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Outline: The IGM/Galaxy Connection

. . Z) 7 < “
e IGM introduction . O8 ;.

» Absorption line systems

» f(IN,X), 1(X)
* Exploring the CGM at z~0

» Extended gaseous halos S
» Origin of the Lya/OVI “IGM” ; "
e The IGM/CGM at z~2 , % v G -
/ | A '
e

» Evolution?

=

e A few contrarian remarks
on galactic-scale winds and =y B
the CGM o SR
» If you ask for them... '
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A Strict Definition: The diffuse (and highly ionized gas)
that permeates the volume between galaxies.
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A Strict Definition: The diffuse (and highly ionized gas)
that permeates the volume between galaxies.

Alternates: Any absorption lines in QSO spectra (“IGM”)
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The Intergalactlc Medium (IGM)

1101644706 (HST/COS) _
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A Strict Definition: The diffuse (and highly ionized gas)
that permeates the volume between galaxies.

Alternates: Any absorption lines in QSO spectra (“IGM”)
The Intracluster Medium (ICM)
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The Intergalactic Medium (IGM)

Miralda-Escudée+95
Rauch+96

Katz+96

Daveée+99

Dave+1 |

etc., etc.

Our LCDM paradigm predicts a diffuse, ionized medium
that permeates the volume between galaxies.
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The Intergalactic Medium (IGM)
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etc., etc.

Our LCDM paradigm predicts a diffuse, ionized medium
that permeates the volume between galaxies.
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Miralda-Escudé+95
Rauch+96

Katz+96

Daveée+99

Dave+| |

etc., etc.

G
Our LCDM paradigm predicts a diffuse, ionized medium
that permeates the volume between galaxies.

This gas is predicted to be distributed in sheets and
filaments, forming the so-called “cosmic web”.
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The Intergalactic Medium (IGM)
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etc., etc.

Our LCDM paradigm predicts a diffuse, ionized medium
that permeates the volume between galaxies.

This gas is predicted to be distributed in sheets and
filaments, forming the so-called “cosmic web”.

s this the proper picture! How does the IGM relate to galaxies!?
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etc., etc.
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This gas is too diffuse to observe Vit Sieas oA
in emission. This forces us to B n
absorption-line techniques.

l - | 4
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N

RU:
Our LCDM paradigm predicts a diffuse, ionized medium
that permeates the volume between galaxies.

This gas is predicted to be distributed in sheets and
filaments, forming the so-called “cosmic web”.

s this the proper picture! How does the IGM relate to galaxies!?



|GM and Galaxy Formation (VVhy bother?)

|. The IGM feeds galaxies. There is too little neutral
gas in galaxies at z~3 to form all of the stars. Even the
Galaxy needs a modest supply (e.g. Lehner & Howk 201 1)
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% 08| { { -
= 0.6:— 7=0 -
O:O _ ............................. _
2.0 2.5 3.0 3.5 4.0 4.5 50
Cosmic mass density of HI e.g."Cold stream” gas
Prochaska+05 Keres+05
PW09 Dekel+06

Notredaeme+09 Fumagalli+ 1 |
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|GM and Galaxy Formation (VVhy bother?)

2. IGM-type analysis is one of the most sensitive (often
only) means of studying baryons in dark matter halos
and the ISM of distant galaxies.
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|GM and Galaxy Formation (VVhy bother?)

3. This includes searching for the signatures/relics of
feedback.

i
~

[
(\®)

[E—,
-
LI LI
o —
|

-
o0

-t

7=

log Ny, (cm'z)

)
@)

>
~

pHI (108 MSun MpC_3 h72)

.

(\®)
-
|

00F . o :
20 25 30 35 4.0 45 50

Cosmic mass density of HI e.g."Cold stream” gas
Prochaska+05 Keres+05

PWO09 Dekel+06
Notredaeme+09 Fumagalli+ 1 |

Monday, August 8, 2011



Quasar Absorption Lines
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Decades of research on gas that lies foreground to the quasar.

