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‘The Solar Neighborhood .~ .
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Two-infall model: major
accretion event resets
chemical evolution
Explains both the high and
low alpha disk

Potential issue: very specific
age-metallicity relation,

metal-rich stars can only be

old!
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Adding Ages to the Mix
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Adding Ages to the Mix




Radial Mixing -

Radial Mixing: Stars
Move!ll

Blurring: stellar orbits
heated with time,
eccentricity +, angular
momentum conserved
(non-axisymmetric
structures, GMC, satellites)

Migration: Angular e
momentum exchange with -
non-axisymmetric time
dependent perturbations
(transient spiral arms),
eccentricity conserved
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https://docs.google.com/file/d/1v_NPVndaL3U6HCn0H3Cg229IHpPPGx7Z/preview
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Milky Way Disk: Chemical Map .
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Milky Way Disk: Chemical Map .
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Milky Way Disk: Chemical Map -
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Milky Way Disk: Chemical Map .
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Milky Way Disk: Chemical Map .

1.0 <|z| < 2.0 kpc

0.4

o2

0.0

3 <R< 5 kpc

Z

5 <R< 7 kpc

>

+

7 <R< 9 kpc 9 <R< 11 kpc ]
1+ + w11 &+ 2w

11 <R< 13kp(:_:

13 <R < 15 kpc

-1.0

-0.5 0.0 O.

5 -1.0

T T
-0.5 0.0

0.5 <|z| < 1.0 kpc

1 T I .
05 -1.0 -0.5 0.0 05 -1.0 -0.5 0.0 oO.

5

I I ]
-1.0 -0.5 0.0 0.5

-1.0

T T
-0.5 0.0 O.

0.4

a/Fe)

— 0.0

0.24." %

3 <R< 5kpc

+

+

5 <R< 7 kpc

_3 7 <R< 9 kpc ] 9 <R< 11 kpc 3
Fooow ow SRR ow ow T

11 <R< 13 kpc ]

13 <R < 15 kpc

-1.0

-0.5 0.0 O.

5 -1.0

T T ] ] T T T .
-0.5 00 05 -1.0 -05 0.0 05 -1.0 -0.5 0.0 oO.

T T T

0 <|z| < 0.5 kpc

5

T T ]
-1.0 -0.5 0.0 0.5

T

-1.0

T T
-0.5 0.0 O.

0.4
0.2 4
0.0

1+

3 <R< 5 kpc

+

+

5 <R< 7 kpc

+

e

LB

7 <R< 9 kpc 9 <R< 11 kpc

H

+ + £ R e + & -

+

11 <R< 13 kpc

+ RS

P

13 <R < 15 kpc

+

.o

[Fe/H]

5 Hayden+2015 . ¢

T T T . T T T ] T T T a T T S . T T T ] T T T
-1.0 -0.5 00 05 -1.0 -0.5 00 0.5 -1.0 -0.5 00 05 -1.0 -0.5 00 0.5 -1.0 -0.5 0.0 0.5 -1.0 -0.5 0.0 0.5

Relari\/p



o Ra_d'ial Mixing: Stars -M.ovfé! g 1o

e Idea: Maybe stars move

from their birth place!

probability

Sch_oenAric.h+Binney"2(‘)09',- o



o Ra_d'ial Mixing: Stars -M.ovfé! S 1o

e ISM at different radii in the
disk have a set, steady
evolution

e We mix stars after they are

born

probability

e Two sequences: one inner St
disk, one outer disk—stars

born in different places

Sch_oenrich+Binney",2(.)09',- :



. Schoenrich+Binney 2009.

Different radii in the disk
have their own evolution
Stars move around after

they are born

S o




Metallicity Distribution: H;igﬂh“e"t ~»0“_rd.elr[M}bm-ehts'. it
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Inflow Timescale
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Relations




Dispersion v,/0,,,

Dispersion Vg/0y,, 1
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Different
agree.

Different
agree.

