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ABSTRACT: Freudenthal duality is, as of now, the unique non-linear map on electric-
magnetic (e.m.) charges which is a symmetry of the Bekenstein-Hawking entropy of
extremal black holes, displaying the Attractor Mechanism (possibly, up to some flat di-
rections) in Maxwell-Einstein-scalar theories in four space-time dimensions and with non-
trivial symplectic e.m. duality. In this paper, we put forward an effective approach to a
consistent generalization of Freudenthal duality to near-extremal black holes, whose en-
tropy is obtained within a Jackiw-Teitelboim gravity upon dimensional reduction. We
name such a generalization near-extremal Freudenthal duality. Upon such a duality, two
near-extremal black holes with two different (and both small) temperatures have the same
entropy when their e.m. charges are related by a Freudenthal transformation. By exploit-
ing Descartes’ rule of signs as well as Sturm’s Theorem, we show that our formulation of
the near-extremal Freudenthal duality is analytical and unique.
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1 Introduction

Extremal black holes are objects of great interest to the string theorists, though they
concern a pretty ideal situation, as they lack temperature 7. In the recent past, near-
extremal black holes have also been objects of intense study. A near-extremal black hole
is a black hole which is not far from saturating the extremality bound, namely which is
not far from having the minimal possible mass that can be compatible with the charges,
and possible angular momentum (or momenta), of the black hole itself. In supersymmetric
theories, near-extremal black holes are often small perturbations of supersymmetric (BPS)
black holes; as such, near-extremal black holes have small Hawking temperatures and
consequently emit small amounts of Hawking radiation.

Jackiw-Teitelboim (JT) gravity, introduced in the 80’s [1, 2], has recently been ex-
ploited in order to study higher-dimensional near-extremal black holes within the two-
dimensional dilaton gravity theory obtained upon dimensional reduction [3, 4]. In this
framework, it has been shown that as an AdSs factor emerges within the near-horizon
geometry of a near-extremal black hole, its dynamics can be effectively described by a
two-dimensional dilaton gravity, obtained by dimensional reduction. This results in to
a dramatic simplification, opening up new directions within the study of near-extremal



black holes. For instance, in recent years, a broad variety of near-extremal black holes has
been studied through JT gravity in great detail, ranging from charged to rotational black
holes [5, 6], for non-relativistic theories [7] as well as for higher-derivative gravity [8].

A natural question arising in this context is whether the properties of extremal black
holes still persist, and, if and how they get changed or deformed when one (slightly) departs
from extremality by considering near-extremal black holes. In this paper, we will focus on
the Freudenthal duality [9, 10], by investigating whether one can make sense at all of such
a property of extremal black holes in Maxwell-Einstein (super)gravity theories in four-
space time dimensions when considering near-extremal black holes. Freudenthal duality is
an intrinsically non-linear symmetry of the Bekenstein-Hawking entropy of extremal black
holes, which, in the case of asymptotically flat and static solutions is also an anti-involutive
map in the space of electric and magnetic charges of the black holes themselves [9-11] (cf.
discussion in section 2.3). Within its anti-involutive formulation, Freudenthal duality has
been extended to act also on the fluxes supporting flux compactification of string theory,
giving rise to gauged supergravity theories in four dimensions [12]; further investigations
have been made e.g. in [13-18]. Under Freudenthal duality, dyonic charges and fluxes
(i.e., gauging parameters) undergo non-linear transformations, which therefore cannot be
regarded as electric-magnetic duality (U-duality) transformations, because the latter is
linearly realized in the framework under consideration [19-21]. Remarkably, in extremal
black holes also the attractor points, describing the attractor configurations of scalar fields
at the (unique) event horizon of the black hole, are invariant under Freudenthal duality [10].

In [22], an attempt has first been made in order to establish how Freudenthal duality
acts on near-extremal black holes: the outcome of such an investigation resulted in the
statement that two near-extremal black holes cannot be Freudenthal dual (i.e., cannot
have the same entropy and temperature, with electric-magnetic (e.m.) charges related
by a Freudenthal duality transformation) if their e.m. charges are not related via the
Freudenthal duality transformation defined by the corresponding extremal entropy (i.e., by
the entropy pertaining to the uniquely defined extremal limit limy_,o+ of the T-dependent
near-extremal entropy); actually, this breakdown is expected, as the near-extremal entropy
is no more a homogeneous function of degree two of the charges [20, 21].

In the present paper, we will show how to circumvent such an obstruction, and thus
how to consistently formulate a Freudenthal duality for the entropy of near-extremal black
holes; we anticipate that the price to pay for it is a (remarkably, non-linear and uniquely
defined) transformation of the temperature T itself.

The plan of the paper is as follows: in section 2 we review some topics of the framework
in which we will derive our results, such as N’ = 2, D = 4 ungauged supergravity (or, more
in general, Maxwell-Einstein theories coupled to a non-linear sigma model of scalar fields
in absence of a potential) in section 2.1 and the approach to the entropy of near-extremal
black holes based on Jackiw-Teitelboim gravity in section 2.2. We will also comment on
the invariance of extremal entropy under Freudenthal duality and on the non-invariance of
near-extremal entropy under a naive notion of Freudenthal duality in presence of a non-
vanishing temperature, respectively in sections 2.3 and 2.4. Then, in section 3 we present
near-extremal Freudenthal duality, which is the consistent generalization of the intrinsically



non-linear Freudenthal duality map (originally introduced for extremal black holes) to the
class of near-extremal black hole solutions of Einstein-Maxwell equations of motion. In
particular, the introduction of a non-linear transformation of the temperature is discussed
in section 3.1, whereas its uniqueness and identification with a specific solution of a quartic
algebraic equation are discussed in sections 3.2 and 3.3, respectively. In section 4 we briefly
present an application of our results to the STU model. Concluding remarks and hints for
further developments are given in the final section 5. Two appendices conclude the paper,
dedicated to the statement of the technical results which we will exploit in order to derive
our results: namely, Descartes’ rule of signs (in appendix A) and Sturm’s Theorem (in
appendix B).

2 Freudenthal duality in /' = 2, D = 4 ungauged supergravity

2.1 A few basics

Here we will briefly review the observation made by two of the present authors in [22],
which dealt with the Freudenthal duality of a near-extremal black hole in type ITA, N = 2,
D = 4 ungauged supergravity, by exploiting the JT gravity theory. The bosonic part of the
corresponding ungauged supergravity action coupled with an arbitrary number of vector
multiplets can be written as

P / d4:m/—G< - g + hy 50,200, T G (2.1)
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with G4 standing for the four-dimensional Newton’s constant, and G, R and G respec-
tively denoting the space-time metric, the Ricci scalar and the determinant of the metric.
On the other hand, h_; denotes the moduli space metric for the n complex scalars z®.
The action (2.1) also includes n + 1 1-form Maxwell potentials A//}, A=0,1,...,n, whose
corresponding 2-form field strengths are denoted as F».

