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Abstract

The unitary operators U (t), describing the quantum time evolution of systems
with a time-dependent Hamiltonian, can be constructed in an explicit manner using
the method of time-dependent invariants. We clarify the role of Lie-algebraic tech-
niques in this context and elaborate the theory for SU(2) and SU(1,1). In these
cases we give explicit formulas for obtaining general solutions from special ones.
We show that the constructions known as Magnus expansion and Wei-Norman ex-
pansion correspond with different representations of the rotation group. A simpler
construction is obtained when representing rotations in terms of Euler angles.

Progress can be made if one succeeds in finding a non-trivial special solution of
the equations of motion. Then the general solution can be derived by means of the
Lie theory. The problem of evaluating the evolution of the system is translated from
a noncommutative integration in the sense of Dyson into an ordinary commutative
integration.

The two main applications of our method are reviewed, namely the Bloch equa-
tions and the harmonic oscillator with time-dependent frequency. Even in these
well known examples some new results are obtained.

1 Introduction

Assume that a time-dependent Hamiltonian H(t) is given. The axioms of quantum
mechanics require that it is a selfadjoint operator in Hilbert space. The solution of the
time dependent Schrodinger equation

dy
gy = HOY() (1)

is formally given by ¥ (t) = U(t)®(0) with unitary operators U(t) satisfying U(0) = I and
i (%U(t)) U*(t) = H(t). (2)
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The time evolution can be extended to density operators (positive trace-class operators
with trace 1) by the relation

p(t) = U(t)p(0)U*(2). (3)
They satisfy von Neumann’s equations of motion

d .

P8 = ilp(t), H(t)]. (4)

Explicit expressions for U(t) in function of the given H(t) are usually difficult to
obtain. The mathematical origin of the difficulties is that Hamiltonians H(t) and H (t)
at unequal times t # t' do not necessarily commute with each other. Much progress
has been made in the case that the time-dependent Hamiltonian can be written as a
linear combination of constant operators Si, S, --S,, generating a finite dimensional
Lie algebra

H(t) =) h;(t)S;. (5)
j=1
The generators satisfy the commutation relations
S, Sm] = ZZ WjmiSt, (6)
l

with structure constants w;,,;. Then the time evolution of the generators can be written
as

)S;U*(t Z U (E (7)
with coefficients w,,;(t) solution of
umy Z wlsmhl usg ) (8)

Note that (7) is not the time evolution in the Heisenberg picture. The latter is given by
U*(t)S;U(t) instead of U(t)S;U*(t).

Using (7) one can obtain the general solution of the von Neumann equation (4), with
arbitrary initial conditions of the form

plt=0)=C+3 a;(0)8;. (9)

The operator C' is an arbitrary operator commuting with all generators S;. The solution
is

=C+> a;(t)S;, (10)
J
with

a;(t) = ) tjm(t)am(0). (11)
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The problem remains to obtain an explicit expression for the unitary operators U(t).
See for instance [1, 2] and the references quoted there. These authors show that one can
write U(t) as an ordered product

U(t) = 91 ()51 592(8)S2 .69n(t)3n’ (12)
where the complex functions ¢ (t), - - - g, () are solutions of some set of non-linear differ-
ential equations. In this way the problem is reduced to a well-known but rather difficult
classical (this is, non-quantum) problem of solving sets of equations. This method has
been elaborated by many authors, including [3, 4, 6, 8, 19, 20, 22]. A related topic is that
of the superposition principle for nonlinear equations, see for instance [29, 39].

Alternatively, one assumes that a particular solution p,(t) of von Neumann’s equation
(4) is known. This special solution was called a time-dependent invariant in [3]. We
use the existence of such special solutions as a starting point for constructing unitary
operators U(t), based on an idea of [35].

The next Section describes in general terms the method of constructing U(t). Section
3 explains how the assumption, that the Hamiltonian H(t) can be expanded in terms of
generators of a Lie algebra, helps to apply the method. Subsequent Sections specialise
the method for SU(2) and SU(1,1). Applications start in Section 6. The discussion of
the obtained results follows in Section 10.

2 Method

Assume that there is given a time-dependent Hamiltonian H(t) and a special solution

ps(t) of the von Neumann equation (4) and dp;;t(t) # 0 for almost all t. Can one construct
unitary operators U(t) solving (2)7 The method described below requires two steps to

do so.

First step Determine unitary operators V' (¢) such that

ps(t) =V (£)ps(0)V(t). (13)

If ps(t) has a discrete spectrum, as is the case for a density operator, then this can be
obtained in principle by diagonalising ps(¢). The unitary V' (¢) transforms the basis in
which p,s(0) is diagonal to the basis where p4(t) is diagonal. In practical applications
we use special solutions obtained by some concrete technique (expansions in generators
of a Lie algebra, Darboux transformations, etc.), and the very form of a given method
typically suggests the shape of V(¢).

With this V(¢) one can construct a Hamiltonian K () by

dVv
K(t) =i—V*(t). (14)
dt
In general, this Hamiltonian differs form the given H(t), in which case V(t) is not a

solution of (2), which is the defining equation of U(t).

Second step Assume now that ps(0) is self-adjoint, as is the case for a density operator.
Then generically operators commuting with ps(0) are functions of ps(0) in the sense of
spectral theory. Comparing (13) with (3) shows that U(¢)V*(t) commutes with p4(t) and
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V*()U(t) commutes with ps(0). Hence, if ps(0) is multiplicity free, there exists a real
function f;(z) such that

U(t) = il (ps(t)) V(t) = V(t)eift (Ps(O))‘ (15)

It remains to determine this function f;(x). Combine (15) with (2) to obtain

%ft(ps(o) —CO)=UW{K®) - HO}UE) =V (@) {K({) - H@O} V().  (16)

The r.h.s. of this equation is known from the first step of the method. Hence the function
dfi(z)/dt can be determined. To this purpose, the r.h.s. of (16) has to be written as a
function of ps(0). Next, fi(z) is obtained by integration.

Summing up, if for a given time-dependent Hamiltonian H(t) we know V() corre-
sponding to some explicit solution p4(t), such p,(0) is multiplicity free, then the problem
of defining the evolution of the system is translated from noncommutative integrations
in the sense of Dyson to an ordinary commutative integration.

3 Lie algebras

Assume now that H(t) is a linear combination of generators S, --- , S, of a Lie algebra,
with commutation relations as given by (6), and that the special solution ps(t) is of the
form (10). We first study the time evolution of the coefficients a;(t) as elements of a Lie
algebra, represented in R".

