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Abstract Superfluid 3He, since its discovery by Osheroff, Richardson and Lee in
1972, has become one of the main systems for experimental studies of quantum field
theories. This is due to the very rich order parameter of the quantum state for the
triplet Cooper pairing of superfluid 3He, which exhibits, in addition to superfluid
properties, properties of a magnetically-ordered quantum liquid crystal! The super-
fluid state, particularly at very low temperatures, is a quantum vacuum with a compli-
cated order parameter, which carries various types of quasiparticles and topological
defects. It can be considered a test system for the experimental investigations of many
general physical problems in cosmology, atomic and nuclear physics, which are oth-
erwise difficult or even impossible to investigate experimentally.

Keywords General physics · Cosmology · Bose-Einstein condensation · Superfluid
3He

PACS 67.57.Fg · 05.45.Yv · 11.27.+d

1 Introduction

In this article I have space only to describe two types of experiment; the analogy
between superfluid 3He and the Universe during fast symmetry-breaking transitions,
and the Bose-Einstein condensation of magnons.
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The superfluid transitions in 3He are characterized by broken gauge, spin and or-
bital rotation symmetries, and show many similarities to the unification and electro-
weak transitions in the Universe. One of the standing problems of cosmology is the
dynamics of fast transitions after the Big Bang. In particular, one of the problems is
the formation of cosmic strings. According to the theory of Kibble [1], rapid second-
order phase transitions in the Universe should create cosmic strings (vortices). The
modification of this theory by Zurek [2], can be applied to transitions in other sys-
tems, particularly in superfluid liquids. We are able to test this theory in 3He. We
can locally heat the superfluid 3He by the nuclear reaction of neutron capture by the
3He nucleus, which deposits 764 keV of energy into the liquid. This energy heats a
micron-sized region of the superfluid 3He into the normal state. The region expands
and then cools very rapidly through the transition in analogy with the behavior of the
early universe after the Big Bang. It has been found experimentally in Grenoble [3]
that a tangle of vortices forms after the fast phase transition in quantitative agreement
with the Kibble–Zurek theory of cosmic-string formation. The analogy between su-
perfluid 3He and the Universe can be very deep. There are several superfluid phases
of 3He—A, B and A1. According to Linde [4], various states of the vacuum of the
Universe may also exist. Studies of the transition between the various phases of su-
perfluid 3He can shed light on these profound properties of our Universe. In recent
years we have studied the interaction of superfluid 3He with muon, gamma and neu-
tron radiation and confirmed the result of our pioneering experiments.

2 Magnon BEC

One of the problems I would like to highlight here is the Bose-Einstein condensation
of magnons. The BEC state of magnons manifests itself in superfluid 3He-B by a
long-lived induction signal (LLIDS) with particular non-linear properties [5, 6]. Pre-
viously, the (LLIDS) of small amplitude was observed in the case of the formation
of stationary spin waves in a spin wave resonator [7, 8]. Non-linear behavior was not
observed in this case. The BEC state has been observed in bulk superfluid 3He in
the presence of a large magnetic field gradient which plays the role of a magnetic
trap for the BEC state. An NMR pulse NMR creates a large number of magnons,
which precess at the local Larmor frequency. The induction signal decays very rapidly
due to the inhomogeneity of the magnetic field. However, spin supercurrents, arising
from the phase gradient generated by the precession, redistribute the non-equilibrium
magnon gas. Finally the magnons become concentrated in the region of low magnetic
field and form a domain with coherent precession, the Homogeneously Precessing
Domain (HPD). The dipole-dipole frequency shift compensates the gradient of the
field inside the domain. This effect is the magnetic analogy of the Meissner effect in
superconductors. The HPD shows all the properties of a condensed matter superfluid
state and can be considered as a “Spin Superfluid” state. Long-range spin supercur-
rent transport of magnetization has been observed in this state. It is important to note
that the spin supercurrent is completely independent of any mass supercurrents. It is
the property of the magnetic subsystem and can be found in the other magnetically
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Fig. 1 (Color online) The
instantaneous spectrum of the
HPD induction signal
immediately after magnon
excitation and after 0.03, 0.3
and 0.4 s

ordered materials with appropriate magnetic anisotropy. Anyway, the spin supercur-
rent in superfluid 3He can also be regarded as a counterflow of two mass superfluid
liquids with spin up and spin down.

