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The quantum theory of vortex waves is used to study phonon scattering by a vortex in He II.
If the scattering amplitude is expanded in the number of quanta of vortex waves emitted or
absorbed, the resulting inelastic amplitude diverges at long wavelengths. Inclusion of in-
elastic effects to all orders avoids this unphysical behavior and yields a differential cross
section essentially equal to that for elastic phonon scattering.

I. INTRODUCTION

Below 1°K, phonons and rotons in He II form a
dilute quasiparticle gas with long mean free paths
and lifetimes.! In this limit, the interaction be-
tween quasiparticles becomes negligible, but
scattering can still occur because of spatial in-
homogeneities. An example of great interest is
the scattering by quantized vortices,?>® which has
been observed experimentally both through the
energy loss of large vortex rings* and through the
attenuation of second sound in rotating He II.5
Previous calculations®™!° have treated the vortex
as rigid and thus consider only elastic scattering
of quasiparticles. Such a description cannot be
wholly accurate, however, because a vortex has
internal degrees of freedom corresponding to
waves propagating along its axis.?’!? Conse-
quently, inelastic events that alter the internal
state of the vortex must be included along with
the usual elastic ones. Indeed, inelastic roton
scattering has previously been suggested® ® to
account for the discrepancy between theoretical
and experimental values of mutual friction in ro-
tating He II, but no detailed calculation has yet
been carried out.

Inelastic scattering is most simply studied by
quantizing the internal states of the scatterer.

The present problem, therefore, requires a quan-
tum theory of superfluid vortices, which has re-
cently been proposed and applied both to He II*?
and to type-II superconductors.!* This formalism
will now be used to study the inelastic scattering
of quasiparticles by a vortex in He II. For defi-
niteness, the present paper is restricted to phonon
scattering, where the interaction is sufficiently
weak to permit a first-order calculation in Born
approximation. The same basic formalism also
applies to rotons or He® impurities, but the de-
tailed calculation of the scattering cross section
would be considerably more complicated.

When the vortex is excited to one of its internal
oscillation modes, the altered velocity field modi-
fies the interaction with the incident quasiparticles.
As shown in Sec. II, it is possible to incorporate
both elastic and inelastic scattering in a single
interaction Hamiltonian. The transition amplitude
for phonon scattering is evaluated in Sec. III and
then used to determine the differential cross sec-
tion averaged over the thermal distribution func-
tion of the internal vortex modes (Sec. IV).

II. INTERACTION HAMILTONIAN

Consider an unbounded fluid of density p containing a single vortex line with circulation k. For numer-
ical purposes, we shall take k=7%/m =~10~% cm® sec™, which is appropriate for He II, but the theory is
more generally applicable. If the fluid is at rest at infinity, then the velocity field arises solely from the
presence of the vortex and is uniquely determined by its instantaneous configuration. The position of the
vortex will be specified by a three-dimensional coordinate vector ﬁ’, which is a function of the arc length
along the vortex. It will be convenient to resolve all vectors in cylindrical polar coordinates R'=( 'z'),
where r’ is a two-dimensional vector in the xy plane, perpendicular to the undeformed vortex axis. The
fluid velocity at point R is then given by!®

- =

V(R) = (k/4m) [aS'x R-R')IR-R"I3, )
where the line integral is along the axis of vortex. Equation (1) is a direct analog of the §iot-Savart law.
We assume that the vortex initially lies along the polar axis with undeformed position (0, z’). If the

axis is now slightly deformed to the position [u(z’),z’], Eq. (1) may then be written
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;(ﬁ)szwdz,(2+dﬁ/dz')x[f-ﬁ(2')+5(2-Z')] _ )
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Although this expression is rather complicated, it becomes simple in two limiting cases: If =0, the
velocity reduces to that of a rectilinear vortex at the origin

v, (@) = (k/4m) fdz'z XT[r2+(z~2")%]7%/2 = (k/277%) (X T). (3)

If U is finite but constant, the total velocity is given by
V®) =7, - D= (k/2r1T-0I1D)[2 x (F-1)], (4)

because the vortex is displaced with no bending. This result also follows directly from Eq. (2) with
du/dz’=0. For |T|> [Ul, Eq. (4) may be expanded in powers of U, and the linear term  provides a good
description of the first far-field correctlon Such an expansmn clearly fails for |7 | < Iul however, be-
cause each term becomes singular at T= O rather than at F=1.

When a quasiparticle is added to the system it interacts with the vortex line both through the circulating
velocity field and through the altered density near the vortex core. Unfortunately, any study of the effect
of density variations requires a detailed theory of the vortex core. For this reason, we here consider
only the scattering by the fluid velocity and assume that the interaction energy is given by®

H = P -v@®)+v®)- P, (5)
where V(R ) is the total velocity field of the vortex and R and P are the position and momentum of the
quasiparticle. If the quasiparticle is scattered from an initial momentum 7 ﬁz’ to a final momentum ﬁﬁf,
then the corresponding matrix element of Eq. (5) becomes

" ‘l(Kf Kz) R->

=(2Q)” ﬁ(Kf K) jd V(R), (6)

fz
where the plane—wave states are normalized in a volume ©. A combination of Eqs. (2) and (6) yields
) iR _R.).-B g O] iy GO o »?
H. =@ +R)- [a°R[az"e &y - K;) R<2+%,ﬁ)>><< e ) M
fi 8 81Q az Ir-u(z")+z2(z~-2"1°

which may be rewritten with a simple change of variables

Hfi = (ﬁK/SﬂQ)(ﬁf+ﬁi)' deRfdz'[E+df1’(z')/dz']XﬁR‘3 exp{-i(ﬁf—f{.i) C[R+d(z")+2'2]}. (8)
It is now possible to carry out the integral over R explicitly
.3 —iff-ﬁ» 3s -if{’-fi peo =1 - o1 -iKR cos©
Jd"Re —zjd RR Ve =2mfo R dRVI—(-f_ld(cose)e
“dR o (sinkR
_ . %0 -1 -’_. -1 a3 = - 7> _______<———l >:— 2’4 -2
ﬁszo R dRVK[Z(KR) sinKR] 4mK/ % 5K \ KB 4 KK ™2, 9)

0
Substitution of Eq. (9) into Eq. (8) gives

C® +K)x® -K)) -
7 . dulz) . .
Hfi:% _Jf_*_!'[z_],./dz[ZJr 2;] exp[—z(kf—ki)z—z(lf

- ii) <u(z)], (10)

‘-E;Se

where we have resolved the three-dimensional wave vector in cylindrical polar coordinates K= (i, k) and
rearranged the scalar triple product. Only a single integration remains, and the superfluous prime has
now been omitted.

