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Abstract. We study the two field correlator of an Impenetrable Bose gas.
Lenard [1] proved that the equal time correlator can be represented as a
Fredholm minor. We generalize this representation to the time dependent
correlator.

1. Introduction

We discuss the Bose gas in one space plus one time dimensions. The Hamiltonian
[2] of the model is

H= T dx(0 0+ bty g =i ). Ly

Here y(x) and y *(x) are canonical Bose fields: [y(x), " (y)]1=d(x — y), and L is
the volume. Only the case of an impenetrable boson is dealt with below, in this
case the coupling constant ¢ = co. The thermodynamics of the Bose gas was given
in [3]. The chemical potential h determines uniquely the density D. In [1] Lenard
gives a representation of the time independent correlator {y(x,)y*(x,)> as a
Fredholm minor; this representation was used to write a differential equation for
the correlator at zero temperature in [4]. The differential equation for the
finite-temperature correlator was constructed in [5]. We can treat the Fredholm
determinant obtained in this paper as a Gelfand-Levitan operator for some new
differential equation, which describes the time dependent field correlator of the
impenetrable Bose gas. The correlation function (Fredholm determinant) is the
7-function of this new differential equation. We shall present this differential
equation in the next publication.
Eigenfunctions of the Hamiltonian (1.1) (at ¢ = o0) were constructed in [2].

H|¥y)=E[¥y); ¥y =¥y({1})), (1.2)

1
|¥n> =\/T Ja%2xn(zss s znlAase o AN T (20) Y T (2y) 10, (L3)
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Here

1 N
A= —— H ez;—z) Y (-1 “’]exp<' y z,,lp,,). (1.4)
/N' = > k>1 14 n=1

IV

¢—is the sign function, P is a permutation and 4; are moments. Periodic boundary
conditions can be written in the form

ellhi=(—1)N"1, (1.5)
The norm of the wave function is given by
PPy =llanl? =LY (1.6)

Let us denote the set of {4} in the ground state by {y;}. For convenience, we take
N even. At zero temperature

L 2

In the thermodynamic limit N — oo, L— oo (with the density D = N/L fixed) the
set of {u;} fill the interval [ — g, q] (Fermi-sphere) with

. 2 N+1
eilthi = (— N1 = —1, y,.=~”<'——+—>, j=1,...,N. (1.7)

h; D=g.
n

The value q is called the fermi momentum. At finite temperature T >0 the
distribution of particles in momentum space is given by the function p(y;) [3]:

P =5 (1 + e )L, (1.8)

We shall calculate the time-temperature correlator. The plan of the paper is as
follows. In Sect. 2 the field form factor is represented as a matrix minor. In
Sect. 3 the time correlator is calculated at zero temperature. In Sect. 4 the time
temperature correlator is calculated. Appendix A contains calculations of singular
sums. Appendix B gives a comparison with the Lenard formulae.

2. Form Factor
Let us consider the field form factor:

F(x) =< ¥ 1 ({ABY T ()] Pa({p}))- 21

Here the set {A} consists of N + 1 (odd) elements. So the equations for 1 and u
are different

h=(—1 =1 e=(-1" =1, 22

and it follows that the 4; will never coincide with any of the y,. The momenta 4;
are equal to 2znj/L (jeZ),

A= 2.3)
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The form factor (2.1) can be expressed in terms of the functions yy defined by (1.3):

F(x)=/N+1[d 2y (21,20, xI{A)an(z1s - -, 2n ] {11})- (2.4)

Apply integration by parts; due to (2.2) there is no contribution from the boundary
because 4; — p, #0. So we have for the form factor

F( )—(2i)N {ix(i —NiliL)} Z(—l)[HQl 1 ; (2.5)
= N! j=1#j j / PO J'=1/1p1—#Qj' '

ji=1
Here Q is a permutation of {y;} (in number N) and P is a permutation of {4,}

(in number N + 1). Let us remind the reader that F(x) is antisymmetric in 4; and
in u, separately. This allows us to prove the following formula

1 0 1 o
— Y (—nrra <1 += )det |: - ]
N! }Zé n — Ho; od N Ai— e Aner— i la=o0

Differentiating the rows one by one, the right-hand side can be represented in the
form of N + 1 terms. The first is det(1/(4; — y)) all other terms can be obtained
from this determinant by the interchange 4,,<> 1y, , which changes the sign. The
left-hand side of (2.6) can be represented in a similar form if we group the terms
in the following way. First set 4, ,, = Ay : the sum of all such terms is equal to
det (1/(4; — m)), then set 4, = 4,, and collect all the terms. In this way it is clear
that formula (2.6) is correct. Another important property is that the right-hand

