Milky Way Mergers and Stellar Streams
with Gaia

Thursday, March 26th 2026

4:E¥:x Universiteit
< X i




Antoja 2018 Bonaca 2025

z-Vz projection Discovery and characterization Kinematics Structures Future outlook

. NGC5387




Antoja 2018 Bonaca 2025

z-Vz projection Discovery and characterization Kinematics Structures Future outlook

. NGC5387




Introductlon

Stellar Streams

SCIENCE & EXPLORATION
L

ESA's billion star surveyor

Bonaca 2025

z-Vz projection Discovery and characterization mm Future outlook




Bonaca 2025

Stellar Streams z-Vz projection Discovery and characterization mm Future outlook

Introductlon

SCIENCE & EXPLORATION 4 -
]

gaia -

bl Q .GC

Y (kpc)

ESA's billion star surveyor

Galactic halo

Thick disk

Thin disk 2

Bulge Galactic center




Bonaca 2025

Stellar Streams z-Vz projection Discovery and characterization mm Future outlook

Introductlon

SCIENCE & EXPLORATION 4 -
]

gaia -

Q .GC

Y (kpc)
o
1

ESA's billion star surveyor

Galactic halo

Thick disk

Galactic disk i sk

Bulge Galactic center




Introduction Bonaca 2025
Stellar Streams z-Vz projection Discovery and characterization mm

SCIENCE & EXPLORATION 4 -

]
gaia -

Y (kpc)
o
1

ESA's billion star surveyor

~—~ 6 million stars

Galactic halo

Thick disk

Galactic disk i sk

~ 8,5 kpc * g GC
——-I+—- 2 04 - L]
A N

Bulge Galactic center




Introduction

V, (km s™)

Bonaca 2025

Z-axis

_—
\

y-axis

—

:Z

x-axis



Introduction

40 -

V, (km s7)

V, (km s™)

10.0
7.5
5.0
2.5

-2.5
-56.0
7.5
-10.0

Vi (km s7)

V, (km s7)

Bonaca 2025

—1
V, (kms™)




Introduction

time after collision = 0 millions of years

15 -
w
§ 10 -
i
m
V-
°
2 0
)
(=]
T -5
>
S
E _10 4
Q
>

-15

altitude of stars above/below the Galactic plane (kpc)

wu

V, (km s™)

60
40

Bonaca 2025

200
190
180

-1
V, (km s™)



Introduction Bonaca 2025

Sagitarius \

time after collision = 0 millions of years Dwarf Galaxy %

-
v

-
o

. o
b’y ;

I
8

I
Pyt
o

vertical velocity of stars (km/s)
o

|
p—t
w

02 -01 00 01 02
altitude of stars above/below the Galactic plane (kpc)




Introduction Antoja 2018

Cumulative Milky Way Stellar Streams Discovered
T T T ] T T T ] T T T I T T T I T T T I T T I T T
120+ )

100 (Gaia DR2 -
80 - .
60 - .

40

Number of Streams

20

0

l I | L 1 I | J 1 l
1996

1 l I l L
2008 2012 2016 2020 2024
Year

L | L | L

2000 2004




Introduction Antoja 2018

Cumulative Milky Way Stellar Streams Discovered
T T T ] T T T ] T T T I T T T I T T T I T I T
120 - )

100 |- Gaia DR2 .
sol- Photometry + tracers —
60— —

40

Number of Streams

0=
1996

1 I 1 1 I | 1 I 1 J l
2008 2012 2016 2020 2024

Year

1 1 1

2000 2004




Introduction Antoja 2018

Cumulative Milky Way Stellar Streams Discovered
T T T ] T T T ] T T T I T T T I l T T
120 )

100 (5 -

80

Photometry + tracers
60—
40—
20 Proper

‘4,_,_,—'_'_'_' motions

OF—/——+ . . 1 L
1996 2000 2004 2008 2012 2016 2020 2024

Year

Number of Streams




Introduction

Antoja 2018

Stellar Streams

Methods z-Vz projection

New-19
) N

~
//
P New-25

Elqui

-

Kinematics

1 Jhelum
\l — ———
ha T Indus
\ e, o, e

Structures

Palomar 5

Wukong

oy PR )

