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A b st r  ct  

T h e  a c cr et n g  m ll s e c o n d  p uls ar  S A X  J 1 8 0 8. 4- 3 6 5 8  w e nt   nt o o ut b urst  fr o m J ul y  t o N o v e m b er   n 2 0 1 9  a n d  
A u g ust  t o O ct o b er   n 2 0 2 2,  w h c h  w er e  o bs er v e d  b y  t h e N e utr o n  St ar  I nt er or C o m p os t o n  E x pl or er  (NI C E R ) a n d  
N u cl e ar  S p e ctr os c o p c  T el es c o p e  Arr a y  (N u S T A R ). I n t h s p a p er,  w e  frst  pr es e nt  t h e l g ht c ur v e  f or b ot h  
o ut b ursts  us n g  NI C E R  d at a.  S e v er al  t h er m o n u cl e ar b ursts  o c c urr e d  d ur n g  t h es e o ut b ursts.  W e  a n al y z e  t h e 
e v ol ut o n  of  t h e s p e ctr a  of  t w o t h er m o n u cl e ar b ursts  t h at t o o k pl a c e  d ur n g  t h e 2 0 1 9  N u S T A R  o bs er v at o n.  W e  
pr o c e e d  b y  a n al y z n g  t h e c o m b n e d  br o a d b a n d  s p e ctr u m  us n g  NI C E R  a n d  N u S T A R  f or t h e frst  t m e f or t h s 
s o ur c e.  W e  j o ntl y m o d el e d  t h e c o m b n e d  q u es c e nt  s p e ctr a  of  b ot h  o ut b ursts  w t h  a  s elf- c o ns st e nt  r e f e ct o n 
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1c o m p o n e nt.  I n o ur  b est- ft  m o d el,  w e  f n d  e v d e n c e  of  r e f e ct o n, c o ns st e ntl y  c o nstr a n  t h e  n cl n at o n t o 7 2 °  

c o ns d er n g  t h s r e f e ct o n, a n d   d e nt f y a  1  k e V  f e at ur e d ur n g  p ers st e nt  e m ss o n.  

U ni f e d  Astr o n o m y  T h es a ur us  c o n c e pts:  L o w- m ass  x-r a y  b n ar y  st ars  (9 3 9 ); M ll s e c o n d  p uls ars  (1 0 6 2 ); 
Astr o n o m y  d at a  a n al ys s  (1 8 5 8 ); X-r a y  b ursts  (1 8 1 4 ) 

1.  I nt r o d u cti o n  

T h e  a c cr et n g  m ll s e c o n d  p uls ar  S A X  J 1 8 0 8. 4- 3 6 5 8 (h er e -
aft er  S A X  J 1 8 0 8) w as  t h e frst  of   ts k n d  t o b e  d et e ct e d  
(R.  W j n a n ds  &  M.  v a n  d er  Kl s  1 9 9 8 ). T h s  n e utr o n  st ar e x sts  
al o n gs d e  a  br o w n  d w arf  c o m p a n o n  (M c  ≈  0. 0 5 M ⊙ )  n a  l o w-
m ass  X-r a y  b n ar y  (L M X B ) a n d  e n g a g es   n o ut b ursts  fr e q u e ntl y, 
e v er y  2 – 4  yr  (L.  B l dst e n  &  D.  C h a kr a b art y  2 0 0 1 ; P.  B ult  et  al.  
2 0 1 9 ). O ut b ursts  h a v e  b e e n  d et e ct e d  b y  t h e R oss  X- R a y  T m n g  
E x pl or er,  t h e C h a n dr a  X- R a y  O bs er v at or y,  S u z a k u,  X M M-
N e wt o n,  t h e N u cl e ar  S p e ctr os c o p c  T el es c o p e  Arr a y  (N u S-
T A R ), a n d  t h e N e utr o n  St ar  I nt er or C o m p os t o n  E x pl or er  
(NI C E R ) a n d  o c c urr e d   n 1 9 9 8,  2 0 0 2,  2 0 0 5,  2 0 0 8,  2 0 1 1,  2 0 1 5,  
2 0 1 9,  a n d  2 0 2 2  (J. J. M.   n ’t Z a n d  et  al.  1 9 9 8 ; C.  B.  M ar k w ar dt  
et  al.  2 0 0 2 ; M.  P.  R u p e n  et  al.  2 0 0 5 ; C.  B.  M ar k w ar dt  &  
J. H.  S w a n k  2 0 0 8 ; D.  Alt a m r a n o  et  al.  2 0 1 1 ; A.  S a n n a  et  al.  
2 0 1 5 ). T h s  s o ur c e  s w ell  st u d e d a n d   s k n o w n  t o h a v e  a  
s p n fr e q u e n c y of  4 0 1  H z  a n d  a n  or b t al  p er o d  of  2. 1  hr  
(D.  C h a kr a b art y  &  E.  H.  M or g a n  1 9 9 8 ; R.  W j n a n ds  &  M.  v a n  
d er  Kl s  1 9 9 8 ). T h s  s o ur c e h as  b e e n  cl ass f e d  as  a n  at oll  s o ur c e 
w t h  a  d st a n c e  of  ∼ 3. 5  k p c  (S.  v a n  Str a at e n  et  al.  2 0 0 4 ; 
D.  K.  G all o w a y  et  al.  2 0 0 8 ). T h s  s o ur c e d o es  n ot  b e h a v e  l k e a  
us u al  at oll  s o ur c e, pr m ar l y   n h a b t n g t h e  sl a n d (h ar d ) st at e, 
r ar el y s h ft n g  nt o t h e e xtr e m e   sl a n d (h ar d est ) a n d  l o w er-l eft 
b a n a n a  (s oft) st at es (P.  B ult  &  M.  v a n  d er  Kl s  2 0 1 5 ). 
A.  J. G o o d w n  et  al.  (2 0 1 9 ) us e d  a  n e w  b urst  m e c h a n s m  
m o d el  al o n gs d e  M ult -I Nstr u m e nt  B urst  A R c h v e  d at a  t o  nf er a  
n e utr o n  st ar m ass  of  0. 9 – 1. 9  M ⊙  a n d  a  1 0. 0 – 1 3. 1  k m  r a d us. 

T h e   n cr e as e d l u m n os t y fr o m X-r a y  o ut b ursts  all o ws  us  t o 
o bs er v e  a n d  st u d y  S A X  J 1 8 0 8   n m or e  d et a l.  D ur n g  
o ut b ursts,  t h e h ot  c or o n a  e m ts  X-r a ys  t h at  ll u m n at e t h e 
a c cr et o n  d s k  b el o w  (A.  C.  F a b a n  et  al.  2 0 0 0 ). F or  p uls ars,  
t h s a c cr et o n  d s k   s m ost  l k el y tr u n c at e d b y  a  f e w 
gr a v t at o n al  r a d   fr o m t h e st ell ar  s urf a c e  d u e  t o t h e 

Or g n al  c o nt e nt  fr o m t h s w or k  m a y  b e  us e d  u n d er  t h e t er ms 
of  t h e Cr e at v e  C o m m o ns  Attr b ut o n  4. 0  l c e n c e. A n y  f urt h er 

d str b ut o n  of  t h s w or k  m ust  m a nt a n  attr b ut o n  t o t h e a ut h or (s) a n d  t h e t tl e 
of  t h e w or k,  j o ur n al c t at o n  a n d  D OI.  

m a g n et os p h er e  (M.  M.  R o m a n o v a  &  S.  P.  O w o c k  2 0 1 5 ). 
M u c h  of  t h e p o w er-l a w  c o m p o n e nt  es c a p es  d r e ctl y  fr o m t h e 
c or o n a,  w h l e  s o m e  of   ts p h ot o ns   ll u m n at e t h e d s k  n e ar  t h e 
 n n er b o u n d ar y.  T h s  r es ults  n r e f e ct o n f e at ur es  n t h e 
s p e ctr a,  s u c h  as  t h e F e  K  e m ss o n  l n e a n d  a  h ar d  X-r a y  
h u m p  n e ar  2 0 – 4 0  k e V  (A.  C.  F a b a n  et  al.  2 0 0 0 ). T h e  h ar d  
h u m p   s c a us e d  b y  b ot h  p h ot o el e ctr c  a bs or pt o n  of  l o w- e n er g y 
p h ot o ns  a n d  C o m pt o n  d o w ns c att er n g  of  h g h- e n er g y  p h ot o ns.  
T h e  F e  K  e m ss o n  l n e  s a n   ntr ns c all y n arr o w  l n e, w t h  
t w o c o m p o n e nts  at  6. 4 0 4  a n d  6. 3 9 1  k e V  f or n e utr al   r o n. T h e  
 o n z at o n st at e  of   r o n c a n  s h ft  t h s e m ss o n  l n e as  h g h  as  
6. 9 7  k e V  (A.  C.  F a b a n  et  al.  2 0 0 0 ; D.  E.  Ost er br o c k  &  
G.  J. F erl a n d  2 0 0 6 ). D u e  t o gr a v t at o n al  eff e cts  fr o m t h e 
pr o x m t y  t o t h e c o m p a ct  o bj e ct,  t h es e e m ss o n  l n es ar e  
us u all y  br o a d e n e d  a n d  s k e w e d  b y  b ot h  t h e D o p pl er  eff e ct  a n d  
gr a v t at o n al  r e ds h ft (A.  C.  F a b a n  et  al.  2 0 0 0 ). 

