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Abstract

Motivated by problems arising in the piecewise construction of physically relevant solutions
to models of shallow water fluid flows, we study the initial value problem for quasilinear
hyperbolic systems of conservation laws in 1 + 1 dimensions when the initial data are continuous
with "corners," i.e., derivative discontinuities. While it is well known that generically such
discontinuities propagate along characteristics, under which conditions the initial corner points
may fission into several ones, and which characteristics they end up following during their time
evolution, seems to be less understood; this study aims at filling this knowledge gap. To this end,
a distributional approach to moving singularities is constructed, and criteria for selecting the
corner-propagating characteristics are identified. The extreme case of initial corners occurring
with at least a one-sided infinite derivative is special. Generically, these gradient catastrophe
initial conditions for hyperbolic systems (or their parabolic limits) can be expected to evolve
instantaneously into either shock discontinuities or rarefaction waves. It is shown that when
genuine nonlinearity does not hold uniformly and fails at such singular points, solution continuity
along with their infinite derivative persist for finite times. All the results are demonstrated in
the context of explicit solutions of problems emerging from applications to fluid flows.

1 Introduction

Models of water wave propagation, both surface and internal to a density stratified fluid, often lead
to a "core" hyperbolic structure (see eg., [17, [15 4] for a partial list), and in this context self-similar
special exact solutions provide useful information on the evolution of more general initial data [2, [3].
In order to be physically relevant, these special solutions must be spliced between constant states,
leading to discontinuous derivatives, whose evolution can in principle be tracked within the model



thanks to general tools for hyperbolic systems. In fact, as is well known, a hyperbolic system
of partial differential equations (see e.g. [17], §5.5) admits solutions with persisting discontinuous
derivatives of some order along characteristics, e.g., first derivatives jumps in the form of corners.
However, no reference to the initial value problem under such circumstances appears to have received
much attention in the literature on the subject, to the best of our knowledge. In fact, the issue of
how such corners evolve from those possibly present at the initial time can be somewhat subtle: in
systems with more than one dependent variable, corners in the initial data may have to "fission"
or split into several ones following multiple families of characteristics. The precise way in which
splitting of corners and other singularities occur in physically relevant models is the subject of this
work.

Specifically, we consider (i) the splitting of corner points and (ii) solutions containing points
where the spatial derivative is infinite but the solution evolves continuously without smoothing or
the formation of a jump discontinuity for a quasilinear hyperbolic system of conservation laws. For
the splitting of corners, an approach using a distributional ansatz is developed, further elaborating
an idea from [3], which led to a conjecture [2] formulated in terms of Riemann invariants. This
distributional approach allows us to extend the conjecture to the more generic case, in higher
dimensions, where Riemann invariants may not exist, and further to generalize the classical approach
(as described in, e.g., [I7]) to the emergence of several corners from a single point. Next, it is shown
how the failure of genuine nonlinearity (see below for a definition) is necessary and sufficient for
the sustenance of an infinite spatial derivative along a characteristic without evolution to either of
the most typical scenarios, i.e., instantaneous smoothing or shock formation. In fact, unlike these
familiar scenarios, both (i) and (ii) are cases that do not seem to have received sufficient attention
in the literature. Finally, in the second half of the paper, these results are discussed in relation to
explicit solutions of systems arising in shallow water flows. We find that the splitting of corners seen
in |2, 3] is generic, thus our examples will focus on the less common non-splitting of corners.

This paper is organized as follows. Relevant notation is introduced in section [2| In sections
and [4] the respective general problems of splitting of corners points and persistent infinite gradients
are addressed. Section [p|is dedicated to examples of applications arising in the study of dynamics of
shallow water fluid flows.

2 Notation

Let U(x,t) be the mapping of (a subset of) the space-time half-plane (z,t) € R x R" to an
n-dimensional vector in R", i.e., U : R x R™ — R", defined to be the solution of the quasilinear
system

U + 9, (F(U)) = 0. (2.1)

The Jacobian matrix DF with components A;; = 0F;/0U; where dropping bolds and adding
subscripts indicates taking vector components, is assumed diagonalizable with real and distinct
eigenvalues A\ (U) < A\a(U) < ... < A\, (U). We denote a corresponding set of right eigenvectors by
1,79, ..., Ty. For our purposes the function F : R™ — IR" is assumed to be at least twice continuously
differentiable. Henceforth, we will not use Einstein convention of summation over repeated indices,
and sums will always be explicitly indicated.

For completeness, we recall here elements of distributional calculus and how an equation such
as can be cast in weak form in order to define solutions with a lower degree of regularity than
the equation as stated demands, not requiring a solution be smooth, continuous or even a function at
all. The solutions thus allowed are defined as follows. If K is the space of infinitely differentiable and
compactly supported functions on a given domain © (test functions), in our case @ = R x R — R",



then a continuous linear functional A : K — R is known as a generalized function (see, e.g., [7]),
and can be differentiated according to the rules

D A(P) = —A(0:0),

and
A (P) = —A(0i9),

for all test functions ¢ € K. If f is any function, measurable on (2, a functional Ay can be defined by

Af(gb)E/Qf(x,t)qﬁ(x,t)d:pdt.

