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DISK FORMATION AND
-VOLUTION

» forming realistic disks ab initio
remalins difficult

BRelfcnilsticlicture: formation or
evolution?

4000

* Internal and external evolution: what
information about formation iIs retained?

2000

Z [pc]
0

» many stars in z=0 Universe live in the
disk of MW-size galaxies

-4000 -2000

4000 6000 8000 10000 12000

Juric et al. (2008) R pe]



OVERVIEW

* Introduction: disk formation and evolution

» Spatial distribution of abundance-selected sub-populations
» Kinematics of abundance-selected sub-populations

» Discussion of abundance-selected sub-populations

* New measurement of Milky Way's rotation curve 4 <~ R <~
|4 kpc (if time)



DISK FORMATION AND EVOLUTION

» Galactic disks are thought to form from the Inside-out, but
ittle direct observational evidence

» Subsequent evolution erases formation signatures in present-
day MWV disk

» Can we ‘tag the building blocks of the disk?

* Simplest picture, thin + thick disk, correct?



_4 E L) L] L ] L} Ll L l L L L] l L] L T =]
=

THICK DISK COMPONENTS : .

* "Thick” == large-scale height

~|| _14',.1//1.1,1.1.1\.1,“
( <pC) -4000 -2000 0 2000 4000

Juric et al. (2008)2 (pe)

» Too thick to have been formed by “regular’ heating

- old, metal-poor, enriched in alpha elements, kinematically

WaAl'M (Bensby et al. 2005;Yoachim & Dalcanton 2008; Chiba & Beers 2000; Soubiran

et al. 2003; Gilmore et al. 2002; Yoachim & Dalcanton 2005; Fuhrmann 998; Prochaska et
al. 2000; Tautvai'sien’e et al. 2001; Feltzing et al. 2003; Mishenina et al. 2004; Bensby et al.
2003, 2005; Reddy et al. 2006; Haywood 2008)

e could result from formation or evolution of the disk

* unclear whether really distinct components



DISK EVOLUTION

» external: minor mergers can lead
to accretion of satellite stars or

heating of the existing disk (Abadi et
al. 2003; Quinn et al. 1993)

» internal: wet merger can induce | Moster et al, (2010)
rapid star formation, bar/spiral

ams lead to radial migration (Brook
et al. 2004; Schoenrich & Binney 2008)

o N B

* Or, the disk may have formed hot
due to disk Instabilities at higher

redshift (Bournaud et al. 2009, Stinson, Bovy, et
al., In prep)

Rfinol [kpC]
Co

N B O

2 4 6 8 10 12
Roskar et al. (2008) Rrorm [kpe]



GALACTIC PARAMETERS

» Circular velocity curve Ve (R): flat! To what degree!?

* Ve (Ro): 220 km/s or 250 km/s? (IAU versus radio astronomy)
* Sun’s phase-space position: Ro, V.0, VRo
» Total mass of the Milky Way: < or > 10" Mo?

* What kind of galaxy do we simulate to match the Milky Way!
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¢=i=0.70-0.80 ]

GALACTIC STRUCTUR

* [hin disk scale length and height: 000 20000 2000 4000
Juric et al. (20083 ©<

=00 10 400 pc Twsoo

R = 2 to 4 kpc 33 .

* Same for all populations? Mass-weighted?  1f et
I

6000 7000 8000 9000 10000

» “Thick disk’": scale height / scale length? o
* What Is the relation _
between the “structural ~ “p L. L “5
o the § OS] T SO 3 . I ,'3::.;",” .......................... ‘
“chemical thick disk”? o .
L T T

. 0
(FeH]  Reddy et al. (2006)




TAGGING' DISK POPULATIONS
» Clear that position Is bad tag:

» function of evolution
* large overlap between components

* Velocrties: similarly problematic

* Elemental abundances ([Fe/H], [&/Fe],...):

« constant over lifetime of star

* requires chemical-evolution models for interpretation, but
basic interpretation robust:

« with time, evolution toward more ‘Solar abundances



ABUNDANCE AGES

* Expect [&/Fe] to be relative
age Indicator

« Makes sense, but not much
observational support

BRIE ERRRnEar future (APOGEE/

Kepler)

0.35
0.30}
2.1
0.25} 4 -
- 1.8
- 0.20 2
w -~
& T 1.5
=0.15} =
g 1.2
0.10} <
0.9
0.05
0.6
00 58 5 10  -o0s 0.0 a3
[Fe/H] ’
Stinson, Bovy, et al,, in prep. 0.0

lo Age [Gyr] (blocks)

l.. N 1 | N M 1 ‘-O

=) 2 0.0 0.2 0.4

_ [O/Fe] |
Minchev, Chiappini, & Martig (2012)

