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Chapter 1

Introduction

Spin waves are the elementary excitations of coupled spin systems with finite
magnetization or staggered magnetization. Long before the advent of cold
atoms, the physics of spin waves has been an active field of research, and was
found in a large variety of systems. It has been studied in ferromagnets and
antiferromagnets[1], in paramagnetic systems|[2, 3, 4, 5], and in dilute gases
such as spin-polarized *He gas and solution of *He in *He[6, 7, 8, 9, 10, 11].
After the first realization of Bose-Einstein condensation (BEC)[12, 13, 14,
15], the study of spin waves in quantum atomic gases[16, 17, 18, 19, 20, 21,
22,23] has renewed the area by making possible both the study of spin waves
far from equilibrium and the direct observation of dynamical behaviors. In
this thesis, we study a model based on the experimental observations of spin
waves in cold atomic gases.

1.1 Synchronization transition on atomic chips

The motivation of this thesis originates from a series of experiments on sn
atomic chip performed in 2010[24]. The atomic chip works as follows. First,
a magnetic potential is set up which traps two internal states of rubidium
atoms (denoted as |0) and [1)). The magnetic trapping potential takes the
form of an elongated cigar-shape harmonic potential, usually with an axial-
frequency much lower than the radial-frequencies, and can be considered
as a quasi one-dimensional harmonic potential if we average out the radial
movement. The temperature of the system is typically close to but above
the BEC temperature so that the system is weakly degenerate. The time
between two collisions for an atom is usually large compared to the period
of its orbital movement in the harmonic potential. Thus the system is in the
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Figure 1.1: Schematic illustration of the map between the two level system
and the spin 1/2 system.

Knudsen (collisionless) regime. Each rubidium atom can be considered as a
pseudo-spin 1/2 particle[25], with (see Fig. 1.1)

0) = 1),

1.1
1) = | ). 1)

Hereafter, we use the spin language to denote the internal states of rubidium
atoms in describing the Ramsey contrast experiment (see Fig. 1.2). Initially,
all the atoms are prepared in the | 1) state. Then a radio-frequency pulse of
7/2 around the y-axis rotates the atom into the state

1
E

which is the coherent state pointing in the z-direction. The transition matrix
of this radio-frequency pulse takes the form

(1 +14), (1.2)

1
V2

The atoms are left to evolve freely in the harmonic trapping potential. During
this evolution, the atoms experience an external magnetic field and interact
with each other through collisions. After a delay of T, the Ramsey time,

Ry(m/2) = = (I D= IDE+HTOAT+HTDED- (1.3)

2



1.1. Synchronization transition on atomic chips

another 7/2 pulse around the y-axis is applied to the atoms and the popula-
tion of atoms in the two states (Ny and N; for the population in the state |0)
and |1)) are measured. The probability to find the atom in the |1) state is

N,
Pi=——+— 1.4
! No + N, (1.4)
If an atom at the end of the free evolution is in the state
1 . )
[W(t)) = —= (72| 1) + €% 1)), (1.5)

V2

which is the coherent state pointing in the direction (cos ¢, sin ¢,0)%, then
after the second pulse, it will be in the state

V) = Ry(m/2)[¢(t)) = —isin(¢/2)[ 1) + cos (¢/2)] 1) (1.6)

If the system consists of N atoms in the same state, then the populations of
the two states are

No = N|(t [¢)4]* = N'sin® (¢/2),

(1.7)
N1 = N|{} |[¢);]* = N cos® (¢/2).
From the above expression, we can deduce that
Ny 1
Pl—m—§(l+cos¢). (18)

This probability is thus related to the relative angle ¢ of the atoms in the xy-
plane gained in the free evolution process. We can extract the information of
the spin configuration z = € in the zy-plane from this relation. However,
in the above argument, we have assumed that all atoms are in the same state,
and thus coherent. In real experiments, this coherence can be broken down
due to the inhomogeneity of the magnetic field and collisions during the free
evolution, which is called inhomogeneous broadening. We can define the
Ramsey fringe contrast to describe this decoherence. The Ramsey fringe
contrast is defined as
z(t) ‘

|2(1)]
0 (1.9)

N )

CRamsey =

where

2= (1.10)
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Figure 1.2: Schematic illustration of the Ramsey procedure. a) A first
7/2 pulse is applied to rotate the spin from (0,0,1)” to (1,0,0)”. b) Free
evolution period, where the spin gains a phase ¢ in the zy-plane. c) The
second 7/2 pulse is applied. The spin is rotated from (cos ¢,sin ¢,0)? to
(0,sin ¢, — cos ¢)T. The red arrows are the initial positions of the spin and
the blue arrows the end positions in each process.

is the total spin configuration. Let us consider an inhomogeneous broad-
ening uniformly distributed between [0, A¢] for all atoms, where A, is the
characteristic inhomogeneity. Then after a free evolution of ¢, each atom
obtains a spin configuration z; = e'®i!, The Ramsey contrast is

1 [P0 2 Aot
Cramies = | 3= / emdAle—ot|sin<70>r. (1.11)

The contrast vanishes at t = 7/A and then oscillates with small amplitude
close to zero.

In 2010, this kind of experiment was performed with N ~ 10* 8" Rb atoms.
In this system, each atom experiences an external inhomogeneous magnetic
field in the z-direction which tends to dephase the atoms. The atoms also in-
teract with each other through collisions. The contributions of collisions can
be categorized into three groups. The first group is the density mean-field
which acts as an additional inhomogeneous field due to the inhomogeneous
density profile. The second is the spin mean-field which gives rise to the ex-
change interaction with a rate w,., o an, where n is the local density and a
the s-wave scattering length. This effect is called identical spin rotation ef-
fect(ISRE). These two groups originate from the forward/backward scatter-
ing. The third one is the lateral collision which randomizes the system, and
brings the atoms into local equilibrium with a rate -, oc an®. The effective
inhomogeneity A is the sum of the external field and the density mean-field

4
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Figure 1.3: Experimental results of the Ramsey contrast as a function of
time. From bottom to top, the symbols with different colors represent ex-
perimental results for increasing interaction strengths. The solid lines are
numerical simulations of the kinetic equation. The top dashed line shows
that a strong interaction can lead to an almost complete synchronization.
This figure is taken from [24].

term which acts as an inhomogeneous magnetic field. In the experiment, the
time scales are such that
2 27 2T 2m 2m 1

t —_—~ — — —_ — 1.12
wx,y,z( )< Ay Wer (or A < wew) < ¥e’ ( )

where w,, . is the frequency of the harmonic potential.

The experimental results show that if the interaction is superior to a crit-
ical value, the Ramsey contrast stops decaying and even shows revivals (see
the dashed line in 1.3), indicating that the spins of the atoms are synchro-
nized. For certain experimental conditions, the coherence time is larger by
an order of magnitude than the previous prediction which has not taken into
the ISRE effect[26].

1.2 Interpretations of the experimental results

The surprising result of the experiment was explained with the kinetic theory
of spin waves, where the distribution in energy space was employed since the
system is in the Knudsen regime. This idea originates from previous work

S
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on fermionic systems[22, 23], which are naturally in the collisionless regime
at low temperature due to Pauli blocking. The equation of motion for the
spin density reads[24]

8,5(B,t) + o[S(E,t) — §(1)]
o e . . (1.13)
A {A(E)ézntwex/ dE’Te_E K(E,E"S(E't)| x S(E, 1),
0

where A(E) = AgE, S(t) is the average spin, £2/2 the density of states, and
K(E, E') the interaction kernel. The above equation has been brought to a
dimensionless form where the energy is measured in units of kg7. In this
equation, the interacting kernel is a point-wise contact term in real space.
In the energy space, as we average over many orbital movements in the har-
monic potential, which is justified because of the condition in Eq. 1.12, the
interacting term becomes long ranged. Thus the above equation describes
the collective dynamics of the spins.
In the above equation, we have used

S(E, 1) = (S(E, 1)), (1.14)

~

where S is quantum operator of spin and (S(E, t)) the quantum expectation
value. When writing the interaction term in Eq. 1.13, we have assumed that

(S(E',t) x S(E, 1)) ~ (S(E',t)) x (S(E,1)). (1.15)

Therefore the quantum correlations between two spins are neglected and the
spins are treated as classical objects.

A different point of view is to consider just two quantum spins 1/2[27]
(see Fig. 1.4). The Hamiltonian takes the form

H = ByS? + (By + D)Si + weaSy - Ss. (1.16)

In this Hamiltonian, the two spins experience an inhomogeneous magnetic
field with the inhomogeneity D (equivalent to A used in demonstrating the
Ramsey fringe contrast), and they interact with each other through an ex-
change term of strength w,,. Initially, the two spins point in the z-direction,

ie. [(0)) = (1/v2)(] 14) + | I1)). Using the singlet-triplet basis defined as

u) =| 1),

|d) ! 1),
)=

i (!N>+IH>) (1.17)

(! T+ 1),
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Figure 1.4: Qualitative picture with the singlet-triplet basis (taken from
[27]). The dephasing is the transition between |t) and |s) caused by the
inhomogeneous torque D. The interaction creates a gap of w., between the
two states. If the interaction is large, the transition between the two states
is difficult and the two spins are kept synchronized for a long time.

the Hamiltonian reads

1(2By + D) + = 0 0 0
_1 Wex
. 0 JRBot D)t 00|
0 0 D
) -

From the structure of the Hamiltonian, it is clear that the two states |t) and
|s) are coupled (see the 2 x 2 block of the right bottom). The dephasing is due
to the transition between |t) and |s) with a transition element proportional
to D. The two states are separated by an energy gap we,. If this gap is very
large, then it is difficult for the transition to happen. However, the coherence
time is only pushed far away but not to infinity by the large interaction.

1.3 Proposition of the simplified two-spin model

The kinetic theory has taken into account the collective nature of the dy-
namics but has neglected the quantum correlations between pairs of spins.
The two spins 1/2 picture has considered the quantum correlations but has
neglected the collective behavior. Therefore, we want to consider a model

7
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which treats the quantum correlations and the collective behavior. An intu-
itive choice would be to consider a system of N quantum spins 1/2. But the
dimension of the Hilbert space is too large (= 2V). Simplification is neces-
sary. A simplified picture is to split the N atoms into two classes, each con-
sisting of N /2 atoms, based on their orbital energies[22] (see Fig.1.5). Each
class can be considered as a quantum macro-spin of size S = N /4. Since
the atoms in each class have different trajectories in the harmonic trapping
potential, they experience a different mean magnetic field which has a de-
phasing effect on the two macro-spins. The ISRE, on the other hand, tries to
synchronize them. Besides, since we are in the Knudsen regime, the energy-
changing lateral collisions are rare. The atoms in the two groups remain in
their groups for a long time. This justifies the separation of atoms into two
stable groups. Thus we consider a strongly simplified Hamiltonian for this
picture which reads

H=2=
2

(87 — S%) 4 JgS, - S (1.19)
In the above Hamiltonian, the inhomogeneity of the mean magnetic field on
the two spins is denoted by d5 (This is equivalent to 2Ag in [28]). The inter-
action between the two macro-spins is taken to be a Heisenberg exchange
interaction with the strength Jg. In writing the above Hamiltonian, we have
used the rotating reference frame with the same angular velocity as that of
the mean precession of the two macro-spins. The ration Js/ds can be fixed
by equating it to we, /Ay in the experiments. Initially, the two spins are in
the z-direction. The quantity of interest is the total spin defined as

S =5 +9,. (1.20)

The contrast of this toy model is defined as
qwzﬁim. (1.21)
Sy

The definition of synchronization in this two-spin model is that the contrast
should never reach zero, i. e. the norm of the total spin is always finite. There
are other definitions of synchronization. Our model can also be applied to
other domains, such as two interacting quantum dots[29, 30], two nanodisks
with large magnetic moments[31], and two coupled molecular magnets[32].

In this thesis, we want to answer the following questions. Is there a syn-
chronization transition in the model of two spins? What is the effect of
quantum correlations neglected in the kinetic theory? The latter question
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+Q(x)
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. — '
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Figure 1.5: Schematic illustration of the toy model. In the upper part, the
cloud of atoms are shown. Each atom is represented by a blue ball with a
red arrow indicating the spin state. The inhomogeneous magnetic field in
the z-direction is labeled by Q(x), where z is the direction along the axis of
the cigar-shaped cloud. In the middle part, the orbitals are split into two
groups. The red ones signify the fast moving atoms, and the blue ones the
slow moving atoms. In the lower part, we consider each of the two groups
of atoms as a macro-spin of size S = N /4. The blue arrow denotes the slow
atoms and the red arrow the fast atoms.

is equivalent to: what is the difference between the classical dynamics and
quantum dynamics of two spins? Finally, what is the effect of the spin size
S on the synchronization?

The thesis is organized as follows. In chapter 2, we study the classical
dynamics of the two-spin model to see if there is a synchronization. Then in
chapter 3 the quantum dynamics of the two-spin model is studied, with the
goal of finding out the influence of the quantum correlations on the dynam-
ics. We also study systems with different spin sizes to understand how the
classical limit emerges. In chapter 4, we study spin squeezing in the two-spin
model. We conclude in chapter 5 and outline some perspectives. In chapter
6, an appendix is presented on preliminary results on the related model of a
finite one-dimensional spin 1/2 chain.
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Chapter 2

Classical dynamics and
Synchronization

In this chapter, we consider the classical dynamics of the two-spin sytem. We
consider the following question: under what condition would our system
with the specific initial state be synchronized?

2.1 Description of the model and solution

2.1.1 Model

The model consists of two spins initially lying parallel in the transverse plane
of an inhomogeneous magnetic field, interacting with each other through an
exchange interaction (see Fig. 2.1). Initially, the system is in the state

S* =8,
SY=0, =12 (2.1)
Sz =0.

The Hamiltonian of the system takes the form

§ L
H = (8] = 85) + Js51 - 5 22)
The first term describes the inhomogeneity of the magnetic field, and the sec-
ond term is the usual SU(2) invariant Heisenberg exchange interaction be-
tween the two spins. When Js is positive, the interaction is anti-ferromagnetic.
When Jg is negative, the interaction is ferromagnetic. Although the two

cases seem a huge difference, the dynamics is not altered much by changing
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Figure 2.1: Schematic illustration of the model. The two spins are repre-
sented by blue and red arrow respectively. The effective magnetic field is
the combination of the external magnetic field (+-05/2) and the exchange
coupling to the other spin (JsS51).

the sign of interaction. When changing Js to —Jg, we find S} (t) — —SY(t)
and S?(t) — —S7(t), while S7(¢) invariant. This is related to the specific
initial state that we have chosen. Another property of the system's dynamics
related to the initial state is that during the temporal evolution, we always
have ST (t) = S3(t), S{(t) = =S¥(t), and S7(t) = —S5(t).

The equations of motion for this system can be obtained by the usual
Hamiltonian mechanical methods, using the Poisson bracket. For the spins,
the Hamiltonian is a bit different in the sense that S*¥* are not canonical
variables. But still the equations of motion for the two spins can be obtained
as:

d - g = L
%Slzgeszl%—JgSQxSl,

d 5 0s. _ & § g
%SQ = —?Sez X Sy + JgS1 X Sy,

In the above equations, the first terms on the right hand side are the usual
term describing the motions caused by the inhomogeneous magnetic field.
The second terms on the right hand side reflect the exchange interaction
between the two spins. The nonlinearity of the dynamics can be readily seen
from the second terms. Without this interaction term, the dynamics is simply
two independent spins moving in the magnetic field of their own, and is easy
to solve. The initial conditions are given in Eq. 2.1.

(2.3)

12



2.1. Description of the model and solution

The subindex S of 05 and Js is used to indicate the dependence on the
size of the spin. Now we want to rescale the parameters of the system so that
the spin-dependence can be canceled out. To do this, we consider systems
of different spin sizes, but with same total energy. Incorporating the spin
dependence of the spin observable into the parameters of the Hamiltonian,
we rescale the spin operators by a factor of 1/5, the inhomogeneity of the
magnetic by a factor of S and the interaction strength by S%:

ﬁl,z = §1,2/S7
) S, (2.4)

J = SQJS.

After this rescaling, the Hamiltonian reads:

)

and the equations of motion are:

d

S—ﬁl = —éz X ﬁl + JﬁQ X ﬁl,
Cflt 2 (2.6)
Eﬁg = —§éz X ﬁQ + J’f_il X ﬁg.

Now the only spin size dependence is on the left hand side of the above equa-
tions of motion using rescaled parameters. This dependence can be elimi-
nated from our analysis by rescaling the time, i.e., t = ¢/S. After this novel
rescaling, the equations of motion take the final form:

d_, 5/\ — — —

—7n = iez X Ny + Jng X Ny,

Cg (2.7)
—Tly = —=€, X 1y + J1i1 X g,

prie 5 2 1 2

with the initial conditions:

1(0) :éam

n

m
To obtain the final form of the equations of motion, three rescalings are em-
ployed. The first rescaling is the one of the inhomogeneity of the external
field, which is physically transparent. The second one is the one of the ex-
change interaction by a factor of S?. An additional S is the consequence of
the nonlinear nature of the interaction term, analogous to the rescaling of

13
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1/N of the interaction term in the infinite range Ising model, where N is the
total number of spins of the system. The last one is the rescaling of time,
which seems less intuitive. In summary, we have used the rescaling

Fot
Ag’
0 =Agdg,
J =A%Js, (2.9)
_ S
n; _A_S’

with Ag = S being the rescaling constant.

2.1.2 Dynamics

To solve the equations of motion Eq. (2.7) and to shed light on the nature
of the dynamics, it is advantageous to change the variables from the single
spin variables to the total spin and spin difference:

ﬁt Eﬁl + ﬁz,

Lo (2.10)
Ng =N1 — Na.
Then the equations of motion for these two variables read:
d -
_~ﬁt :ééz X ﬁd(t),
dt 2
(2.11)
L =l x it (t) 4 Jity () x fig(t)
dg d _2 z t t d .
The initial conditions are:
1:(0) =2 Axa
7i(0) =2¢ (2.12)

There are some constants of motion which will help to solve the problem.
First, note that 77, - % = (0 and 7y % = 0, indicating that the norms of 7i; and
fiy are conserved. Using this fact, it can be shown that 7; and 7, are always
perpendicular to each other because 7;-7ig = (71 +719)- (711 —7i2) = 3 —7i3 = 0.
In addition, the rotational symmetry of the whole system around the z-axis
leads to the observation that n}(t) = n;(0) = 0. Although the norms of 7,

and 7i4 are not constants of motion, their sum is:

A7+ 75 = (7 + 72)? + () — 7i2)? = 2(} + 713) = 4.

14



2.1. Description of the model and solution

The facts that n; = 0 and 7, - 7y = 0 suggest that 7i; rotates always in
the zy-plane, while 774 is orthogonal to it. This motivates the utilization of a
reference frame rotating with the total spin 7i;:

€| = COS@E, + Sin e,
€1 = —singé, + cos Péy, (2.13)
e, = é,,

such that

ﬁd :TLJ_éJ_ + nzéz.

