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Systematics have really interesting physics!



Why study ICM turbulence?

• Turbulent support biases cluster mass estimates


• Turbulent heating in cool cores


• Constraints on ICM (high-β) plasma transport


• Implications on thermal instability & condensation, 
extrapolation to puzzling CGM observations (turbulent 
BLs, cloudlets, tcool/teddy,…)


• Convert SB (X-ray maps) & projected pressure 
fluctuations (resolved SZ maps) to vt
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ABSTRACT
We conduct two kinds of homogeneous isotropic turbulence simulations relevant for the
intracluster medium (ICM): (i) pure turbulence runs without radiative cooling; (ii) turbulent
heating+radiative cooling runs with global thermal balance. For pure turbulence runs in the
subsonic regime, the rms density and surface brightness (SB) fluctuations vary as the square of
the rms Mach number (Mrms). However, with thermal balance, the density and SB fluctuations
(�SB/SB) are much larger. These scalings have implications for translating SB fluctuations
into a turbulent velocity, particularly for cool cores. For thermal balance runs with large (cluster
core) scale driving, both the hot and cold phases of the gas are supersonic. For small scale (one
order of magnitude smaller than the cluster core) driving, multiphase gas forms on a much
longer timescale but Mrms is smaller. Both small and large scale driving runs have velocities
larger than the Hitomi results from the Perseus cluster. Thus turbulent heating as the dominant
heating source in cool cluster cores is ruled out. Next we perform thermal balance runs in
which we partition the input energy into thermal and turbulent parts and tune their relative
magnitudes. The contribution of turbulent heating has to be . 10% in order for turbulence
velocities to match Hitomi observations.
Key words: methods: numerical – hydrodynamics – turbulence – galaxies : intracluster
medium

1 INTRODUCTION

The intracluster medium (ICM) refers to the hot (⇠ 107
� 108 K)

X-ray emitting plasma that pervades clusters of galaxies. It contains
majority of the baryons within the cluster. It is mainly composed of
ionised hydrogen and helium, but also contains other elements such
as iron. It loses energy via bremsstrahlung and metal line emission.

The radiative cooling time is shorter for a higher density. Since
the gas density is higher toward the cluster center, inner regions are
expected to cool much faster than the outskirts. In relaxed cool core
clusters the core is expected to cool, lose pressure support, and flow
toward the center of the cluster (see Fabian 1994 for a review).
The cooling gas is expected to cool all the way to form molecules
and hence lead to active star formation. The cooling-only model
predicts a star formation rate (SFR) ⇠100-1000M�/year in cool
core clusters. However, observations show a much reduced SFR (by
orders of magnitude; e.g., O’Dea et al. 2008). This is known as the
cooling flow problem.

It is now accepted that the cool cores lose thermal energy due
to radiative cooling, but most of the losses are compensated by
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heating due to other sources such as thermal conduction, cosmic
rays, and turbulence. Heating due to active galactic nuclei (AGN)
jets powered by accretion on to the central supermassive black hole
(SMBH) is particularly attractive because of su�cient energy and
negative feedback (see McNamara & Nulsen 2007 for a review). A
cool, dense core is prone to condensation of cold gas in the core
that enhances accretion on to the SMBH and the jet power. A much
larger jet power driven by multiphase condensation is able to stop
catastrophic cooling in the core and the cycle continues (e.g., see
Prasad et al. 2015; Li et al. 2015).

Cool cluster cores show multiphase gas (at ⇠ 10 K traced by
CO [e.g., Edge 2001], at ⇠ 104 K traced by nebular lines [e.g.,
Hu 1992; McDonald et al. 2012], and of course the di�use ICM at
107

�108 K). The multiphase gas can be interpreted in terms of local
thermal instability in an ICM with global thermal balance (Sharma
et al. 2010, 2012). The feedback model proposes that heating by
AGN jets acts like a time-delayed feedback loop, which injects on-
average the same amount of energy lost via cooling back into the
ICM through energetic outbursts (Ra�erty et al. 2006; Prasad et al.
2015).

Energy injection through AGN feedback and sloshing of the
ICM during mergers (mostly with small subhalos) are expected to
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Isotropic, homogeneous turbulence Turbulence with heating & cooling

To test scalings of density/pressure 

fluctuations with rms Mach number

ρ, P, v Power spectra: ρ/P spectra smaller by

a factor of M2 as compared to v

TI leads to much larger density fluctuations

If cold gas condenses out of ICM, tcool <tmix

Constraints vt & turbulent heating to be small
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Isotropic, homogeneous turbulence Turbulence with heating & cooling

To test scalings of density/pressure 

fluctuations with rms Mach number

ρ, P, v Power spectra: ρ/P spectra smaller by

a factor of M as compared to v

TI leads to much larger density fluctuations

If cold gas condenses out of ICM, tcool <tmix

Constraints vt & turbulent heating to be small

Caveats:
ICM is gravitationally stratified


Turbulence can excite gravity waves

δρk/ρ ~ (vk/cs)/√3

But Kolmogorov at small scales!

Caveats:
Cold gas may not condense from hot ICM


E.g., can be uplifted from the BCG

In this case, tcool can be ≫tmix 


& turbulent heating can balance cooling 
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Turbulence simulations

3-D periodic box, isotropic/homogeneous stirring

Using PLUTO code


2563, 5123 simulations
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results qualitatively similar to the hydro simulations. The kinetic
energy density in MHD is roughly half that in hydro (see their Fig.
1) and the density fluctuations are larger by a similar factor (see their
Fig. 4). Because of smaller turbulent velocities the temperature and
Mach number distributions in MHD are more bimodal (see their
Figs. 6 & 7). As expected, thermal conduction tends to wipe out
small scale structure (Gaspari & Churazov 2013). Since the over-
all impact of magnetic fields on thermodynamics and dynamics of
the high beta ICM is easy to understand qualitatively, evolving HD
equations is reasonable for our purposes.

We model the core of the ICM using periodic boundary con-
ditions, ignoring the shallow gradients in density and temperature.
Since we model gas at high temperatures (T & 104K), we ignore
self-gravity in our simulations. We solve the following equations:

@⇢

@t
+ r · (⇢v) = 0, (1a)

@(⇢v)
@t
+ r · (⇢v ⌦ v) + rP = F, (1b)

@E
@t
+ r · ((E + P)v) = F · v +Q � L, (1c)

where ⇢ is the gas mass density, v is the velocity, P = ⇢kBT/(µmp)

is the pressure, F is the turbulent force per unit volume that we
apply, E = ⇢v2

/2 + P/(� � 1) is the total energy density, µ is the
mean molecular mass, mp is the proton mass, kB is the Boltzmann
constant, T is the temperature, Q(t) and L(⇢,T) are the thermal
heating and cooling rate densities respectively, and � = 5/3 is the
adiabatic index. The cooling rate density L is given by

L = neni⇤(T), (2)

where ⇤(T) is the temperature-dependent cooling function corre-
sponding to 1/3rd solar metallicity, and ne and ni are electron and
ion number densities respectively. The turbulent forcing F is applied
using a spectral forcing method, as described in subsection 2.3. In
some runs, we include uniform thermal heating (Q) throughout the
domain, such that cooling is balanced by the sum total of turbu-
lent and thermal heating. Viscosity and thermal conduction are not
included explicitly.

