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Abstract

We analyze the regularity of random entropy solutions to scalar hyperbolic conservation laws with
random initial data. We prove regularity theorems for statistics of random entropy solutions like
expectation, variance, space-time correlation functions and polynomial moments such as gPC coeffi-
cients. We show how regularity of such moments (statistical and polynomial chaos) of random entropy
solutions depends on the regularity of the distribution law of the random shock location of the initial
data. Sufficient conditions on the law of the initial data for moments of the random entropy solution
to be piece-wise smooth functions of space and time are identified, even in cases where path-wise
random entropy solutions are discontinuous almost surely. We extrapolate the results to hyperbolic
systems of conservation laws in one space dimension. We then exhibit a class of stochastic Galerkin
discretizations which allows to derive closed deterministic systems of hyperbolic conservation laws for
the coefficients in truncated polynomial chaos expansions of the random entropy solution. Based on
the regularity theory developed here, we show that depending on the smoothness of the law of the
initial data, arbitrarily high convergence rates are possible for the computation of coefficients in gPC
approximations of random entropy solutions for Riemann problems with random shock location by
combined Stochastic Galerkin Finite Volume schemes.

Introduction

We consider the multidimensional hyperbolic system of conservation laws

IFk(
Z k(U :0,a::(x1,...,xd)eRd,t>O; (1)
ox

with random initial data depending on w € 2
U(z,0,w) = Up(z,w), e R, we Q. (2)

Here ) denotes the set of all elementary events in a probability space (£, F,P) on which the
randomness of the initial data in (2) is modelled, and the random solution Q > w ~ U = [ug, ..., up]
is a measurable mapping from F into a suitable space of vector-valued functions, defined on R x [0, 00)
and taking values in a set of states S C RP. The (deterministic) flux functions Fy,1 < k < d in (1)
are assumed to be known smooth functions from S into RP.

For smooth deterministic initial data, the unique entropy solutions of (1)—(2) generally develop
discontinuities in finite time. Therefore the admissible solutions to (1)—(2) are sought in the weak sense,
augmented by additional entropy criteria to ensure uniqueness and satisfy physical requirements. In
the scalar multidimensional case there exists a well-posedness result for entropy solutions, however, no
global well-posedness results are available for general multidimensional systems of conservation laws.

Many efficient numerical methods have been developed to approximate the entropy solutions of
systems of conservation laws [1,2], e.g. finite volume or discontinuous Galerkin methods. The classical
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assumption in designing efficient numerical methods is that the initial data Uy is known ezxactly.
However, in many practical applications it is not always possible to obtain exact initial data due
to, for example, measurement or modeling errors. In the present paper, we follow [3] and describe
incomplete information in the initial data (2) mathematically as random fields. Such initial data
are described in terms of statistical quantities of interest like the mean, variance, higher statistical
moments; in some cases the distribution law of the stochastic initial data is also assumed to be known.
In any of these situations one needs a mathematical formulation of (1)—(2) allowing random initial
data.

A mathematical framework of random entropy solutions for scalar conservation laws has been
developed in [3], to which we refer for a definition of random entropy solutions. There, existence and
uniqueness of random entropy solutions to (1)—(2) has been shown for scalar hyperbolic conservation
laws, also in multiple dimensions. Furthermore, the existence of the statistical quantities of the random
entropy solution such as the statistical mean and k-point spatio-temporal correlation functions under
suitable assumptions on the random initial data have been proven.

In this paper, we address the questions of regularity of the probabilistic shock profile as well as of the
higher statistical and polynomial moments of the solution to the hyperbolic equation or to hyperbolic
systems of equations with random initial data. It has been observed that in the case when the initial
data (2) is assumed to be the Riemann data with random initial discontinuity position, the resulting
statistical quantities (mean, variance and space-time correlation functions) are always smoother than
the deterministic solution resulting from each realization of the random input (we call it path-wise
solution). Moreover, the degree of smoothness depends on the smoothness of the probability density
function of a given distribution. For instance, if the position of the shock is distributed uniformly
on some interval, i.e. the distribution function is discontinuous, the statistical mean is nevertheless a
continuous function. If, on the other hand, the location of the shock in the initial data is normally
distributed so that the probability density function is infinitely differentiable, then we show that the
mean random entropy solution is also an infinitely differentiable function.

Numerical methods for uncertainty quantification in hyperbolic conservation laws have been stud-
ied in [3-7]. In numerical experiments in [3,4] (which were based on some form of path-wise simulation)
increased smoothness of statistical quantities derived from random entropy solution has been observed
numerically. The mathematical study of the regularity of statistical moments of random entropy so-
lutions for the scalar conservation law (1)—(2) is one purpose of this paper. We present elements of a
mathematical regularity theory which justifies, at least in one space dimension, the increase in space-
time regularity of certain ensemble averages of the random entropy solution. Our main finding is that
for a probability measure which is non-atomic (with respect to Lebesque measure), statistics of random
entropy solutions are more reqular than path-wise solutions. We exhibit, as extreme cases, classes of
probabilities distributions which render the statistics of the random entropy solutions smooth. We
emphasize that this smoothing effect is not related to the classical concept of viscous shock profile: all
conservation laws considered in the present paper are considered without any viscous regularization.

We present consequences of this observation for the design of effective numerical solvers for (1)—(2).

As alluded to above, the convergence order of solution approaches based on sample averages of
path-wise numerical solutions are constrained by the (inevitable, in general) shocks forming in entropy
solutions of (1). These imply only first-order convergence rates regardless of the formal order of the
numerical scheme used.

In the light of our regularity theory, therefore, superior performance of numerical schemes which
directly approximate statistical quantities can be anticipated. One example of such solution schemes
is the Stochastic Galerkin Finite Volume Method (“sGFVM” for short) where the primary unknowns
are coefficients in generalized polynomial chaos (“gPC” for short) expansions of the solution. These
coefficients can be, as we show, be considerably smoother than the path-wise solution.

The outline of the present paper is as follows: in Section 1, we recapitulate basic concepts from
probability and random variables taking values in function spaces. We recapitulate in particular the
notion of random entropy solution from [3]. Section 2 then addresses the regularity of the mean



field (or ensemble average) of random entropy solutions with Riemann-type initial data. Section 3
generalizes the result to two- and n-point spatio-temporal correlation functions. Section 4 establishes
analogous results for gPC expansions of the random entropy solution. In Section 5, the generalizations
of the results to systems are discussed and another type of random initial data is considered. Section 6
addresses the consequences of the regularity results for high order approximations of random solutions.

1 Preliminaries

1.1 Probability spaces

We introduce a probability space (2, F,P), with Q being the set of all elementary events, or space of
outcomes, and F a o-algebra of all possible events, equipped with a probability measure P. Random
entropy solutions are random functions taking values in a function space; to this end, let (F,G,G)
denote any measurable space. Then an E-valued random variable is any mapping Y : 0 — E such
that the set {w € Q:Y(w) € A} ={Y € A} € F for any A € G, i.e. such that Y is a G-measurable
mapping from €2 into F.

We confine ourselves to the case that E is a complete metric space; then (E, B(E)) equipped with
a Borel o-algebra B(FE) is a measurable space. By definition, E-valued random variables Y : Q@ — E
are (E,B(E)) measurable. Furthermore, if F is a separable Banach space with norm || o ||z and with
topological dual E*, then B(F) is the smallest o-algebra of subsets of E containing all sets

{reE:p(x)<al,pe E*,aeR.

Hence, if E is a separable Banach space, Y : 2 — E is an E-valued random variable if and only if for
every ¢ € E*, w — go(Y(w)) € R is an R-valued random variable. Moreover, there hold the following
results on existence and uniqueness [3].

Lemma 1.1. Let E be a separable Banach space and let Y : Q — E be an E-valued random variable
on (0, F). Then the mapping w +— ||Y (w)||g € R is measurable.

