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Abstract

In the implicit large eddy simulation (ILES) paradigm, the dissipative nature of high-resolution shock-capturing
schemes is exploited to provide an implicit model of turbulence. The ILES approach has been applied to different
contexts, with varying degrees of success. It is the de-facto standard in many astrophysical simulations and in
particular in studies of core-collapse supernovae (CCSN). Recent 3D simulations suggest that turbulence might play
a crucial role in core-collapse supernova explosions, however the fidelity with which turbulence is simulated in these
studies is unclear. Especially considering that the accuracy of ILES for the regime of interest in CCSN, weakly
compressible and strongly anisotropic, has not been systematically assessed before. Anisotropy, in particular, could
impact the dissipative properties of the flow and enhance the turbulent pressure in the radial direction, favouring
the explosion. In this paper we assess the accuracy of ILES using numerical methods most commonly employed in
computational astrophysics by means of a number of local simulations of driven, weakly compressible, anisotropic
turbulence. Our simulations employ several different methods and span a wide range of resolutions. We report a
detailed analysis of the way in which the turbulent cascade is influenced by the numerics. Our results suggest that
anisotropy and compressibility in CCSN turbulence have little effect on the turbulent kinetic energy spectrum and a
Kolmogorov k™3 scaling is obtained in the inertial range. We find that, on the one hand, the kinetic energy
dissipation rate at large scales is correctly captured even at low resolutions, suggesting that very high “effective
Reynolds number” can be achieved at the largest scales of the simulation. On the other hand, the dynamics at
intermediate scales appears to be completely dominated by the so-called bottleneck effect, i.e, the pile up of kinetic
energy close to the dissipation range due to the partial suppression of the energy cascade by numerical viscosity. An
inertial range is not recovered until the point where high resolution ~5123, which would be difficult to realize in
global simulations, is reached. We discuss the consequences for CCSN simulations.
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1 Introduction

Despite decades of studies and compelling evidence that
a significant fraction (Clausen et al. 2015) of stars with
initial masses in excess of ~8 solar masses explode as
core-collapse supernovae (CCSN) at the end of their evo-
lution, the exact details of the explosion mechanism are
still uncertain (Woosley and Janka 2005; Janka et al. 2012;
Burrows 2013; Foglizzo et al. 2015). Current state-of-the
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art 3D simulations either fail to explode or have explosion
energies that fall short of the observed energies by factors
of a few for most of the progenitor mass range (Janka 2012;
Burrows 2013; Foglizzo et al. 2015).

The dynamics at the center of a star undergoing core
collapse is shaped by a delicate balance between compet-
ing effects where all of the known forces: gravity, electro-
magnetism, weak and strong interactions, are important.
The task of modeling these systems is made particularly
challenging by the fact that the generation of the asymp-
totic explosion energies, although enormous (~10%*J), re-
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quires a rather subtle, percent-level imbalance between
non-linear processes over many dynamical times.

The flow of plasma in the core of a star going super-
nova is known to be unstable to convection (Herant 1995;
Burrows et al. 1995; Janka and Miiller 1996; Foglizzo et al.
2006) and/or to another large scale instability known as
standing accretion shock instability (Blondin ez al. 2003;
Foglizzo et al. 2007). In any case, given the very large
Reynolds numbers, as large as ~10% in the region of in-
terest (Abdikamalov et al. 2015) (the so-called gain region,
where neutrino heating dominates over neutrino cooling),
it is expected that the resulting flow will be fully turbu-
lent. It has been suggested (Murphy et al. 2013; Couch
and Ott 2015) recently that turbulence and, in particu-
lar, turbulent pressure could tip the balance of the forces
in favor of explosion. In this respect, anisotropy is of key
importance, because it results in an effective radial pres-
sure support with adiabatic index yyub = 2, much larger
than that of thermal (radiation) pressure (yy, >~ 4/3). This
means that turbulent kinetic energy is a much more valu-
able source of radial pressure support than thermal energy
(see Appendix).

All of the current numerical simulations employ the im-
plicit large eddy simulation (ILES) paradigm (Garnier et al.
2000; Grinstein et al. 2011) (also known as monotone in-
tegrated LES (MILES)) of exploiting the dissipative nature
of high resolution shock capturing (HRSC) methods as an
implicit turbulence model. However, the combination of
the use of rather dissipative schemes and the relatively low
spatial resolution that can be achieved in global simula-
tions is such that the fidelity with which turbulence is cap-
tured is questionable (Abdikamalov et al. 2015).

To be useful in the context of CCSN simulations, an
ILES should, at the very least, account for the right rate
of decay of the kinetic energy at the largest scales while
avoiding unphysical pile up of energy at smaller scales.
Unfortunately, all of the current simulations seem to be
strongly dominated by the so-called bottleneck effect (Ab-
dikamalov et al. 2015), which corresponds to an inefficient
energy transfer across intermediate scales due to the vis-
cous suppression of non-linear interaction with smaller
scales (Yakhot and Zakharov 1993; She and Jackson 1993;
Falkovich 1994; Verma and Donzis 2007; Frisch et al.
2008). Current global simulations achieve resolutions, in
the turbulent region, comparable to those of 303-70 lat-
tices in periodic domains (Couch and O’Connor 2014;
Couch and Ott 2015; Abdikamalov et al. 2015). At these
resolutions, almost all of the dynamical range of the simu-
lations can be expected to be directly affected by numerical
viscosity (Sytine et al. 2000). The fidelity with which tur-
bulence is captured in these simulations will then depend
on the degree with which the numerical truncation error
approximates an LES closure.

In this respect, it has been shown by Garnier et al. (1999)
and Johnsen et al. (2010) that many HRSC methods can
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be too dissipative to yield a faithful description of tur-
bulence at low resolutions. These studies, however, con-
sidered a different regime, decaying isotropic turbulence,
while turbulence in a core-collapse supernova, as well
as in many other astrophysical settings, is often strongly
anisotropic (Arnett et al. 2009; Murphy et al. 2013; Couch
and Ott 2015) as rotational invariance is broken by grav-
ity. Garnier et al. (1999) and Johnsen et al. (2010) also
considered different numerical schemes with respect to
those used in supernova simulations. Both of these as-
pects can, in principle, be important. First of all, strong
anisotropies could potentially influence the turbulence
dynamics at the level of the energy cascade and of the
dissipation (Casciola et al. 2007). Secondly, some of the
schemes used in computational astrophysics, such as the
piecewise parabolic method (PPM) (Colella and Wood-
ward 1984) as well as some of the MUSCL (Toro 1999)
schemes, have been shown, differently from some of the
methods considered by Garnier et al. (1999) and Johnsen
etal. (2010), to be well suited for ILES (Schmidt et al. 2006;
Thornber et al. 2007).

The aim of this work is to fill the gap between exist-
ing theoretical studies and the particular applications of
our interest. To this end we use a publicly available code,
FLASH (Fryxell et al. 2000; Dubey et al. 2009; Lee et al.
2014), which is widely used in the computational astro-
physics community, and perform a series of simulations
of turbulence in a regime relevant for core-collapse super-
novae: driven at large scale, with large anisotropies and
mildly compressible. We use five different numerical se-
tups and, for each, several resolutions in the range from
643 to 5122 in a periodic domain. We study in detail the
way in which the energy cascade across different scales is
represented by our ILES and we discuss the use of local or
lower dimensional diagnostics that can be used to assess
the quality of a global simulation in a complex geometry
where 3D spectra are not readily available.

The rest of this paper is organized as follows. First, in
Section 2, we discuss the exact setup of our simulations
and the diagnostic quantities used in our analysis. Then, in
Section 3, we discuss the basic characteristics of the flow
realized in our simulations. In Section 4, we present a de-
tailed analysis of the way in which the energy cascade is
captured by the different schemes at different scales. In
particular, we quantify the accuracy with which different
methods capture the decay rate of energy from the largest
scales and the way in which energy is distributed across
scales. We discuss the role of anisotropies in the context
of the 4/5-law, a fundamental exact relation for isotropic
and incompressible turbulence relating the statistics of ve-
locity fluctuations with the energy dissipation rate (see
Section 2.3), in Section 5. We explore the use of the 2D,
transverse, energy spectrum as a diagnostic for 3D simu-
lations in Section 6. Finally, we present a brief summary of
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our main findings, as well as a discussion of their implica-
tions for CCSN simulations in Section 7. Appendix con-
tains some supplemental background material on the role
of turbulence in the explosion mechanism of CCSN.

2 Methods

2.1 Numerical methods

We consider a compressible fluid with a prescribed ac-
celeration, a, in a unit-box with periodic boundary con-
ditions. The code that we employ for these simulations,
FLASH, solves the gas-dynamics equations in conserva-
tion form. In particular we evolve the continuity equation

90+V-(pv)=0 1
and the momentum equation
3 (ov) + V- (pv@v +pl) = pa. (2)

These equations are closed with a simple isentropic equa-
tion of state,

p=p"" (3)

that can be considered as a rough description of a gas dom-
inated by radiation pressure. Since the equation of state en-
sures an adiabatic evolution we do not need to solve the
energy equation as equations (1), (2) and (3) suffice to fully
describe the flow.

Equations (1) and (2) are solved using the directionally-
unsplit hydrodynamics solver of the open-source FLASH
simulation framework. FLASH implements the corner
transport upwind method (Colella 1990) for fully direc-
tionally-unsplit evolution of the Euler equations (Lee and
Deane 2009; Lee 2013). FLASH includes several options
for the order of spatial reconstruction (Lee et al. 2014),
including 2nd-order TVD (Toro 1999), 3rd-order PPM
(Colella and Woodward 1984), and 5th-order WENOZ
(Borges et al. 2008). Fluxes are computed at 2nd-order
accuracy using one of a number of approximate Riemann
solvers included in FLASH, such as HLLE (Einfeldt 1988)
and HLLC (Toro et al. 1994). Second-order accuracy in
time is achieved via a characteristic tracing evolution of
the Riemann solver input states to the time step midpoint
(Colella and Woodward 1984). We remark that, in accor-
dance with the ILES, paradigm, we do not include any ad-
ditional sub-grid scale model, but relied on the implicit
turbulent closure built in the numerical schemes we use
for the integration of the hydrodynamics equation.

