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OUTLINE
> History along our lifetime
> First structures, Bulge formation
> Accretion: in-situ, ex-situ:AMR
> Bulge globular clusters
> Metallicity Distribution Function
> Abundances, Chemical evolution
> Conclusions, Challenges



HISTORY: First studies on the Bulge

Baade 1944 a,b =ApJ, 100, 137,147
Direction of NGC 6522 = bulge has Pop. Il

Baade's hypothesis:
nuclear bulge of the
Galaxy consisting of
globular cluster-like
stellar population
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Nassau+Blanco 1958,Van den Bergh 1972
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History: First studies bulge clusters

> Bica & Alloin 1986, A&A, 162, 21:
Library of integrated spectra of star clusters

> Bica 1988:

spectra of metal-rich clusters vs.
spectra of Ellipticals, and bulges
of spirals.
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Minniti95: inner metal-rich clusters associated
with the bulge
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Ortolani, Renzini, o NGC 6528,/4F%
Gilmozzi, Marconi, s
Barbuy, Bica, Rich

1995, Nature 377,701

TEEEL | NGC 6553/PC1

Near-coeval formation
of Galactic bulge and halo

fIrSt data Wlth HST 5 ‘; NGC 6553: A(V—I}——ozu.i
NGC 6528, 6553 ; .JJ —— NGC 6528: i:':z:, ]
. \ — — = 47 Tuc A(V-1)=+0.837, |
coeval with 47 Tuc & weizg0
. » \\1‘:.;..1«”;;.4“1.“‘)........1, M,,-,_L__l_lj

=» Bulge is old 2 3 2
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Kiraga,
Paczynski
& Stanek
1997, ApJ
485, 611

Bulge
field Is
Young!
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Zoccali+03
A&A, 399,
031

NTT-SOFI
+NICMOS
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Zoccali+03 =>» bulge Is old
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Clarkson+08
Apd, 684,
1110

Bulge is old
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Renzini+18: 4 bulge windows

_ sweeps

Figure 2. I — (C-—-H) CMD of the four bulge fields after disk decontamination.




Renzini+18

distinguishing
metal-poor and
metal-rich bulge

field stars

> 4

Helium has to be
taken into account
(Bensby used Y2
Demarque Y=0.29
for metal-rich *s)
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He In the bulge should be higher than in the
solar neighbourhood:
enrichment by massive stars/SNIl only

Also, uncertainties on mixing-length
parameter in models: Li+2024
(Alvio on Friday)



Table 5. SEMMUL Gaussian components decomposition of field & =
—6°.

P Op [P e/ HJ T |Fe/H] T Uy

C -1.09+0.07 0.24 +0.01 6+2 127+ 26
A —-027=002 024+001 ©64=+3 83 +5
B 014002 0.13+0.01 30«3 70 £ 6

0BE T f T T SR i
E 1

Notes. The radial velocity dispersion o, is gi
0.2

0.1F

0.3

Babusiaux+10,Hill+11 -

0.3
0.2F
0.1F

Zoccali+17 |4

(also Ness+ 13) i —OI‘:SFe/H]’Oos -




Formation of the Galactic bulge

1.Merger scenario = bulge formation by
hierarchical merging (White Rees 1978)
=» early classical bulge
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z = 4.0, all stars ex-situ in-situ

7=4 71 Stellar age

z = 0.0, all stars ex-situ in-situ

L0 S
i
Wark matter




2. In situ bulge (and thick disk) form

early via strong gas accretion
Tacchella+16, Dekel & Burkert+14:

The discs, fed by cold streams, undergo violent
disc instabllity that drives gas into the centre
(along with mergers).

->

compact star-forming systems: blue nuggets
compact, guenched spheroids: red nuggets

Early disk and simultaneous formation of globular:



Tacchella+15, Science, 348,314

dry mergers
low-z

sl cd
_ spheroids expansuon_l nuggets

ol A

halo
quenching

siow mode
fow Z

infernal

> fast mode quenching
high z

. gas contraction nugge’rs

wet VDI+mergers — compact — high SFR, AGN, bulge

Compactness —>




3. Clump scenario — migration of star

forming clumps to center of early disk
galaxies
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4. Secular Evolution scenario =
formation of bulge from the disk

through bar instability
Combes 2000,KK04, Shenl0,

Brava survey — Rich+07=>» cy

De

pattistald

INC

rical rotation

Bar instability and buckling instability =»

two-step heating =

Radial gradient transforms into vertical

gradient



Conclusion:

ALL IS TRUE (?)

Shakespeare



Accretion of Dwarf Galaxies

ldentification of accreted structures:
Gala-Enceladus-Sausage -10 Gyr ago
+ many others

=» Globular Clusters are tracers of
early bulge and accreted structures



 Age-metallicity relation (AMR)
* Forbes (2010), Massari (2019), Forbes
(2020), Kruljssen et al. (2020), Callingham
et al. (2022), Belokurov & Krvtov (2024).

