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Dark energy and neutrino mass limits from baryogenesis
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In this Brief Report we consider the coupling of a dark energy scalar such as quintessence to neutrinos and
discuss its implications in studies on the neutrino mass limits from baryogenesis. During the evolution of the
dark energy scalar, the neutrino masses vary; consequently the bounds on the neutrino masses we have here
differ from those obtained before.
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There is strong evidence that the Universe is spati
accelerating at the present time@1#. The simplest account o
this cosmic acceleration seems to be a remnant small cos
logical constant; however, many physicists are attracted
the idea that a new form of matter, usually called dark ene
@2#, is causing the cosmic accelerating. A simple candid
for dark energy is quintessence@3–6#, a scalar field~or mul-
tiscalar fields! with a canonical kinetic term and a potenti
term in the Lagrangian. Another one is called in the literat
k essence@7,8#. Differing from quintessence, fork essence
the accelerating expansion of the Universe is driven by
kinetic rather than potential energy. Being a dynamical co
ponent, the scalar field dark energy is expected to inte
with ordinary matter. In the literature there have been a lo
studies on the possible couplings of quintessence to bary
dark matter, and photons@9–13#. For example, in Refs
@11,14# it was shown that introducing an interaction betwe
quintessence and dark matter provides a solution to
puzzle of whyVDM and VDE are nearly equal today. Spe
cifically the authors of Ref.@15# recently considered a mode
of interacting dark energy with dark matter and in their s
nario the mass of dark matter particlex depends exponen
tially on the dark energy field scalarQ,Mx(Q)
5M̄e2lQ/M pl. During the evolution of the dark energy scal
field the mass of the dark matter particle varies, conseque
the parameters of the dark matter model, such as the min
supersymmetric standard model~MSSM!, differ drastically
from the results where no connection between dark ene
and dark matter is present. Recent data on the possible v
tion of the electromagnetic fine structure constant reporte
@16# have triggered interest in studies related to the inter
tions between quintessence and the matter fields. For
case, one usually introduces an interaction of fo
;QFmnFmn with Fmn being the electromagnetic fiel
strength tensor.

In recent years we@17# have studied the possible intera
tions between the dark energy scalars, such as quintess
or k essence, and the matter fields of the standard e
troweak theory and have shown that during the evolution
these scalar fieldsCPT symmetry is violated and the baryo

*Electronic address: guph@mail.ihep.ac.cn
†Electronic address: wangxl@mail.ihep.ac.cn
‡Electronic address: xmzhang@mail.ihep.ac.cn
0556-2821/2003/68~8!/087301~4!/$20.00 68 0873
y

o-
y
y

te

e

s
-
ct
f

ns,

e

-

tly
al

y
ia-
in
c-
is

nce
c-
f

number asymmetry required is generated. The mechan
for baryogenesis and/or leptogenesis proposed in R
@17,18# provides a unified picture for dark energy and bary
matter of our Universe. In this Brief Report we consid
possible couplings of quintessence to the neutrinos and s
its effects on the neutrino mass limits from baryogenesis

We start with an examination on the neutrino mass lim
required by avoiding the washing out of the baryon num
asymmetry@19#. Consider a dimension five operator

LL”5
2

f
l Ll Lff1H.c., ~1!

wheref is a scale of new physics beyond the standard mo
which generates theB2L violations, l L ,f are the left-
handed lepton and Higgs doublets, respectively. When
Higgs field gets a vacuum expectation value^f&;v, the

left-handed neutrino receives a Majorana massmn;
v2

f
. If

this interaction in the early universe is strong enough, co
bined with the electroweak Sphaleron effect it will wash o
any baryon number asymmetry of the Universe.

At finite temperature, the lepton number violating ra
induced by the interaction in Eq.~1! is @20#

GL”;0.04
T3

f 2
. ~2!

The survival of the baryon number asymmetry requires t
rate to be smaller than the Universe expansion rateH
;1.66g

*
1/2T2/M pl , which gives rise to aT-dependent uppe

limit on the neutrino mass

Smn i
2 5F0.2 eVS 1012 GeV

T D 1/2G2

. ~3!

For instance, takingT around 100 GeV for one type of neu
trino it gives mn,20 keV; however, forT;1010 GeV, a
typical leptogenesis temperature, this bound reduces to 2

Now we introduce an interaction between the neutrin
and the quintessence

b
Q

M pl

2

f
l Ll Lff1H.c., ~4!
©2003 The American Physical Society01-1



BRIEF REPORTS PHYSICAL REVIEW D68, 087301 ~2003!
                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

-70 -60 -50 -40 -30 -20 -10 0

-1.00

-0.95

-0.90

-0.85

-0.80

-0.75

-0.70
w

Q

-ln(z+1)

                                                    

                                                    

                                                    

                                                    

                                                    

                                                    

-70 -60 -50 -40 -30 -20 -10 0
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

w
Q

-ln(1+z)

FIG. 1. Plot ofwQ as a function of2 ln(11z). The left one is for the quintessence model given by Eq.~9!; the right one is for the
quintessence model given by Eq.~12!.
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whereb is the coefficient which characterizes the strength
the quintessence interacting with the neutrinos and gene
one requiresb,4p to make the effective Lagrangian de
scription reliable. Combining Eq.~1! and Eq.~4! we have an
effective operator for quintessence-dependent neut
masses

LL” ~Q!5
2C~Q!

f
l Ll Lff1H.c., ~5!

whereC(Q)511bQ/M pl .
In the early universe theB2L violating interaction rate

now becomes

GL”;0.04
T3

f 2
C2~Q!.

Correspondingly the formula for the neutrino mass up
limit in Eq. ~3! changes to

( mn i
2 5F0.2 eVS 1012 GeV

T D 1/2C~Q0!

