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1. Introduction

In this paper we continue the efforts from our earlier work in [7, 8] on the study
of Riemann problems for the unsteady transonic small disturbance equation us-
ing characteristic decomposition equations. We are interested in Riemann initial
data that results in interacting rarefaction waves and gives rise to Goursat-type
boundary value problems in self-similar coordinates.

The Goursat-type boundary value problems appear in the study of the ex-
pansion of a wedge of gas into vacuum and have been considered using two main
approaches: the hodograph transform and the direct characteristic decompo-
sition. An overview of ideas and results for various systems of gas dynamics
equations could be found in [15] by Zheng.

Li [10] modeled the problem using the unsteady isentropic Euler equations
and proved existence of a global smooth solution in the hodograph plane. In
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[12], Li and Zheng showed that the hodograph transform was non-degenerate
for non-simple waves and, therefore, the solutions in the hodograph plane in [10]
could be transformed back to the self-similar plane. The existence of a global
continuous solution to the problem of gas expansion into a vacuum was proved
for the pressure-gradient equations using hodograph transform in [14], by Yang
and Zhang. The interaction of steady rarefaction waves for the isentropic Euler
equations resulting in Goursat and generalized Goursat problems was studied,
also using hodograph transform, by Chen and Qu in [1].

The expansion of a wedge of gas into vacuum problem was considered using
characteristic forms for pressure-gradient equations by Dai and Zhang in [3],
where they proved the global existence of a smooth solution to the degenerate
Goursat problem up to the vacuum boundary. The characteristic decomposi-
tions for the isentropic Euler equations and potential flow were derived in [2], by
Chen and Zheng, in [11], by Li, Zhang, and Zheng, and in [13], by Li, Yang, and
Zheng. These characteristic decompositions were used to prove that any wave
adjacent to a constant state for the adiabatic Euler equations was a simple wave
and to prove existence of of a smooth solution to the interaction of two planar
rarefaction waves for the isentropic gas dynamics equations. The characteris-
tic decomposition approach was also utilized in the study of the Goursat-type
problems for the isothermal Euler equations in [5], by Hu, Li, and Sheng, for
the Euler equations for the generalized Chaplygin gas in [4], by Ge and Sheng,
and for the nonlinear wave system in [6], by Hu and Wang.

The goal of this paper is to establish the characteristic decomposition equa-
tions for the unsteady transonic small disturbance equation following the stud-
ies in [2, 11]. The paper is organized as follows. In §2 we state the unsteady
transonic small disturbance equation, we derive the characteristic form in the
self-similar plane, and in §3 we derive the second order differential equations
for the velocity u along the characteristic curves. The inclination angle of char-
acteristics variables are introduced in §4, where we derive angle forms for the
directional derivatives of u in the characteristic directions. In Theorem 6 we ob-
tain the angle form second order differential equations for u in the characteristic
directions. We conclude with §5, where we derive the second order differential
equations for the inclination angle variables.

2. Motivation and the characteristic form

An overview of two-dimensional Riemann problems for various gas dynamics
equations was presented by Keyfitz in [9]. In this paper we consider the un-
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steady transonic small disturbance equation

Ug + ULy + vy =0, (1)
—Vz + uy =0,
where t € [0,00), (z,y) € R?, and (u,v) : [0,00) x R? — R? is the velocity
vector.

We are interested in Riemann initial data which results in interacting rar-
efaction waves and one such problem was posed in [8]. Two possible structures
of the solution were conjectured and both involve a Goursat-type problem in
part of the domain (see the region ABM Bj in Figures 3 and 4 in [8]). To study
existence of solutions to such Goursat-type boundary value problems, in this
paper we derive characteristic decomposition equations, following the ideas in
[2, 11].

We write (1) in self-similar coordinates £ = z/t and n = y/t, and obtain

(u —&ug —nuy + v, =0, @)
—v¢ +uy =0,

which can be written as

Gl e
)

The characteristic equation of the matrix in (3) is
(€ —u)A* —nA —1=0. (4)

We find the eigenvalues
n=EVn?+ 4§ —u)
2(§ — u) ’

As =

and note that

1
Ay +A =1 and  AJA-=-——. (6)
§—u §—u

The left eigenvectors are given by
L=[Ax(w=¢), 1]=[AF", 1]
We multiply (3) on the left by ll and we obtain the characteristic form
OFu+ Ay 0Fv =0, (7)

where 0F := O¢ + A4 0, denote the directional derivatives along the character-
istic directions in the self-similar plane.
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3. Characteristic decomposition equations for u

In this section we derive the directional derivatives of eigenvalues AL along the
characteristic directions in the self-similar plane and we use the characteristic
decomposition (Theorem 2.1) from [15] to obtain the second order directional
derivatives for u.

