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Quantum gravity (QG) has a natural cutoff given by the Planck scale Mpl. However, it is known that the
effective field theory (EFT) of gravity can break down at a lower scale, the species scale Λs ≲Mpl, if there
are light species of particles. Here we point out that there is a third scale ΛBH ≲ Λs ≲Mpl, which marks the
inverse length (or the temperature) of the smallest black hole where the EFT gives a correct description of
its entropy and free energy. This latter scale is hard to detect from the viewpoint of EFT as it represents a
phase transition to a state with lower free energy. We illustrate this using examples drawn from consistent
QG landscape. In particular ΛBH gets related to Gregory-Laflamme transition in the decompactification
limits of quantum gravity and to the Horowitz-Polchinski solution in the light perturbative string limits. We
propose the existence of ΛBH marking the temperature at which neutral black holes undergo a phase
transition, as a new Swampland condition for all consistent quantum theories of gravity. In the asymptotic
regimes of field space ΛBH is close to the mass scale of the lightest tower but deviates from it as we move
inwards in the moduli space.
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I. INTRODUCTION

Quantum gravitational theories enjoy a natural cutoff,
the Planck scaleMpl. When curvature is of the order ofM2

pl

the Einstein term in the action becomes strong and the
quantum fluctuations render the classical picture of gravity
inadequate. However, the actual scale in which the quantum
gravity effective action can become invalid may be smaller.
Indeed, it was argued in [1–4] that if there are light species
of particles present in the theory, the consistency of black
hole entropy with the effective field theory (EFT) descrip-
tion requires the breakdown of the classical picture at a
lower scale called the “species scale”, Λs. It was proposed
in [5] that the mechanism for this is that the higher-order
corrections to the gravitational action become strong at
the scale Λs instead of Mpl as one may naively expect.
Even though the introduction of Λs was motivated by the
appearance of the tower of light states, surprisingly the
mass scale of this tower, m, does not seem to be directly
captured by Λs. Indeed, the EFT does not directly encode
the mass scale of the tower. For example, when the spectrum
of light states is dominated by Kaluza–Klein (KK) modes
coming from decompactifying a d-dimensional theory to D

dimensions, the species scale corresponds to the Planckmass
in the higher-dimensional theoryΛD−2

s ∼Md−2
pl Rd−D, and not

the KK mass scalemKK ¼ 1=R. In other words, the number
of extra dimensions D − d is harder to detect from the low
energy EFT. Note that a sufficiently high precision meas-
urement of the gravitational amplitudes can always deter-
mine mKK. However, as explained in the Appendix, the
corrections to the EFT coefficients at energy scale μ ≪ Λs
that are controlled by mKK are always subleading, either to
the massless threshold contribution or to the terms that are
powers of the species scale. One way the lower-dimensional
theory can find out about this scale is in the study of black
holes. When black holes get smaller than R, the black hole
becomes thermodynamically unstable due to the Gregory-
Laflamme transition [6]: the larger black holes correspond to
black branes wrapped around the extra dimensions, but the
smaller ones are localized in the extra dimensions. This
transition to a new black hole solution marks a new scale in
the lower-dimensional theory, which we denote as ΛBH. A
similar phenomenon occurs when we go to regions in field
space with light fundamental strings. In this case, the species
scale can be identified with the Hagedorn temperaturewhich
is proportional to the string scale Λs ∼Ms. However, as we
consider high-temperature black holes, there is evidence that
before we get to the Hagedorn temperature, there is another
scale where the black holes undergo a transition to a more
stable state, the Horowitz-Polchinski solution, which we
identify asΛBH. These two types of towers are the only types
expected in the large-distance limits in quantum gravity [7].
Motivated by these observations, we propose a new
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Swampland condition: For all quantum gravitational theo-
ries, there is a temperature scale, ΛBH, which is the lowest
scale atwhich the blackhole describable by theEFTbecomes
unstable due to a transition into a more stable saddle:
ΛBH ≲ Λs ≲Mpl. Moreover, this scale marks the existence
of a phase transition from the black hole well-described by
the low-energy EFT to a more stable solution which is not
visible to that EFT. We explain how this is related to the fact
that massive weakly coupled states, such as towers, are
omitted from the dynamical spectrumof the low-energyEFT.
In particular, we propose that in the context of type IIA string
theory a transition analogous to the Horowitz-Polchinski
transition continuously deforms to the Gregory-Laflamme
transition as we move from weak string coupling to strong
coupling.
The organization of the rest of this paper is as follows. In

Sec. II, we review the species scale. In Sec. III, we review
the Gregory-Laflamme transition and the Horowitz-
Polchinski transition. In Sec. IV, we conclude by proposing
a new Swampland condition.

