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Outline of the Talk

Possibility of detecting the WHIM both in absorption and in emission 
with ESTREMO/WFXRT, characterize its physical state, trace its 
evolution and estimate the local mean baryon density.

- WHIM: State o the Art   
- Statistics of WHIM absorbers. Parameter estimate. Errors.
- Numerical simulations. Uncertainties in WHIM modeling.
- Analysis of synthetic spectra. Optimizing observational strategies.
- Conclusions and work in progress.

• More on …..Absorption: Fabrizio Nicastro 
• …………… Emission: Mauro Roncarelli 
• …………….GRB as cosmological beacons:  Alessandra Corsi
• …………….modeling WHIM with Hydro simulations: Joop Schaye 



Why WHIM ? 

Cen et al. 2005
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Missing Nucleons in the
Low Redshift Universe

Hydrodinamical Simulations:
40-50% of the local baryons
are to be found in a tenuous,
slightly overdense (d=5-200),
Warm-Hot (Log(T)=5-7) 
medium, shock heated in the
nonlinear buildup of cosmic 
structure at low redshift.

This is what we call WHIM.



WHIM: Open Issues

• WHIM at z>0 not yet unambiguously detected.
• How many detections are required to measure astrophysical 

and cosmological quantities with a given precision ?
• Assess random and systematic errors using numerical 

experiments.
• Characterize the physics and the spatial distribution of 

WHIM and its evolution.
• Pros and cons of  a combined emission+absorption analysis.
• Best observational strategies for studying WHIM with 

ESTREMO/WFXRT.



Random + Systematic Errors
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Random+Systema tic Errors
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Assessing model uncertainties
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• Semi analytic model (Viel et al. 2003) @ http://www.rm.iasf.cnr.it/Estremo.html

• Montecarlo method  (Nicastro 2006) @ http://hea-www.harvard.edu/~nicastro/Estremo/

• Hydrodynamical model: (Viel 2006) @ http://www.rm.iasf.cnr.it/Estremo.html
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Hydrodynamical models: (Borgani, Galeazzi, Moscardini, 
Roncarelli, Ursino 2006)
(Schaye et al. 2006)



Synthetic Absorption Spectra: Semi-analytic model

• Semi-analytic method calibrated on Cen et al. 2002 hydro simulations
• 7 independent line of sights out to z=0.5

• T, r , Z as a function of  redshift.
• OVI, OVII, OVII Kb, OVIII, CV, NeIX, MgXI, FeXVII optical depth



Synthetic Absorption Spectra: Hydro-model
• Hydro simulation (Viel 2006) Outputs z=0.4,0.5 Box: 60 Mpc/h. 400^3 DM 400^3 

GAS Softening: 2.5 Kpc/h comoving. Star formation. No Feedback. UV background
(QSO+ galaxies). No X-ray background. No Radiative transport. No metal cooling

• 14 independent line of sights out to z=0.5. T, r , Z as a function of  redshift.
• OVI, OVII, OVII Kb, OVIII, CV, NeIX, MgXI, FeXVII optical depth



Synthetic Absorption Spectra: Montecarlo Model

More in Fabrizio Nicastro Talk

• MonteCarlo calibrated on Fang
et al. hydro simulations.
• 15 absorption systems with
N(OVII)>1e14 out to z=0.361 
(including 4 absorption systems 
observed  along l.o.s. 1ES 
1028+51)

• Red=OVII K-a,
Black=OVII Kb,
Green=NVI Ka,
Yellow=OVI Ka,
Magenta=NVII Ka



Synthetic Absorption Spectra: Hydro-model (emission)
More in Mauro Roncarelli talk.

OVII Density OVIII Density

MetallicityTemperatureDensity

Redshift Slice z=[0.45,0.514]



Detecting WHIM in Absorption
Minimum flux (fluence) of Bacground sources
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Detecting WHIM in Absorption 1
Minimum flux (fluence) of background sources

8
There are several classes of luminous background objects that are bright enough 

For OVII absorption lines to be detected with ESTREMO/WFXRT 

�� Bright Bright BlazarsBlazars with with fluencefluenceofof ~ ~ 2.52.5××××××××1010--55 erg cmerg cm--22 in ~70 in ~70 ksks observation observation 
during the outburst phase ( e.g. during the outburst phase ( e.g. PKS2155PKS2155--304304. Nicastro et al. 2002. Nicastro et al. 2002).   ).   