Introduce the Killing form

(alb) = (bla) =~ 3" (Z wjmnaj> (Z wmmbz> - (17)

mn

The minus sign is needed because of the imaginary factor 7 in the definition (6) of the

structure constants. Introduce the Lie bracket a x b = —b x a by
(axb), = Zajbmwjml. (18)
jm

A well-known property of the Killing form, consequence of the Jacobi identity, is that
{a x blc) = {(a|b x ¢). (19)

This will be used often.
The Hamiltonian K (t) can be written as

K(t) =Y k;(1)S;. (20)

One has
PSS = ie(0) = [K(),pul0)
= iij(t)am(t>ijlSl- (21)
4
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This implies

da;

=k (t)ar(t)wm;. (22)
dt
ml

Introduce the notation @ for the vector with components da;/dt. From (22) then follows
that a = k x a.

Let us assume that the Killing form is non-degenerate. This is known to be the case
if and only if the Lie algebra is semi-simple.

Lemma 1 Assume that the Killing form is non-degenerate. Fixa € R™ such that (a|a) #
0. Assume that the Killing form of the Lie algebra is such that (bla) = 0 implies that
there exists ¢ € R™ such that b = a X ¢. Then a x u = 0 and (ula) = 0 together imply
u = 0.

Proof
Let d be arbitrary in R™. Write

(d|a)
(ala)

with (bla) = 0. By assumption one can write b = a x ¢ so that

d= a—+ Db, (23)

{da)
(ala)

Now calculate, using a x u = 0 and (u|a) = 0,

d:

a+axec. (24)

(dlu) = {(a x clu) = {clu x a) = 0. (25)
Since d is arbitrary and the Killing form is non-degenerate there follows that u = 0.
O
Proposition 1 Let be given a special solution ps(t) of the form
ps(t) = C+ Y a;(1)S;, (26)
J

where C' commutes with all S;. Assume that (a(0)]a(0)) # 0 and that (bla(0)) = 0 implies
that there exists ¢ € R™ such that b = a(0) x c. Assume also that the Killing form is
non-degenerate. Then one has

H(t) = K(t) + a(t){ps(t) — C}. (27)
with

(alh— k)

=

(28)
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Proof
Note that

a=hxa=kxa. (29)

Let r = h — k. Then one has 0 = r x a. Let u =r — «a(t)a with a(t) given by (28). Then
a short calculation yields (u|a) = 0 and a x u = 0. By the previous lemma this implies
that w = 0. One therefore has h = k + a(t)a, which can be written as (27).

U

Since p,(t) and H(t) are known, the Proposition ensures that the difference between
H(t) and K(t) is proportional to the special solution p,(¢) minus a constant operator.
Then, (16) implies

%ft(ps(o» = VI(O){K(t) — H)}V(2)
a(t)V*(t){ps(t) — C}V (t)
a(t){p.(0) — C}. (30)

Therefore, one finds that f;(u) is the linear function given by

¢
filu)=7(t)u with 7(t) = —/ ds a(s). (31)
0
Hence, (15) becomes
U(t) = e™WesO= (1) = V()7 (0-C) (32)
Inserting now (32) into the Lh.s. of (2) gives

i(Frm)oo = (i(Gro)eoeo-o - veeo - oF ) o

= K1)+ (ps(t) = C)a(?)
= H(). (33)

One concludes that U(t), as given by (32), indeed solves (2). This completes the second
step of the method. All it needs from the first step is the knowledge of V'(¢) and the value
of the Killing form (kl|a).

Introduce coefficients v,,;(t) defined by

t)S;V*(t Z U (t (34)

They satisfy
= vmy(t)a;(0). (35)
J

The a;(t) are known functions. We have to find v,,;(t), solving (35), such that unitary
operators V (t) exist which solve (34).
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Note that

d

a(a\a) = 2(h x ala) = 2(hla x a) = 0. (36)
This means that (a|a) is constant in time. Hence, it is obvious to look for solutions vy;(?)
of (35) which are matrix elements of a matrix W (¢) that leaves the Killing form invariant,
in the sense that

(Wb|We) = (blc) for all b, c € R™. (37)

For the construction of a matrix W(t) that leaves the Killing form invariant and that
satisfies (35) one has to rely on the large amount of knowledge about automorphisms of Lie
algebras (Note that automorphisms of the Lie algebra leave the Killing form invariant).
The next step is the construction of the operator V(t). One can make use of the
fact that the construction can be done in any faithful operator representation of the Lie
algebra. Indeed, let S’j be the generators in such a representation (the hat is used to
distinguish the generators S; from their representations S’J) and assume that

N

ps(t) = V(£)p(0)V*(2) (38)

with
ps(t) = >_as(D)S; (39)

and

V(t) — ei’r‘l (t)Sl eiTz(t)gz . 67:7‘n(t)§n' (40)

Choose for instance a V' (t) of the Wei-Norman form (12) [1]. Then the operators V (),
defined by

V(t) _ eirl(t)sl eirz(t)Sz L 6i7’7l(t)5’n’ (41)
satisfy
ps(t) =V (t)p(0)V*(t). (42)

The argument is that, when calculating V' (¢)p(0)V*(t), using the Baker-Campbell-Haus-
dorff formula, one needs to know only the commutation relations between the generators
S;. Hence, the expressions for V(¢) and V (t) have the same form. Note that, if then the
generators S; are self-adjoint and the coefficients r;(t) are real, then V' (¢) is unitary, as
requested.

Factorisations of V(t), other than that of Wei and Norman, will be used below as
well. However, the above argument can be used in all cases.

4 SU(2)
Let be given operators Sy, Sy, S3 that satisfy the commutation relations

[S1,S2] =iS3  and cyclic permutations. (43)

7
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The non-vanishing structure constants are wisz = wo3z;1 = w312 = 1 and wizs = woz =
w31 = —1. The Lie bracket is

(a X b)3 = a1bs — asb;  and cyclic permutations. (44)

The Killing form is

<alb>=-2>a;b;. (45)
J

A well-known identity is

2z % (z x y) = (zy)z — (z|r)y. (46)

This implies that the conditions of the Proposition 1 are satisfied, provided that a(0) # 0.
Indeed, assume (b|a(0)) = 0. Then (46) implies that b = a(0) x ¢ with

., a(0) xb
= 2L0) a0 47)

Let be given a special solution p4(t) of the von Neumann equation. Then we have
to construct automorphisms W (t) of the Lie algebra such that (13) holds. In addition,
we have to calculate (k|a). The rotations of R? are the natural candidates for the W (t).
Several parametrisations are possible and are treated below.