In the above definition of the reference frame basis, the angle ¢ is a function
of time with the initial condition ¢(0) = 0. And the time derivative of the
basis are:

dé S A

£ - % (2.15)
deL — _gg :
£ 2,0

dt ’

where the dot means derivative with respect to the rescaled time. In this
rotating reference frame, the equations of motion for 7i; and 714 can be written
explicitly as:

o T .
ey +nygeL =— onié,
(2.16)
n e — TLJ_gbé” + n.é, :(ERH — Janz)éJ_ + Jn”nLéz.
Equating components, we get:
¢ =0,
. )
=T gL
(2.17)
hJ_ :§n|| — Jn”nz,
hz :Jn”nr

The first equation in the above equation shows that é; and €, do not rotate
in time and that 77, is always along the x-axis, while 7i 4 in the yz-plane. Now
we can identify é; = é, and é, = é,. Then the ansatz 77, = 2cos 0(t)é,, with
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Chapter 2. Classical dynamics and sync

the initial condition 6(0) = 0, yields

n, =5 sin 66,
I (2.18)
n, =5 sin“ 6.

Using the remaining constant of motion 717 + 713 = 4, we have

2 2 2 -2 477
ni =4—nj—n;=4sin 9(1—?sm 0). (2.19)

16

But from Eq (2.18), we also have n? = 18 sin? §(A)2. Consequently, we obtain

52
the differential equations governing the temporal evolution of
16 .5, : 4.7
ﬁsm2 0(0)* = 4sin”0(1 — ?sm2 6), (2.20)
or simply:
. 2
07 = (50— (X)2sin®) 2.21)
Assuming 6 > 0, we get
a0 = gdf. (2.22)
— 45%2 sin® 0

The left hand side of the above equation takes the form of an elliptic integral.
The implicit solution for 6 is

.2, 6.

F(sin#, T) = 575, (2.23)

where the function F(sin6, 27) is the elliptic integral of the first kind. The
contrast defined as |7, (f)|/|7;(0)| takes the form

6. 2J ]
274
where we have used the Jacobi elliptic function ¢n. Then the solution for the
single spin components is:

C(t) = |en| , (2.24)

T __ _ .
ni = cost = nj,

2
ny = sin 6\/1 - <7J)2 sin” § = —nj, (2.25)
2
ni = %sinQO = —ns,

where 6 is the solution obtained in Eq. 2.23.
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2.2. Phase transition

Figure 2.2: The contrast as a function of time. The unit of time is taken
to be 1/4. a) Dephased regime J = 0.16, b) critical point J = 0.59, and ¢)
synchronized regime J = 5¢. In the dephased and synchronized regime, the
oscillation period #, is indicated by an arrow.

!
z

o

% ;

e

Figure 2.3: The trajectory of spin number 1 on the Bloch sphere. The initial
position is (1,0,0)7, from the z-axis. The thick black line is the equator. The
red lines are the trajectories of the spin number 1.

2.2 Phase transition

After solving the equations of motion, we find that there are two regimes
in which the system behaves differently (see Fig. (2.2)). In the small inter-
action (J < §/2) or dephased regime, the contrast reaches periodically zero
and then goes back, signifying total dephasing. In the opposite large inter-
action (J > §/2) or synchronized regime, the contrast never goes to zero,
and there is thus spin synchronization. At the critical point (J = §/2), it
takes an infinitely long time for the contrast to reach zero. We can also plot
the trajectory of spin number 1 (see Fig(2.3)). We see that in the dephased
regime, the spin rotates mainly around the z-axis as expected, considering
the fact that magnetic field is much stronger than the exchange interaction.
The exchange interaction causes the spin to deviate a little bit from the trans-
verse plane. In the synchronized regime, the spin rotates instead around the
x-axis, the direction of total spin, because in this regime the interaction plays
a dominant role in the dynamics.

17



Chapter 2. Classical dynamics and sync

In order to capture the physics of the two-spin model, a mapping onto
the nonlinear pendulum proves helpful. To see this, we differentiate Eq. 2.21
again with respect to time

200 = —2.J% sin 6 cos 0, (2.26)

or, eliminating 6 on both sides
2

é:—%ﬂm@@. (2.27)
Making a change of variable © = 26, we obtain
6 + J?sin® =0, (2.28)

the initial conditions being ©(0) = 0 and ©(0) = §. This equation is just the
usual equation of motion for a nonlinear pendulum of angle © initially at its
stable fixed point, ©(0) = 0, and with an initial angular velocity ©(0) = 4.
For our model, the oscillation frequency is J while for a real pendulum, this
frequency is determined by 1/g/l with [ the length of the pendulum and g
the acceleration of gravity. In this language, Contrast = |cos (©/2)]. In the
dephased regime, the pendulum has enough energy to go through the highest
point, the unstable fixed point, and to continue to the stable fixed point un-
derneath and move on periodically. At the critical point, there is just enough
energy for the pendulum to go to the unstable fixed point asymptotically. In
the synchronized regime, the pendulum has not enough energy to go to un-
stable fixed point. It is confined in a small region near the initial position,
where it oscillates periodically. In this regime, we can approximate the equa-
tion by a linear pendulum whose equation reads

6+ J?0 =0, (2.29)
with the initial condition
©(0) =0,
, (2.30)
©(0) =o.

The solution is ©(%) = (§/.J) sin (Jt). The period of the contrast can be read-
ily obtained as , ~ 7/.J. For J > §/2, the contrast can be approximated
as

2
(Xﬂ:wl-—é%gsﬁf(Jﬂ. (2.31)
Before going further into more detailed and more quantitative studies,

it is necessary to emphasize that the image of a rigid nonlinear pendulum
is just one way to understand the underlying physics. As we will see later
in this chapter, our model can be also related to a non-rigid and nonlinear

pedulum.
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2.3. Characteristic time scales

c)

Figure 2.4: Analogy with a pendulum. a) Dephased regime (J < 0/2): the
pendulum can move along the whole circle and thus dephase completely. The
corresponding movement of the spin is also dephased around the z-axis. b)
Critical point (J = §/2): the pendulum goes to the unstable fixed point
and stays there. The spin movement is similar in that the individual spins
go to the poles of their Bloch sphere and stay there. ¢) Synchronized regime
(J > 0/2): the pendulum is confined to move in a small region [—©,,42, O az]
near the initial position. The spins in this regime move around their initial
directions.

2.3 Characteristic time scales

The dynamics of the classical system can be characterized by some time scales
expressed in the rescaled quantities. In our system of two spins, there are
two characteristic time scales. The first one captures the initial decay, i.e.,
C(t) = 1 — (t/t;)?* for short times. Expanding the solution for the contrast in
Eq. 2.24 to leading order, we obtain

- 6212

Cllym1- " (2.32)

Fitting this with the aforementioned expression, we get
t; = 2v/2/6. (2.33)

It is worth noting that this initial decay is independent of J, and thus does not
depend on the regime. The reason for this observation is that the initial decay
time describes the short time behavior of the two spins. During this period,
the two spins are well aligned together such that the exchange interaction
between them does not come into play. Consequently, the only factor having
influence on the dynamics is the magnetic field. Besides, as plotted in Fig. 2.5,
the fit is less satisfying in the synchronized regime. This is related to the
fact that in this regime, the interaction is large and has a greater impact on
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Chapter 2. Classical dynamics and sync

- - b) c)
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Figure 2.5: The initial decay of contrast fitted with the expression
Contrast(f) = 1 — (£/1;)? with #; = 21/2/§. a) Dephased regime (J = 0.16).
b) Critical point (J = 0.56). ¢) Synchronized regime (J = 50). The blue line
is the contrast and the dotted red line the fit.

the initial temporal evolution of the system, causing the dynamics deviating
earlier from the simple independent rotation around the external magnetic
field.

The other time scale is the oscillation period of the contrast. Note that in
the dephased regime the period of the contrast is not equivalent to the period
of the system dynamics, but only half of it, because the contrast is defined to
be positive by a modulus. In the dephased regime (J < §/2), this time scale
takes the form

f,=2- / \/ - = <K (%), (2.34)

where the function K (%) is the complete elliptic integral of the first kind. If
J < ¢, the period can be approximated in the following way. In this limit,
the angle © (see Eq. 2.28 ) varies almost linearly with time as © =~ §¢ because
the kinetic energy of pendulum is so large that during the whole period, the
change due to the gravity potential is negligible compared to it. Then the
period is &, ~ Z*. When J > §/2, the period of the dynamics is

/
_2/\/ 52J1

where a change of variable is performed y = (2J/§)sin6. In Table. 2.1, a
summary of the characteristic time scales in the classical model are listed.

0 ) (2.35)

2
= ZK(—
J (2J’

4J2 yz)

2.4 Phase portrait

In the preceding sections, we have sticked to one specific initial condition
iy = 7y = (1,0,0)T. In the following, we will loosen this constraint by
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2.4. Phase portrait

Initial decay (#;) Period (fp)

Dephased regime (J < §/2) 2V/2/6 w ~ 2
Critical point (J = §/2) 2v/2/8 %ln #/EJ‘ — 00
Synchronized regime (J > 0/2) 2v2/6§ %/2‘]) ~Z

Table 2.1: Characteristic time scales in the classical two-spin model.

considering different initial conditions and look at the global behavior of
the system under a special symmetry. The content of this symmetry, the z-
axis symmetry, states that if we start with an initial condition satisfying

&0)7 (2.36)
(

then in the following dynamics, this symmetry ise conserved. In the following
subsection, we give a heuristic proof of this statement.

In classical mechanics, phase portrait is a powerful tool to study the quali-
tative aspects of the system under consideration. Usually, the phase portraits
are done by plotting the intersection of the equi-energy surfaces with the
phase space. For our system, since there is no dissipation, the energy of the
system is determined uniquely by the initial condition

)

E = 5 (ni(0) =n5(0)) +J [n7(0)n3(0) + ni(0)n3(0) +ni(0)n3(0)]. (2.37)
In phase portraits, the important geometrical properties of the systems can
be deduced from typical trajectories in the phase space, such as the nature
of fixed points, the limit circles and the separatrices. However, it is not easy
to visualize the phase portraits for more than one degree of freedom. So we
concentrate mainly on a single spin, say the spin number 1, with the phase
space coordinates (¢1,cosf;). Then we are obliged to confine ourselves to
certain subspace of the whole phase space because we need to eliminate the
influence of the other spin by considering regions in the phase space with
some specific symmetric properties. Since the previously considered initial
state and the following temporal evolution of the system always have the
symmetry n?(t) = n3(t), n}(t) = —nj(t), and n3(t) = —ni(t), we plot typical
trajectories starting in phase space with this symmetry. With this symmetry,
the energy of the system is given by

E = ni(0) + J [(n(0))* = (n{(0))* — (n{(0))*] . (2.38)
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Chapter 2. Classical dynamics and sync

2.4.1 x-axis symmetry

Before making the phase portrait, it is necessary to check whether this sym-
metry in the initial state will be conserved during the succeeding temporal
evolution. The origin of this symmetry should come as a surprise if we only
consider the Hamiltonian, which does not have this symmetry. Yet one can
check numerically that this symmetry is not broken in the dynamics. As
shown in the first column in Fig. 2.6, this z-axis symmetry is conserved
for initial conditions starting in the xy-plane (see Fig. 2.6.a), xz-plane (see
Fig. 2.6.b), and somewhere else (see Fig. 2.6.c) when the dynamics is de-
phased (J = 0.10). In the synchronized regime (J = 50), this symmetry still
exists (see the second row of Fig. 2.6).

From an analytical point of view, this z-axis symmetry is related to the
special initial condition, and can be obtained as follows. First, note that n; is
always conserved, because of the invariance under the rotation of the whole

system around z-axis. So if for initial condition we have n$(0) = —n3(0),
then for all the dynamics n;} (f) = 0 is guaranteed. The total spin can only
move in the zy-plane and njf(t) = —nj(¢) is true in the following temporal

evolution of the system. Egs. 2.13 and 2.14 should hold. Asaresult Eq.2.16

follows and we get ¢ = 0, indicating that n}(¢t) = 0. So we have the two
following relations

(1) = = ni(b),

ni

() = — (D).

We need to still prove that n{(f) = n5(#). To this end, we need to show
n%(t) = 0. From Eq. 2.11, we get for the component n?

d ) Y

d—gnﬁ = §nf + J(7y X 7ig)". (2.39)
The first term on the right hand side of the above equation is identically
zero since nf(t) = —nj(t). The second term is a vector product and thus
perpendicular to the two vectors 7i;(t) and 7i4(t). Because of the fact that
nY(t) = —nj(t) and n?(t) = —n3(t), f,(f) has only z-component. Then the
x-component of 7i; X 71,4 is zero. Consequently

d .
(B =0, (2.40)

With the initial condition 7#%(0) = 0, we have 7%(f) = 0. Therefore, it is
proven that the z-axis symmetry is preserved during the dynamics.
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2.4. Phase portrait

Interaction Initial conditions
71 (0) = (0.6,0.8,0) 71 (0) = (0.6,0,0.8) 71(0) = (0.6,0.48, 0.64)

b)

J=0.10

Figure 2.6: Trajectories of spin 1 (blue line) and spin 2 (red line) with dif-
ferent interaction strength and different initial conditions. In the first row
the trajectories in the dephased regime (J = 0.19) are presented. The
second row has the same initial condition but in the synchronized regime
(J = 50). In the first column the initial condition is: nf(0) = n%(0) = 0.6,

n{(0) = —n4(0) = 0.8, and n%(0) = —n3(0) = 0 (starting from the equator
plane). In the second column the initial condition is: n{(0) = n3(0) = 0.6,
nY(0) = —nf(0) = 0, and n}(0) = —n3(0) = 0.8 (starting from the zz-

plane). In the third column the initial condition is: n{(0) = n3(0) = 0.6,
ny(0) = —n3(0) = 0.48, and n5(0) = —n3(0) = 0.64. The blue and red arrow
denotes the initial conditions of spin number 1 and 2 respectively.
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Chapter 2. Classical dynamics and sync

2.4.2 Fixed points and stability analysis

For the sake of simplicity, we restrict ourselves to considering the phase
portrait for the single spin number 1 with the xz-axis symmetry constraint
mentioned above. The Hamiltonian expressed in the canonical variables
(¢s,co80;),i=1,21s

H= g(cos 01 —cos bs) + J[sin 0 sin O3 cos (¢1 — P2) +cos by cos by, (2.41)

where we have used:

n; = sin f; cos ¢;,
ny = sin@; sin ¢, (2.42)

n; = cosb;.

The Hamiltonian equations for the canonical variables (¢, cos ;) read:

d H o 0
—¢p = 0 =—+J coseg—sinegcos(@—qﬁg)cés ! ,
dt dcosfl; 2 sin 6, (2.43)
u .
d—gcosel =— 2751 = Jsin 0 sin 6, sin (¢ — ¢2).
Using the symmetry n{ = n%, n{ = —n}, or equivalently in the canonical
variables' language 6, = m—0,, and ¢; = —¢», the above equations transform

into
d J
—1 = 5~ J(cos b + cos b, cos (2¢1)),
d at (2.44)
75 oS 6, = Jsin® 6, sin (2¢1).

To get a qualitative understanding of the dynamical system and plot the
phase portrait, it is desirable to start by finding the fixed points of the system.
Solving the equations d¢; /dt = 0 and d cos 6, /dt = 0, we get the fixed points

01 = O, T,
. (2.45)
¢1 arbitrary.
When J > §/4, there are two additional fixed points
6, =ar (i)
LA ) (2.46)

qbl :O,ﬂ'.
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2.4. Phase portrait

Figure 2.7: The two definition of angles in the stability analysis. a) Definition
of § and ¢ with § € [0, 7] and ¢ € [0,27). b) Definition of # and ¢’ with
0’ € [0,7] and ¢’ € [0, 27).

We then study the stability of these fixed points using linear approximation
around them. The expansion around the fixed points (¢ = 0, ¢) need special
attention because the coordinate we used is singular at these two points. So
we change the definition of the angles (see Fig. 2.7) and use the Hamiltonian
of the form

4}
H :§(sin 0] cos ¢} — sin 05 cos ¢) + J[sin 0] sin 05 cos (¢} — &%)

(2.47)
+ cos 0] cos 0,
with the new definitions of spin variables
ni =sin @, sin ¢},
n! =cos?;, (2.48)
n; =sinb; cos ¢,.
The z-axis symmetry now reads
0/ — _ 6/
R (2.49)
o1 =7 — @,
Then the equations of motion read
d 4]
d_f(bll = — 5 cos ¢} cotby + J cos b[cos (2¢)) — 1],
J (2.50)

)
pricl 0 =3 sin @) sin ¢, — J sin” @] sin (2¢)).
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Chapter 2. Classical dynamics and sync

For computational convenience, we use the differential equations on (¢}, 6)
instead of on (¢, cosf]). The equations of motion for these variables read

d 4]

ﬁqb’l =—5cos ¢ cot 0] + J cos b [cos (2¢}) — 1],

J 5 (2.51)
d—fe’l =-3 sin ¢} + J sin 0] sin (2¢)).

The original fixed points are transformed to (¢, = 7/2, ¢}, = 0). Around this
fixed point, a linear expansion yields

d )
—~,5 ! :—(59,
dt ¢1 2 1>

d

5 (2.52)
—00) =(2J — =)0¢),.
200, =(2J = )36

In order to find the stability property of this fixed point, we assume that the
solution of the linearized equations takes the form

0 2 oai 2 i
500 ) = c1D1e™" + ca Dae”™, (2.53)
1

where the two eigenvalues of the system are denoted as \;, and Ay, and the
two eigenvectors as Dy, and D,. The eigenvalues are determined by the
equation

=0, (2.54)

or equivalently \* — §/2(2J — §/2) = 0. From this equation it is clear
that when J < 4/4, the fixed point (#; = 0,¢) is an elliptic point be-
cause the two eigenvalues of the linear expansion equations are purely imag-
inary (A = =£i./6/2(6/2 — 2J)), while this fixed point is a saddle point
when the interaction strength is strong J > /4 because the two eigenval-
ues \y = —/6/2(2J — §/2), and Ay = /6/2(2J — §/2) satisfy \; < 0 < Xa.
Note that at the transition point (J = ¢/4), the fixed point changes its nature
between the two regimes. For the transition point (J = §/4), the linearized
equations read

s =056,
dé 2 (2.55)
47
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2.4. Phase portrait

Then it is easily seen that A\; = Ay = 0, indicating a degenerate solution. We
assume that the general solution of the above equation takes the form

Sy =c1 + cot,

, (2.56)
56, =356,(0).

Then ¢y = (6/2)06,(0). This transition point is special with regard to the
fact that when passing the transition J = ¢/4 from below, two additional
fixed points (cosf; = §/(4J), 1 = 0,7) emerge from the north pole (0; =
7, ¢). This is the non-isolated fixed point in the linear analysis language and
signifies a bifurcation transition.

The same analysis can be implemented for the fixed point (6, = , ¢;)
using the transformed axes. In the new axes defined in Eq. 2.48, this fixed
point is transformed to (0] = 7/2,¢| = 7). We obtain the same equations
of motion as obtained in Eq. 2.51, but a linear expansion results in different
equations. The linearized equations are

@ sy = — Lo,
dé 2 5 (2.57)
200 =(27 + 5)065.

Using the same approach as in Eq. 2.53, the equation for the eigenvalues
reads

5

oty

218 A — 0. (2.58)

For this fixed point, the eigenvalues are \; = i1/6/2(2J +§/2) and Ay =
—i4/6/2(2J + §/2). Then the fixed point (6; = ,¢) is always an elliptic
fixed point no matter how the interaction strength changes.

