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Outline 
•  The Missing Baryon Problem and its Theory 

Solution: 
•  The Warm-Hot Intergalactic Medium & its Phases 

•  Current Evidence of the WHIM: 
• Serious flaws in recent (2009, 2014) claims of WHIM 

at redshift of super-structures 
•  First Determination of Ωb

WHIM and Metallicity in 
X-rays 

•  The Chandra observation of “The best WHIM target 
in the Universe” 

•  Future Prospects: the Athena X-IFU 
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The Era of Precision  Cosmology 

Concordance  
Cosmology 

96% Unknown + 2% Missed… 
…The Era of Ignorance Cosmology 
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Baryon Budget at z>2: the Lyα Forest 

Ωb
WMAPh-2  = 0.0226 h-2 = 0.0456 ~ 5%: agrees with BBN 

Ωb(z>2) > 0.018 h-2 = 0.034 ~ 75% Ωb
WMAP 
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The Missing Baryons Problem 
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~ 30-40% (or more) of Baryons Still Missing at z~0 

Shull+12 

Ωb
WMAPh-2  = 0.0226 h-2 = 0.0456 ~ 5% 

5 
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The	
  Theory	
  SoluIon:	
  the	
  WHIM	
  

Britton+12 

Branchini+10 

Cool-Phase: ~20% 

Warm-Phase: ~60% 

Hot-Phase: ~20% 
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Most	
  of	
  the	
  WHIM	
  has	
  to	
  be	
  searched	
  for	
  in	
  the	
  X-­‐rays	
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 Problems:  
dN/dz(OVII,CV) ~ 10 at N >1015 cm-2 
 
 

Current X-ray Spectrograph have  
-  Small Collecting Area (~20-40 cm2) 
-  Low Resolving Power (R~300) 

logT =       5.0               5.5                          6.0 

è Tuned Observational Strategies 
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@ logT = 5-5.5:  
 CV + OIV + OV  

 
@ logT = 5.5-6:  

 OVII + CV  
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First Claimed WHIM Detections: 
Exceptional Outburst State  

(Nicastro+05, Nature, ApJ)  

+ 

€ 

Ωb (NOVII > 7∗1014 ) = 2.7−1.9
+3.8 ∗10−[O / H ]−1% ~ ΩMiss
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However:  
-  z(Mkn 421) only 0.03 
-  Mkn 421 outbursts are unique  

Controversial:  
-  Not confirmed by XMM 

(though consistent with; 
Rassmussen+07) 

-  Close to instrument 
systematics (Kaastra+06) 

What  is this? 
λ=22.3 A 

See in few Slides 



The Sculptor Wall: Buote+09, Fang+10 
Galaxy concentrations as WHIM tracers 
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Also one of the Chandra  
highlights and discoveries  

(the only WHIM) In 
Tananbaum+14 
ArXiv:1405.7487 

Right Ascension 

But: NOVII ~ 2 x 1016 cm-2 !!! 

Zappacosta+10 
Note the strong CV at z=0 
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“X-RAY ABSORPTION BY THE WARM-HOT 
INTERGALACTIC MEDIUM IN THE 

HERCULES SUPERCLUSTER”  
(Ren, Fang & Buote, 2014) 

10 6/23/14 F. Nicastro ("The X-Ray Universe 2014", Dublin, Ireland) 

Note that both Structures are at z=0.03 
This translate in OVII Ka redshifted  

to λ=22.3 Å 
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WHIM Sphere z=0.03 

The Era of Dark-Age Cosmology:  
A new Ptolemaic Universe ? J 



The “Magic” of the z=0.03 WHIM in OVII: 1 
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Mkn 501: z=0.033 !!! 

H 2356-309: z=0.165 



The “Magic” of the z=0.03 WHIM in OVII: 2 
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Mkn 501: z=0.033 !!! 

PKS 2155-304: z=0.116 



The “Magic” of the z=0.03 WHIM in OVII: 3 
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LMC-X3 

Mkn 501: z = 0.033 !!! 

LMC X-3: z=0 !!! 



