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Momentum creation by
vortices in superfluid
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The Universe contains much more matter than antimatter, which
is probably the result of processes in the early Universe in which
baryon number was not conserved. These processes may have
occurred during the electroweak phase transition, when elemen-
tary particles first acquired mass'™. It is impossible to study

+ Present address: Physics Department, University of Jyvaskyld, PO Box 35, 40351 Jyviskyla, Finland.

NATURE|VOL 386117 APRIL 1997

letters to nature

directly processes relevant to the early Universe, because of the
extreme energies involved. One is therefore forced to investigate
laboratory systems with analogous phase transitions. Much of the
behaviour of superfluid *He is analogous to that predicted within
the standard model of the electroweak interaction®. Superfluids
and liquid crystals have already been used to investigate cosmic-
string production®™''; here we describe experiments on *He that
demonstrate the creation of excitation momentum (which we call
momentogenesis) by quantized vortices in the superfluid. The
underlying physics of this process is similar to that associated
with the creation of baryons within cosmic strings, and our results
provide quantitative support for this type of baryogenesis.

To explain the creation of matter in the early Universe we begin by
recalling the relationship E* = mjc* + p’c between energy E and
momentum p for relativistic particles with rest mass m, (c is the
velocity of light). Dirac realized that the square root of this equation,
E= * (mc + p*@)! produced particles with both positive and
negative energy. This led to his famous picture of the vacuum state
(the state with no real particles) as one in which all the negative
energy states are full and all the positive energy states are empty. A
real particle is then created as shown in Fig. la by excitation of a
particle from the ‘Dirac sea’ of negative-energy states to a positive-
energy state. But such processes create matter and antimatter in
equal amounts, as the appearance of a hole in the negative energy
states is interpreted as the simultaneous creation of an antiparticle.

The net creation of matter in the form of baryons such as protons
and neutrons requires processes in which antiparticles are not
simultaneously created and thus baryon number is not conserved.
In the ‘standard model’ the baryon number is classically conserved
but can be violated by quantum-mechanical effects known gener-
ically as ‘chiral anomalies’ The process leading to matter creation is
called ‘spectral flow’ and can be pictured as a process in which
particles flow from negative energies to positive energies under the
influence of an external force. In this way real observable positive-
energy particles can appear without simultaneous creation of
antiparticles. Figure 1b illustrates a simple example of spectral
flow occurring for massless particles with electric charge g (in
units of the charge of the electron, e) moving in a magnetic field.
The application of an electric field E leads to the production of
particles from the vacuum at the rate

2

9T

4

per unit volume, where jis the particle current fourvector; factors of
(e/h) have been absorbed in the definition of the electric and
magnetic fields. This is an anomaly equation for the production
of particles from the vacuum of the type found by Adler'> and by Bell
and Jackiw" in the context of neutral pion decay. We see that for
particle creation it is necessary to have an asymmetric branch of the
dispersion relation E(p) which crosses the axis from negative to
positive energy. We call such a branch a zero mode branch; a
spectrum of this type was first found for vortex core excitations in
a superconductor™,

Similar zero mode branches exist on a cosmic electroweak string
(also known as a Z-string), which is a structure of the Higgs field
that may have been produced during the electroweak phase
transition. The Higgs field gives the particles mass outside the
string core. This field vanishes on the string axis and the fermions
(quarks and leptons) occurring in the core of the string behave like
massless one-dimensional particles. Spectral flow on a Z-string
leading to production of baryons from the vacuum with conserva-
tion of electric charge is illustrated in Fig. 1c. Motion of the string
across a background electromagnetic field” or the de-linking of
two linked loops'®” provides a mechanism for cosmological
baryogenesis'® and could lead to the presence of antimatter in
cosmic rays'.

We should point out that baryon-number violation is only one
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ingredient in a cosmological baryogenesis model. The other ingre-
dients are that the system has to be out of thermal equilibrium, and
charge and charge-parity conjugation symmetries should be vio-
lated; these conditions are known as the ‘Sakharov conditions’ for
cosmological baryogenesis®. In condensed matter the analogous
symmetry breaking is provided by rotation (for *He) or a magnetic
field (for superconductors), and disequilibrium is provided by the
motion of vortex lines. We shall see that excitation momentum is
the analogue of baryon number.

