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5 8  R u hr  U ni v ersit y  B o c h u m,  F a c ult y  of  P h ysi cs  a n d  Astr o n o m y,  Astr o n o mi c al  I nstit ut e, G er m a n  C e ntr e  f or C os m ol o gi c al  L e nsi n g,  4 4 7 8 0  B o c h u m,  G er m a n y

5 9  D e p art m e nt  of  P h ysi cs,  N ort h e ast er n  U ni v ersit y,  B ost o n,  M A  0 2   5,  U S A  
6 0  

P h ysi k-I nstit ut,  U ni v ersit y  of  Z üri c h,  Wi nt ert h ur erstr ass e   9 0,  C H- 8 0 5 7  Z üri c h,  S wit z erl a n d
6   

P h ysi cs  D e p art m e nt,  L a n c ast er  U ni v ersit y,  L a n c ast er,  L A   4 Y B,  U K  
6 2  C e nt er  f or Astr o p h ysi cs  a n d  S p a c e  Astr o n o m y,  U ni v ersit y  of  C ol or a d o,  3 8 9  U C B,  B o ul d er,  C O  8 0 3 0 9- 0 3 8 9,  U S A

6 3  C o m p ut er  S ci e n c e  a n d  M at h e m ati cs  Di visi o n,  O a k  Ri d g e  N ati o n al  L a b or at or y,  O a k  Ri d g e,  T N  3 7 8 3  ,  U S A
6 4  D e p art m e nt  of  P h ysi cs,  C e ntr al  U ni v ersit y  of  K er al a,  9 3 V R ∫ R W F,  C U K  R o a d,  K er al a  6 7  3  6,  I n di a 

R e c ei v e d   0  5  O ct o b er  1 3;  r e vis e d   0  6  F e br u ar y   ;  a c c e pt e d   0  6  F e br u ar y  8;  p u blis h e d   0  6  M ar c h  1 1  

A b st r a ct  

W e  r e p ort t h e dis c o v er y  of  t hr e e Mil k y  W a y  s at ellit e  c a n di d at es:  C ari n a  I V, P h o e ni x  III, a n d  D E L V E  7,  i n t h e 
t hir d d at a  r el e as e of  t h e D E C a m  L o c al  V ol u m e  E x pl or ati o n  s ur v e y  (D E L V E ). T h e  c a n di d at e  s yst e ms  w er e  
i d e nti f e d b y  cr oss- m at c hi n g  r es ults fr o m t w o i n d e p e n d e nt s e ar c h  al g orit h ms.  All  t hr e e ar e  e xtr e m el y  f ai nt 
s yst e ms  c o m p os e d  of  ol d,  m et al- p o or  st ell ar  p o p ul ati o ns  (τ  ≳   0  G yr,  [F e / H ] ≲ −  . 4 ). C ari n a  I V 
(M V  =  − 2. 8;  r  / 2  =  4 0  p c ) a n d  P h o e ni x  III (M V  =  −  . 2;  r  / 2  =   9  p c ) h a v e  h alf-li g ht  r a dii t h at ar e  c o nsist e nt  
wit h  t h e k n o w n  p o p ul ati o n  of  d w arf  g al a xi es,  w hil e  D E L V E  7  (M V  =   . 2;  r  / 2  =  2  p c ) is v er y  c o m p a ct  a n d  s e e ms  
m or e  li k el y t o b e  a  st ar  cl ust er,  t h o u g h its 

M M2 2 5 0 8 3 0
1 1 8 0= +

n at ur e  r e m ai ns a m bi g u o us  wit h o ut  s p e ctr os c o pi c  f oll o w- u p. T h e  G ai a  
pr o p er  m oti o ns  of  st ars  i n C ari n a  I V ( ) i n di c at e t h at it is u nli k el y  t o b e  ass o ci at e d  wit h  t h e 
L M C,  w hil e  D E C a m  C a H K  p h ot o m etr y  c o n fr ms  t h at its m e m b er  st ars  ar e  m et al  p o or.  P h o e ni x  III 

) is t h e f ai nt est k n o w n  s at ellit e  i n t h e e xtr e m e  o ut er  st ell ar  h al o  (D G C  >   0 0  k p c ), w hil e  
) is t h e f ai nt est k n o w n  s at ellit e  wit h  D G C  >  2 0  k p c.  

U ni f e d  Astr o n o m y  T h es a ur us  c o n c e pts:  D w arf  g al a xi es  (4  6 ); L o c al  Gr o u p  (9 2 9 ); S k y  s ur v e ys  ( 4 6 4 ); Mil k y  
W a y  d ar k  m att er  h al o  ( 0 4 9 ) 

( M M5 2 0 2 9 0
6 6 0= +

D E L V E  7  ( M  M6 0 4 0
1 2 0= +

1.  I nt r o d u cti o n  O.  N e wt o n  et  al.  2 0 2  ; O.  N e wt o n  et  al.  2 0 2 5 ; C.  Y.  T a n  et  al.  
2 0 2 5 a ), a n d  U F Ds  ar e  pri m e  t ar g ets f or i n dir e ct s e ar c h es  f or

Ultr a-f ai nt  d w arf  g al a xi es  (U F Ds ) ar e  t h e f ai nt est, ol d est,  
d ar k- m att er  a n ni hil ati o n  or  d e c a y  (e. g.,  M.  A c k er m a n n  et  al.

a n d  m ost  d ar k- m att er- d o mi n at e d  st ell ar  s yst e ms  k n o w n.  T h es e  
2 0  5 ; A.  G eri n g er- S a m et h  et  al.  2 0  5 ; A.  M c D a ni el  et  al.

g al a xi es  h a v e  a bs ol ut e  m a g nit u d es  f ai nt er t h a n M V  =  − 7. 7  2 0 2 4 ; A.  Cir ci ell o  et  al.  2 0 2 5 ). N e v ert h el ess,  b e c a us e  t h es e
(L  =   0 5  L ⊙ ; J. D.  Si m o n  2 0  9 ), a n d  t h eir e xtr e m el y  l o w g al a xi es  ar e  s o  f ai nt, m ost  of  t h e k n o w n  p o p ul ati o n  e xists  as  
l u mi n osit y h as  m a d e  t h e m es p e ci all y  p o w erf ul  pr o b es  of  t h e s at ellit es  of  t h e Mil k y  W a y  or  of  ot h er  n e ar b y  h osts  i n t h e 
p h ysi c al  pr o c ess es  t h at r e g ul at e g al a x y  e v ol uti o n,  a n d  t h e n at ur e  L o c al  V ol u m e  (D  ∼   2  M p c;  e. g.,  S.  G.  C arlst e n  et  al.  2 0 2 2 ;
of  d ar k  m att er  (e. g.,  J. S.  B ull o c k  &  M.  B o yl a n- K ol c hi n  2 0  7 ; A.  B.  P a c e  2 0 2 5 ). 
J. D.  Si m o n  2 0  9 , a n d  r ef er e n c es t h er ei n). T h es e  s yst e ms o c c u p y  T h e  frst  “ ultr a-f ai nt ”  Mil k y  W a y  s at ellit es  w er e  dis c o v er e d  
t h e e xtr e m e  li mit of  g al a x y  f or m ati o n a n d  all o w  us  t o pr o b e  h o w  i n d at a  fr o m t h e Sl o a n  Di git al  S k y  S ur v e y  (e. g.,  B.  Will m a n  
at o mi c  h y dr o g e n  c o oli n g  a n d  r ei o ni z ati o n s et t h e mi ni m u m  m ass  et  al.  2 0 0 5 a , 2 0 0 5 b ; V.  B el o k ur o v  et  al.  2 0 0 7 , 2 0 0 8 ; 
of  a  d ar k- m att er  h al o  t h at is c a p a bl e  of  h osti n g  a  g al a x y  C.  J. Grill m air  2 0 0 9 ). S u bs e q u e nt  wi d e- f el d  s ur v e ys,  s u c h  as  
(J. S.  B ull o c k  et  al.  2 0 0 0 ; T.  O k a m ot o  et  al.  2 0 0 8 ; N.  A h v a zi  t h e P a n- S T A R R S-   3 π  s ur v e y  (K.  C.  C h a m b ers  et  al.  2 0  6 ; 
et  al.  2 0 2 4 ; I. M.  E.  S a nt os- S a nt os  et  al.  2 0 2 5 ). O n  t h e ot h er  h a n d,  B.  P.  M.  L a e v e ns  et  al.  2 0  5 a , 2 0  5 b ), t h e D ar k  E n er g y  S ur v e y  
t h e hi g h  d ar k- m att er  fr a cti o ns a n d  r el ati v el y si m pl e i nt er n al (D E S;  K.  B e c ht ol  et  al.  2 0  5 ; S.  E.  K o p os o v  et  al.  2 0  5 ; 
d y n a mi cs  of  U F Ds  l et us  t est d ar k- m att er  p h ysi cs  o n  e xtr e m el y  D.  Ki m  &  H.  J erj e n  2 0  5 a ; D E S  C oll a b or ati o n  et  al.  2 0  6 ), 

s m all s p ati al s c al es (e. g.,  t e ns of  p ars e cs;  J. S.  B ull o c k  &  a n d  t h e H y p er  S u pri m e- C a m  Str at e gi c  S ur v e y  Pr o gr a m  

M.  B o yl a n- K ol c hi n  2 0  7 ). F or  e x a m pl e,  t h e c e ns us  of  l o w- (H S C- S S P;  H.  Ai h ar a  et  al.  2 0  8 ; D.  H o m m a  et  al.  2 0  9 , 

m ass  d ar k- m att er  s u b h al os  ar o u n d  t h e Mil k y  W a y  (as  tr a c e d 2 0 2 4 ) p us h e d  t h e o bs er v ati o n al  fr o nti er t o e v e n  l o w er 

b y  its s at ellit e  g al a xi es ) alr e a d y  pl a c es  l o w er li mits o n  t h e l u mi n ositi es, i n cr e asi n g t h e t ot al t o ∼ 6 5  s p e ctr os c o pi c all y  
c o n fr m e d  Mil k y  W a y  s at ellit e  g al a xi es  a n d  li k el y g al a x yd ar k- m att er  p arti cl e  m ass  (R.  K e n n e d y  et  al.  2 0  4 ; P.  J et h w a  
c a n di d at es  (A.  B.  P a c e  2 0 2 5 ). T h e  dis c o v er y  of  e xtr e m el y  f ai nt et  al.  2 0  8 ; E.  O.  N a dl er  et  al.  2 0 2 0 ; W.  E n zi  et  al.  2 0 2  ; 
s at ellit es  h as  a c c el er at e d  d u e  t o i n cr e asi n gl y s e nsiti v e  
o bs er v ati o ns;  h o w e v er,  m a n y  g al a xi es  ar e  still pr e di ct e d  t o6 5  C o ntri b ut e d  E q u all y.  
r e m ai n u n d et e ct e d  (e. g.,  E.  O.  N a dl er  et  al.  2 0 2 0 ; K.  Tsi a n e  
et  al.  2 0 2 5 ; C.  Y.  T a n  et  al.  2 0 2 5 b ).

Ori gi n al  c o nt e nt  fr o m t his w or k  m a y  b e  us e d  u n d er  t h e t er ms 
T h e  f ai nt est c o n fr m e d  d w arf  g al a x y,  T u c a n a  V,  h as  a nof  t h e Cr e ati v e  C o m m o ns  Attri b uti o n  4. 0  li c e n c e. A n y  f urt h er 

distri b uti o n  of  t his w or k  m ust  m ai nt ai n  attri b uti o n  t o t h e a ut h or (s) a n d  t h e titl e a b s ol ut e  m a g nit u d e  of  M V  ∼  −  .   (J. D.  Si m o n  et  al.  2 0 2 0 ; 
of  t h e w or k,  j o ur n al cit ati o n  a n d  D OI.  T.  T.  H a ns e n  et  al.  2 0 2 4 ), c orr es p o n di n g  t o a  st ell ar  m ass  of  

2  

* 0 

* 0 

* 0 
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T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  

M *  ∼  5 0 0  M ⊙ . E v e n  f ai nt er a n d  m or e  c o m p a ct  s at ellit es  h a v e  
b e e n  r e p ort e d, i n cl u di n g t h e D E C a m  L o c al  V ol u m e  E x pl or a -
ti o n s ur v e y    (D E L V E   ;  S.  M a u  et  al.  2 0 2 0 ), Eri d a n us  III 
(J. D.  Si m o n  et  al.  2 0 2 4 ), a n d  Urs a  M aj or  III/ U NI O N S    
(S.  E.  T.  S mit h  et  al.  2 0 2 4 ; s e e  A.  B.  P a c e  2 0 2 5 , f or e x a m pl es ). 
H o w e v er,  t h e n at ur e  of  t h es e s yst e ms  is u n cl e ar  b e c a us e  t h e 
l o c us of  d w arf  g al a xi es  i n t h e si z e –l u mi n osit y  pl a n e  o v erl a ps  
t h at of  disr u pti n g  st ar  cl ust ers  at  M V  ≳  − 3. 5  a n d  v el o cit y  
dis p ersi o ns  m e as ur e m e nts  of  t h es e f ai nt s yst e ms  ar e  at  t h e 
li mit of  c urr e nt  o bs er v ati o n al  c a p a biliti es.  R e c e nt  t h e or eti c al 
w or k  s u g g ests  t h at e xtr e m el y  l o w-l u mi n osit y g al a xi es  c o ul d  
e xist  (e. g.,  V.  M a n w a d k ar  &  A.  V.  Kr a vts o v  2 0 2 2 ; R.  Err a ni  &  
J. P e ñ arr u bi a  2 0 2 0 ; R.  Err a ni  et  al.  2 0 2 4 a ; N.  A h v a zi  et  al.  
2 0 2 5 ), off eri n g  a n  e x citi n g  n e w  r e gi m e t o t est m o d els  of  
g al a x y  f or m ati o n a n d  d ar k- m att er  p h ysi cs.  At  t h e s a m e  ti m e, it 
is li k el y t h at s o m e  of  t h es e s yst e ms  ar e  st ar  cl ust ers  t h at 
ori gi n at e d  wit hi n  l o w- m ass g al a xi es  t h at w er e  s u bs e q u e ntl y  
a c cr et e d  o nt o  t h e Mil k y  W a y.  T h us,  t h e n at ur e  of  ultr a-f ai nt  
c o m p a ct  s at ellit es  r e m ai ns a cti v el y  d e b at e d.  

I n or d er  t o b ett er  a d dr ess  q u esti o ns  a b o ut  t h e n at ur e  of  t h e 
l e ast-l u mi n o us st ell ar  s yst e ms  i n t h e h al o  of  t h e Mil k y  W a y,  
D E L V E  (A.  Drli c a- W a g n er  et  al.  2 0 2  ) is i m a gi n g t h e 
hi g h- G al a cti c-l atit u d e  s o ut h er n  s k y  t o s e ar c h  f or f ai nt 
Mil k y  W a y  s at ellit es.  I n a  c o m p a ni o n  p a p er,  w e  pr es e nt  t h e 
l ar g est s yst e m ati c  c e ns us  of  Mil k y  W a y  s at ellit es  t o d at e,  
d esi g n e d  t o q u a ntif y  t h e d et e cti o n  ef f ci e n ci es  of  o ur  s ur v e ys  
(C.  Y.  T a n  et  al.  2 0 2 5 b ). T h at  w or k  c o nt ai ns  a  s yst e m ati c  
s e ar c h  f or Mil k y  W a y  s at ellit es  a c c o m p a ni e d  b y  a  d et ail e d  
c h ar a ct eri z ati o n  of  t h e s ur v e y  s el e cti o n  f u n cti o n. T h at  a n al ysis  
n e c ess aril y  s et  a  hi g h  t hr es h ol d o n  d et e cti o n  si g ni f c a n c e  t o 
yi el d  a   0 0 %  p ur e  s a m pl e  of  r e al s yst e ms.  H er e,  w e  l o w er t h e 
d et e cti o n  si g ni f c a n c e  t hr es h ol d a n d  i d e ntif y c o m p elli n g  n e w  
s yst e ms.  

I n t his p a p er,  w e  r e p ort t h e dis c o v er y  of  t hr e e n e w  ultr a-
f ai nt s at ellit es  i n t h e c o nst ell ati o ns  C ari n a,  P h o e ni x,  a n d  
T el es c o pi u m.  B as e d  o n  m or p h ol o gi c al  a n al ysis,  t w o of  t h e 
c a n di d at es  h a v e  p h ysi c al  si z es  c o nsist e nt  wit h  t h e p o p ul ati o n  
of  Mil k y  W a y  s at ellit e  g al a xi es.  F oll o wi n g  est a blis h e d  
c o n v e nti o ns,  w e  d esi g n at e  t h e m C ari n a  I V6 6  a n d  P h o e ni x  
III.6 7  T h e  t hir d s yst e m  is m or e  c o m p a ct  a n d  r es e m bl es a n  
o ut er- h al o  st ar  cl ust er;  t h us, w e  f oll o w c o n v e nti o n  a n d  
d esi g n at e  it D E L V E  7. 6 8  

T his  p a p er  is or g a ni z e d  as  f oll o ws. I n S e cti o n  2  w e  d es cri b e  
t h e D E L V E  d at a  us e d  f or o ur  s e ar c h.  I n S e cti o n  3 , w e  d es cri b e  
o ur  a ut o m at e d  s e ar c h  f or Mil k y  W a y  s at ellit e  c a n di d at es.  I n 
S e cti o n  4 , w e  c h ar a ct eri z e  t h e pr o p erti es  of  t h e n e w  s yst e ms  
usi n g  d at a  fr o m D E L V E  a n d  f oll o w- u p i m a gi n g wit h  
M a g ell a n / I M A C S f or D E L V E  7.  F or  t h e bri g ht est  s yst e m,  
C ari n a  I V, w e  pr es e nt  f oll o w- u p o bs er v ati o ns  a n d  a n al ys es  
t h at c o n fr m  its n at ur e  as  a  Mil k y  W a y  s at ellit e  i n S e cti o n  5 . 
W e  bri e f y  dis c uss  t h e n e w  s yst e ms  i n S e cti o n  6  a n d  
s u m m ari z e  i n S e cti o n  7 . 

2.  D E L V E  D at a  

T h e  D E L V E  pr o gr a m  (Pr o pI D:  2 0  9 A- 0 3 0 5 ) s e e ks  t o 
dis c o v er  a n d  c h ar a ct eri z e  d w arf  g al a x y  s at ellit es  ar o u n d  t h e 

6 6  
Aft er  C ari n a  (R.  D.  C a n n o n  et  al.   9 7 7 ), C ari n a  II, a n d  C ari n a  III 

(G.  T orr e al b a  et  al.  2 0  8 ). 
6 7  Aft er  P h o e ni x  (H.  E.  S c h ust er  &  R.  M.  W est   9 7 6 ) a n d  P h o e ni x  II 
(K.  B e c ht ol  et  al.  2 0  5 ; S.  E.  K o p os o v  et  al.  2 0  5 ). 
6 8  Aft er  D E L V E   – 6  (S.  M a u  et  al.  2 0 2 0 ; W.  C er n y  et  al.  
2 0 2  a , 2 0 2 3 a , 2 0 2 3 b ). 

T a n  et  al.  

Mil k y  W a y,  M a g ell a ni c  Cl o u ds,  a n d  is ol at e d M a g ell a ni c  
a n al o gs  i n t h e L o c al  Gr o u p  (A.  Drli c a- W a g n er  et  al.  
2 0 2  , 2 0 2 2 ). T o  a c hi e v e  t his, D E L V E  us es  t h e D ar k  E n er g y  
C a m er a  (D E C a m;  B.  Fl a u g h er  et  al.  2 0  5 ) o n  t h e Ví ct or  M.  
Bl a n c o  4- m et er  T el es c o p e  at  t h e N S F  C err o  T ol ol o  I nt er-
A m eri c a n  O bs er v at or y  i n C hil e  t o i m a g e t h e hi g h- G al a cti c -
l atit u d e s o ut h er n  s k y  i n t h e g , r, i, a n d  z b a n ds.  T o  d at e,  
D E L V E  h as  b e e n  all o c at e d  m or e  t h a n  5 0  ni g hts  t o a u g m e nt  
p u bli c  ar c hi v al  D E C a m  d at a,  i n cl u di n g d at a  fr o m D E S  
(D E S  C oll a b or ati o n  et  al.  2 0  6 ), t h e D E C a m  L e g a c y  S ur v e y  
(D E C a L S;  A.  D e y  et  al.  2 0  9 ), a n d  t h e D E C a m  e R O SI T A  
S ur v e y  (D e R O SI T A S;  A.  Z e nt e n o  et  al.  2 0 2 5 ). D E L V E  D R 3  
(C.  Y.  T a n  et  al.  2 0 2 5 c ; A.  Drli c a- W a g n er  et  al.  2 0 2 6,  i n 
pr e p ar ati o n )6 9  i n cl u d es s o ur c e  c at al o gs  pr o d u c e d  fr o m 
c o a d d e d  i m a g es pr o c ess e d  u nif or ml y  usi n g  t h e D E S  D at a  
M a n a g e m e nt  pi p eli n e  (E.  M or g a ns o n  et  al.  2 0  8 ), wit h  
i m a g e d etr e n di n g  a n d  c o a d diti o n  f oll o wi n g D E S  D R 2  (D E S  
C oll a b or ati o n  et  al.  2 0 2  ). 

