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Quantization of the hydrodynamic modes in superfluid ‘He with a free surface is carried out. A
complete and orthonormal set of eigenfunctions for both ripplons and surface-reflected phonons is
constructed. Applications of the formalism to the calculation of the thermal energy density near the
surface, the temperature-dependent part of the surface tension, and the rate at which power is absorbed
by the surface from an incident phonon beam are given.

I. INTRODUCTION

In recent years there has been considerable in-
terest'”® in the properties of the elementary exci-
tations (ripplons) associated with the presence of a
free surface of superfluid *He. Of that work which
has dealt with the longer-wavelength excitations,
much''? has followed the original idea of Atkins®
in treating the excitations as quantized capillary
waves in an incompressible fluid. One exception
is the work of Edwards et al.,* who did account for
the effect of phonons on the temperature-dependent
part of the surface tension. Another is a calcula-
tion by the author,® utilizing a response-function
technique of inelastic neutron scattering from the
superfluid *He free surface. Nowhere, however,
has there appeared the complete, unified treatment
of all the hydrodynamic modes of the *He system
necessary for the calculation of such quantities as
transition rates arising from interactions between
the modes.” It is the primary purpose of this
paper to provide such a treatment.

In Sec. II we solve the hydrodynamic equations for
an ideal compressible fluid with a planar free sur-
face and obtain an orthonormal and complete set
of modes. In Sec. III we construct a Lagrangian
and Hamiltonian and then quantize the Hamiltonian
in oscillator form using the complete set of oscil-
lator modes found in Sec. II. Finally, in Sec. IV
we present some applications of the formalism,
We first calculate the temperature-dependent part
of the energy density near the surface and from
this the temperature-dependent part of the surface
tension, including contributions from both ripplons
and phonons. Secondly, we derive an expression
for the power lost to the surface (in the form of
ripplons) by phonons incident on the surface and
show that the power loss might well be observable
for very energetic (phonon temperature ~7 K)
phonons.

II. CONSTRUCTION OF AN ORTHONORMAL
AND COMPLETE SET OF MODES

The construction of the modes begins with the
set of linearized hydrodynamic equations describing
zero-temperature ‘He with a free surface. We
shall assume that the surface is located a z =0, the
bulk of the unperturbed liquid being in the half-
space z <0. The linearized hydrodynamic equa-
tions for the bulk are

aégfr” 7t =0, 1)

8v(rt)+v (rt)=0. (2)

Here 0p(7t) is the deviation of the density from its
equilibrium value p,, V(¥t) is the superfluid veloc-
ity, and u(¥?) is the chemical potential. Equations
(1) and (2) must be solved subject to the boundary

conditions®

GP(Ft)Iz= =-—0’°Vﬁ§(f“’t), (3)
g (T, t) _
ot =%, o, @)

where (1), t) is the pos1t10n relative to z =0, of
the surface at the point 1, =x7 + y] 0, is the (zero-
temperature) surface tension, 6P(rt) is the devia-
tion of the pressure from its equilibrium value,
and V%=0%/0x% +98%/8y2, It is convenient to intro-
duce the velocity potential ¢ (Tt) via

V(Ft) =V (), (5)
and to use the relation
P01 (Tt) = 8P (Ft) = s20p (Ft), 6)

where s is the zero-temperature sound velocity.
It is now a straightforward matter to use Eqgs.
(1)-(6) to obtain the wave equation
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92p(T
;pt(:t) - s*V2p(Tt) =0 (M

for ¢(rt) and the boundary condition

92 (Tt) 0,V: d¢(Ft)
2 = ’ (8)
ot 2=0 p0 9z z2=0
which ¢ (r¢) must obey.
Our problem now is to obtain a complete set of
orthonormal eigenfunctions satisfying (7) and (8).
We search for functions ¢(rt) having the form

