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Abstract. From the observation that self-similar solutions of conservation lawsin two
space dimensions change type, it follows that for systems of more than two equations,
such asthe equations of gas dynamics, the reduced systemswill be of mixed hyperbolic-
eliptic type, in some regions of space. In this paper, we derive mixed systems for the
isentropic and adiabatic equations of compressible gas dynamics. We show that the
mixed systems which arise exhibit complicated nonlinear dependence. In a prototype
system, the nonlinear wave system, this behavior is much simplified, and we outline the
solution to some typical Riemann problems.

Keywords: Two dimensional Riemann problems, equations of mixed type, nonlinear
wave equation.

Mathematical subject classification: Primary: 35L65, 35L37; Secondary: 35M10.

1 Background: The Occurrence of Mixed Systems

For a large class of equations governing unsteady compressible flow in two
gpace dimensions, study of self-similar problems (such as Riemann problems
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and shock reflection problems) results in boundary value problems for reduced
systems which are of hyperbolic type far from the origin but change type at a
sonic line or shock, determination of which is part of the solution. This class,
consisting of systems with acoustic and linear waves, was characterized in [1].
In particular, for the compressible Euler equations of gas dynamics (either isen-
tropic or adiabatic), and for a simpler nonlinear wave system, there are one or
more characteristic families which are linearly degenerate and which remain
real inside the subsonic region determined by the acoustic wave speeds. These
families govern the evolution of shear and entropy waves; although they are also
degenerate from the point of view of wave propagation, in that the characteris-
tic normals form a plane rather than a cone supported in a half-plane, they are
not trivial. For example, they are responsible for the intricate patterns of swirls
seen inside the subsonic regions in shock reflection experiments and numerical
simulations.

As part of our program to study multidimensional conservation laws by solv-
ing self-similar problems in two space dimensions, in this paper we formulate
boundary value problemsfor some reduced equations of this mixed type. In[1],
Canict and Keyfitz demonstrated that if one linearizes such a system at a constant
state, then a second-order, degenerate elliptic equation can be obtained by taking
some combination of the variables, while a complementary set forms a hyper-
bolic system. However, this formal reduction did not show how the nonlinear
equations could be reduced, nor how to formulate boundary value problems for
these systems.

In this paper, we lay out the problem and outline the solution for a simple
case. We do not tackle the important question of how to solve the free boundary
problems that couple shock evolution with the flow in the subsonic regime, a
problem for which we have found solutionsin some casesinvolving the unsteady
transonic small disturbance (UTSD) equation, [2, 3]. Theadvantageof theUTSD
equation is that linear waves have been eliminated, so that the subsonic flow is
governed by an dlliptic equation. The disadvantage of that equation is that the
subsonic region istypically unbounded; that is one reason we were ableto obtain
only local solutions (near the shock interaction point) where the UTSD equation
correctly models the flow. To extend the methods we are developing to a full
flow field, one needs to solve more realistic equations, such as the compressible
gas dynamics equations for ideal flow. Many obstacles remain before we can
compl ete this program.

In this paper, we apply recent work of Cani¢ and Kim, [6], which solves a
class of degenerate elliptic problems with fixed boundaries. Thiswork provides
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MIXED PROBLEMS 3

existence of a weak solution for domains satisfying a uniform exterior cone
condition but does not deal with continuity up to the boundary for non-convex
domains. As we show in the present paper, even for the simplest Riemann
problems the subsonic regions are not convex and extension of the resultsin [6]
to non-convex domainsis needed. Thisisthe subject of acompanion paper, [4],
where continuity up to the sonic boundary of anon-convex domain is proved for
a set of Riemann problems for the nonlinear wave system. The present paper
focusses on the complications which are added by coupling linearly degenerate
hyperbolic with quasilinear elliptic equations.

To our knowledge, there is no general theory for quasilinear mixed systems.
Specific problems from gas dynamics can guide our ideas about how to reduce
the system. In particular, the hyperbolic part of the system, we find, linearly
convects variables from the sonic boundary toward the origin, and is singular,
in self-similar coordinates, either at the origin or at points determined by the
elliptic part of the flow. In the nonlinear wave system, no new singularities are
introduced into the solution in the interior of the subsonic region. However, the
quantities convected by the hyperbolic equation are themselves quite singular
because of the nature of the flow variables in self-similar coordinates. For the
eguations of compressible gas dynamics, which we do not solve in this paper,
these singularities are the centers of the spirals seen in visualizations of shock
reflection problems. Serre, [10], has pointed out that, for example, the vorticity
cannot bein L? for any p.

