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A bst r a ct

W e pr es e nt a n e xt e nsi v e  H u b bl e S p a c e  T el es c o p e r est-fr a m e  U V i m a gi n g st u d y of t h e l o c ati o ns of  T y p e I
s u p erl u mi n o us s u p er n o v a e (S L S N e ) wit hi n t h eir h ost g al a xi es.  T h e s a m pl e i n cl u d es 6 5 S L S N e  wit h d et e ct e d h ost
g al a xi es i n t h e r e ds hift r a n g e z ≈ 0. 0 5 – 2.  Usi n g pr e cis e astr o m etri c  m at c hi n g  wit h S N i m a g es,  w e d et er mi n e t h e
distri b uti o ns of t h e p h ysi c al a n d h ost- n or m ali z e d offs ets r el ati v e t o t h e h ost c e nt ers, as  w ell as t h e fr a cti o n al fl u x
distri b uti o n r el ati v e t o t h e u n d erl yi n g  U V li g ht distri b uti o ns.  W e fi n d t h at t h e h ost- n or m ali z e d offs ets of S L S N e
r o u g hl y tr a c k a n e x p o n e nti al dis k pr ofi l e, b ut e x hi bit a n o v er a b u n d a n c e of s o ur c es  wit h l ar g e offs ets of 1. 5– 4 ti m es
t h eir h osts' h alf-li g ht r a dii.  T h e S L S N e n or m ali z e d offs ets ar e s yst e m ati c all y l ar g er t h a n t h os e of l o n g g a m m a-r a y
b ursts (L G R Bs ), a n d e v e n  T y p e I b/ c a n d  T y p e II S N e. F urt h er m or e,  w e fi n d fr o m a  M o nt e  C arl o pr o c e d ur e t h at
a b o ut -

+3 7 %8
6 of S L S N e o c c ur i n t h e di m m est r e gi o ns of t h eir h ost g al a xi es,  wit h a  m e di a n fr a cti o n al fl u x v al u e of

0. 1 6, i n st ar k c o ntr ast t o  L G R Bs a n d  T y p e I b / c a n d  T y p e II S N e.  W e d o n ot d et e ct a n y si g ni fi c a nt tr e n ds i n t h e
l o c ati o ns of S L S N e as a f u n cti o n of r e ds hift, or as a f u n cti o n of e x pl osi o n a n d  m a g n et ar e n gi n e p ar a m et ers i nf err e d
fr o m  m o d eli n g of t h eir o pti c al li g ht c ur v es.  T h e si g nifi c a nt diff er e n c e i n S L S N l o c ati o ns c o m p ar e d t o  L G R Bs (a n d
n or m al c or e- c oll a ps e S N e ) s u g g ests t h at at l e ast s o m e of t h eir pr o g e nit ors f oll o w a diff er e nt e v ol uti o n ar y p at h.  W e
s p e c ul at e t h at S L S N e aris e fr o m  m assi v e r u n a w a y st ars fr o m disr u pt e d bi n ar y s yst e ms,  wit h v el o citi es of
∼ 1 0 2 k m s − 1 .

U ni fi e d  Astr o n o m y T h es a ur us c o n c e pts: St ell ar p o p ul ati o ns (1 6 2 2 ); S u p er n o v a e (1 6 6 8 )

1. I nt r o d u cti o n

H y dr o g e n- p o or (T y p e I ) s u p erl u mi n o us s u p er n o v a e (S L S N e;
C h o mi u k et al. 2 0 1 1 ;  Q ui m b y et al. 2 0 1 1 ;  G al- Y a m 2 0 1 2 ) ar e a
r ar e s u b cl ass of c or e- c oll a ps e s u p er n o v a e (C C S N e ) t h at ar e
∼ 1 0 – 1 0 0 ti m es  m or e l u mi n o us t h a n n or m al S N e a n d h a v e
l o n g er d ur ati o ns of s e v er al  m o nt hs t o y e ars (e. g.,  Ni c h oll et al.
2 0 1 5 ; I ns err a et al. 2 0 1 7 ;  D e  Ci a et al. 2 0 1 8 ;  L u n n a n et al.
2 0 1 8 ).  Ori gi n all y d efi n e d t o h a v e a p e a k a bs ol ut e  m a g nit u d e of
M < − 2 1 (G al- Y a m 2 0 1 2 ), t h e y ar e n o w cl assifi e d b as e d o n
t h eir s p e ctr a,  w hi c h ar e d o mi n at e d b y a bl u e c o nti n u u m d e v oi d
of h y dr o g e n f e at ur es, a n d t y pi c all y e x hi bit disti n cti v e e arl y-
ti m e, “ W-s h a p e d ” O II a bs or pti o n li n es at ∼ 3 6 0 0 – 4 6 0 0 Å
(C h o mi u k et al. 2 0 1 1 ;  Q ui m b y et al. 2 0 1 1 ;  L u n n a n et al. 2 0 1 3 ;
M a z z ali et al. 2 0 1 6 ;  Q ui m b y et al. 2 0 1 8 ).  T h e v ol u m etri c r at e
of S L S N e is o nl y ∼ 0. 1 % of t h e o v er all  C C S N r at e (Q ui m b y
et al. 2 0 1 8 ; Fr o h m ai er et al. 2 0 2 1 ), b ut i n  m a g nit u d e-li mit e d
o pti c al s ur v e ys t h e y a c c o u nt f or ∼ 2 % of all tr a nsi e nts (e. g.,
Vill ar et al. 2 0 1 9 ; P erl e y et al. 2 0 2 0 ;  G o m e z et al. 2 0 2 1 ) t h a n ks
t o t h eir hi g h l u mi n ositi es.

S h ortl y aft er t h eir dis c o v er y, it b e c a m e cl e ar t h at S L S N e ar e
n ot p o w er e d b y t h e r a di o a cti v e d e c a y of 5 6 Ni (Ar n ett 1 9 8 2 ) as
i n  T y p e I b/ c S N e (S N e I b / c ).  T his is d u e t o t h e u n us u all y hi g h
fr a cti o n of r a di o a cti v e ni c k el r e q uir e d t o  m at c h t h e o bs er v e d
l u mi n osit y a n d ti m es c al es,  wit h t h e t ot al ni c k el  m ass oft e n

e x c e e di n g t h e t ot al ej e ct a  m ass, i n c o n fl i ct  wit h t h e l a c k of
s u p pr essi o n of t h eir  U V e missi o n d u e t o li n e bl a n k eti n g fr o m
ir o n- p e a k el e m e nts (e. g.,  D ess art et al. 2 0 1 2 ; I ns err a et al.
2 0 1 3 ;  Ni c h oll et al. 2 0 1 3 , 2 0 1 7 a , 2 0 1 7 c ;  Y a n et al. 2 0 1 7 b ;  Li u
et al. 2 0 1 7 ;  G al- Y a m 2 0 1 9 ). I nst e a d, alt er n ati v e  m e c h a nis ms
h a v e b e e n pr o p os e d as t h e  m ai n p o w er s o ur c e of S L S N e,
i n cl u di n g a c e ntr al e n gi n e  wit h a r a pi dl y s pi n ni n g (∼ f e w
millis e c o n ds ) a n d hi g hl y  m a g n eti z e d (∼ 1 0 1 4 G ) n e utr o n st ar
(i. e., t h e  m a g n et ar  m o d el;  K as e n  &  Bil dst e n 2 0 1 0 ;  W o os-
l e y 2 0 1 0 ;  D ess art et al. 2 0 1 2 ;  M et z g er et al. 2 0 1 5 ;  Ni c h oll et al.
2 0 1 7 c ), or s h o c k i nt er a cti o n  wit h a h y dr o g e n- p o or cir c u m-
st ell ar  m e di u m (i. e., t h e  C S M  m o d el;  C h e v ali er  & Ir wi n 2 0 1 1 ;
C h at z o p o ul os et al. 2 0 1 2 ).

T h e  m a g n et ar  m o d el h as b e e n hi g hl y s u c c essf ul i n
a c c o u nti n g f or t h e br o a d r a n g e of p e a k l u mi n ositi es a n d
ti m es c al es (e. g.,  Ni c h oll et al. 2 0 1 7 c ;  Bl a n c h ar d et al. 2 0 2 0 ;
Hs u et al. 2 0 2 1 ), f or e arl y  U V/ o pti c al s p e ctr a (e. g.,  Ni c h oll
et al. 2 0 1 7 b ), f or n e b ul ar- p h as e s p e ctr a (e. g.,  Ni c h oll et al.
2 0 1 6 , 2 0 1 9 ; J er kstr a n d et al. 2 0 1 7 ), a n d f or t h e p o w er-l a w
d e cli n e r at es o bs er v e d i n S N 2 0 1 5 b n a n d S N 2 0 1 6i nl at  1 0 3

d a ys (Ni c h oll et al. 2 0 1 8 ;  Bl a n c h ar d et al. 2 0 2 1 ).  O n t h e ot h er
h a n d, t h er e ar e a h a n df ul of e v e nts s u p p orti n g  C S M i nt er a cti o n
as t h e d o mi n a nt p o w er s o ur c e f or S L S N e b as e d o n t h e pr es e n c e
of i nt er a cti o n li n es (e. g.,  Y a n et al. 2 0 1 5 , 2 0 1 7 a ) a n d e q u all y
w ell- e x pl ai n e d li g ht c ur v es (e. g.,  C h at z o p o ul os et al. 2 0 1 2 ;
C h e n et al. 2 0 2 2 b ).  H o w e v er, t h e s p e ctr os c o pi c pr o p erti es
e x hi bit e d b y t h e  m aj orit y of S L S N e (e. g., P ast or ell o et al. 2 0 1 0 ;
Q ui m b y et al. 2 0 1 1 , 2 0 1 8 ; I ns err a et al. 2 0 1 3 ;  Li u et al. 2 0 1 7 )
a n d li mits pl a c e d b y  X-r a y / r a di o o bs er v ati o ns (M ar g utti et al.
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2 0 1 8 ;  Eft e k h ari et al. 2 0 2 1 ) ar e h ar d t o r e c o n cil e  wit h t h e  C S M
m o d el al o n e.

I n a d diti o n t o t h e p o w er s o ur c e of S L S N e, it is criti c al t o
e x pl or e a n d c o nstr ai n p ossi bl e pr o g e nit or s yst e ms.  T h e l a c k of
h y dr o g e n s p e ctr al f e at ur es i n S L S N e p oi nt t o a c o n n e cti o n  wit h
t h e stri p p e d- e n v el o p e  m assi v e-st ar pr o g e nit ors of S N e I b/ c
(e. g., P ast or ell o et al. 2 0 1 0 ).  H o w e v er, it h as b e e n s h o w n  wit h a
u nif or ml y  m o d el e d li g ht c ur v e s a m pl e t h at S L S N pr o g e nit ors
ar e s yst e m ati c all y  m or e  m assi v e (≈ 3. 6 – 4 0 M e ;  Bl a n c h ar d et al.
2 0 2 0 ) t h a n S N e I b/ c pr o g e nit ors (≈ 3. 7 – 5. 4 M e ;  B ar b ari n o
et al. 2 0 2 0 ).  C o m p ari n g t h e S L S N pr o g e nit or  m ass distri b uti o n
at t h e ti m e of e x pl osi o n t o st ell ar e v ol uti o n ar y  m o d els s u g g ests
t h at l o w- m et alli cit y bi n ar y s yst e ms  m a y b e pl a usi bl e pr o g e ni-
t ors (e. g.,  Li u et al. 2 0 1 5 ;  M ori y a et al. 2 0 1 5 ;  Bl a n c h ar d et al.
2 0 2 0 ; St e v a n c e  &  El dri d g e 2 0 2 1 ).

St u di es of S L S N h ost g al a xi es h a v e als o b e e n l e v er a g e d t o
s h e d li g ht o n t h eir pr o g e nit ors.  T h es e st u di es r e v e al e d a
pr ef er e n c e f or l o w- m et alli cit y d w arf g al a xi es  wit h hi g h er s p e ci fi c
st ar f or m ati o n r at es (s S F Rs) a n d l o w er l u mi n ositi es t h a n  C C S N e
(e. g.,  C h e n et al. 2 0 1 3 ;  L u n n a n et al. 2 0 1 3 , 2 0 1 4 , 2 0 1 5 ; A n g us
et al. 2 0 1 6 ; P erl e y et al. 2 0 1 6 ; S c h ul z e et al. 2 0 1 8 ). A n
i n v esti g ati o n of t h e s u b g al a cti c e n vir o n m e nts of 1 6 S L S N e usi n g
hi g h-r es ol uti o n  H u b bl e S p a c e  T el es c o p e (H S T ) d at a s u g g est e d
t h at S L S N l o c ati o ns tr a c k bri g ht  U V r e gi o ns of t h eir h ost g al a xi es
(L u n n a n et al. 2 0 1 5 ; h er e aft er L 1 5 ), c o nsist e nt  wit h  m assi v e
pr o g e nit ors.  T h e r el ati v el y s m all s a m pl e si z e, h o w e v er, di d n ot
all o w f or a st atisti c all y  m e a ni n gf ul c o m p aris o n  wit h ot h er cl ass es
of tr a nsi e nts s u c h as l o n g g a m m a-r a y b ursts (L G R Bs ) a n d
C C S N e.

Wit h a b o ut 1 5 0 s p e ctr os c o pi c all y c o n fi r m e d S L S N e t o d at e
(G o m e z et al. 2 0 2 0 ;  C h e n et al. 2 0 2 2 a ), it is n o w p ossi bl e t o
e x p a n d si g ni fi c a ntl y o n t h e e arl y a n al ysis of S L S N l o c ati o ns
(L 1 5 ).  H er e,  w e t a k e a d v a nt a g e of a l ar g e s et of ar c hi v al  H S T
S L S N h ost g al a x y r est-fr a m e  U V o bs er v ati o ns fr o m a  wi d e
r a n g e of pr o gr a ms, t o pr o d u c e t h e fi rst l ar g e (6 5 S L S N e ) a n d
st atisti c all y  m e a ni n gf ul s a m pl e of S L S N s u b g al a cti c l o c ati o ns.
W e f oll o w t h e s a m e  m et h o d ol o g y t h at h as b e e n e m pl o y e d t o
e x pl or e t h e pr o g e nit ors of ot h er p o p ul ati o ns of tr a nsi e nts,
i n cl u di n g  T y p e I a S N e (W a n g et al. 2 0 1 3 ;  A n d ers o n et al.
2 0 1 5 ), S N e I b/ c a n d  T y p e II S N e (S N e II;  K ell y et al. 2 0 0 8 ;
Pri et o et al. 2 0 0 8 ; S v e nss o n et al. 2 0 1 0 ;  K ell y  &  Kirs h-
n er 2 0 1 2 ),  L G R Bs (Bl o o m et al. 2 0 0 2 ; Fr u c ht er et al. 2 0 0 6 ;
S v e nss o n et al. 2 0 1 0 ;  Bl a n c h ar d et al. 2 0 1 6 , h er e aft er B 1 6 ), a n d
s h ort  G R Bs (F o n g  &  B er g er 2 0 1 3 ).

T h e p a p er is str u ct ur e d as f oll o ws.  W e pr es e nt t h e s a m pl e,
H S T i m a gi n g, d at a pr o c essi n g t e c h ni q u es, a n d astr o m etri c
m at c hi n g t o d et er mi n e t h e S L S N l o c ati o ns i n S e cti o n 2 . I n
S e cti o n 3 w e d es cri b e o ur  m e as ur e m e nt  m et h o d ol o g y f or
d et er mi ni n g h ost ass o ci ati o ns, offs ets, a n d fr a cti o n al fl u x es. I n
S e cti o n 4 w e pr es e nt t h e r es ulti n g offs et a n d fr a cti o n al fl u x
distri b uti o ns a n d c o m p ar e t h es e t o ot h er tr a nsi e nts. I n S e cti o n 5
w e e x pl or e tr e n ds a n d c orr el ati o ns  wit h r e ds hift, as  w ell as  wit h
i nf err e d S L S N e x pl osi o n a n d  m a g n et ar e n gi n e pr o p erti es, a n d
dis c uss i m pli c ati o ns f or S L S N pr o g e nit ors.  W e c o n cl u d e  wit h a
s u m m ar y of o ur fi n di n gs i n S e cti o n 6 .

T hr o u g h o ut t h e p a p er,  w e ass u m e a fl at L a m b d a c ol d d ar k
m att er (Λ C D M ) c os m ol o g y  wit h Ω m = 0. 3 1 0 a n d H 0 =
6 7. 7 k m s − 1 M p c, b as e d o n t h e Pl a n c k 2 0 1 8 r es ults (Pl a n c k
C oll a b or ati o n et al. 2 0 2 0 ).  All o bs er v ati o ns ar e r e p ort e d i n  A B
m a g nit u d es (O k e  &  G u n n 1 9 8 3 ) a n d c orr e ct e d f or  G al a cti c
e xti n cti o n usi n g S c hl a fl y  & Fi n k b ei n er (2 0 1 1 ), f oll o wi n g t h e
G or d o n et al. (2 0 2 3 ) e xti n cti o n l a w  wit h R V = 3. 1.

2.  D at a a n d  Ast r o m et r y

2. 1.  H S T  D at a

W e c o m pil e d a n i niti al s a m pl e of 1 0 9  T y p e I S L S N e  wit h  H S T
h ost g al a x y o bs er v ati o ns fr o m ar c hi v al a n d o n g oi n g pr o gr a ms,
i m a g e d  wit h eit h er t h e  A d v a n c e d  C a m er a f or S ur v e ys (A C S ) or
t h e  Wi d e Fi el d  C a m er a 3 (W F C 3 ).  T h e n a m es, r e ds hifts, a n d
d et ails of t h e  H S T o bs er v ati o ns ar e list e d i n  T a bl e 1 .  T h e i niti al
s a m pl e s p a ns a  wi d e r e ds hift r a n g e of z = (0. 0 5 – 1. 9 9 8 ), w h er e t h e
H S T fi lt ers us e d i n t h e o bs er v ati o ns pr e d o mi n a ntl y pr o b e a r est-
fr a m e  w a v el e n gt h r a n g e i n t h e  U V of ≈ 2 3 0 0 – 3 3 0 0 Å ; s e e
Fi g ur e 1 . T his all o ws us t o pr o b e t h e l o c ati o ns of t h e S L S N e
r el ati v e t o t h e u n d erl yi n g st ar f or m ati o n a cti vit y i n t h eir h osts.

W e o bt ai n e d t h e  H S T d at a fr o m t h e  Mi k uls ki  Ar c hi v e f or
S p a c e  T el es c o p es (M A S T 6 ), a n d r etri e v e d c h ar g e tr a nsf er
ef fi ci e n c y (C T E ) c orr e ct e d i m a g es  wit h a s t r o q u e r y .  T h e
m aj orit y of o bs er v ati o ns  w er e o bt ai n e d  wit h a st a n d ar d f o ur-
p oi nt dit h er p att er n f or o pti m al pi x el s u bs a m pli n g d uri n g a
si n gl e visit,  w hil e s o m e h a v e eit h er a t w o- p oi nt p att er n, a t hr e e-
p oi nt p att er n, or  m ulti pl e visits i n t h e s a m e fi lt er.  B y c o m bi ni n g
dit h er e d e x p os ur es,  w e r e c o nstr u ct a fi n al i m a g e f or e a c h h ost
g al a x y  wit h hi g h er r es ol uti o n t h a n t h e ori gi n al o n es s a m pl e d b y
t h e i nstr u m e nt al p oi nt-s pr e a d f u n cti o n (P S F ).  W e f urt h er a p pl y
dist orti o n c orr e cti o ns,  w hi c h i m pr o v e t h e pr e cisi o n of o ur
astr o m etri c ali g n m e nt.  T h e  C T E- c orr e ct e d i m a g es  w er e
pr o c ess e d a n d c o m bi n e d  wit h t h e A s t r o D r i z z l e t as k as a
p art of t h e D r i z z l e P a c s oft w ar e p a c k a g e pr o vi d e d b y S T S cI
(G o n z a g a et al. 2 0 1 2 ).  W e us e f i n a l _ p i x f r a c = 0. 8 or 0. 9
d e p e n di n g o n t h e pi x el v ari ati o n of t h e o ut p ut i m a g e, a n d
f i n a l _ s c a l e = 0 0 2 0 a n d 0 0 2 5 pi x el – 1 7 f or  W F C 3/ U VI S
a n d  A C S, r es p e cti v el y.  All t h e  H S T d at a us e d i n t his p a p er c a n
b e f o u n d i n  M A S T at d oi: 1 0. 1 7 9 0 9 / s k n 3- 8 7 5 6 .

Fi g u r e 1. R est-fr a m e eff e cti v e  w a v el e n gt hs pr o b e d b y t h e  H S T d at a as a
f u n cti o n of S L S N r e ds hift.  Gr a y p oi nts d e n ot e t h e f ull s a m pl e,  w hil e r e d p oi nts
i n di c at e t h e fi n al s a m pl e us e d i n t h e a n al ysis (s e e S e cti o n 2 ).  W e n ot e t h at o nl y
5 / 6 5 S L S N h osts i n t h e fi n al s a m pl e ar e n ot o bs er v e d at r est-fr a m e  U V.  T h e
t o p a n d ri g ht p a n els s h o w t h e pr oj e ct e d distri b uti o ns of r e ds hift a n d r est-fr a m e
w a v el e n gt h, r es p e cti v el y.