All of our simulations start with the fluid at rest p =1,
v = 0. Turbulence is driven using the stirring module of
FLASH. This module uses the Ornstein-Uhlenbeck pro-
cess (Uhlenbeck and Ornstein 1930) to generate stirring
modes in Fourier space. This yields an acceleration field
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which smoothly decorrelates (Eswaran and Pope 1988)
over a timescale T;. The FLASH implementation permits
the use of any arbitrary combination of solenoidal and
compressive modes (Federrath et al. 2010). For our runs,
we set T = 0.5, we use only solenoidal forcing and we re-
strict the accelerating field to be nonzero only in the first
four Fourier modes. This forcing is designed to mimic the
influence of some larger scale weakly compressible flow
and, for this reason, it does not include any compress-
ible component. This is a reasonable approximation for
low Mach number convection which is well described by
the anelastic approximation, e.g., Verhoeven et al. (2015).
In the CCSN context, simulations show that the turbu-
lence is highly anisotropic, being roughly twice as strong in
the radial direction as either tangential direction (Murphy
and Meakin 2011; Murphy et al. 2013; Handy et al. 2014;
Couch and Ott 2015) since it is driven by buoyancy due to
a negative radial entropy gradient. In order to emulate this
behavior, the accelerating field in the x-direction (which is
going to play the role of the radial direction) is scaled by
a constant factor (before the solenoidal projection of the
acceleration field) such that R, >~ 2R,, >~ 2R, where

R = (pvivy), (4)

is the Reynolds stress tensor (to simplify the notation we
considered a frame in which (pv) = 0) and () denotes an
ensemble average. Finally, the overall strength of the stir-
ring is tuned to achieve a RMS Mach number of ~0.35,
which is typically observed in realistic CCSN simulations
(Couch and Ott 2013; Miiller and Janka 2015).

2.2 Energy transfer equations

In order to study the cascade of the specific kinetic energy
(which we will refer to simply as “kinetic energy” or “en-
ergy” in the following), |v|>/2, we will consider an energy
budget equation across different scales, analogous to the
one commonly employed in the study of incompressible,
isotropic turbulence, e.g., Frisch (1996). In particular, we
consider the momentum equation (2) in non-conservation
form,

v+ (v-V)v==-VVp+a, (5)
where V = 1/p is the specific volume of the gas.

We can use equation (5) to derive an evolution equation
for the Fourier transform of the velocity

v(k) = f e 2 kxy(x) dx. (6)
R3
Transforming both sides of equation (5) we obtain

8t\7+\7*2nik®\7=—9*2niki)+ﬁ, (7)
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where * denotes the convolution operator, i.e.,

2600 = [ flaek-ada ®

If we multiply both sides of equation (7) by v* and take the
real part, we obtain an equation for the 3D energy spec-
trum

0:E(k) = T(k) + C(k) + e(k), (9)

where

1
E(K) = =¥ - ¥,

10
5 (10)
T(k) = 27 RE * ik ® V) - V¥, (11)
C(K) = -2 R(V * ikp) - ¥, (12)
e(k) =Na-v*. (13)

Here E is the energy spectrum (the velocity power spec-
tral density (PSD)) and T is the same transfer term as in
the classical incompressible equations and € is the energy
injection rate. The C term vanishes in the incompressible
limit and represents the interaction between kinetic and
acoustic modes. In practice, in our models, C is found to
be at least one order of magnitude smaller than T at all
scales and it is thus negligible. In any case, we retain C in
the analysis below.

For each of the spectral quantities, S, being E, T, C or €,
we define the integrated spectrum, S(k), as

S(k) = /R i SK)8(Ik| - k) dk, (14)

38(-) being the Dirac delta function.
Integrating equation (9), we obtain the following one-
dimensional energy balance equation
0:E(k) = T(k) + C(k) + € (k). (15)
This can also be written in terms of the energy flux across
scales,

k
(k) = - / T()de, (16)

0

as
9:E(k) + 0rT1(k) = C(k) + (k). (17)
Notice that we did not assume isotropy in any of the above.

Equation (15) is derived in the inviscid limit. In practice,
our evolution method introduces dissipation in the form
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of “numerical viscosity” This can be quantified in terms of
the residual

R(K) = 8,E(k) — T(k) — C(k) — (k). (18)

This can be used to define a wave number dependent nu-
merical viscosity:

1 R(k)

v =3 2Ew

. (19)

We remark that v does not, in general, correspond to a
classical shear or bulk viscosity, but can nevertheless be
interpreted as a relative measure of the dissipation acting
at different wave numbers (see, e.g., Fureby and Grinstein
(1999); Aspden et al. (2009); Zhou et al. (2014) for alter-
native approaches).

In practice, since we will be working in the stationary
case, after having taken the appropriate time averages, R(k)
reduces to

R(k) = -T(k) — C(k) — e (k). (20)

Finally, since we are working in a periodic domain, which
we take of size L, = L, = L, =1, all of the spectra are quan-
tized and non-trivial only for k;, k, and k;, integers. Fur-
thermore, all of the integrals in wave number space reduce
to summations. Integrals over spherical shells are trans-

formed to weighted sums following Eswaran and Pope
(1988):

2
E(K) = 4;" 3

K 1<l <kel/2

E(k), (21)

where Ny is the number of discrete wave-numbers in the
shell k —1/2 < |k| < k +1/2.

2.3 Structure functions

The energy spectrum and its sources/fluxes give a compre-
hensive picture of the energy cascade and can be used to
assess the level of convergence of the simulation. Unfortu-
nately, 3D energy spectra and fluxes are not easily acces-
sible in calculations in complex domains and/or with in-
homogeneous turbulence. In these cases, local quantities
in the physical domain are more easily extracted and ana-
lyzed. Hence, one of the goals of this work is to validate the
use of indirect measures of convergence of ILES. Among
these quantities, the structure functions of the velocity ap-
pear to be natural candidates for study.

We define the velocity increments

Sv(x,r) = [v(x +1)— v(x)] . (22)

NI
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and study the quantities

Sp(r) = <5Vp>;=0’

(23)
where, (-);-o denotes an ensemble average as well asa mean
over all of the angles between v and r (in other words we
are looking at the j = 0 component of the SO(3) decom-
position of the structure functions (Biferale and Procaccia
2005)). In the case of homogeneous turbulence S, does not
depend on x and is thus a function of only the separation r.

The most important relation involving the structure
functions is the so-called 4/5-law, which relates the third
order structure function, S3(r), with the mean energy dis-
sipation rate,

(24)

and states that, for incompressible, homogeneous and
isotropic turbulence (Frisch 1996):

4
S3(r) =——(e)r. (25)

Equation (25) can be derived from the Navier-Stokes equa-
tion for fully-developed, incompressible, homogeneous
and isotropic turbulence and it is one of the few exact re-
lations in the theory of turbulence (Frisch 1996). In the
anisotropic or compressible case, however, equation (25)
is not strictly valid and could be violated in the data. As we
show in Section 5, we find equation (25) to be very well sat-
isfied by our data, suggesting that the 3rd order structure
function can be a very useful diagnostic in global simula-
tions.

2.4 Transverse energy spectrum

Another alternative to the analysis of 3D spectra, which
has been adopted by several authors in the core-collapse
supernova context (Dolence et al. 2013; Couch and
O’Connor 2014; Handy et al. 2014; Abdikamalov et al.
2015), is the use of 2D spectra computed using a spher-
ical harmonics expansion of the velocity field tangential
to one or more spherical shells in the simulation. Analo-
gously, we emulate this by looking at quantities in the y-z
plane and we define the 2D spectra

1
E (k)= E/RZ V. -018( i +/<§-kl) dk, dk,, (26)

where v, is the projection of the velocity perpendicular
to the x-direction and we introduced the partial Fourier
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transform of v :

1 Ly/2
vi(ky, k) = . lim —/ dx

a=+00 Ly J_1.1n

x / ety (x,y,2)dydz. (27)
RrR2

In the limit of infinite Reynolds number/resolution, the 2D
spectrum is expected to have the same asymptotic behav-
ior as the 3D spectrum, however it is a-priori unclear if £
is a good proxy for E at finite resolution. For this reason we
find it useful to investigate this here.

As was the case for the 3D spectra, also here the spec-
trum is non-trivial only for integer k, and k;, when period-
icity is taken into account. The integral in equation (26) is
treated analogously to the integral in the equation (14) for
the 3D case, while the average in the x-direction in equa-
tion (27) is converted to an average over the x-extent of the
simulation box.

3 Basic flow properties

We employ the finite-volume HRSC (Godunov) approach
in which physical states are reconstructed at inter-cell
boundaries and local Riemann problems are solved to
compute the physical inter cell fluxes. In particular, we
perform five groups of simulations using different numer-
ical methods. Each group is labeled using the name of the
reconstruction algorithm and of the Riemann solver. For
instance TVD_HLLE, denotes a group of simulations done
using TVD reconstruction and HLLE Riemann solver. Sin-
gle simulations are labeled using their resolution so that,
for instance, TVD_HLLE_N128, denotes the TVD_HLLE
run done using a 1283 grid. For all of the runs the timestep
is chosen to have a CFL, i.e., cAt/Ax, of 0.4, ¢ being the
maximum characteristics speed, with the exception of the
PPM_HLLC_CFLO. 8 runs where we set the CFL to 0.8.
For the TVD runs we use the monotonized central (MC)
slope limiter (Toro 1999). The runs with PPM use the orig-
inal flattening and artificial viscosity prescriptions from
Colella and Woodward (1984). The artificial viscosity co-
efficient is 0.1. We remark that the use of the artificial
viscosity for PPM is not really necessary in this regime
(Porter and Woodward 1994), however our goal is not to
perform a study of the turbulent dynamics, but to assess
how each numerical method performs when used under
the same condition as in a real CCSN simulation where
strong shocks need to be handled in some parts of the do-
main.

