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Abstract. In the coordinate representation of thermofield dynamics, we investigate the
thermalized displaced squeezed thermal state which involves two temperatures successively. We
give the wavefunction and the matrix element of the density operator at any time, and accordingly
calculate some quantities related to the position and particle number operator, special cases of which
are consistent with the results in the literature. The two temperatures have different correlations
with the squeezing and coherence components. Moreover, different from the properties of the
position, the average value and variance of the particle number operator as well as the second-order
correlation function are time independent.

Introducing finite temperature effects into squeezed states (including squeezed vacuum,
squeezed displaced and displaced squeezed states) is important, because a squeezed state
can possesses minimum uncertainty, squeezability and accordingly technological applicability
[1], and a finite-temperature influence on it is inevitable. This problem has received extensive
investigations and a variety of squeezed states with finite temperature effects were constructed
and investigated within different formalisms [2-11]. Based on them, [2, 3] classified these
states into the thermalized squeezed states [4—6] and the squeezed thermal states [7—11]. Both
of these two types of states are physically distinct states, although they can be transformed
into each other by some parameter transformation [3]. Each of these two states has several
possible representations, and [2] gave a detailed discussion about them and elucidated their
physical interpretation. From [2], it is not difficult to understand that the squeezed thermal
states correspond to the output from a squeezed device whose input is a thermal chaotic
state with a Bose—Einstein distribution, while the thermalized squeezed states are prepared
by thermalizing a squeezed state provided the thermalizing source is such that it can bring a
vacuum state into a thermal chaotic state. Hence the two types of states represent two different
ways of introducing a finite temperature into squeezed states: one is to introduce the thermal
effects before squeezing and the other after squeezing, and each of them is close to practical
cases (an absolutely pure squeezed state is impossible).

However, more practically and generally, perhaps we should consider thermal effects
both before squeezing and after squeezing. From a theoretical viewpoint, since both the
thermalized squeezed states and the squeezed thermal states have been investigated, itis natural
and interesting for one to consider a general type of state which can take the above two types
of states as its special cases. Furthermore, from a practical standpoint, such a general state
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is a more real state than the squeezed states in the literature. As a matter of fact, when a
squeezing device acting on a ground state produces a squeezed state, not only the input but
also the output would be mixed with thermal noise. For example, in the possible measurement
of gravitational waves proposed by Caves [12], when a Michelson interferometer works with
the light, the light will be the mixture of the laser light in a coherent state and the squeezed
vacuum state from the output from a degenerate parameter amplifier whose input is a ground
state [12]. Because of the inevitable existence of thermal noise, the input from the ground
state will be a thermal chaotic state at some temperature, and also both the output from the
degenerate parameter amplifier and the laser will be mixed with the environmental thermal
noise whose temperature will perhaps be different from the temperature of the input. Thus,
strictly speaking, the light reflected by the mirrors in the Michelson interferometer is the
mixture of a coherent state with thermal noise and a squeezed state with thermal noise pre-
and post-squeezing the ground state. For another example, in optical communication, consider
light in a squeezed displaced state which will be the output from a squeezing device whose
input is a coherent state [13]. Itis evident that, in fact, the signal entering the squeezing device
would be in a coherent state with thermal noise pre- and post-displacing the ground state, and
in the course of the transmission the squeezed displaced thermal light would be mixed with
thermal noise in the fibre. That is to say, the signal transmitted in the fibre should be in a
squeezed displaced state with thermal noise pre-displacing and post-squeezing it. Yet another
example is a trapped ion in a squeezed state. Recently, a trapped ion has been first cooled to a
ground state and then stimulated to a coherent state as well as a squeezed vacuum state [14].
One can predict that in the not too distant future various squeezed states of a trapped ion will
be prepared. Again owing to the thermal noise, a trapped ion in a squeezed state must be mixed
with noise both before and after squeezing. In other words, for a squeezing device (including

a combination of the squeezing and displacement devices), its input would be accompanied by
thermal noise, its output would also encounter thermal noise, and hence to introduce thermal
effects into a squeezed state both pre- and post-squeezing a ground state is necessary and more
practical. Of course, perhaps the thermal effect will not be strong when the temperatures are
very low, but no matter how weak it is in this case the thermal noise really exists before and
after squeezing.

