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B ——
____Happy 50th Yea"




Outline

s
i

1.
N 2.

Ov =

Local Group Galaxies

Using Color-Magnitude Diagrams to Derive Star
Formation Histories of Galaxies

a) Stellar Evolution/CMDs

b) Techniques for Deriving SFHs

c) Examples: Carina & Leo | dSph, SMC/LMC, M31

Chemical Abundances

Implications for Galaxy Formation

a) Despite having very small velocity dispersions (~15 to
20 km/s), most dSphs have formed stars over many Gyr.
Some only ran out of gas in the past 1 Gyr.

b) Despite actively forming stars over most of the Hubble
time, the stars in dwarfs have nearly a constant metallicity.
The galaxies enrich quickly to an [Fe/H] that correlates
well with the galaxy’s total luminosity. This implies dwarfs -
(dSphs & dlrrs) must accrete fresh gas over time and have
metal-enriched winds.




The Inner Regions of the Local Group*®
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LooaI Group as a Laboratory

umrraosﬂ.y_an gas star ratros

Ee"“‘lVIﬁky'Way/Mm L, =2 x101°L, 5
— LMC L, =2x10°L, 4
— Fornax dSph L, =2x10’L, o —
— Carina dSph L, =3 x 10°L, &
— Ultra Farnt dSphs L = 3 X 10 Lo

'.' S8 OAnglo-Austraian Observatory

M31 | 2
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Hierarchical Formation of Galaxies
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. ACDM N-body
simulation (dark
matter only) —

of the evolution of a - -
Milky Way type .
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S|mulat|on (dark
matter only)
of the evolution of a
Milky Way type
galaxy
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Stellar Populations of Galaxies

— = Collisions of proto-galactic fragments early in the
evolution of a galaxy causes dissipation of energy =
& funneling of gas into the center, which may
grelate bursts of star formation & form a galactic

ulge

Stellar halos maybe be created from early merging of
the proto-galactic fragments and later from
cannibalization of dwarf galaxy satellites

Dwarf galaxies, being the simplest systems, should be
excellent laboratories in which we can determine
the important physics (inflow, outlfow, etc.) of B
galaxy evolution




- fferences Between Galaxy Types and Star Clusters
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M32
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+» «" globular

y. . clusters

Dwarf galaxies
With gas

Central Surface Brightness

Tolstoy, Hill
& Tosi 2009



» Dekel & Silk (1986) using a simple analytical model predicted
outflows dominate evoln if v < 100 km/s — Z « L%4 but at least one

of their key assumptions 1s very wrong. More work 1s needed.

» Scaling Relationships tell us that star formation is probably not
controlled mostly by environment, but by the physics of star/galaxy
formation itself.



Galaxy Formation




Galaxy Formation




Galaxy Formation

‘Star Formation
(Gas — Stars)




Galaxy Formation

Evolution of Mass
(DM + Gas)

Infall of DM + Gas &
Gas Outflow in
Galactic Winds




Galaxy Formation
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Star Formation
(Gas — Stars)

e o

Evolution of Mass

Infall of DM + Gas &
Gas Outflow in
Galactic Winds



Galaxy Formation
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Star Formation
(Gas — Stars)

e o

Evolution of Mass

Infall of DM + Gas &
Gas Outflow in
Galactic Winds



Galaxy Formation

Star Formation
(Gas — Stars)

Evolution of Mass < Chemical .

(DM +_GaS) W
. ofGalaxies: G —

Infall of DM + Gas & Stars
R - | Gas Outflow in
— Galactic Winds




__Stellar Evoluti

-

on in the HR Diagram

—T

» Massive Stars
evoelverand-change
T atfixed L —

Supergiants
* Low Mass Stars

evolve and change
iIn both T_and L —

Red Giant/AGB
_ stars

*Tus =
10 Gyr x (M/Mg)=2°

effective temperature T, (K)




Main Sequence Lifetimes

L a1n sequence 1fe"timesf——
_=__.=.M-=-4@-M—T = 32 million yr

— M =0.5 Mg, tys = 56 Gyr > age of the Universe!

= All'low mass stars with M < 0.8 M, that everformed ina =
galaxy are still there

= Measuring the # stars at different parts,of the HR

agram,can. tell you a galaxy's star formatlon history =

SHDIaG f Ing the density of stars in
of color & magnitude in an HR Diagram




S

Star Clusters

S ASHhe clusterage |
~degreases In-mass;becoming redder and fainter.