For each group of simulations we run four resolutions:
643, 1283, 256% and 5123, The RMS velocity in all of
the runs is vyms >~ 0.4, giving an eddy turnover time 7 =
1/Vems =~ 2.5. All of the simulations are run until time
t =100 (~40 eddy turnover times). The time evolution of
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afew relevant diagnostics is shown in Figure 1 for our fidu-
cial group of runs (PPM_HLLC) at different resolutions. We
can see how the flow is accelerated from rest and quickly
reaches a steady, fully turbulent, state. In all cases, steady
state is reached after ¢t > 3 (~1 turnover time) and the di-
agnostics are insensitive to the resolution. The results for
the other runs (not shown) are very similar to the ones
of PPM_HLLC as they all achieve very similar RMS Mach
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numbers and Reynolds stresses. All of the analysis shown
in the rest of the paper are performed using 380 3D snap-
shots (evenly spaced in time) of the data in the interval
5<¢<100.

A first, qualitative, comparison between the different
methods can be done by looking at their visualizations.
In particular, in Figure 2, we show a visualization of the
magnitude of the vorticity in the x-z plane for four of the

sz/Rzz

t

é 0.3 b
= ]
0.2 |- —— PPM_HLLCN64 7] [ ]
i —— PPM_HLLC._N128 ] I —— PPM_HLLC.N256 ]
01 b L L L I T Y O I
0 20 40 60 80 100 0 20 40 60 80

100
t

T T

I T Y Y I

—— PPM_HLLC.N512 7

0

20

40
t

60 80 100

Figure 1 Time evolution of the diagnostic quantities for the fiducial set of runs PPM_HLLC with different resolutions. The left panel shows
the root mean square (RMS) Mach number, while the middle and right panels show, respectively, the ratios Ry/R,y and Ry/R;, R being the Reynolds
stress tensor (equation (4)). Since the x-direction is the anisotropic direction (it would play the role of the radial direction in a CCSN) the ratios Ry/Ry,
and Ry /R, offer a global measure of the anisotropy of the flow at the largest scale. All of the quantities appear to have reached stationarity after
time t 2 3 and oscillate around their target values. All resolutions produce the same qualitative behavior.

PPM_HLLE_N512

TVD_HLLE_N512

Figure 2 Square root of the magnitude of the vorticity, +/TV x v, for four of the simulations with 5123 resolution in a slice through the
middle of the x-z plane at the final time of the simulations (t = 100). The panels show simulations using PPM_HLLE_N512,
PPM_HLLC_N512,WENOZ_HLLC_N512,and TVD_HLLC_N512 clockwise from the top left. The direction of the anisotropic driving is up in
these figures. The colorcode goes linearly from 0 (no vorticity; dark colors) to 15 (light colors) and it is the same for all panels.
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five schemes (excluding PPM_HLLC_CFLO . 8) at the high-
est resolution (5123). The data is taken at the final time
(t =100). As it can be seen from the figure, all of the sim-
ulations show the presence of thin, elongated, regions of
high vorticity, as typically seen in direct numerical simula-
tions (DNS) of homogeneous turbulent flows (Vincent and
Meneguzzi 1991; Ishihara et al. 2007). However, the width
and the intensity of the vorticity at these smaller scales
depend crucially on the numerical scheme. Methods with
small intrinsic numerical viscosity, such as PPM_HLLC and
WENOZ_HLLC, present smaller structures and more in-
termittent vorticity fields with respect to more dissipative
methods, such as PPM_HLLE and TVD_HLLE.

4 The energy cascade

In this section we focus our analysis on the accuracy with
which the energy cascade is captured by our ILES runs.
First, we focus on the largest scales of the simulation with
the goal of quantifying the accuracy in the decay rate of
the energy as a function of the resolution for the different
methods. Next, we will look at the energy distribution at
smaller scales where, in resolved simulations, the inertial
range starts. Finally, we will look at the dynamics in the
dissipation region and summarize.

4.1 Energy decay rate
In the limit of very large Reynolds number it is assumed,
in standard turbulence phenomenology (Frisch 1996), that
there exists a range of wave numbers (the inertial range)
where energy injection and dissipation can be neglected
in equation (17). In this range we can write (compressible
effects are negligible in our simulations):
9:E(k) + 05 I1(k) >~ O, (28)
so that stationarity requires IT(k) >~ const. In particu-
lar, since energy is conserved, one finds IT(k) =~ (¢). This
means that, in the limit of large Reynolds numbers, the
energy decay rate depends only on the macroscopic prop-
erties of the flow (and in particular not on the nature of
the viscosity), a fact that has also been verified numerically
(Kaneda et al. 2003). The significance of this property and
its importance for the modeling of turbulence cannot be
overstated.

In the context of CCSN simulations this means that the
large scale kinetic energy, a crucial quantity for the dy-
namics of the explosion (Couch and Ott 2015), can be
faithfully captured even with simulations achieving mod-
est Reynolds numbers.

For an ILES, a basic requirement, then, is that a suffi-
ciently high resolution should be achieved to correctly rep-
resent the energy cascade at the largest scales. What quali-
fies as a sufficiently high resolution is of course dependent
on the details of the closure built into the scheme (and on
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the accuracy required for the particular application). To
quantify this, we can estimate the level of accuracy that can
be reached at any given resolution, using our local simula-
tions. In particular, we can study directly the energy flux
across scales, defined by equation (16). This is shown in
Figure 3 for all of the different runs.

As discussed before, we expect that IT1(k) >~ (¢) over an
extended region in Fourier space should be a direct indica-
tion that a simulation has been able to recover an inertial
range. Perhaps not surprisingly, in light of previous results
(Sytine ez al. 2000), we find that regions where IT =~ (¢)
as wide as a few wave numbers 4 < k < 10 only appear at
the highest resolutions (we will discuss the inertial range
in more detail in Section 4.2). However, the amount of en-
ergy decaying from the largest scales reaches an asymp-
totic value much quicker than that implying that the total
kinetic energy budget at the largest scales is well resolved
even at modest resolutions.

We can make a more quantitative statement concern-
ing the energy decay rate by looking at the peak of the
energy flux as a function of resolution, as shown in Fig-
ure 4. We can see that at 128 points all of the simula-
tions have a deviation from the asymptotic energy decay
rate of less than 10%. The least dissipative methods already
have an error close to the 2% level. A comparison between
PPM_HLLE and PPM_HLLC reveals the profound impact
that the choice of the Riemann solver has even at relatively
large scale (more on the dissipative properties of the dif-
ferent schemes in Section 4.3).

4.2 Energy spectra
Obviously, not all of the dynamics of turbulence can be re-
duced to the rate at which kinetic energy decays from the
injection scale. The internal dynamics of the energy cas-
cade, far from the injection scale and far from the dissi-
pation range, can also play an important role in many ap-
plications. To analyze this aspect we consider in Figure 5
the energy spectrum of the velocity defined by equation
(10). The spectra are compensated by k>3 to highlight re-
gions with Kolmogorov scaling, which might be expected
in the inertial range. Since we want to focus on quantities
that do not depend (or depend weakly) on the nature of
the energy injection at large scale, we show all of the spec-
tra as a function of a dimensionless wave number, 512k Ax.
The rationale behind this normalization is that, first of all,
we assume the Kolmogorov scale 1 to be proportional to
the grid spacing. Secondly, the 512 factor is introduced to
have the dimensionless k, 512kAx coincide with the di-
mensional one for the highest resolution runs. With this
choice, 512k Ax = 512 corresponds to a wavelength of a sin-
gle grid point, 512k Ax = 256 corresponds to a wavelength
of two grid points and so on.

Looking at any of the groups of runs in Figure 5, one can
immediately notice that the spectra obtained at different
resolutions do not collapse into a single curve in the dissi-
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Figure 3 Energy flux, as defined by equation (16), obtained with different numerical methods and resolutions. The energy flux is shown
normalized to the average dissipation rate given by equation (24). From left to right and from top to bottom we show the results obtained with
PPM_HLLC, PPM_HLLC_CFLO. 8, PPM_HLLE, TVD_HLLE and WENOZ_HLLC. The bottom right panel show a comparison of all of the methods
at 5123, All of the schemes show a good level of accuracy in the energy flux from the largest scales, with errors smaller than a few % already at low
resolutions. The differences between the schemes become more marked at large wave numbers where the numerical dissipation starts to interfere
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Figure 4 Dissipation rate of the energy at the largest scales due
to the turbulent cascade (not including direct dissipation by the
numerical viscosity) as a function of resolution and for all of the
schemes. The dissipation rate is normalized so as to be 1 in the limit
of large Reynolds numbers/resolution. At 128 points all of the
schemes show an error of less than 10%, with the HLLC schemes
already close to the 2% level.

