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ALAYY FORMATION

ilky Way (MW)?

UPEN QUESTIONS C

Can we answer ik

W Core/cusp problem &
shape of the
dark matter halo?

B Formation of the disk:
Relation between stellar
orbits, their abundances
ond ages?

M s there a dark disk?

B Chaoracterizing
infall/sub-structure?
Need smooth model. ..

B Mass contrast of
spiral arms? /
Approach
Solving simulfaneously

Gravitational Potential k for @ and DF Stellar orbit
b oy rigorous fitting distribution function (DF)

to discrete Gaia data

1) Intro RoadMapping

Wilma Trick (MPIA)



Trick, Bovy, D'Onghia & Rix (2017)
Trick, Bovy & Rix (2016)

Bovy & Rix (2013)

Binney (2012)

Binney & McMillon (2011)

Recovery of the
Orbit Action Distribution of
Mono-Abundance
Populations
&

Potential INference
for our Galaxy

CODE



R0ADMAPPING MODELING

The gravitational potential ® | Recovery of the
M rclates a star's obs. 6D (x,v) o it

O Acion)l

Mono-Abundance

Populatiog
5 The actions
PotentialIN ] ~ UrJo=Ls, ] Z?
are integrals of motions
for our G label orbits in a given @
hard to calculate,

except for axisymm. P
(eg. Sanders & Binney 2016)



M is superposition of

R0ADMAPPING MODELING

stellar orbits in @ n - i
= action-based cCOVETy O TIE

distibution function Orbit Action Distribution|of ’

DF(]J, [X/H], t,er ) Mono-Abundance
e T Populations

Potential INference
for our Galaxy




RDADMAPPING MODELING

DF model:
,quasi-isothermal DF" | | ‘
qDF()) Recovery of the
(Binney & McMilan 2012) Orbit Action Distribution] of '

Mono-Abundance
Populations

Stellar Mono-Abundance
Sub-Populations (MAPs)

kinematically % °«
ot MAP; N o

kinematically "~
cool MAP: 1N

~

disk stars with same [Fe/H] & [o/Fel

simple phase-space structure
(Bovy et al. 2012ab,c ; Ting et al. 2013)

exponential quasi-isothermal
dlisk velocity distribution




ROADMAPPING D

bomme_ | Recovery of the

fized by of 4

observed Ylono-Abundance

Populations Advantage
& of using MAPs:

PotentiallINferenc implicit freatment of
for our GOlOXY chemical abundances

fitting to

parame-
trized by

in the modeling

the MAPs are
independent tracers
for the same @

shaped by

3) MW potential from Gaia



ROADMAPPING IN A SPIRAL GALAXY SIMULATION

Trick, Bovy, DOnghio, & Rix (2017) Breakdown of several

4.8
N-body simulation
from D'Onghia et al. (2013) 4.0
Survey Volume BER:
O 2.4
3 -
> 1.6
0.8
~10 ~108 particles (= ,.stars™) Y
+ analytic halo
—0.8
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Wilma Trick (MPIA)

in ROADMAPPING

modeling assumptions:

Data:
offected by strong
non-axisymm. spiral arms

Model in general:

axisymmetriclll

DF model:
most simple: single gDF

Potential model:
halo, bulge & ,wrong” disk




ROADMAPPING IN A SPIRAL GALAXY SIMULATION

Trick, Bovy, DOnghia,
survey Rl & Rix (2017)

volume in data set

true local potential
160} — from snapshot in A¢+
of survey volume
potential recovered
120} with RoadMapping

[

Where most of the stars
are located, ROADMAPPING

recovers the local > 4 6 81012 2 4 6 81012 2 4 6 8 1012 2 4 6 8 10 12
gravitational forces. R [kpc] R [kpc] R [kpc] R [kpc]

X0 3ukpe(R) Mg pC? 1o, (R) [km s 1]

Surface density Circular velocity

Wilma Trick (MPIA) 1) Intro Roadf‘“‘laggimg



\

= gaia
a> ==
Qi
(DR1, Lindegren et al. 2016) Radial Velocity Experiment
(DRS, Kunder et al. 2016)

\

NIR photometry
(Maiewski et al. 2015) (Skrutskie et al. 2006)

TGAS RAVE-on APOGEE-Red Clump
Tycho-Gaia Astrometric Solution re-analysis of RAVE spectra  Red clump star identification
(Michalik et gl 204 K\by (Casey et al. 2016) & precise photometric distances
l sei po:frc ) onado (Bovy et al. 2014)
JO an . tion of
+ the colhbrq 4
8 C:)hofomefric distances 7~ N\ v
(;)_ R.A., Dec} Vips T.51og g |Fe/H], [Mg/Fe] ot
? Hr.As Hpec B3 for ~200,000 stars on for ~80,000 giant stars in RAVE / for ~20,000 red clump
O | for~2- 10 stars southem sky / in TGAS TGAS; labels on APOGEE scale stars in RAVE / TGAS
é)
Wilma Trick (MPIA)



< Trick et al. (in prep.)

