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MHD turbulence and star formation



• -what is MHD turbulence (cascade, intermittency, anisotropy, 
compressibility)
• Diagnostics 
• Tomorrow: Consequences of turbulence for SF
• Tomorrow: Self regulation models



Cosmic Ecosystems

Astro 2020 Priority Area

Unveiling the Drivers of 
Galaxy Growth

Research in the coming 
decade will revolutionize 
our understanding of the 
origins and evolution of 
galaxies, from the cosmic 
webs of gas that feed them 
to the formation of stars. 

Turbulence is the key 
ingredient for modeling all 
galactic gas flows. 

Priorities from the Astro2020 Decadal  (Figure 2.17)
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Year

Astronomy Papers w/  “Turbulence” in Abstract 

Total since 1970: >300,000

-

Source: ADS Bumblebee



MHD Turbulence..

• What is turbulence?
• Hydro: Kolmogorov 41
• MHD (1995): GS95 and Critical Balance
• MHD (2006): Dynamic Alignment 
• Intermittency 
• Compressibility 
• Diagnostics (tomorrow?)
• Star formation self-regulation via turbulence and feedback 

(tomorrow?)



What is hydro turbulence?
Navier-Stokes

Prove or give a counter-example of the following statement:
“In three space dimensions and time, given an initial velocity field, there exists a vector 
velocity and a scalar pressure field, which are both smooth and globally defined, that 
solve the Navier–Stokes equations.”

Turbulence: The unsolved Millennium Prize Problem



GMCs can have flows  Re>1010…. There is no question galaxies are 
turbulent! 

What is hydro turbulence: Reynolds 
Number

Image credit: Gary Settles



What is Turbulence: 
Energy Cascade

Turbulence is not just ‘chaos’.  Turbulence is an energy transfer in space/time. 
It has specific statistical properties which can be seen when averaged over 

space/time.

Three ranges of scales of interest: 
driving scale(s), inertial range, dissipation scale(s)



Mass inflow can be an important energy source in galaxies…as important as feedback… more on 
this tomorrow!

What is Turbulence: Sources of Energy

What sources this?



Origins of Turbulence: Multiple Drivers

10 pc-sub-pc scales: 
Winds, outflows, stellar feedback, 
stellar wakes  

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

1000 Pc scales: 
Galaxy mergers (major/minor),
Expanding SNe shells, disk 
instability



MHD Turbulence..

• What is turbulence?
• Hydro: Kolmogorov 41
• MHD (1995): GS95 and Critical Balance
• MHD (2006): Dynamic Alignment 
• Intermittency 
• Reconnection
• Diagnostics
• Compressibility and star formation
• Star formation self-regulation via turbulence and feedback



Schekochihin 2022
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Suppose that we perturb magnetic field lines.
We will only consider Alfvenic perturbations.
                       (restoring force=tension)
We can make the wave packet move in one direction.

Incompressible MHD turbulence: 1) weak (wave like)

magnetic field



Dynamics of one wave packet

Suppose that this packet is moving to the right. 
What will happen?

VA: Alfven speed



Dynamics of two opposite-traveling wave packets

Now we have two colliding wave packets.  
What will happen?



What happens when two Alfvenic wave 
packets collide?

VA VA ~B0

l||

l^ B0

Energy~v2/2



First inclusion of the magnetic field in turbulence 
was Iroshnikov 1963 and Kraichnan 1965 

Isotropic wave-like Alfvenic cascade scales 
(dimensionally works) like:

Known as: IK Turbulence

Intuitively there is a problem: mean B field is hard to bend and there can be separate motions parallel and perpendicular to B



Schekochihin 2022
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c ~ tw/teddy ~  (v l|| / l^VA) 

§Suppose that c ~1 . 

   e.g.) When VA~vl and l|| ~ l^ , we have c ~1 .
=>1 collision is enough to complete cascade 
(strong turbulence)!