From pc to kpc to Mpc to Gpc scales,
including the Intergalactic Medium (IGM)

Majority of spectral features lie in the UV (e.g. Lya 1215)
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Quasar Absorption Lines
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The ‘fauna’ or zoology of Quasar Absorption Lines

Primarily characterized by the column density of
atomic hydrogen (HI): Nu1
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Quasar Absorption Lines
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Lyo Forest Lya Forest
* Weak, most numerous lines

e 102 em™? < Ny << 10172 cm?
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Quasar Absorption Lines
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.
LLS Lyman Limit System (LLS)

* Optically thick to ionizing
photons
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Quasar Absorption Lines
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DLA Damped Lyo System (DLA)

» galactic surface densities
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Absorption Line Basics

100000 T T T .
= Curve of Growth (HI Lya) ;
Nu1: Column of 10.000 & -
HI atoms - .
”go 1.000 3 E
W Equivalent % - ]
width Z  0.100F ~
b: Doppler param. 0010 i
0.001 L . . . . . ]

1012 1014 1016 1018 1020 1022

NHI
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Absorption Line Basics

100000 T T T .
= Curve of Growth (HI Lya) ;
Nur: Column of 10.000 & -
HI atoms - .
”go 1.000 3 E
W Equivalent % - ]
width Z  0.100k E
b: Doppler param. b = 100km/s .
b = 30km/s .
b = 10km/s .
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| hv4
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Absorption Line Basics

100.000 7 - . - . - . .
= Curve of Growth (HI Lya)
Nur: Column of 10.000 - -
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Absorption Line Basics

100.000 7 - . - . - . .
= Curve of Growth (HI Lya)
Nur: Column of 10.000 -
HI atoms ; -
% 1.000E =
. 2 § // :
W Equivalent < - :
width Z  0.100k E
P E
b: Doppler param. g b = 100knf/s -
z b= 30kni/s z
) b = 10km/s _
0.001 ! . | . . . | . ! .
1012 1014 1016 1018 1020 022
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII HI
1 «.Hlurlr 1 1F 4
_ DLA
Z z = HI Lyo
Z % Z N, = 10%° cm™
- Lya Forest T rLLS
"HI Lya 1 - HI Lya
o Nz 0 e oMzt e V) | i
1213 1214 1215 1216 1217 1218 1213 1214 1215 1216 1217 1218 1210 1215 1220 1225
Wavelength (Ang) Wavelength (Ang) Wavelength (Ang)

Monday, August 8, 2011



o[ 11016+4706 (HST/COS) _
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1101644706 (HST/COS)

Tumlinson+1 |
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» Characterization of IGM
» Normalized to an “absorption path”
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f(NHi, X): Definition

I
ek
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N
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[ [T, i
I Tra Lyoa Forest il
= III -
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Mé I LLS ]
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ioﬁ i %1“"’71%: .
—25 Penton+04 = -
 Lehner+07 T
- Zwaan+05 -
_30 i M M N I M M M I . . . 1 : : : 1 1 ]
12 14 16 18 20 22
log Ny,
» Characterization of IGM » # of systems with Ny per dNu1
» Normalized to an “absorption path” per absorption path length

» Akin to a Luminosity function
+ Counting lines per pathlength
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J1016+4706 (HST/COS)
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£(z) and £(X) Defined (Zeroth Moment)

& Ikl 11016+4706 (HST/COS)
» Number of lines per unit | Tumlinson-+! |
redshift 2O -
+ Integrated over an Ny interval Té af _
» Simple observable 3 F
+ akin to ‘number counts’ I
+ Zeroth moment of f(Nyi, z) ) IR IR | 1 S R X ! PR A T o | R A B L S A
1200 1300 1400 1500 1600 1700 1800

Wavelength (Angstroms)
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£(z) and 2(X) Defined (Zeroth Moment)

* £(z) [aka.dN/dz] T 11016+4706 (HST/COS) _
» Number of lines per unit _ | fumiinsontll -
redshift 7 F ;
+ Integrated over an Ny interval § e -
» Simple observable : N 3
+ akin to ‘number counts’ I
+ Zeroth moment of f(Nu, z) (0] INULINE 4| O TR AL P AR A (X A B S L A A
1200 1300 1400 1500 1600 1700 1800

Wavelength (Angstroms)

o /(X) [ak.a.dN/dX]