The “Magic” of the z=0.03 WHIM in OVII: 4 
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(Nicastro+05, Nature, ApJ)  

Panel of Figure 8 from Nicastro+05:  
Already in that paper we identified  this  
λ=22.3 Å line as either OVII at the  

Redshift of the blazar or (more likely  
In our discussion) OV Kα at z=0 

 
“Simply” an OV Kα  

Inner-shell transition  
From the MW or the CGM 

Mkn 501: z = 0.033 !!! 

Mkn 421: z=0.03  



The Beauty of the Inner-Shell Transitions 
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updated calculations by Gabel et al. (2004a) show a lower den-
sity of 3 × 1010 m−3 and a distance of 25 pc.

Other constraints on density hence distance may be
derived from reverberation studies of the warm absorber in re-
sponse to continuum variations, by measuring the recombina-
tion time scale. Long grating observations of NGC 3783 with
XMM-Newton (Behar et al. 2003) and with Chandra (Netzer
et al. 2003) have allowed for attempts to study the response of
the absorber to the ionising continuum through reverberation.
However, since no response was detected these could provide
only lower limits (of the order of 0.5 pc) to the distance of the
absorber from the central source. Reeves et al. (2004) did claim
to see variability in the Fe-K absorption of that source, albeit
with CCD spectra. They deduce an upper limit to the distance
of the absorber to the central source of 0.02 pc.

In stellar coronae, with collisional ionisation equilibrium,
several X-ray emission lines are density-dependent, for ex-
ample the forbidden and intercombination lines of the OVII
triplet. As these lines have low oscillator strengths, it is im-
possible to observe them in absorption. In some isoelectronic
sequences, close above the ground state of the ion there ex-
ist metastable levels that can have a significant population. A
well known example is the Be-sequence, where the C III line
at 1909 Å is often used as a density diagnostic in plasmas.
Another ion in this iso-electronic sequence is OV, where the
metastable 1s22s 2p 3P level is only 10 eV above the ground
state 1s22s2 1S0. The J = 0 term of this triplet cannot decay
radiatively to the ground state, leading to a significant pop-
ulation of this level at all densities. K-shell absorption from
the ground state of this ion (at 22.3 Å) has been observed in
AGN (NGC 5548, Steenbrugge et al. 2003, 2004; NGC 4051,
Ogle et al. 2004); and recently Mrk 279 (Costantini et al.
2004). In this last source the spectrum indicates the possi-
ble presence of absorption from the metastable level of OV.
The critical density for the population of this metastable level
is around 1016 m−3, a relevant density for AGN outflows.
The presence or absence of K-shell absorption lines from the
metastable level of OV then is an important density diagnos-
tic, which can serve to constrain distance and geometry of the
outflow.

In principle transitions from the metastable level of OV
can also be studied using the UV absorption lines from the
2s 2p triplet to 2p2 triplet near 760 Å. Pettini & Boksenberg
(1986) identified these lines in IUE spectra of the BAL quasar
PG 0946+301. However, in HST data of the same object no ev-
idence for these lines was found (Arav et al. 1999). But in yet
another BAL quasar (QSO B0226-1024) Korista et al. (1992)
found possible evidence for the presence of these lines, imply-
ing densities of the order of 1017 m−3. However, due to Galactic
absorption such an analysis can only be done for bright, highly
redshifted quasars. For nearby Seyfert galaxies K-shell X-ray
absorption lines are the ideal tool to study densities.

In this paper we study the expected population of the
metastable level of OV under photoionised conditions, as
well as the wavelengths and oscillator strengths of the corre-
sponding K-shell absorption lines. We then present a possi-
ble detection of absorption from OV* levels in the Chandra
LETGS spectrum of Mrk 279.

Table 1. Energy levels of OV. Energies are taken from Wiese et al.
(1996). Levels 2–4 are the metastable levels discussed in this paper.

Level Configuration J Energy (eV)

1 2s2 1S 0 0
2 2s 2p 3P 0 10.16
3 1 10.18
4 2 10.21
5 2s 2p 1P 1 19.69
6 2p2 3P 0 26.47
7 1 26.49
8 2 26.52
9 2p2 1D 2 28.73

10 2p2 1S 0 35.70

Fig. 1. Energy level diagram of OV. Only the n = 2 levels are shown.
The energy differences within the 3P triplets have been exaggerated
for clarity. Solid lines: transitions with transition probabilities larger
than 1 s−1; the line thickness is proportional to the logarithm of the
transition probability. Dashed lines: transitions with transition proba-
bilities less than 1 s−1.

