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Overview	  

•  “Concordance	  Cosmology”	  and	  the	  number	  
of	  baryons	  in	  the	  Universe.	  	  

•  Baryon	  Budget	  at	  z>2:	  the	  Lyα	  Forest	  
•  Baryon	  Budget	  at	  z<2:	  stars,	  ICM,	  cold-‐gas,	  
residual	  Lyα-‐Forest	  	  	  

•  The	  ‘Missing	  Baryons’	  problem	  in	  the	  local	  
Universe,	  and	  the	  WHIM	  

•  The	  Warm-‐Phase	  of	  the	  WHIM	  in	  the	  FUV	  
•  The	  OVI-‐BLA	  IGM	  and	  its	  galaxy	  
environment	  
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“By	  accurately	  measuring	  the	  sta4s4cal	  proper4es	  of	  the	  microwave	  background	  fluctua4ons,	  
WMAP	  has	  helped	  establish	  a	  standard	  cosmology:	  a	  flat	  Λ	  cold	  dark	  ma_er	  (CDM)	  model	  

composed	  of	  atoms,	  dark	  ma_er,	  and	  dark	  energy,	  with	  nearly	  scale-‐invariant	  adiaba4c	  Gaussian	  
fluctua4ons.	  With	  our	  most	  recent	  measurements,	  WMAP	  has	  measured	  the	  basic	  parameters	  

of	  this	  cosmology	  to	  high	  precision…”	  
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ABSTRACT

The Wilkinson Microwave Anisotropy Probe (WMAP) 5-year data provide stringent limits on deviations from the
minimal, six-parameter ! cold dark matter model. We report these limits and use them to constrain the physics of
cosmic inflation via Gaussianity, adiabaticity, the power spectrum of primordial fluctuations, gravitational waves,
and spatial curvature. We also constrain models of dark energy via its equation of state, parity-violating interaction,
and neutrino properties, such as mass and the number of species. We detect no convincing deviations from the
minimal model. The six parameters and the corresponding 68% uncertainties, derived from the WMAP data
combined with the distance measurements from the Type Ia supernovae (SN) and the Baryon Acoustic Oscillations
(BAO) in the distribution of galaxies, are: "bh

2 = 0.02267+0.00058
#0.00059, "ch

2 = 0.1131±0.0034, "! = 0.726±0.015,
ns = 0.960 ± 0.013, ! = 0.084 ± 0.016, and #2

R = (2.445 ± 0.096) $ 10#9 at k = 0.002 Mpc#1. From these,
we derive "8 = 0.812 ± 0.026, H0 = 70.5 ± 1.3 km s#1 Mpc#1, "b = 0.0456 ± 0.0015, "c = 0.228 ± 0.013,
"mh2 = 0.1358+0.0037

#0.0036, zreion = 10.9 ± 1.4, and t0 = 13.72 ± 0.12 Gyr. With the WMAP data combined with
BAO and SN, we find the limit on the tensor-to-scalar ratio of r < 0.22 (95% CL), and that ns > 1 is disfavored
even when gravitational waves are included, which constrains the models of inflation that can produce significant
gravitational waves, such as chaotic or power-law inflation models, or a blue spectrum, such as hybrid inflation
models. We obtain tight, simultaneous limits on the (constant) equation of state of dark energy and the spatial
curvature of the universe: #0.14 < 1 + w < 0.12 (95% CL) and #0.0179 < "k < 0.0081 (95% CL). We provide
a set of “WMAP distance priors,” to test a variety of dark energy models with spatial curvature. We test a time-
dependent w with a present value constrained as #0.33 < 1 + w0 < 0.21 (95% CL). Temperature and dark matter
fluctuations are found to obey the adiabatic relation to within 8.9% and 2.1% for the axion-type and curvaton-type
dark matter, respectively. The power spectra of TB and EB correlations constrain a parity-violating interaction,
which rotates the polarization angle and converts E to B. The polarization angle could not be rotated more than
#5.%9 < ## < 2.%4 (95% CL) between the decoupling and the present epoch. We find the limit on the total mass
of massive neutrinos of

!
m$ < 0.67 eV (95% CL), which is free from the uncertainty in the normalization

of the large-scale structure data. The number of relativistic degrees of freedom (dof), expressed in units of the
effective number of neutrino species, is constrained as Neff = 4.4 ± 1.5 (68%), consistent with the standard
value of 3.04. Finally, quantitative limits on physically-motivated primordial non-Gaussianity parameters are
#9 < f local

NL < 111 (95% CL) and #151 < f
equil
NL < 253 (95% CL) for the local and equilateral models, respectively.

Key words: cosmic microwave background – cosmology: observations – dark matter – early universe –
instrumentation: detectors – space vehicles: instruments – telescopes

1. INTRODUCTION

Measurements of microwave background fluctuations by
the Cosmic Background Explorer (COBE; Smoot et al. 1992;
Bennett et al. 1994, 1996), the Wilkinson Microwave Anisotropy

" WMAP is the result of a partnership between Princeton University and
NASA’s Goddard Space Flight Center. Scientific guidance is provided by the
WMAP Science Team.

Probe (WMAP; Bennett et al. 2003a, 2003b), and ground
and balloon-borne experiments (Miller et al. 1999, 2002; de
Bernardis et al. 2000; Hanany et al. 2000; Netterfield et al. 2002;
Ruhl et al. 2003; Mason et al. 2003; Sievers et al. 2003, 2007;
Pearson et al. 2003; Readhead et al. 2004; Dickinson et al. 2004;
Kuo et al. 2004, 2007; Reichardt et al. 2008; Jones et al. 2006;
Montroy et al. 2006; Piacentini et al. 2006) have addressed many
of the questions that were the focus of cosmology for the past 50
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Table 1
Summary of the Cosmological Parameters of !CDM Model and the Corresponding 68% Intervals

Class Parameter WMAP 5 Year MLa WMAP+BAO+SN ML WMAP 5 Year Meanb WMAP+BAO+SN Mean

Primary 100"bh
2 2.268 2.262 2.273 ± 0.062 2.267+0.058

!0.059
"ch

2 0.1081 0.1138 0.1099 ± 0.0062 0.1131 ± 0.0034
"! 0.751 0.723 0.742 ± 0.030 0.726 ± 0.015
ns 0.961 0.962 0.963+0.014

!0.015 0.960 ± 0.013
! 0.089 0.088 0.087 ± 0.017 0.084 ± 0.016

#2
R(kc

0) 2.41 " 10!9 2.46 " 10!9 (2.41 ± 0.11) " 10!9 (2.445 ± 0.096) " 10!9

Derived "8 0.787 0.817 0.796 ± 0.036 0.812 ± 0.026
H0 72.4 km s!1 Mpc!1 70.2 km s!1 Mpc!1 71.9+2.6

!2.7 km s!1 Mpc!1 70.5 ± 1.3 km s! Mpc!

"b 0.0432 0.0459 0.0441 ± 0.0030 0.0456 ± 0.0015
"c 0.206 0.231 0.214 ± 0.027 0.228 ± 0.013

"mh2 0.1308 0.1364 0.1326 ± 0.0063 0.1358+0.0037
!0.0036

zd
reion 11.2 11.3 11.0 ± 1.4 10.9 ± 1.4
te
0 13.69 Gyr 13.72 Gyr 13.69 ± 0.13 Gyr 13.72 ± 0.12 Gyr

Notes.
a Dunkley et al. (2009). “ML” refers to the Maximum Likelihood parameters.
b Dunkley et al. (2009). “Mean” refers to the mean of the posterior distribution of each parameter.
c k0 = 0.002 Mpc!1. #2

R(k) = k3PR(k)/(2#2) (Equation (15)).
d “Redshift of reionization,” if the universe was reionized instantaneously from the neutral state to the fully ionized state at zreion.
e The present-day age of the universe.