II. THE SPECIES SCALE Λs

In the EFT approach to quantum gravity in d ≥ 4
spacetime dimensions, the leading terms are given by
the Einstein action. The EFT is defined with a natural
energy scale μ to describe backgrounds with curvature
scales R ∼ μ2. Additionally, there will be higher-order
terms which are suppressed for low-curvature regions.
The EFT is expected to break down when these higher-
order terms become of the same order as the leading term.
Then, the coefficients of these higher-order terms, denoted
as aðϕi; μÞ, can depend on the massless scalar fields ϕi that
parametrize the moduli spaceMQG as well as μ. Hence, the
higher-order corrections appearing in the action can be
written as

Scorr;d ⊃
Z

ddx
ffiffiffiffiffiffi
−g

p �X
n

anðϕi; μÞOnðRÞ
�
; ð1Þ

where OnðRÞ denotes 2n-dimensional operators.1 The
dependence of the EFT coefficients on the moduli would
be more pronounced when there are a large number of light
species due to loop corrections. One would expect that the
leading terms should define a new moduli-dependent
physical energy scale. This is the energy scale at which
the subleading corrections anðϕi; μÞOnðRÞ ∼ anðϕi; μÞμ2n
become of the same order as the Einstein term
Md−2

pl;dR ∼Md−2
pl;dμ

2. This scale is identified as the species
scale ΛsðϕiÞ,

1

ΛsðϕiÞ2n−2
∼
anðϕi;ΛsðϕiÞÞ

Md−2
pl;d

; ð2Þ

where the above relation is expected to hold up to constants
for generic higher-order terms in the action. In other words,
whereas one naively expects that the higher-order terms
become relevant when the curvature is of the order ofM2

pl, it
actually breaks down sooner at curvature scale ΛsðϕiÞ2 ≲
M2

pl corresponding to energy scale ΛsðϕiÞ. Hence, ΛsðϕiÞ
can be viewed as an effective gravitational UV cutoff. An
interesting feature of this definition is that the dependence
of species scale across the full moduli space can in some
situations be exactly calculated using supersymmetrically
protected terms in the action [5,8].
To ensure the definition (2) of Λs correctly captures the

strong-coupling behavior of gravity, one can test it in top-
down constructions in string theory. In the corners of the
moduli space with a weakly coupled string, we expect
the effects of quantum gravity to appear at string mass,
i.e., Λs ∼Ms ∼ exp ð−ϕ= ffiffiffiffiffiffiffiffiffiffiffi

d − 2
p Þ where −ϕ is the canoni-

cally normalized dilaton in the reduced Planck units.
Furthermore, in M-theory corners where there is no weakly
coupled string, the quantum gravity effects are expected to
be controlled by a higher D-dimensional Planck mass, i.e.,

Λs ∼Mpl;D ∼ exp
�
−ϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D−d

ðD−2Þðd−2Þ
q �

where −ϕ here is the

canonically normalized volume modulus in the reduced
Planck units. It has been conjectured that these two
examples cover all weak-coupling limits in quantum
gravity, which are each dubbed the emergent string and
the decompactification limits, respectively [7]. The species
scale defined in (2) was explicitly shown to satisfy these
specific expectations in a diverse set of top-down exam-
ples [8].
The above discussion can be illustrated through the

instructive example of type IIA supergravity in 10 dimen-
sions [8,9], where the species scale will depend on the
dilaton ϕ. The first nonzero higher-curvature correction to
the supergravity action appears for the R4 term where the
coefficient a4 is computed via the tree-level and one-loop
four-graviton scattering amplitudes in type IIA and does
not receive any further contributions [10]. Thus, we can
identify the species scale with a4ðϕÞ−1=6Mpl;10,

Λs ¼
1

ð2πÞ1=8
�
3ζð3Þ
π2

e3ϕ=
ffiffi
2

p
þ e−ϕ=

ffiffi
2

p �
−1=6

Mpl;10: ð3Þ

In this case, the theory has two infinite-distance limits,
corresponding to ϕ → �∞. On the one hand, when
ϕ → −∞, or equivalently gs ≫ 1, the species scale
becomes

Λs ∼ eϕ=6
ffiffi
2

p
Mpl;10 ∝ Mpl;11;

1Note that our convention for the coefficients of higher-
derivative operators differs from the definition in [8] by power
of Planck mass.
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where ðMpl;10=Mpl;11Þ8 ¼ 2πe−2
ffiffi
2

p
ϕ=3. This is precisely the

limit at which the theory decompactifies to 11d M-theory.
On the other hand, when ϕ → þ∞, or equivalently gs ≪ 1,
the species scale becomes

Λs ∼ e−ϕ=2
ffiffi
2

p
Mpl;10 ∝ Ms;

where e−2
ffiffi
2

p
ϕM8

pl;10 ∝ M8
s . This is precisely the weak-

coupling limit at which we have the emergent type IIA
string. Therefore, this recovers the expected behavior in
the infinite-distance limits of our moduli space. Moreover,
note that as expected ΛsðϕÞ≲Mpl;10 everywhere in the
moduli space.