Definition 1.1. The random variable Y : Q — FE is called Bochner integrable if, for any probability
measure [P on the measurable space (€2, F), it holds

1Y @lspa) < oo.
Q

Definition 1.2. A probability measure is any o-additive set function P : 2 — [0, 1] such that P(Q2) = 1.
The measure space (2, F,P) is called probability space.

We shall always assume that the probability space is complete.
Definition 1.3. If Y : (Q,F) — (E,G) is a random variable, then
LY)A)=P{we:Y(w)e A}), VA€gG

denotes the law of Y under P. The image measure uy = L(Y') on (E,G) is called law or distribution
of Y.

Definition 1.4. A random variable taking values in F is called simple if it can take only finitely
many values, i.e. if it has the explicit form

N
Y:ZinAi) A’L GF,JZL €E7N<OO,
i=1

where x4 is the indicator function of A € F.



For a simple E-valued random variable Y and for any B € F we set

N
/Y@WM@:/Y&:E}WMmB) (3)
B B i=1

For such Y (w) and all B € F holds

Y(w)P(dw)|| < [ Y (w)lleP(dw). (4)
I/ o</
B B

For any random variable Y : Q — E which is Bochner integrable, there exists a sequence {Y;, }men of
simple random variables such that, for all w € Q, ||Y(w) — Y, (w)||[g — 0 as m — oo. Therefore (3)
and (4) can be extended to any E-valued random variable. We denote the expectation of Y by

T mSoo
Q

/Y P(dw) = lim [ Y, (w)P(dw) € E

Denote by LP(2, F,P; E) for 1 < p < oo the Bochner space of all p-summable, E-valued random
variables Y and equip it with the norm

1/p

1Yl oeumy = (ELIYIR) Y = / 1Y (@)1 P(dw)

For p = oo we can denote by L*>(Q, F,P; E) the set of all E-valued random variables which are
essentially bounded and equip this space with the norm

1Y || oo ;) = esssup [[Y (w) || -
weN

1.2 Scalar conservation laws with random initial data

Consider the Cauchy problem for the scalar hyperbolic conservation law

d
Ou ofi(w) _ o .
8t+z oz, =0, z=(21,...,24) ERY, t>0 (5)

and random initial condition

u(z,0,w) = ug(z,w), z € RY, we Q. (6)
Assume we have as ug an L'(R%)-valued random variable

uo : (@, F) — (L'(RY, B(L'(RY) ) (7)
and that

up(-,w) € L®(RY) N BV (RY) P — as. (8)

Since L'(RY) is separable, the mapping ug is well defined and we may impose for k € N the k-th
moment condition

[woll ;01 (rayy < 0. (9)
Definition 1.5 (Random entropy solution). A random field
u:iwe Qe u(z,t,w) € CO([0,T]; (LM N L“)(Rd))

is said to be a random entropy solution if it satisfies P-a.s. the following:



(i) Weak solution: for P-a.e. w € Q, u satisfies the following integral identity,

d

// (u(m,t,w) 8g0((9:§,t) + ij (u(x,t,w))%ﬁ) dzdt +

0 Rd j=1

—i—/uo(x,w)go(x,()) dx =0, (10)
Rd

for all test functions ¢ € C} (R? x [0, 00)).

(ii) Entropy condition: for any entropy-entropy flux pair, i.e. smooth functions n and Q; with
j =1,...,d such that n is convex and Q;- = n’f; for all j, and for P-a.e. w € §2, u satisfies the
following integral inequality:

o0 d
// (n(u(m,t,w)) (990(8?15) + ZQj (u(z,t,w)) 8%(5,15)) dxdt > 0, (11)
j=1 I

0 R4
for all test functions ¢ € C§ (R? x (0,00)), ¢ > 0.
The following well-posedness theorem for entropy solutions holds (see [3]).

Theorem 1.1. Consider the scalar conservation law (5)—(6) with random initial data ug : Q — L*(R%)
satisfying (7)—(8) and the k-th moment condition (9) for some k € N. Then there erists a unique
random entropy solution u : w € QL+ Cy([0,T]; L'(R?)) given by

u(-, t,w) = S{t)uo(-,w), t >0, weN
such that for every k > 1 and every 0 < t < T < oo holds P-a.s.

1wl Lr s 0,01 mey)y < ol Lro;nr (may)s
1S uo (-, w)ll (L1nreeymay < luo(sw)ll(L1nLee)®ay

and such that we have
TV (St)uo(-,w)) < TV (up(-,w)) P — a.s.

For u € Lk(Q;E) consider the following tensor product and the corresponding tensor-product
space:
uP =y@---@ue LNGE®), EW=FEg...9E.
N—_——— ————

k times k times

For any cross-norm || o || i) on the tensor-product space E®) we have

lur @ @ukll gy = [lurlle - - luklle -

Therefore
(k) = w5 P(dw) = [|ul¥ <
[t 1m0y [u(, w) || P(dw) = [[ull7rq.m < oo
Q
which implies u(¥) € L1 (Q; E(k)) and the k-point spatio-temporal correlation function
MFu] = E[u®] € E®)

is well-defined for u € L¥(Q; E). With these assumptions the following theorem holds [3].



Theorem 1.2. Consider the scalar conservation law (5)—(6) with random initial data ug : © — L'(R?)
satisfying (8). Assume further that for some k € N and some real number r > 1

up € L™ (Q; LY (RY)).
Then for every 0 < T < 0o and every 0 < t1,ta,...,tx <T < oo the tensor product
’LL(LUl,tl,OJ) Q- ® u(l'k,tk,W)

1s well-defined as an element of LT(Q;Ll(de)). In particular, the k-point space-time correlation
function

is well-defined for any choice of t; as an element of LY (R*) and it satisfies

HM’“[u](tl, ... ,tk)‘

k
gy S 100l niea)-

Corollary 1.1. The expecation and variance of the solution are well-defined if rk > 2 in Theorem 1.2
since

E[u] = M*[u] € LY(R?Y), V[u] = E[(u — E[u])?] € L*(RY).

In the following, we restrict ourselves to d = 1 and consider the scalar conservation law

ou  Of(u) .
E+ e =0, xR, t>0; (12)
u(z,0,w) = up(z,w), we N (13)

with the flux function f € C*(R), f : R — R. To analyze the regularity of the random entropy solution
to (12)-(13) we make the following additional assumption on the structure of the random field uy.

Lemma 1.2. Assume there exists a random variable Y (w) taking values in R and a deterministic
function to(x,y) such that in (13),

wo(arw) = doe.v)| (14)

Then for all t > 0 the following equality for the exact random entropy solution to (12)—(13) holds:

u(z,t,w) = ul(z,t, ’ . 15
@ tw) =ity (15)

We parametrize the space of outcomes by introducing a real-valued random variable y = Y (w):
25wy =Y (w)€R. Then the initial condition (13) as well as the solution of the system (12) can
be represented as functions dependent on this stochastic variable y:

u=u(z,t,y) -

ug = ug(x, ,
0o=tl@y)] ., Y=Y (@)

In the following we shall abuse the notation by omitting the tilde and writing u instead of .
The scalar conservation law (12)—(13) in parametrized form will then become

ou  Of(u)
ot tor O reR =D (16)
u(z,0,y) = uo(z,y), y €R, (17)

where u = u(x,t,y) is the unknown solution.



