Open Access Journal of Astronomy

MEDWIN PUBLISHERS ISSN :2996-6701

Committed to Create Value for Researchers

Cosmic Baby-Does it Hint at the Existence of BEC in Strong
Magnetic Field: A Possibility

Parui RK* Review Article

Mall Enclave, India Volume 2 Issue 2
Received Date: December 11, 2024

*Corresponding author: Ramen Kumar Parui, ARC, Room No-F101, Block-F, Mall Enclave, 13, K. | Published Date: December 24, 2024
B. Sarani, Kolkata, 700080, India, Email: rkparuidr@yahoo.com DOI: 10.23880/0aja-16000149

Abstract

This paper is a remembrance of S. N. Bose for his serendipitous invaluable theoretical idea of the fifth state of matter that leads
to the origin of Bose Einstein Condensation (BEC). The correspondence between Bose and Einstein was happened in 1924 i.e.
100 years ago through a forwarding letter (enclosed with the manuscript). Since then a lots of development on BEC have been
occurred and still going on indicating its existence from micro-level such as atom, molecules to macro-level inside the compact
objects of white dwarf, neutron stars. This BEC also exhibits its own style under low magnetic field, constant magnetic field
but remains unclear in strong, ultra-strong magnetic fields. BEC opens new fields on “Triaxiality in self magnetized BEC stars
or Boson stars (similar one as observed in magnetar), Magnon Q-ball , Time Crystals for understanding the exact role of BEC
towards understanding the structure of the universe. In this paper I have discussed the possible role of BEC at different stages,
including under ultra-strong magnetic field environment , towards understanding the secrets inside the universe. We are
hopeful that future investigations on the new windows of BEC in the form of Triaxiality of Boson stars, Magnon Q-ball, Time

Crystal definitely be able to unravel the secrets of the Universe.
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Introduction

Figure 1: Photocopy of S N Bose’s hand written letter addressed to Einstein requesting to evaluate his paper. This is for the
readers for knowing what was the humble actual correspondence between Bose and Einstein that stimulated for the origin
of Bose Einstein Condensation (adopted from the writing of Samarth E entitled: Satyendra Nath Bose letter to Einstein which
accompanied his paper describing the first developments towards Bose-Einstein statistics).

Figure 2: Photograph of S N Bose and A. Einstein in 1924 when the above letter was communicated (Courtesy: Wikipedia).
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Our known four primary states of matter are — gasses,
liquids, solids and plasmas. In the 1920’s another new form
of matter appeared when Bose SN and Einstein A, et al. [1,2]
first conceived a strange form of matter in which a large
number of individual atoms clump together behaving like a
single super-atom. The condensed form of this super-atom
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is known as Bose-Einstein Condensation or BEC. This BEC
forms only when materials are super-cooled i.e. within a hair
of absolute zero. What happens in this stage is that atoms
are hardly relative to each other because they have no free
energy to move. As a result, all the atoms begin to clump
together entering the same energy state (Figure 3).

Figure 3: Schematic diagram showing the formation BEC at low temperature (adopted from ref [13]).

During the period 1924 - 1995 this theoretical idea was
confined within the theoretical research works [3-5] and
attempts was to its realistic form in laboratory experiments.
In 1995 a breakthrough occurred when in one side a team
led by Eric A Cornell and Carl E Wieman from Joint Institute
for Laboratory Astrophysics (JILA), Boulder, Colorado, USA
[6] and in another side Wolfgang Katterle and his team
colleagues Katterle W [7] announced the observation of BEC
in rubidium atoms and sodium atoms, respectively. So, their
experimental observations finally confirmed the existence of
BEC although it was confined in the laboratory experimental
level only.

Another major breakthrough occurred in July 2018 when
in an experiment aboard the International Space Station
(ISS) BEC was observed in a cloud of Rubidium atoms under
ten millionth of a degree above absolute zero temperature
(Figure 4) [8]. Note that this was the first experiment in space
under such a temperature that was observed by human in
space. This also led two important areas:

e [tis possible the occurrence of BEC in space ;

e The possible existence of BEC in astrophysical objects
such as white dwarf, neutron star, pulsars, magnetars,
other supermassive compact objects in galaxies, even
may be in black hole also.

Figure 4: BEC creation at NASA’ Cold Atom Laboratory on boarded the International Space Station. (Left) : International Space
Station and (Right) BEC formation (CREDIT : NASA ; Courtesy - RePicture).

