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 Cosmology and Structure Formation: 
                                               How stars/galaxies are formed? 
 Why do we need Herschel Space Observatory? 

 What have we learned from Herschel? 



2 

 What were the roles of starbursts, mergers, AGNs, the environment, infall in the star 

formation activity? 

     these should have impacts on the origin of downsizing and bimodality 

 It seems that the physics of galaxy/star formation is a complex process involving 

turbulence, multiphase physics, magnetic fields, shocks... in other words, we live in a 

complex world. 

 Why would complex physics end up being a "simple" way ?...  

 But "simple is beautiful (Occam‟s razor)" is changing to "complexity and delicacy are 

reality" (MGLee +03)  Bibimbap model 

 Are we getting close to understanding of the formation of ellipticals/spirals ? 

Questions, questions, … and questions 

Elbaz + 

Bibimbap 
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 Cosmic SFR density peaks at z~1 or 2? 

 Do ULIRGs dominate the CSFR at z~2? 

 Until now, bolometric luminosity (or LIR) for 

high-z galaxies is extrapolated from mid-IR or 

sub-mm 

 With Herschel, we can directly measure LIR of 

high-z galaxies 

>20M


yr-1 

>200M


yr-1 

>1500M


yr-1 

Le Borgne, Elbaz +09 Magnelli, Elbaz + 10 

Stacking @70um CE01 + counts 

Cosmic Star Formation History 
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 Primary mirror: 3.5m in diameter 

               (cf. spitzer: 0.85m, AKARI: 0.69m) 

 Dimensions: 7.5m high x 4.0m diameter 

 Total mass: 3170 kg 

 Launch: 14 May 2009 

 Orbit: Lissajous orbit around the L2 point 

 Lifetime: >3.5 years (until the cryostat runs out of helium) 

 Telescope T : < 90 K 

 Instruments (FIR : 55 -672 μm)  

 Imaging spectrometers  

 PACS (Photoconductor Array Camera and Spectrometer)  

 SPIRE (Spectral and Photometric Imaging Receiver) 

 High-resolution spectrometer 

 HIFI (Heterodyne Instrument for the Far Infrared) 

Herschel Space Observatory Fact Sheet 
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Planck 

Herschel 
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 Instruments (FIR : 55 -672 μm)  

 Imaging spectrometers  

 PACS (Photoconductor Array Camera and Spectrometer) 
 70, 100, 160  μm 

 SPIRE (Spectral and Photometric Imaging Receiver) 
 250, 350, 500 μm 

 High-resolution spectrometer 
 HIFI (Heterodyne Instrument for the Far Infrared) 

 Resolving power of up to 107 (0.3-300 km/s) 
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Power of Herschel : PACS images 
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Power of Herschel : SPIRE images 

Oliver +10 
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Power of Herschel : PACS/SPIRE Spectra 
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 Area: 150x2 arcmin2 

 Imaging Data 

 X-ray : Chandra, XMM-Newton 

 Optical : SUBARU, KPNO, HST/ACS 

 NIR : KPNO FLAMINGOS 

 NIR/MIR : Spitzer IRAC/MIPS 

 Radio: VLA 

 FIR: Herschel  

 GOODS-Herschel (PACS/SPIRE 362.6h) 

   coordinated by D. Elbaz 

 HerMES (SPIRE GT, 900h)  

   coordinated by S. Oliver & J. Bock 

 PEP (PACS GT, 654.9h) 

   coordinated by D. Lutz 

Great Observatories Origins Deep Survey (GOODS) 
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Collaborators (60):  Fr, US, G, 

UK, Gr, It, Can, ESO, ESA 

 

362.6 hours (100m & 

160m PACS + 31h SPIRE) 

1. to resolve most of the cosmic SFR density up to z ∼ 4, by detecting ∼ 2000 galaxies in the unexplored regimes of 

normal galaxies up to z ∼ 1, LIRGs up to z∼ 2, ULIRGs to z~4 

2. to bridge IR and UV selected galaxies down to the level where both SFR agree up to z ∼ 1.5 and potentially up to z ∼ 4 

as discussed below.  

3. to identify and study the buried Compton Thick AGNs responsible for the still unresolved 30% fraction of the cosmic 

X-ray background (CXB), which peaks at 30 keV.. 

4. We have the deepest image among all Herschel observational programs. 

Herschel: 350 cm 

GOODS-Herschel (Herschel Open Time Key Program) 
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350um 500um 250um 160um 100um 24um 3.6um 0.8um 

7.5 arcmin 

6.5' 

7.5' x 6.5' zoom on the GOODS-North field (10' x 15')  

Power of multi-wavelength imaging against confusion 
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 First scientific results came in A&A, special issue (vol. 518) 

 Second (extragalactic) results came in MNRAS, special issue, 2010 Nov. 

 How FIR Spectral Energy Distributions (SEDs) of local star-forming galaxie

s are different from those of high-z galaxies? (Elbaz +10, Hwang +10, Magdis +10ab) 

 

What we have learned from Herschel 
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FIR template SEDs in Local Universe 

Dale & Helou 02 

Chary & Elbaz 01 

 Siebenmorgen & Krügel 07 

Rieke +09 
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Before Herschel, 

Total IR luminosities for high-z galaxies were extrapolated  

            from the mid-IR & submm observations with local SED templates  

LIR=8×1012L
 

Chary & Elbaz 01 
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Before Herschel, 

24μm 

Hwang +10 
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Before Herschel, 

24μm 

70μm 

100μm 

160μm 350μm 

500μm 250μm 

Hwang +10 
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Before Herschel, 

Modified Black Body fit  

with emissivity β=1.5 

 Dust Temperature  

24μm 

70μm 

100μm 

160μm 350μm 

500μm 250μm 

Hwang +10 
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LIR[Herschel] vs. LIR[Spitzer] 

Agree well upto z<1.5 

MIR-excess  

at z~2 
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1) A puzzling uniformity of distant dusty galaxies 

 LIR from FIR Herschel bands agree well  

with LIR extrapolated from MIR up to z~1.5 

 Puzzling when considering the range of physical pr

ocesses that could have affected the SED of these g

alaxies over the last 9 billion years 

 Galaxies with AGNs (triangles) follow  

      the same trend as normal SF galaxies 

 LIR from 160-350μm tend to  

                   overestimate the true LIR 

 Need Calibration with Herschel 

 Imply a colder Tdust of high-z galaxies than l

ocal galaxies 

Elbaz +10 Chary & Elbaz 01 
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LIR-Td relation : High-z vs. Local Galaxies 

Hwang +10 

 From the comparison  

between local and high-z galaxies 

 In a given LIR, high-z galaxies appear 

to be colder than local galaxies 

 Not systematically colder 

 Due to existence of cold galaxies that 

are not seen in the local 

 

 Fill the gap between local SF galaxies 

and high-z SMGs 

 Cold SMGs are representatives of high-z g

alaxies? 

 Most high-z galaxies are colder than local 

counterparts? 

AKARI-selected, 

local galaxies 

Herschel selected, 

high-z galaxies 

z = 0-2.5  

Herschel 

z = 0  

AKARI/SDSS 

z~2-3 

SMGs 

z~0-1 

ULIRGs 

z~2-3 

SMGs 

z~0-1 

ULIRGs 
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LIR-Td relation : High-z vs. Local Galaxies 

Hwang +10; Magdis +10a 

Herschel selected, 

z~2 ULIRGs 

z = 0-2.5  

Herschel 

z = 0  

AKARI 

 From the comparison  

between local and high-z galaxies 

 In a given LIR, high-z galaxies appear 

to be colder than local galaxies 

 Not systematically colder 

 Due to existence of cold galaxies that 

are not seen in the local 

 

 Fill the gap between local SF galaxies 

and high-z SMGs 

 Cold SMGs are representatives of high-z g

alaxies? 

 Most high-z galaxies are colder than local 

counterparts? 

z~2-3 

SMGs 
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LIR-Td relation : High-z vs. Local Galaxies 

Hwang +10; Magdis +10a,b 

Herschel selected, 

z~3 LBGs 

z = 0-2.5  

Herschel 

z = 0  

AKARI 

 From the comparison  

between local and high-z galaxies 

 In a given LIR, high-z galaxies appear 

to be colder than local galaxies 

 Not systematically colder 

 Due to existence of cold galaxies that 

are not seen in the local 

 

 Fill the gap between local SF galaxies 

and high-z SMGs 

 Cold SMGs are representatives of high-z g

alaxies? 

 Most high-z galaxies are colder than local 

counterparts? 

z~2-3 

SMGs 
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LIR-Td relation : High-z vs. Local Galaxies 

Hwang +10; Magdis +10a,b 

 From the comparison  

between local and high-z galaxies 

 In a given LIR, high-z galaxies appear 

to be colder than local galaxies 

 Not systematically colder 

 Due to existence of cold galaxies that 

are not seen in the local 

 Fill the gap between local SF galaxies 

and high-z SMGs 

 SMGs (mostly cold) are not speci

al at high redshifts, but selectivel

y detected from ground-based su

bmm observation 

 High-z galaxies are not systematicall

y colder than local galaxies 

z~2-3 SMGs 

z~2 ULIRGs 
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2) “MIR-excess” galaxies 

Observed 24μm (rest frame 8μm) flux for z~2 

galaxies overestimates LIR 

Papovich +07 

Daddi +07 

Elbaz +10 

Agree well upto z<1.5 

MIR-excess  

at z~2 

Origin of “MIR-excess” : 

    AGN? More PAH? Other? 



26 ISO + AKARI + GOODS-H + PEP/GOODS-S 

“Local” galaxies vs. “High-z” galaxies 

ISO + AKARI + GOODS-H + PEP/GOODS-S 

Elbaz +10, in prep. 

ULIRGs 

LIRGs 



27 + GOODS-H + PEP/GOODS-S 

outliers 

ULIRGs 

LIRGs 

“Local” galaxies vs. “High-z” galaxies 

Elbaz +10, in prep. 