Future outlook




Introduction

Antoja 2018

Stellar Streams

Methods

z-Vz projection

Kinematics Structures
'rograde

Future outlook

! - Mo Retrograd -~

e Pol Palomar 5

B New-19 <

10 g = ( ~ ~

1.0 1) 1.0 -

< e e Wukong
. .',;’ X \

r M3 :
\

O f %\ B \

' \
. . i '
Pt Loy PN : /)plliuchus
{ 4 G = v by
v, — N =

Narrow: GC

\:'f“ .- Jhelum
ql-\ " -
> b “
= A
New-25

. ' ha T Indus
Elqui

e




Introduction Antoja 2018

z-Vz projection

Cumulative Milky Way Stellar Streams Discovered
IEESSESTES e e T =

120F —
, 100F G |
E Photometry +
S s0f t |
7 racers
= 601 N
S
[«b)]
=
= 40f -
=
Z <

20 ;—'_'_H—' Proper|

ob——"7" ., . . motions

1996 2000 2004 2008 2012 2016 2020 2024

Year
Radial
) velocity Space
Ob?\.__ velocity
Transverse
d \[J " velocity

/ 5 proper 6D: 3 positions X +

Sun e motion 3 velocities U
v

Discovery and characterization

At any time t, one can describe the collective positions and velocities
for stars in a dynamical system by a distribution function f(x,v,t)

of

8t+6(fﬁ;) =0

N

af 0% af

Ula_m,; B a.’L‘z a’U,; =0

Collisionless Boltzmann
Equation
“Vlasov Equation”

+ Integrals of motion

Poisson Eq. Potential
—'..

2

b\?

N
o

Density

Orbits




Introduction Antoja 2018

180° 90° 0° 270° 180°

z B
(i ; : i ’ A
5 s : ‘ . i 7 gy 2 ;
" 3 ' : . . a3 & B el s
< W5 & & b e I ST e : L : ) ; %) ‘ bR RIS .. ...

_ X ' e - s : H

P E : H . : r
$ 3 i

Galactic Latitude

I
o
S

O

180° 90° 0° 270° - 180°
Galactic Longitude



5F 3005 T AN
0 e
£-25 |

Future outlook

Discovery and characterization

flizl"J

2]

o0
<-10 \ .
“100 50 0
— 25 T T T
= 00 T e
25

k
F
L
L
|

-40 -20 0 20 40
= 256 T T
= 00 .
£25p
0 10
— 5[NGC 1551 3
=0 -
L EX 1
20 -10 -10 0 -50
— OF Neekor | T T T 25 MRacTae T 23 Goeln
= of B i a ez o _— 0.0 -~ - 0.0 .
=-10 1 1 L I ! 25 L 25
-100 0 75 -50 -25 0 -10 0 -10
— I0F NG 6307 T =] 2.5F Kaeranz T T q 25 Ndv10
i 09 o 0|

o L 25 . . i ]

-40 -20 0 20 40 -20 -10 0 20 -20
e ECEL j 2.5 Newliz .5 [TNew-14
- 0.0 0.0
<25 L 23

-10 10 =20
- New 15 T 2.5F New 16
Z 0 00
10 I 1 L L 25
-40 -20 0 20 40 -10
= 2,5|E Nefi-197 T k EI 10|> New-3
- 00
< -2.5 1 ! 0 L
-20 -10 0 10 20
- 25T T T T
£ U-UI: - V ] I: N
s L ! SE
-10 0 10
= 25 Newzs ! New-27
.25 L
-10 0 10
- ew 5 T T ew
T UI: Ne : :I ﬂl:
<10 . ! [ QL]
=50 =25 0 25 50 =50 =25
= o N T ) T O Omeda Centadt
Z b 50
S 5 | L
-20 0 10 20 200
=25 J 5 5
. . L .
-135 -10 -5 0 5 10 -2(
— T T " i
= 00 SGP-3 § N 25| Sagig
Y 0
&2 I 25 ! f 10 . 2 g
-20 10 -200 100 0 100 200 -50 <25 0 25 50 -10
= 5[ Sylar 25F tulanatnr T o T T] 2.5 Turranburk T T Yigr |
<o 00 S 00 . [
5 <25 I 1 1125 I | I -5 L
20 -20 -10 0 10 20 -10 0 10 =20




