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Cosmic inflation provides an attractive framework for understanding the early Universe and the cosmic
microwave background. It can readily involve energies close to the scale at which quantum gravity effects
become important. General considerations of black hole quantum mechanics suggest nontrivial constraints
on any effective field theory model of inflation that emerges as a low-energy limit of quantum gravity, in
particular, the constraint of the weak gravity conjecture. We show that higher-dimensional gauge and
gravitational dynamics can elegantly satisfy these constraints and lead to a viable, theoretically controlled

and predictive class of natural inflation models.
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The success of modern cosmology is founded on the
simplifying features of homogeneity, isotropy, and spatial
flatness of the Universe on the largest distances. In this
limit, spacetime evolution is given in terms of a single scale
factor, a(z), and its Hubble expansion rate, H = a/a.
Homogeneity and flatness are themselves puzzling, con-
stituting very special “initial” conditions from the view-
point of the hot big bang (HBB). But they become more
robust if the HBB is preceded by an even earlier era of
cosmic inflation, exponential expansion of the Universe
driven by the dynamics of a scalar field ¢ (the “inflaton™)
coupled to general relativity (see [1] for a review)

8aGy [l -,
H? = — Lrﬁ +V(¢>]
$+3Hp+ V' =0. (1)

(We work in fundamental units in which 2#=c¢=1.
Gy is Newton’s constant.) If “slow roll” is achieved for

a period of time, ¢ subdominant and V(¢) ~ const, we
get a « e', H ~ const, after which the potential energy
is released, “reheating” the Universe to the HBB.
Phenomenologically, N f,1qs > 40-60 are required to under-
stand the degree of homogeneity or flatness we see today.

Remarkably, quantum fluctuations during inflation can
seed the inhomogeneities in the distribution of galaxies and
in the cosmic microwave background (CMB). In particular,
the CMB temperature fluctuation power spectrum,

k=wavenumber, n,=spectralindex,

(2)

is generically predicted by inflation to be approximately scale
invariant, n, &~ 1, and is measured to be n; =~ 0.96 [2,3].
Slow roll itself requires an unusually flat potential,
suggesting that the inflaton ¢ is a pseudo-Nambu-
Goldstone boson of a spontaneously broken global U(1)

AZ(k) o ks =1,

0031-9007/15/114(15)/151303(6)

151303-1

PACS numbers: 98.80.Cq, 03.65.Vf, 04.60.-m, 04.70.Dy

symmetry, an “axion.” [Note that the axion U(1) symmetry
also suppresses couplings to curvature which would, other-
wise, give rise to the “eta problem” [4].] If there is a weak
coupling that explicitly violates U(1) symmetry by a definite
amount of charge, one can generate a potential

Vg) =V, <1 — cos ;ﬁ) (3)

where f is a constant determined by the spontaneous breaking
dynamics, while V|, is a constant proportional to the weak
coupling. This is the model of “natural inflation” [5]. [The
fine-tuning of the two terms in Eq. (3) to obtain a (nearly)
vanishing vacuum energy relates to the notorious cosmologi-
cal constant problem [6], which we do not address here.]
The duration of inflation in this model scales as N s <
(f/M)*. Natural inflation can be successfully fit to data, in
particular NV 45 > 50, n; & 0.96, for parameters [3]

f>2x10" GeV ~ 10M,,
Vo> (2x10' GeV)* » (1072M,)*. (4)

The Planck scale M = 1//82Gy = 2 x 10" GeV is the
energy scale above which quantum gravity (QG) effects
become strong, and effective field theory (EFT) must break
down in favor of a more fundamental description such as
superstring theory [7].

The very high energy scale V(l)/ Y r 0.01My, is without
precedent in observational physics and implies sensitivity
to new exotic phenomena. For such large inflationary
energy densities, quantum graviton production during
inflation gives rise to a tensor/scalar ratio of the CMB
power spectrum of r ~ (.1. Indeed, observations by the
BICEP2 experiment initially suggested a signal at this level
[8], although further studies [9,10] and a combined analysis
with the Planck experiment [11] indicate that the excess is
consistent with galactic foregrounds. Regardless, future
cosmological observations including searches for tensor
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modes [12] have the potential to provide information about
physics at the highest energy scales.

