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A multiverse can arise from landscapes without de Sitter minima. It can be populated during a period of
eternal inflation without trans-Planckian field excursions and without flat potentials. This multiverse can
explain the values of the cosmological constant and of the weak scale. In the process of proving these
statements, we derive a few simple, but counterintuitive results. We show that it is easy to write models of
eternal inflation compatible with the distance and refined de Sitter conjectures. Secondly, tunneling
transitions that move fields from a lower-energy vacuum to a higher-energy vacuum and generate baby
universes are possible, and occur during eternal inflation. Finally, we relax the assumption of no de Sitter
minima and show that this more standard multiverse can be populated by Coleman-de Luccia transitions in

about 100 e-folds of inflation.
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I. INTRODUCTION

A vast program is underway to identify the effective field
theories (EFTs) that can be coupled to gravity. The bulk of
these efforts focuses on finding general principles that
allow one to UV-complete an EFT without gravity into
string theory. A series of “swampland conjectures™ was
developed as part of this program. The conjectures are
intended to identify all theories that live in the swampland,
as opposed to the landscape of healthy EFTs that can be
derived from string theory.

At the time of writing, the validity of these conjectures
remains debated. The goal of this work is not to add to this
debate, but rather to understand if any of these arguments can
have an impact on open problems in fundamental physics.

A particularly interesting question is whether a combi-
nation of the distance [2] and refined dS [3,4] conjectures is
in tension with slow-roll single-field inflation [5], currently
our best explanation for cosmic microwave background
(CMB) measurements.

ISee [1] for a recent review.
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The tension with inflation suggests another possible
tension between the two conjectures and a construction that
is relevant to some of the biggest open problems in particle
physics: the multiverse. Before illustrating the technical
results of the paper, it is useful to recall a few characteristics
of the multiverse: (1) The physical processes that can create
a multiverse are simple and well known [6-10], (2) The
viability of this idea can be tested by searching for a UV
completion of the SM with many metastable vacua and for
a long period of inflation, (3) The multiverse is the most
concrete explanation that we have for the small value of the
cosmological constant (CC), together with Weinberg’s
argument [11].

Other than for the CC, the multiverse can play an
important role also in a number of other open questions
in fundamental physics, where the most notable example is
the value of the Higgs mass squared (m3) [12-22].

Establishing if the multiverse is consistent with what we
know of string theory is of practical interest to particle
physics. Theories that leverage the existence of a multiverse
to explain the Higgs mass have qualitatively different
signatures compared to traditional symmetry-based explan-
ations [23,24], and we would like to know in advance if
building experiments that search for these signatures is worth
it, or if the whole idea is inconsistent with quantum gravity.

It is of course possible that the swampland conjectures
do not accurately reflect the nature of quantum gravity.
However, here we will show that the multiverse can still
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exist even if they do. Additionally, it is legitimate to worry
about the measure problem [8,25,26], the existence of
Boltzmann brains and other paradoxes encountered in
eternal inflation when trying to explain measurements in
our Universe. We do not add anything new to the solution
of these problems; we just want to show that the multiverse
can exist outside of the swampland.

The multiverse is traditionally associated with eternal
inflation, which seems at odds with conjectured constraints
on the EFT of inflation from string theory. In this work, we
derive a number of results that clarify the relation between
the multiverse and the swampland:

(i) Eternal inflation and a multiverse can be realized in
simple models of inflation with sub-Planckian field
excursions and steep potentials (Mp|VV|/V > 1),
without de Sitter (dS) minima.

(ii) If the landscape is made up of Minkowski and anti—
de Sitter (AdS) minima, they can all be populated
and thus create a multiverse that explains the
observed values of CC and mj.

(ii1)) A multiverse that scans both the CC and the weak
scale does not require eternal inflation; it needs only
O(100) e-folds if we allow dS minima.

In addition to our main results on the multiverse, we also
briefly review the tension between slow-roll inflation (both
the single-field and the multifield version) and the combina-
tion of distance conjecture and refined dS conjecture. We
discuss how explicit models that are consistent with both
conjectures can be constructed. In the process, we also show
that (1) One cannot circumvent the conjectures by adding a
single field to an existing inflationary model, and (2) Warm
inflation can explain the CMB in models with steep poten-
tials, even though challenges remain to find a UV completion.

Work related to all of our results was already published
shortly after the conjectures were first proposed. We review
the relation between our work and the existing literature in
each of the physics sections.

The rest of the paper is organized as follows: in Sec. II,
we describe the basic setup that allows to populate a
multiverse compatible with the distance conjecture and
refined dS conjecture, which we restate in this same
section. In Sec. III, we write a simple model of eternal
inflation compatible with both of our working hypotheses.
In Sec. IV, we show that eternal inflation can populate a
multiverse with all allowed values for the CC and m7 also if
all minima in the landscape have only zero or negative CC.
In Sec. V, we discuss how to explain CMB observations
compatibly with our working hypotheses. In Sec. VI, we
relax our second working hypothesis and show that the
existence of a multiverse with dS minima does not require
more e-folds of inflation than explaining the CMB.

I1. BASIC PICTURE

To derive the results discussed in the Introduction, we
consider the scenario shown in Fig. 1. We assume that there
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FIG. 1. A schematic drawing of the scenario under consid-
eration. We begin with a period of eternal inflationlike expansion
(blue region). Bubbles continue to be nucleated, with either
higher or lower vacuum energies (represented by different
shades). We assume there are only Minkowski and AdS minima
in the landscape. As a region inside a bubble exits eternal
inflation, it will either end up in an AdS minimum, or continue
with 60 e-folds of slow-roll inflation and end up in a Minkowski
minimum.

are only Minkowski and AdS minima in the landscape and
that generic initial conditions place an observer in an AdS
minimum with CC of O(—M3,). We imagine that in a small
patch of the Universe one or more fields are not in one of
their minima. In this case, the vacuum energy is uplifted to
be positive and starts eternal inflation. We discuss a simple
model that supports eternal inflation near a maximum of a
scalar potential in Sec. III.

If we start in a generic minimum of the landscape with
CC of O(—M3,), classically we might expect that we will
still end up in the same place after inflation. However,
during inflation, new bubbles with larger vacuum energies
are nucleated and some of them expand into baby uni-
verses. We show that tunneling transitions can generate
universes with a vacuum energy that is larger by O(1) in
units of My, than that of their parent universe. Therefore, it
is possible that eventually we generate an expanding patch
that today has a tiny CC of O(meV),* compatible with the
observed one.

After exiting eternal inflation, the fates of the bubbles are
different. Many of them end up in AdS minima, but at least
one of them experiences 60 e-folds of slow-roll inflation
and reaches a minimum very close to Minkowski,
which is our Universe. We are rather agnostic on what
explains today’s observed dark energy: it could be quintes-
sence [27-31] or just a small violation of the refined dS
conjecture (i.e., we are in a dS minimum with a tiny CC in
units of Mpy). A recent observation by DESI favors a dark
energy component that varies with time [32], but the
evidence is still far from conclusive.