C o nsist e n c y  b et w e e n  t h e D E S  a n d  D E L V E  pr o c essi n g  
all o ws  us  t o m er g e  t h e D E S  Y 6  G ol d  c at al o g  (K.  B e c ht ol  et  al.  
2 0 2 5 ) wit h  t h e n e w  D E L V E  c at al o gs  t o c o v er  a n  u n m as k e d  
s k y  ar e a  of  ∼ 2 0, 0 0 0  d e g 2 . Aft er  m as ki n g  r e gi o ns of  hi g h  
st ell ar  d e nsit y  (w h er e  t h e G ai a  D R 2  s o ur c e  d e nsit y  e x c e e ds  8  
st ars  ar c mi n − 2  f or G  ∼  2  ;  G ai a  C oll a b or ati o n  et  al.  2 0  8 )
a n d  r e gi o ns of  hi g h  i nt erst ell ar e xti n cti o n  (E (B  −  V  ) >  0. 2 ), 
t h e f n al  s e ar c h  f o ot pri nt s p a ns  ∼  7, 0 0 0  d e g 2  (s e e  Fi g ur e  2  of  
C.  Y.  T a n  et  al.  2 0 2 5 a ). Wit hi n  t h e ∼ 5 0 0 0  d e g 2  D E S  f o ot pri nt, 
t h e i m a gi n g d at a  ar e  d e e p er  a n d  m or e  h o m o g e n e o us,  r e a c hi n g 
m e di a n   0 σ  p oi nt-s o ur c e  d e pt hs  of  g  ∼  2 4. 7,  r ∼  2 4. 4,  a n d  
i ∼  2 3. 8  wit h  a  st a n d ar d  d e vi ati o n  of  0. 2  m a g  a cr oss  t h e t hr e e 
b a n ds.  O utsi d e  t h e D E S  f o ot pri nt, t h e D E L V E  c o v er a g e  is 
s o m e w h at  s h all o w er  a n d  l ess u nif or m,  wit h  m e di a n  d e pt hs  of  
g  ∼  2 4. 2,  r ∼  2 3. 7,  i ∼  2 3. 2  a n d  a  l ar g er v ari ati o n  of  ∼ 0. 5  m a g  
a cr oss  t h e t hr e e b a n ds,  r e f e cti n g t h e h et er o g e n e o us  f el d  
c o v er a g e  of  t h e s ur v e y  (C.  Y.  T a n  et  al.  2 0 2 5 a ). 

T o  i d e ntif y Mil k y  W a y  s at ellit es,  w e  s e ar c h  f or o v er-
d e nsiti es  c o nsist e nt  wit h  ol d,  m et al- p o or  st ell ar  p o p ul ati o ns.  
T h e  D E L V E  D R 3  c at al o gs  i n cl u d e st ars  b el o n gi n g  t o t h e t ar g et 
Mil k y  W a y  s at ellit es,  f or e gr o u n d Mil k y  W a y  st ars,  a n d  dist a nt  
b a c k gr o u n d  g al a xi es.  T o  o bt ai n  a  hi g h- p urit y  st ell ar  s a m pl e  
fr o m t h e c at al o gs,  w e  s el e ct  o bj e cts  wit h  E X T _ X G B  �   .  T h e  
f a g  E X T _ X G B  cl assi f es  o bj e cts  i nt o diff er e nt  m or p h ol o gi c al  
cl ass es  usi n g  t h e X G B o o s t  al g orit h m  (T.  C h e n  &  C.  G u estri n  
2 0  6 ; K.  B e c ht ol  et  al.  2 0 2 5 ), wit h  i nt e g er cl ass es  r a n gi n g 
fr o m 0  (hi g h- c o n f d e n c e  st ars ) t o 4  (hi g h- c o n f d e n c e  g al a xi es ). 
As  a n  a d diti o n al  c h e c k,  w e  e x a mi n e  g al a x y  d e nsit y  m a ps  
ar o u n d  t h e c a n di d at es,  c o nstr u ct e d  usi n g  n o nst ell ar  s o ur c es  
wit h  E X T _ X G B  >  2,  t o e ns ur e  t h at t h e d et e ct e d  o v er d e nsiti es  
aris e  fr o m g e n ui n e  st ell ar  s yst e ms  r at h er t h a n fr o m mis cl assi -
f e d  g al a xi es.  W e  als o  e x cl u d e  o bj e cts  wit h  G O L D _ F L A G S  >  0  
t o r e m o v e s o ur c es  wit h  p ossi bl e  d at a- pr o c essi n g  iss u es or  
u n p h ysi c al  m e as ur e m e nts.  D et ails  of  b ot h  f a gs  c a n  b e  f o u n d i n 
K.  B e c ht ol  et  al.  (2 0 2 5 ). 

O ur  p h ot o m etri c  m e as ur e m e nts  of  t h e st ars  c o m e  fr o m 
p oi nt-s pr e a d  f u n cti o n (P S F ) m o d el  p h ot o m etr y  usi n g  t h e 
P S F _ M A G _ A P E R _ 8  v al u es  (K.  B e c ht ol  et  al.  2 0 2 5 ). T h es e  
m e as ur e m e nts  c o m e  fr o m a  si m ult a n e o us,  m ulti e p o c h  ft  usi n g  
t h e i n di vi d u al P S F  m o d els  f or e a c h  i m a g e at  t h e o bj e ct  
l o c ati o n. T h e  f u x  is n or m ali z e d  t o t h e M A G _ A P E R _ 8  s yst e m  
t o m at c h  t h e c o n v e nti o n  of  S E x t r a c t o r  (E.  B erti n  &  

6 9  htt ps: / / d at al a b. n oirl a b. e d u / d at a / d el v e  
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S.  Ar n o uts   9 9 6 ; E.  B erti n  et  al.  2 0 0 2 ). W e  a c c o u nt  f or cir c ul ar  a n n ul us  s urr o u n di n g  e a c h  c a n di d at e  (
e xti n cti o n  d u e  t o i nt erst ell ar d ust  b y  usi n g  d er e d d e n e d  w h er e  t h e y ar e  bi n n e d  i n c ol or – m a g nit u d e  s p a c e.  T h e  
m e as ur e m e nts  wit h  t h e _ C O R R E C T E D  s uf f x,  c al c ul at e d  b y  li k eli h o o d is c o nstr u ct e d  

r 0 . 5< °
b y  e v al u ati n g  t h e m e m b ers hi p  

a p pl yi n g  t h e i nt erst ell ar e xti n cti o n  c orr e cti o n  A b  =  R b  ×  pr o b a bilit y  of  st ars  wit hi n  of  t h e c a n di d at e  s yst e m.  
E (B  −  V  ) w h er e  R g  =  3.  8 6,  R r =  2.  4 0,  R i =   . 5 6 9,  a n d  
R z =   .  9 6  (D E S  C oll a b or ati o n  et  al.  2 0 2  ). T h e  E (B  −  V  )
v al u es  ar e  o bt ai n e d  fr o m t h e D.  J. S c hl e g el  et  al.  ( 9 9 8 )
r e d d e ni n g m a ps  wit h  t h e c ali br ati o n  a dj ust m e nt  s u g g est e d  b y  
E.  F.  S c hl a f y  &  D.  P.  Fi n k b ei n er  (2 0   ). B y  c o n v e nti o n,  w e  
d e n ot e  e xti n cti o n- c orr e ct e d  m a g nit u d es  wit h  t h e s u bs cri pt  “ 0. ”  

3.  D w a r  S e a r c h  M et h o ds  

W e  us e  t w o al g orit h ms  t o s e ar c h  f or n e w  Mil k y  W a y  
s at ellit es  i n t h e D E L V E  D R 3  d at a:  t h e is o c hr o n e m at c h e d  flt er  
al g orit h m  s i m p l e 7 0  a n d  t h e li k eli h o o d- b as e d Ultr a-f ai nt  
G Al a x y  LI k eli h o o d  t o ol kit u g a l i 7   (K.  B e c ht ol  et  al.  2 0  5 ; 
A.  Drli c a- W a g n er  et  al.  2 0 2 0 ). T h es e  t w o al g orit h ms  s h o w  
si mil ar  p erf or m a n c e  w h e n  d et e cti n g  r e al s yst e ms;  h o w e v er,  
f als e p ositi v es  i d e nti f e d b y  o n e  al g orit h m  ar e  oft e n  n ot  
d et e ct e d  b y  t h e ot h er.  T h er ef or e,  b y  r e q uiri n g a  c a n di d at e  t o b e  
i n d e p e n d e ntl y d et e ct e d  b y  b ot h  al g orit h ms,  w e  si g ni f c a ntl y  
r e d u c e t h e n u m b er  of  f als e p ositi v es  (s e e  Fi g ur e  4  of  C.  Y.  T a n  
et  al.  2 0 2 5 b ). 

T h e  frst  s e ar c h  al g orit h m,  s i m p l e , h as  b e e n  us e d  t o 
dis c o v er  at  l e ast 2 9  ultr a-f ai nt  Mil k y  W a y  s at ellit es  usi n g  
D E C a m  d at a  (K.  B e c ht ol  et  al.  2 0  5 ; A.  Drli c a- W a g n er  et  al.  
2 0  5 ; S.  M a u  et  al.  2 0 2 0 ; W.  C er n y  et  al.  2 0 2  a , 2 0 2  b , 
2 0 2 3 a , 2 0 2 3 b , 2 0 2 3 c , 2 0 2 4 ; C.  Y.  T a n  et  al.  2 0 2 5 c ). T h e  
s i m p l e  al g orit h m  frst  s el e cts  st ars  i n c ol or – m a g nit u d e  s p a c e  
t h at ar e  c o nsist e nt  wit h  a n  ol d  (τ  =   2  G yr ), m et al- p o or  
(Z  =  0. 0 0 0  ,  [F e / H ] ∼  − 2. 2 ) P A R S E C  is o c hr o n e (A.  Br ess a n  
et  al.  )

g r 0. 1 ,g r0
2 2 2( ) <  +  +

2 0  2 . T his  is d o n e  b y  s el e cti n g  st ars  t h at ar e  c o nsist e nt  

wit h  w h er e  σ g  a n d  σ r ar e  t h e 
g - a n d r- b a n d m a g nit u d e  u n c ert ai nti es  of  t h e i n di vi d u al st ars,  
a n d  t h e c o nst a nt  t er m 0.   a c c o u nts  f or a d diti o n al  m o d eli n g  a n d  
s yst e m ati c  u n c ert ai nti es.  C a n di d at es  ar e  t h e n i d e nti f e d b y  
f a g gi n g  r e gi o ns t h at s h o w  hi g h  d e nsiti es  of  is o c hr o n e- flt er e d 
st ars.  T h e  s i m p l e  d et e cti o n  si g ni f c a n c e  of  a  c a n di d at e,  SI G,  
is c al c ul at e d  b y  c o m p ari n g  t h e n u m b er  of  o bs er v e d  st ars  
wit hi n  a  cir c ul ar  a p ert ur e  c e nt er e d  o n  t h e c a n di d at e,  N o bs , t o 
t h e s urr o u n di n g  b a c k gr o u n d  d e nsit y  f el d:  

N  P NSI G I S F S F , 1Ngr o b sb
[ ( )] ( )( )= =

w h er e  PS F N b( )= i s t h e s ur vi v al  f u n cti o n of  a  P oiss o n  
distri b uti o n  wit h  m e a n,  N b , esti m at e d  fr o m a  b a c k gr o u n d  
a n n ul us,  a n d  NI S F is t h e i n v ers e s ur vi v al  f u n cti o n of  a  
G a ussi a n  n or m al  distri b uti o n,  N 0, 1( )µ =  = . W h e n  
s e ar c hi n g  f or c a n di d at es,  w e  it er at e o v er  cir c ul ar  a p ert ur es  

wit h  r a dii fr o m 0. 6 t o 1 8 i n st e ps  of  0. 6 , a n d  o v er  
dist a n c e  m o d uli  i n t h e r a n g e  6. 0  (m  −  M )0  2 3. 0  m a g  i n 
st e ps  of  0. 5  m a g  (c orr es p o n di n g  t o h eli o c e ntri c  dist a n c es  
 0  k p c  ∼  D ⊙  ∼  4 0 0  k p c ). 

T h e  s e c o n d  s e ar c h  al g orit h m,  u g a l i , e m pl o ys  a  m a xi m u m-
li k eli h o o d a p pr o a c h  t o i d e ntif y g al a x y  c a n di d at es.  S p e ci f c all y,  
it c o m p ar es  t h e li k eli h o o d of  a  m o d el  t h at i n cl u d es a  Mil k y  
W a y  s at ellit e  g al a x y  a g ai nst  a  n ull  m o d el  c o nsisti n g  o nl y  of  a  
u nif or m  f el d-st ar  b a c k gr o u n d.  T h e  u nif or m  f el d-st ar  b a c k -
gr o u n d  p o p ul ati o n  is d et er mi n e d  e m piri c all y  usi n g  st ars  fr o m a  

7 0  
htt ps: / / git h u b. c o m / D ar k E n er g y S ur v e y / si m pl e 

7   htt ps: / / git h u b. c o m / D ar k E n er g y S ur v e y / u g ali  

E a c h  st ar’s  pr o b a bilit y  of  b el o n gi n g  t o a  p ut ati v e  d w arf  g al a x y  
is d et er mi n e d  b as e d  o n  its s p ati al  p ositi o n,  p h ot o m etr y,  a n d  
c ol or.  F ull  d et ails  of  t h e li k eli h o o d c o nstr u cti o n  ar e  pr o vi d e d  
i n K.  B e c ht ol  et  al.  (2 0  5 ) a n d  A p p e n di x  C  of  A.  Drli c a- W a -
g n er  et  al.  (2 0 2 0 ). 

W e  m o d el  t h e s p ati al  distri b uti o n  of  st ars  i n s at ellit e  
g al a xi es  wit h  a  r a di all y s y m m etri c  Pl u m m er  pr o fl e  
(H.  C.  Pl u m m er   9   ). F or  t h e c ol or – m a g nit u d e  distri b uti o n,  
w e  b uil d  pr o b a bilit y  d e nsit y  f u n cti o ns i n t h e { g 0 , (g  −  r)0 }  
pl a n e  usi n g  ol d,  m et al- p o or  P A R S E C  v 1 . 2 S  is o c hr o n es 
(A.  Br ess a n  et  al.  2 0  2 ; Y.  C h e n  et  al.  2 0  4 ; J. T a n g  et  al.  
2 0  4 ; Y.  C h e n  et  al.  2 0  5 ), w ei g ht e d  b y  a  G.  C h a bri er  
(2 0 0  ) i niti al m ass  f u n cti o n (I M F). F or  o ur  s e ar c h,  
w e  a d o pt  a  c o m p osit e  is o c hr o n e o bt ai n e d  b y  s u m mi n g  
f o ur e q u all y  w ei g ht e d  is o c hr o n es wit h  m et alli citi es,  
Z p h ot  =  { 0. 0 0 0  ,  0. 0 0 0 2 }  ([F e / H ] ≈  { – 2. 2,  –  . 9 } ), a n d  a g es,  
τ  =  {  0  G yr,   2  G yr } . 

W e  e v al u at e  t h e li k eli h o o d a cr oss  a  gri d  
0. 0 8

of  H E A L P i x 7 2  

pi x els  (n s i d e  =  4 0 9 6;  s p ati al  r es ol uti o n )
r 1. 2, 4. 2, 9. 0h { }=

. At  e a c h  pi x el,  
w e  v ar y  t h e h alf-li g ht  r a di us, a n d  t h e 
dist a n c e  m o d ul us   6. 0  ∼  (m  −  M )0  ∼  2 3. 0  m a g  i n 0. 5  m a g  
st e ps,  s el e cti n g  t h e p ar a m et er  s et  t h at m a xi mi z es  t h e li k e-
li h o o d. T h e  u g a l i  d et e cti o n  si g ni f c a n c e  is q u a nti f e d  as  t h e 
li k eli h o o d r ati o b et w e e n  t h e s at ellit e  m o d el  a n d  t h e n ull  m o d el,  

. W e  i d e ntif y c a n di d at e  s ys -
t e ms b y  l o c ati n g is ol at e d p e a ks  

L  Ll o gT S 2 l o ggr g al a x y n ull( )=
(i. e., c o nti g u o us  r e gi o ns) i n t h e 

li k eli h o o d m a ps  wit h  T S gr  >   0.  
R u n ni n g  o ur  s e ar c h  al g orit h ms  o n  t h e D E L V E  D R 3  d at a,  w e  

o bt ai n  t e ns of  t h o us a n ds of  “ h ots p ots ”  (i. e., l o c ati o ns w h er e  t h e 
d et e cti o n  si g ni f c a n c e  e x c e e ds  t h e d et e cti o n  t hr es h ol d), wit h  
m ost  of  t h e h ots p ots  h a vi n g  r el ati v el y l o w d et e cti o n  si g -
ni f c a n c e.  W hil e  m a n y  of  t h e hi g h  d et e cti o n  si g ni f c a n c e  
h ots p ots  c orr es p o n d  t o k n o w n  d w arf  g al a xi es,  t h e n at ur e  of  t h e 
r e m ai ni n g h ots p ots  is m or e  a m bi g u o us,  wit h  m a n y  li k el y b ei n g  
f als e p ositi v es  c a us e d  b y  s ur v e y  artif a cts.  

D u e  t o t h e l ar g e n u m b er  of  h ots p ots,  w e  i niti at e d a  
Z o o ni v ers e  citi z e n-s ci e n c e  pr oj e ct  “ D E L V E  D w arf  G al a x y  
Q u est:  Mil k y  W a y  N ei g h b ors ”  t o e nlist  v ol u nt e ers  t o vis u all y  
i ns p e ct t h e h ots p ots  f or hi g h- q u alit y  g al a x y  c a n di d at es. 7 3  

Z o o ni v ers e  is t h e l e a di n g pl atf or m  f or citi z e n  s ci e n c e  a n d  
c urr e ntl y  h as  o v er   . 5  milli o n  “ citi z e n  s ci e ntists ”  h el pi n g  t o 
a n al y z e  m or e  t h a n 4 0 0  pr oj e cts  (L.  F orts o n  et  al.  2 0  2 ; 
M.  Z e vi n  et  al.  2 0  7 ). T h e  Z o o ni v ers e  v ol u nt e ers  ar e  as k e d  
t o e x a mi n e  di a g n osti c  pl ots  s h o wi n g  t h e s m o ot h e d  st ell ar  
d e nsit y  m a p  a n d  c ol or – m a g nit u d e  di a gr a m  of  r e gi o ns 
ar o u n d  t h e h ots p ots,  si mil ar  t o t h os e s h o w n  i n Fi g ur e   .7 4  

T h e y  ar e  t h e n as k e d  t o cl assif y  e a c h  as  eit h er  a  pr o misi n g  
c a n di d at e  f or f oll o w- u p or  a  li k el y f als e p ositi v e.  C o m pr e h e n -
si v e  r es ults fr o m t his Z o o ni v ers e  c a m p ai g n,  w hi c h  will  
cl assif y  o v er  4 0, 0 0 0  h ots p ots,  will  b e  pr es e nt e d  i n a  f ort h-
c o mi n g  p a p er.  

