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We examine the hypothesis that inflation is primarily driven by vacuum energy at a scale indicated by
gauge coupling unification. Concretely, we consider a class of hybrid inflation models wherein the vacuum
energy associated with a grand unified theory condensate provides the dominant energy during inflation,
while a second “inflaton” scalar slow rolls. We show that it is possible to obtain significant tensor-to-scalar

ratios while fitting the observed spectral index.
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I. INTRODUCTION

Cosmological inflation [1-3] provides an explanation for
the large scale homogeneity and isotropy of the Universe. It
also suggests a natural origin for small inhomogeneities,
tracing them to spontaneous fluctuations in quantum fields.
Its qualitative and semiquantitative predictions agree well
with recent observations, notably including the approxi-
mately, but not precisely, scale-invariant spectrum of density
perturbations. Gravitational waves, resulting from quantum
fluctuations in the metric field, are another possible conse-
quence of inflation. The amplitude with which these occur,
however, is sensitive to the energy density during inflation.
Within the present state of understanding, that energy density
appears as an essentially free parameter.

In this paper we explore the possibility that vacuum
energy density associated with grand unification [4,5]
dominates the energy density during inflation. Then the
amplitude of primordial gravity waves is set, at least
semiquantitatively, by microphysics—specifically, the
energy scale of unification of gauge couplings [6].

We find that models implementing this idea can be
consistent with existing data [7-9], and allow for a
significant tensor to scalar, such as might be discovered
in various upcoming searches. Our main results are
summarized in Fig. 1, where we compute the predictions
for the spectral index and tensor-to-scalar ratio in different
parameter regimes.

In order to obtain the requisite number of e-foldings, we
will need to introduce a scalar field ¢ that undergoes
Planck-scale displacement during inflation. Because of
this, the global shape of its potential is sensitive to effects
of quantum gravity and other corrections that are not well
controlled theoretically. We will discuss the resulting
uncertainties as they arise.
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II. MODEL

To implement the idea that unification energy density
drives inflation, we consider a Higgs field 4 with potential

V=R -2, (n

4
where » is the vacuum expectation value associated
with gauge unification, and A, taken to be O(1), is a
self-coupling. We have fixed the vacuum energy after
symmetry breaking to be negligible. Unification of
gauge couplings suggests v ~ 10'® GeV (in MSSM, see
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FIG. 1. Predictions for the spectral index n, and tensor-to-scalar

ratio r as we vary uy, = U(¢,)/V, for potentials that during
inflation are monomials U o |¢|”. uy; — O towards the lower
right while u; — oo towards the upper left. Blue, red, and green
curves are p = 1,2/3,3/2 respectively. Solid curves are for
N, =55 and dashed curves are for N, = 35 (see Sec. V). The
circles indicate the point ro at which u; = 1 and the squares
indicate the point r at which ¢, = 1/1/Gy.
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e.g., [10]), a value also broadly consistent with neutrino
masses m, ~ 0.1 eV, generated via the see-saw mecha-
nism. The unification scale probably cannot be signifi-
cantly lower, since unification brings in particles capable of
mediating proton decay, and those must be very heavy. The
vacuum energy stored in the field at the symmetric point
h =0 is then

Vo= %1}4 ~ (10'® GeV)*. (2)

We will investigate whether we can sit near that point in
field space and drive inflation using V.

The minimal possibility, using the evolution of % itself to
drive inflation, is problematic. Indeed, the (tachyonic) mass
parameter m;, ~ 10'® GeV is significantly larger than the
Hubble parameter H = \/V,/3/Mp, where Mp =

1/4/87G is the reduced Planck mass. Therefore the field
will evolve away from & = 0 rapidly, and we will not have
an extended period of inflation.

This leads us to consider a form of hybrid inflation [11].
(Earlier analyses, often focused on low scale models,
appear in [12-18].) We will consider the two field potential

Vig.m) =502 =22+ g L ulg). )

Now, because of the coupling term ~g¢?h, h is stable
around 4 = 0 for large ¢.

