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We analyze four-dimensional Friedmann-Lemaître-Robertson-Walker cosmologies in type IIB, arising
from a M-theory dual, and find that the null energy condition (NEC) has to be obeyed by them (except for
the negatively curved case) in order for the M-theory action to have a Wilsonian effective description.
However, this does not imply that the M-theory metric has to obey the 11D NEC. Thus, we propose a new
swampland conjecture—the 4D NEC is a consistency condition for any theory to have a completion within
M theory—with an explicit derivation of it for cosmological backgrounds from a top-down perspective.
We briefly discuss the cosmological consequences of such a condition derived from M theory.
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Introduction.—Energy conditions are considered impor-
tant for constraining physically viable solutions of
Einstein’s equations. In particular, the null energy condition
(NEC) plays a crucial role in cosmology and is a key
ingredient for proving the Hawking-Penrose singularity
theorems [1]. The NEC implies that the matter stress-
energy tensor should satisfy

Tμνlμlν ≥ 0; ð1Þ

for a lightlike vector lμ. On assuming general relativity
(GR), one finds the Ricci convergence condition
Rμνlμlν ≥ 0. Although the NEC seems to be a reasonable
restriction, there is no compelling derivation of it from
fundamental theory [2] (see, however, [3–8] for some
preliminary attempts in this direction). On the other hand,
there are many effective field theories (EFTs) which can
violate the NEC and a priori, there does not seem to be a
good reason to banish them [9–11]. Since these theories
lead to compelling cosmological model building with
interesting physical implication (e.g., see [12–16]), finding
a foundational origin of the NEC, as a physically necessary
condition, would have profound consequences. For in-
stance, bouncing cosmologies—solutions which posit
that an expanding universe is created from a previously
collapsing one—present an alternative to the standard
cosmological paradigm [17] and typically require NEC
violation [18–21]. The goal of this Letter is to show a
surprising link between the 4D NEC and a general

consistency condition emanating from M theory, thereby
ruling out such bouncing solutions in string theory.
Although supergravity theories, which are low-energy

limits of string theory, have stress-energy tensors which do
obey some of the energy conditions, there is no general
expectation that energy conditions have to be satisfied in
string theory due to some inherent fundamental reason. In
fact, there exist all kinds of higher curvature terms,
quantum corrections, and other stringy objects (such as
orientifolds and branes) which indicate that energy con-
ditions can easily be violated in string theory. Generally
speaking, the role of energy conditions in string theory is
also quite well known. The strong energy condition has
been used to derive no-go theorems for having 4D de Sitter
space descending from low-energy supergravity actions (in
the absence of quantum corrections) in higher dimensions
[22,23]. On the other hand, some of the stringy effects
mentioned above [24], as well as time-dependent internal
dimensions, allow one to bypass this and find accelerating
cosmologies (see, for instance, [25,26] or [27] for a
review). What is clear, however, is the key role energy
conditions play in understanding the types of cosmological
solutions which are allowed in string theory ([28,29]
presents a recent overview). Keeping this in mind, our
main objective is to arrive at a remarkable derivation of the
four-dimensional NEC starting from M theory. We will
derive a condition which comes from requiring that M
theory has a well-defined EFT description and show that it
has precisely the same form as the NEC in 4D. Crucially,
this will not imply that the NEC has to be satisfied in full
(higher-dimensional) M theory but is only a consequence
for the external spacetime.
Recently, there has been a considerable effort in iden-

tifying universal features of quantum gravity which would
help us in demarcating consistent EFTs in 4D that have a
UV completion, namely, the swampland program [30–32].
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Our work takes a significant stride in this direction by
identifying a top-down condition from M theory which
requires that any consistent 4D EFT containing gravity
must satisfy the NEC in order to find an embedding in M
theory. In this way, we find a compelling reason to elevate
the status of the 4D NEC to a swampland conjecture—a
necessary condition that any 4D EFT has to satisfy in order
to have a UV completion within string theory. This shall
have a lot of striking consequences for many cosmological
models in 4D. In particular, an important implication of this
is that since it is well known that violating the NEC is a
necessary condition for the existence of bounces in flat
Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmolo-
gies, we show that such bounces cannot arise in theories
descending from M theory with a well-defined Wilsonian
effective action, supporting previous similar claims from
other considerations [33–36].
Let us sketch our main result which can be understood as

follows. One starts with an 11D M-theory metric which
allows for a 4D FLRW spacetime and a time-dependent
(warped) internal spacetime (in the dual type IIB side) and
includes all types of (time-dependent) fluxes and local and
nonlocal quantum corrections (including higher curvature
terms) that are needed to support such a spacetime [37–39].
We shall then derive a necessary condition for all these
quantum terms to have a hierarchy, so as to have a well-
defined Wilsonian effective action, which will impose a
constraint on the allowed form of aðtÞ for the external
dimensions [40]. Naturally, allowing such flux sources,
stringy extended objects and quantum corrections imply
that the higher-dimensional metric does not obey simple
two-derivative Einstein’s equations. Nevertheless, one can
still put all the corrections and sources to the right-hand-side
of Einstein’s equations and work with an effective 10D
stress-energy tensor which supports such a metric. What we
find, quite remarkably, is that the condition required for the
quantum terms to maintain their hierarchy is exactly the
same as the NEC for the 4D external metric in the dual IIB
side. Thus, as long as one has a well-defined EFT description
for the fluxes and quantum terms included in the M-theory
action, the 4D FLRW metric will automatically obey the
NEC. What is more is that the 4D NEC does not imply that
the higher-dimensional metric obeys the 10D NEC, the latter
condition not expected to arise from string theory.
The NEC from M theory.—Let us come straight to the

most novel part of our argument. On the M-theory side, let
us take a metric ansatz of the form [44]

ds2 ¼ e2Aðy;ηÞ

f1=3ðr; θÞ ð−dη
2 þ gijdxidxjÞ

þ e2Bðy;ηÞ

f1=3ðr; θÞ g̃mndymdyn

þ e2Cðy;ηÞf2=3ðr; θÞ
�
dϕ2

g2b
þ dx211

�
; ð2Þ

with gb being the type IIB string coupling (which is kept at
the constant coupling point in F theory), ðm; n ¼ 4;…; 9Þ
and ði; j ¼ 1; 2Þ and where

fðr; θÞ ¼ 1

r2sin2θ
; g11 ¼

1

1 − kr2
; g22 ¼ r2: ð3Þ

Although unfamiliar, this form of the metric in M theory
simply assumes a general FLRW metric for 4 external
dimensions in the dual IIB side, for an 11D space which
has the topology of M11 ¼ R2;1 ×M6 × T 2=G, where
g̃mnðy; ηÞ is the unwarped metric of the 6D base and G
is the isometry group. Although, as we show below and as
alluded to above, there is a type IIB metric corresponding
to (2), we begin with this uplifted metric as it shall help us
in identifying the time dependence of the IIA string
coupling which will be useful for organizing the time
dependence of all the quantum corrections and the flux
components [45]. The warping factor [HðyÞ] is contained in
the expressions:

e2A ¼ g−2=3b aðηÞ83HðyÞ−8
3 ð4Þ

e2B ¼ g−2=3b aðηÞ23HðyÞ43 ð5Þ

e2C ¼ g4=3b aðηÞ−4
3HðyÞ43; ð6Þ

where aðηÞ is the usual scale factor for the 4D cosmological
metric. Dimensionally reducing the x11 direction, we get

ds2¼e2Aðy;ηÞþCðy;ηÞð−dη2þgijdxidxjÞ

þe2Bðy;ηÞþCðy;ηÞg̃mnðy;ηÞdymdynþe3Cðy;ηÞfðr;θÞdϕ
2

g2b
;

ð7Þ

with time-dependent type IIA coupling gs ≡ e3C=2f1=2. In
fact, we will use gs to represent the temporal behavior in the
M-theory side. Finally, T-dualizing the ϕ direction, we get
a type IIB metric of the form [46]

ds2 ¼ a2ðηÞ
H2ðyÞ ð−dη

2 þ gijdxidxj

þ r2sin2θdϕ2Þ þ H2ðyÞg̃mnðy; ηÞdymdyn: ð8Þ

As is clear from the discussion above, y collectively denotes
the internal spatial directions for us. Interestingly, as shown
in [38,39], we need to allow for time-dependent fluxes for
supporting such a configuration which results in a time-
dependent g̃mn. However, we shall still require that the 4D
Newton’s constant GN remains fixed. One can further split
up the internal 6DmanifoldM6 ¼ M4 ×M2, and separate
out the time dependence of it, to get
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ds2 ¼ 1

H2ðyÞ ds
2
FLRW þ H2ðyÞ½F1ðηÞds2M2

þ F2ðηÞds2M4
�;

ð9Þ
where the unwarped metrics corresponding to the internal
metrics ds2M2

and ds2M4
are now time independent. In this

more familiar form, the external spacetime can be clearly
seen to be a FLRW cosmology and the condition to haveGN

constant implies that we additionally require F1F2
2 ¼ 1, and

both F1;2ðηÞ → 1 as gs → 0. Note that the (2,4) splitting
of the internal manifold, while convenient, is not essential.
One could have other splittings like (1,5),(3,3), or even
ða1; a2;…Þ with a1 þ a2 þ… ¼ 6 as long as the internal
six-volume remains time independent and, in the limit
gs → 0, remains nonsingular.
Assuming the scale factor to be of the form

aðηÞ ∼ Λn=2ηn, the type IIA coupling takes the form

gs ¼
gbHðyÞ

ðΛη2Þn=2r sin θ : ð10Þ

Note that the late time regime is weakly coupled: gs → 0.
The important new condition required for having a well-
defined hierarchy to the higher curvature and quantum
terms is that time derivatives of gs should always be given
in terms of non-negative powers of gs, i.e.,

dgs
dη

∝ gð1þ1=nÞ≥0
s ⇒

1

n
≥ −1: ð11Þ

This is the crucial condition for us, the detailed derivation
of which from the M-theory side can be seen in Sec-3 of
[47] (and a brief outline in the Supplemental Material [48]).
The main argument behind this condition is that for the
dominant gs scaling of the various terms to be positive, so
as to maintain a hierarchy between the different quantum
and higher curvature terms, implies that the time derivative
of gs must be a positive power of gs. A heuristic way to
understand this condition (11) is that, for our analysis, we
not only require that the type IIA coupling remains small
so that we are in the weak-coupling limit, but also that it
remains small for the regime of validity of the solution.
Therefore, (11) ensures that both gs and its time-derivative
remains small in this regime.
Having derived the key condition (11), it is easy to show

that this is the NEC for a 4D flat (k ¼ 0) FLRW cosmology
in disguise. We shall consider the open and closed case
(k ¼ �1) later on. For a perfect fluid in 4D, the NEC
condition is given by ρþ p ≥ 0, where ρ and p are the
energy and pressure densities, respectively. Assuming
Einstein’s equations (or, in other words, considering an
effective stress-energy tensor) for a flat, FLRW spacetime,
it is easy to show that the NEC implies that _H ≤ 0where we
denote the Hubble parameter as HðtÞ ¼ _a=a, written in
terms of cosmic time. On assuming a power-law ansatz,

aðtÞ ∝ tγ, the NEC implies γ ≥ 0. Converting to conformal
time, as was done for the metric (8) above, i.e.,
aðηÞ ∝ ηγ=ð1−γÞ ≕ ηn, the NEC for the 4D k ¼ 0 FLRW
metric takes the form ð1=nÞ ≥ −1, which is exactly the
same as (11).
No NEC for IIB metric.—Let us go back to (9) and

calculate the Riemann and the Ricci components for this
metric, to demonstrate that

Rð10dÞ
00 þ a−2Rð10dÞ

11 ¼ −2 _H − 3
_F2
2

F2
2

; ð12Þ

where we have assumed F1F2
2 ¼ 1, as required. [Other

splittings of the internal six-manifold introduce different
positive powers of Fi in (12).] If the IIB metric were to
obey the NEC (in 10D), then we would get the condition

−2 _H − 3
_F2
2

F2
2

≥ 0: ð13Þ

However, recall that (11) simply implies that − _H ≥ 0, and
therefore we cannot comment whether (9) obeys the NEC
or not. Note that this conclusion is only dependent on our
requirement that the 4D GN remains time-independent and
does not depend on the details of the splitting of the internal
manifold. This is a very intriguing finding and let us
comment on its physical implication. Requiring that there
exists a hierarchy in the various flux, curvature, and
quantum terms included in the M-theory action—as is
necessary to support a metric of the form (2)—implies that
the external 4D metric has to obey the NEC. But this does
not imply that the higher-dimensional metric also has to
obey the NEC. Physically, this is indeed what one could
have expected. Since we are allowing all sorts of higher
curvature and (local and nonlocal) quantum corrections,
along with time-dependent G-flux sources, our equations
are very far away for the low-energy supergravity ones.
Thus, there is no reason to expect that our effective stress-
energy tensor for M theory obeys any energy condition,
including the NEC. Moreover, the higher-dimensional
NEC would impose a geometric restriction which would
never be reproduced from the lower-dimensional spacetime
since there are higher-dimensional null vectors which have
vanishing components in some of the external directions.
Also, note that for a given dimension, having a Wilsonian
effective action does not imply anything like the NEC at
all. In fact, there are well-known quantum field theories
involving higher derivative terms which violate the NEC
but have a consistent EFT description [10,11]. What we do
find is that requiring that the 11D M theory has all of its
terms under control, in the sense of having a well-defined
hierarchy of terms in the effective action, automatically
leads to imposing the NEC on the external 4D flat FLRW
cosmology. This is why our result is exactly the same in the
spirit of the “swampland” conjectures—we find that a large
space of 4D Lagrangians (all those which violate the 4D
NEC) cannot find a UV-completion into M theory.

PHYSICAL REVIEW LETTERS 127, 181301 (2021)

181301-3



Advantages and assumptions.—At this point, let us
emphasize the main assumptions in our derivation above.
First, we assume that the external FLRW spacetime is
parametrized by aðηÞ ∝ ηn. This is true for perfect fluids
in 4D with a constant equation of state of the form p ¼ wρ.
Second, we require that the M-theory action must have
hierarchy between quantum corrections of different orders
and, therefore, has a well-defined Wilsonian EFT descrip-
tion. Although this is a rather conservative assumption, it
might happen that there exists solutions for which one needs
to take into account quantum corrections of all orders and no
truncations to any finite order is allowed. Third, although we
allow for time-dependent fluxes and internal dimensions, we
make sure that GN remains constant. And finally, for our
explicit calculations, we have kept the type IIB dilaton to be
time independent although this is not a significant limitation
and it will not be too difficult to relax this in the future.
Having said this, note that our analysis provides a

powerful advantage over other approaches and it is rather
general in the following sense. Our M-theory solution is not
limited to leading order in α0 or gs corrections. Indeed, we
allow for all types of perturbative, nonperturbative, and
topological quantum corrections along with all possible
higher-curvature terms. We find that time-dependent fluxes
are necessary to support a configuration like (2), which has
a 4D external FLRWmetric, so those have to be included as
well. This is, in fact, what should make us skeptical about
whether the higher-dimensional metric would obey any-
thing like the NEC. More importantly, this implies that we
do not constrain the effective stress-energy tensor for our
M-theory solution to obey any energy conditions. Simply
ensuring that there exists a hierarchy between the different
terms allows us to derive (11), which turns out to be the
NEC for the 4D flat FLRW metric.
Cosmological implications.—An immediate conse-

quence of (11) is that cosmological bounces are ruled
out for flat FLRW spacetimes if they have to descend from
M theory. This is not a statement for bounces in the context
of classical gravity. Indeed, we are deriving a condition (11)
from full M theory which happens to match with the NEC
for k ¼ 0 FLRW cosmology. We emphasize that we are
constraining an effective stress-energy tensor for the
external 4D metric, the full embedding of which within
M theory (2) contains all types of flux sources and quantum
corrections. Thus, we are not just considering the avoidance
of singularity by some classical bouncing solution but
rather commenting on the status of bouncing cosmologies
having a UV completion within string theory. There have
been previous similar statements regarding banishing
cosmological bounces from principles of holography
[33] or properties of initial or final boundary conditions
[34]. However, our argument comes from a much more
general principle and is therefore, applicable to a much
wider class of cosmological models. The fact that we
have to obey the 4D NEC does not, of course, mean that

singularity resolution is not possible in cosmological
models of M theory. One can think of a situation where
the bouncing solution requires corrections to all orders and
so has no effective description [52], or even where
spacetime is emergent from more fundamental UV degrees
of freedom [53].
The second important conclusion of having to obey

the NEC is that the Hubble parameter can neither grow
today nor in the early universe (superinflation) [54]. More
specifically, models of dark energy which violate the NEC
would be ruled out immediately insofar that they can have
no quantum gravity completion. A large class of dark
energy models which require an equation of statew < −1 is
immediately ruled out. This is of enormous phenomeno-
logical importance since the recent Hubble tension is
seemingly alleviated by dark energy models which have
a phantom component [55,56] and our condition (11)
would severely disfavor such Lagrangians [57].
Further consequences of having the NEC as a swamp-

land condition is that it would rule out traversable
Lorentzian wormholes in 4D [58,59] and creating a
universe in a laboratory [60]. Moreover, all NEC violating
FLRW cosmologies, such as what one gets from a large
subclass of modified gravity (for instance, from Horndeski
or, more generally, DHOST) theories, are ruled out due to
this consistency condition. Therefore, we are able to
severely constrain the space of allowed cosmological
models which come from a plethora of 4D gravitational
theories, if they are to have a UV-complete description.
Let us end our discussion of cosmological implications

with an important disclaimer. It is important to emphasize
that our condition (11) only exhibits the NEC for 4D and
not the strong energy condition (SEC). Had we found the
latter, it would have ruled accelerating solutions in cosmol-
ogy for M theory. However, as discussed in [37,38], we do
find such solutions, including 4D de Sitter space since,
as stressed above, we do not require that the M-theory
stress-energy tensor satisfies the 11D NEC. It has been
independently shown that satisfying the SEC, even if the
NEC is violated, allows for time-depending compactifica-
tions to 4D de Sitter space [28].
Generalization to k ¼ �1.—Note that our condition (11),

which comes from M theory, is true for any curvature (2).
It just so happens that this coincides with the NEC
for the flat FLRW metric in 4D. In order to see what our
condition implies for the closed (k ¼ 1) and the open
(k ¼ −1) case, let us write down the NEC for a general
FLRW metric. Assuming aðtÞ ∼ tγ , as before, we find the
NEC implies

−
d2

dt2
ðln tγÞ þ kt−2γ ≥ 0 ⇒ γ þ kt2ð1−γÞ ≥ 0: ð14Þ

This confirms our previous assertion that the NEC for
k ¼ 0 is γ ≥ 0, which written in terms of scale factor
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expressed in conformal time translates to (11). The above
equation (14) immediately tells us that given (11), the NEC
is also going to be automatically satisfied for closed FLRW
spacetime. This is because, for the k ¼ 1 case, the second
term in (14) is necessarily positive. Finally, for the negatively
curved k ¼ −1 case, (11) does not imply the NEC condition
in this case. To summarize, we find that our new swampland
conjecture would be that any EFT in a 4D closed or flat
FLRW cosmology must satisfy the NEC in order to have a
UV completion.
A final point to note is that this also indicates that our

analysis rules out cosmological bounces only for flat FLRW
spacetimes. This is so because violating the NEC is a
necessary condition for having a bounce only for flat and
open FLRWmetrics (andwe do not get the NEC for the open
case). In fact, although condition (11) implies theNEC for the
closed case, one can have cosmic bounces for this geometry
without violating the NEC. Therefore, our conclusions
regarding bounces are only limited to the k ¼ 0 FLRW
spacetime. Having said this, let us note that a generic
contracting solution is unstable against anisotropies and
can even become strongly inhomogeneous due to the
Belinski-Khalatnikov-Lifshitz conjecture. To avoid this sta-
bility problem of bounces, a typical attractor solution is often
invoked known as ekpyrosis [61,62], which assumes a super-
stiff equation of state w ≫ 1. However, what this physically
implies is that near the bounce, at the end of the contracting
phase, the term proportional to the curvature k is subleading
and therefore, for ekpyrotic scenarios, our results would
generically apply. In other words, although we have a
condition which explicitly rules out cosmological bounces
for flat FLRW spacetimes, in effect we find a very strong
argument against all types of bounces since a contracting
solution that is stable against anisotropies is agnostic about
the curvature of spacetime anyway.
Conclusion.—In this Letter, we showed that there

appears a remarkable connection between the requirement
of having a well-defined Wilsonian EFT for M theory (with
a time-dependent compactification) and the NEC in four
dimensions. This led us to conclude that we can rule out
bounces in M theory, at least for flat FLRW cosmologies.
Since we explicitly derive the NEC only for k ¼ 0 and
k ¼ 1 FLRW spacetimes starting from M theory, in the
spirit of the swampland, we conjecture the following: Any
4D consistent theory of gravity must obey the NEC in order
to have an embedding in M theory. We emphasize that our
conjecture, for the specific 4D FLRW backgrounds men-
tioned above, is actually derived from M theory without
any bottom-up considerations.
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