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Overview	  

•  The	  Warm-‐Hot	  IntergalacKc	  Medium	  in	  X-‐rays	  
•  Detectability	  with	  Current	  InstrumentaKon	  
•  Current	  Evidence:	  tentaKve	  Ωb

OVII and	  	  
	  	  	  (dN/dz)OVII	  esKmates	  
•  The	  Best	  ObservaKonal	  Strategy:	  Gaseous	  
Signposts,	  FUV,	  X-‐Ray	  and	  Radio	  bright	  sources	  	  

•  The	  Pilot	  Chandra	  ObservaKon	  of	  “The	  Best	  
WHIM	  Target	  in	  the	  sky”	  

•  The	  “Missing	  Baryons”	  around	  the	  Milky	  Way:	  
Local-‐Group	  WHIM,	  Extended	  GalacKc	  Halo,	  or	  
WHIM	  in	  local	  LSS	  

•  The	  Future	  for	  the	  X-‐ray	  WHIM	  
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Ωb
WMAPh-2  = 0.0226 h-2 = 0.0456 

Ωb
z<2 = Ωb

Stars  + Ωb
HI+HeI+H2 + Ωb

Clusters + Ωb
Lyα + Ωb

OVI + Ωb
BLA =  

      = 0.0287 = 64% Ωb
WMAP   

~ 35% of Baryons Still Missing at z~0 

Baryon	  Budget	  at	  z<2	  
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The	  WHIM	  in	  Hydro-‐dynamical	  simulaKons	  

Britton+11 

dN/dz(NOVII>1015 cm-2) = 10 



OVII 
OVI 

HI 

WHIM Phase: 
Needs Deep  
and very high S/N  
FUV & X-ray 

Warm Phase: 
Needs Moderate  
S/N FUV  

FUV 

FUV 

X-ray 

FUV 
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350 h-1 Mpc 

(Hellsten et al., 1998) 

NOVII ~ 1014-15 cm-2 

NOVIII ~ 1014-15 cm-2 

Z/Z ~ 0.05-0.3 

T ~ 105.5 - 107 K 

nb ~ 10-6-10-5 cm-3 

64 h-1 Mpc 
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EW (BLA)Thresh
3σ ≥

3(50mA)
(S /N)RE

(S/N)RE(LETG) ≥ 50  => ~ 2500 CPRE 

to detect at 3σ CV/OVII with EW=3 mA 

€ 

EWThresh
Nσ ≥

N ΔλSpect

(S /N)RE

For a Dispersive Spectrometer with FWHM Resolution of ΔλSpect, and an absorption line 
with FWHM ΔλLine:  

(Chandra LETG) 



Chandra LETG Aeff = 10 cm2 at 20 Å (XMM: 30 cm2) 
Chandra FWHM Resolution: Δλ=0.05 Å (XMM: 0.075 Å)  

Brightest extragalactic targets F20Å  = 0.001 ph s-1 cm-2 Å-1, typically at z<0.1 

(S/N)RE = (F20Å Δλ Aeff T)0.5 =50 

T =5 Ms !!! (about half with XMM)  

dN/dz(NOVII>1015 cm-2) = 10 



•  Blazars flare to > 10 times normal  
•  Trigger ToO (from Rossi-XTE ASM) 
•  Outbursts last days to 1-2 weeks 

 1st  ToO 80mCrab 2002 October 27: 100 ks ACIS-LETG  
 2nd ToO 60mCrab 2003    June  6:    100 ks HRC-LETG 

ToO #1"
ToO #2"

Mkn 421 (z=0.03)  
RXTE ASM (0.5-12) keV light curve 



The highest signal-to-noise  

grating spectrum taken by Chandra 

6000 CPRE 



z~0 Ionized  
Absorption 

<z>=0.011  
WHIM 

<z>=0.027  
WHIM 

(Nicastro+05a; Nicastro+05b; Williams+05) 



Absorption Line Equivalent Widths: 
   Ion Column Densities:  Nion 

Equivalent Width Ratios:  
   Ionization Balance: T, nb 
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For 2 ions from the same element For 2 ions from different elements 
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9 z>0 lines: 2 systems  
z=0.011 (3.5σ), 0.027 (4.9σ) 

Nicastro+05, Nature  

Prediction 
 Fang et al. 2002 

LETG measurement 
Nicastro et al. 2005 
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Williams+10 



Zappacosta+, in prep. 

