A New Approach to Turbulence:

Origins of ISM Structure, Stellar Clustering & the IMF, and (perhaps?) Planet Formation

Philip Hopkins
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The Turbulent ISM

IMPORTANT ON
(ALMOST) ALL SCALES

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

Stars & Pre-Stellar Gas Cores:
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The ISM

YET THERE IS SURPRISING REGULARITY

Stars & Pre Stellar Gas Cores
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The ISM

YET THERE IS SURPRISING REGULARITY

Stars & Pre Stellar Gas Cores
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Extended Press-Schechter / Excursion-Set Formalism

Press & Schechter ‘74:

p 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:

p 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

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

Press & Schechter ‘74:

p 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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Turbulence
BASIC EXPECTATIONS

Velocity: E(k) x kP (kE(k) ~ ut(k)Z)
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Turbulence
BASIC EXPECTATIONS

Velocity: E(k) x kP (kE(k) ~ ut(k)Q)

—(Inp — <1np>)2}

Density:  dp(lnp|R) = exXp [ 2 S(R)
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Nordlund, Padoan,
- Ostriker, & others
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Turbulence
BASIC EXPECTATIONS

Velocity: E(k) x kP (kE(k) ~ ut(k)Z)

- 1 —(Inp — (Inp))®
Density: dp(Inp|R) = Jon 5 exp [ 2 S(R) }
0.6 T e
| Vasquez-Semadeni,
Nordlund, Padoan,
- Ostriker, & others
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S(R) = / dInk Sy [W(k, R)[
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Super-Sonic Turbulence
BASIC EXPECTATIONS
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Super-Sonic Turbulence
BASIC EXPECTATIONS

Variance S

—

Lemaster & Stone 2009

(-

In(1 + 0.5 Mach?)

3
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Super-Sonic Turbulence
BASIC EXPECTATIONS

Variance S

—_

Lemaster & Stone 2009

(-

In(1 + 0.5 Mach?)

3

S(R) = / dInk Sy |W(k, R)|?

Saturday, March 9, 13




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

/ T \ 1+ |k|h

Angular Momentum Thermal Turbulence
Vi Pressure x rP=3 ~ p—1
R~ —2 2 2
Raisk xXTr 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 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 PFH 2011

EVALUATE DENSITY FIELD vs. “BARRIER”

Averaging Scale R [pc]
1000 100 ~ 10 1 0.1 Thermal+

15 T 7 Magnetic
— - ’-
-
- ” - —
-
— 10
Cﬁ -
é) B
- |
.4? 5 — A 1 8-+ UK Astrophysical
7)) = - ngu ar :'0'::'.'~F|u1ds Fac h!':v
S .~ ~< _Momentum
At T
?ID —
e 0 =
n i
-5- s aaad

Saturday, March 9, 13



“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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Evolve the Fluctuations in Time
CONSTRUCT “MERGER/FRAGMENTATION” TREES
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Evolve the Fluctuations in Time
CONSTRUCT “MERGER/FRAGMENTATION” TREES
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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
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The “First Crossing” Mass Function
VS GIANT MOLECULAR CLOUDS
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: L : s MW
The “First Crossing” Mass Function : :
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“Void” Abundance
VS HI “HOLES” IN THE ISM

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

T Y TrrrTTTTY 7YY Ty TrTTTTTTTY ML I S B SR B B T
- H do / o -
- Predicted: , ]
- -~
= p = ,/' 1
- “
- - — ,/ N
-
ooooooooooooo — "
b .
- D -—
100~ E
- -
- -
- —
- R
- -
%) i )
= [ )
- -
10+ 3
b R
- C p o -
- -
=~ %o _RBn 4
- _ o® ,{ -
~ "' .G?L‘\,‘,' . 9
L » y
- Y Pt @ -l
\ib/ 7
b N ,/9‘ '/ - B
5 o' S
W el L 00O Observed (Local GMCs)
s
1 - i ‘:." —-:
al s iy iy lasswiaaaag | TR | TR Lasiaaaaas Lo i o s s ass | P J

3 4 5 6 7 8 9
log(M,;) [Md

KEEP?

