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Abstract The Hawking radiation of static, spherically sym-
metric, asymptotically flat solutions in quadratic gravity is
here scrutinized, in the context of the generalized uncer-
tainty principle (GUP). Near-center and near-horizon Frobe-
nius expansions of these solutions are studied. Their Hawk-
ing thermal spectrum is investigated out of the tunnelling
method and the WKB procedure. Computing the Hawking
flux of these black hole solutions shows that, for small black
holes and for a precise combination of the GUP parameter
and the parameters that govern the gravitational interaction
in quadratic gravity, the black hole luminosity can vanish.
This yields absolutely stable mini black hole remnants in
quadratic gravity.

1 Introduction

Black hole thermodynamics has been occupying a promi-
nent spot in physics in the last five decades, since the
Bekenstein’s conjecture was posed, asserting that black hole
physics has a close relationship with the laws of thermo-
dynamics [1]. Thereafter, Hawking demonstrated that black
holes can indeed radiate, when quantum effects set in [2—4].
The fact that the black hole radiation is purely thermal can
state that black holes do have a well-defined temperature,
being thermodynamical compact objects. There exist diverse
procedures to study the Hawking radiation and the tempera-
ture of a black hole. Among them, the tunnelling method is
a particularly interesting method for calculating black hole
temperature since it provides a dynamical model of the black
hole radiation.

The Hawking evaporation consists of a quantum effect
involving black holes, irrespectively of their masses. It is
usually described via the tunnelling procedure [6-9] in the
WKB semiclassical approximation. In the fermionic sector,
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the Hawking radiation spectrum was studied as the tunnelling
of fermions satisfying the Dirac equation through an event
horizon. The tunnelling method has also been used to cal-
culate the Hawking flux of dark fermions [10, 11] across the
event horizon of black hole geometries. This method also
encompasses small black holes, whose masses are of the
order of the Planck scale [12—15].

In this paper, we will scrutinize the Hawking flux of
fermions across the event horizon of black holes that are
solutions of static, spherically symmetric, asymptotically flat
solutions in higher-derivative gravity with quadratic curva-
ture terms, including quantum effects on the fermion dynam-
ics predicted by the generalized uncertainty principle (GUP).
Some seminal works developed relevant aspects of GUP. Ref-
erence [16] studied the GUP in the context of string theory,
black hole physics and doubly special relativity, whereas
bounds on the GUP parameter, based on PLANCK obser-
vations on the cosmic inflation were discussed in Ref. [17].
Besides, Ref. [18] already predicted that GUP effects can
drive black hole remnants, whose Hawking temperature,
Bekenstein entropy, specific heat, emission rate and decay
time were also calculated. GUP corrections to the entropy
and thermodynamical quantities of charged black hole were
derived in Ref. [19], while GUP effects on compact stars were
discussed in Ref. [20]. Besides, an interesting study of GUP
and Lorentz violation was introduced in [21]. Other studies
regarding the GUP and applications were scrutinized in Refs.
[22-27].

One may argue that if the evaporation process has an end,
it will give rise to a remnant black hole. In fact, an s-wave
particle follows a trajectory outwards the black hole, that
is classically forbidden. As a consequence of energy con-
servation, the black hole radius lessens as a function of the
energy of the outgoing particle. This also provides a dynam-
ical model of black hole radiation, since the mass of the
black hole decreases, along the emission process outwards
the event horizon [9]. Similarly, if the Hawking flux is extin-
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guished, leaving a black hole with vanishing quantum lumi-
nosity, then a remnant black hole may be produced. A black
hole remnant consists of a black hole phase that evaporates
under the Hawking radiation, which is either (absolutely)
stable or long lived. The latter is also known as a metastable
remnant [28]. The central concept involving black hole rem-
nants consists of black holes whose size decreases during the
Hawking evaporation process, reaching a minimal length,
possibly near the Planck scale [, at which point the black
hole ceases to evaporate. Notwithstanding the fact that GUP
effects in black hole remnants were already extensively stud-
ied in the literature [28-33], a detailed analysis involving
GUP in higher-derivative gravity is lacking, despite a recent
development [34]. We show, in particular, that the absolutely
stable remnant case is attained for black hole solutions of
quadratic gravity. We will compute higher-derivative correc-
tions to the Hawking flux using the tunnelling method in a
GUP context, governed by the GUP parameter f.

The paper is organized as follows: in Sect. 2, we will
briefly review and discuss the black hole metric solution
arising in higher-derivative gravity. Using the semiclassical
approach of the WKB approximation, the tunnelling rate and
the black hole luminosity will be calculated in Sect. 3, show-
ing that for appropriate parameters of the black hole solution
in higher-derivative gravity the black hole luminosity equals
zero. It yields mini-black hole remnants. Section 4 is then
devoted to the concluding remarks.

2 Static spherically symmetric solutions in
higher-derivative gravity

Motivated by the divergence structure appearing in the quan-
tization of general relativity at one-loop, Stelle came up with
a gravitational theory containing quadratic curvature invari-
ants which turned out to be renormalizable [35], but saddly
suffers from a ghost in its spectrum. Several solutions to the
ghost issue have been proposed [36-39], but no consensus
has been reached so far. The ghost seems to be harmless at
energies below the Planck scale [40], which is the regime
we are mostly interested in this paper. In any case, one can
always project the ghost out by a suitable choice of boundary
conditions [41,42].
The action of quadratic gravity

1 2a
S= [ d*%v/=g|——R—2aR,,R* + b+ =) R?|,
/ ¥ g[lﬁnc @ v +<+3> }

ey

where G denotes the 4D Newton constant, is both renormal-
izable and asymptotically free. In fact, the coefficients of the
quadratic curvature terms vanish asymptotically in the ultra-
violet regime of the theory. The action (1) yields the EOMs
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By = Ty, @)

where

By = LGW —alORy, + L a=3m V. VyR = 2aR° Rypvo
8 G 3

1 2 2
+ 8w [ZaR"“Rpg + 3 (@+6b)0R — (?a + b) Rz]
2a
+( 5 +0) RRuw, 3

for G, being the Einstein tensor. The tensor (3), whose trace
reads

B“———l R+ 6bO0R =TH 4)
T 16xG oW

satisfies the effective field equations
V'B,, =0. 5)

When b = 0, corresponding to the Einstein—Weyl theory, the
sign of a can be derived when one linearizes the Minkowski
metric, namely, g,,, = 1y + k), yielding

1
1
a0 —— ) h =o0. 6
34 < 16nGa> uy ©

The range a > 0 implies a stable theory, in the sense that
no tachyonic instabilities sets in. In addition, there are mas-
sive spin-2 and spin-0 excitations, respectively with masses
m3 = ﬁ and m} = %nlﬂ. The former corresponds
to the aforementioned ghost. Hence, one can write B‘,ﬁ =
6b (0 — m3) R [43].

Solutions of the EOM (2) were scrutinized in Ref. [43],
using the Frobenius procedure, with respect to the radial
coordinate, r, to implement indicial equations for the lead-
ing asymptotic behaviour as r — 0. Ref.[44] derived the
leading asymptotic profiles of the temporal and radial metric
coefficients,

ds®> = —A(r)di*> + B(r)dr?® + r*d6* + r?sin’ 0 d¢?
(7

In fact, one can express
By = diag(By (1), Byr(r), Boo(r), Bog(r) sin® 0), ®)

whose components are related by the radial component of

(5):

(Brr>/ + 2Brr + B/Brr - 2390 B/Btl =0. (9)

A Ar 2AB r3 2B2
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For any given source, T},,, the following equations govern
the system,

1

By = E’Tllv (10a)
1
Brr == ETrr . (IOb)

Sourceless solutions, corresponding to 7),, = 0, are aimed,
hereon,

Bfl :O’
B, =0.