Many spin superfluid phenomena have also been observed: spin-current Joseph-
son effect; phase-slip processes at the critical current; and a spin current vortex—a
topological defect which is the analog of a quantized vortex in superfluids and of
an Abrikosov vortex in superconductors; Goldstone modes of HPD state etc. (see
review [9], and references therein).

Finally, the question arises, is the magnon superfluidity related to Bose-Einstein
condensation? The answer is, yes. It is possible to formulate the formation of the HPD
in the language of Bose-Einstein Condensation [10]. Indeed, a droplet of magnon
BEC can live in experiments up to 1 s. This time is comparable with the lifetime
of the droplet of atomic BEC! Furthermore, the fraction of BEC magnons can be
almost 100%. It is illustrated in Fig. 1. Under the conditions of the experiment, im-
mediately after the NMR pulse the spectrum of the magnons is distributed over a
frequency range of about 600 Hz. Over a period of 30 ms the spectrum shrinks to
only 0.5 Hz! This is a factor of a 1000 condensation! It was shown [10] that the
critical BEC temperature for the magnon gas density obtained in the experiments, is
about 1 K, while the experiments were performed at a temperature of about 1 mK.
This temperatures ratio explains the near 100% condensation of the magnon gas. The
number of non-equilibrium magnons remains practically the same during the time of
formation of the BEC. Subsequently the density decreases due to relaxation. The fre-
quency also slowly changes since the state slowly changes its position in the magnetic
trap.

At very low temperatures when dissipation processes are virtually zero, a self-
adjustment process of the spin-orbit interaction leads to the formation of a “Q” ball
which radiates a “Persistent” NMR signal [11, 12]. This magnon-condensation mech-
anism is analogous to the BEC of dilute atomic gases in a trap, which is provided by
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the specific shape of the orbital field texture. A lifetime for this magnon BEC state of
about one hour has been observed, much longer than any atomic BEC state! The “Q”
ball provides a formal analogy with the mechanism of particle formation, suggested
by Colleman [13].

For atomic gases we have only a one type of interaction. In the case of magnons
in 3He the interaction potential can be very different for different superfluid phases
and order parameter orientations. The interaction can be attractive, as in bulk 3He-
A, or repulsive, as in 3He-A oriented by squeezed aerogel, or even very exotic, as
in the case of 3He-B. Finally, six different types of magnon BEC have been found
in the superfluid phases of 3He under different conditions. We can conclude that the
phenomenon of the BEC of magnons exhibits very rich properties in comparison with
an atomic BEC.

There have been many speculations on the BEC of magnons in magnetically-
ordered materials. In some magnetic systems, the symmetry-breaking phase tran-
sition starts when the system becomes softly unstable towards growth of one of the
magnon modes. The condensation of this mode leads finally to the formation of the
true equilibrium ordered state. In the same manner, the Bose condensation of phonon
modes may serve as a soft mechanism for the formation of the equilibrium solid
crystals. But this does not mean that the final crystal state is a Bose condensate of
phonon. On the contrary, the BEC of quasiparticles is in principle a non-equilibrium
phenomenon, since the quasiparticles (magnons) have a finite lifetime. In our case,
the magnons live long enough to form a state very close to a thermodynamically
equilibrium BEC, but still it is not an equilibrium. Ordered magnetic states are static
equilibrium states with diagonal long-range order. The magnon BEC is a dynamic
state characterized by off-diagonal long-range order, which is the principal signature
of spin superfluidity [14].

3 The Universe and 3He

It is generally supposed that the universe was created by the “Big Bang”, and that
the early Universe cooled through a cascade of symmetry-breaking phase transi-
tions accompanied by inflation. These transitions may have produced many types of
topological defects: domain walls, cosmic strings (vortices) and monopoles [1, 15].
The latest super-symmetry scenarios suggest that the initial symmetry of the Uni-
verse was SO(10). After a cascade of transitions, we have now a lower symmetry
state SU(3) × SU(2) × U(1). A number of other low-symmetry states could have
been produced during these transitions. It was shown that the ground state energy
of these states lies between the energy of the SU(3) × SU(2) × U(1) state and the
SU(4)×U(1) state [4]. From this point of view the Universe is very similar to super-
fluid 3He, where different states (phases) can be found. The question of transitions
between different states in 3He is thus relevant for the Universe as will be discussed
later.

