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One possible solution of the cosmological constant problem involves a so-called g¢-field,
which self-adjusts so as to give a vanishing gravitating vacuum energy density (cosmo-
logical constant) in equilibrium. We show that this ¢-field can manifest itself in other
ways. Specifically, we establish a propagating mode (¢-wave) in the nontrivial vacuum
and find a particular soliton-type solution in flat spacetime, which we call a g-ball by
analogy with the well-known Q-ball solution. Both g-waves and g¢-balls are expected to
play a role for the equilibration of the g-field in the very early universe.
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1. Introduction

A novel approach to the cosmological constant problem, guided by thermodynamics
and Lorentz invariance, is provided by the g-theory of the quantum vacuum.! The
variable g describes the phenomenology of the quantum vacuum. Various realiza-
tions of ¢ have been discussed in Refs. 1-7. Here, we only consider the four-form-
field-strength realization based on a three-form gauge field.® 15
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In Refs. 2, 3 and 6, we have considered ¢-theory applied to the behavior of the
quantum vacuum in an expanding universe. Now, we concentrate on the properties
of the g¢-field itself and address the following two questions: does the ¢-field have a
propagating degree of freedom in the nontrivial vacuum and are there soliton-type
solutions for the g-field? This paper gives an affirmative answer to both questions.
Throughout, we use natural units with ¢ = & = 1 and take the metric signature
(—+++).

2. Kinetic Term

For the g-theory approach to the cosmological constant problem, it suffices to con-
sider only a potential term of the (pseudo-)scalar composite field ¢ in the low-energy
effective action. But, nothing excludes having a kinetic term of the composite ¢ in
the effective action. In fact, the g¢-field effective action with kinetic term can be
chosen as follows:

5= [ atev=g | fps ) + K@) 21a)

1
P = _ﬂFaB'y&Faﬂ’ya : Foprs = ViaAsys (2.1b)
Fa5’75 =4V —9€aB~s s FQB’YS = qeaﬁ’w/ V=Y, (210)

where the functions G(q), €(¢), and K(q) in (2.1a) involve only even powers of ¢, as
q is a pseudoscalar according to (2.1c) with the Levi-Civita symbol e,g+s5. In this
realization, ¢ has mass dimension 2. A further term for the action (2.1a) will be
presented in Sec. 5.1.

Variation of the action (2.1a) over the three-form gauge field A gives a gener-
alized Maxwell equation, which has been derived in Ref. 2 for the theory without
direct g-kinetic term (K = 0). The presence of the K term in the action (2.1a) does
not change the general form of the field equation,

6S
Vﬁ<5_q> =0, (2.2)
which gives for the case at hand
de(q) R dG~Y(q) 1dK(q) NPT B )
v ( dg " 16r dg 8 dg Vala)V(q7) = 54V [E(9)Valq)]
=0 (2.3)

The K term of (2.1a) also gives rise to an extra contribution in the generalized
Einstein equation, which need not concern us for the moment.

The generalized Maxwell equation (2.3) has two constant solutions in flat
Minkowski spacetime:
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(1) the trivial solution ¢ = 0, which corresponds to the “absolutely empty vacuum”;
(2) the nontrivial solution ¢ = qo # 0 (with an integration constant p = ), which
corresponds to the “physical vacuum.”

The last type of constant solution can be explained as follows. For the homogeneous
vacuum, we have de(q)/dq = p, which determines ¢ for a fixed integration constant
. Hence, p plays the role of a chemical potential, which is thermodynamically
conjugate to the density g of the conserved total charge ). This emergence of a
conservation law makes the four-form field F' one of the possible realizations of the
vacuum field ¢. In the Minkowski vacuum, the equilibrium value 4 = pp and the
corresponding ¢-field value qo # 0 naturally give a zero value for the gravitating
vacuum energy density (effective cosmological constant).!:?

The solution ¢ = 0, on the other hand, may be considered as the “absolutely
empty vacuum,” that is, a vacuum which is devoid of any type of quantum field
and of the corresponding quantum fluctuations. In the condensed matter analogy,
where the role of the variable ¢ is played by the number density n of atoms, this
vacuum corresponds to the state with n = 0, i.e. to empty space devoid of atoms
and, thus, of any type of emergent quantum field.