Proposition 1. There hold

(AL)A
Ar —A

(A:F)3Ai

oA
£ Ar— A

Iaiu and OFA; = Fu+AL(A$)2  (8)

Proof. We recall the characteristic equation (4) and we regard A as a func-
tion of £,n and u. Differentiating (4) with respect to u, &, and 1 we obtain

A2 A2
Oh=———— gA=—
2A(u— &) +1) T 20w &)+
and A
Oph=——"—
! 20(u— &)+’

respectively. From (5) we have

I WV/r2 =)

where the last equality follows from (6). Hence,

Ai —A
204 (u — N -
+(u—=&) +n=FvVn*+ u) Ahs
Next, we note ¢ = 1 and 0*n = A*, and by the chain rule, we have

O AL = 0, N0 u + O ATIFE + 9,AT 0

v, = Be)lAs oy
= Ouhedtu = O,

and
OEAT = 0,A50%u + O AT ¢ + 9,ATo*

Ar(As —As)  (Ap)*As

= O A0 u + =
i 05(w—-8)+n  Ar—Ag

OFu+ Ay (A5)%
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Theorem 2. There holds

A4A2
80T u + ﬁm; — 274 )0FudFu
ALA
e o7 - AT =0

Proof. The result follows from Theorem 2.1 in [15], which gives the charac-
teristic decomposition

OTA_ -0 A AN [O0A_ OtA
+ aF to9F, — + +,, + a—
88u+—A+_A7 0" u A+—A<A2 0" u A2+8u>,
and by substituting the expressions in (8) for the derivatives of A*. O

4. Characteristic decomposition equations for v in terms of the
inclination angle variables

We introduce the inclination angle variables o and g by
tana=A; and tanf=A_. 9)
From the second property in (6) we obtain

cos a cos 3

u=~¢+ (10)

sinasin 8’

which expresses u in terms of these new variables « and 5. In this section we de-
rive the characteristic decomposition equations for u in terms of the inclination
angle variables o and S.

Proposition 3. There hold

cos 3 COS (v

ru=1- ——L _gra— ———__9*p, 1
" sin® asin 3 “ sin asin® p (11)
8+U:_C?Sﬂ 1 .gos[.? o — 'cos'on 95 ) .
sin 3 sin® asin 3 sin acsin” 8

oy = S8 <1_ . cos 3 5mq — __CO8C 8ﬂ>.
sin

sin «v 2 asin B sin asin? 3
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Proof. We differentiate (10) to find

cos 3 cos «
ou=1————q¢— ———
¢ sin? avsin 3 ¢ sinasin? 15} Pe
and
cos 3 CoS @
u = ——5——ay — — 2 Ll
sin“ acsin 8 sin o sin” 3
Therefore
cos 3 COoS (v
Fu=ue+Ayuy,=1— ——" 9Fa— ——— §%5.
¢ £ sin® asin sin v sin? P
From the characteristic form (7) we have
v = —(As) " 1o*u,
implying
oS cos «
Oty =—= ﬁ8+u and 0 v=—— “u,
sin 8 sin «

which completes the proof.

Proposition 4. There hold
n* 3

5+a:sin3a—sm a8+5 and 0~ B—smgﬂ— 5

sin? 3 sin?

where 01 := cos a O¢ + sin a9, and 0™ = cos 3 O¢ + sin 3 0.

Proof. Using the definition (9) of « and (8) we have

OTa=0%(arctan Ay ) = A2 oAy
_ 1 i AiA_ P _si'n3asinﬂa+u.
I+A3 A — Ay sin(a — f3)

Substituting (11) we obtain

8+a:_Sin3aSin5 (1_ cos f3 5 cos o @Jrﬁ)’
sin

sin(a — ) in? asin 3  sinasin? B

implying
sina sin? o ot

OTa = — o' g.

cosa  sin?f

(12)

(13)
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Multiplying this equation by cos «, we obtain

3 sin? av =

0ta =sin’a — ot p.
sin® b
Similarly, we obtain the expression for 9~ in terms of 0~ a. U

Remark 5. Note that using the previous proposition in (11) we can
express derivatives 0% in terms of directional derivatives of only one inclination
angle variable. More precisely, we have

_ 1 _
Otu=1-— C_OSQB —_gta——————0'p
cos asin” asin 3 sin o sin® 8
<2 B 1 B
SR A G ) e —
cos o sin” asin 3 sin” 8 sin oz sin” 8
a1 g
sin f3 cos « sin o sin” 8
and, similarly,
. B 1 )
sin «v cos 3 sin® aesin 8
Theorem 6. There hold
1 1

tO u=sinasin 0 B
070 u=sinasinf 9 u{cosacosﬁ SiHQ(Oé_ﬁ)

<sin B(sin(B — a) — sina cos 3) P sin? o cos 58u> }

cos 3 COoS @

and
1 1
cosacos 3 sin’(a — B)

(sin a(sin(a — ) — sin B cos ) 9 u+ sin? ﬁcosaa+u> }

COS (v cos 3

0”0 u =sinasinf0Tu {

Proof. The results follow from Theorem 2 and definitions (9) of « and 5. O
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5. Characteristic decomposition equations for the inclination angle
variables

We derive the second order differential equations for the inclination angle vari-
ables o and [ along the characteristic curves.

