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Abstract

We reveal the presence of a new source of axial current due to the condensed
vacuum generated by the spin—spin interaction. To show this, we consider a
quartic Dirac Lagrangian containing a spin—spin interaction term, possibly
originating from torsion in Einstein—Cartan-like theories. We use a mean field
approach to analyze the quantized theory. We show that the diagonalization of
the field Hamiltonian defines a new vacuum state, energetically favored with
respect to the free vacuum. Such a vacuum, which is a condensate of particle-
antiparticle pairs, is characterized by a nontrivial expectation value of the axial
current operator. The new source of axial current, here obtained, can have
effects both at the atomic level and at the astrophysical-cosmological level
depending on the origin of the spin—spin interaction term. The condensate
spontaneously breaks Lorentz symmetry, therefore it implies the possibility of
CPT violation in the early universe. Furthermore the condensate induces a new
source term in the gravitational field equations and may affect the dark sector
of the Universe at cosmological level.
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1. Introduction

Condensation phenomena are ubiquitous in physics. In Quantum Chromodynamics the for-
mation of quark condensates due to the strong interaction is responsible for the spontaneous
breakdown of chiral symmetry [1, 2]. Superfluids [3—7] and superconductors [§8—11] are
likewise characterized by a condensed vacuum state. Particle creation phenomena such as the
Hawking—Unruh effect [12—15], the Parker effect [16, 17] as well as the emergence of the
Casimir force [18-20] and the flavor vacuum in particle mixing [21-39] can all be understood
in terms of a condensed vacuum state. As it is the case, e.g. in superconductivity, the
appearance of condensates can be associated with a phase transition, and thus with the
spontaneous breakdown of a symmetry. The vacuum of the theory acquires a non-trivial
energy-momentum content in virtue of its condensate structure, leading, in the case of
superconductivity, to an energy gap with respect to the ordinary phase. That four fermion
interactions may induce spontaneous symmetry breaking is not a novelty. In perturbation
theory the topic is usually treated by means of functional methods [2, 40-43]. Here we follow
a different, complementary route, solving the field equations with an axial current directly,
and then imposing self-consistency conditions in a mean field approximation. Despite being
more involved this strategy has two advantages. Firstly it makes the relationship between the
spontaneously broken vacuum and the free vacuum transparent in terms of Bogoliubov
transformations, allowing for a simple computation of any observable in the broken symmetry
phase. Secondly, the method can be straightforwardly generalized to curved space, where
functional methods may be ill-defined.

On the other hand a concept which emerges in differential geometry and applies to several
different systems, ranging from cosmology to condensed matter and particle physics is that of
torsion [44-54]. Many aspects of torsion play crucial roles in the physics of materials like
graphene, in the spacetime geometry of the early Universe and in supergravity (SUGRA)
theories [55]. The torsion effects in such contexts are in principle experimentally testable and
graphene, where torsion is associated with appropriate dislocations in the material, gives the
opportunity to test the predictions for the high-energy theories in a controllable laboratory
environment.

Torsion is responsible for the appearance of a spin—spin interaction among Dirac fields.
The purpose of this work is to analyze the possible formation of fermion condensates due to
such kind of spin—spin interactions. We reveal the presence of a new source of axial current
due to the condensed vacuum generated by the spin—spin interaction. The theory we discuss is
described by the Lagrangian for the Dirac field with an additional pseudovector interaction
which is quartic in the fermion field. Such an interaction may emerge also as a consequence of
spacetime torsion. By employing a mean field approach, we effectively transform the quartic
field Hamiltonian to a quadratic one, which can be diagonalized upon quantization of the
Dirac field. The diagonalization, achieved through an appropriate Bogoliubov transformation,
defines a condensed vacuum, which is unitarily inequivalent to the vacuum of the free theory,
in the limit of infinite volume. In particular, the inequivalence between the two representa-
tions induces an expectation value of the axial current on the condensed vacuum which is
different from zero. A set of self-consistency equations for the mean field is derived and the
energy gap between the free vacuum and the condensed vacuum is computed. We further
discuss the range of validity of the mean field, showing that it leads to a condition on the
value of the ultraviolet cutoff Q.

The vacuum contribution to the axial current, which we show, represents a source of axial
current due to a purely quantum effect, which can manifest itself in different physical phe-
nomena and at different scales, from atomic to astrophysical-cosmological scale, depending
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on the origin of the spin—spin interaction. For example, it can be due to coupling with an
external field or due to torsion in the Einstein—Cartan theory. Indeed, while the origin of the
spin—spin interaction term may be any, it is in particular a byproduct of gravitational theories
with torsion. Next table top experiments on graphene could also allow to study the new
source of axial current (and indirectly, of torsion) originated by the vacuum condensate
presented in this work.

Considering gravitational theories including a torsion term, as Einstein—Cartan, the con-
densate may bring along a new contribution to the gravitational field equations, possibly with
an impact on the dark sector of the Universe. This is apparent, in the present flat spacetime
context, from the appearance of an energy gap. Depending on the nature of the underlying
torsional theory, possibly featuring a propagating torsion [52-54], the condensate here
described may, to different degrees, affect the corresponding cosmological models. We also
point out that the vacuum condensate spontaneously breaks Lorentz symmetry, therefore
implying the possibility of CPT violation. Indeed Lorentz symmetry is spontaneously broken
both because the vacuum acquires a non-trivial energy and because the full rotational sym-
metry SO(3) is broken down to SO(2) rotations around a preferred direction in space,
determined by the expectation value of the axial current. Since Lorentz invariance is spon-
taneously broken, one of the basic hypotheses for the validity of the CPT theorem is lost,
allowing for violation of the CPT symmetry.

For simplicity, in our treatment we will consider massless fields, the generalization to
massive fields representing a fairly straighforward extension. Moreover, the theory is set in
Minkowski background, while its extension to curved backgrounds shall be pursued in future
works. The latter generalization shall certainly modify the details of the computation,
nonetheless leaving the essential features of the theory unaltered.

We also note that the spin—spin interaction term is loosely reminiscent of the four-fermion
interaction in the BCS theory of superconductivity. We build on such loose analogy pursuing
a mean field approach and highlighting, where present, the similiarities. Another close relative
of the axial vector interaction is the Heisenberg model of (anti-)ferromagnetism (see e.g
[56, 57]), since the former effectively reduces to a spin—spin interaction in the non-relativistic
limit. In many respects the axial vector interaction does indeed represent the relativistc
quantum field theory equivalent of a Heisenberg model. Although considerations regarding
the phase transition are not of interest to us in the current work, it is worth noting that the
same kind of symmetry (the SO(3) rotational symmetry) is spontaneously broken by the
vacuum condensate that emerges due to the axial interaction. Notice that this implies a
breakdown of Lorentz symmetry, through the appearance of a preferred direction. The con-
densate may then be particularly relevant in the early universe, where it may play a role in
determining the original baryon asymmetry.

The paper is structured as follows. In section 2, we introduce the quartic fermion
Lagrangian and we quantize the Dirac field. Then we diagonalize the Hamiltonian by means
of a Bogoliubov transformation and introduce the vacuum condensate. In section 3, we derive
the vacuum expectation value of axial current on the vacuum condensate and obtain self-
consistency equations. The energy gap between the original vacuum and the condensed one,
together with considerations on the validity of the mean field approach are also contained in
this section. The last section is devoted to the discussion of the possible implications of the
fermion condensate and to the conclusions. In the appendix A, we report the computations of
the angular integrals appearing in the calculus of the vacuum expectation value of the axial
current, while some details of the computation of the vacuum expectation value of J 5”]5 are
presented in the appendix B.
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2. The model

We begin our analysis by considering a Dirac lagrangian £ containing the quartic spin—spin
interaction term (possibly due to torsion in Einstein—Cartan theory). We use the mean field
approach to transform the quartic Hamiltonian H corresponding to £ in a quadratic one. We
quantize the Dirac field and diagonalize H, for simplicity, in the case of massless fields.

Our starting point is the quartic Fermion Lagrangian in flat spacetime (the mostly minus
signature is employed):

L= Lo+ Lsgn-spin = 5T00 = Qulby ) — mip + Xy, 1)

where m is the mass of the Dirac field, 7> = i7°y'+?*~’ and we use the Dirac representation of

the gamma matrices. The coupling constant A depends on the origin of the spin—spin
interaction. For example, for the contact interaction induced by torsion in the Einstein—Cartan

theory [45], one has A = —%l,%, with lp = 1/’2—? the Planck length'. The sign of X in particular

is essential. Setting J3* = »y>y#y), the spin-spin interaction reads Lsyin—spin = AJ>"J; and
the corresponding Hamiltonian is

HSpin—Spin = _MSHJE = _A(JSO)Z + /\JS . JS (2)

with the 3-vectors denoted in boldface. It is clear from equation (2) that the interaction tends
to align the spins when A\ <0, see also [46]. We can intuitively expect that for A <0 this
interaction can determine a vacuum state with non-vanishing spin-density, and this will be
confirmed later on.

In order to characterize the quantum field theory (1) we employ a mean field approach. We
assume that the vacuum state develops a non-zero expactation value

Li () = (I = (0c ()] J#|0c(D)). 3

Here the vacuum state |O¢c(¢)) is distinct from the free vacuum |0) and the subscript C is used
to denote ‘condensate’. Its emergence and its properties will be displayed below. Notice that
we allow for an arbitrary time dependence, but we assume that the vacuum expectation value
(vev) is homogeneous and isotropic. Of course more general spacetime dependencies can be
considered, yet leading to a significant complication of the analysis.

The key assumption of the mean field is that deviations from the vev are negligible
8P H = JPH — L*(#) ~0. This allows us to write

TS = SJOMTY + 2L, (1) — L,(OL"(t) ~ 2J%L,(t) — L,()L' (1)  (4)

and to make the field Hamiltonian quadratic as
H = 1(—iy - V + m)p — 20, ()7 + AL L, (1), ®)

Our task is now to determine the vev L,(#) self-consistently. Quantizing the Dirac field and
diagonalizing the Hamiltonian (5) we shall arrive at a set of self-consistency equations,
analogous to the gap equations in the BCS theory of superconductivity.

! Notice the opposite metric signature when comparing to [45].
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2.1. The Dirac equation

The Dirac equation resulting from the Hamiltonian (5) is
00y = (i - V + my") Y + 2ALo()y) — 2AL(1) - B (6

where we have introduced the matrix

0

»=(7

(%)

and o is the vector of Pauli matrices. It is convenient to use the helicity eigenspinors £ (p),
satisfying the basic eigenvalue equation

(o - )&, (P) = sp&,(P) @)
for s=+1, p=|p| and p = 2. A specific parametrization of £ (p) will be used later on, as
dictated by convenience. The ansatz for solving equation (6) is the plane wave

fos OE,(P)
2, (DSE(P)

where f, s, g, 5 are functions of time to be determined. Once the positive energy solution is
obtained, the corresponding antiparticle solution is simply given by charge conjugation as

ups(t, X) = eip"‘( ®)

g (&)
—f¥ OsED) |

Vp,x(l, x) = el

©)

Inserting the ansatz of equations (8) in (6) and using the defining property of the helicity
eigenspinors equation (7), we arrive at the system of equations

i3tf,,,s(t) (m—Z)\sL(t)-ﬁ P+ 2XsLo(7) ) fps ) fps®
98, )\ p+2MLo(t)  —(m + 20L(®) - p))\ g, ) TP g, ) )

(10)

It turns out that the coefficient matrix A, ((f) commutes at different times if L is constant in
time, thus allowing for a solution in terms of a simple matrix exponential e~1/d4».st) The
solution is more involved for Ly(?) an arbitrary function of time. For simplicity we will stick to
the hypothesis of constant L, and we will verify that it is consistent. The normalized (positive
energy) solutions of the system are in this case:

(0= Wps+m oWyl —2iNsp- [ Lt
K - 3 ~
p.s Q)2 [(@ps + m)? + (p + 225Lg)?

' . yon (1
p+2XsLg efl"‘)ﬁ»stele)“p'fg L(t’)dt’, (1)

()=
Ep.s @3 J@ps + ) + (p + 27sLo)?

where the constant, spin-dependent, frequencies are: w), ; = \/ m? + (p + 2AsLg)?. Then, the
Dirac field is expanded as usual

Bt x) = [ Ayt %) + di 1y 1, %)) (12)

with u, ; and v, ; given by equations (8) and (9) and the coefficients satisfying the canonical
anticommutation relations.
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2.2. Diagonalizing the field Hamiltonian

We can now plug in the expansion (12) in the field Hamiltonian (5). After a lengthy but
straightforward computation we can write

H= [dxH = [d% {Z [Prs (DD bis + OF (Ddidi s + Rics(t)di b s
s

+ R (Db ]+ Sk(O)b] by —
+ SEOb] by + Vi@ dy by + ViDL df _ + Up(t)dk by,
+ Ui _di , + Tedy _di , + T d 4df ) (13)
where the coefficients Py  (¥), Ok (1), Ri. (1), Sks®), Tx. (1), Ur s(t), Vi (f) are given by
2(k + 2AsLo) (kwy s — 2AsmLg)

e ey By VN R

—QmY Lol f (08.(1) + & (Of (O]} (14)

o 2(k 4 2AsLo) (kwy s — 2AsmLg) B r
Ops(t) = —m PR Wk 25\ {k - L(t)
—QuYLolfy (08() + & (Of (O]} (15)
4mAsLo(wy,s + m)e_zi“k~5’e’4iA5’€'.f()IL(’I)d"
Rk s(t) = -

’ (Wrs + m)* + (k 4 2AsLy)?

—252m) Mo (f (1) — g¢ () (16)
k(@) = —22@m (e (k) - LN, O (1) — g (D8 (1) (17)
Te() = 20Q2m3(e*(k) - LN (S, (Of, () — & (Vg () (18)
U(t) = =2XQ@m)3 (e (k) - L) (g ,Ofi () + fi , (D8 (1) (19)
Vie(t) = =2XQ2m 3 (e¥(k) - L) (g ()i (1) + fi (g _(1). (20)

Here fi,, gk are provided by equation (11) and we have further defined the vector
€ (12) = 51 (12)0'57(12). The Hamiltonian of equation (13) is not diagonal in the field operators
and can be diagonalized by means of a proper Bogoliubov transformation. While the latter
may be constructed in the general case, its determination is quite involved. A significant
simplification occurs in the massless limit m = 0, where the mixing of the 4 operators by .,
dy + 1s reduced to the mixing of only 2 of them. In the following, for sake of simplicity, we
consider such a case. For m =0 the Hamiltonian coefficients (14) become

Prs = |k 4 25ALg| — 2sAL(7) - k; (1)
Or.s = sign(k + 25ALg)(2sALg — k) — 2sAL(1) - k; (22)
Rk,x =0; 23)
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Se= —A(e® - LI)(1 — sign(k + 2\Lo)sign(k — 2ALg))els s~ g M- [ Laar!

(24)
—e*k) - L)
T = | ——2—="|s;; 25
k (6(]()'14(0)1: (25)
Ue = —Me(k) - L(1))(sign(k — 2\Ly) + sign(k + 2A\Lg))ei@e+twer (26)
e*k) - L)
v, = | ————=—|u,, 27
% (e(k)~L(t))k 27

respectively. It is further convenient to write the Hamiltonian as H = f d3kB,T€HkBk, where
‘H; is a momentum-dependent hermitian matrix and we define the column vector
By = (b, br.—, dkT! - d,if)T. Now, depending on the sign of ALy, we can distinguish three
cases. We consider explicitly ALy > 0, but the opposite sign can be treated analogously:

1. k<2ALy. In this case Up=0=1V, and the Hamiltonian matrix H; is (setting
e = (e (k) - L(@)))

Wit — 20L - k —2/\/1,kez""efz‘wglf(:l““/)dﬂ 0 0
—ZAute’zik‘eAiN;'ﬁ:L(NW Wi + 2AL() - k 0 0
0 0 oo — DLOE 2 e e[ L0
0 0 up,:ezik'e*‘“*i‘for“”d“ —wes 4+ 2AL@) - k

In order to diagonalize this matrix it is sufficient to consider a Bogoliubov transformation
that mixes by with by _ and dj_, with dj__. Since no creation operator is involved, we
can anticipate that these modes (with k < 2ALg) will not contribute to the vev, and the
details of the transformation are irrelevant to the final result.

2. k=2M\Lg. In this case the Hamiltonian is already diagonal and Hj reads

4NLg — 2AL(1) - k 0 0 0
0 2A\L(t) - k 0 0
0 0 —2A\L(1) - k 0
0 0 0 2AL(1) - k
3. k> 2M\Ly. The Hamiltonian matrix is
Wiy — 2AL@) - k 0 0 —2 Ay eBk
0 wi— + 2>\L(t.) -k —2\ kel ) 0 28)
0 —2X\e @M 2M\Lg — k — 20L(1) - k 0
—2\ ek 0 0 —k — 2MLo + 20L() - k

The third case (28) is the only relevant one to the computation of the vev. For the modes with
k>2ML, the Hamiltonian mixes b, with d;  and by with dj,. To diagonalize
equation (28) we postulate a Bogoliubov transformation of the form
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Bk,s(t) = CoS ®k,s(t) bk,s — el Wgin @k,s‘(t) dlj,fx
D,is(t) = cos O (?) dlis + e i Wsin Op (1) by . 9

While equations (29) define a canonical transformation by construction, the explicit
form of O (f) and 6 ,(f) has to be extracted from the requirement of diagonali-
zation, so that in terms of the new operators the Hamiltonian is simply H =
¥, [ Pk (Es()BL (B (t) + Ee()D] (1)Dies (1)) for some real (1), Ex(r). It is
straightforward to check that this is achieved with

sin Oy (1)
_ AN
\/[2(1( + 2sA(Lo — L(t) - b)) + J4[k + 25A(Lo — L) - ©)F + 160, 2 P + 1622|112
*
itk +(0) — M_kGZikt; itk —() — ”_kezim’ (30)
|Hk| |,Uk|

where we recall y, = (6(12) - L()). It is important to notice that the Bogoliubov
transformation of equation (29) does not mix different momentum components and that it
does only make sense for the modes with k > 2\L,. A distinct transformation holds for the
modes with k < 2Ly, yet, as already precised, its details are irrelevant to the computation of
the spin vev. The new operators for k < 2Ly, mixing only annihilation operators with distinct
helicities, do indeed share the same vacuum as the original operators by ., di 1, which we
denote by |0):

br +|0) = 0;  di +|0) = 0.

On the other hand, the Bogoliubov transformation of equation (29) defines a new time-
dependent vacuum state |0¢c(7)) given by

Bs()10c(®)) = 05 Dys(0)[0c(®)) = 0. €1y

By the usual arguments [58, 59], it can be seen that the two vacua belong to unitarily
inequivalent representations, and that, in particular, the |Oc(f)) vacuum is a condensate of
fermion pairs, with condensation densities proportional to sin® Oy (¢) for the two helicities.
For further manipulations it is also convenient to define a generator of Bogoliubov
transformations R (¢), implicitly given by

R by sR(1) = Bis(1); RNt dysR(t) = Dy s(1); 10c()) = R™1(2)]0). (32)

The generator can be determined explicitly by means of the Baker—Campbell-Hausdorff
formula [60], but for our purposes it is sufficient to notice that its general form will be
R(t) = eOOF esdis) for some function F of the annihilation operators, as appropriate for a
rotation by an angle Oy ((¥). Its inverse does simply perform the opposite rotation by —Oy (7,
so that

R(1) b, R1(t) = €08 Op (1) by + €% Osin O (1) df _
R(1)d} ;R7I(1) = cos O (1) dff ; — e ¥esDsin O (1) by, s, (33)

compare with equations (32) and (29).

3. Vev of the axial current and self-consistency equations

Using the results obtained above, we can now give a more precise meaning to equation (3) as
the expectation value of the axial current on the condensed vacuum |O¢(¢)), as defined by

8
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diagonalization of the field Hamiltonian:

L (1) = (0c(®)| Py y"l0c(D)). (34
Then, we derive a set of self-consistency equations and compute the energy gap between the
free vacuum |0) and the vacuum |Oc(¢)). Moreover, we show that the mean field approach
imposes a condition on the value of the ultraviolet cutoff Quy.
We begin with the 0 component of equation (34). After plugging the field expansion (12)
we obtain

0= =3 [ & [ dq @0 (Ar g, 0cO)] b, by, l0c(n)

+ Bk,q,r,_v(OC(t)l b;’rd;’sloc(t»
+ Ck,qm,x(oc(t)l dk,rbq,sloc(t)> + Dk,q,r“v(oC(l‘)l dk,rd;;,sloC(t))}, (35)

where the coefficients are

Akgrs = OGS 8, + 188 S0
Bigrs = ERVE @D (—sfy [ +rep a0
Chgurs = §(RVE(D) (58, 8s — M dfys):
Digrs = E V@ (=58 S —he 80 )-
The expectation values can be computed in a simple fashion using equations (32) and (33):
(0c(D)] b by 10c(1)) = (O] R(1)bxrbg s R™(1)]0)
= (0] R()br, R (t)R()by sR™'(1)|0)
= (0(cos O, (1) by, + e ¥ Dsin©, () dk ) (cos Oy 5(1) by
+ ¢l Osin Oy (1) d, _)10)
=8k — q)6,sin* Oy, (36)
and similarly
(0c()| by d] |0c(1)) = 83k — )6y sin O, cos O e~ 1%
(0c(D) disbys|0c()) = 8*(k — )6, sin O, cos O, e % -
(0c(®)] disdg JOc(r)) = 8k — )y c0s” O . 37
Inserting equations (36) and (37) in (35) we obtain

L=-> f &Pk {Ap iy Sin?> O, + Dy gr.rsin? O _,

+ (Bik.r.—r cOs O, sin Oy e % + c.c.)}.

Considering that Ag g, = —Dygr, = ﬁ and By, =0 = Cyr.—» L° further simplifies
to
=- -1 f &% (cos? O, + cos? O _, — 1) = 0, (38)
p 2(m)3

where the last equality follows noting that the summand is odd in r. Equation (38) represents
the first self-consistency equation.
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Notice that, a priori, the momentum integrals in equations (35) and (38) extend from k =2\L,
to oo (since the modes with k < 2\, yield zero contribution). The helicity sum in equation (38)
vanishes regardless, setting the first self-consistency equation to the condition L°=0. This is
consistent with the initial assumption of constant L. In addition, since 2AL° =0, it is always the
case that k > 2\L°, and the momentum integrals for the remaining components must extend in the
whole range of momenta. Following similar steps we can write down the other self-consistency
equation as

L) =—

£ o 21kt
— f &k {% cos Oy, sin O e 1%+
7

4 3 fd3kl€(cosz O, — cos?O_, + 1)

6*(](,\) o 2ikt

e cos O _sin Oy _e - 4 c.c.}. (39)
vy

Up to now all the computations performed have been non-perturbative. To proceed with the
explicit analytical evaluation of the integrals in equation (39), we now perform a perturbative
expansion of the integrand with respect to the coupling ), truncating at order three. It’s easy
to check that had we to stop at the first order in A (the second order vanishes identically) only
the trivial solution L = 0 would be found. It is likewise clear that more approximate solutions
emerge as more and more orders are included, eventually approaching the exact set of
solutions. After simple algebraic steps we verify that at order A\* the consistency equation (39)
reads

L) = ——fd*k—|uk|2(L(t) k) — —fd3k

ety x “ .
X { m LA F[16(L(t) k)2 — APl e )y + c.c.}. (40)

Notice that due to the definition p;, = € (12) - L(¢), each term p amounts to a term linear in L
(9). Therefore the above equation is a cubic algebraic equation for the vector L(f). The integral
over the angular variables in polar coordinates, for which some details are shown in the
appendix A, can be computed straight away. The result is

4 64 XL (1) dk
Lo = —25L0 [dek - =20 f 41
() =~ 5LO L) (41)
The momentum integrals are respectively ultraviolet (UV) divergent quadratically and UV

and infrared (IR) divergent logarithmically. In order to regularize the integrals, we introduce
UV and IR cutoffs Qyy and Qpgr, so that the consistency equation can be written as

22 64/\ (0]
L(t){l + ﬁ(gfw (H)In (qu )} =0. (42)

157 IR

Some comments are now in order. As anticipated, equation (42) is a homogeneous cubic algebraic
equation in L(7). As a consequence the trivial solution L(f) =0 is admitted. Similarly, due to its
algebraic nature, equation (42) does not determine the time evolution of L(7), only constraining its
form at any given time. Thirdly, the perturbative nature of the equation is manifest, and it is
understood that it represents the O(\’) expansion of a trascendental exact equation, analogous to
the gap equations in superconductivity [8—10]. We may further expect that the following terms

10
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involve UV convergent (but IR divergent) momentum integrals and that only the odd powers of A
shall contribute (except for the zeroth order). It is likewise clear that a non-trivial solution of
equation (42) is possible only for A <0, i.e. in virtue of equation (2), in presence of a
‘ferromagnetic’ interaction that tends to align the spins (as it is the case for the torsion-induced
interaction). The non trivial solution has to satisfy

-[1+ 20k - ob) ]

L2(t) = 4
= o (QL) | @3
1572 OR
which, considered that \ < 0, makes sense for
2\
+33(Q0v — Qi) > 0. (44)

Therefore there exists a set of non-trivial solutions L(#) of constant square modulus given by
equation (43), for coupling constant in the range
2.2
0>\ > % (45)
2(Q¢v — Oir)
Interestingly, the above inequality can be seen the other way around, as giving a natural
bound on the cutoffs

2
Qv — Oir < —. (46)

3.1. Fluctuations and validity of the mean field

According to the Ginzburg criterion [61], the mean field approach is sensible as long as the
fluctuations around the expectation value of the order parameter can be neglected with respect
to the expectation value itself. The relevant inequality reads in our case

|<U% — LW} — L) > | = |<JI} > —LIL,| < IL'L,], @7)

where the angular parentheses denote the expectation value on the condensed vacuum |0¢())
and the definition of L* has been used in the equality. The evaluation of <J 5“’J5> is quite
involved and it is shown in some detail in the appendix B. To lowest order the inequality (47)
is, using equation (B3)

L~(t) - ?(QUV - OiR)(Quv — Or) — Q(QUV —OR) | < L*(1)
and then
2)2 22
I — == (Qdv — O Quv — Ow) — = (Qdy — ORR)* | < 1. (48)
o o
Neglecting Qg with respect to Qyv, the condition is satisfied when
37T2
49
Qiy =~ 20 49)

i.e. the mean field is more accurate the closer is the UV cutoff to saturating the bound
provided by equation (46). Interestingly the mean ﬁeld theory is in a certain sense self-
regulating: the cutoff has to be just slightly below ——— in order for the mean field approach to
be reasonable.

I/\I
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Notice that this has important consequences on the expectation value of equation (43). Con-
sidered that the numerator of equation (43) is (neglecting the infrared cutoff) —(1 - 23|:2 lQ(_zw),
the inequality (47) implies that the mean field is more accurate the smaller is the expectation value

L*(). Still neglecting the infrared cutoff and denoting as A = 1 — g—ﬁQ{}V we indeed find

L) xl —+1 —A =~ %, where the last approximate equality holds for A < 1, i.e. in the
region of validity of the mean field approach.

It is now appropriate to give some additional remarks about the UV and IR cutoffs. While
equation (46) gives a milder relationship between the UV cutoff and the coupling constant,
equation (49), which is the expression of the Ginzburg criterion, yields a much stronger
constraint. The first thing to notice is that the two are compatible, in that the constraint
provided by the requirement of small fluctuations sits at one of the extremes of equation (46).
If equation (46) gives a general limitation on the possibility of the condensate formation,
equation (49) tells that the condensate can be formed, and that further it can be well described
by mean field, exactly when the coupling constant and the UV cutoff are so related. Since the
coupling constant is to emerge from an underlying fundamental theory, it is really the UV
cutoff that is constrained by equation (49), and, as we will discuss in a moment, in a
reasonable way. When the source of the axial interaction is spacetime torsion, the coupling
constant is related to gravitational effects. For instance the prototypical Einstein—Cartan
theory exhibits a coupling constant A = —%lﬁ , proportional to the square of the Planck
Length [p. Consequently the UV cutoff is required to be of order of the Planck Mass Mp. This
isn’t truly a limitation, since quantum gravitational effects would emerge beyond, rendering
this low energy theory inadequate. The situation is similar if the interaction emerges from the
exchange of a boson. In this case the coupling is actually related to the (inverse squared) mass
of the carrier, say M, which then is required to be the UV cutoff by equation (49). Yet it is
clear that beyond M the low energy theory is to be replaced by the high energy renormalizable
theory, and that the contact interaction must emerge from integrating out all the degrees of
freedom above M. Once again, then, the cutoff imposed by the mean field is the natural UV
cutoff of the theory. If the interaction is originated by spacetime torsion, it is unclear whether
the coupling constant may actually be related to the mass of an exchanged particle. As
signalled by its dependency on the Planck length, the nature of such coupling constant is
presumably related to quantum gravitational effects. When fluctuations are as large as the vev,
i.e. when equation (49) doesn’t hold, this regime is by definition outside the validity of the
mean field, and other approaches are needed to deal with both non-linearity and large fluc-
tuations. Such regime is beyond the scope of the current work, which focuses on the infor-
mation that can be extracted already at the level of mean field, and may be explored in future
works. Finally, the IR cutoff does really emerge here as a consequence of the massless limit,
employed to simplify the treatment. In a theory of massive fermions, no need for an IR cutoff
arises, which is instead replaced by the fermion mass m.

3.2. Energy gap

From equation (43) we can easily compute the energy gap between the free vacuum |0) and
the condensed vacuum |O¢(¢)). With reference to equation (5), we have

(O]:H: [0y = Eg — 2AL,(1)(0] J3|0) + ALF(1)L,(t) = +AL (1)L, (1), (50)

where & is the kinetic zero point energy density, equating zero for the normal ordered (with
respect to |0)) Hamiltonian :H:, and we have used (0| J3|0) = 0. On the other hand

12
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(Oc(D]:H: |0c(1))
= Ean — 2L, (1){0c ()| J3#0c(t)) + ALF(t)L,(t) = Exny — ALF (1)L, (1), (51)

where we have used the definition of L*(¢), and also in this case, the Hamiltonian is normal
ordered with respect to the free vacuum. At odds with the free vacuum |0), the condensed
vacuum has a non-zero expectation value for the kinetic term &,y that can be computed
straightforwardly using equations (36) and (37). The result is, taking into account the
massless limit and Ly =0,

k. 2N |tz |
Ean = d3k sin? @, ~ =2 [ @3k, 52
KIN ;f o) s f . (52)

Here the final equality holds to lowest order in A (see appendix B). The integral can be
evaluated using the momentum cutoffs, yielding

NL2(H)
372

Integrating over a volume V and taking the difference, we find the energy shift as

(Qdv — Om)- (53)

5K1N =

AE = [ @x((0cl:H: [0c0) — (01H: 10)) = VEiax = 2VALK(OL,(1)
= 2VAL2[1 + &(Qév - Qﬁo]. (54)

This equation holds regardless of any condition on the cutoffs and/or the coupling constant.
Recalling that A < 0 by hypothesis we can rewrite it as

A
62
In this form it is evident the balance between the (positive) kinetic and (negative) potential
energy in the spontaneously broken vacuum. For the condensed vacuum to be favored the
coupling must be smaller than the critical value |\
62

Qdv — Ok
Beyond || the kinetic energy, going as N’L?, overcomes the potential energy, rendering the
condensed vacuum unfavorable (and thus unstable).

In the range of validity of the mean field, however, we have additional conditions

regarding the coupling constant. Indeed, considering the limitations on the ultraviolet cutoff
of equation (49), neglecting the infrared cutoff and writing A = — ||, we get

AE = —2V|A|L2[1 - S — Qé)]. (55)

Al < A = (56)

AE = —%V|A|L2. (57)

We can see that within these assumptions the condensed vacuum is therefore energetically

favoured with respect to the free vacuum. Notice that in this case || ~ 23Q7r, < | A as it
uv

should be.

4. Discussions and conclusions

We discuss now some implications of the appearance of a non-trivial VEV of the axial
current, and then we draw the conclusions.
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In torsionful theories of gravity the axial current generates a new source term for the
Einstein field equations. In particular, in Einstein—Cartan, the field equations would read [50]:

1 3
Rl“’ — Egl”’R = 87TG7;U/ + agﬂVLpr' (58)

Here R,,,, R are the Ricci tensor and scalar, g, is the metric and 7, the energy-momentum
tensor. It is worth noting that a similar term would arise also in f(R) theories including
torsion. The extra source term could be relevant cosmologically, eventually contributing to
the dark sector of the Universe and affecting the dynamics of the early universe. As an
example of the effects that fermion condensates may trigger, see [62]. The analysis on the
cosmological aspects of the vacuum axial current will be treated in a furthercoming paper.

Another immediate consequence of a non-zero expectation value for the axial current is the
breakdown of Lorentz symmetry [63, 64]. The spontaneous symmetry breaking which char-
acterizes the condensed vacuum does indeed spoil rotational symmetry, determining a preferred
spatial direction, thus breaking also the Lorenz invariance spontaneously. As it is the case for
other fermionic condensates [65], also discrete symmetries, and in particular CPT, may be vio-
lated by the VEV of the axial current. In fact the VEV implies, in particular, a different number of
right and left helicity fermions. In view of Sakharov’s conditions [66], the consensate might then
be relevant for baryogenesis, inducing the primordial matter-antimatter asymmetry.

The appearance of a spontaneous Lorentz violation unrestricted in space may seem bothering.
However this is the byproduct of our simplifying assumptions on the VEV of the axial current,
regarded as uniformly distributed in space. A more physically reasonable situation involves
expectation values confined to regions of space with finite extent. This possibility shall be
explored in future works, along with the appropriate generalization to curved space.

In conclusion, we studied the Dirac Lagrangian containing a quartic spin—spin interaction term,
adopting a mean field apprach. We have shown that the quantized Hamiltonian, once diagonalized,
leads to a new vacuum state, which is a condensed vacuum, energetically favored compared to the
free one. We have obtained a set of self-consistency equations, discussing the limits of validity of
the mean field, and computing the energy gap to leading order in the coupling. The condensed
vacuum features a non zero expectation value of the axial current. This new source of axial current
may have important implications, in particular for cosmologies that include torsion. The condensate
does indeed bring along a new source term for the Einstein field equations, that may contribute to
various degrees to the dark sector of the Universe. Even more important might be the role of the
condensate in the early universe, due to the spontaneous breakdown of Lorentz symmetry and the
induced violations of discrete symmetries. Finally, its effects may be in principle tested considering
appropriate configurations in graphene [44]. The analysis conducted here may be extended in
several directions, eventually lifting some of the simplifying assumptions made. Both statistical
considerations, regarding the phase transition to the consensed vacuum and the study of the theory
at finite temperature, and cosmological considerations, based on specific torsionful models, will be
the subject of future works.

Data availability statement

No new data were created or analyzed in this study.

Appendix A. Computation of the angular integrals

The purpose of this appendix is to compute the angular part f_l | dcosf j(; o d¢ of the integrals
appearing in equation (40). The helicity eigenspinors can be written as
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o O
R COos 5 R —€ sin 5
£ (k) = ol 0= ; (Al)

e/ sin — cos —
2 2

where it is understood that § and ¢ denote the angles formed by the unit vector
k = (sin @ cos ¢, sin § sin ¢, cos #). From equation (A1), follow the vector
1 + cosf — e %1 — cosb)

2 9
L Dy '
i—1icosf 12e (1 — cos 9)’ e‘¢sin0)

(k) = & (kyo¢ (k) = (

(A2)

and the scalar

L(1)

1 = €(k) - L(t) = T[1 + cosf — cos2¢(1 — cos 0)]

Ly@) . .
— Tst(b(l — cos ) — L,(t)cos ¢ sinf
L,(0)
2
X [1 4 cosf + cos2¢(1 — cosB)] + L,(t)sin ¢ sin 0}. (A3)

+ z{L"T(t) sin2¢(l — cosf) —

The term linear in L(#) of equation (40) is proportional to SR(e (lg)u}t). The x component for
instance reads

R(e (k) 1) = L"T(t){[l + cosf — cos2¢(1 — cos0)]? + sin?26(1 — cos0)?}
+ L@ {—sin2¢(1 — cosB)[1 + cos@ — cos2¢p(1 — cos )]
— sin2¢ cos 2¢(1 — cos#)? — sin2¢ sin® 0}
+ L@ {—cospsinf[1 + cos — cos2¢(1 — cos 6)]

+ sin2¢ sin ¢ sinf(1 — cos 6)}.
The ¢ integrations washes out most of the terms above, since j(; o dpcos2¢ =

j(‘)ZWd(;SSinZ(f) = ‘f(‘)zwdgbsianScode) = j(;%dqbcosqbcosZ(;ﬁ = j(‘)zwdgbcosgb =

fo a d¢ sin ¢ sin2¢ = 0. The only surviving terms are those proportional to L,(f), yielding
1 2m N 87
f dcos f doR (e, (b)) = L) (A4)
-1 0

The other components can be treated likewise, so to get
1 2m A 87
f dcos f Ao (e )yip) = L. (AS)
-1 0

The cubic terms are more involved, but they can be easily evaluated making use of
equation (A3). We quote the final results
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Sﬂfz (t)L( 9

fl dcos@fzw dé R L PAL@) - ) =
-1 0 k

| ]1 deost | T dR(N6LO - B2 — A Ple@4i) = 0. (A6)

Appendix B. Vacuum fluctuations

In this appendix we show some of the details of the computation of <J 5“J/f>. First, with
reference to equation (35), we write

Lr ==Y [k [dq @R (AL (0c(®)] b ,bysl0c())

r,s

+ By, 0] b ,df J0c))
+ Cllgor 0] di by 0c()) + Dfy , (O] disddy J0c(D)) ). (B1)

The four-vectors coefficients have the form A} @ = (Akg,rs» Akgrs) where the time
components are explicitly given below equation (35) and the spatial components are

Akgrs = E R TEDIV L Sy + 7588 18405
Bigrs= (R @ISF 80 58, I
Chgrs = E RV TED) @, Sy — T ,80.0);
Digrs = ERVTED) &, 87 s 7)-

