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How is star formation regulated?

|) Supernovae and winds from
massive stars

2) Accreting
black holes (22??)
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@pe way to study feedback is'to look at its most dramatlc
\manlfestatlons galggl:lc scale gaseous outﬂc%vs -+ galactlc winds”
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| “Energy-driven” Winds
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|) Core-collapse SNe and massive star winds create a super-heated (T~107-108 K)
bubble of metal-enriched plasma in the star forming region

2) The gas is too hot to cool effectively via line radiation, and it is out of pressure
equilibrium with its surroundings. It expands and sweeps up cool ambient ISM.

N B

3) When the bubble reaches several «
. disk scale heights it accelerates and ‘
fragments allowing the hot gas to
~vent into the halo

. 4) The hot gas expands freely into

~ the halo and entrains fragments of

¥ the cool shell. These clouds are

- accelerated by the wind’s ram
‘pressure to velocities of a few 100

km/s.

(See Todd Thompson’s talk on
. 2 Galaxy NGC 3079
| momentum driven WlndS) | ' Hubble Space Telescope » WFPC2

NASA and G. Cecil (University of North Carolina) « STScl-PRCO1-28
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The Anatomy of a
Galactic Wind

Coronal phase gas (10°-107 K) in
the wind

- diffuse soft X-rays (0.1-2 keV)
- OVl absorption

Warm entrained gas

(at hot/cold interface regions)
- HX, [NII] emission

- Mg I, Si Il, Cll absorption

Roughly face—on

/ \ starburst galaxy

Legend:

) Starburst region

) Galaxy disk

Velocity vectors

| X-ray emitting

plasmas

Entrained
cooler gas

Roughly edge—on
starburst galaxy
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4  Active Galaxy M82

 HST=CXO= SST

PAH _emissidn g ‘
(Mid-IR/Spitzer)

Starjs in galaxy Qisk
~ (Optical/HST)

Lo
Supernova ‘
— ejecta: hot gas
and freshly
synthesized

metals -
(X-ray/Chandra) -

- NASA, ESA, CXC, and JPL-CALTECH STScl-PRC06-14¢c
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Sl-mulatlons suggest that the different phases have
dlfferent kinematics .

Warm phases

- The hot phase carries 90% of energy and metals and has a velocity of ~1000 km/s

The warm/cool phase carries most of the mass and has a velocity of ~300 km/s



'Observations Qf.GéIactic Winds:lmaging
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_ _ NGC 253 (starburst | , NGC 3079 (starburst
MRB2 (starburst) NGC 1482 (starburst) NGC 3628 (starburst)
w/LLAGN) w/LLAGN)

Strickland et al. 2004: , R-band, - - . . ~
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Mostly soft X-ray and Hx
Limited to ~20 nearby starbursts

» * (emission =« density? & density in wind is low!)
Results:

Wind luminosity « SFR Grimes et al. 2005
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Wind size « SFR : 1 10 100

Lyg (107 L)

Y



- Observations: Hx spectroscopy

Westmoquette et al. 2009 -- broad Hx

emission component (FWHM~300 km/s)

identified in IFU spectra of local starbursts --
» due to turbulent mixing layers? |

- o 1 o | "
stalic Pn otoionized iayer

"Shapiro et al. 2009 -- also seen in z~2 disk -
galaxies (SINS sample) SRR | . . .
' T , - * Arg we seeing “mass loading” of hot wind?

’



"4 dbservations: absorption line spectroscopy
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Look for gas absorption
. ‘ : Roughly face—
lines that are blueshifted + - /\ starburst galaxy Legend:
relative to the starlight o-— @ Starbusst region
' Galaxy disk
Linearly sensitive to kO Velocity vectors
column density along line = " - 0 X-ray emitting
. “ plasmas
of sight |
Entrained
cooler gas
.
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.+ Observations: UV absorption line spectroscopy

»
“ , ' -

Composite KECK spectrum
of z=3 Lyman Break Galaxies
(Shapley et al. 2003).

Composite STIS spectrum
of local young massive star

clusters (Schwarsz & - |
Martin 2006) | —}

Galactic winds with velocities of
~50-500 kml/s are ubiquitous in
starburst galaxies at low and
high redshift!
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; 1300 1400 1500 1600
(see also Weiner et al. 2008) | Wavelength (A)




o Observations: optical - ,
, -absorption line spectroscopy -

»

Na 1“D” A\5890, 5896
- ionization potential = 5.1 eV (less than H)

- associated the warm neutral phase of the
ISM, dust

Outflow Velocity

* Outflows present in ~80% of U/LIRGs

™,

* Outflow velocity increases with SFR and
galaxy mass

* Cool gas moving near escape velocity in
galaxies of all masses

Outflow Velocity

* Estimates of mass/energy of warm phase
(but subject to uncertain ionization
corrections)

~Dynamical Mass



SifnulatiOns of Galactic Winds: Cosmological

Thé Problem:

- SPH particles too big (>10® Mg) to
capture relevant physics!