We carry out two sets of simulations (see Tables 1 and 2).
In turbulence-only simulations we vary the forcing amplitude to
drive turbulence at di�erent Mach numbers, but do not include
cooling. The aim of these runs is to relate density (pressure) and
surface brightness (projected pressure) fluctuations to the turbulent
velocity for isotropic/homogeneous turbulence relevant to the ICM.
In the second set of simulations we impose thermal balance averaged
over the whole computational domain to mimic the observed global
thermal balance in cool cluster cores; i.e., the sum of the work
done per unit time by turbulent forcing and the thermal power input
equals the volume integrated cooling rate. In the thermal balance
runs the denser/cooler regions cool and the hotter regions are heated
(slowly) by design. Thus the temperature of the hot phase increases
steadily and the CFL time step becomes shorter, making the second
set of runs more time consuming. With gravity the hot regions will
rise and cooler blobs will sink, but this physics is not included for
the simulations in this paper.

2.2 The cooling cuto�

In the absence of a gravitational field (and consequent stratification),
cold gas can separate out from the hot phase due to local thermal
instability. This cold gas collapses to an extremely small scale (Field
1965; Koyama & Inutsuka 2004; Sharma et al. 2010). In order to

prevent the cold gas from collapsing to an extremely small scale we
cut o� the cooling function at a temperature Tcuto� . The scale of
collapsing clouds, assuming isobaric conditions, goes as T1/3

cuto� . For
a very short cooling time, the isobaric condition is not valid during
collapse and the gas can fragment on the scales of cstcool (McCourt
et al. 2018) where

cs ⌘
✓
�P
⇢

◆1/2
=

✓
�kBT
µmp

◆1/2
(3)

is the sound speed and

tcool ⌘
3
2

nkBT
neni⇤

(4)

is the cooling time evaluated at the temperature of the cold stable
phase.

To prevent cold gas from collapsing to unresolvable small
scales, we truncate the cooling function at a small temperature
floor Tcuto�. Thus, the cooling rate now has a form

L = neni⇤(T)H(T � Tcuto�), (5)

where H is the Heaviside function. We choose Tcuto� = 106 K for
most runs (we also tried a few runs with Tcuto� = 104 K to check the
sensitivity to this parameter). This choice is reasonable, since most
of the gas that cools to 106 K will cool to 104 K because of a short
cooling time in this temperature range. A higher cuto� temperature
enables us to better resolve the cold phase.

2.3 Turbulent forcing

We follow a spectral forcing method using the stochastic Ornstein-
Uhlenbeck (OU) process to model the turbulent force F with a finite
autocorrelation time scale ⌧ (Eswaran & Pope 1988; Schmidt et al.
2006). The acceleration in the Fourier space is given by

ank = f an�1
k +

q
1 � f 2 a0nk, (6)

where the exponential damping factor f = exp(��tn/⌧) (�tn is the
nth time step size), a0nk is the nth acceleration amplitude generated
by our random number generator, n being a time-step label. It is
generated by a Gaussian random number generator with amplitude
Aturb. We make sure that the driving acceleration is solenoidal, by
subtracting its component along k in Fourier space, and taking only
the solenoidal component,

ank = ank �
ank · k
|k|2

k. (7)

We limit the modes to which forcing is applied in the Fourier space
by setting two limits kmin and kmax, which control the distribution
of Fk in the Fourier space. The force Fn

(x) in the real space is given
by:

Fn
(x) = ⇢(x)Re

8>><
>>:

π
1

�1

©≠
´

kmax’
|k |=kmin

ank
™Æ
¨

e�◆k·xdx
9>>=
>>;
. (8)

The typical values of kmin and kmax are of the order of 2⇡/(10 kpc).
We label the wavenumbers k = 2⇡K/L by K (L is the box-size)
that are indicated in Table 1 and Table 2 for each run.

We make sure that turbulent forcing does not add any net
momentum to the computational box. We subtract a constant from
all three components of momentum at all grid points, such that
h⇢�v(x)i = 0 at each time step (hi denotes volume average and �v
is the change in velocity at a grid point due to turbulent forcing).
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In heating balancing cooling runs, we scale turbulent forcing
Fn so as to maintain global thermal equilibrium, i.e., we explicitly
enforce the following condition:

hF · (v + �v)i +Q = hLi . (9)

We introduce a parameter fturb which denotes the fraction of
cooling that is compensated by turbulent heating. To maintain
thermal balance, the gas is thermally heated uniformly at a rate
Q = (1 � fturb) hLi at each grid point.

2.4 Initial density perturbations

In some of our runs, we initialize isobaric density fluctuations on top
of the uniform density, which are generated such that ⇢k , the Fourier
transform of ⇢, has a scaling similar to that expected in a steady
turbulent flow, i.e., ⇢k / k�1/3. Our initial density fluctuations
follow this scaling for

p
2  K  12.

2.5 Numerical Methods

We use a modified version of the grid based PLUTO code (version
4.1; Mignone et al. 2007) for our simulations. We evolve the Euler
equations in PLUTO, with additional forcing, cooling and heating
terms added as source terms (Eqs. 1a-1c). The relation between
pressure, density and temperature is set by the ideal gas equation of
state. We use the tvdlf (Total Variation Diminishing Lax-Friedrich)
solver, with periodic boundary conditions, RK-3 time stepping and
parabolic reconstruction. All our runs use a box size of 40 kpc in
each direction, with 3D Cartesian grids having a resolution of 2563.
We have tested the code for numerical convergence by doubling the
resolution to 5123 for some of the runs.

We initialize the gas with a temperature of T0 = 1.03 keV,
ne = 0.1 cm�3, which give a cooling time ⇡ 60 Myr. We assume
the gas composition to have µ = 0.5 and µe = 1.0 (although we use
a cooling function corresponding to Z�/3 metallicity).

3 RESULTS – TURBULENCE-ONLY RUNS

Here we describe the results of our fiducial (turbulence-only, no
cooling or thermal heating) simulations. Table 1 lists the parameters
of these runs. The energy equation (Eq. 1c) is thus

@E
@t
+ r · ((E + P)v) = F · v. (10)

The gas temperature increases with time due to work done by turbu-
lent forcing, the strength of which we characterize by an amplitude
Aturb.

The flow is subsonic for lower values of Aturb, and tran-
sonic/supersonic at early times for a large Aturb. Since we do not
have radiative cooling in these runs, the gas eventually heats up, and
the flow always becomes subsonic at later times as the sound speed
cs increases.

3.1 Mach number and density/pressure perturbations

Figure 1 shows the relative root mean square (rms) fluctuations in
density h�⇢irms /h⇢i and pressure h�Pirms /hPi as a function of the
rms Mach number

Mrms ⌘

⌦
v2
rms

↵1/2

cs
, (11)

Figure 1. The root mean square (rms) density and pressure fluctuations as
a function of the rms Mach number Mrms. Both these fluctuations vary
/ M

2
rms in the subsonic regime and flatten in the supersonic regime. The

data are plotted after the first maximum in Mrms, roughly after the saturation
of turbulence. The trends of pressure and density fluctuations are strikingly
similar. Also note that the strongest driven system achieves smaller rms
Mach number and density/pressure fluctuations at a much faster rate. This
is because the turbulent heating time 3p/(2⇢v3

L/L) = 0.9M�2
rms(L/vL ) is

much shorter than the eddy turnover time (L/vL ) for a larger Mach number,
where L is the driving scale and vL is the velocity at this scale.

where vrms is the rms velocity and cs is the volume-averaged sound
speed. In the subsonic regime (Mrms < 0.8), the density and pres-
sure fluctuations vary as M2

rms. In the transonic/supersonic regime,
both density and pressure fluctuations flatten with Mrms (e.g., see
Nolan et al. 2015). Further, the density and pressure fluctuations
scale linearly with each other.

