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Overview

e cosmologists have built a “standard model” relating the dynamics of the Universe
to its constituents, but leaving us with unresolved questions regarding their origin

e astronomers face a troubling paradox: the only constituent (also the rarest) we
best know about it, baryonic matter, is observed today in a remarkable diversity
of galaxies we struggle to explain with simple arguments

¢ the field has known spectacular progresses from deep and large scale surveys,
combined with semi-analytic simulations and new analysis technigques

e the halo occupation distribution (HOD) model is based on the well-known dark
matter halo model and the simple assumption that the number of galaxies only
depends on halo mass to probe the relationship between galaxies and their host
haloes

e we applied this new method for the first time to the CFHTLS-Wide survey which
remains unmatched in terms of volume at high redshift and image quality
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. Introduction: cosmological context and open
guestions



The Universe In one slide

® the Universe is homogeneous and isotropic .
Simulations |- 4

o flat

® expanding and accelerating

® is dominated by (cold) dark matter and dark energy
® structures grow by gravitational instabilities of

primordial tiny fluctuations that experienced a huge Milenium simulation
expansion during an early inflation period
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Measuring the Universe

® General relativity (Einstein, 1915) is the
law of gravitation. It relates the space-
time curvature to its content:

® Einstein’s equation in the Friedmann-
Robertson-Walker metric (consequence
of the cosmological principle):

® which leads to Friedmann’s equations:

® where we define:

Hubble parameter
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Expansion rate and the cosmological parameters

Equation of state: p

e Matter: wm =0 Radiation
e Radiation: wr = 1/3 0.01

® \/acuum energy: Wa = -1 Dark matter

20.00
From dimensionless Friedmann’s equation:
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with € pp— and the constraint today: ~Baryons g
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Dark energy
e \\Vhat’s the nature of dark matter? 76.00

e \What’s the nature of dark energy?

= ACDM model: we assume it’s our

® time evolution of wa"? , ,
representation of the Universe




The growth rate of structures

Matter fluctuations are characterised
by P(k,t), which depends on
cosmological parameters:

Ho, Qm, @A, WA + 08, Ns

Initial power spectrum
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P(k,t) = D3 (t)P(k,0) = D3 (t)Ak™
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Growth of structures ( strongly
depends on DE and DM):
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The Hubble sequence
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Elliptical galaxies Spiral (disk) galaxies rare objects but carry
or early-type galaxies or late-type galaxies some precious information
or “red” galaxies or “blue” galaxies about galaxy evolution

How did galaxies form and evolve from the initial baryon
density field to the galaxy diversity as seen today?




galaxy number density

Galaxy luminosity function
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Basics of galaxy formation and evolution

Mo et al. (2011)

cosmological initial and boundary conditions

ACDM cosmology
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Star formation efficiency in dark matter haloes

Stellar mass function Halo mass function

e stellar mass function in a naive
picture where all baryons are
transformed into star
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Star formation efficiency in dark matter haloes

e stellar mass = only few % of the available baryon “fuel” (Qp)
e reaches a maximum of ~ 20% (at z = 0) for galaxies ~ Milky Way
e star formation less efficient in low and high mass haloes

“abundance matching” Guo et al. (2010)
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Open questions

Stellar mass

Stellar mass/Mh

A10f

0,01

shift of the characteristic halo

mass scale (“Downsizing”)
z=0 >

2=2

10

11 | 13
Halo mass (M)
Conroy & Wechsler (2009)

“Pure” hydrodynamical simulations face
difficulties to reproduce the observed stellar
abundance.

Key questions:

e the role of galaxy merging?

e AGN and supernovae feedback processes?
e the importance of the environment?

e impact of a different cosmology?

¢ Strategyx:

The relationship between Mstar and M changes
with time and at a rate which depends on halo
mass. Observing the stellar-to-halo-mass ratio as
function of redshift helps to understand the
physical processes involved in galaxy evolution.



. Linking the galaxy distribution to Dark Matter:
the HOD model



The halo occupation distribution model

Dark matter distribution defined by:
1.halo mass function
2.halo density profile

@ @ 3.matter power spectrum (halo bias)

@ @ @ <— dark matter halo
@ @‘Y\\ galaxies

Main hypothesis: the number of galaxies only depends on halo mass: o« ¢

+ dark matter (halo) space distribution, one can predict:
® the galaxy number density
® the galaxy distribution (clustering)



The halo model

Cooray & Sheth (2002):

Fig. 1. The complex distribution of dark matter (a) found in numerical simulations
can be easily replaced with a distribution of dark matter halos (b) with the mass
function following that found in simulations and with a profile for dark matter
within halos.