When a generalized function Ay appears in this way, we abuse notation by identifying it with f.
Assuming only that U is a generalized function and using this definition, equation becomes

/OOO /Oo ((Oep)U + (8:0) (F(U))) dadt + /OO U(z,0)¢(z,0)dz = 0, (2.2)

for any test function ¢, with initial condition

U(z,0) = Up(z). (2.3)

Our usage of generalized functions will be restricted to (see below)

I () = WH(:I:) (2.4)

where H(x) is the Heaviside function. The identity
J(2) = Opdm(z) = Jm—1(2) (2.5)

is easily obtained. With these differential identities in mind, it will be possible to bypass the direct
use of and continue to use even when U is not continuously differentiable. Note that in
order for derivatives to be carried over to test functions, it is required that is in conservation
form (though, for the non-conservative case, other methods can be devised to handle weak solutions,
as in reference [17]).

A common assumption known as genuine nonlinearity (see |9} 10]) is

D)\k(U) *TE 75 0. (26)

In the present work we shall consider the failure of this condition, i.e., the existence of points U
where

D)\k(U) T = O, (27)

in multiple settings (see also e.g. [13| 14} [16] [6, 12, 1I] for further applications, in particular to
the problem of shocks). We shall call the manifold of such points the NGNL (for "non-genuinely-
nonlinear") manifold.



3 Splitting of corner points

In this section we consider how a gradient jump in an initial condition for a hyperbolic system ({2.2])
will split, traveling on a subset of the characteristics emanating from the point (x,t) = (z¢,0), where
Uy (x) is continuously differentiable except at z = z:

lim (Up); # lim (Uo) (3.1)

:BH:BO :E*MEO

where from here on we will use subscripts to denote derivatives with respect to the independent
variables. In this section we assume both derivatives exist and are finite (infinite derivatives are
treated in section . This occurs when at least one of the components of Uy has a discontinuous
first derivative at a given point. We shall derive criteria for the presence of such a corner on a given
characteristic (assuming Lipschitz continuity of certain coefficients whose form is determined by
the flux function F'). In this context a conjecture from reference [2] is proven, namely that corners
split off their initial conditions exactly along the characteristics for which there are corners in the
corresponding Riemann invariants, when these can be found.

Let © = x(t; xo) with xx(0;29) = xo be a curve on which a derivative jump moves (these will
usually but not always be characteristics; at a parabolic degeneracy for instance, as occurs at vacuum
points 2], a complete set of characteristics does not exist. See remark |3| below for further discussion
of this case), labeled by some indices {k} arranged so that

X (t; o) e=0 < xk(t; o) |t=o0,

when j < k. Then we define

Ll U, ) = (U(0), (3.2)
lim  Ug(x,t) = (UD)i(t), (3.3)

T—xx (tz0) T

and we denote derivative jump by square brackets,

[Ua]i(t) = (Up)k(t) — (Uk(2)- (3-4)

Similarly, jump quantities are defined for the flux function F', namely

lm F)(e ) = (B (), (35)
i F():(et) = (FDK() (36
[F2Ju(t) = (FDu(t) = (PO (0). (37)

Further, we define (U!,)x, (UL )k, (FL)k, (F5) ks [Use)r and [Fy,]x analogously. In order to isolate
the derivative jumps from the otherw1se smooth evolution we write, with the above notation

Uz, t) = Ula,t) + Z (W3 0)h (@ = x5(t20)) + Ui (ol = x5(t20)))  (38)

and
F(,t) = xt+2( (D@ = x(t20) + [Fial (0 ol = x5 (t:20))) - (39)

where U (z,) is twice differentiable.



We have made no explicit assumptions about the index set {j}, but it usually consists of a
subset of the n characteristic families. We will return to this below, pointing out some intriguing
exceptional cases which we leave to future work.

Using equations (3.8]), (3.9) and (2.5) in (2.2]), we obtain the vanishing condition

0= ((=Xj[Ual; + [Ful) Jo(@ = x5) + (—XG Ul + [Fualy + [UL)) 1@ = x5)) + (1) (3.10)
J
where the zero on left hand side is the zero distribution, primes denote differentiation with respect
to time, ¢ (z,t) stands for the remainder obtained by lumping together the tilded fields and the J;
terms, and is hence once continuously differentiable with respect to x. For any given index j = k

both the coefficients of the one-sided functions Jy and J; must vanish in the limit x — x;. The
vanishing of the Jy coefficient as © — xx(t), may be written

0= _XZ:[Ux]k + [DF Ux]k’ = (_X;CI + DF)[Ux]k (3'11>

for ¢t > 0, where I denotes the n x n identity matrix, and we have used the regularity assumptions
on the flux function F' (we emphasize that x) factors out of jump expressions since it is the same on
both sides of z = xj). Formula is, of course, the characteristic equation for k-th characteristic
velocity Ay = X}, so that [U,]; is proportional to the corresponding eigenvector,

Uzl = cxre, (3.12)

with ¢ the proportionality factor. However, if we take the limit as ¢ — 0, the expansion is still
valid at ¢t = 0, allowing us to analyze the possible splitting of any individual corner present in the
initial data and further to avoid relying on Taylor expansions (as in [17]) which do not apply to the
splitting case from initial data.