III. PHASE TRANSITIONS
IN QUANTUM GRAVITY

Many of the unique features of quantum gravity can be
traced back to the existence and properties of black holes. In
nongravitational theories, the coupling does not have to be
related tomass, i.e., couplings are not directly correlatedwith
mass. Therefore, arbitrarily massive states can be weakly
coupled (or even free) without any issues. However, in a
gravitational theory, every state is coupled to the graviton
with a coupling proportional to its mass. Therefore, beyond a
mass threshold, the localized states are expected to become
strongly coupled, resulting in black holes.
Luckily, we expect the effective theory of gravity

including the Einstein term to be a good description of
large sized black holes where curvatures are sufficiently
small near the horizon. However, as we decrease the size of
a neutral black hole we expect the Hawking temperature to
rise and beyond some temperature, the calculation of the
free energy of the most stable saddle from the EFT becomes
incorrect as the EFT does not detect the phase transitions of
neutral black holes and also misses the perturbative
instabilities associated to these black holes. Let us denote
this limiting temperature by T ¼ ΛBH, where the critical
size black hole is RBH ∼ 1=ΛBH. Clearly ΛBH ≲Mpl. In
fact, we would expect ΛBH ≲ Λs ≲Mpl because the action
becomes large near the horizon of black holes of size 1=Λs,
so the EFT surely breaks down at Λs or below that scale.
From the form of the effective action one may think that

ΛBH ¼ Λs because one would naively expect that the only
reason the effective action would not be describing the
black hole correctly is that the higher-order terms become
important. As we will argue, this is not true and generically
ΛBH < Λs (Fig. 1). The mechanism for this is that the
nature of the black hole described by the IR properties of
the EFT is not the stable one; at smaller radii (i.e., higher
temperatures) there is another class of solutions which the
EFT misses that have lower free energy. So, the black holes
undergo a transition at T ¼ ΛBH to these more stable states.
We provide evidence for this in regions of weak-

coupling in the QG landscape. These are the asymptotic

regions of parameter space where we expect to have either a
tower of light KKmodes or light fundamental strings [7].We
now turn to these two cases and show that in both there is such
a scale ΛBH ≲ Λs where the EFT incorrectly estimates the
free energy of the more stable states towhich the black holes
with temperatures greater than ΛBH transition.
We note that there can be more than one phase transition

in the spectrum of massive states in quantum gravity. An
example of this is when there are compact dimensions with
parametrically different length scales. In such cases we
identifyΛBH as the lowest such scale. The structure of these
phase transitions are highly constrained from the top-down
perspective and can be motivated using bottom-up argu-
ments in the weak-coupling limits [11]. In particular, the
thermodynamics of weakly coupled particle towers at high
temperatures has been studied in [12,13] using insights
from black hole thermodynamics (see also [11]).

A. The Gregory-Laflamme transition

In this section, we briefly review how the physics of
black holes is affected by the presence of large extra
dimensions. Suppose there are d noncompact dimensions
and p large extra dimensions that have length scale R. The
first question one could ask is, what is the meaning of a
neutral black hole in d dimensions from the perspective of
the higher dimensional theory.
To answer this, let us start by considering the

Schwarzschild black hole described by the following metric
in d dimensions:

ds2 ¼ −
�
1 −

rd−3H

rd−3

�
dt2 þ

�
1 −

rd−3H

rd−3

�−1
dr2 þ r2dΩ2

d−2;

ð4Þ

FIG. 1. Free energy vs temperatures near important energy
scales in d-dimensional quantum gravity. The black hole (BH)
transitions into a more stable object ðBH�Þ at temperature ΛBH.
The thermodynamic description breaks down when the temper-
ature reaches the species scale Λs ≲Mpl;d.
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where rH is the horizon radius of the black hole. This
solution is the dimensional reduction of the following
metric in the higher-dimensional theory:

ds2 ¼ −
�
1 −

rD−3−p
H

rD−3−p

�
dt2 þ

Xp
i;j¼1

gijðyÞdyidyj

þ
�
1 −

rD−3−p
H

rD−3−p

�−1

dr2 þ r2dΩ2
D−2−p; ð5Þ

where D ¼ pþ d and gijðyÞ is the pullback metric on the
compact manifold. The above solution is a black brane
whose horizon is parametrized by yi as well as the angular
coordinates. In other words, we have a black p-brane that is
wrapped around the p dimensional compact manifold.
Therefore, a neutral black hole always lifts up to a
higher-dimensional black brane that is uniformly wrapped
around the extra dimensions. If the compact space has a
symmetry (or approximate symmetry as in the case of large
extra dimensions), any nonuniform black hole would
involve a combination of KK charges. Indeed, in the
extreme limit when the black hole is localized in the extra
dimensions, it would not be in a definite charge state, but a
superposition thereof. Therefore, it is natural to expect a
neutral black hole to uplift to a uniformly wrapped black
brane. This observation implies that black holes in some
sense see the entirety of the compact space. This raises the
question of can we probe the presence of extra dimensions
using lower dimensional black holes. As is well-known,
and we will explain below, by lowering the mass of black
holes, the black holes become unstable at rH ∼ R due to the
Gregory-Laflamme (GL) transition which provides a lower-
dimensional window to probe the higher-dimensional
theory. At this transition scale rH ∼ R, the uniformly
wrapped black brane becomes unstable as was shown by
Gregory and Laflamme [6,14,15].
Even though, the perturbative analysis does not deter-

mine the final state, it is reasonable to expect that the black
brane will break up into smaller pieces which will then
clump up and collapse into black holes. In other words, the
black hole will decompose into higher-dimensional black
holes that are localized in the extra dimensions. These black
holes might subsequently join and form a larger higher-
dimensional black hole. Let us note an interesting feature of
this transition. A black hole with vanishing KK momentum
decays into a wave packet of nonzero KK states. One might
wonder if this process breaks the charge conservation when
the compact space is symmetric. The answer is that it does
not. It rather teaches us that neutral black holes for small
enough black holes are superpositions of different charges
and only on average have zero charge.
Interestingly, the Gregory-Laflamme transition can also

be understood as a thermodynamic transition. The mass
scale at which the lower-dimensional black hole becomes
perturbatively unstable, up to numerical constants, agrees

with the mass scale where the entropies of the two solutions
are equal. The entropy of the lower-dimensional black hole
is given by

