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Inferred from  Ωb (%) for h70=1 

BBN + D/H  4.4 ± 0.4 

CMB anisotropy  4.6 ± 0.2 

Lyα forest at z>2  >3.5 

ObservaIons at z<2 

Stars  0.26 ± 0.08 

HI + HeI + H2  0.080 ± 0.016 

X‐ray gas in clusters  0.21 ± 0.06 

Lyα forest   1.34 ± 0.23 

Warm + warm‐hot OVI  0.6+0.4‐0.3 

Total at z<2  2.5+0.5‐0.4 

Missing baryons at z<2  2.1+0.5‐0.4 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The missing baryons 



The Warm‐Hot IGM 

•  Hydrodynamical simulaIons predict that, for z<1‐2, 
roughly 30‐40% of the baryons lie in a tenuous 
warm‐hot intergalacIc medium (WHIM) at 
overdensiIes δ ≈ 5 – 100 

•  The WHIM was shock‐heated to temperatures of    
105 – 107 K during the process of structure formaIon 
(accreIon onto non‐linear structures like filaments 
and clumps)  







30 Mpc/h 
5° at z=0.1 



The WHIM 

•  At these temperatures C, N, O and Ne (the most 
abundant metals in gas with solar‐like composiIon) 
are highly ionized 

•  They are mainly found in the ionic states with one or 
two electrons 

•  The strongest bound‐bound transiIons from these 
ions fall in the sof X‐ray band 



WHIM lines 





The WHIM in absorpIon 

•  A forest of weak absorpIon lines is expected to be 
imprinted in the X‐ray spectra of all background sources 
by these WHIM filaments 

•  This is the direct analog of the Lyman‐α forest due to 
colder neutral hydrogen detected in the opIcal spectra 
of quasars 

•  Typical expected column densiIes are N<1016 cm‐2 with 
equivalent widths of W<18‐30 mÅ, depending on the 
parIcular ion 





WHIM detecIon 

•  Metal absorpIon lines from warm‐hot gas at z=0 have 
been detected in X‐rays and in the UV in associaIon with 
the Milky Way and the Local Group 

•  To measure the cosmic density of the WHIM requires 
observaIon along random, unprivileged, lines of sight 

•  In the standard cosmology, only a single OVII Kα system 
with N>1016 cm‐2 is expected along a random line of sight 
up to z=0.3 with a probability of nearly 60% whereas 
eight systems with N>1015 cm‐2 are expected 



Why is it hard to detect them? 

Detectors are smaller in X‐ray and spectral resoluIon is 
poorer than in other bands: 

•  COS on HST: 2,000 cm2 and R=20,000 
•  LETG on Chandra: 15 cm2 and R=440  
•  RGS on XMM: 55 cm2 and R=360 

•  The typical equivalent width of the more common 
WHIM lines (OVII) is 3 mÅ while the spectral 
resoluIon of the instruments is roughly 50 mÅ 



•  Therefore a very large number of photons is needed 
for a staIsIcally significant detecIon of a non‐
saturated line (nearly 2,500 counts for a 3σ 
detecIon) 

•  However, distant sof X‐ray sources are faint and this 
would require prohibiIve integraIon Imes (the 
brightest Seyfert galaxies would require 2.5 Ms 
integraIon with Chandra even though they only lie at 
z=0.05) 

•  One possible soluIon is to observe variable 
background sources in unusually bright states 



DetecIon of the WHIM 

•  On 26‐27 October 2002 and 1‐2 July 2003, Nicastro et al. 
observed the blazar Markarian 421 at its historical maxima 

•  They detected 24 metal absorpIon lines, 9 of which belonging 
to 2 intervening absorpIon systems at z=0.011 (OVII, NVII) and 
0.027 (OVII, NVII, NVI) 

•  The remaining lines are idenIfied as belonging to the 
interstellar medium of our Galaxy or to the Local Group WHIM 
filament and are not of cosmological relevance 



Measuring the density of the WHIM 

•  IonizaIon correcIons and metallicity esImates can 
be computed using the OVI – OVII, NVI – NVII and HI 
raIos. Data suggest log(T/K)≈6 and [O/H]>‐1.5 (‐1.3) 

•  This allows us to compute the cosmological baryon 
density in X‐ray filaments 



Missing baryons found? 

•  AdopIng a distance to Markarian 421 of 128 
h70‐1 Mpc and a temperature of the IGM of 
106.1 K, gives 

€ 

100 ×Ωb
WHIM = 2.7−1.9

+3.8 ×10−[O / H ]−1





WHIM perspecIves 

•  This result is controversial as it is based on a single line of 
sight and ionizaIon correcIons are highly uncertain 

•  Searches of the WHIM with Suzaku were not successful  

•  The future lies in COS (for the OVI) and the InternaIonal 
X‐ray Observatory (IXO), with a collecIng area of 3,000 
cm2 and a resolving power of R=3,000 

•  It has been also suggested to use the X‐ray aferglow of 
gamma‐ray bursts as background sources  