- SN occur in dense regions where
cooling time is short -- energy is radiated
away before the bubble can expand

Common fixes:

|) Turn off cooling for a fixed time after a
-stars form (blast wave solution)

2) Give gas particles kinetic “kicks”

Issues:
- hot and cold phases coupled together
- need to input velocities by hand

Subgrid prescriptions need to be better

constrained/motivated by observations

v 8 | V. | | Gadget: Springel & Hernquist 2003




Simulations [T gnend | ZEUS3D

+ Resolution is critical
to modeling shell
fragmentation during
disk blow out

- can explain broad Na |

absorption troughs

(FWHM~350 km/s) |
» : ' res=0.8 pc

~'

Cooper et al. 2008 | . B 50 50 0
T B T | R (pe)

3d simulations W|th an mhomogeneous

(-— disk ISM result in even more small
'scale structures

« (pe) Soft X-r‘a)'s .. a P s
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Summary
. Galactic winds are ubiquitous in galaxies with Zs,r > 0.1 Mo yr! kpc?

“Galactic winds are highly multi-phase

Nearly all studies to date have focused on the warm/cool phase

We need detailed studies of both phases to understand the how massive stars
return energy to the ISM and how gas and metals are lost from galaxy halos
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* 1) “Quasar Mode”
- - black holes accreting at a high rate
- shuts sfar formation off
- physics not well understood

- limited observational evidence to date

" T = 1020 Myr

10 hpoh

Simulation - Springel et al. 2005

’ -
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. - Black Hole Feedback

| {. 2) “Radio I‘:Iode;’ |

" .
v .
LA

- black holes accreting at a low rate
- keeps star formation off (maintenance mode)
* - mechanical energy from radio jets

- - copious observational evidence

> ' . Perseus Cluster -- Fabian et al. 2005



| Feedback from black holes has been invoked to solve
.. = several persistent problems in nhumerical simulations
. . - » v & e, . :
“ ' - |

It suppresses the formation of

~ massive galaxies and improves

~ the fit to the galaxy Ium|n05|ty
Jfunction N P /

. — - v Y L L v Y Y Y
® Norberg et al. (2002
.~ _')

model
without

0-*F black hole /
feedback 7/

Croton et al. 2006

model with black
hole feedback

\, Number density

(bright)* ~ Galaxy magnitude .(i’aint)

-

»

“log (black hole mass)

It provides a means of

« connecting ‘the black hole
- and the galaxy bulge

log (galaxy bulge mass) -



~ Why should we be skeptical?

“I think you should be more explicit here in step two.”

from What's so Funny about Science? by Sidney Harns (1977)

We lack a good physical model... and we have Iimited ob_servdtibnal evidence

”
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'AGN- drlven outflows may b,e dlfﬁcult to detect durlng the

‘ '

optlcally luminous quasar phase DS

- ’ ' . ’ i " N . ’. | 3
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|) quasars outshine their
host and any low surface ‘_
brightness wind features /

2) quasars ionize the cold
* gas used to trace outflows
*in absorption

. 3) absorption lines are
harder to interpret: a small
cloud near the quasar is
“indistinguishable from a

galaxy-wide outflow ' ACS image of a quasar host galaxy
. .. - d. R o. ¥
SN A
y ’ .o . .
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Extended [OlIl] 50,07 emission I|ne nebula

- Fu & Stockton 2006 2009

ac3743[011]

Steep-spectrum radio-loud quasars z < 0.5
Quiescent black holes re-triggered by minor
mergers (BLR and EELR has low metallicity)

+ v~500 km/s

Sizes10-20 kpc -- not aligned with radio jets
lonized gas masses ~ 10%- 10'° Mg

EELR due to a wide-angle blast wave
accompanying production of radio jets!?

Nesvadba et aI 2006 2009
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Massive z=2 radio galaxies

v~800 km/s

Sizes ~10 x 30 kpc
aligned with radio jet
. lonized gas masses ~ 10'° Mo
KE ~10% ergs!
Powered by mechanical energy from jets



“+Observations of close quasars-pairs:

SDSS J083649. 55+484154
1.5} ] Zps=0.6563
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background quasar
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4500 4600 4700 4800
Wavelength (A)

-

Y . < coolgas

A
« Mg Il - Bowen 2006

Advantages
- gas shielded from quasar’s __ Disadvantages
ionizing radiation - Not many close pairs!!
~ - distance of gas from quasar ' - Need statistics to infer global covering

" well constrained



Observations of close quasars pairs:

’-.
.

Hennawai et al. 2008: 6/8 absorbers at R < 150 Iipc shaw optic.ally tl;ick HI abéor’ption
" . ' ’ . . . .

