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Abstract

The exponential Hilbert space approach is used to link quantum mechanics in a
small system with d-dimensional Hilbert space G, with the collective quantum
behaviour in a large system comprised of d coupled oscillators with Hilbert
space H. In the large system, the expectation value of the mode position operator
U, describes the location of a quantum state within the chain of d oscillators,
and the expectation value of the mode momentum operator I/, describes the
change of the mode position with time. A continuum of modes (d — 00) is
also considered and in this case these operators obey the commutation relation
[Uy,U,] = ily. A consequence of this is that uncertainties in the location of
a state and in its momentum obey an uncertainty relation. Displacements and
squeezing in the mode phase space are discussed. For a certain Hamiltonian, the
U,, U, obey equations of motion which are very similar to those of a harmonic
oscillator. If the system is in an entangled state, the formalism can be used to
quantify concepts like the location of entanglement, and the speed with which
the entanglement propagates.

PACS numbers: 42.50.Dv, 03.65.Ta

1. Introduction

The exponential Hilbert space approach to the Fock space has been introduced in [1]. It has
mainly been used for mathematical questions such as the construction of unitarily inequivalent
representations. In this paper we use this approach in a more physical context. We show
that it can provide a very interesting link between quantum phase space methods of a single
oscillator and quantum techniques in a large system comprised of a continuum of oscillators.

In a recent paper [2] we have introduced the concept of mode phase space in a d-mode
system, comprised of d coupled oscillators. We have defined mode-position and mode-
momentum operators U, and U,,, which act collectively on all oscillators and have eigenvalues
in Z; (the integers modulo d). The expectation value of U, is the ‘average mode’ in which
the photons are located, and the expectation value of 2/, shows how fast the mode position
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changes with time. The mode phase space is Z; x Z;. Exponentials of U/, and U, perform
mode displacements of a quantum state in the mode phase space, i.e., they translate it along
the chain of oscillators, and they also change its mode momentum. The mode displacements
form a Heisenberg—Weyl group.

In this paper we first approach this work from a different angle. We show that
the exponential Hilbert space formalism of [1] connects quantum techniques in a ‘small’
d-dimensional Hilbert space G with the collective quantum behaviour in a ‘large’ d-mode
Hilbert space H which describes a system of d coupled oscillators. For example, displacements
in G correspond to mode displacements in H. This formalism can be generalized to the
continuum limit, where we go from the cyclic lattice of d oscillators to a continuum of coupled
oscillators on a straight line (an infinite ‘string’).

The main part of the paper is the study of the continuum limit. In this case the index of
the mode takes all real values, and the Hilbert space H is a continuous tensor product [3-5].
G becomes an infinite-dimensional harmonic oscillator Hilbert space, and the exponential
Hilbert space formalism connects G with the Hilbert space H of the continuum of modes. We
show that the mode position I/, and the mode momentum I/, obey the commutation relation
[Uy, U,] = ildy. Based on this we prove an uncertainty relation that involves the mode position
and mode momentum. The quantum state of the system is shared by the oscillators labelled
with x inside the mode uncertainty ellipse, and the rest of the oscillators are close to the
vacuum state. Also the momenta with which the state propagates are those inside the mode
uncertainty ellipse.

Displacements in the mode phase space, which is now R x R, translate a state along the
continuum of oscillators, and they also change its mode momentum. They are collective type
of transformations, and they are very different from displacements within the phase space of
a particular oscillator.

Mode squeezing transformations change the mode uncertainties. A quantum state, which
is shared by the oscillators within the interval ((Uy) — Ax, (Uy) + Ax), is transformed into
another state shared by the oscillators in a smaller (or larger) interval, and at the same time the
uncertainty in the mode momentum with which the state propagates increases (or decreases).
They are also collective type of transformations, and they are very different from squeezing
within the phase space of a particular oscillator.

The time evolution of the system is also studied. It is shown that for a certain Hamiltonian
the mode position operator U/, and the mode momentum operator I/, obey equations of motion
similar to those of a harmonic oscilator.

The formalism is applicable to all states; regardless of whether they are entangled or not.
However if the states are entangled, the mode uncertainty ellipse can be used to quantify the
location of entanglement and the speed with which entanglement propagates.

2. H as exponential Hilbert space
We consider a system comprised of d harmonic oscillators with Hilbert space H = h®- - - ®h.
The creation and annihilation operators corresponding to the M mode are

=1, -®d® 0L, a=18--0a® -l "
[av. ak] = 8(M, K), M,K=0,....(d-1).