W h l e  t h e r e f e ct o n p h e n o m e n o n  w as  or g n all y   d e nt f e d 
 n a ct v e  g al a ct c  n u cl e ,  t h e F e  K  e m ss o n  l n e h as  b e e n  
 d e nt f e d  n n e utr o n  st ars   n L M X Bs  (N.  E.  W h t e  et  al.  1 9 8 6 ). 
F or  S A X  J 1 8 0 8,  t h s f e at ur e w as  frst  d et e ct e d   n t h e 2 0 0 8  
o ut b urst  (A.  P a p tt o  et  al.  2 0 0 9 ). T.  D  S al v o  et  al.  (2 0 1 9 )
a n al y z e d  t h e N u S T A R  a n d  X M M- N e wt o n  o bs er v at o n  of  t h s 
s o ur c e’s  2 0 1 5  o ut b urst  a n d   d e nt f e d b ot h  t h e F e  K  e m ss o n  
l n e a n d  t h e C o m pt o n  h u m p,  al o n g  w t h  t h e pr es e n c e  of  t hr e e 
a d d t o n al  e m ss o n  l n es  n t h e 2 – 5  k e V  r a n g e of  t h e X M M-
N e wt o n  d at a.  P.  B ult  et  al.  (2 0 1 9 ) a n al y z e d  o n e  NI C E R  
o bs er v at o n  fr o m t h e 2 0 1 9  o ut b urst,  w h c h  c a pt ur e d  a  
p art c ul arl y  br g ht  t h er m o n u cl e ar b urst.  T h e r  a n al ys s   d e nt -
f e d  t h e 6. 7  k e V  F e  K  e m ss o n  l n e a n d  a  1. 0  k e V  e m ss o n  
f e at ur e. T h s  1  k e V  e m ss o n  f e at ur e, w h c h   s w ell  k n o w n  t o 
e x st   n X-r a y  b n ar es,  c o ul d  b e  a  bl e n d  of  e m ss o n  l n es, 
s o m e  ar s n g  fr o m t h e r e f e ct o n F e  L  c o m pl e x  (R.  M.  L u dl a m  
et  al.  2 0 1 8 ; P.  C h a kr a b ort y  et  al.  2 0 2 4 ). 

I n a d d t o n  t o t h e o ut b ursts,  S A X  J 1 8 0 8 als o  fr e q u e ntl y 
e n g a g es   n t h er m o n u cl e ar (t y p e-I) X-r a y  b ursts  (D.  K.  G all o w a y  
&  A.  C u m m n g  2 0 0 6 ; P.  B ult  et  al.  2 0 1 9 ). A c cr et e d  m ass  b u l ds  
u p  o n  t h e s urf a c e, r a s n g pr ess ur e  a n d  t e m p er at ur e. T h s  c a us es  
u nst a bl e  n u cl e ar  b ur n n g  of  p ur e  h el u m,  e v e nt u all y   g n t n g a  
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T h e  As t  o p h ysi c a l  J o u  n a l  9 9 6: 7 3  (7 p p ), 2 0 2 6  J a n u ar y  1  Br u c e  et  al.  

( a ) 2 0 1 9 J ul y 3 0 t o 2 0 1 9 N o v e m b e r 8 ( b ) 2 0 2 2 A u g u s t 1 9 t o 2 0 2 2 O c t o b e r 3 1

Fi g u r e  1.  T o p  p a n el:  l g ht c ur v es  cr e at e d  us n g  NI C E R  d at a.  B n n e d  b y  s e c o n d  t o  ll ustr at e a n y  s h ort  b ursts  o c c urr n g.  B ott o m  p a n el:  h ar d n ess  r at o of  (6 – 1 2  k e V )/  
(0. 3 – 6  k e V ). B 1 9:  P.  B ult  et  al.  (2 0 1 9 ). S 2 3:  R.  S h ar m a  et  al.  (2 0 2 3 ). C 2 3:  S.  C ast e n  et  al.  (2 0 2 3 ). N ot e:  N u S T A R  a n d  X M M- N e wt o n  r at es c o n v ert e d  t o NI C E R  r at es 
us n g  W e b PI M M S.  

t h er m o n u cl e ar er u pt o n  l ast n g u nt l  t h e a c cr et e d  m at er al   s 
b ur n e d  (D.  K.  G all o w a y  et  al.  2 0 0 8 ). T h e  c h ar a ct er st c  c y cl e  f or 
t h es e b ursts   s a  f ast r s e a n d  e x p o n e nt al  d e c a y  (W.  C h e n  et  al.  
1 9 9 7 ). T h es e  b ursts  l ast o n  t h e or d er  of  s e c o n ds, a n d  r e c urr e n c e 
d e p e n ds  o n  m ass  a c cr et o n  r at e, us u all y  o n  t h e or d er  of  h o urs.  I n 
s o m e c as es,  e n o u g h  e n er g y   s r el e as e d t o r e a c h a n d  e x c e e d  t h e 
E d d n gt o n  l m t, c a us n g  t h e at m os p h er e  t o e x p a n d  d u e  t o 
r a d at o n pr ess ur e  (E.  K u ul k ers  et  al.  2 0 0 3 ). S A X  J 1 8 0 8  s 
k n o w n  t o e x h b t  t h s s o- c all e d p h ot os p h er c  r a d us e x p a ns o n  
(D.  K.  G all o w a y  et  al.  2 0 0 8 ). J. S p e c h er  et  al.  (2 0 2 2 ) r e c e ntl y 
c o n cl u d e d  t h at t y p e-I b ursts  a n d  c h a n g es   n d s k  g e o m etr y  c a n  
aff e ct  t h e str e n gt h of  t h e e m ss o n  l n es t h at m a k e  u p  t h e s oft 
e x c ess,  w h c h  m a y  e x pl a n  t h e v ar at o n   n str e n gt h a n d  c e ntr o d  
of  t h e 1  k e V  f e at ur e. 

W t h  t h e  m p a ct of  t h e t h er m o n u cl e ar b ursts  o n  t h e s oft  
e x c ess  a n d  o bs er v e d  1  k e V  l n e f e at ur es u n c ert a n,  w e  st u d y  
t h e r e c e nt q u as -s m ult a n e o us  NI C E R  a n d  N u S T A R  o bs er v a -
t o ns w t h  t h e h o p e  of  u n d erst a n d n g  s p e ctr al  d e c o m p os t o n  
b ett er.  I n p art c ul ar,  w e  a m  t o  n v est g at e p ot e nt al  t h er m o-
n u cl e ar  b ursts   n t h es e r e c e nt o bs er v at o ns  a n d  c o n fr m  t h at t h e 
1  k e V  e m ss o n  f e at ur e c a n  b e  e x pl a n e d   n p art  b y  r e f e ct o n 
fr o m t h e d s k  d ur n g  n o n b urst  e m ss o n.  

O ur  p a p er   s str u ct ur e d  as  f oll o ws: I n S e ct o n  2 , w e  d es cr b e  
t h e cr e at o n  of  t h e NI C E R  a n d  N u S T A R  l g ht c ur v es  a n d  
s p e ctr a.  S e ct o n  3. 1  pl a c es  t h e o bs er v at o ns   n t h e c o nt e xt  of  
t h e l o n g-t er m l g ht c ur v es  a n d  d et a ls  t h e  d e nt f c at o n of  t w o 
t h er m o n u cl e ar b ursts   n t h e 2 0 1 9  N u S T A R  o bs er v at o n.  T h e  
m o d el n g  of  t h e r t m e-r es ol v e d b urst  s p e ctr a   s d es cr b e d   n 
S e ct o n  3. 2 . F n all y,   n S e ct o n  3. 3 , w e  pr es e nt  o ur  m o d el n g  
a n d  a n al ys s  of  t h e br o a d b a n d  s p e ctr a  us n g  c o m b n e d  NI C E R  
a n d  N u S T A R  s p e ctr al  d at a.  T h e  f n d n gs  ar e  t h e n d s c uss e d   n 
S e ct o n  4 . 

