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Circum
galac(c,gas,shapes,and,is,

shaped,by,the,observed,proper(es,of,
galaxies.,,
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Baryons,and,Dark,M
aXer,

O
nly,10Y,20%

,of,galaxy’s,baryons,are,in,stars,,and,light,does,not,follow
,dark,m

aXer,,

See,,e.g.,
Bell+03,
Guo+10,
M
oster+10,

M
cGaugh,10,

Beehroozi+10,
Kravtsov+14,

,

3,

How
,m

uch,baryonic,
m
ass,does,the,CGM

,
contribute?,,
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HST/CO
S,

Tum
linson+13;,W

erk+13,

−400
−200

0
200

400
R

elative V
elocity (km

/s)

0 1

Normalized Flux

H
I 1215



O
bserved,Proper(es,of,the,CGM

:,The,HI,Gas,

A,cool,(10
4,K),m

edium
,w
ith,high,covering,frac(on,of,N

HI ,>,10
15,cm

Y2,,exists,
around,nearly,every,L*,galaxy,,even$ellip(cals,,to,150,kpc.,,
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M
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M
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HI ,=,10
14.5,

,Line,satura(on,!
,

m
any,of,these,are,
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its,

N
B:,Blank,space,=,no,data,

CO
SYHalos,

PI:,Jason,Tum
linson,

134,orbits,w
ith,HST/CO

S,
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O
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A,cool,(10
4,K),m

edium
,w
ith,high,covering,frac(on,of,N

HI ,>,10
15,cm

Y2,,exists,
around,nearly,every,L*,galaxy,,even$ellip(cals,,to,150,kpc.,,
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Find,the,Ioniza(on,Param
eter,,

For,a,grid,of,,Log,N
HI, (know

n,=,16.6),&
,

Log,[M
/H],(Log,U

,fairly,independent,of,this,value),
7,

Case,Study:,J1330+2813,289_28,

−400
−200

0
200

400
Relative V

elocity (km
/s)

0 1
Normalized Flux

O
V

I 1031

Log U
: 

−1.5
−2.5

−3.5
−4.5

−400
−200

0
200

400
R

elative V
elocity (km

/s)

0 1

Normalized Flux

SiIII 1206

Log U
: 

−1.5
−2.5

−3.5
−4.5

−400
−200

0
200

400
R

elative V
elocity (km

/s)

0 1

Normalized Flux

SiII 1260

Log U
: 

−1.5
−2.5

−3.5
−4.5

−400
−200

0
200

400
R

elative V
elocity (km

/s)

0 1

Normalized Flux

C
III 977

Log U
: 

−1.5
−2.5

−3.5
−4.5

SiII,1260,
CIII,977,

SiIII,1206,
O
VI,1031,



M
ass,of,the,CGM

,

The$CGM
$is$a$m

ajor$reservoir$of$galac(c$baryons,$containing$at$least$as$m
any$as$the$

disk,$and$w
ithin$reach$of$closing$the$baryon$budget$around$L*$galaxies$(W

erk+14)$8,

W
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Baryons,and,Dark,M
aXer,

O
nly,10Y,20%

,of,galaxy’s,baryons,are,in,stars,,and,light,does,not,follow
,dark,m

aXer,,

See,,e.g.,
Bell+03,
Guo+10,
M
oster+10,

M
cGaugh,10,

Beehroozi+10,
Kravtsov+14,

,

9,

How
,m

uch,baryonic,
m
ass,does,the,CGM

,
contribute?,,
,A:,At,least,as,m

uch,
as,the,stars,,
poten(ally,the,rest,
of,the,m

issing,
baryons.,,



The,M
assYM

etallicity,Rela(on,

See,e.g.,
Lequeux+79,
Trem

on(+04,
Gallazzi+05,
Erb+06,
Dalcanton,07,
Kew

ley+08,
+,m

any,m
ore,

,

,M
YZ,rela(on,extends,over,three,decades,of,stellar,m

ass,and,out,to,z~3;,W
hy?,,,

10,

Can,the,m
etal,

content,of,the,CGM
,

help,explain,this,
rela(on?,,



,The,M
issing,M

etals,

,Peeples+14,
See,also:,Zahid+12,
,

,Galaxies,are,m
issing,~80%

,of,the,m
etals,they,have,generated,over,their,SFHs,11,

Does,the,CGM
,

harbor,these,
‘m

issing’,m
etals?,,



The,M
etal,M

ass,of,the,CGM
,

O
xygen$(HighJIons):$$

,Tum
linson+2011,(m

ax,fO
VI ):,,

M
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,Bordoloi+2014,(m
ax,fCIV ):,,

