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The early Milky Way Merger events

A small proto-galaxy GE/S
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A small proto-galaxy GE/S
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Why is the age of the bar an important property? {@

Slowing due to DM
interaction

Disc restructuring

(Resonances, radial migration)
(Dynamical friction)

3

Conditions of MW at time
of formation

e.g. baryon vs. DM dominance

3 Jason Sanders, Galactic Bars, July 2023



When do bars form in simulations?

Controlled simulations Cosmological simulations

Auriga HHlustrisTNG

Fraction of Circular velocity from DM

2
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10.0 \ O ,. &
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f= Y , Y : 10 ) 6 4 5 0 12.5 10.0 7.5 9.0 2.9 0.0
— 0.0 0.2 0.4 0.6 0.8 1.0
t10okback tLB [Gyr]
Fraction of Circular velocity from disc o T work (TG0 = Zhao 20 (TNG100)
. S wor . % Sheth 08
Frag kOUdI+ 2020 —/==long bars (Tbar = 2kpe) A Qheth NR (e R
BIand_HaWthorn+ 2023 o rye > 2FWHM(I — band), HST = Sheth 08 (strong bars)

Melvin 14 (M, > 10'°M,, strong bars)

i 10110,10.5) 1, _1010.25 7,
M, = 10! )A’I‘!“(m“l =107 M) == TNG50 (progenitors of z = 0 discs)

M, > 10"°M(med = 10'°M,,)
4 Rosas-Guevara 20 (RG20, TNG100)

Rosas-Guevaras+ 2023

4 Jason Sanders, Galactic Bars, July 2023



Bars at high redshift with JWST {@

FA44W ~ Rest-frame NIR Guo+ 2023: JWST Early CEERS

EGS-24154 EGS-12823
z:1.174 Z 1.217

1°0.5" ®|0.5" ®|0.5" il

i

EGS-26831 EGS-23205 EGS-24268
z:1.543 z:2.136 z:2.312

0.5"

Six barred galaxies z>1, formed ~8-11 Gyr ago

See also Jacobs+ 2022, Chen+ 2022, Ferreira+ 2022
Jason Sanders, Galactic Bars, July 2023



The age of the Milky Way bar

Age [Gyr] Method/Tracer Kawata+ in prep. Literature

~ 3—4 N-body sim., pattern speed of the bar Tepper-Garcia et al. (2021)
~ 36 Spatial distribution / infrared Carbon stars in the outer bar  Cole & Weinberg (2002)

~ 68 Spatial distribution / red giants in the inner ring Wylie et al. (2022)

~ 89 Spatial distribution / O-rich Miras in the BP-shaped bulge Grady et al. (2020)

2 8 Spatial distribution / red clumps in the NSD Nogueras-Lara et al. (2019)
~ 10 Kinematics and Spatial / red giants in the outer bar Bovy et al. (2019)

 Age of bar # age of bar stars (capture)

* Nuclear stellar disc associated with bar formation (e.g. MUSE TIMER:
Gadotti+ 2015, de sa-Freitas+ 2023, Baba & Kawata 2020)

6 Jason Sanders, Galactic Bars, July 2023



The age of the Milky Way bar

. LI | l L JTLINE LI UL P L AT A ATL TR JTTL ] L L l LI | l LI B | l N it vl P gl I L )
Age [Gyr] Method/Tracer Kawata+ in prep. Literature il ey B ram | t d
~ 34 N-body sim., pattern speed of the bar Tepper-Garcia et al. (2021) g I ar a p ltuae i
~ 36 Spatial distribution / infrared Carbon stars in the outer bar  Cole & Weinberg (2002)

Al

0.1

~ 68 Spatial distribution / red giants in the inner ring Wylie et al. (2022)

~ 89 Spatial distribution / O-rich Miras in the BP-shaped bulge Grady et al. (2020) z | |
28 Spatial distribution / red clumps in the NSD Nogueras-Lara et al. (2019) il

~ 10 Kinematics and Spatial / red giants in the outer bar Bovy et al. (2019) [ [

 Age of bar # age of bar stars (capture) : M,
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The age of the Milky Way bar

Kawata+ In prep.