Our main freedom lies in the choice of potential U(¢).
During the first phase of inflation, when i = 0, the ¢ field
evolves in the potential

Vy=Vo+ U(d). (4)

ITII. OBSERVABLES

Inflationary predictions are encoded in the slow-roll

parameters
2 /YIN2
) =2 (372) )
V//
) = 13 (51) )

The number of e-foldings is given by

.
Ne_Mm[,,(. 2() )

Here ¢p. = v+/1/g s the critical value of ¢ where the Higgs
at h = 0 becomes unstable, and the transition occurs. ¢, is
the value of the field when modes leave the horizon that
will later reenter the apparent horizon on the scale of
interest. Here we will mainly be interested in scales
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accessed by low to moderate multipoles in the cosmic
microwave background radiation.

The predictions for the scalar amplitude A2, scalar
spectral index ng, tensor-to-scalar ratio r, are given by

Vs

C S M) (8
r = 16¢(¢.). (10)

A suite of recent observations have determined some of
these parameters and constrained others [7-9]. The scalar
amplitude is measured to be A2 ~ 2.45 x 10~°. Using this
value, we parametrize the mass scale driving inflation as

1/4
Vi 2% 1016 GeV(ﬁ) . (11)

Unless r <1, this will be similar to the unification mass
scale. In most models of inflation that approximate agree-
ment appears accidental. Here our guiding principle is to
realize it as an intrinsic feature.

Recent CMB measurements yield estimates for the
spectral index n, and tensor-to-scalar ratio r [7,8]. The
spectral index is measured to be n; = 0.9603 % 0.0073.
The value of r is presently unknown, though constrained.
The Planck experiment [8] claims a limit r < 0.11 at
95% confidence level. The BICEP2 experiment [9] claimed

detection, with r = 0.2f8_'8g , though it is probably best
explained by dust.

IV. SIMPLE POTENTIALS

As the simplest starting point, we consider a monomial
potential

yr
i) =gl (12)
p

where y has the dimensions of energy. For reasons that will
appear shortly, we will be especially interested in the range
0 < p < 2. The behavior of these potentials as ¢ — 0O is
nonanalytic. We will regulate that behavior in Sec. V.

The first two slow-roll parameters are easily computed
to be

MZ 8-2p 2p-2
€= —H 4 4_‘¢‘ 2 (13)

2 (Vo+r*"19lP/p)
L (=Dl

Vo + 1 rIglP/ p

n (14)

Let us provisionally assume that inflation ends for ¢, < ¢,
(we will return to this point in Sec. V). Again recalling that
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we are interested in the regime 0 < p < 2, we can neglect
terms that depend on ¢, here, and find that the number of
e-foldings is given by

v (15)

4-p P
4 |¢*‘

N, = + .
T 2= )

2pVy

It is useful to define three dimensionless quantities

d= My Vd ="y > W=7 Vo

GUT vacuum energy V, dominates during inflation.
€ and 5 can be written in terms of N, and u, as

Cuy <1 if the

pug 1 Ug
N,, = — 1, 16
eWe. ta) 2Ne(1+ud)2<2—p+2> 16)
p—l 1 uy
N,, = — . 17
e =t (75 5) 00

Using ny, = 1—6¢ + 25 and r = 16¢, we obtain expressions
for ny =ny(N,,u;) and r=r(N, u;). We also find
negligible running of the spectral index.

A. Results

As we scan u, over the range 0 < u; < oo, for fixed
values of p and N,, a curve in the r vs n, plane is mapped
out. This is presented in Fig. 1. The usual range for the
number of e-foldings is 50 < N, < 60, so we have picked a
representative value of N, = 55 in the solid curves. A much
lower value of N, =35 is given by the dashed curves,
whose justification will be given in Sec. V when we alter
the shape of the potential near ¢ = 0.

In the figure, blue curves are for p = 1, red curves are for
p = 2/3, and green curves are for p = 3/2. Note that for
higher values of p there is a stronger tendency towards
larger ng for a fixed value of r. Hence this heads towards a
blue spectrum, when the data clearly prefers a red spectrum.
This is the reason why we are not interested in p > 2 and
have restricted our attention to the range 0 < p < 2. (In fact
for p > 2 there is a divergence in the number of e-foldings
if we take ¢. — 0.)

Now let us evaluate the spectral index and tensor-to-
scalar ratio in a couple of limits:

2(1-p) 8puy
ng~l———"" ~— oyl 18
"TUN(2-p) N.(2-p) ¢ 18)
24+ p 4p
ng~1-— N, er—e; uy > 1. (19)

In order to be V, dominated during inflation, we require
uy < 1. This implies that the tensor-to-scalar ratio is
bounded by
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p(4-p)

r<rop=

This upper limit r is indicated in Fig. 1 by the circles for
each choice of N, and p. For example, for N, = 55 and
p = 1 (solid blue), this corresponds to r < 0.06; which is
certainly consistent with WMAP [7] and Planck [8] data. In
Sec. V we will see that it may be reasonable to consider
lower values of N,, which would raise r and lead to easier
detection.

