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ABSTRACT. — We consider the limit # — 0 of the solution ® (¢, x, #) of
Schroédinger equation:

00U xB) W 0 x, h)

- G LICE )

We prove that, for any integer /=2 and any initial condition ® (0, x, #)
that belongs to Schwartz-class, a solution ®* (¢, x, h) of the semiclassical
equation approximates @ (¢, x, #) such as

|@* (-, -, -, b || 2<CH?  (h—>0)

RESUME. — On considére la limite # — 0 de la solution ® (¢, x, #) de
I’équation de Schrodinger:
l_had)(t, x, h) _ fi d’®(t, x, h)

Py oy e +V(x)®(t, x, h).

Nous prouvons que, pour tout nombre entier /=2 et toute condition
initiale ® (0, x, #) qui appartient a Schwartz-classe, une solution ®* (¢, x, h)
de I’équation semi-classique approche @ (7, x, h) tel que

@%@, -, )= D -, W) | 2<CHZ (- 0).
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302 T. ARAI

1. INTRODUCTION

It was shown in [2] that the approximate solutions to the Schrodinger
equation agree with the exact solution modulo errors on the order of #"2.
However, the initial states of the equation were merely dealt with certain
Gaussian states or their finite linear combinations. In this paper we shall
prove that G. A. Hagedorn’s results also hold for more general states
which belong to Schwartz class if we somewhat modify several conditions.
For simplicity, we will restrict attention to one space dimension. Our
proofs rely heavily on the results of G. A. Hagedorn concerning the
semiclassical behavior of certain Gaussian initial states.

We now introduce enough notations and definitions to allow us to state
our main result.

AssUMPTION 1.1. — We assume that V (x)e C'*2(R), namely V is I+ 2-
th continuous differentiable function, and there exist positive constants M,
C, and C, such that —C, <V (x)<C, e™* for all xeR.

AsSUMPTION 1.2. — We assume that V(x)eC'*2(R) and there exist
positive constants M, C; and C, such that —C,<V (x)<C, (1+|x|)™ for
all xeR.

Also, we assume that the quantum Hamiltonian

H )= — (h*)2m)(d*/dx*)+V (x)=H,(h)+V

is essentially self-adjoint on the infinitely differentiable functions of com-
pact support in L2 (R). Under this Hamiltonian we shall study the evolu-
tion of states which are finite or infinite linear combinations of the
Gaussian states @; (A, B, £, a, n, x), which are defined below.

DErINITION 1. — Let A and B be non-zero complex numbers which satisfy
ReBA™!=|A|"2(=(AA)™ ). 1.1)
Let a, NeR, and O<h=1. Then for j=0, 1, 2, . . ., we define
9;(A, B, &, a,m, x)= Q1) V2 (mh) I (A2 A2
xH;(h"'?|A| ' (x—a))exp{ —BA™' (x—a)?2h+in(x—a)/h}. (1.2)
Here H; denotes the j-th order Hermite polynomial that is defined by
H,(x)=1 and H,(x)=2x. (1.3-1)
H;,;(x)=2xH;(x)—2jH;_; (x). (1.3-2)

And the branch of the square root will be specified in the context in which
the functions @; are used. We note that, for any fixed values of A, B, h, a
and n, {(pj (A, B, A, a,n, x) }}";0 is a complete orthonormal basis in L? (R).

The following theorem was proved by G. A. Hagedorn [2] in 1981.
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THEOREM 1. — Suppose V (x) satisfies Assumption 1.1 for some integer
1=22. Let ay, No€R, and let Ay, B, C which satisfy (1.1). Then, for any
T>0, any JeN and any ¢y, ¢, ..., ¢;€C, there exists Cy such that

J
e RO S ¢ 0. (Ag, B, B, ag, Mos )
j=0
J+3(1-1)
_eis(t)/h z cj (t, h) (pJ(A ([), B(t), h, a(t)a n (t), )

j=0

L2 (R)
<CyH? (1.9)

whenever te[0, T] and 0<h=<1. Here [A(Y), B(¢), a(?), n(¢), S(O)] is the
unique bounded solution to the system of ordinary differential equations:

) 9 = @)/m,

dt
(ii) M=~V (@ ().