However, the proximity of the QG scale raises concerns
about the validity of effective field theory treatments of
inflation and susceptibility to poorly understood QG effects.
There are, broadly, two approaches to addressing such QG
uncertainties in high-scale inflation models. One is to derive
inflationary models directly within known superstring con-
structions, which provide reasonably explicit UV descrip-
tions of QG. Such constructions feature many moduli fields
(for example, describing the size and shape of several extra
dimensions) which must be stabilized and which also receive
time-dependent back-reaction effects during the course of
inflation. Consistently constructing and analyzing models of
this type can be an involved and difficult task, and there is, as
yet, no fully realistic top-down derivation. Nevertheless,
considerable qualitative progress has been made on possible
shapes and field ranges of inflaton potentials in string theory
and their effects [13-21].

Alternatively, one can try to construct bottom-up effec-
tive field theory models, incorporating simple mechanisms
that shield the inflationary structure from unknown
QG corrections, aspects of which have been previously
explored in, e.g., [22-31]. However, studies of robust
quantum properties of large black hole solutions in general
relativity, as well as many string theory precedents, strongly
suggest that there are nontrivial constraints on effective
field theory couplings in order for them to be consistent
with any UV completion incorporating QG, which make
inflationary model building challenging. In this Letter, we
will discuss the impact of such black-hole/QG consider-
ations in the context of natural inflation, in particular the
role of the weak gravity conjecture (WGC) [32]. While
these considerations rule out some inflationary models, we
demonstrate for the first time that there do exist simple and
predictive effective theories of natural inflation, consistent
with the WGC, where the inflaton arises from components
of higher-dimensional gauge fields. The advantage of the
effective field theory approach is twofold: (i) the models
have a minimal field content, whose dynamics can be
analyzed quite straightforwardly and comprehensively, and
(i1) the small number of fundamental parameters in the
models can be realistically fit to the observed data. We
believe that such a higher-dimensional realization yields the
most attractive framework for cosmic inflation to date.
Further elaboration of our work will be presented in [33].

Quantum gravity constraints.—Classical black holes can
carry gauge charges, observable by their gauge flux outside
the horizon, but not global charges. Studies of black hole
formation and Hawking evaporation, combined with the
statistical interpretation of their entropy, then imply that
such quantum processes violate global charge conservation
[34,35]. By the uncertainty principle, this holds even for
virtual black holes, implying that at some level global
symmetries such as those desired for natural inflation
cannot coexist with QG. Of course, global symmetries
are seen in a variety of experimental phenomena, but these

are accidental or emergent at low energies, while natural
inflation only achieves slow roll for > M ;! A loophole is
that 1/f may represent a weak coupling and low-scale
symmetry breaking rather than very high scale breaking.
The mechanism of “extranatural inflation” [22] precisely
exploits this loophole, realizing ¢ as a low-energy remnant
of a U(1) gauge symmetry. The model is electrodynamics,
but in (4 4 1)-dimensional spacetime, with the usual
dimensions, x*~973, augmented by a very small extradi-
mensional  circle, x> € (—zR,zR]. The (34 1)-
dimensional inflaton is identified with the phase of the
gauge-invariant Wilson loop around the circle

1
D) =5 7{ A5 As (). (5)
Classically, the masslessness of the Maxwell field, A M=p.5>
matches onto V(¢) =0 in the long distance effective
theory > R. But (4 + 1)D charged matter, with charge
gs, mass ms, and spin S, corrects the quantum effective
potential [36,37]

S
sv(g) =21 st
4z (2zR)* ="
(2zRms)*>  2zRm 1
c,(2zRms) = 3n35 + prc 2 pet (6)

where (e=?"Rms)/R* is a typical (Yukawa-suppressed)
extradimensional Casimir energy density, and the phase
captures an Aharonov-Bohm effect around the circle.
We have written this in terms of the emergent scale

1
27Rg’ )
where ¢ is the effective 3 + 1 coupling which matches onto
gs in the UV. We see that natural inflation structure (with
innocuous harmonics), with f > M, can emerge at a sub-
Planckian compactification scale, 1/R < M, by choosing
weak gauge coupling g < 1.

The requirement g < 1 seems suspiciously closeto g = 0,
the limit in which the U(1) gauge symmetry effectively
reverts to an exact global symmetry, at odds with QG. Indeed,
extranatural inflation runs afoul of a subtle QG criterion
known as the weak gravity conjecture [32]. (For related work,
see, e.g., [38—44].) The WGC again uses universal features of
black holes to provide insights into QG constraints on EFT.
In brief, one argument is as follows. (We will discuss this
and other motivations for the WGC at greater length in [33].)
Reference [35] has shown that in EFTs containing both a
Maxwell gauge field and general relativity, the associated
gauge group must be compact U(1), in the sense that electric
charges must be quantized in integer multiples of the
coupling g, in order to avoid other exact global symmetries
and related negative consequences. Then, there exist large
black hole solutions to the Einstein-Maxwell equations
carrying both electric and magnetic charges. These solutions

f=
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are quantum-mechanically consistent if they obey the Dirac
quantization condition, whereby magnetic charges are quan-
tized in units of 27/g.

