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Using a system of Heisenberg’s equation of motion for both the normal and the anomalous correlation func-
tions a two-fluid hydrodynamics for superfluid helium-4 was constructed. The method is based on a gradient
expansion of the exact equations of motion for correlation functions about a local equilibrium together with
explicit use of the local equilibrium statistical operator for superfluid helium in the frame of reference, where
condensate is in the state of rest.

Key words: two-fluid hydrodynamics, correlation function, superfluid helium, statistical operator

PACS: 67.25.dg

1. Introduction

Superfluid behavior is the most striking property of liquid helium-4. The superfluid 4He is a
quantum degenerate system with spontaneously broken symmetry. Its feature is the macroscopic
occupation of the lowest-energy single-particle quantum state or, in other words, it is the presence
of condensate. As a result, the state of statistical equilibrium of the system with spontaneously
broken symmetry depends on eight quantities: particle density p, energy density £, momentum
density 5 and superfluid velocity v5. Presence of additional velocity field leads to the two-fluid
hydrodynamics of such a system.

The two-fluid hydrodynamic equations for the superfluid *He in the phenomenological consid-
eration were constructed by Landau in 1941 [1]. These equations were derived at the microscopic
level by Bogolyubov in 1963 [2].

As a starting point in Bogolyubov’s paper, there is a set of equations of motion for local
quantities (particle density, momentum density and energy density), which easily follows from
Heisenberg equations for both creation and annihilation operators; as well as the equation for
anomalous average (¢). Thus, from the latter there follows a hydrodynamic equation for superfluid
velocity.

To perform a transition from formal equations of motion to hydrodynamic equations Bo-
golyubov considered a stage of evolution when it approaches the equilibrium. Then it is possible to
assume that a local equilibrium is established in the system. It is described by the statistical op-
erator with parameters that depend on space coordinates. At the approach to the thermodynamic
equilibrium these parameters are slowly changed in space and time and therefore their gradients
are small. The procedure of expansion by the gradients is formulated by the introduction of the
so-called “parameter of homogeneity” into the equations of motion. Then, expansion in terms of
gradients coincides with expansion by this parameter. Introduction of the parameter of homogene-
ity in Bogolyubov’s paper was carried out in a formal way.

When the conservation relations for the local hydrodynamical quantities are constructed, the
next step is to calculate the hydrodynamical flows in these equations. Bogolyubov calculated the
momentum flux by using a very elegant “scale transformation” method. But the flux of energy
is obtained inconsistently. A more acceptable method of calculation of the energy flux using an
explicit local equilibrium statistical operator was proposed by Morozov [3].
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Our paper is similar to the Bogolyubov’s article [2], but we work with equations of motion
for the correlation functions which are written in the mixed Wigner representation. It permits an
expansion by the gradients to be directly realized with great ease and with rigorous mathematics.

To calculate hydrodynamic flows we use an explicit form for the local equilibrium statistical
operator. But in contrast to Morozov’s work, which operates with statistical operator of the super-
fluid helium at the laboratory reference system, we construct one at the reference system in which
the condensate is motionless. This provides an essential simplification, because in the local frame
of reference moving with o5 the superfluid component is stopped, then the total current is carried
by the normal component.

We conditionally separate the construction of the two-fluid model into two stages. At the first
stage, using Heisenberg equation of motion for both normal and anomalous correlation functions,
we derive conservation relations for densities of particle p, momentum ; and energy ¢, as well as
equation of motion for superfluid velocity #s. At the second stage, we express hydrodynamic flows
in conservation relations in terms of the already introduced variables (p, j and €).

2. Construction of the two-fluid hydrodynamic equations

2.1. Equation of motion for correlation functions in the mixed Wigner representation

The helium-4 is a typical Bose system with pair interaction. Its Hamiltonian in the second
quantization representation has the following form (we set i = 1 throughout this paper)

i = [ar0r0) (<5 o0 + 5 [dareG— et et e, )
here " (7) and (7) — are the creation and annihilation operators, respectively, ® (7 — ) =
(|7 — #|) — is interaction potential.

