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Recently [N. E. Mavromatos and S. Sarkar, New J. Phys. 10, 073009 (2008) ; N. E. Mavromatos,

S. Sarkar, and W. Tarantino, Phys. Rev. D 80, 084046 (2009)], we argued that a particular model of string-

inspired quantum space-time foam (D-foam) may induce oscillations and mixing among flavored

particles. As a result, rather than the mass-eigenstate vacuum, the correct ground state to describe the

underlying dynamics is the flavor vacuum, proposed some time ago by Blasone and Vitiello as a

description of quantum field theories with mixing. At the microscopic level, the breaking of target-space

supersymmetry is induced in our space-time foam model by the relative transverse motion of brane

defects. Motivated by these results, we show that the flavor vacuum, introduced through an inequivalent

representation of the canonical (anti-) commutation relations, provides a vehicle for the breaking of

supersymmetry at a low-energy effective field-theory level; on considering the flavor-vacuum expectation

value of the energy-momentum tensor and comparing with the form of a perfect relativistic fluid, it is

found that the bosonic sector contributes as dark energy while the fermion contribution is like dust. This

indicates a strong and novel breaking of supersymmetry, of a nonperturbative nature, which may

characterize the low-energy field theory of certain quantum-gravity models.

DOI: 10.1103/PhysRevD.84.044050 PACS numbers: 04.62.+v, 14.60.Pq

I. INTRODUCTION

We have, in an earlier work [1,2], investigated the
behavior of an effective vacuum condensate in a field-
theory arising from a brane model of space-time foam
(D-Particle Foam Model). Within a braneworld context
(cf. [1] and citations therein), this condensate is consistent
with a flavor vacuum [3] of a string model (in a low-energy
limit) that includes string excitations corresponding to
particles of different flavors (on a D3 brane Universe)
and a foam of D-particles (in the bulk); such a condensate
was described through the formalism of quantum field
theory (QFT) on a curved (classical) background [4] and
the Blasone-Vitiello (BV) formalism for flavor mixing [3].

In our earliest investigation [1], a theory of two real
scalar fields with flavor mixing, on a specific expanding
1þ 1-dimensional universe, was considered. The equation
of state p ¼ w� (with p pressure and � energy density),
associated with the flavor vacuum was found to have
w ¼ �1 (on using a suitable regularization). In [2] we
claimed that such a behavior would characterize also
the 3þ 1-dimensional case, in a generic Friedmann-
Robertson-Walker (FRW) universe. Moreover, we ana-
lyzed a theory with two Dirac fields (complex spin 1=2)
on a 3þ 1-dimensional FRW universe. In this context, the
w for the equation of state of the flavor vacuum was found
to be in the range �1=3<w< 0 (the precise value being

determined by the cutoff for the momenta imposed on the
QFT theory), leading to a contracting universe. Therefore,
it has been advocated that this vacuum condensate in a
realistic theory might contribute to the Dark Energy fluid
that has been suggested as an explanation of the current
acceleration of the Universe. This is in agreement with the
general arguments of Ref. [5], except that the analysis of
the model of [1,2] was done more consistently in a curved
background, entailing particle creation and a dynamically
generated cutoff scale. However the bosonic and fermionic
particles were not considered as part of the same
supersymmetric multiplet. Hence for an observer on the
D3 brane a detailed signature of any supersymmetry
(SUSY) -breaking needs to be sought. This will be effected
by considering properties of a flavor vacuum state in a
supersymmetric context.
In our microscopic brane model of [1,2], the seeds of

microscopic Lorentz violation are provided by the recoil of
D-particles, interacting with flavor matter states. An effec-
tive low-energy QFT description of this stringy picture
needs to reflect this. Hence it is important to note at this
point that a QFT, based on the flavor Fock space of the BV
formalism, is necessarily Lorentz-violating. As remarked
in [2], this distinct behavior in the collective properties
between fermions and bosons is a novel nonperturbative
measure of SUSY-breaking, which is consistent with the
Lorentz-violating nature of the BV formalism.
In this article we embark on a detailed investigation of

this point, considering as a simple, but instructive, example
a supersymmetric fluid free Wess-Zumino (WZ) model
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with flavor mixing.1 The structure of the article is as
follows: in Sec. II we introduce the reader to the concept
of the medium of the D-particle space-time foam, which
constitutes a background space-time whose interactions
with open-string flavored excitations in the brane world
necessitate the introduction of the flavor Fock states as the
physically correct excitation spectrum. This illustrates that
the interactions of a model can pick up the flavor vacuum
as the physically correct vacuum, despite the fact that the
latter may not be the minimal energy state in an effective
theory. In the BV formalism this state has been associated
with the vacuum state associated with the Fock space of an
inequivalent representation of the field canonical commu-
tation relations.

In this work, the two-flavor generalization of the free
supersymmetric Wess-Zumino model will be viewed as an
‘‘effective’’ field theory of ‘‘free’’ fields, however now
viewed as (Fock) excitations of the ‘‘flavored’’ vacuum.
In Sec. II we motivate the use of the flavored supersym-
metric WZ model as a prototype effective low-energy
field-theory, describing flavor mixing induced by
quantum-gravity space-time foam, in particular, stringy
D-particle foam [7]. In Sec. III the model is introduced,
with flavor mixing implemented through the BV formal-
ism. In Sec. IV we outline the steps of the calculations of
the expectation value of the energy-momentum tensor in
the flavor vacuum. Further calculational details appear
in Sec. IVA, and we present our results and comments in
Secs. IVB and IVC. Not only a positive flavor-vacuum
energy is demonstrated, but the equations of state for the
fermion and boson parts are different, the bosons resem-
bling a dark energy fluid (of cosmological type), while the
fermions behave like dust. This indicates a strong breaking
of SUSY, of a novel type, going beyond the conventional
supersymmetry breaking situations characterized only by a
nonzero vacuum energy.

Other scenaria, following from nonstandard model phys-
ics, which may lead to flavor condensates (and possible
SUSY-breaking) will be considered in a forthcoming
publication [8].

II. MOTIVATION: D-PARTICLE FOAM
AS A MEDIUM NECESSITATING FLAVOR

FOCK STATES

A. Features of the model

The supersymmetric (string) model illustrated in the
upper panel of Fig. 1 [7] will serve as a concrete framework
for D-foam phenomenology. In it, our Universe, after
appropriate compactification, is represented as a Dirichlet
three-brane (D3-brane), propagating in a 10-dimensional
bulk space-time punctured by D-particle defects.2 As the
D3-braneworld moves through the bulk, the D-particles
cross it. To an observer on the D3-brane the model looks
like ‘‘space-time foam’’ with defects ‘‘flashing’’ on and off
as the D-particles cross it: ‘‘D-foam’’ denotes this struc-
ture. If no relative motion of branes takes place in the bulk
target-space supersymmetry, it implies the vanishing of the
ground-state energy of the configuration. However, if there
is relative motion in the bulk, SUSY is broken and there are
nontrivial forces among the D-particles as well as between
the D-particles, the braneworld and orientifolds [7]. The
resulting nonzero contribution to the energy is proportional
to v2 for transverse relative motion of branes with different
dimensionalities, and to v4 for branes of the same dimen-
sionality (there is no contribution to the energy of a
p-braneworld from motion of other branes in directions
parallel to its longitudinal directions). There is also a
dependence on the relative distance of the various branes.
We shall now give a quite heuristic analysis of the effects
of a gas of D-particles on the flavored string state on the
braneworld. (A more string-theoretic calculation will be
given later which will model more rigorously the flavor
changing feaures of the interaction of D-particles.) In
particular, the interaction of a single D-particle, that lies
far away from the D3 brane (i.e., a compactified D8) world,
and moves adiabatically with a small velocity v? in a
direction transverse to the brane, results in the following
potential3 [7]

V long
D0-D8 ¼ þ rðvlong

? Þ2
8��0 ; r �

ffiffiffiffiffi
�0p
: (1)

On the other hand, a D-particle close to the D3-brane

(compactified D8), at a distance r0 � ffiffiffiffiffi
�0p
, moving adia-

batically in the perpendicular direction with a velocity
vshort
? will induce the following potential to it:

1A work [6] has appeared contemporaneously with the first
draft of this article, available in the archives, where a free
flavored WZ model has also been analyzed from the point of
view of SUSY-breaking by the flavor condensate. However, the
authors of that work, in contrast to our analysis here, examined
only the energy part of the stress tensor (with results similar to
ours) but did not analyze the pressure part of the fluid and thus
the relevant equation of state. The latter requires a technically
much more involved and highly nontrivial operator analysis, and,
in fact, is directly relevant for a proper classification of the type
of SUSY-breaking involved, as well as the phenomenology and,
in particular, the cosmology of such models, in which context
their true significance appears. Moreover, in view of our moti-
vation outlined in Sec. II, the philosophy of our approach and the
reasoning for the selection of the flavor vacuum are entirely
different. This further differentiates our approach from theirs.