When J > §/4, there are two additional fixed points at (cos ; = 6/(4.J), ¢1 =
0,7). We use the original definitions of spin variables (see Eq. 2.42) since
this fixed point is not singular. Then the equations of motion for (61, ¢;)
read

d&p 2J4/1 " 50
=01 = — 7773001,
d; 16 252 (2.59)

Then the eigenvalues satisfy the equation
62
162

N 4031 )=0 (2.60)

27



Chapter 2. Classical dynamics and sync

J <0/4 J>d/4
(01 =0, ¢1) Elliptic Saddle
(01 = 7, 1) Elliptic Elliptic

(6, = arccos(0/(4J)),¢1 = 0,7) non-existing Elliptic

Table 2.2: Stability of fixed points in different regimes.

167 16J2*
gests that the fixed point (cos#; = ¢/(4.J), ¢ = 0, ) is an elliptic point.
The above stability analysis are summarized in Tab. 2.2.

with the solution \; = —2iJ\/1 — 25 and A\, = 2iJ,/1 — 2. This sug-

2.4.3 Qualitative picture from the phase portrait

After the fixed point analysis, we are in the position to plot the phase por-
trait of the classical two-spin system. As shown in Fig. 2.8.a, in the dephased
regime before the bifurcation (J = 0.10), the system has rather simple dy-
namical behaviors. In this regime, the system has two elliptic fixed points at
the north and south pole § = 0, 7 when J = 0.16 < 0.254. Consequently the
trajectories of spin 1 would be mainly circles rotating around these two fixed
points. And we observe therefore the periodical circles around the z-axis.
If the interaction strength is increased to the transition point J > §/4,
another two elliptic fixed point emerge at ((n] = /1 —(6/(4J))?),n¥ =
0,nf = 0/(4J)) from the north pole, and the north pole becomes a saddle
point with a negative and a positive eigenvalues for the linear expansion
equations, characterizing a separatrix which goes through it (see the green
trajectory in Fig. 2.8.b). A bifurcation transition occurs. Then the phase
space of spin 1 would be separated into two regions by the separatrix passing
the north pole. In one of the two regions that contains the newly emerged
fixed points, the trajectories rotate around the newly emerged fixed points
because of the elliptic nature of these two points. In this region, the spin
number 1 can not pass the yz plane, and n? is always positive or negative
(depending on ¢; = 0 or 7). We call this region synchronized region because
the movement in this region would lead to synchronization of contrast. In
the other region, the trajectories perform periodic circular movement around
the south pole as before. Moving in the region, n} vanishes periodically when
spin number 1 go from the front hemisphere (x > 0) to the back hemisphere
(z < 0). This region will be called dephased region hereafter. The surface
of the synchronized region has a positive correlation with the quantity J —
Jyif(= 9/4). Increasing J would induce larger synchronized region. When

28



2.4. Phase portrait

Figure 2.8: The phase portrait for spin number 1 of the two-spin system
with the additional symmetry between the two spins n?(t) = nZ(t), ni(t) =
—n¥(t), and n?(t) = —ni(t). a) The dephased regime before bifurcation
(J = 0.19), the four curves represent trajectories with different energies. The
red one depicts the trajectory with energy F = 0.1 (coinciding with the
trajectory of the initial condition considered in the most part of this thesis),
the blue one with E = 0.56, the green one with F = —0.30 and the yellow one
with £ = 0.76. b) The dephased regime after bifurcation(J = 0.359). The
red curve has energy E = 0.354, the blue one has energy E = 0.19, the yellow
one has energy E = 0.70, and the green one has energy F = 0.650. c¢) The
critical point (J = 0.59). The red curve (separatrix) has energy £ = 0.50 (the
initial condition considered), the blue one (dephased) has energy F = 0.1,
the yellow one (synchronized) has energy £ = 0.79, and the green one has
energy £ = —0.16. d) The synchronized regime (J = 59). For the red curve
(synchronized), the energy is E = 53. For the yellow curve (separatrix),
the energy is £ = —46. For the blue curve (synchronized), the energy is
E = —54. And for the green curve (dephased), the energy is £ = —0.454.
The red arrow indicates the initial state of spin number 1 and the red curve
corresponds to the trajectory of the initial condition. For the meaning of
separatrix, dephased and synchronized region, see text.
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6/4 < J < §/2 (see Fig. 2.8.b), the initial condition we take is still contained
in the dephased region, so there is no synchronization observed yet.

At the critical point J = §/2, the synchronized region is extended to such
a degree that the chosen initial state lies just on the separatrix passing the
north pole (see Fig. 2.8.c). And then it takes an infinite amount of time for
the spin 1 to reach the north pole. This corresponds to the critical behavior of
the contrast. If the interaction is further increased (see Fig. 2.8.d), the initial
condition will be contained in the synchronized region and synchronization
will be observed.

2.5 Relation to the Bose-Hubbard dimer and the
Lipkin-Meshkov-Glick model

With the z-axis symmetry

ny =nj,

n{ =—nj, (2.61)
z z

np = — Ny,

our Hamiltonian reduces to

)
Hysym = 5(nf—n§)+J(nTn§+nl{n§’+nfn§) = o6ni+2J(n¥)*+Const (2.62)

with Const = —J since (n})? + (n¥)*> + (n§)?* = 1 by our rescaling. This
Hamiltonian is equivalent to that of the symmetric Lipkin-Meshkov-Glick
(LMG) model[33], which intially describes a system consisting of N interact-
ing fermions in two N-fold degenerate levels. The symmetric LMG Hamil-
tonian reads

HL]\/[G =eS5* + QV(SJ:)Q (263)

If we make the transformation

Se —0,

St ; .

< —n', fori=ux,y,z (2.64)
S2V

then the symmetric LMG model is identical to the two-spin model with z-
axis symmetry.

30



2.5. Relation to the BH dimmer and the LM G model

However, the two-spin model with z-axis symmetry can also describe
the classical dynamics of the Bose-Hubbard dimer (BHD) model. The BHD
model is a two-site Bose-Hubbard model with the Hamiltonian[34, 35]

HBHD = (El(lJ{al+E2G£CL2)+K(CLJ{CLQ+CL;(11)+[U1<GJ{)2G%+U2((I;)2(I§], (265)

where F; is the energy level or the chemical potential of the two sites, K
the tunneling rate between the two sites, and U; the interaction strength in
the two sites. The BHD model, though describing a very different physical
system, is equivalent to the LM G model. To show this, we use the Schwinger
boson representation of spin operators[36]

1

57 =5l laz + alay),

S :%(aiaz — abay), (2.66)
1

S* zi(aial — abay).

Then substituting the above equalities into the BHD Hamiltonian in Eq. 2.635,
and assuming symmetric sites, i.e. £y = Fy = F and U; = Uy, = U, the BHD
Hamiltonian takes the form

Hppp = 2K 8" + 2U(S*)? + Const. (2.67)

because the number of bosons N in the system is a constant. Then this
Hamiltonian is the same as the symmetric LMG Hamiltonian if we make the
transformation

2K —e,

(2.68)
U —V.

As a result, the BHD model is equivalent to the symmetric LMG model.
Their classical limit is the same as that of the two-spin system with x-axis.
The relation between the three is shown in Fig. 2.9. The bifurcation transi-
tion has also been found in the BHD model[37, 38].

In passing, we note that in [35], it is argued that the classical dynamics
of the BHD model can be described as a non-rigid and nonlinear pendulum.
This point of view is correct but less intuitive. The phase space of the non-

rigid (z,¢) and nonlinear pendulum can be shown equivalent to that of a
spin (cos d, ¢)[39].
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Bose-Hubloard dimer
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H = +2J(nt)?

Classical limit

Two-spin model with
X-axis symmetry
(quantum)

Figure 2.9: Relations between the LMG model, BHD model, and two-spin
model with z-axis symmetry.

2.6 Summary

In this chapter, the model is defined together with the initial condition. Its so-
lution is presented with an emphasis on the experimental measurable quanti-
ties, the contrast. In this simplistic model, two regimes are found depending
on the ratio between the interaction strength and the inhomogeneity of the
magnetic field. The two regimes are separated by a dynamical phase tran-
sition which depends on the initial condition. In one regime (J < §/2), the
dephased phase, the two spins would dephase completely, and the contrast
reaches zero periodically. In the other regime (J > 0/2), the two spins are
synchronized and rotate mainly around the total spin. There, the contrast is
always finite, with oscillation period determined mainly by the interaction
strength. Phase portraits have been used to reveal the underlying mechanism
of this phase transition: bifurcation. At the transition point (J;, = §/4), two
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2.6. Summary

new fixed points emerge from the north pole and a separatrix separates the
phase space into synchronized region and dephased region. At the critical
point (J = §/2), our initial condition lies right on the separatrix, which goes
to the north pole, the saddle point.

It has also been shown that our Hamiltonian, together with the z-axis
symmetry constraint, is equivalent to the classical dynamics of the LMG
model in the context of nuclear physics and BHD model in the context of cold
atoms. However, it should be noted that our model consisting of two spins
has richer dynamical behaviors than the classical LM G model or the classical
BHD model in the sense that the phase space of our two-spin model is four
dimensional, while the LM G model and BHD model have a two dimensional
phase space. Only with the x-axis symmetry does the two-spin model reduce
to the two other models consisting of a single spin.
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Chapter 3

Quantum dynamics and absence of
synchronization

In the previous chapter, we have solved the classical dynamics and found
that the different dynamical behaviors in the classical system are caused by a
bifurcation. Now we turn to the quantum system with the same Hamiltonian
and initial condition. It describes two quantum spins lying initially parallel
in the transverse plane of an inhomogeneous magnetic field. They interact
with each other through an exchange interaction. The Hamiltonian of the
system is

s

H = ?(Sf—S§)+JS§1-§2, (3.1)

and the initial condition
|W(0)) = |mi = S,m3 = 5), (3.2)

where we have used the eigenstate of the z-component of spin operators.
In the above Hamiltonian, the spin components should be considered as
quantum operators. The dimension of the underlying Hilbert space is deter-
mined by the size S of the spins via Dim = (25 + 1)2. A difference between
classical mechanics and quantum mechanics is the fact that the cumulant
<S?Sjﬁ>c = (S?Sf> — (Sﬁ}(Sﬁ is not zero in quantum mechanics. This has
motivated the idea of cumulant expansion[40, 41, 42], which we will apply
to our model in a later section.
We can define the single spin contrast as

(53]
5

i=1,2. (3.3)
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For our special initial condition, we have C;(t) = Cs(t), so we will use C4
to denote the single spin contrast for both spins. And the single spin unit
vector is defined as

_ (S (S
7i;(t) —— = , 1=1,2. (3.4)
(Sl SC
The measured Ramsey contrast in the cold atom experiments corresponds to
the contrast defined as
_ (51 + S
clt) = 25

Since C(t) = Cy(t), we have

C(t) = Cl(t)\/%. (3.6)

Another quantity we want to define is the effective spreading of the quantum
spins

: (3.5)

S —(S))?) S(S+1) — ((51))?
iy = LGB0 _ S5+~ Sy 5
This quantity is a measure of the deviation of the single spin contrast from
that of a coherent state through the relation

1
C%(t) = 1+ < — Dy(t). (3.8)
For a coherent spin state[43], we have
1
D coh = &>
teoh =g (3.9)
C(1coh =1

If S — 00, Dicon — 0. Thus the coherent state approaches the classical state
in the semiclassical limit. For a general quantum state, C; < 1and D; < 1/8S.

We also rescale the systems in order to get rid of the spin-size dependence.
However, here the rescaling constant is not the same as that in the classical
systems. For the quantum system we have

~ t

v

§ =Agds, 5.10)
J =A3Js, '
v
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where Ag = /S(S + 1) is used instead of Ag = S in the classical system.
And 7; is the rescaled spin operator. We have used a hat here to distinguish
it from the single spin unit vector. This different constant is employed under
the consideration that the norm of a quantum spin should be defined through

(§?) = S(S+ 1), which is a constant of motion during the entire dynamics
and should thus serve as a straightforward rescaling constant.

3.1 Spin One Half

The simplest case of quantum dynamics is a system consisting of two spin
S = 1/2 particles. This situation is exactly solvable because of the small
dimension of the Hilbert space. In solving the problem, we first use the
unrescaled quantities and only in the end do we transform to the rescaled
quantities so as to compare the obtained results with the classical ones. The
Hamiltonian is given in Eq. 3.1 and the initial condition is

1 1
E(ITHH))@E(ITHIU)

Using the vectors {|S}, S5)} as basis, we obtain the matrix form of the Hamil-
tonian:

(W (0)) = [ST = 1/2,57 =1/2) =

0 0 0
0 -4 L 0
H: 2 Jg 4 _5_52 ﬁ (3.11)
0 2 2 4 0
0 0 0 Is

And the initial state is [¥(0)) = 1/2(| 1) + | 1) + | 1) + | ). Written in

column vector form, it reads:
1

[W(0)) = 1/2 (3.12)

1
1
1

The eigenvalues and eigenvectors of the Hamiltonian can be found as:
Js

Ey="7, le1) = [ 1),
J
By = ZS’ lea) = | 1),
o (3.13)
By = Tt les) = sinal 1) + cosal |1),
E, = _% _ % les) = —cosal 1)) +sina| 1),
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where w = \/J% + 6% and tana = Js/(w — Js). The contrast can be calcu-
lated as:

C(f) = |cos (%) cos (\/Tgwf) + g—i sin (%) sin (\/Tgwf) , (3.14)

with w = /J2 + 62 = (2/3)V/4J? + 362. In the above expression, we have

used the rescaled quantities:

o
\/ga

535, (3.15)
2
3

T =3Js.

Expanding this solution to second order in rescaled time, we find for short
time

6t)?
C(t) =~ ‘1 — % : (3.16)

Therefore, the initial decay of the contrast is still given by C(t) ~ 1 — (#/%;)2,
with #; = 24/2/6. This decay is the same as that found in the classical case.
The very short time dynamics is determined entirely by the inhomogeneous
magnetic field because during this time interval, the two spins are almost
perfectly aligned such that the interaction between them does not affect the
dynamics. As a result, the dynamics of the two spins is independent of each
other and is simply the movement of two coherent states in external magnetic
field. This movement is the same as that of two classical spins in the external
magnetic field as long as there is no interaction between them to dephase the
coherent states.

For longer time, the dynamics is not the same as the classical systems.
There is no more the regime of synchronization as in the classical system
because in the quantum S = 1/2 case the contrast always vanishes at a
certain time. But we can still distinguish two different regimes depending
on the ratio between the rescaled interaction and the inhomogeneity of the
magnetic field, in which the contrast behaves differently for large(small) in-
teraction. In the following, we stick to the terms “dephased'' regime and
“synchronized'' regime though there is no synchronization in the strict sense
that “the contrast should not vanish at any time''. In both regimes, there ex-
ist a fast oscillation corresponding to the classical oscillation and an envelope
modulating the contrast which is purely of quantum origin.
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3.1. Spin One Half

S

Figure 3.1: Contrast for S = 1/2 system as a function of the rescaled time
tin unit of 1/6. a) J = 0.1, b) J = 0.56, and c¢).J = 56. The oscillating
time and envelope time have been indicated for the dephased regime a) and
synchronized regime c). The critical point b) is special in that the dynamics
is periodic and only the oscillating time is indicated.

If the interaction is small compared to the inhomogeneity (J < 4/2), the
approximate expression for the contrast

C(t) = |cos (61/2) cos (JT/V/3) (3.17)

representing rapid oscillations with such large amplitude that the contrast
goes down to zero rapidly after the onset of the dynamics. The period of
the fast oscillation is ¢, = 27 /4. This time is the equivalent of the classical
period t, = 4K (2J/3)/§ ~ 27/§ when J < §/2. In addition, the oscillating
amplitude is modulated by an envelope such that there is an additional time
scale, which we call the envelope time, characterizing the time at which the
envelope reaches zero. In this dephased regime, the envelope time is given
by the second term in the above approximate expression t, = v/37/.J.

On the other hand, when the interaction is large (J > §/2), the contrast
takes the following approximate form

C(t) ~

cos (

V362 302 ., Jt
Wi t) [1 — —sin (—)} ‘ . (3.18)

The contrast oscillates with small amplitude (~ 352 /(8J?)) close to 1 at short
time. The period for this fast oscillation is £, = v/37/J corresponding to
the classical period in the synchronized regime ¢, = 2K(§/(2J))/J ~ 7/J.
However, this correspondence is not exact in the sense that the oscillating
time of the S = 1/2 systems is not the same as the classical period. At longer
time, the contrast is modulated by an envelope which eventually leads to its
vanishing at an envelope time 7, ~ 4.J7/(1/36%). As in the dephased regime,
this characteristic time scale has no classical equivalent.
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Chapter 3. Quantum dynamics and no sync

Initial decay (£;) Oscillating time (£,) Envelope time (Z.)

Dephased regime(J < §/2)  2v/2/§ 21 /§ V3r/)J
Critical point (J = §/2) 2v/2/8 24371/
Synchronized regime (J > §/2) 2v/2/6 V3n/)J 4J7 /362

Table 3.1: Characteristic time scales for S = 1/2.

At the critical point J = 0/2, the S = 1/2 case is special. The contrast is

5, Jt ot
cos” ( \/5) W
It is periodic with the period 7, = v/37/J = 2v/37 /4. In either the dephased
or the synchronized regime, the contrast for S = 1/2 system is not peri-
odic unless .J/1/3 and v/3w/4 are commensurate, which is rare. Compared
to the classical system, this behavior is also quite unusual. In the classi-
cal systems, the period of the contrast diverges logarithmically as J — §/2:
t, = 2log(d/(2|J —d/2|)) /.

In passing, we also plot the trajectory of a single spin on the Bloch sphere
as done in the previous chapter. We designate by the trajectory the expec-
tation value of S, /S = Cyii;, whose norm (the single spin contrast C;) may
change in time. The expressions for the components of spin 1, normalized
to unity at initial time, read:

C(f) =

cos® (

)‘. (3.19)

(A¥)(t) = cos (\‘;—tg) cos (Y2wt) + 32 sin (j—g) sin (\/Tgwf),
(AY)(f) = 2= cos (L) sin (fwi), (3.20)
(RZ)(t) = 3%1 sin® (Ewi)

Then in this graphical representation (see Fig. 3.2), it is clear that there are
two mechanisms in the temporal evolution changing the contrast. The first
one is the rotation of the individual spin direction (77;), which resembles the
classical movement and thus determines the fast oscillation. The other is the
change of the single spin contrast (C), which is now purely quantum and
prescribes the envelope time. In the dephased regime (J < /2, see Fig. 3.2.a)
or the synchronized regime (J > §/2, see Fig. 3.2.c), the individual spin
would first rotate on the Bloch sphere as in the classical systems with the
fast oscillating time 7,. Meanwhile, it diminishes in norm, spiraling inside
towards the center region of the Bloch sphere. This induces the diminishment
of the oscillating amplitude in the dephased regime, and the diminishment
of contrast in the synchronized regime. At the envelope time £, the spin
reaches innermost region and the contrast is zero too. After this, the spin
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3.2. Large spins: numerics

Figure 3.2: Bloch sphere representation of a single normalized spin 7, for
the S = 1/2 system for 0 < ¢ S t.. a) J = 0.1, b) J = 0.5, and ¢) J = 5.

spirals outward and at about 2t., it almost regains its norm though this is
not exact, due to the uncommensurability of the two frequencies. And the
trajectory is not periodic as can be seen in Fig. 3.2.c, where the spin continues
in a different path after 2t., reaching the opposite part of its initial position
on the Bloch sphere. However, at J = ¢/2 (see Fig. 3.2.b), the situation is
different. The dynamics becomes periodic and the rotation and the change
of single spin contrast share the same period #, = , = 24/37/0.