- . N

Prochaska'& Hennawi 2009 .
- near solar metallicity and N/O,

enhanced o/Fe *

R = 108 kpc
N = 4x 1020 cm2

Mwind = 3 x 10" Mo

v = +750 km/s

Ewind = 3 x 10 ergs

—_—
-



-The Séarch for Fossil Galactic Winds

~ Springel et al. 2005 A better time to
R look for AGN-

driven outflows

*may be shortly
after the quasar
has faded from

" view, when the
galaxy is in a

1,00 post-starburst

0.10 phase

0.01
10°

10,00 &

Star
formation

rate
SFR [Mgyr']
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rate

BHAR [ Mgyr’

4 Post-starbyrst

Black hole
accretion
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“Post-starburst galaxies
“can be identified by their
distinctive spectra which
la¢k strong nebular lines |
and resemble A-stars ,

3500 4000 4500 6000 6500

3500 4000 4500 5000 5‘300 6’)’)’] 6“(‘(‘ 700’)
Wovelength ’A\

3500 4000 4500 5000 5500 6000 6500 7000
Wavelength (f\)




Our goal: look

for quasar-
powered outflows

-in massive z~0.5 4
post-starbursts | F J1604+3939
using the Mg I '
(2796,2803) ISM
absorption lines

We detect strong

ISM absorption in
24/37 galaxies

JO826+4305

T IIIIITT7T

Strongly
.blueshifted! - J0944+0930

-

TIT[]’[TII‘[]T]T]TT

E J1125-0145

2600 2800 3000 3200 3400 3600 3800 4000 2750 2800 2850

0

Rest Wavelength (A)




. Fossi Galactic Winds

-

starburst, t=0 Myr post-starburst, t=100 Myr

. How far does thé wind gef? N

d=vt ) o
1000 km/s x 100 Myr | ) |
100 kpc ‘ | v . o

2800 2850

Y



Are these outflows really powered by quasars?

’ )

. 7 7%%  Quasars

Py Local Starbursts
O | Schwartz & . '#
0 Martin 2004, 2006
Q
> . .
3 B .
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S
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O Post—staorbursts <z>=0.6 +
Locel starbursts «
Starbursts * | -
-

r B-band Magnituc.le



Are these outflows really powered by quasars?

’ .

~ 52 Quasars

Post—starbursts <z>=0.6 +
Locol starbursts «
LIRGs/ULIRGs <z>=0.1 A

- Odtflow velocity

Starbursts

- 3 B-band Magnituc.le



Are these outflows really powered by quasars?

’ .

. ;7 %%*  Quasars

Post—starbursts <z>=0.6 +
Locol starbursts »
LIRGs/ULIRGs <z>=0.1 A
LBGs <z>=3 @

- Odtflow velocity

Starbursts *

- 3 B-band Magnituc.le



Odutflow velocity

r

Quasars

Post—starbursts <z>=0.6 +
Locol starbursts »
LIRGs/ULIRGs <z>=0.1 A
LBGs <z>=3 @
AGN-ULIRGs

Are these outflows really powered by quasars?

AGN-ULIRGs g
\ Rupke et al. 2005



Art these outflows powered by quasars?.... Probably

r

- Tremonti, Moustakas, Mg —2 Quasars
Diamond-Stanic 2007

LOBAL QSOs
| Trump et al. 2006

Odutflow velocity

Post—starbursts <z>=0.6 +
Locel staorbursts
LIRGs/ULIRGs <z>=0.1 A
LBGs <z>=3 @

AGN-ULIRGs ’
Starbursts LoBALs 0.5<z<2 A

7 B-band Magnituc.le



F2MO729+3336 F2MOB25+4716

"+ Highly dust-reddened
quasars

»

-

Black holes in the process of removing
their natal cocoon of gas and dust? (See . - - -,
talk by Mark Lacy)

F2MOB30+3759 F2MOR34+3506

- late stage merger morphologies
(Urrutia et al. 2007)

- low-ionization broad absorption lines
" (Urrutia et al 2009)

F2MOB41+3604 F2M0915+2418

- measurements of absorber distances
via detailed photoionization modeling

» * imply that the outflows are at kpc
scales (Arav, Korista et al., in prep.) --
i.e. these are not simply low mass, low
energy nuclear outflows




-

B S . Summary . 5
) . ' . . . . ‘. . . - ' .

Highly energetic outflows are a key prediction of quasar feedback models

* Outflows around quasars are more challenging to observe for a variety of .
“reasons
B
Observations of extended emission line nebula, close quasar pairs, post-
starburst galaxies,and LoBAL quasars provide some support for the basic

. picture.

- We need larger samples with better constraints on the mass and energy
in the outflows to rule out star formation feedback.

More theoretical work on the physics



The Future

#H

We need mformatlon on both the ho.t and cold phases ;

High spatial and spectra resolution X-ray
spectrometer to measure the
temperature, kinematics, and metal
enrichment of the diffuse hard-X ray
emitting gas in the central starburst

\
\ Intermediate

(see Strickland et al. 2009 White Paper - ( Temperature f

Interface

arXiv:0902.2945vl)

Maps of the cold gas distribution and
kinematics in more distant starbursts
© galaxies & quasars
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\ \Yes-, there are
. molecules!

-

M2
 Hav=(1-0) S(1)

KPNO 4m +
NEWFIRM &
_.Veil'leux,'RUpke,
Swaters 2009
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Predicted CO signatures of outflows in galaxy mergers
Narayanan et al. 2008
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" Map molecular cloud

‘sizes in the starburst

~region ‘of nearby
‘galaxies like M82

% . ALMA:




