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STATICIZATION AND ITERATED STATICIZATION*

WILLIAM M. McENEANEY!T AND RUOBING ZHAOf

Abstract. Conservative dynamical systems propagate as stationary points of the action func-
tional. Using this representation, it has previously been demonstrated that one may obtain funda-
mental solutions for two-point boundary value problems for some classes of conservative systems via
a solution of an associated dynamic program. It is also known that the gravitational and Coulomb
potentials may be represented as stationary points of cubicly parameterized quadratic functionals.
Hence, stationary points of the action functional may be represented via iterated “staticization” of
polynomial functionals, where the staticization operator (introduced and discussed in [J. Differen-
tial Equations, 264 (2018), pp. 525-549] and [Automatica J. IFAC, 81 (2017), pp. 56—67]) maps a
function to the function value(s) at its stationary (i.e., critical) points. This leads to representations
through operations on sets of solutions of differential Riccati equations. A key step in this process
is the reordering of staticization operations. Conditions under which this reordering is allowed are
obtained, and it is shown that the conditions are satisfied for an astrodynamics problem.

Key words. dynamic programming, stationary action, staticization, two-point boundary value
problems, conservative dynamical systems
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1. Introduction. Staticization maps a function to its values at stationary points
(i.e., critical points). More specifically, the set-valued “stat” operator has as its range
the set of such values, and if there is such a unique value, then that value is the output
of the (single-valued) stat operator. This operator is obviously a generalization of
the minimization and maximization operators for appropriate classes of differentiable
functionals and is also valid for functions with a range other than the reals, including
complex-valued functionals. The stat operator is at the heart of a new approach to a
solution of two-point boundary value problems (TPBVPs) in conservative dynamical
systems [4, 5, 18, 19], as well as to a solution of the Schrodinger equation [14, 16, 17].
A key component in this development is the theory that allows one to reorder stat
operators under certain conditions, and that theory is the focus of the effort here. In
order to motivate the theory, first let us indicate application domains a bit further.

Recall that conservative dynamical systems propagate as stationary points of
the action functional over the possible paths of the system. This stationary-action
formulation has recently been found to be quite useful for generation of fundamental
solutions to TPBVPs for conservative dynamical systems; cf. [4, 5, 18, 19]. To obtain
a sense of this application domain, consider a finite-dimensional action functional
formulation of such a TPBVP. Let the path of the conservative system be denoted by
& for r € [0,t] with & = Z, in which case the action functional, with an appended
terminal cost, may take the form

(1.1) J(t, z,u) = /0 T(uy) — V(&) dr + ¢(&),
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2 WILLIAM M. McENEANEY AND RUOBING ZHAO

where € = u, u € U = Ly(0,t), T(-) denotes the kinetic energy associated to the
momentum (specifically taken to be T'(v) = %UTM’U further below, with M positive-
definite and symmetric), and V'(-) denotes a potential energy field. If, for example,
one takes ¢(x) = —vL Mux, a stationary-action path satisfies the TPBVP with ¢y =
and ét = v; if one takes ¢ to be a min-plus delta function centered at z, then a
stationary-action path satisfies the TPBVP with {; = Z and & = z; cf. [5]. In
the early work of Hamilton, it was formulated as the least-action principle [8], which
states that a conservative dynamical system follows the trajectory that minimizes the
action functional. However, this is typically only the case for relatively short-duration
cases; cf. [7] and the references therein. In such short-duration cases, optimization
methods and semiconvex duality are quite useful [4, 5, 19]. However, in order to
extend to indefinitely long duration problems, it becomes necessary to apply concepts
of stationarity [18].

It is worth noting that if one defines stat,cx ¢(x) to be the critical value of ¢ (de-
fined rigorously in section 2.1), then a gravitational potential given as V(z) = —u/|z|
for z # 0 and constant y > 0 has the representation V(z) = —(%)%ustata>o{a -

%}, where we note that the argument of the stat operator is polynomial [9, 19].
The Schrodinger equation in the context of a Coulomb potential may be similarly
addressed. In that case, it is particularly helpful to consider an extension of the
space variable to a vector space over the complex field, say, x € C" rather than
x € R™. More specifically, for x € C™, this representation takes a general form
Viz) = —(%)%,&stataeAR{a - %}7 where A ={a = r[cos(f) +isin(d)] € C|r >
0,0 € (5, %]} [3, 14]. In the simple one-dimensional case, the resulting function
on C has a branch cut along the negative imaginary axis, and this generalizes to
higher-dimensional cases in the natural way.

Although stationarity-based representations for gravitational and Coulomb po-
tentials are inside the integral in (1.1), they may be moved outside through the in-
troduction of a-valued processes; cf. [9, 19]. In particular, not only does one seek
the stationary path for action J, but the action functional itself can be given as a
stationary value of an integral of a polynomial, leading to an iterated-stat problem
formulation for such TPBVPs. This may be exploited in the solution of TPBVPs in
such systems (cf. [9, 18, 19]), which will be discussed further in section 5.

It has also been demonstrated that this stationary-action approach may be ap-
plied to TPBVPs for infinite-dimensional conservative systems described by classes of
lossless wave equations; see, for example, [4, 5]. There, stat is used in the construction
of fundamental solution groups for these wave equations by appealing to stationarity
of action on longer horizons.

Lastly, it has recently been demonstrated that stationarity may be employed to
obtain a Feynman—Kac type of representation for solutions of the Schrodinger initial
value problem for certain classes of initial conditions and potentials [3, 17]. As with
the conservative system cases above, these representations are valid for indefinitely
long duration problems, whereas with only the minimization operation, such repre-
sentations are valid only on time intervals such that the action remains convex, which
is always a bounded duration and potentially zero.

In all of these examples, one obtains the stationary value of an action functional,
where the action functional itself takes the form of a stationary value of a functional
that is quadratic in the momentum (the u. input in (1.1)) and cubic in the newly
introduced potential energy parameterization variable (a time-dependent form of the
a parameter above). That is, the overall stationary value is obtained from iterated
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STATICIZATION AND ITERATED STATICIZATION 3

staticization operations, where the outer stat is over a variable in which the functional
is quadratic. Thus, if one can invert the order of the stat operations, then the inner
stat operation results in a functional that is obtained as a solution of a differential
Riceati equation (DRE). (It should be noted that this DRE must typically be propa-
gated through past escape times, where this propagation may be efficiently performed
through the use of what has been termed “stat duality”; cf. [15].) Hence, after in-
version of the order of the iterated stat operations, the problem may be reduced to
a single stat operation such that the argument takes the form of a linear functional
operating on a set of DRE solutions. Consequently, an issue of fundamental impor-
tance regards conditions under which one may invert the order of stat operations in
an iterated staticization.

In section 2, the stat operator will be rigorously defined, and a general problem
class along with some corresponding notation will be indicated. Then, in section
3, a somewhat general condition will be indicated. Further, it will be shown that
one may invert the order of staticization operations under that condition. This will
be demonstrated by obtaining an equivalence between iterated staticization and full
staticization over both variables together. Section 4 will present several classes of
problems for which the general condition of section 3 holds. Finally, in section 5, a
stationary-action application in astrodynamics will be discussed.

2. Problem and stationarity definitions. Before the issue to be studied can
be properly expressed, it is necessary to define stationarity and the stat operator.

2.1. Stationarity definitions. As noted above, the motivation for this effort is
the computation and propagation of stationary points of payoff functionals, which is
unusual in comparison to the standard classes of problems in optimization (although
one should note, for example, [6]). In analogy with the language for minimization
and maximization, we will refer to the search for stationary points as “staticization,”
with these points being statica, in analogy with minima/maxima, and a single such
point being a staticum in analogy with minimum/maximum. One might note here
that the term staticization is being derived from a Latin root, staticus (presumably
originating from the Greek statikds), in analogy with the Latin root maximus of
“maximization.” We note that Ekeland [6] employed the term “extremization” for
what is largely the same notion that is being referred to here as staticization but with
a very different focus. We make the following definitions. Let F denote either the
real or complex field. Suppose U is a normed vector space (over F) with A C U, and
suppose G : A — F. We will use the notation | - | for both modulus and appropriate
norm, where in particular we will not subscript the norm by the space when it can be
deduced from context. We say u € argstat,c 4 G(u) = argstat{G(u) |u € A} if u € A,

and either
(2.1) lim sup M =0
u—a,uc A\{a} ‘u - u|

or there exists 6 > 0 such that AN Bs(a) = {a} (where Bs(u) denotes the ball of
radius ¢ around @). If argstat{G(u)|u € A} # 0, we define the possibly set-valued
stat® operation by

(2.2) s;cg:c: G(u) = stat®{G(u) |u € A} = {G(u) | u € argstat{G(u) |u € A} }.