Shape of the CMD tells you the age, distance and
chemical abundance of the cluster.

4 MILLION YEARS 10 MILLION YEARS 100 MILLION YEARS

> e, - : 5 E) The cluster age is ;
. o. . . -
v . determined from the ’
) Massive starsina : B As the cluster ages, less g main sequence turnoff.| *

cluster evolve off of the 2 and less massive stars
main sequence first. leave the main sequence.
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Globular Cluster M30
Ground-based -
photometry taken with
the CTIO 4m (Smecker-
Hane, et al.)
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Ground-based
photometry taken with
the CTIO 4m (Smecker-
Hane, et al.)
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Ground-based

photometry taken with
the CTIO 4m (Smecker-
Hane, et al.)

VIS 1O
(SeRsIuyENerage)
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Ground-based

photometry taken with
the CTIO 4m (Smecker-
Hane, et al.)

VIS 1O
(SeRsIuyENerage)
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Ground-based

photometry taken with
the CTIO 4m (Smecker-
Hane, et al.)

VIS 1O
(SeRsIuyENerage)
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* Isochrones from
Vandenberg et al. (1997)

« Comparing the
observed fiducial points
to the theoretical
Isochrone allows you to
determine the cluster’s
- reddening, distance, &
age (chemical
composition)




Stellar Eyolutionary Mgdels

e e ———
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 Padova
Isochrones
(Girardi et al. 2000)

* An lllustration of
How Metallicity and
Age affect an
Isochrone




 Padova
Isochrones
(Girardi et al. 2000)

 An lllustration of
the Age-Metallicity
Degeneracy of the
Red Giant Branch

e g —

Stellar Eyolutionary Mgdels

——

SR

Ilustration of the
Age—Metallicity
Cegeneracy of RGB

Padova Isochrones
(Girardi et al. ZOOO)




_The Carina dSph Galaxy

R e ——— et

e .ﬂ—

. Inltlal woerk-by:Mighell (1990) suggesied a o plex SEH

s«Results-from-the CTIO 1.5 m Telescope over a wide
field (Smecker-Hane, et al. 1994)
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The Carina dSph Galaxy

| Deeper Photemetny. from the ' CT1O024™"m Telescope

(Smecker-Hane, et al"1996; see also Mighell' 1990,
Hurley-Keller et al. 1996)
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Dwarf Irregular Galaxy Leo A

| Observatory of Japan
Copyrght D 2004 National Astronomical Chservatory of Jagan Al rghts reserved

-t

Leo A
Dwarf Irregular Galaxy
(dlrr)

-

Dwarf Spheroidal galaxy
(dSph)



What are the Differences Between

Dwarf Spheroidals & Dwarf Irregulars?

‘—ebﬁgas_m—ﬂﬂﬁ‘-f—— e

e P = M,=-11.9
= Devoid of neutral gas, = Plenty of neutral gas,
M, < 103 M, M., = 2 x 107 M., -
= No star formation in last = Currentstar formation &
~0.5 Gyr, but Gallart et al. Hll regions

J&QB) &-D¢ph|n (2002) (_tnow) =~ 104 M,/yr

= Stars: [Fe/H] =-1.4 = Stars: [Fe/H] =-1.4
= Dark Matter (stellar = Dark Matter (HI)

velocity dispersion)



Measuring the Star Formation History

(SF H) of a Galaxy

= m— B modelmg’the*ﬁ‘?&agram the denSIty i stars :
——s the'FHR"Diagram (T 4L plane) or its observational

equivalent, the Color-Magnitude Diagram (CMD) we
can derive a galaxy’'s SFH

= Major complications:
— Degeneracy of age and chemical abundance
— Uncertainties exist in stellar evolution models and

‘[he transformation to the obse ona1'p‘la‘_
ns: =
— Distance along the line-of-sight to the galaxy,
differential reddening, photometric binaries, etc.




Where Do We Get the Data?




Where Do We Get the Data?

-————-'-:'I'-'Iﬁbb‘lé'SE _ ;..e-,ls:needed to get accurate
D%"ftﬂ'@—lames > 100 kpc, because you need to
do high precision photometry on faint stars and
sometimes in very crowded regions




Where Do We Get the Data?

