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Outline

e What is turbulence and how to study it in the
ISM.

-Origins of Turbulence:

 The large scale injection of turbulence energy in
galaxies (kpc driving scales): Simulations (lllustris)

and observations ( velocity power spectrum of
the SMCin 21cm).

e Measuring Turbulence using Synchrotron



What is turbulence?

Inertial range provides: compressibility of
the media, dynamic range of the cascade,
and comparison with analytical predictions.
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Turbulence Statistics and their Dependencies

Genus (topology): VCS/VCA
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The Power Spectrum and Driving of
Turbulence

Where does turbulence come from?
Inertial range provides: compressibility of

the media, dynamic range of the cascade,
and comparison with analytical predictions.
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Velocity/density power spectrum reveal multiphase ISM
spectra in agreement with expectations for supersonic
turbulence

For Supersonic Turbulence: density spectrum become shallower and velocity spectrum
becomes steeper (relative to Kolmogorov)

Compare to -5/3=-1.66

N | data Object pivn | pluck | depth | B, E,
1 | HI | Anticenter | K=27 | N/A | Thin | & 7 | N/A
2 | HI —CygA | K~C7 | K=@8 | Thin | N/A | k8
3 | HI SMC¢ K27 | K3* | Thin | k=57 | k14
4 | HI Centerd K3 K3 | Thick [ N/A | N/A
5 | HI B.Magd | K26 | K3% | Thin | k=58 | k12
6 | HI Arm9 K3 K3 | Thick | N/A | N/A
7 | HI | DDO 210° | K3 K3 | Thick [ N/A | N/A
8 | 2CO L1512 N/A | K28 | Thick | N/A | k98
9 | 13CO L1512 N/A | K28 | Thick | N/A | k98
10 | BCO | Perseus | K~-@?7D [ K3 | Thick | &=0D | N/A
11 | 13CO Perseus K25 K= | Thick | &% | N/A
12 | C'®0 L1551 K27 | K28 | Thin | & '7 | £ 08

From Burkhart et al. 2013

\

Green (1992); Lazanan & Pogosyan (2006)
Deshpande et al. (2000)

Stanimirovic & Lazarian (2001); Burkhart et al, 2010
Dickey et al. (2001); Lazaran & Pogosyan (2004)
Muller et al. (2004)

Khalil et al. (2006); Lazarian (2006)

Lazarian (2006); Begum ct al. (2006)

Stutzki et al. (1998); Dickey et al. (2001)

Stutzki et al. (1998); Begum et al. (2006)

Sun et al. (2006)

Padoan ct al. (2006)

Swift (2006)

Density and velocity power spectrum from Lazarian & Pogosyan
(2000, 2004) Velocity Coordinate Analysis (VCA) method.



Observations of driving scale in multiphase ISM suggest driving
on scales larger than clouds (L > 1pc-10pc).

WNM/CNM High Lat. Clouds (Chepurnov et al. 2010), VCS

[l
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Origins of Turbulence: Multiple Drivers

ISM Reality:
Multiple Injection Sites

Inertial
range

dominant
energy transfer

dissipation
range

1000 Pc scales:

Galaxy mergers (major/minor),
Expanding shells, Gravitational instability

> 100 Pc scales:
supernova, expanding shells,
MRI, cloud collisions

> 10 pc-sub-pc scales:

Log(k)

Winds, outflows, stellar feedback,
stellar wakes



Supernova as Driver of Turbulence

3

Energy dissipation rate per unit volume: &y ~ p";—b ~5x 10 ergem 357!,
0

e Energy sources of the interstellar turbulence

Driving mechanism €y, ergem Ss !
Supernova explosions 3 x107%
Stellar winds 3x:10°%
Protostellar outflows 2 x10~%
Stellar ionizing radiation 5%10~%
Galactic spiral shocks 4 %102
Magneto-rotational instability 3 x 102
H 1l regions Jox 10~
Turbulence driven by supernovae Mac Low & Klessen 2004; Elmegreen & Scalo 2004

Supernova remnants: expanding bubbles of hot gas, magnetic fields & relativistic particles

HI shells (Stanimirovic et al. 1999)

Crab nebula: optical image Tycho supernova: X-rays Cas A: radio image (A6 cm)

SNR 1572 (Tycho)

» £

-7z

DEC (J2000)

-73"

-4

Wright et al., Astrophys. J. 518, 284, 1!

-75" =

1h30™ 15™ 1ho™ 45™ 30™
RA (12000)



Star Formation Rate (MO /yr)
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Ha Luminosity (log erg/s)

What sets this correlation on kpc scales? GMC
physics?

~2.3 kpc resolution



: The Ill‘ustrlsksllxm\u_le}”tslorll Do cosmological simulations
Sk P A S ) 0duce the observations of
the SFR- velocity dispersion
relation?