3.2 Large spins: numerics

In the previous section, we have seen that the dynamics for the quantum
system S = 1/2 deviates from the classical dynamics solved in the previous
chapter. The classical dynamics demonstrates only two characteristic time
scales while the quantum S = 1/2 system has three. Besides, there is no
synchronization in the quantum S = 1/2 system no matter how large the
exchange interaction is. To understand why the quantum system is different
from the classical system and how the classical limit emerges in the quan-
tum dynamics, we carry out numerical simulations investigating the tempo-
ral evolution of the quantum systems with S larger than 1/2, ranging from 1,
3/2, to 10. The dimension of the Hilbert space of the whole system increases
with the size of spin S as (25 + 1)? ~ O(S?).

First, we concentrate on the contrast for S = 10 (see Fig. 3.3). There are
still two regimes where the behavior of the contrast is different, as is the case
in the S = 1/2 system. In addition, the critical point marking the transition
between the two regimes remains J = ¢/2. In the dephased regime (J < §/2,
see Fig. 3.3.a and d), fast oscillations with amplitude large enough to kill the
contrast completely are observed. This behavior is reminiscent of the corre-
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Figure 3.3: Contrast as a function of rescaled time in units of 1/¢ for a sys-
tem with spin size S = 10. a)Short time behavior in the dephased regime
(J = 0.19), the fast oscillation time %, is indicated by the black arrow.
b)Short time behavior for the critical point (J = 0.59), the envelope time
t. is showed. c)Short time behavior in the synchronized regime (J = 56),
the fast oscillation time is indicated. d) Long time behavior in the dephased
regime (J = 0.19), the envelope time £, is indicated. e)Long time behavior
for the critical point (J = 0.59). f)Long time behavior in the synchronized
regime (J = 50), the envelope time {, is indicated.

sponding classical dynamics where the contrast vanish periodically because
of the large oscillation. Besides, the quantum nature of the system manifests
itself by the existence of an envelope which fixes the amplitude of these clas-
sical oscillations with the characteristic time 7,. In the synchronized regime
(J > §/2, see Fig. 3.3.c and f), the fast classical oscillation is not large enough
to make the contrast vanish and the contrast oscillates around its initial value
1. However, at longer time, the contrast is instead determined mainly by an
envelope modulating the dynamics, which originates from quantum effects.
At the envelope time t., this envelope brings the contrast to zero. At the
critical point (J = §/2, see Fig. 3.3.b and e), the contrast falls towards zero
and then stays close to zero oscillating with small amplitude. From these
qualitative pictures, it is evident that the dynamics for larger spin systems
(S = 10) resembles that of the classical one during short time, and reveals
quantum characters at longer times. The dynamics for the S = 10 systems
also shows richer dynamics which has not appeared in the quantum S = 1/2
systems. For example, when J > §/2 (see Fig. 3.3.f), there is a plateau after
the envelope time 7, where the contrast stays around zero before restoring to
almost 1 at a much larger time. The time when the contrast almost attains 1
is called approximate recurrence time ,,. This new temporal behavior indi-
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Figure 3.4: Contrast for spin size S = 1. The red lines are the classical
trajectories, the dotted blue lines quantum trajectories, and the thikc black
lines the equators. a) Dephased regime (J = 0.16), b) critical point (J =
0.59), and ¢) synchronized regime (J = 54).

cates two points: a) the dynamics for the quantum systems is multi-scaled,
and b) as the spin size S of the system increases, the number of characteristic
time scales also increases.

It is also constructive to compare the dynamics of quantum systems with
different spin sizes in order to show that the dynamics becomes richer with
the increasing spin size. The contrast for S = 1 system in different regimes
is shown in Fig. 3.4. Comparing Fig. 3.4 with Fig. 3.1, we can infer that
in either the dephased regime or the synchronized regime, the dynamics of
S = 1 system is richer than that of S = 1/2 system in that in addition to
the envelope with a slow modulating effect on the contrast, an envelope of
the envelope exists. The maximum of the contrast in each small envelope
changes with time. And if we look at the difference between the S = 1
(Fig. 3.4) and S = 10 (Fig. 3.3) systems, an evident difference in the be-
havior of the two systems is that there is a plateau where the contrast stays
near zero in the S = 10 system. This justifies our earlier speculation that the
dynamics becomes richer with increasing spin sizes. The critical point, how-
ever, is worth special attention. At this point, the behavior of the contrast
after first attaining zero eludes explanation. The best we can say is that the
quantum dynamics follows roughly the classical one, with a quantum fluc-
tuation, which leads to the noisy contrast after the first zero. In the S = 1/2
case, the quantum fluctuation is so strong that the contrast can restore its
full amplitude after certain time (see Fig. 3.1.b). Or the quantum recurrence
is small because of the small dimension of the Hilbert space and we can ob-
serve it. The amplitude of the quantum fluctuation diminishes when spin
size goes larger. For S = 10, the variation of contrast after the time ¢, is
smaller than 0.1 most of the time as can be seen from Fig. 3.3.e.

Following the same token as for the S = 1/2 system, we can similarly use
the Bloch sphere representation to interpret qualitatively the dynamical pro-
cess. This is done for the S = 10 systems as shown in Fig. 3.5. The behavior
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Figure 3.5: Bloch sphere representation of a single normalized spin for spin
size S = 10. a) Dephased regime (J = 0.16), b) critical point (J = 0.56), and
¢) synchronized regime (J = 59).

is also similar to that for S = 1/2, with a more complicated trajectory on
the Bloch sphere. In the dephased regime (Fig. 3.5.a), the movement of the
spin number 1 is determined mainly by the external dephasing magnetic field
which rotates the spin around the z-axis. At the same time, the norm C (%)
decreases as a manifestation of the quantum effects which can be conceived
as the spreading of the wave packet on the Bloch sphere (For a more detailed
discussion on the spreading of the wave packet, see Sec. 3.5). When the spin
approaches the central region of the Bloch sphere at the envelope time (Z,),
it starts oscillating with small amplitude for a long time before leaving this
region and spiraling out. This long period of small oscillation can be better
understood if we look at the contrast: the plateau between two envelopes
is a clear signal of this staying near the center. The spin continues spiraling
outward until it almost fully restores the amplitude. This time is the ap-
proximate recurrence time (f,,). In the synchronized regime (Fig. 3.5.c), the
spin rotates mainly around the direction of the total spin, the z-axis. But
quantum effect diffuses the wave packet on the Bloch sphere, inducing the
diminishment of the norm. And the spin retreats correspondingly toward
the center. The long staying near the center also exists in this regime. And
then the spin rotates outward to —z-axis reaching almost the point (—1,0, 0)
at the approximate recurrence time ,,. At the critical point (Fig. 3.5.b), the
spin first follows the classical trajectory, and then deviates from this trajec-
tory due to quantum fluctuation moving toward the z-axis. After arriving at
the center region, the spin stays there forever, oscillating because of quantum
uncertainty.

After the qualitative understanding, we now begins a more quantitative
study. Since the dynamics is more complicated and a larger number of char-
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Figure 3.6: a)Envelope time as a function of the interaction strength in the
synchronized regime (J > 0). b)Envelope time as a function of the inverse
of interaction strength in the dephased regime (J < ¢/2). The blue line is for
S =1/2, red line S = 1, yellow line S = 5, and green line S = 10.

acteristic time scales, which are essentially quantum time scales, emerge as
the spin size is increased, we confine ourselves to the smallest quantum times
scale: the envelope time 7.. The first thing to note is that in the synchro-
nized regime (J > ¢/2) the envelope time is proportional to the interaction
strength, while in the dephased regime, we have #, oc 1/.J. This is best il-
lustrated with the figure of the envelope as a function of (the inverse of) the
interaction strength for a specific spin size (see Fig. 3.6). It is also obvious
from this figure that the envelope time has a spin size dependence. As S
increases, the envelope time also increases. In the synchronized regime, we
can fit the envelope time as a function of the interacting as

fe(Ja S) :isyn(s>+fsyn(s)‘]7 (321)
which gives the proportionality f;,,(S). Then we can fit this proportionality
fsyn(S) = Qsyn + bsynscsyna (322)

and obtain ¢y, = 0.500928 ~ 1/2. Therefore, we have
~ J
fo ~ \/55 (3.23)

in the synchronized regime. In the dephased regime, we carry out the same
fitting for envelope time

te(J,S) = iaep(S) + faep(S)1/J, (3.24)
and then fit

fdep(s) = Qdep + bdepSCdEp (325)
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Figure 3.7: The slope of the envelope time as a function of spin size S.
a)Dephased regime. b)Synchronized regime. For the meaning of f4.,(S) and
fsyn(S), see text.

to obtain cgepn, = 0.551247 ~ 1/2 (see Fig. 3.7). Thus we obtain

5 1
£~ ﬁj (3.26)

in the dephased regime. In the next section, we will see that . o v/S and
tar X S.

3.3 Effective models for the dynamics

In the previous section, we have seen that the dynamics of the quantum spin
system is very complicated and that there is an increasing number of char-
acteristic time scales as the spin size augments. Instead of trying to gain a
complete understanding of this complex phenomenon, we concentrate on
the two smallest quantum time scales and make some approximations in the
model to capture these two quantum time scales. In the dephased regime
(J < ¢/2) and the synchronized regime (J > §/2), we employ two differ-
ent effective Hamiltonians which give a good agreement with the numerical
results till the first approximate recurrence time. Near the critical point,
however, the underlying physics is not well understood. In this section, we
will use the unrescaled quantities for computational convenience and only
in the end restore the rescaled expressions.

3.3.1 Effective model in the dephased regime

In the dephased regime (J < §/2), the main mechanism of the dynamics is
the inhomogeneity of the external magnetic field. The exchange interaction
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between the two spins, therefore, can be treated as a small perturbation in a
first place. The unperturbed eigenstates and eigenenergies are

) )
—(SF = 85)lmy,ma) = = (my — ma)|my, my). (3.27)
2 2

where we have omitted the quantum number of spin size S for the sake of
simplicity, as there would be no ambiguity. In the basis of the unperturbed

Hamiltonian, the perturbation has the matrix elements

(miyma|(S7S5 + S753)[ma, ma)

1
25 (\/(S - ml)(s +my + 1)(8 + mQ)(S —mg + 1)6m’1,m1+15m’2,m2—1
VS Hma)(S = i+ DS = m2) (S + 12+ Dm0t
(3.28)
and

=mi, Mo 5m/1 ,m1 6m’2 M2

Then the interaction in the zy-plane has no diagonal element in this basis.
As a first order approximation, we can neglect them and get an effective
Hamiltonian

Os
Haep = (55 = 55) + JsS755. (3.30)
In this effective Hamiltonian, not only is the z-component of the total spin
conserved as a result of the rotational invariance around the z-axis, but also
that of each individual spin is also conserved as the Hamiltonian now com-
mutes with the single spin operator in the z-axis, [H, S?] = 0. The eigenval-

ues and eigenvectors of the effective Hamiltonian are

5
le) = |ma,ma), By = 2 (ma — ma) + Jsmyms, (3.31)

with i the ensemble of quantum number (m;, ms). These eigenvectors clearly
separate the two spins, i.e., the operator of an individual spin would not
change the state of the other spin when applied onto such an eigenvector.
The initial state is two spins each in a coherent state pointing in the z-axis
direction with the direction angle §; = 6, = 7/2, and ¢; = ¢ = 0. A
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coherent state for spin S with the direction angle (6, ¢) can be written as (see
(43, 44])

> 25 0 S+m.: 0 S—m _i(S—m)¢p
0.0) = > \[ gy ) (cos5)¥ ™ (sin )5 e |S,m), (3.32)

m=—

where we have used the binomial coefficient

29 (29)!
<S+m) (S +m)(S—m)! (3.33)

Then the initial state can be written as

s = (1) 2 (625,) (25, Yo 634

my,me=—S5

Then at time ¢, the temporal evolution of the effective Hamiltonian would
lead to the state

28 S
vo- ()75 B (B s o3

mi,mo=—=S5

as |mq, my) is nothing but the eigenvectors of the effective Hamiltonian. Now
we are ready to calculate the expectation of the x-component of the total spin

(SE)(E) = (WO)IS71 () = (WO)ISTW (@) + (W(@)|95 ¥ (X)) (3.36)

Leaving the details of calculation to the appendix, we only write the result

(57(0)) =5 cos (1) 05 (51 = (s5(0).
(SY(t)) =S sin (%)cosw (%) = —(SY(t)), (3.37)

(ST(1)) =0 = —(55(1)).

And the contrast, written in the rescaled quantities, takes the form

cos <@> cos?® (ﬁ) ‘ ) (3.38)
2 2

In the above result, the first term on the right hand side cos (dst/2) gives
the fast oscilaltion with the fast oscillation time ¢, = 27 /3. The second term

Contrast =
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Figure 3.8: The contrast as a function of rescaled time in units of 1/§

obtained by the effective model and the numerical methods for S = 10,

J = 0.16. The dotted blue curve is the numerical result, the thick green the

analytical contrast for the effective model. a)Long time comparison. b)Short

time comparison.

cos®S (Jgt/2) gives the approximate recurrence time ,, and the envelope time
t.. For the approximate recurrence time, we have

cos? (‘]S—t) ;2SS +) (3.39)

=1, = V22T
2 J

In the limit S > 1, J = const. and ¢ = const., we get

- 2mS
tor X ——. 4
ar 7 (3.40)

For the envelope time, taking the limit S — oo, J = const., and § = const.,
we have

2,2 2,2
cos® (Jgt/2) = 625111(17%%4 ) efst ; (3.41)
yielding
2 ~
S — t.~ 2V (3.42)

Js\/'S

The first thing to note from the result in Eq. 3.38 is that the agreement
with numerical simulations is excellent till the first approximate recurrence
time %, (see Fig. 3.8). At ,,, the analytical contrast obtained above deviates
from the numerical one. The analytical approach has not properly taken
into account the multi-scale dynamics of the system, but has instead focused
on the first time scales. Thus the complex phenomena, such as the envelope
of the envelope, are not obtained. In the analytical solution of the effective
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Chapter 3. Quantum dynamics and no sync

Figure 3.9: Comparison of components of spin number 1 between the nu-
merical simulations and the effective model as a function of rescaled time
1/6 for S =10 and J = 0.16. The blue lines are the numerics and the green
ones analytical results. a) ni. b) ny. ¢) n%. Note that the vertical scale for n}
is different from those for n{ and nj.

model, only three time scales are revealed, the fast oscillation time, the en-
velope time, and the first approximate recurrence time. The fast oscillation
time is given as f, ~ 1/8. This is a reminiscent of the classical period #,. The
envelope time in the effective model is £, ~ /S/.J, giving the right behavior
of numerical results. And the first approximate recurrence time takes the
form t,, ~ 27/S(S +1)/J =~ 2wS/J. The latter two are purely quantum
time scales.

Another remarkable point is that in this effective model, the z-component
of the individual spin is always zero instead of following the dynamics in the
numerical simulations. However, this difference does not have a great impact
on the dynamics and the other components obtained from the effective model
agree very well with the numerics till the first approximate recurrence time.
This can be understood by noting that the z-component of the individual
spin operator is small. For S = 10, J = 0.19, the maximum value of the
(nZ(t)) is about 0.18 (see Fig. 3.9). For a single spin, we can write

~ | s Jt
Ci(t) =~ |cos (—2 S(S+1)) : (3.43)
and
cos (0t/2)
i ~ | sin(6¢/2) | . (3.44)

0

We can compare the result of this effective model with that of the S = 1/2
case obtained exactly. In the spin S = 1/2 case, if J < 0/2, the contrast can
be written as

Cippr cos(éf/Q)cos(%) :
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3.3. Effective models for the dynamics

And the contrast obtained by the effective model reads

B Jt
Cop ~ 0t/2) cos® (——— )], 3.45
dep 2 [0S (01/2) cos (2 S(S+1)) ( )

If we take S = 1/2, we recover the exact result for S = 1/2.

3.3.2 Effective model in the synchronized regime

Contrary to the dephased regime, the dominant mechanism of dynamics in
the synchronized regime (J > §/2) is the exchange interaction. The interac-
tion term in the original Hamiltonian in Eq. 6.1 can be written as

3.3 = % {(51 n 52)2 . (5*1)2 _ (5'2)2] . (3.46)

The second and third term in the square bracket are constant because of the
identity

(51-)2 = S(S+1)1, (3.47)

where 1 is the identity operator. If we neglect the constant terms in the
Hamiltonian, the original Hamiltonian reduces to

55(52 S3) + = (51 + 52) : (3.48)

The interaction is nothing but the square of the total spin operator S, =5+
S,. In the synchronized regime, the inhomogeneity of the external magnetic
field is small and can therefore be treated as a perturbation. The unperturbed
Hamiltonian with only the interaction term takes the form

Hy = ‘]25 (SZ) , (3.49)

and therefore it is more suitable to consider the total spin as a good quantum
number instead of the individual spins. This Hamiltonian has eigenenergies
and eigenvectors

Js

E} = Sf, |E7) = |Se.my), (3.50)

with S; € [0,25] and m} € [-S;, S;]. The eigenvectors are the eigenvectors
of the total spin operator S;, and are (25; + 1)-fold degenerate where S; is the
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Figure 3.10: A schematic illustration of the Bloch spheres of the two-spin
system and the corresponding radii. The system of two spins with size S
can be considered as the product of two spheres with radii S. And this is

equivalent to the sum of 25 + 1 spheres with radii 0, 1, ., 2S. As a first
approximation, we only consider the Bloch sphere with S; = 2S.

quantum number of total spin. It is equivalent to say that the eigenvectors of
the unperturbed Hamiltonian are grouped according to their total spin size.
Each group is on a different Bloch sphere of the total spin.

The initial state is two spin of size S pointing in the z-direction. Using the
total spin basis, this is the state |S; = 25, my, = 25). This can be seen readily
if we consider transformation between the basis {|m7, m%)} and {|S;, m}}
for two spins of size S. For the state |S; = 25, mf = 2S5), the only non-
vanishing Clebsch-Gordan coefficient is (mj = S,m% = S|S; = 25, m} =
2S) (where for simplicity, we have omitted the quantum number S; and S,
in the Clebsch-Gordan coefficient) because of the property of the Clebsch-
Gordan coefficient that (m7, m3|S;, m¥) = 0 unless m{ + m% = m7. Thus
|S; =25, mf = 25) o< |/m7 = S,mi = S). And since both |S; = 25, m} = 25)
and |m7 = S,m% = S) are normalized, we have |S; = 25, mf¥ = 25) =
|m7 = S,m3 = S). Therefore the initial state under consideration is on the
outermost Bloch sphere with S; = 25. The energy difference between this
subspace of the complete Hilbert space and the neighboring subspace with
S =28 —1is

AE = % [45— 1+0(—>], (3.51)
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where the second term comes from the perturbation, should the perturba-
tion theory work. In the synchronized regime and in the large interaction
limit J > 6/2, which is equivalent to JsS > dg, this energy difference is
large and the perturbation from the external field is unlikely to couple the
initial state with states from different Bloch sphere. As a first approxima-
tion, we constrain ourselves to the outermost Bloch sphere and project the
complete Hamiltonian onto this subspace to get an effective Hamiltonian
(see Fig. 3.10).