5F 3005 T AN
0 e
£-25 |

Future outlook

Discovery and characterization

flizl"J

<-10 ! !
-100 -30 0
— 25F Gan6 | T T
= OOI: = I e j
=25
- SIL J .
Y
54 , Dynamics
-10 0
=10 2.5 i T .
- 0.0 o I .
B4 #f progenitor
10 0
ofwmz T
) -10
L L L 1 L
-40 -20 0 20 40 -50
— os[E T T T Ve
SH N -
i b=y L -10 1
0 10 50 0 2
— S NGe 1331 ™ 25 NGe 208
=0 0.0 ) ;
L L 1-25 L L ! L
20 -10 30 -10 0 -50 -25 0 25 50
— OF Neekor | T T T 25 MRacTae T 23 Goeln
= of D atn _— 0.0 - ¥ 0.0 R el 5
=-10 1 1 L I ! 25 L 25
-100 0 75 -50 -25 0 -10 -10 0 10
— I0F NG 6307 T =] 2.5F Kaeranz T q osfrdeo T T T
: - 5 or g :
20 ) 25 25 i !
-40 -20 0 20 40 -20 20 -20 -10 0 10 20
e ECEL ' 25 New 12 ew-13 S5 [New-14 T J !
- 0.0 0.0
£ ; 25 B
- -10 10 -20 -
- New 15 T 2.5F New 16 s n
=0 0.0 3
-10 L 1 L L 25 3
-40 -20 0 20 40 -10
- 275|E T T EI 10} Newd S F :‘ j
- 00
< -2.5 1 ! 0
-20 -10 0 10 20
—_ 25 New-23 T T w23 5 —
€55 L L SE L 5
- -10 0 10
— 25 New-26 T w-27
.25 L
-10 0 10
- ew 5 T T ew
£ —— il ]
<10 . ! [ R S .
-50 25 0 25 50 500 25
= o N T ) T O Omeda Centadt
Z # 50
S 5 | L -5
-20 0 10 20 200
=25 e T 5 5
. . L . . -
-135 -10 -5 0 5 10 -2(
Z oo SGP-S . ! - 25 P Sagifaduad
S s 0
<23 | 25 ! 10 | P ] |
-20 10 -200 -100 0 100 200 -50 <25 0 25 50
= 5[ Sylar 25F Tulanamnr T o T T] 2.5 Turranburk B !
= 0 0.0 B S 0.0 - ==
s 25 L L 125 ‘ 1 r
20 20 -10 0 10 20 -10 0 10




5F 3005 T AN
0 e
£-25 |

Discovery and characterization Future outlook

flizl"J

2]

- o Halo DM

L L
-100 -50 0

]
]
]
k ]
F ]
L ]
L ]
| ]
]

Gravitational
potential

S iz

30 kpc

Dynamics
progenitor

-40 -20 0 20 40
T

Més'

NGLB201 T T T T
e A St o

25
«{ 0.0
25

-10 0 10
NeWw-10

L L L
-0 75 500 25 0
— 10F NGC 6397 T 71

‘ 25
)0 |- -
25E i !

