Element abundance ratios
in stars of the
outer Galactic disk

Bruce Carney (University of North Carolina)
Eileen Friel (Indiana University)

2MASS Covers the Sky

@ The Two Micron All Sky Survey
Infrared Processing and Analysis C Itech & Univ. of Massachusetts

2, ) -
a0y 5, gy Infrared Processing and Analysis Center Cal

K

Chemical evolution in the Universe: the next 30 years

| T Australian
Element abundance ratios in the outer Galactic disk SICWSIE o 6) Najﬂona.l
sy University


http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations

- Introduction
- New observations and interpretation
- Future directions

2MASS Covers the Sky

MASS ™\ .
-Z—S— The Two Micron All Sky Survey
X Infrared Processing and Analysis C Itech & Univ. of Massachusetts

\A"’S'?qu ALL SKY s}'\,‘}@/ rrrrrr Cal

Chemical evolution in the Universe: the next 30 years 9 David Y. AUSIF&"&H
Element abundance ratios in the outer Galactic disk Sl Lol (¢ 08) Natlona.l
sy University


http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations
http://aas.org/meetings/aas220/mim/multiple_populations

Why study the outer disk?
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Why study the outer disk?

ORIGIN AND EVOLUTION OF GALAXIES P

The Milky Way is the best example to study and
the disk is the dominant stellar population

The composition of gas throughout the galaxy is
controlled by the processes of star formation,
evolution and death

and provide strong constraints on gala,X;y
formation mechanisms
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Why use open clusters!?
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Why use open clusters!?

Numerous

Ages (accuracy and a large range)
Distances (accuracy and a large range)
Radial velocities and chemical compositions
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Figure 7 Radial abundance gradient for the old open clusters, with metallicities from Table 1.

KEY WORDS: Galactic structure, galaxy formation, Galactic disk, stellar ¢  Filled circles are points from Friel & Janes (1993) or Thogersen et al (1994). Stamred symbols
dances, stellar kinematics are preliminary metallicitics from Friel et al (1995). Crosses are data taken from Lynga (1987).

The solid line is a least-squares fit to the data that yields an abundance gradient of A[Fe/H)/ Ry =

ABSTRACT —-0.091 £0.014.

The Galactic open clusters, in particular the oldest members, serve as excel-
lent probes of the structure and evolution of the Galactic disk. Individual clusters
provide excellent tests of stellar and dynamical evolution. Cluster spatial and
age distributions provide insight into the processes of cluster formation and de-
struction that have allowed substantial numbers of old open clusters to survive.
Spectroscopic and photometric data for the old clusters yield kinematic, abun-
dance, and age information that clarifies the relationship between the old open
cluster population and other Galactic populations. New samples of old open
clusters, which span a large range in distance and age, are used to define disk
abundance gradients and the cluster age-metallicity relationship, and they point
to a complex history of chemical enrichment and mixing in the disk.
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Inside-out formation

The Gaiacuc open clusters, In parucuiar tne 01aest memoers, Serve as excel-
lent probes of the structure and evolution of the Galactic disk. Individual clusters
provide excellent tests of stellar and dynamical evolution. Cluster spatial and
age distributions provide insight into the processes of cluster formation and de-
struction that have allowed substantial numbers of old open clusters to survive,
Spectroscopic and photometric data for the old clusters yield kinematic, abun-
danra and aas infarmatinn that clarifiec tha relatinnchin hatwean the nld Anan
cluster population and other Galactic populations. New samples of old open
clusters, which span a large range in distance and age, are used to define disk
abundance gradients and the cluster age-metallicity relationship, and they point
to a complex history of chemical enrichment and mixing in the disk.
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The existing data (~2005)

Primarily old (>1Gyr) open clusters

Ree (kpc)
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The existing data (~2005)
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Chiappini, Matteucci & Romano (2001)

10
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F1G. 10.—Predicted radial iron gradient att =t = f5,, = 14 Gyr from
model A (continuous line), model B (long-dashed line), model C (dotted line),
and model D (short-dashed line) compared to observational data: Twarog
et al. 1997 (stars); Carraro et al. 1998 ( filled pentagons); Friel 1999 ( filled
triangles).
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: The existing data (~2005)