Sd ¼
4π

dþ1
2

Γðd−1
2
Þ
�

M
4πMpl;d

�d−2
d−3
; ð6Þ

while for the higher-dimensional black hole, it is given by

SD ≃
4π

Dþ1
2

ΓðD−1
2
Þ
�
MD−2ð2πRÞp
ð4πÞD−2Md−2

pl;d

� 1
D−3

; ð7Þ

where D ¼ pþ d is the total number of dimensions. Note
that the factors of R appear due to the relationship between
the lower-dimensional and higher-dimensional reduced
Planck mass,

Md−2
pl;d ¼ MD−2

pl;D ð2πRÞp;

where, for simplicity, we have assumed the extra dimen-
sions form a p-dimensional torus with radius R. The two
expressions for entropies become equal at mass scale M ∼
Rd−3Md−2

pl;d and radius ∼R. For lower masses, the higher-
dimensional black hole is more entropically favorable.
We can also see the instability of the lower-dimensional

black holes in the canonical ensemble where the temper-
ature is kept fixed. The free energy of the d-dimensional
and D-dimensional black holes in terms of the temperature
T are given by

Fd ¼
4πððd − 3ÞΓðd−1

2
ÞÞd−3Md−2

pl;d

ðd − 2Þd−2ðπd−1
2 TÞd−3 ; ð8Þ

FD ¼ 4πððD − 3ÞΓðD−1
2
ÞÞD−3Md−2

pl;d

ðD − 2ÞD−2ð2πRÞpðπD−1
2 TÞD−3 : ð9Þ

The two expressions for free energies become equal at
temperature T ∼ 1=R. For higher temperatures, the higher-
dimensional black hole has lower free energy and is
therefore thermodynamically favorable.
It is interesting to note the consistency between the

lower- and higher-dimensional black hole perspectives; one
could ask, what is the maximum entropy one can obtain
from fitting higher-dimensional black holes of massM and
radius r ∝ ðM=Mpl;DÞ1=ðD−3ÞM−1

pl;D ≪ R inside the extra
dimensions. We can fit ∼ðR=rÞp such black holes in Tp

and adding up their entropies comes out to

S ∼
�
R
r

�
p
ðrMpl;DÞD−2 ∼ ðrMpl;dÞd−2; ð10Þ

which is proportional to the entropy of a lower-dimensional
black hole with the combined mass of ∼ðRrÞpM. In other
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words, the entropy formulas of lower and higher-dimen-
sional black holes are nontrivially consistent with each
other to ensure that the maximum entropy in a given region
of the noncompact space follows the area law.
The presence of large extra dimensions leads to a

tower of light KK states with masses proportional to
1=R. What is remarkable about the GL transition is
that it provides an important physical meaning to the
KK energy scale mKK ∼ 1=R. This is the temperature scale
at which lower-dimensional black holes become unstable
and undergo phase transition. In other words, the presence
of large extra dimension is not only reflected in the
spectrum of the theory at low masses (mKK < Mpl;d) via
KK states, but it is also observable in the UV states at much
higher mass [M ¼ ðRMpl;dÞd−3Mpl;d > Mpl;d] in the spec-
trum of black holes.
Another interesting observation which we will discuss

below, is that both manifestations of the extra dimensions
(emergence of KK tower and instability of black holes) tell
us that the low-energy EFT fails at describing black holes
with temperatures T ≫ R−1 in a way that would not be
observable to the EFT. The basic idea is that the main effect
of the large-radius compactification is to a good approxi-
mation simply reducing the higher-dimensional theory, that
includes the higher-order terms, to the lower one. To see
this, suppose in particular we are considering graviton
scattering amplitudes in the lower-dimensional theory. If
we were to compute this by including also the KKmodes as
intermediate states, this is already included as the momen-
tum integral in the reduction of the higher-dimensional
theory. The only difference is replacing the continuous
internal momenta pwith discrete sums of the form n=R and
we would expect this to be a small effect if the discretiza-
tion is refined enough, i.e., if 1=R ≪ Mpl;D. In particular
we expect the corrections to the amplitudes to be sup-
pressed by powers of 1=ðRMpl;DÞ compared to the leading
term given by suitable powers of 1=ΛsðϕiÞ. As explained in
the Appendix, the leading correction to the EFT and
calculation of black hole free energy will be controlled
by the species scale and is negligible for black holes with
temperatures T ≪ Λs. In summary, in the IR regime at
temperatures T ≪ mKK, the leading correction is generi-
cally sourced by the relevant and marginal terms descended
from the higher-dimensional action rather than the KK
particles running in the loops. On the other hand, in the
energy regime where T ≫ mKK, the collective effect of
loop corrections is well-approximated by the higher-dimen-
sional fields running in the loop. Therefore, the leading
correction is still captured by the dimensional reduction of
a higher-dimensional term.
In some sense, to see the new physics of KK states, one