The indices belong in Z; (the integers modulo d). §(M, K) is Kronecker’s delta; it is equal to
1 when M = K (modulo d). The position and momentum of the Mth oscillator are

qm = Z_I/Z[a;j +aM], M= 2_1/2i[ajw — aM]. 2)
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We also consider a d-dimensional Hilbert space G comprised of vectors (zg, z1, - - - » Zd—1)-
For simplicity we use the short-hand notation z,, (with M € 2Z;) for these vectors. Their
scalar product is

d—1
@y wn) = Y Ty 3)
M=0

We introduce a map between vectors in G and coherent states in H as follows:

2 = Hzmeon = 120)con ® + - @ 12a—1) con- “)

It is easily seen that the scalar product of two coherent states can be written in terms of the
scalar product of the corresponding vectors in G:

VN1 con({zarH{war ) con = expl(zar, wa)] (5)
where N, is the normalization coefficient,
N, =exp [—%(ZM, ZM)]~ (6)

The total number of photons in the coherent state [{Z}).op 1S

coh{{zm}nTHzm P eoh = Zpr, Z2m)- @)

It is seen that the normalization of the vectors z,, in G is important, because it is related to the
total average number of photons in the corresponding coherent states in H. Therefore in the
Hilbert space G we should consider not only vectors with length equal to one, but all vectors
with all lengths. The coherent states |{z)s})con in H are of course normalized to 1.

We next introduce the Fock space defined by G which is the direct sum of all symmetric
tensor products of G

EXPG) =CPGD(GRPym D - -- ®)
In the space EXP(G) we introduce the ‘exponential states’
EXPlzy]l=1®zy @2 @ @zu) ® - - 9)

The first term 1 is the Fock vacuum. It is clear that we use the notation ‘EXP’ for the maps of
equations (8), (9), and the notation ‘exp’ for the usual exponential.
The overlap of two exponential states is

(EXPlzm], EXPlwy]) = expl(zm, wu)]. (10)

Comparison of equation (5) with (10) shows that we can define a one-to-one map between
EXP(G) and H if we identify the exponential states with the coherent states (with appropriate
normalization):

{zmPeon = Nz EXPlzy]. (11)

Since the coherent states form an overcomplete set of states, we conclude that the spaces
EXP(G) and H are isomorphic and write H = EXP(G).

2.1. General states

The ‘EXP’ map of equation (9) maps all states in G into a subset of H = EXP(G) comprised of
the coherent states only. Physically, the vectors in G describe the distribution of the amplitude
of the coherent states in H in the various modes.
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Superpositions of vectors in G give another vector in G to which corresponds a single
coherent state in H. Superpositions of coherent states in H give all pure states in H. Using the
resolution of the identity for coherent states we show that an arbitrary pure state |s) in H can
be written as

d2
|s) = / Dzs ((zm D 2k Deons s({zmd) =con Uzi}ls), Dz= [] jM. (12)

MEZd

2.2. General operators

To a given operator 6 acting on G we associate the operator EXP(9) acting on H defined as
follows:

EXPO) =100 O R0) D ---. (13)
It is easily seen that
EXP(6)|{zu}) = N. EXP(0) EXP[zy] = N. EXP [6z2)] = NoAG.' 164zu)). (14)

The ‘EXP’ map of equation (13) maps all the operators 6 acting on G into a small subset
within the set of all operators acting on H. We can easily show

EXP(1g) = 1y, EXP@©~") = [EXP®H)] ', EXP(6") = [EXP(O)]'. (15)

2.3. Unitary operators

In the Hilbert space H we consider the unitary operator U

U = exp [iZaLAMKaK] (16

M, K

where A is a d x d Hermitian matrix. It is known (e.g. [6]) that

UayU' =" Vygag, Ual,U' =" Vycak
K K
. a7
V =exp(—iA), vvi= 1.
The vacuum state remains invariant under these transformations. The total number of operator
invariant under these transformations is

nr = ZCZLLIM =U [ZQLCIM:| U]L (18)
M M

We next consider a unitary operator 6 acting on G. It can be written as 6 = exp(iA¢)
where ¢ is a Hermitian operator and A is a real number. Using equation (17) in conjunction
with equation (14) we prove that

EXP(6) = exp [Z aL(lnH)Mkaki| = explirldy], U= al,pukag. (19)
MK MK
EXP(6) is a unitary operator, and U is a Hermitian operator. This shows that the general
transformation of equation (16) in H is intimately connected through the exponential Hilbert
formalism to the transformation 8 = exp(A) in G.