4.1 Magnus expansion

Any rotation of R? can be denoted R(n, ¢), meaning a rotation around an axis determined
by the vector n, satisfying |n| = 1, and by an angle ¢. One has

R(n, ¢)u = cos(p)u — sin(¢p)a X u + (1 — cos(¢))(u - n)n. (48)

A well-known projective representation of the group SO(3) in SU(2) is

3

. B b

V(n, (b) = exp <_Z§ ; NaOq | (49>
where the o, are the Pauli spin matrices. It satisfies

V(n,0)(a-0)V(n,—¢) = cos(@)a-o —sin(6)(axn)-o
+(1 —cos(¢))(a-n)n-o
= (R(n,¢)a)-o. (50)

Hence, the map a — %a - 0 is an operator representation of the Lie algebra SU(2) (note
that 05 = 23})

Let n(t) and ¢(t) be smooth functions such that a(t) = R(n, ¢)a(0). Then (49) is an
explicitly constructed representation, satisfying our requirements. One concludes that

V(t) = exp (-w > na5a> . (51)

This ends the first step of the method. The disadvantage of the Magnus expansion is
that the expression for the operator K is rather complicated. The expansion is therefore
less useful and further application of the method is omitted here.

8
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4.2 Wei-Norman expansion

A rotation in R? can also be described as a sequence of rotations about each of the
principal axes. Let

1 0
Ri(q) = 0 cos(q1) sin(qy
0 —sin(q1) cos(q
cos(qz) 0 —sin(ge
RQ(QQ) = 0 1
sin(g2) 0 cos(ge

~—_ O — —— O

cos(qs) sin(gz) 0
Rs(qzs) = | —sin(gs) cos(gz) O (52)
0 0 1
Then one has
eiqlo1/2eiq202/26iQ303/2(u ) U)6—iq303/26—iq202/2e—iq101/2 — (RleRgu) . o.
(53)
One concludes that
V(t) — eiQ1516iQ2526iQ35'3’ (54)

with time-dependent angles ¢;(t) determined by a(t) = Ri(q1)Ra2(q2)Rs(gs3)a(0). The
Hamiltonian K is found to be

K = —@51 — ¢2{cos(q1)S2 — sin(q1) S5}
+¢3{sin(g2) St + sin(qy) cos(gz)S2 — cos(q1) cos(qa)Ss}- 55

Given a special solution of the form (26), the functions a;(t) are known. The time-
dependent angles ¢;(t) can then be determined by the requirement that the vector a(t) is
obtained from a(0) by three successive rotations. Hence the Hamiltonian K can be com-
puted explicitly. From the difference with the given Hamiltonian H one can determine the
function a(t) — see Proposition 1. The full unitary time evolution U(t) is then obtained
from (31, 32). This is surely a viable approach. However, the equations determining the
time-dependent angles can be rather complicated. Therefore, some alternatives are given
below.

4.3 FEuler angles

Another well-known parametrisation of rotations is that of Euler. It describes the rotation
of a reference frame. When describing a rotation in R? the first rotation can be used to
bring the initial vector in the plane orthogonal to direction 1. Let

a(t) = Ra(¢)) Ri(0) Ra()a(0). (56)
Then one has for arbitrary v € R3
e%w”3eéeale%¢°3(u : 0)6_%¢036_%6016_%w03 = (R3(¥)R1(0)R3(d)u) - 0.

9
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One concludes that
V(t) — eid)Sg eiGSl eid)Sg7 (58)

with time-dependent Euler angles determined by a(t) = Rs(¢) R1(0) R3(4)a(0).
The Hamiltonian K is found to be

K = —1@53 — B(cos(1) Sy — sin(1).S,)
—¢p{cos(0)S3 + sin(6) cos(1)) Sy + sin(6) sin(¢)).S1 }. (59)

Note that one can replace (58) by the alternative expressions

V(t) — (i(W+9)Ss if(cos(9)S1 +sin(¢) S2) ( 60)
or
V(t) = 0(cos(¥)S1—sin(v)52) i(6+¢) S5 (61)

These expressions might be more convenient in certain applications.

4.4 Calculation of the time-dependent angles

The calculation of the time-dependent angles v, #, ¢ may involve complicated expressions.
It is therefore noteworthy that one can redefine the Euler angles in such a way that (58)
may be replaced by

V(t) = 9058 10051 o=i0(0)S1 ,=i6(0)5s (62)

This expression involves only two angles ¢(t) and 6(t), determined by

i - a _ %
sin(¢p) = ZC; cos(9) ZZ,
sin(9) = —f’, cos(f) = . (63)
where z(t) = \/a1(t)2 + as(t)? and X\ = /2(t)? + as(t)2. To see this, note that
Ry (—0)R3(—¢) rotates the arbitrary vector a into the fixed vector A(0, 1, 0)T.
Using ¢ = w and 6 = —2% the Hamiltonian K (t) can be calculated as
z z
follows
K(t) = ii—‘;V*(t)
= —60{cos(¢)S1 — sin(¢) Sz} — HS;
Qo3 aijas a1 — Q201
= p Sl — p SQ + ng (64)

Using @ = h X a one sees that this expression is of the form & = h — «a(t)a with the
function «(t) given by

a1h1 +&2h2
o= ———.

5 (65)

10
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The final result is then (sce (32))
U(t) = V(t)exp <z’7(t) ; aj(O)Sj) , (66)

with V() given by (62) and with
i) =~ [ dsas) (67)

4.5 General solution of the equation x = h x x

For the applications, discussed later on, it is of interest that one can now write down the
general solution of the equations © = h x x in terms of the special solution a and the
effective time 7(¢). Indeed, one has

a \B a2 B azai
z(t)=A| ag | ——cos(A\T+C) | —ar | +—=sin(Ar+C) | asas |,
z z 2
as 0 —z

with A, B, C arbitrary constants. The verification of this results is a matter of a straight-
forward calculation.

5 SU(1,1)

Consider operators Sy, 9o, S3 satisfying the commutation relations

5,85 = S,
[S,85 = —iS,
55,91] = —iSs. (69)

Introduce S| = Sy, Sy = iSy, and S5 = —S55. Then 57, 55, S5 satisfy the commutation
relations of SU(2). Hence, the results of the previous Sections can be used to solve step 1
of our method. However, in step 2 the assumption is made that the generators Sy, S5, S5
are self-adjoint. Therefore, the results of Section 4 have to be rederived here for SU(1,1).

The non-vanishing structure constants are wis3 = ws3g1 = wize = 1 and wy3 = wagz1 =

w312 = —1. The Lie bracket for vectors in R? is
(a X b)l = a3b2 — a2b3,
(a X b)g = a1b3 — CLgbl,
(a X b)g = albg — CLgbl. (70)

The Killing form is
<a\b> = —2a1b1 — 2@2()2 + 2@3[)3. (71)

The identity (46) still holds. Hence, the Proposition 1 predicts the form of the relation
between the unitary operators V (¢) and U(t).

11
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5.1 Representation in R?