B. Planck-scale field value

When ¢, significantly exceeds the Planck scale, neglect
of quantum gravitational corrections is hard to justify.
Models in which we avoid that issue are therefore favored,
other things being equal. To bring this feature out it is
useful to express n, and r as functions of N, and ¢,. To do
so, we need to express y, in terms of these variables also.

¢ and 7 (and through them n, and r) can be written in
terms of N, and ¢, as

B 2%
Wetd =ava-prap Y
ANerpg) = 2P =) (22)

C2N.(2-p)+ oy
As a concrete illustration, let us take ¢, = 1/Gy =
v/ 8xMp;, which is the ordinary Planck mass. Then

64r
o= .
© T (N.(2-p) +4n)

(23)

These values r are indicated in Fig. 1 by the squares for
each choice of N, and p. For N, =55 and p =1 (solid
blue) we find to r ~ 0.05, consistent with the bound ro ~
0.06 quoted in (20). This value or r is compatible with the
Planck results [8]. For the scalar spectral index we have

2N, 2-p)(1-p)+8(4-p)m
(Ne(2=p) +4n)? '

ng = 1 (24)

For N, =55 and p ~1 this gives n; =~ 0.98, which is
slightly higher than the central value of n; =~ 0.96 preferred
by Planck data [8], but not excluded.

In Sec. V we argue that lower values of N,, which lead to
larger r and smaller ng, are not implausible.

Using the full expression for V , and e, the prediction for
the amplitude of scalar modes is

P2N.2-p)+¢3)° Vo

A2 = Yo
487%(2 — p)p3(2pN, — ¢3) M,

(25)

Using our reference values N, ~ 55, p ~ 1, and ¢, ~ /8,
we find that the observed value of the scalar amplitude
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(A% 7 2.45 x 107°) corresponds to Vy~(1.4x 10 GeV)*
which is close to the GUT energy density. Running the
logic backwards, we see that by putting V|, at the GUT
scale and ¢, at the Planck scale, we are led to predict
roughly the correct scalar mode amplitude.

V. REGULATED POTENTIALS

In the previous section we considered the potential
U(¢) x |¢|P. This potential is not smooth near ¢ ~ 0, so
it is unusual from the point of view of particle physics.
Ordinarily we would prefer a potential that is smooth and
can be expanded as a regular tower of operators.
Fortunately, only the monomial behavior at large ¢ is
important for the fluctuations that appear in the CMB.

Small ¢ does, however, enter into determining the total
number of e-foldings. To assess the modification that may
arise for a regulated potential, let us consider

U(z/)):ﬁ_%/v’((l—ki—z)g—l). (26)

This is the sort of function that appears in axion mono-
dromy models [19,20], with p =1 or p =2/3 as pos-
sibilities [though axions, with an approximate shift
symmetry, will not support the tree-level coupling to &
assumed in Eq. (3)]. A is a microphysical parameter that
sets the scale for the crossover from quadratic to the
p-power behavior of the potential. The specific details
of how U(¢) interpolates between U « ¢* at small ¢ and
U « |¢|P at large ¢ are not crucial to our main consid-
eration, which we will now explain.

We can split the integral in (7) expressing the number of
e-foldings into two pieces N, = N, + AN,, where

| (e dg 1 (A de
Ne MPl/\ 2€(¢)’ N MPI/L, 2¢(¢) 27)

In the first term (¢ > A) the monomial approximation is
appropriate. Assuming ¢, > A, this leads back to our
preceding analysis. So we can approximate N, by the
expression given in Eq. (15).

In the second term (¢ < A) the quadratic approximation

is appropriate. Then
A*PY A
Ty 2010g(—>. (28)
Y Mpl P

This can easily be a numerically significant contribution.
For example, with ¢, = \8x, p=1,and N, = 55 we find
74 = 0.13, so with A ~ Mp, the prefactor of the logarithm
is O(10).

