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1.  I nt r o d u cti o n  

T h e  fr st  n e utr o n  st ar  ( N S)  c o oli n g  c al c ul ati o n s  [1 ]  s h o w e d  t h at  N S s  c a n  b e  vi si bl e  a s  X-r a y  

s o ur c e s  f or  a b o ut  a  milli o n  y e ar s.  Aft er  a  s u p er n o v a  e x pl o si o n,  a  n e wl y  f or m e d  N S  fr st  c o ol s

vi a  v ari o u s  n e utri n o  e mi s si o n  m e c h a ni s m s  b ef or e  t h e  s urf a c e  p h ot o n  r a di ati o n  t a k e s  o v er.  T h e

l a u n c h  of  t h e  Ei nst ei n  O bs er v at or y  g a v e  t h e  fr st  h o p e  of  d et e cti n g  t h er m al  r a di ati o n  dir e ctl y

fr o m  t h e  s urf a c e  of  N S s.  H o w e v er,  t h e  t e m p er at ur e s  o bt ai n e d  b y  t h e  Ei nst ei n  w er e  o nl y  t h e  u p -

p er  li mit s.  R O S A T  o f er e d  t h e  fr st  c o n fr m e d  d et e cti o n s  ( n ot  j u st  u p p er  li mit s)  f or  s u c h  s urf a c e

t h er m al  r a di ati o n  fr o m  at  l e a st  t hr e e  c o oli n g  N S s:  P S R  B 0 6 5 6 + 1 4,  P S R  J 0 6 3 3 + 1 7 4 6  ( G e mi n g a),

a n d  P S R  B 1 0 5 5- 5 2  [2 ].  

M or e  r e c e ntl y,  t h e  pr o s p e ct  f or  m e a s uri n g  t h e  s urf a c e  t e m p er at ur e  of  i s ol at e d  N S s,  a s  w ell  

a s  o bt ai ni n g  b ett er  u p p er  li mit s,  h a s  i n cr e a s e d  tr e m e n d o u sl y,  t h a n k s  t o  t h e  a b u n d a nt  s u p eri or

X-r a y  d at a  fr o m  C h a n dr a ,  X M M- N e wt o n ,  X RI S M ,  et c.,  a s  w ell  a s  t h e  d at a  i n  t h e  l o w er  e n er g y

b a n d s  fr o m  o pti c al – U V  t el e s c o p e s  s u c h  a s  t h e  H u b bl e  S p a c e  Tel es c o p e  ( H S T).  C o n s e q u e ntl y,  

t h e  n u m b er  of  p o s si bl e  s urf a c e  t e m p er at ur e  d et e cti o n s  f or  i s ol at e d  N S s  h a s  i n cr e a s e d  tr e m e n-

d o u sl y.  T h e s e  d e v el o p m e nt s  h a v e  pr o v e n  t o  o f er  s eri o u s  “t ur ni n g  p oi nt s ”  f or  t h e  d et e ct a bilit y

of  t h er m al  r a di ati o n  dir e ctl y  fr o m  t h e  s urf a c e  of  N S s,  b e c a u s e  w e  c a n  n o w  s eri o u sl y  c o m p ar e

t h e  o b s er v e d  t e m p er at ur e s  wit h  N S  c o oli n g  t h e ori e s;  s e e,  e. g.  R ef.  [3 ].  
∗ k at h eri n e br u c e @ m o nt a n a. e d u  
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N S  t e m p er at ur e  o b s er v ati o n s  ar e  v er y  i m p ort a nt  b e c a u s e  t h e y  c a n  pr o b e  v ari o u s  p h y si c al

pr o p erti e s  of  N S s.  F or  e x a m pl e,  t h e y  c a n  e x a mi n e  t h e  c o m p o siti o n  a n d  t h e  q u a nt u m  st at e  ( e. g.

s u p er f ui dit y,  s u p er c o n d u cti vit y,  et c.)  of  s o m e  of  t h e  c o n stit u e nt  p arti cl e s,  w hi c h  ar e  h ar d  t o

e x a mi n e  dir e ctl y  ( s e e,  e. g.  R ef.  [4 ]).  

M a n y  N S s  c o ol  b y  t h e  st a n d ar d  n e utri n o  c o oli n g  pr o c e s s,  s u c h  a s  t h e  m o di f e d  Ur c a  pr o c e s s

a n d  t h e  br e m s str a hl u n g  pr o c e s s;  s e e,  e. g.  R ef.  [1 ].  H o w e v er,  s o m e  c o ol er  N S s  c o ol  f a st er,  a n d

t h e y  r e q uir e  a  f a st er  dir e ct  Ur c a  pr o c e s s,  w hi c h  i s  m o di f e d  b y,  e. g.  t h e  s u p er f ui dit y  of  t h e

c o n stit u e nt  p arti cl e s  [5 ].  T h er e  ar e  v ari o u s  s u c h  dir e ct  Ur c a  pr o c e s s e s  ( s e e  S e cti o n  2. 2 ).  T h e

dir e ct  Ur c a  pr o c e s s  wit h  h y p er o n s  i s  o n e  of  t h e s e  p o s si biliti e s.  T h e  dir e ct  Ur c a  c o oli n g  f or  st ar s

wit h  a  h y p er o n- mi x e d  c or e  w a s  e x a mi n e d  i n  o ur  r e c e nt  p a p er  [3 ].  T h e  c urr e nt  p a p er  f urt h er

e x a mi n e s  t h e  h y p er o n  dir e ct  Ur c a  c o oli n g,  w hi c h  i s  a  c o nti n u ati o n  of  t h e  e arli er  p a p er  [3 ].

T h er e  ar e  t hr e e  m aj or  m oti v ati o n s  f or  c arr yi n g  o ut  t h e  c urr e nt  st u di e s  a s  a  f oll o w- u p.  

(i)  I n  o ur  r e c e nt  p a p er  [3 ],  w h er e  t h e  h y p er o n  dir e ct  Ur c a  w a s  u s e d,  w e  a d o pt e d  t h e  T NI 6 U

e q u ati o n  of  st at e  ( E O S)  m o d el,  w h er e  t h e  m a xi m u m  m a s s  of  t h e  st ar  g et s  u p  t o  1. 8 M  .  H o w e v er,  

si n c e  t h e n  R ef.  [6 ]  s h o w e d  t h at  t h e  m a xi m u m  m a s s  of  a n  N S  g et s  u p  t o  n e ar  2 M  .  O n e  m aj or  

m oti v ati o n  of  t h e  c urr e nt  p a p er  i s  t o  i m pr o v e  o ur  m o d el  b y  a d o pti n g  a  n e w  E O S,  T NI 8 U,  w h o s e  

m a xi m u m  m a s s  i s  2. 1 M  .  

(ii)  A n ot h er  m oti v ati o n  of  t h e  c urr e nt  p a p er  i s  t h at  t h e  n e w  m o d el  T NI 8 U  a d o pt e d  n ot  o nl y

pr o d u c e s  t h e  r e q uir e d  hi g h er  st ell ar  m a s s  st ar s,  b ut  al s o  it  i s  m or e  p h y si c all y  r el e v a nt  b e c a u s e

t h e  n e w  E O S  T NI 8 U  a d o pt s  a  m or e  u ni v er s al  a p pr o a c h,  w h er e  t h e  m a n y- b o d y  f or c e  e xt e n d s

t o  all  c o n stit u e nt  p arti cl e s,  i n cl u di n g  h y p er o n s.  I n  t h e  T NI 6 U  m o d el  a d o pt e d  i n  R ef.  [3 ],  t h e

m a n y- b o d y  f or c e  a p pli e s  o nl y  t o  n u cl e o n s.  