The aim of this paper is to look for nonconstant solutions of the g-field.

3. Propagating Mode

We now make the linear expansion

q(z) = qo[l — ()] (3.1)

and consider the integrated Maxwell equation (2.3) in the Minkowski spacetime
background with integration constant u fixed to the equilibrium value pg. The
effect of ¢ on the metric g,, in the generalized Einstein equation is quadratic in
¢ and can be neglected in linear approximation. As a result, we obtain the linear
equation for the mode ¢ of the ¢-field from the four-form field F' propagating in the
Minkowski background. This equation corresponds to the Klein—-Gordon equation
of a massive scalar field.

The expression for the mass-square of the ¢-mode can also be obtained from
(2.1a) by expanding in ¢ and considering the quadratic terms,

1 1
S = —/ d4x(—502+—qé‘K(qo)Va<pVago+~--), (3.2)
R4 2Xo 2
where Y is the compressibility of the vacuum introduced in Ref. 1,
d*e(q)
-1 _ |2
= —_— >0. 3.3
(x0) [q - (33)
9=40
From (3.2), the mass-square of the ¢-mode is then given by
1
M= ——. 34
XoK (90)q5 (34
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In the absence of the kinetic term, that is for X' = 0, the mass M becomes
infinite and the g-wave does not propagate. Also, note that the equivalence between
the ¢-field from the four-form field F' and the scalar field ¢ exists only at the pertur-
bative level. In general, this g-field is a composite pseudoscalar field with different
properties compared to those of a fundamental pseudoscalar field (see e.g. Sec. 2
of Ref. 7).

If the g-field is of the Planck scale [go ~ (Ep)? = 1/Gn, with Newton’s gravita-
tional constant G|, then the mass M is also of the Planck scale, M? ~ Gy /xo ~
1/Gn = (Ep)?. In the absolutely empty vacuum with ¢ = 0 replacing gy # 0, the
vacuum g¢-field from the four-form field F' is not propagating according to (3.4),
which corresponds to the standard result for the three-form gauge field A.8:9

It appears that there is an important difference between the ground state of
condensed matter and the relativistic vacuum. In condensed matter physics, the
compressibility of the ground state determines the speed of sound in the medium
(cf. Chap. VIII in Ref. 16). In the relativistic vacuum, this is impossible due to
the Lorentz invariance of the vacuum, which selects the Lorentz-invariant form for
the spectrum of propagating modes, E? = M? + ¢?>p?. As c is fixed by the Lorentz
invariance, only the vacuum compressibility may enter the mass M of the vacuum
mode, just as we have obtained in (3.4) for the particular case of the four-form
realization of the vacuum g¢-field. The same should be valid in the general case:
for any realization of the vacuum field ¢, the mass of the propagating mode is
determined by the vacuum compressibility.

At this moment, we have not much to say about the generation of these ¢-
waves. For the action (2.1a) with g-independent Standard Model fields added,® the
emission of g-waves requires strong gravitational fields, which may occur in the very
early universe.

4. Heuristics of the g-Ball

The g-ball solution of g-theory is a ball with radius R having g # 0 inside (r < R)
and the empty vacuum value ¢ = 0 outside (r > R).

Generally speaking, Q-balls are non-topological solitons which carry a conserved
global quantum number @ (see Refs. 17-22 and references therein). The dynamics
of the g-ball of g-theory is, however, rather different from that of the standard Q-
ball in, for example, the SO(2)-invariant theory of two real scalar fields ¢; and ¢
with non-derivative interactions.?? For this reason, we employ a somewhat different
notation, “g-ball” instead of “Q-ball”.

Incidentally, we could also consider an extended g-theory with two three-form
gauge fields (4; and Ag) and an SO(2)-invariant action in terms of the correspond-
ing composite pseudoscalars q; and ¢y replacing the fundamental scalars ¢; and ¢s.
In such an extended g-theory, there would be a direct analog of the standard Q-ball
solution.2® But, here, we keep the simplest possible theory with a single three-form
gauge field A and a single corresponding composite pseudoscalar field q.
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The dynamics of the g-ball solution is essentially different from Coleman’s Q-
ball,2® as we do not need the time-dependence of the scalar fields. The g¢-ball is
similar to a droplet of quantum liquid, because our ¢ (see, in particular, Refs. 1, 3
and 7) is the analog of the number density n of the conserved quantity N (particle
number). Such a liquid droplet with fixed N has a fixed radius R and the g-ball is
similar.