6
htt ps: / / ar c hi v e.sts ci. e d u

7 E x c e pt f or P S 1- 1 1 ai b, f or  w hi c h  w e k e e p t h e ori gi n al pi x el s c al e of 0 0 5,
f or c o nsist e n c y  wit h pr e vi o us  w or k i n L 1 5 .
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T a bl e 1
Pr eli m ar y S a m pl e of S L S N e  wit h  A v ail a bl e  H S T  H ost  G al a x y I m a g es

H S T I m a g e S L S N I m a g e

S L S N R e ds hift I nstr u m e nt Filt er  E x p.  Ti m e (s ) O bs.  D at e (U T ) Pr o gr a m I D  T el es c o p e / I nstr u m e nt Filt er

D E S 1 3 S 2 c m m 0. 6 6 3  W F C 3 / U VI S 2 F 4 7 5 W 1 5 0 0 2 0 2 3 F e b 8 1 7 1 8 1  Bl a n c o / D E C a m i

D E S 1 4 C 1 fi 1. 3 0 2  W F C 3 / U VI S F 6 0 6 W 2 5 0 0 2 0 1 8 J ul 5 1 5 3 0 3 L L

D E S 1 4 C 1r h g 0. 4 8 1  W F C 3 / U VI S F 3 9 0 W 5 6 1 0 2 0 1 8  A u g 2 3 1 5 3 0 3  Bl a n c o / D E C a m g

D E S 1 4 S 2 qri 1. 5 0  W F C 3 / U VI S F 6 2 5 W 5 5 7 6 2 0 1 8  D e c 1 6 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 4 X 2 b y o 0. 8 6 8  W F C 3 / U VI S F 4 7 5 W 5 5 8 2 2 0 1 8 F e b 1 1 5 3 0 3  Bl a n c o / D E C a m r

D E S 1 4 X 3t a z 0. 6 0 8  W F C 3 / U VI S F 3 9 0 W 2 4 5 6 2 0 1 8 J ul 1 5 1 5 3 0 3  Bl a n c o / D E C a m z

D E S 1 5 C 3 h a v 0. 3 9 2  W F C 3 / U VI S F 3 3 6 W 2 4 8 0 2 0 1 8 F e b 2 5 1 5 3 0 3 L L

D E S 1 5 E 2 mlf 1. 8 6 1  W F C 3 / U VI S F 7 7 5 W 2 5 6 4 2 0 1 7  N o v 2 2 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 5 S 1 n o g 0. 5 6 5  W F C 3 / U VI S F 3 9 0 W 2 4 5 6 2 0 1 8 F e b 2 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 5 S 2 nr 0. 2 2  W F C 3 / U VI S F 3 3 6 W 2 4 5 6 2 0 1 7  D e c 2 8 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 5 X 1 n o e 1. 1 8 8  W F C 3 / U VI S F 5 5 5 W 2 4 7 6 2 0 1 8 J ul 8 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 5 X 3 h m 0. 8 6  W F C 3 / U VI S F 4 7 5 W 5 5 8 2 2 0 1 8 F e b 6 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 6 C 2 ai x 1. 0 6 8  W F C 3 / U VI S F 5 5 5 W 2 5 0 0 2 0 1 9 J a n 3 0 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 6 C 2 n m 1. 9 9 8  W F C 3 / U VI S F 7 7 5 W 2 4 8 8 2 0 1 8 S e p 1 1 5 3 0 3  Bl a n c o / D E C a m z

D E S 1 6 C 3 c v 0. 7 2 7  W F C 3 / U VI S F 3 9 0 W 5 6 1 0 2 0 1 7  N o v 3 0 1 5 3 0 3  Bl a n c o / D E C a m z

D E S 1 6 C 3 d m p 0. 5 6 2  W F C 3 / U VI S F 3 9 0 W 2 4 8 0 2 0 1 8 J ul 0 3 1 5 3 0 3  Bl a n c o / D E C a m i

D E S 1 6 C 3 g g u 0. 9 4 9  W F C 3 / U VI S F 4 7 5 W 2 5 0 0 2 0 1 8  A u g 3 0 1 5 3 0 3 L L

i P T F 1 3 aj g 0. 7 4 0 3  A C S/ W F C 1 F 5 5 5 W 5 2 9 0 2 0 1 7 S e p 1 1 1 5 1 4 0 P 4 8 / M O S AI C r

i P T F 1 3 b dl 0. 4 0 3  A C S/ W F C 1 F 4 3 5 W 2 1 8 0 2 0 1 8  D e c 2 9 1 5 1 4 0 L L

i P T F 1 3 bj z 0. 2 7 1  W F C 3/ U VI S 2 F 3 9 0 W 2 4 7 2 2 0 1 8  A pr 2 9 1 5 1 4 0 P 4 8 / M O S AI C r

i P T F 1 3 cj q 0. 3 9 6  A C S/ W F C 1 F 4 3 5 W 2 1 8 8 2 0 1 7  O ct 2 0 1 5 1 4 0 L L

i P T F 1 3 d c c 0. 4 3 1  A C S/ W F C 1 F 4 3 5 W 2 1 7 2 2 0 1 8 J a n 2 6 1 5 1 4 0 P 4 8 / M O S AI C r

i P T F 1 3 e h e 0. 3 4 3 4  W F C 3/ U VI S 2 F 3 9 0 W 2 8 0 4 2 0 1 7  D e c 1 8 1 5 1 4 0 P 4 8 / M O S AI C r

i P T F 1 4 d c k 0. 5 7 6  A C S/ W F C 1 F 4 7 5 W 2 1 8 0 2 0 1 7 S e p 1 1 1 5 1 4 0 L L

i P T F 1 4 d e k 0. 3 3 2  W F C 3/ U VI S 2 F 3 9 0 W 2 4 7 6 2 0 1 8  A u g 1 3 1 5 1 4 0 L L

i P T F 1 4t b 0. 9 4 2  W F C 3 / U VI S 2 F 5 5 5 W 1 5 0 0 2 0 2 3 J a n 2 9 1 7 1 8 1 P 4 8 / M O S AI C r

i P T F 1 5 c y k 0. 5 3 9  W F C 3/ U VI S 2 F 4 7 5 W 1 5 0 0 2 0 2 3 F e b 1 2 1 7 1 8 1 L L

i P T F 1 6 b a d 0. 2 4 6 7  W F C 3/ U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 3 J a n 1 0 1 7 1 8 1 L L

P S 1- 1 0 a w h 0. 9 0 8  A C S / W F C 1 F 6 0 6 W 6 8 0 2 0 1 3 S e p 4 1 3 0 2 2 P S 1 / G P C 1 i

P S 1- 1 0 b zj 0. 6 5  A C S / W F C F 6 0 6 W 2 1 6 0 2 0 0 2  N o v 1 1 9 5 0 0 P S 1 / G P C 1 i

P S 1- 1 0 k y 0. 9 5 6  A C S / W F C 1 F 6 0 6 W 6 8 0 2 0 1 3  D e c 1 3 1 3 0 2 2 P S 1 / G P C 1 i

P S 1- 1 0 p m 1. 2 0 6  A C S / W F C 1 F 6 0 6 W 1 9 6 0 2 0 1 2  D e c 1 0 1 3 0 2 2 P S 1 / G P C 1 z

P S 1- 1 1 af v 1. 4 0 7  A C S / W F C 1 F 6 0 6 W 1 9 6 0 2 0 1 3  A pr 9 1 3 0 2 2 P S 1 / G P C 1 i

P S 1- 1 1 ai b 0. 9 9 7  A C S / W F C 1 F 6 2 5 W 1 0 0 0 2 0 1 3 S e p 1 2 1 2 5 2 9  H S T / A C S / W F C 1 F 6 2 5 W

P S 1- 1 1 a p 0. 5 2 4  A C S / W F C 1 F 4 7 5 W 2 4 6 4 2 0 1 3  O ct 9 1 3 3 2 6 P S 1 / G P C 1 i

P S 1- 1 1 b a m 1. 5 6 5  A C S / W F C 1 F 8 1 4 W 2 3 0 4 2 0 1 3  O ct 1 1 1 3 3 2 6 P S 1 / G P C 1 i

P S 1- 1 1 b d n 0. 7 3 8  A C S / W F C 1 F 4 7 5 W 2 2 0 0 2 0 1 3  N o v 1 3 1 3 3 2 6 P S 1 / G P C 1 g

P S 1- 1 1tt 1. 2 8 3  A C S / W F C 1 F 6 0 6 W 1 9 6 0 2 0 1 2  D e c 2 1 3 0 2 2 P S 1 / G P C 1 i

P S 1- 1 2 b m y 1. 5 7 2  A C S / W F C 1 F 8 1 4 W 2 2 2 4 2 0 1 3 S e p 1 7 1 3 3 2 6 P S 1 / G P C 1 i

P S 1- 1 2 b qf 0. 5 2 2  A C S / W F C 1 F 4 7 5 W 2 2 0 0 2 0 1 3  N o v 1 8 1 3 3 2 6 P S 1 / G P C 1 i

P S 1- 1 4 bj 0. 5 2 1 5  W F C 3 / U VI S 2 F 4 7 5 W 1 5 0 0 2 0 2 3 J a n 2 9 1 7 1 8 1 P S 1 / G P C 1 i

P T F 0 9 as 0. 1 8 6  W F C 3 / U VI S 2 F 3 3 6 W 2 4 7 6 2 0 1 8 J ul 1 8 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 0 9 at u 0. 5 0 1  A C S / W F C 1 F 4 3 5 W 5 2 0 4 2 0 1 7 S e p 1 1 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 0 9 c n d 0. 2 5 9  W F C 3 / U VI S F 3 9 0 W 2 2 2 4 2 0 1 2  N o v 1 1 1 3 0 2 5 P 4 8 / M O S AI C r

P T F 1 0 a a g c 0. 2 0 7  W F C 3 / U VI S 2 F 3 3 6 W 2 4 6 8 2 0 1 7  O ct 1 5 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 0 bf z 0. 1 6 9  W F C 3 / U VI S 2 F 3 3 6 W 2 4 6 8 2 0 1 8  A pr 2 5 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 0 bj p 0. 3 5 9  W F C 3 / U VI S 2 F 3 9 0 W 2 8 0 4 2 0 1 7  D e c 2 9 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 0 h gi 0. 0 9 8  W F C 3 / U VI S 2 F 3 3 6 W 5 5 7 0 2 0 1 8 S e p 2 2 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 0 n m n 0. 1 2 4  W F C 3 / U VI S 2 F 3 3 6 W 2 4 5 6 2 0 1 8 F e b 2 3 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 0 u hf 0. 2 8 8 2  W F C 3 / U VI S 2 F 3 9 0 W 2 6 0 0 2 0 1 8  A u g 1 9 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 0 v q v 0. 4 5 2  A C S / W F C 1 F 4 3 5 W 2 1 7 2 2 0 1 8 J a n 1 1 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 1 hr q 0. 0 5 7  W F C 3 / U VI S 2 F 3 3 6 W 9 2 0 2 0 1 4  N o v 1 4 1 3 8 5 8 P 4 8 / M O S AI C r

P T F 1 2 d a m 0. 1 0 8  W F C 3 / U VI S 2 F 3 3 6 W 9 8 4 2 0 1 4  O ct 1 6 1 3 8 5 8 P 4 8 / M O S AI C r

P T F 1 2 gt y 0. 1 7 7  W F C 3 / U VI S 2 F 3 3 6 W 2 4 6 8 2 0 1 8 J ul 3 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 2 h ni 0. 1 0 5 6  W F C 3 / U VI S 2 F 3 3 6 W 2 4 5 6 2 0 1 7  O ct 1 5 1 5 1 4 0 P 4 8 / M O S AI C r

P T F 1 2 m x x 0. 3 2 7  W F C 3 / U VI S 2 F 3 9 0 W 5 6 2 2 2 0 1 7  O ct 2 4 1 5 1 4 0 P 4 8 / M O S AI C r

S C P 0 6 F 6 1. 1 8 9  A C S / W F C 1 F 6 0 6 W 8 0 5 4 2 0 1 3  M a y 2 3 1 3 0 2 5  H S T / A C S / W F C 1 F 7 7 5 W

S N 2 0 0 5 a p 0. 2 8 3  W F C 3 / U VI S F 3 9 0 W 1 8 0 4 2 0 1 2  N o v 2 5 1 3 0 2 5 L L

S N 2 0 0 6 o z 0. 3 9 6  W F C 3 / U VI S 2 F 3 0 0 X 1 2 0 0 2 0 1 7 S e p 2 1 4 7 6 2 L L

S N 2 0 0 7 bi 0. 1 2 8  W F C 3 / U VI S F 3 3 6 W 1 8 0 8 2 0 1 2  N o v 2 7 1 3 0 2 5 L T / R A T C a m r

S N 2 0 0 9j h 0. 3 4 9  W F C 3 / U VI S F 3 9 0 W 2 0 4 4 2 0 1 2  D e c 6 1 3 4 8 0 P 4 8 / M O S AI C r
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2. 2. S L S N I m a gi n g

Pr e cis el y l o c ati n g e a c h S L S N  wit hi n its h ost g al a x y r e q uir es
r el ati v e astr o m etr y a n d h e n c e i m a g es of t h e S L S N.  W e us e t h e
d e e p est, hi g h est r es ol uti o n o pti c al i m a g es a v ail a bl e. S p e ci fi -
c all y,  w e us e P a n- S T A R R S 1  M e di u m  D e e p S ur v e y (P S 1-
M D S;  C h a m b ers et al. 2 0 1 6 ) ni g htl y st a c ks; P al o m ar  Tr a nsi e nt
F a ct or y (P T F;  R a u et al. 2 0 0 9 ; P T F  T e a m 2 0 2 0 ) a n d  Z wi c k y

Tr a nsi e nt F a cilit y (Z T F;  B ell m et al. 2 0 1 9 ; I R S A 2 0 2 2 ) i m a g es
a c c ess e d t hr o u g h t h e  N A S A I nfr ar e d Pr o c essi n g a n d  A n al ysis
C e nt er I nfr ar e d S ci e n c e  Ar c hi v e; 8 a n d  D ar k  E n er g y S ur v e y
(D E S;  D ar k  E n er g y S ur v e y  C oll a b or ati o n 2 0 0 5 , 2 0 1 6 ) i m a g es
a c c ess e d t hr o u g h  N S F ’s  N OI R L a b  Astr o  D at a  L a b. 9 I n

T a bl e 1
(C o nti n u e d )

H S T I m a g e S L S N I m a g e

S L S N R e ds hift I nstr u m e nt Filt er  E x p.  Ti m e (s ) O bs.  D at e (U T ) Pr o gr a m I D  T el es c o p e / I nstr u m e nt Filt er

S N 2 0 1 0 g x 0. 2 3  W F C 3 / U VI S F 3 9 0 W 1 8 0 8 2 0 1 2  N o v 2 2 1 3 0 2 5  G e mi ni- S / G M O S r

S N 2 0 1 0 h y 0. 1 9  W F C 3 / U VI S 2 F 3 3 6 W 5 5 9 2 2 0 1 7  O ct 2 4 1 5 1 4 0 L L

S N 2 0 1 1 k e 0. 3 8 5  W F C 3 / U VI S F 3 3 6 W 2 0 4 4 2 0 1 3  M a y 1 6 1 3 0 2 5 P 4 8 / M O S AI C r

S N 2 0 1 1 kf 0. 2 4 5  W F C 3 / U VI S F 3 3 6 W 2 0 3 6 2 0 1 3 J u n 2 9 1 3 0 2 5 L T / R A T C a m i

S N 2 0 1 1 k g 0. 1 9 2  W F C 3 / U VI S F 3 3 6 W 1 8 0 4 2 0 1 2  N o v 1 2 1 3 0 2 5 P 4 8 / M O S AI C r

S N 2 0 1 1 kl 0. 6 7 7  W F C 3 / U VI S F 3 3 6 W 1 0 5 0 2 0 1 1  D e c 2 0 1 2 7 8 6 L L

S N 2 0 1 2il 0. 1 7 5  W F C 3 / U VI S F 3 3 6 W 2 0 3 6 2 0 1 3 J a n 2 1 3 0 2 5 L L

S N 2 0 1 5 b n 0. 1 1 4  A C S / W F C 1 F 4 7 5 W 2 3 4 4 2 0 1 7 J u n 1 1 4 7 4 3  H S T / A C S / W F C 1 F 4 7 5 W

S N 2 0 1 6 ar d 0. 2 0 2 5  A C S / W F C 1 F 7 7 5 W 2 1 2 0 2 0 1 9  M ar 1 9 1 5 4 9 6 L L

S N 2 0 1 6 e a y 0. 1 0 1 3  A C S / W F C 1 F 6 2 5 W 2 1 8 0 2 0 1 9  M ar 2 6 1 5 1 6 2  H S T / A C S / W F C 1 F 6 2 5 W

S N 2 0 1 6i nl 0. 3 0 5 7  A C S / W F C 1 F 6 2 5 W 2 1 4 0 2 0 1 9 J ul 6 1 5 1 6 2  H S T / A C S / W F C 1 F 6 2 5 W

S N 2 0 1 6 wi 0. 2 2 4  W F C 3 / U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 2  D e c 1 8 1 7 1 8 1 L L

S N 2 0 1 7 e ns 0. 1 0 8 6  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 J a n 2 0 1 7 1 8 1 L L

S N 2 0 1 8 a v k 0. 1 3 2  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3  M ar 5 1 7 1 8 1 P 4 8 / M O S AI C g

S N 2 0 1 8 b g v 0. 0 7 9 5  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 2  N o v 1 6 1 7 1 8 1 F L W O / K e pl er C a m i

S N 2 0 1 8 b y m 0. 2 7 4  W F C 3 / U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 2  D e c 5 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 8 d o n 0. 0 7 3  W F C 3 / U VI S 2 F 2 7 5 W 1 2 0 0 2 0 2 2 J a n 9 1 6 6 5 7 P 4 8 / M O S AI C r

S N 2 0 1 8f c g 0. 3 4 4  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 2  N o v 2 1 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 8f d 0. 2 6 3  W F C 3 / U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 3 J a n 1 9 1 7 1 8 1 F L W O / K e pl er C a m i

S N 2 0 1 8ffj 0. 2 3 4  W F C 3 / U VI S F 5 5 5 W 7 1 0 2 0 2 1 S e p 2 6 1 6 2 3 9 P 4 8 / M O S AI C r

S N 2 0 1 8 h p q 0. 1 2 4  W F C 3 / U VI S 2 F 2 7 5 W 1 2 0 0 2 0 2 2 F e b 1 7 1 6 6 5 7 P 4 8 / M O S AI C r

S N 2 0 1 8 hti 0. 0 6 1 2  W F C 3 / U VI S F 5 5 5 W 7 1 0 2 0 2 1  O ct 1 1 6 2 3 9 P 4 8 / M O S AI C r

S N 2 0 1 8 k yt 0. 1 0 8  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 2  D e c 5 1 7 1 8 1 P 4 8 / M O S AI C g

S N 2 0 1 8l z v 0. 4 3 4  W F C 3 / U VI S 2 F 4 3 8 W 1 5 0 0 2 0 2 3  M ar 5 1 7 1 8 1 L L

S N 2 0 1 8l z w 0. 3 1 9 8  W F C 3 / U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 2  D e c 1 5 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 9 c dt 0. 1 5 3  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 F e b 2 1 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 9 e ot 0. 3 0 5 7  W F C 3 / U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 2  D e c 2 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 9 k c y 0. 4 0  W F C 3 / U VI S 2 F 4 3 8 W 1 5 0 0 2 0 2 3 J a n 2 0 1 7 1 8 1 P 4 8 / M O S AI C g

S N 2 0 1 9ls q 0. 1 4  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 J a n 6 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 9 n e q 0. 1 0 5 9  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 F e b 1 9 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 9 n hs 0. 1 9  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 2  D e c 3 1 1 7 1 8 1 P 4 8 / M O S AI C g

S N 2 0 1 9s g h 0. 3 4 4  W F C 3 / U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 2  N o v 1 9 1 7 1 8 1 F L W O / K e pl er C a m i

S N 2 0 1 9st c 0. 1 1 7  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 2  D e c 9 1 7 1 8 1  M M T / Bi n os p e c i

S N 2 0 1 9 uj b 0. 1 6 4 7  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 F e b 4 1 7 1 8 1 F L W O / K e pl er C a m i

S N 2 0 1 9 u n b 0. 0 6 3 5  W F C 3 / U VI S 2 F 2 7 5 W 1 2 0 0 2 0 2 2 J a n 2 5 1 6 6 5 7 P 4 8 / M O S AI C r

S N 2 0 1 9 x a q 0. 2 0  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 J a n 1 3 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 1 9 z b v 0. 3 7  W F C 3 / U VI S 2 F 4 3 8 W 1 5 0 0 2 0 2 2  D e c 1 8 1 7 1 8 1 F L W O / K e pl er C a m i

S N 2 0 1 9 z e u 0. 3 9  W F C 3 / U VI S 2 F 4 3 8 W 1 5 0 0 2 0 2 3 F e b 4 1 7 1 8 1 F L W O / K e pl er C a m i

S N 2 0 2 0 a n k 0. 2 4 8 5  W F C 3 / U VI S 2 F 3 9 0 W 1 5 0 0 2 0 2 2  D e c 9 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 2 0j h m 0. 0 5  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 2  D e c 7 1 7 1 8 1 P 4 8 / M O S AI C i

S N 2 0 2 0 o n b 0. 1 5 3  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 J a n 2 0 1 7 1 8 1 P 4 8 / M O S AI C i

S N 2 0 2 0 q ef 0. 1 8 3  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 3 J a n 4 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 2 0 ql b 0. 1 5 8 5  W F C 3 / U VI S 2 F 3 3 6 W 1 6 0 0 2 0 2 2 J a n 7 1 6 6 5 7 P 4 8 / M O S AI C r

S N 2 0 2 0r m v 0. 2 7  W F C 3 / U VI S 2 F 3 3 6 W 1 6 0 0 2 0 2 1  D e c 4 1 6 6 5 7 P 4 8 / M O S AI C r

S N 2 0 2 0t c w 0. 0 6 4  W F C 3 / U VI S 2 F 2 7 5 W 1 2 0 0 2 0 2 2 J u n 1 2 1 6 6 5 7 P 4 8 / M O S AI C r

S N 2 0 2 0 x g d 0. 4 5 4  W F C 3 / U VI S 2 F 4 3 8 W 1 5 0 0 2 0 2 2  D e c 3 0 1 7 1 8 1 P 4 8 / M O S AI C r

S N 2 0 2 0 z nr 0. 1 0  W F C 3 / U VI S 2 F 3 3 6 W 1 5 0 0 2 0 2 2  D e c 9 1 7 1 8 1  M a g ell a n / I M A C S i

S N L S 0 7 D 2 b v 1. 5 0  A C S / W F C F 8 5 0 L P 2 1 6 9 2 0 1 5  M ar 1 4 1 3 6 4 1 L L
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f or astr o m etri c  m at c hi n g.

8 htt ps: / / irs a.i p a c. c alt e c h. e d u/
9

htt ps: / / n oirl a b. e d u / p u bli c / pr oj e cts / astr o d at al a b /
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a d diti o n,  w e als o s e ar c h f or i m a g es o n t h e  G e mi ni  O bs er v at or y
ar c hi v e 1 0 a n d t h e 2  m  Li v er p o ol  T el es c o p e (St e el e et al. 2 0 0 4 )
d at a ar c hi v e. 1 1 Fi n all y, i n s o m e c as es,  w e us e o ur o w n d at a
fr o m t h e 1. 2  m t el es c o p e at Fr e d  L.  W hi p pl e  O bs er v at or y
(K e pl er C a m ), t h e 6. 5  m  M a g ell a n t el es c o p es (I M A C S), a n d t h e
6. 5  m  M M T (Bi n os p e c ).