The perturbation term in the Hamiltonian, when acting on the basis
{|S¢,m§)}, has no diagonal terms. Besides, it only couples two states with
Sy and Sy + 1. The details of these are left to the appendix. With this infor-
mation, the full Hamiltonian, written in the eigenvectors of the unperturbed
Hamiltonian H,, takes the form

He ( L()2(8) = 29) 55(S7 — S3) (S, = 25,25 — 1) )
T\ B(SE - 8T (S, =28,25 - 1) L5 (S)2(S, # 25)
(3.52)

In the above symbolical expression, the term ‘g—s(gt)Q(St = 2.5) designates the

diagonal block of the interaction in the subspace S; = 25, and ‘]2—5(@)2(& #
25) the diagonal block of the interaction in the remaining subspace S; #
2S. The two off-diagonal terms represent the perturbations. Though the
perturbation also contributes to the diagonal part in the subspace S; # 285,
they have no impact on the perturbation calculation. And for simplicity, they
are not written explicitly in the above Hamiltonian.

To carry out the perturbative calculation, we use the projection operator
method developed by Bloch and Horowitz [45], and later with contribution
from Lowdin [46]. Leaving the details of this approach to the appendix, we
can write the Hamiltonian in the subspace S; = 25 as follows

— JS AN
Hop == (St) oV, (3.53)
with the perturbation
_ 52' 2 2\2

This term is obtained from second order perturbation theory, and can be
considered as describing virtual transitions to the second outermost Bloch
spheres S; = 25 — 1. Neglecting the term proportional to the identity oper-
ator, the Hamiltonian reduces to
o, = 9% S7)? 3.55
eff——m(t)> (3.55)
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Figure 3.11: Contrast as a function of rescaled time in unit of 1/§. The
analytical results from perturbation theory is compared to the numerics for
S = 10, J = 54. The red line is the analytical result and the dotted blue
numerics. a) Long time behavior. b) Short time behavior.

with the eigenvectors and eigenenergies
Ei=—(S;)"m? |E) =S, =2S,m;=m). (3.56)

And the contrast takes the form

e (52 S(S+ 1)5)

Contrast(t) =

85(4S —1)7 ||’ 3:57)

where we have already restored the rescaled quantities. This result gives
good agreement with the numerics, as shown in Fig. 3.11. The envelope
time and first approximate recurrence are well described by this perturbative
calculation.

In the deep synchronized regime (J > 4), and for large spin size S, the
contrast reduces to

~ 52{{ 45
Contrast(t) ~ cos (325J) : (3.58)

When S — oo, we have
C(t) %64Sln (cos(%))

a;
oS (1-3(3557)%)

3257
i (3.59)
%@725(3233)2
ze(f/EE)Z.
Then the envelope time reads
- 16v/2
[ o Y6V25T ed (3.60)

¢ 52 52
54



3.3. Effective models for the dynamics

Also, the first approximate recurrence time #,, can be obtained from the
approximate expression of contrast in Eq. 3.57 from the requirement

§2/S(S + 1)t
85(4S —1)J (3.61)
Then ¢,, is found to be
2(1 —
e St VA G VE AP YT (3.62)

S(S+1) 02 6%

However, from Fig. 3.11.b, it is clear that this single sphere approach does
not yield the right short time behavior. The fast oscillating corresponding
to the classical dynamics are completely absent in this approximation. A
remedy to this is to include higher orders in the perturbative calculation or
make a truncation in the Hilbert space, including the matrix elements from
other Bloch spheres.

3.3.3 Improved method in the synchronized regime

In the preceding subsection, we have obtained an effective Hamiltonian with
a perturbation describing the virtual transition between the Bloch spheres
Sy = 25 and S; = 25 — 1. In this subsection, we carry out a truncation in
the Hilbert space and consider the subspace of S; = 25,25 + 1, treating the
transition exactly but neglecting all the other subspaces. In this subspace,
we can show that the perturbation term d5/2(S7 — S5) only couples the state
|S; = 25, m,) and |S; = 25 — 1,m;). Thus we can first confine ourselves to
the small subspace consisting of the two states. In this small subspace, the
Hamiltonian reads

I Y 3.63)

S5 JsS(S-2)

2 45-1

The eigenenergies are

2 _ 2
Ef =JgS(S — 1) + 1\/41@52 Lt omt
2 45 —1
| s . (3.64)
=0 1y = 202 | §2 —-m
E =JsS(S—1) 2\/4JSS + 0% ST
And the eigenstates are
lel) = sm]25,m) + ¢n]25 — 1, m), (3.65)

le. ) = —cm|25,m) + 8,25 — 1,m),
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with s,, = sin a,,, ¢, = cos a;,, and

tan a,, = 05/ (492 —m2)/(4S — 1)/(Epy — J5S?). (3.66)
To first order, we have

E+ %JSSQ + 5%(452 B m2)

8JsS(45 — 1)
02(452 — m?)
E- ~JsS(S—2)— =2 — 2
m ~JsS(5 = 2) 8J5S(45 — 1) (3.67)
Sy 1
(55 452 —m?
Cm

1SV a5 =1

Then the contrast reads

(S¥)(t) ~ 28 cos*® ™ (52 S5+ 1)5) + (S +1) cos (2—JE>

85(4S —1)J 16.J2 V1+1/8
(3.68)
However, the above result does not satisfy
(S{)(0) = 28, (3.69)

as it should, because of the second term. We can expand the second term

62(S+1) cos 2Jt
16.J2 V1+1/8

. (3.70)
_0%(S+1) | 9sin? 2.Jt
167 Jiius) |
If we neglect the constant term, then we get
(SE)()
§2\/S(S + 1)t
~2S cos* !
< 8S(4S —1)J ) (3.71)

%S+ Gin? 2Jt
8.J2 V1+1/S)
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Figure 3.12: Contrast as a function of rescaled time in units of 1/ for S = 10,
J = 5. The red line is the contrast in Eq. 3.71, the blue dots are the result of
numerical simulation.

At time ¢t = 0, the above expression gives correctly

(S¢)(0) = 28. (3.72)

From Fig. 3.12, we can see that the expression in Eq. 3.71 does not fit
exactly to the numerical simulations. We need to improve further. Recall
from the calculation for the S = 1/2 case that, in the synchronized regime
(J > §/2), the contrast reads

-2 2<J—£>H,

Ci/2 = |cos (

i
s7 O g (5

which can be written as

6\ /1+ % 52(1 4 L -
~ 451 S _ (1+ s) . 2 Jt . -
Ci/2 = |cos <—8J(4S — 1)15) 1 —ggz Sin ( - l) , with S =1/2.
S
(3.73)
In addition, the contrast for the limit S — oo (classical system) is
2
0
Ct)=1 g2 Sin (Jt). (3.74)
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Figure 3.13: Contrast as a function of rescaled time in units of 1/§ for S = 10,
J = 5. The red line is the contrast in Eq. 3.735, the blue dots are the result of
numerical simulation.

t; t, te Lar
Dephased regime (J < 6/2) 2V2/5 = 2m/d 205/ 2SS/ J
Synchronized regime (J > §/2) 2v2/6 =~ ,/1+ in/J =~16V2SJ/6* =~ 32r5]/5?

Table 3.2: Characteristic time scales in the quantum two-spin model.

Then we guess that the contrast should take the form

2 [ 1 N
45—1(fi-§£jlfl£) RS G T 5
RIS — 1) Yz -
S

C =~ |cos

From Fig. 3.13, we can see that the guessed result in Eq. 3.75 agrees very
well with the numerical simulations. And we can get the fast oscillation time

fo=1/1+ =2, (3.76)

Now we summarize the characteristic time scales in the quantum dynam-
ics of the two-spin system in Tab. 3.2.
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3.4. Cumulant expansion method

3.4 Cumulant expansion method

A semiclassical approach to the spin dynamics problem is the cumulant ex-
pansion, developed by Garanin and collaborators (see [40, 41, 42]). In par-
ticular, we follow closely the approach in [42]. The basic idea is to expand
the Heisenberg equations of motions for spin operators, and treat the quan-
tum average as classical average plus a quantum correction which take the
form of cumulants of spin operators.

3.4.1 Direct expansion

For our model, the equations of motion for the first order spin operators
read

dn 56 X n
~lly — z d»
let 2 (3.77)

Ty =—€, X Ty + Ty X Thg — Tog X T04) .
PR t2(t d d t)

In the above equations, the term 7; x 7, — 7y X 7i;, which contains second
order spin operators, needs to be treated quantum mechanically. We define
the second order spin operators as

M = n? nd —{—ndnt,
M = nenl +nlng, (3.78)
MSP = nSnl 4+ ning.

Then the equations of motion for second order spin operators can be written
as

d 5 0 .
M = f= — 5 (EsasM™ + €55 M)

d 5 J

M = — 2 <ew5M + e MO ) s, (3.79)
d 5 0 o .

M = = 2 (caasM™ + s M™) 4 5 (cans T + €075

where we have used the anti-symmetric Levi-Civita symbol €,3, and have
defined the third order operators

aBd o a
T =S¢ M 4+ M7 S,

o g (3.80)
P =Se M+ MP Sy
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And the equations of motion for the third order spin operators need also to
be calculated using Heisenberg equations, which in turn leads to fourth order
operators. Continuing this approach, we would obtain an infinite series of
coupled equations of motion. However, we will not calculate higher orders
and truncate the equations of motion at second orders, which gives an error
of the order S~!. At first order, we will recover the classical limit and the
second order cumulants are the minimum to take into account the quantum
corrections. The expectation values are

d, 6
d—£<nt> = §€zaﬁ<ng>,
d .. 0 J
%) = Jeanatnd) + S (M7,
d o 0 o
(M) = = 2 (Cuas M) + M),
’ 2 ; (3.81)
«Q 1) o ayd
= (M°0) = = 2 (can (M) + e (ME)) + S emal 1),
d . 5 o 5
ﬁ(Mdﬂ> - 5 ( za5<M§ﬂ> + 6255<M6 >) + 5 <€a75<T57 >
s (T57))
We define the cumulants of first and second order as follows
my =(ny),
mg =(ng),
1
af (M — m® B
m? == (M) = mim,
1 o
md §<Md> mdmg'

From the above definition, we can see that the second order cumulants m:*”

and m$” are symmetric. It has been shown that the n-th order cumulants
for the spin operators are of the order S17"[41, 47], negligible for large spin
size S. Therefore, if we truncate at terms of order O(S2), we can expand
the expectation values for third order operators as

(TPP0) ~4 (mtmtmd—i—maﬁmd%—m my +mPm ),
(3.83)

(T97) ~4 (mdm’fmd + mPmG + mPmg + mg‘smf)
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Figure 3.14: The numerical results of contrast as a function of rescaled time
(in units of 1/) obtained from the cumulant expansion equations of motion.
a) S =10, J =0.16. b) S = 10, J = 5. The blue line is the results of exact
diagonalization. The green one is the solution of the cumulant equations
obtained from Eq. 3.84.

Then the equations of motion for operators reduce to

d o

S Y B

d{mt 5€zaiMMa

d )

—Jng = — —emgmf + JGag'y (m}mf -+ mﬁ“’> ,

dt 2

d )

af _ By ay

—My = — = (€30~ " + €3, ,
at 5 (€ o) (3.84)
d 6 oY% (6%
d_fmaﬂ =3 <ezwmgﬁ + ezmmt7> + Jegys (mim® +mim]®)
d . )
o dﬂ =-3 (ezmmw + €.5,m7%) + J [Gma (mgmg‘S + mm? )

)
tegys (mymy” +mgm™?)]

which form a closed set of equations. The initial conditions are

25004

my(0) =————,
+(0) S(S+1)

mg (0) =0,

m*(0) =0, (3.85)
o 1

m”(0) ~511 (Oaydsy + daz0p:)
o 1

mg?(0) “511 (Gaydsy + 0az0s2) -

We can solve the above equations of motion numerically. The results are
shown in Fig 3.14. From the results, we can see that in the dephased regime
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(i.e. J = 0.19), the contrast obtained by the cumulant expansion agrees well
with the one obtained by exact diagonalization before diverging to infinity
at approximately the envelope time. In the opposite regime, however, the
cumulant expansion leads to unphysical result at very short time (£ ~ 2.5/4).
This clearly indicates that the cumulant expansion to second order does not
describe correctly the real physics of the synchronized regime. We need to
either expand further or find other physical constraints that would give a
more physically consistent set of equations. If we go to further orders of
cumulants, the number of equations increases exponentially, which is unde-
sirable.

3.4.2 Improved cumulant expansion

As an alternative approach, we seek the physical constraints that might lift
the irregular behavior of the solution in the large interaction regime. To do
so, we first note that the total energy of the system is conserved since the
Hamiltonian of the system is independent of time. Then due to the rotation
symmetry around the z-axis, (n?(%)) is a constant of motion. Besides, for the
two individual spins, we have

(i) = 1. (3.86)

S
(§ui+ 5 (- ) ) = s
(nf) =0,
(n)2) =0 (3.87)
t - %
(M - Mg+ 1 - Ty) =0,
((72)? + (7a)?) =
In the cumulant language, the above constraints are equivalent to
(m3)? 4+ (m%)? + (m2)* + m&mY +m7 — —Ma = T
m; =0,
zZz 1
mymg +mjmy +mim +m"™ +m¥ +m* =0,
(m)* + (mf)* + (mf)* + mi* + m{¥ + m; +gmy =25
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3.4. Cumulant expansion method

Now we need some supplementary information that does not come from
the physical argument, but rather from the numerical simulations by exact
diagonalization. First of all, in the numerical simulation, the first order op-
erators have the property that

2
~—
|

mi(

0 (3.89)
0 .

(S Y

)

because (nf) = (n%), (n¥) = —(nd), and (n7) = —(nz). Then the constraints
in Eq 3.88 reduce to

mg(

2

(m)* + (mp)* +mp +mi +mi’ = ==
m; =0,

. 1
m= + m¥ 4+ m? = O,
(mf)* +my* +mi¥ +£ . 4541

K ! J 4 S+

The fact that m% = 0 leads to

d J
- T _ 2 yz __ Yy = 391
dtmd 2(m m*) =0, ( )

since m{ = m; = 0. Besides, exact diagonalization simulation also shows
that for the second order cumulants, we have

From these, we can show that

my” =0,
IEZ — 0

e (3.92)
md =0,
= 0.
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So finally, the equations of motion with the second order cumulants reduce
to 14 coupled differential equations

d 1

ﬁm? = — §mg,
d xrz 4 xT
pr my §mt—|—J( —m™) — Jmgm,
d
d—gmj =Jmim{ + J(m™ —m¥T),
d T x
ai"nt = omn
d
d_fm%ly =0omY?,
d .. 0 ..
—m =—m
dt t 2 Y
d
d—gmﬁx — omY* + 2J(mimY* — mim*®), 5.93)
g :
fmd =om®™ — 2J(mim™ — mim**),
Longe =20 (i 4 i),
Lot = s — min + i om! — ),
d d Yy Tx 2z xT T Tz
d_gmzy:_g( a —mi) + J(=mgmi® —mim™),
d €T 6 T z z
d—fmy :E(md —mi") + J(mgmi¥ — mgmi”),
d 2
d—fm“ = Emg + J(mimi® + mim™),
imyw =— ém + J(mim{* — mim;?)
dt 92 t d t a''t

which form a closed set of equations. The numerical solution of the above
equations is shown in Fig. 3.15. The improved cumulant expansion does not
diverge, which compares favorably to the original cumulant expansion. We
can also note that in the dephased regime (J = 0.1), the contrast obtained
from the improved cumulant expansion agrees well with that of the exact
diagonalization simulation until the envelope time where the contrast of the
improved cumulant begins reviving earlier, the same as the previous cumu-
lant method. In the synchronized regime (J = 54), the improved cumulant
expansion first follows well the quantum dynamics and then at a certain time
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Figure 3.15: Contrast as a function of rescaled time in units of 1/4. a) S = 10,
J =0.16. b) S = 10, J = 50. The blue line is the exact diagonalization, the
green one the improved cumulant expansion from Eq. 3.93.

(t ~ 50/6), the contrast relaxes to zero and stays close zero oscillating with
small amplitude.

3.4.3 Comments on the cumulant expansion

Before proceeding to another method, we need to make some remarks. First,
in [41, 47] it is argued that the nth-order cumulants should be of the order
S1=. But we have seen that the cumulants expansion failed to describe the
envelope behavior, which is of the order v/S. One possible explanation is
that since we have only simulated a system of spin size S = 10, and that this is
not large enough to compensate the possible prefactors. To see this, we need
to compare the cumulant expansion with exact diagonalization for systems
with larger spins. Another possible explanation is that the system considered
by Kladko et. al.[41] and Garanin et. al.[47] is at equilibrium, or at least
in adiabatic limit, where the state vector is not far away from a coherent
state. The spin components in their system can be characterized by a refer-
ence frame following the direction of external field. In our model, however,
the effective magnetic field acting on each spin depends on the dynamics of
the whole system, and thus may not follow their conclusion. This also in-
dicates the answer to the question why the cumulant expansion method has
worse performance in the synchronized regime. In the synchronized regime,
the exchange interaction between the two spins are very strong and plays a
dominant role in the temporal evolution of the system. Unlike the external
magnetic field, which preserves a coherent spin state, the interaction between
the two spins generates correlation between the two spins and deforms the
wave packet of the two spins such that they are not in coherent states any-
more. The stronger the interaction, the faster the deviation of the spin states
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from coherent states. Therefore, the cumulant expansion does not apply in
strongly interacting systems.

Second, if the conclusion in [41, 47] is correct for our model, we may
still fail to get the correct envelope time behavior. This is due to the fact in
cumulant expansion, we get a series of the form

> .87, (3.94)

S

but the envelope time 7, o v/S, which can not be approximated by such a
series.

Third, the cumulant method may not be self-contained when treating
certain time dependent systems or systems out of equilibrium. To get the
right behavior, certain quantum information is needed. For example, in the
article [42], Garanin used a technique similar to moving average tricks in
data analysis and we have used some complementary information from our
quantum simulations. This does not invalidate the cumulant expansion, but
makes it a less appealing approach since no universal methods are found and
we need to complement the method with other approaches.

However, as we can see from the cumulant expansion method, the S —
oo limit gives the classical dynamics. For 1 <« S < oo, the correction of
order 1/S to the classical dynamics destroys the synchronization in the syn-
chronized regime.

3.5 Phase-space method

In the previous sections, we have seen that the quantum dynamics of the
two-spin problem demonstrates considerable differences from the classical
model. New characteristic time scales emerge which do not have classical
equivalents. In this section, we will try to understand the origin of the quan-
tum corrections to the classical dynamics. In order to achieve this goal, we
need to carry out analysis of the quantum phase space, which is described
by the quasiprobability functions. The phase-space approach in quantum
mechanics was initially used in the quantum optics, where it was applied to
the Dicke model using the quasiprobability distribution P(6, ¢,t) , the diag-
onal weighting function of the density operator, by Narducci et al[48]. And
then Gilmore et al developed a similar approach using the Husimi ) func-
tion and compared the two approaches, arriving at the conclusion that the
two functions are related by a convolution integral[49].

In the literature, there are mainly three types of quasiprobability func-
tions used in the description of quantum dynamics. In the following, we
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define them with respect to a single spin. But generalization to two spins
is evident. For a review on the quasiprobability functions, see [50, 51] and
references therein. The quasiprobability function is based on the density op-
erator p(t) which describes the statistical ensemble of the quantum system.
But since we do not consider dissipation effects and work at zero tempera-
ture, the density operator is given by

p(t) = [W(8) (L), (3.95)

where |¥(¢)) is the state vector.