The structure of this paper is as follows. Sections 2, 3 and 4 carry out the
reduction for several conservation law systems: the nonlinear wave system and
the isentropic and the adiabatic Eulerian gas dynamics equations. In the final
section, we present a solution for one problem for the nonlinear wave system.

The work of Serre [11] on reformulating the self-similar Euler equations in
pressure-angle variables has been very useful to us. Serrederived the quasilinear
equation which governsthe elliptic part of the problem, using either the pressure
or (in the steady case) the flow angle as the state variable. Serre also proved
some useful maximum principles for this equation.

The paper of Zhang and Zheng [13], see aso earlier work [7], by Chang
(Zhang) and Chen, performs the service of displaying and reducing the gas dy-
namics equations, calculating the characteristics and identifying the sonic and
subsonic states. Zhang and Zheng classify the different types of Riemann prob-
lems satisfying two conditions: (1) theinitial data are constant in quadrants, and
(2) the discontinuities propagate as single waves (shock, rarefaction or contact)
at infinity.
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Following Zhang and Zheng's work, Schultz-Rinne, Collins and Glaz [9],
performed aseries of numerical calculations which offer instructive comparison
withZhang and Zheng'sconjectures. Later work further refined these conjectures
[8]. Recent progress in theory and computation of multidimensional problems
is detailed in the papers of Serre, Zhang and Zheng, and Schultz-Rinne, Collins
and Glaz cited here.

2 TheNonlinear Wave System

The nonlinear wave system (NLWS) is obtained either by starting with theisen-
tropic gas dynamics equations and neglecting terms which are quadratic in the
velocity, or by writing the nonlinear wave equation as a first-order system. In
terms of the conserved quantities (density and momenta) the system is

pr +my + ny = 0
m;+p, = 0 (2.1)
n+p, = 0

here p = p(p) with p’ = ?(p), m = up, and n = vp. Thus (m, n) is the
momentum vector and (u, v) the velocity vector.
To change to self-similar coordinates, define (¢, n) = (x/¢, y/t), O

10, = —£8: —nd,, 13, =3, 13, =20,
The system in self-similar coordinates reads

—5;02 — NPy +mg +ny =0
—&mg — my + ps =0 (2.2)
—&ng —nny + py = 0.

We obtain a second-order equation which changes type at the sonic line by
eliminating m and n from (2.2). This equation, the nonlinear wave equation, in
physical coordinates reads:

P =—(my +ny), =—m)y — )y = pax+ pyy =V~ (Cz(p)vp)~
Then we obtain
(= §%p: — Enpy), + (2 = 1P py — Enpe), +Epe +1py =0, (2.3)

the self-similar nonlinear wave equation, here written with the principa part in
divergence form.
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To find athird equation, which, together with (2.3), will give a system equiv-
alent to the reduced nonlinear wave system, (2.2), observe that a quantity which
evolves independently of p is the specific vorticity, w = n, —m, = (pv), —
(pu)y, whichistime-independent: w, = 0. Working in self-similar coordinates,
we replace this with a self-similar expression,

w=1w = ng —nmy,,
which satisfies
Ews +nw, +w=(&,n -Vw+w=0. (2.9

This could be written in divergence form as (§w): + (nw),, — w = 0. Equations
(2.3) and (2.4) form our prototypesysteminwhich (2.3) changestypeat €242 =
¢? and the system is of mixed type for £2 + n? < ¢2. We discuss appropriate
boundary conditions and the solution of this problem in Section 5.

This problem is somewhat artificial, because it came from dropping some
terms in the Euler equations. Before studying it further, we look at the Euler
eguationsto seeif similar systems arise. It appears that they do.

3 Thelsentropic Gas Dynamics Equations

The equations for isentropic flow again form a system of three equations, con-
serving the same quantities as in the nonlinear wave system, and respecting the
same thermodynamic relation p = p(p). The systemis

pr + (pu)x + (pv), = 0
(pu); + (pu® + p)s + (puv), = 0 (31)
(pv): + (puv)y + (pv*> + p)y = O

Reduction to a self-similar system is carried out in [11] and in [13].
The self-similar equations, ignoring conservation form, are

(w—&)pe + pug + (v —n)p, + pv, = Ups + pug + Vp, + pv, =0
(w—8ug+ps/p+ @W—nuy,=Uug+ ps/p+ Vu, =0
(u—&)ve + (v — vy + py/p = Uve + Vv, + py/p =0;

U=u—&,V =v—naethecomponents of the‘pseudovelocity’. Thistermis
somewhat deceptive, asit buries the fact that, unlike steady transonic flow, and
like the nonlinear wave system, the distinction between supersonic and subsonic
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regions depends on position in space as well as on the states. A version that
refers only to the pseudovel ocity is

