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What is a stellar population?

Simple cases: star clusters The Pleiades
, : i ° ~100 Myr old
Single age, single metallicity Solar metallicity

(o

pen Clusters

Young, main sequence
fully populated

obular Clusters

Old, upper main M76 ]

sequence missing ‘ ~11.7 Gyr old -
Metal-poor -

Red giant branch and
horizontal branch stars
present



Stellar Evolution Review:
Main-Sequence Lifetime
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TABLE 111

STELLAR LIFETIMES (yr)*

Interval (1—j)

(1-2)

(2-3)

(3-4)

(4-5)

(5-6)

1

010 (7)
144 (7)
547 (7)
212 (8)
.802 (8)
.553 (9)

270 (5)
.053 (5)
173 (6)
042 (7)
647 (7)
10 (7)

113 (4)
372 (6)
.033 (7)
.696 (7)
.490 (8)

55 (4)
477 (5)
.532 (5)
.505 (6)
.310 (7)
.049 (8)

6.552 (4)
4.857 (5)
4.238 (6)
3.829 (7)
=2 (8)

Stellar Evolution

Review:
Stellar Evolution

2
6
2
1
1
8
1

.803 (9)
7 09)

.824 (8)
2 (9)

.045 (9)
.20 (9)

463 (8) =24 (8)
57 (8) =21 (9)

— s e B O \O N
I el s e B |

Theoretical
evolutionary tracks

s Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

TABLE IV

STELLAR LIFETIMES (yr)*

Interval (1)

(6-7) (7-8) (8-9) (9-10)

Mass (Mp)

LOG (L)

Tick marks on plot
show ages in table

1 7.17 (§) 6
4.90 (5) 9
6.05 (6) 1
2.51 (7)

.20 (5) 1.9 (5)
.50 (4) 3.28 (6)
.02 (6) 9.00 (6)

4.08 (7)

3.5 (4)
1.55 (5)
9.30 (5)
6.00 (6)

= Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

05Mo \,

\. Q25
N
36

2ol 1 1 1 1 1 1 [ [ |

45 44 43 42 41 40 39 38 37
LOG (Te)

35

F1G. 3. Paths in the H-R diagram for metal-rich stars of mass (M/Mg)=13,
9,5, 3, 2.25, 1.5, 1.25, 1, 0.5, 0.25. Units of luminosity and surface temperature are
the same as in Figure 1. Traversal times between labeled points are given in Tables
IIT and IV. Dashed portions of evolutionary paths are estimates.

Iben 1968



LOG (L)

TABLE 111

STELLAR LIFETIMES (yr)*

Interval (1—j)

(1-2)

(2-3)

(3-4)

(4-5)

(5-6)

1

s B L O N

1.010 (7)
2.144 (7)
6.547 (7)
2.212 (8)
4.802 (8)
1.553 (9)
2.803 (9)

7 0)

2.270 (5)
6.053 (5)
2.173 (6)
1.042 (7)
1.647 (7)
8.10 (7)
1.824 (8)

2 (9)

113 (4)
.372 (6)
.033 (7)
696 (7)
.490 (8)
045 (9)
.20 (9)

55 (4)
477 (5)
.532 (5)
.505 (6)
.310 (7)
.049 (8)
463 (8)
57 (8)

I el s e B |

6.552 (4)
4.857 (5)
4.238 (6)
3.829 (7)
=2 (8)

>4 (8
21 9)

s Numbers in parentheses beside each entry give the power of ten to which that

entry is to be raised.

TABLE IV

STELLAR LIFETIMES (yr)*

Interval (1)
(6-7)
Mass (Mp)

(7-8)

(8-9)

(9-10)

1 7.17 (§)

4.90 (5)
6.05 (6)

1.9 (5)
3.28 (6)
9.00 (6)

3.5 4)
1.55 (5)
9.30 (5)

Stellar Evolution

Review:
Stellar Evolution

9 Mo - star evolves off
of MS in ~20 Myr

Evolves back and
forth on the CMD:

“blue loop stars”

2.51 (7) 4.08 (7) 6.00 (6)

= Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

Dies only a few Myr

) N after it evolves off MS
\
ol L1 1 1 1 1 1 1 1 K
45 44 43 42 4. 40 39 38 37 36 35

LOG (Te)

F1G. 3. Paths in the H-R diagram for metal-rich stars of mass (M/Mg)=13,
9,5, 3, 2.25, 1.5, 1.25, 1, 0.5, 0.25. Units of luminosity and surface temperature are
the same as in Figure 1. Traversal times between labeled points are given in Tables
IIT and IV. Dashed portions of evolutionary paths are estimates.