pation region, as would be required by Kolmogorov’s first
similarity hypothesis (Frisch 1996) (c¢f. Gotoh et al. (2002)).
This lack of convergence in the dissipation region could
be due to the non-linear viscosity of HRSC schemes. This,

in turn, could result in an anomalous scaling of n with
the grid spacing. Such scaling has been reported in the
past for ILES, but it is not very well understood (Aspden
etal. 2009). The good agreement between the three differ-
ent groups of simulations employing the HLLC Riemann
solver seems to support this hypothesis and suggests that
the nonlinear viscosity introduced by the Riemann solver
is an important ingredient in setting this scaling.
Convergence appears to be recovered at larger scales
2 8Ax (512kAx < 64), but the spectra appear to be dom-
inated by the bottleneck effect. This manifests itself as
a bump in the compensated spectra extending from the
dissipation range until the end of the inertial range, for
the simulations that show one (e.g, until 512kAx = 10
for the HLLC runs), or until the energy injection scale
(512k Ax = 4), for the simulations that show no or little in-
ertial range (TVD_HLLE). The bottleneck effect is a viscous
phenomenon which is also observed in direct numerical
simulations. However, in the present context where vis-
cosity is of numerical origin, it is at the very least ques-
tionable if a pronounced bottleneck is a desirable feature of
the modeling. In astrophysical flows, where the Reynolds
numbers are typically very large, this pile up of energy at
large scales is unphysical and could affect the quantita-
tive and qualitative outcome of a simulation (Abdikamalov
et al. 2015). A quantification of the bottleneck effect in
terms of the energy budget is discussed in Section 4.4.
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Figure 5 Energy spectra (equation (10)) obtained with different numerical methods and resolutions. The energy spectra are compensated
by a k3 spectrum, so that any region with Kolmogorov scaling should appear roughly flat. Furthermore, the spectra are all plotted as a function of
the dimensionless wave number 512k Ax (the 512 factor is introduced to have the dimensionless wave number coincide with the dimensional one
for the 5123 runs). The first five panels show the PPM_HLLC (upper left), PPM_HLLC_CFLO . 8 (upper center), PPM_HLLE (upper right),
TVD_HLLE (lower left) and WENOZ_HLLC (lower center) group of runs. The last panel (lower right) shows a comparison of all of the methods at the
highest resolution (51 23). An inertial range seems to be recovered only at the highest resolutions (perhaps with the exception of TVD_HLLE where
no inertial range is visible). All schemes employing the HLLC Riemann solver are in very good agreement.

At even larger scales, an inertial range (E ~ k™ and
IT ~ const, see Figure 3) seems to be recovered by the
least dissipative schemes (PPM and WENOZ with HLLC)
in the region 4 < k < 10. PPM_HLLE and TVD_HLLE
have a more limited region, a few wave numbers at most,
that could be interpreted as being an inertial range. We
note that this resolution is not particularly high in com-
parison with state of the art DNS (Kaneda et al. 2003;
Federrath 2013), but it would already correspond to an ex-
tremely high resolution in global CCSN simulations that
typically have ~30-70 zones across the turbulent region
(Abdikamalov et al. 2015).

The overall behavior of the spectra, as obtained by
all schemes, is consistent with Kolmogorov’s theory of
turbulence. The anisotropic contributions to the angle-
integrated spectra are too small to be detected in our data.

4.3 Numerical viscosity

At very small scales (~several grid points) the dynam-
ics is dominated by the numerical viscosity. This can be
estimated from the residual of the energy equation (17)
or, equivalently, by the effective numerical viscosity v(k)
(equation (19)). The latter is shown in Figure 6 for all
schemes and resolutions.

The first thing to notice is that the numerical viscosity
provided by all numerical schemes is not constant, but dif-

fers by roughly an order of magnitude between low and
high k. Having a wave number dependent viscosity is a de-
sirable feature expected in any LES model (explicit or oth-
erwise). Nevertheless, this makes the definition and cal-
culation of the effective Reynolds number achieved in a
simulation ambiguous. Meaningful ways to estimate it for
ILES have been proposed (Zhou et al. 2014) and they can
be used to ease the comparison between different simula-
tions and assess their quality. However, one has to be very
careful while using any quoted “Reynolds number” from an
ILES, to estimate things like the dynamical range achieved
by a simulation, because the dissipative properties of ILES
differ considerably from the ones of the true Navier-Stokes
equations.

Two other features can be observed in most of the nu-
merical viscosity profiles. First, many of them exhibit a
sudden reversal at high wave numbers. This is due to the
fact that the numerical viscosity does not behave like a
shear viscosity so that, although the numerical diffusion
is strong at those scales, the numerical viscosity appears
small because of a partial decoupling between vorticity and
dissipation. Second, at high resolution and at the largest
scales, the numerical viscosity is close to zero or even
slightly negative. The reason is that the residual of equa-
tion (9) oscillates around zero and it is too small to be re-
liably extracted from our data: a much longer integration
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Figure 6 Numerical viscosity as a function of the wave number measured for all schemes and resolutions. The numerical viscosity is
estimated using the procedure outlined in Section 2 and it is defined by equation (19). The different panels are, from left to right and from top
to bottom, the results obtained with PPM_HLLC, PPM_HLLC_CFLO . 8, PPM_HLLE, TVD_HLLE and WENOZ_HLLC. The bottom right panel
show a comparison of all of the methods at 5123. The numerical viscosity shows large variations across the wave number space. The choice of the
Riemann solver plays a role that is at least as important as the choice of the reconstruction method in affecting the numerical viscosity throughout

time would be needed to accumulate enough statistics for
it.

Finally, a comparison between the numerical viscos-
ity reveals two interesting effects. First, by comparing
PPM_HLLC and PPM_ HLLE, we see that the choice of
the Riemann solver affects the viscosity at basically all
scales. Second, if we compare PPM_HLLC, PPM_HLLC_
CFLO.8 and WENOZ_HLLC, we see that doubling the
timestep appears to have an effect comparable to the dif-
ference between the PPM and WENOZ reconstructions at
intermediate scales (40 < k <100).

4.4 The energy distribution

So far we have been concerned with the energy decay
rate from the largest scales, which we have shown to be
well captured by the ILES (Section 4.1), and with the en-
ergy transfer in the inertial range, which we have seen to
be described accurately only at much higher resolutions
(Section 4.2). In a turbulent flow both of these aspects are
important and a good ILES should display a distribution of
energy across vortical structures at different scales that is
as close as possible to the asymptotic one. Obviously, there
is a limit to the accuracy that any ILES can achieve at a
fixed resolution. Here, we make this statement more quan-
titative by considering the amount of kinetic energy that is
well resolved by each simulation at a given resolution.

We introduce the cumulative energy spectrum, the inte-
gral of the energy spectrum:

(29)

This quantity is plotted in Figure 7, where it is normalized
by

1/[‘ﬂ’lS

- / ™ B di (30)
0

to obtain the cumulative distribution function of the ki-
netic energy. As a reference, we also show the cumulative
energy spectrum estimated from Kolmogorov’s theory:

k
Een®)= [ Ene) (31)
0
Exa1(k)
Eopv mrrc ns12 (k), ifk<4,
k\-5/3 (32)
EPPMﬁHLLC7N512(4')(Z) , k>4,

We find that as the resolution increases, all schemes ap-
pear to be converging to the predictions of Kolmogorov’s
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Figure 7 Cumulated energy distribution (equation (29)) for all methods and resolutions, normalized by a factor 2/v2_ to be equal to 1 for
large k. As a reference for comparison we also plot the asymptotic profile expected from Kolmogorov's theory (equation (31)). The different panels
are, from left to right and from top to bottom, the results obtained with PPM_HLLC, PPM_HLLC_CFLO0. 8, PPM_HLLE, TVD_HLLE and
WENOZ_HLLC. The bottom right panel show a comparison of all of the methods at 5123. At low resolution all of the schemes show an excess of
energy at intermediate scales, due to the bottleneck. Only at the highest resolution at least, roughly, 80% of the energy is correctly resolved.

theory. The results at finite resolution, however, are not en-
couraging: at 643 only ~50% or less of the kinetic energy
is in well resolved structures, while the other ~50% have
piled up at rather large scale, with a cumulative excess of
~20% at the grid scale, mostly because of the bottleneck
effect. At higher resolutions, the amount of kinetic energy
well captured by the ILES increases, but at 5123 this is still
only about 80% of the energy and there is still a cumulative
excess of over ~5% at the grid scale (£ ~ Ax).

5 The 4/5-law

The 4/5-law (equation (25)) is not a-priori valid in the
regime of turbulence we are considering. However, the
4/5-law has been numerically verified to hold also in some
situations outside the domain of validity of its derivation.
For instance, for isotropic mildly compressible decaying
(Porter et al. 2002) and driven (Benzi et al. 2008) turbu-
lence. In the anisotropic case, however, anisotropic con-
tributions cannot be excluded (Biferale et al. 2002), al-
though they are known to be subdominant in some im-
portant cases (Calzavarini et al. 2002; Biferale et al. 2003;
Kaneda et al. 2008). In this section we show that equation
(25) is consistent with our data over a wide range of scales.

We compute the 3rd-order structure functions of the ve-
locity, defined by equation (23), in a rather simple way us-
ing a random sample of 20,000 points in each of the 380
3D data dumps of our simulations. At each time, we com-
pute the 3rd power of the velocity increments for each pair

of points and accumulate and average in time the results
in bins of size Ax. The resulting structure functions are
shown in Figure 8, compensated by —2r7!(€)~?, so that the
resulting quantity should be equal to one if the 4/5-law is
satisfied in our data. As was the case for the energy spectra,
we assume 7 ~ Ax and plot the structure functions versus
r/Ax.