If argstat{G(u)|u € A} =0, then stat]_, G(u) is undefined. Where applicable, we
are also interested in a single-valued stat operation (note the absence of superscript s).
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4 WILLIAM M. McENEANEY AND RUOBING ZHAO

In particular, if there exists a € F such that stat; . 4 G(u) = {a}, then stat,c 4 G(u) =
a; otherwise, stat,c4 G(u) is undefined. At times, we may abuse notation by writing
@ = argstat{G(u) |u € A} in the event that the argstat is the single point {@}.

In the case where U is a Banach space and A C U{ is an open set, G : A — F is
Fréchet differentiable at @ € A with continuous, linear DG (@) € L(U; F) if

(2.3) Jim |G(a + w) — G(a) — [DG(a)]w|
w—0, ut+weA\{u} ‘w|

=0.

The following is immediate from the above definitions.

LEMMA 2.1. Suppose U is a Banach space, with open set A C U, and that G
is Fréchet differentiable at © € A. Then, u € argstat{G(y) |y € A} if and only if
DG(u) = 0.

2.2. Problem definition. Throughout, let ¢/, V be Banach spaces. When U is
also Hilbert, let the inner product be denoted by (:,-);; and similarly for V. Let the
inner product on Y x V be denoted by (-, )yyxy. Let A C U and B C V be open.
Throughout, we assume

(A1) G e C*(Ax B;F).
Let
(2.4)
Dom(G') = {u € Al staBt G(u,v) exists }, Dom(G?) ={v € B| staﬁ G(u,v) exists },
ve ue
G (u) = steaéc G(u,v) Yu € Dom(Gh), G%(v) = S‘LG%EG(u, v) Vv € Dom(G?),
Al (u) = argstat G(u,v), A%(v) = argstat G(u,v),
veB ucA
Al = argstat G (u), A% = argstat GZ(v).
u€Dom(G1) veDom(G?2)

We will discuss conditions under which

(2.5) stat  G'(u) = stat G(u,v) = stat_ G?*(v).
u€Dom(G1) (u,v)EAXB veDom(G?2)

We will generally be concerned only with the left-hand equality in (2.5); obviously the
right-hand equality would be obtained analogously. We refer to the left-hand object
in (2.5) as an iterated stat operation, while the center object will be referred to as
a full stat operation. Although in some results, the existence of both the iterated
and full stat operations are obtained, many of the results will assume the existence
of one or both of these objects. We list the two potential assumptions below. In each
result to follow, we will indicate when one or both of these is utilized. The full stat
assumption is as follows:

(A.2f) Assume stat(, ,)eaxsG(u,v) exists.

Note that under assumption (A.2f), if (@,v) € argstat, ,yeaxp G(u,v), then
(2.6) o€ Al(a) and @€ A%(D).

The iterated stat assumption is as follows:

(A.2i) Assume statueDom((;l)Gl(u) exists.
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STATICIZATION AND ITERATED STATICIZATION 5
Note that under assumption (A.2i), if @ € A!, then

(2.7) there exists v € A*(7) and  stat_ G'(u) = G(u,v).
u€Dom(G?1)

We will first obtain (2.5) under some general assumptions. After that, we will
demonstrate that these assumptions are satisfied under certain other sets of assump-
tions, where the latter sets describe more commonly noted classes of functions (specif-
ically, quadratic, semiquadratic, and Morse functions). Again, we mainly address only
the left-hand equality of (2.5); the right-hand equality is handled similarly.

3. The general case. Given C C V and ¢ € V, we let d(9,C) = inf,ec v — ’U|
and use this distance notation more generally throughout. In addition to (A.1), w
assume the following throughout this section.

If (A.2f) is satisfied, then for any (u,v) € argstat(, ,)caxp G(u,v), there
(A.3)  exist 0 = 0(,0) > 0 and K = K(a,v) < oo such that d(v, A'(u)) <
K |i —u| V u € Dom(G*) N Bs(u).

We note that (A.3) is trivially satisfied in the case that there exists 6 > 0 such that
Bs(w) N Dom(Gt) = 0.
LEMMA 3.1. Assume (A.2f), and let (u,v) € argstat(, ,ycaxpG(u,v). If u €

Dom(G1), then w € A' and G(u,v) € SEAL)  pom(t) Gt (u).

Proof. Let (u,v) € argstat(, ,)caxp G(u,v), and let R =1/ d((u, ), (A x B)°).
By assumption (A.3), there exist § € (0,R/2) and K < oo such that for all u €
Dom(G') N Bs(u) and all € € (0,1), there exists v € A*(u) such that

(3.1) [v—0| < (K +é)ju—a| < (K +e)d.
Let @ € Dom(G*) N By (r+1)(@). By (2.6),

|stat G(a,v) — stat G(u,v)| = \stal;g G(u,v) — G(u,v)|,
ve

and by (3.1), there exists 0 = v( ) € B;(v) such that this is
(3.2) = |G(u,0) — G(a,v)|.

Let f € C*°((—3/2,3/2); A x B) be given by f(A) = (@ + A(@ — @), v+ A0 — 0))
for all A € (—3/2,3/2). Define WO(\) = [G o f]()\) for all X € (=3/2,3/2), and note
that by assumption (A.1) and standard results, W € C%((—3/2,3/2); F). Similarly,
let WH(A) = [(Gu,Gy) o fI(A) = (Gu(f(N),Gu(f(N)). By assumption (A.1) and
standard results, W' € C! ((—3/2, 3/2);U’ x V’), where U’, V' denote the dual spaces
of U,V. Then, by a version of the mean value theorem [1, Theorem 12.6] (which is
included in Appendix A for easy reference), there exists Ao € (0,1) such that
‘ e

d(u,v)

= (G (UO,UQ U(),’U())H ’ZNL ”l_l, ’l_})|,
where (ug,vp) = f(M\o) and which, by (3.1),
|

0) (
(3.3) < ’(G (up,vg), Gy (ug, vo ) V14 (K +1)2|a — al

G, 1) — O, )] = [WO(1) ~ W°(0)] < 70| [ L (20)
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6 WILLIAM M. McENEANEY AND RUOBING ZHAO

Again by the aforementioned mean value theorem, there exists A; € (0, \g) such
that

’(Gu(umUO)a GU(UO>UO)) - (Gu(a7@)7 Gv(ﬁ,’TJ))’ = |W1()‘0) - Wl (0)|
d’G df d’G _ _
= ‘d(u,v)2(f(/\1))‘ ‘ﬁo\l)’ Al < ’d(u,v)Q(uhvl)’ (1 = @0 =),
where (u1,v1) = f(\1), and this is

2
T OMVIT (K + 12—l

d(u,v)?

Recalling (@, v) € argstat(, ,ecaxp G(u,v), this implies

2
(34) |(Gu(7.t0, 'Uo), GU(UO,U()))| S ‘d(éi (j)Z (f()\l))‘\/ 1+ (K + 1)2|7_~l, — ﬂ‘

Combining (3.3) and (3.4) yields

d*G

d(u,v)”

G(@,9) - G(a,7)| < | (FOD|[1+ (K + 1) fa — .
Let K7 = |$(a, v)|. By (A.1), there exists 6 € (0,6/(K +1)) such that for all
(u,v) € B;(u,v), |%(u,v)| < K; + 1. Hence, there exists C' < co such that

(3.5) |G(a,0) — G(a,v)] < Cla—af> Ya € Dom(GY) N B g, 4 1)(@)-

Combining (3.2) and (3.5) and noting that @ € Dom(G") N Bj 1, (@) was arbitrary,
one has |G" (u) = G'(@)|/Ju—a| < Clu—a] for all u € [Dom(G")N By, 1y (@] \ {a},
which implies @ € A" by definition. The second assertion follows easily. ]

THEOREM 3.2. Assume (A.2f), and let (4, ) € argstat(, ,ycaxp G(u,v). Assume
(A.2i) and that @ € Dom(G'). Then

tat G (u) = G(u,0) = stat G .
UGDSOI?;(G'l) (U) (U7IU) (u,vS)EaAXB (U,'U)

Proof. The assertions follow directly from the assumption, (A.2f), and Lemma
3.1. 0

4. Some specific cases. We examine several classes of functionals that fit
within the general class above.

4.1. The quadratic case. Throughout this section, we take A =U and B =V,
where U,V are Hilbert. Let

G(u,v) = § + (w, wu + (y,v)v + 5(Bru, )y + (Bav,u)y + 5(Bsv,v)y
(4.1) = §+ (w,u)y + (y,v)y + 3(Bru, u)y + (Byu, v)y + 3(Bsv,v)y
for all uw € U and v € V, where By € L(U;U), By € L(V;U), Bs € L(V; V), w € U,
y €V, and ¢ € F, where L(-, ) generically denotes a space of bounded linear operators

and B, Bs are self-adjoint and closed. We present results under both the cases of
(A.2f) and (A.2i).
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STATICIZATION AND ITERATED STATICIZATION 7

4.1.1. When the full staticization is known to exist. We suppose (A.2f),
and let (u,v) € argstat, ,jcaxs G(u,v). This subcase is fully covered in [15], and
hence here, we will mainly only indicate an additional approach. We begin by noting
the following, which follows directly from (4.1) and Lemma 2.1.

