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Warm-Hot Intergalactic Medium (WHIM)
WHIM as a part of missing baryon

medium temperature : 105K < T <107K

low density : 10-6  cm-3 < n
H
 < 10-4 cm-3

hot gas 
(T>107K)

galaxies dark matter

WHIM 
(105K<T<107K)

Yoshikawa et al (2003)

30
h-

1 M
pc

heated through baryonic accretion and/or 
galactic wind

distributed along filamentary structures 
and outskirts of galaxy clusters

WHIM

Difficulty in detecting WHIM

low density low emission measure

hydrogens are almost completely ionized



  

Detection of WHIM in UV/X-ray bands
Detection through absorption in UV/X-ray bands

Nicastro et al. 2018

detection of a WHIM absorber toward 
the X-ray blazer 1ES 1553+113 (z=0.49)

CV Kα line (λ40.27) in soft X-ray

OVI abosoption lines (λ1032,λ1038) in FUV

warm WHIM (105 K < T < 106 K)

hot WHIM (106 K < T < 106.5 K)

OVII Kα line (λ21.6) and OVIII Kα (λ18.97) 
in soft X-ray

Detection in emission

detection of redshifted OVII and OVIII emission lines of WHIM

Yoshikawa et al 2013, 2014

yet to be detected S-DIOS (Diffuse Intergalactic Oxygen Surveyor) mission



  

Hyperfine Strurcture (HFS) Transition of 
Heavy Elements

Non-zero nuclear spin 

nuclei with an odd neutron number or odd atomic number :  13C, 14N, 17O, 25Mg

major isotopes with non-zero nuclear spin : 1H, 14N, 

H-like and Li-like ions have HFS transitions: 14NV, 14NVII

Ionization Fractions of NV and NVII ions

NV and NVII ions are good tracers of 
WHIM

NVII covers relatively wide range of 
temperature and traces both of cold 
and hot WHIM.

N and O have slightly different 
origins in the heavy element sythesis.

nH=10-4 cm-3



  

HFS Transition of Heavy Elements 
isotopic 
fraction

nuclear spin λ[mm] / ν[GHz] A
10 

[s-1] cross section [cm2]

13C VI 3.5e-6 1/2 3.8 / 78.8 4.64e-10 6.05e-19
14N V 8.3e-5 1 70.7 / 4.2 1.02e-13 5.39e-19
14NVII 8.3e-5 1 5.6 / 53.5 1.99e-10 5.39e-19
17O VI 3.2e-7 5/2 11.8 / 25.4 3.82e-11 3.37e-19
17O VIII 3.2e-7 5/2 1.0 / 299.8 6.13e-8 3.37e-19

level population critical density

low Einstein's A coefficient of NV ions

NV ions are dominated by upper states

low optical depth for NV HFS transition

originally discussed by Sunyaev & Churazov (1984)



  

Simple Model of WHIM

cosmological radiation transfer equation



  

Absorption Line Profiles of WHIM
nH=10-4 cm-3 , T=106 K



  

Equivalent Width of WHIM Absoption

the path length is set to 1 Mpc

EWs for NVII and NV ions in WHIM is typically 10~104 Hz and 10-5~1 Hz, respectively.



  

Detectability
flux density of 1-sigma noise

5-sigma detection limit of optical depth

3C 279 @ 40GHzcandidates for the background beacons

PKS 2134+004 (z=1.93) : 6 Jy @ 10GHz

PKS 2145+067 (z=1.00) : 7.5 Jy @ 10GHz

3C 345 (z=0.59) : 5.2Jy @ 10GHz

GBT 



  

Cosmological Hydrodynamic Simulation
N-body + SPH simulations of the large-scale structure based on Okamoto et al.  2014

reproducing observational results of galaxy population at 0 < z < 4.

Lbox = 40 h-1 Mpc  with NCDM = 2563 and NSPH = 2563

mCDM = 4.3 x 108 M

 and mSPH = 7.8 x 107 M



enrichment of major heavy elements (C, N, O, Ne, Mg, Si, S, Ca,Fe)

stellar and AGN feedback in the form of mass, energy and metal releases. 



  

Cosmological Hydrodynamic Simulation
ionization fraction of NVII ionization fraction of NVI

Both of NV and NVII reside in filaments and avoid galaxy clusters

NVII ions are more abundant than NV ions

There exist ``holes” of NVII and NV ions at galaxy clusters



  

Equivalent Width of NVII and NV 
Absorption Lines

expected EWs of WHIM are similar to those computed in the simple models of WHIM

the path length is set to 1 Mpc.



  

Outskirts of DM Halos

Most massive DM halos in our simulation with mass of M200 ~ 1013 M


WHIM clumps indicated by ``+” symbols exhibit the possible absorbers with S/N > 5. 

WHIM in filaments connecting with DM halos can be detected.



  

Absorption Line Profile

solid : profiles with redshift distortion
dashed : profiles w/o redshift distortion



  

Filaments
Line of sight along a filamentary structure

solid : profiles with redshift distortion
dashed : profiles w/o redshift distortion

multiple absorbers can be detected 
along the filament

absorptions associated with warm 
WHIM can be also detected.



  

Discussion / Conclusion
Detectability of WHIM through HFS absorption lines of heavy elements are studied.

NV and NVII ions are good tracers of WHIM and NVII ions are more suited for 
the detection of heavy elements in WHIM.

WHIM around DM halos (galaxy clusters/groups) and along filamentary 
structures can be detected even with currently available facilities for several 
very bright background sources. 

Large collecting area of SKA1-MID and a capability to observe beyond 15GHz 
can contribute to detect WHIM along the line-of-sight towards more 
background sources.
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