1. The halo mass function
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Is the number density of haloes as function of halo mass.
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Press & Schechter (1974) formalism:

in a CDM Universe, dark matter collapses
in overdense regions above the critical
density d¢ to form virialised haloes.
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1. The halo mass function (redshift evolution)

function results from structure

Redshift evolution of the mass |l
growth and halo merging. ! I

107 =

SR

1

Springel et al. (2005)

Halo number density
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2. Halo density profile

Description of how dark matter concentrates within
the halo. “NFW” profile accurately fits simulations:

Ps
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N 2
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Log radius
Navarro, Frenk & White (1997)



3. Halo bias

Sheth & Tormen (1999)

MUYl par: Describes dark matter halo clustering.
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HOD parameterisation

Idea: the number of galaxies ONLY depends on halo mass
(Berlind & Weinberg 2002, 2003; Kravtsov et al. 2004; Zheng et al. 2005).

Berlind & Weinberg (2003)

S & | Semi-analytic simulations:

—— SPH ’ 1 :

- Semicanatic S S e the number of galaxies only depends on
halo mass

1 e thereis a mass below which no galaxy

forms

e the number of galaxies then follows a power
law as function of halo mass

10 =

l ] x ¢
o "o Observable il mass

(galaxy properties)



HOD parameterisation
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Separation of the contribution from central and
satellite galaxies (Zheng et al. 2005, 2007):

ch(ﬂ’jr} = éll +erf(
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Important assumption: allows to treat central
and galaxy contribution separately.

® the smooth transition takes into account the scatter in galaxy formation
® Mmin cOrresponds to the halo mass of central galaxies
® |4, o describe the satellite number



From HOD to observables: galaxy number density
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Convolution between halo mass function and HOD:
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From HOD to observables: galaxy clustering
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Last step: projection of xi(r)
with HOD with redshift distribution

N/ /

&) =1+ &6(r) + &(r) w(f) = 2]{; d.rf(.xf)zﬁ dué@r = Vu? + x262).




Physical parameters

N(M)
Mgal(2) Galaxy bias

be(2) = fdMI;-h(M. 2)n(M, 2)

N(M)
Ngal(2) Mean halo mass

<M|m|n>[:J = fdMM”(M-. 3)

N.(M)
Ngal(2) Satellite fraction (1-fc)

fuld) = f dM n(M, z



ll. Measuring galaxy clustering in the CFHTLS
Wide



Photometric redshifts

LePhare: PHotometric Analysis for Redshift Estimations (S. Arnouts & O. llbert). Code
for photometric redshift estimation based on template fitting and bayesian approach.

SED libraries:
' alaxies/stars/QSO
5 2?2,':?68 —— T4 — Tl
l + extinction, IGM

® Best redshift, second solution (many assumptions here)

® Type, E(B-V), extinction

® Returns a x? for galaxy, star and QSO library

® Uncertainties, PDF(z) advanced
® Absolute magnitudes features
® Physical parameters: mass,mean age,SFR,etc.



1 + zphot

Results with LePhare

Raw results with template fitting
(no spectroscopic calibration)

llbert et al. (2006), i’'as < 22.5

vvvvvvvvvvvvvvvvvvvvv
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2 ol 1 . Systematic trend
e | , Systematic trends
L | llbert et al. (2006):
' 2 3 4
1 + zspec

CFHTLS deep vs VVDS deep (le Fevre et al. 2005)

Idea: calibrate photo-z’s with spectro-z’s.

1. correction of systematic offsets

2. template optimization

3. galaxy distribution priors



Improved results with LePhare

Raw template
fitting-no —
improvement

1+zp

priors —>

Reduces
catastrophic errors

CFHTLS photo-z’s vs VVDS spectro-z’s, i'as < 24
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Photo-z errors

Comparison with spectro-z’s Computed by Le Phare
= “real errors” = “estimated errors”

photo-z dispersion, g, robust
estimator of the standard
deviation:

From the PDF(z), 68% confidence
limits are defined as:

: 2 ., >
TAz/0+2) = 1. 48x median(|Az|/(1 +24)) Av'@D = x@-xp = 1

outlier rate, n (number of
catastrophic errors), as the
number of objects with:

and our error estimate becomes:
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The Canada-France-Hawaii Telescope Legacy

Survey (CFHTLS)

Photos: J.-C. Cuillandre

® 450 nights observed with Megacam @ CFHT in u,g,t,i,z filters
® [erapix is in charge for the data reduction (latest release TOOO06)
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CFHTLS-Deep&Wide targets
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® the survey is completed since december 2008

® Deep survey: 4 independent fields (total 4 deg?) i < 27.5
e \Vide survey: 4 independent fields (total 133 deg?) i < 25.5