All precedent in general relativity and string theory
research (e.g., [45-48]) suggests that black holes are
themselves coarse-grained EFT descriptions of gravita-
tional bound states of more basic components (see
[49,50] for reviews). In particular, magnetically charged
black holes should be “made out of” fundamental magnetic
charges which are themselves not black holes. And yet, this
is impossible for sufficiently small g << 1. The reason is
that Maxwell EFT cannot describe electric and magnetic
charges which are both light and pointlike. Instead, the
magnetic charges must be heavy solitons, with a size 1/A,
where A < M, is the UV energy cutoff of the EFT.
The magnetostatic self-energy in the region outside the
1/A-sized “core,” where EFT applies, is then zA/(2¢%) >
A the mass m,, within the core is expected to be at least
comparable to this. [By comparison, for weakly coupled
electrically charged point particles, the length scale that sets
the electrostatic self-energy is played by the Compton
wavelength, which is then a small perturbation of the mass,
g*m/(8n) < m.] In order for the soliton to be larger than its
horizon radius 2G ym.., to avoid being a black hole itself,
we must have

A <2V2gM,,. (8)

Here, the “<” reminds us of the O(1) uncertainties in this
argument. This is the WGC. When testing theories of
inflation for parametric control, these O(1) uncertainties
will be irrelevant, but we will be subject to them when
fitting models to precision data.

Requiring the compactification scale to be below the
EFT cutoff, 1/R < A, then implies f < My, by Eq. (7),
spoiling minimal extranatural inflation [32,51]. Note that,
even with the O(1) uncertainty in the WGC, we cannot get
parametrically large f/M,, (i.e., large N e folds)-

Biaxion models.—We now show that we can achieve
inflation subject to the constraints of the WGC by general-
izing to biaxion (extra-)natural inflation, with two axions,
A, B [52-57]. Consider the potential

A ~ NA B
1 —cosf—J +Vy [1 — cos (K—FJC—B)], 9)

where N € Z by A periodicity, following from its Nambu-
Goldstone status. For sufficiently large N > 1, we get two
hierarchical eigenmodes. At lower energies than the higher
mass, the second term enforces the constraint

V:VO

NA n B

fa  fs
Plugging back into V gives an effective potential for the
light mode, ¢ ~ B

0. (10)

Verr(¢) = Vo<1 —Cosi)’ Jet = Nfp. (11
f eff

This model is straightforwardly realized from (4 + 1)
electrodynamics of two U(1) gauge fields [57], Ay, By,
with charges (N, 1) and (1,0), and (4 + 1) masses less than
1/R. Aharonov-Bohm effects analogous to (6) then give
rise to (9), for effective (34 1) scalars, A, B defined
analogously to (5), with Vo~V and f, = 1/(27Rg,),
fs=1/(2nRgp). 1t is clear that the WGC, (8), can be
satisfied for both gauge interactions, with fy, fp < My,
while still obtaining fei > My, provided N is large
enough. [Ref. [43] claims that there are additional con-
straints from the WGC in theories with multiple U(1)
fields, though this does not follow immediately from our
arguments. If there are n U(1)s all with a common
coupling, then [43] claims that WGC bounds become
stronger by a factor of /n, which is O(1) in our examples.]
Large N also ensures that quantum tunneling of the fields
through the potential barrier from the second term of

Eq. (9) is extremely suppressed.
But in nonrenormalizable (4 + 1)D QED, the UV scale

of strong coupling (and EFT breakdown), Aguyee, falls
rapidly as N increases
87 1
Agauge = Nngﬁ (12)

Minimally, both this cutoff and the WGC cutoff should be
above the compactification scale, 1/R, to remain in
theoretical control. These constraints imply the (paramet-
ric) inequality

f eff N <

Mpl B RgMpl ~

MR, (13)

Since N g5 scales as (f/M,)?, this biaxion model can
give a parametrically long period of inflation provided N
and MR are taken sufficiently large while keeping
Ng~ O(1). After inflation ends, decays of the inflaton
into the light charged matter will “reheat” the Universe to a
hot big bang with temperature [22,57]