Wave vs eddy
Weak vs strong turbulence



c ~ tA/tnl ~  (v l|| / l^VA)

§Goldreich & Sridhar (1995) found that, when c ~1 
on a scale, c ~1 on all smaller scales. 

* c ~1 is called critical balance

*This regime is called strong turbulence regime 

c~1

c~1

k

E(k)



Weak turbulence regime (lectures by Galtier): turbulence is purely wave-like with “weak” perturbations

Even if  you are in a weak 
turbulence regime,  eventually as 
cascade proceeds you will reach 
a scale where you get into critical 
balance (i.e. turbulence is 
strong).



Schekochihin 2022

Horbury +2008
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Magnetohydrodynamic Turbulence

• Eddies becoming increasingly anisotropic 
along B (with kpara. ~kperp.2/3 , scale 
dependent anisotropy; Goldreich & Sridhar 
1995 )

Taurus CO, image credit R. Snell

Magnetic 
   field B0

Goldreich & Sridhar 1995, Cho et al. 2002

B||

Density Field MHD Simulation, Burkhart et al. 2009

Jungyeon Cho



Anisotropies in the HI gas distribution 

Kalberla & Kerp 2016

Missy McIntosh, Thesis
Heyer et al. 2008

Velocity anisotropy in Taurus Cloud 

Velocity anisotropy in Taurus Cloud 

Magnetized ISM



Summary: Goldreich-Sridhar model 
(1995)

• Critical balance

• Constancy of energy cascade rate

v^ ~ l^1/3
Or, E(k)~k-5/3

v^l
2 

= const(l^/v^l )

l|| ~l^2/3 
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• Critical balance is a robust feature of MHD. But do we have the right 
nonlinear time scale? Can be reduced by “dynamic alignment” 
Boldyrev2006

Schekochihin 2022

Reduces the ‘turn over time’



• Critical balance is a robust feature of MHD. But do we have the right 
nonlinear time scale? Can be reduced by “dynamic alignment” 
Boldyrev2006

But alignment cant be larger than 
small angle  set by parallel cascade

Schekochihin 2022



• Critical balance is a robust feature of MHD. But do we have the right 
nonlinear time scale? Can be reduced by “dynamic alignment” 
Boldyrev2006

(interesting we get back to IK 
Spectrum but for very different 
physical reasons)

Schekochihin 2022



• Critical balance is a robust feature of MHD. But do we have the right 
nonlinear time scale? Can be reduced by “dynamic alignment” 
Boldyrev2006

Schekochihin 2022



Summary: Dynamic Alignment
As interactions occur, v and b will advect and shear each other, causing a ‘dynamic alignment’. This 
introduces a degree of anisotropy in the 2D plane perpendicular to the magnetic field between b and v. 
Importantly this reduces the non linear time scale!  

The dynamic alignment in driven turbulence thus becomes 
scale-dependent. This leads to the field-perpendicular energy  
spectrum:

More recent work shows scale dependency of alignment  is likely controlled by intermittency. 
Strong fluctuations are more aligned…alignment is needed for scale invariant critical balance



The Great Spectral 
War of 2014 



Solar Wind: Parker Solar Probe

Chen et al. 2020 







Hily-Blant, Falgarone, Pety 2008



Summary for incompressible MHD
• Spectrum Goldreich-Sridhar  (1995), E(k)~k-5/3

•  Spectrum Boldyrev (2006), E(k)~k-3/2

Numerical/theory debate on which is correct. My opinion: for astrophysics/star formation 
the difference likely isn’t critical. 

•Anisotropy: l|| ~l^2/3

Critical Balance is on solid ground regardless. Anisotropy is agreed on and important for 
astrophysics!

Intermittency of turbulence is important and observable. Increases with Mach 
number/strength of turbulence



MHD Turbulence..