must have access to the KK states because their contribu-
tion to the scattering amplitudes with zero KK charge is
only through loops and therefore is negligible. Naively,
from the higher-derivative expansion of the EFT, one could

have completely missed the KK states and thought that
new physics only emerges at energy scale Λs. In fact,
something similar happens for the black hole physics with
an important exception. If one does not include the KK
states in the lower-dimensional theory, there is no indica-
tion of a thermodynamic instability of the black holes
and the existence of a more stable saddle (the higher-
dimensional black hole). Nonetheless, one can experimen-
tally observe this instability without having access to KK
states, by looking at the thermodynamics of black holes
with zero KK charge. Therefore, the low-energy EFT
breaks down for describing the thermodynamics of black
holes at temperatures T > mKK. It is remarkable that
contrary to particles with vanishing KK charge, black
holes that carry no definite KK charge (neutral on the
average) can see the presence of extra dimensions.

B. The black hole/string stars transition

In this section we review how the black hole entropy
formula fails at sufficiently high temperatures in weakly
coupled string theories.
The thermodynamics of a black hole in the canonical

ensemble is described by a Euclidean solution with a
thermal circle. The circumference of the thermal circle is β
in the asymptotic region, and it vanishes on the horizon
[16]. The thermal circle has anti-periodic boundary con-
dition for fermions which lowers the zero-point energy
of winding strings. Consequently, the winding string
becomes tachyonic when β < βH for some βH ∼M−1

s .
The temperature β−1H ∼Ms is known as the Hagedorn
temperature and is a manifestation of the exponential
growth of the number of string excitations with respect
to mass [17–19]. Naturally, one could ask whether the
black hole entropy formula fails exactly at the Hagedorn
temperature TH or whether one must switch to a different
description at a lower temperature?
This was answered in [20] where Horowitz and

Polchinski used the winding state in its nontachyonic
regime (β > βH) to find new Euclidean saddles in space-
time dimensions d < 7. One can use the Euclidean action to
calculate the free energy and temperature of these solutions
[21]. There is a critical temperature THP < TH such that for
all T > THP, the Horowitz-Polchinski (HP) solutions (also
known as string stars) have lower free energy and therefore
are more stable. Therefore, there is a transition from the
black holes to the more stable string stars for T > THP. The
transition temperature is of the same order, but strictly
smaller, than the Hagedorn temperature.
Even though the HP solution does not exist in weakly

coupled string theories in higher dimensions (d ≥ 7), there
is evidence that a strongly coupled solution replacing it
might exist [22].
Note that the light winding state plays a crucial role in

the existence of the HP saddle in the Euclidean signature.
The fact that the winding state around the thermal circle
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becomes massless at finite β is the other side of the coin to
the exponential growth of string tower. Therefore, the low-
energy EFT without the string tower, would not be able to
predict the HP saddle. In other words, the EFT calculation
of the free energy of these more thermodynamically stable
saddles become incorrect due to it not having the tower of
excited string states at THP.
It is interesting to note a parallel between GL transition

and the HP transition. In both phase transitions, the topo-
logy of the Euclidean saddle changes. The Euclidean black
hole has a topology of R2 × Sd−2 while the HP solution has
a topology of Rd−1 × S1. The main difference comes from
the fact that the thermal circle shrinks in the black hole case
but does not shrink to zero size in the HP solution. Using
this topology change, the authors in [21] showed that there
is a supersymmetric obstruction for a smooth transition
between black holes and HP solutions as target spaces of
type II strings. One of the topological indices used was the
Witten index which measures the Euler characteristic of the
target space [23]. We note that the same argument can be
applied to the Gregory-Laflamme transition, as the corre-
sponding black hole solutions in d and D dimensions have
different Euler characteristics.2

IV. A NEW SWAMPLAND CONJECTURE

The above discussion in Sec. III suggests that in addition
to Mpl and Λs in all the weak coupling regimes of MQG,
there exists another scale ΛBH ≲ Λs ≲Mpl which marks the
smallest temperature, or the inverse radius of the largest
black hole at which the EFT misses the most stable black
hole and a phase transition to a more stable state occurs. In
both cases the EFT of Einstein action (and higher-order
corrections) misses these solutions as it does not incorpo-
rate the infinitely many light elements of the tower (the KK

tower in the GL case and the light tower of strings
manifested by Hagedorn behavior/thermal winding string
condensate for the string tower in the HP case).
In particular, in the emergent string limit where Λs is

identified with the Hagedorn temperature Λs ¼ TH, the
black hole description breaks down at the Horowitz–
Polchinski temperature ΛBH ¼ THP where the black holes
transition into self-gravitating strings. In the decompacti-
fication limit where the d-dimensional quantum gravita-
tional theory decompactifies to a D-dimensional theory, Λs
is identified as Mpl;D while the d-dimensional black hole
description breaks down at ΛBH ∼mKK scale where the
d-dimensional black hole transitions into a D-dimensional
black hole. In both of these limits, the transition occurs
at energies below the species scale, i.e., THP ≲ TH and
mKK ≲Mpl;D or equivalently in both cases ΛBH ≲ Λs.
Different from the species scale, neither THP nor mKK is
naturally encoded within the action of the EFT. Instead, it
comes purely from studying phase transitions of black
holes. In other words, this scale arises from the non-
analyticity of black hole entropy and free energy. The black
hole transitions into a more stable physical state with lower
free energy at temperature ΛBH.
Here we have mainly concentrated on the weak coupling

