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High-z High-z FIR-luminous galaxiesFIR-luminous galaxies

Ivison et al. 1998

Smail, Ivison & Blain 1997

••SMMJ02399-0136 L1/L2 SMMJ02399-0136 L1/L2 z=2z=2.80.80
25.25.4mJy 4mJy A=2.4x: A=2.4x: SS850850~10mJy Type2 ~10mJy Type2 AGNAGN

LLIRIR~10~101313LLoo

A370 A370 z=0z=0.37.37



OObscured star formationbscured star formation  at at high-zhigh-z
What do we know, what do we not know?What do we know, what do we not know?

1.1. Are current sub/mm surveys Are current sub/mm surveys  representative?representative?
2. 2. Is the current N(z) of Is the current N(z) of SMGs SMGs representative?representative?
3. 3. Do we have aDo we have a  complete FIR census at z>1?complete FIR census at z>1?
4. 4. How much SF is dust-obscured at z>1?How much SF is dust-obscured at z>1?
        What are sub/mm galaxies (What are sub/mm galaxies (SMGsSMGs?)?)
5.5.  Are Are SMGs SMGs SF-powered? Outflows?SF-powered? Outflows?
6. 6. Are Are SMGs SMGs clustered?clustered?
7. 7. Are Are SMGs  SMGs  massive?massive?  Metal-rich?Metal-rich?
8.8.  Are Are SMGs SMGs predictedpredicted  by theoretical models?by theoretical models?



OObscured star formationbscured star formation  at at high-zhigh-z
What do we know, what do we not know?What do we know, what do we not know?

1.1. Are current sub/mm surveys Are current sub/mm surveys  representative? representative? MaybeMaybe
2. 2. Is the current N(z) of Is the current N(z) of SMGs SMGs representative?representative? Maybe Maybe
3. 3. Do we have aDo we have a  complete FIR census at z>1?complete FIR census at z>1?  NoNo
4. 4. How much SF is dust-obscured at z>1?How much SF is dust-obscured at z>1?  A lotA lot
        What are sub/mm galaxies (What are sub/mm galaxies (SMGsSMGs?)?)
5.5.  Are Are SMGs SMGs SF-powered? SF-powered? ProbablyProbably
6. 6. Are Are SMGs SMGs clustered?clustered? Maybe Maybe
7. 7. Are Are SMGs  SMGs  massive?massive? Maybe Maybe
8.8.  Are Are SMGs SMGs predictedpredicted  by theoretical models?by theoretical models? Maybe Maybe
        How are we going to make progress?How are we going to make progress?



Do we have aDo we have a  complete FIR census at z>1?complete FIR census at z>1?

••  Strong TStrong Tdd  seln seln with with redshiftredshift
••  Significant scatter in SED shapeSignificant scatter in SED shape
•• FIR-radio shows little  FIR-radio shows little z-evolnz-evoln
                        

Hainline et al. 2009

Td~20K

Td~30K

Td~40K

Chapman+04



Submm-faint radio galaxies -- SFRGs
hypothesized as higher Tdust SMGs

Chapman et al. 2004 :  UV spectra of 36 SFRGs showing mostly starburst features
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SFRGs as Hotter Dust cousins to SMGs
Motivation: Blain1999, Eales+2000 Blain+04, Chapman+04, Hainline+2009
We miss the hotter ULIRGs in Submm …

can we find them from submm-undetected radio?

Chapman+04



SFRGs hypothesized as higher Tdust SMGs

Chapman et al. 2004 :  UV spectra of 36 SFRGs showing mostly starburst features
Chapman et al. 2008 :  pilot CO gas study of 2 detected SFRGs
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SFRGs “confirmed” as higher Tdust SMGs

3”, ~25kpc

Casey et al. 2009a,b :
• 8/11 show CO detections;
similar SF efficiency to SMGs
• Sample of 25 with resolved
MERLIN radio



SFRGs “confirmed” as higher Tdust SMGs

Casey et al. 2009c,d,e :
• 70um detected subset: hot Td’s

• Spitzer IRS spectra for 17: many with strong PAHs

•Catalog of ~100 spectroscopically ID’d SFRGs
 … clustering, selection function, stellar masses, 
24um properties, luminosity function, comparison to theory

A sample to study with Herschel



TheoryTheory

••  Telling us they can model Telling us they can model SMGs SMGs using numerical andusing numerical and
semi-analytic modelssemi-analytic models

••Numerics Numerics limited by inability to matchlimited by inability to match
statistical measures of the populationstatistical measures of the population
••Semi-analytics lack detailed physicsSemi-analytics lack detailed physics

••  SAMs SAMs require variation in IMF (top-heavy)require variation in IMF (top-heavy)
••  fails on stellar luminosities in NIR/MIRfails on stellar luminosities in NIR/MIR

••  Hydro models (R. Dave et al. 2009) suggest mostHydro models (R. Dave et al. 2009) suggest most
SMGs SMGs are not Major mergersare not Major mergers
••  DekelDekel+2009: cold flow major/minor mergers+2009: cold flow major/minor mergers

Chakrabarti+2007, Narayanan+2008,2009 (Harvard group)

3.6um3.6um 450um450um

Swinbank et al. 2008/Baugh et al. 2005



Star formation in SMGs versus
UV/optical-galaxies

 SMGs seem to be (very?) different from UV/optical selected galaxies
 Merger dominated SMGs versus secular buildup of less luminous

galaxies? (Forster-Schreiber et al.2009, Daddi et al. 2009, Bouche et al. 2007)

SMGs



Extended star formationExtended star formation

••  6 pieces of evidence6 pieces of evidence          
suggest suggest SMGs SMGs have SF over several have SF over several kpckpc

••  SFR surface densities typically like local SFR surface densities typically like local StarBurstsStarBursts??