Let us consider, for example, AN ~ 20. Then we only
require N, ~ 35, rather than ~55. The case of N, = 35 is

AN ~
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given by the dashed curves in Fig. 1. Note that on these
dashed curves (N, = 35) the squares sit slightly higher than
the circles. This means that when ¢, = 1/1/G the ratio of
U(¢,) to Vy is slightly larger than 1. For V) to dominate,
we should consider ¢, slightly smaller than 1//Gy.

For the consistency check of this analysis, we need
¢, < A. If we take A~Mpj, A~1, v~ 10'° GeV, then

from ¢, = v\/m this condition is satisfied for g > 107,
A coupling of this order generates radiative corrections to
the quartic potential that are roughly comparable to the
quartic coupling that arises from expanding Eq. (26).

VI. DISCUSSION

We have demonstrated that two attractive ideas, viz.
(i) vacuum energy associated with unification drives
inflation and (ii) the inflaton field displacement is of the
order of the Planck scale, can be incorporated into a class of
phenomenologically viable inflation models.

Because the field displacement of ¢ generally
approaches the Planck scale, these models are sensitive
to quantum gravitational effects and other corrections. For
discussion of these issues, see, e.g., [21-24].

Our treatment of the unified symmetry and its breaking
has been extremely schematic. This seems justified stra-
tegically, since possible cosmological implications of the
overall unification scale raise different issues from, and can
be discussed independently of, such issues as dark matter,
baryogenesis, and topological defects, which depend on
many underdetermined details. For some relevant ideas,
see [25,26].

One comment however, does seem in order, since it
touches on a major historical motivation for inflation, that is
the removal of magnetic monopoles (which accompany
virtually all modern attempts at unification) as a cosmo-
logical relic. If our 4 field simply encoded the magnitude of
an adjoint of SU(5), involved in breaking the unified
symmetry SU(5) — SU(3) x SU(2) x U(1), for example,
then its condensation affer inflation would render inflation
irrelevant as a dilution mechanism, leaving an unacceptable
relic monopole density. An attractive alternative may be to
start with SO(10), and have SO(10) — SU(5) x U(1) in
the preinflationary phase. Further breaking of this sym-
metry need not lead to monopole production, any more than
does the much later SU(2) x U(1) —» U(1) electroweak
symmetry breaking.

ACKNOWLEDGMENTS

This work has been supported by the Center for
Theoretical Physics at MIT and by the U.S. Department
of Energy under Cooperative Research Agreement Contract
No. DE-FG02-05ER41360.

063516-4



INFLATION DRIVEN BY UNIFICATION ENERGY

[1] A. H. Guth, The inflationary universe: A possible solution to
the horizon and flatness problems, Phys. Rev. D 23, 347
(1981).

[2] A.D. Linde, A new inflationary universe scenario: A
possible solution of the horizon, flatness, homogeneity,
isotropy and primordial monopole problems, Phys. Lett. B
108, 389 (1982).

[3] A. Albrecht and P.J. Steinhardt, Cosmology for Grand
Unified Theories with Radiatively Induced Symmetry
Breaking, Phys. Rev. Lett. 48, 1220 (1982).

[4] H. Georgi and S.L. Glashow, Unity of All Elementary
Particle Forces, Phys. Rev. Lett. 32, 438 (1974).

[5] H. Georgi, H.R. Quinn, and S. Weinberg, Hierarchy of
Interactions in Unified Gauge Theories, Phys. Rev. Lett. 33,
451 (1974).

[6] S. Dimopoulos, S. Raby, and F. Wilczek, Supersymmetry
and the scale of unification, Phys. Rev. D 24, 1681 (1981).

[71 G. Hinshaw et al. (WMAP Collaboration), Nine-year
Wilkinson microwave anisotropy probe (WMAP) observa-
tions: Cosmological parameter results, Astrophys. J. Suppl.
Ser. 208, 19 (2013).

[8] P.A.R. Ade et al. (Planck Collaboration), Planck 2013
results. XXII. Constraints on inflation, Astron. Astrophys.
571, A22 (2014).

[9] P.A.R. Ade et al. (BICEP2 Collaboration), BICEP2 I:
Detection of B-Mode Polarization at Degree Angular
Scales, Phys. Rev. Lett. 112, 241101 (2014).

[10] M.S. Carena, S. Pokorski, and C.E.M. Wagner, On the
unification of couplings in the minimal supersymmetric
Standard Model, Nucl. Phys. B406, 59 (1993).

[11] A. Linde, Hybrid inflation, Phys. Rev. D 49, 748 (1994).