The first one of the three quasiprobability functions is the Wigner func-
tion, introduced by Eugene Wigner[52] as a quantum analog to the classi-
cal phase space density. The generalization to spin systems was done by
Agarwal[53] and Dowling et al[54]. The Wigner function W is defined as

25 l
WO, 6,6) = > pm(D)Y"(60,9), (3.96)

=0 m=—1

with (6, ¢) specifying the coordinate on the Bloch sphere, ¥;™ (6, ¢) the spher-
ical harmonic functions, and py,,,(t) = Tr(p(t)T;™") the reduced density op-
erator. In the preceding expression, we have used the multipole operator

S

=3 (_1)5—"\/21“(5” ! 5) 1S, m)(S, |, (3.97)

nn'=—=5

where we have used the Wigner 35 symbol.
Another quasiprobability function is the Husimi function (see [55] ) de-
fined as

Q0, ¢,t) = (0, 9lp(t)[0, 9), (3.98)

where p(t) is the density operator at time ¢.
The third one is the Glauber-Sudarshan distribution P(0, ¢, t) defined as
(see [56, 57])

ﬁwzjf@¢ma@@MW@@, (3.99)

with du (6, ¢) being the measure of the phase space.

In practice, the Wigner function is used less often because it is not defi-
nite positive and gives negative values at some region under certain circum-
stances, which makes it a bad probability although the negativity points di-
rectly to quantum effects. Besides, Wigner function can also change abruptly
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in certain region, rendering it more difficult to compute. The Glauber-Sudarshan
distribution shares the same problems. On the contrary, the Husimi func-
tion is semi definite positive and can be viewed as an average of the Wigner
function in a small cell of phase space of the surface i, and thus behaves
more benignly. Consequently, in the following, we will use this function as
the desired quasiprobability and derive the equation of motion for it. This
method has been first proposed by Brif and Mann [58], and then developed

by Trimborn et al [59, 60] in the system of Bose-Einstein condensate trapped

in a double well potential. This approach has also been applied to the Dicke
model by Altland and Haake [61, 62].

Before proceeding, we need to use a different parametrization of the co-
herent states. Instead of using the angle specifying the coordinate on the
Bloch sphere, we use the stereographic projection on the complex plane of
the points on the Bloch sphere. The complex parameter is defined as

0 .
z = tan §e%¢, (3.100)

with (0, ¢) the coordinate of the end point of the spin state on the Bloch
sphere. This is the stereographic projection of the spin vector on the equator
complex plane from the south pole (see Fig. 3.16). The points on the north
hemisphere are projected onto the region |z| < 1, while the points on the
south hemisphere are projected onto the region |z| > 1. The south pole is a
singular point in this projection and is projected to cc.

Using this parametrization, the spin coherent state is now expressed as

> 25 Z5—m
2) =16,¢) = > <S+m>m|5,m>. (3.101)

m=—>5

Then the Husimi function for a single spin is

Qz.t) = (21p]2), (3.102)

which is just a change of variable. Note that, since the Husimi function is
a quasiprobability function and follows most normal properties of a proba-
bility distribution function, if we want to change the variables, we need to
introduce a corresponding Jacobian as a prefactor. In the above expression,
this is not done explicitly, because we will normalize the obtained function
to unit. But later, when deriving the equation of motion for this quasiprob-
ability function for the canonical variables, we should not forget this factor.
Otherwise, the obtained equation of motion would not take the correct form.
Another element needed to derive the equation of motion for the quasiprob-
ability function is the differential operator resulting from the action of an
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S cos ¢, sin\f sin ¢, cosf)

South Pole

Figure 3.16: Schematic illustration of the stereographic projection used to
parametrize the Bloch sphere of unit radius. A spin vector pointing in the

direction (sin # cos ¢, sin f sin ¢, cos #) is projected onto the equator plane at
z =tan (0/2)e™.

arbitrary Hermitian operator on the coherent state projector. This is in
analogy with the classical phase-space distribution theory and the algebra
is called coherent state D algebra (see [43]). There are different types of D
algebra defined as

BI2) = DH(B)I9),
(©IB = (@ID"(B), 5.103)
BI2)©| = D'(B)|2)l,
(21 = (@D (),

where |Q2) is a generic coherent state and B a Hermitian operator. From the
above definitions, it is clear that we have the relations

(3.104)
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Besides, we also have
Q)(QIB = [2)(Q[D"(b) = D" (b)[2)(Q] = [D'(B)]*|0){Q]. (3.105)

For our purpose, to derive the equation of motion for the Husimi function,
it is more suitable to use the D' algebra. And the D' algebra for the spin
coherent state in the z representation reads (for a detailed derivation, see
Sect. 3.8)

S+‘Z><Z| = (—ZQaZ + QS%W) |Z><Z|,
S7|2) (2] = (az + 2S%|Z|2) 12)(2], (3.106)

5712y (2] = (=20, + S22 1oy
Wzl = —20, EupE 2)(z].

And the right action of the spin operators are

)6l =~ + 252 ) e,

12)(2|S~ = (az* + 25%@%) 12)(2], (3.107)

z * 1— |Z‘2
12)(2]S* = (—Z O« + 51 n |z|2> |2)(z|.

Now we are in the position to derive the equation of motion for the
quasiprobability function of the two-spin system. The Husimi function for
our two-spin model is defined as

Q(Zl, 29, t) = C(Zl, 22><21, zzlﬁ(t)\zl, 22>, (3108)

with the coherent state |21, z5) = |21) ® |22) and the time-independent nor-
malization factor

(25 +1)?

C(z1,22) = m2(1 4+ |21]2)2(1 + |22|2)?
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Then the equation of motion for this function can be derived as

diQ(21, 22, 1)
:C(Zh 22)<217 Z2|dtﬁ|21, 22>
=C(21, 22)(21, 22| (=) [H, ]| 21, 22)
= —iC(21, 22)((21, 22| Hp|21, 29) — (21, 22| pH |21, 22))
=—1C(z1, 22) (Z(Zla 2 Hin)(n|plz1, 22) = Y (21, 22ln) (n|pH| 21, Zz))

n n

=—1C(z1, 22) (Z<n|ﬁ|2h 22)(z1, 2/ Hln) =Y (nlpH |21, 20) (1, Z2’">>

n n

= —1C(21,29)Tr (p|21, 22) (21, 22|, H])
= — 2Im[D"(Q)]Q(21, 22, ).
(3.109)

After some algebra, we obtain the equation of motion for the quasiprob-
ability Husimi function as

diQ(z1, 22,t) = (Larift + Laifr) Q(21, 22, ) (3.110)

with the drift term

Larist

= — @'%5(21821 — 200.,) +iJsS (1 +Z|222‘2 - +sz2‘22%
_;—Ejzzl) 0., +iJsS (1 +Zylz1\2 - +z|;21‘22§ (3.111)
_11—@22) 0., + c.c.

and the diffusion term

Lags = %0 ( ~2m + ) Py + e (3.112)

2122
The above equation of motion for Husimi function takes the form of a
Fokker-Planck equation. The drift term corresponds to the classical move-
ment, and the diffusion is the quantum correction, as we will see later.

In the following, we demonstrate that the drift term does indeed corre-
spond to the classical movement. To this end, we need to first reduce the
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drift term to its standard form and then change to canonical variable repre-
sentation. But before that, we need to express the unrescaled quantities in
the rescaled quantities. Using the relations

Js
S(S+1)
Js
S(S+1)’

(3.113)
J =

and neglecting the difference between S and S + 1 (since we consider the
semiclassical limit), the equation of motion for the Husimi function reduces
to

diQ(z1, 22,t) = (de‘ft + Edz‘ff) Q(z1, 22, 1), (3.114)

with the drift term

Z"drift
0 . 29 25 9
= —i=(210,, — 290, J —
22(21 oy — 220,) +i (1+|22|2 1+|22|231
1 — |2/ ) : ( 21 4 . 1-|uf )
———21 | 0., +1iJ — 25 — 29 | 0,
1+ |27 77 1+ |12 1+ 22 1+]x0)2 7)) 77
+ c.c.
(3.115)
and the diffusion time
Zdiff
J o, o (3.116)
=—lgg (21 — 22120 + 23) 02, + c.c.

From the above expression, we can already see that the quantum effects, i.e.
the diffusion term, is negligible in the semiclassical limit S — oo, J = Const.
and ¢ = Const..

The first drift term originates from the inhomogeneous magnetic field,
and can be written as

— ié—s(zlﬁzl — 22322)

52 (3.117)
25 ((92121 — 82222> .
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The second term is

: 2 5 . 1= )
1J - 25— 21 | 0,
(1+\/2’2|2 L+ 2™ 1427

, 2 % s 1—|nf
—iJo., - R ] 3.118
(1+]z2|2 T1 2P 1t |22 (3.118)

, 225 1 — |2f?
+2J (2 + .
( L4222 14 |22

Similarly, the third term is

: 21 2, 1—|af
1J — 25 — 29 | O,
(1+|21|2 T+ [z22 1T+]a2) 7
: 21 2 5, 1—|uf
=iJ0, — 26 — ————2% 3.119
2<1+|21|2 a2 15 (3.119)

2529 1— |22
L+ ]z1)2 14|22/

+1J (2

As a result, the drift term can be written as

ﬁdrift
4 ) 29 25 1 — |2
i, |~-2s 4 S N B g 1
e { T (1+ 2 T+ |zt 1+ w2 (3.120)
4 Js 22 2} 5  1—|z)? )]
+10,, | =29+ J — 25 — z + c.c.
2 |:2 2 (1+’Z1|2 1+’Z1‘2 2 1+|Zl‘2 2

Now we are in the position to change the variables to the canonical vari-
ables (cos 01, ¢1,cos by, ¢3). From the transformation rule in Eq. 3.100

T ach-
z; = tan 56””,

we can get the transformation rule for the derivatives

1 / 2, [Ltcl i | 2 —idi
0., = ) [862.(1 +ci)\/ 1 — 7 + 10y, Tcl] e P41 —cie¥. (3.121)

The above result has been found in [62], and we have followed their conven-
tion using ¢; to denote cos ;. A detailed derivation of the above expression
is given in Sect. 3.8. However, given the Jacobian arising from the transfor-
mation (z;, z5) — (¢;, ¢;), we should use

1 2 . ].‘i‘CZ —i;
0., — ~5 [8@(1 +¢)\/1 = ¢ 4104,/ = Ci] e ', (3.122)
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Then the drift term in the equation of motion for the Husimi function can
be expressed in canonical variables as

ﬁdrift = acldcl + a¢>1d<251 + 802d02 + a¢2d¢2’ (3123)
with
d., = Jsin 0y sin 0, sin (¢ — ¢1),

) ) cos 6

dy, = 5~ J {COS@Q — sin 05 cos (¢ — ¢Po) sin@l} ,
1

(3.124)

d., = Jsin 0 sin 0, sin (¢ — ¢»),

5 _ cosf
dy, = 5 J [cosHl — sin ¢ cos (¢ — ¢2)sin¢9rj '

Then according to the standard theory of stochastic processes (see for exam-
ple [63, 64]), for a drift term of the form

o
0@

Ai(x)], (3.125)

the corresponding evolution equations are
dl‘i
dt

It is clear that the evolution equations for the canonical variables (cos 6;, ¢;)
correspond to the classical dynamics:

~ Aa). (3.126)

77 cos 6, =J sin 0} sin 0y sin (¢; — o),

d ) )
d_f(bl :5 +J {cos 0y — sin 05 cos (¢ — @)

d
77 cos 6, =J sin 0; sin 0y sin (pg — ¢1),

d ) )
ﬁm =—3 +J {cos 0, — sin 6y cos (¢ — ¢2)

cos 911

sin 0y (3.127)

cos 6y
sin 92 7

the same as the classical dynamics of the two-spin model discussed in the
previous chapter.

3.5.1 Remarks on the phase-space method

In summary, we have shown that the evolution of the Husimi function which
determines uniquely the system can be described with a Fokker-Planck type
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equation in the limit S — oo. In the semiclassical limit, the drift term reflects
the underlying classical dynamics while the diffusion term is the quantum
correction to this system. The Fokker-Planck equation has been extensively
studied and we can find well developed method to solve this problem.

The advantage of the phase-space approach is that the obtained equation
of evolution can be solved numerically to obtain the correct dynamics in the
semiclassical limit, which is the future direction of this work. Besides, if
we use exact diagonalization to simulate the system, the dimension of the
Hilbert space is (25 + 1)2, increasing fast when considering the semiclassical
limit S — oo. With the phase-space method, this is no longer a problem,
because the phase space of the system is always SU(2) @ SU(2).

The quantum aspects manifest themselves in three points. First, the rescal-
ing factor is different from that of the classical dynamics. Thus the drift term
is equivalent to the classical dynamics only in the limit S — oo such that we
can neglect the difference between /S(S + 1) and S. Second, there is a dif-
fusion term in addition to the drift term, which is purely of quantum origin.
Third, the initial state in the quantum dynamics is a Gaussian wave packet
in the phase space. In the classical dynamics, the initial state is a Dirac point.

3.6 Summary

In this chapter, we have studied the quantum model which has the same
Hamiltonian and initial conditions as the classical problem we considered
in the preceding chapter. Unlike the classical system, in the quantum sys-
tem, there is no synchronization transition in the strict sense for finite spin
size S. Besides, we have seen that the dynamics of the quantum system is
characterized by a multi-scale behavior. The smallest time scales correspond
to the classical time scales, and the other time scales are purely of quantum
origin as they have an explicit dependence on the size of the spin. We then
concentrated on the smallest quantum time scales and derived two effective
models which describe correctly the fast oscillation time ,, the envelope time
t., and the t,, in the dephased and synchronized regimes respectively. How-
ever, near the critical point J = §/2, the dynamics is very complicated and
eludes simple explanation.

In addition, we have used the cumulant expansion method, which is basi-
cally a semiclassical approach, to study the quantum corrections. The results
obtained by the direct expansion diverge and we are forced to use an im-
proved version combining information obtained from quantum simulations.
The improved method works more or less well in the dephased regime, but
deviates from the exact result quickly in the synchronized regime.
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Chapter 3. Quantum dynamics and no sync

Another promising approach we considered is the phase-space method,
originating from quantum optics. This work is not finished yet, but we can
see clearly that it separates the classical movement and the quantum cor-
rections in the evolution equation of the quasiprobability function, which
determines the state vector. Since this is an approach in the phase space, the
critical point, which is shown to be a separatrix in the classical dynamics,
can also be included in this approach. The separatrix in other systems has
been studied with the phase-space method already in [65, 66].

3.7 Appendix: Details of calculation for the effec-
tive models

In Sec. 3.3, the results are given without the details of calculation. Here, we
write explicitly the omitted intermediate steps.

3.7.1 Dephased regime (J < 0/2): {|mq, ms)} basis

In the dephased regime, the terms like (U(¢)|ST|¥(t)) and (¥ (¢)|S3|¥(t)) in
Eq. 3.36 can be obtained as follows

(ST)(1)
=(U(O)[ST1¥(1))

B 145 Z 25 29 25 1\ (3.128)
B 2 S+m1 S+m’2 S+my ) \S+my

X exp [i (E, E) t](ml, my| ST ma, ma)

The term (m/, m,|S¥|my, my) can be written as

<m 7m/2’5ﬂm17 m2>

((m}, my| S Imy, ma) 4+ (mfy, m| Sy |my, my))

1

2

1 (3.129)
SOmaong (VS = ma) (S + 11+ D1

+¢<s ) (S = 1+ D1 ) -

76



3.7. Appedix: Effective models detail

Substituting back into the expression for (S7)(t), and summing over m/) and
mh, we get

(S1)(1)

()7 () (5)

mi,m2

x /(S —my)(S+my + 1)exp [@ (%S + Jsmz) t} (3.130)

+ \/(Sﬁri - 1) <Sism1> V(S +ma)(S —mi +1)

con (5 m))

For the sum over m,, the first term in the bracket can be calculated as

Z (5+m1+1) (Sisml)\/(s—m1)(5+m1+1)

_Z (S—I—m1+1> (stml)\/(s—ml)(SerlJrl)
2225\/(?5’—1) (5 28 — 1 ) (3.131)
+ my —my —1

Similarly, the second term in the bracket yields

29
Z (S+m1 —1) (S+m1) VIS m)(S = mi+1) (3.132)
:2255.
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And the sum over my yields

= <5 ist) X (’i%(S + m2)> exp (z’i(S - mz)) (3.133)
25
=275 (cos (&))
2
Then
(ST)(t) = Scos (%) cos®® (%) (3.134)

(S5)(t) can be calculated the same way and the result is

(S3)(t) = Scos (%)cosw (%) (3.135)
Therefore, we obtain
(S7Y(t) = 2 cos (%) cos?S (%). (3.136)

The other components can be computed alike.

3.7.2  Synchronized regime (J > §/2): {|S;, m)} basis

If we have an Hamiltonian with unperturbed eigenvectors grouped into dif-
ferent subspaces which are separated far away in energy, then we can treat
the subspace as a single state. But the perturbation from other subspaces,
instead of being just numbers, take the form of operators. For example, if
the Hamiltonian has the generic form

H=H,+V, (3.137)

where H, is the unperturbed Hamiltonian and V' the perturbation. If the
subspace S; is degenerate under the unperturbed Hamiltonian and is far
separated from its complement space S5, then we can write the complete
Hamiltonian in the eigenvectors of Hj as

_(H V
H= <V H2) , (3.138)
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where we have assumed that the perturbation V' has no diagonal part. This
blockwise form of the Hamiltonian is quite convenient. If we define the
projection operators P; and P,, onto the subspaces S; and S, respectively,
then the effective Hamiltonian [45] for the eigenenergy F in the subspace S;
is

H1:P1H0P1+P1V

VP. 3.139

VP (3.139)
Note that this Hamiltonian is not a real Hamiltonian in that it depends itself
on the energy E. To lowest order, the above Hamiltonian can be approxi-
mated as

H1 = P1H0P1 + P1V VPl, (3140)

S1 Sa
EO - EO

where Ej is the eigenenergy of the unperturbed Hamiltonian. Here Ej' =
JsS2.

The previous paragraph outlines the general philosophy of the approx-
imation scheme for a degenerate perturbation problem. Returning to the
two-spin model in the synchronized regime, the unperturbed Hamiltonian
is the exchange interaction term Hy, = JgS; - S5, and the weak perturba-
tion is the external magnetic field V = (05/2)(S7 — 55). The eigenvectors of
the exchange interaction is {|S;, m;)}. And the perturbation does not have
diagonal term because

(St my|V[Se, my)
J
:?S(Smt,mg Zml <S£7 mt|m17 my — m1><m17 my — ml‘Stv mt> (3141)

x (1 - (—1)43*&*54) .

In the above expression, the terms (my, m; — m4|S;, m;) are Clebsch-Gordan
coefficients. And we have used the property of Clebsch-Gordan coefficients
that

(m1,ma|Sy,my) =0, unless my + mg = m;. (3.142)

And since S; and S} are integers, (S}, m}|V'[S;, m;) = 0 if S; = S} + 2n with
n =0,1,2,.... So V has no diagonal term. And it only couples two Bloch
spheres with S; — S, = 2n + 1. Besides, the delta function in front also
indicates that the the perturbation couples only two states with similar z-
component of total spin.
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Numerical computation of the matrix of the perturbation shows further
that the perturbation couples only the nearest neighboring Bloch sphere of
the total spin, i.e.

