l p a r  2 0 0 3 ). I n  t h i s  h y b r i d  c a s e ,  b o t h  t h e  p e r ­

s i s t e n t  l u m i n o s i t y  a n d  p u l s a r  s p in  d o w n  a r e  r e l a t e d  t o  

t h e  m a s s  t r a n s f e r  r a t e ,  M .  A c c o r d in g  t o  G K 0 4 , w h o  

c o m p a r e  1 E  1 0 4 8 . 1 - 5 9 3 7 ’s t o r q u e  c h a n g e s  w i t h  c h a n g e s  

in  R X T E  p u l s e d  f lu x , t h e  s c a le  o f  t h e i r  v a r i a b i l i t y  d o e s  

n o t  o b e y  a n  e x p e c t e d  r e l a t i o n s h i p  fo r  a n  a c c r e t i n g  p u l ­

s a r  u n d e r g o i n g  s p in - d o w n ,  t h u s  p r e s e n t i n g  a  c h a l l e n g e  

t o  m o d e l s  o f  fo s s i l  d i s k  a c c r e t i o n .  I t  c o u ld  b e  a r g u e d ,  

h o w e v e r ,  t h a t  s in c e  o n ly  t h e  p u l s e d  f lu x  P X  w a s  b e in g  

m o n i t o r e d ,  t h e  t o t a l  X - r a y  l u m i n o s i t y  L X  is  s t i l l  a n  u n ­

k n o w n  q u a n t i t y .  W e  a d d r e s s  t h i s  b y  u s in g  t h e  q u a n t i ­

t a t i v e  c o r r e l a t i o n  w e  e s t a b l i s h  b e tw e e n  p u l s e d  f r a c t i o n  

P f  a n d  t o t a l  u n a b s o r b e d  f lu x  F X  ( d i s c u s s e d  i n  § 3 .2 .2  

a n d  s h o w n  in  F ig .  6 ) t o  s i m u l a t e  a  w e ll  s a m p l e d  s e t  o f  

p h a s e - a v e r a g e d  f lu x  d a t a  a s  a  f u n c t io n  o f  R X T E  p u l s e d  

f lu x  P X , g iv e n  t h a t  P f  is  s im p ly  P X / F X . T h e  r e s u l t i n g  

“n e w ” t o t a l  f lu x , F X , is  s h o w n  in  F i g u r e  1 d , a lo n g  w i t h  

v  i n  F i g u r e  1 b fo r  c o m p a r i s o n .  A t  i t s  m o s t  v a r i a b l e  in  

2 0 0 2 -2 0 0 4 ,  t h e  a b s o l u t e  v a lu e  o f  v  c h a n g e d  b y  a  f a c to r  

o f  > 1 0  i n  le s s  t h a n  a  y e a r ,  w h i le  t h e  m a x i m a l  c h a n g e  in  

t o t a l  u n a b s o r b e d  f lu x  is  a  f a c t o r  o f  ^ 6  f r o m  p e a k  t o  q u i ­

e s c e n c e .  N o te  t h a t  t h e s e  v a r i a t i o n s  a r e  n o t  s i m u l t a n e o u s .  

F o r  a  p u l s a r  e x p e r i e n c in g  a  s p in - d o w n  t o r q u e  d u e  t o  m a s s  

a c c r e t i o n  w h i le  i n  a  q u a s i - e q u i l i b r i u m  “t r a c k i n g ” p h a s e  

( i .e .  t h e  A X P  p h a s e ) ,  a  s t r o n g  c o r r e l a t i o n  d e s c r i b e d  b y  

L X  <x | v | 7 /3  c a n  b e  d e r iv e d  f r o m  C h a t t e r j e e  e t  a l .  ( 2 0 0 0 , 

e q u a t i o n  3 ) ,  w h e r e  t h e  m a g n i t u d e s  o f  t o r q u e  a n d  v  a r e  

p r o p o r t i o n a l ,  t h e  r a d i u s  o f  t h e  m a g n e t o s p h e r e  is  d e f in e d  

b y  t h e  A lf e n  r a d i u s  w h ic h  is  a l s o  a  f u n c t i o n  o f  M ,  a n d  

L X  <x M .  T h u s ,  a  f a c t o r  o f  > 1 0  c h a n g e  i n  v  s h o u ld  

b e  r e f l e c t e d  b y  a  f a c t o r  o f  > 2 0 0  s i m u l t a n e o u s  c h a n g e  in  

L X , a n d  t h u s  F X , i f  t h i s  m o d e l  is  c o r r e c t .  C l e a r l y  t h i s  is  

n o t  o b s e r v e d ,  r e n d e r i n g  t h i s  p a r t i c u l a r  a c c r e t i o n  s c e n a r io  

u n l ik e ly .  T h i s  p o i n t  is  f u r t h e r  e m p h a s i z e d  b y  t h e  s ig n if i ­

c a n t  t i m e  o f f s e t  b e tw e e n  t h e  c h a n g e s  in  t o r q u e  a n d  f lu x . 

O v e r a l l ,  t h e  f a c t  t h a t  1 E  1 0 4 8 . 1 - 5 9 3 7 ’s l o n g  h i s t o r y  o f  

h i g h l y  i r r e g u l a r  s p in - d o w n  is  m i r r o r e d  b y  t r e n d s  in  i t s  

X - r a y  e m is s io n  o n ly  in  a  b r o a d ,  r a t h e r  t h a n  s t r i c t ,  s e n s e  

s t r o n g l y  s u g g e s t s  t h a t  a c t i v e  a c c r e t i o n  is  n o t  h a p p e n i n g  

i n  t h i s  c a s e .

3 .1 .3 . N e a r - I R  Q u ie sc e n c e

O u r  o r ig in a l  p u r p o s e  fo r  m a k i n g  s i m u l t a n e o u s  

C X O / H S T  o b s e r v a t i o n s  w a s  t o  c o m p a r e  lo w - le v e l  n e a r -  

I R  a n d  X - r a y  f lu x  a n d  s p e c t r a l  c h a n g e s ,  w i t h  e a c h  

o b s e r v e d  w i t h  t h e  s a m e  i n s t r u m e n t ,  i n  o r d e r  t o  lo o k  

fo r  c o r r e l a t i o n s .  G iv e n  t h a t  t h e  n e a r - I R  s o u r c e  h a d  

f a d e d  c o n s i d e r a b l y  in  t h e  H S T  o b s e r v a t i o n s ,  r e n d e r ­

i n g  i t  o n ly  m a r g i n a l l y  d e t e c t e d  in  2 0 0 6 , t h i s  w a s  n o t  

p o s s ib le .  C o m p a r e d  t o  t h e  h a n d f u l  o f  n e a r - I R  d e t e c ­

t i o n s  m a d e  t h r o u g h o u t  2 0 0 2 -2 0 0 3  ( s e e  F ig .  5 )  i t  is  c l e a r  

t h a t  2 0 0 5 -2 0 0 6  m a r k e d  a  p e r i o d  o f  n e a r - I R  q u ie s c e n c e  in  

1 E  1 0 4 8 .1 - 5 9 3 7 .  A t  t h e  t i m e  o f  t h e  2 0 0 5  V L T  o b s e r v a ­

t i o n s  in  w h ic h  t h e  A X P  w a s  f a i n t l y  s e e n  i n  K S - b a n d ,  i t s

f lu x  w a s  c o n s i s t e n t  w i t h  t h e  l a s t  d e t e c t i o n  i n  m id - 2 0 0 3 .  

