A classic Galactic Globular cluster

b
10,000 | Red giantS
%) - .'.':" ?.: .
£ 100 |- . “.;;F
g Btlue I\' : :j‘{.:'
3 stragglers St
:;:, 1 b Turnoff'/"‘:-\
B White .
= dwarfs ; 3-‘2:;';3,.. )
g \ :'v:',... =
= 001} :
o vasegs
e Red S
.0001 |- dwarfs—+ "'’
= 1 L |
30,000 10,000 6000 3000
NGC 104: d = 4500 pc, D = 31/, Surface temperature (K)
[Fe/H] = -0.76 dex, t = 12 Gy, EG A ¢ ¢ TN
(b) Spectral classification

Copyright © 2005 Pearson Prentice Hall, Inc.



Introduction

e \What we are dealing with?
— Faint and normally red stars
— Very crowded fields
— Especially the cores are very hard to resolve
— Large telescopes are needed for the core regions
— Good spatial resolution is needed

e Excellent overview article about GCLs:
https://ui.adsabs.harvard.edu/abs/2020arXiv200304093B/abstract

e A Galactic Globular Clusters Database
http://gclusters.altervista.org/



How many GCLs are there?

e Harris GCL catalog (1996, AJ, 112, 1487) provides
157 objects:
http://physwww.mcmaster.ca/~harris/mwgc.dat

e But still new ones are discovered:
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New GCLs

Camargo, 2018, AplL, 860, L27

Figure 1. WISE multicolor images (7" x 4') centered on the coordinates of the
new GCs. Top panels: Camargo 1106 (right) and Camargo 1105 (left). Middle
panels: Camargo 1104 (nght) and Camargo 1103 (left). Bottom panels: WISE
(right) and 2MASS (left) images of Camargo 1102.

10

T T T
Camargo 1102 R€2"

.
[Fe/H]=-1.7 @
13.3 Gyr

4 M
|Fc/H]=dvﬂ.
35G

13.5 }uQ.

1 1 1 T 1
Camarg® 103 R<3'

I T T
Camargo 1104 &
[Fe/H] =-1.8

13.5 Gyr

[FeH] =-1.5

13 Gyr .

T T T T
Camargo 1105 353'

S | T T
Camargo 1106 R£2"
L]

[Fe/H] =-1.5

12.5 Gyr

e

Very difficult to detect

10



New GCLs

Ryu & Lee, 2018, AplJL, 863, L38

(a) RLGC 1, WISE W1 (b) WISE W3 (c-) ZMASS I@v '.
o® 53 |

ll

| &R Trnri 5-0-0-8 | B PG SR ) LR LN ) 1 I LI llllll'lll | B R
. (el)scsltjzgir reglon___f ) Background | Only a few
"'2 rt=0'.93i0'.40 & r<16'?5 :: e 99"<r<104 Sta r‘S
£ ¢=0.7+0.2 T fa
S L oL B d
g T . resolved
s : - -
e 3 B o T e
: .* b=y *° :
_llllll]lll >l‘/llllllllll—I_lll[lllllllllllllllllln
0.0 05 10 1.5 20 05 10 2.0 g5 10 15 20
rlarcmin] =K,




Remember: more GCLs in the Galactic Bulge
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Definition - Radii

Core Radius: Distance at which the apparent surface
luminosity has dropped by half

Half-Light Radius: Distance from the core within
which half the total luminosity from the cluster is
received

Half-Mass Radius: The radius from the core that
contains half the total mass

Tidal Radius: Distance from the center at which the

external gravitation of the galaxy has more influence over
the stars in the cluster than does the cluster itself



Density — Profile (King Profile)

e Heuristic description of the density law of star clusters
(open and globular) by lvan King (1962, AJ, 67, 471):

f=£,[(1/r - 1/r)]

f ... Stars per square unit or surface density; f, ... Constant; r, ... Radius f(r) =0

e General formula:

Y S SO .
T DG/

k ... Constant; r_... core radius



Density — Profile (King Profile)

e Typical Globular Cluster:
1. r/r.~30
2. UnitforkisV =10 mag per square arc minute

* The parameters r,andr_can be treated within
numerical simulations and can be converted into an
y,astrophysical quantity”, for example:

ro=R(M/2M,)}

R ... Distance from the Galactic center; M ... Mass of the
Globular Cluster; M, ... Mass of the Milky Way
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King profiles — Gaia DR2

de Boer et al., 2019, MNRAS, 485, 4906
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Figure 1. The proper motion distribution of stars in our NGC1904 sample,
coloured with the computed membership probability. The sample shown has
already been cleaned using CMD isochrone cuts and parallax selections.
The blue marker indicates the peak of the GC PM distribution, while the

red marker indicates the peak of the background distribution. A contour is 8 2 G LCS a n a Iyze d
drawn for membership probability of 0.9 for reference.



