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Abstract

First-order phase transitions in the very early universe are a prediction of many
extensions of the Standard Model of particle physics and could provide the depar-
ture from equilibrium needed for a dynamical explanation of the baryon asymme-
try of the Universe. They could also produce gravitational waves of a frequency
observable by future space-based detectors such as the Laser Interferometer Space
Antenna. All calculations of the gravitational wave power spectrum rely on a rela-
tivistic version of the classical nucleation theory of Cahn-Hilliard and Langer, due
to Coleman and Linde. The high purity and precise control of pressure and tempera-
ture achievable in the laboratory made the first-order A to B transition of superfluid
3He ideal for test of classical nucleation theory. As Leggett and others have noted,
the theory fails dramatically. The lifetime of the metastable A phase is measurable,
typically of order minutes to hours, far faster than classical nucleation theory pre-
dicts. If the nucleation of B phase from the supercooled A phase is due to a new,
rapid intrinsic mechanism that would have implications for first-order cosmologi-
cal phase transitions as well as predictions for gravitational wave production in the
early universe. Here we discuss studies of the A-B phase transition dynamics in He,
both experimental and theoretical, and show how the computational technology for
cosmological phase transition can be used to simulate the dynamics of the A-B tran-
sition, support the experimental investigations of the A-B transition in the QUEST-
DMC collaboration with the goal of identifying and quantifying the mechanism(s)
responsible for nucleation of stable phases in ultra-pure metastable quantum phases.
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1 Introduction

First-order phase transitions are predicted to occur during cooling in the early
universe as a signal of physics beyond the Standard Model. The transition is
expected to proceed by the nucleation of bubbles of the stable phase by quan-
tum or thermal fluctuations after supercooling. These bubbles grow rapidly due to
the pressure difference between inside and outside, and subsequently merge. The
“fizz” generates pressure waves, which on collision produce shear stresses with
non-vanishing quadrupole moment, and hence gravitational waves [1, 2] (see [3]
for a review).

The power spectrum of the gravitational waves depends on a relatively small
number of equilibrium and near-equilibrium properties of the phase transition,
at least in the case where the super-cooled transition happens fairly close to the
critical temperature. Two of the most important are the temperature at which bub-
bles nucleate, and the duration of the transition. Both can be computed from the
bubble nucleation rate per unit volume as a function of temperature. In the stand-
ard approach, the nucleation rate density is computed in homogeneous nucleation
theory [4, 5] adapted to relativistic quantum field theory [6, 7].

Given the importance of cosmological nucleation theory for the prediction of
GWs in the early universe, and its close relation to nucleation theory developed
for laboratory systems, it is important to test the theory against experiment. Bub-
ble nucleation observed in nature and in standard laboratory systems usually hap-
pens around seeds: small particles in suspension or surface irregularities. Testing
nucleation theory in the bulk requires extremely pure systems in containers with
very smooth walls. Thus, the ideal system for such a test is superfluid *He, which
in zero magnetic field has two phases distinguished by their residual symmetries,
and a first -order transition between them. The transition from a normal Fermi
liquid to the superfluid takes place between 1-—2.5 mK, at which temperatures
superfluid 3He is essentially pure. Even “He is insoluble in the limit 7 — 0, with
a solubility of order X, ~ 107%at 7 =2 mK [8].

At zero magnetic field, A phase is stable in a small wedge in the plane of tem-
perature T and pressure P below the superfluid critical temperature (see Fig. 1),
but above the polycritical pressure Ppcp =~ 21 bar. As the system is cooled further,
A phase becomes metastable below a temperature 7,3. Homogeneous nucleation
theory predicts that the lifetime of the A phase at any temperature or pressure is
enormous, far longer than the age of the universe. Yet the transition is observed
to happen within in a few hours, even in cells with smooth walls [9, 10]. In con-
trast, recent experiments in an atomic superfluid [11] show good agreement with
theory, applied to the effectively one-dimensional system. However, the dramatic
failure of homogeneous nucleation theory in the case of the A-B transition raises
questions about its extension to cosmological phase transitions.

The QUEST-DMC (Quantum-Enhanced Superfluid Technologies for Dark
Matter and Cosmology) collaboration was set up under UK Quantum Technology
for Fundamental Physics programme to tackle the nucleation problem using new
techniques, both experimental and theoretical, which have become available since
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Fig. 1 Phase diagram of bulk *He at low temperatures and zero magnetic field

the experiments performed in the 1990s. In this article we report on progress in
building simulation code to investigate the dynamics of the order parameter of the
system, using established field theory of superfluid *He, and tools and techniques
borrowed from cosmological simulations of phase transitions (see e.g. Ref. [12]
on time-dependent Ginzburg-Landau (TDGL) theory, Ref. [13] on cosmological
phase transitions, and Refs. [14, 15] on topological defects).

2 Cosmological Phase Transitions and GWs

At early times in its evolution the Universe was very close to thermal equilibrium,
as the perfect blackbody spectrum of the Cosmic Microwave Background radia-
tion demonstrates [16]. The earlier the time, the higher the temperature, and at very
high temperatures the state of matter in the early Universe must change. At tem-
peratures (thermal energies) higher than around 100 MeV, reached at about 0.1 ms
after the Big Bang, the theory of the strong interactions—Quantum Chromodynam-
ics (QCD)—predicts that quarks and gluons inside nucleons are liberated. At still
higher temperatures, around 100 GeV, the average value of the Higgs field is pre-
dicted to vanish. Elementary particles are then massless, and the electroweak sym-
metry between the photons, W and Z bosons restored (for a compact introduction to
the Higgs see [17]).

If an early Universe phase transition were of first order the consequences would
be very interesting. The development of homogeneous nucleation theory in quantum
field theory [6, 7], combined with relativistic combustion theory [18, 19], builds a
picture of a transition proceeding by nucleation of bubbles of the low-temperature
phase by thermal or quantum fluctuations, followed by rapid expansion, which trans-
fers some of the latent heat of the system into motion of the plasma. The result-
ing shear stresses generate gravitational waves [1, 2]. One can estimate that these
gravitational waves would be of frequencies observable by pulsar timing arrays
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(QCD transition, nHz) and space-based interferometers with million-km baselines
(electroweak transition, mHz). Another important consequence of a first-order elec-
troweak phase transition is that it supplies one of the prerequisites for the dynami-
cal generation of the baryon (matter—antimatter) asymmetry in the Universe: namely
departure from thermal equilibrium [20, 21].

The first calculations of the free energy of the Standard Model (SM) [22, 23]
indicated that gauge field theories like the electroweak theory have a first-order tran-
sition, albeit with rather small latent heat [24]. Early calculations with lattice quan-
tum field theory also showed that gluons confine in a first-order phase transition [25,
26].

Further investigation of the Standard Model transitions has shown that they are
both cross-overs [27-29]. All thermodynamic quantities evolve smoothly with tem-
perature, and while there are peaks in various susceptibilities, there is no possibility
that the Universe became stuck in a metastable state. The Universe of the Standard
Model stays very close to thermal equilibrium, as the particle scattering rate is many
orders of magnitude higher than the rate of change of temperature due to expansion.

This is perhaps disappointing. However, the majority of particle physicists are
convinced that the Standard Model is not the ultimate description of matter and
interactions. Apart from lacking a description of gravity, the SM has no explanation
for dark matter or the baryon asymmetry (see e.g. [30, 31] for pedagogical reviews).
Moreover, calculations of the vacuum fluctuations of the Standard Model particles
indicate that the current magnitude of the Higgs field, 174 GeV, is not the lowest
energy state [32, 33]. A related puzzle is what determines the magnitude of the
Higgs field, and why it is so different from the fundamental mass scale set by grav-
ity, 10" GeV.

The problems with the Standard Model motivate extending it. The study of exten-
sions to the Standard Model is known as BSM (beyond the Standard Model) phys-
ics, and it emerges that a first-order phase transition in the early Universe is very
much a possibility in Standard Model extensions [34]. The search for gravitational
waves from the early Universe then becomes a search for BSM physics. There follow
some major questions: how to observe these gravitational waves, and how to calcu-
late their spectrum. Both have become very active areas in the intersection between
particle physics and cosmology, and now ultra-low-temperature physics.

The simulations and modelling of first-order transitions in the early Universe (see
[3] for a review) have shown that the gravitational wave spectrum depends mainly
on a handful of thermodynamic quantities: the critical temperature, the transition
rate, the latent heat, the phase boundary terminal velocity and the sound speeds in
the two phases. The most difficult to calculate accurately are the transition rate f
(the inverse lifetime of the metastable phase) and the phase boundary speed v,,, as
they are both non-equilibrium quantities. The amplitude and shape of the gravita-
tional wave power spectrum are quite sensitive to these parameters. For example, the
peak frequency is proportional to the ratio v,,/f and the transition temperature.

Calculations of the transition rate f are based on the homogeneous nuclea-
tion theory of Langer [5], a formalisation of the Cahn-Hilliard theory [4]. It was
introduced into quantum field theory at zero temperature by Coleman [6], and at
nonzero temperature by Linde [7] (see [35] for a discussion of the theory). There
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has been recent progress with perturbative calculations of the rate parameter § [36],
and it has also been calculated non-perturbatively using numerical lattice simula-
tions of Standard Model-like gauge-Higgs system [37, 38]. Calculations of the wall
speed are based on modelling of the plasma in terms of quasi-stable particles and
the Boltzmann equation [39, 40]. Here, too, progress can be made with numerical
methods [41, 42]. Both of these frameworks have direct analogies in superfluid *He,
which offers the opportunity to test and further develop the theory behind the gravi-
tational wave calculations.

3 The A-B Nucleation Puzzle

According to the homogeneous nucleation theory of Cahn and Hilliard [4] and
Langer [5], a metastable system makes the transition to the stable state with lower
free energy via nucleation in a small region, which is nevertheless large enough for
the pressure difference between the interior and exterior to overcome the surface
tension of the boundary between. In the bulk, such a region with lowest energy
is spherical: the critical droplet or bubble. The critical bubble provides the route
through the space of order parameter configurations to the ground state.
The thermal activation rate per unit volume is

[(T,P) = An, e E/keT )

where 4, is the attempt frequency, the rate at which the system tries to get over the
barrier between the metastable state and ground state, n, is the number density of
regions in which an attempt can be made, E_ is the energy barrier, and 7 is the bath
temperature. The attempt frequency and density are set by microscopic dynamics of
the order parameter and are difficult to calculate. This calculation has recently been
automated for a single-component order parameter [43], but the rate evaluation for
the 18-component order parameter of *He is more challenging. However, the pair
correlation length, &, provides an estimate for the maximum density, n, ~ £73. The
attempt rate is governed by a combination of inertial dynamics and diffusion over
the barrier [5, 35, 44].

In the case of superfluid *He, the two phases in question are the A and B phases
separated by the first-order transition line 7,z(p) (see Fig. 1). In zero magnetic field,
above the polycritical point pressure Ppcp ~ 21 bar, the A phase is stable below
the superfluid critical temperature 7, and 7,5, where the B phase takes over as the
phase with lower free energy. Both phases belong to the spin-triplet (S = 1), p-wave
(L = 1) manifold of pairing states defined by the macroscopic amplitude of fermion
pairs, (W, ,W_p»)» Where p is the relative momentum of the pair of orbiting 3He fer-
mions, while a and b are the spin projections (1 or |) of the fermions comprising
the pair. The corresponding mean-field pairing self-energy, A ,,(p) = g (W, W_p )
where g is the attractive pairing interaction in the spin-triplet, p-wave Cooper chan-
nel. These amplitudes are the elements of a symmetric 2 X 2 matrix order param-
eter, ﬁ(p) = i&ay . Zi(p), where i&ay are the symmetric Pauli matrices, and the
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three-component spin vector, Zi(p), is in general a linear superposition of the p-wave
basis functions for momenta restricted to the Fermi surface. Thus,

A) = (i6,6,) Ay (D);- )

is parametrized by a 3 X 3 complex matrix, A, that transforms as a vector with
respect to index a under spin rotations, and, separately, as a vector with respect to
index i under orbital rotations.! This representation for the order parameter provides
us with an S = 1, L = 1 basis for an irreducible representation of the maximal sym-
metry group of normal *He,

G =S03), XSOB)g X U(l)y XT X C X P, 3)

which includes SO(3);, rotations in three-dimensional space, SO(3)g rotations in the
spin space, and the global phase transformation group U(1)y, as well as discrete
symmetries 7, C, and P, where T is time-reversal symmetry, C is the particle-hole
symmetry, and P is parity symmetry. The subscripts L, S refer to the generators
for the rotation groups, while N is the number operator which is the generator for
changes in phase.

