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Astrophysmal Turbul‘ence'

Obsefvational Testmg

“Turbulence is the Iast unsolved
problem
In classical statfstlcal mechanics’
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Spectrum of Compressible MHD

Turbulence

for by

used spectra of and got Kolmogorov
scaling for “U” in

Kolmogorov scaling is valid in
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for modified velocity (
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. Is Visual Correspondence
Enough?

> |

Astrophysical flows:
o Ol: P
Synthetic
observations.M=10
¢ J
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MHD 512°
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Beresnyak, Lazdrian & Cho 05 * . v R e
Computational ., Numerics will not
efforts scale as , = e

| = - gettoastro Rein
Re?!!! 4 R ° foreseeable future.

Currently max
Re of order <107

S

Flows in ISM and
computers are and-

willbe different!




What do Observatlons Tell Us?
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Velocity Statistics VCA and
VCS: Keeping Theonsts Honest

Distribution of Gas
Particles at Different
Velocltles

for three

Structures are
pennies

PRS0 ’ present even for
nothing but o e ‘ y N . .
SR BEL 1 D MR ™ s o incompressible
Kobayashi Issa"1790 '3 | vy - simulations

Telescope +
Spectrometer

What is the
relation to
the
underlying
velocity

T # statistics?

Moditied ifrom A Goodmaweiecity




Mathematical Setting

Brace yaursej[f marshal all “your strength
: = 4 “Nahum 2:1

S 1S THe PART [
AUWAYS HATE."

VICICEENECRE NI (xyz) density correlation

D z( ) ox rm €¢:locity correlation, m=23 /3 for Kolmogorov /J
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VCA: Spectrum of “Thin™ Slice

For “thin” stice: PPV Cube
C(R) x / dz{(r)Dz(T)*l/2

\V

Successful testing in

VCA

1 - thin slice
2 - thick slice

Changing slice
thickness one
can separate
velocity and

‘density

contributions

Theory without absorption is

in

with is in

¢ , and

VD, (r) o r LT BE(r) oc 1+ (r/ro)”
C(R) o Rl—m/2 _|_R1+'y—m/2

]

PQ(K) X

dRRexp(—RK)C(R)

PQ(K) X K—3+m/2 +K—3—’7+m/2

v < U v > U
“Shallow” “Steep”
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VCA: Successful Abplication to
J%

P,(K) turbulence spectrum.

P,(K) is a function of channel map width.
P,(K) can be used to find the V-spectrum.
P,(K) may be duéto absorption.

Jor Vwas obtained for Milky Way
, for SMC'in
, Jor south Magellanic Bridge in

Universal K3 spectrum was observed in
o inner part of Milky Way, , |
' ‘;’ Jor DDO 210 galaxy . % Jfound evz'a’e/zc/
of shallow density E, ~k°* at subpc scales.




VCA for 18CO data (L1551):

, Optlcally Thm Case

l

Spectral index of
s Iluctuations in channels

0.2 0.4 Ao ((l)“?l/s) 0.8 S’V?flft Olg

applied VCA to 18C0 and
obtained density spectrum E, (k)™ k
08 and velocity spectrum-E_ k17,

i 3 y - 5 .Q;—;-’(]‘?:,
Johnstgheet'al 03. . ~ <¢ =843

-0 =Y~ =28 ="y~ -l

Currentwork:
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VCA for 12C0O.and *CO: Effects
. of Radiation Tran

% T 3om K. uncorrested map /T, dv 30m KT oorrected map) Tus v
R
e
3 ‘
L4
H
= 226000
2 i
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H [i
23300 I
\ 1 2
Sor20"  so1meo N, s"00™40"
i
Righ Ascensdun

got spectrum P,(K) of
integrated lines 12C0 and °CO~K?-8 for L1512.
suggests E, (k) k2 spectrum of

density. Similar to.A8CO results by Swift 06:"
Optically thick
LPO4

proved the VCA predictions
for synthetic '3CO channel maps and applied
VCA to Perseus molecular cloud. They
obtained E_~ k1-8 for velocity.