dt

(i) A H=iB(0)m,

dt
W) %(r)a‘\'" @) A ),
) %(r) —n (@2 2m—V @),

subject to the initial conditions A (0)=A,, B(0)=B,, a(0)=a,, n(0)=n,
and S(0)=0. The {c;(t, h) }}13¢~ " is the unique solution to the system of
coupled ordinary differential equations

dc;
dt

J+3(1-1) 1+1

(t, h)= Z z _ih(k—Z)/2|A(t) ,k (A (t)/A(t))("_j)/z
n=0 k=3
X V® (a () (j, X*n e, (t, Bk (1.5)

subject to the initial conditions c;(0, h)=c; for 0<j=<J and c;(0, h)=0 for
J+1<j<T+3(I—1). In this equations, V® denotes d* V]dxX*, and {j, x*n)
are defined by

<j,x"n>=f x*e,(1,1,1,0,0,x)9;(1, 1, 1,0, 0, x) dx.
R

We define {j, x*n)=0, if j<0 or n<O0.

In Theorem 1, only finite linear combinations of {(p]- }}*’:0 was treated,
so that we shall improve this theorem to infinite linear combinations.
For this purpose, we must modify the definition of c;(¢, #), because the
system of ordinary differential equation (1.5) is depended on J. Then we
propose to replace {¢;(t, h) 1234~ with {d; (s, h) };2, that each d;(z, h)

Vol. 59, n° 3-1993.



304 T. ARAI

is independent of J. We define each d;(z, #) as follows: for each
je{0,1,2,3,...},

© 1-1

G M=cr ¥ o [z(—z)« ¥

3q§a1+...+aq§(l—1)+2q

52 ['s1
J . ds,_yds,_5...ds;ds,
n+ny.. +nq jJoJo 0 0

H (™22 (n+ny+ ... +ny), X (n+ng+ .. +n,_ 1))
=1

X | A (sp- ) 7 (A (s,- /A (s, - )72 - VEP (als, - 1))a,! } ] (1.6)

where, for each p=1,2, ...,[—-1,a,e{3,4, ..., [+ 1}, and n, is integer
except n, =0 which satisfies —a,<n,<a,.

We have the following main theorem.

THEOREM 2. — Suppose V (x) satisfies Assumption 1.2 for some integer
122. Let ay, moeR, and let Ay, BoeC which satisfy (1.1). Let

{c;}20(= C) be a complex sequence such that Y. | ¢;|-j*< oo for all p>0.

j=0
Then, for T >0, there exists C3>0 such that
e itH M Z ¢;0; (Ao, Bo, 11, ag, Mo, )
j=0
—eSOMS g (1, W) o;(A D), B(), b, a(r), n (), *) SCh? (1.7)
j=o L2 ®)

whenever te[0, T] and 0<h=<1. Here [A (), B(?), a(t), n(¥), S(?)] is the
unique solution to the system of equation (i)~ (v). Justly each d;(t, h) is
defined in (1.6).

Remark 1. — It should be noted that the resulting approximate dynamics
is not unitary under these d;(, 4) which are defineded by (1.6). For this
fact, see G. A. Hagedorn [2]. However we think that this disadvantage
can be enough to recover by the fact that J can be taken co.

Remark 2. — It is easily show that, by (1.6), that we can put

2. 4;(t, W)@ (A (), B(1), h, a(t), n (1), x)
j=0

Y ci{o;A®, B@), h, a(), n(®), x)+F;(t, x)} (1.8)
ji=0
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where each F;(z.x) is defined by

11— lll aq

F,(t, 9= Y (—iy 5 Y ... %

q= 3q§a1+...+aq§(l—1)+2q ny=-ay ng=—aq

t (sg—q sy [*sy
XJJ j j ds,_,ds,_,...ds;ds,
oJo o Jo

q
x [T {A@% 22 (G+n + ... +n), x»(G+n+ ... +n,_1))

X | A (s, 1) [P (A (s, - )/A (s, )P VP (a(s,-1))/a,! }
X Qjinyt.tn, (A (D, B, B, a(n), n (1), ). (1.9)

Remark 3. — For Schwartz class function fe .9; (R), let ¢; be chosen so
that f(x)= Y, ¢;0(1, 1, 1, 0, 0, x), then, we note that Y, |¢;|- <o for
j=0 j=0

all p>0. Therefore we notice that Theorem 1 is extended to the state
feZ (R) because of replacing c; (¢, h) with d;(t, h).

