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ABSTRACT: The scale at which quantum gravity becomes manifest, the species scale Ag, has
recently been argued to take values parametrically lower than the Planck scale. We use
black holes of vanishing horizon area (small black holes) in effective field theories coupled
to quantum gravity to shed light on how the three different physical manifestations of the
species scale Ay relate to each other. (i) Near the small black hole core, a scalar field runs
to infinite distance in moduli space, a regime in which the Swampland Distance Conjecture
predicts a tower of exponentially light states, which lower Ag. (ii) We integrate out modes
in the tower and generate via Emergence a set of higher derivative corrections, showing
that Ag is the scale at which such terms become relevant. (iii) Finally, higher derivative
terms modify the black hole solution and grant it a non-zero, species scale sized stretched
horizon of radius A; !, showcasing the species scale as the size of the smallest possible black
hole describable in the effective theory.

We present explicit 4d examples of small black holes in 4d N' = 2 supergravity, and
the 10d example of type ITA DO-branes. The emergence of the species scale horizon for
DO-branes requires a non-trivial interplay of different 8-derivative terms in type IIA and
M-theory, providing a highly non-trivial check of our unified description of the different
phenomena associated to the species scale.
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1 Introduction

Recent activity in the Swampland Program (see [1-4] for reviews) is providing strong support

that the cutoff of an effective field theory (EFT) consistent with quantum gravity is not

the Planck scale, but potentially a much lower one, the species scale A [5-9]. This implies

that objects which can be reliably described in the EFT have a lower bound in their size

of order A;!. This is a very profound statement since it leads to quantum gravity effects

at length scales which can potentially be parametrically larger than the Planck scale. This

happens for instance near infinite distance points in moduli spaces, where the (Swampland)

Distance Conjecture (SDC) [10] predicts the appearance of an infinite tower of light particles.

Additionally, bounds on how fast these towers and the species scale become light have been

proposed and tested in [11-14].



A natural setup in which to explore and sharpen these ideas is in black hole physics.
In particular, charged extremal black holes with scalar dependent gauge kinetic functions
have an attractor mechanism [15-18] that fixes the vevs of such scalars at the horizon. By
appropriately choosing the charges of the black hole, one can tune the point of moduli space
that is probed by the horizon. A particular choice of charges leads to small black holes,
which classically have zero horizon area (i.e. a singularity), and for which scalars run off to
infinite distance as one approaches the black hole core (see [19-21] for other uses of small
black holes to explore swampland constraints and [20-29] for other spacetime-dependent
configurations probing infinite distances in field space). One would then expect that quantum
gravity effects smooth out the singularity by generating a stretched horizon of small but
finite size. According to our discussion above, this size should be given by the species scale
A1 (hence parametrically larger than the Planck length). Indeed, it was argued in [19] that
in order for small black hole solutions not to violate entropy bounds, they should acquire
a finite size, of the order of the UV cut-off.

Black holes have been used at multiple occasions in the literature to probe the species
scale [30, 31]. And conversely, the species scale itself is often defined as being the size
of the smallest possible black hole (SPBH) that one can reliably describe within an EFT
description [5, 32]. One of our objectives is to study how quantum gravitational effects at
the species scale come to modify small black hole solutions and ultimately promote them to
these non-singular, finite-sized SPBHs, in perfect agreement with the works of [19].

The appearance of stretched horizons for small black holes has long been explored in the
context of string theory, e.g. for supersymmetric (and non-supersymmetric) charged black
holes in 4d N = 4,2 supersymmetric compactifications, by the inclusion of higher derivative
corrections, resulting in string scale stretched horizons.! Actually this corresponds in those
examples to precisely the species scale in the infinite distance limit of the corresponding small
black hole, in agreement with our discussion above (see [30, 31] for related works).

In the above discussion, the appearance of the species scale associated to the SDC
tower seems accidental. We will however argue that there is a direct link, by showing that
integrating out the SDC tower produces, in the spirit of Emergence [35-38] (see [39-43] for
recent discussions), the higher curvature terms which ultimately lead to the stretched horizon,
which is thus naturally set by the species scale. Hence, we provide an explicit microscopic
mechanism for the emergence of species scale horizons for this class of small black holes.?
Our result moreover matches the approach in [47], where the species scale has been argued
to be the scale at which higher curvature terms become relevant.

Hence, our work allows us to bring together three definitions of the species scale: the
original definition accounting for the number of species in the SDC tower, the scale defining
the size of SPBHs, and the scale of higher curvature corrections. The central idea is that
small black hole solutions get resolved as SPBHs at the species scale, by including the effect
of higher derivative corrections emerging from integrating out the SDC tower. Given that
our main tool is small black holes, our results hold in asymptotic regimes in moduli space;

'For a complementary viewpoint, see [33, 34].

2Tt would be interesting to explore connections with other proposals to produce stretched horizons
parametrically larger thank the Planck scale for small black holes, such as the fuzzball proposal (see [44—46]
for reviews).



it would be interesting to extend our understanding to test recent proposal involving the
species scale in the interior of moduli space [30, 47, 48].

We expect that the emergence of species scale stretched horizons should hold beyond
4d systems. In fact, the main point of this work is to explore this question for D0-brane
solutions of 10d type ITA. These behave as 10d charged small black holes, of classically
zero size, and at whose core the dilaton runs off to infinitely strong coupling. Swampland
considerations imply that a species scale horizon should arise. However, despite the fact
that systems of N D0-branes have been under scrutiny for decades from diverse perspectives,
including supersymmetric quantum mechanics [49, 50|, M(atrix) theory [51], holography [52],
their combination [53], and MonteCarlo simulations (see [54] for a recent update), the only
discussion about D0-brane horizons seems to have appeared in [55].

We will provide several arguments for the existence of this species scale horizon for DO-
brane solutions; our arguments include microstate counting, finite temperature considerations
and the analysis of higher curvature terms using (a 10d version of) the entropy function. On
the other hand, we compute the familiar higher curvature R* terms arising from emergence
by integrating out the SDC tower of BPS particles (which are D0-branes themselves) and
show that it does not suffice to generate the horizon. Hence, the appearance of the species
scale horizon implied by Swampland considerations demands the inclusion of further higher
derivative corrections. Indeed, we show that one indeed gets a finite size species scale horizon
once we include 8-derivative terms involving curvatures and RR 2-form field strength, a
computation which we carry out using a lift to 11d. This also nicely dovetails with the fact
that the species scale is the 11d Planck scale.

We regard this as impressive evidence of the non-trivial power of the species scale proposal,
which provides a rationale for the presence of these extra terms (which are otherwise largely
ignored in the literature), and hence probes deep UV properties of M-theory.

One general aspect in our analysis is that the limited knowledge of higher derivative
corrections implies that the computations can be carried out including only the leading terms.
However, the scales probed, and in particular the species scale, are such that in principle
the whole set of higher derivative terms contribute in comparable amounts (hence, the use
of leading is misleading). The key point however is that the main effect of the correction
is to turn the singular behaviour of the two-derivative approximation into a smoothed out
behaviour controlled by the species scale, and it suffices to truncate the infinite set of
higher derivative terms to a tractable finite subset which captures the essence of this change,
namely the presence of the species scale horizon, with the expectation that the remaining
terms modify only order 1 numerical factors, but not the parametric dependence producing
the species scale. In fact, in specific setups, such as 4d small black holes, this has been
substantiated using scaling and other arguments [56, 57]. We expect this lesson to apply to
other setups as well, including the 10d type ITA DO0-branes. For this case, we do not have
a clear argument why a truncation of the higher derivative terms suffices to capture the
existence and parametric dependence of the stretched horizon. It would be interesting to
argue for this, for instance by looking for general scaling properties of the higher derivative
terms in the type ITA effective action with the dilaton.

The paper is organized as follows. In section 2 we consider small black holes in 4d N = 2.
Section 2.1 reviews the attractor mechanism, including higher curvature corrections, and in
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section 2.2 we study a class of 4d small black holes, the appearance of a species scale horizon
from the higher curvature corrections, and the emergence of the latter from integrating out
an SDC tower of KK gravitons of M-theory on S! (times the CY3). In section 3 we turn
to the case of 10d type ITA DO-branes, regarded as small black holes. In section 3.1 we
carry out a microscopic computation of the entropy of the system of N DO0-branes and of
the appearance of the species scale scaling as N/2. Section 3.2 presents a complementary
discussion of the computation of the entropy from the perspective of the finite temperature
deformation of the DO-brane supergravity solution.

In section 4 we study the appearance of the horizon from higher derivative terms in the
action. In section 4.1 we perform an entropy function analysis of the spacetime solution,
and show that general R* corrections can lead to the appearance of a species scale stretched
horizon matching the microscopic results. In section 4.2 we consider the emergence of certain
supersymmetric R* terms from integrating out the SDC tower in the limit explored by the
solution (which is a DO-brane tower, or equivalently M-theory KK gravitons). In section 4.3
we apply the entropy function to these terms and show they still do not lead to the appearance
of the horizon. Finally, in section 4.4 we show that including terms involving the RR 2-form
field strength one recovers the species scale horizon for the system. We offer some final
thoughts and future prospects in section 5.

2  Warmup example: 4d small black holes

In this section, we illustrate our picture of the diverse appearances of the species scale using
small black holes in 4d N' = 2 EFTs obtained from compactifications of type IIA theory
on a Calabi-Yau threefold. As is well known, there are large classes of BPS black hole
solutions displaying the attractor mechanism [15]: vector multiple moduli vary along the
radial direction, and, in the AdSs x S? near-horizon geometry, attain values which are fixed
in terms of the black hole charges and are independent of the asymptotic value of the moduli
(while hypermultiplets remain fixed all along the flow). Small black holes correspond to
solutions where the attractor mechanism drives the scalars to infinite distance in field space,
leading to a horizon of formally zero size and to a singularity. As has been studied extensively
in the literature (see [57, 58] for reviews), higher curvature corrections generically lead to a
stretched horizon and a finite entropy, matching microscopic computations in many classes
of examples. In section 2.1, we summarize these developments and describe the case of a
specific class of small black hole solutions in full detail.

