Photometric methods to separate
galaxies at different redshifts

10 billion years ago

Observed Galaxy Evolution

7 billion years ago

the past

© ESA-C. Carreau/C. Casey; COSMOS

Evolution of LFand MFat0 <z < 4 Integrated LFs -> Cosmic SF History
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Today’s Galaxies: M31 as an example

® |t is made of stars, gas, & dust

Constructing a simple analytical model

Dark Matter Halo

molecular gas is mostly Hz but is tra(i‘ed by CO
» Dust Mass: 8x107 Me

Lumi Matt
S dust obscures optical light but glows in infrared

Its is ~

It lives in a dark matter halo
» Halo Mass: 1.2x1012 M@
10x greater than the visible mass
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Convertin,
into stars

Optical - Stars




A Simple Analytical Model

The “Bathtub” Model

(1) a continuity equation:

Bouche+2010

. . . see also Lilly+2013

Change in Cold Accretion Rate &« Gas Consumption Rate o< Cattaneo+2006

Gas Reservoir Halo Growth Rate Star Formation Rate | | | e T Dekel & Birnboim 2006
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A Simple Analytical Model Virialized gas in massive halos

cannot cool effectively (tcoo1 > tfr)
(1) a continuity equation:
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Where stellar growth decouples from halo growth is specified by
the cold gas accretion efficiency (€..1q)
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The Cold Gas Accretion Rate The "Bathtub™ Model
aM dM ; - .
d?as = €coldfbary0n% First, a continuity equation:
mass range Change in Cold Accretion Rate o Gas Consumption Rate oc
when €coid # 0 Gas Reservoir Halo Growth Rate Star Formation Rate
11 12.3 aM, am, aMm
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Where stellar growth decouples from halo growth is specified by
heating

the cold gas accretion efficiency (€.,4)
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€coid = 0.7 if 101 < My, < 10123M,,

{€c0|d =0.0if Mhalo < 1011M®
€cold = 0.0 if Mha|0 > 1012'3M@

Halo Mass But we need two additional equations to solve the continuity equation.




The "Bathtub'' Model

(2) halo growth from extended PS formalism: d/tham o M (1 + 2)22

halo

.. Press-Schechter Halo Mass Function
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Halo mass vs. redshift & time
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The "Bathtub' Model

(8) an equation that relates gas mass and star formation:
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The "Bathtub'* Model: Accretion-Driven Star Formation
a continuity equation coupled with
a halo growth history and a star formation law

Change in Cold Accretion Rate &
Gas Reservoir Halo Growth Rate Star Formation Rate

dM, dam, am
d?as Ecoldfbaryon% - (1 - frecycle + foutﬂow) dsttar

Gas Consumption Rate oc

dM
% oc M1 (14 2)%2 4= Halo Growth Rate from EPS
dM M
star — GFR = esF—22 4= Kennicutt-Schmidt Relation
dt Tdyn

cold gas accretion efficiency: recycle & feedback:

€cold = 0.7 if 1011 < Mhalo < 1012'3M®

{€cold = 0.0 if Myqo < 1011M<§)

€cold = 0.0 if Mhalo > 1012'3M@

{frecycle =05
féutﬂow =06

Solving the continuity
equation

The "Bathtub'' Model: Accretion-Driven Star Formation

a continuity equation coupled with
a halo growth history and a star formation law

Change in Cold Accretion Rate &«
Gas Reservoir Halo Growth Rate

Gas Consumption Rate oc
Star Formation Rate

dM dM am.
d?as = Ecoldfbaryon% - (1 - frecycle + foutﬂow) dsi.tar
am,
% o MLl (1 + 2)?2 4= Halo Growth Rate from EPS
dam. M,
d;tar = SFR = egr—22 4= Kennicutt-Schmidt Relation

Tdyn

cold gas accretion efficiency:
{fcold =0.0if Mhalo < 1011M®

€cold = 0.7 if 101 < My, < 10%23M,,

€cold = 0.0 if Mha|0 > 1012'3M®

recycle & feedback:

fl"ecycle =05
ﬁ)utﬂow =06




Halo mass vs. redshift & time
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Bouche+2010
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Halo growth rate vs. redshift & time
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When reservoir stays
constant: steady state

e SFR ~ Accretion Rate

%= : f than 5
d cold/baryon dt

dMgas
dt

Ecoldfbaryon AMhaio AF dMhaio (note the
de  — 'bamontrr approximation)

* Gas reservoir filled to |
x 1 Gyr

(1 T frecycle + foutﬂow)SFR

when =0 we have :

SER =
i frecycle & foutﬂow

When cold gas accretion
stops: drain the tub

Gas reservior
in MS SFGs

When cold gas accretion
stops: drain the tub

| SFR exponentially declines with an e-folding time of 2 Gyr |

aM,
{ d?as =MIO = (1 2 frecycle Gy foutflow)SFR

M,
SFR = ess—= 4= Star Formation Law

Tdyn

when €09 = 0 we have :

dSFR = _ESF(‘I T frecycle + foutflow)
at Tdyn

Solving this equation, we get an exponentially declining SFR :

SFR

iy ~ 2 Gyr

(1 = frecycle + foutﬂov_le

SFR o exp(%) and 7 =

SFR [Molyr]

Accretion-Driven Star Formation History

Bouche+2010 Redshift
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» Grey region: efficient cold
gas accretion
101 < MHaio < 1.5x1012 Mp

» Gas accretion history of a
10126 M@ halo (mass at z = 0)

» Star formation history from
the continuity equation:

100

1. Once the halo crosses the
minimum mass (101" Mg),
the SFR rapidly rises to reach
a steady state;

2. As the halo mass reaches
10123 Mg, cold gas accretion
is choked and the SFR starts
to decline with an e-folding

10 time of 2-3 Gyr (=2 Tayn/€sF).
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Comparison with _ ' Observed Stellar Mass Fraction Today
observations - massrange SN

when € #0
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Color Bimodality:
Galaxies are either or

Hubble’s Galaxy Classification Scheme

Color Bimodality

The Color Bimodality already existed 10 Gyr ago

Red Sequenﬁe: Ellipticals
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How to quench star formation?
(i.e. reduce the e-folding time by 10x)
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Unresolved Issue #2:
Starbursts at high-redshift




Submm-Bright Galaxies (SMGs) at z ~ 2.5

. Submm (850 um)

Ivison+00
Barger+98
Smail+98
Eales+99

SMG definition:
S(850um) > 2-3 mJy
Bright in submm, 4

Optical image vs. submm contours

but extremely faint « ‘ ‘ ‘
in optical [ 3 ;

Median properties:
<z>~25

<L|R> ~ 5x1012 LG)
<SFR> ~ 500 Mo/yr

Strong clustering strength:
Mhalo ~ 1013 Mo
similar to z ~2 QSOs

Misaligned stellar and ISM emission

typical offsets: a few kpc (0.5" = 4 kpc @ z = 2.5)

SMM J163658 The Antennae

Tacconi+2008

Dynamical mass estimates

8 |arcsec
Rotation velocities reach 500 o1 oz 574
km/s (inclination corrected), |
with a dispersion ~ 160 km/s | )

Dynamical masses:
Mayn ~ 2x10"" Mgy, within 5 kpc d | |

@ comp. o
Hcomp. b

CO(1-0) luminosity:
L'co ~ 1.5x1011 K km/s pc?

2 4

3
R [kpe]

Upper limits on the CO-to-H2
conversion factor:

My2/L'co < 1.5, much lower than
the Galactic GMC value of 4.3.

Qo nmis=Magn/L'co (<R)
[Mo (K km s7'pc?) ']

Xue, Fu+2018

“Abell 1838field @ O "

SFR [Molyr]

Intense Starburst Galaxies at z ~ 2
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» Green region: star
formation tracks of all
halos less than 104 Mg
atz=0.

PREDICTED

100 SFR TRACKS ’ : The SFRs of
these galaxies appear
too high for any halos
at their epoch.
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Calistro Rivera+2018

Resolved gas kinematics in an SMG merger

ALMA Cycle 3, 2.6 hr on-source, 0.2" spatial resolution, 240 GHz (band 6, z = 2.308)
CO J=7-6 @ 806.7 GHz, [C I] 3P2- 809.3 GHz, H20 211 - 2 752.0 GHz
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Xue, Fu+2018

The Unsustainable Growth of SMGs

+ 223 HXMMOI ag = 1
E| m2=4.0 GN20 aco = 1
o 2=135MG aco = 1
« 2=0 ULIRG 0o = 1
 2=1-3 SFG aco = 436
20 SFG aco = 4.36

Mgas/SFR ~ 100 Myr Fu+13 |

10x greater SFR for
any given gas mass

10x shorter gas
depletion timescale
than normal star-
forming galaxies
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Without continuous
gas supply, SFR will ¢
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So, what's up with the SMGs?

Redshift
10 6 4 22 12 05

v': Burst: Star formation
efficiency increases 10x in
1013 Mg halos.

Implications:

- two distinct populations
of SMGs: z>4and z ~ 2

- high stellar masses
(~2X1 oM Msun)

- relatively low gas fraction

100

SFR [Molyr]

10

- helps explain the early,
rapid formation of massive
quiescent galaxies

10° . 1010
Age of Universe [yr]

The early & rapid build-up of the red sequence

the evolution of the total comoving stellar mass density of quiescent galaxies

Redshift
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SMGs have lower gas fraction than normal SFGs?

Data Points: gas fractions measured w/ Tully-Fisher relation & aco = 1
Curves: gas fractions inferred from sSFR(z) of different stellar masses
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onhe stone two birds

® SMGs have ~10x higher SF efficiency than normal
galaxies, i.e., they are massive starbursts

e Starbursts can stop star formation by rapidly exhausting
the gas reservoir, providing a guenching mechanism to
turn blue starforming galaxies into red passive galaxies.

e Starbursts are a universal phase in the formation of
massive red galaxies. All galaxy formation models should
be able to reproduce this important phase.

» What triggers the high star formation efficiency? Why
every massive galaxy goes through a burst phase?

Astronomy originated from and is almost
entirely driven by observation, which itself
is driven by technological advances!

Hubble in Palomar

Tycho's mural quadrant Galileo’s telescope

ALMA Inauguration Heralds New Era of Discovery

Revolutionary telescope will enable unprecedented views of the cosmos
13 March 2013




ALMA Long Baseline C@@p@igq:§9581 (z =3:04)

ALMA

Partnership 2015

bahd 7 observed continuum Dye+2015
(23mas=180 pc) F

Simulated Image of Lensed “NGC6090” atz = 4 NGC6090 seen by HST Cosmo|ogica| N-body + Hydrodynamical Simulation of
: Galaxy Formation and Evolution

Dark Matter Gas Temperature

Put this local interacting
luminous IR Galaxy
to , and place
a lensing galaxy at
® Seeing: 0.5 arcsec
® HST at 2 ym: 0.2 arcsec
® JWST at 2 um: 0.077 arcsec
® TMT at 2 pm: 0.017 arcsec

Grav. Lensing + Next Gen Scopes

1 arcsec

redshift 1154 stellar mass 27 billion solar masses

Time since the Big Bang: 4.3  billion years