The g-ball is expected to be stable for at least three reasons, two of which will
be discussed now and the third of which will be presented at the end of this section.
First, there are no propagating modes at all outside the ¢-ball, since the mass of
the mode is infinite for ¢ = 0, as discussed in Sec. 3. Second, the splitting of a g-ball
into two g-balls would lead to an increase of the surface energy (for a fixed value of
the total charge @ = ¢V') and the splitting is, therefore, excluded.

Expanding on the role of the surface, we note that the vacuum pressure inside
the ¢-ball is determined by the surface tension o and the radius R of the ¢-ball. In
the absence of gravity, we have (cf. Sec. IV D of Ref. 1)

20
P(T — —E 5 (41)
which corresponds to the effective equation of state!23
2
P, = wy€,, Wy = -3 (4.2)

The surface tension o has an order of magnitude e(qp)/M. For a Planck scale
g-field, we have the pressure P, ~ —(Ep)3/R. The magnitude of P, is of the order
of present cosmological constant if R ~ Ep/H?, which is far beyond the horizon of
order 1/H.

The pressure (4.1) from the surface tension is compensated by the bulk vacuum
pressure: ¢ inside the g-ball is slightly different from the perfect-vacuum value gq
(see Sec. 6 for an explicit numerical result). This is exactly the same as for a droplet
of liquid, where n slightly deviates from ng inside the droplet.

Let us, finally, present the third argument for the stability of the g-ball solution
(details of the solution are to follow in Secs. 5 and 6), where the argument parallels
Coleman’s discussion of the standard @Q-ball solution.2® The g-ball can, for large
radius R, be considered as a structure with ¢ =~ ¢ inside (r < R) and ¢ = 0
outside (r > R). In the terminology of Q-balls, this ¢g-ball is similar to the thin-wall
Q-ball.20

Take, as a simple example, the following Ansatz for €(q):

e(q) = %q‘* — %qéqz, (4.3)
where ¢g is again the equilibrium value of the ¢ field, which is now normalized to
have mass dimension 1. The energy of the g-ball with volume V and total charge
Q = ¢V is then given by

_ 1Q4 1(]2 2
E(WQ)—V(EW—E (‘]/2 ) (4.4)
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Minimization of this energy with respect to the volume V' at fixed total charge @
gives

dE de 1,545 4

= = === — =0. 4.5

av |, e(q) 99 5(@a” —4") (4.5)
For a nontrivial ¢-ball, we thus find the equilibrium value ¢ = +¢q¢ for the interior
region. The corresponding equilibrium volume of the g-ball equals

V =0Q/lql- (4.6)

With the charge Q being conserved??12 (see also Sec. 5.1) and the quantity go
being a “constant of nature,” the volume V of the g-ball is fixed, according to (4.6).
With constant volume V' of the spherically symmetric g-ball, the edge of the g-ball
cannot move inwards or outwards, so that the spherically symmetric ¢-ball solution
is stable.

The pressure Py of the vacuum is zero in the thin-wall approximation, according
to the Gibbs-Duhem relation € — gde/dg = —Py and the result (4.5). A nonzero
value for the pressure comes from the surface term (4.1). To summarize, the g-ball
is stable due to the conservation of the total charge ), while the surface term is
only responsible for the pressure inside the g-ball.

5. Analytical Results

The profile of the thin wall separating the true vacuum and the absolutely empty
vacuum can be found analytically in the limit of large R, where the wall can be
considered as a flat plane and the profile depends on the spatial coordinate x across
the wall with ¢ =0 at —oo < < 0 and ¢ > 0 at 0 < = < co. The thickness of the
transition region is d ~ M1, with M? given by (3.4).