To construct the hydrodynamics of a system with spontaneously broken symmetry we should
proceed from the extended system of correlation functions [5], which is formed both by a normal
and by an anomalous correlation function. Therefore, we will start with the system correlation
functions in the next form

(¢+(7717t)¢(772,t)>7 <¢(F, t)> (2)

Here, the angular brackets indicate an average at the local-equilibrium ensemble, and the de-
pendence of the creation and annihilation operators on the time is given through a Heisenberg
representation, for instance

w(f»’ t) —_ ethw(F)e_th.

Notice, that an average in (2) is treated as quasi-average [4]. For the sake of simplicity, we will
not take “v ”-term into account which breaks the symmetry of the Hamiltonian (1).
Using the Heisenberg’s equation of motion

oY(r,t 1
U (30, I =~ 800 + [ AR 70 0 00 )
we obtain the equations of motion for correlation functions (2).
These equations are as follows

.0 . . 1 . .
IEWJF(“JW(?DJ)) =5 (A1 = Ag) (W (71, t)(Pa, 1))

- /dT’ {(I)(rl - F,) - (I)(_’Q - F/)} <’L/J+(7_”1,t)@/}+(7:¥,t)1)/}(7:¥,t)1)/}(772,t)>, (3)
i (W 0) = 5 =AM ) + [ A8 = )W U 0 ) ()
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The next step will be the separation of gauge-noninvariant multipliers (in fact we will use a
reference system in which the condensate is motionless). Such a separation of the phase has the

form

Y(F,t) — P(F,t) = (7, t)el ™),

The separation of the phase transforms correlation functions following the rules

WH(FL (R, ) = XD XDIG (R 7y t),
W(Ft) = ™IER(F ),
WL T (7 O (T, b)) = XTI XTLII DM 7 75 ),
W O () = emXTIDE (i),

The functions G, F, DM and D) at the statistical equilibrium state are spatially homogeneous.
At the nonequilibrium states, the functions’ changes will be spatially inhomogeneous.
Then, the equations of motion for G and F are as follows

0
{ig +mx(F, 1) — mx(2, t)}G(Flv ;1)

= (51— ma (71, 0)2 — (s + mi (72, )% | G, i)

1
2m

- / a7 {B(F) — %) — By — )} DO (7, 7o, 73 1), (5)

+/df’c1>(7tﬁ)p<2>(jﬁ;t), (6)

where ¥; = Vi is superfluid velocity (velocity of the condensate).

The transition to equations of hydrodynamics is performed using an expansion of equation (5)
in terms of space gradients. This expansion can be simply performed by using the so-called mixed
Wigner representation [5]. For this purpose, we introduce new variables

—

R=2(f+m), F=i—f.

N =

After the Fourier transformation with respect to relative coordinate 7 we obtain

f(F17772,t)—>f( _"F’t):/(;;g:;f(ﬁ,ﬁt)eiﬁi

and
L o5 i L o5 i
T1—>R*§Vﬁ, TQ*)R‘i’iv;ﬁ,
5o, i
PL—P-5VE, P2 D5V (7)

Any function of R+ i/2 -V can be understood in terms of its power-series expansion

Lof) o
2 9R Op

f (R’+ %vﬁ) = f(R) +

659



P. Shygorin, A. Svidzynskyj

Using procedures (7) and (8) the equations for correlation functions can be written as follows

(R - (R ; (R.#)2 (R
0GHE) o i G t) 0 [ (oot moa(R)? 9Gs(Ry)
ot 8pi 8R] 2m apj

OR; OR; or’ Op;

. (1)
(24 ) 0GHR1) 0 ( /d_,@cI)( )r;aD (R, ﬂf)) _0.
<I% — mx(R, t)) F(R,t) = ﬁ (‘ﬁ+ mi (R, t)) F(R,1)
i (VguaRo)) PR + /dm)qﬁ _#)YDO(R, 1), (10)
Here
G(f.) = [ ar(wt (R G004 3.0 o (1)

Mg .
Dﬁ (R,T‘ at)

Il
—
o
!
S
<
+
-

- S wr @ ou 0w (R 5 ), 2

In the obtained equation (9) the second order terms with respect to space gradient (the terms
proportional to V%) were neglected.

The equation (9) we denominate as a generating equation, because its application provides
conservation laws for the hydrodynamic quantities. Equation of motion for superfluid velocity will
be obtained in terms of (9).

Let us proceed to obtaining differential conservation laws (balance equations).