S e v er al  pr o misi n g  c a n di d at es,  h o w e v er,  w er e  i d e nti f e d 
e v e n  b ef or e  t h e l a u n c h of  t h e Z o o ni v ers e  c a m p ai g n,  d uri n g  t h e 

7 2  
htt p: / / h e al pi x.sf. n et  

7 3  htt ps: / / w w w. z o o ni v ers e. or g / pr oj e cts / y w y h / d el v e- d w arf- g al a x y- q u est -
mil k y- w a y- n ei g h b ors  
7 4  

T h e  v ol u nt e ers  ar e  n ot  gi v e n  t h e L e g a c y  S ur v e ys  S k y  Vi e w er  i m a g es 
s h o w n  i n t h e b ott o m  r o w of  Fi g ur e   . 
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C ari n aI V P h o e ni xIII D el v e 7

Fi g u r e  1.  Di a g n osti c  pl ots  f or e a c h  of  t h e t hr e e n e wl y  dis c o v er e d  s at ellit es,  cl os el y  m at c hi n g  t h os e us e d  t o i d e ntif y t h e s yst e ms  i n o ur  s e ar c h.  T o p  p a n els:  is o c hr o n e-

flt er e d  st ell ar  d e nsit y  m a ps  f or a   °  ×   °  r e gi o n c e nt er e d  o n  e a c h  c a n di d at e,  s m o ot h e d  wit h  a  0. 5 G a ussi a n  k er n el.  Mi d dl e  p a n els:  c ol or – m a g nit u d e  di a gr a ms  f or 

st ars  wit hi n  2. 5 of  C ari n a  I V a n d  1. 5 of  P h o e ni x  III a n d  D E L V E  7,  c e nt er e d  o n  e a c h  c a n di d at e  s yst e m.  St ars  ar e  c ol or e d  b y  s e p ar ati o n  fr o m e a c h  s yst e m’s  c e ntr oi d,  
wit h  d ar k er  c ol ors  r e pr es e nti n g s m all er  s e p ar ati o ns.  Als o  o v erl ai d  is t h e b est- ft  ol d,  m et al- p o or  P A R S E C  is o c hr o n e, wit h  p ar a m et ers  t a k e n fr o m t h e b est- ft  u g a l i
r es ults i n T a bl e   . T h e  m e di a n  p h ot o m etri c  u n c ert ai nti es  f or st ars  ar o u n d  e a c h  s at ellit e,  as  a  f u n cti o n of  g - b a n d m a g nit u d e,  ar e  i n di c at e d b y  r e d err or  b ars.  T h e  “ x ”  
m ar k er  i n di c at es a  c o n fr m e d  n o n m e m b er  st ar  of  D E L V E  7  wit h  a  G ai a  p ar all a x  of  ϖ  =  0. 7   ±  0.  5  m as,  cl e arl y  pl a ci n g  it i n t h e f or e gr o u n d of  t h e s yst e m.  B ott o m  
p a n els:  f als e- c ol or c o a d d e d  i m a g es ( 2 2× , ∼ 0  0 3  ×  0  0 3 ) of  C ari n a  I V, P h o e ni x  III, a n d  D E L V E  7  fr o m t h e L e g a c y  S ur v e ys  S k y  Vi e w er  D R  0.  E a c h  c ut o ut  h as  
b e e n  arti f ci all y  bri g ht e n e d  b y  a  f a ct or of   . 8  t o hi g hli g ht  f ai nt s o ur c es.  W e  als o  o v erl a y  r e d elli ps es  o n  t h e c o a d d e d  i m a g es d e m ar c ati n g  t h e h alf-li g ht  r a di us, r h , of  
t h e s at ellit es.  

pr e p ar ati o n  f or t h e b et a  t est. F or  t his t est, w e  g e n er at e d  (SI G gr  =  4. 9;  T S 7. 5gr = ). C ari n a  I V a n d  D E L V E  7  w er e  
di a g n osti c  pl ots  f or a  s u bs et  of  ∼ 4 0 0 0  h ots p ots  t h at p ass e d  t h e frst  i d e nti f e d b y  D E L V E  m e m b ers,  b as e d  o n  t h e pr es e n c e  of  
mi ni m u m  d et e cti o n  t hr es h ol d of  SI G

T S 3. 1 7gr

0. 2°

gr  >  3. 0  i n s i m p l e  a n d  cl e ar  Mil k y  W a y  s at ellit e si g n at ur es i n t h eir di a g n osti c  pl ots  

i n u g a l i ,7 5  wit h  t h e s p ati al  c oi n ci d e n c e  of  t h e (Fi g ur e   ), i n cl u di n g a  pr o mi n e nt  o v er d e nsit y  i n t h e st ell ar 
d e nsit y  m a p  a n d  a  w ell- d e f n e d  c ol or – m a g nit u d e  s e q u e n c e

t w o d et e cti o ns  wit hi n  . 
c o nsist e nt  wit h  a  m et al- p o or  st ell ar p o p ul ati o n.  I n c o ntr ast,

H er e,  w e  pr es e nt  t hr e e of  t h e m ost  pr o mi n e nt  s at ellit e 
P h o e ni x  III w as  dis c o v er e d  b y  a  v ol u nt e er  b et a  t est er w h e n  g oi n g  

c a n di d at es  i d e nti f e d: C ari n a  I V (SI G gr  ), t hr o u g h t h e s a m e di a g n osti c  pl ots  d uri n g  t h e s a m e p h as e. 7 6  T h es e  
P h o e ni x  III (SI G gr  =  4. 9;  

=  7. 5;  T S 8. 8gr =

T S 6. 1gr = ), a n d  D E L V E  7  

7 6  P h o e ni x  III w as  frst  i d e nti f e d b y  Z o o ni v ers e  b et a  t est er a n d  citi z e n  
7 5  C orr es p o n di n g  t o a  u g a l i  t hr es h ol d of  T S gr  >   0.  s ci e ntist  Er n est  J u d e  P.  Ti u.  
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T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  

c a n di d at es  g e n er all y  e x hi bit  m u c h  hi g h er  s i m p l e  a n d  u g a l i
d et e cti o n  si g ni f c a n c es  c o m p ar e d  t o t h e r e m ai ni n g ∼ 4 0 0 0  
h ots p ots  d et e ct e d  b y  b ot h  al g orit h ms,  pl a ci n g  t h e m wit hi n  t h e 
9 4t h  p er c e ntil e  i n u g a l i  d et e cti o n  si g ni f c a n c e.  

W e  n ot e  t h at n o n e  of  t h e t hr e e c a n di d at es  e x c e e ds  t h e 
c o ns er v ati v e  d et e cti o n  t hr es h ol ds a d o pt e d  f or i n cl usi o n i n t h e 
s yst e m ati c  Mil k y  W a y  s at ellit e  c e ns us  of  C.  Y.  T a n  et  al.  
(2 0 2 5 b ).7 7  I n c o ntr ast  t o C.  Y.  T a n  et  al.  (2 0 2 5 b ), w hi c h  
pri oriti z es  hi g h  d w arf  g al a x y  s a m pl e  p urit y  t hr o u g h t h e us e  of  
a d diti o n al  i- b a n d i nf or m ati o n, t h e s e ar c h  a n d  t h e m ai n  a n al ysis  
pr es e nt e d  i n t his w or k  r el y s ol el y  o n  g - a n d r- b a n d d at a.  

4.  C h a r a ct e ri z ati o n  o  t h e N e w  S yst e ms  

I n t his s e cti o n,  w e  pr es e nt  m e as ur e m e nts  of  t h e str u ct ur al  
pr o p erti es  a n d  st ell ar  p o p ul ati o ns  of  t h e t hr e e m ost  pr o misi n g  
c a n di d at es  fr o m o ur  s e ar c h.  T h es e  m e as ur e m e nts  ar e  d eri v e d  
pri m aril y  wit h  t h e m a xi m u m-li k eli h o o d  fr a m e w or k of  u g a l i , 
usi n g  t h e s a m e  D E C a m- b as e d  D E L V E  D R 3  d at a  e m pl o y e d  i n 
t h e s e ar c h  (S e cti o n  4.  ). I n a d diti o n,  S e cti o n  4. 2  d et ails  
f oll o w- u p M a g ell a n / I M A C S i m a gi n g o bt ai n e d  f or t h e f ai nt est 
s yst e m,  D E L V E  7,  w hi c h  pr o vi d es  ti g ht er c o nstr ai nts  o n  its 
str u ct ur al  p ar a m et ers  a n d  c o n fr ms  its n at ur e  as  a  m et al- p o or  
st ell ar  s yst e m.  

4. 1.  Pr o p erti es  fr o m D E C a m  P h ot o m etr y  

W e  us e  t h e m a xi m u m-li k eli h o o d- b as e d  u g a l i  c o d e b as e  
(K.  B e c ht ol  et  al.  2 0  5 ; A.  Drli c a- W a g n er  et  al.  2 0 2 0 ) t o 
m e as ur e  t h e m or p h ol o gi c al  a n d  st ell ar  p o p ul ati o n  pr o p erti es  of  
t h e t hr e e c a n di d at es  i n t h e D E L V E  D R 3  d at a.  I n t h e s at ellit e  
s e ar c h  d es cri b e d  i n S e cti o n  3 , w e  a d o pt e d  a  r a di all y s y m m etri c  
Pl u m m er  pr o fl e  t o r e d u c e c o m p ut ati o n  ti m e, dr a wi n g  p ar a -
m et ers  s u c h  as  si z e  a n d  dist a n c e  fr o m a  pr e d e f n e d  gri d  a n d  
f xi n g  a  si n gl e  c o m p osit e  is o c hr o n e. H er e,  w e  r u n u g a l i  wit h  
a  m or e  f e xi bl e  m o d el  t h at all o ws  b ot h  t h e m or p h ol o gi c al  a n d  
st ell ar  p o p ul ati o n  pr o p erti es  t o v ar y  fr e el y. 

W e  m o d el  t h e st ell ar  d e nsit y  pr o fl e  of  e a c h  s yst e m  wit h  a n  
elli pti c al  Pl u m m er  pr o fl e,  wit h  t h e fr e e p ar a m et ers  d es cri b e d  
b y  t h e c e ntr oi d  c o or di n at es  ( J 2 0 0 0 , J 2 0 0 0 ), a n g ul ar  s e mi m aj or  
a xis  l e n gt h, a h , elli pti cit y,  ε , a n d  t h e p ositi o n  a n gl e  (P. A. ) of  
t h e m aj or  a xis  (d e f n e d  e ast  of  n ort h ). W e  t h e n m o d el  t h e 
m a g nit u d es  a n d  c ol ors  of  t h e p ut ati v e  m e m b er  st ars  wit h  a  
P A R S E C  is o c hr o n e m o d el  (A.  Br ess a n  et  al.  2 0  2 ; Y.  C h e n  
et  al.  2 0  4 ; J. T a n g  et  al.  2 0  4 ; Y.  C h e n  et  al.  2 0  5 ) wit h  t h e 
dist a n c e  m o d ul us,  (m  −  M )0 , a g e,  τ , a n d  m et alli cit y,  Z p h ot , of  
t h e s yst e m  as  p ar a m et ers.  W e  als o  ft  t h e st ell ar  ri c h n ess, λ , 
w hi c h  n or m ali z es  t h e t ot al n u m b er  of  st ars  i n t h e s yst e m  
(K.  B e c ht ol  et  al.  2 0  5 ; A.  Drli c a- W a g n er  et  al.  2 0 2 0 ). 

Si n c e  t h e t hr e e s yst e ms  e x hi bit  v er y  diff er e nt  pr o p erti es  a n d  
h a v e  v ar yi n g  n u m b ers  a n d  t y p es of  o bs er v a bl e  st ars,  w e  tr e at 
t h e is o c hr o n e p ar a m et ers  diff er e ntl y  f or e a c h  s yst e m.  F or  t h e 
bri g ht est  s yst e m,  C ari n a  I V, w hi c h  h as  t h e l ar g est n u m b er  of  
o bs er v a bl e  st ars,  w e  all o w e d  all  of  t h e is o c hr o n e p ar a m et ers  
(( )p h ot)
m  M 2 0. 10 0. 2

0. 1( ) = +

Z 0. 0 0 0 1 3p h ot 0. 0 0 0 0 3
0. 0 0 0 0 4= +

m  −  M 0 , τ , Z t o v ar y,  
1 2. 5 1. 0

0. 3= +
f n di n g  a  dist a n c e  m o d ul us  of  

, a g e  of  a n d  a  m et alli cit y  of  
. I n t h e c as e  of  P h o e ni x  III, fr e ei n g all  

T h e  d et e cti o n  t hr es h ol d is SI G gr  

gr  

T S gi

?  5. 5,  T S 5. 0gr

T S 8. 0gr

, a n d  
wit hi n  t h e D E S  f o ot pri nt, a n d  SI G ?  6. 5,  , a n d  
wit hi n  t h e D E L V E  f o ot pri nt, w h er e  is t h e u g a l i  d et e cti o n  si g ni f c a n c e  

T S 5. 0gi

T S 7. 5gi

i n t h e 

T S 6. 4gi =

g ,i b a n ds  i nst e a d of  t h e g ,
T S gr

r  b a n ds.  W hil e  C ari n a  I V s atis f es  t h e 
T S gi

c e ns us  
t hr es h ol ds f or SI G gr  a n d  , it f alls s h ort  of  t h e crit eri o n  
wit h  . 

T a n  et  al.  

p ar a m et ers  l e d t o a  bi m o d al  p ost eri or,  wit h  o n e  p e a k  at  
Z p h ot  =  0. 0 0 0  ,  τ  =   2  G yr,  a n d  a n ot h er  m or e  pr o mi n e nt  p e a k  
at  Z p h ot  =  0. 0 0 0 6,  τ  =  7  G yr.  I n t h e m ai n  a n al ysis,  w e  f x e d  t h e 
m et alli cit y  of  t h e s yst e m  t o Z p h ot  

m  M 2 0. 30 0. 1
0. 2( ) = +

=  0. 0 0 0  ,  a n d  w e  o bt ai n e d  a  
dist a n c e  m o d ul us  of  , a g e  of  

1 1. 8 0. 4
0. 5= + G yr.  W e  dis c uss  t h e p h ysi c al  m oti v ati o n  f or t his 

c h oi c e  i n S e cti o n  6. 2  a n d  e x a mi n e  t h e alt er n ati v e  y o u n g er  
s ol uti o n  i n m or e  d et ail  i n A p p e n di x  B . F or  D E L V E  7,  w e  
a d o pt e d  t h e b est- ft  is o c hr o n e fr o m d e e p er  M a g ell a n / I M A C S 
p h ot o m etr y,  wit h  τ  =   0  G yr,  Z  =  0. 0 0 0 6,  a n d  
(m  −  M )0  =   8.   ±  0. 3  (s e e  S e cti o n  4. 2 ). 

W e  r u n t h e M ar k o v  C h ai n  M o nt e  C arl o  s a m pl er  
e m c e e  (D.  F or e m a n- M a c k e y  et  al.  2 0  3 ) f or 5 0 0 0  st e ps  wit h  
2 0  w al k ers  t o si m ult a n e o usl y  s a m pl e  t h e str u ct ur e  a n d  
is o c hr o n e p ar a m et ers  i n a d diti o n  t o t h e st ell ar  ri c h n ess. 
T a bl e    s h o ws  t h e v al u es  a n d  u n c ert ai nti es  of  t h e st ell ar  
d e nsit y  pr o fl e  a n d  is o c hr o n e p ar a m et ers  o bt ai n e d  fr o m 
u g a l i . T h e  esti m at es  of  p ar a m et ers  ar e  o bt ai n e d  fr o m t h e 
m e di a n  of  t h e m ar gi n ali z e d  p ost eri ors,  w hil e  t h e u n c ert ai nti es  
ar e  o bt ai n e d  usi n g  t h e  6t h  a n d  8 4t h  p er c e ntil es.  

T a bl e    als o  i n cl u d es pr o p erti es  d eri v e d  fr o m t h e ftt e d  
p ar a m et ers.  F or  e x a m pl e,  fr o m t h e a n g ul ar  s e mi m aj or  a xis  
l e n gt h, a h , w e  c a n  o bt ai n  

a 1h

t h e a zi m ut h all y  a v er a g e d  a n g ul ar  
h alf-li g ht  r a dii (r h  =  ). W h e n  c o m bi n e d  wit h  t h e 
dist a n c e  m o d ul us,  w e  c a n  d eri v e  t h e p h ysi c al  s e mi m aj or  a x es  
(i n p ars e cs ), a  / 2 , a n d  a zi m ut h all y  a v er a g e d  p h ysi c al  h alf-li g ht  
r a dii (i n p ars e cs ), r  / 2 . F oll o wi n g  t h e pr es cri pti o n  of  
N.  F.  M arti n  et  al.  (2 0 0 8 ), w e  esti m at e  t h e a bs ol ut e  V - b a n d 
m a g nit u d e  (M V ) a n d  us e  t h e m t o d eri v e  t h e V - b a n d 
l u mi n ositi es (L V ). W e  d eri v e  st ell ar  m ass es  (M * ) b y  ass u mi n g  
a  st ell ar- m ass-t o-li g ht  r ati o of  M * / L V  =  2  (J. D.  Si m o n  2 0  9 ). 

F or  e a c h  st ar,  t h e u g a l i  pi p eli n e  assi g ns  a  pr o b a bilit y  t h at 
t h e st ar  is a  m e m b er  of  t h e st ell ar  s yst e m  b as e d  o n  its s p ati al  
p ositi o n,  p h ot o m etri c  pr o p erti es,  a n d  l o c al i m a gi n g d e pt h  
ass u mi n g  a  gi v e n  m o d el  t h at i n cl u d es a  p ut ati v e  d w arf  g al a x y  
a n d  t h e l o c al st ell ar  f el d  p o p ul ati o n  (K.  B e c ht ol  et  al.  2 0  5 ; 
A.  Drli c a- W a g n er  et  al.  2 0 2 0 ). W e  pl ot  t h e s p ati al  distri b uti o n  
of  st ars  i n a  s m all  r e gi o n ar o u n d  t h e t hr e e c a n di d at es,  wit h  
st ars  c ol or e d  b y  t h eir u g a l i  m e m b ers hi p  pr o b a bilit y  i n t h e 
t o p p a n els  of  Fi g ur e  2 . I n t h e b ott o m  p a n els  of  t h e s a m e  f g ur e,  
w e  s h o w  c ol or – m a g nit u d e  di a gr a ms  f or e a c h  s yst e m  wit h  st ars  
c ol or e d  b y  t h eir u g a l i  m e m b ers hi p  pr o b a bilit y  a n d  t h e b est-
ft  P A R S E C  is o c hr o n e m o d el  (A.  Br ess a n  et  al.  2 0  2 ; Y.  C h e n  
et  al.  2 0  4 ; J. T a n g  et  al.  2 0  4 ; Y.  C h e n  et  al.  2 0  5 ). 

4.  .  Pr o p erti es  of  D E L V E  7  fr o m M a g ell a n /I M A C S 
P h ot o m etr y  

U nli k e  t h e t w o bri g ht er  o bj e cts  i d e nti f e d i n t his p a p er,  t h e 
cl assi f c ati o n  of  t h e f ai nt D E L V E  7  s yst e m  as  a  r e al Mil k y  
W a y  s at ellit e  is n ot  c ert ai n  fr o m D E L V E  D R 3  al o n e.  T o  
f urt h er ass ess  its n at ur e,  w e  o bt ai n e d  d e e p  g - a n d r- b a n d 
i m a gi n g usi n g  t h e I n a m ori M a g ell a n  Ar e al  C a m er a  a n d  
S p e ctr o gr a p h  (I M A C S; A.  Dr essl er  et  al.  2 0 0 6 ) o n  t h e 6. 5- m  
M a g ell a n  B a a d e  T el es c o p e  o n  2 0 2 5  A pril  4  d uri n g  e x c ell e nt  

2 7. 4c o n diti o ns.  W e  us e d  
0 . 2 pi x el 1

t h e f/ 2  c a m er a,  w hi c h  d eli v ers  a  
f el d  of  vi e w  a n d  s c al e.  O bs er v ati o ns  i n cl u d e d 
5  ×  3 0 0  s i m a g es i n t h e g  b a n d  a n d  5  ×  3 0 0 s  i n t h e r b a n d,  
wit h  s m all  dit h ers  b et w e e n  e x p os ur es.  T h e  d at a  w er e  r e d u c e d 
i n a  m a n n er  si mil ar  t o A.  C hiti  et  al.  (2 0 2 0 ) a n d  D.  J. S a n d  
et  al.  (2 0 2 2 ), w hi c h  i n cl u d e d o v ers c a n  s u btr a cti o n  a n d  f at-
f el di n g,  f oll o w e d b y  a n  astr o m etri c  c orr e cti o n  usi n g  a  
c o m bi n ati o n  of  A S T R O M E T R Y . N E T  (D.  L a n g  et  al.  2 0  0 ) 
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T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  T a n  et  al.  