INGREDIENTS FOR THE TGAS/RAVE ROADMAPPING ANALYSIS

Potential model:

=l

W Exponential disk

(Smith et al. 2015)

M NFW halo

(Navarro, Frenk, & White 1997)

W Hernaquist bulge
(Hemauist 1990)

ilma Trick (MPIA)

Woino et al. (2017)

Selection Function:

9.0 < Iomass [mag] < 11.0 COmp|el’foeneSS 7.0 < G [mag] < 11.0

S

Npave(l,b, 1)

®

Napmass(Lb, 1)

Nrgas(, b, G)

NGaia DRl(li b, G)

jcC— 3

effective survey volume
1for RC stars in (R,z)
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Trick et al. (in prep.)

outlier model for
halo stars

orior information on
flat slope of

rotation curve
(Bovy et al. 2012a)

convolution with
corell. measurement
uncertainties



RED CLUMP STARS FROM 13 MAPS TN TGAS/RAVE
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THE DF MODEL DESCRIBES THE GALACTOCENTRLC DATA WELL
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A SMOOTH MODEL TN ORBIT SPACE WILL HELP TO FIND DISK SUB-STRUCTURE

100 ~ circular orbits — TGAS/RAVE data in MAP -
m— RoadMapping model
radial action & solp0o ¢ 1
Sub ) eccentric orbits 0-05
ub-structure: 00 - ™ = 5 0.00
Not yet significant. J. [kpc km s *] 2 o
Wait for DR2... | ;
. -0.10
Ongulor momentum /011;0'_\,0901\,0%%.&
. [Fe/H]
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L. [kpc km s '] .
100 e orbifs | 8
0 a
. . L -
vertical oction @ sot =
hot orbits e
0 o O
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J, [kpc km s '] =

Wilma Trick (MPIA) 1) Intro ROGdMGEBng



JUR IS T IMATE FOR THE MILKY WAY POTENTIAL

\
Joint constraint from alll MAPs:/-
Rs, disk [kpcl]
Circular velocity @Sun: oo s POCKRRAI
_ 1 e [Fe/H]
ValRe) =(232.5 + 08)kms g Current best estimates
| 8% © 2o o ko] from literature:

Disk scale length: ol <3 P & N2 o review by
Rsaise = (2.98 + 006)kpc & "] Bland-Hawthom

E=R & Cerhard (2016)
Disk scale height: T gos © o | feoRe)
Zs gy = (460 £ 50)pc T o I

é) Sod] | _ iln faoRg) from Bovy & Rix (2013)
Halo fraction @Sun: R 0 0 |©
I:holo(R@) =( cwchclo cwcToT) |R RO 0.0

= 023 + OOZ S N e > NN S LA N A N
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JUR ESTIMA

circular velocity
curve

surface density
orofile

Trick et al. (in prep.)
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e MOAeE! from ROADMAPPING

radial extent of the
TGAS/RAVE data

measurements from literature:

VearRe):

see review by
Blond-Howthom &
GCerhard 2016

Zl.lkpc:

eq, Kuiken & Gilmore 1989;
Catena & Ullio 2010;
McMillon 201 1;

Bovy & Rix 2013;

Piffl et al. 2014a



JUR ESTIMATE FOR THE MILKY WAY POTENTIAL

circular velocity

curve
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Wilma Trick (MPIA)
e e S e S e Lo —

m— O1Q
exponential disk
== N\FW halo
(fixed scale radius o )
== Hernquist bulge

(fixed)

rotational support
of disk: ~/ 5%
dlisk is maximal

(Sackett 1997;
Cerhard 1999;
Bovy & Rix 2013;
Piff et al. 2014)



LONSTRAINING THE MILKY WAY WITH GATA

B ROADMAPPING action-based dynamical modeling: ROADMAPPING promises:

...robust & well-tested machinery ...constraints on Galaxy
... using discrete 6D stellar (x,v) formation from future Gaia DRs.

...recovering the MW grav. potential

BB ROADMAPPING cpplication to TGAS/RAVE: Trick, Bovy & Rix (2016),
& : ; Trick, Bovy, D'Onghia & Rix (2017),
SRy PICCC S CLUICTTERITS Bovy & Rix (2013), Ting et al. (2013),
of the MW potential parameters Binney (2012), Bovy et al (2012ab,c),

... survey selection function is crucial Binney & McMillan (2011)

Thanks also to Jennifer Wojno (AIP Potsdam)
and Georges Kordopatis (OCA Nice)

for helo with the RAVE data
Wilma Trick (MPIA) IAUS 330i Nicei 27.04.17