W i t h  H S T  i n  2 0 0 6  w e  f in d  t h a t  i t s  H  a n d  J  m a g n i t u d e s  

h a v e  d r o p p e d  lo w e r  t h a n  e v e r  b e f o r e  o b s e r v e d .  T h e r e  is  

m a r g i n a l  e v id e n c e  fo r  n e a r - I R  f lu x  v a r i a b i l i t y  d u r i n g  q u i ­

e s c e n c e  o n  c o m p a r a b l y  s h o r t  t im e s c a l e s  t o  t h e  v a r i a b i l ­

i t y  i n  X - r a y  s p e c t r a l  p a r a m e t e r s ,  a l t h o u g h  c lo s e ly  s p a c e d  

n e a r - I R  m o n i t o r i n g  o b s e r v a t i o n s  a r e  r e q u i r e d  t o  c o n f i r m  

t h i s .

T h a t  t h e  n e a r - I R  f a d e d  r o u g h l y  in  c o n c e r t  w i t h  t h e  

X - r a y  f lu x  is  n o t a b l e ,  s u g g e s t i n g  a  c o r r e l a t i o n  s im i l a r  

t o  t h a t  s e e n  i n  A X P  1 E  2 2 5 9 + 5 8 6  ( T a m  e t  a l .  2 0 0 4 ). 

T h i s  is  d i s c u s s e d  f u r t h e r  b e lo w . H o w e v e r  s u c h  a  c o r ­

r e l a t i o n  c a n  b e  a r g u e d  t o  b e  e x p e c t e d  in  b o t h  t h e  

m a g n e t a r  a n d  d i s k  m o d e l s .  I n  t h e  m a g n e t a r  m o d e l  i t  

w o u ld  im p l y  t h a t  t h e  n e a r - I R  e m is s io n  is  m a g n e t o s p h e r i c  

a n d  h e n c e  v a r ie s ,  a s  d o  t h e  X - r a y s ,  w h e n  t h e  m a g n e -  

t o s p h e r i c  c o n f i g u r a t i o n  v a r i e s  ( H e y l  &  H e r n q u i s t  2 0 0 5 ; 

B e lo b o r o d o v  &  T h o m p s o n  2 0 0 7 ). I n  t h e  d i s k  m o d e l ,  a  

c o r r e l a t i o n  b e tw e e n  n e a r - I R  e m is s io n  a n d  X - r a y  f lu x  is  

n a t u r a l l y  e x p e c t e d  s in c e  t h e  p u t a t i v e  d i s k  is  h e a t e d  v i a  

X - r a y  i l l u m i n a t i o n  ( E r t a n  e t  a l .  2 0 0 6 ; W a n g  e t  a l .  2 0 0 6 ), 

h o w e v e r  w h y  t h e  t o r q u e  s h o u l d  h a v e  v a r i e d  s t r o n g l y  a n d  

n o n - s i m u l t a n e o u s l y  is  a  p u z z le  ( s e e  a b o v e ) .

I n  a n y  c a s e ,  t h e  c o n c u r r e n c e  o f  t h e  n e a r - I R  a n d  X - r a y  

q u ie s c e n c e  a n d  t h e  t i m i n g  s t a b i l i t y  is  u n l ik e ly  t o  b e  a n  

a c c id e n t .  S im i la r ly ,  t h e  p r e s e n c e  o f  t h e  tw o  f l a r e s  a n d  

t h e  s u b s e q u e n t  s t r o n g  t o r q u e  c h a n g e s  a r e  a l s o  n o t  l ik e ly  

t o  b e  b y  c h a n c e .

3 .2. T h e  2 0 0 7  M a r c h  E v e n t  a n d  i t s  A f t e r m a t h

1 E  1 0 4 8 .1 - 5 9 3 7  r e a c t i v a t e d  i n  2 0 0 7  M a r c h ,  w h e n  a  

s u d d e n  p u l s e d  f lu x  i n c r e a s e  w a s  o b s e r v e d  ( F ig .  1 c ) , a c ­

c o m p a n ie d  b y  a  l a r g e  s p i n - u p  g l i t c h ,  t h e  d e t a i l s  o f  w h ic h  

w il l  a p p e a r  e l s e w h e r e  ( D ib  e t  a l . ,  in  p r e p a r a t i o n ) .  O u r  

fo l lo w - u p  X - r a y  o b s e r v a t i o n s  w i t h  C X O  a n d  S w i f t  s h o w  

t h a t  t h e  s p e c t r a l  p a r a m e t e r s ,  p u l s e  s h a p e ,  t o t a l  f lu x , a n d  

p u l s e d  f r a c t i o n  a r e  d r a s t i c a l l y  c h a n g e d  s in c e  t h i s  f l a r e  o c ­

c u r r e d  ( F ig s .  2  a n d  4 ) . I n  p a r t i c u l a r ,  t h e  t o t a l  X - r a y  f lu x  

w a s  > 7  t im e s  g r e a t e r  in  t h e  2 - 1 0  k e V  b a n d  c o m p a r e d  

w i t h  q u ie s c e n c e ,  w h i le  t h e  p u l s e d  f r a c t i o n  d e c r e a s e d  f r o m  

^ 7 5 %  t o  ^ 2 0 % .  C o m p a r e d  t o  t h e  p r e v io u s  l o n g - t e r m  

f l a r e s  f r o m  1 E  1 0 4 8 .1 - 5 9 3 7 ,  t h e  o n s e t  o f  t h i s  e v e n t  t o o k  

p l a c e  m o r e  q u i c k ly  b y  a  f a c t o r  o f  > 4 ,  t h e  p e a k  p u l s e d  f lu x  

is  ^ 1 0 %  g r e a t e r ,  a n d  t h e  “h ig h ” s t a t e  a p p e a r s  t o  b e  l a s t ­

i n g  lo n g e r .  O p t i c a l  a n d  n e a r - I R  fo l lo w - u p  w i t h  t h e  M a g ­

e l l a n  T e le s c o p e  a n d  V L T  ( W a n g  e t  a l .  2 0 0 7 ; I s r a e l  e t  a l.  

2 0 0 7 ) r e v e a l  a n  i n c r e a s e  i n  b o t h  I  a n d  K S - b a n d  o f  ~ 1 . 3  

m a g .  V e r y  r e c e n t ly ,  R e a  e t  a l .  ( 2 0 0 7 ) r e p o r t e d  o n  X M M  

T o O  o b s e r v a t i o n s ,  a n d  r e v e a l e d  t h a t  n e a r l y  t h r e e  m o n t h s  

a f t e r  t h e  f l a r e  o n s e t ,  t h e  t o t a l  X - r a y  f lu x  h a s  d e c r e a s e d  

s l i g h t l y  b u t  is  s t i l l  ^ 5  t im e s  b r i g h t e r  t h a n  i n  q u ie s c e n c e .

3 .2 .1 . N e a r - I R  E n h a n c e m e n t

P r e v io u s ly ,  a n  a n t i - c o r r e l a t i o n  b e tw e e n  n e a r - I R  a n d  

X - r a y  f lu x  in  t h i s  A X P  w a s  s u g g e s t e d ,  b a s e d  o n  t h e  

c o r r e s p o n d e n c e  o f  t h e  h i g h e s t  n e a r - I R  d e t e c t i o n  w i t h  a  

lo w  p o i n t  in  X - r a y  p u l s e d  f l u x 17 ( D u r a n t  &  v a n  K e r k w i jk  

2 0 0 5 ). G iv e n  t h e  n e w  m e a s u r e m e n t s  f r o m  b o t h  b e f o r e  

a n d  a f t e r  t h e  r e c e n t  e v e n t ,  s u c h  a n  a n t i - c o r r e l a t i o n  is  

h i g h ly  q u e s t i o n a b l e .  T h e  s ig n i f i c a n t  r i s e  i n  n e a r - I R  f lu x

17 N ote  th a t  an  erro r in F igu re  4 o f D u ra n t & van K erkw ijk
(2005) places th e  b rig h te st K s  flux on th e  w rong da te ; we have 
co rrec ted  th is  in ou r F igu re  5 c .
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n o w  a p p e a r s  c o r r e l a t e d  w i t h  t h e  m o s t  r e c e n t  X - r a y  f la r e .  