5.1. Surface term

In order to find this g(z) profile, we need to establish the relevant equation. Consider
the function ¢(z) at z > 0 with the boundary conditions ¢(0) = 0 and g(o0) = qo.
For z > 0 in flat spacetime, the generalized Maxwell equation (2.3) reads

0, (d;(qq) + 3 D0, (2 - S0, [K<q>8x<q2>]> 0 (1)

and has the solution

de(q) | 1dK(q)
dq 8 dg

O~ 5a0u[K (0)0:(e)] = 1 (52)

with integration constant (chemical potential) p. In the limit of infinite radius R,
the chemical potential p is the same as for the infinite-volume equilibrium vacuum
and we have p = g in (5.2) for > 0. For z < 0, we have ¢ = 0 and thus 4 =0
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in (5.2). In short, the g-ball dynamics follows from a single ordinary differential
equation (ODE), given by (5.2) with

0, for <0,
p= (5.3)
o, for x>0.

This jump in the chemical potential at « = 0 (from g = 0 for negative x
values to p = po for positive z values) corresponds to a delta-function source term
o 0(z) on the right-hand side of (5.1). Such a source term may be obtained by the
introduction of a surface contribution in the action (2.1a),

Ssurfacefg - _ﬂS/ dSaB’yAaﬂ’Yv (54)
S

for a boundaryless three-dimensional surface S and a constant ug. This surface term
describes the conservation of the flux of the four-form F-field. Since

/ dS“PY Appy = / dSPVF, 55, (5.5)
S=0V v

we obtain, for the time-independent ¢-field of the infinite-radius ¢-ball and with
s = o, a term corresponding to the conservation of the total charge @ of the
g-ball:

glrballfee) _ / dt / P q = o / dtQ. (5.6)

For the flat x = 0 surface between empty and equilibrium vacua, the variation
of (5.4) with us = po over the three-form gauge field A gives the a term po d(z) on
the right-hand side of (5.1), so that we get for the infinite-radius g-ball

o, (djq” + g%ﬁww - éqaw[m)aw(q?)]) =mod(@)  (57)

with the empty-vacuum boundary condition lim,_, _, ¢(z) = 0.

The previous discussion was specialized to the case of the infinite-radius ¢-ball,
even though the surface term (5.4) was given in its most general form. The same
discussion holds for the finite-radius ¢-ball with the coordinate x replaced by the
radial coordinate r and the constant ug taking the appropriate value p. in order to
cancel the surface pressure (4.1); see Sec. 6 for details.

To summarize, the surface term (5.4) gives precisely the delta-function source
term in the generalized Maxwell equation. It properly reflects the conservation law
for the charge Q = fv d3x q(x) of the g-ball solution surrounded by the absolutely
empty vacuum as discussed in Sec. 2.

5.2. Profile of the infinite-radius q-ball

Let us now determine the detailed behavior of the ¢-field on the true-vacuum side
at © > 0. For the theory (2.1), the function ¢(z) is the extremum of the following
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thermodynamic potential which can be interpreted as the surface tension of the
g-ball:

o) = [ da(ela) = o + §E @O0 ) (58)

In the limit of infinite-radius R, the chemical potential on the positive z side is the
same as for the infinite-volume equilibrium vacuum, which is why we use p = pg
in (5.8). In Sec. 6, we will see that the finite-radius g-ball has p # po.

The solution of the second-order equation for ¢ (found by variation of (5.8)) can
be obtained from the first integral, which gives

€(a) ~ 1ioa — 5K (@)D (¢")2: (%) = const. = 0. (5.9)

From the above equation, we get

o [T [ K@)
/0 de _/0 dg”) 8[e(q") — poq']” (5:10)

For z — o0, ¢* approaches ¢2 from below. For given functions of €(¢q) and K(q),
we can always find the solution of (5.10) numerically. Still, keeping e(q) and K(q)
generic, the asymptotic behavior for + — oo and = — 0 can be found analytically.

The integral over ¢? is concentrated near g3, where it diverges logarithmically.
In terms of the variable ¢ from (3.1), we obtain the following asymptotic behavior

as T — 00:
1 /
d 1
T —> /p Mfo’ + const. = i In ¢ + const. (5.11)
or
o(x) oce ™ for x — 0. (5.12)

The asymptote at z — 0 is obtained from expansion near ¢ = 0. If K(0) is
positive and finite, we have

a [ K(0) 2 |K(0)
T = "dq S 5.13
/0 TN 2 o] ~ 3\ 2[po] (5.13)

q(z) oc ¥ for x—0. (5.14)

which gives

If K(q) x ¢® as ¢ — 0 with 8 > 0, we have q(z) o 2%/ G+8) as z — 0.

