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Introduction



● Inf rared ( IR)  surveys a l l ow us  t o  f i nd s t ar  c lusters c lose t o  t he  Galac tic cent er, l i ke  t he  
mass ive  Arches c luster (Nagata e t  a l .  1993,  1995)  and to  address t he  ques tion how 
close  t o  t he  cent er of  t he  Mi lky Way the  c lus ters can survive (Minniti e t  a l .  2021a) . 
However,  t he  near- IR c luster census i s  a l so subjected to  i ncompleteness , as  shown by 
Ivanov e t  a l .  (2005) , because t he  ext inction in  t he  i nner Mi lky Way can be  cons iderable 
even a t  t hese  wavelengths  (Kur tev e t  a l .  2008) .

● In  t hi s  work,  t hey pursue  two goal s , wi th cor responding improvements.  Fi r st,  t hey want  
t o  address,  a lbe it for  now in a  l im ited way,  t he  l ong-neglec ted ques tion of  how 
complete t he  exi s ting c lus ter ca t a logs are .

● Thei r  other a im  i s  t o  complete t he  Mi lky Way c lus t er census fur ther whi l e t aking 
advantage  of  t he  new and improved search a lgorithms , f i nding undi scovered and highly 
obscured c lus ters . To under line,  t he ir search i s  opt imized for  t he  det ection of  di s t ant 
and highly reddened c lusters – the  t ype  tha t  a re  l i kely t o  suf fer  t he  wors t 
i ncompleteness.

● Thei r  two goal s  are  i nt ertwined because t he  completeness analysis  r equires having a t  
hand a  r e l i able c lus ter de t ection tool .



Cluster search



● They have used the  GLIMPSE cat a log f rom Spi t zer Sci ence (2009) which combines  
GLIMPSE-I v2.0,  GLIMPSE-II v2.0,  and GIMPSE-3D.

● Order ing Points  To Ident ify t he  Clus t ering St ructure Clus tering a lgorithm (OPTICS; 
Ankers t e t  a l .  1999)  i s  a  dens ity-based c lus tering a lgorithm, a  fur ther development of  
Dens i ty-Based Spat ia l Clus tering of  Appl i cations  wi th Noi se (DBSCAN;  Es t er e t  a l .  
1996) .  The method a l l ows for  a  hi erarchy of  c lus ters and given the  nature of  t he  s t ar  
formation which t ends t o  occur  i n  s t ructures  of  di f f erent s i zes , f rom giant s t ar-forming 
regions t o  compact s t ar c lus ters  t hey cons ider  i t  important t o  preserve  t hi s hi erarchy.

Search method



● I t  proved unpractica l t o  run the  c lus ter search over  t he  ent i re  GLIMPSE footpr int,  
because  of  t he  memory and speed requirements t o  handle t he  ent i re ca t a log. Therefore , 
t hey f ragmented i t  i n to  1◦×1 ◦ t i l es for  eas i er da t a  handling.

● Next ,  t o  ensure good-quality  da t a t hey cons idered only GLIMPSE sources  wi th 
photometr ic er rors of  <0.2 mag in  both [3.6] and [4.5]  bands.  They a l so se t  an upper  
color  l imit of  [3 .6]−[4 .5]=4 mag,  because t he i r experiments i ndi ca ted tha t  t he  sur face  
dens i ty of  t hese sources i s  t ypi cally  t oo low to meet t he  minimum number of  c lus t er 
members  t ha t t hey require.

● Las t ,  t hey appl ied color  cr i teria as  a  proxy for  t he  r eddening and for  t he  di s tance t o  
i ndividual s t ars,  assuming the  r eddening and the  di s t ance are  proportional, t o  zero 
order. Running the  search on each color bin separate ly minimizes t he  f i e ld s t ar 
contamination and improves t he  c lus ter-to-fie ld cont ras t.



● In  t he  end,  t hey adopted a  s ingle  color  bin of  
[0 .6 ,  4]  as  a  compromise between two goal s: t o  
ensure t ha t  t hey identify  t he  r eddest and mos t  
obscured candidates and to  exclude the  vas t  blue  
foreground s t e llar population.

● They investigated how the  OPTICS parameters 
eps ,  m in_samples af fect t he  candidate yi e ld.  A 
l arger eps  and a  smal ler min_samples i ncrease 
t he  number of  i dentif ied candidates; a  smaller 
eps  and a  l a rge min_samples  t end to  det ec t more 
compact candidates, m i ssing spar ser c lus ters.  

