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The vacuum solution of Einstein’s theory of general relativity provides a rotating metric with a ring
singularity, which is covered by the inner and outer horizons and an ergo region. In this paper, we will
discuss how ghost-free, quadratic curvature, infinite derivative gravity (IDG) may resolve the ring
singularity. In IDG the nonlocality of the gravitational interaction can smear out the delta-Dirac source
distribution by making the metric potential finite everywhere including at » = 0. We show that the same
feature also holds for a rotating metric. We can resolve the ring singularity such that no horizons are formed
in the linear regime by smearing out a delta-source distribution on a ring. We will also show that the Kerr
metric does not solve the full nonlinear equations of motion of ghost-free quadratic curvature IDG.
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I. INTRODUCTION

Einstein’s theory of general relativity (GR) is indeed a
very successful metric theory of gravity which has seen
amazing success in the infrared (IR) [1], including the
detection of the first gravitational wave signal [2]. In spite
of these successes, classical GR suffers from the ultraviolet
(UV) catastrophe at short distances and small time scales,
where there are black hole and cosmological singularities
[3-5]. It has been recently shown that a ghost-free,
quadratic curvature infinite derivative gravity (IDG) can
potentially resolve the cosmological [6] and black hole type
singularities [7]. Infinite derivatives acting on a point delta-
Dirac source smears out the singularity by a Gaussian
profile [8-10]. At a quantum level the graviton vertex
interactions become nonlocal [11-14], very similar to
string field theory [15-18]. Besides strings, nonlocality
is also a feature of loop quantum gravity, see [19], spin
foam or dynamical triangulation where Wilson loops acts
as fundamental operators; for a review, see [20]. The
quantum scatterings for such nonlocal interactions in
IDG provide a very interesting insight [21,22], where there
is a UV-IR connection when a large number of scatterings
of particles with nonlocal interactions are taken into
account. The scattering amplitude gets exponentially sup-
pressed for external momenta P> > M2, and the scale of
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nonlocality gets shifted by M, — M,/v/N [23], for N
scatterers in the limit when N > 1. Furthermore, nonlocal
thermal field theory provides a resemblance to a Hagedorn
phase as shown in [24].

As the gravitational interaction in the UV weakens, both
linear [7] and nonlinear equations of motion [25] provide a
conformally flat spherically symmetric, static metric sol-
ution [8]. A similar scenario also holds in the case of a
charged point source [26]. It has also been shown that the
singularity and the event horizon does not form in a
dynamical context at a linear level [27], as a mass gap
can be formed determined by the nonlocal scale [28]. In
particular, it has been shown that singular solutions such as
Schwarzschild metric [29] and Kasner metric [30] do not
satisfy the field equations in the vacuum. Moreover, infinite
derivatives acting on the delta-Dirac distribution at the
origin are smeared out by a Gaussian profile [7,8], and the
region of nonlocality yields a nonvacuum solution as
opposed to that in GR. It is also possible to make the
gravitational radius as large as the effective scale of
nonlocality, 7y, which can be larger than the
Schwarzschild’s radius, ry, < ry, [8]. At the cosmological
front, such nonlocality can potentially replace the cosmo-
logical singularity by the big bounce [6] or freezing the
Universe in the UV [31]. Outside the region of nonlocality
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the gravitational interaction becomes that of GR, thus
reproducing all the features of gravity being tested in the
IR [32]; similar features have been observed for extended
objects such as d and p-branes [33]. In Ref. [34], it was
shown that in higher curvature gravity with more than four
derivatives, the delta source gets smeared out, as for
example in the sixth order theory of gravity, and the
linearized metric turns out to be singularity-free.
However, such local theories always suffer from the
presence of ghosts at the tree level.