(iii)  T h e  t hir d  m oti v ati o n  of  t hi s  p a p er  i s  t h e  si g ni f c a nt  i m pr o v e m e nt  o n  t h e  o b s er v ati o n  d at a

t h e m s el v e s.  S o  f ar,  t h e  o b s er v ati o n  d at a  a d o pt e d  i n  all  p u bli s h e d  p a p er s  h a v e  n ot  b e e n  u nif or ml y

or g a ni z e d  a n d  n ot  b e e n  u p  t o  d at e.  I n  o ur  c urr e nt  e f ort,  f or  t h e  fr st  ti m e,  t o  o ur  k n o wl e d g e,  a

c o n si d er a bl e  a m o u nt  of  ti m e  h a s  b e e n  s p e nt,  wit h  s p e ci al  c ar e,  t o  e x a mi n e  all  c urr e ntl y  u p-t o -

d at e  o b s er v ati o n  d at a  o n  i s ol at e d  N S s,  a n d  t h e  r e s ult s  ar e  pr e s e nt e d  i n  T a bl e  A 1 ,  a n d  t h e y  ar e

c o m p ar e d  wit h  t h e  r e c e ntl y  p u bli s h e d  e arli er  d at a  ( s e e  S e cti o n s  3 ,  4 ,  a n d  5 ).  

Aft er  t h e  i ntr o d u cti o n  i n  S e cti o n  1 ,  w e  pr e s e nt  i n  S e cti o n  2  t h e  t h er m al  e v ol uti o n  m o d el  

a d o pt e d,  a n d  S e cti o n  3  i ntr o d u c e s  t h e  u p d at e d  o b s er v ati o n al  d at a.  S e cti o n  4  pr e s e nt s  t h e  r e s ult s,

w hi c h  ar e  c o m p ar e d  wit h  t h e  u p-t o- d at e  o b s er v ati o n  d at a.  T h e  di s c u s si o n  f oll o w s  i n  S e cti o n  5 ,

a n d  t h e  c o n cl u si o n  i s  gi v e n  i n  S e cti o n  6 .  

2.  T h e r m al  e v ol uti o n  m o d el  

I n  t h e  fr st  d et ail e d  c al c ul ati o n s  f or  t h e  N S  m o d el  i n  R ef.  [1 ],  t h e  i s ot h er m al  a p pr o xi m ati o n  w a s  

a p pli e d,  w h er e  a  s et  of  b a si c  st ell ar  str u ct ur e- e v ol uti o n  e q u ati o n s  i s  di vi d e d  i nt o  t h e  fr st  t w o

e q u ati o n s  f or  t h e  st ell ar  str u ct ur e  a n d  t h e  l a st  t w o  f or  t h e  st ell ar  e v ol uti o n  a n d  e n er g y  tr a n s-

p ort.  S o o n  aft er  t h e  fr st  N S  w a s  di s c o v er e d,  t h e  fr st  n u m eri c al  b a si c  g e n er al  r el ati vi sti c  st ell ar

str u ct ur e- e v ol uti o n  c o d e  w a s  c o n str u ct e d,  w h er e  t h e  w h ol e  s et  of  st ell ar  str u ct ur e- e v ol uti o n

e q u ati o n s  i s  s ol v e d  si m ult a n e o u sl y  wit h o ut  m a ki n g  t h e  i s ot h er m al  a p pr o xi m ati o n;  s e e,  e. g.

R ef.  [5 ].  W e  r ef er  t o  t hi s  c o d e,  f or  c o n v e ni e n c e,  a s  “t h e  e x a ct  n e utr o n  st ar  e v ol uti o n  c o d e. ”

Si n c e  t h e n,  o v er  t h e  y e ar s,  t hi s  c o d e  h a s  b e e n  r e f n e d  a n d  i m pr o v e d  c o nti n u o u sl y.  C o n s ult  wit h  

t h e  a b u n d a nt  alr e a d y  p u bli s h e d  g e n er al  a n d  r e vi e w  p a p er s,  li st e d,  e. g.  i n  R ef s.  [7 ,8 ],  a n d  [5 ],

f or  t h e  d et ail s.  
2/ 1 3  
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I n  o ur  c urr e nt  c al c ul ati o n s,  w e  a d o pt  t h e  l at e st  v er si o n  of  o ur  e x a ct  N S  str u ct ur e- e v ol uti o n

c o d e,  w hi c h  c o n si st s  of  t h e  fr st  t w o  r el ati vi sti c  T ol m a n – O p p e n h ei m er – V ol k o f  str u ct ur e  e q u a -

ti o n s,  a n d  t h e  r el ati vi sti c  v er si o n  of  t h e  l a st  t w o,  f or  t h e  st ell ar  e v ol uti o n  a n d  t h e  e n er g y  tr a n s-

p ort.  T h e  str u ct ur e  e q u ati o n s  ar e  i nt e gr at e d  c o n si d eri n g  t h e  r a di ati v e  a n d  c o n d u cti v e  o p a cit y,

n e utri n o  l u mi n o sit y,  p h ot o n  l u mi n o sit y,  et c.,  at  e a c h  ti m e- st e p  i n  t h e  e v ol uti o n ar y  s e q u e n c e.  

I n  or d er  t o  s ol v e  o ur  e x a ct  e v ol uti o n ar y  c o d e  f or  st u d yi n g  t h e  n at ur e  of  N S  t h er m al  e v ol uti o n,

s e v er al  i n gr e di e nt s,  s u c h  a s  t h e  p h y si c al  i n p ut,  ar e  r e q uir e d.  I n  t h e  f oll o wi n g  s u b s e cti o n s,  w e  

s u m m ari z e  t h e  b a si c  p h y si c s  i n v ol v e d.  I n  o ur  N S  t h er m al  e v ol uti o n  c o d e,  w e  c urr e ntl y  utili z e

t h e  m o st  u p-t o- d at e  v er si o n.  

2. 1.  E O S  

A m o n g  t h e  i m p ort a nt  i n p ut  p h y si c s,  t h e  o ut st a n di n g  o n e  i s  t h e  E O S,  P  = P (X , ρ,  T  ),  w h er e  X

i s  t h e  c o m p o siti o n,  ρ  i s  t h e  e n er g y  d e n sit y  i n cl u di n g  b ot h  ki n eti c  a n d  p ot e nti al  e n er g y,  a n d  T

i s  t e m p er at ur e.  T hi s  e q u ati o n  d e p e n d s  h e a vil y  o n  t h e  str o n g  f or c e  a m o n g  c o n stit u e nt  p arti cl e s.

A  “s oft ”  E O S  i n cl u d e s  a  str o n g  attr a cti v e  n u cl e ar  f or c e  b et w e e n  p arti cl e s,  cr e ati n g  a  l o w er

m a s s  a n d  d e n s er  st ar,  w h er e a s  a  “sti f ”  E O S  i n cl u d e s  str o n g er  r e p ul si v e  f or c e s,  l e a di n g  t o  hi g h er-

m a s s  st ar s  wit h  a  l o w er  c e ntr al  d e n sit y.  