King profiles — Gaia DR2
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Ellipticity

Goodwin, 1997, MNRAS, 286, L39
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Figure 1. The ellipticity distributions of globular clusters in the Galaxy (dashed line) from data in White & Shawl (1987) and Kontizas et al. (1989).

a, b are the semimajor and semiminor axes of the ellipse



Chen & Chen, 2010, ApJ, 721, 1790

Ellipticity

Globulars in the Galactic

Bulge are misaligned

due to the gravity of the

Galactic center (direction
of the white arrows)



Ellipticity

Chen & Chen, 2010, ApJ, 721, 1790

T T T
1.0 -
| N |
- | I | | ] | . ‘ ' - .
. I - ot " .
- . a s © n Th »
| |
0.9 ] ] ] n .l"—'.h }
[] 1 [ n ‘i
m - O = - g e @
(1 [ L o J n _
. - 0.8 o . [ O
=~ 5
[is] O | fis] ] [ | u
~ 0.8 [ ] - N
o m 0 0 a O u
| | [ | - O ’.
[ |
| | |
O [ |
0.7+ — 0 -
] " 0.6 0 . .
L I I
10 12 14 -3 -8 -9
age (Gyr) M,
Fionure 12 F A0S Ve F: i 4y ST 5 i CASEes, B - . . . . .
“‘:clll.f{ 1'1 Axl]ftllr:mo:s “ I_igf‘; JFl‘IIer:d_al}ln_'anwo\r '?P{f"cl‘“\f“fbflﬁt ises. The Figure 13. Axial ratio of a GC vs. its absolute magnitude. Filled symbols
Mmedian value ol the errors of axial ralios 1s shown in the fower felt cormner. represent reliable cases. The median value of the errors of axial ratios is shown

in the lower left corner.

No obvious correlation of the ellipticity with the age or absolute
magnitude



Remember: more GCLs in the Galactic Bulge



Two , external Populations”

e Halo Population:
— Spherical around the center of the Milky Way
— Very extended (Halo)
— -2.5<[Fe/H] < -1 dex
— 10<Age< 15 Gyr
e Disk Population (Bulge):

— More concentrated around the center of the Milky
Way

— -0.7 <[Fe/H] < +0.5 dex
— Age about 10 Gyr
e Continuous transition!
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Multiple ,, internal Populations”

Multiple Main, AGB and HB Sequences
within one Globular were found

Not for all Globulars although same
observational quality

No clear morphology detected yet
Also indications for the oldest OCLs



Multiple ,, internal Populations”

e The ACS Globular Cluster Survey:
https://archive.stsci.edu/prepds/acsggct/

e The Gaia-ESO survey

https://www.gaia-eso.eu/
e Project SUMO:

http://www.iac.es/proyecto/sumo/index.html
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Open questions

e How can you produce such He
abundances?

e Different populations (age)?

¢ Intrinsic of the star cluster which means
are they formed within the cluster?

e Merging processes?
e Only in Globular Clusters?
e Depending on metallicity?



NGC1851, ACS data, R<2.5 arcmin NGC1851, WFPC2 data, 0.8<R<3.5 arcmin
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Recent isochrones - Globulars

e Chungetal., 2017, ApJ, 842, 91

YONSEI EVOLUTIONARY POPULATION SYNTHESIS (YEPS).
II. SPECTRO-PHOTOMETRIC EVOLUTION OF HELIUM-ENHANCED STELLAR POPULATIONS

CHUL CHUNG!, SUK-JIN Yoon'?, AND YouNc-Wook Leg!'?