Our new angle is discussed in section 2.2, where we argue that the Swampland Distance
Conjecture infinite tower of states becoming light in the infinite distance limit corresponding
to small black holes is precisely responsible, via emergence, for the appearance of higher
derivative terms producing the stretched horizon. We thus link the appearance of the species
scale as derived from the SDC tower, as controlling higher derivative corrections, and as
setting the size of the smallest possible black hole in the effective field theory. It is amusing
to see that swampland ideas play such a central role in the almost three decade-long success
story of microstate explanation of black hole entropy.?

3For other approaches to the Distance Conjecture and Black Holes, see [19-21, 28, 30, 59, 60]. For the
interplay of higher curvature corrections and swampland constrains, mainly the Weak Gravity Conjecture [61],
see e.g. [62—64].



2.1 4d N = 2 supergravity, attractors and higher derivative corrections
2.1.1 N = 2 supergravity black holes

Type II string theory on a Calabi-Yau threefold gives 4d A/ = 2 supergravity theories. We
will focus on the physics in vector multiplet moduli space, as hypermultiplets are inert.
Including the graviphoton, there are ny 4+ 1 gauge bosons, labelled by I = 0,...,ny. The
structure of the bosonic Lagrangian is
L= R - 29;0,20"57 + TNy, Fl, F'# 4 ReNy, Fl, & p 2

=R —2g;;0,2°0"7 + IJE + ReNy; “”ﬁ po (2.1)
where the different quantities are defined using special geometry (see [65] for reference). The
scalars are parametrized by a set of projective coordinates X’, and the Kihler potential is

determined by the prepotential F'(X), a holomorphic function of degree 2, as
K =—log i (X'Fy— X"Fy) , with Fy = 0;F . (2.2)

The gauge kinetic functions N7 are also determined by special geometry, but we will skip
its detailed structure.

The microscopic description in type IIA theory is as follows. There are hi; vector
multiplets whose gauge bosons arise from the 10d RR 3-form integrated over 2-cycles wj,
it = 1,...,h11. The Kahler moduli, complexified with the integrals of the NSNS 2-form
over the 2-cycles, give rise to the vector moduli; morally, the affine coordinates Z°. The
corresponding F; = 0;F are asociated to the dual 4-cycles.

The structure of the prepotential in the large volume regime is

1, XX/x*

Fo(X) = =5 Cip—05

where Cjjj, are the integer triple intersection numbers of the Calabi-Yau. Away from the

(2.3)

large volume limit, the prepotential receives corrections from worldsheet instantons. Also,
as discussed later, certain higher derivative corrections can also be encoded in a corrected
prepotential.

The theory contains BPS black holes constructed out of D-branes wrapped on holomorphic
cycles in the CY. There is a vector of electric and magnetic charges I' = (g7, p’). The central
charge is

Z = (gx! - Fp') . (2.4)

Regular black holes have a near-horizon AdSs x S? geometry. The values of the moduli at
the horizon and the entropy are fixed by the attractor equations

SZ(XT, X qr,pn=0, S =xZ(ar,p")n, (2.5)

where the subindex h indicates the value at the horizon. The solution can be expressed as

p' = Re[Ch X}] = Ch X, + thjfé ; (2.6)

qr = Re[CpFy 1] = CpFy 1+ CpFyr,

where we have introduced C = —2iZef/2.



In the type IIA setup, the charges gy and ¢; correspond* to D0O-branes, and D2-branes
on 2-cycles, while the charges p® and p’ correspond to D6-branes on the CY and D4-branes
on 4-cycles.

A celebrated class (given its simple lift to M-theory [66]) is obtained by considering
sets of D4-branes wrapped p; times on the i** 4-cycle and a number qq of DO-branes, for
lgo| > p' > 1. Its attractor behaviour can be easily analyzed in the large volume limit (2.3),
see [30] for a recent application. The attractor values for moduli, and the entropy, are
(we introduce ¢ = —qo)

X0 — -3 %7 X' = —§p’, S =2m 64 Cijup'pip" . (2.7)

The CY volume modulus at the horizon is thus

\ §Ciikp' P’

Note that we need ¢ > p' for a reliable large volume expansion. In section 2.2 we exploit this
class of models to build small black holes and discuss its corrections.

2.1.2 Higher derivative corrections and quantum attractors

The discussion of higher derivative corrections to the attractor mechanism has been studied
extensively in the literature. In particular, there is a class of N' = 2 R?F?9~2 F_term
corrections which are computed by the topological string, and whose effects on black holes can
be included systematically [67-69], see also [58, 70| for reviews. Following these references,
one uses the Weyl superfield W, = F, ; — R:Lry)\ pQU’\”Q + ..., whose lowers component is the
(self-dual piece of the) graviphoton, and defines T = W?2. The F-term corrections can be
encoded in a degree 2 generalized prepotential

F(xt, 1) = i Fy(XhHe. (2.9)
g=0

The lowest term Fp corresponds to the usual prepotential, and higher Fy’s are the genus g
topological string amplitude. In the presence of these corrections, the attractor equations
and the entropy are modified so we have

pI :’L(Xlg _Xig)a qr :’L(FI(Xa T)h _FI(YvTh))’
T, = —64, S =7(|24* + 4Im(YOv F)y ) - (2.10)

The structure of corrections near the large volume limit is

1 XiXixk XY

(2.11)

4One should take into account induced D-brane charges, e.g. a single D4-brane wrapped on a K3 has —1
units of induced DO-brane charge due to Chern-Simons couplings to background curvature.



where the Cjj;, are the triple-intersection numbers of the Calabi-Yau and the d; are given
in terms of the second Chern classes of the Calabi-Yau by

11
- TX ‘ 2.12
d; 5464 662( 6) A\ w; ( )

with w; a basis of H%!(Xg). While these corrections are present for general black holes,
for regular ones they are suppressed with respect to the two-derivative result. However,
they are crucial for small black holes for which the classical piece vanishes, so that the
extra pieces produce a non-zero entropy, namely a stretched horizon. In the following we
consider a particular class of small black holes, and show that the leading correction Fi,
which contain 4-derivative R? corrections, produce a stretched horizon. In section 2.2 we
will show that these corrections precisely follow from the SDC tower and that the horizon
size is controlled by the species scale.

We would like to point out that the results can also be derived in the formalism of
minimization of the entropy function in an AdS; x S? ansatz near horizon geometry [71].
The added terms in the Lagrangian encoded in the corrected prepotential contribute to a
modified entropy function. For small black holes, there is a run away but once the corrections
are included, the entropy function can actually be minimized, signaling the presence of a
horizon. This approach will be exploited in the 10d setup in section 4.1.

2.2 Small black holes, species scale horizons and the SDC tower
2.2.1 An illustrative class of stretched small black holes

We now consider a specific class of models, based on a 2-modulus version of the large volume

expansion (2.3). We take the prepotential

Xl (X2)2
D CHE

where we have chosen Ci92 = 6 for simplicity. This is a simple template that can model

F=— (2.13)

an internal space Xg given by K3xT? (for which extensive studies of small black holes and
stretched horizons have been carried out, see [57] for a review), or K3-fibered CY threefolds.
The affine coordinates Z' = X' /X? and Z2? = X?/X° correspond to the sizes of the T? (or
the base P1 of the K3 fibration) and of the K3 (fiber), respectively.

We can easily build small black holes with a choice of non-zero charges p = p!, ¢ = —qo,
and setting ¢;,p",p?> = 0. The central charge, in terms of ¢; = ImZ?, is

_a+p(te)?
2v/2 (t1)V/2ty

The attractor equations imply that 9 is stabilized at the horizon at

ty = \/g , (2.15)

which is still in the large volume regime if ¢ > p, as we assume in the following. The attractor

(2.14)

mechanism also leads to t; — 0o, so this scalar runs off to infinite distance in moduli space.
Consequently the overall volume in string units at the horizon also diverges:

e ®n X972 = 8V, = 81112 — o0, (2.16)



where the |X2]*2 factor accounts for the choice of projective coordinates on the special Kéhler
manifold such that V is independent of the Kéhler gauge. Using the formulas (2.5), the area
of the horizon and therefore the entropy vanish:

S= lim nZ|—0. (2.17)
t1— o0
=y
We now show that the small black hole acquires a stretched horizon upon the inclusion

of the correction of the kind (2.11). In particular, we focus on the correction dj, so the
prepotential is

X1(x?)? xir
o th 5

where the last two terms correspond to Fi, the genus 1 topological string amplitude. This

F:

(2.18)

corresponds to the class of solutions considered in [30] with p* = 0, i # 1 (see also [57]
for a related class).
The moduli at the horizon and entropy are given by

. v/Pgq 2
7t =i Z*=0 S ~dm/di Ty pq. 2.19
2\/@7 ; 11npq ( )
We see that the horizon no longer explores an infinite distance in moduli space and that the
entropy is non-vanishing. Hence the solution develops a stretched horizon that cloaks up
the singularity. The overall volume at the stretched horizon is modified by the curvature
corrections (see [58] and references therein) and is given by:

B B t) q3/2
Kn| x0 2:8V~q(1h~
e N T v

which is finite, and still in the large volume regime if ¢ > p.

(2.20)

Recall that the above result could have been obtained using the entropy function formalism,
but we skip its explicit discussion. Rather we turn to the discussion of the appearance of
the higher derivative correction from the SDC tower.