Main Sequence 



28 

<40% extended 

% extended emission from Diaz-Santos +10 

Role of Compactness 

Elbaz +10, in prep. 
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SMGs  

(Menendez-Delmestre +09) 

Main Sequence 

Compact/Starbursts 

Two regimes: Main Sequence vs. Compact/Starbursts 

Elbaz +10, in prep. 

Increasing  

Starburstness/Compactness 

It means  

  bimodal SF modes?? 
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Star Formation Rate – Mstar Relation 

Main Sequence Compact/Starbursts 

Elbaz +10, in prep. 

AKARI+IRAS

+SDSS galaxies 

It means  

  bimodal SF modes? 
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Daddi, Elbaz +10 

A third view on the distribution of SF galaxies 

Daddi +10 

It means  

  bimodal SF modes, 
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Universal SF law? 

Universal SF law (Schmidt-Kennicutt law; 

Schmidt 59; Kennicutt 98) 

Bimodal SF law 
(Daddi +10; Genzel +10) 

Universal SF law 

(„Elmegreen–Silk‟ relation; 

Elmegreen 97; Silk 97) 
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SFR – L8      SFR – Mstar   SFR – Mgas 

Fundamental Tryptic of SF galaxies  

Elbaz +10, in prep. 

Star Formation Mode 

Main Sequence  

(Disk) 

Starburst  

(Merger) 

Local Spiral ULIRGs 

High-z BzK galaxies  

(ULIRGs) 

SMGs/QSOs 
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Fundamental Tryptic of SF galaxies  

Star Formation Mode 

Main Sequence  

(Disk) 

Starburst  

(Merger) 

Local Spiral ULIRGs 

High-z BzK galaxies  

(ULIRGs) 

SMGs/QSOs 

 In local universe,  

we can have ULIRGs only if we h

ave starburst (merger) SF mode b

ecause the amount of gas is small 

(fgas~5-10%) 

 In distance universe, 

 we can have ULIRGs even if we 

have normal (main sequence) SF 

mode because the amount of gas i

s large (fgas~50-60%) 

Elbaz +10, in prep. 

ULIRGs 

LIRGs 
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No Major difference in SFA for AGNs 

Elbaz +10, in prep. 

Hatziminaoglou +10 

AGN 

Starburst 

AGNs 

MIR/FIR 

properties of AGN 

galaxies are 

dominated by star 

formation. 
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New SEDs for Main sequence and Starburst galaxies  

SB MS 

Chary & Elbaz 01 Elbaz +10, in prep. (NEW MS) 

Main  

Sequence 

Compact/Starbursts 
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“MIR-excess” galaxies 
Observed 24μm (rest frame 8μm) flux for z~2 galaxies 

overestimates LIR 

 LIR
tot[from 24μm obs.] for high-z galaxies that are in normal 

SF mode was derived with SB SF mode (SF mode mismatch) 

 No more MIR-excess if you compute LIR
tot[from 24μm obs.] for 

high-z galaxies with the revised SEDs of MS SF mode 

Papovich +07 

Daddi +07 

Elbaz +10 

Agree well upto z<1.5 

MIR-excess  

at z~2 

Origin of “MIR-excess” for high-z 

galaxies:     Bimodal SF modes & Mismatch of SEDs 
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 Herschel opened a new window to study how star formation activity of 

galaxies evolve through cosmic time 

 We find a puzzling uniformity of star forming galaxies upto z~1.5 

 We show that previous ground-based (sub)mm surveys miss many warm galaxies 

 SMGs are not special, but are just cold part of the story 

 Even AGN galaxies follow the same trend as normal SF galaxies 

 FIR properties of AGN galaxies are dominated by star formation 

 NO MIR-excess galaxies at high redshifts exist if we use the revised SED libr

ary of MS SF mode 

Conclusion 
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GOODS-South GOODS-North 

24 – 100 – 160 um 100 – 160 – 250 um 

GOODS-Herschel 
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Herschel: 350 cm 

HDFN by ISOCAM  

@ 15 m 

100-160-250m 

GOODS-N 

GOODS-N:>1.7mJy@100m (S/N>5) 

24um:     2648 (spec) 

100um:   1064 src , 748 z(spec) 

X                    UV U B V I Z J H K 3.6m 4.5m 5.8m 8m IRS16 MIPS24 radio 

2x10-16erg/s/cm2         ~28AB  22AB          ~1Jy                      50Jy  20Jy  12Jy 

Herschel:     100m   160m    250m      350m    500m  

GOODS-N      1.7mJy   5 mJy     5 mJy       5 mJy      15 mJy  (GOODS-S: 0.8 mJy-100um) 

GOODS-Herschel 
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BzK galaxies (Daddi et al. 2005, 2007): 

40% of M*≥5x10
10M


 @ z=1.4-2.5 are ULIRGs 

z= 2 Gyr   long duty cycle  (> 400 Myr) 

SFR from 24um (unless MIR-excess),  

UV-corrected 

Agree with radio and 70um stacking 

LIRGs Arp220 

M82 

MW 

Redshift Evolution of SFR-Mstar relation 
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rgas 

Mgas 
Sgas=Mgas/Mstar 
 

Redshift Evolution of SFR-Mstar relation 