The bulk B-phase, which minimizes the bulk free energy over most of the pres-
sure-temperature plane below T, is the “isotropic” state defined by

1
A = —Ags

V3 ai’ 4

with residual symmetry Hg = SO(3);,,g X T, i.e. the B-phase is time-reversal invari-
ant and invariant under joint rotations of spin and orbital components of the order
parameter. This state was shown by Balian and Werthamer to be the ground state
for spin-triplet, p-wave pairing in the weak-coupling limit [47]. The high degree of
symmetry of the B-phase implies a large continuous degeneracy space,

Ry = U(1)y X SO3);._g» 5)

corresponding to the choice of phase of the order parameter defined by the elements
of U(1)y, as well as the relative orientation of the spin and orbital coordinates of the
spin-triplet, p-wave Cooper pairs, represented by SO(3); _g. As a result the class of
degenerate B-phase order parameters is,

1 i -
AaBi = %AB e qum'[&n]’ (6)

where ¢ is the global phase and Rm-[&ﬁ] is an orthogonal matrix defining a rotation
of the spin and orbital coordinates by angle J about the direction fi. Thus, there are

! We follow the notation of Ref. [45] for the form of the spin-triplet, p-wave order parameter, and Gin-
zburg-Landau (GL) functional. See also Vollhardt and Wolfle [46] for a pedagogical development of the
same.
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4 continuous degeneracy parameters, and hence 4 gapless Nambu-Goldstone (NG)
modes. The phase mode is realized as collisionless sound in superfluid *He-B and
plays a central role in observations of the spectrum of Higgs modes [48, 49]. There
are three spin-orbit modes that are key signatures of spin-triplet pairing in NMR
spectroscopy of *He [50]. Nuclear dipolar interactions and Zeeman energies in an
external magnetic field partially lift the degeneracy of these modes, opening small
gaps providing a novel example of the Light Higgs scenario [51].

The stability of the A-phase at high pressure and temperatures relatively near to
T, results from corrections to weak-coupling BCS theory that become sufficiently
large at high pressures to stabilize an equal-spin pairing (ESP) state that also sponta-
neously breaks time-reversal symmetry with an order parameter of the form,

= And, (i, +if;)/V2, @

where d is a real unit vector in spin space along which the A-phase Cooper pairs
have zero spin projection. The orthonormal unit vectors m and i combined with
the relative phase of z/2 define orbital motion of the A-phase Cooper pairs with
orbital angular momentum +# per Cooper pair along the axis I = m X A. This axis
is chiral and it highlights both broken mirror symmetry and broken time-reversal
symmetry by the A-phase. The latter allows for a macroscopic ground state angular
momentum predicted to be, £, = Ni/2 for a system with N *He atoms. 2 The cor-
responding residual symmetry group is then, H, = SO(2)4 X U(l)LZ_N X Z,, where
SO(2)4 is the group of rotations in spin space about the axis d. The A phase breaks
orbital rotation symmetry as well as global gauge symmetry; however, a rotation
by any angle about the chiral axis can be undone with an appropriately chose ele-
ment of U(1)y which leads to the residual gauge-rotation symmetry of the A-phase
defined by U(1);, _N- The residual discrete Z, symmetry results from the combina-
tion of time-reversal and mirror reflection in a plane containing the chiral axis. This
symmetry allows for the remarkable transport properties of the A phase including
the anomalous Hall effect that was reported for electrons moving in *He-A driven by
an electric field perpendicular to the chiral axis [53, 54].

The A phase is also endowed with a large degeneracy space, in this case by the
combined degeneracy in the orientation of the spin direction d on the surface of a
unit sphere, 2, and the orientation of the orbital triad, {rh, f, 1}, which is the - group
of rotations in 3-space, SO(3). However, the combined transformations: d->-d
and (i + i) - —(M + i0) is a discrete symmetry of the A-phase (Zz), and thus the
degeneracy space excludes these combined changes of sign such that [55]

R, = S* xSO(3)/Z,. (8)

The continuous degeneracy space implies the existence of 5 Nambu-Goldstone
modes, 2 spin wave modes, 2 orbital wave modes and the sound mode. It is also

2 See Ref. [52] for a discussion of the connection between the topological edge states, the edge currents
and £, as well as review of theoretical literature on the ground state angular momentum.
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worth noting that the Z'2 symmetry is directly related to topologically stable half
quantum vortices originally predicted by Volovik and Mineev for ESP states [56,
57], which were recently discovered in NMR spectroscopy of the ESP polar phase of
3He under rotation [58].

In simulating non-equilibrium dynamics and nucleation processes the low energy
excitations—Goldstone and pseudo-Goldstone modes—are expected to play an
important role in transporting mass, energy and magnetization. Another notable fact
is that the residual symmetry group of the B phase is not a sub-group of H,, and
thus the phase transition is necessarily first order. Thus, to nucleate the B phase from
the homogeneous A-phase requires deviations or fluctuations of the order parameter
from the local equilibrium A phase that incur an energy barrier, inhibiting nuclea-
tion and allowing for supercooling of the A phase below T,5. Cooling below T,
at pressures above Ppcp puts the superfluid into a metastable state with free energy
excess Afyg = fa — f3, Where f, and f; are the condensation energy densities of the
A- and B-phases, which can be determined by integrating the measured specific
heats from 7, to the relevant temperature below 7.

The path in order parameter space that minimizes the energy cost of a domain
wall (DW) separating the A and B phases, A% — APY(x) — AB for a bubble of
radius R of *He-B embedded in *He-A plays a key role in the theory of nucleation
of the B-phase in supercooled A phase. The surface energy of the A-B interface was
measured at high pressure by Osheroff and Cross [59], and at low pressure and high
magnetic field by Bartkowiak et al [60]. Theoretical calculations using GL theory
[61-63] give 6,5 « &fg, where & is the Ginzburg-Landau coherence length, with
proportionality constant close to 1 in good agreement with experiment.

To estimate the energy and radius of the critical bubble in the thin-wall approxi-
mation (R > &) we express the total energy of a bubble of B-phase embedded in
metastable A-phase as a sum of the gain in condensation energy proportional to
—Af,p, and the cost in surface energy, proportional to o, 5. Both depend on tempera-
ture and pressure. Thus,

E(R) = 47R*0 5 — %”RMfAB. 9)

The critical bubble is determined by the condition E’'(R) = 0, representing a spheri-
cal bubble poised between expansion and contraction. The radius and energy of the
critical bubble are then

3

20,8 167 %ag
R = ) = 10
and the critical bubble free energy is
-2
EczelfB|§3(AfAB/lfB|) ) (11)

where € ~ 10. The Ginzburg-Landau coherence length near the critical tempera-

ture is &= &g (1 —T/T.)"/2, where &5 = 1/7(3)/20&, and &, = hvp/2rmkgT.
is the Cooper pair correlation length in the ballistic limit [64]. The order of
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magnitude of the condensation energy density is set by the density of states at
the Fermi surface N(0) = m*k,/ (27%h?) and the critical temperature according to

fi ~ =N(O)(kgT.)*(1 — T/T,)>. Hence

E./kT ~ Gi(T./T)(1 - T/T.)"* (A /Ufs)) . (12)

where Gi = N(O):fg (kgT,) is the Ginzburg number, which takes values between 800
at zero pressure and 2900 at melting pressure, about 34 bar. A plausible estimate for
the order of magnitude of the length scale in the attempt density is the Cooper pair
correlation length &, which takes values in the range 16—77 nm. An upper bound the
attempt rate is v /&), where the Fermi velocity vg. is in the range 30-60 m s~

The last factor in Eq. (12) diverges as (1 — T/T,g)~? as the A-B equilibrium line
is approached, but even without the divergent factor the size of the Ginzburg number
already ensures that the exponential e~?</%s7 in the nucleation rate, Eq. (1), over-
whelms the attempt frequency in an experimentally accessible volume, leading to
an estimate of the lifetime of the metastable A-phase that vastly exceeds the current
age of the universe. Thus, as pointed out early after the discovery of the superfluid
phases [61, 65] classical nucleation theory predicts that the superfluid *He should
remain in the metastable A-phase indefinitely in any experiment that can be real-
istically conceived. However, experimental investigations of supercooled *He-A
all show that the B phase nucleates on timescales of seconds to hours, suggesting
another mechanism is responsible for the nucleation of 3He-B [9, 10, 10, 66-71].

4 Explanations for the Nucleation Puzzle

Proposed explanations for the puzzle are many and varied [65, 68, 71-77]. They
generally invoke an external mechanism acting in addition to the intrinsic mecha-
nisms of critical bubble nucleation from thermal or quantum fluctuations in con-
densed matter and quantum field theory [4, 5, 78-80]. The leading contenders
consider that nucleation in bulk, metastable superfluid *He-A is caused by energy
injection by cosmic-ray muons or another energetic particle. In the “Baked Alaska”
scenario proposed by Leggett [65] the energy deposition breaks Cooper pairs cre-
ating a local region of “hot” quasiparticles surrounded by the cold metastable A
phase. A shell of energetic quasiparticles expands, driving the system locally nor-
mal, behind which the superfluid returns to a temperature below 7., allowing the
B-phase to nucleate with measurable probability. At this point the size of the shell
must be larger than the critical bubble size, otherwise the surface tension of the A-B
phase boundary will overwhelm the pressure difference, and the B-phase bubble
will collapse. Support for such a scenario of local heating nucleating the B-phase is
reported by Schiffer et al. where it was shown that 764 keV neutrons as well as MeV
y rays from %°Co stimulate the A-B transition [9].

A particularly interesting consequence of a second-order symmetry-breaking
phase transition such as the normal-superfluid transition in *He, was pointed out
by Kibble in the context of phase transitions in the early Universe: the generation

@ Springer



504 Journal of Low Temperature Physics (2024) 215:495-524

of topological defects [81]. He showed how to predict the type of defect on the
basis of the topology of the manifold of equilibrium states and the defect density
on the basis of estimates of the correlation length as the universe cools through a
continuous phase transition. The density estimate was later updated by Zurek who
made the explicit link to defect formation in rapid quenches in superfluid “He
[82, 83]. Experiments to investigate vortex formation in superfluid ‘He [84, 85]
proved inconclusive, but experiments in the B phase of superfluid He [86, 87]
demonstrated spontaneous vortex generation in rapid quenches consistent with
the Kibble-Zurek mechanism.

The “Cosmological Scenario” for A-B nucleation proposed by Volovik and
Kibble [74, 88] envisages that energy is transported rapidly out of the injection
region by thermal diffusion, and that the front where the quasiparticle tempera-
ture goes below T, is swiftly followed by another front where it goes below 7.
The rapidity of the quench inside the energy deposition region suggests that it
contains causally disconnected regions of local order, which evolve either into
the A or B phases according to the Kibble-Zurek scenario. In this case a com-
plex region of multiple phases, separated by domain walls, emerges. If a large
enough B phase region has formed, it will expand and eventually take over the
condensate. Moreover, different types of topological defects such as domain walls
between B-phases [89], as well as vortices can be generated in the energy deposi-
tion region. Indeed vortices have been detected in the Helsinki group’s experi-
ments injecting energy with neutrons [87]. There has been discussion between the
authors of the competing models [90, 91], but as yet no consensus.

It has also been pointed out that nucleation may be seeded by complex order
parameter configurations at the boundaries of an experimental cell, either by
surface roughness or by topological singularities [73, 92]. Nucleation at rough
boundaries has been argued to fit the data of Hakonen et al. [67, 76], where
nucleation occurred close to a “catastrophe” line in the (7, P) plane with a char-
acteristically peaked temperature distribution. The catastrophe line would be dif-
ferent for each experiment, as it would depend on the details of the boundaries,
particularly in the heat exchanger, where complex surfaces of many square metres
in area are found. Recently, it has been shown that the position of the catastrophe
line also depends on the path in the (7, P) plane taken when cooling through
the A phase into the metastability region [71]. This was explained in terms of
a model of complex order parameter configurations acting as B-phase seeds in
small cavities, principally the heat exchanger.

More exotic explanations have been put forward. Non-topological order param-
eter configurations known as Q-balls [93] have been proposed as an alternative to
the critical bubble as the route from the A phase to the B phase [72]. Such objects
have been experimentally detected and studied [94]. It has also been proposed
that resonant tunnelling, a quantum-mechanical phenomenon where quantum
tunnelling can proceed via a classically allowed intermediate state of the same
energy, could be at play in superfluid *He as well [77]. However, such classically
allowed states were shown not to exist in the quantum field theory of a single
scalar field [95], so the existence of resonant tunnelling for the multicomponent
order parameter of 3He is not clear.
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5 New Experiments on A-B Nucleation

In order to study nucleation in the bulk superfluid, one would like to eliminate
or control the effect of the container walls. The first imperative is to isolate the
metastable superfluid from the heat exchanger, which contains a large rough
area in contact with the superfluid. This can be done in two ways. One method
is to utilize the Zeeman energy of the ESP A phase in which case its equilibrium
bulk free energy is reduced in a magnetic field. Above about 0.6 T, the A phase
is the stable superfluid phase over the whole (7, P) plane [96, 97]. By placing
two opposing magnets close to each other, it is possible to create a region of low
magnetic field, where the superfluid is in the metastable A phase, surrounded by
higher field, where the A phase is stable [98]. In this configuration the phase tran-
sition happens in the low-field region, well away from the walls of the container.