(11a)
(11b)

Solutions of the coupled system (11) can be emulated as the
asymptotic behaviour of solutions to the equations of motion
was analysed near the origin [44]. The temporal and radial
metric components (7) can be then expanded, in Frobenius
series, as

A(r) = anr” + angp1r™ + apor"™? L

B(r) = by, (r’" S I S B ) .2

where a,, b, # 0. Replacing the series (12) into the
EOMs (11)] and analysing the consistent possibilities for the
(m, n) = (1, —1) indexes yields the family of solutions [44].
The corresponding equations can be, therefore, solved order
by order, for the coefficients a,,, b,,. Clearly, some of the coef-
ficients are free parameters, not being possible to determine
them. One example of a free parameter, in B(r), is a scaling
of the temporal coordinate. The family of solutions read

ACY = | T e baor o i
= , 1 oor +16r a1a2+a1+a3

3 4 4
_4_Or (a1 (a1a2 +aj + 053)):| , (13)
B(r) = ajr — ot%r2 + a%r3 + ot3r4
1 5 4
—eT (oq (3102 + 190 + 35013)) . (14)

The parameter { = M/2 in Eq. (13) plays the role of
the Misner—Sharp mass. References [43,44] showed that
the maximum number of integration-constant parameters
that govern this family of solutions comes from the fact
that Eqs. (10a, 10b) consist of a third-order coupled sys-
tem of non-linear ODE for the metric coefficients, having
four free parameters, o1, @2, o3, {. As it is an expansion
around r = 0, the metric (13, 14) is trustworthy for the
computation of the Hawking radiation spectrum, as terms in
order beyond O(r°) are totally negligible. The family (13,
14) includes the standard Schwarzschild solution [44], as a
solution of the higher-derivative EOMs. At the origin, the
family of solutions (13, 14) presents a physical singular-
ity, as lim, .o Ry,po RHVPC ~ r~0[43,44). This family also
includes non-Schwarzschild black holes.

3 Hawking radiation spectrum, flux and black hole
Hawking luminosity

The GUP asserts that Ax Ap 2 % [1 +B Apz] , for B =
Bo/ m%, being o a dimensionless parameter that accounts for
effects of quantum gravity, having the bound |Bo| < 107! [45,
46]. In the GUP apparatus, x; = X; and p; = P; (1+8 p?)
are respectively position and momentum operators, where
[X ., Pc] = i h8ji. Given the spacetime metric g;;, it implies
that

giip pl =n2gi%a; 0 (2Bh2g1"1 9,9 — 1) . (15)

Given the set {y"} of gamma matrices in spacetime, satisfy-
ing the Clifford—Dirac relation y*y" 4 y'y#* = 2g,,, the
Dirac equation, governing fermions, with electromagnetic
field A*, reads

{iv" [n (Vi + Q) +ie Ay +mlasa} ¥ (x") =0, (16)

where Q, = —% u),fa ¥ o, and w,fg = efe"(‘,yfw is the spin
connection. Besides, e denotes the electric charge in Eq. (16),
whereas A, is the electromagnetic gauge potential. Eq. (15)
can be substituted into Eq. (16), together with the energy
of a particle of mass m and electric charge e on the mass
shell, i 7 9 [1 +B (p2 + mz)] [32]. The Dirac equation then
becomes

{1000 + [mllaca + v (1 19 + i17B0, — e, ) |
x (148012 gpg 07 07 =)y =0. a7

The black hole Hawking radiation for fermions can be
computed with the aid of the tunnelling procedure, where
the fermion is assumed to have the following form, without
loss of generality [10]:

W= (1,0, Y, O)T f /Cr09) (18)

for an action J and wavefunctions | and ;. It is worth
emphasizing that employing the WKB approximation, the
tunnelling probability for a classically forbidden trajectory
of the s-wave outwards the horizon reads I' o exp(2dmJ),
where J is the classical action of the trajectory to lead-
ing order in 7i. When one expands the action in terms of
the particle energy, the Hawking temperature is recovered
at linear order. In fact, for 2I = BE + O(E?), it yields
I' o exp(2ImJ) = exp(BE). This corresponds to the reg-
ular Boltzmann factor for emission at the Hawking tem-
perature, for a particle of energy E, for § = 1/T, where
T is black hole horizon temperature. Higher order terms
regard self-interaction [5]. To compute the black hole temper-
ature linear order expansion suffices. The tunnelling method
makes it possible to calculate the imaginary part of the action
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for the emitted particle. The protocol to be prescribed con-
sists of assuming a Hamilton—Jacobi-like ansatz that regards
spin-1/2 fermions. From the symmetries of the metric that
describes the black hole geometry, the form of the action,
J, will be chosen by an appropriate ansatz. This procedure
is based on applying the WKB approximation to the Dirac
equation (17), corrected by GUP effects, that governs spin-
1/2 fermions. The metric (7) yields the tetrads

ef = diag [\/A(r), VB, . r sin 9] . (19)