LEMMA 4.1. Let i € A. Then © € A () if and only if Byt + Bzt +y = 0.

Under condition (A.2f), the following is obtained in [15, Section 4.2], and those
proofs are not repeated here. We note, however, that a proof of the second assertion
of Lemma 4.2 is a subcase of the proof of the first assertion of Lemma 4.8 below,
which covers a slightly more general class.

LEMMA 4.2. stat,cpom(gr) G1 eists (i.e., (A.2i) is satisfied), and @ € Dom(G").
LEMMA 4.3. Assumption (A.3) is satisfied.

Proof. We suppose Dom(G1) # {u}; otherwise the result is trivial. Let @ €
Dom(G')\ {u}. By Lemma 4.1, € A'(a) if and only if Bya + B3t +y = 0. However,
by (2.6), v € A'(a), and hence by Lemma 4.1, Byu + B3t +y = 0. Combining these
two inequalities, we see that © € Al(a) if and only if By(a — @) + B3(d — v) = 0.
We take 0 =0 — Bf B (4 — u), where the # superscript indicates the Moore-Penrose
pseudoinverse, where existence follows by the closedness of Bs; cf. [2, 22]. Then
b e A'(a) and |& — 0| < |B¥||BS||& — |, where the induced norms on the operators
are employed, which yields the desired assertion. ]

By Lemmas 4.2 and 4.3 and Theorem 3.2, one has the following.

THEOREM 4.4. Let (6, ) denote any element of argstat(, e ax5 G(u,v), and as-
sume i € Dom(G?'). Then

4.2 stat Gl(u) = G(a,0) = stat  G(u,v).
( ) uEgo:(C_?l) (u) (U U) (u,vb)EaAXB (U U)

4.1.2. When the iterated staticization is known to exist. We suppose
(A.2i), and let u € A'. We will find that stat(, ,)eaxs G(u,v) exists and obtain the
equivalence between full and iterated staticization. We begin with a lemma (which is
similar to Lemma 10 of [15]).

LEMMA 4.5. Given any i € A, A'(a) is an affine subspace, and further, if i €
Dom(G?), then A'(a) is nonempty.

Proof. By Lemma 4.1 v € A'(q) if and only if Bya + Bsv +y = 0, which yields
the assertions. 0

We remark that, by definition, for any @ € Dom(G'), G(@,-) is constant on the
affine subspace A ().

THEOREM 4.6. Assume (A.2i), and suppose i € A'. Let v be as given in (2.7).
Then,  stat(, ,eaxp G(u,v) exists, and statq, ,)cuxy G(u,v) = G(u,0)
= staty,e pom(G1) Gl (u).

Proof. Assume (A.2i), and let @ € A'. Let ¥ be as given in (2.7). First, note that
the assertion that G(&,?) = stat,cpom(gr) G* (1) will follow from the other assertions
and (2.7). By Lemma 4.1, v € A'(a) if and only if Bhu + Bsv +y = 0. For u €
Dom(G1), let

(4.3) 0(u) =0 — BY [Byu+y — (Byu+y)],
and note that
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8 WILLIAM M. McENEANEY AND RUOBING ZHAO
(4.4) o(u) = 0.
Let & = —B¥[Bbi + y], and note that as © and @ are both in A (@), by Lemma 4.1,
(4.5) 0 = Bs[vo— 9] = Bs [0+ BY (Bya +y)].
Then using (4.3) and (4.5), we see that for u € Dom(G?),

Byv(u) + Bhu+y = B3 [v — B (Byu — Bya)] + Bhu +y

= B[~ BY (Byu +y)] + Byu +y,

which, by definition of the pseudoinverse and the fact that Bhi +y € Range(B3) for

u € Dom(G1),
=0.

Hence, 9(u) € A'(u) Yu € Dom(G'), and consequently,
(4.6) G (u) = G(u,d(u)) Yu € Dom(GH).
Then, by (A.2i) and the choice of «,

ag'
0= ™
which by (4.6), (A.1) and the chain rule,
i
= (@, 5(@)) + G, (@, 8(2) 7. (2),
which, by (4.4) and our choice of v,

= Gu(4,0) + Gy(a,0)— (1) = Gy (4, ).
From this and the choice of v, we see that

(4.7 (a,v) € argstat G(u,v) and G(@,0) € stat® G(u,v).
(u,v)EAXB (u,v)EAXB

Now suppose there exists (u,0) € argstat(, ,ycaxB G(u,v)\ {(@,0)}. This implies
(4.8) Gou(@,8) =0 and G,(d,0) =0,

and consequently,

(4.9) v e A(a) and G'(a) = G(a,0).

Let

(4.10) '(u) = — BY [Byu+y — (Byi+y)] Yu e Dom(G),
and note that

(4.11) v'(a) = 0.

Let © = —B¥ (Bbii+y), and note that 9,9 € A'(@). Similar to the above, we see that

(4.12) 0= Bs(d — ) = Bs[o + Bf (Bha +y))].

>



283

284

285

N
0%
pasy

288

289

290

291

292
293

294
295

296

297

298

388

301
302
303
304

305

306

307

308

309

310

311

312

313

314

315

316

ww
s
=N
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Then, again similar to the above, using (4.12), the definition of the pseudoinverse,
and Bju + y € Range(Bs), we see that

By’ (u) + Byu+y = Bs[i — B (Byu+y — (Byii +y))] + Byu+y

= B[ — BY (Byu +y)| + Byu+y =0,

which implies that ©'(u) € A'(u) for all u € Dom(G'). Hence,
(4.13) G'(u) = G(u,v'(u)) Yu € Dom(Gh).
By (4.10), (4.13), (A.1), and the chain rule,

U6 ) = i, () + Gl 5" (0) (),

which, by (4.8) and (4.11),

which implies that @ € A'. Using this, (4.9), and (A.2i), we see that G(4,9) =
G(u,v). As (4,0) € argstat(, ,)caxpG(u,v) \ {(,0)} was arbitrary, we have the
desired result. 0

4.2. The semiquadratic case. Throughout this section, we take A C U and
B =YV, with V being Hilbert. Let

(4.14) G(u,v) = fi(u) + (fa(u),v)y + %(Bg(u)v, vy

forallu € Aandv € V, where f; € C%(A; F), fo € C?(A; V), and B3 € C%(A; L(V,V))
and Bs(u) is self-adjoint and closed for all u € A. For each u € A, let Bf(u) =
[Bs(u)]# denote the Moore-Penrose pseudoinverse of Bs(u) (where the existence of
such follows from the closedness of Bs(u)). Assume that there exists a constant D > 0
such that |Bf (u)| < D for all u € Dom(G'). Similar to Lemma 4.1, the next lemma
follows directly from (4.14) and Lemma 2.1.

LEMMA 4.7. Let @ € A. Then © € AY(d) if and only if fo() + B3(@)d = 0.

4.2.1. When the full staticization is known to exist.

LEMMA 4.8. Assume (A.2f), and let (u,v) € argstat(, ,ycaxp G(u,v). Then u €
Dom(G"Y), and assumption (A.3) is satisfied.

Proof. We begin with the first assertion. Let (u,v) € argstat(, ,ycaxp G(u,v).
Then, by definition of stat,

(4.15) Bs(u)v + fa(u) = 0.

For any v € V,

=1

G(a,v) — G(u,v) = (f2(t),v — B)y + 5(Bs(@)v,v)y — 3(Bs(a)
and by the self-adjointness of Bs(#%) and (4.15), one finds

= (fo(),v — 0)y + (Bs(@)v,v — 0)y + 2(Bs(a)(v — v),v — D)y
(4.16) = H(Bs(a)(v —v),v — V).