- = Hubble Space Telescope'is needed to get accurate
S CMDS for galaxies > 100 kpc, because you need to

do high precision photometry on faint stars and

sometimes in very crowded regions

= Major complications:

— lts difficult to get time on HST! |
— Observing strategy (which fi%‘ olﬂs'_eq-mh\ishd
te , ds)i n the efficiency
an of the camera —




Analysis of CMDs to derive SFHs

— ——E oS

“"""l"'G?II_lart Apparicio, Bertelll VaIIenarl and collaborators:
-~ = Usewide boxes in the CMD

— Match Hess diagram using Chi-Squared analysis
— Less sensitive to errors in stellar evoln models

= Hernandez, Gilmore, & Valls-Gabaud (2000)"and
Dolphin (2002)

— Use small bins in the CMD

‘Match Ele‘sildiagram using M %'mg

— More sensitive to errors in stellar evoln models,
but more stringent limits on the solution

-
m LLikeliiood




Analysis of CMDs to derive SFHs

— ~’—‘! — e T

—— ‘nandez, Gilmore, &\ a Is-Gabaud (2000) anc 4
.-_-slielphln.(.ZDOZ) etc.
— Solve for both chemical evolution, Z(t), and SFR(t)

= | CID Collaboration deriving SFHs for numerous
dwarf galaxies and other groups working.ons
individual dwarfs —




SFH of the Leo | dSph Derived From the CMD |

The Observed
CMD
overplotted with
selected
Isochrones
(Marigo et al.
2008) with
different ages
(in Gyr) &
metallicities



SFH of the Leo I dSph Derived From the CMD

« The Observed CMD
overplotted with
selected Padova
isochrones (Marigo et
al. 2008) with different
ages & metallicities
(same as in previous
slide) —




SFH of the Leo I dSph Derived From the CMD

a) Observed CMD

b) Hess Diagram
of Observed
CMD

c) Hess Diagram
of Best Fit
Model's CMD

d) Hess Diagram
of Residuals




SFH of the Leo | dSph _Derlved From the CMD




SFH of the Leo | dSph Derlved From the CMD |

50% of the
stars that
formed
now have ages
<10 Gyr &
were formed in
the first 4 Gyr
after the
Big Bang




fits to CMD

- cubic spline

Isochrones
Age =5 & 14 Gyr




Comparing ¢

i \Ol -

Different SFHs for Leo | dSph & Leo A dwarf irregular! Lo I started with
big burst of SF, but Leo A started slowly. However both started forming
stars ~14 Gyr ago.



Results from
the LCID
Collaboration
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This Raises Some Questions

= = Al| galaxies examined so far began forming stars at
. about the same time, ~14 Ggr a%o with no sign of 2

- pause due to reionization r,z=06), but each

~ has a seemingly unlq)ue star formatlon hlstory extending

over many Gyr. Why? Differences in DM halo masses,

differences in contlnued infall, tidal forces, stripping?

I —

= Do the SFHs derived match those predicted by ACMD?
Lets compare with simulations.

= \What can we do to further constrain the rate of inflow of ‘
R/Ilstlne gas and outflow of metal-enriched winds?
easure chemical abundances for individual red giant s
stars in the dSphs. Also, determine abundances for
numerous elements that are created on different
timescales.




e Calclum TrIplet as an Abundance Indlcator

8320 8340
wavelength {A)

A High—Dispersion Echelle Spectrum of an RGB star
near two of the CaT lines
(T. Bosler, Ph. D. thesis)
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C elationsnip in tnhe
Deri -

Smec-ker;Hé_rle,_gf al. (2010)

- - | -

Comparing such data to analytical models of'chemical evolution
suggest that in order to get such a flat age-metallicity relationship you
need both inflow of fresh gas and outflow of metal-enriched winds
(c.f., Lanfranchi, Matteucci & Cescutti 2006 )



Metallncnty Dlstnbutlon of Stars in Leo | dSph

The results from
spectroscopy of
individual RGB
stars and the new
CMD analysis
agree beautifully!







~ HST survey of star-clusters and field stars in the
«—======Small-Magellanic Cloud done by a large

collaboration: Gallagher, Grebel, Nota, Tosi,
Sabbi, Glatt, etc.