Anyway, today we have our Universe, which is presented to us for investigation.
There remain many paradoxes and questions to be answered. What we have now is a
quantum vacuum populated with particles (bosons and fermions) combined to form
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atoms and molecules. Recently, humans succeeded in observing the long predicted
Bose-Einstein condensation of atomic gases. Earlier, unpredicted coherent quantum
states of matter had been discovered; superfluidity, and its electromagnetic analogue
superconductivity and spin superfluidity. In the Universe, we also believe that we
have non-barionic “Dark Matter” which does not interact with barionic matter by
electromagnetic forces, although we can infer its existence through the gravitational
interaction. There are currently many suggestions concerning the nature of “Dark
Matter”. The most popular candidates are a new class of supersymmetric particles
known as WIMPs (Weak Interacting Massive Particles) and light particles known as
AXIONS. The latter can exist in the form of a superfluid coherent quantum state.
Finally, we have the further strange “Dark Energy” which accelerates the expansion
of our Universe.

The Universe consists of a very complicated quantum vacuum with a large num-
ber of different types of excitations and, possibly, topological defects. The boundaries
between different quantum vacua of the Universe (branes) are under discussion. Su-
perfluid 3He also consists of a very complicate quantum vacuum, with different types
of excitations and topological defects. Even the boundaries between different vacua,
such as between 3He-A and 3He-B or between two different orientations of order pa-
rameter (“cosmic defect”) has been observed in superfluid 3He. Owing to the many
similarities, superfluid 3He can therefore play the role of a “test tube” for the Uni-
verse. Furthermore, for superfluid 3He we already know the “theory of everything”,
which remains a dream for cosmology and High energy physicists!

In 3He we can observe states with a) combined spin-orbit rotation symmetry
(3He-B), b) two gauge symmetries (3He-A), and c) one gauge symmetry (3He-A1).
After the transition, superfluid 3He can support many types of topological defects:
monopoles, (known as boojums), various vortices (the analogs of cosmic strings) and
two dimensional defects (analogs of branes). All these defects are shown schemati-
cally in Fig. 2. Various types of quasiparticle are also shown, the relics of normal 3He
(fermions); magnetic excitations from the ordered magnetic ground state, magnon
(bosons) and various excitations of the orbital fields (analogous to the Higgs bosons),
and the analogues of photons, and gravitons. I would like to emphasize here that the
quasiparticles and magnons do not interact directly with each other but only through
the orbital momentum! This is a very interesting new analogy. This behavior is like
that between luminous matter and “Dark Matter”, which interact only through grav-
ity! Furthermore, magnons can form a Bose-Einstein condensed state. One of the
hypothetical “Dark Matter” candidates, the Axion, can also possibly exist in a BEC
state, which increases the difficultly of observing them directly in terrestrial exper-
iments. The many examples of similarities make superfluid 3He a very important
material for ‘experimental’ studies of cosmology!

There is one additional very important similarity. A current hot topic in cosmology
concerns the recently-discovered acceleration of the expansion of the Universe, with
an all-pervading “Dark Energy” supposedly responsible. Is there a “Dark Energy”
analogue in 3He? Yes! At relatively high temperatures and pressures the superfluid
A phase is stable. However, the A phase can be cooled to lower temperatures where
the B phase is stable and the A phase can only exist in a metastable state. When the
transition is finally triggered at some point, the B phase expands into the region of
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Fig. 2 (Color online) Particles, fields and topological defects in the superfluid 3He world

the A phase. The difference between the chemical potentials of the A and B phases is
the “Dark Energy” which drives the expansion of the B phase!

4 Fast Transitions in 3He and the Universe

The conventional discussions of cosmological transitions in the Universe do not go
beyond the simple model of a gauge transition with an energy profile in the shape of
the “Mexican hat”. In this case the order parameter is described by a single complex
number or two Higgs fields with a single minima and a degenerate phase. In con-
densed matter this transition corresponds to 4He superfluid transition or to the super-
conducting transition in conventional superconductors. The order parameter in 3He,
however, is described by 9 complex numbers, giving a manifold of 18 dimensions.
The hypothetical Universe SU(5) symmetry can be represented by a 25 dimensional
manifold. The multidimensional manifolds usually show an energy profile with a
form much more complicated than the simple “Mexican hat” profile. There can be
many local minima and saddle points; each corresponding to different states. In order
to illustrate this, let us present graphically the potential as a deformed two dimen-
sional “Mexican hat”, as shown in Fig. 3.

At the transition the vacuum state moves downhill from the central maximum
(false vacuum). The direction of this movement is determined by some small initial
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Fig. 3 (Color online)
A schematic 2D representation
of the energy asymmetry of the
18D manifold of the superfluid
3He order parameter. Vacuum B
has a lower energy but a smaller
probability of creation

Fig. 4 (Color online) The
probability of nucleation of the
A phase, and the energy
difference between the A and B
phases, as a function of pressure
for temperatures near Tc

perturbation, which has an equal probability for any of the quantities in the order-
parameter matrix. However, since the energy-potential profile is not symmetric, the
probabilities of dropping into the A phase or into B phase are different and further-
more not determined by the ground-state energy but by the asymmetry of the profile
near the high-symmetry state (false vacuum).

We know practically nothing about the energy profile for corresponding cosmo-
logical transitions. However, for the superfluid transition in 3He we know the energy
profile, at least in the Ginzburg-Landau approximation near Tc . On the basis of this
energy profile, there has been a Monte-Carlo calculation of the nucleation probability
for the different phases in 3He near Tc [16]. It was found that the probability strongly
depends on the pressure, as shown in Fig. 4. In the same figure, the difference in en-
ergies between the A and B phases is also shown. The main result of this calculation
is that the pressure at which the two energies are equivalent is significantly different
from that for the same nucleation probability. This observation allows us to suggest a
new scenario for the A-B phase transition relevant for the Universe.
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First of all let us discuss the application of the Kibble-Zurek scenario to the su-
perfluid 3He transition. During a fast transition, superfluid regions nucleate inde-
pendently in causally-independent regions. During subsequent cooling these regions
grow and touch each other. However, the phase of the wave function in these regions
can match each other with a probability of only about 50%. If there is no match, then
a topological defect appears. Using an equation suggested by Zurek [2], one can cal-
culate the density of the vortex tangle created for a given cooling rate. In Grenoble
we have measured the balance of energy after a neutron capture reaction in 3He and
found that the missing deposited energy corresponds quantitatively to that retained in
the vortex tangle. This experiment showed that the Kibble-Zurek theory works well,
at least for a fast transition in superfluid 3He at low pressure.

The Kibble-Zurek scenario was developed on the basis of the simple “Mexican
hat” potential. What should be changed in the case of a manifold order parameter?
Volovik [17] and Bunkov & Timofeevskaya [16] suggested that the various causally-
independent regions can drop into different states! The consequences of these modifi-
cations for cosmology have not yet been discussed. For example, we do not know the
probability of creating the vacuum of our Universe compared with that for creating
possible alternative vacua. We are not even certain that our vacuum is not a metastable
state! And if it is, how long other states might have survived after the transition. Can
the expansion of the SU(3) × SU(2) × U(1) vacuum into regions initially occupied
by other vacua, be regarded as inflation? What about the “Dark Energy” which is
observed in the Universe? Might it not just be the difference in energy between two
low-lying states of the vacuum of the Universe, as it is in superfluid 3He? While
we cannot provide answers, not knowing the energy profile for the multidimensional
vacuum manifold of the Universe, we can apply these questions to superfluid 3He
itself.

5 The A-B Phase Transition in 3He

The nucleation of B phase from supercooled A phase remains an unsolved problem.
Any obvious mechanism relying on homogeneous nucleation driven by thermal fluc-
tuations gives nucleation rates which are literally hundreds of orders of magnitude
lower than those observed experimentally. Leggett [18] suggested that the transition
might be triggered by particle absorption which would overheat the 3He locally. He
also developed a theoretical scenario, the “Baked Alaska” model [19] in which he
supposed that the B-phase seed expands to reach the critical radius Rc while shielded
from the outside A phase by a surrounding shell of normal 3He. From our point of
view, this mechanism is very artificial.