E arli er,  t h e  i n cl u si o n  of  h y p er o n s  i n  N S  c or e s  l e d  t o  E O S  t h at  w er e  t o o  s oft  t o  pr o d u c e  st ar s

c o m p ar a bl e  t o  o b s er v ati o n s.  T h at  pr o bl e m  w a s  s ol v e d,  e. g.  i n  t h e  n e w  E O S  cr e at e d  b y  t h e  T a k at -

s u k a  gr o u p,  T NI 6 U  a n d  T NI 8 U  [ 9 ],  a n d  i n  t h e  c urr e nt  arti cl e,  t h e s e  E O S  ar e  u s e d.  T h e s e  E O S  

a d o pt  t h e  m a n y- b o d y  f or c e  a p pr o a c h.  I n  t h e  l at e st  T NI 8 U  a d o pt e d  i n  t h e  c urr e nt  arti cl e,  t h e

U ni v er s al  m a n y- b o d y  a p pr o a c h  i s  u s e d.  I n  o ur  e arli er  E O S  T NI 6 U  u s e d  i n  R ef.  [3 ],  t h e  t w o-

b o d y  n u cl e ar  f or c e  w a s  a p pli e d  o nl y  a m o n g  n u cl e o n s.  H o w e v er,  i n  t h e  n e w  T NI 8 U,  t h e  m a n y-

b o d y  f or c e  i s  a p pli e d  t o  all  c o n stit u e nt  p arti cl e s,  i n cl u di n g  b ot h  h y p er o n s  a n d  n u cl e o n s,  n ot

j u st  n u cl e o n s.  T h e  a d o pti o n  of  t h e  e arli er  T NI 6 U  E O S  l e d  t o  a  m a xi m u m  st ell ar  m a s s  of  1. 8 M  ,

w hi c h  i s  l o w er  t h a n  t h e  m a s s  of  a  n e wl y  o b s er v e d  N S  wit h  1. 9 7 M  [6 ].  Wit h  t h e  n e w  T NI 8 U

E O S  a d o pt e d  i n  t h e  c urr e nt  p a p er,  t h e  m a xi m u m  m a s s  r e a c h e s  2. 1 M  .  I n  t hi s  n e w  E O S  T NI 8 U,

t h e  str o n g  m a n y- b o d y  f or c e  a ct s  u ni v er s all y  a m o n g  all  c o n stit u e nt  p arti cl e s,  i n cl u di n g  h y p er-

o n s,  n ot  j u st  a m o n g  n u cl e o n s  [9 ].  T hi s  a d diti o n al  r e p ul si v e  f or c e  m a k e s  t h e  E O S  sti f  e n o u g h

t o  pr o d u c e  st ar s  m a s si v e  e n o u g h  t o  i n cl u d e  t h e  n e w  u p p er  m a s s  li mit.  

I n  Fi g.  1 ,  t h e  pr e s s ur e  v s.  e n er g y  d e n sit y  r el ati o n  i s  s h o w n  f or  b ot h  t h e  T NI 6 U  a n d  T NI 8 U

m o d el s.  W e  s e e  t h at  b ot h  c ur v e s  ar e  a p pr o xi m at el y  si mil ar  u ntil  a b o ut  t h e  n u cl e ar  d e n sit y,  b ut,

a s  e x p e ct e d,  T NI 8 U  g et s  s o m e w h at  sti f er  a n d  hi g h er  b e y o n d  t h at  d e n sit y.  T h e  di f er e n c e  g et s

l ar g er  a s  t h e  d e n sit y  i n cr e a s e s.  T h at  r e s ult s  i n  t h e  st ell ar  m a s s  r e a c hi n g  t h e  r e q uir e d  m a xi m u m  

m a s s  f or  T NI 8 U.  

T h e  pr o p erti e s  of  st ar s  g e n er at e d  wit h  o ur  t w o  E O S,  T NI 6 U  a n d  T NI 8 U,  ar e  s h o w n  i n  T a bl e  1 .

C o m p ari n g  t h e s e  t w o  c a s e s  f or  t h e  s a m e  e f e cti v e  m a s s e s  M p  of,  e. g.  1. 4 M  a n d  1. 6 M  ,  w e  

cl e arl y  s e e  t h at  T NI 8 U  h a s  a  l ar g er  r a di u s  R ,  l o w er  c e ntr al  d e n sit y  ρ c  ,  a n d  l o w er  pr e s s ur e  P c .  T h em  

st ell ar  r a di u s  i s  1 1. 7 7 8 – 1 1. 3 6 4  k m  f or  T NI 8 U  a n d  1 1. 1 6 2 – 1 0. 3 5 0  k m  f or  T NI 6 U.  T h e s e  v al u e s

ar e  alr e a d y  e x p e ct e d  fr o m  t h e  e arli er  w or k s  [1 ],  b e c a u s e  b ot h  of  t h e s e  E O S  ar e  m or e  or  l e s s  of

a  t y pi c al  m e di u m  r a n g e.  

2. 2.  N e utri n o  e missi o n  

I n  g e n er al,  d uri n g  t h e  e arli er  h ot  st a g e s,  N S s  c o ol  b y  n e utri n o  e mi s si o n s,  b ut  t h e n  at  a n  a g e  of

a b o ut  1 0 5 − 6  y e ar s,  w h e n  t h e  st ar  b e c o m e s  c o ol er,  t h e  l u mi n o sit y  of  p h ot o n s  e mitt e d  fr o m  t h e
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Fi g.  1.  L o g  e n er g y  d e n sit y  v er s u s  l o g  pr e s s ur e  f or  T NI 6 U  ( bl a c k)  a n d  T NI 8 U  (r e d).  F or  e n er g y  d e n siti e s  
b el o w  1 0 1 4  er g s/ c m 3 ,  t h e  E O S  ar e  t h e  s a m e.  

T a bl e  1.  Pr o p erti e s  of  E O S  m o d el s  T NI 6 U  a n d  T NI 8 U.  N ot e s:  R  [ k m],  R e  [ k m],  M p  [M  ],  ρ c  [ g/ c m3 ],m  
c  [ g/ c m3 ],  a n d  P c  [ d y n e/ c m2 ]  ar e  st ell ar  r a di u s,  e f e cti v e  r a di u s,  pr o p er  ( b ar y o ni c)  m a s s,  c e ntr al  b ar y o n  

m att er  d e n sit y,  c e ntr al  e n er g y  d e n sit y,  a n d  pr e s s ur e,  r e s p e cti v el y.  

E O S  R  R e  M p  l o g(ρ c  )m l o g(  c  )  l o g(P c )  

T NI 8 U  1 1. 7 7 8  1 4. 1 7 1  1. 4  1 4. 9 3 6  1 4. 9 2 4  3 4. 9 8 1  
1 1. 7 5 0  1 4. 3 4 2  1. 5  1 4. 9 6 2  1 4. 9 6 4  3 5. 0 4 5  
1 1. 7 0 6  1 4. 5 0 4  1. 6  1 4. 9 8 7  1 4. 9 8 4  3 5. 1 1 0  
1 1. 6 6 5  1 4. 6 7 2  1. 7  1 5. 0 1 3  1 5. 0 1 4  3 5. 1 7 4  
1 1. 6 1 1  1 4. 8 3 3  1. 8  1 5. 0 4 0  1 5. 0 4 8  3 5. 2 3 7  
1 1. 5 3 6  1 4. 9 8 3  1. 9  1 5. 0 3 4  1 5. 0 7 4  3 5. 3 0 3  
1 1. 4 6 1  1 5. 1 3 5  2. 0  1 5. 0 9 4  1 5. 0 9 4  3 5. 3 6 8  
1 1. 3 6 4  1 5. 2 7 7  2. 1  1 5. 1 2 3  1 5. 1 2 4  3 5. 4 3 6  