In terms of these coefficients one has

<J5;LJS> — < Z fd3k1 fd3k2 fd3k3 fd3k4ei(kz+k4—k1—k3)~x

$1,82,53,54
X {Aléll,kz,sl,sz A;L:k3,k4.sz.x4 b:fm hkz.xzb;cr;.sg bk4,S4
+ Alitl.kz.xl,xz B/L1k3vk4vS31S4bll-1,.v1 bkz,Szbll-g,.g dz4,.v4
+ Al{“l.kZ.SleZ C%L;k3~k4<53vs4h;1.sl bkz,szdk3,x3bk4,x4
+ Alitl.kz.xl,xz Dllrikl-k4v\‘3v¥4bll-1,.r1 bkzyxzdkayss dk+4,x4
+ B’/fll-kz-SL,SzAll;k3~k4v53<54b;1,51 d]jz,sz hlj3,;3 bk4<s4
+ Blitl,kz,.rl,sz B}1§k37k4753754bl‘c[‘1,s1 dl‘c“z,.vz bli’g,u d11-4,x4
+ B’/fll-kz-fmz Cllik3¢k4-53~54blj1,sl dlzz,sg dk3,x3bk4,s4
+ Blitl,kz,.rl,sz D/‘9k3vk4733~*'4bl-c;-1,x] dl‘l‘z,xz dks,ss dl-c[-4,x4
+ C’/fli,kz‘51.szAuika‘km&mdhvmbkz‘sszI;,g biey,s4
+ C’tllkale.XZ 5t:k3,k4,.V3,.V4dk1,.\'1 bkzy.\‘zblrg,xg dlr4,s4
+ Cllcbl,kz,n.iz Cusks.ku,%.mdkl.xlbkz.szdkg,sgbka,m
+ Cléll,kz,xl,xz Dﬂ:ks,kmxs,mdkl,nbkz,.vzdksys,xdl:r‘;,.u
+ Dlé‘l.kz.il,Sz AH?"S-’%JB-M dklvsldliz,sz bl:j;,s} bk4,s4
+ Dlétl,kz,s],sz B;A;k3,k4,x3,x4dk1,s1 d;z,.vz bz3,.r3 dlj4,.v4
+ lefll,kz,sl,sz CAL;k3,k4,33A4dk1~Sld;z,sz dies,53Dk4.50

* B il il
Dkl,kz,.v],sz D/L1k3,k4,S3vS4dlil dkz,sz ko-XS dk4.x4 }>
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The expectation values can be computed by repeated application of equation (33). To
exemplify this, consider the first term of the above equation

(b,il,sl bkz,szb]js,s3bk4,s4> = (0c()| b;m bkz,szbll,s3 biy,s,|0c(0))
_ t t .
= (0l R(D)by, 5, iy 5,0k, 5, bkys, R™H(D)]0)
= (0] R(f)b;i',,sl 73_l(I)R(I)bkz,szR_l(I)R(l)kas,s3 ROR®) by, s, R71(1)]0)
= (0|[cos @kl,s]b,jl,sl + e ks sin Oky.5,dky,—s5,1[cOS O, 5, bi, 5,
+ el%25in Oy, ,,d ,Zzﬁsz]
X [cos @ka,%bkz’s3 + e ks sin Oty 53@ks,—s5;,1[cOS O, 5, bi, s,
+ el sin Oy, g, dff _ 1]0)
= e PhseiPran sin O, , sin O, ;, (O di, —s, [0S O, ,bi, s,
+ e'®k2sin GkaSZd’jz,—Sz]
X [cos @ks,ﬁbkz,‘f} + e 10353 8in @k3,53dk3,753]d]:4,_s4|0>
= e Prseifrassin O, ; sin O, ;, (0| di, s,
{cos O,,s, cOS (9,(3’53bkz,hb,j}’s3
+ eiChn=0kn) 5in Oy, sin O, o dff | di, s }d[, _, 10)
= e knei®han sin O, , sin O, 5, 08 O, 5, €08 O, 6> (kg — kg) 83 (ky — k3) 65, 5,0
+ e kneihanelChan=0.9) sin O ¢ sin O, ,
sin 6"2,32 sin @k3’5363(k1 — k2)53(k3 — k4)5s|,32533,34-

$2,83

Doing so, we arrive at

5 L .
<J5u‘],u> = Z fd3k1 fd3k2 {Alfl,kz,s],sQ A#kaklssle sin? levsl cos’ @kzysz

51,82
I
+ A,

e~ ¥k sin O, ;, cos O, _y, cos? O, o,

) 102 Iz
kl,sl,xlAll;kzakz,Sz,Sz sin @kl»sl sin 6k2,sz + Akl,kz,sl,xz BMkz,klySz,*Sl

—is ) .
+ A’éll,khsl,sl Bl%kzskzaszv*b‘ze k22 s1N @klssl Sin @kzaé‘z Cos @kzvfsz + ..}

where we have omitted similar terms To proceed with the evaluation, we expand in powers of
A, taking into account that

sl | (L - &) ||
e 2%k

2k?

sin Oy 5 ~~ )\M + 22 +O0NV); cosO 1 — N + 0. (B2
It is straightforward, although lengthy, to check that the orders A° and ' yield no
contribution. At order A%, out of all the terms appearing in the sum only four survive. We give

below a detailed calculation of the first of such terms, namely

_ 3 3 L ) 2
L= Z fdkl fdszlil,kz,xl,hAﬂ:kzskhé'z)sl Sin @kal cos @stSZ

S1582
2 3 3 1 |“k1|2 3
=\ Zfd.klfd.szkl,kz,s],sgAllr;kz,kl,sz,fl k2 + O(N).
S1,82 1
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By the definition

AL fosioss Ackakrissss = (2" ;2 (€] )&, (k) P — 1€ ot (ko) P,

so that

i, P 6, . 0 6, . 6
I = By [Pk —2— 1 8 cos(dh, — ¢,)cos — sin — cos —= sin —
1= [k [ 02 { (P — &) 5 5 5

(2 )6 2
—4 cos? o sin? b2 _ 4 cos? b2 sin? o }
2 2 2 2

Here the angles ¢;, 0; are those defining the directions lgj We perform the @k, integral first in
polar coordinates. The first term vanishes in the ¢, integration, while the others give

., 0 Quv 2n 1 1 — cosd 2w
[ hasive 2= [* aiakd [ a0, [ deost(F522) = Zeogy - o)

O 2
[ Pracon %= [* ot [ a6, [ aeostn( 522 ) = Ziog - o
2 O 0 -1 2 3
It follows that
L= 38(7;\; (Qdv — Qik) fd3k|uk| .
This last integral can be computed easily from equation (A3), so that the final result reads
)\2L2(t)

L= (Qdv — Oi)(Quy — Ow).

The other terms can be treated similarly. Overall we find

272
e (” 2XLW 03— 030wy — Om) — 2L (” 22X g2, — 022 + 0N).

(B3)
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