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QuickTime™ and a
 decompressor

are needed to see this picture.I. Low Mass Feedback



Optical + Xray Image of Galaxy NGC 1569

C. Martin et al (2002)

~20,000 ly
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Supernovae & Cooling

Quic kTim e™ and a
 decom press or

are needed t o see t his  p ic ture.

~10 ly

Sutherland & Dopita (1993)

Cooling times ~ 3000 years
Log T



MacLow  & Ferrara  (1999)

Strickland  & 
Stevens  (2000)
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Turbulent Dissipation Scale

Neutral Medium

          L ≈ 10-3 lyL ≈ 10-2 ly

Ionized Medium
Ambipolar Diffusion :Spitzer :



ES &  M. Bruggen (2010)
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Kolmogorov’s similarity hypothesis: 

Cascade Picture for Energy Dissipation and Turbulent Mixing

Classic mixing theory (Obukohov--Corrsin) : 

In incompressible turbulence: 

In  supersonic turbulence: 
Energy decay timescale τv ~ L / V Mixing timescale τc also ~ L/V, about  τv/2. 

Energy decays at a timescale τv ~ L / V for 
all Mach numbers (Stone et al. 1998, Mac 
Low 1999, Padoan & Norlund 1999, 
Lemaster and Stone 2009)

 

δυ(l) ~ ε 1/ 3l1/ 3 and E(k) ~ ε 2 / 3k−5 / 3

 

δC(l)2 ~ ε C
l

δυ(l)
 

Velocity Scalar 

What is the mixing timescale as a 
function of the Mach number?

Does  the scalar structure function and 
spectrum flatten with Mach number?  

Spectrum steepens with the Mach number 
(e.g, Kritsuk et al. 2007)



-Driven and maintained by a solenoidal external force at large 
scales
-Amplitude of the force adjusted to obtain 6 Mach numbers from 
0.9 to 6 
-Isothermal equation of state.

Simulations of  Mixing in Supersonic Turbulence

We use the FLASH code with modified “Stir unit” for flow and 
scalar driving. Periodic simulation box, 5123 computation cells

-Same driving scheme used representing  new 
sources of  pollutants at large scales. 

-Three independent scalars evolved in each flow 
to achieve accurate statistical measurements.

Turbulent flows:

Passive scalars:
 

1 ≤ k ≤ 3

Pan & ES (2010)



M = 0.9

M = 6.1

Pan & ES 
(2010)

x-velocity concentration 
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Properties of Supersonic Flows as a Function of M

2.    The fraction of kinetic energy contained in compressible 
modes first increases with M and then saturates at 1/3 for 
M>3, corresponding to energy equipartition between the 
two modes.     

1. The divergence to vorticity ratio increases with M for M < 
3, and appears to saturate at M>3. This indicates that 
compressible modes contributed more to energy dissipation 
with increasing M for M<3.      
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Hydrodynamic and Concentration Equations

 

∂t 〈
1
2

˜ ρ υ 2〉 + ∂i〈
1
2

˜ ρ υ 2υi〉 =
〈p∂iυ i〉

ρ 
−

1
2

〈 ˜ ρ v(∂iυ j + ∂ jυ i −
2
3

δ ij∂kυk)2〉 + 〈 ˜ ρ fiυ i〉

 

 

∂tρ + ∂i (ρυ i ) = 0

 

∂tC +υ i∂iC =
1
ρ

∂i (ρκ∂iC) + S
Concentration:

 

p = ρCs
2

Hydro:

EOS:

C is the ratio of the tracer density to the flow density

 

∂tυi +υ j∂ jυi = −
∂i p
ρ

+
∂ jσ ij

ρ
+ fi

 

σ ij = ρv(∂iυ j + ∂ jυi −
2
3

δ ij∂kυk)where the viscous stress tensor

Kinetic energy:

Concentration variance:

 

∂t 〈 ˜ ρ C2〉 + ∂i〈 ˜ ρ C2υi〉 = −2〈 ˜ ρ κ(∂iC)2〉 + 2〈 ˜ ρ SC〉



Mixing and Energy Dissipation Timescales

 Energy dissipation 
rate increases with 
M, shocks

 Mixing rate decreases 
with M compressible 
modes are less efficient 
at producing scalar 
structures at small scales

1. Kinetic energy contained in compressible modes first increases 
with M and then saturates at 1/3 for M>3, corresponding to 
equipartition.