Iben 1968



TABLE 111

STELLAR LIFETIMES (yr)* Stellar EVO]UtiOn

Interval (1—j7)

o
Mass (Mo) e e e 6 Review:

010 (7) 2,270 (5)
.144 (7) 6.053 (5) 9.113 (4)

1 55 (4)

477 (5) 6.552 (4) Stellar EVOhlthIl
932 (5) 4.857 (5)
.505 (6) 4.238 (6)
310 (7) 3.829 (7)
049 (8) >2 (8)
463 (8) >4 (8)

ERCESERE 9 M star evolves off
o t;} l\;* ::)l;;:sr E:lr; e;()izf.rentheses beside each entry give the power of ten to which that O f M S in ~20 M)Ir'

TABLE IV

STELLAR LIFETIMES (yr)*

\1(]) S  Evolves back and
Mass (Mp)

, | , - forth on the CMD:

3.28 (6)

500 ©) 9. “blue loop stars”

4.08 (7)

1

2

6.547 (7) 2.173 (6) 1.372 (6)

2.212 (8) 1.042 (7) 1.033 (7)

4.802 (8) 1.647 (7) 3.696 (7)

1.553 (9) 8.10 (7) 3.490 (8)

2.803 (9) 1.824 (8) 1.045 (9)
7 (9) 2 (9) 1.20 (9)

— e e B 0 D 0
e e e |

LOG (L)

= Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

Dies only a few Myr
after it evolves off MS

05Mo \,

\ Q25M,
2ol Lt t 1 1 [ [ N
45 44 43 42 41 40 39 38 37 36 35
LOG (Te)

F1G. 3. Paths in the H-R diagram for metal-rich stars of mass (M/Mg)=13,
9,5, 3, 2.25, 1.5, 1.25, 1, 0.5, 0.25. Units of luminosity and surface temperature are
the same as in Figure 1. Traversal times between labeled points are given in Tables Ib I 9 68
IIT and IV. Dashed portions of evolutionary paths are estimates. en



LOG (L)

TABLE 111

STELLAR LIFETIMES (yr)*

Interval (1—j)

(1-2)

(2-3)

(3-4)

(4-5)

(5-6)

1

s B L O N

1.010 (7)
2.144 (7)
6.547 (7)
2.212 (8)
4.802 (8)
1.553 (9)
2.803 (9)

7 9)

2.270 (5)
6.053 (5)
2.173 (6)
1.042 (7)
1.647 (7)
8.10 (7)
1.824 (8)

2 (9)

113 (4)
.372 (6)
.033 (7)
696 (7)
.490 (8)
045 (9)
.20 (9)

55 (4)
477 (5)
.532 (5)
.505 (6)
.310 (7)
.049 (8)
463 (8)
57 (8)

I el s e B |

6.552 (4)
4.857 (5)
4.238 (6)
3.829 (7)
=2 (8)

>4 (8
21 9)

s Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

TABLE IV

STELLAR LIFETIMES (yr)*

Interval (1)
(6-7)
Mass (Mp)

(7-8)

(8-9)

(9-10)

1

7.17 (§)
4.90 (5)
6.05 (6)

1.9 (5)
3.28 (6)
9.00 (6)

3.5 4)
1.55 (5)
9.30 (5)

Stellar Evolution

Review:
Stellar Evolution

| Mo -star evolves off
of MS in ~7 Myr

Evolves up on the
CMD:"red giant
stars”

2.51 (7) 4.08 (7) 6.00 (6)

= Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

Lives as a red giant

» for another Gyr or so
| 05Mo\
\a2s Evolves to horizontal
2ol L L 1 | L%',G (T4!$ L branch and back up the

F1G. 3. Paths in the H-R diagram for metal-rich stars of mass (M/Mg)=13,
9,5, 3, 2.25, 1.5, 1.25, 1, 0.5, 0.25. Units of luminosity and surface temperature are
the same as in Figure 1. Traversal times between labeled points are given in Tables
IIT and IV. Dashed portions of evolutionary paths are estimates.

giant branch:
“asymptotic giant”

Iben 1968



LOG (L)

TABLE 111

STELLAR LIFETIMES (yr)*

Interval (1—j)

(1-2)

(2-3)

(3-4)

(4-5)

(5-6)