2.2.2 The species scale horizon
In a d-dimensional EFT weakly coupled to Einstein gravity, the species scale is given by:
My

Ay~ — (2.21)
N2

where N is the number of species below the species scale and My is the d-dimensional Planck
mass. In EFTs obtained from string theory (or compactifications thereof), the number of light
species changes as one moves along the moduli space. Thus, the species scale is dependent
on the region of moduli-space under consideration. In particular, in infinite distance limits
in moduli space where infinite towers of states are becoming exponentially light [10], the
species scale falls as the number of light species increases drastically. In order to determine
the species scale, we must therefore study what infinite distance limit the (formerly) small
black hole was probing.



Recall that the small black holes described in the previous section probes the infinite
distance limit ¢; — oo, with 2 fixed. Note that in this case, the overall volume modulus (2.16)
V ~ t1(t2)? also goes to infinity at the horizon, where V is the volume of the CY Xg in string
units. At fixed 4d Planck scale Mg = M2V /g2, the large V limit corresponds to a large gs
limit in string variables (a similar conclusion follows from the fact that the 4d dilaton lies
in a hypermultiplet, so it is constant along the attractor flow, hence /g2 remains fixed).
Hence, the limit of our interest correspond to a large g5 regime. There is therefore a tower of
DO0-brane particles becoming light; this also follows from the fact that the central charge for k
DO-branes is given by Zpg = k(t1)~/?(t2) ", which goes to zero in the limit. Actually, there
may be other towers of particles becoming light, but they correspond to branes wrapped on
some internal cycles, so they are suppressed in the regime ¢ > p. The DO-brane particles
thus encode the leading correction. Incidentally, we also note that the infinite distance limit
explored by the singular two-derivative solution is a standard decompactification limit to
M-theory compactified on Xg, rather than an emergent string limit [72, 73]. Indeed, one can
show that the volume of the Calabi-Yau in M-theory units is related to the 4d dilaton and is
therefore constant, signalling that there is no decompactification to 11d M-theory.

The computation of the species scale in this infinite distance limit can be done in different
ways. We choose to focus on the approach of [48], where it was argued that higher derivative
corrections to the EFT could be used as a proxy for determining the species scale. In
this framework, the species scale acts as the energy scale that suppresses higher derivative
corrections to the EFT. This recipe was applied to the case of Calabi-Yau compactifications
of type II string theories to find that the species scales is given by:

My
VF

where once more, I} is the genus 1 topological free energy. Taking (2.19) and F} ~ Z'd; T,

Ay = (2.22)

we see that at the horizon of the stretched black hole, we have:

G~ (AIZ>_2, (2.23)

The radius of the stretched horizon is therefore given exactly by the species scale.

Evaluating the species scale can also be done by counting the number of DO states
that are light in the EFT, in the spirit of [39-43], using (2.21). In the next section we will
bridge these two interpretations of the species scale by showing how the higher derivative
corrections to the EFT Lagrangian originate from integrating out the tower of DO states,
in the spirit of Emergence.

2.2.3 The SDC tower and higher derivative emergence

The SDC implies that the description of infinite distance limits in moduli space require
the inclusion of microscopic physics, in particular an infinite tower of states whose masses
decrease exponentially with the field distance [10]. On the other hand, in the previous section
we have argued that the singular behaviour of the solution is cloaked by a stretched horizon
if suitable higher derivative corrections are included. In this section we show that the two
UV ingredients are related, and in fact the distance conjecture implies the appearance of



higher derivative corrections of the necessary kind to generate the stretched horizon. Hence,
the two explanations are two sides of the same phenomenon and link the different physical
interpretations of the species scale.

The key idea is that the R? terms can be seen as generated by an infinite tower of
4d BPS DO-brane states, namely KK gravitons running on an S' compactification of the
5d theory given by M-theory on Xg. In fact, they correspond to the leading term in the
Gopakumar-Vafa expansion [74, 75] in the large volume limit (where the contribution from
D2-branes is subleading).

Indeed, M-theory on Xg contains 5d BPS states which correspond to 11d gravitons on
the groundstate of the Xg compactification. These are given by the K3 cohomology classes,
giving an overall multiplicity of 24, times a linear dependence on the Kéahler modulus of
Z1'. These 5d BPS states can run with KK momentum in the S! compactification to 4d,
leading to the 4d tower of DO-brane states.’

Hence the problem is just the computation of 1-loop diagram, see [76] for computations in
this spirit (see also [77-82] for related computations in other setups). For later convenience, we
present the general n graviton scattering amplitude in d dimensions in the worldline formalism:

1 d odr pr2+L22
Ad,n:nmm;/dp/o — 71" ( R>. (2.24)

T

Here 7 is the worldline parameter, k is the KK momentum, and R is the S! radius.

We want to obtain the R? corrections to the effective action, which are encoded in two
graviton scattering. For pedagogical reasons, it is easier to start from the 6d perspective
of M-theory on K3xS! and postpone compactifying on the T2. Thus, we particularize to
d =6, n = 2. The above expression corresponds to the contribution of a single K3 ground
state, and diverges in two ways: because of the integral and because of the infinite sum.
Since the sum over momentum modes is infinite, we can perform a Poisson resummation,
so that both are nicely combined. We get

#Aﬁ,z = 7r3/2f(/000 d# #1/2 Zz: eTmRE _ OF ¢ ﬁk, (2.25)
where 7 = 7!, This Poisson summation trades the KK momentum k for the winding number
[ of the worldline along the S!. The only divergence is now in the [ = 0 piece, which has been
isolated as the first terms in the second equality; C' is an unknown coeflicient regularizing the
divergence. Including the K3 ground state multiplicity of 24 and the T? modulus dependence
upon compactification to 4d, we have

ot [ SB)
where K is a 4d kinematical matrix. This is of the form introduced in the prepotential (2.18),
hence it is precisely of the form required to produce a stretched horizon. We note that the

same 4d result (2.26) could have been obtained via a 1-loop computation in the 10d theory

5The DO0-brane tower is actually analogous to that we will consider in the 10d context in section 4.2, as
they are simply related by compactification.
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compactified directly on K3xT?, with the Z! prefactor arising from the momentum integral
over the T?. Hence, the 4d coupling of interest arises from higher derivative emergence.

This nicely illustrates the links among the appearance of the species scale from the SDC
tower, the higher-curvature corrections and the stretching of a small black hole into the SPBH.

We finish with a comment in hindsight. It is a well-known fact that the R? corrections
encoded in the corrected prepotential can be seen to arise from the compactification of
suitable 10d R* terms [83]. For concreteness, focusing on the particularly simple case of
compactification on Xg =K3xT?, we start from the familiar 10d supersymmetric R* terms,
and put two curvature insertions in K3 to get a 6d R? term, with a prefactor of x(K3) = 24;
upon further integration over T? (which provides no background curvature) we obtain the
4d R? term with the Z! prefactor. It is easy to generalize this argument to general CY3
compactifications and obtain the corrections® (2.11) with d; essentially determined by the
second Chern classes of Xg

d; ~coi = RARANw;, (2.27)
X

where w; are the Poincaré dual 2-forms of the basis 2-cycles. In fact, the above is the
simplest way to derive the 4d R? corrections [83] (see [30] for a recent application). The
dimensional reduction just described underlies the fact that the 4d R? terms can be obtained
from integrating out a tower of 5d KK gravitons is related to a similar derivation of 10d R*
terms from 11d M-theory gravitons, as we describe in section 4.2.

3 DO-branes and the species scale horizon

We now turn to the discussion of the system of N DO-branes in 10d type ITA theory. We
will argue for the existence of a stretched horizon controlled by the species scale, and explore
its appearance from higher derivative couplings and their interplay with emergence upon
integrating out the states in the corresponding SDC tower.

We start by describing DO-brane systems as small black holes in the theory. The relevant
part of the string-frame type IIA action is

1 _ 1
S=53 /dlox\/—g {e 20 (R + 40,0" ) — 5|FQy2 , (3.1)
where 2k = (2m)7a/*. The DO-brane solution is

ds? = f(r)7Y2(—dt®) + f(r)?(dz?),
e(#=) = f(r)3/4, (3.2)

7,00
2

r7
5 Actually, there is one further constant correction to the prepotential, proportional to the Euler characteristic

[SIE

fry=1+ ,  with p7 = (4%)% o

x(X¢), arising from integrating R® over the space X, and reabsorbing the resulting correction to the 4d
Einstein term via a change of frame [83]. This will not be relevant for our discussion.
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We will be more interested in the Einstein frame action
Sta = %/dl%\/fg (R — %(0@2 — ;eiﬂFQP) , (3.3)
where, from now on, we use 10d Planck units. The DO-brane solution reads
ds? = F(r) /S (=d?) + ()3 (da?)
(@) = f(r)3/4, (3.4)

7 00
p'gsN F(;)

r7
Although not usually described from this viewpoint, this solution provides an interesting

[SIEN

f(r)y=1+ ., with p’ = (471)% o

analogy with small black holes in lower dimensional theories. It has an S® horizon of zero size
at its core, where a scalar (the dilaton) goes off to infinite distance in moduli space, resulting
in a singularity. The latter is not worrisome, because it simply reflects the presence of a source,
whose microscopic description is beyond the two-derivative supergravity approximation.

On the other hand, swampland arguments would imply that, as we are driven to the core
of the solution, namely near infinite distance limit in the dilaton moduli space, the effective
field theory should include additional degrees of freedom, corresponding to an SDC tower
of states. Inclusion of these in the effective field theory leads to a lowering of the cutoff
scale and hence a minimal size for the system, which would naturally be associated to a
species scale horizon. In the following sections we provide several arguments that such a
horizon exists and is given by the species scale.