Note that the cyclic permutation symmetry of SU(2) is lost. Hence, from the Wei-Norman
expansion (54) and the expansion based on Euler angles (58) one can derive two times
three different expansions. Let us consider just one of these, corresponding with the
choice of signs (-,-,4) in the Killing form, as found in (71). Then the rotations around
the third axis R3(¢) and R3(t) remain automorphisms. But R;(f) must be replaced by

1 0 0
Pi(x)=1| 0 cosh(x) sinh(x) |. (72)
0 sinh(yx) cosh(x)

Assume now that the coefficients a;(t) are written as a(t) = Rs(¢) P (x)R3(¢)a(0). Then
the unitary operators V() are given by

V(t) = e WS35 o705 (73)
Indeed, for arbitrary u in R3 is
V53 01091 1053 (u- a)e_i(bsi”e_wsle_wsi” = (R3(—=Y)Pi(—=0)R3(—d)u) - 0.
(74)
The corresponding Hamiltonian is

K = zd—VV*( t) = hS; + x(cos(10)S7 — sin(1))Ss)

dt :
+¢{cosh(x)Ss + sinh(x) cos(¢))Se 4 sinh(x) sin(¢)S1}.  (75)

As before in the SU(2) case one can rewrite the automorphism in such a way that
only two angles are involved

a(t) = Rs(o(t)) Pr(x(t) — x(0)) Rs(=4(0))- (76)

The corresponding unitary operators are

V(t) = e~ 1(1)S3 o —ix(t)S1 ix(0)S1 id(0)Ss (77)

The angles ¢(t) and x(t) must satisfy

sin(g) = = cos(¢) = =
sinh(y) = % cosh(y) = %, (78)
where z(t \/ a1 (t)? + ao(t)? and pu = /2 — a3(t)?. The fixed vector is
Pi(=x(0))Rs(=6(0))a(0) = u(0,1,0)". (79)

Using ¥ = as/z and ¢ = (ap@;, — a16) /2> the Hamiltonian K can be calculated as follows

dv

K=i-V*(t) = X{cos(6(t)Si —sin(é(1)) S} + ¢S5
asa aaa CL a1 — a1a
12
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Using @ = h x a one sees that this expression is of the form £ = h — aa with the function
a(t) given by

o a1h1 + &th

> (81)

The final result is then (see (32))

Ut)y=Vv exp< Za] ) (82)

with V(t) given by (77) and with

7(t) = —/O dsa(s) (83)

If the initial conditions satisfy a = a? + a3 then p = 0 and the angle x(¢) cannot
be determined by (78). In that case R3(—¢(0))a(0) equals 2(0,1,1)T (we assume that
a3(0) > 0). The angle x(0) can be taken equal to zero. The corresponding expression for
the time-dependent angle y(¢) is then

) — 4all) (84)

Using x = as/as and ¢ = (a2a1 — ayay) /a3 the Hamiltonian K becomes

K= (CLQSl — CL152) MS:g (85)
a3 az
One then verifies that k = h — aa still holds with the function «(t) given by (81), in spite
of the fact that in this case the conditions of the Proposition 1 are not satisfied.
Note that slightly different choices have to be made in the case that the initial con-
ditions satisfy a3 > a? + a3 instead of a3 < a} + a3. Because a3(t) does not change sign,
and is assumed to be positive, one can take

. z as
sinh(y) = — cosh(y) = —, 86
(x) p (x) . (86)

with p = +/a — 2(t)2. Then Py(—x/(0))R3(—(0))a equals (0,0, 1)T.

5.2 General solution of the equation © =h x =

In the same way as for the SU(2) symmetry one can now write down the general solution
of the equation & = h X z. One finds, assuming a? # a3 + a2,

a B az B a3y
x(t) = Al ay | + i cosh(ur +C) | —ar | + —sinh(ur +C) | azaz | (87)
> 2 2
as 0 z

with A, B, C arbitrary constants. In the case that a? = a3 + a3 then one finds

aq a9 1 —aq
z(t)=(A+Br+Cr) | ao | +—5(B+207) | —a1 | +5C| —ax |. (89)
z z
as 0 as

13
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6 The Bloch equations

A well-known application of SU(2) concerns the Bloch equations — see [9]. It is treated
in the present Section. The modification obtained by considering phase modulation is
treated in the next Section.

Note that the incorporation of the Bloch equations into the Maxwell-Bloch equations
have been studied by many authors, including [14, 36].

More general applications of SU(2) symmetry have been considered in the literature
as well. Campolieti and Sanctuary [10] applied the Wei-Norman technique to field modu-
lation in NMR. Zhou and Ye [16] study the case where all coefficients are time-dependent.
They introduce Euler angles with the same purpose as in the present work. Finally, Das-
gupta [24] studies the Jaynes-Cummings model with time-dependent coupling between
the spin and the photon field.

6.1 The Bloch equations
A magnetic spin in a magnetic field is usually described by a Hamiltonian of the form

1 1
H= 5603 ~ 5501. (89)
The Pauli matrices o1, 09, 03 are related to the generators of the Lie algebra by o, = 295,.
One has h = (=£,0,¢)T. The equations of motion @ = h X a are known as the Bloch

equations — see [9]. Written explicitly, they are

al = —€dag,
dg = e€a + 5@3
a3 —= —5@2_ (90)

6.2 Special solutions

Assume that the constant € does not depend on time. If {(t) does not depend on time
then any solution x(t) of the harmonic oscillator equation i + (€2 + £2)z = 0 determines
a solution of (90), given by

€x
aq 762 i 52 + é-C
ay = T,
as = & eC (91)
€2 4 &2 ’

with integration constant C'.
When £(t) is time-dependent then a solution is known only in very specific cases. One
such case involves Jacobi’s elliptic functions sn, cn, and dn, with elliptic modulus k. Let

£(t) = 2wk en(wt; k). (92)
Then a solution of (90) exists of the form
a;(t) = ecn(wt;k),

as(t) = wsn(wt;k)dn(wt; k),
as(t) = —wksn?(wt;k) +1, (93)
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with
€2 — w2

2wk
In the limit k£ = 1 these expressions lead to the well-known result (see Eq. 4.21 of [9])

£(t) = 2wsech(wt),

V== (94)

a;(t) = esech(wt),
ax(t) = wtanh(wt)sech(wt),
as(t) = —wtanh®(wt) + 7. (95)
When w = ¢ then the limit £ = 0 can be taken. The rather trivial result is
£t) = 0,
a;(t) = wcos(wt),
as(t) = wsin(wt).

