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XI. Hot Diffuse Gas

A. Motivations

• Hot diffuse gas pervades dark matter halos

• Dominant reservoir of baryons in the universe?

• Key to studying groups and galaxy clusters

• Critical to the SZ effect

B. Ionization Equilibrium: Hydrogen

• For T � 104K, collisional ionization dominates

e− + H0 → H+ + 2e− (1)

� Two body process

� Rate for Collisional Ionization (CI)

nenHI < σCI(HI)v > (2)

� Express the latter term as

ζCI =< σCI(HI)v > (3)

=

∞∫
IHI

σCI(HI)vf(v)dv (4)

� Cross-sections are determined from theoretical calculations
and fitted to experiment

N Younger derived this ‘convenient’ expression

σCI(E) =
1

uI2

[
A

(
1− 1

u

)
+ B

(
1 +

1

u

)
+ C ln u + D

ln u

u

]
cm2 (5)

u ≡ E

I
(6)

◦ This formulation is readily integrable with a Maxwellian

◦ And provides enough parameteric freedom to give
good fits to experimental data

� Integrating over a Maxwellian, we have

ζCI(T ) =
6.69 × 10−7

kT 3/2

e−x

x
Φ(x) (7)

x = I/kT (8)

Φ(x) = [ A + B(1 + x) ]−
[
C + Ax−B(2x− x2)

]
exE1(x) + DexE2(x) (9)
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N E1(x) and E2(x) are the exponential integrals

� Verner has provided 4-parameter analytic fits to the rate of the form (good for
x < 80)

ζCI =
b ( 1 + a

√
x )

c + x
xd exp(−x) (10)

N For Hydrogen, a = 0, b = 2.91 × 10−8, c = 0.232, d = 0.39

N Here is a plot
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• Recombination

� Also a two-body process

� In general, the gas is sufficiently diffuse that the total
recombination rate is considered

nenH+α(T ) (11)

• Balance the two processes

� Both are proportional to nenH

� Therefore the density dependence drops out!

nHI

nH+

=
1− x

x
=

ζCI(T )

α(T )
= f(T ) (12)

� In a collisionally ionized gas, the ionization fraction is
solely a function of temperature
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� Here is a plot for the neutral fraction of Hydrogen (1− x)
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C. Ionization Equilibrium: Metals

• Same concept, of course
e− + X i → 2e− + X i+1 (13)

• For a pair of ions, the density dependence drops out

X i+1

X i
= g(T ) (14)

• It is then straightforward to sum over all ionization states for a given element to
determine the fractional dependence of any ion

� Total
X =

∑
i

X i (15)

� Each ion tends to peak when kT ≈ Ii

• Here are the curves for Oxygen (from Gnat & S 2007)
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D. Non-Equilibrium Conditions

E. Heating of Diffuse Hot Gas

• Photoionizations are rare

� For T � 104K, there are very few targets to hit

� Heating via photoionization is a weak process

• Dust is probably not existent

• Heating is often external and of a kinetic form

� Virial shocks

� Galactic winds

� AGN feedback (jets, etc.)

� Bubbles!!

• Cosmic rays may play a role too

F. Cooling: Recombinations and Collisions

• Recombination cascades yield a series of photons

e− + X i+1 → X i + γ (16)

� This is generally a slow process in a hot, diffuse medium

� Basically ignoreable
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• More frequently an electron excites an ion

e− + X i+1 → e− + X i+1,∗ → e− + X i+1 + γ (17)

� A portion of the electron K.E. is transferred to the ion

� It may then emit a photon which cools the gas

� In the HI regions, recall cooling via 158µm emission

• Dominant cooling lines

� UV resonance transitions from abundant ions at the given temperature

� For T = 105 − 107K metal-lines dominate (e.g. CIV, OVI, NeVIII)