2. SOME PRELIMINARY LEMMAS

Throughout this section we mention three preliminary lemmas for the
proof of Theorem 2. The first lemma gives the basic formula in semiclassi-
cal quantum mechanics. This important fact was obtained by G. A. Hage-
dorn in [1]. The second one means that

Y. d;(t, o;(a(®), n (), h, A1), B(2), -)
j=0

belongs to L2-class. The last lemma is the estimate in the polynomial
approximation of the potential V (x).

LemMmA 2.1 (See G. A. Hagedorn [1]). — Let a,, No€R, and let A,
B,eC which satisfy (1.1). If V(x) is a polynomial of degree 2 and
V(x)= —C, then, the following equality holds:

e_itﬂ(h)/h (pj (A(h BOa h: Ao, Mo x)
=e'SOh (A1), B(O), h, a(n), n(®), x) (2.1)
forallteR and all je{0, 1,2, ... }.

LEMMA 2.2. — Suppose the potential V (x) satisfies Assumption 1.1 for
some integer 1=2. Then, there exists C(T, I)>0 such that

| E; (8 ) Iz @S C(T, D). [+ I+ 1P D2 2.2)
forall je{0, 1,2, ...} and all 10, T].

Vol. 59, n® 3-1993.
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Proof. — The hypothesis imply the existences of I' and R, such that
|A()|=T and |a(#)|<R for all ¢€[0, T]. Then, for any t€[0, T], we see
that

-1 ag a,
IE; )@= 2 ) [Tl Y ... X
q=1 3g<aj+...+tazs(-1)+2¢ ny=-—ay ng=—ag

q
x 11 {h("fzml((j-f-nl-i- cootn), Xttt a0 )|

p=1
Ve (a (1)
x I . max g}
te[0,T] a,!
-1 a; a,
<C'(T, )Y y y ... Y
g=1 3gsay+..+as(-1)+2q n1=—ay ng=—ay
q
X l__[ ”xap(Pj+n1+...+np(1: 1, 1’ O’ 05 ’)”LZ(R)'
p=1

Now we can easily show the following estimate from the induction with
respect to neN: for all j=0, 1, 2, ... and all neN,

“x"(Pj(l, 1,1,0,0, ')”L2 (R)§3"‘(/.+’1)"/2‘ (2.3)

Therefore, we see that
-1 ay a,

”Fj(ta-)||L2(R)§C'(T: I)- Z Z Z Z
g=1 3g=<ay+..+taz=(-1)+2g ny=-ay ng=—ag
q
X ] 3% (+ny+ . . . +n,+ay)w?
e -1
éC'(T, l).33(l_1)_[]'+(l+ 1)2]3(!—1)/2 Z

qg=1 34q=ay+t..+tags(1-1)+2¢q
ag a,

x Y .0 Y 1=C(T, D[+ @+ 12Ppeve

n1=—ay nq= —aq
Hence, the inequality (2.2) was proved. [

LemMMA 2.3. — Suppose V (x) satisfies Assumption 1.2 for some integer
1+1

[22. Let T >0, R>0, and let Y,(x)= Y. V¥ (a)-(x—a)"/k! Then, |[A|<T
k=0
and | a| <R implies

”(e-itv(')/h_e_itYa(')/h) (Pj(A, B, %, a,n, ')”L2 ®)

<C(C4, I, R, M) -max[I'"*2, FZP]-|t|-(j+2p)P~hl/2 2.4
for all je{0, 1,2, ...} and te R, where
p=max [(l+2)/2: M]s C(Cl, l, Ra M):max [Dl (l, R), DZ (Cla 17 R5 M)]
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which each D; =D, (I, R) and D,=D, (Cy, I, R, M) is defined by