2. Level populations

2.1. Transition rates

We made a model for the population of all 10 levels with prin-
cipal quantum number n = 2. These levels are listed in Table 1.
The energy-level diagram is shown in Fig. 1. We omit the
n > 2 levels from our calculation, as the lowest of these lev-
els has an energy of 67.82 eV. This is too high as compared to
the typical temperatures of a few eV for which OV is formed
under photoionised conditions.
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between 2–4 eV and densities below 1020 m−3 the results for
photoionisation equilibrium (PIE) and CIE are not significantly
different. At higher densities photo-excitation of in particular
the 2s2–2s 2p 1P1 resonance line (629.73 Å) is more impor-
tant than collisional excitation from the ground state to the
2s 2p 1P1 level, causing enhanced higher level populations.

2.4. Resonance line trapping

In Sect. 2.3, our treatment of PIE assumed that OV is located
in a photoionised slab with negligible column density. However
modeling of the Mrk 279 spectrum shows that OV has a col-
umn density of order 1020 m−2. For a velocity broadening σv
of 50 km s−1 this implies that the 2s2–2s2sp 1P1 resonance line
has an optical depth of 69 at the line center. As for a broad
range of parameter space radiative decay through this emis-
sion line is the dominant decay proces of the upper level j,
line photons effectively undergo resonance line scattering. The
direct escape probability Pesc per emitted photon is therefore
very small, and this leads effectively to a smaller radiative de-
cay rate A′i j = PescAi j, with Ai j the true transition probability.
We follow here the approach of Hollenbach & McKee (1979)
and Kallman & McCray (1982) in order to approximate Pesc

for a slab:

Pesc =
(Ai j/Atot)

1. + τ0

√
2π ln(2.13 + τ2

0)
, (2)

where τ0 is the optical depth at line center, and Atot is the to-
tal transition probability from level j to any higher or lower
level, including radiative and collisional processes. Resonance
line trapping appears to be relevant for the transition between
levels 1–5 (629.73 Å) mentioned above, as well as for the 3–6
(761.13 Å), 5–9 (1371.30 Å) and 5–10 (774.52 Å) transitions
whenever the 2s 2p configuration has a significant population.

In Fig. 6 we show the results for our calculations including
resonance line trapping. It is seen that the critical density at
which the 2s 2p triplet level gets a significant population can
shift downwards by several orders of magnitude for sufficiently
large column densities.

3. X-ray absorption lines

We have calculated wavelengths and oscillator strengths for all
transitions between levels with a K-shell vacancy (1s 2s22p,
1s 2s 2p2 and 1s2p3) and the 1s2 2s2, 1s2 2s 2p, 1s2 2p2 and
1s2 2s np levels. We used the code of Cowan (1981) for this
purpose.

Table 2 lists the calculated wavelenghts and oscillator
strengths f of all lines with f > 0.001 and principal quantum
number n < 10. We determined only total oscillator strengths
and average wavelengths of the multiplets, as the current X-ray
instrumentation has insufficient resolution to resolve the indi-
vidual lines of the multiplets.

An important question is the accuracy of the wavelengths.
In general these wavelengths have never been measured in the
laboratory, with the exception of the resonance transition A2.
This wavelength is 22.374± 0.003 Å (Schmidt et al. 2004).

Fig. 6. Population of the 2s 2p 3P triplet with respect to the ground
state in OV as a function of density and kT (in eV) in a photoionised
plasma. Solid curves are for kT = 2 eV, dash-dotted curves for kT =
4 eV. Labels indicate log N with N the column density of OV in m−2.
All three sublevels (J = 0, J = 1 and J = 2) have been added.

Table 2. Strongest X-ray lines of OV. The values listed apply for the
full multiplets (not splitted into sublevels).