76>V7
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10 WILLIAM M. McENEANEY AND RUOBING ZHAO

Now suppose there exists © # o such that 0 € argstat,c,, G(t,v). This implies
B3(u)d + fo(u) = 0, and similar to the case for v, one sees that for all v € V,

(4.17) G(1,v) — G(11,9) = L(Bs(u)(v — ), 0 — 0)y.

Taking v = ¢ in (4.16) and v = v in (4.17) yields G(u,v) = G(u,?). As 0 € V was
arbitrary, we have the first assertion.

Next, suppose Dom(G') # {u}; otherwise the result is trivial. Choose any & > 0
such that Dom(G') N ( s()\{u}) # 0. Let o € [Dom(G') N Bs(u)] \ {a}. Let
o = — BY (4) fo(a) — BY () Bs(@)v. Note that as fo(@) € Range(Bs(a)),

Bs()d + f2(i2) —Bs(A)[T}—Bf(A)fz( ) = B (@) Bs(@)v] + fa(@)
= B3(1)0 — f2(a) — B3(@)7 + f2(a) = 0.
Therefore, © € A'(@) by Lemma 4.7. We have
0~ o] = | B (@) f2(@) + BY (@) Ba(@)e
and noting that by Lemma 4.7, Bg('l._b)’l_} fa(@) =0, thls is
= |BY (@)[f2(a) - fa(@) — Bs(a)v + Bs(@)0)|
< |BY (a )\Ifz( ) = ( ) (Bs(a ) B(u))ul,

(1-
A)a)| and using the mean value theorem [17 Theorem 12.6] (see also Appendlx A), we
see that this is

and letting Ky = maxyco, 1 ’E M+ (1-

< D[Ky|a—a| + Kp|o||a — al],

which yields (A.3). o0
THEOREM 4.9. Assume (A.2f), and let (u,v) € argstat(, ,yeaxpG(u,v). Also
assume (A.21). Then

stat G'(u) = G(u,0) = stat G(u,v).
u€Dom(G?1) (u,w)eAxB

Proof. This follows immediately from Lemma 4.8 and Theorem 3.2. ]

In order to remove the assumption in Theorem 4.9 that stat, cpom(G1) Gt (u) exists
(i.e., (A.2i)), we will use an assumption that is more easily verified. The following
lemma and theorem perform that replacement.

~ LEMMA 4.10. Suppose fo(u) € Range[Bs(u)] for all u € Dom(G"). Suppose i €
AL, and let € A'(0). Then G (a,0) = 0.

Proof. By assumption and Lemma 4.7,

(4.18) G,(4,0) =0.
Suppose
(4.19) G, (4, 0) # 0.

Then there exists € > 0, sequence {u, } with elements u,, € A\ {4} and u, — 4, and
n = n(e) € N such that

(4.20) G(un, 8) — G(it, 0)| > elup — @ Vn > i
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Let

(4.21) Up = — B (un)[fo(un) + Bs(u,)0] ¥n € N.
Then using Lemma 4.7,

[ — 1 < |BE (wn)| | foltn) + Bs(un)d — fo(@) — Ba(@)o
which, by assumption,
(4.22) < D(|fa(un) = fo(@)] + [Bs(un) — Bs(@)[[0])-

Now, by mean value theorem [1, Theorem 12.6] (see also Appendix A), for each
n € N, there exist A, A, € [0, 1] such that

|ty — 4,

Falun) — o) < \‘fl—? Ot + (1= M)

—’lAJ,|,

and hence by the smoothness of fs, B3 and (4.22), there exist K < oo and 7 € N such
that

(4.23) |vp, — 0] < DK (14 |9|)|up — @] Vn > 1.

Also, using (4.21),

BB(UW,)UTL + fQ(Un) = BS(un) [ﬁ - Bg%(un)fQ(un) - Bf(un)BZS(un)rD] + f2(un)7
which, by assumption and the properties of the pseudoinverse,
(424) = B3(Un)ﬁ — fg(un) — Bg(un)’f) + fg(un) =0.
By (4.24) and Lemma 4.7, v,, € A'(u,,) for all n € N. Using this, recalling that we

took © € A'(), and noting the semiquadratic form, we see that

|G (un, vn) = G (i1, 9)| = |G (un) — G (1)),

and by the assumption that @ € A", there exists 7 = n(e) such that for all n > 7,

< §|un — 1,
which implies

|G (tn, V) — G(p, 0) + G(tn,d) — G(4,0)| < =|u, — 4| Yn > a,
and hence
(4.25) |G (tn, 8) — G (i1, 0)| < §|un — 4| + |G (tn, vn) — G(t, D) V1 > 7.

Now by (4.14),
G(unvﬁ) - G(unvvn) = <f2(un)a b — Un>V + %<B3(Un)@a'ﬁ>v - %<B3(un)vn,vn>1}a
which, by (4.21),

= <f2(un) B?(un)[fQ(un) + BB(un) ]>V + 35 <B3(un)v U>V <BB(un)Unavn>Va
and by Lemma 4.7 and the self-adjointness of Bs, this is

= (=Bs(un)vn, BY (un) Bs(un) (6 — vn))y + 3 (Bs(un)i, 8)y — (B3 (un)vn, vn)y,
(4.26)

= (Bs(un) (2 — vp), (0 = vn))v.
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12 WILLIAM M. McENEANEY AND RUOBING ZHAO

Applying (4.23) in (4.26), we see that there exists K; < oo such that |G(u,,?) —
G(tn,v,)| < Ki|u, — @|? for all n > 7, and consequently, there exists n; = 71 (€) €
(7, 00) such that

(4.27) |G (tn, 9) — G(tn, vp)| < §|un — 4] Yn > n.

By (4.25) and (4.27),
(4.28) |G (tn, ) — G(4,0)| < €luy, — 4| Vn>naAn;.

However, (4.28) contradicts (4.20), and consequently, G, (4, 0) = 0. d

THEOREM 4.11. Assume (A.2f), and let (u,v) € argstat, ,)caxp G(u,v). Also
assume fa(u) € Range[Bs(u)] for all u € Dom(G'). Then
stat_ G'(u) = G(u,0) = stat G(u,v).
u€Dom(G1) (u,v)EAXB
Proof. Suppose @ € A', and let © € A'(4). Then G,(@,?) = 0, and by Lemma
4.10, Gy (@,9) = 0. These imply (4,0) € argstat(, ,jcaxy G(u,v), and hence, by
the assumption of the subsection, G(i,9) = G(u,v). By this and the choice of 9,
G'(1) = G(u,0). As u € A" was arbitrary, stat,cpom(Gi) G (u) exists. The assertion
then follows by Theorem 4.9. |

4.2.2. When the iterated staticization is known to exist. The case where
the iterated staticization is known to exist appears to also require an additional as-
sumption.

THEOREM 4.12. Assume (A.2i), and let u € A'. Also assume that fo(u) €
Range[Bs(u)] for all uw € Dom(G*). Then stat(y eaxs G(u,v) ezists, and

tat G'(u) =G(u4,0) = stat  G(u,v).
uegor?;(él) (U) (U7’U) (u,vb)gAxB (U7’U)

Proof. Note that by assumption and Lemma 4.7, Dom(G') = A. Let @ €
argstat, cpom(g1) G' (1), and let @ be as in (2.7). By definition and Lemma 4.10,
G,(u,v) =0 and G, (4, v) = 0, which implies

(a,v) € argstat G(u,v) and G(u,?) € stat® G(u,v).
(u,v)EAXB (u,v)EAXB

Now suppose there exists (i, 9) € argstat(, ,)c axp G(u,v) \{(@,v)}. This implies
(4.29)  Gu(a,0) =0,  G,(a,0)=0, o€ A'(a), and G*(a)= G(a,?).
Let

(4.30) b(u) = 6 — BY (u) fo(u) — BY (u)Bs(u)d Yu € A,

and note that ¥(4) = 0. Also note that by (4.30), the assumptions, and properties of
the pseudoinverse,

Bz (u)v(u) + fo(u) = B3(u)d — fa(u) — Bz(u)d + fo(u) = 0,
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which implies that #(u) € Al(u) for all u € A. Hence, G'(u) = G(u,d(u)) for all
u € A. Note that

|G (u) = G (@) = |G(u, b(u) — G, )| < |G(u, ¥(u))— G(u, 0)|+]G(u,0) — G(it, 0)],
and note that by (4.29), given € > 0, there exists &, = &1 (¢) > 0 such that, for all
lu— | < 61,

(4.31)

< Shu— il + |Glu, 5(w) = Glu, D).

Also, similar to the estimate in the proof of Lemma 4.10, we find that there exists
d2 = 02(€) > 0 such that

G(u, 5(u)) — G(u, 0)| < %|u —d Y|u—i| <8
Using this in (4.31), we see that
(4.32) G (u) — GHa)| < elu—a] V|u—a| < Ady.