* Two sequences of GCs
* Old ages >~12Gyr
=> In-situ

» ages from 6 to 14 Gyr —
=> ex-Situ




Figure 3. Age—metallicity distribution of the Galactic GC population.

In all the panels, we distinguish GCs that formed ... K ru IJ ssen +2020
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https://doi.org/10.1093/mnras/staa2452

Figure 9. The AMR for the Galactic GCs split according to the
component with which they are associated. The solid lines ...

Callingham+22
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https://doi.org/10.1093/mnras/stac1145

Galaxy merger structures

Kruijssen+2020:
Sagittarius, Helmi, GSE and others

Inner bulge — to be confirmed as accreted.:

Heracles, Kraken, Koala, Aurora



Globular clusters: fossils
of the Galactic bulge
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Bica+2024, A&A, 687, A201 ([Fe/H]>-1.5)

o
O

Bica + 2016 : Table3

A New clusters : Tablel
A Tablel + Table3

W -
O O

N
O

Kernel density (normalised)

—
(-

-06 -0.4 =02 0
[Fe/H] (dex)



Lucey+21
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Bulge field:
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Lucey+21
[Fe/H]<-0.8:

Bulge field:
extracting

only
bulge *s
.e.
excluding
iInner halo

Fraction of Stars

stars




Bica+2024

All bulge

clusters
with age

[Fe/H]

0.0

-1.0

—2.0

| black line: age=12'5 Gyr
darkgreeen lines: AMR GSE

M Table 2: Bica+186

|~ Table 1: New clusters age=10Gyr
( JFB10/K+19: Sagittarius
| JFB10/K+19: CMajoris

| (OLimberg+22: GSE

M Table 1: New clusters old Q




AMR of 15 old (12.3-13.5Gyr) moderately
metal-"poor ([Fe/H] -1)
Souza+2024, earliest = 13.57 Gyr
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Example of GC accreted
Located In inner bulge: VVV CLO0O01:

R,,=-326 km/s, E(B-V)=2.20

[Fe/H]=-2.45 =» most metal-poor GC in the
Galaxy (halo ESO280-SC06 [Fe/H]=-2.45)
Both possibly associated with GES, or Sequoia

Fernandez-Trincado+2021,ApJd, 908, L42:
Gemini/IGRINS: [Fe/H]=-2.4, -2.1 (11 stars)



A main uncertainty: distances

Example:

Palomar 6: = dg ,, = 5.8 kpc (Harris)—> thick disc
ds,, = 8.9 kpc (Ortolani+95) - bulge.

Using Harris=Baumgardt +19, Perez-Villegas+20
—>thick disc with a probability of 98%.

Souza+21: Age=12.4 £ 0.9 Gyr,
ds,n = 7.67 £0.19 kpc = bulge



The same discrepancy with NGC 6558:

Gala BV21: 7.47 kpc,Souza+24: 8.5 kpc
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=» Deep Optical and NIR
Isochrone fitting needed

Gala distances are uncertain
for distances above ~6 kpc



Gala data — Orpits + chemistry

Six-dimensional phase space, calculation of
Integrals of Motion (IOM):

Studies on orbits and corresponding Energy.
vsS. Angular momentum L.

Massari+2019, Kruijssen+2019,2020,
Forbes(2020),Callingham+2022.

Orbits: Pérez-Villegas+2020.
= Classification of clusters to progenitors
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The BAR

Buck+18: Galaxy’s bar 8 £ 2 Gyr ago.
Bovy+18 : ~8 Gyr ago.

Nepal+24. ~3 Gyr ago.

Sanders+24: ~8-11 Gyr ago (Mira’s in NSD)

Pérez-Villegas+20:
GCs are In the bar = trapped by the bar
Most are not supporting the bar structure

/ clusters that are supporting the
bar =» do not necessarily support the X-shape.



X [kpc]

X [kpc]


https://doi.org/10.1093/mnras/stz3162

Metallicity distribution function - MDF

A GBS

A Hill+2011

A ARGOS
GES

O P S P S S S S RS PSS .
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[Fe/H]

Barbuy, Chiappini, Gerhard18




A GIBS
A ARGOS
GES

0
-12-10-08-06-04-02 0 02 04 06 08

[Fa/H1

A CIBS
A ARGOS
GES

12 -10-08 06-04-02 0 02 04 06 08
[Fe/H]




N 9 ® © % o
L i o o (] o
SIB)S JO JA(UINU PIST[RULION




Rojas-Arriagada+20

APOGEE MDF
VS
Surveys

[Fe/H] = +0.32,
-0.17, —0.66 dex

6 <|[b <10
600 stars

-+ ARGOS
— GES
— GIBS

600 stars

1.7<|b| <25
600 stars




Chemical enrichment &
Nucleosynthesis
a-elements: O, Mg, Si, Ca, Ti:
Supernovae type |l = CCSNae

Iron-peak: Fe, NI = Supernovae type
la (+1/3 from SNII)

Heavy elements: SNII at explosion,
merging of NS, BHSs (r-elements)