~1kpc resolution
No GMC physics is resolved!

Dark Matter Dulslt\

Gas I)znsn\

py = 0.13cm

t.(p) = t; (-l—)-) 1ty = 2.2 Gyr.

f}th

Image Credit: lllustris Collaboration

name volume DM particles / hydro cells/  €paryon/€DM ~ Mbaryon/MDM Tl
[(Mpc)3] MC tracers [ pel [10° Mg ] [ pc]

[ustris-1 106.53 3x1,820% >~18.1 x10° 710/1,420 12.6/62.6 48



Local velocity dispersion (km/s)

Star formation rate vs. velocity dispersion
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GMC/cloud scale physics not required to set this relationship!
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Ellipticals (lllustris)

\j * X Spirals and dwarfs (lllustris)
* / 3 =

0.10 1.00 10,00 100,00
Log Stor Formation Rate (Mg/yr)

Burkhart, Genel, Pillepich, Hernquist, 2015, in prep.
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Log o

SFR-o relation is not caused by sub-grid
feedback model

30

i : . .

I Weak Wing | Alternative explanation!
2.5 . O — . . . .

i Strong Wind | High velocity dispersions

- No Feedback . set by rr-1ergers and_ .

- 4 gravitational instability
2o | (i.e. see Forbes et al. 2013)

I L Al g i

: <> ?¢ ﬁon W2 : (;) Ng':

B Vinis): i loomre = -
1.57 ,@ "\ I x(‘ggm

o R ]

| \4/@ i . / \ R
1.0HH“HmmHHHH\HHHH‘\HHH‘H\‘HHHH ’—‘SFR"X(_Sgas)

-3 -2 -1 0 1 2

Log Star Formation Rate (Mg/yr)
Log SFR

Burkhart, Genel, Pillepich, Hernquist, 2015, in prep.



Mergers can also inject turbulence at kpc scales

Is there observational evidence for merger induced driving of turbulence?

llustris Simulation
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Burkhart, Genel, Pillepich, Hernquist, 2015, in prep.



Turbulence Statistics and theirScpendencies

Genus (topology):
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Observational test case: SMC in 21 cm emission

Radio data is ideal for studies of turbulence because it contains
information about turbulence velocity along the LOS

Stanimirovic et al. 1999 data set has good spatial (98”) and spectral
resolution (1.65kms™) and contains both single dish (Parkes
Telescope) and interferometer (ATCA telescope) data (30pc-4kpc).

Declingtion (JR000)

lll\.(].l.l 1 5% l .: | B4 l l;n.(]l.l (: :l*.‘-'l.‘b t‘):l.: :(JJ..

Right Ascension (J200Q)
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11.0
10.5
10.0

9.5

9.0

8.5

8.0

75

7.0

6.5

6.0

5.5

5.0

4.5
-4.4

=

—

—-

—

—

—

—

-

-

—

—

—

VCS of SMC (21cm)

Chepurnov, Burkhart, Lazarian & Stanimirovic 2015

Model parameters:
o, =3.85, L =2300 pc

F,J(k) = :2: e_g

o0, =385
o a, = 3.4 (Stanimirovic & Lazarian 2001)
o L, = 2300 pc

VCS fitting for SMC ® Viury = 6700 m /s

Effective beamwidths:
- 0°.025

— 0°.050

— 0°.100

Lines - model

......

A A SR P T, [T ) | S [ S
4.2 -4.0 -3.8 -3.6 -3.4 -3.2 -3.0 -2.8 -2.6

log k, /(m/s)’



Q: What drives turbulence in the SMC?
A: Combination of both SF and Mergers!

LMC/SMC most likely
have already interacted:

Tidal stripping of SMC

Hl Supershells seen on kpc sizes!

Chepurnov, Burkhart, Lazarian & Stanimirovic 2015

OOOOOOOOO



Turbulence & Polarization Maps:
1.4 Ghz Southern Galactic Plane Survey (SGPS)

Gaensler et al. 2001 ATCA interferometer

oD

L

Galactic latitude (degrees)

lllllllll]]lr‘

30

Ly

Galactic latitude (degrees)

332 330 328 326 3!

Galactic longitude (degrees)

Question: What are these filamentary structures seen in Stokes P but not total
intensity?



