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Present-Day Galaxies:



Disky galaxies with no barsiig

Ellipticals + SO(lenticular @

e 73 .
Disky galaxies with bars

Left -> right disk/bulge ratio get
smaller (based on lumin.)

Ellipticals + SO are called early type galaxies. If evolves it goes from spirals to then
ellipticals and hence they are formed pretty late but they are old still.



Surface Brightness



The galaxy light profile is typically characterized by a Sersic profile.

effective radius R.

I\(R)=1). exp {‘b(")

R n Here |, ¢ is the surface brightness at a given wavelength A at
— -11%;
&) -}

n = Sersic index
b(n) = 2n - 1/3 + 4/(405n)

Figure 3.4, CFN
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Size
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Figure 3.5, CFN

Late-type (n<2.5)

Early-type (n>2.5)

Spirals etc

Ellipticals/S0

1011

Steeper trend in radius and
mass in ellipticals =>

Early types grow by mergers.
The energy of the collision can
puff up the outer layers, making
the resulting galaxy physically
large relative to the mass it
gained.

Spirals are more regulated.



Colour
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Figure 3.9, CFN
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Quenching. Disky are forming stars and
are blue while ellipticals are quenched,
red and dead.
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Galaxy Luminosity Function



Figure 3.11, CFN
8 85 9 9.5 10 10.5 1 15
™rr ™r Y

Fraction
o
o,
T

A A
» Spherok Dominated
Digk Dominated

¢ (Mpc? dex ™)
=

107 S
Spli

Massive are spheroidal
while the disk are low mass
dominating split

oo (&) on(-)s().

¢" is characteristic density
L* is characteristic luminosity
a is the faint-end slope

This Schechter Function tells us there
is a physical limit to how big galaxies
can get. Something prevents galaxies
from growing infinitely large, causing that
exponential drop-off at the high-mass
end (often attributed to AGN feedback
preventing gas cooling).



Stellar-to-Halo Mass Relation
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0.1

T T T |
A e
o = / et
- z /
% ;; 001 Sy X
- E 4 <
®© 9N : i .
E (7)) ,: ¥ e Bohroozi et al. 2010 N poct
(U | I o wee » Reddick etal 2013 (AM) *
(- E o b o |y, « Moster et al. 2010 (AM)
(U E e Moster ctal. 2013 (EM)
—_— O L 0001 pee * ¥ v« Moster et al. 2018 (EM)
O —= = g / Lu et al, 2015 (EM)
+— @ - " ’ w— Rodriguez-Pucbla et al. 2017 (EM)
N cCc: / Wang et al, 2013 (CSMF)
¥ /' o == o Birrer etal. 2014 (EM)
= w— w= Behroozi etal. 2013 (EM) s s Lin & Mohr 2004 (CL)
= Y e e Yungetal. 2012 (CSMF) Kravisov et al. 2018 (CL)
ll.mlHE Hansen et al. 2009 (CL) w—— Behroozi etal, 2018 (EM)
saul sl sl sl

stars?

stars.

10" 10"
Peak Halo Mass [M_)

» "
10 10

Halo mass

Left side drops
due to shallow
pot wells

10" 10"

Right side drops due to
shock heating accretion >
gas sound speed converting
bulk motion to thermal
quench star formation

For a dark matter halo of a certain
size, how efficient is it at forming

This specific mass is the "sweet spot" for
galaxy formation. Halos of this size are
the most efficient at turning gas into
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Disky- Star Forming Galaxies



Stars



Sparke & Gallagher Figure 5.6
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if you are small, you likely won't form
one (staying a pure disk).

If you are medium, you likely grow one
slowly from your own disk
(Pseudobulge).

If you are huge, you likely formed one
violently through mergers long ago
(Classical Bulge).



Gas



- ¢ We want to weigh the mass of the gas.