Pros: Very Bright. Cons: Very Few.Pros: Very Bright. Cons: Very Few.

�� Bright Bright QSOs QSOs with fluxes> with fluxes> 5*5*1010--1212 erg cmerg cm--22 s s ––1 1 keV keV ––1 1 

Pros: Not too Rare. Cons: Very Nearby. Faint (Exposure times ~ 1Pros: Not too Rare. Cons: Very Nearby. Faint (Exposure times ~ 1MsecMsecrequired)required)

�� GRB afterglows with GRB afterglows with fluence fluence of  of  ~ ~ 33××××××××1010--66 erg cmerg cm--22 (t>60s)  in ~60 (t>60s)  in ~60 ksks observation observation 
Pros: Fast Pointing required. Cons: Bright. Not too rare (~10 pePros: Fast Pointing required. Cons: Bright. Not too rare (~10 per year).r year).
(More in Alessandra (More in Alessandra Corsi Corsi Talk) Talk) 



Detecting WHIM in Absorption 2

Along a generic l.o.s. to a background source with a fluence of 
2××××10-6 erg cm-2 , ~50% of the WHIM  “filaments” will be detected by 
ESTREMO/WFXRT with S/N>3. 
• For ~50% of them the only detection is OVII
• For ~40% of them 2 ions detected. Estimate of the ionization state
• For ~20% of them 3 ions detected. Estimate of WB

• Most of the information comes from a single, well detected 
filament. 

Good energy resolution desirable to avoid line confusion and to identify
low energy lines (e.g. CV). Multiphase IGM is an issue.

To study WHIM physics (T,Z,r ) and evaluate its mass fraction one needs
to detect more than one ion for each WHIM absorber.

More on Fabrizio Nicastro Talk.



Detecting WHIM in Emission

• Extrapolating Yoshikawa et al. 2003 and our study show that OVII (triplet) + 

OVIII can be detected by ESTREMO/WFXRT at S/N>3 in Texp=1-3*105 sec.
• WHIM emission (mostly OVII line) account for ~10-20% of the total  diffuse x-
ray background emission in the energy band 0.37-0.925 KeV.
• Most of the signal is produced between 0.1<z<0.5
• In 10-20% of the cases in  a FOV of 3 arcmin the flux is above 10-20% of the
diffuse background level (the scatter mainly comes from uncertainties in modeling the 
IGM metallicity).
• In 10-20% of the cases the flux within 3 arcmin comes from a single filament, 

making it easier unambiguous identification of X-ray emission lines. 
• Energy+angular resolution of ESTREMO/WFXRT good enough. Very good 

background sibtraction is mandatory.

A dedicated analysis of S. Borgani et al hydro simulation is  being performed by M. 
Galeazzi, L. Moscardini, M. Roncarelli (Talk) and E. Ursino to assess the possibility 
of detecting X-ray emission from WHIM. 

More on Mauro Roncarelli Talk. See also Ursino and Galeazzi preprint at  

http://www.rm.iasf.cnr.it/Estremo/Pubblications.html



What about…. 
measuring the size of WHIM  “filaments” ?

Best done in emission. Good angular resolution allows in principle to 
perform a “Tomography” of the warm-hot IGM. Measuring the angular 
autocorrelation function of the X-ray flux. The autocorrelation signal
is expected to be significantly different from zero below an angular scale 
of ~ arcmin which should be regarded as the typical angular scale of
the x-ray “filament” (Ursino and Galeazzi 2006)

To perform a similar analysis in absorption one should rely on “hits and 
misses” statistics using nearby pairs of bright background sources. Viel 
et al (2003) estimate that 20 AGN pairs separated by <20 arcmin are 

needed to detect filamentary structure at 3s level. ~ 50 of such sources 
can be found at a flux level > 2*10-12 erg cm-2 s –1.. Detecting corresponding 
OVII  absorption features would require ~40 Msec



What about….
tracing WHIM evolution ?

The WHIM mass fraction increases only by ~10 (20) % between z=0
and z=0.5 (1). To detect WHIM evolution one should probe WHIM 
beyond z=1.