The action (2.1) can be conceived as the purely bosonic sector of a Maxwell-Einstein
supergravity theory arising as the large-volume, low-energy limit of type 11 A string theory
compactified on some Calabi-Yau threefold M. For this theory, the prepotential F' and
the Kéhler potential K read as
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where X = 22X". The Kéhler potential K yields the moduli space metric h,p = 0a0p K,

where the partial derivatives are taken with respect to the complex moduli fields. The

gauge coupling constants in (2.1) can be considered to be given by the real and imaginary

part of a complex symmetric matrix My, as g = ImN and v = —ReN with
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Defining the 2-forms oy to be the basis of the second integral cohomology group H?(M,Z),
the triple intersection numbers D,p. of M are defined as

1
Dpe = f/ Qg N\ ap N Q. (2.4)
6 Jm

Nota bene. While we refer to type ITA, N = 2, D = 4 ungauged supergravity for a
concrete framework, all results obtained in this paper actually hold irrespective of (local)
supersymmetry, namely they actually, hold for any Maxwell-Einstein theory in D = 4
space-time dimensions with an action given by (2.1). This is a remarkable fact, which was
proved within the general treatment firstly given in [10], and then developed and detailed
in subsequent works, such as [11, 19, 20] and [21].

2.2 Jackiw-Teitelboim gravity and near-extremal entropy

Before discussing the application of Freudenthal duality to near-extremal black hole, here
we will briefly summarize the procedure to derive the near-extremal black hole entropy;
further details and comments can be found in [22, 23]. A crucial property is the fact that
the near-horizon geometry of an asymptotically flat, static, spherically symmetric, dyonic
extremal black hole factorises as AdS, ® S?, with both factors having the same radius; this
results in the so-called Bertotti-Robinson geometry [24, 25]. We will consider the simple
case, in which the near-extremal black hole inherits the spherical symmetry and the staticity
from its extremal counterpart/limit. In this scenario, one can split the computation of the
near-extremal black hole entropy into four steps, briefly listed below [22, 23].

I Dimensional reduction. The first step is to start with a dimensional reduction, by
considering a spherically symmetric Ansatz! for the four-dimensional, asymptotically
flat black hole metric G, as

ds* = G datds” = Gagdz®da® + ®2d03; p,v €1(0,3], o,f€[0,1].  (2.5)

Furthermore, we denote the electric and magnetic charges of the black hole by Q4 and
P respectively, and by spherical symmetry we find that ‘7:9A¢> = PAsinf. Within this
set of assumptions, a straightforward dimensional reduction would generally contain
derivatives of ®, which can be regarded as an additional scalar field (dilaton). As we
are aiming at getting a JT-like action, the derivatives of ® need to be removed. In
order to achieve this, one can perform a Weyl-rescaling of the metric, as follows

o

Gou3- 2.6
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"We refer e.g. to [23] for a more general Ansatz allowing for a stationary rotation, with non-zero angular
momentum.
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Therefore, the dimensionally reduced and Weyl-rescaled version of (2.1) turns out to
be [22]
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where g is the determinant of the two-dimensional metric (2.6), and in the last term,
we have also included the dimensionally reduced Gibbons-Hawking-York (GHY)
boundary term, with & being the extrinsic curvature of the induced boundary metric
after dimensional reduction. The two dimensional Levi-Civita symbol €*? is taken
such that € = 1.

Deriving the effective dilaton action. Next, we will further introduce some
simplifying assumptions, namely focusing on double-extremal solutions, in which the
moduli fields are constant in space-time. Consequently, the equations of motion for
moduli fields get trivially satisfied, and one is only left with the equations of motion
for the dilaton ®, the metric g, (2.6) and the gauge fields AN To get a JT-like
gravity action, one then has to integrate out the gauge fields from the equations by
inserting the gauge field solutions (along with the proper scaling, due to the Weyl
transformation (2.6), as discussed in [22]. By doing so, the equations of motion for
® and g,p boil down to

) Gy
‘PR(Q)—*O—G (X+2qup p >=0;
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Crucially, the same equations of motion (2.8) can be obtained as Euler-Lagrange
equations from the effective, two-dimensional action

1 P2R P 20 G
&= ‘*/d%“jg [‘2 T (v ;“AEPAPEH

+36, / dtv/—h®%k, (2.10)
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which can simply be conceived as a two-dimensional dilatonic gravity theory,

/d2 — [—R—U(

with the “effective dilaton potential” defined as

2G4/dtfq>2 (2.11)
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Extremal black hole entropy from the effective action. Following [22, 23],
the most general static solution for the dilatonic gravity theory (2.11)—(2.12) can be
written as
d=r, (2.13)
thus yielding that
P dr
ds*> = — )dt* + 2.14
) s
C  20(u,v,PQ)
fr) = 1 g+ =, (2.15)
Gy
O(u, 1, P,Q) =: < (1, v, P,Q) +2qupAp2>, (2.16)

where © is nothing but (one half of) the “black hole effective potential” [26]. Fur-
thermore, C is an integration constant, which needs to be fixed from the boundary
conditions. As mentioned above, the whole space-time metric G, is well approxi-
mated by the AdS,®S? Bertotti-Robinson geometry in the near-horizon (NH) region,
in which r —rg < rg, with ro denoting the radius of the (unique) event horizon of the
extremal black hole. Both for extremal and near-extremal black holes, the far-horizon
(FH) region still remains well approximated by the extremal metric of the form

dr 2
fru(r)

On the other hand, as from the above discussion, in the NH region the metric of the

ds%y = —fru(r) dt* + + 2 dQ3. (2.17)

extremal black hole reads as

_ 2 L2
gs2 = 1210 o dr? + r2d92,
L3 (r —ro)? o

with Lo = rg. (218)

One can similarly take the NH limit of the metric (2.13)—(2.16), whose comparison
with (2.18) allows one to fix

C=-2rp, and @ =ry. (2.19)

Since we are considering an asymptotically flat, four-dimensional space-time, without
any loss of generality we can set Ly = ®¢ = rg, with Lo being the AdSs radius. At the



(unique) event horizon r = r( of the extremal black hole, the equations of motion (2.8)

imply that
2

(}Tga
where ©* (P, Q) := O(ug (P; Q) ,vy (P,Q), P,Q), where uy and vy are the purely
P, Q-dependent matrices p and v at? r = ro. In the NH region, the actual values

ry =20"(P,Q), R=- (2.20)

of the dilaton and the metric can be thought of as small perturbations around the
background solution. Interestingly, the extremal black hole entropy can be recovered
from these background solutions, whereas perturbations to the above scenario give
rise to near-extremal corrections. In the conformal gauge, the background solution
can be written as

ds® = e*0(—dt* + dp?), €*° = p—g, (2.21)
from which one can calculate that
Pw  Ow 1
R= 2|22 2= d k=— 2.22
‘ (W atQ), md k=L (2.22)

obtained after switching to the Euclidean time 7 := ¢t. In fact, the Euclidean setup
simplifies the calculation very much, eventually yielding the extremal entropy to be

given by
2 *
o 27|0* (P, Q)|
Sy = —9 = 201 VR 2.23
T Gy G (2:23)
Following [22], one can show that the result (2.23) is the same as the one obtained
some decades ago by Shmakova after incorporating the attractor values of the double-

extremal STU model [30].