Hence, %( ) = 0, which implies that @ € A'. Using this and (A.2i), we see that
G(ﬁ,ﬁ) = G(u,0). As (4,0) € argstat(, ,)caxp G(u,v) \ {(4,0)} was arbitrary, we
have the desired result. d

4.3. The uniformly locally Morse case. Throughout this section, we will
assume that G is uniformly locally Morse in v in the following sense. We assume
that for all (4,0) € A x B such that G,(@,0) = 0, there exist é = &(d,?) > 0 and
K = K( ) < oo such that Gy, (u,v) is invertible with |[G U)]_1’ < K for all
(u,v) € Be(i,0). We also assume that G, (u,v) is bounded on bounded sets.

4.3.1. When the full staticization is known to exist. We suppose (A.2f),
and let (u,v) € argstat(, ,jcaxp G(u,v). We will find that (A.3) holds and that

statyepom(at) G'(u) exists. We will then obtain the equivalence between full and
iterated staticization.

LEMMA 4.13. Assume (A.2f), and let (u,v) € argstat(, ,ycaxp G(u,v). There
ezist €,6 > 0 and ¥ € CY(B(u); BN Bs(v)) such that 5(4) = v, Gy(u, 9(u)) = 0, and

do -1
@(“) = _[Gyv(u’v)hu,'ﬁ(u))] G (1, U)|(u,f}(u))

for all uw € Be(a).

Proof. The first two assertions are simply the implicit mapping theorem; cf. [12].
The final assertion then follows from an application of the chain rule; that is, noting
that G, (u, 9(u)) = 0 on B.(u),

dGy(u, 0(u)) dv _
— = Gw(u,v)‘(u () + Gy (u,v ’(u 5w gy (u) Yu € Be(u). p

By Lemma 4.13 and the definition of Dom(G'),
(4.33) G'(u) = S%al;cG(u,v) = G(u,9(u)) Yu € Bc(@) N Dom(G*).
v

v

0:

Then, by (4.33), the chain rule, (A.1), and Lemma 4.13,
(4.34) G'(-) € C*(B.(a) N Dom(G"); F).
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14 WILLIAM M. McENEANEY AND RUOBING ZHAO

LEMMA 4.14. Assume (A.2f), and let (u,v) € argstat(, , eaxpG(u,v). Then
(A.3) is satisfied. That is, there exists K < 0o and § € (0,¢€) such that [0(u) —v(u)| =
|9(u) — 0| < K|u— 1| for all u € Bs(a) N Dom(G?).

Proof. By Lemma 4.13, 95(.) is continuous on B.(u) N Dom(G'). Further, by

the final assertion of Lemma 4.13, the uniformly locally Morse assumption, and the
boundedness assumption of the lemma,

dv

%(u)’ = |[Goo(u,v) ]_1| |G (u,v)

| < KK,
(u,0(u)) (u,0(u))

where K is a bound on |G, (u, U(u))| (u,5(u))| Over Bs(u). Hence, by an application of
the mean value theorem, we obtain the asserted bound. O

By Lemma 4.14, we see that one may apply Theorem 3.2 if € Dom(G?'). This
implies that the equivalence of stat and iterated stat holds under the assumption of
existence of the latter. We proceed to obtain this existence.

LEMMA 4.15. Assume (A.2f), and let (u,v) € argstat(, ,ycaxp G(u,v). Also as-
sume that @ € Dom(G'). Then statye pom() G1(u) emists.

Proof. Note first that by (4.33), (4.34), and the chain rule,

d -, _d y B o o
%G (u)’u:ﬂ = @G(u,v(u))’u:ﬁ = G (u,9()) + Gy(u,v(a))

which, by (A.2f) and Lemma 4.13,
=0.

dv

%(a)a

Consequently,

(4.35) o€ argstat G'(u) and G'(a) € stat®  G'(u).
u€Dom(G1) u€Dom(G1)

Suppose @ € Dom(G*), with @ # @, is such that

(4.36) i€ argstat G'(u).
u€Dom(G1)

Then, by (A.2f), there exists © € A!(@). Recalling that G is uniformly locally Morse
in v and applying the implicit mapping theorem again, we find that there exists ¢ > 0
and ¥’ € CY(B(1); B) such that B (4) C Dom(G') and

(4.37) v'(a) =0 and G, (u,v'(u)) =0 Yu € Bo(a) C Dom(G*).
Then, by (4.36), another application of the chain rule, and (4.37),

d _
(4.38) 0= @Gl(u)h:ﬁ = Gyu(, 0" (1) + Gy, 0" (1)) = () = Gy, 0).
By (4.37) and (4.38), (1,9) € argstat,, ,)caxp G(u,v), and hence by (A.2f),
(4.39) G(i,v) = G(a, 7).
Recalling from (2.6) that ¢ € argstat,cz G(@,v) and using (4.39), we have

G*(a) = G(1,0) = G(u, ).

As @ € argstat, cpom(a) G'(u) \ {u} was arbitrary, we have the desired result. d
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THEOREM 4.16. Assume (A.2f), and let (4,v) € argstat, ,)eaxp G(u,v). Also
assume 4 € Dom(G'). Then statyepom(ar) Gt(u) exists, and

tat  Gl(u) = G(a,7) = stat G(u,v).
uEDsor%(Gl) (u> (U 'U) (u,vS)GaUXV (U U)

Proof. The assertion of the existence of stat,cpom(an) G'(u) is simply Lemma
4.15. Then, noting that Lemma 4.14 implies that assumption (A.3) is satisfied, one
may apply Theorem 3.2 to obtain the second assertion of the theorem. O

4.3.2. When the iterated staticization is known to exist. We suppose
(A.2i), and let u € A'. We will find that stat(, ,)eaxs G(u,v) exists and obtain the
equivalence between full and iterated staticization.

LEMMA 4.17. Assume (A.2i), and let u € A'. Then stat(y,v)eaxs G(u,v) exists.

Proof. By (A.2i), (2.7), the uniform Morse property, and the implicit mapping
theorem, there exists § > 0 and © € C'(Bs(u); B) such that Bs C Dom(G?),

(4.40) 9(a) =v and G,(u,¥(u)) =0 Vu € Bs(a).

By the differentiability of o, (A.1), and the chain rule,

dGt o W du o __dv
T (@) = G, @) + o, 5(0)) 5 (3) = Gul, ) + Cu(5,7) o (1)
Using (A.2i) and (2.7), this implies 0 = Gu(@,v), and hence (@,v)

€ argstat(, ,yeaxp G(u,v).
Now suppose there exists (i, 0) € argstat, ,ycaxs G(u, v)\{(2,?)}, which implies

(4.41) Gu(i,9) =0 and Gy(a,d) = 0.

By (4.41), (A.1), the uniform Morse property, and the implicit mapping theorem,
there exists & > 0 and ¢’ € C1(Bg (4); B) such that By (i) C Dom(G?!),

(4.42) 9/ (0) =9 and Gy(u,¥'(u)) =0 Yu € By (@).
Further, combining the definition of Dom(G?') and (4.42), we see that
(4.43) G (u) = stat G(u,v) = G(u, v’ (u)) YuBs ().
Then, by (4.42), (4.43), (A.1), and the chain rule,
~1 (5 &
T () = G’ (@) + G ') 2 ),
which, by (4.41) and the definition of ¥/ (u),

that is, @ € argstat,cpom(a) G'(u), and using (A.2i), this implies G (4) = G'(a).
Combining this with (4.42) and (4.43), we see that
G(a,0) = G (1) = G (),
and then by the definition of G and (2.7), this is
= G(a, ).

IS
S
>
(43

As (4,9) € argstat(, ,caxp Was arbitrary, G(4,0) = G(u,v) for all (
€ argstat(, ,yeaxp G(u,v). d
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16 WILLIAM M. McENEANEY AND RUOBING ZHAO

By Lemma 4.17 and Theorem 4.16 we have the following.

THEOREM 4.18. Assume (A.2i), and let u € A'. Then argstat, ,)eaxps G(u,v)

exists, and
stat  G(u,v) = G(a,0) = stat_ G*(u).
(u,v)EUXV u€Dom(G?')