Table 2
Summary of the 95% Confidence Limits on Deviations from the Simple (Flat, Gaussian, Adiabatic, Power-Law) !CDM Model

Section Name Type WMAP 5 Year WMAP+BAO+SN

Section 3.2 Gravitational wavea No running index r < 0.43b r < 0.22
Section 3.1.3 Running index No grav. wave !0.090 < dns/d ln k < 0.019c !0.068 < dns/d ln k < 0.012
Section 3.4 Curvatured !0.063 < "k < 0.017e !0.0179 < "k < 0.0081f

Curvature radiusg Positive curv. Rcurv > 12 h!1 Gpc Rcurv > 22 h!1 Gpc
Negative curv. Rcurv > 23 h!1 Gpc Rcurv > 33 h!1 Gpc

Section 3.5 Gaussianity Local !9 < f local
NL < 111h N/A

Equilateral !151 < f
equil
NL < 253i N/A

Section 3.6 Adiabaticity Axion $0 < 0.16j $0 < 0.072k

Curvaton $!1 < 0.011l $!1 < 0.0041m

Section 4 Parity violation Chern–Simonsn !5.#9 < #$ < 2.#4 N/A
Section 5 Dark energy Constant wo !1.37 < 1 + w < 0.32p !0.14 < 1 + w < 0.12

Evolving w(z)q N/A !0.33 < 1 + w0 < 0.21r

Section 6.1 Neutrino masss !
m% < 1.3 eVt !

m% < 0.67 eVu

Section 6.2 Neutrino species Neff > 2.3v Neff = 4.4 ± 1.5w (68%)

Notes.
a In the form of the tensor-to-scalar ratio, r, at k = 0.002 Mpc!1.
b Dunkley et al. (2009).
c Dunkley et al. (2009).
d (Constant) dark energy equation of state allowed to vary (w $= !1).
e With the HST prior, H0 = 72 ± 8 km s!1 Mpc!1. For w = !1, !0.052 < "k < 0.013 (95% CL).
f For w = !1, !0.0178 < "k < 0.0066 (95% CL).
g Rcurv = (c/H0)/

%
|"k | = 3/

%
|"k | h!1 Gpc.

h Cleaned V + W map with lmax = 500 and the KQ75 mask, after the point-source correction.
i Cleaned V + W map with lmax = 700 and the KQ75 mask, after the point-source correction.
j Dunkley et al. (2009).
k In terms of the adiabaticity deviation parameter, &(c,' )

adi =
%

$/3 (Equation (39)), the axion-like dark matter and photons are found to obey the adiabatic
relation (Equation (36)) to 8.9%.
l Dunkley et al. (2009).
m In terms of the adiabaticity deviation parameter, &

(c,' )
adi =

%
$/3 (Equation (39)), the curvaton-like dark matter and photons are found to obey the

adiabatic relation (Equation (36)) to 2.1%.
n For an interaction of the form given by [((t)/M]F$) F̃ $) , the polarization rotation angle is #$ = M!1 "

dt
a (̇.

o For spatially curved universes ("k $= 0).
p With the HST prior, H0 = 72 ± 8 km s!1 Mpc!1.
q For a flat universe ("k = 0).
r w0 & w(z = 0).
s !

m% = 94("%h
2) eV.

t Dunkley et al. (2009).
u For w = !1. For w $= !1,

!
m% < 0.80 eV (95% CL).

v Dunkley et al. (2009).
w With the HST prior, H0 = 72 ± 8 km s!1 Mpc!1. The 95% limit is 1.8 < Neff < 7.6.

Standard	  Cosmological	  Model	  
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Λ-CDM: Flat Universe 
ΩΛ = 0.726 
ΩDM = 0.2276 
Ωb = 0.0456 

26 Mpc  2.6 Gpc  



Ωb from Deuterium and Hydrogen Ratio 
 “It is well established that the light nuclei hydrogen (H), deuterium (D), 3He, 4He, and 7Li are all made 

during big bang nucleosynthesis. The relative primordial abundances created in the standard theory of big 
bang nucleosynthesis (SBBN) for these five nuclei depend on one parameter, the cosmological baryon-to-

photon ratio, η = nb/nγ (Kolb & Turner 1990). A measurement of the ratio of any two primordial 
abundances gives η. The three other primordial abundances are predicted once η is known and 

measurements of them test the theory.” (Kirkman+03) 

Burles+01 Ωb = ρb/ρc = ρb/(3H0
2/8πG) 

“Because its abundance depends strongly on the 
baryon density, and its subsequent chemical 
evolution is so simple (astrophysical processes 
only destroy D), deuterium can accurately peg the 
baryon density. Once determined, the baryon 
density allows the abundances of 3He, 4He, and 7Li 
to be predicted. These predictions can be used to 
test the consistency of the big bang framework 
and to probe astrophysics.” (Burles+01) 



THE COSMOLOGICAL BARYON DENSITY FROM THE DEUTERIUM-TO-HYDROGEN RATIO
IN QSO ABSORPTION SYSTEMS: D/H TOWARD Q1243+3047

David Kirkman,1,2, David Tytler,1,2 Nao Suzuki,1,2 JohnM. O’Meara,1,2 and Dan Lubin1,2

Received 2003 February 3; accepted 2003 June 26

ABSTRACT

We report the detection of deuterium absorption at redshift 2.525659 toward Q1243+3047. We describe
improved methods to estimate the deuterium to hydrogen abundance ratio (D/H) in absorption systems,
including improved modeling of the continuum level, the Ly! forest, and the velocity structure of the
absorption. Together with improved relative flux calibration, these methods give D=H ! 2:42"0:35

#0:25 $ 10#5

from our Keck I HIRES spectra of Q1243+3047, where the error is from the uncertainty in the shape of the
continuum level and the amount of D absorption in a minor second component. The measured D/H is likely
the primordial value because [O/H% ! #2:79& 0:05. This absorption system has a neutral hydrogen column
density log NH i ! 19:73& 0:04 cm#2, shows five D lines, and is mostly ionized. The best estimate of the
primordial D/H is 2:78"0:44

#0:38 $ 10#5, from the log D/H-values toward five QSOs. The dispersion in the five
values is larger than we expect from their individual measurement errors, and we suspect this is because some
of these errors were underestimated. We observe a trend in D/H with log NH i that we also suspect is
spurious. The best value for D/H is 0.6 " smaller than we quoted in O’Meara et al. from three QSOs, and
although we have more values, the error is similar because the dispersion is larger. In standard big bang
nucleosynthesis (SBBN), the best D/H corresponds to a baryon-to-photon ratio # ! 5:9& 0:5$ 10#10 and
gives precise predictions for the primordial abundances of the other light nuclei. We predict more 4He than is
reported in most measurements, although not more than allowed by some estimates of the systematic errors.
We predict a 3He abundance very similar to that reported by Bania et al., and we predict 3–4 times more 7Li
than is seen in halo stars. It is unclear if those stars could have destroyed this much of their 7Li. The #-value
from D/H corresponds to a cosmological baryon density !bh2 ! 0:0214& 0:0020 (&9.3%), which agrees
with theWMAP value of!bh2 ! 0:0224& 0:001.
Subject headings: cosmology: observations — nuclear reactions, nucleosynthesis, abundances —

quasars: absorption lines — quasars: individual (Q1243+3047)

1. INTRODUCTION

It is well established that the light nuclei hydrogen (H),
deuterium (D), 3He, 4He, and 7Li are all made during big
bang nucleosynthesis. The relative primordial abundances
created in the standard theory of big bang nucleosynthesis
(SBBN) for these five nuclei depend on one parameter, the
cosmological baryon-to-photon ratio, # ! nb=n$ (Kolb &
Turner 1990). A measurement of the ratio of any two
primordial abundances gives #. The three other primordi-
al abundances are predicted once # is known and
measurements of them test the theory.

SBBN has now been validated in two main ways. First, it
successfully accounts for measurements of the approximate
relative primordial abundances of all these light nuclei (Tytler
et al. 2000 and references therein). Second, the baryon density
required is roughly consistent with that measured in other
ways, including the Ly! forest at high redshifts (Rauch et al.
1997; Weinberg et al. 1997; Zhang et al. 1998; Hui et al.
2002), and the baryon fraction in clusters of galaxies (Sadat
& Blanchard 2001 and references therein). Recently, the
cosmic microwave background (CMB) has given the same
baryon density to within 10%.

We measure D/H by dividing the column densities that
we measure for D i and H i in QSO absorption line systems.

We assume that ND i=NH i ! D=H because the D and H
should have nearly identical ionization (Savin 2002).

