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ABSTRACT: We examine the descent via membrane nucleation through a landscape of vacua
where the cosmological constant is given by a combination of four-form fluxes. It has been
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Whilst it is true that there is often tension, we show that this is not always the case and
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into a generalised DBI action for four-forms. We also clarify how the landscape should be
populated in a consistent model.
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1 Introduction

In contrast to our planet, our universe is a surprisingly quiet and gentle place, its weakly
accelerated expansion driven by a dark energy whose density is at least thirty orders of
magnitude less than that of water. This dark energy is consistent with a vacuum energy, or
cosmological constant, whose tiny density remains constant over time. However, when we
estimate the contribution to the vacuum energy from quantum fields, we find that its natural
value scales like the fourth power of the field theory cut-off. Taking that cut-off to lie at
the TeV scale or beyond, the energy density of the vacuum is then expected to lie at least
sixty orders of magnitude higher than the scale of dark energy. This is a problem known
as the cosmological constant problem. For reviews, see [1-5].

In a universe with a landscape of different vacua, as one might expect to occur in string
theory, we can imagine a scenario in which the cosmological constant starts out large but
descends to smaller values via some process, until it reaches the small value we see today.
Brown and Teitelboim proposed an interesting toy model in which a landscape of different
vacua is provided by the vacuum expectation value of a four-form field strength and the vacua
are scanned by the nucleation of membranes charged under the corresponding three-form
field [6, 7]. This works because the four-form field strength gravitates like a cosmological
constant in four spacetime dimensions, its energy density correcting the renormalised vacuum
energy by an amount proportional to the square of the four-form flux. In the presence of
membranes, the flux is quantised in units of the membrane charge, changing by a single unit
whenever a membrane is crossed. As a result, the overall cosmological constant changes by a
discrete amount whenever a membrane is nucleated through quantum effects, allowing the
cosmological constant to descend from large to small values.

The problem with the Brown and Teitelboim proposal is that the descent is too slow. In
order for the landscape to be sufficiently dense to readily accommodate vacua with energy
densities around the dark energy scale, we must assume that the membrane charge is extremely
small in units of a Planckian cut-off. Descent from high scale vacua with energy densities



close to the cut off to the low density vacuum we see today proceeds via a large number of
intermediate steps, slowly descending from one cosmological constant to another. The time
scales are such that the universe undergoes long periods of accelerated expansion, diluting
away all matter and leaving us with a cold and empty universe. The empty universe problem
also spoils a related mechanism for slowly descending through adjacent vacua in a “washboard”
potential for a scalar field, originally proposed by Abbott [8].

Bousso and Polchinski showed how the empty universe problem could be avoided by
extending the Brown and Teitelboim mechanism to a large number of four-forms [9]. This
allows for a sufficiently dense landscape without fine tuning the membrane charges to very
small values. The latter control the change in the cosmological constant whenever we have
membrane nucleation and, as they are just an order or magnitude or so below the cut-off, it is
possible to descend from a high scale vacuum to the one we see today in a single jump. The
empty universe problem can then be avoided as follows. In the moments before the jump, the
underlying vacuum energy is large and the inflaton field is displaced to large values thanks
to quantum diffusion. Immediately after the jump, the minimum of the inflaton potential
and the underlying vacuum energy can be small but the inflaton itself is still displaced. The
universe undergoes a period of slow roll inflation until the inflaton rolls down its potential
and begins to oscillate about the minimum, allowing the universe to reheat. The empty
universe problem can be avoided in a similar way with just two species of four-form by
assuming that the corresponding membranes have an (almost) irrational charge ratio [10-12].
Note that Garriga and Vilenkin have argued that the empty universe problem is a fallacy,
at least in the context of eternal inflation [13].

This type of descent from high to low scale vacua is able to explain how we can arrive
at the current vacuum, but it doesn’t explain why. Bousso and Polchinski argue that the
current low curvature vacuum is selected on anthropic grounds, although the validity of this
claim has been criticised in [14]. Alternatively, we might look for ways to slow down the
descent, or even stop it altogether, whenever the curvature approaches zero. In [15], the
authors consider the Brown-Teitelboim model, but take into account membrane stacks and
degeneracy factors. They claim that the tunnelling rates depend on the ambient de Sitter
temperature, being enhanced at high scales and switching off at low scales. However, Garriga
and Vilenkin argue the opposite: that these enhancement factors are independent of the
ambient de Sitter temperature and do not switch off at low curvature [13].

A mechanism for halting the descent is also presented in [10-12]. Indeed, in [12], the
authors consider a generalisation of Henneaux and Teitelboim’s covariant formulation of
unimodular gravity [16] with two species of four-form. By including charged membranes with
an (almost) irrational charge ratio, they obtain a dense landscape of vacua that includes the
current vacuum. Transitions between vacua go through via membrane nucleation. By making
some relatively mild assumptions on the membrane charge and tensions, the nucleation rate
slows down exponentially quickly, halting the decay of the vacuum at vanishing curvature.

In [18], this mechanism was shown to extend to a much larger class of models, including
the classic framework of Bousso and Polchinski. This meant there was a way to halt the
descent between vacua at vanishingly low curvature in a wide class of effective field theories,
providing an interesting alternative to anthropic selection. The family of theories included



multiple species of four-forms coupled to multiple scalars with generic potentials, increasing
the hope that the halting mechanism could emerge naturally as a low energy limit of string
compactifications. However, in this work it was also noted that the corresponding condition
on the membrane charges and tensions was at odds with the membrane version of the weak
gravity conjecture (WGC) [19, 20], especially in the case of the Bousso-Polchinski model.

In this paper, we further explore the dynamics of this wide class of models, paying close
attention to descent between vacua and the role played by the WGC. A related analysis was
recently performed in [21], although our more general approach allows us to clarify some
important points. In particular, there is certainly a tension between the WGC and the
halting conditions for a canonical theory quadratic in the flux, as already pointed out in [18].
However, if a higher power of the flux dominates the dynamics, these tensions can be eased
by assuming a hierarchy between the renormalised vacuum energy and the cut-off scale, as
one could easily obtain in the presence of supersymmetry. Of course, the dominance of a
single higher power is not consistent with a well defined effective theory at weak coupling.
This motivates us to study the dynamics at strong coupling, taking into account a full tower
of operators. We first consider the generic case using naive dimensional analysis [22, 23] and
once again find tension between the WGC and the halting conditions. However, we also
explore an elegant extension of the Bousso-Polchinski model based on a generalised form
of the DBI action [24, 25]. This has the property that it behaves like a Bousso-Polchinski
set-up at smaller values of the four-form flux, although at large values it behaves more like
the linear four-form proposal presented in [12]. As we will show explicitly, this generalised
model can be taken to be compatible with the WGC without spoiling the halting of vacuum
descent at very low curvatures.

Our analysis of the dynamics also helps us to better understand how very low curvature
vacua are populated. In particular, following [21], we might consider two distinct phases in the
membrane nucleation rate: the boiling phase, where the rate is high and the braking phase,
where the rate is low. Having arrived at a very low curvature vacuum with further descent
almost halted, we can ask how we got here. Did the universe start out in a high curvature
vacuum and boil rapidly down to the current low curvature vacuum? Or did we reach the
current vacuum having already entered the braking phase before the last transition? Under
a very mild set of assumptions, we will show that it must be the latter. This now suggests
the following set-up: the universe starts out in a high curvature vacuum and boils down to
a bubbling soup of vacua of intermediate curvature. Within those bubbles of intermediate
curvature we are now in the braking phase and future transitions are slow. Nevertheless,
given enough time, we do reach the low curvature vacua like ours, which are even more stable
than their ancestors. These low curvature vacua are by far the longest lived.

The rest of this paper is organised as follows. In section 2, we review the main results
of [18] applied to an effective theory of four-forms, computing transition rates between vacua
and conditions found for bubble nucleation to come to a halt once we reach vanishing vacuum
curvature. In section 3, we study specific models, including those for which the cosmological
constant is a homogeneous polynomial of the four-form flux and the generalised DBI set-up,
with a view to understanding the constraints imposed by both the WGC and the halting
condition. In section 4 we consider the dynamics of vacuum decay in a general setting



focussing on parametric behaviour of the rate of decay. In section 5, we discuss our findings
and summarize some remaining concerns.

2 Membrane nucleation in effective theories of four-forms

We begin with a generalised theory of four-forms on a manifold, M, with a dynamical metric
guv described by the following action,

M2
S = /M d4x\/@ [2”[1% + f(xF)

where we have a family of three-form fields, A’ = %Aumdx“ Adx¥ A\ dz®, with corresponding
field strength F* = dA’ and % denotes the Hodge star operator on the manifold. R is the Ricci
scalar on the manifold while the function f is assumed to admit an expansion of the form

fF) =3 —Hn ((pity L (kF), (2.2)

1A f2n—4
"o n! Mgy,

+ Sboundary + SmembraneS7 (21)

where Myy < My is the cut-off of the EFT and the dimensionless coefficients a;, . ;, are
naturally O(1).

The boundary, M, is taken to be a co-dimension one surface described by the embedding
at = XH(EY), such that o = g0 XH0, X" is the induced metric on the boundary and
ol = %ALWGGX“&,X”@X“CZ&’“ A d€P A dg€ is the pull back of the three-form, A*. We will

describe the boundary action explicitly in a moment, after switching to a dual formulation.
We also include contributions from membranes and anti-membranes, >;, charged under

i+ lnflr [ d%ll}. (2:3)
I

where fygb is the induced metric on ¥; and o} is the pull-back of the three-forms. Membranes

any of the three-forms, such that

Smembranes = - Z {77}% /E

I I

charged under A’ carry a fundamental charge +¢; depending on whether they are branes or
antibranes and tension ;. In the action (2.3), 7% = 0, 41 depending on whether the membrane
¥; carries positive (7% = 1), negative (7t = —1) or vanishing charge (n} = 0) under A*. We
can constrain the tension and charges from effective field theory considerations and, of course,
the WGC. For the ith membrane species to be part of the effective field theory, we require

¢ S MIQJ\h T S Mgv (2-4>

Furthermore, there ought to be at least one species for which we also satisfy the constraints
coming from the WGC [19, 20]

Ti < Mpig; electric WGC (2.5)
My < @My magnetic WGC . (2.6)

To make contact with our previous work [18], we switch to a dual formulation, introducing
a Lagrange multlplier ¢; fixing F* = dA? on shell, via a term [ ¢;(F* — dA?). Integrating
out the scalars, xF;, yields

M?> .
S = /M d4$\/@ [;R - Lf(¢2)] - /¢szZ + Sboundary + Smembranes; (27>



where Ly is the Legendre transform of f. This action now falls into the general class studied
in [18], with Z;; = w¥ =0, 0; = —¢; and V(¢) = L(¢). As we are interested in transitions
between eigenstates of constant four-form flux, we assume Neumann boundary conditions on
the three-form fields but Dirichlet boundary conditions for the metric and the dual scalars.
Correspondingly, the boundary part of the action is given by [18, 26, 27]

Sboundary = Mp2[ /8/\/[ d3§\/mK - /(9/\/[ Xiaiv (28>

where K = v* K, is the trace of the extrinsic curvature, Ky = %L%b, defined as the Lie
derivative of the induced metric with respect to the outward normal n”. The momenta
conjugate to the 3-forms are given by x; = —¢;.

The vacua are real Lorentzian solutions with constant scalars, ¢;, four-forms of constant
flux xF" = ¢!, and a maximally symmetric metric with constant curvature k2, corresponding
to de Sitter (k? > 0), Minkowski (k2 = 0) or anti de Sitter (kK < 0) spacetime satisfying

oLy _
i

where we have included the contribution from the underlying vacuum energy, Vopr, explicitly.

3MZK? = Varr + Ly(), &, (2.9)

The conjugate momenta x; = —¢; are locally constant and, in the presence of membranes,
quantised in units of the membrane charge, yielding

o; = N;q; (no sum) . (2.10)

At the membranes, we must specify junction conditions. The metric and three-forms are
required to be continuous in order for the membrane action to be well defined. However, their
normal derivatives can be discontinuous. Indeed, the standard Israel junction conditions [28§]
relate the jump in the extrinsic curvature of the brane to its tension. The momentum
conjugate to the three-forms also jumps, giving

Ag; = b (no sum over 7). (2.11)

It follows that the flux number, N;, changes by a single unit as we move across a membrane
charged under A’

Transitions between vacua are therefore mediated by membrane nucleation. To compute
the rate at which membranes are nucleated, and transitions occur, we analytically continue
to Euclidean signature, and solve for the instanton solution interpolating between the parent
vacuum, M, with curvature ki and the daughter vacuum, M_, with curvature k2. We
analytically continue as follows

t— —itp, *F' — «F*, ey S —iSE, (2.12)

where Sg is the Euclidean action and solve for O(4) symmetric Euclidean field configurations,
with metric

ds® = dr® + p(r)?dQs, (2.13)



where df)3 = hijdfidfj is the metric on a unit 3-sphere, Fuclidean three-form potentials

A = A'(r)/Inld%e, (2.14)

and scalars ¢; = ¢;(r). The radial coordinate is assumed to run from ryni, < 0 t0 rpax > 0 and
the membrane lies at r = 0. Details of the corresponding field equations and their solutions
are presented in [18]. Note that upon Wick rotation back to the Lorentzian signature, the
instanton solution corresponds to a bubble of daughter vacuum in the parent spacetime.

In semi-classical theory of vacuum decay, the transition rates between vacua M — M_
are given by [29-31]

r _B/h
ﬁ ~ e s (215)

where I' is the transition rate and the tunnelling exponent
B = Sg(instanton) — Sg(parent). (2.16)

Here Sg(instanton) is the Euclidean action evaluated on the bubble configurations described
above, interpolating between the vacua M4 and M_. In contrast, Sg(parent) is the Euclidean
action evaluated on the complete parent vacuum, M, with no bubbles. After a lengthy
calculation, we find [18]

CAMEO3 T 14Y - X } o.17)
oolYQ+Y+ X))’ -
where we define two important parameters
4MAAK?
= o Y(X) = /(X 1) + 16k My /T2, (2.18)

where Ak? = /-6_2F — k2% is the jump in the vacuum curvature and 7T is the tension of the
brane mediating the transition.

Transitions between vacua are readily constrained on physical grounds. In particular, we
only allow geometric configurations supported by non-negative membrane tensions. We also
require that the tunnelling exponent is finite so that the transition is not infinitely suppressed.
This allows for three configurations of physical interest

. dSy — dS_
« dS, — Minkowski/AdS_
» Minkowski/AdS, — Minkowski/AdS_ (Jk_| > |ky])

In what follows, we will focus on the case where the parent vacuum is de Sitter and the
transition occurs to a vacuum of smaller curvature. Given our presence in a very low
curvature vacuum excited by matter and radiation, we are particularly interested in two types
of transition: rapid decay from high or intermediate curvature to the current low curvature
vacuum, required to avoid the empty universe problem; decay from the current vacuum into an
apocalyptic anti de Sitter universe. A detailed study of the decay dynamics follows in section 4.



For now, we focus on the latter scenario and compute the rate of transition from a near
Minkowski vacuum to anti de Sitter. In this limit, the corresponding tunnelling exponent
goes as [1§]

2M 223 8MS 23 )
Bat-saas- ~ —i— (1 = S0+ gy —g (X =DM = SG)) +25(X)] (2.19)

AMA K2
where Xy, 445, ~ — 7’:@ = and S(X) = sgn(X — 1). Here we see the presence of a

possible pole in the bounce as the curvature of the parent vacuum approaches zero, ki — 0.
The existence of this pole would ensure the stability of a Minkowski vacuum and the
exponential longevity of very low scale de Sitter vacua. The pole is present when the
parameter | Xy, 445 | < 1 and otherwise absent. Thus, in order to halt or emphatically
slow down the rate of membrane nucleation, as described in the introduction, we require

|XM+—>AdS,| <1 [18]

3 Implications of WGC on specific models

Let us now explore the impact of the WGC on the set-up described in the previous section. To
this end, it will be convenient to express the spacetime curvature in terms of the dimensionless
flux Q; = N;0; for §; = g; /M%V, via an expression of the form

BMyk® = Varr + Miyvr(Q), (3.1)

where k(Q) = Ly(MZ,Q)/M{y is a dimensionless function of the flux. Note that if the
membranes of type ¢ are inside the EFT, we have §; < 1, as per equation (2.4). Now suppose
we nucleate such a membrane, so that N; — N; £1 and N; — Nj for j # i. The process
induces a corresponding change in k2,

_ My
30

Ak? Ak; (3.2)

where we define

(+6,)" O"
nl o oQr”

@),
(3.3)

Ak =R, Qim1, Qi Qigr, ) — K, Qic1, Qi £ 6, Qigr, . ) = — Y
n=1

and in the last equality we Taylor expanded &(...,Qi—1, Qi £ §;, Qit1,-..).
As we described in section 2, the nucleation rate is controlled by the value of a parameter

4 2 2 A r4
o AMUAR? MM,

i 2 3 Kjg . (34)
T; 37;
For a parent vacuum with ki ~ 0, we must choose the flux such that x =~ —‘J%P. If we

uv
further assume that |N;| > 1 when k2 = 0, it follows that |@Q;] > J; where we can truncate

the Taylor expansion to leading order in (3.3) to show that

yMi—Ads-| 4 (6iMy 2 M2y | Ok
‘ i ‘ ~ 3 . . .
Ti g 10Q;

(3.5)

3 k2=0 ’



For membrane nucleation to be halted at very low curvature, we require XZ-M +_)Ads” <1,
or equivalently
5 2
" <3 ( T ) 4 (3.6)
OQilke—o 4 \aiMp ) Mgy

for all species. If the membranes of type i are part of the EFT (2.4) and satisfy the WGC (2.5),
it is clear that the corresponding first partial derivative of x should not be too large near the
k? ~ 0 vacuum. We will now explore the implications of this for several models.

3.1 Homogeneous polynomial models

In the Kaloper-Westphal (KW) model [12], the cosmological constant is linear in the flux,
k = a'Q;. This represents a multi-field generalisation of Hennueaux and Teitelboim’s covariant
formulation of unimodular gravity (with branes). It cannot be obtained from a generic action
of the form (2.1), since the Legendre transform cannot be inverted in the linear case. Even so,
it is instructive to explore how the WGC may be avoided even when the halting condition (3.6)
holds for near Minkowski vacua. In the KW model, the ¢; have irrational ratios, so we can
always find a solution to k% ~ 0 to any desired level of accuracy as long as we choose
sufficiently large |V;|. Descent between vacua is halted at very low curvatures provided

2
W3 Ti Qi
all < = 3.7
| ‘ 4 (qiMpl> MI2JV ( )

for all values of i. Clearly, if there are any species satisfying WGC (2.5) along with the EFT

constraint (2.4), the corresponding value of a’ should be tuned to be suitably small.
When the cosmological constant is quadratic in flux as in the Bousso-Polchinski model

difficulties can arise, as was first noted in [18] and emphasized in [21]. To see this note

that £(Q) = £ 3°; @? where the coefficients are fixed by canonical normalisation a;; = &;;.

The halting condition (3.6) now requires

Ql<d () o () (3.8)
4\ gMy ) MEy T4\ My '

for all values of 7. The flux numbers are expected to be large in a neighbourhood of the

Minkowski vacuum in order to achieve the necessary cancellation of the presumably large
bare vacuum energy. This is clearly incompatible with any species satisfying the WGC (2.5).
What is happening here? The point is that in order to halt the descent between vacua
at very low curvatures the flux dependent function x(Q) is required to be flat along any
direction satisfying the WGC, as per the inequality (3.6). In the case of the Bousso Polchinski
model, the function k(@) is just a sum of squares, being flatter near their minimum at @; = 0.
However, in the generic case where Vgpr > Mngg , this is not a low curvature vacuum.
We can generalise this result to the case where (@) is a homogeneous function of
any degree n > 1. Indeed, in this case, the Euler identity implies that }_, Qi(%“i = nk,
from which we infer
oK 1 0%k
oG, 12 Ya00a, (39)



Plugging this result back into the inequality (3.6), we see that the halting condition requires

q 0%k 3 Ti ?
2Ny 5000, | < <qz~Mpl> =y (310
for all values of i. Recall that the |N;| are generically expected to be large on the Minkowski
vacuum. Assuming the absence of any charge hierarchies ¢; ~ O(q), there are two ways in
which the inequality (3.10) might be satisfied alongside the WGC (2.5): either there are
miraculous cancellations between terms or certain components of the Hessian turn out to
be extremely small. Note that the inequality (3.10) must hold even if there are order one
corrections to the underlying vacuum energy. In a generic scenario, this is likely to spoil any
miraculous cancellations, so we are led to assume fine tuning of the Hessian. Indeed, if we
suppose that the first species with ¢ = 1 satisfies the WGC, we must have that

9%k
00Q10Q;

for all j. If more species satisfy the WGC, then more components of the Hessian will

3
< (-1 (3.11)
k2=0

need to be tuned.

For a quadratic model with n = 2, this constraint on the Hessian requires the correspond-
ing couplings to be unnaturally small. This is consistent with our previous result for the
Bousso-Polchinski model where we saw that the halting condition for low curvature vacua
was incompatible with the weak gravity conjecture [18]. However, for higher powers, n > 2,
the Hessian can be rendered small by taking the ); to be small in the corresponding limit.
For a suitable choice of membranes, this may still be possible even for large N;.

To see this explicitly, let us consider the case where x is dominated by a sum of
monomials of degree n,

K(Q) = Y gy (3.12)

where n > 1 and ¢, are constants, assumed to be order one in a natural scenario. Recall
that the nucleation of the membrane of type i triggers a change in flux N; — N; + 1 and
Nj4i — Nj4;. The corresponding value of X; controlling the rate of the transition is given by

4 M 2M2 i
1 Xi| ~ =n 4yl 7UVM1Q1~\H (3.13)
3 T g n!

where we have assumed that the flux number is large |N;| > 1. In the absence of any
hierarchies, ¢; ~ O(q), i ~ O(7) and ¢!, ~ O(c,,). Near the Minkowski vacuum, we have

KR — J‘?gs’ and since we expect each |Q;| ~ ]n!n/cnﬁ we infer that
) 1
M VorTn! |™
|| ~ =0V | O (3.14)
q MUVCn
and 1
1-= 1
My—AdS— 4 qul 2 MIZJV VQFT "™\ n 1
Xi ‘ ~ 3 4 - ‘Cn|" . (315)
3 T q MUV n!




Recall that generically we expect |N;| > 1. For the descent between vacua to halt at very
low curvatures, we also require ‘XZM +_>Ads“ < 1 for each species. From equation (3.15), we

see that this is only possible if there are one or more of the following;:

¢ a violation of the WGC, % <1

2
the membrane charges are no longer consistent with the EFT, @ <1

suppression of the couplings, |¢,| < 1

e suppression of the bare cosmological constant: “;ff%ﬂ <1
uv

None of these scenarios are ideal but perhaps the least worrying is the suppression of the
bare cosmological constant. Indeed, if the scale of supersymmetry breaking lies many orders
of magnitude below the cut-off, this is exactly what we would expect to find.

Note that we can recast the large flux condition |N;| > 1 and the halting condition,
My —AdS-

i < 1, as the following constraint on the couplings

len] < min{ A1, A2} (3.16)

where

9 n 2 n 1-n |
= (Mov) Vel oy (37 q Varr| o (3.17)
q My 4\ gMy ) My My n

If we now demand that both Ay > 1 and Ay > 1, as required to avoid fine tuning of the

3 T 2 1 q e
(am) > e o) 19

For n = 2, it is clear that this is not consistent with the weak gravity conjecture, as we

couplings, we find that

have already seen. However, for n > 2, we can be more optimistic. Indeed, as an example,
consider the case where n = 10, |Vqrr| ~ 10_6M§l, qn~ lO_QMI?l, T ~ 10_3M5’l, le|] ~ 1
and Myy ~ My, so that

IN;| ~ 114, ‘XiMﬁAdS*] ~0.1 (3.19)

In this scenario, the membrane charges and tensions are chosen to be small but are consistent
with the EFT constraint (2.4) and the WGC (2.5). Similarly, the bare cosmological constant
is many orders of magnitude below the cut-off, as one might expect in a supersymmetric
scenario. Nevertheless, for order one couplings in x(Q), it seems we can have scenarios in
which membrane nucleation is halted at very low curvatures, without any violation of our
EFT constraints or the WGC.

Of course, in a consistent weakly coupled scenario we would not expect higher order
operators to dominate over the quadratic terms. Given that we have already seen that
canonical quadratic terms are incompatible with the halting condition if the WGC and EFT
constraints are satisfied, it follows that we can only exploit the higher order operators by

,10,



going to strong coupling. Further, in such a scenario, we would expect a whole tower of higher
order operators to be present beyond the homogeneous polynomials considered here. What
effect do they have on the interplay between the WGC and the longevity of low curvature
vacua? We shall now explore this question in two different ways: first, with a generic tower
of EFT operators whose coefficients are set using naive dimensional analysis (NDA) [22, 23];
and second, in the special case of a generalised DBI action for four-forms, where the couplings
are motivated by the dynamics of a spacetime filling 3-brane [24, 25].

3.2 A generic tower of higher order operators

Consider a generic tower of EFT operators whose coefficients are set using naive dimensional
analysis [22, 23]. This allows us to be a little more precise about the form of the dimensionless
coefficients in the dual potential in equation (2.7). In particular, we expect that [32, 33]

b'LlZn

L19) = X (i gy OO (3.20)

n>2

where b = §% and the b'1-» ~ O(1). In terms of the dimensionless potential, this gives

K@) =3 Qs s, (3.21)

n>2

In the weakly coupled regime, |Q;| < ﬁ, the leading order quadratic terms dominate and
we recover the negative results of the previous section. However, the EFT is valid even in
the strongly coupled regime where ﬁ < 1Q;| < 1, allowing us to go beyond the leading order
quadratic approximation. To see what happens then, consider the case where |Q;| ~ O(Q) in
the near Minkowski limit, where the scale () is assumed to lie in the interval, ﬁ <|Q| < 1.
Recall that the lower limit means we are at strong coupling and cannot truncate the expansion

in the Q;, while the upper limit ensures that the EFT remains valid. We then find that!

oK
0Q;

[Varr|
~ AT |K|p2—g ~ 4T
k2=0 Mév

(3.22)

. . \%
Near the Minkowski vacuum |k[z2—y ~ u?TFTl
Uv

We then infer that the flux numbers scale as

and so we expect @ ~ = In(4r|Vorr|/Mty).

M2 M?
|Ni| ~ ;VQN 47ng In(4r|Vger| /M) (3.23)
while )
‘XM_;_HAdS_‘ _ l6m (qul> Mgy \ [Varr| (3.24)
E 3 T q Mév )

where we have, once again, assumed the absence of any hierarchies between species, so that
g ~ O(q) and 7; ~ O(7). If the WGC is to be respected and the membranes stay inside
XM+_>AdS" < 1, by taking the

i

the EFT, we might hope to satisfy the halting condition,

'For example, this result is easily understood for the case where the dimensionless potential scales as
k ~ e /(47?) in the strong coupling regime.
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bare vacuum energy to be well below the cut-off, as we did in the previous section. The
problem is that we expect the scale ) to be in the strong coupling window, ﬁ <|Q| <1,
constraining |Vorr| 2 Mye/4n. It follows that

2 2 2
‘XZTZWJF—}AdS*’ z & (q]wpl) <]\4[2JV> ~ E <qul) |N7,| > E <qul> ’NZ|

3 T q 3 T Q 3 T

Given that flux numbers are always assumed to be large, there is no way this can be less
than unity without violating the WGC. This suggests that generic strong coupling scenarios
do not help alleviate tensions between the WGC and our ability to halt the descent between
vacua at very low curvatures. Of course, there may be some theories where the desired
flattening of x(Q) is achieved at strong coupling thanks to elegant cancellations between
terms, perhaps motivated by some enhanced symmetry. We will consider exactly such a
scenario in the next section.

3.3 Generalised DBI

We now consider the generalised DBI action for three-form fields [24] (see also [25] for a
more transparent description of the action) with multiple species, so that the action is given
by equation (2.1) with

FOeF) =3 A (1 1 (*§:)2> (3.25)

This can be seen as the action for a spacetime filling 3-brane with tension A} on whose world
volume the F; are defined. The Legendre transform is easily computed to give

Lf(qs):ZA;*( 1+A§—1> (3.26)

with a corresponding dimensionless potential

2 A;
R(Q) =3 N (VH%— ) A= (3.27)

To avoid falling into the trap of quadratic domination and problems with the WGC, let us

assume that when k? ~ 0, we have |Q;| > )\12. In this limit, we recover the linear behaviour
familiar from the KW model, albeit from a more well motivated initial set-up

R(Q) ~ D NQil - (3.28)

Since this is always positive, it is clear that we must have Vopr < 0 in order to have
a spectrum of vacua that includes very low curvatures. For near Minkowski vacua, let
us further assume that |Q;| ~ O(Q) for some scale Q and \; ~ O()\) for some scale A,
so that Q ~ |Vqer|/MEyA 2N where N is the number of species. It also follows that
|0k/0Qi|2—g ~ A?. For the EFT constraints (2.4) and the WGC (2.5) to be satisfied
alongside the halting condition (3.6), we know that we must have a flat potential, and so
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)\12 < 1, or equivalently, the underlying brane tensions lying below the cut-off A; < Myyv.
This is certainly what we would expect from a consistent EFT.

We now consider the density of vacua at low curvature for the generalised DBI model. If
we have just two species of three-form field, we can adopt the KW strategy and assume an
irrational charge ratio. This guarantees a dense set of vacua even when the membrane charges
are not especially small, allowing us to avoid the empty universe problem. Alternatively, we
can consider the generalised DBI framework as a UV completion of the Bousso-Polchinski
model, with a large number of fields. To read off the density of vacua at large N and large
Q; = iqi/M%V > A2, we note that the curvature

VarT + 3 A2qi| Ny

k2
3M 2

(3.29)

This means the vacua span an N dimensional grid with spacing A?qi. Surfaces of constant
vacuum curvature correspond to the boundaries of cross-polytopes, as opposed to spheres in

the case of the original Bousso-Polchinski model. Consider two such surfaces of curvature
2 _ Vorr+r 12 _ Vorrtr’
k== ez, and k'* = 3 e

, where ' > r > 0. The corresponding polytopes differ by a

shell of volume Ve = ( N — V) & ) ~ %N—;(r’ —r). To ensure that this shell contains at

least one grid point, we require that Vipen = D H ¥, A2g;, where D is the degeneracy factor.
This implies that vacua are separated by a curvature

W — DIDILY, Adg:
3M2NpN-1 7
p

0k? ~ MK — Vapr (3.30)

Assuming the A?g; are incommensurate, the degeneracy D = 2N due to the N; — —N;
symmetry. The density of vacua near Minkowski space is therefore given by

- DY, Agi

k22— ~ (
3MyVarrV -1

(3.31)

In the absence of hierarchies in membrane charge and DBI tension, we assume that ¢; ~ O(q)
and A; ~ O(A), so that

N
N DAY [Vaer| (A%
52 g ~ ~ 3 N 3.32
‘kQ—O 3M51|VQFT‘N_1 3M51J\/' ’VQFT| ( )

N
Using Stirling’s approximation N! ~ /27N (M) for large A we have that

e

6]{32‘ 9 |VQFT’ NA2
=0T M |[Varrle

Requiring dk?|2—9 < HE only imposes a constraint
21 [ N'A%q N 3M Ho
\ 7 | S — (3.33)
N \IVarrle |VQFT|
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From our analysis of the linear model and equation (3.7), descent between vacua is halted
at low curvature provided

2
)\2<3< T ) % (3.34)
C A\ @My ) My

In the absence of hierarchies this translates into the following constraint on the tensions
i ~ O(1),

r> szlA\/g . (3.35)

Finally, recall that the EFT constraints (2.4), the electric WGC (2.5) and the magnetic
WGC (2.6) require that

Muy _ ¢

TS Mpg
~ ’ ~ 2
Mpl MUV

St (3.36)

All constraints can be satisfied if we take, for example, |Vopr| ~ Mgl, N =~ 108, 7 ~
0.1M3, ¢ ~ 0.2M2, A ~ 0.1My and Myy ~ 0.5M,. Note that this implies that Q ~
[Varr| /M3y 2N ~ 3.7 > A\? ~ 0.04, which confirms that we are indeed in the asymptotic
regime of the DBI action.

This suggests that the generalised DBI set-up provides an elegant completion of the
Bousso-Polchinski model, capable of halting the descent between vacua at low curvatures
without running into any problems with the WGC or the consistency of the EFT. The
model recovers the dynamics of a linear model in the asymptotic regime, with the required
suppression of the effective coupling understood in terms of the underlying brane tensions

lying inside the cut-off.

4 de Sitter decay dynamics

As we have seen, membrane nucleation allows for descent from high scale de Sitter vacua to
the low scale vacuum we see today, and perhaps even beyond. The dynamics of this descent is
controlled by the tunnelling exponent given in equation (2.17). Our goal here is to investigate
how this changes as we move through the landscape, with a view to better understanding
how the landscape is populated and how we arrive at the current vacuum.

The first thing to note is that for a parent de Sitter or Minkowski vacuum, ki > 0,
the tunnelling exponent is always positive and monotonically decreasing with X, as already
emphasized in [18]. To delve a little deeper, we note that the behaviour of the tunnelling
exponent depends both on the curvature of the parent vacuum through the dimensionless
combination ki M;ll /T? and on the magnitude of the curvature jumps between successive vacua,
through X = 4M§ZAI<:2 /T?. Therefore curvature and its jumps between vacua are classified
as large or small with respect to the reference scale T2 /Mgl. This observation prompts us to
analyse equation (2.17) in the asymptotic limits k3 > T? /M;ll and k3 < T? /Mgl. We focus
on the case of vacuum descent, so that Ak? > 0 and by association, X > 0.
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Figure 1. The logarithm of the tunnelling exponent, log,,(B1?/ 4M; 5;3) as a function of k% M /T2
and X. Note that as the curvature of the parent vacuum decreases, the value of B increases.

For k2 > T? /M;fl we have that for fixed X > 0

AMSS2; 1( T2 )3/2 X< T2 >2+O< T2 )5/2 m
T |4\ kLM, 8 \ k1M, k3 M, ‘ '

This approximation is valid in the early stages of vacuum descent when we are in a high
scale de Sitter vacuum. At later stages, when the vacuum curvature has fallen to smaller

values there are two different scenarios depending on the size of the jump. In particular,
when k% < TQ/M ;, we find that

4MS Q) k2 M4 2 M4 2
/Jeé : X(X4 1)2 + ]'6X2(X 1) + pl "‘ O < ) fOI' X > 1
B e, [ 0 2 12 MY, 52 0t \ 2 (4.2)

de Sitter decay via flux discharge can now be understood as a model dependent trajectory
in the (ki, AK?) plane, starting at some presumably large curvature ki and moving in the
direction in which it decreases. The changing value of the tunnelling exponent is shown in
figure 1 as a function of k% M L/T? and X = 4M4 L AK?/T?. In the limit where k2 M L/ T? — oo
we see from equation (4.1) that B—=0 1ndlcat1ng that very high scale vacua are short lived.
This rapid decay of high scale vacua with B < 1 was recently dubbed the “boiling phase”
of vacuum descent [21]. As the figure shows, as the curvature of the parent vacuum falls,
the tunnelling exponent increases and the discharge of the cosmological constant begins to
slow down. Eventually we enter the “braking phase” of vacuum descent with B > 1, where
the discharge rate becomes exponentially slow [21].

Once the curvature drops below the tension of the membranes, k% < 172/M pl’ we see from
equation (4.2) that the decay dynamics branches out depending on the size of the jumps in
curvature Ak?. Indeed, as the curvature of the parent vacuum tends towards zero, we find that
there are two possible asymptotic limits, with the rate of transition from a near Minkowski
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vacuum (k3 — 0) to anti de Sitter (k% < 0) controlled by the following tunnelling exponent,

16M6Q
ngf)? fOI' X > 1
BMJF_)AdSL ~ 4 4M5Qs (4.3)
W for 0< X <1 y
p

where now X = —4M§lk% /T?. For X > 1, the tunnelling exponent reaches a finite upper
limit, and the corresponding rate of transition settles down to a finite value depending on
the precise value of X. Note that the closer X is to unity from above, the slower the rate of
transition. We might even say that there is a pole at X = 17 that could be used to halt any
further discharge of the cosmological constant in the Minkowski limit. However, the precise
value of X depends on the depth of the would-be daughter vacuum and the brane tension. In
any given model, these quantities are exposed to radiative corrections and any attempt to
tune X to be close to unity from above in the appropriate limit would not be natural.

In contrast, for 0 < X < 1 we see the presence of the Minkowski pole in the tunnelling
exponent, as ki — 0, indicating that the rate of transition tends towards zero for a range
of values of X. This is the halting condition that prevents any further discharge of the
cosmological constant whenever the vacuum curvature vanishes. By association, low scale
de Sitter vacua are extremely long lived. It follows that in order to achieve a reliable
halting mechanism as the parent vacuum approaches Minkowski, we need a model that gives
0 < X < 1 in the appropriate limit.

Having established that the discharge of the cosmological constant slows down expo-
nentially at very low curvature provided 0 < X < 1, we now ask how we arrive at such a
vacuum. In particular, is it possible to “boil” directly from a high scale de Sitter vacuum to
an exponentially long lived near Minkowski vacuum? Or do we always have pass through an
intermediate scale vacuum, with the final transition in the so-called braking regime?

To answer this, consider a transition from a high scale parent vacuum with curvature
ki > 0 to a Minkowski daughter vacuum, with k2 = 0. This has Xas, M. = 4Mglk:i/T2,
corresponding to the red line in figure 1, where the tunnelling exponent is given by

16M5Q3
BdS+—>M, = m . (4.4)
Let us suppose that this transition is mediated by a membrane of type ¢, with charge +g¢;
and tension, 7;. Following a similar reasoning to the discussion at the beginning of section 3,
it follows that the value of X is given approximately by
A5 M- 4Mp21Mév ( +q; ) Ok
' 37 z'2 MLQJV 8QZ

where we recall that Myy is the cut-off and x(Q) is the dimensionless function of the flux

o (4.5)

defined through equation (3.1). As it happens, the halting condition for Minkowski vacua
imposes a flatness condition for x along all directions in a neighbourhood of k* = 0, as
per equation (3.6). Assuming the flux function is differentiable in this neighbourhood of
the Minkowski vacuum, we can use this to bound the value of X describing our transition
from de Sitter to Minkowski, giving

‘ X;lS+—>M,

~
~

XA (4.6)
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This must be true for all species. In other words, tunnelling from a high scale de Sitter
vacuum to a very long lived near Minkowski vacuum must have 0 < Xgg, /. < 1 and so

AMGQ3

5 (4.7)

Bas,—sm_ >
Since the membranes are assumed to be part of the EFT, we have from (2.4) that T' <
M%V < Mgl. It immediately follows that Bgs, .p_ > 1, or in other words, transitions to
exponentially long lived vacua of very low curvature can only occur in the braking phase.
If we assume that we have found ourselves in the current vacuum with any further descent
almost halted, we must conclude that we did not get here by boiling.

We now arrive at the following picture of our journey through the landscape: the universe
starts out in some high scale de Sitter vacuum close to the cut-off and rapidly boils down
to some intermediate scale vacua, with curvature still far in excess of the current vacuum.
Further descent is much slower. Nevertheless, provided we can ensure 0 < X < 1, once
a vacuum of very low curvature is nucleated, it lives for a very very long time, far longer
than the vacua at intermediate scales.

As a final comment, we note that in most models there are multiple decay channels
corresponding to the nucleation of different membrane species with different values of X.
However, for fixed values of the curvature in the parent vacuum, the tunnelling exponent
can be shown to be a monotonically decreasing function of X in X > 0, since

0B AMAEL B*(X +1+2Y)
87 ki fixed B QgTQY(X — 14+ Y)2

(4.8)

where we have also used the fact that ¥ > 0. This monotonicity implies that largest possible
values of X will tend to dominate the transitions. Indeed, consider a low curvature vacuum
which can, in principle, decay via instantons with both X < 1 and with X > 1. The latter
will dominate since B(X < 1) > B(X > 1) for all k2 > 0, leading to a landscape with no
preference for small values of the cosmological constant. Therefore, in order to exploit the
halting condition, preventing the decay of Minkowski vacua, it must be that all decay channels
satisfy X < 1, with possible consequences for the WGC across all species for some models.

5 Discussion

In this paper we have performed a deep dive into the dynamics of models with three-form
fields exhibiting discharge of the cosmological constant via membrane nucleation. For suitable
choices of parameters, these models can often admit a halting mechanism that stops any
further discharge whenever we reach a Minkowski vacuum, presenting a possible solution to the
cosmological constant problem. By continuity of the tunnelling rates, it also follows that very
low curvature vacua are exponentially long lived in the same parametric regime. As was first
noticed in [18], these parametric choices tend to run into tension with the membrane WGC.

In [21] it was argued that parametric violation of the WGC, in taking the membrane
tension to infinity (while holding the charge fixed) stabilises de Sitter space. Whilst this
is certainly true, we note that the existence of charged membranes in the EFT (7 < Mgy,)
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is sufficient to trigger the decay of de Sitter, independently of their charge-to-tension ratio,
rendering de Sitter space unstable regardless of the membrane WGC.

In contrast, the status of Minkowski space is a little more subtle. As we have seen, the
instability of Minkowski space can, in some instances, be connected to membranes satisfying
the WGC. For example, in a canonical quadratic model, like the one proposed by Bousso and
Polchinski [9], a Minkowski vacuum could only be stable if all species of membrane violate
the WGC. Said another way, if just one species of membrane should satisfy the bound set
by the membrane WGC, a Minkowski vacuum would eventually decay. This reminds us of
the inevitable decay of charged extremal black holes whenever there is at least one particle
whose charge exceeds its mass in Planck units [19].

Whilst it is tempting to use the WGC to draw analogies between the stability of Minkowski
and/or de Sitter and the stability of extremal black holes, we urge caution in doing so. Indeed,
following [34], we can identify the cosmological constant with conserved charges coming from
the global part of the three-form gauge symmetries. More precisely, the conserved charges
correspond to the four-form fluxes, V;q;. In the usual form of the WGC, decay of black hole
charge is required to avoid the existence of stable charged remnants. In analogy, we might
say that a spacetime can always decay away its charge, so that the only stable solution is the
one with vanishing charge. In the Bousso-Polchinski set-up, this corresponds to the anti de
Sitter vacuum with vanishing flux and curvature k% = Vaort/ 3M51 < 0.

We have also shown that tension between the WGC and stability of Minkowski space is
not inevitable and can actually be avoided in some special cases. In particular, we presented
an elegant extension of the Bousso-Polchinski model of multiple three-form species, given by a
four-form generalisation of the DBI action. At small values of the four-form flux, the leading
order quadratic terms dominate, yielding the dynamics of the original Bousso-Polchinski
model. However, at larger values of the flux, relevant for transitions to and from low curvature
vacua, the DBI structure approximates a linear behaviour, albeit in absolute value. In this
limit, the theory admits a halting mechanism that picks out the vacuum with the lowest
absolute curvature from the landscape, even when we choose natural values for the couplings
without any violation of the WGC. Aside from being well motivated, the generalised DBI
model also has the property that the effective potential of the flux is bounded from below,
even though it approximates a linear regime at large values of the flux. This is not the
case for the original linear flux model [12] where the potential can become more and more
negative for as long as the EFT remains valid.

Beyond these considerations of the WGC, we have also taken a closer look at how we
journey through the landscape of four-form flux vacua, in a relatively model independent way.
In particular, our analysis of the dynamics of de Sitter decay demonstrated that the decay
rate slows down as the curvature of the parent vacuum decreases. Decay from high scale de
Sitter vacua is rapid, said to be in the so-called boiling phase, whereas decay from low scale de
Sitter vacua is much slower, said to be in the so-called braking phase [21]. The transition from
boiling to braking occurs when the tunnelling exponent passes from B < 1 to B > 1. With
this perspective, how did we arrive at the current low scale vacuum? The answer depends on
whether or not our vacuum is exponentially long lived. If it is, and the halting conditions
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hold, |X| < 1, we find that the descent from high scale de Sitter to the current vacuum will
not occur through boiling alone - at least one transition must occur in the braking phase.
Whilst the idea of boiling and braking is a useful one to help visualise the vacuum descent,
it doesn’t play a significant role in understanding why we are in this particular vacuum
amongst the vast number present in the landscape. Of course, we know that anti de Sitter
vacua crunch on a time scale inversely proportional to their curvature. For de Sitter vacua,
what really matters is the fact that the decay rate slows down exponentially quickly as we
descend through the de Sitter part of landscape, until it comes to a halt for a Minkowski
vacuum. In practice, this means de Sitter vacua of least curvature are the longest lived.
This mechanism takes us on a quantum journey through the landscape, leading us
towards the vacuum of least absolute curvature. In a continuous landscape of vacua where a
Minkowski vacuum is guaranteed, we are led to that vacuum, but in a discrete but dense
landscape, we are led to the vacuum closest to Minkowski. The task of the model builder is
to find a landscape where that near Minkowski vacuum has a curvature given by the current
Hubble scale. This is achieved in the Bousso-Polchinski model (and its DBI extension) with
relatively mild tunings of fundamental parameters and including of order a hundred species.
This suggests a new perspective on the cosmological constant problem as an alternative
to the standard anthropic ideas usually employed in the presence of a landscape of vacua.
However, although we can explain how we were driven towards a vacuum of low absolute
curvature, we cannot explain how it is so young, at least in cosmological terms. Indeed, if the
low curvature vacuum is so stable and long-lived, and matter is diluted over time, how come
we find ourselves in an era where the density of matter is comparable to that of the constant
vacuum energy? This is the so-called coincidence problem [35, 36]. This is usually addressed
with some new late time physics. For example, there could be a mechanism that forces the
universe to end not long after dark energy begins to dominate, as was proposed in [37-40].
As a solution to the cosmological constant problem, the halting mechanism for membrane
nucleation is undoubtedly interesting and one that can be incorporated into a wide class
of models with multiple three-form fields coupled to scalars. Although this is often in
tension with the WGC, that is not exclusively the case: there are elegant models such as
the generalised DBI set up, where the halting mechanism exists for a family of membranes
satisfying the WGC. Nevertheless, there are still some interesting and important problems
that must be addressed, not least how it is aligned with a solution to the why now? problem.
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