5. Application to astrodynamics. As noted in the introduction, there are
two classes of problems in dynamical systems that have motivated the above de-
velopment. The first class consists of TPBVPs in astrodynamics, and we discuss
that here. Specifically, one may obtain fundamental solutions to TPBVPs in astro-
dynamics through a stationary-action-based approach [9, 10, 18, 19]. We briefly
recall the case of the n-body problem. In this case, the action functional with
an appended terminal cost (cf. [19]) takes the form indicated in (1.1), where now
z = ((h)7, (zQ)T,...(x")T)T, where each 2/ € R3 denotes a generic position of
body j for j € N = {1,2,...n}, and &, u. of (1.1) are similarly constructed. The
kinetic-energy term is T'(u,) = % Z?Zl m;|ul|?, where m; is the mass of the jth body.

Suppose x’ # x7 for all i # j. Then, the additive inverse of the potential is given

by
V() Z Ly ma Z (3)% I'mym; |« aile’ = a7l
— = —_— = X 5 i j.g— ———
£ ‘l’l — Q?j‘ aEM(o’oo) 4 2 J J 2
(1,5)€T> (i,5)€TA
(5.1) = max [-— f/(x,oz)} = —V(z,a),

aeM(O,oo)

where T is the universal gravitational constant, Z» = {(i,j) € N?|j > i}, M(oa)
denotes the set of arrays indexed by (i,j) € T® with elements in (0,a), and &;; =
&, j(z) = [2/(3la" — $j|2)]1/2 for all (i,j) € Z?; see [19]. Recalling the discussion in
section 1, we note that solutions of stationary-action problems with these kinetic and
potential energy functions will yield solutions of TPBVPs for the n-body dynamics.
Letting U,y = L2((07t); ]R?’”), one finds that the problem becomes that of finding
the stationary-action value function given by

(5.2)
W(t,x) = stat JO(t, x,u),
where
JO(t,x,u) = /Ot T(u) — V(&) dr + p(&) = /Ot Tlw)+ max [=V(@a)]dr
+ (&),
(5.3)

BC {’LL 6Z/{(O,t)‘ |§7l" _gﬂ 7é 0 V(Zm?) EIAu re [O7t}}

Remark 5.1. Throughout the discussion to follow, we assume that W (t, z) given
by (5.2) exists. In particular, we assume that B is open and that there exists u € B
such that argstat,cz JO(t,z,u) = {#}. One may note that given u € B, there exists
§ > 0 such that |¢& — &/ > 0 for all (4,5) € Z» and r € [0,#], and consequently
there exists an open ball, Bs(u) C B, which implies that B has nonempty interior. In
the case where the problem corresponds to a TPBVP, these conditions amount to an
assumption that if there are multiple solutions to the TPBVP, then the solutions are
isolated; cf. [9, 10, 19].
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Let A?O,t) = C((0,t); M(o,a)) and flg),t) = C((0,t); M), where Mg denotes the
set of arrays indexed by (i,7) € T? with elements in R and where we note that the
former is a subset of the latter, which is a Banach space.

LEMMA 5.2. Let x € R*, t € (0,00), and B C U ). Then

W(t,x) = stat stat J(t, z,u,q),
ueB &ej(oa“

where

(5.4) J@%w®iATw0—W&@0m+M®.

Further, if A C ./1(06’ y) s open and such that & € A, where &% = a; (&) for
all (i,j) € T% and a.e. r € (0,t), where & = z + Jo updp, then W(t,x) =

statyep statgea J(t, z, u, &) = statyep J (¢, 2, u, @).

Proof. Let & € R*", t € (0,00), u € B C Uy, and A = fl;’g’t). By [19,
Theorem 4.7], we find JO(¢,z,u) = maxae J(t,x,u,d), where J(t,z,u,&) is given
by (5.4). Noting that J(¢,x,u,-) is differentiable and strictly concave then yields
JO(t,z,u) = statgea J(t, z,u,@). Combining this with (5.2) yields the first assertion.
The second assertion then follows by noting the argmax of (5.1). O

If one is able to reorder the stat operations, then the stat representation of Lemma,
5.2 may be decomposed as

(5.5) W(t,x) = §t€aft‘ W(t,z, &),
(5:6) Wt,.) = s { [ T0) - V6 ar + o) |

Further, suppose ¢ is a quadratic form, say,
(5.7) ¢(z) = ¢(x;2) = 3(x — 2)T Poa — 2) + 0,

where z € R3” and P, is symmetric, positive-definite. Then, the argument of stat in
(5.6) will be quadratic in u, and we will have

(5.8) W(t, x,0) = %(xTPt‘S‘x + xTQf‘z + zTQf“m + zTRf‘z + 9,

where P% Q% RY may be obtained from solution of a-indexed DREs, and ~¢ is
obtained from an integral [15, 19]. It will now be demonstrated that in the case of
quadratic ¢, we may reorder the stat operators.

Remark 5.3. We remark that different forms of ¢ may be used such that payoffs
(5.4) (which will be shown to be equivalent to (5.5)) correspond to different TPBVPs
for the n-body problem; see section 1 and [19]. The means by which this may be
utilized for efficient generation of fundamental solutions is indicated in [9, 10, 19].

Remark 5.4. Tt can be shown that for sufficiently short time intervals, JO(¢,x, )
is convex and coercive, and one then has W (¢, 2) = min,ep maxagea J(t, x, u, &) for ap-
propriate A, B. In that case, one also finds that W (¢, z) = maxge 4 min,ep J(¢, z, u, &),
and one proceeds similarly to the case here. That is, one again has (5.8), where the
coefficients satisfy DREs. See [19] for the details. Here, we will employ the reordering
of iterated stat operations to obtain W (¢, x) in a similar form, i.e., in the form (5.5).
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LEMMA 5.5. Let x € R3", t € (0,00), and & € A C A‘(’(‘)”t). Suppose ¢ has the

form (5.7). Then
J(t, 2, u, &) = fi(@) + (f2(&), W, + <Bg( Juy W,y YU € Uy,

where f1(&) € R, fa(a@) € Uy, and Bs(a) € LUo,1;U,1y). Further, if AC A‘(io’t)
with @ < oo, then for |Py!| sufficiently small, Range[Bs(u)] = Uo,t)-

Proof. Using (5.1) and (5.4), we see that
6.9) 3

&)\l — ed 2
J(t, x,u,&) / ij|ujr|2+ Z (2)® lem]{ (TM%M dr+¢(&).
(i,5)€TA

Note that for the kinetic-energy term, we have the Riesz representation
t n
(5.10) | A mitPar = $Quuuu .
j=1

where the operator Q1 € L(Uo,1);U(o,1)) is given by [Qu], = Q1u, for all r > 0, and
Q1 is the 3n x 3n block-diagonal matrix with blocks m I3, mols, ... my13.

Let I' = (%)32 I'. Similarly, we find that the potential term in J may be decom-
posed as

Z mlm]/ |:~z,] ‘gz £j|2:|

(i,§)€TA
. t dp|? Idp|? — 2 d "uld
_p Z*mimj/ [( ) 3| Jo updpl® +1 J5 u) p|2 (Jo up p) Jo v T] dr
(i.)€TA 0
i INT ([T i A
+T Z —m;m; /t [(&?3’)3 2(a' — 27)" (Jy updp) ;2(33J — 29" (fy u;dp)] dr
(i.)€TA 0
(5.11)
2 iz _ j
+T Zm,mj/[ - |1:|+|;z:|2 2@ dr
(i,9)€TA

= %<Q2(O¢)u, u>z,{(0’t) + <R2(6‘),U>Z/l(o,t) + 52(64) YVu e M(O,t)7

where we will obtain explicit expressions for Qa(&) € L(U,+);Uo,r)), Ra(@) € Uy,
and Sp(@) € R. Considering a single generic component inside the first summation
on the right-hand side of (5.11), note that

t .. T . T r v
/ (d?])g(/ “lpdp) / uldr dr
0 0 0
Tl i N3/, iNT
:/0 /0 /0 L. (P) Lo,y (T)(677) " () g dpdr dr,

where generically, Zo denotes the indicator function on set C, and this is

///IW Ve (0)(657)° (u) "l dr dpdr
:/O (u?) {/0 {/pw(a ) dr}ujdr}dp
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Combining all these generic terms and rearrangmg our choice of dummy variables, we
find that for all u € U(o 1), [Q2(@)ul, = fo Q2(a)](r, T)u, dr, where [Qo(a)](r, T) is
given as follows. For i,j €]1,n] such that i # 7, let

Qe(@r 7))y = Emam; [ (a2)" don

vr

and for i €]1,n[, let

[Q2(a)](r, Z [Qa(&)](n )lig-
nl, g

Then [Q2(&)](r, 7) = [Q2(&)](r, 7)] ® I3, where @ denotes the Kronecker product here.
Proceeding similarly, we find that Ry(&) € U ) has the Riesz representation

where for ¢ €]1,n],

[Ry(& :—FZmzm]/ d’j)sdr(xi—xj).

