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ABSTRACT: Quasi-topological terms in gravity can be viewed as those that give no contri-
bution to the equations of motion for a special subclass of metric ansatze. They therefore
play no role in constructing these solutions, but can affect the general perturbations. We
consider Einstein gravity extended with Ricci tensor polynomial invariants, which admits
Einstein metrics with appropriate effective cosmological constants as its vacuum solutions.
We construct three types of quasi-topological gravities. The first type is for the most gen-
eral static metrics with spherical, toroidal or hyperbolic isometries. The second type is for
the special static metrics where g4 g, is constant. The third type is the linearized quasi-
topological gravities on the Einstein metrics. We construct and classify results that are
either dependent on or independent of dimensions, up to the tenth order. We then consider
a subset of these three types and obtain Lovelock-like quasi-topological gravities, that are
independent of the dimensions. The linearized gravities on Einstein metrics on all dimen-
sions are simply Einstein and hence ghost free. The theories become quasi-topological on
static metrics in one specific dimension, but non-trivial in others. We also focus on the
quasi-topological Ricci cubic invariant in four dimensions as a specific example to study
its effect on holography, including shear viscosity, thermoelectric DC conductivities and
butterfly velocity. In particular, we find that the holographic diffusivity bounds can be vi-
olated by the quasi-topological terms, which can induce an extra massive mode that yields
a butterfly velocity unbound above.
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1 Introduction

Einstein gravity extended with quadratic curvature invariants is the first step to include
an infinite number of possible higher-order curvature terms. In four dimensions, owing
to the fact that the Gauss-Bonnet combination /—g(R? — 4R, R* + Ryupe RIMP7) is a
total derivative, quadratic terms involve only the Ricci tensor polynomials. The theory has
attracted continued attention since it was proven that it is generally renormalizable, albeit
it contains additional ghost-like massive spin-2 modes [1, 2]. The theory admits the usual
Schwarzschild black hole as a vacuum solution. Recently it was demonstrated numerically
that the theory contains a new black hole associated with the condensation of the massive



spin-2 modes [3, 4]. The result was generalized to higher dimensions [5]. (See, e.g. [6-14],
for studies on linearized theories of quadratically-extended gravities.)

Einstein gravity extended with higher-order Riemann curvature polynomial invari-
ants in general admits multiple vacua that are maximally symmetric spacetimes, such
as the Minkowski, de Siter (dS) or anti-de Sitter (AdS) spacetimes. Linearized gravity
around these vacua typically involves quartic differential equations, containing the usual
massless graviton, as well as a possible massive scalar and a ghost-like massive (spin-2)
graviton. In some particular combinations, such as the Gauss-Bonnet or more general
Lovelock terms [15], the massive modes are absent and theory can be ghost free. Interest-
ingly, the k’th order Lovelock term vanishes in D < 2k — 1, and it is purely topological in
D = 2k dimensions in that it is a total derivative and gives no contribution to the equations
of motion.

In general relativity, or its application in gauge/gravity duality, black hole solutions
are of particular importance. Many insights can be gained from studying the static black
holes with spherical, toroidal or hyperbolic isometries. The most general ansatz for such
metrics in D dimensions is given by

2
Jfl(i) +1r7dQh ., (1.1)
where dQ%FZ6 is the metric of round SP=2, TP=2 and HP~2 for ¢ = 1,0, —1 respec-

tively. Although analytical solutions of black holes in Einstein-Gauss-Bonnet gravity ex-

ds3, = —h(r)dt* +

ist [6, 16], an analytical black hole in theories extended with higher-order curvature in-
variants are hard to come by. The existence of additional ghost modes implies that such
a black hole is unlikely to be unique, as demonstrated in [3]. It is thus of interest to con-
struct curvature polynomials that give no contribution to the equations of motion for the
ansatz (1.1). The k’th-order Lovelock term in D = 2k dimensions fits the criterium, but it
is topological and it has no effect on constructing any metrics except for measuring their
topological characteristics.

The quasi-topological structure on the other hand is more interesting: it has no effect
on the equations of motion for the static metric (1.1), but it can have nontrivial effects
on the general perturbations. This is a compromise that leaves the background solutions
intact but alters the perturbative spectrum. Quasi-topological Riemann cubic gravity in
six dimensions were constructed in [17]. Unlike the third-order Lovelock term that vanishes
in five dimensions, the quasi-topological cubic theory is non-vanishing, and its holographic
properties were studied [18]. The work has attracted much attention and here is the list
of incomplete references [19-39]. A new notable example is a quartic polynomial that is
quasi-topological in eight dimensions [22].

Quasi-topological gravity was perhaps a serendipitous discovery. In literature, the con-
struction typically starts from general Riemann tensor polynomials and then requires that
the solution space contains the Schwarzschild-like black hole with A = f, and furthermore,
there exists a first integration. (See, e.g. [17, 40].) It turns out that in some cases the
resulting theory becomes quasi-topological in certain specific dimensions, like the cubic
polynomial in six [18] and the quartic polynomial in eight dimensions [22]. However, since



the polynomial coefficients typically depend on the dimension, the cubic and quartic theo-
ries in six and eight dimensions do not have any special properties in other dimensions for
the same set of coefficients.

In this paper, we focus our attention purely on the Ricci tensor polynomial invariants.
These polynomials are much more manageable compared to those constructed from the
general Riemann tensor. We study these structures up to the tenth order, since at the tenth
order, the total number of the polynomials is exactly 42! An important benefit of Ricci
gravity is that the Schwarzschild black hole (h = f) is already a solution. In fact all Einstein
metrics with appropriate cosmological constants are solutions of the theory. This leads to
another benefit that one can construct covariant linearized gravity on the Einstein metrics.
By contrast, the covariant linearized theory of a generic Riemann tensor polynomial is
possible only on a maximally-symmetric vacuum. We seek for combinations for which there
is neither massive scalar nor ghost-like massive spin-2 mode in linearized gravity around
the Einstein metrics. We expect that this ensures that the Schwarzschild metric is the only
black hole solution out of the ansatz (1.1). We then look for combinations such that the
Ricei polynomials give no contribution to the equations of motion for the ansatz (1.1). We
find that the first occurrence is at the quintic order in four dimensions, and at the sextic
order in D # 4 dimensions. We call these quasi-topological Ricci polynomial gravities
on general static metrics. Thus our construction is different from those in literature. By
construction, all our polynomials are quasi-topological and give no contribution to the
equations of motion.

For large classes of solutions known in literature, including Schwarzschild and Reissner-
Nordstrgm (RN) black holes, the metric functions h and f are equal, leading to a special
class of static black hole metrics
dr

2
o) +r2dQh .. (1.2)

In other words, the product g+ g, is constant. We can also construct polynomials such that

ds?) = —f(r)dt® +

they give no contribution to the equations of motion for this special class of static metrics.
It is clear that the restrictions in this case are more relaxed and consequently the lowest
example is at the cubic order in four dimensions, and at the quartic order in general D # 4
dimensions. We call these quasi-topological Ricci polynomials on special static metrics.

As being mentioned earlier, Ricci gravities admit Einstein metrics as vacuum solutions.
We find that the absence of massive scalar and spin-2 modes in linearized Ricci gravities on
FEinstein metrics implies that the higher-order terms give no contribution to these linearized
theories either, as if they were purely topological. The resulting theories are exactly the
same as linearized Einstein gravity and therefore are ghost free at the linear level. We call
these linearized quasi-topological gravities. The aforementioned quasi-topological gravities
on both general and special static metrics are subset classes of these linearized quasi-
topological theories, and hence they are all ghost free.