20 20 100 10 20

.5 [FTNew-14

Gravitational
potential MW

G271
Loowm
PR

1

=)

| M1 | ——— M1 T M M1 | — =Y
z

L 1 L
-40 -20 0 20 40
T

]
]
J
A
t ]
]
]
]

Lo
525

$2 7]

7

1

Lo
IS =1

¢

Do
O S i

“T):H

[l

==

¢

L 5
=50 =25

Omega Centaurl

2 [°]

¢

o

-20 -10 0 10 20 200 -100
- T

]

IS

=R

|
;

|

|

R

]

|

|

. . L
-135 -10 -5 0 5 10
SGB-S

=
=]

b2["]

I
-50 25 0 25 50

25F Tulanamnr T e T T] 2.5 Turranburk B !
0.0 R 0.0 3 .
=25 I ) ! 25 1 L

2 (']
o w

1 I I
20 -20 -10 0 10 20 ) -10 0 10




5F 3005 T AN
0 e
£-25 |

Discovery and characterization Future outlook

flizl"J

2]

- o Halo DM
AMW,

L L
-100 -50 0

k
F
L
L
|

Gravitational
potential

S iz

30 kpc

Dynamics
progenitor

-40 -20 0 20 40
T

Més'

NGLB201 T T T T
e A St o

25
«{ 0.0
25

-10 0 10
NeWw-10

L L L
-0 75 500 25 0
— 10F NGC 6397 T 71

‘ 25
)0 |- -
25E i !

20 20 100 10 20

Gravitational
potential MW

TNew-14

Lo
& S i,

[

Bow
ho

“l’zt'J

1

=)

L 1 L
-40 -20 0 20 40
T

]
]
J
A
t ]
]
]
]

Lo
525

$2 7]

7

1

Lo
IS =1

¢

Do
O S i

“T):H

[l

==

| M1 | ——— M1 T M M1 | — =Y
z

¢

L 5
=50 =25

Omega Centaurl

2 [°]

¢

o

-20 -10 0 10 20 200 -100
- T

]

IS

Structures: bar, arms, DM subhalos

=R

|
;

|

|

R

]

|

|

. . L
-135 -10 -5 0 5 10
SGB-S

=
=]

b2["]

I
-50 25 0 25 50

25F Tulanamnr T e T T] 2.5 Turranburk B !
0.0 R 0.0 3 .
251 i ’ A5 . .

2 (']
o w

1 I
20 -20 -10 0 10 20 ) -10 0 10




Introduction Antoja 2018

@2 [deg]

@2 [deg]

0

)

20

T ] T I T ] T I T
B et .'.'-."v.."';i!-:":':'. ¥ o *?‘.""‘m.&ﬁ.«,‘. via .'; ";"l'\. LTI |
n PR . | : l . | . 1 ; | i l \ | : l ‘ | .
100 90 80 70 60 H0 40 30 20 10 0 10
Pal
s o708 | T I ]
%D 2.5m ~
=
T 0.0, e e 1
(o] ke
- O, ]
2.0H —
| | =)
I 1 |
20 10
Jhelum
5.() ] T l T T
o 25F - .
= 0.0k . W w0 i d Wi g S e JOR LT -
(]
- —2.5F -
narrow 17()]]][)()]](”1[, Wi(l(‘ ('r()”l])()”(‘llt
'r() | 1 | | | |
) 0 ) 20 30
T I T I T I T I T I T I T l T l T I T I T I T I T l T l T I T I T I T I T I T l T
- A A A=A L e——
I~ —— 1/‘-2-/:/'//';17-:/»,’», > ———""""”k"/' =
N e ST = Sw el =S PR SR mer e LA SN R R SRR NN SRR SRR SRR S
90 80 70 600 H0 40 30 20 10 0 10 20 30 40 H0 60 70 80 90 100 110

stream longitude, ¢; [deg]

120

Future outlook



Introduction

Antoja 2018

Stellar Streams

Methods

z-Vz projection

New-19
.

New-25

Elqui

Discovery and characterization Kinematics Future outlook

Palomar 5

Wukong

~ \

~ M3

\ \
A f \
P { .

g . ! JOphiuchus

Sagittarius

0
~ ~
N
.
A o Jhelum
= :
i, © e —— ——
ha T8 Indus
.
%
L) o




Introduction Antoja 2018

1. Data 2. Models and simulations
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