To this point, 1(z) has been treated as a given classical function with Hfj as the matrix element for a
transition induced by the deformed vortex. We now quantize the theory by interpreting u(z) as an oper-
ator that acts on the internal states of the vortex; in this way, Hg becomes an operator that causes tran-
sitions between the various excited internal states. The details of the quantization procedure derived in
Ref. 13, and only the relevant results will be given here. If the system is assumed to obey periodic
boundary conditions over a length L along the z axis, the oscillation modes of the vortex may be labeled
by a one-dimensional set of quantum numbers k=27s/L, where s is a positive or negative integer. These
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internal states are equivalent to a set of independent harmonic oscillators with the second-quantized Ham-
iltonian

320 hw (a a,+a,a T) (11)

v—kkkkkk

Here the operators akT and ap create and destroy one quantum in the kth mode, and they satisfy the usual
boson commutation relations

[ak’ ale] = Gkk" (12)
The frequency of the 2th mode is given by
w, = (k#?/4m)In(1/1k1a), (13)

where a is a length characterizing the radius of the vortex core. Although the precise value of a depends
on the model used for the core, vortices in He II are well described by the value a = 1 A. The operators

a and aT enable us to express the displacement operator U(z) as an expansion in normal modes
8@ = W/20e L2 5 [(3+9)a, Te 2 4 (3~ )a, ], (14)
It is interesting to note that this expression differs considerably from that arising in the theory of elastic
waves'®; its form reflects the peculiar Hamiltonian in the vortex system, where u, and uy themselves
constitute the conjugate variables.
As an example of the utility of the second-quantized formalism, we compute the following correlation

function of the displacements:

(0GE) -0 ")12) = (k) -aE )] [0e)-uE")]) = (uE) 12+ 1z )12~ [u(z) - 4z ") +u(z*) - Gz)]). (15)

Here the angular brackets denote an ensemble average at temperature T= (% Bﬁ)" over the states of the
vortex

(*++) = Trl[exp(- BHU) +++ ]/Tr[exp(- BHU)]:Tr[[)U o0, (16)
where 51} = exp(- ﬁHU)/Tr[exp(— BHU)] . (17)

The evaluation of Eq. (15) is straightforward and gives
. . ? _; i
(18G) =817y = W/okL) 2, (€ - ) _ %2y o T va o Ty
k kR kPR
= (2ﬁ/pKL)2k coth(%Bizwk)[l ~cosk(z-2z"')]. (18)

With parameters appropriate for He II (k ~h/m ~10-3 cm? sec™!, a~1 A, T~1°K), it is easily seen that
the classical limit is correct for all but the shortest wavelengths (fwp << kgT if < 10" cm™). Equation
(18) may then be evaluated approximately

> =012y ~ = 167 1-cosk(z —2z"')
(la(z) - u(z")1?) ~(4/BpKL)Ekwk [l -cosk(z-z ForL Zk ST AR
= BDKnglerT(L/a) % / @ [EIZ(ZZ =20 _griz-2"1 focBinir/a), (19)

0

where the weak logarithmic dependence on % has been neglected in the third line. The above calculation
assumes that |z —z’| < L, because the integral approximation destroys the periodicity of Eq. (18) in
|z -2z'l; a more exact expression is obtained by evaluating the sum directly, but Eq. (19) suffices for
our purposes.

The displacement operator [Eq. (14)] may now be substituted into Eq. (10) to give the transition oper-
ator Hy;, which we separate into two terms
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Hp= Hﬁ(l)+Hﬁ(2) , (20)
@ +K )x(® -K)-2 ik, ~k)z -i(1,—1) 1)

where H (1)=? A z__ _’_f ! Jaze oo, S , (21)

f B -K |2
f i
(K +R)x® -K) -i(k,~ k)2 —z(l —1) i(z) -y =il 1)) 1)
(2) _mi " f i f i oL du (z) du(z) f
Ui T T g Jaze 2|° i *dz Z » @)

and Eq. (22) has been symmetrized in the noncommuting operators d and di/dz. These two terms are
quite different, as can be seen from the following argument. In the limit a -0, the term Hfi“’ contains
the scattering by the undeformed vortex [Eq. (3)] while Hg;‘® vanishes. Furthermore, H 7 involves the
operator d U/dz and is thus insensitive to the long- Wavelength modes; in particular, Hf ) vanishes if 0
reduces to a constant displacement, when Hﬁ“’ again contains the total scattering [Eq. (4)]. We noted
previously that Eq. (4) cannot be expanded in powers of ; for the same reason, Eq. (21) must be treated
as given, vetaining tevms of all ovders in 4. In contrast, Eq. (22) may be expanded in the displacements,
neglecting all but the leading contribution. With this approximation, we obtain the transition operators

Hﬁ(l) v fa e-i(kf— k)e e-i( If— L) {f(z)’ 03)

1Y =T, fd e_i(kf ke (/20K L) 1* [&7, eikzak - vV} e_ikzakT 1, (24)
where V, = Vl(f{’f,l‘(i) B (hxi/zﬂ)[(ﬁf+k'i)x (k’f— f{’i) . 2/[1‘<’f - k’ii 2], (25)
V,= Vz(Kf,K.) = - (hx/zsz)[(k’f+k’.)><(1‘<’f -1‘<’.)- (x-)/|K -f{’iIZ]. (26)

The physical difference between Hg; (Y and Hg;‘® can also be understood by noting that u(z) is linear in
the creation and destruction operators. Consequently, an expansion in powers of 1 is permissible only if
dominant scattering process corresponds to small changes in the occupation numbers of the various normal
modes. In the long-wavelength limit, however, the energy 7wj, per quantum [Eq. (13)] becomes very
small, and the transition involves many “soft” quanta. Thus, any expansion based on small quantum num-
bers is bound to fail whenever long-wavelength modes are important, as in Eq. (21). The present situa-
tion is similar to the “infrared catastrophe” in electrodynamics,'” where an expansion in the number of
photons leads to divergences at long wavelengths.

