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Overview

(1) The Problem

(2) The ISM as a Random Process:

Supersonic Turbulence + Gravity: Regularity from Chaos

Applications of the “Excursion Set”’ Formalism

(3) What Role Does “Feedback” Physics Play?

“Microphysics” of the ISM
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The ISM

SUPER-SONIC TURBULENCE
DOMINATES (ALMOST) ALL SCALES

0 Myr
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Gravity
Turbulence

Magnetic, Thermal, Cosmic Ray, Radiation Pressure

Cooling (atomic, molecular, metal-line, free-free)

Star & BH Formation/Growth

“Feedback™: Massive stars, SNe, BHs,
external galaxies, etc.
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The ISM

YET THERE IS SURPRISING REGULARITY
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Number (dN/dM)

The ISM

YET THERE IS SURPRISING REGULARITY

Giant Molecular Clouds:

Stars & Pre-Stellar Gas Cores:
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The ISM

YET THERE IS SURPRISING REGULARITY

Star Formation Rates:
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Super-Sonic Turbulence
BASIC EXPECTATIONS

E(k) kP dE = E(k)dk
(k E(k) ~ Ut(k)Q)
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Super-Sonic Turbulence
BASIC EXPECTATIONS

E(k)oc kP
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Super-Sonic Turbulence
BASIC EXPECTATIONS

E(k) kP dE = E(k)dk
(k E(k) ~ Ut(k)Q)
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Super-Sonic Turbulence
BASIC EXPECTATIONS
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Super-Sonic Turbulence
BASIC EXPECTATIONS
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Super-Sonic Turbulence
BASIC EXPECTATIONS
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Extended Press-Schechter / Excursion-Set Formalism

Press & Schechter ‘74:
I Fluctuations a Gaussian random field

Know linear power spectrum P(k~1/r):
variance ~ k3 P(k)

Millennium Run

10.077.696.000'particles
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Extended Press-Schechter / Excursion-Set Formalism

Press & Schechter ‘74:
I Fluctuations a Gaussian random field

Know linear power spectrum P(k~1/r):
variance ~ k3 P(k)

9

“Count” mass above critical fluctuation: “Halos’

Turnaround & gravitational collapse

p(< R ~1/k) > perit

Millennium Run
10.077.696.000 particles
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Extended Press-Schechter / Excursion-Set Formalism

Press & Schechter ‘74:
I Fluctuations a Gaussian random field

Know linear power spectrum P(k~1/r):
variance ~ k3 P(k)

unt” m ve Criti uctuation;
“Count” mass above critical fluctuation: “Halos”

Turnaround & gravitational collapse

p(< R ~1/k) > perit

Generalize to conditional probabilities,
N-point statistics, resolve “cloud in cloud” problem
(e.g. Bond et al. 1991)

Millennium Run
10.077.696.000 particles
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What Defines a Fluctuation of Interest?
DISPERSION RELATION:

47 G p |k|h
1+ |k|h

w? = Kk? + 2 k% 4+ u (k) k*

Chandrasekhar ‘51, Vandervoort ‘70, Toomre 77
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What Defines a Fluctuation of Interest?
DISPERSION RELATION:

A7 G o |k|h
wQ:m2+c§k2—|—ut(k)2k2 TG plk

/ 1+ |k|h

Angular Momentum

Chandrasekhar ‘51, Vandervoort ‘70, Toomre 77
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What Defines a Fluctuation of Interest?
DISPERSION RELATION:

w? = Kk? + 2 k% 4+ u (k) k?

7

Angular Momentum Thermal
Viik Pressure

K~ —
Raisk xXTr 2

Chandrasekhar ‘51, Vandervoort ‘70, Toomre 77

47 G p |k|h

11 [k|h
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What Defines a Fluctuation of Interest?
DISPERSION RELATION:

4 klh
wQ:m2+c§k2—|—ut(k)2k2 TG plk

/ ‘ \ 1+ |k|h

Angular Momentum Thermal Turbulence
Vi Pressure x rP=3 ~ p—1
R~ —2 2 2
Raisk XTr I > Tsonic © U; > Cs

Chandrasekhar ‘51, Vandervoort ‘70, Toomre 77
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What Defines a Fluctuation of Interest?
DISPERSION RELATION:

4 klh
wQ:m2+c§k2—|—ut(k)2k2 TG plk

/ T \ 1+|k|h\

Angular Momentum Thermal Turbulence Gravity
Vi Pressure x rP=3 ~ p—1
disk xXTr " > Tgonic - Uy > Cg