® \ery Wide survey




CFHTLS-Wide and spectroscopic data
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Effective area of the Wide: 133 deg?
3,000,000 photo-z’s in the Wide part
600,000 photo-z’s in the deep part
(S/N ~ 40)

calibrated with 20,000 spectra:

® \/\VVDS Deep (Le Fevre et al 2005)
e \/\VVDS F22 Wide (Garilli et al 2008)
e DEEP? (Davis et al 2007)



Photometric redshift accuracy

Photo-z's computed from the Terapix TOOOG6 release using template fitting method
and spectro-z calibration (llbert et al. 2006, JC et al. 2009):

1. correction of systematic offsets
2. adaptation of templates
3. use of n(z) prior

W1/WDS deep W3/DEEP2 W4 /WDS F22
175 < <2257 7 77 175 < <2357 77 175 < <2257
¢ v SR R R oo w1 Dispersion:
- . If e - - . ;-‘t' i .
photo-z ' L _ ]

Outlier rate: n < 4%

Ay /(1+zs)

spectro-z
The full sample includes 3,000,000 reliable redshifts (i < 22.5) over 4 independent
fields covering 155 deg? (effective area).



Sample selection - galaxy type

Red galaxies

Blue galaxies
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Total sample (i < 22.5): 3 000 000 galaxies
divided into:

® red galaxies: El, Sbc

® blue galaxies: Sbc, Scd, Im, SB1, SB2
(equivalent to a colour selection)

In general blue galaxies are more numerous
than red ones but:

® pblue ones dominate faint samples

® and red ones dominate bright samples
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Sample selection - redshift/luminosity

Full Red Blue
CFHTLS Wide — all galaxies (i < 22.5) CFHTLS Wide — red galaxies (i < 22.5) CFHTLS Wide — blue galaxies (i < 22.5)
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® threshold samples (guarantees the presence of central galaxies)
® five redshift bins, 0.2 <z < 1.2

® 45 samples

® blue bright samples are discarded (weak clustering signal)
® |arger samples have over 1 000 000 galaxies

® galaxy number density estimate: Niota/Volume:  7gar = Nota/

s Y/
o — dz|,



Angular two-point correlation function 6

Data Random (= same geometry)
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Landy & Szalay (1993) estimator:  w(®) = NeMa-D(RR ~ Ne RR T

(low variance and bias)




Fast angular correlation function measurements

PB: classic estimator scales as N2
would take weeks for ~ 1 000 000 object
samples

SOLUTION: for large angular
separations, correlate boxes instead of
individual objects and build optimised
boxes with kd-tree

now scales as N log N

adaptive approximation ~ 0.5

l « Size of the box
= 0/dy,

\

angular separation

Moore et al. (2001)



Estimating errors - w(0)

Red
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Covariance matrices estimated from
Jackknife estimator using 62 realisations.
4 independent fields allow a non-biased
(although noisy) cosmic variance estimate
® |arge scales highly correlated

® small scales correlated for red galaxies



Estimating errors - photometric redshifts

® photo-z error estimated from PDF (cf previous slide)

® &(n projected using redshift distribution of photo-z convolved with photo-z error

® cross-correlation check (a la Benjamin et al 2010): photo-z contamination should
create a positive cross-correlation between redshift bins
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o108 ; results:
001k ] ® small cross-correlation between adjacent bins
g . AT B 3 likely due to the large-scale structure
S e ® no significant contamination found between
05 05 distant field
3" ﬁ\ ® red samples (better photo-z) perform the best
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V. Results: new insights on galaxy evolution
sincez ~ 1.2



Fitting HOD parameters

Likelihood: x > [ 6 - o1 ") [ 0 - 9][

® constraints from w(B) + galaxy number density

%

® population monte carlo (PMC): likelihood space is likelihood space
sampled from a proposal (importance sampling
method, see Cappé et al. 2004) Wraith et al. (2009)

0035 —

' ' pbster'ior p(le) A
proposal G(8) -

® the proposal is iteratively adapted to match the
posterior (convergence: “perplexity” — 1)

0.03 |

0.025 |

0.02 |

probability

® same results as MCMC but not point is rejected and el
the method is easy to parallelize (10 times faster) 001 |

0.005 |

(M. Kilbinger)



Fitting HOD parameters

All galaxies

ook

® Mmin, M1, MO, Ulogl\/l al’]d X f|t

simultaneously

e flat prior for all parameters

bogvia

—T BT T

r ]

T -
B = 1=

T ; o SRR Qo
A R

-

-

ra.J.-.I.a_J.-_l.a. R — i '} 1 1

- ] woom . O L

Kgries kg Keroivl

w(6)

— -
Al _
t Central
S | Satellite
SE
M
=
ERy
=z
v
=53
=11
o E
I Y B Y BT R
1011 1012 1013 101t 1015
Mhalo (h_lMG)
+ data (x’= 3.44)
model
| === 1—halo term
10.00¢ ———————— 2—-halo term
1.00F 3
0.10} :
0.01f 1
1 1 PR i aaaal

