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Arp 220 must be zapped!

Closest ULIRG, but is it archetypal?



What is a LIRG/ULIRG - and is it the same at low and high z?

IRAS 22206-2715 IRAS 23128-5919 IRAS 23230-6926

LIRG: - . x
L(FIR)>10*11 Lsun ~

ULIRG:
L(FIR)>10"2

Star formation or A
AGN reprocessed P = B
by dust

Locally, mostly
iInteracting galaxies

Locally, ULIRGS are rare | <

ULIRGs may be a stage in: IRAS-selected ULIRGs at z~0.2
merger > ULIRG > QSO > elliptical WFPC2/NICMOS, Bushouse etal 2003

(e.g. Sanders 1988)



Example bright LIRGs (L>3e11) in the Groth Strip: MIPS 24um, ACS |

1.279

12008157
22.5121.04 11.99

1.307

12011788
23.8421.45 11.50

4N

1.040

12012211
21.96 20.49 11.56

0.753

12008288
21.68 19.29 11.54

1.259

12011814
2244 21.47 11.65

0.986

12012563
22.356 19.64 11.55

>

0.775

12008914
22.07 19.19 11.77

%

0.836

12011825
21.12 19.34 11.52

0.923

12012731
23.36 20.22 11.71

12011767

22.32 20.15 11.59

%

12012083

22.1520.18 11.98

S

12012733

23.06 20.56 11.81

At z=1, IR-luminous galaxies more common; some LIRGs are spirals



Some ULIRGs in the Groth Strip: MIPS 24um, HST/ACS |

’

0.985

12007878
22.94 19.52 12.04

1.232

13003805
23.50 19.97 12.11

1.115

13035123
21.19 19.02 12.03

At z=1, ULIRGs mostly look peculiar/merger, but highly extincted

-

1.148

12007954
21.56 18.26 13.06

1.197

13004291
22.57 19.37 12.23

1.183

13040809
21.17 19.71 12.03

1.234

12008481
21.41 19.55 12.15

1.241

13026117
22.84 19.87 12.04

1.339

13048436
22.98 20.17 12.26

1.195

12011663
23.44 19.68 12.10

0.973

13031798
23.76 99.99 12.29

1.363

13050484
22.24 21.26 12.18

(see J. Kartaltepe talk). Is the LIRG/ULIRG distinction physical?



Where do z~1 ULIRGs and LIRGs sit in color-luminosity?

1.5 T T T I ' ] 1 ] T T T I T T

! red
U-B .
rest ' 3 il
color Ry
LIRGs, L_IR> 101 Lsun
and brighter LIRGs, 0.5 - 1 blue

are the brighter end of i
the blue galaxy population,
edging into the “green valley”

ULIRGs, L_IR > 1002, o

. —16 -18 -20 —-22 l —24
are among the brightest of the My, EGS 0.7<z<1.1
blue or green valley. M Brest,0.7<z<1.1

Despite being very dusty, they
do not live on the red sequence.



Higher SFR at higher z => Many more infrared-luminous galaxies
What will they evolve into? Ellipticals, Milky Ways, or both?

Clustering measurements
allow linking populations 1000 ¢
across time — the evolution of . E
dark matter halo clustering a
is well understood. = |

- 100§

= .
Massive objects are more -
strongly clustered. &

3 10F
Measure correlation functions ‘
by counting pairs as a function _
of separation, to get the [ I PP TR I
excess probability over random. 0.1 1.0 10.0

ro (h=' Mpc)
But galaxies are discrete, so Coil et al 2008
Poisson noise means you At z=1, DEEPZ2 red galaxies are more
need many galaxies. clustered than blue galaxies, as locally.
r0 ~ 5 h*-1 Mpc

g(r)=(r/r0y



phot—z error bar = 0.03(1+2z)
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Cone diagram of DEEPZ2 field 2: rich clustering structure



Angular clustering measurements, in principle,
can measure clustering without needing lots of redshifts -

but with major caveats

If the angular and spatial
correlation functions are
power laws, the angular
correlation can be inverted
to get the spatial:

w(0)=A0'"
E(r)=(r/roy
rO~(stuffxA Az)"”
(Limber's equation, Limber 1954)
This is critically dependent on

knowing the redshift distribution of
your sources and its width Dz.

z~2 very bright ULIRGs in large
area surveys (SWIRE, Bootes) have
high angular clustering and

inferred r0 ~ 6-10 h”*-1 Mpc, though
unknown dN/dz can be a problem
(Farrah+; Magliochetti+; Brodwin+)
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Larger redshift depth => less angular correlation




Spatial clustering: beating the Poisson noise by cross correlation

Spatial clustering is more accurate than angular, but can't measure spatial
autocorrelation of rare objects - ULIRGs, QSOs - without huge samples.
However, given a large sample of tracer galaxies, we can cross-correlate
the ULIRGs to the galaxies.

(For example, imagine cross-correlating positions of museums with people.)