In this paper, we intend to construct such a general squeezed state with thermal
effects which we call the thermalized displaced squeezed thermal state (TDSTS). Within the
framework of thermofield dynamics [15, 16], we shall first give the definition of the thermalized
displaced squeezed thermal state, and then give the time-dependent wavefunction and calculate
the matrix elements of the density operator in the coordinate representation. From the density
matrix elements, the probability density, the average value and variance of the position will be
discussed. Finally, we shall also give the average value and variance of the particle number
operator and the second-order correlation function.

This paper is based on a one-dimensional quantum oscillator withrmasd a constant
angular frequency whose Hamiltonian is

1 1 _

H = %pz + Ema)zx2 = (aTa + %)ha) (1)
wherex is the position operatop = —ikd/dx = —ihd, is the momentum operator in the
coordinate representation, and

1 1

a= — (ip + mwx) a' = — (—ip + mwx) 2

2mhw P v 2mhw P @

are the annihilation and creation operators, respectively. Nevertheless, taking the mass as
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unity in the formulae of this paper, one can find results which are usable for a one-mode
electromagnetic field with the same frequency.

As is well known, a displaced squeezed state can be constructed by the squeezing and
displacement operators acting successively on the ground@tafehe oscillator, equation (1)
[17]. The displacement operator

D(a) = '~ 3)
with o = (a1 + i) = ||€” any complex number, corresponds to an ideal displacement
device (the symbol|“ - - |’ represents the modulus of a complex nhumber), and the squeezing
operator

S(z) = exp{—3(z*aa — za'a")} (4)

with z = z1 +izo = r&? any complex number, corresponds to an ideal squeezing device. (In
equation (4), the minus—' before % is sometimes replaced by a plus ‘+' in the literature,
which gives rise to no essential differences.) The action of the displacement operator following
the squeezing operator on the ground state will yield the displaced squeezddl(stef¢r)|0)

(here the aforementioned squeezing device is really a combination of the displacement and
squeezing devices), and a squeezed displaced $tat® («)|0) can also be constructed by

the action of the squeezing operator following the displacement operator. Note that through
a parameter transformation the stai®@r)S(z)|0) andS(z) D(«)|0) can be transformed into

each other, because one has [18]
S(z)D(er) = D(c cosh(r) +a*€? sinh(r))S(z). (5)

So this paper involves the displaced squeezed states only.

In order to consider finite temperature effects, thermofield dynamics [15] introduces a
copy of the physical oscillator equation (1) (called the tildian oscillator)

H= iﬁz + 1-ma)z)zz = (EIT& + l)ﬁa) (6)
2m 2 2

according to the tildian ‘conjugationﬁé = C*O [15]. Here,C is any coefficient appeared
in expressions of quantities for the physical systénany operator, the superscript enotes
complex conjugation an@ represents the corresponding operator for the tildian system. Based
on the physical and tildian oscillators, thermofield dynamics manufactures a thermal operator
7(0)

T(9) = exp{—6(B)(ad — a'a")) = eXp{i%(xi) - xm} )
with
tanhp (8)] = e #/2

andg = 1/k,T. Here,k, is the Boltzmann constant arffdis the temperature. The thermal
operator is invariant under the tildian conjugation, f&9) = 7(9). Letting 7 (9) act on

the direct product of the physical ground stée and the tildian ground staté), one can
manufacture a thermal vacuum. Notice that any physical operator commutes with any tildian
operator, physical operators act on physical states only and similarly tildian operators on tildian
states only. Consequently, thermal-vacuum average values in thermofield dynamics agree with
canonical ensemble average values in statistical mechanics [15]. When the thermal operator
acts on the direct product of the free electromagnetic field vacuum and its tildian counterpart,
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one can obtain a thermal chaotic state which describes a thermal chaotic light with a Bose—
Einstein distribution at a finite temperatufe That is to say, generally, the thermal operator
7 (0) represents the action of a thermal source.

