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: " Astronomy
@ Astrophysics
Self-consistent Analysis of Stellar Clusters: An Application to H5T Data of the Halo
CGlobular Cluster NGO 6752

Photo-chemo-dynamical analysis and the origin of the bulge
globular cluster Palomar 6*

Tracing the Galactic Bulge history
through its globular clusters metal-poor

population
Souza et al. (2020,21,23,24a) among many others
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Astronomy Astrophysics

Astrophysics

Combined Gemini-South and HST photometric analysis of the
globular cluster NGC 6558

The age of the metal-poor population of the Galactic bulge™

Chrono-chemodynamical analysis of the globular cluster
MGC 6355: Looking for the fundamental bricks of the Bulge*®
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Looking for the fossils
of the Galactic bulge formation

Group B.O.B

Ortolani Bica



Why Globular Clusters?

Helmi streams  Godo-Enceladus

» Galaxy merger tree

* Kruijssen et al. (2020)
: 12,5
« More than 50 GCs are ex-situ _
. _ 115

* The last major merger: GSE L5
* . The Kraken is now in the inner Galaxy 08

* Low-energy (Massari et al. 2019) | g E

+ Koala (Forbes 2020) B

* Heracles (Horta et al. 2021) 5 3
* The building blocks merger time scale is 50

somewhat unknown and challenging
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Why Globular Clusters?

« Age-metallicity relation (AMR) " " - im0 etalr (2022)
« E.g. Forbes (2010), Massari (2019), el e T BT %,
Forbes (2020), Kruijssen et al. (2020), g T oegyed ]

Callingham et al. (2022), Limberg, N :
Souza et al. (2022), Belokurov & TR S B St < B
KrthOV(2024)_ _2'50."';”'1:)"'1I2.“1a_2'50'”;”'JIU'”]z B T S S T TR

0.0 ] 00— L
|. Seqouia L @  Sagitarius

- Two main sequences of GCs e o° o2 o1 A e 2
E_1.0 -1o0f o 2 . -
g E o % 3
* The sequence with ages older than =i ¢ 3

51208 7, =12.81 Gyr

[ Tioen=13.41 Gyr .
Eopvicn=0.44

Prien=0.25
M

~12Gyr — In-situ 20
» The sequence with ages from 6 to 14 B T T T T
Gyr — Ex-situ Age (Gyr) Age (Gyn) Age (Gyr)
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Why Globular Clusters?

Callingham et al. (2022)

e, _ 00— T —=rT1 7]
» Age-metallicity relation (AMR) -
-05F
+ E.g. Forbes (2010), Massari (2019), L o°
Forbes (2020), Kruijssen et al. (2020), » 03_
Callingham et al. (2022), Limberg, = r
Souza et al. (2022), Belokurov & i1 "
Kravtov (2024). —1.5 3
+ Two main sequences of GCs -20F
* The sequence with ages older than Y | SEFIE EEEE ST .
~12Gyr — In-situ 6 8 A 1°G 12 I
« The sequence with ages from 6 to 14 ge (Gyn)
Gyr — Ex-situ

* |s the Bulge AMR constant in Age?




Bica et al. (2024)

Internal analysis

MMP = Moderately metal-poor [Fe/H] ~ -1.2 E
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Why MMP. GCs?

MMP = Moderately metal-poor [Fe/H] ¢-1.2 Bagittaris  Sequain Milky Wiy Helmi strenms

ado-Encoladus

. enrichment due to type Il SNe +
enrichment due to type Il SNe type la SNe + planetary nebulae
' | £ i e,
. 2,
7 I |
halo stars and thick-disk stars
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Core—collapse Supernovae
Type la Supernovae
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Souza et al. (2024)

Ages
Isochrone fitting
SIRIUS code (Souza et al. 2020)
Simple and Synthetic CMD fitting

nbing

nbing = ,02+9.93

05 10 15 ’ 1.0

IFG06W — MEFS14W MFE06W — MFS14W

x
3
=1
g
3
Z

Norm Flux

Chemical abundances
Spectral line fitting
FLAMES-UVES + APOGEE
PFANT code (Barbuy+2018)

5683
Wavelength [A]

6013.5
Wavelength (A)

6014.0

Dynamics
Orbital parameters

AP-Sormani+2022, McMillan17, Perez-

Villegas+2020
AGAMA (Vasiliev 2019)

1.0 %
R [kpe]

Souza et al. (2024)



Galactic bulge population: a-elements

In-situ or Ex-situ?