IV The near-extremal black hole entropy. Remarkably, in the scenario under con-
sideration, a mear-extremal black hole can be obtained simply by “perturbating” an
extremal black hole [22, 23]. Therefore, to calculate the near-extremal black hole
entropy we will now switch some perturbations on the dilaton and the metric back-
ground solutions, denoted by ¢ and €2, respectively,

O =ro(1+¢), w=wy+ Q. (2.24)

As retrieved at point III above, the leading order part of the action, along with
the leading order GHY term, gives rise to the extremal black hole entropy. On the

2As it is well known, at r = 7o the attractor mechanism [26—29] takes place, fixing the horizon values
of the complex moduli in terms of the e.m. charges only: 2% = % (P, Q), assuming no flat directions (for
instance, we have in mind BPS extremal black holes in ' = 2 supergravity). Thus, the matrices u = u(x, )
and v = v(z,T) at r = 7o become purely dependent on the e.m. charges: up = u(zg (P,Q),zua (P,Q)) =
v (P,Q) and vy = v(zy (P,Q),Zu (P,Q)) = vu (P,Q). Rigorously speaking, it should be noted that
for an ungauged Einstein-Maxwell-scalar theory with non-trivial e.m. duality and non-homogeneous scalar
manifold, the holding of the Attractor Mechanism at the horizon of the class of extremal black holes under
consideration should indeed be assumed, and not necessarily understood. As mentioned above, in this
manuscript, we had in mind extremal black hole solutions exhibiting attractor mechanism and displaying
no flat directions, such as N = 2 (1/2-)BPS extremal black holes.



other hand, the first-order perturbation of the action (without the boundary term)
vanishes, due to the equations of motion. One is thus left with the first-order term
in perturbation only coming out from the GHY term, as

2
Sl, boundary — _% /deT \/H(ZSK, (225)

where the subscript “1” denotes the evaluation at the first order on perturbation
theory. Thus, the evaluation of the integral (2.25) will yield the correction to the
near-extremal black hole entropy (with respect to the entropy of the corresponding
extremal black hole limit), namely the correction at the first order in perturbation
theory to the extremal black hole itself. Following [22], one can evaluate® the integral
and obtain the near-extremal correction to the extremal black hole entropy as

58 = — 3T (2.26)

2.3 T = 0: invariance of extremal entropy

Freudenthal duality is a symmetry of the entropy Sy of asymptotically flat, static, spheri-
cally symmetric, dyonic extremal black holes in (not necessarily supersymmetric) Maxwell-
Einstein-scalar theories in four space-time dimensions which have a non-trivial e.m. duality
symmetry, endowed with a symplectic structure satisfying the identity defining “general-
ized special geometry”, given e.g. by eqs. (1.14) and (1.15) of [10]. It is here worth pointing
out that in the treatment of [10] no constraints on the special Kiahler geometry of NV = 2
(vector multiplets’) scalar manifolds are considered. However, as discussed in footnote 2,
we have assumed that, up to some flat directions (whose interplay with Freudenthal duality
is discussed in [31], and - in a slightly less general framework - in [15]), the scalar fields
only have attractor directions at the event horizon of the extremal black hole (namely, the
Attractor Mechanism holds, up to some flat directions).
By defining the Freudenthal transformation acting on the e.m. black hole charges as

s oMn950(Q) _ A
oM .= 90N =" (Q), (2.27)
it holds that [9, 10]
So(Q) = So(Q). (2.28)

In this framework, the Freudenthal map (2.27) is anti-involutive since it can be recast in
the following form:

OM — —QMN My v p (Q) QF, (2.29)

where My (Q) denotes the matrix M of special Kahler geometry (see e.g. [31] and refs.
therein), evaluated at the (unique) event horizon of the extremal black hole (at which the

3We here disregard all the intricacies and technicalities in the evaluation of the integral (2.25), since
that is not the purpose of this paper.



attractor mechanism [26-29] takes place; see also ). The My (Q) is real, symmetric and

symplectic:
ME = My; (2.30)
My = Myg; (2.31)
MpgQMpyg = Q. (2.32)

These properties, together with Q2 = —I, imply the anti-involutivity of the Freudenthal
map defined by (2.27), or, equivalently, by (2.29):

5" = _gM, (2.33)

In the following treatment, we will present a consistent generalization of the defini-
tion (2.27) of the Freudenthal duality map, in presence of a non-vanishing temperature T' #
0, namely for near-extremal black holes. It is, however, worth noticing that such a variant of
Freudenthal duality, named near-extremal Freudenthal duality, is no more anti-involutive.

2.4 T # 0: no invariance of near-extremal entropy

Thus, within the framework under consideration, the near-extremal black hole entropy
(denoted by the subscript “NE™) reads*

2
SnE (Q;T) ~ Sy (Q) + 65 (Q;T) = % (14 47Trg) = So + 4v/7Gy TSY?. (2.34)
It should be remarked that in formula (2.34) we have disregarded the logarithmic term
arising from the quantum corrections due to the measure of the partition function [22, 23];
in other words, we are focusing only on the semi-classical part of the near-extremal entropy;
see also the concluding remarks in section 5.

Starting from (2.34), one can then easily check that Syg is not invariant under the
naive definition of Freudenthal duality,

AM ._ MN OSNE(Q;T)

_AOM .
o) don — =M (1), (2.35)

where Q is the invariant metric of the symplectic representation space of e.m. black hole
charges spanned by Q. Namely, one can check that [22]

Sne(Q:T) # Sve(; 7). (2.36)

Moreover, it can be further shown that the invariance of the near-extremal black hole
entropy Syg is not restored, also when including the aforementioned quantum corrections
(by means of a logarithmic term) in Sy itself [22].

4We will henceforth understand the black hole entropy in units of 7.



3 T # 0: Near-extremal Freudenthal duality

In this section, we will generalise the notion of Freudenthal duality for a near-extremal black
hole, namely in presence of a non-vanishing temperature T' # 0. From the discussion in
section 2.4, eq. (2.36) means that two near-extremal black holes (having the same temper-
ature) cannot have the same entropy if their e.m. charges are related by the Freudenthal
duality map constructed from the full-fledged near-extremal entropy (2.34); trivially, as
observed in [22], the near-extremal entropy is invariant only under the Freudenthal map
constructed from the extremal entropy.

Still, it might be possible that two near-extremal black holes are Freudenthal dual
to each other (with the Freudenthal map defined by the near-extremal entropy (2.34)),
that they have the same entropy, but then this should imply that the two near-extremal
black holes have different temperatures. The present section will be devoted to considering
this possibility in detail. So, we will be aiming at varying the temperature such that two
Freudenthal dual near-extremal black holes have the same entropy.

For simplicity’s sake, we report here eq. (2.34) as
SnE(Q:T) = 5 (Q) +aTS)? (Q), (3.1)
where o := 4y/7Gy, such that Syg(Q;T) > 0 VQ, T, where®

So(Q) := Th—>Ig+ Sne(Q;T), (3.2)

is the corresponding extremal black hole entropy.
Let us now define the near-extremal (on-shell) Freudenthal duality (acting on black
hole e.m. charges Q), namely, let us make the definition (2.35) explicit by specifying (3.1)

0SNE(Q;T) 05 (Q) | 3a 050 (Q)

S5r(Q)=9(9;T) := Q 50 =0 50 —|—7T So (Q)Q2 50

_ (1 + %T\/SO (Q)) n"’ﬁ;g@)
_ (1 + 2[5, (Q)) 30(Q), (3.3)

where we have recalled the definition (2.27),

~ 05 (Q) . _ A
Q) =055 = lim §r(Q) = lim Q(&T). (3.4)

F0(Q)

The action of the near-extremal Freudenthal duality map (3.3) on the near-extremal black
hole entropy (3.1) can then be written as

7 (Snp(Q 1)) = Sve(Er(Q);T) = So (7 (Q)) + o7y * (7 (Q)) (3.5)

= (1427 /5@) [1+or (14 27 /5 @) i (@] 50 (@),

5We assume that the extremal limit is well-defined and unique.