1

s b L O N

1.010 (7)
2.144 (7)
6.547 (7)
2.212 (8)
4.802 (8)
1.553 (9)
2.803 (9)

7 (9)

2.270 (5)
6.053 (5)
2.173 (6)
1.042 (7)
1.647 (7)
8.10 (7)
1,824 (8)

2 (9)

113 (4)
372 (6)
.033 (7)
.696 (7)
.490 (8)
045 (9)
.20 (9)

55 (4)
477 (5)
.532 (5)
.505 (6)
.310 (7)
.049 (8)
463 (8)
57 (8)

e N e e . Bt

6.552 (4)
4.857 (5)
4.238 (6)
3.829 (7)
=2 (8)

24 (8
21 9

s Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

TABLE IV

STELLAR LIFETIMES (yr)*

Interval (1)
(6-7)
Mass (Mp)

(7-8)

(8-9)

(9-10)

1

7.17 (§)
4.90 (5)
6.05 (6)

1.9 (5)
3.28 (6)
9.00 (6)

3.5 4)
1.55 (5)
9.30 (5)

Stellar Evolution

Review:
Stellar Evolution

| Mo -star evolves off
of MS in ~7 Myr

Evolves up on the
CMD:"red giant
stars”

2.51 (7) 4.08 (7) 6.00 (6)

= Numbers in parentheses beside each entry give the power of ten to which that
entry is to be raised.

Lives as a red giant

» for another Gyr or so
| 05Mo\
\a2s Evolves to horizontal
2ol L L 1 | L%',G (T4!$ L branch and back up the

F1G. 3. Paths in the H-R diagram for metal-rich stars of mass (M/Mg)=13,
9,5, 3, 2.25, 1.5, 1.25, 1, 0.5, 0.25. Units of luminosity and surface temperature are
the same as in Figure 1. Traversal times between labeled points are given in Tables
IIT and IV. Dashed portions of evolutionary paths are estimates.

giant branch:
“asymptotic giant”

Iben 1968



Globular Cluster M3

In old stellar populations, we see all
these phases of evolution

Age affects color: old stars are red and
young stars are blue

But that’s not the only thing!




The Effects of Metallicity

Line blanketing: Metals absorb strongly in
the blue spectrum => metal-rich stars
appear redder

T ,,=6000K

aft

wavelength{nm)



The Effects of Metallicity

Line blanketing: Metals absorb strongly in

. (Fe/H) varies
the blue spectrum => metal-rich stars from left to right:
appear redder T F -23,-20,-18,

-1.7, <15, -13,
-1.0, -0.8, -0.7,

Opacity: More metals => greater
absorption in stellar atmospheres => red
giants expand more => cooler & redder




The Effects of Metallicity

Line blanketing: Metals absorb strongly in
the blue spectrum => metal-rich stars
appear redder

Opacity: More metals => greater
absorption in stellar atmospheres => red
giants expand more => cooler & redder

Horizontal Branch morphology: stellar
evolution & atmosphere effects combine
to make HB stars bluer in metal-poor
populations

Gaia Collaboration 2018

NGCO0104
[Fe/H]= -0.72

metal-poor-ish

&;

NGC5272
(Fe/H]= -1.5

NGC6362
[Fe/H]= -0.99

NGC6397
(Fe/H]= -2.02

very metal-
poor

3




Globular Cluster CMDs
with different metallicities

More metal-rich clusters have

redder RGBs (opacity)
redder MS (line blanketing)
redder HBs (evolution)

2.9

Gaia Collaboration 2018
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’ | Why are We talkmg about stars?

-

Galaxies are stars!!! L N

- -
-

Two primary ways of studying galaxies:

1

-

Lookback studies, observing progenltors at
high redshifts when the Universe was young

Studying present-day pr/o'per‘ties,/such‘ as

stellar populations, structure, and kinematics |

o

11.3 billion years ago

4

8.9 billion years ago

10.9 billion years ago

Gallery of Milky Way-like galaxies

6.1 billion years ago

10.3 billic;n years ago

3.1 billion years ago



Studying Stellar Populations in Other Galaxies

Gaia Collaboration 2018

Temperature (K)

In_the Milky Way, we can see stars down to very low e el e
mass. Can construct precise CMDs
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Studying Stellar Populations in Other Galaxies

In_the Milky Way, we can see stars down to very low
mass. Can construct precise CMDs

In other galaxies, this is difficult. For MWV satellites, we
can resolve stars down to the MS turnoff