I n t e r e s t i n g ly ,  i n  2 0 0 2 , a  h ig h  n e a r - I R  d e t e c t i o n  w a s  b e ­

t w e e n  t h e  tw o  X - r a y  f la r e s ;  t h i s  s u g g e s t s  t h a t  t h e  n e a r - I R  

e m is s io n  is  n o t  e x a c t l y  c o r r e l a t e d  w i t h  t h e  X - r a y s ,  b u t  

r a t h e r  a n  e n h a n c e m e n t  c a n  p r e c e d e ,  fo llo w , o r  l a s t  l o n g e r  

t h a n  a n  X - r a y  e n h a n c e m e n t .  A  n e a r - I R  b r i g h t e n i n g  p r e ­

c e d in g  a n  X - r a y  e n h a n c e m e n t  w o u ld  r u l e  o u t  i l l u m i n a t e d  

d i s k  m o d e l s  fo r  t h i s  s o u r c e ;  f r e q u e n t  m id -  o r  n e a r - I R  o b ­

s e r v a t i o n s  a r e  r e q u i r e d  t o  c h e c k  t h i s .  A s  d i s c u s s e d  a b o v e ,  

A X P  1 E  2 2 5 9 + 5 8 6  a ls o  d e m o n s t r a t e d  s t r o n g l y  c o r r e l a t e d  

n e a r - I R  a n d  X - r a y  f lu x  d e c a y  fo l lo w in g  i t s  l a r g e  2 0 0 2  

o u t b u r s t  ( T a m  e t  a l .  2 0 0 4 ), b u t  in  c o n t r a s t ,  4 U  0 1 4 2 + 6 1  

w a s  h i g h l y  v a r i a b l e  i n  t h e  n e a r - I R  d e s p i t e  X - r a y  s t a b i l i t y  

( D u r a n t  &  v a n  K e r k w i jk  2 0 0 6 c ), a n d  h a s  s h o w n  n o  e v ­

id e n c e  o f  n e a r - I R  c h a n g e s  c o in c id in g  w i t h  X - r a y  b u r s t s  

(G o n z a le z  e t  a l . ,  i n  p r e p a r a t i o n ) .  N o te  t h a t  t h e  c la im  

o f  c o r r e l a t e d  f lu x  d e c a y  i n  t h e  c a s e  o f  X T E  J 1 8 1 0 - 1 9 7  

( R e a  e t  a l .  2 0 0 4 ) is  u n d e r  d i s p u t e  ( C a m i lo  e t  a l .  2 0 0 7 ). 

S u c h  in c o n s i s t e n t  b e h a v i o u r  is  p u z z l in g  fo r  b o t h  t h e  m a g -  

n e t a r  a n d  d i s k  m o d e l s .

3 .2 .2 . C o r r e la t io n  b e tw e e n  P u ls e d  F r a c t io n  a n d  T o ta l F lu x

O n e  c o n c lu s io n  t o  b e  d r a w n  f r o m  F i g u r e s  1 d  a n d  1 e 

is  t h a t  1 E  1 0 4 8 . 1 - 5 9 3 7 ’s  p u l s e d  f r a c t i o n  P f  is  s t r o n g l y  

a n t i - c o r r e l a t e d  w i t h  t h e  t o t a l  X - r a y  f lu x  F X ,  a  t r e n d  a l ­

r e a d y  n o t i c e d  b y  T i e n g o  e t  a l .  ( 2 0 0 5 ) a n d  G a v r i i l  e t  a l.  

( 2 0 0 6 ). N o w , w i t h  o u r  l a r g e r  s a m p le  o f  d a t a  c o v e r in g  

a  w id e r  d y n a m i c  r a n g e ,  w e  c a n  q u a n t i f y  t h i s  c o r r e l a ­

t i o n :  w e  f in d  a  p o w e r - l a w  d e p e n d e n c e  o f  P f  <x  F X  

w h e r e  n  =  - 0 . 4 6  ±  0 .0 2  ( s e e  F ig .  6 ) , w i t h  F X  in  t h e  

2 - 1 0  k e V  r a n g e .  I n  f i t t i n g ,  w e  s e t  t h e  in d e x  a s  a  f re e  

p a r a m e t e r ,  ie . n o t  t i e d  t o  a n y  m o d e l ;  t h e r e f o r e ,  s o m e  

s c a t t e r  is  e x p e c t e d ,  a s  e v id e n t  i n  t h e  l a r g e  x ^  =  9 .3 6  

p r o d u c e d  b y  t h e  f i t  ( v  =  14  d o f ) .  H o w e v e r ,  in  f in d ­

i n g  t h e  u n c e r t a i n t y  o n  n ,  w e  h a v e  s c a l e d  t h e  P f  d a t a  

u n c e r t a i n t i e s  t o  f o r c e  x ^  =  1 , e f f e c t iv e ly  s c a l in g  u p  a n  

a s  w e ll .  A  s im i l a r  c o r r e l a t i o n  h a s  b e e n  p r o p o s e d  in  a n ­

o t h e r  A X P , 1 R X S  J 1 7 0 8 4 9 . 0 - 4 0 0 9 1 0  ( D ib  e t  a l .  2 0 0 7 a ), 

a l t h o u g h  in  t h a t  c a s e  i t  is  s u c h  t h a t  t h e  p u l s e d  f lu x  r e ­

m a i n s  n e a r l y  c o n s t a n t  in  t h e  p r e s e n c e  o f  > 5 0 %  t o t a l  f lu x  

c h a n g e s  ( C a m p a n a  e t  a l .  2 0 0 7 ).

H o w  c o u ld  a n  i n c r e a s e  i n  p h a s e - a v e r a g e d  f lu x  b e  m e t  

w i t h  a  s i m u l t a n e o u s  d e c r e a s e  i n  p u l s e d  f r a c t i o n ?  A  g r o w ­

i n g  h o t  s p o t  o n  t h e  n e u t r o n - s t a r  s u r f a c e ,  a  r e s u l t  o f  e i ­

t h e r  a  c h a n g in g  m a g n i t u d e  o r  c o n f i g u r a t i o n  o f  r e t u r n i n g  

m a g n e t o s p h e r i c  c u r r e n t s  o r  i n t e r n a l  p r o c e s s e s ,  c o u ld  a t  

l e a s t  i n  p r i n c i p l e  p r o d u c e  s u c h  a n  e f f e c t ,  i f  t h e  i n i t i a l  h o t  

s p o t  s iz e  w e r e  l a r g e  e n o u g h  t h a t  i t s  s iz e  a s  v ie w e d  f r o m  a  

d i s t a n t  o b s e r v e r  w e r e  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  s t e l l a r  

s u r f a c e .  W e  n o t e  t h a t  O z e l  &  G u v e r  ( 2 0 0 7 ) s u g g e s t  t h a t  

m a g n e t a r  a f t e r g lo w s  m a y  b e  d o m i n a t e d  b y  s u r f a c e  t h e r ­

m a l ,  r a t h e r  t h a n  m a g n e t o s p h e r i c ,  c h a n g e s ;  d e t a i l e d  s im u ­

l a t i o n s  o f  A X P  p u l s a t i o n s  u s in g  g r a v i t a t i o n a l  l i g h t  b e n d ­

i n g  a n d  a p p r o p r i a t e  r a d i a t i o n  b e a m i n g  f u n c t i o n s  (e .g . 

