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Unsolved problems in sub-mm astronomy?

® How do sub-mm galaxies assemble and evolve

ime?
over time~ _ Frequency v [GHz]
® Where have luminous SMGs gone today? : 10° 10°

® How do FIR galaxies relate to dark matter? BT - omee/ QIR
® What is the role of dust in star formation? F R
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Herschel Extragalactic Surveys
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Herschel Science Motivation

HERMES INFORMATION ON THE WEB: HERMES.SUSSEX.AC.UK AND HERSCHEL.UCI.EDU
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HerMES “wedding cake” Survey

HERMES INFORMATION ON THE WEB: HERMES.SUSSEX.AC.UK AND HERSCHEL.UCI.EDU
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Schlegel et al. 1998

HerMES Fields on the sky

HERMES INFORMATION ON THE WEB: HERMES.SUSSEX.AC.UK AND HERSCHEL.UCI.EDU
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HerMES: Herschel Multi-tiered Extragalactic Survey £
e PACS + SPIRE ;
e 340 sq deg from narrow to wide (900 hours) + 12 clusters

e Bolometric luminosities of galaxies, cosmic SFH

» Wedding cake to probe range of luminosities and environmengs
PEP: PACS Evolutionary Probe

e PACS only

e 2.7 sq deg from 10'x15" to 85'x85’ (655 hours) + 10 clusters

» Resolve CFIRB; L.z & SFRs

H-ATLAS: Herschel-Astrophysical Terahertz Large Area Survey > &S
e PACS + SPIRE

e 550 sq deg (600 hours)

o Large-scale structure, AGN, rare objects

e Expect ~500,000 detections to z~3, majority at 250 & 350 um

3-col SPIRE H-ATLAS SD field

H-GOODS: Herschel-Great Observatories Origins Deep Survey
e PACS very deep imaging of the GOODS Field (330 hours)
e SPIRE deep imaging of the GOODS Field (30 hours)
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SPECTRAL AND PHOTOMETRIC IMAGING RECEIVER

PHOTOMETER

- 250, 350, 500 pm (simultaneous)

- 4 x 8 arcminute field of view

- Diffraction limited beams(18, 25, 36”)
Fast scan mapping at long wavelengths

IMAGING FTS
200 - 670 um
2.6 arcminute field of view
- Av = 1.2 GHz high resolution mode
- Av =25 GHz low resolution mode T
Wide instantaneous bandwidth, map making §°° ‘ i

DESIGN PRINCIPLES
- 3He cooled detector arrays (0.3 K)
- Feedhorn-coupled spider-web bolometers
- Minimal use of mechanisms Beam steering mirror; FTS mirror drive
Optimized for scan-mapped surveys

HERMES = SPIRE GT PROGRAM

HERMES INFORMATION ON THE WEB: HERMES.SUSSEX.AC.UK AND HERSCHEL.UCI.EDU
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Mapping to the Confusion Limit

0.7 h for 1 sq. deg
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Mapping to the Confusion Limit

1.5 h for 1 sq. deg
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Mapping to the Confusion Limit
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3 h for 1 sq. deg
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Mapping to the Confusion Limit
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6 h for 1 sq. deg
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Mapping to the Confusion Limit
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11h for 1 sq. deg
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Mapping to the Confusion Limit

22 h for 1 sq. deg
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The power of multi-wavelength imaging against confusion
24 3.6 0.8
7.5'x 6.5' zoo0m on the GOODS-North field (10" x 15')
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The Confusion Challenge
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Three Ways to Deal with Confusion

Herschel Source Photometry

* Need to be careful about bias and source blending

* Blind follow-up in large beam is laborious (~SCUBA)

* However these are the most interesting source populations!

Pre-Existing Source Catalogs

« Assign Herschel flux of known ancillary source
* Reliable to within confusion noise

Follows bias inherent in finder catalog

Map-Based Analysis
*  Much more information in map than in reliable sources

Tends to be ensemble information: P(D), fluctuations
* Maps have high statistical fidelity!