We assume throughout that the probability measure P is non-atomic and absolutely continuous
with respect to Lebesgue measure A on R. By the Radon-Nikodym theorem there exists an essentially
bounded probability density function, i.e.

p(y) = dP(w)/dy € (L' N L®)(R) such that P(R) = /p(y) dy=1.
R

We shall use the cumulative distribution function defined as

P(z) = P({y < }) = / py) dy. (18)

—00

We are interested in the statistics of the random entropy solution such as the mean, variance,
statistical and polynomial moments. The latter are of particular significance for the numerical analysis
of gPC based discretizations. The expectation (or mean solution value) is defined by formula

Blul(r.t) = [ u(e,tw)Plde) = [ ula,t,y)ols) dy (19)

Q R

The variance of the random solution is formally defined by
V[u] = E[(u — E[u])?] = E[«*] — (E[u])*. (20)

Assume that the initial data ug(z,y) is such that the solution u(z,t,y) for each particular realization
of y (path-wise solution) is a shock wave, then in one-dimensional case it can be described by means
of the Heaviside function
1, if z > 0;
H(f) — { Y Y

0, if z <O0.

We shall often write it as u(x,t,y) ~ H(x—St—y), meaning that the exact solution of (16)—(17) equals
the Heaviside function, accurate to multiplication or addition of some constant, which apparently does
not influence the regularity.

Definition 1.6. Given a random variable Y (w) with law dP(w) = pdX on R, we define the probabilistic
shock profile of the scalar conservation law (12) with random initial data (13) as the parametric
deterministic family of random entropy solutions u(x,t,y) generated by all particular realizations of
Y (w).

2 Regularity of the probabilistic shock profile for one-dimensional
scalar equation

Consider the scalar hyperbolic equation in conservative form

ou  Of(u) .
E+ Ep =0, xR, t>0 (21)
u(z,0,w) = up(z,w), we . (22)

The solution to equation (21) with initial condition (22) is generally defined by the following
implicit relation:

u(z, t,w) = uo(Zo,w), &= To + [ (uo(To,w))t. (23)
Consider the Riemann initial data generating path-wise discontinuous solutions:
ur, if x < xg+Y(w);
uo(a,w) = { 10 TS 20V (21)
ug, if x > z9 + Y (w),



We introduce the stochastic variable y = 29 + Y (w) € R and use it to derive the exact path-wise
solution to equation (21) with Riemann initial data (24), which has the form of a shock wave:

u(w,t,y) = ur + (ur —ur)H(z — St —y), (25)

where S = (f(ugr) — f(ur))/(ur — ur) is the shock speed.
Let y be distributed with the probability density function p(y). Then the expectation of the
probabilistic shock profile of the random entropy solution is defined as the expected solution value, i.e.

Elu] = / u(z,t,y)p(y) dy = ug, + (ur — ur) / H(z — St —y)p(y)dy - (26)

In the following, we need the modified Heaviside function
F Ly <wo;

H(y —yo) =
0, ¥y>wo

with yo = x — St. Making use of the property

/H(y—yo)w’(y) dy = /5(y—yo)<p(y) dy,

resulting in H'(y — yo) = —d(y — yo), where ¢ € C(R) is a test function and §(y) is the Dirac

delta-function such that -

/ o()5(y — yo0) dy = o(u0),

—00

and using the (cumulative) distribution function (18) we get the following expression for the mean:

E[u] = ur + (ur — ur) / p(y)H(y —yo) dy = ur + (ug — ur) [H’(y -y)P(y)| +

+ / P(y)d(y — yo) dy] =ur +0+ (ur —ur)P(yo) = ur + (ur — up)P(x — St). (27)

Therefore, the regularity of the probabilistic shock profile is entirely defined by the properties of
the cumulative distribution function P(z — St). We next investigate the properties of P(z) for p(z)
belonging to different functional spaces and formulate the corresponding regularity theorems.

Theorem 2.1. Let p € CK(R). Then E[u] € C**Y(R) for any t > 0.

Proof. From (18), P'(x) = p(x) € C*(R). Hence, P € C*"(R) and from (27) we have E[u] €
CFH1(R). [ ]

Remark 2.1. Note that the integrability of p over R implies that it is at least piecewise-continuous
function, that is, p € C~1(R). Hence, by Theorem 2.1, for t > 0 the expectation of the random
entropy solutions is a continuous functions of z on the whole domain R, i.e. E[u] € C°(R).

Theorem 2.2. Let p € C*°(R). Then E[u] € C*°(R) for any t > 0.

Proof. The space C*°(R) of infinitely differentiable functions is by our definition

C®R) = () C*R).
k>0

8



For any k > 0, p € CK(R) = P € C*(R). Hence, by Theorem 2.1,

pe(C*R)= Pe ) CF'(R) = C®(R).

k>0 k>0
|
Theorem 2.3. Let p € L°(R). Then E[u] € WH(R) for any t > 0.
Proof. By the assumptions in the theorem, p € L*°(R), that is,
dM >0,M <oo:|py)) < MaeyeR.
Hence, the weak derivative of the distribution function is bounded:
P'(z) = p(z) = |P'(z)| < Mae. z€R.
The function P(z) itself is bounded: |P(x)| < 1 a.e. z € R. This implies
PecWh®R)={f c L®R): f € L°(R)}.
|

The Hélder space C*(R) is the space of functions whose k-th derivative is Hélder-continuous with
exponent «, i.e.

feCtR) e f® e COYR) < IM > 0,M < oo : | fF)(2) — FP(y)| < M|z —y|*, Yo,y € R.

Theorem 2.4. Let p € CH*(R). Then E[u] € C*TL(R) for any t > 0.

Proof. We have P’ = p € CF*(R) & p*) = pktl) ¢ 00x(R) = P € CF1*(R). Hence, E[u] €
Ck+1’a(R). [

We next formulate and prove several results on the regularity of the probabilistic shock profiles in
case of the piece-wise differentiable probability density functions.

Definition 2.1. The set P = {Kj}}]:p J < oo is called finite partition of the domain D C R if
1) Kj are open, 2) K;NK; =0ifi# j, 3) D=Kj.
J
Definition 2.2. A function f is called piecewise k times continuously differentiable in D C R with
respect to the finite partition P, i.e. f € C;fw(D,P), ifYK ¢ P: feCHK).
The Holder space Cg&a(R, P) is the piece-wise analogue of the Holder space C*%(R):
feChkaRP) VK eP feChE) e fH e COME) &

AM > 0,M < oo : |f®(2) — FR ()] < M|z —y|®, Va,y e K .

In the following, we shall omit explicit reference to the partition P when it is clear from the context.
We shall further denote the partition of R induced by the probability density function p as P,.

Theorem 2.5. Let p € Ck, (R, P,). Then E[u] € CEFL(R, P;) N CO(R) for any t > 0.



Proof. Assume that the probability density function is piece-wise k times continuously differentiable
with respect to some partition P,, that is, p € Cﬁw(R,Pp) where P, = {K; } _, and K = (y,Yj+1)
is an open interval. Then the density p can be represented as finite sum of compactly supported
functions p;:

J
=> pi(y)
j=1

where p;(y) is compactly supported on K; and p; € C*(K;). Then the expectation will be written as

e}

Emz/wawmw@:m+mrwq/m%ﬂW@@=

—0o0

oo J o0
:UL+(UR—UL)/H(Z/—?JO)ZPj(y):UL+(UR—UL)Z/Hy yo)p;i(y) dy =
—00 Jj=1 %)

j=1_"
J 00 [e's)
=up + (ug —ur) [H y—v)Pi(y)| + / P'(y)5(y—yo)dy] =
Jj=1 -0 _o
J J
=ur + 0+ (ug — ur) ZPJ )=ur + (ugr —ur) ZP] x — St) =ur + (ur —ur)P(x — St),
J=1 Jj=1

where yo = ¢ — St and
x

%W—/m@%

—00

is the j-th distribution function of the form (18). Each Pj(x) € C**(K;) provided p; € C*(Kj)
(Theorem 2.1), hence, by Definition 2.2, E[u] € CSJl(R, P:), where

P = {TglKj}i'le = {(y; + St,yj+1 + St)}j:p
with T's denoting the shifting operator and T'g Lits inverse:

Tsp(z,t) = p(z — St), Tg p(x,t) = p(z + St).

Theorem 2.6. Let p € Cpp (R, P,). Then Elu] € Cpp (R, Py) N CO(R) for any t > 0.

Proof. To prove the theorem it is sufficient to note that Cp5 (R, P,) = (| Ck,(R,P,). Therefore, by
k=0
Theorem 2.1,

pe()Chr(R,P,) = Pec()ChR,P) =Cpo(R, P
k>0 k>0

and Efu] € Cpy (R, Py). [ ]
Theorem 2.7. Let p € C’,’;@a(R,Pp). Then E[u] € C]’;JLO‘(R,P,:) NC°R) for any t > 0.
Proof. Rewrite the density p as finite sum of compactly supported functions p;:

J

p(y) = pi(y),

J=1

10



where p;(y) is compactly supported on K; = (y;,9j+1), j = 1,...,J (see proof of Theorem 2.4) and

p; € C**(Kj). The distribution function is
L J 2 J
P = [ S owdi=Y [ sy =>" P
“oo J=1 J=1"w Jj=1

where each P; € Ck*1%(K;) by Theorem 2.4. Hence, E[u] € ngl’a(R, P:), where

Pe={T5 ' K;}/_y = {(y; + St,yjs1 + St)}_;.

|
Example 2.1 (Uniform distribution).
Consider the Riemann problem for the Burgers equation
ou 0 /1 ,
—+—= = R, t ; 2
at+ax<2“) 0, €R, t>0; (28)
, T < 2Y (w) — 1);
u(w0,) = upfe) = { M ¥ = F0 V() (29
ur, T > xo+ c(2Y (w) — 1),

where the position of the initial discontinuity depends on the random variable Y (w) and zy and ¢
are constants. We assume Y (w) ~ U[0,1] (uniform distribution on [0,1]) and define the initial shock

location as
y =z +c(2Y (w) — 1).
Such choice implies y ~ U[zg — ¢, xo + ¢|. Hence, we may represent the random initial condition (29)

in the parametric, deterministic form

y T <Y,
u(z,0,0) = ug(w) = {“L vy (30)
UR, T >1Y,
If Y(w) ~ U]0, 1] then its probability density function is

1, Y(w) €[0,1];

0, otherwise,

p(Y(w)) = {

and its distribution function

1 0, z <0
P(z) = /p(Y(w)) dY (w) =<z, x €]0,1];
0 1, x> 1.

The probability density function in terms of the random variable y is easily verified to be

oy) = 1/(2¢), y € [xo — ¢, o + ¢;
0, otherwise,

and the corresponding distribution function is
0, x <x9—c

1
Py(x) = 2—0(:1: —x0+c¢), x € [rg—c, w0+ cl;

1, x > x9+c.
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The expectation of the random entropy solution « is then

Elu] = ur + (ug — ur)Py(x — St) =
0, xt—St<zy—c
=up + (up —up) § 5(x — St —xo+c¢), x — St € [xg — ¢, z0 + c; (31)
1, x — St >z +c.

Consider Fig. 1 in which the mean and the variance of the probabilistic shock profiles computed
by the Stochastic Finite Volume method [5] is plotted.

Uniform: Mean values (Nx = 1024, Ny = 128, CFL = 0.45, c = 0.1) Uniform: Variance (Nx = 1024, Ny = 128, CFL = 0.45, ¢ = 0.1)
.3

exact

—&— FV-ENO1
—%— FV-ENO2
—&5— FV-WENO3

Viul

0 02 04 06 08 1 12 14 16 18 2 1 1.05 11 1.15 12 1.25 13
x x

Figure 1: Expectation and variance of the probabilistic shock profile, y ~ 1/[0.9.1.1].

Obviously, the function E[u] is continuous at points x = St 4+ xy £ ¢ for every ¢t > 0. However,
pointwise derivatives at these points do not exist, meaning that E[u] is only in C°(R). It is easy to
see that E[u] € Cpy (R, P;): the partition of R generated by the function p is

P, = {(700, o — C), (l’o —C,xo + C), (:EO + ¢, OO)}7

and on each piece I € P, the density function p € C*(I). The partition of R induced by the
distribution function P for every ¢ > 0 is

Pt = {(—OO,St+$0 - C),(St+(170 —C, T +C)7(St+$0 +C,OO)}

and P € C°(I) VI € P;. Consequently, by our definition of a piece-wise smooth function we have
[ ] € pr(R7 Pt)

Example 2.2 (Normal distribution).
Consider again the Riemann problem for the Burgers equation (28) with discontinuous initial data
(29) assuming Y (w) ~ N[M, o]. The probability density function for the normal distribution is

1 _ (Y (w)-M)?
P(Y(w)) = \/We 202

Using the error function

2 2
Erf(z) = — / Y dy,
‘\/>

the distribution function for the normal distribution can be expressed as

Py () :% [1+Erf(x\/_27]\j>],
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which is a smooth function in R, that is Pyy € C°°(R) and therefore the expectation

Elu] = ur + (ugp — ur) Py (z — St) :“L+(UR2_UL) [1+Erf <x\/_27]\24>]

is also a smooth function, E[u] € C*°(R).
The mean and the variance of the probabilistic shock profiles computed by the Stochastic Finite
Volume method [5] is plotted in Fig. 2.

Gauss: Mean values (Nx = 1024, Ny = 128, CFL = 0.45, S = 0.03, M = 1) Gauss: Variance (Nx = 1024, Ny = 128, CFL = 0.45, S = 0.03, M = 1)
T T T T T T T T T 0.3

— exact
——6&— FV-ENO1
‘ —o— FV-ENO2

—=— FV-WENO3|

E[u]
Viul

k -0.05
1 -]

0 02 04 06 08 1 12 14 16 18 2 il 1.05 11 1.15 12 1.25 13
x x

Figure 2: Expectation and variance of the probabilistic shock profile, Y (w) ~ A[1,0.03].

Example 2.3 (Atomic measure).

Up to this point we have only considered the probabilistic spaces having the non-atomic measure
P such that P(dw) = p(y)dy with p € (L= N L')(R). However, it is worth considering the example
of the atomic measure to show that the statistical moments of random entropy solutions to scalar
conservation laws are not necessarily continuous in this case.

To this end, let the probability density function have the following form: p(y) = p1(y) + 26(y),

where
1/4, y € [-1,1];
p1(y) = b
0, else.

Such p(y) is atomic since it is not bounded at the point y = 0 because of the presence of delta-
function. As before, the mean value of the solution is given by (27) and its regularity is entirely
determined by the distribution function P(x — St), which in our example takes the form

(0, < St—1;

1
—(x—=St+1), St—1<z< St
P(x — St) = 4

1 1
Z(x_St+l)+§; St<ax < St+1;

1, x> St+ 1.

Apparently, the distribution function P(x) is discontinuous at the point x = 0 for any ¢ > 0, although
the density function p(y) could be considered as piece-wise differentiable, but not bounded at y = 0.
However, E[u] € Cpy, (R, P;) with respect to the partition

P = {(—o0, St — 1), (St — 1, 5¢t), (5t, St + 1), (St + 1, 00)}.

3 Regularity of spatio-temporal correlation functions

To form the n-point correlation functions, form the tensor product of the pathwise random entropy
solutions:
C'u] = u(zy, t1,w) @ u(ze, to,w) ® ... u(Ty, ty,w).
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The n-point spacio-temporal correlation function is the expectation

M*u] =E[C"u]] = E[u(z1,t1,w) @ ... @ u(@n, th,w)] =

U(l‘l,tl,UJ) ® e ® u(xna tnaw) ]P)(dw) = /U(ﬂfl,tl,y) D u('fn?tnay)p(y) dy Y (32)
R

D\

where y : 2 — R is a random variable parametrizing the probability space €.