0.010 0.100 1.000
0 (deq)



Clustering measurements - all galaxies
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Clustering measurements - red galaxies

Red galaxies (M =5log(h) < =19.8)
— — —
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Clustering measurements - blue galaxies

redshift evolution Luminosity dependence
Blue galaxies (M —5log(h) < —19.8) Blue galaxies (0.4 < z < 0.6)
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Halo mass vs galaxy luminosity

halo mass

All galaxies
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® prighter galaxies reside in more massive haloes

® halo masses decrease with redshift

® red galaxies reside in more massive haloes than blue ones




Redshift evolution of L/Mh?

CFHTLS Wide - all galaxies (i < 22.5)

—24] _— ® PB: galaxies experience passive
i ’/\J///—ﬁ}x ] evolution (due to stellar population
=221 —f] J ageing)
= :
> - : : :
= _o0f sample | - ® a constant luminosity selection
2 3 selection | | “sees” different populations at
:Ej _18f ) different redshifts
B ' passive evolution ]
_16k rl 1 @ consequence: we observe less
- ol . . . . b n ] massive galaxies at higher redshift

0.0 0.2 04 O. 0.8 1.0 1.2 1.4
redshift

decrease of M is partially due to this selection effect




Transtorming luminosity into stellar mass

COSMOS 30-band stellar masses vs Lg:

Red galaxies
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From llbert et al. (2010)

No stellar masses (yet) in CFHTLS, but

luminosity to stellar mass relation derived
from COSMOS

For red galaxies:
e stellar mass proportional to luminosity:

—) = ()
For all galaxies:
® non trivial relation due to the mixing of
red and blue galaxies
® applied the “red” correction but probably

underestimates the faint luminosity
evolution



Stellar-to-halo mass relationship - all galaxies

halo mass
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JC et al. (arXiv:1107.0616)



Stellar-to-halo mass relationship - all galaxies

® relation between halo mass and central
galaxy stellar mass

® redshift evolution of Mstar/Mh

® put uncertainties at faint luminosity
(where blue galaxies dominate)

halo mass

® parameterised relation between
luminosity and halo mass:

(Zehavi et al. 2010)
/ (87

stellar mass
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halo mass
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JC et al. (arXiv:1107.0616)



Stellar-to-halo mass relationship - red galaxies

. L'/L.
Red galaxies 0.1 1.0 10.0
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® weak redshift evolution of Mstar/Mh 16 et i, (arxivid 107.0616)



Stellar-to-halo mass ratio vs halo mass

stellar-to-halo mass ratio

I
N

I
N

All galaxies

L. 0.2< 2< 04

12
halo mass

14

We can re-write

SO )

ST (=)

& stellar-to-halo mass ratio

as function of halo mass

JC et al. (arXiv:1107.0616)



Stellar-to-halo mass ratio vs halo mass

stellar-to-halo mass ratio

I
N

I
N

All galaxies

L. 0.2<2< 04
04 < z< 0.6
12 14
halo mass

Redshift evolution:
® M peak Shifts at higher mass

® \star/Mh decreases with
redshift

JC et al. (arXiv:1107.0616)



Stellar-to-halo mass ratio vs halo mass

All galaxies
Redshift evolution:

O 2} 4 e trends confirmed at higher
T + - redshift
%) 4 +~ '
e hRY | e the position of the peak does
A Y
- \ not depend on L—=Mstar
3 ; |
c [ | e the amplitude variation
o 09 < v < 04 N i depends on L—=Mstar (larger
+ _zp20. z . \ i it
L 3 04 < 2<06 ‘. variation expected)
D . ©0.6 < z< 0.8 AR P
1% =
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halo mass

JC et al. (arXiv:1107.0616)



Stellar-to-halo mass ratio vs halo mass

stellar-to-halo mass ratio

I
N

I
N

All galaxies
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Redshift evolution:

® the peak is poorly
constrained in the highest
redshift bin

® stronger evolution seen in
low-mass haloes than in
high-mass ones

JC et al. (arXiv:1107.0616)



Stellar-to-halo mass ratio vs halo mass

stellar-to-halo mass ratio

I
N

I
N

Red galaxies

12
halo mass

Red galaxies
® the peak is at higher mass

® slower redshift evolution in
low-mass haloes

JC et al. (arXiv:1107.0616)



Implications for galaxy evolution

® in the local Universe, the stellar content has been most efficiently accumulated in
haloes of mass (Mpeak) ~ 10" Msun

® star formation is “quenched” by feedback processes at both halo mass limits

® the shift of the peak with redshift is caused by a differential evolution in low- and high-
mass haloes (“downsizing” effect)