- MSTO seismic
- RG with C/N

- Giants with astero-
seismology

all on same
line:




i What We Want tOAnswer .'. ; ;‘j. : ' e Want to explain the detailed
i | R R T chemical abundances of the

Galaxy

e How the abundances vary with

position in the disk

‘ . L. Identify Likely Formation
P ko Pathway for Thick/high-a disk

-

© Boguan (Erwin) Chen(ANL) o " o

Build upon pioneering work &

v R ' ‘~ from Schoenrich & Binney 2009 .
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—— Fiducial and the rest
CSF

e’ SEF

== SH-

Total SFR (M o yr—1)
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. ; TheMOdel - i ! A Solar neighborhood data in

greyscale

e Strong radial gradient—

10.5 Gyr \\\ ;

inner Galaxy metal rich, :

outer galaxy metal poor

90 Gyr —— >\ |~ e Rapid chemical enrichment
\ \‘
76?066)'}1}1' ‘\

early on, slow enrichment

later

Chen,Hayden+2022

e Most high alpha stars born

tFeﬂ{] | | i in inner Galaxy




4 6
Lookback Time

Solar neighborhood data in
greyscale

Strong radial gradient—
inner Galaxy metal rich,
outer galaxy metal poor
Rapid chemical enrichment
early on, slow enrichment
later

Evolution of a with time

matches data
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- Model Parameters ~

Table

Parameter

Meaning
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 Chemical Eolution Summary .

e Developed a detailed chemical evolution model that takes into account many
physical processes including radial mixing
- e First chemical evolution model that closely matches the entire chemical

distribution of stars in the Galaxy

e Able to reproduce the high-a disk and bimodal distribution of stars in solar
neighborhood with no mergers required!

e Implies that this might be natural evolution of disk galaxies, rather than rare
event

e Lots more things to look at: s-process abundances, more gas processes, etc!
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How Common s the Milky Way? .

The origin of diverse a-element abundances in galaxy discs

J. Ted Mackereth!*, Robert A. Crain', Ricardo P. Schiavon!, Joop Schayez,
8l Tom Theuns® and Matthieu Schaller'

. W ! Astrophy Research Institute, Liverpool John Moore i ty, 146 Brownlow Hill, Liverpool L3 SRF, United Kingdom
it - 2Leiden Observatory, Leiden University, PO Box 9513, N 00 RA Leiden, the Netherlands
3 Institute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham DHI 3LE, UK
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7 AR . ABSTRACT

: % fixed [Fe/H], manifest at some locations as a bimodality. The origin of these diverse, and pos- |
. 5 :, : sibly distinct, stellar populations in the Galactic disc is not well understood. We examine the 538
' Fe and a-element evolution of 133 Milky Way-like galaxies from the EAGLE simulation, to
investigate the origin and diversity of their [a/Fe]-[Fe/H] distributions. We find that bimodal
[a/Fe] distributions arise in galaxies whose gas accretion histories exhibit episodes of signif-
icant infall at both early and late times, with the former fostering more intense star formation
thdl] the ldttex The shortu Lhd[‘dLIer!StIC consumptlon timescale of gas aureted in the earller i

mation of a h|°h [o/Fe] sequence We find lhdt bimodality in [a//Fe] s1mlldr to that seen in the

al 5 5 percent of galaxies in our ﬂmle We posit that

5 a consequence of an early gds accretion episode requiring the ma )

of a galaxy s dark matter halo to exhibit a phase of atypically-rapid growth at early epochs.

The scarcity of EAGLE galaxies exhibiting distinct sequences in the [a/Fe]-[Fe/H] plane

may therefore indicate that the Milky Way’s elemental abundance patterns, and its accretion
history, are not representative of the broader population of ~ L* disc galaxies.




For MW datacubes...

l PPXF+MILES, etc
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The Milky Way in Context: Building an IFS Data Cube of the Galaxy

Purmortal (Zixian) Wang (zwan0382@uni.sydney.edu.au), Michael Hayden, Sanjib Sharma, Jesse van de Sande, Joss Bland-Hawthorn

Sydney Institute for Astronomy, School of Physics, A28, The University of Sydney, NSW, 2006
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Figure 1: Top: Flux distributions of two generated Milky Way data

cubes at wavelength A = 5500 A. The galaxy is firstly placed at 50Mpc

from the observer, then rotated by different angles. No extinction/seeing

is added on these data cubes. Bottom: Spectrum of one spatial pixel

(marked on the top-right panel) generated by using MILES models.