Fi v e S L S N e i n o ur s a m pl e h a v e  m ulti pl e  H S T e p o c hs
a v ail a bl e,  w hi c h i n cl u d e d et e cti o ns of t h e S N e t h e ms el v es.  As
pr e vi o usl y a n al y z e d i n L 1 5 , t h e c o nst a nt F 6 2 5 W fl u x a n d
F 6 2 5 W – F 7 7 5 W c ol or i n t h e t w o fi n al e p o c hs of P S 1- 1 1 ai b
(2 2 0 a n d 3 5 0 r est-fr a m e d a ys p ast p e a k ) i n di c at e n o r esi d u al
S N e missi o n i n t h e fi n al e p o c h. Si mil arl y, S C P 0 6 F 6 a n d
S N 2 0 1 6 e a y b ot h h a v e  H S T o bs er v ati o ns t a k e n si g ni fi c a ntl y f ar
a p art (≈ 1 1 7 0 a n d ≈ 1 1 3 0 r est-fr a m e d a ys p ast p e a k, r es p e c-
ti v el y) t o r ul e o ut c o nfi d e ntl y t h e p ossi bilit y of r esi d u al S N
e missi o n i n t h e fi n al e p o c hs.  W e us e t h e fi rst e p o c h of  H S T
o bs er v ati o ns of P S 1- 1 1 ai b, S C P 0 6 F 6, a n d S N 2 0 1 6 e a y as t h e
S N i m a g es, p erf or mi n g i m a g e s u btr a cti o n t o e ns ur e t h at h ost
g al a x y li g ht d o es n ot aff e ct t h e S N c e ntr oi d d et er mi n ati o n.  W e
us e P y Z O G Y 1 2 (Z a c k a y et al. 2 0 1 6 ) aft er ali g ni n g t h e diff er e nt
H S T i m a g es  wit h o ur astr o m etr y pr o c e d ur e (s e e S e cti o n 2. 3 ).

O n t h e ot h er h a n d, f or S N 2 0 1 5 b n a n d S N 2 0 1 6i nl, all
a v ail a bl e  H S T o bs er v ati o ns c o nt ai n S N e missi o n, a n d  w e
t h er ef or e dis e nt a n gl e t h e S N a n d h ost g al a x y c o ntri b uti o ns
usi n g g a l f i t (P e n g et al. 2 0 1 0 ). F or S N 2 0 1 5 b n,  w e us e t h e
S érsi c pr o fi l e  m o d el fr o m  Ni c h oll et al. (2 0 1 8 ) a n d us e t h e h ost-
s u btr a ct e d i m a g e c o nt ai ni n g o nl y S N li g ht t o c al c ul at e t h e
c e ntr oi d l o c ati o n. I n t h e c as e of S N 2 0 1 6i nl,  w e us e t h e  m o d el
fr o m  Bl a n c h ar d et al. (2 0 2 1 ),  w h er e t h e S N a n d its h ost g al a x y
w er e si m ult a n e o usl y fi t  wit h a P S F a n d a S érsi c pr ofi l e. Si n c e
t h e g a l f i t m o d els d o n ot i n cl u d e p ositi o n al u n c ert ai nti es,  w e
t a k e t h e c e ntr oi d l o c ati o ns gi v e n b y g a l f i t a n d  m e as ur e t h e
S N p ositi o n al u n c ert ai nt y i n t h e s a m e f as hi o n as t h e r est of o ur
s a m pl e a n d ass u m e a t y pi c al h ost p ositi o n al u n c ert ai nt y of
σ h ost = 0 0 0 5 f or s m o ot hl y v ar yi n g g al a xi es i n t h e s a m pl e
(e. g., P S 1- 1 0 b zj a n d P S 1- 1 1 a p ).  W e n ot e t h at f or t h es e t w o
S L S N e  w e c a n  m e as ur e a n offs et, b ut d u e t o t h e bl e n di n g of S N
a n d h ost g al a x y li g ht  w e c a n n ot r eli a bl y d et er mi n e t h e
fr a cti o n al fl u x st atisti c (s e e S e cti o n 3 ).

T a ki n g i nt o a c c o u nt t h e a v ail a bilit y of S L S N i m a g es (gr o u n d
b as e d a n d  H S T ), t h e s a m pl e si z e is r e d u c e d t o 9 5 S L S N e;  w e
d o n ot fi n d a n y p u bli cl y a v ail a bl e S N i m a g es f or t h e r e m ai ni n g
1 4 e v e nts; s e e  T a bl e 2 .

2. 3.  Astr o m etr y

W e p erf or m r el ati v e astr o m etr y  w h e n p ossi bl e, a n d a bs ol ut e
astr o m etr y ot h er wis e, o n t h e 9 5  H S T i m a g es  wit h a v ail a bl e S N
i m a g es, t o ali g n a n d pr e cis el y l o c at e e a c h S L S N r el ati v e t o its
h ost g al a x y.

W e i d e ntif y c o m m o n p oi nt-li k e s o ur c es b et w e e n t h e S N a n d
H S T i m a g es  wit h p h o t u t i l s (Br a dl e y et al. 2 0 2 2 ) a n d  m e as ur e
t h e p ositi o n of e a c h s o ur c e.  W e t h e n  m at c h t h e s o ur c es usi n g t h e
f u n cti o n w c s . f i t _ w c s _ f r o m _ p o i n t s i n a s t r o p y t o fi t a
si m pl e i m a gi n g p ol y n o mi al of d e gr e e 1 – 3 (d e p e n di n g o n t h e
n u m b er of c o m m o n s o ur c es ) t o ali g n t h e S N i m a g es t o t h e  w orl d
c o or di n at e s yst e m of t h e  H S T i m a g es.  W e  m e as ur e t h e r ms of t h e
p ositi o n al r esi d u als f or t h e c o m m o n s o ur c es as t h e 1 σ astr o m etri c
ti e u n c ert ai nt y, σ ti e.  W e r e q uir e a  mi ni m u m of f o ur c o m m o n
s o ur c es f or a r eli a bl e fi t,  w hi c h is s atisfi e d f or 6 6 of t h e 9 5
S L S N e. F or t h e r e m ai ni n g 2 9 e v e nts  w e i nst e a d us e a bs ol ut e
astr o m etr y b y  m at c hi n g b ot h t h e S N a n d t h e  H S T i m a g es t o t h e
G ai a  D R 3 c at al o g (G ai a  C oll a b or ati o n et al. 2 0 1 6 , 2 0 2 3 ). T h e r ms
p ositi o n al r esi d u als fr o m e a c h fi t ar e t h e n c o m bi n e d i n q u a dr at ur e
t o d et er mi n e σ ti e.

F or t h e s o ur c es ali g n e d  wit h r el ati v e astr o m etr y,  w e fi n d a
m e di a n v al u e of σ ti e ≈ 3 3  m as. F or s o ur c es ali g n e d  wit h a bs ol ut e
astr o m etr y, t h e c o m bi n e d ti e u n c ert ai nt y is s o m e w h at hi g h er,
wit h a  m e di a n v al u e of σ ti e ≈ 8 7  m as.  T h e n u m b er of c o m m o n
s o ur c es us e d i n t h e astr o m etri c  m at c hi n g a n d t h e r es ulti n g v al u es
of σ ti e ar e list e d i n  T a bl e 3 .  W e n ot e t h at f or 1 1 s o ur c es, t h er e is a
l a c k of p oi nt-li k e s o ur c es i n t h e  H S T i m a g es, r e n d eri n g a n
astr o m etri c  m at c h i m p ossi bl e.  T h e s a m pl e si z e aft er astr o m etri c
ali g n m e nt is r e d u c e d t o 8 4 S L S N e; s e e  T a bl e 2 .

3.  M e as u r e m e nt  M et h o d ol o g y

3. 1.  H ost  G al a x y  Assi g n m e nt

B ef or e offs ets a n d fr a cti o n al fl u x v al u es c a n b e d et er mi n e d,
w e n e e d t o ass o ci at e a h ost g al a x y t o e a c h S L S N.  W e assi g n
t h e  m ost pr o b a bl e h ost g al a x y f or e a c h S L S N b y c al c ul ati n g t h e
pr o b a bilit y of c h a n c e c oi n ci d e n c e (P c c ) f or g al a xi es i n t h e
vi ci nit y of t h e S N l o c ati o n, s p e ci fi c all y f o c usi n g o n a r e gi o n of
3 0 × 3 0 k p c. F or c o nt e xt, t h e l ar g est pr oj e ct e d p h ysi c al offs ets
m e as ur e d i n L 1 5 w as 4. 3 k p c, a n d t h e offs ets  m e as ur e d i n t his
w or k ar e  w ell c o nt ai n e d  wit hi n t his fi el d of vi e w.

F oll o wi n g t h e  m et h o d ol o g y of  Bl o o m et al. (2 0 0 2 ; als o us e d
b y  B er g er 2 0 1 0 ; F o n g  &  B er g er 2 0 1 3 ; B 1 6 ),  w e c al c ul at e P c c

f or e a c h g al a x y usi n g:

( )( )= - p s-P e1 ,  1R m
c c

e
2

w h er e σ (� m ) is t h e o bs er v e d s urf a c e d e nsit y of g al a xi es
bri g ht er t h a n  m a g nit u d e m a n d R e is t h e eff e cti v e r a di us,

d e fi n e d as ( )s s= + +R R Rm a x 3 , 4e ti e
2

S N
2 2

5 0
2 (Bl o o m

et al. 2 0 0 2 ),  w h er e R is t h e pr oj e ct e d offs et a n d R 5 0 is t h e
h alf-li g ht r a di us (s e e S e cti o n 3. 2 ). F or a b o ut t w o-t hir ds of o ur
s a m pl e, t h e l o c ali z ati o ns ar e s uf fi ci e ntl y pr e cis e s u c h t h at t h e
s e c o n d t er m d o mi n at es.

F or e a c h  H S T i m a g e,  w e us e p h o t u t i l s t o d et e ct
e xt e n d e d s o ur c es t h at ar e p ot e nti al h ost c a n di d at es.  T o a v oi d
s p uri o us ass o ci ati o ns  wit h n ois e fl u ct u ati o ns,  w e c o nsi d er
s o ur c es  wit h a  mi ni m u m of 1 0 c o n n e ct e d pi x els d et e ct e d at
� 2. 5 σ a b o v e t h e b a c k gr o u n d l e v el. If t h e o bj e ct  wit h t h e l o w est
P c c e x c e e ds a t hr es h ol d v al u e of 0. 1,  w e c o nsi d er t h e a ct u al
h ost g al a x y t o b e u n d et e ct e d at t h e li mit of o ur i m a g es, a n d
e x cl u d e t h e s o ur c e fr o m s u bs e q u e nt a n al ysis; t his is t h e c as e f or
1 9 of t h e 8 4 s o ur c es  wit h s u c c essf ul astr o m etri c  m at c hi n g.

I n a d diti o n t o c al c ul ati n g P c c ,  w e als o c o m p ar e o ur  m ost
pr o b a bl e h ost g al a x y assi g n m e nt  wit h pr e vi o us st u di es t h at
h a v e i d e nti fi e d S L S N h osts (L 1 5 ;  A n g us et al. 2 0 1 6 ; P erl e y
et al. 2 0 1 6 ;  Ci k ot a et al. 2 0 1 7 ; S c h ul z e et al. 2 0 1 8 ;  A n g us et al.
2 0 1 9 ;  T a g g art  & P erl e y 2 0 2 1 ). W e fi n d t h at o ur assi g n m e nts

T a bl e 2
S L S N S a m pl e  wit h  H S T  D at a

Crit eri o n N u m b er of  E v e nts

Pr eli mi n ar y s a m pl e 1 0 9

A v ail a bl e S N i m a g e 9 5

S u c c essf ul astr o m etri c  m at c h 8 4

H ost g al a x y d et e ct e d 6 5

1 0
htt ps: / / ar c hi v e. g e mi ni. e d u / s e ar c hf or m

1 1 htt ps: / / t el es c o p e.li vj m. a c. u k
1 2

htt ps: / / git h u b. c o m / d g u e v el / P y Z O G Y
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T a bl e 3
Astr o m etri c  R es ults a n d  K e y  M e as ur e m e nts

S L S N # Ti e  O bj e cts σ ti e s S N σ h ost R p h y R 5 0 R n or m Li g ht Fr a cti o n  A B  M a g a P c c

(ar cs e c ) (ar cs e c ) (ar cs e c ) (k p c ) (k p c ) (R p h y / R 5 0 )