® in the full sample the evolution is more rapid in low-mass haloes (samples dominated
by blue galaxies)

® active star formation raises the SMHR with time (decreases with redshift)

® red galaxy SMHR do not show significant evolution, consistent with passive evolution



Comparison with the literature

125

-
R
-
-
-
-
-
-
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-
-

M h|oeak

LI S

" 0 JC et al. (arXiv:1107.0616)
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-
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0.0 0.5 1.0

redshift

1.5

DOee

CFHTLS all (this study)

CFHTLS red (this study)

SDSS, Zehavi et al. (2010)
COSMOS, Leauthaud et al. (2011b)
NMBS, Wake et al. (2011)
Behroozi et al. (2010)

- Moster et al. (2010)

® Similar trend for observations and semi-analytic simulations

® Excellent agreement with SDSS

® | ower value than in COSMOS (cosmic variance issue?)

® No significant evolution for red galaxies: passive evolution since z ~ 1.27?



Should we trust the L= Mstar cOnversion?

stellar mass-to-luminosity ratio

Red and blue galaxies have different Msta/L relations. Besides blue galaxy
Mstar/L depends on L. For the full sample Mstar/L is fairly complex

Red galaxies
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Should we trust the L= Mstar cOnversion?

PB: “red” correction assumed for all samples. How do results change if we
applied an “extreme” correction based in blue galaxy evolution?

“red” correction “blue” correction
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Should we trust the L= Mstar cOnversion?

“red” correction
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e amplitude of the peak strongly depends on the correction

“blue” correction
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® position of the peak is very robust in the range [0.2,0.8]

® put high redshift point is weakly constrained



The importance of mergers in galaxy evolution

with galaxy mergers
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Satellite galaxy fraction

All galaxies Red galaxies
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® humber of red satellites is larger than in full sample JC et al. (arXiv:1107.0616)

® increases (decreases) with time (redshift)

e flattens at high luminosity (larger number of small haloes with single galaxies)



Satellite galaxy fraction - redshift evolution

0’5.---|

satellite fraction

0.0t

All galaxies

L'/L.
0.1 /1.0 10.0

0.4 F
0.3F
0.2

0.1F

® SDSS (z2=0.1)
W DEEP2 (z=1)

- - Fixed HOD (z~0.5) 1

corrected luminosity

= 0y

T |

halo mass

function (M,2) HOD [=f(z)"]

® keeping HOD fixed (z~0.5 values), we
extrapolated fsat in luminosity and redshift

® No significant departures with local Universe
measurements

— consistent with HOD(z) ~ cst. Minor role of galaxy mergers?




Galaxy bias

All goloxies Red galaxies
/L /L

F . S . —— PO . et
® bias increases with $r 'y STy R
i ) ) 1 #0.6 <z<08 > | #0.6 <z <08 g /4
luminosity and redshift APeis a2 '{' : SR e ';}-
® prighter galaxies reside ing | . 10O ¢ T
more massive haloes or o L E B e e, ]
‘_;;:___IL_-if;:r’m"“ ;::;:-Ef:i;:m ]
1F e 1F -
Shrghieamplesdopart e e w0 e e m

rom “ z) = cst” : :

2 corrected luminosity
model

5[ . j
af ] ]
n | 5 5
@ 3¢ ] ]
Q E ]
er. ] ]
1} . ]




Mean halo mass

%)
® mean halo mass %
increases with luminosity -
but decreases with O
redshift P
-

® prighter galaxies reside in%
more massive haloes &

® pright samples strongly

depart from “HOD (2 = @
cst” model ©
&
O
©
c
-
S
D
&

All goloxies Red galaxies
L'/L L'/L
0.1 1.0 10.0 dp) 0.1 1.0 10.0
[ 02<z<04 1 N 2[a02<z<04 g
nD4 < z< 06 i cﬁ m04 <z <06 * 4
'®0.6<z<0.8 et 1 '#0.6<z<08 o ore
+0B<z<12 £ E ++08 <z2<1.2 ke
4 .-'7?‘ n O 4 Jgfﬂ =
g ] © | f
"‘:" ’ E £ L - - e v: = 2 ':.'-;f-?' E
: o 1 c t -- - - W L ;
o ] S 0 ------- i
9 a BESSE SPCINE ] @ 4 foEes )
16 -18 =20 =22 -16 -18 =20 =22
corrected luminosity
3 I L] Measured HOD wn > I » Measured HOD
_ s Fixed HOD (z~0.5, np=L'/L) 1 @ [ e Fixed HOD (2~0.5, n=L'/L)
o = {04 2
@ 1 ®© [ (%
S
cf g c
| | S -
L D)
0.0 0.5 1.0 1.5 2. E 2.0

redshift



V. Conclusions



Conclusions

¢ understanding galaxy formation and evolution is challenging

e the HOD formalism, a powerful combination of the halo model and simple
assumptions, brings valuable hints on the relationship between galaxy and dark
matter

e the CFHT Legacy Survey is a unique combination of depth, area and image
quality

e e measured the galaxy clustering using advanced tools in the CFHTLS Wide
and checked that no systematic would dominate our error budget

e when applying the HOD model to the CFHTLS, we were able to derive precise
constraints on galaxy evolution