V+2) 1y
D,= max ~—| | , D,=C,-(R+2)2?+ max ) ——~—|V (y)].
lyisk+1 ((+2)! Iylsk k=0 k!
Proof. — From the assumption of V(x)eC'*?(R), we can use Taylor’s
formula. Hence, we obtain that |a|<R and |x—a|=<1 imply
‘V(x)—Ya(x)|§D1 {, R)-|x—a|l+2.
And the growth of |V(x)|<C,-(1+|x)™ means that there exist
p=max[(/+2)/2, M] and D,(C,,, R, M)>0 such that |a|<R and
|x—a|=1 imply
|V(®)~Y.(x)|<D,(Cy, L, R, M)-|x—al|?*.
Therefore, we show that, for |A|<T and |a|<R,
(e VO~ YaOlMy @ (A, B, B, a4, M, ) |2 @,
éh_lltlll IV()_Ya(.)l '(pj(A’ Ba ha a,n, ')“LZ(R)
é-Dl (l9 R)'h_l'|t|'||(x_a)l+2(pj(Aa Ba ha a,n, ')”LZ(R)
+D,- 7|t || (x—a@)?Po;(A, B, h, a,m, ) ||z @=1+IL
Here, from the estimate (2. 3), we see that,
I=D,(, R)-h—l-|IHA|l+2~h(l+2)/2'||xl+2(pj(1, 1,1,0,0, -)||L2(R)
<D, (I, R)-TH2.|¢|-B12. 3% 2. (4 1+ )22 (vje{0,1,2,...})
II=‘DZ'h_l‘|t|‘|A|2p’hP‘”x2p(pj(1: 1: 1’ Oa O, ')”LZ(R)
<P, -T27.|t|-hP~1.320.(+2pp,  (Vje{0,1,2,...}).
Therefore, we can easily obtain the inequality (2.4), because of
p=l2+1. O

3. PROOF OF THEOREM 2

We shall divide the interval [0, T] into N-pieces. Then, we will be led
to the following discrete time analogs of the equation (i)~ (v) and F; (7, x):
Let

ayn (0)=a,, Nn (0)=no, AN(0)=A,, By (0)=B,, Sn(0)=0

and
Fy,;(0, x)=0,

@) 5(nT/N)zaN(n)=aN(0)+<§>-i T k)

k=1

Vol. 59, n° 3-1993.



308 T. ARAI

@i’ ﬁ(nT/N)EnN(n)=nN(0)—<§I-> Z Vi(ay(k—1))

(ii") A(nT/N)sAN(n)=AN<0)+<I)-i S, Bu(®)
N/ m =1

i) ﬁ(nT/N)zBN<n)=BN(0)+<§)-z‘ S V" (ay (k— 1) Ag (k— 1)

k=1

«) §<nT/N)ssN(n)=(1) » [”N(") —V(aN(k—l))}
k

N =1 2m
And the discrete version of F; (¢, x) is that
-1
F,(nT/N, x)=Fy ;(n,x)=Y, (—i) 3
q=1 3gfay+...+ag=(-1)+2¢q
IO
ny=-—ay o ng=—ay N kg-1=g9—1 kg-2=g—2 k1=1 ko=0

q
x [T {n“r=22G+n+ ... +ny), x?(j+n+...+n, 1))

x| Ax (k1) 7 (A (k- )/ Ag (- )72 - VP (ay (K -1))/a,) }
x (pj+n1 +...+ng (AN (n)a BN (n)s h7 an (n)a Ui (n)9 X). (3 . 1)

By taking N sufficiently large we can make these ay(n), Ny (#), Ay (1),
By (1), Sx(n) and Fy ;(n, x) approximate a (), n (1), A(), B(?), S() and

F,(t, x) if t=nT/N. From Lemma 2.2 and ) |¢;|./#<co for Vp>0, we

j=0
immediately note that
Y ¢;{@;(A(), B(), h, a(®, n (), )+ F;( ) }eL*(R).
j=0

Therefore, we can combine the results of G. A. Hagedron [2] and the
previous preliminary lemmas. Then, we can know the following results

[I~[V]
For all >0, there exists N; >0 such that N=N; implies that, for all
0<n<N,
[I Ay(m) is invertible,
| Ax(n)|<T and |ay(n)|<R for some I'>0, R>0,
eSCTNE Y ¢ {0 (An (1), By (), h, ax(n), Ny (n), )+ Fy (7, -) }

j=0

—e SO Y ¢ {9;(A®, B, h,a(), n@), )+F;(, )}
ji=0

(]

