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WHY THE MILKY WAY?

» Detalled measurements of position, velocity, age, abundances [ X/
H] of individual stars

» Detailed chemical evolution and star-formation history: gas
inflows/outflows, SNe yields, IMF, ...

* Detalled measurements of spatial and kinematical distributions
of stellar populations of different abundances, ages

* Archaeological record: metal-poor stars & early galaxy

formation, chemical tagging

» Detalled dynamical modeling: 3D distribution of mass (stars, dark
matter), importance of non-axisymmetric flows, resonances, ...
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MILKY WAY DISK CON

» Double-exponential-ish with

2008, Bovy & Rix 2013)

10
a5 > [0 M
it (Bovy & Rix 201 3)
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» See Bland-Hawthorn & Gerhard (20|
ARAA) for most up-to-date Galactic
parameters
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Table 1

Description of Galactic parameters®.

Ry Distance of Sun from the Galactic Centre (§3.2)

zp Distance of Sun from the Galactic Plane (§3.3)

©o, Qo Circular speed, angular velocity at Sun with respect to Galactic Centre (§3.4, §6.4.2)
Us, Vo, Wg U, V, W component of solar motion with respect to LSR (§5.3.3)

\'40) Solar motion with respect to LSR (§5.3.3)

VLSRR Possible LSR streaming motion with respect to ©¢ (§5.3.3, §6.4.2)

A, B Oort’s constants (§6.4.2)

Polr Galactic virial radius (§6.3)

Mvin Mvir,timing
M., m.

b
M bary» f bary

Galactic virial mass, virial timing mass (§6.3)
Galactic stellar mass, global star formation rate (§2.2)
Galactic baryon mass, baryon fraction (§6.2, §6.4.3)

MEY™, My, Mgy /M

b b b b
0210y 92,0 rms

®bps (b/a)vp
hbp’ (c/a)bp

Bulge dynamical mass and stellar mass, classical bulge fraction (§4.2.4)
Half-mass bulge velocity dispersions in (z,y, 2) and rms (§4.2.3)
b/p-bulge orientation and axis ratio from top (§4.2.1)

Central vertical scale-height and edge-on axis ratio of b/p-bulge (§4.2.1)

Tx Radius of maximum X (§4.2.1)

Maw, Maw Stellar masses of thin and superthin long bar (§4.3)

db, R Long bar orientation and half-length (§4.3)

ht1b, hsib Vertical scale heights of thin and superthin long bar (§4.3)

Q,, Rer Bar pattern speed and corotation radius (§4.4)

Mg, Tina Mass and dynamical influence radius of supermassive black hole (§3.4)

Mxsc, Mnsp
rnsc, (¢/a)nsc

Masses of nuclear star cluster and nuclear stellar disk (§4.1)
Nuclear star cluster half-mass radius and axis ratio (§4.1)

rNSD, ANSD Nuclear stellar disk break radius and vertical scale-height (§4.1)
Mot Coronal (hot) halo mass (§6.2)

Mg, Mg, Stellar halo mass and substructure mass (§6.1.2)

Qin, Qout, Ts Stellar halo inner, outer density slope, break radius (§6.1.1)

Qins GQout Inner and outer mean flattening (§6.1.1)

OFy Og, O Stellar halo velocity dispersions in r, 8, ¢ near the Sun (§6.1.3)
v Local halo rotation velocity (§6.1.3)

M, MT Thin, thick disk stellar masses (§5.1.3, §5.2.2)

R, RT Thin, thick disk exponential scalelength in R (§5.1.3, §5.2.2)
2t 2T Thin, thick disk exponential scaleheight in z (§5.1.3)

fos fx Thick disk fraction in local density, in integrated column density (§5.1.3)
oy O Old thin disk velocity dispersion in R, z at 10 Gyr (§5.4)

Ohy OF Thick disk velocity dispersion in R, z (§5.4)

Etot’ Proty €tot

Local mass surface density, mass density, dark matter energy density (§5.4.2)

Bland-Hawthorn & Gerhard (2016)
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Adibeykan et al. (2012)

- IN THE SOLAR

* Kinematically- and
(~)metallicity unbiased
sample of ~ 1,000 stars
within ~50 pc from the
Sun

* Improves on abundant
earlier work by
Fuhrmann, Prochaska,
Reday, Bensby, et al.