Bulge field — Barbuy+18 ARA&A, 56, 223

SFR = 2 Gyr
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58 stars of
Bulge
spheroid
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Figure 4. Na/Fe] versus [Fe/H] for literature bulge field stars and 11
APOGEE aspcap DR17 abundances, plus 4 BAWLAS ...
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Figure 5. [Al/Fe] versus. [Fe/H] for literature bulge field stars and
the APOGEE abundances (original DR17) for the 58 ...
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Nissen+24: a:Mg, iron-peak: Sc, V,Co

0.5 T T T T T T 0.3 T T T T T T
o 0q @®
A 0 e AP 8 - 0.2 3 @ D7 -
o) O AACA A§) @ o A OA? lo)
E 0.3F — &o_‘A'ﬁ 24 o X (90)00 ) E 0.1} 8q 000&% o O i
a ) ® e aps a ®
fo— T i o = (] ® ] @
L o2 ° e .o...‘ © —~ - 4 2  00F ... °® ’.:0 .o’ rl
B ’ NG °
R0 © (-] ‘ ® @] 8 e
= 0.1} . © 00 o & =04 o0 o i
.: ®
0.0 + & —-0.2 + i
-0.1 I L i ! L L -0.3 I ! 1 I L 1
0.4 ==l T T T T T 0.3 — - e s e e o
0.3 7 0.2 .
A o ©
50 AQ A A%) o
B 02F A A AR i E 0.1 o © AA%Cp o %0%0 3
-3 %o N %@& 7 %
s 01F © .%64) od &% 1 g oof 0% : -
> o o - o
— 0.0F ° = S, -0.1F o i
® ® $o »
-0.1F . _l,_ 7 -0.2 +
-0.2 SO SN S| SN S [ - LT S S - S | -0.8 R I TR A S| L SO /IO /S, (U
~1.7 <186 -13 =1.1 -09 =07 =05 -03 =1 =16 =13 =1 =09 =07 =08 =03

[Fe/H]p ure [Fe/H]ip e



[Mn/Fe]

[Cu/Fe]

[Zn/Fe]

—ozf e gl 8%
0.2 e Co @

i + .hg‘a;* gg’ﬁf : _
04l 3.0.@ e 00 i -

° ——
-0.8 s | ) L ] ] |
0.2 ) T ¥ T J T T T T
] R R T S %0
®°.0 %d,.& 80’ &

R o s J

—0_2— _|_ * o "%:) o =
+o°. ° e o =

-04 o o © -l... P Q i =

- .“’ ... Qo o
-0.61- ety 2 ¢ = e

L ° o @ ) J
-0.8 1 1 [ @ ] I
0.4 ’ I Y I ’ T y I T T T

3 o® J
0.2 Y o ° O &P 0P P

o) + His o)
|.oo ...o+.° 2 T—"f_l_o 8{ g - %L
o (o} ° e
0.0_..... ...... .....0..'.......!.-... ................
@0 @ .o. N

L (] (-] .‘ N
-0.2- _}__ -
-0.4 ] | 1 [ ]

-1.8 -1.4 -1.2 -1.0 -0.8 -0.8 -0.4




[X/Fe]

Abundance pattern bulge GCs

(Souza+21)

1.0 ) T o . s v T T
0 TNa, Ca_ n W, St Ha Fu
A Ti zr
S v
0.8+ Lo
. "‘
0.6} ;
0.4}
0.2 o
0.0
3 ;_
—0.2
g i K
-0.4 s i —&— Palb
R & NGC 6558
s g & NGC 6522
—0.6 @ ko HPI '
M fi2
-0.8 )

1 20 30 a0 C 50 60




Conclusions:

Bulge formation: probably a mix of scenarios

Stellar populations: a mix of a small early bulge,
iInner thin & thick disk, halo, + accreted dwarfs
+ pbar (Queiroz+20,21)

Bulge is old but a fraction of younger stars Is
possible, mainly among metal-rich bar ones
=>» but He is not know, and needed for age



Continued Conclusions:

Bulge GCs are old: 12.3 to 13.5 Gyr.

Old globular clusters: formed in-situ very early
Later trapped in the bar (Pérez-Villegas+2020)
=» possibility to have formed the

GCs in the bar? =»only If bar formed very early

MDF: +- agreement on metallicity peaks



Continued Conclusions:

Abundances of a’s: Mg, Si, Ti (not Ca),
Na, iron-peak:Sc, V, Mn, Co, NI, Cu, Zn
(not Cr) can indicate In-situ or ex-situ origin

Chemical Evolution models with a fast
star formation rate of 1 Gyr do reproduce the
observed abundances.



Challenges:

Measurement of He abundances vs. age

High-resolution spectroscopy of turn-off

stars

(and subgiants) => crowding

Most primitive stars in the proto-MW:

meta
meta

-poor ? or In fact the moderately
-poor? Inner halo vs bulge

More important mechanism to form the bulge?

Early bulge (1Gyr) vs. accreted ? In situ vs. ex situ



MW: SBbc(rs) Bland-Hawthorn+Gerhard
ARA&A 2017
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