Basic Physics of Bose Einstein Condensation

In 1924 Louis de Broglie in his Ph.D. thesis —“Rechershes
sur la theorie der quanta “de Broglie L [9] suggested that
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electron around a nucleus could be thought of as being a
standing wave such that electrons with all matter could be
considered as a wave [10].

Copyright© Parui RK.


https://medwinpublishers.com/OAJA/

Open Access Journal of Astronomy

Figure 5: Schematic diagram showing the criterion for Bose-Einstein condensation from high temperature to cool state. Note
that when the temperature approaches absolute zero, the thermal cloud vanishes leaving a pure Bose condensate [11].

Bose-Einstein condensation is based on the above
mentioned wave nature of particles. Figure 5 shows a
simplified picture in which atoms in a gas can be considered
as quantum-mechanical wave packets having of the order of
thermal de Broglie wavelength. Initially at lower temperature
this de Broglie wave length is longer. When the atoms are
cooled gradually, the thermal de Broglie wavelength comes
closer and comparable to the inter-atomic separation. This
means at a certain cooling the atomic wave packets “overlap”
and in-distinguishability of particles becomes a significant
role where Bose gas i.e. “Bosons” undergo a phase transition
and form a Bose-Einstein condensate (so called Bose-Einstein
Condensation or BEC). In this situation a dense and coherent
cloud of atoms arises where all the atoms are occupying
the same quantum mechanical state [10]. The peak atomic
density (n) follows the transition temperature (T) obeying
the relation [11] :

ni,,= 2.612 (9]

where the thermal de

1
A =(27m2/kaT)4 (2)
“m” being the mass of the atom and k, = Boltzmann
constant.

Broglie = wavelength

BEC Observed in Laboratory Experiment under
Different Conditions

BEC Observed by Cornell & Wieman in Rubidium
Atoms

On 5 June 1995, the first gaseous condensate was
produced by Eric Cornell and Carl Wieman at the JILA
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laboratory , in a gas of rubidium atoms cooled to 170
nanokelvins (nK). They cooled the system using laser
cooling techniques which give a significant head start when
performing the final forced evaporative cooling to cross the
condensation threshold (Figure 6 ).

Figure 6: The first BEC image obtained by Wieman and
Cornell in 1995. Image via Wikimedia).

BEC Observed by Katterle Group using Magnetic
Trapped Sodium Atoms

W. Katterle and his group used magnetic traps and
optical dipole traps for tightly confining and stable state of
the evaporative sodium atoms as well as cooling. Note that
atoms are lost from this trap due to non-adiabatic spin flips
when the sodium atoms pass near the center. Their observed
BEC of sodium atoms are shown in Figure 7.
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Figure 7: shows the direct observation of BEC of sodium atoms (right) which were magnetically trapped . Schematic diagram
of magnetic trap is shown in (left). The dense core is the condensate, and the more diffuse cloud is the normal component

[12,13].

BEC in Rotating Gases or Liquid

In a numerical study Aftalion, et al. [14] considered
rotating atomic gases , placed in a harmonic plus Gaussian
trap and observed the appearance of BEC when the
rotational frequency is below the trapping frequency of
the harmonic potential. The observed condensate has an

annular shape containing a triangular vortex lattice. As soon
as the rotational frequency (1) approaches the width of
the condensate. The circulation inside the central hole gets
large tuning like a hollow BEC. Their analytical estimates of
the size of the condensate and the circulation both stay in
the lowest Landau Level limit and the Thomas-Fermi limit
(Figure 8).

measured in units of ~/(mw).

Figure 8: represents the observation of BEC, as observed by Aftalion, et al. [14] , through the Density profiles of a rotating
condensate for different rotation parameters for (a) Q = 0.25, (b) @ = 0.9, (c) & = 0 p .99 and (d) Q = 0.994. Distances are

As per observation vortices first appears at the maximum
density located at a distance r = 4.2 when Q = 0 instead of
close to the center of the condensate. With the increase in Q
, the vortex lattice appears at the initial circle of vortices, the
condensate’s size increases. This increase in size is visible
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and finally turns into a hole i.e. hollow BEC.
Observation of BEC in Bulk Semiconductor

In realistic view BEC is a quantum statistical phase
transition in matter as a macroscopic level occupation in the
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ground state. But ambiguity has raised as a long outstanding
problem in observing BEC of excitons in a photo-excited
bulk semiconductor. Recently, Morita Y, et al. [15] observed
quantum phase transitionand BECinabulk Cu,0 atbelow 400
mK. This was the first time direct visualization of the exciton
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cloud in real space although it was an unconventionally
small condensate fraction of 0.016 with spatial profile of the
condensate. Significance is that this discovery was a new type
of BEC in the field of quantum statistical mechanics of non-
equilibrium open system.

exceeds the BEC transition density of 1.7 x 10 cm=3.