» Number of lines per unit
pathlength
+ dX = [Hy/H@)] (1+2)? dz

» Defined to maintain a
constant nc * A,

+ n.: Comoving number density
+ A,: Physical (effective) area

» Evaluated over an Ny range
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2(X) and £(z) [at z=0]
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2(X) and £(z) [at z=0]

e = Lya Forest
. [ HIII
» Count lines s L .. i
*+ Repeat for multiple quasars -

» Integrate f(Nu,X) dNmr < o _
Zm 0k 2lem  _
= ! |
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2(X) and £(z) [at z=0]

-10 I 1(X) =272

» Count lines

_15 - N ... |
*+ Repeat for multiple quasars -
» Integrate f(Nur,X) dNHr % | Eh
Z -20 -
en
1. Several hundred Lya forest = - hﬁ""‘g
lines per AX=1 (or Az=1) 25 -
! -
30} -
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log Ny,
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2(X) and £(z) [at z=0]

» Count lines

*+ Repeat for multiple quasars

» Integrate f(Nu1,X) dNur

log t(Ny;, X)

1. Several hundred Lya forest
lines per AX=1 (or Az=1)
2. A handful of saturated lines

_10F+

I
[
N
| | I |

—-20

I(X) = 272

14

I(X)=28.7

16

log Ny

18
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2(X) and £(z) [at z=0]

-10F I(X) =272

» Count lines
*+ Repeat for multiple quasars

» Integrate f(Nu1,X) dNur

I
p—
N
I I I I

e 1(X) =87 _

1(X) =0.07

log t(Ny;, X)
&
S

1. Several hundred Lya forest !

lines per AX=1 (or Az=1) o5t
2. A handful of saturated lines :
3. Fewer than 1 galaxy (DLA) |

hit per 10 quasars observed 9 14 16 18
log Ny,
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2(X) and £(z) [at z=0]

-10F I(X) =272

» Count lines
*+ Repeat for multiple quasars

» Integrate f(Nu1,X) dNmr

I
p—
N
I I I I

e 1(X) =87 _

1(X) =0.07

log t(Ny;, X)
&
S

1. Several hundred Lya forest !
lines per AX=1 (or Az=1) 5]
2. A handful of saturated lines
3. Fewer than 1 galaxy (DLA) |
hit per 10 quasars observed = ” 6 BT

4. ~10 metal systems per AX log Ny
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Outline: The IGM/Galaxy Connection

e J|GM introduction Sl ’ /

» Absorption line systems oy £ | w4 A

» f(IN,X), IX) SPRL
e Exploring the CGM atz~0 | - I 2775
» Extended gaseous halos . 2%
» Origin of the Lya/OVI “IGM” ; "

® The IGM/CGM at z~2 % .8 | >

/ N\, '
e

v

» Evolution?

e A few contrarian remarks
on galactic-scale winds and oot ¢ s
the CGM '

» As you wish...
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The Interstellar Medium (ISM)

Cold gas and dust that fills the disks of star-forming galaxies.

Zwaan+05,08,10




The Interstellar Medium (ISM)

Cold gas and dust that fills the disks of star-forming galaxies.

The ISM (at least at z~0) corresponds to the damped Lya
systems (DLAs), but these are not the subject of today’s talk.

Zwaan+05,08,10



The "IGM”/Galaxy Connection (at z~0)
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The "IGM”/Galaxy Connection (at z~0)

lOg f(1\IHI ’ X)
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Diffuse gas, including metals, in the halos of galaxies (and beyond).

» [

i,

e WL LY. /
L ™ .')_,b P’:l /'\ oo | e h
g S
- X »

’
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Diffuse gas, including metals, in the halos of galaxies (and beyond).

”~ / Nodha N .
'™ . ° .
31/ o .
Y . L, r S e
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/ ex¥ B
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Wakker+08 Chynnoweth+08

Do all galaxies at z~0 have a CGM?