Age [Gyr] Method/Tracer Literature

~ 3—4 N-body sim., pattern speed of the bar Tepper-Garcia et al. (2021)
~ 36 Spatial distribution / infrared Carbon stars in the outer bar  Cole & Weinberg (2002)

~ 6-8 Spatial distribution / red giants in the inner ring Wylie et al. (2022)

~ 89 Spatial distribution / O-rich Miras in the BP-shaped bulge  Grady et al. (2020)

28 Spatial distribution / red clumps in the NSD Nogueras-Lara et al. (2019)
~ 10 Kinematics and Spatial / red giants in the outer bar Bovy et al. (2019)

 Age of bar # age of bar stars (capture)

* Nuclear stellar disc associated with bar formation (e.g. MUSE TIMER:
Gadotti+ 2015, de sa-Freitas+ 2023, Baba & Kawata 2020)
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The age of the Milky Way bar

Age [Gyr]

Method /Tracer Kawata+ in prep.

Literature

~ 3—4

N-body sim., pattern speed of the bar

Spatial distribution / infrared Carbon stars in the outer bar
Spatial distribution / red giants in the inner ring

Spatial distribution / O-rich Miras in the BP-shaped bulge
Spatial distribution / red clumps in the NSD

Kinematics and Spatial / red giants in the outer bar

Tepper-Garcia et al. (2021)
Cole & Weinberg (2002)
Wylie et al. (2022)

Grady et al. (2020)
Nogueras-Lara et al. (2019)
Bovy et al. (2019)

 Age of bar # age of bar stars (capture)

* Nuclear stellar disc associated with bar formation (e.g. MUSE TIMER:

Gadotti+ 2015, de sa-Freitas+ 2023, Baba & Kawata 2020)
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The age of the Milky Way bar

Age [Gyr] Method/Tracer Kawata+ in prep.

Literature

~ 34 N-body sim., pattern speed of the bar

~ 36 Spatial distribution / infrared Carbon stars in the outer bar
~ 68 Spatial distribution / red giants in the inner ring

~ 8-9 Spatial distribution / O-rich Miras in the BP-shaped bulge
28 Spatial distribution / red clumps in the NSD

~ 10 Kinematics and Spatial / red giants in the outer bar

Tepper-Garcia et al. (2021)
Cole & Weinherg (2002)
Wylie et al. (2022)

Grady et al. (2020)
Nogueras-Lara et al. (2019)
Bovy et al. (2019)

Age of bar # age of bar stars (capture)

Nuclear stellar disc associated with bar formation (e.g. MUSE TIMER:

Gadotti+ 2015, de sa-Freitas+ 2023, Baba & Kawata 2020)

Time = 0.50C Gyr Time = 1.000 Cyr
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Structure of the Milky Way Nuclear Stellar Disc {@

Nishiyama+ 2013
120 «

f=

100 E

@)

80 &

60 %

O

40 )

20 "§

0 3

3 2 1 o -1 -2 -3 =
z

# of stars in a dereddened magnitude bin | (deg)

v‘

Morphology (disc or bar?): Alard+ (2001); Launhardt+ 2002, Gonzalez+ 2012, Gerhard+ 2012
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Kinematics of the Milky Way Nuclear Stellar Disc {@

Line-of-sight velocity Schoenr/ch+ 2015
. 80

1 60

40

20

0

~ b/deg

-20

<v> ~ 80 km/s

, @

Kinematics: Lindqvist+ (1992), Habing+ (2006), Schoenrich+ (2015), Shahzamanian+ 2022, Schultheis+ 2022

Jason Sanders, Galactic Bars, July 2023



Kinematics of the Milky Way Nuclear Stellar Disc

Line-of-sight velocity 5., ,c./ichi 2015 Proper motions Shahzamanian+ 2022
4 &N H-K:<1.7 H-K:>1.9
60 350
40 300
20 250 & 2
o — L - 2
S 0 g 2000 3 o
5 E c E 4
20 | - betr IE £
- -
-40 1002 - \
| :
.60 | : 50 |
Nearside, bluer — less ext. |
-80 v
<;/I0s> kms uy [mas/yr) Ly [mas/yr]