Chandrasekhar ‘51, Vandervoort ‘70, Toomre 77
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What Defines a Fluctuation of Interest?
DISPERSION RELATION:

A7 G o |k|h
wQ:m2+c§k2—|—ut(k)2k2 TG plk

/ T \ 1+|k|h\

Angular Momentum Thermal Turbulence Gravity
Vi Pressure x rP=3 ~ p—1
disk xXTr " > Tgsonic - Uy > Cg

Mode Grows (Collapses) when w<0:

) i 2
p > pelk) = po (1+ [kh|) | (M5 + |kh[' =) kh | \khd

Chandrasekhar ‘51, Vandervoort ‘70, Toomre 77
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“Counting” Collapsing Objects PFH 2011

EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects
EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects PFH 2011

EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects PFH 2011

EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects PFH 2011

EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects PFH 2011

EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects
EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects
EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects PFH 2011

EVALUATE DENSITY FIELD vs. “BARRIER”
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“Counting” Collapsing Objects
EVALUATE DENSITY FIELD vs. “BARRIER”
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The “First Crossing” Mass Function MW
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The “First Crossing” Mass Function MW
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The “First Crossing” Mass Function
VS GIANT MOLECULAR CLOUDS
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The “First Crossing” Mass Function
VS GIANT MOLECULAR CLOUDS

T'sonic L r K h
S(T) ~ So

dn 8
L M e (M/ M)
T X e

_ m)2 M
a%—2—|—(3 P) ln( ‘])

2.5 p? M

M
~ —2+0.1 log (ﬁj)

MW

1000 i

100g-

10F Prodicted (Exach E
f oeenenes Predicted (Counting Clouds-in-Clouds) :
4 I o—o Obsefveq )
4 5 s 7
LMC
N :
3
3 1000} E
AYRRTY)! 1
$— ; 5
) i 1
‘Q s
&  10: E
=) 3 :
Z. :
1

1000

MR | Y

100;

10:r

EPFH 2011

4 5
10g [ Mcioud / Msun |

Tuesday, December 25, 12



The “First Crossing” Mass Function
VS GIANT MOLECULAR CLOUDS
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The “First Crossing” Mass Function
VS GIANT MOLECULAR CLOUDS
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The “Last Crossing” Mass Function
VS PROTOSTELLAR CORES & THE STELLAR IMF
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The “Last Crossing” Mass Function PFH 2012
VS PROTOSTELLAR CORES & THE STELLAR IMF
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“Void” Abundance
VS HI “HOLES” IN THE ISM

PFH 2011
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Structural Properties of “Clouds”
LARSON’S LAWS EMERGE NATURALLY
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Structural Properties of “Clouds”
LARSON’S LAWS EMERGE NATURALLY
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Clustering

PREDICT N-POINT CORRELATION FUNCTIONS
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Clustering
PREDICT N-POINT CORRELATION FUNCTIONS
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Clustering
PREDICT N-POINT CORRELATION FUNCTIONS
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Clustering
PREDICT N-POINT CORRELATION FUNCTIONS
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Evolve the Fluctuations in Time
CONSTRUCT “MERGER/FRAGMENTATION” TREES

1
\/27'('5 (1 —exp [—27])

TE’UJt(l‘C)]{tN

p(d|T) =

(0 —0(t=0) exp [—71)2]
25 (1 —exp|—27])

t

| -

Cross
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Evolve the Fluctuations in Time
CONSTRUCT “MERGER/FRAGMENTATION” TREES

p(617) = : exp [ - 0= 20 =0 exp o))
V21 5 (1 — exp [—27]) 25 (1 —exp[—27])
t
T = ’UJt(k’) kit~
CroOSs
£ F—— Predicted (Excursion Se )
to - W Simulations
£ : g (Cooling+Gravity+MHD) i
!
B @
¥ 1.0:_ 7 -
@ —
§_4 4
I5)
@)
5
§°'1 e, RO
1 10 100

Large-Scale Mach Number M,
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Open Questions:

1. What Maintains the Turbulence?
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Open Questions:

1. What Maintains the Turbulence?

Mgas Uturb

Efficient Cooling: P diss ™~
tcrossing

2. Why Doesn't Everythlng Collapse’?

- Predicted (Excurswn Set)

Simulatio

¥
v

"o (Cooling+Gravity+MHD) "

-
o

Fraction Collapsed Per Crossing Time

1 10 100
Large-Scale Mach Number M,
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Why Doesn’t Everything Collapse?
Q: WHY IS STAR FORMATION SO INEFFICIENT?