The coefficients of the quasi-topological gravities are in general dependent on the di-
mensions D, and hence they are not the same theories in different dimensions. We find
further subclasses of dimension independent polynomials, in which case, the same theory is



quasi-topological in all dimensions. Furthermore, it is of interest to construct Lovelock-like
theories that are dimension independent and are quasi-topological in some specific dimen-
sions, but nontrivial and ghost free in other dimensions. We find that such Ricci gravities
do exist.

It is worth clarifying here that our construction becomes degenerate in one and two
dimensions. When we refer in this paper “general” or “all” dimensions, it is understood
that they mean all dimensions D > 3. Also in this paper, when we say a theory is ghost
free, we mean only that the linearized gravity on an Einstein metric, rather than on a
generic metric, contains no ghost excitations. Finally, when we use the terminology of
“general” static ansatz, we mean (1.1), with spherical, toroidal or hyperbolic isometries.
The “special” static metric ansatz refers to (1.2).

One motivation for us to construct these quasi-topological gravities is to study the
effect of higher-order terms on the AdS/CFT correspondence [41], in subjects related to
strongly-coupled condensed matter physics in particular [42-45]. Our construction allows
that all the previously known static AdS black holes continue to be solutions when our
quasi-topological terms are included in the theory. This significantly simplifies the task of
constructing the background solutions in the presence of higher-order curvature terms. On
the other hand, the linear perturbations can be affected by these higher-order terms, which
are not topological, but only quasi-topological. In this paper, we employ a concrete example
of quasi-topological Einstein-Maxwell Ricci cubic gravity in four dimensions, and study the
corresponding holographic shear viscosity, thermoelectric conductivities and also butterfly
velocity. In particular, we find that conjectured holographic diffusivity bounds [46, 47] can
be violated by the quasi-topological terms, not by changing the thermoelectric properties,
but by inducing a new massive mode that yields a butterfly velocity that is unbound above.

The paper is organized as follows. In section 2, we study Einstein gravity extended with
cubic Ricci tensor invariants. We derive the equations of motion and obtain the effective
cosmological constants of the Einstein metric solutions. We construct linearized gravity
on an Einstein metric and require that the massive scalar and spin-2 modes be absent.
We find that the resulting linearized gravity is exactly the same as linearized Einstein
gravity, giving rise to linearized quasi-topological gravity. Interestingly, we find that the
theory becomes also quasi-topological on special static metrics of (1.2) in four and only
four dimensions. We also argue that Schwarzschild black holes are only solutions out of the
ansatz (1.1) in theories we construct in this paper. In section 3, we generalize the discussion
up to the tenth order of Ricci polynomials. We construct quasi-topological Ricci gravities
for both general and special static metrics, as well as linearized quasi-topological gravities.
We classify the results that are either dependent on or independent of dimensions, and
also separate the irreducible solutions from the reducible ones. In section 4, we construct
Lovelock-like quasi-topological Ricci gravities, which are nontrivial and ghost free in all
but one specific dimension. In section 5, we consider the Einstein-Maxwell-Axion theory
extended with the quasi-topological Ricci cubic term in four dimensions and study the
AdS/CFT correspondence. We summarize our results and conclude the paper in section 6.
In appendix A, we present the full results of irreducible quasi-topological Ricci polynomials
we construct in this paper. The complete structure of quasi-topological Ricci gravities can



be obtained from these irreducible solutions. In appendix B, we present a proof of the
matching of the radially-conserved bulk current with boundary stress tensor for general
Ricci cubic gravity. This matching is important for us to read off holographic properties
from the bulk currents in the study of the AdS/CFT correspondence in section 5.

2 Quasi-topological Ricci cubic gravity

2.1 Einstein gravity with cubic Ricci polynomials

We begin in this section to consider Einstein gravity extended with cubic Ricci-tensor
polynomial invariants. The bulk action in general D dimensions is given by

1
=— [dPz/—gL 2.1
Shulk 6 x/—gL, (2.1)

where L = Lo+ L1 4+ Ly + L3, with
Lo=ro(R—20Ng), Li=eR’, Ly=eRR,R", Ly=esRERIR,. (2.2)

Note that we introduced kg, the inverse of Newton’s constant, the bare cosmological con-
stant Ao and three coupling constants (ey, e2, e3) associated with the three cubic invariants.
The covariant equation of motion associated with the variation of the metric dg"” is

1
Eyy = Pap R — igWL —2VVPPuus, =0, (2.3)
where 5L

For the (Lo, L1, L2, L3) terms in the Lagrangian, the corresponding P tensors are given by

Pﬁupa = %“0 (Jup9vo = GuoGup) ; P/il/pa = ;ele (Gup9ve = GuoGup)
b 31//)0 = %e2Rab’Raﬁ (GupGve — GuoGup)
+%ezR (GupRvo — GuoRup — GupRuc + guoRyp)
Pgl/po = 263 (gupRV’yR07 — Guo B Ry — gup Ry RyY + guoRu’pr’Y) (2.5)

It is clear that the theory admits Einstein metrics as vacuum solutions. It is convenient to
define an effective cosmological constant Aeg, namely

_ 2A.q _
Ry, = T_GQQW = aguw - (2.6)

In this convention, for negative A.g, the radius £ of the AdS vacuum is

Mg = — P 12)6(21) -2 (2.7)




For this ansatz, we have

_ 1 _ 3
0 - o 1 29 . _
Puupa = iﬁo(gupguff - g,uoglfp) ; P;U/pa = §D a-e1 (gungf - g,ucrgl/p) )
_ 3 o o _ 3 o o
Pﬁupa = §Da262 (gupgvcr - g;wgl/p) ) PEVpo’ = 5(1263(9;4)91/0 - g;wgup) . (2.8)

Substituting these into the equations of motion (2.3), we have

1 1
koo = Elﬁo(D —2)a + §(D — 6)(D%e1 + Dey + e3)a®

4(D — 6)

~ ol Tp gy

(D2€1 + Degy + 63)1\2& . (29)

2.2 Linearized gravity and quasi-topology

Having obtained the Einstein metrics as the vacuum solutions, we would like to perform
linear perturbations on these backgrounds. For g,, = g, + 0g,., we define two quantities

SRy = 6Ru — adgu,,  O(R) = 0(g" Ru) = " 6 R, . (2.10)

After some somewhat involved algebra, we find each contribution to the linearized equations
of motion associated with /—gLj;:

~ 1_ 1
5E0, = Ky [(mw — 9uwd(R) + <A0 - 5(D- 2)a> 59,4 :

~ 3 _
55;1, = e [3(Da)26RW — 5D(D — 4)a*g,,0(R) — 6Da(V,V, — g, 0)s(R)

1
—§D2a3(D — 6)594 ,

_ ~ _ 1 _
6E% = ey [ — DaALdR,, — (D +4)a(V,V, — guwd)é(R) — iDagu,,D(S(R)

uv

~ 1 1
+5Da*5 Ry, — 5 (8D = 8)a?d(R) — 51)a3(D —6)6g,m | ,

53, = e [ ~ 3Dal 3By, — 30(V,V, — D) 0(R) — S5 08(R) + 9a°0 R,

3 1
—§a2§W5(R) - §(D - 6)a3éguy] . (2.11)

The total linearized equations therefore involve only 5§W and 0(R), given by

~ 1 ~
SE = kg (mW - gg,wé(R)) +a2(3D%; + 5Des + 9e3)0 Ry

1
—§a2 (3D(D — 4)e1 + (3D — 8)ea + 3e3) G d(R)

_ ~ 1
—a(D€2 + 363)AL <5Ruy - 29/11/5(R)>

—a(6Dey + (D + 4)es + 3e3) (V,Vy — guw)6(R) = 0. (2.12)