4
§_9
L@ 3
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[IIIj ( e itH (hy/h _ [ e~ i (T/N)Ho /h e i@MYV (-)/h]n)

x Z cj(Pj(AO’ B09 h9 g, No> ’)
ji=0

LNV (I _ =i (T/N) Y, ()R
[1V] ||(e e N )

x {(Pj (An(m), By (), B, an(n), ny(n), -)+Fy ;(n, )} Il (®)

gc—lg;—T)-[j+4p2]4P'h”2, (Vje{O, 1,2,...}),
B , T\ i
V] [e <T/N>zaN(n><>/h-1+<ﬁ>.fil-zam-)]
x {(pj (AN (n)’ BN (I’l), ha an (n)a NN (7’1), ')+FN,j(n> )}
. L2 (®)
€ . 2131 :
=3KN U+{+1D)%F, (V]E{O, 1,2,...}),
where
1+1
Zoy oy ()= V¥ (an () - (x — ay (n))*/k!
k=3
and

[eo]
K=Y |¢|-[i+4p°*?<o0.
=0

From [II] and [III], we notice that the proof will be complete if we
show the following inequality: namely, for all 0<n<N,

[e—i (T/N)H (h/h | e—i (T/N) V (')/h]"
x z ¢ (Pj(Ao’ BOﬂ ha Ao, MNo> ')'—eisN e/
j=0
X Z cj{(pj(AN (n), By (n), A, ay(n), N (n), ‘)+FN,j(na )}
j=0 L2 (R)

<C, w2+ ¢
= 3

where C; is a positive constant which is independent of €, N and A.

Vol. 59, n® 3-1993.
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2

At first we put W, ., (x)= Y V®(ay(n))-(x—ax(m)*/k! Then, from
k=0
Lemma 2.1 and (2.1), we can calculate that, for 0<n<N-1,

e_i (T/N)Hq (hy/h | e_i (T/N) qu (n) x)h 1-— 1 . i .Z (X)
N A aN (n)

X ¢! SN /A, { Q; (Ax(n), By (n), B, ay(n), Ny (n), x)+FN,j(n, x)}
=eisN(n+1)/h.{(pj(AN(n+ 1), By(rt+1), b, ay(n+1), ny(n+1), x)
+Fy, j(n+1,0)}+Fy ;(n, %), (3.2

where #y ;(n, x) is that

ng’ j(n, x)= — (I) i . e SN myh e H(T/N)Ho (hyh e AN Wo @) (x)/h
-1 1-1 1+1
V& (ay () - (x— an (m))* .
I D> | (i
q=1 r=qlk=1+2-r k
a; a, T \¢
T %% (3)
ay+..tag=r+2q ny=-ay ng= —aq N
n—1 kg—1-1 kry—1 ky—1

x X Y X X

kg—1=q—1 kg—2=q-2  k1=1 ko=0
q
[T {A =22 G+n+. .. +n), X (+n+ ... +n,_}))
p=1

X[ An (kp— 1) [P (An (k- /AR (K, )72 VP (ay (K, -1))/a,) }
X (Pj+n1 +...+ng (AN (n): BN (n)a h, an (n)9 NN (n)a X).
Then, we can estimate the L?-norm of &%y ;(n, x), that is, there exists
C, (T, I)>0 such that 0<n<N implies

1))
N

H?N,j(n: ) ”L2 (R)§ -hY2. U+i+ 1)2]3 1/2’ (3.3)

(Vje{O, 1,2,... }).
This fact can be shown as follows:

C'(T.]) -1 1-1  1+1

X X X

AN q=1 r=q k=1+2-r
a

Hg"N,j(”’ -)”L2(m§

a a,

X
Y o oo.oY
ay+..+tag=r+2q n1=-a; ng=—aq
n—1 kg—1-1 ky—1 ky—1 q

1

o) r - x X I

q
N kg—1=q-1 kg—2=g-2 k1=1 ko=0 p=1

Annales de I'Institut Henri Poincaré - Physique théorique
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X [h(ap—Z)/z'”xapq)j+n1+...+np(1a 1; 190’ 09 ')”]
x ”(x_aN (n))k Pjtny+,,+n, (Ax(n), By (n), h, ay(n), nn(n), -) ”
(T l)l 1 1-1  I+1

X X X

q=1 r=q k=1+2—-r

ﬂl aq
Nq
x Y Yo
ay+..+ag=r+2q n;=-ay ;aq N'I
Xh‘“1+"'+“4_2"’/2~3"1+"‘+"q'(j+n1+a )a1/2‘ . ~(/+”1 . +nq+aq)aq/2
X k. pk/2. 3k, (]+n1 . +n,+ k)2
C'(T, ! -1 1-1 +1
SCOD g3y Y Y ¥
g=1 r=q k=1+2—-r ay+...tag=r+2q
a 4
X z . z h’/z'U+(1+ 1)2](“1+‘“+"¢)/2-h"’z-[]'+(l+ 1)2]k/2
=-a ng="aq
< C"(T, ) K2 [ (14 1)2P U2
~  N=n

-1 1-1 1+1

XX X 2

q=1 r=q k=1+2-r ay+..+ag=r+2q

ay a,
DI N e T e D

ny=-—ay ng=—aq

Hence, we have obtained the inequality (3. 3).