Conclusions

e for the full sample, Mh, peak = 4.5 10M11 Msun and moves towards higher halo
masses at higher redshifts, suggesting that the bulk of star-formation activity
migrates from higher halo mass at high redshifts (z~1.2) to lower halo mass
haloes at lower redshifts (z~0)

¢ red galaxies do not evolve significantly but experience passive evolution
e for galaxies in haloes < 10N 2 Msun, we observed a increase in satellite fraction
of about 2, which is consistent with a pictures where galaxy mergers do not play

a significant role for galaxy evolution

e an important step further is to better understand the physical processes
responsible for the evolution of galaxies

e future observations with accurate stellar masses and a better model for blue
galaxy clustering will be necessary to complete this study



Additional content



Abstract

New insights on galaxy evolution since z ~ 1.2 from the CFHT Legacy Survey

Abstract: In the last few years, it is has become increasingly apparent that the mass of dark matter haloes in
which galaxies reside is a key factor in regulating their formation and evolution. It is now evident that galaxies in
low- and high-mass haloes experience very distinct fate. In this presentation, | will first explain why studying the
relationship between stellar mass and halo mass brings valuable clues about physical processes involved in
galaxy evolution. In the context of the halo model, the simple - but powerful - assumption that the number of
galaxies only depends on halo mass, the halo occupation distribution (HOD) model, leads to an accurate
analytic prediction of the galaxy distribution. Reciprocally, interpreting galaxy clustering using the HOD model
allows to make a direct comparison between galaxy properties and halo mass. By using accurate galaxy
clustering measurements over 133 deg? of the “Wide” component of the Canada-France-Hawaii Telescope
Legacy Survey (CFHTLS), we performed a detailed investigation of the changing relationship between galaxies
and the dark matter haloes they inhabit from z ~ 1.2. | will then pursue my talk with a presentation of this
unique data set combining depth, large area and high image quality, and | will finally present our results and
their implications for galaxy evolution.



Photometric redshifts

Weaknesses of spectroscopic redshifts:
® requires hours of observations

® [imited to i<24

® fails in the “redshift desert”

Photometric redshift is the most efficient way to
measure numerous redshifts

prelies on global spectral features
p efficient

p statistical purpose only

Weaknesses of photometric redshifts:
e suffers from large uncertainties
® and important degeneracies

Several methods are currently used:
1. Artificial Neural Networks

2. Template fitting

3. Bayesian methods

photometric bands

iy

\
A

log(AN)
Some photometric surveys:
HDF, SDSS, CFHTLS, COSMOS

COMBO 17, GOODS, GEMS, etc.

z>0

log(flux)

\ 4



Template fitting

ofFor e.g. : Hyper-z (Bolzonella et al. 2000), Le Phare (S. Arnouts & O. llbert)
eUses SED templates and minimizes the x? to find the redshift
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Best x° gives photo-z, model and normalization and allows to extract more physics
(but strong dependence to templates)



2. lemplate fitting: galaxy populations

log F,/F,(10000 &)

Hubble’s sequence improved by
Kormendy & bender (1996)

1= —  _ E I
i % | ,
B —— Sed ,ELLIPTICAL GALAXIES

l \\\" \\, 1 . .
0 I o 1 '\ E(b)4 SB( . sBa
i '/V S 3/\‘9‘”‘y Disky Q\\, 3 = e O e
A ;”N N e \\\~~ “),’ -\~ \ LAl J'//I
=1 F /% ________ N A F i ,,/
LN,
[ SED ‘ “Red” galaxies (30%) S o--- -7
—2 & | | 2 : N | 2 | £
3 3.5 4 4.5 . , ,
log A[A] Blue” galaxies (70%)
(Hyper z’s user

manual) /
Irregular galaxies

+ morphology? (not resolved from ground-based telescopes)



Stellar evolution

Red galaxies show older stars and

Evolution of a stellar population

I

0+ 0.001
M’\WH

l

stronger Breaks -> leads to best photo-
z estimates

Blue galaxies form stars and contain a
lot of gas -> needs to take the internal
extinction into account

Degeneracies come from
e confusion z/type

e z evolution

e SED uncertainties

1000
A/A
Bruzual & Charlot (2003)

10\
Balmer break

Lyman break



Bayesian approach

: - ; P(C|z)P(z
With observed or synthetic models of SED + Bayes’ theorem: P(z|C) = ( P' ( (),)( )
. _ .... E/S0 — — | ‘
L(2) :Cxp(_%) likelihood ——— § [ » i
L' i == ey
n(z,T,m) derived _ 5 |
from spectro-z’s ~ PMOr g 5
Probability posterior ~ 5 b
Distribution Function U e me e
marginalization —> g o
R R e LR S

Very useful to break degeneracies but beware
of abusive use of priors !!

