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ABSTRACT. We provide details for the proof of convergence of the locally inertial
Godunov method with dynamical time dilation, introduced by Vogler in [T3].

1. INTRODUCTION

In this paper we fill in the details in the proof of convergence stated in Section 7 of
[T4], for the locally inertial Godunov method with dynamic time dilation, a numerical
method for computing shock wave solutions of the Einstein equations in Standard
Schwarzschild Coordinates (SSC). We refer the reader to [I4] for an introduction and
for the notation assumed at the start here.

The main conclusion of the theorem stated and proved below is that a sequence of
approximate solutions (uaz, Aaz) — (u, A) of the locally inertial Godunov scheme
that converge boundedly without oscillation to a limit function (u, A), must be a
weak solution of the Einstein Euler equations in SSC, c.f. [14] 2],

U + f(A7 u)x = g(A7 u, ZL’),
A" = h(h,u, ). (L)

That is, the theorem reduced the proof that one has an exact solution to the two
thing things most easily established in a numerical simulation: convergence without
oscillations.

System (1)) is the locally inertial formulation introduced in [2], which is weakly
equivalent to the Einstein equations, (see [14] for discussion). The proof here is a
modification of the Groah and Temple argument used for the locally inertial Glimm
scheme [2], with several differences. Both the Glimm scheme and the Godunov meth-
ods employ Riemann problem approximations, but the main difference is that the
Godunov method employs averaging rather than random sampling at the end of each
time step. The theorem proved here assums a total variation bound, (it is still an
open problem to prove such a bounde), while the Groah and Temple theorem estab-
lishes this bound by an argument using wave strengths to bound the total variaion of
waves in the Riemann problem solutions. In the theorem here, we also allow variable
time steps. The final difference is that here we include right and left boundary data
reflecting the limited extent in space of a computer simulation.

This work summarizes results credited to Vogler’s doctoral dissertation, [I3], which was supervised
by Blake Temple. Both authors were partially supported by second author’s NSF Grant, where the
problem was first proposed.
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There are two main steps in the proof. The first is to show the discontinuities in
the metric A along the boundary of Riemann cells are accounted for by the inclusion
of the term

A/ : VAf(Aij,ﬂ, LE‘) (12)
in the ODE step (??7). The second step is to prove the jump in the approximate
solution ua, along the time steps are of order Az. In their work [2], Groah and
Temple did not need the convergence and total variation assumptions because with
the Glimm scheme, these assumptions are proven as long as there exists a total
variation bound on the initial data, a truly remarkable feature of the scheme. In this
paper, applicable to the simulations in [T3,[14], these assumptions natural assumptions
that can be verified numerically. In particular, the theorem is perfectly suited to
the numerical simulation of points of shock wave interaction in [I3 [[4]. Once one
numerically establish convergence and a total variation bound, the theorem here
implies convergence to a weak solution of the Einstein equations.

2. THE CONVERGENCE THEOREM
The main theorem of this paper is the following:

Theorem 2.1. Let up,(t,z) and Aax(t,z) be the approximate solution generated
by the locally inertial Godunov method starting from the initial data ua.(to,z) and
A (tg, ) for tg > 0. Assume these approzimate solutions exist up to some time
tena > to and converge to a solution (ua., Apz) — (u, A) as Ax — 0 along with a
total variation bound at each time step t;

TV pinrmas {tiaa (s, ) } <V, (2.1)

where T.V.p, 0 a{uaz(ty, -)} represents the total variation of the function upa,(t;, )
on the interval [Fmin, Tmaz]. Assume the total variation is independent of the time step
t; and the mesh length Ax. Then the solution (u, A) is a weak solution to the Einstein
equations (1.26)-(1.29) in [2].

Proof. Suppose we have approximate solutions (ua., Aa,) obtained by the locally
inertial Godunov method that satisfy the hypothesis of the theorem. Having a total
variation bound at each time ¢; places a total variation bound on the inputs to all
the Riemann problems posed at that time. In [2], Groah and Temple show a total
variation bound on the inputs implies a total variation bound on the solution to the
Riemann problem for any time ¢ such that ¢; < ¢ < t;4,. By the self similarity of
the solution to the Riemann problem, this result also implies a total variation bound
for any space coordinate within the Riemann cell. More specifically, we have the
following bounds:

T'V‘[xi—lvl‘i}{qu(t? )} <V, (2.2)
and
T‘V[tjijﬂ){qu('vx)} <V, (2.3)

for any x and ¢t within the Riemann cell R;;.