00 () = 9o (2)ei T gmivart ©)

where { is a wave vector parallel to the surface
and ! is an index which will describe the z depen-
dence. Clearly, solutions with different q’s will
be orthonormal. Inserting (9) into (7) and (8)
yields

0 _ 2 Y
(227 - 0*)0u@) =% 0u0), 10)
9

_— - ;’;2" $a0). (11)

The solutions to (10) and (11) have some important
general properties. To discover these we multiply
(10) by ¢+ (z) and integrate over z,

f_ < Pq (&) _wqi_) +q2), (Z)cpq,(z)>

w2 0
-t [ dzok@)oat). (12)

Integrating the first term in large parentheses on
the left-hand side by parts, assuming that the con-
tribution at z = -« is zero, and using (11) to eval-
uate the contribution at z =0, allows one to write
(12) in the form

J-o dz (M 29a) +q2<pf,;(z)(pq,(z)>

— 9z 9z
w2, [ pes? 0 .
=52 <0 PE (qu'(0)¢qz(0)+f dz (Pqt’(z)<ﬂqt(z) .
o —w

13)

From this result, takenfor the case I=10', it is
clear that %, is both real and positive, i.e.,

w?* w2 =0, (14)

ql" ql »

Next, if we take the complex conjugate of (13), in-
terchange ! and !/, and subtract the result from
(13), we obtain [using (14)]

(wa" t)_< 2 <Pqt (0)(Pqt(0)

[ aen@eae)=0.  as)

From this it follows that

[ 42050 @)0ue) + 228 70000 0) =0,

(16)

if w?, #w?,, This is the desired orthogonality
relatxon between the modes. We see from (13) that
this also implies

,J-_o.,,d <3<P81Z'(Z) 3<Pg;()

+q2<p;‘,:(z)<pq,(z)>=0; w2 # Wk, am

To proceed further, we will need explicit ex-
pressions for the eigenfunctions ¢,;(z) and eigen-
frequencies w,;. There are two types of solutions
to (10) and (11). We will just state them; the fact
that they are solutions is easily checked. The
first corresponds to a capillary wave (indexed by
1=0) and is

Peo@) =[2D, /(g2 +D2)/?] 2, (18)

The quantity b,, the inverse decay length «, and
the ripplon frequency w , are determined from

0,92
o= giie s Kby @ b,
kq? 1/2
(,_)q(’: <£Q._q_> . (19)
Py

Here ¢, (z) is normalized according to
0 2 szp 2
[ el oulelt+ o2 lo@==1, 20)

as is suggested by (16). The second type of solu-
tion corresponds to a phonon reflected at the sur-
face and is

Pp@) =™ ~R e k>0, (21)

The reflection coefficient R, and phonon frequency
w,, are given by

g% + K - 2ib .k

Ra= g aiv Wp=s@+R)2 (22)

The z component 2 of the phonon wave vector is
restricted to have positive values. Otherwise, the
set of eigenfunctions (18) and (21) would be over-
complete. This is easily seen if one notes that a
reflected wave with wave vectors q and % is equiva-
lent to one with wave vectors q and —k.

Now, it is easy to show that w_, <sq for all finite
q. Hence, phonon and ripplon frequencies are

_ never equal, and the phonon and ripplon eigen-
functions are orthogonal via (16). The same holds

for phonon eigenfunctions with different values of
k. There remains the question of the normaliza-
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tion of the phonon eigenfunctions. In fact, these
functions, as given in (21), obey the relation

[ @z on@)0u)

228 05 0)pq (0) =270 (k= k"), (23)

To prove this, note that
0 *
|42 05@)0w @)

~0
=f dz eez(e-tkz__R:; e:kZ)
-0

X (eik’z —qu/ e-ik'?.),

where € is a positive infinitesimal introduced to
make the integral well defined. The integral is
simply done, and making use of the relation

1/(x +i€)==inb(x) +P/x, (24)

the fact that 2 and k&’ are positive, and the defini-
tions (19) and (22) of b, and R, leads immediately
to the verification of (23).