A new set of experiments use engineered cells and surfaces to confine *He into
multiple chambers of different heights within a single experimental cell to study
A-B nucleation. Container walls generally lead to pair breaking and distortion of
the order parameter near the wall. The magnitude of pair-breaking depends on
the atomic scale properties of the wall [99-101]. In general pairing of states with
orbital angular momentum in the plane of a surface are suppressed. If the wall is
smooth, e.g. by pre-plating with superfluid “He, quasiparticles reflect specularly,
and the in-plane orbital states are unaffected. This is the case for the A phase
with the chiral axis aligned normal to the wall; pair-breaking is suppressed and
thus the A-phase order parameter survives all the way to the wall. The B phase,
on the other hand, is modified by pair-breaking of the orbital component normal
to the wall. Its order parameter is distorted towards the planar phase at the wall.
The planar distorted B phase extends into the bulk over a distance of a few coher-
ence lengths. In the case of an atomically rough surface pair-breaking occurs for
all orbital components, in which case both the A and B phase are suppressed near
the wall by diffuse scattering. Thus, the ideal geometry is a slab that stabilizes
the A phase with minimal pair-breaking, i.e. by “He pre-plating, below 7., but is
thick enough to support the B-phase at lower temperatures as shown for example
in Fig. 3 of Ref. [101]. Indeed, experiments in thin nanofabricated cavities show
that A phase can be stabilised at any pressure over a range of temperatures [102,
103], and is the stable superfluid phase that onsets at the critical temperature.

These facts motivated the construction of the experimental cell used in the
QUEST-DMC experiments which consists of 5 superfluid “lakes” of *He, each
being approximately 7 pm in depth, surrounded by shallower regions of ~70 nm,
in which the *He is forced to be either in the normal phase (diffuse scattering)
or only the A phase (specular scattering). This design allows for the study of the
A-B transition in multiple regions of metastable A phase in lakes of various vol-
umes. The results of the initial studies in this geometry are reported elsewhere
[104]. The ultimate goal is study intrinsic A-B nucleation by understanding, con-
trolling and potentially eliminating extrinsic nucleation related to boundaries,
defects, and particles depositing energy in *He.
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6 Simulations of Non-equilibrium Phase Transitions

In order to develop a deeper understanding of nucleation mechanisms for phase tran-
sitions, the QUEST-DMC theory effort is developing computational tools to simu-
late non-equilibrium dynamics for the A-B transition of metastable *He-A. This is a
technically challenging problem involving the dynamics of a bosonic field defined
on a multi-dimensional order parameter space coupled to excitations of the underly-
ing fermionic vacuum. In many cases the dynamics occurs under conditions that are
far from equilibrium, particularly for nucleation generated by localized energy depo-
sition. Here we discuss simulations based on dynamics described by TDGL theory
based on the extension of the strong-coupling GL functional by Wiman and Sauls
[64, 105] that captures the A-B transition and extends the GL theory to temperatures
below T 5 [106].

6.1 Time-Dependent Ginzburg-Landau Theory

Time-dependent Ginzburg-Landau (TDGL) equations have long been studied in the
context of the non-equilibrium dynamics of superconductors, particularly for super-
conductors in the “dirty” limit, #/7 > A, where 7 is the mean scattering time for
unbound fermionic quasiparticles (see e.g. Kopnin’s review [107]). These equations
have been also been studied in the context of Kibble-Zurek quench dynamics and
normal-superfluid boundary propagation for U(1) superfluids by several authors
[108-110]. TDGL equations for superconductors and superfluids in the clean limit
were developed early on by Abrahams and Tsuneto for a U(1) superconductor start-
ing from an expansion of the non-equilibrium mean-field equations for the order
parameter [111] (see also Ref. [112]) and for superfluid *He by Kleinert [113].
Below we formulate the dynamics as a bosonic field theory for superfluid 3He with
dissipation from the excitations of the underlying fermionic vacuum.

The space-time evolution of the bosonic field describing Cooper pairs in bulk
3He, A,(r, 1), is governed by field equations obtained from the TDGL Lagrangian,
L =K — U, where

K= /dvfo Tr (AAT), (13)
is the kinetic energy associated with temporal fluctuations of the field A(r, r) with
A = 0A/0dt and 7, the inertia of the field which determines the dispersion of the bos-

onic modes of the superfluid phases [12]. The potential energy functional is defined
by the GL free energy functional, which includes a second-order invariant,

U,[A] =/dVa Tr (AAY), (14)

that controls the phase transition to the broken symmetry phase. For & > 0O the equi-
librium state is the symmetric normal Fermi-liquid, while for @ < 0 the equilibrium
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state spontaneously breaks the symmetry, with a finite bosonic amplitude A. The
broken symmetry equilibrium state is determined by the fourth-order interactions of
the bosonic field,

5
U,[A] = / dv Y B, u,(A), (15)
p=1

where the five linearly independent fourth-order invariants of the maximal symme-
try group G for *He in Eq. (3) are

Uy =| Tr (AAT)|2, U, = Tr (AAT)2 (16)
us =Tr (AATA*AY), uy = Tr (AATAAT), ug= Tr (AATA*AT).
Spatial gradients of the bosonic field also play a central role in the dynamics and
contribute to the effective potential in the form of supercurrents, textural bending
energies and deformations of the order parameter near the cores of singular topo-
logical defects and boundaries,

3
U,[A] = / AV Y K, v,,(0A), (17)
m=1

where the three linearly independent leading-order gradient energies are
V| =0kAajakA;j, V) = 0A0 A V3 = 0 AL 0A,. (18)

Thus, the Lagrangian density for the bosonic fields respecting the maximal symme-
try group G of *He in Eq. (3) takes the form,

5 3
L=ty Tr (AAT) —a Tr (AA) = Y Bu,4) = Y K, v,(04).  (19)
p=1 m=1

where 7, is the effective inertia for Cooper pair fluctuations. Weak violation of parti-
cle-hole (C) symmetry by the parent Fermi-liquid allows for an additional invariant
in the Lagrangian that is first-order in d,A,

Kp =il"[ Tr (AAT) — Tr (AAT)]. (20)

However, this C-violating term is expected to be small; thus we neglect it in the
dynamical simulations that follow. In contrast we retain the dissipative term that is
first order in d,A that arises from coupling of the thermal bath of fermionic excita-
tions to non-equilibrium states of the bosonic field as discussed in Sect. 6.2.

The Lagrangian (19) generates the dynamical equations for the bosonic excita-
tions of superfluid *He [12]. The bosonic field theory is significant as it provides
an understanding of fundamental dynamical features resulting from spontane-
ous symmetry breaking in condensed matter and quantum field theories. A good
example is Nambu’s fermion-boson mass relations [114] for the broad class of
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Nambu/Jona-Lasinio field theories [115, 116], which includes *He, for mass gen-
eration by spontaneous symmetry breaking [12, 117].

The parameters a, f, and K|, that define the effective potential are temperature-
and pressure-dependent, and can be calculated from the microscopic theory of
superfluid 3He [105, 118—121], have the values

«T) = %N(O)(T/Tc ~ 1), 1)
WC T SC
ﬂp=ﬁ0<bp +?bp), pe{l,...,5} (22)

where the §, parameters in the weak-coupling limit are determined by pressure-inde-
pendent ratios and an overall scale set by

_ €GB _N©O
8072 3(kgT,)’

By {b:c} =(-1,2,2,2,-2). (23)

The strong-coupling corrections to the f3, parameters, b;c, are calculated based on the
leading-order corrections to weak-coupling BCS theory as formulated by Rainer and
Serene [118]. A key result is that the strong-coupling corrections to the GL func-
tional are determined by the scattering amplitude for normal-state quasiparticles
with energies and momenta confined to the Fermi surface. This scattering ampli-
tude also determines the normal-state thermodynamic and transport properties of
the normal Fermi liquid phase of *He. This allows us to solve the inverse problem to
determine the scattering amplitude from the experimental data for the normal Fermi
liquid phase of *He and the heat capacity jumps for the A- and B-phases at T,. This
program was carried out and shown to predict the stability of the A-phase above the
polycritical pressure as well as the temperature dependence of the gap, thermody-
namic potential and heat capacity of the B-phase at low temperatures [119-121].
The calculated A-B transition line is in excellent agreement with experimental
results as shown in Fig. 8.6 of Ref. [121].

The other development in strong-coupling theory for *He is the recognition of the
importance of the temperature-dependent scaling of the strong-coupling f parameters
below T, shown in Eq. (22). This scaling is based on the microscopic strong-coupling
theory and developed in Refs. [64, 105]. The temperature and pressure dependence of
the strong-coupling corrections captures the A-B transition transition line to good accu-
racy and extends the predictive capabilities of the GL theory to temperatures below
T s [106] for pressures above the polycritical pressure. This is essential for developing
TDGL theory to study order parameter dynamics in the metastable A phase. In what
follows we use the results for b3°(p) tabulated in Ref. [106]; these values are slightly
different than the more accurate results reported in Ref. [121], but both sets are compa-
rable in their magnitude and pressure dependences (Fig. 2).?

3 A review of strong-coupling theory, including the effective interactions in liquid *He that give rise to
the stability of *He-A and deviations from weak-coupling BCS theory for the thermodynamic properties,
will be published in a separate report.
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Fig.2 Phase diagram of bulk 3He showing the experimental superfluid critical temperature 7, (black
solid line), the A-B equilibrium line 7', (black dashed line) [122] and the theoretical result for T, (blue
dashed line) based on the linear temperature scaling and pressure-dependence of the strong-coupling f
parameters below 7, [106]

The spatial derivative terms in Eq. (17) determine the energy cost of deforma-
tions of the order parameter from its homogenous equilibrium value. All three stiff-
ness coefficients are positive and can be calculated to good approximation in weak-
coupling theory,

7£03)

K=h=K="0

N0, (24)
where &, = hvy/2nkgT, is the zero-temperature Cooper pair correlation length.

The counterpart to the space derivative terms given in Eq. (13) is the kinetic
energy which is second order in time derivatives. The stiffness to temporal fluctua-
tions of the order parameter in the weak-coupling limit is given by

7¢3) N©)

=hn? .
TRy

(25)

This result is equal in magnitude to the fourth-order contribution to the linear com-
bination of f parameters that determine the gap amplitude for the B-phase, i.e.
7y = Pg = P12 + P345/3 in weak-coupling theory. This result guarantees that the
J = 0% Higgs mode has the mass of two fermions at the continuum edge, M. = 2Ap.
Furthermore, TDGL theory with weak-coupling parameters predicts the masses of
the J =2~ and J = 2% Higgs modes as M,- = 1/12/5Ag and M,, = \/%AB, in
agreement with the underlying quasiclassical weak-coupling theory. Based on sym-
metry grounds it is argued that the relation 7, = fig is preserved in leading-order
strong-coupling GL theory [12].
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For static, but in general inhomogeneous superfluid phases, the effective potential,
U, + U, + U,, defines the GL free energy functional, F; [A] = / dVf.[A], with

5 3
flAl=a Tr (AAT) + ) Bu,(A)+ ) K, v,,(0A). (26)
p=1 m=1

The GL functional is supplemented by boundary conditions for the order parameter
A that depend on the geometry and atomic scale properties of the boundary.

The strong-coupling GL functional has strong experimental support. It accurately
predicts the phase diagram of superfluid *He [121] and the surface energy of the A-B
phase boundary [59, 60] and accounts for the temperature and pressure dependence of
the structure of B-phase vortices [106]. The time-dependent terms also have experi-
mental support: acoustic absorption resonances are observed consistent with resonant
excitation of the J = 2* and J = 2~ Higgs modes [123-125].

It is worth noting that our formulation of TDGL theory for the space-time dynamics
of pure spin-triplet, p-wave superfluid *He can be extended to include attractive, but
sub-dominant, spin-triplet, f-wave Bosonic excitations, including the predicted S = 1,
L =3, J =4~ Higgs mode [126] for which there is experimental evidence from anom-
alous sound absorption near 7, [125] and acoustic Faraday rotation of transverse sound
[127].

The general form of the § = 1, L = 3 order parameter is F’ wsijk (s t) which transforms
as a vector under SO(3), for the index a and as a rank 3 symmetric, traceless tensor
under orbital rotations (SO(3),) for the indices i, j, k. The leading-order contribution to

the effective potential is then ay(T)F, fl:iij;'ijk’ where ay(T) = %N(O) (T/ TC/ - 1)

where ch is the f-wave pairing instability temperature which is a direct measure of the
f-wave pairing interaction. For sub-dominant f-wave pairing we have 0 < ch <T.
There are many new invariants that contribute the extended TDGL functional which
can be enumerated using group representation theory. Whether or not there is an f-wave
condensate depends on the material parameters of the new invariants. It may be possi-
ble that such a condensate exists in the cores of o-vortices in the B phase, analogous to
the p-wave condensate in the core of an Abrikosov (s-wave) vortex [57].

Finally we note that symmetry breaking perturbations from the nuclear Zeeman
energy in an external magnetic field and the nuclear magnetic dipole-dipole energy
can be included in this framework, c.f. Refs. [105, 128], but here we focus on A-B
transition in the absence of magnetic field and neglect the weak nuclear dipole-dipole
energy. These effects of these perturbations on A-B transition will be discussed in a
future work.

In the simulations discussed later in this report we compare energy densities relative
to that of the homogeneous B-phase, fz = —a?/4; and we normalize to the energy
density scale

fo= %Nm)(kBTc)Z. 27
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6.2 TDGL Equations with Dissipation by the Fermionic Bath

The Euler-Lagrange equations obtained from Eq. (19) generate the non-dissipative
coupled dynamical equations for the 3 X 3 complex matrix order parameter, A (T, 1),
for superfluid *He,

ToA g + @Ay — K 0%A,; — (K + K3)0,0,A,
+2[pA%, Tr (AAT) + B,A,,; Tr (AAT) (28)
+ B3(AATAY), + B (AATA),; + ﬁS(A*ATA)ai] =0.