In this way, a multiverse is “populated” and Weinberg’s
argument explains why we observe a small CC. If the fields
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in the landscape are also coupled to |H|?, this same
multiverse can explain the value of m3 via one of the
ideas in [12-21]. Of course, this is not the only possible
way to realize the multiverse and select our Universe. We
pick this setup to illustrate our main physics points in the
simplest possible way.

A. Working hypotheses

Before getting to our main results, we state the con-
jectures against trans-Planckian field excursions and shal-
low potentials that in this work we uplift to working
hypotheses. From now on, we only consider field excur-
sions below Mp,

A¢p < Myp,. (1

~—

Note that our definition of Mp, is always M3, = (82Gy)~! =
2.39 x 10'® GeV. The requirement on the field range that
we adopt here is somewhat more stringent than the distance
conjecture [2], where an unknown O(1) parameter multi-
plies the right-hand side of the inequality. Additionally, we
assume the so-called refined de Sitter conjecture [3,4] to be
true. The scalar potential of our theories coupled to gravity
must satisfy at every point one of the two following
conditions:

/

c . ¢
|VV| > M—PIV, or min(V,V,;V) < —712)1‘/, (2)

with ¢, ¢’ = O(1). Note that explicit examples in string
theory exist where ¢ < 1 [3]. For other arguments against
dS minima in quantum gravity, we refer to [33-37].

III. ETERNAL INFLATION OUTSIDE
OF THE SWAMPLAND

Our two working hypotheses do not exclude eternal
inflation. On the contrary, one can write a very simple
model with large Hubble during inflation that can generate
a multiverse. Consider the hilltop inflationary potential,

2

- (1 -2 0<¢/f>4), 3)

that approximates a generic pseudo-Goldstone potential
near a maximum.” Eternal inflation occurs if the quantum
fluctuations of the field dominate over its classical motion.
In this limit, some spacetime patches never leave the region
of the potential that drives inflation, giving rise to an ever-
expanding multiverse [6—10].

2If there are other fields and they do not have dS minima, we
should add to V a negative CC. This complicates our discussion
without changing it qualitatively, so we omit this constant in the
following.

In one Hubble time, the classical motion of the field is

V/

A=

(4)
where a is an O(1) number. In the case of slow roll, a = 3.
Over the same timescale, the field experiences quantum
fluctuations with standard deviation,

_H
2

Ag, (5)
To have eternal inflation we need A¢q 2 Ag. or equiv-
alently,

3
yr < U (©6)
2n

Given how vague the conjectures are and the approxima-
tions involved in this inequality, it seems foolish to keep the
O(1) number a or even the factor of 2z. However, in the
discussion around Eq. (13), it will be clear why we did it.
From Eq. (6), we see that it is possible to realize eternal
inflation if we accept a mild tuning of initial conditions for

the position and velocity of the field,

/ H
Pes NPT (7)
f mf m My,
where
2
=_° @51. (8)
6V31 My

The initial position ¢b; < df puts us close enough to the top
of the potential for quantum fluctuations to dominate over
classical rolling. The velocity in Eq. (7) is small enough to
move ¢ less than §f during one Hubble time (¢ < 5fH).
The total tuning is then of order,

@ﬁ:yi
fmf Mp’

since the natural value for the position of the field is f and
for its velocity is mf. This tuning can be extremely mild
because nothing stops us from taking m and f very close
to M PI-

The refined dS conjecture in Eq. (2) is respected for ¢
away from the maximum if c¢f < Mp. At the maximum,
where V' = 0, we have to satisfy the second inequality in
Eq. (2),

©)

v v 2
MV Moy o (10)
v

If f<Mp [as implied by the above inequalities for
¢,/ =0(1)] our stronger version of the distance
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FIG. 2. A model of eternal inflation compatible with swamp-
land conjectures. A pseudo-Goldstone boson, with decay con-
stant and mass just below Mpy, is close to its maximum. Near the
top of the potential, the second inequality in the de Sitter
conjecture is satisfied, while the first inequality is satisfied
elsewhere. The minima have zero or negative CC. Eternal
inflation requires a mild tuning of initial conditions described
in the text.

conjecture in Eq. (1) is automatically satisfied. We assume
that the UV completion of Eq. (3) does not have dS minima,
a simple possibility is V = m?f? cos(¢/f). This example
potential which satisfies all conjectures is shown in Fig. 2.

Note that the “large” second derivative of the potential
does not destroy eternal inflation, as the velocity of the field
changes only at O(1) during each Hubble time,

Ap 3¢
¢  a

and this variation can change sign, as quantum fluctuations
will in general move the field from one side of the
maximum to the other.

The last point to consider is the size of the region in field
space that supports eternal inflation. If ¢b; in Eq. (7) is small,

_ 27[¢I a f2

= ~— < 1, 12
X1 H 3M12>1 ( )

, (11)

we need an additional accident to realize eternal inflation,
because we do not want to exit this region in the first few
steps of the quantum random walk of the field. While
presenting this argument we assume, conservatively, that
inflation starts in a single Hubble-sized patch. This is usually
not the case, but since we are tuning to be close to the top of
the potential, which makes starting inflation more unlikely,
we want to consider also this potential worst-case scenario.

The probability that one step leaves us in the region

|p| < ¢y is

X1 e_XT
= dx . 13
p /_ v (13)

This equation is why we kept the O(1) number a and the
factor of 2z. Equation (13) shows that they are exponen-
tiated in the measurement of this potential extra tuning.

For concreteness we can first consider specific values of
m, f that give p = 1/20. We can model the quantum
motion of the field as sampling, every Hubble time, a
Gaussian distribution of zero mean and standard deviation
H/2zx. If initially || < ¢; in a region of size H~! and our
accident occurs once, then at the second step of the random
walk the Universe has already expanded and its volume is
3 times bigger. Since dS space has a horizon of size H™',
we need to sample the probability distribution separately in
twenty regions of size H~!, making the overall probability
that one of these regions keeps inflating O(1). Following
this logic, it is easy to show that for a generic value of p the
overall tuning is’

3
~p H Z B(”i, ”i—1€3),

no=1, (14

where B(n,N) = (]Z>p”(1 — p)N¥=" is the usual bino-

mial distribution and N, is the number of e-folds (steps in
the random walk). Once again, the probability of this
accident can be large, since we can take f in Eq. (12) close
to Mp;. In Fig. 3, we show some examples of the evolution
of an inflaton for about ten e-folds.

We now have a simple model of eternal inflation
compatible with our two working hypotheses in Eqgs. (1)
and (2). However, this model alone does not describe our
Universe, as was noted, for instance, in [38]. What we
imagine is that a second inflaton takes care of the last 60
e-folds of inflation, as discussed in Sec. V. Here, we
comment on why the simple model discussed in this section
is at odds with CMB measurements.