_Ps =3 How?
il N 4 { ars
ks Most of the mass in the Interstellar
. ikl‘-“"’ Cm Medium (ISM) is neutral hydrogen.
\\ & (%) ) Measure 21cm
L Ted -0 Total Flux ($F_{HI}$) - gives column
Ol density (assume optically thin)

Measure the distance

Get mass
-1 Fur z=redshift, d = luminosity distance
Mu1 2343 x 10°(1 +2) 1 Mpc Jykms™' M, for our purposes, we can assume z=0



Dust - get SF



Dust extinction curve:
217.5 nm
l Find Twins: You identify two stars that have
| the exact same Spectral Type by looking a
M31 ' lines dust dims everything not abundance

circumnucloar

The "Control" Star: Pick one star that is
nearby and thus unreddened.

_S&arburst
2 -
Compare difference in color or brightness in
the "test" star is purely due to the dust
extinction.

.

Knee

1 ! 1 | 1
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Wavelength, 1 (um)

Blue Light is Blocked More. The "Bump" due to PAHs. Those are important because they are
responsible for up to 50% of the heating in the neutral ISM. Without them, the gas in galaxies would be
much colder. ~ done so by photoelectric knocking out electrons which then thermally heat up
surrounding. Important because without heating sources, gravity would win too easily.



Table 9.5 Gas-Phase Abundances Relative to H of Selected Elements (ppm) in H1

Regions

Element Solar® WIM WNM CNM Diffuse Ha

o F,=-01 F.=0.1 F,=04 F,=0.8
(e 295. 114. 111. 109. 93.
N 74. 62. 62. 62. 62.
0 537. 592, 534, 457. 372.
Na 2.04 (2) 2) 2) (2.)
Mg 437 28.1 17.8 89 3.6
Al 2.95 (0.54) 0.27) 0.097) (0.025)
Si 35.5 316 187 8.5 3.0
S 14.5 14.5 14.5 11.8 5.3
Ca 2.14 (0.39) (0.20) (0.070) (0.018)
Ti 0.089 0.013 0.0052 0.0013 0.0002
Fe 34.7 52 29 1.19 0.36
Ni 1.74 0.32 0.16 0.057 0.015
Mt 432. 197. 168. 142. 107.

“ From Table 1.4.
g Gas-phase C abundance from Jenkins (2009) reduced by factor 2 (see text).

“ Photoionizable “metals™ M = C + Na + Mg + Si+ S + Fe + 3.9 x Ni.

Table 9.5, Draine

How to determine what dust is made of.

If an element is abundant in the Sun but
missing from the gas, it must be locked up in
solid dust grains!

As the gas gets colder and denser (CNM),
more atoms "freeze out" of the gas and stick
to the dust grains. It is just like water vapor
condensing into dew on a cold morning—the
gas phase loses atoms to the solid phase.

Dust extinction curve depends on the dust
SIZE. Processes that change dust sizes are
sputtering (high speed collisions),
shattering, sublimation and astration
(consumption by newly-formed stars)
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JWST PAH Tracing Star Formation: Since
PAHs need UV light to get excited, and UV
light comes from massive young stars,
seeing these bright lines is a "smoking gun"
for active star formation.

Bang for your Buck: while PAHs only make
up ~3% of the total dust mass, they
dominate the mid-IR spectrum. They are
incredibly efficient at converting UV light into
IR light, making them visible across the
universe even when other dust features are
too faint to see.



Molecular Hydrogen - Get SF
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ALMA allows us to overlay these maps
perfectly to see exactly where gas turns into
stars pixel-by-pixel. By producing resolved
H2 maps

lonized Gas (Bottom Left): This traces hot,
massive young stars (active star formation).

Molecular Gas (Bottom Right): This traces
the cold, dense fuel.

They look nearly identical. This proves that
star formation requires high-density cold
molecular gas. You don't just need hydrogen
(HI); you need it to be crushed into dense
molecular clouds ($H_29$) to collapse into
stars.
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Note we don’t actually look at H2 since they
dont have dipole. We measure instead CO
rotational transition lines and relate a ratio
on CO/H connection to get the mappings.

XcoE(

-1 : i
Nit, f Ty(v)dv for example, can be derived assuming clouds
cm~2

T ~2x 10%, are in virial equilibrium to get total mass
ms

challenge: usually only derived for Milky Way. work underway to measure for more galaxies
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desorption
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Dust grain

Molecular hydrogen forms on dust grains.
Cannot form in empty space because after
reaction they have too much energy and no
way to get rid of it and end up disassociating

However, the survivability of the newly
formed H2 depends sensitively on density. If
they are not dense enough not enough self
shielding will prevent the UV from breaking it
apart which is produced by the newly
formed stars.

Mass of the molecular clouds can be
estimated from CO to get number densities
and then getting mass after connecting with
the hydrogen



In Class Problem — Dust Growth

* 1. Consider a simple model of dust grain growth via collisions. Assume a grain of element X has
number density nx, mass my, radius a, and rms thermal velocity vx. The probability that a grain
collision leads to sticking is given by px. The mass density of the grains is pgr.

« (a) write an equation for mass growth of grains dMg/dt.
*(b) derive an equation for da/dt in terms of nx_ vx, pPgr. Mx. Px.
* Note: for CNM properties and assuming p=1, we get

Ja /N
== ROT . G ( -
A{ “ j Z }Y;L “

* So you can get grains in ~Gyr timescales in CNM, but growth is much faster in AGB atmospheres!

*(c) A typical mass loss rate for an AGB stars is 10-6 Mg/yr. How much dust will this deliver to the ISM
in its ~106 yr lifetime? You may assume the galaxy has a similar metallicity as the Milky Way.



Star Formation Rate indicators



\side: other star formation rate indicators?

1. UV continuum (with dust correction)

Far-UV continuum (at ~1500 A) is powered primarily by O and B stars. Measurement of UV luminosity density can be linked to a
star formation rate (using stellar population synthesis models, assuming IMF, metallicity, star formation history), provided you
correct for effects of dust attenuation! This in turns relies on knowledge of how much attenuation is present in the galaxy.

: : :
SFR (Mg yr 1) =14 x 1072 L, (ergs s~! Hz™1). (from Kennicutt 1999, updated conversions available!)

Important: UV continuum is sensitive to star formation over 100 Myr previous to observation (since also sensitive to B stars),
whereas Ha sensitive to star formation in previous 10 Myr.

2. FIR (dust) continuum emission
The dust continuum emission is reprocessed light from young stars!

For dusty starburst galaxies, essentially all UV light is obscured by dust, the integral of the dust thermal emission
(LIR) gives the total UV luminosity — in turn can be converted to an SFR using stellar population models.

s [ -4 -1 '
SFR (Mg yr™ ") =45 x 107" Lpjg (ergs s™") (starbursts), Kennicutt 1999

More modern methods use energy balance, simultaneously fitting the UV emission (unobscured star formation) and FIR emission
from dust (obscured star formation) with stellar population modeis (i.e., CIGALE, MAGPHYS) to get the total SFR of a galaxy.

3. Radio continuum emission

Free-free emission (Hll regions) + synchrotron (cosmic rays accelerated by supernovae) — can be calibrated to give SFR.



Densities

To get densities of measuring ratios of
forbidden lines. Where collisional
de-excitation and spontaneous emission are

balanced. The two lines come from two We need to measure these things so that we
slightly different energy states and their can count the atoms. And measure
intensity ratios tells us about the density. metallicity.

Helps link O abundance to H abundance.

Temprature

To get a temperature we can get the ratios
of the nebular lines. Or the cut off at xray
from free free emission.



Mass Profiles



Goal: find the stellar mass-to-light ratio appropriate for the galaxy, then
multiple by the observed luminosity to get total MASS

Do multiple Stellar Pop synthesis and which model SED shape best reproduces
observed galaxy spectrum (or colors).

This identified the demographics of the stars in that galaxy.
We know the luminosity of those stars and we now also know their mass from the

models and thus derive a mass-to-light ratio.

Mass Profile: obtained via rotation curves. Rotation curves can be measured via
H1 21cm lines? Since it is rotating we can just use Centrifugal Balance to get the
profile. Only in Early types do we need jeans equations



Scaling Relations



Adapted from Elbaz+2007
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Plotting luminosity and velocity gives us a trend
Tully-Fisher Relation

L=V*4

Can be used as candles

Can provide DM Halo connection



Tully-Fisher: Tells us the container size (Halo Mass).

Mass - SFR: Tells us how fast the container is filling up with stars
(Growth Rate).

Mass-Metallicity: Tells us how "leaky" the container is
(Outflows/Feedback).



Star formation density

log Sgpp [M, pc * Myr ']

Il [nner disks
[ SMC

—1- @ Outer disks
@ Outer disks (median)
® LBG outskirts

V DLAs (upper limits)
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Total Gas Density
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2.5
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Log point density

Kennicutt-Schmidt Law ~

Gives a rule to describe the rate at which
one turns into the other!

Gives us a depletion timescale



Star Formation
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Elliptical Galaxies



Formation



gas-rich disk galaxies

post-starburst

gas-poor 08

T T T 1 1
quiescent Red Sequence

elliptical o

interact AGN, starburst

Mixed
_quenching +
dry merging

with shells

uU-8

_

When gas blows out
aquasar is visible

Blue Cloud

or tidal tails 05 1 1 1 ] L

12 " 10 a 8

Log stellar mass, M,

Starts off with lots of mergers and are
WET mergers with lots of gas. Creates
stars and becomes very blue

Then evolves on red sequence after
quenching and merging dry



Formation



Figure 3.9, CFN textbook
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Spectra



Figure 3.7, CFN textbook
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(Mg/Fe]

(M/H)

Age [Gyr]

o4 Figure 5.9, CFN textbook
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More velo disp -> more mass

We see increased alpha
enhancement the older the
ones are!

This effect is called
downsizing: most
massive ETGs seem to
form their stars first

and fastest.

UV Upturn: We sometimes see in
spectra that they have upturns in
UV but its due to AGB Stars rather
than younger ones!



Photometry
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We see that

Midsize - cusp
Most luminous - cored



Boxy is supported by more random
motions

Boxy

UV Upturn: We sometimes see in
spectra that they have upturns in
UV but its due to AGB Stars rather
than younger ones!

T — -

aqy/a=0.05 aqla=-0.05

Disky often have significant rotation



Kinematics
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size the more random the spread!



radial velocity

dispersion (km/s)

radius R (kiloparsecs)
-6 -4 -2 0 2 4 6
Ll l Ll ' Ll l L] l L l L l L]
kinematically
decoupled core

''''''

1 L 1 i 1 i " i i i
-80 -60 -40 -20 0 20 40 60 80
radius R (arcseconds)

kinematically decoupled cores: inner few
arcseconds rotate in opposite direction as the
outer part of the galaxy! => violent relaxation

Violent relaxation is

There are still disky isophotes indicating that
they have not finished rotating.



Scalings



log Rgx ( h7.'>-l kpc )
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+ Color - luminosity relation: Luminous
ellipticals are redder.

* The luminous systems are older, with
bulk of stars >10 Gyr.

+ Faber Jackson Relation: the luminosity
and velocity dispersion of ellipticals are
related as Lxo.

* Kormendy Relation: the effective radius and
effective surface brightness (i.e. average within
Re) of ellipticals are related as Rx<|g>-083

+i.e. larger ellipticals are less dense.



