
AdCOS / local IGM

Metal Absorption in the IGM
or

Where the Universe Really is…



AdCOS / local IGM

ΩB =	0.0447	± 0.0016

Larson+10



AdCOS / local IGMFollowing the Footsteps of the Missing Baryons



AdCOS / local IGM

O`Meara+06

ΩB =	0.043	± 0.003	
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Compare	light	elements	abundances
(H,	D,	3He,	4He,	Li)	against	BBN.
Sensitive	to	photon-to-baryon	ratio	@	BBN
D	only	created	during	BBN,	later	astrated
N(D	I)	/	N(H	I)	~	D/H
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ρB =	ΩB ρcrit =	4	x	10-31 g	cm-3

M* ~	1011 M¤

n(L*)	~	0.01	Mpc-3

ρ* ~	4	x	10-32 g	cm-3

Most	of	the	baryonic	mass	in	diffuse	gas!
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ΩB =	0.0447	± 0.0016

>	90%	of	baryons	in	diffuse	ionized	gas
Crucial	component	in	galaxy	and	star	formation
Unfortunately	– difficult	to	observe
…and	theoretical	interpretations	challenging
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Line Phase T	(K) λ (A)

21cm Atomic	gas 100-1,000 21cm

Lyα Atomic+Ionized 100-40,000 1216

Hα Ionized	gas 10,000-40,000 6560

Lyman	limit Ionized	gas 10,000-40,000 912

He	II Ionized	gas 10,000-40,000 304

C	IV Ionized	gas 20,000-40,000 1550

O	VI Warm/hot	gas 20,000-106 1030

OVII,	OVIII Hot	gas 106-108 21.6,	18.9

Ne	VIII Hot	gas 107 775
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ΩB =	0.0447	± 0.0016

Understanding	Astrophysical	Plasma	is	challenging
Its	whereabouts	are	uncertain
Departures	from	equilibrium	impede	interpretation
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UV	Absorption	Signatures!
Departures	from	Equilibrium	Ionization:
Shock	Waves	(e.g.	virial shocks)
Cooling	/	Flash	Heating
Condensation	/	Evaporation
Shearing	&	Mixing
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Gnat & Sternberg 2007
ApJS, 168, 213
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…Modify	Ion	Fractions
=>	Modified	Cooling	Efficiencies	(thermal	
evolution)
=>	Modified	Diagnostics

Not	including	Departures	from	Equilibrium
when	interpreting	observations

results	in	false	interpretation
of	the	physical	parameters!
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Gnat & 
Sternberg 2007
ApJS, 168, 213

Fox	et	al.	2005
ApJ 630,	332	



AdCOS / local IGMNon-Equilibrium Ionization Processes Metal-Absorbers
Time-Dependent Cooling

Fast Shocks
Conductively Evaporating Clouds

Summary

Gnat & Sternberg 2007
ApJS, 168, 213
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For	every	Z	there	exists	a	threshold	density	=	
ionization	parameter:

Lower-n	:	in	photoionization	equilibrium	
(departures	from	equilibrium	negligible)
Higher-n:	time-dependent	collisional
(impact	of	radiation	negligible)
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Stellar	component
– galaxy	surveys

HUDF

Ω/ΩB =	0.005	± 0.002	
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Stellar	component	– galaxy	surveys
Molecular	gas	–
CO	emission,	
H2 absorption

Tacconi+06

Ω/ΩB =	0.001	– 0.1	
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Stellar	component	– galaxy	surveys
Molecular	gas	– CO	emission,	H2 absorption
Neutral	gas
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Ω/ΩΒ =	0.016	± 0.002

break

Transition	
to	ionized

(SDSS)
Prochaska+05
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Stellar	component	– galaxy	surveys
Molecular	gas	– CO	emission,	H2 absorption
Neutral	gas
Warm	ionized	gas
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(SDSS)
Prochaska+05

Ω/ΩB =	0.8	– 0.95	



AdCOS / local IGM

Phase fraction

Stars 0.005±0.002

Molecular	gas 0.001-0.1

Neutral	gas 0.016±0.002

Warm	Ionized	gas 0.8-0.95

Hot	gas ?
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Stars
Molecular	gas
Neutral	gas
Warm	ionized
gas

Prochaska+08

Danforth+08
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Stars
Molecular	gas
Neutral	gas
Warm	ionized	gas
Hot	gas
(Intracluster medium)
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Phase fraction

Stars 0.07±0.02

Molecular	gas 0.0029±0.0015

Neutral	gas 0.017±0.004

Ionized	gas 0.28±0.11

Hot	gas 0.04±0.015

Total	~	0.4	??!!	
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Oppenheimer	 &	Dave
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Cen	&	Ostriker 98
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Shocks	heating	of	gas	accreting	onto	large	
scale	structure
Robust	result	of	hydrodynamic	simulations
Verified	by	analytic	approximations	
Some	(~30-40%)	in	large	virialized halos
Much	outside,	but	nearby	Rvir,	
some	filamentary	