~10 -



where we have used the homogeneity of degree two of the extremal entropy Sy (Q) as a
function of Q,

So (AQ) = A5, (Q), VX € Ry, (3.6)

as well as its invariance under §p (Q) (3.4), expressed by eq. (2.28) [10].

In section 2.4 we have recalled the result (2.36) obtained in [22], two near-extremal
black holes, with charges related by the Freudenthal map (2.35) (or, more explicitly, (3.3))
and with same temperature T # 0, cannot have the same entropy. By virtue of eq. (3.5),
this fact can be retrieved by observing that the condition for invariance of Syg(Q;T") under
the Freudenthal map (3.3), namely

S (Sve(Q;T)) = Sve(Q;T), (3.7)

can be recast into the algebraic inhomogeneous equation of degree three
3 2 8
x° + 2z —|—2x—|—§:0 (3.8)

by exploiting egs. (3.1) and (3.5), and defining

x = aT/So(Q). (3.9)

By recalling that a := 44/ Gy, the condition of invariance (3.7) has a physically meaningful
solution (which determines the analytical functional form of T = T" (Sy(Q))) iff there exists
a positive solution to eq. (3.8). However, as obtained in [22], there are no positive solutions
to eq. (3.8). Indeed, by exploiting Descartes’ rule of signs (discussed in appendix A),
one can show the cubic inhomogeneous eq. (3.8) does not admit any positive real root.
Equivalently, the direct resolution of eq. (3.8) yields one real, negative root and two complex
conjugate roots.% Given the physical meaning of  defined by (3.9), these corresponding
solutions are unphysical, thereby reinforcing the results of [22], as anticipated.

3.1 T # 0 and 6T # 0: invariance of near-extremal entropy

As anticipated above, not having any positive real roots for the cubic inhomogeneous
eq. (3.8) prompts us to consider a transformation of the temperature 7', which we assume
to be given by
T — T+ 4T, (3.10)
with
0T =0T (50(Q),T) . (3.11)

Thus, the transformation of the temperature (3.10) accompanies the action (3.5) of the
Freudenthal map onto the near-extremal entropy (3.1) as

SNE(QT) — Frysr (Sne (2T +6T)) . (3.12)

5The exact numerical values of the roots are = = {—0.87, —0.56 + 0.844, —0.56 — 0.841}.
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Consequently, the condition of invariance of the near-extremal entropy under the combined
action of Freudenthal duality and temperature transformation (3.10) reads

Sr4s7 (SNe (Q;T +0T)) = Sye(9;T), (3.13)

which should be solved in terms of 67" (3.11). Physically speaking, we are aiming at finding
two near-extremal black holes, with small temperatures T" and T4 0T, such that they have
the same entropy and their charges are related by the Freudenthal map defined by (3.3)
evaluated at T+ 07"

8SNE(Q; T+ (5T)

19J9)
~ 695%(Q) | 3a 950 (Q)
=95 + 5 (T 4 6T) /S (Q)2 90

- (1 - 370‘ (T +6T) \/@> $0(Q)-  (3.14)

Correspondingly, the action of the Freudenthal map §r.s7 onto the near-extremal black
hole entropy Sne(Q;T) (3.1) is given by (3.12), as

Q — Frior (Q) = Q(Q;T +6T) == Q

S1467 (SNE (T +6T)) = SNe(ST467 (Q) ;T 4 0T)
= So (Fres7 (Q)) + a (T + 6T) S5 (Fr4or (Q))

3a 2
_ <1+2(T+5T) 50<Q)> $(Q)

+a (T +67) (”?(THT) So<9>>353/2<g>

3a 2
— <1+2(T+5T) SO(Q)> [1+a(T+6T)

x (1 + 370‘ (T +6T) /S0 (Q)> VS0 (Q)] So(Q),  (3.15)

Therefore, by virtue of (3.15), the condition of invariance (3.13) of the near-extremal en-
tropy yields the following algebraic, inhomogeneous equation of degree four in §7 as

(6T)" + a3 (6T)° + as (5T)* + a16T + ag = 0, (3.16)
with
._2<1+2T>.
as ‘= A )
1 3T .,
a2::2<2+A+3T>;
8 T 3T* _, (3.17)
al‘—4<27A3+A?+2A+T>7
8 2T 217 o
ao'_T<9A3+A2+A+T>’
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and

A= ay/S0(Q). (3.18)

The physically consistent (namely, real) solutions to the quartic inhomogeneous eq. (3.16)
will determine the analytical functional form of (3.11). At best, eq. (3.16) admits four real,
analytical solutions, e.g. given by (see e.g. [32], p. 17)

as R D

T o=—— =

0Ty 1 T T

D

5T22:—@+E—*;
4202 (3.19)

sTh o B _ R E

3T T 9 Ty

as R E

0Ty = —— — — — —

4 4 2 2

where

(12
R := Z?’ —az+y; (3.20)

3.2 2 1 3
2a5 — R? — 2as + 15 (4aga3 — 8a1 — a3) for R # 0,
D= \/4 3 2+ g5 (10205 = 8ar — a3) 7 (3.21)
\/%ag — 2as + 2y/y? — 4ag for R = 0;
3.2 2 1 3
2ai — R? — 2as — 5 (4asas — 8aq1 — a3) for R # 0,
£ = Vi 2~ ai (0205 = 8ar — aj) 7 (3.22)
\/%ag — 2as — 2y/y? — 4ag for R =0,
and y is a real root of the algebraic inhomogeneous equation of degree three
v — agy® + (aras — 4ag) y + (4a0a2 — a% — aoag) = 0. (3.23)

The four solutions (3.19) will generally express d7 as a (real, analytical) function of T'
and A, and thus of T" and Sy (Q), as given by (3.11). Therefore, as we said, four different
real, analytical functions f; (T, A) := dT; (i = 1,...,4) are at best possible. Egs. (3.19)
defines four possible sets of transformations of the temperature T of an asymptotically
flat, static, spherically symmetric near-extremal black hole with e.m. charge O, mapping
it to its Freudenthal dual (asymptotically flat, static, spherically symmetric) near extremal
black hole with the e.m. charges S f,(7,4) (Q) and the temperature 7'+ f; (T, A), i.e.,

(3.24)
Q — 14 p(1,4) (Q)

such that
Sripura) SNe (T + fi (T,A)) = Sne(Q; 1), Vi, (3.25)

where we understood that

Srrpra) (SNe (T + fi (T,A))) = Sne (3T+f¢(T,A) (Q);T + fi (T, A)) . (3:26)
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Let us analyse the solutions (3.19) more carefully. We are looking for a physical
solution 67" such that, for a given (small) temperature 7', the temperature 7'+ 7" is always
positive (and small). As A (3.18) and T are both positive and real, so are the coefficients
ap,ai,az,as of the quartic equation (3.16), as defined in (3.17). By applying Descartes’
rule of signs (see appendix B), one can realize that eq. (3.16) does not have any positive
real root, but it rather can have four, two or zero negative roots. Thus, in order to select
a physically meaningful solution, we need to show that eq. (3.16), with coefficients (3.17),
has at least one real negative root d7', such that

6T € (=T,0) = 0 < |6T| = —6T < T, (3.27)

otherwise, the Freudenthal dual near-extremal black hole will not have a real and positive
temperature 7'+ 0T =T — |0T.

3.2 Uniqueness of 8T

In this subsection, without explicitly solving (3.16), we will prove and verify that such a
quartic equation does always have a unique root 67" satisfying (3.27), namely does always
have an unique physically sensible solution 6T.