T NI 6 U  1 1. 1 6 2  1 3. 6 7 5  1. 4  1 5. 0 1 8  1 5. 0 6 0  3 5. 1 5 5  
1 0. 9 1 1  1 3. 9 0 4  1. 6  1 5. 0 9 3  1 5. 1 4 0  3 5. 3 3 8  
1 0. 8 6 7  1 3. 9 3 7  1. 6 3  1 5. 1 0 6  1 5. 1 5 9  3 5. 3 6 7  
1 0. 8 0 0  1 3. 9 7 6  1. 6 7  1 5. 1 2 3  1 5. 1 8 0  3 4. 4 0 9  
1 0. 6 7 6  1 4. 0 1 9  1. 7 3  1 5. 1 5 2  1 5. 2 1 4  3 5. 4 7 6  
1 0. 6 3 3  1 4. 0 3 4  1. 7 5  1 5. 1 6 2  1 5. 2 2 6  3 5. 5 0 0  
1 0. 6 1 0  1 4. 0 4 1  1. 7 6  1 5. 1 6 7  1 5. 2 3 0  3 5. 5 1 2  
1 0. 3 5 0  1 4. 1 0 1  1. 8 5  1 5. 2 9 0  1 5. 4 5 1  3 5. 7 8 2  

D
o

w
nl

o
a
d
e
d fr

o
m 

htt
ps://

ac
a
d
e

mic.
o
u
p.c

o
m/

pt
e
p/

articl
e/

2
0
2
6/

5/
0
5
3

E
0
2/

8
6
5
4
5
8
8 

by 
M
o
nt

a
n
a 

St
at

e 
U
niv

ersity - 
B
oz

e
m
a
n 

us
er 

o
n 

2
4 J

u
n
e 

2
0
2
6 

 

 

 

3 8 

3 7 

3 3 

1 4 1 4. 5 1 5 

L o g E n er g y  D e nsit y  ( er gs/ c m 3 ) 

1 5. 5 

T NI 6 U 
T NI 8 U 

1 6 
st ell ar  s urf a c e  b e gi n s  t o  d o mi n at e.  T h e  n e utri n o  l u mi n o sit y  i s  m u c h  str o n g er  t h a n  a n y  ot h er

e mi s si o n  pr o c e s s  at  hi g h  t e m p er at ur e s,  e x pl ai ni n g  it s  d o mi n a n c e  i n  t h e  e arli er  st a g e s  of  c o oli n g.

B ot h  pr o c e s s e s  d e p e n d  o n  t e m p er at ur e,  s o  a s  t h e  st ar  c o ol s,  t h e  e f ci e n c y  of  n e utri n o  c o oli n g
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drops and photon cooling takes over. See, e.g. Ref. [10], and the most recent review in Ref. [5],
for further details. 
The neutrino cooling era is the most important during the earlier stages, where the neutrino

emission could be due to either a standard or a nonstandard process. The Pauli Exclusion Prin-
ciple prohibits direct Urca cooling from happening with plain neutron matter [11], unless the
proton fraction is high enough. This leads to the modi�ed Urca process. However, in various
other cases, the faster direct Urca process is possible, e.g. the direct Urca involving various hy-
perons ( , , etc.), those involving quarks, kaon condensates, pion condensates, etc. The details
are found in, e.g. Ref. [8] and the more recent review paper [5]. 
The earlier calculations have used slower neutrino cooling mechanisms such as modi�ed

Urca, plasmon, and bremsstrahlung processes, usually referred to as “standard” cooling mech-
anisms. Many stars observed are consistent with the standard cooling, but some stars cool faster
(see Sections 3 and 4). These stars require faster cooling. With the presence of exotic particles,
much faster “nonstandard” cooling mechanisms can occur. There are various processes where
that takes place. The hyperon direct Urca is one possibility. 
In this paper, we adopt the hyperon-mixed stars where the hyperon direct Urca process is

possible. For both TNI6U and TNI8U, the small NS radius (see Table 1) leads to a low proton
fraction, below the threshold of 1/9 required for the nucleon direct Urca process [1]. As a re-
sult, there must be an alternative fast cooling process to explain some cold NS observations [12].
In these EOS, if the density becomes high enough, then hyperons can be present in the core.
This leads to fast cooling via the hyperon direct Urca cooling process for stars with around M ≈
1.9M and heavier. The current paper is the continuation of Ref. [3], which �rst investigated the
possibility of the hyperon direct Urca cooling process. We adopt the modi�ed nucleon Urca pro-
cess and other standard processes for less massive stars in the absence of hyperons, whereas all
the hyperon direct Urca processes are used in more massive stars with the hyperon-mixed core.

2.3. E�ect of super�uidity 
Once the core temperature of the star falls below the critical temperature for super�uidity of a
constituent particle Tc, the particle becomes super�uid. 
Figure 2 shows the density dependence of super�uid critical temperature Tc, where n and p

refer to neutron and proton, and the rest are various kinds of hyperons. The one-pion-exchange
potential (OPEG) O-B model is for nucleons, whereas the Ehime model is for hyperons. The
TNI6U model is adopted to obtain Fig. 2, but it is usable for the qualitative discussion of our
TNI8U model also, because the super�uid property of these models is quite similar. 
The super�uidity of a particle leads to suppression of its neutrino emission when the temper-

ature T becomes below the critical super�uid temperature Tc, and that causes the star to cool
more slowly. Speci�cally, when T gets below Tc the luminosity decreases roughly exponentially
as T/Tc [3,5]. 
As the star cools after the formation by a supernova explosion and the interior temperature

falls below the super�uid critical temperature, Tc, some constituent particles become super-
�uid. That causes suppression of both speci�c heat (and hence the internal energy) and all
neutrino processes involving these particles. The net e�ect is that the star cools more slowly
(and hence the surface temperature and luminosity will be higher) during the earlier neutrino
cooling era. 
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Fi g.  2.  D e n sit y  d e p e n d e n c e  of  criti c al  t e m p er at ur e  f or  v ari o u s  s u p er f ui d  m o d el s,  t a k e n  fr o m  R ef.  [3 ].  
N D:  Nij m e g e n- D;  F- G:  F u n a b a s hi- Gif u.  
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2. 4.  O p a cit y  

I n  t h e  c e ntr al  c or e  of  a n  N S,  t h e  c o n d u cti vit y  of  t h e  c o n stit u e nt  p arti cl e s  ( pr ot o n s,  n e utr o n s,

h y p er o n s,  et c.)  i s  s o  hi g h  t h at  t h e  st ell ar  c or e  i s  e s s e nti all y  i s ot h er m al.  T h e  s urr o u n di n g  cr u st

j u st  o ut si d e  t h e  c or e  c o n si st s  of  hi g hl y  n e utr o n-ri c h  h e a v y  n u cl ei,  fr e e  n e utr o n s,  a n d  el e ctr o n s

wit h  hi g h  c o n d u cti vit y.  H o w e v er,  i n  t h e  cr u st  cl o s er  t o  t h e  s urf a c e,  fr e e  n e utr o n s  di s a p p e ar,  a n d

t h e  h e a v y  n u cl ei  ar e  l e s s  c o nt a mi n at e d  b y  n e utr o n s.  I n  t hi s  ar e a,  b ot h  r a di ati v e  a n d  c o n d u cti v e

o p a cit y  c a n  o p er at e,  d e p e n di n g  o n  t h e  t e m p er at ur e  [1 ,3 ].  

2. 5.  C o m p ositi o n  

T h e  c o m p o siti o n  of  t h e  m att er  i n  t h e  N S  c or e s  i s  pr e d o mi n a ntl y  n e utr o n s  wit h  a  s m all  fr a cti o n

of  pr ot o n s,  el e ctr o n s,  a n d  m u o n s  if  t h e  d e n sit y  i s  m o d er at e  ( 0. 6 – 1)× 1 0 1 5  g  c m − 3 .  F or  hi g h er

d e n siti e s,  h y p er o n  c o nt a mi n ati o n,  pi o n  c o n d e n s ati o n,  k a o n  c o n d e n s ati o n,  a n d  t h e  q u ar k  d e -

c o n f n e d  p h a s e  m a y  a p p e ar  i n  t h e  i n n er  c e ntr al  c or e,  w hil e  N S  m att er  will  r e m ai n  i n  t h e  o ut er -

m o st  r e gi o n  of  t h e  c or e.  