6.3 General solution of the Bloch equations

The general solution of the Bloch equations, given arbitrary initial conditions and with
time-dependent Hamiltonian determined by (92), is derived in the Appendix A. The three
independent solutions a"), a®, a® of & = h x a are obtained from (A.10). They are

sin(¢) cos(0) 5 sin(¢) sin(6) 5 cos(¢)
aV = X cos(¢) cos (0) —5¢ cos(AT) [ cos(¢)sin(f) | + Y sin(A7) | —sin(¢)
— sin(6 cos(6) 0
sin(¢ cos(¢) 0
a®? = —sin(@)sin(A\r) | cos(¢) | —cos(AT) | —sin(¢) | — cos(8)sin(Ar) | 0
0 1
y sin(¢) cos(0) sin(¢) sin(0) . cos(¢)
a® = L | cos(¢)cos(d) | + X cos()\T) cos(¢)sin(f) | — 3 sin(A7) | —sin(¢)
— sin(#) cos(0) 0
(97)

The special solution (93) satisfies a = ea™ + va®. The general solution of the Bloch
equations © = h X z is given by expression (68), with a(t) given by (97). The equations
determining the angles ¢ and @ are given in the appendix.

The solution a/® has the initial condition a® (¢ = 0) = (0,1,0)T. The other new
solution is

sin(¢) sin(0) cos(¢)
ya —ea® = —Xcos(AT) | cos(¢)sin(d) | + Asin(A7) | —sin(¢p) | . (98)
cos(6) 0
Its initial condition is a(t = 0) = —A\(sin#(0),0,cos#(0))T. Both new solutions are

characterised by the appearance of the angle 7(t) describing a nutation of the rotation
axis.
In the limit £ = 1 the formulas simplify. The relevant expressions become

sin(¢) = o ¢
& \/62 + w? tanh? (wt)

15
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cos(¢) = az w tanh(wt)
& \/62 + w? tanh?(wt)

a;  wtanh®(wt) —

sin(f) = =
0 = % e

2 2 2
cos(f) = i = sech(wt) ¢ o tanh (wt)’

€2 4+ 2

z = /a2 + a} = sech(wt)y/e2 + w? tanh(wt),
e+ w?
AN = (/22 +ai =+ = 5 ,
w

2ew

M , 99
“ 22 €2 + w2 tanh®(wt) (99)
with v = (w? — €2)/2w. The integral of a(t) can be done analytically. It yields
(1) /td (s) = =2 { t 4 arct (”t h( t))} (100)
=— = rctan | — tan :
T | dsals) = 5o (ot Farctan (Z tanh(w

6.4 The Bloch equations at resonance

The resonant condition is € = w. In that case, -, as given by (94), vanishes. The equations
(A.19) can be used to obtain the general solution of @ = h X a at resonance

ai”'(t) = af"(0) cos(f)sin(¢)
+sin(0) sin(¢) [a§™(0) cos(wT) — a5™(0) sin(wT)]
— cos(9) [a5™(0) cos(wT) + a5 (0) sin(wT)]
a3”(t) = ai"(0) cos(f) cos(¢)
+sin(0) cos(¢) [a5™(0) cos(wT) — a5 (0) sin(wT)]
+sin(¢) [a5™(0) cos(wT) + a5™(0) sin(wT)]
B = —aE(0)sin(0)
+ [a5™(0) cos(wT) — a5™(0) sin(wT)] cos(6). (101)

The correction angle a, given by (A.5), simplifies to
at) = —2e=—kw(1+ en(2wi; k). (102)
z

This expression can be integrated analytically. The result is

! 1 dn(wt; k)
)=— /[ d — kt — — arct i .
7(®) 0 sals) o e ksn(wt; k) en(wt; k)

(103)

With some effort, (101) can now be written as

() = () enwt; B)
gem( ) sn(wt; k) cos(kwt)
a5 (0) sn(wt; k) sin(kwt),
a; " (t) = gen( ) su(wt; k) dn(wt; k)
57(0) (en(wt; k) dn(wt; k) cos(kwt) — ksn(wt; k) sin(kwt))
+ gen( ) (en(wt; k) dn(wt; k) sin(kwt) + k sn(wt; k) cos(kwt)) ,
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a§(t) = —af"(0)ksn®(wt; k)
+a5™(0) (k en(wt; k) sn(wt; k) cos(kwt) + dn(wt; k) sin(kwt))
+ a§™(0) (k en(wt; k) sn(wt; k) sin(kwt) — dn(wt; k) cos(kwt)).  (104)

The three independent solutions are therefore

cn(wt; k)
aV = sn(wt; k) dn(wt; k) |,
—ksn?(wt; k)
sn(wt; k) cos(kwt)
a? = cn(wt; k) dn(wt; k) cos(kwt) — ksn(wt; k) sin(kwt) |,

)
kcen(wt; k) sn(wt; k) cos(kwt) + dn(wt; k) sin(kwt)
sn(wt; k) sin(kwt)
a® = cn(wt; k) dn(wt; k) sin(kwt) + k sn(wt; k) cos(kwt) | . (105)

k en(wt; k) sn(wt; k) sin(kwt) — dn(wt; k) cos(kwt)

One clearly has a = wa™, the special solution we started with. It is easy to verify that
also a® and a® are solutions of & = a x h.

7 Bloch equations continued

7.1 Including phase modulation

A slightly different solution is obtained when the parameter € in (90) is made time de-
pendent in the following way

€ = g tanh(wt). (106)

In [9], the resulting equations are called the Bloch equations including phase modulation.
Also in this case a special solution is known. The generalisation to Jacobi’s elliptic
functions, as given below, can be done in two different ways.

7.2 Special solutions

Assume that

§(t) = &oen(wt; k),
e(t) = eosn(wt; k). (107)

or

g(t) = &)dn(wtk%
e(t) = eosn(wt;k). (108)

Both assumptions reduce to £(t) = & sech(wt) and (106) in the limit k£ = 1.
A solution of the equations (90) is given by

a1(t) = een(wt; k),

as(t) = wdn(wt;k),

az(t) = =& sn(wt;k). (109)
17
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or

a1(t) = wen(wt; k),
as(t) = eydn(wt; k),
az(t) = =& sn(wt;k). (110)

provided that &2 = €2 + w?k?, respectively £ = e2k? + w?, is satisfied.
Only the first of the cases is treated below. The other case is completely analogous.
Note that in the limit £ = 1 the solution (109) reduces to the well-known solution

a;(t) = ¢osech(wt),
as(t) = wsech(wt),

)
az(t) = =& tanh(wt). (111)

In the limit £ = 0 it reduces to a harmonic precession

f(t) = 50 COS(Wt)a
€(t) = egsin(wt),
a(t) = ¢ocos(wt),
a2 (t) = w,
az(t) = —&sin(wt). (112)

7.3 General solution including phase modulation

It is now possible to obtain the general solution of the Bloch equations including phase
modulation, with driving fields of the form (107).
The three independent solutions of @ = h X a, obtained from (B.6), are