The aim of this paper will be to understand the rotating
metric within IDG and show how to smear out the ring
singularity of a Kerr metric [35] in the linear regime by
considering a toy model with a delta-Dirac distribution on a

|
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where Sgy corresponds to the Einstein-Hilbert and S,
corresponds to the quadratic curvature terms; G = 1/ M?,
is Newton’s gravitational constant, and a, ~1/M? is a
dimensionful coupling, [, = [J/M2, where M, repre-
sents the scale of nonlocality at which new physics
should emerge. In the limit M, — oo, the action
reduces to the Einstein-Hilbert term, as expected. The
d’Alembertian operator is defined as [ = g¢*V,V,,
where u, v =0, 1, 2, 3, and we work with the mostly
positive metric convention, (—,+,+,+). The three
gravitational form factors, F;, are the analytic function

|
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rotating ring. We will show that the linear solution
approaches conformal flatness in the limit r — 0. We will
provide numerical/analytical solutions of the rotating met-
ric and show how it recovers the predictions of GR in the
IR. With the help of nonlinear equations of motion we will
show that the Kerr metric does not pass through the field
equations of ghost-free quadratic curvature IDG.

II. THE INFINITE COVARIANT DERIVATIVE
ACTION

The most general quadratic curvature action, which is
parity-invariant and torsion-free, is given by [7,25,36]:

d4x\/ _g[R =+ ac<R]:1 (Ds)R —+ Rﬂy}-Z(DS)R/w + WMMG?3<DS)WMMU)L (1)

of [J and can be expressed in series representation as
follows:

Fi(@) =Y fualn, (2)
n=0

which are reminiscent of any massless theory possessing
only derivative interactions. Note that we will always
consider analytic operators of []; and not nonanalytic
operators such as 1/00; [37,38] or In(CJ;) [39]. The
ghost-free condition around Minkowski background can
be formulated as [7,25,36,40]:

a(DS) =1 + sz(Ds)Ds + 4f3(DS)DY = e_D.\-. (3)

The field equations for the action in Eq. (1) have been derived in Ref. [25], and they are given by

G a,

8rG * 8rG

P —= —

(4G F(O)R + ¢ RF(O,)R - 4(VoVF — P 00) F (O, R

=207 + ¢ (QF, + Q) + 4RF, (0, R

— PREFH (D) R — 4V, VA (F,(0,)RM) 4 20(F,(0,)RY)

+ 207V, Vo (Fo(C)RM) =205 + g5, + Q) - 487

— gPWHR Fy (T )W 06 + AW, F5(0,) WhHe

—4(R,, + 2V, V) (F5(O,) W) — 207 + gP(Q + Qy) — 8AY)

= T,

(4)

where T% is the stress-energy tensor of the matter component, and the symmetric tensors are defined as (see Ref. [25])

0 n—1

QTﬁ _ Z‘fln Z VaR(l)vﬁR(n—l—l)’

n=1 =0

ROR M=) (5)
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The notation R() =

/i(m a(n—I-1) _

ﬂa a)(n=I-1) _ R;;a(URﬂU(”_I_l)].U, (7)

Zf%” Z Wu/Io—W vie(n— l) (8)
=1

W/lg_llﬂ(l) Wﬂ/i(m(n—l—l)];y‘ (9)

('R is only used for the covariant derivatives acting on the curvature tensors. We can also compute the

trace of the field equations in Eq. (4) whose expression is a lot simpler and is given by [25]

R
~ 841G 8G

< (120F,(O,)R + 20(F4(

The static solution for both linerized [7,41,42] and the full
nonlinear regime [8,29] has shown that Schwarzschild-like
singular solution is not permissible within IDG. In the UV,
well inside the region of nonlocality, r < 1/M,, the Weyl
tensor W4 — () as r — 0. In this respect, the system has
some similarity to the fuzz ball [43]. The smearing out of
the singularity has also been seen in noncommutative
geometry, as pointed out first in Ref. [44]. In GR the
Schwarzschild metric is derived by imposing the boundary
condition at the origin, i.e., by putting a delta-Dirac
distribution at » = 0 [45,46]; in our case, the IDG smears
this singularity at the origin. The entire spacetime metric is
regular in the static case, inside the nonlocal region, i.e.,
|

O,)R) + 4V, V,(Fy(
+2(QF, 4+ 2Q) + 2(Q5, + 2,) +2(Q3, + 2Q;)

0;)R*)

—4A3, - 8AZ ) = —T = —g,3T%. (10)

[
r < 2/M, without any singularity. Therefore, perturbation
theory can be trusted all the way from r = 0 to r — oo as
long as mM, < Mf,; see Refs. [7,8]. As the effective
scale of nonlocality is given by M, — M,/+/N, where N
is the number of graviton interacting nonlocally, the
condition, mM, < Mf,, can be satisfied for large astro-
physical mass m [42].

