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What processes shape the forrnation and
avolution of galactic disks?

Elmegreen & Elmegreen 2006

e High gas accretion at early times leads 7269 B 7037
to turbulent clumpy disks (Elmegreen & / e
Elmegreen 2005, 2006, Dekel et al. , ;
2009) S TS
9171 6478 Jf;._..
e Minor mergers are common (Stewart et B —_—
al. 2008, Martinez-Delgado et al. 2010)  — s

e Stars can change their orbits through
resonant radial migration processes
(Sellwood & Binney 2002, Roskar et al.
2008, Schénrich & Binney 2009,
Minchev et al. 2011)
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Martinez-Delgado et al. 2010
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These rnechanisrns nave been ,)ro,)os!—‘d to
explain the Milky Way thick disik

e Heating by molecular clouds and other
density perturbations cannot explain the
observed thickness (Jenkins 1992)

— Stars formed in situ in turbulent gas clumps
(Brook et al. 2005, Bournaud et al. 2009)

— Minor mergers directly deposited stars in a
thick disk (Abadi et al. 2003)

— Minor mergers puffed up an existing thin disk
(Kazantzidis et al. 2008, Bird et al. 2011)

— Radial migration thickened an existing thin disk
(Schonrich et al. 2009, Loebman et al. 2011)
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e We can use observations of the thick disk to
constrain the relative importance of these
mechanisms in shaping the Milky Way disk
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Thick disks are old and ubiquitous

o Thick disk stars are older than ~8 Gyr (Bensby et al. 2004) and
serve as a “fossil record” of the early formation of the Galaxy

e Thick disks in external galaxies have similar properties and are
likely to be a generic feature of disk galaxies (Dalcanton &
Bernstein 2002, Yoachim & Dalcanton 2005, 2006, 2008)

« Kinematics and chemistry

Solar Neighborhood Sample: Bensby et al. 2004
0'6 _I L) L] ) T l L) ) ) L) l ) ) L) ) l ) L) L) ) ! ) L) ) L) l_

— Lag in rotation by 20-50 km/s % . : :
(Chiba & Beers 2000, Soubiran 04 * v f' k. '5‘ 4 Th « disk ]
et al. 2003) & o.af— . VO&” 'uilc ) =

- Metal-poor[Fe/H] ~-0.5 & b s
(Gilmore et al. 1995) " Thin disk ¥

— o-enhanced, consistent with 0‘2:_| R TP T P
rapid star formation history -2 -15 -1 -05 0 0.5
(Bensby et al. 2003, 2005) [Fe/H)
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Abundance trends in the thick disk
provide hints about its forrnation

« The presence or lack of abundance gradients can constrain formation
scenarios

e Athick disk that formed rapidly at early times will be chemically
homogeneous, with no gradient (Brook et al. 2004, 2005)

e A thick disk that forms from an initially Brook et al. 2005

thin disk will have no gradientonlyif [~ T 7
radial mixing processes are efficient
— Disk heating through minor merger

(Kazantzidis et al. 2008, 2009, Bird
et al. 2011)
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— Resonances with transient spiral arms Tr =

(Roskar et al. 2008, Schonrich & AT~
Binney 2009) ' '
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SEGUE: Sloan Extension for Galactic

Understanding and Exploration

(Yanny et al. 2009)

— 360,000 medium resolution (R ~

2000) spectra of Milky Way stars
— Large, uniform sample

~7000 main sequence turnoff stars
— 8 < |b| < 16° (low Galactic latitude)
— 5000 < Teff < 7000 K
- 6 <R <16 kpg, 0.15 < |Z| < 1.5 kpc
[Fe/H], [o/Fe] from SEGUE Stellar
Parameter Pipeline (Lee et al. 2008,

2011)

Divide sample into bins in R and |Z|,
look at trends in [Fe/H] and [o/Fe]
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The radial gradient in [Fe/H] becornes

flat with incre

[Fe/H] [Fe/H] [Fe/H]