• What is turbulence?
• Hydro: Kolmogorov 41
• MHD (1995): GS95 and Critical Balance
• MHD (2006): Dynamic Alignment 
• Intermittency 
• Compressibility 
• Star formation self-regulation via turbulence and feedback



Cold Gas is supersonic:
Sonic Mach Number in CNM 

Ms

Observational Method for Cold Neutral 21cm Mach Numbers (need spin temperature).

Burkhart et al. 2010

Small Magellanic Cloud CNM Mach number 
(spin temperatures from Dickey et al. 2001)

CNM PDF prediction:
Ms=3-20



Density

Velocity

Kolmogorov

SX, SJ, & AL, submitted

Density fluctuations passively follow the same cascade as turbulent velocities.

1283

2563
5123

Turbulent velocities induce density fluctuations



-Solve the ideal MHD equations in a periodic 
box. Set equation of state/add energy 
equation.
-Include gravity, chemistry, heating/cooling, 
feedback etc.
-Include galactic initial conditions.

 

B B ¤

Ms=7. MA=0.7

Vazquez-Semadeni, , Padoan, Passon, Stone, Mac Low, Klessen, Ostriker, Heitsch, Cho, Boldyrev, Li, 
Haugen, Jappsen, Ballestros, Mee, Brandenburg, Kritsuk, Dib, Offner, Kowal, Schmidt, Lemaster, Glover, 
Federrath,  Price, DelSordo, Collins, Hopkins, Walch, Chevance, Semenov, Kruijssen, Robertson…++

MHD Eqs. and fluid simulations

A large and exciting effort by many groups!



Burgers Turbulence

Foley et al. 2024





Supersonic Power Spectra

Kowal & Lazarian 2010
Burkhart et al. 2010

Fleck 1996 model of compressible turbulence: velocity steepens and density shallows relative
to the incompressible kolmogorov slope 

Velocity Power Spectrum Density Power Spectrum



Fleck 1996
Fleck (1996) derived a set of scaling relations for the velocity, specific kinetic energy, density, and mass of a compressible 
flow assuming also mass conservation and that density is hierarchical, (i.e., vonWeizsäcker (1951) 

⍶ ~0.2-.3 Kritsuk et al. 2007



Kowal et al. 2007
Ms=0.6

Shallow density spectrum in supersonic turbulence

Ms=8.3Kolmogorov

Ms=0.6

Ms=2.1

Ms=8.3

B0



Velocity/density power spectrum reveals the galaxy is 
supersonically turbulent

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

Velocity power spectral index

Density power spectral index

Burkhart et al. 2013



e.g. Stutzki et al. 1998; 
Deshpande et al. 2000; 
Padoan et al. 2004; Swift 2006; 
Lazarian 2009

Hennebelle & Falgarone 12 

dust
HI in absorption

12CO 13CO

Spectral slopes of density spectra (3D)

HI emission 
Kolmogorov

Lazarian & Pogosyan 2004, k-3 

-3.67

Various density spectra in the ISM



Density Spectrum Compared with 3D 
MHD Simulations

High B

Low B
Burkhart et al.  2010

Density spectral index=-3.3 for SMC (Lazarian & Stanimirovic 2001)

Kolmogorov ~ k -11/3



Structure 
functions

Kritsuk et al. 2007 find agreement 
with Burgers-2 value for 2nd order SF



Ms=0.5Ms=2.0Ms=8.0

Ms=0.5

Ms=4.5

Ms=2.0

Ms=4.5

Ms=8

PDF moments (variance, skewness, and kurtosis) of the density PDF are related to the sonic Mach number

Ms=8



PDFs of Column Density-Ms

2nd  moment: Variance (σ2 linear and log PDF) vs. Ms
3rd moment: Skewness(linear PDF) vs. Ms
4th moment: Kurtosis(linear  PDF) vs. Ms

 