& sin(¢) cos(0)
aV(t) = 5\ cos(¢) cos(6)
— sin(0)
w sin(¢) sin(0) w cos(¢)
+X sin(A7) | cos(¢)sin(f) +XCOS()\T) —sin(¢) |,
cos(6) 0
w sin(¢) cos(0)
at) = " cos(¢) cos(0)
— sin(0)
D inar) ooty | — Seosto) (s
A cos(6) A 0
sin(¢) sin(0) cos(9)
a®(t) = cos(A\7) | cos(¢)sin(@) | —sin(Ar) | —sin(¢) |. (113)
cos(6) 0

The equations determining the angles ¢ and # are found in the Appendix B. The special
solution (109) satisfies a = ega!) +wa®. The general solution of the equations & = h x x
has been given in Section 4.5 and can be rederived from the knowledge of a(V), a®, a®.
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7.4 The k = 1-limit

In this limit the existence of the special solution requires that &, = A. The angle ¢ and
the phase a become constants

€0

sin(¢) = 5\ and  cos(¢) = % (114)
and a = —ep€p/A?. Hence one has A7(t) = €yt. The angle 0 satisfies
sin(d) = —tanh(wt) and  cos(#) = sech(wt). (115)
The three independent solutions are
. €o sech(wt) w —é€p tanh(wt) " w
aV(t) = )\—g wsech(wt) | + bV sin(ept) | —wtanh(wt) | + bV cos(eot) [ —eo
A tanh(wt) A sech(wt) 0
W [ € sech(wt) . —€p tanh (wt) .
ad?(t) = v wsech(wt) | — )\—g sin(ept) | —wtanh(wt) | — )\—(; cos(eot) | —eo
A tanh(wt) Asech(wt) 0
1 —€o tanh(wt) w
a®@t) = X cos(ept) | —wtanh(wt) | — —sin(egt) | —eo | - (116)
Asech(wt) 0

8 The generalised harmonic oscillator

Consider creation and annihilation operators b’ and b satisfying the canonical commuta-
tion relations [b, b'] = I. Then the operators

S = L0+,
Se = (01 =),
Sy = i(b*bjubzﬂ) (117)

satisfy (69). Hamiltonians which can be written as a linear combination of these genera-
tors are the generalised harmonic oscillators.

8.1 Time-dependent frequency

Consider the harmonic oscillator with arbitrary time-dependent frequency w(t)

H= %Jﬂ + ;mw (t)Q>. (118)
Here, @ is the position operator and P the momentum operator. They satisfy [Q, P] = i.
This problem was studied by Lewis and Riesenfeld [3]. See also [5, 13, 17, 27, 28, 33, 34,
37, 40]. Also here we use the known analytical solutions to derive the general solution
with arbitrary initial conditions.
Introduce an annihilation operator defined by

— Q+i— (119)

r\f f
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with r = and wy some constant frequency. Then the generators equal

A/ TWo

1 r?

S = 552_2P2 (120)
1

S = 1(QP+PQ) (121)
1 r?

53:Zﬁ¢+zﬂ. (122)

Introduce the function v(t), modulating the frequency wy, defined by w(t) = v(t)wy. The
Hamiltonian becomes

H(t) = —%m@—wf+%ww%ﬂw+wf
= wo(Y2(t) — 1)S; + wo(¥2(t) + 1)Ss. (123)

Hence one has h = wy(v*(t) — 1,0,~7%(t) + 1)".

8.2 Special solution

The time evolution equation reads (see the definition (70) of the Lie bracket)

a = hxa
= (h3a2, hias — h3a1> h1a2)T
= wo(YA(t) + D (ag, —ai,0)" + wo(72(t) — 1)(0,as, as)™. (124)

Proposition 2 Let x(t) be a solution of the classical oscillator equation
i+ w(t)r = 0. (125)
Then a, defined by

1 1
a:§@fumﬁﬁ+§%ﬁpﬂnﬂf—wwﬂaLmi (126)

is a solution of (124).

The proof is done by explicit calculation. One concludes that, to find a special solution
of the von Neumann equation, it suffices to find a special solution of the classical equation
(125). Note that the latter problem is equivalent with solving Riccati’s equation

g—9g°=uw(t). (127)

The corresponding solution of (125) is

z = Cexp (— / dtg(t)) , (128)

with integration constant C'. In the case that w(t) is constant one finds

g(t) = wtan(wt) (129)
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so that z(t) = C cos(wt). With C' =1 and wy = w one obtains the special solution
1
a= §w2(— cos(2wt), sin(2wt), 1)T. (130)
If w(t) is of the form w(t) = wo(l + ecos(2At)) then the equation (125) is related to

Mathieu’s equation. The solution = = cn(wy,t; k), involving Jacobi’s elliptic function
with 0 < k < 1/4/2, is obtained when

w(t) = wo\/Q dn?(wot; k) — 1. (131)

8.3 Automorphisms

Note that the special solution (126) satisfies (a|a) = 0 (using the metric with signature
—,—,+). Hence, we have to apply the exceptional case discussed at the end of Section
5.1.

Write a(t) into the form

a(t) = Rs(¢) P1(x) Rs(=9(0))a(0). (132)

From (78) follows

. . aq . (%)2 — w%xz
sin(g) = az ()2 + wiz?’
Qo 2woTx
cos(¢) az ()% + wiz? (133)
From (84) follows
as(t) (#)* + wga?
=In =In — . 134
T a0) T @R e (134)
Note that ¢(0) simplifies if either 2(0) = 0 or £(0) = 0.
From the general theory now follows that (see (77))
V() = e~ i(t)S3 ,—ix(t)S1 ,i¢(0)S3 (135)
The corresponding Hamiltonian is
K = x {cos(¢)S; —sin(¢)Sa} + ¢Ss. (136)
Note that
=2 on® and ¢:7a2a1;a1a2 — hy — Iy . (137)
as as as as
Hence K can be written as
K = (cos(@)X, —sin(6)%. 9)"
= ? (hlag, —h1a1a2, hgag — h1a1a3>T . (138)

3

21


http://mostwiedzy.pl

A\ MOST

One obtains h — k = aa, with

o= h=L (139)
as
The final result is
U(t) = V()i ps©-C) — (=i0(t)55 (=ix()51 (id(0)Ss i 5, 45(0)S; [§ dsals) (140)

It can be used to calculate the time evolution with arbitrary initial conditions. In partic-
ular, one can start with an initial state which does not satisfy the ’light cone condition’
(ala) = 0.