The scaling of density and pressure fluctuations with the Mach
number can be motivated from the following arguments. In the sub-
sonic regime, the flow is close to incompressible and the pressure
satisfies the Poisson equation r

2P = ⇢rv : rv, which implies that
�P ⇠ ⇢�v2, or �P/P ⇠ ��v2

/c2
s ⇠ �M2

rms. For transonic Mach
numbers the disturbance are dominated more and more by sound-
like perturbations with �P ⇠ ⇢cs�v and �P/P ⇠ ��v/cs ⇠ �Mrms.
In both subsonic and transonic regimes the pressure and density
fluctuations are related as �P/P ⇠ ��⇢/⇢. These scalings explain
the observed relation in Figure 1. The top-left panel in Fig. 6 of
Konstandin et al. (2012) shows a similar scaling of density fluctu-
ations1 and Mach number as ours for their isothermal turbulence
simulations with solenoidal driving (like us).

3.2 Power spectra

Now that we have established that the domain averaged rms density
and pressure fluctuations vary as M

2
rms for subsonic turbulence

1 They measure �⇢ the width of the PDF of ln ⇢, which in the sub-
sonic regime should roughly equal h�⇢irms/h⇢i. We have done some low
Mach number simulations with pure compressible driving, and find that
h�⇢irms/h⇢i and h�Pirms/hPi scalings are closer to / M

2
rms than / M

for Mrms & 0.2. This does not agree with Fig. 6 of Konstandin et al. (2012),
but it may be because they are using an isothermal equation of state for
which pressure is a constant times the density and our pressure fluctuations
are governed by Eqs. 1a-1c.
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Solenoidal forcing at selected ks

Power input by turbulent forcing heats the gas
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ρ/P fluctuations vs M
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Power spectra
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|Vk/cs|2
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While ratio is constant in inertial range, it increases 

with increasing M, unlike in stratified turbulence

Implications for converting

density fluctuations to velocity



ρ/SB spectra

SB power spectrum is steeper by unity, as expected! 

Conversion independent of M (<1)



Stably stratified turbulence

Courtesy NASA/JPL-Caltech
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Anisotropy crucial for Ri>>1, not so much for the ICM that has a shallow entropy profile

for magnetized plasmas, which is even shallowerg
d

d ln r
lnT
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Caveat for the present work: background stratification & gravity are ignored

Background gravity also suppresses multiphase condensation due to local TI

Turbulence dominates at small scales. 

Spiral structures in ICM!



Turbulence, heating & cooling

3-D periodic box, isotropic/homogeneous stirring

2563, 5123 simulations
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results qualitatively similar to the hydro simulations. The kinetic
energy density in MHD is roughly half that in hydro (see their Fig.
1) and the density fluctuations are larger by a similar factor (see their
Fig. 4). Because of smaller turbulent velocities the temperature and
Mach number distributions in MHD are more bimodal (see their
Figs. 6 & 7). As expected, thermal conduction tends to wipe out
small scale structure (Gaspari & Churazov 2013). Since the over-
all impact of magnetic fields on thermodynamics and dynamics of
the high beta ICM is easy to understand qualitatively, evolving HD
equations is reasonable for our purposes.

We model the core of the ICM using periodic boundary con-
ditions, ignoring the shallow gradients in density and temperature.
Since we model gas at high temperatures (T & 104K), we ignore
self-gravity in our simulations. We solve the following equations:

@⇢

@t
+ r · (⇢v) = 0, (1a)

@(⇢v)
@t
+ r · (⇢v ⌦ v) + rP = F, (1b)

@E
@t
+ r · ((E + P)v) = F · v +Q � L, (1c)

where ⇢ is the gas mass density, v is the velocity, P = ⇢kBT/(µmp)

is the pressure, F is the turbulent force per unit volume that we
apply, E = ⇢v2

/2 + P/(� � 1) is the total energy density, µ is the
mean molecular mass, mp is the proton mass, kB is the Boltzmann
constant, T is the temperature, Q(t) and L(⇢,T) are the thermal
heating and cooling rate densities respectively, and � = 5/3 is the
adiabatic index. The cooling rate density L is given by

L = neni⇤(T), (2)

where ⇤(T) is the temperature-dependent cooling function corre-
sponding to 1/3rd solar metallicity, and ne and ni are electron and
ion number densities respectively. The turbulent forcing F is applied
using a spectral forcing method, as described in subsection 2.3. In
some runs, we include uniform thermal heating (Q) throughout the
domain, such that cooling is balanced by the sum total of turbu-
lent and thermal heating. Viscosity and thermal conduction are not
included explicitly.

We carry out two sets of simulations (see Tables 1 and 2).
In turbulence-only simulations we vary the forcing amplitude to
drive turbulence at di�erent Mach numbers, but do not include
cooling. The aim of these runs is to relate density (pressure) and
surface brightness (projected pressure) fluctuations to the turbulent
velocity for isotropic/homogeneous turbulence relevant to the ICM.
In the second set of simulations we impose thermal balance averaged
over the whole computational domain to mimic the observed global
thermal balance in cool cluster cores; i.e., the sum of the work
done per unit time by turbulent forcing and the thermal power input
equals the volume integrated cooling rate. In the thermal balance
runs the denser/cooler regions cool and the hotter regions are heated
(slowly) by design. Thus the temperature of the hot phase increases
steadily and the CFL time step becomes shorter, making the second
set of runs more time consuming. With gravity the hot regions will
rise and cooler blobs will sink, but this physics is not included for
the simulations in this paper.

2.2 The cooling cuto�

In the absence of a gravitational field (and consequent stratification),
cold gas can separate out from the hot phase due to local thermal
instability. This cold gas collapses to an extremely small scale (Field
1965; Koyama & Inutsuka 2004; Sharma et al. 2010). In order to

prevent the cold gas from collapsing to an extremely small scale we
cut o� the cooling function at a temperature Tcuto� . The scale of
collapsing clouds, assuming isobaric conditions, goes as T1/3

cuto� . For
a very short cooling time, the isobaric condition is not valid during
collapse and the gas can fragment on the scales of cstcool (McCourt
et al. 2018) where

cs ⌘
✓
�P
⇢

◆1/2
=

✓
�kBT
µmp

◆1/2
(3)

is the sound speed and

tcool ⌘
3
2

nkBT
neni⇤

(4)

is the cooling time evaluated at the temperature of the cold stable
phase.

To prevent cold gas from collapsing to unresolvable small
scales, we truncate the cooling function at a small temperature
floor Tcuto�. Thus, the cooling rate now has a form

L = neni⇤(T)H(T � Tcuto�), (5)

where H is the Heaviside function. We choose Tcuto� = 106 K for
most runs (we also tried a few runs with Tcuto� = 104 K to check the
sensitivity to this parameter). This choice is reasonable, since most
of the gas that cools to 106 K will cool to 104 K because of a short
cooling time in this temperature range. A higher cuto� temperature
enables us to better resolve the cold phase.

2.3 Turbulent forcing

We follow a spectral forcing method using the stochastic Ornstein-
Uhlenbeck (OU) process to model the turbulent force F with a finite
autocorrelation time scale ⌧ (Eswaran & Pope 1988; Schmidt et al.
2006). The acceleration in the Fourier space is given by

ank = f an�1
k +

q
1 � f 2 a0nk, (6)

where the exponential damping factor f = exp(��tn/⌧) (�tn is the
nth time step size), a0nk is the nth acceleration amplitude generated
by our random number generator, n being a time-step label. It is
generated by a Gaussian random number generator with amplitude
Aturb. We make sure that the driving acceleration is solenoidal, by
subtracting its component along k in Fourier space, and taking only
the solenoidal component,

ank = ank �
ank · k
|k|2

k. (7)

We limit the modes to which forcing is applied in the Fourier space
by setting two limits kmin and kmax, which control the distribution
of Fk in the Fourier space. The force Fn

(x) in the real space is given
by:

Fn
(x) = ⇢(x)Re

8>><
>>:

π
1

�1

©≠
´

kmax’
|k |=kmin

ank
™Æ
¨

e�◆k·xdx
9>>=
>>;
. (8)

The typical values of kmin and kmax are of the order of 2⇡/(10 kpc).
We label the wavenumbers k = 2⇡K/L by K (L is the box-size)
that are indicated in Table 1 and Table 2 for each run.

