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Abstract

The structure and energetics of superflow around quantized vortices, and the motion inher-
ited by these vortices from this superflow, are explored in the general setting of a superfluid
in arbitrary dimensions. The vortices may be idealized as objects of co-dimension two, such
as one-dimensional loops and two-dimensional closed surfaces, respectively, in the cases of
three- and four-dimensional superfluidity. By using the analogy between vortical superflow
and Ampere-Maxwell magnetostatics, the equilibrium superflow containing any specified
collection of vortices is constructed. The energy of the superflow is found to take on a sim-
ple form for vortices that are smooth and asymptotically large, compared with the vortex
core size. The motion of vortices is analyzed in general, as well as for the special cases of
hyper-spherical and weakly distorted hyper-planar vortices. In all dimensions, vortex motion
reflects vortex geometry. In dimension four and higher, this includes not only extrinsic but
also intrinsic aspects of the vortex shape, which enter via the first and second fundamental
forms of classical geometry. For hyper-spherical vortices, which generalize the vortex rings of
three dimensional superfluidity, the energy-momentum relation is determined. Simple scal-
ing arguments recover the essential features of these results, up to numerical and logarithmic
factors. Extending these results to systems containing multiple vortices is elementary due
to the linearity of the theory. The energy for multiple vortices is thus a sum of self-energies
and power-law interaction terms. The statistical mechanics of a system containing vortices
is addressed via the grand canonical partition function. A renormalization-group analysis in
which the low energy excitations are integrated approximately, is used to compute certain

critical coefficients. The exponents obtained via this approximate procedure are compared
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with values obtained previously by other means. For dimensions higher than three the

superfluid density is found to vanish as the critical temperature is approached from below.
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Chapter 1

Introduction

First conceived of and analyzed by Onsager [30, 40] and Feynman [9, 7], quantized vortices
are topologically stable excitations of superfluid helium-four [24]. They are manifestations
of quantum mechanics which owe their stability to the quantization law that the circulation
of superflow obeys, leaving their imprint at arbitrarily large distances. Vortex excitations
play an essential role in determining the equilibrium properties of superfluid helium-four,
especially in the mechanism via which superfluidity is lost as the temperature is raised
through the “lambda” transition [23] to the normal fluid state. They also play an essential
role in the mechanism via which superflow in toroid-shaped samples is dissipated. For an
in-depth account of the properties of quantized vortices, see Ref. [6].

When the space filled by the superfluid helium-four (i.e., the ambient space) is two- or
three-dimensional, and when they are viewed at length-scales larger than their core size,
quantized vortices are, respectively, the familiar, geometrical point-like vortices of two-
dimensional superfluidity or line-like vortices of three-dimensional superfluidity. Motivated
in part by the issue of the impact of topological excitations on critical phenomena in su-
perfluid helium-four, which constitutes the second component of this thesis, the initial aim
of the dissertation is to examine some of the characteristic properties of quantized vortices
that are familiar in two- and three-dimensional superfluid helium-four, and to determine how
these topological excitations and their characteristic properties can be extended to situations
in which the superfluid (or any system characterized by broken global U(1) symmetry) fills
spaces having arbitrary numbers of dimensions. For the case of three dimensions, these prop-

erties are analyzed in Ref. [21]. Properties that we shall address here include the structure



of quantized vortices and the flows around them, the motion that vortices inherit from such
flows (which we shall refer to as dynamics), and the flow energetics. We shall assume that
the vortices move with the superfluid velocity, that the vortices themselves have no mass,
and that spectral flow is neglected. As these assumptions are believed to be reasonable in
two and three dimensions [33], and we see no reason for them to be peculiar to any par-
ticular spatial dimension, we shall assume that they hold in higher dimensions, too. In all
dimensions, these excitations (again, when viewed at length-scales larger than their core size)
continue to be geometrical structures having codimension two: their dimensionality grows
with the dimension of the ambient space, always remaining two dimensions behind. Never-
theless, we shall use the terminology “quantized vortex” (or, for simplicity, just “vortex”)
for such excitations in all dimensions, not only two and three.

We have chosen to present our developments [8, 12] using the traditional language of
vector and tensor calculus. However, along the way we shall pause to mention how these
developments appear when formulated in the language of exterior calculus and differential
forms; see Refs. [35, 11]. This language is in fact tailor-made for the questions at hand, and
enables a highly economical development. However, we have not relied on it, as there may
be readers for whom it would require an unfamiliar level of abstraction.

This dissertation is organized as follows. We begin with a brief introduction of sys-
tems that exhibit U(1) symmetry (the XY spin model, and two dimensional superfluidity),
showing key features such as the mechanism of the Kosterlitz-Thouless. In Chapter 3, we
discuss the structure of vortices in a superfluid in arbitrary dimensions of space, first from
the perspective of length-scales and topology, and then by developing the conditions that
flows of a specific vortex content must obey, in both the integral and the differential ver-
sions. In Section 3.3, we introduce considerations of kinetic energy, examining superflows of
given vortical content at equilibrium, and solving for the associated velocity fields of these
flows. In Section 3.4, we analyze the dynamics that vortices inherit from the equilibrium

flows associated with them. Here, we specialize to asymptotically large, smooth vortices, for



which the dynamics turns out to be a simple and clear reflection of the intrinsic and extrinsic
geometry of the shapes of the vortices. To illustrate our results, we consider the velocities of
spherical and hyper-spherical vortices, as well as the small-amplitude excitations of planar
and hyper-planar vortices. In Section 3.5, we return to issues of energetics, and determine
the equilibrium kinetic energy of superflows containing individual vortices in terms of the
geometry of the shapes of the vortices. We illustrate this result for large, smooth—but oth-
erwise arbitrarily shaped—vortices, for which a simple, asymptotic formula holds, and we
give an elementary argument for this asymptotic formula. Here, we also address the ener-
getics of maximally symmetrically shaped spherical and hyper-spherical vortices, and we use
our knowledge of the energies and velocities of the spherical and hyper-spherical vortices to
determine their momenta and, hence, their energy-momentum relations. In Section 3.7, we
use scaling and dimensional analysis to obtain the aforementioned results, up to numerical
factors and logarithmic dependencies on the short-distance cut-off, i.e., the core size of the
vortices. The results reported in Chapter 3 were published in Ref [§].

In Chapter 4 we examine the superfluid-normal transition of systems that have U(1)
symmetry. Starting from the total kinetic energy of the superflow obtained in Section 4.1.1
we derive the Hamiltonian for a collection of vortices. The Hamiltonian can be separated
into two distinct parts: self-energies of the vortices and interaction between vortices. In the
limiting case of the distances between vortices being much larger than their linear dimensions,
interactions are inversely proportional to the distance between the vortices raised to a power
that is dependent on the dimension of the embedding space.

In the next section, Section 4 we begin an examination of the statistical mechanics
of a U(1) system in arbitrary dimension of space viewed from the perspective of the grand
canonical ensemble of vortices. To do this, we examine the partition function for a fluctuating
number of vortices of arbitrary shape and location. We define two coupling parameters, the
superfluid stiffness and and the fugacity of a vortex, and we carry out a renormalization rroup

analysis to construct the flow equations for these couplings. In the ususal way linearization



the flow equations near a fixed point allows us to compute the relevant/irrelevant axes in
the coupling space and, via a scaling argument, the critical exponents v and a governing the
correlation length dependence and specific heat dependence of the reduced temperature.
We end, in Chapter 5, with some concluding remarks.
We have tried to streamline the presentation by relegating to a sequence of appendices

much of the technical material.



Chapter 2

Systems that exhibit U(1) symmetry

2.1 XY model

We begin this chapter with an introductory account [13, 26, 31] of the one of the simplest
models that exhibits U(1) symmetry, namely the XY-planar model of magnetism. Let us
consider a D-dimensional square lattice of lattice spacing b inhabited by spins that rotate
in the (z,y) plane located at the sites of the lattice. The Hamiltonian H for this model is
given by:

1 — —
H = —5(];81"8]‘, (21)
27‘7

where J is a measure of the interaction strength between the spins, ¢ and j index lattice
sites and the sum is over nearest neighbor pairs. We can equivalently parametrize the
spins either by their components in the plane, § = (scosf, ssinf) or by a complex order
parameter ¥, defined via a magnitude |¥| and a phase 6, i.e., ¥ = |¥|e?. The variable 6
is the angle between the spin direction and an arbitrarily chosen axis and is a continuous
periodic variable.

In the low-temperature regime, where large fluctuations of the spin orientations are ther-
modynamically suppressed — only slowly varying configurations give significant contributions
to the partition function — we can expand Eq. (2.1) to second order in the phase difference

between the nearest neighbors to obtaing:

~ 1 2 ~ 1 D = 12
HN—nNJ—i—ZJZ(QZ-—@j) + o~ =N + b Z|v9i| +o, 0 (22)

<Zvj> 3



where N is the total number of lattice sites, n is the number of nearest neighbors per lattice

site, and the summation is understood to occur over all nearest neighbor pairs.
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Figure 2.1: Spins in a two dimensional XY model. (a) Ground state, (b) spin wave excita-
tion, (c) vortex excitation

The perfectly ordered ground state is a state is a state in which the spin orientation is
spatially uniform. “Spin wave” excitations are states where the phase of the order parameter
0 fluctuates around the ground state value. Another possible excitation above the ground
state is a vortex, shown in Fig. 2.1. On any line integral along a closed path around the
center of the vortex, the phase winds by a factor of 2wk, where k is an integer called the
strength of the vortex.

For a vortex of strength k, the phase @ is equal to the polar angle in the plane, multiplied
by the strength, i.e. § = ¢k; the magnitude of its gradient is equal to the strength divided
by the radius, |[V6;| = k/r. Using the continuum version of the Hamiltonian in Eq. (2.2),

where we have omitted the (constant) ground state energy, i.e.,
1 2,170 |2
we can thus obtain the energy of a single vortex excitation:
R

Eyorter = 7JK* In A (2.4)

where R is the size of the system and ¢ is a short-distance cut off equal to the size of the



vortex core.

In the high-temperature equilibrium state there is no long range order, and spin-spin
correlations decay exponentially with separation. In two dimensions, however, there ex-
ists a “quasi’-ordered phase in the low temperature regime, in which correlations decay
algebraically with separation rather than exponentially [22]. The transition between these
two phases occurs when creation of vortices that are unbound from anti-vortices becomes
thermally favorable, which has the effect of destroying the long-range order.

A beautifully simple argument, developed by Kosterlitz and Thouless [18], explains the
role played by the vortices in the transition from the ordered state the to disordered state.
The energy of a single superfluid vortex obtained in Eq. (2.4) is given by %p(27r) In(R/&)?,
where R is the linear dimension of the sample and £ is a short distance cut-off, identified
as the vortex core size. The vortex has an entropy associated with all possible locations in
the sample given by kg In(R/£)?, where kp is Boltzman’s constant. The free energy is then
given by

F=E-TS = (mp—2kgT)In(R/¢) (2.5)

and has a critical temperature equal to T' = 7wp/2kp. We can distinguish two cases: in
the first occuring for T' < mp/2kp, the free energy has a minimum when there are no
vortices; in the second case, for T' > mp/2kp, the free energy has a minimum when vortices
proliferate. Kosterlitz and Thouless therefore reasoned that the critical temperature is a

transition temperature as vortices destroy the long-range order.

2.2 Superfluid helium films

In the continuum limit, the XY -model is used to model a range of physical systems that
are characterized by the same U(1) symmetry (e.g., planar magnets, certain liquid crystal
systems, and superfluid films lie in this category). In this section we discuss properties

characteristic to superfluid helium films. Theoretical calculations give remarkably accurate



predictions [34] for the values of the critical exponents as well as the existence of a universal
jump in the superfluid density at the critical point [29].
We begin by denoting the superfluid velocity for any point & in the mass of the fluid by

¥(x). This velocity can be decomposed into two components [20]:

U= ?7|| + U, (26>
where | is a smooth component that satisfies V x 7 = 0 thus we can be written as the
divergence of a field ¢, i.e., v = ﬁdx The second component, v, arises from vortices and is
divergence free (i. e. V- 7,).

For an incompressible fluid the Hamiltonian is given by the kinetic energy:
1 2, 7 |2
Hzip d*z v + UL |7, (2.7)

where p is the superfluid mass density.

We define the superfluid stiffness K by the quantity
K = p/kpT, (2.8)

and we henceforth use it in the Hamiltonian, instead of the density, as it is the quantity that

appears in the partition function. Expanding the Hamiltonian from Eq. (2.7),

1 — — — —
H = §p/d2x (v“2+vf+2v” - U) (2.9)
we can interpret the terms as follows: the first is the energy of the flow if no vortices were

present, the second term would be the Hamiltonian if only the vortices alone were present,

and the third term we treat as a small perturbation. Up to second order in v the free energy



is
1

1
F=F+ 5}(91}2 — §K2(2@2/d2x(17l(x) TL(0)) + e (2.10)

where 2 is the volume of the sample and (7, (z) ¥, (0)) is the velocity-velocity correlation

function. Thus, from Eq. (2.10) we can define the renormalized stiffness Kg:

Kr=K — %Kz / d*x (v, (z) - 7.(0)). (2.11)

We now introduce a configuration of vortices (i.e., vortices located at position z, in the

superfluid), represented by the vortex density n,(z):
V X 7 = 2mn,(z)2 = 27?225@ — Tq). (2.12)
«

By using the Fourier representation for the velocity we can relate the velocity-velocity cor-
relation function to the vortex density correlation function. We state the result given in
Ref. [19]:

/d2a: (U (z) - v.(0)) =27 / d*x 2% (n, (1) n,(0)). (2.13)

The density correlation function can be computed in the following way: two vortices of
opposite vorticity are present in the superfluid with a probability proportional to the fugacity
(i.e., the energy cost of producing a vortex), and, in accordance with Eq. (2.4), attract each
other via a logarithmic potential £ = 27 In(r/£). Hence the density correlation function is
given by:

(n(0)n(r)) = —2y2e 2™ KIne, (2.14)

Because we are assuming that the fugacity y is a small parameter, i.e., y < 1, we can express

the renormalized stiffness Kr in terms of the “bare” stiffness K as

g 3-27K(l)
o [ F ;) +oum (2.15)



This expression indicates that starting with the microscopic K and y, we have to take into
account the total reduction in energy due to polarization of the vortex pairs.