M
carbon ,>,1.2,x,10

6,(0.3/fCIV ),M
"
,

Silicon$(Low
JIons)$

$W
erk+2014,(CLO

U
DY):,,

M
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"
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O
xygen,“Deficits”,in,Local,SF,Galaxies,

Peeples,et,al.,2014,YY,Galaxy,M
etal,Census,,see,also,Zahid,et,al.,2012,

13,

30,–,60%
,s(ll,m

issing,



The,M
assYM

etallicity,Rela(on,

See,e.g.,
Lequeux+79,
Trem

on(+04,
Gallazzi+05,
Erb+06,
Dalcanton,07,
Kew

ley+08,
+,m

any,m
ore,

,

,M
YZ,rela(on,extends,over,three,decades,of,stellar,m

ass,and,out,to,z~3;,W
hy?,,,

14,

Can,the,m
etal,

content,of,the,CGM
,

help,explain,this,
rela(on?,
,A:,A,substan(al,
frac(on,of,the,
m
etals,generated,by,,

a,galaxy,over,its,
life(m

e,are,in,the,
CGM

.,,,



RedYBlue,Dichotom
y,and,Q

uenching,

See,e.g.,
M
athew

s,&
,Baker,71,

Blanton+2003,
Faber+07,
Drory+09,
Tom

czak+14,
+m

any,m
ore,

,,
Som

e,galaxies,eventually,stop,form
ing,stars;,w

hat,triggers,and,m
aintains,quenching?,,

15,

Is,this,dichotom
y,

reflected,by,the,
CGM

,proper(es?,,
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VI,Correlates,
w
ith,SFR,

Q
uenching$appears$to$m

odify$the$abundance$of$high$ioniza(on$state$gas$in$L*$
halos$w

hile$leaving$the$colder$gas$m
ostly$unaffected.$$

$
16,

3,nights,Keck,LRIS,Y,W
erk+12,

134,orbits,HST/COS,Tumlinson+11,

See,also,Bordoloi+14,
for,CIV,



RedYBlue,Dichotom
y,and,Q

uenching,

See,e.g.,
M
athew

s,&
,Baker,71,

Blanton+2003,
Faber+07,
Drory+09,
Tom

czak+14,
+m

any,m
ore,

,,
Som

e,galaxies,eventually,stop,form
ing,stars;,w

hat,triggers,and,m
aintains,quenching?,,

17,

Is,this,dichotom
y,

reflected,by,the,CGM
,

proper(es?,
,A:,Yes,,in,the,highly,
ionized,gas,phases.,,



CGM
,Take,Aw

ay,
Circum

Ygalac(c,gas,contains,a,substan(al,frac(on,of,baryons,
and,m

etals,,and,its,content,is,som
ehow

,m
odified,by,w

hatever,
process,shuts,dow

n,star,form
a(on,in,galaxies.,,
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CGM
,Take,Aw

ay,
Circum

Ygalac(c,gas,contains,a,substan(al,frac(on,of,baryons,
and,m

etals,,and,its,content,is,som
ehow

,m
odified,by,w

hatever,
process,shuts,dow

n,star,form
a(on,in,galaxies.,,
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il,Program
m
a,

• Physical,Condi(ons,in,the,HighlyYIonized,CGM
,

(aka,How
,is,O

VI,ionized?),
,• Distribu(on,of,O

VI,in,galaxy,halos,w
ith,

respect,to,m
ajor/m

inor,axes,



O
bserved,Proper(es,of,the,CGM

:,The,HighYIons,(aka,O
VI),

21,

O
VI,is,ubiquitous,in,the,CGM

,of,starYform
ing,galaxies,(Tum

linson,+11;,W
erk+12),
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O
bserved,Proper(es,of,the,CGM