� Therefore, there is a strong metallicity dependence on the cooling curve

� The following is from Gnat & S 2007 (Fig 8)14 Gnat & Sternberg
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Fig. 8.— Cooling efficiency (erg cm3 s−1) versus temperature
for Z from 10−3 to 2 times solar. (a) Equilibrium cooling. The
dominant cooling elements at various temperatures are indicated
near the curves. The dotted lines are our power-law fits for Z =
1 and Z = 10−3, as given by equations 14 and 15. (b) Non-
equilibrium cooling. For each Z, two curves are displayed: the
lower curve is for isochoric (IC) cooling, and the upper curve is
isobaric (IB) cooling. The dotted line is our power-law fit for Z = 1
as given by equation 16. The filled circles indicate the temperatures
where time-dependent cooling first deviate from the equilibrium
cooling by 5%.

HE 0226-4110 and PG 0953+414 (black crosses). The
plot also includes the Galactic halo average (blue cross)
NC IV/NO VI = 0.6±0.47 and NN V/NO VI = 0.12±0.07
(Zsargó et al. 2003, as quoted by Fox et al.). We also
show the regions demarcated by Fox et al. for the pre-
dictions for a variety of ionization mechanisms, includ-
ing turbulent mixing layers (TMLs; Slavin, Shull, &
Begelman 1993), conductive interfaces (CIs; Borkowski,
Balbus, & Fristrom 1990), cooling flows (CFs; Edgar
& Chevalier 1986) and shock ionization (SI; Dopita &
Sutherland 1996).

To set the absolute scale of our predicted ion columns,
in Figure 10 we plot NC IV/NO VI versus NO VI/NH,20
for each Z, where NH,20 is the hydrogen column density
in units of 1020 cm−2. For the CIE calculation we assume

Z = 1. At any temperature, the O VI column scales lin-
early with the assumed NH, whereas the column density
ratios are independent of NH.

Of the three ions we are considering, O5+ is the most
highly ionized, so that C IV/O VI and N V/O VI are
small at high temperature, and become large at low tem-
perature. Figures 9 and 10 show again that for time-
dependent radiative cooling the gas remains more highly
ionized compared to CIE. As Z becomes large and the re-
combination lags grow, the ion ratios remain small even
at low temperatures. The cooling trajectories are there-
fore confined to a narrower range of ion ratios for non-
equilibrium cooling. Furthermore, in our example, it
is evident that for a given N V/O VI ratio, the associ-
ated C IV/O VI ratio is larger for non-equilibrium cool-
ing compared to CIE. For example, a cloud for which
NN V/NO VI ! 3 and NC IV/NO VI ! 30 would be in-
consistent with gas at CIE at any temperature, yet con-
sistent with isochoric radiatively cooling gas at a tem-
perature near ∼ 1.3 × 105 K. It is clear that assuming
CIE when interpreting such data may lead to significant
inaccuracies. For example, for an isochorically cooling
cloud with Z ! 1, absorption line measurements yield-
ing NC IV/NO VI ≈ 1 and NN V/NO VI ≈ 1 would be
interpreted as indicating T ! 2 × 105 K assuming CIE,
whereas in fact these ratios occur at a much lower tem-
perature ∼ 104 K.

Interestingly, many (but not all) of the Fox et al. (2005)
data points lie close to our Z = 1 cooling trajectory (see
Figure 9e). At lower metallicities the column density
ratios approach the CIE trajectory which lies well below
the data points. However, as indicated by Figure 9e, even
for Z = 1 further constraints may be required to distin-
guish radiatively cooling gas from ionization occurring in
conductive interfaces or turbulent mixing layers.

7. SUMMARY

In this paper we present new computations of the equi-
librium and non-equilibrium cooling efficiencies and ion-
ization states for low-density radiatively cooling gas, con-
taining cosmic abundances of the elements H, He, C, N,
O, Ne, Mg, Si, S, and Fe. In these calculations we assume
pure radiative cooling, with no gas heating or photoion-
ization by external sources. We present results for gas
temperatures, T , between 104 and 108 K. We assume that
the gas is dust free, and we consider metallicities Z rang-
ing from 10−3 to 2 times the elemental abundances in the
Sun. We carry out our computations using up-to-date
rate coefficients for all of the atomic recombination and
ionization processes, and the energy loss mechanisms.

