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ABSTRACT

We continue the description of a low Mach number hydrodynamics algorithm for reacting, full star flows. Here we
demonstrate how to accurately incorporate reactions using a second-order accurate Strang-splitting technique. We also
improve the fidelity of the model by allowing the base state to evolve in response to large-scale convection as well as
large-scale heating, taking care to account for the compositional changes to the base state as well. The new algorithm
is tested via comparisons with a fully compressible code and shown to be in good agreement. The resulting code,
MAESTRO, once extended to incorporate a spherically symmetric base state, will be used to study the convection

and ignition phases of Type la supernovae.

Subject headings: convection — hydrodynamics — methods: numerical — nuclear reactions, nucleosynthesis,
abundances — supernovae: general — white dwarfs

1. INTRODUCTION

In the generally accepted model of Type Ia supernovae (SNe Ia),
a white dwarf accretes mass from a companion until it reaches
the Chandrasehkar mass (see Hillebrandt & Niemeyer 2000 for a
recent review). For centuries, subsonic convection (Mach num-
ber, M, ~0.01-0.1) transports heat generated at or near the center
throughout the star (Baraffe et al. 2004; Woosley et al. 2004;
Wunsch & Woosley 2004; Kuhlen et al. 2006). Only in the last
second before the star unbinds does the Mach number approach,
and possibly exceed, unity. It is the details of this convective phase
that determine initial conditions for the subsequent explosion. Sim-
ulations have shown that different approximations for the initial
conditions lead to very different explosion behaviors (Niemeyer
etal. 1996; Plewa et al. 2004; Garcia-Senz & Bravo 2005; Livne
et al. 2005; Ropke et al. 2006, 2007). Efficient simulation of this
convection requires modern numerical methods tuned to the con-
ditions in the star. Other astrophysical environments, such as clas-
sical novae and X-ray bursts, are also characterized by low Mach
number dynamics and could benefit from the algorithm approach
outlined below.

In this paper we continue the development of a low Mach num-
ber hydrodynamics algorithm for astrophysical flows. As shown
previously (see Almgren et al. 2006a, hereafter Paper I; Almgren
et al. 2006b, hereafter Paper II), the low Mach number hydro-
dynamics system of equations accurately describes the typical
flows in SNe Ia conditions for Mach numbers less than 0.2, pro-
viding a robust representation of finite-amplitude density and
temperature perturbations and accurately capturing the expan-
sion of the atmosphere due to heat release. Here we generalize
the model from Paper II in two fundamental ways. First, we add
species advection with realistic burning networks to the previous
framework. Next, we modify the evolution equations to allow the
base state to evolve in response to large-scale convective motions
as well as heat release. In the next paper we will generalize the
algorithm to spherical configurations. Here, we focus on plane-
parallel geometries in order to more carefully test the new aspects
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of the algorithm via straightforward comparison to compressible
codes.

The traditional approach for modeling the time evolution of
astrophysical flows uses a fully explicit time discretization of the
compressible equation set (see, e.g., Fryxell et al. 2000). An al-
ternative to this approach that is applicable for low Mach number
flows is a fully implicit method for solving the compressible equa-
tion set. A recent example of this type of approach is found in
Hujeirat et al. (2007), where an implicit solver based on nonlinear
Newton-type solvers in combination with the defect-correction
iteration procedure is introduced.

By contrast, our work, as well as recent work by Lin et al. (2006),
reformulate the system analytically to generate a low Mach number
equation set, which is then solved with a projection-type method.
The method presented in Lin et al. (2006) is similar to that pre-
sented here, but with several key differences. First, their method
does not allow for base state expansion and, therefore, is restricted
to situations where the total energy release and large-scale convec-
tive motions are not sufficient to significantly alter the radially av-
eraged state. In addition, the form in which the equations are
solved numerically differs between the two algorithms. Low Mach
number models, which include a constraint on the divergence of
the velocity field, are typically integrated using a fractional step
projection approach. In this approach, one first advances the sys-
tem without satisfying the constraint. In the second step, a discrete
projection is then applied so that the low Mach number divergence
constraint is satisfied. With this type of fractional step approach it
is not possible to numerically conserve mass and energy (or en-
thalpy) while simultaneously satisfying the equation of state. In
Lin et al. (2006) the temperature is evolved and the equation of
state is used to find the new density. Instead, we solve conserva-
tive equations for both density and enthalpy and relax the equa-
tion of state. The second major difference between our approach
and that of Lin et al. relates to the projection step of the algorithm.
Lin et al. formulate a projection algorithm in terms of a constant-
coefficient pressure Poisson equation, derived from the mass con-
servation equation, to be solved at each time step. In contrast, we
define the projection as an orthogonal decomposition of velocity
in a weighted inner product space. While our approach leads to
a somewhat more expensive variable-coefficient elliptic solve,
it has the advantage that it can handle larger density contrasts
without encountering stability issues (see Bell & Marcus 1992;
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Almgren et al. 1998; Sussman et al. 1999) and has been shown
to have better convergence properties (see Nicoud 2000). Finally,
our method is based on a second-order accurate discretization in
space and time.

Our goal for the current algorithm is to simulate the convec-
tion that precedes the explosion of the white dwarf, in order to
understand how ignition occurs. Other algorithms have been used
in the literature to study this problem, including an implicit method
(Hoflich & Stein 2002) and the anelastic approximation (Kuhlen
et al. 2006). Few details are provided about the implicit algo-
rithm used by Héflich & Stein (2002), so it is difficult to compare
it to our new algorithm. Direct comparisons with the anelastic
method, presented in Paper I, showed that at low Mach numbers
and small deviations of temperature and density from the back-
ground state, the low Mach number method and the anelastic
method agree well. The low Mach number method continues to
be valid for large density and temperature perturbations where
the anelastic formulation breaks down. We plan to follow the
evolution of the convection through the development of finite-
amplitude hot spots, as well as capture the expansion of the white
dwarf as it is heated by the reactions at the center.

In § 2 we discuss the low Mach number equation set with a re-
action network. In § 3 the numerical methodology is explained in
detail. Results are in § 4, including comparisons to a fully com-
pressible code and convergence tests. We conclude in § 5.

2. LOW MACH NUMBER HYDRODYNAMICS

In Paper II we derived a system of low Mach number equa-
tions for stellar atmospheres with a time-dependent background
state that depended on externally prescribed heat sources. In this
paper we generalize the low Mach number equation set from
Paper II to include reaction networks. The necessary assumption
for validity of the generalized system is, as before, that the Mach
number (M) of the flow be small. Then we can decompose the
pressure, p(x, r, t), into a base state pressure, py(r, f), and a per-
turbational, or dynamic, pressure, m(x, 7, ), such that |7|/py =
O(M?). Here, x represents the horizontal coordinate directions,
and r represents the radial direction. The perturbations of den-
sity and temperature need not be small. The base state is assumed
to be in hydrostatic equilibrium, i.e., Vpg = —poge,, where pg =
po(r,t) is the base state density and e, is the unit vector in the
radial direction.

We recall from Paper I the fully compressible equations of
motion in a stellar environment with species evolution equations
and reaction terms,

dp _
5, TV () =0, (1)
a(pU
(g )+V (pUU) + Vp = —pge,, (2)
A(ph Dp
(apt)+v (U h) —+pHnuc+pHextv (3)
A pX;
(g D LV WUpXy) = pin, (4)

where p, U, h, and p are the density, velocity, enthalpy, and pres-
sure, respectively. Here we have written the energy equation in
terms of enthalpy rather than total energy, as in Paper I. The spe-
cies are represented by their mass fractions, X, along with their
associated production rates, wy. Equations (1) and (4) for the mass
and species are degenerate, since
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and therefore, by definition,

In the absence of weak interactions, the nuclear energy genera-
tion rate, Hy. (expressed in erg g~' s7!), can be expressed in
terms of the specific binding energies, gy, as

Hye = — ZQk@k~ (5)
%

This is the form we use in this paper. We note that neutrino
losses can easily be added to this term as well. For generality we
retain the external heat source, Hey;, from Paper II. For the plane-
parallel applications in this paper, we take the gravitational accel-
eration, g, to be constant. Finally, the system is closed with the
equation of state,

p = p(p,h, Xp).

As in Papers I and I we use a general, publicly available
stellar equation of state based on the Helmholtz free energy, with
contributions from ions, radiation, and electron degeneracy, as de-
scribed in Timmes & Arnett (1999), Timmes & Swesty (2000),
and Fryxell et al. (2000). For the calculations presented in this pa-
per and in our previous small-scale flame calculations (Bell et al.
2004), we have not included Coulomb corrections. For the com-
parisons with the compressible method we set coulomb_mult to
0.0 in the FLASH code. However, we will include these contri-
butions for our scientific investigations of full white dwarfs.

We now derive the low Mach number equation set in a manner
analogous to the derivation in Paper II, but with species and re-
action terms added. We rewrite conservation of mass as an ex-
pression for the divergence of velocity,

1 Dp
VU= ———-. 6
D (6)

Differentiating the equation of state, written in the form, p =
p(p, T,Xy), along particle paths, we can write

pp 1 (Dp DT ,
—_ | — - _ 7
Dt p, <Dz PTpy Zk pX"”")’ ()

with p, = Op/Op
OploT|, .-

An expression for DT/Dt can be found by applying the chain
rule for & = h( p, T, X;) to the enthalpy equation (3),

@:Ll( ~ phy)

X, T PXxp = ap/anb"p(X k) and pr =

Dt pc, Z pgkwk + pHyue + pHext] ) (8)

where ¢, = Oh/OT|, « . x, 18 the specific heat at constant pressure,

hy, = Oh/Op| 7 y,, and & = Oh/OX|1,p,(x,. ;44 for convenience.
Comblnlng equations (6), (7), and (8) and replacing p by po(r, t),
we arrive at the divergence constraint on the velocity field,

V-U+a<%+u-vpo>

1
=—0) &Gdr+ EZ Pk + OHne+ oHew = S, (9)
k Pk
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where

1 — ph,)pr — pc, 1
az—{( p;)pr pc,}: ) (10)
PZCpDyp ['ipo

I'y = d(log p)/d(log p) at constant entropy, and o = pr/( pc,p,).
Here, we set I') = I'}, where I'; is the lateral average of I'y, i.e.,

1

Fl(r):m/gﬁl"l(x,r)dA, (11)

where A(Qy) = fQH d4, )y is aregion at constant height for the
plane-parallel atmosphere, and d4 represents an area measure.
This is a departure from the construction in Papers I and II, where
weused I'yg = I'1(po, po, Xxo)- The variation of T'y is explored in
the numerical tests presented in § 4.2 to ensure that the use of the
averaged I'; term is reasonable.