Primarily old (>1Gyr) open clusters

... to reproduce the flat gradients ... at large
galactocentric distances, we need to assume a
constant density distribution and a threshold in

the star formation during the halo phase
(Cescutti, Matteucci, Francois & Chiappini 200%7)
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The story so far ...
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The SDSS view
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External galaxies

M31
Worthey et al. (R008)

NGC 300
Vlajic et al. (2009)
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External galaxies

M31
Worthey et al. (R008)

NGC 7798
Vlajic et al. (2011)
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Beyond just [Fe/H]}
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Beyond just [Fe/H]

[alpha/Fe] ==> Star formation rate

[s-element/Fe] ==> AGB star contribution
and/or FRMS
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- Introduction
- New observations and interpretation
- Future directions

2MASS Covers the Sky

MASS .
—2—— The Two Micron All Sky Survey
i‘!{ggg,wl%‘j{gid/' Infrared Processing and Analysis Center/Caltech & Univ. of Massachusetts
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Target selection
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Be 21 (Tosi-et al. 1998)
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Target selection

\_

) L I L L Ll L l 1 L 1 L] I

Find old (> 8 Gyr), distant Be 21 (Tosi-et al. 1998)
(RGC > 10 kpce) open clusters
==> Bel8, Belkl, Bell, Bed2
and PWM4

Plausible locations in the
optical and infrared CMDs

Use HIRES@Keck to obtain
shorter exposures (RVs) and
longer exposures (chemical
abundances)
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Target selection

\_

1 l ] I ] I ) 1 I —l»- I ) 1

Find old (> 2 Gyr), distant L Be 21 (r < 150")
(RGC > 10 kpce) open clusters
==> Bel8, Bekl, Belt, Bes2
and PWM4

Plausible locations in the
optical and infrared CMDs

Use HIRES@Keck to obtain
shorter exposures (RVs) and
longer exposures (chemical
abundances)

0.2 0.4 0.6 08 1.0 1.2
J—K (2MASS)
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Observational material

L} ' L) 1 1 I.l I T ] ]
PWM4_RGB1

Be32_18’
Be32_16:
Be22_643

Be22_414

" Be21_T51
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Be18_1163
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L LD l L L T

High spectral resolution: | PwweRGay
R=45,000

Be32_18:

High signal-to-noise ratios: _ Be32-16?
S/N=100 per pixel '

8e22_64$

Large wavelength coverage: Be22_414

4000-8000A m
Be21_T51
Standard 1D LTE analysis: m
chemical abundances via 180 ”
spectrum synthesis and | podiroiich oy

equivalent widths
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x
=
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\

High spectral resolution: | Pawe_roe
R=45’OOO [ Be32_18
High signal-to-noise ratios: _ eesz_m?
S5/N=100 per pixel '

[ Be22_643;

Large wavelength coverage: LA M A mr"m
4000-8000A ke

Standard 1D LTE analysis:
chemical abundances via
spectrum synthesis and

equivalent widths Usual caveats about

NLTE and 3-D effects
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Reminder
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Reminder

ORIGIN AND EVOLUTION OF GALAXIES

The Milky Way is the best example to study and
the disk is the dominant stellar population

The composition of gas throughout the galaxy is
controlled by the processes of star formation,
evolution and death

Abundance gradients can be readily(?) measured
and provide strong constraints on galaxy
formation mechanisms

Structure, kinematics and chemistry of the disk,

and ideally the time variation of these quantities

Chemical evolution in the Universe: the next 30 years

|5 David Yong

Element abundance ratios in the outer Galactic disk
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[Fe/H] vs. distance

I | 1 I 1 1 1 1 I 1 I |

Slope (> 13 kpc) = -0.02 £ 0.00 (¢ = 0.13 dex)

L1 11 l L1 11 l L1 1 1 l L1

Slope (< 13 kpc)I = -0.09 + 0.01 (¢ = 0.14 dex)

1 1 1 1 1 1 1 l 1 1 1

10 15
Rec (kpe) [Paper]
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[Fe/ H] VS. dlstance

]
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Neutron-cap vs. distance

\_ 4

10 Slope (< 13 kpc) = 0.01 + 0.02 (0 = 0.19 dex)
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Slope (< 13 kpc)l = 007 + 0.01 (0 = 0.20 dex)