Specifically, consider the scalar equation (21) with initial condition (24). The solution in this
case is a shock wave of the form (25), which is equivalent (up to multiplication and addition of some
constant) to the Heaviside function; therefore we can write

u(x,t,y)NH(x—Stfy):}_I(y—yo), yOZx*St (33)
The n-point correlation function of (33) is

M“[U]Z/U(wl,tl,y)---U(:vn,tn, =/ (=) ---Hy—vi)p(y) dy (34)
R R

where yi = z; — St;,i=1,...n
The integrand in (34) is non-zero only if all Heaviside functions H(y — ) # 0, which is accom-
plished if § = min{z; — St;} > y. Hence, the expression for the n-point correlation function becomes
1

/H y—19)ply)dy = P(y) = P(miin{xi — St;}). (35)

This defines the partition of R induced by M"[u] which we denote as Pjy;. It will allow us to
formulate the general theorem on the regularity of the correlation functions. The proof is based on
the same principles as the proof of Theorems 2.1-2.7 for the expectation.

Theorem 3.1. For every k € Ny and p € C*(R) and every t > 0 the n-point space-time correlation
function M"[u] € C*L(R™). In particular, if p € C®(R) then M"[u] € C*®(R"). Moreover, if
p € CHY(R) then M"[u] € C*+1.(R™).

Obvious corollary from Theorem 3.1 is the following.

Corollary 3.1. The following statements hold:
1. Let p € Ck,(R,P,). Then M"[u] € C;le(R",Pﬁt) for any ¢ > 0.
2. Let p € Cpy (R, Ppy). Then M"[u] € Cpp (R, Py ;) for any ¢ > 0.

3. Let p € Cpit (R, Pp). Then M"[u] € Cppb " (R™, Py ) for any ¢ > 0, where Py, , = TsP};.
We illustrate the foregoing theorem by the same example.

Example 3.1 (Two-point correlation function).

Consider the scalar one-dimensional Burgers equation (28)—-(29). We shall analyze in detail the
regularity of the two-point space-time correlation function and prove that M?[u] € Cht*(R?, P3;) for
pE Ck(R,Pp) with given t1, to > 0, where

(e o]

M2[u] = / w(z, by, y)ulza, ta, y)p(y) dy

—0o0
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Given the solution of the form (25), its two-point correlation function is

M?[u] = / (ur, + (up —ur)H(z1 — St1 —y)) (ur, + (ur — ur)H(z2 — Sto — y)) p(y) dy =

= u% +ur(ug — uL)(P(xl — St1) + Pz — Stg)) + (ugp — uL)QJB(Jrl — St1,z9 — Sta), (36)

where

min{z,z2}

P(x1,x9) = / p(y) dy = P(min{z1,z2}) = P(x1) + (P(x2) — P(z1)) H(z1 — x2).

—00

Let p € C*(R), then P € C*¥T'(R). The regularity of the two-point correlation function in the
whole R? space is determined by the properties of the function P(x; — St1, 9 — Sto) for given times
t1 and to. It is easy to check that the function 15(561 — St1,x9 — Stg) is continuous across the line
[ :x; — St} = x93 — Sty on the (z1,2) plane, implying M?[u] € C°(R?). The derivatives of M?>[u]
are, however, discontinuous across the line I': for instance,

0 0 0

%M2[u] . = uL(uR—uL)a—le(azl —St1)+(uR—uL)2a—le(x1 — St1) = ug(ur —ur)p(z1 — St1),
i./\/lQ[u] =ur(ur —u )iP(x —St1)+ (ur —u )Qip(x —Sty) = up(ur —up)p(x1 — St1)
o1 KQ—LR L(%1 1 1 R Laxl 2 2) = uL\up —uL)p(T1 1)

Obviously, %/\/ﬁ[u] ‘K # 8%1/\/12[14 . along T" unless uy, = upg, which is a trivial case that we will
1 2
not consider.

Moreover, it is possible to prove that M?[u] € C’;f,j L(R2,P2,) if p € C*(R). Consider the following

finite partition of R*: P32, = {Kj}?zl, where

K1 = {(331,1’2) X1 — Ty — S(tl — tQ) < O}, KQ = {(wl,xg) T X1 — Ty — S(tl — tQ) > 0}
Obviously, K1 N Ky =0, R? = K; U Ky, and

P($1 _ Stl,l‘g _ Stg) _ {P(xl — Stl) on Kl,
P(ZEQ - Stg) on KQ.

Therefore P(ml — Sty, 29 — Sty) € CFH(Ky), ]5(361 — Sty, 29 — Sty) € C*1(K>) and the same holds
true for the two-point correlation function: M?[u] € C*1(K;), M?[u] € C*+1(K;). Then, taking
into account Definition 2.2, M?[u] € CEH(R?, PF,) N CO(R?).

Assume next in (29) Y(w) ~ U[0,1]. Then M?[u] € C55(R?,P3;) N CO(R?). In this case we take
Yy = xo+ c(2Y(w) - 1) so that y ~ U[zg — ¢,z + ¢|. Then the two-point correlation function can be
expressed as

M2[u] = u% + uL(uR — uL)(Il(xl) + IQ(:CQ)) + (uR — UL)213($1,332), (37)
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where we set x§ = min{z; — St;,z2 — Sta} and

1 c
Li(x) = /H(ml — St; — xg(y)) dy = 210/H(a;1 — Sty — xo) dxo =
0 Ze
0, 1 < St1 —¢;
= %(zl—Stl—i-c), x1 € (St1 — ¢, Sty + ¢);
1, z1 > St1 + ¢,
1 0, zo < Sty — ¢
I(x9) = /H(:L“Q — Sty — xo(y)) dy = i(332 — Sty +¢), o € (St — ¢, Sty + ¢);
0

2c
1, 20 > Sty + ¢,

1 0, 5 < —¢;
1
13(561,%'2) = /H(xl — Stl — .%'Q(y))H(.%'Q — Stg - $0(y)) dy = 20(.%8 + C), J}S < (—C, C);
0 1, x5 > c,

To analyze the regularity of M?[u] we consider the partition of R? induced by M?[u].

Assume first that xf = 1 — St1 < x2 — Sta. We have the following subdomains for the integral
I1(z1), depending on the position of x{ defining I3(x1, z2) also uniquely.

1. T — Stl < —c=> Il(l‘l) = O, 13(.731,.7;2) =0.

For I5(x2) there are three subdomains:

(a) 29 — Sta < —c = Ix(z2) = 0= M3[u] = u?.

1 1
(b) |x2 — Sta| < ¢ = Ix(x2) = %(xg — Sty +¢) = M3u] = u? + %uL(uR —urp)(z2 — Sta + ).

(C) T9 — Sty > c= IQ(.CUQ) =1= Mg[u] = ULUR.

1 1
2. |l’1 — St1| <c= 11(1‘1) = 276(111 — Sty + C), 13(1'1,1'2) = ?C(xl — Sty +C).

In this case there are two possible subdomains for Is(x2) since xg — Sty > x1 — St; > —c.

1
(a) |IL'2 — St2| <c= IQ(.TQ) = ?C($2 — Sty + C) =

1 1
MAQI = UZL + %UL(UR — ’U,L)(:Ifl — St1+ 39 — Stg) + %(’U,R — uL)z(ml — St1 + C).

(b) CL‘Q*StQ > C:>IQ(£E2) =1=

1 1
Mg = u% + uL(uR — uL) (26(561 — Stl + C) + 1) + %(UR — uL)2($1 — Stl +C).

3. 21— St1 Ze= Ii(xy) =1, I3(x,22) =1, Ih(z2) =1 = M%[u] = u%

Now assume that = = 2 — Sty < 1 — St;. We have the following subdomains for I»(x2).
1. 9 — Stg < —c=> 12(.7}2) = 0, I3($1,$2) =0.

For I;(z1) there are three subdomains:

(a) 21— St1 < —c= Li(z1) = 0= M3[u] = u2.