If we imagine that the last 60 e-folds occur while ¢’s
motion is dominated by quantum fluctuations, the predicted
power spectrum is flat [39],

1

A2~ 27 (15)

and the CMB quadrupole is too large [40]. Unfortunately,
we cannot imagine to exit inflation via slow roll, because
slow roll requires to be exponentially close to the top of the
potential where quantum fluctuations dominate. On this
potential, slow roll occurs for N, e-folds only if initially,4

*We assumed a discrete time evolution in steps of Af~ H~!
and that the scalar starts moving before the first step.

“In a more generic potential V = A* — m?¢? /2, the tuning is
usually worse. If all other fields are at their (AdS or Minkowski)

minimum then A* < m?f? and ¢;(N,) = mé\[;w e e,
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FIG. 3. Dynamics of an inflaton in the hilltop potential of Eq. (3). Time is discretized in units of H~!, and at each time step, quantum

fluctuations are generated by sampling a Gaussian distribution. The regime in which quantum fluctuations dominate over classical
motion can be achieved by properly tuning the initial conditions for position and velocity. Then in some Hubble patches the field
remains close to the top of the potential forever. On the left, we show an example of such a case, in which the inflaton is very close to the
top after ten Hubble times (we stop the plot here for simplicity, since we are already sampling ¢° patches). On the right, we show several
trajectories, including two that fall and exit the eternal inflation regime after a few Hubble times. The plots are made by starting with a
single Hubble patch near the top of the potential and following the evolution of the e37" patches generated at every step.

(16)

Hence, the hilltop potential alone does not describe our
Universe. However, this is not a problem if we are willing
to imagine a second inflationary sector, which is respon-
sible for the last 60 e-folds and explains the CMB, after our
Universe exits eternal inflation. We discuss this possibility
in Sec. V.

To conclude this section we comment on related work.
First of all, eternal inflation can be excluded by a future
measurement of positive curvature [39] that would exclude
an epoch of eternal inflation followed by slow roll, or by a
negative running of the spectral index [41,42]. Planck is not
sensitive enough to make a definitive statement [43].

Related analyses in the literature can be found in
[38,44-49]. In [38] the same model is considered and
discarded because of the difficulties that we mentioned in
explaining the CMB. In [44], they consider a linear
potential near the top and do not tune, concluding that
eternal hilltop inflation is incompatible with the refined dS
conjecture. In [45], they consider eternal chaotic inflation
and derive bounds on the O(1) parameters of the
conjectures to accommodate it. It is possible only if, in
Eq. (2), ¢ £0.01 and the field excursion is >10°Mp,.
Finally, in [46], an alternative way to have eternal inflation
in a landscape without dS minima is discussed.

Another potential issue with the eternal inflation scenario
is the so-called “trans-Planckian problem” [50], which was
recently promoted to a trans-Planckian censorship con-
jecture [51,52]. Requiring modes with sub-Planckian size
to not get stretched beyond the horizon during inflation puts
a limit on the number of e-folds, which would further
constrain the eternal inflation scenario under consideration

here. However, this requirement is not a necessary con-
dition to maintain the validity of the effective field theory
which describes inflation [53,54]. We will not consider this
constraint further here.

IV. A MULTIVERSE WITHOUT DE SITTER
MINIMA

We have seen that eternal inflation is consistent with both
our working hypotheses Eqgs. (1) and (2). But this is not
enough to have a multiverse that explains the CC and the
weak scale, since we consider all minima in the landscape
to be Minkowski or AdS, and their typical energy density to
be —Mj,. In this landscape, natural initial conditions place
us in a minimum with a CC of O(—M3,). During the eternal
inflationary period, we need to get to a minimum with
higher vacuum energy in order to describe our Universe.
Similarly, a typical minimum has m3 ~ M3, and we need
many (up)tunneling events to get to our Universe.

In this section, we show how to scan the CC in this
landscape. If |[H|? is coupled to the fields that generate the
landscape also m3 scans at the same time. We imagine to be
in the eternal inflation regime described in the previous
section. An inflaton ¢ dominates the energy density of the
Universe, so long as it stays close to the top of its potential.
Other fields that we do not specify populate a vast land-
scape of vacua. For simplicity, we take all of these fields in
one of their local minima. When ¢ relaxes to its own
minimum, all the local minima in the landscape are in AdS
or Minkowski, but during inflation an O(1) fraction of
them lives in dS space.

In dS, one can always tunnel beyond the top of the
potential separating two minima, via the Hawking-Moss
(HM) instanton [55] or via a “flyover” transition, where a
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FIG. 4. Schematic view of the processes that populate a Minkowski + AdS multiverse. During inflation an O(1) fraction of minima in
the landscape is in de Sitter space (left panel). In de Sitter space, a number of processes allow one to tunnel to vacua of higher energy. In
the right panel of the figure, we depict the effect of a Hawking-Moss instanton. In the text, we show that these bubbles of false vacuum

can generate baby Universes.

field acquires a large kinetic energy from quantum fluc-
tuations during inflation [46,56]. The field then rolls to the
minimum on the other side of the potential barrier. This
setup is represented schematically in Fig. 4.

In Sec. IVA, we describe the general dynamics of a
bubble of false vacuum inside a Universe in the true
vacuum and derive the necessary condition for the bubble
to expand and form another Universe. We base our results
on the work in [57-63]. Initially, we do not specify the
nucleation mechanism. In Sec. IV B, we consider bubbles
nucleated by the HM instanton and show that they can
create new Universes.

A. Bubble wall dynamics

Inside the bubble, we have a dS space in the false
vacuum,

ds?

inside — _(1 - le?rz)dtz + + rde%' (17)

(1 - H:r?)

Outside the bubble, we can use Birkhoff’s theorem to write
a dS-Schwarzchild metric [64],

dp?

dsgu side — _f P dr* + +,02sz7
tsid ( ) f(/)) 2
2GyM
flp) =1 =" — Hip (18)

Here M is the total energy of the bubble that can be derived
from its equation of motion, as we show below, and Hg r =

v/ 871G\ VE /3 are the Hubble parameters of the false and
true vacua, Hg > Hry. In this section, we consider M, Hg 1
and the energy per unit area of the bubble wall o,
introduced in the following, as free parameters.
Following [63], one can derive an equation of motion for
the radius of the wall r from Israel’s junction conditions [65],

/BF_)BT :47TGNG}", (19)
where we have defined

Pe==+\/1-HEr* + 2,

2GyM
pr = ﬂ:\/l — Hir? - —;“ + i, (20)

and o is the bubble energy per unit area. For a scalar ¢, that is
tunneling, it reads [66,67]

o= /4 " a2V (). @)

1

In the above equations a dot is a derivative with respect to
7, the proper time of an observer moving with the wall.
From Eq. (19), we can derive the mass of the bubble,

3 H2 _ H2
m="ET AT ( 2FG 1) +4ror’y /1 — Hir? + i*sign(fg)
N

— 872Gno?r. (22)

Following the same procedure detailed in [63] it is easy to
show that Eq. (19) describes the birth of a new Universe for
bubbles with a mass above a certain critical value M. If we
define

H,=4nGyo,  AH:=HX-H:+H2, (23)

the critical mass can be written as

_ RIAH?2 R.HZ(6R2H} —4)

M.
2Gy 3GyAH?

, (24)

where R. = arg max,M(r,i =0, pg > 0). The derivation
of M, can be found in Appendix A.
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FIG. 5. Dynamics of large (M > M) false vacuum bubbles in dS. The observer in the true vacuum sees the bubble shrink to a black
hole (left panel). The observer inside the bubble sees an exponential expansion of spacetime that generates a baby universe. After a while
the throat connecting the bubble to the parent universe pinches off (right panel) and a baby universe in the false vacuum is born.

