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PART 1

SOME REMARKS
on
DECOHERENCE



Question: WHAT DO WE MEAN BY “DECOHERENCE” ?

When some quantum system with coordinate Q interacts
I with any other system (with coordinate x) , the result is
@ typically that they form a combined state in which there is
/ some entanglement between the two systems.

O \I Example: In a 2-slit expt., the particle coordinate Q couples to

photon coordinates, so that we have the following possibility:

I Y, I,¢," > [a, ¥,(Q) I, 0,0 + a,¥,(Q)II, ¢, ]

But now suppose we do not have any knowledge of, or control over, the photon states- we must then
average over these states, in a way consistent with the experimental constraints. In the extreme

case this means that we lose all information about the PHASES of the coefficients a, & a, (and in
particular the relative phase between them). This process is called DECOHERENCE

NB 1: In this interaction between the system and its “Environment” E (which is in effect performing a
measurement on the particle state), there is no requirement for energy to be exchanged between the
system and the environment- only a communication of phase information.

NB 2: Nor is it the case that the destruction of the phase interference between the 2 paths must be
associated with a noise coming from the environment- what matters is that the state of the
environment be CHANGED according to the what is the state of the system.

Question: How do we describe this for a ‘COMPLEX’ SYSTEM ?



DECOHERENCE - The ‘Standard Model’

As discussed very clearly by Feynman, we can start _
any discussion in quantum field theory in terms of a .

Model in which a the system of interest is coupled to .
an environment of some kind, as shown. V(Q,X) :

The appropriate effective Hamiltonian is

H = H(Q + VOX) + H_ (X ENVIRONMENT (x)

where the environmental variables range over the
‘rest of the universe’.

The standard idea is then that we ‘integrate out’ (ie., average over) the
environmental variables to calculate the statistical behaviour (in the form of a
reduced density matrix) of the system. This averaging generates interactions.

If the dynamics of system and environment are entangled, this produces
decoherence in the system dynamics.

One can do the same analysis of
Q @ LA > the dynamics of a system plus
measuring apparatus; or more
generally for any number of
\ / O ‘systems’; averaging generates

interactions

ENVIRONMENT

M Dube PCE Stamp, Int J Mod Phys B12, 1191 (1998)
M Dube, PCE Stamp, Chem Phys 268, 257 (2001)




WARNING: 39 PARTY DECOHERENCE

This is fairly simple- it is decoherence in the dynamics of a
system A (coordinate Q) caused by indirect entanglement

with an environment E- the entanglement is achieved via a
0 /I\ 3rd party B (coordinate X).
\ — Ex: Buckyball decoherence bCS:i;,%Zr“tshﬁ-i; “Ct(g),i,l?t with
coordinate Q of the buckyball does not couple directly to the vibrational modes
{gk } of the buckyball- by definition. However BOTH couple to the slits in the
system, in a distinguishable way.
X Note: the state of the 2 slits, described by a coordinate X, is irrelevant- it does
® not need to change at all. We can think of it as a scattering potential, caused
Q by a system with infinite mass (although recall Bohr’s response to Einstein,
which includes the recoil of the 2 slit system). It is a PASSIVE 3" party.

gk

PCE Stamp, Stud. Hist Phil Mod Phys 37, 467 (2006)

ACTIVE 3rd PARTY: Here the system state correlates with the 39 party, which then goes on to change the
environment to correlate with Q. We can also think of the 3" party X as PREPARING the states of both system
and environment. Alternatively we can think of the system and the environment as independently measuring the
state of X. In either case we see that system and environment end up being

correlated/entangled. Q
Note the final state of X is not necessarily relevant- it can be changed in an

arbitrary way after the 24 interaction of X. Thus X need not be part of the X

environment. Note we could also have more than one intermediary- ie., X, Y,

etc.- with correlations/entanglement are transmitted along a chain (& they gk

can wiped out before the process is finished).



ENVIRONMENTAL DECOHERENCE

Typically we will be concerned with a system where a set of interactions
(which may try to freeze the system) competes with quantum fluctuations —

for example: H =

o)

However this is not enough to properly understand the
system - it will give results which badly misrepresent
its true behaviour. The dynamics at low T depends
essentially on what sort of environment the system
variables couple to. The question of how to treat the
environment must not be treated lightly.

Quite generally we are interested in

However there are two kinds of environment:

OSCILLATOR BATH: 359 = Hy+ Hip + Hé’ii?
NO 2

P
Hosc - 2L
where Z(m + mqw;

q

z7) and

q=1

SPIN BATH: Heff(Qo) = Ho+ Hp + Hg,

where HY = Z h; - 6 + Z Ve otal, Defects, TLS,
k kK dislocations,

N
and H} = ZFk(P,Q)-G'k
R

H?Iff = Z[Fq(Q)xq + Gq(P)pq]
=1

X Z Z
2 AT+ XV TET,

V(Q,x) i

ENVIRONMENT (x)

H = Hy(Q + V(QX) + Hey(¥)

Fevnman & Vernon, Ann.
Phys. 24, 118 (1963)

Caldeira & Leggett, Ann.
Phys. 149, 374 (1983)
AJ Leggett et al, Rev Mod
Phys 59, 1 (1987

Nuclear & PM spins,
Charge fluctuators..

(1) P.C.E. Stamp, PRL 61, 2905 (1988)
(2) NV Prokof'ev, PCE Stamp,
J Phys CM5, L663 (1993)
(3) NV Prokof'ev, PCE Stamp,
Rep Prog Phys 63, 669 (2000)




REDUCTION to a LOW-ENERGY OSCILLATOR BATH FORM

Quantum Dynamics Classical Dynamics

\%ﬁ

Suppose we want to describe the dynamics of some quantum system in the presence of decoherence.
As pointed out by Feynman and Vernon, if the coupling to all the environmental modes is WEAK, we
can map the environment to an ‘oscillator bath, giving an effective Hamiltonian like:

N N 2
l P
Hegr(Q0) = Ho(P. Q) + ) [Fy(P, Q)xg+Gy(P, Q)pgl+ 5 ) |+ mgwx;

A much more radical argument was given by Caldeira and Leggett- that for the purposes of TESTING
the predictions of QM, one can pass between the classical and quantum dynamics of a quantum
system in contact with the environment via H_¢. Then, it is argued, one can connect the classical
dissipative dynamics directly to the low-energy quantum dynamics, even in the regime where the
quantum system is showing phenomena like tunneling, interference, coherence,

or entanglement; and even where it is MACROSCOPIC. Feynman & Vernon, Ann.
Phys. 24, 118 (1963)

_ . .y - _ _ Caldeira & Leggett, Ann.
This is a remarkable claim because it is very well-known that the QM wave Phys. 149, 374 (1983)

function is far richer than the classical state- and contains far more information. AJ Leggett et al, Rev Mod
Phys 59, 1 (1987




QUANTUM ENVIRONMENTS of LOCALISED MODES

Consider now the set of localised modes that
exist in all solids (and all condensed matter =
systems except the He liquids). As we = : =
saw before, a simple description of N ! !
these on their own is given by the = Y I
‘bare spin bath Hamiltonian’ AN ] i

|

|

|

|

N \
HZ, E :hk O + E, ker’kC’kf = AN \

S
k.k’ R *\ v . e .7

where the ‘spins’ represent a set of CENTRAL -
discrete modes (ie., having a restricted

Hilbert space). These must couple to SYSTEM
the central system with a coupling of
general form:

H = Hy(P, Q)+ Hy(P, Q; (G)) + He ({5 })

N
Huw(P, Q; (o)) = Y [F(P, Q)87 +[F-(P, Q)6 +hcl]]

We are thus led to a general R N R

description of a quantum H.,({c}) = k&)k + Z Z ki‘?&i?ak’
system coupled to a =1 k=1

‘spin bath’, of the form

shown at right. This is

not the most general possible P.C.E. Stamp, PRL 61, 2905 (1988)
Hamiltonian, because the bath NV Prokof’ev, PCE Stamp, J Phys CMS5, L663 (1993)

modes may have more than 2 NV Prokof’ev, PCE Stamp, Rep Prog Phys 63, 669 (2000)
relevant levels.

znt ZFk(P Q) O




A NOTE on the FORMAL NATURE of the PROBLEM
0, Q : ,
We want the density matrix K(0Q,, 05,0, 01 1,1) = / qu R

with 7[00 =[G Q. 00 Q" 1)

Here the unitary operator ﬁk(Q, t) describes the evolution of the kth environmental mode,
given that the central system follows the path Q(¢) on its ‘outward’ voyage, and Q’(f) on
its ‘return’ voyage; and F[Q, Q'] acts as a weighting function, over different possible paths

(@), Q')

Easy for oscillator baths (it is how Feynman set up field theory). We write:

FlQ,Q1 = i\jfpzvq(ﬂfpxq(r’) exp [%fdr%[j:g — j:’; +w3(:1:3 — ;p’q2)] + [F(Q)zy — Fq(Q’)x’q]]

For the simplified bilinear ‘Caldeira-Leggett’ form, Fq(P,Q) Xy = VquQ we get
1 t T

Fla,q) = exp |~ [ dri [ dnla(m) ~ ¢ (m)D(r: ~ m)a(m) ~ D"( ~ )4 ()]

to

2
w0 - o 22
ePve —

For a spin bath it is not so simple. We have:

Q Q] ]DUk /Dﬂ'k eXP [;(Sﬁnt[Qaak] - S@nt[Qr:G";ﬂ] + SE[O'k] - SE[U;C])]
where N
Sfaft(@ao'k) = _/dTZFk(Pa Q)'C"k & Semy = /dT [Z(Ak @ — hy - o) Z T?Uf%f]
k k.k'

Integrating out the spin bath is then non-trivial (see Appendix)



RESULTS: DECOHERENCE

Considerable success has been achieved for some problems - eg., a qubit coupled
to a spin bath, or a set of dipolar interacting qubits coupled to a spin bath.
The most important problem is to find the decoherence ratesfor experiments on

real systems. This has been very successful recently. A general feature of the results
Is that one can have extremely strong decoherence

with almost no dissipation - the spin bath is almost
invisible in energy relaxation, but causes massive
Decoherence (largely PRECESSIONAL DECOHERENCE)

For a qubit write: Hgp = HgB(F) —+ Z (V& + Ek) - Ok
Ye = hg + Zwka"'ﬁ
B
& =) Vivow
K B
Then decoherence rates are x"

]._‘g ~ I/QZ(wk/hk)2;wk < hyg
k

where

IR  M=0contribution

02 r
Precessional

decoherence

rf ~ 1/ZZ(hk/wk)2;hk<<wk
k

01

However the lineshape is not conventional at all:




PART 2

BRIEF REMARKS
on
EXPERIMENTAL SYSTEMS



NUCLEAR SPIN BATH in MAGNETIC SYSTEMS

(1) LiHo, Y, F, Qlsing  H= - Viriri — Ay(H )Y 7f
i i

The single spin has J = 8 and
a 1-spin crystal-field Hamiltonian H. = aJBQOg + BJ(BQOE + Bjoj)

) =40

01E(K) + y,(B20Y + BiOY),

-80- BY =2739K
Bl=-977K Bi=-1280.1K Bg=—-631.6K

11201 Bl = —-65K

-160+ In zero field there is a low-energy doublet, which we call |T> |l)

- This is separated from a 3 state |Flz) by agap {1 = 10.5 K
2nd_order perturbation theory gives Ag ~ Y ugH | )*/Qq

240 i—lé (T3) T o Dipolar interactions have nearest neighbour strength |fo| ~03 K

HoM,

1E+1

(2) Fe-8 molecule

1E-2

1E-10

2 3
Hy(T)




M Schechter, PCE Stamp, PRL 95, 267208 (2005)
“ “ J Phys CM19, 145218 (2007)
“ “ /condmat 0801.2889

However the real Hamiltonian is quite different

H= - Ez‘,j,m,m’ ﬁ?,zm,m’ (Hl)nimnjm"s?ms?m’
=D im Mimem + Am(H 1), ]

A full treatment also 18
includes the transverse '
dipolar interactions. The
thermodynamics &
Quantum phase
transition depend
essentially on the
nuclear spins. This has

. : been very successful in
H, (Tesla) treating the LiHo system o

0 002 004 o.bsT(K?.ba 01 012 014
Fe-8 SYSTEM: THEORY Ve

HS = [Agfye 2% 0x L Hc) "
+ e+ ) wi-ox) + He([ok))
k

0.2

0.15}

0.05¢

SFe

A full theory
of the dynamics
now exists

The hyperfine couplings of all 213 nuclear
spins are well known (as are spin-phonon
and dipolar couplings). Theory works
quantitatively on real systems, even in
predictions of decoherence rates.

1 ! 1 ! 1
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Decoherence rate

1x108

1x10°8

—
X
1

There is a ‘coherence 15
window’ operating for a 1E42

single Fe-8 ‘qubit’ which

Fe, qubit

. 1E+1
can be probed in large
transverse fields (RIGHT) 1E+0

1E-1
K1E2
Adding dipolar 1E3
interactions
makes things e
a lot more 1E-5
Complex (see 1E6
LEFT)

1E-7

0 1 2

Hm °

Tunneling splitting 24 (K)

10

Stamp, P.C.E., Tupitsyn, |.S., Phys Rev B69, 014401 (2004)
Morello A, Stamp PCE, Tupitsyn IS, Phys Rev Lett 97, 207206 (2006)

DECOHERENCE in V-15 MOLECULE S Bertaina et al, Nature 453, 203 (2008)
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PART 3

SOMETHING COMPLETELY DIFFEREN
QUANTUM PHASE TRANSITIONS




QUANTUM SPIN GLASSES

The naive description of a QSG is
H==3 Vi —8o) 7
i,j i

Where the interactions are often
anisotropic dipolar

A much better description is

H= Z At +eg1) + Z,V, 17717
+ Ha(@ + Hq,(xq)
+ Interactions

where we couple to a nuclear spin bath,
and to a phonon oscillator bath

The usual ‘guantum

g : Some experimental examples
critical’ scenario What we now have
[ Vo V¢ Dipolar-Dominated
IJ A Regime
T Dipole .
C(J} Interaction Li HoxYy.xFaq
regime 0.2K
‘\\ ’I’ .
“Classical /*
v ’
A r) e
Quantum ’ e £,
“n f’ Quantum 9":"” ' ecoherent Mn-12 Quantum
\ -7 regime :  Relaxation
\ >0 Regime

KEY QUESTIONS
(1) What controls the phase
diagram now?
(2) What drives dynamics?

Quantum
regime

(4]

A o Quantum

Coherence
Regime




HYPERFINE COUPLING to the NUCLEAR SPIN BATH

We have a simple interaction Hy = AJZ:‘Z‘ -jl. with [1=17/2

The hyperfine splitting between nuclear levels

is roughly 0.25K : :

This interaction has a profound effect on the .} 4{5 j::f:; :éi *
dynamics & on the effective Hamiltonian at low | —— I —
energy - electronic spins cannot flip unless a2 T
multiple nuclear transitions also take place.

Consider first what happens in low transverse field; we da= —7/2> =1,7/2)
single out the 4 important states shown in the diagram. =1,7/2) etc

This problem is easily solved without the transverse
hyperfine coupling; we get eigenstates

14) = crla) + oolb). |- =cila) + co|b) Where ¢ =aldy & ¢ = afA— A+ Aj]

with mixing coefficient  a = [AZ + (A — A2+ A2?2]" 12 &  24=~14K

At low transverse field this just produces a classical

Ising system: D4
— 2z - 722 — 421722
eff E VUSISJ with Vi =90V el .

o2

and n=(c}—c}) & renormallsed spin (%) = p{(c%(0)) a1} ,

D.08
Z
The transverse hyperfine term  HEx = A;(I,.J_+1_J,)/2 "‘.m[

only becomes effective when <T|MBHL|F§) ~ .04}
We then have a renormalised 0.02

Hamiltonian: . .
SO g = STV A)sist - MHLA Q)Y s % 1
ij [




Dealing with the Phase Diagram

We have seen that the hyperfine interactions radically modify the energetics of the
single ions - so the simplest way to them attack the phase diagram is to deal with
the single ion properties exactly and then treat the longitudinal dipole interactions
using mean field theory.

This amounts to finding the phase diagram for the effective Hamiltonian

Hyvp=He =Y goppH LI+ A 10+ V(T
J J J

Actually this already solves most of the huge 1

discrepancy between theory and experiment (cf. .
hatched line in figure at right). 147

180 e,
.

However there is still one more important
physical effect that has been left out. Unless
x=1, there are strong random transverse
dipolar fields in the system. It is not sufficient
to treat these by adding them directly to the MF
Theory above - it makes more physical sense to
add them as an extra term of form

H, =H, +HY

And if we adjust this so that H‘i =0.65T then we get good agreement with experiment.

% o0z o004 ooe o008 01 012 O
TK

Finally, the size of the cusp in )(3(T) can also be explained in this theory - because
Za‘j<Sij>2 = ng,-j(Sij)z we expect Max(y;(T)) = Sg.

But this is what happens - reducing T increases H_, reducing S, (it works quantitatively)



In the LiHoO system there are no mmts yet

of coherent dynamics - but there are ) \\\\\i: ”?
mmts of the quantum relaxation, TTBSIN \\\\>
showing how the dynamics is o SO >>
switched on and off by the spin bath. 17900 >Z§>> ::::::
s | DIRKS
3 17957 E O m+Tr2
One also has a very interesting neutron scattering /’§§§ m=+512
Experiments, showing a ‘lifting’ of the zero mode 1800 7 47 _ ;
around H_ by the spin bath, in the case where x=1. v 1000 2000
Applied magnetic field [kOe] Then there are striking
29 2 %0 &« resonance experiments . no.eses49z0 5
_ A (again, in hysteresis) i . T=175K
X - - 6.0x10 " 1 f=163 Hz
° which directly show the -
g role of the nuclear spins S
g in the dynamics of these  E
= 0. o quantum spin glasses g \j\!]

000 0 1000 2000

0.4 60 b)
H (O
3 E , (Oe)
E 03 w0l=. m
S 8., 3
0.2 5 20-'%0
' ' | £ 0.1 3
0 l 0 04
|L_~—J . . . . _ dH/di<0 H, (Oe)
2 1.5 1 -150 75 ?-I _Izs 150 225 0 —————+———— %
Q=(h,0,0) HoH, (mT) -2000 -1000 O 1000 2000

. R. Giraud et al., PRL 87, 057203 (2001)
H.M. Ronnow et al., Science 308, 389 (2005) “ PRL 91, 257204 (2003)







APPENDIX

TECHNICAL AFTERTHOUGHTS




CONDITIONS for DERIVATION of OSCILLATOR BATH MODELS

Starting from some system interacting with an environment, we want an effective
low-energy Hamiltonian of form N N ( P )

]
He(S20) = Ho(P, Q) + E [F,(P, Q)x, + G (P, Q)p,]+ > E 7 +chu§x§

(1) PERTURBATION THEORY
Assume environmental states qba(X) and energies €

The system-environment coupling is V(Q, X)

Weak coupling: |Vag| < |(€a — €3)| where Vag = [ dX o2 (X) V(Q, X) ¢ps(X)
In this weak coupling limit we get oscillator bath with Wqg = (ea — 65)
and couplings Fq (Q) — Vq(Q)

(2) BORN-OPPENHEIMER (Adiabatic) APPROXIMATION

Suppose now the couplings are not weak, but the system dynamics is SLOW, ie., Q
changes with a characteristic low frequency scale E_ . We define slowly-varying
environmental functions as follows:

Quasi-adiabatic eigenstates: gga(X, ()) Quasi-adiabatic energies: ga(Q)
‘Slow’ means F/, < €, ]

Then define a gauge potential iAaﬁ = f dX QE:;(X) 3/3@ ggg(X)

q

We can now map to an oscillator bath if |Aag| < |(€a — €5)| The oscillator bath models
. . ~ ~ are good for describing
Here the bath oscillators have energies W, = (€q — Eg) delocalised modes; then usually
F(Q) ~ O(1/IN2)
Q L licati
and Couplings Fq(P, Q) _ w2/ dQ'ReAq (P, Qr) (normalisation factor)
0

All this is fine except when either : (i) oscillators couple to solitons
(i) We have degenerate bath modes (iii) Environment contains localised modes




CONDITIONS for DERIVATION of SPIN BATH MODELS

We start again from a model of general form: H_ () = Hy+ H.> + H¥

cnv

with interaction: H¥® =Y Fi(P,0)-6; andbath HJ = Z hy - o) + Z viatal,
k

For this effective Hamiltonian to be valid we require that no other enwronmental levels

couple significantly to the localised bath levels. We also require that the bath modes
couple weakly to each other, satisfying the conditions:

0 IVM‘:" <« l[-;(?’,zp)l V kk’ (intra-bath mode-mode coupling weak compared

to the coupling to the central system); or failing
this, that:

(ii) ]VH‘,’ &< ”.,‘J The ‘external fields’ a_cting on the bat_h modes are
much larger than the intra-bath couplings

There is no ‘Born-Oppenheimer’ requirement of ‘slow’ changes.
If the system changes

) Then define:
on a timescale 7, so that:

FeFy
A

The model is valid for all v,:
T 0 ( ) a* (% -—!—- v ,a*f;’ uﬁ << | slow :Jsétjb. Jrnat?
- '
W =21 Feot “sudden® bt

INFLUENCE FUNCTIONAL

This is given by the standard form:

: 2
FlQ,Q1 = H/DO'k(T)/DO'k(T,) exp [E(Sim[QaO'k] — Sint|@Q', 0%) + Selok] — Seloy))
k
With the interaction action S;’(Q,o0) = —j dTZFk(P, Q) - o},
dm The bath action
However now we have 52 = /d’r Z(Ak —— — h;-oy) Z Valogal, contains a
kK’

topological term



DERIVATION of EFFECTIVE INTERACTIONS &
INFLUENCE FUNCTIONAL (OSCILLATOR BATH)

(1) Consider an oscillator perturbed M . Mo?

by some r~dependent force, so that L = 5 52 — 3 12 — 'Y(li):r:

Then the propagator is given by Gba — \/ ,.___me

g GRS
Sathsn ol

M @
e Y 2 2
where Sca G [(COS wT) (IE:, + o s ) LTpTa

ZIE[, 141 S
_}_,__.f t) sin w(t — i,) di
M w Jta Y( ) ( '-1)
RP Feynman, AR Hibbs,
“Quantum Mechanics & Path integrals”,

McGraw-Hill (1965) 224

141 .
+ = [ y(t) sin w(t — 0) dt
M W Jia
RP Feynman, FL Vernon,
Ann Phys 24, 118 (1963) 2

v ‘[ttb /:y(t)Y(S) sin w(f, — &) sin w(s — ¢,) ds dt]

One also has matrix elements between oscillator states /7 and 1 given by

l

_ G m! n! 1(e8) 7 (4B *)m—r
S v/ min] Zn (m—nr)lrl (n — 1) Rl 1 :
e g = 5. ,[T(i)e_mdt
h Go = exp | — 1 / : [ &0 (s)eit=) ds di and R
where o i o Jo YO = —L_ [ pea
M2l ”



(2) Now we can write down an expression for the propagator of the reduced density
matrix. We recall that

0, 2, . ,
K(Q,, 05 0,,0y:1,1) = f 9q f Gq e MSld-SldD 7 (g o,
1 1

with 710, 0'l = [ [(Ux(Q. U/ (Q', 1))
k
Here the unitary operator ﬁk(Q, t) describes the evolution of the kth environmental mode,
given that the central system follows the path Q(¢) on its ‘outward’ voyage, and Q’(f) on

its ‘return’ voyage; and F[Q, Q'] acts as a weighting function, over different possible paths
(Q(1), Q'(1)).

In general for oscillator bath envir\gnments we have
1

1 N pz
Her(S0) = Ho(P, Q) + Z}[R;(P, Q) +Gy(P, Q)P+ 5 Zl (mz + mqwé.r;)
q= q=
We can typically get rid of the interaction with p, using a canonical transformation, so

that: N .
FlQ,Q1 = l;ifqu(T)/qu(T’) exp [%fd?%[jzg — j;’q? +w3(:1:3 — ;p’q2)] + [F(Q)zy — Fq(Q’)x’q]l

Then let’'s assume the simplified bilinear ‘Caldeira-Leggett’ form: Fq(P,Q) X, = quqQ

Then, by using the results derived on the last page for the propagator of an oscillator
coupled to a t-dependent force, we get the influence functional for 2 paths g(t) & g'(t) :

1 t T
Flq,d'] = exp [_E | dmy | dmfg(n) - ¢ (n)][D(11 — m2)g(r2) — D*((1 —‘Tz)q;(’fz)]]
with bosonic propagator (effective interaction):
2
D(1) = Zﬂ [ei%’r i 2%] More complex couplings lead
7 Mgy ef¥a —1] to non-Gaussian forms



INTEGRATING OUT THE SPIN BATH

Each individual bath doy,
spin has a Lagrangian Liox) = A dt hy -op — Fi(t)-op — Z IRk

This is a nasty problem. We can begin to simplify by noticing that to a very good
approximation, we can write

Z ool — £2(t) (fluctuating local bath field)
d(ll',rﬂ . .
Then we have: L(og) = Ai- el bi(t) - o where the t-dependent field is

b(t) = hy + Fi(t) + &(1)

Now one can write down a solution for this problem. Here is one way of doing it — we
ask what is the propagator of the spin between 2 coherent states in a time £, and find

G(nz,ny;t) = A+(t)cos%cos %e%(@_m) + Ai(t)sin%sin %e_%(¢2_¢1)
+ A(t)cos%sin%e%(¢2+¢l) — At(t)sjn%cos%e—%(qﬁﬁqﬁl)
where  Ay() = —ib(O)A,(6) + iob (DAL () with  bi(t) = ba(t)— iby(D)

and o=+

However it turns out not to be terribly useful to do everything in a completely general
way from now on. In the next lecture we will look at the solution of a particular problem
to see better how this work.