For temperatures below ∼ 5×106 K, where ion-electron
recombination lags significantly behind the cooling, we
explicitly solve the coupled time-dependent ionization
and energy loss equations for the cooling gas. For such
gas we assume that the cooling is from an initially hot
equilibrium state. The basic equations and our numer-
ical method are presented in §2. We calculate the non-
equilibrium cooling efficiencies for constant pressure (iso-
baric) and constant density (isochoric) evolutions. De-
partures from collisional ionization equilibrium (CIE) are
slightly smaller for isobaric cooling.

In §3 we consider the conditions for isochoric versus
isobaric cooling. We compute the critical column densi-
ties and temperatures at which the cooling time becomes



6 AY230-HotGas

• Approximate power-law expressions (good to 30%)

� Solar metallicty (Z = 1; T = 105 − 108K)

ΛZ=1
eq = 2.3 × 10−19 T−0.54 erg cm3 s−1 (18)

� ‘Zero’-metallicity (Z < 0.01) – This includes Brehmstrahlung

ΛZ=10−3

eq = 1.7 × 10−16 T−1.29 [T = 8 × 104−5 K] (19)

= 3.8 × 10−26 T 0.34 [T = 8 × 105 − 108 K] (20)

G. Cooling: Brehmstrahlung

• At T > 107K, there are few abundant elements with a bound electron

� Cooling via collisional excitation is severely reduced

� Recombination cooling remains weak

� At these temperatures, Brehmstrahlung emission dominates

• Semi-Classical treatment [following Shu]

� Classical ⇒ v/c � Zα

e− + ion → e− + ion + γ (21)

� Treat ion as a fixed particle

� Stick to the small-angle scattering regime

� Dipole moment

~d = −e~r (22)

~̈d = −e~̈r (23)

� Non-relativistic equation of motion

|~̈r| = Ze2

m(b2 + v2t2)
(24)

� Electric field (dipole approximation)

| ~E| = e|~̈r|
c2r

sin θ =
Ze3 sin θ

mc2r(b2 + v2t2)
(25)

N θ is the angle between the observer and ~̈r

� Fourier analysis (to gain frequency dependence)

| ~E| =
∞∫

−∞

ενe
−i2πνtdν (26)

=

∞∫
0

(
ενe

−i2πνt + ε∗νe
i2πνt

)
dν (27)
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� εν is just the transform of | ~E|

εν =
Ze3 sin θ

mc2r

∞∫
−∞

ei2πνt

b2 + v2t2
dt (28)

=
Ze3 sin θ

mc2r

( π

bv

)
e−2πνb/v (29)

� Dipole Radiation

dP

dΩ
=
|e~̈r|2

4πc2
sin2 θ (30)

=
c|E|2

4π
(31)

� Derive the frequency dependence

N Parseval’s theorem of Fourier transform

∞∫
−∞

|E|2dt =

∞∫
−∞

ενε
∗
νdν = 2

∞∫
0

ενε
∗
νdν (32)

N Pν : The integrated flux in the frequency interval ν, ν + dν for
1 electron with velocity v at impact parameter b

N From Equation 30
dPν

dΩ
= ενε

∗
ν

( c

2π

)
(33)

N Therefore, integrating over dΩ

Pν =

π∫
0

c

2π
ενε

∗
ν2πr2dcos θ (34)

=
4

3

(
Z2e6

m2c3

)
π2

(bv)2
e−4πνb/v (35)

• Thermal Brehmstrahlung

� Total emission rate for all electrons in a thermal (i.e. Maxwellian distribution)

jff
ν = ni

∞∫
vmin

v [ nef(v)dv ]

∞∫
bmin

Pν2πbdb (36)

N vmin, bmin are cutoff values

N i.e., thresholds that must be satisfied for Brehmstrahlung to occur
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� Integrating

jff
ν = nine

(
2m

πkT

) 1
2
(

8π3Z2
i e

6

3m2c3

)
I (37)