Here Ay, is the background Lichnerowic operator, given by
ALS(R) = —08(R),
ALdR,, = —06R,, — 2R,",°6Rpy + R,POR,, + R,POR,, . (2.13)

Linearized gravity of quadratic Ricci invariants was studied in [5, 14].
We now require that the linearized spectrum contains only the usual graviton mode,
with no massive scalar or massive spin-2 modes. This can be achieved by setting

Des +3e3 =0, 6De; + (D +4)ea +3e3 =0. (2.14)

This leads to just one cubic Ricci tensor combination

3 1
W® = R3 - 5D RRuwRY + §D2 RURURE. (2.15)
Intriguingly, for this particular combination, the linearized gravity becomes simply that of

Einstein theory, namely

~ 1
SENY = ko <5R,“, - 2g“l,5(R)> . (2.16)

In other words, the Ricci cubic term W® gives no contribution at all to the linearized the-
ory, as if it is purely topological. However, it is clearly not topological for a generic metric
at the nonlinear level. It is therefore appropriate to call it linearized quasi-topological
gravity on Einstein metrics. This should be contrasted with Einstein-Gauss-Bonnet grav-
ity in D > 5 or Einsteinian cubic gravity [29] where the effective Newton’s constant 1/kg
is modified by the higher-order terms. (See also, [30, 31, 39].)

It is also instructive to study the linearized spectrum before we set the condi-
tions (2.14). The linearized equations (2.12) can be split into the traceless and trace
parts, namely

B . o 1
—ax (AL —2a+ u%)éRW = a(a+28) <VuVV - DgWD> I(R),
%a(Da £4(D - 1)8) (0 w3)S(R) = 0. 6Ry = Ry~ %gﬂya(m 17
where

a = Deg + 3e3, 8 =3Deq + 2e3, (2.18)

and the masses of the massive scalar and spin-2 modes are

D +2+ (D —6)(a+ DB)a? 2= 2% 3(3a+ DB)a® +1
2=2q— .

g = Dot 4D -Dfa — (2.19)

Thus the decoupling of the massive modes requires either a = 0 or « = 0 = [, which
corresponds to (2.14) and gives rise to (2.15). The case with a = 0, on the other hand,
yields Ricci-flat spacetimes on which cubic curvature tensor indeed gives no contribution
to the linearized equations of motion. In this paper, we consider only the situation with
a # 0. One may also consider other interesting limits. Critical gravity of [12, 13] can be



achieved by setting ps = 0, together with the decoupling of the massive scalar modes by
setting Da+4(D — 1) = 0. The ghost free condition may be also possible if we decouple
the massive spin-2 mode by setting a = 0. It was also demonstrated [5] that the existence
of the massive spin-2 mode as in (2.17) implies that the theory admits a new branch of
static black holes over and above the Schwarzschild one. We shall come back to this point
in section 2.4.

It is worth emphasizing that covariant linearized gravities on Einstein metrics are lux-
uries enjoyed only by Ricci gravities. In Riemann tensor gravities, covariant linearized
gravity is possible only in Minkowski or (A)dS maximally symmetric vacua, unless the
Riemann structure is purely topological. There are a total of eight Riemann cubic invari-
ants. Absence of massive scalar and spin-2 modes also give rise to two conditions, leading
to six Einsteinian linearized gravity. The effective Newton’s constant of these linearized
theories is typically modified by the cubic terms. Two examples are worth noting. The
first is the well-known third-order Lovelock combination. The other is the recently con-
structed Einsteinian cubic gravity [29]. The coefficients of both examples are independent
of dimensions.

The linearized quasi-topological Ricci cubic gravity (2.15) on the other hand depends
on the dimensions, and hence they are different theories in different dimensions. Further-
more, the linearized theory with coefficients specified by parameter D is ghost free only in
D dimensions, but not so in dimensions other than D. In later sections, we shall construct
quasi-topological gravities at higher orders that are independent of dimensions and ghost
free at the linear level in all dimensions.

2.3 Quasi-topological Ricci cubic gravity in D = 4

In four dimensions, something new happens to the cubic term (2.15). We give a new name
specifically for D = 4:

Q® = R* — 6R R, R* + 8RLRLRY,. (2.20)

If we substitute the special static metric ansatz (1.2), the equations of motion derived
from the variation of \/—gQ® is automatically satisfied, as if it were topological. It is not
the case for the general static metric (1.1) with A # f. Thus we have constructed four
dimensional quasi-topological Ricci cubic gravity on special static metrics. (Note that the
Ricci cubic structure Q® was also obtained in [34] in somewhat different context.)

There are a large class of static black hole solutions in four dimensions with h = f,
including the celebrated RN black hole. These black holes continue to be solutions after
Q® is included in the theory. However, linearized gravity in these black hole backgrounds
will involve nontrivial contributions from Q®. In section 5, we shall discuss how this
phenomenon affects the linear response system in the AdS/CFT correspondence.

2.4 On the uniqueness of Schwarzschild black hole

In Ricci polynomial gravities, Einstein metrics with appropriate cosmological constant are
solutions of the theories. The static solution with spherical symmetry is the celebrated



Schwarzschild black hole. As was demonstrated in [3], new black holes associated with the
condensation of massive modes can emerge. As a concrete and simple example, we consider
Einstein gravity extended with quadratic curvature invariants in four dimensions, studied
in [1, 2], namely

L =R+ aR?+ 3R, R". (2.21)

Minkowski spacetime is the vacuum of the theory. Following from the metric ansatz (1.1),
the static and spherically symmetric deviation from the vacuum at the linear order is [1, 2]

h=1-"_Dpmnor 2 par
roor r
1 1
f=1- % + CO('MO: * )67”” - 02(,u227;+ )ef“zr +-ee (2.22)

Here the coefficients (m, co, c2) are coefficients associated with the graviton, massive scalar
and massive spin-2 modes. The masses (u, p2) of the scalar and spin-2 modes are

py = M7 ps = —;- (2.23)
Thus we see that the excitations of either the massive scalar or the massive spin-2 modes
have the effect of yielding h # f. Indeed new black holes with h # f was constructed
numerically in [3, 4]. The absence of these two types of modes leads to the Schwarzschild
or Schwarzschild-like solutions with A = f. Note that the decoupling of the scalar mode
requires that 3a 4+ f = 0, corresponding effectively to the Weyl tensor squared in four
dimensions. The decoupling of the massive spin-2 modes requires that § = 0, giving rise
to an f(R) theory of gravity.

The cubic W® (2.15) we constructed for general dimensions is quasi-topological on
any Einstein metrics at the linear level. In other words, it gives no contribution to the
linearized equations of motion. It follows that the linearized gravity is purely Einstein. The
Schwarzschild black hole, with or without a cosmological constant, is Einstein. Thus even
with the inclusion of the W® term, the black hole is “rigid” against perturbation provided
that we keep the ansatz static with spherical, toroidal or hyperbolic isometries, as in (1.1).
In fact we expect that Schwarzschild black holes are the only solutions from the metric
ansatz (1.1) in Ricci gravities we construct in this paper, since none of these theories gives
rise to massive scalar or massive spin-2 modes. However, at the stage of writing this paper,
we do not have an opinion whether there exist static black holes outside the class of (1.1)
in our quasi-topological Ricci gravities.

3 Higher-order quasi-topological Ricci gravities

3.1 The setup and notations

In section 2, we studied the properties of the cubic Ricci gravity and obtained quasi-
topological combinations. We now generalize the results to higher-order polynomials. Ricci
polynomial invariants are constructed from Ricci scalar R and irreducible Ricci tensor
polynomials. The irreducible Ricci polynomial of k’th order is

Ry = RIS R2 - Rk (3.1)
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Table 1. The number N of possible Ricci polynomial terms at the k’th order.