T h e  c e ntr al  c or e  i s  s urr o u n d e d  b y  t h e  i n n er  a n d  o ut er  cr u st s.  T h e  i n n er  cr u st  c o n si st s  of  fr e e

n e utr o n s,  el e ctr o n s,  a n d  n e utr o n-ri c h  h e a v y  n u cl ei,  w hil e  t h e  o ut er  cr u st  c o n si st s  of  h e a v y

n u cl ei  a n d  el e ctr o n s.  Ri g ht  aft er  t h e  s u p er n o v a  e x pl o si o n,  li g ht  el e m e nt s,  s u c h  a s  h y dr o g e n
6/ 1 3  
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a n d  h eli u m,  m a y  f all  o nt o  t h e  s urf a c e,  a n d  t h e n  t h e  at m o s p h er e  a n d  cr u st  m a y  b e  c o nt a mi -

n at e d  wit h  s o m e  a m o u nt  of  t h e s e  li g ht  el e m e nt s  ( s e e,  e. g.  R ef.  [1 3 ]).  I n  t h at  c a s e,  d u e  t o  hi g h er

c o n d u cti vit y  wit h  t h e s e  li g ht  el e m e nt s,  t h e  s urf a c e  t e m p er at ur e  b e c o m e s  hi g h er  f or  a  gi v e n  i n-

t er n al  t e m p er at ur e,  w hi c h  i s  d et er mi n e d  b y  n e utri n o  c o oli n g  i n  t h e  e arli er  st a g e s  of  t h er m al

e v ol uti o n.  T h e n  t h e  c o oli n g  c ur v e s  (t h e  s urf a c e  t e m p er at ur e  v er s u s  a g e  r el ati o n)  will  b e  hi g h er

t h a n  wit h o ut  t h e s e  li g ht  el e m e nt s  d uri n g  t h e  n e utri n o  c o oli n g  er a,  b ut  t h e  tr e n d  i s  r e v er s e d

i n  t h e  l at er  p h ot o n  c o oli n g  er a.  T h e  li g ht  el e m e nt  c o nt a mi n ati o n  i s  e x p e ct e d  f or  y o u n g er  st ar s,

b ut  t h e s e  li g ht  el e m e nt s  ar e  e x p e ct e d  t o  g o  t hr o u g h  n u cl e ar  b ur ni n g  t o  h e a vi er  el e m e nt s  i n  ti m e

( s e e,  e. g.  R ef.  [1 4 ]).  T h er ef or e,  it  i s  e x p e ct e d  t h at  t hi s  will  n ot  b e  t h e  c a s e  f or  ol d er  st ar s.  

T h e  e q uili bri u m  c o m p o siti o n  of  N S  at m o s p h er e s  i s  o n e  of  h e a v y  el e m e nt s  p e a ki n g  at  t h e  or -

di n ar y  t err e stri al  st a bl e  ir o n  ( F e)  ( e. g.  R ef s.  [1 ,7 ]).  H o w e v er,  t h e  f all b a c k  li g ht  el e m e nt s,  s u c h

a s  H  a n d  H e,  m a y  r e m ai n  i n  t h e  at m o s p h er e s  of  y o u n g er  st ar s,  w hi c h  will  s eri o u sl y  a f e ct  t h e

e sti m ati o n  of  t h e  s urf a c e  t e m p er at ur e  fr o m  t h e  o b s er v e d  d at a.  T hi s  i s  b e c a u s e  w h er e a s  t h e  c o n -

ti n u u m  s p e ctr u m  wit h  t h e  F e  at m o s p h er e  mi mi c s  a  bl a c k b o d y,  t h e  s p e ctr u m  i s  v er y  di f er e nt

fr o m  a  bl a c k b o d y  f or  t h e  at m o s p h er e  wit h  li g ht  el e m e nt s  s u c h  a s  H.  T h e  n et  e f e ct  i s  t h at  t h e

s a m e  o b s er v ati o n al  d at a  will  r e s ult  i n  l o w er  s urf a c e  t e m p er at ur e s  f or  h y dr o g e n  at m o s p h er e s

t h a n  f or  a  bl a c k b o d y  ( e. g.  R ef.  [1 5 ]).  

F urt h er  d et ail s  of  t h e  b a si c  p h y si c s  i n v ol v e d  i n  t h e  N S  c o m p o siti o n  pr o bl e m  ar e  f o u n d,  e. g.

i n  R ef s.  [1 ,7 ].  

3.  O b s e r v ati o n  

Si n c e  t h e  fr st  d et e cti o n  of  a  N S  b y  R O S A T ,  m a n y  i s ol at e d  N S s  h a v e  b e e n  di s c o v er e d  b y  s u b s e -

q u e nt  a d v a n c e d  X-r a y  mi s si o n s  ( s e e,  e. g.  R ef.  [3 ]  f or  t h e  d et ail s).  

M o st  r e c e ntl y,  w e  r e e x a mi n e d  all  t h e  c urr e ntl y  e xi sti n g  d at a  of  o b s er v e d  i s ol at e d  N S s.  T a bl e  A 1  

i n  t h e  A p p e n di x  pr e s e nt s  t h e  r e s ult s,  a s  N S  a g e  v er s u s  l u mi n o sit y,  wit h  t h e  r ef er e n c e  a d o pt e d

al s o  li st e d.  

T h e  t a bl e  c o m p ar e s  t h e  d at a  o n  t h e  s o ur c e s  gi v e n  i n  t h e  2 0 0 9  h y p er o n  p a p er  [3 ]  (t h e  5t h  a n d

t h e  6t h  c ol u m n s)  wit h  t h e  d at a  o n  t h e  s o ur c e s  i n  t h e  c urr e nt  2 0 2 6  p a p er  (t h e  2 n d  t o  t h e  4t h

c ol u m n s).  

B e y o n d  t h e  u p d at e d  a g e  of  3 C  5 8,  P S R  1 7 0 6  h a s  h a d  a  si g ni f c a nt  r e vi si o n  i n  it s  l u mi n o s-

it y  t h at  h a s  r e s ult e d  i n  a  l o w er  t ot al  l u mi n o sit y  a s  w ell  a s  a  s m all er  r a n g e  of  err or s.  T h er e

ar e  s o m e  mi n or  r e vi si o n s  t o  V el a’s  a g e  a n d  l u mi n o sit y.  It  i s  e st a bli s h e d  t h at  C a s  A  a n d  P S R

B 2 3 3 4  h a v e  h a d  l o w er  li mit s  o n  t h eir  l u mi n o siti e s,  a n d  t h er e  i s  a  mi n or  u p d at e  o n  t h e  a g e  of

P S R  B 0 6 5 6.  It  i s  i m p ort a nt  t o  c o m p ar e  t h e  c urr e nt  c ur v e s  of  t h e  V el a-li k e  s o ur c e s,  3 C  5 8,  P S R

1 7 0 6,  a n d  P S R  2 3 3 4,  i n  a d diti o n  t o  V el a  it s elf,  wit h  t h eir  e arli er  r e s ult s  i n  t h e  2 0 0 9  p a p er  i n

R ef.  [3 ].  