The integral is convergent only at low temperatures, i.e., K > 2/7, but one can un-
derstand this result more completely using a renormalization-group approach[15]. We allow
the parameters K and y to depend on a scaling parameter [, and evaluate the integral

piece-by-piece from (&,&(1+ dl)) and (£(1 + dl), o0):

0o &(1+4dl) 0o
/ :/ +/ (2.16)
3 13 &(1+4dl)

The first integral can be recasted into a new K and the second integral can be put in the
same form as before with the newly defined short distance cut-off £(1 + dl) by changing y.
These transformations do not modify the renormalized value Kg, and we can thus define

the following recursive relations for K () and y(l):

%K‘l(l) = 212y (1); (2.17)
Cu(D) = (2 7K)y() (2.18)

In Fig. 4.1 we represent the flow of the couplings K and y obtained by iterating Eq. (2.18).

Figure 2.2: Renormalization flows in the (K, y)-plane. S; and Sy are separatices dividing
the plane into three regions. SF is the superfluid region; /N is the normal sregion.
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There are two separation curves intersecting each other at the critical point K = 2/7. We
note that in the superfluid region (i.e., SF') the fugacity iterates to small values, whereas
in the normal region (i.e. N) y iterates to large values, which lie outside the perturbative
regime that we had assumed.

The calculation of Ky is difficult if one is trying to use Eq. (2.15); instead. we note that
close to the critical point the fugacity vanishes asymptotically (i.e., lim;_, y(I) = 0). Across
the critical point the renormalized value of the coupling Kg has an universal jump [29] of
magnitude 7/2, a feature that had been verified experimentally [2] and is characteristic of
only to superfluid helium films. In contrast, in three-dimensional helium no discontinuity
is observed for the superfluid density at the critical point. Instead the density vanishes
continuously at the transition temperature.

In the following chapters we shall attempt to generalize concepts such as superflow,
vortices, their dynamics, and their statistical mechanics to an arbitrary number of dimensions

and, hence to study the normal-to-superfluid transition.

11



Chapter 3

Structure of superfluid vortices in
arbitrary dimensions

3.1 General morphology of vortices

We consider a large, D-dimensional, Euclidian, hyper-cubic volume €2 of superfluid, with each
point in 2 being specified by its D-component position-vector x, the Cartesian components
of which we denote by {x4}2 ;. On the faces of Q we suppose that all fields obey periodic
boundary conditions. We shall be concerned with flows of superfluid in €2, and these we
describe via their D-vector flow fields V(z). The phenomena that we shall be addressing
occur on length-scales larger than the characteristic superfluid coherence- or healing-length
&, which determines the length-scale over which the superfluid density falls to zero as the
centre of a vortex is approached (i.e., the vortex core size).

Provided we do indeed examine flows on length-scales larger than &, and hence restrict
our attention to long-wavelength, low-energy excitations of the superfluid, the amplitude
|W(z)| of the complex scalar superfluid order parameter field U(z) can be taken to be a
nonzero constant |Wy| away from the vortices. In addition, these vortices can be idealized
as being supported on vanishingly thin sub-manifolds of the ambient D-dimensional space.
The remaining freedom lies in the phase factor ¥(x)/|¥(zx)| of ¥(x), and—except on vortex
sub-manifolds, where it is not defined—this takes values on the unit circle in the complex
plane. Owing to the topology of the coset space (in this case, the unit circle) in which this
phase factor resides, and specifically the fact that its fundamental homotopy group II; is the
additive group Z of the integers n = 0, +1, ..., these vortices are indeed topologically stable

defects in the superfluid order [27]. The strength n of any vortex is the number of times the

12



phase factor winds through 27 as the vortex is encircled a single time. For D-dimensional
superfluids, and at the length-scales of interest, these vortices are supported on manifolds of
dimension D — 2, a combination that will occur frequently, so we shall denote it by 0. Said
another way, the vortices reside on co-dimension-2 sub-manifolds of D-dimensional space,
which means that we would have to add two further dimensions to “fatten” each vortex into
a space-filling object. In any dimension D > 2, there are one-dimensional closed paths that
loop around the vortices. As we shall discuss shortly, the circulation of the flow around such

loops is quantized and nonzero, whereas the circulation around closed paths that do not loop

S
>
3

Figure 3.1: Vortices in three-dimensional superfluids. They form closed one-dimensional
loops, possibly via the periodic boundary conditions.

around a vortex is zero.

In the familiar case of superfluids in three dimensions, the vortices are geometrical ob-
jects that are supported on one-dimensional sub-manifolds (see Fig. 3.1). The loops that
encircle the vortices, along which the circulation of the flow is quantized, are also one-
dimensional objects !. In the equally familiar case of superfluids in D = 2, each vortex is a

pair of opposing-circulation zero-dimensional objects (i.e., a structure that it usually called a

!The vortices themselves are closed loops that may or may not wind through the boundaries of the
sample, a possibility allowed by the D-torus topology of the sample. This topology arises from the adopted
periodic boundary conditions but will not play a significant role here.

13



vortex/anti-vortex pair). The loops around one or other member of the pair, however, along
which the circulation of the flow is quantized, remain one dimensional. (Strictly speaking,
in D = 2 each vortex is supported on a pair of points, which is not a manifold, but we shall
admit this abuse of nomenclature.)

Our main objectives are to explore the spatial structure and energetics of flows possessing
a set of vortices at prescribed locations, as well as the motion that such flows confer on
the vortices themselves. The flows that we shall consider are states of thermodynamic
equilibrium, but are maintained away from the no-flow state, ¥V = 0, because they are

constrained to have a prescribed vortical content.

3.2 Fixing the vortical content of superflows

The circulation k of the flow along any one-dimensional closed contour is defined to be the

line-integral of the corresponding velocity field along that contour:

K= %Vd(x) dzg . (3.1)

Here and throughout this paper, a summation from 1 to D is implied over repeated indices
such as d, dy, etc. The vortical content of the flow can then be prescribed via the following
condition. For a vortex of strength n, the circulation x is quantized according to the number
of times A the contour encircles the D [i.e., (D — 2)]-dimensional sub-manifold supporting
the vortex:

K = (2h/M)Nn, (3.2)

where h is Planck’s constant and M is the mass of one of the particles whose condensation
causes the superfluidity. We adopt units in which %/M has the value unity. In the language

of differential forms, the flow field is described by the 1-form V(x), and the quantization of

14



circulation (3.2) is expressed as

]f Y — 22N, (3.3)

We shall be concerned with vortices of unit strength (i.e., n =1). Owing to the linearity of
the theory, results for higher-strength vortices can be straightforwardly obtained from those
for unit-strength vortices via elementary scalings with n (i.e., velocities scale linearly with
n; energies scale quadratically).

For a flow V to have the prescribed vortical content, it must be expressible as a sum of

two contributions:

1. a real vector field V(z) that is singular on any vortex-supporting sub-manifolds, and
has the appropriate quantized circulation around them, and thus its contribution to

the flow includes the flow’s vortical part; and

2. the gradient of a real, scalar phase field ®(z) that is smooth and single-valued through-
out (2. Owing to the latter property, this component of the flow is capable of contribut-

ing only to the irrotational (i.e., circulation-free) aspects of the flow.

Thus, we consider flows of the form
Vd(ﬂi) = Vd(JJ) + Vd (I)(JJ), (34)

in which the gradient V, denotes the partial derivative 8/9z, with respect to the d' spatial
coordinate z4. (The V;® term carries a dimensional factor of 4/M, which we set to unity,

earlier.) In the language of differential forms, Eq. (3.4) is expressed as
V=V+do, (3.5)

where d® is the exact 1-form that results from taking the exterior derivative of the O-form

(i.e., the function) ®.
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To ensure that the vortical part V' of the flow V has the appropriate circulation on loops
surrounding any vortex-supporting sub-manifolds, it must obey the following inhomogeneous

partial differential equation:

€dy-dp Vp_1 Vip (T) = 27 Jgy..a, (7)), (3.6)

where €g4,...q,, is the completely skew-symmetric D-dimensional Levi-Civita symbol. Equa-
tion (3.6) is a natural generalization to D-dimensions of the static version of the three-
dimensional differential expression of the Ampere-Maxwell law relating the magnetic field
(the analogue of V') to the electric current density (the analogue of .J), which in suitable
units reads

curl V. = 27J. (3.7)

An account of the analogy between superfluidity and magnetostatics for the case of three
dimensions is given in Ref. [17]. An extension of electrodynamics, which allows for extended,
string-like sources and necessitates the introduction of rank-2 skew-symmetric gauge poten-
tials, was developed by Kalb and Ramond [16] in the context of string theory. A more
general extension, to settings involving arbitrary space-time dimensions and p(> 1)-form
gauge potentials, has been discussed by Teitelboim [37] and Henneaux and Teitelboim [14].

The source field in Eq. (3.6), J, is a completely skew-symmetric, rank ) tensor field,
which obeys the divergencelessness condition® dy, Jay-a,(7) = 0, ie., the consistency con-
dition that follows, e.g., from the application of d;, to Eq. (3.6). (We discuss this point
further in A.) This field J encodes the singularity in the density of the vorticity associated
with any IP-dimensional vortices in the superflow. The factor of 27 in Eq. (3.6) is extracted
to ensure that unit-strength sources gives rise to unit quanta of circulation. That V' must

obey Eq. (3.6) follows from the integral form of this law, Eq. (3.2), which can be obtained

2We have chosen to use the term divergenceless for fields obeying the associated condition, but we could
equally well have chosen to use instead divergence free, solendoidal or transverse.
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from Eq. (3.6) via the D-dimensional version of Stokes’ theorem. The right-hand side of
Eq. (3.2) is the flux of the source J(z) through the corresponding closed contour. (In its
integral form, the three-dimensional Ampere-Maxwell law dictates that the line-integral of
the magnetic field along a loop in three-dimensional space has a value determined by the
flux of the electric current threading the loop.) The skew-symmetric tensor nature of the
source field J, present for D > 4, is a natural generalization of the vectorial nature of J
present in D = 3, and reflects the corresponding higher-than-one-dimensional geometry of
the sub-manifold that supports the vortex, as we shall discuss shortly.

In the language of differential forms, Eq. (3.6) is expressed as an equality of P-forms,
ie.,

*dV = 2], (3.8)

where dV is the 2-form that results from taking the exterior derivative of V', the form xdV is
the I)-form dual to it that results from applying the (Eucidian) Hodge-+ operator to it, and
J is the source IP-form. The dual of this equation, which is an equality of 2-forms obtained
by applying * to it, reads

dV = (2nJ). (3.9)

In the language of differential forms, the divergencelessness of the source .J, mentioned
shortly after Eq. (3.7), amounts to J being a closed form, i.e., dJ = 0.

What value should the source field J have if the D-dimensional flow is to contain a single,
unit-strength, quantized vortex? Recall that for D = 3 (so that I) = 1), the vortex is one-
dimensional and supported on the curve x = R(s1), parameterized by the single variable s;
(see Fig. 3.2). In this case, the source takes the value

J(x) = /d31 % §®(x —R(s1)), (3.10)

associated with the analog of a unit-strength electrical current flowing along the curve and
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supported on it. The sign of this analogue of the current (i.e., its direction around the loop)
determines the sense in which the superflow swirls around the vortex core, via a right-hand

rule. Observe that the geometry of the line enters not only in terms of the curve R(s;) on

-

/)
D—/ R(S) >

B
\\/399\)\

Figure 3.2: A loop vortex in a three-dimensional superfluid specified by R(s) with arc-length
parameter s, showing the direction of the source “electrical current” along the loop and the
sense of the superflow encircling the loop.

A

which the vortex is supported, but also via the tangent vector to this curve, dR/ds;. The

geometrically natural extension of the source to arbitrary dimension D involves:

1. concentrating the source on the appropriate JP-dimensional sub-manifold;

2. specifying the shape of this sub-manifold, via © = R(s), where s denotes the set of
the I) variables {s, ss, ... ,sp} that, when they explore their domains, trace out the

idealized core of the vortex; and

3. endowing the source with appropriate geometrical content, via the natural generaliza-

tion of the tangent vector.

This generalization is provided by the oriented, /)-dimensional (tensorial) volume

€a1...aw (6a1Rd1) te (aaDRdw)

(where 0, denotes the partial derivative with respect to the ' independent variable that

parameterizes the vortex sub-manifold, in this case, 9/9s,) of the parallelepiped constructed
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from {OR/ asa}f):l, i.e., the set of ) linearly independent, coordinate tangent-vectors to the
sub-manifold at R(s). Together with the measure d%s, this volume plays the role of an
infinitesimal segment of vortex line (in D = 3) or patch of vortex area (in D = 4, as

sketched in Fig. 3.3). Here, Eayay 18 the completely skew-symmetric IP-dimensional Levi-

O

Figure 3.3: A two-dimensional vortex sub-manifold in a four-dimensional superfluid. T}
[= 01R(s)] and Ty [= 02 R(s)] are two coordinate tangent vectors to the sub-manifold at the
point R(s). These tangent vectors define a “patch” of the sub-manifold.