— Bulge RR Lyrae stars

=+ y=1.0Gyr ':r<0.5 kpc

=== y=1.0Gyr :0.5<r< 1.0 kpc

----- v=1.0Gyr!: 1.0<r<2.0 kpc

v=10Gyr *:2.0<r<3.0 kpc

Bulge Spheroid - Razera et al. (2022) + APOGEE DR17
NGC 6522 - Barbuy et al. (2020)

NGC 6717 - APOGEE DR17

NGC 6723 - APOGEE DR17

AL3 - No abundances

Djor 2 - APOGEE DR17

UKSI1 - Fernandez-Trincado et al. (2020)

VVV CL001 - Fernandez-Trincado et al. (2021)
HP 1 - Barbuy et al. (2018)

NGC 6558 - Barbuy et al. (2018)

Pal 6 - Souza et al. (2021) + APOGEE DR17
NGC 6355 - Souza et al. (2023)
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Galactic bulge population: zinc

In-situ or Ex-situ?
« Ex-situ indicator — Minelli et al. (2021)

* Moderately metal-rich regime

| A NGC 5927 NGC 6496 i
| ONGC 6388 NGC 6441 i
o LMC Sgr MW
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Minelli et al. (2021)
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Galactic bulge population: Zinc

In-situ or Ex-situ? Souza etal. (2023)
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® NGC 6522 - Barbuy et al. (2020) [FG/H]
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NGC 6558 - Barbuy et al. (2018)
NGC 6355 - Souza et al. (2023)
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Galactic bulge population: Zinc

In-situ or Ex-situ? - : Souza etal. (2023)
. . 0.4 Minelli’'s metallicity regime
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Galactic bulge population: [Mg/Mn] vs [Al/Fe]

Adapted from Souza et al. (2023)

In-situ or Ex-situ? W"‘ ‘Exsitt ' ' Insitd higha' -
= ___‘. ]..0 __ - FL L -__

» Tracers of stellar populations I 0 8: i
) S8 —

- Often used to separete ex-sity = 0.6 P 5wy E
from in-situ in the halo = B i

S o4F e

* Heracles first ex-situ structure %" - -
candidate in the inner Galaxy — 02 =
 For GCs? Multiple stellar 0.0~ -
populations n ) ]
-0.2 In situ low a —

- J-Heracles (Horta+21) —é[).6l | I-OI.4: | l—0|.2‘l 1 1 O¥O 1 | | I 1 1 1 I | | 1 I 4

0.4 0.6
— GSE (Limberg+22) [ Al /Fe] '
—— Bulge spheroid (Razera+23) 7
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Galactic bulge population: oM space

In-situ or Ex-situ?

Integral of motion space
« EandlL,
« Stady state potential

) . ) 20
* In-situ and possible ex-situ % »
structure completely mixed o [
) : A =55 1L
 In-situ more contentrated in [
prograde orbits 110 b - 8 ]
| [ Ex-situ (heracles] ]
l | 1 1 1 1 1 1 | [ I 1 ! 1 1 1 | 1 1 I
< NGCB355 VVWV-CLO001, UKS1T, =05 0P 05 -05 0 0.5
and Djorg 2 are retrograde Lz (10°kms~"kpc)

clusters Adapted from Souza et al. (2023)
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Galactic bulge population: AvR

Adapted from Souza et al. (2024)

-0.8F AEEasgg=
- Moderately metal-poor GCs _0.95_ 3
« [Fe/H] s —-1.0 ' 5
~1.0F | -
* Derived AMR: I — o ‘ E
e tr =13.62+0.20 Gyr S . [T
. p=20.05%0.01Zg =-l2p .
: AMR Bulge MMP GCs: E
—l4E . 4=13.62+020Gyr; =
C p=0.05+0.01 :
~1.5F 9 MMP GCs -
P I | |

AP TR b0 e ol vpu
11.5 12.0 12.5 13.0 135 14.0 14.5

Age (Gyr)
t +0.40 - A= 0.312, for in — situ clusters
Z la/Fel {+0.00 — A= 0.000, for ex — situ clusters
O
e tf - exp 10[Fe/H]+A

TJAUS395- Stefano O. Souza— 18.11.2024 " oo




Galactic bulge population: AvR

Adapted from Souza et al. (2024)

-0.50F
« Moderately metal-poor GCs ~075F Tl
- [Fe/H] s —1.0 T
-1.00
* Derived AMR: _125f
* tr =13.62+0.20 Gyr T
. p=0.05+0.01Zg = -1.50 1
—1.75 F— AMR Bulge MMP GCs
- The AMR ofthe MMP GCs is has an o e
chemical enrichment 10x faster than the 00— = 80520134 Gy e =
ex-situ branch. 2255_ S Eemiane - ]
* t; =13.08 +0.12 Gyr g S R SR I 2
* p=0.007+0.009Z, Age (Gyr)

t
-7
=t;-exp (TO 10!Fe/Hl+ A)

[a/Fel +0.40 —» A= 0.312, for in — situ clusters
+0.00 - A= 0.000, for ex — situ clusters




Key points

* Bulge MMPGCs population started to form approximately 13.6 Gyr ago

» The effective yield of 0.05 ZQ for the MMPGCs and 0.007 Zs for the ex-situ GCs indicate a ten times
faster chemical enrichment for the MMPGCs population in the bulge.

« Some clusters could have formed inside the building blocks.

In the bulge, it is all a matter of time!

Bulge GCs with low metallicities and old ages, could compose the sample
of GCs that can reconstruct the building blocks of the Galaxy.
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