Fang+10 

Right Ascension 



From HI and T      Z = (1-4)% Z 

From lack of OVI      logT > 6.52  

From X-rays      logT < 6.75;  
                      logNH =21.5±0.3 (Z/Z0.01)-1   

From Z and T           δ ≈ 300  
and Theory 

From δ and NH      D=4-7 Mpc 

Combined Statistical Significance = 5.2σ 
(5σ if FUSE systematics are included) 
[Nicastro+10] 
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1ES 1553+115: the Best WHIM Target in the Universe! 

z >  0.4 
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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.

Danforth+10 

z=0.04281 
logT=5.564 

z=0.102040 
logT=5.394 

z=0.12325 
logT=5.654 z=0.13334 

logT=5.162 
z=0.15234 
logT=5.475 
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Redshift 
X/FUV 

bth 
(km s-1) 

logT  
(K) 

f(HI) 
(10-6) 

NH(X)  
(1018 cm-2) 

NHI  
(1013 cm-2) 

Z/Z Stat. Sign.
(σ) X/FUV 

0.041 
0.04281 

56 ± 5 5.564 1.03 6.6+4.4
-3.3 2.8+0.2

-0.3 0.25+0.17
-0.1

3 

3/23.9 

0.100 
0.10230 

40 ± 1 5.394 1.85 10.5+3.3
-3.7 13.2 ± 0.09 0.15 ±0.05 2.6/90 

0.123 
0.12325 

62 ± 
12 

5.654 0.74 3.7+2.5
-2.0 1.5+0.3

-0.2 0.18+0.13
-0.1

0 

2/4.5 

0.153 
0.15234 

51 ± 4 5.475 1.41 5.0+3.4
-2.3 3.6+0.3

-0.2 0.19+0.13
-0.0

9 

2/13.3 

0.132 
0.13334 

35 ± 6 5.327 2.46 7.1+3.1
-3.4 1.4+0.2

-0.2 1.24+0.57
-0.6

2 

2/5.4 
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The Sample: 

• 103 FUSE Obs. Of AGN 
• 54 with S/N ≥ 5 per Res. El., at 
1032 Å 
• 45 show at least 1 OVI abs. at 
z~0, at our detection threshold 
(7 of the remaining 9 have poor S/N spectra) 

• 38/45 LV-OVI 
• 32/45 HV-OVI 
• 21 both 
• High Covering Factor 
(could be 90 % down to 20 mÅ, Sembach+02) 

Low Velocity  
(LV) 

High Velocity  
(HV) 

High Velocity  
(HV) 

(Nicastro+03, Nature) 



HV-OVI 
Strong Segregation in the LSR 

LV-OVI 
Strong Segregation in the GSR 





Chandra Spectrum 

 Observed on 25 December 1999 
for ~ 63 ks, @ 21 mCrab (0.3-6 
keV) 

  Total Exposure after adding 2 
shorter and fainter observations: 
~ 113 ks 

 Total number of counts per 
resolution element: ~ 700 @ 20 Å 

FUSE Spectrum 

Resolution: Δλ ~ 65 mÅ 
 ~ 20 km s-1 @ 1000 Å 

 Observed on 24 October 1999 
for ~ 39 ks 



Galactic = High Density (typical ISM densities)  No Phot. Contr.  Gas in 
collisional equilibrium: 3-cloud Galactic solution.  

Extragalactic = Low Density (ne < 10-5 cm-3)  XRB contribution becomes 
important: it populates OVII-OVIII species event at relatively low temperature (T ~ 106 K)  
Local Group WHIM solution 

WHIM Solution:  
logT = 5.8; [Ne/O] = 2.5 
ne = 4-6 × 10-6 cm-3 = 20-30 δ 
NH = 4.5 × 1019 [H/O]0.3 cm-2 

All consistent with WHIM predictions 
==> D = (2-4)[H/O]0.3 Mpc  
Well Beyond the Milky Way  

(Nicastro et al., 2002, ApJ, 573, 157) 



Assumes High Covering Factors 



Chandra-LETG spectrum of Mkn 421 

FUSE 

(Williams+05) 



(Williams+05) 



For 2 ions from the same element 

For 2 ions from different elements 



(Williams+05) 



[Ne/O] = 0 [Ne/O] = 1 

(Williams+05) 



(Drake & Testa, 2005, Nature) 

22 nearby stars observed with Chandra-HETG 

together with the recently revised C, N, O  
abundances (Asplund+04) brings the solar model back 
into agreement with Helioseismology 

[Ne/O] = 0.43 (2.7 x Solar) 
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WHIMex 

Athena 
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First 3-year 

WHIM Time

Extended Mission 

WHIM Time
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