It is easily seen that

[Up, Uy ] = Upp - (20)
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In the special case that ¢ = 1g we get @ = exp(iilg) = e*15 and
EXP(e*1g) = exp [iAl4], Uy =nr (1)
U is the total number of photons ny.
More generally we assume that a family of operators 6 acting on G form a Lie group £
with Hermitian generators ¢V, ..., ¢™:

m

0 =[Jexpling1. [0 %1 = cu;0 (22)

=1
where A, are real numbers and c; are the structure constants of the corresponding Lie algebra.
We define the operators

Z/[g = Z aLd)Z(‘,K,),(aK (23)
M,K

and using equation (20) we show that they form the Lie algebra
[Ue, Ur] = cojld; 24)

and consequently the operators

[ [ EXP(explireg®@]) = [ ] explinis] (25)

=1 =1
form a representation of the Lie group L.
Equation (17) can now be rewritten as
EXP(9)ay [EXP©)]' = Zake,’;M, EXP(0)al, [EXP(0)]" = Za}{e)m. (26)
K K

We next consider the subspace H, spanned by all number states in H with total number
of photons equal to n. The Hilbert space H is clearly the direct sum of all H,,. We call m,, the
projection operator onto H,. It is easily seen that

[7,, EXP(0)] = [, Ug] = 0. (27)

Therefore these operators leave the spaces H, invariant, i.e., acting on a state in H,, produce
another state also in H,,.

3. Displacements in G and the corresponding mode displacements in H

In this section we consider three special cases of the transformations of equation (16). They
have been studied in [2]; but our purpose here is to express them as EXP(6) where 6 is a
transformation in G.

3.1. Fourier transforms

The Fourier transform for modes Ur (see also [7]) is given by equation (16) with

i2
A=ilnF, Fyx = d oMK ® = exp (%) (28)

The d x d matrix F is the Fourier transform in the context of finite quantum systems (for a
review see [8] and references therein). This leads to

UrayUl =d™"* > " oM¥ay, UrayUf =d™ "2 0 ™M a} . (29)
K K
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In the context of the exponential Hilbert formalism U can be expressed as
Ur = EXP(F). (30)

We next consider a vector zp in G and with the finite Fourier transform F given in
equation (28) we define the vector Zg:

d-1
ik = Z Fxmzm. (31

M=0

Then equation (14) gives
EXP(F") EXP[zy] = EXP[F'z)] = EXP[Z_¢] (32)

which can be rewritten as
UrlzmDeon = HwaDeor  wu =Y Frg2x. (33)

M

‘We note that

3.2. Mode displacements

The mode displacement operator U, is given by equation (16) with

A=ilnZ, Zux = oM8(M, K). (35)
In this case,
i27T T
Us =exp | =—-Us |, U= ayxuxax. xuk = MS(M, K). (36)
M,K

The d x d matrices x and Z are position and displacements operators correspondingly in the
context of finite quantum systems. U, is the mode position operator. U, is the exponential of
U, and performs mode displacements in the mode momentum direction.

The mode displacement operator U, is given by equation (16) with

A=ilnX, Xy =6(M, K +1). 37
In this case,
127
Up = exXp [Tup:| N up = ZQLPMKQK = —UFUXUIJ_[:
MK
(38)

d
Puk = =— A (M — K).
2mi

The d x d matrices p and X are momentum and displacements operators correspondingly
in the context of finite quantum systems. The A;(M — K) has been defined in [2, 8] and it is
the discrete analogue of the derivative of delta function. I/, is the mode momentum operator.
U, is the exponential of ¢/, and performs mode displacements in the mode position direction.
The operators U, and U, form a Heisenberg—Weyl group which has been discussed in [2].