Ups + pUs + Vp, + pV, +2p =0 (3.2)
UUs + ps/p+ VU, +U =0 (3.3
UVe+VV,+py/p+V =0. (3.4

A second-order equation for p, whose coefficientsdependon U and V, is

¥ ((U2 =P ps + UVpy + pU) + 3,((VZ = cAp, + UVps + pV)
+ UV, = VU)pe + (VU: — UVe)p, + 2UsV, — VeU,)p = 0. (3.5)

Thisequation, whichissimilar to the equation for steady transonic potential flow,
was obtained by Serre, [11]. Serre makes the pressure the dependent variable.
Thisisthe better choice for the adiabatic case. Intheisentropic caseit makesno
difference.

Next, we obtain the analog of the vorticity equation, (2.4); asimpler equation
results when we use the vorticity itself instead of the specific vorticity (that is,
modified by the density) aswe did for the nonlinear wave system. The procedure
isto eliminate p from (3.3) and (3.4) by differentiating the first with respect to »,
the second with respect to &€ and subtracting. We define the self-similar (pseudo)
vorticity

W=U, = Ve =u, — v,
and the equation obtained is
UWe + VW, + Us+V, + YW = (UW)e + (VW),+ W =0. (3.6)

The first form represents the operator as the directional derivative of W in the
direction (U, V) of the pseudovelocity. Thisis a clear analogy to (2.4) for w
in the nonlinear wave system. The operator in equation (3.6) is also singular,
now when the pseudovel ocity is zero. (But recal, asin our comment on theterm
‘pseudovel ocity’ that (U, V) isalternatively the pseudoposition’.) For aconstant
solution, this occurs at the center of the sonic circle, (u — £)% 4+ (v — )% = ¢°.
For a nonconstant subsonic flow, there may be one or several points where the
pseudovelacity vanishes.

Now, (3.5) and (3.6) couplean €lliptic and ahyperbolic equation inthe subsonic
region. The coupling isthrough coefficients which depend on U and V and their
derivatives. Thisisto be expected: since the type of (3.5) dependson (U, V),
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these functions must appear as the coefficients of (3.5). In this problem, we
must solve equations for U and V simultaneously with (3.5) and (3.6), instead
of afterwards, as in the nonlinear wave system. To recover U and V from the
conserved quantities p and W, we may use

Uy—Ve=W (3.7)

and (3.2) intheform
1
Us+Vh=—;ams+Vm)—2 (3.8)

and this pair of equations forms a linear elliptic system for U and V with a
source term determined by W and coefficients depending on p. However, we
shall see in Section 5 that this may not be the best way to view the problem.
As an alternative, we may regard (3.3) and (3.4) as transport equations for the
components U and V. The coupling of (3.5) and (3.6) viaU and V' does not
occur inthenonlinear wave system, and we have not yet considered this problem.
We shall seein Section 5 that finding («, v) by solving transport equationsisan
effective procedure for the nonlinear wave system.

Theanal ogy with the nonlinear wave system suggeststhat the possibly singular
behavior in (3.6) may be similar to that of w in (2.4). We shall see that (2.4),
whilesingular, doesnot poseany difficulties, and we conjecturethat the solutions
of (3.6) will also be well-behaved.

We note that the system (3.5), (3.6) does not conserve the same quantities
as the original system. This does not matter for the solution p of (3.5) in the
subsonic region, where we expect p to be continuous. It ispossibleto replace W
by aspecific vorticity, for example (pv): — (pu),, at the cost of obtaining amore
complicated equation. However, since the only discontinuities in the subsonic
region are linear, we conjecture that maintaining the correct conservation form
iS unnecessary.

4 TheAdiabatic Gas Dynamics Equations

We also consider the system of four equations governing the evolution of anideal
gas with a polytropic equation of state, p = e(y — 1)p, in which an egquation
for conservation of energy is added to those for mass and momentum. In the
subsonic region, there are two coincident real characteristics. In this situation,
we supplement the elliptic equation for the density or pressure with a pair of
eguations for the evolution of shear (vorticity) and entropy variables.
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A standard form of the systemis, [13],

o+ (pu), + (pv), =

(pw)e + (pu®+ p). + (puv), =
(;Ov)t + (IOMU)X + (pUZ + p)y =
(PE); + (puH), + (pvH), =

(4.1)

oooo

with the notation E = e + ¢2/2, g> =u? +v%, H = e+ p/p + q?/2, and the
relations

1 1 1

€=——, e —
y—1p y—1p 2

vy p 1,
y—lp+2q'

We work with the variables p, u, v, and p.
In self-similar coordinates, one can reduce (4.1) to asimplified form, [13]:

(PU)e + (pV)y +20 =0 (4.2)
UU5+VU,,+U+%=O 4.3)
UVi+ vV, +v+ 20 (4.4)

0
(P U)e + (pY7 V), +2pY7 = 0. (4.5)

(This reduction does not conserve the correct quantities, however, it is a conve-
nient way to examine the characteristic structure of the system.) We have again
used the pseudovelocities, U = u — &,V = v — 1.