The vanishing condition for the J; coefficient in (3.10]), once again making use of the assumed
regularity of F', is then

0 = —M[Usoli + (DF[Uyaly + [D*F(U,, Uy)i) + [Us);,
= (DF = \eI)[Uaali + D*F([Usli, [Uli) + 2D°F (UL, [Uz]) + [Us]},
= (DF — M\ I)[Upsli + i D*F (7, 7k) + (2D2F((Ufc)k, ) + Drk(DF)(U;)k) + 47
(3.13)
Multiplying by the suitably normalized left eigenvector Ij yields (cf. [17])

0=, + cply - (Dr(DF)(UL) + 2D*F(Ub)g, 7)) + c2 Uy - D2 F (g, 73,). (3.14)

For the proportionality factor ¢j this is a homogeneous (non-autonomous, nonlinear) ordinary
differential equation (ODE) which, if its coefficients are Lipschitz continuous, will have a unique
solution given an initial condition ¢ (0) = cg. Thus, if c% = 0 no corners can develop, and, conversely,
we see that a corner will propagate along precisely the characteristics for which

o = Le(Us(z0)) - [(Un)a] # 0. (3.15)

For the case when Riemann invariants exist, denoted here by R’(U), we recall that they must
satisfy the constraints (see e.g., [I7]) that their differential is a left-eigenvector of DF, that is

DR’ = Bjl;, (3.16)



for some proportionality factors 3;. Hence, for the case when jumps are present along the k-th
characteristic and Riemann invariants exist,

[Ri]x = DR’ - [Uy]
= Bil; - (cxri)
= jkﬁjck. (3.17)

From this relation, a few consequences can be derived for this case of existing Riemann invariants.
First, shows that a derivative discontinuity will propagate along the k-th characteristic when
the corresponding k-th Riemann invariant has a corner in its initial condition. Conversely, when
Br(Uo (o)) # 0, i.e., Up(zo) is not a critical point for the given Riemann invariant, if the initial k-th
Riemann invariants does not have a corner then the coefficients ¢ must vanish, ¢ = 0, and hence
no corner will develop for the dependent variable U(x,t) along the corresponding characteristic.
Further, corners for the dependent variables may coexist with C'-continuity (i.e., no derivative jump)
for the corresponding Riemann invariants, provided these have critical points at the corner values of
U. An example of this will be given in section below.

Several remarks concerning the general case are now in order:

Remark 1. Our approach above extends the one used in [I7] by using distributions, which allows
simultaneous consideration of multiple characteristics, and hence the possible splitting of corners
from a single initial one.

Remark 2. The non-conservative case
U+ AU)U, =0 (3.18)

does not immediately fit in the above approach which stems from (2.2)); however, an expansion
consistent with the conservative case may be obtained by taking a one sided Taylor expansion of the
entire equation and requiring the various order coefficients to vanish, as was done in [I7].

Remark 3. The form of expansion in the above remark can be applied to shock formation at a
point of parabolic degeneracy. This occurs in particular for vacuum points in the Airy shallow water
system (see (5.1)) at what is known as the "physical vacuum singularity" (see [2])E| In this case
the vanishing of the Jy coefficient in , i.e., the characteristic equation, may not be satisfiable
when the k-family has a non-trival Jordan block at Uy(xo). In particular, if [U.]y is a generalized
eigenvector then

(DF — N )[Uyi # 0. (3.19)

This can be remedied, however, by adding [U|iJo(x — xx) and [F|iJo(x — xx) terms to the respective
expansions (3.8) and (3.9) (terms which we assume to vanish at initial time as we still wish to
consider continuous initial conditions). Then the vanishing condition for the coefficient of Jo(x — xx)
becomes

U]}, = (DF — A\ D) Uy, (3.20)
producing a jump for any ¢ > 0, even though the initial conditions do not suffer a gradient catastrophe.

Remark 4. In the particular case of the Airy system, the formation of shocks in this way at the
vacuum only appears when the velocity is regarded as being defined at the vacuum by Rankine-
Hugoniot conditions for the conservation. These conditions happen be to compatible with the
physically correct Rankine-Hugoniot conditions for the conservation of momentum (see [2]).

!See [5] for a similar approach to the appearance of §-shocks.



4 Persistent infinite derivatives in continuous solutions

In this section we focus on a special case in the solutions of system , whereby a point at
which a vertical gradient occurs and persists without evolving into either a shock or a finite slope.
Specifically, we show that a persistent vertical gradient in a continuous solution may only occur at
points where genuine nonlinearity fails. Let x(¢) be a curve along which an infinite gradient persists
in a continuous solution U in a hyperbolic system. We do not assume from the outset that x(t) is a
characteristic since infinite derivatives could be associated with shocks which do not move along
characteristics. The spatial derivative may be decomposed in terms of the right eigenvectors:

U. =Y ag(a,)re(Ul(a,1)). (4.1)

k

Choosing 7 to be bounded, of unit magnitude say, a vertical gradient is present exactly when

lim oj(x,t) = £oo (4.2)
z—=x(t)~
for at least one index j where we have assumed without loss of generality that the blowup occurs in
the left limit x — x(¢)~. Differentiating U along the curve z = x(t) gives

%U(x(t% t) = > ar(x(t), ){X'(t) = (U (x(8), ) }ri(U (x(8), 1)) (4.3)
k

and, assuming the solution has bounded variation along this curve, the derivative cannot blowup
identically so x/(t) = A; for a unique j, i.e., x(t) is a characteristic (if we only require a continuous
solution to exist on one side of the curve, then x(t) could be an envelope of characteristics). Thus
we write

x(t) = x;(t; zo) (4.4)
where zyp = x(0) and
lim o (x,t) = £oo. (4.5)
x—x;(tT0) ™

To show that a persistent vertical gradient in a continuous solution may only occur at points
where genuine nonlinearity fails, we shall proceed by contradiction. In fact, suppose that genuine
nonlinearity holds at a persistent infinite gradient of (one of) the components of the solution U, and
(Aj)z is bounded along « = x(t). The spatial derivative of A; is given by