Goals:

* Accurately measure the ages (0.5 Gyr) and distances
of star clusters in the SM

= Use the star clusters to trace the evolution of the
metallicity over time in this'd —-s?
Use the field stars to derive therstar ' =
metallenrichment nistory

J Ideﬁtify how cluster formation compares to the star
formation

e




NGC 121: the SMC's ' Globular Cluster

e - ~- —

Glatt, et al. (2008)

5 iIsochrones
displayed at 0.5 Gyr
Intervals

Age = 10.5 £ 0.5 Gyr

Fic., 7. Same as Fig. [6l but for the a-enhanced Dartmouth

isochrones covering an age range of 9.5, 10, 10.5, 11, and 11.5 Gyr
(Dotter et all|2007).




SMC Star Clusters

~ NGC 121 has an ac f4—§/rd —
w——===Fe/H]{=~1.46 (“intermediate” metallicity)
NGC 121 is the only globular cluster in the

SMC, and is its oldest star cluster

)

SMC’s current star formation rate'isrhigher than
similar galaxies (interaction.LMC/SMC)

S

Isithe SMCiasvounag’. dalaxyZee S
. A : .
Stanstsay~No."




The Stellar Populations of the SMC

—
‘Tc——

"“6%I\7IC “Fleld {a‘r—’%ﬂ\reas Ig Gallagher et al.

SFHS []




The Stellar Populatlons of the SMC

Eield~Stars in
6sSMC. LLocations

(Sabbi, et al.
2009)

Z =0.004
Ages = 50, 100,
& 500 Myr

8 Z=0.001
Ages =3, 5, &
12 Gyr




The Stellar Populat

e -
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FUllFanalysis orthe CVIDs Is not complete yet, but
» —.Simply.from comparing the CNMDs to isochrones, we
| find that the SMC does have 10-12 Gyr old stars.
Just not that many. Thus the SMC had a slow start
to its formation... which maybe a reason so few
globular clusters formed in it.

Toor Acrsossrvecas Joomsoas, TORT0-TH, 2000 Soptombur X0

O 20N T AREECE Naancl WOy AD S reervet. Tt @ B LS A

STAR FORMATION HISTORY OF THE SMALL MAGELLANIKC CLOUD: SIX HUBBLE SPACE
TELESCOPE/ADVANCED CAMERA FOR SURVEY FIELDS*

E Samnt’, ). S Gareacane®, M Tost”, ), Avoessond’, A, Nora' B K Geesar ', M. Qanon’, A, A Conr®, G. S Da Costa’,
D. Hueseox', K Gearr®™ ™, ano M. Mascon
STSCL San Marte Dvrve, Baltamere, MD 21218 USA bt it
e, Madon, WL LS,

= * Baropess Spuce Agescy arch aad Socets Sopport Departmest, Hadtmcse, MD, USA,
* Astrosomes by Reches- | Jostram M Asrosvease & Unrverstll Hosdeerg. Hoodelideorg. Coreany
. - ’ {of Mathomatacs & Phsacs. Tasmama. Antnadu ——

T Resewnch Schood of Asosoms & Asrophascs. The Anstaban Natiosal Usiveniny. Weston, Assnla
¥ Asrosomecal lmtinte, Dopastescet of Phaaics sad A y. Ussversity of Basel Basssgea Switrodand
" INAF Onsers s
Recemed 2009 May 1 accepoed X

m—— ARSTRACT

We observed six Delds of the Small Magellasic Cload (SMC) with the Advanced Camera for Servey oa boasd
e Hatiie Space Telexcope inthe | SSSW d FRI1AW fibors. Those Bokds T soms characsonizod by very

flcroal star and pas doasitics, and, possitly, by differost evol ustones. We find Bat the SMC was already
formisg stars ~ 12 a0, even If the lack of a chear hort sis that in the first fow by years the
star formation activity was low. Within the uacertasatics of oor two-band photometry, we nd evidence of 2 radal
variation in chemical canchment, with the SMC cutstins charactenzod by lower metallicity thas the contral 2ones
From our color-magnitude agrams, we also iafor that the SMC formed stars over 2 loag Intorval of time unt

2-3 Gyr ago. Afler 2 period of modest activity, star formation increased again in the pocent past, especially ia the
bar 2ad the wisg of the SMIC, wiere we see an endancemost in the star-Soemation sctivity stamisg ~500 Myr
apo. The inhow ous ditrdetion of stars youager than ~ 100 Myr iadicacs that recent star formation has
menialy developed ocally