BPz, Benitez (2000)



e Phare

PHotometric Analysis for Redshift Estimations (S. Arnouts & O. llbert)

Code for photometric redshift estimation based on template fitting and
bayesian approach

SED libraries:
magnitudes galaxies/stars/QSO
+ errors + filter set
+ extinction, IGM
e Best redshift, second solution (Lots of assumptions here)
® Type, E(B-V)
® Returns a x? for galaxy, star and QSO library h
® Uncertainties, PDF(z) advanced
® Absolute magnitudes > features
® Physical parameters: mass,mean age,SFR,etc. b

But: can be time consuming...



Probability Distribution Function

68% confidence interval:

A (2) = x*(2) - = 1

2
X min

max(likelihood)

l ond golytion

1/

T I T T T T T T

>

p(z|C,m,)
BERERRRNREENE

>
—_
Ny H
o

® redshift estimate: max(likelihood) or median(PDF)

® crror estimate: 68% confidence limits

® odds parameter (Benitez et al. 2000)= “peakiness” of the PDF
® second peak information provided

® real PDF? Probably not...

® How to use all the information?

N



Photo-z errors

Comparison with spectro-z’s Computed by Le Phare
= “real errors” = “estimated errors”

photo-z dispersion, @, robust
estimator of the standard
deviation:

From the PDF(z), 68% confidence
limits are defined as:

Taz/1+z) = 1.48xmedian(|Az]|/(1 +2z5)) :?-.1[1(:} = 1:[:1 - 1;:““ = ]

outlier rate, n (number of
catastrophic errors), as the
number of objects with:

and our error estimate becomes:

|:i¢[t':("'w-'il’ -:nj_aht”"'w-i )|
Azl = 0.15 x (1 + z,) Oz, = 3

—_




1 + zphot

Results with LePhare

,,,,,,,,,,,,,,,,,,,,

Raw results with template fitting
(no spectroscopic calibration)

N\

llbert et al. (2006), i’ag < 22.5

! ' A g | gret¥
4<_—- e | | - ,: Ec 24 ;!ﬁ' .
_ K 1 Catastroph.ic errors | ‘ PDF() |
3 ., 7 = “Oultliers” " § il
AR A ] H
s I':‘-‘L.. ] |
o | 15-;.;:&-- Al:'-: : | . 10 ’\(R) 1 T
e Systematic trends
) i |dea: calibrate photo-z’s with spectro-z’s.
WETCT . lloert et al. (2006):
N e S I S B I 1. correction of systematic offsets
1 | +2, spec 3 4 2. templatg optlm!zatlorj
3. galaxy distribution priors

CFHTLS deep vs VVDS deep (le Fevre et al. 2005)




1. Correction of systematic offsets

Mainly comes from poor filter knowledge and calibration uncertainties

Using spectro-z’s, one can put back
the photometry in the rest frame and

compute the sum: =y [(A x Fl g— Fh + -sf) /aj:bs]
All objects with Nous
spectro-z 2
Spectro-z we notice photometric systematic
- .
R 3 3 offsets but with small dependence on
N ¢ magnitude and SED type:
/

; ! I CWW CWW CWW PEGASE

N filler 7, <21.5 {,,<225 <235 {i,<225

/ i \ I B +0.068 +0.071 +0.067 +0.078
Vv -0.037 —0.043 -0.046 —0.038

R +0.089 +0.090 +0.003 +0.102
> I -0.002 +0.001 +0.004 —0.008

/ \ e +0.020 +0.019 +0.008 +0.076
log(\) g 0071 0079 0080  -0.080

r +0.002 —0.002 -0.005 +0.000

Template Observed i +0000  +0000  +0.000  +0.000
. Z -0.006 —0.008 -0.006 -0.027

magnitudes

llbert et al. (2006) with VVDS



2.