We make sure that turbulent forcing does not add any net
momentum to the computational box. We subtract a constant from
all three components of momentum at all grid points, such that
h⇢�v(x)i = 0 at each time step (hi denotes volume average and �v
is the change in velocity at a grid point due to turbulent forcing).
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Solenoidal forcing at selected ks

Power input by turbulent forcing

added as thermal energy

= neni⇤[T ]
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floor T=106 K 

Imposed observed thermal balance

40 kpc



K41 Estimates
thermal balance, driving at large scales

If cold gas is to condense out of the hot phase, tcool . tmix
<latexit sha1_base64="gP9FGU+lWHqNF/hDjbkMTnOo1KE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotuXFawD2hCmEwn7dB5hJmJWELWbvwVNy4UcesXuPNvnLZZaOuBC4dz7uXee+KUUW0879tZWl5ZXVuvbFQ3t7Z3dt29/baWmcKkhSWTqhsjTRgVpGWoYaSbKoJ4zEgnHl1P/M49UZpKcWfGKQk5GgiaUIyMlSL3yER5oDjEUrICBoxorSmHpcrpQxG5Na/uTQEXiV+SGijRjNyvoC9xxokwmCGte76XmjBHylDMSFENMk1ShEdoQHqWCsSJDvPpKwU8sUofJlLZEgZO1d8TOeJaj3lsOzkyQz3vTcT/vF5mksswpyLNDBF4tijJGDQSTnKBfaoINmxsCcKK2lshHiKFsLHpVW0I/vzLi6R9Vve9un97XmtclXFUwCE4BqfABxegAW5AE7QABo/gGbyCN+fJeXHenY9Z65JTzhyAP3A+fwChhJrY</latexit><latexit sha1_base64="gP9FGU+lWHqNF/hDjbkMTnOo1KE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotuXFawD2hCmEwn7dB5hJmJWELWbvwVNy4UcesXuPNvnLZZaOuBC4dz7uXee+KUUW0879tZWl5ZXVuvbFQ3t7Z3dt29/baWmcKkhSWTqhsjTRgVpGWoYaSbKoJ4zEgnHl1P/M49UZpKcWfGKQk5GgiaUIyMlSL3yER5oDjEUrICBoxorSmHpcrpQxG5Na/uTQEXiV+SGijRjNyvoC9xxokwmCGte76XmjBHylDMSFENMk1ShEdoQHqWCsSJDvPpKwU8sUofJlLZEgZO1d8TOeJaj3lsOzkyQz3vTcT/vF5mksswpyLNDBF4tijJGDQSTnKBfaoINmxsCcKK2lshHiKFsLHpVW0I/vzLi6R9Vve9un97XmtclXFUwCE4BqfABxegAW5AE7QABo/gGbyCN+fJeXHenY9Z65JTzhyAP3A+fwChhJrY</latexit><latexit sha1_base64="gP9FGU+lWHqNF/hDjbkMTnOo1KE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotuXFawD2hCmEwn7dB5hJmJWELWbvwVNy4UcesXuPNvnLZZaOuBC4dz7uXee+KUUW0879tZWl5ZXVuvbFQ3t7Z3dt29/baWmcKkhSWTqhsjTRgVpGWoYaSbKoJ4zEgnHl1P/M49UZpKcWfGKQk5GgiaUIyMlSL3yER5oDjEUrICBoxorSmHpcrpQxG5Na/uTQEXiV+SGijRjNyvoC9xxokwmCGte76XmjBHylDMSFENMk1ShEdoQHqWCsSJDvPpKwU8sUofJlLZEgZO1d8TOeJaj3lsOzkyQz3vTcT/vF5mksswpyLNDBF4tijJGDQSTnKBfaoINmxsCcKK2lshHiKFsLHpVW0I/vzLi6R9Vve9un97XmtclXFUwCE4BqfABxegAW5AE7QABo/gGbyCN+fJeXHenY9Z65JTzhyAP3A+fwChhJrY</latexit><latexit sha1_base64="gP9FGU+lWHqNF/hDjbkMTnOo1KE=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCLotuXFawD2hCmEwn7dB5hJmJWELWbvwVNy4UcesXuPNvnLZZaOuBC4dz7uXee+KUUW0879tZWl5ZXVuvbFQ3t7Z3dt29/baWmcKkhSWTqhsjTRgVpGWoYaSbKoJ4zEgnHl1P/M49UZpKcWfGKQk5GgiaUIyMlSL3yER5oDjEUrICBoxorSmHpcrpQxG5Na/uTQEXiV+SGijRjNyvoC9xxokwmCGte76XmjBHylDMSFENMk1ShEdoQHqWCsSJDvPpKwU8sUofJlLZEgZO1d8TOeJaj3lsOzkyQz3vTcT/vF5mksswpyLNDBF4tijJGDQSTnKBfaoINmxsCcKK2lshHiKFsLHpVW0I/vzLi6R9Vve9un97XmtclXFUwCE4BqfABxegAW5AE7QABo/gGbyCN+fJeXHenY9Z65JTzhyAP3A+fwChhJrY</latexit>