Large Magellanic Cloud

PE— Smecker-Hane CoIe‘GaIIagher
-r‘——&‘Stetsen-(QGOZ Imaged star
fields in'the LMC with the

WFPC2 on the Hubble Space L g
Telescope (HST) Rl =

= Derived SFHs for the Bar and e awrwveam
Disk 1 fields from the # stars as RS IRt SV

a function of magnitude on the

gmn-sequence

rlght mean separation of stars
with'V < 25 mag is ~ 6 pix =
0.6"



LMC Disk LMC Bar
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_LMC Field Stars

*-__,— T et e

White = Larger # stars in

‘L’he Disk 1 Field



Bar: Open Histogram
Disk 1: Hatched Histogram
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igure 11, Total SFH of e | MC, computed by sareming over all | 376 regions
covering the MOPS servey region. The time atia is shows with 3 Eacar scale
St is brokon to throe segrments: the left panel covess ~ 300 Myz, e mmaddle
pasel covers ~1 Gyr, and e right panel covers ~ 14 Gyr. The best-fit SFR as
2 function of age 1s shown with = thick black line; the uncertuaty ca the it
(including covanance between age bins) is shown as a gray shaded eavelope.
The dstnbution of metallicity at each age is shown by the mix of colors below
$o SFR lioe (7 - 0001 in bloe md dowsward soping: 7 — 00025 in green
and wpward sopiag: 7 — 0.004 in orasge and vertical; 7 — 0008 &= rod and
horiscetal).

5
Age [Gyr]

Figare 2. Age-metallicity relation for the LMC. The poists with errorbars
e 85 LMC st clantors whach have age and metallicety measusernosts in $o
literature. The mean metallicity as a fanction of age denved from cer SFH
anzdysis is shown 23 a beavy line, and s statistical vaniasce is shows = a
gray emvelope. Our analysis contsns oaly a single value for apes older than
4 Gyr, because we anchored the old SFH o publishad ressits hasad on deep
HST imaging.




SFR of the LMC Disk was nearly constant with time, |
not varying by more than a factor of 2 to 3 (Olsen 1999, F
Holtzman et al. 1999, Smecker-Hane et al. 2002,

Harris & Zaritsky 2009)

SFH of the LMC Bar is very different than the Disk

— Initial formation of the bar ~ 4 to 6 Gyr ago, exact
age depends on the assumed metallicity

— SFRin last 1 to 2 Gyr also has been high in Bar

The LMC, like the Leo | dSph, has a very flat age-
metallicity relationship & highly-peaked metallicity
distribution, implying continual gas accretion & outflow.



Chemical Evoln M

odeling

e ——

Evolution of: Carina and Sagittarius dSph Galaxies™...

and high galactic wind efliciency in both cases. In fact, the

tic winds play a crucial role in the evolution of these galaxies
They develop when the thermal energy of the gas equales its
binding energy (see for example Matteucci & Tornambe 1987)
This quantity is strongly influenced by assumptions concerming
the presence and distribution of dark matter (Matteucci 1992)
A dittuse (R./Ry = 0.1, where R is the effective radius of the
galaxy and Ry 1s the radius of the dark matter core) but massive
(M IMy e = 10) dark halo has been assumed for each galaxy.
This particular configuration allows the development of a galac-
tic wind in these small systems without destroying them.

The model allows one to follow in detail the evolution of
the abundances of several chemical elements, starting from the
matter reprocessed by the stars and restored into the interstellar
medium (ISM) by stellar winds and type 11 and la supernova
explosions

I'he main assumptions of the model are:

one zone with instantancous and complete mixing of gas in-
side this zone;

no instantaneous recycling approximation, ie. the stellars
lifetimes are taken into account.

the evolution of several chemical elements (H, D, He, C, N,
0, Mg, Si, S, Ca, Fe, Ba and Eu) is followed in detail;

the nucleosynthesis prescriptions include the yields of
Nomoto et al. (1997) for type la supernovae, Woosley &
Weaver (1995) (with the comrections suggested by Frangois
et al. 20084) for massive stars (M > 10 M), van den Hoek &
Groenewegen (1997) for intermediate mass stars (IMS) and
for Ba and Eu the ones described in LMCOS and Cescutti
et al. (2006),

The basic equations of chemical evolution are the same as de-
scribed in LMO3 and LMO4 (see also Tinsley 1980; Matteucci
1996), as arc the prescriptions for the SF (which follow a
Schmidt law < Schmidt 1963), initial mass function (IMF -
Salpeter 1955), infall and galactic winds, The type [a SN progen-
itors are assumed to be white dwarfs in binary systems accord-
ing 1o the formalism originally developed by Greggio & Renzim
(1983) and Matteucci & Greggio (1986). The main parameters
adopted for the model of each galaxy, together with the predicted
time for the occurrence of a galactic wind. fgw. can be seen in
Table |

=From CanfranchiiViatteticeir & Cescuttif(2006), - Detaled



Cescuti & Matteucci
(2008, priv. comm.)