0.2

[a/Fe]
T

......




f (&, v|[Fe/H], |a/Fe|)



f(Z||Fe/H], |o/ Fe])



GEOMETRIC THICK-THIN

2 component fits

thin disk

Nz = 300 pc
R =~ 2.5 kpc

thick disk

Nz = 900 pc
g=E= 5.5 |<pC

similar In external galaxies

In(p)

DECOMPOSITIONS

—4 j: U T T l T T T l T T T I T 2|
i r—i=0.70-0.80 1

N L BT, IR [ PR B
-4000 -2000 0 2000 4000
Z (pc)
g 18 l g 5 8 8 I Fill B I | I B R l B L9 l N ':
™~ ¥ 3
' -""“-«-::mi ™y
s %1500 3
(@)} e
|
o
I —
: Ll l A LA 1 1 l =) A L l Ruliy Sy oy l | B2 == O l 1.1 E
|

6000 7000 8000 9000 10000
R (pe) Juric et al. (2008)



SEGUE

» spectra for 240,000 stars 3 -

R = 1800

-90
360 330 300 270 240 210 180 150 120 90 60 30 0
ctic Longitude

S — )0 anny et al. (2009

* Te, log g, [Fe/H] (£0.15 dex), [a/Fe] (£0.] dex)

* photometric distances = 0%

= OVies = / km/s, Ol = 3.5 mas/yr = |2 km/s

* relatively simple selection



SEGUE G STARS

* G dwarf sample: 048 < g-r < 0.55,
B =20 ) log 2 = 4.2, SN =
e 0 000 stars

Bovy et al. (2012b); Ap| 753, 148



SEGUE SELECTION FUNCTION

» SEGUE samples each line-of-sight uniformly
down to r = 20.2 mag

- SN cut induces brighter cut-off

» for each plate we empirically determine the
cut-off and the fraction of sampled stars

............................. - 4 0.9
L ' 0.8 ir 0.8
-4 F ] - .
i ) 0.7 2 F 0.7
2 | \ . N = X =
i ] 406 .© : 06 .S
- N\ - 3 't Q
S . = 1 ® T <
Q. ~_\\¥ - 1 106 &8 @A | 405 =
=, 0r = — 7] g == 0r -
) a - o
Sy . . 4042 N i 1042
. g af E
2t 03 R - 03
! -2k
i 0.2 [ 0.2
4+ 1
i 0.1 3t 0.1




IKELIHOOD-BAS
DENSITY FITS

[T
)

* proper model Is a Poisson process

* observed density of stars A(l,b,d,r,g-r[Fe/H]):

A b,d,r,g —r, [Fe/H]) =
p(r,g —r,[Fe/H||R, Z,6) x v.(R, Z,¢) x |J(R, Z,$;1,b,d)| x S(plate,r,g —7)

* log likelihood:
InL=>» {lnA({l.b.d,r, g—r [Fe/H]}|0)}

- / dl dbdd dr d(g — ) d[Fe/H] A(I,b,d,r, g — r, [Fe/H]|6)
* marginalize over amplitude:
Ing =
3 {m v.(R, 2|{l,b, d};, 6) — In / di dbdd dr d(g — r) d[Fe/H] A1, b,d, r,g — r, [Fe/H]w)}
Bovy et e (2012b): Ap| 753, 148



BROAD BINS IN ABUNDANCE

Vertical height  Galactocentric radius

14f 0.15 < |a/Fe| < 0.25 h, = 347 pc | o7F 0.15 < [a/Fe] < 0.25 hp=23kpc :

density

(.1’ )'j [‘C ]

< |a/Fe] < 0.15 h; =239 pc 0.00 < [a/Fe] < 0.15 hp=43kpc ;

h, = 239 pc hr = 4.3 kpc :

density

Bovy et al. (2012b); Ap| 753, 148



BROA

o /Fe

.5

04

0.3 &

1% 1

00F°

0.1

-2.0 -1.9

-1.0 —.5

Fe/H|

Bovy et al. (2012b); Ap| 753, 148

D BINS IN ABUN

DANCE

Vertical height

density

F 0.35 < [a/Fe] < 0.45

h, =i (64:pC |

h. = 764 pc

-
-

L

-

o /
Nre

[ 0.25 < [a/Fe] < 0.35 h. = 627 pc

Nwi=2 621 D6 |

Galactocentric radius

density

density

0.7

F 0.35 < [a/Fe] < 0.45

hr = 1.9 kpc

hr = 1.9 kpe

't 0.25 < [a/Fe] < 0.35

vvvvvvvvvvvvvvvvvvvv

h;g = 2.2 kp(‘

= 2.2 kpec .