The Ricci scalar can be viewed as R = R(;). The general Ricci polynomials at the k’th
order can be expressed as
RF)

iccl

=e1R}, + e2R" *Rp) + e3RE PRy + eaREURY, + esRy * Ry + . (3.2)

Here we use a lexical ordering of the coupling constants. The term with higher power
of Ry and with smaller k has a smaller labelling index for its coupling constant. In
this paper, we shall work up to the tenth order of Ricci polynomials. The numbers of
possible terms for a given order are summarized in table 1. They are significantly less than
those of the Riemann tensor polynomials at the same order, and the structures are far
more manageable.

To derive the equations of motion (2.3), a useful formula is

OR (k1)

1
BRI Z(k +1) (Qupngfy) - guoRz(/lf;) - gpr,(ff,) + guaRﬂZ)> ; (3.3)

where

RLOIE = v R;lez =Ry, R;(lzl/) = RZI Ry, ,

Rl(ﬁ/) = RﬁlRﬁQRﬁg T RZ];:;RMk—lul ) k>3. (3'4)

Since (1.1) is the most general static ansatz with spherical, toroidal or hyperbolic isome-
tries, we can substitute the ansatz directly into the action and obtain the two equations of
motion by varying the (h, f) functions. The non-vanishing Ricci tensor components are

f 1 o rf'n’ rh?  rh”
Ri=2((1-=D)—— -
toyp h  Afh T T o )

2
RT B f <<1 1D> f/ Tf,h’ Th,Q T‘h”)
“o\U 27T 7

f  Afh TSRS

<

Cep o L(D=3= W
Thus we have
Ry = (R)Y + (R + (D — 2)0" . (3.6)

In extended gravities of curvature polynomials (without their covariant derivatives), there
are at most four derivatives in equations of motion. By requiring that the equations do
not involve higher derivatives, we obtain effective two-derivative theories. It turns out that
this can be achieved, and further more, it has a consequence that the higher-order terms
do not contribute to the equations of motion at all, leading to quasi-topological gravities.
In the next two subsections, we construct quasi-topological gravities on both the special

~10 -



static metrics (1.2) and the general static metrics (1.1). It turns out that in these theories,
the Ricci polynomials all vanish identically with the respective static metric ansatze. This
implies that if P*) is quasi-topological, so is X P¥), where X is any Ricci tensor invariants.
We call these reducible solutions, and we shall present only the irreducible solutions that
cannot be factorized. The reducible solutions can be easily constructed from the irreducible
ones, by multiplying an arbitrary polynomial of some desired order. We then construct
linearized quasi-topological gravities on Einstein metrics. In the last subsection, we include
Riemann tensor invariants.

3.2 Quasi-topological gravities for special static metrics

For the special static metric ansatz (1.2) in general D # 4 dimensions, the first occurrence
of quasi-topological Ricci gravities is at the order of 4. The corresponding quartic Ricci
polynomial is given by

PW = R}, — 2DR? R + 8(D — 2)Ruy Ry + (D* — 6D + 12) R?,,

—2(D —2)DR, . (3.7)
(As we have disclaimed in the introduction, it is understood that by “general dimensions,
we mean D > 3.) For k = 5, there are two linearly independent solutions. As we remarked
earlier, one is simply the reducible R,P® and the irreducible solution (that cannot be
factorized) is given by
P® = R} R — DR} Ris) — DRy RG,) + 6(D — 2) Ry Ry
+(D? = 4D +8) R Ris) — 2(D — 2) DR, . (3.8)

For k = 6, there are a total five independent solutions, three of which are reducible, namely
(le(21) + $2R(2))P<4) + ng(l)P(5) y (39)
for arbitrary constants x;. The remaining two are irreducible, given by

IP{(S) = R(21)
+2(D —2) 2R Ry + Ry Ry — DRy))

Py’ = Ry Ru = 2R Ry Ry + Riyy — DRy Ry + DRE,. (3.10)

R% —2DRu R R + (D — 4D + 8) R?,,

We construct irreducible solutions up to the tenth order, and the results are summa-
rized in (A.1) in appendix A. Note that the reducible solutions associated with coefficients
(x1,x2,23) in (3.9) are linearly independent; however, such analogous reducible construc-
tion in higher orders may not always be, and hence could potentially lead to a wrong and
over counting of total solutions.

The situation in four dimensions is somewhat different. The lowest occurrence is at
the third order, given by (2.20). At each order upward, up to the tenth order, there is a
new irreducible solution emerging. They can be given by the P*) specialized with D = 4.
However, with the existence of Q® (2.20), we can use it to simplify the higher-order terms
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further by subtracting some appropriate reducible combinations. The results are called
0®) and we present them in (A.2) of appendix A. Note that PéS) is irreducible in general
dimensions, but becomes reducible in D = 4, owing to the existence of Q®.

It should be emphasized that the reducible quasi-topological Ricci polynomials are no
less trivial than the irreducible ones. In fact they can produce non-trivial perturbations on
the background metrics as much as the irreducible solutions. For a given order, the complete
structure includes all the irreducible polynomials as well as the reducible ones. However
for avoiding the proliferation of the results in presentation, we only list the irreducible
configurations in appendix A. The full lists of solutions can be easily derived from the
irreducible subset. However one needs to be careful to mod out those linearly dependent
reducible combinations in order to get a correct counting of all valid linearly independent
quasi-topological Ricci polynomials.

The coeflicients of the irreducible polynomial solutions in general dimensions we have
constructed so far are dependent on dimension parameter D. This means that the theories
we constructed above are all different in different dimensions. It would be of interest to
construct a theory that is valid in all dimensions. Such a structure does exist and can be
found by selecting appropriate combinations of irreducible and reducible quasi-topological
polynomials. At the eighth order, we find first such an example, given by

P® = R — 2Ry Ry R%) — 8RR%, +6R% Ry + 8RRy Risy + 4R Ros)
+RY R% 4+ 12R%) — AR R5)Ryyy — 16R5 Ris) — 2R? Ry - (3.11)

It is easy to verify that P® vanishes identically for the metric ansatz (1.2) in all dimensions.
New irreducible such examples at the ninth and tenth orders are presented in (A.3) in
appendix A.

3.3 Quasi-topological gravities for general static metrics

In this subsection, we construct quasi-topological Ricci polynomials on the general static
ansatz (1.1). The metrics are more general and hence the conditions are more restrictive.
For general D # 4 dimensions, the first example occurs at the sextic order, given by

U = R —3DR} R +4(3D — 5)R} Ry, + 3 (D* — 3D + 5) R}, R,
~3(D = 2)(D +5)Rf, Ry — 12 (D* — 4D + 5) Ry R Ry
+12(D — 2)(D — 1) Ry Rs) — (D — 2) (D* = 7D + 15) R},
+3(D —2) (D* = 5D 4 10) R Ry + 2 (3D? — 15D + 20) R,

—2(D —2)(D —1)DR . (3.12)
That is to say, the Ricci polynomial U® gives no contribution to the equations of motion
associated with the general static metric ansatz (1.1). In fact an even stronger statement
can be made: substituting (1.1) into U@, it vanishes identically. We present the full list of

irreducible such polynomials in (A.4) in appendix A, up to the tenth order.
In four dimensions, such a polynomial occurs at the quintic order:

V® = RY —10R R}, +20R ) RY,) + 15RY, Rty — 30R Ry — 20R2) Rg) + 24R 5, . (3.13)
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It is one less than the sextic order for general dimensions, as in the case of quasi-topological
gravities on special static metrics (1.2). This allows to simplify the higher-order results
further by subtracting appropriate V® factors. The irreducible results are given in (A.5)
of appendix A.

