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Galactic Astronomy
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Both are tools in “Galactic Archeology”




This is another shockingly deep field of study

l.e. we’d need several lectures to do it justice

Instead: we’ll try to keep to 1 lecture & HW3



Basic Story: Age -> Metallicity

* |In the beginning there were no metals (Pop lll stars)
 Then there were few metals (Pop |l stars)

 Now there are increasingly more metals (Pop | stars)

o Stars burn H -> He, mess with other elements along the way (e.g. CNO)
 AGB stars generate s-process elements in shell layers of fusion

« SNe quickly produce r-process elements



Basic Story: Age -> Metallicity

... Big . Dying Exploding

m:\ e

. Human synthesis

Bang
fusion

low-mass massive @ is No stable isotopes g
Cosmic  Merging Exploding

stars stars S
B saliniit [N O F Ne
ray g;gggggggg neutron white
fission " stars dwarfs A| SI P S Cl Ar
13 18
K Ca Sc T| V Cr Mn Fe Co NI Cu Zn Ga Ge As Se Br Kr
21 L S R 31 HEEEH RiggH RiGR Bina g

Rb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | X
:‘I. a 29 bR :: 2 N ‘u..v.u nJJJ ﬂ > M Eu Voo Broosa o e
J I
37
JJC-SJ.

Ceq

a W Re Os Ir Pt Au

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

ik Qi 3
f?-’f!f’c’ld JJJJVJJJJ - Y Feeed ffffd -'?73' ey JJ\’J JJ-?J ff?’ FIvVY EEEEE BN PPV PPV JJJJ I’JJ‘JJJ’ \I?J
ﬂ Q\IJ I)) v ﬁs-’ v e agd‘)d IJJR ¥ POV JJJ ¥ o VIO Pow Ld VJO J')J
o e J-’J JJJ o9 VI IO FOV JJJJ oV Fod JJJ Cadd FIV VI PPP, bt JJJ JJJ JJJ' J'JJ
"’vl’!_l_ D_)’l _))_)),'_v')_)_‘_)_)_)_'.':_),:_)_))ib,o )))IJ)))J p))_) I)_)’b'_'l_)_)';hbll PIODY IOV )J)J ))J )))J >0 PP DD )7)»
: T EmEw .-.. _ _

Yy LA A A A a4 08B 040 5488, ) vvvvvv

PRI 22D ll'lllll ]

S AN
':I:l“' "Bh Bl Po At Rn
LS 233 22 b33 1 o & 23

AN
oo a J
-

7?07 ’J G ENENN o000 L ?J?? ?J??? ?J??J J?J 703 PoPeRpepey 7333‘1???9;3 FIFId goIed B- 739937339\3 )?33 J?JJ PIPI9 pIeey 990?;’030?3 999 FIIPI
g -4 “m oo 4 Jd JJJ UJJ JJJ IJI ? g.’) -4 S'JJ Od oIy Jod o ? - 44 o4 00 VOd FIIN yod
9o JJJ ))J? 79 ) 99 FIIN JJJ J ? UJD??J)J J22J )J)? IFII DI, 22 JJJ PP 220J JJJ I3 994 J2J
v -_) ’ .I‘I'D_, U PODI ) | 0 ] »n) 2220 PRSI TFOOD0) J > )lbl V22 B 80000 D ))__7_)_)_)_) I 1O D) ,'_D.i FJd PP e PIPY PP l)i) ,’~))‘ )rJ PR D P I e PIPY P " O0)

’ D _),v,.k)n» ) »)r1>)> DIDI PO
GdIPIIFIIIJ )JIJd JIJIJ J_Y_l_' J JJ PId I JIPIFIIIIIJ J yJoJJ J__'__l__) __l__J_____J I IPIFIFIL JIJ I IIIIIJ JIIJ _J___’_] J __7___}___'__ TJI __'___'_‘_'_'_ _F_l_’_'_}_’_l_)_‘_l __I_J_‘J__Y_Y_'J _'_'__'J__'_I__ GdIPIIFIIPIIFJI _’_IJ _)_1_'_, J __l__J__I_‘_'J

)
JJJIDJJrJJa IR-aJJ O
o
J
J

o
4t adedsadledd 4 4
$J$ 4 .';.n oI o
)).)8 220J DJ'J, g
L »

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

Bu Gd Tbh gz Ho Er Tm:Yb Lu

2
a4 6 adadse II'-’J e fffv’i ey Ip' W i TRETe Feeei fs‘l’-'d I?ISj 5‘51’ ¥ 5
A3 LA

# ayhh' 2238 EgRE LRy
220 204 22 IO DID 555 6 20 IOV 90d 2 > o ] )o ]
920 099 .ua Y PP ))J aaa P29 020 PIPY PP »>2J b uaa P90 )J 1392
> I ) > o) > Pl",ll’ PIDJ IS P00 J I D)’l ») > PV S YIr0J)

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

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

222235332333 5353503553 5300303033 3333335330) MRasd RRRsd D5>5505050555 5350053550 333335 _J.___J_.J_.___.J_.__.J'.J A D220 2D XA 22220 22220 222202220 rd D20 ,J._JJ_J ,J.__J_J_._J Q20D