D e d e o  e t  a l .  2 0 0 1 ) i n  a d d i t i o n  t o  m a g n e t o s p h e r i c  s c a t ­

t e r i n g  ( T h o m p s o n  e t  a l .  2 0 0 2 ; F e r n a n d e z  &  T h o m p s o n  

2 0 0 7 ) a r e  n e e d e d  t o  s e e  i f  t h e  o b s e r v e d  c o r r e l a t i o n  c a n  

b e  r e p r o d u c e d .

3 .2 .3 . C o r r e la t io n  b e tw e e n  H a r d n e s s  a n d  T o ta l F lu x

A  p r e d i c t i o n  m a d e  b y  t h e  t w i s t e d  m a g n e t o s p h e r e  

m o d e l  o f  T h o m p s o n  e t  a l .  ( 2 0 0 2 ) is  t h a t  e n h a n c e d  e m is ­

s io n  s h o u l d  a l s o  b e  s p e c t r a l l y  h a r d e r ,  s in c e  b o t h  a r e  a s s o ­

c i a t e d  w i t h  l a r g e r  m a g n e t o s p h e r i c  t w i s t  a n g le s .  I n d e e d ,

w e  o b s e r v e d  a  c o r r e l a t i o n  b e tw e e n  t h e  t o t a l  X - r a y  f lu x  

a n d  s p e c t r a l  h a r d n e s s :  s e e  F i g u r e  6 . S im i l a r  b e h a v i o u r  

h a s  a l s o  b e e n  r e p o r t e d  i n  1 R X S  J 1 7 0 8 4 9 . 0 - 4 0 0 9 1 0  

( R e a  e t  a l .  2 0 0 5 a ; C a m p a n a  e t  a l .  2 0 0 7 ). T h i s  c a n  b e  

i n t e r p r e t e d  a s  a  c o n f i r m a t i o n  o f  a n  i m p o r t a n t  m a g n e t a r  

m o d e l  p r e d i c t i o n ,  n a m e l y  t h a t  b o t h  t h e  s p e c t r a l  h a r d ­

n e s s  a n d  t h e  t o t a l  f lu x  s h o u l d  i n c r e a s e  fo r  a n  i n c r e a s ­

i n g  m a g n e t o s p h e r i c  t w i s t  a n g le  ( T h o m p s o n  e t  a l .  2 0 0 2 ). 

H a r d e n i n g  o f  t h e  s p e c t r u m  m i g h t  a l s o  b e  a n  e x p e c t e d  

e f f e c t  o f  i n c r e a s e d  l u m i n o s i t y  i f  a  l a r g e  i n j e c t i o n  o f  t h e r ­

m a l  s e e d  p h o t o n s  is  r e p e a t e d l y  u p - s c a t t e r e d  d u e  t o  r e s o ­

n a n t  c y c l o t r o n  s c a t t e r i n g  f e e d b a c k  p r o c e s s e s  in  t h e  m a g ­

n e t o s p h e r e ,  t h e r e b y  s h i f t i n g  t h e  p h o t o n  e n e r g ie s  h ig h e r .  

R e c e n t l y  O z e l  &  G u v e r  (2 0 0 7 ) h a v e  s u g g e s t e d  t h a t  t h e  

h a r d n e s s - i n t e n s i t y  c o r r e l a t i o n  in  m a g n e t a r s  is  a  r e s u l t  o f  

p u r e l y  s u r f a c e  t h e r m a l  c h a n g e s ,  w i t h  n o  c h a n g e  i n  t h e  

m a g n e t o s p h e r i c  c o n f ig u r a t i o n .  I t  w o u ld  b e  i n t e r e s t i n g  t o  

a p p l y  t h e i r  m o d e l  t o  t h e  1 E  1 0 4 8 .1 - 5 9 3 7  d a t a  a s  t h e y  

s p a n  a  m u c h  g r e a t e r  d y n a m i c  r a n g e  i n  f lu x  t h a n  d id  t h e  

s o u r c e s  s t u d i e d  b y  O z e l  &  G u v e r  ( 2 0 0 7 ). T h i s  is  b e y o n d  

t h e  s c o p e  o f  o u r  p a p e r ,  h o w e v e r .

3 .2 .4 . 2 0 0 7  P u ls e  P ro file  C h a n g e s

A s  s e e n  in  t h e  C X O  d a t a  o b t a i n e d  a f t e r  2 0 0 7  M a r c h ,  

t h e  p u l s e  p r o f i le  o f  1 E  1 0 4 8 .1 - 5 9 3 7  c h a n g e d  a b r u p t l y  

a f t e r  t h e  X - r a y  f lu x  e n h a n c e m e n t  a n d  g l i t c h .  S e v e r a l  

n e w  h a r m o n i c s  a r e  c l e a r l y  v is ib le ,  a n d  a r e  p r e s e n t  in  

a  l a r g e l y  e n e r g y - i n d e p e n d e n t  w a y  ( F ig .  4 ) . T h i s  e x t r a  

p o w e r  i n  t h e  h ig h e r  h a r m o n i c s  c l e a r l y  s ig n a l s  a  c o m ­

p l i c a t i o n  o f  t h e  s u r f a c e  a n d / o r  m a g n e t o s p h e r i c  c o n f ig ­

u r a t i o n .  T h i s  c h a n g e  c o n t r a s t s  w i t h  t h a t  s e e n  a f t e r  t h e  

2 0 0 2  o u t b u r s t  o f  1 E  2 2 5 9 + 5 8 6 ,  w h ic h  in v o lv e d  m a i n l y  a n  

e x c h a n g e  o f  p o w e r s  b e tw e e n  t h e  f u n d a m e n t a l  a n d  f i r s t  

h a r m o n i c ,  w i t h  h ig h e r  h a r m o n i c s  r e m a i n i n g  r e l a t i v e l y  

u n c h a n g e d  ( W o o d s  e t  a l .  2 0 0 4 ). A ls o , t h e  c h a n g e  c o n ­

t r a s t s  w i t h  t h a t  s e e n  d u r i n g  t h e  1 9 9 8  S G R  1 9 0 0 + 1 4  g i a n t  

f la r e ,  in  w h ic h  t h e  S G R  p u l s e  p r o f i le  s im p l i f i e d  g r e a t l y  

im m e d i a t e l y  p o s t - f l a r e  ( G o g u s  e t  a l .  2 0 0 2 ). H o w e v e r ,  

t h e  o p p o s i t e  o c c u r e d  fo l lo w e d  t h e  2 0 0 4  g i a n t  f la r e  f r o m  

S G R  1 8 0 6 - 2 0  ( P a l m e r  e t  a l .  2 0 0 5 ), w h e n  a  s in u s o id a l -  

t o - c o m p le x  e v o l u t i o n  in  p u l s e  m o r p h o l o g y  t o o k  p la c e ,  

s i m i l a r  t o  t h a t  o f  1 E  1 0 4 8 .1 - 5 9 3 7 .  T h i s  d i v e r s i t y  o f  

b e h a v i o r s  i n  m a g n e t a r s  p o s t - o u t b u r s t  is  p r o b l e m a t i c  fo r  

u n d e r s t a n d i n g  t h e  u n d e r l y i n g  p h y s ic s ;  i n d e e d  i t  i n d i c a t e s  

a  w id e  v a r i e t y  o f  p h e n o m e n o n  p h a s e  s p a c e ,  w h ic h  i t s e l f  

m u s t  b e  e x p l a i n e d  b y  m o d e l s .  T h e  p e c u l i a r  s u p p r e s s io n  

o f  t h e  4 t h  h a r m o n i c  in  t h e  p o s t - g l i t c h  1 E  1 0 4 8 .1 - 5 9 3 7  

p r o f i l e  is  p a r t i c u l a r l y  p u z z l in g  t o  u s ;  p e r h a p s  i t  i n d i c a t e s  

a n  i m p o r t a n t  a n d  u n c h a n g e a b l e  s y m m e t r y  i n  t h e  c o m ­

b i n e d  e m is s io n  a n d  v ie w in g  g e o m e t r i e s ,  o r  p e r h a p s  i t  is  

a  c h a n c e  o c c u r e n c e  a n d  w il l  n o t  o c c u r  a g a in  in  f u t u r e  

e v e n t s .