¥, ~0.017 X/ 74yn

er_‘. I
n 0 _
N
0 _
] i
-2 -
-3 -
-4 - Kennicutt 1998 -
PR B SRR B SR R R
=1 0 3 & B 7

1 2 4
L()g Zgas /Tdyn
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Stellar Feedback is Key to Galaxy Formation!
SO WHAT’S THE PROBLEM?

Standard (in Galaxy Formation): FAILS: .
Couple SNe energy T N
as “heating”/thermal energy teoor ~ 4000 yT (Cm_3 )

n N\ —1/2
td ~ 108 r ( )
yn Y\ =3

80 Al v W ’ w v LA ‘ """"" ' Al v v ' LA v v ' v w v
L Piontek & Steinmetz -

/No Feedback :

SNe Heating Alone ]
Force wind by hand / 1

5

(‘kick’ out of galaxy) < 40k | l -
. !
wn

i Cooling Turned Off
20 -_ / _-
i hng |

2 4 6 8 10 12
time [Gyr]

“Cheat”:
Turn off cooling 60 -
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Stellar Feedback: Understanding the key Physics
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High-resolution (~1pc), molecular cooling (<100 K),
SF only at highest densities (ng>1000 cm-3)
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Stellar Feedback: Understanding the key Physics

High-resolution (~1pc), molecular cooling (<100 K),
SF only at highest densities (ng>1000 cm-3)

“Energy Injection’:
SNe (II & Ia)
Stellar Winds

Photoionization (HII Regions)

,_S 1000 :_ 7 - "‘\ St .
Explicit Momentum Flux: < e enassat P 0 T,
Radiation Pressure g 100¢ AN
. L g \
Pioaa~—(1Q+mr) % 10F "
c 2 Y
e . 5 'F
— [ - E '
PSNe ~ ESNG vejecta g 0.1 i : ‘\
: 2 T E Photons N
Stellar Winds = - Stellar Winds '
: : [ Supemovae (o NeL
Pw ~ M Vyina 0.1 1 10 100
Age [Myr]
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Feedback 101:

Energy
(dilute gas)

Heat to Cs>Vese : unbound

eg: solar wind
SN-heated galactic wind

Momentum
(dense gas; energy radiated)

Force induces OV :
if ~Vesc drive wind

eg: O-star winds
molecular gas OV’s

e e -
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Feedback 101:

>, (cold gas) ~ 0.1 —100gcm™?

Equilibrium:
Pressure = TTG2,?
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Feedback 101:

>, (cold gas) ~ 0.1 —100gcm™?

Equilibrium:
Pressure = TTG2,?

Shock-heated gas acts on cold gas iff phot = TGY;
... but ...

Phot 2 WGE?] — Eeool > Fsne for ¥, 2> 0.02gcm™?
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Feedback 101:

>, (cold gas) ~ 0.1 —100gcm™?

Equilibrium:
Pressure = TTG2,?

Shock-heated gas acts on cold gas iff phot = TGY;
... but ...

Phot 2 WGE?] — Eeool > Fsne for ¥, 2> 0.02gcm™?

» Hot gas can vent: cannot affect bulk of gas mass
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Kennicutt-Schmidt relation should emerge naturally
(/F IT’S REALLY FEEDBACK-REGULATED)
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Kennicutt-Schmidt relation should emerge naturally
(IF IT’S REALLY FEEDBACK-REGULATED)

Efficient cooling —> the gas disk dissipates its support:

: Mgos v
gas Vturb
Pdiss ~ ~ Vlgas Odisk (2

tcrossing

set by global properties:

o)
@ = TG
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Kennicutt-Schmidt relation should emerge naturally
(IF IT’S REALLY FEEDBACK-REGULATED)

Efficient cooling —> the gas disk dissipates its support:

Mgas Uturb

Pdiss ~ ~ Vlgas Odisk (2
tcrossing
set by global properties:
0 = o)
Collapse stops when momentum input from feedback: - 1GY
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Kennicutt-Schmidt relation should emerge naturally
(IF IT’S REALLY FEEDBACK-REGULATED)