These coupled equations involve only the bosonic degrees of freedom with param-
eters corresponding to the fermionic vacuum in local equilibrium. We include ther-
mal fluctuations of the fermionic vacuum via a Langevin source term that couples
the thermal fluctuations locally to the bosonic field. Several authors have formulated
the dynamics of a bosonic field theory coupled to a thermal bath in terms of a sto-
chastic Langevin source [108, 129]. We add to the right-hand side of Eq. (28) a
Gaussian noise source {,,(r, £) with intermediate-time averages ({,;(r,#)) = 0 and *

(CaiE, D4 1)) = 27 kg T 6,56,;8(r — ¥)5(t — 7). (29)

The parameter y plays an important role as it leads, via the fluctuation-dissipation
theorem, to damping of space-time fluctuations of the bosonic field via an additional
dissipative time-derivative term, yAm-, on the left side of Eq. (28) that is characteris-
tic of Langevin dynamics. Thus, the set of dynamical equations including the damp-
ing and Langevin noise source terms are,

ToAgi + 7A L + @A, — K 0%A, — (K, + K3)0;0,A,;
+2[BAL Tr (AAT) + BA,,; Tr (AAT) (30)
+ B(AATA") g + By(AATA),; + B5(A*ATA) ] = (e, ).

For temperatures very close to T, i.e. the “gapless region” where |A(T)| < wkgT,,
the damping by the fermionic bath is given by [130]

ZN(0)
48k T,

v=nh €20
However, y decreases rapidly below T, as the mean field order parameter, and excita-
tion gap, become established. At low temperatures the temporal dynamics is domi-
nated by the inertial term defined by Eq. (13). However, at intermediate tempera-
tures we retain both the inertial and damping terms. On dimensional grounds it is
convenient to express y = h?7(1/35¢(3)/60)N(0)/6x(kgT,)?, where 7 has dimen-
sions of frequency.

The dynamical Egs. (30) should be understood as an approximate description of
the non-equilibrium dynamics of the 3He order parameter, which extends the typical

4 Our formulation is similar that of Ref. [129].
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domain of applicability of Ginzburg-Landau theory to temperatures below 7,5 by
the inclusion of temperature-dependent strong-coupling corrections to the f§ param-
eters. Our modelling of the thermal bath of quasiparticles via Langevin noise and
damping is widely used to simulate non-equilibrium phase transitions in quantum
field theories and can be shown to generate topological defect densities that obey
Kibble-Zurek scaling [131, 132]. On the other hand, a simplified TDGL with a sin-
gle complex order parameter and only a first-order time derivative has been used
[108, 109] to model vortex formation in neutron-irradiated rotating superfluid *He
[87] and did not reproduce the observed dependence of the number of vortices with
rotation speed. The simplicity of the particular TDGL model used may be one rea-
son for the failure; another may be the simplified modelling of the energy injection,
which is assumed to create a normal region which immediately corotates with the
superfluid. The lack of a model for energy transport by quasiparticles has also been
highlighted in Ref. [133].

Modelling energy transport by quasiparticles will require inclusion of the micro-
scopic treatment of non-equilibrium dynamics of the fermionic bath coupled to the
bosonic degrees of freedom, envisioned for the next generation of simulations of
superfluid *He. This direction will greatly increase the computational complexity
and requires substantial development of new computational codes and methods. In
the meantime we can gain important insight into the order parameter dynamics with
the bosonic theory coupled to the thermal bath described by Langevin noise and dis-
sipation, with the caveats outlined above.

6.3 Dynamic Lattice Field Theory Simulations

Simulating order parameters living on a high-dimensional manifold in 341 dimen-
sions requires high-performance computational resources, both in terms of parallel
floating point performance and effective input and output (I/O) for visualisation of
the results. In the last two decades, high-performance computing (HPC) technol-
ogies have improved remarkably both in hardware and software branches. One of
goals of QUEST-DMC project is developing libraries to solve and analyse static and
time-dependent GL equations easily, in the way of distributed parallelism and par-
allel I/O. We solve the TDGL equations in Eq. (30) with finite difference discre-
tization and explicit time discretization [134]. In order to write Eq. (30) in dimen-
sionless form, the order parameter A, is expressed in units of kg7, the length unit
is the zero-temperature limit of the GL coherence length &5 = 1/7¢(3)/20¢,, and
the time unit is t5;, = \/% (&L/vp)- Then, the discretized equations are evolved in
time for each point on a Cartesian grid in three space dimensions. To utilize HPC
systems with distributed memory, we use the lattice field theory library HILA as our
framework [135, 136]. HILA offers a uniform grid, on which the number of sites
along each Cartesian direction can be chosen separately, and a series of pre-defined
class templates to easily handle scalars, vectors and matrices as physical fields on
the lattice. It also has excellent scaling with number of lattice sites.
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Another significant aspect of simulating dynamics with TDGL theory is the
boundary conditions and initial conditions. We adopt periodic boundary conditions
and surface scattering boundary conditions to model different experimental situa-
tions [64, 99, 121]. When we test scenarios, e.g. Baked Alaska or the cosmological
scenario, which rely on physical processes in the bulk of sample periodic bound-
ary conditions can be used. On the other hand, for heterogeneous environments e.g.
order parameter distortion or textural singularities near physical boundaries, a wide
range of boundary conditions that take into account different levels of atomic scale
roughness have been developed [101, 137-139].

We set the initial conditions for the order parameter configuration on the 3-dimen-
sional spatial lattice for various homogeneous equilibrium states such as A, B or
normal phase. Different levels of noise can be introduced to simulate the fluctuating
forces from the thermal excitations. In the rest of Sect. 6, we discuss our simulation
results with these types of initial states and let those generated from other situations
to be discussed in future works.

6.4 Preliminary Results for a Highly Disordered Initial State

Here we discuss a test of the cosmological scenario using the numerical technology
which we introduced in Sect. 6.3. In order to gain a general understanding of our
numerical tool kit, as well as the features of physical system built upon it, we set up
a statistically homogeneous noisy initial state, with material parameters, a(7) and
B,(T), with uniform and fixed temperature and pressure. This can be thought of as
modelling a quench with cooling rate 1/7, — oo over the simulation grid with non-
equilibrium order parameter configuration [74, 82].

The spatial grid was 512 X 256 X 256 sites, periodic in all directions, with
a lattice spacing 0.5&5;. We chose to simulate dynamics at p =25 bar and
T =1.228 mK, for which &5, = 12.0 nm, making the larger side length 6.2 pm. The
temperature-dependent Ginzburg-Landau coherence length at the given temperature
is £gp.(T) = 17.6 nm. The damping parameter was set to 7 = 0.02talL = 30.05 MHz.
This choice is somewhat larger than the value inferred from the absorption of sound
near the J = 2~ Higgs mode in *He-B [48, 140]; the values based on experimental
measurements are order 0.1 —5 MHz. The total simulation time was 103tGL, cor-
responding to 665 ns based on fg; = 0.65 ns at this pressure and temperature. The
typical run time on 2 64-core AMD Rome 7H12 CPUs was around 7500 s, including
the time for parallel I/O and in situ visualisation using the Ascent library [141].

The periodic boundary conditions allow us to focus on the possible nucleation
of B-phase during a simulation in the absence of confining boundaries. The initial
configuration of A,; was chosen from a Gaussian distribution at every site without
spatial correlations, but with mean order parameter corresponding to the equilibrium
A phase.

With the sufficient onsite noise, which creates a “glass-like" order parameter, we
obtain B-phase bubbles that appear after a run time #, ~ 50 ns, which is significantly

longer than the characteristic pair formation time #/4/ Tr (AA‘) ~ 1 ns. Interest-
ingly, increasing the onsite noise amplitude does not necessarily lead to an increased
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Fig. 3 Snapshots of distributions of stationary free energy f, in Eq. (26) and 4/ Tr (AAT) at running time

t = 91.7 ns. a Distribution of stationary free energy f; over simulation grid as described in Sect. 6.3. We
calibrated f; against bulk free energy f of equilibrium B-phase, then the dark blue corresponds of bulk
B-phase, while cyan corresponds to bulk A-phase. The domain wall has higher stationary energy because
of the gradient energy. b Profiles of 1/ Tr (AA*) between 3.4 and 3.6, corresponding to the range found

in domain wall structures at the temperature and pressure of the simulation (1.228 mK, 25 bar). The
domain walls visible are either between A- and B-phases or between different B-phases. The latter are
non-topological domain walls, which require specific symmetry between two domains [89]. The coex-
istence of A-B domain wall and B-B domain walls can be understood as defects nucleated during fast
quench, which is a natural and expected result in cosmological scenario [74]

likelihood of the nucleation of B-phase. We found that only noise amplitudes in the
range 0.4A, — 0.5A,, where A, is equilibrium A-phase gap, triggered nucleation of
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B-phase in this particular simulation. Figure 3 shows the B-phase bubble (dark blue)
that have nucleated in the surrounding metastable A-phase (cyan) and the corre-
sponding A-B domain walls (red) after time # = 91.7 ns. Specifically, Fig. 3a shows
the distribution of locally stationary free energy density f; defined in Eq. (26), which
is calibrated against the magnitude of the bulk free energy density f; of B-phase.
The metastable A-phase free energy density is depicted in cyan, while A-B domain
walls, which appear in light yellow and red, have much higher energy density con-
tributed in part by gradient energy.

In addition to B-phase bubbles and A-B domain walls, we also find domain walls
separating degenerate, but symmetry inequivalent, B-phases, as shown in Fig. 3a
and b. Such walls and their relevance to cosmology have been first considered in
Ref. [89]. In isotropic pure *He [142] these domain walls are non-topological, but
can exist when a certain symmetry is present between two different B-phase domains
[89, 143]. The specific symmetry group involved in this situation consists of z-rota-
tion of global U(1) phase and global z-rotations of SO(3)g in spin space. This inter-
esting coexistence of A-B domain walls and B-B domain walls is to be expected in
the cosmological scenario based on the degeneracy space of the bulk B-phase.

By contrast, symmetry-breaking fields, such as that imposed on *He by nematic
aerogel, lead to topological protection [144-148], analogous to cosmological
Lazarides-Shafi domain walls. In *He confined to slab geometry, such domain walls
are at the heart of the putative crystalline superfluid phase with spontaneously bro-
ken translation symmetry [64, 149—151] (see also [152—154] for transport experi-
ments with stepped confinement). Here the mechanism of nucleation of the domain
walls is a major outstanding question that may be related to the A-B transition puz-
zle. In addition to the “hard” [143] domain walls discussed above, “soft” textural
domain walls can be stabilised and manipulated by a combination of confinement,
magnetic field and nuclear dipolar energy [155].

These preliminary studies with a homogeneous quench and infinite cooling rate
do not allow us yet to draw firm conclusions about the nucleation of B phase bubbles
in metastable A-phase. However, we note that the order parameter remains nonzero
everywhere throughout the evolution, suggesting that the bubbles of B phase can
appear without the system entering the normal phase following energy injection.
Simulations based on more realistic temperature profiles, together with physically
realistic cooling dynamics, are ongoing and will be discussed in future reports.

7 Summary and Outlook

In the construction of models of fundamental physics beyond the Standard Model to
account for dark matter and the baryon asymmetry, amongst other puzzles, a com-
mon prediction is a first-order phase transition in the early universe. Such phase
transitions would produce an isotropic stochastic background of gravitational waves.
If the phase transition took place at temperatures at or above the electroweak sym-
metry breaking scale—where many models predict new particles and interactions—
the gravitational waves would be potentially observable at future space-based gravi-
tational wave observatories such as LISA [34].
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Computations of the expected signal depend, amongst other things, on a rela-
tivistic version of the homogeneous nucleation theory of Cahn and Hilliard [4]
and Langer [5]. It is therefore important to test the theory in the laboratory.
Superfluid 3He has a first-order phase transition between the A and B phases,
for which the theory predicts that at pressures, temperatures and magnetic fields
where the A phase is metastable, the system should remain in the A phase in the
course of any conceivable experiment. Yet the transition usually happens within
in a few hours [68]. In contrast, recent experiments with metastable atomic super-
fluids show agreement with theory [11]. The QUEST-DMC collaboration aims
to resolve this puzzle, and to decide whether the experimental observations point
to a new rapid bulk nucleation mechanism, or to explanations based on external
sources of excitation energy such as high energy cosmic ray particles or radioac-
tive decay products from laboratory materials [65, 75].

The QUEST-DMC collaboration involves new experiments to control and
eliminate boundary effects in two ways: nanofabricated cells taking advantage of
confinement stabilization of phases, and utilizing magnetic fields to isolate meta-
stable A-phase from experimental boundaries. Careful choice of nanotechnology
makes walls atomically smooth, while shaped magnetic field distributions ensure
that the A phase is metastable only in a portion of the experiment not in contact
with the walls. In this way surface nucleation sites are eliminated. Future experi-
ments will use the advances in a parallel strand of work on superfluid 3He as a
dark matter detector to understand fluxes of energetic particles and to eliminate
them by building experimental facilities underground [156, 157].