4

Kritsuk et al. 07 _ ,

. Perseus




Velocity Coordinate Spectrum

(VCS): Spectrum Along V-axis

Eddie modes: emission New technique proposed

1 - low resolution
2 - high resolution Cloud
3 - intermediate

in
' Can work for resolved
and unresolved objects.
Beam P
e ———————— g )

/

A

o —_—

Observations in absorption line

S (1/) i Sw) absorption

v Pyk,) = <\/S(v)e_ik1”dv]2> x k7

Cloud

Weak absorption case is

simple. Saturated absorption
lines are in
ra L MSSEEENCET FOUNENT L W LOS high resolution low
geometry pencil beam flat beam resolution
For shallow ﬂgnsity N paallel 2(1+p)im 2(2+p)im 2(3+pim
crossing 2(1+y)/m (not a power law) 2(2+y)/m

- - ~v =0 for steep density
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GALFA map, velocity 22.1 km/s

c
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06:45 06:50 06:55 07:00
Right Ascension

VCS uses info

along

v-axis. It does not
need good spatial /,,
resolution for
emission line

log P, /(K m/s)’

Model parameters:
a,=387,L =9%pc, T= 126° K

VCS fitting for 7°x7° region
near/=151°, b = -49°
Effective beamwidths:

o 0°125

o 0°.250

o 0°.500

model .
Low resolution

2.8

log k, /(mis)’

VCS: Application to GALFA HI

Model with
T=102K fits the
data for
different

resolutions. {4
Spectral inde

Is steep (-3.9)




Extragalactic Studies: SMC

SMC
VCS model parameters:
o, =3.71, a = 2.54,

, = 3000 pc, o, = 6500 m/s

Effective beamwidths:
o 0°.06
@ 0°12
o 0°.24

—— model

-1
Chepurnov & Lazarian 07 log K, /(m/s)

Low curve correspods to unresolved galaxy




Future Missions: Spectrum of

Turbulence with Constellation X

100

Simulated line profile

L amse Studies of % !
Velocity variance: 1000 km/s . R o
- i\/| Binsize: 200 km/s turbulence ' ‘
] f/f Events per line: 1000 , W.i th new X- ’ p L
8, [\ nyaraa YAy missions
Galaxy Cluster . 4
20+ / \\ -
Chepurh®/*& Lazarian 06
. P,
fitted asymptote,
slope =-5.70 £ 0.40
o, =3.70 £ 0.05
-
N Constellation X will get turbulent spectra
g, (kmis)' with VCS technique in 1 hour




_VCA'and VCS: Prdspects
for Turbulence Studles

Absorptzon lines can

Spectrum:
be used to study (N romT a SInglE t ves . e:;z;ected
turbulence ’ Simulated P, Qka tained
(extragalactic ‘. ¢ °f for Kolmogorov .
objects, Lyman alpha spectrum >
supernovae /‘ B et | :

10 sources
remnants).

To increase velocity coverage use heavy species.

Measure cold gas temperature.

Combine VCS and VCA to extract info on
compressibility |

Use of entire 3D PPV‘cubes is promising!’

-
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Summary

HD 210809 HD 91824 HD 24190 S 123 CompreSSIble MHD
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SPECTRA

1072 R N
T N l Resistive
. scale is not
107* viscous scale ﬁistive scaE\/\B m, but
- . L/Rml/?
1078 velocity \\\\\\ h
- - density

] I magnetic field

Formation of Density Structures
in Viscous Turbulent Flow

Manetic field in viscous fluid compresses density

High Prandtl numb2er', low—beta MHD
T on/n~ (8b)?/Pas

5129 run

AN
AN

1 10 100
K

Possible cause of SIN'S.



Centroids: Problematic Tool
OR = (05(X)sS(X + R))

Defi Ii"iiOll: S(x,y) =sz P, (x,y,v.)dv.

= antennae temperature at frequency v

to reveal
anisotropy due to B (Lazarian et
al.ol), for subAlfvenic turbulence.

to study M >1
turbulence (Esquivel & Lazarian 05).

(grid units)

ndiculor distance

obtained in Lazarian & Esquivel 03 is
not valid for most of molecular line data.