Theequation for p, derived by Serrein[11], withi = (U, V), Q% = U?+V?,
andc?® = yp/p,is

1 1. . 1.
V(E [Vp—;u(u-Vp)]—Eu)zo.

Heretheprincipal part, exhibiting changeof typeat thesoniccircleU2+V? = ¢?,
isthe familiar form

U? uv V2
1_? Péé_7p€n+ 1_? Pun-

Rewriting (4.2) and (4.5), we have

U,vV)-Vo+p(V-(U,V)+2) = 0
u,v)y-Vp+yp(V-(U,V)+2) = 0,
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from which we obtain

U, V) -Vp= );TP(U, V). Vp =AU, V)-Vp. (4.6)

Now, (4.6) leads immediately to the first hyperbolic equation:

This can aso be written as an equation for p (asthe second-order equation isan
eguation for p):

1Y

This equation expresses the transport of entropy, S = p?/p, dong streamlines
(pseudostreamlines in this case).

Finally, the other hyperbolic equation describesthe evol ution of theself-similar
vorticity, asin the previous two examples. Define

W =U, - V., (4.8)

differentiate (4.3) and (4.4) with respect to n and & respectively and subtract.
Theresult is

VoUW, VW) + W = D Pl (4.9)
P
which is now more complicated than before, becauseit involves p and p, but is,
as before, a transport equation for W aong the vector field (U, V) and is, like
the equation for the entropy, (4.7), singular at points where (U, V) = 0.

Using a dlightly different form of the second-order equation, also derived by

Serre, we collect the three equations governing the flow in the subsonic region:

1 1. . 202 - 02
, V)-V|og(pf/y) -0 (4.10)
V. (UW, VW) + W — 2= Pube g

02

This form has some flaws. the first equation, as written, appears singular at
(U, V) = 0, as observed by Serre, [11]. On the other hand, dividing by Q2 was
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simply aconvenient way to obtain the equation. One could remedy thisdifficulty
by multiplying the equation by Q2 or by p Q2. The same difficulty observed at
the end of the previous section, that this system does not conserve the corrrect
guantities, occursin this reduction also.

As in the previous sections, it is necessary to solve (4.10) along with a pair
of equations for U and V. We can recover Ug and V,, from (4.2), and the other
partial derivatives from the definition of W, (4.8):

UetV, = -Zu_Pry_2
PP
Uy—Ve = W

exactly asin the isentropic case. However, as mentioned there and as will be
discussed in the next section, it may be preferable to recover U and V from the
transport equations, (4.3) and (4.4). That is, rather than solve (4.10), we couple
the second-order equation for p with (4.7), (4.3) and (4.4).

5 TheNature of the Solution of the Nonlinear Wave System

We examine the mixed type problem formulated in Section 2. In this problem,
the part that changes type (the second-order equation for p, (2.3)) and the hy-
perbolic part, (equation (2.4) for w) are uncoupled. Although this problem is
oversimplified and somewhat artificial, it may serve as a prototype for the mixed
problems arising from the gas dynamics equations.

Consider sectorialy constant Riemann datafor u = (p, m, n). We illustrate
three-sector data in Figure 5.1(a). Label the sector boundaries x = «;y, i =
a,b,c.

Recall that w = w/¢ is constant in time and so the vorticity equation, (2.4),
has the explicit solution

w(E, ) =twx, y, 1) =wE, n 1) =wEn 0 =w09E,n.

For sectorially constant initial data, w isameasure supported on thediscontinuity
set of the data. However, no additional singularity isintroduced by the fact that
the operator in (2.4) is degenerate at the origin. It ispossible that the degenerate
eguations (3.6), (4.7) and (4.9) will have solutions of this nature.

The solution far from the origin is locally one-dimensional. Construction of
one-dimensional Riemann solutions is standard, see Smoller [12]; we give the
formulasin Appendix A to fix notation.

A one-dimensional Riemann prablem at x = «; y gives rise to three waves, at
E=rKin+x ,€&=rKn, and& = k;n + x;". Denote the state adjacent to u ;, for
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x=K,y X=K_ Y

Figure 5.1: (a) Sectorially Constant Data and (b) The Far-Field Solution.

the Riemann problem at «;, by u ;;. (Rarefaction waves have finite thickness; for
simplicity, we use the same notation.) Up to six sonic circles are generated by
the far-field data, corresponding to the three original states and to the three new
values of p which appear in the solution. These areindicated in Figure 5.1(b).

The one-dimensional waves interact near the origin to produce interesting
subsonic behavior of the solution. Some analysis of theseinteractionsispossible
by elementary means, [1].

No matter how many sectors we consider, the first set of interactions takes
place within a single sector, between the incoming waves generated by the two
sector boundaries. Using the one-dimensional solutions, the interaction points
in similarity space can be calculated in a straightforward way, as the shocks are
of theform & = «n + x*, and x* is determined from the densities (only) on
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either sideby equation (6.1). Similarly, theleading edge of ararefaction entering
aregionwith density p isé = kn++/1+ «2c(p), wherec(p) isthelocal sound
speed. We denote by E; the intersection point of the waves in sector i. Each
wave is either a shock or a rarefaction, so there are three kinds of interactions;
wediscuss eachin turn.

Shock-Shock | nteractions

The interaction of two one-dimensional shocks produces a quasi-one-dimen-
sional Riemann problem, as described in [1]. For the NLWS, the fact that w,
the vorticity, is constant in time means that no linear waves are generated, and a
solution of the quasi-one-dimensional Riemann problem, when it exists, consists
of two waves, each of which may be a shock or a rarefaction centered at the
interaction point, ;. However, hyperbolic theory does not predict a solution if
one or both states are subsonic a E;. In addition, not al hyperbolic quasi-one-
dimensional Riemann problems have solutions. Explicit conditions can be given
for both of these abstructions. In either case, the solution may not be a pair of
waves from E; but may be qualitatively different. Nonexistence of solutions to
this type of quasi-one dimensional Riemann problem is the genesis of the ‘von
Neumann paradox’ in weak shock reflection.

Rar efaction-Rar efaction I nteractions

The interaction begins where the leading edges of the two waves intersect; if it
were localized at apoint, it would give a quasi-one-dimensional Riemann prob-
lem consisting of hyperbolic data (since rarefactions exist only in the supersonic
region), and the solution would typically consist of two centered quasi-one-
dimensional rarefaction waves, with a new state between them. We conjecture
that this describes the qualitative behavior. The outgoing waves are approxi-
mately centered. They emerge from the interaction zone as simple waves, since
they are adjacent to the same constant states that lie behind the trailing edges
of the incoming rarefactions. (Theorem 3.2 of [1] does not apply here, as we
are dealing with more than two equations, however, it can be extended to this
case, sincethereareno linear wavesin thisopen sector.) Furthermore, since both
outgoing waves are expanding (rarefaction) waves, the solutionin the hyperboalic
region is continuous up to the sonic line. Thus, one can estimate the value of the
new approximately constant intermediate state, the shape of the sonic boundary
and the data on that boundary.
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Shock-Rarefaction I nteractions

Thethirdtypeof interactionisalso nonlocal, sinceit beginsat E; wherethe shock
intersects the leading edge of the rarefaction, but is not centered there. At this
point the state behind the shock may be subsonic, so that evenif the problemwere
approximated by a quasi-one-dimensional Riemann problem, a solution might
not exist. Finally, unlike the previous case the solution will not be continuous
beyond the interaction point. We conjecture that in the case of supersonic states
the solution will be similar to a quasi-one-dimensional Riemann problem at E;,
and will typically give rise to a shock, a rarefaction, and a new intermediate
state. However, in the case that one state is subsonic, then, as in the case of
shock-shock interactions with a subsonic state, qualitatively different behavior
may occur.

Examples

We expect each wave interaction in the hyperbolic region to produce a pair of
waves, simpleor shock. The flow in the hyperbolic region could then be tracked,
by an adaptation of front-tracking (on a discrete scale), until the flow becomes
sonic. Beyond that point, transonic shocks, which correspond to free boundary
problems, will occur. To prove existence of a solution in the subsonic region,
then, would require extensions of the method we used in solving free boundary
problems for the transonic small disturbance equation, [2, 3] (extensions are
needed because uniform obliqueness typically fails at points on the shock); we
have yet to tackle this problem.

We illustrate one case with a finite-difference ssimulation; contours of o and
n are shown in Figure 5.2. For this set of data, there are two rarefactions (in
the southeast corner) and four shocks. Two shocks entering the picture from
the top have intersected in the hyperbolic region, producing a reflected shock
(traveling southwest) and a rarefaction. (We know there is a rarefaction by
explicitly solving the quasi-one-dimensional Riemann problem here.) The two
shocks which enter from the south and west sides and intersect also produce a
reflected shock, traveling northeast. These two reflected shocks mergeto form a
transonic shock; proving the existence of thisfree boundary poses an interesting
challenge.