Since D/H is low, we can see D in only absorption sys-
tems that have high H i column densities, which are rare.
We would like to measure the column densities to better
than 10% accuracy and ideally less than 1% to better test
early universe physics. Echelle spectrographs give ample
spectral resolution, and integration times approaching 1
day give the required signal-to-noise ratio (S/N). Once D
has been found in a well-calibrated QSO spectrum, there are
four main factors that limit the measurement accuracy: the
continuum level, the Ly! forest, the velocity structure of the
absorber, and contamination by absorption other than D.

Each of the factors that complicate the measurement of
D/H are hard to model and quantify. We need to know the
level of the unabsorbed continuum to measure the amount
of absorption. The Ly! and other weak emission lines make
it hard to estimate the precise continuum shape, and
stochastic Ly! forest absorption only makes matters worse.
The Ly! forest H i absorption is random in wavelength and
opacity and is ubiquitous over the redshift intervals in which
we can measure D/H from ground-based telescopes. All the
H and D lines are in the Ly! forest portion of QSO spectra,
which introduces confusion and in the worst case can mimic
D absorption. The hardest problem is to ensure that we
explore all possible velocity structures that might explain a
given spectrum. D/H-values and their errors are often
dictated by the choice of velocity structure.

It appears likely that the measurement errors have been
underestimated in at least one of the published D/H-values,

1 Visiting Astronomer,W.M. Keck Observatory, which is a joint facility
of the University of California, the California Institute of Technology, and
NASA.

2 Center for Astrophysics and Space Sciences, University of California
at SanDiego,MS 0424, La Jolla, CA 92093-0424; dkirkman@ucsd.edu.

The Astrophysical Journal Supplement Series, 149:1–28, 2003 November
# 2003. The American Astronomical Society. All rights reserved. Printed in U.S.A.
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Ωb from D/H in QSO Lyα-Forest 

zem=2.56 
zD/H=2.526 

Iν = Iν0e-τν                   where:  
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τν = dsαν = nlL
πe2
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fluΦ(ν )

0
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And:                 a = Γ/4πΔνD ,  u = (ν-ν0)/ΔνD 



D/H at z = 2.526 (Kirkman+03)  

Sources of important systematics:  
- the continuum level 

- the Ly forest  
- the velocity structure of the absorber 

- contamination by absorption other than D.  



Thermal vs Turbulence (Kirkman+03)  

Knowing b allows one to estimate NHI and ND 
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Ωb from D/H 

D/H is not consistent with 7Li/H. In Figure 22 we show
their primordial 7Li/H-value that includes all their correc-
tions, including their depletion correction. Vangioni-Flam,
Coc, & Cassé (2000) also believe that the 7Li depletion is
small.

The estimates of !bh2 from di!erent CMB experiments,
listed in Table 7, are consistent with each other and with the
!bh2 from D/H and SBBN. Other methods of measuring
the !b have lower accuracy. The Ly! forest at redshifts
z ’ 3 typically indicates higher !bh2-values (e.g., Hui et al.
2002), while the baryon fraction in clusters of galaxies gives
consistent values. For example, Steigman (2002) multiplied
the !m derived from Type Ia supernovae, assuming the
universe is flat, by the baryon fraction in clusters of
galaxies to obtain!bh2 ! 0:019"0:007

#0:005.
The relevance of D/H measurements is changing. SBBN

and D/H gave the best estimate of !bh2 until 2003.
However, the CMB measurements now give !bh2 more
accurately than the estimate from SBBN.When we use!bh2

from the CMB in SBBN, the D/H is predicted with no free
parameters, and hence the main value of D/H will be as a
test of physics during SBBN (Bari & Foot 2001; Kaplinghat
& Turner 2001; Cyburt, Fields, & Olive 2001; Steigman,
Kneller, & Zentner 2002; Abazajian 2002). Such tests can be
made now, comparing the abundances of the light nuclei,
but the measurement errors are not well established, and
hence the precision will improve when !bh2 comes from the
CMB and we can use D/H alone to test the physics in
SBBN.

11. SUMMARY

In this paper, we have presented the detection of D
toward Q1243+3047. We measured D/H and obtained an
accuracy nearly as good as the best previous measurements.
The value is slightly lower than the previous mean, and
hence our best estimate for the cosmological baryon density
from SBBN is slightly higher.

The most conspicuous absorption system in the optical
spectrum of Q1243+3047 makes a strong Lyman break,
and we found D in the main component of that system. The
absorption system has two main components, separated by
approximately 13 km s#1. The separation is not well deter-
mined, because the second component does not make a dis-
tinct line. It makes the O i slightly asymmetric, and it
accounts for a portion of the absorption at velocities
between the main H and the main D, but its only e!ect on
the H i lines is to make them slightly wider on the red side.
In total the absorption system has at least seven compo-
nents, but only components 1 and 2 show O i, and we have
seen that nearly all of the H i is confined to

#40 km s#1 < v < 40 km s#1. The other components have
log NH i ’ 16 cm#2 and with one exception, they have no
e!ect on the D/Hmeasurement.

The column density of the D i in the main component,
D-1, is well determined, since we see five transitions from
this absorber, and several of them are well separated from
other lines, giving accurate b-values, redshift, and log ND i.
The column density in the second component, D-2, is less
well determined because its velocity and b-value are not well
known. We explored a variety of models for the relevant
portions of the spectrum and found the range of parameters
that gave the lowest "2-values.

A large part of the uncertainty over the D/H comes from
the log ND i in the D-2 component. We cannot predict the
amount of D in D-2, because we do not know the fraction of
the H i in this component, and the O/H need not be the
same in the two components. D-2 is fully blended with the
D-1 on its short-wavelength side and H-3 on the other side.
The range for the column density of D-2 gives the range
in the total D column density. This range arises because
the absorption near D-2 can be either D, or H i from
component H-3.

The line near D-1 is clearly H or D because it makes a
Lyman series, and with b ! 9:2$ 0:2 km s#1, it is much
narrower than typical H lines. Both the velocity of the D-1
lines and their width indicate that the line is D and not H.
Comparison with the width of the O i line gives
T ! 5500$ 400 K, which is cool. Unfortunately, we cannot
make a detailed comparison of the H i and D i velocity
structures that would prove that all of D-1 is D.

The main error on the H column density comes from the
uncertain continuum shape.

We determined the log NH i by fitting the continuum,
Ly! forest, and the main Ly! line simultaneously. We
model the continuum with smooth curves represented by B-
splines, and we use an optimizing code to vary the hundreds
of parameters in the model. We restarted the optimization
thousands of times, using di!erent initial values for the
parameters. All models with the lowest "2-values have
log NH i ! 19:73 cm#2, which we use as the best-fit value.
The error on log NH i is harder to estimate. The change in
"2-values suggests that the 1 # error is near 0.005, but we
reject this error as too small, because we are unsure if we
have adequately explored the parameter space or range of
models that might be consistent with the spectrum. Instead,
we find the range of log NH i-values that give models with
acceptable "2-values, and we represent the log NH i error
with a normal distribution chosen to give a 20% chance that
the log NH i-value is outside the range of acceptable models.
The errors on the H i andD i are then comparable.

There are now measurements or limits on D/H toward
seven QSOs, all listed in Table 5. In the Appendices, we
explain why we use measurements to five of them, four from
our group.