(S}, my|V'|Sy, my) =0, unless S; = S; + 1. (3.143)

The only Ej* we need to consider is 32 = JgS(S —2). Then to calculate the
perturbation in the Bloch sphere S; = 25, we need to calculate the matrix
elements like

<St = 25, mt](Sf — S§)|St =25 — 1,mt>,

3.144
(S = 25 — L, m|(S7 — S5)1S: = 25, my). (3-144)

These can be done numerically, and the final form of the effective Hamilto-
nian takes the form

Hgy, = Hy + 0V, (3.145)
with
oV = L [(25)21 — (Sz)z} ) (3.146)
8S(4S — 1)Js t

Then the contrast can be computed as in the dephased regime. However,
the components of the individual spin are not easy to calculate because of
the complicated form of the Clebsch-Gordan coefficients.

3.7.3 Improved method in the synchronized regime (J > §/2)

In this subsection, we give the details in Sect. 3.3.3. The state vector at t = 0
1s

W (0))
1\* & 48 )
_ (= 28,
(2) et (25+m| ™ (3.147)
1 28 28
:(5) 5 (2S4fm) (smlet) + emlen)) -
m=—28
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Then at ¢, the state is

I‘If(t)>

) ey

+SmCm (e’iE;rlt — e”Emt> |25 — 1,m)} :

(3.148)

Then (S7) is

() 2 s (as)

m,m’'=—28

X ( 2 eibmt 4 2 GZE*”t> (S'QeﬂE "ty 2, t) (3.149)
x (28, m|S12S,m) + smCmsy,Ch, <eiEr+nt _ eiE;Lt>

X <e—lE - —ZEM> (25 — 1, m|S%[25 — 1,m'>}

The first sum in the curly bracket can be rewritten as

3 (a5 ) (a5 ) (et i)

X <s’2e Bt 4 (2 ZE%J) (25, m|S7|28, m')

— 2 'LE(m 1) t 2 ’LE(m 1),t
=25 (25+m> S € et ) (3.150)

x (s2,e” Pt 4 2 e Pty + e

. 2 2 WES,  —Eh)t
a5 (857 1) [t

2 W(EY —Em)t 2 2 W(EL—E- )t
+(s2,1c e Pmi +c.c.) + (85,6 € m+1t 4 c.c.)
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Using Eq. 3.67, we get

5 (357 1) (Rt PR B )

~15 cogtS -1 o
45 —1 l
Z (QS —+ m) ( m+1C2 e (Em+1 En)t + e )
02 451 o
S B 16735%(45 — 1) ; (25 + m) (45% —m?),
45_1 7 +
Z (25 + m) (silcgn-i-le (Em—Ep 1)t 4 c.c)

05 45 -1 2 2
~(2S5)2 cos (2.JsSt) T6257(45 — 1) ; (25+ m> (45% — (m+1)%).

(3.151)
For the second sum, we have
28
45 45 10 (Lt Bt
Z_ZS (25 v m> <25 N m’) SmCmShCon <e e )
X (e*"E;’t — e*iE;n’t> (25 —1,m|S¥|28 — 1,m)
52 (3.152)
~(29)4(1 — 2 t
cos (2Js5 ))16J§52(4S —1)
45
We can check numerically that
45 —1 ), 48 —1 - ,
Z (25+m) (48 —=m*) + ) (25+m> (487 — (m +1)%)
(3.153)

48
22\/ 25+m 2S+m’>\/(452_m2)(452_(m_1)2>
N24S 2 45«
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And for the constant term in Eq. 3.152, we have

45
ZJ (55 25+m,)¢<452—m2><482—<m—1>2> 5154
~287I5(45 —

This term is too large by a factor S, so we neglect it. Then, we get

(S)()

62\/S(S + 1)t
~ 45-1
~2S5 cos (83(45—1)J>

(S H+1) sin? 2Jt
8.J? V1+1/5)

3.8 Appendix: Coherent states

In this section, we give some key elements in deriving the D algebra, and
the change of variables to canonical variables. For simplicity, we consider
the single spin case, but the results can be readily generalized to two-spin
systems.

3.8.1 D algebra of coherent state

The D algebra for spin coherent states, or atomic coherent states, has been
derived by Gilmore et al[49], and Zhang[67], where they used group the-
oretical approach and obtained the algebra in terms of the variables (6, ¢).
But the pair of variables (6, ¢) are not canonical variables. To make the link
between the phase-space approach and the classical dynamics, it is better
to use the canonical variables (cos @, ¢) instead. This is the very approach
adopted by Altland and Haake[61]. They first derived the D algebra for the
complex number 2 parametrizing the Bloch sphere, and then changed to the
canonical variables. We follow their approach and give some computational
details. The coherent states |z) can be written explicitly as

5 29 §—m
PEDY <S+m)(1iw|s,m>. (3.155)

m=—=S
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For the sake of simplicity, we will use the unnormalized coherent states in
deriving the D algebra, which read

Z (S+m) SIS m) = (Lt [21°)72). (3.156)

m=—5

Then we have for the spin operator S+

ST12) (|l
28 - ) S—mo
- Z (S + m1) (S + mg) S22 s (27)”
25 -
N Z (S - ml) (S - mz) VIS = m)(8 4 mu+ 1)7
X |m1 + 1) (mg| (2*)5 ™2 (3.157)
28 .
Z (S+m1+1> <S+m2>(5+m1+1)zs

X |m1 + 1)(7’ng|(z*)5_m2

= (s+m1) (s ism2)2<s+muzs—ml\m1><m2|<z*>s—mz.

my,ma2

In the last line of the above expression, we have changed m; + 1 to m;. And
the factor (S + m;) can be obtained as

(S + ml)zs_ml
28 — (S —my))z™ (3.158)
(28 — 20,)z° ™.

As a result, we have the following algebra
SH|2)(z|| = (282 — 2%0.)||2){z|). (3.159)
Similarly, we can get the other two expressions

ST (=] =0:[12)(=],
S¥|2) (2| =(S = 20:)[2) (=]l
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It is simple to get the D algebra for the normalized coherent states. For
example, for St operator, we have

S*12)(z]

-5 (sl

2 1 2 1
~(252 - 20, (a6 - # (0 s 96N e
252%2* 12)(2]

(1+12%)
z
—(—2%0, + 251 TP |2)(z|.

=(282 — 2%0.)|2) (2| —

And we obtain finally

$*1apel = (~20: + 257 ) IIGe
571 el = (0 + 25 5 ) e,

( 20, + S L— |2 |2>]z)<z|.

1+ 2|2

S*2)(4|

3.8.2 The equation of motion for Husimi function

The equation of motion for the Husimi function is

diQ (21, 22,t) = iTr (p(t) H|21, 22) (21, 22| — p(t)|21, 22) (21, 22| H) . (3.162)
We first calculate the term T'r(p(t) H|21, 22) (21, 22|) as follows

Tr (p(t)H |21, z2) (21, 22|)

Js
=Tr (5(6)% > (87 — S5)] 21, 22) (21, 22])
< ) (3.163)

o d _ _
+WG®§W&+&$WMM%M>
+ Tr (p(t) Js5753 |21, 22) (21, 22) -
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The magnetic field can be written as

7 (025~ 8311, 2 1.2

1— |z

=Tr (ﬁ(t)%s(—zlﬁzl + 5

1 (30 (0, + 522D a1, 2
p 2 ’22 z9 1—|—’Z2|2 21722 21722
7y (ﬁ@)%(—aazl + 20| e, zQ|) (3.164)
555 1—|21’2 1—‘22’2
o (() 2 (1—|—|2’1|2 1+|22|2)|217Z2><zh22|
)
== 5 (210 — 220.,) Qa1 22, 1)
0sS (1 —|z1|> 1 — |2
— t).
2 (1+]21|2 [T e ) @r2?)

The term originating from S;"S; is

N/ _
Tr (p(t)TSSsz ]21,22><z1,22|)

s 25
=Tr (p( ) 5 ( Zl +2SW)(&Z2 +2ST|22|2>|21’Z2><21722|)
J 21725 2223
_TT’( ( ) 5(4521+1|; |2 251+| |2 z1)|Zl7ZQ><Z1,ZQ|>
; 2 (3.165)
N s <1
+Tr (P(t)7(25m3@ 5z122)|217z2><21722|)
2223 z
—JsS [ ——L2 5, + —1 5. t
S ( 1+’22|2 1+1+‘ ’2 2)@(21,22,)
J *
Js 2831Z2Q(Zl7227 )—|—2J551+| | Q(Zl,ZQ,t)-
The term containing S; S5 is similarly
Js
Tr (p() Sy Sy |21, 22) 21,22\)
2
Y > 3.166
958 (Pt + g Tt ) Qe (3:166]
Js 2* 29
28312262(2’1, Zg,t) + 2JSst(21, Zg,t).
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The S755 term is
Tr (p(t)JsST95] 21, 22) (21, 22])
1-— |Zl|2

1+ |21|2

=Tr </3(t)JS(—21821 + 5 )

1— |/

T [ 1720 (210 2] (3.167)

1—Jaf?

——— 20, , 2o,

T4 [ 20 ) QUm0

1—]a1|*1 —|f?

L+ |22 1+ [z
Summing over all the four terms, we get the equation of motion for the

Husimi function

diQ(z1, 22, ) = (Edm'ft + Edz‘ff) Q(21, 22, 1) (3.168)
with the drift term and diffusion term as in Eq. 3.111 and Eq. 3.112.

X (=20, + S

1 — |2
=—JgS | —=520,
s (1%—|22|221 o

— Jsz12207 ,,Q(21, 22, 1) + JsS° Q(21, 22, 1).

3.8.3 Change of variables to canonical variables

As mentioned earlier, the conjugate variables (z, z*) are not canonical vari-
ables. In order to change to the canonical variables (cos 6, ¢), we need to
find the inverse transformation of the variable

0

Z =tan §€i¢,

(3.169)
* —ip
=tan - .
' =tanze
First, we can calculate the Jacobian between these two variables
d(z, 2%)
d(cos b, p)
_ et Z-sin 9e'¢
_ ' (1+c;>ii9¢2 sin 6 .ls—is;lcg;fw (3.170)
" (14cos0) sin 6 - 1+cos @
B 2
(1 +cosf)?
After some algebra, the inverse transformation can be found to be
1 _ *
cosf = 1T 22*7
= . (3.171)
z+z
¢ = arccos ( )
2y zz*
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The derivatives are

dcosh _ 1sin (1 + cosf)e ™,

E® 2 (3.172)
0¢ _ icost _,, '
9z 2sinf"

Then using the chain rule, we get
.
_dcost 0 L 9 dp 0
0z Ocosf 0z 8gz5
1 7 . ;
=—3 {&089(1 + cosf)sinf + 28¢C0891 + sin e (3.173)

. 1 0| _.
- acosg(1+cose)mﬂa¢\/w >
’ 1 —cost

+ V1 —cos2fe ™.

The last term is a constant term, and may indicate dissipation effects of quan-
tum jumps. However, this is artificial because if we take into account the
Jacobian factor which is indispensable to keep the quasiprobability function
a well-behaved one, this term would cancel out. And the final form of the
derivative is

1 1 0 .
8z—>—§ Ocosa(1 + cosB)vV1 — cos? 6 —|—za¢\/ +C029] e . (3.174)

This result has been obtained by Altland and Haake[62].
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Chapter I

Squeezing and quantum
entanglement in the two spin model

In the previous chapter, we have studied the quantity (S,) which is the quan-
tum mechanical equivalent to the classical spin vector. In this chapter, we
study the quantum operators of higher order and the phenomena of spin
squeezing.

4.1 Introduction to spin squeezing

The squeezing phenomena describe the redistribution of quantum fluctua-
tions. At first the squeezing phenomena were studied in bosonic systems in
the context of quantum optics(see e.g. [68], and see [69] for a review). And
then the concept of squeezing was generalized to spin systems[70, 71, 72].
For a general treatment of spin squeezing, see [73] for a review. Below, we
first briefly review spin squeezing.

Let us consider a spin coherent state pointing in the z-direction, which is
a state with minimum uncertainty. For the operator S*, we have

(5% =15, ((AS*)?) =0, (4.1)
where we have defined
AS? = 5% — (5%). (4.2)

For the operators S* and SY, we have

(AS7)*)((ASY)?) = = (4.3)
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where we have defined similarly

AST = 8% — (8%), ASY = 5Y — (SY). (4.4)
Furthermore, we have
(A5 = {(asv?) = 5. 4.5)

The quantity S/2 is called the standard quantum limit (SQD). The quan-
tum fluctuations are distributed isotropically in the transverse plane of the
mean spin direction for the coherent state. If the quantum fluctuations are
redistributed and become anisotropic, it is possible that in one direction, for
example the z-direction, the fluctuation is less than S/2 as long as

((AS™)*)((ASY)?) > SZQ (4.6)
In this case, we have
(s <5025 < yasmp), 4.7

The quantum fluctuation in the z-direction is smaller the the SQD. We say
that the system is spin squeezed in the z-direction. In the following, we give
two more rigorous definitions of spin squeezing.

4.1.1 Spin squeezing parameter of Kitagawa and Ueda

The spin squeezing parameter of Kitagawa and Ueda[71] is

min({(AS,, )*))
Sj2

where S,,, denotes the spin operator perpendicular to the mean spin direc-
tion. If £ < 1, the spin is squeezed according to Kitagawa and Ueda. Ac-
cording to this criteria, the spin squeezing means that in the transverse plane
of the mean spin direction, there exists a direction in which the quantum
fluctuation is smaller than the SQD of a coherent state.

To calculate this spin squeezing parameter (see [73]), we first need to
determine the mean spin direction by computing the quantum average of the
spin vector operator. This gives us the mean spin direction 7iy. Then we can
define two orthogonal spin operators in the transverse plane of the mean
spin direction 7i; and 7i5. Then the spin squeezing parameter is

&= (4.8)

2 2 2 g2
gs 25 |: S +S > \/ ﬁ2 +4COV(Sﬁ175ﬁ2)2 ) (49)
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where we have defined the covariance of spin operators S5, and Sz,

COV(Sﬁl s Sﬁ2 )
1

5 {57 Sia]+) — (S, ) (5. (4.10)
1
:§ <[Sﬁ'1> Sﬁz]+> )
since
(Si,) = (Sa,) = 0. (4.11)

4.1.2 Spin squeezing parameter of Wineland et al

Soon after the proposition of the spin squeezing by Kitagawa and Ueda,
Wineland et al have proposed another definition of spin squeezing[72]. Their
definition of spin squeezing is related to the precision in the Ramsey spec-
troscopy measurement. They consider a system of trapped atoms with two
internal degrees of freedom. These atoms can be treated as an ensemble of
N spins 1/2 and thus a macro-spin of spin size S = N /2. When perform-
ing Ramsey spectroscopy experiments, the precision is of primary interest.
However, there is an intrinsic precision, which is that of the initial coherent
state given by

1 1
A¢ppg = = = —=— 4.12
where the subscript DS indicates the Dicke state of the constituting spin
1/2 particles. In the experiment, if we can achieve in one direction a better
precision

_ y/min({(AS.,)?)
[(5)]

then we say that we have spin squeezing. The spin squeezing parameter is
given by

A¢ < A¢ps, (4.13)

A¢ 1 2Smin({(AS.,)?) 414
A¢ps| 1(5)]2 ' *14)

From the above definition, we can rewrite the spin squeezing parameter
of Wineland et al. as the follows

, (S ) min(((AS.)2) 1\,

&%:‘

91



Chapter 4. Squeezing and Entanglement

o 200 400 600 800 1000 1oo L0 200
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Figure 4.1: Numerical results of spin squeezing and contrast as a function of
rescaled time (in units of 1/0) for S = 10 and J = 0.16. The unit of rescaled
time is 1/§. The blue line is the contrast, the red line the spin squeezing
parameter £2, and the green line ¢%. a) shows the long time behavior till
the approximate recurrence time f,, and b) the short time behavior till the
envelope time ..

where C is the contrast. If &% < 1, the spin is squeezed. The physical in-
terpretation of this squeezing is that the measured noise of the spectroscopy
is less than that of the independent atoms. The correlation or entanglement
between the atoms has increased the precision of measurement.

—

Since S > [(9)|, we have &% > 2. Therefore the definition by Wineland
et al. is a more stringent condition on the spin squeezing. In the follow-
ing, we study mainly the spin squeezing parameter by Kitagawa and Ueda,
though the definition by Wineland et al. is more suitable to the atomic clock.
Knowing &% and C, it is straight-froward to obtain 3.

4.2 Numerical computation of squeezing parame-
ters in the two-spin model

In this section, we compute the spin squeezing parameters by numerical sim-
ulations.

First, for the dephased regime (J = 0.14, see Fig. 4.1), we can see from the
numerical results that the spin squeezing has also multi-scale dynamics, with
characteristic times scales identical to those of the contrast. Initially the spin
squeezing parameter % decreases and so does the contrast, and at one half of
the fast oscillation time (f = t,/2), the spin squeezing reaches its minimum.
At longer times, the contrast is modulated by an envelope till the envelope
time where it remains very small for a long time. The spin squeezing, on
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Figure 4.2: Numerical results of spin squeezing and contrast as a function
of rescaled time (in units of 1/0) for S = 10 and J = 5J. The unit of rescaled
time is 1/5. The blue line is the contrast, the red line the spin squeezing
parameter £2, and the green line ¢%4. a) shows the long time behavior till
the approximate recurrence time f,, and b) the short time behavior till the
envelope time ..

the other hand, begins increasing and goes to almost unity at the envelope
time. And near the approximate recurrence time, the above process is first
reversed (f ~ 1, — 1.), and then happens again. ¢4 changes more abruptly
and diverges because of the zeros of the contrast.

For the synchronized regime (J = 56, see Fig. 4.2 ), a similar behavior of
the spin squeezing parameters is observed. Initially, there is a decrease of the
spin squeezing parameter, indicating that the two spins are squeezed. But
then &% increases to unity. &% is similar to &%, but increases earlier and then
diverges because the contrast goes towards zero. There is a time window
during which &% < 1, and the experimental precision is better than that
for independent atoms. Near the approximate recurrence time, the above
process occurs in the reversed sense and then in the normal sense.

4.3 Effective models for the spin squeezing param-
eter

In the preceding section, we have computed the spin squeezing parameter by
simulating exactly the temporal evolution of the two-spin system. Now we
want to gain a more quantitative understanding of the system. The method
to be used is the effective model developed in the previous chapter.
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4.3.1 Weak interaction regime J <

In the weak interaction regime, the effective Hamiltonian is

ds

Hesp = S(S5 = 55) + JsSi55,

with the eigenenergies and eigenvectors

0
E; = Es(ml —my) + Jsmims, |e;) = [my, ma),

where {my,my} are Fock states labeled by the z-axis quantum number of
two spins. At time ¢, the state vector is

o= (%)ZS ZS: (S isml) (S -kam)e_mit

mi1,ma=—=S

ml,m2>.

To get the spin squeezing parameter, we still need to compute the variance
of the quantum operators such as ((S7)?), ((S7)?), (SYS7), and (S7SY) (see
Eq. 4.9). The detailed calculation is given in appendix. Here we just list the
results

((5¥)%) =S2[cos (Jst/2)]**2[cos (dst) — 1] + §(2S +1)
- 2(25 — 1) cos (6st)[cos (Jst)]**,

(552 =S,

(SY57) =28% cos (95t /2) sin (Jgt /2)[cos (Jst /2)]*
+ 45 cos (st /2)[cos (Jgt /2)]*°,

(S7SY) =252 cos (04t /2) sin (Jgt/2)[cos (Jst/2)]* 7!
—iS cos (85t /2)[cos (Jst/2)]%.