regime where we have seen ΛBH is similar to the mass scale
of the light tower. However, their ratio cannot be moduli
independent. For example, consider the case where the
large extra dimension is a circle in maximal supergravity.
In this case, unlike ΛBH which is influenced by higher-
derivative corrections, the mass of the KK tower is exactly
1=R and protected by supersymmetry. Due to the correc-
tions to the Einstein action, the ratio of ΛBH=mKK is
expected to depend on R. For example, for M-theory on
S1, the R4 corrections [10] correct the entropy of the lower
and the higher dimensional black holes [24] and the
location where they meet which predicts the GL transition
point changes. In this case, the 11d black hole has entropy,

Sð11dÞM ∼ ðMpl;10rÞ8
�
r
R

��
1 −

132609

4

1

ðMpl;11rÞ6
�
;

whereas the 10d black hole in type IIA supergravity theory
has entropy,

Sð10dÞIIA ∼ ðMpl;10rÞ8
�
1 −

80420

3

a4ðϕÞ
ðMpl;10rÞ6

�
;

where a4ðϕÞ is as defined earlier. A rough estimate of ΛBH
in the decompactification limit of the type IIA theory can be

found by solving for r such that Sð10dÞIIA ¼ Sð11dÞM . Hence, in
the large-volume limit, we obtain

ΛBH

mKK
∝ 1þ a · e−4

ffiffi
2

p
ϕ þ…; ð12Þ

2Consider the spacetime with n noncompact dimensions and a
compact space Tm. Suppose Ln;m is the space resulting from
capping off the Euclidean black hole that is localized in compact
space with B2 × Tm × Sn−2. Consider two parallel hyperplanes
that are separated in a noncompact direction and contain the black
hole in between them. We divide Lm;n into three regions across
these hyperplanes. Let us identify the boundaries of the middle
part with each other and identify the boundaries of the other two
regions with each other. This process transforms Lm;n into
Lmþ1;n−1 ⊔Sn × Tm. Using the additivity of the Euler character-
istic and χðSn × TmÞ ¼ 1þ ð−1Þn, by induction we find

χðLp;dÞ ¼ 2ð1þ ð−1ÞdþpÞ −
Xp−1
i¼0

ð1þ ð−1Þdþp−iÞ: ð11Þ

The above Euler characteristic can never be equal to the Euler
characteristic corresponding to the lower-dimensional black hole
χðL0;dÞ ¼ 2ð1þ ð−1ÞdÞ. Therefore, there is a topological ob-
struction for smoothly connecting the world sheet theories of type
II strings in the backgrounds of lower and higher-dimensional
black holes in a nonsingular way, as in the case of HP.
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where to the leading order a ≈ 269.4. Therefore, the ratio
ΛBH=mKK becomes ϕ-dependent at large ϕ. Thus, ΛBH
cannot be identified as the mass scale of the lightest state
for all moduli.
Note that the above observations hold true in both the

weak-coupling regime of the fundamental string and the
large-volume regime of compactifications. Consequentially,
the notion of this phase transition does not strictly live in the
infinite-distance limits of MQG, and ΛBH is expected to be
well-defined across the moduli space. Thus, ΛBH should
be globally defined in MQG as the temperature at which
the Schwarzschild black hole becomes unstable due to the
existence of a more stable saddle whose free energy is not
seen by the EFT. Therefore, all of thismotivates us to propose
the following Swampland conjecture.
Any consistent EFT description of d-dimensional quan-

tum gravity must exhibit three scales across its moduli
space MQG: 1) the d-dimensional Planck scale, Mpl;d

which controls the strength of the Einstein term; 2) the
species scale, Λs, where the higher-order gravitational
corrections become important; and 3) the black hole scale,
ΛBH, where at this temperature, the black hole predicted by
EFT undergoes a phase transition to a more stable
solution. Furthermore, ΛBH ≲ Λs ≲Mpl;d everywhere in
MQG and ΛBH approaches the mass scale of the lightest
tower at large distances in field space.
It is amusing to consider the case of type IIA in 10

dimensions for which the moduli space is parametrized by
the string coupling (or equivalently the radius of the extra
circle). In this case we would expect a behavior shown in
Fig. 2. It is interesting to note that in this case we expect the
GL transition to be connected continuously to a transition
analogous to the HP transition.3 We note that although ΛBH
is expected to be a continuous function of the moduli, it
does not need to be smooth. In particular, the saddle
corresponding to the eleven-dimensional black hole and
the 10d string star (which we conjecture to exist) may
represent distinct solutions, with a crossover occurring
when gs ∼Oð1Þ.
Note that in discussions regarding the connection