In the context of the exponential Hilbert formalism U, and U, can be expressed as

U, = EXP(Z), U, = EXP(X"). (39)

A vector z in G is displaced with the operators Z, X in the phase space Z; x Z; as
follows:

X2y = Zm-1, Ziy = oMzy. (40)
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Here we use a short-hand notation where z,_; is a vector whose M-component is equal to the
M — 1 component of the vector z,, (the integers belong in Z, i.e., there is a cyclic structure).
These displacements have been discussed in detail in [8]. A direct consequence of these
relations (using equation (14)) is that

EXP(Z) EXP[zy] = EXP[Zzy] = EXPlw M z]

EXP(X") EXP[zy] = EXP[X'z)] = EXP[z141] @b
which can be rewritten as
Uclfzmeon = Hzmr@™ P eons Upl{zm D coh = Hzam+1} con- (42)
We note that
X'=2'=1g->U! =Ul =1y. (43)

4. A continuum of modes

In the rest of the paper we consider a continuum of modes and the space G is infinite-
dimensional and isomorphic to a harmonic oscillator Hilbert space. The vectors z,; with M in
Z4 become now functions z(x) with x in R. The space H is now a continuous tensor product.
The usual procedure to convert the various relations from the discrete case to the continuous
one is to take

x = Qn/d)"*M, p = Qn/d)'*K (44)

and take the limit d — oco. Mode displacements, which previously took place in Z; x Z4,
will now take place in the x — p mode phase space which is the plane R x R.
In this case, the Fourier matrix Fyx of equation (28) becomes

. Ax
Y @em)2

The continuous creation and annihilation operators, denoted by a'(x) and a(x), are related to
their discrete counterparts by

al — (Ax)'%a’(x), a, — (Ax)'a(x), [a(x),a’(y)] = 8(x — y). (46)

The Hilbert space G is separable and it will be convenient to use a countable orthonormal
basis, for example, the Hermitian basis

ey, (45)

hy(x) = V427NN T2 Hy (x) exp [— 357 47)
In this case the function z(x) is replaced with the sequence

N = /dth(X)Z(X)- (48)
We also introduce the creation and annihilation operators
ay = / dx hy (x)a(x), al, = / dx hy ()a' (x), [an, al.] = dwn (49)
which are labelled by the discrete variable N which takes the values O, 1,2, .... We refer

to this as the ‘N-representation’, and to the one in equation (46) as the x-representation.
The x-representation uses ‘physical’ creation and annihilation operators, which act separately
on the physically distinct oscillators at the various points x. In this representation scalar
products involve products of a non-countable set of variables. Such products have been
defined by von Neumann [3], but they are not easy to use in practical calculations. For
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coherent states (and superpositions of a few coherent states) we give below equation (58),
which can be used in practical calculations. The N-representation uses ‘mathematical’
creation and annihilation operators, each of which acts simultaneously on all oscillators in the
continuum with weight iy (x). Its advantage is that N is a discrete variable and scalar products
involve infinite products of a countable set of variables which are easier to use in practice. We
note that the vacuum |0) = |0, 0, . ..) is the same with respect to both the a(x) and also the
ay operators.
The total number of photons is given by

nr = /dx al(x)a(x) = ZaLaN. (50)
N=0

We emphasize the difference between the creation and annihilation operators ay, a,TV (or
equivalently a(x), a'(x)) in H and ‘creation and annihilation operators’ in G
cg =2""?[x +ipl, ch=2""x —ipl, p = —id,. (51)

The former create and annihilate photons in a particular mode. The latter manipulate the
distribution of photons into the various modes; they change the function z(x) which through
the EXP map describes amplitudes of coherent states in the various modes. Similarly the total
number of photons given in equation (50) is a different concept from

Ng = cheg = L (x* = 92 — 1). (52)

4.1. Coherent states

Displacement operators in the N- and x-representations are given by

D({zy}) = exp [Z (zval — z*NaN)]
N=0 (53)

D({z(x)}) = exp [/ dx(z(x)a'(x) — z*(X)a(X))} :

We stress that these are displacements in the phase space of each oscillator, and it is a very
different concept from the mode displacements in the x — p mode phase space which we
introduce later.

Coherent states are introduced as

{znDeoh = D({znDI0) (54)
or equivalently as
{z()Deon = DUz()DI0) = exp [ 5 (z(x), 2(x)) | EXP[z(x)] (GR))

where (z(x), z(x)) is the scalar product in G given in equation (3) with the summation replaced
here by integration. It is clear that

2(0) = ) anhn () = Hz@Neon = HznDeon- (56)

N=0

Using equation (50) we find that the total number of photons in these coherent states is

nr = [ axlzP = 3 lawl® (57
N=0
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The overlap of two coherent states is calculated using equation (5):

con (W H{z() Neon = exp[—3 (W), w(x)) — 3(z(x), 2(x)) + (w(x), z(x))]. (58)

This is useful in practical calculations.
As an example we consider the case
AN
(NH1/2

1
Hzneon = {8 2gau(xs A)}) ops N =L exp [—§|A|2]
1 (59
Zgau(x; A) = a4 €xXp |:—§X2 +212Ax — AAR]

where A = Ag +1A/, and the complex factor ¢ has been inserted so that the average number
of photons is |¢|>. They are special case of coherent states with amplitude which in the
x-representation has Gaussian distribution among the various modes, and in the N-
representation has ‘square root of Poisson’ distribution.