3 .2 .5 . 2 0 0 7  A p r i l  S p e c tr a l F e a tu r e ?

I n  t h e  C X O  o b s e r v a t i o n  m a d e  o n  2 0 0 7  A p r i l  6 , t h e  

o n e  c lo s e s t  t o  a n d  j u s t  a f t e r  t h e  2 0 0 7  M a r c h  e v e n t ,  

t h e  X - r a y  s p e c t r u m  o f  1 E  1 0 4 8 .1 - 5 9 3 7  c o u ld  n o t  b e  

w e ll  f i t  b y  a  s im p le  c o n t i n u u m  m o d e l ,  in  c o n t r a s t  w i th  

t h e  o t h e r  d a t a s e t s .  W e  id e n t i f i e d  a  p o s s ib le  a b s o r p ­

t i o n  l in e  n e a r  2 .7  k e V , t h o u g h  w e  n o t e  t h a t  t h e  s p e c ­

t r a l  m o d e l  i n c lu d in g  t h i s  l in e  is  s t i l l  n o t  a  g o o d  f i t  t o  

t h e  d a t a .  T h i s  s u g g e s t s  t h a t  o t h e r  lo w - le v e l  f e a t u r e s  

m a y  b e  p r e s e n t  a s  w e ll ,  i n c lu d in g  a  p o s s ib le  f e a t u r e  a t



11

X J x i a b s .  2 — 1 0  k e V  F l u x  ( e r g / s / c m 2) U n a b s .  2 — 1 0  k e V  F l u x  ( e r g / s / c m 2

F ig . 6 .—  X -ray flux depen den t p rop e rtie s  o f 1E 1048 .1 -5937 , from  6 years of observa tions w ith  C X O  (sq u a res) , X M M  ( tr ia n g le s ), and  
S w i ft  (c ir c le s ). L e ft:  P u lsed  frac tion  vs. to ta l  unab so rbed  flux, b o th  in 2 - 1 0  keV. T h e  solid b lack line shows th e  be st-fit pow er law th a t  
describes th e  co rre la tion  be tw een  th e  tw o quan tities . R ig h t:  H ardness ra tio  vs. to ta l  una bso rb ed  2 - 1 0  keV  flux. T h e  hardness ra tio  is 
defined as ( S  -  H ) / ( S  +  H ) w here  S  and  H  are  th e  phase-averaged coun t ra te s  in th e  1 - 3  and  3 - 1 0  keV  bands, respectively.

r o u g h l y  h a l f  t h e  a b o v e  l i n e ’s  e n e r g y ,  ~ 1 . 3  k e V . T h e  p u ­

t a t i v e  2 .7  k e V  l in e  j o i n s  t h e  g r o w in g  l i s t  o f  p u z z l in g  

a n d  s o m e t im e s  s t a t i s t i c a l l y  m a r g i n a l  A X P / S G R  s p e c ­

t r a l  f e a t u r e s  ( I b r a h i m  e t  a l .  2 0 0 2 , 2 0 0 3 ; R e a  e t  a l .  2 0 0 3 , 

2 0 0 5 a ). E x a m p l e s  o f  s o m e  f e a t u r e  d e t e c t i o n s  t h a t  a r e  

c l e a r ly  s t a t i s t i c a l l y  s i g n i f i c a n t  a r e ,  i n t e r e s t i n g ly ,  r e p e a t ­

e d ly  n e a r  ^ 1 3  k e V , e .g . i n  1 E  1 0 4 8 .1 - 5 9 3 7  ( G a v r i i l  e t  a l.  

2 0 0 2 , 2 0 0 6 ), in  X T E  J 1 8 1 0 - 1 9 7  ( W o o d s  e t  a l .  2 0 0 5 ), a n d  

v e r y  r e c e n t l y  A X P  4 U  0 1 4 2 + 6 1  ( G a v r i i l  e t  a l .  2 0 0 7 , a n d  

G a v r i i l  e t  a l . ,  i n  p r e p a r a t i o n ) .  T h e  f e a t u r e  w e  s e e  in  

t h e  2 0 0 7  A p r i l  d a t a  fo r  1 E  1 0 4 8 .1 - 5 9 3 7  a r e  u n l ik e  a n y  

o f  th e s e .  I t  is  p e r h a p s  m o r e  r e m in i s c e n t  o f  t h e  a b s o r p ­

t i o n  f e a t u r e s  s e e n  i n  s o m e  “i s o l a t e d  n e u t r o n  s t a r s ” (e .g . 

B ig n a m i  e t  a l .  2 0 0 3 ; v a n  K e r k w i jk  e t  a l .  2 0 0 4 ), a n d ,  i f  

s im i l a r l y  i n t e r p r e t e d  a s  a n  e l e c t r o n  c y c l o t r o n  l in e ,  im ­

p l ie s  a  m a g n e t i c  f ie ld  o f  ~  3 x  1 0 11 G , o r  ~  6  x  1 0 14 G  

fo r  a  p r o t o n  c y c l o t r o n  l in e .  T h e  l a t t e r  v a lu e  is  o f  c o u r s e  

m o r e  in  l in e  w i t h  t h e  f ie ld  e x p e c t e d  n e a r  t h e  s u r f a c e  o f  a  

m a g n e t a r .  H o w e v e r ,  t h e  f e a t u r e  c o u ld  a l s o  b e  a n  a to m ic  

t r a n s i t i o n  (e .g . M o r i  &  H o  2 0 0 7 ); i t  is  d i f f ic u l t  t o  k n o w  

g iv e n  t h e  p r e s e n t  d a t a .  R e g a r d l e s s ,  t h e  s p e c t r u m  10 d a y s  

l a t e r ,  o n  2 0 0 7  A p r i l  16 , s h o w e d  n o  s u c h  f e a tu r e s ,  i n d i c a t ­

i n g  t h a t  w h a t e v e r  t h e i r  o r ig in ,  i t  h a d  s u b s id e d ,  a n d  o n  a  

s h o r t e r  t im e s c a l e  t h a n  t h a t  o f  a n y  p r o f i le  o r  f lu x  r e l a x ­

a t i o n .

3 .2 .6 . C o m p a r is o n  o f  th e  2 0 0 7  1 E  1 0 4 8 .1 - 5 9 3 7  E v e n t  w i th  

O th e r  S i m i l a r  E v e n t s

T h e  2 0 0 1 -2 0 0 2  f la r e s  o b s e r v e d  in  1 E  1 0 4 8 .1 - 5 9 3 7  a r e  

u n iq u e  i n  t h a t  t h e y  h a d  v e r y  w e ll  r e s o lv e d  r i s e  t im e s  o f  

m a n y  w e e k s  ( G K 0 4 ). T h e  2 0 0 7  A p r i l  e v e n t ,  b y  c o n t r a s t ,  

in v o lv e d  a n  X - r a y  p u l s e d  f lu x  e n h a n c e m e n t  t h a t  r o s e  a t  

l e a s t  4  t i m e s  f a s t e r .  I n  t h i s  s e n s e  i t  is  p e r h a p s  m o r e  s im ­

i l a r  t o  t h e  2 0 0 2  o u t b u r s t  o f  1 E  2 2 5 9 + 5 8 6  ( K a s p i  e t  a l.