Civita symbol, in contrast with the D-dimensional €4,...4,,, which we defined shortly after

Eq. (3.6).

=

e~

Figure 3.4: A segment of a vortex in a three-dimensional superfluid, showing the tangent
vector dR/ds and two normal vectors Nt and N2.

Thus, for the case of a I)-dimensional vortex in a D-dimensional flow, the source takes

the form

Jdlmdlp (ZL“) = /dms €a1...aw (6a1Rd1) tee (6%}%%) 5(D)((£ — R(S)), (3.11)

where summations from 1 to I) are implied over repeated indices a1, as, etc. We show in A

that this form of the source does indeed describe a generalized vortex of unit vorticity, in
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the sense that the circulation of the superflow computed on any one-dimensional loop that
surrounds the source a single time is unity (up to a sign that depends on the sense in which
the loop is traversed). Furthermore, this form of the source obeys the condition of being
closed, i.e., Og, Ja,..a,_,(x) = 0, as we also show in A. In the language of differential forms,

Eq. (3.11) is expressed as

J(z) = / d%s 5P (x — R(s)) (0,R) A (O2R) A --- A (OpR). (3.12)

Figure 3.5: A two-dimensional vortex sub-manifold in a four-dimensional superfluid. Shown
are two tangent vectors, T} and Tb, and two normal vectors, N! and N2, at the point R(s).

It is also useful to consider the dual of the source, viz., the completely skew-symmetric

rank-2 field

1
* Jap_ap(T) == 1 e dpdoadp Ty -y ()

Edl.l.d _1d
= # /dms €arapy (O Ray ) -+ - (Oayy Rayy) D) (x — R(s)). (3.13)
Let us pause to analyze the factor

[m!]_l €dy-dp_1dp €ar-ap (aalel) e (aaldem) (3'14>
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from the integrand of Eq. (3.13), and hence to introduce some useful geometrical ideas.
Being a skew-symmetrized (over the spatial indices dy, dy etc.) product of the set of vectors
{8,R}?_| tangent to the sub-manifold at the point R(s), the skew-symmetrization over
indices associated with the sub-manifold coordinates (via €q4,..q;,) is elementary, yielding a

factor of IP!, so that the factor can equally well be written as
€di--dp (81Rd1) tee (8¢Rdm). (315)

Being orthogonal to the plane tangent to the manifold (i.e., the plane spanned by the vectors
{8aR}fZ):1), this factor can be expressed in terms of a skew-symmetric product of any pair,
N' and N2, of unit vectors that are mutually orthogonal and orthogonal to the tangent

plane (see Fig. 3.4 for an example in D = 3 and Fig. 3.5 for an example in D = 4), i.e., as
(Na,_, Na, = Ni,Ni,_,) B, (3.16)

in terms of a coefficient B. To determine B (up to a sign associated with orientation), we

take the formula

(Ng,_ Ni, — N, Ni, )B=céq.ap(01Ra,) - (OpRay), (3.17)
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and fully contract each side with itself to obtain

B* = teuapap rdp (O1Ra) - (OpRay) €4y dpap_rap (O1Ra,) - (OpRa,,)
= OuarOids Oapdy — OtndsOnds Oy, + )
X (01 Ra,) - (OpRa,) (01 Ry,) - (OpRy,)
= +(01Ra,)(O1Ra,) (02R4,) (02 Ray) - - (OpRay, ) (OpRayy)
— (01 R4, )(02Ra,) (02Ra, ) (01 Ray) - - - (Opp Rayy ) (Op Rayy) + - - -

= dety, (3.18)

where ¢,, are the components of the induced metric g on the vortex sub-manifold, also

known as the first fundamental form [32], and are defined via

gals) = ZHA) D), (3.19)

Thus, for the geometric factor (3.14) we obtain

\/det g (N;DlejD — NijlNC}D), (3.20)

and for the components of the dual source field x J we obtain

*Jap_dp () = /dws\/detg

x(Nj,_Nj —Nj Ni )P (z— R(s)). (3.21)

The measure d?s\/det g is the infinitesimal area element on the vortex sub-manifold R(s).

In the language of differential forms, Eq. (3.13) is expressed as
*J(x) = /dﬂ{s Vdet g (N* AN?) 6P)(z — R(s)). (3.22)
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3.3 Equilibrium superflows of a given vortical content

In this section, we introduce energetic considerations and show that—provided we adopt a
suitable choice of gauge for the rotational part V' of the flow—the irrotational contribution
to the flow V@ is zero in the equilibrium state. After that, introduce a convenient gauge po-
tential A, and use it to solve for the flow in the presence of a given vortical content, the latter
being specified by a suitable source term. The gauge potential is a rank-1), skew-symmetric

tensor, precisely analogous to the vector potential of three-dimensional magnetostatics.

3.3.1 Minimization of superflow kinetic energy

We take the energy of the system to be entirely associated with the kinetic energy of super-
flow. As we are addressing flows possessing a prescribed set of vortices, the energy associated
with the absence of superfluidity in the cores of the vortices will not play a significant role.
We assume that the mass-density of the superfluid p is constant, i.e., we take the fluid to
be incompressible. The energy pE associated with the flow V can therefore be specified in

terms of the functional

1
Ei= / dPx V(z) Va(z), (3.23)
Q
which, for convenience, we shall refer to as the energy, despite the missing factor of p.
To determine the equilibrium flow in the presence of some prescribed vortical content,

we regard V' in Eq. (3.4) as fixed and minimize E with respect to ®. The corresponding

stationarity condition reads:

SE 5 1
5b(z)  6P(z)2

/Qde [Va(Z) + Va@(2)] [Va(Z) + V@(Z)] (3.24)

= —Vi(Vi®(z) — Vy(x)), (3.25)
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where we have used the periodic boundary conditions on V' and ¢ to eliminate boundary
terms, and thus arrive at an overall condition of divergencelessness on the flow V. Now, V
obeys Eq. (3.6), and is therefore not unique, being adjustable by any gradient of a scalar.
This gauge freedom permits us to demand that the rotational part of the flow itself be
divergenceless, i.e.,

VaVy =0, (3.26)

and we shall impose this demand. Thus, from Eq. (3.25) we see that the minimizer ®
is harmonic, i.e. V4;V3® = 0, and subject to periodic boundary conditions. Thus, ®
is a constant, and does not contribute to the equilibrium flow V, which is given by V
alone, the latter obeying Egs. (3.6) and (3.26). Thus, the flow has energy (p/2) [ dPz V,V;.
(Minimization, and not just stationarity, of the energy follows directly from the positive

semi-definiteness of the second variation of E.)

3.3.2 Fixing the complete flow: equilibrium state at given

vortical content

To solve Eq. (3.6) in terms of the source and, more particularly, the location of the singular
surface R(s), we take advantage of the divergencelessness of V', Eq. (3.26). This allows us
to introduce a gauge field A, which is a completely skew-symmetric rank-I) tensor field, in

terms of which V' is given by

‘/:iD (ZL’) = €dy--dp VdelAdl..‘dm (J]) (327)

We may subject this gauge field to a gauge condition, and the one that, for convenience, we

adopt, is the transverse condition:

lep Adl"'dlp (SC) =0. (328)

24



In the language of differential forms Eqgs. (3.27) and (3.28) are expressed as
V=xdA and dA=0. (3.29)

To solve for A, we insert V', expressed in terms of A, into Eq. (3.6), to obtain

€dy-dp Vdp_1€dydp_rdp Y dp_y Adydy = 2T Jdydy- (3.30)

We then contract the two e symbols, which yields a [(D — 1)! termed] sum of products of

(D — 1) Kronecker deltas, signed with the signature of the permutation 7, i.e.,

6Cll"'dD 6‘171"'117D71dD = Zﬁ— Sgn(ﬁ-> 5d1ﬁ(&1) e 5dD,17AT((17D,1)7 (331>

and employ the skew symmetry of A and the gauge condition (3.28) to arrive at the gener-

alized Poisson equation, viz.,
lD' VdVd Adl...dD_Q(l’) = 27TJd1"‘dlz> (I‘) (332)

By virtue of the adopted gauge condition, Eq. (3.32) has the cartesian components of A
uncoupled from one another. Lastly, we introduce the D-dimensional Fourier transform and

its inverse, defined as

fla) = /Q Pz et f(z), (3.33)
f@) = / gt (q), (3.34)

where ¢ is a D-vector and dPq := dPq/(27)P, and apply it to Eq. (3.32) to take advantage
of the translational invariance of the Laplace operator. (We are implicitly taking the large-

volume limit, and thus the inverse Fourier transform involves an integral over wave-vectors
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rather than a summation.) Thus, we arrive at an algebraic equation relating the Fourier

transforms of the gauge field A and the source J, which we solve to obtain

27T Jd1--~d¢ (Q)

Aupayla) = — 2520 (339
Inverting the Fourier transform, A(q), yields the real-space gauge field
Adyay () = i /d qﬂJdl---dm(Q), (3.36)

from which, via Eq. (3.27), we obtain the Fourier representation of the real-space velocity

field,

2 o 1qq, , €97
VdD (ZE) = —ﬁ €di--dp /qu quflq Jdl"'dy) (q) (337)

For a source J given by a single vortex, as in Eq. (3.11), we have the following, more explicit

form for the velocity field:

2m n Wdp 1 g
Vip(a) = = carea / %y Ao
X / dPs g, ap o (Oa Ra,) - - (Qayy Ray,) €7 H), (3.38)

As shown in B, the ¢ integration may be performed, yielding the result

LW
27TE)/2 (lD—l)' dy---dp

VdD (l‘) =
(z — R(s)
|z — R(s)

x / d” 5 €ayapy(Oas Ray) -+ (Oayy Rayy)

—_— | ~—
U
g
|
—

in which I'(2) is the standard Gamma function [25].
Formula (3.39) for the velocity field V' gives the structure of the superflow at any point
x in the superfluid in terms of the shape R of a vortex. In the following sections, we shall

deploy this formula to address the following issues: the velocity conferred by this flow on
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vortices themselves, the velocity of hyper-spherical vortices, the dispersion relation for small
deformations of hyper-planar vortices, the superflow kinetic energy for vortices of arbitrary

shape, and the energy-momentum relation for hyper-spherical vortices.

3.4 Dynamics of vortices in arbitrary dimensions

3.4.1 Motion of vortices: asymptotics and geometry

We have already established the flow field in the presence of a vortex, Eq. (3.38). We now

examine the velocity U(X) that this flow confers on points x = R(X) on the vortex itself:

1 T (p/2)
s=R(®) 21P/? (B—1)! €dy--dp

(R(%) — 11%(5))61%_1  340)
|R(2) = R(s)]

UdD(Z) = ‘/dD (:L’)

X /dms Eay-ap Oay Ry (8) -+ Oapy Ry, (s)

Observe that the integral in Eq. (3.40) is logarithmically divergent; physically, it is regular-
ized via the short-distance cut-off €.

We now determine the leading contribution to the velocity in a regime in which the
characteristic linear dimension of the vortex and the radii of curvature of the sub-manifold
supporting the vortex are large, compared with £. In this limit, the dominant contribution
to the integral is associated with small values of the denominator. As we show in D, the

asymptotic behaviour of U (X)) is given by

UdD (Z) ~

1 T(p/2) 1
ﬁ o2 Vdet g AZD In(L/¢€) €di--dp Eay--ap

X{ - %(&ledl) -+ (Oayy Rayy) (060 R, ) o
— Oy Rap_,) (Oay Ray) *++ (060a,, Rayy) +++ (Oayy Ray) Gor
+ SR (D405 Ra) (Ou ) -+ Dy Ray) (O R )
X (059w + Goi T + Govr T ) } (3.41)
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in which all terms, such as gradients of R, the metric tensor g and the inverse g of the
metric tensor, are evaluated at the point ¥ on the vortex sub-manifold, and the repeated
indices b etc. are summed from 1 to ). The factor Ap is the surface area of a I)-dimensional
hyper-sphere of unit radius (see, e.g., Ref. [1]).

The asymptotic approximation to the velocity U(X) of the vortex has a simple, geomet-
rical structure to it. This structure becomes evident via the introduction, at each point X of
the manifold, of a pair of vectors N'(X) and N?(X) that are normalized, orthogonal to one
another, and orthogonal to the tangent plane to the vortex sub-manifold at R(X), as made
after Eq. (3.15). The vectors N! and N? span the manifold of dimension two complemen-
tary to vortex sub-manifold, playing the role played by the normal vector of a hyper-surface
(i.e., a sub-manifold of codimension 1). The choice of the vectors N1(X) and N?(X) is not
unique; alternative linear combinations of them, provided the pair remains orthonormal to
one another and orthogonal to the tangent plane, will do equally well. However, what is
independent of this choice, is unique and, from a geometric perspective, is the natural object,

is the skew-symmetric product of N'(X) and N?(X), viz., the two-form

N := N'AN? (3.42)

the components of which are given by

Naa, == Ng, N7, — Nj, N7, (3.43)

already featuring in Eq. (3.16) et seq. As we show in E, the right-hand side of Eq. (3.41)

can be expressed in terms of the components of the N! A N? two-form, which then reads

h
Ud(Z) ~ W Gaa’ Ndd’ (aaaa/Rd/) IH(L/S) (344)

Note that we have restored to dimensional form of the velocity in Eq. (3.44), according to
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the prescription given in the footnote 3.