or, M & 1
<latexit sha1_base64="gAIMLZ/jxU6/VvD2g+NU8c4Llhw=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIoMuiGzdCBfuAzlAyadqGJpkhuSMMQ/0VNy4UceuHuPNvTNtZaOuBwOGcc7k3J0oEN+B5305pbX1jc6u8XdnZ3ds/cA+P2iZONWUtGotYdyNimOCKtYCDYN1EMyIjwTrR5Gbmdx6ZNjxWD5AlLJRkpPiQUwJW6rvVPKBE4LspDkZgYxL7uO/WvLo3B14lfkFqqECz734Fg5imkimgghjT870Ewpxo4FSwaSVIDUsInZAR61mqiGQmzOfHT/GpVQZ4GGv7FOC5+nsiJ9KYTEY2KQmMzbI3E//zeikMr8KcqyQFpuhi0TAVGGI8awIPuGYURGYJoZrbWzEdE00o2L4qtgR/+curpH1e9726f39Ra1wXdZTRMTpBZ8hHl6iBblETtRBFGXpGr+jNeXJenHfnYxEtOcVMFf2B8/kDSKKT3Q==</latexit><latexit sha1_base64="gAIMLZ/jxU6/VvD2g+NU8c4Llhw=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIoMuiGzdCBfuAzlAyadqGJpkhuSMMQ/0VNy4UceuHuPNvTNtZaOuBwOGcc7k3J0oEN+B5305pbX1jc6u8XdnZ3ds/cA+P2iZONWUtGotYdyNimOCKtYCDYN1EMyIjwTrR5Gbmdx6ZNjxWD5AlLJRkpPiQUwJW6rvVPKBE4LspDkZgYxL7uO/WvLo3B14lfkFqqECz734Fg5imkimgghjT870Ewpxo4FSwaSVIDUsInZAR61mqiGQmzOfHT/GpVQZ4GGv7FOC5+nsiJ9KYTEY2KQmMzbI3E//zeikMr8KcqyQFpuhi0TAVGGI8awIPuGYURGYJoZrbWzEdE00o2L4qtgR/+curpH1e9726f39Ra1wXdZTRMTpBZ8hHl6iBblETtRBFGXpGr+jNeXJenHfnYxEtOcVMFf2B8/kDSKKT3Q==</latexit><latexit sha1_base64="gAIMLZ/jxU6/VvD2g+NU8c4Llhw=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIoMuiGzdCBfuAzlAyadqGJpkhuSMMQ/0VNy4UceuHuPNvTNtZaOuBwOGcc7k3J0oEN+B5305pbX1jc6u8XdnZ3ds/cA+P2iZONWUtGotYdyNimOCKtYCDYN1EMyIjwTrR5Gbmdx6ZNjxWD5AlLJRkpPiQUwJW6rvVPKBE4LspDkZgYxL7uO/WvLo3B14lfkFqqECz734Fg5imkimgghjT870Ewpxo4FSwaSVIDUsInZAR61mqiGQmzOfHT/GpVQZ4GGv7FOC5+nsiJ9KYTEY2KQmMzbI3E//zeikMr8KcqyQFpuhi0TAVGGI8awIPuGYURGYJoZrbWzEdE00o2L4qtgR/+curpH1e9726f39Ra1wXdZTRMTpBZ8hHl6iBblETtRBFGXpGr+jNeXJenHfnYxEtOcVMFf2B8/kDSKKT3Q==</latexit><latexit sha1_base64="gAIMLZ/jxU6/VvD2g+NU8c4Llhw=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsyIoMuiGzdCBfuAzlAyadqGJpkhuSMMQ/0VNy4UceuHuPNvTNtZaOuBwOGcc7k3J0oEN+B5305pbX1jc6u8XdnZ3ds/cA+P2iZONWUtGotYdyNimOCKtYCDYN1EMyIjwTrR5Gbmdx6ZNjxWD5AlLJRkpPiQUwJW6rvVPKBE4LspDkZgYxL7uO/WvLo3B14lfkFqqECz734Fg5imkimgghjT870Ewpxo4FSwaSVIDUsInZAR61mqiGQmzOfHT/GpVQZ4GGv7FOC5+nsiJ9KYTEY2KQmMzbI3E//zeikMr8KcqyQFpuhi0TAVGGI8awIPuGYURGYJoZrbWzEdE00o2L4qtgR/+curpH1e9726f39Ra1wXdZTRMTpBZ8hHl6iBblETtRBFGXpGr+jNeXJenHfnYxEtOcVMFf2B8/kDSKKT3Q==</latexit>

for fturb ⇠ 1
<latexit sha1_base64="dYW7q0l6o85DnVtRi4tfMc7hX3o=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDJaCq5KIoMuiG5cV7AOaECbTSTt0JgkzEyGE+ituXCji1g9x5984bbPQ1gMXDufcy5w5YcqZ0o7zbVU2Nre2d6q7tb39g8Mj+/ikp5JMEtolCU/kIMSKchbTrmaa00EqKRYhp/1wejv3+49UKpbEDzpPqS/wOGYRI1gbKbDrUVB4UiCdyXCGPMUEcgO74bScBdA6cUvSgBKdwP7yRgnJBI014Vipoeuk2i+w1IxwOqt5maIpJlM8pkNDYyyo8otF+BlqGmWEokSaiTVaqL8vCiyUyoVJ1xRYT9SqNxf/84aZjq79gsVppmlMlg9FGUc6QfMm0IhJSjTPDcFEMpMVkQmWmGjTV82U4K5+eZ30Llqu03LvLxvtm7KOKpzCGZyDC1fQhjvoQBcI5PAMr/BmPVkv1rv1sVytWOVNHf7A+vwBAS6UVA==</latexit><latexit sha1_base64="dYW7q0l6o85DnVtRi4tfMc7hX3o=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDJaCq5KIoMuiG5cV7AOaECbTSTt0JgkzEyGE+ituXCji1g9x5984bbPQ1gMXDufcy5w5YcqZ0o7zbVU2Nre2d6q7tb39g8Mj+/ikp5JMEtolCU/kIMSKchbTrmaa00EqKRYhp/1wejv3+49UKpbEDzpPqS/wOGYRI1gbKbDrUVB4UiCdyXCGPMUEcgO74bScBdA6cUvSgBKdwP7yRgnJBI014Vipoeuk2i+w1IxwOqt5maIpJlM8pkNDYyyo8otF+BlqGmWEokSaiTVaqL8vCiyUyoVJ1xRYT9SqNxf/84aZjq79gsVppmlMlg9FGUc6QfMm0IhJSjTPDcFEMpMVkQmWmGjTV82U4K5+eZ30Llqu03LvLxvtm7KOKpzCGZyDC1fQhjvoQBcI5PAMr/BmPVkv1rv1sVytWOVNHf7A+vwBAS6UVA==</latexit><latexit sha1_base64="dYW7q0l6o85DnVtRi4tfMc7hX3o=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDJaCq5KIoMuiG5cV7AOaECbTSTt0JgkzEyGE+ituXCji1g9x5984bbPQ1gMXDufcy5w5YcqZ0o7zbVU2Nre2d6q7tb39g8Mj+/ikp5JMEtolCU/kIMSKchbTrmaa00EqKRYhp/1wejv3+49UKpbEDzpPqS/wOGYRI1gbKbDrUVB4UiCdyXCGPMUEcgO74bScBdA6cUvSgBKdwP7yRgnJBI014Vipoeuk2i+w1IxwOqt5maIpJlM8pkNDYyyo8otF+BlqGmWEokSaiTVaqL8vCiyUyoVJ1xRYT9SqNxf/84aZjq79gsVppmlMlg9FGUc6QfMm0IhJSjTPDcFEMpMVkQmWmGjTV82U4K5+eZ30Llqu03LvLxvtm7KOKpzCGZyDC1fQhjvoQBcI5PAMr/BmPVkv1rv1sVytWOVNHf7A+vwBAS6UVA==</latexit><latexit sha1_base64="dYW7q0l6o85DnVtRi4tfMc7hX3o=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDJaCq5KIoMuiG5cV7AOaECbTSTt0JgkzEyGE+ituXCji1g9x5984bbPQ1gMXDufcy5w5YcqZ0o7zbVU2Nre2d6q7tb39g8Mj+/ikp5JMEtolCU/kIMSKchbTrmaa00EqKRYhp/1wejv3+49UKpbEDzpPqS/wOGYRI1gbKbDrUVB4UiCdyXCGPMUEcgO74bScBdA6cUvSgBKdwP7yRgnJBI014Vipoeuk2i+w1IxwOqt5maIpJlM8pkNDYyyo8otF+BlqGmWEokSaiTVaqL8vCiyUyoVJ1xRYT9SqNxf/84aZjq79gsVppmlMlg9FGUc6QfMm0IhJSjTPDcFEMpMVkQmWmGjTV82U4K5+eZ30Llqu03LvLxvtm7KOKpzCGZyDC1fQhjvoQBcI5PAMr/BmPVkv1rv1sVytWOVNHf7A+vwBAS6UVA==</latexit>