S N 2 0 2 0j h m 4 0. 0 3 3 0. 0 1 1 0. 0 0 8 -
+0. 7 2 4 0. 0 3 7

0. 0 3 7 0. 3 5 2 -
+2 . 0 5 6 0. 1 0 4

0. 1 0 4
-
+0. 0 0 0 0. 0 0 0

0. 0 0 0
-
+2 2. 6 3 2 0. 0 3 6

0. 0 3 6 0. 0 0 6

S N 2 0 1 8 hti 6 0. 0 5 5 0. 0 1 3 0. 0 1 0 -
+0. 5 1 3 0. 0 7 0

0. 0 7 0 0. 9 5 6 -
+0. 5 3 7 0. 0 7 4

0. 0 7 4
-
+0. 5 9 9 0. 3 3 1

0. 0 7 5
-
+1 9. 0 6 3 0. 0 0 6

0. 0 0 6 0. 0 0 2

S N 2 0 2 0t c w 5 0. 0 9 4 0. 0 1 0 0. 0 0 7 -
+1 . 2 3 0 0. 1 2 0

0. 1 2 0 0. 5 5 3 -
+2 . 2 2 4 0. 2 1 8

0. 2 1 8
-
+0. 0 0 0 0. 0 0 0

0. 0 2 3
-
+1 9. 2 0 6 0. 0 0 4

0. 0 0 4 0. 0 0 1

P T F 1 0 h gi 8 0. 0 6 7 0. 0 1 6 0. 0 1 1 -
+0. 2 6 8 0. 1 3 1

0. 1 3 1 0. 4 2 6 -
+0. 6 2 8 0. 3 0 8

0. 3 0 8
-
+0. 2 5 0 0. 2 5 0

0. 4 6 4
-
+2 4. 3 9 8 0. 0 2 8

0. 0 2 8 0. 0 0 6

S N 2 0 2 0 z nr 2 4 0. 0 1 8 0. 0 0 1 0. 0 0 2 -
+0. 1 8 3 0. 0 3 5

0. 0 3 5 0. 1 0 4 -
+1 . 7 6 6 0. 3 3 5

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

0. 1 2 9
-
+2 3. 0 4 2 0. 0 1 6

0. 0 1 6 < 0. 0 0 1

S N 2 0 1 6 e a y 1 3 0. 0 0 5 0. 0 0 8 0. 0 0 8 -
+0. 0 7 2 0. 0 2 4

0. 0 2 4 0. 3 9 9 -
+0. 1 8 0 0. 0 5 9

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

0. 0 6 7
-
+2 1. 9 8 3 0. 0 0 5

0. 0 0 5 0. 0 0 1

P T F 1 2 h ni b 1 2, 5 0. 0 4 7 0. 0 3 2 < 0. 0 0 1 -
+2 . 6 6 7 0. 1 1 4

0. 1 1 4 2. 8 1 1 -
+0. 9 4 9 0. 0 4 1

0. 0 4 1
-
+0. 0 0 0 0. 0 0 0

0. 2 0 5
-
+2 0. 3 2 0 0. 0 1 1

0. 0 1 1 0. 0 1 0

S N 2 0 1 9 n e q 5 0. 0 4 7 0. 0 1 4 0. 0 0 7 -
+0. 4 2 6 0. 0 9 9

0. 0 9 9 0. 2 1 3 -
+2 . 0 0 5 0. 4 6 8

0. 4 6 8
-
+0. 0 3 4 0. 0 3 4

0. 2 8 9
-
+2 3. 1 7 0 0. 0 2 4

0. 0 2 4 0. 0 0 1

P T F 1 2 d a m b 8, 4 0. 0 9 1 0. 0 0 8 0. 0 0 8 -
+0. 5 7 1 0. 1 8 7

0. 1 8 7 0. 6 6 5 -
+0. 8 5 8 0. 2 8 1

0. 2 8 1
-
+0. 9 0 0 0. 1 1 6

0. 0 6 3
-
+1 9. 9 7 7 0. 0 0 7

0. 0 0 7 < 0. 0 0 1

S N 2 0 1 8 k yt b 8, 3 0. 0 9 3 0. 0 4 1 0. 0 1 2 -
+0. 8 6 4 0. 2 0 9

0. 2 0 9 0. 8 0 4 -
+1 . 0 7 5 0. 2 6 0

0. 2 6 0
-
+0. 1 8 0 0. 1 8 0

0. 3 1 9
-
+2 1. 6 4 4 0. 0 1 5

0. 0 1 5 0. 0 0 2

S N 2 0 1 5 b n c L L 0. 0 1 4 0. 0 0 5 -
+0. 4 6 2 0. 0 3 1

0. 0 3 1 0. 5 1 7 -
+0. 8 9 4 0. 0 6 1

0. 0 6 1 L L L

S N 2 0 1 9st c 5 2 0. 0 1 6 0. 0 0 6 0. 0 0 7 -
+0. 0 9 3 0. 0 4 0

0. 0 4 0 0. 6 3 7 -
+0. 1 4 6 0. 0 6 3

0. 0 6 3
-
+0. 8 0 8 0. 2 3 2

0. 0 5 2
-
+2 2. 6 3 7 0. 0 2 9

0. 0 2 9 0. 0 0 2

S N 2 0 0 7 bi 7 0. 0 3 7 0. 0 0 8 0. 0 0 3 -
+0. 1 8 3 0. 0 8 9

0. 0 8 9 0. 1 8 9 -
+0. 9 7 1 0. 4 6 9

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

0. 5 6 6
-
+2 5. 2 4 5 0. 0 6 9

0. 0 6 9 0. 0 0 1

S N 2 0 1 8 a v k b 6, 3 0. 0 5 2 0. 0 8 1 0. 0 0 7 -
+0. 1 8 7 0. 1 8 7

0. 2 3 4 0. 2 4 9 -
+0. 7 4 8 0. 7 4 8

0. 9 4 0
-
+0. 4 1 8 0. 4 1 8

0. 3 4 4
-
+2 4. 1 1 7 0. 0 4 1

0. 0 4 1 0. 0 0 1

S N 2 0 1 1 k e 4 0. 0 5 9 0. 0 1 2 0. 0 0 4 -
+0. 4 8 1 0. 1 5 7

0. 1 5 7 0. 3 9 5 -
+1 . 2 1 6 0. 3 9 8

0. 3 9 8
-
+0. 4 3 1 0. 2 4 8

0. 2 1 4
-
+2 2. 8 6 1 0. 0 1 6

0. 0 1 6 0. 0 0 1

S N 2 0 2 0 ql b 1 0 0. 0 2 8 0. 0 1 3 < 0. 0 0 1 -
+0. 7 1 9 0. 0 8 7

0. 0 8 7 0. 9 3 8 -
+0. 7 6 7 0. 0 9 3

0. 0 9 3
-
+0. 7 8 0 0. 1 9 0

0. 1 7 4
-
+2 2. 6 4 2 0. 0 1 9

0. 0 1 9 0. 0 0 3

S N 2 0 1 9 uj b 6 0. 0 3 7 0. 0 3 6 0. 0 0 8 -
+1 . 5 1 0 0. 1 5 2

0. 1 5 2 0. 5 6 6 -
+2 . 6 6 7 0. 2 6 8

0. 2 6 8
-
+0. 0 0 0 0. 0 0 0

0. 2 1 2
-
+2 4. 0 4 8 0. 0 8 0

0. 0 8 0 0. 0 0 7

P T F 1 2 gt y 6 0. 0 3 9 0. 0 9 5 0. 0 0 5 -
+0. 1 6 9 0. 1 6 9

0. 3 1 7 0. 2 4 3 -
+0. 6 9 3 0. 6 9 3

1. 3 0 1
-
+0. 3 9 4 0. 3 9 4

0. 3 9 9
-
+2 6. 0 3 0 0. 0 9 8

0. 0 9 8 0. 0 0 8

S N 2 0 2 0 q ef 1 2 0. 0 4 3 0. 0 8 0 0. 0 1 5 -
+4 . 0 4 4 0. 2 9 2

0. 2 9 2 1. 1 0 2 -
+3 . 6 7 0 0. 2 6 5

0. 2 6 5
-
+0. 0 0 0 0. 0 0 0

0. 0 0 0
-
+2 2. 5 7 5 0. 0 2 5

0. 0 2 5 0. 0 1 2

P T F 0 9 as b 1 2, 4 0. 1 4 8 0. 1 2 2 0. 0 0 6 -
+0. 7 0 0 0. 6 1 8

0. 6 1 8 0. 5 4 6 -
+1 . 2 8 2 1. 1 3 2

1. 1 3 2
-
+0. 1 6 4 0. 1 6 4

0. 2 7 1
-
+2 3. 2 6 9 0. 0 1 8

0. 0 1 8 0. 0 0 3

S N 2 0 1 9 n hs 4 0. 0 5 4 0. 0 4 2 0. 0 0 4 -
+0. 3 8 6 0. 2 2 6

0. 2 2 6 0. 1 3 9 -
+2 . 7 8 5 1. 6 2 6

1. 6 2 6
-
+0. 0 0 0 0. 0 0 0

0. 0 1 2
-
+2 5. 6 6 4 0. 0 8 3

0. 0 8 3 0. 0 0 3

P T F 1 0 a a g c 4 0. 0 4 7 0. 0 6 2 0. 0 0 5 -
+2 . 5 1 5 0. 2 7 1

0. 2 7 1 1. 4 1 5 -
+1 . 7 7 8 0. 1 9 2

0. 1 9 2
-
+0. 0 0 0 0. 0 0 0

0. 0 5 3
-
+2 2. 9 8 0 0. 0 2 9

0. 0 2 9 0. 0 0 9

S N 2 0 1 0 g x b 5, 8 0. 0 9 0 0. 0 0 1 0. 0 0 8 -
+0. 7 3 8 0. 3 4 4

0. 3 4 4 0. 4 5 5 -
+1 . 6 2 3 0. 7 5 7

0. 7 5 7
-
+0. 0 0 4 0. 0 0 4

0. 2 3 1
-
+2 3. 8 2 3 0. 0 2 1

0. 0 2 1 0. 0 0 1

S N 2 0 1 8ffj b 8, 5 0. 0 7 1 0. 0 4 8 0. 0 0 1 -
+0. 5 8 6 0. 3 2 9

0. 3 2 9 0. 5 6 2 -
+1 . 0 4 3 0. 5 8 5

0. 5 8 5
-
+0. 4 4 4 0. 2 5 0

0. 1 1 6
-
+2 3. 3 4 3 0. 0 2 0

0. 0 2 0 0. 0 0 1

S N 2 0 1 1 kf 4 0. 0 2 2 0. 0 5 5 0. 0 0 6 -
+0. 3 7 8 0. 2 3 8

0. 2 3 8 0. 4 6 0 -
+0. 8 2 3 0. 5 1 9

0. 5 1 9
-
+0. 0 0 0 0. 0 0 0

0. 3 5 6
-
+2 5. 1 9 7 0. 0 6 7

0. 0 6 7 0. 0 0 2

P T F 0 9 c n d 5 0. 0 1 2 0. 0 2 9 0. 0 0 9 -
+0. 3 7 5 0. 1 3 4

0. 1 3 4 0. 9 1 4 -
+0. 4 1 0 0. 1 4 6

0. 1 4 6
-
+0. 5 5 8 0. 1 8 6

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

0. 0 2 3 0. 0 0 3

S N 2 0 1 8f d b 8, 1 0 0. 0 8 4 0. 0 6 4 0. 0 0 5 -
+0. 1 7 9 0. 1 7 9

0. 4 4 3 0. 3 9 3 -
+0. 4 5 4 0. 4 5 4

1. 1 2 8
-
+0. 7 1 2 0. 2 3 7

0. 1 9 2
-
+2 4. 2 1 6 0. 0 2 5

0. 0 2 5 0. 0 0 2

i P T F 1 3 bj z 4 0. 0 3 6 0. 0 8 8 0. 0 1 2 -
+3 . 1 9 4 0. 4 1 2

0. 4 1 2 0. 6 0 4 -
+5 . 2 8 5 0. 6 8 1

0. 6 8 1
-
+0. 0 0 0 0. 0 0 0

0. 0 1 2
-
+2 4. 6 0 8 0. 0 2 8

0. 0 2 8 0. 0 1 6

S N 2 0 1 8 b y m 1 7 0. 0 3 4 0. 0 2 7 0. 0 0 7 -
+1 . 0 3 5 0. 1 9 1

0. 1 9 1 0. 5 3 1 -
+1 . 9 4 9 0. 3 6 0

0. 3 6 0
-
+0. 0 0 0 0. 0 0 0

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

0. 0 5 5 0. 0 0 4

P T F 1 0 u hf 6 0. 0 9 7 0. 0 8 0 0. 0 0 8 -
+0. 8 7 6 0. 5 6 4

0. 5 6 4 8. 6 1 3 -
+0. 1 0 2 0. 0 6 6

0. 0 6 6
-
+0. 6 7 7 0. 2 6 9

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

0. 0 0 6 0. 0 1 2

S N 2 0 1 9 e ot 1 0 0. 0 2 6 0. 0 4 6 0. 0 0 9 -
+0. 3 6 1 0. 2 4 9

0. 2 4 9 0. 9 3 4 -
+0. 3 8 6 0. 2 6 6

0. 2 6 6
-
+0. 0 0 0 0. 0 0 0

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

0. 1 1 1 0. 0 0 4

S N 2 0 1 6i nl c L L 0. 0 1 0 0. 0 0 5 -
+1 . 3 3 5 0. 0 5 1

0. 0 5 1 4. 7 0 5 -
+0. 2 8 4 0. 0 1 1

0. 0 1 1 L L L

S N 2 0 1 8l z w 8 0. 0 3 5 0. 0 3 9 0. 0 0 8 -
+1 . 5 4 0 0. 2 5 4

0. 2 5 4 0. 4 7 7 -
+3 . 2 3 2 0. 5 3 3

0. 5 3 3
-
+0. 0 0 0 0. 0 0 0

0. 0 4 4
-
+2 5. 2 9 2 0. 0 5 8

0. 0 5 8 0. 0 0 6

P T F 1 2 m x x 1 0 0. 0 3 9 0. 0 8 3 0. 0 0 5 -
+1 . 7 1 5 0. 4 5 2

0. 4 5 2 1. 8 8 2 -
+0. 9 1 1 0. 2 4 0

0. 2 4 0
-
+0. 0 0 0 0. 0 0 0

0. 0 9 7
-
+2 4. 9 5 1 0. 0 3 8

0. 0 3 8 0. 0 2 4

i P T F 1 3 e h e 1 0 0. 0 7 3 0. 1 9 2 0. 0 1 3 -
+3 . 1 7 9 1. 0 3 5

1. 0 3 5 0. 8 1 0 -
+3 . 9 2 6 1. 2 7 9

1. 2 7 9
-
+0. 0 0 0 0. 0 0 0

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

0. 0 4 2 0. 0 2 2

S N 2 0 1 8f c g 2 9 0. 0 8 7 0. 0 5 0 0. 0 2 6 -
+1 . 8 0 3 0. 5 2 2

0. 5 2 2 0. 8 5 9 -
+2 . 0 9 9 0. 6 0 8

0. 6 0 8
-
+0. 0 0 0 0. 0 0 0

0. 0 0 9
-
+2 2. 7 2 0 0. 0 3 2

0. 0 3 2 0. 0 0 2

S N 2 0 1 9s g h b 1 3, 1 3 0. 0 7 5 0. 1 1 0 0. 0 0 5 -
+1 . 2 0 3 0. 6 7 1

0. 6 7 1 0. 3 8 3 -
+3 . 1 4 2 1. 7 5 3

1. 7 5 3
-
+0. 0 0 0 0. 0 0 0

0. 1 6 0
-
+2 4. 9 6 0 0. 0 4 6

0. 0 4 6 0. 0 0 6

P T F 1 0 bj p b 2 0, 4 0. 1 5 0 0. 1 4 3 0. 0 0 3 -
+1 . 3 3 6 1. 0 7 3

1. 0 7 3 1. 2 2 4 -
+1 . 0 9 1 0. 8 7 7

0. 8 7 7
-
+0. 0 0 0 0. 0 0 0

0. 2 7 2
-
+2 3. 8 3 5 0. 0 2 1

0. 0 2 1 0. 0 0 6

i P T F 1 3 d c c 4 0. 0 5 7 0. 1 0 6 0. 0 1 1 -
+0. 6 6 1 0. 6 6 1

0. 7 0 0 0. 5 8 2 -
+1 . 1 3 5 1. 1 3 5

1. 2 0 3
-
+0. 0 0 7 0. 0 0 7

0. 5 1 9
-
+2 6. 0 1 8 0. 0 6 6

0. 0 6 6 0. 0 1 1

P T F 1 0 v q v 5 0. 0 2 7 0. 0 7 7 0. 0 1 1 -
+2 . 4 1 9 0. 4 9 2

0. 4 9 2 1. 5 0 7 -
+1 . 6 0 5 0. 3 2 6

0. 3 2 6
-
+0. 0 0 0 0. 0 0 0

0. 0 0 0
-
+2 3. 8 0 4 0. 0 1 8

0. 0 1 8 0. 0 0 6

P T F 0 9 at u 1 0 0. 0 6 9 0. 0 7 6 0. 0 0 7 -
+1 . 1 1 1 0. 6 5 0

0. 6 5 0 0. 5 1 2 -
+2 . 1 7 0 1. 2 6 9

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

0. 1 5 4
-
+2 7. 5 6 6 0. 1 0 4

0. 1 0 4 0. 0 2 4

P S 1- 1 4 bj 6 0. 0 5 2 0. 0 5 2 0. 0 1 2 -
+2 . 6 2 0 0. 4 7 7

0. 4 7 7 1. 6 3 0 -
+1 . 6 0 7 0. 2 9 3

0. 2 9 3
-
+0. 0 4 9 0. 0 4 9

0. 5 4 7
-
+2 5. 0 1 2 0. 0 8 0

0. 0 8 0 0. 0 1 4

P S 1- 1 2 b qf 1 8 0. 0 2 4 0. 0 1 7 0. 0 2 2 -
+3 . 3 5 9 0. 2 3 5

0. 2 3 5 3. 3 3 0 -
+1 . 0 0 9 0. 0 7 1

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

0. 1 1 4
-
+2 2. 9 4 6 0. 0 1 2

0. 0 1 2 0. 0 0 9

P S 1- 1 1 a p 1 4 0. 0 3 8 0. 0 0 4 0. 0 0 7 -
+0. 4 0 3 0. 2 5 1

0. 2 5 1 0. 8 6 9 -
+0. 4 6 4 0. 2 8 8

0. 2 8 8
-
+0. 8 9 9 0. 1 3 3

0. 0 5 7
-
+2 4. 1 5 1 0. 0 1 1

0. 0 1 1 0. 0 0 1

D E S 1 6 C 3 d m p 1 5 0. 0 1 7 0. 0 1 7 0. 0 0 2 -
+0. 1 5 4 0. 1 5 4

0. 1 6 4 0. 6 1 2 -
+0. 2 5 2 0. 2 5 2

0. 2 6 7
-
+0. 7 6 4 0. 1 6 4

0. 1 0 5
-
+2 2. 9 6 3 0. 0 0 8

0. 0 0 8 < 0. 0 0 1

D E S 1 5 S 1 n o g 1 2 0. 0 2 0 0. 0 1 6 0. 0 0 5 -
+0. 2 0 8 0. 1 7 3

0. 1 7 3 2. 2 7 5 -
+0. 0 9 2 0. 0 7 6

0. 0 7 6
-
+0. 5 4 4 0. 3 5 0

0. 3 4 3
-
+2 3. 8 6 2 0. 0 2 7

0. 0 2 7 0. 0 0 7

D E S 1 4 X 3t a z 6 0. 0 1 5 0. 0 5 1 0. 0 1 0 -
+0. 5 8 3 0. 3 7 5

0. 3 7 5 0. 7 5 9 -
+0. 7 6 7 0. 4 9 4

0. 4 9 4
-
+0. 0 9 9 0. 0 9 9

0. 4 8 3
-
+2 5. 8 8 2 0. 0 6 8

0. 0 6 8 0. 0 0 4

P S 1- 1 0 b zj 2 8 0. 0 4 0 0. 0 2 3 0. 0 0 1 -
+0. 8 6 7 0. 3 2 9

0. 3 2 9 0. 5 8 1 -
+1 . 4 9 1 0. 5 6 7

0. 5 6 7
-
+0. 2 9 2 0. 0 9 7

0. 1 3 0
-
+2 4. 1 5 7 0. 0 0 6

0. 0 0 6 0. 0 0 1

D E S 1 3 S 2 c m m 1 9 0. 0 4 7 0. 0 3 0 0. 0 0 5 -
+3 . 7 7 8 0. 4 0 4

0. 4 0 4 3. 0 3 1 -
+1 . 2 4 6 0. 1 3 3

0. 1 3 3
-
+0. 0 0 0 0. 0 0 0

0. 0 0 0
-
+2 3. 8 9 7 0. 0 4 4

0. 0 4 4 0. 0 1 5

P S 1- 1 1 b d n 5 0. 0 2 3 0. 0 0 7 0. 0 0 3 -
+0. 4 2 8 0. 1 8 3

0. 1 8 3 1. 2 7 8 -
+0. 3 3 5 0. 1 4 3

0. 1 4 3
-
+0. 8 2 4 0. 3 5 4

0. 0 7 5
-
+2 5. 9 7 1 0. 0 5 8

0. 0 5 8 0. 0 0 8

i P T F 1 3 aj g 6 0. 0 5 9 0. 1 4 5 0. 0 1 8 -
+2 . 2 7 4 1. 1 8 7

1. 1 8 7 0. 8 8 4 -
+2 . 5 7 1 1. 3 4 2

1. 3 4 2
-
+0. 0 0 0 0. 0 0 0

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

0. 1 1 3 0. 0 4 9

D E S 1 5 X 3 h m 1 8 0. 0 2 9 0. 0 1 0 0. 0 0 6 -
+0. 3 0 9 0. 2 4 5

0. 2 4 5 0. 6 6 0 -
+0. 4 6 8 0. 3 7 2

0. 3 7 2
-
+0. 6 1 6 0. 4 2 8

0. 2 5 0
-
+2 7. 0 2 7 0. 0 6 6

0. 0 6 6 0. 0 0 5

P S 1- 1 0 a w h 2 2 0. 0 0 9 0. 0 1 4 0. 0 1 4 -
+0. 4 6 5 0. 1 7 1

0. 1 7 1 0. 8 0 4 -
+0. 5 7 8 0. 2 1 3

0. 2 1 3
-
+0. 5 9 0 0. 4 9 6

0. 3 1 7
-
+2 6. 8 7 0 0. 1 2 0

0. 1 2 0 0. 0 0 7

i P T F 1 4t bb 2 4, 6 0. 1 6 6 0. 0 8 8 0. 0 1 6 -
+6. 6 8 6 1. 5 2 9

1. 5 2 9 1. 5 0 6 -
+4 . 4 3 9 1. 0 1 5

1. 0 1 5
-
+0. 0 0 0 0. 0 0 0

0. 0 0 0
-
+2 6. 4 1 0 0. 0 4 4

0. 0 4 4 0. 0 7 6

P S 1- 1 1 ai b 2 8 0. 0 0 4 0. 0 1 2 < 0. 0 0 1 -
+0. 3 0 2 0. 1 0 6

0. 1 0 6 0. 2 5 9 -
+1 . 1 6 9 0. 4 0 8

0. 4 0 8
-
+0. 6 0 5 0. 3 2 7

0. 2 0 3
-
+2 6. 5 8 7 0. 1 2 3

0. 1 2 3 0. 0 0 1

D E S 1 6 C 2 ai x 1 7 0. 0 3 0 0. 0 3 9 0. 0 0 5 -
+4 . 5 9 7 0. 4 1 4

0. 4 1 4 2. 1 2 2 -
+2 . 1 6 6 0. 1 9 5

0. 1 9 5
-
+0. 0 0 0 0. 0 0 0

0. 3 7 4
-
+2 4. 6 6 5 0. 0 2 7

0. 0 2 7 0. 0 1 4

D E S 1 5 X 1 n o e 1 1 0. 0 1 2 0. 0 5 9 0. 0 0 6 -
+0. 7 4 0 0. 5 1 1

0. 5 1 1 0. 6 8 8 -
+1 . 0 7 5 0. 7 4 2

0. 7 4 2
-
+0. 4 3 9 0. 2 4 2

0. 2 7 9
-
+2 4. 3 0 4 0. 0 1 4

0. 0 1 4 0. 0 0 1
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ar e i n e x c ell e nt a gr e e m e nt  wit h pr e vi o us st u di es, i n cl u di n g
t h os e  wit h t h e  m ost c o m pl e x  m or p h ol o g y (e. g., P T F 1 2 d a m a n d
P T F 1 2 h ni ). I n s e v e n c as es,1 3 w e fi n d  m ulti pl e o bj e cts i n t h e
vi ci nit y of t h e S L S N p ositi o n,  w hi c h  w e c o nsi d er t o b e
disj oi nt e d c o m p o n e nts of t h e s a m e h ost g al a x y (d u e t o p at c h y
n at ur e of  U V e missi o n ). I n t h es e i nst a n c es,  w e c o m bi n e t h e
c o m p o n e nts t o c al c ul at e all r el e v a nt h ost pr o p erti es. F or t h e
r e m ai n d er of t h e s a m pl e, t h e  m ost pr o b a bl y h ost g al a x y is
eit h er c oi n ci d e nt  wit h t h e S L S N p ositi o n or t h e  m ost pr o xi m al
e xt e n d e d s o ur c e.

O ur fi n al s a m pl e of d et e ct e d h ost g al a xi es c o nt ai ns 6 5 e v e nts
(T a bl e 2 ),  w hi c h is n e arl y f o ur ti m es l ar g er t h a n t h e s a m pl e
a n al y z e d i n L 1 5 .  T h e assi g n e d h ost g al a xi es h a v e
P c c ≈ 1. 8 × 1 0 − 4 – 7. 5 × 1 0 − 2 ; s e e  T a bl e 3 . I n Fi g ur e 2 w e
s h o w t h e dri z zl e d  H S T i m a g es, al o n g  wit h t h e l o c ati o n a n d
u n c ert ai nt y r e gi o n of e a c h S L S N (t h e q u a dr at ur e s u m of σ ti e

a n d t h e S N c e ntr oi d u n c ert ai nt y, s ;S N S e cti o n 3. 2 ), as  w ell as
t h e c e ntr oi d a n d t h e h alf-li g ht r a di us of e a c h h ost g al a x y (s e e
S e cti o n 3. 2 ).  T h e dri z zl e d  H S T i m a g es f or S L S N e  wit h o ut a n
i d e ntifi e d h ost ar e s h o w n i n Fi g ur e 1 3 i n  A p p e n di x  A.

3. 2.  Offs et  M e as ur e m e nts

F oll o wi n g t h e astr o m etri c  m at c hi n g a n d h ost g al a x y assi g n-
m e nt,  w e d et er mi n e t h e a n g ul ar offs et of e a c h S L S N fr o m t h e
U V li g ht c e ntr oi d of its h ost g al a x y.  W e d et er mi n e t h e l o c ati o n
of e a c h S L S N b y fi tti n g t h e S N i m a g e  wit h a 2 D  G a ussi a n a n d
c al c ul at e t h e i m a g e c e ntr oi d a n d its ass o ci at e d u n c ert ai nt y, s S N ,
w hi c h is d et er mi n e d as θ F W H M / 2 (S / N ),  w h er e θ F W H M is t h e
F W H M of t h e 2 D  G a ussi a n a n d S / N is t h e si g n al-t o- n ois e r ati o
of t h e S N d et e cti o n; s e e  T a bl e 3 .

N e xt,  w e d e fi n e t h e h ost g al a x y fl u x- w ei g ht e d c e ntr oi d, as
d et er mi n e d b y p h o t u t i l s f or pi x els d esi g n at e d as p art of
e a c h h ost g al a x y.  H er e, t h e st atisti c al u n c ert ai nt y o n t h e h ost
c e ntr oi d fr o m p h o t u t i l s p ot e nti all y u n d er esti m at es t h e
s yst e m ati c u n c ert ai nti es d u e t o t h e irr e g ul ar  m or p h ol o g y of
s o m e h osts.  T o a d dr ess t his,  w e esti m at e t h e p ositi o n al
u n c ert ai nt y (σ h ost ) b y v ar yi n g t h e d et e cti o n t hr es h ol d fr o m
2. 5 σ t o t h e hi g h est t hr es h ol d at  w hi c h t h e h ost is still d et e ct e d
wit h a st e p si z e of 0. 0 0 5 σ , a n d t h e n t a ki n g t h e st a n d ar d

d e vi ati o n of t h e r es ulti n g h ost c e ntr oi d v al u es.  T h e r es ulti n g
v al u es of σ h ost ar e list e d i n  T a bl e 3 .

F or e a c h S L S N  w e  m e as ur e t h e pr oj e ct e d p h ysi c al offs et,
R p h ys , usi n g t h e S N r e ds hift, a n d assi g n a n ass o ci at e d t ot al

u n c ert ai nt y of s s s  s= + +R ti e
2

S N
2

h ost
2

p h y s
. I n a d diti o n t o t h e

pr oj e ct e d p h ysi c al offs et,  w e als o n or m ali z e t h e offs et of e a c h
S L S N b y t h e si z e of its h ost g al a x y, R n or m , all o wi n g us t o
e x pl or e b ot h t h e p o p ul ati o n its elf a n d t o c o m p ar e it t o ot h er
tr a nsi e nts t h at  m a y aris e i n g al a xi es  wit h diff er e nt si z es.  W e us e
p h o t u t i l s t o  m e as ur e t h e h alf-li g ht r a di us, R 5 0 , d efi n e d as
t h e eff e cti v e cir c ul ar r a di us t h at e n cl os es 5 0 % of t h e t ot al fl u x
wit hi n t h e g al a x y  Kr o n a p ert ur e.  Usi n g R 5 0 , t h e h ost- n or m al-
i z e d offs ets is si m pl y gi v e n b y R n or m = R p h ys / R 5 0 (T a bl e 3 ).

3. 3.  Fr a cti o n al  Fl u x  M e as ur e m e nts

A s i n pr e vi o u s st u di e s of t h e l o c ati o n s of tr a n si e nt s i n t h eir
h ost g al a xi e s (Fr u c ht er et al. 2 0 0 6 ;  K ell y et al. 2 0 0 8 ; Pri et o
et al. 2 0 0 8 ;  K ell y  &  Kir s h n er 2 0 1 2 ; L 1 5 ; B 1 6 ), w e m e a s ur e
t h e fr a cti o n al fl u x st ati sti c f or e a c h S L S N f oll o wi n g t h e
m et h o d ol o g y of Fr u c ht er et al. (2 0 0 6 ), wit h a r efi n e d
pr o c e d ur e t o a s s e s s t h e u n c ert ai nti e s.  T h e fr a cti o n al fl u x
q u a nti fi e s t h e fr a cti o n of t ot al fl u x fr o m t h e h o st g al a x y t h at i s
c o nt ai n e d i n pi x el s f ai nt er t h a n t h e fl u x v al u e at t h e S L S N
l o c ati o n, t h er e b y pr o vi di n g a st ati sti c t h at  m e a s ur e s t h e
bri g ht n e s s of t h e S L S N l o c ati o n c o m p ar e d t o t h e e ntir e
g al a x y.  T h e r e s ulti n g fr a cti o n al fl u x v al u e li e s b et w e e n z er o
a n d o n e,  w h er e a v al u e of o n e i n di c at e s t h e S L S N o c c urr e d i n
t h e bri g ht e st r e gi o n of it s h o st g al a x y.