Ac [h Pa -U— N Am Cm Bk----ﬁi-- E.-s -.Em.nMdmNm-----L--r
Y an >d .JJ.J 2 25 saljoa .1.1 FID Fod 33 v v.:.a > I. =4 ms
IJJJJ e g RJJ Pad sl adidiBessdl IJIJJ ?JI-IJ IIIJ gJJJJ jJ'JJ
o 8@).’-’ JJ vy 0-’03 VP PO L &JQJ
L edd ol JJJ JJJ e [ CEA LK e I J ' d JJJ
_) v )' - B ')’)_)J _D'D_D' A _l.)'l_, v).)_)_ = _)_)')_l )) ) ) )JJ ) ) ) D.) l', _),)_) _____ )'I_)
PRI DI D) DB IDIIIID r2D ) rd y ) » J » DRI 2ID > > .- ..- Emasssisnas .......... aEmas Emassaaas asns ..“ .--....-. aSmEsssaas

https://commons.wikimedia.org/wiki/File:Nucleosynthesis_periodic_table.svg



Basic Story: Age -> Metallicity

* Metals, typically approximated as [Fe/H], indicate age!

 As we’ve discussed, key to describing origin stories of
every part of the Galaxy, young vs. old

» Affects stellar evolution (e.g. opacities, gas cooling, etc)

* Entire galaxies shown to have bulk metallicities, impact Star Formation, IMF



Basic Story: Metallicity

» Typically summed up as [Fe/H], i.e. the log ratio of Fe/H relative to the
solar amount
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elements are studied, as well as TR Ty e

T 74633 K  log(g)=2.41 2M19002267+4201336 [Fe/H]=+0.01

groups (e.g. [a/Fe] ) A T T LR
o= B T.~4664 K log(g)=2.38 2M05443612+2937233 [Fe/H]=—0.20 -
: : : : P L L R M W‘ UL U YO Lidf it
* Primarily determined via spectroscopy, 2 ;Wm :‘;n%mﬁmﬁﬁﬁ% ﬁ WM?WWW(W WHWEV .
: : . : 9 P Ty A T Ty e
modeling atomic absorption lines g ? MR B L Mll: |
g f('me‘ Tﬂ*‘mm'f'mrfmmmﬁ &l ,Trwf(wmﬂnwqu-n\mwmvw«vrr«wa quwrwpmm‘wmﬂ_
. . Z T,~4667K log(g)=2.43 2M09033045+3749431 Fe/H1=—0.88 .
» High resolution VERY helpful R E i U O e A et
E “"l’“"“:‘ 4664 K rfrsrgsr;;?j‘ﬂnﬁ . ,{.jmi“fff’%iﬁf’fﬁifﬁiﬁﬂw N - 5
1 . ‘ T.#4895 K log(gf—z.23 mﬁ N.]N’*] 2M1937ﬁ(1+3924555 m‘m‘/ ) [Fc/H]=—1.82: Nw
o S T oL f f ‘ . S | o L
Majewski+2017 (APOGEE) ‘[0 isin isen0  1ss00 o000 o0 isioo deemw  le0

Wavelength [A]



Method 1. Photometric Metallicity

 Amazing for statistics with big surveys (hello: LSST!)

median Temp. (5000 K to 6600 K)
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http://adsabs.harvard.edu/abs/2008ApJ...684..287I
https://ui.adsabs.harvard.edu/abs/2019RNAAS...3...54D/abstract

Method 1. Photometric Metallicity

 Amazing for statistics with big surveys (hello: LSST!)

median [Fe/H], n=2.5 million with 0.2<g-r<0.4 and 0.8<D/kpc<9

* Doing this for hundreds of thousands (or -
even millions) of stars enables new studies .,

ng . S T ' e 3

of the composition of our galaxy! .. EraameTE

O <[Fe/H]> Mon stream _

* Take slices: Galactic Tomography -
- ]

* Wonderful new term: o i
chemical cartography <! :
lvezic+2008 s =

e -3 4 5 6. J -8 -9 00 11 12143 14 15 16

" R (kpc)


http://adsabs.harvard.edu/abs/2008ApJ...684..287I

Method 1. Photometric Metallicity

 Amazing for statistics with big surveys (hello: LSST!)

* |In general, metal-poor: bluer (hotter Tes)
metal-rich, more lines, redder

* Typically need blue (e.g. u-band) filters
BUT, some sensitivity in the IR too

G8
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Method 2. Narrow Band Filters

* Filters centered on o TP . & o =
SpeCtra| lines/features that ] Broad-band flux (A.UL.) [AB magnitude] (139 B LX)
are sensitive to specific | WAVA =
elements : oH Goand oo =

- [14.7] 3%%333: :

« Example: an “Ultra Metal- * soss =

iSDSS |
JO861 W=
zSDSSWms |

Poor Star” from S-PLUS | .,

» Not super popular (alas!) | ..
but long used/studied =

e e.g. Stromgren filters!