A d diti o n all y,  t h er e  ar e  1 4  n e w  s o ur c e s  t h at  ar e  i n cl u d e d  i n  t h e  2 0 2 6  d at a,  w hi c h  w er e  n ot  i n

t h e  2 0 0 9  d at a.  T h e y  i n cl u d e  a n ot h er  V el a-li k e  o bj e ct:  V el a  Jr.  T h er e  ar e  al s o  t w o  s o ur c e s  t h at

w er e  i n  t h e  2 0 0 9  p a p er,  P S R  J 1 5 0 9  a n d  P S R  J 0 1 5 4,  w hi c h  ar e  n o w  cl a s si f e d  a s  hi g h  m a g n eti c

p ul s ar s,  a n d  h e n c e  t h e y  ar e  n ot  i n cl u d e d  i n  Fi g.  3 .  

4.  R e s ult s  

T h e  t h er m al  e v ol uti o n  of  h y p er o n- mi x e d  N S s  w a s  c al c ul at e d  f or  st ar s  wit h  v ari o u s  m a s s  v al u e s,

a n d  t h e  r e s ult s  ar e  s h o w n  i n  Fi g.  3 ,  w hi c h  ar e  c o m p ar e d  wit h  t h e  m o st  r e c e nt  o b s er v ati o n al  d at a

r e p ort e d  i n  T a bl e  A 1 .  
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Fi g.  3.  T h er m al  e v ol uti o n  of  N S s.  R P P  r e pr e s e nt s  r ot ati o n- p o w er e d  p ul s ar s,  w h er e a s  C C O  r ef er s  t o  t h e  
c e ntr al  c o m p a ct  o bj e ct s.  T h e  v erti c al  b ar  i s  t h e  d et e cti o n,  w h er e a s  t h e  d o w n w ar d  arr o w  i s  t h e  u p p er  li mit.  
S e e  T a bl e  A 1  f or  t h e  d at a.  
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8 
F or  t h e  st ar s  wit h  m a s s e s  i n  t h e  l o w er  r a n g e  of  1. 4  t hr o u g h  1. 8 M  ,  t h e  d e n sit y  of  t h e  c or e  i s

l o w er  t h a n  t h e  tr a n siti o n  d e n sit y  a b o v e  w hi c h  h y p er o n s  a p p e ar.  T h er ef or e,  t h e y  ar e  c o m p o s e d

of  o nl y  n e utr o n  m att er,  a n d  t h e y  g o  t hr o u g h  t h e  st a n d ar d  c o oli n g.  

T h e  b ott o m  t hr e e  c ur v e s  ar e  f or  h e a vi er,  d e n s er  st ar s  wit h  m a s s e s  of  1. 9,  2. 0,  a n d  2. 1 M  .  T h eir

c or e  d e n sit y  e x c e e d s  t h e  t hr e s h ol d  d e n sit y  w h er e  t h e  a n d  h y p er o n s  a p p e ar,  a n d  h e n c e  it

c o n si st s  of  t h e s e  h y p er o n s,  a n d  t h e  c e ntr al  c or e  e mit s  n e utri n o s  wit h  t h e  f a st  h y p er o n  dir e ct

Ur c a  pr o c e s s,  a n d  h e n c e  t h e s e  st ar s  c o ol  m or e  q ui c kl y.  H o w e v er,  d e p e n di n g  o n  t h eir  d e n sit y,

t hi s  f a st  c o oli n g  c a n  b e  s u p pr e s s e d  if  t h e  c o n stit u e nt  p arti cl e s  ar e  i n  a  s u p er f ui d  st at e,  w hi c h  

d e p e n d s  o n  d e n sit y,  a s  s h o w n  i n  Fi g.  2 ,  w h er e  t h e  d e n sit y  d e p e n d e n c e  of  t h e  s u p er f ui d  criti c al

t e m p er at ur e  T c  i s  s h o w n.  T h e  s u p pr e s si o n  g o e s  r o u g hl y  e x p o n e nti all y  a s  T / T c  w h e n  t e m p er a-

t ur e  T  g et s  l e s s  t h a n  T c .  S o  w h e n  T  i s  b el o w  T c ,  t h e  f a st  c o oli n g  i s  s u p pr e s s e d.  T h e  h e a vi e st  st ar

wit h  M  = 2. 1 M  i s  t h e  f a st e st  b y  f ar,  b e c a u s e  t h e  c or e  d e n sit y  i s  hi g h  e n o u g h  s o  t h at  t h e  st ell ar

t e m p er at ur e  T  i s  hi g h  e n o u g h  c o m p ar e d  wit h  T c ,  w hi c h  d e cr e a s e s  s h ar pl y  at  hi g h er  d e n siti e s

( s e e  Fi g.  2 ).  T h er ef or e,  t h e  s u p pr e s si o n  d o e s  n ot  t a k e  pl a c e,  a n d  t h e  st ar  c o ol s  v er y  f a st.  O n  t h e

ot h er  h a n d,  t h e  i nt er m e di at e- m a s s  st ar s  wit h  M  = 1. 9 M  a n d  2. 0 M  ar e  l e s s  d e n s e,  a n d  T  g et s

b el o w  T c ,  a n d  h e n c e  t h eir  c or e  i s  i n  t h e  s u p er f ui d  st at e.  F or  t hi s  d e n sit y  r a n g e,  si g ni f c a nt  s u -

p er f ui d  s u p pr e s si o n  i s  t h er ef or e  e f e cti v e  a n d  h e n c e  f a st  c o oli n g  i s  si g ni f c a ntl y  r e d u c e d  ( s e e

Fi g.  3 ).  

W e  n ot e  t h at  m a n y  st ar s  ( e. g.  R X  J 0 0 0 2,  P S R  J 0 5 3 8,  P S R  B 0 6 5 6)  ar e  c o n si st e nt  wit h  t h e  st a n -

d ar d  c o oli n g,  b ut  s o m e  ot h er s  ( e. g.  V el a,  P S R  J 0 8 5 2,  P S R  B 1 7 0 6,  P S R  J 1 7 4 6)  r e q uir e  t h e  f a st er
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n o n st a n d ar d  c o oli n g  wit h  s o m e  d e gr e e  of  s u p pr e s si o n.  A  f e w  d et e cti o n  p oi nt s  ( e. g.  1 E 1 2 0 7)  ar e

a b o v e  t h e  st a n d ar d  c o oli n g  c ur v e s  s h o w n  i n  Fi g.  3 .  T h e  c ur v e s  s h o w n  i n  Fi g.  3  ar e  o bt ai n e d  f or

st ar s  wit h  c o oli n g  wit h o ut  h e ati n g.  Wit h  a d diti o n al  h e ati n g,  t h e  st ar  c o ol s  m or e  sl o wl y  ( s e e  R ef.  

[3 ]).  Al s o,  w h er e a s  o ur  m o d el s  c o n si st  of  st a n d ar d  st ell ar  cr u st s  wit h  h e a v y  el e m e nt s,  if  t h e  st el -

l ar  cr u st s  ar e  c o nt a mi n at e d  b y  li g ht  el e m e nt s  s u c h  a s  h y dr o g e n,  t h e  st ar  c o ol s  m or e  sl o wl y  a n d

h e n c e  a p p e ar s  h ott er  ( s e e  S e cti o n  2. 5  a n d  R ef.  [1 4 ]).  O ur  m o d el s  ar e  c o n si st e nt  wit h  o b s er v ati o n  

w h e n  i n  t h e s e  st ar s,  t h e s e  a d diti o n al  f a ct or s  ar e  i n  o p er ati o n.  