● They adopt  t he  (12,  6 '  )  parameter  combination 
as  a  compromise  - t o  be  sens i tive t o  compact 
c lus ters but  a l so t o  make the ir de t ection more  
complete.  



● Thei r  search wi th t he  adopted parameters yi e lded 10907 candidates.  The exper ience  of  
previous searches has  shown that  many, i f  not  mos t  of  t hem are  not  r ea l  c lus ters .

● In  t he  absence of  spectroscopic observations,  t he  sol e  means t o  ver i fy t he  nature  of  t he  
candidates i s  an i nspection of  t he  CMDs and 3-color images f rom the  avai lable MIR 
and NIR surveys.

● The main cr i ter ia for  t he  t rue  c lus ter na ture  of  a  candidate having a  s t a t istically 
s ignificant excess of  s t ar s near  t he  cent er, t ha t t hese s t ar s are  more  reddened than the i r 
sur rounding counterparts,  t ha t t hey c lus ter i n  t he  CMDs in a  l ocus t ha t  r esembles a  
r eddened main sequence or  r ed gi ant branch and show ci rcular symmetry.

Screening of  cluster candidates



● Figure 2 shows a  CMD inspection image of  a  known embedded c lus ter ( l e ft) and a  candidate  f rom 
thei r ca t a log ( r ight) . The candidate has  higher overdensity,  suppor ting the  c lus tered nature of  t hi s  
obj ec t. The red dot s  mark the  s t ars  wi thin t he  c lus ter r egion and bl ack dot s  are  t he  s t ar s i n  t he  
comparison f i e ld  annulus (both regions  have  the  same areas and are  marked wi th r ed and bl ack 
c i r c les , r espectively, on the  r i ght  panels).



● The inspection a l so i nc luded the  3-color 2MASS ( JHKS bands), WISE (W1,  W2,  W4 bands) , and 
GLIMPSE ( [3.6] , [4 .5],  and [8.0]  bands) images  of  candidates  t ha t passed the  CMD check.  Thi s 
s t ep i s  impor tant for  excluding candidates l ocated next  t o  dense  dus t  c louds  t ha t genera te a  
necklace-like chain of  c lus ters .

● Summarizing,  t hese  two s t eps of  screening reduced the  sample  s i ze t o  659 candidates. Thei r 
l ocation on the  Mi lky Way map i s  shown in Fig.  4 .



● A SIMBAD search indicated tha t 106 of  t he  
659 candidates were  known:  12 are  open 
c lus ters, 1  i s  a  globular (2MASS GC01;  Hur t  
e t  a l .  2000)  and the  r es t  a re  ext remely young 
embedded s t ar c lus ter s r es iding in  s t ar-
forming regions .

● The ver i fied candidates and the  bonaf ide  
c lus ters t end to  present somewhat higher 
overdensities t han the  average for  t he  i ni t ial 
se l ection.  Most of  t he  highes t overdensities 
wi th σ≥20 t end to  exhibit c lus ter-like  CMDs 
and/or morphologies and pass  t hrough the  
screening.  The re j ected high-overdensity  
candidates are  l ocated a t  t he  edges  of  dark 
c louds.

Propert ies of  the sample of  cluster candidates



● The hi s togram of  t he  number of  member s t ar s for  t he  screened sample spans a  s imilar r ange as  
t he  hi s togram of  known c lus ters  and they both have  s imilar shapes . The few out l ie rs again are  
obj ec ts t owards t he  Galac tic  Center where  t he  crowding i s  very high.  Almost a l l  candidates  wi th 
more  t han 75 s t ar s f rom the  i ni t ial sample were  r e j ected.

● Final ly, t he  r ange of  measured radi i spans 0.5–8.5 ' .  Thi s  i nc ludes  somewhat l a rger obj ects t han 
mos t  known c lus ters . Most  of  t he  l argest candidates  i n  t he  i ni tial sample are  r e j ec ted.