Observe the role played by the geometry here. The local shape of the vortex enters
through the intrinsic geometric characteristic, the metric g [i.e., the first fundamental form,
Eq. (3.19)], as well as through the extrinsic geometric characteristic Ngg 0,00 Ra (i.e., the
second fundamental form [32]). For the familiar case of D = 3, one choice for the two
vectors N' and N? is the normal and the binormal to the vortex curve. Together with
the tangent to the 1-dimensional vortex line they form an orthonormal basis (i.e., a Frenet-
Serret frame), which reflects the extrinsic geometry of the vortex line. In contrast with its

higher-dimensional extensions, the vortex line does not possess any intrinsic geometry.

3.4.2  Velocity of circular, spherical and hyper-spherical

vortices: exact and asymptotic results

We now examine the velocity of vortices for the illustrative cases of circular, spherical and
hyper-spherical I)-dimensional vortices of radius L, embedded in D-dimensional space. (The
case of D = 2 will be treated separately.) In such cases, the vortex sub-manifolds can be

taken to have the following form:

R(s) = L(sinsysinsy---sinspy_;sinspy,
Sin $18in Sy - - - sSinSp_4 COS Sp,

Sin s18in sy - -+ COSSp_1q,

sin s1 €os Sa,
COs S1,

0), (3.45)

3To restore the physical units, we multiply velocities by //M, energies by ph?/M?, momenta by ph/M
and frequencies by ii/M.
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with the I) parameters (sy, ..., sp) respectively ranging over intervals of length (m, 27, ..., 27),
and where, for each D, we have chosen the manifold to be centered at the coordinate origin
and oriented so that it is confined to the xp = 0 hyper-plane. For example, in the case
of D = 3, the vortex sub-manifold is then a ring of radius L, lying in the x;-zo plane. As
the vortices are circular, spherical or hyper-spherical, rotational invariance ensures that all
points on them move with a common velocity, and that this velocity points along the direc-
tion perpendicular to the (D — 1)-dimensional plane in which the vortices are confined, i.e.,
the D direction.

Formally, we can write an exact expression for the velocity U(X) of any point ¥ on the
manifold, by substituting R(s) into Eq. (3.40). Thus, may choose any point on the manifold
at which to compute the velocity, and for convenience we choose the point given by s; = 0
i.e., R =(0,...,0,L,0)]. Two convenient vectors orthogonal to each other and normal to

the vortex sub-manifold there are:
N'=1(0,0,...,0,0,1) and N?=(0,0,...,0,1,0). (3.46)
By substituting R, N' and N? into Eq. (3.44) we obtain

Un() = 5 In(L/€) (3.47)

regardless of the dimension D (provided that D > 2).

In arriving at Eq. (3.47) it was our assumption that the vortex is a manifold. Thus, any
point on the vortex has other points on the vortex in its neighbourhood; this is the origin
of the logarithmic dependence on £. This feature does not hold for D = 2 because in this
case the vortex is a pair of disconnected points not a manifold, and hence Eq. (3.47) does
not apply. Instead, the velocity conferred on a vortex by its anti-vortex partner separated

from it by a distance 2L is given by the well-known formula 1/2L, and points orthogonally
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to the line connecting the partners.

3.4.3 Motion of weak distortions of linear, planar and

hyper-planar vortices

Next, we assume that the manifold is a weak distortion of a JP-dimensional hyperplane, and
examine the motion of this distortion that results from it being transported by the flow.
Such hyper-planar vortices are the generalization to the D-dimensional setting of the one-
dimensional straight-line vortex in the three-dimensional setting—first studied for normal
fluids by Thomson in 1880 [39]—and the flat plane vortex in the four-dimensional setting.

The points on the undistorted hyper-plane are given by
xr = F(s), (3.48)

where F(s) = Zf):l Sa €a, the set {eg}2_, is a complete orthonormal Euclidian basis in the
ambient space, and the variables s range without bound. To obtain a weak distortion of the

flat manifold we augment F'(s) with a “height” function,
H(s) = Hp-1(s)ep-1+ Hp(s)ep, (3.49)

which has nonzero components Hp_; and Hp only, i.e., it points in the two directions
transverse to the flat manifold. Figure 3.6 illustrates the weak distortion of a plane in

D = 4. Thus, the points on the weak distortion of the flat manifold are given by
x=F(s)+ H(s). (3.50)

We now analyze the dynamics of the small perturbations (i.e., ripples) that propagate

on the manifold, by constructing an equation of motion for them. The first ingredient is
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Figure 3.6: A weak distortion of a hyper-planar vortex in a four-dimensional superfluid. The
height function H characterizes the distortion, which is perpendicular to the undistorted
plane.

the velocity U of any point o on the manifold, which we determine by applying Eq. (3.40),

subject to the replacement

R(s) — F(s)+ H(s). (3.51)

Thus, we arrive at the flow velocity at the point z = R(0):
L(p/2)
UdD (O') = QWlDWEdr-dD /dms Edl“‘alp
X Oay (Fay (5) + Hay () -+ Oayy (Fay (5) + Hayy (5))

(F(U) — F(s)+ H(o) — H(S))dp,l
y DL (3.52)
|F(o) = F(s) + H(o) — H(s)|

We are concerned with small distortions, and we thus expand the right hand side of Eq. (3.52)
to first order in the height H; the details of this expansion are given in F. For all points

o of the manifold, the resulting velocity U(c) points in a direction transverse to the flat

32



manifold, its only nonzero components being approximately given by

Uy(o) ~ 2nlp 475_?3//3 /‘F

Ol
/)
X { (H(J) - H(s)) S o~ s)ya%fs)}, (3.53)

where the indices v and 7' (which, are summed over when repeated) take only the values
(D —1) and D, and €, is the skew-symmetric tensor with ep_q p := +1

We pause to note that the superflow velocity field V' (z) is translationally covariant, in
the sense that a global shift in the position of the vortex sub-manifold by a constant vector
C (i.e., R — R+ C) produces the shift of the superflow velocity field V(z) — V(z — C).
The vortex velocity given by Eq. (3.52), and its approximation Eq. (3.53), both transform
in accordance with this requirement. In particular, it should be noted that Eq. (3.53) is
invariant under translations of the distortion of the form H., (o) = H, (o) + C,.

Returning to the calculation of the vortex velocity for the case of weak distortions from
hyper-planarity, the form of the denominator in the integral in Eq. (3.53) suggests that
the dominant contribution to U,/ (X) comes from short distances, i.e., s & 0. We therefore
approximate this integral by making a Taylor expansion of the term H (o) about ¢ = s to

second order, thus arriving at the approximate vortex velocity

L(BH/2) d’s
Uw(g) ~ 2T lD A “A-DJ2 677’/(2 (3—0‘) )D/2
1 0°H

x(o—5),(0c—s)s 5 831,831,' (3.54)

To obtain a closed system of equations for the dynamics of the height function, we observe
that the superflow carries the vortex sub-manifold with it, so that the evolution in time ¢ of
the height is given by

0H,(o,t)/0t = U,(0,1). (3.55)
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In the approximation (3.54), this equation of motion becomes a first-order differential (in
time), nonlocal (in “internal space] i.e., in the coordinates o that span the undistorted,
hyper-planar vortex sub-manifold) system of two coupled linear equations that is transla-
tionally invariant in both (internal) space and time. As such, it is reducible to a two-by-two
matrix algebraic form under Fourier transformation in both (internal) space and time, which

we define as follows:

T(gw) = / PP o=t / dt ! (0, ), (3.56)

qu iq-o dw —iwt T
L(o,t) = /W e' o © " L(q,w). (3.57)

Computing the spatial Fourier transform of Eq. (3.55) is addressed in G; the temporal Fourier

transform is elementary. Introducing, for convenience, the coefficient

)2

I(B/2)

A(|k|) == E*In (1/]k|€), (3.58)

arrived at via the spatial Fourier transform (see G), the equation of motion becomes
—iwH,(q,w) = A|q]) €4 Hy (g, w). (3.59)

The solvability condition for this system is

w A
det el ) _ (3.60)

—A(lgl) aw

and gives rise to the following dispersion relation for the spectrum of normal modes of

oscillation, with two modes for each value of the [P-vector ¢ conjugate to the position in the
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flat vortex sub-manifold hyper-plane:

22 p
T(p/2) M

w(lgl) =+ lq* In (1/]4l€) (3.61)

where we have restored the dimensional factors. The normal modes are themselves given by

o 1 A
T = eilaoFwt) (3.62)
H3, Fi

and these correspond to left and right circularly polarized oscillations.

3.5 Superflow kinetic energy for given vortical

content

3.5.1 Exact evaluation

We now use the solution for the velocity field, Eq. (3.37), together with the equation for the

kinetic energy E of the velocity field, Eq. (3.23), to obtain the kinetic energy in terms of the
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source J:

B o= g [ d Vi) Vita) = 5 [ dPr Vi) Vi)

* /
1 21\ > Cida d/l---d'm@)
) 5d“(w0(/dx” /“V%bﬁ Crd
o iy (1)
X€dy-dp /d q4dp_, € T
1 271\ 2 - Jsll...d;p((]/)
— §5dbdD ﬁ Ed--dt, d> q qd, 1W
A Jd cd (q) ~
X€dy-dp /qu Qdp_, _p A 5(D)(q/ —q)
q-9q
1 2
= 5d 'ndp (ZD') €dy--di,€dydp

X /cqu Js’ldllﬁ (C]) Jdl"'dlp (q)

da;, | ddp_,

(¢-9)?* (3:63)

where 6(P)q) := (2m)P6(P)q). For a source J given by a single vortex, as in Eq. (3.11), we

then have the more explicit form for the energy:

Oar dp, (27 ! '
E = dgd (ﬁ) A /d s'€at ~aly (Ou; Ray (5)) ---(8%53%(5))
X /dll)s Cay-ay (aalel(S)) T (6a Rdw (S))

/ vt dd
/que ¢-(R(s") - R(s))%. (3.64)

Writing X for (R(s") — R(s)) and using the result for the ¢ integration given in C, the energy

becomes

1 (2m)°
E = 5 (ﬁ) ed'l'"d'DEdl'“dD(Sd’DdD /dlpsl 6(1/1...&/12) (8a/1Rd/1 (S,)) s (aa/de/w(sl))

X / dmsaal...am (0ayRa, (5)) -+ (8ayy Ray ()

1 Xa,  Xap_, )
- v~ ~ 2],

X <5d'D_1le P+ X. X

B (3.65)

36



where P; and P, depend only on D and are given in C.
The final step in constructing the energy of a single vortex involves contracting the D-
dimensional € symbols and taking advantage of the skew-symmetry of the sources. Thus, we

arrive at the result

E=3(5) GpAravaT (B -y 20T (8- 1)

X/dIDS’sag...a;p (Ouy R, (5) - (0w, Ra,_,(5)) (Our, R ()

8 /dms €ay-ap (a!ll Rd1(5>) e (aawfleDﬂ(S)) (a‘lﬂ’Rdﬂ’<S))

Xo X
xm{@l — D) bg, 4, + DD ;ii’;;”} (3.66)

The factor Ap_; is the surface area of a (D — 1)-dimensional hyper-sphere of unit radius
(see, e.g., Ref. [1]), and I'(z) is the standard Gamma function (see, e.g., Ref. [25]).
Formula (3.66) gives the kinetic energy in terms of the local geometry of “patches” of the
vortex sub-manifold and interactions between such “patches” The asymptotically dominant
contributions to the energy come from nearby patches, and we evaluate these contributions
in the following section. The linearity of the theory ensures that the energy associated with
configurations involving multiple, rather than just one, vortices is obtained via an elementary
extension, comprising self-interactions terms, such as the one just given, for each vortex, as

well as mutual interaction terms for pairs of distinct vortices.

3.5.2 Asymptotics and geometry

We now analyze the energy of a vortex asymptotically, subject to the conditions discussed
earlier in Section 3.4.1, (i.e., the characteristic linear dimensions and radii of curvature of
the vortex are much larger than the short-distance cut-off £). In this regime, the dominant
contribution to the energy is associated with the large values of the integrand that occur

when the ()-dimensional) integration variables s and s’ are nearly coincident, so that the
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denominator (X -X)?/2 is small. To collect such contributions, it is useful to change variables

from (s,s") to (X, 0) as follows:

Sa = Sa, (3.67)

~

s, = Yu+ 04 (3.68)

the Jacobian for this transformation being unity,

p

= |det =1, (3.69)

so that [d%' [d¥s...= [d"% [d% ... .
The energy formula (3.66) comprises two pieces, and we now consider them in turn. The

first, (a), involves the integral

» d%
[ [ OuRa(S ) 04 (5 )

XEay.apy (Oay Ray (5)) -+ (Dapy Ry (8))- (3.70)

The second, (b), involves the integral

deXd
D D »
/dE/d D/2

xga’l---a’m (8Q1Rd1( )) s (8%71}%%71(2 — S)) (&led/B)(E — S))

Xarreay (Ous Ry (8)) -+ (B Ray,(5)) (O Ry (5))- (3.71)

Our strategy will be to Taylor-expand the integrands in terms (a) and (b) about the point

o = 0, keeping only the leading-order terms.