2.2. Equation of motion for superfluid velocity

Let us consider the equation for an anomalous correlation function (10). After separating real
and imaginary parts in this equation we find

. 1 = = =
(mX(R,t)+ 2mv 2(R, t)) F(R,t) = %v; (R, )—/df’(l)(|R 7D (R,7;1). (13)
Hence
L wpRy @RS F)DOE
X(R7 t) = __1732(R7 ) —: - =3 ’
2 2m2F(R,t) mF(R,t)
or .
$( 1) = iR ( ) - 1O (1)
Here
) V2R /df’@ﬂé—m)pm(é,ﬁ 0
w(R,t) = — + =
2m2F(R,t) mF(R,t)

is chemical potential [2].
Applying the operation V3 to equation (14) we obtain the equation of motion for superfluid

locit
velocity aﬁs o
5 —0. 15
m—r+ Vi ( 5 u) (15)

This is the first hydrodynamic equation which shows that the superfluid accelerates freely
under the applied fields. The remaining hydrodynamic equations are provided by the conservation
relations for the particle density p(R, t), momentum density j(R t) and energy density & (R t).
These equations are simply obtained from calculation of moments of the generating equation (9).
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2.3. Equation for particle density

By definition

. L 5 =
D) = mlt (Rw(R.0) = m [ Gyl
After integrating (9) over p' we find
op -
Py dive = 1
5t + divy =0, (16)
where
= dp’ = N - N
J(R,t) = (27T)3pG]5(R7 t) + pUs = jo + pUs - (17)

The (16) is an equation of continuity for particle density. The j(]%, t) is a momentum density,
respectively, and jg is a momentum density in the reference system where condensate is motionless.
Calculation of the jg in an explicit form will be performed in section 3.

2.4. Equation for momentum density
Using definition (17), we find that

dgx 0 . [ AP G R,t) v
ot - at(]()kJFPUsk) /(27'(')3 (pk+mvsk) ot +p ot

Taking the moment of the generating equation (9) with respect to p + m¥s and using the
equation of motion for the superfluid velocity (15), we obtain

O0jr , Olly;

ot ' OR;

— 0. (18)

The flow of momentum density (stress tensor) is given by

1 dp . 1 oD(r') dp ), 5
= Uskjoj + Usjjok + pUskVs; + Hok; (19)
where
1 dﬁ — 1 8@(r’) dﬁ 1,5
Hogj = — | ——=pkp;Gs(R,t) — = [ dF ! -D." (R, 7;1). 20
0kj m / (27r)3pkp] p( ) ) 2 / r a’]"% T] / (271_)3 7 ( T ) ( )

2.5. Equation for energy density
By definition the energy density of particles in the laboratory system of reference is as follows

1
T 2m

(Vo EOVHED) + 5 [ AP ) 0w 0, Do)

In the system of reference where condensate is motionless the energy density is

5 1 dg - \2 = 1/ —y n / dp’ V), 3
= — [ —— = — o — D :
E(R.1) =5 /(2w)3(p+mvs) GoAR.1) + 5 [ e R ) [ GEaDl (R0,
or

1

€ =& + joTis + 5 pv? (21)
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where
1 dp’ ~ 1 - dp’ -
£ = %/WpQGﬁ(R,t) + 5/dF’(I>(|R—F’|)/ (%)BD;”(R,W;@. (22)
By analogy to previous subsections we find
g—f +divQ = 0. (23)
The energy flow is given by
- R T W
Q=&+ joUs + 3PUs ) Us + Vs Jo + Ip¥s + Qo (24)
where
1 dp’ ~ 1 dp’ _,
Qor = %/ (2ﬂ)3p2kaﬁ(th)+ %/df"q’(ﬂ)/ (27T)3Pk171(;1)(3,7_";t)
1 8(1)(7“1) dﬁ 1), =
- 5 /df’ 5 7“;9/ (27r)3ijZ(3)(R,f’;t). (25)
J

The set of equations (15), (16), (18) and (23) form a complete system of two-fluid hydrodynamic
equations for superfluid helium-4.

3. Calculation of the hydrodynamical flows

In the previous section there was obtained a system of balance equations. These equations are
incomplete, because the flows (17), (20) and (25) are unknown. When we have an explicit expression
for G-function, then finding the hydrodynamical flows is realized by calculating the momentum
integrals. In the case of superfluid helium,it is impossible to find the G-function. Therefore, we
should develop some “indirect” method of finding the flows (17), (20) and (25).