Finally, we prove that the ripplon and phonon
eigenfunctions (18) and (21) form a complete set.
The question of completeness as regards the x
and ¥y coordinates is obviously handled by the
¢! factors in the eigenfunctions. Hence, all
we really need do is show that

> 0k k) =6 - 2"). (25)

The phonon part of the sum in (25) is (€=0" is a
convergence factor)

AR _epy -inat
e ek(e ikz

o _ R:k eikz')(eikz_ que- ikz)

0o

=6(Z"Z')—f ﬁ(R* ik(z+2") R e—;k(z+z ))
0

(26)

where we have used (24) and the property |R,[%=1.
Using the property R}, =R, _,, the integral on the
right-hand side of (26) may be put in the form

(R* ik(z+z’ )+R e-tk(z+z ))

J(z+2')= f
dk
e 27r

T dk q*1k*-2ib.k
w 2T QZ+RE+ 2ibk

- -ik(z+Z')

—1k(z+z’)

@7

Since z +z’ <0, we can evaluate the integral by
closing the contour in the upper half-plane, picking

up the pole at k =ik [« is defined in (19)] to find
oz +2") =[2kb, /(02 +g2)1 /2] " &*5, (28)

The phonon part of the completeness sum is thus
8z —2') [szq/(qz +b§)1/2] eK(z+z')’

the second term of which is canceled [see (18)] by
the ripplon contribution. Hence, (25) is proven.

III. QUANTIZATION OF THE MODES

The procedure we follow here is the standard
one of first constructing a Lagrangian and then a
Hamiltonian for the set of field equations (7) and
(8). The Hamiltonian will then be quantized in
terms of creation and annihilation operators for
the orthonormal and complete set of modes con-
structed in Sec. II.

We multiply (7) by a variation 8¢ (rt) and inte-
grate over the volume of the fluid and over atime in-
terval ¢, to {,. Imposing the conditions 0¢(T,¢,)
=8¢(r,t,) =0, carrying out some parts integra-
tions, and expressing the result in terms of Fou-
rier components of ¢(tt) defined by

o) =2 e Tigret), @faeh)=gzih), (29)
q

we obtain
loz@lz  s%¢%, .,
dth ( - = lezed)
SZ 2
- —2— 9z >
t
+s2f "dy 00— gr(at) =0,
t, z q 20z z=0
(30)

Use of the boundary condition (8) in the last term
of (30), doing a parts integration in time, and
multiplying by a factor p,/s? leads to the principle
of least action for the system,

t
6 [ *Lat-o, (31)
121

where the Lagrangian L is given by

0 . 2

=2 [ as(35 lpzenr - K5 gz
q

)

2 ’(pq(o t)’ : (32)

_ Py | 393(zt)
2 9z

+Z

It is easy to verify that variation of the action
with respect to goi:(zt) leads to the Fourier-trans-
formed version of (7), while variation with respect

20,9
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to ¢X(0, ¢) leads to the Fourier-transformed equa-
tion (8). Thus ¢,(zt) and ¢,(0, 1) are, in fact, in-
dependent variables coupled by the constraint of
continuity at z =0. The momentum conjugate to
@7 (zt) is

oL p

. %
e et) = 505t~ s? 0360

=P2o 560, (33)
while that conjugate to ¢7(0,¢) is

oL p2 . x
o= _ By ¥
3(:00(0, DR G Ql’q((), t)

X0, =
- "22 0-1(0, 1). (34)

Consequently, the Hamiltonian for our system is

(o] 2
12 [ az (1ol + 24 lozeni?
q -0

P, - 2
+_2Ql 0z )
2o B 130,02, (35)

Recalling that ¢, is a velocity potential, we see
that the second two terms in square brackets in

J

/2 9 ¥ w
Frlen =2 <zp > (““e 52 >[Ca.z¢-a.x(z)e‘ art
O

(35) are just what we would write down for the
kinetic energy of the fluid, thus justifying our
above multiplication by p,/s?.