T a bl e  1  
M e as ur e d  a n d  D eri v e d  P ar a m et ers  of  C ari n a  I V, P h o e ni x  III, a n d  D E L V E  7  

P ar a m et er  D es cri pti o n  U nits  C ari n a  I V P h o e ni x  III D E L V E  7  

J 2 0 0 0  R. A.  of  C e ntr oi d  d e g  1 0 4. 0 4 6 0. 0 1 5
0. 0 1 2+ 2 6. 7 1 1 0. 0 0 9

0. 0 0 8+ 3 0 4. 1 0 7 0. 0 0 5
0. 0 0 4+

J 2 0 0 0  D e cl.  of  C e ntr oi d  d e g  6 3. 3 1 9 0. 0 0 5
0. 0 0 6+ 4 1. 4 2 8 0. 0 0 3

0. 0 0 4+ 5 0. 3 3 0. 0 0 2
0. 0 0 2+

⋯  I A U N a m e  ⋯  J 0 6 5 6- 6 3  9  J 0  4 6- 4  2 5  J 2 0  6- 5 0  9  

⋯  S ur v e y  R e gi o n a  ⋯  D E L V E  D E S  D E S  

a h  A n g ul ar  S e mi m aj or  A xis  L e n gt h  ar c mi n  1. 3 4 0. 3 8
0. 5 6+ 0. 8 5 0. 3 7

0. 6 1+ 0. 3 2 0. 1 6
0. 5 8+

a  / 2  P h ysi c al  S e mi m aj or  A xis  L e n gt h  p c  4 0 1 0
2 0+ 2 8 1 2

2 0+ 3 2
7+

r h  A zi m ut h all y  A v er a g e d  A n g ul ar  H alf-li g ht  R a di us  ar c mi n  1. 1 9 0. 3 4
0. 4 9+ 0. 5 9 0. 2 6

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

r  / 2  A zi m ut h all y  A v er a g e d  P h ysi c al  H alf-li g ht  R a di us  p c  4 0 1 0
1 0+ 1 9 8

1 4+ 2 1
4+

ε  Elli pti cit y  ⋯  0. 2 1 0. 2 1
0. 2 7+ 0. 5 2 0. 4 5

0. 1 8+ 0. 6 3 0. 5 3
0. 1 7+

P. A.  

(m  −  M )0  

P o siti o n  A n gl e  of  M aj or  A xis  (E ast  of  N ort h ) 

Dist a n c e  M o d ul us b  

d e g  

m a g  

1 1 7 6 8
6 3+

2 0. 1 0. 2
0. 1+

8 9 4 0
3 7+

2 0. 3 0. 1
0. 2+

1 0 1 5 5
4 3+

1 8. 1 0. 3
0. 3+

D ⊙  H eli o c e ntri c  Dist a n c e  k p c  1 0 2 9
5+ 1 1 5 7

1 0+ 4 2 5
6+

D G C  G al a ct o c e ntri c  Dist a n c e  k p c  1 0 2 8
2+ 1 1 5 5

8+ 3 5 5
6+

M V  A b s ol ut e  (I nt e gr at e d) V - b a n d M a g nit u d e  m a g  2. 8 0. 6
0. 4+ 1. 2 1. 1

0. 7+ 1. 2 2. 1
0. 7+

L V  V - b a n d L u mi n osit y  L ⊙  1 1 3 0 4 2 0
5 9 0+ 2 6 0 1 4 0

3 3 0+ 3 0 2 0
6 0+

M 〉  St ell ar  M ass  M ⊙  2 2 5 0 8 3 0
1 1 8 0+ 5 2 0 2 9 0

6 6 0+ 6 0 4 0
1 2 0+

τ  B est- ft  A g e  G yr   2. 5    . 8   0. 0  

Z p h ot  B e st- ft  P h ot o m etri c  M et alli cit y  d e x  0. 0 0 0  3  0. 0 0 0  0  0. 0 0 0 6   

E (B  −  V  ) G al a cti c  E xti n cti o n  ⋯  0. 0 9 0  0. 0  5  0. 0 5 2  

N ot es.  D et ails  of  e a c h  p ar a m et er  c a n  b e  f o u n d i n t h eir c orr es p o n di n g  s e cti o ns.  
a  

H er e  w e  r ef er t o t h e g e n er all y  d e e p er  a n d  m or e  h o m o g e n e o us  D E S  p orti o n  of  D E L V E  D R 3  as  t h e D E S  f o ot pri nt, a n d  t h e n o n- D E S  p orti o n  as  t h e D E L V E  
f o ot pri nt. 
b  F oll o wi n g  A.  Drli c a- W a g n er  et  al.  (2 0  5 ), w e  a d d e d  i n q u a dr at ur e  a  0.   m a g  s yst e m ati c  u n c ert ai nt y  t o t h e dist a n c e  m o d ul us  m e as ur e m e nt  t o a c c o u nt  f or t h e 

u n c ert ai nti es  i n t h e is o c hr o n e m o d eli n g.  

a n d  S C A M P  (E.  B erti n  2 0 0 6 ). I m a g e r e m a p pi n g a n d  c o a d diti o n  
w as  p erf or m e d  wit h  S W A R P  (E.  B erti n  2 0  0 ) usi n g  a  w ei g ht e d  
a v er a g e  of  t h e i n p ut i m a g es. T h e  f n al  

0 . 8
g - a n d 

0 . 7
r- b a n d st a c k e d  

i m a g es h a v e  P S F  F W H M  v al u es  of  a n d  , r es p e cti v el y. 
W e  dis pl a y  t h e f n al,  st a c k e d  r- b a n d I M A C S i m a g e i n Fi g ur e  3  
(l eft p a n el ). D E L V E  7  is cl e arl y  visi bl e  as  a  c o m p a ct  c oll e cti o n  
of  f ai nt st ars  at  t h e c e nt er  of  t h e i m a g e. 

W e  p erf or m e d  P S F  p h ot o m etr y  o n  t h e st a c k e d  I M A C S 
i m a g es usi n g  D A O P H O T  a n d  A L L F R A M E  (P.  B.  St ets o n   9 8 7 , 
 9 9 4 ) f oll o wi n g t h e pr o c e d ur e  d es cri b e d  i n B.  M utl u- P a k dil  
et  al.  (2 0  8 ). T h e  p h ot o m etr y  w as  c ali br at e d  t o p oi nt  
s o ur c es  i n t h e D E L V E  D R 3  c at al o g,  i n cl u di n g a  c ol or  t er m, 
a n d  w as  c orr e ct e d  f or G al a cti c  e xti n cti o n  f oll o wi n g t h e 
pr o c e d ur e  d es cri b e d  i n S e cti o n  2 . T h e  t y pi c al e xti n cti o n  at  
t h e p ositi o n  of  D E L V E  7  fr o m D.  J. S c hl e g el  et  al.  ( 9 9 8 ) is 
E (B  −  V  ) =  0. 0 5 2,  a n d  w e  pr es e nt  t h e d er e d d e n e d  g 0  a n d  r 0  

m a g nit u d es.  I n Fi g ur e  3  (ri g ht p a n el ), w e  s h o w  t h e c ol or –  
m a g nit u d e  di a gr a m  of  st ars  ass o ci at e d  wit h  D E L V E  7  wit hi n  
r 0. 5< al o n g  wit h  t h e c ol or – m a g nit u d e  di a gr a m  of  st ars  i n a n  
e q u al- ar e a  b a c k gr o u n d  a n n ul us.  Fi g ur e  3  s h o ws  a  s p ars e  m ai n-
s e q u e n c e  t ur n- off (M S T O ) at  g  ∼  2  . 5  f oll o w e d b y  a  w ell-
p o p ul at e d  m ai n  s e q u e n c e  d o w n  t o g  ∼  2 4. 5.  N eit h er  of  t h es e 
f e at ur es ar e  s e e n  i n t h e b a c k gr o u n d  r e gi o n. W e  t h er ef or e 
c o n fr m  D E L V E  7  as  a  b o n a  f d e  n e w  st ell ar  s yst e m.  

T o  o bt ai n  a  m or e  pr e cis e  esti m at e  of  t h e pr o p erti es  of  
D E L V E  7  fr o m t h e I M A C S i m a gi n g, w e  si m ult a n e o usl y  ft  t h e 
a g e,  m et alli cit y,  a n d  dist a n c e  m o d ul us  of  D E L V E  7  usi n g  ♣ 2  

mi ni mi z ati o n  o v er  a  r estri ct e d gri d  of  P A R S E C  is o c hr o n e 
m o d els  s p a n ni n g   0  ∼  τ  ∼   3. 5  G yr,  0. 0 0 0   ∼  Z  ∼  0. 0 0  ,  a n d  
 7  ∼  (m  −  M )0  ∼   9.  F or  e a c h  s et of  p ar a m et ers,  w e  c o m p ut e d  
a   D  ♣ 2  c o m p ari n g  t h e m o d el  c ol ors  t o t h e o bs er v e d  s a m pl e  of  

r 0. 5<st ars  wit hi n  fr o m t h e s yst e m  c e ntr oi d  (≈ 2. 5  r h , as  
esti m at e d  fr o m t h e u g a l i  ft  t o t h e D E C a m  d at a ) wit h  

g 0  ∼  2 4,  (g  −  r)0  ∼   .  T h es e  c uts  yi el d  a  p ur e  s el e cti o n  of  
D E L V E  7  m e m b ers,  s h o w n  i n bl u e  i n Fi g ur e  3 . T h e  b est- ft  
is o c hr o n e w as  f o u n d t o b e  a  τ  =   0  G yr,  Z  =  0. 0 0 0 6  ,  
(m  −  M )0  =   8. 0 9  m o d el.  Gi v e n  t h e e xtr e m e  s p arsit y  of  t h e 
o bs er v e d  M S T O,  h o w e v er,  t h e a g e  a n d  m et alli cit y  ar e  l ar g el y 
u n c o nstr ai n e d  wit hi n  o ur  gri d  r a n g e, a n d  t h us, t h es e esti m at es  
ar e  b est  c o nsi d er e d  n uis a n c e  p ar a m et ers  f or t h e i nf er e n c e of  
t h e dist a n c e  m o d ul us.  B as e d  o n  t h e wi dt h  of  t h e m ai n  s e q u e n c e  
i n g 0  a b o ut  t h e b est- ft  m o d el,  w e  vis u all y  esti m at e d  a n  
a p pr o xi m at e  ±  0. 3  m a g  dist a n c e  m o d ul us  u n c ert ai nt y,  i. e., 
(m  )

D 4 2 5
6= +

−  M 0  =   8.   ±  0. 3.  T his  tr a nsl at es t o a  p h ysi c al  dist a n c e  
of  k p c.  

5.  P r o p e r  M oti o n  a n d  M et alli cit y  M e as u r e m e nts  o  
C a ri n a  I V  

I n t his s e cti o n,  w e  pr es e nt  a d diti o n al  a n al ysis  t h at i n cr e as es 
t h e c o n f d e n c e  i n t h e cl assi f c ati o n  of  C ari n a  I V as  a n  ol d,  
m et al- p o or,  b o u n d  st ell ar  s yst e m  r at h er t h a n a  c h a n c e  
ali g n m e nt  of  Mil k y  W a y  st ars.  I n S e cti o n  5.  , w e  us e  G ai a  
pr o p er- m oti o n  m e as ur e m e nts  t o s h o w  t h at st ars  i d e nti f e d as  
C ari n a  I V m e m b ers  e x hi bit  c o nsist e nt  m oti o ns.  I n S e cti o n  5. 2 , 
w e  us e  p h ot o m etr y  fr o m D E C a m  gri  a n d  C a H K  flt ers  t o 
d e m o nstr at e  t h at t h e m e m b ers  of  C ari n a  I V h a v e  l o w 
m et alli citi es,  c o nsist e nt  wit h  ol d  st ell ar  p o p ul ati o ns.  

5. 1.  Pr o p er  M oti o n  

W e  us e  G ai a  D R 3  astr o m etr y  (L.  Li n d e gr e n  et  al.  2 0 2  ; 
G ai a  C oll a b or ati o n  et  al.  2 0 2 3 ) t o assist  i n t h e v ali d ati o n  of  o ur  
Mil k y  W a y  s at ellit e  c a n di d at es.  Of  t h e t hr e e c a n di d at es,  o nl y  
C ari n a  I V h as  a  cl e ar  d et e cti o n  i n G ai a  astr o m etr y.  I n Fi g ur e  4 , 
w e  c o m p ar e  t h e pr o p er  m oti o n  of  st ars  wit h  hi g h  u g a l i
m e m b ers hi p  (p u g ali  >  0. 2 ) t o t h e pr o p er  m oti o n  of  all  st ars  
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Fi g u r e  2.  T h e  s p ati al  distri b uti o ns  (t o p p a n els ) a n d  c ol or – m a g nit u d e  di a gr a ms  (b ott o m  p a n els ) f or li k el y m e m b er  st ars  i n C ari n a  I V (l eft p a n els ), P h o e ni x  III (c e nt er  
p a n els ), a n d  D E L V E  7  (ri g ht p a n els ). St ars  ar e  c ol or e d  b y  t h eir m e m b ers hi p  pr o b a biliti es  d eri v e d  as  p art  of  o ur  u g a l i  c h ar a ct eri z ati o n  a n al ysis,  w hi c h  i n c or p or at es 
t h e s p ati al,  p h ot o m etri c,  a n d  c ol or  i nf or m ati o n of  e a c h  st ar.  St ars  wit h  a  l o w er u g a l i  m e m b ers hi p  pr o b a bilit y  (p u g ali  ∼  0. 0 5 ) ar e  s h o w n  i n gr a y.  T h e  t o p p a n els  als o  
s h o w  elli ps es  r e pr es e nti n g t h e u g a l i  b est- ft  h alf-li g ht  r a di us, r h , a n d  3  ti m es t his h alf-li g ht  r a di us, 3 r h , f or e a c h  s yst e m.  F or  C ari n a  I V, w e  hi g hli g ht  wit h  r e d 
o utli n es  t h e st ars  i n t h e c ol or – m a g nit u d e  di a gr a m  t h at h a v e  b ot h  a  hi g h  u g a l i  m e m b ers hi p  pr o b a bilit y  (p u g ali  >  0. 2 0 ) a n d  a  G ai a  d et e cti o n.  T h es e  st ars  ar e  dis c uss e d  
f urt h er i n S e cti o n  5.   a n d  A p p e n di x  A . C ari n a  I V is t h e b est- p o p ul at e d  of  t h e t hr e e s yst e ms,  f e at uri n g a  cl e ar  m ai n-s e q u e n c e  t ur n- off (M S T O ), r e d gi a nt  br a n c h  
(R G B ), a n d  bl u e  h ori z o nt al  br a n c h  (B H B ). P h o e ni x  III is at  a  si mil ar  dist a n c e,  b ut  it is f ai nt er wit h  o nl y  a  h a n df ul  of  li k el y m e m b er  st ars.  D E L V E  7  is s u bst a nti all y  
f ai nt er, f e at uri n g n o  hi g hl y  pr o b a bl e  R G B  m e m b ers  a n d  is p ot e nti all y  o nl y  c o m p os e d  of  m ai n-s e q u e n c e  st ars.  T his  l a c k of  R G B  st ars  is c o nsist e nt  wit h  ot h er  f ai nt 
Mil k y  W a y  s at ellit es  at  M V  >  0  (e. g.,  D E L V E  5,  Ki m  3,  a n d  Urs a  M aj or  III/ U NI O N S   ). 

wit hi n  0. 5° . T h er e  is a  cl e ar  cl ust er  of  s e v e n  st ars  wit h  l o w 
pr o p er  m oti o n  a n d  z er o  p ar all a x  m at c hi n g  t h e r e d gi a nt  br a n c h  
(R G B ) of  C ari n a  I V (s e e  T a bl e  2  i n A p p e n di x  A  f or t h e pr o p er  
m oti o n  of  i n di vi d u al st ars ). T h es e  ar e  als o  t h e s e v e n  cl os est  
st ars  wit h  G ai a  m e as ur e m e nts  wit hi n  2 a h . W e  n ot e  t h at t h e 
f ai nt est st ar  h as  r u w e  =   . 3  a n d  a s t r o m e t r i c _ e x -
c e s s _ n o i s e _ s i g  =  2. 3,  w hi c h  is i n di c ati v e of  l o w- q u alit y 
astr o m etr y.  T h e  cl e ar  cl ust eri n g  of  C ari n a  I V st ars  i n G ai a  
c o n fr ms  t h at it is a  c o m o vi n g  Mil k y  W a y  s at ellit e.  Its l o w 
pr o p er  m oti o n  is als o  c o nsist e nt  wit h  t h e st ars  b ei n g  l o c at e d at  
t h e dist a n c e  of  C ari n a  I V (D ⊙  =   0 2  k p c ). 

Of  t h e s e v e n  st ar s  wit h  G ai a  pr o p er  m oti o n s  t h at ar e  
c o n si st e nt  wit h  C ari n a  I V, f v e  of  t h e m ar e  R G B  st ar s,  
a n d  t w o ar e  t h e m bl u e  h ori z o nt al  br a n c h  (B H B ) st ar s.  F or  t h e 
f v e  R G B  st ar s,  t w o of  t h e m h a v e  l o w m et alli cit y  (s e e  t h e 
n e xt  s e cti o n ) a n d  ar e  c o n si st e nt  wit h  a n  ultr a-f ai nt  
d w arf  g al a x y  ori gi n.  T h e  ot h er  t hr e e st ar s  h a v e  hi g h er  
m et alli cit y  m or e  c o n si st e nt  wit h  a  Mil k y  W a y  or  L M C  
ori gi n.  T h e s e  t hr e e st ar s  ar e  t h e G ai a  c a n di d at e s  wit h  t h e 
l ar g e st s e p ar ati o n  fr o m t h e c e ntr oi d  of  C ari n a  I V a n d  
al s o  h a v e  t h e l o w e st u g ali  m e m b er s hi p  pr o b a bilit y.  A  cl e ar  
G ai a  d et e cti o n  r e m ai n s if t h e s e t hr e e R G B  st ar s  ar e  
r e m o v e d a s  i nt erl o p er s. T h e  s y st e mi c  pr o p er  m oti o n  
w e  m e a s ur e  fr o m t h e f o ur r e m ai ni n g c o n f d e nt  G ai a  
m e m b er s  (

*
0. 9 4  m as yr0. 5 3

0. 5 4 1µ = +
t w o R G B  st ar s  

0. 2 3  m as yr0. 4 0
0. 4 1 1µ = +

*
C 0. 1 9=µ  µ×

a n d  t w o B H B  st ar s ) i s: 
, , wit h  a  

c orr el ati o n  c o ef f ci e nt  b et w e e n  µ 〉  a n d  µ  of  . 

F or  t h e ot h er  t w o c a n di d at es,  t h e m aj orit y  of  t h e st ars  t h at 
p oss ess  hi g h  u g a l i  m e m b ers hi p  pr o b a biliti es  (p u g ali  >  0. 2 ) 
ar e  f ai nt er t h a n t h e G ai a  d et e cti o n  li mit of  G  ∼  2  ,  pr e v e nti n g  
us  fr o m o bt ai ni n g  G ai a  pr o p er- m oti o n  m e as ur e m e nts  (s e e  
Fi g ur e  2  a n d  A p p e n di x  A  f or m or e  d et ails ). H o w e v er,  f ut ur e 
d at as ets,  s u c h  as  V er a  C.  R u bi n  O bs er v at or y’s  L e g a c y  S ur v e y  
of  S p a c e  a n d  Ti m e  (L S S T;  Ž.  I v e zić  et  al.  2 0  9 ), m a y  pr o vi d e  
pr o p er- m oti o n  m e as ur e m e nts  f or t h es e f ai nt er st ars.  

5.  .  P h ot o m etri c  M et alli citi es  

C ari n a  I V w as  als o  i m a g e d wit h  t h e m et alli cit y-s e nsiti v e,  
n arr o w b a n d  C a H K  flt er  (N 3 9 5 ) o n  D E C a m  as  p art  of  t h e 
o n g oi n g  T h e  M a p pi n g  t h e A n ci e nt  G al a x y  i n C a H K  (M A GI C ) 
s ur v e y  (A.  C hiti  et  al.  2 0 2 6,  i n pr e p ar ati o n ). T h e  N 3 9 5  flt er  
c o v ers  t h e C a  II H  a n d  K  li n es a n d  is si mil ar  t o ot h er  
m et alli cit y-s e nsiti v e  flt ers  (e. g.,  as  us e d  b y  t h e Pristi n e  s ur v e y;  
E.  St ar k e n b ur g  et  al.  2 0  7 ). T o  d eri v e  m et alli citi es,  t h e s ur v e y  
f oll o ws t h e s a m e  a p pr o a c h  as  i n A.  C hiti  et  al.  (2 0 2 0 , 2 0 2  ), 
w hi c h  i n v ol v es f or w ar d- m o d eli n g f u x es  usi n g  a  gri d  of  
s y nt h eti c  s p e ctr a  g e n er at e d  wit h  t h e T ur b os p e ctr u m  c o d e  
(R.  Al v ar e z  &  B.  Pl e z   9 9 8 ; B.  Pl e z  2 0  2 ) u n d er  t h e 
ass u m pti o n  of  L o c al  T h er m o d y n a mi c  E q uili bri u m  (T S L T E ). 
F urt h er  d et ails  o n  t h e T S L T E  gri d  c a n  b e  f o u n d i n F.  O.  B ar -
b os a  et  al.  (2 0 2 5 ). A n al ysis  of  t h e S c ul pt or  d w arf  s p h er oi d al  
g al a x y  wit h  M A GI C  h as  d et er mi n e d  t h at t h e m et alli cit y  
pr e cisi o n  a c hi e v a bl e  wit h  t h e N 3 9 5  flt er  i n c o m bi n ati o n  wit h  
D E L V E  br o a d b a n d  i m a gi n g c a n  b e  as  l o w as  σ [F e / H ] ∼  0.  6  
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T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  T a n  et  al.  

3 0 4 .1 3 ◦ 3 0 4 .1 2 ◦ 3 0 4 .1 1 ◦ 3 0 4 .1 0 ◦ 3 0 4 .0 9 ◦

− 5 0 .3 2 ◦

− 5 0 .3 3 ◦

− 5 0 .3 4 ◦

R. A. ( d e g)

De
c.

(
de

g)

− 0 .3 0 .0 0 .3 0 .6 0 .9 1 .2

(g − r ) 0

1 6

1 8

2 0

2 2

2 4

2 6

g 0

D E L V E 7, r < 0 .5

− 0 .3 0 .0 0 .3 0 .6 0 .9 1 .2

(g − r ) 0

B a c k gr o u n d. A n n ul us, r > 3

Fi g u r e  3.  F oll o w- u p  i m a gi n g of  D E L V E  7  p erf or m e d  wit h  M a g ell a n / I M A C S. L eft  p a n el:  2 2× g - b a n d c ut o ut  i m a g e c e nt er e d  o n  D E L V E  7,  w hi c h  c a n  b e  s e e n  as  
a  cl e ar  o v er d e nsit y  of  f ai nt p oi ntli k e  s o ur c es.  W e  o v erl a y  r e d elli ps es  d e m ar c ati n g  r h  a n d  2 r h . Ri g ht  p a n el:  c ol or – m a g nit u d e  di a gr a ms  f or p oi ntli k e  s o ur c es  i n t h e 

vi ci nit y  of  D E L V E  7.  T h e  l eft p a n el  s h o ws  a  cir c ul ar  r e gi o n wit h  r 0. 5< , w hil e  t h e ri g ht p a n el  s h o ws  a  e q u al- ar e a  b a c k gr o u n d  a n n ul us  wit h  i n n er r a di us r 3= . 
St ars  us e d  f or t h e is o c hr o n e ft  ar e  s h o w n  i n bl u e;  t h e b est- ft  is o c hr o n e (s h o w n  i n r e d) w as  f o u n d t o b e  τ  =   0  G yr,  Z  =  0. 0 0 0 6  ,  (m  −  M )0  =   8.  .  T h e  m e di a n  
M a g ell a n  p h ot o m etri c  u n c ert ai nti es  f or st ars  ar o u n d  D E L V E  7,  as  a  f u n cti o n of  g - b a n d m a g nit u d e,  ar e  i n di c at e d b y  r e d err or  b ars.  Alt h o u g h  o n e  bri g ht  c a n di d at e  
R G B  m e m b er  f alls cl os e  t o t h e is o c hr o n e, t his st ar  h as  a  G ai a  p ar all a x  of  ϖ  =  0. 7   ±  0.  5  m as  t h at pl a c es  it w ell  i n t h e f or e gr o u n d of  D E L V E  7;  w e  m ar k  it h er e  
wit h  a n  “ x ”  t o e m p h asi z e  its n o n m e m b ers hi p.  T h e  s h a d e d  r e gi o ns s h o w  ±  0. 2  i n c ol or  a b o ut  t h e b est- ft  is o c hr o n e. 

1 0. 0 7. 5 5. 0 2. 5 0. 0 2. 5 5. 0 7. 5 1 0. 0
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Fi g u r e  4.  Pr o p er  m oti o n  of  c a n di d at e  m e m b er  st ars  i n C ari n a  I V usi n g  d at a  
fr o m G ai a  D R 3.  T h e  cl ust er  of  st ars  at  (µ , µ 〉 ) ∼  (0,  0 ) m as  yr −   i n di c at e t h e 
pr es e n c e  of  a  h al o  s yst e m.  W e  o utli n e  i n r e d t h e c a n di d at e  st ars  w h os e  pr o p er  
m oti o ns  d e vi at e  b y  m or e  t h a n 2 σ  fr o m t h e s yst e mi c  C ari n a  I V pr o p er  m oti o n  

(s h o w n  as  t h e pi n k  st ar ). St ars  wit hi n  0. 5° of  C ari n a  I V wit h  a  l o w u g a l i
m e m b ers hi p  pr o b a bilit y  (p u g ali  ∼  0. 2 0 ) ar e  s h o w n  i n gr a y.  

(F.  O.  B ar b os a  et  al.  2 0 2 5 ), w hil e  t h e frst  hi g h-r es ol uti o n  
s p e ctr os c o pi c  f oll o w- u p of  si x M A GI C  c a n di d at es  f o u n d a  
m e di a n  ∆ [F e / H ] =  − 0. 0 6,  c o n fr mi n g  t h e hi g h  pr e cisi o n  of  
t h e p h ot o m etri c  esti m at es  (V.  M.  Pl a c c o  et  al.  2 0 2 5 ). 

C ari n a  I V w as  s er e n di pit o usl y  o bs er v e d  b y  M A GI C  wit h  a  
si n gl e    ×  7 2 0  s i m a g e i n t h e N 3 9 5  flt er,  a n d  a n  a d diti o n al  
2  ×  7 2 0  s dit h ers  w er e  o bt ai n e d  aft er  C ari n a  I V w as  i d e nti f e d 
as  a  d w arf  g al a x y  c a n di d at e.  F or  t h e N 3 9 5  i m a gi n g, w e  ar e  
a bl e  t o esti m at e  m et alli citi es  cl os e  t o t h e G ai a  d et e cti o n  li mit, 
a c hi e vi n g  u n c ert ai nti es  of  σ [F e / H ] ∼  0. 5  at  g  ∼  2  .  T o  
v erif y  t h e i d e ntit y of  C ari n a  I V, w e  e x a mi n e  t h e M A GI C  
m et alli citi es  f or st ars  wit h  hi g h  u g a l i  m e m b ers hi p  

pr o b a bilit y  (p u g ali  >  0. 2 ). As  s h o w n  i n Fi g ur e  5 , w e  f n d  f o ur 
st ars  wit h  hi g h  u g a l i  m e m b ers hi p  a n d  l o w M A GI C  
m et alli cit y  ([F e / H ] ∼  –  . 5 ) si mil ar  t o ot h er  ultr a-f ai nt  d w arf  
g al a xi es  (e. g.,  J. D.  Si m o n  2 0  9 ; S.  W.  F u  et  al.  2 0 2 3 ). T h e  
r e m ai ni n g f v e  st ars  wit h  M A GI C  m et alli cit y  m e as ur e m e nts  
ar e  p ossi bl y  c o nt a mi n a nts  fr o m eit h er  t h e L M C  h al o  or  t h e 
Mil k y  W a y  h al o.  T h e  m e a n  

F e  H 2. 0 0. 2[ ] –/ =  ±
m et alli cit y  d et er mi n e d  b y  M A GI C  

f or t h es e f o ur st ars  is , w hi c h  is o n  t h e 
hi g h  e n d  of  t h e ultr a-f ai nt  d w arf  g al a x y  p o p ul ati o n  (S.  W.  F u  
et  al.  2 0 2 3 ). H o w e v er,  t h e d et e cti o n  of  l o w- m et alli cit y st ars  
c o n fr ms  C ari n a  I V as  a n  ol d,  m et al- p o or  s yst e m  a n d  m oti v at es  
s p e ctr os c o pi c  f oll o w- u p. T h e  i n di vi d u al m et alli cit y  m e as ur e -
m e nts  f or t h e hi g h- u g a l i - m e m b ers hi p st ars  ar e  pr o vi d e d  i n 
T a bl e  2  i n A p p e n di x  A . 

6.  Dis c ussi o n  

I n t his s e cti o n,  w e  hi g hli g ht  n ot a bl e  f e at ur es of  t h e t hr e e 
n e wl y  dis c o v er e d  Mil k y  W a y  s at ellit e  c a n di d at es.  As  o utli n e d  
i n S e cti o n   , t h er e is o n g oi n g  d e b at e  a b o ut  t h e cl assi f c ati o n  of  
t h e f ai nt est Mil k y  W a y  s at ellit es,  c oll e cti v el y  r ef err e d t o as  
ultr a-f ai nt  c o m p a ct  s at ellit es,  p arti c ul arl y  w h et h er  t h e y ar e  
d ar k- m att er- d o mi n at e d  d w arf  g al a xi es  or  b ar y o n- d o mi n at e d  
st ar  cl ust ers.  I n li g ht of  t his d e b at e,  w e  pr es e nt  o ur  
cl assi f c ati o n  of  t h e t hr e e s yst e ms  a n d  e x pl ai n  t h e r e as o ni n g 
b e hi n d  o ur  i nt er pr et ati o n. I n Fi g ur e  6  w e  c o m p ar e  t h e si z es  a n d  
l u mi n ositi es of  o ur  t hr e e n e w  s at ellit es  wit h  b ot h  Mil k y  W a y  
s at ellit e  d w arf  g al a xi es  a n d  st ar  cl ust er  p o p ul ati o n.  

6. 1.  C ari n a  I V 

C ari n a  I V is t h e m ost  l u mi n o us of  t h e t hr e e c a n di d at es  
pr es e nt e d  h er e  a n d  is t h e b est- c h ar a ct eri z e d  b as e d  o n  t h e 
a v ail a bl e  d at a.  T h e  di a g n osti c  pl ots  i n Fi g ur e    s h o w  a  w ell-
p o p ul at e d  R G B,  c o nsist e nt  wit h  a n  ol d,  m et al- p o or  st ell ar  
p o p ul ati o n.  I n a d diti o n,  t h e st ars  wit h  hi g h  u g a l i  
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T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  T a n  et  al.  

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

( g − i)0

− 0 .1

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

(
Ca

H
K
−

g)
0
−

0.
9(

g
−

i)
0

[ Fe/ H] = − 1 .0

[ Fe/ H] = − 1 .5

[ Fe/ H] = − 2 .0

[ Fe/ H] = − 3 .0

[ Fe/ H] = − 4 .0

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

u
g
a
l
i

Me
mb

er
s
hi

p
Pr

o
ba

bil
it

y

Fi g u r e  5.  C ol or – c ol or  di a gr a m  f or p ossi bl e  R G B  m e m b ers  of  C ari n a  I V 
(c ol or e d  b y  t h eir u g a l i  m e m b ers hi p  pr o b a bilit y ) a n d  t h e Mil k y  W a y  
f or e gr o u n d (gr a y  p oi nts ) n o w  i n cl u di n g n arr o w b a n d  C a H K  o bs er v ati o ns  fr o m 
t h e M A GI C  s ur v e y.  T h e  d ott e d – d as h e d  li n es s h o w  is o- m et alli citi es li n es f or 
s y nt h eti c  R G B  st ars  wit h  

gl o g 2=
[F e / H ] =  –  . 0,  –  . 5,  – 2. 0,  – 3. 0,  – 4. 0,  ass u mi n g  a  

s urf a c e  gr a vit y  of  a n d  eff e cti v e  t e m p er at ur es r a n gi n g fr o m 
3 5 0 0 – 7 5 0 0  K,  g e n er at e d  fr o m t h e T S L T E  gri d.  T h e  d et e cti o n  of  f o ur l o w-
m et alli cit y  st ars  ([F e / H ] ∼  –  . 5 ) c o n fr ms  C ari n a  I V as  a n  ol d,  m et al- p o or  
s yst e m.  

m e m b ers hi p  pr o b a biliti es  e x hi bit  pr o p er  m oti o ns  cl ust er e d  
ar o u n d  (µ 〉 , µ ) ∼  (0,  0 ) m as  yr −  , w hi c h  is c o nsist e nt  wit h  a  
dist a nt,  gr a vit ati o n all y  b o u n d  Mil k y  W a y  s at ellit e.  T h e  l o w 
m et alli cit y  r e v e al e d t hr o u g h C a H K  i m a gi n g s u p p orts  t h e 
i nt er pr et ati o n t h at C ari n a  I V as  a n  ol d,  m et al- p o or  s yst e m.  

O v er all,  C ari n a  I V’s pr o p erti es  ar e  c o nsist e nt  wit h  c o n -
fr m e d  s at ellit e  g al a xi es  t o w ar d t h e f ai nt e n d  of  t h e l u mi n osit y 
f u n cti o n. S p e ci f c all y,  C ari n a  I V’s e xt e n d e d  p h ysi c al  si z e  
(r  / 2  =  4 0  p c ) is l ar g er t h a n al m ost  all  k n o w n  st ar  cl ust ers.  
O n e  n ot a bl e  f e at ur e of  C ari n a  I V is its pr o xi mit y  i n pr oj e cti o n  
t o 

1 1. 6°
t h e M a g ell a ni c  Cl o u ds,  l yi n g at  a n  a n g ul ar  dist a n c e  of  

fr o m t h e L M C,  r aisi n g t h e p ossi bilit y  of  a n  ass o ci ati o n,  
wit h  s e v e n ot h er  s yst e ms alr e a d y  c o n fr m e d  t o b e  L M C  s at ellit es 
(N.  K alli v a y alil  et  al.  2 0  8 ; D.  Er k al  &  V.  A.  B el o k ur o v  
2 0 2 0 ; E.  P at el  et  al.  2 0 2 0 ; L.  C orr e a  M a g n us  &  E.  V asili e v  2 0 2 2 ; 
E.  V asili e v  2 0 2 4 ; A.  B.  P a c e  et  al.  2 0 2 5 ). 

W e  n ot e  i n Fi g ur es    a n d  2  a n  e x c ess  of  s o ur c es  j ust a b o v e  
t h e C ari n a  I V M S T O  at  (g  −  r)0  ∼  0. 2  a n d  g  ∼  2 3.  Gi v e n  
C ari n a  I V’s cl os e  pr o xi mit y  t o t h e L M C,  a n d  t h e f a ct t h at t h es e 
st ars  ali g n  w ell  wit h  t h e L M C  m ai n  s e q u e n c e,  w e  i nt er pr et 
t h es e s o ur c es  as  li k el y L M C  h al o  m ai n-s e q u e n c e  st ars.  T his  
i nt er pr et ati o n is f urt h er s u p p ort e d  b y  t h e o bs er v ati o n  t h at w h e n  
w e  a p pl y  a n  is o c hr o n e c ut  b as e d  o n  t h e L M C  is o c hr o n e, w e  
o bs er v e  a  b a c k gr o u n d  gr a di e nt  wit h  i n cr e asi n g d e nsit y  t o w ar d 
t h e dir e cti o n  of  t h e L M C.  

T o  t est t h e p ot e nti al  ass o ci ati o n  of  C ari n a  I V wit h  t h e L M C,  
w e  c arr y  o ut  or bit  m o d eli n g  i n a  c o m bi n e d  Mil k y  W a y  ∫  L M C  
p ot e nti al  f oll o wi n g t h e m et h o ds  of  D.  Er k al  &  V.  A.  B el o k ur o v  
(2 0 2 0 ). W e  us e  t h e P.  J. M c Mill a n  (2 0  7 ) p ot e nti al  f or t h e 
Mil k y  W a y,  a n d  f or t h e L M C,  w e  ass u m e  a  H er n q uist  pr o fl e  
wit h  a  t ot al m ass  of   . 3 8  ±  0. 2 5 5  ×   0    M ⊙  (D.  Er k al  et  al.  
2 0  9 ) a n d  a  s c al e  r a di us c h os e n  t o m at c h  t h e e n cl os e d  m ass  of  
 . 7  ×   0  0  M ⊙  at  8. 7  k p c  fr o m R.  P.  v a n  d er  M ar el  &  
N.  K alli v a y alil  (2 0  4 ). As  t h e r a di al v el o cit y  of  C ari n a  I V is 
u n k n o w n,  w e  v ar y  t h e v el o cit y  b et w e e n  − 2 0 0  t o 8 0 0  k m  s −   i n 
st e ps of  5 k m s −  . At  e a c h  v el o cit y,  w e  dr a w   0 0  s a m pl es  fr o m 
t h e C ari n a  I V dist a n c e  a n d  pr o p er- m oti o n  err ors,  t h e L M C  

p h as e  s p a c e  a n d  t ot al m ass,  a n d  t h e p ost eri or  f or t h e Mil k y  
W a y  p ot e nti al.  

W e  f n d  a  l o w pr o b a bilit y  of   . 8 %  f or C ari n a  I V t o b e  
ass o ci at e d  wit h  t h e L M C  b as e d  o n  o ur  or bit  m o d eli n g.  T o  
e v al u at e  t his pr o b a bilit y,  w e  c o u nt  t h e n u m b er  of  r e ali z ati o ns 
i n w hi c h  C ari n a  I V w as  e n er g eti c all y  b o u n d  t o t h e L M C  at  t h e 
e n d  of  or bit  r e wi n di n g f oll o wi n g D.  Er k al  &  V.  A.  B el o k ur o v  
(2 0 2 0 ). O nl y  t h e v el o cit y  r a n g e of  ∼ 2 0 0 – 4 5 0  k m  s −   h a s  a  
m ultit u d e  of  b o u n d  s a m pl es.  I n t his v el o cit y  r a n g e, t h e 
ass o ci ati o n  pr o b a bilit y  v ari es  b et w e e n  2 %  a n d  9 %,  a n d  t h e 
t ot al pr o b a bilit y  is 7 %.  I n 

4 9 k p c9
2 1+

t h e or bit al  m o d els,  w e  f n d  a n  
a v er a g e  r el ati v e dist a n c e  of  a n d  r el ati v e v el o cit y  of  
3 7 3 1 5 1

1 5 3+ k m  s −   wit h  r es p e ct t o t h e L M C  at  C ari n a  I V’s or bit al  
p eri c e nt er  wit h  r es p e ct t o t h e L M C,  w hil e  t h e L M C’s  es c a p e  
v el o cit y  at  4 9  k p c  is ∼  3 5  k m  s −  . W e  n ot e  t h at t h e l ar g e 
t a n g e nti al v el o cit y  err ors  (≈ 2 0 0  k m  s −  ) m a k e  it dif f c ult  t o 
a c c ur at el y  d et er mi n e  t h e or bit  a n d  a n y  ass o ci ati o n  wit h  t h e 
L M C;  h o w e v er,  t h es e err ors  ar e  e x p e ct e d  t o d e cr e as e  b y  a  
f a ct or of  ∼ 2. 8  i n t h e u p c o mi n g  G ai a  D R 4.  O v er all,  C ari n a  I V 
is m or e  li k el y t o b e  a  Mil k y  W a y  s at ellit e  b e hi n d  t h e L M C  
s yst e m  t h a n t o b e  p art  of  t h e L M C  s yst e m.  

6.  .  P h o e ni x  III 

D u e  t o its l o w l u mi n osit y, l ar g e h eli o c e ntri c  dist a n c e,  a n d  
t h e a bs e n c e  of  f oll o w- u p o bs er v ati o ns,  P h o e ni x  III is t h e l e ast 
w ell  c h ar a ct eri z e d  of  t h e t hr e e n e wl y  dis c o v er e d  s yst e ms  
pr es e nt e d  
D 1 1 5 7

1 0= +

M 1. 2V 1. 1
0. 7–= +

i n t his p a p er.  I n f a ct, at  a  h eli o c e ntri c  dist a n c e  of  
k p c  a n d  a n  a bs ol ut e  V - b a n d m a g nit u d e  of  
, it is t h e f ai nt est s yst e m  dis c o v er e d  at  a  

dist a n c e  of  >  0 0  k p c  t o d at e  (A.  B.  P a c e  2 0 2 5 ). T h e  d w arf  
g al a x y  c a n di d at es  S e xt a ns  II (D ⊙  =   2 6  k p c;  M V  =  – 3. 9 ) a n d  
Vir g o  III (D ⊙  =   5   k p c;  M V  =  – 2. 7 ) w er e  dis c o v er e d  at  
sli g htl y  f art h er dist a n c es  i n d at a  fr o m Ki D S  a n d  H S C- S S P,  b ut  
ar e  b ot h  c o nsi d er a bl y  bri g ht er  (D.  H o m m a  et  al.  2 0 2 4 ; 
M.  G att o  et  al.  2 0 2 4 ). T h e  c o m p ar a bl y  f ai nt Ki m  2  
(D ⊙  =   0 5  k p c;  M V  =  –  . 5 ) is sli g htl y  cl os er  a n d  w as  
dis c o v er e d  i n e arl y  D E C a m  d at a  a n d  c o n fr m e d  b y  d e e p  
G e mi ni / G M O S  i m a gi n g (D.  Ki m  et  al.  2 0  5 ). Als o  c o m p ar -
a bl e  is t h e f ai nt er, b ut  sli g htl y  cl os er,  Vir g o  I (D ⊙  =  8 9  k p c;  
M V  =  – 0. 7 ), w hi c h  w as  frst  i d e nti f e d i n t h e d e e p er  H S C- S S P  
s ur v e y  (D.  H o m m a  et  al.  2 0  6 ; D.  Cr n oj e vi ć  et  al.  2 0 2 6,  i n 
pr e p ar ati o n ). 

T h e  d e pt h  a n d  u nif or mit y  of  D E S  Y 6  m a k e  it p ossi bl e  t o 
m e as ur e  h alf- a- d o z e n  st ars  i n t h e s u b gi a nt  br a n c h  of  
P h o e ni x  III a n d  pr o d u c e  a  r el ati v el y cl e a n  i d e nti f c ati o n of  a  
s p ati al  o v er d e nsit y.  Vis u al  i ns p e cti o n of  c ol or  i m a g es fr o m t h e 
L e g a c y  S ur v e ys  S k y  Vi e w er  s h o ws  a  c oll e cti o n  of  f ai nt bl u e  
st ars  (
a 0. 8 5h =

Fi g ur e   ); h o w e v er,  t h e l ar g er a n g ul ar  si z e  of  P h o e ni x  III 
( ) m a k es  it dif f c ult  t o i d e ntif y vis u all y.  

As  dis c uss e d  i n S e cti o n  4.  , t h e m or p h ol o gi c al  fts  f or 
P h o e ni x  III yi el d  t w o disti n ct  p ost eri or  p e a ks.  O n e  c orr es p o n ds  
t o a n  ol d  st ell ar  p o p ul ati o n  wit h  a n  a g e  of  ∼  2  G yr,  w hil e  t h e 
ot h er  f a v ors a n  i nt er m e di at e- a g e p o p ul ati o n  of  ∼ 7  G yr.  T h e  
t w o s ol uti o ns  h a v e  si mil ar  str u ct ur al  p ar a m et ers,  i n cl u di n g 
t ot al m a g nit u d e,  p h ysi c al  si z e,  a n d  h eli o c e ntri c  dist a n c e.  W e  
f a v or t h e ol d,  m et al- p o or  ∼  2  G yr  s ol uti o n,  c o nsist e nt  wit h  
ot h er  ol d  Mil k y  W a y  ultr a-f ai nt  s at ellit es  (M.  J. D ur bi n  et  al.  
2 0 2 5 ). T his  pr ef er e n c e  is m oti v at e d  b y  t h e f a ct t h at t h e m et al-
p o or  is o c hr o n e all o ws  f or t h e i n cl usi o n of  t h e c a n di d at e  B H B  
st ar,  G ai a  D R 3  4 9 5 9 4 5 7 0 7 9 5 2 7 6 4 6 0 8 0  (s e e  als o  Fi g ur e  7 ). 
T h e  st ar  h as  c ol ors  g 0  −  r 0  =  − 0. 2   ±  0. 0   a n d  
i0  −  z 0  =  − 0. 0 5  ±  0. 0 2,  w hi c h  ar e  c o nsist e nt  wit h  a  B H B  

 0  

0 
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Fi g u r e  6.  L eft  p a n el:  a bs ol ut e  V - b a n d m a g nit u d e  (M V ) vs.  a zi m ut h all y  a v er a g e d  p h ysi c al  h alf-li g ht  r a di us (r  / 2 ) f or t h e t hr e e n e w  Mil k y  W a y  s at ellit es  a n d  t h e 
p o p ul ati o n  of  k n o w n  L o c al  Gr o u p  gl o b ul ar  cl ust ers  a n d  d w arf  g al a xi es.  Ri g ht  p a n el:  t h e s a m e  di a gr a m,  b ut  s h o wi n g  M V  v s.  h eli o c e ntri c  dist a n c e  (D ⊙ ). 
S p e ctr os c o pi c all y  c o n fr m e d  d w arf  g al a xi es  a n d  li k el y g al a x y  c a n di d at es  ar e  s h o w n  i n p ur pl e  cir cl es,  w hil e  Mil k y  W a y  gl o b ul ar  cl ust ers  ar e  s h o w n  wit h  gr e e n  “ × ”  
s y m b ols.  A m bi g u o us  ultr a-f ai nt  c o m p a ct  s at ellit es  ar e  s h o w n  wit h  or a n g e  p e nt a g o n  s y m b ols.  T h e  t hr e e s yst e ms  dis c o v er e d  i n t his w or k  ar e  s h o w n  as  c ol or e d  st ars  
wit h  b ars  r e pr es e nti n g 6 8 %  p ost eri or  u n c ert ai nt y  i nt er v als. D at a  o n  t h e Mil k y  W a y  s at ellit e  p o p ul ati o n  w er e  c o m pil e d  b y  A.  B.  P a c e  (2 0 2 5 ), a n d  w e  a d o pt  t h e s a m e  
cl assi f c ati o ns  as  C.  Y.  T a n  et  al.  (2 0 2 5 a ). 

cl assi f c ati o n  fr o m V.  B el o k ur o v  &  S.  E.  K o p os o v  (2 0  6 ), 
al b eit  wit h  l ar g e p h ot o m etri c  u n c ert ai nti es  d u e  t o its f ai nt n ess. 
M or e o v er,  usi n g  t h e m et h o d  of  V.  B el o k ur o v  &  S.  E.  K o p os o v  
(2 0  6 ) t o d eri v e  a n  esti m at e  of  M g , w e  f n d  t h at t h e B H B  
c a n di d at e  h as  a  dist a n c e  m o d ul us  of  (m  −  M )0  =  2 0. 3,  w hi c h  
is c o nsist e nt  wit h  t h at of  P h o e ni x  III. It is u nli k el y  t h at a  
r a n d o m Mil k y  W a y  f el d  B H B  st ar  is c o nt a mi n ati n g  
P h o e ni x  III, as  f el d  B H Bs  ar e  r ar e at  s u c h  l ar g e G al a ct o c e ntri c  
dist a n c es  (e. g.,  T.  F u k us hi m a  et  al.  2 0  8 ; G.  F.  T h o m as  et  al.  
2 0  8 ; F.  Y u  et  al.  2 0 2 4 ). H o w e v er,  si n c e  o nl y  a  si n gl e  B H B  
c a n di d at e  is i d e nti f e d, w e  c a n n ot  r ul e o ut  t h e p ossi bilit y  t h at it 
is i nst e a d a  bl u e  str a g gl er  or  a n ot h er  t y p e of  c o nt a mi n a nt.  
T h er ef or e,  f or c o m pl et e n ess,  w e  als o  pr es e nt  t h e is o c hr o n e fts  
c orr es p o n di n g  t o t h e i nt er m e di at e- a g e s ol uti o n  i n A p p e n di x  B . 

T h e  m e di a n  p h ysi c al  si z e  (r  / 2  =   9  p c ), a bs ol ut e  m a g nit u d e  
(M V  =  −  . 2 ), a n d  h eli o c e ntri c  dist a n c e  (D ⊙  =    5  k p c ) pl a c e  
P h o e ni x  III i n a  r e gi o n of  p ar a m et er  s p a c e  t h at is o c c u pi e d  b y  
ol d,  m et al- p o or  d w arf  g al a xi es  a n d  st ar  cl ust ers,  t h o u g h it is 
m or e  h e a vil y  p o p ul at e d  b y  t h e f or m er (Fi g ur e  6 ). T his  
m oti v at e d  o ur  cl assi f c ati o n  of  t h e s yst e m  as  a  li k el y d w arf  
g al a x y.  H o w e v er,  Ki m  2  (D ⊙  =   0 5  k p c,  M V  =  −   . 5,  
r  / 2  =   2  p c ) p oss ess es  si mil ar  pr o p erti es  a n d  is s us p e ct e d  t o 
b e  a  st ar  cl ust er  (D.  Ki m  et  al.  2 0  5 ). M or e o v er,  gi v e n  t h e 
l ar g e u n c ert ai nti es  i n t h e si z e  m e as ur e m e nt  of  P h o e ni x  III, t h e 
p ossi bilit y  t h at it is a  st ar  cl ust er  c a n n ot  b e  r ul e d o ut.  

D es pit e  r esi di n g i n t h e D E S  f o ot pri nt, P h o e ni x  III w as  
o v erl o o k e d  b y  pr e vi o us  s e ar c h es  of  t h e D E S  d at a  (K.  B e c ht ol  
et  al.  2 0  5 ; A.  Drli c a- W a g n er  et  al.  2 0  5 ; D.  Ki m  &  
H.  J erj e n  2 0  5 a ; S.  E.  K o p os o v  et  al.  2 0  5 ; A.  Drli c a- W a g n er  
et  al.  2 0 2 0 ; M.  M c N a n n a  et  al.  2 0 2 4 ). T his  is d u e  t o t h e 
i m p ort a n c e of  t h e f ai nt s u b gi a nt  br a n c h  st ars  at  g  ∼  2 4,  w hi c h  
o nl y  b e c a m e  a c c essi bl e  wit h  t h e m ost  r e c e nt D E S  d at a  r el e as e. 
I n s e ar c h es  of  t h e D E S  Y 3  d at a,  a  h ots p ot  w as  i d e nti f e d at  t h e 
l o c ati o n of  P h o e ni x  III wit h  a  si g ni f c a n c e  of  T S 4. 9= a n d  
SI G  =  5. 5,  w hi c h  di d  n ot  e x c e e d  t h e t hr es h ol d of  t h at s e ar c h  
( T S 6> , SI G  >  6 ). It is li k el y t h at d e e p er  i m a gi n g o v er  t his 

r e gi o n of  t h e s k y  b y  R u bi n  L S S T  will  yi el d  m or e  s yst e ms  
si mil ar  t o P h o e ni x  III (K.  Tsi a n e  et  al.  2 0 2 5 ). 

6. 3.  D E L V E  7  

D E L V E  7,  l o c at e d 
M 1. 2V 2. 1

0. 7=  + +
i n t h e c o nst ell ati o n  T el es c o pi u m,  is t h e 

f ai nt est s yst e m  ( ) a m o n g  t h e t hr e e c a n di d at es  
i d e nti f e d i n t his a n al ysis.  T h o u g h  s p ars e,  t his c a n di d at e  w as  
disti n g uis h e d  fr o m t h e ot h er  l ess pr o mi n e nt  c a n di d at es  t hr o u g h 
vis u al  i ns p e cti o n of  t h e L e g a c y  S ur v e ys  S k y  Vi e w er  D R  0  
c o a d d e d  i m a g es, w hi c h  r e v e al a  cl e ar  cl ust eri n g  of  bl u e  st ars  
(Fi g ur e   ). As  wit h  P h o e ni x  III, a  h ots p ot  w as  i d e nti f e d at  t h e 
l o c ati o n of  D E L V E  7  i n s e ar c h es  of  t h e D E S  Y 3  d at a  wit h  a  
si g ni f c a n c e  of  T S 6. 2= a n d  SI G  =  5. 3,  w hi c h  w as  l o w er 
t h a n 

T S 6>
t h e d et e cti o n  t hr es h ol d a p pli e d  t o t h at e arli er  s e ar c h  

( , SI G  >  6;  A.  Drli c a- W a g n er  et  al.  2 0 2 0 ). 
W hil e  t h e i d e ntit y of  D E L V E  7  as  a  b o n a  f d e  st ell ar  s yst e m  

w as  u n c ert ai n  b as e d  o n  t h e D E C a m  i m a gi n g al o n e,  t h e f oll o w-
u p  M a g ell a n / I M A C S i m a gi n g r e v e als a  s p ars e  b ut  u n a m bi g -
u o us  m ai n  s e q u e n c e  e xt e n di n g  t o g 0  ∼  2 4. 5.  O ur  u g a l i  ft  of  
t h e D E C a m  d at a  s u g g ests  t h at D E L V E  7  is t h e f ai nt est Mil k y  
W a y  s at ellit e  dis c o v er e d  b e y o n d  t h e i n n er Mil k y  W a y  st ell ar  
h al o  (D G C  >  2 0  k p c;  D.  C ar oll o  et  al.  2 0 0 7 ). Its l u mi n osit y is 
br a c k et e d  o n  t h e f ai nt e n d  b y  Urs a  M aj or  III/ U NI O N S    a n d  
o n  t h e bri g ht  e n d  b y  Ki m  3  (M V  =  ∫ 0. 7 ) a n d  D E L V E  5  
(M V  =  ∫ 0. 4 ). Li k e  t h es e ot h er  f ai nt s at ellit es,  D E L V E  7  is 
p h ysi c all y  c o m p a ct  (r  / 2  =  2  p c ) a n d  f e at ur es at  m ost  o n e  
R G B  st ar  (a n d  m or e  li k el y n o n e ) o wi n g  t o t h e st o c h asti c  
s a m pli n g  of  t h e I M F i n l o w- m ass s yst e ms.  

D E L V E  7  is br o a dl y  r e pr es e nt ati v e of  t h e p o p ul ati o n  of  ultr a-
f ai nt c o m p a ct  s at ellit es dis c o v er e d  i n r e c e nt y e ars  (e. g.,  
R.  R.  M u ñ o z  et  al.  2 0  2 ; D.  Ki m  et  al.  2 0  5 , 2 0  5 b ; S.  M a u  
et  al.  2 0  9 ; W.  C er n y  et  al.  2 0 2 3 a , 2 0 2 3 b ; S.  E.  T.  S mit h  et  al.  
2 0 2 4 ). W hil e  p ast  c o n v e nti o n  h as  oft e n  b e e n  t o r ef er t o t h es e 
s yst e ms as  ultr a-f ai nt  st ar cl ust ers,  r e c e nt i n v esti g ati o ns i nt o 
t h e p o p ul ati o n  of  Mil k y  W a y  s at ellit es at  r / 2  ∼   5  p c  h a v e  
t e nt ati v el y s u g g est e d t h at s o m e of  t h es e s yst e ms m a y  i n f a ct b e  
g al a x y  c a n di d at es  (J. D.  Si m o n  et  al.  2 0 2 4 ; W.  C er n y  et  al.  2 0 2 6 ). 
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T h us,  i n t h e a bs e n c e  of  a n y  s p e ctr os c o pi c i nf or m ati o n a b o ut  t h e 
s yst e m’s i nt er n al ki n e m ati cs  a n d  m et alli cit y  distri b uti o n,  eit h er  a  
d w arf  g al a x y  or  a  st ar cl ust er  cl assi f c ati o n  r e m ai ns p ossi bl e  f or 
D E L V E  7.  H o w e v er,  b e c a us e  n o  g al a xi es  h a v e  y et  b e e n  
c o n fr m e d  i n t his si z e or  l u mi n osit y r e gi m e, w e  c o ns er v ati v el y  
ass u m e  t h at t h e s yst e m is m or e  li k el y t o b e  a  st ar cl ust er  a n d  
n a m e  it D E L V E  7.  

If D E L V E  7  is i n d e e d a  st ar  cl ust er,  it is li k el y t h at t h e 
s yst e m  h as  l ost a  si g ni f c a nt  fr a cti o n of  its birt h  m ass.  E v e n  i n 
t h e a bs e n c e  of  G al a cti c  ti d es, D E L V E  7’s  d y n a mi c al  r el a x ati o n 
ti m es c al e is j ust ∼ 7 0  M yr  (c al c ul at e d  ass u mi n g  its c urr e nt  
st ell ar  m ass  a n d  r a di us of  M 〉 =  6 0  M ⊙ , r  / 2  =  2  p c ), w hi c h  is 
f ar s m all er  t h a n its o bs er v e d  a g e.  T h us,  it is e x p e ct e d  t h at t h e 
s yst e m  s h o ul d  b e  e v a p or ati n g  d u e  t o a  c o m bi n ati o n  of  m ass  
s e gr e g ati o n  a n d  i nt er n al t w o- b o d y i nt er a cti o ns. I m p ort a ntl y, 
t h o u g h, w e  f n d  t h at it is n ot  n e c ess ar y  t o i n v o k e t h e 
pr es e n c e  of  u ns e e n  m ass  (e. g.,  d ar k  m att er  or  a  s u bst a nti al  
p o p ul ati o n  of  st ell ar  r e m n a nts) t o e x pl ai n  its l o n g-t er m 
s ur vi v al  a n d  t h e e xist e n c e  of  a  b o u n d  r e m n a nt of  its m ass.  
T h e  e v a p or ati o n  ti m es c al e esti m at e d  fr o m its pr es e nt- d a y  
m ass,  te v a p  ≈   4 0 tr el a x ∼   0  G yr,  s h o ul d  b e  r e g ar d e d as  a  
c o ns er v ati v e  l o w er li mit, y et  it alr e a d y  m at c h es  t h e a g e  
i nf err e d fr o m is o c hr o n e ftti n g.  I n ot h er  w or ds,  its e v a p or ati o n  
ti m es c al e is s uf f ci e ntl y  l o n g t h at D E L V E  7  is n ot  e x p e ct e d  t o 
h a v e  c o m pl et el y  e v a p or at e d  o v er  its  0  G yr  lif eti m e. T his  
disti n g uis h es  t h e s yst e m  fr o m t h e si n gl e  l o w er- m ass h al o  
s at ellit e  c urr e ntl y  k n o w n,  Urs a  M aj or  III/ U NI O N S   ,  w h er e  
si mil ar  c al c ul ati o ns  s u g g est e d  t h at t h e s yst e m  s h o ul d  h a v e  
t ot all y e v a p or at e d  (τ  ≫  te v a p ; R.  Err a ni  et  al.  2 0 2 4 b ). 

C o m p ar e d  t o t h e ot h er  c a n di d at es,  D E L V E  7  is r el ati v el y 
n e ar b y,  wit h  a  dist a n c e  m o d ul us  of  o nl y  (m  −  M )0  =  
 8.   ±  0. 3.  T his  pl a c es  t h e s yst e m’s  h ori z o nt al  br a n c h  a b o v e  
g  =  2 0,  a  m a g nit u d e  r a n g e w h er e  t h e G ai a  D R 3  c at al o g  of  R R  
L yr a e  st ars  is e x p e ct e d  t o b e  c o m pl et e  (G.  Cl e m e nti ni  et  al.  
2 0 2 3 ). N e v ert h el ess,  w e  f o u n d n o  R R  L yr a e  st ars  wit hi n  
r ∼  2 r h  of  D E L V E  7.  T his  a bs e n c e  is n ot  s ur prisi n g  gi v e n  t h e 
l a c k of  h ori z o nt al  br a n c h  st ars.  S e v er al  ot h er  f ai nt 
st ell ar  s yst e ms  ar e  als o  k n o w n  t o l a c k R R  L yr a e  st ars  
(C.  E.  M artí n e z- V á z q u e z  2 0 2 3 ), a n d  a  ft  t o t h e s p e ci f c  
fr e q u e n c y of  R R  L yr a e  f o u n d i n ultr a-f ai nt  d w arf  g al a xi es  
pr e di cts    R R  L yr a e  st ar  i n s yst e ms  as  f ai nt as  D E L V E  7  
(C.  E.  M artí n e z- V á z q u e z  et  al.  2 0  9 ). 