As a second example we consider the case

|07'-'907 ZA,O?"')coh = H;hA(x)})cohv za =¢. (60)

In these coherent states the distribution of the amplitude among the various modes is the
Hermitian % 4 (x) in the x-representation, and the {§(A, N) in the N-representation.

An important special case is when A = 0 in equation (59), which is equivalent to
zZy = £8(N, 0) in equation (60). In this case
|§’ Ov 07 . '>coh = H;Zgau(-X; O)})coh = |{§h0(x)}>coh' (61)

4.2. Fourier transform for modes

The Fourier transform for modes Uy is given by equation (30) where F is the Fourier transform
in G. Since G is here a harmonic oscillator Hilbert space, F is given by

N1
F =exp [15Ng] . (62)
Therefore,
Ur = EXP(F') = EXP [exp (—izNg>] — exp [—izuNQ]
2 2 (63)
1
Un, = /dx aT(x)Nga(x) = 3 / d)caT(x)()c2 — 8)? — l)a(x) = ZNa;ﬂ,aN.
N
This leads to the relations
Ura(mU} = @m0 [ dyaty) expiixy)
(64)

Upa'(x)UL = 2m)~'7 / dy a'(y) exp(—ixy)
which are the analogues of equation (29), and also to the relations:

UrayU} = iVay, Ural U} = (=)Va},. (65)
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5. Mode phase space

5.1. Mode position and mode momentum operators
We consider displacements acting on G

d(a, B, y) = exp(—iax) exp(ifp) exp(iy 1g) (66)

We have included here the exp(iy 1g) which simply gives a phase factor to a particular function.
The mode displacements (acting on H) corresponding to each of these terms are

EXP[exp(—iax)] = exp(—ialdy)

; SN+ ;
Uy, = /dxxa (X)a(x) = Z( 5 ) [ay,an +ayay.] (67)
N=0
and
EXPlexp(iBp)] = exp(ifU),)
v = i [axa' e =15 (Y1) f 68
= —1/ a'(x)oya(x) = 11;) 2 [aNHaN - aNllN+1] (68)
and
EXPlexp(iy1g)] = exp(ialt), U = f dxa'(x)a(x) = ZajvaN =nr. (69)
N

Taking into account equation (20) we show that
[y, U] = ilh, (U, Ur] = [Up, U] = 0. (70)

The U, and U, in equations (36), (38) are the discrete analogues of the U/, and U, in
equations (67), (68). In order to see this we need to take into account that the function
A(M — K) in equation (38) is the discrete analogue of the derivative of delta function.

We next consider the subspace H, spanned by all number states in H with total number of
photons equal to n. The Hj has only one state (the |0, 0, ...)), and all the other spaces H,, are
infinite dimensional. We have explained earlier (equation (27)) that all operators U, (which
includes U, , U,) leave the spaces H, invariant, i.e., acting on a state in H,,, produce another
state also in H,. Within a particular H, equation (70) becomes

[Usmy, Upm,] = inm,. 71)

This can be viewed as a quantum mechanical commutation relation with strength of non-
commutativity (‘Planck constant’) equal to n.

5.2. Mode uncertainties

We consider the operators

Up = /dx x2a'(x)a(x), Uy = —[ dx al(x)d%a(x)
| (72)
Usprp = 5 / dx[a’(x)xd,a(x) +a’ (x)dxa(x)].
It is easily seen that

Uy, = U + Uy — Uy). (73)
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We next consider the coherent state |{z(x)}) .., of equation (55) and calculate the quantities:
(nr) = / dx|z(x)I%, {U) = f dx x|z(0) P, (Up) = / dx x?|z(0) . (74)
We define the mode position uncertainty of this coherent state as

1/2
U, U\
X = u - <( >) . (75)
(nr) (nr)
In a similar way we define the Ap. The o, of this coherent state is given by

(Ui prpn) (W) WU)
=2 - , 76
= T ) (n7)2 o)

It is clear that

(AxAp) —op, > & (77)

Using the ({Uy), {{,)) and also the uncertainties Ax, Ap, o, we can plot the uncertainty
ellipse of the coherent state |{z(x)}).., in the mode phase space x — p. The mode uncertainty
ellipse indicates the location of the quantum state; in the sense that oscillators labelled with
x outside it, are close to the vacuum state. Also the quantum state propagates in the chain of
oscillators, with momenta inside the uncertainty ellipse. This will become more clear below
when we study the time evolution.