M, g° ~3/4
Treheat ~ .01 # 5 HNe»f({lds' (14)

Radius stabilization.—When (4 + 1) general relativity is
taken into account, R is not an input parameter, but rather
the expectation of a dynamical effective (3 + 1) (“radion”™)
field, o(x*)

R = Mp]e\/2/3(0(X)>/Mp1' (15)

We show that MR > 1 can arise naturally, and that the
extra dimension is effectively rigid during inflation. A
suitable o potential can arise simply via Goldberger-Wise
stabilization [58], in the case where the extradimensional
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circle is further “orbifolded” in half, down to an interval.
(This has the added benefit of projecting out the unnec-
essary (3+ 1) vector components of the gauge field,
without, otherwise, affecting our earlier discussion.) The
stabilization mechanism requires adding a (4 + 1) neutral
scalar field, y. The energy in this field depends on R,
providing an effective potential for ¢

1
Vradion ~ m}{Mg(CleZanl + C2€_2”Rm1) = 27R ~ m_ ’
X
(16)

where ¢;, ~O(1) are determined by y boundary condi-
tions at the ends of the interval, and M5 is the (4 + 1)
Planck scale. Large R clearly requires small m,. This [and
the small (4 + 1) cosmological constant that has been
neglected above] can both be natural if the (4 + 1) “bulk”
spacetime preserves supersymmetry (to a high degree).
The potential also gives the radion a mass

2 1 2
ms ~ (27R)? > H-, (17)
so that it is not excited during and after inflation.
Precision CMB observables.—CMB observables are
sensitive to even small corrections to the inflationary
potential. An attractive feature of the extradimensional
realizations are that the structure of subleading corrections
is controlled by the higher gauge symmetry. Equation (6)
shows that massive charges decouple exponentially from
the potential, with the extra dimension effectively acting as
a “filter” of unknown UV physics, but they can have
observable effects if not too heavy. Since our effective
theory has cutoffs on its validity given by the WGC, (8),
and strong coupling in the UV, (12), in general, new physics
will appear by (the lower of) these cutoffs, =A. This may
include new particles with 5D mass M ~ A carrying
charges (ny,ng), where each charge is plausibly in the
range |n| S N. Such charges will create an Aharonov-
Bohm correction to the potential, which after imposing the
IR constraint, (10), yields
¢

27RM)?
we‘z”’w cos (Nng —ny)—.  (18)
3 feff

If Nngp—ny>1, this “higher harmonic” gives a
modulating correction to the slow-roll parameter €=
(My/2)(V'/V)?

5VNVO

5 2nRM)?
% 2(Nng —ny) %e‘zﬂRM sin(Nng — ny)
€

feff .
(19)

For this to not obstruct inflation itself requires de/e < 1.
However, the parameter Se/e also controls corrections to
the temperature power spectrum in the slow-roll limit,

where the modulating part of the potential is almost
constant during a Hubble time. Such periodic modulations
of the inflationary potential have been searched for in the
CMB data [59-64], most recently motivated by the
possibility of such signals in axion monodromy inflation
[14,61,64]. These results place more stringent bounds,
requiring de¢/e < 1-5%, for Nng — ny in a realistic range
of ~O(10-100).

Parametrically, it is easy to check that §¢/e can be made
arbitrarily small while still satisfying theoretical constraints,
and consistent with large AV _g45- But this is accomplished at
the expense of taking M, R parametrically large. However, as
seenin (6), 1/R sets the scale of V|, in natural inflation, which
is bounded by current observations. For example, we can fit
the data, (4), with MR = 8, N = 42, g = 0.08. Then, if we
have new particles at the cutoff, with M = A and charges
[ng S O(N),ng ~O(1)], we have de/e ~3%. Of course,
from (19), this modulation amplitude is exponentially
sensitive to the value of the mass M, including order one
uncertainties in determining A from (8) and (12), but we see
that our parametric success is also numerically plausible in
the real world. Conversely, these estimates also indicate that
the modulation of the primordial power spectrum in this
model could be observable with increased precision, provid-
ing a striking signal of new dynamical scales not present in
minimal models of natural inflation.