1 1
(b) |x1 = Sti| <ec= Ii(x1) = %(ﬂfl —St1+c¢) = M%[u] = u% + %uL(uR —ur)(x; — Sty +¢).
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(c) 1 — St1 = c= I1(71) = 1 = M3[u] = urug.

1 1
2. |IL’2 — Stz’ <c= IQ(IEQ) = %(IEQ — Sty + C), 13(.731,.%2) = %(xg — Sto + C).

There are two possible subdomains for I;(x;) since 1 — St; > x9 — Sta > —c.

1
(a) |$1 — Stly < c= 11(1‘1) = %(1‘1 — St + C) =

1 1
M%O = u% + EUL(UR — uL)(l‘l — St1 + 29 — Stg) + %(UR — UL)2(1’2 — Sty + C).

(b) 1 —Stl >C:>11(SL‘1) =1=

1 1
M%l = u% +ur(ug —up) <20(x2 — Sty +c¢) + 1> + Q—C(uR — UL)2($2 — Sty +¢).

3. 29— Sty > c=> 12(332) =1, Ig(xl,xg) =1, Il<$1) =1= M%Q[’UJ] = u%

In summary, we have constructed the partition P%; of R? such that M?[u] € C’%(RQ, P2).

4 Regularity of polynomial moments

In this section we follow [9] in the definition of the generalized polynomial chaos expansion (gPC) and
the formulation of the assumptions under which the gPC expansion converges to a desired random
variable, see also [10,11]. We then address the question of the regularity of the expansion coefficients,
also called polynomial moments.

Consider the probability space (€2, F,P) defined in Section 1.1, with probability measure P. Con-
sider the chaos expansion with respect to a countable sequence {&, }men of basic random variables
satisfying the following assumptions:

Assumption 4.1.

(1) Each basic random variable &, possesses finite moments of all orders, i.e. E[|&,|F] < oo for all
k,m € N.

(2) The distribution functions P, (x) = P(&,, < x) of the basic random variables are continuous.

We next restrict ourselves to the expansions in a single basic random variable ¢ with distribution
function P¢ which satisfies Assumption 4.1. For any random variable n € L?(£2, F,P) which is measur-
able with respect to £ there exists a measurable function f : R — R such that n = f(£). To expand 7
in the gPC series one needs to construct the set of orthonormal polynomials {py, }nen, associated with
the distribution function P, which is possible since all the moments of £ are finite by Assumption 4.1.

Definition 4.1. The moment problem is uniquely solvable for a probability distribution on (R, B(R))
(or the distribution is determinate), if the distribution function is uniquely defined by the sequence of
its moments

e = E[¢¥] = /kag(d;r), k € Np.
R

The following theorem justifies the existence of the gPC expansion [9].

Theorem 4.1. The sequence of orthogonal polynomials associated with a real random wvariable &
satisfying Assumption 4.1 is dense in L*(R,B(R), P) if and only if the moment problem is uniquely
solvable for its distribution.
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Thus, if the conditions of Theorem 4.1 are satisfied, the sequence of random variables {py, () }nen,
constitutes an orthonormal basis of the Hilbert space L?(2, F,P), and each element of this space can
be expanded with respect to this basis:

n=f&)=>_ apr(§), (38)
k=0
and the coefficients a; can be calculated as
o = Eimp(©)) = [ F@pn()Pelda), k€ N, (39)
R

Consider now the solution to the one-dimensional scalar conservation law (12) with random initial
data (13). Assuming the existence of the random variable such that y = Y(w) € R satisfying the
Assumption 4.1 with continuous distribution function P(z) = P({y < x}) such that there exists a
probability density function p(y) = dP(w)/dy, we can write the gPC expansion (38) in y for the

stochastic function u(z,t,y) :
y=Y (w)

o0
U(.’E,t, y) = Zua(%t)(ﬂa(y), (40)
a=0
where {¢q }aen, is the set of orthonormal polynomials associated with the distribution function P:

< Pa,pp >= / 0a(y)es(y)p(y) dy = bap-
R

The coefficients of the gPC expansion are deterministic functions of x and ¢ and are defined as
follows:

a7, 1) = Elpou] = / w(e t,y) oo ()p(y) dy. (41)
R

Consider next the one-dimensional scalar conservation law (21) and initial data (24) with y =
zo+ Y (w). The solution is equivalent to (33) up to some constant which does not affect the regularity
properties. To study the regularity of the expansion coefficients wu,(x,t), first rewrite (41) for the
one-dimensional shock solution and apply integration by parts:

o0

Uo () = / H(y — yo)pa(y)ply) dy = / H(y —yo)ea(y)P'(y) dy =

o0

- / Hy oy —y0)P'(y) dy = Hy oy — y0) P(y)

- / Loy — o) Ply) dy =
.

—— [ {0~ w)ealw) + B~ w0 )} Plo) dy =
- / 5y — yo)pa(y) Py) dy — / H(y — yo)ea(v) P(y) dy =
r—St

— P Sthealo =50 = [ PGy (@)
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where we have denoted Hy, o = H(y — y0)@a(y).

Note that the functions ¢, (y) are polynomials and hence they belong to C°°(R). The second,
integral term in (42) apparently is at least as smooth as P(y). Therefore, these terms do not affect the
smoothness of the coefficient uq(z,t), which is entirely defined by the regularity of the distribution
function P. Thus, we can summarize the results which are analogous to the results for the expectation
and statistical moments.

Theorem 4.2. For any k € Ny and any t > 0, if p € C*(R) then uy € CFTY(R), o0 > 0. In particular,
if p € C®°(R) then uy € C®(R),a = 0. For p € L>®(R) the polynomial moment u, € WH*(R), o > 0.

Corollary 4.1. The following statements are valid:
1. If pe C]],fw(R,Pp), then u, € Cﬁ'l(R,Pt), a >0, for any t > 0.

2. If p € Cpy (R, Py), then u, € Cpp (R, Py), a >0, for any ¢t > 0.

3. If p e Cp (R, P,), then uq € Cpa (R, P;), a > 0, for any ¢ > 0.

5 Generalizations

5.1 Linear hyperbolic systems

The results obtained in preceding sections for one-dimensional scalar conservation law can be easily
extrapolated onto linear systems. Consider the linear hyperbolic system

ou ou
— +A— = R 4
8t+ o 0, zeR, t>0 (43)

with Riemann initial data and uncertain initial discontinuity position given in the parametrized form

Up, v <y;
U(z,0,y) = Ug(x,y) = ’ 44
(#.0.9) = V() = § /2 7 = (449)
where U = [u1, ..., un]" is the solution vector and A is the constant coefficient matrix. It is possible

to diagonalize the system (43) by transforming it to new variables (Riemann invariants) W = R~!U,
where R = [r1,...,1,,] is the matrix of right eigenvectors of A such that A = RAR™! with the matrix
A = diag(A1,..., A\y) being the diagonal matrix of eigenvalues of A.

Hence, in Riemann invariants the system and the initial condition can be recast as

oW OW _

Z — =0, 45
ot N ox (45)
W, = RflUL, T <Y,
W(x70>y) = WO(x7y) = 1 (46)
Wr=R7Upg, z>y.
or, in component-wise form for i =1,...,m
8w,; 8’11)2'
Ai— =0 47
5 T higy =0 (47)
wh, x <y
wi(z,0,y) = w)(z,y) = { L (48)
Wh, T > Y.

Obviously, for each i the equations (47)—(48) form the linear transport problem, whose exact
solution is a shock wave moving with speed \;,

wi(w, t,y) = wi + (wg — wi)H(z = Nit — y). (49)
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The solution in initial variables is then a linear combination of shocks of the form (49):

U(z,t,y) = RW = Z (x,t,y)r Z wh + (why —wh)H (z — A\t —y))ri. (50)
i=1 i=1

Therefore, all the regularity statements obtained for scalar equations are also valid for linear
systems.

Remark 5.1. Similar results are also anticipated in the case of quasi-linear one-dimensional systems
of conservation laws.