These five measurements have a larger dispersion than we
expect given their quoted measurement errors. There is only
a 1.5% chance of a larger "2-value by chance. We suspect
that the dispersion is large because one or more of the D/H-
values is inaccurate or has errors that have been underesti-
mated. The work we present here on Q1243+3047 has re-
inforced this belief, because we have found that it is surpris-
ingly hard to obtain a reliable D/H measurement. Many
details are relevant (x 9.2) and can change the value or the
error estimate, and we must attempt to model all

TABLE 7

Recent Estimates of the Baryon Density

Method !bh2 Reference

BBN+D/H ...................... 0.0214$ 0.002 This paper
CMB:WMAP.................... 0.0224$ 0.001 Spergel et al. 2003
CMB: BOOMERANG...... 0:021"0:003

#0:003 Netterfield et al. 2002
CMB:DASI....................... 0:022"0:004

#0:003 Pryke et al. 2002
CMB:MAXIMAI ............. 0.033$ 0.013 (95%) Stompor et al. 2001
CMB: CBI ......................... 0:022"0:15

#0:009 Sievers et al. 2002
Clusters + SN Ia ................ 0:019"0:007

#0:005 Steigman 2002
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The	  Lower	  Bound	  on	  the	  Number	  of	  Baryons	  at	  z>2	  
(See	  Rauch+98	  for	  a	  Review)	  
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ABSTRACT
We derive lower bounds on the cosmic baryon density from the requirement that the high-redshift

intergalactic medium (IGM) contain enough neutral hydrogen to produce the observed Lya absorption
in quasar spectra. These analytic bounds follow from a key theoretical assumptionÈthat absorbing
structures are on average no more extended in redshift space than in real spaceÈwhich is likely to hold
in the gravitational instability picture of the Lya forest, independently of the details of the cosmological
model. The other ingredients that enter these bounds are an estimate of (or lower limit to) the intensity
of the photoionizing UV background from quasars, a temperature T D 104 K for the ““ warm ÏÏ photoion-
ized IGM that produces most of the Lya absorption, a value of the Hubble constant, and observational
estimates of the mean Lya Ñux decrement or, for a more restrictive bound, the distribution functionD1
P(q) of Lya optical depths. With plausible estimates of the quasar UV background and the meanD1 ,
decrement bound implies a baryon density parameter h~2, where km s~1)

b
Z 0.0125 h 4 H0/(100

Mpc~1). A recent observational determination of P(q) implies that h~2 even for a conserva-)
b
Z 0.0125

tive estimate of the quasar UV background, and h~2 for a more reasonable estimate. These)
b
Z 0.018

bounds are consistent with recent low estimates of the primordial deuterium-to-hydrogen ratio (D/H)
P
,

which imply that h~2 when combined with standard big bang nucleosynthesis. Since the)
b
B 0.025

bounds account only for baryons in the warm IGM, their combination with the nucleosynthesis con-
straint implies that most of the baryons in the universe at z D 2È4 were distributed in di†use inter-
galactic gas rather than in stars or compact dark objects. The P(q) bound on is incompatible with)

bsome recent high estimates of unless one drops the assumptions of standard big bang nucleo-(D/H)
P
,

synthesis or abandons the idea that Lya forest lines originate in the smooth, large-scale structures of
photoionized gas that arise in gravitational instability theories.
Subject headings : cosmology : theory È elementary particles È intergalactic medium È

quasars : absorption lines

1. INTRODUCTION

Following the discovery of the Ðrst z [ 2 quasar
& Peterson derived a stringent(Schmidt 1965), Gunn (1965)

upper bound on the density of uniformly distributed,
neutral hydrogen in intergalactic space, by showing that the
redshifted Lya absorption of neutral gas with more than
D10~4 of closure density would turn quasar spectra vir-
tually black at short wavelengths, contrary to observation.
They concluded that the intergalactic medium (IGM) must
be highly ionized or extremely rareÐed. Within a few years,
it became clear that the ubiquitous absorption lines in
quasar spectra are predominantly those of intervening
neutral hydrogen et al. and(Lynds 1971 ; Sargent 1980),
subsequent studies have shown that these lines signiÐcantly
depress the mean Ñux received from high-redshift quasars
blueward of the Lya emission line & Korycansky(Oke

& Sargent & Ostriker1982 ; Steidel 1987 ; Jenkins 1991 ;
Rybicki, & Schneider hereafter & LuPress, 1993, PRS; Zuo

& Bechtold et al.1993 ; Dobrzycki 1996 ; Rauch 1997b).
Furthermore, it is now recognized that the ambient UV
radiation background produced by high-redshift quasars
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2 Department of Physics and Astronomy, University of Pennsylvania,
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will strongly photoionize gas near the cosmic mean density,
so that a small amount of di†use neutral hydrogen corre-
sponds to a much larger amount of total hydrogen (e.g.,

& Madau hereafter In this paper, weHaardt 1996, HM).
will argue that matching the observed Lya absorption leads
to interesting lower bounds on the mean baryon density of
the universe, which can be derived from quite general
assumptions about the state of the absorbing gas.

Recent cosmological simulations suggest that ““ Lya
forest ÏÏ lines arise in di†use, but nonuniform, intergalactic
gas and that they therefore represent a phenomenon closely
akin to the ““ Gunn-Peterson e†ect ÏÏ et al.(Cen 1994 ;

Mu� cket, & Kates Anninos, &Petitjean, 1995 ; Zhang,
Norman et al. for related semi-1995 ; Hernquist 1996 ;
analytic modeling see & DavidsenBi 1993 ; Bi 1997 ; Hui,
Gnedin, & Zhang Quantitative analyses show that1997).
these simulations require a high baryon density in order to
reproduce the observed mean opacity of the forest

et al. et al. et(Hernquist 1996 ; Miralda-Escude� 1996 ; Croft
al. et al. et al. see1997 ; Rauch 1997b ; Zhang 1997 ; Rauch,
Haehnelt, & Steinmetz for a closely related1997a
argument). For the UV background predicted by HM
based on the observed population of quasars, matching the
mean opacity estimates of typically requiresPRS B Z 2,
where

B 4
)

b
h2

0.0125
\ g

3.4 ] 10~10 (1)

is the baryon density scaled to the Ðducial big bang nucleo-
synthesis estimate of et al. HereWalker (1991). h 4 H0/(100
km s~1 Mpc~1), and g is the baryon-to-photon ratio.
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The bounds on B derived in this paper will not be as high
as those derived from the simulations, but they have
broader applicability because they are not tied to a speciÐc
cosmological scenario, and the simplicity of the arguments
that form them makes it easier to understand how changes
in the theoretical or observational inputs a†ect the Ðnal
result. We do appeal to the simulations to motivate our one
crucial assumption, that structures with a volume Ðlling
factor f in real space have, on average, a Ðlling factor no
larger than f in redshift space. This assumption can also be
phrased as a requirement that typical Lya forest absorbers
satisfy X º 1, where

X 4
real-space extent

redshift-space extent
\

H(z)d
*v

(2)

is the ratio of the Hubble Ñow across an absorber (with
line-of-sight extent d) to its line width *v. This assumption
would not hold in a model of spatially compact Lya clouds
whose line widths are determined by thermal broadening.
However, in the physical picture that emerges from the
simulations, the marginally saturated (N

H I

D 1013È1015

cm~2) absorption lines that dominate the overall absorp-
tion usually arise in moderate-overdensity structures that
are expanding in proper coordinates but contracting in
comoving coordinates (Miralda-Escude� et al. 1996, 1997).
The absorption-line widths are determined largely by these
coherent internal motions rather than by thermal motions,
and the velocity extent of these features is generally no
larger than the Hubble Ñow across them.

Empirical support for the assumption that X º 1 comes
from observations of quasar pairs, which yield a typical
transverse coherence scale D150 h~1 kpc for Lya forest
systems at z D 2 et al. Dinshaw et al.(Bechtold 1994 ; 1994,

For a typical line width *v D 25 km s~1 et al.1995). (Hu
this length scale would imply X D 3/R (for ) \ 1 and1995),

z \ 2), where R is the ratio of transverse extent to line-of-
sight extent in real space. If the absorbers are nonspherical,
then they are more often intercepted when they are closer to
““ face on,ÏÏ so R might reasonably exceed 1 on average.
However, the absorbers would have to be highly Ñattened,
coherent sheets in order to reproduce both the observed
transverse coherence and the observed line widths while
having an average X signiÐcantly smaller than 1. The coin-
cidence of absorption along widely separated lines of sight
could, in principle, be caused by clustering of Lya clouds
that are much smaller than the separation itself. However,
the interpretation of the coherence scale as a physical size
rather than as a clustering length is supported by high-
resolution spectra of the gravitational lens candidate HE
1104[1805, which show that over a transverse separation
D10 h~1 kpc there are almost no anticoincident lines and
that coincident lines have very similar redshifts and equiva-
lent widths et al. see also et al.(Smette 1995 ; Smette 1992
and & Yee There is also no evidence forBechtold 1995).
strong line-of-sight clustering of Lya lines at velocity
separations corresponding to D150 h~1 kpc, though the
line-of-sight signal could conceivably be suppressed relative
to the transverse signal by line blending.