Swinbank et al. 2005/Tacconi et al. 2008

Extended narrow (nebular)
emission lines (Halpha, OIII)
Swinbank et al. 2005, 2006

Delmestre-Menendez et al. 2009

Extended CO(7-6)

0.6” FWHM ~ 5kpc
Tacconi et al. 2008

Hα   0.5”(4 kpc)

CO 7-6 (red) on ACS (blue) &
NICMOS (green)

CO 7-6

1”



Hα IFU for SMGs

clearly Hα often not
adequate SFR probe
for SMGs …

Does Hα probes the
bolometric energy?

>> 100x extinction
factor: L_IR/L_UV

SFR ~ 1000 Msun/yr

Need molecular gas: 
rotational CO transitions
…

(Swinbank, Chapman, et al. 2006)

L(850um, via 1.4GHz)



Tacconi et al. 2006,2008
Hires CO of 8 SMGs

500 km/s

CO 7-6 (0.3” FWHM)

0.5”

•But 3 with good size
constraints (<0.5” beam)
•2 are compact/unresolved
at ~2kpc FWHM.

And all 3 in CO(7-6)

IRAM Plateau de Bure
resolution = 0.3”FWHM CO Size  ~0.25” FWHM (1.6 kpc)

Tacconi et al. 2008

0.5”

Summary
N2.4: 0.6” FWHM (major axis)
H76:  0.3” ~unresolved
N2.2: 0.25” FWHM
Other 5 SMGs <~1” 8kpc



Extended star formation -Extended star formation -  
2 (indirect) pieces of evidence2 (indirect) pieces of evidence

••  RestRest  near-IR colours arenear-IR colours are
more similar tomore similar to  extendedextended
regionsregions of local  of local ULIRGs ULIRGs thanthan
nuclear cores.nuclear cores.
••  Suggests less obscured SF,Suggests less obscured SF,
and therefore more extended.and therefore more extended.

Hainline et al. 2009
Delmestre-Menendez et al. 2009

IRS

IRAC

••IRS spectroscopy shows low 7.7/6.2um PAHIRS spectroscopy shows low 7.7/6.2um PAH
  (also(also  weak Silicate absorption feature)weak Silicate absorption feature)

•• => lower extinction towards  => lower extinction towards midIRmidIR
line/ctm line/ctm regions in regions in SMGsSMGs, compared to, compared to
local nuclear starbursts or local nuclear starbursts or ULIRGsULIRGs

••SFR surface densities typically like localSFR surface densities typically like local
StarBurstsStarBursts



Extended star formationExtended star formation

••  radio and radio and submm/mm submm/mm continuum iscontinuum is
extended <R1/2> ~ 0.5extended <R1/2> ~ 0.5”” 4kpc 4kpc

••

Chapman+2004

Tacconi et al. 2006,  Younger et al. 2008

0.3” MERLIN Radio

Submm

Biggs & Ivison 2008

QUESTION: Is radio-farIR reliable?

QUESTION: Is 850um biased to parts
of ULIRG with cold-dust? (recall SFRGs)



6x15m IRAM PdB Interferometer
Neri+03, Greve+05, Tacconi+06,08,

Chapman+08, Smail+10, Casey+10

Now 30 CO detections of SMGs and 9 of SFRGs



KS-law: (e.g. Bouche+2007)

 Simple parameterization
for high-z galaxies
lands them all on a KS -
relation.
 SMGs have measured fgas~0.4

 Are SFRs accurate?

 Are SMG sizes correct?
barely/unresolved CO(7-6)
 Compact!



Context for KS-law : Context for KS-law : high-high-zz ULIRGs ULIRGs
•NEW pilot study to detect CO in 10 SMGs with
resolved MERLIN radio morphologies (8 detected)

•Followup 4 with low CO transitions and 0.4” resolution

•size(CO) not equal to size(FIR-radio) !

•What size should we use ???

• Do they “lie” on the KS-law

•SFR ? Efficiency?

CO(4-3)

+300km/s

-300km/s

0km/sHDF132

Z=1.995

SFR~2000M/yr 1.4GHz MERLIN contours

Bothwell+2009



1”

1.5” ~13kpc

z=2.01  h254

CO(4-3)

CO resolved out at A-config!

Lock850.38  z=1.53

H255
z=1.99

velocity offset (km/s)
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0

1

h242 z=2.49

2” (16 kpc)

CO 3-2

2”

2”

MERLIN radio



Internal SF efficiencies?

 new HIRES CO
sources all
resolved/extended
in (3-2) or (4-3)

 Subcomponents
show a large range
in L’CO/L 1.4GHz

 Are we seeing major
mergers of
different ‘types’ of
ULIRGs?

 Do we really want to
invert KS-law to infer
gas properties at high-z?



CONCLUSIONS

 More representative sample of SMGs, with
lower CO transitions have larger range of
sizes
 (up to 8kpc FWHM -- 4x larger than typically

inferred by Bouche+2007)
 This can wreck havoc on the KS-law

 Depends on interpretation
 Accurate SFR indicator?

 SMGs are MAJOR MERGERS?
 Have a look at Caitlin’s poster and see if you

think “SFRGs” are viable hotter dust ULIRGs