Cluster detection completeness



● The most  robust way of  es t imating the  det ec tion ra t e i s  t o  car ry out  a  cont rolled 
exper iment by adding a  sample of  s imula ted s t ar c lus ters.  Simula ting the  ent i re Mi lky 
Way c lus ter popula tion and measuring the  det ection ra t es for  di f ferent c l asses  of  
c lus ters i s  di f f icult and here  t hey only cons ider t he  case  of  t he  mos t  mass ive c lus ter s, 
analogous  t o  Wester lund 2.  

● Fi r s t,  t hey removed the  f i e ld contamination f rom the  sources i n  t he  r egion of  t he  
prototype c lus ter Wes terlund 2.  They adopted a  c lus ter r adius 1 '  ,  t hen they def ined an 
annulus  (wi th t he  same area as  t he  c lus t er r egion and centered on the  c lus ter ) where  
t hey sample t he  f i e ld population for  s t a t istica l decontamination of  t he  c lus ter.

Generat ion of  art if icial  clusters



● The next  s t ep was  t o  shi f t t he  “pure”  Westerlund 2 population to  a  gr id  of  predefined 
pos i tions , ext inctions , and reddenings where  t he  ar t ific ial c lus ters  would be  l ocat ed in  
t he  i nnermost r egion of  t he  Mi lky Way - the  r egion tha t i s  t he  mos t di f ficult t o  c lus ter 
search due  to  crowding and ext inction.  Fi r st,  t hey cor rec ted for  t he  di s t ance modulus 
and the  ext inction of  Westerlund 2 i t se lf. Then,  t he  dat a  mus t  undergo three  
modi fications: adding to  t he  apparent magnitudes t he  r espective di s tance  modulus , 
adding to  t he  color  t he  r eddening according to  t he  ext inction l aw of  Rieke  & Lebofsky 
(1985),  and accounting for  t he  decreased angular separa tion between sources,  because  
of  t he  i ncreased di s t ance.

Generat ion of  art if icial  clusters



● The same a lgorithm that was  used for  t he  c lus t er search was  appl i ed t o  t he  ca t a logs  
wi th t he  ar t i ficia l c lusters.  The f rac tion of  r ecovered c lusters var i es be tween 70 % and 
95 %. Nearby c lusters are  eas i er t o  i dentify  t han more di s tant ones .  However,  t he  
higher ext inction seems to  help t o  f i nd c lus ters - poss ibly because  i t  se t s  t he  c lus ter i n  
color  space fur ther apar t f rom the  contaminating foreground population tha t shows 
bluer  color s t han the  candidate  c luster member  s t ars.  Spat ially,  t he  i nnermost r egion a t  
−2≤ l≤2 deg s t ands out  wi th a  somewhat l ower r ecovery ra t e,  probably because of  t he  
worse  crowding near  t he  Galac tic  Center.  In  Galac tic  l a t itude,  t here seems to  be  no 
drop in  t he  r ecovery ra t e  a t  t he  pos i tion of  t he  Mi lky Way pl ane  wi thin t he  r ange of  
l a t itude  b t ha t  i s  covered by the i r s imula tion.

Recovery of  the art if icial  clusters



Discussion and conclusions



● They appl ied a  new c lus ter f i nding a lgorithm - OPTICS - on the  GLIMPSE survey point 
source ca t a log to  i dent ify obscured s t ar c lus ters  l ocated in  t he  i nner  Mi lky Way and 
repor t near ly 500 new objec ts; t hey a l so recovered about  140 previously i dentified 
ones .  

● The c l assif ication and characterization of  t he  new candidates  r emains out s ide t he  scope 
of  t hi s  work but  t he  properties  of  r ecovered known c lus ters do hint  a t  t he  poss ibility  
t ha t  mos t of  t he  new candidates would a l so be  embedded and maybe a  f ew would be  
highly obscured open or  globular c lus ters .

● Here  they addressed the  impor tant but  of t en neglec ted ques t ion of  how successful t he ir 
a lgor ithm i s  i n  f i nding c lus ter s wi th a  s imulation,  adding semi-artif icial c lus ters  t o  t he  
GLIMPSE point source  ca t alog,  and running the  same search a lgorithm t rying to  
r ecover t hem. The achieved recovery f raction i s  high – in t he  r ange 70–95 %, 
suggesting tha t  t he  near  s ide  of  t he  Mi lky Way may harbor ∼1-3 addi tional 
supermass ive  s t ar c lusters.  In  other  words , no l arge population of  hidden supermassive 
c lus ters r es ides i ns ide t he  Mi lky Way.
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