We note that the source term, S, is the same as that in our small-
scale low Mach number astrophysical combustion algorithm (Bell
et al. 2004), with the absence of thermal conduction and the
addition of an explicit heating term. (We also note that we have
changed our notation from Papers I and II from S to S. This is
consistent with Bell et al. [2004].) We recall from Papers I and II
that this constraint can be written as

V'(ﬁoU):ﬁo(S—a%) (12)

where

1 9
Bo(r,t) = 5(0, 1) exp (/0 T 87’(’) d/)_ (13)

Summarizing the reacting low Mach number equation set, we
have

I pXe) _

o —V-(UpXy) + pis, (14)
%: _v-(U,oh)Jr%erHnuc + pHext,  (15)
%_lt]:fu-vuf%wf(p_ipp‘))ger, (16)
V-(6ol) = fi (S_rllpo %) (17)

where the total mass density is defined as

p=>_ pXi, (18)
k
and S is given by

1
S=-0) L +Ezp&wk + 0Hpye + 0Hext. (19)
k Pk

The major difference in the constraint considered in this paper
relative to Paper II is the form of S. Now, in addition to the ex-
ternal heat source, there is a reaction heat source (the Ay, term)
and compressibility terms due solely to compositional changes
(the terms proportional to & and py, ). Here, & is evaluated by
integrating the reaction network. The thermodynamic deriva-
tives with respect to X are discussed in Appendix A.
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An underlying assumption in the low Mach number approx-
imation is that the pressure remains close to the background
pressure. Heat release from reactions and large-scale convective
motions in a convectively unstable background can both cause
the background state to evolve in time. As discussed in Almgren
(2000) and demonstrated numerically in Paper II for an externally
specified heating profile, if the base state does not evolve in re-
sponse to heating, the low Mach number method quickly becomes
invalid.

We recall from Paper II that we can decompose the full veloc-
ity field, U, into a base state velocity, woe,, and the remaining
velocity field, U, that governs the more local dynamics, i.e.,

Ulx, 7, 1) = wo(r, e, + Ulx, 7, 1). (20)

The decomposition is uniquely determined by the requirement
that

/ U-e.dd =0, (21)
Qy

which defines

1
O A() s

(U-e,)dA. (22)

7

Following Paper Il we can separate the divergence constraint into
that governing U and that governing wy, resulting in the expression

V- (home) = (55T @)
with
— 1

In Paper II, given wy, we updated the base state pressure and
density using

Opo dpo

o T T (25)
9
% =-V- (powoe,). (26)

While these evolution equations preserve hydrostatic equilib-
rium of the base state and allow expansion of the base state due
to nonzero S, they neglect base state changes that could occur
due to significant convective overturning. To quantify this effect,
we first define p’ = p — po. Using this definition and the velocity
decomposition equation (20), the evolution of p’ can be written by
subtracting equation (26) from equation (1),

Op' - / .

E:—V-(pOU)—V-(p woer) — V- (p'U).  (27)

The horizontal average of each of the first two terms on the right-
hand side of equation (27) is zero, but the average of the third
term, in general, is not. Consequently, p’, the horizontal aver-
age of p’, can change over time. In particular,

0 0
=== W), (28)

U-e,.

=2
Il

where
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In the algorithm as presented in Paper II, the nonzero right-
hand side in equation (28) allowed the base state density and
average density to gradually drift apart. As a result, the base state
pressure could also drift away from hydrostatic balance deter-
mined from the average density. For the nearly isentropically
stratified flows considered in that paper, this drift is negligible.
However, in a more general case where there is significant con-
vective overturning or when reactions produce significant changes
in composition, this effect can lead to a loss of physical fidelity
over time.

In this paper we correct for this drift from the average. We re-
tain our velocity decomposition, but alter the base state evolution
equations. Guided by equation (28), we replace equation (26) by

0
% = =V (powoe,) — V+ (nﬂe")’ (29)
where we define
) =W =—— [ (wad. (30)
AQm) Ja,

This has the consequence that if p’ =0 at t = 0, then p’ = 0
for all time.

We can derive the base state pressure evolution directly from
the hydrostatic balance equation. Starting with the equation of
hydrostatic equilibrium, Opo/Or = —pog, and using the new base
state density equation (29), one can show that in the case of plane-
parallel geometry with constant gravity, g, the base state pressure
is governed by

Apo dpo
W = Wopog + 1Mpg = —Wo W + 19 (31)

We define the Lagrangian change in the base state pressure as

Do po
Dt ’

Y= (32)
where Dy/Dt = 0/0t + wy 0/0r. Note that for plane-parallel geom-
etries, equation (31) can also be written as 1) = 7,g. The evolu-
tion equation for py in spherical coordinates will be discussed in
a forthcoming paper. With this definition, we can write the full
enthalpy equation (eq. [3]) as

a(ph 7. 0) 2
_(;t Lo =+ (D) S pHie + pHe (33)

and the temperature evolution equation (eq. [8]) as

DT 1 7. 9Po
Ft_Pcp{(l _Php) [1/J+(U er) 8’”]

- Z pgkdfk + pHnuc + pHext}~ (34)
k

In Paper Il we also defined an evolution equation for the base
state enthalpy, so that we could construct the fluxes used in the
enthalpy evolution equation in perturbational form. Numerical
experiments conducted later indicated that an alternate formula-
tion, described below in this paper, had better numerical proper-
ties, although analytically equivalent. Thus, we no longer utilize a
base state enthalpy or base state species concentration; only the
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base state density and pressure are essential to the low Mach num-
ber formulation.

Finally, we use equations (23) and (31) to define wy. In plane-
parallel geometry,

6w0 - 1 1 850
W_ —V+(Bowoe,) WO%W

Bo

_ (S __! %) B}
- flpo 8t 060 3}’
<1 (Opo dpo
=5 flpo ( 8t +WO 81”

- 1
=8 —=—1p9: (35)
0

where we have used (T'; po) ™~ (Opo/Or) = By 1(0B0/Or), as shown
in Paper I. A different constraint equation for wy would be needed
for spherical coordinates.

In writing the evolution of the velocity field, we make a slight
correction to the evolution equation for U given in Paper II,
equation (23). There we incorrectly split the dynamics between
U and wy; in effect, we neglected the perturbational pressure term
that appears in the evolution of wy. Here, after correctly splitting
the dynamics, we now have

awo _ 8W0 1 8770
ot "o Or po Or’ (36)
oU SR ou . Owy
E——U VU—WOE—(U ey)wer
Aypp LOm, omp) )
p po Or p

where we have introduced a new term, (1/p¢)(0m/0r), that con-
tributes to the change in wy. We note that without this term in
equation (36), an initially zero wy would remain zero for all time.
Similarly to 7, the magnitude of my is such that |mo|/|po| =
O(Mg), where My = [wyl/c, so we can neglect its effect on ther-
modynamic relations.

In practice, we calculate wy by integrating the one-dimensional
divergence constraint (see eq. [35]). Then we define

1 0mo - Owy Owyg
T or o M (38)

once wy at the old and new times is known, and the advective
term is computed explicitly. Then we can include this for com-
pleteness in the update for U. The constraint equation for U re-
mains as in Paper II,

V- (BoU) = Bo(S - S). (39)

3. NUMERICAL METHODOLOGY

The numerical methodology in this paper is more complicated
than that outlined in Paper II because of the need to integrate the
reaction network. Again, we use a predictor-corrector formalism.
In the predictor step we compute an estimate of the expansion of
the base state, then compute an estimate of the state at the new
time level. In the corrector step we use the results of the previous
state update to compute a new base state update as well as full state
update. We include the reactions using Strang-splitting to achieve
second-order accuracy in time.
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3.1. Notation

We make use of the following shorthand notations in outlining
the algorithm.

1. For any quantity, ¢, we define ¢ = Avg(¢), the average
over €y, as
— 1
o(r) =—— o(r,x)dA. 40
%) o, (40

2. React State[pin (ph)™, X{™ T (pHext)™] — [ 0%, (ph)*™,
X0 TOU (puy)™] is the process by which we evolve the spe-
cies and enthalpy from X, — X" and ( ph)™ — (ph)°™ by solv-
ing the following system of equatlons over a time interval of
At/2,

0X;
— = 41
L, )
O(ph
% = pHpue + pHext- (42)

In particular, to evolve the species, we solve the system

dX;

— = X, T 43

dt wk(pa ks )a ( )
dT 1
= [ =3 G + Hue ). 44
dt cp< k Gt uc) )

using the stiff ordinary differential equation integration meth-
ods provided by the VODE package (Brown et al. 1989). The
absolute error tolerances are set to 10~!2 for the species, and a
relative tolerance of 107 is used for the temperature. The inte-
gration yields the new values of the mass fractions, X,>"'. Equa-
tion (44) is derived from equation (8) by assuming that the pressure
is constant during the burn state. In evolving these equations, we
need to evaluate ¢, and &. In theory, this means evaluating the
equation of state for each right-hand side evaluation that VODE
requires. In practice, we freeze c, and fk at the start of the in-
tegration time step and compute them using p'™, X", and 7™ as
inputs to the equation of state. We note that while temperature is
evolved when solving these equations, we do not keep the final
temperature, nor do we use it to compute the final change in en-
thalpy. Therefore, T°" = T'". Also, note that the density remains
unchanged during the React State step, i.e., p°* = p™.

After the new mass fractions have been computed, the reac-
tion rates are defined as

pout (Xkout _ ka)

Out 4
(Pwk) At/2 ’ ( 5)
and the nuclear energy generation rate is defined as
(PHue) = = Y (p) ™. (46)
k

The enthalpy update incorporates the external heating, ( pHex)™,
and is updated by

(ph)OUt — (ph)m + —(pHnuc) + (pHext)m (47)

o 1
3. Advect Base(pq', py', 55", wo' ,w'“)—>(p8‘“, po " gt

is the process by which we update the base state through A¢ in
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time given the radial velocity wi". Here we discuss the algorithm
for plane-parallel geometries. The base state arrays are all one-
dimensional in the radial coordinate; we think of the base state
quantities as defined at cell centers, with wy and 3, defined half-
way in-between.

a) For the density update, we discretize equation (29), neglect-
ing the 7, term, to compute the new base state density,

out n

i At out,n+1/2_ in
Poj = Poj = A, [(,00 Wo >j+1/2

. out,n+1/2 in)
(po "o j—1/2:|,

where j refers to the one-dimensional index in the radial direc-
tion. The interface states, pout 12 are found via the procedure
described in Paper 11, Appendix A, and are saved for use later in
the overall algorithm.

b) For the pressure update, we discretize equation (31) to com-
pute the new base state pressure,

out in At in in
Poj =Poj " 5A, (WOJH/z+ WO‘j—l/z)
n+1/2 n+1/2 in
(Po j+1/2 pO‘j71/2> + A", (48)

where the interface states are again found via the procedure de-
scribed in Paper I, Appendix A.