Moreover, from [IV], [V], (3.2) and (3.3), we shall inductively prove
the following estimate, that is, there exists C5 (T, /)>0 such that 0<r<N
implies
” [e—i(T/N) Hy (h)/h_e—i(T/N)V(-)/h]n (Pj (Ao’ BO, h, ag, Mos )

— e SNmIh, { Q; (An(n), By (n), h,ay (n), nn(m), <)+ Fy, j (n,-) } ”L2 R®)

n €
<™ |, p-n2+ 5 | [j+apPr,  (Wjel0,1,2, ... D).
_N[s( ) 3K]u P21 (e )

The above inequality is trivial at n=0, because of Sy (0)=0, Fy ;(0, x)=0
and #y ;(0, x)=0. So we assume that this inequality holds until n=*k.
Then, at n=k+ 1, we see that

—i(T/N)Hp (h)/h _ —i(T/N) V (-)/mk+1 iSy (k+ 1)/h
[fe™! T Ho (R o=t TRV OMEEL g, (A, Bo, h, o, Mg, ) = &4+ 1)

x{@;(An(k+1), By(k+1), &, ay(k+1), nyc+1), )+Fy ;(k+1, ) } 2w
<||[e™ AN Ho (k. o =i TNV Ok o (A, Bo, B, ag, Mos )

— ¢! SN, { Q; (An(K), By (K), A, ay (k), Ny (K), -)+ Fy, j(k’ ) } ”L2 (R)
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+ ||[e™F TN Ho (k=i (XN V (/B . gi Sy GO/

x{@;(Ax(k), By(k), h, ay(k), nn(k), - )+ Fy j(k, ) } —et SNOF DR
x {(Pj(AN(k"‘ D), By(k+1), b, ay(k+1), ny(k+1), ')+FN,j(k+1’ ')}”LZ(R)

k €
<= | Cy(T,D)-#"2+ —— |.[j+4p?]*?
=N [ s(TD) 3K] [i+4p7]

. . TY i
[eemmvonemammamon. (1-( L) £z,00)) |

*x{0;(An(K), By (k), h, ay (k), nn (), )+ Fy, ;(k, ) }+ Fy, (K, -)

+

L2 (®)
<k lc (T, )42+ = |.[j+4p*r
....N 3 H 3K

+ || (TN O =i (TN Yay o (O/h)

X {(pj(AN (k), By (k), h, ay(k), ny (k), ')+FN,j(k’ )} “L2 (R)

— . TN i
<e (TN Zg gy /B +<ﬁ> ; 'ZaN(k;(')/h>

X {(Pj (Ay (k), By (k), B, ay(k), Ny (k), -)+ FN,j(ka -) } “

+

L2 (R)

k+1 €
+| Fn ik, - S— | Cy(T, ) -H"2+ — |-[j+4p?]**
“ N,J( )”LZ(IR)— N l: 3 ( ) 3K:] [i+4pr9]

where C; (T, /)’=max[C, (T, /), C,(T, I), C5(T, I)].
Therefore, we have proved that this inequality also holds for n=k+1.
Finally, we put the constant C;=K-C;(T, /)>0 which is independent
of &, N, and #. Then, we can easily show that, for all 0<n<N,
[e— i (T/N) H (h)/h . e—i(T/N) A\ (-)/h]n Z
j=0

_eisN (h Z Cj{(pj(AN (n): BN (n): h9 an (n)a ﬂN(”), ')+FN,j(n> )}

j=0

<| ¥ Icfl-u+4p2]4p]-[ca(T, 1)-h‘/2+i]
= 3K

Cj(pj(AOg BO: h9 aO’ T]O’ )

L? ®)

=K-| Cy(T, 12+ 5 |=c,-w2+ & O
[ 3(T, D) 3K] 3 3
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