- — — — —————

<v> ~ 80 km/s l w

Kinematics: Lindqgvist+ (1992), Habing+ (2006), Schoenrich+ (2015), Shahzamanian+ 2022, Schultheis+ 2022
Jason Sanders, Galactic Bars, July 2023



Current generation of surveys: Nuclear Stellar Disc {@

Galactic longitude (3 deg, ~0.4 kpc)

—
il 7, < 11.8

Galactic latitude (3 deg, ~0.4 kpc)

9 Jason Sanders, Galactic Bars, July 2023



Current generation of surveys: Nuclear Stellar Disc {@

Galactic longitude (3 deg, ~0.4 kpc)

—
il 7, < 11.8

Galactic latitude (3 deg, ~0.4 kpc)

9 Jason Sanders, Galactic Bars, July 2023



Current generation of surveys: Nuclear Stellar Disc {@

VVV - oroper motions Galactic longitude (3 deg, ~0.4 kpc)
M ———————

il 7, < 11.8

Galactic latitude (3 deg, ~0.4 kpc)

9 Jason Sanders, Galactic Bars, July 2023



RIS gt e & | VISTA Variables in Via Lactea
e ' ok a e s , o ~500 million light curves
o - e W R Observations over ~10 years, ~200 Ks epochs
ot A e + | | ZYJHKs (sees through dust)
| Jason Sanders, Galactic Bars, July 2023




RIS gt e & | VISTA Variables in Via Lactea
e ' ok a e s , o ~500 million light curves
o - e W R Observations over ~10 years, ~200 Ks epochs
ot A e + | | ZYJHKs (sees through dust)
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VVV (VIRAC) proper motions %

® Absolute proper motions for first time anchored to Gaia DR3
(Smith+ 2018, Sanders+ 2019, Clarke+ 2019, Smith+ in prep.)

® Previously relative (e.g. Rattenbury+ 2007, Vieira+ 2007, ~3 KpC
Koslowski+ 2006) Mean velocity / kms™*
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Dynamical modelling of NSD

Self-consistent axisymmetric modelling using action-based models of VVV proper motions + Fritz+ 2021 spectroscopy
Mass: ~1e9 Msun, Scalelength ~ 90pc, Scaleheight ~30pc

(.6 | Line-of-sight velocity Proper motion across Galaxy 0.3}

0.2

An Example Field
O

0.2

p—

R / v f(J [z, v] D)
V2<D — 47TG(/0NSD aR /Oot.her)

0.1F

0.1r

-
"

2 1 0 -1 —2q0-==t . Miaiel ), Sni— e () ) s __
[ |deg] V1oe [100KM /3] un [mas/yr] iy, [mas/vyr|
o ————————————————————————————— T I I T T T —————

*spatial distribution not used in analysis
12 Sormani, Sanders+ (2022) Jason Sanders, Galactic Bars, July 2023



Dynamical modelling of NSD {@

Self-consistent axisymmetric modelling using action-based models of VVV proper motions + Fritz+ 2021 spectroscopy
Mass: ~1e9 Msun, Scalelength ~ 90pc, Scaleheight ~30pc

An Example Field

0.6 | Line-of-sight velocity Proper motion across Galaxy 0.3F

0.2

0.4+ 0.2}

PNSD(Z) = /dgv f(J|z,v|P])
V2® = 47G(pNSD + Pother)

0.1r
0.1f

0.21

[ |deg] T2 ) 2 ~10 ! |
ldeg Vs [100km /s pu [mas/yr] fip [mas/yr]

0.0

0.0

Density of AGB bump stars

*spatial distribution not used in analysis
2 Sorman l, Sanders+ (2022) Jason Sanders, Galactic Bars, July 2023



Dynamical modelllng of NSD {@

pNSD(Z) = /dg’v f(J |z, v|P])
V2® = 47G(pNSD + Pother)

0

Vlos [100km / s] 1 jmas/yr] {1, [mas/vyr|

100 pc

*spatial distribution not used in analysis
12 SOrmam: Sanders+ (2022) Jason Sanders, Galactic Bars, July 2023




Returning to the question: how old is the NSD? Q@

 High amplitude (AKs=0.3) thermally pulsing asymptotic giant branch stars Feast & Whitelock (2000)

100

Q)
. s E O O . R T =
(periods 80-1000 days) f a0 - Solar neighbourhood:
* Bright: Mks ~ -7 (for period=200 days) & low contamination -g an _ Hot = Old E
» Used for disc (Grady+19,21) and bar/bulge studies (Catchpole+15, Semczuk+22) ?%)- 10 v o -
S F Cold = Young
e ~1800 Mira variables in VVV with proper motions (Sanders+22) T =k | \ 'OI Oun%
T 100 200 300 | 14001 - 1soo
g P (day)

See also Marcin Semczuk poster
13 Jason Sanders, Galactic Bars, July 2023



Returning to the question: how old is the NSD? E(@

 High amplitude (AKs=0.3) thermally pulsing asymptotic giant branch stars ’\g o Feast & Whitelock (2000)
. N U O B B T R R B S N O I R Fi Ry 7a
(periods 80-1000 days) \‘:;f/ sk Solar neighbourhood:
* Bright: Mks ~ -7 (for period=200 days) & low contamination -% - _ Hot = Old _
()] = g
e Used for disc (Grady+19,21) and bar/bulge studies (Catchpole+15, Semczuk+22) Q. 40 f { { ! P -
O . Cold = Young|
« ~1800 Mira variables in VVV with proper motions (Sanders+22) 3 “F ¥ | ‘OI Oun%
'*GE') 100 200 300 400 500
L P (day)
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Grady et al. (2020) * *P©)

See also Marcin Semczuk poster
13 Jason Sanders, Galactic Bars, July 2023



Mira variable period-age relation calibration with Gaia DR3 %

Gaia DR3 Mira variables

° Lebzelter+ 2022 (Gaia DR3 LPV
catalogue): periods and amplitudes
e Fitaction-based dynamical models
e Match to Yu & Liu 2018 turn-off age-
velocity dispersion relations
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14 Jason Sanders, Galactic Bars, July 2023



Mira variable period-age relation calibration with Gaia DR3 %

X . . Vertical kinematics split by period

Gaia DR3 Mira variables Zhan_g & Sanders (2023) + P12y P |
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Mira variable period-age relation calibration with Gaia DR3 %

Gaia DR3 Mira variables Zhan_g & Sanders (2023) Vertical kinematics split by period
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Mira variable period-age relation calibration with Gaia DR3 %

Gaia DR3 Mira variables Zhan_g & Sanderg (2023) Vertical kinematics split by period
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Mira variables in the NSD

High amplitude (AKs=0.3) thermally pulsing asymptotic giant branch stars
(periods 80-1000 days)

Bright: Mks ~ -7 (for period=200 days) & low contamination
Used for disc (Grady+19,21) and bar/bulge studies (Catchpole+15, Semczuk+22)
~1800 Mira variables in VVV with proper motions (Sanders+22)
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Mira variables in the NSD

High amplitude (AKs=0.3) thermally pulsing asymptotic giant branch stars
(periods 80-1000 days)

Bright: Mks ~ -7 (for period=200 days) & low contamination

Used for disc (Grady+19,21) and bar/bulge studies (Catchpole+15, Semczuk+22)

~1800 Mira variables in VVV with proper motions (Sanders+22)
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Properties of NSD Mira variables — Completeness

VIRAC-2: 9356246015708, 350 epochs, AK; =0.46 mag

Period =194.51 days
12.0 :
o ® A A BB A \
1785 Mira variables L AA RN RRAR A EAA AR KA deah 444
EETARAR I WANNNIZS: 100t (XA WA ANAT AN AR 14! A
S AT Y IR T T B Y Y
&) WU US FY B ‘ARAAAR
12.6 g
12.8
A/ mag 5 0% ob . 3 JAML=307.716
o] i
0.5 1.0 1.5 2.0 2.5 e Mol B bt P oo oo
' ' 2014 2016 2018 2020
Year
'S 5