38



Let us focus on term (a). It is adequate to approximate the numerator at zeroth order:

Eafral (Out Ra, (2 ))---(% Ry, (2)) €ay--ay (Oay Ray (2)) - +(Oayy Rayy () -

Note the occurrence of ) factors of the induced metric g,,, defined in Eq. (3.19). In terms

of g, the numerator of term (a) becomes
Eataly Ear-agy Jajar (3) Jagas (B) * ~ Gl a,y (5), (3.72)
and, by the well-known formula for determinants, this is
D! detg. (3.73)
To complete the approximate computation of term (a) we examine the denominator,
(X -X) P2 2 |R(S+0)— RV, (3.74)

By Taylor-expanding for small o and retaining only the leading-order contribution, we find
that the denominator becomes

(Ua’ Ja'a 0-(1)712)/2 . (375)

Thus, for term (a) we have the approximate result

D D P! det g(%)
/d E/d 0n (™) Q)D/Q. (3.76)

A convenient way to analyze the integration over ¢ is to make a I)-dimensional orthogonal
transformation from o to coordinates ( that diagonalize g, the eigenvalues of which we denote
by {%}gzl, and then to “squash” these coordinates to ¢ (defined via Co = /Ta Ca), SO as to

“isotropize” the quadratic form in the denominator. Following these steps, postponing to
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the following paragraph a discussion of the integration limits, and omitting an overall factor

of !, our approximation for term (a) becomes

a?
/dwz detg(E)/ ? 7
(Ua’ ga’a(2> Ua)

:/dwz detg(Z)/[ a7¢ ]M

2 (D) ¢
:/dﬂ’z det (%) d?¢
L Ve®) ) (w2, a]™

»-1
:/dDE\/detg(E)Am/%,

where Z := 4/ Zle 2.

Up to now, we have been vague about the limits on the integrations over the o variables.
In the short-distance regime there is, for each value of ¥, a physically motivated cutoff that
eliminates contributions from regions of ¢ in which the separation |R(X + ) — R(X)| is of
order ¢ or smaller. This cutoff is associated with the fact that our overall description is not
intended (and is indeed unable) to capture physics on length-scales associated with the linear
dimension £ of the core of the vortices. In the long-distance regime, there are integration
limits associated with the finite size of the vortex, which we take to be of order L. (Thus,
we rule out of consideration vortices whose shape is strongly anisotropic; already ruled out
are, e.g., rough vortices, for which the Taylor expansion of the functions describing the
shapes of the vortices would be unjustified.) In particular, the last step in our approximate
computation of term (a), in which we transformed to the single radial coordinate in the
Ip-dimensional flat plane tangent to the vortex at the point s = ¥, is only valid if the limits
of integration possess the rotational symmetry of this tangent plane, which they typically
do not. (The case of D = 3 is an exception.) However, to within the logarithmic accuracy

to which we are working, it is adequate to ignore these complications and approximate what
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has become the Z integral by In(L/£). Any refinement would just change the argument
of the logarithm by a multiplicative numerical factor, and this would produce an additive
correction to our result that is of sub-leading order. Thus, our approximation to term (a)

becomes

» / dP% \/det g(T) Ay In(L/€). (3.77)

The remaining integral, f d?y \/det g(X), is familiar from differential geometry, and simply
gives the J)-dimensional volume of the sub-manifold supporting the vortex, which we shall
denote by Wp [and which is a functional of R(-)]. Thus, our approximation to term (a)

becomes

DAy Wy In(L/€). (3.78)

A similar procedure allows us to find an adequate approximation to term (b), as we now
show. In contrast with term (a), owing to the two factors of Xy := Ry(X + o) — Ry(X), the

numerator vanishes at zeroth order in o, and requires Taylor expansion,
Xg~ 0,0R;/0%,, (3.79)

to identify the leading-order contribution to the numerator. The remaining factors in the
numerator can be evaluated at zeroth order, which then becomes

Eql .. a/w 60/1Rd1 te 8a/ ,1Rd12>—1 aa,wRdllD 5a1~~~a1p 8a1Rd1 <0

1 B Ap—1

Ra, | OupRa,

XUa/D71 8a Rd/lD Oap_q aaD_le

!
D—1 D

= €a1~-~am €a’1-~~a’m ga’lm T gab73ap,3 gaba’1771 Ua’D71 galpa[)_l Oap_1

= €a1---alp_1a1p €a1~~-alp71a'D71 O'a’1771 galpap_l JaD_l

- (ZD N 1)! 5‘%“571 9y, Japap—1 Tap_y = ]p! Ta’ Ja'a Oa s (3-80>
in which all terms involving R and g are evaluated at the point X, and where we have made
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use of the formula for the determinant,

ga’l---a’D Y9a'ar Yahas " * ga;paw = Cayap det g, (38]—>

and, once again, we introduced the induced metric gq(%) as well as the contraction of the
skew symmetric symbols, Earap_jaarap 0/ = (]2 — 1) 84ar- As for the the denominator of
term (b), this we Taylor-expand in the manner already used for term (a), noting that the
overall powers in these denominators differ by unity. Thus, apart from an overall factor of

() —1)!, we have for term (b) the approximate result

/ APy det ¢(%) / d%( O gara(%) O

O-a’ga’a(g) UQ)D/2

_ / 4?3 det ¢(%) / : ik (3.82)

O Gara(5) 00) P/

which is of precisely the structure that arose in the analysis of term (a), and thus the

approximate result for term (b) becomes

(1D — 1)1 Ay Wy In(L/€). (3.83)

Finally, we assemble terms (a) and (b) to arrive at an asymptotic formula for the energy

of the equilibrium flow in the presence of a vortical defect, which reads

7],2

VAT (8= )T (8 ~1) Ap 1 Ap (L) W (351)

E =~
4

This formula simplifies, using the equation for A, Ref. [1]), to give
h2
E ~ <pW> T Wy In(L/¢), (3.85)
where we have restored the dimensional factors.
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3.5.3 Elementary argument for the energy

In the previous subsection, 3.5.2, we have shown that, in the asymptotic limit of a large,
smooth, J)-dimensional vortex sub-manifold having the topology of the surface of a (D —1)-
dimensional hyper-sphere, the kinetic energy depends on the geometry of the sub-manifold
only through its IP-dimensional volume Wp. This result is consistent with the following
elementary argument.

Imagine starting with such a vortex sub-manifold, and “morphing” its shape into that of
a hyper-sphere having the same J)-dimensional volume. Next, cut the hyper-sphere along an
equator, so that it becomes two hyper-hemispheres of equal size. Then, distort the hyper-
hemispheres into flat hyper-planes separated by aL (i.e., a distance of order L), maintaining
their I)-dimensional volumes at %le)a and imposing periodic boundary conditions on op-
posing sides of the hyper-planes. This last step is bound to involve some stretching of the
sub-manifolds, but let us assume that this will only affect the energy sub-dominantly. We
choose the separation of the hyper-planes to be O(L), so as to best maintain the geometry of
the original sub-manifold. We can think of the resulting D-dimensional system as comprising
a IP-dimensional stack of identical, two-dimensional, films of superfluid having thicknesses &
in every one of their I) thin dimensions, each film containing a point-like vortex—anti-vortex
pair.

Now, owing to the translational and inversion symmetry of the stack, the flow in each
film is confined to the film and is simply that associated with vortices in the film, and
therefore the energy of the flow is given by the formula: 27&? In(aL/§) (see, e.g., Ref. [40]).
Furthermore, the number of films is %W]p /€. Thus, consistent with Eq. (3.85), the total

energy is given by

;/z—g x 2me? In (%) =Wy {mg + 0(1)} : (3.86)

where the O(1) correction is associated with the factor a.
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Sub-leading corrections to this result for the energy will not depend solely on the vortex

sub-manifold volume but also on its more refined local and global geometrical characteristics.

3.5.4 Energy of circular, spherical and hyper-spherical vortices:

exact and asymptotic results

In this section, we analyze the energy of a geometrically (and not just topologically) hyper-
spherical vortex sub-manifold. The function R(s) for such a vortex is given by Eq. (3.45),
and by substituting this form into Eq. (3.65) we obtain a formally exact result for the energy.

To illustrate this point, consider the case of a two-dimensional vortex in D = 4, for which

the energy reads

1 ™ w/2
E = gLZ/ dsy d5/1/ dsy dsy cos(sg) cos(sh)

- —7/2

2
X —17. 3.87
{ 1 — cos(s; — s}) cos sy cos s, — sin s sin s } (387)

As with the case of arbitrary D, the integrand in Eq. (3.87) is singular for (s, s2) = (87, s5);
therefore, we follow the procedure, described in detail in Section 3.5.2; of expanding the
integrand around this point of singularity, hence obtaining the asymptotic result that the
energy is given by

E =~ 47 L* In(L/¢). (3.88)

Turning now to arbitrary dimension D, the energy of a hyper-spherical vortex can be
obtained by replacing the volume of the manifold in Eq. (3.85) by the surface area of a

(D — 1)-dimensional hyper-sphere, viz., Ap_1L? (see Ref. [1]), so that we arrive at

E~mAp_ L? In(L/€). (3.89)
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3.6 Energy-momentum relation for vortices

We now use the results for the energies and velocities of circular, spherical and hyper-
spherical vortices (i.e., D > 3), obtained respectively in Secs. 3.4.2 and 3.5.4, to construct
the momentum P of such vortices and, hence, their energy-momentum relations. To do this,
we observe that the energy E(L) and velocity V(L) depend parametrically on the radius of
the vortex L. Hence, we may construct the parametric dependence of the momentum P(L)

via the Hamiltonian equation

0 OE /0L
V(L) o (p) = 9PJoL’ (3.90)
p=P(L)
in view of which we have
orP OE /0L N »
L v 2r D Ap_i L”, (3.91)

where we have retained only the leading behavior at large L. By integrating with respect to

L we obtain the parametric dependence of the momentum on the vortex radius,

D -2

P(L)%27TD_1

Ap_ LP71, (3.92)

and by eliminating L in favour of E we arrive at the energy-momentum relation

D2 P¢ M
F ~ T}(D) Pp=1 (hl ? +In pg_D) , (393)

where 7(D) is a D-dependent constant given by

n(D) = (3.94)

(T Ap_)VP-D [ D1\
D—1 (2D—4> ’
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and the sub-leading logarithmic term is sensitive to the number of particles per coherence
volume.

For the case of D = 2, the foregoing derivation of the dispersion relation does not hold
because (i) the computation of OE /0L misses the leading term, which is a logarithm in L
[see Eq. (3.85)]; and (ii) the formula used for V(L) does not hold in D = 2, as noted at
the end of Sec. 3.4.2. Nevertheless, if we substitute the correct forms for OF/JL and V (L),
viz., 2w /L and 1/2L respectively, into Eq. (3.90), we obtain a dispersion relation identical
to the D — 2 limit of that given in Eq.(3.93), up to a numerical factor in the argument of
the logarithm. It is amusing to note that even the amplitude n(D) has the correct value,

27, in the limit D — +2.

3.7 Scaling and dimensional analysis

To ease the presentation, we have chosen to drop factors of A, M and p from our derivations,
restoring physical units only when giving results at the ends of the various sections. It is
worth noting, however, that many of our results can be obtained via scaling and dimensional
analysis, up to overall dimension-dependent factors and cutoff-dependent logarithms, as we
now discuss.

There are two characteristic length-scales: the linear dimension of a vortex L, and the
vortex core size . The latter serves as a cutoff, and therefore only features in logarithmic
factors, which are inaccessible to our scaling and dimensional analysis. There are two char-
acteristic mass-scales: the mass of each of the condensing particles M, and pL”, where p is
the mass-density of the superfluid. Lastly, there is a characteristic frequency-scale: h/ML?.

To ascertain the scaling form of the velocity of a vortex, we note that its derivation

involves only the generalized D-dimensional Ampere-Maxwell law, and thus is insensitive to
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p. Hence, dimensional analysis suggests that

h h
~ (3.95)

Vo~ L
w2~ ML

which agrees, e.g., with Eq. (3.47), except for numerical and logarithmic factors. As for the
energy of a flow associated with a vortex, it is proportional to the density p, and therefore

dimensional analysis suggests that

M?’

E ~ pLP x L?
pr ><(ML2

2 h2
) ~ pL? — (3.96)
which agrees, e.g., with Eq. (3.85), except for numerical and logarithmic factors. Regarding
the momentum, it was computed from the Hamiltonian equation of motion (3.90), and thus,

like the energy, scales as p!. Dimensional analysis therefore suggests that

h
~ pLP71— 3.97
p M? ( )

P~ pL? x L
P X XML2

which agrees, e.g., with Eq. (3.92), except for numerical and logarithmic factors. Concerning
the frequency of oscillations of distortions of wave-vector ¢ of a hyper-planar vortex [see
Eq. (3.61)], these are driven by the flow velocity, and therefore do not depend on p. Moreover,
the undistorted vortex does not have a system-size-independent characteristic size; instead,
the characteristic length-scale is set by ¢~*. These scaling notions, together with dimensional
analysis, suggest that

h

2
~ 3.98
VA ( )

consistent with Eq. (3.61), except for numerical and logarithmic factors.
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Chapter 4

Superfluid transition in arbitrary
dimensions

In this chapter we investigate the normal-to-superfluid transition in an arbitrary number of
dimensions. In Chapter 2 we gave a brief exposure of this transition for the two-dimensional
XY model and helium films. The three-dimensional case has been well studied; for an
account of the transition of the XY three-dimensional model see e.g. [36, 5, 4, 28]; an
account of a vortex ring approach to the normal-to-superfluid transition (i.e., A-transition)

is discussed in [41, 42].