2.  O bs e r v  ti o ns   n d  D  t   R e d u cti o n  

O ur  f o c us  n t h s p a p er   s t h e 2 0 1 9  a n d  2 0 2 2  o ut b ursts.  D ur n g  
t h es e o ut b ursts,  S A X  J 1 8 0 8 w as  o bs er v e d  w t h  N u S T A R  o n  
2 0 1 9  A u g ust  1 0  f or 4 1  ks  (O bsI D:  9 0 5 0 1 3 3 5 0 0 2 ) a n d  o n  2 0 2 2  
A u g ust  2 2  f or a  l e n gt h of  1 0 7  ks  (O bsI D:  8 0 7 0 1 3 1 2 0 0 2 ). T h e  
d at a  w er e  pr o c ess e d  us n g  t h e st a n d ar d p p el n e  of  N u S T A R D A S  
v 2. 1. 4,  s p e c f c all y us n g  t h e t as ks n u p i p e l i n e  a n d  

n u p r o d u c t s  (F.  A.  H arr s o n  et  al.  2 0 1 3 ). Aft er   n t all y 
cl e a n n g  t h e e v e nt  fl e,  w e  cr e at e d  t h e s o ur c e a n d  b a c k gr o u n d  
r e g o ns a n d  e xtr a ct e d  t h e s p e ctr a a n d  l g ht c ur v es.  F or  b ot h  
o bs er v at o ns,  t h e s o ur c e r e g o n w as  s el e ct e d t o b e  a  c r c ul ar  
r e g o n w t h  1 2 0  r a d us, a n d  t h e b a c k gr o u n d  r e g o n w as  s el e ct e d 
t o b e  a  c r c ul ar  r e g o n w t h  1 7 0  r a d us, f ar fr o m t h e s o ur c e 
r e g o n. T h e  r es ult n g s p e ctr a of  b ot h  f o c al pl a n e  m o d ul es  A  a n d  
B  w er e  m o d el e d  s m ult a n e o usl y al o n gs d e  t h e NI C E R  s p e ctr a 
(s e e n e xt  s e ct o n)  n t h e e n er g y  r a n g e 3. 0 – 6 0. 0  k e V,  w h er e  t h e 
u p p er  l m t  s s el e ct e d t o b e  w h er e  t h e s o ur c e s p e ctr u m cr oss e d  
t h e b a c k gr o u n d.  

NI C E R  c a pt ur e d  6 3  us a bl e  e x p os ur e  o bs er v at o ns  b et w e e n  
2 0 1 9  J ul y  3 0  a n d  2 0 1 9  N o v e m b er  8  a n d  5 3  o bs er v at o ns  
b et w e e n  2 0 2 2  A u g ust  1 9  a n d  2 0 2 2  O ct o b er  3 1.  E a c h  of  t h es e 
o bs er v at o ns  w as  pr o c ess e d  us n g  t h e H e a S O F T  v 6. 3 4  
N I C E R D A S  v 1 3  s oft w ar e,  us n g  t h e st a n d ar d  pr o c ess n g  
p p el n e  n i c e r l 3 - l c  t o e xtr a ct  l g ht c ur v es  w t h  a  b n  s z e  
of  1. 0 s  (J. K.  Bl a c k b ur n  1 9 9 5 ). F or  t h e s p e ctr al  a n al ys s,  t h e 
NI C E R  o bs er v at o ns  t a k e n cl os est  t o N u S T A R  w er e  c a pt ur e d  
o n  2 0 1 9  A u g ust  1 0,  l ast n g f or 5. 4  ks  (O bsI d: 2 5 8 4 0 1 0 1 0 3 ), 
a n d  o n  2 0 2 2  A u g ust  2 3,  f or 1 0. 6  ks  (O bsI d: 5 0 5 0 2 6 0 1 0 5 ). 
T h es e  d at a  w er e  pr o c ess e d  us n g  n i c e r l 3 - s p e c t  t o e xtr a ct  
t h e r el e v a nt s p e ctr al  d at a  a n d  a c c o u nt  f or t h e s yst e m at c  err or  
of  1. 5 %.  T h e  b a c k gr o u n d  f or NI C E R  h as  b e e n  est m at e d  us n g  
t h e S C O R P E O N  v 2 3 4  b a c k gr o u n d  m o d el.  T h e  s p e ctr al  e n er g y  
r a n g e us e d  f or NI C E R  w as  0. 7 – 1 0. 0  k e V,  w t h  t h e l o w er l m t 
c h os e n  t o el m n at e  t h e l o w- e n er g y n o s e  o c c urr n g   n d at a  
t a k e n d ur n g  or b t  d a y.  All  s p e ctr a  w er e  b n n e d  t o a  m n m u m  
of  2 0  c o u nts  p er  b n  f or m o d el n g.  

3.  A n  l ysis   n d  R es ults  

3. 1.  Li g ht  C ur v e  

F g ur e  1  s h o ws  t h e NI C E R  o n e  s e c o n d  l g ht c ur v es  of  S A X  
J 1 8 0 8  d ur n g   ts 2 0 1 9  (l eft p a n el ) a n d  2 0 2 2  (r g ht p a n el )
o ut b ursts.  T h e  h ar d n ess  r at o s h o w n   n t h e b ott o m  p a n el   s 
c h os e n  t o b e  (6 – 1 2  k e V )/ (0. 3 – 6  k e V ). Fr o m  t h e 2 0 1 9  l g ht 
c ur v es,  w e  l e ar n t h at t h e s yst e m  r e a c h e d a  m a x m u m  o bs er v e d  
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c o u nt  r at e of  3 3 6 6 1  ct  s − 1  o n  2 0 1 9  A u g ust  2 1  (O bsI D:  
2 5 8 4 0 1 0 5 0 1 ). T h s  o bs er v at o n,  w h c h  c o n c d es  w t h  a n  X-r a y  
b urst,  w as  a n al y z e d   n P.  B ult  et  al.  (2 0 1 9 ). T h s  o bs er v at o n  
a n d  ot h er  st u d es  of  t h s o ut b urst  b y  R.  S h ar m a  et  al.  (2 0 2 3 )
a n d  S.  C ast e n  et  al.  (2 0 2 3 ) h a v e  als o  b e e n  m ar k e d   n 
F g ur e  1 (a ). At  l e ast 1 1  ot h er  b ursts  h a v e  b e e n   d e nt f e d 
d ur n g  t h s o ut b urst.  T h e  N u S T A R  o bs er v at o n  a v er a g e d  a  r at e 
of  1 5  ct  s − 1  d ur n g   ts o bs er v at o n  a n d,  us n g  t h e H E A S A R C  
W e b PI M M S  t o ol,5  t h e NI C E R  c o u nt  r at e f or t h s o bs er v at o n  
 s a p pr o x m at el y  3 6 6  ct  s − 1 . S h o w n   n F g ur e  1 (b ), t h e 7 3  d a y  
l g ht c ur v e  of  t h e 2 0 2 2  o ut b urst  r e a c h es a  m a x m u m  o bs er v e d  
r at e of  5 7 7 5  ct  s − 1  o n  2 0 2 2  A u g ust  3 0  (O bsI D: 5 5 7 4 0 1 0 1 0 8 ). 
A b o ut  8  b ursts  o c c urr e d  d ur n g  t h s o ut b urst.  T h e  N u S T A R  
o bs er v at o n  h a d  a n  a v er a g e  r at e of  1 7  ct  s − 1 , a n d  t h e 
W e b PI M M S  t o ol est m at e d  t h e c orr es p o n d n g  NI C E R  c o u nt  
r at e t o b e  a p pr o x m at el y  4 5 6  ct  s − 1 . F or  t h e X M M- N e wt o n  
o bs er v at o n,  t h e E PI C / p n  d et e ct or  m e as ur e d  a n  a v er a g e  r at e of  
6 6  ct  s − 1 , a n d  t h e w e b PI M M S  t o ol est m at e d  a  NI C E R  r at e of  
9 8  ct  s − 1 . B ot h  N u S T A R  o bs er v at o ns  w er e  t a k e n r g ht b ef or e  
t h e p e a k  of  t h e o ut b urst.  W h l e  t h e 2 0 1 9  o ut b urst  h as  t h e 
br g ht er  t h er m o n u cl e ar b urst,  t h e N u S T A R  o bs er v at o n  a n d   ts 
c orr es p o n d n g  NI C E R  o bs er v at o n  ar e  br g ht er   n 2 0 2 2  t h a n 
 n 2 0 1 9.  

A n al ys s  of  t h e 2 0 1 9  N u S T A R  o bs er v at o n  r e v e als t h at t w o 
t h er m o n u cl e ar b ursts  o c c urr e d.  T h e  frst  st art e d  3 2, 2 8 0  s  nt o 
t h e o bs er v at o n,  a n d  t h e s e c o n d  b e g a n  7 2, 0 1 0  s  nt o t h e 
o bs er v at o n,  o c c urr n g  a p pr o x m at el y  1 1  hr  a p art.  