LCenter for Galaxy Evolution Research, Yonsei University, Seoul 03722, Korea; chulchung@yonsei.ac.kr

2Department of Astronomy, Yonsei University, Seoul 03722, Korea; sjyoon0691@yonsei.ac.kr

ABSTRACT

The discovery of multiple stellar populations in Milky Way globular clusters (GCs) has stimulated
various follow-up studies on helium-enhanced stellar populations. Here we present the evolutionary
population synthesis models for the spectro-photometric evolution of simple stellar populations (SSPs)
with varying initial helinm abundance (Yini). We show that Yin brings about dramatic changes
in spectro-photometric properties of SSPs. Like the normal-helium SSPs, the integrated spectro-
photometric evolution of helium-enhanced SSPs is also dependent on metallicity and age for a given
Yini- We discuss the implications and prospects for the helinm-enhanced populations in relation to
the second-generation populations found in the Milky Way GCs. All of the models are available at
http://web.yonsei.ac.kr/cosmic/data/YEPS.htm



12

14

16

18

14

16

18

20

14

16

18

20

14

16

18

20

ZNc'ds’I'zi |

L AR LB I LI B [

1 2
Bl
17']1'7]"71'111!

et b e by s Ly i 1y

LS9 LI L LN B AL

0 ] 0.
U-B

1

Illllllllllllll

1.

TI T v F [ FT[TT

05 1 1.5 2
=y

2.5

lIll]l]ll]lllll]llll‘lllII

w

llll'lllllllllll

4 PRI ) (LR BN L FREL Za S P

%
. % M.

oy b v L aen 1y

12

14

16

18

20

14

14

16

18

20

Y AU IR A

1

| B e e ) | i i B T TT I L3 BN R I. l—
FNGC8205 gy
L 4
- ]
-{— 11 1 1 I 11 1 -1 3 : i :" 4 l I-:
-1 0 1 2 3
B-1
'—1 | N I | B S 7 | l _l_.] TT r 1 1 T l. -
» :
e —
- e i —
0
U
=T I L I 'l., 3 R I TTrrrT I | B 7 ) I—T
R 4
roals” )
;i‘&-" ]
Fy 1l
3

2

“II!'I'IIIIIII"“'II

SUMO (SUrvey of

Multiple pOpulations in
Globular Clusters)

Monelli et al., 2013, MNRAS, 431,
2126 (first paper)

Cluster RA Dec. u B V I
NGC 104 [47 Tuc] 00240567 —-7204526 21 106 115 103
NGC 288 00524524 2634574 O 63 1] 68
NOC 362 0103 1426 —-T050556 11 140 162 151
NGC 2808 00120310 —6451486 48 6352 545 203
NGC 3201 10173682 —4624449 13 4 4 4
NGC 4590 [M 68] 12392708 —2644386 14 48 48 i5
NGC 5904 [M 5] 15183322 +020451.7 28 75 132 127
NGC 6093 [M B0] 16170241 —2258339 21 25 45 22
NGC 6121 [M 4] 16233522 —2631327 12 1026 1425 41
NGC 6205 [M 13] 16414124 43627355 20 58 54 67
NCGC 6218 [M 12] 1647 1418 —015654.7 46 196 212 166
NGC 6254 [M 10] 165370005 —040601.1 7 18 27 29
NGC 6366 17274424 0504 47.5 & 9 30 18
NGC 6397 17404209 —534027 11 2 36 28
NGC 6541 12080236 —4342536 12 33 36 23
NGC 6681 [M 70] 1843 12.7 —32173le 13 28 48 a8
NGC 6712 18530430 —0842220 35 38 40 -
NGC 6752 19105211 —-5950044 35 &4 1176 28
NGC 6800 [M 55] 19395971 —305753.1 12 40 40 a6
NGC 65934 2034 11.37  +0724 161 15 38 42 39
NGC 6981 [M72] 20532770 —1232143 (3] 241 277 218
NCGC 7078 [M 15] 21295833 +121001.2 31 277 271 196
NGC 7099 [M30] 21402212 -2310475 9 38 48 20
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Results for old star clusters in the
Small Magellanic Cloud

Cluster Name HA Dec Age Hef. Mass Ref. Metallicity Z  Ref.
[Gyr] [10% Mg]
Lindsay 1 00" 03™ 542.0 -73° 28" 18" (1) ~2.0 (2) 0.001= (1)
NGC 339 00" 57™ 4890 -T4° 28’ 00.2” (1) 0.8 (3) 0.001= (1)
NGC 416 01% 07™ 5498  -T2° 20" 50.6" (1) 1.6 (3) 0.002= (1)
L o L e e e e B B L o L e e o o L e LA A e o o
[ Lindsayl - o] [° NGC 339 . ] [ © NGC 416
19[ | ] 19F a l 19[
201 ,5 - 20f f .
200_—' "' 4 ] 20.0_—'"""""""—_ 7
0.5 - w5 .
21.0_— J 7 21_0-_ ] 7
2151 i 215 =  i
2200 4 4 ] 2ol Jd 7