For driving at small scales, an equivalent estimate is
for l > L

<latexit sha1_base64="phRTxRfcrjjcynZ3WL3O06ZsAVk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EqCNhYWEc0HJEfY2+wlS/b2jt05IRz5CTYWitj6i+z8N26SKzTxwcDjvRlm5gWJFAZd99sprKyurW8UN0tb2zu7e+X9g6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VtPXBsRq0ccJ9yP6ECJUDCKVnqQV3e9csWtujOQZeLlpAI56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LFU04sbPZqdOyIlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XSTG89DOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynZELzFl5dJ86zquVXv/rxSu87jKMIRHMMpeHABNbiFOjSAwQCe4RXeHOm8OO/Ox7y14OQzh/AHzucP8CCNjg==</latexit><latexit sha1_base64="phRTxRfcrjjcynZ3WL3O06ZsAVk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EqCNhYWEc0HJEfY2+wlS/b2jt05IRz5CTYWitj6i+z8N26SKzTxwcDjvRlm5gWJFAZd99sprKyurW8UN0tb2zu7e+X9g6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VtPXBsRq0ccJ9yP6ECJUDCKVnqQV3e9csWtujOQZeLlpAI56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LFU04sbPZqdOyIlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XSTG89DOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynZELzFl5dJ86zquVXv/rxSu87jKMIRHMMpeHABNbiFOjSAwQCe4RXeHOm8OO/Ox7y14OQzh/AHzucP8CCNjg==</latexit><latexit sha1_base64="phRTxRfcrjjcynZ3WL3O06ZsAVk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EqCNhYWEc0HJEfY2+wlS/b2jt05IRz5CTYWitj6i+z8N26SKzTxwcDjvRlm5gWJFAZd99sprKyurW8UN0tb2zu7e+X9g6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VtPXBsRq0ccJ9yP6ECJUDCKVnqQV3e9csWtujOQZeLlpAI56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LFU04sbPZqdOyIlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XSTG89DOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynZELzFl5dJ86zquVXv/rxSu87jKMIRHMMpeHABNbiFOjSAwQCe4RXeHOm8OO/Ox7y14OQzh/AHzucP8CCNjg==</latexit><latexit sha1_base64="phRTxRfcrjjcynZ3WL3O06ZsAVk=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0EqCNhYWEc0HJEfY2+wlS/b2jt05IRz5CTYWitj6i+z8N26SKzTxwcDjvRlm5gWJFAZd99sprKyurW8UN0tb2zu7e+X9g6aJU814g8Uy1u2AGi6F4g0UKHk70ZxGgeStYHQz9VtPXBsRq0ccJ9yP6ECJUDCKVnqQV3e9csWtujOQZeLlpAI56r3yV7cfszTiCpmkxnQ8N0E/oxoFk3xS6qaGJ5SN6IB3LFU04sbPZqdOyIlV+iSMtS2FZKb+nshoZMw4CmxnRHFoFr2p+J/XSTG89DOhkhS5YvNFYSoJxmT6N+kLzRnKsSWUaWFvJWxINWVo0ynZELzFl5dJ86zquVXv/rxSu87jKMIRHMMpeHABNbiFOjSAwQCe4RXeHOm8OO/Ox7y14OQzh/AHzucP8CCNjg==</latexit>

A smaller/reasonable Mrms
<latexit sha1_base64="x/WVvpENQ0zWNtMBQBdrIfUNJZ8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiFy9CBfsBTQib7aZdupuE3Y1YQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6acKe0431ZlbX1jc6u6XdvZ3ds/sA/rXZVkktAOSXgi+yFWlLOYdjTTnPZTSbEIOe2Fk5uZ33ukUrEkftDTlPoCj2IWMYK1kQK7nnsEc3RXBLknBZJCFYHdcJrOHGiVuCVpQIl2YH95w4RkgsaacKzUwHVS7edYakY4LWpepmiKyQSP6MDQGAuq/Hx+e4FOjTJEUSJNxRrN1d8TORZKTUVoOgXWY7XszcT/vEGmoys/Z3GaaRqTxaIo40gnaBYEGjJJieZTQzCRzNyKyBhLTLSJq2ZCcJdfXiXd86brNN37i0bruoyjCsdwAmfgwiW04Bba0AECT/AMr/BmFdaL9W59LForVjlzBH9gff4A4oyUVA==</latexit><latexit sha1_base64="x/WVvpENQ0zWNtMBQBdrIfUNJZ8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiFy9CBfsBTQib7aZdupuE3Y1YQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6acKe0431ZlbX1jc6u6XdvZ3ds/sA/rXZVkktAOSXgi+yFWlLOYdjTTnPZTSbEIOe2Fk5uZ33ukUrEkftDTlPoCj2IWMYK1kQK7nnsEc3RXBLknBZJCFYHdcJrOHGiVuCVpQIl2YH95w4RkgsaacKzUwHVS7edYakY4LWpepmiKyQSP6MDQGAuq/Hx+e4FOjTJEUSJNxRrN1d8TORZKTUVoOgXWY7XszcT/vEGmoys/Z3GaaRqTxaIo40gnaBYEGjJJieZTQzCRzNyKyBhLTLSJq2ZCcJdfXiXd86brNN37i0bruoyjCsdwAmfgwiW04Bba0AECT/AMr/BmFdaL9W59LForVjlzBH9gff4A4oyUVA==</latexit><latexit sha1_base64="x/WVvpENQ0zWNtMBQBdrIfUNJZ8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiFy9CBfsBTQib7aZdupuE3Y1YQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6acKe0431ZlbX1jc6u6XdvZ3ds/sA/rXZVkktAOSXgi+yFWlLOYdjTTnPZTSbEIOe2Fk5uZ33ukUrEkftDTlPoCj2IWMYK1kQK7nnsEc3RXBLknBZJCFYHdcJrOHGiVuCVpQIl2YH95w4RkgsaacKzUwHVS7edYakY4LWpepmiKyQSP6MDQGAuq/Hx+e4FOjTJEUSJNxRrN1d8TORZKTUVoOgXWY7XszcT/vEGmoys/Z3GaaRqTxaIo40gnaBYEGjJJieZTQzCRzNyKyBhLTLSJq2ZCcJdfXiXd86brNN37i0bruoyjCsdwAmfgwiW04Bba0AECT/AMr/BmFdaL9W59LForVjlzBH9gff4A4oyUVA==</latexit><latexit sha1_base64="x/WVvpENQ0zWNtMBQBdrIfUNJZ8=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5KIoMeiFy9CBfsBTQib7aZdupuE3Y1YQv6KFw+KePWPePPfuG1z0NYHA4/3ZpiZF6acKe0431ZlbX1jc6u6XdvZ3ds/sA/rXZVkktAOSXgi+yFWlLOYdjTTnPZTSbEIOe2Fk5uZ33ukUrEkftDTlPoCj2IWMYK1kQK7nnsEc3RXBLknBZJCFYHdcJrOHGiVuCVpQIl2YH95w4RkgsaacKzUwHVS7edYakY4LWpepmiKyQSP6MDQGAuq/Hx+e4FOjTJEUSJNxRrN1d8TORZKTUVoOgXWY7XszcT/vEGmoys/Z3GaaRqTxaIo40gnaBYEGjJJieZTQzCRzNyKyBhLTLSJq2ZCcJdfXiXd86brNN37i0bruoyjCsdwAmfgwiW04Bba0AECT/AMr/BmFdaL9W59LForVjlzBH9gff4A4oyUVA==</latexit>

for small scale driving & smaller  fturb
<latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit>