Now we can give the definition of the TDSTS. SinEé) is involved in the physical and
tildian operators simultaneously, we shall use both the physical opefateys S(z) and their
tildian counterpart® (), S(z) when a finite temperature effect is introduced into a displaced
squeezed state (the tildian operatdrer) and S(z) were not adopted in [2]). BecauS&®0)
commutes withS(z)S(z) [3] and does not commute witP (o) D(«), we can define a state
which involves two thermal sources with different temperatures successively. The following
TDSTS,

B2, @, z, B1, 0) = T (82) D(a) D(@) S(2) S(z) T (61)]0)|0) (8)

where g1, 61 and B, 6, correspond to those at the temperatufgsand 7>, respectively.
Furthermore, the time evolution of the TDSTS can be considered by the evolution operator
U(t) = exp|—(i/h)(H — H)} acting on the TDSTS, i.e.

It, B2, &, 2, P1, 0) = U (t)| B2, @, z, B1, O) 9)

wherer is the time. Obviously, the displaced squeezed thermal state (DSTS) [2, 3, 9] is the
TDSTS forT> = 0, the thermalized displaced squeezed state (TDSSJifee 0, and the
thermalized coherent thermal state foe 0. The TDSTS equation (8) with proper parameter
constraints and transformation can be reduced to almost all the cases discussed in [2—11]
except for the displaced thermalized squeezed states defined by a density matrix in [2]. The
TDSTS can be prepared by thermalizing a DSTS [9] (second reference), and can describe the
practical examples listed in the second paragraph. The TDSTS involves two thermal sources
successively and contains both the pre- and post-displacing squeezing thermal fipeedat

T,, respectively. For the sake of convenience, we call the thermal noiEethe detector
thermal noise and the thermal noisé/athe input thermal noise.

Inthe coordinate representation, all the displacement, squeezing and thermal operators can
be untangled[19, 20]. Moreover, if we exploit the thermal coordinate representation introduced
in [20], one can easily untangle the evolution operatar. Hence one can obtain the explicit
expression of the time-dependent wavefunction |z, B2, «, z, B1, 0). Alternatively, noticing
thatD(a) D(2)T () = T (6) D(a(cosh®) — sinh(@))) D(a(cosh®) — sinh©))) [21], one has
lt, B2, «, z, B1, 0) = |t, B2, B1, a(cOsSh6,) — sinh(6,)), z, 0) and can easily obtain the time-
dependent wavefunction with the help of the result in [20]. Takirg 0,6 = 6; + 6, and the
replacemen& — a(cosh@;) — sinh(61)) in equation (44) of [20], one can read

1/2 "
) _ (mo\? 1 0 0
<X,X|t,ﬂ2,a,z,,31,0)— <7T}_l) |F1B|exp{ B B*}

« exp{ ~22G1(x cosh@) —  sinh(©))?
+2 |22 A ® Ga(cosh6y) — sinh(8y))(x cosh®) — smh(O))}
X exp{ —%G{(i cosh®) — x sinh(©))?

+2 / 2h 5(cosh6;) — sinh(61)) (x cosh®) — x smh(()))} (10)
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where
F1 = coshr) + sinh(r) cog¢) + isinh(r) sin(¢)
P — isinh(2r) sin(¢)
2~ cosh2r) + sinh(2r) cos¢)
®=0,+6, B = coSwt) +iF; sin(wt)
F> coSwt) +isin(wt) Fooq +ion
Gy = Gy=————
B B
and

= [F,coqwt) ozl + 25, sin(wt) arap + i sin(wt) oez](costwl) — sinh(6,))2.

Equation (10) is the time-dependent wavefunction of the TDSTS in the coordinate
representation, and all information of the TDSTS can be extracted from it.