22'5‘v||||||||||_-
=06 —0.3 00 03 08 __

{7 S W AN SN R [N R T S [N ST SN N S P I T S I S T S B SO N1

(I T T N T | ]
—08 03 00 03 06 __

-1 0 1 2 3 4 1 2 3 4
C F336W, FA38W, F343N CF:;:;M‘.": FA3EW, F33N C F336W, FASRW, F343N

Niederhofer et al., 2017, MNRAS, 465, 4159



Results in the Small Magellanic Cloud
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Results in the Small Magellanic Cloud

[ T T TT I T TTTT I TTTT I T TTTT I'I I-I I1 E 4;5-I T I TTT I TTI1 IIII IIII IIIII II-
Fowina=0.45 . - . G 40[ N
1951 FEEE R g ]
R R T4 h
., T I - L - -
20.0- . PRI ) 52'5._ i
L St | €2.0F —~
20.5 sl gLk ]
| 1= 10 .
E 1 E05F -
2210 ] 200 t.
E | 204l e -
215 1 206[ SR —-
: . L ¥ L ERPI ¥ oo i
1Z20.8F ool .
22.0 1€ 21.0F IR i
1 21.2F e b i
22.5 NGC 416 - 21.4- - j{ ]
1 . -I 1 IIIIIIIaIﬂI I 11 IDI 111 I 111 I 111
0.5 0.0 0.5 1.0 1.5 —0.2-0.10.0 0.1 0.2 0.3 0.4
CFE J6W, FAIEW, F343N A OF."! J6W, F4AI8W, FIIN

Niederhofer et al., 2017, MNRAS, 465, 4159



IMBH — Globular Clusters

e Intermediate Black Holes (IMBH) as
seeds for massive Black Holes

e Important for formation and evolution
of Galaxies

e Detection via kinematics of central
Globular Clusters stars or X-ray
emission from the center due to
accretion
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4

IMBH — Globular Clusters

What is needed?

. Total mass

. Mass/Luminosity ratio

Distance

. Model for the kinematics after many Gyrs
And then look for anisotropy
Kinematics from HST only

Gaia will not improve (?) the situation due to
limitations of observing the core regions



IMBH — Globular Clusters

e Zocchi et al., 2017, MNRAS, 468, 4429

Notice the differences of the listed cluster parameters from the literature

Reference M M/L d Models
[I'Db Mg)] [Mg/Lg] [kpc]
Meylan (1987) 39 29 [5.2] multi-mass amisotropic Michie (1963) models
Mevlan et al. (1995) 51 41 [5.2] multi-mass amisotropic Michie (1963) models
van de Ven et al. (2006) 254103 25101 48403 axisymmetric rotating orbit-based models
van der Marel & Anderson (2010) 2.8 2.62 +0.06 473100 anisotropic models (Jeans)
Watkins et al. (2013) 271 005 459+008 anisotropic models (Jeans)
Bianchim et al. (2013) 1953 +£016 286+014 411+007 rotating models (Varr: & Bertin 2012)
Watkins et al (2015) 3452 7010 266+004 519 F00% isotropic models (Jeans)
de Vita et al. (2016) 3.116 287 [5.2] anisotropic fy models
Baumgardt (2017) 2954+ 0.02 2544026 500005 N-body simulations
this work 324 i‘ﬂgl 292 :'{Hg 513 +£025 amisotropic LIMEPY models

Result: no evidence for an IMBH in @ Cen



The rotation of GCLs

* Rotation as dissolving mechanism for GCLs

* Sollima et al., 2019, MNRAS, 485, 1460

— 15 of 62 investigated GCLs are rotating
— Used radial velocities and proper motions

* Cordoni et al., 2020, ApJ, 880, 18
— 2 of 6 investigated GCLs are rotating
— Used radial velocities and proper motions
— Analysis of two different internal populations
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GCL

Code of different references

Rotating GCLs

Name
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this work
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