between the lightest tower of states and the species scale,
the tower is assumed to be weakly coupled. This is because
it is not clear how strongly coupled states would contribute
to the one-loop running of the Newton’s constant which is
calculated perturbatively and are likely irrelevant [8]. An
example of such a tower is when a sector localized on a
brane has a tower of strongly interacting states with
vanishing masses (e.g., tensionless strings). In the limit

where the internal space decompactifies, these degrees of
freedom decouple from gravity and could form a conformal
field theory. Interestingly, in this example, ΛBH which is
set by the Gregory-Laflamme scale is also insensitive to
this nongravitational tower. This is because the tower is
localized in the internal space and are decoupled from the
higher dimensional gravity and does not significantly
influence the entropies of higher- or lower-dimensional
black holes and therefore does not affect the transition
temperature.
One could instead hope that mlightest is to be identified

with the mass of the lightest tower that becomes light
and weakly-coupled in some asymptotic regime of the
moduli space. However, as we just explained, the ratio
ΛBH=mlightest receives moduli dependent corrections as we
move away from the infinite distance limits.
Unlike the Λs where analytic computations are possible

in some cases [5,8], it seems that ΛBH is much harder to
compute explicitly except in the infinite distance limits.
Using the fact that asymptotically ΛBH ∼mlightest, it implies
from the work [26,27] that at least asymptotically,

∇ lnΛs ·∇ lnΛBH ¼ 1

d − 2
:

Since we have a well defined notion of ΛBH and Λs
everywhere in moduli space, it is natural to ask if this
relation can hold in the interior of the moduli space as
well.4 If this were true, since Λs does have critical points in
the interior of moduli space, it implies that at such points
ΛBH vanishes or j∇ΛBHj blows up. As we argued above, we
do not expect ΛBH to vanish in the interior of the moduli
space where the number of weakly coupled particles is
finite. Similarly, we expect the contribution of finite

FIG. 2. A schematic illustration of the relation amongMpl;d,Λs,
and ΛBH for a d-dimensional quantum gravitational theory with
respect to the moduli parameter ϕi according to our conjecture. In
particular, in the asymptotic regions of moduli space, the
expected behavior from the GL and the HP transitions are shown.

3A similar, but distinct, story unfolds in ð1þ 1Þd maximally
supersymmetric Yang-Mills theory compactified on a generic
tori, T2

τ , with appropriate boundary conditions imposed on the
fermions [25]. In particular, by varying the complex parameter τ,
the analog of the GL transition in gauge theory can then
be continuously mapped to the confinement/deconfinement
transition.

4Extending the equality of [26,27] into the interior of moduli
space has been attempted in [28] with specially chosen BPS
scales for 5dN ¼ 1 theories. However, these (Dirac-paired) BPS
scales are distinct from the scales of interest in this present paper.
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number of weakly coupled particles to ∇ΛBH to be regular
(and moreover not to lead to divergent ΛBH as this would).
This means that the above relation cannot hold everywhere
in the moduli space. Indeed, as we will explicitly check
below, in the case of type IIA in 10 dimensions at large
coupling, this equality does not hold at the subleading level.
In [8,29] evidence was provided for the bound

∇ lnΛs ·∇ lnΛs ≲ 1

d − 2
:

This naturally suggests that perhaps the correct relation
involving both Λs and ΛBH is also an inequality, instead of
the equality which holds only asymptotically, namely

∇ lnΛs · ∇ lnΛBH ≲ 1

d − 2
: ð13Þ

The existence of critical points for Λs would be com-
patible with this. In particular, this relation, in the large-
volume regime of the type IIA theory according to the
perturbative corrections given in (12), can be computed as

∇ lnΛs ·∇ lnΛBH ¼ 1

8
ð1 − e−2

ffiffi
2

p
ϕ þ a · e−4

ffiffi
2

p
ϕ þ…Þ

≤
1

8
¼ 1

d − 2
; ð14Þ

providing an example of this conjecture. Here, note that
the perturbative corrections to ΛBH, as we move away
from asymptotic limits of moduli space, is parametrically
smaller than that of the species scale. Hence, it contri-
butes a subleading effect in the above inequality. In fact,
this conclusion remains valid upon compactification
of M-theory on Tp, in which case the corrections to
∇ lnΛs and ∇ lnΛBH still scale as ∼ðmKK=Mpl;11Þ3 and
∼ðmKK=Mpl;11Þ6, respectively. Therefore, as long as

j∇ lnΛsj in these theories remains below 1=
ffiffiffiffiffiffiffiffiffiffiffi
d − 2

p
, the

inequality (13) is satisfied. It would be important to develop
effective tools to compute ΛBH in the interior of moduli
space and to investigate the validity of this inequality.
One may ask, what are these three quantum gravity

scales in our Universe. For the Dark Dimension scenario,
motivated by the Swampland program, these three scales
end up being vastly different (see Ref. [30] for a review)
and are given by

ΛBH ∼ :01 eV; Λs ∼ 109 GeV; Mpl ∼ 2.4 × 1018 GeV;

which in Planck units are related to the Dark energy Λ ∼
10−122 by

ΛBH ∼ Λ3=12; Λs ∼ Λ1=12; Mpl ∼ Λ0;