With the help of equation (10), a straightforward calculation yields the density matrix
elementp, , (¢) on the position for the TDSTS

poa(t) = f (%, x|t Bav . 2. B1. 0) (0, B, 2. . P, 1], §) di

oo

- \/% |.7-'iB| \ coshl(2®) exP{ 2 c|?§|22®) coth(gphe) (G2 G’;)Z}
x eXp{ ’ZZ | F1B|2 cosh(zo) [ - \/7V coth{(3 p2fio (A A*)}
_%%[x—x/— %W(Gz— 2)}
— 27 (61— GG x'2)} (11)

with A = coqwr) +isin(wt). This density matrix is complex, Hermitian and time dependent.
Whenz = 0 equation (11) gives the density matrix of the position for thermalized coherent
thermal state§ (62) D(«) D(a)7 (0)]0)|0) which contains the thermalized coherent state and
the coherentthermal state asits special cases. Atthe initiad ttim@andZ, = 0, equation (11)

is reduced to the density matrix element of the position for the DSTS,

Jre 1 |1 Eal .
TN R ex Fo— Fy)ag +i2
P, mh |F1|\ cosh26,) p{2cos}(291)[( 2 — F3)ay +i2a5]
x exp| — ¢ 1 . 2]72 2
= A [ XX — ) — 4
4R | F1|2 cosh26y) i

_@(}‘ — FH(x% = x?)

— 2 2
maw cosh(20,) , 2n  |Fu? ) 2

——— | x =X — | — —————((F2 — F})a +i2 12
4 |Fy)? [x * me cosh(20;) (F2 = Fp)an +1202) (12)

which is identical to equatio(6.54) in [9] (second reference). Of course, settihg= 0, one
can obtain the density matrix element of the TDSS. Noticing

cosh20) = coth(3 B1hw) coth(3 Bohiw) + coseclfis Biiw)cosecli fifiw) (13)

and cosly) = coth(%ﬂﬁw), one can see that the differences both among the density
matrices of the TDSTS, the DSTS as well as the TDSS and among the finite temperature
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influences on these states consist in the appearance or disappearance of the four factors
cosh(2@), cosh20,), cosh26,) and cotf(}1 ﬂzﬁw). In the expression of the density matrices,
the factors cost2®), cosh(29,) and cotm%ﬁgﬁw) appear for the TDSTS, the factors
cosh26,) and coti(%ﬁzﬁw) for the TDSS, and for the DSTS the factor c@&h) replaces
cosh(20).

Takingx’ = x in equation (11), we have the probability density of the position for the
TDSTS

) = mow 1 1 ex mw 1
P =\ T A Bl costhz®) P T |7 B cosh20)

o ()] |

This is a Gaussian distribution. From the probability density one can easily find the average
value of the position

o0 | 21 -
(x) = /;OO Xpy . dx = %,/Coth(%ﬁzhw) |a| coqwt — y) (15)

and the position variance

(Ax)? = (x%) — (x)2 = ﬁ[cosr’(Zr) + sinh(2r) cog 2wt — ¢)] cosh20). (16)

Here and subsequently; * -)’ denotes {0, B1, z, &, B2, t| - - - |t, B2, &, z, B1, O)".

From the above results of the position, one can easily write off the corresponding
formulae of the momentum by comparing the momentum representation with the coordinate
representation. Here we do not intend to consider them further.

The squeezing effect can be discussed using the rotated quadrature phase operators (the
definitions here are slightly different from those in both [2] and [17] (the book))

Y, — % (e + aTe?) Y, = % (@& — 4'd¥) 17)

which give the quadrature phase operafors= /mw/2h x andX, = /1/2mhw p when the
rotated angle = 0. A straightforward calculation yields

(AY1)? = (Y. ) (Y1)? = %cosf(Z@)[cosk(Zr) + sinh(2r) coq2wt + 29 — ¢)] (18)
and
(AY,)? = (YZ) — (Y2)? = 1 cosh2@)[cosh(2r) — sinh(2r) cos2wt + 2p — ¢)]. (19)

The last two equations indicate that for the TDSTS, it is always possible to attenuate either
AY; or AY, at any value ofp and any time. At ¢ = 0, equations (18) and (19) are identical

to equation (6.9) in [9] (second reference) wher- 0, 7> = 0, and to equation (3.7) in [2]
whenT, = 0 and(¢ — 2¢) = 7.