_ Slope (> 13 kpc)- 002 :!:OOO(a-O21 dex)
Slope (< 13 kpc) = 0.10  0.01 (o0 = 0. 18 dex)
u

C Slope (> 13kpc)— 002&000(0_—021 dex)
Slope (< 13 kpc) = 0.07 £ 0.01 (0 = 0.17 dex)

Slope (> 13 kpc) = 0.01 * 0.00 (¢ = 0.13 dex)
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Neutron-cap vs. distance

\_ 4

10 Slope (< 13 kpc) = 0.01 + 0.02 (0 = 0.19 dex)
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u, = -0.04 u, = -0.18
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0
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Abundance vs. age

Also see D’Orazi et al. (R009), Maiorca et al. (2011)
Jacobson & Friel (2013)

4, = 013 m, = 007  Slope = —0.03  0.01 (o = 0.20 dex)

os; = 0.18
Slope = —0.03 + 0.01 (¢ = 0.22 dex)

ps = 0.32 o5 = 0.16
Slope = 0.05 * 0.01 (¢ = 0.22 dex)
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Alves-Brito
Luck & Heiter
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[ X/Fe] vs. distance

Old open clusters vs. young Cepheids (Luck & Lambert 2011)

0.6 Open Clusters (2 2.5 Gyr) (o) 1
: + + 1
0.4 i L

0.2}

0.0}
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Mg vs. distance

“— 01d open clusters vs. young Cephelds (Luck & Lambert 2011)
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[ X/H] vs. distance

Old open clusters vs. young Cepheids

0.05 >< Ce'pheid's
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I X/ H] vs. distance o

Old open clusters vs. young Cepheids
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Gradients are steeper for the oldest open cluster samples
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[ X/ H] vs. distance ]

Old open clusters vs. young Cepheids

0.05
0.00
—0.05
-0.10
-0.15
-0.20 Open Clusters (Age 2 1.5 Gyr) *
=0.25

RGC < 13 kpc O Na Mg Al Si Ca Ti Mn Fe Co Ni La Eu
— Gradients in agreement!

Slope (dex/kpc)

Slope (dex/kpc)

Open Clusters (Age = 1.0 Gyr)

Gradients a ‘e steeper for the oldest open cluster sample ;
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Abundance vs. distance

O6f T T T T TTTTTTTTTTTT
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The break radius
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The break radius
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The break radius
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S/N considerations
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S/N considerations
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S/N considerations
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S/N considerations
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- Introduction
- New observations and interpretation
- Future directions

2MASS Covers the Sky

MASS ™\ .
-Z—S— The Two Micron All Sky Survey
X Infrared Processing and Analysis C Itech & Univ. of Massachusetts

\A"’S'?qu ALL SKY s}'\,‘}@/ rrrrrr Cal
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What have we learned?
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What have we learned?

Confirm the metallicity gradient in the outer disk is
flatter than in the solar neighbourhood ==> inside-out

formation, a constant density distribution and a threshold
in the star formation during the halo phase

Outer disk open clusters are metal-poor with enhanced

[a/Fe] ==> despite the lower density (and anticipated
slower star formation rate) in the outer disk, chemical
enrichment proceeded at a similar rate as in the solar
neighbourhood

= s-process elements exhibit a significant scatter and
generally super-solar values ==> AGB stars ([Rb/Zr])

Other factors ==> Radial migration, infall of pristine
material, outilows, mergers/accretion events?
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Where to from here?
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Where to from here?

Ultimately, a definitive statement about
the origin and evolution of the outer disk
requires a

homogeneous analysis of larger samples of
stars in larger numbers of clusters based on
high quality spectra.
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Where to from here? J
IR

2000 2002 2004 2006 2008 2010 2012 2014
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Improved precision (better data) and remove systematic

uncertainties (Gaia-ESO, APOGEE, HERMES) ==
Fan Liu: RSAA/ANU PhD student
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Where to from here?
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Improved precision (better data) and remove systematic

uncertainties (Gaia-ESO, APOGEE, HERMES) ==
Fan Liu: RSAA/ANU PhD student
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