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Abstract

Type II string theory and M-theory admit flux configurations that break supersym-
metry below the Kaluza-Klein scale. These backgrounds play a central role in most
models of the string landscape. I argue that the behavior of such backgrounds at weak
coupling is generically a rolling solution, not a static space-time. Quantum correc-
tions to the space-time potential are computed around this classical time-dependent
background. This is particularly important for non-perturbative corrections. This
change in perspective offers an explanation for why there appear to be many effective
field theory models that seemingly evade the known no-go theorems forbidding de
Sitter space-times. This has interesting implications for type IIB string landscape

models.
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Introduction

From the perspective of effective field theory, the construction of a de Sitter space-time

would appear to be a simple task. One simply has to engineer a potential of the form

displayed in figure 1 with positive energy at the minimum in a controlled model. This

task,

however, has proven to be extremely challenging in string theory. The obstructions to

building a de Sitter space-time in string theory are captured in a successive series of no-go

results, which are worth overviewing:

(i)

(i)

The fundamental supergravity theories that arise in D=10 and D=11 dimensions
obey the strong energy condition (SEC). This condition is inherited by any smooth
compactification of these theories [1, 2]." On the other hand, an accelerating universe

requires a violation of the strong energy condition.?

String theory is not supergravity. There are exotic objects like orientifold planes that
violate the SEC. These violations come from higher derivative interactions supported
on the planes. At least for heterotic/type I theories, the leading SEC violating interac-
tions still do not permit accelerating universes [6, 7|. These interactions are, however,
sufficient to allow compactifications to Minkowski space-time with non-vanishing inter-
nal fluxes. This result has been extended to include the effect of gaugino condensation,

with a similar failure to find any accelerating solutions [8].

While this analysis applies to the interactions supported on the O9-planes of type
I string theory, it is highly likely that a similar result can be found for the lower-
dimensional orientifold planes that appear in other constructions, largely because
space-time supersymmetry determines much of the structure of the relevant couplings
on the planes. Indeed in the context of type IIB compactifications, similar results

have been seen in [9-12].

String theory is not just supergravity augmented with a collection of higher deriva-
tive interactions. There are quantum corrections which are non-perturbative both
in the string length and in the string coupling. At least in the heterotic string, one

can rule out macroscopic de Sitter space-times of dimension four or higher at the

'For constraints on higher-dimensional theories obeying the null energy condition with any form of

accelerated expanion, see [3].

2This does not mean that time-dependent backgrounds with a transient phase of acceleration are im-

possible in supergravity. If one relaxes the condition that the internal space is static then solutions like

those described in [4, 5] are possible.



level of classical string theory [13]. This analysis captures strong curvature effects on
the world-sheet beyond the reach of supergravity, including world-sheet instantons.

Supersymmetry plays no role at all.

On the other hand, there are many proposals for four-dimensional de Sitter and anti-
de Sitter solutions in type IIB string theory based on an N=1 D=4 effective supergravity
theory characterized by a Kéahler potential K and a superpotential W. In terms of these
quantities, the physical potential is given by

V =" (K'DWD,W —=3|W[*),  D;=0;,+0K. (1.1)

For the proposed dS and AdS constructions, K and W are usually of the following schematic
type:
K = —3log(p + p), W =Wy + Ae™ . (1.2)

Here p is a Kéhler modulus, W, is a constant generated by fluxes and Ae™% depicts some
generic instanton or other non-perturbative corrections to W. The potential for this effective
field theory model stabilizes the Kéhler modulus. In this discussion, I will largely ignore
other moduli like complex structure moduli whose stabilization is more straightforward [14,
15].

The proposed models fall into three broad categories: the original KKLT construc-
tion [16], which requires adding an anti-D3-brane to ‘uplift’ a supersymmetric stabilized
anti-de-Sitter background to a de Sitter background.” The large volume scenario which
includes a perturbative correction to the Kéhler potential of (1.2), and some uplifting
mechanism [18]. In this case, both non-supersymmetric AdS and dS solutions are claimed
to exist at parametrically large volumes compared to the string scale. Finally, the Kahler
uplift scenario which involves no extra ingredients beyond perturbative corrections to K
and non-perturbative corrections to W to produce dS solutions [19, 20]. The Ké&hler uplift
scenario is, perhaps, the most surprising model because it really involves no peculiar ingre-
dients, but just arguments about the generic form of quantum corrections to the effective
field theory action.

There is no sharp contradiction between the no-go results (i)—(iii) and these proposed
constructions. None of the no-go results is sufficient to rule out de Sitter solutions from
standard string compactifications. In each case, there is some quantum effect that is missed,

which could well be the key ingredient needed for a de Sitter solution. What they do indicate

3The bullish case for the KKLT scenario is nicely described in [17].



Figure 1: A good starting point. Figure 2: A not so good starting point.

is that any construction of a de Sitter space-time must involve an unconventional, or at
least hard to compute ingredient. For example, orientifolds do not appear to be sufficiently
exotic to evade the de Sitter no-go results. They are sufficiently exotic to permit flux
compactifications to Minkowski space-time, evading the supergravity no-go result (i) [14].
Certainly anti-branes are not exotic in any sense from the perspective of their stress-energy
properties. Even in conjunction with orientifold planes, anti-branes are not expected to
give de Sitter solutions.*

One way of reconciling the ease with which one can construct effective field theory
models of de Sitter with the no-go theorems is that something significant is missed in
the no-go results. This is not a very satisfying answer because the effective field theory
constructions claim to describe string backgrounds in regimes of very large volumes and
weak string coupling, where we might expect the quantum corrections missed by the no-go
results to be insignificant.” In this work I will propose a different explanation. If there is
a universal issue with the effective field theory constructions then it should afflict all such
models, not just one class of models or another, and we will see that this is indeed the
case. The key issue is the interplay between supersymmetry breaking, time-dependence

and instanton corrections.

4 There has been a vibrant discussion about whether anti-branes are sensible as uplift ingredients, and
whether the singularities they produce in supergravity can be interpreted sensibly; see [21-24] for recent
discussions. This topic is fascinating, but a digression from our present discussion which involves more
elementary issues.

5 Similar comments apply to the construction of stabilized anti-de Sitter space-times with the AdS
length scale significantly larger than the Kaluza-Klein scale. There is a supergravity no-go result in this
case as well [25], extending no-go result (i). While scale separated AdS backgrounds emerge easily from

effective field theory scenarios, no explicit constructions are known at this time.



1.1 Setting expectations

The effective field theory models of (1.2) are based on type IIB flux compactifications. Su-
persymmetry preserving type IIB flux compactifications were first constructed by DRS [14].
I will clarify what I mean by “constructed” momentarily. The type IIB supergravity 3-form
flux G is required to be imaginary self-dual (ISD). For the case of Calabi-Yau 3-fold ori-
entifold compactifications, this means it has Hodge type (2,1) with no (0,3) component.
An extension of this construction to flux backgrounds that break supersymmetry was sub-
sequently proposed by GKP [26]. In this case, the flux includes components of Hodge type
(0,3). I want to contrast these two cases because this difference is the heart of the issue.
There are three related Minkowski space-time backgrounds that really should be con-
sidered together. The basic input data in each case is a choice of Calabi-Yau 4-fold M and

a choice of flux. The three backgrounds are:
(A) D=2; Type IIA on M,
(B) D=3; M-theory on M,
(C) D=4; F-theory on M.

To have a Lorentz invariant F-theory or type IIB background requires that M should be
elliptically fibered with section [27], and there are further restrictions on the choice of
flux [14]. For cases (A) and (B), there is no restriction on the geometry M. These three

cases are classically related by compactification:
D=4; F-theory on M x5t D=3; M-theory on M x5t D=2; type IIA on M. (1.3)

Although these three backgrounds are related by a circle compactification, in each case the
relation really involves strong-weak coupling. This is particularly important for compact
flux solutions because there are no classical solutions at the level of supergravity as a
consequence of no-go result (i). The only current method we have for studying compact flux
solutions is using the space-time equations of motion derived from the space-time effective
action for either type ITA string theory, M-theory or type IIB string theory. As soon as one
needs higher derivative interactions beyond supergravity, the relation between these three
space-time effective actions is no longer classical, but involves quantum corrections.

The most poorly understood of the three cases is the F-theory background because the
couplings supported on O7-planes and D7-branes, or more generally (p, q) 7-branes, are not

completely known even at low orders in the derivative expansion. The M-theory and type
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ITA backgrounds are better understood, but even there our knowledge of the space-time
effective actions is incomplete even for the leading higher derivative interactions.

It is a common belief that the existence of flux vacua is well established. Nothing
could be further from the truth! To see why, it is first worth recalling why a (2,2) sigma
model with a Calabi-Yau target space defines a two-dimensional (2, 2) conformal field theory
perturbatively in o/ [28]. The data defining the sigma model is a choice of Kéhler potential
for the target manifold. In (2,2) superspace with chiral superfields ®, the two-dimensional

action takes the form:
S = /d2xd20d29[((<b, D). (1.4)

Vanishing of the 1-loop beta-function for such a sigma model requires a Ricci-flat target
metric. The structure of (2,2) superspace then guarantees that any higher sigma model
loop contribution to the beta-function corresponds to a shift of the Kéhler potential by
a globally defined function. Such contributions can therefore be compensated by small
modifications of the metric away from Ricci flat, which still preserve the cohomology class
of the Kahler form.

This classic world-sheet argument has no analogue for flux compactifications. This
is because of the absence of a useful world-sheet description for backgrounds with RR
flux. However, the world-sheet argument above can be easily reformulated as a space-time
argument. Take the case of a Calabi-Yau 3-fold and the heterotic string for specificity.
A Ricci-flat metric solves the equations of motion at lowest order in o/. Identifying the
gauge bundle with the tangent bundle, appropriate for a world-sheet (2,2) model, solves
the equations of motion at order o’ and satisfies the heterotic Bianchi identity.

The resulting D=4 space-time effective field theory has N=1 supersymmetry and is again
characterized by a space-time (K, W). There is no tree-level W because this background
preserves supersymmetry to O(a’). Generating a space-time potential requires either a W
or an F-I term. However, symmetry in the form of holomorphy and scaling arguments
now guarantee that no higher loop in sigma model perturbation theory can generate ei-
ther coupling. The background can still be destabilized by world-sheet instantons, and
by both perturbative and non-perturbative corrections in the string coupling. Regardless,
there exists a static starting configuration around which one can systematically compute
quantum corrections. This kind of space-time reasoning has recently been applied in other
settings [29, 30].

The key point relevant for flux vacua is that a W,, generated by a supersymmetry

breaking flux, presents an obstruction to the existence of a solution to the perturbative



space-time equations of motion. When supersymmetry is preserved and W, = 0, there is a
fighting chance that solutions to the equations of motion at low orders in the momentum
expansion can be promoted to full solutions of the space-time equations of motion; there
are no obvious obstructions. It is in this sense that supersymmetric type IIB flux solutions
exist.

When W, # 0, there is no good reason to expect that a perturbative solution exists.
In fact, the opposite is true. Generically, one should never expect a static solution since
any modification of the no-scale Kéhler potential of (1.2) is likely to generate a physical
potential of perturbative strength in ¢,. This is why the DRS and GKP backgrounds are
on such different footing.

There are really only three points we need to understand. The first is the role that
higher derivative interactions play in evading no-go result (i) and permitting compact flux
solutions. The second point is whether corrections to the K of (1.2) are likely from higher
derivative interactions, though intuitively this should seem completely reasonable. The
final point is the computation of quantum corrections for a background with broken super-
symmetry.

Rather than discuss type IIB or F-theory flux vacua, let us first continue this analysis
in class (B) consisting of M-theory compactifications to three dimensions [31]. All of the
issues we want to address are identical. The advantage of focusing on the D=3 M-theory
backgrounds is that the complications involving the branes and orientifold planes of F-
theory are replaced by questions about the higher derivative interactions in the M-theory
space-time effective action. The setting is cleaner and the physics more readily apparent.

We will come back to the relation between the different classes of backgrounds a little later.

1.2 Point 1: Higher derivative terms

The starting point for any construction of an M-theory solution is some background that
solves the D=11 equations of motion derived from the space-time effective action. This
action includes interactions at all orders in the derivative expansion. We assume a D=11
space-time manifold that is a product of D=3 Minkowski space with M. The metric is
generally warped, but respects the isometries of Minkowski space. In addition to the choice
of manifold M, we require a choice of 4-form flux G4, to complete our input data. The
M-theory space-time effective action is given by 11-dimensional supergravity at the two

derivative level:

g =L d“a:\/_—G(R—%]GdQ)— ! /Cg/\G4/\G4+.... (1.5)

T2 122,
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The omitted terms involve fermions. Let us define the 11-dimensional Planck scale, ¢, so

that 2x7; = (2m)%¢) and the tension of an M2-brane is given by:

1

Taro = .
M2 (om)2e

(1.6)

In the conventions of (1.5), the components of C3 are dimensionless while the components
of G4 have mass dimension 1. This is the natural normalization for the derivative expansion
of the space-time effective action.

There are no compact flux solutions if we truncate the M-theory space-time effective
action at two derivatives. As first realized in [31], which initiated the study of M-theory
and type IIB flux vacua, we must include interactions with at least 8 derivatives in the
space-time effective action. The 8 derivative space-time couplings are all related by space-
time supersymmetry, and 62 suppressed compared with the supergravity couplings of (1.5).

We can group the bosonic couplings in the following way:

1
Ss = (27) 63221353 / V= (t8t8 — ﬁeuen) R* — T / Cs N\ Xg + O([G4]2). (1.7)

The omitted O([G4]?) terms refer to 8 derivative couplings with at least 2 G4-flux operators.
The couplings appearing in (1.7) are given explicitly by

11 (Tr R ;L(Tr R2)2) | /M X = XM (1.8)

(27)% 192

Xg =

and by

B1B2B3Mj...Mg N1 N2 RN7N8

4 _
enenlt” =e €B1B2B3Nj.. NSRM1M2 C AN Mg

t8t8R4 - téWI-“MstS N1...N8R%11]]\\[422 : R]]\EZ]]\\[Jz? (19)

using the conventions of [32-36]. Here €;; is the 11-dimensional antisymmetric tensor, while
tg satisfies
tMMs Ay Appag = 24t A* — 6(tr A%)?, (1.10)

for antisymmetric tensors A. The combination €;;¢;1 R* is proportional to the 8-dimensional
Euler density satisfying,
X(M) = S — / V9 (enenR?) (1.11)
(2m)4 - 32212 [, ’ ’

where g refers to the metric of M [33].



The tadpole condition for M2-brane charge reads,

1 @4 @4 X(M) -~
L[ G Ga XM _T 1.12
2w Mo T o e TGy (1.12)

where we omit the possibility of adding explicit brane sources described in [37]. With this

choice of normalization, flux quantization reads

Gl

21

p1(M)

€ H*(M,Z), (1.13)

where py is the first Pontryagin class [38]. The O([G4]?) terms in (1.7) with 8 derivatives are
partially known [35, 39, 40], with even less known about terms with more flux couplings.

It will be useful to estimate the size of terms. Let £, be the characteristic size of the
compact space M. By assumption, o >> {,, otherwise the M-theory space-time effective
action is not a useful starting point. Flux quantization implies that the internal flux is of
size,

Gy~ 00y, (1.14)

so terms in the effective action involving larger numbers of G4 fluxes are smaller by powers
of 3. This does not mean they are unimportant! For example, the O([G4]?) terms in (1.7)
are critical if one is to write a complete D=11 space-time supersymmetric action.

Let ¢® denote the Ricci-flat metric for M with coordinates y, and let 7 denote the

D=3 Minkowski metric. Take a D=11 metric ansatz:

ds?_y, = e YWy 4 VW) (g§j> +g 4 ) dy'dy’. (1.15)
In terms of notation, the indices M, N,... refer to the full 11 dimensions, the indices
i,7, ... refer to internal directions, while the indices u, v, ... refer to space-time directions.

Expressing the metric in this way using a warp factor W(y) is a little bit of a historical
carry over from the original analysis of [31]. The warp factor W itself has an expansion in
powers of £,. The correction ¢® reflects modifications of the Calabi-Yau metric from terms
in the effective action (1.7) with 8 derivatives that cannot be absorbed into the warp factor
W. To this order in the momentum expansion, the metric is often stated to be conformally
Calabi-Yau, but a recent analysis argues that ¢® is non-vanishing and deforms the metric
away from the Ricci-flat choice [34]. There is no known reason for the exact metric solving
the space-time equations of motion to be exactly conformally Ricci-flat so this seems quite

reasonable.



The last ingredient is a space-time filling C5 potential given by the warp factor and the

antisymmetric tensor of D=3 Minkowski space,
Cp,u)\ = E/ﬂ/)\e_%w- (116)

The flux equations of motion, ignoring any eight derivative corrections, imply that the warp
factor W is a constant up to terms of O(£5/¢5,). The field strength associated to the space-
time filling Cs potential is of order O(¢J/(},), which therefore generates a stress-energy
contribution of O(¢;?/¢}%) that sources the Ricci tensor:

1

RMN = E (GMPQRGﬁQR — QQMN‘GF) . (117)

The first approximate solution to the equations of motion is a purely Ricci-flat met-
ric with no flux. This is a not an actual solution to the space-time equations of motion
unless y (M) = 0 precisely because of the tadpole constraint (1.12). The next approxima-
tion requires the introduction of G4-flux and, necessarily, the consideration of 8 derivative
couplings in the space-time effective action. Essentially all prior discussions have focused
exclusively on the couplings appearing in (1.7) basically because much less is known about
the remaining couplings. Just at the level of solving the supergravity equations of motion,
we require a flux that satisfies

G4 = *g G4. (118)
Here the Hodge dual is taken with respect to the internal metric on M. This is only

strictly true if we neglect corrections to the flux equation of motion from the 8 derivative
terms. Each of those corrections is small and presents no intrinsic obstacle to finding
a solution. If we insist on preserving 4 real supercharges then supergravity requires the
following constraints,

JANG, =0, Gye H®I(M), (1.19)
where J is the Kahler form for M. This is the situation that has been most heavily

studied because it can lift to a supersymmetric F-theory background, assuming appropriate
conditions on the flux are satisfied [14]. In this situation the constant Wy of the effective
D=3 space-time theory (1.2) vanishes. There are more general flux configurations that
preserve 2 or more real supercharges explored in [41, 42] for which the flux is neither purely
of (2,2) Hodge type, nor primitive. We will not need those more general cases in this
discussion.

The case of most interest for us is when the metric is chosen so that the flux breaks
supersymmetry because it has components of Hodge type (4,0) and (0,4). Such supersym-
metry breaking backgrounds have been discussed in [43, 44]. In this case W of the GVW
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superpotential is activated. The relevant term in the GVW superpotential is expressed in
terms of the holomorphic 4-form Q of M [15]:

W:/G4/\Q+.... (1.20)

In deriving the superpotential (1.20) from Kaluza-Klein reduction on the background (1.15),
the effect of the 8 derivative pure metric coupling of (1.7) plays a critical role [33]. When
evaluating that coupling to leading order in an ¢, expansion, we can ignore all the corrections
to the basic metric ¢®® and ignore all warping and fluxes, because that coupling is already
suppressed by Eg. Evaluated directly on the internal metric, that metric coupling produces

a physical potential for the overall volume from (1.11) together with the observation that

/\/g <t8t8 + 2—14611611> R'=0, (1.21)
when integrated over M [45]. This potential cancels a similar contribution from the |G4|?
flux kinetic term in (1.5) if the tadpole cancelation condition (1.12) is satisfied.

For this reason, there is no sense in which the 8 derivative metric coupling of (1.7)
is negligible, even at large volume. It is as important as the supergravity flux couplings.
However to write a complete D=3 space-time supersymmetric effective theory, one is then
forced to consider all the remaining 8 derivative terms which are related to the R* terms
by supersymmetry. For example, the O([G4]2) terms in (1.7) are suppressed by 611)2, which
is the same order as the stress-energy produced by the space-time Cj potential (1.16).
These terms again cannot be neglected, though less is known about those couplings. At
the 8 derivative level, the most suppressed possible bosonic coupling in the supersymmetric
completion of R* is O([G4]*), which down by a factor of £3°.

This logic extends to higher orders in the derivative expansion. The next set of higher
derivative interactions, beyond 8 derivatives, are expected to involve 14 derivatives. Schemat-
ically, these are O(RT) couplings suppressed by 611)2 relative to the supergravity interactions,
but this is the same order as the 8 derivative O([G4]?) terms. These terms can also generate
corrections to the space-time K and so cannot be ignored when W # 0.

This is point one: to construct a compact flux solution in M-theory, all orders in the
momentum expansion are relevant. There is no simple truncation of the M-theory space-
time effective action to a finite subset of the higher derivative interactions, whose study
alone can ensure the existence of a solution. This is particularly critical for backgrounds
that spontaneously break supersymmetry; the non-vanishing flux superpotential is an ob-
struction to the existence of a classical static solution, which cannot be compensated by

any perturbative modification of the background.
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1.3 Higher derivative couplings in type IIA and F-theory

We can now try to make similar statements in the related type ITA and F-theory back-
grounds of (1.3). These backgrounds are related by strong-weak coupling duality. What
allows us to say something about the backgrounds and the relevant space-time effective
actions is supersymmetry. Maximal supersymmetry fixes not only the supergravity inter-
actions, but also at least the 8 derivative interactions. First let us consider the relation
between M-theory on M x S! and type IIA on M. Take S! to have size R;;. The D=10
type IIA analogue of the D=11 R* couplings in string frame take the form,°

SPA = 3 o .1( I / Az -G {g(3)e2¢ (tgtg + éqoem) R+ (1.22)

T 1

2 1
E |i(tgt8 - §€10€10) R4 - §€1othzR41 } + ..., (123)

Here Bj is the NS B-field with the ByR* coupling descending from C' A Xg of (1.7). The

string coupling is related to 11-dimensional quantities as usual by e? = <%l)3/2. The first
line (1.22) is not obtained by straight dimensional reduction of the M-theory couplings (1.7);
rather those terms are generated at tree-level in type ITA string theory. From a space-
time perspective, the string tree-level term is generated by a loop of D=11 gravitons on
St [47]. The terms that follow from D=11 by dimensional reduction are generated at
one string loop and appear on the second line (1.23). The moduli-dependence of the R*
couplings is determined by supersymmetry so there are no further loop or non-perturbative
corrections [48].

The same scaling arguments presented in section 1.2 apply directly to this case. The su-
pergravity couplings involving the G4 internal flux mix with the R* terms, and consistency
then requires the inclusion of all higher derivative couplings. There is again no way to trun-
cate the space-time effective action to a finite subset of the higher derivative interactions.
However in this string theory setting, there is a new parameter determined by the string
coupling, or the size of the circle Ry;. One could organize a perturbative construction of
a space-time solution order by order in the string loop expansion. Each order in the loop
expansion still involves an infinite tower of higher derivative interactions! For this to be a
practical approach, however, requires a useful world-sheet formalism for RR fluxes.

Note that simply dimensionally reducing a D=3 solution of M-theory on S' does not

generically give a solution to the type ITA equations of motion because of the new cou-

5These type II couplings are found in many papers. A nice summary with relevant references can be
found in [46] based in part on [32].
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plings in (1.22) along with new string tree-level interactions found at higher orders in the
momentum expansion. Fortunately at the 8 derivative order, the integral of the combina-
tion (t8t8 + %610610) R* over a Ricci-flat Kihler manifold vanishes. Otherwise, this coupling
would already produce a non-vanishing potential for the dilaton and volume modulus even
if tadpole cancelation is satisfied.

Finally let us turn to F-theory on an elliptically fibered M — Bg with base Bg. A
quantum treatment of a generic F-theory background is difficult because of both high
curvatures and the absence of a tunable string coupling. For the point we would like to
explore, it is sufficient to restrict to models which admit an orientifold locus, where the
string coupling is tunable in the absence of fluxes [49]. In the presence of type IIB Gj3
fluxes, the string coupling is frozen for orientifold models, along with generically all the
remaining complex structure moduli [14]. On this locus, F-theory on M is equivalent to
an orientifold compactification of type IIB on a Calabi-Yau 3-fold M determined by Bs.

There are two sets of higher derivative interactions found in this background. There are
bulk type IIB couplings as well as couplings supported on the O7-planes and D7-branes.
The leading bulk R* terms are again fully determined by supersymmetry. We only need
the terms perturbative in the type IIB string coupling, which take the form:

1 1
SiB = /dloxv -G {C(3)6_2¢ (tsts + §€10€10> R*+ (1.24)

Co3-2i(2m) T

72 1 4
? tgtg + §€10€10 R + ..., (125)

In this case, both the string tree-level and one-loop terms in (1.24) and (1.25) are visible
by studying the contribution to the 4 graviton scattering amplitude from a space-time loop
of 11-dimensional gravitons on the elliptic fiber of M, for the case where the fibration is
trivial [47].

The tree-level R* terms of (1.24) are the leading higher derivative interactions in a string
loop expansion. However, the string coupling is not a good expansion parameter for type
IIB flux vacua because it cannot be tuned to parametrically small values. The choice of
flux determines a value for the string coupling [14]. For some examples, it might be small
but a controlled perturbative expansion really requires a parametrically tunable coupling.

The only tunable expansion parameter in this type IIB orientifold model is the volume of

—~

M.
In addition to the bulk couplings, there are higher derivative interactions supported on

the O7-planes and D7-branes. From the disk-level action, one finds R? type couplings of
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the form

1
71 e ?tr (RA*R), (1.26)

as well as the coupling proportional to,
1 1

which plays a key role in canceling the D3-brane charge produced by the background Gs-
flux. These couplings are supplemented by a host of interactions, required by supersym-
metry, involving G3-flux such as (VG3)2 terms. Flux quantization implies that the internal

components of the G3-flux are of order
Gy ~ 0203, (1.28)

ignoring factors of g, that differentiate the NS and RR components of G3. Therefore
couplings like (VG3)? are further suppressed by ¢* when compared with terms like (1.26)
or (1.27).

There are also higher derivative brane supported interactions that can modify the R*
couplings of (1.24) and (1.25). Indeed the complete effective action supported on the
planes and branes is not completely known, even at low orders in the derivative expansion;
see [50-53] for progress on determining these couplings. Fortunately the detailed form of the
effective action will not be very important for us. The key point again is that the existence
of a solution to the space-time equations of motion that breaks supersymmetry cannot be
determined by simply studying supergravity together with selected higher derivative terms

that solve the tadpole constraint.

1.4 The Kahler potential

Ideally to check if we have a static solution to the space-time equations of motion, we would
directly compute the physical space-time potential generated by the choice of metric and
flux. This is a difficult task because the potential can be generated by higher derivative
interactions involving fluxes, whose form is currently unknown. This is true in each of the
three related backgrounds of (1.3). Instead of directly computing the potential, we can
examine corrections to K and use (1.1) together with the perturbative non-renormalization
of W to determine the space-time potential. The only assumption is that the low-energy
theory can be written in a manifestly supersymmetric form. This is not a trivial assumption
if there is no static solution. In a cosmological setting, the question of whether the low-

energy effective theory has any superspace presentation will typically have a time-dependent

13



answer. Operating under this assumption, the germane question then becomes not so much
whether K is corrected, since K is not a protected quantity, but at what order in the ¢,
expansion to expect the first correction.

Although this question is seemingly easier to address than directly computing the po-
tential, it is still rather difficult because it involves finding both the functional form of K
and the correct complex coordinates for the Kéhler moduli space. On the other hand, the
physical potential does not care about the choice of parameterization of the scalar fields:
either it vanishes or it does not vanish.

The classical Calabi-Yau 3-fold Kéahler potential is given in terms of the volume V,
K = —2log(V), (1.29)

but this expression is modified by both warping and fluxes, and by higher derivative in-
teractions. Even truncating the space-time effective action to 8 derivatives, there are only
incomplete results to date. Most analyses have either taken into account warping and ig-
nored higher derivative interactions, or taken into account higher derivative interactions
and ignored warping. [ will summarize the current data on the Kahler potential.

If one accounts for warping and fluxes at the level of two derivative type IIB supergravity
then there are compelling arguments that the Kahler coordinates are corrected, but that
the Kahler potential retains its no-scale property when expressed in terms of the corrected
coordinates [54-56]. The main point about the new coordinates is that they depend on
the choice of fluxes, and the choice of complex structure and brane moduli. The corrected
Kahler potential is still given in terms of the volume, but in terms of the warped volume %

rather than the unwarped volume V:
K = —2log(V) — —2log(V). (1.30)

On the other hand, there is considerably more data available if one ignores fluxes and
warping, and purely studies the Calabi-Yau geometry. We can first ask about the structure
of quantum corrections to the Kéhler potential for the Kéhler moduli space of a (2,2)
world-sheet theory with target space M. This would be the world-sheet theory for the
type ITA string compactified to D=2 on M. As a consequence of the M-theory tadpole
noted earlier, such a type IIA compactification has a tadpole for Bs, but the tadpole only
appears at one string loop, while the Kahler potential already receives quantum corrections
at tree-level in string perturbation theory.

The exact Kahler potential at large radius for such a world-sheet theory has a beautiful

conjectured form based on evidence from explicit localization computations [57, 58]. If Ji
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form a basis for ") (M) and t* are complex coordinates on the Kithler moduli space then

_ 1 S _ ~ i -
e K@) — Z/~:Z-j-,d(t — ) - =V - 1) + 4—7T3C(3)a'3(tk — )%
/ Jx A ez + O(e*™), (1.31)
M
M

where c3 is the third Chern class of M. The world-sheet instanton corrections are not rele-
vant for our discussion, but the {(3)a’ ? term is highly relevant. This is the only correction

perturbative in o with coefficient determined by:

/ Ik N cs. (1.33)
M

It is precisely of the order we expect from corrections induced by the space-time higher
derivative couplings (1.22). Before proceeding, let us check that it is non-vanishing in a
simple example. Take the sextic CY 4-fold given by >, 25 C P5. There is a unique Kéhler
class J and a single t coordinate. Adjunction gives us the Chern classes and the value of

the perturbative correction to K,

(1+J)8

(M) = m7

/ J A ¢y = —420. (1.34)
M

The point is that it does not vanish, and there is no reason to expect it to generically
vanish.
We can also check that this quantum correction breaks the no-scale condition for this
theory:
KK K; = 4. (1.35)

For simplicity, let us check this condition in a model with a single Kahler modulus like the
sextic 4-fold,

- . 1
K:—log[V}:—log[V—l—zb(t—f)L b:4_7r3 (3)0/3/ J A cs,
M
; 6b—i(t — )3 \° 1444b
K"K, Ky =4 =4+ ——— + O(b? 1.36
ye {1%%_53} + g + ) (1.36)
where the volume of M is given by
t—1t)4
V:( J JNINJTNAJ. (1.37)
4y

15



Adding in the effects of fluxes and warping, which are of the same order in o, cannot gener-
ically restore the no-scale property since those effects preserve no-scale without accounting
for this additional perturbative correction to K.

The second way to interpret this modification of K is via the space-time effective action.
Namely, the type ITA string tree-level interactions (1.22) generate this modification of the
classical K. To summarize: for case (A) the no-scale structure is generically broken at
tree-level in the string coupling and O(a’?).

Case (B) involving M-theory on M is more problematic. There is no world-sheet anal-
ysis available so the only available tool is the space-time effective action. Unlike case (A),
there is also no analogue of the string coupling that can suppress the effects of both warp-
ing and fluxes. Whether the R* interactions of (1.7) actually break the no-scale structure
is currently unknown despite significant effort [36]. On dimensional reduction, these cou-
plings reduce to the string 1-loop interactions of (1.23). This suggests a possible way of
determining whether the no-scale structure is broken by these R?* interactions by studying
string 1-loop corrections to the moduli space metric of a (2,2) sigma model with target M.
Since the string charge tadpole appears at the same 1-loop order, some form of tadpole
cancellation mechanism along with the effects of the warp factor would have to be included
for consistency.

Fortunately the precise order at which the no-scale structure is broken in case (B) is not
particularly important for the conclusions we wish to draw. It might play an interesting
role in specific moduli stabilization scenarios, but the key observation is that generically
the no-scale structure is always broken in even the simplest examples.

The case of most interest to us is case (C) of F-theory on M. Let us restrict to type
IIB orientifold models on a Calabi-Yau 3-fold M for simplicity. Consider type IIB on M
with no orientifolding or fluxes initially. In the notation of (1.31), the Ké&hler potential

determined from a (2,2) sigma model with target space M takes the form [57-59]:

KO = —Self — )~ B)(E )+ e X (M) + 0. (1389)

The similar form of the ¢(3)a/® terms in (1.38) and (1.31) is no accident since both the
3-fold and 4-fold corrections originate from the same tree-level R* space-time couplings. For
type II string theory, the pure metric R* couplings of (1.24) have been shown to produce
precisely the o/® Kihler potential correction of (1.38) for a Calabi-Yau 3-fold [43, 60]. Again
this correction breaks the no-scale structure.

Now we are actually interested in the orientifolded case with fluxes and warping rather

than a vanilla compactification on M. The extra ingredients make it more likely that
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the no-scale property is broken at lower order in the o/ expansion. There is compelling
evidence that this is the case. The first evidence is from a direct computation of string loop
corrections to the Kéhler potential in a toroidal orientifold [61]. This accounts directly for
the effects of space-time couplings like (1.26). The corrections appear at O(a’?) suppressed

by powers of the string coupling,
K = Kq+ 0(a?), (1.39)

where K is the classical Kahler potential accounting for the orientifold projection. The
second piece of evidence is from the leading quantum corrections to the Kahler potential
for the heterotic string on a Calabi-Yau 3-fold, which also appear at O(a’?) rather than
O(a’®) [62]. The heterotic background is a dual description of type IIB orientifold back-
grounds for particular M. While moduli-dependence can change when changing duality
frames, the dimensionful order of any quantum correction cannot change.

Despite the breaking of no-scale at O(a’?), the leading important breaking still happens
at O(a’®). This is because of the observed “extended no-scale” structure seen in the D=4
effective field theories obtained from these type IIB backgrounds [63, 64]. The extended
no-scale guarantees that any O(a'?) correction to the Kihler potential does not produce a
physical potential from (1.1) when W, # 0. Hence we are really interested in the coefficient
of the O(a’®) correction to K.

From (1.38), one might conclude that the coefficient of the O(a®) correction to K is pro-
portional to the Euler characteristic of M , but this is definitely not the case. The O7-planes
and D7-branes modify this coefficient in a way that has been examined in recent work [53].
This analysis is not the full story because the answer is not a quantity expressed in terms
of the geometry of the underlying 4-fold M, and warping has not been taken into account,
but it does show that the coefficient is modified. The important observation for us is that
for case (C), the breaking of the no-scale structure which generates a physical potential is

at tree-level in the string loop expansion and at O(a’?) in the derivative expansion.

1.5 The punch line

We can now get to the main observation quite quickly. The effective field theory data
given in (1.2) is misleading for a generic target space, even with the instanton correction
omitted. The superpotential obtained from expanding around a supersymmetry breaking
flux configuration is indeed W = W, and protected from perturbative renormalization, but

the Kéhler potential can never be truncated to its no scale form in any approximation for
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a generic target space. By doing so, it would appear that the supersymmetry breaking
background solves the space-time equations of motion when, in reality, there is a physical
potential proportional to |Wy|? and no static solution. This physical potential should be
viewed as a classical potential reflecting the failure to solve the space-time equations of
motion. It is a potential that generically involves all the moduli.

The corrections to the Kéahler potential from higher derivative terms are in no sense
unimportant because there is no compact supergravity flux solution about which to expand.
This is critical because quantum corrections must be computed around a given background.
The classical picture for the case with W, # 0 looks schematically more like figure 2 rather
than figure 1. In understanding the structure of quantum corrections for a background with

Wy # 0, there are a number of issues that need to be addressed.

String theory versus effective field theory

It is helpful to contrast three type IIB backgrounds: the supersymmetry preserving flux
model with Wy = 0, the supersymmetry breaking model with W, # 0, and compactification
on an n-dimensional sphere of radius R. Neither of the last two models is a solution to the
space-time equations of motion. In both latter cases, the potential is small at large volume.
For the sphere, the effective potential generated from curvature in Einstein frame takes the
form,

Verr = —%, (1.40)
which drives the sphere to small volume. The basic intuition for both backgrounds that
generate a space-time potential is that the classical potential dominates in the weak coupling
region. This is essentially what it means to have a semi-classical expansion. For example,
the sphere should time evolve to smaller radius and larger curvature until a semi-classical
analysis is no longer trustworthy.

The flux background with W, # 0 has similarities and differences with the sphere
compactification. Both have a potential and that potential can be made arbitrarily small
by making the volume arbitrarily big. The potential for the flux background is generated by
higher derivative terms and so is more suppressed by powers of £,,, while the sphere potential
comes directly from curvature at the two derivative level. Although W} is not tunable and
often taken to be moderately large in many scenarios, like the LARGE scenario where W)
is O(1 — 100), there are examples where small values can be found; see, for example [65].
Small choices for Wy are typically assumed in the KKLT scenario. The real issue is whether

the smallness of the potential at some fixed volume for M means anything since there is
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no static background, or whether it simply sets a time scale for the applicability of a weak
coupling analysis.

To answer this question, we require a framework for computing quantum corrections.
String theory should be that framework but we immediately face an obstacle. String the-
ory requires an on-shell solution. There is no currently understood method of computing
quantum corrections off-shell, and this is closely tied to the fact that observables in string
theory are always correlation functions of vertex operators, which are only defined in an
on-shell background. So the first question is whether flux backgrounds with W, # 0 can
even be promoted to time-dependent solutions of the space-time equations of motion.

From an N=1 D=4 perspective, this might appear possible by assigning appropriate time
evolution to the Kéahler moduli. However, that is simply masking the difficulty of finding
a D=10 time-dependent solution of string theory. The basic issue is whether a choice of
metric for M , fluxes and suitable time-dependence can satisfy the gauge constraints of the
type IIB space-time effective action; namely the higher-dimensional and higher derivative
analogues of the familiar Hamiltonian and momentum constraints of general relativity.
These constraints are equivalent to solving the following subset of the space-time equations
of motion,

Gou = 81Ty,, (1.41)

where p runs over the non-compact space-time directions. If so then this data can specify
a Cauchy surface for some cosmological space-time. This is already a difficult question to
answer, but one thing seems clear: either in the far past or far future, the background will
be strongly coupled.

Without an on-shell solution, there is no recipe for even computing string loop cor-
rections to the effective potential. However, we might imagine ignoring string theory and
simply studying these flux configurations as off-shell backgrounds of the space-time effective
action. This does not alleviate the difficulty in solving the gauge constraints that must be
satisfied by good initial value data in any theory of gravity, but it does provide a potential
framework for computing loop effects, using some choice of Planck scale cutoff and a cutoff
in time.

We might imagine a slowly rolling solution at large volume with sufficiently slow time-
dependence that four-dimensional loop effects might reliably be computed. For example for
computing corrections to the space-time potential from loops of massive gravitinos. This
appears promising as a means of stabilizing the Kahler moduli; for work on this direction,

see [66]. Intuitively, such an approach should be sensible in effective field theory if the
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time-dependence is sufficiently slow that it can be ignored; if so, then one might imagine
following a similar strategy in Lorentzian time-dependent string theory. Understanding
how to compute such loop effects in string theory around an off-shell configuration is an
interesting issue.

There is a nice tractable field theory example of this type which consists of two-
dimensional supersymmetric Yang-Mills on a Milne space [67]. Supersymmetry is only

broken by the time-dependence of the Milne metric which takes the form,
ds® = @ (—dt* + do?) (1.42)

with @ a fixed parameter and o a periodic spatial coordinate. In the far future ¢ — oo,
supersymmetry is restored. The Coulomb branch effective theory at 1-loop is computed by
integrating out massive W-bosons with time-dependent masses that depend on a Coulomb
branch modulus b as follows:

myy ~ @b, (1.43)
The result is an explicit time-dependent potential that decays exponentially rapidly in e®*
at late times. This potential is only generated because of the metric time-dependence. In
a static supersymmetric background, the potential vanishes. While this model has a fixed
background metric and no dynamical gravity, the form of the generated potential at least
supports the notion that perturbative potentials can be computed for very slowly rolling

backgrounds by ignoring the time-dependence, up to very small time-dependent corrections.

Instanton effects

The biggest issue, however, is the question of instanton or non-perturbative effects. Specif-
ically the effects that can generate the non-perturbative terms in W of (1.2). In static
backgrounds, these effects are not generated by generic Euclidean instantons, but by BPS
configurations. These quantum corrections are the essential ingredient for the majority of
string landscape models.

Let us start with the better understood case of a supersymmetric flux vacuum with Wy =
0. Already in this case, there is much yet to be understood about instanton corrections.
The most basic issue is that the instantons of flux backgrounds are much closer cousins of
non-perturbative effects in Chern-Simons theories than Yang-Mills theories.

To see this, consider models in class (B) consisting of M-theory on M discussed in

section 1.2. The action has two Chern-Simons couplings
1
——/CgAG4/\G4—TM2/Cg/\X8. (144)

12k
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Tadpole cancelation guarantees that the variation with respect to C3 vanishes on integra-
tion over M. However, a non-zero G4 generically leads to non-zero Chern-Simons couplings
for the three-dimensional vector multiplets that arise from Kaluza-Klein reduction on M.
From the three-dimensional perspective, Euclidean instantons correspond to abelian instan-
tons for these gauge-fields. This means that the Euclidean action, whose saddle points in
BPS situations usually correspond to instantons, is generically complex not real. This sug-
gests that instantons in flux vacua do not look like simple Euclidean M5-branes wrapping
appropriate divisors of M, but that complex field configurations are needed to describe
non-perturbative saddle points.” This is a fascinating issue but one that requires a separate
analysis. Note that with Wy = 0, there is no reason to expect any interesting new vacua
generated by instanton corrections at large volume. The generic expectation is runaway
behavior. This same issue of complex field configurations also arises in models of class (A)
and class (C). In each case, there are activated Chern-Simons interactions that complexify
the Euclidean action.