All the results are dimension dependent, and up to the tenth order, we find no example
of U that is independent of dimensions in this rather restrictive case.

3.4 Linearized quasi-topological gravities on Einstein metrics

In this subsection, we consider linearized gravity on Einstein metrics. It can be a tedious
and involved task to perform the linearization of Ricci polynomial gravity on a generic
Einstein metric, as we did in section 2 for the cubic invariants. The upshot in the study of
section 2 is that there are a total of only two constraints for the theory to be free from the
massive scalar and spin-2 modes. Furthermore, the two constraints for linearized gravity
on general Einstein metrics and on maximally symmetric vacua are the same. We can thus
consider the special static ansatz (1.2) and perform linearization f = g2 + € + f. The
absence of higher-derivative terms in the linearized equations of f yields precise the two
constraints. When these two conditions are satisfied, it turns out that the resulting Ricci
polynomials give no contribution to the linearized equations of motion. The lowest order
occurs at k = 3, and the solution is W given in (2.15). At the quartic order, there are a
total of three solutions: one is reducible R,V and the two irreducible ones are

Wi" = DRy + 3R}, — 4R Res) Wy = D*Ruyy — 5DRE,) + AR Ry - (3.14)

For the higher £’th order, there are a total of (N —2) solutions, but only one new irreducible
solution at each order. The irreducible solutions, up to the tenth order, are presented
in (A.6) in appendix A.

The irreducible W series are dependent on dimensions, and hence they are different
theories in different dimensions. Together with reducible results, we can build also the
dimension-independent structures. This is because the total number of theories in W
series proliferates as we go to higher orders, and there exist linear combinations of these
polynomials that are independent of dimensions. For example, at the sextic order, there
exist a total of nine linearly independent W polynomials, and there are two combinations
that are independent of dimensions, given by

Wim = 3R<23> — 4R Ry + Ry R A§6) - 2R?2) — 3R R R + R<21>R(4> . (3.15)

These two theories generate no scalar nor massive spin-2 linear perturbative modes on any
Einstein metrics in general dimensions. This phenomenon occurs first at the sextic order
and higher-order such irreducible polynomials are listed in (A.7) of appendix A.

3.5 Including the Riemann tensor

Although we have focused on Ricci tensor polynomials, our results can be generalized to
include Riemann tensor polynomials as well, provided that they form an overall factor. For
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example for arbitrary ki’th Riemann tensor polynomials, the following direct products of
polynomials

iem

R {p(kz)’ Q(kz)’u(kz),y(kz)’w(’@)} 7 (3.16)

give rise to respectively quasi-topological terms at (k1 + ko) order. These new topological
terms are inequivalent to the original ones, since the Riemann tensor factor can alter the
perturbations of the background solutions.

Finally before finishing this section, we would like to comment of a hierarchical struc-
ture of our results. The linearized quasi-topological gravity contains those quasi-topological
gravities on special static metrics, which themselves contain those quasi-topological grav-
ities on general static metrics. Thus our theories are all ghost free at the linear order
of perturbations around maximally-symmetric spacetimes and also Einstein metrics. (If
the theory depends on D, then the ghost-free condition is satisfied in D dimensions.) In
other words, the decoupling of the massive scalar and spin-2 modes yields a general class
of linearized quasi-topological Ricci gravities which we call the W series. The other series
with various special properties are some special linear combinations and hence are subsets
of the W polynomials.

4 Lovelock-like quasi-topological Ricci gravities

In the previous sections, we constructed three types of quasi-topological gravities in general
dimensions. They are all characterized by the fact that they do not contribute to the
equations of motion for some restricted class of metric anséatze. Many results were given in
terms of a parameter D and the theory is quasi-topological in D dimensions, and they may
suffer from having ghost excitations in dimensions other than D. We also presented some
dimension independent results, in which case the Ricci polynomials are quasi-topological
in all dimensions.

These are very different from Lovelock gravities. The k’th-order Lovelock term vanishes
identically in D < 2k—1, and is topological in D = 2k, but nontrivial as well as ghost free in
D > 2k. Furthermore, the coefficients of Lovelock combinations, although dependent on k,
are independent of dimensions. It is of interest to construct Lovelock-like quasi-topological
gravities. The cubic example of [17] is quasi-topological in D = 6, and nontrivial in D > 5,
but not 6. However the structure depends on dimensions. The Einsteinian cubic gravity is
independent of dimensions [29], but never quasi-topological. In this section, we construct
Lovelock-like quasi-topological Ricci gravities that satisfy the following properties

e The structure is independent of dimensions.

e The linearized theory on Einstein metrics in general dimensions is quasi-topological.
In other words, it is simply a linearized Einstein theory, and hence ghost free, with
the Newton’s constant unmodified.

e It becomes also quasi-topological on static metrics in one specific dimension n.
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The Ricci polynomials that satisfy the first two criteria are those discussed in section 3.4.
The minimum order of such polynomials is & = 6 and there are two solutions, given
by (3.15). It can be easily verified that the combination

é(a) _ 2)//\7{6) + Wéﬁ)
= 2R, — 3Ry Ry Rz — 8Ry Rea) + 6RY) + Ry Ry + 2Ry Ry, (41)
is quasi-topological on the special static metrics (1.2) in D = 4 and only in D = 4; it is
non-trivial and ghost free in other dimensions. Note that we used notation O to denote
quasi-topological polynomials in D = 4 on special static metrics. We here use wide tilde on
9 to denote those Lovelock-like combinations. Both QO and @ satisfy the third criterium
above. The difference is that O satisfies the first two criteria as well, in that the theory is
ghost free in all dimensions. The O terms, on the other hand, can develop ghost excitations
in dimensions other than four. The irreducible results of the higher-order O terms are given
by (A.9) in appendix A.
For n # 4, the lowest order of Lovelock-type of quasi-topological Ricci gravity is k = 7,
given by
P7 = Ry, (2R3, — nRuRe) + 2nR%)) + Ry RY) — 3R Ry R, — nR2 Ry
—(n—=2) (4R Ry — 6Re Res) + 2R Ro)) - (4.2)

The expression has a parameter n, but is independent of dimensions D and the linearized
gravity on Einstein metrics in any dimension is simply Einstein and hence ghost free,
regardless the value of n. In fact the ghost free condition does not even require that n be
integer.

For integer n, in D = n dimensions, the polynomial P™ becomes quasi-topological
on the special static metrics (1.2), but it is nontrivial in any other dimensions. Higher-
order irreducible solutions are given by (A.8) in appendix A. We now have constructed
the (77,73,75) series, all quasi-topological on the special static metrics (1.2). The P se-
ries depends on the dimension parameter D, and the theories are quasi-topological in D
dimensions, but can have ghost excitations in dimensions other than D. The P series is
independent of dimensions and is quasi-topological in all dimensions. The P series depends
on a parameter n, and it is quasi-topological in D = n, but nontrivial and ghost free in all
other dimensions.