Label Initial state Final state f λ
Conf. Term. Conf. Term. (Å)

A2 2s2 1S 1s 2s22p 1P 0.649 22.381
A3 2s2 1S 1s 2s23p 1P 0.108 19.871
A4 2s2 1S 1s 2s24p 1P 0.041 19.258
A5 2s2 1S 1s 2s25p 1P 0.020 19.002
A6 2s2 1S 1s 2s26p 1P 0.012 18.869
A7 2s2 1S 1s 2s27p 1P 0.007 18.791
A8 2s2 1S 1s 2s28p 1P 0.005 18.742
A9 2s2 1S 1s 2s29p 1P 0.004 18.708
B1 2s 2p 3P 1s 2s 2p2 (3S)3P 0.328 22.466
B2 2s 2p 3P 1s 2s 2p2 (3S)3D 0.178 22.431
B3 2s 2p 3P 1s 2s 2p2 (3S)3S 0.039 22.239
B4 2s 2p 3P 1s 2s 2p2 (1S)3P 0.014 22.132
C1 2s 2p 1P 1s 2s 2p2 (1S)1D 0.182 22.558
C2 2s 2p 1P 1s 2s 2p2 (3S)1P 0.339 22.389
C3 2s 2p 1P 1s 2s 2p2 (1S)1S 0.040 22.363
D1 2p2 3P 1s 2s2 2p 3P 0.005 23.643
D2 2p2 3P 1s 2p3 3D 0.173 22.511
D3 2p2 3P 1s 2p3 3S 0.151 22.474
D4 2p2 3P 1s 2p3 3P 0.105 22.339
E1 2p2 1D 1s 2s2 2p 1P 0.006 23.598
E2 2p2 1D 1s 2p3 1D 0.328 22.477
E3 2p2 1D 1s 2p3 3P 0.002 22.457
E4 2p2 1D 1s 2p3 1P 0.112 22.306
F1 2p2 1S 1s 2s2 2p 1P 0.002 23.855
F2 2p2 1S 1s 2p3 1P 0.438 22.536

The lower levels (1s2 2ℓ 2ℓ′) of these transitions have ac-
curately known energy levels Ei (Wiese et al. 1996). For the
upper levels (1s 2ℓ 2ℓ′ nℓ′′) accurate energy levels E j can be
obtained indirectly from Auger electron spectra through the re-
lation E j = EA + I, with I the ionisation potential of OV, for

Ground Level 

1st Excited Level 

Δ
E

 ~ 10 eV
 è

 FU
V

 

Also: Plenty of such photons in 
or near a galaxy to photo-pump 
OV at 1st excited from higher 
excitation levels.  
è Position of the line great 
density and location diagnostics.   

Kaastra+04 

At logT=5.2 (where OV 
peaks) E=13.6 eV è 
collisions may easily 
depopulate the ground 
level for the 1st excited 



“Best WHIM Target in the Universe”  
1ES 1553+113 

6/23/14 F. Nicastro ("The X-Ray Universe 2014", Dublin, Ireland) 

-  z >  0.4 

-  FX ~ 1-2 mCrab 

-  High S/N COS 
spectrum with 5 a-priori  
BLA signposts  

1ES 1553+115 978 DANFORTH ET AL. Vol. 720

Figure 2. More detailed view of the COS/G130M+G160M dataset smoothed by 7 pixels (approximately one resolution element). Error is shown in gray. Prominent
ISM lines are marked with plus signs. IGM Lyα absorbers are marked with large vertical ticks. Smaller ticks denote corresponding Lyβ detections. IGM metal absorbers
are marked with open circles. The two question marks denote the ambiguous features discussed in Section 3. See Table 1 for line identifications and measurements.
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Tentative IGM IDs 

Redshift CV CVI OIV OV OVII BLA OVI 
(mA) 

CIV 
(mA) 

0.041±0.002 NA NA NA NA 2.3σ 9.6σ <65 <13 
0.133±0.002 3.8σ 2.7σ NA NA NA 5.4σ <14 <25 
0.184±0.001 3.6σ NA NA NA NA NA <11 NA 
0.190±0.001 2.2σ NA NA 1.7σ NA 9.3σ 7.6σ NA 
0.237±0.001 3.9σ NA NA ? NA 5,2.2σ <13 NA 
0.312±0.001 4.1σ 4.1σ NA ? NA 8.1σ 3.6σ NA 
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Sensitivity of the Chandra Spectrum of 
1ES 1553+113 
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With the sensitivity of the current Chandra spectrum of 1ES 1553+113 bound to 
detect only the cool (logT < 5.6) WHIM in CV. 
4x exposure with Chandra 1.6x with XMM è 2x S/N è NOVII > 1015-1016 cm-2 è ~ 
4 new systems sampling the hot WHIM 
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Cool WHIM at z=0.312: 
(6.3σ X-ray only)  
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From COS BLA and OVI b:  
 è bth = 52 ± 7 km s-1 (bturb = 30 ± 14 km s-1) è logT = 5.2 ± 0.1  
Fully Consistent with presence of CV, OV, probably not CVI: Multiphase gas? If so 
[C/O] super-solar; mis-identified? CV at z=0.100?  20/26	
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Best-Fitting WHIM Parameters 
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Redshift logT NH  
(1019 cm-2) 