3.1 Microscopic derivation of the entropy and of the species scale

The most direct way to argue that the D0-brane system develops a finite size horizon is to
show that it has a large number of microstates, to which one can associate an entropy. This
provides a lower bound on the effective size of the system, by holographic bounds.” In this
section we perform the microscopic computation of the entropy of a system of DO-branes
with total charge N (which is familiar from similar combinatorics problems in string theory),
and also explain the microscopic derivation of the species scale (which is a novel result).
Recall that consistency of the description of 10d type ITA as M-theory on S! requires
that, for each value of k, there is exactly one threshold bound state in the k£ DO-brane system
(corresponding to the 11d graviton with & units of KK momentum) [84]. Hence, for a total
DO-brane charge N, the number of microstates is given by the number of partitions p(N).
The asymptotic behaviour for large N is given by the celebrated Hardy-Ramanujan formula

p(N) ~ 4\/1§N exp (ﬂ\/i\/ﬁ) . (3.5)

The entropy of this thermodynamic ensemble for large charge is thus

S~+N, (3.6)

"Note that in general the Bekenstein-Hawking area law gets corrected when the action includes higher
curvature terms; hence, this relation will be made more precise in section 4.1.
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up to log NV corrections. It is tantalizing to speculate the latter may be related to similar
log corrections to the species scale discussed in [85].

The above expression implies that the corresponding horizon size in a gravitational
description of the system is parametrically larger than the Planck scale, as we will explain in
later sections. In fact, the expectation that it corresponds to the species scale can already be
supported from the viewpoint of microscopic combinatorics, as we show next.

One may have expected that, in order for a charge N black hole to be describable in
an effective field theory, the latter should include at least N species (i.e. different DO-brane
bound states). However, this is not correct and highly overestimates the number of species.
In fact, rephrasing the definition in [48], the number of species Ny should be the minimum
necessary to explain the entropy of black hole entropy. In other words,® if we consider a
theory with the number of species given by k& and want to build a charge N black hole, the
number of ways to do so is given by px(N), the number of partitions of N with each part
not larger than k. This is equivalent to the number of partitions of N into at most k parts.”?
A classic result in [88] gives the asymptotic behaviour

: N) 2 _1ic
im0 ) = — 230w 3.7
1mpuy—s p(N) exp< Ce 2 ) ( )
for
2
k=C'N2logN +2N?, with C = W\/; (3.8)

Summing up, on the one hand the entropy of a black hole made out of N DO branes in a
theory with k species is given by px(N) in (3.7). On the other, we know the entropy of such
a black hole is given by p(N) ~ v/N by microstate counting. We now show that this scaling
can be also recovered if and only if the number of species in the theory is at least of order
V/N. Indeed, equation (3.7) gives an order one number as N — oo (so that both p(N) and
pr(IN) are of the same order) unless © — —oo. Imposing that = should be bounded from
below, (3.8) automatically implies that k& > /N asymptotically, where we are ignoring a
multiplicative log N correction. Hence, the number of species Ny = v/N suffices to explain
the black hole entropy scaling. Equivalently, most microscopic configurations can be built
using blocks of bound states of at most Ny = /N DO-branes.

In fact, we incidentally note that the distribution is dominated by states containing
at least one bound state of ezactly Ny = v/N DO0-branes. Following [89], we introduce the
number p(N, k) as the number of partitions of ezactly k parts (equivalently, partitions with
at least one part ezactly equal to k). One can define a probability measure for the likelihood
of a random microstate containing at least one bound state of £ DO-branes:

N,k N
INg = p]()(N)) : kz::lfN,k =1. (3.9)

8Similar counting problems arise in many other setups, for instance characterizing 1 /2 BPS states with
potentially large R-charges in AdS/CFT, see e.g. [86, 87].

9The equivalence is clear by using the relation of partitions with Young diagrams. A partition of N = [; +
...+l with I[; > l;41 with at most k parts can be depicted as a Young diagram with N boxes arranged in k
rows of lengths /;. By conjugating the diagram, i.e. exchanging the roles of rows and columns, it corresponds
to a partition of N with arbitrary number of parts, but each part being at most k.
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Defining the quantity

X(k)=—=—-=% logn (3.10)

vN C
the probability distribution takes the asymptotic form

% —& Xk %67%)(@71)

fNg~e z° —e (3.11)
The probability was shown in [90] to be maximized at a value
V6 5 1
ko ~ —\FL +— ( (L+1)/2—L%/4) -5, with L=log(V6N/x). (3.12)

This shows that the species scale is exactly given by Ny = v N (and for instance, not smaller),
as we had anticipated.

In the previous description, we simply used the microscopic DO-brane combinatorics, and
the abstract definition of species scale. In an actual spacetime description of the system, it
will be manifest that the DO-brane stack is a small black hole exploring the infinite distance
limit of strong coupling, i.e. decompactification to 11d Mtheory. This will allow for the
interpretation of the species scales as the 11d Planck scale. We thus turn to the description
of the stretched horizon and the species scale from the spacetime perspective.

3.2 Hot DO-branes

In the previous section we have argued that the DO-branes solution develops an species scale-
sized stretched horizon. Naively, a direct approach to confirm the existence of a stretched
horizon would be to solve the equations of motion including all the higher derivative corrections.
However, given the lack of knowledge about the precise form of all such corrections, this
is actually not feasible. In this section, we propose an alternative way to use spacetime
equations of motion to explore the finite entropy of the system, in a universal way insensitive
to the details of such corrections. We can explore the resolution of the singularity by studying
the system at a finite temperature, and determine its properties as a function of NV in the limit
of vanishing temperature. We will find that the entropy goes as N %, in perfect agreement
with the microstate counting of the previous section. This provides further evidence that the
would-be stretched horizon of a stack of DO branes should have an area that scales as Nz.

We take the near-extremal (finite temperature) solution for DO-branes (see e.g. [52]),
with a horizon rg. This comes down to introducing factors of

fo = ( - 5) (3.13)
r7 ’

in the metric (3.4), where rg is tied to the energy density € of the branes above extremality:
ro ~a'tgte. (3.14)

In the limit where e — 0, we recover the extremal (zero temperature) stack of DO branes.
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In the spirit of the gauge/gravity correspondence for general D-branes in [52], we will
carry out the computation of the entropy in the near-horizon limit

r—0, o =0, U=r/d = fixed, géM = (271')_2980/73/2 = fixed. (3.15)

Here ggas is the coupling of the DO-brane worldvolume quantum mechanics. It is useful to
define the dimensionless coupling at some energy scale U

925 ~ JouNU > ~ AU, (3.16)

where \ = gé u NV is the (dimensionful) 't Hooft coupling.
The solution in the limit becomes

ds? U/ VX [ dU?
& e fod? + Y2 [T vl |
o Vidoh U2\ fo
2 7/4 7/2
dy N \U3 N
where .
4480 7
do =240,  Ui=aogbhy e  ao= T (3.18)
The horizon Uy can be expressed in terms of the temperature as:
4 _
T = Zm/AdoU 52 (3.19)

We now move on to the Finstein frame to compute the entropy. The Einstein frame spatial
metric reads [91]:

dU? 2N1/2qL/8
2 —7/8 2 2 : _ s 0
dsy, =cu~"/ <f0 +U dsz) with C' = Wy (3.20)

It is convenient to introduce a new radial variable R, with dimension of length, defined as
U%% = (R?/C). The metric becomes:

256 dR?
2 2 102
- (%)
where Ry has the parametric dependence
T 9/40
Ry ~ (M) N4, (3.22)

So the entropy of the finite temperature black hole in terms of the dimensionless temperature
T/A\/3 is given by

S~ NZx (T/XV3)9/5 (3.23)
Restoring the powers of N hidden in T and A, we get the scaling behaviour
S ~ (U /ggfan)° NV2. (3.24)

In the limit Uy — 0, one recovers the familiar zero entropy result. However, the point that the
above computation shows is that entropy of the system, when cloaked with a fixed horizon
size, scales as NY/2, in agreement with our discussion in section 3.1.
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4 Species scale horizon from emergent higher derivative terms

It is useful to have a more direct intuition, at the level of the geometry, about the appearance
of the species scale horizon for D0-branes uncovered in the previous section. In analogy
with the 4d small black holes in section 2.2, we expect this horizon to show up once higher
derivative corrections are included in the effective theory, which become relevant precisely
at the species scale. Moreover, such new terms are expected to arise from integrating out
the towers of light particles associated to the infinite distance limit of the formerly small
black hole, in the spirit of Emergence.

In this section we work out in detail this picture for the DO-brane system. We first
show that generic 10d R* corrections lead to a finite size horizon. We then consider the
specific R* couplings arising from integrating out a tower of D0O-brane states (i.e. 11d KK
gravitons), which constitute the SDC tower associated to the infinite distance limit probed
by the small black hole solution (decompactification to 11d M-theory). Interestingly we find
that these familiar R* terms do not suffice to generate the finite size horizon for the system
(let alone a species scale one). Turning things around, this suggests that the appearance
of the species scale horizon demanded by the swampland considerations requires a crucial
role of new physics beyond the usually considered R* terms. In fact, we include a specific
set of supersymmetric 8-derivative terms involving the RR field strength 2-form, tractable
via a lift to 11d Mtheory, and show that they do produce the species scale horizon, thus
confirming the swampland expectations.

4.1 Entropy function analysis of general R* terms

It is well established that the existence and properties of stretched horizons for 4d small black
holes in theories with higher-curvature corrections can be studied using the entropy function
formalism [71]. The idea is to use the ansatz for a putative near horizon AdS; solution to
evaluate an entropy function, and to extremize it with respect to its parameters. In this
section we apply a similar logic to the solution of DO-branes in 10d type ITA, and argue that
the introduction of higher curvature corrections leads to a stretched horizon for the system.