Lovelock-like quasi-topological gravity exists also on general static metrics (1.1). For
n = 4, the lowest order example is

V® = RyR{, — 3R Ry R} — R\ RY) + 2RY, Ry + 9R?, R — 3Ry Ry RY,
—2R R}, — 3R% R5) Ry — 16R5 Ry Ry + 9R o Ris) Ry + 6Riry Ry

—2R}, — 3R R%, + 12R%, Ry + 10R 5 Ris) — 16R 5 Ry, - (4.3)

Higher-order irreducible solutions are given by (A.11) in appendix A. For n # 4, the lowest
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order is k = 9, and there are two solutions:

U = =2 (3n% +n—3) Ry Ry Ry, +4 (n® = 20+ 3) Ry Ry Ry,
+ (15n* — 65n + 84) RY, Ry — (3n® — 350 + 57) Ry Ruy R
—4 (n* = 13n 4 24) Ry Ri5 Ry + (n° — n + 3) RY, R,
—2(n —2) (n® — 6n+ 18) R, Ry, — 2(n — 2) (2n® — 9n + 15) Ry R
—2(n —2) (n* = 12n 4 15) Ry Rz, + (6n° — 59n® + 185n — 192) Ry Ry R
—2nR Ry, + 8nR% RY — AnR?% R RY) +2(n — 2)(n + 3) R RY,
—2nRy, Ry +4(n — 3)* Ry Ry Ry — 6(n — 2)(n + 3) Ry Riey Ry
—6(n —2)(n — 1) Ry Ry — 4(n — 3)° Ry, +6(n — 3)*(n — 2) Ry R
+3Rw Ry, — 9Re) Rsy Ry, + 6RY, RY )

U = —(2n* — 9n +12) RY — (3n — 2) Ry Ry Ry + (2n — 1) Roy Ris Y,
+(n = 2)RR%) + (5n — 3) Ry Ry, Ry + (9n — 16)R?, Ry,
—(3n — 1)R, Ry Ry — 2(4n — T) Ry Ris) Rty — 3(n — 2) Ry Rgy Ry

—(n = 1)RY,) Ry + (n — 4)(3n — T)Rpy Ry Riay — (n — 9)(n — 2) R Ry,
—2(n —2)nRu) Ry + 3(n — 2)nRi R — (n — 2)nRe) Ry — R(5>R(1>
+R(23)R3) + 3R(2)R(4)R(1) 5R(22)R )R 1) + QR(Q)R(D ) (4.4)

At the tenth order, there are four more irreducible solutions, given by (A.10) in appendix A.

5 Application in the AdS/CFT correspondence

In this section, we study the effect of the quasi-topological polynomials on the AdS/CFT
correspondence, focusing mainly on the linear holographic transport properties. As was
mentioned in the introduction, the Schwarzschild black hole is a solution of the theories,
and the quasi-topological terms all give no contribution to the linear perturbations. It
follows that nontrivial effects on the AdS/CFT correspondence from the quasi-topological
terms can only arise when additional matter content is included. As a concrete example,
we consider the four-dimensional theory

Ly=+/—g (R —2Ag + AQ® + Lmat) , (5.1)

where Q® is given in (2.20) and L™?2" is the matter contribution to the Lagrangian.

The strategy is that we start with (5.1) by setting first A = 0 and consider matter
content such that the Lagrangian admits solutions of special static metric (1.2), e.g. the
RN black hole. We turn on A and the background remains a solution. We then per-
form some appropriate perturbations and study the effect of the Q® term on the relevant
holographic properties.

In this section, we consider the simplest the RN black hole background to study the
effects of Q™ on the holographic shear viscosity (see, e.g. [48-66],) and thermoelectric DC
currents [67-78], and also butterfly velocity [80-97].
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5.1 Holographic shear viscosity

We first include the Maxwell field A and its field strength F = dA, with
mat 1 2

As was discussed previously, the theory (5.1) admits the general RN AdS black hole. For
our purpose, we consider the AdS planar black hole, given by

2 o dr? 2032 2 q
ds* = —fdt +7+r (daxy +dxs), A= =dt,
r
2
22 M 9
_ S I S 5.3
f=gr ="+ (5.3)
The solution contains mass and electric charge parameters p and ¢ respectively. The
parameter g = 1/¢ is the inverse of the AdS radius. It can be easily checked that the
temperature and entropy density are given by
f'(ro) L
T = 47T s S = 17“0 s (54)
where f(rg) = 0. In other words, the quasi-topological term gives no contribution to the
entropy of the AdS planar black hole.
To study the holographic shear viscosity, we perform the transverse and traceless (TT)
perturbation

dx? + das — da? + dad 4+ 2V(t, r)dxdas . (5.5)

When ¢ = 0, the background metric is Einstein, and the Q® term gives no contribu-
tion to the linearized equation. It follows that W(r,t) is simply a massless graviton, in
which case, the shear viscosity saturates the standard lower bound of the viscosity/entropy
ratio [48-50]:

n 1

-—=— 5.6

s 4w (56)
For non-vanishing ¢, the metric is not Einstein, and the higher-derivative term Q® is no
longer “topological.” Linear perturbations involve four derivatives and hence contain an
extra massive mode. We make an ansatz

U(t,r)=ct+9(r), (5.7)

where ¢ is a constant. In literature on holographic viscosity, Kubo formula was typically
employed where the perturbation ansatz up to the linear order of frequency is used. The
above ansatz is for zero frequency. This technique was first proposed in [67] for studying
holographic thermoelectric DC currents. The zero limit from the low frequency ansatz to
the above linear time dependence was discussed in detail in [72]. As we shall see presently
that the linear time is necessary for ¥(¢,r) to be ingoing on the horizon.
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The linearized equation becomes

1 1 3\ 2
5(4927“3 )+ §(4gzr4 1 P+ L |:T2 (4gQr4+q2 _4/”) "

+4r (492r4 +¢? - 4,ur) (4927"4 —3¢* + 8,wr) "
+2 (—80g™r® + 112g%pr® + 21" — 108ug®r + 112p%r%) ¢
—24 (=8¢%¢*r® + 36¢° ur* + Tug® — 24°r) z//} =0. (5.8)

Note that the linear time dependent ¢ term drops from the equations of motion completely.
As one may have expected, the fourth-order differential equation can be solved by two
second order differential equations, namely

|jd)1 = 07 (lj - m(r)Q)ng = 07 (59)
with 1
m(r)? = _WTA. (5.10)

Here [J is the Laplacian with respect to the background black hole metric. The most general
solution of ¥ to (5.8) is a linear combination of ¢; and ¢9. The stability of the system
requires that A < 0 so that m(r)? > 0. The existence of the massive modes implies that the
lower bound of the viscosity/entropy ratio is violated [64]. (See also [65, 66].) However, in
this case, the massive function m(r) diverges on the boundary as r — oo. Consequently, it
can be easily verified that we have ¢o ~ exp[d+/—1/(249%2¢?\) r?] as r — oo. This implies
that ¢o should be truncated out by the boundary condition.

Here, we develop a new method to compute the shear viscosity, which we find particu-
larly convenient when higher-derive curvature terms are involved. We consider the radially
conserved current constructed in [78] for general gravity theories, namely

T = J—gJe (5.11)

where oL
R WihendB v SNV} v i
DRy P57 TN

For our particular example, the Killing vector is given by & = 0,,. For the static back-

+EPAFM (5.12)

ground, the current 7! vanishes identically; it gives non-trivial contribution at the linear
order once the perturbation ¥(¢,r) is turned on. We find

6Aq>
ra

1675 = g*r f o + f (r2 f" 4 2r(rf — " —6(rf +2f — 2g2r2)¢'> . (5.13)

It can then be easily verified that the radial conservation law 0,7} = 0 gives precisely the
linear equation (5.8). In appendix B, we show that this radially conserved current matches
with the boundary stress tensor T*'*2  demonstrating that this is indeed the bulk dual of
the holographic shear viscosity.
The horizon boundary conditions for ¢ must be that W(¢,r) is ingoing, implying that
log(r — 1)

b= oS T (5.14)
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We can now read off the radially conserved current for the ¢; of (5.9) using the horizon
data. We have

T 10 - 1
Jlié (¢1) = 927‘(2)§7 = n J, 1(¢1) = 1677“(2) .