Efficient cooling —> the gas disk dissipates its support:

: M gas Uturb 0O
Pdiss ™~ ~ gas Odisk
tcrossing
set by global properties:
0 = o)
Collapse stops when momentum input from feedback: - 1GY

P*NPdiss

. T, .
P, ~few x — ~e, M,c
C
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Kennicutt-Schmidt relation should emerge naturally
(IF IT°’S REALLY FEEDBACK-REGULATED)

Efficient cooling —> the gas disk dissipates its support:

: M gas Uturb 0O
Pdiss ™~ ~ gas Odisk
tcrossing
set by global properties:
0 = o)
Collapse stops when momentum input from feedback: - 1GY
P* ™ Pdiss
. L .
P*NfeWX — NG*M*C
C
. O
€ExC
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0 Myr Gas

1 pc
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SPITZER . : . HuseLe

Spiral Galaxy M101 Spitzer Space Telescope * Hubble Spad
NASA / JPL-Caltech / ESA / CXC / STScl

%

Hopkins, Quataert, & Murray, 2011b
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" NGC 1097 (Spitzer)

Hopkins, Quataert, & Murray, 2011b
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Feedback Maintains Turbulence
CASCADE INVARIANT TO MICROPHYSICS

10 NormalFeedbaCk ........... Prrrerre crverre ,

| Feedback Strength x30
: No SNe or Stellar Winds

. No Radiation Pressure
No HII Photoheating _ ~

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

0.0 01 02 03 04 05 06
Time [Gyr]

log( E[k] )

>
Y Y Y

.
LJ T T Y

@)
Y Ty

0.1
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Compare GMC Mass Function
INDEPENDENT OF FEEDBACK, ONCE TURBULENCE MAINTAINED

-
o
o
o

100

Number of GMCs

LA RAL Ls LA A 2

3 4 5 6 7 8 9
Log(Maump) [Mdl

PFH, Quataert, & Murray, 2011b
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BUT, GMCs are Short-Lived
FEEDBACK “RECYCLES” MASS: STEADY-STATE MASS FUNCTION

10 i+ 100 im0
0.8 i o8}

| - : |
061 | - 0.6 -
0.4 1 04}
0.2 _{ ' 0.2} [

N | ) L

0.1 1 10 0.001 0.01 0.1 1.0
Lifetime / Free-Fall Time Integrated Star Formation Efficiency ESELEE

: G M?
P*:é*M*C>FgraVN 2Cl
Rl

C

PFH, Quataert, & Murray, 2011b
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BUT, GMCs are Short-Lived
PREVENTS RUNAWAY COLLAPSE

Y rTeTTTYTY Y =TTy 2 T
— -

-
3 -

0.8} ] R
' ] no °.

-
@)
O
0.6} | = ) feedback-.... :
i © ;3
o2 5 2 -4 foudbach
— ] (. D =t eedbac
0.0 o R o Ot — .

0.1 1 10 4 2 0 2 4 6
Lifetime / Free-Fall Time Iog( n/ Cm-S )

KEEP?

PFH, Quataert, & Murray, 2011b
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Stellar Feedback gives Self-Regulated Star Formation

Massive High-z Disk

HiZ .
— 1000}

SFR [Mgyr

0.2 04 0.6

0.0 :
Time [Gyr]

100 g

.,-"'no feedbaci{""""---...,

11.00¢
10.10:

10.01%
0.0

Dwarf Starburst

10¢

Awith feedback

......................................

0.4 0.6

| 0.2 :
Time [Gyr]
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Stellar Feedback gives Self-Regulated Star Formation

Massive High-z Disk Dwarf Starburst
". """" | M A | B A A e | B 100: """"" Ty UL | [ S S S S -

,\ no radiation
— 1000F ;.. M0 0

r

=, / pressure

0o £ TN

= I N, .