It is also possible to obtain the complete g-ball profile analytically for certain
special Ansdtze of the functions K (g) and e(q). Let us give an example. We change
to dimensionless variables (z giving s, ¢ giving f, and po giving ug) and make the
following Ansdtze for the dimensionless versions of the coupling K (g) of the ¢ kinetic
term, the gravitational coupling G(q), and the energy density €(q) [cf. Eq. (4.3)]:

k(f) =1, (5.15a)
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g(f) =0, (5.15b)
e(f) = lfZGfQ — 1), (5.15¢)
2 3
which give the following dimensionless constants:
fo=1, (5.15d)
ug = —%, (5.15¢)
m? =1 (5.15¢)

with m? corresponding to the dimensionless version of (3.4). Note that precisely
this Ansdtz for €(f) has been used in Ref. 2 and that we set the dimensionless grav-
itational coupling g to zero, so that Minkowski spacetime can be used consistently.
For later use, we also give the dimensionless version of the integrand of (5.8) for
the Ansdtze (5.15),

rolfl = () — uof + 5/%(0uf)? (5.16)

with e(f) from (5.15¢) and ug from (5.15¢).
The dimensionless version of (5.10) for the Ansdtze (5.15) then has the following
analytic solution:

_ 2y 2
=BT IN e
X <\/§arctanh< %) — 3arcsinh (\/%)) . (5.17)

The asymptotic behavior of the solution (5.17) agrees with the previous general
results (5.12) and (5.14). Equation (5.17) defines the function s(f) and a plot of the
inverse function f(s) is shown in Fig. 1 with reflected s values for later comparison.
Figure 1 also shows the energy density (5.16).

f o
1 0.16
0.8 N 0.12
06 \\ 0.08
0.4 \ 0.04
02 0
_s -0.04 -
% —4 3 2 1 0° '5 4 3 2 1 0°

Fig. 1. The left panel gives the analytic infinite-radius g-ball profile f(s) from (5.17) with f(0) = 0
and f 1 fo = 1for —s — —oo. Here, f refers to the dimensionless g-field and s to the dimensionless
spatial coordinate orthogonal to the edge of the infinite-radius ¢-ball. The right panel gives the
corresponding energy density (5.16).
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6. Numerical Results

For the finite-radius ¢-ball in Minkowski spacetime, the generalized Maxwell equa-
tion (2.3) for K(q) = K = const. reads in spherical coordinates

, <d;(;) - %Kq%&&[rqﬂ) ~0 (6.1)
with the following boundary conditions on ¢(r):
q(0) = g >0, (6.2a)
q(0) =0, (6.2D)
q(R) =0. (6.2c)

Note that the two boundary conditions (6.2a) and (6.2c) exclude having a constant
solution.

As discussed in Sec. 5.1, the ¢-ball requires that the right-hand side of (6.1)
be replaced by a delta-function. In order to obtain the numerical solution g¢(r),
we proceed as follows. We take the Ansdtze (5.15) and use the same dimensionless
variables as in Sec. 5.2 together with the dimensionless radial coordinate v € [0, c0).
Next, we replace the third-order ODE (6.1) by two second-order ODEs, one for the
inside region and one for the outside region,

de(f)
df

with vp > 0 and €(f) from (5.15¢). The following boundary conditions on f(v) hold
for the inside region:

ue, for 0<wv<wg,

~brtaonr- 63

, for v>wp

F0)=f.>0, lim f(v)=0, (6.4a)

vTugr

and for the outside region:
flor)=0,  f'(vr)=0. (6.4b)

For later reference, we also give the dimensionless interior energy density functional,

rlf) = ) — el + 552001 (65)

with e(f) from (5.15¢) and u. from (6.3).

The ODE (6.3) with boundary conditions (6.4) gives the ¢-ball solution with a
sharp drop of the integration constant u at the g-ball edge and the corresponding
non-smoothness of the function f(v). In line with the discussion of Sec. 5.1, we
observe that the solution of (6.3) solves (6.1) for r # R (or v # vgr), but not at
r = R (corresponding to the sphere Sg). The proper solution is determined by the
surface term (5.4), which describes the interface between the physical vacuum and
the absolutely empty vacuum.