We notethat the primary intersection of the two shocksin the southwest corner
isaready asituation which cannot be resolved using only hyperbolic techniques.
This is because the shock entering from the south is transonic before the inter-
section takes place, and thus a quasi-one-dimensional Riemann problem at this
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Contour Plot of p: U0 =(25,-10,0); U1 =(8,15,5); U2 =(4,20,30)

s k =1% =-1,K.=0
& axis; K =1k =-1K =

Contour Plot of n: UO =(25,-10,0); U1 =(8,15,5); U2 =(4,20,30)

n axis

\ I &)

Y

\““ . N ";”/.%'
s

/

=4

s; 1% =-1,&=0
& axis; K =1k =-1,K =

Figure 5.2: Contour Plots of p and n.

point does not have a solution unless the state behind the transonic shock is ex-
actly sonic. Inthat case there may be a solution, consisting of ararefaction and
ashock, which does not violate the triple point paradox. Thissituationissimilar
to the scenario suggested for the UTSD equation in our earlier paper, [5]. To
compl ete the solution, one needs to prove that an elliptic free boundary problem
has a global solution.

Finally, the contour plot for n showsclearly thelinear wavesalong the original
sector boundaries, and showsthat they appear tointeract with the nonlinear waves
vialinear superposition.

In one case we have been able to establish existence of aweak solution to the
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nonlinear wave system in the entire plane, [4]. This case is given by a three-
parameter family of Riemann data, Uy = U, = (po, mo, no); U1 = (p1, mo, n1),
Kq = —Kkp, ke = 0, With p1 < p0; po, mo and ng are free parameters and n; is
chosen so that the far-field solution consists of two outgoing rarefaction waves
(the x, and x, waves) and two linear waves along «, and «;,. There are no
supersonic wave interactionsin this case: Each one-dimensional rarefaction fills
a haf-strip in similarity space, terminating where it becomes sonic. Thus the
sonic boundary consists of sectors of the sonic circles corresponding to p; and
00, and the ends of the strips, as pictured in Figure 5.3.

According to the calculation in Appendix C we expect the solution near the
smaller circle to exhibit asquare-root singularity in p, while near the maximum
01 the density should decrease linearly with slope given by equation (6.4). The
theory in [6], which provides existence of a weak solution but does not yield
continuity of the solution up to the boundary, is extended in [4] to prove that a
solution p to this subsonic problem exists, is continuous up to the boundary of
the subsonic region, except possibly at the inner corners, and lies in a Sobolev
space consistent with these estimates.

TheLinear Waves

Once the solution component p has been determined, the solution can be com-
pleted by finding the momentum vector (m, n). The most straightforward way
to do thisis to note that the original self-similar system, (2.2), gives transport
equations for m and n:

om on

5y Pe 5 T Pw (5.1
where s = (€2 4+ n?)/2 is aradial variable and 9/9s is differentiation in the
radial direction. In problemslike the two examples above, the subsonic regionis
(weakly) starshaped with respect to the origin. Inthe supersonicregion, m andn
are found by solving quasi-one-dimensional problems (in the second example)
or by other hyperbolic techniques such as front-tracking (we conjecture). Then
(m, n) is known at the sonic line: by continuity where the flow is continuous
and from the Rankine-Hugoniot relation where the sonic boundary is a shock.
We show in Appendix C that if p is continuous at the sonic line, then so are
m and n. Thus, since p is known in the subsonic region and is continuous up
to the boundary, [4], m and n can be recovered by integrating (5.1) from the
sonic line inward to the origin. Since p is smooth in theinterior of the subsonic

Bol. Soc. Bras. Mat., Vol. 32, No. 3, 2001



16 S.CANIC, B. KEYFITZ and E. KIM

region, the values of m and n obtained this way are consistent with the vorticity
w(, n) =w?E,n).

N N . Linear Wave—
AN N N N

N AN N
N

~Linear Wave , ,

Va 7/
Va 7/

, s
v e 7
7 4 /. , 7
#  Rarefaction -
v s 7

7/

N

N Y 7

7

N h N X N N
< Rarefaction_
N N N N

N

\\ N N N , , Y //
N N Y s
S N V2 s
S N Y s
S N Y s
S V2 s
S 7
S s
U S s
0

Figure 5.3 Subsonic Region for Outgoing Rarefaction Data

The form of the problem suggests the aternative of recovering (m, n) from
o and w by the following procedure. From the first equation of (2.2) and the
definition of w we have

meg +n, = §pg+npy,
m,,—ng = w.