- Emission: Detection of WHIM at high z is hampered by 
1) (1+z)4 surface brightness dimming.
2)  OVII and OVIII lines are redshifted out of the detector energy 
range 

- Absorption: In this case one can trace WHIM evolution with GRBs
that are both bright and distant.



Detecting WHIM in Absorption and Emission

Is there any benefit in detecting WHIM absorption AND Emission ?
In principle YES since in this case one could estimate Tgasby 

comparing different absorption lines of the same ion ad r gasby
comparing emission AND absorption features. This allows to 

Estimate r gasand Tgaswithout a-prori knowledge of Zgas.

However, one has to account 
for the multiphase nature of
the WHIM.
A dedicated analysis is currently
being performed.

Kawahara et 
al. 2005



GRB afterglow + X-ray observations follow up

Problem: according to Kawahara et al. (2005)  only ~20% of  WHIM 
absorption features (OVII) are also detected in emission 
(Texp~300 Ksec scaling from estimate for DIOS satellite). 

Clusters + background AGN pairs
The alternative is to observe a l.o.s. to a bright AGN  “behind” (b< 3 
Mpc/h) some rich cluster of galaxies (WHIM is very often found 
around clusters (Hoffman et al. 2002, Viel et. Al. 2005, Yoshikawa et al. 2004)

Problem: very few close AGN-X-ray-Cluster pairs exist.
• Blazars (>0.1 mCrab)+X-Clusters:  5 pairs
• QSO-WGA (f>10e-12 erg cm-2 s-1)+X-Clusters: 15 pairs
• QSO-RASSnorsam (f>10e-12)+X-Clusters: 4 pairs
• BLLac-WGA (f>10e-12)+X-Clusters: 16 pairs



To summarize….

• WHIM DETECTION 1: ESTREMO/WFXRT  should allow 
unambiguous detection of WHIM in absorption using bright GRB 
afterglows, Blazars or bright AGNs. 10-20 detections per year 
looks like a realistic goal. Whether this will allow to estimateWb
(z~0) to within ~10% remains to be seen (work in progress).

• WHIM DETECTION 2: Detecting WHIM in emission is also 
possible but requires a long exposure time (1-3 Ksec) and a good
control of the diffuse x-ray background (cluster outskirt). Best done 
in connection with absorption analyses. ~1’ angular res. OK.
Large FOV will improve statistics.

• WHIM physics: absorption features of more than one ion are 
expected in the spectra of  bright and distant objects (GRBs), hence 
allowing to estimate the physical state (T,Z,r ) of the WHIM.  
Systematic errors need to be properly evaluated (planned). A 
combined absorption+emission analysis will really improve the 
situation ? 



To summarize….

• WHIM SPATIAL DISTRIBUTION: can be traced by observing WHIM in 
emission. Absorption studies based on hits-and-misses statistics requires very
long exposures

• WHIM EVOLUTION (Z>1): can only be probed using GRBs.

Best observational strategy…….will leave it for discussion
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Eulerian Hydro-simulation. Flat L CDM 
L=25 Mpc/h. l=32.6 Kpc/h. Cen et al. 2003  

Galaxy Light: Tully Catalog

Biasing hypothesis
+

ADDING POWER

Gas properties

IGM distribution

CLOUDY
OVII distribution



WHIM Emission
WHIM

+ GROUPS 
& GALAXIES

+ CLUSTERS

Box # 4: 0.202<z<0.275



WHIM emission
WHIM

+ GROUPS 
& GALAXIES

+ CLUSTERS

Total: 0<z<2



Spectrum vs. FOV
FOV=3’

A filament is in the FOV and 
O lines are clearly present



Spectrum vs. FOV
FOV=6’

The DXB count rate increases 
with the FOV, but the 
filament count rate does not 
increase appreaciably. 
Moreover, more filaments get 
in the FOV, making the 
identification more difficult.



Spectrum vs. FOV
FOV=15’

The DXB flux is too high and 
completely covers the 
filament lines. Moreover, too 
many lines due to different 
filament are in the FOV, 
making the identification 
impossible.







WHIM: the state of the art 2

OVII

NeIX

OVIII

OVII

OVIIINeX

NVI CVI

Nicastro et al 2002. PKS2155-304. 
1 Absorber @ z~0

Nicastro et al 2005. Mark-421. 
2 Absorbers @ z~0.011 and z~0.027

But see Kaastra et al. 2006 and Rasmussen et al 2006