(Aj)z = DAj - Uz = Z%D)\j Tk (4.6)
k

so that the sum is dominated by the «; term going to +o0o (note that this is not so when genuine
nonlinearity fails on x = x(t), in which case the whole expression may still be bounded). Without
loss of generality we can assume that a; — 400 (otherwise we may replace U(z,t) with U(—z, —t)
and work backwards in time) and, using the genuine nonlinearity assumption, choose r; so that

D)\j Ty > 0. (47)

In this case 1
lim (\;)g(z,t) = 00, ie, lim ——— =07 4.8
xﬁx(t)( ]) ( ) x—x(t) (/\])z(:c, t) ( )



for all ¢ (at least on some time interval [0,7")). Then using (4.4), we have for any ¢ > 0 and
T9 < 11 < T there exists § > 0 such that the inequalities

|z1 — 20|, |w2 — 20| < 0
imply that
X (t; 1) — x;5(t; 22)
Aj(xG (1), ) — Aj(x (8 22), 1)

For conciseness of notation, we replace the explicit dependence on z,,, o« = {1, 2}, with a superscript «
in the functions x; (and hence \;) above. Then we may rewrite (4.9) as

€ >

(4.9)

X0 = X3
Aj(t) = A3(t)
@ -t fg’ )\]1 (1) — A?(T)dT
B AL(t) = N3(t)
_ Tr1 — T2 le‘ (t) - X?(t) /t )‘Jl (7—) - )‘2 (T) dr
O — OGO =220 "y
o Tr1 — T2 1 t )‘]1 (T) - A?(T)
X)) = x5 (1) (N)a(@(t), 1) i /o

dr (4.10)

for some X?(t) < zi(t) < le. (t), by the mean value theorem. The integral on the right approaches a
multiple of ¢ as ¢ — 0, i.e., if we fix ¢, it can be bounded below by bt for any 0 < b < 1 by taking
the parameter interval of ¢ to be sufficiently small. Thus if we fix some b > 0 and correspondingly
restrict the parameter interval of £, we have

Tr1 — T2 1 t )‘]1(7—) - )‘3(7-) t )‘;(7—) - )‘3(7)
0 =20 09)alea(0,0) + NOESOR S | NOESUOR

which contradicts relation since this is supposed to hold for any € > 0. We have thus arrived
at a contradiction by assuming that an infinite gradient may persist in a continuous solution when
genuine nonlinearity holds, i.e., an infinite gradient may not persist in a continuous solution when
genuine nonlinearity holds.

4.1 Scalar conservation laws

A simplified alternative version of the previous section’s proof is available in the case of a scalar
conservation law:
ur + c(u)ugy =0 (4.12)

where ¢(u) = F’(u) with initial conditions

u(z,0) = up(z). (4.13)
Along characteristics
x = x(t;20) = o + c(uo(z0))t (4.14)
we have , ,
up(z,t) = up(0) = up(0) (4.15)

1+ ¢ (uo(zo))up(zo)t 1+ (u(x, t))uf(zo)t’

8



(with prime indicating derivative with respect to the argument of ug). If we consider a singularity
where u, is infinite along the characteristic x = x(¢;0), say, then taking the limit x — x(¢;0) gives

ug(z,t) — o0. (4.16)
The corresponding limit for the initial condition implies that

ug (o) — o0 (4.17)
as xg — 0, so that the blowup in the initial data is maintained:

_ up(xo)
ug(z,t) = T c’(ou)uf)(a:o)t — 00. (4.18)

However, the divergence of the numerator in the limit would be canceled by that in the denominator
preventing a persistent infinite gradient in spatial derivative if it were not the case that ¢/(u) = 0,
i.e., the failure of genuine nonlinearity in the scalar setting.

Remark 5. We note that the scalar case above can be realized in the multidimensional setting by
restricting to simple waves (see Appendix).

5 Applications

For the remainder of the paper, we illustrate the theory of singular points developed above with
three examples of quasilinear hyperbolic models of physical significance. Specifically, we first consider

the Airy shallow water system
(ut> + <“ 1) <“”") =0. (5.1)
vy v ou) \vg

The second model is a two layer shallow water model in the Boussinesq limit (see e.g. [3]):

()= (2 () () = .

The third model we consider is the dispersionless modified Korteweg-de Vries equation, that is, the
scalar law
wp + uuy =0 (5.3)

which illustrates the key features of infinite gradients in simple wave solutions.

This section is organized as follows. We first recall some exact, self-similar solutions for system
which were used in [3], 2] to construct piecewise differentiable initial data for this system as well as
to illustrate the non-splitting of corners in the evolution of this class of data. These solutions can
also be used, under a non-invertible map, to construct solutions of system . Then, in section
a non-splitting corner in the Airy system is constructed. In section [5.3] an example from the two
layer system, equation , exhibits non-splitting of a corner as well as the necessity of no critical
points in the Riemann invariants for the conclusions of section |3 to hold. Then sections and
demonstrate persistent infinite derivatives in simple wave solutions. Finally, section [5.6] contrasts the
preceding cases by illustrating a persistent infinite gradient without a simple wave solution setup,
which leads to a dynamically evolving angle with an adjacent slope.



