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The CGM-Galaxy Interactions
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The CGM-Galaxy Interactions

eGalactic outflows

*Galactic outflows observed in local starburst
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The CGM-Galaxy Interactions

e Galactic outflows

CIV 1549
CII 1334

SiIV 1393
Sill 1260
Sill 1526

—

=
o
3
<
4
=
=
4
-
Y
]
2
=3
C
=0
4+
7p}
)
o

Impact Parameter b (kpc)

eFar-UV spectra of angular pairs of galaxies/
quasar-galaxies provides detailed map of the
CGM metals (e.g., Steidel+2010) and H | (e.g.,
Rudie+2012) at higher z

*Increasing amount of data about the CGM at

low redshift (e.g., Prochaska & Hennawi 2009; Chen
+2010; Crighton+201 |; Prochaska+201 I; Tumlinson
+2012;Werk+2012)
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The CGM-Galaxy Interactions

*Galactic outflows Gas from IGM inflows into galactic halos
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The CGM-Galaxy Interactions

*Galactic outflows Gas from IGM inflows into galactic halos
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*At high z, “cold” accretion mode
Impact Parameter b (kpc) dominates (e.g., Keres+ 2005, 2009; Dekel &
Birnboim 2006; Ocvirk+2008)

eFar-UV spectra of angular pairs of galaxies/
quasar-galaxies provides detailed map of the
CGM metals (e.g., Steidel+2010) and H | (e.g.,
Rudie+2012) at higher z

*Prediction of cold stream detection

|) statistical prescription using
cosmological volumes (e.g., Dekel+2009;

van de Voort+2012) and
*Increasing amount of data about the CGM at

low redshift (e.g., Prochaska & Hennawi 2009; Chen 2) “zoom-in” simulations(e.g., Fumagalli+
+2010; Crighton+201 |; Prochaska+201 | ; Tumlinson 201 I; Faucher-Giguere & Keres 201 I; Kimm
+2012;Werk+2012) +201 |; Stewart+201 |; Goerdt+ 2012)
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The Eris2 Simulation

TreeSPH code Gasoline (Wadsley et al. 2004) X

SF: dp+/dt = EsFPgas/tdyn < Pgas'> When gas has nH > nsr

Blastwave feedback model for SN Il (Stinson+ 2006): radiative cdbl'ing shut-off
according to analytical solution from McKee & Ostriker (1977).

Radiative cooling for H, He and metals were computed using Cloudy (Ferland+
1998), assuming ionization equilibrium under uniform UVB (Haardt & Madau 2012)

Turbulent diffusion model (Wadsley+ 2008; Shen+2010) to capture mixing of metals in
turbulent outflows.

Same initial set up as in Eris (Guedes+2011)
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Metal Cooling Under UV Radiation
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*Metal cooling

computed

using CLOUDY
(Ferland 1998)

*With UVB
from Haardt &

Madau (2001)
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ollng Rate [erg/qg/s]

Metal Cooling Under UV Radiation

Effect of metal cooling: increase the

7 total radiative cooling by > an

order of magnitude

*Metal cooling

computed

using CLOUDY
(Ferland 1998)

*With UVB
from Haardt &
Madau (2001)



Metal Cooling Under UV Radiation

*Metal cooling

computed

1 using CLOUDY
(Ferland 1998)

Effect of metal cooling: increase the 3
total radiative cooling by > an *With UVB
order of magnitude from Haardt &

Madau (2001)
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Decease the cooling at T > 10* K (more
significant for lower density gas)
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Smagorinsky Model of Turbulent Diffusion
Wadsley+ (2008); Shen+(2010)

® Most basic turbulent model: (Kturb has units of velocity X length)

aa_j + V.V = —(y = Du(V.v) + Vi, Vi

Smagorinsky model (Mon.Weather Review 1963) -- Diffusion Coefficient determined by
velocity Shear
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Eris2 and Its Metal-Enriched CGM atz = 2.8

Shen+ (2012) arXiV:1205.0270

® At z=2.8, Eris2 has M,ir and M+
close to an LBG but lower than

typical observed LBGs (e.g, Steidel+
2010)

® More than half of metals locked in
the warm-hot (T > 10°) phase
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Kinematics of the Metal-Enriched CGM
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Kinematics of the Metal-Enriched CGM
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Kinematics of the Metal-Enriched CGM

r
g—_ (LIS IO T LA DL LS ORI L VAL W] L\ A LY rers ...
r AR RV LR 0 o o (5 0] A a e < o
n e VUV L L b r
b 00 0 SV Vb b A
o () 5 SNV o )
— (e Bc TS L P i an
S o= G =SNG R 00
(@) ) AR N e e
— S B ///J///¢~___h«h&&kxxx\\\\\\\\n II—
~ o R S e
v o SONTITESENNNG L o -
o AR ERE R 7
e P O N R N e e e e
SY— ™ S NNV E L W c
n e "SRR RR R R R R B e
= A S SNV YL L 0O
m 11111 S S NNANA VAL L L = S
sssssss WDNEEEEERERR e — QO
p= AREEEPEs. NRREETEI )
Y e, SQISSERET 5 v
. —_— A P I, ORI 7
\ ﬂ—l Y ~*~__\Jb/ AAREBRREESS T« 1 0 (7]
- sz T IR L
= LAEEEERREERREEEE RS ¥ O
P v :
a2 e N B N A N NN R R e 7 e
] ’ A o= —
NN S
2R R B T U U U T S UL N NN > B ;

! NN\l A o 4 )
l-\q\-\-\awa_a//-/v/v/// / i\ U h\..o\t\bllll/ 4
P I W WL N AL NENENR VN S
P R R AR AN TN V- zZa y
EREIAEERRRA LS SN NN \\\ p .
= WA N ///ffff%//ff \/k N - \

NS S SR LS SRS LN =] S~ < e A :
h\\,,/////fffrffﬂgffa// VA NN A,
o AN N N R e L N SSSS S e =SSN/ O s \.N!.w.
= s A NN N NSt e wSsSSe s sssSSsSsSs s AN # PR L
=~ NN R e S S e ESSceSsSSS-S. s %= W . o~ R ST r Y e
IR W S e -~ G o
I R AU SN SN A|4144//f = =y AN PERVIVE & s e
it PRSI NEE SEPER S N -~ N = 4/ \! . .
= o r e L NN i AU &

- e I 2 TR AN
i Y ,x\b\lfalf.l%nln\h\h\\ - ) * - //l/
e P .\\\lfl//gn\.\\\t\:\ gl z__, =N
P A ol PN N Ne= e — -~ N s e . 5 / Yy
[ - - e DA N Al S I e ) G e
|\.\-\.\c\c\c\~\v,, s t\b\\‘\h\h\olb\-\\\\\b\ll\ 4 */ Alﬂ ﬂ \!//V/V//
J«\c\c\c\c\q\v\cuf W s 5 \\\v\\‘\\!\ ” /‘I\A\v/ ﬂ /////‘
e e A AR B

~ S T e Y4 1 /II/// \\\ \\\\)/4/1\\ //'

| T T NN~ —N N~ r&\ —\\\ o e
R e e T U IR A el A O g k~,,/d/
A A A P P B 3 B B B \v\v\t\q\v«l'MO\vu' M \\a BN CCORE
e e e e oo o e e \ I ,:v,/d///q/alal
IR PP P I S P e O B S P P r A PSS \; Y a/f////d/lf
I e e e e S S i S oA 2L AN
o AN AT T v _w_w_ PPV ) “/7 1/4/4/4/4/ -
e e o A A A AT AN v e . A-ELELY N, AU
Ja\\.\\\.\q\.\\.\.\\\\\\\\\\\\\4\\\\\\\\\\\c\q\i\\\\.@wa/,.f //a/d/f
L P S P B L \_»/ NN
PSS S S S S S S S S S U NN A S LRSS
AR AT AN A ARAATIIAAI, \\\\\\\ﬁ < NARSSS
|\.\\.\.\.\\\\\.\.\.\.\c\c\\-\u\q\q\q\‘\\\\i\-\q\\i\i\\(\.‘\\\J\ ACSY 30 it
e o o e e _w WA AN XA
e e e r r AW AR R A AR
|\.\\.\.\.\.\.\.\\\n\.\q\.\.\.\.\.\q\q\-\q\q\-\\q\‘\i\\,‘\«\_\(\i\\.\\\. m £
e AR AR A A A A A
N W D bbb
b= s e e e e e PR S W F W PP bl b
e e e o v AR A A A R R
| - PN S SSS P W W B L LRERRR &
e o o v A v A AR A AR A A
e e o o e v v o v e e AR AT R
b o e e e s v mm A A A AR AR AAAAZZAZZ7 T AN
R o - P W W P S T
I - \\.\\.\\\\\\\\\\\\.\\.\\\\\\ﬂ.‘ to1t ot E
Serraarraacbraarrarrdarraarciackini g by

o &) o o
o ) o
N N —

—~
O

Q
=4

~

INer axis

Metallicity is high

600 x 600 x 10 kpc
slice, projected to x-
y plane, disk nearly
edge-on

Max projected
averaged velocity
~300 km/s (host)
along the m

but non-zero along >

the maj

or axis (Rubin

Friday, August 17, 2012




Kinematics of the Metal-Enriched CGM
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Computing Fraction of lons & Column Density Map

® Post-processing using photo-

ionization code Cloudy (Ferland+ -

1998) Galaxy UV d=5 kpc
- d=15 kpc

d=45 kpc

d=135 kpc

® |ncident radiation includes the
extragalactic UV background

(Haardt & Madau 2012) and stellar UV 5 kp
uve UL
® Stellar UV radiation: using 5 kpc /M“'v‘
Starburst99 (Leitherer+ 1999), Y 135 kpc
assuming a constant SFR of 20 A
Msun/Yr.

A [A]

® Escape fraction fesc = 3%, Jd = Jo/

)
(411d%) Photo-ionization heating due to local UV

: ; . ! radiation is not taken into account.
® Assuming gas is optically thin: not

valid for column Nnj above LLS.
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Computing Fraction of lons & Column Density Map

W' 135 kpc

A [4]

eating due to local UV
aken into account.
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Computing Fraction of lons & Column Density Map

J: =
ln
@- u
»
5
000

o

ating due to local UV
o ttaken into account.

3h 2lg $ o2 b2
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CGM Metals Traced by Different lons

200

HI: 10'4-102! ¢cm™

100
Metals: 10''-10'¢ cm2
0]
Calculating ion
-100 fractions:
e UVB + non-
-200 uniform stellar UV
assuming constant
200 SFR 20 Msun/yr
* Photo-heating of
100 !ocal UV not
included

* Assuming optically
thin
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High ions: Collisional lonization or Photoionization?

Cooler (T~3-5
x 10*K),
clumpier,

photoionized
OV

s\d"‘
m-.'z ‘ Si IV and C IV:

Mostly photo-
ionized

Hotter -
(T> I 05K) :

- more di
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Inflowing and Outflowing CGM

Inflow Outflow Total

* Coexistence of inflow and : HH - H : :
outflow in the CGM: H | ' E H | it HI :

*H I: cold inflow
perpetrates viral radius.
with 2Ryir, 90% system
with N 1 > 10'72 cms
(LLS) is inflowing.