2 0 0 3 ), a l t h o u g h  in  t h a t  c a s e  a  b r i e f  r i s e  c o u ld  h a v e  b e e n  

m is s e d  b y  t h e  s p a r s e  m o n i t o r i n g .  D u r i n g  t h a t  o u t b u r s t ,  

1 E  2 2 5 9 + 5 8 6  e x h i b i t e d  a n  o r d e r - o f - m a g n i t u d e  i n c r e a s e  

in  p u l s e d  a n d  p h a s e - a v e r a g e d  f lu x , a s  w e ll  a s  n u m e r o u s  

o t h e r  c h a n g e s  i n c lu d in g  ( b u t  n o t  l i m i t e d  t o )  ^ 8 0  S G R -

lik e  b u r s t s .  S im i l a r ly  t o  1 E  1 0 4 8 .1 - 5 9 3 7 ,  b o t h  t h e  t o ­

t a l  a n d  p u l s e d  f lu x  i n c r e a s e d  d u r i n g  t h e  1 E  2 2 5 9 + 5 8 6  

o u t b u r s t ,  a n d  t h e  p u l s e d  f r a c t i o n  d e c r e a s e d ,  g o in g  f r o m  

2 3 %  in  q u ie s c e n c e  d o w n  t o  1 5 %  ( W o o d s  e t  a l .  2 0 0 4 ). 

H o w e v e r ,  t h e  p u l s e d  f r a c t i o n  w a s  n o t  a s  t i g h t l y  c o r ­

r e l a t e d  t o  t h e  p u l s e d  f lu x :  t h e  p u l s e d  f r a c t i o n  r e c o v ­

e r e d  w i t h i n  ^ 3  d a y s  ( Z h u  e t  a l .  2 0 0 7 ), w h e r e a s  t h e  f lu x  

t o o k  s e v e r a l  m o n t h s  t o  r e t u r n  t o  i t s  p r e - o u t b u r s t  v a lu e  

( W o o d s  e t  a l .  2 0 0 4 ). I n  t e r m s  o f  e n e r g e t i c s ,  t h e  t o t a l  

e n e r g y  in  2 - 1 0  k e V  r e l e a s e d  in  t h e  1 E  2 2 5 9 + 5 8 6  o u t ­

b u r s t  w a s  3  x  1 0 39 e r g  a n d  2 x  1 0 40 e r g  d u r i n g  t h e  r a p i d  

a n d  g r a d u a l  d e c a y  c o m p o n e n t s ,  r e s p e c t i v e l y  ( s e e  T a b le  5 

o f  W o o d s  e t  a l .  2 0 0 4 ). F o r  1 E  1 0 4 8 .1 - 5 9 3 7 ,  w e  e s t i m a t e  

t h a t  u p  t o  2 0 0 7  A p r i l  2 8 , t h e  d a t e  o f  t h e  l a s t  C X O  o b s e r ­

v a t i o n ,  t h e  t o t a l  e n e r g y  e m i t t e d  is  c o m p a r a b l e ,  r o u g h l y

7  x  1 0 39 e r g  ( 2 - 1 0  k e V ) ,  b a s e d  o n  t h e  p u l s e d  f r a c t i o n -  

t o t a l  f lu x  c o r r e l a t i o n  a n d  a s s u m in g  a  d i s t a n c e  o f  2 .7  k p c  

( G a e n s l e r  e t  a l .  2 0 0 5 ), o r  8  x  1 0 40 e r g  a s s u m in g  9 .0  k p c  

( D u r a n t  &  v a n  K e r k w i jk  2 0 0 6 a ). N e a r - I R  f lu x  v a r i a b i l ­

i ty ,  p o s s ib ly  ( in  t h e  c a s e  o f  1 E  1 0 4 8 .1 - 5 9 3 7 )  a n d  l ik e ly  

( in  1 E  2 2 5 9 + 5 8 6 )  c o r r e l a t e d  t o  X - r a y  f lu x , w a s  o b s e r v e d  

fo l lo w in g  b o t h  e v e n t s .  T h a t  t h e  2 0 0 7  1 E  1 0 4 8 .1 - 5 9 3 7  

e v e n t  c l e a r l y  in v o lv e d  a  l a r g e  r o t a t i o n a l  g l i t c h ,  a s  d id  

t h e  2 0 0 2  1 E  2 2 5 9 + 5 8 6  e v e n t ,  is  a l s o  a  c o m m o n a l i ty ,  a l ­

t h o u g h  g l i t c h e s  a t  t h e  t i m e  o f  t h e  2 0 0 1 - 2 0 0 2  f l a r e s  c o u ld  

e a s i ly  h a v e  b e e n  m is s e d  b e c a u s e  o f  t h e  l a r g e  a m o u n t  

o f  t i m i n g  n o is e  a n d  o u r  i n a b i l i t y  t o  p h a s e  c o n n e c t  t h e  

d a t a  a t  t h a t  t i m e  ( D ib  e t  a l . ,  i n  p r e p a r a t i o n ) .  S G R -  

l ik e  b u r s t s  f r o m  1 E  1 0 4 8 .1 - 5 9 3 7  h a v e  n o t  b e e n  o b s e r v e d  

t h u s  f a r  i n  2 0 0 7 , b u t  t h a t  d o e s  n o t  p r e c lu d e  t h e i r  e x is ­

t e n c e  g iv e n  t h a t  o u r  o b s e r v in g  d u t y  c y c le  is  s o  lo w . S im ­

i l a r  t o  1 E  1 0 4 8 .1 - 5 9 3 7 ,  1 E  2 2 5 9 + 5 8 6  e x h i b i t e d  a  p u l s e  

p r o f i le  c h a n g e ,  a l b e i t  o n e  in v o lv in g  o n ly  t h e  f u n d a m e n ­

t a l  a n d  f i r s t  h a r m o n i c ,  i n  c o n s t r a s t  t o  t h e  a p p e a r a n c e  o f  

h ig h e r  h a r m o n i c  s t r u c t u r e  in  1 E  1 0 4 8 .1 - 5 9 3 7 .  F in a l ly ,  

a s  in  1 E  1 0 4 8 .1 - 5 9 3 7 ,  s p e c t r a l  h a r d e n i n g  w a s  o b s e r v e d  

d u r i n g  t h e  1 E  2 2 5 9 + 5 8 6  f la r e .  T h u s  o v e r a l l ,  t h e  2 0 0 7  

1 E  1 0 4 8 .1 - 5 9 3 7  e v e n t  h a s  p r a c t i c a l l y  a l l  p r o p e r t i e s  c o n ­

s i s t e n t  w i t h  t h e  2 0 0 2  1 E  2 2 5 9 + 5 8 6  e v e n t ,  b u t  d i f f e r s  f r o m
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i t s  e a r l i e r  f l a r e s  p r i m a r i l y  b y  r i s e  t im e .

