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The temporal evolution of a degenerate two-level system (spin) coupled to a dissipative bath
(bosons) is studied in this Rapid Communication. Closed-form expressions for the occupancy

probabilities and correlation functions are found by functional methods.

The non-Markovian

characteristics such as explicit dependence on the initial condition and a possible long-time tail
behavior are shown to be present. We also suggest a reasonable procedure for the construction of

the Green’s function of the nondegenerate system.

The interaction of a two-level system with a dissipative
bath serves to model a large class of phenomena occurring
in condensed-matter physics: for example, the x-ray-
absorption and emission spectra of simple metals,! the
Kondo-Anderson effect,? and macroscopic quantum tun-
neling,’ etc. These have been studied both intensively and
extensively for a long time. In a more recent investiga-
tion, a related model—the Jaynnes-Cummings model
— has been studied by the method of dynamical superalge-
bra.* An interesting response of the two-level system was
found when the external perturbation has quasiperiodic
time dependence.® In a rigorous study, phase transition
was shown to exist in the limit of infinitely many spins,
where the system (spins plus bosons) exhibits a high-
temgerature phase in which the spins and bosons decou-
ple.

The approximation solution to this problem was first
given by Pauli,” where he wrote down a master or rate
equation describing the time development of the transition
probability P, (n labels the states of the discrete system)
on physical grounds:

a,P"=—2kj(WnkPk—WknPk), 1)

where W, is the amplitude of transition from state n to
state k. The rate equation was shown to- be valid by
Weisskopf and Wigner® and by Van Hove® under certain
conditions. The essential point in these approximations is
that one assumes the relaxation process of the discrete
system is Markovian and hence neglects the effect of
memory. These considerations were discussed in great de-
tail by Fain,'® where he also pointed out the qualitatively
different behavior resulting from lifting the Markovian
approximation. A representative of this class of problems
is simply that of a two-level system coupled to a continu-
um boson field supporting fluctuation of all frequencies.
The coupling between the two is what causes the spin flip.
We shall study the problem in the case where the two-
level system is degenerate in energy without the Markovi-
an approximation. The exact expression for P,(¢t) was
found by Fain.!! Expressions for the line-shape and
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scattering operators were found '? under the rotating-wave
approximations of Hepp and Lieb.!*> Instead we shall
adopt functional methods which include the finite-tem-
perature effect.'*!> The exact probability'! is reproduced
and we are able to obtain exact spin-spin correlations.
The system is modeled by the Hamiltonian:

H =y woo3y+ §wk¢z¢k - ; Bi/2) @+ o)y oy,
()

where y,, yfl (a=1,2), ¢x, and ¢;I are the usual Fermi
and Bose creation and annihilation operators and o,
(@a=1,2,3) are the Pauli matrices. The units are
h=kg=1. We shall study the time evolution of the prob-
ability amplitude from a given initial state y, =1, y, =0,
and unprescribed boson distribution at ¢t =0. The finite-
temperature action with wo =0 is

B B
s==j; dn//T(G,)w+J; dr T 0l 0.+ 1)
B B
- J; d‘r%Tk(¢z+¢k)wTolul. 3)

S can be made diagonal in spin space by a rotation of y:
B
S=] drX ol @.+wi)
J; T ; 1 W) Pk

s B
+j; drg*[a,—§7"(¢,t+¢k)a3 g, €))
where

1 |1 —1
As_
NG 1 1

and y =A¢&. From Eq. (4) the Matsubara Green’s func-
tion of the discrete system under the influence of the bo-
son field is easily found because the fermionic part of the
action is quadratic. Therefore,

, ATO'1A=O'3

0. — o3V (gle",0l8(r, ;W) =—6(z—7"), (5)
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where
t By
V(zle ,¢1)-)k:—2—(¢l+¢k),
DEYDEexp(—Splet, &01,01)E,(
9,,ﬁ(r,r';[¢*,¢1):-—<g,,(r)¢;(r')>p:-f §Deexp(=Sele’ fiol 9D () (5a)

B By
Sk =j; deg! [a,— ;—2—(¢Z+¢k)a3]§.
Since the phonon distribution is unprescribed, the transi-
tion probability is

Pys(): =< 3 6..(2,0:[6",61) Zggﬂ(o,r;[qﬁ,q)]))g ,
a B
6)

where

(

) fI'IkafDme ~Saletel -
o )g =
S TLcDotDore 5

The Matsubara Green’s function can be found via the
Schwinger Ansatz:'6

8(z,7:[V1) =8o(z,7")e! D1t

where I(7) is an unknown functional of V to be deter-
mined and & satisfies Eq. (5) with ¥ =0. Using the an-
satz, we find 8./(7) =03V (r). Because 9(r,7') describes
propagation of fermionic excitation in the imaginary time,
it must be periodic in 7 and ¢’ with period B, while V being
a functional of the boson field is periodic in r with period
B. Therefore, I(t) must be periodic in = with period 8 and

S 2o'voexp (= [, [ olkoyo,+ [ Ulotolsn)

[ petoge S

J 50¢*:0¢exp[— i) fy ¢ley¢y]

with

j; Ky 'Ky =8xy.
This gives:

B2l —cosw,(z—17')]

(eF)p=exp| — /BT T ———~ .
n ok wi(io, — o)

Performing the frequency sum and upon continuation to

real time, the above becomes:

C))

(eF)g =exp

BZ[1 —coswi (z —¢')]
> 0t (1 —e P%) ] ’

where ¢ =it. Note that at zero temperature, the Bose fac-
tor in Eq. (9) becomes unity and

Go(t—1t')=— S sgnt—1").

I
can be developed into a Fourier series,

+ oo
I(D)=—=(03/B) X e V(iw,)lio,,
n=-—oco
where w, =2nn/B: =2nnT is the boson Matsubara fre-
quency and V(iw,) are the Fourier coefficients of V(7).
The ansatz fails when ¢ is nonzero. Physically, the boson
bath experiences a perturbation over a finite “time” dura-
tion (| t—1'|) and we are studying the response of the
bath, whereas in the x-ray problem, the response of the
conduction electrons is being examined. Therefore, we
may expect a long-time tail behavior to develop in the
present problem. This will be borne out in later calcula-
tions. The final form of €(z,7') now reads

— 03 Z V(l(l),,) (eim,,t_eizu,,t') , @)
B “n iop

§=8o(z,7") exp

from which
(tr9(r,0)tr8(0,7)) g = 8o (r) So(— v) 2+ 2(ep) , (8)

where tr@=3,9,,, with F(z,7') defined according to
Egs. (7) and (8) and {e")3 =(e ~F)3. The boson average
in Eq. (8) can be calculated by the following formulas:

exp [fx LJ;Kx;]Jy] s

Using these on the definition of P+ +, we recover the re-
sults of Fain, '

Pii()=1(1+e 2T=0)) (10)

where

2

2’5-[1 —coswi (¢ —1)].
o}
Note also that at ¢ =0, the correct normalization is found.
The probability of spin down is thus, P— - =1 —P 4+, and
is zero at ¢ =0, thus showing the dependence on the initial
condition. To study more precisely the long-time relaxa-
tion, let us take the case where the pseudospin is coupled
to a two-dimensional boson bath with dispersion relation
wx =ck and consider contact interaction By =Be (=% 2 |k
(a a small positive number to limit the large momentum
processes). Converting the sum into an integral over k, we

=, T=0): -22k)
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2, 7=0)= |2 L

0 2k 2n

(1 —cosckt)e Kk =— B
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n[(ct) ;’-a an

a

~(B?c3n)In [c—t] ,
a

in the limit of ¢z > a, exhibiting the long-time tail, a very slow relaxation process highly non- Markovnan in character. At
low temperature, the tail is enveloped by stretched exponentials:

n(l )
¢, T) =2, T=0)=0/27)(B/c)? 2=:lln[1+(t/nﬂ)2]=(82/2n2c)j; /,,

):(

~5n ] Z

2]

where Eq. (12) is found by using

1
1n(1+x)=j; dr

and

X
1+Ax

3 1/n*+a*) = (x/20) leothrna = (1/na)].

Equation (13) follows by a series expansion in ¢/p, valid in
the low-temperature region and {(x) is the Riemann ¢
function. The simplicity of this method is reflected in the
calculation of correlation functions. Consider, for exam-
ple,

2%(2,0): =(5%(£)S%(0)) —(S?()X5%(0)),
where

S ) =(ytoy) (1),

, f.@q)fi):p:l)y/*ﬂwe S
f$¢7$¢$w*50we =S

a=0,1,2,3 and ¢°=1. From a straightforward calcula-
tion, Eq. (14) becomes

1(0) =X 584,680(90,0,(0,7) 900, (1,005 ,

aya;

where 5% =A'o?A and @ is defined by Eq. (7).
Using the results given above, the susceptibility at
imaginary time is given by

12%(2) =80(2)8o(— 1) 51,50 + 51262

(14)

(15)

+ (6455 + 55150)e T
16)
Written explicitly,
, [Al 0 ]
)=, RE an

where

28° A8 f0
(Al):-[X(())I X(;l 5 (142):= Of ,

f:=280(0)Go(—1)e ~E=T)

and the subscript 0 denotes the situation where the spin is

¢(2n)

dx(cothx — 1/x) =In[sinhz(¢/B8)/n(¢/B)]
(12)

) (13)

M
decoupled from the bath, i.e., £ =0.

Having done these calculations we shall now address
the issue of the existence of the discrete nondissipative
(i.e., sharp) levels in the spectrum of the couple system. It
was pointed out by Fain,'! that the non-Markovian relax-
ation is due to the ‘“sharpness” of the discrete levels,
where a value Xx Bkz/wk was assigned to them. In order to
determine the existence of these levels, we must calculate
the density of states (DOS) of the spin subsystem. If the
DOS has é-function peaks, then we conclude that the lev-
els are sharp, otherwise the nondissipative structures do
not exist. As will be shown in the following calculations,
one does not find any 8-function peaks but rather more ex-
otic behavior in the DOS. The DOS at 7 =0 is defined as

D(w)=—21mj;&dtcos(cut)trGR(t) s (18)

where

Gr(): =i0()IG(t) —G(—1)]
is the retarded real-time Green’s function of the spin sys-
tem, G(z) is the Green’s function obtained from the ana-

lytic continuation of the Matsubara Green’s function at
T =0and is

G(t)=—+sgn(t)e I, (19)

Taking the coupling which produces the long-time tail and
putting Eq. (19) into Eq. (18), we find

D(w) -(Z/wc)J;mdx(l +x2) “#cos(wx/w.)

=Q2r'"%w.) Qo) > K, — (0w )T W),
(20)

where w.: =a/c is the cutoff frequency, u: =B?*/2¢*x >0,
K,(x) is the Macdonald’s function, and Eq. (20) can be
found from Ref. 17. The low-frequency asymptote
(0 < w.) of D(w) depends on the dlmensnonless parame-
ter u in a nontrivial manner. For o<u<¥,

D(w)~(2' _Z“E'/Z/wc)[r( L —)IT Wl w/w) ~0 =)

exhibiting a weak algebraic divergence. Upon reaching
u=%, D(w)~Q/w.)InQw./w), and for u> +, the
DOS becomes independent of o,

D(w) =(z"*/0 )M (u— %)/ W],
At high frequency (0> w.), one expects the DOS to be
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exponentially damped. For0<u <1,
D(0)~[2' *a/0 T (W) (fw,) ~ 7@

At u=1, one finds pure exponential decay, D(w)
~(r/w)e ) The ultraviolet shift in energy
(X« BRZ/wy) cancel each other from the numerator and
denominator in the functional averages.'® Furthermore,
this problem can be seen to correspond to the x-ray limit
of the Kondo problem'® and p is the same as the parame-
ter a used in Ref. 3. The “vacuum” polarization,

det(d,— o3V)/det(d,)

=exp [trag J;l d\r j;pdrV(r)g(r, +0oAlv]) ] ,

where the above is derived from the identity,

Inldet(4+ B)/det(A4)] -trBj;ldx(A +AB) !,

and ¢ satisfies Eq. (5), is unity. In other words, upon
tracing out the spin degrees of freedom, the bath is
unaffected and the total energy of the system is given by
that of the bath alone. If we have instead inserted an ex-
tra term, ewfyf, in the Hamiltonian of the spin system, the
total energy decomposed into the sum of the bath energy
and &. The energy of the spin system remains unshifted.
However, the DOS has no é-function peaks. The no-
recoil approximation has been used by Edwards and
Peierls?’ in studies of quantum field theory resulting in a
nontrivial asymptote of the electron Green’s and vertex
functions.?! In summary, we have given closed-form ex-
pressions for the occupancy probability and the general-
ized susceptibility of the degenerate spin-boson system.
This, in our opinion, is better than using the many-body
wave function of the system, whose explicit form is
difficult to determine. The non-Markovian relaxation of
the discrete system is related to the fact that its behavior
is nonergodic. As to the experimental observation of the
long-time tail, we would like to refer the reader to a stan-

dard treatise in the field.??> Similarity to the x-ray prob-
lem' can be made more pronounced, if one considers the
Schotte-Schotte?? oscillator representation of the conduc-
tion electrons, due originally to Tomonaga.?* In this rep-
resentation, the conduction electrons near the Fermi ener-
gy are bosonized in terms of fictitious sound wave and
since the deep hole in the x-ray problem is structureless,
the conduction electrons experience a transient perturba-
tion. Thus the present problem is equivalent to the x-ray
problem. When wo> 0, spin-flipping processes can no
longer be “rotated” away, thus the present problem be-
comes the Kondo problem, which was discussed in great
detail in Ref. 3. In the extreme where wo>> w.~c/a, we
may disregard the coupling to the bath in the first approx-
imation and an (trivial) exact solution can be found. The
correction to this may be constructed by the Wentzel-
Kramers-Brillouin (WKB) method, in which one regards
the “bath variables” as slowly varying. The partition
function of the system can be expressed in terms of the
off-diagonal elements of &, which in turn satisfy a
“time”-independent Schrodinger equation with the imagi-
nary time playing the role of the spatial coordinates of the
quantum-mechanical particle and wé playing the role of
the energy. Coupling to the bath introduces a random po-
tential in the Schrodinger equation. The solution of this
remains an outstanding problem. This can also be viewed
as interaction between two types of ‘“‘particles,” one of
which—the bath-variables—is massless. The WKB ap-
proximation corresponds to the heavy-mass limit'> of the
quantum-mechanical particle. The above is deferred to a
later publication.
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