In this article, to find the hydrodynamic flows, we used an explicit expression for the local equi-
librium statistical operator. In contrast to paper by Morozov [3] we construct a statistical operator
in the system of reference where the condensate is motionless, which provides some simplification.

The local equilibrium statistical operator that describes a superfluid helium in the system of
reference where condensate is motionless is as follows

6= exp { [ ) (27 - o)~ ah(r) - 25 } . (26)

In the local frame of reference moving with v the superfluid component is stopped, then the
total current is carried by the normal component.

Therefore,
- > o0 L
Jo = (Po) = o5 = Pl (27)

Here, p,, is the normal fluid density.
Substituting from (27) into (17) we find the momentum density (mass flow)

-

7= Jo+ pUs = pp(Tn — Ts) + plls = pu¥n + (0 — p)Ts = pnn + psis (28)

where ps = p — py, is superfluid density.
To find the stress tensor we use a very elegant “scale transformation” method introduced by
Bogolyubov [2]. As simple calculation gives

ok = prusur + 0P, (29)
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Q
where P = pé; — is pressure.

The final form of a stress tensor is

Wi, = Ioik + vsiJok + VskJoi + PUsiVsk = PsUsiVsk + PnUniVnk + Oik P (30)
To calculate the energy flux we employ an obvious identity [3]:

([A4,5]) =0, (31)
where A is some dynamic quantities and S is an entropy operator, that defined by relationship
0 = exp{—5}.

Substituting in (31) A = H and using (26), (29) we find
0o = (pnu2 n % + TS) i (32)
Finally, expressions for hydrodynamical flows have the form:
.;: PsTUs + ppUn, Un = U+ s, ILik, = ppVniVnk + PsVsiVsk + Oix P,
— 2 -
J= (7 + L) T+ TSt + puiin (@, - (T — 0)). (33)

These hydrodynamical flows coincide with the ones in two-fluid hydrodynamics of Landau [1].

Acknowledgements

The work was supported by the State Foundation for Fundamental Research of Ukraine
(Project No. F25.2/011).

References

Landau L.D. JETF, 1941, 11, 592 (in Russian).

Bogolyubov N.N. Preprint UINR, Dubna, 1963 (in Russian).

Morozov V.G. Teor. Mat. Fiz., 1976, 28, 267 (In Russian).

Bogolyubov N.N.; Bogolubov N.N. (jr.) Introduction to the quantum statistical mechanics. Moscow,
Nauka, 1984 (in Russian).

5. Svidzynsky A.V. Microscopic theory of superconductivity. Vol. 1. Lutsk, Vezha, 1999 (in Ukrainian).

=W =

MikpockoniyHa no6yaoBa aBOpiAMHHOI Moaeni ansa
HaAMJIMHHOIO renito

M. lWwuropiH, A. CBia3VHCbKMIA

BonunHcbknin HauioHanbHWI yHiBepcuTeT iM. Jleci YkpaiHku, Jlyupk 43025, np. Boni, 13, YkpaiHa
OTtpumaHo 24 yepsHs 2009 p., B octato4HoMy Burmaai — 30 BepecHsa 2009 p.

BukopucToBytouM cnuctemy ran3eH6epriBCbknx PiBHSHb PyXy AJ11 HOPMasIbHOT Ta aHOMaSIbHOT KopensLjn-
HUX PYHKLI NoOyLoBaHO ABOPIAVHHY riapoanHaMiKy Ans HaArIMHHOrO renito-4. BuBeneHHs 6a3yeTbes
Ha pO3Knaji 3a rpafieHTamMmn TOHYHUX PIBHSHb PYXY AJ1S KOPENauiiHX GyHKL No®nnay nokanbHoi piBHO-
Barv pasoM 3 BUKOPUCTaAHHAM SBHOrO BUMSAAY AJ19 JIOKAJIbHO-PIBHOBAXHOIO CTaTUCTUYHOrO onepartopa
D15t HAOMNJIMHHOTO Tefito B CUCTEMI BigJliky, Ae KOHAEeHCAT HePYXOMUIA.

Knio4oBi cnoBa: gBopiavHHa rigpoavHamika, Kopensuivina QyHKL IS, HaAMIMHHWY reaivi-4, ctatncTnyHui
orneparop

PACS: 67.25.dg
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