— N\ .

o {1 \';-‘”'

® 100¢ N e
3 "~ -
E -~

0.0 0.1 .0'2 0.3

4 s L R
R L -
A .
- pa T
. .
R - . aall —
- . -
. ~ . .. -
o . . -
1 - . -
- . -

-
T
“

)
7
S
.-’

\§
.
1

~
N 4
R
.
B .
.
-010-' =
- -
. _: -
= -
. - -
. R

SFR [Moyr']

—t
"'l'll

10.01}

0.0 0.2 0.4 0.6
Time [Gyr]

0.0

Tuesday, December 25, 12



Stellar Feedback gives Self-Regulated Star Formation

Massive High-z Disk Dwarf Starburst
HIZ . ] 190Fgpe
— 1000} no SNe or ] !
> SN .. stellar winds
20 3
x 2
w 100 3 A v/ ~y \ F
L} \ A\ A
0.0 0.1 0.2 0.3
MW :
-, il 1 .00 3 -g
"io 10 ,U\“' : ;
= | 1000} v~ e -:
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i .
F N E
10.01E
L/ ) L o - 3 ‘ ) L )
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Kennicutt-Schmidt relation emerges naturally

- no feedback PR

vvvvvvvvv 'vvvvvvvvv'v'vvvv'vvlvvvvv"vvovv‘A L

vvvvvvvvv

vvvvvvvvv

vvvvvvvvv TrTYTTY Y

with feedb

ack |

Iog( 2"gas ) [MO pc-Z]

PFH, Quataert, & Murray, 2011a

Iog( Zgas ) [MO pC-Z]
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Kennicutt-Schmidt relation emerges naturally

vvvvvvvvv 'v"vvv""v"vvvv'v'vvvvv"vvovv‘A

- no feedback PR

PFH, Quataert, & Murray, 2011a
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Kennicutt-Schmidt relation emerges naturally
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PFH, Quataert, & Murray, 2011a
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Global Star Formation Rates are INDEPENDENT of High-Density SF Law

Efficiency (SF per tayn)

Index (SFR ~ 1)

SF Density Threshold

----- £=0.35% ceeas SPp™ -e==an>10
—_— =1.5% —— SF-p'® n>100
............. £=6.0% wnsvenienne SF-p2? e N 32500
10¢ {1
s
O
=)
o 1.0r
T :
? i
0.1¢ .;':
0.0 0.2 0.4 0.6
Time [Gyr]

Hopkins, Quataert, & Murray 2011
also Saitoh et al. 2008
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Global Star Formation Rates are INDEPENDENT of High-Density SF Law

Efﬁ01ency (SF per tdyn) Index (SFR ~Im) SF Density Threshold
----- €=0.35% | S eee=sSFp'] I aeaean>10
—_— =1.5% —— SF-p'® n>100
------------- SF-p2? e 1 2500

SFR [Moyr']

1 " L M 1 " " " |

0.2 04 0.6
Time [Gyr]

Set by feedback (i.e. SFR) needed to maintain marginal stability

Hopkins, Quataert, & Murray 2011
also Saitoh et al. 2008
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420 Myr Gas

Galactic
Super-Winds

10 kpc

110 MYI' Gas Gas

1 kpc <pC
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How Efficient Are Galactic Super-Winds?
DOES IT RESOLVE THE GALAXY MASS FUNCTION PROBLEM?

100 |

dM,,./dt / SFR

0.11

Mwind ~ 10 M* (

I 1

'méiriégl' (Stellar Mass Function Fit)

—
-

Vm ax

100 kms—1

)

PFH,

Quataert,

& Murray,
2011c
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Future Directions
WHAT CAN WE EXPLORE WITH MORE REALISTIC ISM/FEEDBACK PHYSICS?

Galactic “Super-Winds”

Star & Globular Cluster Formation

Mergers & Starbursts: ~1000x “normal” densities
(D. Narayanan, T.J. Cox)

Cosmological:
Galaxy disk formation (D. Keres)
Dwarf populations: CDM *“crisis”? (M. Kuhlen)

AGN Feedback: Physics & Coupling:

Radiation Pressure, Relativistic Jets, Accretion Disk Winds
(D. Kasen, J. DeBuhr, N. Roth)
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Summary:

ISM structure derives from supersonic turbulence + gravity:
Lognormal density PDF: Gaussian random field
Predict & understand:
GMC Mass Function & Structure (“first crossing”)
Stellar IMF (“last crossing”)
(Nearly) scale-free collapse in turbulent field
Clustering of Stars
General Turbulent Collapse (e.g. “turbulent box™ simulations)

Star formation is Feedback-Regulated: independent of small-scale SF ‘law’
Need ‘enough’ stars to offset dissipation (set by gravity)

Leads to Kennicutt relation & super-winds

Different mechanisms dominate different regimes:
High densities: radiation pressure
Intermediate: HII heating, stellar wind momentum
Low densities: SNe & stellar wind shock-heating

No one mechanism works
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