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At z=1000 the Universe has cooled
down to 3000 K. Hydrogen becomes
neutral (“Recombination”).

At z <40 the first “Popll]” star
(clusters)/small galaxies form.

At z ~ 6-15 these gradually photo-
ionize the hydrogen in the IGM
(“Reionization™).

At z<6 galaxies form most of their
stars and grow by merging.

At z<l massive galaxy clusters are
assembled.
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OUTLINE OF THE LECTURE

SINE SN SR

First galaxies in a nutshell
Key physical properties and physics
Break point: questions

Implications for their ISM

Phenomenology



PERTURBATION GROWTH

Initial fluctuations grow under the action of gravity force.
Define density contrast § = p/(p) < 1. Work in Fourier space.
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21 T \1/2
Jeans length/mass. 1 = — = ( ) ~ t
Equilibrium between gravity J k; Cs G{p) Cs trf

and pressure force.

Redshift independent during MDE M; = 1.5%105 (Q,h?)~1/2 Mg



NONLINEAR GROWTH: DM HALOS

Growth becomes nonlinear.
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Virialized dark matter halos are on average = 200 times denser than the cosmic mean



HALO GLOBAL PROPERTIES

M Pr @uae 1142\
radius R,ir = 0.784 " i + h~'kpc.
108h—Mg 2% 1872 10

| M 13 o A V6 /14 2\ 12
velocity V,ii = 23.4 _h _mTe + kms~'.
108h—1M, .Q;’;,187t2 10

2/3 1/3
M 2nA 142z
temperature T,ir = 1.98 x 10* = f S + K
0.6 108h—1M; 221872 10

where we define:

At fixed halo mass, high redshift halos

Ac = 187% + 82(82;, — 1) — 39(827, — 1)° « Are smaller
. _ _ Sm(1+2) « Have larger circular velocities
" Qu(1+zP+ 24  Have larger virial temperatures

For a Milky Way-like halo @z=7: R, = 21 kpc; V,;, = 450 km s ; T,;, = 7x10°K



BARYONS

halo formation

l

accretion + mergers

l

disk formation

outflows l

\ ISM cooling
N

feedback «— star formation

l

jets/winds «—— BH formation



ACCRETION
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Shock stable

“cold accretion”, limited only by cosmological infall rate



HALO MERGERS

McAlpine+16

subhalo merger tree
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COLD ACCRETION

Dominant accretion mode for
normal halos at high-z

filament filament

Neistein+16
Cosmological accretion rate

1 1dM Mo\ (1+z>0-75
H(z) M dt ~ ~ \1012 M, 10

1 dM/dlt )

r=Cstcoo/\ S o -’

A Milky Way-like halo @z=7 accretes gas
at a prodigious rate of =1200 M, yr'

, Accretion rates are much more vigorous at high-z
filament



GASOLINE isolated

DISK FORMATION

RAMSES isolated

@

-
| Eg
o ~

log(,,, [M/kpe? )

5 kpe

Halo spin parameter A & J |E|Y/2 G=1M~5/2

Assume:
« Halo rotation velocity Ve~ J/(Mr1y,,)
 Kinetic energy |E| ~M vgir
2
« Virial (breakout) velocity Vpir ~ G M /7y
Find: A~V [Vyir (physical interpretation)
_ , _ 1 (Jja -1
Disk scalelength (exp. disk) : Ta = 72 (m_d) A1y < (1 +2)

Spin parameter lognormal distributed with <A> = 0.05, 0, = 0.5

Galaxy disks are smaller at high redshift.



DISK STABILITY Toomre 64

by m
% _ —Zov . 1—)»1, ass
Linearized thin disk ot 2 .
fluid equations 8_751 = —E—SOVZl — V&, — 20 x y;  momentum
V2(I)1 = 47TG215(Z). Poisson

Look for plane wave solutions of frequency w and wavenumber k; define Q = v/r

O o ®

Dispersion relation w2 = cgkz 1402 — 2rGYolk| > 0  (for stability)
gravity
2
Deﬂne k‘J — 27TGEO @ krot = ZQ @
Cg @ WGZO @

If k... > k; disk is stable. Using above definitions, this is equivalent to impose

Qcq . .
Toomre parameter Q= O% <1 (disk fragments into clumps)




DISK SURVIVAL AGAINST MERGERS

kpc

Kohandel+19
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GAS VELOCITY DISPERSION

Generalized KO

= —= where
Toomre parameter TGy
Steady state disk. 1 GMg 1/3
Fed by accretion o=
V2 \ Jg
0.38

For cosmological 5 =120 M (

accretion 1012 M@

, 20 d(Qrz)
K -
r dr
0% = c& + vam

Krumholz & Burkert 10
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9

The gas velocity dispersion of a Milky Way-like galaxy @z=7 is >10X higher



ISM COOLING

Cooling rates for neutral HI gas
for two fractional ionizations and
solar metallicity.

(dE) 2\(T,2)
—_— = N ,
dt rad H

The cooling is dominated by two fine
structure lines: [Cll]158um and [OI1]63um
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Field 65

MULTHIPHASE ISM

Steady state temperature/density for gas
heated by cosmic rays and photoelectric
heating by dust grains

Multiphase structure of the ISM derived
From heating-cooling equilibrium curves
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ISM PHASE DIAGRAMS

Pallottini+17

Simulated z=6 Lyman Break Galaxy
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DISK VERTICAL EQUILIBRIUM

Ve
disk

» T

d 0 GM
Hydrostatic equilibrium op = g2 9 _ _ p— z
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STAR FORMATION Daddi+10

Kennicutt-Schmidt law
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STAR FORMATION

Observations: molecular gas forms stars at a rate of &4 ~1% of its mass per free-fall time.

Surface star formation Z* = &y Zg JGp

X 2, )
Disk gas density p = ﬁg = gT < (14 2)/*  [atfixed halo mass]
theory [ X, = 55 [GQo 257 o (1+2)3/8 5o/
Kennicutt-Schmidt law - [excellent agreement]
data | X, = 10712 kg N34

High-z galaxies are denser and are likely to be more bursty (larger k, value)



INTERSTELLAR RADIATION FIELD Pallottini+19

Habing field
6eV< E<13.6eV

(G) =79 +23.1




QUICK RECAP

e o e
| |

Larger surface SFR Larger velocity dispersion
Larger UV ISRF Large k Larger density

Larger pressure



BREAK POINT

Questions



THE POWER OF FIR LINES [CIT] 158 pm -~
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[Cll] = SFR RELATION: SIMPLE DERIVATION

Assume photoelectric heating balanced by [ClI] line emission.

Fpe = 10_24 €pe G Ny Bakes & Tielens 94
G =G/Gy ~ SFR/Mgyr™! €pe ~ 0.05

D M
- ~ g _ ~ g
LCII ~ FpeV = 10 24Epe G ,umpH T[T'C%H =10 24Epe G E

Qb/Qm
0.15

LCH = 24X109( ) fdMlz SFR L@

A linear relation between [ClI] luminosity and SFR is expected.



[Cll] — SFR RELATION: DATA Carniani+18
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[ClI] = SFR RELATléON: PHYSICAL MODEL

thin stellar disk

d131d NOILYIavY

Ferrara+19
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[Cll] — SFR RELATION: PHYSICAL MODEL Ferrara+19

23.0

»
»

Total gas column density

log N |cm “|

[increasing gas column density]

21.0
N, llog u=-2)

20.5

30 -25 -20 -15 -10 -05 00 05

log D » [increasing dust content]

Fiem = nAcD {AQy Nn() + Ay [min(N, No) - N1}

IONIZED NEUTRAL




[ClI] DEFICIT EXPLAINED Ferrara+19

n = 500 cm™ de Looze+14
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log Zicn (Lo kpc™?)

STARBURSTS ARE [CII] FAINT

Ferrara+19
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[CII] DEFICIT SIMULATED Palottini+19
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SIMULATING EARLY GALAXIES

Pallottini+19

AMR zoom simulations
Spatial res = 8 pc

H,-based SFR prescription
Non-equilibrium chemistry
Updated SN feedback model
Radiation pressure on dust
On-the-fly RT in 11 bands

Temperature

\ — | — .
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over-dense accreting
filaments



Molecular gas ] lonization field
..
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CMB EFFECTS

ISM FIR emission is seen against the CMB

Contrast

Flux ratio

Spin temperature ::

AL, = [BV(TS) - Bv(Tcmb)](l —e" ")

b
Ff/(§+z) _1 — Bv(Tcmb)

int a
v/(1+2) B, (Ts)
2
u. P3/2

M _ Gu 1y 2 g =
G LRy T.

stimulated

absorption collisional excitation

& Blull/ + ne let + nHCIZI

ni Bul, + Ay + n.CS + ngCH

stimulated  spontaneous collisional de-excitation
emission emission




CM B EFFECTS Kohandel+19

Suppression of emission by the CMB
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CMB EFFECTS

Face on

Edge-on

3 of CII mass in diffuse, low-Z, weakly emitting gas

“fCII] line emission

@
log(X. /(M kpe "’]) log(S|cyp/ (L /kpc?))
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(invisible due to CMB)

Total [CII] Luminosity
Lo =3.5%107 Lg

X/
L X4

95% of emission co-located
with H, disk



Cold dense cores

Warmer rarefied medium
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Transition Molecular lines
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MOLECULAR CLOUDS

Virial parameter

Local observations

It follows

and

Dispersal time
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MOLECULAR CLOUDS Sommovigo+19
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GMC live longer = SF more obscured = higher IR luminosities



NEXT FRONTIER: C@ Vallini-+18

Althaea CMB(z=6)

Althaca CMB(z=0) High gas surface density
a3 LBG @ z=6 +
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Simulated ~ Mock 0.15"  Sersicfit ~ Residual ~ Clump PSF

HIGH-z GMCS s (Y fralg
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J
HST/WFC3 F125W p % & g >
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a LA T 5
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ADDITIONAL TOPICS [NOT COVERED]

Metallicity effects

Dust formation, properties and emission
Cosmic rays & magnetic fields
Feedbacks

a. Mechanical

b. Radiative

c. Chemical

= w o=



THE END
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