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350 h-1 Mpc

64 h-1 Mpc

Hellsten et al., 1998
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Why Should we Care?

•• Find the Find the ‘‘Missing BaryonsMissing Baryons’’ and test theory and test theory
•• Ecology of the Universe Ecology of the Universe (Metal Pollution/Feedback)(Metal Pollution/Feedback)

–– Absolute and Relative Absolute and Relative MetallicitiesMetallicities..
–– Galaxy Galaxy Superwinds Superwinds (SN) (SN) vs vs AGN winds, jetsAGN winds, jets
–– NucleosynthesisNucleosynthesis

•• Cosmological parameters Cosmological parameters from density fluctuationsfrom density fluctuations
of WHIM filaments (1-10 of WHIM filaments (1-10 Mpc Mpc at z=0-2)at z=0-2)

•• Local Group WHIM is a biased measureLocal Group WHIM is a biased measure
Need z>0 WHIM absorbers to measure Need z>0 WHIM absorbers to measure ΩΩbb

54±9% of Baryons are missing!
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WHIM Filaments are Faint

Size:Size:  ΔΔR R ~ 1 ~ 1 MpcMpc

Density:Density:nnb b ~ 10~ 10-6-6-10-10-5-5cmcm-3-3

δδ~ 5 - 50~ 5 - 50

MetallicityMetallicity:: Z ~ 0.1 Z Z ~ 0.1 Z

Temperature:Temperature: T ~ 10 T ~ 1066 K K
  ffOVIIOVII ~ 1 ~ 1

 OVII forest Column Density:
NOVII ~ nOVII ZO ΔR

            ~ 2.6 x (1014-1015) cm-2
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Studies with quiescent targets

PKS 2155-304 (z=0.116)
~ 200 CPRE*s
Fang et al., 2002

H 1821+643 (z=0.297)
500 ks ACIS-LETG

~ 50 CPRE*s
Mathur et al., 2003

•6 QSOs with MEG: No abs. down to NOVII > 1016 cm-2  Z < 0.3 ZO Fang et al., 2005

* CPRE = counts per
resolution element
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Our Strategy: Our Strategy: Blazars Blazars in Outburstin Outburst
Chandra Cycles 4-5-6 and Newton-XMM Cycles 2-3

• 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
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Mkn 421  in  Outburst
LETG-HRC Spectrum

The highest signal-to-noise

grating spectrum taken by Chandra

6000 CPRE
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WHIM at z > 0: Mkn 421  (z=0.03)

9 z>0 lines: 2 systems 
z=0.011 (3.5σ), 0.027 (4.9σ)

Nicastro et al., 2005, Nature 433, 495

Prediction
 Fang et al. 2002

LETG measurement
Nicastro et al. 2005
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1ES 1028+511: RGS
 higher redshift z=0.361

XMM-Newton RGS: 195 ks
F0.3-2 = 0.5 mCrab

18 % of RGS Δz(OVII) is blocked
Left-right contiguous resolution elements 

add up to ~ 60 % RGS blocking factor

CPRE(20-24;30-36)=45; CPRE(24-30)=75
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LETG & RGS Resolutions

Δ_=220 mA

FWHM=120 mA

Rcore(RGS) ~ Rcore(LETG) = 50 mA
Rwings(RGS) ~ 2 Rwings(LETG) = 110 mA
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1ES 1028+511 Chandra: OVII ?

Instrumental

OVIIKα(z=0.330) ?
EW=32±13mA

NOVII=(6.3±2.6)x1015 cm-2LETGS

RGS
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1ES 1028+511 in Outburst: CV
z=0.361

Chandra-LETG: 149 ks
F0.3-2 = 0.8 mCrab

Sensitive to CV-Forest:
 λ ~ 44-52 A  Δz=0.2
CPRE(20-30;44-52)=60

Advantage of long-wavelength coverage
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1ES 1028+511: CV Forest

•• NNOVIIOVII
ExpExp((zzCVICVI)=)=NNCVCV

obsobs  1010[O/C][O/C]  ffOVIIOVII//ffCVCV

•• ffCVCV peaks at  peaks at logT logT = 5.3 in = 5.3 in collcoll.. eq eq..
and and ffOVIIOVII//ffCVCV((logTlogT=5.3) ==5.3) =
0.04/0.84=1/210.04/0.84=1/21

Assuming Solar [O/C] Assuming Solar [O/C] 