Saturday, March 9, 13



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 of Stars: Predicted vs. Observations
PREDICT N-POINT CORRELATION FUNCTIONS
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Testing the Analytics
vs. NUMERICAL SIMULATIONS

1005 inewidth-Size
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General, Flexible Theory: OE | 2 Densities °
EXTREMELY ADAPTABLE TO MOST CHOICES -1 E
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gas equations of state B’; _ 4_ 7 _
Accretion 6 E
-1 -5 0 5 10
Magnetic Fields S 'I'n('p/1p9)' e
— 0.0" §
.2‘_ L
Time-Dependent Background __-05F
Evolution/Collapse s :
O -
o -1.0¢
: 'g i
Intermittency S 15:
s :
Correlated, multi-scale driving D 2.0¢
- 25

log(M) [poh’]
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What About Planets?
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Planet Formation?

Two channels:

(1) “Core accretion” (2) “Direct Collapse”
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Standard (Toomre) Criterion for Direct Collapse:
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Standard (Toomre) Criterion for Direct Collapse:

Saturday, March 9, 13



But, What if the Disks Are Turbulent?
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But, What if the Disks Are Turbulent?

1 M,
Need density fluctuation: —— Z ~ Q
(p) = (p) T
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But, What if the Disks Are Turbulent?

1 M,
Need density fluctuation: —— Z ~ Q)
W) =) Ty

Turbulence:: stochastic fluctuations with 01, p ~ \/ In (1 —+ MZ) ~ M
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But, What if the Disks Are Turbulent?

1 M,
Need density fluctuation: —— Z ~ Q)
W) =) Ty

Turbulence:: stochastic fluctuations with 01, p ~ \/ In (1 —+ MQ) ~ M

In
So, at any instant, in a given region: P 0 ~J erf(j

\/50-111,0
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But, What if the Disks Are Turbulent?

1 M,
Need density fluctuation: —— Z ~ Q)
W) =) Ty

Turbulence:: stochastic fluctuations with 01, p ~ \/ In (1 —+ MQ) ~ M

In
So, at any instant, in a given region: P 0 ~J erf(j

\/50-111,0

Q~100, M~0.1 :: Pjg ~ 10-7 1s small!
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But, What if the Disks Are Turbulent?
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But, What if the Disks Are Turbulent?

Most unstable wavelength (“size” of regions) : ~v h
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But, What if the Disks Are Turbulent?

Most unstable wavelength (“size” of regions) : ~v h

7o\ 2
So have Nyolumes ™~ (ﬁ) independent “samples” (at a given time)
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Most unstable wavelength (“size” of regions) : ~v h

7o\ 2
So have Nyolumes ~ (ﬁ) independent “samples” (at a given time)

Turbulence evolves stochastically with coherence time ~ eddy turnover time:

t“reset” ~ tcross (turb) ~ tdyn — Q_l ~ yr
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But, What if the Disks Are Turbulent?

Most unstable wavelength (“size” of regions) : ~v h

7o\ 2
So have Nyolumes ~ (ﬁ) independent “samples” (at a given time)

Turbulence evolves stochastically with coherence time ~ eddy turnover time:

t“reset” ~ tcross (turb) ~ tdyn — Q_l ~ yr

And disks have a long lifetime Tqisk ~ Myl”

Ldisk

so “resample” it independent times

tdyn

Saturday, March 9, 13
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But, What if the Disks Are Turbulent?

Most unstable wavelength (“size” of regions) : ~v h

7o\ 2
So have Nyolumes ~ (ﬁ) independent “samples” (at a given time)

Turbulence evolves stochastically with coherence time ~ eddy turnover time:

t“reset” ~ tcross (turb) ~ tdyn — Q_l ~ yr

And disks have a long lifetime Tqisk ~ Myl”

Ldisk

so “resample” it independent times

tdyn

~ 100
> 1 for Q

Saturday, March 9, 13



But, What if the Disks Are Turbulent?