9 DMore general oscillators

More general time-dependent harmonic oscillators have been considered in the literature
(7,11, 12, 21, 30, 32, 37]. Even damped oscillators have been studied — see for instance
[15, 18, 31]. Some of them can be treated by the present method. An example not yet
considered in the literature is H = Zj?:l h;(t)S; with

hi(t) = acn(wt;k) (141)
ho(t) = —asn(wt;k) (142)
hs(t) = c+wdn(wt;k), (143)

with constants w, a, ¢, and 0 < k < 1. A special solution of the von Neumann equation
is given by (see [35]) ps(t) = Z?Zl a;(t)S; with

a(t) acn(wt; k) (144)
ax(t) = —asn(wt;k) (145)
az(t) = e (146)

Note that ps(t) is not a density operator. But this does not harm our method.
Introduce unitary operators V' (t) by (see (77))

V() = e @% o =ix(S1¢ix(0)91,16(0)Ss (147)
with angles ¢(t) and x(¢) satisfying (see (78))

sin(¢p) = cn(wt; k), cos(¢) = sn(wt; k) (148)

sinh(yx) = %, cosh(x) = ¢ (149)

a?—c a? —c?

Note that we assume that a® > ¢2. Also, note that ¢(0) = 7/2. Because x(t) turns out
to be independent of time ¢, (147) simplifies to

V(t) = e~ H () —¢(0))S3 (150)
Next calculate
a1h1 + aghg
a(f) = FH 2 = 1 (151)
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Hence, the time evolution is described by the unitary operators
Ut) = V(t)e—ips(O)t — o (6(1)=¢(0)53 ,—it(aS1+cS3) (152)

It is now possible to calculate the time evolution of the generators in the Heisenberg
picture. For simplicity take ¢ = 0. Then one obtains

Si(t) = U)"5:U(1)
COS(¢()) ¢(0))51 + sin(¢(t) — ¢(0)) 5,

sin(¢(t)) 51 — cos(¢(t)) 52
= cn(wt; k)S) — sn(wt; k)Ss (153)

Similarly is

Sa(t) = U(t)*S:U(t)

cosh(at) [cos(o(t) — ¢(0))Se — sin(o(t) — ¢(0))S;1] — sinh(at)Ss
cosh(at) [sin(¢(t))S2 + cos(¢(t))S1] — sinh(at)Ss

= cosh(at) [en(wt; k)Ss + sn(wt; k)S1| — sinh(at)Ss, (154)

and

Ss(t) = U(t)" SsU(t)

cosh(at)Ss — sinh(at) [cos(p(t) — ¢(0))Se — sin(p(t) — ¢(0))S]
cosh(at)Ss — sinh(at) [sin(¢(t))Ss + cos(o(t))S1]

= cosh(at)S; — sinh(at) [en(wt; k) Sy + sn(wt; k)Sy]. (155)

Note that S3 is the energy of the unperturbed harmonic oscillator. Clearly, this quantity
explodes for large times. Hence, the time-dependent harmonic oscillator described by
(143) is at resonance.

10 Discussion

We present a general method of constructing unitary operators U(t) that solve a quantum
time evolution in the case of a time-dependent Hamiltonian H(¢). The method starts from
a special solution of the von Neumann equation. It differs form the approach of [3], where
the special solution is called a time-dependent invariant, by using an explicit solution
instead of defining it by means of a classical differential equation and an asymptotic
procedure. The method is worked out in detail for the case that H(t) can be written
as a linear combination of generators Si,--- .95, of a Lie algebra, with time-dependent
coefficients. Most studied in the literature is the case of SU(2). The explicit expressions
for the operators U(t), known as Magnus expansion, respectively Wei-Norman expansion,
are shown to be special instances of a more general theory and correspond to specific
representations of the rotation group in R3. A simpler expression for the operators U ()
is obtained when the rotations are described in terms of Euler angles — see (62) and (66).
Also the case of SU(1,1) has been discussed often. The representation of the rotation
group involving Euler angles can be adapted to this case. The result is given by (77, 82).

The generator corresponding to the special solution is denoted by K (). The result of
Proposition 1 is very convenient because it proves that the difference between the Hamil-
tonians H(t) and K (¢) is a linear function of the special solution p4(t). The conditions of
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this Proposition may not always be fulfilled. But one can fall back on the general method
described in Section 2. It suffices that the special solution ps(0) is multiplicity free. Then
the left side of (16) is an element of a commutative algebra generated by p,(0), and at the
same time an element of a Lie algebra. The degree of difficulty of determining the form
of fi(x) depends on how many different functions of ps(0) are Lie-algebra valued. Never-
theless, in all cases the procedure just reduces to integration of ordinary functions. The

ift(:(®) in (15) is easy to calculate as an exponent of a sum of commuting

expression e
operators.

Initially [1, 2], the Wei-Norman method translated the problem of obtaining explicit
expressions for the operators U(t) into sets of differential equations with time-dependent
coefficients. In the Lie-algebraic context these equations can be written into the form
T = h x x, where we use the notation h x z for the Lie bracket of A and x. The main
result of the present approach is that we obtain the general solution z of these equations,
starting from a special solution — see (68) and (87, 88).

The method depends on the knowledge of a special solution. Note that the Schrodinger
and von Neumann equations with time-dependent Hamiltonian are related to the non-
linear Schrodinger and von Neumann equations. In particular, a solution of the non-linear
equation

Lo(t) = (e, A (156)

can be used as a special solution of the von Neumann equation (4) with time-dependent
Hamiltonian H(t) = p(t)H + Hp(t). See for instance [26]. The theory of finding special
solutions for non-linear von Neumann equations can be found in [25].

We apply our method to two well-known cases, one corresponding with SU(2) sym-
metry, the other with SU(1,1). In both cases the method is shown to reproduce known
results and to produce some new results as well.

We did not try to reproduce the most general results found in the literature. We
are confident that we could do so, at the expense of writing a more technical and less
pedagogical paper. Of more interest is the application of our method to other Lie algebras.

In [21], the Lie algebra that we used in Section 4 is extended to contain 6 elements
P2 102, L(PQ+ QP), P, Q, I. With this extension it becomes possible to calculate
the time evolution in the Heisenberg picture of physically interesting quantities such as
the position ) and the momentum P. One then can calculate the classical phase portrait
by studying the orbit ¢t — (|Q(t)[1), (| P(t)|¢) for an arbitrary wavefunction . This
will be done in a future work.

Weigert [23] has considered the general case of SU(N) symmetry. Lopez and Suslov [38§]
used the Heisenberg-Weyl group N(3) to describe a forced harmonic oscillator. Finally,
Carinena et al [39], among others, are interested in developing a superposition principle
for nonlinear equations by mapping the solutions onto the solutions of linear equations
with time-dependent coefficients.