4. Correct Base( pO , 77‘“) — (p™) is the process by which we
adjust the base state den51ty given 1), using

ou in At in
/J'ojt Poj — Ar (77,,j+1/2 77,),/71/2) (49)

3.2. Time Advancement Algorithm

We now describe the full time advancement algorithm, making
frequent use of the shorthand developed above. Here, we assume
that the problem is already properly initialized. We describe the
details of the initialization in § 3.3.

In Paper II we discretized the density and enthalpy evolution
equations in perturbational form, arguing that this would be less
susceptible to grid effects. In the present algorithm, the analog
would be to use a perturbational form of the species equations.
Numerical testing has shown that the form of the algorithm pre-
sented here is in fact more robust than the perturbational form
when the base state mixing terms (7),) are included. In the al-
gorithm described below, density is still extrapolated to edges in
perturbational form, but we treat X; and / in nonperturbational
form.

SteP 1. Define the average expansion at time t"*'2 and the
new wy.

a) Atthe beginning of each time step, we need an estimate for
the time-centered source term in the velocity divergence con-
straint (see eq. [9]). If this is the first step of the calculation (n = 0),
we set

g2 _ S0+ 8!
2 )

where S! is found through the iterative process that initializes
the calculation. Otherwise, following the method used in our
small-scale low Mach number algorithm (Bell et al. 2004), we
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extrapolate to the half-time using the source terms at the pre-
vious and current time levels,

AN LK. Sn—l

Sn+1/2* S"
2 Al

(50)
b) Define

§n+1/2,* _ Avg (Sn+1/2,*) )

12,
¢) Construct wy ™"

lagged 1/)"71/2,

by integrating equation (35) using the

n+1/2x
owy / _ g _nl P, (51)
or I'ipy

For spherical geometries, this equation would be modified.
d) Using equation (38), define the scaled pressure gradient

1 1/2% n—1/2 nx
_ Laﬂ(()) :W(;H—/ - W, / +W6’1*(8W0>' ’ (52)
i Or (A" + Ar=1)/2 or

where wy™ and (Owy/Or)™* are

o AT Ayt (53)
o At —+ Atnfl )

M nox B 1 p dwo n—1/2
or A Al or
n+1/2%
+ A (%) ] (54)

If n =0, we use Ar~! = As°.

Step 2. Construct the provisional edge-based advective veloczly,
UAPV-M| The procedure to construct UAPV:() s described in
detail in Appendlx B. We note that UAPV-() satisfies the discrete
versions of equations (21) and (39), in particular,

V'(ﬂé’f]ADv’(l)): ﬁ(;l (Sn+l/27*_§n+l/2,*). (55)

StEP 3. React the full state through the first time interval of
At/2.

clz)) React State[p”, (ph)", X!, T", (p"Hext)] —
Xk( ,T(l) (pine )(')]
b) Define

— (o, (o1,

J— 1 n
I\ = Ave[Ti(o, pi X ()

D
(1) ﬂ(p07p05F( ) (56)

StEP 4. Advect the base state, then the full state, through a time

interval of At.

a) Advect Base (p, pg, BV, w2 pn=12y _ (pEh,
n+1/2,% pred

b) Compute the edge states, (pX) D2 and (ph)(D 12
for the conservative update of (pXj;) and (ph). Here we predlct
p 7, and X; to the edges, using a second-order Taylor expan-
sion in space and time, as described in Paper II, Appendix A, us-
ingV = U"PV® 1y, "H/z *e,. We explicitly include the reaction

Py
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terms in the temperature prediction, since we did not update the
temperature in React State. We use the equation of state and base
state density, po, to convert these to edge states for ( pX;) and (ph).
We define p(Dn+12x = f (pXk)(l),n+l/2,*.

¢) Evolve (p X)) — (pX )@+ and (ph)V — (ph)®* with-
out explicitly including the reaction terms,

(pX)P* = (pX) " —
x {V. {(f]ADV.,(l) +W61H/2’*e,->(pXk)(”f"H/Z‘*} }’ -

(ph)(Z),*:(ph)(l)_At{V [(UADV(1)+ 12, r)

X(ph)(l),n+l/27*} } + At(fjADV,(l)_er) (%) A2,

(58)
p = Z (PX)®, (59)
X2 = (pX)@p?, (60)
T@x — T( PO (o), Xk(z),*) (61)
using the equation of state.
d) Correct Base(p", n'?) — (p).
e) Define an edge-centered 7]"“/ 2* and cell-centered 1/)”1/2 *
n * I K n+1/2x n *
e AVg[(UADVf(l)-e,er; / )pm, +1/2, }
_W(;hL1/2,*pg+1/2,9<,pred7
n+1/2% 1 n+1/2x n+1/2%
¥ ) (np,j—l/z + np,j+1/2)g' (62)
n+1/2 %

For spherical geometries, v); would have a different form.

StEP 5. React the full state through a second time interval of
At/2.

a) React State[p®*, (ph)®*, X% TO* (p@* Hyy)] —
[ n+1% (ph)nJrl * Xn+1 * TrH—l * (pwk)(Z) *]

b) Deﬁne

FIIJrl,*: Avg |:Fl <p11+1 *’p61+|
n+1*_ﬁ< n+1*

STEP 6. Define a new average expansion rate at time t"+'2.
a) Define

an+1,*):| ’

n+1 *’I—‘;H»l,*)- (63)

Sn-‘rl,* - _ szk(u.}k)(z)‘* + O_Hn(lfg,*
k

1 . .
+— ZpXk(Wk)(Z)’ + oHext, (64)
PPp %

where (W) @™ = (pur)@*/p®* and the remaining quantities are
defined using Xl?“v*, p" 1, and T"+'* from step 5. Then define

Sn+Sn+l’*

n+1/2 _
S 2

b) Define

§n+1/2 _ Avg (Sn+l/2> )
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¢) Construct w”“/2 by integrating equation (35),

awil+1/2 1

0 _ gntl/2x n+1/2,%
o S TrrL2x nil/2x ¥ » (65)
1 Po
=n+1/2% —n+1x%

for plane-parallel geometrles where I’
al’ldp"+1/2* — (P + 0 )/2
d) Usmg equation (38), define

1 ?2) n+1/2 = n—1/2 n
(1 9mg _ W Wo - <8w0> . (66)
py or (1/2)(At" + A1) or

where w{ and (Owy/Or)" are defined analogously to equa-
tions (53) and (54).

Step 7. Construct the final edge-based advective velocity,
UAPV®_ The procedure to construct UAPV® is described in
detail in Appendix B and is analogous to the procedure used
in step 2, but with updated values for wy and my. We note that
UADV.Q) gatisfies the discrete versions of equations (21) and (39),
in particular,

= (T +T "0

v. (ﬁ(;1+1/2,*l~JADV,(2)> _ ﬁ61+1/2‘* (Sn+1/2 B §n+1/2)’ (67)

where ﬂn+l/2* _ (ﬂo + 6n+1 *)/2
SteP 8. Advect the base state, then the full state, through a time
interval of At.

al)/zA%VGCt Base(p07 p07 5(51)7 W(;1+1/2 z/}n+1/2 ) — (p(z)
n+1/2,pre D
b) Compl(;te the edge states, (pX;) """+ and (ph)V:"+12,
for the conservative update of (pX;) and (ph). Here we predict p/,
7, and X} to the edges, using a second-order Taylor expansion
in space and time, as described in Paper II, Appendix A, using
V = UAPVO@ 4 ”“/ze Again, we explicitly include the reac-
tion terms in the temperature prediction, since we did not update
the temperature in React State. We use the equation of state and
base state density, pg, to convert these to edge states for (p.X;)
and (ph). We define p(l)n+l/2 Z (pXk)(l) n+1/2

¢) Evolve (pX)D — (pX0)® and (ph)" — (ph)®,

I

(pX0)® = (pX) D — AI{V . [(UADv,(Z)
+Wn+1/2 )(pXk)(l).nH/zH7 (68)
() = (o) = AV [ (TP e, )
X(ph)(l),n+l/2:|} At SLaover,,)

apo n apo n+l
) l(ﬁ) i (W)

+ Arp" T2 (69)

PP =" (px0)?, (70)
k

X2 = (px)® /o, (71)

7O =7 (2, (o), x2) (72)

using the equation of state
d) Correct Base(p ”*”2 *) — (pgth.
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e) Define an edge-centered n*'"* and a cell-centered UHARCH

7];+]/2 Avg[(f]ADV’(z)-er +Wg+1/2)p(1)ﬁn+1/2}

n+1/2 n+1/2 pred
~Wo  Po :

w12 L/ apap n+1/2
¥ ) (77,1,1' 121, j+1/2)9 (73)

StEP 9. React the full state through a second time interval of
At/2.

a) React State [p@, (ph)@, X2, T® (p®He)]—[p" 1,
(ph)n+1 Xn+l Tn+1 (pw )(2)
b) Deﬁne

FHI—AVg[F ( n+17p0+1 Xn+1)],
6l+l ﬁ(p 7anrl F)1+I) (74)

Step 10. Compute S™*! for the final projection.
a) Define

S =— 0> @) +oHY)
k
1 :
+—> px(@)® + oHex, (75)
Ppp k

where (W)@ = (pur)®/p® and the remaining quantities are de-
fined using X +!, p"*!, and T"*! from step 9.
b) Define

5" = Avg(s™HY).
SteP 11. Update the velocity. The velocity update happens anal-

ogously to Paper II, using S m+1 from step 10. We update the ve-
locity field U" to U L by discretizing equation (37),

= A (0O 1wy e, )| 17}"“/ i

n+1/2
_At(i]ADV,(Z).er) <8w0+ )er

f]n-‘rl,* — f]n

or

(pn+1/27 pg+l/2)
P12 ger|s

+At Gr" 124 LG -
Po

- pn+1/2
(76)

where p"t12 = (p" + p"*1)2 and G approximates a cell-centered
gradient from nodal data. The construction of ([(TUAPYV/® +
wit12%e,)- V]U)" "% is described in Paper II, Appendix A, with
V UADV.2) + wit12¢, and s set to each component of U”

individually.
Finally, we impose the divergence constraint from equation (39),

V. (55:+1/zl~],,+1) _ ﬂgﬂ/z (S"“ B §n+1)
by defining V = U""'* + (At/p"*"?)Gn"~"2 and solving

L,;(b D( n+1/2v) _ ﬁSH/Z (S"H _§n+l)’ (77)
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for nodal values of ¢, where 372 = (37 + B¢*')2 and L/, is
the standard bilinear finite element approximation to V- (3 6’“/2/

p"TV2)V. In this step, D is a discrete second-order operator that
approximates the divergence at nodes from cell-centered data and
satisfies G = —D7. (See Almgren et al. [1996] for a detailed dis-
cussion of this approximate projection; see Almgren et al. [2000]
for a discussion of this particular form of the projection operand.)
We solve the linear system of equation (77) using multigrid
V-cycles with Gauss-Seidel relaxation.

We determine the new time velocity field from

. 1
n+1
Ul =v - ST Go, (78)

and the new time-centered perturbational pressure from

1
n+1/2 _
™ A7 @.

Step 12. Compute a new At. Compute At for the next time step
with the procedure described in § 3.4, using wy as computed in
step 6 and U"*! as computed in step 11. We use this Az in the next
time step.

This completes the time advancement of the algorithm.

3.3. Initialization

We start each calculation with user-specified initial values for
0, Xy, and T, as well as an initial background state. In order for the
low Mach number assumption to hold, the initial data must be
thermodynamically consistent with the initial background state.
In addition, the initial velocity field must satisfy an initial approx-
imation to the divergence constraint. We use an iterative proce-
dure to compute both an initial right-hand side for the constraint
equation and an initial velocity field that satisfies the constraint.
The user specifies the number of iterations, N3, ., in this first step
of the initialization procedure.

The initial perturbational pressure also needs to be determined
for use in steps 2, 7, and 11. This is done through a second iter-
ative procedure which follows the time advancement algorithm
as described in steps 1-11 in § 3.2. The user specifies the number
of iterations, N, in this second step of the initialization pro-
cedure. The details for both iterations are given below.

Step 0. Initialization. Start with initial data X, ™, piMt, 70t an
initial base state, and an initial guess for the Ve1001ty, U™ Use the
equation of state to determine ( ph) ™. Set w) = 0 as an initial ap-
proximation. Compute Binit as a function of the initial data. Then,
project U™ using Binit and S = p Hex, giving U 01 The next part
of the initialization process proceeds as follows.

a)Dov=1,...,NS

iters*®

i) Estimate At” using U™ % and wy.

11) React State[ init (ph)lmt Xmlt T init (pll’lltH xt)] [ cou'r7
(ph)out Xout Tout, (pwk)o 1/]

iii) Compute SO from equation (19) using (pwy;)™” and the
initial data.

iv) Compute " = = Avg(S 0wy,

v) Compute w ™! as in step 1c using 5"

vi) Project U%" using Binit and (SO
term. This yields U %"+,

End do.

Define S° =
UO = UV t!,

and ¢n 172 _
— 5%%) as the source

+1

NS NS s
S0 llers’ WO_I/Z = WO““S , At = AtNitels’ and

Next, we need to construct an approximation to the time-
centered perturbational pressure, 7, and an approximation to
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the divergence constraint at the end of the ﬁrst time step. As

initial approximations, set §'* = S, ’”2 0,42 =0, and
71/2 =0
b) Dov=0,...,Nf,,— L

i) Performsteps 111 as described above, using S"?* = (S° +
S17Y)/2 instep 1 as described. The only other difference in the time
advancement is that in step 11 we define V = (U'* — U°) and
solve (the motivation for this form of the projection in the initial
pressure iterations is discussed in Almgren et al. 2000)

L = D( 1/2V)—ﬁg/z[(sl—il)—(so—Eo)] (79)

We discard the new velocity resulting from this, but keep the new
value for 72 = 7712 4- (1/At)¢. These steps also yield new sca-
lar data at time A¢, which we discard, and new values for 77,,/2
(step 8), 4% (step 8), '+ (step 10), and 7% (step 11), which
we keep.

11) Set 7.‘_71/2 — ﬂ_l/Z’ ,,771/2

End do.
Finally, we define S! = SV,

and w 12 _ ,(/}1/2'

3.4. Computing the Time Step

There are several constraints on the time step. Effectively, we
compute the time step based on each constraint separately, then
take the minimum value of the various time steps computed.

The first set of constraints is based on the standard CFL con-
dition for explicit methods. The user sets a CFL factor, o L, be-
tween 0 and 1. Because we advance the base state with wq only
and the full state with (U + wye,.), we have two separate constraints
based on the CFL condition. For a calculation in ng4;;, dimensions
(ndim = 2 or 3), the first constraint is

Aty = o™ min  {At}, (80)

i=1... ngm

where

Ax;
# . (81)
Ui+wge,.- n,’

At = minx{ |

Here wge" is the value of wy averaged from the cell edges to each
cell center, n; is the normal in the ith coordinate direction, and
min, is the minimum taken over all computational grid cells in the
domain.

The second constraint is based entirely on wy,

A
Aty = UCFLminj{—r}, (82)

[wo|

where Ar is the spacing of the radial arrays such as the base state
and wy; is the value of wy at a radius of jAr. For plane-parallel
simulations Ar = Ax, but in the spherical simulations A7 and
Ax need not be the same.

An additional constraint is based on the forcing terms rather
than the velocities. This constraint is necessary when a calculation
is started from rest, since in that case the velocity-based time step
would be infinite.

Here, we define

Atp = lmm {Atg,}, (83)

-« Ndim

where

AZ‘F,- =V 2Axi/E‘maxa (84)
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where Fjax is the maximum buoyancy force in the ith coordi-
nate direction.

A final time step constraint is needed to prevent local expan-
sion from numerically emptying a cell. We require that the den-
sity be reduced by no more than 40% in a single time step; this is
expressed in terms of constraining the time step so that A < Atg,
where Atg is defined at the beginning of each time step so that

Ats(V-T") < 0.40, (85)

in every cell.

For the initial iterations described in § 3.3 above, none of these
methods may give a reasonable time step if there is no initial ve-
locity field. In that case, we set the time step to the fully compres-
sible time step constraint—i.e., that determined by the bulk velocity
plus the sound speed.

4. NUMERICAL RESULTS

In this section we present results exploring different features
of the low Mach number algorithm in a plane-parallel geometry.
The first set of simulations are bubble rise problems with re-
actions. We compare the low Mach number results with com-
pressible results and also perform a convergence study of the
low Mach number method. The second set of simulations are of
long-timescale convection; again we compare with compressible
results and, in addition, examine the long-time behavior of the
thermodynamic pressure relative to the background pressure to
verify that the model assumptions continue to hold. All of these
tests are performed with the general astrophysical equation of
state (Timmes & Swesty 2000), suitable to the conditions in a
white dwarf.

4.1. Background State

For each of our numerical tests we define the background state
in three parts, as in Paper II. The central portion of the domain
is initialized with a one-dimensional hydrostatic white dwarf
model. The model is created by specifying a base density of 2.6 x
10° g cm—3 and base temperature of 7 x 108 K and integrating the
equation of hydrostatic equilibrium outward while constraining
the model to be isentropic. The composition is held constant at
0.3 '2Cand 0.7 10, and the gravitational acceleration is fixed at
—1.5 % 10'" ¢cm s~2. This procedure provides a reasonable ap-
proximation of the state of the white dwarf just before runaway.

Below this layer, we decrease the entropy by a factor of 3 and
create a convectively stable layer by integrating downward with
a constant entropy gradient, so that the entropy decreases slowly
toward the bottom of the domain. This layer acts as part of the
lower boundary condition to insulate the dynamics in the unstable
layer from the effects of the lower boundary of the computational
domain. The entropy drop here is large enough that the tempera-
tures in this layer are <107 K, and the thermonuclear reactions are
effectively turned off.

The upper portion of the domain represents the region beyond
the outer boundary of the white dwarf, and different approxima-
tions are used there for the compressible and low Mach number
models. For each model we define a “density cutoff.” Once the
density drops below this value, the integration is stopped and the
material above it is held at constant density and temperature. In
the compressible case the pressure is evaluated from the density
and temperature; in the low Mach number model the base state
pressure is held constant.

For the compressible calculations, the density cutoff is set to
10~* g cm™3. We also impose that the temperature is never al-
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lowed to drop below 107 K. Figure 1 of Paper II shows the ini-
tial temperature, density, entropy, and adiabatic indices [I'; and
Yo = p/(pe) + 1] as a function of height for the compressible
background.

For the low Mach number model, we also impose an ““anelastic
cutoff ’; this is the value of density below which we define 3¢ by
keeping (¢/po constant and is used in order to suppress spurious
wave formation at the outer boundary of the star. In the calcula-
tions shown here, both the density cutoff and the anelastic cutoff
are set to 3 x 10® g cm™3.

4.2. Reacting Bubble Rise

To test the coupling of reactions to the hydrodynamics, we con-
sider a plane-parallel carbon/oxygen white dwarf model seeded
with temperature perturbations. For these calculations we restrict
ourselves to a plane-parallel geometry in order to more easily fa-
cilitate the comparisons to a fully compressible code.

We use a single-step '2C('2C, ) 24Mg reaction. The carbon
mass fraction equation appears as

# == 11_2PX (12C) foouNalow)],  (86)

where N,4(ov) is evaluated using the reaction rate from Caughlan
& Fowler (1988). The Coulomb screening factor, fcoul, is eval-
uated using the general routine from the Kepler stellar evolu-
tion code (Weaver et al. 1978), which implements the work of
Graboske et al. (1973) for weak screening and the work of Alastuey
& Jancovici (1978) and Itoh et al. (1979) for strong screening.
Larger networks can easily be accommodated.

The initial conditions for the bubble rise problem are defined
to be the background state, as defined in § 4.1, perturbed by the
addition of local temperature variations (with corresponding den-
sity perturbations that keep the perturbed regions in pressure equi-
librium with the background) of the form

3
dnm
T = (Timt)j{l - m;am [1 +tanh<2 _o,,,)] }
pij = P(Poj‘, T, (Xk,init)j>- (87)

Here, i and j are the lateral and vertical zone indices, respec-
tively, Tini 1s the initial background temperature, py is the base
state pressure, and X ini; 1S the initial mass fraction of species £.
The distance d,, is simply found as d,ﬁ =(x; — xm)2 +(r; — rm)z.
No explicit heating source term is included—these perturbations
are large enough to begin localized carbon burning in the model
star. In addition to the burning in the rising bubbles, the conditions
at the base of our convectively unstable layer (where p = 2 x
10° g cm™3 and T = 7 x 10* K), which correspond to those at
the center of a white dwarf a short time before a SN Ia, are such
that low-level reactions also occur here.

4.2.1. Comparison with Compressible

This first test is similar to that presented in Paper II, except
now the heating is provided by reactions. For this test we use three
perturbations, whose coordinates x,, and r,,, width o,,, and ampli-
tude a,, are listed in Table 1. We compare the low Mach number
results with both an unsplit and dimensionally split implementa-
tion of the compressible upwind method of Colella (1990).

The domain is 2.16 x 10 cm by 3.6 x 103 ¢cm, of which the
bottom 0.5 x 10% cm is the low-entropy layer. The resolution is
384 x 640 cells. Periodic boundary conditions are used on the
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TABLE 1
PARAMETERS FOR INITIAL TEMPERATURE PERTURBATIONS

Xm m Om
m am (cm) (cm) (cm)
| S 0.15 5.0x 107 6.5x% 107 2.5x10°
D 0.30 1.2x108 8.5% 107 2.5%10°
B 0.225 2.0x 108 7.5 % 107 2.5%10°

Note.—See eq. (87).

left and right domain edges. The low Mach number runs use a
solid wall boundary at the lower boundary and outflow at the up-
per boundary. The fully compressible simulations use a hydro-
static lower boundary (with the velocity given a zero gradient)
and a zero-gradient upper boundary (with the velocity restricted
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from inflowing, i.e., it is set to 0 if it is negative). The compres-
sible boundaries are described in more detail in Zingale et al.
(2002).

Figure 1 shows the temperature (calculated from the equation
of state given enthalpy, density, and composition) and >*Mg abun-
dance after 2.5 s of evolution, for the split and unsplit compres-
sible algorithms and the low Mach number algorithm. Generally,
the results agree well between the algorithms. As discussed in
Papers I and II, the bubbles in the low Mach number case are
slightly narrower than those from the compressible runs, but as
we showed there, the magnitude of the disparity is comparable
to that between different compressible algorithms. We note that
the dimensionally split compressible algorithm used in this paper
is different from the split algorithm used in Papers I and II. With
this new algorithm, we do not see the temperature oscillations that
we attributed to dimensional splitting in Paper 1.

unsplit compressible split compressible low Mach
T rrrr[rrrrrrrrr Trrr[rrrrrr e T T T T 9.0
8.5
8.0
75
Ol v b vy v by vy by g v by PRSI S TS SR A NS S S N S SR ST N TS S TN S S S N S S S 7.0
0 5.0x107 1.0x10° 1.5x10® 2.0x10° 0 5.0x107 1.0x10° 1.5x10® 2.0x10° 0 5.0x107 1.0x10® 1.5x10® 2.0x10°
x (cm) x (cm) x (cm)
T T T T T T T T T T T T T -3.0
3x108F 1 - 1 - 1 -35
-4.0
. 2x10%F 1 - 1 - 1
é -45
-5.0
1x108F ‘: :’ ﬁ r {: :’ ﬁ r ( ) ﬁ-
h L‘; h -5
Ol v v b v b v v by v 1y e v v by v b by e by vy b v b by -6.0
0 5.0x107 1.0x10°® 1.5x10% 2.0x10° 0  5.0x107 1.0x10°® 1.5x10% 2.0x10° 0  5.0x107 1.0x10°® 1.5x10% 2.0x10°
x (cm) x (em) x (cm)

Fi6. 1.—Comparison of the low Mach number (/eff) and compressible (ight) solutions for the three-bubble test. Shown are the log of temperature (top row) and *Mg

mass fraction (bottom row) at t = 2.5 s.
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Another feature of the algorithm that we explore with this sim-
ulation is the effect of replacing I'; by I'; in the definition of «
(see eq. [10]). We consider equation (9) in the form

1 Dpo o
Tipo Dt

V.U +

We argued in Paper I that we could replace I'; in the above equa-
tion by I';, allowing us to write equation (9) in the form of equa-
tion (12). Instead, we could substitute a more general expression,
I'y =T'; + 61"y, into equation (9), giving

L 9

V'U — = N .
* (Fl +6F1)p0 ot

. U-Vpy =S —
(T + 6T1)po po

Assuming that 61| < T';, we then have

1

V-U-+=
Ty po

1 9 6T 0O or

:S__ ﬂ+_21 ﬂ+_21

Tipy Ot T, po ot T, po

U-Vpy

U'Vp()a (88)

The base state evolution equation is the average of this over a
layer,

1
Vewge, + = Woer’Vpo
I'ipo
- 1 9 )
FlpO ot Flpo

Subtracting this from equation (88), we have

N 1
VU + =
I po

0'VP0

- or - 6Ty -~
:S—S+_21 (w"‘U'Vp())—(_z—lU'Vpo)
FlpO F1p0

These can be written more compactly as

owe — 1 5T -
O S — o+ [Ty |, (89)
87‘ 1_‘lpO F1p0

for plane-parallel geometries (analogous to eq. [35]), and

V- (8oU) = Bo [S—§+52Fl P
T'ipo

6Ty 6Ty -
+— U-Vpo—<21 U-Vpoﬂ, (90)
L'y po Iy

instead of equation (39). In order to solve this equation using
the projection methodology, we consider a time-lagged approxi-
mation to the U - Vp, terms appearing on the right-hand side. We
explore the effect of substituting equation (90) for equation (39) in
both the final MAC projection (step 7) and the final projection
(step 11) and the effect of using equation (89) in step 6.

Figure 2 shows a superposition of contours of the temperature
from the original simulation (using just T'; in eq. [9]) and the tem-
perature from the same simulation except using the 6 I"; correction
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T T T T ‘ T T T T T T T T T T T T ‘ T
3x10% -
I e . @ |
2x10° = s —
G- . I
1x10% - L U N
1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1
5.0x107 1.0x108 1.5%10°8 2.0x108
x (cm)

Fig. 2.—Comparison of the effect of using only T'; (red) vs. the lagged 6T
correction (green). Here, the temperature is plotted, with 12 contours equally
spaced in log 7 in the range 107 K < T < 8 x 10® K. We see excellent agreement
between the simulations, demonstrating that it is reasonable to use only T'; in

eq. (10).

in the projections. We see that there is very little difference in the
two temperature fields in the region surrounding the bubbles, sup-
porting our original substitution of T'; for I'; in the velocity con-
straint equation. The region at the top of the atmosphere in the
calculation with the 6I'; terms develops some vortices—this is
likely an interaction between these additional terms and the steep
falloff at the top of the initial model. Since this is far from the re-
gion of interest (the bubbles) and since these correction terms are
not part of the regular algorithm, we did not explore this vortex
generation in detail. In future calculations, we will continue to
monitor §I'; to further assess whether additional corrections are
needed.

4.2.2. Convergence Study

In the calculations considered here we zoom in on a single re-
acting bubble, corresponding to m = 2 in Table 1. The domain
spans 1.44 x 10% cm in the horizontal and vertical directions, of
which the bottom 0.1 x 10® cm is the low-entropy layer. We cen-
ter the hot spot laterally in the domain. The calculations are run
with a fixed time step to # = 1.0 s, and data is presented at intervals
of 0.2 s. The time steps for the coarse, medium, and fine resolu-
tions are At = 0.02, 0.01, and 0.005 s, respectively. The resolu-
tions are Ar = 1.125 x 10°, 5.625 x 10°, and 2.8125 x 10° cm,



460 ALMGREN ET AL.

r (cm)

0 2.0x107 4.0x107 6.0x107 8.0x107 1.0x10° 1.2x10° 1.4x10°
x (cm)

8.5 8.6 8.7 8.8

Fic. 3.—Log of temperature at # = 1 s in the region of interest of the bubble
rise problem used for the convergence study.

respectively. The boundary conditions are solid wall on the lower
boundary, periodic on the lateral boundaries, and outflow at the
upper boundary.

To compute rates of convergence, we first compute the errors
between data differing by a factor of 2 in resolution. The error is
defined at the coarser of the two resolutions by the difference
between the coarser calculation and the volumetrically aver-
aged finer calculation of each set. The L; norm of each error is
then computed, and the ratio of the coarse—medium error to the
medium—fine error is computed and presented in the table. Ratios
of approximately 4 denote second-order convergence.

For these simulations, the sharpness of the transition at the ar-
tificial low-entropy layer at the bottom of the domain introduces
errors at the interface that obscure the convergence behavior of
the scheme. In addition, we want to focus on the bubble dynamics
rather than the upper atmosphere where the flow is smoother. For
these reasons, we measure errors in a subset of the domain, from
0.27 x 10% cm to 0.81 x 10® cm in the vertical direction. Figure 3
shows the temperature field at # = 1 s in the region of interest.

In Table 2 we present the ratios of the L; norms of the errors in
velocity, perturbational density, enthalpy, and >*Mg abundance.
At early times, the data shows second-order behavior for all of
the primary variables and a reduced rate for the enthalpy, which
is caused by the interaction of the interpolated initial data with
the equation of state. At intermediate times, we begin to see a
reduced convergence rate ~h'* in the Mg abundance and per-
turbational density. We believe that this reduced rate results from
the extreme sensitivity of the reaction rate to temperature, O(T >*)
(Woosley et al. 2004).

Another important test of the behavior of the methodology is
the degree to which the solution drifts from the equation of state,
i.e., the degree to which the thermodynamic pressure, defined by
the equation of state as a function of density, enthalpy, and com-
position, differs from py over time. This drift occurs because the
algorithm enforces the Lagrangian derivative of the equation of

TABLE 2
RaTIOS OF L1 ERRORS OF DYNAMIC AND THERMODYNAMIC VARIABLES

t u v p=po h X(*Mg)
42 40 40 35 .
38 40 38 32 41
3.7 3.9 3.9 3.7 33
38 3.9 3.9 38 3.6
3.8 42 35 3.8 28
41 40 2.8 3.6 2.9
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TABLE 3
RaTtiOs OF L; ERRORS OF (6p)grir/Po AND (8T )gige

t (6P)arinnPo (6T arin
0.2 e 3.8 3.5
04.. 4.2 4.0
0.6... 4.2 3.9
0.8... 4.2 4.0
1.0 4.0 39

state through the divergence constraint on velocity, but does not
strictly enforce the equation of state itself at each time step. Con-
sequently, although p(p, h, X;) = po at initial time, this equality
is not strictly maintained over time.

In this calculation, in addition to measuring the difference be-
tween coarse and fine solutions, we monitor two quantities that
reflect this drift. The first is (6p)giq = | P(p, h, Xi) — pol, and the
second i8 (67 ) g = |Tp — Ti|, where T, is defined from the equa-
tion of state using p, po, and Xj, and 7}, is defined from p, 4, and Xj.

In Table 3 we present the convergence rates of (8p) /o and
(6T )grin- We note that the magnitude of (6p)y,n never exceeds
0.01% of py at any point in the region of interest. Furthermore,
the magnitude of (67 )y never exceeds 1% of T;. In addition,
we see from Table 3 that both of these quantities show strict
second-order convergence. We note that no values are shown
for ¢ = 0.0 in Table 3 because (0p) gy and (67 )qyp are identically
zero there at all resolutions.

4.3. Plane-Parallel Convection

In this section we consider longer time convection in our model
atmosphere, again in a plane-parallel geometry for the purpose of
easier comparison between the compressible and low Mach num-
ber algorithms. In order to allow for better control over the heating
that drives the convection, we use a prescribed heating rate, spec-
ified through H.y as defined in the above algorithm.

For the tests presented in this section, we use a heating term of
the form

—(r7 = Player)”
Hexii j = Hy exp [%

P pert k .
L+ by sin( ,,,wa, + \I/m>
m=1 X

Here, H) is the absolute heating rate (to be specified below),
Flayer 15 the height at which the heating is centered, and L, is the
width of the domain. The amplitudes, b,,, modes, &,,, and phases,
W,,, of the sinusoidal perturbations are listed in Table 4.

X

.91

4.3.1. Sponge Layer

The large drop in density at the surface of the star results in high
velocities in the region above the surface when high heating rates

TABLE 4
PARAMETERS FOR HEATING RATES

m by ko v,
1... 0.00625 2 0
2... 0.01875 6 /3
3. 0.01250 8 /5
4 0.00250 1 0.562

Note.—See eq. (91).



No. 1, 2008

are used in a plane-parallel geometry. This region should not affect
the dynamics below the surface in the convecting regions of the
star. However, because the time step in the low Mach number code
is limited by the highest velocity in the computational domain, the
efficiency gains of the low Mach number algorithm are reduced if
those velocities persist.

To address this we employ a damping technique commonly
used in modeling atmospheric convection (see, e.g., Durran
1990). A forcing term is added to the velocity update before the
final projection at the end of each time step in the form

yUrev — Uold _ Atﬁf(‘iampUneW-

We note that solving this implicitly for U™ is equivalent to
multiplying U4 by the factor 1/(1 + Atkfgamp) to define
Ul'leW.

The sponge profile, fyamp, takes the form

0, z < Zgp,
1 z—z

Siamp = 5{1—00s[w<ﬁ)}}, zp <z <zyp, (92)
1, zZ 2 Zip.

Here, zg, is the height above which the damping term becomes
nonzero, and zy, is the height at which the forcing reaches its
maximum. We can think of 1/ as the timescale over which we
want to drive the velocities back to zero. Since the background
profiles are allowed to shift, we define the location of the sponge
dynamically in terms of the background density.

For the low Mach number algorithm we simply multiply T/"*!*
in step 11 by the factor above before solving the elliptic equation
to impose the divergence constraint. In the compressible algo-
rithm, the velocity is multiplied by this factor at the end of each
time step. In § 4.3.2 we explore the effect of the damping by con-
trasting compressible calculations with and without the sponge
layer as well as the low Mach number calculation with a sponge
layer.

4.3.2. Convection Example: Comparison with Compressible

The first convection problem we consider is run with 320 x
512 cells in a domain of 2.5 x 108 cmby 4.0 x 10% cm, of which
the bottom 108 cm is the low-entropy layer. We note that this layer
is thicker than that used in the bubble rise simulations, because we
wish to further insulate the convection from the effects of the
lower boundary. For the sponge layer x = 100 s~!. The average
time step in the low Mach number calculations is Az ~ 1073 s, so
our choice of k means that the velocities in the sponge layer will
be damped over (1/k)/At ~ 10 time steps. In order to compare
our low Mach number results with those from the compressible
algorithm, for these simulations we fix the sponge transition heights
at zgp, = 2.19140625 x 10® cm and Zyp = 2.97265625 x 10® cm.
As with the bubble rise calculations, the lateral boundary con-
ditions are periodic. In the compressible simulations, the upper
boundary is again zero gradient (with the velocity prevented from
inflowing) and the lower boundary is hydrostatic (with the veloc-
ity given a zero gradient), while in the low Mach number simula-
tion the lower boundary is solid wall while the upper boundary is
outflow.

For the heating we choose rjgyer = 1.25 108 cm (i.e., just
250 km above the base of our convectively unstable layer) and
W = 107 cm. For this example, we include only the first three
perturbational modes (7 ,err = 3) from Table 4. We want to choose
Hj large enough that the compressible algorithm can be used for
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comparison, but not so large that we exceed the limits of validity
of the low Mach number approach. We find that Hy = 2.5 x
10'¢ erg g=! s™! results in a Mach number that remains below
0.4 in the atmosphere. For reference, the thermonuclear energy
generation rate at the base of the convectively unstable layer
(away from the perturbations) in the previous test was ~3 x
10" erg g=! s7!, very close to the analytic estimate provided
by Woosley et al. (2004) for our base conditions (p = 2 x
10° g em™3and T = 7 x 10® K). Since our choice of Hy is much
higher than the energy generation rate we would expect during the
smoldering phase of SNe la evolution, we expect this to be a very
demanding test of the low Mach number algorithm.

Figure 4 shows the temperature field after 5 s and after 10 s for
the low Mach number algorithm and for the compressible algo-
rithm with and without the sponge layer. We consider a region of
interest, which we define as 108 cm < r < 2.2 x 10® cm—i.e.,
the domain excluding the low-entropy region at the bottom and
sponge layer at the top. In the region of interest we see good
qualitative agreement in the overall features of the solution in all
three cases; however, because of the highly unstable character of
convection over long times we do not expect point-by-point agree-
ment. A more appropriate comparison is to examine the overall
statistics of the convective flow. Here, since we are not including
reactions we focus on the average and rms fluctuations of temper-
ature. In particular, we define the lateral average of 7,

()= > T (93)

where N, is the number of cells in the lateral direction, and the
rms fluctuations,

| REE
(5T)j:lNZ(Ti‘j—<T>,)] ‘ (94)

i=1

Figure 5 shows both the average and deviation of the temper-
ature at both times. First, we examine the difference between the
compressible solution with and without the sponge layer. At both
5 and 10 s, we see very strong agreement between these two runs
in the region of interest. While the solutions differ both above and
below the region of interest, this result gives us confidence in the
location and strength of the sponge layer.

Next we compare the compressible and low Mach number
solutions. Again, the solutions agree very well in the region of
interest. In the low-entropy layer below the region of interest, we
do see noticeable differences between the solutions; however,
these deviations are small in magnitude and do not appear to af-
fect the solution in the region of interest. (We attribute the low
Mach number results to the small vortices penetrating the low-
entropy layer from above, as seen in Fig. 4. We suspect the presence
of these vortices is due to the reflecting wall boundary condition
at the lower boundary.) For this calculation, we note that the mag-
nitude of (0p)y,s/po never exceeds approximately 1% in the con-
vectively unstable region below the sponge layer.

4.3.3. Convection Example: Long-Time Study

In our final simulation, we reduce the magnitude of the heat-
ing and simulate for a longer time. The domain for this simula-
tion is 5 x 10% cm by 3.5 x 10® cm, of which the bottom 0.5 x
103 cm is the low-entropy layer. We use 640 x 448 cells and fol-
low the large-scale convection to ¢ = 60 s, with a time step set
using a CFL number of 0.9. The location of the sponge is adjusted
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Fic. 4 —Temperature at # = 5 and 10 s in the first convection example. Shown are results using the compressible algorithm with and without a sponge layer and the low

Mach number algorithm with a sponge layer.

dynamically as discussed in § 4.3.1, and we set K = 100 s~!. In
paﬂicular we define the middle of the transition region, zy,q =
1 (ztp + z4p), to be the locatlon of the density cutoff, i.e., where py
reaches 3.0x 106 gecm™ 3. We define zpy, as the locatlon where
po =107 g cm™>. Then zgy = zmd — 2(Zmd — Zhw), and zg =
Zmd + 2(zZmd — Znw)- The heating is again in the form of equa-
tion (91) with 7jayer = 7.5 % 107 cm, W = 107 cm, and Hy =
1.0 x 10'. Here we use four perturbational modes (11per = 4),
with the amplitudes, b,,, modes, &,,, and phases, ¥,,, of the sinu-
soidal perturbations given in Table 4.

Figure 6 shows a time sequence of temperature and vorticity
from this calculation in the lower 2.5 x 10® cm of the domain. In
this example, the early-time dynamics shows the emergence of
large-scale regular structures in the principal region of interest
with some small-scale mixing at the boundary of the low-entropy
region. At ¢t = 20 s we begin to see the breakdown into smaller
structures. At later times the temperature shows a large-scale lay-

ered structure with small-scale perturbations, while the vorticity
shows that the flow is now dominated by small-scale mixing. For
this simulation, the sponge effectively suppresses unphysical high
velocities above the anelastic cutoff. Examination of the Mach
number shows that the Mach number remains below 0.3 for the
entire simulation, so that at this reduced heating the flow remains
in the low Mach number regime.

Figure 7 shows the magnitude of (8p)4q/po. For this calcula-
tion, we also note that this never exceeds approximately 1% in
the convectively unstable region below the sponge layer, in spite
of the long-time integration.

4.4. Large-Scale Convective Overturning

A new feature of the algorithm is the presence of 7),. This term
serves to keep po equal to the average density in a layer and keep
o equal to the hydrostatic pressure as determined by the average
density.
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Fig. 5.—Comparison of the average temperature as a function of height, (7'), and the deviation of temperature from the average, 67, for the compressible (solid
curves), compressible with sponge (dashed curves), and low Mach number with sponge (dotted curves) calculations. Our region of interest is 108 cm < 7 < 2.2 x 108 cm.

In typical problems of interest the evolution of the base state
is very gradual relative to other motions, making it hard to see the
effects of the 7, term. Here we present an example specifically
designed to generate large-scale overturning of the density pro-
file. This problem has no net heating; therefore, using the algo-
rithm as presented in Paper II there would be no change in the

base state. However, in this example the average density changes
dramatically, and it is clear that the base state should reflect the
change in average profiles.

The computational domain for this example is a box 0.3 x
10® cm wide and 1.2 x 10® cm high, fromz = 1.6 x 108 to 2.8 x
108 cm. We define the profile for density as f(zmode) for
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Fic. 6.—Temperature and vorticity evolution for the low heating rate, long-time evolution calculation, shown (from top to bottom) at 15, 20, 40, and 60 s. Note that the
true range in vorticity for this simulation is —153 s~! to 152 s~!—the scale in the plot is reduced to show detail.

Zmodel = 1.6 x 103-2.5 x 10® cm using interpolation of the model

described in § 4.1. Then the base state density is defined by

po(z) =
/@),
f(3.5%10% cm — z),
f(z—0.3x10% cm),

1.6x10% cm < z < 1.75 x 10% cm,
1.75%x 108 em < z < 1.9 x 10% cm,
19x 108 ecm <z <2.8x10% cm.

We note that this density profile is no longer monotonic with
height. The base state pressure is defined by setting the pressure
at the top of the domain to the model pressure at zyoge] = 2.5 X
10® cm, then integrating hydrostatically downward in the do-
main. As in the previous examples, the composition is held

constant at 0.3 '2C and 0.7 '°0.

WEe set the initial data to be identical to the base state at # = 0.

The gravitational acceleration is fixed at —1.5x 10'® cm s

The initial density profiles are included in Figure 8.

-2
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Fic. 7.—Plot of log [|(6p)girl/po] at t = 60 s.

In order to trigger the convective overturning, for 1.75 x
108 cm < z < 1.9 x 10% cm we set the initial velocity field to a
large-scale rotational flow defined by

U(z) = [—200 sin (47z,) cos (4mz,) sin(mx;),

200 sin (mx,) cos (mx,) sin*(4mzy)]

where x, = x/(0.3 x10% cm)and z, = (z — 1.75x10% cm)/(1.2x
10® c¢m); in the rest of the domain the initial velocity is set to
zero. The initial projection then modifies this field to enforce the
divergence constraint.

We present results at £ = 0 and 0.85 s from two different cal-
culations, both run with 128 x 512 cells. We note thatatr = 0.85s
the maximum Mach number is approximately 0.24 in both cal-
culations, so we are still within the range of validity of the low
Mach number approach. The first calculation incorporates the 7,
term as introduced in § 2; the second calculation sets this term to
zero. (We refer to the latter calculations as the 77, = 0 case.) We
use this comparison to isolate the significance of the ), term in
the method.

8e+08

6e+08

4e+08

2e+08

| | | |
0
0 2e+07 4e+07 6e+07 8e+07 1e+08

FiG. 8 —Shown here are py and pat ¢ = 0 and 0.85 s. The solid curve is p and
po at t = 0 for both calculations, as well as pg at ¢t = 0.85 s for the calculation
with 7, = 0. The dotted curve shows p as well as pg at # = 0.85 s for the current
algorithm; the dashed curve is p at ¢ = 0.85 s for the 1, = 0 case.
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Fic. 9.—Ratio of py and pysg at # = 0.85 s to py at = 0. The solid curve
represents pg att = 0.85 s for the 1), = 0 case. The dotted curve represents py and
pusk at t = 0.85 s for the current algorithm. The dashed curve is pysg for the
calculation with 1, = 0.

In Figure 8 we plot the average density, p, and base state
density, pg, att = 0 and 0.85 s for both calculations. We see from
this figure that the presence of the 77, term successfully enforces
that po = p at all times; by contrast, the base state remains un-
changed in the 77, = 0 case. We also note that the actual solution
(in the form of ) in fact changes when the 7, term is included;
this difference is visible in the region of convective overturn-
ing and is present but difficult to see in the region above the
overturning.

In Figure 9 we see the hydrostatic pressure, p ysg, and base state
pressure, pg, at t = 0 and 0.85 s. We define pysg as the discrete
integral of (—pg) from the pressure at the top of the domain
downward. The data in Figure 9 are plotted as a ratio relative to the
initial base state pressure. We note several things from this fig-
ure. First, recalling that pygg is the integral of p and p = p, for
the current algorithm, the fact that ppsg = po att = 0.85 s (dotted
curve) confirms that although the discrete updates of p and po do
not explicitly maintain hydrostatic equilibrium, the discretization
of the update equations is sufficiently accurate that hydrostatic
balance, which follows from the analytic form of the equations,
is in fact discretely maintained. Second, we note that there is a
roughly 2% deviation of the hydrostatic pressure from its initial
value in the 77, = 0 case; this time variation is not reflected in py.
Finally, we observe that in the region above the convective over-
turning the dashed curve, representing p ysg (calculated from an
incorrect p) at t = 0.85 s for the 7, = 0 case, matches the orig-
inal py, indicating that the average density and pressure have not
evolved in time. Physically, this could only occur if the convec-
tive overturning had happened in a region of constant entropy.
Thus, we conclude that the fact that py does not represent the av-
erage hydrostatic pressure in fact results in a hydrostatic pressure
that is physically incorrect.

Finally, we note the magnitude of (6p)gg 1S comparable for
both the current algorithm and the 77, = 0 case and never exceeds
approximately 0.1%. This is as expected; as noted above, (6p) i
represents how well the constraint equation (see eq. [12]) con-
strains the dynamics so that the local thermodynamic pressure is
close to pg and is independent of how accurately p, represents

PHSE.
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5. CONCLUSIONS

This paper is the third in a set of papers that has demonstrated
anew algorithm for evolving low Mach number reacting flows in
Type la supernovae. In Paper I we demonstrated the accuracy of
the low Mach number approach for nonreacting flows, with no
base state adjustment, in a stellar atmosphere. In Paper II we ex-
tended the methodology to allow for time evolution of the base
state in response to significant heating.

In this paper we have modified the evolution equations to al-
low the base state to evolve in response to large-scale convective
motions as well as heat release. We have extended the algorithm
to incorporate nuclear chemistry characteristic of the early stages
of Type Ia supernovae. We have demonstrated that, in the pres-
ence of reactions, we can attain second-order accuracy in the ther-
modynamic variables. We further demonstrated that our method
remains stable over long-timescale evolution of fully convective
flow in plane-parallel geometry and that the thermodynamic pres-
sure calculated from the equation of state does in fact remain close
to the time-dependent background pressure. The simulation code
described here, named MAESTRO, will be our primary tool for
exploring the conditions leading up to the explosion of Type Ia
supernovae.

Throughout the development of this new algorithm, we have
validated the new methodology with detailed comparisons to fully
compressible codes. Because of their wide availability and ease
of implementation, compressible algorithms are the current work-
horse of multidimensional stellar astrophysics. We have shown
that the low Mach number algorithm remains stable and captures
the essential features of the flow even for Mach numbers in excess
of 0.2. Although the low Mach number algorithm is more com-
plicated than compressible algorithms, it reduces the number of
time steps needed to reach a particular time by a factor of ~1/M
relative to compressible codes.

Vol. 684

Our next step in the development of this methodology will be
to complete the implementation in three dimensions and address
the remaining numerical issues needed to model a spherical star
in Cartesian geometry. Some initial tests of MAESTRO evolving
a full self-gravitating star can be found in Almgren et al. (2007).
The main changes required are a different treatment of the hydro-
static adjustment process, taking into account expansion in a self-
gravitating star, and a procedure to map the one-dimensional radial
base state to and from the Cartesian grid. Further improvements
include adaptive mesh refinement and more sophisticated reaction
networks. Ultimately, we will augment the present algorithm with
methodology for capturing long-wavelength acoustics in order to
be able to evolve the flow from the very subsonic regime through
Mach numbers close to unity.
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APPENDIX A

EVALUATING & AND py,

Adding the reactions to the equation set brings with it two additional thermodynamic quantities that we need to evaluate,

Oh

sza—Xk

pTAX, j#k)

Px, =

Op
oX; %

P, T(Xj, l#k)

In evaluating these expressions, it is important to note what is being held constant. The stellar equation of state we use (Timmes &
Swesty 2000) is a function of p, T, A, and Z, where the latter two variables are composition terms,

-1
- Zxk ___szxk

where Ay is the atomic mass of species k and Z; is the charge. The thermodynamic derivatives returned by the equation of state routine
are with respect to one of these variables while holding the others fixed. Therefore, we want to express these quantities in terms of
derivatives with respect to p, T, 4, and Z. This means that we need to find an alternate expression for &, so that p and T are held
constant, rather than p and 7, and we need to express both & and py, as derivatives with respect to Aand Z.

In deriving the temperature equation, equation (8), we started with the enthalpy, which is the most natural thermodynamic quantity
when pressure is one of the independent variables. Here, we want p to be an independent variable, so starting with the internal energy,
e, is more natural. The internal energy evolution of the system is governed by

De
th+pV'U:pHnucv (A1)

or, using the mass continuity equation,

De _pDp
£ Ho A2
Pi = pr T PHme (A2)
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Now, taking e = e(p, T, X;), we have

DT Oe
0, X ap

Dp Oe

DX;
—+
rx, Dt e 00X,

De _ de
Dt OT

o706, 20) DE

Identifying the specific heat at constant volume as ¢, = Je/0T |.x» defining e, = Oe/Op; y, and ey, = 0e/0X|, 7y ;) and using
the species conservation equation, this is

De DT Dp .
E = CUE + eﬂE‘i’ Xk:ekak'

Substituting this into equation (A2), we have

DT p
PCv Di P(F - ep) Dt Z pex,wi + pHnyc. (A3)
We can eliminate Dp/Dt using equation (7), giving
p pr|DT _p (P Dp L (p :
pcﬁ—(—e) ] <—e)— plex, +—\ -5 — e |px, |wr + pHnye- (A4)
[ pz Py Dt pp pz P Dt Zk: k Py pz P k uc
Comparing to equation (8), we see that the specific heats are related via
cp:cv+<pz—ep>m. (A5)
Py
The coeflicient of the Dp/Dt term gives
1 1
hp:—(l —L>+—ep, (A6)
P PPp p

which was used in Paper I when computing «. Finally, we have
L(p
€k:ex.+(—€>px, AT
k Py ,02 P k ( )

where all the derivatives on the right-hand side are either at constant 7 or constant p. This is the form we need when computing &;
from our equation of state.

As discussed in Dursi & Timmes (2006), we can evaluate the derivatives with respect to the species from the average compositional
variables 4 and Z, using the chain rule, as the equation of state routine does when it returns derivatives with respect to 4 and Z. We
write ey, and py, as

) 04 9, oZ A2 9 A )
=2 @ S 4Lz (A8)
04 /)TZan oz pTAan Ar 04 |, 7.7 Ak 0Z |, 1.1
A Z A2 ;1
e Ot ol 02 ol A0 "
04 |, 770X  OZ|, 1 70Xk Ar 04 |, 7 Ak AR

Then &; can be evaluated from equation (A7).

APPENDIX B
CONSTRUCTION OF ADVECTIVE VELOCITIES

To construct the advective velocities we first extrapolate only the normal component of U from cell centers at ¢” to edges at ¢+
using a second-order Taylor series expansion in space and time. The time derivative is replaced using equation (37), the evolution
equation for &/ = (i, ). In all of the equations below, wy = wy " "**, my = mi}\), and UAPV* = APYD* for the construction of JAPYH,
and wy = w2, my = 71§, and APV * = JAPY: @) for the construction of T/APY-®),

For simplicity we present the construction in two dimensions, although extension to three dimensions is straightforward and is given in

detail in Almgren et al. (1998). In the nonradial direction, we have
Ax At

~L o ~
Uit f,j MU Tt 5l

N Ax . At lim At ~ jtrans At (1 n—1/2
:uiﬁ(T_u,j 2)(% ) 3 Gl = S (6 (B1)
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extrapolated from (i,;), and

R o Ax . At
Uir1)2,; R Uiy Ty Wt
. Ax At oy At N At (1 ne
=Ujt1,j+ <_T — Uit1,j 7) (u,?m)iHJ 5 [V + Wo)urﬁrjlll,sj Y (ﬁ G 1/2) ) (B2)
i+1,)

extrapolated from (i + 1,7).

In evaluating these terms, the first derivatives normal to the face (in this case uhm) are evaluated using a monotonicity-limited fourth-
order slope approximation (Colella 1985). The construction of the transverse derivative terms ([(W + wy) u,]mmS in this case) is described in
detail in Almgren etal. (1998). The pressure gradient terms use a discretization of the gradient operator, G = (G, G,), which defines a cell-
centered gradient from a node-based pressure field; this i 1s the same gradient operator used in the final projection in step 11.

Analogous formulae are used to predict values for W/’ F e

g At

. Ar N T At .\ ans
=W+ [2 -+ WO)i,jz] (thm)i,j ~ 7 (MWx)E,j

At 1 1 "—pd
- 54 wwo), ), - ( Gﬂr“”) +(,, Gﬂro> + (’)”“g) : (B3)
p ij  \Po ij P ij

extrapolated from (i,;), and

~ T ~n Ar At
Wij1/2 Wi~ Wr+7wt
N Ar At] .y At .
= Wit [_ 2 (W + Wo)t.ﬁlz] (W:lm)i,ﬁrl 5 (uwx);rjii

At ) 1 . 1 " — pl
5 [W(wo),; ;41— <_ Gy 1/2> + (—n Gr”0> + (7/) ,,po 9) ; (B4)
P i1 Po i j+1 P i j+1
extrapolated from (i,j + 1).

Upwinding is used to determine UAPY* at each edge as

Ly ~R <1 ~R
5 (“i+1/2,jJr ui+l/2,j)7 Uiyt liyy ;= 0or ”+1/2 <0, ”z+1/2] >0,

ghbVx 0 o ~L ~ R
i+1/2,) Uit1)2,) Uiy, T Uiy, 0
R ~L ~R
Uir1)2, Uiy, T Uiy, <0,
and similarly for defining W; ; +1 /2 For the construction of UAPYV(D| we enforce the divergence constraint by solving
mac [ B3 ~mac MAC,(1) \ _ MAC F7ADV (1), 124  ohtl/2x
D (FG 6 <>) = DVAC (AP — g (512 5T (BS)
for ¢, where DMAC represents a centered approximation to a cell-based divergence from edge-based velocities and GMAC represents a

centered approximation to edge-based gradients from cell-centered data. We solve the linear system from equation (B5) using multi-
grid V-cycles with Gauss-Seidel red-black relaxation. The provisional advective velocity, UAPV-(D, is then

JADV.(1) _ f7ADV. (D _ iﬂGMAC¢MAC,(1)7 (B6)
p
which satisfies
ne n n * —n+1/2.%
DMAC(ﬂO UADV,(])) = 3 (S +1/25 _ gt/ )7 (B7)

the discrete form of equation (39).
For the construction of I/APV.2), we enforce the divergence constraint by solving

n+1/2%
MAC GMAC 4 MAC,2) | _ pMAC n+1/2% £7ADV,(2),% nt1/2x (qn+1/2  gntl/2
D (p”hLl/z* p ())_D (ﬂo /2% [FADV.2) )_50 / (S 23 )7 (B8)
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where p"t12* = (p” 4 p™t1%)/2 and Bp2* = (B2 + BIT*)/2. The final advective velocity is then

N . 1
ADV,(2) __ §7ADV,(2)x MAC ; MAC,(2)
U =U — 7/)”“/27* G 10) , (B9)
which satisfies
DMAC (ﬁ(;ﬂrl/l*i]ADV.(Z)) _ ﬂéwl/l,* (Sn+1/2 _ g”“/z)_ (B10)
APPENDIX C

COMPUTING S,

A high-order reconstruction of the integrand in the 3 integral (see eq. [13]) improves the overall solution relative to a lower order
reconstruction. Here we outline the integration procedure using piecewise linear reconstruction of the state variables. We wish to

compute
— "ol Bpo /
Bo(r, 1) = Bo(0, 1) exp </0 T oo O dr )

We split the integral such that we integrate from the low edge of each cell to the high edge, resulting in edge-centered values of 3. The
initial value of 3y on the lowest edge of the domain will be assigned the value (3912, = po1. Letting i be the index in the radial direc-
tion, we define §y on the high edge of cell i using

[ po(r)lg] i T po(rlg )
= = POUDIGUD | [ _ PN Cl
ﬂO e 501/2 P l j=1 /rjl/z Fl(l"/)pO(V/) ' ‘| ﬂm/z j=1 =P l ‘[jl/z Fl(’”/)Po(r/) ' ‘| ( )

We note that in a plane-parallel setting, g(r) is constant, but for a spherical star we must compute g(r) from p((») before beginning the
above integration.

Beginning with (¢, we integrate over the first cell (i = 1) to define B3, and continue integrating cell-by-cell. We use piecewise
linear reconstruction of py, T, and Po»

po(r) = poj + 4i(r —1;), i) =Ty + p(r — ry), po(r) = po; + vi(r — ;).

Here, the average value of each quantity is just the zonal value, and the slopes (4, u, and v) are computed as slope-limited centered dif-
ferences. We can now compute the integral

ri+Ar)2 L”l) r+Ar/2 poj + 4" —rp)

_ Pyt ) = dr'.
r—arf2 L1 )po(r”) r—Ar/2 {FU + p(r' — Vj)} [poj + v = 1)

I =1g9(ry)|

Using a table of integrals, this evaluates to

I — |g(l"J)‘ ﬂvj]-—‘lj — po; In Flj‘i‘/lszr/?_ B (ijpoj —p0-> 1n(p0]+1/jAr/2) (CZ)
J T ] S ] .
vil'y = poj |\ Ly — wAr/2 vj poj — v;Ar/2
The interface values of (3, are then evaluated as
i
Boi+1/2 = Boij2 H exp{—/;}.
Jj=1
Cell-centered values of (3 are found by simple averaging,
Boi—1/2 + Boir1/2
Boi=—"—F—""".
2
REFERENCES
Alastuey, A., & Jancovici, B. 1978, ApJ, 226, 1034 Almgren, A. S., Bell, J. B., Rendleman, C. A., & Zingale, M. 2006a, ApJ, 637,
Almgren, A. 2000, J. Atmos. Sci., 57, 995 922 (Paper I)
Almgren, A. S., Bell, J. B., Colella, P., Howell, L. H., & Welcome, M. 1998, J. . 2006b, ApJ, 649, 927 (Paper II)
Comput. Phys., 142, 1 Almgren, A. S., Bell, J. B., & Szymczak, W. G. 1996, SIAM J. Sci. Comput.,
Almgren, A. S., Bell, J. B., & Crutchfield, W. Y. 2000, SIAM J. Sci. Comput., 17, 358

22, 1139 Almgren, A. S., Bell, J. B., & Zingale, M. 2007, J. Phys. Conf. Ser., 78, 012085



470 ALMGREN ET AL.

Baraffe, 1., Heger, A., & Woosley, S. E. 2004, ApJ, 615, 378

Bell, J. B., Day, M. S., Rendleman, C. A., Woosley, S. E., & Zingale, M. A.
2004, J. Comput. Phys., 195, 677

Bell, J. B., & Marcus, D. L. 1992, J. Comput. Phys., 101, 334

Brown, P. N., Byrne, G. D., & Hindmarsh, A. C. 1989, SIAM J. Sci. Stat.
Comput., 10, 1038

Caughlan, G. R., & Fowler, W. A. 1988, At. Data Nucl. Data Tables, 40, 283,
http://www.phy.ornl.gov/astrophysics/data/cf88/index.html

Colella, P. 1985, SIAM 1J. Sci. Stat. Comput., 6, 104

. 1990, J. Comput. Phys., 87, 171

Durran, D. 1990, Meteorol. Monogr., 23, 59

Dursi, L. J., & Timmes, F. X. 2006, ApJ, 641, 1071

Fryxell, B., et al. 2000, ApJS, 131, 273

Garcia-Senz, D., & Bravo, E. 2005, A&A, 430, 585

Graboske, H. C., Dewitt, H. E., Grossman, A. S., & Cooper, M. S. 1973, ApJ,
181, 457

Hillebrandt, W., & Niemeyer, J. C. 2000, ARA&A, 38, 191

Hoflich, P., & Stein, J. 2002, ApJ, 568, 779

Hujeirat, A., Thielemann, F., Dusek, J., & Nusser, A. 2007, preprint (arXiv:
0712.3663)

Itoh, N., Totsuji, H., Ichimaru, S., & Dewitt, H. E. 1979, ApJ, 234, 1079

Kuhlen, M., Woosley, S. E., & Glatzmaier, G. A. 2006, ApJ, 640, 407

Lin, D. J., Bayliss, A., & Taam, R. E. 2006, ApJ, 653, 545

Livne, E., Asida, S. M., & Hoflich, P. 2005, ApJ, 632, 443

Nicoud, F. 2000, J. Comput. Phys., 158, 71

Niemeyer, J. C., Hillebrandt, W., & Woosley, S. E. 1996, ApJ, 471, 903

Plewa, T., Calder, A. C., & Lamb, D. Q. 2004, ApJ, 612, L37

Ropke, F. K., Hillebrandt, W., Niemeyer, J. C., & Woosley, S. E. 2006, A&A,
448, 1

Ropke, F. K., Woosley, S. E., & Hillebrandt, W. 2007, ApJ, 660, 1344

Sussman, M. M., Almgren, A. S., Bell, J. B., Colella, P., Howell, L., & Welcome, M.
1999, J. Comput. Phys., 148, 81

Timmes, F. X., & Arnett, D. 1999, ApJS, 125, 277

Timmes, F. X., & Swesty, F. D. 2000, ApJS, 126, 501

Weaver, T. A., Zimmerman, G. B., & Woosley, S. E. 1978, ApJ, 225, 1021

Woosley, S. E., Wunsch, S., & Kuhlen, M. 2004, ApJ, 607, 921

Wunsch, S., & Woosley, S. E. 2004, ApJ, 616, 1102

Zingale, M., et al. 2002, ApJS, 143, 539