I n pr e vi o us st u di es, t h e fr a cti o n al fl u x  w as  m e as ur e d usi n g
a n ar e a- a v er a g e d fl u x v al u e c e nt er e d at t h e tr a nsi e nt p ositi o n,
wit h a n err or cir cl e r a di us gi v e n b y t h e q u a dr at ur e s u m of σ ti e

a n d σ tr a ns.  H er e,  w e r efi n e t his pr o c e d ur e usi n g a  M o nt e  C arl o
a p pr o a c h as f oll o ws. First,  w e us e p h o t u t i l s t o e xtr a ct h ost
g al a x y pi x els, usi n g a  mi ni m u m of 1 0 c o n n e ct e d pi x els a n d a
t hr es h ol d of 1σ a b o v e t h e s k y b a c k gr o u n d. S e c o n d, e x pl oiti n g
t h e q u asi- G a ussi a n n at ur e of σ ti e a n d s S N ,  w e c o nstr u ct a 2 D
G a ussi a n pr o b a bilit y distri b uti o n f u n cti o n c e nt er e d at t h e pi x el
( )x y,S N S N c orr es p o n di n g t o t h e S L S N c e ntr oi d,  wit h a st a n d ar d

d e vi ati o n of s s s= +ti e
2

S N
2 .  T hir d,  w e r a n d o ml y s a m pl e a

pi x el b as e d o n t h e 2 D  G a ussi a n pr o b a bilit y distri b uti o n
ass o ci at e d  wit h t his pi x el, a n d us e t h e fl u x v al u e at t h e c h os e n

T a bl e 3
(C o nti n u e d )

S L S N # Ti e  O bj e cts σ ti e s S N σ h ost R p h y R 5 0 R n or m Li g ht Fr a cti o n  A B  M a g a P c c

(ar cs e c ) (ar cs e c ) (ar cs e c ) (k p c ) (k p c ) (R p h y / R 5 0 )

S C P 0 6 F 6 1 7 0. 0 1 1 0. 0 1 9 0. 0 0 2 -
+0. 2 9 1 0. 1 8 7

0. 1 8 7 0. 5 5 7 -
+0. 5 2 3 0. 3 3 6

0. 3 3 6
-
+0. 8 0 2 0. 2 8 8

0. 1 3 6
-
+2 8. 2 5 4 0. 0 8 5

0. 0 8 5 0. 0 0 7

P S 1- 1 0 p m 1 2 0. 0 2 3 0. 0 3 2 0. 0 0 3 -
+2 . 3 3 3 0. 3 3 3

0. 3 3 3 2. 7 0 3 -
+0. 8 6 3 0. 1 2 3

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

0. 3 7 1
-
+2 5. 1 6 9 0. 0 4 6

0. 0 4 6 0. 0 1 8

P S 1- 1 1tt 1 6 0. 0 2 8 0. 0 2 1 0. 0 0 2 -
+0. 7 3 4 0. 3 0 5

0. 3 0 5 1. 2 9 0 -
+0. 5 6 9 0. 2 3 7

0. 2 3 7
-
+0. 6 7 2 0. 3 8 4

0. 1 8 6
-
+2 6. 0 2 5 0. 0 4 3

0. 0 4 3 0. 0 0 7

P S 1- 1 1 af v 2 0 0. 0 2 8 0. 0 3 2 0. 0 0 6 -
+0. 9 9 4 0. 3 6 8

0. 3 6 8 1. 5 7 0 -
+0. 6 3 3 0. 2 3 5

0. 2 3 5
-
+0. 7 6 1 0. 2 1 5

0. 1 3 1
-
+2 5. 4 6 5 0. 0 2 8

0. 0 2 8 0. 0 0 7

P S 1- 1 1 b a m 1 8 0. 0 1 8 0. 0 1 1 0. 0 0 7 -
+3 . 4 4 5 0. 1 9 4

0. 1 9 4 1. 3 6 8 -
+2 . 5 1 9 0. 1 4 2

0. 1 4 2
-
+0. 0 2 0 0. 0 2 0

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

0. 0 1 4 0. 0 0 4

P S 1- 1 2 b m y 1 0 0. 0 1 1 0. 0 4 0 0. 0 0 4 -
+1 . 6 6 2 0. 3 6 7

0. 3 6 7 1. 5 7 4 -
+1 . 0 5 6 0. 2 3 3

0. 2 3 3
-
+0. 7 2 0 0. 5 7 5

0. 2 2 3
-
+2 5. 0 7 8 0. 0 3 2

0. 0 3 2 0. 0 0 6

D E S 1 5 E 2 mlf 1 3 0. 0 1 9 0. 0 2 4 0. 0 0 4 -
+0. 0 8 5 0. 0 8 5

0. 2 6 7 0. 9 8 8 -
+0. 0 8 6 0. 0 8 6

0. 2 7 0
-
+0. 9 1 0 0. 0 9 4

0. 0 5 2
-
+2 3. 4 6 4 0. 0 1 4

0. 0 1 4 0. 0 0 1

D E S 1 6 C 2 n m 4 0. 0 1 2 0. 0 7 2 0. 0 0 2 -
+4 . 6 2 4 0. 6 2 3

0. 6 2 3 1. 2 4 3 -
+3 . 7 2 0 0. 5 0 1

0. 5 0 1
-
+0. 0 0 0 0. 0 0 0

0. 1 3 2
-
+2 5. 2 8 3 0. 0 6 7

0. 0 6 7 0. 0 1 5

N ot es.
a C orr e ct e d f or  G al a cti c e xti n cti o n.
b

Ali g n e d  wit h a bs ol ut e astr o m etr y usi n g t h e  G ai a  D R 3 c at al o g. I n t h es e c as es  w e r e p ort t h e n u m b er of c o m m o n s o ur c es b et w e e n t h e  G ai a  D R 3 c at al o g a n d t h e S N
a n d  H S T i m a g es, r es p e cti v el y, i n t h e s e c o n d c ol u m n.
c T h e  H S T i m a g es f or t h es e s o ur c es c o nt ai n r esi d u al S N e missi o n, all o wi n g f or dir e ct astr o m etr y  wit h o ut a ti e t o a n ot h er i m a g e, b ut pr e v e nti n g a d et er mi n ati o n of t h e

fr a cti o n al fl u x.

1 3 T h es e o bj e cts ar e  D E S 1 3 S 2 c m m, P S 1- 1 0 p m, P S 1- 1 4 bj, P T F 1 0 u hf,
P T F 1 2 h ni, S N 2 0 1 9 e ot, a n d S N 2 0 1 9 uj b.
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Fi g u r e 2. H S T i m a g es of t h e 6 5 S L S N h ost g al a xi es  wit h a v ail a b l e S N i m a gi n g a n d s u c c essf ul astr o m etri c ali g n m e nt (H S T i m a g es of n o n d et e ct e d h osts ar e s h o w n i n
Fi g ur e 1 3 ). T h e i m a g es ar e c e nt er e d o n t h e c e ntr oi d of e a c h h ost g al a x y (p ur pl e cr oss es ) a n d ali g n e d  wit h n ort h u p a n d e ast t o t h e l eft. T h e d as h e d p ur pl e cir cl es  m ar ks R 5 0

(h alf-li g ht r a di us ). S oli d cir cl es  m ar k t h e l o c ati o ns of t h e S L S N e,  wit h a r a di us c orr es p o n di n g t o t h e 1σ u n c ert ai nt y.  R e d a n d bl u e cir cl es i n di c at e p ositi o ns d et er mi n e d usi n g
r el ati v e or a bs ol ut e astr o m etr y, r es p e cti v el y. T h e i m a g es h a v e b e e n s m o ot h e d  wit h a 3 pi x el  G a ussi a n fi lt er t o  m a k e t h e h ost g al a xi es  m or e a p p ar e nt.  W e n ot e t h at t h e i m a g es of
S N 2 0 1 5 b n a n d S N 2 0 1 6i nl c o nt ai n li g ht fr o m t h e S L S N e.
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Fi g u r e 2. (C o nti n u e d. )
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pi x el t o c al c ul at e t h e fr a cti o n al fl u x b y di vi di n g t h e s u m of fl u x
v al u es i n pi x els di m m er t h a n t h e c h os e n pi x el b y t h e t ot al fl u x
of t h e h ost.  T o d et er mi n e t h e u n c ert ai nt y o n t h e fr a cti o n al fl u x

pr o p erl y,  w e r e p e at t his pr o c e d ur e 1 0, 0 0 0 ti m es.  T h e r es ulti n g
m e di a n v al u es, as  w ell as t h e 1 σ r a n g es (c orr es p o n di n g t o t h e
1 6t h a n d 8 4t h p er c e ntil es ), ar e r e p ort e d i n  T a bl e 3 .

Fi g u r e 2. (C o nti n u e d. )

1 0
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4.  R es ults

O ur fi n al s a m pl e of 6 5 S L S N e  wit h offs et a n d fr a cti o n al fl u x
m e as ur e m e nts is f o ur ti m es l ar g er t h a n i n t h e pr e vi o us st u d y
of L 1 5 . I n t his s e cti o n  w e d es cri b e t h e r es ults fr o m t his l ar g e
p o p ul ati o n, a n d q u a ntit ati v el y c o m p ar e t h es e  wit h t h e distri b u-
ti o ns f or ot h er tr a nsi e nts  wit h  m assi v e-st ar pr o g e nit ors
(L G R Bs, S N e I b / c, a n d S N e II ) usi n g t h e  K ol m o g or o v –
S mir n o v (K S; S mir n o v 1 9 4 8 ) a n d  A n d ers o n – D arli n g (A D )
(A n d ers o n  &  D arli n g 1 9 5 2 ) t ests.  B ot h t ests ar e d esi g n e d t o
d et er mi n e  w h et h er t w o distri b uti o ns aris e fr o m t h e s a m e
u n d erl yi n g p o p ul ati o n,  wit h t h e  A D t est b ei n g a  m o di fi e d
v ersi o n of t h e  K S t est t h at is  m or e s e nsiti v e t o t h e t ails of a
distri b uti o n (w h er e as t h e  K S t est gi v es  m or e  w ei g ht t o t h e
r e gi o n ar o u n d t h e  m e di a n of a distri b uti o n).  W hil e t h e  K S t est
is  m or e  wi d el y us e d i n pr e vi o us  w or ks,  w e r e g ar d t h e  A D t est
t o b e a  m or e r o b ust st atisti c al  m e as ur e, es p e ci all y i n t h e c o nt e xt
of t h e fr a cti o n al fl u x distri b uti o n  w h er e t ail c o ntri b uti o ns ar e
m or e pr o mi n e nt.  W e pr o vi d e c o m p aris o ns of t h e distri b uti o ns
of p h ysi c al a n d h ost- n or m ali z e d offs ets, g al a x y si z es, a n d
fr a cti o n al fl u x v al u es, a n d s u m m ari z e t h e  K S a n d  A D t est p -
v al u es i n  T a bl e 4 .  W e str ess t h at t h es e st atisti c al c o m p aris o ns

w er e s e v er el y li mit e d b y t h e s m all s a m pl e si z e i n t h e pr e vi o us
st u d y (L 1 5 ).

4. 1.  P h ysi c al  Offs ets

I n Fi g ur e 3 w e s h o w t h e c u m ul ati v e distri b uti o n of pr oj e ct e d
p h ysi c al offs ets (R p h ys ).  T h e distri b uti o n s p a ns ≈ 0. 0 7 – 6. 7 k p c,
wit h a  m e di a n of 〈R p h ys 〉 ≈ 0. 7 3 k p c.  T h e distri b uti o n is o v er all
s m o ot h a cr oss t h e f ull r a n g e of offs ets,  wit h n o n ot a bl e g a ps.
T h e  K S a n d  A D t ests c o m p ari n g o ur distri b uti o n  wit h t h e
s m all er s a m pl e of 1 6 S L S N e fr o m L 1 5 yi el d p - v al u es of 0. 7 1
a n d 0. 8 1, r es p e cti v el y.  T his is n ot s ur prisi n g gi v e n t h at t h e
s o ur c es i n t h e L 1 5 s a m pl e ar e als o i n cl u d e d i n o ur l ar g er
d at a s et.

W e als o c o m p ar e t h e pr oj e ct e d p h ysi c al offs ets t o t h e
distri b uti o ns f or  L G R Bs fr o m B 1 6 as  w ell as S N e I b / c a n d II
fr o m  K ell y  &  Kirs h n er (2 0 1 2 ); s e e Fi g ur e 3 .  All t hr e e
p o p ul ati o ns h a v e s yst e m ati c all y l ar g er offs ets t h a n S L S N e:
L G R Bs b y a f a ct or 1. 4, S N e I b / c b y a f a ct or of 4. 4, a n d S N e II
b y a f a ct or of 5. 5.  T h e  K S a n d  A D t ests r el ati v e t o t h e  L G R Bs
s a m pl e yi el d p - v al u es of 0. 1 2 a n d 0. 2 0, r es p e cti v el y, s u g g est-
i n g t h at t h e p h ysi c al offs et distri b uti o ns f or S L S N e a n d  L G R Bs

Fi g u r e 2. (C o nti n u e d. )

T a bl e 4
S u m m ar y of  K S a n d  A D  T est p - v al u es

T est P ar a m et er E x p.  Dis k S L S N e (L 1 5 ) L G R Bs C C S N e S N e I b / c S N e II

K S P h ysi c al offs ets L 0. 7 1 0. 1 2 L 2. 7 6 × 1 0 − 1 1 1. 2 6 × 1 0 − 1 1

H ost- n or m ali z e d offs ets 0. 3 4 0. 5 3 4. 0 4 × 1 0 − 3 L 1. 1 2 × 1 0 − 3 2. 1 1 × 1 0 − 2

Fr a cti o n al fl u x es L 1. 3 1 × 1 0 − 2 1. 8 3 × 1 0 − 6 4. 6 1 × 1 0 − 5 5. 5 7 × 1 0 − 6 5. 0 0 × 1 0 − 6

A D P h ysi c al offs ets L 0. 8 1 0. 2 0 L 2. 3 9 × 1 0 − 1 0 3. 6 0 × 1 0 − 1 7

H ost- n or m ali z e d offs ets 0. 1 7 0. 4 5 1. 1 7 × 1 0 − 3 L 2. 4 2 × 1 0 − 4 1. 5 9 × 1 0 − 2

Fr a cti o n al fl u x es L 3. 7 8 × 1 0 − 4 1. 3 9 × 1 0 − 1 0 2. 0 6 × 1 0 − 6 5. 2 3 × 1 0 − 8 1. 2 5 × 1 0 − 7

N ot e. T h e c o m p aris o n s a m pl es us e d h er e ar e S L S N e (L 1 5 ),  L G R Bs (B 1 6 ),  C C S N e (S v e nss o n et al. 2 0 1 0 ), S N e I b/ c a n d II offs ets (K ell y  &  Kirs h n er 2 0 1 2 ), a n d S N e

I b/ c a n d II fr a cti o n al fl u x es (K ell y et al. 2 0 0 8 ).

1 1
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ar e c o nsist e nt  wit h b ei n g dr a w n fr o m t h e s a m e u n d erl yi n g
distri b uti o n. F or t h e S N e I b / c s a m pl e, t h e  K S a n d  A D t ests
yi el d p - v al u es of 2. 8 × 1 0 − 1 1 a n d 2. 4 × 1 0 − 1 0 , r es p e cti v el y,
w hil e f or t h e S N e II t h e p - v al u es ar e 1. 3 × 1 0 − 1 1 a n d
3. 6 × 1 0 − 1 7 , r es p e cti v el y, t h us i n di c ati n g cl e arl y t h at t h e S L S N
p h ysi c al offs ets ar e v astl y diff er e nt fr o m t h os e of S N e I b / c
a n d II.

T h e offs ets h a v e ass o ci at e d u n c ert ai nti es, s R p h y s
a n d s R n or m

,
t h at ar e d e p e n d e nt o n σ ti e, s S N , a n d σ h ost . Si n c e t h e offs et is a
p ositi v e- d e fi nit e q u a ntit y,  w e c a n n ot ass u m e a  G a ussi a n
distri b uti o n f or its u n c ert ai nt y. I nst e a d,  w e us e t h e  Ri c e
distri b uti o n t o r e pr es e nt t h e pr o b a bilit y distri b uti o n f u n cti o n
(Bl o o m et al. 2 0 0 2 ):

⎜ ⎟
⎡

⎣
⎢

⎤

⎦
⎥

⎛

⎝

⎞

⎠
( ∣  )

( )
( )s

s s s
= -

+
p x R

x x R
I

x R
, e x p

2
, 2R

R R R
2

2

2 0 2

w h er e R a n d σ R ar e t h e offs et q u a ntit y (p h ysi c al or n or m ali z e d )
a n d its u n c ert ai nt y, r es p e cti v el y, a n d I0 is t h e z er ot h- or d er
m o di fi e d  B ess el f u n cti o n of t h e fi rst ki n d.  H er e  w e e m pl o y a
M o nt e  C arl o a p pr o a c h  wit h 1 0, 0 0 0 it er ati o ns t o ass ess t h e
u n c ert ai nti es o n t h e  m e as ur e d offs et distri b uti o ns.

A c c o u nti n g f or t h e u n c ert ai nti es i n t h e p h ysi c al offs ets,  w e
s h o w i n Fi g ur e 3 t h e r es ults of t h e  M o nt e  C arl o si m ul ati o n b y
pl otti n g a 2 D hist o gr a m of t h e d e nsit y of p oi nts fr o m t h e
c u m ul ati v e distri b uti o ns g e n er at e d d uri n g e a c h of t h e 1 0, 0 0 0
it er ati o ns.  D ar k r e gi o ns i n di c at e a hi g h er d e nsit y of p oi nts, or,
i n ot h er  w or ds,  m or e s y nt h eti c distri b uti o ns fr o m t h e si m ul ati o n
p ass t hr o u g h t h at r e gi o n.  T h e  m e di a n of t h e distri b uti o n of
m e di a ns fr o m t h e  M o nt e  C arl o si m ul ati o n is 0. 8 1 k p c  wit h a
9 0 % c o n fi d e n c e i nt er v al of 0. 7 1 – 0. 9 7 k p c.  T h e o v er all a p p ar e nt
s hift i n t h e  M o nt e  C arl o distri b uti o n t o hi g h er offs ets c o m p ar e d
t o t h e  m e di a n distri b uti o n is d u e t o t h e f a ct t h at t h e offs et is a
p ositi v e- d e fi nit e q u a ntit y.  R e c al c ul ati n g t h e  K S a n d  A D t ests
f or e a c h it er ati o n i n c o m p aris o n t o  L G R Bs, S N e I b/ c a n d S N e
II,  w e c o nfi r m t h e s a m e r es ult as a b o v e.

D u e t o t h e p ositi v e- d e fi nit e n at ur e of t h e offs ets, offs ets  wit h
l ar g e u n c ert ai nti es ar e  m or e li k el y t o b e s k e w e d t o w ar d hi g h er

v al u es. I n  A p p e n di x B w e e x pl or e t his iss u e a n d u n d ert a k e a
si m pl e pr o c e d ur e t o c orr e ct f or t his p ot e nti al bi as. I n Fi g ur e 3
w e s h o w t h e “ c orr e ct e d ” distri b uti o n, b ut fi n d t h at it o v er all
cl os el y  m at c h es t h e dir e ctl y o bs er v e d o n e. Si n c e t h e c orr e cti o n
is s m all, a n d si n c e it  w as n ot a p pli e d f or ot h er tr a nsi e nts t o
w hi c h  w e c o m p ar e o ur S L S N s a m pl e,  w e d o n ot us e it i n o ur
a n al ysis t o pr e v e nt i ntr o d u ci n g a d diti o n al bi as i n c o m p aris o n t o
pr e vi o us  w or ks.

4. 2.  G al a x y Siz es

T o c o m p ar e t h e pr oj e ct e d offs ets, b ot h f or t h e S L S N s a m pl e
its elf a n d i n c o m p aris o n t o ot h er tr a nsi e nts, i n a  m or e  m e a ni n gf ul
w a y,  w e n e e d t o n or m ali z e e a c h offs et b y t h e si z e of t h e h ost
g al a x y, i. e., R n or m . W e us e R 5 0 , t h e cir c ul ar r a di us c o nt ai ni n g h alf
of t h e g al a x y li g ht, t o n or m ali z e t h e offs ets.  W e s h o w t h e
distri b uti o n of R 5 0 f or S L S N e i n Fi g ur e 4 . W e fi n d a  m e di a n
v al u e of 0. 7 6 k p c, a n d a n o v er all r a n g e of ≈ 0. 1 – 8. 6 k p c.  W e als o
s h o w t h e R 5 0 distri b uti o n f or  L G R Bs (B 1 6 ),  w hi c h h as a  m e di a n
of 1. 8 k p c a n d a r a n g e of 0. 4 – 5. 9 k p c.  T h us, S L S N h osts ar e o n
a v er a g e a b o ut a f a ct or of 2. 4 ti m es s m all er t h a n e v e n t h e o v er all
c o m p a ct h ost g al a xi es of  L G R Bs.

T h e  K S a n d  A D t ests b et w e e n t h e S L S N a n d  L G R B R 5 0

distri b uti o ns yi el d p - v al u es of 4. 1 × 1 0 − 9 a n d 3. 2 × 1 0 − 1 1 ,
r es p e cti v el y, cl e arl y i n di c ati n g t h at t h e t w o distri b uti o ns ar e n ot
dr a w n fr o m t h e s a m e u n d erl yi n g p o p ul ati o n.  W e o nl y c o m p ar e
t h e R 5 0 distri b uti o n t o  L G R Bs, as t h e v al u es  w er e n ot r e p ort e d
f or S N e I b/ c a n d S N e II i n  K ell y  &  Kirs h n er (2 0 1 2 ).

4. 3.  H ost- n or m aliz e d  Offs ets

I n Fi g ur e 5 w e pl ot t h e c u m ul ati v e distri b uti o n of h ost-
n or m ali z e d offs ets (R n or m ).  T h e distri b uti o n h as a  m e di a n v al u e
of ≈ 1. 0 6, a n d s p a ns a r a n g e of ≈ 0. 0 9 – 5. 2 8 (wit h a b o ut t hr e e-
q u art ers of t h e S L S N e h a vi n g R n or m  2 ).  T h e s h a d e d r e gi o n i n
Fi g ur e 5 s h o ws t h e r es ults of o ur  M o nt e  C arl o si m ul ati o n
t a ki n g i nt o a c c o u nt t h e u n c ert ai nti es o n t h e i n di vi d u al
m e as ur e m e nts, as d es cri b e d i n S e cti o n 4. 1 .  T h e  m e di a n of

Fi g u r e 3. C u m ul ati v e distri b uti o n of pr oj e ct e d p h ysi c al offs ets f or 6 5 S L S N e fr o m t his  w or k (r e d).  Als o s h o w n ar e t h e distri b uti o ns f or  L G R Bs (bl u e; B 1 6 ) a n d S N e
I b/ c (c y a n ) a n d II (gr e e n ) fr o m Pri et o et al. (2 0 0 8 ).  T h e r e d s h a d e d r e gi o n s h o ws t h e r es ults of o ur  M o nt e  C arl o si m ul ati o n usi n g t h e ass o ci at e d u n c ert ai nti es as a 2 D
hist o gr a m.  T h e arr o ws at t h e b ott o m d e n ot e t h e  m e di a n of e a c h distri b uti o n.  T h e d as h e d r e d li n e i n cl u d es a c orr e cti o n f a ct or t o a c c o u nt f or t h e p ositi v e- d e fi nit e n at ur e
of t h e offs ets (s e e  A p p e n di x B f or d et ails).
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t h e distri b uti o n of  m e di a ns is 1. 1 7  wit h a 9 0 % c o nfi d e n c e
i nt er v al of 1. 0 1– 1. 3 5.