How far does it extend?
Is the CGM metal enriched?
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The Circumgalactic Medium (CGM)

Diffuse gas, including metals, in the halos of galaxies (and beyond).

log Ny, (cm™)

1.6" at z~1.6

’

e.g."Cold” stream gas Chynnoweth 08
Fumagalli+ 1 |
Do all galaxies at z~0 have a CGM!? Does this medium feed galaxies?
How far does it extend!? s there a hot (T>10° K) phase?
Is the CGM metal enriched? How does it relate to the “IGM™?
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The Circumgalactic Medium (CGM)

Diffuse gas, including metals, in the halos of galaxies (and beyond).

log Ny, (cm™)

1.6" at z~1.6

’

e.g."Cold” stream gas ynnoweth+08
Fumagalli+ 1 |
Do all galaxies at z~0 have a CGM!? Does this medium feed galaxies?
How far does it extend!? s there a hot (T>10° K) phase?
Is the CGM metal enriched? How does it relate to the “IGM™?
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Can galaxies (and CGM) ‘make’ the “IGM™?
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Can galaxies (and CGM) ‘make’ the “IGM™?

» Significant ISM

+ Generate the observed DLA
» Gas in the CGM

+ Optically thick (HVCs)

= May also have lower surface density ‘envelopes’
*+ Does this gas produce the cosmic web?!
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Can galaxies (and CGM) ‘make’ the “IGM™?

5”

ik .EJ

» Significant ISM

+ Generate the observed DLA
» Gas in the CGM

+ Optically thick (HVCs)

= May also have lower surface density ‘envelopes’
*+ Does this gas produce the cosmic web?!

» Examine the CGM of galaxies

» Via coincident, background quasars

+ Spinrad+93, Morris+93, Lanzetta+95, Tripp+98,
Chen+01, Bowen+01, Wakker&Savage(9, etc.,
etc., etc.

To HST
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Experiment: Probe Galactic Halos (CGM )

The LCO/WFCCD IGM/Galaxy Survey
Prochaska,Weiner, Chen, Mulchaey, Cooksey 201 |

* LCO/WFEFCCD Suvy:: Probin IGalaxy Connection
» Magnitude-limited (R~19.5) survey for galaxies in 20 UV-bright QSO fields

+ Low-resolution spectra useful for redshifts only
= Stay tuned for SFR, metallicities, etc. (Gemini/GMOS via J. Werk)

» IGM linelists from the literature (Tripp+08, Thom&Chen08, Danforth+08)



Experiment: Probe Galactic Halos (CGM )

The LCO/WFCCD IGM/Galaxy Survey
Prochaska,Weiner, Chen, Mulchaey, Cooksey 201 |
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* LCO/WFEFCCD Suvy:: Probin IGalaxy Connection
» Magnitude-limited (R~19.5) survey for galaxies in 20 UV-bright QSO fields

+ Low-resolution spectra useful for redshifts only
= Stay tuned for SFR, metallicities, etc. (Gemini/GMOS via J. Werk)

» IGM linelists from the literature (Tripp+08, Thom&Chen08, Danforth+08)



Experiment: Probe Galactic Halos (CGM )

The LCO/WFCCD IGM/Galaxy Survey

Prochaska,Weiner, Chen, Mulchaey, Cooksey 201 |
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* LCO/WFCCD Survey Problngthe IGM/Galaxy Connection
» Magnitude-limited (R~19.5) survey for galaxies in 20 UV-bright QSO fields

+ Low-resolution spectra useful for redshifts only
= Stay tuned for SFR, metallicities, etc. (Gemini/GMOS via J. Werk)

» IGM linelists from the literature (Tripp+08, Thom&Chen08, Danforth+08)
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Experiment: Probe Galactic Halos (CGM )

The LCO/WFCCD IGM/Galaxy Survey
. Prochaska, Weiner, Chen, Mulchaey, Cooksey 201 |
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* LCO/WFCCD Survey Problng the IGM/Galaxy Connection
» Magnitude-limited (R~19.5) survey for galaxies in 20 UV-bright QSO fields

+ Low-resolution spectra useful for redshifts only
= Stay tuned for SFR, metallicities, etc. (Gemini/GMOS via J. Werk)

» IGM linelists from the literature (Tripp+08, Thom&Chen08, Danforth+08)



Experiment: Probe Galactic Halos (CGM )