General states are superpositions of many coherent states. In order to show how the above
results are generalized to arbitrary states we consider for simplicity the following superposition
of two coherent states

Is) = a[{z(x) D eon + BHW ) eon (78)
where «, 8 obey the normalization constraint:
el + 181 + exp [~ 5(2(x), 2(x)) = 3 (W(x), wx)][@f* eV 4 g*g D] = 1,
(79)
We show that

(slnzls) = f dxlaz(x) + Bw(o)P
(slldy |s) = / dx xlaz(x) + Bw ()] (80)

(s|Uy|s) = /dx x|az(x) + Bwx)|*.

It is seen that the state |s) has the same ({{/,), ({{,)) and the same mode uncertainties Ax, Ap
as the coherent state |az(x) + Bw(x)}).on; although of course the state |s) is not a coherent
state and it is very different from the state |az(x) + Bw(x)}).n- These results are easily
extended to superpositions of many coherent states, i.e., to general states.

As an example, we consider the coherent states |{ zgau(x; A)}) ., Of equation (59), and
we get

—_
—

Ud _ iy, o) _ 5112y,
(nr) nr

Ax = Ap = 271/2, oy =0.
Another example is the coherent states [{{ /4 (x)}) ., Of equation (60):

() =1c2 U =) =0,  Ax=Ap=(A+1)"  o,=0. 82

(nr) =12,

-~

1)
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5.3. General mode displacements

General mode displacements acting on H are given by

D(a, B, y) = exp(—ialdy) exp(ifU,) exp(iylUy). (83)

We note that the exponents are linear functions of U, U,,, i.e., they are quadratic functions of
a(x), at(x). We show that

exp(—ially) exp(iBU,) = exp(iBU,) exp(—ially) exp(iafl) (84)
and use this to prove
D(ay, Bi, Y1)D(aa, Bo, y2) = D(ay +az, Bi + B2, 1 + 2 — Biaa). (85)

A direct consequence of equation (26) is that

D(a, B, y)a@)[D(a, B, )] = [d(@, B, Y)]'ax)
= expli(ax —af — y)la(x — B)
D(a, B, y)a' ()P, B, I = [ld(e, B, Y)T'a()]’
= expl—i(ax —ap —p)la'x = ). (86
The effect of mode displacements on a(x) should be compared and contrasted with the effect
of the displacements of equation (53) on these operators:

D({z(x)Da)[D{z()D]" = a(x) — z(x) (87)
D({z()Ha')[D{zx)P]' = a'(x) — z*(x) (88)

We next use equation (14) to show that the general coherent states of equation (55) are displaced
as follows:

D(et, B, V)2 eon = {77V 2(x + B) D con- (89)

This is the analogue of equations (42).
As an example, we consider the special case of coherent states given in equation (59) and
using the general result of equation (14), we show that

D, B, V)L Zgau(¥; A} gy = 1T zgau (x5 A+ B)))
B =-2""2(B +ia), ¢=y+iap+27"2(—aAg +BA)).

Before the displacement, this state is located around the point 2!/2A in the x — p mode phase
space viewed as a complex plane, and after the displacement, it is located around the point
21/2(A — B). These relations show again the difference between the mode displacements
of equation (83) and the displacements of equation (53). Mode displacements are collective
displacements of the full state in the chain of oscillators. The displacements of equation (53)
displace the state of each oscillator within its own phase space.

(90)

5.4. Mode squeezing

We consider squeezing transformations acting on G

s(r,0, 1) = exp(ir sinf0K; — ir cos 0 K») exp(ir Ky) o

1 i 1
Ki=2(+0). Ko=gGd+dx. K= ;=)

where the K, K|, K, obey the SU (1, 1) algebra
[Ki, K7] = —iK,, [K2, Ko] =iK|, [Ko, K1] = iK>. (92)



Propagation of a quantum state in a continuum of coupled oscillators and applications to entanglement 9871

Using them we define the following mode squeezing transformations acting on H:

EXP[exp(ir sin@ K| — ir cos 0 K,)] = exp (ir sin OUk, — ir cos HZ/{KZ)

