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Halo mass function evolution at 4<z<8

(Age of the Universe)

(1.5 Gyr)

(0.6 Gyr)



« Data » versus model



http://www.nasa.gov/

Observations requirements	


• multi-wavelength coverage	


• deep imaging (→ limited to small areas)	


• « large » area (massive galaxies are rare)

Observations to select 4<z<8 galaxies

F105W:     18.6 hours 
F125W:     27.8 hours 
F160W:     40.8 hours

http://www.hubblesite.org/

http://www.hubblesite.org/


Observations requirements	


• multi-wavelength coverage	


• deep imaging (→ limited to small areas)	


• « large » area (massive gal. are rare)

Dunlop 2012

Selection with Lyman-Break Galaxies	


• flux at λ<912 A absorbed by surrounding gas	


• 90’-00’: applied in optical → z~3-4-5	


• 2009: HST/WFC3 (+Spitzer/IRAC) → z~5-10

Observations to select 4<z<8 galaxies

z ~ 7



Observations requirements	


• multi-wavelength coverage	


• deep imaging (→ limited to small areas)	


• « large » area (massive gal. are rare)

Bowler et al. 2015

Selection with photometric redshift

Duncan et al. 2014

Observations to select 4<z<8 galaxies

Selection with Lyman-Break Galaxies	


• flux at λ<912 A absorbed by surrounding gas	


• 90’-00’: applied in optical → z~3-4-5	


• 2009: HST/WFC3 (+Spitzer/IRAC) → z~5-10



Survey Redshift range Galaxy selection Number of 
galaxies

Halo mass 
estimation

Hildebrandt+09 CFHTLS-deep 
(4 deg2) 3 < z < 5 Lyman-Break 

Galaxies ~8e4 Clustering+HOD

Steinhardt+14 COSMOS 
(2 deg2) 4 < z < 6 photo-z ~3e3 M(halo)/M(stellar)

Duncan+14 GOODS-S 
(160 armcin2) 4 < z < 7 photo-z ~2e3

Bouwens+15 HST deep fields 
(1000 arcmin2) 4 < z < 10

Lyman-Break 
Galaxies 

(« enhanced »)
~1e4 UV LF

Bowler+15 COSMOS+UDS 
(~2 deg2) 5.5 < z < 6.5

Lyman-Break 
Galaxies 
+ photo-z

~3e2

Finkelstein+15 GOODS-N & S 
(320 arcmin2) 4 < z < 7 photo-z ~2e2 Abundance 

matching

Observations to select 4<z<8 galaxies



« Data » versus model



Observations 
(RA,DEC) + Multi-wavelength photometry

Halo mass and/or halo mass distribution

From observations to halo mass
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Observations 
(RA,DEC) + Multi-wavelength photometry

Halo mass and/or halo mass distribution

Galaxy stellar mass Rest-frame UV luminosity

M(halo) / L(UV)	


ratio
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Observations 
(RA,DEC) + Multi-wavelength photometry

Halo mass and/or halo mass distribution

Galaxy stellar mass Rest-frame UV luminosity

M(halo) / L(UV)	


ratio

Clustering properties

Halo model:	


halo-occupation-

distribution (HOD)

Abundance 
matching

From observations to halo mass

templates, scaling-relations ?

M(halo) / M(star)	


ratio



http://candels-collaboration.blogspot.fr
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Galaxy properties evolution ?

Galaxy Main Sequence 
!

• for star-forming galaxies, the star-formation rate 
(SFR) is proportional to the galaxy stellar mass 
(log M)	



!
!
!
!
!
!
!
!
!



SDSS - z~0.1     Peng et al. 2010

Galaxy Main Sequence 
!
• for star-forming galaxies, the star-formation rate 

(SFR) is proportional to the galaxy stellar mass 
(log M)	



!
!

• well-established at low-redshift	


!
!

!
!
!
!

Galaxy properties evolution ?



Speagle et al. 2014

Galaxy Main Sequence 
!

• for star-forming galaxies, the star-formation rate 
(SFR) is proportional to the galaxy stellar mass 
(log M)	



!
!

• well-established at low-redshift	


!
!

• holds out to z=4  (Speagle et al. 2014, compilation 
of 25 studies) 	



!
!

Galaxy properties evolution ?



Galaxy Main Sequence 
!

• for star-forming galaxies, the star-formation rate 
(SFR) is proportional to the galaxy stellar mass 
(log M)	



!
!

• well-established at low-redshift	


!
!

• holds out to z=4  (Speagle et al. 2014, compilation 
of 25 studies) 	



!
!
• still valid at z=5 and z=6 (Steinhardt et al. 2014)

Steinhardt et al. 2014

Galaxy properties evolution ?



Observations 
(RA,DEC) + Multi-wavelength photometry

Halo mass and/or halo mass distribution

Galaxy stellar mass Rest-frame UV luminosity

M(halo) / L(UV)	


ratio

Clustering properties

Halo model:	


halo-occupation-

distribution (HOD)

Abundance 
matching

From observations to halo mass

templates, scaling-relations

?M(halo) / M(star)	


ratio



Bouwens et al. 2015

M(halo) / UV LF  ratio evolution ?

Case of M1600,AB=21 galaxies, z=4→8 
!

• z=4 : log(Mhalo/Msun)=12.4	


• evolution in number density in UV LF: 1.5dex	


• implied evolution in M(halo): 0.8 dex	


!
Scenario #1 
• all the stars in a galaxy formed in one short burst 

at z=8	


‣ z=4 galaxies would have 1 Gyr old, passive 

populations	


‣ disagreement reported at z=6	


!
Scenario #2 
• one rapid burst at z=12, followed by evolution 

along the star-forming main sequence until 
observed at z=4-8	


‣ more realistic	


‣ still insufficient to reconcile observation with 

theory	


!
Other possibility 
• evolution of the IMF (Initial Mass Function)
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Case of M1600,AB=21 galaxies, z=4→8 
!

• z=4 : log(Mhalo/Msun)=12.4	


• evolution in number density in UV LF: 1.5dex	


• implied evolution in M(halo): 0.8 dex	


!
Scenario #1 
• all the stars in a galaxy formed in one short burst 

at z=8	


‣ z=4 galaxies would have 1 Gyr old, passive 

populations	


‣ disagreement reported at z=6	


!
Scenario #2 
• one rapid burst at z=12, followed by evolution 

along the star-forming main sequence until 
observed at z=4-8	


‣ more realistic	


‣ still insufficient to reconcile observation with 

theory	


!
Other possibility 
• evolution of the IMF (Initial Mass Function)

M(halo) / UV LF  ratio evolution ?

Crosby et al. 2013
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M(halo) / M(star)  ratio evolution ?

Standard references 
!

• M(star)/M(baryon)=0.1 of baryons (z<1, Leauthaud+12)	


• M(baryon)/M(DM)=1/6 (Planck 2015)	


!
!
Number density of galaxies as a function of haloes depends on: 
i)  fraction of haloes containing a galaxy (Hildebrandt+09: 40% at z=5)	


ii) fraction of baryons converted into stars (Leauthaud+12: 10% at low-z)	


iii) amount of time required after virialization for those stars to have formed 	


!
!
Requirements to have 2.10-5Mpc-3 for M*=1011Mo at z=5.5 
‣ implausible physics:	


‣ all baryons instantaneously turned into stars	


‣ halo mass <1012Mo	



!
!
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arxiv evolution… Bouwens et al. 2015



What about semi-analytical models?

Principle 
• use semi-analytical prescriptions for connecting the properties of massive 

galaxies to their halo (info drawn from low-z relationships)	


‣ cannot produce massive galaxies at z>4, with « reasonable properties »	


!

!
Millenium simulation (Springel+05) 
• can produce M*=1011Mo at z=6, but with M(halo)=1011.3Mo	



‣ would require the baryons to cluster in advance of much of the DM	


‣ would imply nearly all baryons to have ended up in stars by z=6	


‣ in conflict with observations (Hildebrandt+09, Finkelstein+15)	


!
!
Illustris simulation (Vogelsberger+14) 
• baryonic relationships that avoids unphysical extrapolations	


• luminosity and stellar mass functions that look similar to the halo mass function	


‣ number densities consistent with observations out to M*=1010Mo	



‣ but too few galaxies with M*>1010.5Mo, in conflict with observations	





Conclusion

Failed template fitting 
• re-consider the assumption that templates derived from low-z galaxies can be used at z=6	


‣ one likely explanation is a top-heavier IMF at high-z	


‣ can be tested with supernovae rates; then with JWST	


!
!
Early star formation 
• allow main sequence star formation much early than the initial collapse of haloes	


‣ difficult constrain from low-z observations	


‣ problem of cooling to form small stars at low metallicities	


!
!
New clustering physics 
• haloes collapse earlier than allowed by current models	


‣ warm dark matter would suppress the z~6 halo mass function rather than enhance it	


‣ dark energy with w>-1 could enhance early structure formation, though Planck observations 

create considerable tension with the w>-0.95 required to solve this problem	


!
!
Better observations are needed 
• high-mass objects at high-z bring crucial constraints	


‣ need for wide area surveys (>1degree)	







Hildebrandt+09 - Halo Occupation Distribution (HOD)

Clustering analysis 
• possible because « large » area of the CFHTLS-deep	


• galaxy density ng	


• correlation length r0	


• slope of the correlation function γ 	


• bias b	


!
!
Halo model 

w(θ) = A θ-δ       ξ(r) = (r/r0)-γ 



Finkelstein+15 - Abundance matching

• by construction, the UV LF and 
halo mass function are in 
agreement	


!

• inconsistency pushed into the 
stellar to halo mass ratio



Bouwens+15 - Building the 4<z<8 UV LF



Star-formation density of the Universe

Bouwens et al. 2015

• correct UV luminosity for dust,	


• convert into SFR