I ≡
∫

xmin

dxe−x

∞∫
ξmin

e−ξ

ξ
dξ (38)

N xmin ≡ mv2
min/2kT

N ξmin ≡ 4πνbmin/v

N The second integral is our old friend E1(ξmin)

� Evaluate xmin, ξmin

N For the emission of a photon with frequency ν, we have

xmin =
hν

kT
(39)

N For bmin, we have two possibilities

(a) To insure small angle scattering, set

Ze2

bmin

= mev
2 (40)

(b) Quantize angular momentum (or uncertainty principle)

bminmv = ~ (41)

◦ These two conditions are satisfied when

v =
Zie

2

~
≡ vc (42)

◦ Let’s impose two conditions

bmin =

{
Zie

2/mv2 v ≤ vc

~/mv v ≥ vc

(43)

N Therefore

ξmin =

{
(hν/χi)(x/xi)

− 3
2 x ≤ xi

(hν/kT )x−1 x ≥ xi

(44)

x ≡ mev
2

2kT
(45)

xi ≡
χi

kT
(46)

χi ≡
m

2

(
Zie

2

~

)2

(47)
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� Altogether now

I =

∞∫
hν/kT

e−xE1(ξmin)dx (48)

� Low Frequency

N If hν � χi (or kT ), we have x ≤ xi

N Approximating E1(z) = ln(γ/z) with γ = 0.5772 (Euler’s constant)

N Therefore, for hν/kT � 1

I ≈ ln
[
γ ( χi/hν ) x

− 3
2

i

]
− 3

2
γ (49)

N The Brehmstrahlung spectrum is a logarithmic function of ν (i.e. flat)

N Physics:

◦ Interaction between the e− and ion is very short compared to τ = 1/ν

◦ Approximately an impulse of radiation

◦ Fourier transform of an impulse (i.e. delta function) is flat

� High frequencies: hν � χi (or kT )

N ξmin is of order unity for small x

N Evaluate I with ξmin = 1

I = E1(1)e−hν/kT (50)

N The expected cutoff is simply due to the absence of e−’s at wavelengths
capable of producing photons with hν

• Quantum result

I =
4

π
√

3
ḡff (ν)e−hν/kT (51)

� ḡff is the Gaunt factor

� ḡff = 1 for most frequencies

ḡff =

{√
3
π

(
ln 4kT

hν
− 0.577

)
hν � kT

1 hν � kT
(52)

� Finally,

jff
ν =

∑
i

nine

(
2me

3πkT

) 1
2
[

32π2Z2
i e

6

3m2
ec

3

]
¯gff (ν)e−hν/kT (53)

H. Cooling Time

• Definition

tc ≡
T

|dT/dt|
(54)
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� We can estimate this by comparing the thermal energy of the
gas with the cooling rate

� Following Gnat & S 2007 for isobaric cooling,

tc ≈
10.8kT

nΛ
(55)

• Here is a plot for solar and primordial gas with n = 10−3 cm−3
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t C
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Z=1, n=10−3 cm−3

Z=0, n=10−3 cm−3

� Gas at T = 105K cools very rapidly, especially with metals

� For very hot (T > 106K) and diffuse (n � 10−3 cm−3 gas, the
cooling time may exceed the Hubble time

I. Applications: Intracluster Medium (ICM)

• Galaxy clusters have dark matter halo masses exceeding 1014M�

� If these halos contain baryons, they may be shock heated
to the virial temperature

� Estimate of Tvir, assuming a fully ionized primordial gas

Tvir ≈ 4 × 107

(
M

1014M�

)2/3

K (56)

� Gas at these temperatures will emit Brehmstrahlung X-ray radiation
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• X-ray Observations

� Detect point sources in cluster galaxies (X-ray binaries, AGN)

� Detect diffuse, extended X-ray emission (ICM)