Extragalactic sources are everywhere
SPIRE 250 um
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Herschel surveys vs. ground-based mm-wave surveys
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HerMES-SPIRE Source Counts

HERMES: SPIRE GALAXY NUMBER COUNTS AT 250, 350, AND 500 MM OLIVER ET AL. A&A 518, L21
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e Number counts of bright galaxies (ULIRGS+) over-predicted by models

e Bright-end counts are steeper than models generically

HERMES: DEEP GALAXY NUMBER COUNTS FROM P(D) OF SPIRE SDP OBSERVATIONS, GLENN ET AL. 2010, MNRAS 409, 109
Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




Source Counts
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Of course: The remainder are the most interesting sources!
E.g. z > 3 galaxy populations

Resolving the Far-IR Background (FIRAS)

HERMES: DEEP GALAXY NUMBER COUNTS FROM P(D) OF SPIRE SDP OBSERVATIONS, GLENN ET AL. 2010, MNRAS 409, 109
Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




Infrared Source Luminosities

2000

1 1 1111y

Star-Formation
200 Rate in solar
masses per year

LIRGS

pal

2 (~Milky-way SFR)

redshift (z)

(i) ULIRGS/HyLIRGS typically have about ~10'° solar masses in stars
(ii) So the time scale for star-formation is [M-/(dM-/dt)] ~ 5 to 100 Million years

(star-bursting galaxies!)
(iii) at z < 0.5 we also detect typical late-type galaxies (spirals).

What kind of galaxies do we detect with Herschel?

Asantha Cooray, UC Irvine Chalonge Paris July 27,2012



Star-formation rate
vy L =gl is correlated with
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o . . 0.6 0.8 1.0
stellar mass [Mg] Redshift

Star-burst galaxies are elevated above the Star-bursts dominate the cosmic star-
“main sequence” occupied by typical galaxies.  formation rate of the Universe at z > 2.

What are Dusty Starbursting Galaxies?

Elbaz, D. et al. 2011, A&A, 533, 119 Le Floch, E. et al. 2005, ApJ, 632, L169
Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




In the local Universe ~100% of
starbursts are driven by gas-
rich galaxy mergers.

& "N

Ultraluminous Infrared Galaxies HST - WFPC2
NASA and K.Borne (Raytheon ITSS and NASA Goddard Space Flight
Center), H. Bushouse (STScl), L. Colina (Instituto de Fisica de Cantabria,

Spain) and R. Lucas (STScl)
i But atz ~ 1 to 2, observations show that
il some starburst galaxies are simple disks.

Is there a different mechanism to trigger a
8l starburst at high redshifts?

Velocity (km s77)

Tacconi, L. J. et al. 2008, ApJ, 680, 246
Dekel, A. et al. 2009, ApJ, 703, 785

(a) What fraction of starbursts are mergers/cold flows?
(b) What are the properties of gas, dust, stars in these starburst galaxies?

What are Dusty Starbursting Galaxies?

LOCAL ULIRGS REVIEW: SANDERS, D. AND MIRABEL, I. 1996, ARAA, 34, 749
Chalonge Paris July 27,2012
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 GANDELS, a multi-cycle

- program with Hubble Space
. Telescope.

. website: candels.ucolick.org

- HST resolution needed to study
- morphologies of starbursts at z~2

o

Redshift (z)

z=2 starbursts as seen by Hubble

What are Dusty Starbursting Galaxies?

Kartaltepe, J. et al. 2011, ApJ submitted (arXiv.org: 1110.4057)
Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




Spheroid Irregular

Based on visual classification of Herschel galaxies and

» main sequence (non-Herschel) galaxies

Interaction “Merger

o
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Starbursts
Non-interacting disks: 42%
Non-—Interacting Disks 4+

. 0

Pure Spheroids ® Interactions & Mergers: 50%
Irreqular Only X

All Mergers and Interactions

2.5
Redshift

e ~50% of z~2 Herschel starbursts are mergers (study is inconclusive, however)
e Are there SMG disks accreting cold gas?