:,The,HighYIons,(aka,O
VI),

22,

O
VI,is,rarely,found,in,the,CGM

,of,quiescent,galaxies,,w
hen,it,is,,it,is,w

eak,,and,the,
incidence,does,not,depend,on,im

pact,param
eter.,,(Tum

linson,+11;,W
erk+12),
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23,

O
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A,Possible,Clue:,There,is,no,N
V,detected,in,the,

CGM
,

24,
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A,Possible,Clue:,There,is,no,N
V,detected,in,the,

CGM
,

25,

N
IV,+,77.5eV,#

N
V,+,e

Y,

T
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5.1K
,

SiIII,+,33.5eV,#
SiIV,+,e
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T
CIE ,=,,10

4.7K
,

O
V,+,113.9eV,#

O
VI,+,e

Y,

T
CIE ,=,,10

5.5,K,

O
ther,High,Ions?,,

CO
SYHalos,Stacked,Data,

W
erk+15,



A,Possible,Clue:,There,is,no,N
V,detected,in,the,

CGM
,
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N
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,

O
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O
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T
CIE ,=,,10

5.5,K,

O
ther,High,Ions?,,
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0.5,dex,too,m
uch,SiIV,com

pared,to,bestYfi�
ng,‘low

Yion’,cloudy,m
odels,

SiIII,+,33.5eV,#
SiIV,+,e

Y,

T
CIE ,=,,10

4.7K
,

SiI,+,8.2eV,#
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Y,

T
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4.2,
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T
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,

See,also,poster,by,,
Laura,Corlies,
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Com
m
on,W

ays,of,Ge�
ng,O

VI,are,Ruled,O
ut,by,Data,



29,

Saving,Photoioniza(on:,Cantalupo,to,the,Rescue,

To,fit,N
V/O

VI:,,
Log,N

HI ,=,20,
SFR,=,100,
F
esc ,=,10%

,(or,low
er),

Steep,density,gradient,in,absorbing,cloud,
,Intensity,of,extra,com

ponent:,>,2,orders,of,m
agnitude,greater,than,EU

VB,at,10,Ryd,

Cantalupo,2010:,
SN

,and,XRBs,produce,
soÅ,xYrays,
Tunables:,Galaxy,N

HI ,,
SFR,,d,,fesc,
,,



O
ther,N

onYEquilibrium
,M

odels,
• 

Shock,Ioniza(on,(Dopita,96;,Gnat+09),
• 

Radia(ve,cooling,in,a,m
oving,flow

,(Edgar+86;,Shapiro+91):,,
• 

Turbulent,M
ixing,Layers,(Begelm

an+90;,Slavin+93,,also,poster,
by,Lucia,Arm

illoXa,on,diskYhalo,interface):,
• 

Conduc(ve,Interfaces,(Borkow
ski+90;,Gnat+10),

,



Com
plex,Collisional,Ioniza(on,O

ut,of,
Equilibrium

,
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O
ther,N

onYEquilibrium
,M

odels,
• 

Shock,Ioniza(on,(Dopita,96;,Gnat+09):,N
ot,enough,SiIV,

• 
Radia(ve,cooling,in,a,m

oving,flow
,(Edgar+86;,Shapiro+91):,

Correct,Ra(os;,Colum
n,densi(es?,

• 
Turbulent,M

ixing,Layers,(Begelm
an+90;,Slavin+93):,W

rong,
Ra(os;,W

rong,Colum
n,densi(es,

• 
Conduc(ve,Interfaces,(Borkow

ski+90;,Gnat+10):,Low
,Total,

O
VI,Colum

n,density,



Constraining,the,Structure,of,the,CGM
,

• 
Single,sightlines,per,galaxy,!

,one,dim
ensional,picture,

• 
2YD,m

ap,,w
ith,basic,galaxy,m

orphological,inform
a(on,

M
gII,

Bordoloi+11;,Stacked,5000,background,,
spectra,probing,4000,galaxies,in,CO

SM
O
S,,

T
h

e
A

stroph
ysical

Jou
rn

al,765:89
(14pp),2013

M
arch

10
Sh

en
et

al.