• ICM

� Diffuse baryons filling the space between galaxy clusters

� TICM

N Spectral analysis of the X-ray emission

N Fit to Brehmstrahlung spectrum (exp(−hν/kT )

◦ Need to observe at energies hν ≈ kT

◦ E ≈ 1(T/107 K)keV

◦ X-rays

N Presumably TICM is roughly the Virial temperature, at least
for where the gas is too diffuse to cool efficiently

� ne

N The ICM is optically thin to Brehmstrahlung emission

◦ Therefore,
L ∼ nenpj

ff
ν (T )V (57)

◦ V is the volume of the cluster

◦ Measure L(r) to estimate ne(r)

N The X-ray emission is often fitted by this profile

ne(r) = n0

[
1 +

(
r

rc

)2
]3β/2

(58)
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◦ See Reiprich & Bohringer 2002, ApJ, 567, 716

◦ β ≈ 0.6

◦ n0 = 10−1 to 10−2 cm−3 at rc = 300 kpc

• Cooling flows

� Near the center of the cluster, the cooling time is short

N tc(r = 100 kpc) ≈ 106yr

N Expect to observe cooler gas flowing in

� Initial X-ray analyses suggeseted cooling flows

N Chandra (higher spatial resolution) refutes these

� Outstanding problem: What prevents cooling flows in clusters?

N AGN?

N Bubbles?

N Cosmic rays?

• SZ Effect

� CMB photons travelling through a cluster will upscatter on the electrons

� This alters the observed CMB spectrum

N Signal is independent of redshift

N But sensitive to cluster mass

� Major campaigns underway to measure the SZ effect

N Expect to discover thousands of high z clusters

N And estimate their masses

N Cosmology!

J. Applications: WHIM

• D/H+BBN and CMB analysis yield a precise estimate of the baryon mass density

Ωb = 0.04 (59)

• Consider a local census of baryons (e.g. Prochaska & Tumlinson 2009)

Table 1: z ∼ 0 Baryon Census

Phase Technique Value (Ω/Ωb)

Stars φ(L), M/L 0.06± 0.03
H2 φ(L), CO/L, X 0.003± 0.001
HI 21cm surveys 0.011± 0.001

ICM nDM , fgas 0.027± 0.001
IGM Lyα, EUVB 0.2− 0.5
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� The sum of these components is less than unity!

• Where are the missing baryons?

� Black holes?? Not enough quasars

� Hotter gas?? What would heat it?

� Warm-Hot Intergalactic Medium (WHIM)

• Cosmological simulations of the WHIM (Davé et al., Cen & Ostriker)

� Over the past several Gyr, large-scale (filamentary) structures have collapsed

� In the process, the gas shocks and heats to T ≈ 106 to 107K

� It has densities of several times the mean, e.g., n ≈ 10−5 cm−3

� Does the WHIM exist beyond theory-land?No. 2, 2001 WARM-HOT INTERGALACTIC MEDIUM 475

FIG. 1.ÈEvolution of mass fractions in four baryonic phases, in four simulations

warm-hot baryons is 30%È40%. Gravitationally bound
baryons, i.e., those in stars, galactic gas, clusters, and intra-
group media, make up the rest. Thus. baryons in the present-
day universe are divided roughly equally among di†use,
warm-hot, and bound components.

While all the simulations are qualitatively similar, the
exact distribution of gas in these phases is sensitive to
details of the simulations. For instance, the condensed-
phase fraction is sensitive to how gas cools and forms stars
in these simulations, which in turn is signiÐcantly a†ected
by resolution (since cooling and star formation P o2). The
e†ect of supernova feedback heating also depends strongly
on resolution, as we discuss later. The growth of structure is
a†ected by the amount of large-scale power present. In par-
ticular, the hot gas fraction in clusters is sensitive to cosmic
variance, since it is dominated by the largest virialized
objects in the volume. Other phases, including the warm-
hot phase, are less sensitive to volume e†ects, as we show in
° 4.1.