= —=—J 1
928§ lin (5 5)

Thus the shear viscosity /entropy ratio is exactly given by (5.6). The quasi-topological term
Q® does not alter the viscosity/entropy ratio. It is of interest to note that the radially
conserved current for the ¢o mode of (5.9) vanishes identically, which implies that the
corresponding shear viscosity would vanish. This is of course an irrelevant result since the
mode is inconsistent with the boundary condition.

Finally, we would like to comment that the radially-conserved method we adopt in this
subsection is particularly convenient to use for calculating the holographic shear viscosity in
theories with higher-order curvature terms, owing to the general radially-conserved current
formula obtained in [78]. The conserved current implies that the detail of the perturbation
function @ is unimportant, except that it should satisfy the ingoing boundary condition
on the horizon and it falls sufficiently fast at the asymptotic infinity so that the linearized
equation is well approximated. In fact the ¢ mode was ruled out precisely because it
diverges asymptotically, giving rise simply to (5.6).

5.2 Thermoelectric DC conductivity

In order to obtain finite holographic thermoelectric DC conductivities, it is necessary to
provide a momentum relaxation mechanism. A simple way is to introduce two axion
fields [79]. We have therefore the matter system

T Liov 2 — Loy
1F —50x)" = 5(0x2)”. (5.16)

The theory admits the AdS planar black hole [79]

Lmat - _

2 2 dr? 27 47 i
d54:—fdt +7+’Fd$dx,

A=%q =B, i=1,2, (5.17)
T
with
fogt_lp n O (5.18)
9T Ty ro 4r?’ '

The black hole horizon is located at rg, where f(rg) = 0, and the temperature and the
entropy density are

_ f'(ro) 1
T= e s= 7170 (5.19)

A small electric field E; and thermal gradient V;T will generate an electric current J°

and thermal current Q° = T% — uJ’, where T% is the boundary stress tensor, i denotes
the spatial boundary directions and p is the chemical potential. The conductivity matrix

is defined through
J o ol E
<Q> - <aT /<;T> (—(VT)/T) ’ (5:20)
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where o is the electric conductivity, & is the thermal conductivity and «, & are thermo-
electric conductivities.
We follow [67] and consider the linear perturbation

dr? o
ds® = —fdt® + Z— 4 r2daida’ + 20y dtday

f
A =adt+ Vodry, x1=pPx+ V3, (5.21)
with
\Ifl = —th+¢1(T), \:[12 = (—E+Ca)t+¢2(7“), \Ijg :wg(T). (522)

A radially conserved electric current can be defined from the Maxwell equation; it is
given by
J = /gF™" = —p1ad’ + fify. (5.23)

The holographic heat current can be constructed by using the method proposed
n [78], namely

oL oL
Q= \V2 < (9R p£a+4£pvo <8R> +CLFT£1>
rT1p0 rT1p0
= a (1’ + fi) + fh = f' (5.24)

Note that here £ is the timelike Killing vector d;. In appendix B, we show that current
matches the relevant boundary stress tensor exactly for general Ricci cubic gravity, and is
therefore the bulk dual of the holographic heat current.

Three linear differential equations of (11,12, %3) comprise J' = 0 and Q" = 0, together
with an equation of 13 that does not play an essential role. What is somewhat surprising
is that the quasi-topological term Q@ plays no role in the linearized equations in this
case. Since both the heat current and electric current are radially conserved, they can be
evaluated on the horizon. The ingoing boundary conditions on the horizon are specified by

\IflN¢10—Cf<t+/dr)+O(T—To)+ y

/
Uy N¢20+(—E+Ca)<t+/6§:

where 119 and oy are constants. In fact, 19 is a pure gauge and 19 can be determined

> +O0(r—ro)+..., (5.25)

through the equation of motion

Eq +¢r?f’
- _ . 5.26
Y10 52 e (5.26)
The electric and heat currents, evaluated on the horizon, are thus given by
2
q 4mqT
1= (e gtg) B+ G
AwqT 167221
Q=—F E+ 620 ¢. (5.27)
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The elements of thermoelectric DC conductivity matrix can now be obtained

s 'S W L0J _4mq

C0E T g S To¢  pr

_10Q  4mq _10Q  167*3T
a_TaE_BQ’ /@—Tac— 5 (5.28)

The upshot in this exercise is that the quasi-topological term Q® plays no role in linearized
gravity associated with holographic thermoelectric DC conductivities and the result is
simply the same as that of Einstein-Maxwell-Axion theory alone.

5.3 Butterfly velocity

In this subsection, we study the butterfly velocity of AdS planar black holes with the metric

d 2
dsi = —fdt* + % + g% (daf + da3). (5.29)

We refer to the references listed earlier in this section for motivations, and present only
the results and minimum steps. The term Q® included in our theory does not have any
effect on the construction of the background black hole solution. Near the horizon r = rg,
the function f can be expressed as

f:fl(T—T0)+f2(T—T0)2+"' . (5.30)
To study the butterfly effects, it is convenient to introduce the Kruskal coordinates (u,v)

dr
VT

Here k = 27T = % f1 is the surface gravity on the horizon r = ry, which corresponds to

(re—t)

u=e" , v = —efmtt) with dr, = (5.31)

uv = 0. Near the horizon, we have

UU:(T—To)—é(T—TQ)Z‘F"', T—Tozuv+é(uv)2+---. (5.32)
fi fi
The metric (5.29) can now be expressed as
ds3 = A(uv)dudv 4+ B(uv)da'dz’ (5.33)
where g
Alw) = =L B(uv) = g*r. 34
)= 5L Bl = g (534

We can Taylor expand the functions A and B on the horizon uv = 0,
A=Ag+ Ay (w) + Ay (wv)? +---,  B=DBy+ B (w) + By (ww)?>+---.  (5.35)

The relation between the coefficients (A4;, B;) and f; in (5.30) can be found in [95]. To
calculate the butterfly velocity, one considers the metric perturbation

ds* = A(uv) dudv + B(uv) dz'dz’ — A(uv) 6(u) h(F) du®. (5.36)
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We find that the linear butterfly equation of motion for h(Z) is

Ao 240A

_24>\A1< 2Bl><D 2B, A%B

[ ——
A2B, A

>h(i‘) ~ EeF Tt (7) (5.37)
Here O is the Laplacian of the flat space dz’dx’. There are two modes with masses

2B A2B 2y:2
2 __4#P1 9 ~2 1 00 2 gy
my = =g°rofi, m —T()+24>\11—97“0f1+12)\f2-

(5.38)

Stability requires that both masses squared are non-negative. The solution to (5.37) takes
the form

h(f) ~ i(e%rT(tw—t*)—mo\ﬂ _ 6271'T(tw—t*)—ﬁ1\5c’|> ) (5.39)

VIl

It is important to note that the absence of a derivative of the d-function source implies that
the solution has no additional integration constant. Since the temperature of the black hole
is T = f1/(4r), it follows that f; > 0. This ensures that m3 > 0. To examine the sign of
f2, we note that the quasi-topological term AQ® does not contribute to the background
equations of motion. It follows that the black hole solution (5.29) is constructed from the
standard Einstein equation

G =T" . (5.40)

We can thus read off the properties of the matter energy-momentum tensor from the
Einstein tensor. For the back hole metric (5.29), the matter energy-momentum tensor in
the diagonal vielbein base is given by