* Blue: high-velocity stars
Red: low-velocity stars
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* Infrared H-band spectrograph { i \'""TWW““’ LAt b
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(C,N,ONaMgAlSi,S K CaTi,V.Mn,Fe,Ni)

* APOGEE-|survey complete: 500k high-res spectra for
~ 150,000 stars

* Pl: Steve Majewski, + many people
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Majewski et al. (2016)

Credit: Michael Hayden,
Background: R. Hurt, JPL-Caltech, NASA



AP@@EE APOGEE RED-CLUMP CATALOG %

Bovy et al. (2014) sDSSIII

* High-resolution spec. data allows us to select pure samples of
RC stars (purity ~ 95%); calibrated w/ asteroseismology

BE@NE|Stances precise 1o ~57%, Unblased 1o ~ 27, ReWas 208
stars; valuable for Gaia DR
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Nidever, Bovy et al. (2014) spssiii

* Solar neighborhood [/Fe] vs. [Fe/H] similar to
previous high-resolution studies, e.g,, HARPS sample

(Adibekyan et al. 2012)
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Nidever, Bovy et al. (2014) spssiil
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CHEMICAL EVOLUTION

Early: SNe [l rich In & elements and iron-

peak
rox/Fe] SNe la only produce
) iron-peak elements
(O&Mf_gl’f"s’ and drive down the
a,Ti) relative abundance of

X to Fe

(Fe,Ni)
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Nidever, Bovy et al. (2014) spssiii
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» Star formation and gas in/outflow
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the first ~4 Gyr of the Disk’s
existence




- Early evolution of the Disk

» Star formation and gas in/outflow
must have been very similar
everywhere at R < |0 kpc within
the first ~4 Gyr of the Disk’s
existence

* SFR constant to within ~ 5%

HIGH-ALPHA SEQUENCE

Nidever, Bovy et al. (2014) spssiii
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IDENTIFYING DISK POPULATIONS

(currently) impossible to identify single-stellar populations, but would like
to get as close to that as possible

* Previously, populations were typically defined based on position or velocity
(bad!)

Even integrals of the motion likely change significantly over the lifetime of a
star

Surface abundance of stars don't
change™ over the stellar lifetime and
uniform for SSPs

Natural to define populations based on
abundances (~chemical tagging)
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DENTIFYING DISK POPULATIONS

(currently) impossible to identify single-stellar populations, but would like
to get as close to that as possible

Previously, populations were typically defined based on position or velocity
(bad!)

Even integrals of the motion likely change significantly over the lifetime of a
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Surface abundance of stars don't 5 ,.1,.,!-
change™ over the stellar lifetime and L A
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MONO-ABUNDANCE POPULATIONS

vertical profile: detalled
velocity dispersion: vertical distribution of mass
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APOGEE MAPS

Bovy et al. (2016a) SDSSII|
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SDSSIII

Bovy et al. (2016a)
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* *Requires: approx. J; conservation, no “provenance bias’” (Vera-Ciro
Saln2 015201 6)



ansc=® APOGEE MAPS:VERTICAL PROFILE

Bovy et al. (2016) SDSSIII

[Fe/H] high—[a/Fe] MAPs

nt

ta

* IF flaring due to radial migration: - .old

* low-alpha (young): no strong |
Drovenance bias, |, conservation, ]
blausible for massive MW disk?

low lznlllt]] MAPs yo u n e r'
* high-alpha (old): probably strong ——k

srovenance bias 00 2 0 pe——

hz (pc)

mstan

) X«

» Difficult to iImagine how to

make the ‘thick disk’ through
migration w/o flaring L /

R (kpc)

hz (pc




MAPS AND THE OVERALL DISK %

SDSSIII

10! (Fe/H] high—[a/Fe] MAPs

ol | Bovy & Rix (201 3)