All things considered, it is not surprising that there are
di†erences of up to a factor of 2 in the fractions in various
phases at z \ 0. While the di†erences may be signiÐcant, an
investigation of their exact causes is beyond the scope of

this work, although these di†erences o†er clues to the physi-
cal processes driving WHIM evolution, as we explore in
° 4.1. Rather, we focus on the remarkable qualitative consis-
tency in the evolution of various gas phases, given the
variety of simulation methodologies utilized.

For the condensed phase, a census of baryons in stars and
cold gas estimates its mass fraction to be around 20%
(Fukugita et al. 1998). This estimate does not include cold
gas in small halos that may be below our simulation
resolution limits, such as compact high-velocity clouds in
the scenario of Blitz et al. (1999). However, The Arecibo H I

Strip Survey indicates that the faint-end of the H I mass
function is shallow, with a slope of 1.2 for MH I

[ 107.5 M
_(Zwaan et al. 1997). Such a slope implies that only a small

fraction of neutral cold gas resides in halos below our
resolution limit. For masses smaller than the Zwaan et al.
limit, photoionization is expected to increasingly suppress
the condensation of cold gas in dark matter potential wells
(Quinn, Katz, & Efstathiou 1996 ; Thoul & Weinberg 1996).
Thus, there may be some photoionized gas within these
potential wells that would not be seen in H I surveys,
although it is difficult to maintain such gas at high density
over a Hubble time given the short cooling timescales.
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• Empirical (observational) searches

� Hydrogen in absorption

N Standard Lyα absorption-line observations

N But, the high T implies very broad lines

bWHIM
HI = 130

√
T

106 K
km s−1 (60)

N This implies a low optical depth,

τWHIM
0 = 0.05

NHI

1013 cm−2

130 km s−1

b
(61)

N To detect such a broad Lyα (BLA) line requires high S/N and a
well-fluxed spectrum

Generally, O vi is a more likely ion to associate with broad H i
(Richter et al. 2004; Sembach et al. 2004), but ions in lower
ionization stages can constrain the metallicity of broad Ly! ab-
sorbers as well. We find ½C/H" < #2, if CIE and pure thermal
broadening apply.

4.3. Summary of the Origgin of the O vi Systems
in the Spectrum of HE 02260#4110

In summary, the O vi systems at z ¼ 0:01746, 0.34034,
0.35523, 0.42660 can be explained by photoionization models.
In Table 5, we summarize the basic properties of the observed
O vi systems assuming photoionization and the possible origins
of these systems. The broadening of the metal lines appears to
be mostly nonthermal if solely photoionization applies or there
may be unresolved substructure buried in the noise of the spec-
trum. Only the system at z ¼ 0:20701 described by Savage et al.
(2005) appears to be clearly multiphase with photoionized and
collisionally ionized gas. The ionic ratios observed in the system
at z ¼ 0:01746 can be reconciled with a single CIE model if the
relative abundances are nonsolar. For the other systems, CIE is
possible with current constraints. In particular, only a little non-
thermal broadening would be needed to explain the broadening
of the metal lines. Higher S/N FUV spectra would provide better
understanding of the shape and kinematics of the observed pro-
files and access to other key elements such as N v.

5. IMPLICATIONS FOR THE LOW-REDSHIFT IGM

5.1. Discriminating between Photoionization
and Collisional Ionization

The analysis in x 4 shows that it is difficult to clearly differen-
tiate between photoionization and collisional ionization for sev-
eral of the metal-line systems. Savage et al. (2005) showed that
the system at z ¼ 0:20701 consists of a mixture of photoionized
and collisionally ionized gas. This is the only system along this
line of sight for which O vi cannot be explained by photoioni-
zation. We showed that the system at z ¼ 0:01746 can be col-
lisionally ionized if N/O is subsolar, but the observed column
densities can also be explained by a simple photoionization
model with relative solar abundance. For the O vi systems at
z ¼ 0:34034 and 0.35523 and the tentative O vi system at
z ¼ 0:42660, photoionization is also the likely source of ioni-
zation, although collisional ionization cannot be ruled out.