All the functions f, G, and g derived in [2] are smooth, and it is the metric that
is only Lipschitz continuous. The smoothness of these functions is used throughout
this proof.
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Let T = t.,q — to be the overall time of the solution, and for each mesh length Az
define the minimum time length

At = mjin{Atj} (2.4)

as the minimum over all the time lengths defined by (?7). By definition, this time
length is proportional to the mesh length, At o« Az, implying O(At) = O(Ax),
and there exists a constant ' bounding all the time lengths, At; < C'At for all j.
Throughout this section, let C' be a generic constant only depending on the bounds
for the solution [to, tend] X [Fmins Tmaz)- This variable is created to unify all the time
steps, and more importantly, used to calculate the maximum number of time steps
needed to go from tg to t.pq.

We now follow the development of Groah and Temple in [2]. Recall, uRE (¢, z)
denotes the collection of the exact solutions in all the Riemann cells R;; for the
Riemann problem of the homogenous system

So uRP (¢, x) satisfies the weak form of this conservation law in each Riemann cell

0= [ [ (ol S o) duat

" / (B (b, )0ty ) — wlE (8, 2)plty, 1) } e )

/ (F(Ag a2t 2) ol 77)

— [ (A, uly (t i) (t, wi) } i,

where ¢ is a smooth test function with Supp(p) C [to, tena) X [a,b] for a < rpm <
Tmaz < 0.
Remember, ﬂ(t ug) denotes the solution to the ODE
G(va U SL’) (AZ]7 u x) A vAf(Alju u x)
) (2.7)
(0) = up.
Therefore,

t, o) = uo + / (9(As, A€, up),2) — A Vaf(Ay (6 uo) )} de. (2.8)

Also, recall ua, denotes the approximate solution obtained using the fractional step
method. Since our fractional method takes the Riemann problem solution and feeds
it into the ODE step, ua, is defined on every Riemann cell R;; as

qu(t CL') = UAm t 1' / {g zm tjauﬁi(tax))az)
(2.9)
6A (Aw,a(g—tj ulP(t, 2))) }d§

This expression implies the error between the approximate solution and the Riemann
problem solution is on the order of Ax; a fact that is repeatedly used throughout the
proof.



4 Z. VOGLER AND B. TEMPLE

Define the residual € = e(uaz, Aag, p) of ua, and Aa, as the error of the solution
in satisfying the weak form of the conservation law ([LTI) by

Tmax end
(e Ann, ) / / (—unsr — F(Ane, uns) s — G(Ans, uns, 2)p} dudt

— [1
i=n+1
Z / { UAzPE — (Aija qu)(px - g(Aij> UAz, I)QP} dxdt
i=1,j
— Il - ]27
(2.10)
where
Tmax n+l
L= / une(tf, w)dz =) / u (t5, 7)d, (2.11)
and

tend
I2 E/ {f(AljuuAm(tu r—lr—l,zn))(p(tv Tg;m) f(Alﬁqu(t? r—ir—mm))(p ’ max }dt
to

= Z / {f(A2]7 uAiE(t7 T:r_un))(p(t’ T:r_un) f(AU? UAm(t, :r_mx))(p ’ max } dt

- R

7 J

(2.12)

The expression ZZ "+1 denotes a double sum where the index 7 runs across all the
spatial gridpoints, and the index j runs across all the temporal gridpoints. Remember,
n is the number of spatial gridpoints, and there are n+ 1 Riemann cells as depicted in
Figure ?7. Our goal is to show £(uaz, Aaz, @) = O(Ax) because if the approximation
converges (uaz, Aaz) — (u,A) as Az — 0, then the limit function satisfies the
condition of being a weak solution to the Einstein equations e(u, A, ¢) = 0.

Substituting () into (ZI0) gives us

i=n+1
&€= Z // { quSOt Aij>uﬁx)wx_g(Aij>qu>I)(p
i=1,j
B ‘”t/ [9( Ay, (€ — 1, ufE (), @) (2.13)
t]
af > RP /
8A (Aij,u(f—tj,uAm(t,x)))~ Am} dg}dl‘dt-[l —]2.
Define
t
1.0 = [ (oA (e - b (6. 0). )
f (2.14)

0
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Plugging the weak form of the conservation law (Z28]) of each grid rectangle into (2T3])
gives us

i=n+1
€= Z / {Som[f(Alju UA ) f(Aijvqu>] - g(AijvuAmx)(p
i=1,j Rij
—@tll t,x }da:dt
i=n+1
h= 3 [ B a)en) — R ) 0) o
i=1,j
i=n+1
— 1y — Z / {f AZ],uM (t, @:))(t, i) — f(AipUiI;(ta931'—1))90(15,%—1)}dt-
=1,
(2.15)
Note
|f(Aij, usy) — f(Aij un,)| < CAt (2.16)
which implies
i=n+1
i=1,j (217)