The LCO/WFCCD IGM/Galaxy Survey
. Prochaska, Weiner, Chen, Mulchaey, Cooksey 201 |
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* LCO/WFCCD Survey Problng the IGM/Galaxy Connection
» Magnitude-limited (R~19.5) survey for galaxies in 20 UV-bright QSO fields

+ Low-resolution spectra useful for redshifts only
= Stay tuned for SFR, metallicities, etc. (Gemini/GMOS via J. Werk)

» IGM linelists from the literature (Tripp+08, Thom&Chen08, Danforth+08)




Hl Gas Surrounding z~0 Galaxies

' 16.0[ T '
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» Small sample (bright galaxies are rare!)

» See “COS-Halos” program for r < 150 kpc
4+ Tumlinson, Thom, Werk, etc.
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Hl Gas Surrounding z~0 Galaxies
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» 100% covering with Wlya > 100mA to 300 kpc
+ Early and late types

» Rarely a brighter galaxy also within 300 kpc
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Hl Gas Surrounding z~0 Galaxies
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Hl Gas Surrounding z~0 Galaxies
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» Nearly 100% covering with W1y2 > 100mA to 300 kpc

+ Early or late types




Hl Gas Surrounding z~0 Galaxies
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» Nearly 100% covering with W1y2 > 100mA to 300 kpc
+ Early or late types

» Largest W1y2 absorption has a nearby, brighter galaxy
+ Or Virgo!



Hl Gas Surrounding z~0 Galaxies
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» Galaxies of all luminosity and spectral type show

extended ‘halos’ (or CGM) of HI absorption to 300 kpc
*+ Generally Wlya > 100 mA

= e.g. Lanzetta+95, Tripp+98, Wakker+09




Extent of the CGM
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Extent of the CGM
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Extent of the CGM
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Mass of the CGM from z~0 Galaxies
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S 60— R
© | X #x
15.5F ]
1000 o " O | oF :
] X ] : O ¥ 00 !
| o *3kCk |  150f " ; ]
E )Ko S & | 145 r X
E z ]
2 x O @1 2 [ )
X 2 . .
= oF o® 1~ Lol e B :
O X | * Ok
100 1 135} & K
X O : 2
v l 130F J X 9

10 100 10 100
p (kpc) p (kpc)

» Adopt (assume) a large ionization correction for Nu1
+ With Nurcem = 1015 cm~2, xpq1=10-4

N zar \7' (T 2
N 10 HI,CGM HI CeM
Mcom = 3 x 107 Mg < 1015 em—2 > ( 104 ) (300kpc)

» Comparable to the baryonic mass of the galaxy!

+ Enough ‘missing’ baryons for sub-L* galaxies
Qcoam ~ 0.1€2,




Mass of the CGM from z~0 Galaxies
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» Adopt (assume) a large ionization correction for Nu1
+ With Nurcem = 1015 cm~2, xpq1=10-4

N zar \7' (T 2
N 10 HI,CGM HI CeM
Mcom = 3 x 107 Mg ( 1015 em—2 ( 104 ) (3001{]@6)

» Comparable to the baryonic mass of the galaxy!

+ Enough ‘missing’ baryons for sub-L* galaxies
Qcam ~ 0.1€2,




Mass of the CGM from z~0 Galaxies
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» Adopt (assume) a large ionization correction for Nu1
+ With Nurcem = 1015 cm~2, xpq1=10-4

N zar \7' (T 2
N 0 HI,CGM HI CGM
Mcom = 3 x 107 Mg ( 1015 em—2 ( 104 ) (300kpc>

» Comparable to the baryonic mass of the galaxy!

+ Enough ‘missing’ baryons for sub-L* galaxies
Qcam ~ 0.1€2,




s the “IGM” just CGM gas from galaxies!?

: ' 160 M
| Prochaska+| | O _ : X Ox
¥ 15.5F ¥ ¥
1000 O O | O%
] X ] | O ¥ 00
o ¥x¥Xx | 150} " o
g >Iéo & %" | F 145: T *
E xC _ @] = | T
% = | ]
= of o® 1 7 140} O B -
O O X [ X @é .
| 0.0 1
100} 1 135} & %
X O 1 | .
{ L1 130} l *q -
10 100 10 100
p (kpc) p (kpc)

Plots like these have generated strong
(misplaced?) argument over the years.
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s the “IGM” just CGM gas from galaxies!?