1750103-10
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f re
S E—— "ot
06 \\ 0.05 //\|
0.4 0
02 \\ —0.05
% 1 2 3 4 5Y %123 4 Y

Fig. 2. The left panel gives the numeric finite-radius g-ball profile f(v) from the second-order
ODE (6.3) with parameters and boundary conditions (6.7). Here, f refers to the dimensionless
g-field and v to the dimensionless radial coordinate of the g-ball. The right panel gives the corre-
sponding energy density (6.5).

The ODE (6.3) for the outside region with boundary conditions (6.4b) gives
immediately the solution

flv)=0, for v>wp. (6.6)

But, the ODE for the inside region is singular and requires some care. We solve the

ODE (6.3) over the v interval {vstart, Vend } With 0 < vgtart < Vena and take boundary

conditions {f(vstart)s [/ (Vstart)} = {fe, 0} with f. > 0. By choosing appropriate

values for f. and u., we obtain a solution with f(vena) = 0, so that we can identify

Uend s the dimensionless parameter vy corresponding to the radius R of the g-ball.
Specifically, we take the values

{vstart; vend} = {1072, 474} ’ (673)

{f(vstart); f/(vstart); 'LLC} = {0998, O, —0285} . (67b)

Figure 2 shows the resulting numerical solution f(v) for v < vg &~ 4.74 (similar
results have been obtained with vgga¢ = 1072, the other parameters and boundary
conditions being kept the same). As mentioned above, we have f(v) = 0 for v > vpg.
The energy density 7. in Fig. 2 is seen to remain finite for v < vy and to approach
(within numerical errors) a zero value for v 1T vy [the exact solution (6.6) has
r[f] = e(f) + 2 f%(0uf)? = 0 for v > vg]. Note that, especially near the edge
at f = 0, the f-profile of the finite-radius g-ball in Fig. 2 is close to that of the
infinite-radius ¢-ball in Fig. 1.

7. Outlook

We have used, in this paper, a ¢-field realized by a four-form field strength F' as a
phenomenological description of the deep vacuum. But, there are also other types of
g-fields, provided they obey the condition necessary to represent a stable quantum
vacuum. This necessary condition is the conservation law for the vacuum variable
¢, which is represented by (2.3) here. Note that a fundamental scalar field does not
obey this condition. The structure of (2.3) holds also for the other types of vacuum
g-fields. This demonstrates the universality of the phenomenology of the quantum
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vacuum: the phenomenology does not really depend on the details at the microscopic
scale (be it Planckian or trans-Planckian), but is determined by phenomenological
functions of the vacuum variable ¢, such as the energy density ¢(q), the gravitational
coupling G(q), and the rigidity K(gq). These functions determine, in particular, the
compressibility x(¢) of the quantum vacuum, the vacuum pressure P(q), and the
mass M(q) of the propagating mode.

This universal behavior of g-theory is similar to the universal description of
stable quantum many-body systems, such as quantum liquids formulated in terms
of the number density n of atoms (the nonrelativistic counterpart of our vacuum
variable ¢). The vacuum g-ball considered in this paper is, in fact, the analog of
a droplet of quantum liquid, which has a stable ground state at nonzero n. inside
the droplet and n = 0 outside with a radius R determined by the total number
N of atoms in the droplet. The chemical potential u (being conjugate to n in
thermodynamics and acting as a Lagrange multiplier in the Hamiltonian) adjusts
in order to match the external pressure in equilibrium. Without external forces on
the droplet, the internal pressure is determined by the surface tension o. In the
limit of a large droplet radius, R — oo, the thermodynamic potential e(n) — un is
nullified: e(n) —un = —P = P, — 0 and u — po. This thermodynamic potential in
terms of the atom number density n is the analog of the gravitating vacuum energy
density (cosmological constant) in terms of the vacuum variable g.

The space outside a droplet of quantum liquid, being free of atoms, is analogous
to the absolutely empty vacuum of our discussion. The latter is a new concept and
corresponds to a vacuum without any field and corresponding quantum fluctuations.
The g-ball considered in this paper is a droplet of physical vacuum inside this
absolutely empty vacuum. The extended g-theory with gradient terms allows us to
describe the structure of the boundary of the g-ball. The g-ball is stable due to the
conservation of the total charge @), while the surface term is only responsible for
the pressure inside the g-ball.