1000 : Y T T —rrrrr T T T T '- 3’0 [

: All Quasars ] [ All Quasars ]

DEEP2 Galaxies - - - - - ] o 25k Red Galaxies - ;

: 2 ~t Blue Galoxies - - - - - 1
s
— 3 20F
g 100f 3 N :
= [ ] a [
- w 1.5F
| (=] [
< ° :
- o 1.0F
< 2 -
 10f ; ° [
i ‘ ¢ OS5F
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02 1
o 0.0

0.1 1.0 10.0 0.1 1.0 10.0
rp (h=! Mpc) rp (h~! Mpc)

Coil et al 2007: 52 QSOs crossed with 5000 DEEP2 galaxies:
z=1 QSOs are clustered like all galaxies, not like red galaxies.
We took MIPS data to 200 mJy in DEEPZ2 field 2, to do this for
ULIRGs.
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Results: U/LIRG cross-correlations at 0.7<z<1.1 in two DEEPZ2 fields

3

-0.5 0 0.5 1
EGS log r,, comoving h~' Mpc

log w,(r,), projected cross—correl, h™! Mpc, 0.7<z<1.1

8 T T T

2.5

1.5

05 1 1

ULIRGs

ULIRGs

red galaxies

blue galaxies
all galaxies

red galx

Field 2

-0.5 0 0.5 1
field 2 log r,, comoving h~! Mpc

are very similar to blue/intermediate galaxies
ULIRGs are as clustered as red galaxies at r ~ few Mpc

ULIRGs => probably occurring in groups (no rich clusters in DEEP2)
Strong clustering, but r_0 is not large (~5, not ~10 Mpc!)

Nominally, typical halo mass ~ 1-3e13 Msun.




log bias

log bias, 0.7<z<1.1

-0.5

Relative bias: ULIRGs are like red galaxies,
but moderate-luminosity optical QSOs are like blue galaxies

T I T T T T
— — log M.>11

— — — - 10.5<log M.<11
10<log M.<10.5

ULIRGs

red galaxies

blue galaxies

ULIRGs

. DEEP2 fields 1,2
| | | | | |

log bias

-0.5 0 0.5 1
fields 1+2 log r,, comoving h-! Mpc

Measurements are made with the same cross-correlation technique

1 T T T

~

-0.5 -

— 1 1 1 1 I 1 1 1 1

. DEEP?2 fields 2,3 4

Sees

-0.5

0 0.5 1

log r,, comoving h-! Mpc COlI 2007

QSO sample

and crossed with similar field galaxy samples at same redshifts.
Suggests the ULIRG -> QSO evolution scenario is oversimplified,
although ULIRG -> elliptical link is plausible.



number

Testing significance of clustering:

100 T T T T I

T I T T I T T T T 100

ULIRGS | QSOs

80 |- '

60 -

number

A

o

° a\}erage bias b, O.?<z<i2.1 ’ ° biasl average biasgb, 0.7<z<1.1 ’
Compare bias of ULIRGs or QSOs (bias = ratio of CF to that of all
galaxies)

to Monte Carlo samples drawn from blue or red galaxies.

ULIRGs are higher than average red galaxy, completely inconsistent with
blue galaxies. QSOs are a bit above blue galaxies, below red galaxies.
Similar in both z=0.7-1.1and z = 1.1-1.4.

Over 0.7<z<1.4, QSOs are less clustered than red galaxies at 95% conf.



The Problem:

Coil et al 2007 showed that QSOs at z=1 are clustered like DEEP2
blue galaxies in the same volume and are inconsistent with coeval
DEEP2 red galaxies at z=1 (at 95% level).

One could rescue a QSO -> massive elliptical scenario by proposing a
time delay (a form of progenitor bias): suppose QSOs at z=1 evolve
Into non-coeval galaxies that are red later, are lower mass, and less
clustered.

However, we find that ULIRGs at z=1 are clustered a bit more strongly
than coeval red galaxies, and a lot more strongly than the QSOs in the
same volume, measured the same way.

This frustrates the rescue attempt since the QSOs and ULIRGs are
both short-lived phases: no significant time delay. The ULIRG -> QSO
evolutionary scenario will not work as a 1:1 correspondence.

The ULIRGs are both more frequent (~5x) and more clustered -
implies the QSOs have a much shorter timescale.



Conclusions:

Cross-correlation with galaxy redshift surveys is an efficient method
for measuring clustering. Large area surveys for rare objects take
advantage (eg WISE x BOSS or BigBOSS?)

LIRGs at z=1 are intermediate color galaxies and are clustered like
them; less clustered than if they were to all evolve into massive
ellipticals.

ULIRGs at z=1 are clustered about like massive red galaxies,
which gives them r0 ~ 5 h*-1 Mpc.

ULIRGs at z=1 are more abundant and more strongly clustered than
QSOs in the same volume. This implies ULIRGs are higher mass,
QSOs are much shorter timescale, and casts doubt on the merger->
ULIRG->QSO scenario as a 1:1 correspondence.

ULIRGs at z=1 are not as extreme as the ULIRG at z=2 samples.
dN/dz worries me for high-z angular clustering samples.



