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I Don’t Believe in AGN Feedback

at least not as a panacea for solving problems
with massive galaxy formation




I Do Believe in Climate Change

* current CO, level —»

For 650,000 years, atmospheric CO, has never been above this line ... until now 1950 —»

COz parts per million

400,000 350,000 300,000 250,000 200,000 150,000 100,000 50,000 0
YEARS before today (0 = 1950) * as of July 2013




OWLS sims
Freeke van de
VYoort’s talk

no feedback

The physical state of diffuse gas falling onto galaxies is
assumed to be resolved and predicted ab initio by simulations




OWLS sims
Freeke van de
VYoort’s talk

no feedback

Feedback might alter the structure of the CGM. If CGM
modeled incorrectly/unresolved, sims may not be believable




Probing the Circumgalactic Medium (CGM)

. background QSO (%
Use absorption f

lines to probe foreground 0, ~10”
|

r...~ 80 kpc

E 3 l Radius

diffuse gas galaxy halo

N,y ~ 101222 ¢m2

and T ~10%° K

4.04.55.0556.06.57.0
Logye T [K]

Observational Challenge:
find distant galaxies at
small impact parameter

to bright b/g QSO




What Can we Actually Measure?

b/g QSO T b/g QSO @ b/g QSO T b/g QSO

V. @
RJ_ Teloud RJ_ ® RJ_ I
-— f/g QSO R,
/g QSO /g QS0

Gas mass,  Multiphase? Metal
cloud density, Warm, Enrichment?

] Iy size? '

Moderate R ~ 2000 Echelle R ~ 5000-50,000, 6-60 km/s
150 km/s

Covering factor
& kinematics




The CGM of a Low-Mass Galaxy

Crlghton, Hennaw1+ 2014b

. b/g QSO
z=2.76

LBT/VLT survey for z ~ 2 galaxies in f/g of b/g QSOs with
archival high-S/N echelle spectra.




The CGM of a Low-Mass Galaxy
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LBT/VLT survey for z ~ 2 galaxies in f/g of b/g QSOs with
archival high-S/N echelle spectra.




The CGM of a Low-Mass Galaxy

| | I I I | I I I | I I I | I I I | I I I i

- Crighton, Hennawi+ 2014b - Wavelength (A)

i 3 4180 4190 4200 4210 4220 4230 4240 4250
b/g QSO

z=23.7

N N W
S o1 O

_ =

f/g LAE
z=12.50
_l"-"""""""" i —-3000 —2000 —1000 0 1000 2000 3000
f/g Lya-emitter @ R =50 kpc Velocity offset (kms ')
L=0.2L"; SFR ~1.5 Mg/yr
M, ~10%! Mg; M, ~ 104 M

<
~
(o]
—
=
O
~~
n
=~
o0
—
<8}
2
|
(]
i
~—
~~
~<
F~

o o o1 © U
-

Background QSO observed for 50 hours on UVES, S/N ~ 70




The CGM of a Low-Mass Galaxy

e nghResln Spectrumofb/gQSO
- Crighton, Hennawi+ 2014b - Wi 1 s fhoa | M sash M

b/g QSO
z=2.76

f/g LAE
p z=2.50
-|..‘.|...|...|..‘-.|..".
f/g Lya-emitter @ R, =50 kpc .
L=0.2L"; SFR~ 1.5 Mg/yr S0 I 0 o0 B0 500 k00 o000 20 500

Velocity offset (km s!)

My ~ 10> Mg; My ~101"“ Mg LLS logNy,, = 10169401 @ R = 50 kpc
* Sensitive column densities for 13 ionic metal states
* Full Lyman series analysis gives HI for each component




The CGM of a Low-Mass Galaxy

High-ResIn. Spectrum of b/g QSO

T T T 1T AR T
- Crighton, Hennawi+ 2014b

b/g QSO
z=2.76

f/g LAE
z=12.50

‘I..‘.I...I...I |l

f/g Lya-emitter @ R, =50 kpc | {;)gmty offsel (km 3% 300

L.=02L"; SFR~1.5 Mo/yr Av = 430 km/s; MgIl EW = 0.37A4

M, ~10%! Mg; M, ~ 10114 M

* Perfect alignment between metal and HI Kinematics = gas

well mixed. HI smoother because of thermal broadening




Precise Determination of CGM Parameters

Tonization potential —

log ny; = -2.85 £ 0.33 (cm™)

log Z=-0.70 = 0.14 (Z) |

log N;; =18.18 £ 0.16 (cm™) < logia0y

log r ,uq = -0.58 = 0.42 (kpc)
X = -3.30 £ 0.16

* Photoionization models provide excellent fit to the data

* Bayesian MCMC modeling gives robust errors fully
accounting for parameter degeneracies




Precise Determination of CGM Parameters

* Enriched (0.2-0.6 Z_) LLS
(log Ny =17) with 430 km/s
motions = outtlow?

0 100 200
Velocity (km/s)




Precise Determination of CGM Parameters

* Enriched (0.2-0.6 Z_) LLS

ﬂ (log Ny =17) with 430 km/s
+ motions = outflow?

§+, \ t4t ISM

: IGM I.,uq = 100-400 pc and cloud
100 0 100 200 300 B | =200-5x104 M

cloud
Velocity (km/s)

Uncertain radiation field not
an issue. Local sources make
clouds denser and smaller

Large cool gas mass implied
2
+ Mcool = 7R NHfCOV
I 1(I)O 2(|)0 30]0/1\ 8
Velocity (km/s) Mcool ~ 4 >< ].O M@ g O-GM*




The Small Scale Structure of the CGM

Blob Test: Agertz et al. (2007)

T n 1/2
Q “ to.~5 cloud < cold)
Nhot




The Small Scale Structure of the CGM

Blob Test: Agertz et al. (2007)

. 1/2
94 L T'cloud TN cold
. tee 2 O
l. ) f nhOt

* Clouds ablated in 107 yr << dynamical time ~ 103 yr, assuming:
=300 pc — M, uqg = 2%10* M,

i rcloud cloud

— Nggpg = 5%10% em™>®  — n, = 6x10* cm3




The Small Scale Structure of the CGM

Blob Test: Agertz et al. (2007)

' " r n 1/2
Q : to. ~5 cloud < cold)
- L ; Ubulk \ Mhot
* Clouds ablated in 107 yr << dynamical time ~ 103 yr, assuming:
=300 pc — M, uqg = 2%10* M,

— T

cloud cloud

— Nggpg = 5%10% em™>®  — n, = 6x10* cm3

e Do current simulations resolve this?




The Small Scale Structure of the CGM

Blob Test: Agertz et al. (2007)

' " r n 1/2
Q : to. ~5 cloud < cold)
- L ; Ubulk \ Mhot
* Clouds ablated in 107 yr << dynamical time ~ 103 yr, assuming:
=300 pc — M, uqg = 2%10* M,

i rcloud cloud

_ — 3 om-3 — 4 om-3
Ny =3%10"cm> —n, ,=6%x10"cm

e Do current simulations resolve this?

Requiring ~ 3 resolution elements per r
— Grid hydro: grid cells ~ 100 pc
— SPH: ~ 7000 particles per cloud, or M_,.~3 M

gas

Eris2 zoom-in: M, = 2x10% M, FIRE: 5x10° M,

¢ Implies:

clou




Problem #1: The Small Scale Structure of the

CGM is Likely Unresolved by Current Models

This has been seen before.... Absorption

Lensed QSOs QSO CGM Line Modeling
¥ Sizes r < 100 pc

HVCs

Sizes r < 50 pc

6F |
CII* 1335

o }
\‘ :
200 400 0
Relative Velocity (kth s™)

r~10-100 pc

Prochaska &
Hennawi 2009

Rauch et al. 1990 SChaye et al. 2007 Ben Bekhti et al. 2009

The entire CGM could beinr_ ..~ 300 pc clumps

cloud




We Need a Sub-Grid Model for the CGM

Stability of Cold Streams Thermal Instabilities in ICM

Yuval Birnboim’s talk Brian O’Shea’s talk




Probing the CGM of High Mass Halos

~ 20”

vir
I

In rare projected
pro) r.. ~160 kpe

pairs, a b/g QSO —— ..
probes a f/g QSO [ NESEa l 1:/ 1(1;1.211
in absorption C ¥ a3 ' G

4.04.55.0556.06.57.0
Logyo T [K]

* QSOs trace massive halos M, ., ~ 10125 Mg atz ~ 2, 6 x larger
than LBGs. Progenitors of local quenched galaxies

 Why QSOs? Because we can find 10° in digital sky surveys (SDSS)

* Herschel studies indicate QSOs lie on star-forming main sequence
(Rosario et al. 2013; Knud Jahnke’s talk) and represent unbiased tracers
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AO =13.3”
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AO =3.7”
Zy, = 3.13

4 R, =31 kpc
() logN,, = 20.5

Zg, = 2.29
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Y

SDSS

1 25

1 20f

: 1.5}
1 1.0f

1 os}

1 0.0}

] 30T T T

I
il I

1 d

|

|1i...|...|.--

3960 3980 4000 4020 4040 4060




A Massive Reservoir of Cool Gas Around QSOs

SE only sizeable sami)le of QSO phirs
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A Massive Reservoir of Cool Gas Around QSOs

3sp only sizeable sami)le of QSO phirs
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* High ~ 60% covering factor for R <r, =160 kpc




A Massive Reservoir of Cool Gas Around QSOs

3sp only sizeable sami)le of QSO phirs
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* High ~ 60% covering factor for R <r, =160 kpc

« CGM is dominated by a cool (T ~ 104 K) massive
(>10!'" M) metal-enriched medium (Z > 0.1Z._)




Simulating CGM Observations

M =10"2; r . =58 kpc M=10"2%r . =98 kpc M =1012%; r . =153 kpc

% *vir % “vir
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Fumagalli, Hennawi+ 2014

ART AMR zoom-in + ionizing rad. transfer ;
Ceverino et al. 2010




Problem #2: The Perplexing CGM of Massive Halos

Fumagalli, Hennawi+ 2014 LBGs: M = 10119 log NHI
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Problem #2: The Perplexing CGM of Massive Halos

Fumagalli, Hennawi+ 2014 LBGs: M = 10119 log NHI
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Problem #2: The Perplexing CGM of Massive Halos

Fumagalli, Hennawi+ 2014 LBGs: M = 10119 log N
L @0 Simulations ' HI

- A Prochaska, Hennawi+ 2013 : 22.0

[ B Rudie+2012 . B
0 ... Crighton, Hennawi+ 2014a QSOs Ny - 0.8

[ <R,

star-forming 19.7

gals :

QSOs: M = 10126 18.5

Covering Fraction

17.3

16.2

15.0

* Solutions: QSO feedback? Is this what we want/expect it to
look like ~ 10 M, cold gas? QSOs are special (unlikely)?

e Small-scale structure unresolved in sims?




Can We Detect CGM Gas in Lyo Emission?

SBiya

Photoionization/Scattering

b/g QSO

gQso g O
.

sy

* QSO acts as a flashlight
illuminating CGM/IGM

* Recombinations/scattering
from neutral gas

ZL;X 3-d gas distribution
Cantalupo, Arrigoni, Prochaska, Hennawi+ 2014




R, =183 kpc
SB, =2 x 1018
erg/s/em?/0"

Hennawi & Prochaska
(2013)
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PSF subtracted
2-d spectrum

(data-model)/noise

b/g QSO z=2.21 —»

f/g QSO z=2.04 >

2-d spectrum
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(2013)

Spectral




smoothed PSF
subtracted
spectrum

PSF subtracted
2-d spectrum

(data-model)/noise
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The CGM in Absorption and Emission

Narrow Band Lya Image V-band (continuum)
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 Slit-spectroscopic survey for extended Lyo emission
* Large scale nebulosity discovered extending ~ 400 kpc




The Largest Emission Line Nebulae Known

Jackpot Lya Image e Slug: Lyo Image
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Henn;awi+‘:201“4 . - I Cantalupo, Arrigoni, Prochaska, Hennawi + 2014

Limited statistics suggest ~10% of QSOs may similarly
illuminate their CGM detectably

Emission is likely recombination powered by the QSOs




Problem #3: Large Densities Required to
Explain Giant Nebulae
Slug: Lyq Image‘
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Cantalupo, Arrigoni, Prochaska, Hennawi + 2014

 Rad transfer modeling implies cool gas mass ~ 10!%/C'2 Mg

« Reasonable cool gas masses (~ 10! M)
than present in zoom-in simulations.




Three Unresolved Problems

* Problem # 1: CGM exhibits significant clumpiness
on ~ 100 pc scales, which is not resolved by current
simulations

Problem # 2: Covering factor of LLSs in massive
(QSO) halos conflicts with predictions of existing
simulations

Problem # 3: CGM detected in Lyo emission all the
way out to IGM in ~ 10% of QSOs. Clumping ~ 100 X
higher than present in zoom-in sims seem required