Triaxion models.—Our discussion can be straightfor-
wardly extended to triaxion models [53,57,65], where
smaller charge ratios are possible in the extranatural
realization [57]. We find that such models can also satisfy
the WGC, both parametrically and numerically in realistic
models, with a higher and safer EFT cutoff. Consider three
gauge fields A,B,C and three particles with charges
(1,0,0), (N4, 1,0), (0, Ng, 1). Ny, Np > 1 implies only one
light field, ¢, with

NyNg
27Rge’

Sett = (20)
We can now fit the data with smaller charges and lower
corrections to the slow-roll parameter; e.g., taking N4 g = 8,
gapc =0.12, MR = 8 we obtain e/ ~3 x 1074,

Chern-Simons model.—The need for specific, large
charges for light (4 4+ 1) matter may seem somewhat con-
trived. Arbitrary light charges would have effects similar in
form to (18) but without Yukawa suppression, spoiling
inflation. To explore this issue, we modify our extradimen-
sional approach so that these large quantum numbers become
outputs of the model rather than fixed input parameters. For
simplicity, we first focus on the single Maxwell field, A,
and replace its coupling to explicit light charged matter by a
Chern-Simons (CS) coupling to a non-Abelian Yang-Mills
(YM) gauge sector [say, with SU(2) gauge group]

N
€ 0G Gl (21)

5£CS.4+1 =
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At this stage, N is still an input parameter, its quantization
enforced now by invariance under large gauge transforma-
tions. In general, Chern-Simons couplings allow gauge
fluxes to play the role of gauge currents; in this case, YM
fluxes act as an Ay, current. YM instantons can then replace
the role of virtual Aharonov-Bohm effects. This is best seen
by first passing to the (3 + 1) effective theory

N A
olesan = gua 7@ GGl (2)
This is very similar to the coupling of the Peccei-Quinn axion
to QCD in order to solve the Strong CP Problem: upon YM
confinement [66], we obtain

SLypeff = Vo F (1\;A> , (23)

where F is an order-one 2z-periodic function replacing the
second cosine in (9), and VO is set by the YM confinement
scale. Similar generalizations F(NA) — F(NA + B) can
replace (9). In this way, we recover natural inflation via
biaxion or triaxion models.

A virtue of the (4 4+ 1) Chern-Simons model is that it can
be extended to (6 + 1) field theory with a Chern-Simons
coupling, which may be written compactly in differential
form notation as

1
3272

such that N does not appear as an input coupling. Instead,
we take the 6th, 7th dimensions to form a small two-sphere,
on which quantized F' = dA gauge flux can be trapped. We
will quantize about classical solutions with N flux quanta

ﬁzF:%. (25)

In this way, N defines discrete selection sectors of the
(6 + 1) theory, a “landscape” of perturbatively stable vacua.
Plugging this condition into (24) reduces it to the (4 + 1)
model, (21).

This basic mechanism can be extended to biaxion or
triaxion models. For example, the second term of (9) can be
produced if the A field has a (6 4+ 1) Chern-Simons
coupling as in (24) while the B field has only a (4 + 1)
coupling of the form in (21) to the same YM gauge sector.
This could occur, e.g., if the B field is localized to a 4-brane
defect. In [33], we will demonstrate that these (6 + 1)
models are also parametrically controlled while being
consistent with the WGC and N 45 > 1. A key new
feature in the analysis is the dynamical role N plays in
stabilizing the size of the 6-7 sphere.

Let us summarize. Black hole processes and properties
provide a unique window into quantum gravity, placing
tight constraints, such as the weak gravity conjecture, on
effective field theories of inflation. We have demonstrated

5‘CCS,7D = dA A A VAN G A\ G, (24)

that a parametrically large number of e-foldings of high-
scale inflation can be realized by simple multiaxion
generalizations of extranatural inflation, consistent with
these constraints. The resulting models achieve large
gravitational wave signals of r~0.1 while remaining
realistic and theoretically controlled, and predict potentially
observable modulations of the scalar power spectrum.

We thank Kaustubh Agashe, Nima Arkani-Hamed, Ted
Jacobson, Marc Kamionkowski, and Shmuel Nussinov for
useful discussions and comments. The authors were sup-
ported by NSF Grant No. PHY-1315155 and by the
Maryland Center for Fundamental Physics. P. S. was also
supported in part by NSF Grant No. PHY-1214000.