4.1 Collection of vortices in a D-dimensional
superfluid

When a superfluid that fills a D-dimensional volume €2 we expect more than one vortex
present in the body of the fluid. The purpose of this section is to analyze the interaction
between such vortices, as well as their self-energies. As in the previous chapter, we define

the Hamiltonian to be a kinetic energy of the superflow:
1 D *
H= §K Qd x V] (x)Vy, (z), (4.1)

where K is the analogue of the D-dimensional superfluid stiffness defined for the two-

dimensional case in Eq.(2.8), i.e.,

K=" (4.2)
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where kg is Boltzman constant and 71" is the temperature. Let us assume that in the volume
Q there are i vortices, each specified by the sub-manifold z = R® (s), and each giving rise to
a “current” J@. The differential Ampere-Maxwell equation for the velocity will then have

a superposition of sources on the right hand side:

€dydp Vip_i Vip (l’) =27 Z th?dm (x> (4'3>

As for the case of a single vortex, we introduce a gauge potential A, subject to the

transverse gauge condition Vg, Ag,..q,(z) = 0, such that

‘/;lD ('1') = €dy--dp vdD—lAdl‘“dy) (33‘) (4'4>

to solve for A we combine Egs. (4.3) and (4.4) thus obtaining

6d1---dDVdD_1€J1---JD,1dD VCZD,lAd_l---JE)

= —DIVaVaAgay =21 T4 (4.5)
In the last step we used the well-known formula for contracting two skew symmetric tensors
€dy-dp €dy--dp_1dp — ZW sgn(7) 5d1fr(d’1) e '5dD,1fr(JD,1)7

where sgn(7) is the signature of the permutation 7(d;---dp) of D indices. Finally we

introduce the D-dimensional Fourier transform and its inverse

flg) = / N ) (4.6)
f@) = / Pg et f(q), (4.7)

where ¢ is a D-vector and dPq := dPq/(2r)P. We implicitly assume that the position integral
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is over a large volume (2, hence the the inverse Fourier transform is an integral over wave

vectors rather than a summation. In terms of the Fourier transforms, Eq. (4.5) reads:

21 I
Aaeay = =75 [ e 5 Iikay(0) (4.8)

4.1.1 The Hamiltonian for an interacting gas of vortices

Let us assume that the system we are studying consists of a superfluid confined to a volume
Q, with 7 vortices given by R®(z). By substituting the results of Sec. 4.1 into Eq. (4.1), we

obtain the total energy in terms of the sources:

1 2m ddp_194
H = K<m|> €dy--dp €dy--dp_ 1dDZ/dD M

mwmdwumy> (4.9)

In Eq. (4.9) we can distinguish between two types of terms: terms for which i = j, denoted
by Hserr, which account for the self energy of the vortices — case already treated in Chapter 3;
and terms for which i # j, which give rise to the interaction between pairs of vortices. In

evaluating the interaction Hamiltonian, denoted by H,,, i.e.,

1 2m 4d Qd
Hi’nt = §K <ﬁ> 6dl dD €d1 dD 1dDZ/dD Z D -

(z) J(J)

—iq-(z—a'
xe Jd F

D, (a), (4.10)

we assume that the average distance between two vortices |z — 2’|, (denoted by X) is much
larger than the linear dimension of the vortices themselves. Similar momentum integrals
had been computed in Appendix C, thus we obtain:

b iox Qdp_19dp Py Xap_ Xap_
2 D dD ig X 19D-11dp—1 __ ) - — _°-1 bt . 4.11
(2m) / 1 (¢-q)? (X - X)p/2 \ oot D X X (4.11)
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In the process of evaluating the Hamiltonian we have to take into account that we will average
over all orientations and positions of the vortices, thus terms containing X;, Xz, will
average to zero if dp_1 # dp_1. The last step in evaluating the interaction Hamiltonian is

to contract the skew-symmetric symbols: €g4,...ap €4,...d,,_,a,,» Which yields:
Hine = C2 Y Ty, (0)U (@ = ') I (2), (4.12)
1]

where C, is a numerical constant, given by

Cy = 1K(%) 731( 1)DID!, (4.13)

and U is the power law interaction between pairs of vortices

1

o=

Ulx —2') = (4.14)

Finally, the total Hamiltonian of the system, which is a sum of of the self energy and

interaction terms, is given by

Heff = Hself+Hint

LO :
- § C K (LY )wln—+§ CKJIW (@)U (x—2)JY) (). (4.15)
5 = 1020 p 102+ p

For the self energy terms, the constant C; is the volume of the sub-manifold supporting the

vortex.
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4.2 Scaling equations

4.2.1 Partition function for a gas of vortices

We begin by defining our system to be a collection of vortices confined to the volume (2.
Based on energy considerations, we further assume that the vorticity J of each vortex is £1,

and that branched vortices are excluded. The partition function this system is given by

Z =) e g Mt Hine (4.16)

configs

where Y

configs 19 the sum over all possible configurations, i.e.,

> ZZ _H/—Am 1/00%---- (4.17)

configs N=0J=%1

Here, R and p are, respectively, the position of the center, and the radius of the vortex.
The quantity a is a length scale of the same order of magnitude as the linear size of the
vortices such that it defines a scaling parameter [ = Ina/¢, and consequently we will label
the coupling at the scale a via the scaling parameter [.

We further introduce the fugacity y;, as the measure of the energy cost of a vortex of size
(i.e., radius) a using

y 1= LN g (4.18)

Then, the self-energy terms in the partition function become:

+In %)

L p( L9 W)
—2 C1K(L)Y?1n — e 1ia n-=g

L) D O\?, Lo
2 % 7C1Kamzi(LT> In L=

(4.19)

For convenience we absorb a? into K, such that at scale a the coupling K; — K;a?. Note

that the interaction term in the Hamiltonian remains the same if in addition to absorbing
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the the a” term into the coupling K, we measure the distance between vortices in units of

a, i.e.
D
U —o) = |2—2 (4.20)
a
With these definitions the partition function for a collection of vortices reads:
A\ P
00 N L® O\? @
1 dPR *dp &( a ) —GEK Y (& In £
7= S AT [y [T ) ()
N=0J=+1 i a
o Dy Cofi [ P [ P Titayay @U@= ) (4.21)

Unlike the case of D = 2, where the lowest energy excitation is a pair vortex-antivortex,
in dimension D > 2, all configurations are neutral, therefore we don’t have to impose the

condition that the sum of all vorticities for a particular configuration is zero.

4.2.2 The renormalization-group procedure and scaling
equations

In the previous section we studied the statistical mechanics of fluctuating number of vortices
from the perspective of the grand canonical ensemble. As in the two-dimensional case,
treated in Chapter 2, we allow the two couplings K; and yl to depend on the scaling parameter
[ with the aim of computing scaling equations (i.e., a set of differential equations that relate
the change of the couplings with the scaling parameter).

We proceed with an outline of the renormalization-group procedure that we are going
to carry in detail in this section. We identify a configuration of vortices at scale a, and
we integrate low energy excitations between scales a and a + da. Next we change all the
explicit scale dependencies from a to a + da in the partition function, keeping only terms
linear in the scaling parameter dl = da/a. Absorbtion of all changes of order di = da/a

into the renormalized couplings recovers the initial form of the partition function with new
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couplings K, 4 and y; 4. Assuming that the changes in the couplings are infinitesimal, we

derive scaling equations for K; and ;.

Figure 4.1: Schematic description for the elimination of a low energy excitation. The inter-
action between the vortices 7 and j is mediated by vortex k.

The partition function for configurations of vortices at scale a is given by Eq. 4.21, and
further denote a vortex with size between a and a + da by k centered at position R*). To
integrate out this excitation, we will single out all the quantities that dependent on vortex

k, as follows: in the partition function we separate the integrals involving Ry and pg:
1 d’R *dp
> il G v [
N
1 dDR ° dp dDRk o0 dpk
—_ — — — . (4.22
Z(N—l)! <g/ ab Alﬂ—l/a a)/ aD AlD—l/a a (4.22)

J=%1

On the other hand, all the interaction and self-energy terms in the Hamiltonian that depend

on vortex k are

»
L““)) O )
CH(J#R) (a *CleZ(T) In =o—=
7 - Z oMU )yz o i
config
(i) (k)
—C2K Y i Iy g g (@)U (=) gy g (k)
Xe i#h Tdydydp ddzdp R (4.23)

where H(J7#)) is the collective hamiltonian of the other N — 1 vortices, the k', vortex
being excluded.

Using the fact that the radius of vortex k is approximately a, we are essentially left with
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the computation of the following quantity:

D 00 i
7— / d fkyl Ay / dp ~CaKi T ng)d?.‘dm(m)U(w—u)J;’;LQ,H%(mk)’ (4.24)
a o @

which we carry in detail in Appendix H. By using integration by parts, with the proper

boundary conditions imposed, we obtain:

7~ [

dDR’“Am widl T 11 1+@02K2(AD,1)2
a? B 1,j7#k z,z’ D o

x J (x)U(R(k)—x)(—AU(R(k)—x’))nglQ...dw(I/)) (4.25)

1da-dp

For future use it will be useful to note that the interaction between two vortices U(xz —z’) =

1

P is the Green’s function of the Laplace operator —A in D dimensions, i.e.,

~AU(z — ') = 206D (x — 2"). (4.26)

Thus, by substituting Eq. 4.26 in Eq. 4.25 we obtain for the quantity J the approximate
result:
Q D
J =~ Ap_1ydl (a_D + ECQQKZQ(AD—l)Z Z Z
1,J x,T

X Jé?@...dw (2)U(x — x')JéfZQ...dw (a:’)), (4.27)

where [ dPR*®) = Q, the total volume occupied by the superfluid.

Initially the system contained N vortices; after the elimination of the k£ vortex we are left
with NV — 1. The quantity we computed, 7, scales the N — 1 term in the partition function,
and since N was chosen to be arbitrary, every term in the summation over configurations
changes in a similar way. Let us denote the change in the partition function that comes

from integrating out vortex k, by §Z®*). Because this change is proportional to dl we can
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approximate Z by

S 7 (k)

l

Zivar =7+ 62" ~ 7)(1 + )~ Zyexp [62%))7)]. (4.28)

At this stage, it is straight forward to identify the quantity J in Eq. (4.24) with 2% /Z,.

After eliminating the low energy excitation, in order to put the partition function in the
same form as the partition function at scale a + da, we have to change the explicit scale
dependencies in the the sum over configurations

/dDR < dp H:/(di/w Ao (4.29)

a+da)P ), 4, a+da

In the definition of coupling K; at scale a, we absorbed a factor of a?, and consequently K;
is rescaled by a factor of

K, — Ky(1 — Idl). (4.30)

Adding all the terms from Eqs. (4.27) to (4.30), up to linear terms in dl, we obtain a

partition function of the form:

fa= S 401 e | s
el ! a+da arda (@ +da)P

N=0J= :|:1
() JAQ)

xyp (1+ dl)<D+1>Ne_ClK’Zi<a+da) " okds

= Ty CRI 4 D= B (Ap1)*C Kiyd) Iy,

e (@)U (=) Ty ()

x ¢ aD AD—12u1dl O (dl) (4.31)

Comparison of Eq. (4.31) with Eq. (4.21) allows us to identify the scaling equations for

the couplings. We assume, as expected, that the change of couplings from scale a to a + da
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is infinitesimal. The scaling equation for K can be read directly from Eq. (4.31):

D!
dK, = (m(l — 5(,4]3_1)3621(?% dl. (4.32)
. . . .. %) p
To compute the scaling equation for the fugacity, first note that the quantities ), (a - da)

(@) @ : :
as well as ), <aL+ da) In aL+ - are dimensionless and of the same order as the total number

of vortices N. In D = 2 the equality is exact, because the fugacity has only a logarithmic
dependence, but for D > 3 it is only an approximation. Nevertheless, even within this
approximation we show later that we obtain fairly accurate results for critical exponents
in D = 3, and similarly, with the values predicted in D = 4. With all the corresponding

summations of order N, we collect all the terms dependent on the fugacity from Eq. (4.31)
(g1 + dy)™ =y (1 + di)PHON g=PCrKiNdL, (4.33)

which yields the following scaling equation for y;:
dyy = (D+1—DCK))ydl (4.34)

Lastly, the term dependent of the total volume 2, scales the free energy density, defined as

f=1InZ/Q, yielding the following relation

1
dfl = a—D.ADflyldl. (435)
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4.3 Linearization of the flow equations

4.3.1 Fixed points of the flow equations

In this section we investigate the existence of fixed points —points in the coupling spaces at
which the derivative of the couplings with respect to the scaling parameter vanish. Written

in differential form, the flow equations, read as follows:

dK,

o = DK — AKy, (4.36)
d
—=(D+1--DCiK)y. (4.37)
d
£ =a " Ap_1y, (4.38)

where A and B are dimension-dependent coefficients having the values

!
A= %(AD—l)SC% B = (y, (4.39)

where Cy and C; are given in Egs. (4.13, 4.15). These values depend on non-universal
quantities (such as the volumes of the sub-manifolds supporting the vortex), however, we
shall see later in this chapter, that the universal characteristics of the transition do not
depend on A and B, instead depending only on the dimension of the embedding space D.
The fixed points for the flow equations, i.e., Eqs. (4.36, 4.37), are points in the parameter
space for which the derivatives with respect to the scaling parameter [ vanish. The system
of equations thus obtained admits trivial solutions — with at least one of the parameters
being equal to zero. The first trivial solution is (K", y"") = (0, 5o+, where y, is the
fugacity of the scale ag, the initial point for the iteration of the flow equations. Recalling the
definition of K, i.e., Eq. (4.2), we denote this trivial fixed point as the high temperature fixed
low

point. The second trivial solution is (K!°%,ylov) = (Koe?',0), and we denote it accordingly,

as the low temperature fixed point. Both trivial fixed points are stable, thus, assuming that
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the topology of the renormalization-group flow is one dimensional (i.e., the flow towards
different regimes is dependent on the temperature), there must be another, unstable, non-
trivial fixed point at non-zero temperature. Indeed, the non-trivial solution is given by the

following values for the couplings

. D+1
Ki= (D —2)BL;’
. (D-2?B

4.4  Critical exponents

We begin this section by defining [3, 10] a few critical exponents which we compute for a
superfluid in arbitrary dimension. The heat capacity exponent « characterizes the behavior

of the specific heat near the critical point
C ~ |t (4.41)

where ¢ is the reduced temperature ¢t = (T' — T,.)/T.. Similarly, the spatial correlation

exponent v describes the behavior of spatial correlations ¢ near the critical point
¢~ |t (4.42)

Having established the existence of fixed points for the flow equations, in the next section
we analyze the flow in vicinity of the non-trivial fixed point. To do so, we exchange the
parameters K; and y; for the parameters K and Y, which are defined in terms of the fixed-

point values via

K=K(0+K) y=y(+7) (4.43)

Thus, K and § nearly describe small departures the fixed point values (K}, y;). Substituting
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these definitions in Eqs. (4.36, 4.37), we obtain a new set of flow equations

J 0 —(D+1 J
d Ui _ ( ) Y ' (4.44)

"\ & -p D I

We denote the eigenvalues of the matrix in Eq. (4.44), by Ay and A_; regardless of the
dimensionality of the embedding space D, these eigenvalues have opposite signs, hence our
choice of indexing them accordingly. The corresponding eigenvectors, u, and u_, define
the relevant/irrelevant axes in the (Kj,y;) plane that become increasingly important or
unimportant as we iterate the flow equations. Of the two eigenvectors only u,, is relevant
and, following from the definition of K, in Eq. (4.2), a temperature field being proportional
to the reduced temperature u, ~ (T —T.)/T..