Experimentally the A-B phase transition has been studied systematically in
Helsinki [20]. Their results showed a “catastrophic line” at about 0.67 Tc: a nar-
row range of temperatures in which the B phase always nucleated. They interpreted
their data as being in conflict with the “Backed Alaska” model. Systematic Stanford
experiments [21] demonstrated the importance of radiation for nucleating the A-B
transition. The experimental probability of nucleating the A-B transition as a func-
tion of neutron or gamma radiation and temperature has been fitted by the theoretical
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Fig. 5 A schematic
representation of the A and B
phase seeds which appear after
diffusion cooling of the hot spot

expression below, suggested for the “Baked Alaska” model:

τ = C exp[a(Rc/R0)
n], (1)

where R0 is the value of Rc at low temperature and magnetic field. The value for n

was estimated from the theory to lie between 3 and 5. However, the fitting gives a
value for n equal to 1.5! This factor of two difference in the exponents was claimed
in [21] to be experimental agreement with the theory! From our point of view, it shows
only a lack of theory to explain the experiment. Furthermore, the “Baked Alaska”
scenario has an internal problem. It does not take into account the balance of energies
of the whole ensemble of excited quasiparticles inside the hot spot. There is NOT
enough phase space to distribute all the quasiparticles within the region of a shielding
shell [22].

Importantly, we do not need a normal shell to protect the interior of the hot bubble
from the influence of the external A phase during the fast cooling. It has been shown
in [23] that the diffusion temperature front moves so fast that the A-phase lags far
behind and seeds of new states appear independently of the surrounding 3He state,
as shown in Fig. 5. After the neutron capture reaction, the size of the hot spot (Rh)
is considerably larger than the critical radius for B phase nucleation (Rc). Thus there
will be a huge number of seeds of both A and B phases nucleated inside the hot spot.
On our estimations, at 29 bar, Rh = 30 µm and R0 = 0.5 µm, while the radius of
independently created seeds is about Rs = 0.07 µm.

We can suggest that the subsequent evolution of the very complicated mixture of
A and B phases is determined, first, by the relative densities of the seeds of the two
phases, secondly by the surface energy of the seeds’ domain boundaries, and only
thirdly by the energy balance between the phases. Computer calculations published
in [16] play an important role in the understanding of the A-B transition. They show
that the point where there is equal probability of nucleating the two phases does not
correspond to the point at which the two phases have the same internal energies, but is
significantly shifted to lower pressures, as shown in Fig. 4. This is the reason for the
asymmetry in the A-B transition. When the B phase is energetically preferable, but
the A phase has a higher probability of nucleation, then the A-phase seeds percolate
inside the hot spot. Consequently B-phase seeds disappear owing to the A-B surface
tension. In order to complete the transition, the B-phase seeds must percolate over
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a distance comparable to the critical cluster dimension. This is possible when the
number of B seeds in a region of size Rc is greater than the number of A seeds. There
are two parameters that play an important role in these conditions: the probability of
B-seed creation and the size of Rc.

In order to compare the predictions of the new scenario with experimental re-
sults, we need to know the probability of A- and B-phase creation at low temper-
ature. Unfortunately, we only know the probability of the A and B seed formation
near Tc . However, we can make an estimate for lower temperatures from the 3He
phase diagram. Were we to draw a line of equal probability parallel to the equilib-
rium line of the A-B transition in the phase diagram, we would delineate precisely
the region where the A-B transition is triggered according to the measurements pub-
lished in [20]. In order to get a quantitative agreement with the probability of the A-B
transition measured experimentally at Stanford, we should suggest that the probabil-
ity of the A-B transition after a neutron impact corresponds to the probability of the
correlated formation of about 50 seeds of B phase. This means that the transition will
trigger when about 50 B-phase seeds are created within a short distance of each other.
It is difficult to envisage the dynamics of the interaction between the various seeds
after the transition. Nevertheless, the correlation of 50 seeds appears a reasonable re-
sult, since it makes up a large fraction of B seeds inside an Rc volume, allowing the
percolation of the B phase inside Rc to trigger the transition.

Finally, this scenario (previously known as the “Aurora de Venice” but perhaps
better renamed the “Cosmological” scenario) is a natural explanation of the A-B tran-
sition in superfluid 3He on the basis of the well-established Kibble-Zurek scenario,
without the need for any further artificial assumptions. Some criticisms of this theory,
appear, particularly in [24] to be based mainly on a lack of understanding of our basic
arguments.

6 Conclusion

In conclusion, we find that experimental studies of the superfluid states of 3He, par-
ticularly at the limit of the lowest possible temperatures, can reformulate and provide
fruitful ideas for a solving similar problems in the physics of other complex quantum
systems such as cosmology and atomic and high-energy physics.
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