Decoupling m and n resultsin Poisson problems:

Am = (Ep: +npy)e + wy
An = (&ps +npy)y — we.

Each problem comes with Dirichlet data: the values of m and n at the sonic line.
Regularity of solutions found this way is low, since the terms on the right hand
side are derivatives of measures. In particular, this approach suggests possible
singularitiesin (m, n) which, on the basis of the transport equation approach, are
not realized. In principle, this approach is effective if the subsonic region is not
starshaped with respect to the origin; however, if the functions found this way
are not compatible with the original transport equations, then it is not at clear
how to interpret them as solutions.

Asavariant of this approach, one may note that w = 0 in the interior of each
sector, and so (m, n) = V; in the i-th sector; then the first equation of (2.2)
implies

Ay = &pg + npy
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in sector i. Now, the value of V; is given on the sonic line, and the jump in w
across the sector boundary j isequal toitsinitia value:

- ) = 159 4 )
on L/ That iS,
(kj. D) - (Vi — Vi) = [n@ + &0,

Since thisis atangential derivative, we can integrate to obtain

wiGicin, ) — Yioalein, m) = n(n” —n® 4+ 1, —m%))
where we adopt the convention v; (0, 0) = 0 for each potential. This formu-
lation has the disadvantage that the boundary conditions do not immediately
lead to a solution, as the problem is overspecified on the sonic boundary, and
underspecified on the radial lines.

We conclude that coupling the eliptic equation for p in the subsonic region
with transport equations for the conserved quantities m and n is an effective
method for this problem, when the subsonic region is starshaped with respect
to the origin. However, in examples (which are easy to construct) where the
subsonic region is not starshaped, some compatibility must be demonstrated.
The pair of equations (5.1) is overdetermined, but can be seen to be consistent
because the evolution equation for w, (2.4), islinear.

We concludewith acomment on therel evance of thissimplified problemtothe
gas dynamics equations. In the case of the gas dynamics equations, the transport
equations are also linear in the characteristic variables, and the discontinuities
in the subsonic region are also linear. We conjecture that our conclusions on
transport in the nonlinear wave system will be relevant there. That is, we expect
to seelow regularity, essentially linear behavior, and no additional complications
due to the singularities in the coefficients of the hyperbolic equations.

6 Appendices

A: One-Dimensional Riemann Problems. Nonlinear Wave System

One-dimensional waves solve Riemann problems along lines transverseto x =
ky; self-similar solutionsU (x —ky,t) = U((x —ky)/t) = U(x)toU; + F, +
G, = Osatisfy the Rankine-Hugoniot relation (the notation [ -] refersto thejump
inaquantity) x[U] = [F — «G] a discontinuities. For our problem, this leads
to the equations

xlpl=[m —«nl, xIml=I[pl, x[nl=—«[pl

Bol. Soc. Bras. Mat., Vol. 32, No. 3, 2001



18 S.CANIC, B. KEYFITZ and E. KIM

In the standard way, [12], we have

= 112 % or xt=y1t«? % (6.1)

along shock curves S~ and S, and

X

[m] = 142

[p] and [n] = —«[m].

These are curves in U-space; we can parameterize them by p for fixed Up. The
shock admissibility conditionsapply: A; > x > Ag where A isthecharacteristic
speed, At = £/ 1+ k2c(p), ¢ = dp/dp. Wehave p; > pr for a-+-shock and
o1 < pg for a—-shock. The backward portions of the curves, Sf, correspond
to choosing Uy to be theright state, Ur.

The continuous solutions are rarefaction waves; for fixed Ug these can also be
parameterized by p; the curves are

1 e K P
m=mgo=+t c(r)dr, n=ng¥F f c(r)dr.
14«2 Jp V1iti? £0

Wehave pr > p; for RT and pr < p; for R~. Figure 6.1(a) shows projections
of these curvesin the (m, p) plane.

The linear waves are simply contact discontinuities at x = 0; they also form
aone-parameter family with [p] = 0 and [m] = «[n].

For some data, even the one-dimensional problem will not have a solution, as
avacuum state will arise. The condition for this can be given explicitly. Define

1 0 0
G(0) :m (/pR c(rydr + //;L c(r)dr) +
1
+ 1+K2(mR —mp —k(ng _nL))-

Then we have

Proposition 6.1. For a pair of stateqU, , Ug} and a given slope, there is a
unigque self-similar solutio/ (x) to the Riemann problem @& (0) < 0 and no
solution otherwise.
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R
L

Downstream Locus for Uo‘ Eo

Sonic Line

Figure 6.1: (a) Shock and Rarefaction Curves and (b) The Downstream Locus

B: The Quasi-One-Dimensional Problem

We solve the Riemann problems generated by two states U; and Uy and a point
Eo in the forward timelike direction: a sector pointing toward the origin in the
(&, n) plane. The orientations ‘left’ and ‘right’ refer to an observer at E¢ facing
the origin. The new middle state, Uy, is separated from U, and Ug by *—’ or
‘+' waves (shocks or rarefactions) respectively.