T
< C ¢l At*Ax (Kt) (n+1) =0(Ax)

where the number of time steps is proportional to 7//At and the number of space
steps is O(1/Ax) by (77?).
Since uil (], ) = ua,(t], ), the following sum is rearranged to become

—1— Z J+17x)90(tj+17 ) uA:c(t+ (t],l’)}dx

i=1,j R

/ {Um —UM }go tj,x)dx

g0 T (2.18)
Tmax
—Z/ o(t, x) {um 1) —upa(t }d:z
j#0 ¥ Tmin
Tmazx
/ o(t, ) {um uﬁf }d:z
ﬁéo P

where the term ua,(t;, ) is added and subtracted to isolate the jump in the solution
ua, across the time step t;. We define this jump &1 = e1(uaz, Aag, ) as

cr(ne Ane ) =S / " oty 1) {uan(th @) — una(t;,2) b dz,  (2.19)

]#0 Tmin
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and this definition allows us to rewrite (213) as

i=n-+1
e= O(Azx)+e1 + Z / . {—g(Aij,UAmI)@ - SOtfilj(ta $>} dxdt
i=1,j ij
+3 [ ettw) fuselty o) - ulE(; )} do
j#0 Tmin
i=n-+1
—L- > {F (A uly (t2)p(t, @) — f(Ay, uly (twia))e(t 2im) } dt
=1, Y1
(2.20)
But the last sum is rearranged to cancel the boundary conditions as follows:
i=n-+1
—I— ) {F (A uly (t2)p(t, @) — f(Ay, uly (twima))o(t 2i) } dt
=1, 1
i=1,5 7/

- Z /R {f(Alvj’ Uii(t, [L’o)) - f(Al,j, UAx(t, [L’O))} (p(t’ l'o)dt

+ Z/ {f(An+1,j7 uﬁf(tv Tni1)) — f(An+Ljv Ung(t, xn+1))} @(t, Tny1)dt,
i U

(2.21)
where
S [ A a2 0) — (v uaalt o)} plt,m)dt
i (2.22)
< llgll,, cae (Alt) _ 0(a),
and similarly
Z/R {f(AWrLjauﬁI;(tﬂnH)) — f(Ans1, uaq(t, 93n+1))} o(t, xpe1)dt] = O(Ax).
j j
(2.23)

Note that the resulting double sum in (227 lost a term, resulting in only n terms.
To simplify the Iilj term, we add and subtract a term deviating from it by an order
of Az, use integration by parts on the new term, and with the result add and subtract
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another term to reduce the expression further. To this end, let

i=n+1

Ins = oo [ {00, ile — b5, uE0E ), ) — 9(Ag, e by, ull (6,2)),2)
T o ne :
aA(AZ]’ﬁ(g tqu(€7 ))) /Am
P (A e~ U6, 0))) - AL} dedrdr

(2.24)

From the total variation bound on the Riemann problems and the smoothness of f,
this term is bounded by

i=n-+1
Iasl< Y / / il / C TVar oy fune(s 1)} dedudt
i=1,j
< el CAPAZY T Vijy, o ra {taa (1)} (2.25)

j
< 2
< OV |loil, Aear = = O(Ax?),

and the above procedure reduces the term to

i=n+1

// ool 2)dudt = Ins — Y // gpt/ [g(Ay, (€ — t;, ul(¢, 7)), 2)

i=1,j

’L]?

(€
= n—l—l t]Jrl
= O(A#” { tit1, @ [9(Ayj, a(E — tj, uil (€ x)), x)

T
21]

8A (vau(g tjvqu(g SL’))) ]d§

tj+1 o
_/ [ (AUauAgc, ) ai(AZJ,UAx)' ,Ax]df}dx

i=n—+1 tit1
Z/{ tiy1, @ / [9(Aij, (€ = ty, uRy (tigr, @), @)

21] tj

8A (Alﬁa(g tﬁuﬁx(tj-l-l?x))) ’ /Am] df}dt—'—]4+[5’

(2.26)
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where
i=n+1 tit1
ILi= ) /R {90(15341, 93)/ [9(Aij, @€ = tj,uiy (11, 2)), 7)
i=1,j i tj
~ RP af ~ RP /
= 9(Aig, 4 — 8, uny (€ ), 2) = 5 (Aug, 4E — 1, uny (41, 2))) - A
0 - :
+ a—i (Aij> u(f - tj> uﬁl;(& ZL’))) : AA:(:} dg} d!L’,
(2.27)
and
i=n+1 8f
I = ,;:] //Rij @ [g(Aij,uM,:B) — a—A(Aij,uM) . 'Aw} dxdt. (2.28)
Again by smoothness and the total variation bound, we have
i=n+1
L < D@l Y C TV oy {uac(-, 1))} Avt
i=1,j
T
S ||LIOHOO CA:CAT’ Z T'V[Tminﬂ”ma:c] {UAZB(.7 t])} = HLIOHOO CVA:CAT’K = O(AI)
r t
(2.29)

Substituting (Z21]) and (220]) into (Z20) along with using (9) as an identity leaves
us with

i=n+1

of ,
— oA _ I (A ung) - Ay, dad
e = O(A2) +e Z//R%M Usy) - Aly,dadt

o (2.30)
£ 3 [ ol (R w0 20) = g0,

i=1,j

The second sum represents the jump in the flux function f, resulting from the dis-
continuities in the metric A, and the first sum is the addition to the ODE step (Z.7)
specifically designed to cancel these jumps in the flux.

To see how the cancelation works, we perform a Taylor expansion on the test
function, and we add and subtract terms deviating by order Axz. The first sum in
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[Z30) is expanded as

i=n+1

of /
Z o=——(Ajj, uny) - A drdt
i=1,j //Rij A

i=n+1 8f

i=1,j

i=n+1
af ,Of :
= Z /R @(xiat)/R {a—A(Aijaum)' Ax_ﬁ—A(Aijvuilsz)' A:c}dxdt
i=1,j /1 i
i=n-+1 8f 8f
+ > /R <P(95i7t)/R {8—A(Aij>u§5)'AlA:c—a—A(Aij’uii(xi>t))'A/Ax}dxdt
i=1,j J @
i=n+1 8f
# 3 [ etant) [ { SR Al ) AL
i=1,j J
9 A ,
—a—i(AM(x + 756’ ti), ukl (z;,t)) - AM} dxdt

i=n—+1 .
Y0 A
=3 [ etnt) [ SR Aslet S ) - Abdad +0(A0)

(2.31)

From the smoothness of f, each of the first three sums in equation (Z31l) are O(Ax) for
the following reasons: the first sum is order Az from the ODE step in the definition
of the approximate solution ua, (Z3), the second sum is order Ax? by the total
variation bound on solutions to the Riemann problems, and the third sum is order
Az by the Lipschitz continuity of the metric A. After these bounds are established,

(Z3T) reduces to

i=n+1

of /
S [ eoxAuus) Asdea
i=1,j ©]
! Togf Az
= > / (i, t) ~x (Aac(z + == 1), ugy (23, 1)) - Ay dedt + O(Ax)
& IR, e, OA 2
i=n+1 .
i A
= Z / gp(:ci,t)/ g—f(AAm(ij;,tj),uif(xi,t))dxdthO(Am)
=15 YR 2 OF
i=n+1

- Z /R_ p(t, ;) {f(Ai+17j,u§};(t,$i+)) — f(Ay, uil(t, $z+))} dt + O(Ax).
o (2.32)
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Plugging this result (232) into ([Z30) gives us
= O(AZL’) + &

o Z L QO(t, x""'l) {f(A"'f‘Zj’ uﬁf(t, xn-i—l)) - f(An+17j, Uii(t, l’n+1))} dt,
j (2.33)

where one term remains due to the mismatch in the number of terms in the spatial
sum. Clearly, this last term is O(Ax).
So the residual boils down to

g(qua AA:(:a ()0) = El(qua AAx> QO) + O(AZL’), (234)

with all that remains to show is

€ = Z/mm (tj,x) {um 7o) —upa(t }dz— O(Ax). (2.35)

];éo Tmin

To estimate ¢;, we break up the sum by each time step ¢; and define

el = / o(t;, x) {um(t;’, T) — um(tj_,x)} dz

o Tit (2.36)
- Z/ p(t;, ) {UA:c(t;r#E) un(t; , x)} de,

with z; =x,.1 and z;_ =x,_1.
2

i+3

Recall, the approxunate solution for the new time step t;r is computed by the
Godunov step, using averages at the top of each Riemann cell R;;. In particular, the
solution at each new time step is

ung(t), ) = a(t; — tj_1, u(t;), z)) (2.37)

where
T+

To finish the proof, a lemma is needed, which is proven at the end of this section.
This lemma states the difference of the ODE step taken on an average verses the
solution to the Riemann problem across the top of the Riemann cell is bounded by
the total variation of the Riemann problem.