C~QT!G
2

,

whereQ0 is the value of the quintessence field at the pres
time andQT the quintessence evaluated at the temperaturT.
In generalC(Q0)/C(QT) will not be one, so one expects
change on the neutrino mass limit for a given temperaturT.

To evaluateC(Q) we need to solve the following equa
tions of motion of the quintessence, which for a flat Unive
are given by

H25
8pG

3
FrB1

Q̇2

2
1V~Q!G , ~6!

Q̈13HQ̇1V8~Q!50, ~7!

Ḣ524pG@~11wB!rB1Q̇2#, ~8!
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whererB and ‘‘wB’’ represent, respectively, the energy de
sity and the equation-of-state of the background fluid,
example,wB51/3 in radiation-dominated andwB50 in the
matter-dominated Universe.

For numerical studies, we consider a model of quint
sence with an inverse power-law potential@3#,

V5V0Q2a. ~9!

This model is shown@3,6# to have the property of tracking
behavior. For a general discussion on the tracking solut
one considers a functionG[V9V/(V8)2, which when com-
bined with Eqs.~6! and ~7!, is given by

G511
wB2wQ

2~11wQ!
2

11wB22wQ

2~11wQ!

ẋ

61x

2
2

~11wQ!

ẍ

~61 ẋ!2
, ~10!

where x[(11wQ)/(12wQ),ẋ[d ln x/d ln a, and ẍ
[d2ln x/d ln a2. If wQ,wB ,G.1 andG is nearly constant
@i.e., ud(G21)/Hdtu!uG21u] @6#, the model has the track
ing property.

In the tracking region,

G215
wB2wQ

2~11wQ!
5

1

a
, ~11!

then wQ5(awB22)/(a12). The WMAP gives thatwQ0
,20.78 @21#, which requires a small value ofa for this
model. In Fig. 1 we show the evolution ofwQ with time, for
parametersa50.5, VQ0

.0.7.
In Fig. 2 we plot the evolution of quintessence field as

function of redshift z. The values of quintessence field at
present timeQ0 is 0.143M pl .

Defining S[(Smn i
2 )1/25@C(Q0)/C(QT)#ST, where ST

50.2 eV(1012 GeV/T)1/2, we plot in Fig. 3 theS as a func-
tion of the temperatureT for different values of parameter
1-2
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FIG. 2. Plot ofQ expressed in units ofM pl as a function of2 ln(11z). The left one is for the quintessence model given by Eq.~9!; the
right one is for the quintessence model given by Eq.~12!.
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b. b50 corresponds to the case when no interaction
tween the quintessence and the neutrinos exist. One can
from the figure that the difference betweenb50 andb5” 0
increases as the temperature decreases.

Numerically we find atT;100 GeV, for one type of neu
trino the mass bound which is 20 keV forb50 changes to
29 keV for b53 and 11 keV for b523. At T
;1010 GeV, these mass limits are 2.9, 2, and 1.1 eV forb
53, 0, 23, respectively.
08730
-
see

Our limits on the neutrino masses depend on the quin
sence model. For an illustration, we consider another qu
tessence model@6#

V~Q!5V0exp~l/Q!. ~12!

In Fig. 1 we show the evolution ofvQ with time. We take
l50.5M pl which gives rise tovQ.20.8 at present time
consistent with the WMAP limit. The behavior of the quin
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FIG. 3. Plot of( for different values ofb as a function of temperatureT. The left one is for the quintessence model given by Eq.~9!;
the right one is for the quintessence model given by Eq.~12!.
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tessence field for this model as shown in Fig. 2 is differ
from the model we studied above. Consequently the neut
mass limits will also be different. From Fig. 3 one can s
that for this model the neutrino mass limits differ drastica
from that obtained in the absence of the quintessence in
acting with neutrinos. For example, takingT5100 GeV,S
are 39, 20, and 1 keV forb53,0, and 23 and at T
51010 GeV S53.9, 2, and 0.1 eV, respectively.

In summary we have considered in this Brief Repor
scenario where neutrino masses vary during the evolutio
the dark energy scalars, such as quintessence, and studi
implications in baryogenesis. We assume that the neut
masses are from a dimension five operator in Eq.~1! and the
interaction form of the quintessence with the neutrinos
given by Eq. ~4!. The operator~1! is not renormalizable,
which in principle can be generated by integrating out
heavy particles. For example, in the model of the minim
seesaw mechanism@23# for the neutrino masses

L5hi j l̄ LiNR jf1 1
2 Mi j N̄Ri

c NR j1H.c., ~13!

whereMi j is the mass matrix of the right-handed neutrin
and the Dirac mass of neutrino is given bymD[hi j ^f&.
Integrating out the heavy right-handed neutrinos will gen
ate the operator in Eq.~1!, however, to have the light neu
ev
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o,
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trino masses varied there are various possibilities, such a
coupling the quintessence field to either the Dirac masse
the Majorana masses of the right-handed neutrinos or b
Qualitatively because of these interactions the neutrino m
limits from leptogenesis@22# are expected to be change
however, to quantify these changes one needs to specify
details of these couplings and the quintessence models.
merical studies on leptogenesis in the minimal seesaw m
show that the neutrino mass is bounded from above wh
for three degenerated neutrinos ismn,0.12 eV @24#. Inter-
action of the quintessence with the neutrinos can change
upper bound. Note that the cosmological limit on the ne
trino mass from WMAP givesmn,0.23 eV @21#. Interest-
ingly a recent study on the cosmological data showed a p
erence for neutrinos with degenerated masses around
eV @25#.

Our studies in this Brief Report can be generalized in
models of electroweak baryogenesis in the discussions o
constraints on the model parameters, such as the Higgs
son mass.
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