2Since an isolated D-particle cannot exist [9], because of string
gauge flux conservation, the presence of a D-brane is essential.

3For brevity, in what follows we ignore potential contributions
induced by compactification of the D8 braneworlds to D3 branes,
stating only the expressions for the induced potential on the
uncompactified braneworld as a result of a stretched string
between the latter and the D-particle—the compactitication
does not affect our arguments on the negative energy contribu-
tions to the brane vacuum energy.
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V short
D0�D8 ¼ ���0ðvshort

? Þ2
12r03

: (2)

D-foam involves different configurations of D-particles,
and so one has to average over appropriate populations and
quantum fluctuations [2,10] [due to recoiling D-particles
with (nine-dimensional) recoil velocities vi]. Recoil fluc-
tuations along the D3-brane universe represent a stochastic
fraction of the incident momentum of the D-particle [10].
Because of the D-particle fluctuations in the transverse
direction of the braneworlds, there would also be contri-
butions to the potential energy of the brane [cf. (1) and (2),

where now the quantities involving v
short;long
? should be

averaged over populations of D-particles and quantum
fluctuations]. We can plausibly use a general parametriza-
tion of the foam fluctuations as follows:

�vA ¼ gs
rk
Ms

pA; A ¼ 1; 2; 3 ) hrki ¼ 0;

hr2ki ¼ �2
k � 0;

vshort
? � vshort

� ; � ¼ 4; . . . ; 9 ) hvshort
� i ¼ 0;

hvshort
� vshort

� i ¼ ����
02
short � 0; �; � ¼ 4; . . . ; 9;

vlong
? � vlong

� ; � ¼ 4; . . . ; 9 ) hvlong
� i ¼ 0;

hvlong
� vlong

� i ¼ ����
02
long � 0; �; � ¼ 4; . . . ; 9;

hvshort;long
� v

short;long
A i ¼ 0: (3)

Our stochastic-foam model has vanishing correlators of
odd powers of vi of the recoil velocity, but nontrivial
correlators of even powers. Above, h� � �i indicates averag-
ing over both quantum fluctuations and the ensemble of
D-particles in the foam; A ¼ 1; 2; 3 denote the longitudinal
dimensions of the D3-braneworld. The �vA, A ¼ 1; 2; 3
represent the recoil velocity components of the D-particle
during scattering. In the absence of any interaction with
matter strings there is still a velocity vi expressing the
quantum fluctuations of individual D-particles.

We consider the process of capture by a quantum-
fluctuating (heavy, nonrelativistic) D-particle of an open
string representing a neutral flavored excitation, such as a
neutrino (cf. lower figure in Fig. 1). By momentum con-
servation during this scattering event one has

hðp1 þ p2ÞAi ¼ Ms

gs
h�vAi ¼ 0;

Ms

2gs
hðvAÞ21i þ E1 ¼ Ms

2gs
hðvA þ �vAÞ21i þ E2 þ �E;

EI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
A þm2

I

q
; I ¼ 1; 2: (4)

We have assumed that kinematical constraints can be
estimated by treating the open-string states as relativistic
free fields of typical mass mI, and the D-particles as heavy
(nonrelativistic)particles, with masses Ms=gs � mI,
where Ms is the string scale, and gs < 1 is the (weak)

string coupling. �E denotes brane energy fluctuations in
the transverse direction to the brane, which in view of (1)

and (2) (with vD0 ¼ vshort;long
? ), are due both to long and

short-distance D-particles. In our dilute-foam approxima-
tion we may take

�E ¼ �Eshortð�0
shortðpÞÞ þ �Elongð�0

longÞ; (5)

where according to our previous discussion only the short-
distance stochastic-foam fluctuations may depend on the
(average) momentum p of the propagating matter state. In
view of the v2

? dependence of the respective fluctuations

(cf. (1) and (2)) both types of energy fluctuations are
proportional to the respective velocity fluctuations �0

?.
Averaging over foam fluctuations, and Eq. (4) implies

that the (average) energy E2 of a string excitation, corre-
sponding to a state of mass m1, propagating in the foam,

will be modified from its free value E1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm1

p
by:

Bulk

D−particles

Brane world

Open strings 

Consistent supersymmetric
D−particle foam models 
can be constructed 

recoil contributions to 

No recoil, no brane motion=
zero vacuum energy,
unbroken SUSY

vacuum energy 
Broken SUSY 

V_perp

V_parall

V_perp

V_parall

OR

Open String

D3 brane D particle

FIG. 1. Upper: schematic representation of a generic
D-particle space-time foam model, in which matter particles are
treated as open strings propagating on a D3-brane, and the higher-
dimensional bulk space-time is punctured by D-particle defects.
Lower: details of the process whereby an open-string state prop-
agating on the D3-brane is captured by a D-particle defect, which
then recoils. This process involves an intermediate composite
state that persists for a period �t� �0E, where E is the energy of
the incident string state, which distorts the surrounding space-
time during the scattering, leading to an effective refractive index
but not birefringence. The components of the recoil velocity
perpendicular to the D3 braneworld lead to vacuum energy
contributions and thus target-space supersymmetry-breaking.
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E2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm1

q
� gs

2Ms

�2
kp

2 þ �Eshortð�0
shortðpÞÞ

þ �Elongð�0
longÞ: (6)

Since the signature of the quantum energy fluctuations is
not fixed, all kinds of situations for the foam dressed
masses are allowed in such processes. For instance, in
case of flavored states, where in the mass-eigenstate
spectrum, both masses are allowed, i.e., one may have
m1 >m2, when �E < 0 is predominantly due to short-
range contributions (2), while m1 >m2 in case �E is
dominated by the long-range contributions. On the other
hand, when the massive state is not flavored, then neces-
sarily m1 ¼ m2 which is either achieved by the equality
� gs

2Ms
�2

kp
2þ�Eshortð�0

shortðpÞÞþ�Elongð�0
longÞ¼0, or by

means of appropriately modified dispersion relations, and
hence a vacuum refractive index proportional to the foam
fluctuations. Notice that these selection rules are allowed,
as they express a link between the transverse foam fluctua-
tions to the longitudinal ones, which are free parameters of
the model. The net �E can be both positive and negative,
which would be compatible with oscillations.

A simple illustrative analysis can be effected by using a
piecewise continuous distribution Pð�Þ of D-particles in the
(transverse or bulk direction) � parametrized as

Pð�Þ ¼

8>>><
>>>:

�3

L4 ; when 0<�< a;

b
L ; when a < �< L� a;

� ð��LÞ3
L4 ; L� a < �< L:

(We have suppressed a normalization factor N which

is given by N ¼ ðbþ a4

2L4 � 2ab
L Þ�1.) The total energy E

exerted on the D-brane by the D-particles E /R
L
0 d�pð�Þ~"ð�Þ, with ~"ð�Þ denoting the linear bulk energy

density at position �, satisfies (upon using the structures
(1) and (2) for ~"ð�Þ appropriately):

E/�
�
avL

�
bþ a4

5L4

�
þ�02a

L4
vS

�
þvL

2

�
bLþ a4

4L3

�
; (7)

where

vL ¼ ðvlong
? Þ2
8�

; vS ¼ �ðvshort
? Þ2
12

: (8)

The vanishing of E leads to the condition

b� �02a
L4

vS

vLðL2 � aÞ (9)

provided a � �0ð1=2Þ, and so Pð�Þ displays a substringy
structure (consistent with the validity of the limiting forms
of the potential energy that we have used). Now the cou-
pling of D-particles to the matter on the brane can lead to a
deformation of Pð�Þ on the brane which can lead to E
having either sign.

This would be expected to be a generic effect given such
a Pð�Þ, a demonstration of which can be seen in the context
of a simple toy model: a D-particle is pointlike from the
point of view of observers on the brane. The scale of the
strongest interactions is substringy and so, in comparison,
the size of the bulk dimension is very large. The D-particle,
as far as matter excitations of the string are concerned, has
no quantum numbers. In order to gain some intuition about
changes to Pð�Þ due to D-particle brane interactions we
will consider a very simple field theory where we represent
the D-particle by a massive scalar field � and the matter
excitation by a harmonic oscillator on the boundary.
Generically the model can be represented as an action:

S¼1

2

Z
�
ddþ1�

ffiffiffiffiffiffiffiffi�G
p ðGMN�;M�;Nþm2�2Þ

�1

2

Z
@�

dd�
ffiffiffiffiffiffiffi�g

p ½g	
q;	q;
þ	2q2þ2��qþ��2�;
(10)

where � is the bulk, @� is the brane (which is the bound-
ary of the bulk), GMN is the bulk metric, and g	
 is the
brane metric; the analysis is simpler for d ¼ 0 and suffices
to illustrate the deformation of the distribution of Pð�Þ
owing to bulk-brane interactions. The quantum theory is
determined by the classical modes. For d ¼ 0, bulk�1<
�< 0, brane position � ¼ 0, conjugate momentum
�ð�; tÞ, the action S leads to a Hamiltonian [11]

H ¼
Z 0

�1

�
1

2
�ð�; tÞ2 þ 1

2
ð@��ð�; tÞÞ2 þ 1

2
m2�ð�; tÞ2

�
d�

þ 1

2
��ð0; tÞ2 þ ��ð0; tÞqðtÞ þ 1

2
	2qðtÞ2 þ 1

2
pðtÞ2:
(11)

The equation of motion is

@2t �ð�; tÞ ¼ @2��ð�; tÞ �m2�ð�; tÞ � �ð�Þð@��ð0; tÞ
þ ��ð0; tÞ þ �qðtÞÞ; (12)

which is equivalent to the solution of the massive Klein-
Gordon equation with a boundary condition

@x�ð0; tÞ ¼ ���ð0; tÞ � �qðtÞ: (13)

The oscillator satisfies the equation of motion

@2t qðtÞ ¼ ���ð0; tÞ �	2qðtÞ: (14)

The mode solutions corresponding to (12) and (14) are

�ð�;tÞ¼
Z 1

0
ð�ð�2�	2þm2Þcosð��Þ

�ð�ð�2�	2þm2Þþ�2Þsinð��ÞÞ
�ðað�Þcosð!�tÞþbð�Þsinð!�tÞÞd� (15)

and
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qðtÞ ¼
Z 1

0
��ðað�Þ cosð!�tÞ þ bð�Þ sinð!�tÞÞd�; (16)

where !� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ �2

p
and að�Þ and bð�Þ are real. The

equations of motion are linear and so the integral over �
represents a linear superposition. These are solutions
which propagate in the bulk. Square integrable states
bound to the brane also exist by considering specific pure
imaginary �. The asymptotic behavior as � ! �1 has to
be nondivergent and this selects the details of the coeffi-
cients in the solution. Once the solutions are substituted in
H we find a description in terms of harmonic oscillators
associated with the classical modes. Clearly from the mode
structure for real � (or bulk modes) we have an oscillatory
behavior with � and so this will lead to a modulation in
Pð�Þ as a result of (the analogue of) D-particle recoil and
hence this will allow both positive and negative �E. The
bound states do not participate in this modulation. A more
detailed model involving two harmonic oscillators (with
distinct frequencies) on the brane will be presented else-
where but the qualitative features that we have presented
here should not change.

In the next section a string theoretic picture of
flavor changes owing to non-BPS (Bogomolny-Prasad-
Sommerfield) (compactified) D-particles will be consid-
ered. We shall argue in favor of the positivity of the energy
density of the flavor vacuum [3] and, hence, its appropri-
ateness to represent the physical ground state of the
D-foam in the presence of flavored matter.

B. D-foam-induced fermion condensates
and flavor-vacuum stability

In the above formalism, the presence of mixed-sign
fluctuations may lead to negative contributions to the vac-
uum energy, implying an instability of the standard mass-
eigenstate vacuum in the case of flavored particles.4 The
qualitative description of the role of D-particles in produc-
ing an instability in the mass vacuum can be put on a more
explicit footing. In order to do this we will need to have a
more detailed picture of stringy matter and how the stan-
dard model of particle physics (and beyond) emerge. This

represents a vast area known as string phenomenology
where a multitude of detailed models involving stacks of
D-branes and orientifolds interacting with stringy matter
have been constructed. In D-foam models certain generic
four-fermion interactions are induced among fermionic
matter which should arise in a large class of models. The
interactions are of a four-fermion vector-current-current
form which can lead to a mass-matrix type mixing in the
case of models where right-handed neutrinos exist. This
type of four-fermion interaction describes the result of the
splitting of open strings when interacting with the
D-particle defects. Such interactions arise in D-foam mod-
els, based on type IA [12] ot type IIB strings [13], as a
consequence of intermediate open-string exchanges,
stretched between D-particles and the braneworlds; these
represent quantum fluctuations of the recoiling D-particle
during its interaction with the propagating matter open-
string states. Some of these exchanged states are U(1)
gauge particles, where U(1) are Abelian gauge groups
that are abundant in string models, not necessarily repre-
senting electromagnetism. As a result of such Abelian
gauge particle exchanges, there will be induced, among
others, attractive four-fermion interactions in a low-energy
effective field-theory framework [14]. For chiral fermions,
c , c 0 for instance, such interactions (obtained by consid-
ering the corresponding tree-level (Veneziano-like) four-
point string scattering amplitudes) assume the generic form
[13,14]

L4-eff ¼ �

M2
s

Vc
X
i;j

X
a;b¼L;R

Gab
�c a
i 


	c ia
�c 0b
j 
	c

0
jb; (17)

where Vc denotes the compactification volume element to
four space-time dimensions, in units of the string lengthffiffiffiffiffi
�0p
; the indices i, j refer to fermion species, including

flavor, Gab are numerical coefficients depending on the
(square of the) couplings of the particular interactions, and
are of order Oð1Þ as far as the string scaleMs is concerned,
and L, R denote the appropriate chirality of the spinors c i,
c 0

j. The constant � depends on the type of D-foam con-

sidered. The combination

� ¼ 8�
Vc

M2
s

(18)

defines the gravitational coupling of the four-dimensional
effective theory.
For type IA string D-foam [7,12], the D-particle defects,

being pointlike and electrically neutral, interact only with
electrically neutral particles, since charge conservation
prevents the splitting (cf. Figure 1) of charged open-string
states when interacting with the defect. In this case, the
fermions c represent neutrinos of the standard model,
assuming these to be the dominant electrically neutral
fermions in the low-energy world today. Thus, � ¼ 1 for
such neutral excitations, while � ¼ 0 for charged fermions.
On the other hand, as explained in [13] and mentioned

4We also note in passing, that in the case of antiparticles,
viewed as ‘‘negative energy’’ solutions of the free Dirac equa-

tion, �E<0 ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

1

q
, Eq. (6) implies E2 ¼ � �E2;>0 ¼

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ m2

1

q
� gs

2Ms
�2

kp
2 þ �Eshortð�0

shortðpÞÞ þ �Elongð�0
longÞ,

where, on adopting Feynman’s interpretation, that antiparticles
have positive energy but move ‘‘backwards’’ in time, we have
denoted the positive energy of the flavored antiparticle after
interaction with the foam by �E2;>0. Solving for �E2;>0, we thus
obtain different modified dispersion relations between particle
and antiparticle, due to the relative sign difference of the foam
corrections, and thus induced CPT violation. The difference in
energy between particles and antiparticles, implied by the foam
contributions, may lead to neutrino/antineutrino oscillations,
which however we shall not explore here.
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above, for D-foam models based on type IIB strings, the
D-‘‘particles’’ are only effectively pointlike, being repre-
sented by D3 brane defects wrapped up along three cycles
appropriately, which then intersect the D7 branes of the
model (representing after compactification to three spatial
dimensions our braneworld). In such models, there
are nontrivial charged particle interactions with the
D-particles, of the type considered in Fig. 1, which how-
ever are suppressed as compared to the neutral particle
interactions by a factor

� ¼ ð1:55Þ4
M4

sVA3R
0 ; (19)

where Ms is the string scale, VA3 denotes the volume of a
cell on the D7 brane (playing the rôle of a brane Universe
after compactification of four of its dimensions) containing
a D3 particle in the foam, and R0 is the fourth dimension of
the D7 brane, transverse to the D3-brane dimensions. The
corresponding four-fermion interactions assume the form
(17) with � given by (19).

Let us consider flavored neutrinos which are chiral,
where


5c i ¼ 	c i; (20)

and the 	 sign depends on whether the fermion is left- or
right-handed. Indeed, in models such as the standard model
we encounter only one type of Chiral fermion, say left-
handed, satisfying (20), with no right-handed neutrinos.
Next, let us assume that there are right-handed flavored
fermions (e.g., neutrinos) interacting with the extra U(1)
stringy symmetries, which are different from the Abelian
gauge group of the standard model interactions. In this
sense, the presence of right-handed fermions is consistent
with their nature as being neutral under the standard model
group.5 With the above in mind, we observe that, upon a
Fierz rearrangement, the four-fermion interactions (17),
involving both left- and right-handed flavored fermions,
includes terms :

L4-eff 3�GVc

M2
s

X
i;j

�
�ð �c ic jÞð �c jc iÞþð �c i
5c jÞð �c j
5c iÞ

þ1

2
ð �c i


	c jÞð �c j
	c iÞ

þ1

2
ð �c i
5


	c jÞð �c j
5
	c iÞ
�
; (21)

where for brevity and concreteness we have assumed one
type of non-standard-model interaction among neutrinos
due to the intermediate string states, with G > 0 (which is
proportional to the square of the pertinent coupling), and
the spinors have both left- and right-handed components,
i.e.,

c i ¼
c L

c R

 !
i

i ¼ 1; . . .N where N is the number of flavors. We can
obtain attractive interactions in the scalar channel of the
form

L 4-eff 3 ��GVc

M2
s

X
i;j

hð �c ic jÞið �c jc iÞ: (22)

The condensates would lead to dynamical mass-matrix
contributions:

mij ¼ �GVc

M2
s

h �c ic ji; i; j ¼ 1; . . .N: (23)

From the off-diagonal in flavor space parts of the conden-
sate one would thus obtainmixing, while the diagonal parts
would lead to dynamically generated fermion-mass contri-
butions, which can lead to chiral symmetry-breaking.6 We
stress once again that such scalar condensates characterize
only theories where right-handed fermions do exist,
because otherwise the scalar four-fermion terms arising
from the Fierz rearrangement (21) are cancelled by the
pseudoscalar ones.
An important remark is in order here. The linearization

of the attractive four-fermion interactions in the scalar
channel by means of the nonpropagating Hubbard-
Stratonovich condensate field �ij, i.e.,

L4-eff 3 �X
i;j

�
M2

s

4Vcj�jG�ij�
ij þ �ijð �c jc iÞ

�
(24)

would lead, upon formation of the condensate, to negative
contributions to the vacuum energy (Oððh�ijiÞ2Þ terms

above). However, in the D-foam situation, there are also
the positive energy contributions arising from the (tempo-
ral components of the) repulsive vector four-fermion con-
densates in (21), which are nonzero as a result of the flavor
vacuum that exists due to the induced mixing. Indeed, a
nontrivial vacuum condensate of the time component of the

current operator hPi
�c i


0c ii ¼ hPic
y
i c ii is equivalent to

a nonzero particle-species number, which is known to
characterize the flavor vacuum [1–3] but not the mass-
eigenstate one. These contributions could overcome the
negative vacuum energy contributions on the braneworlds,
arising from the interactions of the bulk D-particles with

5The assumptions on having right-handed neutrinos in models
beyond the standard model is not uncommon, see for instance
[15].

6In the context of our D-brane Universes, the vacuum energy
contributions due to the bulk D-particles (cf. (1) and (2)) lead to
(anti)de Sitter space-times. Chiral symmetry-breaking in such
nontrivial space-time backgrounds has been discussed in the
context of early Universe studies in [16,17], with the conclusion
that the dynamical formation of chiral condensates, due to four-
fermion interactions, exhibits better UltraViolet (UV) behavior
than in the corresponding flat space-time case [18]. We postpone
a detailed discussion of such issues to a forthcoming publication.
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the brane Universe (cf. (2)), leading to the stability of the
flavor vacuum.

Incidentally, the fermion-number condensates violate
not only Lorentz but also CPT symmetry. In the presence
of such fermion-number condensates, the effective four-
Fermi interactions (21), when linearized by means of
appropriate Hubbard-Stratonovich fields, lead to a low-
energy effective Lagrangian containing CPT and
Lorentz-violating terms of the type appearing in the
parametrization of Ref. [19]. This induced violation of
Lorentz and CPT invariance is in agreement with the
generic properties of the D-foam discussed previously.

C. On the Scale of flavor-vacuum-condensate-induced
supersymmetry-breaking

Before closing this section a final remark is in order
about the nature of symmetries that may be broken by the
aforementioned flavor-vacuum condensates in D-foam
models and the associated order of magnitude of the perti-
nent symmetry-breaking scales. In addition to the chiral
symmetries, that at any rate do not necessitate the intro-
duction of a flavor vacuum, it is also supersymmetry that is
broken in a novel nonperturbative way by the introduction
of the flavor vacuum. In fact, the four-fermion interactions
(17), due to intermediate-string-state exchanges, arise con-
sistently with target-space supersymmetries of the respec-
tive string theories [14], so formally the respective
Lagrangians can be made supersymmetric, in the sense
of their invariance under supersymmetry transformations
(local supersymmetry (supergravity) actually, in view of
the models’ coupling to gravity).

However, the formation of Lorentz-violating fermion-
flavor-vacuum condensates will induce a novel breaking of
global supersymmetry, which we shall discuss in the next
section (any extension to supergravity is left for future
works). It becomes obvious from the above discussion
that the order of the induced supersymmetry-breaking
is then dictated by the order of the respective condensates.
In our stochastic-foam situations, the natural four-
dimensional mass scale is 1=

ffiffiffiffi
�

p
(18), which from a four-

dimensional point of view may be identified with the
Planck scale, and for large radii compactification is differ-
ent from the string scale Ms, which can be as low as a few
TeV in the modern version of string-theory. However, as
discussed in [1,2], the induced condensates in D-foam
models are calculated by subtracting appropriately the
Minkowski vacuum contributions in the absence of
D-particles. This implies [1,2] that the condensates are
proportional to the average of stochastic fluctuations of
the recoil velocities �02

short;long � �02 in (3), assuming for

simplicity a common scale of D-foam recoil velocity fluc-
tuations. Intuitively one can understand this dependence as
follows: the flavor vacuum is Lorentz-violating, and in
D-foam models the only source of local Lorentz violation
are the stochastic fluctuations of the recoil velocities of the

D-particles (3). Thus, it is natural that the flavour-vacuum
condensate is proportional to the latter. This makes the
effective supersymmetry-breaking mass scale in D-foam
models, due to flavor vacuum, of order

M2 � 1

�
�02: (25)