Ms=0.5 Ms=2.0 Ms=4.5 Ms=8.0

Skewness=A*Ms+b

Kurtosis=A*Ms+b

Linear Column Density PDF

Ms=0.5Ms=2.0Ms=8.0Ms=4.5

Column density PDFs:
Kowal et al. 07; Burkhart et al. 09,10; Burkhart 
& Lazarian 12; Kainulainen & Tan 13



Ne  observational parameters1) E(k)KE
2) MA=v/vA 
3) Ms=v/cs 
4)

5)  
B||

Appel et al. 2022

1) How is turbulence developed and what are the ‘scalings’?
2) How strong is the magnetic pressure relative to turbulence?
3) How strong is turbulence relative to gas pressure?
4) Ratio of 2 and 3 describes gas pressure to magnetic pressure
(i.e., plasma beta)
5) The role of gravity (Virial parameter and Mass to Flux ratio)

Fundamental parameters for dynamics of star formation:

Measuring these parameters can allow us to distinguish between
 different star formation models



Star Formation

Supersonic Turbulence enhances rate of star 
formation

due to density fluctuations

Supersonic Turbulence decreases rate of star formation 
due to bulk pressure support



Effect 1 Visualized: Supersonic turbulence seed density field
Gravity turned on, turbulence off. 

Effect 1: Supersonic Turbulence 
rate of star formation in shocked regions 

due to density fluctuations.

Sonic Mach number

Christoph Federrath



Effect 2 Visualized: Supersonic turbulence seed 
density field and keeps pressure high

Gravity turned on, turbulence on

Effect 2: Supersonic Turbulence  
global rate of star formation in low density 

regions  due to pressure support.

Sonic Mach number

Christoph Federrath
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How well does turbulence theory describe 
the ISM?

• The Reynolds numbers (Re=VL/ν) of the ISM are as 
high as 1010 while simulations can only achieve 
~104.

• Numerical simulations do not resolve necessary 
scales and/or do not include necessary physics.

• Observations are polluted with noise, 
instrumentation effects, and are limited to the LOS 

• No complete theory of turbulence exists.

• Our understanding of basic scaling 
laws of MHD turbulence has 
advanced tremendously!

• We can apply these scaling laws to 
observational results and test them 
with simulations.

• We have developed new techniques 
for measuring turbulence in the ISM.

Pessimism 



Numerics vs. Observations

Re ~VL/n ~1010 

Synthetic observations (PPV) MHD 5123 Ms=7

Very Idealized environment 
Spatial scales do not match the real world
Currently  we can get max Re of order <104

Galactic Arecibo HI (PPV) data

What are the limitations?

Can only get column density….noise 
and instrument effects are 
contaminants

Full information…density (PPP), 
velocity, magnetic fields etc…

Partial Picture… column density 
(PP), velocity + density fluctuations 
(PPV), some magnetic fields…

Statistical 
tools



Why be an optimist?
- Larson laws  (Larson 1981)- Power law 
correlations between Molecular cloud sizes 
and linewidths (e.g. Myers 83; Dame et al. 86; 
Solomon 87; Dickey 85; Scalo 87)

-Morphological confirmation with IRAS in 80s. 
Revealed full beautiful complexity! 

-Emission line broadening ( e.g  Heiles & 
Troland 03)

-Spectrum of CO and HI corresponding to 
compressible/incompressible turbulence (e.g. 
Lazarian & Pogosyan 2000; Dickey et al.  2001;  
Chepurnov et al. 2009; Padoan et al. 2009;  
Stanimirovic & Lazarian 2001)

IRAS 100 μm

-The big power law (e.g. Armstrong, Rickett 
& Spangler 1995; Chepurnov & Lazarian 2010)

-log-normal PDFs (e.g. Vazquez-Semadeni 94;
Kainulainen et al. 09)

WHAM data (Chepurnov & Lazarian 2010)



Limitations of simulations



Turbulence Statistics



How to Study MHD Turbulence in Galaxies?

Turbulence Statistics:
e.g., test scaling laws

Turbulence Statistics:
e.g., test quality  of simulations

Turbulence Statistics:
e.g., “synthetic 
observations”

For cross talk between communities 

statistical tools are necessary!