Before entering the discussion, let us make a general comment. In this section we
only include general terms involving only the curvature, but no other fields. This is for
tractability, since curvature terms lead to closed expressions which can be analyzed in a
model-independent way, and suffice to illustrate the fairly generic appearance of stretched
horizons. The discussion of other corrections can be carried out for instance if a specific
set of such correction is fixed, as we do in section 4.4 for a set of 8-derivative corrections
including curvature and the RR 2-form field strength.

4.1.1 The DO-brane solution at two-derivative level

We start by recovering the key features of the two-derivative solution of the DO-brane system
from the entropy function formalism [71], as warmup for coming sections. As explained
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above, we introduce an AdSs x S8 ansatz:

1
ds* = v (—7“th2 + 742d7“2> + ved3
Fuze, Foppo =0, (4.1)

€¢2957

where v; and v control the AdS and sphere length scales. For the 2-form field strength
this introduces electric but not magnetic charge at the horizon. Finally, the last equation
sets the value of the string coupling at the horizon.

The entropy function is given (modulo some irrelevant overall factor) by evaluating the
action at the near horizon ansatz (4.1) and applying a Legendre transform with respect
to e, namely

E(N, gevv. fre) = N — [ 0= L], (42)
S

To evaluate this quantity for the ansatz (4.1) we compute

5
v
vV —g= Ulvg \V 9Qs = E \ 9Qs » (43)
2 56 5628

R=-—+ : (4.4)
V1 V2 v
1 5 1 32
|&F—§aﬁwz—ﬁéz—ﬁé. (4.5)

With hindsight, we have introduced new variables v = vy and 8 = vg/v1, to describe the
overall length scale of AdSy x S® and the relative scale separation. The result is

8riy3 (ﬁ2629§’/2 —4(p — 28)1})

g(NagS>v7ﬁve):€N_ 1055

(4.6)

The goal is to extremize this function with respect to gs, v, 8 and e, expressing the
result in terms of the DO-brane charge N. We start with the extremization with respect
to e, which gives

o€ 105N
— =0 - e= — - (4.7)
Oe 1677451)393
Substituting this result, the entropy function reads
105N? 32748 — 28)vt
6(N7gs7v7/8) = 3/2 ( ) (48)
327r4/3v398 1055
We now extremize with respect to v and (3, and get
o 0E 1575N?
—==0 — o=—""0° B=49. (4.9)
ov 85 4096%895/
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Incidentally, the approximately order 1 value of 8 (taking volume factors into account)
is natural from the absence of scale separation in AdS vacua [92]. The resulting entropy
function now reads

N8/T

E(N, gs) ~ 67 (4.10)
9s

We see that there is no well-defined extremum for the parameter g,, it lies at g, — oo.
This simply reflects the fact that the D0-brane solution drives the dilaton to infinity in moduli
space at its core, as observed above from the 10d solution. Indeed, we can recover other
features of the 10d solution from the entropy function, by studying the scaling of different
quantities with gs. For instance, from (4.9) and (4.4), we have that in the g; — oo limit

Vg =V~ — 0, R~ g3 & 0. (4.11)

93/14
Namely, we recover that the horizon volume goes to zero, and the scalar curvature blows
up with exactly the same scalings as would be obtained directly from the D0 solution at its
core. Note that the gs we consider in this section is to be compared to the dilaton near the
core of the DO stack in the solution (3.4). Indeed, g, is the value of the string coupling at
the horizon of the would-be black hole, whilst ¢2° in (3.4) is the string coupling infinitely
far away from the stack of branes.

We therefore recover that the process of extremization of the Wald entropy function of
the near-horizon geometry of a black hole electrically charged under the RR 2-form in 10d
describes the near-core behaviour of a stack of DO branes. The fact that the Wald entropy is
only extremized for a value of the string coupling at the core that is blowing up, with a horizon
that tends to zero size is exactly the behaviour expected from small black holes, as in section 2.
We conclude from this that the Wald entropy formalism constitutes a reliable description of
DO-brane stacks as small black holes. In the next section, we will introduce higher derivative
corrections to the 10d supergravity which will affect the Wald entropy in such a way that the
same exact minimization procedure will lead to a finite sized black hole instead of a small one.

4.1.2 The DO0-brane solution and higher derivative terms

In analogy with the 4d small black hole case, we may expect that the D0-brane solutions can
develop a stretched horizon upon the inclusion of suitable higher derivative corrections. In
10d type ITA the first corrections allowed by supersymmetry arise at 8-derivative level. There
is a vast literature devoted to the computation of these corrections at tree and one-loop level
(see e.g. [76, 93-98]). However, for the present purposes it will be more efficient to assume
the presence of general R* corrections (the example of supersymmetric R* corrections will be
discussed explicitly in section 4.3). Also, as explained earlier, we focus on terms involving
only curvatures, which allows for a tractable model-independent analysis. The inclusion of
terms involving other fields is discussed in section 4.4 for a specific set of supersymmetric
8-derivative terms including the RR 2-form field strength.

We now describe the entropy function computation in the presence of general R* cor-
rections. The corrections can be written as a linear combination of all possible contractions
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between eight inverse metrics and four Riemann tensors with all the indices down. Inspecting
the ansatz in (4.1), we see that each inverse metric gives either a 1/v; or a 1/vy contribution,
while each Riemann gives either a v or a vo. In terms of v and 3, this means that any of these
contributions will take the form $®v—4, with a ranging from —4 to 8. For instance, the a = —4
one corresponds to the case in which all the Riemanns give v; and all the metrics give 1/vg,
while the a = 8 one corresponds to all the Riemanns giving ve and all the metrics giving 1/v;.
Following this reasoning, we can write the R* term evaluated at the horizon as

1/2 p12(B) 1
9s 54 H )

Lpil, = — (4.12)
where p1o denotes a degree 12 polynomial, and the minus sign is there for future convenience.
Note that we already make explicit the dependence on the string coupling, which is fixed to
that of the R* terms arising at first loop in perturbative Type IIA string theory. Motivated
by having g; — oo at the core of the DO solution at the two-derivative level, we are neglecting
the tree level piece. One could worry that even higher loop contributions would dominate
as gs — 00, but they actually vanish. This has been considered previously in the literature
from the Type ITA perspective [76, 99, 100] and, as it will become clearer in section 4.4, it
is required for a consistent uplift to M-theory in this limit.
Including the extra term in (4.12), the entropy function (4.2) reads

4 1/2 4,3
8 i aan 167 v(gs p12(B) +2(8 — 28) 8% )
E(N,gs,v, B, ¢) = eN — oem ferg "o + 10545 '

(4.13)

The extremization with respect to e is insensitive to the new R* term, so the result is
again (4.7). Plugging this result, the entropy function reads

1/2 4 4
105N2 167* (g5’ “p12(B)v + 2(B — 28) 8%
E(N,gs,v,B) = 77+ ( - ) : (4.14)
32m4Bgs’ “v3 1053

In order to display the effect of the higher derivative term in the dilaton, let us now
consider the extremization with respect to gs. We obtain

o€ 105 /3 B°N
=0 s = 2 . 4.15
9gs 7T 16tV 2 () (419)

We see that the new contributions generically stabilize the dilaton. We note that the solution
only exist if p12(By) > 0, where [y is the yet to be determined value for 5 extremizing the
entropy function. The latter is determined by the extremization with respect to v, namely

& 1287'(B — 28)v°
ov 10583

-0 — [=28. (4.16)

Note that we again obtain a value compatible with the absence of scale separation, suggesting
that this property is fairly robust against inclusion of higher derivative corrections.
Finally, the extremization with respect to § gives

o€ 4p1o(28) — 21 pn(28)  [5N
a7 =0 t= > 4.17
0B 505 T T 175616 - 614 2 pro(28)174 | 7 (4.17)
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where p/,(8) is the derivative of the polynomial with respect to S. Hence, the existence
of the solution requires

P12(28) >0,  4p12(28) > 21 p}5(28). (4.18)

We will see the explicit evaluation of such polynomials for a particular R* correction in
section 4.3.

In conclusion, under fairly general circumstances, the presence of higher derivative
corrections suggests the existence of a stretched horizon for 10d D0O-brane solutions. From
the above expressions, the scaling of its properties with N is

S~VN, vi~VN, B=28, g;~N¥* = e~NZ, (4.19)

The entropy of the system scales as v/N, in agreement with the microstate counting in
section 3.1. Notice that this, as well as all the scalings above, rely heavily in the string
coupling dependence made explicit in (4.12) and corresponding to the one-loop contribution
in perturbative Type IIA string theory. The string coupling at the horizon blows up as
N — 00, which is consistent with neglecting the tree level contribution in this regime. In
the next section we will shed some further light on these scalings, since they lead to the
appearance of the species scale.