Most unstable wavelength (“size” of regions) : ~v h

7o\ 2
So have Nyolumes ~ (ﬁ*) independent “samples” (at a given time)

Turbulence evolves stochastically with coherence time ~ eddy turnover time:

t“reset” ~ tcross (turb) ~ tdyn — Q_l ~ yr

And disks have a long lifetime Tqisk ~ Myl”

Ldisk

so “resample” it independent times

tdyn

P ~ (125%) (- )QQI‘fC[ gﬁnp} > 1 for f/l N 10()2

Y
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Mass Function of “Stochastic” Direct Collapse Events
RIGOROUSLY CALCULATE RATE OF EVENTS VS MASS

2 T T [ T e
Losm Mc=0.1
p— . [
G ~, ~ MC=O'3
o ‘N M=1 _
= Of TSN, ¢
/ "
: -2 B ’ s, \.\
e I \
2 I -
O -4 i < '1‘.
s | : .
pd i . -
T -6 . ﬂ_
e - i
e, 8 H
Bl Lrsssas s L ssass /\ ....... ‘;l Snas
2 1 0 1

log(M) [ u* M,]
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Mass Function of “Stochastic” Direct Collapse Events
RIGOROUSLY CALCULATE RATE OF EVENTS VS MASS
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What is the real “threshold” for an event?
(FOR A GIVEN DISK LIFETIME)

1000¢ Tme-106 Wt ¥

SRR Time = 10° u*Q™ o
(= - - Tlme_1010 u’Q s

Vv 100 - a8

V% No “interesting” .

EE L 8 A

o8 events expected .

S

£ 10 .

O

0.1 1.0
Compressive Mach Number ‘M,
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What is the real “threshold” for an event?
(FOR A GIVEN DISK LIFETIME)

10005—Tme-106 wQt o
SRR Time = 10° u°Q"
feecmana Time = 1010 u’Q’ e

v 100 -
Vm (i . 1)
g 8 No “interesting
o events expected
S
< : :
. Observed
(Hughes et al. 201 I)
12

0.1 1.0
Compressive Mach Number M,
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What is Theoretically Expected? “ome MMSN L Plirag) <1 T P(frag) ~ 1
“TYPICAL” DISK AROUND 5.
A SOLAR-TYPE STAR
& 4
=
. N2
Self-consistently calculate ‘g? |
temperatures, etc. -1 §
lllumination+Accretion \"'»é

) N S | N )

Different drivers of turbulence:

Sk
Convection 4
. . &
Magneto-Rotational Instability £ 3l
: o
“Gravito-Turbulence” = |
a2
(<2
o |
1
o . o
- lllumination Only ~3
0.1 1 10 100
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What is Theoretically Expected? e N L Flig) << | e a0 =

“TYPICAL” DISK AROUND Sk g
A SOLAR-TYPE STAR 1
& 4 E
£ | 1
© E A
= ° ’
- g2 :
Self-consistently calculate > 1
— F A
temperatures, etc. T
~ lllumination+Accretion | ~3

or 1 10 100
Different drivers of turbulence: 5. j
Convection 4 j
Magneto-Rotational Instability £ 3l :
: o i
“Gravito-Turbulence” = | ’
o2 4
< :
o | ]
o ~
- lllumination Only

0.1 1 10 100
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What is Theoretically Expected?

“TYPICAL” DISK AROUND
A SOLAR-TYPE STAR

Self-consistently calculate
temperatures, etc.

Different drivers of turbulence:
Convection
Magneto-Rotational Instability

“Gravito-Turbulence”

log(Z) [g cm™]

log(Z) [g cm™]

-

lllumination+Accretion

lllumination Only

0.1 1 10 100
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. P U P — MMSN | P(f 1 P(frag) ~ 1
What is Theoretically Expected? - ASN ..,N.‘.'T"’?Q?.Fi.r,.c;;‘..__(...‘?‘?):
“TYPICAL” DISK AROUND 5. i, j %% Q
A SOLAR-TYPE STAR C °1> X
4 2
N
=
. "2
Self-consistently calculate > |
temperatures, etc. -1
lllumination+Accretion
o1 1 10 10
Different drivers of turbulence: 5 L . :
Convection
a4
Magneto-Rotational Instability g 3
“Gravito-Turbulence” 2
a2
<2
L |
i
o .
- lllumination Only
0.1 1
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Summary:

* ISM statistics are far more fundamental than we typically assume *

Turbulence + Gravity: ISM structure follows
Lognormal density PDF is not critical
ANALYTICALLY understand:
GMC Mass Function & Structure (“first crossing”)
Core MF (“last crossing”) & Linewidth-Size-Mass

Clustering of Stars (correlation functions)

Planet Formation in Direct Collapse:
Modest turbulence (Mach >0.1) is sufficient for ~1 event(s)

Applies to grains as well?