The superfluidity of He is due to the formation of bound pairs of
’He atoms known as Cooper pairs. There are two main superfluid
phases, A and B, which have different Cooper-pair wavefunctions.
At the lowest temperature, the superfluid vacuum state is obtained
in which all the atoms are Cooper-paired. By analogy with the Dirac
picture of the vacuum (Fig. 1a) the Cooper-paired atoms are seen as
filling all the negative energy states and are separated from the world
of normal particles by the Cooper-pair binding energy. The Cooper-
pair wavefunction (usually called the order parameter) which is
responsible for this energy gap is thus analogous to the Higgs field in
electroweak theory, as it is the finite particle mass produced by the
Higgs field that results in the energy gap in electroweak theory
between the negative- and positive-energy states in Fig. 1a. At higher
temperatures in *He some atoms are excited from the ground state
by the breaking of Cooper pairs and these normal (non-superfluid)
excitations interact with the order parameter in a way that is similar
to the interaction of the standard model particles with the electro-
weak gauge and Higgs fields. Thus the behaviour of leptons and
quarks on fixed gauge and Higgs field backgrounds can be modelled
by the behaviour of *He excitations on fixed order parameter
backgrounds such as quantized vortices. In *He a zero-mode
branch exists for particles in the core of quantized vortices (Fig.
2a). A physically important charge in *He-A, *He-B and super-
conductors, which (like baryonic charge in the standard model) is
not conserved due to the anomaly, is excitation momentum.
Spectral flow along the zero-mode branch leads to an additional
‘lift’ force on a moving vortex (Fig. 2b, the analogue of Fig. 1c).

This is most easily seen for the doubly quantized continuous
vortex (winding number N = 2) in the A-phase of superfluid *He,
which is the closest analogue of a Z-string. The Cooper pairs in *He-

E(p) E(

\

P |
q ﬂogwpectral
/—- /—\n .
/—-‘-\n s

Figure 1 a, Particles and antiparticles of energy £ and momentum p in the Dirac
picture; the thick line shows occupied negative-energy states. Promotion of a
particle from negative energy to positive energy creates a particle-antiparticle
pair from the vacuum. b, Spectrum of massless right-handed particles in a
magnetic field B along z; the thick lines show the occupied negative-energy
states. The right-handed chirality of the particle means that their spin is aligned
with their linear momentum. Motion of the particles in the plane perpendicular to
B is quantized into the Landau levels shown. The free motion is thus effectively
reduced to one-dimensional motion along B with momentum p,. Because of the
chirality of the particles the lowest (n = 0) Landau level, for which £ =cp,, is
asymmetric: it crosses zero only in one direction. If we now apply an electric field
E along z, particles of charge g are pushed from negative- to positive-energy
levels according to the equation of motionp, = g£, and the whole Dirac sea (see
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A have angular momentum # and locally all the pairs have this
angular momentum aligned along a direction 1. The N = 2 vortex is
characterized by a continuous distribution of the order parameter
vector las shown in Fig. 2¢c. The time- and space-dependent 1 vector
associated with the motion of the vortex produces a force on the
excitations equivalent to that of an ‘electric field’ E = k9,1 and a
‘magnetic field” B = k;V X1 acting on particles of unit charge,
where ki = pi/h and pr is the Fermi momentum. Equation (1) can
then be applied to calculate the rate at which left-handed quasi-
particles and right-handed quasiholes are created by spectral flow.
As both types of excitation have momentum pgl, excitation momen-
tum is created at a rate:

P = L Jd3r el (E-B) )

27’

However, total linear momentum must be conserved. Therefore
equation (2) means that, in the presence of a time-dependent
texture, momentum is transferred from the superfluid ground
state (analogue of vacuum) to the heat bath of excitations forming
the normal component (analogue of matter).

Integration of the anomalous momentum transfer in equation
(2) over the cross-section of the moving vortex gives the loss of
linear momentum and thus the additional force per unit length
acting on the vortex due to spectral flow:

F; =9,P=7hNCyZ X (v, —v,) 3)

Here 2 is the direction of the vortex, C, = ky/37*, v, is the velocity of
the vortex line, v, is the heat bath velocity, and N is the winding
number of the vortex.

The insets to Fig. 3a show how the force on a vortex is measured
experimentally. A uniform array of vortices is produced by rotating
the whole cryostat, and oscillatory superflow perpendicular to the
rotation axis is produced by a vibrating diaphragm, while the
normal fluid (thermal excitations) is clamped by viscosity. The
velocity v of the vortex array is determined by the overall balance of
forces acting on the vortices, conventionally written as®"*

nahN[Z X (v =v) +d, 2X (v, = v) +di(v, —v)] =0 (4)

where n(T) and v, are the density and velocity of the superfluid
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text) moves up, creating particles and electric charge from the vacuum. This
motion of the particles along the ‘anomalous’ branch of the spectrum is called
spectral flow. The rate of particle production is proportional to the density of
states at the Landau level, which is =g | B[, so that the rate of production of