In order to achieve such a result, we will invoke Sturm’s Theorem, which is recalled
in appendix B. To get started with the root analysis, we write down the so-called Sturm’s
sequence for the quartic equation (3.16) with coefficients (3.17): by denoting §7" = x, such
a finite sequence is made of five polynomials p;(z) with I = 0,1,...,4, such that

1. po(x) = 0 is nothing but eq. (3.16) (with coefficients (3.17) made explicit?);

2 pile) = B

3. p2(x) = —Rem(po(x), p1(x));

4. p3(x) = —Rem(pi(z), pa(2)) ;

5. pa = —Rem(pa(z), p3(z)),

where, for non zero polynomials a(z) and b(z), Rem(a(x),b(x)) denotes the remainder of
the Euclidean division of a(x) by b(z). The degree in = of the (generally inhomogeneous)
polynomials py(z) is 4— I, so actually ps does not depend on x: py # ps(x). Further details

"For simplicity’s sake, we set G4 = 1, which implies that o = 44/7.
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can be found in appendix B. Explicitly, one obtains®

(OT+T)* (0T +T)* 4T +3T

po(6T) = (6T +T)* + ; (3.28)
2/7Sy 815y 21671'%5'0%
3T +T)> 6T+T 1
p1(0T) = 40T +T)> + - - T (3.29)
2VmSo AmSo - sunigp
—547S (6T + T)? — \/7So(216T + 5T) + 2
6T) = : ‘
2 (2 + 1447 SoT (6T + T) + /7So(516T + 49T
p3(dT) = — ( T )3 3 of )); (3.31)
24312 S5
) (14 4y/7SoT) (44 + 2897 Sy T + 512780 T?) (3.32)
= — . .

1927282(17 + 48/7 Sy T)?

Next, the application of Descartes’ rule of signs (discussed in appendix A) yields that
no positive real roots exist for the quartic equation (3.16); thus, the unique physically
sensible domain for a root §7" is specified by (3.27), namely 67" € (—T7,0). Thus, we
need to compute the signs of the limits of py (67") (with I = 0,1,2,3) for 7 — 0~ and

8T — —T*. For what concerns limgy_,o- p; (67) and their signs, one obtains’

1 1 9T 3672

li oT) = —T 7273 | > 0; 3.33

T30~ Po(07) 72 (WgSOS + Sy * V7S * ) 7 (3:33)
1 T 372

li oT) = 473 > 0; 3.34
5T1—I>r(l)* n(0T) 5471'%5'0% + 47 Sy * 24/7So * ( )

, 2 — 5y/mSoT — 547SeT? < <

] 6T) = Z 0T =0 3.35
s p2(0T) 34567257 < > T (3:35)

2(2 + 49/7SoT + 1447 Sy T?

lim ps(6T) = — 22+ 49V 3+3 mST7) o, (3.36)

oT=07 2437253

with
—5+ 457 0.08555

108715,  VSo

Thus, recalling that ps is always negative, for the signs of limgp_,g- pr(67T) (for I =

Cy = (3.37)

0,1,...,4) we obtain the sequence
{+,+,&+,—, -} for T < C}. (3.38)

Regardless of whether T' < (', there is always only one change in the sequence of
signs (3.38). By denoting with o(«) the number of sign changes function evaluated at
the point « (cf. appendix B), we obtain that, regardless of whether T'< (7,

o(0) = 1. (3.39)

8Note that p4 is always negative.
9Recall that T and So = So(Q) are always both real and positive.
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On the other hand, for what concerns limgp_, 7+ pr (67") and their signs, one obtains

T
lim  po(6T) = ———— < 0; 3.40
6T—>—T+p0( ) 2167[-%S§ ( )
1
li §T) = ——— > 0; 3.41
s, P10T) 547%80% (3:41)
. 1+ 8\/ 7TS()T
1 T) = Y2202 -y, 42
sy, P20T) = Sograge > O (342)
A(=1 + /78T
lim  p3(6T) = (=1+ A ) Z0eT 2 0, (3.43)
OT—==17% 243732 52
with
1 5641
Cy ~ 200419 (3.44)

T VASe T VS
Thus, recalling again that ps is always negative, for the signs of limgp_, _p+ pr(6T) (for
I=0,1,...,4) we obtain the sequence

{—,+ + £ -} for T = Cs. (3.45)

Regardless whether T' = Co, there are always two changes in the sequence of signs (3.45);
thus, regardless whether T 2 Cy,
o(=T)=2. (3.46)

Thus, by virtue of Sturm’s Theorem, discussed in appendix B, since
o(=T)—-0(0) =1, (3.47)

it follows that: VT and Sy € R{ in the quartic equation (3.16), 3! 6T € Ry : T+ T € R
Since T is assumed to be small (from near-extremality of black holes under consideration)
and 07 satisfies (3.27), T+ d7T is also small. In other words, the near-extremal Freudenthal
transformation (3.24) for 0T = f (T, A) satisfying (3.25) uniquely maps two near-extremal
black holes with the same entropy but different (small) temperatures.

3.3 0T =0T3

So far, we have shown that the near-extremal Freudenthal duality transformation (3.24)
satisfying (3.25) always admits a physically sensible solution, which is also unique. In fact,
by exploiting Sturm’s Theorem, we have been able to show that (3.16) has precisely one
real root, ranging as —T < 6T < 0. We will now single out such a sensible solution among
the four possible ones determined by formula (3.19).

We start and recall again that both T" and Sy = Sp(Q) are always real and positive,
and this implies that all coefficients ag, a1, as, a3, defined by (3.17) are real and positive.
Moreover, as proved in appendix B, the cubic inhomogeneous eq. (3.23) always admits a
unique real root, which is positive. By recalling (3.17) as well as the definition of R given
by (3.20), we observe that

a% a 1+ 8/7SoT + 3278y T2
167Sy

<0, (3.48)
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and R # 0 for any value of T" and Sy. Because
R=0"&"y=ay— -2, (3.49)
but the algebraic system made by (3.23) and (3.49) has no solution.'’

Let us now introduce a trick to show that R is always real and positive. Under the
e . ’ a2
reparametrisation y' :=y — az + 3, eq. (3.23) becomes

342 3a3 1 2
Yy + (2612 - 43> y?+ <a§ — dag + ajaz — aza3 + 3) V- (8a1 — dagaz + a%) =0,

16 64
(3.50)
which simplifies into
374+ 128/ 7Sy T 25
3 + Y ( - )y'— B (3.51)
1675y 6912725§ 29859847355

By applying Descartes’ rule of signs (cf. appendix A), one can establish that eq. (3.51)
always admits only one real root 1/, which is positive. Since we already mentioned that
eq. (3.23) always admits only one real root y, which is positive, one obtains that

I a3 o Q. 2
y i=y—ax+ 3 >0 :>y>a2—%>0:>R€Ra_. (3.52)
y > 0; 4

Next, moving onto the analysis of the term D defined in the formula (3.21), for R # 0,

3 1
D = \/4a§ — R2 — 2a9 + E (4a2a3 —8ay — a3)7

one should firstly note that the eq. (3.17) yield
1

3 9
a2 —92q, = — : 3.53
i R TS (3.33)

)
4agaz — 8a; — a3 = —— (3.54)
216725y
implying
2_32_p2_ L _Say —a?