2. pdV work has significant contribution (15-35%) to the conversion 
of kinetic energy to thermal energy. 

Pan & ES (2010)



2nd Order Velocity and Scalar Structure Functions

2.    The slope of the scalar structure function first decreases from 2/3 at M=0.9 to 
0.6 at M=2.1. However, at M >3, the slope starts to increase, due to the  effect 
of strong compressible modes on scalar structures at large Mach numbers.             

1. The velocity structure function steepens from 2/3 to 0.95 at M = 6.1, primarily 
due to increasing frequency and intensity of shocks

Pan & ES (2010)



High Order Velocity and Scalar Structure Functions

incompressible flows show 
deviations from the Kolmogorov  
1941 Scaling exponents in 
intermittency.

 

ξv(p) = p /3

 

ξv(p)

The intermittency model of She and Leveque (1994) is confirmed to be valid for 
all M, can use to measure fractal dimension.

The strongest velocity structures change from filamentary to sheet-like.
The most intense scalar structures are sheet-like at all Mach numbers.  

Velocity:

Scalar:
Mixed:

where
and

Pan & ES (2011)



Fluid Equations For Supersonic Turbulence

Thermal + 
Turbulent

ES &  M. Bruggen (2009)



K = Turbulent KE , L= Turbulent Length Scale

turb. diffusion
growth of  eddies 

through motion in mean flow

turb. diffusion

turb. viscosity turb. velocity

ES &  M. Bruggen (2009)

Fluid Equations For Supersonic Turbulence

2
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ES &  M. Bruggen (2010)

QuickTime™ and a decompressorare needed to see this picture.

initially hydrostatic galaxy, modeled after  NGC 1569
4 levels of  refinement, 39 parsec res., 25 X 25 x 30 kpc box
Atomic radiative cooling everywhere.
Star formation + supernovae according 
to the empirical “Kennicutt Law”



ES &  M. Bruggen (2010)

1 SN per 150 M

All K, L=Rbubble

Mz=2 M per SN 



Slide from Bill Forman

QuickTime™ and a
MPEG-4 Video decompressor

are needed to see this picture.



ES &  M. Bruggen (2010)

log ρ

log T

log P

10 Myrs    20 Myrs    30 Myrs     40 Myrs



Slide from Bill Forman



Slide from Bill FormanES &  M. Bruggen (2010)



8E6 formed ejected

ES &  M. Bruggen (2010)

M=8×106M

≈8×106MEj

ESN<Etotal-ej

Vej ≈50 km/s



Benson et al (03)

lg(mass)
1010 1014



Fabian et al (2006)

II High Mass Feedback



X-ray + Optical Image of  the Galaxy Cluster RDCS 1252

~1015 Solar Masses



Fabian et al (2006)

X-ray Image of  the Perseus Galaxy Cluster



λmax = 4 π (ν2 A/g)1/3

Dense Fluid

Light Fluid

Rayleigh Taylor Instability



Ionized Medium

viscosity iilv∝ Vi = Velocity of  ions ∝Viλ i

λ i = 1/[n π (e2/3kT)2

Spitzer ν ≈ 20 kpc × 1000 km/s n-3
-1 T8

5/2  



Reynolds et al. (2005)

viscous bubble evolution



Ionized Medium

viscosity iilv∝ Vi = Velocity of  ions ∝Viλ i

ν ≈ 20 kpc × 1000 km/s n-3
-1 T8

5/2  

λ I,B = (m Vi /eB) 