Lemma 2.1. Let uRkE represent the solution of the Riemann problem in the Riemann
cell R; ;—1 and um( ) denote the average of the Riemann problem solution across
Riemann cell. Let G be the solution obtained by the ODE step (21) and ¢ be a
smooth test function. Then the following bound holds

/ {u tio1, Uag(ty), @) — a(t; —t;- 1’uA:c(t]>I }90 (tj,z)dx

< C HSOHOO AzAt T‘V[l‘ml‘iﬂ}{uAr(tj’ >}

(2.39)

for some constant C.
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Using Lemma 0 (Z30) is rewritten as solutions to the ODE step (1) and
bounded by

. Ti+
el = Z/ oty o) {at; — tj 1, u(ty), x) — a(t; — tj1, upy (t, @), ) } de

< Cllglle AxALY TV {ukl (1)} = Cllgllo AzAE TVipy, i {0hl (1)}

(2.40)

By the total variation bound on ua,(t;, -), the residual is bounded by

T
1 <3Ol AAE Vg {uBE (1)} S CATAY = O(Aa). (241)
i#0
Therefore, ¢ = O(Ax) and the proof is complete. O

To prove Lemma BTl a preliminary result is needed: given a function on a set of
points the difference of the function between any point and the average is bounded by
the total variation of that function on the set. This result is provided by the following

Lemma 2.2. Let u(x) be a function on the set [x;_, x;1| and

1 [o
u= N o u(z)dz (2.42)

be the average of u on this set. Then we have
|t —u(z)] < sup  Ju(zy) —u(xe)| KT Vi, wofu(-)} (2.43)

1,22€[x4,%i41]
Proof. The second inequality is true by the definition of the total variation
sup [u(zy) —u(wa)| < T Vg zgfu()} (2.44)
x1,L2€[T;,T41]

To prove the first inequality, we assume it is false to obtain a contradiction, so suppose
there exists z, € [z;—,x;1] such that
sup  Ju(xy) —u(ze)| < |a — u(zy)]. (2.45)
x1,22€[T;,xi41]

Relabel the u-coordinates by an isometry ¢ : u — v that maps the point u(z,) to
the origin in the v-coordinates (i.e. p(u(z,)) = 0), and the vector u — u(z,) in the
direction of the 1st coordinate v!, as show in Figure [l

Since the average of a collection of points is independent of the coordinate system
in which they are labeled in, we have

v Ail’ ::H v(x)dr = Aix :H o(u(z))dr = ¢ (Aix /Ii+ u(x)dx) = p(u) (2.46)

Tj—

The following inequality holds by transforming equation ([ZZH) over to v-coordinates
[v(@)] = |u(z) —u(z.)] <o —ulz.)| = o] Vo€ ln, o], (2.47)

which implies

~ 1 Tit1
o] = 'A—I/xl v(x)dz

1 Ti41 1 Ti41
< — oldz = |v]. .
SN /xz |v(x)|de < N /xz |o|dz = || (2.48)



12 Z. VOGLER AND B. TEMPLE

d o
~—
U2 |4 u(x*) q (ID(z_L)I =0
Uy O = d(u(z,)) vy

F1GURE 1. The isometry ® : u — v

This inequality |v] < |v] is an obvious contradiction, proving the first inequality in

&13). O
Now we prove the lemma used in the proof of Theorem 1]

Proof of Lemma [2.7] Recall the solution to the ODE step has the form:

tj
Uty —tj-1,uly (t, 2), ) = ugy (t, ) +/ G (A, uny (t,x), )dt. (2.49)
tj—1
This solution implies the LHS of (Z39) is written out as
{u tio1, Una(ty), ) — a(t; — tj_1, uns (t;, ), ) } (t;, v)dx
Ti4

{(@ac(ty) — uiy (t;,2))

Ti—

tj
+/ (G(Ay, taz(t),z) — G(Ay, ukl (t, ), x))dt} o(t;, x)dx

(2.50)

Tiy
= / {ﬂAx(t uA:c t],l’ }SO t]’zl)d

/ / {G A, ung(ty), z) — G(Alj,um,(t x) }dt o(t;, z;)dz

—i—OA:c

where the test function in the first term is approximated by a Taylor expansion. By
the definition of the average function u, the first term is zero. By the smoothness of
G, the bound (39) is proven by

/ {u ] lvqu(t ) l’)—?l(t]—tj_huAm }gp t LU d,f
< Olloll AzAt  sup  {|aad(ty) — uﬁi(tj,:):)}} (2.51)
Ti— <x<Ti+

< C HSOHOO AzAt T‘V[Iiﬂmiﬂ{qu(tjv )}7
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where Lemma B2 is used to bound the difference between the average and the solution
to the Riemann problem.

1]

U
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