If the photoionization dominates the ionization in a large
fraction of the O vi systems, estimates of the baryonic density
of the WHIM as traced by O vi would need to be reduced by a
similarly large factor (a factor of 6 for the HE 0226#4110 line
of sight). The recent observations in the FUV of the lines of
sight toward H 1821+643 (Tripp et al. 2001), PG 1116+215
(Sembach et al. 2004), PG 1259+593 (Richter et al. 2004), and
PKS 0405#123 (Prochaska et al. 2004) have similarly shown
that the O vi systems are complex, with a mix of photoionized
and collisionally ionized systems.
Prochaska et al. (2004) noted a general decline of the photo-

ionization parameter U estimated in the CLOUDY model with
increasing observed H i column density. Davé et al. (1999) found
that nH / N (H i)0:710#0:4z for the low-z Ly! absorbers. As-
suming that the H i ionizing intensity is constant gives U /
N (H i)#0:7 (Prochaska et al. 2004). To check whether this trend
holds with more data and in particular to check whether the O vi
systems that could be explained by both photoionization and
CIE deviate from this trend, in Figure 17 we combine our results
summarized in Table 5 for the photoionized O vi systems with
results from Prochaska et al. (2004), Richter et al. (2004), Savage
et al. (2002), and Sembach et al. (2004). We show in Table 6
the redshift, logU , and H i column density. A linear fit using a
least-squares fit to the data gives logU ¼ #0:58 log (N (H i)/
1014)# 1:23 (we did not include the peculiar O vi system at
z ¼ 0:36332 toward PKS 0405#123, where the very weak Ly!
is offset from the metal-line transitions, see Prochaska et al.
2004; including this system would change the slope to #0.55).
For the fit we treated the lower limit of logU toward PKS
0405#123 as an absolute measure, but excluding this limit from
the fit would not change the result. The solid curve in Figure 17
shows the fit. While the slope of #0.58 is close to the predicted
slope of#0.7 from the numerical simulations (Davé et al. 1999;
Davé & Tripp 2001), the simulations appear to provide an upper
limit to this relation (see Fig. 17, dotted line). Note that metal-
line systems with no O vi do not seem to follow this correlation.
For example, the system at z ¼ 0:00530 toward 3C 273 gives
log N (H i) ¼ 15:85 and logU ¼ #3:4 (Tripp et al. 2002), and
the system at z ¼ 0:16610 gives logN (H i) ¼ 14:62 and logU ¼
#2:6 (Sembach et al. 2004): both systems are very much below
the distribution of the data plotted in Figure 17. Although the
correlation could be somewhat fortuitous for the O vi systems
that can be explained by both photoionization and CIE origins,
it would have to occur for all these systems (e.g., two systems
presented in this paper, and the system at z ¼ 0:14232 toward
PG 0953+415 in Savage et al. 2002). This may favor photo-
ionization for the O vi systems that can be fitted by both pho-
toionization and CIE models.
So far, we have mainly considered photoionization and CIE

models to explain the observed O vi systems. However, if the gas
is hot (between 105 and 106 K) and dense enough, it should cool
rapidly since this is the temperature range over which the cooling
of an ionized plasma is maximal (Sutherland & Dopita 1993).
O vi is the dominant coolant in this temperature range. Heckman
et al. (2002) investigated the nonequilibrium cooling of O vi and
computed the relation between N(O vi) and bobs(O vi) expected
for radiatively cooling gas at temperatures of 105 and 106 K.
Considering the 4 IGM sight lines that have now been fully
analyzed (HE 0226#4110, this paper ; PKS 0405#123,Williger
et al. 2005; PG 1116+215, Sembach et al. 2004; PG 1259+593,
Richter et al. 2004), we plot in Figure 18 the column density
against the observed width for O vi absorption systems seen
along these lines of sight. Most of the data lie between the b
range [10, 35] km s#1 and log N range [13.5, 14.1] with a large