For M > M, we have a solution of Einstein’s equations
where an observer inside the bubble sees r grow without
bounds, while an observer outside sees the bubble collapse
to a black hole. A careful spacetime analysis5 [63] shows
that a baby universe is created by this process. Initially,
the inside of the bubble expands exponentially. Soon after
the bubble formation and initial expansion, the throat
connecting the inside to its parent universe pinches off,
leaving a black hole on the side of the true vacuum and a
disconnected baby universe that continues to expand on the
side of the false vacuum. This is shown schematically
in Fig. 5.

In Fig. 6, we show M(r)/M, as a function of r for
different values of 7. We find that supercritical bubbles can
be nucleated only if i > 0.

B. Dynamics of a Hawking-Moss bubble

First of all, we note that producing a baby universe
requires a quantum tunneling process [68,69], and classical
production leads to a singularity in the past light cone of the
new universe [70]. The theorem in [70] technically does not
apply to universes generated in dS space, since dS space
has compact Cauchy surfaces, but the only loophole that
this leaves open is producing the baby Universe everywhere
in the parent Universe at once.

Therefore, we consider quantum tunneling processes as
the origin of our multiverse. There are several ways to
tunnel from a lower energy vacuum at V1 to a higher energy
one at Vg, if we are initially in a space with positive CC.
The best-known one is through a Hawking-Moss instanton
[55] that creates a vacuum bubble sitting at the top of the
potential barrier separating the two minima. The field can
then roll classically to its higher energy minimum Vr.

Note that the analysis in [63] applies to us when
M. > My > Mg, where Mgy are the masses for which fgr
change sign. For us, this condition means Hz — H> > H>.

We thank R. Wald for clarifying this point.

The HM instanton is an O(4) symmetric solution of
Einstein’s equations with metric,

ds® = d® + p(n)*d<3,
,0(’7) = Ht_oé Sin(nHtop)v (25)

where we defined the Hubble parameter at the top of the
potential in analogy with Hp 1. The typical size of a HM
bubble is simply [55]

(26)

The tunneling rate can be written in the same form as the
Coleman-De Luccia one [55],

I~ VM?e S,

1 1
Sum = 822M4 | — — ) 27
HM T M p) (VT Vt0p> ( )

This instanton can be visualized as a series of quantum
fluctuations of the field value occurring in dS space. The
field always goes in the same direction in steps of ~H/2x
until it finds itself at the top of the potential and then rolls to
the other side. This also intuitively explains the exponen-
tially small probability of this configuration. The quantum
fluctuations in dS are approximately Gaussian with stan-
dard deviation H/2z and the probability that multiple
fluctuations occur in the same direction is proportional
42 M2

to ~e

If we imagine that our Universes at higher vacuum
energy are generated by a HM instanton, our first task is to
compare the timescales for ¢ rolling down to its minimum
and for the bubble wall evolution described in the previous
section. In Appendix B, we find that the two are compa-
rable. For simplicity, in the following, we assume that the
field rolls quickly to its minimum and then the bubble
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FIG. 6. Ratio of M(r) to the critical bubble mass M, for different values of 7. On the left, we pick the representative values
Hy =2Ht =3H,/2 = Mp,. On the right, the typical scale of our potential is M, = Mgyr, and so H, < Hg 1. In both cases, we find
that every i # 0 can give rise to supercritical bubbles consistent with causality.

expansion starts. If the hierarchy is reversed, our qualitative
arguments are not affected. In this latter case, to generate a
baby universe we have to impose the conditions on the
mass of the bubble M > M _ not only on Hubble in the false
vacuum HE, but also to Hubble at the top of the potential
Hy,. This does not change our discussion as Hy,, > Hg
and this implies M(Hp — H,y,) > M(Hg) as shown in
Eq. (22). We can therefore impose our conditions on the
critical mass using Hy, which is relevant to the late-time
evolution of the bubble, and they will be automatically
satisfied also at early times.

In Fig. 7, we show the mass of a typical HM bubble
normalized to M, for representative values of Hgr op- If
there is an O(1) difference between V,,, and Vg, typical
HM bubbles can be supercritical, if they are nucleated with
7 # 0. Even when the typical bubble is too small to give
birth to a new universe, a bigger one can be nucleated either

2.5
— =0
— #=1/2
2.0 i =
-
S 15
~
s
1.0
0.5
1.0 15 2.0 25 3.0
‘/tnp/VF‘
FIG. 7. Ratio of M(r) to the critical bubble mass M, as a

function of the value of the potential at its maximum V. For the
parameters, we pick Hg = 2Ht = 3H,;/2 = Mp,. Supercritical
bubbles consistent with causality can arise from a generic
potential, where the value at the top is an O(1) factor larger
than the value in the false vacuum.

because of a quantum fluctuation of its size [71,72] or a
second tunneling event [68,69]. Most tunneling transitions
do not create a new Universe in a higher energy vacuum
either because the mass of the bubble is too small or
because the tunneling transition goes to a vacuum of lower
energy. However, an exponentially small fraction does, and
this is all we need if the multiverse is populated by eternal
inflation. Lee and Weinberg tried to argue that the false
vacuum occupies an exponentially small fraction of space-
time [57]. However, these statements cannot be made
precise in eternal inflation, as there is no way to define
a gauge-invariant measure for observables throughout the
multiverse [8,25,26]. We do not try to estimate this volume
fraction or the tunneling rates relevant to our processes
because they are irrelevant to our purposes. Even if a single
Universe with the observed value of the CC or m%l is born,
there are mechanisms that explain why we live there and
not elsewhere in the multiverse [12-21,73], the best known
being Weinberg’s argument for the CC [11].

In conclusion, we find no obstruction to the creation of
new universes from “up tunneling” to higher energies,
provided that enough minima in the landscape have
positive vacuum energy during an inflationary phase. We
have now written down a simple sector that provides eternal
inflation (in Sec. IIl) and studied the dynamics of false
vacuum bubbles that lead to the generation of a multiverse.
As noted in Sec. III our inflationary sector is in strong
disagreement with measurements of the CMB, so there is
still an unfinished task that lies ahead of us: explaining the
last 60 e-folds of inflation.

V. THE LAST SIXTY e-FOLDS

In this section, we slowly build up towards two models
that can give the last sixty e-folds of inflation without
violating our working hypotheses. We find it instructive to
start from the simplest possible models, point out general
tensions with the swampland conjectures and then extend
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them while trying to minimize the model-building com-
plexity. This constructive approach shows that it is not so
easy to evade both working hypotheses at the same time,
even from a purely bottom-up perspective. It also highlights
generic tensions between slow-roll inflation and the two
hypotheses, both in the single-field and multifield cases.