. I 1 I ’gm,? i ATCAint.erferometer:A ' :
Llnear pOIarlzahon gradlents g" 1.4Ghz$outhernGaIacticPIaneSurvey.' :
-> Turbulence | IR ol
Structures are due to Faraday Rotation along LOS... g " 3 ; 7.@
L Rl D F .
. 5 F \ale’ “ . 4 ‘ ..-
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. . - R]\,[ U A
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e3 o | |
M= — (5B d
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~[aQ\?  [aQ\? [oUN\®  [oU\?
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Gradients of Polarization Data: Simulations and Statistics

Post process simulations to linear polarization with external Faraday rotation

63

- ./Odn.e(s)B (5) ds [VRM| = |VP|)?/2|P

RM =
2mm

(Gaensler et al. 2011 Nature and Burkhart, Lazarian & Gaensler 2012 ApJ)

Supersonic VP Subsonic VP

Filaments due to supersonic and subsonic turbulence are different in:
1) Topology
2) PDFs




Gradients of Turbulent Fields: Topology

Burkhart, Lazarian & Gaensler 2012

Case 1

Case 2

Case 3

dn/dx

dn/dx

dn/dx

_—

g PR

Example:
Any fractal function..

All turbulence!

Example:
Strong fluctuations,

weak shocks...
transsonic turbulence

Example:
Strong interacting

Shocks...high Mach
number!



Topology: Genus statistic

Super Alfvenic Sub Alfvenic
0 7 sGps Genus
OO e =
0
5000 - i
0 [ ]
; set threshold value
§ 0 3 °‘W% 7
2 [ .
z ]
0] L 2 4
0 ~5000 : -
- Q -
e threshold value.
-0 L 4
-10000 L A 1 | 1 1
-4 -2 0 2 4 6 s 1€
I | |
I i - l i - l 11 1 l 11 1 l VLY | lrl A% 7 | I | L | l =2 1IN | l 11 1 l i - — FVWHZGPDIXEI
0 2 4 6 8 0 2 4 6 8
Smoothing radius (pixel) Smoothing radius (pixel)
0.20
oy . . |
Positive Genus zero implies hole Bl
topology.
0.10
0.05

Negative genus zero implies clump
topology.

supersonic

Burkhart, Lazarian & Gaensler 2012

G = (isolated high-density regions) -
(isolated low-density regions). Relative to a

This is able to distinguish between a Swiss-
cheese and Clump topology for a given

rw

-, wioag

subsonic



Application: SGPS test region

Burkhart, Lazarian & Gaensler 2012

Super Alfvenic Sub Alfvenic
GenuSSGPS 0.8111l]llllll]]lllll1"1"]1'!]'[!]'!1]!]'

SGPS Genus
T T

10000

5000

G(v)
(=]
Genus Zero

- 5000

-10000 1 | |
¢ 0.4}

0 2 4 6 8 0 2 4 6 8
Smoothing radius (pixel) Smoothing radius (pixel)

Genus zero of SGPS test region for
different smoothing degree is: -0.09 to
-0.03; Indicating M =1-2

WIM in the SGPS test region is subsonic to transonic which agrees with
Hill et al. 2008 dispersion measure analysis




Summary

Origins of Turbulence

Implications of Turbulence

ISM Pressure
- Star
format'lon

< . £
mplification evolution 1

\ \ - 1 N r /'/
y . Y )
\ Magnetic»?lé!d 1 \\1 Galaxy / /

BBBBBBB

1) Diagnostics for studies of turbulence
are able to obtain the sonic and Alfven
Mach number and power spectrum!

2) Turbulence in the ISM is generally
supersonic across a large range of
phases/tracers.

3) Turbulence can be driving on kpc
scales by expanding shells,
gravitational instabilities, and galaxy-
galaxy interactions (e. g. SMC).

4) Topology of linear polarization
gradients can trace the sonic and
Alfvenic Mach number.



Can Mergers Drive Turbulence?

z=4.00 l0g,gfM)=104 SFR=80.0 sSFR=3.07Gyr™"

Panels show stellar light (left) and gas density (right) in a region of 1 Mpc on a side.

Movie Credit: lllustris Collaboration



Origins of Turbulence: Multiple Drivers

ISM Reality:
Multiple Injection Sites

Inertial
range

dominant
energy transfer

dissipation
range

1000 Pc scales:

Galaxy mergers (major/minor),
Expanding shells, Gravitational instability

> 100 Pc scales:
supernova, expanding shells,
MRI, cloud collisions

> 10 pc-sub-pc scales:

Log(k)

Winds, outflows, stellar feedback,
stellar wakes



Turbulence Statistics and their Dependencies

Genus (topology): VCS/VCA

Column Density & /PCA
- E(k)

L. Polarization

Probability
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Burkhart & Lazarian 2015
Burkhart et al. 2010
Burkhart et al. 2009

Bispectrum

Column Density

Esquivel & Lazarian 2011

Tofflemire Burkhart Lazarian 2012 Burkhart et al. 2014

M,

Alfven Mach Number

Velocity
Anisotropy

sallis Statistics

Velocity Centroid

olumn Density

Phase
Coherence

olumn Densit

Burkhart & Lazarian 2015



Velocity Anisotropy

1) Eddies are elongated along the mean magnetic field creating anisotropy in
Turbulent flows

Anisqtﬂr’ogipgddy

v

2) Anisotropy is reflected in the line of sight velocity field and in velocity centroids

Cw )= [ VepudVe/ [ putvs,
(y,2) (y,2)

3) Quantify level of observed anisotropy in 2" order structure functions of
velocity centroid maps 3
Y P> 5P = (IS0 - S ).