NNOVIIOVII(z=0.149, 0.175, 0.212)(z=0.149, 0.175, 0.212)

= (2.9, 3.1, 3.5) = (2.9, 3.1, 3.5) x10x1014 14 cmcm-2-2

≤≤ 1/18 N 1/18 NOVIIOVII
22__

  Consistent with no OVII detectionsConsistent with no OVII detections
forfor logT logT=(5.0-5.7)=(5.0-5.7)
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Number Density of OVII WHIM

Prediction
Fang et al. 2002

1ES1028+511
RGS OVII

MKN 421
Chandra OVII

1ES1028+511
Chandra CV
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Ωb(NOVII, >7x1014 cm-2)

•• Mkn421Mkn421  (2 Filaments.)(2 Filaments.): : z=0.03z=0.03

•• Mkn421 Mkn421 + + 1ES1028+511 1ES1028+511 (3 Filaments):(3 Filaments):

Consistent with Consistent with ΩΩmissingmissing =2.5  =2.5 ±± 0.4 % 0.4 %
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WHIM at z>0 to date

•• 3 OVII + 3 CV detections 3 OVII + 3 CV detections (2 lines of sight)(2 lines of sight)

•• ConsistentConsistent** with: with:
–– ddNN//dzdz  predictions predictions ~10 x OVI dN/dz

–– number of missing baryons number of missing baryons ΩΩbb~2.5%~2.5%
* within large uncertainties due to the low statistics* within large uncertainties due to the low statistics
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Short-Term Prospects

••GOALGOAL: : Reduce Reduce ΩΩbb and  and ddNN//dz dz uncertainties to ~35%uncertainties to ~35%
(same as other baryonic components in the Universe)(same as other baryonic components in the Universe)
  from current (+140,-70)%from current (+140,-70)%

  TOOsTOOs: : key strategy to key strategy to detectdetect the WHIM the WHIM

ButBut……Mkn Mkn 421 is unique421 is unique
Long integrations on previously identifiedLong integrations on previously identified

high-zhigh-z sightlines are more promising sightlines are more promising
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Long-Term Prospects

•• Long Term: Long Term: map the WHIM up to z=1-2map the WHIM up to z=1-2
–– needs high X-ray throughput and spectral resolutionneeds high X-ray throughput and spectral resolution

••  Hundreds to Thousands of Systems: Hundreds to Thousands of Systems:
•• Metallicity Metallicity History (Ecology of the Universe)History (Ecology of the Universe)
•• IGM/galaxy/AGN FeedbackIGM/galaxy/AGN Feedback
•• Heating History of the Universe (Heating History of the Universe (dTdT//dzdz))
•• Dark-Matter MapsDark-Matter Maps
•• Cosmological Parameters (density fluctuations)Cosmological Parameters (density fluctuations)

•• Constellation-XConstellation-X    RR > 2.5 x LETG,  > 2.5 x LETG, A = 50 x LETGA = 50 x LETG

•• XEUSXEUS  RR ~ 2.5 x LETG,  ~ 2.5 x LETG, A = 750 x LETGA = 750 x LETG

•• Pharos MIDEX Pharos MIDEX RR ~ 10 x LETG ~ 10 x LETG, , A = 10 x LETGA = 10 x LETG

–– FastFast (~1 min) targeting of GRB afterglows: Crab strength sources (~1 min) targeting of GRB afterglows: Crab strength sources
–– no >1keV response: small mirror, missionno >1keV response: small mirror, mission
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The WHIM at R~3000 with Pharos

• Weaker lines

• multiple ions - b parameter

 Ionization Temperature

• more elements: Relative abundances

 Type 1 vs Type 2 SN enrichment

• Resolve line widths: more physics

• Turbulent/infall velocities

• Thermal Temperature

In equilibrium? Heating mechanism



1/20/061/20/06 6 Years of Chandra, November 2-4, Cambridge MA6 Years of Chandra, November 2-4, Cambridge MA

The WHIM with Pharos
Fluence(2-10 keV) = 10-5 ergs cm-2

~ 10 GRBs/year
Fluence(2-10 keV) = 10-6 ergs cm-2

~ 100 GRBs/year
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The WHIM: A New Subject
enabled by Chandra, XMM

Ωb ~ 2.5%; dn/dz ~ as predicted

Can determine to same accuracy as other
baryonic components w. Chandra

Great prospects with Con-X, XEUS, Pharos