3.  .  T h er m o n u cl e ar  B ursts  

T h e  l g ht c ur v es  of  t h e t w o t h er m o n u cl e ar b ursts  s h o w e d  t h e 
t y p c al f ast-r s e e x p o n e nt al- d e c a y  b urst  b e h a v or.  T o  f urt h er 
e x pl or e  t h e n at ur e  of  t h es e b ursts,  t h e y w er e  s pl t  nt o 4 – 1 0  s 
 nt er v als t o b est  b n  t h e d at a  w t h  a  s g n al-t o- n o s e  r at o of  3  
a n d  t o st u d y  t h e e v ol ut o n  of  t h e s p e ctr a  t hr o u g h o ut t h e b urst.  
T h e  f o ur  nt er v als r e pr es e nt o n e  r s e, o n e  p e a k,  a n d  t w o 
d e cl n e  s e ct o ns.  T h e  e n er g y  r a n g e us e d  f or t h e N u S T A R  
s p e ctr a  of  e a c h   nt er v al b e g a n  at  t h e s oft  c ut off  at  3. 0  k e V  a n d  
e n d e d  w h e n  t h e s g n al  cr oss e d  t h e b a c k gr o u n d,  r a n g n g 
b et w e e n  8. 0  a n d  1 5. 0  k e V.  D ur n g  a  t h er m o n u cl e ar b urst,  t h e 
X-r a y  s p e ctr u m  h as  b e e n  o bs er v e d  t o b e  d o m n at e d  b y  a  
bl a c k b o d y  c o m p o n e nt  d u e  t o t h e er u pt o n  o c c urr n g  o n  t h e 
st ar’s  s urf a c e.  E a c h  s p e ctr u m  w as  t h er ef or e m o d el e d   n 
X S P E C  v 1 2. 1 4. 1  w t h  a bs or pt o n  a n d  a  bl a c k b o d y  c o m p o n e nt,  
w t h  t h e h y dr o g e n  a bs or pt o n  c ol u m n,   nt erst ell ar o x y g e n  
a b u n d a n c e,  a n d   nt erst ell ar  r o n a b u n d a n c e  fr o z e n 

+
0. 3 8
0. 6 3

+
0. 9 8
0. 8 6

t o t h e b est-
ft  v al u es  of  0. 2 3  ×  1 0 2 2  c m − 2 , 1. 6  s ol ar  u n ts,  a n d  
1. 4  s ol ar  u n ts  fr o m t h e a n al ys s  of  t h e q u es c e nt  
s p e ctr u m,  r es p e ct v el y (s e e  S e ct o n  3. 3 ). S u c h  a  m o d el  
d es cr b es  t h e s p e ctr u m  w ell,  a n d  w e  f o u n d n o  e v d e n c e  of  
ot h er  c o m p o n e nts   n a n y  t m e  nt er v al. E a c h  m o d el  r es ult e d  n 
a  r e d u c e d ♣ 2  of  1. 0 0 – 1. 3 6 . R es d u als  fr o m e a c h  b urst  a n d  
s p e ctr a  ar e  s h o w n   n t h e A p p e n d x . N o  ot h er  f e at ur es or  
s yst e m at c  err ors  w er e  d et e ct e d.  T h e  err ors  w er e  d et er m n e d  at  
9 0 %  fr o m a  M ar k o v  C h a n  M o nt e  C arl o  (M C M C ) w t h  a  c h a n  
l e n gt h of  1  ×  1 0 3 , 1 0  w al k ers,  a n d  a  b ur n  l e n gt h of  5 0.  

T h e  t e m p or al e v ol ut o n  of  t h e u n a bs or b e d  f u x  a n d  bl a c k -
b o d y  t e m p er at ur e  s v s u al z e d   n F g ur e  2 . T h e  b est- ft  
p ar a m et ers  ar e  s h o w n   n T a bl e  1 . W e  o bs er v e  c h a n g es   n b ot h  
bl a c k b o d y  t e m p er at ur e, bl a c k b o d y  r a d us, a n d  u n a bs or b e d  f u x  
t hr o u g h t h e e v ol ut o n  of  t h e b urst.  T h e  e v ol ut o n  of  t h e 

5  htt ps: / / h e as ar c. gsf c. n as a. g o v / c g - b n / T o ols / w 3 p m ms / w 3 p m ms _ pr o. pl  

t e m p er at ur e a n d  f u x  b e h a v es  as  e x p e ct e d,  r s n g q u c kl y,  
p e a k n g,  a n d  d e cl n n g  e x p o n e nt all y.  T h s  tr e n d  s m u c h  
cl e ar er   n t h e frst  b urst,  b e n g  t h e br g ht er  of  t h e t w o. T h e  
m e as ur e d  bl a c k b o d y  r a d us  s l ar g est ar o u n d  t h e t m e of  t h e 
p e a k  f u x  or  s h ortl y  t h er e aft er  n b ot h  b ursts,  t h e n  t s hr n ks  
a g a n  as  t h e f u x  d e cl n es.  

3. 3.  Br o a d b a n d  S p e ctr al  A n al ysis  

Aft er  m o d el n g  t h e s p e ctr al  e v ol ut o n  t hr o u g h o ut t h e b urst  
 n t h e l ast s e ct o n,  t h s s e ct o n  f o c us es o n  t h e m o d el n g  of  t h e 
br o a d b a n d  s p e ctr a  o uts d e  of  t h e b ursts.  O ur  m o d el n g  w as  
d o n e   n X S P E C  v 1 2. 1 4. 1  a n d  P y X s p e c  v 2. 1. 4  (K.  A.  Ar n a u d  
1 9 9 6 ). B ot h  N u S T A R’s  F P M A  a n d  F P M B  w er e  m o d el e d  
al o n gs d e  t h e NI C E R  d at a.  E a c h  o ut b urst  w as   n t all y 
m o d el e d  w t h  p h ot o el e ctr c  a bs or pt o n  (T B F E O ), a  bl a c k b o d y  
(B B O D Y R A D ), a n d  a  t h er m all y C o m pt o n z e d  c o nt n u u m  
(N T H C O M P ; A.  A.  Z d z ars k  et  al.  1 9 9 6 ; P.  T.  Ż y c k  et  al.  
1 9 9 9 ; J. W l ms  et  al.  2 0 0 0 ). A.  J. G o o d w n  et  al.  (2 0 2 0 ) r e p ort 
a  d s k  t e m p er at ur e of  1 – 2  e V  at  t h e o ns et  of  X-r a y  d et e ct o n  o n  
A u g ust  6   n 2 0 1 9.  C o ns d er n g  t h e 2 0 2 2  o ut b urst  w as  t a k e n at  
a  s m l ar  p o nt  d ur n g  t h e o ut b urst,   t  s r e as o n a bl e t o ass u m e  
t h e d s k   s als o  t o o s oft   n 2 0 2 2  t o b e  pr o p erl y  m o d el e d.  I n 
e a c h  m o d el,  t h e p h ot o el e ctr c  a bs or pt o n  a n d  t h e  nt erst ell ar 
o x y g e n  a n d   r o n a b u n d a n c es  w er e  fr e e t o v ar y,  r at h er t h a n 
b e n g  fr o z e n t o a  pr e v o usl y  r e p ort e d v al u e.  B ot h  d s pl a y e d  a  
s g n f c a ntl y   m pr o v e d r es ult w t h  t h e  n cl us o n of  a  bl a c k b o d y  
c o m p o n e nt.  E m ss o n  l n e r es d u als st ll a p p e ar e d  n e ar  1  a n d  
6. 5  k e V  a n d  a  br o a d  h u m p  ar o u n d  2 0 – 4 0  k e V.  T h e  r es ult 
f urt h er  m pr o v e d w t h  t h e  n cl us o n of  a  G a uss a n  l n e a n d  t h e 
s elf- c o ns st e nt  r e f e ct o n m o d el  r e l x i l l C p  (J. G ar cí a  et  al.  
2 0 1 4 ). T h e  C p  f a v or  of  t h e r e l x i l l  f a m l y us es  a  t h er m all y 
C o m pt o n z e d  pr m ar y  c o nt n u u m  a n d  a  br o k e n  p o w er  l a w f or 
t h e d s k  e m ss v t y  a n d  f x es  t h e s e e d  p h ot o n  t e m p er at ur e t o 
0. 0 1  k e V.  F or  t h es e m o d els,  t h e d s k  e m ss v t y  w as  tr e at e d as  
a  p o w er-l a w  f u n ct o n of  t h e r a d us w t h  t h e  n d e x l eft fr e e t o 
v ar y.  T h e  o ut er  r a d us of  t h e d s k  w as  s et  t o 1 0 0 0  gr a v t at o n al  
r a d   a n d  fr o z e n. T h e  s p n  w as  est m at e d  t o ≈ 0. 3  us n g  t h e s p n  
fr e q u e n c y of  4 0 1  H z  (D.  K.  G all o w a y  et  al.  2 0 0 8 ). 