Introducing the transformation

;s N2 5
(gt)=) i C.+ 0o+ ;(2)e*“ar?
<Pq( ) ‘Z <290w31> [ q,l(p q,l()

- Caa95R)e™ 1], (36)

and imposing the canonical commutation relations,
[on(et), T30 (71)] =il 0 5:0(2 = 2'),

[o3et), o3 D] =[3(et), 75 @'D] =0

leads, via (33), (35) and the orthonormality results
of Sec. II, to

(37)

H= Zﬁwq,(c 1 Cz i +3), (38)

and the fact that the annihilation and creation
operators C7,; and C%_, obey the usual Bose com-
mutation relations, as expected.

Operator expressions for the velocity ﬁ(zt), the
density deviation 0p,(zt), and the surface displace-
ment ¢,(z¢) will be useful in subsequent calcula-
tions. Utilization of (36), (5), (2), (6), and (4)
leads to

"C?u <p’a,,(z)e"'""a¥‘],

op7(zt) = +Z< 232 > Cfa,,<pfa,l(z)e"“’q"+Ca,,<p;.,(z)e"“’«l‘], (39)

}"Z w
tqt)= Z( szfzw ) [C%'l (pfa,,(O)e{ a1t

+C%, 975..(0)e '],

IV. APPLICATIONS

As a first example, we calculate the energy associated with the free surface at temperature T, From

(35) and (39), the energy density €(z) is

€)= Z(ﬁﬁ(f)—lﬂf—’ o opeop o) + 2 0 Neki)

=_al h‘c; _B'h—l—"ii: <2|¢qz(z)l

where f=1/kzT. The energy associated with the
surface is just

es:f’ dz [e(z) = e(=)], (41)

where

QDat(z)
9z

)+|¢q,(z)12 . —f-,—gl ERORION (40)

"u 2
€(~) = Wit SR oar o1 (42)

Tt

is the energy density deep in the bulk of the liquid.®
The prime on the summation sign indicates that
the ripplon mode is omitted. The surface energy
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is most conveniently expressed in terms of sepa-
rate contributions from the phonons and ripplons
€? and €], respectively. Combination of (18),
(19), and (40)-(42) yields

11%)
€= Z: — e _ 43)
qa

eﬂﬁwqo -1

Similarly, combination of (21), (22), and (40)-
(42) leads to'®

p__ 1 nsq
€s=77 ePrse
ﬁqull "'Rﬁ|_2_ 1
*;‘3 . 8b, B —1 (44)

While the integrals involved in (43) and (44) cannot
be done analytically for all temperatures, at low
temperatures an expansion in powers of the phonon
thermal wave number times the length o /po

=0.45 A proves useful. We find

et ) )
! <%B§>3§(3)+0(T1°/3)_ (45)

L

Consequently, the temperature-dependent part of
the surface tension 6o (Helmholtz free energy per
unit area for the surface) is

no/p 2/3<kT 7/3 <7> <7>
60 = —— [0 —_ — -
¢ 4n <oo> ﬁ) r 3 ¢ 3
1
* 167

( Lt T) £(3) +0(T29), (46)

A more interesting application of the results of
Secs, II and III involves the calculation of transi-
tion rates. To the harmonic Hamiltonian which
we have derived we add perturbations whose form
is determined via standard quantum hydrodynamic
arguments. The Hamiltonian, valid to third order
in small quantities, is

H=H,+H, +H,,
H,= f dxdyf dz( ’z(r)+-——[5p(1‘)]>
f dx dx o[£ (%, 9)]?,
i - [ dxdyf [G(F)-Gr;(f“)?(f)
(2 Ssee?,

H,= fdxdy< v(T) s (x,»)V(T)

@)

“ g 5@ 0CE) [Few )

Here H, is the harmonic Hamiltonian, H, is the
third-order perturbation commonly used for uni-
form systems, and H, contains the perturbations
localized at the surface. The first part of H, has
been used previously by the author? to calculate
ripplon damping in the approximation that the
liquid is incompressible. The second part gives
the contribution arising from curvature dependence
of the surface tension. The deviation 6C(x,y) in
the curvature C is related to the surface displace-
ment by

0C(x,y)=~Vitlx,y). (48)

Here and in (47), V, is the gradient operator in the
two-dimensional space parallel to the surface.