A useful approach, developed in [1], is to construct the downstream locus of
a state Uy: this locus consists of al the states that could serve as U,, whether
Uy ison the left or theright at Eq. See Figure 6.1(b). The Riemann problem
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has a solution if the downstream loci of U; and Uy intersect at apoint which is
a‘'—"wavefrom U, and a‘+’ wave from Uy. Parameterizing the points on the
downstream locus of Uy by p, we have p > pg for shocks and

2 2
I &ﬂnOVM_l),

2+ 3 [p]

_ [r] . — §o— X
[m]’ no
where [f] = f — fo and the shock equation is& = kn + x; the — sign goes
with the —-shock. The points on the downstream locuswith p < pg are centered
rarefactions. Along alineé = «n + x intherarefaction, the states are

m=m+/zv(‘”)&—mw¥+%—@m)m
o Sg‘i"?(% 0 0

0

, [n] = —«[m]

n =

1o + [p]— éo[m];
1o
here xy and x are

Eoc® + ’70\/ (&5 +np — ¢?) £0— x
X = > > , k=
¢~ — 1o o

C: Weak Solutions at the Sonic Line

In our earlier paper about self-similar solutions, [1], we noted that the nonlinear
wave equation appears to have both regular (Lipschitz continuous) and singular
(Holder continuous) solutions at the sonic circle. We amplify on that here. The
wave system (linear or nonlinear) in matrix formis

-£ 1 0 o -n 0 1 On
2 —& 0 mg | + 0O -n O m, | =0;
0O 0 ¢ ng 2 0 —p ny,

the sonic lineisgiven by £2 4+ n? = ¢2. We examine the solution on the subsonic
side of a sonic line at which U is constant on the supersonic side. Introducing
polar coordinates ¢ = r cosé, n = r Sin to straighten the sonic line, we obtain

—r cosf® sSno 1 0 —sind cosH
c2cosh —r 0 U +=| —c?sing 0 0 Uy =0,

c2sing 0 —r r c? cosf 0 0
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for U = (p, m, n). The second-order equation for p(r, 6) is
) ) 62 C2
((c®=rHp)r + —pr + (—2p9> =0. (6.2)
r r 0

In [1] we showed that if ¢’(p) # 0 then this equation has a solution with finite
slope at the sonic line. We al so expect to see a solution with a square root singu-
larity; inthe caseof alinear equation, thisbehavior characterizesthe fundamental
solution. For the linear equation, ¢? is constant and if we seek a solution p(r),
then (6.2) becomes afirst-order linear equation for o, whose general solutionis

c+c2—r?
p =aylog — + as.

Since we are interested in solutions near the sonic ling, r = ¢, these solutions
all have square-root (not logarithmic) singularities. If we seek a solution of the
form

P = Pm +oz(rm—r)ﬂ, (63)

inside the sonic line (circle) » = r,, = ¢, for ageneral nonlinearity with ¢ =
dp/dp (ignoring the 6 dependence of the solution, which will not influence the
leading term), then the equation becomes, to leading order,

rr /—21’2
b P =2
Pr r

P"(0)or + [P (o) (0 = pu) + 12 = 17] =0.
(We have written ¢ = p/(p) for convenience and used Taylor’s theorem to
expand ¢? — 2 = ¢ — ¢2 +r2 — r? near r,,.) Now using (6.3) we have

— (28 — D[(r — )P tap” (om) + rm] = 0.

If p”(pn) = O (the linear case) then we must have 8 = 1/2 and we obtain a
square root singularity, exactly asin thelinear solution given above; the value of
a isundetermined. On the other hand, if p”(p,,) # Othereisstill a solution of
this form, but now there is a second solution with 8 = 1. This solution, whose
first derivative will be Lipschitz continuous at the sonic line, has slope « there,
with

rm

=——T, 6.4
T (om) 64
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thevaluefoundin[1].
To determine the complete solution U from the solution for p, we write the
system in conservation form as

Fr—i—ég:S.

Then the condition for a weak solution is dr/d@[é] = [f]. At the sonic line
r = congt, then, F is continuous; now

F = (—rp 4+ cosém + sinfn, p(p) cosO® — rm, p(p) SiN6 — rn)

and so thismeansthat all three components of U are continuous across the sonic

line.
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