D = 193 R 2a2—|—4R dasaz — 8a; —az) <0, (3.55)

Where the definition (3.21) and the result (3.52) have been used. Thus, D € iRy, and
the solutions 077 and 67 in the formula (3.19) acquire a non-vanishing imaginary part.
Hence they are to be discarded as they are unphysical. In general, the quartic inhomoge-
neous eq. (3.16) always admits two complex conjugate roots 77 and 675, as defined by
formula (3.19).

As discussed above, Descartes’ rule of signs (cf. appendix A) yields that the quartic
eq. (3.16) has no positive real roots, but rather it can have four, two or zero negative roots.

25

2
OExplicitly, for y = ag—%7 it holds that y® —aay®+(aras — 4ao) y-+ (4aoa2 —a? - aoag) = — SomrosiIS -
0
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T=2

or S

i 0.2 0.3 0.4 0.5°
-2.0
-25

-3.0 — 6T,
- 6T,

(a) Fixed entropy. (b) Fixed temperature.

-3.5

Figure 1. Showing the two negative roots of (3.16).

The result obtained on the complex nature of 677 and 075 allows us to discard the case
of four negative real roots. Whereas the proof given above (through the use of Sturm’s
Theorem; cf. appendix B) that exactly one real negative root in the interval (—7',0) is
admitted by eq. (3.16) allows us to discard the case of zero negative real roots. Thus, we
can conclude that, for any real positive values of T" and Sy, eq. (3.16) admits two complex
conjugate solutions 077 and 675 defined by (3.19), as well as two real negative roots §73 and
0Ty defined by (3.19). Among the two negative real roots, only one lies in the physically
admissible range (—T,0), and thus satisfies (3.27). At this point, we have to establish
which one between 675 and 6T}, defined by (3.19) is a physically sensible real negative
root. We observe that in the same way we proved (3.55), we can also prove that

(3.17) 3 4

1
1%~ R? — 2ay — — (4&2&3 —8a; — ag) >0, (3.56)

2
4R

thus yielding F € Ry. Thus, from the fourth of (3.19) it follows that

T+ =T-2_Lrep) " r_ L _Lpip <o (3.57)
2 2 A 2

where in the last step we have used the fact that T, A, R and also E are all real and positive.
Hence, the negative real root 07y defined by (3.19) is unphysical, and it must be discarded.
By recalling the outcome of the root analysis based on Sturm’s Theorem done above, we
can conclude that the negative real root 73 defined by (3.19) is the physically admissible
and sensible one, since it satisfies the inequality (3.27), i.e. it holds that —T" < §T3 < 0.

The validity of §73 as the physically admissible real roots of the quartic inhomogeneous
equation (3.16) can also be confirmed through numerical calculation, as shown in figure 1
and in figure 2. Figure 1 shows that both §73 and 674 are real and negative, as discussed.
On the other hand, the Freudenthal dual black hole temperature T + 07" is positive only
for 073, as shown in figure 2. In each figure, we plot two cases, namely when considering
fixed entropy Sp and when considering fixed temperature 7.

Thus, we have finally determined the near-extremal Freudenthal transformation (3.24)

for 6T = 013 = f3 (T, A) which satisfies (3.25). This non-linear transformation of the e.m.
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So=2 T=2
OT+T OT+T
0.05 0.5

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

-0.05 [_ 1,6,

-0.10 - T+(§T4 -— T+6T3
\ - T+0T4

-0.15

(a) Fixed entropy. (b) Fixed temperature.

Figure 2. Showing the Freudenthal dual temperature T+ §7 corresponding to the two negative
real roots 75 and d7} of (3.16).

charges Q and of the (small) temperature 7" of a given near-extremal (asymptotically flat,
static, spherically symmetric) black hole maps it to another near-extremal (asymptotically
flat, static, spherically symmetric) with Freudenthal dual e.m. charges §rysr, (Q) and
Freudenthal dual temperature 7' + 673, but with the same entropy, namely, it holds

o1y (SNE(QT + 613)) = SNE(Q; T). (3.58)

In other words, we have precisely selected i = 3 in egs. (3.24) and (3.25), disregarding the
other three values ¢ = 1,2 and 4 (within the labelling defined by formula (3.19)).

Remark. It is here worth remarking that the near-extremal (on-shell) Freudenthal duality
§, defined by (3.24) and (3.25) with i = 3 (cf. (3.58)), cannot determine a transition to
and from the extremal limit:

near-extremal o extremal. (3.59)

Proof.

< Since the d7T pertaining to § (i.e., uniquely satisfying (3.16) and (3.27)) is negative,
—T < §T < 0, it follows that § cannot be used to make a transition from the extremal
state (I" = 0) to a near-extremal one (T' > 0), and keep the Bekenstein-Hawking
entropy/area of the horizon fixed. In other words, the following transformation:

Q — o7 (Q) = Q(Q;0T) := 220D,
such that Sy (Q) = Ssr (Q(Q;cST)) ,
T=0—T=0T,
(3.60)
cannot occur, simply because 67" < 0.

# On the other hand, it can be proved per absurdum that the same 47T cannot reach the
limit value of —T'. In fact, if we set 67" = —T', one could perform a F-transformation
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from a near-extremal state (T" # 0) to the extremal state (T = 0), and keep the
black hole entropy fixed,but this is impossible. In other words, by recalling the
definition (3.2), the following transformation:

0 Q) = 02
such that Syg (Q;T) = So (S0 (Q)) = S0 (Q), (3.61)
T—T+6T =0,

cannot occur, because, through (2.34), it would imply

SnE (Q;T) ~ Sp(Q)+6S(Q;T) =5 (Q) (3.62)
T
55(Q;T) ~0, (3.63)

This cannot true, since, again by means of (2.34), it would yield to
TSy (Q) =0, (3.64)

which is impossible, because T' > 0 and!'! Sy (Q) >0 B

4 An example: STU black hole

In this section, we apply the notion of generalized Freudenthal duality introduced above
to deal with an explicit example. Namely, we consider the STU black hole with D0 —
D2 — D4 — D6 brane charges. The entropy of an extremal black hole with such charge
configuration has the following form (a = 1,2, 3) [30],

T /4
S —\/Aft“2—9 Op-q—2D)2
0= 3.0 5(Ba?)? = 9(pp - ¢ )
where qo, qa, p®, p° are the D0, D2, D4 and D6 brane charges respectively, p - ¢ = pYqo +
p%qq, with Z% denoting the real solution of the algebraic inhomogeneous system A, =
Dapeibi = 3D, — pPqq, and Dy = Dgpep’p¢, D = D,p®. Considering an Ansatz that

70 = \/@p“ [22], the extremal entropy can be written as [16],

_ 0 a)3
So = 3;0\/;1(317 %qap) —9(pOp-q— 2D)2 (4.1)

Here we begin with an extremal D0 — D2 — D4 — D6 STU black hole with charge
vectors as (qo,q.) = (11,5,3,—6) and (p° p*) = (7,1,2,9). The numerical value of the
entropy (4.1) of this black hole is Sy = 259.534. As it is an extremal black hole, it
has an F-dual with the same value of the entropy, whose charges can be obtained fol-
lowing (2.27) and they are given by (go,Ga) = (—3.86709,17.0006,7.78631,11.2499) and
(p°, 5*) = (0.266305,1.42794, 2.85587, 12.8514).