×+0. 2 4 1 00. 0 6
0. 0 5 2 2

F or  t h e 2 0 1 9  s p e ctr u m,  t h e m o d el  r es ults  n 
×+ 1 00. 0 4

0. 0 3 2 2
a n  a bs or pt o n  of  

− 2  − 2c m  , w h l e   t g v es  0. 1 7  c m  
f or t h e 2 0 2 2  s p e ctr u m.  T h e  G a uss a n  e m ss o n  l n e 
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w a s  f o u n d 
at  0. 8 8  k e V   n 2 0 1 9  a n d  at  0. 9 8  k e V   n 2 0 2 2.  I n t h e 
b est- ft  f or t h e 2 0 2 2  m o d el,  w e  o bt a n  a n   n cl n at o n of  7 7 °  

a n d  a n   n n er d s k  r a d us of  1 4  + G M c4
1 2 2/ . T h e  2 0 1 9  m o d el  
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T h e  l ar g e d ff er e n c e   n t h e  n cl n at o n b et w e e n  y e ars  l e d us  
t o b el e v e  o n e  or  b ot h  of  t h es e r es ults ar e   n c orr e ct a n d  
m ot v at e d  us  t o m o d el  t h e s p e ctr a  fr o m b ot h  o ut b ursts  
t o g et h er. O ur  c o m b n e d  a n al ys s  of  t h e 2 0 1 9  a n d  2 0 2 2  
o ut b ursts  all o ws  us  t o f or c e s elf- c o ns st e n c y  o n  st at c  
p ar a m et ers,  s p e c f c all y   n cl n at o n. All  ot h er  p ar a m et ers  m a y  
d ff er  b et w e e n  y e ars  a n d  w er e  l eft fr e e t o v ar y.  T h s  w as  
a c c o m pl s h e d  us n g  t h e T e m p est  H g h  P erf or m a n c e  C o m p ut -
 n g S yst e m  at  M o nt a n a  St at e  U n v ers t y.  T h es e  b est- ft  
p ar a m et ers  ar e  s h o w n   n T a bl e  2 . T h e  s p e ctr a  f or t h es e b est-
ft  p ar a m et ers  ar e  s h o w n   n F g ur e  3 . T h e  m d dl e  p a n el  
e x cl u d es  t h e G a uss a n  l n e a n d  r e f e ct o n c o m p o n e nts.  T h e  
r el at v e str e n gt hs  of  e a c h  c o m p o n e nt   n t h e b est- ft  m o d el  ar e  
s h o w n   n F g ur e  4 . All  s p e ctr a  w er e  m o d el e d,  a n d  err ors  w er e  
f o u n d us n g  a n  M C M C  w t h  4 0 0  w al k ers,  a  3  ×  1 0 6  c h a n  
l e n gt h, a n d  a  4  ×  1 0 4  b ur n  l e n gt h. Err ors  ar e  r e p ort e d at  a  9 0 %  
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( a ) B u r s t 1, s t a r ti n g a t t 0 = 3 2 2 8 0 s ( b ) B u r s t 2, s t a r ti n g a t t 0 = 7 2 0 1 0 s

Fi g u r e  2.  T e m p er at ur e  a n d  f u x  t hr o u g h o ut t h e t h er m o n u cl e ar b ursts  o c c urr n g   n t h e 2 0 1 9  N u S T A R  o bs er v at o n.  D at a  w er e  m o d el e d  w t h  p h ot o el e ctr c  a bs or pt o n  
( n cl u d n g  nt erst ell ar o x y g e n  a n d   r o n a b u n d a n c e ) a n d  bl a c k b o d y  c o m p o n e nts.  B ursts  d s pl a y  t h e c o m m o nl y  f o u n d f ast-r s e e x p o n e nt al- d e c a y  b urst  pr o fl e.  

T  bl e  1  
B est- ft  P ar a m et ers  f or t h e T w o  T h er m o n u cl e ar  B ursts  O c c urr n g   n t h e 2 0 1 9  

N u S T A R  O bs er v at o n  

Bl a c k b o d y  Bl a c k b o d y  

S e ct o n  T e m p  R a d us  Fl u x  ♣ 2 / d of  
(〉 1 0 − 1 0  er gs  

(k e V ) (k m ) c m − 2 s − 1 ) 

R s e  1. 2  +
0. 1 4
0. 0 7

+
0. 0 7
0. 0 5

+
0. 0 3
0. 0 3

+
0. 0 4
0. 0 4

1. 8  +
0. 3
0. 6

+
0. 2
0. 3

+
0. 4
0. 5

+
0. 7
0. 6

4. 0  +
0. 6
0. 2

+
3
2

+
2
1

+
1. 5
0. 6

2 3 / 1 8  

P e a k  1. 9  3. 5  1 1 8  2 6 5 / 2 2 7  

D e cl n e  1  1. 3  7. 4  1 1 5  2 3 0 / 2 3 1  

D e cl n e  2  1. 0  6. 2  2 2. 2  9 1 / 7 9  

R s e  1. 5 1  +
0. 2 4
0. 1 6

+
0. 0 5
0. 0 9

+
0. 0 8
0. 1 0

+
0. 1 5
0. 1 2

1. 1  +
0. 4
0. 2

+
0. 3
0. 2

+
0. 7
0. 8

+
0. 5
0. 7

3. 2  +
0. 5
0. 1

+
1. 1
0. 7

+
0. 8
0. 2

+
0. 8
0. 1

2 9 / 1 7  

P e a k  1. 5 2  2. 7  2 5. 4  1 1 1 / 1 0 4  

D e cl n e  1  1. 1 1  3. 7  1 0. 5  5 3 / 4 5  

D e cl n e  2  1. 2  2. 2  4. 9  2 4 / 2 2  

N ot e.  T h e  bl a c k b o d y  r a d us w as  c al c ul at e d  us n g  a  d st a n c e  of  3. 5  k p c  

(D.  K.  G all o w a y  et  al.  2 0 0 8 ). T o p:  frst  b urst,  b e g n n n g  at  t0  =  3 2, 2 8 0  s. 

B ott o m:  s e c o n d  b urst,  b e g n n n g  at  t0  =  7 2, 0 1 0  s 

c o n f d e n c e   nt er v al. F or  t h e 2 0 1 9  m o d el,  t h e ♣ 2  d e cr e as e d  b y  
6 0 0  w t h  − 9  d e gr e es  of  fr e e d o m w t h  t h e  n cl us o n of  t h e 
r e f e ct o n a n d  G a uss a n  c o m p o n e nts.  T h e  ♣ 2   n 2 0 2 2  d e cr e as e d  
b y  5 7 0  w t h  − 9  d e gr e es  of  fr e e d o m w t h  t h e  n cl us o n of  t h e 
r e f e ct o n a n d  G a uss a n  c o m p o n e nts.  

T h e  G a uss a n  e m ss o n  l n e n e ar  1  k e V   s d et e ct e d   n b ot h  
o ut b ursts  

+
0. 0 2
0. 0 4

b ut   s f o u n d at  0. 9 0  +
0. 0 2
0. 0 2 k e V   n 2 0 1 9  a n d  at  

0. 9 9  k e V   n 2 0 2 2.  M a n y  p ar a m et ers,  s u c h  as  e m ss v t y  
 n d e x, Γ , a n d  bl a c k b o d y  t e m p er at ur e, a gr e e  f a rl y w ell  
b et w e e n  o ut b ursts  a n d  f all  nt o a c c e pt e d  r a n g es. F or  b ot h  
y e ars,  t h e  n n er r a d   s ettl e d  t o v al u es  o n  t h e l ar g er s d e  of  w h at  
 s c o ns d er e d  a c c e pt a bl e  b ut  w er e  n ot  w ell  c o nstr a n e d  b y  t h e 
m o d els.  T h e   n cl n at o n b et w e e n  6 8 °  a n d  7 3 °  a gr e es  w t h  
pr e v o us  st u d es,  w h c h   d e nt f y t h s s yst e m  as  h a v n g  a  h g h  
 n cl n at o n (s e e  T.  D  S al v o  et  al.  2 0 1 9  f or f urt h er d s c uss o ns ). 

4.  Dis c ussi o n  

I n t h s p a p er,  w e  cr e at e d  l g ht c ur v es  us n g  NI C E R  
o bs er v at o ns  of  S A X  J 1 8 0 8  n 2 0 1 9  a n d  2 0 2 2  a n d  f o u n d s e v er al 
t h er m o n u cl e ar b ursts   n t h es e o bs er v at o ns.  W e  als o   d e nt f e d 

T  bl e  2  
B est- ft  P ar a m et ers  f or t h e C o m b n e d  Br o a d b a n d  S p e ctr al  A n al ys s  of  t h e 

2 0 1 9  a n d  2 0 2 2  O ut b ursts  of  S A X  J 1 8 0 8  Us n g  NI C E R  a n d  N u S T A R  

C o m p o n e nt  P ar a m et er  2 0 1 9  2 0 2 2  

t bf e o N H  (
〉 1 0 2 2  c m − 2 ) 

+
0. 0 3 2 2
0. 0 3 9 +

0. 0 2 0 8
0. 0 2 2 4

0. 2 3 0  0. 1 7 3  

t bf e o O  1. 5 7  +
0. 3 7 7
0. 6 2 9

+
0. 9 8 0
0. 8 5 7

+
0. 0 1 2 6
0. 0 0 9

+
0. 1 5
0. 2 6

1. 3 4  

t bf e o F e  1. 3 6  3. 0 3  

b b o d yr a d  k T b b  (k e V ) 0. 5 5 8  0. 6 3 0  

b b o d yr a d  R b b  (k m ) 3. 1  2. 4  

G a uss a n  L n e E  (k e V ) 
+

0. 0 1 5 8
0. 0 2 1 5

0. 8 8 4  0. 9 8 8  

G a uss a n  I nt e ns t y (× 1 0 − 2  p h  c m − 2  1. 2 3  +
0. 3 1 1
0. 7 6 0 0. 4 1  

s − 1 ) 