& Haehnelt used the large transverse coher-Rauch (1995)
ence scale to argue that the Lya forest must contain a sub-
stantial fraction of all baryons in the universe at high
redshift. Our arguments here are di†erent from those of
Rauch & HaehneltÈin particular, we work directly from

observed optical depths instead of from a derived H I

column density distributionÈbut the spirit is similar. In ° 2,
we consider the lower bound on B that can be obtained
from the mean Lya Ñux decrement & Korycansky(Oke

alone. In we derive a more restrictive lower bound1982) ° 3,
from the distribution of Ñux decrements (or equivalent
optical depths), recently measured from a set of seven Keck
High Resolution Echelle Spectrometer (HIRES) spectra by

et al. Our analytic approach complementsRauch (1997b).
the direct comparison with simulations carried out by
Rauch et al. (1997b), which leads to stronger but less general
bounds on the baryon density. We discuss implications of
our results in ° 4.

2. A LOWER BOUND FROM THE MEAN FLUX DECREMENT

A uniform IGM with neutral hydrogen density pro-n
H Iduces a Lya optical depth

q
u
\

ne2

m
e
c

fa ja H~1(z)n
H I

, (3)

where is the Lya oscillator strength andfa \ 0.416
is the transition wavelength & Petersonja \ 1216 A� (Gunn

The Hubble parameter at redshift z is1965).

H(z) \ H
0

[)
0

(1 ] z)3 ] (1 [ )
0

[ j
0

)(1 ] z)2 ] j
0

]1@2 ,

(4)

where is the cosmological constant " divided byj
0

3H
0

2.
For realistic assumptions about the UV background, the
IGM is highly photoionized, and the neutral hydrogen
density is

n
H I

\

n
H

n
e
a(T )

! \

1.16n
H

2 a(T )
! , (5)

where a(T ) is the recombination coefficient at the gas tem-
perature T , ! is the photoionization rate, and is the totaln

Hhydrogen density. This condition enforces balance(eq. [5])
between destruction of H I by photoionization and creation
by recombination. In gas with K, collisional ion-T Z 105

ization enhances the destruction rate and lowers Then
H I

.
mean value of isn

H

n6
H

\ 1.07 ] 10~7(1 ] z)3B cm~3 , (6)

with B as deÐned in Equations andequation (1). (5) (6)
assume a hydrogen mass fraction X \ 0.76 and a helium
mass fraction Y \ 0.24. For gas at temperature T

4

4 T /(104

K) B 1, the recombination coefficient is

a(T ) \ 4.2 ] 10~13T
4

~0.7 cm3 s~1 (7)

et al. Combining equations yields(Abel 1997). (3)È(7)

q
u
\ 2.31 ] 10~4(1 ] z)5(1 ] )

0

z)~1@2h~1T
4

~0.7!
~12

~1 B2 ,

(8)

where s~1) and we have assumed " \ 0!
~12

4 !/(10~12

to compute H(z). agrees with, e.g., equationEquation (8)
(36) of HM.

The mean Lya Ñux decrement produced by this uniform
medium is If the mediumD1 4 S1 [ e~qT \ 1 [ e~qu 4 D

u
.

is optically thin (i.e., then clumping the gas tends toq
u
> 1),

increase because the mean neutral fraction at Ðxed tem-D1 ,
perature increases in proportion to However,Sn

H

2T/Sn
H

T2.
once the gas clumps produce absorption lines with optical
depths then is decreased by further clumping,Z1, D1
because more neutral atoms are added to saturated regions
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ABSTRACT
We derive lower bounds on the cosmic baryon density from the requirement that the high-redshift

intergalactic medium (IGM) contain enough neutral hydrogen to produce the observed Lya absorption
in quasar spectra. These analytic bounds follow from a key theoretical assumptionÈthat absorbing
structures are on average no more extended in redshift space than in real spaceÈwhich is likely to hold
in the gravitational instability picture of the Lya forest, independently of the details of the cosmological
model. The other ingredients that enter these bounds are an estimate of (or lower limit to) the intensity
of the photoionizing UV background from quasars, a temperature T D 104 K for the ““ warm ÏÏ photoion-
ized IGM that produces most of the Lya absorption, a value of the Hubble constant, and observational
estimates of the mean Lya Ñux decrement or, for a more restrictive bound, the distribution functionD1
P(q) of Lya optical depths. With plausible estimates of the quasar UV background and the meanD1 ,
decrement bound implies a baryon density parameter h~2, where km s~1)

b
Z 0.0125 h 4 H0/(100

Mpc~1). A recent observational determination of P(q) implies that h~2 even for a conserva-)
b
Z 0.0125

tive estimate of the quasar UV background, and h~2 for a more reasonable estimate. These)
b
Z 0.018

bounds are consistent with recent low estimates of the primordial deuterium-to-hydrogen ratio (D/H)
P
,

which imply that h~2 when combined with standard big bang nucleosynthesis. Since the)
b
B 0.025

bounds account only for baryons in the warm IGM, their combination with the nucleosynthesis con-
straint implies that most of the baryons in the universe at z D 2È4 were distributed in di†use inter-
galactic gas rather than in stars or compact dark objects. The P(q) bound on is incompatible with)

bsome recent high estimates of unless one drops the assumptions of standard big bang nucleo-(D/H)
P
,

synthesis or abandons the idea that Lya forest lines originate in the smooth, large-scale structures of
photoionized gas that arise in gravitational instability theories.
Subject headings : cosmology : theory È elementary particles È intergalactic medium È

quasars : absorption lines

1. INTRODUCTION

Following the discovery of the Ðrst z [ 2 quasar
& Peterson derived a stringent(Schmidt 1965), Gunn (1965)

upper bound on the density of uniformly distributed,
neutral hydrogen in intergalactic space, by showing that the
redshifted Lya absorption of neutral gas with more than
D10~4 of closure density would turn quasar spectra vir-
tually black at short wavelengths, contrary to observation.
They concluded that the intergalactic medium (IGM) must
be highly ionized or extremely rareÐed. Within a few years,
it became clear that the ubiquitous absorption lines in
quasar spectra are predominantly those of intervening
neutral hydrogen et al. and(Lynds 1971 ; Sargent 1980),
subsequent studies have shown that these lines signiÐcantly
depress the mean Ñux received from high-redshift quasars
blueward of the Lya emission line & Korycansky(Oke

& Sargent & Ostriker1982 ; Steidel 1987 ; Jenkins 1991 ;
Rybicki, & Schneider hereafter & LuPress, 1993, PRS; Zuo

& Bechtold et al.1993 ; Dobrzycki 1996 ; Rauch 1997b).
Furthermore, it is now recognized that the ambient UV
radiation background produced by high-redshift quasars

1 Department of Astronomy, Ohio State University, 174 West 18th
Avenue, Columbus, OH 43210 ; dhw=astronomy.ohio-state.edu.

2 Department of Physics and Astronomy, University of Pennsylvania,
209 South 33d Street, Philadelphia, PA 19104 ; jordi=dept.physics.
upenn.edu.

3 University of California Observatories/Lick Observatory, Santa Cruz,
CA 95064 ; lars=ucolick.org.

4 Presidential Faculty Fellow.
5 Five College Astronomy Program, University of Massachusetts,

LGRC-517, Amherst, MA 01003 ; nsk=phast.umass.edu.

will strongly photoionize gas near the cosmic mean density,
so that a small amount of di†use neutral hydrogen corre-
sponds to a much larger amount of total hydrogen (e.g.,

& Madau hereafter In this paper, weHaardt 1996, HM).
will argue that matching the observed Lya absorption leads
to interesting lower bounds on the mean baryon density of
the universe, which can be derived from quite general
assumptions about the state of the absorbing gas.

