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Model Reference

Granato et al. (2004)

Baugh et al.[(2005)

Gonzalez et al. [ (2011)

Chakrabarti et al. {2008)

Fontanot et al.|{2007)

Dekel et al. (2009a)

Davé et al.|[{2010)

Somerville et al.| (201 2)

Shimizu et al.|[{2012)

Hayward et al./ (2013b)
Narayanan et al.[(2010c)

' |Hayward et al.|(2013a)

Code

GALFORM
GALFORM
GRASIL

GADGET
RADISHE
MORGANA

RAMSES

GADGET

SantA Cruz

GADGET

GADGET
SUNRISE

Methodology

SAM
SAM
Dust Radiative Transfer

Idealized Hydro
Dust Radiative Transfer
SAM

| Cosmological Hydro (AMR)

| Cosmological Hydro (SPH)

SAM

Cosmological Hydro (SPH)

Hybrid
Dust Radiative Transfer

Distinguishing Predictions
for z=2 SMGs

No Predictions Available

C M. =21 x 10" Mg

Mo = 2.2 X 10"+ N‘G
22 % major (M, /M > 1/3) mergers
77 % minor (M, /M, < 1/3) mergers
foa > 0.75 (for minor mergers)
Ssso > 5 mly duty cycle®: 0.1 Gyr
Flat stellar IMF in starbursts

M. >94x10"™Mg

necessary for Sgsg > S mly

M. =35x10"" Mg **

."'ﬂx;:lu =7X ]01 ‘\1&) N
fous = 0.33*
SFR = 183 Myr

" ~1/2 of SMGs with Sg<) > 5 mly

will be mergers with M, /M, > (.1

M. = 10" -5x10"Mg

Mo = 6% 10'° =4 x 10" Mg
2% major (M /M, > 1/3) mergers
fos =02-04

SFR = 180-570 Mgyr I

' No Predictions Available®

M.=5-35x10" Mg "
Mo = 1.4 - 10X 10°Mg
fus = 0.7-08

SFR = 250 — 1950

" Physically Associated Galaxies:

M. =6-10x 10" Mg
"‘151;:|n = 3 - 5 X l(]:: ,\1:_)
SFR > 160 Mgyr™’

' Physically Unassociated Galaxies (blends)":

Median M, = 9 x 10" Mg
Median M, = 5 x 10> Mg

halo

Median SFR = 190 Mgyr™

TWe only include SAMs, hydrodynamic and hybrid models as they make bona fide predictions for physical guantities.

IMedian quantities for Sgs; > 5 mly SMGs
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Distinguishing Predictions
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‘%KWMM R N I AN
Myo = 22X 103 Mg

22 % major (M, /M > 1/3) mergers

77 % minor (M, /M, < 1/3) mergers

foa > 0.75 (for minor mergers)

Ssso > 5 mly duty cycle®: 0.1 Gyr

Flat stellar IMF in starbursts

%(ﬂimmm FR R T R

necessary for Sgsg > Smly

M. =35x10"" Mg **

."'ﬂx;:lu =7X ]01 ‘\1&) N
fous = 0.33*
SFR = 183 Myr

" ~1/2 of SMGs with Sg<) > 5 mly

will be mergers with M, /M, > (.1

M. = 10" -5x10"Mg

Mo = 6% 10'° =4 x 10" Mg
2% major (M /M, > 1/3) mergers
fos =02-04

SFR = 180-570 Mgyr I

' No Predictions Available®

M.=5-35x10""M oy e R
My, = 1.4 - 10 x 10¢ ‘N‘[@
foas = 0.7-0.8

SFR = 250 - 1950
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M. =6-10x 10" Mg
"‘151;:|n = 3 - 5 X l(]:: ,\1:_)
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' Physically Unassociated Galaxies (blends)":
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halo
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TWe only include SAMs, hydrodynamic and hybrid models as they make bona fide predictions for physical guantities.
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A S 5 T Y
M, = 2.2 X l()":" N‘G

22 % major (M, /M > 1/3) mergers gg%( 5
77 % minor (M, /M, < 1/3) mergers

foa > 0.75 (for minor mergers)
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A T O P PGS I 0 T Ve E

| . ) 1]
.“'1. -~ 9.4 X l() NT(-.; “:"I‘}“" A N R T T T b e R iy Ao Aot

necessary for Sgsg > S mly

M. =35x10" Mg **
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AR S i P el B P S N I O A
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, D What are High-z Submillimeter Galaxies!?
. ' ’:“ ,‘“ (The most Luminous, Heavily-Star Forming Galaxies in the Universe)
P .
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Baugh, Lacey, Frenk et al. 2005
Gonzalez et al. 201 |
SMGs are mostly major and minor
mergers with a flat IMF

Fardal et al. 2003
Dekel et al. 2009
Dave et al. 2010
SMGs are mostly discs fed
by cold-flows (i.e very
minor mergers)
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. ¥ What are High-z Submillimeter Galaxies?

inous, Heavily-Star Forming Galaxies in the Universe)
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“Imaging...a Major Merger driving the Evolution of a
z~2.5 Submillimeter Galaxy”
Riechers et al. 201 |
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6214 25
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“Imaging...a Major Merger driving the Evolution of a
z~2.5 Submillimeter Galaxy”
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CO (red), 1,4GHz (blue),
K-band (green)

“Submillimeter Galaxies at z~2: Evidence
for Major Mergers...”
Tacconi et al. 2008



6214 25

SMM J123707+6214 (2=2.488)
COoW=1-0) ~

“Most Submillimeter Galaxies are Major Mergers”
Engel et al. 2010

SMM J04135+10277

RIGHT ASCEN '
“Imaging...a Major Merger il

z~2.5 Submilli
Riechers e

‘ 2”
Quasar (z=2.837) = | #

CO (red), 1,4GHz (blue),

| CO(J=3-2) K-band (green)