5.1 Exact "core" solutions for Airy’s system

For explicit examples we shall make use of the linear core solutions of the Airy system (/5.1]) from
reference [1]:

u(z,t) = a(t)z + B(t) (5.4)
and

v(z, t) =~y(t)x + 0(t) (5.5)

where fo — 1 log(1 + aot)

(o)) 0~ o og Q)
alt) = T+ aot’ B(t) = 1T oot : (5.6)
_ Yo 0o Yo(2 — Bo)t ZT(?% log(1 + aot)

() = (14 apt)?’ ot) = 1+ apt (1+a0t)2 (1 + agt)? (5.7)

The formulae for the characteristics x;(¢; o) may be found by solving the equations

u(x;(t; o), t) + 2(=1)7 \/v(x;(t; m0), ) = R° = agmo + fo + 2(—1)7 \/~v0z0 + o, (5.8)

which yields

X;(t o) = (1+ aot)zo + 1 (040960 + Bo + 2(—1) v/v0m0 + 50)
2 4
t> (70 + (=1) aov/v0z0 + 50) (1 -1+ apt) + % log (1 + apt), (5.9)

0 0

with corresponding characteristic speeds
Aj(u,v) = u+ (1) /v. (5.10)

Such a solution may be spliced with a constant state via a simple wave (see [2]), i.e., the initial
conditions are modified to be constant for z > 0 (or z < 0):

() :{ Bo+ apr, <0 { So + vz, <0 (5.11)

Bo, x>0’ (@) =9 4, x>0

In this way, examples may be constructed satisfying physical boundary conditions at +co by placing

the core between two constant states within the hyperbolic region. Since we are only concerned
with the evolution of singularities with a definite position, we will only require that solutions
under consideration are in the hyperbolic region in the part of the space-time half plane where
these singularities occur. Because the Riemann invariants R’ are constant on the corresponding
characteristics, the region of the & — ¢ plane, covered simultaneously by characteristics x = x;(¢; zo)
for both j = 1,2 with 2y < 0, will coincide with the linear core solution (u,v) in and .
Similarly, for the region of the x — ¢ plane covered by characteristics of both families emanating from
the constant region, the solution will be constant. The right boundary curve of the left (linear core)
region will be the characteristic of the first family emanating from zg = 0,

z=bi(t) =1t (ﬂo . 2%) +§ <’yo ~ ag 50) (1-vI7t aot)+£1og<1 +aot) = x1(£:0). (5.12)
0 0

Further, the left boundary of the constant region will be the characteristic of the second family
corresponding to g = 0, which coincides with the one determined by the constant background state,

Tr = bg(t) = /\Q(UO(O),Uo(O))t = )\2(5{), 50)t = Xg(t; 0). (5.13)

10



Figure 1: Sketch of the characteristic diagram with the linear core solution, the simple wave solution
and the constant state. Dotted curves denote characteristics of the first family 7 = 1 and solid curves
denote characteristics of the second family 7 = 2. The linear core solution’s domain is to the left
of the characteristic curve x = by (t), for = < by(¢), and the constant background solution is to the
right of characteristic line = = by(t), for & > by(t), with the simple wave solution’s domain wedged
in between, i.e., b1 (t) < z < ba(t).

The simple wave solution in the wedge middle region can then be constructed by enforcing the
constancy of the Riemann invariants on characteristics,

RY(x,t) = RY(0,0) (5.14)
for bi(t) < x < ba(t), and

R?(b(to) + (t — to) A2 (b1 (to), t0), t) = R*(bi(to), to)- (5.15)

Here, for convenience, we have written R/ and A;, j = 1,2 in terms of their dependence on (z,t)
directly rather than through their expressions in terms of (u,v). Then the identities

1

= 175(}21 — R?)? (5.16)

u = %(R1 + R?), v
can be used to recover the solution in the simple wave region since R! is constant and R?(x1(to;0), o)
is given explicitly in terms of the linear core solution. We note that u and v are also constant on the
characteristics © = by (to) + (¢t — to)A2(b1(t0), to) since they are determined uniquely by the Riemann
invariants (this holds even in the two layer case under the mapping , provided that a particular
quadrant is chosen). A schematic of the characteristics in the  — ¢ plane is shown in figure .
In order to provide explicit solutions to system , we make use of a map [15] [4] relating it to
system , allowing for the construction of explicit solutions with the type of singularities we have
considered in the previous sections. This map is given by

= (1—2u)v, o= (1—-v)(u—u? (5.17)

sending solutions (u,v) of system (/5.2)) to solutions (u,v) = (@, v) of system (5.1)). The map ([5.17)
is many-to-one with 1 — 4 inverses (see [3]) given by

Uij = % <1 + (sgna)jﬂ(—l)@'\/cg - (—1)Mm> (5.18)

11
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Figure 3: The image € of the hyperbolic region € under the map (u,v) — (4,v), with @ and v
plotted on the horizontal and vertical axes respectively. The image of the critical curves (5.21)) are
the dashed boundary of the region.

and
vij = —(sgna)’ \/Q +( — u? (5.19)
where j = 1,2 and
Q- “2_;“’“ (5.20)

(here and afterwards we adorn the dependent variables with hats when they are obtained through
the map - but not otherwise). Figure [2] I 2| shows the images of the four branches while figure |3
shows the image ) of the hyperbolic region  of the two layer system (5.2) under the map -
along with the critical curves

=—-+-. 5.21

Note that these are level curves of the Riemann invariants
RI(1,9) = 4+ 2(=1)V50, (5.22)
with 7 =1, 2, since