The parameter �02 is an arbitrary parameter of the stringy
foam model, although naturalness criteria may lead us to
assume that it is more or less of order one (but this
assumption is non binding).
To recapitulate, the above analysis implies that the open-

string states, representing flavored particles, when interact-
ing with the D-foam, may induce flavor mixing, of the
order of the foam fluctuations. The vacuum on the brane-
world has broken supersymmetry, due to the relative (fluc-
tuation) motion between the braneworld and the nearby
D-particles, as well as broken Lorentz invariance, due to
the fluctuating recoil velocities of the D-particle space-
time defects. These features imply that the appropriate
Fock space vacuum for such configurations cannot be the
ordinary Lorentz invariant, supersymmetric vacuum. We
have argued in [2] that the physically correct vacuum in
this case is the flavor vacuum proposed by Blasone and
Vitiello [3] to describe generically theories with mixing,
which is orthogonal to the mass-eigenstate vacuum.
Moreover, the fact that there is particle creation in our
string case and in the flavor vacuum [3], as mentioned
above, constitutes an additional consistency check of the
identification of the latter with the physical vacuum in our
D-foam model. Indeed, because of this property, the
Lorentz-violating flavor vacuum leads to Lorentz- and
CPT- violating vector condensates (temporal components)
that contribute positively to the vacuum energy of the
braneworld, cancelling negative anti-de Sitter type contri-
butions on the brane vacuum energy (cf. (2)), and therefore
restoring stability of the ground state. It was also argued in
[2] that the particle-creation feature of the flavor vacuum
leads to a dynamical appearance of a high-momentum
cutoff, which is set by the mass scale of the flavored
particles. The argument was based on the maximal amount
of particle-creation below the cutoff.
In the following section, therefore, we proceed to study

the properties of supersymmetric fluids, using an interest-
ing toy example, that of the Wess-Zumino supersymmetric
theory. In the above context, this QFT should be viewed as
an effective theory on our braneworld punctured by the
flavor-change-inducing D-particle foam. We shall assume
simple mixing in the mass-matrix, which from the above
microscopic point of view may be viewed as the result of
four-fermion interactions in the presence of right-handed
neutrinos. We shall first formulate the theory, and then
demonstrate some generic but quite nontrivial properties,
with important differences between the boson and fermion
excitations, thereby implying further nontrivial and novel
manifestations of supersymmetry ‘‘breaking’’. As we shall
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see, in supersymmetric theories both flavored bosons and
fermions form condensates in the flavor vacuum, but the
total vacuum energy turns out to be positive, and moreover,
the equations of state between bosons and fermions turn
out to be different. These features constitute a novel, and
purely nonperturbative, way of breaking supersymmetry.
In what follows we shall demonstrate these properties in
free theories, reserving an extension to interacting field
theory in a future publication [8].

III. THE FLAVORED WESS-ZUMINO MODEL

The WZ model is historically a prototype where the
basic features of a supersymmetric theory may be formu-
lated in a concrete and quite instructive way. In our work,
motivated by the considerations of the previous section, we
shall be dealing with extensions of the simplest version of
the free WZ model, in which the fields carry nontrivial
flavor quantum number and exhibit mixing. In the next
subsection, the model and its particle content, is described
in some detail. We should again stress that the flat-space
supersymmetric WZ model is viewed here as the simplest
prototype of an effective low-energy theory, describing the
dynamics of excitations on a spatially flat braneworld in
the model of the previous section. The initial supersym-
metry among the fields is inherited from the underlying
supersymmetries of the string/brane theory; the SUSY-
breaking is due to the relative brane motion and will be
incorporated, in this context, by viewing the ‘‘flavor’’
vacuum as the physical vacuum, describing correctly the
associated mixing. It is understood that a more sophisti-
cated local supersymmetry (supergravity) effective
Lagrangian should be used in realistic constructions, but
this will not affect qualitatively the important features of
the flavor vacuum revealed by the study of the toy WZ
model.

A. Supersymmetric model

The Lagrangian of the model reads [20,21]

L ¼ Lc þLS þLP (26)

with

L� ¼ ��fði6@�MfÞ�T
f ;

LS ¼ @	Sf@
	ST

f � SfMbST
f ;

LP ¼ @	P f@
	P T

f � P fMbP T
f ; (27)

where

�f � ðc A; c BÞ; Sf � ðSA; SBÞ; P f � ðPA; PBÞ;

Mf �
mA mAB

mAB mB

 !
;

Mb �
m2

A m2
AB

m2
AB m2

B

 !
:

The fields c �, S� and P� (with � ¼ A, B) are, respec-
tively, a Majorana spinor, a scalar and a pseudoscalar.7 For
our purposes, they are considered to be fields of definite
flavor, A or B. The cross terms of the Lagrangian (26), i.e.,
terms involving products of fields of different flavors,
disappear when one expresses the model in terms of new
fields, obtained by appropriate rotations of �f, Sf and P f

L� ¼ ��mði6@�M1Þ�T
m;

LS ¼ @	Sm@
	ST

m � SmM2ST
m;

LP ¼ @	Pm@
	P T

m � PmM2P T
m; (28)

with

�m � ðc 1; c 2Þ � �f�
T; Sm � ðS1; S2Þ ¼ Sf�

T;

Pm � ðP1; P2Þ ¼ Sf�
T; M1 �

m1 0

0 m2

 !
;

M2 �
m2

1 0

0 m2
2

 !
; and � � cos� sin�

� sin� cos�

 !
;

where m1, m2 and � are suitable functions of mA, mB and
mAB. The new Lagrangian, written as (28), is just the sum
of free Lagrangians for the fields c i, Si and Pi, all with the
same mass mi (i ¼ 1, 2). Therefore we can decompose
these fields as

c iðxÞ ¼
X
r¼1;2

Z d3k

ð2�Þ3=2 ½a
r
i ð ~kÞuri ð ~kÞe�i!iðkÞt

þ vr
i ð� ~kÞaryi ð� ~kÞei!iðkÞt�ei ~k� ~x; (29)

SiðxÞ ¼
Z d3k

ð2�Þ3=2
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2!iðkÞ
p

� ½bið ~kÞe�i!iðkÞt þ byi ð� ~kÞei!iðkÞt�ei ~k� ~x; (30)

PiðxÞ ¼
Z d3k

ð2�Þ3=2
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2!iðkÞ
p

� ½cið ~kÞe�i!iðkÞt þ cyi ð� ~kÞei!iðkÞt�ei ~k� ~x; (31)

with fari ð ~kÞ;asyj ð ~qÞg¼�rs½bið ~kÞ;byj ð ~qÞ�¼�rs½cið ~kÞ;cyj ð ~qÞ�¼
�rs�ij�

3ð ~k� ~qÞ and !i �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~k2 þm2

i

q
with i ¼ 1, 2. From

now on, we will refer to these fields as the fields in the mass
representation, to be contrasted with the ones in the flavor
representation, which are characterized by definite flavor
quantum number.

7The pseudoscalar nature of P plays a role in the interactive
WZ case, which we do not analyze here; in the current work, it
can be regarded just as another scalar field. Nevertheless, to
distinguish it from S, we will keep the nomenclature
pseudoscalar.
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B. Flavor-mixing formalism

Following the BV formalism [3], we introduce the op-
eratorG�ðtÞ, connecting fields between the flavor and mass
representations as follows:

�AðxÞ ¼ Gy
� ðtÞ�1ðxÞG�ðtÞ;

�BðxÞ ¼ Gy
� ðtÞ�2ðxÞG�ðtÞ; (32)

with � ¼ c , S, P. Using Baker-Campbell-Hausdorff
(BCH) formula, eYXe�X ¼ Y þ ½X; Y� þ 1

2! ½X; ½X; Y��þ
1
3! ½X; ½X; ½X; Y��� þ . . . , and the (anti-)commutation rela-

tions between fields, it can be shown that

G�ðtÞ ¼ e�
R

d~xðX12ðxÞ�X21ðxÞÞ; (33)

with

X12ðxÞ�1

2
c y

1 ðxÞc 2ðxÞþ i _S2ðxÞS1ðxÞþ i _P2ðxÞP1ðxÞ: (34)

The flavor vacuum is defined as8

j0if � Gy
� ðtÞj0i; (35)

where j0i is usual vacuum defined by ari ð ~kÞj0i ¼
bið ~kÞj0i ¼ cið ~kÞj0i ¼ 0 (i ¼ 1, 2).