ν ≈ 1010 cm (T8
1/2/BµG)× 1000 km/s T8

1/2

λ i = 1/[n π (e2/3kT)2



Simulation setup
•FLASH3.0, AMR

initially hydrostatic cluster, modeled 
after  Perseus, static gravity

5 levels of  refinement (3-6), 1024^3 eff. 
res., (650 kpc)^3 box

•radiative cooling by thermal 
bremsstrahlung

bubbles are produced by injection of  
energy into spherical regions

•Saguaro cluster (4096core cluster at 
ASU)

ES and M. Bruggen (2008)





ES and M. Bruggen (2008)

SEE ALSO:
Robinson et al ‘05
Reynolds et al ‘05
Bruggen ‘05

6×105

lyrs



Dependence on Resolution

ES and M. Bruggen (2008)



Fabian et al (2006)

X-ray Image of  the Perseus Galaxy Cluster



K = Turbulent KE , L= Turbulent Length Scale

Dimonte & Tipton ‘06 Turbulence Model

turb. diffusion growth of  eddies 
through turb. motion

growth of  eddies 
through motion in mean flow

turb. diffusion work associated with
turbulent stress

source term with
RM and RT contributions

buoyancy drag turb. viscosity turb. velocity

based on buoyancy-drag models for RT and RM instabilities: self-similar, 
conserves energy, preserves Galilean invariance, works with shocks

L

22



Rayleigh-Taylor Shock Tube Test 

solid: simulation
dashed: analytic

ES and M. Bruggen (2008)



QuickTime™ and a
Animation decompressor

are needed to see this picture.

ES and M. Bruggen (2008)

6×105

lyrs



S

ES and M. Bruggen (2008)

6×105

lyrs



Dependence on Resolution

ES and M. Bruggen (2008)



Dependence on Resolution

ES and M. Bruggen (2008)



Density Slices X-ray

No Turb.     Turbulence No Turb.    Turbulence

50 
Myrs

100 
Myrs

150 
Myrs

ES and M. Bruggen (2008)



Fabian et al (2006)



No Turbulence Turbulence

ES and M. Bruggen (2008)



The ICM may be turbulent

Rayleigh-Taylor unstable bubbles induce turbulence

AGN-blown bubbles stay intact for long times

Rayleigh-Taylor instabilities cannot be simulated for Re > 10000

Main Question: 

How much turbulence do bubbles produce in the ICM and what does this 
turbulence do to the bubbles?

How Coupled?

AGN Heating

Rafferty et al. (2006)



Vernaleo & Reynolds (2008)

T

P

S

Low-density channel prevents
isotropic heating

Cattaneo & Tessier (2008)

Brighenti & Mathews (2006)

See Also:
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M. Bruggen & ES (2009)



So how do you get the AGN to self-regulate?

rbubble

rfuel

measure mass inflow

convert a fixed fraction of  
accreted rest mass energy to 

bubble energy
M. Bruggen & ES (2009)



QuickTime™ and a
MPEG-4 Video decompressor

are needed to see this picture.
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M. Bruggen & ES (2009)



What Sets Duty Cycle?

M. Bruggen & ES (2009)



Fabian et al (2006)
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0 Myrs 200 Myrs 400 Myrs 600 Myrs 800 Myrs

1000 Myrs 1200 Myrs 1400 Myrs 1600 Myrs 1800 Myrs

ES (yesterday) kpc (30,000 lyrs)



M. Bruggen & ES (2009)



M. Bruggen & ES (2009)



Thanks!
Feedback  from black holes and supernovae played a 
complex but essential part in cosmic structure 
formation.

To successfully model this we will need: 

1.) To develop accurate subgrid turbulence models to 
span the gap from cosmic scales to the turbulent 
dissipation scale.

2.) To understand how these models couple with other 
processes and how they appear observationally.
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