Plots like these have generated strong
(misplaced?) argument over the years.
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s the “IGM” just CGM gas from galaxies!?
Statistical argument X(X) ~ ne Ap
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s the “IGM” just CGM gas from galaxies!?

Statistical argument: .£(X) ~ nc Ap
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s the “IGM” just CGM gas from galaxies!?
Statistical argument: .£(X) ~ nc Ap
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s the “IGM” just CGM gas from galaxies!?
Statistical argument: X(X) ~ N Ap
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» Majority of IGM arises from gas at r>>300kpc from galaxies

Monday, August 8, 2011



Statistical argument: &(r)

log N(HI) 2 14
log N(HI) = 12.5-13.5

OVI absorbers

See also:
Chen+05
Wilman+07/
Shone+ |0
Borthakur+| X
Tejost+ I X

1000
r, (h~! kpe)

» Nur > 1014 cm-2
+ Weak lines are the IGM
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s the “IGM” just CGM gas from galaxies!?
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No! But the majority of strong Lya lines certainly are.
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The IGM/Galaxy Connection (at z~0)
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The IGM/Galaxy Connection (at z~0)
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The IGM/Galaxy Connection (at z~0)
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The IGM/Galaxy Connection (at z~0)
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The IGM/Galaxy Connection (at z~0)

S
- Lya Forest I:
—15+ -
ol S LLS
T :
Z :
S 1 :
oY) ,
< ! |
. IGM CGM
—30 I L L L | E L L | L L L | L
12 14 16 18
log Ny

What about metals? How does this picture evolve at
high z! And what about outflows!?!
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1GM’ Metals: O VI

17-'"'l""l""|----|--..

Advantages:

- highest T probe available in FUV
- strong doublet, easily detected

- Most common metal system

- IGM samples for comparison
] - peak ionization fraction at T =

1 300,000K, still significant at 10® K
. - catches gas heating and/or cooling
' through coronal regime.

16

log N
O
|

14

13 . .,
45

7.0

log T

- must be redshifted to detect w/

O VI has also been widely used to HST (mirror absor.bs at < [150A)
count hot gas (WHIM) or “missing - peak abundance lies where rad

baryons”, so general IGM samples c.oo!mg is efficient, .s.o t.here. are
are well characterized. significant non-equilibrium issues

Tripp+08, Thom+Chen08, Danforth+Shull08
See: H.-W. Chen for MglI, CIV
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1GM’ Metals: O VI
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O VI has also been widely used to
count hot gas (WHIM) or “missing
baryons”, so general IGM samples

are well characterized.
Tripp+08, Thom+Chen08, Danforth+Shull08

Advantages:
- highest T probe available in FUV
- strong doublet, easily detected
- Most common metal system
- IGM samples for comparison
- peak ionization fraction at T =
300,000K, still significant at 10 K
- catches gas heating and/or cooling
through coronal regime.

- must be redshifted to detect w/
HST (mirror absorbs at < | I50A)
- peak abundance lies where rad
cooling is efficient, so there are
significant non-equilibrium issues

See: H.-W. Chen for MglI, CIV
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Experiment: Probe Galactic Halos (CGM )

The LCO/WFCCD IGM/Galaxy Survey
. Prochaska, Weiner, Chen, Mulchaey, Cooksey 201 |
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* LCO/WFCCD Survey ' Problngthe IGM/Galaxy Connection
» Magnitude limited (R ~ 19.5) survey for galaxies in UV-bright QSO fields

+ Low-resolution spectra useful for redshifts only
= Stay tuned for SFR, metallicities, etc. (Gemini/GMOS via J. Werk)

» IGM linelists from the literature (Tripp+08, Thom&Chen08, Danforth+08)



Experiment: Probe Galactic Halos (CGM )

The LCO/WFCCD IGM/Galaxy Survey
~ Prochaska, Weiner, Chen, Mulchaey, Cooksey 2011 v .
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* LCO/WFCCD Survey ' Problngthe IGM/Galaxy Connection
» Magnitude limited (R ~ 19.5) survey for galaxies in UV-bright QSO fields