To describe our Universe, compatibly with both working
hypotheses, we imagine that one of the fields discussed in
this section is displaced from its minimum during eternal
inflation and gives the last sixty e-folds of inflation in
our patch.

The section is organized as follows: we first show that itis
the combination of the two hypotheses that excludes single-
field slow-roll inflation, while it is easy to satisfy either one
of the two. This suggests two possible ways to satisfy both:
(1) We start with a flat potential and add spectator fields that
take care of the refined dS conjecture, (2) We start with a
steep potential and add new sources of friction.

The three next subsections explore the first possibility.
We begin by briefly recalling a tension between our
working hypotheses and single-field slow-roll inflation,
and then review a well-known model with a flat potential
that can support many e-folds of inflation for small field
excursions. Starting from this model we try to add a
spectator field that dominates |VV|, but gives a subdomi-
nant contribution to V, and find a general obstruction to this
kind of ideas. However, more elaborate models of multi-
field inflation that satisfy both hypotheses exist [74—76],
but those that require large turning rates have other
obstructions to UV completion in string theory [77]. We
briefly comment on them in the following.

We conclude the section with an example in the second
category, i.e., how a steep potential with friction from
particle production can satisfy both working hypotheses.
However, in this latter case, other obstructions to
UV-completing the model into string theory exist.

A. Slow-roll single-field inflation

We find it useful to review a generic tension between
slow-roll single-field inflation and the combination of
distance and refined dS conjectures that was already
pointed out in [75,78]. If we assume slow roll, the inflaton
motion is described by a simple equation,

d¢g
dN,

= \/%MPI >4/ 2€VMP1' (28)

The refined dS conjecture gives us a lower bound on ey,
summarized in our Eq. (2). The bound implies’

A¢ Z CNeMPl' (29)

"If we do not want to exponentially tune to be near a
maximum, as discussed around Eq. (16).

Therefore, to have single-field slow-roll inflation, either we
take

1 1
€= NovB g (30)
which violates (at least in spirit) the refined dS conjecture,
or we take A¢ super-Planckian, violating the distance
conjecture. The physics behind these inequalities is very
simple: if you have a steep potential, you need A¢ > Mp,
for a long period of inflation. Otherwise, if you are
determined to take A¢ < Mp;, you need a flat potential

V'V < Nezlwpl to support N, e-folds of inflation.

B. Relaxing the refined dS conjecture

The simple argument in the previous section suggests
that it is not particularly hard to satisfy just one of the two
conjectures. In this section, we briefly recall one well-
known model of inflation, where one can inflate for a large
number of e-folds with A¢ << Mp,. Consider the potential
for hybrid inflation [79],

1 2 2
V=S 0P i + T+ T (31)

When ¢ > 2M /g the field ¢ has a minimum at ¢ = 0. If
M > m, we can integrate out ¢ and obtain an effective
potential for the inflaton ¢,

M+ m?
Ve = — + — 2. 32
off = —+ ) ¢ (32)

After some time, the inflaton crosses the critical value
¢. =2M/g and the waterfall field o develops a new
minimum. This ends inflation abruptly, with both fields

settling into the new global minimum [79].
From Eq. (31), the number of e-folds is

Wgad d
N,(Ad) = _W
(A¢) /2M/g Mp\/2ey

A¢p*  ApM M* gAgp
_ log (1+222) . (33
e o g, 2\ T am (33)

If we make the technically natural choice g <« 1, then
A¢/p. < 1 and we can easily invert the previous equation
to get the slow-roll result,

Im>M3,
gM?

A ~ Mp N,/ 2ey =~ N,. (34)

This shows in an explicit model that we can easily satisfy
the distance conjecture if the inflaton potential is suffi-
ciently flat,
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ﬁ;NNiE. (35)

Similar considerations apply to different models with flat
potentials. Another simple example that displays the same
properties are a-attractors [80-82] that were discussed in
the context of the distance conjecture in [83]. We do not
give more details on hybrid inflation or other models here,
as they have already been extensively studied in the
literature.

C. Multifield inflation

The simplest option for the last 60 e-folds is to take
models similar to those in the previous section and add
spectator fields that make the potential steeper in directions
orthogonal to the inflationary trajectory. This is possible,
but not completely trivial to do, as we can see by
considering the simplest possible setup. We add to our
favorite inflationary model a new decoupled field ¢¢. The
new potential for inflation looks like

V(. pc) = Vi(d) + V(o). (36)

with V; the hybrid inflationary potential in the previous
section. To drive inflation from V}, we need

Vi> Ve, (37)

throughout the field range spanned by ¢ during inflation. In
the same range, we also need

dvy _ Vi _dV
—ls—L<—=C. (38)

dgp = Mp —~ dc
This second set of inequalities allows us to satisfy the
refined dS conjecture,

dve _ Vi

VV|~ > .
i dpc ™ Mp

(39)

This model has the same general problem of slow-roll
single-field inflation for any V, since the problem is purely
in the ¢¢ direction. The above equation can be rewritten as

—_— 2> CHZMPI, (40)
so the typical distance traveled by ¢¢ during inflation is

1 dVc
Apc ~ (HAt)——— > c¢N ,Mp. 41
The way around this general tension is to make some

directions in field space compact. In this case, the long path
of ¢ can correspond to a small field excursion. Explicit

models consistent with both of our working hypotheses
have been constructed [74].

The potentials considered in [74] are a bottom-up
construction, and it would be worth it to check if they
can be embedded in string theory. However, this general
idea based on the geometry of the inflaton trajectory can
potentially provide the last 60 e-folds. In the next section,
we give another example of an inflationary sector consis-
tent with both our working hypotheses.

D. Warm inflation

We consider the model presented in [84], where the
inflaton has the following potential:

V($.0) = Vi(. o) + %?Tr[FF]. (42)

V1 is once again the hybrid inflation potential in Eq. (31),
and F is the field strength of a new confining gauge group,
with gauge coupling a. As ¢ rolls down its potential, it can
copiously produce gauge bosons that then thermalize,
producing a radiation bath. The thermal bath slows down
the inflaton via a friction term,

d+3H1+Q)p+V' =0,
(43)

_X(T) ka1

=T3H T 3H7

The numerical coefficient x is O(100) and can be obtained
on the lattice [85] as the parametric dependence of Q on T,
a and f; see also [86] for a review. For an SU(N) confining
gauge group, k is well approximated by N°.

We imagine to be in a regime where H, T > A, with A,
the confining scale of the new gauge group, so that the
coupling to FF does not modify the inflaton potential.
In [84], it was verified that this assumption is consistent
with the values of the parameters that we consider in the
following. We further imagine that the inflaton potential
dominates the energy budget of the Universe,

1%
H>=—(V+— ~— 44
o (V) = W
This is not hard to achieve if ¢ is slow rolling. In this
regime, > < V and

. \v4
P H0 T 0)
PR = Qd’z. (45)

If O > 1, the main source of friction is the thermal bath
rather than Hubble expansion, and we can have a large
number of e-folds on a steep potential. To see this, it is
useful to define the two quantities,
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B Vv M4v1/7
S O i(fz) gii -

We can then use Egs. (43) and (45) to write Q as

0(¢) = ¢, (47)

and show that the number of e-folds is maximized at large
values of &,

dg

&0 (48)

So the number of e-folds is saturated at the largest &
compatible with the de Sitter conjecture, i.e., £ = 1/c. We
want to know if N, 2 60 is compatible with £ = 1/c ~ 1
and observational constraints on the model.

In the strong regime, the scalar power spectrum is
dominated by temperature fluctuations [87-89],

1 HT .
AIZQN_ ¢2 FM(Q)’ (49)

where

Fu(Q)=54x1073Q7

+168QB<1 92Q52>+3t h<3éQ>} (50)

The tensor power spectrum is the usual one A%l ~ 2 MZ ,and
for large Q ny, — 1 in this model reads [89]
ng—1~8ey — 61, (51)

where we defined ey = €y/(1 + Q) and the same for . In
our low-scale inflation model no > €, and the measure-
ment of n, — 1 [43] effectively fixes ny ~ 6 x 1073,

To assess the compatibility of this construction with
experiment and N, > 60 (Qg = 10?) it is useful to invert the
relation between observables and parameters of the model
for O > 1,

Mp
EQ(&)ng’
e ~(A%)1/6K1/2a5/2 ’
Fu(Q)°0.”05/°
(A2)2/3gl/6

Fu(Q)70¢°

Recall from Sec. V B on hybrid inflation that ¢, roughly
corresponds to the maximal field excursion in the model, so

be ~

we want ¢, < Myp,. If we consider o = 0.1 and g, = 10 that
are easy to UV complete, and then take £ = 1, Qg = 300
and A% ~ 1072, we obtain

5M
H=~300GeV,  f~108Mp,  ¢o=—2.

(53)

The bound on the tensor-to-scalar ratio is automatically
satisfied, as it just requires H < 107Mp,. Increasing the
number of e-folds decreases ¢, but also H.

Hence, it is possible to have a warm inflation model
which is consistent with our working hypotheses, and gives
rise to 60 e-folds of inflation consistently with observa-
tions. However, we see immediately that there is a model-
building price to pay. The inflaton behaves at the same time
as a compact field (in the coupling to FF) and a non-
compact field (in V7). This is a consequence of requiring
f < ¢, and makes UV completing this model very hard in
the context of string theory, as was already discussed
extensively in [90] for the relaxion [91].

It is legitimate to wonder if changing the coupling of ¢ to
the thermal bath one could find models that are easier to
UV complete or that support a larger number of e-folds.
There is a generic obstruction to this possibility. The
friction term Y(7) can be computed from the two-point
function of ¢ in a thermal bath [86]. The same two-point
function gives a large correction to the ¢ potential making it
steep enough to nullify the effects of thermal friction
[89,92]. Consider, for example, a Yukawa coupling to a
fermion of mass m,

VD ygury. (54)

The friction term at one-loop is given by

2 (m2 — 4m? 3 Mmyerr/2T _
Ty = y_( d),eff2 ) <e _ > (55)
87 My o eMperr/2T ]

where mé’eff is the one-loop effective mass of ¢ that

includes thermal and nonthermal radiative corrections.
Thermal effects become important and can dominate the
friction term if yT > m,;, m. In this limit, Yy (T) ~ T, the
T2/ f? suppression of the previous model is not present, and
one could hope to get out many more e-folds out of a
generic steep potential.

Note that in this regime one has to be careful about the
validity of the one-loop approximation for Yy, that holds
only if

min|m, m,
y gyl oy (56)
yT
If this condition is not satisfied, Eq. (55) changes, and in
some limits, one cannot compute explicitly Yy, but our
considerations below still hold at the qualitative level.
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The problem is that the Yukawa coupling gives both a
thermal and a nonthermal correction to the mass of ¢. If we
imagine new particles coming in at some scale Myy, then
the validity of our EFT requires Myy > T. The same limit
that makes thermal friction in Eq. (55) important
(yT > my, m), makes the nonthermal correction to my
even more important: my .~ mg (T =0)~y*Mpy, /1677,
In turn, this makes 7, too large to support 60 e-folds of
inflation,

My,
yMyy ’

No = (57)

if we take y perturbative and Myy < Mp. This is just an
example, but it illustrates a general problem of warm
inflation that has to be circumvented by clever model
building as was done in the model [84] that we considered.
There the coupling ¢FF can be written in terms of the
derivative of a current ¢d,K* and integration by parts
shows that the ¢ potential does not receive any correction.
For other attempts along these lines, see, for example,
[93-95]. For more on the relationship between warm
inflation and the swampland, see instead [96-99].

VI. HOW MANY E-FOLDS FOR A MULTIVERSE?

In this section we relax one of the two main assumptions
made throughout the paper, and we allow for the existence
of dS minima. We do so to discuss another rather
unexpected result. We find that the minimum number of
e-folds needed to populate such an “ordinary” multiverse,
i.e., one where the CC can take any value, can be close
to N, ~ 60.

The multiverse is normally considered in the context of
eternal inflation [6—10], where corners of spacetime inflate
forever. We have already shown that in this context it is
possible to populate a multiverse without violating our two
working hypotheses.

However, it is also easy to show, at least in toy models of
the landscape, that we can populate a multiverse large
enough to explain the value of the CC (and simultaneously
of the weak scale) with a finite number of e-folds and
without eternal inflation. In this case, we do not construct
an explicit model of inflation that can realize the multi-
verse, we just want to challenge the widespread belief
that multiverse = eternal inflation.

Note again that in this section we assume that the
landscape contains also dS minima and drop our working
hypothesis in Eq. (2).

A. The minimum number of e-folds

The semiclassical rate of tunneling between two vacua
can be schematically written as [100]

[~ VMie Se, (58)

where Sg is the bounce action that connects the two
vacua [66,67,101] and V is the volume of the causally
connected region where the bubble of true vacuum can be
nucleated. For simplicity, we take the landscape to be
characterized by a single mass scale M,. We can obtain an
upper bound on eS¢ from the existence of our Universe,

1
eSe < —, (59)
Ty VUM*

where 7y and Vy are the lifetime and volume of the
observable Universe. For the volume V in Eq. (58), we
consider an inflationary universe of initial size V; ~ Hy?,
where Hp is Hubble during inflation. After N, e-folds, it
has expanded to a size V(N,) = V,e3Ne.

If a time At = N, H; ! has elapsed since the beginning of
inflation and we have a vacuum decay rate independent of
time, the nucleation of bubbles is a Poisson process with
mean ['A¢. Therefore, the expected number of bubbles (V)
nucleated after N, e-folds is

Mie™S
<Nb> = Hi; 3N€Ne
1 3N,
S o

To scan the CC down from the Planck scale, we need about
10'2° bubbles® corresponding to

H
NEZ270+10g< ! (61)

4/3
1016 GeV>

e-folds of inflation. If we want to scan down also the weak
scale we need ~10">* bubbles and at least 300 e-folds. This
estimate is conservative, as we have neglected that some
bubbles continue to inflate during this time, generating an
exponentially large volume where new bubbles can form.
We have counted only bubbles nucleated within the original
inflating universe. This allows us to avoid specifying UV
details of the landscape (i.e., the probability distribution of
bubbles that remain in a dS phase for some time), but still
get a number of e-folds that guarantees enough bubbles to
scan the CC.”

To turn this lower bound into an actual estimate, we can
introduce a simple toy model of the landscape.

¥ Assuming a uniform distribution of vacua around the small
observed value of the CC [100]. See also the next section.

The word “conservative” here might generate some confu-
sion. Our lower bound is conservative because it ensures that we
generate a big enough multiverse in any landscape. However, it is
not conservative because in certain landscapes one needs much
fewer e-folds.
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B. A better estimate

What we really care about is the tunneling rate from a
typical point in the landscape, where A* ~ M}, to our small
CC vacuum. We need enough e-folds to make the prob-
ability of this transition O(1). To be completely explicit, in
our model the CC is a sum of many contributions,

N
A C — ZM?,
i=1

with the dominant ones being O(M3,). Some of these
contributions come from the vacuum energy of scalar
fields. We imagine to be in a situation where a single
tunneling event can take us to a vacuum, where

N> 1, (62)

My == "M} + 5,
i#n
SA s =~ meV4; (63)

i.e., we need a single jump of O(M3,) in vacuum energy to
reach our vacuum from a generic one with [Acc| =~ M3,.
This would happen, for instance, in landscapes such as
those of the Bousso-Polchinski scenario [102]. Of course,
this does not mean that we can reach our vacuum from
anywhere in the landscape with a single jump. In general,
we need many nucleation events. How many exactly? To
estimate this number, we need a (statistical) picture of the
landscape. Imagine a vacuum distribution that scans finely
the CC around zero,

_ 1 %ﬁ

PN = e (64
This is realized for instance by a “friendly” supersymmetric
landscape [100]. If the landscape is generated by heavy
fields with typical mass scales M, ~ Mp from dimensional
analysis (or a more explicit calculation [100]), we expect
oA ~nM3, where n is a number that depends on the
structure of the landscape and can be larger than one.
Most vacua have |Acc|~nMj, and a typical tunneling
event takes us from a vacuum with large CC to another
vacuum with large CC. Landing by chance in a window with
width AA ~ 5A,, requires an exponentially large amount
of luck,

A+AA

PIA < Acc S A+ 8Ag] = / p(Acc)dAcc

A
~ 5Aobs

O\

~ 10712, (65)

So we need about 10'?° tunneling events to have an O(1)
probability to end in our vacuum at least once, which
corresponds to solving (Ny)(N,) ~ 1012,

To estimate the probability of nucleating enough bub-
bles, for concreteness, we take the simple potential in

Coleman’s papers on semiclassical vacuum decay [66,67]
for the scalar that needs to tunnel, and add a generic CC,

) 2\ 2
+§(¢2—ﬂ7> ; (66)

with A=~ 1, A~ M}, and u ~ Mp,. This potential has two
minima Vy(¢,.) =A and one maximum V(0)=
A+ p*/8). We add an unspecified perturbation to this
potential such that the minima are split,

Vo() =

V(@) = Vo(@) + Vi(9). (67)
We do not write down V(¢), but just parametrize the
difference in vacuum energy between minima (that we call
AV) in terms of a dimensionless number @ and V|,

4
AV=V,(p.)=V,(¢_) =a(Vy(0)=A) :w%szﬁl.

(68)

This parametrization allows us to specify AV (or o)
independently of the value of A. For simplicity, we consider
values of @ that allow for a thin-wall approximation of the
decay rate. As we show in a few lines, this requirement is
not very restrictive, it is actually looser than the require-
ment @ < 1. For the discussion in this section, we also
define A = CM}, and x = My} for later convenience.
When tunneling between general minima, we have'’

P Po
= FN1/2°
(( w) +3)

_ 3 16

Po ="y d¢\/2 (Vo(e) = Vo(e2)) =on’
3M2 3M

R2 — Pl , LZ — _Pl . 69
AV A ( )

The thin-wall approximation for the tunneling rate is valid
when [66,67,103]

1
PR LA > —. (70)
u

For 4 = 1, these roughly translate to C <« 3, w < 10,
and the thin wall approximation holds. In this limit, the
tunneling rate I' has a simple analytical expression,
[/V = Mpe®, with"!

Note that for simplicity we always take y = Mp,.

"In the appropnate limits, our expressions agree with the
classical results in [66,67]. In the absence of gravity, k — 0, we
get B =277°6*/(2AV?). For a dS to Minkowski transition
(A = 0), we reproduce the result in (3.16) of [67] and for a
Minkowski to AdS transition (C — —w/8), we reproduce (3.19)
of the same paper. Our expression for B also agrees with [103].
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3 1272
~ KEA(AV + A)/(4AV + 3x6?)? + 48kAc?

X [6](/_\02 + AV(4AV + 3kc?

— /(48 4 3k02)? + 4840, (71)
where 6 = pyAV/3 is the bubble wall tension. In our case,

~

1272
" C(8C+w)\/768C+ (8 +3w)>

x[128c+w(8+3w—\/768c+(8+3w)2)]. (72)

We can already see that the minimum number of e-folds
is very UV-dependent, in the sense that it will change
polynomially when we change O(1) numbers in the
potential such as 1 or . Now we can repeat the estimates

in the previous section requiring 10'2° bubbles,
(Np)(N,) =~ 10", This gives
B 1 4 H
N, =2 1 Zlog(Ny) + ~log 2L
e =5+ log(Ve) + 3 gy
B 4 H
~ 85+~ +-log ! (73)

3 3 710 GeV'

For instance, for ® = C = 1, we have N, ~ 100. We can
focus on three notable cases:

(1) de Sitter to Minkowski, C — 0,

(2) de Sitter to de Sitter, for example with C = 1, and

(3) de Sitter to anti-de Sitter, for example, with

C=-1/3.

Comparing those three situations in Fig. 8 shows how
tunneling from de Sitter to de Sitter can significantly reduce
the minimum number of e-folds compared to the other
cases. Once again, the existence of our Universe sets a
lower bound on B, in analogy with Eq. (§9). In other words,
tunneling into a deeper AdS minimum must be sufficiently
suppressed, which translates into the condition @ < 5.
Within the corresponding nonshaded area, our require-
ments can be satisfied with O(100) e-folds of inflation.

A real multiverse is populated by a combination of the
transitions in our three case studies, but if enough minima
in the landscape are uplifted to dS during inflation, the final
result will not be too far from our blue line in Fig. 8.