We initiate the RG flow at a point where the values for the couplings are Ky and yjg.
Given the flow equations derived in the previous section, Eqgs. (4.36, 4.37), we can write the

partition function as
Z(Ko,yo) = e NP 2(K} ) = e =) Z(u e u_e-1). (4.45)

We stop iterating the flow equations at the critical point, where the scale parameter is of
order [ = In({/&. The behavior of the partition function near the critical point is obtained
by taking the limit {* = limp_,7, [ to infinity, in which case the partition function is well

behaved only if v = 1/A; For arbitrary dimension D it is given by

2
T2 DiJD_-206D:2)

(4.46)

In Table 4.1 we present, for different values of D, numerical values for the correlation expo-
nent v. In D = 3 we obtain reasonable agreement with the accepted value, but in D = 4 we

obtain a rather smaller value that it is known to hold.
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v D=3| D=4
loop renormalization | 0.64 0.43
expected values 0.66 0.50

Table 4.1: A comparison for numerical values of the critical exponent v, for different values
of D.

it gives very good agreement with the expected values, while in D > 4 we obtain a
slightly smaller value. In our computation of the flow equation for the fugacity 1, we used
a series of approximations that may affect the eigenvalues of matrix in Eq. (4.44). We have
also assumed that the vortices are smooth manifolds, even near the critical point which, as
a matter of fact, does not hold true. Our result for the critical exponent v, should thus be
interpreted as a lower bound. The specific heat exponent «, can be obtained from v using the
Josephson scaling relation a = 2— Dv. A feature that the present approach seems to capture
is the vanishing of the superfluid density as transition temperature is approached from the
low temperature side. Recalling that the superfluid density is related to the coupling K via

o1 = e? K, we can obtain the flow equation for the superfluid density:

dp
d_ll = Aely,p?. (4.47)

This can be integrated from 7' = 0 to 7" = T, and using the fact [29] that at T = 0 the

superfluid density is of order unity, obtaining

1 o0
——1= / Aely, (4.48)
Pe Inao/¢&

which diverges as | — oo. Thus we see that the superfluid density vanishes at the critical

point.
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Chapter 5

Concluding remarks

We have explored the extension, to arbitrary spatial dimension, of Onsager-Feynman quan-
tized vortices in the flow of a superfluid, focusing on the structure and energetics of the
associated superflow and the corresponding dynamics of the vortices. To do this, we have
analyzed the superflow that surrounds the vortices at equilibrium, by invoking an extension
to arbitrary dimensions of the three-dimensional analogy between: (i) the magnetic field of
Ampere-Maxwell magnetostatics in the presence of specified, conserved electric current con-
centrated on infinitesimally thin loops; and (ii) the velocity field of equilibrium superfluidity
of helium-four in the presence of specified, conserved vorticity concentrated on infinitesimally
thin vortices.

By constructing the appropriate conditions that the velocity field must obey at equilib-
rium, if the flow is to have a given vortical content, we have determined the corresponding
flow in terms of this vortical content, via the introduction of a suitable, skew-symmetric
gauge potential, the rank of which is two fewer than the spatial dimension. The structure
of the flows associated with generically shaped vortices has enabled us to develop results
for the dynamics that vortices inherit from these flows in all dimensions, and for the way in
which this dynamics reflects both the intrinsic and extrinsic geometry of the vortices when
the vortices are large and smooth, relative to the vortex core size. This structure has also
allowed us to ascertain the velocities with which the higher-dimensional extensions of cir-
cular vortex rings (i.e., vortex spheres and hyper-spheres) propagate, as well as to analyze
the higher-dimensional extension (to planes and hyper-planes) of the Kelvin problem of the

vibrations of a line vortex.
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For all dimensions, we have expressed the equilibrium kinetic energy of superflow in the
presence of a generic vortex in terms of the shape of the vortex, and have identified the
leading contribution to this energy—for vortices that are smooth and large, relative to the
vortex core size—as being proportional to the volume of the sub-manifold supporting the
vortex. We have also computed the kinetic energy for the higher-dimensional extensions
of vortex rings, and used these energies to determine the momenta, and energy-momentum
relations, of these maximally symmetrical vortices. In addition, we have shown how the
structure of our results, if not their details, can be obtained via elementary arguments,
including scaling analyses.

The geometry of the vortices—both the intrinsic geometry of their shapes and the ex-
trinsic geometry of the manner in which the vortices are embedded in the higher-dimension
ambient space—plays a central role in our developments. The natural language for such
developments is that of exterior calculus and differential forms, but we have not made this
language essential, using instead the equivalent, but more widely known, language of skew-
symmetric tensor fields.

We have employed the same type of formalism to construct the Hamiltonian for a collec-
tion of vortices. Besides the self energies of the vortices, this Hamiltonian has interactions
that, in the limit of large separations between the vortices (when compared to their linear
dimensions), are a simple power-law form. We have employed renormalization-group tech-
niques, to integrate out low-energy excitations, with the goal of computing critical exponents
for the normal-to-superfluid phase transition. The results we thus obtain for the correlation
length exponent v of 0.64 is in reasonable agreement with the expected value of 0.66 for
D = 3. For D = 4 and higher, our result for v should be interpreted as a lower bound being
smaller than the known value of 0.5. Finally our approach indicates that the superfluid
density vanishes near the critical temperature for any dimension D > 3, in agreement with
experiments in three dimensional superfluid helium. For the normal-to-superfluid transition

the inclusion of a magnetic field term may be of interest; in this way we can include a
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magnetic scaling field whose eigenvalue will determine the other critical coefficients.
Further issues that one might wish to consider within the present framework include
the dynamics of lattices of higher-dimensional extensions of vortices associated with equilib-
rium states of rotating superfluids, along with the collective vibrations of such lattices (i.e.,
Tkachenko modes), as well as Magnus-type forces on vortices provided by background flows.
One might also consider the energetics and motion of knotted vortices in three dimensions
(cf. Kelvin’s “vortex atoms” [38]) and—where mathematically available—topologically more
exotic, higher-dimensional vortices, including higher-genus surfaces. Still more challenging
would be the generalization of the circle of ideas discussed in this paper to the non-linear

setting provided by non-Abelian gauge fields.
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Appendix A

Source terms and quantized
circulation

In this appendix, we discuss two properties of the source field J. First, we show that the
circulation, Eq. (3.2), of the superflow around the vortex sub-manifold associated with the
source term given in Eq. (3.11) is quantized to unit value. We then show that the source

field is divergenceless.

R
() oM

>
\\
,,)
Figure A.1: A closed path M around a segment of a vortex loop specified by R(s), with

arc-length parameter s. M is the boundary of the two-dimensional region M, which is
punctured by the IP-dimensional vortex.

We begin by considering a closed, one-dimensional path 0M, centered on the vortex sub-
manifold and encircling it, along with the associated two-dimensional region M bounded by
OM and is punctured by the vortex sub-manifold, as shown in Fig. A.1. In the language of

differential forms, Stokes’ theorem, applied to Eq. (3.9), determines that the circulation &
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around OM is given by

o= ngVd(x)d:z:dzngV (A1)

2
= / dV = 27T/ *J = —7:- (* J)dldQ(ZE) d$d1 N d$d2 . (AQ)
M M 2! M

We take O M to be circular, with the points on it being given by
x = R(s9) + ayN* + ayN?, (A.3)

where a; and ay vary subject to the constraint a? + a2 = const. > 0, and N and N?
are any pair of mutually perpendicular unit vectors that are perpendicular to the vortex
sub-manifold at the point so. An elementary computation then shows that dzg A dxg, =
day A day (N A N?)g,4,, so that, from Eq. (A.2), the circulation becomes

_27T

= ? (* J)d1d2 ({L‘) (Nl N Nz)dldQ dal A dag. (A4)
CJIM

K

Next, we insert the explicit components * Jg,4,, Eq. (3.13), for the specific form of M defined

by Eq. (A.3), to arrive at

2m
K = ? /M /dﬂ)s €dy--dpdp_1dp (adel) T (aaldelp) (Nl A NQ)dD—ldD

<0 (R(so) + a1N' + aaN* — R(s)) day A das. (A.5)

Next, we Taylor-expand R(s) in the argument of the delta function about the point s = s

and use the orthogonality of N' and N2 with the tangent vectors {OR/8s.}”_, at sy to
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obtain

2
= oy Cdidpdp_1dp (aalel) T <8¢11de¢) (Nl A N2)dD71dD

2!
X / d?s P2 ((s — 50)a 8aR(s)|8:so>

x/é(l)(al) da, /5(1)(a2)da2. (A.6)

s=s0

The last two integrals each give a factor of unity. The remaining one, over s, is readily
seen to give a factor of 1/|det(9,R)| provided we invoke the fact that the term J,R is a
square ) x I) matrix in the subspace of vectors tangent to the vortex sub-manifold. As
we discuss in Section 3.2, the factor edl...dwdD_ldD(aalel) . (a‘ledw) is given by (N!' A
N?)a,_,ap det(9,R). Hence, in the formula for the circulation the determinants cancel, and
the remaining two factors of the form N A N? contract with one another to give a factor of

2, so that we arrive at the result

k==l (A.7)

the sign depending on the sense in which the encircling path dM is followed. Thus, we see
that the circulation of the superflow around the vortex sub-manifold associated with the
source term given in Eq. (3.11) is indeed quantized to unit value.

In order to discuss the divergencelessness property of J, we should distinguish between
two cases. In the case of D = 3 the source field is a vector, which consequently has no
skew-symmetric properties. In arbitrary dimension D greater than or equal to 4, the source
field J has a tensorial structure that we exploit in our analysis. Let us consider first the case
case of D = 3. The source term is then given by

dR 1\8 d3q —ig-(x—R(s
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and its divergence may be manipulated as follows:

de() d3 o—it-(e—R(s

= / / dS ; del( )e—iq(x—R(s))
ds

- Jos ] ds;i< ). A9

The integrand in the last line of Eq. (A.9) is a total derivative of a periodic function of s,

and therefore the integral vanishes.

For D > 4 the source term has the structure

dP ,
Jd1~--dm (CL’) :/dlps 8a1~--0Lm (8a1Rd1) T (aaszdzz))/ ﬂ_q 6—zq~(:v—R(s))7 (Al())

and its divergence may be manipulated as follows:

Vi, Jaydyy (€) = / 4”5 2ayay(Day Ray)  ++ (Oayy Ry

iq-(x—R(s
X / (2(1 ) ( qdl)

= aray [aal (efiq-(:pr(s)))} (aaszg) e (3% Rdw)

/ 5a1---awaa1 [e”q (@=HR(s (8a2Rd2) e ((%ERd,p)]

_e—zq (I_R(S))5a1-~~amaa1 [(aGQR(b) o (aaIZ)RdlD)] } (A11>

f
[

In the last line of Eq. (A.11) the first term vanishes because the integrand is a total derivative
of a periodic function, whilst the second term vanishes via the skew-symmetric properties of

Levi-Civita symbol. Hence, we have the divergencelessness condition V4, Jdlmdw =0.
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Appendix B

Computing the velocity field

As shown in Section 3.3.2, the velocity field due to a single, J)-dimensional vortex is given

by
27 sp Wdp_y —iq-x
VdD(:B> _We(h dp d q q-q
X /dms Eayap_o(Oay Ray) -+ (8adem)eiq'R(s). (B.1)

Performing the ¢ integration using Eq. (C.2) of C, and noting the formula for the surface

area of a D-dimensional sphere of unit radius [1], the velocity field becomes

2w
‘/dD (‘7;) = _W €dy-dp /dmsgal“-aw (aalel> T (aaldem>
% /qu qdp_, it (R(s)—2)
q-q

2m
= W €di--dp /dws €a1"'a12> (8a1Rd1> s (dzldelp)

5D e'L‘I(R(S)_‘r)
o [0

= Ap-1 F(% - %) F(%) €dy--dp

« / 45 ey (O Ra) Oy Ray) (90| — B(5)| )
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m
(D — 1)!4“417‘1 T(2=3)T(2) eara
X /dms 50,1--.(1D (8ale1) e (aawRdw)

1 T(#/2) )
= 2ﬂ_¢/2 (E_1)| di-dp

« / 07501y (On Ray) -+ (O Ry
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Appendix C

Invariant integrals

Consider the ¢ integral in Eq. (3.64). Writing X for (R(s") — R(s)), and invoking rotational

symmetry and dimensional analysis, we have

a . / 1 X /X
(2m)" / dPgeirX AL e (5d/d7>1+ : dPQ).