[Fe/H]

asing |Z|

g'g E ek £ Flat gradient at
-0:5 f— O E |Z| > 1.0 kpc
E 0,007 +0.0062 ' =
0.5 5— T = chemically
0.0 § e '-‘-~i'.|'3- : homogeneous
-0.5E 2B ¥ * , A K % = thick disk, as
-1.0F =7, ¢ ¥ - redicted by in
E 2 +o.onasf, +95 2 = P Y
-1.5F Stope: -o ous_m,, _(—o 0097 ) 0.50 < 1zl < 1.0 kpe lE etat
05F . = formation
0.0F E during
-0.5F x E turbulent
-1.0F x -
AsE 025 < Iz1 < 050 kpc 3§ CIUMPY phase
0.5F =
o5 E A .. a;»*% e :leighted ) + $L06 ozgf; 3 Could also
vE o ' ) & (Unweighted) x (m - $ s dE
-0.5F RE -2 AR x "~ SEGUE A8Cs = indicate that
-1.0E y s O FJP | = radial mixing
—1.5F Slope: —0.0662553% (-0.036250; 0.15 < 1ZI < 0.25 kpc = processes are
= : . : ‘ : strong
10 15 20
R (kpc)
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- Most a-
enhanced
stars are
confined to
small radii
(R < 10 kpc)

Our data are
consistent
with a short
scale length
for the high-a
population
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- Juric et al.
e Ly =2.6 kpc

- Bensby et al.
ol Lthin=3-8 kpc
—Linick=2-0 kpc

- The inner and
outer disks
show different
vertical
abundance
trends and
kinematic
properties
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The inner and outer disk show diff
'Fe] vs. [Fe/H]
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large |Z|
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large |Z|

At large R, the
fraction of high-a
stars is low at all
r4

9/



[a/Fe] [a/Fe]

[a/Fe]

The inner and outer disk show diff
'Fe] vs. [Fe/H]

ve mcaﬂ trends in .

0.8

0.6 Bensby et ol 'I'hm Eso;

-20 -15 -1.0 -05 00 05 -2 -1.5 -1.0 -0.5 0.0 0.5

[Fe/H] [Fe/H]

Judy Cheng (UCSC) - 2011 Aug 10 - Santa Cruz Galaxy Workshop

SEGUE a/Fe] < 0.2 24511
= s 0.2

erent

- From

1.0

observations of
nearby stars, we
expect the
fraction of high-a
stars to increase
as the thick disk
becomes the
dominant
population at
large |Z|

At small R, the
fraction of high-a

stars increases at
large |Z|

At large R, the
fraction of high-a
stars is low at all
r4

9/



[a/Fe] [a/Fe]

[a/Fe]

The inner and outer disk show diff
'Fe] vs. [Fe/H]

ve mcaﬂ trends in .

0.8}
[ Bensby et ol Thin

0.6 - Thick EBO; SEGUE__ '

83|

R< 10 0.878 (1982

0.6F 1z1< 05 0.122 (388
04F T e

0.2F

0.0;-

-0.2¢t

-2.0 —15—10 05 00 05 -20 -1.5 -1.0 -0.5 0.0 0.5
[Fe/H] [Fe/H]

Judy Cheng (UCSC) - 2011 Aug 10 - Santa Cruz Galaxy Workshop

1.0

erent

- From

observations of
nearby stars, we
expect the
fraction of high-a
stars to increase
as the thick disk
becomes the
dominant
population at
large |Z|

At small R, the
fraction of high-a

stars increases at
large |Z|

At large R, the
fraction of high-a
stars is low at all
r4

9/



[a/Fe] [a/Fe]

[a/Fe]

The inner and outer disk show diff
'Fe] vs. [Fe/H]

ve rtncal trends in .

e T Thin (60
0.6F 4 mmE 3

0.4F
0.2}
0.0f
~8:8}
oL B o
0.4 - I A
0.2} 2
0.0f

-8:3|

F R< 10 0.878 (1982

Weighted fractions of
low- and high-a stars

0.6F 1z1< 05 0.122 (388
0.2F

0.0;-

-0.2¢t

-2.0 —15—10 05 00 05 -20 -1.5 -1.0 -0.5 0.0 0.5
[Fe/H] [Fe/H]