(a)

(b)

Figure
3.(a)A

m
ap

ofthe
projected

colum
n

density
in

a
cube

of500
(proper)kpc

on
the

side
from

the
E

ris2
sim

ulation
at

z
=

2
.8.T

he
six

panels
show

H
I,C

II,C
IV,

Si
II,Si

IV,and
O

V
I.Intervals

of
colum

n
density

in
the

range
10

11–10
22

cm
−

2
for

H
Iand

10
11–10

16
cm

−
2

for
allm

etalions
are

m
arked

in
the

panels
w

ith
different

colors.(b)
T

he
m

ulti-phase
nature

of
E

ris2’s
C

G
M

.Sam
e

as
Figure

3(a)
butfor

cool(T
<

10
5

K
,top

panel)
and

w
arm

-hot(T
>

10
5

K
,bottom

panel)
gas

only,as
traced

by
the

high-ionization
species

C
IV,Si

IV,and
O

V
I.

(A
colorversion

ofthis
figure

is
available

in
the

online
journal.)

T
<

10
4

K
and

n
!

n
SF

=
20

atom
s

cm
−

3
(corresponding

to
δ

≡
ρ
/ρ

m
ean

!
10

6
.15

at
z

=
2
.8)

to
hot

T
>

10
6

K
low

-
density

δ
#

1
intergalactic

gas
thatcannotcoolradiatively

over
a

H
ubble

tim
e.O

V
Iis

diffuse,has
a

large
covering

factor,and
extends

beyond
4
R

vir =
200

kpc
from

the
center

of
E

ris2.C
IV

absorption
is

m
uch

clum
pierand

less
extended

than
O

V
I,w

hile
low

-ionization
species

like
C

IIand
Si

IItrace
narrow

inflow
ing

stream
s

as
w

ell
as

dense
outflow

ing
clum

ps.
T

he
covering

fraction
of

low
-ionization

species
declines

faster
than

that
of

O
V

IorC
IV.

Inflow
s

and
outflow

s
coexist

in
E

ris2,
w

ith
about

one-third
of

all
the

gas
w

ithin
R

vir
found

to
be

outflow
ing.

A
t

R
vir ,

the
m

ean
m

etallicity
of

inflow
ing

gas
is

0
.05

Z
$

,
w

hile
the

m
ean

m
etallicity

of
outflow

ing
gas

is
0
.56

Z
$

(the
average

is
taken

over
all

gas
particles

w
ithin

a
thin

shell
of

radius
R

vir
and

thickness
0.02

R
vir ).

Inflow
ing

enriched
gas

traces
large-

scale
cold

filam
ents

that
penetrate

deep
into

the
virial

radius
(see

Figure
4(a)

and
Section

4.2),
as

w
ell

as
m

aterial
raining

back
onto

the
disk

as
partof

a
“galactic

fountain.”
A

bout77%
,

32%
,

44%
,

66%
,

50%
,

and
66%

of
the

total
H

I,
O

V
I,

C
IV,
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Different,Phases,,Different,O
rigins,,
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,Hybrid,EnergyYM
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driven,w
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rather,than,its,velocity,
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Sum
m
ary,

• 
The,CGM

,strongly,influences,and,is,influenced,by,the,
proper(es,of,the,stars,and,gas,w

ithin,galaxies,
,• 

Sim
ple,photoioniza(on,by,an,EU

VB,and,CIE,(nonYdynam
ical),

cannot,reproduce,m
easured,absorp(on,line,ra(os,of,high,

ions.,These,tw
o,processes,are,w

hat,go,into,sim
ula(ons,

currently.,,
,• 

The,2D,distribu(on,of,O
VI,around,galaxies,betw

een,50,and,
150,kpc,does,not,depend,on,galaxy,orienta(on.,M

ay,support,
the,idea,that,O

VI,is,part,of,an,‘ancient’,ouÖlow
,(see,Ford+13),