"ndeed, we have assumed that the extremal limit yields a “large” black hole, with attractor mechanism
(on the other hand, from (2.34), So (Q) =0 = Sye (Q;T) = 0 VT, and thus the whole treatment would
be meaningless).
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Now we will show numerically that there also exists a unique near-extremal, generalised
F-dual black hole to another near-extremal black hole, but with different temperatures.
Again, we begin with a D0 — D2 — D4 — D6 STU black hole with charge vector (qo,qs) =
(11,5,3,—6) and (p° p?) = (7,1,2,9), and with temperature 7 = 10~ (°K). Inserting
these values to derive the entropy of the corresponding near-extremal black hole, we get
the entropy Sygp = 289.177. Following the formulae discussed in this paper, we find the
F-dual charges as

(Go, Ga) = (—4.02524, 17.6959, 8.10476, 11.71); (4.2)
(pﬂ, pa) = (0.277196, 1.48634, 2.97267, 13.377),

and the F-dual temperature becomes T+ §7 = 0.000238713 (°K). Using these charges
and temperature, we find the near-extremal entropy Syz = 289.177, which is the same as
that of the different near-extremal black hole, which we have started with.

5 Conclusion

In this paper, we have introduced the notion of Freudenthal duality for near-extremal black
holes, for which the formula (3.1), obtained in [22], holds true. We have explicitly proved
that in any four-dimensional Maxwell-Einstein theory with action (2.1) (corresponding to
the purely bosonic sector of any A/ > 2-extended, D = 4 supergravity theory'?), two
near-extremal black holes with temperatures respectively T and T + §T, and with charges
related by the Freudenthal duality generated by the near-extremal entropy, can have the

1'3 expression of 6T as a the function of T

same entropy (for a given - unique! - analytica
and of the extremal entropy of one of the two black holes). We have called this duality map,
which non-linearly transforms both the e.m. charges and the temperature, near-extremal
Freudenthal duality.

It should be remarked that, even if in our treatment we have considered doubly-
extremal black holes for simplicity’s sake, our analysis and the resulting eq. (2.26) are
actually holding true for any “large”, asymptotically flat, static, spherically symmetric,
dyonic near-extremal black hole in (not necessarily supersymmetric) Einstein-Maxwell-
scalar ungauged theories, endowed with a geometry of the scalar manifold such that the
e.m. charges under consideration support an attractor solution at the event horizon (in the
extremal limit 7' — 07). This is due to the fact that our analysis is strictly confined within
the near-horizon region, in which (when assuming the Attractor Mechanism to occur, up
to flat directions; cf. footnote 2) the scalar fields are fixed in terms of e.m. charges for any
extremal black hole.

Moreover, we would like to stress that temperature is not a fundamental variable:
it can always be expressed in terms of the conserved charges of the black hole and the
asymptotic values of the scalars. Thus, the transformation under Freudenthal duality of

2For N = 2, excluding hypermultiplets.

3Even if we did not work it out in a completely explicit way (because it does not yield an illuminating
result), we have established that the analytical expression pertaining to solution 673 in formula (3.19) is
unique, which is physically admissible.

- 21 —



the temperature T' should be consistent with the transformations of those parameters. In
fact, non-extremal black hole do not generally exhibit the Attractor Mechanism, so their
Bekenstein-Hawking entropy depends on both the conserved charges of the system (i.e.,
in the case under consideration, on the e.m. charges) and on the values of the scalar
fields at spacial infinity which, in ungauged theories, can be freely specified. Within the
framework considered in the present paper, the dependence of temperature on the e.m.
charges as well as on the asymptotic values of scalar fields could be obtained as follows:
by considering the general expression of the non-extremal black hole entropy, one should
expand into the non-extremality parameter, and truncate to the lowest non-trivial order in
such a parameter; hence, the comparison with egs. (2.26) or (2.34) would allow to obtain
the explicit expression of the temperature T in the near-extremal limit in terms of the e.m.
charges and of the asymptotic values of scalars. While we consider this task of utmost
interest, our humble opinion is that its thorough investigation lies beyond the scope of this
paper, in which we have dealt with non-extremality in an effective way, by resorting to
temperature within the JT framework.

So far, Freudenthal duality had been introduced for extremal black holes only, in both
gauged and ungauged supergravity in four space-time dimensions. Away from extremality
(even when the departure from extremality is slight, such as in near-extremal black holes),
entropy generally is no more homogeneous of degree two in e.m. charges, and a naive
extension of Freudenthal duality fails. In order to consistently formulate a Freudenthal
duality map for near-extremal black holes, we have introduced a (non-linear) transforma-
tion of the temperature, as well. By exploiting Descartes’ rule of signs as well as Sturm’s
Theorem, which are excellent tools for analysing the real roots of an algebraic equation
without solving it, we have precisely shown that for a given set of e.m. charges (which sup-
port an extremal black hole with a non-vanishing area of the event horizon and thus with
a non-vanishing Bekenstein-Hawking entropy), there indeed exist two near-extremal black
holes with two unique, small temperatures such that they share the same entropy while
their e.m. charges are related by the Freudenthal duality generated at a non-vanishing
temperature. Thus, our analysis sheds new light on the invariance properties of the macro-
scopic entropy of near-extremal black holes in four space-time dimensions, providing the
first example, as far as we know, of intrinsically non-linear symmetry of the entropy itself.

In this paper, we have investigated Freudenthal duality for near-extremal black holes
in ungauged supergravity (or, more in general, in absence of a potential for scalar fields
and of gauging of the isometries of the associated non-linear sigma model). It would be
interesting to extend our analysis to near-extremal black holes in gauged supergravity (or,
more in general, in presence of a potential for scalar fields and of gauging of the isometries
of the associated non-linear sigma model).

Moreover, in the present work, we did not consider the extra, logarithmic correction
to the entropy of near-extremal black holes, which was partially present in the analysis
of [22], and which was discussed in its (one-loop) full-fledged form recently in [33]. Tt
would be interesting to analyze the notion of Freudenthal duality for the logarithmic cor-
rected entropy of both extremal and near-extremal black holes. Also, rotating extremal
black holes have a Bekenstein-Hawking entropy which is not invariant under the naively
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defined Freudenthal duality, and it would be of interest to investigate the possibility of a
consistent generalization of such an intrinsically non-linear map to this class of solutions
of the Maxwell-Einstein equations, as well.

It is here worth remarking that in [14] an alternative version of Freudenthal duality
was put forward, relying on the crucial observation that the representation of black hole
solutions in terms of the H-variables (which are harmonic functions in the supersymmetric
case) is non-unique, due to the existence of a local symmetry in the effective action. In [14]
this symmetry is considered as a continuous (and local) generalization of the Freudenthal
duality, which allows to rewrite the physical fields of a solution in terms of entirely different-
looking functions. While we agree that the near-horizon limit of the treament of [14] for
near-extremal black holes would yield to results consistent with the ones obtained within
our investigation, we feel that a thorough study of such a relation would deserve a separate
study, which we leave for future work.
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A Descartes’ rule of signs

Descartes’ rule of signs states that, for a univariate polynomial function f(z) and the
corresponding equation

o the number of positive real roots of eq. (A.1) is the same as (or less than by an even
number) the number of changes in the sign of the coefficients of f(x);

o the number of negative real roots of eq. (A.1) is the same as (or less than by an even
number) the number of changes in the sign of the coefficients of f(—x).