Template optimisation

0.5

llbert et al. (20006)

IIIIIIIIIIIIIIIYIIITI

lIlII!!‘.j.]:Y_IIYIIIYIIII
o -

En L ey . Sbe —

Illl[llllll—

llll[l

llllllillll

S IR I AT A A A A

5000 104

Optimized templates

CWW templates +
Starburst template from
Kinney et al. 1996

AT T T T N T T A A

R e ,_.;!.vv:.,;.‘,. a .
PN T T T T T DY T e e

5000 104

b

A(R)

Problem: original templates
(CWW) have been observed
with different instruments and
on a small sample of galaxies

might not represent real SEDs
and create systematic trends

solution: adapting the
templates to the data. Again
with spectro-z, put back the
photometry in the rest frame



3. Galaxy distribution priors

Priors constructed with spectro-z galaxy distributions (here VVDS)

SED type probability distribution redshift distribution per type
. : Z k&
. —k (¥, n—20 £ ' -
p( TI';\B) = ﬁe Uan=20) Pl fig) oet exp( Zor + km:(i,'qB il 20)’ )
E E/SO ::n/esgo=20.23,26
0.8 ':-
0.6 &
04
02 E
0 E f | f : A
1= Sbe/Sed
__0BE . mag=20,23,26
g 06f E
Eo04F N
& oo02F g
0E >\
1F Irr/SB3/SB2
0.8 mag=20,23,28
0.6 |-
0.4 &=
0.2 —
O g o o N A W R
20 22 24 26 0 1 2 3 4
mo Z

» p(z, Tliyy) = p(Tli\pg)p@T, i’g) Margoniner & Wittman (2008)



Improved results with LePhare

Raw template
fitting-no —
improvement

1+zp

priors —>

Reduces
catastrophic errors

CFHTLS photo-z’s vs VVDS spectro-z’s, i'as < 24

[9))

AV}

Offset correction
+ template
optimization
Removes
systematics

<~

No systematic
Dispersion (o) divided by 1.5
Outliers rate (n) divided by 2

E T T T T I mTT l]llll]lll”l’{lll:z T T T T l LI lllllllllll’.ll,illl:
- method a) 4 method b) =
- 0 T ]
oy 0 © T . o
F e 2 :*’°§o§o@o ° g .
N ® 2y o . 1" o0 H ) 8»"‘ N
| ogifET 2865 gal. | e 2867 gal.
- g ) n: 7.4% 1 ° 5-.'""' sl n: 55% 7
I o:  0.047 7 & it o:  0.031 7
- ] w0 )
5D v
Wg - o 1 il 0, N o i
IS0 o : ° S
Yz 'do ) ‘?l"i' 1 |011.|1||||||||||||||
~ method c¢) 3 2 3 4 9
:_ W& @ =
" o %8s , ]
[ 2 —
i Q o ?,_-.‘.o" _-..," o ]
L S . A i
B v o 2867 gal. _
SR~ n: 3.8% -
il A
i : N o: 0.029 7
k. ©
L % 4
A . o

e anEnte o 0 o -
. ;,“‘-_'O ' . .

oD = 4 [ B N A A N AR AR ARET
1 2 3 4 5

lbert et al. (2006) '



Improved results with LePhare

Elliptic/red galaxies
show no catastrophic
errors

1+zp

CFHTLS photo-z’s vs VWDS spectro-z’s, i'ag < 24

T T T lllllllllllllll!,‘ll

—Ell (395)

T 1.8%
T 0 0.031

1 1 1 l llllllllllllli'llll

T

1
1

T llllllllllllllllllll

T T T I]lllllllllllll‘!,lll:
Sbc—Scd (663) Ry

2.17%
o 0.028

SB (633) —

llbert et al. (2006)

5-0 'QOO 9 :
L %o . o o ) ]
E . o"“_‘-:(_év ‘ . . .‘:‘ / . i
- gl 297 ° i g B.7%
. MM 5 0.029 ° iy 00032
: w 3 1' ; .o '

. o 8 °

[P o - “‘ . ' . .

4 1 1 1 I 1 IIlIlIIIIllIlIllII @-1 1 1 l 1 lllllllllllllllll
1 2 3 4 51 2 3 4 5

1+zs

Starburst galaxies
need more
improvement
(emission lines?)



Star/galaxy separation

stars can be an important source of contamination: up to 50% Size +
magnitude is sometimes not enough to separate stars from galaxies

|dea: adding the colour information to
400 y : | ¥ ! H H
17.50 < gy < 21.00 improve the selection:
B i Star <=> rn < rhiimit AND X%gal > XZstar/2
= 2001 Galaxy <=> rh > rimit OR X°gal < XZstar/2
100
. calibrated with VVDS spectra /
181
201 161 Stars e .
" 8 P '_ // Galaxies
L Stars except if %~ o .
o 20 Koo < Xoswl2 Fl el

lab

Results: in W4, star contamination
reduced from 50% to 8%, keeping WL
99% of galaxies i

26 -
Method used in the source gl wdEESLL e T
selection for VIPERS 0 : 9 3 4 5

Th