« SF ends after
~ 4 Gyr

* Requires both inflow
of pristine gas and
outflow of metal-
enriched winds

Inflow Rate

Outflow Rat



_Chem Evoln Modeling

Chemical Evoln models
from Cescuti & Matteucci
(2008, priv. comm.)

» Designed to re-
produce the observed
phot metallicity
distribution

«P(t)=v Mgas(t)
o Myumow(t) = w ¥(1)

 Best Fit for
v=0.2GyrTand w = 10

ol

Ursa Min

R e it T

—T

or dSph




Chemical Evolution

e ——

B e —

= Aflat a aggme*t lic ysrelatlonshlp (or very erlae
====metallicity-distribution) often implies both inflow
and outflow is needed, i.e, Leo | dSph, LMC, SMC.

e

= BUT ... in order to solve the "Missing Satellite
Problem” cosmologists assume most of the
reservoir of gas that could accrete onto dwarfs

Ve ‘tlme-ls- ofo]|[=ToNo]iik durlng-relonlzatlon SO
then ~ ' SNgdS [0 -

Hubble tlme’? -~




Another New Frontler in dSph Research:

e Today large telescopes allow us to get high dispersion
spectra of'stars in Local Group galaxies

— Keck 10m + HIRES (single star; multiple orders)

— VLT + fiber-fed UVES (multiple stars; single order)
= \What can you learn?

— Numerous chemical abundances

— Because different elements are produced on different

imescales, element ratios in stars give you powerful -
om the galaxy

constraints on inflow/outflow of g
= o ele Ne/expl
e-peak e ements (Type la SNe/explode over long timescales)

y)
= s-process elements (AGB stars/medium? slow?)
= r-process elements (SNe/quickly)
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Appendix 4

5 | Periodic Table of the Elements .
1A SA
Atomic number
Alomic mass
: Fe Peak
Dominant Elements
Alpha SR R
Elements
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The 118 group desagnation has been recommended by the Incemational Union of Pare and Applied Chemistry (IUPAC) bet is not yet in wide use.
No names have been assigned for elements 110-112 and 114, Elements 113 and 115-118 have not yet been synthesized.
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Open and Globular Clusters: ® Bosler (2004)
Field Stars: v« Edvardsson et al. (1993), + Fulbright (2000)




Supernovae Nucleosynthesis

g
— Intermediate mass elements ejected 107 - few x 108 yr

after stars form
— a elements: O, Mg, Si, S, Ca, Ti

— Yields: [o/Fe] =+0.35 [Na/Fe]=0 [Al/Ee] =0
(e.g., McWilliam 1997; Woosley, Timmes & Weaver 1993)

‘_’ybe la SNe:
— Accretion inducedicollapse ofie

e-peak elements ejected 2 0.1 Gyr — many Gyr after stars
form

— Yields: [a/Fe] = -0.36 [Na/Fe]=-4.0 [Al/Fe]=-1.8
(Thielemann, Nomoto & Yokoi 1986)
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Cescuti & Matteucci (2008, priv. comm.)

Assumptions: Y(t) =v Mgas(t) & Moutflow(t) = w ¥(t)
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hat about [o/Fe] in other dSphs & the Milky Way?

Tolstoy,
Hill &

Tosi
(2009)

Trend w/
galaxy
luminosity

Trend
inside
individual
galaxies

e Fornax

oe Sculptor

» Sagittarius

oe Carina
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‘Brown et al. used HST
10’ image numerous
fields iIn M3 In a
series of papers

from 2003 — 2009

0
E (degrees)

Figure L. Stellar density in the Andromeda vicinity, from counts of RGB stars
(Ferguson ot al. 2002). Our six fields are indicated (labeled boxes). An ellipse
marks the area within 30 kpc of the galactic center in the inclined disk plane
(labeled). Later surveys that go wider and deeper (e.g., Ibata ot al. 2007) show
an even grester wealth of substrocture in the system.