Since the method for computing the tunnelling rate is
representation-independent, the one used hereon is more
appropriate, for y> = iy%y!y?y?, where the o; denote the
Pauli matrices:

O o
_ 5 0 _ 1 r
Ve = —ivA@)Y, ¥ —r<01 (9)’ Y
O o3
B<r)<c3 O>,
y¢=rsin9<§z cg) (20)

Equations (18, 20) replaced in the GUP-corrected Dirac
equation, (17), yields the following EOMs, using the WKB
regime to order in 7:

¥ {ﬁ [/ = e (1= +0))]
—m (1= Bom? =)} =2 (1= pon? - )

/

N
2n

wz{T[JJreA,( B(m2+/<))]
41

—Bn? = 0)| = v (1 - pom® —0)) =

T
(22)

5 5 i 9
(1-80n +x>)<8—9+8m0%)1=0, (23)

=
|
o]
<~
)
+
N)—‘
TN
<5
1<

2 1 aJ\?
— (=) . 24
9 ) +r2sin29 <8¢> 24)

Expressing the action as
J=—ot+wr) +6(@,0), (25)

with @ denoting the energy of the emitted fermionic spec-
trum, the tunnelling rate will be then computed [6,7,30].

@ Springer

Substituting Eq. (25) in Eq. (23) yields
90 i 90\ | (p, ey L(2 2
— — w — —
36 ' sin6 d¢ r2 \ 960
! (3@)2 +m?)—1|=0 (26)
— | — m- | — =0.
r2 sin?6 \ 9¢

As the part of the equation, that is in the inner side of the
square brackets, will be not identically null, one must have

0 i 0
— e =0 27
(89+sm9 8¢> 7)

This means that the ® function will not contribute for the tun-
nelling process. Now, replacing Egs. (25, 27) into Egs. (21,
22), yields

£+ Ew? + Hw* + 5w =0, (28)
where

£ = — [ez.A,Z +m? A] (1 - Bm2)2

Fwe A (1 — 6m2) — 0?2, (29a)
_ B 2 4 2
£ = E{A(I—B m )+2e.At[e.A;<l—Bm )—w]} ,
(29b)
— (> B2 2 2 (29¢)
& = (—5’")—?3 o ¢
A
=P (29d)
In what follows the scaling ¢ +— %, ap > apmp,
oy > azm?, and oy — oz4m‘;7 is more illustrative and will
be adopted.

Let us denote by w4 the corresponding motion away from
(+) and toward (—) the black hole horizon. The L cases
correspond to outgoing/incoming solutions of the same spin.
Note that neither of these cases is an antiparticle solution
since we assumed positive frequency modes as a part of the
ansatz. In computing the imaginary part of the action, both
® and w4 are, in general, complex functions. Therefore,
they will contribute for the emission probability, I, defined
to be the probability of outward scattering-to-probability of
inward scattering ratio.

Solving Eq. (28) on the event horizon yields the imaginary
part of the action,

iz rim(1+f5A)

, 30
4 ryp—yxr— (30)

Jmwy(r) =
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where
2 (3 ;3/m§, + ;/mp)
X=— 5 : , (31a)
p 1 2my a
my, (S¢aiar + o3 + &
3 em? A
A=z —
2 " w—eA;
1262 .Atm?, (2({401?0120:3) + 30{%0{%) rw
{m},l + 8{2111‘01%0{3 + 9m%§a%a2a3 ¢/mp+ga’
(31b)
for
2 4
8a = m;“afu%a% + mgzafazoq
P P Fig. 1 Hawking radiation spectrum I' (normalized by the o% ratio)
+ [(alzm%)r (150{2m2r3 + 32) + 950{]5m?)r4 with respect to both w and the black hole mass M = ¢ /2 (in powers of
mp), for o =103 and o) = op = 1
+oympy (175a3m;r4 — 16) — 64013111‘};3
—48afmf,r2) (r3 (3r (a o0 + a‘f + a3> m‘l‘) In what follows, for the sake of simplicity, one takes A; =
12 0 and express
X (8a1mpr — 5) — 16Oa2mf,) + 80)] |r:r+
3m? Lw
B2 pA=8y st . (35)
mp é‘/mp + gO(
and
4o 8a32 1
re = — 2:|: 222+ 2{;!2,0434_{_3
a3mP Ol3mp 3 a3mp \/gfaz,ou
1 25603 12803 8 fuy a5 8
+5 : =it e T (33)
3 | 402 VBasmb+ 2, o 3y 3 @03
o I v e + =
3Mp