G a uss a n  W dt h  (k e V ) 
+

0. 0 1 6 0
0. 0 3 1 1 +

0. 0 1 5 8
0. 0 3 4 9

0. 1 3 9  0. 1 0 7  

+
0. 3 5 6
0. 3 7 2

+
0. 5 6 7
0. 8 0 0

+
0. 0 1 3 5
0. 0 1 1

+
0. 1 1
0. 1 7

+
0. 0 4 1
0. 0 1 7

+
0. 0 9 9
0. 2 4 3

r el x ll C p Γ  1. 9 6  +
0. 0 0 6
0. 0 2 3 1. 9 9  

r el x ll C p k T e  (k e V ) 7 4. 2  

r el x ll C p k T s e e d  (k e V ) 
+

0. 2 4 7
0. 1 9 7

0. 0 1  (f x e d ) 

r el x ll C p I n d e x 2. 0 5  2. 2 1  

r el x ll C p R  n(G M / c 2 ) 1 6. 1  +
5. 2 0
3. 9 2

+
3. 6 1
0. 5 6

1 2. 3  

r el x ll C p I n cl (d e g ) 
+
0. 1 7

0. 3 4

+
0. 0 7 0

0. 0 7 9

7 2. 3  

r el x ll C p L o g N  (c m − 3 ) 1 9. 1  1 7. 3  

r el x ll C p R f 0. 3 2 9  0. 5 2 7  

r el x ll C p F e  a b u n d  
+

0. 3 9 9
0. 2 2 7

1. 0  (fr o z e n) 

r el x ll C p l o gξ  1. 6 5  1. 8 2  

r el x ll C p N or m  (〉 1 0 − 3 ) 1. 9  +
0. 0 3
0. 0 7 2. 2  

+
1 1. 3 2
2 1. 1 0

+
0. 0 7 8
0. 0 1 0

+
0. 1 1 1
0. 2 2 8

+
3. 4 2
7. 2 2

+
0. 6 4
0. 3 2

+
0. 1 0 6 6
0. 0 4 9 1

+
0. 1 9 9
0. 2 3 4

+
0. 0 3
0. 0 6

T ot al  ♣ 2 / D O F  2 5 6 9  /  2 7 8 5  3 0 3 9  /  3 2 9 1  

T ot al  ♣ 2 / D O F  5 6 0 8  /  6 0 7 6  

N ot e.  T h e  m o d el  c o ns sts  of  p h ot o el e ctr c  a bs or pt o n  ( n cl u d n g  nt erst ell ar 

 r o n a n d  o x y g e n  a b u n d a n c e ), a  bl a c k b o d y,  a  G a uss a n  e m ss o n  l n e, a  

t h er m all y C o m pt o n z e d  pr m ar y  c o nt n u u m,  a n d  t h e r e f e ct o n c o m p o n e nt.  T h e  
bl a c k b o d y  r a d us w as  c al c ul at e d  us n g  a  d st a n c e  of  3. 5  k p c  (D.  K.  G all o w a y  

et  al.  2 0 0 8 ). T h e   r o n a b u n d a n c e   s  n u n ts  of  s ol ar   r o n a b u n d a n c e.  

t w o b ursts   n t h e 2 0 1 9  N u S T A R  o bs er v at o n  a n d  p erf or m e d  t m e-
r es ol v e d s p e ctr al a n al ys s  t o st u d y t h e e v ol ut o n.  F n all y,  w e  
m o d el e d  t h e br o a d b a n d  s p e ctr u m f or t h e frst  t m e us n g  NI C E R  
a n d  N u S T A R  d at a.  I n t h s m o d el,  w e  f o u n d e v d e n c e  of  r e f e ct o n 
d ur n g  b ot h  o ut b ursts,  c o nstr a n e d  t h e  n cl n at o n t o 7 2  + 3. 6

0. 6 ° w t h  

4  
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T h e  As t  o p h ysi c a l  J o u  n a l  9 9 6: 7 3  (7 p p ), 2 0 2 6  J a n u ar y  1  Br u c e  et  al.  

( a ) 2 0 1 9 S p e c t r a ( b ) 2 0 2 2 S p e c t r a

Fi g u r e  3.  T o p:  br o a d b a n d  NI C E R  (bl a c k ) a n d  N u S T A R  (bl u e ) s p e ctr u m  a n d  b est- ft  m o d el  (r e d) of  S A X  J 1 8 0 8.  (a ) d e p cts  t h e 2 0 1 9  o ut b urst  a n d  (b ) t h e 2 0 2 2  
o ut b urst.  T h e  m o d el   n cl u d es p h ot o el e ctr c  a bs or pt o n  ( n cl u d n g  nt erst ell ar  r o n a n d  o x y g e n  a b u n d a n c e ), a  t h er m all y C o m pt o n z e d  pr m ar y  c o nt n u u m,  a  
bl a c k b o d y,  a  G a uss a n  l n e, a n d  a  r e f e ct o n c o m p o n e nt.  M d dl e:  r es d u als  n u n ts  of  s g m a  of  t h e d at a  t o t h e m o d el  w t h o ut  t h e G a uss a n  l n e at  1  k e V  a n d  t h e 
r e f e ct o n c o m p o n e nt.  H er e,  t h e 1  k e V  l n e, t h e  r o n l n e, a n d  t h e h ar d  h u m p  a p p e ar.  B ott o m:  r es d u als  n u n ts  of  s g m a  of  t h e d at a  t o t h e b est- ft  m o d el,   n cl u d n g t h e 
G a uss a n  l n e a n d  r e f e ct o n c o m p o n e nt.  

t h e r e f e ct o n c o m p o n e nt,  a n d   d e nt f e d t h e 1  k e V  l n e d ur n g  
n o n b urst  e m ss o n.  

T h e  1  k e V  l n e f e at ur e  s w ell  k n o w n  t o e x st   n X-r a y  
b n ar es  a n d  h as  pr e v o usl y  b e e n   d e nt f e d  n s o ur c es  l k e 
S er p e ns  X- 1,  C y g n us  X- 2,  H er c ul es  X- 1,  a n d  H E T E  J 1 9 0 0. 1 -
2 4 5 5  (P.  C h a kr a b ort y  et  al.  2 0 2 4 ; A.  P a p tt o  et  al.  2 0 1 3 ). 
B e c a us e  t h s f e at ur e  s b el e v e d  t o b e  a  bl e n d  of  e m ss o n  l n es, 
 n cl u d n g t h e F e  L  c o m pl e x  fr o m r e f e ct o n, t h e r el at v e 
str e n gt hs  of  t h e l n es v ar y n g   s l k el y c a us n g  t h e s h ft   n 
c e ntr o d  (P.  C h a kr a b ort y  et  al.  2 0 2 4 ; R.  M.  L u dl a m  et  al.  
2 0 1 8 ). S m ul at o ns  of  a  t y p e-I t h er m o n u cl e ar b urst   n a n  
L M X B  b y  J. S p e c h er  et  al.  (2 0 2 2 ) s u g g est  t h at t h es e b ursts  ar e  
l k el y t o  o n z e a n d  h e at  t h e d s k,  alt er n g  t h e str e n gt h  of  t h e 
s oft  e x c ess  as  a  r es ult. 

W e   d e nt f e d a n  
+

0. 0 0 3
0. 0 0 8

e m ss o n  l n e at  0. 9 0  +
0. 0 2
0. 0 2 k e V  w t h  a n  

− 2  − 1 nt e ns t y of  0. 0 1 2  p h  c m  s , a p pr o x m at el y  2 0  hr  b ef or e  
t h e b ursts   n t h e 2 0 1 9  N u S T A R  o bs er v at o n.  I n 2 0 2 2,  w e  f n d  t h s 
l n e at  0. 9 9  +

0. 0 2
0. 0 4 k e V,  w t h  a  m u c h  s m all er  nt e ns t y of  0. 0 0 4  

+
0. 0 0 1
0. 0 0 2 − 2  − 1p h  c m  s . B et w e e n  t h es e o ut b ursts,  t h e r e f e ct o n 

fr a ct o n  n cr e as es fr o m 0. 3 3  +
0. 0 7

0. 0 8 t o 0. 5 3  +
0. 1 0
0. 0 5 . T h s  v ar a n c e   n 

r e f e ct o n fr a ct o n m a y  c o ntr b ut e  t o t h e s h ft  n c e ntr al  e n er g y,  
b ut  t h s  s l k el y n ot  t h e c as e.  W e  e x p e ct  t h at a n   n cr e as e  n t h e 
r e f e ct o n fr a ct o n w o ul d  c orr es p o n d  t o a  br g ht er  f e at ur e. T h s  
d o es  n ot  e x cl u d e  t h e p oss b l t y  of  r e f e ct o n aff e ct n g  t h s f e at ur e, 
b ut  w e  d o  n ot  f n d  c o n cl us v e  e v d e n c e  h er e.  S m l arl y,  t h e 
 o n z at o n p ar a m et er  l o g 

+
0. 4
0. 2 +

0. 2
0. 2

ξ , w h c h  v ar es  fr o m 0. 0  t o 4. 7,   n cr e as es 
fr o m 1. 7  t o 1. 8  b et w e e n  t h e t w o e p o c hs.  T h s  c h a n g e   n 
 o n z at o n  s l k el y c orr el at e d  w t h  t h e s h ft  n c e ntr al  e n er g y  of  
t h s f e at ur e. T h e  t h e or y t h at t h s f e at ur e  s a  bl e n d  of  s oft e m ss o n  
l n es al g ns  w t h  t h s e x pl a n at o n.  