Brown et al. (2008)

~ M31 “Halo” Results:
= The 11 kpc field is
contaminated with

stars from M31’s
extended outer disk

= Halo of M31 @ 21
~_andJ3skpcis

~ mostly old S
"~ an age spread and

a wide range of
metallicity

o
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Conclusions

=== 1. Star Formation Histories
e SFHs derived from CMDs tell us how galaxies convert their gas
— into stars; SFHs vary widely in Local Group galaxies, but all
began forming stars shortly after the Big Bang and many
galaxies have only recently run out of gas

2. Chemical Abundance Distributions of Stars in dSphs =

CaT spectroscopy & CMD analysis can yield information on the
metallicity distribution of stars; most galaxies seem to have
flat age-metallicity relationships implying infall of pristine
gas over long times and outflow of metal-enriched winds

Chemical Evolution of dSphs

Measuring the evolution of numerous chemical elements with
echelle spectroscopy can teach us much about the physics
regulating galaxy evolution (inflow/outflow of gas)

-



Thanks for your Attention ... Any Questions?

e .




Stellar Populations of Galaxies

Do all galaxies have stellar
halos?

What about a bulge-less
spiral like M337?

Do.the ages and metallicities efitherstarstin

. the haloSHfeichrthesprediClol
sopnisticated hierarchical galexy:
formation simulations, and can gwey o]
tested over a range of galaxy
luminosity?
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M33 Spectroscopic Survey

-------

~ Annette Ferguson &
Mike Irwin, and
myself

e Spectra taken w/
Keck II 10-m

and the
1agi

pectrograph |
(DEIMOS)



_ | d
different
parts of this
project

DEIMOS
spectrscopic
lelds are

e long &

lelds.

AR
-

(3.5kpc at M33)




M33 Spectroscopic Survey

e g

.47 A/pix, Resolution = 1.8

e Exposure time = 3 hrs

e Average S/N per pixel = 6 (3.5 to 15) -
e Average Velocity Error = 9 km/s

o Field of View over which slits are placed is -
6.3 x 5.0’ .

Mntual goal: -

observing ~ 400 M33 RGB stars



M33 Spectroscopic Survey

=S RIualTUNS SEIECIEQ

on Ferguson et al. ’s:JpBofometrlc survey (Ferguson
— ’et“__al 2005)

= Judge whether or not M33 or Milky Way stars after
the fact using our DDOS51 photometry. s

= Kinematic results presented here for 173 stars

which.are likely M33 members based on DD051
hotome z1pJe ela lve densitiesie)
S HessidiggEsroirtnercleaned=viVv ay and M33
SMDs _—
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Serealcium Absaerption Lines: _

Spectra of the Calcnum Llnes

—— —
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Wavelength==rstar'siwelogcity-along the line ofi sight
Depth™—="abundance of Calcium in the star (Ca/H)
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Major Axis PA = 22 deg

® Secure Giants
X Probable Giants

SE SW
inor Axis Major Axis Minor Axis Major Axis




67% w/ dispersion of 18 km/s
+

33% w/ dispersion of 48 km/s
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Stellar Halo of M33_

A, e

Stars With IV, .. — Vi ged > 35 km /s

Omitting Rotating Disk
Stars (|Av | < 35 km/s),
what 1s the intrinsic
dispersion in heliocentric
velocity?

N = 34 stars

Number of Stars

Simple Calculation:
<Vhelio>=-170 km/s
RMS implies a Halo
intrinsic o = 72 km/s

Vielo (km/s)



M33 Star Clusters

33 does have a populatlon star-ciusters—that—have =
much higherveloeityrdispersion than the HI disk
= (Chandaretal. 2002)

" Clusters w/
age > 1 Gyr
have o = 68 km/s

snliHeweveronly. 18

R
— clusters have
B Kiematicsinatare
Inconsistent

with disk rotation
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VerRy different.chiemical abundances (x29)

M30: [Fe/H] = —2.1 47Tuc: [Fe/H] = —0.7




The Fornax dSph Galaxy




_The Fornax dSph Galaxy

R e .

Deeper Ehotemetry from the CTIOZ Telescope
(Smecker-Hane, et al)
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