(¢ 9 (X-X) X-X

Contracting first with ¢ and then Xy X, we arrive at the invariant integrals

/queiq‘XL _ DP; + Py 7
q-q (X - Xx)P”?

: /qu eiq~X (q ) X)2 — —Pl + P .
(X - X) (¢-q)? (X - Xx)P?

(C.1)

(C.2)

(C.3)

The integrals (C.2) and (C.2) can be computed in hyper-spherical coordinates, and we thus

obtain for P; and Ps:

o= Ap VAT (R 1) 2P

Nlle}

Po = (2=D)Ap_1vVal (5 —14) 27T (

Nllw
|
—
SN—

where Ap is the surface area of a D-dimensional sphere of unit radius [1], and I'(z) is the

standard Gamma function [25].
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Appendix D

Asymptotic analysis for the velocity
of a vortex

To determine the asymptotic behaviour of the velocity, we start with Eq. (3.40), which

contains the factor

(R(E) — R(s))dD_1 (D.1)
|R(Z) — R(s)|” '

/dms Ear-ap O By (8) -+ 0oy Ry (8)

and Taylor-expand the integrand about the point > to obtain

[ s {[0nra)- - @uy )]s
(00 Rar) (0000, Ra) -+ (Ouy Bay)| (50— 50) + -+
X [ — (BsRap_,)| (56 — p)
—%(abab,Rdm)\s:E(sb i)y —T) ]
% (| = @) gl — )
5@ Ry (50 — T (5w — S) |

X [ — (O Rg)|,_y (s — p)

SIS

L @R _glso D) sw —5) +-]) (0.2)

Next, we expand the terms in square brackets, retaining only terms to leading order, and

collect terms of similar structure in the integration variables s, observing that two such
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structures arise:

(8a; = Ya, ) (Say — Xay)
IC(EZLZ(Z) = /dms ! 2 2 o7
[(Sa - Ea) gaa/(z) (sa’ - Za’)]
7@ o /dlz)s (Sal — Zal)(‘sm — Ea2)(5a3 — E113)(‘9114 — Za4>'
aiazazas [(Sa _ Ea) gaa’(z) (Sa’ o E@/)](D/Z)Jrl

The asymptotic behaviours of these structures are given by

A _alag
Tha(®) ~ P R m(L/e),

Ap Garas Jasas T Jaras Jazas + Jaras asa:
AS) ) A D Yaiaz Yazas araz Yazaq aras Jazas 1 (1 /e
a1a2a3a4( ) Dm /det g ( /f)
where g := ¢!, and g and g are evaluated at 2.
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Appendix E

Geometric content of the vortex
velocity

Equation (3.41) for the asymptotic approximation to the vortex velocity Uy, (3) contains

three terms,

jdlD = 6dy--dDEaln-a]Z) (aa1Rd1) e (aawRdw)(abab’RdD—1)gbb’ s (El)
jdzp ‘= €dy-dpCarap (ab’RdD_1)<aa1 Rdl) e
X (Op0a, Rd) = (O Rayy) G (E.2)

jc?D ‘= Cdy-dpCarap (3bRJ) (aBaE’RJ)(am Rdl) T (aaijd]p)(ab/RdD—l)

X (G395 + Tt T + Govr T ) (E.3)

which we consider in turn.

The first term contains the ingredient

€di--dp Ear“alz) (Oal Rdl) ce (&lDRdm). (E4)

which is identical to the term in Eq. (3.14), computed in Section 3.2. By substituting its

value into Eq. (E.1), we obtain

jdln = w' V detg NdeldD (abab’defl)gbb’ . (E5)

It is straightforward to observe (via partial integration) that J2 is identical to J*, up to a
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sign. As for J} | it is proportional to

€di-dp Ear-apy (O6L7)(0ay Ray) - (Oayy Rayy ) (O Ry, ), (E.6)

a term that is skew-symmetric in the indices (dy,...,dp) and symmetric under the inter-
change of d and d;. With the only possible values for both d and d; being in the set {1,..., )},

J? vanishes.
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Appendix F

Velocity for a weak distortion of a
hyper-planar vortex

In this appendix, we consider weak distortions of a J)-dimensional hyper-planar vortex, and
determine the velocity that the corresponding superflow confers on such distortions. We
begin with Eq. (3.52), which is Eq. (3.40) but with the replacement Eq. (3.51), which yields
the velocity U(o) of points o on the vortex in terms of H. We then expand U in powers
of H, which we take to be small, and, for the sake of compactness, we temporarily omit an

overall factor of 27 pT’ (ID / 2) / 47P/2 which multiplies the velocity. Hence, we arrive at the
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formula

Uap(o) = €d1-~~dD/d¢85a1(Fdl(S)+Hd1(5))“'3a,p(Fdw(S)+Hdm(8))
) (F(o) = F(s)+ H(o) = H(s)),, .
|F(0) — F(s) + H(o) — H(s)|"

(F(O’) — F<S))dp_1
|F(0) — F(s)|”

(F.1)

= €gdp / %500, Fu,(5) -+ Oupy Fayy (5)

4
+edydp Z / dP 50, Fy,(s) -0 Hy (s)- - Oayy Fay(5)

y (F(U) — F(s))dm1
|F (o) — F(s)|”

(H(J) — 17-1(3))111371
|F(0) — F(s)|”

ed s / 095 Dy Fuy (5) -~ Oy Fu (5)

—Dedl...dD /dDS 8(11Fd1<5) T aamFdD (S)

+0 (H?). (F.2)

As F(s) describes a hyper-plane, its derivatives with respect to s, are simply Kronecker
deltas: 0, Fy(s) = d4q. Furthermore, the term of zeroth order in H on the right hand side of

Eq. (F.2), viz.,

(U — S) aV(SanD—l

€di--dp /dms 5a1d1 s 6amdlp

|F(0) = F(s)]”
e /d”’s (0—5), _
- |F(0) — F(s)]

vanishes because a, can only take values between a; and ajp and the term is already skew-
symmetric in these indices. The last term of first order in H on the right hand side of

Eq. (F.2) also vanishes, via the orthogonality of F' and H.

7



We observe that the remaining terms for the velocity, i.e.,

(o - S)y/ Oudp_,

/4
UdD(O') =~ Z /dws €12...d,--D—2dp_1dp aaVHdV(S>

|P(o) = F(s)]”
(H(U) — H(S))d
+ de €12--D—2dp_1dp g_l s F.3
/ |F(0)—F(s)‘ (-3)

are nonzero only for the components Up_; and Up. In order to keep the notation compact,
it is useful to introduce a new index, v, which takes only the values D — 1 and D. As a last
step, we rearrange the indices of the Levi-Civita symbols, arriving at the (D — 1) and D%

components of the velocity, to first order in the height:

D d?s
Uy (o) ~ 7§1€W// ‘F(O‘) B F(s)|D
D
<((H(o) = H(s)), = Y (0.Hy ()0 = s)),  (F4)

with all other components of U vanishing to this order.
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Appendix G

Fourier transform of the velocity for
the weak distortion of a hyper-planar
vortex

The required Fourier transform is of the convolution on the right-hand side of Eq. (3.54),

and is of the form

b —ige [ p (0 —8)(0—5) OPH, .
/d oe /d s PRSI 35,05, (G.1)

p— —_— = . 2
— (27T)D/dm0' e—iq'(a—s) (U ’ S)V(;‘D S>V /dlﬂs e—zq-saa [8{7 (GQ)
o — SyUSp
AN . . 2
= —(2m)? H,(q) / dwaezq-a%. (G.3)
g

The remaining integral is readily computed in hyper-spherical coordinates:

/ i (49 (G.4)

jo|”
1 4 ‘
= |Q|2‘A‘]D1/Sm_1 dSS_D/ de Sinﬂ)—20 (S cos Q)Qe—quCOSQ (G5)
0
D/
e

=l

In (1/1¢[¢) , (G.6)

where we have imposed a short-distance cutoff at s = £ to render the integral convergent.
The spatial Fourier transform evaluated in the present appendix, together with the temporal
one, convert the differential (in time), integro-differential (in space) equation of motion (3.55)

into algebraic form; see Eq. (3.59).
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Appendix H

Vortex integration in the partition
function

To compute the quantity in Eq. (4.24) we shall evaluate the following intermediate result,
taking into account that the size of the vortex k is much smaller than the average distance

between two vortices:

k k
J‘glzl?“dw (2) Uz — ) = Jc(thzmdlz) (2) U(R™ 4 p®) — 1)
k k
- /dmsgal'“am(aalp((h)) s (aamp¢(1123> UR® 4 p® — )

k k
= /dmsgal'“alp (aalp((il)) T (aalz)pglﬂz)
x (U(RY =)+ plf)_ Vi (UR® —2) 4+ ),

dp—

(H.1)

where V,, | represents derivative with respect to the position of the center of the vortex k
(ie. Vg= 8/8R&k)). The first term in the sum is zero because the p*) is a periodic function
of the parameters s; the second term is proportional to the volume of the volume of the
(D — 1)-dimensional hyper-sphere bounded by the vortex submanifold, denoted by Ap_1,
yielding the result:

iy () U@ = ) & €4y (Ap 1) Vap UR® = 2) 4 -+ (H.2)
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Note that the volume of a (D — 1)-dimensional hyper-sphere embedded in a D-dimensional
space is a one dimensional vector ! pointing in the remaining direction.

Reverting to the computation of the quantity in Eq. (4.24), we will write:

exp { — Gy Ty, (@)U (2 — mkw;’fzh...dw(xk)]
i#k

< TTIT (1 ot 0 = 385, o))

Q

T IT (1~ ot 10 = 085,y o)

Zv]#k 1.7$/

j)* k
—Co Ry 4 @U (= i) 5, ()
+C KT Ty (0)U (2 — )

k)x* )% j
XJC(Zl()zz...gm (z)U (2" — $k>J(§1)dQ...dD (z:)Jé—ifi-T“Jw (a:’))

~dp

Q

1111 <1 — CoKi€a,ap(Ap-1)apVap_ U(R® — I)Jc(z?é;..dm(ﬂf')

Zvj?ék“ CC,I/

~CaKi€arcap (Ap-1)ap Vap U(RY = ) I, (@)
+C2K?2eq4,..a,(Ap_1)ayVa,_ U(R® — 1)
XeJl---d_D(AD—l)JDVJD_lU(R(k) — ')

<y DI, (13)

In the partition function we will have to average over all orientations of the “moment”of the

vortex. We will use the following relations

(Va) =0 (H.4)

1
(VaVa) = 5az (1.5)

where V is an arbitrary vector and () denotes angular average. The terms linear in (Ap_1)a4,,

In an analogy with electrodynamics we say that the magnetic moment of a current loop (i.e. 1-
dimensional submanifold), is proportional to the area (i.e. volume of the 2-dimensional surface) of the
loop and points in a direction perpendicular to the area
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will hence vanish when taking the average, and we obtain:

1
H H (1 + ECSK?('AD—l)ZGdl"'deldDEtﬁ~~-JD,1dD

17]3&]{: va/

(0)*
XJdld?' d1d2-~~cilz)

ity (@) Vap JU(RY = 2)V, URY —a')T7) <as’>). (H.6)

The contraction of the two skew-symmetric symbols €4,...ap,_,d,€4,.-dp_,4p CONtains two types
of terms:

(a) (D—2)! Kronecker delta terms that pair up the indices dp_; and dp_1, (i.e. -+ 864, 4, ,)-
Note that each product of § terms is multiplied by the signature of the permutation of the
indices d, - - - dj. Using the fact that the source currents are antisymmetric tensors in their
indices, we conclude that all these ) terms are positive.

O4,_,» Where

(b) (D—2)(D—2)! terms that mix up the indices dp_1 and dp_1, (i.e. -+ d;q, |
i and i are indices belonging to the sets {dy, - dp}, respectively {dy,---dp})
We shall argue that that the angular average of the (b) terms is zero, by arbitrarily choosing
to compute one of them:

dPRi, iy ; ,
/ —k‘]cg1)<;lz--~dlz) <x>vdD71U(R(k) - x)vdezU(R(k) - J“1/)Jc(l])~~ch73dD71<I )

aP .
d"Ry; (i) )
- / aD Jdldelp (x)JdZ"'dengfl(‘x/)

X {vdm (Vap_, UR® — 2)URP — a'))

+Vap s (Vap  URY — ) U(R®) — o)

dPRi (i) ) (D —=1)(D —2)
= / oD Jd1d2-~-dlp (x)Jd1-~-dD_3dD_1<x ) |R(k) — x’|¢
(k) (k) (k) (k)
% RdeleD72 - Rdelde—Q - de—leD,Q + de—lde—Q (H?)

(R — [P ’

where we used the fact that the total derivative term vanishes, due to periodic boundary con-

ditions on the volume Q = [ d”Ry. By virtue of Eq. (H.5) the angular averages (Rg’jjfle’jjJ,
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(%)

dp—2

(R(k)

dD,lde—z% <de—1R

vanish.

Taking into account the integral over the size of the vortex
a+da d
Aﬂ,_l/ ;p = Ap i

the final result for quantity J in Eq. (4.24) is:

7~ [

dDR’“Am widl TTT1 1+E02K2(AD,1)2
a®? ) i,j7#k x,x’ D o

XJU(li);Q"'dlD (I)vdelU(R(k) - x)vdD71U(R(k) - l’,)Jngz...dlp (xl)) .
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