In the above discussion, it has been assumed that the physical vacuum is in full
equilibrium and that its chemical potential p has the equilibrium value pg. The
next step is to study the dynamics of the ¢-ball, which describes the relaxation
to equilibrium from an arbitrary initial state of the ¢-ball. We expect a similar
behavior as for the droplet of quantum liquid: non-equilibrium processes take place,
accompanied by oscillations of the droplet shape and by radiation of the surplus
droplet energy, and the equilibrium state of the liquid droplet is reached in the
end. In this equilibration process, the chemical potential is no longer a Lagrange
multiplier, but becomes a time-dependent variable, which relaxes to its equilibrium
value.

It will be interesting to study the process of equilibration of the ¢-field, both in
the absence and in the presence of gravity. The case with gravity may give a hint
of how our Universe has relaxed to its present state, which is extremely close to
equilibrium.
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Propagating g-field and g-ball solution

Note Added

After completion of this paper, a further potential manifestation of the g-field with
effective action (2.1a) has been found, namely, as a possible description of cold dark
matter.?* In addition, it was shown that the higher-derivative g-theory (2.1) does
not suffer from the Ostrogradsky instability at the classical level.2?

Acknowledgments

We thank T. Mistele and M. Savelainen for correcting an error in an earlier version
of Eq. (2.3). The work of GEV has been supported by the European Research
Council (ERC) under the European Union’s Horizon 2020 research and innovation
programme (Grant Agreement No. 694248).

References
1. F. R. Klinkhamer and G. E. Volovik, Phys. Rev. D 77, 085015 (2008).
2. F. R. Klinkhamer and G. E. Volovik, Phys. Rev. D 78, 063528 (2008).
3. F. R. Klinkhamer and G. E. Volovik, JETP Lett. 88, 289 (2008).
4. F. R. Klinkhamer and G. E. Volovik, Phys. Rev. D 79, 063527 (2009).
5. F. R. Klinkhamer and G. E. Volovik, JETP Lett. 91, 259 (2010).
6. F. R. Klinkhamer and G. E. Volovik, Mod. Phys. Lett. A 31, 1650160 (2016).
7. F. R. Klinkhamer and G. E. Volovik, JETP Lett. 103, 627 (2016).
8. M. J. Duff and P. van Nieuwenhuizen, Phys. Lett. B 94, 179 (1980).
9. A. Aurilia, H. Nicolai and P. K. Townsend, Nucl. Phys. B 176, 509 (1980).
10. S. W. Hawking, Phys. Lett. B 134, 403 (1984).
11. M. J. Duff, Phys. Lett. B 226, 36 (1989).
12. M. J. Duncan and L. G. Jensen, Nucl. Phys. B 336, 100 (1990).
13. R. Bousso and J. Polchinski, JHEP 0006, 006 (2000).
14. A. Aurilia and E. Spallucci, Phys. Rev. D 69, 105004 (2004).
15. Z. C. Wu, Phys. Lett. B 659, 891 (2008).
16. L. D. Landau and E. M. Lifshitz, Fluid Mechanics, Course of Theoretical Physics,

Vol. 6 (Pergamon Press, 1959).

17. G. Rosen, J. Math. Phys. 9, 996 (1968).

18. G. Rosen, J. Math. Phys. 9, 999 (1968).

19. R. Friedberg, T. D. Lee and A. Sirlin, Phys. Rev. D 13, 2739 (1976).

20. S. R. Coleman, Nucl. Phys. B 262, 263 (1985) [Erratum-ibid. 269, 744 (1986)].

21. A. Kusenko, Phys. Lett. B 404, 285 (1997).

22. T. D. Lee and Y. Pang, Phys. Rep. 221, 251 (1992).

23. G. E. Volovik, The Universe in a Helium Droplet, Paperback edn. (Oxford Univ.
Press, 2008).

24. F. R. Klinkhamer and G. E. Volovik, JETP Lett. 105, 74 (2017).

25. F. R. Klinkhamer and T. Mistele, arXiv:1704.05436.

1750103-13


https://arxiv.org/abs/1704.05436

	Introduction
	Kinetic Term
	Propagating Mode
	Heuristics of the q-Ball
	Analytical Results
	Surface term
	Profile of the infinite-radius q-ball

	Numerical Results
	Outlook


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice


