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IGM - Absorption Lines – Why? 

What were the physical conditions 

of the primordial Universe? 

What fraction of the matter was in a 

diffuse medium and how early 

did it condense in clouds? 

Where are most of the baryons at 

the various redshifts? 

How early and in what amount have 

metals been produced? 

Which constraints on cosmology & 

types of DM (e.g. ν ) are derived 

from the IGM LSS? 

What was the typical radiation 

field, how homogenous, and   

what was producing it? 

When and how, after the Dark 

Ages following recombination, 

did the Universe get reionized? 

Does the SBBN correctly predict 

primordial element abundances 

and CMB T evolution? 

Do fundamental constants of 

physics (e.g. , μ) vary with 

time? 
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due to gas emitted by the QSO itself or originated by intervening material? 

1969: Bahcall & Spitzer: most absorption systems with metals produced by 

the halos of normal galaxies 

1965: Bahcall and Salpeter predict QSO absorption lines 

1966: Burbidge et al.  3C191 – detected! 
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The Lyman Forest: 4C 05.34 (Lynds, 1971) 

One of the first QSOs with z > 2.5. The region bluewards of the 
Lyman-emission accessible to ground observations.  

A “forest” of absorption lines, much more numerous than in the 
region longward the Lyman- emission. 

→ intervening Lyman-α absorbers. 

 the sheer number of Lyman- forest lines strongly supported the 
idea that galactic and intergalactic gas, and not only material 
intrinsic to the QSO, is the source of most QSO absorption lines. 
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P200” + 

IPCS 

 

 
e.g. Young, Sargent, 

Boksenberg 1982 
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...or the AAT YBS 1979 
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+ SYB 82, Sargent, Young, Schneider 82, Carswell+ 82, Wright 82, Shaver+ 82, 83  
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Weymann, Carswell, Smith, 1981, ARAA,  

Absorption lines in the spectra of quasistellar objects 



 

 

first ESO-designed  spectrograph for the 3.6m 

telescope. Echelle format, suited for 2D detectors 

 based on excellent French optical design. 

(problems with the SEC Vidicon  detector) 

proposal to use RCA 512x320 pix CCD system 

with fast optical camera for first light at telescope.  

 Configuration  well matched to the relatively poor 

seeing of 3.6m. Competitive for  faint work at 

20000 resolution, with 90nm spectral coverage 

very smooth and successful implementation 

 limited on the faint limit by the CCD r.o.n.  

 Providing an unique capability to European 

astronomers for stellar and extragalactic work 

A Turning Point: CASPEC + CCD commissioning  - 1983 

 the MAMA device never  made to 

regular operation on the instrument. 

CASPEC was operated with CCDs till 

its retirement more than 10 years 

later. 
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Webb + 1988 
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EFOSC 
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Identifying the 

absorbers: 

from N(z) to 

N(V) and σ 

J.Bergeron + 
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EMMI echelle 

spectra 

Q0055-269 

Early-mid 90’s 



The UV background 
via the proximity effect                                      

(MaxLik: Giallongo, SC+ 1996)  

Bianchi, SC+01 

J22 = 5±1 
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The Lyman-forest IGM revolution 

High-res, high S/N spectra → clustering, metallicity (Cowie+ 95) 

Increasing clustering with increasing NHI (i.e. density contrast)  

Cristiani, D’Odorico, Giallongo et al, 1995,1997 
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HIRES 

@ Keck! 

1995 

Q1422+23 
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UVES @ VLT, 1999 
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ESO Messenger 118, 40 
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From Early Models of the IGM… 
Discrete Clouds 

• Clouds →Voigt Profiles →Too Low Density & Too 

high ionization → No star formation 

• No metals, No clustering, too many → unrelated to 

galaxies 

Pressure confined by a hotter and more tenuous ICM 

PROBLEMS 

• COBE (1989) limits  

on hot intra-cloud medium 

• Range in NHI - very large 

• N(z) 

• How did the clouds form?? 
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…to a new IGM paradigm: the Cosmic Web  

THE RISE OF DM MODELS – minihalos (Rees 86) 

Cosmological Hydro simulations 

 large number of collapsed DMH - too small to form stars and turn 

into galaxies 

 Warm photoionized IG gas sinks into mini-halos or accretes onto 

DM filaments and sheets 

 thermal gas Press. prevents further collapse (i.e.no star formation) 

 visible only in absorption 



DM  

STARS  

GAS  

NEUTRAL 

HYDROGEN  

Wm = 0.26 WL = 0.74 Wb=0.0463   H = 72 km/sec/Mpc    - 60 Mpc/h   

    COSMOS computer – DAMTP (Cambridge)  

Courtesy 

M.Viel 



GOAL: the primordial dark matter power spectrum 

 
 

 

 

      

 

 

Tegmark & Zaldarriaga 2002 

CMB physics 

   z = 1100 

  dynamics 

   Ly physics 

       z < 6 

    dynamics 

           + 

 termodynamics 

CMB + Lyman   Long lever arm  

Constrain spectral index and shape  

Relation: PFLUX (k) -  PMATTER (k)? 

Continuum fitting 

Temperature, metals, noise 



Cosmological implications: combining the forest data with CMB 

 n   = 1.01  ± 0.02 ± 0.06 

 s8  = 0.93  ± 0.03 ± 0.09 

Statistical error  

Systematic error  

SDSS Seljak et al. 2004 

Viel, Haehnelt, Springel 2004 

e.g. the Large sample of UVES QSO Absorption Spectra (LUQAS) 
 Kim, Viel, Haehnelt, Carswell, Cristiani 2004 



Cosmological implications: Warm Dark Matter particles 
 
 

 

 

  

LCDM WDM 
0.5 keV 

30 comoving Mpc/h  z=3 

Viel + 2008 

m(sterile neutrino) > 28 keV (2σ) 

   
m(WDM) > 4 keV (2σ) 

In general                                            if light gravitinos 



Ly-alpha forest as a tracer of dark matter 
neutral hydrogen (HI) is determined by ionization balance between 

recombination of e and p and HI ionization from UV photons 

Recombination coefficient depends on T(gas)  

Neutral hydrogen traces overall gas distribution, which traces dark 

matter on large scales, with additional pressure effects on small 

scales 

Density and temperature are correlated, modeled as a power law 

with slope γ and amplitude To 

 

The astrophysics uncertainties in the model can be parametrized 

with γ, To  and mean flux F (UV background) as a function of z 

They all have external constraints; (main problem is mean flux 

constraint, which is poorly determined)  

2

gasHI  
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Sensitivity and IR: X-shooter 

Great! Sensitivity + resolution between 

SDSS and UVES 

LP: QSOs and their absorption lines: a legacy survey of the high-z Universe (2012) 

100 h   (P.I. S.Lopez + Cristiani, Cupani, V.D’Odorico, Viel, 

Christensen, Dessauges, Ellison, Becker, Haehnelt, Menard, Paris, Prochaska, Hamann, Worseck) 



X-shooter spectrum: J0818+1722   (zem= 6.00, Jvega = 18.5)  

Si II 1260 

z=5.79 
C II 1334 O I 1302 

Si II 1260 

z=5.87 

O I 1302 
C II 1334 

Si II 1526 

z=5.06 

V
IS
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R=8800 

R=5600 

V.D’Odorico + 2010 



Metal pollution in the Universe 

13.8< log N(CIV) <15 

Adelberger 05 

D’Odorico, Cupani, Cristiani + 2012  

An archaeological record of past star formation 



The small-scale Structure of the IGM 

Multiple LOS 

expansion-collapse 

in the cosmic web 

winds 

Rauch, Becker, Viel et al. 2005 
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INAF-OATs, 30.03.11 32 

 
 

Sensitivity + Stability: 

Echelle SPectrograph for Rocky Exoplanets  

and Stable Spectroscopic Observations  

                                    



INAF-OATs, 30.03.11 33 

ESPRESSO @ the CCL of VLT 
Distances to Combined Lab 

UT 1 – 69 m 

UT 2 – 48 m 

UT 3 – 63 m 

UT 4 – 63 m 
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ESPRESSO: designed for stability 

ΔRV =1 m/s 

Δλ=0.00001 A 

15 nm        

1/1000 pixel 

ΔRV =1 m/s 

ΔT =0.01 K 

Δp=0.01 mBar 



Laser Frequency Comb 

Astro-comb 

Th-Ar 

Astro-comb: ~ 450 lines per order 

Th-Ar: ~ 150 lines per order 

Comb  RV mean Th RV mean Comb RV RMS Th RV RMS 

1 order -7.73132km/s -7.66583km/s 7.7cm/s 220cm/s 

72 orders - -7.69770km/s 0.9/0.8cm/s * 24cm/s 

* Extrapolation to 72 orders 

Measure RV of 61 Vir using 30 wavelength calibration files on one stellar spectrum 



𝐺𝜇𝜈 + 𝑔𝜇𝜈  𝛬 = 8𝜋 𝑇𝜇𝜈 
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Testing General Relativity 

Dynamics: measure a(t) ← H(z) 
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   A small signal .. 

this is for 107 years… Having much less time at our  disposal the 

shift is much smaller.. Why can we conceive to detect It NOW? 



Cosmic Dynamics  

& EXoplanets  = CODEX ~30 pairs of Ly 

forest spectra 

randomly distributed 

in range 

2 < z
QSO

 < 4.5 

S/N ≥ 2000 

Δt ≈ 30 yr 

~2000+2000 hours 

 Not observable 

from the ground! 

Pasquini et al. 2005 

Cristiani et al. 2007 

Liske et al. 2008 

‘L'astronomie est bien l’école de la patience.’  (letter by Danjon to Oort, 21 Sep1962) 



We have at least another 
50 years of fun ahead! 
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