Using the operator G�ðtÞ it is also possible to define new
operators

arAð ~k; tÞ � Gy
� ðtÞar1ð ~kÞG�ðtÞ;

arBð ~k; tÞ � Gy
� ðtÞar2ð ~kÞG�ðtÞ;

bAð ~k; tÞ � Gy
� ðtÞb1ð ~kÞG�ðtÞ;

bBð ~k; tÞ � Gy
� ðtÞb2ð ~kÞG�ðtÞ;

cAð ~k; tÞ � Gy
� ðtÞc1ð ~kÞG�ðtÞ;

cBð ~k; tÞ � Gy
� ðtÞc2ð ~kÞG�ðtÞ:

(36)

Using again BCH formula, one can show that

arAð ~k; tÞ ¼ cos�ar1ð ~kÞ � sin�
X
s

ðWrsð ~k; tÞas2ð ~kÞ

þ Yrsð ~k; tÞasy2 ð� ~kÞÞ;
arBð ~k; tÞ ¼ cos�ar2ð ~kÞ þ sin�

X
s

ðWsr
ð ~k; tÞas1ð ~kÞ

þ Ysrð� ~k; tÞasy1 ð� ~kÞÞ; (37)

bAð ~k;tÞ¼ cos�b1ð ~kÞþsin�ðU
ðk;tÞb2ð ~kÞþVðk;tÞ;
by2 ð� ~kÞÞbBð ~k;tÞ¼ cos�b2ð ~kÞ�sin�ðUðk;tÞb1ð ~kÞ

�Vðk;tÞby1 ð� ~kÞÞ; (38)

cAð ~k; tÞ ¼ cos�c1ð ~kÞ þ sin�ðU
ðk; tÞc2ð ~kÞ
þ Vðk; tÞcy2 ð� ~kÞÞ;

cBð ~k; tÞ ¼ cos�c2ð ~kÞ � sin�ðUðk; tÞc1ð ~kÞ
� Vðk; tÞcy1 ð� ~kÞÞ; (39)

where

Wrsð ~k; tÞ � 1

2
ðury2 ð ~kÞus1ð ~kÞ þ vsy

2 ð ~kÞvr
1ð ~kÞÞeið!1�!2Þt;

Yrsð ~k; tÞ � 1

2
ðury2 ð ~kÞvs

1ð� ~kÞ þ usy1 ð� ~kÞvr
2ð ~kÞÞeið!1þ!2Þt;

(40)

with uri ð ~kÞ and vr
i ð ~kÞ the spinors in (29)

Uðk; tÞ � 1

2

0
@ ffiffiffiffiffiffi

!1

!2

s
þ

ffiffiffiffiffiffi
!2

!1

s 1
Ae�ið!1�!2Þt;

Vðk; tÞ � 1

2

0
@ ffiffiffiffiffiffi

!1

!2

s
�

ffiffiffiffiffiffi
!2

!1

s 1
Aeið!1þ!2Þt: (41)

These operators satisfy the (anti-)commutation relations

far�ð ~q; tÞ; asy� ð ~p; tÞg ¼ �rs½b�ð ~q; tÞ; by�ð ~p; tÞ�
¼ �rs½c�ð ~q; tÞ; cy�ð ~p; tÞ�
¼ �rs����

3ð ~q� ~pÞ (42)

(all others being zero and �, � ¼ A, B) and it is also true

that ar�ð ~kÞj0if ¼ b�ð ~kÞj0if ¼ c�ð ~kÞj0if ¼ 0. Therefore we

are allowed to build a new Fock space out of these ingre-
dients (operators+flavor vacuum), in the usual way. This is
actually a new Fock space, and not just a different repre-

sentation of the old one constructed by means of ay1 , a
y
2

and j0i, since all the new states are found orthogonal to the
old ones in the thermodynamic limit (see [3] for an ex-
haustive discussion of flavor states, and vacua within the
BV formalism). This physical inequivalence leads to inter-
esting consequences. As we have said previously, one of
those is the nontrivial violation of Lorentz symmetry,
manifested through the nonzero vacuum expectation values
of the stress-energy tensor, and also of SUSY in a particular
way, as we now proceed to discuss.

IV. FLAVOR-VACUUM-INDUCED
SUSY-BREAKING

In order to study the properties of the flavor vacuum, we
will calculate the flavor vacuum expectation value of the
stress-energy tensor, namely,

8Although the flavor-vacuum state depends on time (and
therefore it would be more appropriate to write j0ðtÞif); never-
theless, for the sake of simplicity, we will omit from now on the t
dependence in the notation. Remarkably, as we shall see below,
the important features of this state, of interest to us here, turn out
to be time independent.

D-FOAM-INDUCED FLAVOR CONDENSATES AND . . . PHYSICAL REVIEW D 84, 044050 (2011)

044050-9



fh0jT	
ðxÞj0if: (43)

The stress-energy tensor for the theory (28) is written as

T	
ðxÞ ¼
X
i¼1;2

ð2@ð	SiðxÞ@
ÞSiðxÞ þ 2@ð	PiðxÞ@
ÞPiðxÞ

þ i �c iðxÞ
ð	@
Þc iðxÞÞ � �	
L: (44)

In case of a perfect relativistic fluid, as the flavor-vacuum
condensate turns out to be, the nonvanishing elements of
this matrix, which are actually the ones on the diagonal,
have a specific physical interpretation: T00 represents the
energy density of the fluid and Tii the pressure in the three
spatial directions. In particular, we are interested in the
equation of state, given by

w ¼ fh0jTiiðxÞj0if
fh0jT00ðxÞj0if : (45)

An important remark is in order. A straightforward
computation of fh0jT	
ðxÞj0if leads to a divergent result.

In previous works, when the fermionic and the bosonic
cases were treated separately, a finite result was achieved in
two steps: first, a normal ordering with respect to the usual
vacuum was defined

fh0j:O:j0if � fh0jOj0if � h0jOj0i; (46)

then, a cutoff in the momentum space was introduced. In
the context of supersymmetry, the first step, the normal
ordering with respect to the usual vacuum, is not needed,
since

h0jT	
ðxÞj0i ¼ 0: (47)

A formal cutoff remains as a regulator of the theory, a
physical interpretation for which can be provided by a
microscopic theory (such as the brane model of [1,2],
described briefly in Sec. II above). The BV formalism is
used to provide an effective (Lorentz-violating) field the-
ory in the low-energy limit: the cutoff appears dynamically
in the theory, and is interpreted as the high energy scale,
below which the low-energy effective BV field theory is
valid.

A. Outline of calculational steps

In order to demonstrate the novel SUSY-breaking in-
duced by the flavor vacuum and describe the collective
behavior (equation of state) of the relativistic fluids under
consideration, we need first to evaluate the quantity (43),
where the expectation value is taken with respect to the
flavor-vacuum state. To this end, we first simplify the
quantum operator structure of the various quantities in-
volved, and then we deal with the remaining functions over
the momenta.