T h e  t r a n s i e n t  A X P  X T E  J 1 8 1 0 - 1 9 7  p r e s e n t s  a n ­

o t h e r  i n t e r e s t i n g  e x a m p le  fo r  c o m p a r i s o n .  T h i s  

A X P , w h ic h  “t u r n e d - o n ” i n  l a t e  2 0 0 2  o r  e a r l y  2 0 0 3  

( I b r a h i m  e t  a l .  2 0 0 4 ), h a s  b e e n  s t e a d i l y  d e c l in in g  in  X - 

r a y  f lu x  s in c e ,  r e a c h in g  a p p a r e n t  q u ie s c e n c e  in  2 0 0 5 ­

2 0 0 6  ( G o t t h e l f  &  H a l p e r n  2 0 0 7 ). U n f o r t u n a t e l y ,  v e r y  

l i t t l e  is  k n o w n  a b o u t  t h e  o n s e t  o f  e n h a n c e d  e m is s io n ,  

ie .,  w h e t h e r  i t  w a s  a c c o m p a n ie d  b y  a  g l i t c h / b u r s t ,  o r  

w h a t  t h e  t im e s c a l e  o f  t h e  r i s e  w a s .  W h i le  t h e  e x ­

p o n e n t i a l  d e c a y  t im e s c a l e  o f  s e v e r a l  y e a r s  d o e s  r e s e m ­

b le  t h a t  o f  1 E  1 0 4 8 . 1 - 5 9 3 7 ’s  2 0 0 1 -2 0 0 2  p o s t - f l a r e  b e ­

h a v io r ,  h o w  t h e  m o s t  r e c e n t  f la r e  w il l  f a d e  is  a s  y e t  

u n d e t e r m i n e d .  F u r t h e r m o r e ,  t h e  p e a k  a n d  q u ie s c e n t  

f lu x e s  o f  X T E  J 1 8 1 0 - 1 9 7  d i f f e r e d  b y  a  m u c h  g r e a t e r  

a m o u n t ,  n e a r l y  2  o r d e r s  o f  m a g n i t u d e  ( G o t t h e l f  e t  a l.

2 0 0 4 ) , w h i le  t h e  r e c e n t  t o t a l  2 - 1 0  k e V  f lu x  i n c r e a s e  

i n  1 E  1 0 4 8 .1 - 5 9 3 7  w a s  b y  a  f a c t o r  o f  ~ 7 .  S p e c t r a l ly ,  

X T E  J 1 8 1 0 - 1 9 7  w a s  h a r d e r  i n  o u t b u r s t  a n d  s o f t e r  in  q u i ­

e s c e n c e ,  s im i l a r  t o  1 E  1 0 4 8 .1 - 5 9 3 7 ,  w h e n  m o d e l l e d  a s  2- 

t e m p e r a t u r e  b l a c k b o d y  ( G o t t h e l f  &  H a l p e r n  2 0 0 7 ) o r  a s  

a  b l a c k b o d y  p lu s  p o w e r  la w  (W . Z h u ,  p r i v a t e  c o m m u n i ­

c a t i o n ) .  O n e  m a j o r  d i s t i n c t i o n ,  h o w e v e r ,  is  t h e  c l e a r  e v ­

i d e n c e  fo r  a  p o s i t i v e  c o r r e l a t i o n  b e tw e e n  p u l s e d  f r a c t i o n  

a n d  t o t a l  f lu x  in  X T E  J 1 8 1 0 - 1 9 7  ( G o t t h e l f  &  H a l p e r n  

2 0 0 7 ) . W h i l e  i t  m a y  b e  t e m p t i n g  t o  l in k  t h e  t r a n s i e n c e  

o f  X T E  J 1 8 1 0 - 1 9 7  t o  1 E  1 0 4 8 . 1 - 5 9 3 7 - l ik e  p o s t - f l a r i n g  

b e h a v i o u r ,  t h e  d i s s i m i l a r i t i e s  a r e  i m p o r t a n t  a n d  r e m i n d  

u s  t h a t  w e  m a y  b e  c o m p a r i n g  m e r e  c o in c id e n c e s .

C o m p a r e d  t o  t h e  S G R  g i a n t  f la r e s ,  r a r e  e v e n t s  in  

w h ic h  a n  e n o r m o u s  a m o u n t  o f  b r o a d  b a n d  e n e r g y  

(1 0 44 -  1 0 46 e rg ;  H u r l e y  e t  a l .  2 0 0 5 ) is  o u t p u t ,  t h e  

1 E  1 0 4 8 .1 - 5 9 3 7  e v e n t  is  o r d e r s  o f  m a g n i t u d e  le s s  e n ­

e r g e t i c .  G i a n t  f la r e s  r e l e a s e  m o s t  o f  t h e i r  e n e r g y  i n  a  

s h o r t  ( < 1  s ) ,  i n i t i a l  7 - r a y  s p ik e ,  a  p r o p e r t y  n o t  o b s e r v e d  

i n  t h i s  e v e n t ,  a l t h o u g h  a  s m a l l  i n i t i a l  b u r s t  c o u ld  h a v e  

b e e n  m is s e d .  F u r t h e r m o r e ,  t h e  2 0 0 7  e v e n t  is  p r o lo n g e d ,  

a n d  w h i le  g i a n t  f la r e s  d o  g r a d u a l l y  d e c a y ,  t h e  a m o u n t  o f  

e n e r g y  in  t h e  t a i l  is  u s u a l l y  s m a l l  c o m p a r e d  t o  t h a t  o f  

t h e  s p ik e  ( W o o d s  e t  a l .  2 0 0 4 ; H u r l e y  e t  a l .  2 0 0 5 ).

O n  t h e  o t h e r  h a n d ,  t h e  g r a d u a l  e v o l u t i o n  o f  t h e  p e r s i s ­

t e n t  p r o p e r t i e s  s e e n  b e f o r e  a n d  a f t e r  t h e  2 0 0 4  D e c e m b e r  

g i a n t  f l a r e  o f  S G R  1 8 0 6 - 2 0  d o  s h o w  s o m e  r e s e m b la n c e  

t o  1 E  1 0 4 8 . 1 - 5 9 3 7 ’s b e h a v i o u r .  D u r i n g  t h i s  p r e - f l a r e  

p e r i o d  o f  e n h a n c e d  b u r s t  a c t i v i t y  in  S G R  1 8 0 6 - 2 0  t h a t  

b e g a n  in  m id - 2 0 0 3 ,  t h e  p u l s a r  t o r q u e ,  p u l s e d  f lu x , t o ­

t a l  f lu x , a n d  h a r d n e s s  i n c r e a s e d  o n  a  ^ y e a r  t im e s c a le ,  

p e a k i n g  s e v e r a l  m o n t h s  b e f o r e  t h e  g i a n t  f l a r e  o c c u r r e d  in  

2 0 0 4  D e c e m b e r ,  a n d  c o n t i n u i n g  t o  d e c l in e  w e ll  a f t e r  t h e  

f l a r e  e p o c h  ( W o o d s  e t  a l .  2 0 0 7 ). T h e  g r a d u a l  c h a n g e s ,  

p a r t i c u l a r l y  t h e  w e l l - r e s o lv e d  f a c t o r  o f  > 2  i n c r e a s e  in  

t o t a l  u n a b s o r b e d  f lu x , p e r h a p s  r e s e m b le  t h e  2 0 0 1 - 2 0 0 2  

e v e n t s  o f  1 E  1 0 4 8 .1 - 5 9 3 7  m o r e  t h a n  t h e  2 0 0 7  e v e n t .  