5.  Di s c u s si o n  

O nl y  a  f e w  of  t h e  st ar s  r e p ort e d  h er e,  e. g.  Cr a b,  C a s  A,  a n d  3 C  5 8,  ar e  g e n er all y  c o n si d er e d  t o

b e  hi st ori c al  o bj e ct s.  T h e  a g e  of  t h e  r e st  of  t h e  st ar s  h a s  b e e n  e sti m at e d  m o stl y  b y  t h e  u s u al

s pi n- d o w n  r at e  m et h o d  or  s o m eti m e s  b y  t h e  e x p a n si o n  r at e  of  t h e  l eft o v er  s u p er n o v a  r e m n a nt

( s e e  R ef.  [3 ]).  

B ef or e  2 0 1 3,  3 C 5 8  w a s  t h o u g ht  t o  b e  S N  1 1 8 1,  a  hi st ori c al  o bj e ct  a b o ut  ∼ 8 5 0  y e ar s  ol d  [1 6 ].

H o w e v er,  S N R  P a  3 0,  r e c e ntl y  di s c o v er e d,  w hi c h  i s  n ot  a  hi st ori c al  o bj e ct,  a p p e ar s  t o  b e  a  b ett er

c a n di d at e  f or  3 C 5 8  [1 7 ].  Gi v e n  t h at  3 C 5 8  i s  n o w  u nli k el y  t o  b e  a s s o ci at e d  wit h  a  hi st ori c al  e v e nt,

t h e  s pi n- d o w n  a g e  (l o g1 0  t  = 3. 7 9 2)  a n d  o pti c al  a n d  r a di o  e x p a n si o n  a g e s  ar e  n o w  t h e  m o st  

c o n si st e nt  a g e  e sti m at e  f or  3 C 5 8.  H o w e v er,  t h at  u n c ert ai nt y  will  n ot  c h a n g e  t h e  c o n cl u si o n

r e a c h e d  i n  t h e  c urr e nt  p a p er.  T h e  di f er e n c e s  b et w e e n  t h e  hi st ori c al  a g e  a n d  t h e  s pi n- d o w n  a g e

ar e  s o m e w h at  di f er e nt  f or  Cr a b  a n d  C a s  A,  b ut  t h e  di f er e n c e  i s  v er y  s m all,  a n d  t h at  al s o  d o e s

n ot  c h a n g e  t h e  c o n cl u si o n  of  t h e  c urr e nt  p a p er.  

W ell- e st a bli s h e d  l o w er  li mit s  h a v e  b e e n  f o u n d  f or  3 C 5 8,  C X O U  J 0 8 5 2,  a n d  P S R  B 2 3 3 4  [1 8 ],

a n d  w e  c a n  s a y  t h at  t h e s e  st ar s  ar e  a  cl a s s  of  N S  wit h  V el a  a s  t h e  pr ot ot y p e.  T h e s e  “ V el a -

li k e ”  o bj e ct s  ar e  mi d dl e- a g e d,  at  t h e  1 0 0 0 – 1 0  0 0 0  y e ar s  l e v el,  a n d  t h e y  ar e  c o ol  f or  t h eir  a g e,

wit h  l o g1 0 L  <  3 2 .4  er g s  s − 1 .  I n  or d er  t o  e x pl ai n  t h eir  c o oli n g,  a  h e a vi er  st ell ar  m a s s,  wit h  1. 9 –

2. 0 M  ,  i s  n e e d e d.  Wit h  hi g h er  m a s s e s,  m or e  h y p er o n s  a p p e ar  i n  t h e  c or e,  w hi c h  c o ol s  t h e  st ar

f a st er,  w h er e a s  wit h  s m all er  m a s s e s,  f e w er  h y p er o n s  a p p e ar  a n d  t h e  st ar  c o ol s  m or e  sl o wl y.

H o w e v er,  t hi s  m a s s  wi n d o w  i s  r el ati v el y  s m all.  T h er e  ar e  ot h er s  t h at  li k el y  ft  i nt o  t hi s  cl a s s,

b ut  t h eir  m e a s ur e d  l u mi n o siti e s  ar e  t o o  l ar g e  or  l a c k  a  l o w er  li mit  t o  b e  c o n si d er e d  at  t hi s

ti m e.  

6.  C o n cl u si o n  

W e  c arri e d  o ut  c o oli n g  c al c ul ati o n s  f or  h y p er o n- mi x e d  N S s  u si n g  t h e  e x a ct  t h er m al  e v ol uti o n

c o d e,  a d o pti n g  a  n e w  r e ali sti c  E O S  i n v ol vi n g  t h e  U ni v er s al  m a n y- b o d y  a p pr o a c h.  T h e  r e s ult s

ar e  c o m p ar e d  wit h  u p d at e d  o b s er v ati o n al  d at a.  T h e  c o n cl u si o n  i s  t h at  m a n y  l e s s  m a s si v e  st ar s

c o ol  wit h  t h e  st a n d ar d  n e utri n o  pr o c e s s,  w h er e a s  s o m e  ot h er  m or e  m a s si v e  st ar s  r e q uir e  a  f a st er

n o n st a n d ar d  n e utri n o  pr o c e s s,  s u c h  a s  t h e  h y p er o n  dir e ct  Ur c a  pr o c e s s,  w hi c h  i s  t o  b e  r e d u c e d

si g ni f c a ntl y  b y  t h e  s u p er f ui d  s u p pr e s si o n.  

F u n di n g  

T hi s  w or k  r e c ei v e d  n o  s p e ci f c  gr a nt  fr o m  a n y  f u n di n g  a g e n c y  i n  t h e  p u bli c,  c o m m er ci al,  or

n ot-f or- pr o ft  s e ct or s.  
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D at a  A v ail a bilit y  

T h e  d at a  u n d erl yi n g  t hi s  arti cl e  ar e  a v ail a bl e  i n  pr e vi o u sl y  p u bli s h e d  arti cl e s  a n d  p u bli cl y  a c -

c e s si bl e  ar c hi v e s,  a s  cit e d  i n  t hi s  m a n u s cri pt.  N o  n e w  d at a  w er e  g e n er at e d.  

A c k n o wl e d g e m e nt s  

S. T.  t h a n k s  I P M U  f or  h o s pit alit y.  S. T.  al s o  a c k n o wl e d g e s  wit h  t h a n k s  Dr s.  T a m a g a ki  a n d  T a k at s u k a  f or
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ar e  b a s e d  o n  hi st ori c  a g e  or  c h ar a ct eri sti c  a g e.  C ol u m n s  2  a n d  3  ar e  t h e  d at a  u s e d  i n  t hi s  2 0 2 6  p a p er,  
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S o ur c e  l o g1 0  t  y e ar s  l o g1 0  L
∞ er g s  s − 1  
γ  R ef er e n c e  l o g1 0  t  y e ar s  l o g1 0  L

∞ er g s  s − 1  
γ  

2 0 2 6  d at a  2 0 0 9  d at a  

C a s  A  2. 5 1  3 3 .8 6 + 0 .1 1  
− 0 .1 1  [1 9 ]  2. 5 1  < 3 4 .5 0  

J 1 8 1 8  3 .5 3 + 0 .2 5  
− 0 .1 0  3 3 .9 2 + 0 .2 6  

− 0 .3 0  [2 0 ]  –  –  

J 1 7 3 2  3 .5 4 + 0 .2 4  
− 0 .2 4  3 4 .0 8 + 0 .1 3  

− 0 .1 4  [2 1 ]  –  –  

P u p pi s  A  3 .5 5 + 0 .0 5  
− 0 .0 5  3 3 .6 0 + 0 .1 0  

− 0 .1 0  [2 2 ]  3 .7 2 + 0 .1 8  
− 0 .1 9  3 3 .9 0 + 0 .0 7  

− 0 .0 8  

K e s  7 9  3 .8 0 + 0 .1 0  
− 0 .1 0  3 3 .6 0 + 0 .1 0  

− 0 .1 0  [2 3 ]  –  –  

1 E  1 2 0 7  3 .8 5 + 0 .4 5  
− 0 .4 5  3 3 .5 0 + 0 .5 0  

− 0 .5 0  [2 4 ]  3. 8 5  3 3 .5 0 + 0 .0 7  
− 0 .0 8  

R X  J 0 0 0 2  
J 1 0 4 6 1  

J 1 4 1 2  

3 .9 6 + 0 .0 8  
− 0 .0 8  

4 .2 6 + 0 .2 2  
− 0 .2 2  

5. 4 5  

3 3 .2 1 + 0 .1 2  
− 0 .1 3  

< 3 2 .3 4  
3 3 .5 7 + 0 .3 8  

− 0 .3 9  

[2 5 ]  
[2 6 ]  
[2 7 ]  