The degree with which the 4/5-law is satisfied in our data
is very good. We see that anisotropic contributions only
play a minor role in the angle-integrated formulation of
the 4/5-law. This is in agreement with the incompressible
DNS of Kaneda et al. (2008) and has been known to be
true also for Rayleigh-Bénard convection in most regimes
(Lohse and Xia 2010). Our results provide an important
new example where this appears to hold true. Secondly, for
all of our simulations at 5123, we find

max{—%rl(e)l(Svs)j_o} (33)

7

within 5% of 1. This level of accuracy is reached in DNS
simulations achieving at least a Taylor micro-scale
Reynolds number (Kaneda et al. 2008)

u' A
— ~ 300,
v

Ry = (34)
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Figure 8 Compensated 3rd-order structure functions (equation (23)) for all the numerical methods and resolutions. The structure functions
are compensated and scaled so that they should be close to one where the 4/5-law (equation (25)) is verified. The data is plotted as a function of the
dimensionless separation r/Ax. The first five panels show the PPM_HLLC (upper left), PPM_HLLC_CFLO . 8 (upper center), PPM_HLLE (upper
right), TVD_HLLE (lower left) and WENOZ_HLLC (lower center) group of runs. The last panel (lower right) shows a comparison of all of the methods
at the highest resolution (5123). The 4/5-law is very well verified in our data suggesting that (1) anisotropic corrections are subdominant and (2) all of
the simulations behave in a way consistent with large Reynolds numbers turbulence at the largest scales.

where v is the kinematic viscosity, u’ = %vrms and A =

(15vu%/(€))'? is the Taylor micro-scale. This corresponds
to a large-scale Reynold numbers R = L‘)L ~R2, L =1be-
ing the domain size, in excess of ~85,000. Reaching these
Reynolds numbers in a DNS requires resolutions between
5123 and 10243 using pseudo-spectral methods (Donzis
et al. 2008). This large-scale estimate of the Reynolds
number is consistent with previous findings (Zhou et al.
2014), although it is several orders of magnitude larger
than the one that could be naively estimated using vpax.
For instance, for PPM_HLLC at 5123, v ~ 1.5 x 1072 and
Vrms = 0.4 giving

u'L

— ~150.

vmax

(35)

This apparent discrepancy is due to the fact that an ILES is
not a DNS. As a consequence, different quantities that in
a DNS depend on the Reynolds number, such as the dissi-
pation rate or the Kolmogorov scale, behave as though the
simulation had multiple values of the Reynolds number.

6 The transverse spectrum

Finally, we want to comment on the use of 2D transverse
spectra in 3D simulations, a practice typically employed in
the analysis of turbulence in CCSN simulations (Dolence

L1l

L1111l

11l

10° 10! 102
512k Az

Figure 9 3D (equation (10), blue) and 2D, transverse (equation
(26), red) energy spectra for the PPM_HLLC simulations. The
energy spectra are compensated by k>3 to highlight eventual regions
with Kolmogorov scaling. The spectra are plotted as a function of the
dimensionless wave number 512k Ax, as in Figure 5. Although E(k)
and £, (k1) have similar trends, the use of the transverse spectrum
can overestimate the width of the bottleneck region.

et al. 2013; Couch and O’Connor 2014; Handy et al. 2014;
Abdikamalov et al. 2015).

Figure 9 shows a comparison of the 2D transverse spec-
trum E (k; ) from equation (26) and the 3D energy spec-
trum from equation (10) for the PPM_HLLC simulations.
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The other runs (not shown) have the same qualitative be-
havior. We can see that the transverse spectrum follows
qualitatively the same trend as the 3D spectrum in terms
of convergence. They are both roughly compatible with
a Kolmogorov scaling, but the bottleneck appears to be
more pronounced in the 2D spectrum than in the 3D spec-
trum. In particular, E, (k, ) only shows a very small region
that suggests an inertial range, 3 < k < 5 (as opposed to
5 <k <10 in E(k)).

Abdikamalov et al. (2015) concluded, also based on the
analysis of 2D spectra, that turbulence in CCSN simula-
tions is dominated by the bottleneck effect. Given the res-
olutions used in CCSN studies, our work supports their
conclusion. However, in the light of Figure 9, we recom-
mend that future studies supplement the analysis of 2D
spectra with 3rd-order structure functions, that, as we
have shown, can give a more accurate description of the
energy cascade.

7 Conclusions

The details of the explosion mechanism of CCSNe have
eluded our comprehension in spite of more than 50 years
of studies (Woosley and Janka 2005; Janka et al. 2012;
Burrows 2013; Foglizzo et al. 2015). Recent numerical ad-
vances (Murphy et al. 2013; Couch and Ott 2013; Couch
and Ott 2015; Miiller and Janka 2015) suggest that turbu-
lence might play a fundamental role in tipping over the bal-
ance of the forces and lead to successful explosions (see
also Appendix). At the same time, the level of accuracy of
current simulations, which employ the ILES methodology,
is unclear (Abdikamalov et al. 2015). Turbulence in CCSNe
is mildly compressible, but strongly anisotropic (Murphy
et al. 2013; Couch and Ott 2015). Simulations use rather
dissipative numerical schemes (because they have to deal
with strong shock waves and complex microphysics) and
relatively low resolution, a combination (anisotropic tur-
bulence and dissipative schemes) that has not been sys-
tematically studied before.

With the goal of assessing the reliability of ILES em-
ployed in the study of CCSNe, as well as in other areas
of physics and astrophysics, we performed a series of lo-
cal simulations of driven, anisotropic, weakly compressible
turbulence. We compared five commonly employed nu-
merical schemes with different reconstruction methods,
Riemann solvers, and time step size. Each was run at 4 dif-
ferent resolutions ranging from 642 to 5123. Our analysis
focused on the fidelity with which the turbulent cascade
is represented in each model. In particular, we performed
an analysis both in Fourier space (with the velocity power-
spectra and the energy flux) and in physical space (with
the 3rd-order structure functions). Finally, we measured
the numerical viscosity of each scheme from the residual
of the specific kinetic energy equation.

We found that, on the one hand, all of the numerical se-
tups are able to accurately capture the decay rate of kinetic
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energy from the injection scale, with errors at the few %
level already at 128° (e.g., ~2.5% for PPM_HLLC_N128).
On the other hand, a large fraction of the energy is at unre-
solved scales where it piles up due to the bottleneck effect
and an inertial range appears only at the highest resolu-
tions (5123). Even at this resolution, which would be diffi-
cult to achieve in global simulations, only roughly ~80%
(the exact number depends on the scheme, see Section 4.4)
of the energy is resolved, the remaining ~20% accumu-
lates as excess energy at intermediate scales (the cumula-
tive energy excess at the grid scale alone is as large as ~5%
of the total energy).

Current CCSN simulations have resolutions of at most of
30-70 points covering the gain region (Abdikamalov et al.
2015) (the energy injection scale). Based on our analysis we
expect that at these resolutions even the energy decay rate
from the largest scales will not be completely converged,
but will show errors of up to tens of percent, depending on
the numerical scheme (see Section 4.1). At smaller scales,
the dynamics is going to be completely dominated by the
bottleneck effect. This is in agreement with the findings of
Abdikamalov et al. (2015), based on the use of global sim-
ulations reaching a maximum resolution of 66 grid points
covering radially the extent of the gain region.

Based on our findings, we expect that, if the resolution in
global simulations is increased by a factor ~2 from the one
of Abdikamalov et al. (2015), the decay rate will be con-
verged to within a few % of the asymptotic value. This im-
plies that the ratio between thermal and kinetic energy, a
crucial quantity for the onset of the explosion, will also be
converged to within a few %, at least when the energy in-
jection rate changes slowly compared to the eddy turnover
time (which is roughly ~20 ms in a CCSN (Ott et al. 2013;
Couch and O’Connor 2014)). Unfortunately, while the lead
up to explosion occurs over a larger timescale of a few hun-
dred milliseconds, the transition to explosion can happen
over much shorter timescales (one turnover time or less)
(Couch and Ott 2015). This means that the dynamics of
the cascade over smaller time and length scales in the gain
region also needs to be captured correctly since changes in
the energy input rate on such short time scales will yield an
inaccurate representation of the energy on large scales due
to the bottleneck effect. This could require an increase of
resolution by a factor ~4-8 with respect to current high-
resolution simulations. Additional work using semi-global
or global simulations will be required to more firmly estab-
lish the resolutions requirements at the transition of the
explosion.

Concerning the properties of anisotropic turbulence in
our simulations, we found anisotropy contributions to the
energy spectrum and to the angle-averaged formulation of
the 4/5-law to be subdominant: the accuracy with which
the 4/5-law is satisfied is limited only by the employed
resolution and the energy spectrum appears to be con-
sistent with Kolmogorov k>3 scaling. We also found the
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transverse energy spectrum with respect to the direction
of anisotropy, a quantity typically computed in CCSN sim-
ulations, to overestimate the bottleneck with respect to the
angle-integrated 3D spectrum. For this reason, we recom-
mend future studies of CCSN to supplement (or replace)
the analysis of the transverse spectrum with the analysis
of the 3rd order, angle-integrated, structure function (or,
where possible, with the 3D spectrum itself).

Our results are, of course, dependent on the choice of
the numerical scheme. In particular, we found significant
differences in the dissipative properties of schemes em-
ploying the HLLC Riemann solver with respect to schemes
using the more dissipative HLLE solver. The reconstruc-
tion order of the scheme is also important, although, while
significant differences are found between TVD and PPM,
the differences between PPM and WENOZ are much more
minute (despite WENOZ being significantly more compu-
tationally expensive than PPM). In the end, none of the
schemes we considered seems to be able to yield an ac-
curate representation of the kinetic energy distribution
across different scales at an affordable resolution for global
CCSN simulations. A possible way forward would be to
adopt low-dissipation numerical schemes especially de-
signed for the use in ILES, such as the methods proposed
by Hickel et al. (2006); Martin et al. (2006) or Thornber
et al. (2008). Implementing and testing these schemes will
be subject of future work.

An important limitation of the present work is that we
considered a very idealized setup. On the one hand, this
allows us to benchmark the behavior of ILES in a con-
trolled environment. On the other hand, our simulations
cannot fully capture all features of the turbulent convec-
tive flow in a CCSN. Unlike the situation in a CCSN, our
local simulations did not include a vertical advective ve-
locity field that is due to the accretion of the stellar man-
tle. However, the advective velocities are nearly constant in
the regions of interest and Galilean invariance ensures that
our results are unaffected. More limiting is the local nature
of our simulations and the inevitable choice of boundary
conditions. Moreover, our simulations could not take into
account spatial variations in gravity and the large-scale ra-
dial convergence of the flow in globally spherical problems
like collapsing stars. Addressing these issues will also be
subject of future work.

Appendix: The role of turbulence in core-collapse

supernova explosions

In this appendix we present a brief discussion of the im-
portance of turbulent pressure in the explosion of massive
stars. To set the stage, we will briefly summarize what is
known of the dynamics of the most common class of CC-
SNe that are relevant for our later discussion. This is done
for the benefit of readers that are not supernova specialists
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and it is not meant to be a complete review of the status of
the field, for which we refer, instead, to the reviews of Janka
et al. (2012) and Burrows (2013). Next, we will discuss the
role of turbulence and, in particular, of turbulent pressure
on the explosion mechanism, in light of some recent re-
sults (Murphy et al. 2013; Couch and Ott 2015).

A.1 The neutrino mechanism

Towards the end of their evolution, massive stars form
massive (~1.5 solar mass) iron cores at their center. Since
the iron nucleus has the largest binding energy per nu-
cleon, no energy can be extracted from nuclear fusion be-
yond iron. The iron core is essentially inert and supported
against gravity only by the degeneracy pressure of relativis-
tic electrons. The mass of the iron core increases with time
as more iron-group material is added by silicon shell burn-
ing. Electron capture on protons, which becomes energet-
ically favorable at high densities, depletes the core of elec-
trons and thus reduces the pressure supporting it against
gravity. Eventually, the core becomes dynamically unstable
and collapses.

During the collapse, the subsonically collapsing inner
core (~0.5 solar masses) contracts until it reaches densities
comparable to that in atomic nuclei (~4-5 x 10 g cm™).
At this point, the nuclear equation of state stiffens (due to
the strong nuclear force). This halts the collapse of the in-
ner core. It stops, bounces back and a proto-neutron star
(PNS) is formed. The outer core, however, is still collaps-
ing supersonically and a strong shock wave is launched at
the interface between the inner and outer core.

It was once thought that this shock wave would travel
outwards dynamically, depositing its energy in the outer
layers of the star, causing the explosion. However, multiple
numerical simulations performed over multiple decades
have consistently shown that the initial shock fails to ex-
plode the star. Instead, it stalls due to energy losses to the
dissociation of heavy nuclei into free nucleons and to the
emission of neutrinos that stream away from the neutrino-
semitransparent regions behind the shock (Bethe 1990).
The shock generally stalls within only a few tens of mil-
liseconds of core bounce and turns into an accretion shock
standing at a radius of ~100-200 km. The accretion rate
through the shock is so high (a fraction of a solar mass per
second) that, if nothing revitalizes the shock within ~1-2
seconds, the gravitational force would overwhelm the nu-
clear repulsion force, collapsing the core of the supernova
to a black hole, precluding explosion (e.g., O’Connor and
Ott (2011)).

During this time, however, the PNS will release a signif-
icant fraction of its binding energy in the form of neutri-
nos (of order 10%® J). Converting a few percent of that en-
ergy into kinetic energy would be enough to unbind the
stellar envelope and power the supernova explosion. In
the standard neutrino mechanism it is theorized that a
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small fraction neutrinos emitted from the edge of the pro-
toneutron star is re-absorbed in the region right behind the
stalled shock. The deposition of neutrino energy leads to
higher thermal pressure so that the shock can eventually
overcome the ram pressure of accretion and accelerates
in a run-away process (Bethe 1990; Pejcha and Thompson
2012). Turbulence in the heating region behind the shock
increases the time a fluid parcel spends in that region and,
importantly, turbulent pressure helps in overcoming the
ram pressure of accretion (see next section and Couch and
O’Connor (2014)). It is, however, presently unclear if neu-
trino heating (even if aided by turbulence in launching the
explosion) is able to provide enough energy to power the
explosions to the energies inferred from astronomical ob-
servations.

A.2 Turbulent pressure and the Rankine-Hugoniot
conditions

Simulations (Burrows et al. 1995; Murphy et al. 2013;
Couch and Ott 2015) have shown that turbulence and, in
particular, turbulent pressure behind the shock, could play
an important role in aiding the explosion. To see why this is
the case, we consider the Rankine-Hugoniot momentum
condition for a standing accretion shock in a supernova
core,

s[pavy = puv] = pa(V)’ + pa = pu (V) = Puo (36)
where s is the shock speed and -; and -, denote the down-
stream and upstream values respectively. For the purpose

of our discussion, we can assume the upstream gas to be
cold and free-falling:

2 GM
pu=0 ()" = — (37)
For the shock to expand we must then have
2 GM
Pd (Vd) +Pd > Pu - (38)

In the presence of turbulence, Murphy et al. (2013) sug-
gested to modify equation (38) in a way akin to a Reynolds
decomposition and write it as

_ GM
pa(7)" + pa(8Vy)" +pa> P

(39)
where v is the average velocity and v = v — v is the turbu-
lent velocity. Although not entirely rigorous, equation (39)
has been shown to be well verified in the numerical simu-
lations if angular averages are used to compute the respec-
tive quantities (Murphy et al. 2013; Couch and Ott 2015).
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Couch and Ott (2015) have shown that the turbulent pres-
sure expressed in this fashion can exceed 50% of the ther-
mal pressure, making a very significant contribution to the
momentum balance in (39).

Going beyond the arguments of Murphy et al. (2013),
we can reinterpret equation (39) as being the Rankine-
Hugoniot condition for a fluid with a modified equation of
state, which has two separate internal degrees of freedom:
thermodynamical and turbulent. To this aim, we express
8v7; in terms of the specific turbulent energy

1

€turb = §|8V|2 (40)
noting that

jovi2 = (3v)" + (6v)" + (8v), (4D
and using the fact that

(61/’)2 ~ (81/9)2 + (8v¢)2 (42)
in CCSN turbulence, to obtain

\2 1 2
(8v) ~ §|8v| = €qurb- (43)

Assuming the pressure varies like p = (y — 1)pe, and sub-
stituting (43) into (39), we find

—\2
pa(V)” + (Ven — D paea + Veurb — 1) Paerurd

GM
> pu—o,
r

(44)

where y, >~ 4/3 is the thermodynamical adiabatic in-
dex, e; is the downstream thermal energy and pub = 2 is
the equivalent adiabatic index associated with anisotropic
CCSN turbulence. Since yuyb > ¥1h, We see that turbulent
energy is more efficient, per unit specific internal energy,
at pushing the shock than thermal energy.

We point out that, if equation (42) is dropped and
turbulence is assumed to be isotropic, then yyp = 5/3,
which is still larger than yu, but not as large as for the
anisotropic case. This is a simple consequence of the fact
that anisotropic turbulence has an anisotropic pressure,
which is stronger in the radial direction.

In both cases, since the total energy is conserved, the rel-
evant quantity is the ratio eq,/e. From standard turbulent
phenomenology we expect that this ratio will only depend
on macroscopic parameters, such as the net heating rate,
the accretion rate and so on, and not on the details of the
viscosity. For this reason, we expect this ratio to be cor-
rectly captured in ILES achieving a sufficiently high reso-
lution.
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As a final remark, we point out that a similar argument
has been recently proposed by Miiller and Janka (2015)
who formulated their equations in terms of the turbulent
Mach number, as opposed to the turbulent energy.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

DR ran the simulations, performed the analysis of the data and wrote the basic
draft of this paper. SMC assisted with the use of the FLASH code. CDO had the
original idea that started this investigation. All of the authors took part in
discussions concerning the results and contributed corrections and
improvements on the early draft of the manuscript. All authors read and
approved the final manuscript.

Acknowledgements

We acknowledge helpful discussions with E Abdikamalov, WD Arnett,

A Burrows, R Fisher, C Meakin, P Mdsta, J Murphy, M Norman, and L Roberts.
This research was partially supported by the National Science Foundation
under award nos. AST-1212170 and PHY-1151197 and by the Sherman Fairchild
Foundation. The simulations were performed on the Caltech compute cluster
Zwicky (NSF MRI-R2 award no. PHY-0960291), on the NSF XSEDE network under
allocation TG-PHY 100033, and on NSF/NCSA BlueWaters under NSF PRAC
award no. ACI-1440083. The software used in this work was in part developed
by the DOE NNSA-ASC OASCR Flash Center at the University of Chicago.

Received: 15 April 2015 Accepted: 12 August 2015
Published online: 21 August 2015

References

Abdikamalov, E, Ott, CD, Radice, D, Roberts, LF, Haas, R, Reisswig, C, Moesta, P,
Klion, H, Schnetter, E: Neutrino-driven turbulent convection and standing
accretion shock instability in three-dimensional core-collapse supernovae
Astrophys. J. 808, 70 (2015). doi:10.1088/0004-637X/808/1/70

Arnett, D, Meakin, C, Young, PA: Turbulent convection in stellar interiors. Il. The
velocity field. Astrophys. J. 690, 1715-1729 (2009).
doi:10.1088/0004-637X/690/2/1715

Aspden, A, Nikiforakis, N, Dalziel, S, Bell, J: Analysis of implicit LES methods.
Commun. Appl. Math. Comput. Sci. 3(1), 103-126 (2009).
doi:10.2140/camc0s.2008.3.103

Benzi, R, Biferale, L, Fisher, RT, Kadanoff, LP, Lamb, DQ, Toschi, F: Intermittency
and universality in fully developed inviscid and weakly compressible
turbulent flows. Phys. Rev. Lett. 100(23), 234503 (2008).
doi:10.1103/PhysRevLett.100.234503

Bethe, HA: Supernova mechanisms. Rev. Mod. Phys. 62, 801-867 (1990)

Biferale, L, Procaccia, I: Anisotropy in turbulent flows and in turbulent transport.
Phys. Rep. 414(2-3), 43-164 (2005). doi:10.1016/j.physrep.2005.04.001

Biferale, L, Daumont, |, Lanotte, A, Toschi, F: Anomalous and dimensional
scaling in anisotropic turbulence. Phys. Rev. E 66(5), 056306 (2002).
doi:10.1103/PhysReVE.66.056306

Biferale, L, Calzavarini, E, Toschi, F, Tripiccione, R: Universality of anisotropic
fluctuations from numerical simulations of turbulent flows. Europhys. Lett.
64(4), 461-467 (2003). doi:10.1209/epl/i2003-00233-9

Blondin, JM, Mezzacappa, A, DeMarino, C: Stability of standing accretion
shocks, with an eye toward core-collapse supernovae. Astrophys. J. 584,
971-980 (2003). doi:10.1086/345812

Borges, R, Carmona, M, Costa, B, Don, WS: An improved weighted essentially
non-oscillatory scheme for hyperbolic conservation laws. J. Comput. Phys.
227,3191-3211 (2008). doi:10.1016/j.jcp.2007.11.038

Burrows, A: Colloguium: perspectives on core-collapse supernova theory. Rev.
Mod. Phys. 85, 245 (2013). doi:10.1103/RevModPhys.85.245

Burrows, A, Hayes, J, Fryxell, BA: On the nature of core-collapse supernova
explosions. Astrophys. J. 450, 830-850 (1995)

Calzavarini, E, Toschi, F, Tripiccione, R: Evidences of bolgiano-obhukhov scaling
in three-dimensional Rayleigh-Bénard convection. Phys. Rev. E 66, 016304
(2002). doi:10.1103/PhysReVE.66.016304

Casciola, CM, Gualtieri, P, Jacob, B, Piva, R: The residual anisotropy at small scales
in high shear turbulence. Phys. Fluids 19(10), 101704 (2007).
doi:10.1063/1.2800043

Page 16 of 17

Clausen, D, Piro, AL, Ott, CD: The black hole formation probability. Astrophys. J.
799, 190 (2015). doi:10.1088/0004-637X/799/2/190

Colella, P: Multidimensional upwind methods for hyperbolic conservation laws.
J. Comput. Phys. 87, 171-200 (1990). doi:10.1016/0021-9991(90)90233-Q

Colella, P Woodward, PR: The Piecewise Parabolic Method (PPM) for
gas-dynamical simulations. J. Comp. Physiol. 54, 174-201 (1984)

Couch, SM, O'Connor, EP: High-resolution three-dimensional simulations of
core-collapse supernovae in multiple progenitors. Astrophys. J. 785, 123
(2014). doi:10.1088/0004-637X/785/2/123

Couch, SM, Ott, CD: Revival of the stalled core-collapse supernova shock
triggered by precollapse asphericity in the progenitor star. Astrophys. J.
Lett. 778,17 (2013). doi:10.1088/2041-8205/778/1/L7

Couch, SM, Ott, CD: The role of turbulence in neutrino-driven core-collapse
supernova explosions. Astrophys. J. 799, 5 (2015).
doi:10.1088/0004-637X/799/1/5

Dolence, JC, Burrows, A, Murphy, JW, Nordhaus, J: Dimensional dependence of
the hydrodynamics of core-collapse supernovae. Astrophys. J. 765, 110
(2013). doi:10.1088/0004-637X/765/2/110

Donzis, DA, Yeung, PK, Sreenivasan, KR: Dissipation and enstrophy in isotropic
turbulence: resolution effects and scaling in direct numerical simulations.
Phys. Fluids 20(4), 045108 (2008). doi:10.1063/1.2907227

Dubey, A, Antypas, K, Ganapathy, MK, Reid, LB, Riley, K, Sheeler, D, Siegel, A,
Weide, K: Extensible component-based architecture for flash, a massively
parallel, multiphysics simulation code. Parallel Comput. 35, 512-522
(2009). doi:10.1016/j.parco.2009.08.001

Einfeldt, B: On Godunov-type methods for gas dynamics. SIAM J. Numer. Anal.
25,294-318 (1988). doi:10.1137/0725021

Eswaran, V, Pope, S: An examination of forcing in direct numerical simulations
of turbulence. Comput. Fluids 16(3), 257-278 (1988)

Falkovich, G: Bottleneck phenomenon in developed turbulence. Phys. Fluids
6(4), 1411-1414 (1994)

Federrath, C: On the universality of supersonic turbulence. Mon. Not. R. Astron.
Soc. Lett. 436(2), 1245-1257 (2013). doi:10.1093/mnras/stt1644

Federrath, C, Roman-Duval, J, Klessen, RS, Schmidt, W, Mac Low, M-M:
Comparing the statistics of interstellar turbulence in simulations and
observations. Astron. Astrophys. 512, A81 (2010).
doi:10.1051/0004-6361/200912437

Foglizzo, T, Scheck, L, Janka, H-T: Neutrino-driven convection versus advection
in core-collapse supernovae. Astrophys. J. 652, 1436-1450 (2006).
doi:10.1086/508443

Foglizzo, T, Galletti, P, Scheck, L, Janka, H-T: Instability of a stalled accretion
shock: evidence for the advective-acoustic cycle. Astrophys. J. 654,
1006-1021 (2007). doi:10.1086/509612

Foglizzo, T, Kazeroni, R, Guilet, J, Masset, F, Gonzélez, M, et al.: The explosion
mechanism of core-collapse supernovae: progress in supernova theory
and experiments. Publ. Astron. Soc. Aust. 32, 009 (2015).
doi:10.1017/pasa.2015.9

Frisch, U: Turbulence: The Legacy of A. N. Kolmogorov. Cambridge University
Press, Cambridge (1996)

Frisch, U, Kurien, S, Pandit, R, Pauls, W, Ray, S, Wirth, A, Zhu, J-Z: Hyperviscosity,
Galerkin truncation, and bottlenecks in turbulence. Phys. Rev. Lett.
101(14), 144501 (2008). doi:10.1103/PhysRevLett.101.144501

Fryxell, B, Olson, K, Ricker, P, Timmes, FX, Zingale, M, Lamb, DQ, MacNeice, P,
Rosner, R, Truran, JW, Tufo, H: FLASH: an adaptive mesh hydrodynamics
code for modeling astrophysical thermonuclear flashes. Astrophys. J.
Suppl. Ser. 131, 273-334 (2000). doi:10.1086/317361

Fureby, C, Grinstein, FF: Monotonically integrated large eddy simulation of free
shear flows. AIAA J. 37(5), 544-556 (1999). doi:10.2514/2.772

Garnier, E, Mossi, M, Sagaut, P: On the use of shock-capturing schemes for
large-eddy simulation. J. Comput. Phys. 311, 273-311 (1999)

Garnier, E, Adams, N, Sagaut, P: Large Eddy Simulation for Compressible Flows.
Springer, Berlin (2000)

Gotoh, T, Fukayama, D, Nakano, T: Velocity field statistics in homogeneous
steady turbulence obtained using a high-resolution direct numerical
simulation. Phys. Fluids 14(3), 1065-1081 (2002)

Grinstein, FF, Margolin, LG, Rider, WJ: Implicit Large Eddy Simulation:
Computing Turbulent Fluid Dynamics Cambridge University Press,
Cambridge (2011)

Handy, T, Plewa, T, Odrzywotek, A: Toward connecting core-collapse supernova
theory with observations. I. Shock revival in a 15 M, blue supergiant
progenitor with SN 1987A energetics. Astrophys. J. 783, 125 (2014).
doi:10.1088/0004-637X/783/2/125


http://dx.doi.org/10.1088/0004-637X/808/1/70
http://dx.doi.org/10.1088/0004-637X/690/2/1715
http://dx.doi.org/10.2140/camcos.2008.3.103
http://dx.doi.org/10.1103/PhysRevLett.100.234503
http://dx.doi.org/10.1016/j.physrep.2005.04.001
http://dx.doi.org/10.1103/PhysRevE.66.056306
http://dx.doi.org/10.1209/epl/i2003-00233-9
http://dx.doi.org/10.1086/345812
http://dx.doi.org/10.1016/j.jcp.2007.11.038
http://dx.doi.org/10.1103/RevModPhys.85.245
http://dx.doi.org/10.1103/PhysRevE.66.016304
http://dx.doi.org/10.1063/1.2800043
http://dx.doi.org/10.1088/0004-637X/799/2/190
http://dx.doi.org/10.1016/0021-9991(90)90233-Q
http://dx.doi.org/10.1088/0004-637X/785/2/123
http://dx.doi.org/10.1088/2041-8205/778/1/L7
http://dx.doi.org/10.1088/0004-637X/799/1/5
http://dx.doi.org/10.1088/0004-637X/765/2/110
http://dx.doi.org/10.1063/1.2907227
http://dx.doi.org/10.1016/j.parco.2009.08.001
http://dx.doi.org/10.1137/0725021
http://dx.doi.org/10.1093/mnras/stt1644
http://dx.doi.org/10.1051/0004-6361/200912437
http://dx.doi.org/10.1086/508443
http://dx.doi.org/10.1086/509612
http://dx.doi.org/10.1017/pasa.2015.9
http://dx.doi.org/10.1103/PhysRevLett.101.144501
http://dx.doi.org/10.1086/317361
http://dx.doi.org/10.2514/2.772
http://dx.doi.org/10.1088/0004-637X/783/2/125

Radice et al. Computational Astrophysics and Cosmology (2015) 2:7

Herant, M: The convective engine paradigm for the supernova explosion
mechanism and its consequences. Phys. Rep. 256, 117-133 (1995).
doi:10.1016/0370-1573(94)00105-C

Hickel, S, Adams, NA, Domaradzki, JA: An adaptive local deconvolution method
for implicit LES. J. Comput. Phys. 213(1), 413-436 (2006).
doi:10.1016/}jcp.2005.08.017

Ishihara, T, Kaneda, Y, Yokokawa, M, Itakura, K, Uno, A: Small-scale statistics in
high-resolution direct numerical simulation of turbulence: Reynolds
number dependence of one-point velocity gradient statistics. J. Fluid
Mech. 592, 335-366 (2007). doi:10.1017/50022112007008531

Janka, H-T: Explosion mechanisms of core-collapse supernovae. Annu. Rev.
Nucl. Part. Sci. 62, 407 (2012). doi:10.1146/annurev-nucl-102711-094901