1
Q> —a%= 1(1 — 202 + a* — 80 — 84%0 + 160?)

= LR = D2 1), (5:23)
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5.2 Example 1: non-splitting corner in the Airy system

We use the linear core construction to present a solution which has a corner that does not split,
corresponding to the lack of a jump in one of the Riemann invariants. We take initial conditions for
which the linear core solutions (5.11)) is set by

g = Y = 50 = 1, and ,BO =0. (5.24)
Thus,
z, <0 142, <0

The corresponding initial Riemann invariants are

R ={ 5o VR sl (5:26)

The derivative jumps of the Riemann invariants for the initial corner at x¢g = 0 are given by
[R),] = —1— (=1, (5.27)

from which we may predict that the corner will not split given that only one of the Riemann
invariants has a nonzero derivative jump. With the choice of initial conditions ([5.24)) the linear core
solution is given by

x — log(1 +t) x—log(l+t)+2t+1

t) = t) = 5.28
u(e, ) = TEEED (e (5.29)

and the leftmost characteristic (5.12)) bounding the core solution is given by
x =by(t) = =2t + log(1 + t). (5.29)

Having computed the basic elements explicitly, we turn to show that no corner will propagate
along = = by (t). To achieve this we must take the spatial derivatives on the right side, i.e., in the
simple wave region where u and v are defined implicitly via the method of characteristics, and
compare to the spatial derivatives defined by the linear core solution. The left derivatives are

1
l _ _
ux(b1 (to), to) = a(to) = 1+ to (530)
and )
!
vy (b1(to), to) = (to) 1+ 10)? (5.31)
Then the right spatial derivative of u is
r T U(Ji‘(to, t)7 t) — u(bl (t)a t) BERT u(bl(tO)a tO) — u(bl(t)7 t)
uwa(bilto)to) = lim == G = =@ AR T o) ) (5:32)
where m(to, t) = bl(to) + (t — to)/\z(bl(to), to), and
d d
Eu(bl(tO), to) T“(bl(to), to)
o = 9o - to . (5.33)
* Oz A1(b1(to),to) — Xa(b1(to). to)
ot (to, to)

13
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Figure 4: (a) and (b): Airy’s system initial conditions , for which only one Riemann invariant
has a corner; (¢) and (d): the evolution of u and v, respectively, of these corner initial conditions at
t = 0.5. The dash curve is the simple wave that connects the background state to the linear core
self-similar solution ([5.28)) with C! continuity at its splicing point, showing that no corner emerges
there, while the corner persists between the simple wave and the constant background solution.

Identical manipulations yield

T AL o(bn (1), 1)
= X101 (to). to) — Ma(ba (fo). to)” (5.34)

Thus we compute

d 2tg d 2t
(b (t), to) = ———0 —u(bi(to), ) = — .
dtou( 1(t0), o) A5t dtov( 1(to), o) A+ 1) (5.35)
and
2t
A1(b1(t0),to) — A2(b1(to), to) = 1 . (5.36)
+ 1o

Plugging these into the formulae (5.33)) and ([5.34]) for the right (simple-wave-side) derivatives yields
the same results as those for the left (linear-core-side) derivatives and , so there is no
jump along this characteristic. The initial condition in the top row of figure [ evolves into the
bottom row illustrating the non-splitting of the corner. In contrast, a generic case of both Riemann
invariant possessing corners can simply be obtained by choosing a different initial slope ag # 1. The
case ap = 1.6 yields the initial conditions and their evolution depicted in figure [5]

5.3 Example 2: non-splitting corner and singular Riemann invariant

In this section we consider a linear core Solutiorﬂ of the Airy system (/5.1)) which is tangent to the
boundary of the domain of (u;j,v;;) and the images thereunder. That this property is maintained

2Since we are only concerned with local behavior at small time, we shall not, in this example, be concerned with
splicing the linear core to a constant solution, with shock formation at large time, or with ellipticity away from points
of interest.
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Figure 5: Same as figure 4| but with Airy’s system initial conditions uy (a) and vy (b) for which
both Riemann invariants have corners. Evolution of u (¢) and v (d) at time ¢ = 0.5: the splitting of
corners at both ends of the simple wave connecting the linear core with the constant background
can be clearly seen.

by evolution follows from the fact that this curve is a level surface of a Riemann invariant. An
elementary computation shows that tangency can be achieved by setting

N o, . N
Bo = o, Yo = E(UO —1), do = Do (5.37)
where (g, 09) = (4(0,0),0(0,0)) is the initial point of tangency and «y is a free parameter. For the
present example we take Sy = 0.3 and g = 1. The dependent variables in the (4, 0) domain at time
t =0 and ¢t = 0.5 are shown in figure [6]
Next, we consider the solutions to (5.2)) in the 1,1 quadrant by mapping the linear core solution:

u(z,t) = uii(a(z, t), o(x, t)), v(x,t) = vy (a(x, t), v(z,t)), (5.38)

Figure 6: Linear core solutions tangent to the critical portion of the boundary of O (see figure .
Time ¢t = 0 (a) and time ¢ = 0.5 (b). The point of tangency slides to the right along the critical
curve (dash, defined by (5.21))) during the evolution.
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Figure 7: Pre-image of linear core solutions depicted in figure |§| in the (1,1) quadrant, (a) at time
t =0 and (b) at time ¢ = 0.5.