In addition to our main point on the number of e-folds, it
is interesting to comment briefly on some limits of our three
case studies. The dS to AdS transition becomes zero
probability when @ becomes small, because p grows to
infinity and gravity is stabilizing the false vacuum as for the
Minkowski to AdS transitions considered in [67]. In the dS
to Minkowski case, the same happens for a different reason.
When @ = 0, we are looking at a Minkowski to Minkowski
transition that is suppressed by the infinite volume of

300+ 1
— dStoM
— dStods
ds to AdS
200 + 1
Decay of our Universe
100\ ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2
AV/M
FIG. 8. Comparison of the minimum number of e-folds to

explain the CC. In the shaded region our Universe decays too
rapidly.

spacetime I' ~ ¢V, In the dS to dS case (blue line in
Fig. 8), we have a horizon which keeps I'" finite. The
tunneling problem is similar to quantum mechanics, where
the probability remains finite for @ — 0.

Note also that some AdS to AdS transitions, naively
described by our equations, are not physical. One can take
w=0 and C=-1/12 and find the puzzling result
B — —o0, i.e., an infinite transition rate. The same happens
for ® = 0 and C — 0~. Furthermore, B remains negative
for all values of Ce[-1/12,0]. However, it is easy to
check that at the two singular points p — oo, and in
between, p is larger than the AdS curvature radius.

VII. CONCLUSION

We have begun this work with the construction of a
simple model of eternal inflation on a steep potential
without trans-Planckian field excursions. We have then
shown that a multiverse can be populated from tunneling
transitions that move fields from a low-energy true vacuum
to a high-energy false vacuum. These two ingredients allow
us to generate a multiverse compatible with the distance
and refined dS conjectures and the arguments in [33-37].

It is interesting to notice that it is much harder, but
possible, to write down models that give the last 60 e-folds
of inflation and are compatible both with the two con-
jectures and with the CMB. In our discussion around the
last 60 e-folds of inflation, in Sec. V, we have also shown
some generic tensions between the two conjectures and
slow-roll inflation, both in the single-field and multifield
cases. We have further studied the addition of a new source
of friction in the form of a thermal bath and shown that
albeit consistent with both conjectures, viable models of
warm inflation present other obstructions to their UV
completion.

To conclude, we have relaxed one of our initial
assumptions, the absence of dS minima in the landscape,
to challenge a long-held belief in the community.
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The standard lore is that a multiverse that explains the CC
must come from eternal inflation. Our estimates indicate
that a number of e-folds of O(100) might be sufficient.
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APPENDIX A: DYNAMICS OF FALSE
VACUUM BUBBLES

We start from the equation of motion in the main text,

ﬁp _/BT = 47TGN6V, (Al)
Pr = +£1/1 — H:r? +i2, (A2)
2G M
Br = i\/l - Hi2 -T2 (A3)
r

It is useful to introduce a series of definitions that allow to
put Eq. (A1) in a form that is manifestly easy to solve. First
of all, we define the energy scales relevant to the problem as
in Eq. (23),

H, = 4zGyo, AH% = H? + H% — H3. (A4)
Then we rescale the coordinates,
AH? P AH?
3 = + I + AS
ST F T2, " (A3)

and finally, we introduce three dimensionless parameters,

E(M) = 4H?
~ [(2GyM)*AHS )3T
2H H?
y=—2=, a=—1. (A6)
AH., AH?

After some algebra, Eq. (A1) reduces to

<%>2 _E-V(2),

V(z) = —ﬁ —y? (% + az2> ) (A7)

The formal solution to this equation is well known and
takes the form,

d !/
/ L 7. (A8)
VE-V(@)
A detailed analysis of the solutions was carried out in [63]
for Hr = a = 0. Its qualitative features remain valid in

our more general case. In particular, V(z) has a single
maximum at

2472 4+ /36 — 4y? + 32ay% + ¢*
4(1 + ar®)

2 = . (A9)

and one can define a critical mass for the bubble from,

E(M,) = V(z). (A10)
As discussed in the main text, for M > M., we can generate
a Universe from the false vacuum bubble. We use Eq. (A10)
to derive the expressions for the critical mass discussed in
the main text. We find that M, is the maximum of M(r)
when 7 = 0 and fr > 0 and write the compact expression
in Eq. (24),

_ R(H{-Hi-H;)
2Gy

R H2(6RZHE—4)

M 9
‘ 3Gy (HE—Hi—H;)

(Al1)

by solving dM/dr = 0. In general Eq. (A7) has to be
solved numerically, but we can gain some analytical insight
by taking the limit M — oo. In this limit,

/

2()=1-e7". (A12)
This result means that we approach an infinite size for the
bubble exponentially, because z — 1 means r — co. In
obtaining the previous equation, we considered the only
possible initial condition, i.e., z = 0.

The effective Hubble rate for this exponential growth can
be read from the definition of 7/, and it is

AH? AH
Heff = t= +-
2H, 4

(A13)

This solution is not physical because the bubble forms in dS
space and contains dS space, so we have horizons of size
~1/Hg 1. For now we just note that Eqs. (A12) and (A13),
albeit unphysical, are useful to identify the timescale of the
bubble wall dynamics for an observer inside the bubble.

APPENDIX B: DYNAMICS OF SUPERCRITICAL
HAWKING-MOSS BUBBLES

We consider a scalar field HM bubble at the top of the

potential barrier between two minima. In one Ht‘O:) time, the
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classical motion of our scalar ¢, has changed its position by

Vo Vg Vi

2 Ry v
H top M PlH top Vlop

Ay Mp,. (B1)

This estimate assumes that the field is already slightly
displaced from the top (where V' = 0) shortly after the
tunneling event, and that in the rest of the potential, the first
inequality in Eq. (2) holds. From Eq. (1) A¢™* < Mp, soit
takes at most a time,

1 Vip 1

Aty ~—— =—, B2
roll Htop VF HF ( )

to reach the minimum. We can compare this with the time it
takes for the spacetime inside the bubble to expand from the
point of view of the inside observer. For a sufficiently large
mass [see the discussion around Eq. (A12)] the time it takes
for the bubble radius to change by O(1) is

Y wall
Atinside = H ’
eff

(B3)

where y, 1S the Lorentz factor of the wall and H . is in
Eq. (A13). The outside observer sees the bubble wall

expanding at most at the speed of light,

Y wall
Atoutside = I_;m . (B4)
top

We took the two observers close enough to the wall to
neglect differences in the metric with respect to the wall
itself. So we obtained these two estimates by rescaling the
proper time 7 of the wall by the boost factor y.

To conclude, we can estimate the boost of the wall by
assuming that its kinetic energy comes entirely from the
difference in vacuum energy between the two sides,

RHM<Vtop - VT) (Vtop - VT)
Vwall = = s
o H,,o

(BS)

and find that

2 2
Al‘inside ~ HF Htop - HT
Atroll Htop AH2

(B6)

The hierarchy between the two timescales depends on the
details of the potential, and in general, they are comparable.
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