Appendix A

Here, our method is applied to find the general solution of the Bloch equations starting
from the special solution (93).
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Following the general method of Section 4.4 the transformation V' (¢) is determined by
two angles ¢(t),0(t). The special solution a(t) at time ¢ = 0 reads

a(0) = (¢,0,7)". (A.1)

It is rotated into the fixed vector A(0,1,0)T. One has

2(t) = \/a%(t) +a3(t) = \/62 en2(wt; k) + w? sn2(wt; k) dn®(wt; k),
2(0) =

A= \/22(t) +d3(t) = V2 + 42 (A.2)

The angles ¢(t) and 0(t) are determined by (62). In particular, at ¢t = 0 is

: a1(0) az(0)
pum— pumy ]_ pu— pum—
sin(¢(0)) 2(0) and  cos(¢(0)) 2(0) 0,
i 1) B _#0) _ e
sin(6(0)) = T and  cos(6(0)) = DN (A.3)
One can understand these values as follows. By a rotation of —¢(0) = —7/2 around the

third axis the initial vector a(0) becomes (0, ¢,7)™. Then by a rotation with angle —6(0)
around the first axis it becomes (0, \,0)T. Next, the rotation R;(6(t)), followed by the
rotation Rs(4(t)) maps this fixed vector onto the time-dependent a(t).

The Hamiltonian K (t) equals (see (64))

agdg a1a3 a1a2 — a2a1

K(t> = 751 - 752 + 2 Sg
= 52(—(?) [~a5(t)S1 + ai(t)as(t) Sz + ar(t)as(t)Ss] + €Ss. (A.4)

The difference between this K (t) and the Hamiltonian H(t) as given by (89) makes an
extra rotation necessary. It involves the function «a(t), given by (65). It evaluates to

- - 2ewk en?(wt; k)
alt) = &) = €2 cn2(wt; k) + w?sn?(wt; k) dn®(wt; k) (A-5)

The final result then becomes

U(t) = ei®05i00-60)5 o= im/2)S3 ,=i( g ds a(s)) (eS1+7S3) (A.6)

Note that this expression can be simplified to

U(t) = ¢il6=m/285 (=i(0)-0(0)S2 giarX | (A7)
t
with 7 = 7(t) = —/ dsa(s) and X = @ For further use note that
0
XS em N = S+ isin(AT)[X, S;] + (cos(AT) — 1)[X, [X, S]] (A.8)

Note that (omitting time dependences and denoting 6y = 6(0))

2 2

ecos(0 — by) —ysin(d — 0y) = ‘ ;\7 cos() — 2% sin(0)
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vy cos(0 — 6g) + esin(d — 0y) = 2% cos(f) + ) sin(6)
yecos(f — 0y) —esin(@ — 0y) = —Asin(0)
ecos(f — 0y) + ysin(0 — 6y) = Acos(0). (A.9)
These relations can be used to calculate
U(t)(eS1 +vS3)U(t)* = —Asin(0)S3 + Acos(0)Sy,
AU(t) (€S, —vS5)U()* = [(€8 —~*) cos(f) — 2eysin(f) cos(AT)] S
+2vesin(AT)S_
— [2e7 cos(0) cos(AT) + (€2 — 7°) sin(6)] S;
U(t)SU(t)" = —sin(A7)cos(6)S3 — cos(A1)S_ — sin(f) sin(A71)Sy,
(A.10)
with
Sy =sin(¢)S; + cos(¢)Sy  and S_ = cos(¢)S; — sin(¢)Ss. (A.11)
Note further that
gz? = —e+ Esin(o) tan()
0 = ¢cos(¢)
. §sin(9)
T = X COS(Q) . (A12)

Using these equations one can verify explicitly that the time-dependent operators (A.10)
satisfy indeed the von Neumann equation of motion.

Let us finally consider the situation when the resonance condition ¢ = w is satisfied.
The normalisations z(t) and A, given by (A.2) and appearing in the expressions for the
angles ¢ and 6 (see (62)), become

o) = wyfen2(wh k) + su2(wt; k) do’(wt; k), (A.13)
A= w. (A.14)
There follows

sin(20) = 2M% _ (i k) (A.15)

z

CL2 _ a2

cos(2¢) = 2 5 L= —cn(2wt; k) (A.16)

z
sin() = —% = ksn2(wt; k), (A.17)
cos(f) = % = \/ch(wt; k) + sn2(wt; k) dn®(wt; k). (A.18)

In particular is #(0) = 0. The equations (A.10) become

U(t)S,U(t)" = —sin(#)Ss + cos(6)Sy,

U(t)SsU(t)* = sin(f) cos(wt)Sy — sin(wt)S— + cos(wT) cos(#) S

Ut)SU(t)* = —sin(wr)cos(6)S; — cos(wr)S— — sin(f) sin(wr)Sy.  (A.19)
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Appendix B

Here, our method is applied to find the general solution of the Bloch equations including
phase modulation.
Consider the special solution (109). The angles ¢(t) and (t) are determined by (62).

In particular, at t = 0 is

€

sin(¢(0)) = T+ os(6(0)) = 5 (B.1)

and 0(0) = 0, with A = /€3 + w?. This means that by a rotation R3(—¢(0)) around
the third axis the initial vector a(0) is rotated into the fixed vector A(0,1,0)T. Next,
the rotation R;(0(t)), followed by the rotation R3(¢(t)) maps this fixed vector onto the
time-dependent a(t).

The Hamiltonian K (t) equals (see (64))

aas ayaz a1ag — Adq

K(t) = 751 - 752 + 22 53
- 52((1;)) [—a%(t)Sl + a1 (t)az(t)S2 + a1(t>a3(t)53:| + €S3. (B.2)

This is the same expression as (A.4). The difference between this K (¢) and the Hamil-
tonian H (t) as given by (89) makes an extra rotation necessary. It involves the function
a(t), given by (65). It evaluates to

€0éo en(wt; k) dn(wt; k)

t —— = — : B.3
a(t) z2(t)£( ) e cn?(wt; k) + w? dn’(wt; k) (B:3)
The final result then becomes
U(t) = ¢9055 60081 =id(0)8s (AT (DX (B.4)
t
with 7(t) = —/ dsa(s) and X = M. Note that (B.3) can be integrated

0
analytically. The result is

(1) = 0o I A+ psn(wt; k)

2w A — psn(wt; k)

(B.5)

with p = /€2 + k2w?.
One further calculates (again omitting time dependencies and denoting ¢¢ = ¢(0))

U(t)(eoS1 +wSe)U(t)* = Acos(0)S;. — Asin(6)S;
AU (t)(€0S1 —wSa)U(t)* = [(eg — w?) cos() + 2eow sin(6) sin(A7)] S,
+2€pw cos(AT)S_
+ [2€w cos(0) sin(A1) — (ef — w?)sin(F)] Ss
U(t)SsU(t)" = cos(A1)sin(0)Ss — sin(A7)S_ 4 cos(AT) cos(#)Ss,(B.6)

with
Sy =sin(¢)S; + cos(¢)Sy  and S_ = cos(¢)S; — sin(¢)Ss. (B.7)

This result can be used to derive the general solution of @ = h X a.
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