+ Low-resolution spectra useful for redshifts only
= Stay tuned for SFR, metallicities, etc. (Gemini/GMOS via J. Werk)

» IGM linelists from the literature (Tripp+08, Thom&Chen08, Danforth+08)
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OVI Gas Surroundlng z~O GaIaX|es
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OVI Gas Surroundlng z~O GaIaX|es
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» Many fewer positive detections of OVI than Lya
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OVI Gas Surroundlng z~0 GaIaX|es
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» Many fewer positive detections of OVI than Lya
» Most of the cases where OV is observed have a
second, brighter galaxy nearby
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OVI Gas Surroundlng z~0 GaIaX|es
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» Positive detections to ~250 kpc

» No detections at 250-300 kpc
+ Small sample (stay tuned for HST/COS results)
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OVI Gas Surroundlng z~O GaIaX|es
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» Almost all positive detections, to 300 kpc
» Independent of spectral type
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OVI Gas Surroundlng z~0 GaIaX|es
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» Almost all positive detections, to 300 kpc
» Independent of spectral type
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s the enriched “IGM” S|mply CGM gas!?
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s the enri ched IGM Si mply CGM gas!?
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tovi(X)

Is the enriched “IGM” S|mply CGM gas!?
“\\,
/%/

| ‘:gi:?}:?‘:: / ////////
Halo

Dwarfs Sub-L* L*

0_

®* Yes! The extended CGM of sub-L* gal

» Halo gas is not enough  Seealso

Tumlinson&Fang 05
4+ Only for strong OVI Stocke+06 °

Oppenheimer & Davé 09
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Is the enriched “IGM” simply CGM gas!?
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Dwarfs Sub-L* L*
* Yes! The extended CGM of sub-L* gal + OVI: most common metal-line in the IGM
» Halo gas is not enough  Seealso + There are no metals in the WHIM?!?

Tumlinson&Fang 05
*+ Only for strong OVI .o crer06

® Other Implications Oppenheimer & Davé 09
» I speculate that ALL metals are located
within 300 kpc of galaxies
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Is the enriched “IGM” simply CGM gas!?
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* Yes! The extended CGM of sub-L* gal 4 OVI: most common metal-line in the IGM

» Halo gas is not enough  Seealso

+ There are no metals in the WHIM?!?

Tumlinson&Fang 05

*+ Only for strong OVI .o crer06 » Metals were transported to large distances
* Other Implications Oppenheimer & Davé 09 + Winds?

» I speculate that ALL metals are located
within 300 kpc of galaxies
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Is the enriched “IGM” simply CGM gas!?
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» Halo gas is not enough  Seealso + There are no metals in the WHIM?!?
+ Only for strong OVI g‘:g"cll'(':f(;‘:":a"g 0 » Metals were transported to large distances
® Other Implications Oppenheimer & Davé 09 + Winds?
» I speculate that ALL metals are located * Key open question
within 300 kpc of galaxies » Are there many OVI lines with W<30mA?
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Metal Transport: Galactic-scale Winds!

Star-forming galaxies at z<| often exhibit
blue-shifted (outflow) absorption by metals.
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Metal Transport: Galactic-scale Winds!?

Star-forming galaxies at z<| often exhibit
blue-shifted (outflow) absorption by metals.
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But are these “winds” propagating to 300kpc?
Or were the metals transported long ago?
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The IGM/Galaxy Connection (at z~0)
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The IGM/Galaxy Connection (at z~0)
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No strong evidence for metals in the
IGM (or the WHIM) at z~0.
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The IGM/Galaxy Connection (at z~0)
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Statistically, the picture is well developed. But the precise
relationship of gas to galaxies requires further research.
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Hubble Space Telescope Cycle 17 GO Proposal <ID>

How Galaxies Acquire their Gas: A Map of Multiphase

Accretion and Feedback in Gaseous Galaxy Halos

Principal Investigator: Dr. Jason Tumlinson ¢ C O S - H aI O S )