(2.6)

side of (2.6) can be obtained from the product H (Aj—mu;)”' by means of

antisymmetrisation with respect to {4;}; explicitly we have

<1+2>det[ L _ x ]
do Y A=t Anver— M fla=o

The final result is

N N+1 a
F(x) = )" exp u(gur- 4 l+—>®mMMFm (2.8)
ji=1 ji=1 o

1 o
Aj— Aner—

N 1

= antisym
P le Aj— b

2.7)

M, =

It is interesting to note that det M is a linear function of a. This follows from the
fact that for the ground state

N
2. =0 2.9)

The Quantum Bose field depends on time ¢ in the canonical way:

Y(x, t) = ey (x, 0)e ", (2.10)

So the time dependent form factor is equal to
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F(x,0)= ¥y {AHY 7 (e, )] Py {udd

N+1 N N N+1
=exp{—-iht+it( D) ,uf>+ix<z =y, AJ-)}
=1 =1 =1 i

i i= i=1

0
'(2i)N<1 +é;>detNM;k|a=0' (2.11)

3. Time Correlator

Let us decompose the correlator over a complete set of states:

1
Y(xgs Y™ (x4,81)) = ; vt o, ) Flxg, 1) =

N N+1
=Zexp{iht21+it21<z 2o 1})
=1 =1

{4}
. N N+1l 22N 1 a
el fm ) (1 5)
1 o 0
-det - 1+__>
N<}~j—#k AN+1 ".uk> a=0< op

1 B )
-det — .
N<’1j—ﬂh Ans1— My =0

Here we use Eq. (2.11), and x;, = x; — x,, t,; =t, — t;. Each of the determinants
here are antisymmetric in {4;}. Taking into account (2.7), let us replace the second
N

3.1)

determinant by [] 1/(4;— w;);
j=1

N N
Y xzs )Y " (x1,t1)> = (N + 1)!exp{iht21 + ity Zl Wi +ixy Zl #;}
j= i=

1/2\* . L2 0
N IX214AN+1 pH 124N +1

.2 . 2. L. .2 . .
elllzl.j+lX21Aj elllz/.j+IX21/.jelt12/.N+1+IX21/.N+1
dety

G pd—) =)oy 1 — 1)

a=0.
(3.2)

Now replace summation with respect to the sets {4;} by independent summation
of each individual 4;;

N+ Y =Y5- 3. 3:3)

{4} Ay A2 AN +1

Each of 4; run through all the values (2.3) (2n/L) j/L independently. Notice that
A; enter only row number j in the determinant (3.2) j=1,...,N. So we have
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N N
Wlxg, W * (xq,10)) =CXP{iht21 + ity 21 #1? +ix;, Z ﬂj}
= =1

1 A 4 2y’
Jr ey N1 g2+ +— }det [ (_>
{L AN +1 a N AJ':;”./L L

{ e“tz‘»}*’"‘zt"j eitlzllj+ix211j
. —a
(Aj_ﬂk)(’lj'—ﬂj) (lj—ﬂj)
1 Z e":zlrzvﬂ*'”‘zx‘un
Lo (Aver—m) }]
Now let us calculate the sum with respect to the individual 4;. In Appendix A it
is shown that in the thermodynamic limit we have:

(34)

a=0

1 errlf'lx,ll 1 « dle"‘z ixA
— -j- T (3.5)
L% A — i A
Introduce the notation
o g itu? —ixp
E(lx)= + H—r (3.6)

—o —H

then it is shown in Appendix A that, in thermodynamic limit:

4 ell).J —xx.l ) 27[ a
I S X .
FL =T g Bl (37
One should also remember that
1 i, LR iz
_ 1 -j lXA] - 1 X )“ .
Z e . _joo e d (3.8)
We introduce also another notation:
G(t,x)= | "™ ™y, (3.9)

Using all these summation formulae we may write the determinant formula (3.4)
for the correlation function in the form

) 1 0
{P(x,, t2)|//+(x1, )= elht2l<2—7;G(t12’ X15)+ £>
~detN<6jk + exp [itzuf — X u;— ity w2 + ixy ]

2
A ———(E(u;lt 5, x,) — E(ug|t{,,x
[WL(#,'—#JJ( (ﬂ,' 12>%12) (Mxlt12,X12))

(3.10)

a=0

o
- L—‘an(.“jltxz’xlz)E(#kltlz,xxz)]>
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Calculation of the thermodynamic limit of this result is straightforward. The final
result for the zero temperature correlator is