(and the missing power of Λ above is close to the weak
scale ∼Λ2=12 which is also partially explained in the Dark
Dimension scenario).
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APPENDIX: RUNNING OF EFT COEFFICIENTS

In this section, we show that the dominant subleading
contributions to the Bekenstein-Hawking entropy of a
black hole, arising from higher-curvature terms appearing
in the action, is always given by powers of the species scale.
We will also review the energy dependence of a generic
higher-derivative corrections to the Einstein action.
In the EFT approach, we keep a finite number of terms

which comes at the cost of omitting some of the informa-
tion of the scattering amplitudes. The lost information is
encoded in the energy dependence of the coefficients of the
EFT. To study the corrections to the Bekenstein-Hawking
entropy of a black hole, we can use the gravitational action
evaluated at a energy scale μ set by the inverse radius of the
given black hole.
We start by reviewing how particles running in loops

can generate gravitational higher-derivative corrections.
We explain that KK particles generate loop corrections
aKKn ðμÞOnðRnÞ at energy scale μ such that

μ ≪ mKK∶ aKKn ∼
1

μ2n−d
;

μ ≫ mKK∶ aKKn ∼
Md−2

pl;d

μ2n−DMD−2
pl;D

; ðA1Þ

where Mpl;D is the higher-dimensional Planck mass in D
dimensions.
If the particle is massless (e.g., gravitons) the particle can

generate a series of irrelevant operators by running in the
loop. At energy scale μ, the n-graviton amplitude with a

massless loop contributes ∼M−nðd−2Þ=2
pl;d μd to the amplitude

which results in corrections of the form μd−2nOnðRÞ. The
divergence of the coefficient in the μ → 0 limit is also
known as the massless threshold behavior. On the other
hand, a massive particle, running in a loop, with mass
m ≫ μ contributes ∼md−2n to aKKn . However, if the particle
is very light, i.e., m ≪ μ, the particle resembles a massless
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mode and its contribution to aKKn is again ∼μd−2n. Now,
suppose we have a tower of KK modes resulting
from compactifying a D-dimensional theory down to d
dimensions. At energy scale μ ≪ mKK, the contribution of
the KK tower to the coefficient of OnðRÞ behaves as
Oðμd−2nÞ þOðmd−2n

KK Þ where the first term is dominant and
comes from the massless particle running in a loop.
However, at energies μ ≫ mKK, there are ∼ðμ=mKKÞD−d

light particles. Therefore, the loop corrections go as
Oððμ=mKKÞD−dμd−2nÞ þOðmd−2n

KK Þ where the first term
comes from light states with m ≪ μ and the second term
from the heavy states withm ≫ μ. Note that in this case we
can use the identity mD−d

KK ∼MD−2
pl;DM

2−d
pl;d to express the

first term as O
�

Md−2
pl;d

μ2n−DMD−2
pl;D

�
. In both cases μ ≪ mKK and

μ ≫ mKK, the dominant term is the first term which
explains the order of magnitudes expressed in (A1) for
aKKn . Note that the dominant term is only a function of μ and
the higher-dimensional Planck mass, and not the KK mass.
Now, let us study the effect of loop corrections (A1) to

the entropy of d-dimensional Schwarzschild black holes.
The Bekenstein-Hawking formula results from the Einstein
term. Therefore, to compare the effect of the correction to
the Bekenstein-Hawking entropy, we compareMd−2

pl;dRwith

anðμÞRn, at energy scale μ ∼
ffiffiffiffi
R

p
. Using (A1), one can see

that as long as μ ≪ Mpl;D, the correction is subleading.
Therefore, we conclude that for any energy scale below the
species scale, the EFT corrections are subleading.
Let us highlight four points about the energy dependence

of the coefficient anðμÞ:

(i) The leading correction to the black hole entropy as
suggested by the EFT depends on the species scale
and not the KK scale;

(ii) In the decompactification limit (μ fixed while
mKK → 0), the coefficient aKKn ∼Md−2

pl;dμ
D−2nM2−D

pl;D

can be thought of as the dimensional reduction of the
term ∼μD−2nRn in D dimensions which is simply
the D-dimensional massless threshold. In other
words, integrating out the KK loops combined with
the lower-dimensional massless threshold reprodu-
ces the higher-dimensional massless threshold. This
is a well-known fact that has been extensively tested
in string theory, see e.g., [31];

(iii) We note that our definition of the EFT differs from
some literature, e.g., [32], in which the massless
threshold, also known as the nonanalytic part of the
coefficient, is excluded from an. The EFT, defined
in that way, will have coefficients that scale as
ãn ∼md−2n

KK at energies μ ≪ mKK. This separation
is sometimes done to avoid a diverging EFT co-
efficient at low energies. However, such separation
will not be necessary for us, since as explained
before, the combination anðμÞOnðRÞ for black holes
with curvature scale μ will be subleading, even if
anðμÞ is large;

(iv) The coefficient anðμÞ at energy scale λs ∼Mpl;D

becomes aKKn ∼Md−2
pl;dM

2−2n
pl;D , which is the expected

tree-level correction. Therefore, the coefficients of
EFT are controlled by the species scale, when they
are evaluated at the species scale, and beyond that
energy scale the EFT breaks down.
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