3 / 3
6(:(3m‘1‘7 \/IZa%mg+ l44a§m},2—aT3

Eq. (33) is displayed for oy = 0, where f4, 0, =

\3/ 3603m§, + \[129604m8 — 3adm2. For o) # 0, the gen-
eral solution, having dozens of pages, is opted not to be dis-

played here.
Thus, the tunnelling rate of fermions reads
(34)

672 JmE-2Tmwy

M~ e—2ImO-2Tmw_

2

mp

[ 8T M(+BA)w
~exp|—

As ¢ = M/2 in Eq. (13), in particular for Schwarzschild-
like black holes, the tunnelling rate (34) has the proper form

I' = exp (— 87 Mo ) when no GUP effects are considered,
i.e., when f — 0.

mp

The tunnelling rate of evaporation, I', is plotted in Figs. 1, 2,
3, 4 and 5 for various cases.

Taking into account that w ~ m% /¢, the tunnelling rate
of evaporation (34) can be written as the Boltzmann term
I' =exp(—w/T), where

2

mp

T=—r (36)
4 s (1+BA)

It is worth emphasizing that

[\/ A/(r)(B_l)/(r)}

Ty

4n r=r4
mxzv 2.2 33 5.5 4
= —I—[(a m r(lSazm r +32)+95a myr
64/57¢ I P r

+aymp (175a3m;‘,r4 - 16) - 64oz3m‘;,r3
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Fig. 2 Hawking radiation spectrum I' (normalized by the ai ratio),
with respect to both w and the black hole mass M = ¢ /2 (in powers of
mp),forBop=0=a; = a2

Fig. 3 Boltzmann factor, with respect to both w and the fermion mass
m, for By = 10° and oy = ap = 1

—48a13m?,r2) <r3 (3r (a1a2 + a‘lt + a3) m?,
X (Sotimpr = 5) — 160azm3 ) + 80)]1/2 ey, G

is the Hawking temperature of the black hole (13, 14),
obtained with the tunnelling method [8]. The tunnelling
rate (34), thus, coincides to the Hawking standard one for
black holes with a sufficiently large mass, M = ¢ /2, such
that the GUP correction is insignificant.

When the black hole mass is near the Planck scale, the A
function (31b) depends on w ~ M = ¢/2 ~ m,. In this
regime, the fermion mass is clearly negligible. For particles
emitted in a wave mode labelled by energy w and ¢, the prob-
ability for a black hole to emit a particle is equal to exp (— %)
times the probability for a black hole to absorb a particle in
the same mode, where T is the black hole temperature. Bal-
ance condition demands that the ratio of the probability of
having N particles in a particular mode to the probability of

@ Springer

Fig. 4 Hawking radiation spectrum I (normalized by the O% ratio),
with respect to both w and the fermion mass m, forfp =0 =] = a2

Fig. 5 Hawking radiation spectrum I'" (normalized by the O% ratio),
with respect to both w and Bo, for o = ap = 0.1

having N — 1 particles in the same mode is exp (—%) . Hence,

the average number n¢(®) in the mode n¢(w) = n (%) can
be derived, where n (x) = exp++1, for fermions. Ref. [47]

counted the number of modes, per frequency range, with peri-
odic boundary conditions, around a black hole. The expected
number emitted per mode n, (w), to the average emission rate
per frequency range, reads

dne(w) dw dp, dw

ar O s T @y

(38)

where 5’7“’ is the radial velocity of the particle, whereas the
number of modes in the range (p,, pr + dp,) is given by
gf;;l, where p, = %—f is the radial wavevector.