Specifically, the stress-energy tensor (44) is first ex-
pressed in terms of the fields c iðxÞ, SiðxÞ and PiðxÞ, in
the mass representation. On expressing the fields in terms

of the mass-eigenstate creation and annihilation (mass
ladder) operators (cf. (29)–(31)), we can write

T	
ðxÞ ¼
X
i¼1;2

X
r;s

Z
d ~pd ~q½Lrs

	
ð ~p; ~q;miÞaryi ð ~pÞasi ð ~qÞ

þMrs
	
ð ~p; ~q; miÞaryi ð ~pÞasyi ð ~qÞ

þ Nrs
	
ð ~p; ~q; miÞari ð ~pÞasi ð ~qÞ

þ Krs
	
ð ~p; ~q; miÞari ð ~pÞasyi ð ~qÞ�; (48)

with r, s ¼ �1, 0, 1, 2, defining a0i ð ~kÞ � bið ~kÞ and

a�1
i ð ~kÞ � cið ~kÞ, with L, M, N, K suitable functions of the

momenta. In (48), the bra fh0j and ket j0if act on the mass

ladder operators

fh0jT	
ðxÞj0if
¼ X

i¼1;2

X
r;s

Z
d ~pd ~q½Lrs

	
ð ~p; ~q;miÞfh0jaryi ð ~pÞasi ð ~qÞj0if

þMrs
	
ð ~p; ~q; miÞfh0jaryi ð ~pÞasyi ð ~qÞj0if

þ Nrs
	
ð ~p; ~q;miÞfh0jari ð ~pÞasi ð ~qÞj0if

þ Krs
	
ð ~p; ~q;miÞfh0jari ð ~pÞasyi ð ~qÞj0if�: (49)

In order to simplify the expectation values of pairs of mass
operators, we use the formulas

ar1ð ~kÞ ¼ cos�arAð ~k; tÞ þ sin�
X
s

ðWrsð ~k; tÞasBð ~k; tÞ

þ Yrsð ~k; tÞasyB ð� ~k; tÞÞ
ar2ð ~kÞ ¼ cos�arBð ~k; tÞ � sin�

X
s

ðWsr
ð ~k; tÞasAð ~k; tÞ

þ Ysrð� ~k; tÞasyA ð� ~k; tÞÞ; (50)

b1ð ~kÞ ¼ cos�bAð ~k; tÞ � sin�ðU
ðk; tÞbBð ~k; tÞ
þ Vðk; tÞayBð� ~k; tÞÞ

b2ð ~kÞ ¼ cos�bBð ~k; tÞ þ sin�ðUðk; tÞbAð ~k; tÞ
� Vðk; tÞayAð� ~k; tÞÞ; (51)

c1ð ~kÞ ¼ cos�cAð ~k; tÞ � sin�ðU
ðk; tÞcBð ~k; tÞ
þ Vðk; tÞayBð� ~k; tÞÞ

c2ð ~kÞ ¼ cos�cBð ~k; tÞ þ sin�ðUðk; tÞcAð ~k; tÞ
� Vðk; tÞayAð� ~k; tÞÞ; (52)

which can be obtained from (37) (W, Y,U, V being defined
in (40) and (41)), the (anti-)commutation relations (42), as
well as the the property of the flavor vacuum

ar�ð ~k; tÞj0if ¼ b�ð ~k; tÞj0if ¼ c�ð ~k; tÞj0if ¼ 0: (53)

Being left with functions of the momenta, the last step is to
simplify and evaluate the integrals over ~p and ~q.
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We next proceed, therefore, to give the energy density
and pressure of the fluid, obtained by following the above
procedure, and discuss the associated novel SUSY-
breaking mechanism induced by the flavor condensates
in the BV formalism.

B. Energy density and pressure

After straightforward but quite involved calculations,
one finds that the flavored vacuum expectation value of
the off-diagonal elements of the stress-energy tensor
vanish, fh0jT	
j0if ¼ 0, 	 � 
, as appropriate for a rela-

tivistic fluid (in a momentarily comoving rest frame). On
the other hand, the energy density e and pressure p of the
flavor vacuum for the theory (26) are determined to be:

e ¼ fh0jT00ðxÞj0if
¼ sin2�

ðm1 �m2Þ2
2�2

Z �

0
dkk2

�
1

!1ðkÞ þ
1

!2ðkÞ
�

¼ sin2�
ðm1 �m2Þ2

2�2
fð�Þ; (54)

p ¼ fh0jTiiðxÞj0if

¼ �sin2�
m2

1 �m2
2

2�2

Z �

0
dkk2

�
1

!1ðkÞ �
1

!2ðkÞ
�

¼ sin2�
m2

1 �m2
2

2�2
gð�Þ: (55)

The integrals in (54) and (55) can be evaluated analytically.
This yields for the functions fð�Þ and gð�Þ

fð�Þ ¼ 1

2

�
�!1ð�Þ þ�!2ð�Þ �m2

1 log

�
�þ!1ð�Þ

m1

�

�m2
2 log

�
�þ!2ð�Þ

m2

��

gð�Þ ¼ 1

2

�
�!1ð�Þ ��!2ð�Þ �m2

1 log

�
�þ!1ð�Þ

m1

�

þm2
2 log

�
�þ!2ð�Þ

m2

��
; (56)

whereby � we denote the cutoff in momentum space. The
behavior of the energy density and pressure as functions of
the cutoff is shown in Figs. 2 and 3.
As we can see, the energy is positive. This is not

surprising, since we know that in a supersymmetric field-
theory model the state with the lowest energy is unique,
and corresponds to the usual vacuum j0i, for which
h0jT00j0i ¼ 0, all other states having positive energies.
The difference in energy of the ‘‘flavor vacuum’’ from
the mass-eigenstate one is due to the condensation of
massive flavored particle states [3,5]. The choice of this
vacuum leads therefore to a breaking of supersymmetry, in
a novel way to be explored further below.
On the other hand, the pressure is negative, leading to an

equation of state
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FIG. 2 (color online). The energy density as a function of the cutoff �, with the values: m1 ¼ 1, m2 ¼ 0:9, in arbitrary units
(sufficient for our purpose here, which is to demonstrate the dependence on � only) is plotted. The two plots correspond to two
different cutoff regimes: the diagram on the left, shows the behavior of eð�Þ for small �. It approaches zero as eð�Þ ��3 for � ! 0;
the plot on the right depicts the behavior of the energy density for large �, where we have eð�Þ ��2. As a typical scale of the theory,
with respect to which we define the low and high cutoff scale, we take m1 ’ m2 ¼ 1.
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w ¼ ðm1 þm2Þ
ðm1 �m2Þ

gð�Þ
fð�Þ : (57)

As we can see from Fig. 4, for small values of the cutoff
(compared with m1 � m2), the equation of state ap-
proaches�1. This is the region in which our flavor vacuum
might give a contribution to the dark energy, in the form of
an approximate cosmological constant. For greater values
of the cutoff, the equation of state goes to zero as
� logð�Þ��2M2, with M � ðm1 þm2Þ2=2, and the fluid
approaches that of a relativistic dust.9

C. Different equation of state for bosons and
fermions—strong and novel SUSY-breaking

In order to understand the above results and compare
them with our previous work [1,2], it is useful to disen-
tangle the various contributions to e and p coming from the
boson and Majorana fermion fields.

Since the Lagrangian (26) is the sum of six free
Lagrangians (two scalars, two pseudoscalars and two

Majorana spinors), the stress-energy tensor can be written
as the sum of three different terms

T	
ðxÞ ¼ TS
	
ðxÞ þ TP

	
ðxÞ þ Tc
	
ðxÞ; (58)

where the various superscripts denote scalar (S), pseudo-
scalar (P) and fermion (c ) contributions, respectively.
The flavor vacuum expectation values fh0jTS

	
ðxÞj0if,
fh0jTP

	
ðxÞj0if and fh0jTc
	
ðxÞj0if are nonvanishing only

for the diagonal elements.
As far as the energy density, e, is concerned, we have

fh0j
X
i¼1;2

TSi
00ðxÞj0if¼ fh0j

X
i¼1;2

TPi

00ðxÞj0if

¼
Z
dk

k2

2�2
ð!1ðkÞþ!2ðkÞÞ

�
�
1þsin2�

ð!1ðkÞ�!2ðkÞÞ2
2!1ðkÞ!2ðkÞ

�
; (59)

fh0j X
i¼1;2

Tc i

00 ðxÞj0if

¼
Z
dk

k2

�2
ð!1ðkÞþ!2ðkÞÞ

�
�
�1þsin2�

�
!1ðkÞ!2ðkÞ�m1m2�k2

!1ðkÞ!2ðkÞ
��

: (60)

On the other hand, the respective contributions to the
pressure are
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FIG. 3 (color online). The pressure as a function of the cutoff�, with the values sin� ¼ 2�2,m1 ¼ 1,m2 ¼ 0:9 is plotted. Again, on
the left we have the behavior of pð�Þ for small � (compared with m2 � m1 ¼ 1), where pð�Þ ��3, and on the right for large �,
where pð�Þ � logð�Þ.