Perpe
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Necessary to Study with

A

- Cy 5b fsns in sbsoraion T Sembacketal. 94

3 S (4 1:—\—-~—--‘~—\—'——“— 1
-PJE Spectrum: : servations in absorp |0% L ; I‘ U,—-—:—v:v
: expected and I 3 V1 .

C ° - o ' ! ]

't ves . Obtained 7 3 o s
_t Simulated P, for ¥ Clocd EH; . y
E),, 0;— KOImOgorOV _: v * ) OE'(I‘-ZN::\%—‘-3_.==1‘5kp:.zl=—oc)k>_~:)—:
SpeCtrum z L * -100 —sgm(kom S_l)so 100

10 sources

distant source

=TT T T = Ohppuwrnov & Lazarian O

One realization. Avdue to galaxyrotation is 8 times the turbulent line width
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anisotropy for velocityM A < 1 Alfven mode
M

4
x M ~7.0
s M ~2.2
oM ~0.7

Alfven

x M ~7.0
5 M ~2.2
ly~ly oM ~0.7

1 L

s'%(v)

0.010 0.100

1.000

M,~0.6

1
™1y

slow mode

Slow

x M ~7.0
M~2.2
oM ~0.7

0.010  0.100 1.000
Sav)

0.010 0.100

s%v)

anisotropy is independent on the sonic Mach number

fast mode

M,~0.6

Fast

x M ~7.0
q sl A~2.2
ly~ly oM ~0.7

1.000

0.010 ; 0.100 1.000
sh(v)

Alfven and
slow modes
are anisotropic

U~ 1, R

.>

ast mode
lsotroplc




M,~0.7

~ol ~0-00£0.04

~ol~0-47£0.05

~o}0-06£0.05

ol 0-03£0.06

M ~0.7 |
]

10

For high Mach number third
moment for u scales as |

For low Mach number the
third moment for u and v
scale as |

?'IB

u? V

For high Mach numbers u has
Kolmogorov scaling

For low Mach numbers both u
and v have Kolmogorov
scalings
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(VCA): Analysis of Channel

0) S

We correlate Io(X) = [ dvps(X,v)W (v)

PPV Cube VCA: slice

_ in velocity
1 A" | 1 -thin slice . .
- 2 - thick slice ‘Channel Correlation Function”:
p- : (R) = (Ic(X)Io(X + R))
1 : i1s equal to
e — 5 C(R) x [ dviW (v1) | dvaW (v2)&s(R,v1,v2)
X Window
& /., Function thus
"4 2
l..lv;“w:AV*loXP[—ng] C(R) /dz§('r)Dz(7-)—1/2/dvWemp exp !— 5D (T)]

AV > D,(R)'/? AV < D,(R)/?

Channel maps were used but not “Thick slice” “Thin slice”

understood:

e.8. Crovisier & Dickey 83, 12
Green 93, Stanimirovic et al. 99 C(R) o< | dz€(r) (R) oc | dz€(r)Dx(r)

Difference in slopes, thickness Only density Density + velocity

was arbitrarily chosen



“It was ﬂﬁsmjatwn that mditcezf Us o Stop our wor, ”
G. Munch 98

LVCA and VCS: Absorption

| the

effectiJe window function changes Weap = Weg, exp[—nabs(fs((), U) —&s (0, 0))]

PN IR is absorption-dominated regime
INGONF: Gl for shallow density IRNUSI QN for steep one

R

alent N,(H) [em™(km s™)"]
g 1EEHEE

Equiv




Example of VCA/VCS Testing

with Simulations

(spatial spectrum, (spectrum over v,

N =N =3276R) N —27A6R)

Scales corresponding to resolved k, (or channel
thickness) should contain a sufficient number of
emitting points

Other tests
of VCA are
in Lazarian
etal 01,
FEsquivel et
al. 02,
Padoan et
al. 07.

Tests by
Chepurnov
& Lazarian




Predictions and Testing

Prediction for VCS in

tested in

Synthetic observations:

5 VCS VCS high resolution, pencil beam
cha of VCS slope , 38 i
7 P indek ) | :
N parallel l.o.s. 40 - e —— g ————a——p——— ]
3 . o =a =11/3 : R | o
igh resolution _ = ;
2 m=2/3 tol . N
B | |
—~ 14 ]
= - 2.5 -
05, 05 S =~
RN N o g
= 14— P, for different beam sizes . 20 i u B m . —r—3
asymptotes: Lo olution 15 - _w—g=3990 Underlying
271 ——high res., slope = -3 : ] . a=367 .
| — low res., slope = -9 1.0 o velocity
ad 5 1 " 0=3.50 .
05 spectral index
-4 - X
T v T v T v T v T v T v T v T v T v T v T v 0.0 , . . . ———r
08 06 04 02 00 02 04 06 08 10 12 e o
log k, volume fraction of cool phase

Not affected by phase fraction



Peaks of density at
threshold 25 mean
density &
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