“Corresponding author.
saraswat@umd.edu
[1] D. Baumann, arXiv:0907.5424.
[2] G. Hinshaw et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 208, 19 (2013).
[3] P. Ade et al. (Planck Collaboration), Astron. Astrophys.
571, A22 (2014).
[4] E.J. Copeland, A.R. Liddle, D.H. Lyth, E.D. Stewart,
and D. Wands, Phys. Rev. D 49, 6410 (1994).
[5] K. Freese, J. A. Frieman, and A. V. Olinto, Phys. Rev. Lett.
65, 3233 (1990).
[6] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989).
[7]1 J. Polchinski, String Theory: Volumes 1 and 2 (Cambridge
University Press, Cambridge, England, 1998).
[8] P. Ade et al. (BICEP2 Collaboration), Phys. Rev. Lett. 112,
241101 (2014).
[9] R. Flauger, J.C. Hill, and D.N. Spergel, J. Cosmol.
Astropart. Phys. 08 (2014) 039.
[10] R. Adam et al. (Planck Collaboration), arXiv:1409.5738.
[11] P. Ade et al. (BICEP2, Planck), Phys. Rev. Lett. 114,
101301 (2015).
[12] P. Creminelli, D. L. Nacir, M. Simonovi, G. Trevisan, and
M. Zaldarriaga, arXiv:1502.01983.
[13] E. Silverstein and A. Westphal, Phys. Rev. D 78, 106003
(2008).
[14] L. McAllister, E. Silverstein, and A. Westphal, Phys. Rev. D
82, 046003 (2010)
[15] R. Blumenhagen and E. Plauschinn, Phys. Lett. B 736, 482
(2014).
[16] T. W. Grimm, Phys. Lett. B 739, 201 (2014).
[17] C. Long, L. McAllister, and P. McGuirk, Phys. Rev. D 90,
023501 (2014).
[18] L. McAllister, E. Silverstein, A. Westphal, and T. Wrase, J.
High Energy Phys. 09 (2014) 123.
[19] X. Gao, T. Li, and P. Shukla, J. Cosmol. Astropart. Phys. 10
(2014) 048.
[20] I. Ben-Dayan, F.G. Pedro, and A. Westphal, arXiv:
1407.2562.
[21] Z. Kenton and S. Thomas, J. High Energy Phys. 02 (2015)
127.
[22] N. Arkani-Hamed, H.-C. Cheng, P. Creminelli, and L.
Randall, Phys. Rev. Lett. 90, 221302 (2003).

151303-5


http://arXiv.org/abs/0907.5424
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/PhysRevD.49.6410
http://dx.doi.org/10.1103/PhysRevLett.65.3233
http://dx.doi.org/10.1103/PhysRevLett.65.3233
http://dx.doi.org/10.1103/RevModPhys.61.1
http://dx.doi.org/10.1103/PhysRevLett.112.241101
http://dx.doi.org/10.1103/PhysRevLett.112.241101
http://dx.doi.org/10.1088/1475-7516/2014/08/039
http://dx.doi.org/10.1088/1475-7516/2014/08/039
http://arXiv.org/abs/1409.5738
http://dx.doi.org/10.1103/PhysRevLett.114.101301
http://dx.doi.org/10.1103/PhysRevLett.114.101301
http://arXiv.org/abs/1502.01983
http://dx.doi.org/10.1103/PhysRevD.78.106003
http://dx.doi.org/10.1103/PhysRevD.78.106003
http://dx.doi.org/10.1103/PhysRevD.82.046003
http://dx.doi.org/10.1103/PhysRevD.82.046003
http://dx.doi.org/10.1016/j.physletb.2014.08.007
http://dx.doi.org/10.1016/j.physletb.2014.08.007
http://dx.doi.org/10.1016/j.physletb.2014.10.043
http://dx.doi.org/10.1103/PhysRevD.90.023501
http://dx.doi.org/10.1103/PhysRevD.90.023501
http://dx.doi.org/10.1007/JHEP09(2014)123
http://dx.doi.org/10.1007/JHEP09(2014)123
http://dx.doi.org/10.1088/1475-7516/2014/10/048
http://dx.doi.org/10.1088/1475-7516/2014/10/048
http://arXiv.org/abs/1407.2562
http://arXiv.org/abs/1407.2562
http://dx.doi.org/10.1007/JHEP02(2015)127
http://dx.doi.org/10.1007/JHEP02(2015)127
http://dx.doi.org/10.1103/PhysRevLett.90.221302

PRL 114, 151303 (2015)

PHYSICAL REVIEW LETTERS

week ending
17 APRIL 2015

[23] S. Dimopoulos, S. Kachru, J. McGreevy, and J. G. Wacker,
J. Cosmol. Astropart. Phys. 08 (2008) 003.

[24] N. Kaloper and L. Sorbo, Phys. Rev. Lett. 102, 121301
(2009).