Figure 9: shows the observation of BEC by Morita Y, et al [15]. in their investigation of the Emergence of the exciton condensate
in the density distribution at P = 1.6 MW when T <400 mK. Left panel shows the spatial distribution of the para-exciton
density measured by induced absorption imagingat T =500 mK (100 mK). Note that the vertical axis shows the paraexciton
density, and the horizontal plane shows the position in the trap potential. The density of a local dense signal at T__= 100 mK

BEC in Dipolar Magnetic Atoms

In 2004 the experimental observation of gases of
Chromium atoms under ultra-cold condition showed that
these atoms can be treated as highly magnetic atoms. These
highly magnetic atoms exhibit their identity separating from
their electronic ground state configuration by possessing a
large spin. This means that they have large magnetic moment.
Utilizing this property Bigagli N, et al. [16] manipulated
a complex system, consisting of NaCs dipolar magnetic

atoms, under ultracold cooling and trapping and found a
dense spectrum of resonances in their scattering behavior.
Significance of this observation is that these resonances can
be useful in (a) controlling the interatomic interaction, (b)
understanding the physics of few- and many body dipolar
quantum magnetic gases. For example: dipolar effects in
magnetic quantum gases based on elastic and inelastic
anisotropic scattering in determining the affected shape,
stability , dynamics and excitations (Figure 10).

Figure 10: BEC observed by Bigagli et al [16] in dipolar NaCs molecules enabled by microwave shielding. Note that (a), (b)
indicate the evaporative cooling of NaCs molecules from a thermal cloud to a BEC. The molecules are held in an optical dipole
trap and dressed by circularly polarized (o +) and linearly polarized (1) microwave fields.
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BEC in Magnetic Insulators

It has been observed that the appearance of BEC in
that system in which particles obey the Bose Statistics. This
means that the general view of BEC is possible with bosonic
atoms in liquid helium, ultra-cold gases. Recently, Giamarchi,
et al. [17] observed BEC in magnetic insulator where
excitons are the main contributors. It is known that the
elementary excitations in anti-ferromagnets are “ Magnon”,
“Quasiparticles” having integer spin and obey Bose Statistics.

If the density of magnons in a excitation system is
controlled by magnetic field then interactions between the
excitations, magnons and their interplay with the crystalline
lattice would be able to show a formation of BEC in compare
to the canonical BEC. This fact was experimentally observed
in the magnetic insulator TICuCl, [18] (Figure 11).

Figure 11: it shows the schematic diagram of BEC of
magnons in dimerized quantum antiferromagnets. (a),
Dimers in the real material TICuCl, with S = 1/2 from Cu*
ions and superexchange via Cl". (b), Dimers on a square
lattice with dominant antiferromagnetic intradimer
interaction ] and interdimer interactions J. Triplet states
(grey, top) are mapped onto quasiparticle bosons (triplons,
bottom). (c), Zeeman splitting of the triplet modes with
gap 1 and bandwidth D atk = (1t/a, /a). Inset, Dispersion
of triplons at the critical field H . (d), Resulting phase
diagram with paramagnetic (PM), quantum disordered
(QD) and field-aligned ferromagnetic (FM) phases and
canted-antiferromagnetic (XY-AFM) phase, where a
magnon BEC occurs (adopted from ref. [17]).

In this context, antiferromagnets can be described by
an analogy between spins and bosons. In anti-ferromagnet
closely spaced pairs of spins S = % while others are sing
singlet (S = 0) and spin triplet (S = 1). Spin = % forms
“dimers” with a spin singlet (S = 0) ground state while other
one is triplet (S = 1) whose bosonic excitations is known
as “Triplon”. This triplons, in fact are similar to magnetic
excitons in an ordered antiferromagnet, known as “Magnon”
(Figure 12) [18].
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Figure 12: Schematic diagram showing the creation of
the magnon BEC. In a typical scheme, quanta of spin-wave
excitations (magnons) are pumped into a high energy level
(band) by a radio frequency pulse or parametric pumping
so that the magnons then thermalize with time constant
sE, falling to the ground level (band). Note that the Magnon
decay from the ground state is characterized by the decay
time sN. Under sufficiently strong pumping or if the
magnon decay time is much longer than the thermalization
time, sN sE, a macroscopic number of magnons occupy the
ground state of the system, forming a BEC (adopted from
Makinen et al 2024 [19] and for details see the text of the
ref. [19]).

Thus, Magnon i.e. the quanta of spin wave excitations,
are pumped into a higher energy level (band) by applying
radio frequency pulse or parametric pumping. Then these
magnons fall to the ground level and decay. If the magnon’s
decay time is much larger than the thermalization time, then
a large number of magnons occupy the ground state of the
system, forming a BEC.

Magnon as Time Crystal

Bose-Einstein Condensation (BEC) is a phenomenon
where stable particles with integer spin occupy the ground
state of the system. For example, superfluidity that arises
in liquid “He due to macroscopic phase coherence. In other
words, this superfluidity can be as a consequence of the
spontaneous breaking of the global U (1) gauge symmetry
in relation to the consequence of the conservation of the
particle number (N) of *He atoms. Another significant
spontaneous breaking is the “Time Crystals” which are the
quantum systems for which time translation symmetry is
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spontaneously broken in the ground state. It is believed that
like superfluids, bose gases, magnon condensates, magnon
time crystal is possible. If so, then magnon time crystal can
be possible based on relaxation time:
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e The life time of the quasi-particles T, is much more
greater than the thermalization time T, ie. T, >> T,
during which BEC is formed.

Figure 13: Schematic diagram showing formation of Phonon in a magnon-BEC time crystal. (a) In a crystal (in a ground state)
atoms occupy periodic locations in space indicated by (empty circles o), while phonon excitation results in a periodic shift
from these positions (filled circles @). A time crystal is manifested by a periodic process (thin line), and a phonon excitation
leads to periodic variation of the phase of that process (thick line). (b) In a magnon-BEC time crystal, the periodic process is
the precession of magnetization M at frequency x. For details see the text in ref. [19]) (adopted from ref. [19]).

Magnonic Q-Bll

In our daily life we observe macroscopic objects are
made of fermionic matter. On the other hand, if the objects
are made of purely from bosons then for stabilization in
relativistic quantum theory an additional quantum number
“Q” is required for conservation. This means that Q-balls are
spherically symmetric non-topological Q-Charge in the form
of soliton [20,21] i.e. they arise for charge conservation in
relativistic scalar field. They play an important role in our
visible universe. For example, these are the candidates of
observing Q-balls in our universe :
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e Dark Matter [22-24]

e Formation of Boson Stars [25]

+ Supermassive compact object in the galaxy center [26]

¢ Bright “solitons” in 1D atomic BEC and “Pekar Polarons”
in ionic crystals [27], etc.

BEC in Strong Magnetic Field

From the discovery time to till date a lot of researches
have been done on possible effects on BEC under strong
magnetic field. Some important results are shown in Table
11[28].
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LLGLLG e/ Magnetic Field
Experimental Work |Used Materials / Particles g Observation / Prediction
Strength
Performed by

Coherent pair of electron-

Lermer [29] hole

Strong magnetic |Formation of Bose-Einstein condensation of excitons

in a single particle state with wave vector K= 0

Alexandrov, et al. [30] Charged Bose gas (CBG)

Ultrahigh Magnetic

Dielectric liquid phase of Bose-Einstein -excitons at
low damping rate is more stable than electron-hole
metallic liquid phase

Non-interacting charged

Perez-Rojas, etal. [31] particles in 3D and 1D

Extreme strong |e
magnetic field ~ |e
10°G behavior in the vector field case

Support to the existence of superconductivity
Prediction of superconductive-ferromagnetic

Electron-hole system

Moskalenko, et al. [32] with random phase

Strong magnetic

BEC of the correlated pairs turns into a single
particle state with arbitrary wave vector K in single

Dey, etal. [33] beta-equilibrated matter

approximation. 2D model.
e Phase spaces of charged particles changes into a
modified compositional charge.
e Threshold density of K - condensation shifted
to higher density compared to the free particle
Antikaons in cold and dense| Magnetic field > 5 case

x 108 G. .

Equation of state (EoS) becomes stiffer than
that of the zero field case

e BEC of the correlated electron hole pair turns
into a single particle state with an arbitrary
wave vector.

Ideal 2D electron-hole

Botan et al. 2004 [34] system

Strong magnetic

¢ Ground state energy per one exciton and the
chemical at low exciton together with form a
metastable states of dielectric liquid phase with
positive compressibility.

e Dielectric liquid phase of BEC of magneto-
exciton is more stable then the electon-hole
metallic liquid phase.

Arghirescu, et al [28] Gammons

Magnetic field =

e Pre-clusters of gammons transform into a
fragmentation of the BEC
Possibility of a cold genesis of elementary
particles is comparable to those of a Magnetar
or Gravistar.

Table 1: List of some important works on BEC under strong magnetic field.

Magnetized BEC Stars

It is seen from above that magnetic field plays a
significant role on the Equation of State (EoS) and also in
structure formation of BEC stars. A Boson star is compact
object composed of a gas of spin one (S=1) bosons formed up
pairing of two neutrons. If we assume particle-magnetic field
and particle-particle interactions are independent then we
can consider two configurations made by magnetic field i.e.
e One where it (i.e. magnetic field) is constant and

externally fixed;

e Another one it is i.e. the magnetic field is produced by
the boson itself through self magnetization.
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Again, splitting of magnetic pressure, produced inside
the star by the magnetic field, thus gives two components:
¢ One in the direction long, and
¢ the other one perpendicular to the magnetic axis.

Investigation of magnetized BEC stars [35] shows that
BEC stars are, in general, spheroid, less massive and smaller
than the non-magnetic ones. Regarding the inner profiles
of magnetic field of a (self) magnetized BEC stars the value
of magnetic field strength at the surface and at the core are
in agree with that of the compact object like magnetar. A
comparison with cosmic baby is given below:

Copyright© Parui RK.
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Parameters Boson Star Cosmic Baby
Suface Magnetic field 1.62406 x 10* G 2.7x10" G
2 Internal Magnetic Field 1.89435x 10V G 8.924 x 10V
3 Triaxiality Not yet detected. .Sirrllul.ation study shows no It is a triaxial star and its_ellipticity ise~
such triaxiality. appears 8.924x 103

From the above table it is clearly seen that all though
magnetic field strength both of cosmic baby and Boson star
are of the same order of magnitude yet Boson star is not

exhibiting its triaxiality. This is the “Boson Star’s Triaxiality
Puzzle “ [36] . The main question is — why Boson star not
facing its triaxial phase ? that still remains unsolved.

Figure 14: Snapsot of a non-rotating black hole, a rotating black hole and a boson star as they’d appear to the Event Horizon
Telescope. Unlike black holes, boson stars would be transparent as they lack an absorbing surface to stop photons, and do not

have an event horizon [37].

Discussion & Conclusion

Bose-Einstein Condensation (BEC) is a fundamental
macroscopic manifestation of quantum mechanics.

Like many particle i.e. electrons, protons, neutrons
involved in stellar evolution bosons also involved with zero
or integer spins. Naturally, it would revealed that bosons are
involved somewhere in building the universe. For example:

e Superconductivity, super-fluidity are present inside the
compact objects like neutron star, pulsars, magnetars,

the evidence of which are in the form of glitches;

¢ Confinement of magnetic fields in the interior of the
compact star and its splitting due pressure raises the
“triaxility “i.e. the deformation of the star.

e In the cores of Boson stars triaxiality not yet detected
through simulation study but Magnon Q-ball provides a
new window of “time -crystal” to the scientists to rethink
about it.

¢ Not only that, (self) magnetized BEC stars or Boson
stars have created a new impetus to the astronomers to
unravel the secrets inside our visible universe.

Figure 15: Observed mass ranges of different types of compact, massive objects relative to the Sun’s mass. Where will be the
location of Boson Stars (?) in this diagram is still not known (Credit: NASA).
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We are hopeful that BEC would play a crucial role
towards understanding the structure of the universe, in
particular charged bosons at high temperature and high
density towards understanding the physics of matter under
extreme conditions.
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