III. RING SINGULARITY

Let us briefly recall the Kerr metric [35] in rational
polynomial coordinates, which is given by (see [47]):

2mr dmar(1 — y?) r + a*y? dy?
ds®> =—(1- dr* — dtd L dr? 2 ) —2—
g < r2+a2)(2> r? + a’y? ¢+r2—2mr+a2 rr +a)()l—)(z
2ma*r(1 — y?
s-p) (P + 250 0 1

where y = cos @ is the transformation used to bring the
standard Boyer-Lindquist coordinates, whereas m is the
mass and J = am is the angular momentum, with a being
the rotation parameter. One of the key observations is that
the Kerr metric has a ring singularity which is described by
the equation (see Ref. [48] for a nice discussion):
r> + a?cos’ @ = 0, where it is clear that a corresponds
to the radius of the ring, whereas r is the radial coordinate
in Boyer-Lindsquit coordinates, which are defined in terms

of the Cartesian ones as follows: x = v/ + a* sin 6 cos 0,

y =Vr?> +a*sinfsing, and z = rcosd. The Kretsch-
mann scalar blows up when r? + a® cos? § = 0 is satisfied,

[
i.e., when r = 0 and 8 = /2, or in Cartesian coordinates,
x* +y? = a?,z = 0, namely the ring singularity lies on a
plane which is perpendicular to the rotation axis. Let us
first discuss the physics in the linear regime, in analogy
with the static case." We consider the source is a Dirac
distribution on a ring of radius a, which is rotating with a
constant angular velocity, w, in the plane x—y (z = 0). Thus,

"There were attempts to understand the Kerr metric in IDG; see
[49]. However, we have found an error in our analysis, which we
have rectified here. Unfortunately, the rotation was not taken into
account correctly in the paper.
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the components of the energy momentum tensor of the
source are

5(x* +y* —a®
TOO = m5(Z) % s TO

i = Toov;- (12)

Note that the factor 7 in the denominator comes from the
fact that 6(x,y) = 6(x)6(y) = z6(x> +y?), and v; is the
tangential velocity whose magnitude can be expressed as
v = wa, and assuming that the rotation happens around the
z-axis, we have v, = —yw, v, = xw, v, = 0. Note that this
choice of the stress-energy tensor, in analogy with the static
case, is compatible with the fact that in order for the
Einstein equations and the Kerr metric to be defined in the
entire spacetime we need a nonvanishing stress-energy
tensor at the ring. In fact, by using the theory of distribution
[46], it was rigorously shown that the stress-energy tensor

|

e VIM2D(F) =

for a Kerr metric has a structure similar to the one we have
written in Eq. (12). For example, the (00) component of the
Einstein tensor in the case of the Kerr metric is Gyy ~
md(z)8(x* +y*> —a®) [46]. A general linearized metric,
which can describe the spacetime in the presence of a
rotating source can be written, in isotropic coordinates, as

ds® = —(1 +2®)d® + 2h - didi + (1 = 2%¥)d¥2,  (13)

where hoy = =2® < 1, h;; = =2¥5;; < 1 and hy; = h; <
1 signify the weak-field and the slow rotation regime, and
now the metric components depend on the isotropic radius,
r, which should not be confused with the Boyer-Lindsquit
radial coordinate used above. To find the form of the metric
components, we would need to solve the following differ-
ential equations:

e VIMINIY(F) = 4GmS(2)5(x% + y* — a?),

VM2 o (F) = ~16Gmwys(2)5(2 + 3 — o).
e—VZ/M?V2h0y(?) = 16Gmwxs(z)8(x> + y* — a?), (14)

where we are assuming the ghost-free condition in Eq. (3). To solve the differential equations in Eq. (14) we can go to the
Fourier space and then antitransform back to coordinate space; thus, first of all, we need to compute the Fourier transforms
of the stress-energy tensor components, i.e., of Ty and T;.