[25] N. Kaloper, A. Lawrence, and L. Sorbo, J. Cosmol.
Astropart. Phys. 03 (2011) 023.

[26] S. Dubovsky, A. Lawrence, and M. M. Roberts, J. High
Energy Phys. 02 (2012) 053.

[27] K. Harigaya, M. Ibe, K. Schmitz, and T. T. Yanagida, Phys.
Lett. B 720, 125 (2013).

[28] K. Harigaya and M. Ibe, Phys. Lett. B 738, 301 (2014).

[29] M. Dine, P. Draper, and A. Monteux, J. High Energy Phys.
07 (2014) 146.

[30] K. Yonekura, J. Cosmol. Astropart. Phys. 10 (2014) 054.

[31] L. P. Neupane, Phys. Rev. D 90, 123502 (2014).

[32] N. Arkani-Hamed, L. Motl, A. Nicolis, and C. Vafa, J. High
Energy Phys. 06 (2007) 060.

[33] A. de la Fuente, P. Saraswat, and R. Sundrum (to be
published).

[34] R. Kallosh, A.D. Linde, D. A. Linde, and L. Susskind,
Phys. Rev. D 52, 912 (1995).

[35] T. Banks and N. Seiberg, Phys. Rev. D 83, 084019
(2011).

[36] Y. Hosotani, Phys. Lett. 129B, 193 (1983).

[37] B. Feng, M.-z. Li, R.-J. Zhang, and X.-m. Zhang, Phys. Rev.
D 68, 103511 (2003).

[38] M. Li, W. Song, and T. Wang, J. High Energy Phys. 03
(2006) 094.

[39] M. Li, W. Song, Y. Song, and T. Wang, J. High Energy Phys.
05 (2007) 026.

[40] T. Banks, M. Johnson, and A. Shomer, J. High Energy Phys.
09 (2006) 049.

[41] Q.-G. Huang, Phys. Lett. B 658, 155 (2008).

[42] Q.-G. Huang, Phys. Rev. D 77, 105029 (2008).

[43] C. Cheung and G.N. Remmen, Phys. Rev. Lett. 113,
051601 (2014).

[44] C. Cheung and G.N. Remmen, J. High Energy Phys. 12
(2014) 087.

[45] J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973).

[46] L. Susskind, in The Black Hole: 25 Years After edited by
Claudio Teitelboim and Jorge Zanelli (World Scientific,
Singapore, 1993).

[47] A. Strominger and C. Vafa, Phys. Lett. B 379, 99 (1996).

[48] A.C. Wall, Phys. Rev. D 85, 104049 (2012).

[49] A. W. Peet, Class. Quantum Grav. 15, 3291 (1998).

[50] A. Sen, Gen. Relativ. Gravit. 46, 1711 (2014).

[51] T. Rudelius, arXiv:1409.5793.

[52] J. E. Kim, H. P. Nilles, and M. Peloso, J. Cosmol. Astropart.
Phys. 01 (2005) 005.

[53] K. Choi, H. Kim, and S. Yun, Phys. Rev. D 90, 023545
(2014).

[54] S.H.H. Tye and S.S. C. Wong, arXiv:1404.6988.

[55] R. Kappl, S. Krippendorf, and H. P. Nilles, Phys. Lett. B
737, 124 (2014).

[56] I. Ben-Dayan, F. G. Pedro, and A. Westphal, Phys. Rev.
Lett. 113, 261301 (2014).

[57] Y. Bai and B. A. Stefanek, arXiv:1405.6720.

[58] W.D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83, 4922
(1999).

[59] X. Wang, B. Feng, M. Li, X.-L. Chen, and X. Zhang, Int. J.
Mod. Phys. D 14, 1347 (2005).

[60] C. Pahud, M. Kamionkowski, and A. R. Liddle, Phys. Rev.
D 79, 083503 (2009).

[61] R. Flauger, L. McAllister, E. Pajer, A. Westphal,
and G. Xu, J. Cosmol. Astropart. Phys. 06 (2010) 009.

[62] T. Kobayashi and F. Takahashi, J. Cosmol. Astropart. Phys.
01 (2011) 026.

[63] R. Easther and R. Flauger, J. Cosmol. Astropart. Phys. 02
(2014) 037.

[64] R. Flauger, L. McAllister, E. Silverstein, and A. Westphal,
arXiv:1412.1814.

[65] T. Higaki and F. Takahashi, J. High Energy Phys. 07 (2014)
074.

[66] J.E. Kim and G. Carosi, Rev. Mod. Phys. 82, 557
(2010).