(4.16)
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Figure 4.3: Comparison of numerical results of spin squeezing and those
obtained from the effective model as a function of rescaled time (in units of
1/0) for S = 10 and J = 0.16. The unit of rescaled time is 1/d. The blue
line is the numerics and the red line the analytics from the effective model.
a) shows the long time behavior till the approximate recurrence time ,, and
b) the short time behavior till the envelope time . discussed in the previous
chapter.

Expressing them in rescaled quantities, we get

N2\ o2 Jt 45-2 £ S
((SY)") =S [cos(m)] 5=2[cos (61) — 1] + 5(2S+ 1)
_ g(zs — 1) cos (87)[cos (JF/+/S(S + 1))]*,
((57)?) =5,
e oo ot i Jt Ji 251
(S7S7) =28 COS(Q)S (—2 S(S—i—l))[COS(_? S(S+1)>] (4.17)
+@'Scos(%)[cos(§)]2s,
Z5Y) =252 cos 6—5 sin J—E cos J—E 25-1
15757 =25 cos (5 sin (5 leos ()
— iS5 cos (%)[cos (%)]23,

From the comparison between the effective model and the numerics (see
Fig. 4.3), we can see clearly that the effective model does not only describes
correctly the contrast of the two-spin system, but also it gives very good
agreement for the spin squeezing parameter. Since this regime is not partic-
ularly relevant to the experiments, we do not study &£%.
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Figure 4.4: Comparison of numerical results of spin squeezing parameters
as a function of time and those obtained from the effective model for S = 10
and J = 56. The unit of rescaled time is 1/6. The blue line is the numerics,
the red line the result obtained from the effective model, and the green line is
the lower bound in Eq. 4.21. a) The comparison for £2. b) The comparison
for &%.

4.3.2 Strong interaction regime J > ¢

In this regime, we restrain ourselves to the largest Bloch sphere of the total
spin. In this subspace, the effective Hamiltonian is (see Eq. 3.595)

H = _X(Sf)Qv
with the constant

_ 9
X =85S — 1)

Then we can get

((81)?) =§ [(45 +1) — (45 — 1) (cos (2xt))** 7],

((S7)?) =5, »

(SYS7) :% (—452&‘lt — Se’ixt) (cos (2)@5))45—2 , (4.18)
1

(S2SY) == (452%™ 4 Se™!) (cos (2xt))*° 2.

~

We concentrate on the behavior of the spin squeezing before the envelope
time, because this is experimentally relevant. First thing to note is that the
agreement between the effective model and the numerics is very good. Sec-
ond, this effective model in the strong interaction regime is equivalent to the
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one-axis twisting scheme in [71], with a spin size S; = 25. Then our results
can be obtained directly from theirs. The spin squeezing parameter % reads

1 1
£ min = (W + ﬁ(stﬂ2)2> , (4.19)
with p = 2xt. Then at
3\ /6
Mo = (4524) ; (4.20)

the spin squeezing parameter reaches its minimum

3/ 1\
fg,mmzz(@> : (4.21)

The above result about y is different from that in [71], but agrees with that
in [74]. And &, is also different from that in [71]. This difference is
due to a minor computational error in [71]. For S = 10 system, this gives
& min ~ (3/4)(1/600)Y/3. We can see that it agrees well with the numerics.
In fact, for S = 10 and J = 5, we have

tmin & 1536,

4.22
&3 min ~ 0.089. (4.22)

For &%, the agreement is also very good. It scales similarly as
€% o S73/2. (4.23)

It is thus advantageous to have larger spin size S to get a better experimental
precision.

4.3.3 Husimi function of the effective model

In this subsection, we use the Husimi function to depict qualitatively the
spin squeezing. We concentrate mainly on the strong interaction regime
(J > 0/2) since this is relevant for the experiments. We use the same ef-
fective model and consider the same subspace S; = 25 as used in the previ-
ous subsection. For S = 10, and J = 56, the Husimi function Q(0, ¢,t) =
1(0, ¢|1)(1))]? is presented on the Bloch spheres (see Fig. 4.5). The state |6, ¢)
is the coherent state pointing in the direction (sin 6 cos ¢, sin 6 sin ¢, cos )7
on the Bloch sphere S; = 25. This function is related to £% because the radius
of the Bloch sphere is invariant, the same as the denominator in definition
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b)

Figure 4.5: The Husimi function Q(6, ¢,t) represented on the Bloch sphere
S, = 25 = 20 for different times ¢ (in units of 1/9) for J = 55. The view point
is the positive z-direction. In each plot, the Husimi function is rescaled by its
maximum value Q,,..(f). The color scale indicates the value of ). The red
is higher value and blue lower value. a) Initial state, = 0, Q02(0) = 1. b)
Optimally squeezed state, £ = 153, Q0. (153) ~ 0.43. c) Excessively twisted
state, t = 400, Qna2(400) ~ 0.18. d) State at the envelope time, ¢ = 600,
Qumaz (600) 2 0.14.

£2. So we speak of the optimally squeezed state and the excessively twisted
state with respect to £2.

From Fig. 4.5, it is clear that the state is first squeezed because of the non-
linear Hamiltonian, which deforms the Husimi function on the Bloch sphere,
until it reaches the optimally squeezed state at £ ~ 153/. At this time, we
obtain a minimum &2. Then the Husimi function is further deformed but
the spin squeezing parameter increases because of the excessive twisting. At
about the envelope, the Husimi function spreads along the equator and some
islands of high probability are about to form. Thus the spin squeezing is re-
lated to the spread of the wave packet in the phase space. (In this case, the
reduced phase space is the single Bloch sphere S; = 20.)
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4.4 Summary and discussion

In this chapter, we have studied the spin squeezing phenomena in the two-
spin system. We have seen that the spin squeezing is also multi-scaled and
the characteristic time scales are identical to those of the contrast. Shortly
after t = 0, the system is squeezed. But after a certain decrease in the spin
squeezing parameter, the diffusion of the wave packet of the two-spin system
dominates and the spin squeezing is less obvious. At the envelope time, the
wave packet of the system is so diffused that the spins are not squeezed at all.
The effective models developed in the previous chapter are also competent
in describing the spin squeezing parameter till the approximate recurrence
time, and thus provide us a more quantitative picture of the spin squeezing
phenomena.

To conclude, we note that spin squeezing is related to other types of
squeezing such as number squeezing in the bosonic Josephson junction [75],
and other quantum effects such as correlation and entanglement [71, 76,
77, 78]. In addition, it can be used to detect the quantum phase transition
and quantum chaos [79, 74]. These are promising domains and it would
be interesting to apply these ideas to the two-spin model, which constitutes
directions of future work.

4.5 Appendix: Details of calculation in effective mod-
els

In this section, we give the details omitted in the Sect. 4.3.

4.5.1 Weak interaction regime (J < §/2)

In this regime, the quantum expectation values of second order operators
can be calculated as follows. For (S57)?, we have

1
((SV)) = =3 (S5ST = 7S = 8787 +5,87) (4.24)
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Computation of the four terms on the right hand side of the equality yields

45-2
(57.57) =525 — 1) cos (3s) cos (Jst)** + 25 (cos (1))

T\ 452
(S;S;) =S(25 + 1) + 25% cos (6st) (cos (i)) :
2 (4.25)
Tt \ 452 .
(S;7S;) =8(28 + 1) + 252 cos (dst) (cos (%)) :
15-2
(S787) =8(25 — 1) cos (3st) (cos (Jgt))** + 252 (cos (%)) :

Summing the above expressions, we get

((S¥)?) =S%[cos (Jst/2)]**2[cos (d5t) — 1] + §(2S +1)
S

— 5(25 — 1) cos (0st)[cos (Jst)]*.

(S7)% is conserved and we have
((S7)%) =S (4.27)
For (S} Sf), we have

(4.26)

1
(SYS7) = (877 = S7 7). (4.28)

For the above two terms, we have
(SFS7) = — Scos (6st/2)[cos (Jst/2)]*°
+25% cos (05t /2) sin (Jst/2)[cos (Jst/2)]> 71,
(S7S7) =S cos (05t/2)[cos (Jst /2)]**
— 2iS% cos (05t /2) sin (Jst/2)[cos (Jgt /2)]* L.
Summing the two terms yields
(SYS7) =25? cos (85t /2) sin (Jst /2)[cos (Jst/2)]*°
+ iS5 cos (05t /2)[cos (Jst /2)]%.
Taking the complex conjugate of the above expression, we get
(SYS7) =252 cos (85t /2) sin (Jst /2)[cos (Jgt/2)]*°
—iS cos (85t /2)[cos (Jst/2)]*.

(4.29)

(4.30)

(4.31)

4.5.2 Strong interaction regime (J > §/2)

In this regime, the calculation is straight forward, and we do not list them.
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Chapter

Conclusion and outlook

Now we are able to answer the questions asked in the introduction. Is there
a synchronization transition? What is the difference between the classical
and quantum dynamics? And what is the effect of spin size S on the syn-
chronization?

There is a synchronization transition in the classical dynamics of the
two-spin model when the interaction strength is superior to a critical value
Jeri = 6/2. This transition is due to a bifurcation in the reduced phase space
of a single spin. The synchronization does not occur simultaneously with
the bifurcation because of our choice of initial state. If we choose another
initial state such as 7i; = (sin, 0,cos a)? and 7, = (sina, 0, — cos )T with
a ~ 0, the synchronization will happen immediately after the bifurcation
at Jyiy = /4. Thus, by changing the initial state, we can have a synchro-
nization transition with a weaker interaction. However, this may lead to a
smaller signal. For example, for the initial state mentioned above, the max-
imum total spin is 2sin . So we need to find an optimal initial condition
that makes a compromise between the need for a weaker interaction and a
strong signal, which are pursued in the atomic clock experiments.

The synchronization transition is not present in the quantum dynamics,
where the contrast will be lost eventually at an envelope time ¢.. The quan-
tum dynamics is different from classical dynamics in several aspects. First,
whereas the spin size S plays a trivial role in the classical dynamics that can
be eliminated by a rescaling, it is nontrivial in the quantum dynamics because
the spin size S determines the dimension of Hilbert space in the quantum sys-
tem. Therefore, the quantum dynamics depends on the spin size. Second,
the cumulant expansion method reveals that once we take into account the
quantum correlation effects (cumulant of second order operators), even par-
tially, the synchronization is destroyed. The quantum correlations are thus
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responsible for the loss of synchronization.

The classical limit is attained in the following way. In the quantum dy-
namics of two spins, there are many quantum time scales in addition to the
two time scales equivalent to classical ones. The smallest one of these quan-
tum time scales is the envelope time (f.), which increases with the spin size
S as t, oc V/S if the inhomogeneity of the external field and the interaction
strength are kept constant. Therefore, in the semiclassical limit, this time
scale is pushed to infinity and so are all the other quantum time scales. In
this way we can observe only the classical dynamics, and we obtain the clas-
sical limit.

In addition, we also studied the spin squeezing in the two-spin model.
The spin squeezing in the two-spin model can be used to improve the ex-
perimental precision of the measurements and we have shown that the spin
squeezing is present in the two-spin model. The spins are squeezed when the
dynamics takes place initially, as the contrast diminishes. After this initial
squeezing, the spin squeezing phenomenon in the two-spin model reaches
a maximum before the contrast vanishes. Then the system is less squeezed
because of the excessive twisting mentioned in [71]. At the envelope time,
where the contrast becomes zero, the system is not squeezed. So there is a
time interval in which we can get higher measurement precision and a not
so weak signal, which is advantageous. For S = 10 and J = 50 system, this
time interval is approximately ¢ ~ 260/6, with a contrast C ~ 0.6. The best
squeezing in this system is about £% ~ 0.1.

Concerning the experiments on atomic clocks[24], we can make the fol-
lowing remarks. A first remark is that a higher density of atoms in the ex-
periments is constructive for the fabrication of atomic clocks in that a higher
density leads to a stronger interaction (larger J) and a larger number of atoms
(larger S). The envelope time is therefore increased. At the same time, in-
creasing the density means that lateral collisions become more frequent. To
estimate the coherence time in the experiment, we make the correspondence
between the parameters of the experiments and those of the two-spin model
as follows. In the experiment, there are N ~ 10* atoms, so the spin size
S = N/4 ~ 10% In the first experiment in [24], the inhomogeneity of the
magnetic field in the two-spin model can be approximated as § ~ 10%rad/s,
and the interaction strength is approximately J/§ ~ 100. Then the envelope
time is ¢, ~ t.S ~ 10* — 10°s. In the second experiment in [24], we have
§ ~ 10°rad/s, J/6 ~ 1 — 10. Then the envelope time is t, ~ 10 — 100s. This
envelope time might be accessible experimentally.

However, it may be rudimentary to describe real experiments by the two-
spin. In the weak interaction regime (J < 0), the two spin model assumes
that the atoms in each group are aligned together. But this is not the case since
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the inhomogeneity is large compared to the interaction. Therefore, the two-
spin model does not describe properly the dynamics in this regime. In the
strong interaction regime (J > 0), the two-spin model is good because the
strong interaction aligns all atoms together. Splitting them into two aligned
groups is well justified.

In the two-spin model, we have used the rotating reference frame with
an angular velocity equal to the rotation of the mean magnetic field, and
thus are unable to study the central frequency of the system, which is a key
ingredient in atomic clock experiments. To obtain this frequency, we could
either average over the inhomogeneity of the effective field for each atom in
the original experiment to get an estimation, or consider the full dynamics
of the atoms and calculate the central frequency.

There are still many open questions left in this thesis. The first one is
how to understand the dynamics near the critical point J = §/2. This special
regime could be studied with the phase-space method sketched in chapter 3
with Husimi function. Since this method does not depend on the interaction
strength, it may be useful in revealing the complex dynamics in this region.
Another possible approach is to use the semiclassical quantization, which
has been employed to treat the BHD model in [80, 81].

The cumulant expansion method does show that quantum corrections
destroy the synchronization, but it diverges if we make the direct expan-
sion to second order spin operators. After improving the expansion by im-
posing certain observations from numerical simulations about second order
cumulants, the solution is convergent but in the synchronized regime devi-
ates quickly from the exact quantum dynamics. A possible reason is that
in the synchronized regime, there is a separatrix which separates the phase
space into two regions with different dynamical behaviors. The cumulant
expansion that works well in one region may not be applicable in the other.
This has been observed by Garanin and Schilling in[42] in a biaxial model
which is chaotic for a finite time interval. A remedy to this is to develop an
expansion that is state dependent (see [82]).

A related question on the two-spin model is: what is the effect of dissi-
pation or coupling to the environment in this model? In the context of cold
atoms, the dissipation describes the loss of atoms, an unavoidable effect in
cold atom experiments. In [83], it is shown that the dissipation can change
the structure of the phase space by altering the position of the fixed points
or changing the nature of the fixed points. Another article by Orth et al.[84]
showed that the coupling to an harmonic bath can actually lead to synchro-
nization in the dynamics of two Ising spins. It is thus interesting to see the
effect of dissipation in the two-spin model.

Another direction is to consider a one-dimensional chain of N spins 1/2
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in an inhomogeneous external field instead of two macro-spins with spin
size S = N /4. This approach is equivalent to considering the cold atoms
in the energy space where the mean magnetic field is determined by their
orbital movements[23]. However, in the energy space, the interaction be-
tween spins is long ranged. But a short range interaction on the spin chain
simplifies greatly the treatment and, via Jordan-Wigner transformation, re-
duces the problem to the one of 1D spinless fermions (electrons) performing
Bloch oscillations in a finite chain (some preliminary results are presented
in chapter 6). In such a system, the exchange interaction can be mapped to
a hopping term on the chain and the inhomogeneous magnetic field to an
external electric field of constant strength. The problem of spin becomes
the dynamics of Bloch oscillation. In Bloch oscillation, if the strength of the
external electric field is inferior to a critical value, then the amplitude of the
oscillation is so large that the electron can move in the entire system, char-
actering a metal-insulator transition. This is similar to the synchronization
transition in the spin models. It might be tempting to consider a finite chain
with a short range interaction as a first step.

The experiments on atomic chips were performed at the temperature
above the BEC. It is also interesting to consider a system already condensed,
whose theoretical basis has been laid in [85]. Is there a synchronization in
this system? If so, how does it happen? Can we find a simple model that
captures the physics of the condensates? These are also directions for future
work.
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Chapter 6

Appendix: Dynamics on a spin
chain

6.1 Statement of the problem

In this appendix we turn to a different model which is ongoing work. The
model consists of a one-dimensional chain of spin 1/2 particles in an inho-
mogeneous magnetic field with a linear gradient of . Each spin is fixed in
real space and has index n to label its position. There are only interaction
between nearest neigbors, and we assume an anisotropic interaction of the
form J, (SZSy, 4575k, 1)+ J.S.S% , where S¢ = o, the Pauli matrix. The
Hamiltonian is

N N
" z J - - z Qz
n=1 n=1

The different interaction strength in the xy-plane and the z-direction seems
artificial, but later we will see that this leads to great simplification in the
limit J, — 0. We take the periodic boudary condition

S = ST (6.2)

Initially, all the spins are prepared in the z-dirction, perpendicular to the
external magnetic field which reads

[W(0)) = (I 41 n) (6.3)

1
®n_
V2

So it will take all 2 possible spin configurations.
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The quantity of interest is the contrast defined as

with the total spin component operator

N
Sr=>Y s (6.5)
n=1

6.2 A possible direction

In order to solve this problem, we carry out a Jordan-Wigner transformation
5 =fle" Ennn
S, =€ Zm<ntm f (6.6)
=fifa—1/2,
where f1 (f,) is the creation (annihilation) operator of a fermion on the n-th
site. The phase factor in the transformation is to ensure that [S2, S?] = 0 for

m # n. And for site n, the spin state can be described by the fermion state
as

| D= [1)n,
| \L>n = |0>n7

where the fermion state |1),, (|0),,) means there are 1 (0) fermion on the n-th
site. Then the Hamiltonian takes the form

(6.7)

(6.8)
+Jz<fqifnf7];+1fn+1 - fifn + 1)1 :

The first term in the above Hamiltonian is a constant and can be neglected.
The last term contains interaction between fermions on two nearby sites and
is thus diffficult to treat. As a first step, we neglect this term, i.e. taking the
limit J, — 0. And the resulting Hamiltonian reads

H= Z 0+ Z Oflfat Z [JL (Fifor+ fiafa|. (69
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6.3. Summary and discussion

The above Hamiltonian is a many-body version of the Bloch oscillation
Hamiltonian which describes electrons in a one-dimensional lattice potential
with an external electric field and cold atoms in a tilted lattice potential. For
a finite lattice, a localization transition occurs if the external field strength
is increased to a critical value. This is similar to our dephasing phenomenon
in the two-spin model. In our two-spin system, if the inhomogeneity of the
external field is strong enough, the two spins can not synchronized their
movement. This is a motivation for this transformation.
However, the initial state is very complicated in this transformation

[W(0)) = (I +10)), (6.10)

1
®n_
V2

corresponding to a state with 1/2 fermion on each site.

6.3 Summary and discussion

The problem of a one-dimensional spin chain in an inhomogeneous magnetic
field with anisotropic exchange interaction between nearest neighbors is con-
sidered in this chapter. Neglecting the interaction in the direction of the mag-
netic field and using the Jordan-Wigner transformation, we arrive at a tight-
binding model with Bloch oscillation, whose eigenstates are known[86]. But
the initial state in this transformation still takes a complicated form and an
easy decomposition onto the eigenstates of the tight-binding model is not
evident.
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