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Cosmological Microwave Background

5 years WMAP



Deuterium Primordial Abundance

● Constrains on 
Omega_baryons

● (Tytler et al. 2000)



Baryons Census
(Nicastro, Mathur & Elvis 2009, Science)



Phase Diagramme

(Davé et al. 2001)

WHIM (46%)

STARS  (7%)

HOT GAS in CLUSTERS/GROUPS

Ly-alpha FOREST



Mass Fraction Evolution

(Cen & Ostriker 2006)

Ly-alpha Forest

STARS & 
GALAXIES 

WHIM

Hot Gas in 
Clusters and Groups



Warm-Hot Intergalactic Medium 

50Mpc/h ΛCDM
simulation, with
hydro code. 
(Cen & Ostriker 1999)

• WHIM: gas with 
105<T<107 K

•  multiphase ISM, stellar 
formation, feedback, 
galactic winds    
⇒ to reproduce the 
history of star formation
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Figure 5
The ion fraction
distributions, represented as
column densities for a total
gas column of 1019 cm−2

and metallicities of 0.1 Z".
The UV lines are effective
at detecting absorbing gas
for T < 5 × 105 K and
currently have significantly
better sensitivity than the
X-ray OVII Kα and OVIII
Kα lines, which are good
diagnostics for gas
temperatures ranging from
0.5 to 5 × 106 K.
Absorption by OVII, OVIII,
and NeIX have been
detected at z = 0, probably
because of the higher
metallicity of Galactic Halo
gas. The NVII ion (dotted ),
which has a hyperfine line in
the radio region, is also
shown.

the resolving power for an unresolved line). At 0.1 of the solar metallicity and for
a temperature of 106 K, the column needed for a detection toward a strong X-ray
source is 1–10 × 1019 cm−2. The width of the line is FWHM = 54 (T/106)1/2 km s−1

if it is at the Doppler width for oxygen, but the sound speed in the gas is 150
(T/106)1/2 km s−1, so if there is sonic turbulence, the FWHM could be closer to
200 km s−1. Also, large-scale motion in filaments can easily produce velocity widths
of a few hundred km s−1. These line widths imply that the resolutions needed to
resolve the lines are E/(!E) = 1000 to 3000. However detections can be obtained
with a resolution of only a few hundred (the resolution for Chandra and the X-ray
Multi-Mirror Mission-Newton (XMM-Newton) near the OVII line is about 400).

4. X-RAY INSTRUMENTATION
Unlike optical and UV detectors, where one integrates over time and collects many
photons before readout, X-ray solid-state detectors count single photons. This is pos-
sible because of the relatively slower count rate but there is an enormous advantage
to the technique in that the number of holes created in the CCD is proportional to
the X-ray photon energy. Therefore, the energy of the input photon is determined
to 50–200 eV, leading to a resolution of 10–60, depending on the detector and the
energy region (0.5–10 keV). This yields a low-resolution spectrum at every location
and permits many narrow-band images to be constructed. When the incoming signal
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(Bregman 2007, AARA)



Simulating the IGM

(Oppenheimer, Dave & Finlator 2009)32 Mpc/h box
17,000,000 gas particles



Observation of the IGM

Lyman-alpha 
Forest



Detected in absorption in Ultra-Violet

Absorption in the 
spectrum of a 
background source

Broad Lyman-alpha 
Absorbers (BLA)

(Lehner et al. 2007)



UV Absorption

OVI, OVII abs, broad 
Ly-alpha (UV abs)

(Tripp et al. 2007)
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X-ray Absorption

OVII, OVIII :

106<T<107K

pbl with foregrounds



BINGO! Project
(Agence Nationale de la Recherche)

Marseille (Deharveng, Milliard, Tresse, Vibert, Conseil, Frank, Popping, 
Zafar, Peroux)

Paris (Teyssier, Rasera, Charlot) 

Lyon (Blaizot, Courty)



Mare Nostrum
Simulation

 (Rasera & Teyssier)

- dark matter density
- gas density
- gas temperature
- star colors 

=> study possibility to look for 
signture of WHIM in emission 
=> approach based on simulation + 
observations



Phase Diagramme

Frank et al. (2011)



Lyman-alpha Emission

amr cone resampled 
to fireball resolution



FIREBall Instrument

balloon-born

2000 Ang window

1st flight July 2007

science flight May 2009
=> upper limits

next flight 2013-2014
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Evidence for Winds

outflows

(Pettini 2003)



Other Observational Evidence for Winds

NaID in local ULIRGS (Crystal 
Martin et al.)

MgII in high-z galaxies

UV-bright galaxies (Heckman 
et al.)



Metal Pollution 

Carbon IV 
evolution in the 
IGM

(Ryan-Weber, Pettini, Madau & Zych 2009)



Simulations of Omega_CIV

(Davé et al.)



Evidence for Accretion

(Péroux et al. 2005)

STARS

 GAS HI

LOCAL GALAXIES



Evidence for Accretion

(Putman et al. 2009)

Star Formation Rate

 Stars

Neutral Gas



Simulations of DLAs



Simulation of Omega_HI

Nagamine 04, Tescari 09: mass reprocessing

Pontzen 08: only z~3

Hopkins et al., Bauermeister et al., Obrewskov et al.

=> new data coming with BOSS (BigBOSS, ngCFHT)



Is Delta_v a good proxy for mass? 

Ledoux et al., Zwaan et al.
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(Dekel et al. 2008)

Accretion along Filaments
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32
(Peroux, Bouche et al. 2011a, 2011c)

Connecting Gas & Star Formation

• Looking in emission for absorbing gas with SINFONI

1”

z~2



SFR per unit area

+ 1 non-detection 
with known CII*

• robust estimates

(Peroux, Bouche et al. 2011c)



Metallicity Map

N2 parameter (Pettini & 
Pagel 2004)

collapsed [NII]/H-alpha 
ratio map

metallicity rather uniform

=> possible signature of 
accretion

(Cresci et al. 2010, Nature)

(Peroux, Bouche et al. 2011a)



Metallicity Gradient

this survey more than double 
number of systems for which 
such measures are possible

‘inverted’ gradient 
- due to poor N2 metallicity 
indicator or 
- difference neutral/ionised gas

(Peroux, Bouche et al. 2011c)



Kinematics

compare rotation curve and absorption profile

(Peroux, Bouche et al. 2011b)



 Galaxies/IGM co-Evolution

CGM = Circum-Galactic Medium



Conclusion

Galaxy evolution studies need to take into 
account interactions with the InterGalactic 
Medium