Proposition 7. For any I(£,n) there holds the identity
00 I -0t 1

A 1 cos 3 - 1 -
= aJrI{cosa (sin(a—ﬁ) sma> 0 o — 7sin(a—ﬂ)a+ﬁ}
_ 1 — 1 . Cos o =
0 I{‘s_inm—ma a*w(51nﬁ+sin<a—ﬁ)>a+ﬁ}'

Proof. Using the definitions of the derivatives 0 in Proposition 4 we have

0t0™I = 8" (cos BI¢ + sin BI,)
= (—sin 3I¢ + cos Bln)ngﬂ + cos o cos Bl¢e
+ sin(a + 3)I¢,; + sinasin B1,,,.

Similarly,
= (—sinalg + cosal,)d~a + cos o cos Bl
+ sin(a + 3)1¢, + sin asin B1,,,.
Therefore,
ROAN AN
0« -2 2
= —— (—sin® acosalg + cos” asinaly)
sin o cos a
ﬂ (sin2 3 cos Bl — cos? Bsin 1 )
sin 3 cos 3 ¢ K
o OF
L L N L LY LYY R ( a ﬁ), (15)
CoS @ cos f3 cosa  cosf

where we substituted cos? aw = 1 —sin® @ and cos? 8 = 1 —sin? 3 in the first and
second lines, respectively. Next, using the definitions of 0%, we express I, as

1
Iy = sin(a — f3) (

The result follows from substituting this last expression in (15). O

cos BOTT — cosaéff) .
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Theorem 8. There hold the second order equations
"0 a+ (M + N0 a+P0"B)0 a=Q1+ R 03

and
G5B+ (My+ Ny 3B+ Py3 )38 = Qo+ Ry

for some functions My, N1, P1,Q1, R1, Mo, No, Po, Q2 and Ro, depending on «
and [ .

Proof. By the first result of Theorem 6 we have an expression for 979 u
in terms of «, 8, and derivatives 0Fu. We use Remark 5 and we express 01 u
and 0~ u using 78 and 0~ «, respectively, to get

0o u = (16)
! {—2 sinacsin B + ig*a — 3; (571)2
_sin(ﬁ—a)—sinacosﬂé+ﬁ <1_ 1 5_@)}'

cos a.cos 3 sin « sin” acsin 8
sin acsin 5 cos 3 sin? asin 3

On the other hand, we differentiate (14) along A4 characteristics and we ob-
tain an expression for 970~ u involving a, 3,07, 073 and 9*0~a. We use
Proposition 4 to express 0T« in terms of 13 and, finally, we obtain

o+ o- sin asin 3 N 2sin(a — f) 1 5-
u = — Q@
cos o cos f3 sinasin fcos 8 sina cos acos 5
__ sin(a.—kﬂ) i - sin(a—'ﬂ) 55 o+
sin « cos o sin 3 cos? 3 sin® arcos aesin 8 cos 3
sin(a + 3) sin(a — )(2sin a cos a — sin 3 cos f3)
sin® av cos acsin® B cos? B sin® av cos asin® B cos B
x 0~ ad™ B.

Setting the right-hand side of the above expression to the right-hand side of
(16), we obtain

2

A sSin“a

070 = sin(a—ﬁ)><

{3 sin? avsin® B + (2sin(a — B) cos a — 4sin B)0~ a + — 12 (0~ a)?
sin® «

— 3sinad’ B+
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1 <3_sin(a—B)(Qsinacosa—sinﬁcosﬁ))5aéJrﬁ}’

sin acsin 8 sin a:sin 3

which could be rewritten as

. 2 a—
070 o — sins(lzi—aﬁ) {2 sin(a — ) cos v — 4sin § + s?n;la
1 sin(ar — B)(2sinawcos o — sin fcos B) \ 5,
— (3 - — orp
sin asin 3 sin acsin 8
X 0«
sin2 « ) .2 . 5+
= m (3s1n asin® f —3sina d ﬁ) .
The second results follows similarly and we obtain
S sin? 3 . . B
0~ 0tp — m {23111([3 —a)cos f —4sina + e
1 sin(f — a)(2sin fcos B —sinacos o) \ =_
sin «sin 8 sin o sin 3
x 0tp
sin? .9 .9 . =_
= m (3sm asin® 8 —3sin B0 a) .

6. Conclusion

The main purpose of this paper is to derive characteristic decomposition equa-
tions for the inclination angle variables (Theorem 8). Our future work includes
analysis of these equations in order to utilize them to show existence of a so-
lution to the Goursat-type boundary value problems arising in interacting rar-
efaction waves formulated in [8].
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