1 i ©3)
Uk, = Z[sz —Up], Uk, = Eu%(xp+px)
and
EXP[exp(iA Ko)] = exp (iAlx, ) o)
Uk, = LU + U] = YUy, + 1.
Taking into account equation (20) we show that
[Uk,. Uk, | = —ilx,, [Uk,. Uk, ] = iU, . [Uk,. Uk, | = iUk, 95)
General mode squeezing transformations are defined as
S(r, 0, 1) = exp (ir sinOUg, — icos OU, ) exp (iMldx,). (96)
A direct consequence of equation (26) is that
S(r, 0, Ma(x)[S(r, 0, W' = [s(r, 0, M]Ta(x)
= /iC(x, yir, 0, M)a(y)dy
S(r, 0, 1)a'(x) [S(r, 0, )] = [[s(r, 0, M]Ta(x)]'
= [t a0 ral o) ay ©7)

where K(x, y;r, 0, A) are the matrix elements (x|st(r, 0, 1) y) in the space G. The mode
squeezing of a(x) should be compared and contrasted with squeezing transformations on each
individual oscillator. The latter are performed with the operators

S{r(x),0(x), A(x)}) = exp [/ dx (—%r(x) e Wt (x)? + %r(x) eie(")a(x)2>]

X exp |:1/ dx )»(x)af(x)a(x)] (98)
and they give

Sa(x)St = uw(x)ax) +v(x)a'(x)

Sa'(x)St = p*(x)a’ (x) + v (x)a(x) (99)

w(x) = e ™ cosh (%) , V(x) = e 0@HWI ginp <r(2x)> _

As an example, we consider the special case of coherent states given in equation (59) and
we show that

S(r, 0, M zgau(xs A)}) o = HEZsqu(xs Asr, 0, M)}, (100)
where

Zsqu(x; A; 7, 0, 1) = €gexp(—€1x” + €2x + €3)

c=n"u—-v2 o=t
2(u—v) (101)
21/2A M*_V* A2 |A|2
€) = s €3 = — -
n—v nw—v 2 2

w = e *cosh (C) , v = e @M ginh <£> .
2 2
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Mode squeezing changes the widths of the mode uncertainty ellipse. A quantum state is shared
by the oscillators labelled with x inside the mode uncertainty ellipse, and with mode squeezing
the set of these oscillators is reduced (or increased). At the same time the uncertainty in the
momentum with which the state propagates is increased (or reduced).

6. Time evolution

An important property of coherent states is the ‘temporal stability’ [9]. This is the fact that
coherent states evolve into other coherent states. Of course, this depends on the Hamiltonian
of the system. In this section we consider the Hamiltonian

Hi = Uy, (102)

where Uy, has been given in equation (63). We show that the equations of motion are those
of a harmonic oscillator, and that the general coherent states of equations (54), (55) have the
property of temporal stability with respect to this Hamiltonian.

We prove that

Uy = 1[Hi, U]l = U, U, =i[H1, U,] = —U,. (103)

They are equations of motion of a harmonic oscillator.
Acting on the general coherent states |{zy}).o, Of equation (54) we easily show that

explitH111{zn D eon = Hzn €™ eon- (104)

The same result can be expressed in the x-representation for the general coherent states of
equation (55) as

exp[itHl]l{Z(x)}>coh = |{w(x)}>coh
w(x) = /Z(y)/C(y,x; 1)dy, Ky, x;1) = thv(y)hzv(x)eim~ (105)
N

In the special case of the coherent states of equation (59) we get

explitH11H{E Zgau (¥; A} g = 1 Zgan (5 A€}y (106)

7. Location and propagation of entanglement

One application of our formalism is the study of entanglement location and propagation.
Entanglement among d modes has been studied extensively in the last few years
(e.g. [10-13]). There are many aspects of this problem. One is to quantify the amount
of entanglement. Another is the distinction between separable and entangled mixed states,
and the study of witness operators [14] which can distinguish between these two cases.

A lot of the early work on entanglement considered a finite number of qubits and more
generally qudits. Continuous variable entanglement that involves a finite number of oscillators
has later been studied [15]. Here we consider the next step which is a continuum of oscillators.
We show how the operators Uy, U, and the mode uncertainty ellipse, which is related to
them, can be used to quantify the location of entanglement, and the speed with which the
entanglement propagates. We do not define a measure of entanglement; this can be a difficult
task in a continuum of oscillators. However, this is not needed for our purposes.