4.1.3 The species scale and cosmic censorship

The species scale. Here we shortly note that the above horizon scale indeed corresponds
to the species scale of the SDC tower associated to the infinite distance limit probed by the
solution. This infinite distance limit corresponds to a decompactification to 11d M-theory
(consistently with the above mentioned fact that the horizon value of g5 gets strong in the
large N regime). The extra dimension is reconstructed by the SDC tower of D0 branes, whose
species scale corresponds to the 11d Planck scale. Restoring the 10d Planck scale, we have

Ag ~ Myy ~ g5 Y1209 ~ N7V, (4.20)

where we have used the scaling of g, with N in equation (4.19). It is indeed easy to show
that this coincides with the inverse radius of the stretched horizon. Using the scaling of
v with NV in (4.19), we have

7“;1 ~ U_1/2M10 ~ N_1/16M10 . (421)

Let us note that this agreement is easily understood by the fact that the stretched horizon
arises from the competition between the classical and the R* terms in the effective action.
The scale at which these two can compete indeed corresponds to one of the notions of the
species scale [47]. The fact that it matches the species scale associated to the tower of D0Os can
be directly checked in the effective action and, as we explain in section 4.2, can be understood
from the emergence of higher derivative terms coming from integrating out the tower of DOs.
Here we see that these two notions of species scale also coincide with the one of the smallest
BH describable within the EFT, in this case the stretched horizon of the D0 black hole.
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The DO-brane bound state size scale. We have emphasized the appearance of a finite
size for the system from the spacetime viewpoint, via the appearance of a stretched horizon.
However, as any quantum system, the DO-brane system has a characteristic size, in particular
that associated to the size of the D0-brane bound states. This has been studied in particular
in the context of M(atrix) theory. In this context, the outcome of [51, 101-103], is an estimate
of the size of a bound state of N DO-branes scaling as

R> N'Y3M'. (4.22)

This grows with N in a way seemingly stronger'? than the stretched horizon size rj, ~ Ml_l1
discussed above. However, an important observation is that (4.22) is derived in the limit of
gs — 0 with My, fixed, with g5 the coupling in flat space. Hence, for a proper comparison, in
the evaluation of the horizon size ry, ~ ]\71/16]\41_01 ~ gs_l/le/lﬁMﬁl, one should not use
the horizon value g; ~ N3/% in matching Mg, but rather consider g as a free asymptotic
parameter. Thus, in the g5 — 0 and Mj; fixed limit, the horizon size is parametrically larger
than the size of the bound state of gravitons, which are effectively cloaked behind the horizon.

A cosmic censorship interpretation. The above considerations motivate a cosmic
censorship interpretation of our result, which provides a different angle to other uses of
cosmic censorship in the analysis of swampland constraints (see e.g. [104, 105]). The classical
2-derivative solution displays a singularity. In the full theory, the pathological implications
of such singularities must be avoided, either by some desingularization [106], addition of
extra degrees of freedom as in orbifolds, or the appearance of a horizon cloaking it. We
have shown that in our system the latter occurs via the use of higher derivative interactions,
despite the fact that it does not happen in the low-energy two-derivative approximation.
Interestingly, this happens in the realm of the effective field theory, on the verge of its validity.
This is again tied up to the notion of the species scale as that at which the tower of higher
derivative interactions becomes relevant.

4.2 The DO0-brane SDC tower and higher derivative emergence

The infinite distance limit in moduli space explored by the core of the solution is the strong
coupling limit of type IIA theory, which corresponds to the decompactification limit of
11d M-theory on S'. The tower of states predicted by the swampland distance conjecture
corresponds to DO-brane states,!! namely the KK momentum states of 11d graviton multiplets.
The computation is indeed simpler in this 11d picture, and is a higher-dimensional version of
that encountered in section 2.2.3. In fact is a well-established story that this set of states
can lead, at the 1-loop level, to the appearance of higher derivative corrections to the 10d
effective action, which can be interpreted as tree- and one-loop level (in g,) terms of type
ITA theory [76], as we now discuss.

10Note that the stronger growth also holds even if we restrict to the dominant bound state of k ~ N/2
DO-branes, as in section 3.1, which would yield R ~ N/6.

1'We expect readers not to confuse the DO-brane states in the SDC tower with the DO-branes sourcing the
solution in the previous sections.
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The terms we are going to compute are the tgtgR* terms,'? in principle of the kind
included in the analysis in section 4.1.2 (see also section 4.3 for more details on their structure).
They are protected by supersymmetry, so only the 1-loop diagram of BPS 11d graviton KK
modes can contribute. These can be easily computed from a worldline formalism. Using
the general expression (2.24), integrating over continuous momenta, and particularizing for
d =10, n = 4, we get

ﬁ ~ /OO dT _ R72k,2
=—K — i 4.23
A10,4 2R 0 7_2 ; € ) ( )

where the prefactor K contains all the kinematics, and is the linearized approximation to
the tgtg R* term in the effective action. As in the 4d case, the above expression diverges in
two ways: because of the integral and because of the infinite sum. We can perform a Poisson
resummation, so that both are nicely combined and we get

1 - [ _aAR212 -~ ((3) =
mAwA:K/O dwl/?;e i :CK+W5¥K, (4.24)

where 7 = 771

This Poisson summation trades the KK momentum k for the winding
number [ of the worldline along the S'. The only divergence is now in the [ = 0 piece,
which has been isolated as the first terms in the second equality; C is an unknown coefficient
regularizing the divergence.!'3

As anticipated, the quantum corrections coming from the SDC tower lead to a higher
derivative R* correction, in principle of the kind invoked to lead to a stretched horizon.
There remains to perform a detailed evaluation of these terms and their effect in the entropy
function argument, which we postpone to section 4.3.

An important remark is that the R* correction obtained in this way is ambiguous. The
4-graviton scattering is an on-shell quantity that is invariant under local field redefinitions
9ij — 9ij +99ij, which is usually used to get rid of terms involving Ricci tensors (see e.g. [55]).
However, since the AdS, x S® ansatz has a non-vanishing Ricci tensor, doing this is not
innocuous for our purposes. We will thus stick to the full tgtgR* term, including Ricci terms,
as it is the natural kinematic function that appears in this computation a la Emergence.
That this tensor structure gives the full off-shell R* correction to the effective action was also
suggested in [95]. As evidence for this, it was found that the terms containing no more than
one Ricci tensor, which were reliably computed from the vanishing of the worldsheet beta

function, precisely match the ones appearing in the tgtg R* structure.

Higher derivative emergence. When translated to the Type ITA frame, the first and
second terms in (4.24) precisely reproduce the tgtgR* tensor structure of the 1-loop and

12A5 we will explain in section 4.3, the actual 10d type ITA R* terms contain a further piece with an eipe10
structure. This however does not contribute to 4-graviton scattering amplitudes, or conversely is not captured
by our 4-graviton 1-loop amplitude (it would require a 5-point computation). This is analogous to the similar
statements for the odd-odd structure in the R* computation from scattering amplitudes in string theory, see
e.g. [107].

131n [76], it was fixed by T-duality upon further S compactification. In our present context, there is no
way of fixing it without this kind of extra UV information. It would be interesting if performing the sum over
KK modes up to the species scale one could reproduce its precise value, along the lines of [39-43].
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tree-level string perturbation theory contributions, respectively. Therefore, this establishes
that these can be interpreted as coming from integrating out the full tower of DO-particles,
as well as the fast-movers in the massless 10d sector. Let us remark that this result is
very much in the spirit of the Emergence Proposal, albeit for higher derivative terms rather
than just the kinetic terms.

Note also that the above computation integrates out the full tower of states, i.e. not just
up to the species scale as in [39-43]. In fact, interpreting the latter recipe as a regularization
procedure to be applied when integrating out infinite number of states, one could hope to
recover the right value for C; we leave this as an interesting open question. On the other
hand, notice that integrating the full tower is in the spirit of the recent proposals in [42, 43].
It would be interesting to explore these connections further.

4.3 Supersymmetric 10d R* terms are not enough

In this section, we particularize the analysis in section 4.1.2 to the specific R* terms appearing
in the Type IIA effective action (for a concrete choice fixing all the already mentioned
ambiguities concerning these terms). By plugging the AdSsxS® ansatz, we will compute the
polynomial appearing in equation (4.12) and check the conditions in equation (4.18).

We will show that, perhaps surprisingly, these supersymmetric R* terms do not satisfy
the constraints in section 4.1.2 required to generate a finite size horizon. Note that this
does not invalidate the analysis of the entropy function, but rather shows that the appear-
ance of the horizon from pure higher curvature terms demands the use of other possibly
non-supersymmetric terms. Alternatively, one can maintain the problem in the realm of
supersymmetric corrections, and include higher derivative couplings involving the RR 2-form
field strength; these go beyond the analysis in section 4.1.2, and will be discussed in section 4.4.

Hence, we focus on the supersymmetric R* corrections in 10d type IIA theory. Following
the notation in [98], at the eight derivatives level, the type ITA action gets supplemented
by additional terms quartic in the Riemann tensor at both tree level and first loop in the
string coupling gs:

1
Sua = SHA™ + 55 (57 + %), (4.25)

where S%°¢ and S'°P hoth arise at level o/3. In fact, it has been conjectured that these are

the only two contributions to this type of term in string perturbation theory [76, 99, 100].
They can be written as follows in the Einstein frame and in 10d Planck units:

1
Stree = <(23) /leIE\/ —g 6_%¢ (t8t8R4 + 8610610R4) 5 (426)

2 1
Gloop %/dlox —g eéd) <t8t8R4 — 8610510R4> ) (4.27)

where the form of the tgtgR* and ejgeigR* structures can be found in appendix A. Let us
only consider the 1-loop term, which is the leading one as g; — oo.
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Evaluating tgtgR? and %610610R4 on the AdS; x S® near-horizon geometry (4.1),
one obtains:

192 (3% + 5632 + 2520)

tgts Rt = g , (4.28)
1 . 161280 (48 — 1)
gﬂoﬁloR = " . (4.29)
Therefore, the 1-loop term can be put in the form (4.12) if
p12(B) ~ —pB* (3&4 15682 — 33608 + 3360) : (4.30)

where we are ignoring an irrelevant positive-defined prefactor. Now we can check the conditions
in (4.18) for the existence of an extremum of the entropy function. The second one is satisfied,
while the first one is not. This implies that the familiar R* terms used so far do not suffice
to generate the stretched horizon for the DO solution.

This does not invalidate the main claim that the system should develop a species scale
horizon. As explained earlier, we expect other higher derivative couplings to contribute
non-trivially, and the horizon may very well develop when they are ultimately included.
Indeed, we will show in the next section that a simple modification of the above computation
promoted to M-theory allows to include couplings involving the RR 2-form F3, and lead to
a non-trivial species scale stretched horizon for the DO-brane system.