O v er all, t h e distri b uti o n is r e mi nis c e nt of a n e x p o n e nti al dis k
pr o fi l e, t h e e x p e ct e d s urf a c e bri g ht n ess pr ofi l e of st ar-f or mi n g
dis k g al a xi es, alt h o u g h t h e S L S N distri b uti o n is br o a d er,
es p e ci all y at l ar g e offs ets.  T h e  K S a n d  A D t ests c o m p ari n g t h e
S L S N a n d e x p o n e nti al dis k distri b uti o ns yi el d p - v al u es of 0. 3 4
a n d 0. 1 7, r es p e cti v el y, i n di c ati n g t h at t h e o bs er v e d S L S N
distri b uti o n is c o nsist e nt  wit h a s m o ot h e x p o n e nti al dis k
distri b uti o n.  Usi n g t h e  M o nt e  C arl o r a n g e of c u m ul ati v e
distri b uti o ns,  w e fi n d t h at a b o ut 5 4 % a n d 1 4 % yi el d  K S a n d
A D p - v al u es of  0. 0 5, r es p e cti v el y.

W e als o c o m p ar e t h e S L S N h ost- n or m ali z e d offs et distri b u-
ti o n t o t h e distri b uti o ns f or  L G R Bs (B 1 6 ) a n d S N e I b / c a n d II
(K ell y  &  Kirs h n er 2 0 1 2 ).  T h e  L G R B a n d S N e I b/ c distri b u-
ti o ns h a v e s m all er  m e di a ns b y a b o ut a f a ct or of 2 a n d 1. 4,
r es p e cti v el y,  w hil e t h e S N e II distri b uti o n h as a c o m p ar a bl e
m e di a n v al u e.  T h e  K S t ests c o m p ari n g t h e S L S N distri b uti o n t o
t h e t hr e e p o p ul ati o ns yi el d p - v al u es of 4. 1 × 1 0 − 3 (L G R Bs ),
1. 1 × 1 0 − 3 (S N e I b / c ), a n d 2. 1 × 1 0 − 2 (S N e II ),  w hil e t h e  A D
t ests yi el d p - v al u es 1. 2 × 1 0 − 3 (L G R Bs ), 2. 4 × 1 0 − 4 (S N e I b /
c ), a n d 1. 6 × 1 0 − 2 (S N e II ).  T his i n di c at es t h at t h e S L S N h ost-
n or m ali z e d offs et distri b uti o n is disti n ct fr o m t h os e of  L G R Bs
a n d  C C S N e, s p e ci fi c all y e xt e n di n g t o l ar g er offs ets.

T o h el p vis u ali z e t h e c o m p aris o n b et w e e n t h e S L S N e a n d
ot h er tr a nsi e nts, a n d e a c h  wit h t h e e x p o n e nti al dis k, i n Fi g ur e 6
w e pl ot t h e diff er e n c e b et w e e n e a c h c u m ul ati v e distri b uti o n
a n d t h e e x p o n e nti al dis k distri b uti o n.  T h e r es ults ill ustr at e t h at
n o n e of t h es e tr a nsi e nt p o p ul ati o ns stri ctl y f oll o w a n
e x p o n e nti al dis k pr o fi l e.  W hil e t h e S L S N e ar e o v er all
c o nsist e nt  wit h a n e x p o n e nti al dis k pr o fi l e, t h e y diff er fr o m
t h e ot h er tr a nsi e nt p o p ul ati o ns si g nifi c a ntl y i n t h e  w a y t h e y
d e vi at e fr o m t h e e x p o n e nti al dis k distri b uti o n. S p e ci fi c all y,  w e
fi n d t h at t h e  m ai n d e vi ati o n f or t h e S L S N e is a n o v er a b u n d a n c e
of l ar g e n or m ali z e d offs ets, R n or m ≈ 1. 5 – 4,  w hil e f or t h e
L G R Bs t h er e is a n o v er a b u n d a n c e of s m all offs ets, R n or m ≈
0. 2 – 1; f or t h e S N e I b / c a n d II t h er e is a n o v er a b u n d a n c e at
R n or m ≈ 1.

4. 4.  Fr a cti o n al  Fl u x  Distri b uti o n

I n Fi g ur e 7 w e s h o w t h e c u m ul ati v e distri b uti o n of fr a cti o n al
fl u x f or 6 3 S L S N h ost g al a xi es. 1 4 Als o s h o w n is a di a g o n al 1: 1
li n e  w hi c h  m ar ks t h e e x p e ct ati o n of a p o p ul ati o n of s o ur c es
t h at li n e arl y tr a c ks t h e u n d erl yi n g li g ht distri b uti o n of t h eir h ost
g al a xi es.  R e m ar k a bl y, t h e S L S N s a m pl e e x hi bits a hi g h
fr a cti o n of e v e nts (∼ 0. 4 ) wit h a fr a cti o n al fl u x v al u e of 0,
a n d h as a l o w  m e di a n v al u e of ≈ 0. 1 6.  T h us, t h e l o c ati o ns of
S L S N e a p p e ar t o b e si g ni fi c a ntl y s k e w e d t o di m m er t h a n
a v er a g e  U V r e gi o ns of t h eir h ost g al a xi es.  W e als o s h o w t h e
r es ulti n g 2 D pr o b a bilit y d e nsit y usi n g t h e  M o nt e  C arl o
pr o c e d ur e d es cri b e d i n S e cti o n 3. 3 ;  w e still fi n d t h at all
1 0, 0 0 0 dr a ws h a v e a s u bst a nti al fr a cti o n of -

+0 . 3 7 0. 0 8
0. 0 6 (9 0 %

c o n fi d e n c e i nt er v al ) of t h e p o p ul ati o n  wit h fr a cti o n al fl u x
v al u es of 0.  W e n ot e t h at o ur distri b uti o n is i n t e nsi o n  wit h t h e
s m all er s a m pl e i n L 1 5 ,  wit h  K S a n d  A D t est p - v al u es of
1. 3 × 1 0 − 2 a n d 3. 8 × 1 0 − 4 , r es p e cti v el y.  O nl y ∼ 1 5 % of o ur
M o nt e  C arl o si m ul ati o ns h a v e a  K S t est p - v al u e � 0. 0 5,  w hil e
n o n e h as a n  A D t est p - v al u e � 0. 0 5.

T h e r es ults f or t h e S L S N e ar e als o r e m ar k a bl e i n c o m p aris o n
t o t h e distri b uti o ns f or  L G R Bs (B 1 6 ),  C C S N e (S v e nss o n et al.
2 0 1 0 ), a n d S N e I b/ c a n d II as s e p ar at e p o p ul ati o ns (K ell y et al.
2 0 0 8 ).  All of t h es e ot h er p o p ul ati o ns eit h er r o u g hl y tr a c k t h e 1: 1
li n e, or ar e s k e w e d t o bri g ht er t h a n a v er a g e r e gi o ns of t h eir h osts,
wit h  m e di a n v al u es of a b o ut 0. 8 (L G R Bs ), 0. 6 5 (S N e I b / c ), 0. 6
(C C S N e ), a n d 0. 4 5 (S N e II ); n o n e of t h e c o m p aris o n p o p ul ati o ns
e x hi bit a n o v er a b u n d a n c e of e v e nts  wit h fr a cti o n al fl u x v al u es
of z er o. F or m all y, t h e  K S t ests b et w e e n t h e S L S N distri b uti o n
a n d t h e ot h er distri b uti o ns yi el d p - v al u es of 1. 8 × 1 0 − 6

(L G R Bs ), 4. 6 × 1 0 − 5 (C C S N e ), 5. 6 × 1 0 − 6 (S N e I b / c ), a n d
5 × 1 0 − 6 (S N e II ), r es p e cti v el y.  T h e  A D t ests yi el d p - v al u es of
1. 4 × 1 0 − 1 0 (L G R Bs ), 2. 1 × 1 0 − 6 (C C S N e ), 5. 2 × 1 0 − 8 (S N e
I b/ c ), a n d 1. 2 × 1 0 − 7 (S N e II ), r es p e cti v el y.  N o n e of o ur  M o nt e
C arl o si m ul ati o ns h a v e a p - v al u e � 0. 0 5 f or eit h er t est b et w e e n
t h e S L S N e a n d t h e ot h er p o p ul ati o ns.

T h e o v er all l o w fr a cti o n al fl u x v al u es of t h e S L S N e
c o m p ar e d t o t h e ot h er tr a nsi e nts c a n  m ost li k el y b e attri b ut e d
t o t h e e v ol uti o n of t h eir pr o g e nit or s yst e ms,  w hi c h  w e dis c uss
i n S e cti o n 5. 3 .  H o w e v er, t h er e  m a y b e ot h er f a ct ors at pl a y t h at
c o ul d i n fl u e n c e t h e n u m b er of e v e nts  wit h fr a cti o n al fl u x v al u es
of z er o a n d p ossi bl y c o m pli c at e t h e c o m p aris o n.  M ost n ot a bl y,
t h e d e pt hs of o ur i m a g es c o ul d pr e v e nt d et e cti o n of t h e l o w
s urf a c e bri g ht n ess r e gi o ns of t h e h ost g al a xi es.  T h es e eff e cts
ar e li k el y n e gli gi bl e, si n c e a d diti o n al c o ntri b uti o ns fr o m f ai nt
pi x els  will n ot dr asti c all y i n cr e as e i n di vi d u al fr a cti o n al fl u x
v al u es, a n d t h e r el ati v e p ositi o ns b et w e e n s a m pl es ar e t h e
cr u ci al as p e ct  w h e n c arr yi n g o ut t h e fr a cti o n al fl u x c o m p aris o n.
I n t his v ei n, Fr u c ht er et al. (2 0 0 6 ) e x p eri m e nt e d b y arti fi ci all y
i n cr e asi n g t h e n ois e l e v els i n t h eir i m a g es a n d t h e d et e cti o n
t hr es h ol d f or d et er mi ni n g g al a x y pi x els.  B ot h of t h es e
pr o c e d ur es l e d t o  m or e l oss of f ai nt g al a x y str u ct ur es, b ut
h a d  mi ni m al eff e cts o n t h e o v er all distri b uti o n f or t h eir
s a m pl es.  B y c arr yi n g o ut a si mil ar e x p eri m e nt,  w e als o r e a c h
t h e s a m e c o n cl usi o n.  W e als o n ot e t h at t h e t y pi c al d e pt h
a c hi e v e d i n t h e  H S T i m a g es f or t h e S L S N a n d  L G R B s a m pl es
(w hi c h  w o ul d b e  m ost aff e ct e d b y i m a g e d e pt h d u e t o t h eir
wi d e r e ds hift r a n g es ) ar e c o m p ar a bl e.  Gi v e n t h e si mil arit y
b et w e e n t h e h ost g al a xi es of S L S N e a n d  L G R Bs (c o m p a ct

Fi g u r e 4. C u m ul ati v e distri b uti o n of h ost g al a x y h alf-li g ht r a dii (R 5 0 ) f or o ur
S L S N s a m pl e (r e d) a n d  L G R Bs (bl u e; B 1 6 ).  T h e S L S N h ost g al a xi es h a v e a
m e di a n si z e of 〈R 5 0 〉 ≈ 0. 7 6 k p c, a b o ut a f a ct or of 2. 4 ti m es s m all er t h a n t h e
L G B R h ost g al a xi es.  W e n ot e t h at t h e R 5 0 distri b uti o ns f or S N e I b / c a n d S N e
II  w er e n ot r e p ort e d i n pr e vi o us st u di es.

1 4
W e e x cl u d e S N 2 0 1 5 b n a n d S N 2 0 1 6i nl f or  w hi c h a  m e as ur e m e nt of t h e

fr a cti o n al fl u x is n ot p ossi bl e d u e t o t h e pr es e n c e of S N e missi o n i n t h e  H S T
i m a g es.
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d w arf g al a xi es ), t h e f a ct t h at t h e fr a cti o n al fl u x v al u es of
L G R Bs d o n ot e x hi bit si g ni fi c a nt d e pt h-r el at e d eff e cts o nl y
i nstills  m or e c o nfi d e n c e i n o ur c o m p aris o ns.

A n ot h er p ot e nti al bi as aris es d u e t o t h e r a n g e of s p ati al
r es ol uti o ns c a pt ur e d b y t h e S L S N s a m pl e.  M or e dist a nt e v e nts
h a v e d e cr e as e d s p ati al r es ol uti o ns, c a usi n g bl e n di n g of g al a x y
str u ct ur es.  T his  m a y s k e w t h e fr a cti o n al fl u x t o hi g h er or l o w er
v al u es f or hi g h er-r e ds hift e v e nts.  H o w e v er, o ur  M o nt e  C arl o
pr o c e d ur e t a k es i nt o a c c o u nt t h e p ositi o n al u n c ert ai nti es of t h e
S N l o c ati o ns,  w hi c h li k el y d o mi n at e o v er a n y r es ol uti o n eff e ct.
I n a d diti o n, t h e  L G R B s a m pl e i n B 1 6 t h at s p a ns a n e v e n
br o a d er r e ds hift r a n g e d o es n ot s h o w a n y r e ds hift tr e n ds,  w hi c h
i n di c at es t h at i n pr a cti c e r es ol uti o n d o es n ot si g nifi c a ntl y aff e ct
t h e fr a cti o n al fl u x.  W e t h er ef or e r ul e o ut a n y si g ni fi c a nt
o bs er v ati o n al eff e cts o n t h e fr a cti o n al fl u x distri b uti o ns a n d t h e
p ossi bilit y t h at S L S N e ar e dr a w n fr o m t h e s a m e p o p ul ati o n as
ot h er tr a nsi e nts i n t er ms of t h eir ass o ci ati o n  wit h t h e  U V li g ht
of t h eir h ost g al a xi es.

4. 5.  Fr a cti o n al  Fl u x – Offs et  R el ati o ns hi p

I n Fi g ur e 8 w e pl ot fr a cti o n al fl u x v al u es v ers us h ost-
n or m ali z e d offs ets f or t h e S L S N e i n o ur s a m pl e,  L G R Bs (B 1 6 ),
a n d S N e I b / c a n d II (fr a cti o n al fl u x es:  K ell y et al. 2 0 0 8 ;
n or m ali z e d offs ets:  K ell y  &  Kirs h n er 2 0 1 2 ).  W e als o s h o w t h e
r el ati o n b et w e e n fr a cti o n al fl u x a n d n or m ali z e d offs et f or a n
e x p o n e nti al dis k distri b uti o n, d et er mi n e d b y i nt e gr ati n g t h e
e x p o n e nti al dis k pr o fi l e at e a c h n or m ali z e d offs et v al u e.  W e
c al c ul at e t h e S p e ar m a n ’s r a n k c orr el ati o n c o ef fi ci e nts (ρ ;
S p e ar m a n 1 9 0 4 ) t o q u a ntif y t h e str e n gt h of c orr el ati o n b et w e e n
t h e fr a cti o n al fl u x a n d n or m ali z e d offs et, as  w ell as its
ass o ci at e d 1 σ b o u n d u n c ert ai nt y usi n g t h e  m et h o d d es cri b e d
i n  C urr a n (2 0 1 4 ). W e fi n d a cl e ar n e g ati v e c orr el ati o n b et w e e n
fr a cti o n al fl u x a n d n or m ali z e d offs et f or S L S N e,  wit h
ρ ≈ − 0. 7 7, s u c h t h at s o ur c es  wit h s m all er offs ets h a v e hi g h
fr a cti o n al fl u x v al u es.  W e fi n d si mil ar n e g ati v e c orr el ati o ns f or
t h e ot h er p o p ul ati o ns (ρ ≈ − 0. 7 5 f or  L G R Bs, ρ ≈ − 0. 7 0 f or

Fi g u r e 5. C u m ul ati v e distri b uti o n of h ost- n or m ali z e d offs ets f or 6 5 S L S N e fr o m t his  w or k (r e d).  Als o s h o w n ar e t h e distri b uti o ns f or  L G R Bs (bl u e; B 1 6 ) a n d S N e
I b/ c (c y a n ) a n d II (gr e e n ) S N e fr o m  K ell y  &  Kirs h n er (2 0 1 2 ).  W e als o pl ot t h e distri b uti o n e x p e ct e d f or a n e x p o n e nti al dis k pr ofi l e (p ur pl e ).  T h e r e d s h a d e d r e gi o n
s h o ws t h e r es ults of o ur  M o nt e  C arl o si m ul ati o n usi n g t h e ass o ci at e d u n c ert ai nti es as a 2 D hist o gr a m.  T h e arr o ws at t h e b ott o m d e n ot e t h e  m e di a n of e a c h distri b uti o n.
T h e d as h e d r e d li n e i n cl u d es a c orr e cti o n f a ct or t o a c c o u nt f or t h e p ositi v e- d e fi nit e n at ur e of t h e offs ets (s e e  A p p e n di x B f or d et ails).

Fi g u r e 6. T h e diff er e n c es b et w e e n t h e c u m ul ati v e h ost- n or m ali z e d offs et distri b uti o ns of o ur S L S N s a m pl e (r e d),  L G R Bs (bl u e ), S N e I b/ c (c y a n ), a n d S N e II (gr e e n )
S N e a n d t h e c u m ul ati v e distri b uti o n f or a n e x p o n e nti al dis k pr o fi l e.  W e fi n d a n o v er a b u n d a n c e of S L S N e at R n or m  1. 5, c o m p ar e d t o a n o v er a b u n d a n c e of  L G R Bs at
R n or m ≈ 0. 2 – 1 a n d a n S N e I b / c a n d II o v er a b u n d a n c e at R n or m ≈ 1.
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S N e I b / c, a n d ρ ≈ − 0. 7 6 f or S N e II ).  T h us, all p o p ul ati o ns
f oll o w a si mil ar tr e n d,  w hi c h o v erl a ps  w ell  wit h t h e
e x p o n e nti al dis k pr o fi l e.  T his tr e n d is n ot s ur prisi n g gi v e n t h at
t h e c e ntr al r e gi o ns of g al a xi es ar e bri g ht er.

H o w e v er,  w h at d o es st a n d o ut i n t h e S L S N p o p ul ati o n
c o m p ar e d t o t h e ot h er tr a nsi e nts (a n d t o a n e x p o n e nti al dis k ) is
t h e u n us u all y l ar g e fr a cti o n of s o ur c es  wit h fr a cti o n al fl u x
v al u es of z er o a n d n or m ali z e d offs ets of  1.  T h es e c a n cl e arl y
b e s e e n al o n g t h e b ott o m of Fi g ur e 8 .  T o ill ustr at e t his p oi nt
f urt h er, i n Fi g ur e 9 w e pl ot t h e c u m ul ati v e fr a cti o n al fl u x
distri b uti o ns f or t h e S L S N e a n d t h e ot h er tr a nsi e nts, s e p ar at e d

i nt o s u b p o p ul ati o ns  wit h R n or m � 1 a n d R n or m > 1.  W e fi n d t h at
S L S N e  wit h R n or m � 1 o v er all f oll o w t h e 1: 1 li n e e x p e ct e d f or
s o ur c es t h at li n e arl y tr a c k t h e  U V li g ht distri b uti o n of t h eir
h osts.  H o w e v er, e v e n  wit hi n t his s u b p o p ul ati o n t h e S L S N e ar e
s o m e w h at  m or e s k e w e d t o l o w er fr a cti o n al v al u es c o m p ar e d t o
L G R Bs a n d S N e I b / c a n d II.  O n t h e ot h er h a n d, of t h e S L S N e
wit h R n or m > 1 a b o ut t w o-t hir ds h a v e fr a cti o n al fl u x v al u es of
z er o,  w hil e i n t h e ot h er p o p ul ati o ns t h e fr a cti o n of s u c h e v e nts
is  0. 1 5.

5.  Dis c ussi o n

T h e distri b uti o ns of offs ets, fr a cti o n al fl u x es, a n d h ost g al a x y
si z es pr es e nt e d i n S e cti o n 4 pr o vi d e t h e  m ost i n- d e pt h a n al ysis
of t h e l o c ati o ns a n d l o c al e n vir o n m e nts of S L S N e t o d at e. I n
t his s e cti o n  w e e x pl or e  w h et h er t h e l o c ati o ns of S L S N e a n d
t h eir h ost si z es e x hi bit tr e n ds  wit h r e ds hift, as  w ell as a n y
c orr el ati o ns  wit h t h e i nf err e d pr o p erti es of t h eir  m a g n et ar
e n gi n es as d et er mi n e d fr o m  m o d eli n g of t h e o pti c al li g ht
c ur v es.  W e f urt h er e x pl or e i m pli c ati o ns of o ur r es ults f or S L S N
pr o g e nit ors.  T h e S p e ar m a n ’s c orr el ati o n c o ef fi ci e nts ar e
s u m m ari z e d i n  T a bl e 5 .