10

R [kpc]

12 14



ABUN

DANCE-R

Short thick disk

scale length

-SOLV

W g 4.4
0.5
| 4.0 Ty
] b
0.4 =
] 4 3.6 —
| =
— 0.3 13 E-E
< -
- -~
= 28 O
— 0.2 <
S
04"
A
0.1 » _5
2.0 <
p—
0.0 1.6
|
- 1.

Very long scale Longer-
length

Bovy et al. (2012b); Ap| 753, 148

D SPATIAL STRUCTUR

Smoothly increasing
scale heights

. — 1000
0.5 s
: - - 900
I ] 3
B o R
0.4 =1 800 +~—
- . >
‘ -
Z 1 | 4700 .%C
'r,j* 0.3 ’ =
x, h B - :
~ | <
— 0.2 7
4 = 500 e
. . r—
(aw
0.1 400 E
S
<
300 -
0.0
T SAN) 30 I = MRS : QO 7 200)
-1.5 —-1.0 —-0.5 0.0 (0.5

[Fe/H]

hin disk
scale length

Inside-out disk
formation




ABUNDANCE-RESOLVED SPATIAL STRUCTUR

Smoothly Increasing

\ :
£ scale heights
o
()] 1200 —— ———— 1000
= I 05 . 900
9 3 = B 5 B
\°] 3 ! 0.4 o 200 t
b7 _.5 : { <4 700 EC
S ﬁ 30.3» =
Y= = : o S 1600 @

= Sl =
K =] | W0 2
c s | . L _ S
o) % 1 - o1l 400 f—j
: | 400 4 : I : —
0 - I w0
O = ' : + ' ; : 300 ~

> [ ' ] 0.0
E """‘ﬁi + : ) & S i @ e w RENNEID, g 200

i o e N R | ;7 S -1.5 -1.0 -0.5 0.0 0.5
8 200 : ‘.Ill() 600 ; ‘H(N) o 2 llA)(l(l‘ 1200 : [F(.‘/Ii] )
(] (]

o one component fit scale height
; (] (]
5 Each population best fit

as a single exponential
Bovy et al. (2012b); Ap| 753, 148



ABUNDANCE-RESOLV

D SPATIAL STRUCTURE

Scale length and scale height ~ Structure set both by [a/Fe]
are anti-correlated (—age) and [Fe/ SN Biik
radius)

S
&
* Vl. ]

. 600

& 400}
. . =5
s &=

vertical scale height [pc]
$ ]- -
|

200

PREPE e ek P PR L e el o | il L
1.5 20 25 30 35 1.0 45
radial scale length [kpc]

' Y' I
;.
p
.
4
;.

4 0.35

5.0

- 0.25

0.45

0.40

- 0.30 .

a/Fe

= 0.20

0.15

0.10

0.05

0.00

Smooth internal evolution

Bovy et al. (2012b); Ap| 753, 148



f(vl[Fe/H|, |a/Fe|, )



VERTICAL KIN

BATHCS

* Previous determinations find
Increasing vertical velocity
dispersion with distance from

the plane (e.g., Fuchs et al. 2009,

Bond et al. 2010)

* Increase within component, or
changes between components!

s 200 3 P l L l 5 8 -8 l = 3
m ad —
e - low [Fe/H]
150 [ i

X : 0.7
S’ & /...
N - " —~
> 100 _ee¥ -
B R /'{ ‘ """"""""
~ ad .

w S50 L a%.

E ”‘ﬁlgher [Fe/H;

00 2000 4000 6000
Bond et al. 2010) Z (pc)

- l | I I l | | I I | | | l I I |

o0

40

lllllllllllllllll

Orry Tg¢» Ozz [km/s]

IIIIIIIIIIIIII’]IIIII

2z any [Fe/H]-

10 llllllllllllll
0 200 400 600 800

Fuchs et al. (2010)Z [pc]




SEGUE G STARS:VERTICAL [ 777777
VELOCITIES |

0.3

o /Fe]

o

3 7 % 11 12 13 14
' f Ll Ll Ll Ll l Ll \ "' ' L Ll L "l Ll Ll : Ll l Ll Ll Ll Ll ' L |
.1

.1 -
-2.0

- = . - .- - - -: al

150

Bovy et al. (2012¢): Ap| 755, | 15 0 z (pc) 3000



13

5 R(kpec) I3

VERTICAL

GUE G STARS

S

VELOCITIES

T —
’ -

1

1

RN o

0.0k

Fe/H

- 11X |-

0 z(pc) 3000

Ap| 7585, | |5

Bovy et al. (2012¢)



ABUNDANCE-RESOLVED VERTICAL

KINEMATICS

0.2, R) = (0:(0. Ro) + puz + paz?) exp (
Vertical dispersion  pl:slope

\

Smoot

Increasl
dispersi

Approximately -

Nly
ng

on

isothermal

Bovwy et al. (2012¢):Ap| 755, | |5

3 o) T T T T 3 ’
4 |

e 1.5 . .

55 ] t
4 | —
i - -
4
- ) 4 o

=~

4
4
4

profile

R — Ry
o

[a/Fe]
= (age) sets
d|sperS|on



ABUN

DANCE-RESOLVE

D VER TGRS

KINEMATICS: [SOTHERMALITY

* slope < | km/s/kpc

* mMono-abundance
populations
consistent with
isothermal over
multiple kpc

20 —————r——————7——————— 0.50
T . I04.3
0 2 [ ]
: : 0.40
c 10 | -
d - 1 4035
o 1 -t Y
s g- 1 {7030 —
qq= S 0f - -0.25&
s =
o —_ . 1 4020 —
° " 3
UV 0 | ] 0.15
L E 10 | o
: - 0.10
- N 15 ”
Q’ 0.05
o )91() -5 0 5 10 .

Bovy et al. (2012¢): Ap| 755, | |5

quadratic coefficient
km? s-2 kpc-!



ABUNDANCE-RESOLVED VERTICAL
KINEMATICS: [SOTHERMALITY

GOIIII

* slope < | km/s/kpc

* mMono-abundance
populations
consistent with
isothermal over

0,(2) [km s

multiple kpc 10f

Bovy et al. (2012¢): Ap| 755, | |5

50 F

40 I

20 |

500 1000 1500 2000 2500

Z| [pc]

0.15

0.10

0.05

0.00



DOES THE MILKY WAY HAVE A THICK DISK?

» traditional evidence for thick disk based on two-component
vertically-exponential density fits

* two component fits find two components!

* our mono-abundance fits show a large number of
components with scale heights 200 - 1000 pc, dispersions
between 20 and 50 km/s

» chemical bi-modality (alpha-enhanced thick disk) strongly
depends on spectroscopic targeting

» what Is the mass-weighted distribution of elemental
abundances and scale heights?

Bovy et al. (2012a);Ap| 751, |31



DOES THE IVHLKY\/\/AY HAVE A THICK DISK?
CHEMICAL BI-MODALITY

0.5 raw sample counts —'-I

L
.................

Bovy et al. (2012a);Ap| 751, |31



DOES TH
CHEMICAL BI-MODALITY

1 1 P !
0.5 raw sample counts -'-I
0.4} 1
& 03
~
L. o2f 1
0.1 l
0.0} —I
5 S 08 005 |
Fe/H]
Bovy et al. (2012a);Ap| 751, |31

MILKY \/\/AY HAV

- A THIEE

DISK?

: L 1 i
I . | E——
0.5 F mass weighted -
04} ijl“
0.3 :
02} + L
0.1 . I
0.0
10 0.5 00 05
[Fe/H]




DOES ThH
SCALE-HEIG

10" |

A’f@ p(3_2]

YRy (h2)

102 F

_|

MILKY \/\/AY HAVE A THICK

BI-MODALITY

1

points use A[Fe/H] = 0.1,
Ala/Fe| = 0.05 bins

| ] ] | |

200 400 600 800 1000
vertical scale height A, [pc]

Bovy et al. (2012a);Ap| 751, |31
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DOES THE IVIH_KY\/\/AY HAVE A THICK DISK?
KINEMATICS BI-MODALITY

4 0.15

0.10

10-2 | points use A[Fe/H| = 0.1,
A[a/Fe] = (). 05 bins

0.05

L l ' ' L 1

0.00

222 | 322 392l - 452 502
vertical velocity dispersion squared [km?* s 2]
Bovwy et al. (2012¢):Ap| 755, | |5



MONO-ABUN

DANCE

* All mono-abundance

populations feel the
potential

SdIme

* should be reflected In a
common relationship between
their vertical density and

velocity profiles (e.g.

equation)

 |eans

* SImple estimate has the total
disk surface-mass density

672

VBl =2

h

DYNAMICS

0.5 F

0.0 F

-1.9 -1.0 —0.5

[Fe/H]

0.0 0.5

(.30

0.27

0.24

=4 0.21

-10.18

40.15

10.12

0.09

0.06

0.03

.00

h;! [kpc™!]



MONO-ABUNDANCE

» All mono-abundance
populations feel the same
potential

* should be reflected In a
common relationship between
their vertical density and
velocrty profiles (e.g., Jeans
equation)

* SImple estimate has the total

disk surface-mass density

0.2

VBl =2

h

DYNAMICS

0.20 - | gl
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A NEW VIEW OF THE MILKY WAY |

* mono-abundance components are about as simple as It gets:
» exponential profiles in R and |Z]
* Isothermal with |Z|, expected drop-off with R

- vertical gradients: changes In population with |Z] rather than
changes within population

- theoretical models need to explain

* why the populations are simple

* their distribution of hg, h, 0, ([Fe/H],[&/Fe])



A NEW VIEW OF THE MILKY WAY ||

* Abundance and O; gradients due

' ' ' 2.0 b : ) oaliiating 1
to different mixes of populations Line from evaluating
Bovy et al. model |
at different (R,2)
1.5
60
o’ — 1.0
T a===" —
0.5
20
— Bovy et al. prediction
= = Moni-Bidin et al. (2012) Points from
wr . Fuchs et al. (2009) ] Schlesinger et al. (2012)
Bond et al. (2010) 0.0 ll.” . 1;_.\- . ‘:.45 t:.l ‘:..-; A”.,“
8005 10 15 20 25 30 Fe/H]|

2 lkoe Rix &4'T30\7>3 (2012), in prep.



COMPARISON WITH HIGH-RES WORK

* high-resolution abundances out to ~50 pc

* Much kinematic selection, creates structure In
abundance-space

@ thick disc ¥ transition O thin disc

* We predict the o[

Z| =~ 0 _ 0% o e Fuhrmann (2008)
— ? B .
_F@/H] T [O(/Fe:l § 0,2:— %) OO(Bé: ~ .
d l S_tri bU_U on 0.0 :_ ............................................ QO@% o i":’ !" > GOL
: s e e
& ; [Mg/H]
\E -0.0 ..- ....................................................... . - el
% o q 58
~0a- ° 9e%
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COMPARISON WITH HIGH-RES WORK

* high-resolution abundances out to ~50 pc

* Much kinematic selection, creates structure In
abundance-space

» We predict the : | | | — %’Z@ Z’O””
_ ~ t
7| =~ 0 ibekyan e

_ 1 al (2012)
Fe/H] -- [&/Fe]
distribution

[a/F(
2
e o | AL 1 4 A, A_a | A a
lhlr_/ T

lllllll

...................

—).2
—1.5 -1.0 5

Fe/ll] Rix & Bovy (2012), in prep.




COMPARISON WITH HIGH-RES WORK

* high-resolution abundances out to ~50 pc

* Much kinematic selection, creates structure In
abundance-space

* We predict the : o | Data from
Zl — I . - . Adlb@/()/dﬂ et
e == 1dl(2012)
F@/H] FR ST I:O(/Fe] dashed lines = Bovy et al. extrapolation to |z| < 50pc
- 0.5 F 1
distribution {
’ : l‘ '/ - sl . |
S S iy |I
} N - \:\ .'.~ |
E;F\ \.‘r \‘:ff. :l
-, ‘\ J\ T
1 NN 1 I
! ~ . " . ] - =
1.0 } 3 Tt -—
. PR
. ~ |
data + full lines = Adibekyan et’al. (2012) ;

[1‘(/11] R|>< & Bovy (ZO 12), In prep.



MODEL COMPARISONS

* Many models for (MW) disk formation are being compared to

these results (Minchev, et al. 2012, Brook et al. 2012, Stinson, Bovy, et al., in prep, Roskar et
al.,, in prep, Bird et al., in prep, Guedes et al., in prep)

* Preliminary results are that they can reproduce some

observed features, unclear whether all trends are matched by
any simulation

» Caution against choosing some trends and ignoring others,
quantrtative/qualitative
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MO

Stinson, Bowvy, et al. (in prep)

DEL COMPARISONS

Z Lkpc] Z | KpC]
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Stinson, Bovy, et al. (in prep)

- COMPARISONS
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CONCLUSIONS

 first real constraint on thick-disk component’s scale length
shows that 1t Is short = 2 kpc

* assuming that [X/Fe] Is a proxy for age, our results show that
old components are more centrally concentrated than young

components — Inside-out disk formation

* smooth Increase In scale height and dispersion that Is anti-

correlated with scale length = internal evolution played a
large role In the evolution of the disk

» scale heights and vertical dispersion increases smoothly from

thin to thick = no clear thick/thin disk break; mass-welghted
vertical height and kinematics distribution shows no bimodality

S e thick disk