Figure 8: Total pre-image of linear core solutions in figure |§| in all quadrants, (a) at time ¢ = 0 and
(b) at time ¢ = 0.5.

This solution is shown in the space of dependent variables at times ¢t = 0 and ¢ = 0.5 in figure [7] and
the total pre-image of the linear core solution is shown in figure [8| The spatial dependence of u and
v at fixed time are shown in figure [9

We see that a single corner propagates in the solution (u,v), however the linear core solution is
smooth by construction and the mapping from the system to its Riemann invariants is also
smooth in the hyperbolic region. Thus there are no corners in the initial Riemann invariants despite
the fact that a single corner is achieved in the solution (u(x,t),v(z,t)). This is a consequence of the
fact that the boundaries of the quadrants (i.e., the NGNL curves, see below), are each vanishing loci
for the gradients of the corresponding Riemann invariants.

Figure 9: Snapshots of the solutions to system (5.2), which are depicted in the hodograph space
by figure [7| at different times: initial condition (a) w(z,0) and (b) v(z,0); time evolution to
t=10.5 (c) u(z,0.5) and (d) v(z,0.5).
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5.4 Example 3: Infinite gradient in a scalar conservation law

We provide an example of an infinite gradient which is not constant on either side, in the scalar case
of section Since simple waves are, by definition, solutions to a scalar law, the present example
qualitatively illustrates the general situation where two simple waves of the same family are glued
together at the NGNL point where the orientation of the curve reverses. This type of solution will
eventually lead to shock formation at large enough time, but we may track the evolution prior to that
while the infinite derivative is maintained, for a finite time interval, at a single point of a continuous
solution profile.

We consider the simplest possible scalar law with the NGNL property: the cubic flux conservation
law (5.3). With initial conditions u(z,0) = ug(x), the solution is given according to the method of
characteristics:

u(zo + tud(xo), t) = uo(wo). (5.39)

With the choice of initial condition

uo(zo) = (sgnxo)v/|ol, (5.40)

we have
x = xo(1 + (sgnzp)t) (5.41)
which is single valued, having sgn g = sgnz when ¢t < 1. Thus we may solve
T
= 5.42
T (sgnz)t (542)
yielding
u(z,t) = (sgnx) ¢ (5.43)
’ 1+ (sgna)t

The evolution of the solution before shock time is shown in figure 10| (a,b). The same process may
also be applied to the initial condition

uo(x0) = /ol (5.44)

yielding the evolution
w(z,t) = —F——— (5.45)
shown in figure 10| (¢,d).

5.5 Example 4: Infinite gradient in a centered simple wave

For the two layer system ([5.2)), the rarefaction curves (see Appendix for the setting) may be expressed
explicitly. We take a centered simple wave solution in the 1,1 quadrant:

i, z/t < Xo(ug, vy)
w(z,t) =< unn (—2(E+1), &2 -1), Xo(uw,v) <z/t < Xo(ur,vy) (5.46)
u’l‘? l'/t 2 )\2(u7‘7v7")
and
Ui,y .fL'/t < )\Q(UZ,Ul)
vz, t) =< v (m3(ZE+ 1), (2 1)), Ae(uw,v) <z/t < Aa(uy,vy) (5.47)
Ur, l‘/t > )\Q(Uryvr)
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Figure 10: Snapshots of the evolution under the scalar law (5.3)) of the two initial conditions ([5.40))
(top row), and (5.44) (bottom row). (a,c) time ¢ = 0 and (b,d) time ¢ = 0.8.

(with A9 defined in ([5.10))), and we set
w =015, v =0.268466,  wu, =025 v, =0.5. (5.48)

The initial conditions for this solution, approached in the limit ¢ — 0", are the step functions
depicted in figure As time evolves, as shown by the snapshots in this figure, the wave becomes
less and less steep, except at the right state where the infinite gradient occurs. This is an NGNL
point as can be seen in figure [12| where the simple-wave segment is shown in the hodograph space
(u,v) of dependent variables.

5.6 Example 5: propagation of an infinite gradient spliced with a non-constant
angle

In the previous infinite gradient examples the point in the space of dependent variables where an
infinite gradient occurs remains constant in the evolution and, correspondingly, moves at a constant
characteristic speed in the space-time half plane. This happens generically since the evolution along
a characteristic for the hyperbolic system occurs normally to the corresponding left eigenvector:

I - %U(Xk(t; 20),8) = by - O] — DE(U)U, =0, (5.49)
whereas the NGNL manifold need not be normal to the left eigenvector. In the 2 x 2 case, non-
constant evolution of the angle opposite the vertical tangent may occur on the NGNL curve only if
the latter is a level set of a Riemann invariant. One particular instance where this is the case is
the Boussinesq two layer system . We illustrate an explicit solution with an evolving infinite
gradient point for this case. To accomplish this we consider the evolution obtained by connecting
the linear core solution with initial parameters

1 1 1
oy = Bo=—5, =73, dp =

5.50
3 . (5.50)

1
9
on the left of the origin with the constant state (4, ) = (5(¢),(t)) on the right. Then a simple
wave region will emerge between the rightmost characteristic b1 (¢) of the linear core and the leftmost
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(c) u(z,10) (d) v(z, 10); (e) u(x,22) (f) v(x,22).
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u
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Figure 15: Snapshots of the solution from initial conditions obtained by the choice (5.50) and
depicted in the 1,1 quadrant in figure initial condition (a) u(x,0) and (b) and v(z,0). Evolution
of these initial conditions to time ¢ = 0.5, (c¢) u(x,0.5) and (d) v(z,0.5).