3500 4000 4500 5000 5500 6000 AA)

6500 7000 7500 8000 8500 9000

Placco+2021
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https://en.wikipedia.org/wiki/Str%C3%B6mgren_photometric_system
https://iopscience.iop.org/article/10.3847/2041-8213/abf93d

Method 3: Spectroscopy

L L

1.0

< 0.9

0.8f

0.7+

Can be done with high or low resolution (higher-res better, obviously)

Trace bulk metallicity [Fe/H] or [M/H], esp. with low-res fairly easily

Track individual element species (beware: complex stellar atmosphere and
“spectral synthesis” modeling challenges!)

Some rad new data-driven tools (e.g. The Cannon)

baseline spectra
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https://arxiv.org/abs/1501.07604
https://doi.org/10.1051/0004-6361/201936523

Method 3: Spectroscopy

 We in the era of Spectroscopic Surveys!

. SDSS (I-1V), APOGEE, GALAH, RAVE

HD22879: vsin(i)=1.37, Vmac = 3.46
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https://doi.org/10.1051/0004-6361/201936523

Beyond [Fe/H] & Age

o Stars burn H -> He, mess with other elements along the way (e.g. CNO)
 AGB stars generate s-process elements in shell layers of fusion
 SNe quickly produce r-process elements

* Not really the full story!

16



Beyond [Fe/H] & Age

* Type |l SNe (massive star) produce lots of alpha elements

 e.0. Ne, Mg. Si, S, Ar, Ca, Ti, O

* Type la SNe (lower mass stars, WDs) produce “iron peak” elements (and also
some alpha elements)

* e.g. Mn, Fe, Co, Ni

17



Alpha Elements

* Alpha elements / Iron Peak =~ Massive SNe / Low-mass SNe

* Alpha elements critical for tracing evolution of galaxy!
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https://doi.org/10.1051/0004-6361/201936523

Alpha Elements

i IMF SFR :: >

McWilliam (2016), from

Matteucci & Brocato (1990) AT S S T S B S S S
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https://doi.org/10.1017/pasa.2016.32
https://ui.adsabs.harvard.edu/abs/1990ApJ...365..539M/abstract

Alpha Elements

» Thin & Thick disk have different star formation histories based on [/ Fe]
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20

 Detailed Galactic Chemical Evolution
models still tough

 Review: Matteucci (2021)
“...different chemical elements are
produced on different timescales
by stars of different masses.”

e | ots of assumptions about
enrichment timescales, “closed box”
vs. in-fall, outflows, SFH...


https://doi.org/10.1051/0004-6361/201936523
https://link.springer.com/article/10.1007/s00159-021-00133-8

The “G Dwarf Problem”

e A classical astronomy problem: If SFH is smooth/constant, and simple picture
of age -> [Fe/H]... where are the low-metallicity G dwarfs?

o Similar “problems” found for K dwarfs and M dwarfs

 The simple model is broken (for the MWY): we accrete gas, outflow of gas,
IMF/SFR changes, varying mixing/recycling rates

21


https://ui.adsabs.harvard.edu/abs/2004A&A...419..181C/abstract
https://arxiv.org/abs/1202.3078

Inside-Out Growth of MWY Disk

.
s
e  Metallicity lower in outer disk.
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https://arxiv.org/abs/2206.05534
https://arxiv.org/abs/1909.07118

Inside-Out Growth of MWY Disk
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Accretion History

 These accreted satellites (were:
dwarf galaxies, now: tidal debris)
have distinct chemistry from MWY

e Also from SMC/LMC

Fernandes+2023
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Finding New Remnants/Structures

 GE/S is the big news, of course

 Many other distinct, smaller populations cropping up... with great names!

* e.g. Sequoia, Thamnos, Jurassic, L.75 75 Newly ouna Sechsars .
. : % Si-rich from the literature S
Cetus, I'itoi, Pontus 1.50
24
1.25
20
1.00 O
0 16 ©
: : = 0.75 =
@ Most of these discoveries @ & L, &
published in last ~2yrs! 0.50 o
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Finding New Remnants/Structures
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Griffith+2019 05 . Lo gmimo
0.4 E: -_.:-._'__. -'. et .:'. _-.;"':,,-_:'E. .'._. '_':_. -
03 e SR
The Future e
RN
* Finding more kinematic & chemical sub-structure will OO
be productive for a while, more surveys contributing! ‘3;
» Probably some fun ML/algorithms stuff here AT Sos 00 05

o Starting to see time-domain (e.g. asteroseismology) play a part too

* |mproved galactic chemical evolution models,

 Model star formation within disk(s)/halo/bulge + many specific mergers

« Detailing specific element ratios beyond simply Fe, a, etc

* Improved enrichment and mixing timescales (globular cluster mult. pops?)
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Homework 3

 Look at the Wallerstein - Tinsley diagram from APOGEE

» Thin/thick disk are easily visible 0.4
* A bunch of sub-populations too!

. 0.2

e Disk structure! S
0.0- o
—0.2 ' ' - -
—-1.0 —0.5 0.0 0.5
|[Fe/H]

& Most of these discoveries &
published in last ~2yrs!
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https://arxiv.org/abs/2206.05534

Next Time

o Star Formation History

 How do we measure stellar ages??
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