(e.g.	Sunyaev &	Zeldivich 72;	Cen	&	
Ostriker 98;	Dave+01;	Furlanetto &	
Loeb	05;	Bertone+08;	Cen+12…	)
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Phase fraction

Stars 0.07±0.02

Molecular	gas 0.0029±0.0015

Neutral	gas 0.017±0.004

Ionized	gas 0.28±0.11

WHIM up	to	0.6	?
Hot	gas 0.04±0.015
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Dave+10
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Mean	Z=0.18

Cen	&	Ostriker 2006
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ZWHIM~0.1

Wiersma+11
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Emission	or	absorption	?
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Can	provide	a	“map”	of	the	WHIM
but	~n2

e.g.	Anderson,	Bertone,	
Cappelluti,	Ettori,	Fang,	
Finoguenov,	Galeazzi,	Giodini,	
Molendi,	Simionescu,	Takei,	
Ursino,	Zappacosta….

Bertone+10a

Bertone+10b

X-rays

UV
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Can	provide	a	“map”
but	~n2
Currently	below	detection	limits
Too	faint	to	close	the	baryon	budget	with	current	
instruments

(But	see,	for	example,	Xray emission	reported	in
Zappacosta+05,	from	the	Sculptor	wall,	
Werner+08,	from	a	filament	connecting	Abell 222	&	223)

(e.g.Bertone+10;		Soltan 06)
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Tracers:
H	I
O	VI
Ne	VIII
O	VII,	O	VIII	

Key	question:		observed	->	total	mass?

105-106K

106-107K

UV

Xray

Danforth	&	Shull	05,	08;	
Tripp+08; Thom	&	Chen	08

Savage+05;	Narayanan+09,	
11;	Meiring+12
Nicastro+05;	Boute+09;	
Fang+02,07,10;	
Zappacosta+10;	
c.f.	Kaastra+06;	Williams+06;	
Rasmussen+07;	
Danforth+11;	Yao+12;	
Gupta+12

Danforth+10,11;	Savage+11
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In	a	population	(e.g.	O	VI survey)
“simple”	correction
Use	“standard”	cosmological	simulations
Improved	simulations	for	specific	observations
(Oppenheimer	&	Dave	10;	Shull+11;
Gnat	&	Ferland 12)

For	individual	absorbers
Assuming	equilibrium	conditions
Including	non-equilibrium	physics
(e.g.	Gnat	&	Sternberg	07;	Gnat+10)
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In	individual	absorbers

Meiring+12
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In	individual	absorbers
Assuming	equilibrium	conditions

Narayanan+11Photoionized phase

CIE	phase
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In	individual	absorbers
Assuming	equilibrium	conditions
Including	non-equilibrium	physics
(e.g.	Yoshikawa	&	sasaki 06;	Gnat	&	Sternberg	07;	Gnat+10;	
Kwak &	Shelton	10;
Gnat	&	Ferland 2012)

Narayanan+10
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In	a	population	(e.g.	O	VI survey)
Cosmological	simulations	predict	the	
abundance	and	properties	of	absorbers

Cen+01;	Yoshikawa+03;	Furlanetto+05;	Oppenheimer	
&	Dave	09;	Smith+11;	
Tepper-Garcia+11;	Yao+12;	

Smith+11
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in	a	population
e.g.		OVI	survey:
Correct	O VI to	total	oxygen:	fO VI

Correct	O	to	total	gas:	O/H
Derive	baryon	fraction	in	WHIM:

e.g.	Shull+11
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In	a	population	(e.g.	O	VI survey)
“simple”	correction
f=0.2
Z=0.1

Gnat	&	Sternberg	
07
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In	a	population	(e.g.	O	VI survey)
“simple”	correction
Improved	 corrections Shull+11
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T>106K	?
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WHIM	is	a	robust	consequence	of	gravitational	
structure	formation	in	LCDM	cosmology
WHIM	over-density:	few	x	10;	Metallicity	<	0.2
Currently,	emission	too	faint	to	close	the	baryon	
budget
Absorption	revealed	the	lower-T	part	of	the	WHIM
(105<T<106 K),	with	~30%ΩB

Still	missing:	~30%	of	mass,	in	>106 K	shocks
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Intergalactic	gas
Shocked	to		T>106K
Z<0.2

gas

Pre-shock Post-shock

<— upstream         downstream   —>
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shock
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tH
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T=107K, Z=1                                         dataset: Danforth+14
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