151303-6


http://dx.doi.org/10.1088/1475-7516/2008/08/003
http://dx.doi.org/10.1103/PhysRevLett.102.121301
http://dx.doi.org/10.1103/PhysRevLett.102.121301
http://dx.doi.org/10.1088/1475-7516/2011/03/023
http://dx.doi.org/10.1088/1475-7516/2011/03/023
http://dx.doi.org/10.1007/JHEP02(2012)053
http://dx.doi.org/10.1007/JHEP02(2012)053
http://dx.doi.org/10.1016/j.physletb.2013.01.058
http://dx.doi.org/10.1016/j.physletb.2013.01.058
http://dx.doi.org/10.1016/j.physletb.2014.09.061
http://dx.doi.org/10.1007/JHEP07(2014)146
http://dx.doi.org/10.1007/JHEP07(2014)146
http://dx.doi.org/10.1088/1475-7516/2014/10/054
http://dx.doi.org/10.1103/PhysRevD.90.123502
http://dx.doi.org/10.1088/1126-6708/2007/06/060
http://dx.doi.org/10.1088/1126-6708/2007/06/060
http://dx.doi.org/10.1103/PhysRevD.52.912
http://dx.doi.org/10.1103/PhysRevD.83.084019
http://dx.doi.org/10.1103/PhysRevD.83.084019
http://dx.doi.org/10.1016/0370-2693(83)90841-9
http://dx.doi.org/10.1103/PhysRevD.68.103511
http://dx.doi.org/10.1103/PhysRevD.68.103511
http://dx.doi.org/10.1088/1126-6708/2006/03/094
http://dx.doi.org/10.1088/1126-6708/2006/03/094
http://dx.doi.org/10.1088/1126-6708/2007/05/026
http://dx.doi.org/10.1088/1126-6708/2007/05/026
http://dx.doi.org/10.1088/1126-6708/2006/09/049
http://dx.doi.org/10.1088/1126-6708/2006/09/049
http://dx.doi.org/10.1016/j.physletb.2007.03.051
http://dx.doi.org/10.1103/PhysRevD.77.105029
http://dx.doi.org/10.1103/PhysRevLett.113.051601
http://dx.doi.org/10.1103/PhysRevLett.113.051601
http://dx.doi.org/10.1007/JHEP12(2014)087
http://dx.doi.org/10.1007/JHEP12(2014)087
http://dx.doi.org/10.1103/PhysRevD.7.2333
http://dx.doi.org/10.1016/0370-2693(96)00345-0
http://dx.doi.org/10.1103/PhysRevD.85.104049
http://dx.doi.org/10.1088/0264-9381/15/11/003
http://dx.doi.org/10.1007/s10714-014-1711-5
http://arXiv.org/abs/1409.5793
http://dx.doi.org/10.1088/1475-7516/2005/01/005
http://dx.doi.org/10.1088/1475-7516/2005/01/005
http://dx.doi.org/10.1103/PhysRevD.90.023545
http://dx.doi.org/10.1103/PhysRevD.90.023545
http://arXiv.org/abs/1404.6988
http://dx.doi.org/10.1016/j.physletb.2014.08.045
http://dx.doi.org/10.1016/j.physletb.2014.08.045
http://dx.doi.org/10.1103/PhysRevLett.113.261301
http://dx.doi.org/10.1103/PhysRevLett.113.261301
http://arXiv.org/abs/1405.6720
http://dx.doi.org/10.1103/PhysRevLett.83.4922
http://dx.doi.org/10.1103/PhysRevLett.83.4922
http://dx.doi.org/10.1142/S0218271805006985
http://dx.doi.org/10.1142/S0218271805006985
http://dx.doi.org/10.1103/PhysRevD.79.083503
http://dx.doi.org/10.1103/PhysRevD.79.083503
http://dx.doi.org/10.1088/1475-7516/2010/06/009
http://dx.doi.org/10.1088/1475-7516/2011/01/026
http://dx.doi.org/10.1088/1475-7516/2011/01/026
http://dx.doi.org/10.1088/1475-7516/2014/02/037
http://dx.doi.org/10.1088/1475-7516/2014/02/037
http://arXiv.org/abs/1412.1814
http://dx.doi.org/10.1007/JHEP07(2014)074
http://dx.doi.org/10.1007/JHEP07(2014)074
http://dx.doi.org/10.1103/RevModPhys.82.557
http://dx.doi.org/10.1103/RevModPhys.82.557