5.2 Uncertain shock amplitude

In this section we demonstrate the intrinsic difference between the probabilistic shock profile gen-
erated by the Riemann initial data with uncertain shock position having smooth statistics and the
probabilistic shock profile with shock statistics. Consider the scalar one-dimensional Burgers equation

ou o
ot u(?;l?

with the initial condition having an uncertain amplitude:

=0, (51)

up(z,w) =Y (w) sin(27x), (52)
where Y (w) will be distributed either uniformly or normally,
Y (w) ~U[—c,c] or YV(w) ~ N[M, o).

For such kind of problems the previously derived regularity theorems are no longer valid: the
stationary shock is generated at certain time moment at x = 0.5, and this shock remains present in
the physical space. What is more, the existence of the shock does not depend on the regularity of the
probability density function, which is illustrated in Figs. 3-4. The numerical results were obtained by
the Stochastic Finite Volume method combined with various deterministic solvers (ENO-1 stands for
the first order finite volume solver, ENO-2 and WENO-3 for the ENO/WENO solvers with piece-wise
linear reconstruction, respectively).

Umfcrm Mean va\ues (Nx 1024 Ny 128, CFL = 0.45, ¢ = 0.5) Umfcrm Vanance (Nx 1024 Ny = 128 CFL =0.45,c =0.5)
0.5 T 0.12 T T
_ —o—FV-ENO! —o—Fv-ENo1
04l = —&— FV-ENO2 —&— FV-ENO2
g N4 FV-WENO3| FV-WENO3
o 4
03 T !

02 ?

0.1f

E[u]

[ ] < 0.06 i
—01f L

0.04
_02}

-03F
0.02

_04l

05 . . . . . . . . . o . . . . . L |
"0 o1 02 03 04 05 06 07 08 09 1 0 0t 02 03 04 05 06 07 08 09 1
X X

Figure 3: Expectation and variance of the random shock solution, Y (w) ~ U[0, 1].

6 Convergence rates of high order Stochastic Galerkin-FVM schemes

Here, we explore the implications of the increased regularity of statistical moments of random en-
tropy solutions on possible high order schemes for their numerical approximations. Clearly, schemes

20
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+ FV-| ENO1
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Figure 4: Expectation and variance of the random shock solution, Y (w) ~ A0.5,0.15].

based on path-wise approximation and sample averaging as proposed, for example, in [3], will have
to numerically resolve the discontinuities in the path-wise realizations of random entropy solutions.
Accordingly, their potential high order convergence is offset by the lack of regularity of pathwise re-
alizations of the random entropy solutions. To exploit the regularity of statistical moments requires,
therefore, their direct approximation by FVM. To this end, new deterministic systems of hyperbolic
conservation laws satisfied by these moments need to be derived analytically prior to discretization.
This is possible, for example, by the so-called Stochastic Galerkin methods recently proposed in [6], [7].
We briefly recapitulate the development here, and report numerical studies exhibiting maximal order
of convergence for a number of numerical schemes for the resulting hyperbolic systems.
The results of Theorem 4.2 can be generalized to the linear systems case

U  F(U)
BN + o 0, U, z € (a,b), t > 0; (53)
U(z,0,y) = Up(z,y), = € (a,b), y€ Y CR, (54)

with uncertain initial shock location Ug(x,y) = H(x —y), where the shock position is distributed with
the probability density p(y).

Theorem 6.1. For a given probability density function p, any k € Ng and any t > 0 holds:

1. If p € CF(R) then u, € C*H1(R), a > 0. In particular, if p € C®(R) then uy € C®(R), a = 0.
For p € L™(R) the coefficient uo, € WH2(R), a > 0.

2. If peC (RP) then UQEC;le(R,Pt), a >0, for any t > 0.
3. Ifpe COfU(R,Pp), then uq € Cpp (R, Py), a >0, for any t > 0.

4. If p € Cp J(R,P,), then uq € C’kH’W(R,Pt), a >0, for any t > 0.

Proof. The solution of the linear hyperbolic system with Riemann initial data is a linear combination
of the invariants:

Z’ty szxtyrm

where each invariant w;(x,t,y) is a solution of the hnear advection equation

8wi awi .
at + )\z% — 0.

The gPC expansion for w;(x,t,y) has the form

wi(z,t,y) = Zwmxt%y)
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where we choose the system of basis gPC polynomials {¢q},a € Ny to be orthonormal with respect
to the probability measure:

/ 0a(V)ps(y)p(y) dy = dap,
Y

such that the equations for the gPC coefficients become fully decoupled.
Then the gPC expansion for the solution of the linear system (53)—(54) is

Ule )= 3 Ul )en) = 3 3 vttt Z_z<zwmm) ),
a=0

i=1 a=0

which is a linear combination of the gPC coefficients for the invariants, for which Theorem 4.2 can be
applied directly.
Therefore, our smoothness results are valid for the solution of the linear hyperbolic systems. W

6.1 Stochastic Galerkin method

In this section, we describe the construction of the Stochastic Galerkin Finite Volume method (sGFVM)
for one-dimensional system of hyperbolic conservation laws.

oU  OF(U) _
ﬁ + or 0, x € (CL, b), t > 0; (55)
U(z,0,y) = Ug(z,y), z € (a,b), ye€ Y CR. (56)

The sGFVM aims to approximate the coefficients of the truncated gPC expansion

u(z, t,y) = Zkatgok (57)

where {¢r}, k =0,..., N is a system of basis polymonials on Y. Note that these polynomials are not
necessarily orthogonal with respect to the probability density function p(y).

Multiplying the equations (55)—(56) by the basis function ¢;(y) and integrating the result over YV
we obtain

ﬁ%xu>d+ PO itwotw) dy = o (59)

/UxOy%>< @—/wawxm@@, (59)

which after simple algebraic manipulations reduces to

OUk 8
‘ p(y)dy = 0, (60)
k=0 / Y
N
S UM, = /Uo(x,y)soi(y)p(y) dy. (61)
k=0 v

where Uéo) = Ug(z,0) and My, are the mass matrix components,

My, = / or(W)pi(y)p(y) dy. (62)
Y

The resulting form of the Galerkin system (60)—(61) depends on the concrete form of the flux function
F(U).
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6.2 Convergence analysis for linearized Euler equations

In this section, we apply the sGFVM for the numerical solution of the linearized Euler equations to
demonstrate the results obtained in Sections 4 and 5.1. In particular, we show the improvement of
the convergence rates for the gPC coefficients produces by sGFVM due to the increased regularity of
the solution statistics.

The linearized Euler equations are represented by the system of equations for the density p, velocity
u and pressure p of an inviscid gas, which takes the form

ou ou
+A—=0
ot Ox ’ (63)
where
p uw p 0
U=|u|, A=|0 @ 1 (64)
p 0 vp u
The matrix A has the eigenvalue decomposition A = RAR™! with
~£ 1 2
A = diag ( u, u+a, R=|1 0 1], (65)
—pa 0 pa
where a = ,/%ﬁ is the sound speed. We set v =7/5, p=1, u=1and p=1/7.
Taking in (60) F(U) = AU we get
N ou
’“Mm+/A ZUM Y)ei()oly) dy = 0, (66)

k=0

which is equivalent to
Z é?U;.C Z A@Uk B (67)
k=0

Hence, the sGFVM for linearized Euler equations consists of solving (N + 1) advection equations
to determine the coefficients Ug(z,t), k =0,..., N:

ou, U,

o TAe T (68)
al 0

S UMy = / Uo(z,y)pi(y)p(y) dy. (69)
k=0

According to the Theorem 6.1, the gPC coefficients are smoother than the path-wise solution of the
conservation law with Riemann initial data with uncertain shock location; in particular, the regularity
of the coefficients is determined by the regularity of the given probability density function for the
initial shock position.