[12] L. Randall, M. Soljacic, and A.H. Guth, Supernatural
inflation, arXiv:hep-ph/9601296v1.

PHYSICAL REVIEW D 95, 063516 (2017)

[13] L. Randall, M. Soljacic, and A.H. Guth, Supernatural
inflation: Inflation from supersymmetry with no (very)
small parameters, Nucl. Phys. B472, 377 (1996).

[14] J. G. Bellido, A. Linde, and D. Wands, Density perturba-
tions and black hole formation in hybrid inflation, Phys.
Rev. D 54, 6040 (1996).

[15] B.J. Carr, Primordial black holes as a probe of cosmology
and high energy physics, Lect. Notes Phys. 631, 301 (2003).

[16] B.J. Carr, Primordial black hole formation and hybrid
inflation, arXiv:1107.1681.

[17] D. Lyth, The hybrid inflation waterfall and the primordial
curvature perturbation, J. Cosmol. Astropart. Phys. 05
(2012) 022.

[18] A.H. Guth and E.I. Sfakianakis, Density perturbations in
hybrid inflation using a free field theory time-delay ap-
proach, arXiv:1210.8128.

[19] L. McAllister, E. Silverstein, and A. Westphal, Gravity
waves and linear inflation from axion monodromy, Phys.
Rev. D 82, 046003 (2010).

[20] L. McAllister and E. Silverstein, String cosmology: A
review, Gen. Relativ. Gravit. 40, 565 (2008).

[21] D. Baumann, TASI lectures on inflation, arXiv:0907.5424.

[22] M. P. Hertzberg, Can inflation be connected to low energy
particle physics?, J. Cosmol. Astropart. Phys. 08 (2012) 008.

[23] M. P. Hertzberg, Inflation, symmetry, and B-modes, Phys.
Lett. B 745, 118 (2015).

[24] D. Baumann and L. McAllister, Inflation and string theory,
arXiv:1404.2601.

[25] M. P. Hertzberg and J. Karouby, Baryogenesis from the
inflaton field, Phys. Lett. B 737, 34 (2014).

[26] M. P. Hertzberg and J. Karouby, Generating the observed
baryon asymmetry from the inflaton field, Phys. Rev. D 89,
063523 (2014).

063516-5


http://dx.doi.org/10.1103/PhysRevD.23.347
http://dx.doi.org/10.1103/PhysRevD.23.347
http://dx.doi.org/10.1016/0370-2693(82)91219-9
http://dx.doi.org/10.1016/0370-2693(82)91219-9
http://dx.doi.org/10.1103/PhysRevLett.48.1220
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1103/PhysRevLett.33.451
http://dx.doi.org/10.1103/PhysRevLett.33.451
http://dx.doi.org/10.1103/PhysRevD.24.1681
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1088/0067-0049/208/2/19
http://dx.doi.org/10.1051/0004-6361/201321569
http://dx.doi.org/10.1051/0004-6361/201321569
http://dx.doi.org/10.1103/PhysRevLett.112.241101
http://dx.doi.org/10.1016/0550-3213(93)90161-H
http://dx.doi.org/10.1103/PhysRevD.49.748
http://arXiv.org/abs/hep-ph/9601296v1
http://dx.doi.org/10.1016/0550-3213(96)00174-5
http://dx.doi.org/10.1103/PhysRevD.54.6040
http://dx.doi.org/10.1103/PhysRevD.54.6040
http://dx.doi.org/10.1007/b13561
http://arXiv.org/abs/1107.1681
http://dx.doi.org/10.1088/1475-7516/2012/05/022
http://dx.doi.org/10.1088/1475-7516/2012/05/022
http://arXiv.org/abs/1210.8128
http://dx.doi.org/10.1103/PhysRevD.82.046003
http://dx.doi.org/10.1103/PhysRevD.82.046003
http://dx.doi.org/10.1007/s10714-007-0556-6
http://arXiv.org/abs/0907.5424
http://dx.doi.org/10.1088/1475-7516/2012/08/008
http://dx.doi.org/10.1016/j.physletb.2015.04.031
http://dx.doi.org/10.1016/j.physletb.2015.04.031
http://arXiv.org/abs/1404.2601
http://dx.doi.org/10.1016/j.physletb.2014.08.021
http://dx.doi.org/10.1103/PhysRevD.89.063523
http://dx.doi.org/10.1103/PhysRevD.89.063523

