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van der Wal & Meidt 2025

Galaxies at high—23

* Disc substructures (like bar and spiral)
already appeared at the early time of
the Universe

See also Ferreira+23, Kuhn+24, Espejo Salcedo+25 etc. 3



Tsukui et al. 2025

Ga |aXieS at h igh_Z thin and thick disk ga‘laxies
* Disc substructures (like bar and spiral) / \ \ /
already appeared at the early time of T o 05| am0ids 1-0.72
the Universe / .
" \ - — -

* Tracing morphological evolution of
galaxies through cosmic time

thick disk only galaxies

\ . - _

2=0.73 2=0.94 2=1.25 z=2.63

z=0.91 z=1.03 2=2.13 2=3.01

See also Lian & Luo+24 4



Galaxies at high—23

* Disc substructures (like bar and spiral)
already appeared at the early time of
the Universe

* Tracing morphological evolution of
galaxies through cosmic time

* Link Milky Way to the morphological
evolution of high-z galaxies

* What is the evolutionary pathway of
the Milky Way’s disc

@ESA/Gaia/DPAC




How do stars move after
they formed?



Secular evolution in the Galactic disc

* Orbits of stars do not remain constant ‘ Sellwood & Binney 2002

* Stars could move from their birth
radius to their present-day radius,
called radial migration

* This process happens through
interaction with non-axisymmetric
perturbations, e.g. the transient spiral
arms, galactic bar.

See Sellwood & Binney 02, Minchev & Famaey 10, Halle+15, Khoperskov+20,
Haywood+24, Marques+25 (etc...) for different radial migration mechanisms 7



Secular evolution in the Galactic disc

Credit: Neige Frankel

e Orbits of stars do not remain constant

* Stars could move from their birth
radius to their present-day radius,
called radial migration

* This process happens through
interaction with non-axisymmetric
perturbations, e.g. the transient spiral
arms, galactic bar. 100
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See Sellwood & Binney 02, Minchev & Famaey 10, Halle+15, Khoperskov+20,
Haywood+24, Marques+25 (etc...) for different radial migration mechanisms 8



Sighatures of radial migration

* As the Galactic ISM are axisymmetric
within <0.1 dex (Wenger+19, etc.), the
observed stellar metallicity 1n the solar

neighbourhood should have little spread at

cach ages.

* The large metallicity spread in the stellar
metallicity at each age reflects the amount
of radial migration in the Galactic disc.

~_ Velotresmy
Z |d|Fe/H]/dR|

See Sellwood & Binney 02, Frankel+20, Ratcliffe+25

oy,

Amount of
radial migration

A mock galaxy
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In a radial anulus
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Sighatures of radial migration

* As the Galactic ISM are axisymmetric
within <0.1 dex (Wenger+19, etc.), the
observed stellar metallicity 1n the solar
neighbourhood should have little spread at
cach ages.

Age - metallicity relation

* The large metallicity spread in the stellar
metallicity at each age reflects the amount
of radial migration in the Galactic disc.

5 VelOrre/n) Xiang & Rix 2022 Age [t; Gyr]
2l |d|[Fe/H]/dR|

See Sellwood & Binney 02, Frankel+20, Ratcliffe+25 10

oy,



One way of solving this: birth radius inference

* Can estimate birth radii R, of stars (b)
from stellar ages and metallicity:

T, [Fe/H]} = R,

* ISM metallicity model |[Fe/H]|(R;, T)
|Fe/H]|(Ry,T) = |Fe/H],(t) + V|[Fe/H]R,
1) maximum metallicity at each age
2) metallicity spread at each age
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*  One can then comparing Rygay and PN Paiarer
2.5 5.0 D

R, to map the secular evolution Age [Gyr]

See Minchev+2018, Lu+2024, Ratcliffe+2024 11



LAMOST: Age vs [Fe/H] vs R,

5.5-6.5 kpc

Isochronal ages from Xiang et al. 2025

12



Test-particle simulation: bar-driven migration

t=0 Gyr t=3.5 Gyr t=4.5 Gyr t=11.5 Gyr

13

HZ et al. 2025a



Resulting age-metallicity sequences

Local stars vs. migrated stars

Simulation with a slowing bar

Simulation with a constant 2, bar

Observations

0.5

0.5

[Fe/H]

[Fe/H]

—1.0; 4 6

. . . . . 1ol
8 10 "2 4 6 8 10 10

Age, 1 [Gyr] Age, 1[Gyr]

4

6

g 10

Age, 1 [Gyr]

== bhar formation time

memm=  migrated stars, [Fe/H](age, R = Rggr(t)) === locally-born stars, [Fe/H](age, R =R)

Sun's age and metallicity

HZ+2025a



Resonant dragging of a decelerating bar

A toy demonstration

t=0.00 Gyr
No bar, axisymmetric disc
(1] R —— :
Stars trapped in the corotation
e _ 6 resonance migrate with the
E " P | 2. expansion of the corotation. This
= 0 N e brings stars from the inner Milk
LW - gs stars from the inner Milky
G I & Way to the present-day corotation
2 radius.
_10b S | | HZ+2025
—10 0 10 .0 2.5 5.0
X [kpc] t [Gyr]

analytic descriptions



Resulting age-metallicity sequences

'Fe/H|(t,R,~R.p ,)  Localstarsvs. migrated stars

10 Stars born before bar formation:
Born before those that has R, ~R¢g init
bar formation experience strong resonance

0.50

Born after
bar formation

0.25§
dragging '
0.00 .
_ Age-metallicity sequence
% 0251 tracks [Fe/H](t, Rp~R¢R init)
[
— 050+ Stars born after bar formation:
' those that has Ry ~R g (t = 7)
B I experience strong resonance
0.75 dragging ‘

0 Age-metallicity sequence flattens,
and tracks [Fe/H]|(t, R,~R¢cg )

16

100 T 25 50 75 100
Age [Gyr]



Resulting age-metallicity sequences
The guiding radii dependence

6-7 kpc 7-8 kpc 8-9 kpc 9-10 kpc

[Fe/H]

0 5 10

Age (Gyr) Age (Gyr)
11-12 kpc 13-15 kpc
—_ —_ — — 007
2 = T = -
£ £ £ £ - I
050 = - -
0 5 10

Age (Gyr) Age (Gyr)

@ = gas-phase metallicity today 17



Resulting age-metallicity sequences
The guiding radii dependence

15.0 15.0 0
v G
125 f125< 2
= 0.0 LS @
) 110.0 10.0 o E
= 23
17.5 17.5 =
0.5 < g
53

50 “5.0

See also Khoperskov+25 18



Implications: |a/Fe| — [Fe/H| bimodality

4< R, [kpc] <5 6.5 < R, [kpc]< 7.5 9 <R, [kpe] <10
(inside corotation) (around corotation) (outside corotation)

031 HZ+2025
? 02 i _
= -8
S -
—0.1 S

0.0 S

1.0 0.5 0.0 “1.0 05 0.0 0.5 0.5 0.0 0.5
[Fe/H] [Fe/H] [Fe/H]

— Upper age-metallicity sequence (migrators) Lower age-metallicity sequence (locally-born)

See more detailed chemical cartography map in Hayden+15 See also Sharma+21 19



Inferring the pattern speed history of the bar

Test particle simulation Observation with inferred birth radii

10 10
= 6 =
S 3
£ 4 = 4
< <
E 2f = 2t
M == Stars in corotation M == Stars in corotation

O === Rcg(t)in simulation O === Fitted Rcr (1)

0 2 4 6 8 10 0 2 4 6 8 10
Age [Gyr] Age [Gyr]

In this birth radius calculation method (Lu+24), we can infer:
tpr~6 — 8 Gyr; ;~60 — 80 km/s/kpc; n = —0/0%~0.0025 — 0.004

agree with other independent measurements of t;r and n (Chiba+21, Sanders+24), and non-independently Haywood+24

1.00

0.75

0.50

10.25

0.00

P( Ry | 7)

20



Half-time break

* Corotation resonance of decelerating bar can create the V-shaped age-metallicity
pattern

* Can be used to explain the a-bimodality of the disc

* Can infer the history of bar deceleration (e.g. formation time, initial pattern speed
and deceleration rate) using this signature.

Next: A more comprehensive chemodynamical forward
modelling approach

\ 4

21



Chemo-chrono-dynamical modelling

|Fe/H]
* Fitting for the column-normalised age-
metallicity plane at different radial bins

p([Fe/H]|t, R,)
p([Fe/H], Ry|7)

~ [ d[Fe/H] p([Fe/H], Ry|7)

where p([Fe/H], Rgl’[) =  Stellar metallicity at
birth (ISM metallicity)

f dL,, {p([Fe/H]|t,L,};) PDF

Mono-age population

Ry, (or L, )

p(Lzp|t) P(L2|T Lyp))
Initial radial profile Radial migration kernel Ry, (or L, p)

HZ+2025b See also similar models in Frankel+18, 20 22



Chemo-chrono-dynamical modelling
With observables: {7, [Fe/H],x,y,z,v,,v,,v,}

Disc growth Initial disc scale length

L,y (Star-forming disc
p(Lzp|T) o Lypexp[— Vo Ry ’ scale length)

. . Radial metallicity

Weak chemical tagging gradient at birth
[Fe/H];sm = [Fe/H], + V[Fe/H] R, (Gas-phase

metallicity gradient)
Orbital diffusion Angular momentum
ot diffusion coefficient
p(Ly|Lyo 1) = (LZ Lo 55 2 0, : u
circ**d,0 |-
—JrK ; Radial and vertical

p(vR,vZ|R,Rg,z) X exp

0% velocity dispersion



Validation against selection function & uncertainties

(3) Metallicity gradient (at birth)

~—~ 0.00
4 (1) Disc scale length (at birth) 1500 (2) Angular momentum diffusion a
/, é 0 0
o ’ s —0.05
8_‘ 3 ke v <]
vM = ,// E
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:-5 ,// file]
"Uﬁ ”/ P
8 ' 5 —-0.15}
il ()
=3
, . . . & . . . >
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HZ+2025b

8 10 12

6
Age (Gyr)

Fitting (1 o)
Ground truth
Prior (1 o)
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Model fits to data well

6 < i, |[kpcl < 6.5 6.0 < K [kpc] =7 T=H |kpc] =735

7To=< K |kpc] <8

tltl 5 'Eltl 5 'Eltl 5
Age (GyT) Age (GyT) Age (GyT)
B.0 < K, [kpc] <9 9 <H, |kpc] <95 9.5 < K, |[kpc] <10

8 < i, |kpc] <8.5

10 g
Age (GyT)
10 = H_.{ [kpc] = 11

Age (GyT) Age [Gyt) Age [ Gyt)

10 5
Age (GyT)
11 < K, [kpc] < 13

Age [ Gyr)

Age [ Gy




Results: Inside-out formation

i
A — f{jst-fit(l-o) 04l
—_ , today
—_ (Funakoshi et al. 2025) 0.2
a —-- Frankel et al. (2020) '
M 3t 0.
N’ Q
T
g — -0.2
B2} aw
5 3 —0.4
e 2
1 Scale length of the T 0.6
star-forming dj
| 1 1 1 L L -U.B
2 6 8 10 12
Age / lookback time (Gyr) 0TS T 50 75 100 125 _dn
Age (Gyr) aFerH]
Sharp increase in the star-forming disc 0.0 o o=
scale length: Gas accretion? ' P ([Fe/H] | Age) | .

HZ+2025 See also the results in Ratcliffe+26



Results:

HZ+2025

metallicity gradient

See similar results in Lu+24, Ratcliffe+25

0.00 {|==3 Best-fit (1-0) .
~ =+ ¥ [Fe/Hl iy (dex/kpe) P
//
4
~0.04F o= y

Gas-phase
metallicity gradient

V [Fe/Hly, (dex/kpc)

P i N

~

N

2 A 6 3 10

Age / lookback time (Gyr)

12

An approximately flat but constantly negative birth metallicity gradient

since the disc formation

27



Radial migration strength

* High angular momentum

1500 saonlar oot diffusion in the old, high-a
_ 100 diffusion disc compared to the
é young, low-a disc
=<4 900
e,
ST * 0y, 1s separated 1nto three
b&’ radial bins
300 | | 1) 6.5<Rgz/kpc<9
high-a disc 2) 9<Rg/kpc<11

1 ) . _ i 1 .
2 4 6 8 10 12 3) Rg > 11kpc

HZ+2025b 28



700
A
g 600
.
& 500
o,
4 400
3
S 300
200
Age (Gyr)
[ |
7 8 9 10 11 12 13
R, (kpc)

HZ+2025b

[Fe/H]

0.50

0.25

0.00

—0.25F
—0.50
—0.75}

-1.00

6.5 < R, <9 kpc

5 10
Age (Gyr)

I . B
0

1 2
P ([Fe/H] |

Around
CR

age)

[Fe/H]

0.50
0.25
0.00

-0.25
—-0.50+
—-0.75¢

-1.00

9< R, <11 kpc

5 10
Age (Gyr)

(N
2 3

1
P ([Fe/H] | age)

Between
CR & OLR

[Fe/H]

0.50

0.25 ¢+
0.00
—0.25
—0.50+
—0.75¢t
—-1.00 5 1'0
Age (Gyr)
0 i ;
P ([Fe/H] | age)
Outside
OLR
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Radial migration strength

* High angular momentum

s Angular momentum diffusion in the old, high-a
100 diffusion disc compared to the
% young, low-a disc
=<4 900
e,
ST * 07, 1s separated into three
bs radial bins
300 1) 6.5 <R,;/kpc<9
i 2) 9 < Ry/kpc < 11

2 4 6 8 10 12 3) R, > 11kpc

30
HZ+2025b



Nexus simulations: the effect of gas

fgas = 209% 0.05 Gyr

* Same halo and disc mass, but
different gas fraction

fgas = 40%

0.05 Gyr

e Simulation suite: T
Low-mass MW-analogue (V.~140 fgas = 60% b
km/s) with gas fractions
20/40/60/80%

fgas = 80%

0.05 Gyr

See Tepper-Garcia+2024

31




A quick view of the diffusion

 Computing L, /», ], of the 1nitial and final state of particles as orbits label

* §X(t) = RMS(AX) = J{(X(t) — X(0))2) for X = L, ]z, ],

300 r

250+
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[e— [a—

W
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gas fraction: 20%

HZ+2025c¢

gas fraction: 40%
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More gas = more diffusion

* More angular momentum diffusion in the more gas-rich disc

* 5L, « +/t in these isolated discs = a constant diffusion coefficient

2.5
5ol R I HZ+2025¢ - with turbulent gas
‘ CR ! oF L === with isothermal gas
_ | _
@ 1.5
Ny
~ L0y Final snapshot
o~ AT~ 1.5 Gyr

0.5 _-_-...'-""-L_-
0'04 6 8 10 12
R, [kpc]
[ I |

20 40 60 80
Gas fraction, fy.s [%0]
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Possible interpretations of the transition in the radial
migration strength from high—a to low—a disc

1500

Angular momentum
 diffusion

* Gas-rich to gas-poor disc transition @
when the low—a disc formed. (See also g o0l
the evidence from kinematic fitting in é
Funakoshi+2025, and also supported by 3

the high-z observation, Tsukui+2025) 300
2 4 6 8 10 12
Age (Gyr)
1.50
HZ+2025¢
— 125+ )
)
3 )
2 1.00
,ME % I I . -. ________
=075 @
_igj 050 e - o - e e e e e e e
[
W 025+F @  Nexus simulation = MW's old disc (>10 Gyr)
mmm MW's young disc (<8 Gyr)
0.00 20 40 60 80

Gas fraction, fy.s [%]



Possible interpretations of the transition in the radial
migration strength from high—a to low—a disc

* (Gas-rich to gas-poor disc transition

when the low—a disc formed. (See also [outward 16™-84"" | g(initial)<r__ (t)
the evidence from kinematic fitting in s H J1nward 16™"-84"" A o
Funakoshi+2025, and also supported by Outward median

the hlgh—z ObSGI’VatiOIl, Tsukui+2025) | —— Inward median

——mean R libration

* Bar-driven migration at the bar-
formation epoch 1s also compatible with

this result (Haywood+2024)

35



H. Zhang et al., 2025a, ApJL published
H. Zhang et al., 2025b&c, MNRAS submitted

Conclusion

* Importance of the decelerating bar to explain the chemo-chrono-dynamical pattern of the
Milky Way, e.g. age-metallicity; a-bimodality; azimuthal metallicity features

* Modelling age-metallicity-kinematics space can uncover the birth properties of the disc,
¢.g. ISM metallicity gradient and star-forming disc scale length

* A transition of angular momentum diffusion coefficient appears around the high-a, and
low-a disc transition, which could hint for a transition of the gas content in the Galaxy

* The low heating-to-migration ratio highlights the importance of corotation resonances in
the secular evolution of the Galactic disc, and is consistent with the gas-poor disc in the

Nexus simulations
36
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Density perturbation from gas

Orbital-averaged density perturbation

 Density perturbation averaged along

the stellar orbits over the 1.5 Gyr 2
a|s /\ —

nnNn
4 6 8 10 12
R, [kpc]
L I .
20 40 60 80

Gas fraction, fyas [%]

HZ+2025¢ 38



Density perturbation from gas

0.8

Orbital-averaged density perturbation

0.6

 Density perturbation averaged along
the stellar orbits over the 1.5 Gyr

> orbit

Ptot

|Ap

<

e Stars 1n the gas-rich disc encountered
more perturbation from gas

e A transition between 20-40% where

<‘Apga5|/ﬁtot>
<‘Apstar |/ﬁt0t>

the perturbation of gas becomes more 05 ~
Signiﬁcant than the StaI'S 'Star dominated perturbation . .
4 6 8 10 12
R, [kpc]

L .
20 40 60 80

Gas fraction, fyas [%]

HZ+2025¢



Spectrograms of m=2 mode

—
wn
T

Q[kms ' kpe ']

HZ+2025¢ 40



Impact from gas on different migration

mechanisms

In a more gas-rich galaxy
1. Less radial transportation from corotation resonance dragging

2. More outward migration to the OLR barrier
3. Also, more migration for stars outside OLR

00 25 50 75 100 125 150
Lz, 1:77,1:/‘/;-,,0

|. . 000 |

025 000 025 050 075  1.00

Relative contrast

ALZ/ch 1]

Galaxy with gas
1 |
5 -\\\\ I
SO |
~ g
(P
& N
I . \\ -
" . \\\ ! S
! RS
-5t : I “\\ N
| | \\\
L | I 1 L L
0.0 2.5 5.0 7.5 10.0 12,5 15.0
Lz, i'n,i/l/(',,(]
N | ., e
-0.25  0.00 0.25 0.50 0.75 1.00

Relative contrast

Difference

0.0 25 50 75 100 125 15.0
Lz, ivzi/vzt,()
R . |
1.0 05 00 05 1.0

difference (with Gas - w/oGas)

— LcR,now W/0 gas

- LOLR, now w/o gas

LCR, now With gas -

LOLR, now with gas ———

LCR,ini w/0o gas
LCR,ini with gas -==- —1:1line

Lz/‘/c,() < Rba‘r

HZ+2025¢



Future direction

* Secular evolution of the inner region of the Milky Way: applying the
model to the reconstructed Milky Way with the orbital superposition
method (Khoperskov+2025)

» Adding vertical metallicity gradient to the model, inspired by
Kawata+(2018)

* Quantify the relation between the spectrogram of the galaxy with the
secular evolution history and observable quantities

42



For gas component For stellar component
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with gas

without gas

1.0 1.5 2.0 2.5 ' 1.0 1.5 2.0 2.5
Time after bar formation [Gyr] Time after bar formation [Gyr]
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Sanity check: azimuthal metallicity dispersion
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0.00
-0.25

—0.50
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—-0.75

10055 100 75 50 25 125 100 7.5 5.0 2.5 125 100 7.5 5.0
Age (Gyr) | Age (Gyr)
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TNG50: ID=523889

OL.,
Gas Fraction

4 6 8
Lookback Time [Gyr]

TNGb50: ID=547293

JL,
Gas Fraction

4 6 8
Lookback Time [Gyr]
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Resulting age-metallicity sequences
The guiding radii dependence

HZ+2025

6.5 <R, [kpc]< 7.5
(around corotation)

9<R, [kpc] <10
(outside corotation)

Observation

Simulation
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Resonant dragging of a decelerating bar

A quick introduction

e = T >, T
p, / g ~ <
/’/ ’/ \
/ / / Lof S ’ /
/ / ,/ /“ /
/&
&
[ ‘ }
| |
by e o
\ 2 e 1

L S S
\ NN \ 7 64”‘ \ _T& %
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©-150 150 0 -50 -100 -150

Chiba & Schonrich 2021 vg [km s7]
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i ‘ RN KNS 42522
. .‘: A > x\ \\ o L E 3 &
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o\ 2 ’ st 2

1

Today’s bar pattern speed: ;,~33 — 37 km/s/kpc (Chiba+21; Clarke+22; Zhang+24 ;
Dillamore+24, 25) - Corotation radius R-p~6.2 — 7.0 kpc
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Resonant dragging of a decelerating bar

Test-particle simulation setup

0.5
oo é )
This 1s adopted from —
Lu+24, which j 015
calibrated with ._g 0
observed Milky Way’s g 104 —
metallicity pattern
P CE 1 —0.7
— —1.0

0.0 2.5 5.0 75 10.0
Age, T [Gyr]



Implications: 3) Broken power-law in stellar density

Surface density profile in the simulation
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Implications: 4) Coldness of the disc

e /Th=o01 /=1 e T/Ts=5 rzn/a, Hamilton et al. 2024
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Implications: 2) Azimuthal patterns

HZ+2025

Azimuthal trends in the simulation
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Implications: 2) Azimuthal patterns

HZ+2025

[Fe/H]+offset

Khoperskov et al. 2024
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See also Poggio+23, Hawkins 2023, HacKshaw+24



All stars in the sample Age distribution of the low-a sequence at different metallicity

Number density

| Arrows show the
direction of decreasing &
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