Are one and two point statistics 
enough to describe turbulence?

Example: Density Probability distribution of supersonic isothermal turbulence is lognormal



Ms=0.5Ms=2.0Ms=8.0

Ms=0.5

Ms=4.5

Ms=2.0

Ms=4.5

Ms=8

PDF moments (variance, skewness, and kurtosis) of the column density PDF are related to the sonic Mach 
number

Ms=8



Rho-Ophiucus

Rho-Ophiucus (scrambled to noise)

Rho-Ophiucus (Bieber)

PDFs (1-point function) are limited; contains no spatial information

Chris Beaumont 



Turbulence Statistics



Vincent van Gogh’s 
The Starry Night

How robust a statistic is the Fourier power spectrum 
for turbulence studies?



Conclusions:
We need tools beyond the 
power spectrum to robustly 
characterize astrophysical 
turbulence!

How robust a statistic is the Fourier power spectrum for turbulence studies?

James Beattie



Fourier power spectrum lacks information on phases and therefore 
misses structural information in turbulent flows.

Need higher order statistics (or ML) that capture phase information



Bispectrum
Three point correlation function in Fourier space. 

Preserves amplitude and phase information (is complex quantity).
Sensitive to non-linear fluctuations/non-Gaussianity
Is zero for Gaussian field

Has been applied in the fields of: 
CMB non-Gaussianity (e.g. Spergel & Goldberg 1999)
BAO detection (e.g. Slepian & Eisenstein 2016)
Galaxy distributions (e.g. Scoccimarro et al. 1998)
Neuroscience EEG (e.g. Bullock et al. 1997 )
Anesthesiology (e.g. Johansen 2000)
ISM Turbulence (e.g. Burkhart et al 2009)

B( ~k1, ~k2) =
P
~k1

P
~k2

F ( ~k1)F ( ~k2)F ⇤( ~k1 + ~k2)

P (~k) =
P
~k

F (~k)F ⇤(~k)



Bispectrum (three point statistic)

Michael O’Brien

Bispectrum is sensitive to 
turbulence driving scale in 
column density maps!



Bispectrum: Application to the Small Magellanic Cloud (SMC)

•SMC has large and intermediate 
scale injection features.
•Multiple drivers of turbulence
•Intermediate scale corresponds to 
mean HI supershell radius

SMC in 21 cm emission

Burkhart et al. 2010

Nick Pingel 



Includes simulations & simulated observations from codes:
• AREPO
• Enzo
• Godunov 
• Athena++
• FLASH

www.MHDturbulence.com

Links to visualization and statistical tools for studies of 
turbulence that can be applied to turbulence in astrophysical 
environments (observations and simulations).

The Catalogue for Astrophysical Turbulence Simulations



turbustat.readthedocs.io



Using Convolutional Neural Networks (CNNs):  interpret magnetic 
fields and phase information in turbulent flows

Github.com/deepskies/deepmhd
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The turbulent density Probability Distribution Function (PDF) is key aspect of 
analytic theories of the cloud scale SFE

• Initial mass function
• Star formation efficiency
• Star formation rate
• The Kennicutt-Schmidt relation

Are all based on integrals over the lognormal turbulent density PDF

Padoan & Nordlund02, Hennebelle & Chabrier08, 09, 12, Elmegreen11, 
Hopkins 12, Veltchev+12,

Elmegreen08, Federrath & Klessen13, Girichidis+14

Krumholz & Mckee05, Padoan & Nordlund11, Renaud12,
Fedderath & Klessen12, Gribel+17

Elmegreen02, Krumholz & Mckee05, 
Tassis07, Zamora-Aviles12,14 Fedderath13



The Probability Distribution Function (PDF) of 
turbulence is lognormal

The interaction of multiple shocks in supersonic turbulence leads naturally to a 
log-normal probability distribution of density.

Price & Federrath (2010)



Ms=0.5Ms=2.0Ms=8.0

Ms=0.5

Ms=4.5

Ms=2.0

Ms=4.5

Ms=8

Width of the lognormal density PDF is related to the sonic Mach number (Ms)

Ms=8

Federrath et al. 2008; Burkhart & Lazarian 2012



Turbulence Regulated Star Formation Theories



Turbulence Regulated Star Formation Theories

Federrath & Klessen (2012)

Predictions and features:

• Higher  SFRff  with increased turbulence.

• Constant SFRff if turbulent parameters 
stay constant.

• Critical density for collapse depends on a 
number of parameters of order unity.  

Federrath & Klessen 2012



Chen, Burkhart, Goodman & Collins 2018

α

The density PDF in star forming regions has power law 
which traces collapsing gas 

Herschel observations of Schneider et al. 
2014, 2015



PDF: collapse vs turbulence
Daniel Seifried Philipp Girichidis



Power law slopes become more flat (shallower) as the cloud collapses

Collins et al. 2012; 
Burkhart, Collins & Lazarian 2015

t=0 supersonic turbulence
t>0 includes self-gravity Power law PDF slopes vs. time

Movie: David Collins



Let’s update the turbulence regulated star formation theories to include gravity/feedback! 
Consider a piecewise density PDF….

Burkhart, Collins & Stalpes 2017

𝜶=3

𝜶=2

𝜶=1.5
𝜶=1.1

ρcrit

p(
ρ)

ρ/ρ0

The conditions of continuity and differentiability 
allow us to solve for:



Burkhart 2018



Burkhart 2018

Power law tail reaches value of 
-1.5 rapidly (less than one mean 
density  free fall time). 

This means the transition 
density from lognormal to 
power law can be used as a 
‘critical density’.  



s t
=l
n(
ϱ t/
ϱ 0

)
f d

en
se

Ms

𝜶=1.5

𝜶=1.8
𝜶=1.6

𝜶=2.0

𝜶=1.5

𝜶=1.6
𝜶=1.8

𝜶=2.0

Model for dense gas fraction vs. comparison with simulations

Burkhart, Collins & Lazarian 2015
Burkhart & Mocz 2019

Points:  turbulence +gravity 
simulations



Ms=4
Ms=6
Ms=10
Ms=14
Ms=18
Ms=22

Lognormal-only  (turbulence only) vs. lognormal+power law (turbulence + gravity)

Burkhart 2018

Dashed lines = Lognormal models

Lognormal+powerlaw models

Power law model:
Star formation is inherently time varying
 as power law tail evolves!



Ms=4
Ms=6
Ms=10
Ms=14
Ms=18
Ms=22

Burkhart 2018

SFE, SFR, and dens gas are correlated with slope of the density PDF

3D Density PDF power law tail slope using 
reconstruction method of Kainulainen et al. 2014



𝜶

SF
E

OriA

Ophiuchus 

Cham1 

OriB 

CorAus 

Lup3

Cham2

Lup1

Taurus

Ser.

LDN1228 

LDN204 

Musca 

Pipe
LND1333 

Cham3 
LND1719 

LDN134 

3D Density PDF power law tail slope using 
reconstruction method of Kainulainen et al. 2014

SFE, SFR, and dense gas are correlated with slope of the density PDF

Appel, Burkhart & Kainulainen 2022, in prep



Feedback regulates density distribution and Star formation 

Grudic et al. 2019

Mike Grudic



FFHow does Feedback Affect the Density PDF and the SFE in the context of this model? 

Feedback is an important for setting the star formation efficiency (Wang et al. 2010; 
Krumholz 2014; Federrath 2015; Grudic et al. 2018)

Feedback+Turbulence +B fields+ GravityTurbulence +B fields+ Gravity

Sabrina Appel
Poster 108

Outflow Feedback + B fields Critical for low SFE

Only with outflow feedback can 
SFE per free fall stay around a 
few percent!