What are Dusty Starbursting Galaxies?

Kartaltepe, J. et al. 2011, ApJ submitted (arXiv.org: 1110.4057)
Chalonge Paris July 27,2012
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(Cstike Redshift distribution of SPIRE Sources?

1
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Fos0/F350 » (wm)
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Naive expectation based on the SED:
S250 > S350 > Ss0: 2 < 2

S250 <~ S350 > Ss00: Z ~ 2 to 3

S250 < S350 < Ss00: z > 4

The surface density of 350 um selected

sources (z~1.8 to 3) S3s50>20 mJy
is ~800/deg?

Amblard et al. 2010 sub-mm colors as a mechanism to select z > 2 galaxies



f(smﬁE Redshift distribution of SPIRE Sources?

350um selected galaxies > 50 are at mostly at z=2.2 + 0.6

4

13

12

1

OO0 o v v v 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Fos0/F350

The surface density of 350 um selected

sources (z~1.8 to 3) S3s50>20 mJy
is ~800/deg?

Amblard et al. 2010

2.0[

1.5

0.5

| ---- Negrello et al. In red and blue
M —--=---- Lagache et al.

'_ cuts on 5001250 -

H—ATLAS SPIRE

additional color

ratio (red selects 1
higher-z end with ]
“redder” colors) |

N
~.

The “statistical” redshift distribution
implied by SPIRE colors for the 1686
sources

[equivalent to fitting each SED with

a single-temp model and marginalizing over
Zﬂ] (Hughes et al 2002; Aretxaga et al. 2007)



(Gstie High Redshift Candidates?

500 um peaked sources Saso < S3so < Ssoo: z > 42

Average spectra of sources detected in 4

Th les:
ree cxampies HerMES fields compared to templates:

250 um 350 um 500 um *

10x Arp220 at z=56 ——
GN20 at z=5
avg. FLS === |
avg. GOODSN ¥+ ]
avg. Lockman-North 3 1
@ avg. Lockman-SWIRE gl ]

100

*Confusion reduced S$(500) — fS(250) observed wavelength (um)
These could be:

) ust

z=5, T,y = 35 K HLIRGs...
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< HerMES total counts

n Glenn et al. 2010

Intrinsic unlensed coun

Magnification Cross Section

FOREGROUND
GALAXY

LENSED IMAGES OF
DISTANT GALAXY

Efficient Selection of Strongly Lensed SMGs
Blain (1996), Negrello et al. (2007), Wardlow et al. (2012)
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H-ATLAS SDP field
> ~14.4 deg?
» ~ 7000 sources

Vv
11 sources with
S > 100 mJy

500Mm




500 p.m BRIGHTEST GALAXIES IN H-ATLAS SDP

ID1:S m_177128mJy

5004

ID5:S =122 £20 mJy

500um

ID6:S =112 219 mJy

500pum

ID7:S =104 +18 mJy

500pm

' -—00277

v spec




500 UM BRIGHTEST GALAXIES IN H-ATLAS SDP

IDg

S500l1m =175+ 28 mJy

ID11

S500um 238 £ 37 mJy
ID17 :S

sooum = 220 ¥ 34 mJy
ID81 : S500um =166 = 27 mly

ID130: SSooum =108 £ 18 mlJy

optical counterparts

zphot/spec <10




Source CO Redshift

CARMA

Extensive Ground-based Follow-up Observations

Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




Zsmc=3.04; ZL ens=0.30 Zsmg=2.62; Z ens=0.22
M=25+7 M=6=1

A I Lens model resid. | ID130 Keck i

Zswc=1.79; Zsmg=2.30;
Zswe=1.58; Z ens=0.7 Z, ens=0.79 ZLens=0.94

ID9 Keck i i D17 Kéck j !
E<—T

Negrello, M. et al. 2010, The detection of a population of sub-mm bright, strongly lensed galaxies,
Science, 330, 800