Ok if most cold gas does not condense out but say is uplifted tcool/tmix � 1
<latexit sha1_base64="Oc8Vr7bHSAToPI/5AIkeH9DcevE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiYi6LLoxmUF+4AmhMl0kg6dyYSZiVhCdm78FTcuFHHrL7jzb5y2WWjrgQtnzrmXufeEKaNKO863VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IXIkUYTUhbU81IL5UE8ZCRbji6nvjdeyIVFcmdHqfE5yhOaEQx0kYK7EMd5J7kEAvBitPywelDAb04hm5g152GMwVcJG5J6qBEK7 C/vIHAGSeJxgwp1XedVPs5kppiRoqalymSIjxCMekbmiBOlJ9P7yjgsVEGMBLSVKLhVP09kSOu1JiHppMjPVTz3kT8z+tnOrr0c5qkmSYJnn0UZQxqASehwAGVBGs2NgRhSc2uEA+RRFib6GomBHf+5EXSOWu4TsO9Pa83r8o4quAAHIET4IIL0AQ3oAXaAINH8AxewZv1ZL1Y79bHrLVilTP74A+szx9LOpjo</latexit><latexit sha1_base64="Oc8Vr7bHSAToPI/5AIkeH9DcevE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiYi6LLoxmUF+4AmhMl0kg6dyYSZiVhCdm78FTcuFHHrL7jzb5y2WWjrgQtnzrmXufeEKaNKO863VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IXIkUYTUhbU81IL5UE8ZCRbji6nvjdeyIVFcmdHqfE5yhOaEQx0kYK7EMd5J7kEAvBitPywelDAb04hm5g152GMwVcJG5J6qBEK7 C/vIHAGSeJxgwp1XedVPs5kppiRoqalymSIjxCMekbmiBOlJ9P7yjgsVEGMBLSVKLhVP09kSOu1JiHppMjPVTz3kT8z+tnOrr0c5qkmSYJnn0UZQxqASehwAGVBGs2NgRhSc2uEA+RRFib6GomBHf+5EXSOWu4TsO9Pa83r8o4quAAHIET4IIL0AQ3oAXaAINH8AxewZv1ZL1Y79bHrLVilTP74A+szx9LOpjo</latexit><latexit sha1_base64="Oc8Vr7bHSAToPI/5AIkeH9DcevE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiYi6LLoxmUF+4AmhMl0kg6dyYSZiVhCdm78FTcuFHHrL7jzb5y2WWjrgQtnzrmXufeEKaNKO863VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IXIkUYTUhbU81IL5UE8ZCRbji6nvjdeyIVFcmdHqfE5yhOaEQx0kYK7EMd5J7kEAvBitPywelDAb04hm5g152GMwVcJG5J6qBEK7 C/vIHAGSeJxgwp1XedVPs5kppiRoqalymSIjxCMekbmiBOlJ9P7yjgsVEGMBLSVKLhVP09kSOu1JiHppMjPVTz3kT8z+tnOrr0c5qkmSYJnn0UZQxqASehwAGVBGs2NgRhSc2uEA+RRFib6GomBHf+5EXSOWu4TsO9Pa83r8o4quAAHIET4IIL0AQ3oAXaAINH8AxewZv1ZL1Y79bHrLVilTP74A+szx9LOpjo</latexit><latexit sha1_base64="Oc8Vr7bHSAToPI/5AIkeH9DcevE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqiYi6LLoxmUF+4AmhMl0kg6dyYSZiVhCdm78FTcuFHHrL7jzb5y2WWjrgQtnzrmXufeEKaNKO863VVlaXlldq67XNja3tnfs3b2OEpnEpI0FE7IXIkUYTUhbU81IL5UE8ZCRbji6nvjdeyIVFcmdHqfE5yhOaEQx0kYK7EMd5J7kEAvBitPywelDAb04hm5g152GMwVcJG5J6qBEK7 C/vIHAGSeJxgwp1XedVPs5kppiRoqalymSIjxCMekbmiBOlJ9P7yjgsVEGMBLSVKLhVP09kSOu1JiHppMjPVTz3kT8z+tnOrr0c5qkmSYJnn0UZQxqASehwAGVBGs2NgRhSc2uEA+RRFib6GomBHf+5EXSOWu4TsO9Pa83r8o4quAAHIET4IIL0AQ3oAXaAINH8AxewZv1ZL1Y79bHrLVilTP74A+szx9LOpjo</latexit>



LS & SS driving
k =

p
2(2⇡/L)

<latexit sha1_base64="UcmIdxnO3u/EktWLGVempyFLlpc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUmRdCLUPTiwUMF+wFNKZvtpl262cTdiVBCwb/ixYMiXv0d3vw3btsctPXBwOO9GWbm+bHgGhzn28otLa+sruXXCxubW9s79u5eQ0eJoqxOIxGplk80E1yyOnAQrBUrRkJfsKY/vJ74zUemNI/kPYxi1glJX/KAUwJG6toHQ3yJPf2gIK2Mcanixfz09qRrF52yMwVeJG5GiihDrWt/eb2IJiGTQAXRuu06MXRSooBTwcYFL9EsJnRI+qxtqCQh0510ev4YHxulh4NImZKAp+rviZSEWo9C33SGBAZ63puI/3ntBIKLTsplnACTdLYoSASGCE+ywD2uGAUxMoRQxc2tmA6IIhRMYgUTgjv/8iJpVMquU3bvzorVqyyOPDpER6iEXHSOqugG1VAdUZSiZ/SK3qwn68V6tz5mrTkrm9lHf2B9/gC65ZQI</latexit><latexit sha1_base64="UcmIdxnO3u/EktWLGVempyFLlpc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUmRdCLUPTiwUMF+wFNKZvtpl262cTdiVBCwb/ixYMiXv0d3vw3btsctPXBwOO9GWbm+bHgGhzn28otLa+sruXXCxubW9s79u5eQ0eJoqxOIxGplk80E1yyOnAQrBUrRkJfsKY/vJ74zUemNI/kPYxi1glJX/KAUwJG6toHQ3yJPf2gIK2Mcanixfz09qRrF52yMwVeJG5GiihDrWt/eb2IJiGTQAXRuu06MXRSooBTwcYFL9EsJnRI+qxtqCQh0510ev4YHxulh4NImZKAp+rviZSEWo9C33SGBAZ63puI/3ntBIKLTsplnACTdLYoSASGCE+ywD2uGAUxMoRQxc2tmA6IIhRMYgUTgjv/8iJpVMquU3bvzorVqyyOPDpER6iEXHSOqugG1VAdUZSiZ/SK3qwn68V6tz5mrTkrm9lHf2B9/gC65ZQI</latexit><latexit sha1_base64="UcmIdxnO3u/EktWLGVempyFLlpc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUmRdCLUPTiwUMF+wFNKZvtpl262cTdiVBCwb/ixYMiXv0d3vw3btsctPXBwOO9GWbm+bHgGhzn28otLa+sruXXCxubW9s79u5eQ0eJoqxOIxGplk80E1yyOnAQrBUrRkJfsKY/vJ74zUemNI/kPYxi1glJX/KAUwJG6toHQ3yJPf2gIK2Mcanixfz09qRrF52yMwVeJG5GiihDrWt/eb2IJiGTQAXRuu06MXRSooBTwcYFL9EsJnRI+qxtqCQh0510ev4YHxulh4NImZKAp+rviZSEWo9C33SGBAZ63puI/3ntBIKLTsplnACTdLYoSASGCE+ywD2uGAUxMoRQxc2tmA6IIhRMYgUTgjv/8iJpVMquU3bvzorVqyyOPDpER6iEXHSOqugG1VAdUZSiZ/SK3qwn68V6tz5mrTkrm9lHf2B9/gC65ZQI</latexit><latexit sha1_base64="UcmIdxnO3u/EktWLGVempyFLlpc=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6qUmRdCLUPTiwUMF+wFNKZvtpl262cTdiVBCwb/ixYMiXv0d3vw3btsctPXBwOO9GWbm+bHgGhzn28otLa+sruXXCxubW9s79u5eQ0eJoqxOIxGplk80E1yyOnAQrBUrRkJfsKY/vJ74zUemNI/kPYxi1glJX/KAUwJG6toHQ3yJPf2gIK2Mcanixfz09qRrF52yMwVeJG5GiihDrWt/eb2IJiGTQAXRuu06MXRSooBTwcYFL9EsJnRI+qxtqCQh0510ev4YHxulh4NImZKAp+rviZSEWo9C33SGBAZ63puI/3ntBIKLTsplnACTdLYoSASGCE+ywD2uGAUxMoRQxc2tmA6IIhRMYgUTgjv/8iJpVMquU3bvzorVqyyOPDpER6iEXHSOqugG1VAdUZSiZ/SK3qwn68V6tz5mrTkrm9lHf2B9/gC65ZQI</latexit>