4.4 Including F3: species scale DO-brane horizon from M-theory couplings

In the previous section we showed that 10d supersymmetric R* terms do not generate a
finite size horizon. Hence, the requirement that there should arise species scale horizon,
as demanded by swampland considerations, implies that one should look further. One
possibility is to consider other possibly non-supersymmetric pure higher curvature terms. A
more attractive avenue is to stay in the realm of supersymmetric terms but include higher
derivative couplings involving the RR 2-form field strength F5. These go beyond the analysis
in section 4.1.2, but, once a specific set of couplings is fixed, are amenable to a direct study
again via the entropy function.

In this section we include such terms, completing the analysis at the supersymmetric
eight derivatives level of the effective action. The most efficient way of doing this is by
encoding these terms in the 11d M-theory effective action, since both the 10d metric and
RR 1-form become part of the 11d metric. This is, by encoding the extremal near-horizon
ansatz in the 11d metric and plugging it into the M-theory effective action, supplemented by
R* terms, we can effectively recover the 10d Lagrangian evaluated at the horizon including
both R* and terms involving Fy. Let us remark that we will keep the 10d point of view at all
times to focus in the presence of a stretched horizon for the DO solution. This is, here we
think about the 11d effective action as just an efficient way of encoding the eight derivatives
terms involving F5 and evaluating them at the extremal near-horizon ansatz.

Our analysis is close to that in [55], with the difference that we emphasize the 10d
perspective in the computation. Even though we find analogous results, an important
difference in the analysis is that we keep the full tgtg R* structure, while only purely Riemannian
terms were included in [55]. As already discussed in section 4.2, the Wald entropy analysis
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is sensitive to the terms including the Ricci tensor which, via Emergence, are naturally
encoded in the tgtg R* structure. This is consistent with the results obtained in [95], where
the terms in tgtgR? including one Ricci tensor were unambiguously shown to appear in the
Type ITA effective action.

Following again the notation in [98], and setting the three-form to zero for our purposes,
the M-theory effective action can be written at the eight derivatives level as

11 (47“‘@%1)2/3 foomg 1 4
Sy = /d xr\/ — R+ —213 <t8t8R — ﬂellﬁllR ) . (4.31)

2/@11 )4 33

To simplify the computations, we will take x1; = 1.1 The g and €1 tensors are defined in
complete analogy with the Type ITA case. In fact, after writing these terms as contractions
of four Riemann tensors, the 11d R* term look exactly the same as the 10d one. More details
about these structures can be found in appendix A.

As it is well-known, the circle compactification ansatz from 11 to 10 dimensions is:
52 = e 5%ds? + 3% (dz — C,dz™)? . (4.32)

Plugging this into the effective action recovers the 10d Einstein frame Type ITA effective
action up to the eight-derivative level. Instead of doing this and then taking the extremal
AdSsy x S® near-horizon ansatz, we perform the computation at the level of M-theory. That
is, we first encode the AdSs x S® ansatz into the 11d metric, and then we plug it into the 11d
effective action. This allows us to read off the 10d Lagrangian evaluated at the horizon. For
this last step, we need to take into account the relation between the 11d and 10d determinant
of the metric appearing in the action. This gives the following relation:

EIIA|h = g;l/GEM‘lldansatz . (433)

To encode the extremal AdSy x S® near-horizon geometry in the 11d metric ansatz, we just
plug equation (4.1) into (4.32) to get

1
ds? = —g; Y0y, (ertQ + er2> + g7 00y dO2 + g4 (dz —erdt)? . (4.34)
r

Evaluated on this ansatz, the 11d Ricci scalar reads

5 g1fo B2e2¢3/% — 4u(B — 28)

= 4.
R - , (4.35)

where we introduced new variables v = vy and 8 = v9/v; as we did in section 4.1.1. When
plugged into (4.33), this recovers the two-derivative piece of the Type ITA Lagrangian
evaluated at the horizon (cf. equation (4.6)).

MEven though this might seem to imply that the results will be in 11d Planck units, when mapping to the
type ITA Einstein frame, the 11d Planck scale gets traded for the 10d one. Thus, the final results are actually
in 10d Planck units.
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Similarly, we evaluate the M-theory R? terms in this ansatz, getting

~op 1 Hd 395/ 8 7 6 9 2
(tgtg - 611611) R <287B (& gS 13926 /
24 408
+32 (83,62 + 308) Bretgdv?

(4.36)
— 768 (36° + 288 — 280) f2e*gY/v?

+ 256 (3ﬂ4 + 5662 — 33608 + 3360) v4> .

As a check, we can recover the Type IIA R?* result from the previous section by setting e = 0

and plugging (4.36) into (4.33) (cf. equation (4.28) with the g;/Q factor appearing in (4.12)).
Putting these two results together in the 11d Lagrangian, using equation (4.33) and

plugging the result into the definition of the entropy function in (4.2), we finally obtain:

83 <5262g§/2 —4(,3—28)1})

g(Nngavvﬂye):eN_

1055
T\2/3 g” 8 8 6 7.6 9/2 2 1,43,
(= 7% (987 —1392 32 (83 308
(2) 25804801;35( press Ble'g, v +52(834°+308) Flegw

— 768 (35°+283—280) B%e? g%/ 2v* +256 (38 +56 3> — 33605+3360) v )
(4.37)

Here we have already performed the integral in equation (4.2), taking into account the
determinant of the metric evaluated in the ansatz as given in (4.3).

The entropy function turns out to be rather involved, and we cannot extremize it
analytically. Doing so numerically would require fixing N to a set of different values,
extremizing the entropy function for each of these and then fitting the dependence on N of
the various quantities (gs, v, ...). Instead of doing so, let us perform a change of variables
inspired by the scalings found in section 4.1.2. We define

gs=gs N¥*,  w=aNY  g=f  e=&N' (4.38)
Introducing this into the entropy function, we get

5 (2252 —4(5—28)7)

8(N7g876757é):m[é

10543
T\ 2/3 §;/2 8= 37 56~9/2 2 4545372
_<§> W(zsw ¢°g0~ 1392376050/ 5+ 32 (83524 308 ) fe

768 (3B3+286—280) 3262531253 + 256 (364+5652 33605+3360) 4)]
(4.39)

This change of variables does the important job of factoring out all the N-dependence in the
entropy function, which is very non-trivial since all the terms had to conspire to give the
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same overall v/N factor. Thanks to this, we can now focus on the terms in parenthesis and
look for its N-independent extrema numerically. If an extremum exist, then we see that the
scalings we found in section 4.1.2 are automatically guaranteed. Furthermore, given that
the overall factor in front of the entropy function is v/N, the scaling of the entropy from
the microscopic counting in section 3.1 is also automatically guaranteed.

Finally, we look for extrema of the terms in parenthesis in the previous equation or,
equivalently, of £(1, §s, 0, 3, €). This cannot be done analytically, so we perform a numerical
search. The result is the following extremum:

Js =~ 2.90365 , ¥ =~ 0.159653 ,  ~ 14.0556, €~ 0.0479134. (4.40)
For these values, one can check that the derivatives of the entropy function are 14 orders
of magnitude smaller than the value of function itself. This indicates that, to a very good
approximation, this is an extremum of the entropy function. To make this extremum more
apparent, we can fix one of the variables to its value at the extremum and display the
three-dimensional gradient flow. This is shown in figure 1, where we can see the presence of a
non-trivial extremum. As it can be checked also by direct computation, we also see that the
extremum is in fact a saddle point. This fact is not relevant for the Wald entropy formalism,
that only requires the presence of an extremum. It would be interesting to understand
the thermodynamical stability of this stretched horizon, somewhat along the lines of [55].
However, this analysis presumably requires a systematic inclusion of even higher derivative
terms to achieve control of order one factors.

In conclusion, we found that the Type ITA action including all terms up to the eight
derivative level captures the presence of the species scale stretched horizon for the DO solution.
In addition, the entropy associated to the horizon nicely fits the microscopic counting and
the near-horizon AdS,xS? is not scale separated. This gives support to the idea that, even
though a proper geometric treatment of a stretched horizon requires the inclusion of all the
infinite amount of higher derivative operators, the classical level and the (complete) first
non-trivial higher derivative level seem to suffice for capturing its presence and its scaling
properties with the species scale.

As in the case of 10d R?*, the new set of higher derivative terms can be understood as
arising from integrating out the SDC tower of DO-branes, in the spirit of Emergence. Indeed,
since all these couplings are related by 11d Poincaré invariance, the computation of the
4-point amplitude is essentially unchanged. From the 10d perspective, the difference is that
instead of computing 4-graviton scattering one should consider processes involving the RR
1-form field. Their worldline vertex operators are directly related [108], hence the structure of
the 1-loop integral is essentially unchanged, and the changes only involve the kinematic tensor
structure. This computation is directly not available in the literature, but it can be regarded
as a 10d decomposition of the computation of the 11d R* correction from the 4-point 1-loop
superparticle amplitude in [109]. This suffices to show the emergence from the SDC tower of
the required higher derivative terms beyond the purely gravitational sector.

5 Conclusions

In this work we have clarified the links among the different avatars of the species scale in
the swampland program: (i) as cutoff of the effective theory specially in the presence of the
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Figure 1. Gradient flows of the entropy function with one of the variables fixed. Lighter/yellow
colors denotes bigger values for the gradient, while darker /blue colors denote smaller ones.

infinite SDC tower of light particles near infinite distance points in moduli space, (ii) the
scale at which terms in the infinite series of higher derivative corrections in the gravitational

sector start competing with the two-derivative level, (iii) as the size of the smallest black
hole which admits a description within the EFT.