11.2< K,y < 11.8

0.2 1
1.0 1
0.1

0.0 1

+I
- ]
-0.11
. +++

—0.2 -
_10 T * [
03] ® M09 not VVV ® M09 & VVV (N, > 20)
B M09 & VVV (Ng, <20) © M09 & VVV detected
. _1.5 ; | | | . | T - T 1|- = T = T T
1.5 1.0 0.5 0.0 0.5 ~-1.0 -1.5 1.5 1.0 0.5 0.0 —-0.5 ~1.0 -1.5 0.3 0.2 0.1 0.0 —0.1 —0.2 —0.3
¢ |deg] ¢ |deg] {[deg]

16 Sanders+ (2022) Jason Sanders, Galactic Bars, July 2023



Properties of NSD Mira variables — Completeness

VIRAC-2: 9356246015708, 350 epochs, AK; =0.46 mag
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Properties of NSD Mira variables — Distances {@

Short-period (<~300d) consistent with NSD distance, longer period = very dusty (unclear)

17 Sanders+ (2022)
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Properties of NSD Mira variables — Distances

Short-period (<~300d) consistent with NSD distance, longer period = very dusty (unclear)
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Properties of NSD Mira variables — Kinematics E[@

Sanders+ (in prep.)
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Properties of NSD Mira variables — Kinematics

Sanders+ (in prep.)
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Properties of NSD Mira variables — Kinematics {@

20

Sanders+ (in prep.)
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Properties of NSD Mira variables — Kinematics {@
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Dynamical modelling of NSD Mira variables {@

PM Distance On-sky Period

Y e Ay .b.s. u|P Plona- (€. b, s, 11
b PNSD(C: b, 5, B P) + w(L)ppar (£, b, 5, )
pNSD(E: b P) 13 w(P)pb-ar(é: b)

Mixture model for kinematics given on-sky
position and period (marginalised over distance)
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Dynamical modelling of NSD Mira variables {@

PM Distance On-sky Period

RRT SO S RO N ,b,s, | P) + w(P)pna(£, b, s,
p(u’ S‘g, b, P) ! NSD( ,’l’ ) ( ) )al( N)
pNSD(E: b P) 17 w(P)pba.r(ga b)

Sormani. Sanders+ 2022 NSD model / Mixture model for kinematics given on-sky
Act;on-based axisymmetric position and period (marginalised over distance)
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Dynamical modelling of NSD Mira variables

PM Distance On-sky Period

ool A 0. b,s, | P) +w(P)ppa (L, b, s, p
albih S NSD( | P) + w(P)ppar [)
PNSD (4, b| P) + w(P)ppar (4, b)

Sormani. Sanders+ 2022 NSD model / Mixture model for kinematics given on-sky x
position and period (marginalised over distance)

Action-based, axisymmetric
Portail et al. (2017) bar/disc model

(central component removed)
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Dynamical modelling of NSD Mira variables
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Dynamical modelling of NSD Mira variables {@

Reweight period/age distribution by
membership probability at each on-sky location

= 3 S
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Dynamical modelling of NSD Mira variables

Reweight period/age distribution by
membership probability at each on-sky location
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Dynamical modelling of NSD Mira variables

Reweight period/age distribution by
membership probability at each on-sky location
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A consistent picture

26

Ageapo (GyT)
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Future prospects

Missing Mira variables with astrometry between Gaia and VVV — |low-
extinction/outer NSD — JASMINE will fill in
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Dynamical modelling of proper motions of Mira
variables in the NSD suggest the MW bar is
7-8Gyr old

Fitting in the Galactic timeline

* Belokurov+22, Rix+22, Semenov+23a,b — MW disc in
place early compared to MW analogues

* GE/S — Splash Belokurov+2020, Bonaca+2021 ~ 10Gyr
* Thin (low alpha)-thick (high-alpha) transition — ~8Gyr

* Sgr dSph first pericentric passage ~6Gyr (Das+23)

- Bar buckling (B/P symmetry): Khoperskov+19 — Gaia
snail unlikely bar related

* Relation to bar slowdown measurements (Chiba+21) —
dQ)/dt~4.5km/s/kpc/Gyr —> Q~68km/s/kpc at formation?
But only 24% change required for Hercules

The early Milky Way Merger events

A small proto-galaxy GE/S
(Poor-old heart, Aurora)

®
‘ GE/S
MW

T

~13 billion years ago ~10 billion years ago 7-8 billion years ago

The era of
bar formation
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