Janka, H-T, Mdller, E: Neutrino heating, convection, and the mechanism of
Type-Il supernova explosions. Astron. Astrophys. 306, 167-198 (1996)

Janka, H-T, Hanke, F, Hidepohl, L, Marek, A, Mdiller, B, Obergaulinger, M:
Core-collapse supernovae: reflections and directions. Prog. Theor. Exp.
Phys. 2012(1), 010000 (2012). doi:10.1093/ptep/pts067

Johnsen, E, Larsson, J, Bhagatwala, AV, Cabot, WH, Moin, P, Olson, BJ, Rawat, PS,
Shankar, SK, Sjogreen, B, Yee, HC, Zhong, X, Lele, SK: Assessment of
high-resolution methods for numerical simulations of compressible
turbulence with shock waves. J. Comput. Phys. 229(4), 1213-1237 (2010).
doi:10.1016/.jcp.2009.10.028

Kaneda, Y, Ishihara, T, Yokokawa, M, Itakura, K, Uno, A: Energy dissipation rate
and energy spectrum in high resolution direct numerical simulations of
turbulence in a periodic box. Phys. Fluids 15, L21 (2003).
doi:10.1063/1.1539855

Kaneda, Y, Yoshino, J, Ishihara, T: Examination of Kolmogorov's 4/5 law by
high-resolution direct numerical simulation data of turbulence. J. Phys.
Soc. Jpn. 77(6), 064401 (2008). doi:10.1143/JPS).77.064401

Lee, D: A solution accurate, efficient and stable unsplit staggered mesh
scheme for three dimensional magnetohydrodynamics. J. Comp. Physiol.
243, 269-292 (2013). doi:10.1016/j,jcp.2013.02.049

Lee, D, Deane, AE: An unsplit staggered mesh scheme for multidimensional
magnetohydrodynamics. J. Comput. Phys. 228, 952-975 (2009).
doi:10.1016/}jcp.2008.08.026

Lee, D, Tzeferacos, P, Couch, SM, Bachan, J, Daley, C, Fatenejad, M, Flocke, N,
Lamb, D, Weide, K, Dubey, A: FLASH: a multi-physics code for adaptive
mesh computational fluid dynamics in astrophysics. Astrophys. J. Suppl.
Ser. (2014, to be submitted)

Lohse, D, Xia, K-Q: Small-scale properties of turbulent Rayleigh-Bénard
convection. Annu. Rev. Fluid Mech. 42(1), 335-364 (2010).
doi:10.1146/annurev.fluid.010908.165152

Martin, MP, Taylor, EM, Wu, M, Weirs, VG: A bandwidth-optimized WENO
scheme for the effective direct numerical simulation of compressible
turbulence. J. Comput. Phys. 220(1), 270-289 (2006).
doi:10.1016/}jcp.2006.05.009

Muller, B, Janka, H-T: Non-radial instabilities and progenitor asphericities in
core-collapse supernovae. Mon. Not. R. Astron. Soc. Lett. 448, 2141-2174
(2015). doi:10.1093/mnras/stv101

Murphy, JW, Meakin, C: A global turbulence model for neutrino-driven
convection in core-collapse supernovae. Astrophys. J. 742, 74 (2011).
doi:10.1088/0004-637X/742/2/74

Murphy, JW, Dolence, JC, Burrows, A: The dominance of neutrino-driven
convection in core-collapse supernovae. Astrophys. J. 771, 52 (2013).
doi:10.1088/0004-637X/771/1/52

O'Connor, E, Ott, CD: Black hole formation in failing core-collapse supernovae.
Astrophys. J. 730, 70 (2011). doi:10.1088/0004-637X/730/2/70

Ott, CD, Abdikamalov, E, M6sta, P, Haas, R, Drasco, S, O'Connor, EP, Reisswig, C,
Meakin, CA, Schnetter, E: General-relativistic simulations of
three-dimensional core-collapse supernovae. Astrophys. J. 768, 115
(2013). doi:10.1088/0004-637X/768/2/115

Pejcha, O, Thompson, TA: The physics of the neutrino mechanism of
core-collapse supernovae. Astrophys. J. 746, 106 (2012).
doi:10.1088/0004-637X/746/1/106

Porter, D, Pouquet, A, Woodward, P: Measures of intermittency in driven
supersonic flows. Phys. Rev. E 66(2), 1-12 (2002).
doi:10.1103/PhysReVvE.66.026301

Porter, DH, Woodward, PR: High-resolution simulations of compressible
convection using the piecewise-parabolic method. Astrophys. J. Suppl.
Ser. 93,309-349 (1994). doi:10.1086/192057

Schmidt, W, Hillebrandt, W, Niemeyer, JC: Numerical dissipation and the
bottleneck effect in simulations of compressible isotropic turbulence.
Comput. Fluids 35(4), 353-371 (2006)

Page 17 of 17

She, Z, Jackson, E: On the universal form of energy spectra in fully developed
turbulence. Phys. Fluids 5(7), 1526-1528 (1993)

Sytine, IV, Porter, DH, Woodward, PR, Hodson, SW, Winkler, K-H: Convergence
tests for the piecewise parabolic method and Navier-Stokes solutions for
homogeneous compressible turbulence. J. Comp. Physiol. 158, 225-238
(2000). doi:10.1006/jcph.1999.6416

Thornber, B, Mosedale, A, Drikakis, D: On the implicit large eddy simulations of
homogeneous decaying turbulence. J. Comput. Phys. 226(2), 1902-1929
(2007). doi:10.1016/j,jcp.2007.06.030

Thornber, B, Mosedale, A, Drikakis, D, Youngs, D, Williams, RJR: An improved
reconstruction method for compressible flows with low Mach number
features. J. Comput. Phys. 227(10), 4873-4894 (2008).
doi:10.1016/},jcp.2008.01.036

Toro, EF: Riemann Solvers and Numerical Methods for Fluid Dynamics. Springer,
Berlin (1999)

Toro, EF, Spruce, M, Speares, W: Restoration of the contact surface in the
HLL-Riemann solver. Shock Waves 4, 25-34 (1994).
doi:10.1007/BF01414629

Uhlenbeck, G, Ornstein, L: On the theory of the Brownian motion. Phys. Rev. 36,
823-841 (1930). doi:10.1103/PhysRev.36.823

Verhoeven, J, Wiesehofer, T, Stellmach, S: Anelastic versus fully compressible
turbulent Rayleigh-Bénard convection. Astrophys. J. 805, 62 (2015).
doi:10.1088/0004-637X/805/1/62

Verma, MK, Donzis, D: Energy transfer and bottleneck effect in turbulence.

J. Phys. A 40(16), 4401-4412 (2007)

Vincent, A, Meneguzzi, M: The satial structure and statistical properties of
homogeneous turbulence. J. Fluid Mech. 225, 1-20 (1991).
doi:10.1017/50022112091001957

Woosley, SE, Janka, H-T: The physics of core-collapse supernovae. Nat. Phys. 1,
147-154 (2005). doi:10.1038/nphys172

Yakhot, V, Zakharov, V: Hidden conservation laws in hydrodynamics; energy
and dissipation rate fluctuation spectra in strong turbulence. Physica D
64(4),379-394 (1993)

Zhou, Y, Grinstein, FF, Wachtor, AJ, Haines, BM: Estimating the effective
Reynolds number in implicit large-eddy simulation. Phys. Rev. E 89(1),
013303 (2014). doi:10.1103/PhysRevE.89.013303

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



http://dx.doi.org/10.1016/0370-1573(94)00105-C
http://dx.doi.org/10.1016/j.jcp.2005.08.017
http://dx.doi.org/10.1017/S0022112007008531
http://dx.doi.org/10.1146/annurev-nucl-102711-094901
http://dx.doi.org/10.1093/ptep/pts067
http://dx.doi.org/10.1016/j.jcp.2009.10.028
http://dx.doi.org/10.1063/1.1539855
http://dx.doi.org/10.1143/JPSJ.77.064401
http://dx.doi.org/10.1016/j.jcp.2013.02.049
http://dx.doi.org/10.1016/j.jcp.2008.08.026
http://dx.doi.org/10.1146/annurev.fluid.010908.165152
http://dx.doi.org/10.1016/j.jcp.2006.05.009
http://dx.doi.org/10.1093/mnras/stv101
http://dx.doi.org/10.1088/0004-637X/742/2/74
http://dx.doi.org/10.1088/0004-637X/771/1/52
http://dx.doi.org/10.1088/0004-637X/730/2/70
http://dx.doi.org/10.1088/0004-637X/768/2/115
http://dx.doi.org/10.1088/0004-637X/746/1/106
http://dx.doi.org/10.1103/PhysRevE.66.026301
http://dx.doi.org/10.1086/192057
http://dx.doi.org/10.1006/jcph.1999.6416
http://dx.doi.org/10.1016/j.jcp.2007.06.030
http://dx.doi.org/10.1016/j.jcp.2008.01.036
http://dx.doi.org/10.1007/BF01414629
http://dx.doi.org/10.1103/PhysRev.36.823
http://dx.doi.org/10.1088/0004-637X/805/1/62
http://dx.doi.org/10.1017/S0022112091001957
http://dx.doi.org/10.1038/nphys172
http://dx.doi.org/10.1103/PhysRevE.89.013303

	Implicit large eddy simulations of anisotropic weakly compressible turbulence with application to core-collapse supernovae
	Abstract
	Keywords

	Introduction
	Methods
	Numerical methods
	Energy transfer equations
	Structure functions
	Transverse energy spectrum

	Basic ﬂow properties
	The energy cascade
	Energy decay rate
	Energy spectra
	Numerical viscosity
	The energy distribution

	The 4/5-law
	The transverse spectrum
	Conclusions
	Appendix: The role of turbulence in core-collapse supernova explosions
	Competing interests
	Authors' contributions
	Acknowledgements
	References