particles from the vacuum = g?E-B. ¢, Anomalous branches of the spectrum of u- |

quarks (q = +2/3: left panel) and d-quarks (q = — 1/3: right panel) in the core of a
Z-string. There are anomalous branches for electrons (g = — 1) and neutrinos
(g = 0)also. The neutrino and u-quark propagate in one direction along the string
while the electron and d-quark propagate in the opposite direction. For every
electron produced, two u-quarks and one d-quark are created so that there is no
net production of electric charge but the baryon number B increases by one
(2 u-quarks + 1d-quark = 1 proton = 1 baryon).
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Figure 2 a, Spectrum of particles in the core of vortices in *He and super-
conductors; filled circles show occupied states. The only difference from the Z-
string is that the anomalous branch, E,(0,, L,) = —L,hwy(P,), of the spectrum
crosses zero as a function of the discrete angular momentum AL, where L, is half
an odd integer. Typically the interlevel distance hwy is very small compared to the
characteristic energy scales in superconductors and Fermi superfluids, and can
be comparable to the level width h/r resulting from the scattering of core
excitations by free excitations in the heat bath outside the core. If w,7 < 1, the
levels overlap and spectral flow is allowed. This type of spectral flow is analogous
to ‘hopping conduction’ in a solid; it is assisted rather than impeded by collisions.
b, Such spectral flow is induced by the motion of the vortex with respect to the
heat bath. If the vortex moves with velocity v, along x, the rate of change of
excitation angular momentum in the moving core is L, =xp, =v,p,. The levels

a 2
Driving and detection]
100- electrodc\ixs Oscillating
AN | diaphragm
N s
10 i
i Quantized
vortex lines
1-a
a 14
0.14
0.01+
Diaphragm modes
\
0.001 : . : —__
0.2 0.4 0.6 0.8 1
T/T,

| Figure 3 a, The experimental cell is shown inthe top inset. The aluminized Kapton
film diaphragm separates two disk-shaped regions of superfluid *He, each
100 um thick. The roof of the cell has six electrodes set into it by means of
which the oscillations of the diaphragm may be driven and detected electro-
statically. In the oscillating modes of interest the motion of the diaphragm
displaces the superfluid as indicated, while the normal component of the
fluid (the heat bath) is clamped by its high viscosity. Rotation at angular velocity
Q about a vertical axis produces vortices normal to the diaphragm. These
vortices produce additional dissipation proportional to a2 and coupling between
two orthogonal modes of the diaphragm, with displacement patterns shown in
the bottom inset, proportional to (1 — «’)Q2. The measured spectral flow para-
meters are related to the parameters in ref. 22 by « =Bn,/2n and o' =B'n,/2n.
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cross zero at a rate — L,/h leading to spectral flow in opposite senses forp, >0
andp, < 0 as indicated. As the left-handed quasiparticles created for p, > 0 are
equal in number to the right-handed quasiholes created for p, < 0 there is no net
production of chiral charge C, but excitation momentum is created at a rate
p, = —V,pilh, independent of the sign of p, (shown for negative v,). ¢, An
example of an V.= 2 continuous vortex in *He-A. The cones indicate the local

direction of the order parameter vector 1. which is parallel to the angular :
momentum of the Cooper pairs, and is analogous to the direction of the isotopic
spin in electroweak theory. Rotation of the cones about T indicates a change in
phase of the order parameter; note the 4z phase change around the perimeter of
the diagram, corresponding to two quanta of anticlockwise circulation. Four |
topologically different types of *He-A vortices have been observed?®.

0.2 0.4 T/T 0.6 0.8 1

Main figure, the measured (1 — «')/a for ®He-B at 20bar is compared with the
theoretical value (1 — o')/a = wy7. The temperature dependence of wor is ot very
well known, as itis sensitive to the details of the quasiparticle scattering. It can be
estimated by the formula® w,r = @A(T )k (T)? exp(A(T )k T). The solid line is for
a = 0.067. The fitis much improved if an effective energy gap 0.6 of the bulk value
is assumed; the dashed line is for A(T) = 0.6A,,(7) and a = 0.214. But the
justification for such an assumption is not clear. b, The experimental parameter
(1 - o')for *He-B at 20 bar is compared with the ‘spectral flow’ prediction of eq. (5):
(1 —a')y =n (Tn tanh(A(T )2k s T)) (solid line). Note that this fit is independent of
the relaxation parameter wyr. The dashed line is for A(T) = 0.64A,,(7), and fits
much better below 0.67,. This fit shows that spectral flow is less strongly
suppressed at low temperatures than the full energy gap would suggest.
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component. The first term is the Magnus force, which appears when
the vortex moves with respect to the superfluid, and the terms with
(v, —v,) represent the nondissipative transverse and frictional
longitudinal forces, proportional to dimensionless parameters d;
and dj respectively, which appear if the vortex moves with respect to
the normal fluid. The diaphragm has to provide a force equal and
opposite to the Magnus force to drive the superfluid. Measurement
of the damping of the diaphragm resonance and of the coupling
between the two orthogonal modes illustrated in Fig. 3a enables
both d, and d) to be deduced.