At the same time we are building simulation algorithms and numerical codes
to investigate the space-time dynamics of the 18-component order parameter of
the simulation system, superfluid 3He, using a formulation of TDGL theory which
accounts for known static and dynamic properties of the order parameter in the
Ginzburg-Landau regime. We can simulate the evolution of this system disturbed
by energy injection, or investigate the distortion of the order parameter around
boundaries in complex geometries. In our first set of numerical experiments using
the new code, we have shown that regions of B-phase are nucleated following
a spatially uniform random disturbance of the metastable A phase. Sufficiently
large fluctuations can produce sufficiently large regions of B phase to overcome
the surface tension of the phase boundary and thus grow into a stable B-phase.
We plan more detailed simulations of existing nucleation scenarios, including the
Baked Alaska model and the cosmological nucleation scenario, where the distur-
bance in the order parameter is localised.

Acknowledgements We thank Grigory E. Volovik and Vladimir Eltsov for comments.

Author Contributions The manuscript was written by MH, JAS and KZ, with contributions from all
authors. The simulation code was written by AE-L with contributions from KZ. Parallel data post-pro-
cessing and visualisation code was written by KZ. The parallel framework code was written by KR. The
project was supervised by MH, RPH and JS.

Funding Open Access funding provided by University of Helsinki (including Helsinki University Central

Hospital). This work was supported by: STFC grants ST/T006773/1, ST/T006749/1 and ST/T00682X/1;
Research Council of Finland grants 320123 and 333609; CSC — IT Centre for Science, Finland; and the

@ Springer



Journal of Low Temperature Physics (2024) 215:495-524 517

Helsinki Institute of Physics. AL-E acknowledges support from Eusko Jaurlaritza (IT1628-22) and by the
PID2021-123703NB-C21 grant funded by MCIN/AEI/10.13039/501100011033/ and by ERDF; “A way
of making Europe”. JAS acknowledges past support from the US National Science Foundation, Grant
DMR-1508730: “Nonequilibrium States of Topological Quantum Fluids and Unconventional Supercon-
ductors” and current support from the U.S. Department of Energy, Office of Science, National Quan-
tum Information Science Research Centers, Superconducting Quantum Materials and Systems Center
(SQMS) under contract number DE-AC02-07CH11359.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

References

1. E. Witten, Cosmic separation of phases. Phys. Rev. D 30, 272-285 (1984). https://doi.org/10.1103/
PhysRevD.30.272
2. C.J. Hogan, Gravitational radiation from cosmological phase transitions. Mon. Not. Roy. Astron.
Soc. 218, 629-636 (1986). https://doi.org/10.1093/mnras/218.4.629
3. M.B. Hindmarsh, M. Liiben, J. Lumma, M. Pauly, Phase transitions in the early universe. SciPost
Phys. Lect. Notes 24, 1 (2021). https://doi.org/10.21468/SciPostPhysLectNotes.24arXiv:2008.
09136 [astro-ph.CO]
4. J.W. Cahn, J.E., Hilliard, Free energy of a nonuniform system. iii. nucleation in a two-component
incompressible fluid. J. Chem. Phys. 31(3), 688—699 (1959). https://doi.org/10.1063/1.1730447
5. J.S. Langer, Statistical theory of the decay of metastable states. Ann. Phys. 54(2), 258-275 (1969)
6. S.R. Coleman, The fate of the false vacuum. 1. Semiclassical Theory. Phys. Rev. D 15, 2929-2936
(1977). https://doi.org/10.1103/PhysRevD.15.2929 [Erratum: Phys. Rev. D 16, 1248 (1977)]
7. A.D. Linde, Fate of the false vacuum at finite temperature: theory and applications. Phys. Lett. B
100, 37-40 (1981). https://doi.org/10.1016/0370-2693(81)90281-1
8. M.S. Pettersen, D.O. Edwards, T.G. Culman, The solubility of *He in He below 0.1. K. I. Low
Temp. Phys. 89(3), 473-476 (1992). https://doi.org/10.1007/BF00694066
9. P. Schiffer, M. O’Keefe, M. Hildreth, H. Fukuyama, D. Osheroff, Strong supercooling and stimula-
tion of the A-B transition in superfluid *He. Phys. Rev. Lett. 69(1), 120 (1992). https://doi.org/10.
1103/PhysRevLett.69.120
10. P. Schiffer, D. Osheroff, Nucleation of the A-B transition in superfluid 3He: surface effects and
baked alaska. Rev. Mod. Phys. 67(2), 491 (1995). https://doi.org/10.1103/RevModPhys.67.491
11. A. Zenesini, A. Berti, R. Cominotti, C. Rogora, I.G. Moss, T.P. Billam, I. Carusotto, G. Lampo-
resi, A. Recati, G. Ferrari, False vacuum decay via bubble formation in ferromagnetic superfluids.
Nature Phys. 20(4), 558-563 (2024). https://doi.org/10.1038/s41567-023-02345-4. arXiv:2305.
05225 [hep-ph]
12. I.A. Sauls, T. Mizushima, On the Nambu fermion-boson relations for superfluid 3He. Phys. Rev. B
95, 094515 (2017). https://doi.org/10.1103/PhysRevB.95.094515
13. M. Hindmarsh, S.J. Huber, K. Rummukainen, D.J. Weir, Shape of the acoustic gravitational wave
power spectrum from a first order phase transition. Phys. Rev. D 96(10), 103520 (2017). https://doi.
org/10.1103/PhysRevD.96.103520. arXiv:1704.05871 [astro-ph.CO]

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1103/PhysRevD.30.272
https://doi.org/10.1093/mnras/218.4.629
https://doi.org/10.21468/SciPostPhysLectNotes.24
http://arxiv.org/abs/2008.09136
http://arxiv.org/abs/2008.09136
https://doi.org/10.1063/1.1730447
https://doi.org/10.1103/PhysRevD.15.2929
https://doi.org/10.1016/0370-2693(81)90281-1
https://doi.org/10.1007/BF00694066
https://doi.org/10.1103/PhysRevLett.69.120
https://doi.org/10.1103/PhysRevLett.69.120
https://doi.org/10.1103/RevModPhys.67.491
https://doi.org/10.1038/s41567-023-02345-4
http://arxiv.org/abs/2305.05225
http://arxiv.org/abs/2305.05225
https://doi.org/10.1103/PhysRevB.95.094515
https://doi.org/10.1103/PhysRevD.96.103520
https://doi.org/10.1103/PhysRevD.96.103520
http://arxiv.org/abs/1704.05871

518

Journal of Low Temperature Physics (2024) 215:495-524

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

J. Lizarraga, J. Urrestilla, D. Daverio, M. Hindmarsh, M. Kunz, New CMB constraints for Abelian
Higgs cosmic strings. JCAP 10, 042 (2016). https://doi.org/10.1088/1475-7516/2016/10/042arXiv:
1609.03386 [astro-ph.CO]

M. Hindmarsh, J. Lizarraga, A. Lopez-Eiguren, J. Urrestilla, Scaling density of axion strings. Phys.
Rev. Lett. 124(2), 021301 (2020). https://doi.org/10.1103/PhysRevLett.124.021301. arXiv:1908.
03522 [astro-ph.CO]

D.J. Fixsen, E.S. Cheng, J.M. Gales, J.C. Mather, R.A. Shafer, E.L. Wright, The cosmic microwave
background spectrum from the full COBE FIRAS data set. Astrophys. J. 473, 576 (1996). https://
doi.org/10.1086/178173arXiv:astro-ph/9605054

A. Djouadi, The Higgs Mechanism and the Origin of Mass (Springer, Dordrecht, 2009), pp. 1-23.
https://doi.org/10.1007/978-90-481-3015-3_1

L.D. Landau, E.M. Lifshitz, Fluid Mechanics: Landau and Lifshitz: Course of Theoretical Physics,
vol. 6 (Elsevier, Amsterdam, 2013)

P.J. Steinhardt, Relativistic detonation waves and bubble growth in false vacuum decay. Phys. Rev.
D 25, 2074 (1982). https://doi.org/10.1103/PhysRevD.25.2074

A. Sakharov, Violation of CP invariance, C asymmetry, and baryon asymmetry of the universe.
J. Exp. Theor. Phys. Lett. JETP Lett.) 5(5), 24-27 (1967)

V.A. Kuzmin, V.A. Rubakov, M.E. Shaposhnikov, On the anomalous electroweak baryon num-
ber nonconservation in the early universe. Phys. Lett. B 155, 36 (1985). https://doi.org/10.1016/
0370-2693(85)91028-7

D.A. Kirzhnits, Weinberg model in the hot universe. JETP Lett. 15, 529-531 (1972). [Pisma Zh.
Eksp. Teor. Fiz. 15, 745 (1972)]

D.A. Kirzhnits, A.D. Linde, Macroscopic consequences of the weinberg model. Phys. Lett.
42B, 471-474 (1972). https://doi.org/10.1016/0370-2693(72)90109-8

K. Enqvist, J. Ignatius, K. Kajantie, K. Rummukainen, Nucleation and bubble growth in a first
order cosmological electroweak phase transition. Phys. Rev. D 45, 3415-3428 (1992). https://
doi.org/10.1103/PhysRevD.45.3415

M. Fukugita, M. Okawa, A. Ukawa, Finite size scaling study of the deconfining phase transition
in pure SU(3) lattice gauge theory. Nucl. Phys. B 337, 181-232 (1990). https://doi.org/10.1016/
0550-3213(90)90256-D

G. Boyd, J. Engels, F. Karsch, E. Laermann, C. Legeland, M. Lutgemeier, B. Petersson, Ther-
modynamics of SU(3) lattice gauge theory. Nucl. Phys. B 469, 419-444 (1996). https://doi.org/
10.1016/0550-3213(96)00170 Cosmology, particle physics-8 arXiv:hep-lat/9602007

S. Borsanyi et al., Calculation of the axion mass based on high-temperature lattice quantum
chromodynamics. Nature 539(7627), 69-71 (2016). https://doi.org/10.1038/nature20115. arXiv:
1606.07494 [hep-lat]

K. Kajantie, M. Laine, K. Rummukainen, M.E. Shaposhnikov, Is there a hot electroweak phase
transition at m(H) larger or equal to m(W)? Phys. Rev. Lett. 77, 2887-2890 (1996). https://doi.
org/10.1103/PhysRevLett.77.2887arXiv:hep-ph/9605288 [hep-ph]

K. Kajantie, M. Laine, K. Rummukainen, M.E. Shaposhnikov, A Nonperturbative analysis of
the finite T phase transition in SU(2) x U(1) electroweak theory. Nucl. Phys. B 493, 413-438
(1997). https://doi.org/10.1016/S0550-3213(97)00164-8arXiv:hep-1at/9612006

J.M. Cline, TASI lectures on early universe cosmology: inflation, baryogenesis and dark mat-
ter. PoS TASI2018, 001 (2019). https://doi.org/10.48550/arXiv.1807.08749arXiv:1807.08749
[hep-ph]

D. Croon, TASI lectures on phase transitions, baryogenesis, and gravitational waves (2023).
https://doi.org/10.48550/arXiv.2307.00068arXiv:2307.00068 [hep-ph]

M. Lindner, Implications of triviality for the standard model. Zeitschrift fiir Physik C Part.
Fields 31, 295-300 (1986). https://doi.org/10.1007/BF01479540

G. Degrassi, S. Di Vita, J. Elias-Miro, J.R. Espinosa, G.F. Giudice, G. Isidori, A. Strumia,
Higgs mass and vacuum stability in the standard model at NNLO. JHEP 08, 098 (2012). https://
doi.org/10.1007/JHEP08(2012)098arXiv:1205.6497 [hep-ph]

C. Caprini et al., Detecting gravitational waves from cosmological phase transitions with LISA:
an update. JCAP 03, 024 (2020). https://doi.org/10.1088/1475-7516/2020/03/024arXiv:1910.
13125 [astro-ph.CO]

A. Berera, J. Mabillard, B.W. Mintz, R.O. Ramos, Formulating the Kramers problem in field
theory. Phys. Rev. D 100(7), 076005 (2019). https://doi.org/10.1103/PhysRevD.100.076005.
arXiv:1906.08684 [hep-ph]

@ Springer


https://doi.org/10.1088/1475-7516/2016/10/042
http://arxiv.org/abs/1609.03386
http://arxiv.org/abs/1609.03386
https://doi.org/10.1103/PhysRevLett.124.021301
http://arxiv.org/abs/1908.03522
http://arxiv.org/abs/1908.03522
https://doi.org/10.1086/178173
https://doi.org/10.1086/178173
http://arxiv.org/abs/astro-ph/9605054
https://doi.org/10.1007/978-90-481-3015-3_1
https://doi.org/10.1103/PhysRevD.25.2074
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1016/0370-2693(85)91028-7
https://doi.org/10.1016/0370-2693(72)90109-8
https://doi.org/10.1103/PhysRevD.45.3415
https://doi.org/10.1103/PhysRevD.45.3415
https://doi.org/10.1016/0550-3213(90)90256-D
https://doi.org/10.1016/0550-3213(90)90256-D
https://doi.org/10.1016/0550-3213(96)00170
https://doi.org/10.1016/0550-3213(96)00170
http://arxiv.org/abs/hep-lat/9602007
https://doi.org/10.1038/nature20115
http://arxiv.org/abs/1606.07494
http://arxiv.org/abs/1606.07494
https://doi.org/10.1103/PhysRevLett.77.2887
https://doi.org/10.1103/PhysRevLett.77.2887
http://arxiv.org/abs/hep-ph/9605288
https://doi.org/10.1016/S0550-3213(97)00164-8
http://arxiv.org/abs/hep-lat/9612006
https://doi.org/10.48550/arXiv.1807.08749
http://arxiv.org/abs/1807.08749
https://doi.org/10.48550/arXiv.2307.00068
http://arxiv.org/abs/2307.00068
https://doi.org/10.1007/BF01479540
https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1007/JHEP08(2012)098
http://arxiv.org/abs/1205.6497
https://doi.org/10.1088/1475-7516/2020/03/024
http://arxiv.org/abs/1910.13125
http://arxiv.org/abs/1910.13125
https://doi.org/10.1103/PhysRevD.100.076005
http://arxiv.org/abs/1906.08684

Journal of Low Temperature Physics (2024) 215:495-524 519

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

S1.

52.

53.

54.

55.
56.

57.

58.

59.

60.

0. Gould, J. Hirvonen, Effective field theory approach to thermal bubble nucleation. Phys. Rev.
D 104(9), 096015 (2021). https://doi.org/10.1103/PhysRevD.104.096015. arXiv:2108.04377
[hep-ph]

G.D. Moore, K. Rummukainen, Electroweak bubble nucleation, nonperturbatively. Phys. Rev. D
63, 045002 (2001). https://doi.org/10.1103/PhysRevD.63.045002arXiv:hep-ph/0009132

0. Gould, S. Giiyer, K. Rummukainen, First-order electroweak phase transitions: a nonpertur-
bative update. Phys. Rev. D 106(11), 114507 (2022). https://doi.org/10.1103/PhysRevD.106.
114507. arXiv:2205.07238 [hep-lat]

B.-H. Liu, L.D. McLerran, N. Turok, Bubble nucleation and growth at a baryon number produc-
ing electroweak phase transition. Phys. Rev. D 46, 2668-2688 (1992). https://doi.org/10.1103/
PhysRevD.46.2668

C.D. Moore, T. Prokopec, How fast can the wall move? A study of the electroweak phase tran-
sition dynamics. Phys. Rev. D52, 7182-7204 (1995). https://doi.org/10.1103/PhysRevD.52.
7182arXiv:hep-ph/9506475 [hep-ph]

S. De Curtis, L.D. Rose, A. Guiggiani, A.G. Muyor, G. Panico, Bubble wall dynamics at the
electroweak phase transition. JHEP 03, 163 (2022). https://doi.org/10.1007/THEP03(2022)
163arXiv:2201.08220 [hep-ph]

B. Laurent, J.M. Cline, First principles determination of bubble wall velocity. Phys. Rev. D 106(2),
023501 (2022). https://doi.org/10.1103/PhysRevD.106.023501. arXiv:2204.13120 [hep-ph]

A. Ekstedt, O. Gould, J. Hirvonen, BubbleDet: a python package to compute functional determi-
nants for bubble nucleation. J. High Energ. Phys. (2023). https://doi.org/10.1007/THEP12(2023)
056arXiv:2308.15652 [hep-ph]

P. Hénggi, P. Talkner, M. Borkovec, Reaction-rate theory: fifty years after Kramers. Rev. Mod.
Phys. 62(2), 251 (1990). https://doi.org/10.1103/RevModPhys.62.251

N.D. Mermin, G. Stare, Ginzburg-Landau approach to L # O pairing. Phys. Rev. Lett. 30, 1135
(1973). https://doi.org/10.1103/PhysRevLett.30.1135

D. Vollhardt, P. Walfle, The superfluid phases of *He (Taylor & Francis, New York, 1990)

R. Balian, N.R. Werthamer, Superconductivity with Pairs in a relative P-state. Phys. Rev. 131, 1553
(1963). https://doi.org/10.1103/PhysRev.131.1553

W.P. Halperin, E. Varoquaux, in Order Parameter Collective Modes in Superfluid *He, eds. by W.P.
Halperin, L.P. Pitaevskii (Elsevier Science Publishers, Amsterdam, 1990), p. 353

J.A. Sauls, Broken Symmetry and Non-Equilibrium Superfluid *He. in Topological Defects and
Non-Equilibrium Symmetry Breaking Phase Transitions - Lecture Notes for the 1999 Les Houches
Winter School, eds. by H. Godfrin, Y. Bunkov (Elsievier Science Publishers, Amsterdam), pp. 239—
265. https://doi.org/10.48550/arXiv.cond-mat/9910260

A.J. Leggett, A theoretical description of the new phases of liquid 3He. Rev. Mod. Phys. 47, 331
(1975). https://doi.org/10.1103/RevModPhys.47.331

V.V. Zavjalov, S. Autti, V.B. Eltsov, PJ. Heikkinen, G.E. Volovik, Light Higgs channel of the reso-
nant decay of magnon condensate in superfluid *He-B. Nat. Comm. 7, 10294 (2016). https://doi.
org/10.1038/ncomms10294 1411.3983

J.A. Sauls, Surface states, edge currents, and the angular momentum of chiral p-wave superfluids.
Phys. Rev. B 84, 214509 (2011). https://doi.org/10.1103/PhysRevB.84.214509

H. Ikegami, Y. Tsutsumi, K. Kono, Chiral symmetry in superfluid 3He-A. Science 341(6141),
59-62 (2013). https://doi.org/10.1126/science.1236509

O. Shevtsov, J.A. Sauls, Electron bubbles and Weyl fermions in chiral superfluid *He-A. Phys. Rev.
B 94, 064511 (2016). https://doi.org/10.1103/PhysRevB.94.064511

G.E. Volovik, Exotic Properties of Superfluid *He, vol. 1 (World Scientific, Singapore, 1992)

G.E. Volovik, V.P. Mineev, Line and point singularities of superfluid 3He. JETP Lett. 24(11), 561—
563 (1976). [Pis’ma ZhETF 24, 605-608 (1976)]

M. Salomaa, G. Volovik, Quantized vortices in superfluid he 3. Rev. Mod. Phys. 59(3), 533 (1987)
S. Autti, V. Dmitriev, J. Mikinen, A. Soldatov, G. Volovik, A. Yudin, V. Zavjalov, V. Eltsov, Obser-
vation of half-quantum vortices in topological superfluid *He. Phys. Rev. Lett. 117(25), 255301
(2016). https://doi.org/10.1103/PhysRevLett.117.255301

D. Osheroff, M. Cross, Interfacial surface energy between the superfluid phases of *He. Phys. Rev.
Lett. 38(16), 905 (1977). https://doi.org/10.1103/PhysRevLett.38.905

M. Bartkowiak, S.N. Fisher, A. Guénault, R.P. Haley, G.R. Pickett, P. Skyba, Interfacial energy
of the superfluid *He A-B phase interface in the zero-temperature limit. Phys. Rev. Lett. 93(4),
045301 (2004)

@ Springer


https://doi.org/10.1103/PhysRevD.104.096015
http://arxiv.org/abs/2108.04377
https://doi.org/10.1103/PhysRevD.63.045002
http://arxiv.org/abs/hep-ph/0009132
https://doi.org/10.1103/PhysRevD.106.114507
https://doi.org/10.1103/PhysRevD.106.114507
http://arxiv.org/abs/2205.07238
https://doi.org/10.1103/PhysRevD.46.2668
https://doi.org/10.1103/PhysRevD.46.2668
https://doi.org/10.1103/PhysRevD.52.7182
https://doi.org/10.1103/PhysRevD.52.7182
http://arxiv.org/abs/hep-ph/9506475
https://doi.org/10.1007/JHEP03(2022)163
https://doi.org/10.1007/JHEP03(2022)163
https://doi.org/10.1103/PhysRevD.106.023501
http://arxiv.org/abs/2204.13120
https://doi.org/10.1007/JHEP12(2023)056
https://doi.org/10.1007/JHEP12(2023)056
http://arxiv.org/abs/2308.15652
https://doi.org/10.1103/RevModPhys.62.251
https://doi.org/10.1103/PhysRevLett.30.1135
https://doi.org/10.1103/PhysRev.131.1553
https://doi.org/10.48550/arXiv.cond-mat/9910260
https://doi.org/10.1103/RevModPhys.47.331
https://doi.org/10.1038/ncomms10294
https://doi.org/10.1038/ncomms10294
https://doi.org/10.1103/PhysRevB.84.214509
https://doi.org/10.1126/science.1236509
https://doi.org/10.1103/PhysRevB.94.064511
https://doi.org/10.1103/PhysRevLett.117.255301
https://doi.org/10.1103/PhysRevLett.38.905

520

Journal of Low Temperature Physics (2024) 215:495-524

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

R. Kaul, H. Kleinert, Surface energy and textural boundary conditions between a and b phases of
3he. J. Low Temp. Phys. (United States). (1980). https://doi.org/10.1007/BF00115487

N. Schopohl, Spatial dependence of the order parameter of superfluid *He at the A-B phase bound-
ary. Phys. Rev. Lett. 58(16), 1664 (1987). https://doi.org/10.1103/PhysRevLett.58.1664

E. Thuneberg, A-B interface of superfluid *He in a magnetic field. Phys. Rev. B 44(17), 9685
(1991). https://doi.org/10.1103/PhysRevB.44.9685

J.J. Wiman, J.A. Sauls, Strong-coupling and the stripe phase of *He. J. Low Temp. Phys. 184,
1054-1070 (2016). https://doi.org/10.1007/s10909-016-1632-7

A. Leggett, Nucleation of *He-B from the a phase: a cosmic-ray effect? Phys. Rev. Lett. 53(11),
1096 (1984). https://doi.org/10.1103/PhysRevLett.53.1096

R. Kleinberg, D. Paulson, R. Webb, J. Wheatley, Supercooling and superheating of the AB transi-
tion in superfluid *He near the polycritical point. J. Low Temp. Phys. 17(5-6), 521-528 (1974).
https://doi.org/10.1007/BF00655071

P.J. Hakonen, M. Krusius, M. Salomaa, J. Simola, Comment on “Nucleation of *He-B from the
a phase: a cosmic-ray effect?” Phys. Rev. Lett. 54(3), 245 (1985). https://doi.org/10.1103/PhysR
evlLett.54.245

P. Schiffer, D. Osheroff, A. Leggett, Nucleation of the AB transition in superfluid *He: experi-
mental and theoretical considerations. in Progress in Low Temperature Physics, vol 14. (Elsevier,
Amsterdam 1995), pp. 159-211

N. Zhelev, T.S. Abhilash, E. Smith, R. Bennett, X. Rojas, L. Levitin, J. Saunders, J. Parpia, The ab
transition in superfluid helium-3 under confinement in a thin slab geometry. Nature Comms. 8(1),
15963 (2017). https://doi.org/10.1038/ncomms 15963

D. Lotnyk, A. Eyal, N. Zhelev, A. Sebastian, Y. Tian, A. Chavez, E. Smith, J. Saunders, E. Muel-
ler, J. Parpia, Path-dependent supercooling of the *He superfluid A-B transition. Phys. Rev. Lett.
126(21), 215301 (2021). https://doi.org/10.1103/PhysRevLett.126.215301

Y. Tian, D. Lotnyk, A. Eyal, K. Zhang, N. Zhelev, T. Abhilash, A. Chavez, E. Smith, M. Hind-
marsh, J. Saunders et al., Supercooling of the A phase of *He. Nature Comms. 14(1), 148 (2023).
https://doi.org/10.1038/s41467-022-35532-7

D.K. Hong, Q-balls in superfluid *He. J. Low Temp. Phys. 71(5-6), 483—494 (1988). https://doi.
org/10.1007/BF00116874

A. Leggett, S. Yip, in Nucleation and growth of *He-B in the supercooled A-phase. Ch. 8 eds. by
'W.P. Halperin, L.P. Pitaevskii (Elsevier Science Publishers, Amsterdam, 1990)

G.E. Volovik, Cosmology, particle physics, and superfluid >He. Czech J. Phys. 46, 3048 (1996).
https://doi.org/10.1007/BF02548109

Y.M. Bunkov, O. Timofeevskaya, “Cosmological” scenario for A- B phase transition in superfluid
3 He. Phys. Rev. Lett. 80(22), 4927 (1998)

S. Balibar, T. Mizusaki, Y. Sasaki, Comments on heterogeneous nucleation in helium. J. Low
Temp. Phys. 120, 293-314 (2000). https://doi.org/10.1023/A:1004669102741

S.-H.H. Tye, D. Wohns, Resonant tunneling in superfluid *He. Phys. Rev. B 84(18), 184518 (2011).
https://doi.org/10.1103/PhysRevB.84.184518

I. Lifshitz, Y. Kagan, Quantum kinetics of phase transitions at temperatures close to absolute zero.
Soviet J. Exp. Theor. Phys. 35, 206 (1972)

S.V. lordanskii, A.M. Finkel’Shtein, Effect of quantum fluctuations on the lifetimes of metastable
states in solids. Soviet J. Exp. Theor. Phys. 35, 215 (1972)

G. Volovik, Quantum-mechanical formation of vortices in a superfluid liquid. Soviet J. Exp. Theor.
Phys. Lett. 15, 81 (1972)

T.W.B. Kibble, Topology of cosmic domains and strings. J. Phys. A 9, 1387-1398 (1976). https://
doi.org/10.1088/0305-4470/9/8/029

W.H. Zurek, Cosmological experiments in superfluid helium? Nature 317, 505-508 (1985). https://
doi.org/10.1038/317505a0

W.H. Zurek, Cosmological experiments in condensed matter systems. Phys. Rept. 276, 177-221
(1996). https://doi.org/10.1016/S0370-1573(96)00009-9arXiv:cond-mat/9607135

P. Hendry, N.S. Lawson, R. Lee, P.V. McClintock, C. Williams, Generation of defects in superfluid
“He as an analogue of the formation of cosmic strings. Nature 368(6469), 315-317 (1994). https://
doi.org/10.1038/368315a0

M.E. Dodd, P. Hendry, N.S. Lawson, P.V. McClintock, C.D. Williams, Nonappearance of vortices
in fast mechanical expansions of liquid “He through the lambda transition. Phys. Rev. Lett. 81(17),
3703 (1998). https://doi.org/10.1103/PhysRevLett.81.3703

@ Springer


https://doi.org/10.1007/BF00115487
https://doi.org/10.1103/PhysRevLett.58.1664
https://doi.org/10.1103/PhysRevB.44.9685
https://doi.org/10.1007/s10909-016-1632-7
https://doi.org/10.1103/PhysRevLett.53.1096
https://doi.org/10.1007/BF00655071
https://doi.org/10.1103/PhysRevLett.54.245
https://doi.org/10.1103/PhysRevLett.54.245
https://doi.org/10.1038/ncomms15963
https://doi.org/10.1103/PhysRevLett.126.215301
https://doi.org/10.1038/s41467-022-35532-7
https://doi.org/10.1007/BF00116874
https://doi.org/10.1007/BF00116874
https://doi.org/10.1007/BF02548109
https://doi.org/10.1023/A:1004669102741
https://doi.org/10.1103/PhysRevB.84.184518
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1038/317505a0
https://doi.org/10.1038/317505a0
https://doi.org/10.1016/S0370-1573(96)00009-9
http://arxiv.org/abs/cond-mat/9607135
https://doi.org/10.1038/368315a0
https://doi.org/10.1038/368315a0
https://doi.org/10.1103/PhysRevLett.81.3703

Journal of Low Temperature Physics (2024) 215:495-524 521

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

C. Béuerle, Y.M. Bunkov, S. Fisher, H. Godfrin, G. Pickett, Laboratory simulation of cosmic string
formation in the early Universe using superfluid *He. Nature 382(6589), 332-334 (1996). https://
doi.org/10.1038/382332a0

V. Ruutu, V. Eltsov, A. Gill, T. Kibble, M. Krusius, Y.G. Makhlin, B. Placais, G. Volovik, W. Xu,
Vortex formation in neutron-irradiated superfluid *He as an analogue of cosmological defect for-
mation. Nature 382(6589), 334-336 (1996). https://doi.org/10.1038/382334a0

T. Kibble, G. Volovik, On phase ordering behind the propagating front of a second-order transition.
JETP Letts. 65, 102-107 (1997). https://doi.org/10.1134/1.567332

M.M. Salomaa, G.E. Volovik, Cosmiclike domain walls in superfluid 3He-B: instantons and dia-
bolical points in (k, r) space. Phys. Rev. B 37, 9298 (1988). https://doi.org/10.1103/PhysRevB.37.
9298

P. Schiffer, D. Osheroff, A. Leggett, The physical basis of 3He A-B nucleation. Phys. Rev. Lett.
82(19), 3925 (1999). https://doi.org/10.1103/PhysRevLett.69.120

Y.M. Bunkov, O. Timofeevskaya, Bunkov and Timofeevskaya reply. Phys. Rev. Lett. 82(19), 3926
(1999). https://doi.org/10.1103/PhysRevLett.80.4927

N.D. Mermin, Games to play with *He-A. Physica B+C 90(1), 1-10 (1977). https://doi.org/10.
1016/0378-4363(77)90003-1

S. Coleman, Q-balls. Nuc. Phys. B 262(2), 263-283 (1985). https://doi.org/10.1016/0550-3213(85)
90286-X

S. Autti, P. Heikkinen, G. Volovik, V. Zavjalov, V. Eltsov, Propagation of self-localized Q-ball soli-
tons in the *He universe. Phys. Rev. B 97(1), 014518 (2018). https://doi.org/10.1103/PhysRevB.97.
014518

E.J. Copeland, A. Padilla, P.M. Saffin, No resonant tunneling in standard scalar quantum field the-
ory. JHEP 2008(01), 066 (2008). https://doi.org/10.1088/1126-6708/2008/01/066

1. Hahn, Y. Tang, H. Bozler, C. Gould, Phase diagram of the AB transition of superfluid 3He. Phys.
B 194, 815-816 (1994). https://doi.org/10.1016/0921-4526(94)90737-4

1. Hahn, Thermodynamic study of the A-B phase transition in superfluid *He: Phase diagram and
consequences. PhD thesis, Univ. of Southern California, Los Angeles, CA (United States) (January
1993)

D.I. Bradley, S.N. Fisher, A. Guénault, R.P. Haley, H. Martin, G.R. Pickett, J.E. Roberts, V. Tsepe-
lin, A Levitated Droplet of Superfluid *He-B Entirely Surrounded by 3He-A. in AIP Conference
Proceedings, vol 850. (American Institute of Physics, 2006), pp. 95-96. https://doi.org/10.1063/1.
2354621.

V. Ambegaokar, P. DeGennes, D. Rainer, Landau-Ginsburg equations for an anisotropic superfluid.
Phys. Rev. A 9(6), 2676 (1974). https://doi.org/10.1103/PhysRevA.9.2676

M.R. Freeman, R. Germain, E. Thuneberg, R. Richardson, Size effects in thin films of superfluid
3He. Phys. Rev. Lett. 60(7), 596 (1988). https://doi.org/10.1103/PhysRevLett.60.596

A. Vorontsov, J. Sauls, Thermodynamic properties of thin films of superfluid *He-A. Phys. Rev. B
68(6), 064508 (2003). https://doi.org/10.1103/PhysRevB.68.064508

L. Levitin, R. Bennett, A. Casey, B. Cowan, J. Saunders, D. Drung, T. Schurig, J. Parpia, Phase dia-
gram of the topological superfluid *He confined in a nanoscale slab geometry. Science 340(6134),
841-844 (2013). https://doi.org/10.1126/science.1233621

PJ. Heikkinen, A. Casey, L.V. Levitin, X. Rojas, A. Vorontsov, P. Sharma, N. Zhelev, J.M. Parpia,
J. Saunders, Fragility of surface states in topological superfluid *He. Nat Commun 12, 1574 (2021).
https://doi.org/10.1038/s41467-021-21831-y

PJ. Heikkinen et al., Nanofluidic platform for studying the first-order phase transitions in super-
fluid helium-3 (2024). arXiv:2401.06079 [cond-mat.supr-con]

J.J. Wiman, J.A. Sauls, Superfluid phases of 3He in nanoscale channels. Phys. Rev. B 92(14),
144515 (2015). https://doi.org/10.1103/PhysRevB.92.144515

R.C. Regan, J.J. Wiman, J.A. Sauls, The vortex phase diagram of rotating superfluid *He-B. Phys.
Rev. B 101, 024517 (2020). https://doi.org/10.1103/PhysRevB.101.024517 1908.04190

N.B. Kopnin, Vortex dynamics and mutual friction in superconductors and Fermi superfluids. Rep.
Prog. Phys. 65(11), 1633-1678 (2002). https://doi.org/10.1088/0034-4885/65/11/202

I.S. Aranson, N.B. Kopnin, V.M. Vinokur, Nucleation of vortices by rapid thermal quench. Phys.
Rev. Lett. 83, 2600 (1999). https://doi.org/10.1103/PhysRevLett.83.2600

L.S. Aranson, N.B. Kopnin, V.M. Vinokur, Dynamics of vortex nucleation by rapid thermal quench.
Phys. Rev. B 63, 184501 (2001). https://doi.org/10.1103/PhysRevB.63.184501

@ Springer


https://doi.org/10.1038/382332a0
https://doi.org/10.1038/382332a0
https://doi.org/10.1038/382334a0
https://doi.org/10.1134/1.567332
https://doi.org/10.1103/PhysRevB.37.9298
https://doi.org/10.1103/PhysRevB.37.9298
https://doi.org/10.1103/PhysRevLett.69.120
https://doi.org/10.1103/PhysRevLett.80.4927
https://doi.org/10.1016/0378-4363(77)90003-1
https://doi.org/10.1016/0378-4363(77)90003-1
https://doi.org/10.1016/0550-3213(85)90286-X
https://doi.org/10.1016/0550-3213(85)90286-X
https://doi.org/10.1103/PhysRevB.97.014518
https://doi.org/10.1103/PhysRevB.97.014518
https://doi.org/10.1088/1126-6708/2008/01/066
https://doi.org/10.1016/0921-4526(94)90737-4
https://doi.org/10.1063/1.2354621
https://doi.org/10.1063/1.2354621
https://doi.org/10.1103/PhysRevA.9.2676
https://doi.org/10.1103/PhysRevLett.60.596
https://doi.org/10.1103/PhysRevB.68.064508
https://doi.org/10.1126/science.1233621
https://doi.org/10.1038/s41467-021-21831-y
http://arxiv.org/abs/2401.06079
https://doi.org/10.1103/PhysRevB.92.144515
https://doi.org/10.1103/PhysRevB.101.024517
https://doi.org/10.1088/0034-4885/65/11/202
https://doi.org/10.1103/PhysRevLett.83.2600
https://doi.org/10.1103/PhysRevB.63.184501

522

Journal of Low Temperature Physics (2024) 215:495-524

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.

N.B. Kopnin, E.V. Thuneberg, Time-dependent ginzburg-landau analysis of inhomogeneous nor-
mal-superfluid transitions. Phys. Rev. Lett. 83, 116 (1999). https://doi.org/10.1103/PhysRevLett.
83.116

E. Abrahams, T. Tsuneto, Time variation of the Ginzburg-Landau order parameter. Phys. Rev.
152(1), 416 (1966). https://doi.org/10.1103/PhysRev.152.416

C.S. de Melo, M. Randeria, J.R. Engelbrecht, Crossover from BCS to Bose superconductivity:
transition temperature and time-dependent Ginzburg-Landau theory. Phys. Rev. Lett. 71, 3202
(1993). https://doi.org/10.1103/PhysRevLett.71.3202

H. Kleinert, Collective quantum fields. Fortschr. Phys. 26(11-12), 565-671 (1978). https://doi.org/
10.1002/prop.19780261102

Y. Nambu, Fermion-Boson relations in BCS-type theories. Physica D 15(1-2), 147-151 (1985).
https://doi.org/10.1016/0167-2789(85)90157-5

Y. Nambu, G. Jona-Lasinio, Dynamical model of elementary particles based on an analogy with
superconductivity. I. Phys. Rev. 122(1), 345-358 (1961). https://doi.org/10.1103/PhysRev.122.345
Y. Nambu, Nobel lecture: spontaneous symmetry breaking in particle physics: a case of cross ferti-
lization. Rev. Mod. Phys. 81, 1015-1018 (2009). https://doi.org/10.1103/RevModPhys.81.1015
G.E. Volovik, M.A. Zubkov, Higgs Bosons in particle physics and in condensed matter. J. Low
Temp. Phys. 175, 486 (2014). https://doi.org/10.1007/s10909-013-0905-7

D. Rainer, J.W. Serene, Free energy of superfluid *He. Phys. Rev. B 13, 4745 (1976). https://doi.
org/10.1103/PhysRevB.13.4745

J.A. Sauls, J.W. Serene, Potential scattering models for the quasiparticle interactions in liquid *He.
Phys. Rev. B 24, 183 (1981). https://doi.org/10.1103/PhysRevB.24.183

J.A. Sauls, J.W. Serene, Higher-order strong coupling effects in superfluid *He. Physica B+C 108,
1137 (1981). https://doi.org/10.1016/0378-4363(81)90869-X

J. Wiman, Quantitative Superfluid He-Three from Confinement to Bulk. PhD thesis, Northwestern
University, Evanston, Illinois (2019). https://search.proquest.com/docview/2164903630?pg-origs
ite=gscholar

D.S. Greywall, *He specific heat and thermometry at millikelvin temperatures. Phys. Rev. B
33(11), 7520 (1986). https://doi.org/10.1103/PhysRevB.33.7520

R.W. Giannetta, A. Ahonen, E. Polturak, J. Saunders, E.K. Zeise, R.C. Richardson, D.M. Lee,
Observation of a new sound-attenuation peak in superfluid *He-b. Phys. Rev. Lett. 45, 262-265
(1980). https://doi.org/10.1103/PhysRevLett.45.262

D.B. Mast, B.K. Sarma, J.R. Owers-Bradley, I.D. Calder, J.B. Ketterson, W.P. Halperin, Measure-
ments of high-frequency sound propagation in *He-B. Phys. Rev. Lett. 45, 266-269 (1980). https://
doi.org/10.1103/PhysRevLett.45.266

M.E. Daniels, E.R. Dobbs, J. Saunders, P.L. Ward, Observation of new structure in the collective
mode spectrum of zero sound in *He-B. Phys. Rev. B 27, 6988-6991 (1983). https://doi.org/10.
1103/PhysRevB.27.6988

J.A. Sauls, J.W. Serene, Coupling of order-parameter modes with / > 1 to zero sound in *He-B.
Phys. Rev. B 23, 4798 (1981). https://doi.org/10.1103/PhysRevB.23.4798

J.P. Davis, J. Pollanen, H. Choi, J.A. Sauls, W.P. Halperin, Discovery of an excited pair state in
superfluid *He-B. Nat. Phys. 4(7), 571 (2008). https://doi.org/10.1038/nphys969

T. Mizushima, M. Sato, K. Machida, Symmetry protected topological order and spin susceptibil-
ity in superfluid 3He-B. Phys. Rev. Lett. 109, 165301 (2012). https://doi.org/10.1103/PhysRevLett.
109.165301

N.D. Antunes, L.M.A. Bettencourt, W.H. Zurek, Vortex string formation in a 3D U(1) temperature
quench. Phys. Rev. Lett. 82(14), 28242827 (1999). https://doi.org/10.1103/PhysRevLett.82.2824
T. Mizushima, J.A. Sauls, Field Theory of Strong-Coupling Superfluid *He: Bosonic Modes, Fer-
mion-Boson Couplings and Dynamical Instabilities. unpublished report, pp. 1-38 (2023)

A. Rajantie, Formation of topological defects in gauge field theories. Int. J. Mod. Phys. A 17(01),
1-43 (2002). https://doi.org/10.1142/S0217751X02005426

N. Glusevich, J.A. Sauls, in preparation (2024)

G.E. Volovik, Defect formation in inhomogeneous second-order phase transition: theory and
experiment. Phys. B 280(1), 122-127 (2000). https://doi.org/10.1016/S0921-4526(99)01512-4

J.C. Strikwerda, Finite Difference Schemes and Partial Differential Equations, 2nd edn. (Society
for Industrial and Applied Mathematics, Pacific Grove, 2004)

K. Rummukainen et al., HILA. https://github.com/CFT-HY/HILA

@ Springer


https://doi.org/10.1103/PhysRevLett.83.116
https://doi.org/10.1103/PhysRevLett.83.116
https://doi.org/10.1103/PhysRev.152.416
https://doi.org/10.1103/PhysRevLett.71.3202
https://doi.org/10.1002/prop.19780261102
https://doi.org/10.1002/prop.19780261102
https://doi.org/10.1016/0167-2789(85)90157-5
https://doi.org/10.1103/PhysRev.122.345
https://doi.org/10.1103/RevModPhys.81.1015
https://doi.org/10.1007/s10909-013-0905-7
https://doi.org/10.1103/PhysRevB.13.4745
https://doi.org/10.1103/PhysRevB.13.4745
https://doi.org/10.1103/PhysRevB.24.183
https://doi.org/10.1016/0378-4363(81)90869-X
https://search.proquest.com/docview/2164903630?pq-origsite=gscholar
https://search.proquest.com/docview/2164903630?pq-origsite=gscholar
https://doi.org/10.1103/PhysRevB.33.7520
https://doi.org/10.1103/PhysRevLett.45.262
https://doi.org/10.1103/PhysRevLett.45.266
https://doi.org/10.1103/PhysRevLett.45.266
https://doi.org/10.1103/PhysRevB.27.6988
https://doi.org/10.1103/PhysRevB.27.6988
https://doi.org/10.1103/PhysRevB.23.4798
https://doi.org/10.1038/nphys969
https://doi.org/10.1103/PhysRevLett.109.165301
https://doi.org/10.1103/PhysRevLett.109.165301
https://doi.org/10.1103/PhysRevLett.82.2824
https://doi.org/10.1142/S0217751X02005426
https://doi.org/10.1016/S0921-4526(99)01512-4
https://github.com/CFT-HY/HILA

Journal of Low Temperature Physics (2024) 215:495-524 523

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

M. Laine, L. Niemi, S. Procacci, K. Rummukainen, Shape of the hot topological charge density
spectral function. J. High Energ. Phys. (2022). https://doi.org/10.1007/THEP11(2022)126arXiv:
2209.13804 [hep-ph]

V. Ambegaokar, P.G. deGennes, D. Rainer, Landau-Ginsburg equations for an anisotropic super-
fluid. Phys. Rev. A 9, 2676 (1974). https://doi.org/10.1103/PhysRevA.9.2676

Y. Nagato, S. Higashitani, K. Yamada, K. Nagai, Theory of rough surface effects on the anisotropic
BCS states. J. Low Temp. Phys. 103(1-2), 1-22 (1996). https://doi.org/10.1007/BF00754654

A.B. Vorontsov, Andreev bound states in superconducting films and confined superfluid *He. Phil.
Trans. Roy. Soc. A 376(2125), 20150144 (2018). https://doi.org/10.1098/rsta.2015.0144

W.P. Halperin, Acoustic order parameter mode spectroscopy in superfluid *He-B. Physica B+C
109-110, 1596-1605 (1982). https://doi.org/10.1016/0378-4363(82)90183-8

M. Larsen, E. Brugger, H. Childs, C. Harrison, Ascent: a flyweight in situ library for exascale
simulations, in In Situ Visualization for Computational Science, ed. by H. Childs, J.C. Bennett, C.
Garth. Mathematics and Visualization (Springer, Cham, 2022)

Y. Mukharsky, O. Avenel, E. Varoquaux, Observation of half-quantum defects in superfluid *He-B.
Phys. Rev. Lett. 92(21), 210402 (2004). https://doi.org/10.1103/PhysRevLett.92.210402

M. Silveri, T. Turunen, E. Thuneberg, Hard domain walls in superfluid *He-B. Phys. Rev. B 90(18),
184513 (2014). https://doi.org/10.1103/PhysRevB.90.184513

J.T. Mikinen, K. Zhang, V.B. Eltsov, Vortex-bound solitons in topological superfluid *He. J. Phys.:
Condens. Matter 35, 214001 (2023). https://doi.org/10.1088/1361-648X/acc227

K. Zhang, One-dimensional nexus objects, network of Kibble-Lazarides-Shafi string walls, and
their spin dynamic response in polar-distorted B-phase of 3He. Phys. Rev. Res. 2, 043356 (2020).
https://doi.org/10.1103/PhysRevResearch.2.043356

G.E. Volovik, K. Zhang, String monopoles, string walls, vortex skyrmions, and nexus objects in
the polar distorted B phase of 3He. Phys. Rev. Res. 2, 023263 (2020). https://doi.org/10.1103/
PhysRevResearch.2.023263

T.W.B. Kibble, G. Lazarides, Q. Shafi, Walls bounded by strings. Phys. Rev. D 26, 435-439
(1982). https://doi.org/10.1103/PhysRevD.26.435

M. Eto, Y. Hamada, M. Nitta, Composite topological solitons consisting of domain walls, strings,
and monopoles in o(n) models. J. High Energ. Phys. 2023, 150 (2023). https://doi.org/10.1007/
JHEP08(2023)150

A.B. Vorontsov, J.A. Sauls, Crystalline order in superfluid 3He Films. Phys. Rev. Lett. 98(4),
045301 (2007). https://doi.org/10.1103/PhysRevLett.98.045301

L.V. Levitin, B. Yager, L. Sumner, B. Cowan, A.J. Casey, J. Saunders, N. Zhelev, R.G. Bennett,
J.M. Parpia, Evidence for a spatially modulated superfluid phase of *He under confinement. Phys.
Rev. Lett. 122(8), 085301 (2019). https://doi.org/10.1103/PhysRevLett.122.085301

P.S. Yapa, R. Boyack, J. Maciejko, Triangular pair density wave in confined superfluid *He. Phys.
Rev. Lett. 128(1), 015301 (2022). https://doi.org/10.1103/PhysRevLett.128.015301

A.J. Shook, V. Vadakkumbatt, P. Senarath Yapa, C. Doolin, R. Boyack, P.H. Kim, G.G. Popowich,
F. Souris, H. Christani, J. Maciejko, J.P. Davis, Stabilized pair density wave via nanoscale con-
finement of superfluid *He. Phys. Rev. Lett. 124(1), 015301 (2020). https:/doi.org/10.1103/PhysR
evLett.124.015301

L.V. Levitin, X. Rojas, P.J. Heikkinen, A.J. Casey, J.M. Parpia, J. Saunders, Comment on “Sta-
bilized pair density wave via nanoscale confinement of superfluid *He. Phys. Rev. Lett. 125(5),
059601 (2020). https://doi.org/10.1103/PhysRevLett.125.059601

A. Shook, V. Vadakkumbatt, P.S. Yapa, C. Doolin, R. Boyack, P. Kim, C. Popowich, F. Souris, H.
Christani, J. Maciejko et al., Comment on “Stabilized pair density wave via nanoscale confinement
of superfluid *He” reply. Phys. Rev. Lett. (2020). https://doi.org/10.1103/PhysRevLett.125.059602

L.V. Levitin, R.G. Bennett, E.V. Surovtsev, J.M. Parpia, B. Cowan, A.J. Casey, J. Saunders, Sur-
face-induced order parameter distortion in superfluid *He-B measured by nonlinear NMR. Phys.
Rev. Lett. 111(23), 235304 (2013). https://doi.org/10.1103/PhysRevLett.111.235304

S. Autti et al., QUEST-DMC superfluid 3He detector for sub-GeV dark matter. arXiv 2310.11304
(2023). https://doi.org/10.48550/arXiv.2310.11304arXiv:2310.11304 [hep-ex]

S. Autti et al., QUEST-DMC: Background Modelling and Resulting Heat Deposit for a Superfluid
Helium-3 Bolometer (2024). arXiv:2402.00181 [cond-mat.other]

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


https://doi.org/10.1007/JHEP11(2022)126
http://arxiv.org/abs/2209.13804
http://arxiv.org/abs/2209.13804
https://doi.org/10.1103/PhysRevA.9.2676
https://doi.org/10.1007/BF00754654
https://doi.org/10.1098/rsta.2015.0144
https://doi.org/10.1016/0378-4363(82)90183-8
https://doi.org/10.1103/PhysRevLett.92.210402
https://doi.org/10.1103/PhysRevB.90.184513
https://doi.org/10.1088/1361-648X/acc227
https://doi.org/10.1103/PhysRevResearch.2.043356
https://doi.org/10.1103/PhysRevResearch.2.023263
https://doi.org/10.1103/PhysRevResearch.2.023263
https://doi.org/10.1103/PhysRevD.26.435
https://doi.org/10.1007/JHEP08(2023)150
https://doi.org/10.1007/JHEP08(2023)150
https://doi.org/10.1103/PhysRevLett.98.045301
https://doi.org/10.1103/PhysRevLett.122.085301
https://doi.org/10.1103/PhysRevLett.128.015301
https://doi.org/10.1103/PhysRevLett.124.015301
https://doi.org/10.1103/PhysRevLett.124.015301
https://doi.org/10.1103/PhysRevLett.125.059601
https://doi.org/10.1103/PhysRevLett.125.059602
https://doi.org/10.1103/PhysRevLett.111.235304
https://doi.org/10.48550/arXiv.2310.11304
http://arxiv.org/abs/2310.11304
http://arxiv.org/abs/2402.00181

524 Journal of Low Temperature Physics (2024) 215:495-524

Authors and Affiliations

Mark Hindmarsh'2® . J, A. Sauls*® - Kuang Zhang'?® - S. Autti®-

Richard P. Haley* - Petri J. Heikkinen’ - Stephan J. Huber' - Lev V. Levitin®® -
Asier Lopez-Eiguren®’ . Adam J. Mayer* - Kari Rummukainen? -

John Saunders® - Dmitry Zmeev*

P< Mark Hindmarsh
m.b.hindmarsh@sussex.ac.uk
Department of Physics and Astronomy, University of Sussex, Falmer, Brighton BN1 9QH, UK

Department of Physics and Helsinki Institute of Physics, University of Helsinki, P.O. Box 64,
Gustaf Hillstromin katu 2, FI-00014 Helsinki, Finland

Hearne Institute of Theoretical Physics, Department of Physics and Astronomy, Louisiana State
University, Baton Rouge, LA 70803, USA

Department of Physics, Lancaster University, Lancaster LA1 4YB, UK

5 Department of Physics, Royal Holloway, University of London, Egham TW20 0EX, UK

% Department of Physics, University of the Basque Country UPV/EHU, 48080 Bilbao, Spain
7 EHU Quantum Center, University of Basque Country, UPV/EHU, Leioa, Spain

@ Springer


http://orcid.org/0000-0002-9307-437X
http://orcid.org/0000-0002-3619-2572
http://orcid.org/0000-0002-7718-0236
http://orcid.org/0000-0002-7817-1964

	A-B Transition in Superfluid  He and Cosmological Phase Transitions
	Abstract
	1 Introduction
	2 Cosmological Phase Transitions and GWs
	3 The A-B Nucleation Puzzle
	4 Explanations for the Nucleation Puzzle
	5 New Experiments on A-B Nucleation
	6 Simulations of Non-equilibrium Phase Transitions
	6.1 Time-Dependent Ginzburg-Landau Theory
	6.2 TDGL Equations with Dissipation by the Fermionic Bath
	6.3 Dynamic Lattice Field Theory Simulations
	6.4 Preliminary Results for a Highly Disordered Initial State

	7 Summary and Outlook
	Acknowledgements 
	References