k = 12(2⇡/L)
<latexit sha1_base64="SQPFOHzL1MqIfZZXEmq+48Byno4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKTUtCLUPTiwUMF+wFtKJvtpl262YTdjVBDf4kXD4p49ad489+4bXPQ1gcDj/dmmJnnx5wp7TjfVm5tfWNzK79d2Nnd2y/aB4ctFSWS0CaJeCQ7PlaUM0GbmmlOO7GkOPQ5bfvjm5nffqRSsUg86ElMvRAPBQsYwdpIfbs4RlfIraJytRez87uzvl1yKs4caJW4GSlBhkbf/uoNIpKEVGjCsVJd14m1l2KpGeF0WuglisaYjPGQdg0VOKTKS+eHT9GpUQYoiKQpodFc/T2R4lCpSeibzhDrkVr2ZuJ/XjfRwaWXMhEnmgqyWBQkHOkIzVJAAyYp0XxiCCaSmVsRGWGJiTZZFUwI7vLLq6RVrbhOxb2vlerXWRx5OIYTKIMLF1CHW2hAEwgk8Ayv8GY9WS/Wu/WxaM1Z2cwR/IH1+QNBQ5Df</latexit><latexit sha1_base64="SQPFOHzL1MqIfZZXEmq+48Byno4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKTUtCLUPTiwUMF+wFtKJvtpl262YTdjVBDf4kXD4p49ad489+4bXPQ1gcDj/dmmJnnx5wp7TjfVm5tfWNzK79d2Nnd2y/aB4ctFSWS0CaJeCQ7PlaUM0GbmmlOO7GkOPQ5bfvjm5nffqRSsUg86ElMvRAPBQsYwdpIfbs4RlfIraJytRez87uzvl1yKs4caJW4GSlBhkbf/uoNIpKEVGjCsVJd14m1l2KpGeF0WuglisaYjPGQdg0VOKTKS+eHT9GpUQYoiKQpodFc/T2R4lCpSeibzhDrkVr2ZuJ/XjfRwaWXMhEnmgqyWBQkHOkIzVJAAyYp0XxiCCaSmVsRGWGJiTZZFUwI7vLLq6RVrbhOxb2vlerXWRx5OIYTKIMLF1CHW2hAEwgk8Ayv8GY9WS/Wu/WxaM1Z2cwR/IH1+QNBQ5Df</latexit><latexit sha1_base64="SQPFOHzL1MqIfZZXEmq+48Byno4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKTUtCLUPTiwUMF+wFtKJvtpl262YTdjVBDf4kXD4p49ad489+4bXPQ1gcDj/dmmJnnx5wp7TjfVm5tfWNzK79d2Nnd2y/aB4ctFSWS0CaJeCQ7PlaUM0GbmmlOO7GkOPQ5bfvjm5nffqRSsUg86ElMvRAPBQsYwdpIfbs4RlfIraJytRez87uzvl1yKs4caJW4GSlBhkbf/uoNIpKEVGjCsVJd14m1l2KpGeF0WuglisaYjPGQdg0VOKTKS+eHT9GpUQYoiKQpodFc/T2R4lCpSeibzhDrkVr2ZuJ/XjfRwaWXMhEnmgqyWBQkHOkIzVJAAyYp0XxiCCaSmVsRGWGJiTZZFUwI7vLLq6RVrbhOxb2vlerXWRx5OIYTKIMLF1CHW2hAEwgk8Ayv8GY9WS/Wu/WxaM1Z2cwR/IH1+QNBQ5Df</latexit><latexit sha1_base64="SQPFOHzL1MqIfZZXEmq+48Byno4=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKTUtCLUPTiwUMF+wFtKJvtpl262YTdjVBDf4kXD4p49ad489+4bXPQ1gcDj/dmmJnnx5wp7TjfVm5tfWNzK79d2Nnd2y/aB4ctFSWS0CaJeCQ7PlaUM0GbmmlOO7GkOPQ5bfvjm5nffqRSsUg86ElMvRAPBQsYwdpIfbs4RlfIraJytRez87uzvl1yKs4caJW4GSlBhkbf/uoNIpKEVGjCsVJd14m1l2KpGeF0WuglisaYjPGQdg0VOKTKS+eHT9GpUQYoiKQpodFc/T2R4lCpSeibzhDrkVr2ZuJ/XjfRwaWXMhEnmgqyWBQkHOkIzVJAAyYp0XxiCCaSmVsRGWGJiTZZFUwI7vLLq6RVrbhOxb2vlerXWRx5OIYTKIMLF1CHW2hAEwgk8Ayv8GY9WS/Wu/WxaM1Z2cwR/IH1+QNBQ5Df</latexit>

Supersonic Mach no. peak

Temperature floor
Condensation takes too long 


for SS driving, fast mixing

Very large velocities for both!



Adjusting          to match Hitomifturb
<latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit>

fturb
<latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit>

~0.1 & high-k driving



Condensation for        ~0.1 fturb
<latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit>



M, T PDF for       ~0.1 fturb
<latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit>

M in hot phase peaks at ~0.4

Bimodal distribution of T, lack of gas at intermediate T



ρ/P fluctuations vs M

Density fluctuations much larger, 

even before condensation

Pressure fluctuations follow turbulence scaling

Stratified scaling

fturb
<latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit>

~0.1 & high-k driving



Power spectra w htg/clg

ρ spectrum much larger/shallower than K41
Velocity spectrum matches K41

P spectrum is similar to velocity, 



Conclusions
• cooling+heating can lead to large density fluctuations in CCs; TI must be 

accounted for in converting density fluctuations to vrms


• M<1 implies that fturb<<1 if cold gas is to condense out of the ICM


•         ~0.1 to match Hitomi vLOS in our setup


• Density power spectrum larger/shallower with htg/clg


• Role of background stratification in ρ-vrms relation? tcool/tff?


• Synergies w high resolution tSZ, X-ray and direct velocity measurements 
(Hitomi successor)


• MHD, plasma effects!

fturb
<latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit><latexit sha1_base64="Qhdi9ysJjdOzRn9BrLAWIm2sK0I=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYxnBxEAuhL3NXrJk9+7YnRXCkb9hY6GIrX/Gzn/jJrlCEx8MPN6bYWZelElh0Pe/vdLa+sbmVnm7srO7t39QPTxqm9RqxlsslanuRNRwKRLeQoGSdzLNqYokf4zGtzP/8YlrI9LkAScZ7yk6TEQsGEUnhXE/D7UiaHU07Vdrft2fg6ySoCA1KNDsV7/CQcqs4gkySY3pBn6GvZxqFEzyaSW0hmeUjemQdx1NqOKml89vnpIzpwxInGpXCZK5+nsip8qYiYpcp6I4MsveTPzP61qMr3u5SDKLPGGLRbGVBFMyC4AMhOYM5cQRyrRwtxI2opoydDFVXAjB8surpH1RD/x6cH9Za9wUcZThBE7hHAK4ggbcQRNawCCDZ3iFN896L96797FoLXnFzDH8gff5AzP6kcc=</latexit>

Thank You!