Institution: Yale UnsversTty STScl

Data Division
Jessica Werk & Xavier Prochaska (Santa Cruz)
Background light Joseph Meiring & Todd Tripp (UMass)
source (QS0O) Christopher Thom & Ken Sembach (STScl)
: Theory Division
Amanda Ford & Romeel Davé (Arizona)

. Neal Katz (UMass), David Weinberg (The OSU),
Ben Oppenheimer (Leiden), Molly Peeples (UCLA)

39 galaxies in |34 HST orbits
(13 “red angd dead”,
26 star-forming)
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COS-Halos Survey Design
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Gas Halos and Galaxy Bimodality

GALEX+SDSS (Schlmlnowch et al. 2007)

Miliufises,

O

|:| Star-forming galaxies
<> Passive galaxies
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Gas Halos and Galaxy Bimodality
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log (Ng, [cm'z])
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O VI Kinematics

O VI gets stronger by getting broader
(not by getting optically thick and

saturated).
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Accretion Bl lile R RO RAL:

T~ 106K
hot halo .
O VI can fit into the

“Multiphase Accretion”
scenario as the tracer of
T~ 10K interface gas between the
Mg Il cooler condensed clouds and
the hot coronal halo.

e.g. Keres & Hernquist 2009
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The large oxygen mass in the ionized halos of galaxies implies at
least 1 Gyr worth of star formation and oxygen yield, efficiently
transported out to > 150 kpc. Current simulations - even those with
extreme winds - fail to reproduce these observations.
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“Recycled” winds = half of accretion at z < 12
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Stinson,Brook+, in prep.

The O VI we represents significant mass and metal outflow from
galaxies, yet does not appear to exceed the escape velocity.

This finding is consistent with the expectation that much of z < 1
accretion is recycled outflows.
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Outline: The IGM/Galaxy Connection

. : > 7
e J|GM introduction .

» Absorption line systems

» f(IN,X), IX) L

e Exploring the CGM atz~0 | P A

» Extended gaseous halos : g

» Origin of the Lya/OVI “IGM” ;T "

® The IGM/CGM at z~2 % .8 | >
e oS '

» Evolution?

v

=

e A few contrarian remarks
on galactic-scale winds and oot ¢ s
the CGM '

» If you like..
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Flux (107" cgs)
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Flux (107" cgs)
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Yes, quite probably... (see Steidel+10, Rudie+ I 1,0’'Meara+12)
e.g. Halos of gas and metals around SF galaxies to r~200kpc
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Flux (cgs)
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The IGM/Galaxy Connection at z~2

» Very similar f(IN) K 2~3

+ Mildly steeper at low z - X

I
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» Same f(Npp) distribution
*+ Nearly identical HI mass density

log f(Ny;, X)

» SF galaxies surrounded by gas
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-
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and metals to ~300 kpc | e
+ Rudie+l11 _ 1,
» This includes massive galaxies _ .
(traced by quasars) | Y
+ Hennawi+06, PH10 =250 ,,ﬂT’
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log Ny
Penton+04, Lehner+07, Zwaan+05, Prochaska+05, O’Meara+06, Prochaska+ 10, O’Meara+| |
See Altay+1 | for a theoretical perspective
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Summary

» Lya
+ Strong Lya lines = Galaxy CGM
+ Weak Lya lines = The proper IGM

» OVI

+ Strong OVI lines = Galactic halos

+ Weak OVI = CGM (of sub-L*)

= No WHIM component needed (or
allowed?!)

» HI to 300kpc around every galaxy
*+ Beyond ryi: for most galaxies
+ Width of cosmic web threads?
= Less than a 1% volume filling factor
» Baryonic Mass

*+ Most (all) of the ‘missing’ galactic baryons

» Metals (L* galaxies)

+ Strong OVI around SF galaxies
= Equivalent to an ISM mass

+ Substantial metal transport (recently?)
= Stay tuned for more HST/COS results

» Similar f(N,X) distributions
*+ Remarkably little evolution in the IGM
over 10 Gyr

» CGM

*+ Also is qualitatively similar

» What/when transported the metals?
» Does the CGM balance the galactic
baryon budget?

» Is there any major evolution outside
galaxies (and clusters) from z=3?

Monday, August 8, 2011