Besides, also the temperature is dependenton o ~ m . To
carry out this dependence, let us consider Hawking fermions

of energy w in some given mode €. Their emission probability
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can be described by the rate I'(w) = ¢~®/T(®) up to a factor
that encodes the absorption probability of the fermions by
the black hole. To quantify this reasoning, one denotes the
average number of fermions carried by each £ mode, n¢(w) =

(1 +exp(ow/T) ' = % Since each particle carries off

the energy w, the total luminosity is obtained from d”(‘;# by

3 ) ~
L(¢, By, m) = Tmp |:1 N af (o oz3):|

Fy = Zf/za?mz,\(’/az (a10n + @3) Zm?, (401? + 2430y (a3} + 220301 + a%))

—243a2m},1 (o{%(xlz + 20003001 — a%) — 2(x19m9 — Z(X%m

p

—1—22/3111%,1/2 |:\/012 (ajon +a3) 2 (405? + 2430y (a3} + 2030} + a%))

13
—203m — 243w (eat + o) ]

21,,{2 alzag—a%
2
m Tm —6m
‘H307p 2.” - g L FC{ 5
Ip \2¢%ga 18 (ajap +a3)8mp
(42)
where
43)

multiplying by the energy w and summing up over all energy
w and £,

 — o0
L= %;0 (20 + 1)/0 wng(w)do. (39)

However, some of the radiation emitted by the horizon might
not be able to reach the asymptotic region. One needs to con-
sider the greybody factor |G (w) |2, where Gy (w) represents
the transmission coefficient of the black hole barrier which in
general can depend on the energy » and angular momentum
[ of the particle. Therefore, black hole luminosity reads

RS 2
L= 2nh;(2£+ 1)/(; ong(w) |Ge(w)|["dw,  (40)

where G, (w) denotes the grey-body factors. For small black
holes, when m% /M < , in the continuum limit, the lumi-
nosity reads

) () 4 i) |
L= d n
2amply Jo T (w) T(w)) Jo

e+ 1yms 00+ 1
X @ 1+ P d €+ 1 .
T(w) 1672w T (w)c* 2 w?
(41)
Modelling the black hole by a sphere introduces an upper
bound on the absorbed £ modes, given by £(£ + 1) m‘;, <
24—7§ 2 @? [29], as the £ modes beyond this range will not con-
stitute the absorption spectrum of the black hole.

Applying the metric (7) with coefficients (13, 14), for M ~
mp, the flux is given by

The black hole evaporation rate M ~ —L, with regards to
the radiation flux (42), leads to the Hawking temperature for
Bo = 0 and vanishes for a certain value M = M.

Before proceeding to the determination of black hole rem-
nants, it is important to realize that the parameters, o1, o2, @3,
in the metric coefficients (13, 14) are (a priori) free, as
integration-constant parameters that govern the family of
solutions of Egs. (10a, 10b). However, to shed new light on
physical aspects of these solutions, one can constrain the
parameters o, 2, o3. In fact, one can implement, for exam-
ple, the classical tests of GR in the Solar system, further prob-
ing physical constraints on these free parameters. Hence, the
perihelion precession of Mercury, the deflection of light by
the Sun and the radar echo delay observations, consisting of
well known tests for several solutions in GR, can be here
applied in the context of the metric coefficients (13, 14), to
observationally and experimentally constrain the free param-
eters. Considering the light speed ¢ = 2.998 x 10% m/s, the
Solar mass M = 1.989 x 10°” kg, let one regards the motion
of a planet on a Keplerian ellipse with semi-axes a; and az,
where ay = a;v/'1 — €2, where e = 0.205615 is the eccen-
tricity of the orbit; a; = 57.91 x 10° m, the Sun radius is
Ro = 6.955x 10® m and the Newton’s gravitational constant
reads G = 6.67 x 10711 1113kg’1 s~2. Therefore, the classi-
cal tests of GR [48,49], applied to the metric (7) with metric
coefficients (13, 14), yield a lower bound for the parameters
o, a2, o3, given by

layon| < 159.28 & 73.04| m 3, (44)
for the perihelion precession, whereas
loras] < [17.37 +69.48| m ™, (45)

for the light deflection. Finally, the radar echo delay analysis
yields the bound

laaer3| < 137.02 4 40.21] m ™. (46)

@ Springer
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Due to the form of the metric coefficients (13, 14), it is not
possible to obtain separate bounds for each one of the param-
eters ;.

For Bp > 0, the GUP term in Eq. (42) can attain negative
values, thus compensating the Hawking radiation for some
values of o1, oz and «3. In particular, for 0 < By « 1, the
Hawking flux vanishes for

Mo(Bo) = 385 /> m),

a3z = 2.137.