Federrath 2015
Appel et al. 2022



Burkhart & Mocz 2019

Star forming gas:  traced by powerlaw PDF due to dominance of self-gravity
Diffuse gas: traced by lognormal due to supported by turbulence

Gas cycling between states: Stellar feedback (winds/jets) moves gas between states
Gas cycling via Feedback keeps SFE/SFR low

Appel et al. 2022



Lognormal ModelPowerlaw Model

Observational Tests



Lognormal ModelPowerlaw Model

Observational Tests

Varying power law slopes 
reproduce the varying slopes of 
the Kennicutt-Schmidt relation.

Burkhart 2018 model can explain 
the full range of the data. 



Lognormal Model Powerlaw Model

Observational Tests

Varying power law slopes 
reproduce the ~1% efficiency of 
star formation with additional 
scatter observed in the KS 
relation. 

Burkhart 2018 model can explain 
the full range of the data. 



Smoother with lower:
 SFR, mass accretion, 
 gas velocity dispersion,
 gas fraction

Clumpy with higher:
 SFR, mass accretion, 
 gas velocity dispersion,
 gas fraction



Goal: a global analytic model to explain these 
observations

Star formation (supernova feedback) can supply the energy needed for 
turbulence at the 10 km/s level.

Start by building physical intuition:



Feedback regulated star formation models take  this into 
account! e.g.

Krumholz +18
Burkhart +18
Shetty & Ostriker 11
Ostriker+10
Thompson+05
Faucher-Giguere+13
Hayward & Hopkins17
…….



For example. Shetty & Ostriker 11 explains KS relation/ISM/Feedback



For example. Shetty & Ostriker 11 explains KS relation/ISM/Feedback



SFR

Provides a fixed velocity 
dispersion.

Feedback alone can not 
explain velocity dispersions 
in excess of 10-40km/s

Feedback alone fails to predict velocity dispersion diversity!



Building a global model: 
physical intuition

Mass inflow can be an important energy source in galaxies…as important as feedback!
Can be driven by gravitational disk instability ….



Radial transport: observations





Conclusion: We still must have a gain terms from feedback to set the velocity dispersion floor



We require feedback + mass transport to match observations

Burkhart et al. 18
Krumholz, Burkhart + 18
Krumholz & Burkhart 16
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log Ṁ§ [MØ yr°1]

0

20

40

60

80

100

120

140

æ
g

[k
m

s°
1
]

KROSS

Di Teodoro+ 2016

WiggleZ

Jones+ 2010

Law+ 2009

Epinat+ 2009

GHASP (HÆ)

DYNAMO (HÆ)

Moiseev+ 2015 (HÆ)

Varidel+ 2016 (HÆ)

THINGS (H i)

Stilp+ 2013 (H i)

ULIRGs (CO, HCN)

Illustris TNG

Galaxy surveys: z0-4

IllustrisTNG: color coded by gas fraction
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Simulations reproduce observed SFR-gas 
velocity dispersion relationship and 
agree with the model which includes 
feedback+transport.

The correlation of 
velocity dispersion 

& SFR



Open Questions

www.mhdturbulence.com

What is the correct picture of MHD turbulence (incompressible/compressible) ? Does 
it matter for astrophysics? It DOES matter for solar wind…

-What is the relevant scale and density of star formation? Is there a critical 
scale/density for collapse? Can this be seen in statistics: structure function/pdf 
analysis?

-Feedback is clearly important for the SFE: how does this extend to high z, including 
IMF changes?

-Is SFR set by cosmic accretion (bathtub) vs local processes (i.e. local disk instabilities 
producing GMCs or thermal instability)…?

-Large scales HI sub-critical/sub-Alfvenic…what is the role of magnetic field in 
dynamics of collapse?

Most likely nature gives many modes of star formation. Either/or picture is good for 
getting grants but maybe not the right thinking.