The First Herschel Lensed Galaxies

Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




LENS SUBTRACTION
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Negrello, M. et al. 2010, The detection of a population of sub-mm bright, strongly lensed galaxies,
Science, 330, 800

The First Herschel Lensed Galaxies
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HerMES total counts

HerMES lensed candidates

Glenn et al. 2010

Late type spirals

Radio—loud AGNs

Intrinsic unlensed counts
I Lensed model prediction

Total counts

N(>Ss00) (deg™)

¢ Lensing: Flux boosted (magnified) and image distorted

e Can study fainter objects than usually available.

e Can study spatial distribution of gas, dust, stars at higher
resolution than with normal galaxies at the same distances.

The Nature of Brightest high-z Herschel Galaxies

LENSING AT SUB-MM WAVELENGTHS: BLAIN, A. 1996, MNRAS, 283, 1340

Asantha Cooray, UC Irvine Chalonge Paris July 27,2012
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The model predicts that
Mmean ~3-8 for majority of

I L
I
|
I
I
I
I
|
I
I
43% ! .
\: - lenses
I
I
I
I
I
I
I
I
I
I

strongly lensed fraction

MAJORITY OF
HERMES

10 100
Ssoo (MJy)

Cosmological models predict that
~40-90% of S500>80 mJy &
~85-95% of S500>100 mJy

brightest, non-local (z<0.1) Herschel

galaxies are gravitationally lensed

HERMES
CANDIDATES

Mean mognificbtion

H-ATLAS
CANDIDATES

. _ . 150 200
>95% efficiency at identifying those Seoo (MJy)

lensed galaxies!

——————ﬂ-————-——————————

High Fidelity Catalogs of Lensed Galaxies from Herschel

Wardlow, Julie* et al. 2012 (HerMES team) (*UCI postdoc)
Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




Strongly lensed Herschel Galaxies
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Other lens redshifts are unclear but
2=0.60 = 0.04 Rein = 4.02 + 0.03

=> oy = 480 = 20 km/s
....indicative of a small group deflector

[ ORIGINAL IM ‘ T RECON TRUCT IMAGE

Half-light radius of the SMG: | | I rEcofisTRUCTED SOURCE
Reff,s =19+0.1 kpC L N

Magnification:

p=10.9 0.7

- SOURCE PLANE |
L.

A HerMES source lensed by a galaxy group
Conley, A. et al. 2011, ApJ, 732, L35; Gavazzi, R. et al. 2011, 738, 125
Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




Zco=2.957 Tkin=286-235K Lrr=1.4 X101 Lo Tpust=88+3 K
Nz = (1.1 - 3.5) x103cm—3  SFR ~ 2500 Mo/yr  Mpust ~ 108 Mo,

General [ CIGALE
- - — — Optically Thin 3 Rowan-Robinson
: Arp220
———— - M82

2/dh 2.96 2.982.
-CO(1-0) in LOCK—01 (2=2.957)’

Flux Density [mJy]

100 1000
Wavelength [um]
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o

Flux density [mJy]
N
o

Flux Density (mJy)

o

-2000 -1000 0 1000 200

Velocity offset [km/s]
A HerMES source lensed by a galaxy group

Riechers, D. et al. 2011, ApJ, 733, L12; Scott, K. et al. 2011, ApJ, 733, 29
Asantha Cooray, UC Irvine Chalonge Paris July 27,2012
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RIECHERS ET AL. IN PREP

H-ATLAS (brightest source)
0-500 pm g, = 320 + 20 mJ}

«  Ss350=380x60mJ
Ss00=300 =20 mJ

ARMA

A lensed Planck source resolved by Herschel (in ATLAS)
Fu, Hai* et al. 2012, ApJ (arXiv.org:1202.1829) (*UCI postdoc)

Asantha Cooray, UC Irvine
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Observed (lens subtracted)

Model ® SMA Beam

Model ® EVLA Beam \ Residual
)

Fu, Hai* et al. 2012, ApJ submitted (arXiv.org:1202.1829) (*UCI postdoc)

Differential Magnification:
u(Stars) = 17, u(Dust) = 8, u(Gas) = 7
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Fu, Hai* et al. 2012, ApJ submitted (arXiv.org:1202.1829) (*UCI postdoc)

Source Plane

Antennae

Source Plane Morphologies

Asantha Cooray, UC Irvine
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Engel et al. (2010)

Baryonic Mass (M)

[
o
[ury
[y

Ks Source

Dynamical Mass from CO (M.)