A. Smearing out the ring singularity at the linearized level

Let us first compute the corresponding gravitational potential, ® = W¥; we need the Fourier transform of the ring
distribution in Eq. (12):

Fl6(2)6(x* +y* —a®)] = /dxdydzé(z)cﬁ(x2 +y? — a?)ekreiky gikz, (15)

It can be computed by performing the integral in cylindrical coordinates: x = pcos¢, y = psin¢g, z = z, so that

o0 o 27
Fl6(2)8(x* +y* —a?)] = / dz6(z /dp/)5 p? —a* /d(pe’k*pcowe’kﬂ“m"’ =zl (la\/k2 + k2> (16)
-0 0 0

where [ is a modified Bessel function, which is also defined in terms of the Bessel function as Iy(x) = Jy(ix). By

antitransforming, we obtain the gravitational potential in coordinate space:

. Pk e /M iy i
®(F) = —472Gm / o B Io<za1/k2+k2) hereihveitis, (17)
T

where d°k = dk,dk,dk, and K=K+ k% + k2. In order to study whether the ring singularity is still present or not in IDG,
we can simplify the integral in Eq. (17), by considering ourselves on the x—y (z = 0) plane, where the ring singularity lies in
the case of the Kerr metric. Thus, by setting z = 0 and going to cylindrical coordinates, k, = { cos ¢, k, = {sing, k, = k_,
we can rewrite the integral in Eq. (17) as follows:

>, when M, — o0 = ®ug(p) = —Gm / delo(iad)lo(icp).  (18)
0

N

®(p) = ~Gm [ deniany(iptte (-
0
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FIG. 1. In this plot we have shown the results of the numerical

computation for the integrals in Eq. (18), and the behavior of the
metric potential in the case of the multipole expansion in Eq. (31).
The blue line corresponds to the behavior of the perturbation,
2® = —hy,, in GR, and the orange line to the behavior of the
metric potential in IDG; the dashed red line represents the metric
potential in the case of the multipole expansion. We have chosen
G=1,m=05,a=1and M; =0.9. We can notice that the
gravitational potential in GR blows up for p = a = 1, whereas it
is finite in IDG; moreover, the metric coming from the multipole
expansion is a very good approximation outside the source, i.e.,
for p > a.

where the last integral corresponds to the GR case. The two
integrals in Eq. (18) cannot be solved analytically, but we
can compute them numerically. From the numerical com-
putation one can explicitly see that for x> + y?> = a2, the

gravitational potential in GR diverges as expected, whereas
in IDG it is singularity-free; see Fig. 1. This is what we
expected physically; the IDG smears out a ring distribution
very similarly to the case of a point source [6-8,41].
Furthermore, we can trust the linear regime all the way up
top = 0, as long as 2(0) < 1. The integral in Eq. (18) can
be evaluated analytically at p = O:

®(0) = —GmErf<Msa), (19)

where the linearized approximation yields 2®(0) < 1. As
Erf(Mga/2) < 1, the case of a > 2Gm always satisfies the
inequality; in the opposite case, a < 2Gm, the weak-field
inequality is satisfied as long as

a<o- (radius of the ring < scale of nonlocality).

N

(20)

This suggests that ghost-free IDG can indeed avoid the
ring-type singularity.

B. Computing &, components for a rotating ring

So far we have only computed the static gravitational
potential generated by a delta-Dirac distribution on the ring.
We now wish to study the components /,; which are related
to the fact that the ring is also rotating with a constant
angular velocity . We would need to compute the
following Fourier transforms:

FUS()502 + 52 — a?)] = / drdydzjd(2)5(x2 + 32 — a?)etkek et (1)

where j = x, y. The computation can be performed by using cylindrical coordinates as done in Eq. (16):

Flxs(2)8(x* +y* —a?)] = / dz8(z)e’*= / dpp*s(p* — a*)
—00 0

and by following similar steps we also obtain

.7:[y5(z)5(x2 +y? — aZ)] = ra

. L k
dpe*sPcose gikpsing cog ) — gg—— 1, (ia\ [k + k%),
NE

(22)

k, /
K2+ k2

where I, is a modified Bessel function. We can express the components A; in coordinate space as antitransforms:

Pk e KM

k.