Such a rule can be applied to the various cases within the present paper, namely:

8
f(z) = 2% +22% + 22 + 9 (A.2)

Eq. (A.2), which is eq. (3.8), admits no real positive roots. Since f(—z) = —a3 +
22% — 2z + 3, eq. (3.8) admits three or one real negative root(s).
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f(z) = 2* + azz® + axx® + arz + ag, (A.3)

with ag,az,a1,a0 € Ry. Eq. (A.3), which is eq. (3.16) with = 6T and all the
coefficients positive and defined by (3.17), admits no real positive roots. Since
f(—x) = 2* —az32® + a2 — ayx +ap, eq. (3.16) admits four, two or zero real negative
roots.

f(z) = 2 — agz® + (ara3 — 4ag) = + <4a0a2 —a? - aoa§> , (A.4)

again with as,a2,a1,a¢9 € Rar. From (3.17), since ag > 0, ajas — 4ag > 0 and
dapay — a3 — apa3 < 0, eq. (A.4), which is eq. (3.23) with x = y and the coefficients
defined by (3.17), admits three or one real positive root(s). Since f(—z) = —a3 —
azx® —(ar1as — 4ag) x+ (4agag — a3 — apa3), eq. (3.23) admits zero real negative roots.

Lol (37 + 128/7SoT) . 25
1675 69127252 20859847353

flz) =4 (A.5)

Eq. (A.5), which is eq. (3.51) with = 3/, admits one real positive root. Since
(37+128/7S,T) 25

) 3 1.2 _ :
f(=2) = —2° + g 69127757 %~ 208508479537 - (3.51) admits two or zero

real negative roots.

B Sturm’s theorem

Sturm’s Theorem provides an algorithmic way of calculating the number of simple roots of
a non-zero polynomial

1

p(z) :=apx" + an—12" "+ -+ a1x + agp (B.1)

of degree n > 0 with real coefficients. Before stating Sturm’s Theorem [34-36], let us
introduce the following

Definition. The canonical sequence associated to a non-zero polynomial p(z) is defined
as the set of polynomials starting from p(x), with the properties that

1. If po(z) = p(x) is a constant polynomial, then the sequence stops there.
2. pi(x) = p'(x).
3. for i > 2, pi(z) = —Rem(p;i—2(x), pi-1(2)) iff Rem(p;—2(z), pi-1(x)) # 0.
For non-zero polynomials a(x) and b(z), we denote by Rem(a(z), b(x)) the remainder

of the Euclidean division of a(z) by b(x).

4. If Rem(p;—2(z),pi—1(x)) = 0, then p;(z) remains undefined, and the sequence stops
there.
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There are several consequences of the above definition, but one should note that canon-
ical sequence starting with po(z) always stops in less than n steps, where n is the degree of
po(x); if the last term in the sequence is p,,(x), with of course m < n, then p,,(x) is equal
to the greatest common divisor (ged) of p(z) and p/(z), up to sign.

Definition. Let po(z),pi(x), - ,pm(x) be a non-empty finite sequence of polynomials,
with po(x) not identically zero. Such a sequence is called a Sturm sequence iff

1. The last term p,,(z) of the sequence is either always positive or always negative on
the real line.

2. No two consecutive p;(z) are simultaneously zero for x a real number.

3. Suppose that « is a root of p;(z), for some i with 0 < @ < m. Then p;_1(a) and
pi+1(c) have opposite signs.

4. At any real root « of po(x), the values of pp(z) at o+ 0 and a— 0 is of opposite sign.
This last condition ensures that o cannot be a repeated root of pg(x).

One can prove that the canonical sequence associated to a polynomial without repeated
real Toots is a Sturm sequence.

The final ingredient that we need to state Sturm’s Theorem is the sign change number
function. Given a € R and a polynomial p(z), the number of sign change function
at a, denoted by o(«), as the number of sign changes (ignoring the zeros) in any Sturm
sequence associated to p(z), computed at = = «.

We can now state

Sturm’s theorem. Let p(z) be a non-zero polynomial with real coefficients. The number
of distinct real roots (counted without multiplicity) of p(x) in an interval (a,b] of the real
line is given by o(a) — o(b), the difference in the sign change number function at the end
points a and b, with respect to any Sturm sequence associated to the given polynomial p(x).

When we are interested in looking for real roots of a polynomial p(x) (without repeated
real roots) in a given interval of the real line, we can construct the canonical sequence
associated to p(z) (which will be a Sturm sequence associated to p(z) itself), and calculate
the difference between the values of the sign change number function of p(x) evaluated at
the extrema of the interval, in order to determine the number of real roots of p(z) in such
an interval. On the other hand, Descartes’ rule of signs applied to p(x) will let us know
about the number of roots being on the positive or negative part of the real axis.

Example I. Let us consider eq. (3.8). The canonical sequence associated to

8
po(x) := 23 + 22% 4 2z + 9’ (B.2)
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which in this case is a Sturm sequence associated to po(x) itself, is given by

(B.3)

We want to calculate the number of real roots of the polynomial py(x), namely the number
of real roots in the interval (—oo, 00). Therefore we check the sign changes for this sequence
at —oo and oco. We find that at x = —o0,

implying o(oc) = 1. This yields
o(—o0) —o(0) =2-1=1, (B.4)

signalling the existence of a single real root between (—oo,c0). Either using Descartes’
rule of signs, or by splitting the interval (—oo, 00) in positive and negative semilines and
applying Sturm’s Theorem twice, one can finally prove that eq. (3.8) admits only one real
root, which is negative.

Example II. Let us consider eq. (3.23). By considering ag, a1, a2,a3 € Ry and B € Ry,
the canonical sequence associated to

po (y) :== y3 — a2y2 + (a1a3 — 4ag)y + B, (B.5)

which in this case is a Sturm sequence associated to po(y) itself, is given by

po(y) = y° — azy® + (araz — dag) y + B;
pi(y) = 3y* — 2a2y + By;
p2(y) = Bay + Bs;
64 1024 2 6
ps(y) = 4ap — araz + B (Saoa%ag — 3cfll — T7a(2)a% + gai’agag - 2—7a0a1a%a3
29 645 o5 1 559 2 3 2 4 2
—bapajasz + 3 @00203 — 55010503 + 300010203 — 3apas — 2B2ajas
64 2 2 2 2
+§Bza0a2 + §B2a1a2a3 — 232&0&2&3 R (B.G)
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where, by setting
B := 4dapay — a3 — aga?, (B.7)

it follows that

By := —4ag + ayas;

8 2 2
By = 300 + §a§ — 3103;
32
B3 := CL% — C:)O(Q — a1(192a3 + aoag. (B8)

We want to calculate the sign sequence at the three points y = {—o00,0,00}. By recalling
the definitions (3.17) and the fact that both Sy and 7T are real positive (with 7" also small),
we find the signs of B, By, By and Bz are {—,+,—,+}, p3(y) < 0 Vy € R. With these
information, we find that the signs of the Sturm sequence associated to py(y) evaluated
at y = {—00,0,00} are respectively given by the following quadruplets: {—,+,+,—},
{—,+,+,-}, {+,+,—,—}. Thus, we obtain

o(—o0) =2, o0(0)=2, o(0)=1, (B.9)

which implies that eq. (3.23) admits only one real root, which is positive. Therefore, for
any positive and real value of T' and Sy, eq. (3.23) always admits only one real root, which
is positive.

Analogously, one can show that the Sturm sequence associated to eq. (3.51) has exactly
the same values of o(«) as the example (B.5), at @« = {—00,0,00}. This implies that
eq. (3.51) has only one real root, which is positive too.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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