I n f a ct, P.  B ult  et  al.  (2 0 1 9 ) a n al y z e d  t h e br g ht est  t h er m o-
n u cl e ar  b urst  of  S A X  J 1 8 0 8  n 2 0 1 9  a n d  f o u n d a n  e m ss o n  l n e 

− 2  − 1at  1. 0 5  k e V,  w t h  a n   nt e ns t y of  0. 2 7  p h  c m  s . T h s  
o bs er v at o n  t o o k pl a c e  1 2  d a ys  aft er  t h e NI C E R  o bs er v at o n  
a n al y z e d   n t h s p a p er.  T h e  m u c h  h g h er   nt e ns t y m a k es  s e ns e 
c o ns d er n g  t h e br g ht n ess  of  t h at t h er m o n u cl e ar b urst.  
R.  S h ar m a  et  al.  (2 0 2 3 )  d e nt f e d t h s f e at ur e d ur n g  p ers st e nt

− 2  − 1e m ss o n  at  0. 8 6  k e V,  w t h  a n   nt e ns t y of  0. 0 0 2  p h  c m  s . 

T h s  o bs er v at o n  us e d  Astr o S A T  a n d  o c c urr e d  4  d a ys  aft er  t h e 
N u S T A R  o bs er v at o n   n 2 0 1 9.  F n all y,  S.  C ast e n  et  al.  (2 0 2 3 )
a n al y z e d  a  NI C E R  o bs er v at o n  o c c urr n g  1  d a y  b ef or e  t h e 
o bs er v at o n  a n al y z e d   n t h s p a p er.  T h e y  f o u n d t h s f e at ur e at  
0. 9 9  k e V  b ef or e  t h e t h er m o n u cl e ar b urst  a n d  at  0. 9 6  k e V  d ur n g  
t h e b urst.  T h e y  d d  n ot  f n d  t h s f e at ur e  n t h e p ost b urst  s p e ctr u m. 
B et w e e n  t h es e a n al ys es,  t h e c e ntr al  e n er g y  s h fts b y  0. 2  k e V.  
S u c h  a  v ast  v ar at o n   n t h e c e ntr al  e n er g y  of  t h s f e at ur e  s n ot  
u n us u al.  R.  M.  L u dl a m  et  al.  (2 0 1 8 ) f o u n d t h s f e at ur e  n S er p e ns  
X- 1  at  1. 2 2  k e V,  a n d  l at er H.  H all  et  al.  (2 0 2 5 )  d e nt f e d t h s 
f e at ur e at  0. 8 7  k e V.  

T h er e  ar e  ot h er   nt er est n g e m ss o n  l n es t o b e  a n al y z e d   n 
S A X  J 1 8 0 8.  T.  D  S al v o  et  al.  (2 0 1 9 ) r e p ort e d t hr e e s oft  
e m ss o n  l n es  n a  2 0 1 5  X M M- N e wt o n  o bs er v at o n  at  2. 7,  3. 3,  
a n d  4. 0  k e V,  t h o u g ht t o b e  S ulf ur  X VI,  Ar g o n  X VIII,  a n d  
C al c u m  XI X- X X,  r es p e ct v el y. I n o ur  a n al ys s  of  t h e 2 0 1 9  
a n d  2 0 2 2  NI C E R  a n d  N u S T A R  o bs er v at o ns,  t h es e l n es w er e  
n ot   d e nt f e d. W h l e  t h e n at ur e  of  t h es e l n es  s st ll u n k n o w n,  
t h e r pr es e n c e  m a y  b e  e x pl a n e d  b y  t h e u n us u all y  s oft  s p e ctr al  
st at e  of  t h s s o ur c e   n t h e 2 0 1 5  X M M- N e wt o n  o bs er v at o n.  W e  
e m p h as z e  t h at t h s s o ur c e  s h o ul d  b e  o bs er v e d  w t h   nstr u-
m e nts  w t h  h g h er  s p e ctr al  r es ol ut o n, e. g.,  w t h  X RI S M,  t o 
f urt h er  n v est g at e t h e or g n  of  t h es e l n es. 

M o d el n g  t h e c o m b n e d  br o a d b a n d  s p e ctr u m  w t h  t h e 
bl a c k b o d y  a n d  r e f e ct o n c o m p o n e nts   n cr e as e d t h e q u al t y  of  
o ur  r es ults s g n f c a ntl y  f or t h e 2 0 2 2  s p e ctr a,  g v n g  g o o d  
e v d e n c e  t h at t h es e c o m p o n e nts  ar e  o c c urr n g   n t h e s yst e m.  
F or c n g  c ert a n  p ar a m et ers  t o b e  s elf- c o ns st e nt  b et w e e n  
o ut b ursts,  s u c h  as   n cl n at o n, als o  r es ult e d  n a n   n cr e as e d 
q u al t y  of  o ur  r es ults. T h s   n cl u d e d a  r e as o n a bl e  n cl n at o n of  
6 9 ° – 7 3 ° , w h c h  f alls w t h n  t h e r e c e ntl y m o d el e d  r a n g e of  
6 7 ° – 7 3 °  f o u n d b y  A.  J. G o o d w n  et  al.  (2 0 1 9 ). C o ns d er n g  
t h at P.  B ult  et  al.  (2 0 1 9 )  d e nt f e d a n  a c cr et o n  d s k   n t h e r 
a n al ys s,  w e  c o ns d er e d   n cl u d n g t h e a c cr et o n  d s k   n o ur  
m o d el.  H o w e v er,  A.  J. G o o d w n  et  al.  (2 0 2 0 ) pr oj e ct e d  t h e 
d s k  t e m p er at ur e t o b e  o n  t h e or d er  of  a  f e w e V  a b o ut  2  w e e ks  
b ef or e  t h e N u S T A R  o bs er v at o n.  C o ns d er n g  t h e r pr oj e ct e d  
v s c o us  t m es c al e of  4 – 1 2  d a ys,  w e  d o  n ot  e x p e ct  t h e a c cr et o n  
d s k  t o a p p e ar   n X-r a y.  T h e  2 0 2 2  o bs er v at o n  w as  t a k e n at  a  
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T h e  As t  o p h ysi c a l  J o u  n a l  9 9 6: 7 3  (7 p p ), 2 0 2 6  J a n u ar y  1  Br u c e  et  al.  

( a ) 2 0 1 9 ( b ) 2 0 2 2

Fi g u r e  4.  R el at v e  str e n gt h  of  t h e c o m p o n e nts  fr o m t h e b est- ft  m o d el  us n g  NI C E R  a n d  N u S T A R  f or t h e 2 0 1 9  a n d  2 0 2 2  o ut b ursts  of  S A X  J 1 8 0 8  fr o m S e ct o n  3. 3 . 

s m l ar  p o nt  d ur n g  t h e o ut b urst  a n d   s l k el y als o  e m tt n g  
b el o w  X-r a y   n t h s o bs er v at o n.  

St u d es  of  pr e v o us  o ut b ursts  h a v e  f o u n d u p p er  l m ts f or t h e 
 n n er d s k  r a d   of  ar o u n d  1 2  R g  d ur n g  t h e 2 0 0 8  a n d  2 0 1 5  
o ut b ursts,  a n d  t h s  s c o ns st e nt  w t h  o ur  f n d n gs  f or t h e 2 0 1 9  a n d  
2 0 2 2  o ut b ursts  (A.  P a p tt o  et  al.  2 0 0 9 ; T.  D  S al v o  et  al.  2 0 1 9 ). 