Non-Gaussian Statistics: not dominant in calculations above
But very interesting probes of the structure of turbulence!

Indicates Mach-density connection generalizes over entire cascade
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What If The Statistics Aren’t Gaussian?

Saturday, March 9, 13



What If The Statistics Aren’t Gaussian?

... actually, they never are, and that’s great!
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Many kinds of Non-Gaussianity Appear:
BUT THESE ARE TRACTABLE!

log( P[In(p)] )

Non-isothermal equations of state

Long-range forces (gravity) %
£
o
- D
Intermittency ke
(non-self similarity) ¥ ) || R ¥ L
in the turbulence -10 -5 0 5 10
In(p/py)
51 . ; .
o J gE 8=2/3 :
= e -y
:?2 _.~";;—""’f" E
S
0 . . . | 3
0O 2 4 6 8 10 12 14

Structure Function n
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Example: Non-isothermal equations of state
APPLY COSMOLOGICAL METHODS FOR -
NON-GAUSSIAN FIELDS :f'
o
g
0.0 — G&Edsng .
Eo y=2/3 {0 ;
-0.5 _‘Y=4’3 -
S : :
5’ -1.0 -
g i ;
© -1.5 i “Locally Gaussian” —
= ’ Approximation
3 -2.0
-2.5

8 6 -4 2 0 2
log(M) [poh’]
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More Interesting: Even Isothermal Gas is Not Lognormal!

MASS CONSERVATION & INTERMITTENCY PREVENT IT

! —(Inp — (Inp))®
Lognormal: dp(lnp|R) = exp ]
: (o] R) V271 S(R) 2 S(R)
0 i ' ' ' T T
T Mach~15
500 (Federrath)
— '2 [ .
S _
£ I q
T 4F o
= | S
8) b O Simulation Q \ \_:
= -6 Proposed T-fit 8" .
F S e Lognormal fit 1
- - - - Unconstrained Lognormal -
-8 F e Lognormal-Skew-Kurtosis ﬁ
-15 -10 -5 0 5 10
In(p)
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More Interesting: Even Isothermal Gas is Not Lognormal!
MASS CONSERVATION & INTERMITTENCY PREVENT IT

T-Function: Py(Inp)dIlnp =1;(2V Au) exp[—(A+u)]4/ A du
. u
(Castaing 1996)

o0 —XA m—1 _—u
ANle " u" e
= ‘ ~du (u o< Inp)
« m!  (m—1)!
m=
0 T : . e e
i o= = Mach~I5 -
P "R - (Federrath)

log,,( P[In(p)] )
A

- O  Simulation &
-6 - Proposed T-fit ¥
) mimame Lognormal fit .
- - - = Unconstrained Lognormal P
gl Lognormal-Skew-Kurtosis 1
- " A " U R W TR R T— A A | TR S S— A

15 10 -5 0 5 10
In(p)
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More Interesting: Even Isothermal Gas is Not Lognormal!

EXPLAINS MANY DISCREPANCIES IN SIMULATIONS & METHODS

" oFederrath+ 2010
[ uSchmodt+2009( 29, %
-8 [ Price+ 2010 (M=10, S, SPH)
- -,';Pruoe+ 2010 ‘Mr 10, S UG)
i ritsuk+ 2007 (M=6
-10 [ © Konstandm+ 2012 M_1 5)
. o Konstandin+ 2012 (M=5.5)

-6 o Federrath+ 2010 ’3}“,,

logyo( PIn(p)] )

« Kowal+ 2007 (M=0.3-7. HD) = 1

LllllllLALlJLAlllLlLlA

5 Uy \(;

'l

Kowal+ 2007 (M=0.3-7, MHD) 7,\

- © Konstandin+ 2012 (M=2) Molina+ _(.I*.;’ M=2-17, HD) . !
-12 F, © Konstandint 2012 (M=0.5), « Molina+ 2012 (M=2-17, MHD) v,
-15 -10 -5 0 5 10

In (p)

onNnN A OO @
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More Interesting: Even Isothermal Gas is Not Lognormal!
MASS CONSERVATION & INTERMITTENCY PREVENT IT

Parameter T =0-1 represents the “degree of intermittency”™

Fundamental parameter of multi-fractal/cascade models of turbulence
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Same values for T derived from density PDF or velocity statistics
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