Fig. 16.—Broad component fit to the Ly! line at z ¼ 0:01746. The solid line
is a two-component fit with b ¼ 58 km s#1 and logN (H i) ¼ 12:71 for the broad
component. The dotted line shows the broad component profile only.
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N The BLAs may comprise > 20% of the baryons (Lehner et al. 2006,2007)

� Metals in absorption

N If the WHIM has metals, these will be in high ionization states
(see our ion fractions of Oxygen)

N O+6, O+7 are dominant but these require X-ray spectroscopy (λ ≈ 20Å)
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a 3j upper limit on the temperature of the H I absorber of
TH I
max , 1.2 £ 105 K, inconsistent with the range of temperatures

estimated for the X-ray absorber (see Fig. 2 legend). If the systems
are related, a multiphase WHIM is required. No H I Lya lines are
visible at z ¼ 0.011 and z ¼ 0.027.
We also searched the Far Ultraviolet Spectrometer Explorer

(FUSE) spectrum of Mkn 421 for OVI absorption at or close to

the redshifts of our two X-ray absorbers. No OVI lines are visible at
z ¼ 0.010160, z ¼ 0.011 or z ¼ 0.027. The conservative signifi-
cances of the X-ray absorbers at z ¼ 0.011 and z ¼ 0.027 are 3.5j
and 4.9j respectively, while their direct integrated significances are
5.8j and 8.9j (Table 2).

For both the z . 0 X-ray systems we compared the measure-
ments (X-rays) or 3j upper limits (ultraviolet, far-ultraviolet and

Figure 1 The WHIM absorption in the Chandra LETG spectrum of Mkn 421. Six portions of

the LETG spectrum of MKn 421 along with its best-fitting continuum (solid blue line) plus

narrow absorption model (solid red line), centred around the rest wavelengths of the

Ne IX–Ne X Ka (a), O VIII Ka (b), O VII Ka (c), N VII Ka (d), N VI Ka (e) and C VI Ka (f) transitions.
This spectrum contains a total of,5,000 counts per resolution element in the continuum

at 21 Å, enough to detect O VII columns of N O VII $ 8 £ 1014 cm22 at a significance level

$3j. For each labelled ion in the six panels, the three vertical lines from left to right are

the rest frame wavelengths (thin line) and the expected wavelengths at z ¼ 0.011

(cz ¼ 3,300 km s21, medium thickness line) and z ¼ 0.027 (cz ¼ 8,090 km s21, thick

line). Mkn 421 was also observed with the HST GHRS on 1 February 1995. We retrieved

this GHRS spectrum of Mkn 421 from the public HST archive, and re-analysed the data.

The 3j H I column upper limit of putative H I Lya at the average redshifts of the two X-ray

systems are N H I , 4.7 £ 1012 cm22 and N H I , 8.5 £ 1012 cm22 (assuming a

temperature of log[T (K)] ¼ 6.1 for both systems). Following our ‘target of opportunity

observation’ request Mkn 421 was observed by FUSE on 19–21 January 2003 with a total

exposure time of 62 ks. From this spectrum we derived 3j O VI column upper limits of

putative O VI2s!2p at the redshift of the H I Lya absorber and at the average

redshifts of the two X-ray systems, of N O VI(z ¼ 0.010160) , 1.4 £ 1013 cm22,

NO VI(z ¼ 0.011) , 1.6 £ 1013 cm22 and NO VI(z ¼ 0.027) , 1.4 £ 1013 cm22

respectively. Error bars, ^1j
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◦ Only a handful of X-ray sources are bright enough for Chandra and XMM

◦ Claimed detections are controversial (at best; Nicastro et al. 2005)

◦ This science awaits new technology (e.g. XEUS)
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N O+5 exists in to T ≈ 106K

◦ This shows a Li-like doublet at 1031,1037Å

◦ UV spectroscopy show many detections

◦ Both the corresponding Lyα lines are generally narrow, suggesting
photoionization (Tripp et al. 2008)

� WHIM in emission?

N Emphasis of proposed NASA missions

N None have yet to be funded