characteristic ba(t) of the constant state. This simple wave coincides with the critical curve of the
map (5.17) (see figure [L3|(b)). The infinite gradient propagates along = = b;(t), with dependent
variables evolving along the NGNL curve, as shown in figure [I[5] We note that, unlike previous
examples, the angle formed between the lines tangent to either component of the solution u(z,-),
v(x,-) at the infinite gradient point is different from either 7/2 (infinite gradient at the boundary of
a constant state), 7w (front-like) or 0 (cusp), in contrast to our previous examples. This is apparent
in figure [15] with the exact angle at a given time computable by the same method as in section [5.2

6 Discussion and conclusions

We have described how initial discontinuities in derivatives evolve over time in hyperbolic systems,
focusing on conditions by which an initial discontinuity can fission into multiple ones in the subsequent
evolution. We have then considered the special case of a discontinuity occurring with an infinite
derivative, and shown that such singularity may persist in a continuous solution without evolving in
either a shock or relaxing to a finite corner if and only if genuine nonlinearity fails where the infinite
derivative point lies in the hodograph plane.
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The former development proves a conjecture from [2], about how corner splitting or fissioning
by moving along characteristics can be obtained when their corresponding (multiple) Riemann
invariants have initial derivative jumps. More precisely, splitting is obtained under this assumption
except when (i) the corner point is also a critical point for the Riemann invariant, and (ii) quantities
arising from differentiating the eigenvectors are not Lipschitz continuous. In both exceptional cases
a corner in the initial Riemann invariant is sufficient for corner propagation. A counterexample to
the necessity of condition (i) is provided in § a corner which propagates along a characteristic
despite the Riemann invariant of the corresponding family having no first derivative jump. Case (ii),
on the other hand, is more pathological and further analysis would be required to fully address it.
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Appendix: Hyperbolic systems of conservation laws

In this appendix we briefly review some established results and constructions for hyperbolic systems
of conservation laws in a single space dimension. Given that discontinuities often form at some finite
time for solutions of even with continuously differentiable initial data, it is natural to consider
initial conditions that are already discontinuous. Reference [§] in fact uses an iterative approximation
of initial conditions by step functions to prove existence of solutions with initial data having small
total variation. The hyperbolic system (or more precisely (2.2))) is solved in reference [10] for
initial data Uy as the simple step function

U', <0
oo ={ g 550 (A1)

with the distance between U' and U” sufficiently small, under the assumption of genuine
nonlinearity. The building blocks of the solution are k-waves: curves Wy (&; U') in the space of
dependent variables which, for & > A\ (U"), are integral curves of rj, where the scaling of the 7y, is
chosen such that

D/\k(U) T = 1. (AQ)
Thus we have that p

EWk(gld U') = rp(Wi(&:UY), (A3)
!

with &, = A\e(Wi(&; UY)). For & < A\, (U') these curves are defined implicitly by the constraints

F(Wi(&:UY) — F(U') = oi(&) (Wi (&: U — U, (A4)
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known as the Rankine-Hugoniot conditions, with
k(A (U) = M (U"). (A5)

Genuine nonlinearity (equation (2.6])) ensures, among other things, that Wy (&; U?) for & > A\ (UY)
is well defined. In [I0] the condition

ANe(Wie(&e; UY)) < 03 (&) < Me(UY) (A6)

for & < A (UY), is formulated, which ensures that the &, < A (U!) construction is unique (and
physically relevant). It can be shown that Wj is then twice continuously differentiable in &,
even at & = A\ (U'). A solution to the hyperbolic system with initial data having
U™ = Wy (&,; UY) is furnished, for & > A\ (U):

U, z/t < \(UY
Uz,t) = Wi(z/tUY), M(UY) < 2/t < \(U") (A7)
U, z/t > M\(UT)

or for { < M\ (U l), discontinuous solutions to (2.2]), called shocks, can be constructed:

B U, x/t < op(&k)

It can be checked that equation (A4)) ensures that U solves system (2.2]). A unique solution to
(2.2)-(A1)) can then be constructed for any U” that can be reached by gluing together consecutive
Wy curves, k=1,2,3,...,n:

(A8)

U™ = Wi(& Wi—1(&e—1; (-.(Wi(&;UY)..))) (A9)
provided that
Ak—1(Ug—1) < 0%(&k) < Ae41(Uy) (A10)
where
Ul = W;(¢;Uj_y) and Uj=U"' (A11)

whenever &, < 0. Equations and are known as the Lax Entropy Conditions. The set
of U™ reachable in this fashion is shown in [I0] to have U’ as an interior point and the solution is
unique for a sufficiently small neighborhood of U'.

A centered simple wave solution Wy (&,(¢); U'), with genuine nonlinearity failing for the k-th
family, has an infinite gradient. In fact, we may parametrize the simple wave curve by ¢ for which
the tangent

d -
d*CWk(fk(C); U') =7 (A12)
has unit length, |#4|?> = 1. Then the centered simple wave solution (A7) has spatial derivative

d d&, d¢ d

— Wi (z/t; U = 222> —W,

s R/ EU) = e ae W
_ e de
dr d¢ "
_d&, 1

_ &k _F Al
dz Dap(ir) © (A13)

and since DA (%) — 0 as z/t — \p(U"), the spatial derivative blows up, %Wk(m/t; U') — +oo.
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