J#i

For the zeroth order in the expansion of the integral of the potential term, we have

t o - _
Sa(a) = Z f‘mimj/o [&273'_(&?]')3] dr || +\x3|2 2(z%) le

Now, we turn to the terminal cost. Recalling (5.7), we have

t T t t
o(&) = %(({updp) P, (Ofupdp) + (:1: — Z)TPO (gupdp) + %(z —2)TPy(z — 2) + 0
= %<Q3u7u>u(0,t) + <R37u>u(0,t) + 53,

where Q3 € L(U0,4);U0,1)), Rz € Uy, and S3 € R. In particular we have [Qsu], =
Py [y u,dp and [Ry], = Py(z — 2) for all 7 € (0,¢) and S3 = L(z — 2)T Py(z — 2) + 0.
Combining the terms, we have the asserted form for J(¢, z,u, &), where

fi(@) = S2(a) + S5, fa(@) = Ra(a@) + Ry, and Bs3(a) = Q1 + Q2(&) + Qs.

That Bs(&) € L(U0,1):U0,1) and fa(d) € Uy is easily seen from the above ex-
pressions. The final assertion follows from the dominance of Q3 when the minimal
eigenvalue of P, is sufficiently large. ]

THEOREM 5.6. Let t € (0,00) and © € R3™. Suppose W (t,x) given by (5.2)
exists. Let & € A?O y be as in Lemma 5.2 for some a < oo, and let D > \BY (a)|.
Let A= {a € A%, ||BY (a)| < D}. Then

W (t,z) = stat stat J(t,z,u, &) = stat  J(t,x,u, &) = stat stat J(t, x,u,a).
ueB acA (u,&)eBXA acAueB

Proof. Note that for heuristic reasons, some technical derivative computations in
this proof are delayed to Appendix B.
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Fix t € (0,00) and z € R3". Note that by the conditions of Remark 5.1, B is open.
By Lemma 5.5, B3(&) € L(Uo.1);U0,1)) for all & € A(o +)» Where this 1mp11es that all

such Bs(@) are closed operators, and hence [BY (a)] € L(U0,4);U0,1)) exists for all
a € 'A((_ZO,t)' Let g : L(U0,¢);U0,)) — L(u(o’t)j U,1)) be given by g(B) = B# for all
B € L(U,);Uo,t)). Let D be as given and D € (D,00). Let the open ball of radius

D be denoted by Dp = {B € L(Uw,1);Uo) | |Bl < D} and similarly for D. Let
Qp = g '(Dp) and Qp = g *(Dp), and noto that g is continuous on Qp [11, 21].
Hence, Qp is open, and as Bs(:) is continuous, we find that A = (B3)~Y(Qp) is
open. The first asserted equality then follows from Lemma 5.2. Further, this implies
that assumption (A.2i) is satisfied by the expression on the right-hand side of the
first equality. Hence, if the conditions of section 4.3 are met, then Theorem 4.18 will
yield the second equality. In this case here, the Morse condition of section 4.3 is
that for all (&,u) € Ax B, D2J(t,z,u,&) € E(.A(O 1) A%t)) is invertible with locally
bounded inverse. From Lemma B.2, the differential D2 .J (¢, x,u, &)y for v € Afé,t) has
representation with components given by

[V2J(t, x,u, &)Y]% = —30mgmjati|el — €12409 Y (i,5) € T, ae. r € (0,1).

As @bd gl — &l > 0 for all (i,j) € I® and r € (0,t), one finds that operator
D2 J(t,z,u,@) is indeed invertible with locally bounded inverse for all (&, u) € A x B.
Lastly, noting the representation given in Lemma B.3, one may easily show that
Di &J(t, z,u, &) is bounded on bounded sets. Hence, the conditions of section 4.3 are
met, and one may apply Theorem 4.18 to obtain the second equality.

Note that the second equality also implies that the expression on the right-hand
side of that equality satisfies assumption (A.2f). If the conditions of Theorem 4.9 are
satisfied, we will have the final equality. It is sufficient to show that, as a function of
(a,u) € Ax B, J(t, z,u,&) satisfies the conditions of section 4.2. That is, suppressing
the dependence on (¢, z), we must have

J(t’ T, u, 6‘) =h (6‘) + <f2(6‘)7 u>u(0 t) + l<B3 (d)u’ u>u(0.t)

with f1, fa, Bjs satisfying the conditions indicated there. From Lemma 5.5, we see that
f1, f2, Bs are C? with Range[Bs(u)] = U4 and that B¥ (&) exists and is uniformly
bounded over A. The result follows from T heorem 4.9. 0

Remark 5.7. It should be noted that the assertions of Theorem 5.6 allow the
staticization problem of (5.2) to be reduced to staticization over the set of DRE solu-
tions and integrals, P = {(P%, Q¥, RY, %) | & € A}, as noted in (5.8). In cases where
the terminal cost, ¢ (indexed by z), has been constructed so that the staticization
problems correspond to TPBVPs, the set P provides a fundamental solution object
for a set of TPBVPs. One may see [9, 10, 19] for more detailed discussions regarding
the calculations.

Appendix A. A mean value theorem. For ease of reading, we recall a version
of the mean value theorem from [1, Theorem 12.6].

THEOREM A.1. LetU,V denote Banach spaces, and let f : D — V where D CU.
Suppose uy,uz € D are such that 4(A) = Aug + (1 — Nug € D for all X € [0,1].
Suppose [ is continuous at u for all u € {G(X)| A € [0,1]} and f is dzﬁerentmble atu
for all u € {a(\) | A € (0,1)}. Then there ezists A € (0,1) such that | f(u') — f(ul)] <

[Df(a(N)] [u! —u?.
Appendix B. Calculation of derivatives. We begin by indicating some no-
tation and recalling standard results; cf. [1]. Let f : Uy x .Af%vt) — R satisfy
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fu,") e ()2(A(0t); R), f(-,&) € C*(Up,):R) for all u € Uy, and & € A(Ot)

Let Duf : Z/{w) X A(O,t) — E(Z/{(O)t ) and Daf UOt) X A(O t) — E(A(O t)’ )
denote the Fréchet derivatives with respect to u and &, respectively. Note that
we have [Dyf(u,&@)]6, € R, [Dof(u,@)]ds € R Vo, € Z/{(O #), 0a € Ag),t)’ By the

Riesz representation theorem, for each @ € U ) and a € AB | there exists unique
Vo f (i, &) € Ug,gy such that Dy f (i, @)5y = (3u, Ve, f(a,é))uw) V 6y € U,y

For L € Ls((0, t)'MR) and v € .,Zlg) #)» define the continuous, bilinear func-
tional (L,v)2 = (v, L)2 = > jjeza fo Lii~bidr. Note that Vaf(a,a) : U,y x
A(o H fig),t) is a representation of Dgf(@,@)ds everywhere in Ugo,p) X fig),t) if
(Vaf(t,&),05)2 = Do f(ii,@)d5 for all 5 € A(O b (@,&) € Uy x AR .

Let D2f : Upyy X A(o H E(.A (0.8)7 (A(o #»R)) denote the second Fréchet
derivative with respect to &. Note that for each d5z € A(OJ) and pair (@, a), we have
D2 f (i1, 2)d5 € ﬁ(A(O i R). Further, D2 f(d, &) is the second Fréchet derivative with

respect to & at (1, @) if D2 f(i, &) = Da[Daf](11,&). Analogous definitions hold for
second derivatives with respect to u.

We now proceed to obtain certain derivatives and Riesz representations employed
in the proof of Theorem 5.6. Let J : (0,t) x R®™ x Ug ) X A?(()),t) be given by (5.4)

with quadratic terminal cost (5.7).

(0,t)7

LEMMA B.1. For any t € (0,00), x € R, and u € Uo,py, J(t,x,u,-) is Fréchet
differentiable over AP (0.)
Vad(t,x,u, &), where VaJ(t, z,u, &) acting on y € flé%yt) is given by (VaJ(t, z,u, @),
¥)2, and

and the Fréchet deriwative has Riesz representation

~ii\21ei ef)2
(B1) [VaJ(tw,u, &) = Tmgm; |1 - 3(ay) (ol

] V(i,§) € T, 7 € (0,1).