* Extended gas distribution (relative to dust and stars; 1.2 kpc for dust vs. 7
kpc for gas).

* Gas disk is mostly stable to fragmentation?

* Clumpy stellar distribution (galaxy merger?)

Source Plane Morphologies

Asantha Cooray, UC Irvine Chalonge Paris July 27,2012




Rest Wavelength (um
10 1OOg <100>O 10000

Stors | 7 2.5
2.0
1.5F
1.0f

Rest Wavelength
0.2

Lrr=1.6 X1013 L,
SFR ~ 1900 Mo/yr
Toust=62 3 K

No evidence for AGN

Mpbust = 6 X108 Mo
Mstars = 3 X101 Mo
Mgas =7 X1010 Mo
MpynamicaL = 3 X10' Mo

™1 Illllll

o
o

Lensed SMG

Gas-rich (70% of baryons in Lenses G1+G2
Young (Msrars/SFR~20 Myr) : CE— 5 —
Short Star-burst (Mcas/SFR~40 Myr) Observed Wavelength (um)

Spectral Energy Distribution

Fu, Hai* et al. 2012, ApJ (arXiv.org:1202.1829) (*UCI postdoc)
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(ALt Promise of Herschel in Lensing Studies
® 0.5/sq.deg (S500>100 m]y) lensed source! - identified >95% efficiency.

®  Herschel Cosmological surveys: ~1200 sq. degrees, so ~600 lensed galaxies.

® Compared to ~200 lensed galaxies now known in optical and radio
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(a) Herschel will produce the largest sample of gravitationally lensed sources, with a
selection function easy to describe (great for cosmology!)

(b) Extend lensed SMGs to z > 6 (at least ~30 in over 1200 sq. degrees)

(c) Extend foreground lenses (at least 100) to z~2 (SDSS lenses z~0.5; radio to z~1)
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HerMES Lockman North Lacey, C. et al. 2010, MNRAS, 405, 2

test specific predictions of clustering properties of starbursting galaxies

Where are the Starbursting Galaxies in the Universe?
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All SCUBA surveys, S>5mdy, S/N>3.5

~20 detection

Pre-Herschel sub-mm ¢
with SCUBA ~73 source

« Dark matter halo hostinga S,;, >
30 mJy galaxy ~ 10126 M__,_.

* ~15% appear as satellites in more

. 13.1
massive halos ~ 1031 M__, .

 Evolutionary path is z~2 S, ~ 30

mdy Herschel source will evolve to
be (2-5)Ls:ar elliptical galaxy at z~0
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Scott, S. et al. 2006, MNRAS, 370, 1057
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Cooray, A. et al. 2010, A&A, 518, L22
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 Gosimic Infrared Background Fluctuations with SPIRE.
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Amblard, Alex*, Cooray et al. 2011, Sub-millimetre Galaxies reside in dark matter halos with mass
greater than 3x1011 Msun, Nature, 470,510 (*UCI postdoc)
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Wide-area, submm surveys can efficiently identify
strongly lensed galaxies by simply selecting the

brightest sources
(Negrello et al. 2010 Science paper)

N(>Ssg0) (deg™?)

Extensive followup programs are providing a
detailed view of high-z star-formation, the relative
distribution of gas, dust, and stars.
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Anisotropy studies already indicate a minimum
dark matter halo mass to host starburstingl
, Nature paper)

A bright future in sub-mm mapping with CCAT
and CIl intensity mapping for reionization
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Summary
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