Mergers



Phase I: Phase II: Massive Ellipticals
Development of Massive Elliptical Galaxies " Rad Nuggetn Dry Mergers o
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Stellar Mass

» Gas-rich (dissipational) r'ﬁ‘ajor m rgers "br'ci)duce a ceritr“él. éia;iﬁurst. Star formation quenched — perhaps by AGN?
+ Galaxy transitions from blue cloud to red sequence, forming compact elliptical (“red nugget”).
« Stellar kinematics and light profile similar to midsize ellipticals: high v/a, central core, disky isophotes.
« Further evolution comes from dry (dissipationless) mergers. Size and mass increase, v/o decreases,
isophotes become boxy. End result is a massive elliptical galaxy at z~0.

TV e merger between two galaxies



Getting Mass profile



Mass of Hot diffuse Gas

Step 1: Get temperature from free-free xray
emission where it has a cuttof that has a
temperature dependence

Step 2: get the plasma density from the
emission and can be converted to gas
density

Step 3: integrate to get mass

Hot diffuse gas dominate normal mass! And
thus traces dark matter more than others



1. Virial theorem
—for best estimates, use tensor virial theorem (see below) including both rotation and random motions in KE tensor.
1 1y
3 W - ?.K,/ + W, ij+
for order of magnitude estimate in luminous ellipticals, can use scalar virial theorem assuming 0>»Vmax

2. Dynamical modeling
—can use Jeans equations to get mass profile using tracer population (below spherical symmetry assumed, but
can consider more complicated geometries)

bl (,, a2 ) e oﬂﬂ =_n, ’;’ results depend on B, velocity anisotropy parameter (given known mass anisotropy degeneracy, discussed
ar earlier in semester)

3. X-Ray gas

—assuming hydrostatic equilibrium, calculate total mass required to keep hot gas bound.

dp GM(<r)
— S e e fiiha\ HREA. S h —_— ———
- p(r) = where p= kBT

d pmp

4. Gravitational Lensing!
We can re-arrange to solve for the mass profile.

AB I‘2 d
= — —(=pT).
Mty pumy Gp(r) dr( e

X-ray observations can provide constraints on the density and temperature gradient of hot gas, so
we get total mass profile!



Box Orbits vs Tube Orbits

(@)

Boxy - random

Secular and delivers mass to the
central black hole and fuels the
AGN

Tube - it rotates fast



Star forming -> Ellipticals



Cluster Groups

Larger ~ 1000 Smaller ~ 10-100
Early types SF galaxies

Measure the masses

«Virial theorem for a rough estimate of the total mass, use radial velocity dispersion of member galaxies,
assuming group is in steady state.

PE _3nGM?

3Mo}? .
= K€ =— :
2 2 64 ap Use SZ effects to measure the
temperature and get the mass
from the emission!

assume density profile described by Plummer sphere

« X-rays+hydrostatic equilibrium.
As with ETGs, find gravitational mass required to keep the hot gas bound. Observations of
temperature and density gradient give mass profile.
kB r 2 d

—_— —(=pT).
pump Gp(r) dr P

M(<r)=
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We call this deceleration dynamical
friction! The motion of galaxy M is braked
as it passes through a

background of stars with density n.

—slower the velocity, more the dynamical
friction.

—and larger mass objects lose the forward
velocity faster.

Dynamical friction is the
"gravitational glue" that allows
galaxies to merge.



Environmental Quenching

1. Galaxy Harassment
* Heating from high speed encounters.

+ 2. Galactic Cannibalism
+ Galaxies lose kinetic energy and angular momentum by dynamical friction.

dV. 4xGHM +m)

e y nmin A
-+ Vi ———
H (®) -V
b . M
*m
+3. Ram Pressure Stripping

* Clusters have hot gas in the intracluster medium.
+ Galaxies will experience ram pressure as they traverse this extremely hot gas.

+ Can strip galaxy of its CGM, removing fuel for star formation (“strangulation”).

« Contributes to dearth of blue galaxies in central regions of clusters?