9The reader should recall at this stage that an accelerated
expanding Universe is obtained when w<�1=3, for the fluid
that fills it in; the flavored WZ fluid respects this property, for
sufficiently low values of the cutoff �. However, in the current
work, we did not perform a self-consistent analysis of the flavor
vacuum in such curved space-times, incorporating particle pro-
duction, as done in [1,2]. Thus, the conclusions one can reach
from the above flat space-time analysis is that this type of fluids
can potentially find applications to cosmology, once the above
step is performed.
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fh0j
X
i¼1;2

TSi
ii ðxÞj0if ¼ fh0j

X
i¼1;2

TPi

ii ðxÞj0if

¼
Z

dk
k2

2�2

�
k2

3

�
1

!1ðkÞ þ
1

!2ðkÞ
�

� sin2�
m2

1 �m2
2

2

�
1

!1ðkÞ �
1

!2ðkÞ
��

;

(61)

fh0j
X
i¼1;2

Tc i

ii ðxÞj0if¼�
Z
dk

k4

3�2

�
1

!1ðkÞþ
1

!2ðkÞ
�
: (62)

As we anticipated in the beginning of this section, such a
theory needs normal ordering with respect to the usual
vacuum (46). Now let us look at the individual equations
of state:

wb ¼
fh0j:

P
i¼1;2

TSi
ii ðxÞ:j0if

fh0j:
P

i¼1;2

TSi
00ðxÞ:j0if

¼
fh0j:

P
i¼1;2

TPi

ii ðxÞ:j0if

fh0j:
P

i¼1;2

TPi

00ðxÞ:j0if
¼ �1;

(63)

and

wf ¼
fh0j:

P
i¼1;2

Tc i

ii ðxÞ:j0if

fh0j:
P

i¼1;2

Tc i

00 ðxÞ:j0if
¼ 0: (64)

This means that the bosonic contribution to the vacuum
condensate by itself would lead to a pure cosmological

constant type equation of state [1,2]. This behavior of the
fluid is mitigated by the contribution of the Majorana
fermionic fluid, that has a vanishing pressure.
When just low energies (induced by a low cutoff scale)

are taken into account, the bosonic contribution drives the
equation of state towards �1, but as the cutoff increases,
the fermionic contribution gets stronger and stronger, lead-
ing w asymptotically to zero value, thus making the fluid
behaving as dust in such high energy regimes. The differ-
ent behavior between fermions and bosons indicates, in
addition to the nonzero vacuum energy, a novel strong type
of SUSY-breaking in the model, purely nonperturbative,
induced by the various particle excitations of the flavor
vacuum.
The choice of the cutoff is therefore crucial in deter-

mining the behavior of the fluid [5]. This implies the
necessity for constructing models in which the cutoff
scale is determined dynamically by the microscopic the-
ory, as, for instance, the D-brane model of [1,2], a feature
that cannot be captured by the simplified free WZ model
considered here.
However, we should stress that the cutoff dependence of

the condensate is a consequence of the fact that the com-
putations have been done here in flat space-time, and thus
some regularization is in order (the reader should compare,
for instance, the cutoff dependence of the effective running
coupling of the nonrenormalizable four-fermion interac-
tion in the chiral-symmetry-breaking model of Ref. [18],
which enters the expression for the respective condensates.
When the analysis of chiral-symmetry-breaking is
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FIG. 4 (color online). The equation of state w as a function of the cutoff is plotted; The plot on the left corresponds to m1 ¼ 1,
m2 ¼ 0:9. In the plot on the right we depict a set of three curves, each of them corresponding to different values of the mass-difference
parameter �: m2 � mþ � and m1 � m, with m ¼ 1 and � ¼ 0:5; 0:8; 0:99.
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performed in curved, and, in particular, de Sitter space-
time [17], as appropriate for our D-foam framework, any
potential ultraviolet (UV) infinities may be absorbed in the
cosmological constant and Planck scale of the de Sitter
space-time, as demonstrated explicitly in the related analy-
sis of Refs. [16,17]. In our context one should expect a
similar behavior, since the flavor-vacuum condensates are
also induced in our D-foam model from appropriate (non-
renormalizable) four-fermion interactions in the effective
low-energy theory (17), which become better behaved in
the UV in our (anti) de Sitter backgrounds. Hence the
presence of a flavor-vacuum condensate is not an artefact
of the UV cutoff.

V. DISCUSSION

In this work we have examined a novel type of SUSY-
breaking in a flavored supersymmetric WZ smodel, in-
duced by mixing in the BV formalism. The strong breaking
of SUSY is characterized not only by a nonvanishing
flavor-vacuum energy but also by different equations of
state between bosonic and fermionic particles. We have
motivated the choice of the flavor vacuum over the mass-
eigenstate vacuum by an explicit, and by no means generic,
example of a space-time quantum foam in string theory.
The vacuum of such a configuration broke target-space
supersymmetry and Lorentz symmetry, as a result of the
quantum fluctuations of massive space-time defects. As
such, the ordinary supersymmetric and Lorentz invariant
vacuum is not appropriate for the description of the under-
lying physics, and the flavor vacuum is a necessity. Despite
the difference in the setup from those in the models pre-
viously studied [1,2], SUSY-breaking is a feature also in
this context. Indeed, compared with [1,2], a flat universe
instead of a FRW universe is assumed in the present work.
Moreover, no MSWeffect has been introduced. As a result,
BV formalism by itself provides a mechanism for SUSY-
breaking.

Such a mechanism is not a spontaneous SUSY-
breaking in the usual sense: no potential is introduced
and formally, if the model is not considered as an
effective theory, a state with zero energy (denoted by
j0i), exists. However, such a state does not represent the
physical vacuum; in the sense of [3] only flavored par-
ticles can be produced/annihilated, if one does not insist
on energy conservation at an interaction vertex (taking
into account the time-energy uncertainty relation). From
our D-particle-foam view point, energy is of course
conserved overall in a process where a flavored particle
is produced by the ‘‘vacuum.’’ The missing energy from
a low-energy field-theory point of view [3], amounting to
the difference in energy between the normal mass-
eigenstate and flavor vacua, is accounted for in the
string-theory picture by the recoil of the D-particle

defects in the foam and the induced condensation of
particle-antiparticle flavored particles. The latter amount
to stretched string states between the recoiling D-particle
and the D3-braneworld in Fig. 1. Such backreaction
effects of quantum flavored matter onto the surrounding
space-time involve stringy/brany degrees of freedom that
go beyond the local field-theory formalism.
The strong SUSY-breaking that characterizes such a

state is a really new feature here. It would be interesting
to discuss other, phenomenologically more realistic mod-
els, involving Dirac fermions and, in general, interacting
fields [8]. This would allow us to check whether the
Majorana fermion fluid zero pressure we have found
here is a specific feature of the free WZ model or is valid
in general and study the patterns of flavor-induced
symmetry-breaking through the associated equations of
state. One is tempted to interpret the zero total pressure of
the fermionic fluid as a result of an extra contribution, as
compared with the bosonic case, due to the Pauli exclu-
sion principle, the so called degeneracy pressure. The
latter is a positive contribution to the total pressure of a
fermion fluid which is due to the extra force one has to
exert as a consequence of the fact that two identical
fermions cannot occupy the same quantum state at the
same time. The force provided by this pressure sets a limit
on the extent to which matter can be squeezed together
without collapsing into, e.g., a neutron star or black hole.
When two fermions (of the same flavor) are squeezed too
close together, the exclusion principle requires them to
have opposite spins in order to occupy the same energy
level. To add another fermion of this flavor to a given
volume (as required by the formation of a condensate)
requires raising the fermion’s energy level, and this re-
quirement for energy to compress the material appears as
a (positive) pressure. In our cosmological situation, it may
be that this positive contribution to the pressure cancels
out the cosmological negative pressure of the fermionic
fluid, leading to the dustlike behavior we find here. On the
other hand, the bosons are not characterized by such
degeneracy pressure contributions, and therefore their
total (negative) pressure leads to an equation of state
resembling that of a cosmological constant [1,2]. These
issues, together with the extension of the formalism to
incorporate interacting field theories, are currently under
investigation.
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