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Prediction:  versus Postdiction:
Dark Matter &P Barvons

resolution: ~ 100 pc
convert gas to stars:

Simulated Galaxies: Fabio Governato

What are the initial conditions for galaxy formation?
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The Initial Conditions for Galaxy Formation
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Hydro sims predict that the circumgalactic medium (CGM)

of M~10!2 M halos have ~20% covering factor of cold gas
with Ny, > 10!72 em



Probing the Circumgalactic Medium (CGM)

background QSO ?
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Observational Challenge: """

find bright b/g QSO at
small impact parameter
to distant galaxies

b/g sightline

r.;, ~ 100-200 kpc



Probing the CGM of Quasars

background QSO @ f
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line-of-sight b/g sightline
* QSOs trace massive M, . ~ 102> M galaxies at high-z
* Why use QSOs? Because we can find ~ 10° in SDSS

* Directly probe gas p/{p) ~ 10?3 resolved by hydro grids

* Complications: ionizing radiation, are QSOs atypical?



Quasar Feedback?
Progenitors Relics
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It remains unclear whether accretion energy can couple
to large > 1 kpc scales in typical QSOs




The CGM of Mergers: Tidal Debris

Arp 220

[Fammil o

Arp 299 T .

Contours: HI 21cm emission; lowest level Ny, = 5x10'® cm

The circumgalactic media of LIRGs/ULIRGsS show
dramatic evidence for tidally stripped ISM out to large
radii ~ 50-100 kpc



Outline

* Quasars absorption lines
 What is the supply of cold gas?
 What is the physical state of the gas?

 Can we detect cold gas in emission?
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Lyman Limit System (LLS)

* halos of galaxies
R ~100 kpc
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* galactic disk
R ,~20 kpc
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No strong Lyoa absorption at QSO redshift?



Outline

* Quasars absorption lines
 What is the supply of cold gas?
 What is the physical state of the gas?

 Can we detect cold gas in emission?



What is the Supply of Cold Gas?

No Cold Gas

b/g QSO @

f/g QSO
QSO ionizing
radiation.




What is the Supply of Cold Gas?

No Cold Gas Cold Gas Zapped
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What is the Supply of Cold Gas?
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What is the Supply of Cold Gas?

No Cold Gas Cold Gas Zapped Lots of Cold Gas
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What is the Supply of Cold Gas?

No Cold Gas Cold Gas Zapped Lots of Cold Gas

b/g QSO I

b/g QSO @

f/g QSO
QSO ionizing
radiation.
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ey ey

Measure covering factor of cold T ~ 10* K gas. Large column

line-of-sight
|

density (LLSs and DLASs) absorbers will dominate total mass.
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* High ~60% covering factor for R < 150 kpc
e This cold gas is not seen along the line-of-sight!




Anisotropic Covering Factor

* Clustering of absorbers around quasars is b/g QSO
highly anisotropic. T

* Anisotropic (or intermittent) emission: |
f/g QSO

— line-of-sight material photoevaporated R,

— transverse material shadowed

 Background sightlines probe ISM/halo 050 ionig; o | transvers
gas unaltered by effects of QSO radiation radiation
line-of-sight

For individual systems, we can directly test ‘
for transverse illumination (stay tuned). Y



The Halo Mass Dependence of the CGM

3 3
tcool —_ 2kBT td n—17T R— Rees & Ostriker 1977
n?A(T) e

* Low masses: t,, < t4,, Cools too fast that galaxy formation 1s
limited only by free-fall.

* High masses: t.,, > t;,,, Cools too slow, hot pressure supported
halo forms in quasi-static equilibrium.

Mpao = 1015Mg M, = 1022 M M,,,, = 10125 Mg
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Is Large Cold Gas Mass around QSOs
at Odds with Cold Accretion?
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* QSOs are active SMBHSs — are they special? Mergers?

* Are we seeing outflows from QSO feedback?



Outline

* Quasars absorption lines
 What is the supply of cold gas?
 What is the physical state of the gas?

 Can we detect cold gas in emission?



What is the Physical State of the Gas?

b/g QSO T b/g QSO @ b/g QSO T
/7 ®
R, Feloud R, ® RJ-I .
- & *— f/g QSO
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d Multiphase? Metal

Gas mass, clou
Warm,

Kinematics? ) )
density, size?

Enrichment?

Use high resolution spectra to conduct detailed studies of
the physical state of gas near the foreground quasar.



The Poster Child: SDSS1204+0221

SDSSJ1204+0221 « AB=13.3” or R, =108 kpc

" b/g QSO ’ « Lyman limit sys: N,;; = 107 ¢cm™
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b/g QSO bright enough (r = 19.0) for Echelle Spectroscopy!




SDSSJ1204+0221: Metal Lines
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Prochaska & Hennawi (2009)
Use metal lines to construct a detailed model for the

physical state of gas (ionization, density, metallicity, etc.)




What is the Physical State of the Gas?

b/g QSO T b/g QSO @
/7
RJ_ Feloud RJ_
f/g QsoI : f/g QSO‘
n

kinematics: mass: ~ 10> Mg, Multiphase: Metallicity:
Av =700 km/s density: ny~1 cm? No warm gas 7, = (0.25-1.6) Z,
size: ~ 10-100 pe 10>°K

Prochaska & Hennawi (2009)



Outflow or Cold Accretion?

b/g QSO b/g QSO
Outtlow T . T CO]C!
f/g QSO R ? o—] Accretion
QSO feedback M Q0 Gravitational
ejects or sweeps L infall in two
up cold material Yy <y phase medium

* Cold gas ~10% of total gas mass with right pressure to be
confined by T ~ 107 K virialized plasma

* Strongest evidence for outflow is at 108 kpc

e Outflow power E ~ %QmpNHR L A?

. 0 Ny R, Av S
Eou ow ™ 1 il P !
,tﬂ 9 x 10 (277) <1020-6 cm_2> (108 kpc) (1000 km s_1> e

i i Eee ac EOLI ow ° °
Kinetic — feedback > Zoutflow _ 9.06 Is this power plausible?

luminosity "l Lyas 77 Lpa




What is the Bottom Line?

Problems with an outflow:

* Extreme energetics: outflow power > 6% accretion power, and
more energy expected in a hot wind

 Lack of significant warm phase T ~ 10°-® K unphysical?

* Clouds disrupted by hydro instabilities in ~ 1 kpc, can’t travel

to 100 kpc?
Problems with cosmological cold accretion:

* Why 1s the gas so metal enriched Z ~ Z5?

* Density too high: n ~ 1 cm™ >> hydro sims n ~ 102 cm™

* Clouds too small: r_, .~ 10-100 pc, sims predict ~ 1-3 kpc

cloud

e Simulations predict less cold gas in such massive halos




Towards a Statistical Sample: z ~ 2

SDSSJ1420+1603
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Towards a Statistical Sample: z ~ 3
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Towards a Statistical Sample: z ~ 4

Gemini South GMOS Spectrum
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Newly discovered close projected pair of QSOs atz ~4



Towards a Statistical Sample: z ~ 4

AB =16.7" or R,=127 kpc

200 Lya log Ny, 19.9

Relative Flux
=
S

N
o
T T T T T T T T

jen)
L S

1 L " " L 1
5500 5550
Observed Wavelength (A)

Metal Lines

or 1 10 :
Sl“h 03T sitv 1402

. 1.0

(0)1 BM Sill 1526
4

CII 1334

Normalized Flux

CIV 1548

05F

SilV 1393
[ CIV 1550

0.0

-600 -400 =200 0 200 400 600 —-600 —400 =200 0 200 400 600
Relative Velocity (km s Relative Velocity (km sh

Gemini GMOS Spectrum, FWHM = 180 km/s

Extreme kinematics Av = 800 km/s and high enrichment

level Z. = 0.4 Z@




Outline

* Quasars pairs and absorption lines
 What is the supply of cold gas?
* What is the physical state of the gas?

 Can we detect cold gas in emission?

Pre\'\minal‘v




Can We Detect the Cold Gas in Emission?

Photoionization

QSO ionizing
radiation

* Recombinations from
optically thick gas

* Directly test if gas is
illuminated by QSO

Cooling Radiation
b/g QSO

cooling surface brightness

covering hydrogen
factor \ ‘ column heating rate
NuyH
SB s fCOV H [erg/s/cm2/|]"]

- 4m(1 4 2)4



Future Deep 3-D Spectroscopy

MUSE: The Multi-Unit
Spectroscopic Explorer

3-D Image Slicing IFU

.

MUSE: FOV =1’%1°, A =500-930nm, 2013
Keck Cosmic Web Imager: FOV = 207x34”, A = 350nm-1p, 2014

Unprecedented combination: Multiplexing + Sensitivity

SB ~ 5x10!° erg/s/cm?/

»

in 50 hour integrations



Cooling Radiation

Simulated Gas N Simulated Lva Data: real ‘Lyva Blob’
a HI - Yy y
({}
s ra 10-17
cold— = | f/
streams 420 .
Goerdt et al. L k
2010 *—L_t,n\_ 5
J Matsuda et al. 2004 55 -
R e

100 100 qou 102 1018 107 erg/s/em?/0" 1071

* For low metallicity T ~ 10* K gas, 60% of cooling through

collisional excitation of Lya

* Exponentially sensitivity to T {g1s—2p X e MLy /kBT

cov (& N
SBr,o =5 x 107 (f )( & )( - )qlsﬁzp(T — 103 K)

0.3 /\1lecm—3/\ 1019 cm—2




Thermal Conduction

Spitzer .
formula 4 = KVT

2
=
=
/v =
r Q

cloud = |

o

Tcloud ~ T/VT | >\e mean free path-

gradient scale length 1

2%kT \ /2
Gsat = 0.4nekT ( ) O(photcg

TMe

T'cloud ™ T/ \i

* If (cloud size) < (electron mean free path) then conduction is
‘saturated’ and heat flux ~ energy flux of hot electrons



Cooling Radiation: Conduction

b/g QSO \ 40 T i Mot 1
g —
I ° (107 K) (10—2 cm—3) pe

measured cloud — ~ 10pc < )\
size for SDSS1204  cloud — VP

|

|

‘ (cloud size) < (mean free path)
= conduction saturated

= Qsat X Nhotd /
Hennawi & Prochaska (2012a)

3/2
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Cooling Radiation: Ram Pressure

Hennawi & Prochaska (2012a)

ram pressure . 3
heat flux —V Qram = f cold PhotV
/’ 4— virialized plasma
I loud 4_ T ~ 107 12¢
NIl 102 cm 3
UV —> Nhot ™~ cm

bulk motion

f __ fraction of ram pressure
cold = work heating cold phase

SBrya = 2 X 10—17(

fcold fcov ( M hot )( v )3
0.50 1.0 J\N1072cm—3/\700 km s—1

erg/s/cm? /00"




Cooling Radiation: Outflow

Ho emission
/ from cold gas in
M82 superwind

o

.fcol 4= fraction of kinetic luminosity
Hennawi & Prochaska (2012a) thermalized in cold phase
- —2
SBL . 10_17 fcold Eoutﬂow R
v 0.50 /\ 10%°ergs—1 /\ 100 kpc
erg/s/cm? /00"

Other processes (e.g. turbulent mixing) can similarly heat
the cold gas resulting in comparable emission



Heating Mechanisms

Hennawi &
. Y\ | Gravitational Prochaska (2012a)

SB = ]_0_17 fCOId fCOv Ny M 2/3
Lya 0.20 1.0 J\ 10T em—2 J\ 1053 M,

Thermal Conduction

T \3/2
B, = 1 —17 fcov ( Nhot )
SBLya =8 x 10 (1.0) 10~2cm—3/\ 107K

Ram Pressure

3
— 9 1 —17 .fcold fcov Nhot (Y
UV—r SBrya x 10 (0.50 1.0 (10_2 cm—3)(700 km s—l)

Thermalized Superwind

- Eouta R \°
B N = 1 —17 fcold outflow
SBry 0 (0.50 1045 ergs—1 /\ 100 kpc




Hennawi &
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Hennawi &

Prochaska (2012b) SDSSJ1427-0121
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Why No Lya Emission?
* Dust can only reduce Lya emission by a factor ~ 2

* No recombination emission (fluorescence) =
confirms gas is not illuminated by QSO radiation

* Did we overestimate heating rates? Hot phase has
different properties than we assumed?

* Cooling radiation (emission) + physical properties of
gas (absorption) can place interesting constraints on
heating rates



Summary

High covering factor of optically thick gas (N, > 1017-2)
around QSOs, which trace massive halos M, ,, = 102> Mg

Detailed analysis of single system:

(700 km s1), (solar), (~1 ecm?d),
(~ 10115 M@)

Interpretation unclear

—  Qutflow: energetics too extreme
— Cold Accretion: gas properties disagree with sims

Large cold gas mass & high heating rates imply cooling
radiation should be extremely bright, none detected.

Combining absorption line with cooling emission constraints
is a powerful new technique for studying the CGM.