III. TRANSITION AMPLITUDE

In Born approximation, the transition amplitude is proportional to the matrix element of the interaction
Hamiltonian. Equations (23) and (24) already incorporate the initial and final states of the phonon, and we
must now consider the internal states of the vortex. Since H, represents an assembly of independent
harmonic oscillators, the corresponding complete set of states may be expressed as a direct product
over all normal modes. It is convenient to work in the occupation-number representation, but other
choices are also possible.*® If {n} and {n’} denote the set of all initial and final occupation numbers, then
the particular transition {n}-{n’} is specified by the matrix element {{n’}| Hs;|{n}). Of the two terms
in Eq. (20), the operator Hy;® can only alter a single occupation number, and we readily find

dn'H Hfi(Z)l{nD = [az R gy o o2

xZ}{[ 5 , v Re®n 125 , -vike ’kz(n +1)42p ,

. (27)
p#k nps Np 2 k ng, np-1 2 k’nk+1]}

In contrast, ‘ (b contains all powers of a ,and requlres a more difficult calculation.
Equation (23 involves the operator (lf 1 )+ d(z), which may be rewritten

(if—ii)-ﬁ(z)= (h/ZpKL)l/zEk[(if_ii). (3-ip) 2 a, +(1 _1 e e i) 2 kT]
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= Z}k(k eikzak X e—ikzakT 1, (28)
where X = (ﬁ/2pKL)1/2(if - ii) (x-1y). (29)

Operators referring to different normal modes commute, and the exponential in Eq. (23), therefore,
factors

2

expl- i(1, ~1,) - Te)] =T0 expl- i0he™a, +2xe™*a, 1. (30)

Furthermore, the eigenstates form a direct product, so that the transition amplitude becomes

{n'}| Hfi(1)| {n}) = v, Jaz o~ iler = ki) Hk(né] exp[-i(x eikzak+ A* e_ikzakT)]l nk> (31)
involving matrix elements of the form
M, (@,B)= (i iearBal)y, (32)

This quantity is studied in Appendix A, where it is shown that M, 4, is proportional to a Laguerre poly-
nomial. ' In particular, Eq. (31) may be written

1 : -ilkr — k; tkz ¥ -ik

({n'HHﬂ( )I{n}> - v, Jdze ilky kz)ZIIan,n (e™F e ) (33)
kR

containing a product of Laguerre polynomials of argument

thz I 2

[xe =|)\|2=(7'Z/2pKL)Hf—fii2. (34)

For an order of magnitude estimate, we may take Iff - L'I as the thermal wave number of the phonon
~ kgT/fc; with typical numerical values for He II (¢ 238 msec™?, p~0.145 gcm™, L~10"* cm), Eq. (34)
becomes |A|2~+x10-% at T'~3 °K. Since |A|%is very small, it is tempting to expand Eq. (31)

({n'}lHﬁ(l)Hn}) = Vljdz e_i(kf_ki)z({n'}|1—iZ}k(Aeikzak+A*e-ikzakT)+ v {ndy = Vlfdz

-i(kr - k;)z ) ik -i
xe ST {Hﬁén’n —sz[ II 6n'n e’ an1/25n, n,-1+A*e zkz(nk+1)1/25n’ n +1]+"'}
pp p#ER Tpp R Rk
=vIl 6, L& -V, o[ II 6 1,226 L
1 p mpny kgl 1R ik npnp Uk nfy 1" kel by
* 1/2
Y (nk+1) 8,1 0 1L, +k,ki]+.... (35)

"p f

Here, the first term corresponds to elastic phonon scattering that leaves the vortex in its initial state,
while the inelastic corrections are formally of order |x|. We shall see below, however, that such an ex-
pansion leads to a long-wavelength divergence, thereby showing that the inelastic processes play an es-
sential role,

Ij_l the present approximation, the probability per unit time for a particular scattering event ﬁz{n}
»Kf{n’} is given by

zm'la(Ef -E,) |{n'} ]Hfz,l {n}y|2 = 2ﬂﬁ"16(Ef - E, )| ({n’}]Hﬁ“) +Hﬂ.‘2> [{n}|2, (36)
where Erand E; are the final and initial total energies. An incident phonon at 3 °K has a wave number
~kgT/hc ~$x10" cm™, which characterizes the maximum wave vector Ifff - ﬁil that can be transferred
to the vortex. For elastic scattering, the energy of the phonon is conserved, so that Kr=K;. For in-
elastic scattering, however, the change in the phonon energy must equal the net energy of the vortex wave
quanta emitted or absorbed. It is convenient to consider separately the single-quantum processes and
multiquantum processes. (i) If only a single quantum is involved, then the energy of the quantum must be

(ke /4m) (K - K Pn(1/|K - K |a)< (uc/Am)k g T /e P Inlic /kyTa) = 3%1071 erg,
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which is much less then the thermal energy of the incident phonon (~5x107'" erg). Since Hf;® is linear
in the creation and destruction operators, it follows that any terms of Eq. (36) involving H ﬁ‘z) may be
simplified with the approximation 6(Ef - E; ) - 6(fecKy — ficK;; ). (ii) Multiquantum processes are consider-
ably more complicated, because the exact conservation of momentum and energy are expressed by the
equations

kf—ki = Ek(nk—n]; ),
thf - thi = Ekﬁwk(nk—n]; )=2k(nk - n];)(hxkz/llﬂ)ln(l/lkla). (87)

Since % can be either positive or negative, there are always processes for which the change in the phonon’s
energy hc(Kf - K;) becomes comparable with the initial energy 7cK;. As aresult, the energy of the vortex
waves must be included explicitly in the term of Eq. (36) that involves [{{n’} |H7; " [{n})|%. This calcu-
lation is carried out in Appendix B; the probability of a particular energy transfer turns out to be dis-
tributed about K¢ =K; with a width ﬁwq, where ¢ is a characteristic wave number ¢ z21r|ff - ii 12/pK?B1n
x(L/a)<10* cm™'. For all cases of interest, %w,<107* erg is much less than kgT, and the physically im-
portant inelastic processes transfer a negligible amount of energy. The important conclusion is that the
right-hand side of Eq. (36) may be approximated as

211%'20'16(Kf —Ki)l dn'} |Hﬂ|{n}>|2, (38)

even when all inelastic contributions are included. This result is understandable because the dominant
multiquantum processes involve “soft” quanta with small wave numbers. The precise form of the asso-
ciated energy [«c£?1n(1/|%|a)] then guarantees that the total energy is also small.

In any practical experiment, the final state of the vortex is not observed directly, and the physically
interesting quantity is obtained by summing Eq. (38) over all quantum numbers {x’}

2m'2c'15(xf—Ki)Z{n,}|<{n'}| |Hﬁ|{n}>|2 = 2nﬁ‘2c'16(Kf—Ki)({n}| iTHﬂl{n}>, (39)

H

S
where the second line follows from the completeness of the oscillator states, Although the matrix element
in Eq. (39) can be evaluated in its present form, it is simpler to realize that the measured cross section
represents an ensemble average over the initial states of the vortex. We, therefore, compute

zm'zc"%u{f-Ki)z{n}qn}mv({np Un}| H Z.THfil{n})
= 21rﬁ_2c_16(Kf—Ki)Tr[ﬁvHﬁTHﬁ] = 2ﬂﬁ_2c_16(Kf—Ki )(HﬁTHﬁ), (40)

where the statistical operator p,, is given in Eq. (17).
The operator Hy; is a sum of two terms, and Eq. (40) thus contains three different contributions

2

The first term is the most difficult and will now be evaluated in detail

(inZ(l)’2> _ |V1|2 de dz,e—i(kf_ki )z-2")

. 4 .y . .
x 10 (exp[i(AeZkZ a,+2*e thz a T] exp[- i()\ezkza + A ¥e Zkza T)]). (41)
k k k k k
This expression can be simplified with the identity®°
A
AL +Bexp(%[A,B]), (42)

which is valid whenever [A, B] commutes with A and B. A simple calculation gives

(|H i(l)] 2y = | V1 | ® [dzdz ’e_i(kf_ki)(Z-Z ) Hk{ exp[- iIx12sink(z — z’)] {exp[- ix(eikz LS ')ak - ik*(e_ikz

_ e—ikz ')ak’r] % = | v, |2 Jdzdz’ e‘-z‘(kf-ki)(z-z') Hk(exp[— Z.A(eikz _ eikz ’)ak _ Z.M(e—ikz _ e—ikz ,)“kTD’ (43)
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where the phase factor cancels identically in the product over positive and negative values of 2. The
final ensemble average may be evaluated with a theorem of Bloch, 2! or with Eqs. (A16) and (A17)

<]Hﬁ(1)|2> - I V1|2fdzdz ,e-i(kf—ki)(z-z ’)Hk exp{— IX12[1 - cosk(z —z")] coth(%Bﬁwk)}

= | V1|2fdz dz 'e-i(kf_ki)(z_z ’)exp{— I)\lzzk coth(%ﬁﬁwk)[l -cosk(z-z")]}

= |, |* fazde e REE D oyt HL -1 e - i), (44)

Here, the last line has been rewritten with Eqs. (18) and (34). The summation over % has already been
computed in Eq. (19), and we finally obtain

. A ”n o
(1)!2> _ ~ilkf-ki)(z-2") -qlz-2"]

(lHﬁ [V1|2fdzdz’e = 2L|V1]2q[q2+(k —ki)z]'l, v (45)

f
where q = 27 if - Iz |2/pK2B1n(L /a) (46)

is the characteristic wave number for axial momentum transfer. In the limit |1f —1 | -0, the right-hand
side of Eq. (45) is sharply peaked about kf =k;, which reflects the dommant role of the elastic processes;
nevertheless, it is clearly wrong to expand Eq. (45) in powers of Ilf - lll because the denominator would
then vanish for kf=Fk;. This same long-wavelength divergence would occur if H i (M) were expanded as in
Eq. (35). Itis ev1dent from Eq. (44) that inelastic effects reduce the matrix element (IHf 2% from its
value 27L|Vq| 6(k - k;) for purely elastic scattering.

The remaining contrlbutlons to (IHfll ) are easily computed. Consider first (IHﬂ"") |2) which follows
from Eq. (24):

@1, @) _
(Hﬁ Hfi )=

(7/20kL) [dz dz 1, milkp-ki)(z2")

xzpp,pp'([Va‘e_iplzlap,T— v, eip’z,ap,][VzeipZap— V%‘e_ipzapTD
= (n/2pkL) [dz dz’e_i(kf—ki)(z-z ')Eppzl Vzl 2 [<apTap>eip(Z_Z l)+ <apapT> e-ip(z—z ,)]
= (L7/2pk)| Vzlz(kf—ki)zcoth(%ﬁﬁwﬁ). (47)

Here wy; denotes the frequency of the vortex wave with wave number ka —k;l. In a similar way, the
cross terms between Hy; (" and Hy;*® become

W, @, @, © @1,
CHpHy sl H 2

= 2Re{V, [dzdz 1ot -R)a=2") o py1re %, 0l bz ,<“pT RS ORON

)= 2Re(H )

- Ve ,<dp e tlly1a) )y (48)
The ensemble averages may be computed with Eqs. (A16) and (A17)
<apTe'i(1f'1i) -J(z)>: <apTHk exp[~ i(x eikzak+ - e—ikzakT)D
={a Texp[- ilx Tl T)]> II <exp[-ilx eikzak+ ¥ e-ikzakT)D
b b k#p
= [ xeP?)/ PP <)L expl- 21012 cotn( o, )], (492)
(a, i1 TG _ami0%) (g ¢ PTOPIL, expl- 117 coth(d prw, ). (49b)

As shown below, the final cross section converges even if Eq. (49) is expanded to first order in A, and
we find
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(H i(l)TH i(2)+H i(Z)THﬁ(I)> ~2Re{V, [dz dz 1ot =ki)&-2") 0 p e

J J S
X 2= (Vi P2 Fp _ 1)y P2 s o Pepyy

1l

2Re[~ iV, (7/2pkL) 1/2L2(kf ~k, ) vy x/(eﬁﬁwfi -1)+ Vo k/(1 - e'ﬁﬁ“’fi))]

- 2(L?/Bhw ﬁ) (7/2pKk L) 2 ( ;- k; )Re[iVl(V%‘ X+ sz*)] , (50)

where the condition 7wg; <kgT has been used in the last line. Equation (25) shows that iV, is real, while
the real part of V¥ is given by

ks _ T (/20KL)Y2 TR AT Ty (hL _ +
ReV,) = -3¢ —_lf L Re{(lf 12.) (% zy)[(kf+ki)z><(1f 1i) (x+zy)+(kf ki)(1f+lz.)
f i
x5 (e} = - MRe{(Tf—Ti) (k=)

2Q = = |,
IKf'—KZ‘

Xk, + ) (L 1,0 (G )+ (ke =2, ) (L 41,) - (G )]}

R A I I R . e
I E_—_—_ﬁ——l—z—[(lfni)x(lf—li) 21k, =) = 10/2pkL) 2k = IV (51)
f i

In this way, we find

@), ) (11, @), _ 2 2
<Hfi Hfi +Hfi Hfi )= [2L(kf_ki) /Bpk @5

where the logarithmic factor has again been approximated as In(L/a). The sum of Eqgs. (45), (47), and
(52) finally gives

]|V1|2 ~ 87L| Vllz/pfczﬁln(L/a), (52)

(HﬁTHﬁ) ~2L| Vllzq[q2+ (kf —ki)z]"+ [47rL/p/<281n(L/a)] (2] V1[2+ | Vzlz), (53)

which includes both elastic and inelastic processes. The last two terms remain finite as kr —k;, thereby
justifying our approximate treatment of Hfi‘z) in Eq. (24). It is possible to repeat the above calculation
with the more exact expression Eq. (22), but the additional corrections are negligible.

IV. PHONON DRAG FORCE ON A VORTEX

In Sec. III, the transition probability was summed over the final states of the vortex and averaged over
the corresponding initial states. It is also necessary to sum over the findl phonon states, which are
usually not detected; hence the total transition rate becomes

zm-zc*Z)TfEkfa(Kf—Ki) (|Hﬁ|2) = 9(2nﬁ)"2c'1flfdlf ax k. 6(Kf—1<i)(!Hﬁ|2>
= QK (2ﬂﬁ)‘2c"fdkf(]Hﬁ|2) K =K, ;= (w)dfo, (54)

where (w) is the rate of transitions per unit length of vortex line into an angular interval between Xf and
Xf + dxr. The incident flux of phonons on the vortex is given by F= cli/SZKi, and the differential cross
section for scattering of a phonon with incident wave vector K; reduces to

QK:\ 2 K;
(o) =2 = ()" 2 L mo -

where 12 =Ki2 - kf2 is determined by energy conservation and the angular brackets again denote an en-
semble average over the initial states of the vortex.
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We now examine the various terms of Eq. (53). It can be seen from Egs. (25) and (26) that |V;|2 and
|, 1% are comparable in magnitude. Furthermore, they both have the same denominatgr IK —ffﬂ“
= [(kf ~ k) + (1r —=1;)?]2 and are peaked functions of Ikf = k;| with a natural width |1 -1;1. The additional
factor in the first term of Eq. (53) arises from the inclusion of inelastic effects; it is also peaked as a
function of ka - k;l, but its width is given by ¢= 27rllf - 1;12/pkB In(L/a). The ratio of these quantities is

q/|if—Ii| = znlif-ii |/pk?BIn(L/a) < 27(k 5 T)? /ficpk® In(L/a) ~ 107, (56)

because |1, ~ iil <K=k T/fic. We see that ¢ is much smaller than Iff ~ I.I,’ hence the slowly varying fac-
tor [V, |? in the first term of Eq. (53) may be evaluated at kf =k;, while the second factor is approximate-
ly a Dirac & function 76(ks - k;).

The differential cross section may now be found explicitly from Eqs. (53), (55), and (56)

do QK; \2 1 K; _p 2 2/ .2
<d—x;> = <21rﬁlc> ~l: f_K’idkf{Zi ¥ 1’ [ﬂé(kf—ki)+-4ﬂ/pf< BIn(L/a)] + 4nl V412 /pk BIn(L/a)}’Kf:Ki

QK. 2 1 ) 4 K; 2 2] "
:<“—Lzmc> -l;[zmvlf 'kfzki ST f‘Ki dkf(2|V1| +|V2| ) Kf:Ki. (57)

Here it is essential to remember that /- is equal to Kiz— k¢?, so that the integrand in the last term of
Eq. (57) is a very complicated function of Ief. Fortunately, we need not evaluate the integral explicitly,
because it is of order

[snKi/pxzmn(L/a)](z! V1I2+ | Vzlz) ~ 4% 1073(2] V1|2+ | V2|2), (58)

and hence negligible relative to the first term of Eq. (57). Consequently, the final differential cross sec-
tion is given by

<do/dxf )= (Zw/li )(QKi/Znﬁc) 2(!V1 [2) [1+ O[kBTKi /pK*1n(L/a)] ]

Kf:Ki’kf:kz‘
2 (A +1)x( -1.)- 2|2 , K2
zﬂ<_K_>2KL | foiT f i :1’(_&>2—Zcot&(x -x.) (59)
2\ 27c l. Ty 2\ 27mc l. 2fi’
i |1f—lll I = i
f i

which reduces to that obtained previously for elastic scattering of a phonon in the xy plane.®~% We see
that the inclusion of inelastic processes to all orders alters the differential cross section only by a small
correction of order ~(kgT)*/kicpx® In(L/a)<< 1.

When a vortex moves through the fluid, it experiences a retarding force owing to collisions with the
thermally excited quasiparticles. For low velocities, this frictional force F’per unit length is propor-
tional to the translation velocity » and is given by*

F'= (Znﬁ)'svfdspi(afo/aEi )cPZ,2 sinZOi cosy; f_i; dxf(do/dxf) (cosxf - cosx, ), (60)

where ﬁz‘: (Pi , 05, Xi) is the incident momentum of the phonon in spherical polar coordinates and fo is the
stationary equilibrium distribution function fO(Ei): [eXp(BEi) —1]-'. The integration over Xf is expressi-
ble in terms of the “transport” cross section

T
%)= [ dxf[l—cos(xf-xi)](do/dxf>, (61)
and a combination with Eq. (60) yields

'z co =3[ —of JoE )P+ [T in* *
F'= co@uh) nfo dPl.( fo/ EZ.)PZ, fo do, sin GZ.<0 ). (62)

The cross section contains elastic and inelastic scattering, both of which contribute to the frictional
force. Since the inelastic corrections are negligible, however, the elastic scattering is dominant, and an
easy integration with Eq. (59) leads to
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(o*) = (K/Zc)zPi(i'Zsinei )L (63)

In this way, the phonon drag force per unit length becomes

5, = (k*o/321°0%¢) [ aP P*( of /oP) [ " 4O sin®0 = 5(cv/247° 1" c?)
0 [}]

x [©dPP4exp(BcP)~ 1] = (k*0/24m%0%") (k5 T)°51¢(5), (64)

(]

where £(5)=1.037... is the Riemann ¢ function. The experimentally useful quantity is the energy lost by
a vortex ring in traveling 1 cm,* denoted by

a, = émj’)v'l=K3hc-25g(5)(2n2)'1 (kBT/hc)Sz 1.67T5eV /cm, (65)

where T is in °K. This expression is slightly larger than that given in Ref. 4 because the differential
cross section [Eq. (59)] depends on ©;, but the numerical difference is negligible.

The above calculation demonstrates how to include inelastic scattering effects associated with internal
vibration modes of the vortex. In the particular case of phonon scattering, such inelasticity is negligible
because the mean phonon momentum is determined by the relation 2T ~7icK. As a result, the maximum
wave number Iif - fz-l transferred to the vortex is much smaller than the quantity (px?/kgT)In(L/a) in all
situations of experimental interest. A more favorable case occurs for rotons, where the typical wave
number is 2x10® cm™, independent of temperature. Thus, the momentum transferred by a roton can be
considerably larger than for a phonon, and, correspondingly, inelastic effects should be more important.8,°
Unfortunately, a theoretical study of roton scattering is also more difficult than that discussed here, be-
cause the roton-vortex interaction is too strong to use the Born approximation. Nevertheless, the pres-
ent quantum-mechanical analysis of vortex waves should provide a suitable basis for such a calculation,
which would be of great experimental interest.
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APPENDIX A generalized Hermitian property
We here prove several identities that were used % " "
in Sec. II. Let %) be a normalized eigenstate of (M, A, B)*=01 , (= B%, - a¥). (A4)
the number operator aTa; it then follows directly
from the commutation relation The evaluation of Eq. (A3) can be simplified with
the identity®
[a,aT]=1 (A1)
A+B A B L
e =¢ e exp(-3[A,B]) (A5)
that aln)=n2ln-1), p(- 2[4, 5]
aTln)= (n+ 102+ 1), (A2) valid whenever [A., .B] commutes with both A and
B. With the identification A = — iBa¥, B=-ioa,
we find
Consider the quantity
-i{aa+ pa®) M (@, B)=expl= 3 ap) (nle T 1%
M Jfa,B)=(nle 'y, (A3) nn

nn

where @ and B8 are arbitrary complex numbers.
Direct calculation shows that M has the following Expand the exponentials in power series
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exp(- zap E Z zB) '(t'za) (n I(a ) (a)tlnl>

M Aa,B)

1l

exp(—zaﬁ) Z Z ("lﬁ) (—ZC!) (n”;)’:%i;z (n-sln'-t)

AIIZEDH

- (- Jad)ntn E 3 f Lol a0
= expl-zap)nin’! Z0 5 sltln—-s)! “s-n,t-n"’

where the second line has been obtained with Eq. (A2). The remaining analysis depends on the sign of
n-n'; for definiteness, we take n’>#n. The Kronecker & then reduces Eq. (A7) to

n'-n & (-ap)’
Mo fa, B) = exp(- $ap)nln')3(-ia) E 5 (A8)
s

=0 sl (n-s)l(s+n’-n)!’

which is expressible as a Laguerre polynomial, With the definition®

b S 2
k 2] [(p+k)!]
Ly @= 22 AR e (49)
Eq. (A8) becomes

M f@,6) = exp(- taB)(n )/ 2nt /2 (= ia)" 'L " ap), n'sn . (410)

A similar calculation for z =#’ yields
. n-n'_ n-n’ ’
Mnn,(a,ﬁ) = exp(~ 3aB)(n!)2/2(n 1) 2(- ip) L, (@B), n=n’. (A11)

The quantities M obey a simple combination law that is readily derived as follows:

o

(0. 8)= 3 (m)o-i@a+pal) -ia+oal)

23 Mmp(a,B)M Ip){ple

p=0 pm p=0
_ <m|e—i(aa+BaT) e—i('ya+ 5aT)ln>, (A12)

where the last line follows from the completeness of the states |p). The identity (A5) again allows us to
simplify the analysis, and a straightforward calculation yields

pZ}OM (a, ﬁ)MM('y, 6) = exp[~ 5 (ad - By)]an(oz +v,B+06) (A13)

valid for arbitrary complex values of &, B, v, or 6. This result can be extended by induction to include
three or more factors on the left-hand side; when combined with Eqs. (A10) and (A11), it provides an ad-
dition formula for Laguerre polynomials involving both subscripts and superscripts.

The Laguerre polynomials may be derived from a generating function®?

) p _
¢ B,y _exp[-zt(1-#)!
> B+ L () = a-pl+k (A14)

valid for [#|<1. This expression allows us to derive a generalization of Bloch’s theorem on the probability
distribution for harmonic oscillators.? Consider the quantity

~ -1 g 1/2 . +
5 Pprat e Parral) g 5 tb[@'n_)!] / (pante-itarna
=0 b= p!
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2

0

) R pa,u):exp(-gwx-m)”Eotf’Lp"(w)[(pm)z]-l

- (—ip) exp[- Ap+ A -]/ A -t L (A15)

If ¢ is taken as exp(- B7w), then a simple calculation with Eqs. (17) and (A15) gives

Tr{f’v"ne-i()\wr ”aT)} = {d" e_i(m+ uaT)> = (=ip)” exp[- $ 2 coth(3p7w)]/(1 - e-Bm)n . (A18)
In a similar way, we find
e e 1Dy (L el apcoth(d pra)) /(P - 1" (A17)

both of which were used in evaluating the ensemble averages in Sec. II.

APPENDIX B

In Sec. II, the average transition probability was evaluated by assuming that the phonon transfers neg-
ligible energy to the vortex [Eq. (40)]. Although this approximation is clearly valid for inelastic pro-
cesses involving a single quantum of the internal oscillation modes, it requires a detailed justification for
the multiquantum processes contamed in Hf ), In particular, we consider the probability Pg; (D per
unit time for a scattering event K; -Kf, summed over all final internal states {#’} and averaged over all
initial internal states {#}

PR =20 D By (8~ E)(n} 3, b | n'} 2, (D)2, ®1)
where the energy Ef — E; is given by Eq. (37)
Ef - Ei = ﬁc(Kf—Ki)+Ekﬁwk(nI;_nk)' (B2)

The energy-conserving 6 function may be rewritten

218(E, - E,) = 7 atexpli(E, - E, /1, (B3)

and Eq. (B1) becomes

(1) -2 o ict(Ks-K;)
P =n e S Z){n} 0} © xpli 5,0, 1) —n,)]

x b, b i | iyt Dy = w72 L2 ar DD @ |

{n}
x I ot 1) o epter i W exp(c i/ )
_ ﬁ_zf_Zdt ez‘ct(Kf—Ki)Tr{ﬁvHﬁ(l)THﬁ(l)(t)} _ h"zf_: dtez’ct(Kf-Ki)(Hﬂu)THﬁ(l)(m_ B4)

Here the second line is obtained by noting that the states |{n}) and |{n’}) are eigenstates of the unperturbed
vortex Hamiltonian H,, and Hﬂ‘” (¢) is a time-dependent operator

H ﬁ“’(t) = exp(iHvt/h’)H ﬁ“) exp(- iHvt/h) (B5a)

obtained with the substitution

a, -a e—lwkt a T-—akTezwkt.

P, , a, (B5b)
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The ensemble average in Eq. (B4) may be evaluated with the techniques used in Eqs. (42)-(45)

<Hfi(1)THfi(1)(t)) =|v |2 [dz dz iy -R)le-z I)Hk (expliire™® 'ak Fake R ’akT)]

x exp[- i(?\eikz e-iwktak ok R eiwktakT)D = | Vll ? [dzdz 'e-i(kf-ki)(z_z ")
X Hk {exp[-iIx12 sin(kz - k2’ - wkt)] (exp[—ix(eikze_iwkt _ o ,)ak - i)x*(e—ikz SR _ R I)akT] %
=1V, |2Lj‘dge'i(kf'ki)§exp[— IXI2F(g, B)]. (B6)
Here F(¢,t) is defined
F(g, ) = Ek coth(éﬁﬁwk)[l - cos(kt - wkt)]+ z‘Ek sin(kg - wkt), (B17)

and a simple calculation shows that |X|*F may be written in terms of the time-dependent operator ﬁ(t, t)
[compare Eq. (B5)]

INIZF(g, 1) = %lif—IiIz<|ﬁ(;,t)—6(0)|2>+ t Iif - 1|2, 0) - §0) - §(0) - (e, 1), (B8)

Equation (B6) is thus seen as a natural generalization of Eq. (44); the conservation of energy merely in-
troduces an additional Fourier transform, which gives

Pﬁ(l) = L|v,| Zh—'zfdt de " Hbp Rt jictUp-Ky) exp[- INI2F(g, 1)]. (B9)

The logarithmic factor in Eq. (13) prevents an exact evaluation of Eq. (B7), and it is necessary to in-
troduce the same approximations used in Eq. (19)

w, (kr?/4m)In(L/a) = (Hk*/2m)In(L/a) = ik?/2m*, (B10)

where m* = m[In(L/a)]~* (B11)

is an effective mass., In addition, the statistical factor coth(éﬁﬁwk) may be replaced by its classical limit
Z/Bﬁwk. We, therefore, obtain

F(¢,t) = F (¢, 0)+iF,(&,1), (B12)
where F1(§, t) = (2/Bﬁ)Z)kwk-l[1 - cos(k¢ - wkt)] (B13a)
Fyle,t) = Ek sin(kt ~ w,t) (B13b)

are the real and imaginary parts of . They have simple symmetry properties

F,(g,t) = F, (11, 1£]), (B14a)
F,(g,1) = sgntF,(1¢1, 1£1), (B14b)

which permits us temporarily to take both ¢ and ¢ as positive. The evaluation of F, is straightforward
F, = (L/ZTT)Imf_OOco dk exp|~i(mk*t/2m* - kt)] = (L/27)Im exp(it *m*/27t)

X [ b expl = il Uit /2m 017 - Lonx/20) )= (L/2m) @ /) 1m0 [ axe™, (B15)

where o= &l m*/201¢])2. (B16)

The remaining definite integral may be evaluated by rotating the contour through — %7 in the complex
plane, and we find for all ¢ and ¢



186 QUANTUM THEORY OF SUPERFLUID VORTICES. III 141

Fy(¢,t) = (L/2m) sgnt@m* /7 1 t] ) ? sin(0? - 7). B17)

The real part F, is more difficult. It is first convenient to integrate by parts
P A L e cos(kl;— Ttk )] - L am* fm dkk‘1<§ —@5> sin(kg— Ttk )
17 2n pnt w 2m* /1~ 2w Pn? v m* 2m*

- <ﬁ>F L dm¥¢ wdkk'lsin<kc—@i> (B18)
“\pr )" et am*/)

where ¢ and ¢ are again assumed positive. The definite integral in the second term can be rewritten

o

0
. Ik > B - [_ .(ﬁtkz _ )}
[w it sm(kg o -ImP[wdkk exp| - il 5 — Rt

{02 _ e -1 . ic?_ oo -1 -ix?
=Ime PJ dyxx = exp[-i(x~0f]=Ime pPJ dx(x+a)e

.2 )
=2Tm ¢ Pfcodxo(o2—x2)'1e w s (B19)
0

where P denotes the Cauchy principal value at x =0. We evaluate the integral by considering a contour
integral taken along the positive real axis, indented below the point z=0

. 72 —in2 72
jcdz o(oz-zz)‘le ®_ wadxc(oz—xz)'le W _Line Y, (B20)
(1]
This contour can be rotated by — %71, since the arc at infinity makes no contribution

.Zz

_ 2
fC dzo(<72 —zz)'1 e = expl- i%w)foodu 0(02+uz)‘1 e
0

= exp(- i%vr)foody(y2+ 1)~ !exp(- 02y2)= énexp(cz —iim)erfco. B21)
o

2

[ ate™ B22)

~-1/2
Here erfco= 27

is the complementary error function and the integral in Eq. (B21) has been evaluated by differentiating the
next to last line with respect to 02, A combination of Eqs. (B18)-(B21) yields

Fo(6,1) = 2Lm*1£1 /872 = (4L /8R)(m* 121 /200 2sin(0® - 2m)[1 = 11/ 207 erteo], (B23)

which is correct for all ¢ and ¢.
The final calculation of Pﬁ“) can be simplified by introducing two characteristic wave numbers [com-
pare Egs. (34) and (46)]

q= 2Ll)\]2m*/ﬁﬁ2=2ﬂ|if—iilz/pxzﬁln(L/a) B24)

Q = (LIXI2/B%)2(4m*/nlic) = lig? /mm*c = 2wq/1rc . (B25)

The substitutions x=¢¢, y =c@¢ then gives

P = LV, [*(*cqQ) [ [ axady expl- ik =k )x/a+i(K, - K; 1 /Q]

2
x exp{— |x| +(2]y|)/? sin(02 -1m[1-7Y% i erfco] - iflicQssgny(21y|) 1/ 2 sin(o2 -im} (B26)
where 0%=x2/2r|y| is independent of ¢ and Q. Since Iif ~1;1 <kpT/fic ~%x10" cm™', Eqs. (B24) and

(B25) show that ¢<10* cm™ and @<10 cm™'; consequently, the dimensionless parameter p7cQ is very
small (87cQ < 107°), and we may approximate Eq. (B26)
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Pfi(l) z4L|VII2(h2ch)'1fj0'°°dxdycos[(k ~ki)x/q]cos[(K —Ki)y/Q]

f

x exp{— x| +(2ly |)1/251n(02_ im[1- 720"

f

2

erfcol}. (B27)

This integral cannot be evaluated exactly, but it is sufficient to obtain a qualitative description of the de-
pendence on the parameters |kf - ;| /q and IKf— K;1/Q. The function 1 - '/ 20e%?erfco decreases mono-
tonically from 1 to 0 as o increases from 0 to «, while sin(0c? - § ) oscillates rapidly as soon as ¢ ex-

ceeds (27)'/2, Hence, we shall take

sin(cr2 -3 =73 eozerfco] ~sin(- ;moQ2m - 02)= -2 )82~ 02), (B28)

where 0(x) is the usual step function, With this approximation, the x integration can be performed ex-

plicitly

Pﬁ“) = 4L| Vllz(ﬁch)'lq[q2+(k —ki)z]“ljooody cos[(K, - K )y/Q]

!

f

x {exp(- y'/ 2) - exp(- 2my*/ 2)[exp(- y*/ 2) = 1] [u sin(2muy*/ 2) - cos(2my*/ 2)]}, (B29)

where u = |k —kil/q. The remaining integral is a peaked function of | Ky - K;| that falls off for |Kr - K;l
2Q; this cah be shown by making the crude approximations exp(-y*/2)=6(1-y) and exp(- 2my'/?)~0(1

—472y), and a simple calculation then gives

Pfi(l) ~ (4L V1| /ntela/la®+ k.~ &)} sin(\Kf -K, | /Q)/|Kf -K,

I

. (B30)

As discussed below Eq. (37), we see that the energy transfer is restricted to values ~7%cQ ~Twg <10-%2 erg,
which is much smaller than the energy of a thermal phonon (~10-1¢ erg). Since |V,|? is a slowly varying
function of IKf ~K;| and |ks — k;l, the last two factors in Eq. (B30) may be approximated by Dirac 6

functions [compare the discussion below Eq. (56)]

Pﬁ‘l) ~ (27/K)*Lc™| Vllzé(kf— 2 )a(Kf -K)),

(B31)

thereby justifying the approximation introduced in Eq. (38).
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A theory is presented to explain the observed variations of the magnetic field and plasma in
the vicinity of the moon. Under the guiding-center approximation, solutions for the plasma
flow near the moon are obtained from the kinetic equation. The creation of a plasma cavity
in the core region of the lunar shadow disturbs the interplanetary magnetic field. Maxwell’s
equations are used to study perturbations of the magnetic field in the lunar wake. The ac-
celeration drift current, which was omitted from the earlier work, is included in the present
theory in the calculation of the total electric current in the lunar wake. Numerical solutions
of Maxwell’s equations are obtained. When the interplanetary magnetic field lines penetrate
into the lunar body, the sudden change in magnetic permeability disturbs the magnetic field
at the lunar limbs. Propagations of this disturbance with magnetoacoustic speed form a Mach
cone downstream, which is sometimes observed as the exterior increase of field magnitude in
the lunar penumbra. Perturbations of the magnetic field are restricted to the region inside the
Mach cone; the region outside remains undisturbed. The numerical results agree extremely

well with experimental data from the Explorer-35 spacecraft.

I. INTRODUCTION

Measurements’~® of the interplanetary magnetic
field and plasma in the vicinity of the moon have
been made from lunar orbit on the Explorer-35
spacecraft. The purpose of this paper is to pre-
sent a theory which can explain the observed vari-
ations of the field and plasma in the lunar wake.

When the solar wind interacts with the moon, no
shocks are observed in the vicinity of the moon.
Figure 1 shows a simultaneous measurement of
the interplanetary field and plasma on Explorer 35
when the moon is outside the earth’s bow shock.
The major effect of the moon on the solar-wind
plasma is the creation of a plasma cavity in the
umbral region of the lunar shadow. In this cavity
the magnitude of the magnetic field increases,
i.e., the field is observed to be stronger than the
undisturbed interplanetary field. On either side
of the umbral increase, the field decreases, i.e.,
the field becomes weaker than the undisturbed
condition. These penumbral decreases occur at
the location where the plasma density is about
half of the undisturbed plasma density, and they
are often bounded on the exterior by additional
small increases in the field magnitude. A positive
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FIG. 1. Simultaneous measurements of field and
plasma obtained on August 5, 1967, from lunar orbit
on the Explorer-35 spacecraft. The trajectory of the
spacecraft is shown projected on the ecliptic\ plane and
positionally correlated with the data through UT annota-
tion. The x axis is parallel to the sun-moon line.