3 .9 6 + 0 .0 8  
− 0 .0 8  

4. 3 1  
–  

3 3 .2 1 + 0 .1 2  
− 0 .1 3  

< 3 2 .7 0  
–  

Cr a b  2. 9 0  < 3 4 .3 8  [2 8 ]  2. 9 0  < 3 4 .3 8  
P S R  J 1 5 0 9  –  –  –  3. 1 9  < 3 3 .9 0  
3 C 5 8 1  

P S R  J 1 1 2 4  
J 0 8 5 2 1 ,2  

P S R  J 0 0 0 7 1  

P S R  B 1 7 0 6 1  

3 .7 9 + 0 .1 2  
− 0 .2 5  

3 .4 5 + 0 .1 5  
− 0 .1 5  

3 .5 7 + 0 .1 3  
− 0 .1 9  

4 .1 0 + 0 .1 0  
− 0 .1 0  

4. 2 0  

3 2 .1 5 + 0 .2 4  
− 0 .2 4  

< 3 3 .3 0  
3 2 .3 0 + 0 .1 1  

− 0 .1 5  

< 3 2 .3 0  
3 1 .9 0 + 0 .2 0  

− 0 .2 0  

[1 8 ]  
[2 9 ]  
[1 8 ]  
[2 9 ]  
[3 0 ]  

2. 9 1  
3 .4 5 + 0 .1 5  

− 0 .1 5  

–  
4 .1 0 + 0 .1 0  

− 0 .1 0  

4. 2 4  

< 3 3 .0 0  
< 3 3 .3 0  

–  
< 3 2 .3 0  

3 2 .3 7 + 0 .5 6  
− 0 .5 6  

P S R  J 2 0 2 1  
P S R  B 1 0 4 6  

4. 2 4  
4. 3 1  

3 2 .7 0 + 0 .1 6  
− 0 .1 6  

< 3 2 .7 0  
[3 1 ]  
[3 2 ]  

–  
4. 3 1  

–  
< 3 2 .7 0  

P S R  B 1 8 2 3  
P S R  B 0 8 3 3  ( V el a)  

4. 3 3  
4 .4 3 + 0 .1 0  

− 0 .1 0  

< 3 3 .9 0  
3 2 .2 0 + 0 .1 0  

− 0 .1 0  

[3 2 ]  
[3 3 ]  

4. 3 3  
4. 0 5  

< 3 3 .9 0  
3 2 .5 8 + 0 .1 2  

− 0 .1 7  

J 0 6 1 7  4 .5 4 + 0 .0 6  
− 0 .0 8  3 2 .4 1 + 0 .0 2  

− 0 .0 1  [3 4 ]  –  –  

P S R  J 0 5 3 8  4 .7 0 + 0 .1 0  
− 0 .1 0  3 2 .8 0 + 0 .1 0  

− 0 .1 0  [3 5 ]  4. 4 7  3 2 .8 3 + 0 .5 0  
− 0 .5 1  

P S R  B 2 3 3 4 1  

P S R  B 1 7 2 7  
P S R  B 0 6 5 6  

4 .7 0 + 0 .1 0  
− 0 .1 0  

4 .7 8 + 0 .0 8  
− 0 .1 0  

5 .0 0 + 0 .1 0  
− 0 .1 0  

3 1 .7 8 + 0 .2 6  
− 0 .4 0  

< 3 1 .5 3  
3 2 .7 5 + 0 .0 5  

− 0 .0 5  

[1 8 ]  
[3 6 ]  
[1 5 ]  

4. 6 1  
–  

5. 0 4  

< 3 3 .4 0  
–  

3 2 .7 4 + 0 .1 0  
− 0 .1 0  

P S R  B 1 9 5 1  
P S R  J 1 7 4 0  

5. 0 3  
5. 0 6  

< 3 3 .9 0  
3 2 .1 5 + 0 .0 5  

− 0 .0 5  

[3 2 ]  
[3 7 ]  

5. 0 3  
–  

< 3 3 .9 0  
–  

P S R  J 0 1 5 4  –  –  –  5. 2 9  < 3 2 .1 4  
P S R  B 1 8 2 2  5. 3 7  3 1 .4 1 + 0 .1 7  

− 0 .1 8  [3 8 ]  –  –  

P S R  J 0 6 3 3  5. 5 3  3 2 .0 5 + 0 .4 5  
− 0 .4 5  [3 9 ]  5. 5 3  3 1 .8 6 + 0 .5 1  

− 0 .5 2  

P S R  J 1 7 4 1  5. 5 9  3 2 .4 9 + 0 .1 6  
− 0 .1 7  [4 0 ]  –  –  

P S R  B 1 0 5 5  5. 7 5  3 2 .6 0 + 0 .1 7  
− 0 .2 5  [1 5 ]  5. 7 3  3 2 .6 0 + 0 .1 7  

− 0 .2 5  

P S R  J 1 9 5 7  5. 9 2  3 0 .9 3 + 0 .2 2  
− 0 .2 3  [4 1 ]  –  –  

P S R  B 2 2 2 4  6. 0 5  < 3 1 .4 0  [4 2 ]  6. 0 5  < 3 1 .4 0  
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T a bl e  A 1.  C o nti n u e d  

S o ur c e  l o g1 0  t  y e ar s  l o g1 0  L
∞ er g s  s − 1  R ef er e n c e  l o g1 0  t  y e ar s  l o g1 0  L

∞ er g s  s − 1  
γ γ  

2 0 2 6  d at a  2 0 0 9  d at a  

P S R  J 2 0 4 3   6. 0 8  < 3 1 .2 5  [4 3 ]  6. 0 8  < 3 1 .2 5  
P S R  J 0 3 5 7  6 .1 1 + 0 .4 0  3 1 .1 8 + 0 .4 2 [3 1 ]  –  –  − 0 .4 1  − 0 .5 8  

P S R  J 1 8 3 6   6. 2 6  3 0 .1 5 + 0 .3 3 [4 4 ]  –  –  − 0 .2 6  

P S R  B 0 6 2 8  6. 4 4  < 3 0 .9 4  [4 5 ]  6. 4 4  < 3 0 .9 4  
P S R  B 1 9 2 9  6. 4 9  < 3 0 .7 0  [3 2 ]  6. 4 9  < 3 0 .7 0  
P S R  B 0 8 2 3  6. 6 9  < 3 1 .0 0  [3 2 ]  6. 6 9  < 3 1 .0 0  

1 T h e s e  s o ur c e s  ar e  s o m eti m e s  r ef err e d  t o  a s  “ V el a-li k e. ”  2 T hi s  s o ur c e  i s  s o m eti m e s  r ef err e d  t o  a s  “ V el a  Jr. ”  
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