= —3.419, oy =1.673,

47

for o

When Bo = 1, the Hawking flux is equal to zero when

Mo(Bo) = 3.7Tm,p,
az = —0.219.

for o] = 2.316, o) = 12.420,

(48)

For By > 1, the critical mass, for which the Hawking flux
vanishes, producing black hole remnants, reads

Mo ~ T.1mp,
oy = 11.003,

for o = —5.372,

a3 = 2.914. (49)

These particular values of the «; parameters, in Eqs. (47)—
(49), are in full agreement with the physical bounds (44)—
(46).

It is worth noticing that for § = 0 the Hawking flux does
not vanish, whatever the values of o, a2, a3, ¢ are taken in
the metric (13, 14).

A crucial question when one tries to construct a quan-
tum theory of gravity is its renormalizability. A conservative
approach to obtain arenormalizable theory of gravity consists
of adding higher-order terms to the theory. Among all pos-
sibilities of finding a renormalizable model, an action with
curvature invariants up to second order stands out for its sim-
plicity. Such theory is described by the action (1), which is
equivalent to the theory studied in Ref. [35]

1
= [ a5 (g R+ PR~ aCuapo 7).
(50)

for Cpups being the Weyl tensor components, due to the
Gauss-Bonnet invariant.

As the Frobenius expansion was obtained near the origin
in (13, 14), it is now opportune to analyze the possibility of
black hole remnants for an expansion around a nonzero radius
ry,. Reference [35] showed that in static and asymptotically
flat backgrounds, the existence of an event horizon yields a
vanishing Ricci scalar. Therefore the Schwarzschild solution
is also the solution of the (50). Hence, the quadratic theory
consists of Einstein—Weyl gravity, with action (50) with b =
0. The corresponding EOMs read, for the metric (7),

@ Springer

24 (24 _ABN e +4A|rfA — A B “ i) =o0
B B2 8 B

D

_% <3r2A/2 n 8A2)

—2i2 PPy 287 8" +r5+2
B2 B3 B2 B2

B
B
—rA3 = <3r— +4) }

1 ’
+87‘[Gr28 (rA + A(l —B))= (52)

The Schwarzschild standard metric, considering A(r) =
1/B(r)y =1— Z—M, for r, = 2M in this case, satisfies the
EOMs (51, 52).

The quadratic gravity theory does not present an analytical
solution, but a Frobenius expansion around the event horizon
rp.

3 3 2 1
=V1(r—rh)+< - —’“+2)

B(r) 1287Ga 128w G ayiry T r

X (r —rm)? + 00 —ry)?,

1 1 1 2
A(r) = r—rp)+| — + +— -
(r) V2 |:( ") ( 1287 G ay 128]7,’6&)/12}’}1 )’lr;% rh)

x (r—rm)?+0r—m?], (54)

As accomplished for the near-origin Frobenius expansion
(13, 14), the near-horizon case (53, 54) has also a priori three
free parameters, a, yi, y2, coming from the EOM (52), as
integration constants. Implementing again the classical tests
of GR [48,49], applied to the metric (7) with metric coeffi-
cients (53, 54), constrains the parameters a, y1, y». In fact,

lay1] <18.2 £10.0] m*kgs?
(55)

1721 <1101 4 12.4] m ™,

for the perihelion precession, whereas
lay?| <19.3 +37.2] m ™ kgs?, (56)

for the light deflection. Besides, the radar echo delay yields
the constraint

”/2‘<|25i27|m kg !s2 (57)

One can compute the Hawking radiation flux and the black
hole luminosity as well, for the metric (53, 54)

3
T m,
L=~ L
161,y 7 (yi +2y5)
o2 27 m;, B Viyamyry ,
l 2a%y1yy 196 (3y2 4+ 4y)m
p rp + n(y12+y22) ( Y1 )/2)

(58)
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where

G 1 a? 1
) 16)/22m§7 6\3/§y2mp

1/3
—%nwmi+2ﬁmi+hmnﬁmi—yWﬁﬂ] +4Cmnm¢+ﬁmﬁ+mnmm@

(27a2y1mp + [27a2y1m,, — ayryim’ + 14dysyim’, — 54y23m§,)

2

3

32%3ym, |:\/(27a2y1mp — 9ay,yim?, + 2)/131413’J + 144y2y12m?]) 244 <3ay2mp + ylzm%) 3

173
4!
_9ay2y1mf, + 2y13m?, + 144y2y12m§, + %] }

(59)

Similarly to the analysis accomplished for the Frobenius
expansion around the origin, the second term in Eq. (58) can
be negative, canceling the Hawking radiation out, for some
critical masses, near the Planck scale.