nb  
(10-6 cm-3) 

 

Z/Z¤ 
[= NH(X)/NH(FUV)] 

0.041±0.002 5.45 ± 0.05 3.8 ± 0.8 1.0 0.13, +0.07, -0.10 
* 0.133±0.002 5.4, +0.2, -0.6 ** 2.2 119 NA 
0.190±0.001 5.25 ± 0.05 1.9 ± 1.8 128 0.4, +0.4, -0.3 
0.237±0.001 5.3 ± 0.1 0.3, +0.2, -0.1 135 2.7, +1.8, -2.2 
0.312±0.001 5.25 ± 0.05 3.1, +1.6, -1.1 146 0.32, +0.19, -0.22 

* No consistent X-Ray-FUV solution: BLA is too narrow and shallow to be imprinted by the X-ray 
absorber and OVI should be visible if logT<5.2 

** From NH(X) divided by the average <Z/Z¤> = 0.28 ± 0.24 determined for the z=0.041, 0.190, 
0.312 systems 



Metallicities and Cosmological Mass 
Density of the Cool WHIM 
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o
) = 0.0069± 0.0018 = (15± 4)%Ωb

logT<5.5 
WHIM 

logT>5.5 WHIM ? 



The WHIM: Short-Term Prospects 
Looking for OVII with the RGS 

6/23/14 F. Nicastro ("The X-Ray Universe 2014", Dublin, Ireland) 

2 Ms (total) Chandra-LETG and 800 ks XMM-RGS would allow us to reach the sensitivity  
that the Chandra LETG Spectrum has for CV, and so to detect the OVII WHIM 
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The WHIM: Future Prospects 
Athena+ 

6/23/14 

0.2 0.3 0.4 0.5

-20

-10

0

OVII-Forest

Redshift 

500 ks for F0.5-2 = 0.1 mCrab along a random WHIM LOS from Cen+06:  
detects 5 Systems with logT = 5.2-6.4 K, logNH = 18.7-19.4 (Z/Z¤)-1 cm-2 at z<0.5 
All in OVII-OVIII; 2 in CV + OIV-OVI (Cool-Phase): excellent Density Diagnostics 
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26 AGNs 

Exposures: 20 < T (ks) < 300 each

Total Exposure (in Msec)

F. Nicastro ("The X-Ray Universe 2014", Dublin, Ireland) 



Summary and Future 
-  The Missing baryons in the local Universe are likely to reside in hot tenuous 

medium in the IGM, as predicted by hydro-dynamical simulations  
-  The claimed (and most credited) detections of the WHIM toward weak 

sources along crowded lines of sight suffer serious flaws in the data 
interpretation: putative redshifted OVII Kα are most likely OV Kα at z=0.   

-  The first detection of the cool WHIM has instead finally been secured in the 
X-rays along the line of sight to the best WHIM target in the Universe 1ES 
1553+113: only cool portion with current sensitivity.  

-  Metallicity is relatively high (~0.3 on average), consistent with feedback 
models and recent cluster outskirts observations.  

-  After proper ionization and metallicity correction, CV-OVI-BLA dominated 
WHIM (i.e. logT=5-5.5) contains ~ 15% of Baryons è 40-50 % of Baryons 
are still missing and likely to reside in logT>5.5 WHIM, only detectable in X-
rays 

-  Deeper Chandra-LETG  and XMM-RGS observations of 1ES 1553+113 will 
allow us to break the detection limits of OVII and so start detecting the 
majority of the baryons in the WHIM.  
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