Consider first the test case in which the initial condition is taken as a sine-wave with random initial

phase:
Po sin (2.07(z + 0.1 x y))
Uy(z,y) = |uo| = |sin (2.0m(z + 0.1 xy+0.1)) | , (70)
Po sin (2.0m(z + 0.1 %y — 0.1))

and the phase y = Y (w) is distributed with probability density

p(&) = e T, 1)
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where A is the normalization constant.

The solution to (68)—(69) is computed using 5th order WENO scheme; the gPC coefficients and
convergence rates are illustrated in Figs. 5-7. Note that for this type of the initial data we observe an
optimal 5th order of convergence, which is anticipated since the initial condition is a smooth function.
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Figure 6: Stochastic Galerkin method for linearized Euler equations: velocity.

Next, to demonstrate the consequences of the obtained regularity results on high-order approxi-
mations of gPC coefficients we solve (68)—(69) with the following Riemann initial data:

Up, z<y;
Uo(a,y) =4 ° 7 (72)
URv >y,
where
1.0 0.1
Uy, = 1001, Ugr = 10.0{,
1.5 0.2
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Figure 7: Stochastic Galerkin method for linearized Euler equations: pressure.

y = xo + Y(w), g is a known constant and Y (w) is distributed with the same probability density
function (71).

Note that u € C*°(—1,1), therefore, under the theory developed in this paper we expect the
improvement of the convergence rates in the computation of the statistical quantities based on the
gPC coeflicients compared to the approximation of these quantities based on the simulation of a
number of path-wise solutions (e.g. in Monte Carlo type methods).

Consider first the approximation of the gPC coefficients obtained using the sGFVM with three
gPC terms. Figs. 8 a), 9 a) and 10 a) illustrate the polynomial coefficients for each of the variables
p, u and p, and the corresponding convergence plot is shown in Figs. 8 b), 9 b) and 10 b). In this
computation, the 3rd order WENO scheme was used to approximate the solution of (68)-(69). We
note that the average convergence rate reaches the value of 3, while the path-wise simulations of shock
solutions would result in the first order of accuracy as a maximum. Figs. 11-13 correspond to the
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Figure 8: Stochastic Galerkin method for linearized FEuler equations: density.

sGFVM with six gPC terms based on 5th order WENO solver to the Galerkin systems. The results
show the convergence rate reaching the value of 5 asymptotically.
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Figure 9: Stochastic Galerkin method for linearized Euler equations: velocity.
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Figure 10: Stochastic Galerkin method for linearized Euler equations: pressure.

Hence, we have demonstrated how the smoothness of the gPC coefficients for problems with Rie-
mann initial data and random discontinuity position affects the convergence rates of the sGFVM
method, thus making the gPC based computations more efficient as compared to the methods based
on the simulation of the path-wise shock solutions.

7 Conclusions

We have investigated the regularity properties of random entropy solutions to hyperbolic conservation
laws with random initial data for both scalar equations and certain hyperbolic systems in one space
dimension. For Riemann initial data with random shock location we have proven that the resulting
probabilistic shock profiles exhibit additional smoothness related to the probability density function
of the distribution law of the shock location in the initial data. This smoothing effect is unrelated
to viscosity and is found even in cases where the path-wise entropy solutions develop shocks. We
have proven that this holds true also for statistical moments like the mean, variance, higher order
spatio-temporal correlation functions as well as the coefficients in the gPC expansion. The improved
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Figure 11: Stochastic Galerkin method for linearized Euler equations: density.
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Figure 12: Stochastic Galerkin method for linearized Euler equations: velocity.

regularity was shown numerically to imply absence of discontinuities in hyperbolic systems obtained
by stochastic Galerkin projections onto truncated generalized polynomial chaos expansions of random
entropy solutions. This opens the possibility for developing high-order convergent numerical schemes
by combining intrusive gPC-type Galerkin discretizations in stochastic space with standard high-
order finite volume discretizations in physical space. The generalization of the obtained results to
multidimensional equations and systems of equations is subject of ongoing research and will be reported

elsewhere.
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Figure 13: Stochastic Galerkin method for linearized Euler equations: pressure.

Acknowledgement: The authors thank Professor S. Mishra for numerous constructive and critical
remarks and stimulating discussions.

References

1]
2]

[3]

[4]

E. Godlewski, P. Raviart. Hyperbolic systems of conservation laws. Ellipses Publ., Paris (1995).
R. LeVeque. Numerical methods for conservation laws. Birkhduser Verlag (1992).

S. Mishra, Ch. Schwab. Sparse tensor multi-level Monte Carlo finite volume methods for hyperbolic
conservation laws with random intitial data. To appear in Math. Comp. (2012).

S. Mishra, Ch. Schwab, J. Sukys. Multi-level Monte Carlo finite volume methods for nonlinear
systems of conservation laws in multi-dimensions. To appear in J. Comp. Phys. (2012).

S. Mishra, Ch. Schwab, S. Tokareva. Stochastic Finite Volume methods for uncertainty quantifi-
cation in hyperbolic conservation laws. In preparation, 2011.

J. Troyen, O. Le Maitre, M. Ndjinga, A. Ern. Intrusive Galerkin methods with upwinding for
uncertain nonlinear hyperbolic systems. J. Comp. Phys. 229 (2010) 6485-6511.

J. Troyen, O. Le Maitre, M. Ndjinga, A. Ern. Roe solver with entropy corrector for uncertain
hyperbolic systems. J. Comp. Phys. 235 (2010) 491-506.

E. H. Lieb, M. Loss. Analysis: 2nd Ed. Amer. Math. Soc. Graduate Studies in Math. 14 (2001).

O. G. Ernst, A. Mugler, H. J. Starkloff, E. Ullmann. On the convergence of generalized polynomial
chaos expansions. To appear in M2AN (2011).

D. Xiu, G. E. Karniadakis. Modeling uncertainty in steady state diffusion problems via generalized
polynomial chaos. Comput. Methods Appl. Mech. Engrg. 191 (2002) 4927-4948.

D. Xiu, G. E. Karniadakis. Modeling uncertainty in flow simulations via generalized polynomial
chaos. J, Comp. Phys. 187 (2003) 137-167.

28



Research Reports

No.  Authors/Title

11-53  Ch. Schwab and S.A. Tokareva
High order approximation of probabilistic shock profiles in hyperbolic
conservation laws with uncertain initial data

11-52  F.Y. Kuo, Ch. Schwab and I.H. Sloan
Quasi-Monte Carlo finite element methods for a class of elliptic partial
differential equations with random coefficients

11-51 A. Chernov and Ch. Schwab
First order k-th moment finite element analysis of nonlinear operator
equations with stochastic data

11-50 E. Fonn
Shearlet Galerkin for transport equations: implementation and stability

11-49 M.J. Castro, U.S. Fjordholm, S. Mishra and C. Parés
Entropy conservative and entropy stable schemes for non-conservative
hyperbolic systems

11-48 D. Kressner and Ch. Tobler
Preconditioned low-rank methods for high-dimensional elliptic PDE
eigenvalue problems

11-47 H. Heumann and R. Hiptmair
Convergence of lowest order semi-Lagrangian schemes

11-46 K. Grella and Ch. Schwab
Sparse discrete ordinates method in radiative transfer

11-45 X. Claeys and R. Hiptmair
Boundary integral formulation of the first kind for acoustic scattering by
composite structures

11-44 A. Chkifa, A. Cohen, R. DeVore and Ch. Schwab
Sparse adaptive Taylor approximation algorithms for parametric and
stochastic elliptic PDEs

11-43  S. Chen and S. Mao
Anisotropic error bounds of Lagrange interpolation with any order in two
and three dimensions

11-42  R. Hiptmair and J. Lt
Shape derivatives in differential forms I: An intrinsic perspective

11-41  Ph. Grohs and Ch. Schwab

Sparse twisted tensor frame discretization of parametric transport
operators