5. 1. Tr e n ds  wit h  R e ds hift

I n Fi g ur e 1 0 w e pl ot t h e p h ysi c al a n d h ost- n or m ali z e d offs ets,
fr a cti o n al fl u x es, a n d h ost g al a x y h alf-li g ht r a dii as f u n cti o ns of
S L S N r e ds hift.  N o o b vi o us c orr el ati o n is s e e n b et w e e n offs et a n d
r e ds hift,  wit h r = -

+0. 2 8 0. 1 2
0. 1 2 a n d r = - -

+0. 0 2 0. 1 2
0. 1 3 f or t h e p h ysi c al

a n d h ost- n or m ali z e d offs ets, r es p e cti v el y. Si mil arl y, n o o b vi o us
tr e n d is s e e n b et w e e n fr a cti o n al fl u x a n d r e ds hift,  wit h
r = -

+0. 1 3 0. 1 4
0. 1 3 .  H o w e v er,  w e fi n d t h at n e arl y all S L S N e  wit h

l o w fr a cti o n al fl u x v al u es of  0. 2 ar e pr ef er e nti all y l o c at e d at
l o w r e ds hifts, z  0. 5. Fi n all y,  w e d o fi n d a  mil d c orr el ati o n
b et w e e n h ost g al a x y h alf-li g ht r a dii a n d r e ds hift,  wit h
r = -

+0. 4 9 0. 1 0
0. 0 9 , pr e d o mi n a ntl y d u e t o t h e pr e v al e n c e of c o m p a ct

h osts  wit h R 5 0  0. 2 5 k p c at z  0. 2 5.
T o dis c er n p ar a m et er tr e n ds  wit h r e ds hift f urt h er, i n

Fi g ur e 1 1 w e pr es e nt c u m ul ati v e hist o gr a ms s plit i nt o t w o

Fi g u r e 7. C u m ul ati v e distri b uti o ns of fr a cti o n al fl u x f or o ur s a m pl e of 6 3 S L S N e (r e d; t his e x cl u d es S N 2 0 1 5 b n a n d S N 2 0 1 6i nl).  Als o s h o w n ar e t h e distri b uti o ns f or
L G R Bs (bl u e; B 1 6 ),  C C S N e (br o w n; S v e nss o n et al. 2 0 1 0 ), a n d S N e I b/ c (c y a n ) a n d II (gr e e n ) fr o m  K ell y et al. (2 0 0 8 ).  T h e r e d s h a d e d r e gi o n i n di c at es t h e 1σ
u n c ert ai nt y r e gi o n fr o m o ur  M o nt e  C arl o pr o c e d ur e (S e cti o n 4. 4 ).  T h e di a g o n al d as h e d li n e  m ar ks t h e e x p e ct e d fr a cti o n al fl u x distri b uti o n f or a p o p ul ati o n t h at
u nif or ml y tr a c es t h e u n d erl yi n g li g ht of t h eir h ost g al a xi es.  T h e arr o ws at t h e b ott o m d e n ot e t h e  m e di a ns of t h e v ari o us distri b uti o ns.

Fi g u r e 8. S c att er pl ots of fr a cti o n al fl u x vs. h ost- n or m ali z e d offs ets f or S L S N e
(r e d),  L G R Bs (bl u e ), S N e I b/ c (c y a n ), a n d S N e II (gr e e n ), a n d t h e pr e di ct e d
r el ati o ns hi p f or a tr a nsi e nt p o p ul ati o n t h at f oll o ws t h e e x p o n e nti al dis k  m o d el
e x a ctl y (p ur pl e ).  T o a v oi d cl utt er,  w e o mit s h o wi n g t h e ass o ci at e d u n c ert ai nti es
o n t h e fr a cti o n al fl u x a n d h ost- n or m ali z e d offs ets.  W e fi n d a str o n g c orr el ati o n
b et w e e n fr a cti o n al fl u x a n d h ost- n or m ali z e d offs et f or S L S N e,  wit h a  m e di a n
ρ ≈ − 0. 7 7 a n d l o w u n c ert ai nti es.
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r e ds hift bi ns at z = 0. 3 5 (l e a di n g t o a n ess e nti all y e q u al n u m b er
of 3 7 a n d 3 8 S L S N e p er bi n ). W e fi n d n o cl e ar diff er e n c e i n t h e
c u m ul ati v e distri b uti o ns of p h ysi c al offs ets (K S a n d  A D t est p -
v al u es of 0. 3 4 a n d 0. 1 8, r es p e cti v el y ) a n d h ost- n or m ali z e d
offs ets (K S a n d  A D t est p - v al u es of 0. 5 3 a n d 0. 7 9,
r es p e cti v el y). W e d o fi n d l o w er fr a cti o n al fl u x v al u es at
z � 0. 3 5 (d u e t o t h e pr e v al e n c e of s o ur c es  wit h fr a cti o n al fl u x
v al u es of z er o at l o w er r e ds hifts as n ot e d a b o v e ); h o w e v er, t h e
K S a n d  A D t ests yi el d p - v al u es of 0. 2 7 a n d 0. 1 2, r es p e cti v el y,
i n di c ati n g n o cl e ar st atisti c al diff er e n c e. I n t his c o nt e xt,
t h e dr asti c dis a gr e e m e nt i n fr a cti o n al fl u x distri b uti o ns
b et w e e n L 1 5 a n d o ur s a m pl e is li k el y d u e t o s m all n u m b er
st atisti cs a n d n ot r el at e d t o a n y r e ds hift eff e cts. Fi n all y, t h e
o nl y distri b uti o n t h at d o es e x hi bit a st atisti c all y si g ni fi c a nt
tr e n d is t h e h alf-li g ht r a di us,  wit h  K S a n d  A D t est p - v al u es of
1. 4 × 1 0 − 3 a n d 3. 5 × 1 0 − 4 , r es p e cti v el y, i n di c ati n g t h at l o w er-
r e ds hift S L S N h osts ar e s yst e m ati c all y  m or e c o m p a ct t h a n at
hi g h er r e ds hifts.

5. 2. Tr e n ds  wit h  M a g n et ar  E n gi n e  P ar a m et ers

T h e o pti c al li g ht c ur v es of S L S N e h a v e b e e n s u c c essf ull y
m o d el e d  wit h a  m a g n et ar s pi n- d o w n  m o d el (K as e n  &
Bil dst e n 2 0 1 0 ;  W o osl e y 2 0 1 0 ;  D ess art et al. 2 0 1 2 ;  M et z g er
et al. 2 0 1 5 ), i n p arti c ul ar usi n g M O S F i T 1 5 (G uill o c h o n et al.

2 0 1 8 ), a n o p e n-s o ur c e, P y t h o n - b as e d p a c k a g e t h at e m pl o ys a
M ar k o v  C h ai n  M o nt e  C arl o al g orit h m t o fi t a o n e- z o n e, gr a y-
o p a cit y a n al yti c al  m o d el t o  m ulti b a n d li g ht c ur v es (Ni c h oll
et al. 2 0 1 7 c ;  G uill o c h o n et al. 2 0 1 8 ).  H er e,  w e c o m p ar e offs et,
g al a x y si z e, a n d fr a cti o n al fl u x t o  m a g n et ar e n gi n e p ar a m et ers
t o dis c er n p ossi bl e c orr el ati o ns b et w e e n S L S N e n vir o n m e nts
a n d p o w er s o ur c e.  T o e ns ur e pr o p er c o m p aris o n  wit h a
c o nsist e nt  m o d el i m pl e m e nt ati o n,  w e us e t h e p ar a m et ers fr o m
G o m e z et al. (2 0 2 2 ).

T h e f o ur  m a g n et ar  m o d el p ar a m et ers  w e us e ar e t h e n e utr o n
st ar’s i niti al s pi n p eri o d (P ) a n d  m a g n eti c fi el d str e n gt h (B ), a n d
t h e ej e ct a  m ass (M ej ) a n d v el o cit y (v ej );  w e us e t h e l att er t w o t o
als o d et er mi n e t h e ki n eti c e n er g y ( )=E M v3 1 0ki n ej ej

2 of t h e
ej e ct a. I n a d diti o n,  w e als o c o m p ar e t o t h e o bs er v e d p e a k
l u mi n osit y (L p e a k ) a n d o bs er v e d t ot al r a di at e d e n er g y (E r a d). I n
Fi g ur e 1 2 w e pl ot t h e distri b uti o ns of t h es e s e v e n S L S N
p ar a m et ers as a f u n cti o n of p h ysi c al a n d n or m ali z e d offs ets,
fr a cti o n al fl u x, a n d h alf-li g ht r a di us.  Vis u al i ns p e cti o n d o es n ot
r e v e al a n y si g nifi c a nt c orr el ati o n b et w e e n a n y p air of
p ar a m et ers.  T h e str o n g est c orr el ati o n q u a nti fi e d b y t h e S p e ar-
m a n ’s r a n k c orr el ati o n c o ef fi ci e nt is b et w e e n h alf-li g ht r a di us
a n d ki n eti c e n er g y,  wit h a  m e di a n ρ ≈ 0. 3 1.  T h us,  w e fi n d n o
e vi d e n c e of c orr el ati o n b et w e e n S L S N l o c ati o ns a n d t h eir
m a g n et ar e n gi n e or e x pl osi o n pr o p erti es.

5. 3.  Pr o g e nit or I m pli c ati o ns

O ur k e y fi n di n g is t h at S L S N e ar e o n a v er a g e l o c at e d f urt h er
a w a y fr o m t h eir g al a cti c c e nt ers t h a n  L G R Bs a n d  C C S N e, a n d
u nli k e  L G R Bs a n d  C C S N e, a s u bst a nti al fr a cti o n of ∼ 4 0 % is
n ot str o n gl y c orr el at e d  wit h t h e u n d erl yi n g  U V e missi o n of
t h eir h osts.  T h e diff er e n c e r el ati v e t o  L G R Bs is p arti c ul arl y
i ntri g ui n g gi v e n t h at b ot h p o p ul ati o ns r e pr es e nt a r ar e  m o d e of
m assi v e-st ar d e at h ( 1 % of t h e o v er all  C C S N r at e ), a n d b ot h
ar e t h o u g ht t o b e p o w er e d b y c e ntr al e n gi n es t h at r e q uir e r a pi d
r ot ati o n (bl a c k h ol es i n  L G R Bs, a n d  m a g n et ars i n S L S N e ).  O ur
r es ults, h o w e v er, i n di c at e t h at t h e y aris e fr o m  m assi v e st ars t h at
r esi d e i n diff er e nt e n vir o n m e nts.

Si n c e a str o n g c orr el ati o n  wit h bri g ht  U V r e gi o ns, as is t h e
c as e f or  L G R Bs, c a n b e i nt er pr et e d as e vi d e n c e f or a
p arti c ul arl y y o u n g a n d  m assi v e pr o g e nit or p o p ul ati o n (e. g.,
Fr u c ht er et al. 2 0 0 6 ;  K ell y et al. 2 0 0 8 ;  A n d ers o n et al. 2 0 1 2 ),
t h e r es ults f or S L S N e  m a y b e e vi d e n c e f or l ess- m assi v e a n d

Fi g u r e 9. S a m e as Fi g ur e 7 , b ut  wit h t h e distri b uti o ns s e p ar at e d i nt o s o ur c es  wit h R n or m < 1 (s oli d ) a n d R n or m � 1 (d as h e d ).  T h e S L S N p o p ul ati o n e x hi bits t h e l o w est
fr a cti o n al fl u x v al u es i n b ot h s u bs ets of t h e p o p ul ati o n, b ut s o ur c es  wit h R n or m < 1 r o u g hl y tr a c k t h e u n d erl yi n g  U V li g ht.

T a bl e 5
S u m m ar y of S p e ar m a n ’s  R a n k  C orr el ati o n  C o ef fi ci e nts

P ar a m er R p h ys R n or m Fr a cti o n al Fl u x R 5 0

R e ds hift + -
+0. 2 8 0. 1 2

0. 1 2 - -
+0. 0 2 0. 1 2

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

0. 1 3 + -
+0. 4 9 0. 1 0

0. 0 9

Fr a cti o n al fl u x L - -
+0. 7 7 0. 0 5

0. 0 7 L L

P + -
+0. 1 6 0. 1 4

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

0. 1 3 - -
+0. 2 2 0. 1 2

0. 1 3 + -
+0. 0 9 0. 1 3

0. 1 3

B + -
+0. 2 2 0. 1 3

0. 1 2 + -
+0. 1 4 0. 1 2

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

0. 1 1 + -
+0. 1 1 0. 1 3

0. 1 3

M ej + -
+0. 2 4 0. 1 2

0. 1 1 - -
+0. 0 1 0. 1 4

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

0. 1 2 + -
+0. 2 4 0. 1 3

0. 1 2

v ej + -
+0. 1 6 0. 1 3

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

0. 1 2 + -
+0. 0 1 0. 1 3

0. 1 3 + -
+0. 2 6 0. 1 3

0. 1 2

E ki n + -
+0. 2 5 0. 1 4

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

0. 1 3 - -
+0. 1 1 0. 1 3

0. 1 3 + -
+0. 3 1 0. 1 2

0. 1 1

L p e a k - -
+0. 2 5 0. 1 5

0. 1 5 - -
+0. 1 6 0. 1 3

0. 1 3 - -
+0. 2 8 0. 1 3

0. 1 3 - -
+0. 1 3 0. 1 3

0. 1 4

E r a d - -
+0. 1 5 0. 1 3

0. 1 4 - -
+0. 1 3 0. 1 2

0. 1 2 - -
+0. 3 2 0. 1 3

0. 1 2 - -
+0. 0 4 0. 1 2

0. 1 3

1 5
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s o m e w h at ol d er pr o g e nit ors.  H o w e v er, t his a p p e ars t o b e i n
c o n fl i ct  wit h t h e i nf err e d pr e e x pl osi o n  m ass distri b uti o n of
S L S N e,  w hi c h p oi nts t o s yst e m ati c all y  m or e- m assi v e pr o g e ni-
t ors c o m p ar e d t o S N e I b/ c (a n d t h e s m all n u m b er of  L G R Bs
wit h i nf err e d pr o g e nit or  m ass es;  Bl a n c h ar d et al. 2 0 2 0 ).
Si mil arl y, v a n d e n  H e u v el  & P ort e gi es  Z w art (2 0 1 3 ) pr o p os e d
a d y n a mi c al f or m ati o n  m o d el i n y o u n g d e ns e st ar cl ust ers f or
S L S N e a n d  L G R Bs, i n  w hi c h S L S N e ar e t h e pr o d u ct of
m ulti pl e r u n a w a y c ollisi o ns, b ut o ur r es ults c ast d o u bt o n s u c h
a c o m m o n f or m ati o n p at h.

A p ossi bl e e x pl a n ati o n f or t h e s u bst a nti al fr a cti o n of S L S N e
o c c urri n g o utsi d e of  U V- bri g ht r e gi o ns is t h at t h eir pr o g e nit ors
aris e i n disr u pt e d bi n ar y s yst e ms, t h er e b y g ai ni n g a v el o cit y
ki c k.  As s h o w n i n Fi g ur es 6 , 8 , a n d 9 t h e d o mi n a nt
c o ntri b uti o n t o e v e nts at l o w fr a cti o n al fl u x is fr o m S L S N e at

offs ets of R n or m ∼ 1 – 4, or e q ui v al e ntl y R p h ys ∼ 0. 7 5 – 3 k p c.
Tr a v eli n g s u c h dist a n c es i n t h e pr o g e nit or ’s lif eti m e of
∼ 1 0  M yr r e q uir es v el o citi es of  1 0 2 k m s − 1 . S u c h hi g h
v el o citi es  m a y n ot b e u n e x p e ct e d i n  m o d els of r u n a w a y  m assi v e
st ars fr o m disr u pt e d bi n ar y s yst e ms, es p e ci all y f or a r ar e
p o p ul ati o n i n pr e d o mi n a ntl y l o w- m et alli cit y d w arf g al a xi es (e. g.,
El dri d g e et al. 2 0 1 1 ).  W hil e  m et alli cit y gr a di e nts i n S L S N h ost
g al a xi es c o ul d als o r e pr o d u c e t h e o bs er v e d offs et distri b uti o n,
w e n ot e t h at s u c h gr a di e nts ar e g e n er all y  w e a k i n n e ar b y d w arf
g al a xi es (e. g.,  W a n g et al. 2 0 1 9 ;  Gr ossi et al. 2 0 2 0 ).  T h er ef or e,
t h e r u n a w a y st ar s c e n ari o is a  m or e li k el y e x pl a n ati o n.

T h e S L S N r es ults ar e als o r e mi nis c e nt of t h e is ol at e d
l o c ati o ns of l u mi n o us bl u e v ari a bl es (L B Vs ) i n t h e  Mil k y  W a y
a n d  M a g ell a ni c  Cl o u ds (S mit h  &  T o m bl es o n 2 0 1 5 ), e x pl ai n e d
as p ossi bl e e vi d e n c e f or  L B V f or m ati o n as  m ass g ai n ers i n

Fi g u r e 1 0. P h ysi c al offs ets, h ost- n or m ali z e d offs ets, fr a cti o n al fl u x v al u es, a n d h ost h alf-li g ht r a dii pl ott e d as a f u n cti o n of r e ds hift. I n e a c h p a n el  w e als o list t h e
S p e ar m a n ’s r a n k c orr el ati o n c o ef fi ci e nt.  W e fi n d n o cl e ar c orr el ati o ns,  wit h t h e  m ost si g ni fi c a nt c orr el ati o n b ei n g t h e o n e b et w e e n h alf-li g ht r a di us a n d
r e ds hift (ρ ≈ 0. 4 9 ).
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bi n ar y s yst e ms,  w hi c h ar e s u bs e q u e ntl y disr u pt e d. S u c h a
s c e n ari o  w o ul d e x pl ai n b ot h t h e l ar g e fr a cti o n of S L S N e
o utsi d e of  U V- bri g ht r e gi o ns, a n d t h e hi g h er  m ass es of t h eir
pr o g e nit ors at t h e ti m e of e x pl osi o n c o m p ar e d t o S N e I b / c.  Of
c o urs e, st ars e x pl o di n g i n t h e  L B V p h as e,  wit h a n i nt a ct
m assi v e h y dr o g e n e n v el o p e, c a n n ot b e t h e dir e ct pr o g e nit ors of
S L S N e, b ut a n a n al o g o us pr o c ess i n v ol vi n g disr u pti o n of a
bi n ar y s yst e m aft er t h e pr o g e nit or ’s h y dr o g e n e n v el o p e  w as
stri p p e d  m a y b e r el e v a nt.

R e g ar dl ess of t h e e x a ct f or m ati o n p at h w a y of S L S N
pr o g e nit ors, t h e offs et a n d fr a cti o n al fl u x distri b uti o ns i n di c at e
t h at f a ct ors ot h er t h a n j ust pr o g e nit or  m ass a n d  m et alli cit y h a v e a
si g nifi c a nt i m p a ct o n t h eir f or m ati o n.  H o w e v er, t h e d et ails of t his
p at h w a y d o n ot s e e m t o i n fl u e n c e t h e e v e nt u al S N e x pl osi o n
its elf, as  w e d o n ot fi n d a n y o b vi o us c orr el ati o n b et w e e n t h e
S L S N l o c ati o ns a n d t h eir e x pl osi o n pr o p erti es.  T his s u g g ests t h at
t h e e x pl osi o n pr o p erti es ar e  m ai nl y g o v er n e d b y t h e st at e of t h e
pr o g e nit or pr e e x pl osi o n (e. g.,  m ass or a n g ul ar  m o m e nt u m ).

6.  C o n cl usi o ns

W e h a v e c arri e d o ut t h e  m ost c o m pr e h e nsi v e st u d y of t h e
l o c ati o ns of S L S N e  wit hi n t h eir h ost g al a xi es t o d at e usi n g

ar c hi v al  H S T d at a f or 6 5 S L S N e.  W e d et er mi n e b ot h t h e offs et
a n d fr a cti o n al fl u x distri b uti o ns f or t h e s a m pl e, a n d c o m p ar e
t h es e t o ot h er tr a nsi e nts  wit h  m assi v e-st ar pr o g e nit ors (L G R Bs
a n d  C C S N e ).  O ur k e y fi n di n gs ar e as f oll o ws.

1. S L S N h ost g al a xi es ar e  m or e c o m p a ct t h a n t h e h ost
g al a xi es of  L G R Bs (m e di a n of 0. 7 6 v ers us 1. 8 k p c,
r es p e cti v el y) at l ar g e st atisti c al si g ni fi c a n c e (K S t est
p - v al u e of 4. 1 × 1 0 − 9 ).

2.  T h e h ost- n or m ali z e d offs ets of S L S N e h a v e a  m e di a n of
1. 0 6 (i n u nits of R 5 0 ; 9 0 % c o nfi d e n c e i nt er v al of
1. 0 1 – 1. 3 5 fr o m a  M o nt e  C arl o si m ul ati o n ).  T h e distri b u-
ti o n o v er all tr a c es a n e x p o n e nti al dis k pr ofi l e, b ut  wit h a
si g ni fi c a nt o v er a b u n d a n c e of s o ur c es at R n or m  1. 5 n ot
s e e n i n t h e ot h er tr a nsi e nt p o p ul ati o ns.  T h e h ost- n or m al-
i z e d offs ets ar e s yst e m ati c all y l ar g er t h a n f or  L G R Bs a n d
C C S N e,  wit h t h e cl os est  m at c h b ei n g S N e II.

3.  T h e fr a cti o n al fl u x distri b uti o n of S L S N e h as a l o w
m e di a n v al u e of 0. 1 6,  wit h a 9 0 % c o n fi d e n c e i nt er v al of

-
+3 7 8

6 % of t h e s o ur c es b ei n g l o c at e d i n t h e di m m est  U V
r e gi o ns.  T his distri b uti o n is stri ki n gl y diff er e nt fr o m
t h os e of  L G R Bs (wit h a pr ef er e n c e f or bri g ht  U V r e gi o ns,
wit h a  m e di a n v al u e of a b o ut 0. 8 ) a n d  C C S N e.

Fi g u r e 1 1. C u m ul ati v e distri b uti o ns of p h ysi c al offs ets, h ost- n or m ali z e d offs ets, fr a cti o n al fl u x v al u es, a n d h ost h alf-li g ht r a dii bi n n e d i nt o t w o e q u al-si z e r e ds hift
r a n g es: z � 0. 3 5 (s oli d) a n d z > 0. 3 5 (d as h e d ). W e fi n d a st atisti c all y si g ni fi c a nt tr e n d i n h alf-li g ht r a di us, a n d a  mil d tr e n d i n fr a cti o n al fl u x.
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Fi g u r e 1 2. M a g n et ar  m o d el p ar a m et ers (P , B , M ej , v ej , a n d E ki n ), as  w ell as o bs er v e d p e a k l u mi n osit y (L p e a k ) a n d o bs er v e d t ot al r a di at e d e n er g y (E r a d), as a f u n cti o n of
p h ysi c al a n d h ost- n or m ali z e d offs ets, fr a cti o n al fl u x v al u es, a n d h ost h alf-li g ht r a dii.  T h e  m a g n et ar  m o d el p ar a m et ers ar e fr o m a u nif or m st u d y usi n g M O S F i T (G o m e z
et al. 2 0 2 2 ).  W e d o n ot fi n d a n y si g ni fi c a nt c orr el ati o n b et w e e n t h e S L S N p ar a m et ers a n d t h e S L S N e n vir o n m e nts.
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4.  T h e h ost- n or m ali z e d offs ets of S L S N e str o n gl y c orr el at e
wit h t h eir fr a cti o n al fl u x es, i n a si mil ar  m a n n er t o t h os e of
L G R Bs a n d  C C S N e; t h e  m ai n disti n cti o n is t h e o v er-
a b u n d a n c e of S L S N e  wit h fr a cti o n al fl u x v al u es of z er o
a n d n or m ali z e d offs ets of R n or m  1.  W e fi n d t h at S L S N e
wit h R n or m � 1 h a v e a fr a cti o n al fl u x distri b uti o n t h at
li n e arl y tr a c ks t h e u n d erl yi n g  U V li g ht of t h eir h osts, b ut
a b o ut 6 0 % of t h os e  wit h R n or m > 1 h a v e fr a cti o n al fl u x
v al u es of z er o, i n cl e ar disti n cti o n fr o m  L G R Bs a n d
C C S N e  wit h R n or m > 1.