* Outflow gas increases the
H | covering factor at :
large b. T 145 155 165 175

e Low ions (C Il or Si Il) s b heesscs TEIEIReY L L
similar to H |

*O VI: by mass 68% -
outflow, 32% inflow

*C IV & Si IV:inflow
and outflow
contribute similarly

H I Sill Cll Si IV Clv

Inflow mass (%) 77% 66% 66% 50% 44% 32%
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Synthetic Absorption Spectra

outflow
inflow

Normalized Intensity

Normalized Intensity
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® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); 0j(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eTM]dV
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Synthetic Absorption Spectra
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Synthetic Absorption Spectra
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Synthetic Absorption Spectra

*Most, but not
all, components
exist in both

inflow high and low

ions -- Multi-
phase nature of
absorbers
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Synthetic Absorption Spectra

*Most, but not
all, components
exist in both

inflow high and low
ions -- Multi-
phase nature of
absorbers

*Velocity range ~
+ 300 km/s

Normalized Intensity
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Synthetic Absorption Spectra

o

*Most, but not
all, components
exist in both
oVl 1032 ﬁ;;};'::w high and low
ions -- Multi-

phase nature of

absorbers

*Velocity range ~
CIV 1548 Cll 1334 + 300 km/s

-300 -200 -100 0 100 -200 -100
v [km/s] v [km/s]

Normalized Intensity
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® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); 0j(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eTM]dV
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Synthetic Absorption Spectra

eMost, but not

0.8

et
)

*/Z >0.03 Zsun
IRl °Enriched gas around
nearby dwarf galaxy

o
o

£ 06 all, components
8 exist in both
£ tfl :
5 oVl 1032 It high and low
ions -- Multi-
£ o8 phase nature of
£ o6 absorbers
-o °
S o4 *Velocity range ~
3 + 300 km/s
- { *Metal enriched
5 0° infalling gas:
= 0.6
9 *Ryir < r < 2Ryir
5 0.4
£ 0~ 100
s SilV 1393 Sill 1260
f
0

-300 -200 -100 0 100 300 -200 -100 0 1
v [km/s] v [km/s]

® Optical depth T(V) =2; (m;Zi/m)Wap(rj, h))0i(V); 0j(V) - cross section (Voigt
function), Wap(rj, hj) - 2D SPH kernel

® Rest frame equivalent width:Wy = ¢/Vo? [[|-eTM]dV
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Wo-b Relation and Comparison with Observations

*Metal Line strength
decline rapidly at 1-2 Ryir

*Line strength decline

less fast for C IV, OVI
and H |

Lya Steidel et al. | OV!I 1032

Rakic et al. *ly O&: remains strong to

>~ 5 Rvir

*Broadly consistent with

observations from
Steidel+ (2010) and
Rakict+ (201 1)

CIV 1549 BV CII 1334

*W) for metal ions:
Higher than simulations
without strong outflows

C R G 8 | i (e.g., Fumagalli+ 201 I;

SilV 1393 _ % Sill 1260 o % Goerdt + 20|2)

lmg:ct parameter llame_ . lmof;tlagt parameter ll;(}?lvlr e At small b’ lines are

mostly saturated -- W

determined by velocity

® 3 orthogonal projections, each has 500 x 500 evenly-spaced slightlines within
b = 250 kpc region centered at the main host
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Wo-b Relation and Comparison with Observations

rength
y a.t |'2 Rvir

T T lllllll

decline
1V, OVI

T lllllll

=
I—
S
(=]

Steidel et al.
Lya Rakic et al.

T lllllll

Equivalent Width (A)

, strong to

O Lyo z=2.3
O Sill z=2.3
+ Lyo z=3.2
X Sill z=3.2 o 1 | ;
V Enriched Sill Ilistent with

0 ' from
0) and

: o d Hee ..
G E,

T Illlllll

CIV 1549 - TS o A ——— ) .
o R O Rakic+ (2011)

L L Ll

*W) for metal ions:
Higher than simulations
without strong outflows
(e.g., Fumagalli+ 201 I;
Goerdt + 2012)

1 llllllll

1 llllllll

SilV 1393 i Sill 1260
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0.1 . . 0.10 :
Impact parameter b/Rm_ Impact parameter b/var e At small b, lines are
mostly saturated -- W

determined by velocity

3 orthogonal projections, each has 500 x 500 evenly-spaced slightlines within
b = 250 kpc region centered at the main host



Covering Factor of H | and Metal lons

< Rudie et al. (2012)
Clv

~Cll ® O VI has covering

factor (fc) of unity
in 2 Rvir C IV also
have large f.
oC II,Sill, Si IV:
smaller f., decline
fast when b > Ry

| -
O
e
O
O
Lo
(O]
C
-
o
>
O
@)

N > 10'4em?
b < 200 kpc N> 10172 cm?2 Cf of metal ions with Nion >
m=2" 103 cm2 within | or 2 Ryir

*In reasonable agreement with Rudie+ (2012) for H [, but in the low
side

*H| covering factor: slightly higher, but comparable to simulations
without strong outflows (e.g. Fumagalli+201 |, Faucher-Giguére & Keres 201 1)
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Detecting the Cold Streams: H | and Low lons

Cold (T < 10° K) inflow rates at Ryir
dMin, cold/dt = 18 Msun/yr, comparable to
the SFR; Min, hoddt ~ 5Msun/yr

35% inflow gas from nearby dwarfs

Within 2 Rvir: 90% of LLS are inflowing
gas, Vin <~ 150 -200 km/s




Detecting the Cold Streams: H | and Low lons

® Cold (T < 10°K) inflow rates at Ryir
L dMin, cold/dt = 18 Msun/yr, comparable to
] the SFR; Min, hoddt ~ 5Msun/yr

inflow log, N, > 17.2

Inflow only, optically thick gas

H | e 35% inflow gas from nearby dwarfs

®  Within 2 Rvir: 90% of LLS are inflowing
gas, Vin <~ 150 -200 km/s

.1.9.’0.| zo’ol 21'0 3

| PP e A yimtn 4G g AP Bt i LA l:.."u b K R AT T A a2 S B Rl et o
A S 3 "4(,'*/‘ » ‘-‘-f g B R e S i '._"'.“.;l R TN D R TSR e 1A :. P ‘.:;
) ¥ f & Lk

50,170 180

inflow log, N, > 17.2

Cll

2.0 14.0 16.0 18.



Detecting the Cold Streams: H | and Low lons

e Cold (T < 10°K) inflow rates at Ryir

Inflow only, optically thick gas
dMin, cold/dt = 18 Msun/yr, comparable to

T L I N L
H ! the SFR; Min, hoddt ~ 5Msun/yr
H | : ® 35% inflow gas from nearby dwarfs
f ®  Within 2 Rvir: 90% of LLS are inflowing
- - gas, Vin <~ 150 -200 km/s
_ ) _
= !
- 6.0 17.0 190 | 200, 21.0jglssait bt st

Cl

|

2.0
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Detecting the Cold Streams: H | and Low lons

® Cold (T < 10°K) inflow rates at Ryir
e dMin,coId/dt= |8 Msun/yr',comparableto
‘ H | : the SFR; Min, hot/dt ~ 5Msun/yr

Inflow only, optically thick gas

H I u, : ® 35% inflow gas from nearby dwarfs
. “ ®  W/ithin 2 Rvir: 90% of LLS are inflowing
. gas, Vin <~ 150 -200 km/s

® Cold inflows are enriched: Ziis > 0.03 Zsu, for r
< Rvir, and ZLLS > 0.0I Zsun W|th|n 2Rvir

l 1 1 1

_ . ® Still lower than outflow metallicities Zout =
16.0 17.0
PR T TN T O T N 1

i ! | | IR |
- ‘ C Il

C ||‘ ‘g

18.0 190 20.0 21.
l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 1 1 1 1
] L) ] ] L} ) L} L] ) L] ) L} L]

-
™~
A

p
P
O
4
O
o
Y

o
=
)
-
O
O

_ |

120 140 160 18

NN N NN NN
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The Novi-b Relation in Eris2: Comparison with Low z
Starburst Galaxies

oAt z = 2.8, Eris2 has
sSFR ~ 10 yr-!, close
to the local star burst

galaxies in Tumlinson
+ (2011) and

Prochaska+ (201 I)

Tumlinson et al. (2011)
A Prochaska et al. (2011), sub Ls
® Prochaska et al. (2011), L+

[
(V)]

*N ovi-b relation
agreement with

observations; but
higher at b< 0.1 Ry

—
NS

?H
E
2
B
4
~—
="1}
2

e Typical N ov
>~10"3-1* em2up to 3

Rvir median

0.1 1.0
Impact parameter b/R

*N ovi -b mostly
determined by SFR?

e Ryir ~ 160 kpc for sub-L* galaxies (Prochaska+ 201 1)
* Rvir ~ 200-300 kpc for L* galaxies (Tumlinson+2011)

Friday, August 17, 2012



The Evolution of the CGM (Down to z=2.8)

¢
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Friday, Au

The Evolution of the CGM (Down to z=2.8)

z=7.3 o | | Z= 6_.8,_Rvir = |1 kPC

2

= .570, R.vil; = | 9 kpc .r.nedion

I
&

2
Impact porometer b/R

°From z = 8 to z ~ 3, the metal
B | “bubble” scales well with Ryir
| | oz~3toz=0?

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll lllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
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The Effect of Gas Self-Shielding: Wo-b

Lya Steidel et al. Ezgw;

Rakic et al. (2

CIV 1549

SilV 1393

0.1 1.0
Impact parameter b/R

median, self—shielding
me'dic;@;,.,:.. ticol.l_y thin

Ovl 1032

CII 1334

Sill 1260

B g
s

1.00
Impact parameter b/R__

*Ly &: The data points within 10 kpc
increases significant, Wo become
much higher than observations

eTransition from
optically thin to
thiclk: nq ~ 0.01

cm3 (e.g. Fumagalli
+201 1; Goerdt
+2012)

® [ncrease NH |,
Nsi | decrease N

Civ, Ncii, Nsiv

e OVl is not
affected by much

eMetal lines:

change in Wy is
not significant
since lines are
saturated
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The Effect of Metal and Thermal Diffusion - |
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The Effect of Metal and Thermal Diffusion - |
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The Effect of Metal and Thermal Diffusion - |l

With diffusion

O
»

-
O
et
O
O
(VI
o
C
-
]
>
O
&

0.0

® The covering factor of metal ions at log N > |3 does not change significantly

® The covering factor of LLS H |, C Il and Si Il decreases because the CGM is
clumpier

® CF for more diffuse H | and C IV increases because of more efficient wind
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The Effect of Metal and Thermal Diffusion lll
With Metal Diffusion

inflow

H I

16,0, 170 18.0

log, N, > 17.2

19,0, ,20.0, 21.0

inflow

Cll
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et inflow
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|
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Covering
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Effect of Metal Cooling on the CGM
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Distribution of Metals and lons in p-T plane
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Summary

Inflows and outflows coexist, about 1/3 of gas (by mass) within Ryi is outflowing,
consistent with findings from cosmological simulations (e.g., van de Voort +2012);

O VI absorbers have both collisional ionized and photoionized components, depending
on distance. Large covering factor with typical Novi> 10'* cm2, consistent with the
data from local starbursts (Tumlinson+201 1, Prochaska+2011) .

Synthetic spectra shows inflows and outflows are multi-phase, although not all the Ov,
systems has corresponding low ion counterpart.

Wo-b relation from Eris2 appears to be in reasonable agreement of observations of
Steidel +(2010). Feedback & outflows are important, however inflowing material
contributes significantly to the absorption line strength.

The covering factor of LLS system is about 27% within Rvir, in good agreement with
:Rud|e+ (20I2) |t |s sllghtly hlgher than but consistent W|th S|mulat|ons W|th no strong‘ e Eedey
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