Now we should ask about models with W, # 0. For such models, there are most certainly
non-perturbative corrections to the space-time potential, but they are hard to understand in
any framework. In string theory, wrapped branes require an on-shell background for kappa
symmetry. So one is forced to analyze non-perturbative saddle points of a time-dependent
background. This kind of question has not been addressed even in field theory, let alone
quantum gravity. It is not even meaningful to ask about non-perturbative corrections to
the space-time potential without specifying data like initial conditions, which define the
classical time-dependent background.

The situation, however, is more problematic. In the time-dependent setting with no
preserved supersymmetry, it is not even clear how to formulate an analogue of the usual

Euclidean BPS instanton condition that
50 =0, (1.45)

where ® denotes the fields of the theory and § denotes an unbroken supersymmetry genera-
tor. It can no longer be a statement uniform in the volume parameter of the compactification
space M or M , depending on the model under consideration. When the volume is large,

there is low scale supersymmetry breaking and we might expect some notion of BPS to

It is worth emphasizing that it is not simply that (1.44) complexifies the action. A non-vanishing
f-angle in D=4 Yang-Mills also complexifies the action, but does not require complex field configurations.
Rather (1.44) contributes to the equations of motion for Cs, which is why complex field configurations are

needed. I would like to thank Ilarion Melnikov for suggesting this clarification.
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exist, at least in the static case. However, when the volume is small supersymmetry is bro-
ken at a high scale relative to the Kaluza-Klein scale and there is no notion of low-energy
supersymmetry.

A reasonable working intuition is that any non-perturbative corrections to the space-
time potential should not dominate the physics at large volume, which is classically rolling.
That would almost amount to a violation of the premise of a semi-classical expansion. If the
classical potential is small then loop corrections might play an important role. This should
be contrasted with instanton effects in a static background for which a non-perturbative
potential might well generate the leading effect. We will see some evidence that this intuition
is correct momentarily.

The other possible source of a non-perturbative contribution to W is from strong cou-
pling gauge dynamics like gaugino condensation on some stack of branes; typically either
D7-branes or D3-branes. This case may look superficially different from the computation
of Euclidean instantons but it should be closely related. The robust way to compute the

contribution to the superpotential from strong gauge dynamics is to compactify space-time
R* — R3 x S, (1.46)

and turn on a Wilson line on the S* to go to the Coulomb branch of the D = 3 gauge theory.
The superpotential is then generated by the contribution of abelian Euclidean instantons.
This approach, which was studied from brane dynamics in [68], has been successfully used
to compute F-theory superpotentials in [69]. The point for us is that all the issues that
arise for abelian instantons should also be present for strong gauge dynamics.

Another way to think about problems with strong gauge dynamics in a time-dependent
background is to consider a slowly rolling large volume solution and imagine that gaugino
condensation occurs at some late time generating a superpotential. The first issue would
be at what time? The gauge coupling for wrapped branes will typically become weaker at
late times as volumes expand so the immediate issue would be why the condensation had
not already occurred in the far past, where volumes were small. The other puzzle would
be why the asymptotic vacuum energy of the universe would change as opposed to a local
dynamical response to the strong dynamics of the gauge theory since the gauge degrees of
freedom are always supported on localized branes.

These puzzles all appear to be reflections of the problems that arise in trying to generate
a superpotential contribution in a non-static background. It would be very nice to develop
a theory of non-perturbative corrections in time-dependent or off-shell backgrounds. This

would help provide a more robust understanding of whether strong gauge dynamics or other
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instanton effects might actually have an effect on the vacuum structure of these backgrounds

analogous to BPS instantons in the static case.

Implications of the heterotic no-go result

Indeed, the only precise data we currently possess about supersymmetry breaking and
instanton effects comes from the heterotic string. The evidence suggests that the interplay
between Wy and instantons does not generate new metastable vacua; in this case specifically
de Sitter vacua.

Many type IIB flux orientifold models can be dualized to heterotic backgrounds [14, 70,
71]. If there is a flux-generated Wy of any size in the type IIB model then a combination
of NS flux and geometry should generate the same W, in the heterotic dual. Indeed there
is a dual superpotential proposed for heterotic flux backgrounds taking the form [72, 73]

W:/(H+z'dj)/\93, (1.47)

where (23 is the holomorphic 3-form, H is the gauge-invariant heterotic flux and .J is the
fundamental form for the compactification space; see [74] for an overview. It is very useful
to think about the physics in the heterotic frame because all the effects of fluxes are visible
at tree-level in the string coupling so conformal field theory becomes a powerful tool.
There are only three classes of non-perturbative corrections that can renormalize a
superpotential: those generated by tree-level world-sheet instantons, those generated by
space-time NS5-brane instantons and those generated by strong gauge dynamics. The
former are completely captured by the tree-level world-sheet conformal field theory. From
an effective field theory perspective, we should expect a generic tree-level superpotential
just like (1.2) of the form
W =Wy + Ae™, (1.48)

where ¢ are Kéhler moduli. The non-perturbative terms in (1.48) are generated by world-
sheet instantons. If a scenario like the Kéahler uplift scenario of section 1, which is based on
the structure of generic quantum corrections, were possible then we might expect some de
Sitter critical points of this potential for some model. This should be true at tree-level in the
heterotic string, regardless of whether string loop effects or string non-perturbative effects
generate additional potentials, or even destabilize the dilaton. It is just a consequence of
the genericity arguments used in landscape constructions. Yet no-go theorem (iii) rules
out this possibility, and even rules out de Sitter critical points for backgrounds with large

curvature!
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The reason should now be clear. The generic weak coupling behavior of models with
Wy # 0 is not static but rolling, assuming such models can even be promoted to consistent
time-dependent backgrounds. There is no reason to expect a stabilized macroscopic dS
solution. This picture resolves a number of puzzles. It resolves all the tension with the no-
go theorems of section 1. It also resolves puzzles with dualizing non-supersymmetric type
I1B backgrounds to heterotic backgrounds, which subsequently fail to satisfy the space-time
equations of motion [71]. There might still be interesting fully stabilized vacua with Wy # 0,
but they are more likely to involve loop contributions to the space-time potential rather
than non-perturbative effects. The computation of such loop effects around an off-shell, or
equivalently an on-shell time-dependent, configuration in both string theory and effective

field theory needs to be understood more deeply.
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