(3.11)

) 1 i,
Y (X, 1Y (xy, 1)) = e'hm(ig G(t12,%12) +0_oc>det(l + Vo)

a=0

Here V, is an integral operator, acting on the interval [ — g, g]. The kernel of this
operator V,(4,p) is equal to

E(At12,%12) = B(ultiz,x1) _ o
Vo<z,u)=[ BT R —2—75—3E(ut12,xu)E(unu,xu)]
-exp(%th(/{z+u2)—%x21(l+,u)>. (3.12)

This is our final answer for time correlator at zero temperature.
Now let us consider the equal time case: t; =¢,.
In this case (1/2m)G(0, x,,) = d(x; — x,); this gives commutators

[W(x 1) ¥ " (x2)] = 6(x; — x,),
E(1)0,x,,)= —ime”#*12 for y,,>0.
Also, the kernel V,, is reduced to

2 sin ((xl 2/2)(1 - N)) a 12 inx12/2
_ T yiAx2 inx12/2 3.13
G—p  T2m¢ ¢ (3.13)
In Appendix B it is shown that Egs. (3.13), (3.11) are equivalent to the zero
temperature version of the Lenard formula for equal time correlators.

VO ()“’ /’t) =

4. Temperature Time Correlator
Now let us discuss the temperature correlator

+ —H|T
<¢<x2,t2)~//+(x1,r1)>r=“{‘“’°2’tfr)'(i-(,,",;’)t“e ), @.1)

We shall use Euclidean time, 7 = it. Evolution in 7 is given by
Y(x, 1) = e¥Y(x,0)e .
Euclidean temperature correlators are defined in a similar way to (4.1)

+ —H|T
R R

The traces entering (4.1) and (4.2) can be represented as functional integrals [6],
which can be evaluated by the method of steepest descent in the thermodynamic
limit. Only states of thermodynamic equilibrium contribute. They are the set of
eigenfunctions of the Hamiltonian (an infinite number in the thermodynamic limit),
which were described completely by C. N. Yang and C. P. Yang [3]. All these
eigenfunctions correspond to the same distribution function in momentum space
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(1.8). Tt is interesting to mention that the mean value of ¥(x,, t,)¢ " (x;,t,) with
respect to one of these eigenfunctions is independent of the choice of eigenfunction
(if it belongs to the set of states of thermal equilibrium). This mean value is equal
to the correlator (4.2). This permits us to calculate the temperature correlator (4.2)
by means of formula (3.10)

1 0
<‘//(x2’72)'//+(x1’71)>T=eht2l<EG(712’xl)+£> xdet(l+V)l=o.  (4.3)

Here V is integral operator acting on the real axis. The kernel V(4, u) being equal to

e(1/2)121(12+M2)e—(i/2)x21(1‘"#)

V(l’”)z\/l +e“2""/T\/1 + eW =hIT
-[w"”’x,’riz;_EL‘)‘ 'T””‘”)—%Eumz,xu)E(ulru,xu)], (44)
where x,,=x; —x,; 0= 1,,=1,— 1, <1/T; 7, = —1,;. Also, we used the
notation
G(le’xlz)=§dﬂe_m”2kim", 4.5
di

E(ult15,x15) = l_ueumlz—m“' (4.6)
This is the final result for the time temperature correlator in the Euclidean case.
It is represented as a Fredholm minor.

Now let us present a similar representation for the real time correlator (4.1).
It can be obtained from the above formulae by the replacement 7 = it, or from the
zero temperature case (3.11) by replacement of V, by V, acting on the whole real

axis. The kernel V(4, ) is equal to
Vo(4
V)= ot 1) . @)
\/1 + W —WIT \/1 + W —hIT

For Vy(4, 1) see (3.12)

% 4.8)

Here G is given by (3.9). The equal time case is treated similarly to the zero
temperature case; now we need

) 1 0
Y, )W T (x1t1) D= e'hm<2—7; G(ty2,x1) + "‘>det(1 +V)

a=0

VO('L “)
J1+eFIT /14 W= hIT’

Here V,(4, p) is given by (3.13). In Appendix B it is shown that the Fredholm minor
of (4.9) (as the formula for {y(x,)¢¥*(x,)>r) is equivalent to the Lenard formula.

VAW = (4.9)

Conclusion

We have represented the time-space dependent field correlator of an impenetrable
Bose gas as a Fredholm minor. The case of many field correlators will be considered
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by N.A. Slavnov in a forthcoming paper. In our next publication we shall
present differential equations driving these correlation functions. These will be
generalizations of Painlevé equations to partial differential equations.

Appendix A

First let us study the behaviour in the thermodynamic limit of the following sums:

9(4)
S, = A Ly A.l
' A =ZZ:WJ/L A= (A1)
Here j runs through all integer (positive and negative) and g(4) is a smooth
decreasing function, for example g(4) = exp (itA? — ixA). (We shall use the standard
regularisation ¢t -t + i0.) We transform (A.1),

1 g(4;) — g(#k) 1
S, =— L= 4 —
17T 3 it 1'_ on g(#k)jezj—%
1 1 di
- A). A.
i 00— gm)) =5 [ (A2)
Here we used the formulae

1 di
—=0; —=0. A3
jEZ; ji=z A—p (A-3)

So the thermodynamic limit of the sum (A.1) is equal to the integral (A.2)

1

—_— A4
L A;=2mj/L 1 —llk _f— g( ( )
Consider now the more singular sum:
1 A
S, = 9(4) (A.5)

L 3,-5 (4 — (A — m)*

To study the thermodynamic limit, we transform it in a similar way:

g4 ( 1 )2 1« g(h) — g(w)
==Y\ )t (A6)
2 L ; A= I L;j (A — )
The first term can be transformed in the following way:
g(m) 1 )2 L ( 1 )z L A
L —1] =79 7
L az,(ij—uk w2t L \73) =7 A7)

The second term can be written, by means of (A.4), in the form

l g(lj)-g(ﬂk)_’L g(;‘j)—g(ﬂk) A8
Ll G—m? ~am P40, (A-8)
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Now we use (A.3) to get

1R —e) 10 B —gm) 1 0 dgl)
2n (4;— )’ 21 O (45— o) 2n o 7 A — Iy
Finally we have
1 g(4;) L
— s A.10
L sy B Uy — ey 49T 2n auk Yita (A10
In our case we obtain (3.7)
elMJ —1x4; Lz L a
Tk 4 = E(pt,x A1l
lzjuj_ PR 27 o, (melt, x). (A.11)
Appendix B
For the equal temperature correlator Lenard [1] showed that
. 1 2
WP (=x)>r=_plx, —x)det| 1——0 |; x=0. (B.1)

Here we use the fact that (i *(x;)¥(x,))> depends only on difference x; — x,. In
(B.1) 0 is a linear integral operator acting on the interval [ — x, x] with the kernel

OE—n) = -;- °j° )€ M1(3). (B2)
Here we denote
0 = = ®3)
The kernel of the resolvents operator is defined in the usual way:
pen =2 § 0~z =0 -, (B4)

The value of the kernel p(x, — x) at the ends of the interval [ — x, x] enter (B.1).
Our formula (3.13), (4.9) for the equal time case can be represented in the
following way:

W (= 0)r =%det(1 —%K). [die JOf.().  (BS)

Here we evaluate the derivative with respect to «. In (B.5) K is the integral operator
on the real axis with the kernel

K = /00 5 S ), (B6)
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and the function f(4) is defined by the integral equation

0

2
Je@)—— | K fe(wdp=e*/0(d). (B.7)

We will show, by means of Fourier transformation, that (B.1) and (B.7) are
equivalent. Consider the integral equation

2 x
e —— | @ -8)e(&)de =Q(®). (B.8)

Taking the following Fourier transforms

»(&) = Idl\/f?( Je A (2),

)= | dceo
Fl)=—— | dtea), (B9)

2. /0(2) -

one has the following equation for the function f(A):
2 ©
f)— - _j K4, W f(wdp = F(4). (B.10)

The kernel K(4, p) is exactly (B.6). So the Fredholm determinants of operators (B.2)

and (B.5) are the same:
det(l—zK>=det<1—36>. (B.11)
T 4

[ e B f-(Hdi.  (B12)

- 0

Now let us show that

1] =
plx, —x)=7 J €00 [ ()dh =

Nl'—‘

Here we change the sign of the integration variable 4. To prove (B.12), consider
Eq. (B.4) for n = — x. The Fourier transform of p(¢, — x) is denoted by r(4),

T deep(t, =) (B.13)

A
rh= 2. /60(A)

Fourier transformation of (B.4) leads to the equation for r(4),

)~ § K G ) de =40 e (B.14)

Comparison with (B.7) shows that
rA)=%1f_(A). (B.15)
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Inverse Fourier transformation shows that
1 © )
p(x, — x) =3 [ dre* /O(2) f-(A). (B.16)

So (B.12) is proved. This finally shows that (B.1) and (B.5) are equivalent. Also,
our formula in the equal time case is equivalent to the Lenard formula [1].
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