Entanglement is considered with respect to a given tensor product factorization of the
Hilbert space, i.e., with respect to a given set of subsystems. There are many ways of
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factorizing a Hilbert space as a tensor product of other spaces, i.e., of dividing a system
into subsystems. It might be that one of them is ‘physical’ describing physically distinct
subsystems; while the other ones are ‘mathematical’. However it should be stressed that a
state which is entangled with respect to one of these factorizations, might not be entangled with
respect to another. As an example, we consider a simple number state in the N-representation

11, 1,0,. .. Jpum = @al]0,0,0,...). (107)

This state is factorizable with respect to a tensor product factorization of the Hilbert space
that involves the ‘mathematical oscillators’ described with ay, aj\,. The same Hilbert space
is the continuous tensor product of the ‘physical oscillators’ described with a(x), a'(x), and
taking into account equation (49) we see that with respect to them the state of equation (107) is
entangled. We will use the term entanglement with respect to the latter ‘physical factorization’
that involves physically distinct oscillators at the various points x.

The mode uncertainty ellipse introduced earlier is applicable to all states; regardless
of whether they are entangled or not. However if the states are entangled, it can be used
to quantify the location of entanglement. In order to exemplify this we consider a system
described with the Hamiltonian H; of equation (102), which at + = 0 is in the entangled
state

Is(0)) = N[H;lzgau(x; A)})coh + |{§22gau(x; A)})coh] (108)
N=[2+2e7 0 cosg] 7§ =30
Then using equation (106) we find that the state |s(0)) evolves as follows:

s()) = NTI{S12gau (3 A€} + {02200 (65 A€ ] (109)

Using equation (80) we find

_ 121+ &l
(”lT) - _1 2
242e 21872 cos ¢
o _ 21721 A| cos(B4 + 1), Uy) _ 21721 A|sin(04 +1) (110)
(n1) (nr)

Ax = Ap =2712,

The entanglement is located mostly within the interval ({({, ) — Ax, (U, )+ Ax) which performs
an oscillatory motion in time. Oscillators outside this region are close to the vacuum state.
The average momentum of this motion of the entanglement is ({{,) and its uncertainty is Ap.

Understanding of various aspects of entanglement in a continuum of modes is highly
desirable since many branches of physics (e.g., particle physics and condensed matter)
work primarily with a continuum of modes. We have introduced the concepts location and
propagation of entanglement using a formalism based on the operators Uy, U,,. The next step
is to introduce a measure of entanglement and it is highly desirable that this quantity should be
conserved. Further work is required in this direction. Entanglement of a continuum of parties
is an utmost interesting problem.

8. Discussion

The exponential Hilbert space approach provides an interesting link between quantum
mechanics in a small d-dimensional Hilbert space G and quantum mechanics in a large Hilbert
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space H comprised of d coupled oscillators. Transformations in the small Hilbert space G lead
naturally to collective transformations in H that involve all oscillators.

Using this approach, we have considered a continuum of coupled oscillators (d — ©0)
and introduced the mode position and mode momentum operators whose expectation values
(Uy) and (U),) describe the average position of the quantum state in the line of oscillators,
and also the average momentum with which it propagates. They obey the commutation
relation of equation (70) and a consequence of this is the uncertainty relation of equation (77).
Oscillators outside the region ({U,) — Ax, (U,) + Ax) are close to the vacuum state, and also
the propagation of the quantum state in the chain of oscillators occurs with momenta in the
region ((U,) — Ap, (U,) + Ap).

The exponentials of U/, and U{, are mode displacement operators. Acting on a state
they translate it in the chain of oscillators, and they also change its mode momentum. We
also introduced the operators U,> and U,> and their exponentials which are mode squeezing
operators. Acting on a quantum state, they squeeze its mode uncertainty ellipse.

Assuming that the Hamiltonian of the system is H; in equation (102), we have shown in
equation (103) that the equation of motion for /, and U{,, are similar to those of a harmonic
oscillator. Consequently the coherent states evolve as described in equations (104), (105),
(106).

In the case of entangled states, the formalism can be used to quantify the location of
entanglement and the speed with which the entanglement propagates. For example, in the
case considered in the previous section the entanglement is located mostly within the interval
((Uy) — Ax, (Uy) + Ax) and oscillates in time.

We have considered one-dimensional continuum of oscillators, but generalizations to two
and three dimensions are possible. The work can be used for the description of quantum
phenomena in chains of coupled oscillators.
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