ho,/‘(?) = 16Gma)a/<2ﬂ_)3 2 k2j_|_ E 11<ia\/k;2c+k§)eik"xeik"'yeikzz7 (24)
\ e TRy
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where j = x, y. By using cylindrical coordinates, similar to the integrands in Eq. (18), and setting z = 0, we obtain similar

expressions for the cross-terms:

N

¢

N

hoy(x,y) :4Gma)a§/dCIl(iaC)Il(iZ_,’p)Erfc<M£>, hoy(x,y) = —4Gma)a§/dCIl(iaC)Il(iCp)Erfc(ﬁ) (25)
0 0

where p = /x* + y? is the radial cylindrical coordinate in the plane z = 0. As @ = 7/2, we have x = pcos @, y = psin g,
and thus all the radial dependence and the singularity structures are taken into account by the integrals:

N

Hp) = [ det (a1 cp)ite (). when M, = o0 = Honlp) = [ athliadi(@). (29
0 0

where the last integral corresponds to the GR case. The two
integrals in Eq. (26) cannot be solved analytically, but we
can compute them numerically and check the absence of
any singularities. As it also happens for the potentials /g,
and h;;, the cross-term hy; shows the presence of a ring
singularity in GR; indeed, from the numerical analysis one
can explicitly see that for x*> + y?> = a® the function H
diverges in GR. Whereas in IDG the cross-term turns out to
be singularity-free, indeed, the function H is finite every-
where. In analogy with the static scenario, also in the
rotating case, IDG is responsible for a smearing effect, in
this case of the delta-Dirac ring distribution. Note that at the
origin, p =0, z =0, the cross-term vanishes, which
implies that in IDG the spacetime metric approaches
conformal flatness; indeed, at r = 0 the rotating metric
becomes that of the static case [41].

In the IR regime, for p > a, the metric components
found above match extremely well with the case of GR.
Indeed, for distances larger than the radius of the ring and

|

1 Erf M7 =7 1Erf M,r . IEI’f M,r M, _
= = = — _ — —_— — e
|7 =7 2 r 2 r 2 Vrr?

|

the scale of nonlocality, i.e., p > 2/M, > a, we recover the
Lense-Thirring metric [50]." To exactly recover the Lense-
Thirring metric at large distances, we need to identify
J = ma?w, which is nothing but the relation J = /@, where
I = ma? is the moment of inertia of the delta-Dirac ring
distribution. Note that the relation J = am does not hold,
but the angular momentum is related to the parameter a
through the momentum of inertia of the source.

C. Rotating metric outside the source: multipole
expansion in IDG

We now wish to determine the generic form of the metric
in IDG outside the rotating source, without assuming any
large distance limit. In this regime, the linear treatment is
valid; see Eq. (13). The components A, and h;; will be the
same as that already obtained in the static case; to compute
the (07) components we can consider a multipole expansion
for Exf (M |7 —7|/2)/|7F =7,

2,2
MSr
i

3
]ijx/j_l_...’ (28)
=1

which recovers the GR case in the large distance regime, M r > 2, as expected. Such a multipole expansion holds true for
r > r’ ~ a, which means outside the source. By using Eq. (28), we can now compute the 4, components:

2

Toi(7 M,|F -7 1 (M, M. e
ho,(7) :4G/d3r’ 0'(r)Erf< 5|7 r) :2G[7Eﬁ< Ar) _ M
e

-7

> ] (FxJ)., (29)

Vrr?

We can move from Cartesian to isotropic coordinates, so that the dpdt component of the metric will be given by

2h - didt = —4GJ [1 Erf<
r

M

M, w2
5r> - Se-MT] sin20dgdt, (30)

Nz

“Recall that the Lense-Thirring metric represents the weak-field and slow-rotation limit of the Kerr metric [50]:

2Gm 4GJ

2G
ds® = —(1 - T) dr* + T(ydxdt — xdydt) + <1 + Tm) (dr* + r2dQ?). (27)
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which in the regime M r > 2 recovers GR result, as
expected. Moreover, by expressing J = o = ma’w and
imposing |hy;| ~GmM?wa* < 1, we can notice that the
slow rotation regime means w < 1/a, when we also require
GmM, < 1 and aM, < 1. Note also that by recasting the
cross-term in terms of the angular momentum and imposing

|

r r 2

the linearized regime we obtain |h| ~ GM2J < 1, which
also means J < (M,/M;)*. From the last inequality, as
M, < M,, the angular momentum J may also exceed one
in IDG. The linearized spacetime metric in Eq. (13) outside
the source, r > a, in the case of IDG reads as

2 g

2G M 2G M 1 Mg\ M, )
ds2:—<1— mErf<Tsr>>dt2+(l+ mErf( sr>>(dr2+r2d£22)—4GJ[—Erf< Sr)— \/ie_MT]smzé’d(pdt.
r

From Figs. 1 and 2, it is clear that the metric constructed by
using the multipole expansion is a very good approxima-
tion to describe the spacetime outside the source, r > a;
whereas in the regime M r> 2, we recover the GR
predictions; indeed Eq. (31) reduces to the Lense-Thirring
metric [50] in Eq. (27). Thus, in the case of ghost-free IDG,
for a rotating source we have found a hierarchy of scales:
the radius of the source a, the Schwarzschild radius ry;, =
2Gm and the scale of nonlocality ry; ~2/M,, which have
to satisfy the following set of inequalities to preserve the
linearity:

2 2m
rNL~ﬁ>rSCh:W>a. (32)
s p

0.0 e ———
-0.2
T-04f —GR
— IDG
--- Multipole expansion in IDG
-0.6
-0.8 - - - - - -
0 1 2 3 4 5 6 7
p=(2+y2)""2
FIG. 2. In this plot we have shown the results of the numerical

computation for the integrals in Eq. (26) and the behavior of the
same function in the case of the multipole expansion in Eq. (30).
The blue line corresponds to the behavior of the function Hgg,
and so of the cross-term in GR; the orange line to the behavior of
the function Hpg, and so of the cross-term in IDG; the dashed
red line represents the cross-term in the case of the multipole
expansion. For convenience we have chosen a=1 and
M, = 1.5. We can notice that the metric components h(; blow
up in GR for p=a =1, whereas they are finite in IDG;
moreover, the metric coming from the multipole expansion is
a very good approximation outside the source, i.e., for p > a.

(31)

|

As long as the inequality in Eq. (32) holds, the spacetime
metric is valid all the way from r = oo up to r = 0, and it
turns out to be free from any curvature singularity and also
devoid of any horizons. Furthermore, because in our case,
the /g, component is always bounded below unity, there is
no ergo region, as first pointed out in [49].

IV. NON-KERR TYPE METRIC IN THE FULL
NONLINEAR THEORY

We now wish to move towards the full nonlinear regime
and show that the Kerr metric does not solve the full
nonlinear field equations in Eq. (4). First of all, note that
strictly speaking the Schwarzschild metric in GR is not a
vacuum solution everywhere; indeed there is a delta-Dirac
distribution at the origin, so that the stress-energy tensor is
nonvanishing at r = 0. Thus, even in the absence of the
Weyl squared term W, ,,75(00;) W*#°, the full nonlinear
IDG field equations will not allow the Schwarzschild
metric as a solution, due to the presence of infinite order
covariant derivatives acting on a delta-Dirac source. We can
argue the same also in the case of the Kerr metric. As it was
rigorously shown in Ref. [46] by using the theory of
distribution, the Kerr metric is not a vacuum solution
everywhere, but there is a nonvanishing stress-energy
tensor expressed as combinations of delta Dirac and theta
Heaviside on the ring [46]. Thus, the infinite order
covariant derivatives acting on the theta-Heaviside and
delta-Dirac distributions on a ring generically will generate
an object which will have a nonpoint support. In this sense,
the Kerr metric will not pass as a vacuum solution of the
IDG field equations.