Ass u m n g  a  1. 4  M ⊙  m ass  st ar, t h e  nf err e d r a d us r a n g e d fr o m 
r o u g hl y 2 0  t o 4 0  k m  f or b ot h  o ut b ursts.  W e  e x p e ct  t h e a c cr et o n  
d s k  t o l e w t h n  t h e c or ot at o n  r a d us a  f e w d a ys  b ef or e  t h e 
o ut b urst  p e a k  w h e n  t h e N u S T A R  o bs er v at o ns  w er e  t a k e n. 
C o ns d er n g  t h e c or ot at o n  r a d us of  3 1  k m  est m at e d  b y  
A.  P atr u n o  et  al.  (2 0 1 6 ), t h es e r a d   ar e  at  t h e l ar g er e n d  of  w h at  
w o ul d  b e  e x p e ct e d  f or a n  a c cr et n g  n e utr o n  st ar. T h e  l ar g e err or  
r a n g e d o es  n ot  all o w  us  t o c o n cl u d e  w t h  c ert a nt y  w h et h er  t h e 
 n n er d s k  r a d us l es w t h n  or  o uts d e  of  t h e c or ot at o n  r a d us. 
S A X  J 1 8 0 8  s w ell  k n o w n  t o e x h b t  r e f ar n g b e h a v or,  w h er e  
t h e s o ur c e err at c all y  r e br g ht e ns aft er  t h e o ut b urst  p e a k  
(R.  W j n a n ds  et  al.  2 0 0 1 ; A.  P atr u n o  et  al.  2 0 0 9 ; M.  C.  B a gl o  
et  al.  2 0 2 0 ). D ur n g  t h s p er o d,  t h e a c cr et o n  d s k   s t h e or z e d t o 
r etr e at a n d  o ut f o w  r at h er t h a n a c cr et e  (A.  P atr u n o  et  al.  2 0 1 6 ). 
M.  C.  B a gl o  et  al.  (2 0 2 0 ) f o u n d t h e s o ur c e t o b e   n a n   sl a n d/  
h ar d  st at e f or t h e 2 0 1 9  o ut b urst  a n d  t h at t h e r e f ar n g r e g m e 
b e g ns  a p pr o x m at el y  1 3  d a ys  aft er  t h e X-r a y  p e a k  (1 7  d a ys  
b ef or e  t h e N u S T A R  o bs er v at o n ). L.  As q u n  et  al.  (2 0 2 4 ) f o u n d 
f urt h er e v d e n c e  of  t h s r etr e at, r e p ort n g t h e  n n er d s k  r a d us at  
≈ 5 1 0 0  k m  (o v er  1 0 3  R g ) 3  w e e ks  aft er  t h e 2 0 1 9  o ut b urst.  
E x pl a n at o ns  s u g g est e d f or t h s c h a n g n g  r a d us  n cl u d e c h a n g es  
 n a c cr et o n  g e o m etr y  o v er  t h e c o urs e  of  t h e o ut b urst,  v ar y n g  
m ass-tr a nsf er  r at es, or  alt er n at v e  o ut b urst  m e c h a n s ms  (A.  P at -
r u n o et  al.  2 0 1 6 ; A.  J. G o o d w n  et  al.  2 0 2 0 ; K.  V.  S.  G as e al a h w e  
et  al.  2 0 2 3 ). T h es e  k n o w n  d y n a m c  c h a n g es  w t h n  a  s n gl e 
o ut b urst  o bs c ur e  a  c o n cl us v e   nt er pr et at o n of  o ur   n n er d s k  
r a d   o bt a n e d  fr o m t h e r e f e ct o n c o m p o n e nt  of  t h e m o d el.  M or e  
o bs er v at o ns  ar e  n e e d e d  t o f urt h er pr o b e  h o w  t h e a c cr et o n  d s k  
g e o m etr y  c h a n g es  o v er  t h e c o urs e  of  a  s n gl e o ut b urst.  

T h e  f u ct u at o n   n c e ntr al  e n er g y  of  t h e 1  k e V  f e at ur e 
m ot v at es  f urt h er  n v est g at o n. T h e  dr ast c  s h ft   n t h e 2 0 1 9  
o bs er v at o ns  m a y  b e  e x pl a n e d  b y  t h er m o n u cl e ar b ursts,  
c h a n g es   n r e f e ct o n, or  c h a n g es   n  o n z at o n d u e  t o 
 rr a d at o n of  t h e d s k.  W e  pl a n  t o e xt e n d  o ur  a n al ys s  t o all  
a v a l a bl e  NI C E R  o bs er v at o ns  f or t h e 2 0 1 9  a n d  2 0 2 2  o ut -
b ursts,  w h c h  c o ul d  pr o v d e  f urt h er  ns g ht  nt o t h s el us v e  
s o ur c e,  p oss bl y  s u p p ort e d  b y  m ult w a v el e n gt h  a n al ys s.  

5.  C o n cl usi o n  

I n t h s p a p er,  w e  a n al y z e d  t h e c o m b n e d  br o a d b a n d  NI C E R  
a n d  N u S T A R  s p e ctr u m of  S A X  J 1 8 0 8 f or t h e frst  t m e. I n o ur  
d et a l e d  a n al ys s,  w e   d e nt f e d s e v er al t h er m o n u cl e ar b ursts  
o c c urr n g  d ur n g  t h e 2 0 1 9  a n d  2 0 2 2  o bs er v at o ns  p erf or m e d  b y  
NI C E R.  W e  als o  p erf or m e d  t m e-r es ol v e d s p e ctr al a n al ys s  of  
t w o t h er m o n u cl e ar b ursts  o c c urr n g  d ur n g  t h e 2 0 1 9  N u S T A R  
o bs er v at o ns.  O ur  s p e ctr al m o d el n g  pr o v d es  e v d e n c e  of  
r e f e ct o n d ur n g  o ut b ursts  a n d  c o nstr a ns  t h e  n cl n at o n 
b et w e e n  6 9 ° a n d  7 3 °. W e  als o  d et e ct e d  t h e 1  k e V  f e at ur e  n 
t h e s p e ctr a of  b ot h  o ut b ursts,  at  0. 9 0  k e V   n 2 0 1 9  a n d  0. 9 9  k e V  
 n 2 0 2 2.  T h s,  al o n g  w t h  t h e a n al ys es  of  S.  C ast e n  et  al.  (2 0 2 3 ), 
P.  B ult  et  al.  (2 0 1 9 ), a n d  R.  S h ar m a  et  al.  (2 0 2 3 ), s h o ws t h at t h s 
l n e v ar es  gr e atl y   n c e ntr al  e n er g y  d ur n g  t h e 2 0 1 9  o ut b urst.  T o  
t h e b est  of  o ur  k n o wl e d g e,  w e  ar e  t h e frst  t o a n al y z e  s p e ctr a 
fr o m t h e 2 0 2 2  o ut b urst  a n d  t h e frst  t o  d e nt f y t h e 1  k e V  f e at ur e 
 n t h s o ut b urst.  I n a  s u bs e q u e nt p a p er,  w e   nt e n d t o c o nt n u e  o ur  
 n v est g at o n of  t h e NI C E R  d at a,  w t h  p art c ul ar  f o c us o n  t h s 
1  k e V  f e at ur e. T h e  c o nstr a n e d  p ar a m et ers  fr o m o ur  br o a d b a n d  
a n al ys s  w ll  a d   n t h s f ut ur e m o d el n g.  

A c k n o wl e d g m e nts  

W e  t h a n k Dr.  A.  F a b a n,  Dr.  A.  L o h f n k,  Dr.  T.  E n ot o,  a n d  t h e 
a n o n y m o us  r ef er e e f or t h e r us ef ul  a d v c e  a n d  c o m m e nts.  W e  als o  
t h a n k Mr.  E.  Br u c e  f or h s  c o nt n u n g  t e c h n c al s u p p ort. L astl y,  
w e  w o ul d  l k e t o t h a n k t h e M o nt a n a  S p a c e  Gr a nt  C o ns ort u m  
O p p ort u n t es   n N A S A  S T E M  (A w ar d  I D: 8 0 N S S C 2 0 M 0 0 4 2)
f or f u n d n g t h s r es e ar c h  n p art.  T h s  r es e ar c h h as  m a d e  us e  of  
d at a  a n d / or  s oft w ar e pr o v d e d  b y  t h e H g h  E n er g y  Astr o p h ys cs  
S c e n c e  Ar c h v e  R es e ar c h  C e nt er  (H E A S A R C ), w h c h   s a  
s er v c e of  t h e Astr o p h ys cs  S c e n c e  D v s o n  at  N A S A / G S F C.  
C o m p ut at o n al  eff orts  w er e  p erf or m e d  o n  t h e T e m p est  H g h  
P erf or m a n c e  C o m p ut n g  S yst e m,  o p er at e d  a n d  s u p p ort e d b y  
U n v ers t y  I nf or m at o n T e c h n ol o g y  R es e ar c h  C y b er nfr astr u ct ur e  
(R RI D: S C R _ 0 2 6 2 2 9 ) at  M o nt a n a  St at e  U n v ers t y.  

A p p e n di   

T h e  r es u d u als of  t h e m o d el e d  s p e ctr a  d ur n g  t h e t w o 
t h er m o n u cl e ar b ursts  o c c urr n g  d ur n g  t h e 2 0 1 9  N u S T A R  
o bs er v at o n  ar e  s h o w   n F g ur e  5 . E a c h  s e ct o n  of  t h e b urst  w as  
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T h e  As t  o p h ysi c a l  J o u  n a l  9 9 6: 7 3  (7 p p ), 2 0 2 6  J a n u ar y  1  Br u c e  et  al.  

Fi g u r e  5.  R es d u als   n u n ts  of  s g m a  f or e a c h  s e ct o n  of  t h e m o d el e d  s p e ctr a  d ur n g  t h e t w o t h er m o n u cl e ar b ursts.  T o p:  r s e. T o p  m d dl e:  p e a k.  B ott o m  m d dl e:  
d e cl n e  1.  B ott o m:  d e cl n e  2.  

m o d el e d  w t h  p h ot o el e ctr c  a bs or pt o n  ( n cl u d n g  nt erst ell ar 
o x y g e n  a n d   r o n a b u n d a n c e ) a n d  bl a c k b o d y  c o m p o n e nts.  
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