Proof. Let v € /I(% £ and let L denote the object indicated by the right-hand
side of (B.1). With a small amount of algebra, one finds

|J(t, z,u, & + ) — J(t, x,u, &) — (L,7)2|

/ TG 150 (79)? 4 (7)) €8 — €2 dr

(i,5)€TA
<ty mm]/ (14 3a7)l: = &l dr sup [+ i),
(i,5)eTA e

which, for appropriate choice of Ky(t,x,u,&) < oo and |’y| <1,

S KO(t7 x,u, d)|7|27
which implies that the Fréchet derivative DgJ(t, 2, u, &) exists and has the indicated
Riesz representation. 0

LEMMA B.2. For any t € (0,00), x € R3*, and u € U1y, the second-order
Fréchet derivative D2J(t,z,u,&) ezists for all & € Ao,t), and the differential has

representation V% .J(t, z,u, &)y, which, for all v € Ag),t), is given by

[Véj(t,z,u,d)*y]i’j = —3f‘mimj64fjj|fr {J\ ’j Y (4, 7) eTI?, ae re (0,1).
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Proof. Recalling the above discussion, we obtain the second-derivative representa-
tion by examining the Fréchet derivative of V& J(t, z, u, &); Let t, x, u be as specified,
and take & € Agy). Let v € AB (0,t)> and let [T = —30m;mjaid|El — E)2~59 for
all i,j €]1,n[ and r € (0,1), where € =2t + for u, dp. Note that

|vdJ(t7x7u7& +7) - VdJ(t,ZE,’U/,ONé) - [T’Y”
t
L2

— [Vad(t, z,u, @)+ 30mm;ati|el — &|2y5

[VaJ(t,x, u,d&—+ )]

(i,5)€T4

=

!
which, by (B.1),

:[F /\gmzm][2aw+ )i - ]

(i,§)€T4

W=

+ 3mam; a6 - €11

a3 9 9 9 ! 1,3\2| ¢ 12|? :
— [ et [ ferrle - o]
(4,§)€TA

i,J)ET
~ 9 j 4 % i.j 2 2
<t > gmimi( [ e - gl ar)” sup |yi]" < K|
(i,j)eTA re.t)
for appropriate choice of K1 = K;(t,z,u) < 0o, and this yields the result. 0

The following is obtained in a similar manner to Lemma B.1, and the proof is not
included.

LEMMA B.3. For any t € (0,00) and x € R, J(t,x,-,") : U,y X fi‘()gt) —
R has a mized second partial Fréchet derivative, and this derivative, evaluated at
(u, @) € Up,p) X A?&t), Did(](t,x, u, @), has a representation comprised of the Riesz

representations of the derwatives of [VaJ(t, ,u, @)™ with respect to u for (i,5) € I™.
More specifically, for 6, € Uy and 65 € A(o .

[DZ,&J(ta T, u, 04)(5&} Oy = <V37dJ(t, Z,u, @)0a, 5u>

(0,t)

= Z/ J(t, x,u,@)ds ] [5u]’;dp,

keN
where
t
[Vi’&J(t,x,u,d)da]i: Z /[[V&,UJ(t,amu,d)}i’j}i[éd}i’jdr VkeN,
(i,j)ezs 0
€(0,1),

. —?fmimj(di’j)Q(ff« —&)ZLon(p) k=i
[[V(x uJ(t T, u, Oé)] J]p = 3Fmimj (&;’])2(5}4 - Eﬂ)I(O,r) (P) ifk =7,
0, otherwise

for all r,p € (0,t), k € N, and (i,7) € I?, and we recall that Zo,ry(-) denotes the
indicator function on set (0,r).



696

697

698

699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753

STATICIZATION AND ITERATED STATICIZATION 23

Acknowledgment. The authors thank Profs. Marianne Akian and Stephane

Gaubert for helpful discussions regarding Morse functions.

[15]

[16]

[20]
(21]
22]

23]

REFERENCES

L. W. BAGGETT, Functional Analysis, Marcel Dekker, New York, 1992.

F. J. BEUTLER, The operator theory of the pseudo-inverse 1. Bounded operators, J. Math. Anal.
Appl., 10 (1965), pp. 451-470.

P. M. DowEgr, H. KaAisg, W. M. MCENEANEY, T. WANG, AND R. ZHAO, Solution existence and
uniqueness for degenerate SDEs with application to Schrédinger-equation representations,
Commun. Inf. Syst., 21 (2021), pp. 297-315, https://doi.org/10.4310/CIS.2021.v21.n2.a6.

P. M. DoweR AND W. M. MCENEANEY, Representation of fundamental solution groups for
wave equations via stationary action and optimal control, in Proceedings of the 2017 Amer-
ican Control Conference, Seattle, WA, 2017, pp. 2510-2515.

P. M. DOwWER AND W. M. McENEANEY, Solving two-point boundary wvalue problems for a
wave equation via the principle of stationary action and optimal control, STAM J. Control
Optim., 55 (2017), pp. 2151-2205.

I. EKELAND, Legendre duality in nonconvex optimization and calculus of variations, STAM J.
Control Optim., 15 (1977), pp. 905-934.

C. G. GrAY AND E. F. TAYLOR, When action is not least, Amer. J. Phys., 75 (2007), pp.
434-458.

W. R. HAMILTON, On a general method in dynamics, Philos. Trans. Royal Soc., Part I (1835),
pp. 95-144; Part I (1834), pp. 247-308.

S. H. HAN AND W. M. McENEANEY, Fundamental solutions for two-point boundary value
problems in orbital mechanics, Applied Math. Optim., 77 (2018), pp. 129-172.

S. H. HAN AND W. M. MCENEANEY, The principle of least action and two-point boundary value
problems in orbital mechanics, in Proceedings of the 2014 American Control Conference,
Portland, OR, 2014, pp. 1939-1944.

S. IzumiNo, Convergence of generalized inverse and spline projectors, J. Approx. Theory, 38
(1983), pp. 269-278.

S. LANG, Fundamentals of Differential Geometry, Springer, New York, 1999.

G. L. LitviNov, The Maslov dequantization, idempotent and tropical mathematics: A brief
introduction, J. Math. Sci., 140 (2007), pp. 426-444.

W. M. MCENEANEY, Stationarity-based representation for the Coulomb potential and a diffu-
ston representation for solution of the Schrodinger equation, in Proceedings of the 23rd
International Symposium on Mathematical Theory of Networks and Systems, Hong Kong,
2018, pp. 707-709.

W. M. MCENEANEY AND P. M. DOWER, Static duality and a stationary-action application, J.
Differential Equations, 264 (2018), pp. 525-549.

W. M. McCENEANEY AND R. ZHAO, Diffusion process representations for a scalar-field
Schridinger equation solution in rotating coordinates, in Numerical Methods for Opti-
mal Control Problems, Springer INDAM Series 29, M. Falcone, R. Ferretti, L. Grune, and
W. McEneaney, eds., Springer, New York, 2018, pp. 241-268.

W. M. MCENEANEY, A stochastic control verification theorem for the dequantized Schrodinger
equation not requiring a duration restriction, Appl. Math. Optim., 79 (2019), pp. 427-452,
https://doi.org/10.1007/s00245-017-9442-0.

W. M. MCENEANEY AND P. M. DOWER, Staticization, its dynamic program and solution prop-
agation, Automatica J. IFAC, 81 (2017), pp. 56-67.

W. M. MCENEANEY AND P. M. DOWER, The principle of least action and fundamental solutions
of mass-spring and n-body two-point boundary value problems, SIAM J. Control Optim.,
53 (2015), pp. 2898—2933.

W. M. MCENEANEY, Maz-Plus Methods for Nonlinear Control and Estimation, Birkhauser,
Boston, 2006.

V. RAKOCEVIC, On continuity of the Moore-Penrose and Drazin inverses, Matematicki Vesnik,
49 (1997), pp. 163-172.

A. E. TAYLOR AND D. C. LAy, Introduction to Functional Analysis, 2nd ed., John Wiley, New
York, 1980.

R. ZHAO AND W. M. MCENEANEY, [terated staticization and efficient solution of conservative
and quantum systems, in Proceedings of the 2019 Conference on Control and its Applica-
tions, Chengdu, China, 2019, pp. 83-90.


https://doi.org/10.4310/CIS.2021.v21.n2.a6
https://doi.org/10.1007/s00245-017-9442-0

	Introduction
	Problem and stationarity definitions
	Stationarity definitions
	Problem definition

	The general case
	Some specific cases
	The quadratic case
	When the full staticization is known to exist
	When the iterated staticization is known to exist

	The semiquadratic case
	When the full staticization is known to exist
	When the iterated staticization is known to exist

	The uniformly locally Morse case
	When the full staticization is known to exist
	When the iterated staticization is known to exist


	Application to astrodynamics
	Appendix A. A mean value theorem
	Appendix B. Calculation of derivatives
	Acknowledgment
	References