We have discussed the properties related to the position and quadrature phase. Next,
we will give the average value and variance of the particle number opefatoe
{(h/2me)[(mo/h)*x* — 32] — 3} and the second-order correlation function. The average
value ofn at any timer is

(n) = 3 cosh20) cosh2r) —  + coth(2 Bohw) |a|?. (20)

Thus, the input thermal noise is correlated only with the squeezing, while the detector thermal
noise takes effects from both the squeezing and the coherence. /be@, equation (20) is
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equation (3.9) in [9](1993) and equation (3.3) in [2]. Exploiting equations (18) and (20), one
can calculate the variance afat any time and obtain
(An)? = (n?) — (n)? = —1 + 1 coslf(20) cosh4r)

+cosh(20) coth( Bohw) | *[cosh(2r) + sinh(2r) cosg — 2y)]. (21)
Consequently, one has the second-order correlation function at any, time
(n?) — (n)

(n)?
+cosh(20) coth( fohw) |a|* sinh(2r) cosgp — 2y)]

x[2 cosh2©) cosh2r) — 1 + coth(z—llﬂzﬁw)|a|2]72. (22)

20 = = 2+[1 costf(20) sint?(2r) — cott?(3 fohw) |e|*

WhenT, = 0 the last equation is identical to equation (3.10) in [9] (second reference). From
equations (20)—(22), one sees that the average value and variance of the particle number
operator and the second-order correlation function are time independent.

In conclusion, this paper has investigated the TDSTS which is a generalization of the
TDSS and the DSTS. In the coordinate representation of thermofield dynamics, we give
the wavefunction and the density matrix with time evolution, and calculate some quantities
related to the position, quadrature phase and particle number at any time. Our results
indicates that the quantities related to the position and the momentum are time dependent,
but the average value and variance of the particle number operator and the second-order
correlation function are time independent. For the influence of the temperature on the
displaced squeezed state, the TDSTS possesses the features both of the TDSS and of the
DSTS, but the finite-temperature effects of the TDSTS are not a simple sum or product
of those of the TDSS and the DSTS. The input thermal nois&; dhfluences only the
squeezing component via the factor c@®), while the detector thermal noise Bt has an
additional effect on the coherence component by the factor(éﬁ)‘gﬁa)). The TDSTS takes
various thermal squeezed states in the literature as its special cases, except for the density-
matrix-defined displaced thermalized squeezed state in [2]. For the definition equation (8), if
inserting the thermal operato¥¥(¢s), 7 (94) and7 (bs) betweenD («), D(«), S(z) andS(z),
respectively, without self-tildian requirement (as [4] (first reference) did), one can obtain a
most generalized displaced squeezed state with finite-temperature effects. However, because
such a state is not invariant under the interchange betweei and D («) or S(z) andS(z),
we believe it is perhaps not meaningful. Thus, we should say, within the framework of
thermofield dynamics, that the TDSTS of this paper is the most generalized squeezed state
with thermal effects. Finally, we want to point out that, if there &fenput thermal noise
andN detector thermal noise and the corresponding temperatur&s aré, , ..., 71, and
121, T2, . .., Ty, then the physical quantities of such a generalized TDSTS can be given by
taking® =011+ 6010+ +01yy +0p1+ 022+ +0yandby = 6,1+ 602+ + 0 5 in
the results of this paper. We believe that once squeezed states are successfully being used in
optical communication and sensitive measurements, the discussions of the present paper will
be found to be useful.
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