T h e  dis c o v er y  of  a n ot h er  r el ati v el y n e ar b y  (D ⊙  ∼  5 0  k p c )
s at ellit e  at  M V  >  0  e m p h asi z es  t h e i n c o m pl et e n ess of  c urr e nt  
s ur v e ys  f or s yst e ms  of  t his t y p e. T h e  r e c e nt D E S  Y 6  s ur v e y  
s e nsiti vit y  a n al ysis  p erf or m e d  i n C.  Y.  T a n  et  al.  (2 0 2 5 b )
pr e di cts  

T S 5. 5>
t h at e v e n  wit h  a  l o w d et e cti o n  t hr es h ol d of  

a n d  SI G  >  5. 5,  t h e 5 0 %  d et e cti o n  c o m pl et e n ess  
f or s yst e ms  li k e D E L V E  7  i n D E S  Y 6  e xt e n ds  t o o nl y  
∼ 8 0  k p c.  T h e  s e nsiti vit y  t o t h es e s yst e ms  s h o ul d  i n cr e as e 
a p pr e ci a bl y  wit h  t h e a d v e nt  of  R u bi n  L S S T  (K.  Tsi a n e  et  al.  
2 0 2 5 ). H o w e v er,  p o p ul ati o n-l e v el  pr e di cti o ns  ar e  still hi g hl y  
u n c ert ai n  f or s yst e ms  of  t his t y p e, gi v e n  t h e u n k n o w n  b e h a vi or  
of  t h e l u mi n osit y f u n cti o n at  L  ∼   0 3  L ⊙  a n d  t h e r el ati v el y 
u n k n o w n  r a di al distri b uti o n  of  t h es e f ai nt s at ellit es.  

7.  S u m m a r y  

W e  pr es e nt  t h e dis c o v er y  of  t hr e e Mil k y  W a y  s at ellit e  
s yst e ms,  C ari n a  I V, P h o e ni x  III, a n d  D E L V E  7,  w hi c h  w er e  
f o u n d i n a  s e ar c h  of  D E L V E  D R 3.  T w o  of  t h es e s yst e ms,  
C ari n a  I V a n d  P h o e ni x  III, h a v e  p h ysi c al  si z es  a n d  l u mi n os-
iti es t h at pl a c e  t h e m i n a  r e gi o n of  p ar a m et ers  s p a c e  t h at is 

c o nsist e nt  wit h  t h e l o c us of  ultr a-f ai nt  d w arf  g al a xi es,  w hil e  
t h e t hir d s yst e m,  D E L V E  7,  is m or e  c o m p a ct  a n d  c o nsist e nt  
wit h  t h e gr o wi n g  p o p ul ati o n  of  h al o  s yst e ms  wit h  s m all  si z es  
a n d  i n d et er mi n at e cl assi f c ati o ns  (Fi g ur e  6 ). T h es e  o bj e cts  
w er e  n ot  i n cl u d e d i n t h e r e c e nt c e ns us  of  Mil k y  W a y  s at ellit es  
pr es e nt e d  i n C.  Y.  T a n  et  al.  (2 0 2 5 b ) d u e  t o t h e f a ct t h at t h eir 
d et e cti o n  si g ni f c a n c es  ar e  l o w er t h a n t h e t hr es h ol ds s et  f or 
t h at a n al ysis.  

C ari n a  I V, P h o e ni x  III, a n d  D E L V E  7  bri n g  t h e t ot al n u m b er  
of  ultr a-f ai nt  Mil k y  W a y  s at ellit es  dis c o v er e d  i n t h e D E L V E  
d at a  t o  7  (S.  M a u  et  al.  2 0 2 0 ; W.  C er n y  et  al.  
2 0 2  a , 2 0 2  b , 2 0 2 3 a , 2 0 2 3 b , 2 0 2 3 c , 2 0 2 4 ; C.  Y.  T a n  et  al.  
2 0 2 5 c ). T h es e  t hr e e c a n di d at es  w er e  i d e nti f e d usi n g  t h e 
D E L V E  D R 3  c at al o g,  w hi c h  pr o vi d es  d e e p er  a n d  m or e  
a c c ur at e  p h ot o m etri c  m e as ur e m e nts  t h a n pr e vi o us  D E L V E  
r el e as es (A.  Drli c a- W a g n er  et  al.  2 0 2  , 2 0 2 2 ). T w o  of  t h e 
c a n di d at es  li e wit hi n  t h e D E S  p orti o n  of  t h e c at al o g,  w hi c h  
w as  c o nstr u ct e d  fr o m t h e f ull 6  yr  of  D E S  Y 6  o bs er v ati o ns  
a n d,  t h er ef or e, pr o vi d es  g e n er all y  d e e p er  d at a  t h a n t h e r est of  
D E L V E  D R 3.  

V.  M a n w a d k ar  &  A.  V.  Kr a vts o v  (2 0 2 2 ) 
6 4 1 3

1 7+
f or e c ast e d t h at t h e 

D E L V E  wi d e- ar e a  s ur v e y  w o ul d  f n d  Mil k y  W a y  
s at ellit es  wit h  M V  ∼  0  a n d  r  / 2  >   0 p c  at  J 2 0 0 0  ∼  0 ° ,7 8  

w hil e  o nl y  3 6  s yst e ms  h a v e  b e e n  dis c o v er e d  i n t his r e gi o n s o  
f ar. A  m or e  c o m pr e h e nsi v e  s e ar c h  of  D E L V E  D R 3  is e x p e ct e d  
t o yi el d  a d diti o n al  s at ellit e  dis c o v eri es.  O n e  s u c h  eff ort  t o f ull y 
e x pl oit  D E L V E  d at a  is t h e pr e vi o usl y  m e nti o n e d  Z o o ni v ers e  
citi z e n-s ci e n c e  pr oj e ct  (s e e  f o ot n ot e 7 4 ), i n w hi c h  v ol u nt e ers  
vis u all y  i ns p e ct c a n di d at e  s yst e ms.  W e  e x p e ct  t o r el e as e t h e 
r es ults of  t his pr oj e ct  s o o n,  o n c e  t h e p u bli c  cl assi f c ati o ns  ar e  
c o m pl et e,  t h e d at a  h a v e  b e e n  a n al y z e d,  a n d  t h e m ost  pr o misi n g  
c a n di d at es  h a v e  b e e n  f oll o w e d u p.  

E v e n  wit h  a  c o m pl et e  s e ar c h  usi n g  d at a  fr o m t h e c urr e nt  
s ur v e ys,  w e  e x p e ct  t o b e  l ar g el y i n c o m pl et e f or f ai nt a n d  
dist a nt  s yst e ms  s u c h  as  t h os e pr es e nt e d  i n t his a n al ysis.  
H o w e v er,  t h e u p c o mi n g  R u bi n  L S S T  (Ž.  I v e zić  et  al.  2 0  9 ) is 
e x p e ct e d  t o dis c o v er  h u n dr e ds  of  ultr a-f ai nt  d w arf  g al a xi es  i n 
t h e L o c al  V ol u m e  (J. R.  H ar gis  et  al.  2 0  4 ; B.  M utl u- P a k dil  
et  al.  2 0 2  ; V.  M a n w a d k ar  &  A.  V.  Kr a vts o v  2 0 2 2 ; K.  Tsi a n e  
et  al.  2 0 2 5 ). S p a c e- b as e d  f a ciliti es, i n cl u di n g t h e R o m a n  S p a c e  
T el es c o p e  (D.  S p er g el  et  al.  2 0  5 ) a n d  E u cli d  (E u cli d  
C oll a b or ati o n  et  al.  2 0 2 2 ), ar e  als o  a nti ci p at e d  t o u n c o v er  
a d diti o n al  ultr a-f ai nt  d w arfs  (E.  O.  N a dl er  et  al.  2 0 2 4 ). T his  
r a pi dl y gr o wi n g  c e ns us  of  ultr a-f ai nt  d w arfs  will  pr o vi d e  
criti c al  i nsi g ht i nt o t h e pr o c ess es  of  g al a x y  f or m ati o n at  t h e 
s m all est  s c al es  a n d  s er v e  as  a  p o w erf ul  pr o b e  of  d ar k- m att er  
p h ysi cs.  

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

W e  t h a n k t h e a n o n y m o us  r ef er e e f or t h e m a n y  us ef ul  
c o m m e nts  t h at h el p e d  us  i m pr o v e t his m a n us cri pt.  W e  w o ul d  
als o  li k e t o t h a n k t h e Z o o ni v ers e  t e a m, b et a  t est ers, a n d  
v ol u nt e ers  f or t h eir s u p p ort  i n s etti n g  u p  t h e Z o o ni v ers e  b et a  
t est, a n d  es p e ci all y  citi z e n  s ci e ntist  a n d  b et a  t est er Er n est  J u d e  
P.  Ti u,  w h o  w as  t h e frst  t o i d e ntif y P h o e ni x  III d uri n g  t h e b et a  
t est. F or  t his w or k,  w e  di d  n ot  m a k e  us e  of  t h e cl assi f c ati o ns  
m a d e  b y  ot h er  Z o o ni v ers e  citi z e n  s ci e ntists  or  b et a  t est ers. 
H o w e v er,  w e  pl a n  t o pr o vi d e  a  m or e  d et ail e d  d es cri pti o n  of  
t h os e eff orts  i n a  f ort h c o mi n g p a p er.  

7 8  
D E L V E  s u bs e q u e ntl y  e x p a n d e d  c o v er a g e  t o J 2 0 0 0  ≲  3 0 ° . 
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T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  T a n  et  al.  

D uri n g  t h e f n al  st a g es  of  pr e p ari n g  t his m a n us cri pt,  w e  
b e c a m e  a w ar e  t h at P h o e ni x  III h a d  b e e n  i n d e p e n d e ntl y 
i d e nti f e d b y  M c Q ui n n,  M a o,  B u c kl e y,  S hi h,  D ol p hi n,  C o h e n,  
T oll er u d,  H ai,  L eis h m a n,  a n d  Br o w n  as  a  c a n di d at e  L o c al  
Gr o u p  g al a x y  (H S T  G O  C y cl e  3 3  #  8 0 6 6 ). 

C. Y. T.  w as  s u p p ort e d  b y  t h e U. S.  N ati o n al  S ci e n c e  
F o u n d ati o n  (N S F ) t hr o u g h gr a nts  A S T- 2  0 8  6 8  a n d  A S T -
2 3 0 7  2 6.  W. C.  gr at ef ull y  a c k n o wl e d g es  s u p p ort  fr o m a  
Gr u b er  S ci e n c e  F ell o ws hi p  at  Y al e  U ni v ersit y.  T his  m at eri al  
is b as e d  u p o n  w or k  s u p p ort e d  b y  t h e N ati o n al  S ci e n c e  
F o u n d ati o n  Gr a d u at e  R es e ar c h  F ell o ws hi p  Pr o gr a m  u n d er  
gr a nt  N o.  D G E 2  3 9 8 4  .  D.J. S.  a c k n o wl e d g es  s u p p ort  fr o m 
N S F  gr a nt  A S T- 2 2 0 5 8 6 3.  

T h e  D E L V E  pr oj e ct  is p arti all y  s u p p ort e d  b y  t h e 
N A S A  F er mi  G u est  I n v esti g at or Pr o gr a m  C y cl e  9  N o.  9  2 0   
a n d  b y  F er mil a b  L D R D  pr oj e ct  L 2 0  9- 0   .  T his  m at eri al  
is b as e d  u p o n  w or k  s u p p ort e d  b y  t h e N ati o n al  S ci e n c e  
F o u n d ati o n  u n d er  gr a nt  N os.  A S T- 2  0 8  6 8,  A S T- 2  0 8  6 9,  
A S T- 2 3 0 7  2 6,  a n d  A S T- 2 4 0 7 5 2 6.  T his  r es e ar c h a w ar d  is 
p arti all y  f u n d e d b y  a  g e n er o u s  gift  of  C h arl e s  Si m o n yi  t o t h e 
N S F  Di vi si o n  of  A str o n o mi c al  S ci e n c e s.  T h e  a w ar d  i s 
m a d e  i n r e c o g niti o n of  si g ni f c a nt  c o ntri b uti o n s  t o R u bi n  
O b s er v at or y’ s  L e g a c y  S ur v e y  of  S p a c e  a n d  Ti m e.  A n y  
o pi ni o n s,  f n di n g s,  a n d  c o n cl u si o n s  or  r e c o m m e n d ati o n s 
e x pr e s s e d  i n t hi s m at eri al  ar e  t h o s e of  t h e a ut h or (s ) a n d  d o  
n ot  n e c e s s aril y  r e f e ct t h e vi e w s  of  t h e N ati o n al  S ci e n c e  
F o u n d ati o n.  

F u n di n g  f or t h e D E S  Pr oj e cts  h as  b e e n  pr o vi d e d  b y  t h e U. S.  
D e p art m e nt  of  E n er g y,  t h e U. S.  N ati o n al  S ci e n c e  F o u n d ati o n,  
t h e Mi nistr y  of  S ci e n c e  a n d  E d u c ati o n  of  S p ai n,  t h e S ci e n c e  
a n d  T e c h n ol o g y  F a ciliti es  C o u n cil  of  t h e U nit e d  Ki n g d o m,  t h e 
Hi g h er  E d u c ati o n  F u n di n g  C o u n cil  f or E n gl a n d,  t h e N ati o n al  
C e nt er  f or S u p er c o m p uti n g  A p pli c ati o ns  at  t h e U ni v ersit y  of  
Illi n ois at  Ur b a n a- C h a m p ai g n,  t h e K a vli  I nstit ut e of  C os m o -
l o gi c al P h ysi cs  at  t h e U ni v ersit y  of  C hi c a g o,  t h e C e nt er  f or 
C os m ol o g y  a n d  Astr o- P arti cl e  P h ysi cs  at  t h e O hi o  St at e  
U ni v ersit y,  t h e Mit c h ell  I nstit ut e f or F u n d a m e nt al  P h ysi cs  a n d  
Astr o n o m y  at  T e x as  A & M  U ni v ersit y,  Fi n a n ci a d or a  d e  
Est u d os  e  Pr oj et os,  F u n d a ç ã o  C arl os  C h a g as  Fil h o  d e  A m p ar o  
à  P es q uis a  d o  Est a d o  d o  Ri o  d e  J a n eir o,  C o ns el h o  N a ci o n al  d e  
D es e n v ol vi m e nt o  Ci e ntí f c o  e  T e c n ol ó gi c o  a n d  t h e Mi nist éri o  
d a  Ci ê n ci a,  T e c n ol o gi a  e  I n o v a ç ã o, t h e D e uts c h e  F ors c h u n gs -
g e m ei ns c h aft,  a n d  t h e C oll a b or ati n g  I nstit uti o ns i n t h e D ar k  
E n er g y  S ur v e y.  

T h e  C oll a b or ati n g  I nstit uti o ns ar e  Ar g o n n e  N ati o n al  
L a b or at or y,  t h e U ni v ersit y  of  C alif or ni a  at  S a nt a  Cr u z,  t h e 
U ni v ersit y  of  C a m bri d g e,  C e ntr o  d e  I n v esti g a ci o n es E n er g é -
ti c as, M e di o a m bi e nt al es  y  T e c n ol ó gi c as- M a dri d,  t h e U ni v er -
sit y of  C hi c a g o,  U ni v ersit y  C oll e g e  L o n d o n,  t h e D E S- Br a zil  
C o ns orti u m,  t h e U ni v ersit y  of  E di n b ur g h,  t h e Ei d g e n össis c h e  
T e c h nis c h e  H o c hs c h ul e  (E T H ) Z üri c h,  F er mi  N ati o n al  A c c el -
er at or  L a b or at or y,  t h e U ni v ersit y  of  Illi n ois at  Ur b a n a-
C h a m p ai g n,  t h e I nstit ut d e  Ci è n ci es  d e  l’ Es p ai (I E E C/ C SI C ), 
t h e I nstit ut d e  Físi c a  d’ Alt es  E n er gi es,  L a wr e n c e  B er k el e y  
N ati o n al  L a b or at or y,  t h e L u d wi g- M a xi mili a ns  U ni v ersit ät  
M ü n c h e n  a n d  t h e ass o ci at e d  E x c ell e n c e  Cl ust er  U ni v ers e,  
t h e U ni v ersit y  of  Mi c hi g a n,  N S F  N OI R L a b,  t h e U ni v ersit y  of  
N otti n g h a m,  T h e  O hi o  St at e  U ni v ersit y,  t h e U ni v ersit y  of  
P e n ns yl v a ni a,  t h e U ni v ersit y  of  P orts m o ut h,  S L A C  N ati o n al  
A c c el er at or  L a b or at or y,  St a nf or d  U ni v ersit y,  t h e U ni v ersit y  of  
S uss e x,  T e x as  A & M  U ni v ersit y,  a n d  t h e O z D E S  M e m b ers hi p  
C o ns orti u m.  

B as e d  i n p art  o n  o bs er v ati o ns  at  N S F  C err o  T ol ol o  I nt er-
A m eri c a n  O bs er v at or y  at  N S F  N OI R L a b  (N OI R L a b  Pr o p.  I D 
2 0  2 B- 0 0 0  ;  PI:  J. Fri e m a n,  N OI R L a b  Pr o p.  I D 2 0  9 A- 0 3 0 5;  
PI:  Al e x  Drli c a- W a g n er,  a n d  N OI R L a b  Pr o p.  I D 2 0 2 3 B -
6 4 6 2 4 4;  PI:  A nir u d h  C hiti ), w hi c h  is m a n a g e d  b y  t h e 
Ass o ci ati o n  of  U ni v ersiti es  f or R es e ar c h  i n Astr o n o m y  
(A U R A ) u n d er  a  c o o p er ati v e  a gr e e m e nt  wit h  t h e N ati o n al  
S ci e n c e  F o u n d ati o n.  

T h e  D E S  d at a  m a n a g e m e nt  s yst e m  is s u p p ort e d  b y  t h e 
N ati o n al  S ci e n c e  F o u n d ati o n  u n d er  gr a nt  N os.  A S T-   3 8 7 6 6  
a n d  A S T-  5 3 6  7  .  T h e  D E S  p arti ci p a nts  fr o m S p a nis h  
i nstit uti o ns ar e  p arti all y  s u p p ort e d  b y  MI CI N N  u n d er  gr a nts  
PI D 2 0 2  -  2 3 0  2,  PI D 2 0 2  -  2 8 9 8 9  PI D 2 0 2 2-  4  0 7 9,  S E V -
2 0  6- 0 5 8 8,  C E X 2 0 2 0- 0 0  0 5 8- M,  a n d  C E X 2 0 2 0- 0 0  0 0 7- S,  
s o m e  of  w hi c h  i n cl u d e E R D F  f u n ds fr o m t h e E ur o p e a n  U ni o n.  
I F A E is p arti all y  f u n d e d b y  t h e C E R C A  pr o gr a m  of  t h e 
G e n er alit at  d e  C at al u n y a.  

W e  a c k n o wl e d g e  s u p p ort  fr o m t h e Br a zili a n  I nstit ut o 
N a ci o n al  d e  Ci ê n ci a  e  T e c n ol o gi a  (I N C T) d o  e- U ni v ers o  
(C N P q  gr a nt  4 6 5 3 7 6 / 2 0  4- 2 ). 