Z=0.001; 6, 9,13 Gyr /" * Z=0/,01: 8, 9, 13 Gyr Z=0/001; 6. 9, 13 Gyr

' E(B—V)=0..08

Small Magellanic Cloud. .~ *
ESQ/VISTAVMC s

Noel+07/



Studying Stellar Populations in Other Galaxies

For galaxies in the Local Volume (D < 10 Mpc), we can see
only down to the brightest MS turnoffs of a few hundred Myr:

MI1OI outer disk stars,D = 6.9 Mpc
Mihos+ 18

0
F606W—F814W (VEGA)




Studying Stellar Populations in Other Galaxies

And out to the distance of the Virgo Cluster of galaxies (D.= 16.5 Mpc),
painstaking work only gets us the RGB/AGB

O 05 1 15 2 0O 05 1 15 2
F606W — F814W Durrell+07




What about galaxies far away?

For galaxies far away, we only have integrated light:
the summed light of all the stars put together!

This depends on:

. How stars are formed
Il. ' What kind of light is output by stars

lll. How stars evolve with time



What about galaxies far away?

For galaxies far away, we only have integrated light:
the summed light of all the stars put together!

This depends G a Steeply falling SFH

. How stars are formed

Il. ' What kind of light is output by stars
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lll. How stars evolve with time




What about galaxies far away?

For galaxies far away, we only have integrated light:
the summed light of all the stars put together!

This depends o b Typical SF galaxy at z~0

. How stars are formed

Il. ' What kind of light is output by stars

X
-
=
o
-
O
-
—
o
c
O
—
>
©
=
(U

lll. How stars evolve with time

SFR oc e~ 1/10Gyr




Observables: Colors

Imaging and photometry is “‘quick and easy”

Age 210 Gyr Evolution of a single burst population

Top: Integrated light spectrum
Bottom left: evolving CMD
Bottom right: evolving integrated colors

0.0
3000 3500 4000 4500 5000 500 6000 6500 7000 7500

Wavelength, A
2.0

0.5
46 44 42 40 38 36 34 3.2 : 0.0 0.5
log(T) B-V [mags]




Observables: Colors

Imaging and photometry is “quick and easy”

Evolution of different star-formation histories

s | SFR(t) = Ce /"

tau=5.0 Gyr

Small tau; fast burst
Large tau: slowly declining SFR

log SFR [Msun/yr]
Mstar [Msun]
o o o

6 8

Time [Gyr] Fast burst: As massive stars quickly die out,
they fade rapidly and turn red

Slow decline: Constantly replenishing stars
of all types, fade slowly or not at all, don’t
Time [Gyr] Time [Gyr get as red




Contributions from Different
Evolutionary Stages

MTO
5 4 3 21 172 123 104 .94 86
ST T T T T TTr

Integrated light is always dominated by the LD v-0z8

Z=0.02

brightest stars, even though they are not ot | Tl

always the most common stars
Fraction of

total light
Colors and spectra of galaxies, measuring the

integrated light, are “luminosity-weighted sums”

When we study dynamics, we do
“mass-weighted sums”

Log time (yr)
Figure 2 'The relative contributions ol the various evolutionary stages to the integrated
light of a stellar population as a function of age (Renzini & Buzzoni 1986), for the indicated
composition and mass-loss parameter » (cf. Section 4.1.3). The age ¢ is in years.




Mass—t()—Light ‘Ratios |

If we can understand the stellar pops we are observing,
we can use their total luminosity to infer their stellar ' '_
mass by mvokmg the mass- Lo- Ilght ratlo (M/L)

| Mo | Molle
Polaris F71b 5.4 Mo 1260 Lo 0.004 Mo/Lo
Betelgeuse MERF! 17 Mo 126000 Lo  0.0001 Mo/Lo
Proxima M5.5V 0.1 Mo 0.002 Lo 50 Mo/Lo

Centauri

Sirius B wd | Mo 0.06 Lo |7 Mo/Lo
N | T |



Mass—to—Light :Ratios |

To get the ratio for a populatlon of stars, sum up the Ilght toget
the Ium|n05|ty, sum up. the mass to get totaI mass, and d|v1de' Sy

But we usually don’t resolve stars Yo} we have to mfér the
populatlon by modellng the mtegrated celors of the galaxy

Spirals 107 =102 Me 108-101Le 2-10Mol/lo

Ellipticals 10> = 103 Me  106—=10"Le 10—-20Mo/lo

Irregulars 108 = [0 Mg 107=-2x%x10Le | —10Mo/le