A s  w i t h  1 E  1 0 4 8 .1 - 5 9 3 7 ,  a  c o r r e l a t i o n  w a s  f o u n d  b e ­

tw e e n  s p e c t r a l  h a r d n e s s  a n d  i n t e n s i t y  i n  S G R  1 8 0 6 - 2 0 ,  

a n d  t h e r e  a p p e a r e d  t o  b e  s o m e  s o r t  o f  p h y s i c a l  c o n ­

n e c t i o n  b e tw e e n  f r e q u e n c y  d e r iv a t i v e  ( o r  t o r q u e )  e v o ­

l u t i o n  a n d  v a r i a b i l i t y  in  t h e  s p e c t r u m  a n d  p u l s e d  f lu x

( M e r e g h e t t i  e t  a l .  2 0 0 5 ; W o o d s  e t  a l .  2 0 0 7 ). H o w e v e r ,  in  

S G R  1 8 0 6 - 2 0 ,  t h e r e  w a s  n o  e v id e n c e  fo r  a  c o r r e l a t i o n  

b e tw e e n  t h e  p h a s e - a v e r a g e d  f lu x , w h ic h  l ik e ly  p e a k e d  

a r o u n d  2 0 0 4  O c t o b e r ,  a n d  p u l s e d  f r a c t i o n ,  w h ic h  w a s  s t a ­

b l e  i n  t h e  f l u x - e n h a n c e d  p r e - f l a r e  p e r i o d  b u t  w a s  lo w e r  

t h a n  a v e r a g e  in  e a r l y  2 0 0 5  w h e n  t h e  p e r s i s t e n t  f lu x  h a d  

a p p r o a c h e d  q u i e s c e n t  le v e ls  ( R e a  e t  a l .  2 0 0 5 b ). F u r t h e r ­

m o r e ,  S G R  1 8 0 6 - 2 0 ’s p u l s e  p r o f i le  w a s  n o t i c e a b l y  m o r e  

s in u s o id a l  w h i le  b r i g h t e s t  ( W o o d s  e t  a l .  2 0 0 7 ), a l t h o u g h  

t h e  p u l s e  p r o f i le  l ik e ly  c h a n g e d  a s  a  d i r e c t  r e s u l t s  o f  t h e  

g i a n t  f la r e ,  r a t h e r  t h a n  t h e  s lo w  e v o l u t i o n  o f  p e r s i s t e n t  

f lu x .

4. C O N C L U SIO N S

W e  h a v e  c o n s id e r e d  ^ 1 0  y r s  o f  m u l t i w a v e l e n g t h  o b s e r ­

v a t i o n s  o f  1 E  1 0 4 8 .1 - 5 9 3 7 .  T h e  s o u r c e ,  in  2 0 0 4 -2 0 0 6 , 

g r a d u a l l y  r e l a x e d  a p p a r e n t l y  b a c k  t o  q u ie s c e n c e  in  m o s t  

r e s p e c t s ,  o n ly  t o  “a w a k e n ” s u d d e n l y  i n  t h e  g l i t c h / f l a r e  

e v e n t  o f  2 0 0 7  M a r c h .  B y  o b s e r v in g  1 E  1 0 4 8 .1 - 5 9 3 7  

w h i le  q u i e s c e n t ,  i t  h a s  b e c o m e  a p p a r e n t  t h a t  p r e v io u s  

i n s t a b i l i t i e s  i n  t i m i n g ,  X - r a y  a n d  n e a r - I R  f lu x  w e r e  l ik e ly  

a l l  l i n k e d  t o  t h e  m a j o r  l o n g - t e r m  f l a r i n g  e v e n t s  o f  2 0 0 1 ­

2 0 0 2 , w h o s e  n a t u r e  is  y e t  u n k n o w n  b u t  l ik e ly  i n c lu d e s  

c h a n g e s  i n  t h e  s t e l l a r  m a g n e t o s p h e r e ’s  c u r r e n t  c o n f ig u ­

r a t i o n .  T h e  a s y n c h r o n o u s  s p in  a n d  X - r a y  f lu x  v a r i a b i l i t y  

w e  h a v e  o b s e r v e d  is  i n c o m p a t i b l e  w i t h  e x p e c t a t i o n s  o f  

t h e  fo s s i l  d i s k  a c c r e t i o n  m o d e l .  F o l lo w in g  t h e  m o s t  r e ­

c e n t  2 0 0 7  e v e n t ,  w e  o b s e r v e d  t o t a l  X - r a y  f lu x  v a r i a b i l i t y  

t h a t  is  s t r o n g l y  c o r r e l a t e d  w i t h  X - r a y  p u l s e d  f r a c t i o n ,  X - 

r a y  s p e c t r a l  h a r d n e s s ,  a n d  c h a n g e s  i n  n e a r - I R  f lu x . T h e s e  

o b s e r v a t i o n s  l a r g e l y  a g r e e  w i t h  e x p e c t a t i o n s  o f  t h e  m a g -  

n e t a r  m o d e l .  T o  d a t e ,  t h e  1 E  1 0 4 8 .1 - 5 9 3 7  2 0 0 7  e v e n t  is  

o n g o in g ,  a s  is  c o n t i n u e d  m u l t i w a v e l e n g t h  m o n i t o r i n g .

W e  t h a n k  J o e  H il l  a n d  L o r e l l a  A n g e l in i  fo r  t h e i r  h e lp  

w i t h  t h e  S w i f t  X R T  d a t a  a n a ly s i s ,  a n d  Z h o n g x ia n g  W a n g  

fo r  h is  h e lp  w i t h  t h e  n e a r - I R  a n a ly s i s .  W e  t h a n k  t h e  

a n o n y m o u s  r e f e r e e  fo r  m a n y  j u d i c i o u s  c o m m e n t s  t h a t  

h a v e  i m p r o v e d  t h e  q u a l i t y  o f  t h e  p a p e r .  F P G  is  s u p ­

p o r t e d  b y  t h e  N A S A  P o s t d o c t o r a l  P r o g r a m  a d m i n i s t e r e d  

b y  O a k  R id g e  A s s o c i a t e d  U n iv e r s i t i e s  a t  N A S A  G o d ­

d a r d  S p a c e  F l i g h t  C e n t e r .  P M W  g r a t e f u l l y  a c k n o w l ­

e d g e s  s u p p o r t  fo r  t h i s  w o r k  f r o m  N A S A /S A O  t h r o u g h  

g r a n t  G O 7 - 8 0 7 7 A .  T h i s  r e s e a r c h  h a s  m a d e  u s e  o f  d a t a  

o b t a i n e d  t h r o u g h  t h e  H ig h  E n e r g y  A s t r o p h y s i c s  S c ie n c e  

A r c h iv e  R e s e a r c h  C e n t e r  O n l in e  S e r v ic e ,  p r o v id e d  b y  t h e  

N A S A / G o d d a r d  S p a c e  F l i g h t  C e n t e r ,  a n d  is  b a s e d  o n  

o b s e r v a t i o n s  m a d e  w i t h  t h e  N A S A / E S A  H u b b le  S p a c e  

T e le s c o p e ,  o b t a i n e d  a t  t h e  S p a c e  T e le s c o p e  S c ie n c e  I n ­

s t i t u t e ,  w h ic h  is  o p e r a t e d  b y  t h e  A s s o c i a t i o n  o f  U n iv e r ­

s i t i e s  fo r  R e s e a r c h  in  A s t r o n o m y ,  I n c . ,  u n d e r  N A S A  c o n ­

t r a c t  N A S  5 - 2 6 5 5 5 . T h e s e  o b s e r v a t i o n s  a r e  a s s o c i a t e d  

w i t h  p r o g r a m  # 1 0 7 6 1 .  T h i s  w o r k  h a s  b e e n  s u p p o r t e d  

b y  S A O  g r a n t  G O 7 - 8 0 7 7 Z , a n  N S E R C  D is c o v e r y  G r a n t ,  

t h e  C a n a d i a n  I n s t i t u t e  fo r  A d v a n c e d  R e s e a r c h ,  a n d  L e  

F o n d s  Q u e b e c o i s  d e  l a  R e c h e r c h e  s u r  l a  N a t u r e  e t  le s  

T e c h n o lo g ie s .
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