We now wish to show that the Kerr metric does not pass
as a pure vacuum solution (i.e., T, = 0 everywhere) if the
Weyl squared term with a nonconstant form factor (either
local or nonlocal), F3(C,) # const, is taken into account in
the action. Let us first demand that the Kerr metric,
Eq. (11), is a vacuum solution for the full nonlinear
equations (4); i.e., let us impose the Ricci flatness,
R =0, R,, =0, whereas the Weyl tensor is nonvanishing
but coincides with the Riemann tensor. Let us now check
whether the Kerr metric is allowed as a vacuum solution
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with P,; =0 and R = 0 and R, = 0 (which also means G = 0). Thus, by imposing the Ricci flatness, the full field

equations in Eq. (4) become

Paﬂ =0= Pgﬂ = SZXT—CG (_gaﬁWMMGf3(DS)WMMU + 4W0;41/0F3(|:|5>Wﬁﬂua
— 8V, V,(F5(O,)Whwe) - 2QF + g (Qf + Q) — 8AY). (33)

n order to obtain some insight into this problem, let us first consider the right hand side of P‘;ﬁ up to second order in [,

namely

F3(Oy) = (fr0 + fn0, + f005), (34)

and study the field equations order by order, as we had done for the static case in Ref. [29]. After some computations (see

Appendix), we have obtained the following results.

At the zeroth order in [1;: This is the case of local fourth order gravity of Stelle [51]:

1
S =
162G

As we are requiring the condition to be Ricci flat, the
full field equations in Eq. (4) are explicitly reduced to
Eq. (33), where the only relevant terms that remain to be
analyzed are those corresponding to the form-factor
coefficient f3,. However, in this case the local contri-
bution from the Weyl squared term with a constant form
factor, fsy, vanishes in four dimensions as we can use
the Gauss-Bonnet topological invariant to rewrite the
Weyl squared in terms of Ricci scalar squared and Ricci
tensor squared. Thus, the Kerr metric is still an exact
solution for the local fourth order quadratic gravity in
Eq. (35) [51].

|

144G*m?(—-8a*Gm + a*r(100G*m? — 8Gmr + 5r*) + 5r*(r —2Gm))

/ d*x\/=g(R + a.[f1oR* + F20R* Ry + FoWH W 0]). (35)

[

At the first order in U;: Even though the Weyl con-
tribution vanishes at zeroth order, this is not the case for the
higher powers of box, i.e., LI}, with n > 0. Indeed, at the
first order in box, we obtain

apo 0 0 aos
(ZC 0 an O O

, (36
el 0 0 ap 0 (36)

aso 0 0 ass

1oy
PO, =

with the dimensionless matrix elements given by

288aG*m?(4a* +25r(r—2Gm))

L ST TR (2 A (r—2Gm))

144G2m2(28a2 +r(21r—=50Gm))
- M2

’

_ 144G2m2(r(100G2m? —92Gmr +2172) —8a2Gm)

’

r""M2(a* + r(r—2Gm))

Goo = r''M2(a* + r(r—2Gm))
1008G?m?(4a* +5a*r(r —2Gm) + r*(r—2Gm)?)
an=- 12302 422 =
r' M
288aG>m?* (44> +25r(r—2Gm))
azy)=— , A=
30 r'"M2(a*> +r(r—2Gm)) 33
[
where we have fixed the equatorial plane, y =

cos(z/2) =0, without any loss of generality. We can
also compute the two-rank symmetric tensor Pgﬂ (Oy) at
higher order in box; see e.g., Appendix for the computa-
tions of the second order in box and for the explicit
expression of P{(0J,).

Generic orders in [J;: We can now ask what would
happen for generic higher orders in [J;. Note that for

the Kerr metric one has D_‘.~W8”3 and by

*More precisely, for the Kerr metric the box operator reads (], =
MLEQWVDV” :W[(az +r(r—=2Gm))9*+2(r—Gm)d,].

dimensional analysis we can find the behavior of the
lowest order in power of 1/r at each order in box. We
have already seen that the lowest order in 1/r at one box
goes like 1/r'%, and at two boxes we have 1/r'%; see
Appendix. By proceeding in the same way, we can notice
that at third order in box, the lowest contribution in powers
of 1/ris f33(G*m?/r'*M$), and at fourth order in box
f34(G*m?/r'®M?). Finally, we can hint that at n-th order in
box, the lowest contribution in powers of 1/r will be
always proportional to f3,(G*m?/r¥2"M?"). By just
looking at the lowest order contributions at each order in
box, we can notice that the tensor Pgﬁ satisfies the
following relation:
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p 1 1 1
P3ﬂ“‘f310(m> +f320<ﬁ> +"'+f3n()(m>
+e (37)

from which it is clear that in order to vanish we would
require an unlikely fine-tuning among all coefficients f3,.
In this respect, Kerr-like metric as in Eq. (11) cannot be a
vacuum solution of the full nonlinear field equations in
Eq. (4); indeed it does not pass through at any order in box,

W e LV WH% with n > 1.