Judy Cheng (UCSC) - 2011 Aug 10 - Santa Cruz Galaxy Workshop

1.0

erent

- From

observations of
nearby stars, we
expect the
fraction of high-a
stars to increase
as the thick disk
becomes the
dominant
population at
large |Z|

At small R, the
fraction of high-a

stars increases at
large |Z|

At large R, the
fraction of high-a

stars is low at all
1Z|

9/



[a/Fe] [a/Fe]

[a/Fe]

0.8f

0.6
0.4
0.2

E 121 > 0.5 T 1z1>05 0.095 (181 ,
0.4 " 4 Weighted fractions of | = | '
0.2k low- and high-a stars t
0.0f :
8:33 R < :IO 0:.878 (!:982 R >:1o | | :0.373 (:451 i
0.6F 121 <05 0.122 (388) T 121 < 05 0.127 (73) 1
0.2}
0.0F $

-0.2¢

The inner and outer disk show different
vertical trends in [a/Fe] vs. [Fe/H]

¥ R>10 0.905 (1171

—20—15—10 05 00 05 —120)—15—10 05 00 05 1.0

[Fe/H]

(Fe/H)

Judy Cheng (UCSC) - 2011 Aug 10 - Santa Cruz Galaxy Workshop

] Bensby ot ol. Trhm EGO; SEGUE [a/l-'e]< 0.2 (4511 {> From
: hick P . la/fe] >02(109) 1 gbservations of
3 1 b 1 nearby stars, we
- expect the
Y fraction of high-a

stars to increase
as the thick disk
becomes the
dominant
population at
large |Z|

At small R, the
fraction of high-a

stars increases at
large |Z|

At large R, the
fraction of high-a
stars is low at all
Z|

9/



Froction Fraction

Fraction

0.25f
0.20}

0.15
0.10}
0.05}
8:98¢
0.10}
0.05}
8:98¢
0.10}
0.05 |

0.00t

. Bensby et ol. Thin Eso; } secue [a/Fe] < 0.2 (3212)
- Thick (38) ¥ [a/Fe] > 0.2 (773) 7
7
x
; % ! :
///, NK T ;
Ak o, i :
195.3F628; I R>10 217.0 §354
175.3(321) 1 121 > 0.5 210.5 (129
Mean rotational velocities
of low- and high-a stars
— I-' +
2056 (1392) 1 R > 10 224.9 (338
186.2 (269) [ 121 < 05 1:[ 217.0 (54
. 15 1
100 200 300 400 100 200 300
Vy (km/s) Vy (km/s)

Judy Cheng (UCSC) - 2011 Aug 10 - Santa Cruz Galaxy Workshop

400

High-a stars in the inner and outer disk
have different kinernatic properties

- From

observations of
nearby stars, we
expect a
correlation
between [a/Fe]
and kinematics

1> Atsmall R, high-a

stars lag low-a
stars by ~20
km/s, similar to
observations of
nearby stars

] > Atlarge R, high-

and low-a stars
have similar
distributions in
rotational
velocity
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Radial gradient in [Fe/H] is flat at |Z| > 1.0 kpc
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Whatever mechanism takes stars to large |Z]
leads to a flat gradient in [Fe/H]

e/H]
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Thick disk formed quickly in turbulent disk phase s
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Or radial migration (induced by spiral arms or

10 15
R (kpc)

20

minor mergers) is strong

[a/Fe]

ek {38)

[a/re]

e Short scale length for high-a stars

— At small R, see same chemical and kinematic oot 2

properties as thin and thick disk stars in solar

neighborhood

=20 -1.5 =10 -05 00 05 2D -15-1.0 -05 00 05 O
[Fe/H .

[FesH)

0.25

5 015

— At large R, high-a stars are fewer in number and
do not lag behind low-a stars

— Different populations in inner and outer disk?

[a/Fe] < 0.2 t.m:;
[a/Fe) > 0.2 (786

Different formation mechanisms at work?
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