The quantity 80,/8C has not been measured for
“He, but an estimate based on a model calcula-
tion'* gives 80,/8C =3.7X1072 erg/cm. The small-
ness of this result can easily be shown to justify
the neglect of the curvature term in the above-
mentioned ripplon damping calculation for ripplon
wavelengths larger than a few interatomic spac-
ings.

As an example, we now use (47) to obtain the
fractional power lost to the surface (via ripplon
creation) by a beam of phonons incident on the
surface. It is not difficult to show that for incom-
ing phonon wavelengths large compared to the
characteristic length g,/p,s® =0.45 A, the only
important process involved is one where the pho-
non breaks up into a ripplon plus another phonon
and that the dominant matrix element is governed
by the first part of H, in (47). If we characterize
the incoming phonon by wave vectors § and %, the
outgoing phonon by wave vectors 4” and k”, and
the ripplon by the single wave vector q’, the rele-
vant matrix element becomes, using (39) and (47),

2\ 3/2
(q';",k|H,+H,| G, k >~—\/_<Z—s> pokk" Vg’

(

1/28+
x(wakwa”k”wq'o) ! 6q g

(49)
Consequently, the transition rate for the process
phonon - ripplon + phonon, where we sum over
final states of the outgoing phonon is, assuming

the liquid temperature to be sufficiently low that
the normal fluid may be ignored,

2m > -
R-a k—" =77[3 Z I(q ,Q" le1+H2|q,k>|2
'au RS>0
X8 (Wep = Wargr = Wyrp)
h—sz kz 1pt
po quwq’o

(50)

Here, k” >0 is determined by
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n2 _ E"_g_g_( O¢ >1/2 /3/2]2_ 2 _3a’)2
K [S ) @-a2. (61
Since we are assuming that the incoming phonon
wave vector is small compared to p,s®/0,, (51)
may be replaced by

k"= [w?,/s* - @-'P12. (52)
From (50) and (52), the differential power dP being
transmitted to the surface per unit ripplon solid
angle is

dapP nk

=P,
agy oA 2720w g

‘10 w2 . 1/2
Xfo q” (S—S” -@ -q')2> dq',  (53)
where Py=7lw,s(sk/wy) is the incoming power per
unit area, A is the surface area, and ¢, is de-
termined by the condition that the quantity in

large parentheses in (53) be zero. While the inte-
gral in (53) may be done analytically, the resulting
expression is complicated. For the case where
the incoming phonon wave vector makes an angle
of 45° (i.e., g=Fk) with the surface and §’ is paral-
lel to , we obtain

1 dP B

0.177%q*
POA dﬂ'a: a"-a':‘Fk pos .

— (54)

Consequently, we obtain as an estimate of the
fraction of the incoming energy deposited on the
surface just 27 times the right-hand side of (54).
For one-degree phonons (i.e., V2 q=ky/#s) this
fraction is 0.72X107%, so that very little energy
is transferred to the surface, a result consistent
with experimental observations.!? However, since
the fractional energy transferred is proportional
to the fourth power of the phonon temperature, the
effect might well be observable for, say, 7 °K
phonons. At higher energies competing processes
involving desorption of a helium atom from the
surface or roton creation at the surface may be-
come important. Of course, neither of these
processes can be dealt with using the theory pre-
sented here.

An interesting related problem would be to de-
velop quantum hydrodynamics, along the lines
presented here, for the case of thin films of *He
(in which case the modes become discrete®) in
order to see if the theory would yield the attenua-
tion seen by Anderson and Sabisky.™
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