For the A-phase, the spectral flow force in equation (3) combines
with the Iordanskii force’ to give d, = (C,— n,)/n,, where
n,(T) = n— ny(T) is the density of the normal component, with n
the total density. As C, = n, one has d, ~ 1. Our "He-A experi-
ments made at 29.3bar and T > 0.82T., where T, is the superfluid
transition temperature, are consistent with this within experimental
uncertainty: we find that | 1—d, | <0.005 (ref. 23).

Any Fermi superfluid becomes similar to the A-phase in the
vicinity of the vortex core. However, in He-B the spacing fw
between bound states on the anomalous branch in Fig. 2a becomes
larger than the broadening A7 ' due to the lifetime 7 at low T (ref.
21). There should thus be a transition from full spectral flow as
T — T. to totally suppressed spectral flow as T — 0, a further aspect
of the theory which can be tested experimentally. The interpolation
formula as a function of the relaxation parameter w,7 and the
spectral flow parameter C, = n (refs 21, 24) can be written in the
form

A(T)
2k, T

1 _n W T
a+il—a') n 14+ iw,T

d—il—d,)=

(5)

where i=(—1)! and the « parameters are what are directly
measured experimentally”’. The experimental results are compared
with equation (5) in Fig. 3. The agreement is excellent in view of the
approximations in the theory.

Our results thus show that the chiral anomaly is relevant for the
interaction of condensed matter vortices (analogous to strings) with
fermionic excitations (analogous to quarks and leptons); this gives a
firmer footing to chiral anomaly calculations for baryogenesis on
non-trivial backgrounds of the Higgs field such as cosmic strings.
Superfluid *He is the most complex field-theoretical system avail-
able in the laboratory, and is therefore the closest experimental
analogue of the field-theoretical foundations of the physics of the
early Universe. It is characteristic of nonlinear theories that experi-
ment often reveals qualitatively new phenomena that would be hard
to find by consideration of the equations alone. We may therefore
hope that imaginative experiments on superfluid *He will generate
new ideas in cosmology. O
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surfactant assemblies as supramolecular templates'~", has rami-
fications in areas as diverse as large-molecule catalysis, the
formation of semiconductor nanostructures, biomolecule separa-
tions, the development of medical implants and the morphogen-
esis of skeletal forms'. Here we describe a procedure for the
synthesis of hexagonal mesoporous silica that produces a remark-
able array of shapes, surface patterns and channel plans. Our
reaction conditions favour curved morphologies including
toroidal, disk-like, spiral and spheroidal shapes. We use scanning
electron microscopy to catalogue the basic topologies and surface
patterns, and transmission electron microscopy to establish the
relationship between morphology and the underlying meso-
structure. Polarized optical microscopy enables us to identify a
connection between optical anisotropy in these structures and the
periodic porous mesostructure. We propose that the morpho-
genesis of these shapes and surface patterns can be rationalized in
terms of the growth of a silicate liquid-crystal embryo'>'® with a
hexagonal cross-section that, under different initial reaction
conditions, is subject to increasing degrees of curvature.

We synthesized these mesoporous silica bodies under quiescent
aqueous acidic conditions using cetyltrimethylammonium chloride
(CTACI) as surfactant template and tetraethylorthosilicate (TEOS)
as silica precursor'®'?". The materials obtained are ordinary in that
they have the well documented hexagonal symmetry channel
structure of mesoporous MCM-417, as signalled by the common-
ality of their diagnostic powder X-ray diffraction (PXRD)
pattern'*”. On the other hand, scanning electron microscopy
(SEM) images reveal that the morphologies are extraordinary in
terms of their diverse and remarkable shapes and impressive range |
of curvatures (Fig. 1). High-resolution SEM images of the exterior |
surfaces of the curved mesoporous silica morphologies show that
they tend to fall into two classes: some are smooth at the 200-500-A
length scale but with signs of stepped and spiral growth, whereas
others display faceted corrugated patterns that emanate radially or
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