After numerical routines, we derive that, in the range 0 <
Bo < 1, the Hawking radiation flux equals zero, leaving
black hole remnants, for
Mo(Bo) = 28, "> m,, for

y1 = 2.652, y» =3.002 a = 1.539. (60)

In the range Bo = 1, the Hawking radiation flux is equal to
zero when

Mo(Bo) = 44mp, for
y1 = —0.470, y» =1.381, a = 1.227. (61)

Finally, the range B¢ > 1 yields

My ~ 6.1m,, for
y1 = 1.109, y» = —1.562, a =2.780. (62)

These particular values of the «; parameters, in Eqgs. (47—
49), are in full agreement with the physical bounds (55-57).
For = 0, when no GUP effects are taken into account, the
Hawking flux does not vanish.

Comparing the results (47)—(49) and (60)—(62) with other
previous results in the literature is not an easy task, since
the respective black hole solutions investigated in this work
are solutions of quadratic gravity. In Ref. [12], MGD black
holes were studied, in a totally different context of gravity.
However, also black hole remnants were shown to exist. In
fact, in the range B9 =~ 1, black hole remnants with mass
My ~ 2.6m, were derived, whereas for By > 1 the crit-
ical mass reads My ~ 2.2m,. We conclude that higher-
order gravity with GUP effects magnify the critical black
hole masses, but keeping them of order of the Planck scale.

4 Concluding remarks

The tunnelling method in the WKB approximation, in a GUP
context, was here applied to static, spherically symmetric and
asymptotically flat solutions in higher-derivative gravity with
quadratic curvature terms. Taking into account GUP effects,
we investigated the particles tunnelling in the background of
static, spherically symmetric, asymptotically flat solutions in
quadratic gravity. These solutions, previously studied in Refs.
[43,44], contained free parameters, that have been bounded,
by observational and experimental data, regarding the classi-
cal tests of GR in the Solar system, including the perihelion
precession of Mercury, the deflection of light by the Sun and
the radar echo delay. The bounds on the parameters of the
near-origin black hole solutions obtained are displayed in
Eqgs. (44)—(46), whereas the constraints on the parameters
of the near-horizon black hole solutions are shown in Egs.
(55)—(57). In this spacetime configurations, we showed that
the corrected Hawking temperature is not only determined
by the properties of the black holes, but also dependent on
the mass of the emitted fermions.

The black hole solutions evaporation was scrutinized, in
both the near-origin and near-horizon expansions. The GUP-
corrected Dirac equation was solved by the Hamilton—Jacobi
method. We showed that the Hawking flux of fermions emit-
ted by black holes can vanish for a critical masses (47)—(49),
respectively for fixed sets of parameters in the metric (13,
14), in the allowed range of the parameters in the black hole
solutions, obtained in Egs. (44)—(46). Besides, the Hawk-
ing radiation in the vicinity of a black hole in a higher-
derivative theory of gravity, which includes the quadratic
Weyl modification to the Einstein-Hilbert action, was also
studied. The black hole evaporation that we have found is
largely different from the Schwarzschild one. In fact, also
in the near-horizon expansion we showed that the Hawking
flux of fermions emitted by black holes can also vanish, for
critical masses (60)—(62), in agreement with the range of
parameters in the black hole solutions (55)—(57), for fixed
sets of parameters in the metric (53, 54). Both analyses bring

@ Springer
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the possibility of absolutely stable black hole remnants in
the quadratic gravity setup. These remnants are stable also
under (small) linear perturbations. The Hawking temperature
of static, spherically symmetric and asymptotically flat solu-
tions in quadratic gravity was also shown to be corrected by
GUP effects. As a perspective, one may compute the infor-
mation entropy that underlies these solutions [50].
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