Recent cosmological simulations suggest that ““ Lya
forest ÏÏ lines arise in di†use, but nonuniform, intergalactic
gas and that they therefore represent a phenomenon closely
akin to the ““ Gunn-Peterson e†ect ÏÏ et al.(Cen 1994 ;

Mu� cket, & Kates Anninos, &Petitjean, 1995 ; Zhang,
Norman et al. for related semi-1995 ; Hernquist 1996 ;
analytic modeling see & DavidsenBi 1993 ; Bi 1997 ; Hui,
Gnedin, & Zhang Quantitative analyses show that1997).
these simulations require a high baryon density in order to
reproduce the observed mean opacity of the forest

et al. et al. et(Hernquist 1996 ; Miralda-Escude� 1996 ; Croft
al. et al. et al. see1997 ; Rauch 1997b ; Zhang 1997 ; Rauch,
Haehnelt, & Steinmetz for a closely related1997a
argument). For the UV background predicted by HM
based on the observed population of quasars, matching the
mean opacity estimates of typically requiresPRS B Z 2,
where

B 4
)

b
h2

0.0125
\ g

3.4 ] 10~10 (1)

is the baryon density scaled to the Ðducial big bang nucleo-
synthesis estimate of et al. HereWalker (1991). h 4 H0/(100
km s~1 Mpc~1), and g is the baryon-to-photon ratio.
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Where	  do	  we	  see	  Baryons	  at	  z<2?	  

• Stars in Galaxies 

• Neutral and Molecular gas in galaxies (HI + HeI 
+ H2) 

• X-Ray gas in Clusters of galaxies 

• Residual Lyα-Forest at z<2  

• Photoionized and Shock-Heated IGM Metal 
Absorbers at z<2 (OVI, NeVIII) 

• Broad Lyα IGM Absorbers 



Baryons	  in	  stars	   	  	  
From galaxy Luminosity Function (LF) and Mass to Light ratio (Ms/L):  

- The LF derived from the “First Data Release” from the SDSS (2200 deg2, 
Abazajian03), gives luminosity densities in bands r and z:  

• Lr = (2.32 ± 0.25) × 108 h L Mpc-3 

• Lz = (3.9 ± 0.6) × 108 h L Mpc-3 

- The (Ms/Lz) ratio is derived by using population synthesis models (PSM) and by 
surveying large numbers of galaxies in different photometric bands, to estimate 
the probability distribution of the parameters which PSM depend on. These are: 
(a) metallicity, (b) age, (c) star formation history and (d) Initial Mass Function 
(IMF).  
Kauffman+03, by using 105 SDSS galaxies, estimated <Ms/Lz> ≈ 1.5.  

- This gives Ωb(stars) = 0.0025 ± 0.0008    (5.5% Ωb
WMAP)  (Fukugita03) 

- Uncertainties include 15% from LS, 20% from (Ms/Lz) and 20% from IMF 



Baryons	  in	  Neutral	  and	  Molecular	  Gas	  	  	  

From HI and HeI (e.g. Rao&Briggs93, Zwaan+03) and CO (Keres+03) Surveys, 
correcting for He:  

- For HI+HeI Fukugita03 gives:  

- Ωb(HI+HeI) = (6.2 ± 1.0) × 10-4  (1.36% Ωb
WMAP) 

- For H2 Fukugita03 gives:  

- Ωb(H2) = (1.6 ± 0.6) × 10-4   (0.35% Ωb
WMAP) 

• Therefore:  

• Ωb(HI+HeI+H2) = (7.8 ± 1.6) × 10-4   (1.71% Ωb
WMAP) 



Baryons	  in	  Hot	  Gas	  in	  Clusters	  	  

From X-ray luminosity – gravitational mass relationship in Clusters (e.g. Reiprich & 
Boringher, 2002): 

- For a sample of 63 + 106 X-ray clusters of galaxies, ICM density profiles and gas 
temperatures have been determined. This yielded:  

- ΩCluster = (0.012 ± 0.004), for M > 4.5 1013 M 

- Fukugita03 assumes the cosmological baryonic to total mass ratio for clusters:  
   -Ωb/Ωm = 0.167  (Komatsu+09) 

- And a Stellar to total mass ratio of:  
- Ωb(Star)/Ωm = (0.0025 / 0.273) = 0.0092 

- This gives a Gas fraction in Clusters: fb = Ωb/Ωm - Ωb(Star)/Ωm = 0.158 
• Therefore:  

• Ωb(ICM) = (1.9 ± 0.6) × 10-3    (4.2% Ωb
WMAP) 



Baryons	  in	  Warm	  +	  Cold	  CGM	  

Fukugita03 derives a large fraction of baryons in a diffuse warm (high-ionization 
metals) and cold (HI) medium permeating the IGM surrounding galaxies (at ~ the 
galaxy virial radius)  

- By using the average <M/Lr> = (170 ± 21)h ratio derived from lensing 
observations of an SDSS sample in r band, and for R < 260 kpc (McKay+01) 

- And using the Luminosity density in r: Lr = (2.32 ± 0.25) × 108 h L Mpc-3 

- Fukugita+03 derives, for matter within the virial radius of galaxies:  
- Ωm = (0.14 ± 0.02) 

- By adopting the cosmological universal value Ωb/Ωm = 0.167  (Komatsu+09), and 
subtracting the contribution from stars, HI, HeI and H2:  

- Ωb(W/C-gas) = 0.022 ± 0.005   (48.2% Ωb
WMAP) 



Baryon	  Budget	  at	  z<2	  

Ωb
WMAP – Ωb(z<2) = 0.018 ± 0.003 

i.e. >(40±7)% of baryons are MISSING 
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ABSTRACT

We conduct an ultraviolet (HST and FUSE ) spectroscopic survey of H i (Lyman lines) and seven metal ions (O vi,
N v, C iv, C iii, Si iv, Si iii, Fe iii) in the low-redshift IGM at z < 0:4. We analyzed 650 Ly! absorbers over redshift
path length!z ! 5:27, detecting numerous absorbers: 83 O vi systems, 39 C iii, 53 Si iii, 24 C iv, 24 N v, and so on. In
the low-z IGM, we have accounted for "40% of the baryons: 30% in the photoionized Ly! forest and 10% in the
(T ! 105Y106) WHIM traced by O vi. Statistical metallicities are consistent with the canonical value of 10% solar,
with considerable scatter. Improved statistics for weak absorbers allows us to estimate "WHIM/"b ! 0:073 # 0:008
down to logNO vi ! 13:4 and 0:086 # 0:008 down to logNO vi ! 13:0. The O vi absorber line frequency, dN /dz !
40$14

%8 , down to 10 m8 equivalent width suggests a 250Y300 kpc extent of metals around dwarf galaxies. Many ab-
sorbers appear to contain multiphase gas, with both collisional ionization and photoionization determining the ioni-
zation state. N v absorption is well correlated with O vi, and both ions show similarly steep power-law indices
dN /dz / N%" with "O vi & "N v & 2 while "H i ! 1:7. We conclude that O vi and N v are reliable tracers of the por-
tion of the WHIM at T & 105Y106 K. C iv may be present in both collisional and photoionized phases; NC iv corre-
lates poorly with bothNH i andNO vi and "H i < "C iv < "O vi. The ions C iii, Si iii, and Si iv are well correlated with H i
and show patterns typical of photoionization. Adjacent ion stages of the same element (C iii /iv and Si iii /iv) provide
useful constraints on the photoionization parameter, logU & %1:5 # 0:5.

Subject headinggs: cosmological parameters — cosmology: observations — intergalactic medium —
quasars: absorption lines — ultraviolet: general

Online material: machine-readable tables

1. INTRODUCTION

We continue our far-ultraviolet (FUV) surveys of the baryon
content and metallicity of the low-redshift intergalactic medium
(IGM) by analyzing 650 Ly! absorbers, the largest database to
date from the Space Telescope Imaging Spectrograph (STIS)
aboard theHubble Space Telescope (HST ) and theFarUltraviolet
Spectroscopic Explorer (FUSE ). These spectrographs offer sensi-
tive probes of H i (Lyman lines) together with associated metal-
line absorbers. Of particular importance are UVabsorption lines
from high ion stages (O vi, N v) produced primarily in hot, colli-
sionally ionized gas, as well as lower ion stages (C iv, C iii, Si iv,
Si iii, Fe iii) that can arise in both photoionized gas and hot gas.
The advent of these sensitive FUV spectrographs has stimulated
an increase in our understanding of the low-redshift IGM.