T his  d o c u m e nt  w as  pr e p ar e d  b y  t h e D E S  C oll a b or ati o n  
usi n g  t h e r es o ur c es of  t h e F er mi  N ati o n al  A c c el er at or  
L a b or at or y  (F er mil a b ), a  U. S.  D e p art m e nt  of  E n er g y,  Of f c e  
of  S ci e n c e,  Of f c e  of  Hi g h  E n er g y  P h ysi cs  H E P  Us er  F a cilit y.  
F er mil a b  is m a n a g e d  b y  F er mi  F or w ar d  Dis c o v er y  Gr o u p,  
L L C,  a cti n g  u n d er  c o ntr a ct  N o.  8 9 2 4 3 0 2 4 C S C 0 0 0 0 0 2.  

T his  p a p er  i n cl u d es d at a  g at h er e d  wit h  t h e 6. 5  m  M a g ell a n  
T el es c o p es  l o c at e d at  L as  C a m p a n as  O bs er v at or y,  C hil e.  

F a ciliti es:  Bl a n c o,  M a g ell a n: B a a d e,  G ai a.  
S oft w ar e:  a s t r o p y  (Astr o p y  C oll a b or ati o n  et  al.  2 0  3 , 2 0  8 ), 

e m c e e  (D.  F or e m a n- M a c k e y  et  al.  2 0  3 ), f i t s i o ,7 9  h e a l p i x
(K.  M.  G órs ki  et  al.  2 0 0 5 ),8 0  h e a l p y  (A.  Z o n c a  et  al.  
2 0  9 ),8   h e a l s p a r s e ,8 2  m a t p l o t l i b  (J. D.  H u nt er  2 0 0 7 ), 
n u m p y  (C.  R.  H arris  et  al.  2 0 2 0 ), s i m p l e  (K.  B e c ht ol  et  al.  
2 0  5 ), s c i p y  (P.  Virt a n e n  et  al.  2 0 2 0 ), s k y m a p ,8 3  u g a l i
(K.  B e c ht ol  et  al.  2 0  5 ; A.  Drli c a- W a g n er  et  al.  2 0 2 0 ), 

A ut h o r  C o nt ri b uti o ns  

C. Y. T.  p erf or m e d  t h e d w arf  g al a x y  s e ar c h,  c arri e d  o ut  t h e 
u g a l i  m or p h ol o g y  fts,  pr o d u c e d  m ost  of  t h e pl ots  a n d  t a bl es, 
a n d  l e d t h e writi n g  of  t h e p a p er.  W. C.  c o n d u ct e d  t h e a n al ysis  
of  D E L V E  7  b as e d  o n  t h e f oll o w- u p I M A C S i m a gi n g, 
g e n er at e d  Fi g ur e  3 , assist e d  wit h  c a n di d at e  i d e nti f c ati o n, 
a n d  c o ntri b ut e d  t o t h e writi n g.  A. B. P.  c o n d u ct e d  t h e C a H K  
a n d  pr o p er- m oti o n  a n al ysis,  c o ntri b ut e d  Fi g ur e  5 , assist e d  wit h  
c a n di d at e  i d e nti f c ati o n, a n d  c o ntri b ut e d  wit h  writi n g.  J. A. S.  
a n d  K. O.  h el p e d  i d e ntif y d w arf  g al a x y  c a n di d at es  t hr o u g h 
pr e p ar ati o n  f or t h e Z o o ni v ers e  pr oj e ct,  a n d  c o ntri b ut e d  t o 
Fi g ur e   . A. D. W.  pr o vi d e d  dir e ct  s u p er visi o n  of  t h e r es e ar c h 
a n d  c o ntri b ut e d  wit h  writi n g.  J. D. S.  c arri e d  o ut  t h e I M A C S 
f oll o w- u p o bs er v ati o ns  of  D E L V E  7,  w hil e  D.J. S.  a n d  B. M. P.  
r e d u c e d t h e i m a gi n g d at a  a n d  pr o d u c e d  t h e c at al o gs.  A. M. S.  
p erf or m e d  t h e or bit al  m o d eli n g  of  C ari n a  I V. D. E.,  P. S. F.,  a n d  
F. S.  i nt er n all y r e vi e w e d t h e p a p er.  T h e  a ut h ors  fr o m K. R. A.  t o 
A. K. V.  c o ntri b ut e d  t o pr o d u ci n g  a n d  c h ar a ct eri zi n g  o n e  or  
m or e  of  t h e f oll o wi n g d at a  pr o d u cts  us e d  i n t h e p a p er:  D E S  Y 6  

7 9  htt ps: / / git h u b. c o m / es h el d o n / ftsi o  
8 0  htt p: / / h e al pi x.s o ur c ef or g e. n et  
8   

htt ps: / / git h u b. c o m / h e al p y / h e al p y  
8 2  

htt ps: / / h e als p ars e.r e a dt h e d o cs.i o / e n / l at est/  
8 3  htt ps: / / git h u b. c o m / k a drli c a / s k y m a p  
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https://github.com/esheldon/fitsio
http://healpix.sourceforge.net
https://github.com/healpy/healpy
https://healsparse.readthedocs.io/en/latest/
https://github.com/kadrlica/skymap


T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  T a n  et  al.  

s o ur c e  c at al o g,  D E L V E  D R 3  s o ur c e  c at al o g,  M A GI C  c at al o g,  
a n d / or  pr o vi d e d  v al u a bl e  c o m m e nts  t h at i m pr o v e d t h e p a p er’s  
cl arit y  a n d  q u alit y.  B uil d ers:  T h e  r e m ai ni n g a ut h ors  c o n -
tri b ut e d t o t his w or k  t hr o u g h t h e c o nstr u cti o n  of  D E C a m  a n d  
ot h er  as p e cts  of  d at a  c oll e cti o n;  d at a  pr o c essi n g  a n d  c ali br a -
ti o n; d e v el o pi n g  wi d el y  us e d  m et h o ds,  c o d es,  a n d  si m ul ati o ns;  
r u n ni n g pi p eli n es  a n d  v ali d ati o n  t ests; a n d  pr o m oti n g  t h e 
s ci e n c e  a n al ysis.  

A p p e n di x  A  
M e m b e rs  St a rs  o  C a ri n a  I V 

I n S e cti o n  5 , w e  dis c uss e d  t h e G ai a  pr o p er  m oti o ns  a n d  
C a H K  p h ot o m etri c  m et alli cit y  m e as ur e m e nts  of  C ari n a  I V 
c a n di d at e  m e m b er  st ars,  w hi c h  f urt h er c o n fr m  its i d e ntit y as  a  
m et al- p o or  Mil k y  W a y  s at ellit e.  T o  f a cilit at e s p e ctr os c o pi c  
f oll o w- u p of  C ari n a  I V m e m b er  st ars,  w e  i n cl u d e i n T a bl e  2  
t h e m e as ur e d  pr o p er  m oti o ns  a n d  m et alli citi es  f or all  st ars  wit h  
g 0  ∼  2  . 3  a n d  hi g h  u g a l i  m e m b ers hi p  pr o b a biliti es  
(p u g ali  >  0. 2 ). F or  t h e ot h er  t w o s yst e ms,  P h o e ni x  III a n d  
D E L V E  7,  as  s h o w n  i n Fi g ur e  2 , w e  f n d  v er y  f e w st ars  wit h  
hi g h  u g a l i  m e m b ers hi p  pr o b a biliti es  a b o v e  t h e G ai a  
d et e cti o n  li mit of  G  ∼  2  .  F or  P h o e ni x  III, t h e o nl y  s o ur c e  
is t h e B H B  c a n di d at e  G ai a  D R 3  4 9 5 9 4 5 7 0 7 9 5 2 7 6 4 6 0 8 0,  wit h  
p u g ali  =  0. 9 9,  g 0  =  2 0. 8,  a n d  r 0  =  2  . 0.  T his  st ar,  h o w e v er,  

d o es  n ot  h a v e  a  G ai a  pr o p er- m oti o n  m e as ur e m e nt.  I n t h e c as e  
of  D E L V E  7,  n o n e  of  t h e hi g h- pr o b a bilit y  m e m b er  st ars  ar e  
d et e ct e d  b y  G ai a.  

A p p e n di x  B  
P h o e ni x  III  as  a  P ossi bl e  I nt e r m e di at e- a g e  St a r  Cl ust e r  

A s  di s c u s s e d  i n S e cti o n  6. 2 , t h e m or p h ol o gi c al  ft s  f or 
P h o e ni x  III yi el d  t w o vi a bl e  s ol uti o n s.  O n e  c orr e s p o n d s  t o a n  
ol d,  m et al- p o or  st ell ar  p o p ul ati o n  wit h  a n  a g e  of  a p pr o xi -
m at el y   2  G yr,  w hi c h  w e  ar g u e  i s t h e m or e  li k el y i nt er pr et a-
ti o n b a s e d  o n  it s i n cl u si o n of  t h e c a n di d at e  B H B  st ar  G ai a  
D R 3  4 9 5 9 4 5 7 0 7 9 5 2 7 6 4 6 0 8 0.  U p c o mi n g  H u b bl e  S p a c e  
T el e s c o p e  (H S T ) f oll o w- u p o b s er v ati o n s  ar e  e x p e ct e d  t o 
c o n fr m  or  r ej e ct t hi s a s s u m pti o n  (K.  B.  W.  M c Q ui n n  et  al.  
2 0 2 5 ). H o w e v er,  f or c o m pl et e n e s s,  w e  pr e s e nt  h er e  a  bri ef  
d e s cri pti o n  of  t h e i nt er m e di at e- a g e (∼ 7  G yr ) alt er n ati v e  
s ol uti o n  i d e nti f e d b y  u g a l i . F or  t his alt er n ati v e  
s ol uti o n,  
m  M 2 0. 50 0. 1

0. 2( ) = +

Z 0. 0 0 0 4 0p h ot 0. 0 0 0 1 6
0. 0 0 0 2 2= +

t h e p ost eri or  p e a ks  
7. 0 1. 5

1. 7= +
at  a  dist a n c e  m o d ul us  of  

, a g e  of  , a n d  a  m et alli cit y  
of  . I n Fi g ur e  7 , w e  c o m p ar e  t his 
i nt er m e di at e- a g e s ol uti o n  wit h  t h e ol d   2  G yr  s ol uti o n  a d o pt e d  
i n t h e m ai n  a n al ysis  usi n g  c ol or – m a g nit u d e  di a gr a ms  i n t h e 
g  −  r b a n d  (as  i n t h e m ai n  a n al ysis ) a n d  t h e a d diti o n al  g  −  i 
b a n d  i nf or m ati o n. 

T a bl e  2  
Pr o p erti es  of  St ars  wit h  Hi g h  u g a l i  M e m b ers hi p  Pr o b a biliti es  f or C ari n a  I V (p u g ali  >  0. 2 ) a n d  g 0  ∼  2  . 3  

St ar  N a m e  R. A.  D e cl.  g 0  r 0  µ 〉  µ  [F e / H ]C a H K  p u g ali  T y p e  
(d e g ) (d e g ) (m a g ) (m a g ) (k m  s −  ) (k m  s −  ) (d e x ) 

G AI A  D R 3  5 2 8 6 3 4 8 7 5 8 4  2 7 6 9 9 2 0   0 4. 0 8 5  − 6 3. 3  4  2 0.    9. 5  0. 8  ±  0. 6  0.   ±  0. 5  − 2. 4  ±  0. 3  0. 4 5  R G B  

G AI A  D R 3  5 2 8 6 3 4 8 9 3 4 5 0 6 3 2 7 4 2 4   0 4. 0 3   − 6 3. 3 0 6  2 0. 4  2 0. 4   .   ±   . 4  − 0. 3  ±   . 2  ⋯  0. 9 6  B H B  

G AI A  D R 3  5 2 8 6 3 4 8 8 6 5 7 8 6 8 5 2 8 6 4   0 4. 0 5 7  − 6 3. 2 9 8  2 0. 5  2 0. 6   . 6  ±  3. 0  4. 0  ±  2. 2  ⋯  0. 9 6  B H B  

G AI A  D R 3  5 2 8 6 3 4 8 8 6 5 7 8 7 3  8 7 8 4   0 4. 0 3 2  − 6 3. 3 0 8  2  .   2 0. 6  0. 9  ±  2. 7  0. 6  ±  2. 6  −  . 5  ±  0. 3  0. 8 9  R G B  
G AI A  D R 3  5 2 8 6 3 4 8 6 9 3 9 8 8 6 4  0 2 4   0 4. 0 8 2  − 6 3. 3 2 4  2  . 2  2 0. 6  ⋯ ⋯  −  . 6  ±  0. 3  0. 8 2  R G B  

G AI A  D R 3  5 2 8 6 3 4 8 8 2 7  3 2 2 4 0 7 6 8   0 4. 0  6  − 6 3. 3  9  2  . 2  2 0. 7  ⋯ ⋯  − 2. 6  ±  0. 6  0. 9 0  R G B  

G AI A  D R 3  5 2 8 6 3 0  6  6 8 5  7 0 2 5 2 8   0 4. 0 3 9  − 6 3. 3 4 7  2 0. 4   9. 8   . 0  ±  0. 7   . 4  ±  0. 6  −  . 2  ±  0. 3  0. 3 6  R G B (? ) 

G AI A  D R 3  5 2 8 6 3 4 8 9 6 8 8 6 6 0 7   6 8   0 4. 0 8 2  − 6 3. 2 9 4  2 0. 8  2 0. 3  2.   ±   . 2  − 0. 2  ±  0. 9  −  . 2  ±  0. 4  0. 3 9  R G B (? ) 

G AI A  D R 3  5 2 8 6 3 0  6 5 5 5 0 9 3 6 5 8 8 8   0 4. 0 6 3  − 6 3. 3 4 5  2 0. 9  2 0. 4  0. 5  ±   . 6  − 0. 3  ±   . 2  − 0. 6  ±  0. 4  0. 6   R G B (? ) 

G AI A  D R 3  5 2 8 6 3 4 8 8 6 5 7 8 6 8 5 9 2 6 4   0 4. 0 5 2  − 6 3. 3  3  2 0. 7  2 0.   3. 6  ±   .   6. 6  ±  0. 8  − 0. 6  ±  0. 4  ⋯  N o n m e m b er  

G AI A  D R 3  5 2 8 6 3 0  5  3 7 7 2 6 2 5 5 3 6   0 4.  5 4  − 6 3. 3 3 5  2 0. 9  2 0. 3  4. 8  ±   . 4  5.   ±  0. 9  −  . 4  ±  0. 3  ⋯  N o n m e m b er  

N ot e.  T h e  st ars  ar e  di vi d e d  i nt o t hr e e c at e g ori es:  ( ) li k el y m e m b ers,  c h ar a ct eri z e d  b y  c o nsist e nt  G ai a  pr o p er- m oti o n  m e as ur e m e nts  a n d  l o w C a H K  m et alli citi es  
([F e / H ]C a H K  ∼  –  . 5 ); (2 ) p ossi bl e  m e m b ers,  wit h  c o nsist e nt  G ai a  pr o p er  m oti o ns  b ut  hi g h er  m et alli citi es;  a n d  (3 ) n o n m e m b ers,  e x hi biti n g  i n c o nsist e nt pr o p er  

m oti o ns.  
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T h e  As t  o p h ysi c a l  J o u  n a l   0 0 0: 4 6  ( 6 p p ), 2 0 2 6  M ar c h  2 0  

0. 4 0. 2 0. 0 0. 2 0. 4 0. 6 0. 8 1. 0 1. 2

(g r ) 0

1 6

1 7

1 8

1 9

2 0

2 1

2 2

2 3

2 4

g
0

C ol o r- M a g ni t u d e M a p

0. 5 0 0. 2 5 0. 0 0 0. 2 5 0. 5 0 0. 7 5 1. 0 0 1. 2 5 1. 5 0
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Fi g u r e  7.  C ol or – m a g nit u d e  di a gr a ms  f or b ot h  g  −  r (l eft p a n el ) a n d  g  −  i 

(ri g ht p a n el ) b a n d  p airs  f or st ars  wit hi n  1. 5 of  P h o e ni x  III. St ars  ar e  c ol or e d  b y  
s e p ar ati o n  fr o m e a c h  s yst e m’s  c e ntr oi d,  wit h  d ar k er  c ol ors  r e pr es e nti n g 
s m all er  s e p ar ati o ns.  W e  o v erl a y  P A R S E C  is o c hr o n es c orr es p o n di n g  t o t h e 
i nt er m e di at e- a g e 7  G yr  s ol uti o n  (s oli d  m ar o o n  li n es) a n d  t h e ol d   2  G yr  
s ol uti o n  (bl a c k  d ott e d  li n es) f or c o m p aris o n.  T h e  m e di a n  p h ot o m etri c  
u n c ert ai nti es  f or st ars  ar o u n d  P h o e ni x  III, as  a  f u n cti o n of  g - b a n d m a g nit u d e,  
ar e  i n di c at e d b y  r e d err or  b ars.  

O R CI D  i Ds 

C.  Y.  T a n  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3- 0 4 7 8- 0 4 7 3  
W.  C er n y  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3-  6 9 7- 7 0 6 2  
A.  B.  P a c e  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 6 0 2  - 8 7 6 0  
J. A.  S h ar p  htt ps:  / or ci d. or g / 0 0 0 9- 0 0 0  -   3 3- 5 0 4 7  
K.  O v er d e c k  htt ps:  / or ci d. or g / 0 0 0 9- 0 0 0 8- 0 9 5 9- 0  6 2  
A.  Drli c a- W a g n er  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 8 2 5  - 9 3 3 X  
J. D.  Si m o n  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 4 7 3 3- 4 9 9 4  
B.  M utl u- P a k dil  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 9 6 4 9- 4 8  5  
D.  J. S a n d  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3- 4  0 2- 3 8 0 X  
A.  M.  S e n k e vi c h  htt ps:  / or ci d. or g / 0 0 0 9- 0 0 0 4- 5 5  9- 0 9 2 9  
D.  Er k al  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 8 4 4 8- 5 5 0 5  
P.  S.  F er g us o n  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 6 9 5 7-  6 2 7  
F.  S o br eir a  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 7 8 2 2- 0 6 5 8  
K.  R.  At z b er g er  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 9 6 4 9- 8  0 3  
J. L.  C arli n  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 3 9 3 6- 9 6 2 8  
A.  C hiti  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 7  5 5- 6 7 9 X  
D.  Cr n oj e vi ć  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2-  7 6 3- 4  2 8  
A.  P.  Ji htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 4 8 6 3- 8 8 4 2  
L.  C.  J o h ns o n  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 6 4 2  - 0 9 5 3  
T.  S.  Li  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 9   0- 6  6 3  
G.  Li m b er g  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 9 2 6 9- 8 2 8 7  
C.  E.  M artí n e z- V á z q u e z  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2 -
9  4 4- 7 7 2 6  
G.  E.  M e di n a  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3- 0  0 5- 9 5 7 6  
V.  M.  Pl a c c o  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3- 4 4 7 9-  2 6 5  
A.  H.  Ril e y  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 5 8 0 5- 5 7 6 6  
E.  J. T oll er u d  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 9 5 9 9- 3  0 X  
A.  K.  Vi v as  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3- 4 3 4  - 6  7 2  
T.  M.  C.  A b b ott  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3-  5 8 7- 3 9 3   
M.  A g u e n a  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 5 6 7 9- 6 7 4 7  
O.  Al v es  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 7 3 9 4- 9 4 6 6  
D.  B a c o n  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 2 5 6 2- 8 5 3 7  
S.  B o c q u et  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 4 9 0 0- 8 0 5 X  
D.  Br o o ks  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 8 4 5 8- 5 0 4 7  
D.  L.  B ur k e  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3-  8 6 6-  9 5 0  
R.  C a mill eri  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 7 4 3 6- 3 9 5 0  
J. A.  C ar b all o- B ell o  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 3 6 9 0-  0 5 X  
A.  C ar n er o  R os ell  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3- 3 0 4 4- 5  5 0  
J. C arr et er o  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 3  3 0- 0 2 0 4  
T.- Y.  C h e n g  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 8 6 7 0- 4 4 9 5  
Y.  C h oi  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 3-  6 8 0-  8 8 4  
L.  N.  d a  C ost a  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 7 7 3  - 2 7 7 X  
M.  E.  d a  Sil v a  P er eir a  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2 -
7  3  - 7 6 8 4  

T a n  et  al.  

T.  M.  D a vis  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 4 2  3- 8 7 8 3  
J. D e  Vi c e nt e  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0  - 8 3  8- 6 8  3  
S.  D es ai  htt ps:  / or ci d. or g / 0 0 0 0- 0 0 0 2- 0 4 6 6- 3 2 8 8  
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