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Figuring Out'Gas & Galaxies In Enzo

Peeples et al

Stellar halo:
a treasure trove

Mergers: characteristic of cosmological model

Stars’ motions, chemistry and

How many mergers? When? 4 ages trace origin

e What were the building blocks like®?




Helmi & de Zeeuw (2000)

How do we find (old)
merger debris?
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Substructure in the halo near the Sun

Selection via kinematics
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* Thick disk still apparent at very low velocities
(~50% of stars): “in-situ”

* One large slightly retrograde “blob” (sausage)
and an arc



Substructure in the halo near the Sun
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Substructure in the halo near the Sun

Stellar populations

Selection via kinematics

“hot” thick
disk
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* Thick disk still apparent at very low velocities
(~50% of stars): “in-situ”

* One large slightly retrograde “blob” (sausage)
and an arc



Substructure in the halo near the Sun

Stellar populations
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Age comparison: Disk present @ accretion,

* Thick disk still apparent at very low velocities .
mass-ratio of merger ~ 0.24

(~50% of stars): “in-situ”
* One large slightly retrograde “blob” (sausage) - “formation” of thick disk atz~ 1.8

and an arc
see also Bonaca et al (2017); Belokurov et al (2018); Haywood et al (2018)



Gaia-Enceladus and formation of the thick disk

* Age distribution of these stars is similar (but different [Fe/H])
*  “Traditional” thick-disk has higher [Fe/H] and is younger
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Sequence of events

* G-E fell in there was a disk = heating led to (in-situ disk) stars more halo-like motions
(Jean-Baptiste et al 2017; Belokurov et al. 2020)

* Early MW was likely gas-rich =2 event (possibly) triggered formation of traditional thick disk

Gallart et al. (2019), - multiple roles played by a single (massive) dwarf galaxy
Xiang & Rix (2022)



Impact of GE not restricted to the halo

gas evolution, chemical bimodality and metallicity gradients with time
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 Suite of cosmological sims reproducing MW/M31
props (masses, kinematics, distance)

* MW’s last major merger infall likely 1-2 Gyr after BB
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 Suite of cosmological sims reproducing MW/M31
props (masses, kinematics, distance)

* MW’s last major merger infall likely 1-2 Gyr after BB

* MW’s dark halo formation biased early
— Ty~ 9 Gyr ago, 0.9 Gyr earlier than M31
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Other merger debris?



Other merger debris?



|dentification of substructures through a
data-driven clustering algorithm

Single-linkage algorithm
applied to 3D space
defined by Integrals of
Motion
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Large substructures and small clusters
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The stars 2
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- True “archaeology”

Stars IDs and characteristics of the structures publicly available



Characterizing the building blocks. |
The tight substructure ED-2

L-RL64 ED-6 ™3 ED-4
_ "Lk, oy

see talk by Mori



Characterizing the building blocks. |
The tight substructure ED-2
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Characterizing the building blocks. Il

The Helmi streams: a dwarf galaxy
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Characterizing the building blocks. Il

The Helmi streams: a dwarf galaxy

Ruiz-Lara et al (2023)
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 Massive object (from dynamics and large metallicity spread)

 Extended star formation history (slower)
* T50= 10.5 i 0.2 Gyr (Zhalf ~ 2)




Characterizing the building blocks. I

Sequoia & Thamnos

Typhon %
ED-4

L-RL64 ED-6 ™% °
-‘i

ED-3 ‘

Sequoia B Obs

Dodd et al 2024 (subm)

P R R S R ¢ -
(=} o
o
- =
o o
. g °
. :
TR o =z
Sl @ T °
R o
\‘~\\ w -
.o «n
o
o

.5 1.0
BP - RP

age distribution

[Fe/H]<-1.5

Lo | %= 12.1 + 0.2 Gyr
F (20739

|
J» i
]
'%
71_
o8
|
o
| . =
12 10 8 6 4 2 0
Age (Gyr)
[Fe/H]<-1.5

Tso = 12.4 + 0.3 Gyr
(250~ 4.6)

Age (Gyr)



Characterization of the building blocks. IlI.
Chemical abundances: precision measurements

* Slower enrichment for smaller building blocks such as Sequoia and Helmi streams
* Depict lower [X/Fe] in Na, Mg, Ca, Ti, Zn, and Y, compared to other halo stars, including GE

 Low alpha abundances (already at Fe=H] ~ -2)
—>star formation proceeded with low efficiency at early times
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Chemical abundances are crucial
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Figure 4. Distribution of the identified halo substructures in the orbital energy (E) versus angular momentum w.r.t. the Galactic disc (L) plane. The parent sample
is plotted as a 2D histogram, where white/black signifies high/low density regions. The coloured markers illustrate the different structures studied in this work, as

— 0
L, [10° kpc km s~ ']

denoted by the arrows (we do not display Pontus(Icarus) as we only identify 2(1) stars, respectively). The figure is split into two panels for clarity.
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 [Mg/Mn] vs [Al/Fe] good indicator of (accreted) origin
 Most objects identified associated to merger debris

See also Gaia collaboration (2022): Recio-Blanco et al

Horta et al (2023) based on APOGEE



Chemical characterization of smaller substructures

Follow up with UVES
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Chemical characterization of smaller substructures

Follow up with UVES
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* Wide variety of origins
. GE, glob. cluster, small dwarf
ED-3 possibly related to NGC3201

e Size of structure while proxy, not perfect

A * some streams close to resonances
) R *  GE left debris over large region in loM

Not all tight in
metallicity
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Associations to globular clusters and cold streams

Talks by Massari, Horta; Session 2
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Group accretion likely happened

e LMC/SMC and UFDs clear example of recent group accretion
* Auriga simulations reveal group accretion

e Callingham & AH (2024, in prep)
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Summary we have come a Iong way
Where do we go from here?

Ident|f|cat|on of merger debrrs and characterlzatlon

Identlflcat|on |n loM obvrously has I|m|tat|ons

— bar potentlal and tr|aX|aI|ty (no mtegrals — tlme dependence)

e structures may have multlple onglns
e accretlon and masswe mergers are messy e
* response to mergers from in- S|tu populatlons '» S

. resonances .

Chemlstry iS cr|t|caI

Dynamlcs beyond the Solar V|crn|ty

— Complete samples |mportantI seIectlon functions Ieave |mpr|nts
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