In this survey we address several astronomical questions facil-
itated by a more accurate census of baryons and heavy elements
in the IGM. From observations with HST, FUSE, and Chandra,
it seems likely (Shull 2003; Stocke et al. 2006b; Nicastro et al.
2005) that most of the baryons still reside in the IGM, even at low
redshift. But in what thermal phase and ionization state do they
exist, and with what spatial distribution? What are the physical
properties (temperature, density) of the low-z absorbers? From
their metallicities and nucleosynthetic patterns, can we uncover
their stellar sources?By comparing the spatial proximity of metal-
line absorbers to neighboring galaxies, can we estimate the extent
of metal transport into the IGM? In this paper we attempt to make
progress on all of these issues.

Over the past decade, the Colorado group and others (e.g.,
Tripp et al. 2008; Thom & Chen 2008) have focused on UV
studies of H i and O vi absorbers in the low-z IGM (Penton et al.
2000b, 2004; Tripp et al. 2000; Savage et al. 2002). Danforth &

Shull (2005, hereafter Paper I ) and Danforth et al. (2006, here-
after Paper II ) analyzed IGM absorption at z ' 0:3 in FUSE
sight lines toward 31 active galactic nuclei (AGNs) with high-
quality data from STIS and FUSE. Those studies began with a set
of 171 strong Ly! absorbers (equivalent widths Wk ( 80 m8)
taken from the literature (Penton et al. 2000b, 2004; and other
sources). Because Ly! lines are subject to instrumental broaden-
ing and line saturation, we endeavored to measure higher order
Lyman transitions (Ly"YLy#) in the FUSE data at zabs < 0:3 in
order to obtain accurate curve-of-growth (COG) solutions to the
Doppler parameter, bH i , and neutral hydrogen column density,
NH i. As first noted inFUSE studies of Ly"/Ly! (Shull et al. 2000)
and confirmed in Paper II, the Ly! measurements alone will sys-
tematically underestimate NH i , a discrepancy that increases in
stronger lines, and overestimate bH i. Paper II also confirmed the
result of Penton et al. (2004) that the column density distribution
of H i absorbers follows a power law, dN /dNH i / N%"

H i , with
"H i ! 1:68 # 0:11. The COG-derived b-values show that most
of the H i absorbers arise in gas with T < 105 K, incompatible
with their existence in a hot (shock heated) IGM phase. A small
population of broad, shallow Ly! absorbers may probe trace
amounts of H i in hot, highly ionized gas (Richter et al. 2004;
Lehner et al. 2007).
Along with the H i lines, Papers I and II measured correspond-

ing absorption lines of the metal ions O vi kk1031.926, 1037.617
and C iii k977.020.We found O vi to be the most accessible tracer
of the warm-hot ionized medium (WHIM), thought to arise in
shock-heated gas at T ! 105Y106 K (Davé et al. 1999; Cen &
Ostriker 1999). The FUV lines of O vi are currently the best tracer
of the ‘‘cooler’’ portions of these shocks, reaching a peak ioniza-
tion fraction, fO vi & 0:22 at temperature Tmax ! 105:45 K in colli-
sional ionization equilibrium (CIE; Sutherland & Dopita 1993)
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Number Density of Lyα Absorbers 

Corrected for Completeness Dotted =  
Lyα only solutions 

Dashed =  
Ly+ solutions 



The	  Residual	  Lyα	  Forest	  in	  the	  Local	  Universe:	  3	  

Doppler Parameters of Lyα Absorbers 

~20% b>40 km/s  BLAs ? 
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are consistent with cosmological simulations, which find that
!(H i)

IGM/!b ! 20%Y40% (Davé et al. 1999, 2001; Cen & Ostriker
1999; Cen & Fang 2006).

Low ions such as C iii and Si iii likely trace the subset of the
Ly! forest that is enriched by star formation and galaxy feedback.
Using these ions as probes of metallicity will allow us to look for
evolution of metallicity with z and NH i. We can also look for pat-
terns indicative of nucleosynthesis near galaxies and effects on
ion state arising from multiphase photoionized and collisionally
ionized gas. In the doubly ionized species, we see !( ion)

IGM /!b !
1%Y4% (Table 12), well below the"30% value for the Ly! for-
est as a whole if we take the fiducial CIE values for fion listed in
Table 3. The assumed ion fractions for C iii, Si iii, and Fe iii are all
close to unity. Lower values of fion, as might be the case in non-
equilibrium ionization, would produce larger baryon fractions,
and we conclude that !( ion)

IGM is an lower limit in the case of the
doubly ionized species. Likewise, the baryon fraction probed by
Si iv at low z is surprisingly high, !(Si iv)

IGM /!b ! 8% # 1%, com-
parable to that of O vi. However, Si iv is most likely photoionized,

and thus the CIE ion fraction fSi iv " 0:2 assumed in this calcula-
tionmay be too low. These two limits suggest 1% P (!( ion)

IGM /!b)P
8%, or that roughly 3%Y25% of the local Ly! forest by mass is
enriched at a currently detectable level. More sophisticated mod-
els may shed light on this problem.

As in Papers I and II, we estimate the metallicity of IGM ma-
terial based on multiphase ratios (Table 11). The values gener-
ated cover a wide range from ZFe ! 0:7 Z$ to ZC iii ! 0:015 Z$.
With ZO vi and ZC iii we reproduce the result, %C/O& ' 0:1%C/O&$,
reported in Paper II; however, C iv reports ZC ! 0:055, a factor
of 3 higher than estimated by C iii. Similarly, adjacent Si ions
disagree on IGM Si abundance by a factor of 8. As with !( ion)

IGM
above, each metallicity estimate scales as ( fion)

(1, so that the
inferred metallicities for the low ions may be upper limits. How-
ever, this puts the adjacent-ion metallicity estimates even further
from agreement. With larger databases, it may be better to per-
form a joint analysis of ion pairs such as C iii /C iv and Si iii /Si iv,
to arrive at consistent values for logU and Z.

If we restrict ourselves to species with the most detections
(O vi, C iii, Si iii), we see that the WHIM tracer (O vi) shows
Z ' 0:15 Z$ while the Ly! forest tracers (C iii, Si iii) have a
lower metallicity (Z " 0:02 Z$). The pattern can be forced a bit
by including C iv (Z " 0:05 Z$). This would imply that shocked
material traced by high ions tends to have somewhat higher met-
allicity than the ambient IGM, as one would expect if both shocks
and enrichment were products of galactic winds and star forma-
tion feedback. However, N v, Si iv, and Fe iii break the metallicity-
ionization potential pattern with anomalously high values. Future
nearest neighbor galaxy studies (e.g., Prochaska et al. 2006; Stocke
et al. 2006a) may help make sense of these confusing multiphase
ratio metallicity estimates. In particular, nucleosynthetic effects
may show up in galactic outflows that may be partially respon-
sible for IGM shock heating traced by O vi.

4. CONCLUSIONS AND SUMMARY

We present the results of the largest low-redshift IGM sur-
vey to date. In total, we analyzed 650 H i absorbers at z < 0:4
along 28 AGN sight lines. For each IGM system, we measured
detections or upper limits in 13 transitions of seven metal ions
as well as H i (Ly!, Ly", O vi, N v, C iv, C iii, Si iv, Si iii, and
Fe iii).

Our O vi results reinforce Paper I results but over a broader
redshift range and to a slightly deeper sensitivity limit. We found
40 O vi absorbers in Paper I at z < 0:15 and expand the sample
to 83 O vi absorbers at z < 0:4 in this work. The dN /dz turn-
over below logNO vi ! 13:4 seen in Paper I is not reproduced in
the larger data set, at least down to logNO vi ! 13:0. Detection

TABLE 13

Baryon Content of the Local Ly! Forest

logNH i Range N !Ly!
a

!Ly!/!b
a

(%) !Ly!
b

!Ly!/!b
b

(%)

12.5Y13.5.................... 373 0:0053 # 0:0015 11:7 # 3:3 0:0062 # 0:0019 13:7 # 4:1
13.5Y14.5.................... 206 0:0042 # 0:0004 9:3 # 0:8 0:0033 # 0:0003 7:3 # 0:7
14.5Y15.5.................... 50 0:0031 # 0:0006 6:9 # 1:3 0:0017 # 0:0003 3:7 # 0:7
15.5Y16.5.................... 4 0:0004 # 0:0002 0:8 # 0:4 0:0002 # 0:0001 0:3 # 0:2
12.5Y14.5.................... 579 0:0096 # 0:0016 21:0 # 3:4 0:0096 # 0:0019 21:0 # 4:2
14.5Y16.5.................... 54 0:0035 # 0:0006 7:7 # 1:4 0:0018 # 0:0003 4:0 # 0:7
12.5Y16.5.................... 633 0:0131 # 0:0017 28:7 # 3:7 0:0114 # 0:0019 25:0 # 4:2

a Method of Penton et al. (2000a).
b Method of Schaye (2001).

Fig. 11.—Differential !H i as a function of logNH i for 650 Ly! absorbers
calculated by the methods of Penton et al. (2000a; solid line) and Schaye (2001;
dotted line). The logN < 12:5 bin contains only 17 absorbers and is not included
in our calculations of cumulative !H i in Table 13.
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Of the Ωb = 0.022 that Fukugita03 associates to warm/cold Circum-Galactic Medium, 
only Ωb = 0.0131 are actually found in residual Lyα Forest.  

  Ωb
WMAP – Ωb

Observed = 0.027 ± 0.003 

i.e. (59±7)% of baryons are MISSING 



3 



The	  WHIM	  in	  Hydro-‐dynamical	  simula4ons	  

Britton+11, in prep. 
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Ωb
OVI = 0.0038 ± 0.0004 

down to NOVI>1013 cm-2 

i.e. (8.6±0.8)% of Ωb
WMAP 

New Baryon Budget @z<2:  
Ωb= 0.0186 + Ωb

OVI =  
0.0224 = 49% Ωb

WMAP   
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Doppler Parameter 
Corrected for bCOG/bobs 

Absorber with bcor<40 km/s 
have not been considered  
in the Ωb(BLA) estimate  
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BLA = (6.3+1.1

-0.8)x10-3  
i.e. ~14% Ωb

WMAP  

New Baryon Budget @z<2:  
Ωb= 0.0224 + Ωb

BLA =  
0.0287 = 64% Ωb

WMAP   

35% of Baryons Still Missing at z~0 
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ABSTRACT

We combine a FUSE sample of O vi absorbers (z < 0:15) with a database of 1.07 million galaxy redshifts to
explore the relationship between absorbers and galaxy environments. All 37 absorbers with NO vi ! 1013:2 cm"2 lie
within 800 h"1

70 kpc of the nearest galaxy, with no compelling evidence for O vi absorbers in voids. The O vi absorbers
often appear to be associated with environments of individual galaxies. Gas with 10% # 5% solar metallicity (O vi
and C iii) has a median spread in distance of 350–500 h"1

70 kpc around L? galaxies and 200–270 h"1
70 kpc around 0.1L?

galaxies (ranges reflect uncertain metallicities of gas undetected in Ly! absorption). In order to match the O vi line
frequency, (dN /dz) $ 20 for NO vi ! 1013:2 cm"2, galaxies with L % 0:1L? must contribute to the cross section. Ly!
absorbers with NH i ! 1013:2 cm"2 cover &50% of the surface area of typical galaxy filaments. Two-thirds of these
show O vi and/or C iii absorption, corresponding to a 33%–50% covering factor at 0.1 Z' and suggesting that metals
are spread to a maximum distance of 800 h"1

70 kpc, within typical galaxy supercluster filaments. Approximately 50%
of the O vi absorbers have associated Ly! line pairs with separations (!v)Ly! ( 50 200 km s"1. These pairs could
represent shocks at the speeds necessary to create copious O vi, located within 100 h"1

70 kpc of the nearest galaxy and
accounting for much of the two-point correlation function of low-z Ly! forest absorbers.

Subject headings: galaxies: dwarf — galaxies: starburst — intergalactic medium — quasars: absorption lines —
ultraviolet: galaxies

1. INTRODUCTION

Warm, photoionized gas in the intergalactic medium (IGM)
contains virtually all the baryons in the universe at z > 2. With
the growth of large-scale structure at later cosmic times, much of
this gas cools into clumps and galaxies, while other gas is shock
heated to temperatures of 105–107 K (Cen&Ostriker 1999; Davé
et al. 1999). Even at z & 0, approximately 30% of all baryons still
reside in the warm (T $ 104 K) photoionized Ly! forest (Penton
et al. 2004, hereafter Paper IV).Another 30%–40%of the baryons
may reside in even hotter gas (T ( 105 107 K), the ‘‘warm-hot
IGM’’ orWHIM (Cen&Ostriker 1999;Davé et al. 1999;Nicastro
et al. 2005).

In a series of papers using moderate-resolution spectrographs
aboard the Hubble Space Telescope (HST ), the Colorado group
has identified a sample of nearly 200 Ly! absorbers (Penton et al.
2000b, hereafter Paper I; Penton et al. 2000a, hereafter Paper II;
Paper IV). The Ly! absorption line is sensitive to warm, photo-
ionized gas, and high-sensitivityHST spectra with 10–20 km s"1

resolution can detect absorbers with NH i ! 1012:5 cm"2. Hotter,
shock-heated gas is less easily detected because the Lyman lines
become weak and broad with increasing temperatures, while
higher ionization metal lines (C iii, C iv, O vi, Ne viii) require gas
of significant metallicity (!3% solar metallicity) in order to be
detectable.

The search for the WHIM has now begun, both in the soft
X-rays and with the sensitive ultraviolet O vi resonance lines at
z ! 0:12 with the Space Telescope Imaging Spectrograph (STIS)
on HST (Tripp et al. 2000, 2006; Savage et al. 2002) and at
z % 0:15with theFarUltraviolet Spectroscopic Explorer (FUSE )

as described by Danforth & Shull (2005, hereafter DS05). At the
present time, the HST and FUSE approaches have each netted
&40 O vi absorbers. An analysis (DS05) of the absorber fre-
quency per unit redshift suggests that &5% of all local baryonic
mass is inWHIM at 105–106 K, assuming that 20% of the oxygen
is in O vi and that )O/H* $ "1. This baryon assessment assumes
that all O vi absorbers are formed in collisionally ionized gas
(Danforth & Shull 2005; Savage et al. 2005), although photoion-
ization models can reproduce some of the observed line strengths,
widths, and ratios (Tripp et al. 2001). For a few O vi absorbers,
photoionization of gas with very low density (&10"5 cm"3) and
large sizes (&1 Mpc) can provide a match to the observables
(Prochaska et al. 2004; Savage et al. 2002; Tripp et al. 2001).
Thus, while the O vi systems account for&5% of baryons, not all
of them are necessarily at temperatures identified asWHIM (105–
107 K). The hotter WHIM is detectable only through weak X-ray
absorption lines from highly ionized species such as O vii, O viii,
N vi, and N vii (Nicastro et al. 2005) or possibly very broad Ly!
lines. The O vii X-ray detections are still too few to establish an
accurate line density and baryon fraction, although it could be as
large as suggested by simulations (Cen & Ostriker 1999; Davé
et al. 1999, 2001).

The simulations have proven fairly accurate in predicting the
baryon content of the warm, photoionized IGM. Some 30% of all
baryons were predicted by Davé et al. (1999) to be in the 104 K
phase at z ( 0, and 29% # 4% of the baryons have been ac-
counted for in the low-z Ly! forest surveys (Paper IV). Simu-
lations also predict that 30%–40% of all baryons should reside in
WHIM gas at the present epoch (Davé et al. 2001). An important
factor in verifying this prediction is WHIM detectability. Since
highly ionizedmetal lines are its most sensitive tracers,metallicity
becomes a threshold factor. Viel et al. (2005) use numerical sim-
ulations to show that when the overdensity in dark matter and/or
galaxies exceeds " ! 10, a mean metallicity above 10% solar is

1 Now at Department of Astronomy, Yale University, P.O. Box 208101, New
Haven, CT 06520-8101.

2 Now at Department of Physics and Astronomy, Sonoma State University,
1801 East Cotati Avenue, Rohnert Park, CA 94928.
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“All OVI Absorbers with NOVI>1013.2 cm-2  
lie within 800 h-1 kpc from L* galaxies, with no  
evidence for OVI absorbers in voids”. 
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The strong advantage of BLA vs OVI is that they trace baryons independently on metals.  
So, in principle, BLAs could be found farther from galaxies, where metallicity is lower. 

Danforth, Shull & Stocke (2010) find:   

A=Probable 
B=Possible 