WFPC2/F814W

“Submillimeter Galaxies at z~2: Evidence

27.50° 27.25° 27.00° 26.75° f‘or Major Mergers."”
“SMM J04135:A Candidate Tacconi et al. 2008

Wet-Dry Merger..”
Riechers et al. 2013



v What are High-z Submilll
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Carilli et al. (2009)
Hodge et al. (2012)
GN20 has a huge gas disk



0.1 Gyr Gas

|. 1-50 pc res. GADGET

2.“Density-Independent”
EOMs (improved SPH)

3. Prad ~ (I+Z*K)L/C

10 kpc

Simulations provide spatial distribution and temporal evolution of
I.SFR

2. M*

3. Stellar Ages

4. Metallicities

5. Gas density distribution
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— newstars

SUNRISE; Jonsson et al. 2006,2010

10° 10! 102 10°
micron

Narayanan et al. 2009
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The Evolution of a Galaxy Merger

SFR /4475 M yr!
L.,/ 3x10% L

— 5850;1,111 / 9 mJy

0
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The Evolution of a Galaxy Merger

SFR /4475 M yr!
L, / 3x10" L,

— 5850;1111 / 9 mJy

Galactic Pressure destroys cloud integrity, and
results in ~uniform volume filling factor (huge
columns of obscuration)
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A thought experiment on SMGs: are they Mergers or Discs?
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A thought experiment on SMGs: are they Mergers or Discs?

Merger rate ~| per Th at z~2
Space Density ~ 5x10-> Mpc™3
SFRburse-Mgal relation
Sgs0 ~ SFRY4
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Hayward, Narayanan et al. (201 3)
Casey, Narayanan & Cooray (2014)
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A thought experiment on SMGs: are they Mergers or Discs?

v
OO Mergers
mEm Observations

Merger rate ~| per Th at z~2
Space Density ~ 5x10-> Mpc™3
SFRburst-Mgal relation
Sgso ~ SFRO#

dN/dS [m Jy ! deg 2]

Stellar Mass functions at z~2-3
SFR-M: relation (Main Sequence)
Sss0 ~ SFRY4
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The Evolution of a Galaxy Merger

SFR /4475 M yr !
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Redshift Distribution
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EVIDENCE FOR A POPULATION OF HIGH-REDSHIFT SUBMILLIMETER GALAXIES
FROM INTERFEROMETRIC IMAGING
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ABSTRACT

We have used the Submillimeter Array to image a flux-limited sample of seven submillimeter galaxies, selected by
the AzZTEC camera on the JCMT at 1.1 mm, in the COSMOS field at 890 um with ~2" resolution. All of the sources—
two radio-bright and five radio-dim—are detected as single point sources at high significance (>6 o), with positions
accurate to ~0.2" that enable counterpart identification at other wavelengths observed with similarly high angular
resolution. All seven have IRAC counterparts, but only two have secure counterparts in deep AST ACS imaging. As
compared to the two radio-bright sources in the sample, and those in previous studies, the five radio-dim sources in the
sample (1) have systematically higher submillimeter-to-radio flux ratios, (2) have lower IRAC 3.6—8.0 um fluxes,
and (3) are not detected at 24 um. These properties, combined with size constraints at 890 um (0 <1.2"), suggest that
the radio-dim submillimeter galaxies represent a population of very dusty starbursts, with physical scales similar to
local ultraluminous infrared galaxies, with an average redshift higher than radio-bright sources.

Subject headings: cosmology: observations — galaxies: evolution — galaxies: formation —
galaxies: high-redshift — galaxies: starburst — submillimeter

1. INTRODUCTION surveys at millimeter wavelengths (Greve et al. 2004; Dannerbauer
Farlyv eti1idiece af the farcinfrared F FIR ) caemice hackoraiimd ine etal. 2004, Carilli et al. 2005; Schlaerth et al. 2005; Laurent et al.
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The Way Forward: Parsec Scale Cosmological Simulations

+Powderday (Ultra-flexible/fast
dust and nebular line RT)
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(with Matt Turk, Tom Robitaille, Bobby Thompson,Romeel Davé, Phil Hopkins,
Mark Krumholz, Greg Snyder, Chris Hayward, Dan Foreman-Mackey, Charlie Conroy)



The Way Forward: Parsec Scale Cosmological Simulations
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Powderday: GADGET; ART;ENZO; RAMSES; GASOLINE; FLASH; ATHENA + Stellar Pops +
Monte Carlo Dust RT + Line RT + Visualization
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Mark Krumholz, Greg Snyder, Chris Hayward, Dan Foreman-Mackey, Charlie Conroy)
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F Summary: SMGs are complicated beasts

+"
*""‘ |. SMGs can be accounted for in cosmological simulations if they
. g J w_ | are heterogeneous:
N R
w - - a. The brightest ones are galaxy mergers
i 3 b. The least bright ones are typically gas-rich disks

c. Contaminating, throughout, are pairs of unassociated galaxies

2. The SMA has made critical discoveries to this end:

a. Provided the first clues of SMG multiplicity
b. Provided the first evidence of very high-z SMGs (z>4)

3. Exciting Possibilities:

a. ldentification and analysis of
Giant Molecular Associations
in high-z lensed galaxies




Cosmological Statistics

z ~ 0.1 -
1.3 < 275 210
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11 10
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+ lightcurves (Lir; Ssso etc.)
(where we could resolve GMCs)

Desika Narayanan gives luminosity functions
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the freakish nature of submillimeter galaxies

L |0 2x10

M |0 3x10

SFR >1000 M 2-3 M
Age (z) z~2-4 z=0