5.  T h e p h ysi c al a n d n or m ali z e d offs ets, fr a cti o n al fl u x
v al u es, a n d h ost h alf-li g ht r a dii d o n ot s h o w st atisti c all y
si g ni fi c a nt tr e n ds  wit h r e ds hift.  W h e n bi n n e d i nt o l o w-
(z � 0. 3 5 ) a n d hi g h-r e ds hift (z > 0. 3 5 ) r a n g es, h o w e v er,
t h e h alf-li g ht r a di us distri b uti o ns ar e st atisti c all y diff er-
e nt,  wit h l o w er-r e ds hift S L S N h osts b ei n g s yst e m ati c all y
m or e c o m p a ct.

6.  T h er e is n o si g ni fi c a nt c orr el ati o n b et w e e n t h e l o c ati o ns
of S L S N e a n d t h eir e x pl osi o n a n d  m a g n et ar e n gi n e
p ar a m et ers.

7.  T h e s u bst a nti al diff er e n c e i n S L S N a n d  L G R B l o c ati o ns
i n di c at es t h at  w hil e b ot h ar e r ar e cl ass es of  C C S N e  m ost
li k el y p o w er e d b y c e ntr al e n gi n es, t h eir pr o g e nit ors
f oll o w diff er e nt f or m ati o n p at h w a ys.

8.  T h e l ar g e fr a cti o n of S L S N e o utsi d e of  U V- bri g ht r e gi o ns
m a y p oi nt t o pr o g e nit ors f or m e d as r u n a w a y st ars fr o m
disr u pt e d bi n ar y s yst e ms  wit h ki c k v el o citi es of
∼ 1 0 2 k m s − 1 .

Wit h t h e u p c o mi n g  V er a  C.  R u bi n  O bs er v at or y  L e g a c y
S ur v e y of S p a c e a n d  Ti m e,  w e e x p e ct a s u bst a nti al i n cr e as e i n
t h e S L S N dis c o v er y r at e, e xt e n di n g t o hi g h er r e ds hifts t h a n at
t h e pr es e nt (e. g.,  Vill ar et al. 2 0 1 8 ). St u di es of t his l ar g er S L S N
p o p ul ati o n  wit h  H S T a n d J W S T  will b e criti c al f or e x pl ori n g
r e ds hift tr e n ds, a n d p er h a ps s u btl e c orr el ati o ns b et w e e n S L S N

e n vir o n m e nts a n d t h eir e x pl osi o n pr o p erti es t h at c a n n ot b e
dis c er n e d i n t h e c urr e nt s a m pl e.

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

W e t h a n k J os h  Gri n dl a y,  D ai c hi  Hir a m ats u,  As hl e y  Vill ar,
a n d Ir wi n S h a pir o f or h el pf ul dis c ussi o ns a n d c o m m e nts.  W e
t h a n k  M ar k  H u b er f or pr o vi di n g i m a g es f or P S 1- M D S S L S N e,
C h arl ott e  A n g us f or pr o vi di n g i m a g es f or a s u bs et of  D E S
S L S N e, a n d  M att  Ni c h oll f or s u p pl yi n g g a l f i t m o d els f or
S N 2 0 1 5 b n.  T h e  B er g er  Ti m e  D o m ai n gr o u p at  H ar v ar d is
s u p p ort e d i n p art b y  N S F a n d  N A S A gr a nts, i n cl u di n g s u p p ort
b y t h e  N S F u n d er gr a nt  A S T- 2 1 0 8 5 3 1, as  w ell as b y t h e  N S F
u n d er  C o o p er ati v e  A gr e e m e nt P H Y- 2 0 1 9 7 8 6 (t h e  N S F  AI
I nstit ut e f or  Artifi ci al I nt elli g e n c e a n d F u n d a m e nt al I nt er a c-
ti o ns htt p: / / i afi . or g/ ). P. K. B. is s u p p ort e d b y a  CI E R A
P ost d o ct or al F ell o ws hi p. S. G. is s u p p ort e d b y a n S T S cI
P ost d o ct or al F ell o ws hi p.

T his r es e ar c h is b as e d i n p art o n o bs er v ati o ns  m a d e  wit h t h e
N A S A / E S A  H u b bl e S p a c e  T el es c o p e o bt ai n e d fr o m t h e S p a c e
T el es c o p e S ci e n c e I nstit ut e,  w hi c h is o p er at 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, I n c., u n d er  N A S A
c o ntr a ct  N A S 5- 2 6 5 5 5.  T h es e o bs er v ati o ns ar e ass o ci at e d  wit h
pr o gr a ms  G O- 9 5 0 0,  G O- 1 2 5 2 9,  G O- 1 2 7 8 6,  G O- 1 3 0 2 2,  G O-
1 3 0 2 5,  G O- 1 3 3 2 6,  G O- 1 3 8 5 8,  G O- 1 4 7 4 3,  G O- 1 5 1 4 0,  G O-
1 5 1 6 2,  G O- 1 5 3 0 3,  G O- 1 5 4 9 6,  G O- 1 6 2 3 9,  G O- 1 6 6 5 7, a n d  G O-
1 7 1 8 1.

T h e P a n- S T A R R S 1 S ur v e ys h a v e b e e n  m a d e p ossi bl e t hr o u g h
c o ntri b uti o ns of t h e I nstit ut e f or  Astr o n o m y, t h e  U ni v ersit y of
H a w aii, t h e P a n- S T A R R S Pr oj e ct  Of fi c e, t h e  M a x- Pl a n c k
S o ci et y a n d its p arti ci p ati n g i nstit ut es, t h e  M a x Pl a n c k I nstit ut e
f or  Astr o n o m y,  H ei d el b er g a n d t h e  M a x Pl a n c k I nstit ut e f or
E xtr at err estri al P h ysi cs,  G ar c hi n g,  T h e J o h ns  H o p ki ns  U ni v er-
sit y,  D ur h a m  U ni v ersit y, t h e  U ni v ersit y of  E di n b ur g h,  Q u e e n ’s
U ni v ersit y  B elf ast, t h e  H ar v ar d- S mit hs o ni a n  C e nt er f or  Astr o-
p h ysi cs, t h e  L as  C u m br es  O bs er v at or y  Gl o b al  T el es c o p e

Fi g u r e 1 2. (C o nti n u e d. )

2 0

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

http://iafi.org/


N et w or k I n c or p or at e d, t h e  N ati o n al  C e ntr al  U ni v ersit y of
T ai w a n, t h e S p a c e  T el es c o p e S ci e n c e I nstit ut e, t h e  N ati o n al
A er o n a uti cs a n d S p a c e  A d mi nistr ati o n u n d er gr a nt  N o.
N N X 0 8 A R 2 2 G iss u e d t hr o u g h t h e Pl a n et ar y S ci e n c e  Di visi o n
of t h e  N A S A S ci e n c e  Missi o n  Dir e ct or at e, 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 o.  A S T- 1 2 3 8 8 7 7, t h e  U ni v ersit y of
M ar yl a n d, a n d  E ot v os  L or a n d  U ni v ersit y (E L T E ).

T his r es e ar c h h as  m a d e us e of t h e  N A S A / I P A C I nfr ar e d
S ci e n c e  Ar c hi v e,  w hi c h is f u n d e d b y t h e  N ati o n al  A er o n a uti cs
a n d S p a c e  A d mi nistr ati o n a n d o p er at e d b y t h e  C alif or ni a
I nstit ut e of  T e c h n ol o g y.

T his r es e ar c h us es s er vi c es or d at a pr o vi d e d b y t h e  Astr o
D at a  L a b at  N S F ʼs  N OI R L a b.  N OI R L a b is o p er at 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 ), I n c. 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 hi s pr oj e ct u s e d p u bli c ar c hi v al d at a fr o m t h e  D ar k
E n er g y S ur v e y (D E S ) a s di stri b ut e d b y t h e  A str o  D at a
Ar c hi v e at  N S F ’s  N OI R L a b. F u n di n g f or t h e  D E S Pr oj e ct s
h a s 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 ni str 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 e s
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 n s at t h e  U ni v er sit y of Illi n oi s at
Ur b a n a- C h a m p ai g n, t h e  K a vli I n stit ut e f or  C o s m ol o gi c al
P h y si c s at t h e  U ni v er sit y of  C hi c a g o,  C e nt er f or  C o s m ol o g y
a n d  A str o- P arti cl e P h y si c s at t h e  O hi o St at e  U ni v er sit y, t h e
Mit c h ell I n stit ut e f or F u n d a m e nt al P h y si c s a n d  A str o n o m y at
T e x a s  A & M  U ni v er sit y, Fi n a n ci a d or a d e  E st u d o s e Pr oj et o s,
F u n d a ç ã o  C arl o s  C h a g a s Fil h o d e  A m p ar o à P e s q ui s a d o
E st a d o d o  Ri o d e J a n eir o,  C o n s el h o  N a ci o n al d e  D e s e n v ol vi-
m e nt o  Ci e ntí fi c o e  T e c n ol ó gi c o a n d t h e  Mi ni st 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 ut s c h e F or s c h u n g s g e-
m ei n s c h aft a n d t h e  C oll a b or ati n g I n stit uti o n s 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 n stit uti o n s 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 er sit y of  C alif or ni a at S a nt a
Cr u z, t h e  U ni v er sit y of  C a m bri d g e,  C e ntr o d e I n v e sti g a ci o n e s
E n ér g eti c a s, 2 2  M e di o a m bi e nt al e s y  T e c n ol ó gi c a s-  M a dri d,
t h e  U ni v er sit y of  C hi c a g o,  U ni v er sit y  C oll e g e  L o n d o n, t h e
D E S- Br a zil  C o n s orti u m, t h e  U ni v er sit y of  E di n b ur g h, t h e
Ei d g e n ö s si s c h e  T e c h ni s c h e  H o c h s 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 er sit y of Illi n oi s at
Ur b a n a- C h a m p ai g n, t h e I n stit ut d e  Ci è n ci e s d e l ’E s p ai
(I E E C/ C SI C ), t h e I n stit ut d e Fí si c a d’Alt e s  E n er gi e s,
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 x-
i mili a n s  U ni v er sit ät  M ü n c h e n a n d t h e a s s o ci at e d  E x c ell e n c e
Cl u st er  U ni v er s e, t h e  U ni v er sit y of  Mi c hi g a n, t h e  N S F ʼs

N OI R L a b, t h e  U ni v er sit y of  N otti n g h a m, t h e  O hi o St at e
U ni v er sit y, t h e  O z D E S  M e m b er s hi p  C o n s orti u m, t h e  U ni-
v er sit y of P e n n s yl v a ni a, t h e  U ni v er sit y of P ort s 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 er sit y, t h e
U ni v er sit y of S u s s e x, a n d  T e x a s  A & M  U ni v er sit y.

T h e  Li v er p o ol  T el es c o p e is o p er at e d o n t h e isl a n d of  L a
P al m a b y  Li v er p o ol J o h n  M o or es  U ni v ersit y i n t h e S p a nis h
O bs er v at ori o d el  R o q u e d e l os  M u c h a c h os of t h e I nstit ut o d e
Astr o fi si c a d e  C a n ari as  wit h fi n a n ci al s u p p ort fr o m t h e  U K
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.

B as e d i n p art o n o bs er v ati o ns o bt ai n e d at t h e i nt er n ati o n al
G e mi ni  O bs er v at or y, a pr o gr a m of  N S F ʼs  N OI R L a b,  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 o n b e h alf of t h e  G e mi ni
O bs er v at or y p art n ers hi p: t h e  N ati o n al S ci e n c e F o u n d ati o n
(U nit e d St at es ),  N ati o n al  R es e ar c h  C o u n cil (C a n a d a ),  A g e n ci a
N a ci o n al d e I n v esti g a ci ó n y  D es arr oll o (C hil e ),  Mi nist eri o d e
Ci e n ci a,  T e c n ol o gí a e I n n o v a ci ó n (Ar g e nti n a ),  Mi nist éri o d a
Ci ê n ci a,  T e c n ol o gi a, I n o v a ç õ es e  C o m u ni c a ç õ es (Br a zil ), a n d
K or e a  Astr o n o m y a n d S p a c e S ci e n c e I nstit ut e (R e p u bli c of
K or e a ).

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.
O bs er v ati o ns r e p ort e d h er e  w er e o bt ai n e d at t h e  M M T
O bs er v at or y, a j oi nt f a cilit y of t h e  U ni v ersit y of  Ari z o n a a n d
t h e S mit hs o ni a n I nstit uti o n.  T his  w or k h as  m a d e us e of d at a
fr o m t h e  E ur o p e a n S p a c e  A g e n c y (E S A ) missi o n  G ai a (htt ps: / /
w w w. c os m os. es a.i nt / g ai a ), pr o c ess e d b y t h e  G ai a  D at a Pr o c es-
si n g a n d  A n al ysis  C o ns orti u m (D P A C; htt ps: / / w w w. c os m os.
es a.i nt / w e b / g ai a / d p a c / c o ns orti u m ). F u n di n g f or t h e  D P A C
h as b e e n pr o vi d e d b y n ati o n al i nstit uti o ns, i n p arti c ul ar t h e
i nstit uti o ns p arti ci p ati n g i n t h e  G ai a  M ultil at er al  A gr e e m e nt.

F a ciliti es: Bl a n c o (D E C a m ),  G e mi ni: S o ut h (G M O S ),  H S T
(A C S,  W F C 3 ), i P T F,  M a g ell a n:  B a a d e (I M A C S),  M M T
(Bi n os p e c ), P S 1, P T F, a n d  Z T F.

S oft w ar e: Astr o Dri z zl e (G o n z a g a et al. 2 0 1 2 ),  Astr o p y
(Astr o p y  C oll a b or ati o n et al. 2 0 1 3 , 2 0 1 8 ),  M at pl otli b (H u n-
t er 2 0 0 7 ),  N u m P y (H arris et al. 2 0 2 0 ), P h ot utils (Br a dl e y et al.
2 0 2 2 ), p y m c c orr el ati o n (C urr a n 2 0 1 4 ; Pri v o n et al. 2 0 2 0 ),
P y Z O G Y (Z a c k a y et al. 2 0 1 6 ), a n d S ci p y (Virt a n e n et al.
2 0 2 0 ).

A p p e n di x  A
H ost  G al a x y  N o n d et e cti o ns

I n Fi g ur e 1 3 w e s h o w t h e  H S T i m a g es f or t h e 1 9 S L S N e
wit h o ut a d et e ct e d h ost g al a x y.
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Fi g u r e 1 3. H S T dri z zl e d i m a g es of 1 9 S L S N e  wit h a v ail a bl e S N i m a gi n g a n d s u c c essf ul astr o m etri c ali g n m e nt, b ut n o d et e ct e d h ost.  T h e i m a g es ar e c e nt er e d o n t h e
c e ntr oi d l o c ati o n of t h e S L S N e a n d ali g n e d  wit h n ort h u p a n d e ast t o t h e l eft. S oli d cir cl es i n di c ati n g t h e l o c ati o ns of t h e S L S N e,  wit h a r a di us c orr es p o n di n g t o 1 σ
u n c ert ai nt y.  R e d a n d bl u e cir cl es i n di c at e t h e p ositi o ns d et er mi n e d usi n g r el ati v e a n d a bs ol ut e astr o m etr y, r es p e cti v el y.
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A p p e n di x  B
Offs et  C o r r e cti o ns

Si n c e offs ets ar e a p ositi v e- d e fi nit e q u a ntit y, s o ur c es  wit h a
l ar g e offs et u n c ert ai nt y  m a y als o b e s yst e m ati c all y s k e w e d t o
l ar g er offs et v al u es. Si n c e t h e offs et u n c ert ai nt y σ R (s R p h y s

or
s R n or m

) is n ot a p h ysi c al pr o p ert y r el at e d t o t h e offs et R (R p h ys or
R n or m ) its elf, b ut r at h er is s ol el y d u e t o  m e as ur e m e nt
u n c ert ai nti es, t h er e s h o ul d b e n o c orr el ati o n b et w e e n R a n d
σ R . I n Fi g ur e 1 4 w e pl ot s R p h y s

v ers us R p h ys a n d s R n or m
v ers us

R n or m , a n d fi n d a  mil d c orr el ati o n,  w hi c h is s p e ci fi c all y d u e t o
t h e a p p ar e nt l a c k of s o ur c es  wit h l ar g e u n c ert ai nti es a n d s m all
offs ets; t his is e x a ctl y t h e s yst e m ati c eff e ct d es cri b e d a b o v e.

T o q u a ntif y t h e i m p a ct of t his eff e ct  w e e x p eri m e nt  wit h a
si m pl e pr o c e d ur e t o d et er mi n e a c orr e cti o n f a ct or f or e a c h h ost-
n or m ali z e d offs et v al u e, usi n g t h e e x p o n e nti al dis k distri b uti o n.
First,  w e dr a w 1 0 0, 0 0 0 r a n d o m offs et v al u es fr o m t h e
e x p o n e nti al dis k pr o fi l e a n d assi g n t o e a c h a n u n c ert ai nt y dr a w n
fr o m a l o g- u nif or m distri b uti o n s p a n ni n g –s = -1 0 1 0R

3
n or m

. T his
pr o vi d es a n i n p ut “ i ntri nsi c” p o p ul ati o n; s e e t h e l eft p a n el of

Fi g ur e 1 5 . S e c o n d,  w e r e c o nstr u ct a  Ri c e distri b uti o n f or e a c h
offs et- u n c ert ai nt y d at a p oi nt usi n g  E q u ati o n (2 ), a n d r a n d o ml y
dr a w a p oi nt fr o m t h e distri b uti o n.  T his “ s hift e d” p o p ul ati o n
(mi d dl e p a n el of Fi g ur e 1 5 ) is e m piri c all y e q ui v al e nt t o  w h at  w e
m e as ur e a n d r e p ort i n S e cti o n 4. 1 a n d S e cti o n 4. 3 . L astl y, w e
tr a c k t h e p e a k of t h e distri b uti o n at e a c h u n c ert ai nt y v al u e f or
b ot h t h e i ntri nsi c a n d s hift e d p o p ul ati o ns, a n d us e t h e r es ulti n g
r ati o t o d et er mi n e a  m e a n c orr e cti o n f a ct or as a f u n cti o n of s ;R n or m

s e e t h e ri g ht p a n el of Fi g ur e 1 5 .  T his c orr e cti o n f a ct or is  1 o nl y
at s 1R n or m

. Fi n all y,  w e a p pl y t his c orr e cti o n f a ct or t o t h e
o bs er v e d S L S N offs et distri b uti o ns, as s h o w n b y t h e d as h e d li n es
i n Fi g ur es 3 a n d 5 .  O v er all,  w e fi n d t h at t his c orr e cti o n is r at h er
mi ni m al a n d d o es n ot aff e ct t h e r es ults of o ur st u d y; t h e c orr e ct e d
R n or m distri b uti o n h as a sli g htl y l o w er  m e di a n of 0. 9 3 v ers us 1. 0 6
f or t h e  m e as ur e d distri b uti o n.  W e als o n ot e t h at n o n e of t h e ot h er
c o m p aris o n s a m pl es (L G R Bs a n d S N e ) h a v e b e e n s u bj e ct e d t o
t his a n al ysis s o it is li k el y t h at a c orr e cti o n  w o ul d s hift all
p o p ul ati o ns b y a c o m p ar a bl e a m o u nt.

Fi g u r e 1 4. L eft: p h ysi c al offs et u n c ert ai nt y (s R p h y s ) vs. p h ysi c al offs et (R p h ys ).  Ri g ht: h ost- n or m ali z e d offs et u n c ert ai nt y (s R n or m ) vs. h ost- n or m ali z e d offs et (R n or m ).  T h e
d as h e d li n e i n e a c h p a n el i n di c at es t h e 1: 1 li n e  w h er e t h e offs et is e q u al t o its u n c ert ai nt y.  T h e d e art h of s o ur c es  wit h s m all offs ets a n d l ar g e u n c ert ai nti es (t h e u p p er
l eft q u a dr a nt of e a c h p a n el) is d u e t o t h e p ositi v e- d efi nit e n at ur e of t h e offs et q u a ntit y.

Fi g u r e 1 5. L eft: 2 D pr o b a bilit y d e nsit y pl ot s h o wi n g t h e h ost- n or m ali z e d offs ets f or a p o p ul ati o n dr a w n fr o m a n e x p o n e nti al dis k pr o fi l e  wit h r a n d o ml y assi g n e d
u n c ert ai nti es.  T h e bl u e li n e  m ar ks t h e p e a k v al u e as a f u n cti o n of s R n or m . Pl ott e d i n r e d ar e t h e “ c orr e ct e d ” R n or m v al u es f or S L S N e.  Mi d dl e: 2 D pr o b a bilit y d e nsit y pl ot
s h o wi n g t h e h ost- n or m ali z e d offs ets aft er s a m pli n g  wit h t h e  Ri c e distri b uti o n.  T h e bl u e li n e  m ar ks t h e p e a k v al u e as a f u n cti o n of s ;R n or m t h e distri b uti o n is cl e arl y
s k e w e d t o l ar g er v al u es of R n or m at l ar g er s R n or m . Pl ott e d i n r e d ar e t h e  m e as ur e d v al u es f or S L S N e.  Ri g ht: t h e  m e a n c orr e cti o n f a ct or as a f u n cti o n of s R n or m i s
c al c ul at e d as t h e r ati o of t h e p e a ks (bl u e li n es ) b et w e e n t h e t w o p o p ul ati o ns.
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