V. CONCLUSIONS

Let us briefly conclude our study. In this paper we
have studied the rotating metric in the case of ghost-free
IDG [7]. First, we have worked in the linear regime and
found the spacetime metric in the case of a stress-energy
tensor given by a delta-Dirac distribution on a rotating
ring. In GR, this kind of source generates a metric
solution which suffers from the presence of a ring
singularity, where the Kretschmann scalar blows up,
and indeed the metric components diverge on the ring,
i.e., for x> 4+ y> = a® and z = 0, which mimics the ring
singularity appearing in the Kerr metric [35]. Instead, we
have found that in the IDG the spacetime metric turns
out to be singularity-free, and for r — 0 the metric
becomes conformally flat, i.e., the cross-term vanishes at
the origin, where the metric coincides with the static one
[7,8]. Moreover, the linear approximation can be trusted
all the way from the IR to the UV regime, provided we
require slow rotations, mM, < Mf,, and a < 2/M,. The
last inequality means that the region of nonlocality has
to engulf the ring source of radius a. In IDG the angular
momentum has to satisfy the inequality J < (M,/M,)?
which implies that its value may also exceed one, unlike
in GR. We have shown that outside the source, r > a,
the spacetime metric can be well described by a multi-
pole expansion which recovers the Lense-Thirring metric
in the local regime, r > 2/M,. Finally, we have ana-
lyzed the full field equations and shown that the Kerr
metric, seen as Ricci flat, will not pass as a vacuum
solution if the form factor F3([J,) is not constant;

indeed, the Weyl contribution does not vanish at each
order in box.

Hence, the notion of a rotating black hole that we have in
GR would be different in IDG, i.e., without singularity,
without event horizons, and without the ergo region.
Indeed, our study might have an interesting impact in
astrophysical black holes, which should be discussed
elsewhere in some detail. Hopefully, our analysis will also
shed some light in the presence of LIGO/VIRGO data and
understanding the spacetime near a rotating nonsingular
compact object.
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APPENDIX: SECOND ORDER
CONTRIBUTIONS FROM
THE WEYL TERM

We now wish to present the explicit expression of the
two-rank symmetric tensor Pg’/j at second order in [J,. It is
given by

aoo 0 0 aos
a. f 0 ayy 0 0

. ) = 2 N
87G 3 0 0 [25%) 0

ayp 0 0 a3

(A1)

with the dimensionless matrix elements, defined as

[4a*Gmr(89Gm — 66r) — 72a°Gm

+ a’r*(=1578G*m> + 927G*m*r — 656Gmr?> + 140r3) + r7(939G*m? — 744Gmr + 140r%)],

576G?*m?>
a fr—
00 rSMi(a® + r(r —2Gm))
1152aG3*m?
apy =

a M} (a* + r(r —2Gm))

[36a* — 2a*r(89Gm — 52r) + r*(789G*m?* — 696Gmr + 148r%)],
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576G%m?>
an= 15 p

+r2(390G*m? — 459G*m*r + 172Gmr* — 20r7)],

[2a*(193Gm — 50r) + a*r(=967G*m? + 718Gmr — 120r%)

576G2m>*(a*(100r — 426Gm) + r(789G*m? — 534Gmr + 80r2))

ar =

rSm ’
1152aG*m? (36a* — 2ar(89Gm — 52r) + r*(789G*m?* — 696Gmr + 148r?))
az = —
30 rPSMi(a® + r(r—2Gm))
576G m?
azz =

CSMA(a? + r(r—2Gm))

[72a*Gm — 4a>Gmr(89Gm — 38r) + r*(1578G*m* — 1857G*m*r + 694Gmr? — 80r3)].
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