Synopsis

In this work, we present a novel approach to generating the mock IFS data cube of

use of the SSP spectral libraries and E-Galaxia. This tool is flexible about adjustable the galaxy distance,
inclination, spatial and spectral resolution, instrument properties (SAMI/Hector, MUSE, etc) and observation

properties (seeing, SNR, etc.)

log(Age)

0.08

0.06

0.04

Figure 2: The age, metallicity and [a/Fe] distributions of the generated Milky Way data cube in the top-right
panel of Figure 1. For each spatial pixel, the (age, metallicity, [@/Fel) values are mass—weighted averages from
the MILES SSP model grids, where the mass is dependent on the particles lying in the pixel.

Ingredients
* E-Galaxia (Sharma et al. in prep 2022)

*  Milky Way model (Sharma et al. 2020)

*  SSP spectra libraries (MILES, PEGASE-HR, etc.)
*  pPXF (Cappellari 2017)

* Data-cube properties

* Instrument properties

Applications
Direct chemo-dynamical structure comparison
between external galaxies and the Milky Way on:
*  Velocity dispersion profiles
* Radial and vertical age gradients
*  Mass fraction of the [a/Fe]-rich versus [« /Fe]-
poor populations
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‘SFR: Not So Gaod
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An ESO VLT/MUSE Large Program

Turning galaxy evolution on its side with
deep observations of edge-on galaxies

What is GECKOS?

Generalising Edge-on galaxies and their Chemical
bimodalities, Kinematics, and Outflows out to Solar
environments

e 317 hours of VLT/MUSE in various seeing conditions

e 35 edge-on galaxies at D < 70 Mpc

e Better than 200pc spatial resolution out to solar
environments

e S/N =40 at surface brightness 23.5 mag/arcsec?

Who is GECKOS?

Pl: Jesse Deanne Amelia Marie Michael
van de Sande Fisher Fraser-McKelvie Martig Hayden

r;‘

‘ /‘k’, 9 V.
Team: Adriano Poci, Alberto Bolatto, Andrew Wetzel, Barbara Catinella,
Barbara Ciraulo, Claudia Lagos, Emily Wisnioski, Eric Emsellem, Fabian Walter,
Francesca Fragkoudi, Francesca Pinna, Glenn van de Ven, Ivan Mincheyv, Jesus
Falcén-Barroso, Jo Ciuca, Joss Bland-Hawthorn, Kate Harborne, Ken Freeman,
Ling Zhu, Luca Cortese, Ortwin Gerhard, Payel Das, Purmortal (Zixian) Wang,

Richard McDermid, Ryan Leaman, Sanjib Sharma, Sarah Martel, Scott Croom,
Sven Buder, Tobias Buck, and Trevor Mendel
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at the same age,
accreted stars are
more metal-poor
than those that
formed in situ

Age [Gyr]

Martig+2022

Observe 35 edge-on galaxies to
very high S/N out to large Re
(~3Re)

Range of star formation
rate+histories: What drives disk
galaxy evolution?

Measure stellar populations of
disks, identify accreted structures,
measure outflows

Apply detailed chemical modeling
from MW to these external

systems
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‘Blue: Metal-poor

Red: Metal-rich

All you need is
age+metallicity to
estimate an abundance

Implication: Galaxy has
had almost no
azimuthal metallicity
variation for most of its
history
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| _'Age Metalllclty Abundance Relatlons

0O Nessetal 2019
O Bedell etal., 2018
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Estimate abundance from age, [Fe/H]
Compare estimated abundance to measured abundance, measure scatter

e Compare scatter to that of measurement uncertainties, determine intrinsic scatter:
how well can we predict an element based on age, [Fe/H]? Low sigma— better
prediction
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~ Turning This Around: Ages from Abundances
| ° | ‘We.c'an'estiméte aBundanc-es.f'o' <005 deXJustfrom aée;[Fe)i;l].‘ _> . g RE T
We can estimate ages just from abundances + [Fe/H]

e Use XGBoost to estimate ages from 13 abundances in GALAH: [Fe/H], [Y/Fe], [Ba/Fe], [Mn/Fe],

[O/Fe], [Cr/Fe], [Na/Fe], [CalFel, [Ti/Fe], [Mg/Fel, [Si/Fe], [K/Fe], [Sc/Fe] with MSTO stars . 98
providing training set ages e

Chemical Age (Gyr)
193 Buiuies |
Chemical Age (Gyr)

19S 1sal

8 10 6 8 10

Isochrone Age (Gyr)

Isochrone Age (Gyr)

#oyden+Sharma
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Angular momentum L

f,=aExp(-L/c) + b L*

|

Expongntial fall to In general we allow
maintain constant for a quadratic rise.
scale height
Exp(-L/c) L2
/ Minimum threshold
Constant set by finite

birth dispersion




AgerT

f =(T/Gyr+0.1)ev
~\" 10401 \

Minimum threshold set by finite birth dispersion.

T Age



Metallicity [Fe/H] and height |z]

f[Fe/H]= 1+ d[Fe/H] f=1+e|z
. Linear functions o, /
\

[Fe/H] or |z]



Chemical Evolution with Radial Mixing

Structure of disk:
- Exp(-R/R))
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. R, (r)Star formation history:
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- [Fe/H] (R,,T)
- [a/Fe] (R,,T)

12



. Chemical evolution:
(empirical, motivated by obs)

Smooth Evolution — No thick disk

Gap Between High/Low Alpha: Caused by
time delay between star formation and onset
of SN-la.

thin i thick
- i
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: i , ]
I T + + + 4 ;
o 2 4 6 8 10 12 14
Age 1 [Gyr]

(£*%) [H/e4]

(1Y) [8/0]

Sharma+Hayden 2020b



. Chemical evolution:
(empirical)

[a/Fe] [dex]

([a/Fe] = amin(F)/(amax — Amin(F))
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Birth configuration

(R, 7)=p(7) P(R,|T)
Star formation history: p(7)
Structure of disk: Exp(-R/R,)

S

Present configuration
P VIR,,T)

p(z| o), Vertical distribution
p( RIL, o ) Radial distribution

Z

.



Birth configuration Present configuration

Star formation history: p(7) - PRI
Structure of disk: Exp(-R,/R,) p(z| o), Vertical distribution

p( RIL, o ) Radial distribution

o

p(L|R,7) Radial Migration:
Gaussian Diffusion Process, o, = 1150 km/s kpc
o(L, R, 1) Velocity dispersion
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Table 1. Parameters of the standard model. 04 4

l Fiducial

Parameter Meaning Value z Al
Ry Scalelength of cold gas 3.5 kpe z

C Star formation efficiency constant 29 5% 1970

N Power in star formation law 1.4

Mo cord Initial cold gas mass 7 x 10° M; -
Mp. warm Initial warm gas mass 1 x 10° M, %

AMuwarm Early infall mass per step onto warm gas 2.5 x 108 M¢
M, Short timescale infall mass 1 x 10'°M, 04
M Long timescale infall mass 1 x 10" Mg 034 s
by Timescale for M, 150 Myr % ET: oy )
ba Timescale for M2 1.4 Gyr 0.0 -

20 kPC qu Sy, 2kpe 20kpe. 2kpe
tmin.SNela Minimum time delay before first SNe la 150 Myr —0.1 - 3
tecaleSNela  Timescale for decay of SNe la 1.5 Gyr 126y — =
; A Cooling timescale of warm gas 1.2 Gyr g;,, o —
Jetivect Fraction of ejecta directly into cold gas 0.01 B |
Jeject Fraction of ejecta lost 0.3-0.04 I Phre———— n 2hr
Zas- Metallicity of the Sun 0.0156 FEp—
Zicm Metallicity of the IGM 107%°Zi. % i saor —
ficm The fraction of gas directly deposited from IGM 0.25 = I =
%SNela Fraction of white dwarfs from stars within (3.2, 8.5) M that turn into SNe Ia 0.05 Wiy 5 2
%HNe Fraction of CCSN that explode as hypernovae 0.5 i ‘ T
%MRSN Fraction of CCSN that explode as magneto-rotational supernovae 0.0025 7 R
Vo Rotational velocity of the Milky Way from Sanders & Binney (2015) 220 km/s 2 | WG
oL, Churning amplitude from Sanders & Binney (2015) 1150 kpe km/s I Wkpee s 2
- Maximum age of the Milky Way 12 Gyr " g S1s =l0 <08 00 08

[Fe/H]



Future Research: MW In Context: -+ =
. i Dt dl e s e e e MW is only a single galaxy: can’t
constrain all of galaxy evolution with %
one data point!
e (Can compare detailed chemical
evolution models to simulations—
identify MW analogues, look at

range of formation pathways

- & Goal: Use several suites of g
: i simulations (FIRE-LATTE, TNG50,  .*
ey " 32 EAGLE, Auriga, etc.). Determine

-1000 2000

which processes are critical to

producing realistic chemical maps