Our analysis uses small black holes, whose cores probe infinite distance limits in field
space, at which we can characterize the SDC tower of states leading to the species scale
in avatar (i). Upon integrating out the tower of states, the theory generates a series of
higher-dimensional operators, naturally leading to avatar (ii) of the species scale. Finally,
including these corrections in the black hole solution triggers the appearance of a stretched
horizon of a size given by the species scale in avatar (iii).!?

151t is worth noticing that we consider BPS small black holes, and that the quantum gravity effects we are

taking into account come in the form of supersymmetry protected higher derivative corrections. It would be
interesting to see how our results might extend to cases with less supersymmetry.
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We have provided quantitative examples of this phenomenon, both in a class of 4d small
black holes, and in the fascinating case of 10d type IIA D0-branes. The latter case turned out
to be highly non-trivial, as the appearance of the species scale horizon required understanding
of 10d 8-derivative terms involving not only the curvature but also the RR 2-form field
strength. The nice packaging of those terms into an 11d R* correction is a tantalizing hint
that the species scale can serve as a powerful probe of the UV physics of M-theory.

The 10d DO-brane example displays an interesting feature: the objects making up the
small black hole are precisely of the same kind as those in the SDC tower for the corresponding
infinite distance limit. This feature arises in the microscopic explanation of the entropy for
other black holes in string theory; but the remarkable fact about the D0O-brane case is that
the higher derivative terms coming from integrating out the tower of DO-branes are crucial
to generate a geometric horizon for the DO-brane black hole itself!

This motivates us to entertain the following picture. According to the most radical
interpretation of the Emergence Proposal [35-38], not only these higher derivative terms
but the very dynamics of gravity would emerge from integrating out the towers of states.
In this spirit, the emergence of species scale stretched horizons studied in this work would
potentially apply to any black hole horizon. This suggests a possible general picture for
the emergence of horizons in quantum gravity: in the UV, the natural quantum system to
consider would be that formed by the states in the tower, with no dynamical gravity. When
going down to the IR, the species in the tower are integrated out. It is reasonable to expect
that this effective description cannot describe the previous physical system in full detail, but
it should be able to codify its coarse-grained properties, i.e., its macrostate. How is this
made possible? In the IR, gravity emerges and the system would be replaced by a black
hole that precisely reproduces this macrostate. In this sense, the emergence of a horizon
would be somehow required for the effective description to be able to keep the macroscopic
information about the formerly considered physical system.

It is also tantalizing to speculate that the entropy of the black hole is nothing but a
reflection of the entanglement entropy of the species after their degrees of freedom are traced
out. This goes in the spirit of ER=EPR [110], the N-portrait picture [111], or of the literature
on thermal M(atrix) theory black holes, see e.g. [112-118] (also [119, 120] for more recent
developments). On a related note, it would be interesting to understand if and how this
system made out of species could radiate and reproduce the evaporation of the black hole,
perhaps along the lines of [31].

Back to more earthly matters, our work suggest several interesting questions for further
research, for instance:

e We have focused on the interpretations of the species scale in asymptotic regions of
moduli space, which are those naturally explored by small black holes. It would be
interesting to extend our concept of unification of the three notions of species scale
and gain a similar understanding in the interior of moduli space, connecting with the
proposal in [30, 47, 48, 121], perhaps using large black hole probes as in [28].

¢ FEven in asymptotic regimes, there is a strong ongoing activity in understanding the
precise treatment of the species scale in the process of integrating out the SDC tower of
states, with different proposals [39-43]. We hope the appearance of such computations
in our setup can serve to clarify the proper physical procedures.
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e The non-trivial constraints on higher derivative corrections for the appearance of
stretched horizons are reminiscent of similar conditions derived from positivity con-
straints in the swampland program or in the S-matrix bootstrap, see e.g. [62, 122-124].
It would be interesting to explore this possible connections further.

e The AdS, x S® ansatz in the entropy function analysis suggests, via holography, the
possible appearance of IR superconformal behaviour in the worldvolume theory on
the DO-brane, once the equivalent to the higher derivative corrections are taken into
account. It would be interesting to find further quantitative evidence for this proposal
from the field theory side.

o It would be interesting to see whether some of our results extend to lower codimension
cases. Higher-dimensional objects that probe infinite distance in field space and are
singular in the EFT (such as the End-of-the-World branes of [20, 24, 26, 125-128]16)
could, in the same way as the small black holes, be shown to develop a species scale

sized horizon using a modified version of the entropy function formalism.

¢ In some instances, higher derivative corrections have been shown to create new singu-
larities on the horizon of large black holes [139]. This is to be put in contrast with
our work, where curvature corrections instead smooth out singularities. It would be
interesting to better understand the mechanisms that make it such that curvature
corrections can seemingly both create and smooth out singularities in the EFT.

e There are interesting recent development regarding the possibility of log corrections
to the species scale [41, 48, 85]. In this respect, it is tantalizing that our microscopic
considerations in section 3.1 lead to such corrections. It would be interesting to exploit
our techniques to shed some light on this question.

We hope to come back to these questions in the near future.
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A Tensor structure of R* corrections

In this appendix we recall the form of the tgtg R* and ejgeigR?* terms arising in 10d type ITA
theory (and closely related to those in 11d M-theory). We follow closely the notation in [36].
Let us start with the tgtgR* structure, which denotes

Ay--Ag, By B
t8t8R4 =13 ! 8t8 v RA1A23132 T RA7ASB7Bs ) (A'1>

For the related topic of solutions in theories with dynamical tadpoles, see [129-132] for early work
and [133-138] for related recent developments.
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where the tg tensor can be written in terms of the metric as!'”

tSAI"‘AS — é {_ 2 (gA1A3gA2A4gA5A7gA6A8 +gA1ASgA2AGgA3A7gA4A8 +gA1A7gA2AsgA3A5gA4A6)

+8 (gA2AsgA4A5gA6A7gA8A1 +gA2A5gA6AggA4A7gA8A1 +gA2AsgA6A7gA3AggA4A1)

— (A1 ¢ Ag)— (A3 > Ag) — (45 & Ag) — (A7 & Ag)|. (A.2)

After contracting all the metrics in tg with the Riemman tensors in (A.1), the tgtgR*

structure can be written as:
2
4 A1A3A3A
tetsRY =12 (RSN, 4y,
As  Ag pA1AsA3Ay A7 Asg
+ 192 RA1 As R RA2 Ay Ry ;54
A5 A1A2A3A4 A6A7A8
—192 Ry 4 4, "R Ry, R 56474 (A.3)
A5A6 A1A2A3A4 A7A8
+24 RA1 As R RA3A4 RA5A6A7A8
A5 A@ A1A2A3A4 A? AS
+ 384 RAl As R RA2 Ag RA4ASA5A7
A5A6 A1A2A3A4 A7A8
— 96 RA1A2 R RA3A5 RA4A6A7A8 :

Similarly, ejpeigR?* structure denotes

10214 ... pBrBs

B1B:
® €10 C1C2B;---Bg R 2A1A2
.54

4
ero€10l” =

Az Ag
= —2.81§M (A4)

B1 By B7Bs
R A1Ay T R A7Ag >

[B1 Bs]

where, in the last line, we have used the usual identity for contracting Levi-Civita tensors
(cf. equation (A.1) in [36]). Contracting all the Kronecker delta functions with the Riemann
tensors in (A.4), the ejpeioR? structure can be written as:

1
- R'=
8610610

2
—12 (RA1A2A3A4RA1A2A3A4)

199 RAlA5A3A6RA1A2A3A4RA2A7A4A8RA5A7A6A8

H192 Ry 4, 4, S RIA2AsAR ) ASATASR )

—24 RAIA2A5A6RAlA2A3A4RA3A4A7A8RA5A6A7A8

+38A R, Ao RN A AR AT AR sacas

1384 RAlA5A3AGRA1A2A3A4RA2A7A5ASRA4A7A6A8 _ 768 RA1A2RAlA3A2A4RA3A5A6A7RA4A5A6A7
+384 RAlA2RAlA3A4A5RA2A3A6A7RA4A5A6A7+96 RA1A2RA1A2 RA3A4A5A6RA3A4A5AG

—1536 RA1A2 RA1A3A4A5 RA2A6A4A7RA3A7A5A6 +768 RA1A2 RA3A4 RA1A5A2A6 RA3A5A4A6

_ 768 RA1A3RAlAzRA2A4A5AsRA3A4A5A6 _39 RRA1A2A5A5RA1A2A3A4RA3A4A5A6

1198 RRAIA5A3A6RA1A2A3A4RA2A6A4A5 _768 RA1A2RA3A4RA1A5A3A6RA2A5A4A6

~384 RUARRMAR, y ANOR Y 4 a,a, 1536 Ry MR RAAR 4 4y,

+384 R R4 42 'RAlA?’AALA5 RA2A3A4A5 —24R? ]%A1A2A3A4]%AlAQAsA4
2
“BSARRVARNNR oy, —192 (R 0, RYA) 4384 R, N RV R, MR,
—256 RR, “*RY*R, , +96 R? R, 4, R —4R". (A.5)

"Notice the change of prefactor with respect to equation (B.3) of [36], so that, after expressing this structure
as contractions of four Riemann tensors, the result matches that in [95].
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Evaluating on Mathematica each of the contractions in (A.3) and (A.5) on the AdSs x S®
ansatz in (4.1), adding them up, and substituting v = ve and § = ve/v1, we get to the
result reported in equation (4.28).

As we used in section 4.4, both the fgfg]%‘l and the ienenﬁ‘l structures appearing
in the M-theory effective action in equation (4.31) look exactly the same as the terms we
just discussed. This is, once written in terms of contractions of 11d Riemman tensors, they
precisely reduce to the ones in (A.3) and (A.5). Evaluating these contractions on the 11d
metric ansatz in (4.34) with Mathematica, we recover the result in (4.36).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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