Gives perpendicular component of B field!



Y (perpendiculor)

(d) Centroids '(Cf_c,z)
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PDFs of Column Density-M.

o2, = b2 M>
2" moment: Variance (o? linear and log PDF) vs. M, aflig =" nke
y _ . ; B o
3" moment: Skewness(linear PDF) vs. M 0;83 — In(1 + b‘)‘.x\/@)

4th moment: Kurtosis(linear PDF) vs. M,
Skewness=A*M_+b

Column density PDFs:
Kowal et al. 07; Burkhart et al. 09,10; Burkhart

& Lazarian 12; Kainulainen & Tan 13

Kurtosis=A*M_+b

Linear Column Density PDF

T T T T T [ T T T T

100kaxxx‘xxxx‘xxxx{xxx

©

o
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T

Number

T

0.010

0.001 L.
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MHD Simulations (no gravity)

ap/dt +V - (pv) =0,
dv/dt +v-Vo+ p 'V(@*p) — (V x B) x B/dnp = f
-Solve the ideal MHD equations in a periodidB/dt —V x (v x B) = 0,

box and assume an isothermal equation of
state P=c>p.

-Cho et al. 2003, ENZO (Collins et al.) codes

-Generate 3D simulation with resolution 5123
M.=v/c.=0.7,2.0,4.5,7.0,8.0, 10
M,=v/v,=0.7,2.0

P B

G — ~A . — ‘A:—
7 Vi

Similar to many other MHD “turbulence in
box” simulations

Kowal Lazarian 2007

e.g., Vazquez 1994, Padoan+1997, Passot+1998, Stone+1998, Mac Low 1999,
Klessen+2000, Ostriker+2001, Heitsch+2001, Cho+2002, Boldyrev+2002, Li+2003,
Haugen+2004, Padoan+2004, Jappsen+2005, Ballesteros+2006, Mee+Brandenburg
2006, Kritsuk+2007, Dib+2008, Offner+2008, Kowal+2008, Schmidt+2009, Cho+2009,
Lemaster+2009, Glover+2010, Burkhart+2010, Price+2011, DelSordo+2011, Collins
+2012, Walch+2012, Scannapieco+2012, Pan+2012, Robertson+2012, +++



The WNM/CNM ISM PDF:
Sonic Mach Number vs. Variance

1.5+ 7
1.0 B Black lines and points: prediction
@ L from Burkhart & Lazarian 2012
o I and ideal MHD simulations|
0.5 | :
Cold HI

Q.U R/

Warm HI/DIG _—

—-0.5 0.0 0.5 1.0
(Berkhuijsen & Fletcher 2008) Iog M

sBurkhart, Collins, & Lazarian 2014
Burkhart & Lazarian 2012



PDFs of Collapsing GMCs are Different than WNM/CNM....

t=0 supersonic turbulence

. . M= =5
t>0 re-run with ENZO AMR self-gravity 2
S5U7ms
Qyir = py 1 1
8mes po
By = ——=F2 —0.2,2,20,
Collins et al. 2012; Burkhart, Collins, Lazarian 2014, submitted .

100

-10

Density (g/cm?)

t = 0.00e+00 ¢, B = 0.00e+00 ¢,

Movies: D. Collins

10

le-01

Daneatte (el



Sonic Mach Number vs. Variance Relation:
Where do the Self-Gravitating?

1.5+ .
- | ¢ ENZO High 7
A ENZO Mid
0 ENZO Low
1.0 + Godunov B=0.1 _
- | X Godunov B=1.0 -

&b X KTI3 I
Nb B ]
0.5 i
Cold HI
0.
Warm HI/DIG A R S R
(Berkhuijsen & Flothie? 2008) 0.0 0.5 1.0
log M_

Burkhart, Collins, & Lazarian 2015
Burkhart & Lazarian 2012



PDFs of Magneto gravoturbulence

Power law tails observed in column density: Burkhart, Collins, Lazarian (2014, submitted)

“High B”, M =7 “Low B”, M,=20
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Conclusions

1) The PDF can diagnose the turbulent state of the gas (sonic
Mach number) for the diffuse medium.

2) For self-gravitating gas the PDF is a better indicator of the
evolutionary stage of the cloud.

3) Orion B seems to be in an intermediate state of evolution
compared with other clouds (as traced by the PDF).

4) Additional tracers for PDFs beyond dust are need to to get
the full dynamic range of the PDF in molecular clouds, i.e.
to probe the ‘lognormal’ portion (Lombardi, Alves & Lada

2015).