Y(R) x constant

10~ —_—
10-5 \ ", 2 | 5 |< C
- A A A . . . ‘ g
el [Fe/H] low—[a/Fe] MAPs = ﬁ
/ J L / r"
10° | +0.3 :
& <
104 :.. X
. 2 < 102} YC‘J-“ )
= - -—: L [j
10° 1 - ?‘
= 10} | VI : i
‘}' 10" N
S 10-' :
X 2 ]
X w0t -l
S
— 10t
A
- 104
105k
. l“] A A | L A
0 5 6 T S 9 10
10-7 knce!
0.6 R (kpc)
10"
10"
0 2 16




hz (pc) x constant

hz (pc) x constant

10%

10*

'Fe/H] high—[a/Fe] MAPs
0 2 g b 8 10 12 14
low—[a/Fe] MAPs
\Fe/H]
+0.3 —

pc

(M.

SI(..(":]

10}

10Y

101

1

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

Il 1 I

200 100 600 S00 1000

vertical scale height h. [pc|

1200

0.50

0.45

0.40

0.35

1

0.30

40.25

4 0.20

0.10

0.05

[a/Fe]

MAPS AND THE OVERALL DISK %

SDSSIII




SEGUE/APOGEE MAPS: %
IMPLICATIONS ...t




SEGUE/APOGEE MAPS: %
IMPLICATIONS ...t

» High-alpha / old disk: centrally-concentrated, pure

exponential —> MW formed ‘inside-out’



SEGUE/APOGEE MAPS: %
IMPLICATIONS ...t

» High-alpha / old disk: centrally-concentrated, pure

exponential —> MW formed ‘inside-out’

* Low-alpha donuts: strong correspondence between [Fe/

-] and (birth) radius —> equilibrium chemical

evolution over last ~6-8 Gyr



SEGUE/APOGEE MAPS: %
IMPLICATIONS ...t

» High-alpha / old disk: centrally-concentrated, pure

exponential —> MW formed ‘inside-out’

* Low-alpha donuts: strong correspondence between [Fe/

-] and (birth) radius —> equilibrium chemical

evolution over last ~6-8 Gyr

* Flaring of
with radia

ow-alpha, cool populations —> consistent
mMigration



SEGUE/APOGEE MAPS: Q
IMPLICATIONS ...

» High-alpha / old disk: centrally-concentrated, pure

exponential —> MW formed ‘inside-out’

* Low-alpha donuts: strong correspondence between [Fe/

-] and (birth) radius —> equilibrium chemical

evolution over last ~6-8 Gyr

* Flaring of
with radia

ow-alpha, cool populations —> consistent
mMigration

* No flaring of high-alpha populations —> likely
formed thick in turbulent ISM (cf. high-z studies)
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» Great progress In the last few years

» Radial migration: good theoretical underpinnings, shown to be
important In various ways

 Disk evolution appears to have been very quiescent over the

ast ~ 10 Gyr, with no large fraction of stars accreted by mergers
* Disk formed Inside-out, and was likely turbulent at redshift ~ 2

 But no coherent picture has yet emerged that ties everything
together
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DIDN'T HAVE TIME TO TALK ABOU

» Chemical homogenerty of open clusters and chemical tagging:

Bovy (2016a) —> OCs are homogeneous to ~0.02-ish dex,
not a single SN Il during formation

» Dynamical modeling of the disk: e.g., Bovy & Rix (201 3), Trick,
Bovy, & Rix (2016) —> disk ~ maximal

» Dynamical modeling of streams: Bovy (2014), Bovy et al. (201 6b)
—> halo ~ spherical to ~10% in density

» Stream—dark-matter sub-halo encounters: Sanders, Bovy, &

Erkal (2016), Bovy (2016b); Bovy et al. (2016a) —> Find CDM-
like population down to 3x10° M.,, —> DM cold
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CONCLUSIONS

* Exciting time for Milky Way studies with much new data on the way
- Now have abundance patterns over the entire radial range of the disk

» Chemical tracks (Nidever et al. 2014, Hayden et al. 2015): Early
evolution of the Milky VWay disk uniform

» Metallicity distribution functions (Hayden et al. 2015): see Michael
Hayden'’s talk tomorrow

* Spatial decomposition In metallicity/age reveals stellar donuts:
[Fe/H] —> birth radius

* Low-[a/Fe] populations flare in agreement with naive predictions from
radial migration