_r_r
r2

7% = r2 o : (5.41)
T

On the horizon, we have f(rg) = 0 and f/(rg) = f1 > 0, it follows that the null energy
condition requires that f”(rg) = 2fo > 0. Note that for the Schwarzschild AdS planar
black hole, we have f”(rg) = 0 and the m mode thus decouples. For the RN AdS planar
black hole (5.3), we have f”(rg) = ¢*>/r¢ > 0. In general for non-negative values of m?, the
coupling constant A must satisfy

A>0 or A< o

= 12t

Note that in the context of holographic shear viscosity discussed earlier, the coupling

(5.42)

constant has to be negative for the stable TT modes. When the second inequality is
saturated, we have m = 0.
The butterfly velocity is defined as

vp = —. (5.43)
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Thus the corresponding butterfly velocities associated with the mg and m modes are
given by

f1 2 = v

2, - :
4921 L+ o3i s

v = (5.44)
The quantity of vy is the standard butterfly velocity and can be expressed in terms of

thermodynamical variables [95]
178

2V P

vg = (5.45)
Thus we see that for positive A, we have 92 < 0(2). For some appropriate negative value of A,
we can have 92 — oo, which may potentially violate the conjectured holographic diffusivity
bounds [46, 47, 86, 88]. We shall discuss this in the next subsection.

Additional butterfly velocity in Schwarzschild AdS planar black hole of quadratically-
extended Ricci gravity was also obtained in [94]. However there is an important difference.
The mass of the new massive mode in [94] is solely determined by the coupling constants
of the theory, and if it vanishes, it is zero for all solutions. In our case, m in (5.38) depends
not only the coupling constant A, but also the integration constant of the solution, such as
mass and charges. Thus in our case, the vanishing of m depends on the specific property
of a solution, provided that A is negative. This provides a mechanism of breaking the
diffusivity bounds, which we shall discuss in the next subsection.

5.4 Violation of the holographic diffusivity bounds

In the previous two subsections, we studied both the holographic thermoelectric DC con-
ductivities and butterfly velocities of AdS planar black holes in Einstein-Maxwell-Axion
theory in four dimensions, together with the quasi-topological cubic Ricci term AQ®. We
find that the A\Q® term has no effect on the thermoelectric DC conductivities and yet can
give rise to a new mode associated with a new butterfly velocity. This phenomenon makes
it particularly simple to reexamine how the higher-derivative terms such as A\Q® affect the
conjectured holographic diffusivity bounds.

The diffusivity bound of the Einstein-Maxwell-Axion theory was discussed in [75]. It
is advantageous to write the background electric potential as

a= u(l - ""°> : (5.46)

r

which vanishes on the horizon at r = rp, and the constant p can be interpreted as the
chemical potential of the boundary CFT. The background metric profile can now be

expressed as

1 m 2y2
_ 22 L, Mg KTy
f=gr 2”8 " + 2 (5.47)

One can solve for the mass parameter mg from f(ro) = 0 and consequently, the Hawking

temperature is

_ f'(ro) _ 12¢°r3 — 2% — pi?
47 1677 ’

T (5.48)
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This allows one to express the horizon radius in terms of thermodynamical variables as a
simple solution of a quadratic equation:

AT + /3¢ (262 + p?) + 167272
— o ,

The entropy and charge densities are (We adopt the same unusual convention in literature.)

o (5.49)

2
7 <\/:ag2 (262 + ) + 167212 + 47rT)

S = dnr2 = )
Ty 994
@ (/392287 + p2) + 167717 + 47T )
p = uro= 62 . (5.50)

The compressibility and thermoelectric susceptibility are given by

<8p) 1 ( 69> (62 + p?) + 16712 )
X =|= = 47T ,
) V392 (2B% + p2) + 1672772

- 6g?
6/)) 2741 < 47T >
— (Z£) — 1+ . 5.51
¢ <8T . 39 V392 (262 + p?) + 167272 (55

The specific heat for fixed chemical potential and for fixed charge density are given by

Y

2
o T(@g) B 82T <\/392 (2082 + pu?) + 167272 + 47TT>
: or 99*\/392 (2% + %) + 167212
3
42T (\/392 (262 + p?) + 167272 + 47TT)

¢, = . (5.52)
9g (3g2 (B2 + p2) + 27T /392 (2% + 4i2) + 167212 + 87r2T2)

The thermoelectric DC conductivities (5.28) can also be expressed as functions of p and
T

Y N omp <\/3g2 (282 + 1i2) + 167272 + 47TT)
B2’ B2 39°B ’
axTs 47T (\/392 (262 + p?) + 167272 + 47TT)2
TR T 99752 |
T 16aRT Ar>T (\/392 (262 + p?) + 167212 + 47rT)2 5.53)
o B 9" (B* + p?) '
The diffusion constants Dy are defined by
D+D_:%szcl, D++D_+§+;+WECQ. (5.54)
It follows that
Dy — cy t \/53—7461 (5.55)

These results were given in [75].
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Owing the presence of the quasi-topological term AQ®, we have shown in the previous
subsection that there are two the butterfly velocities. They can be written also as functions
of T and pu:

W2 — 67T
O /392 (282 + 4%) + 167°T2 + 4nT
2
7 = Y0 _. (5.56)
(V32F7+12) +1672 T2 44T )
L+ 5184w AgST (B2 +u?)
In the incoherent region
g > 1 and i >1, (5.57)

the diffusion constants and butterfly velocities are given by

V6g  AnT N 392 % + 167%1? N
5 52 WL e,
3
\/jg 1672T2 — 3022
D - 2 n 61 39u+“"
B 4v/69/3°
o V6rT  4m?T? N 167373 — 31g? 1T N
9p g%3? 2v/6g3 33 T
o 864m2N\g?T? 2304 (\/6773>\gT3 (1 + 54)\94))
- 32 - 33 +

In the incoherent limit, the constants D, D_ correspond to the charge diffusion constant

D+:

(5.58)

D, and energy diffusion constant D, respectively. It was conjectured that the charge and
energy diffusion constants have the bounds [86, 88|

27T D,
5 > Cepe, (5.59)

VB

where C. . are pure constants of order one. To examine this bound in our case, we define

2 2
2rT D, . g 2\/;710# T

C = = 2 ...
o _2ID o, 2 smgT | 80T T (162272 — 9g%u%) |

Y 5 362 V695 ’

~ 21TD, B 1 o gPp? 4 4872T?
Gy = =t = + yog 4 T 5.60

* 72 T2V6magT | 36A% 0 T 288\omAgiAT (5.60)
¢ _ 2TD. _ B L e 167272 (432Mg" 4+ 17) — 3¢°?

TT TR T aeragT | g2 Y 1728v/6mAg? BT

Obviously, the usual mode associated with the butterfly velocity vy indeed satisfies the
bound, with
Cy~2¢°4--+ and C_~g?+---. (5.61)
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The situation for the quantities Cx is more complicated, depending on the sign of the
coupling constant X in the quasi-topological term A\Q® . For positive A, the bounds continue
to hold since in this case Cy > Cy. However, as was explained in sections 5.1 and 5.3, the
coupling constant A can be negative, and should be negative in the discussion of holographic
shear viscosity. The bounds can then be violated for negative A, for which case the butterfly
velocity 92 is unbound above, leading to a possible infinitesimal Cy — 07. Although it
appears that Cy in (5.60) can be negative for negative A. This will not happen since
we require (5.42) so that 92 be non-negative, but possible to be unbound above. Note
also that in our model, the violations of diffusivity bounds occur simultaneously for both
the diffusion constants D. and D.. Violations of charge diffusivity bound was previously
obtained [98-101], but not for the energy diffusivity bound.

It is worth pointing out that higher derivative gravities are liable to violate causal-
ity [102]. However, it was demonstrated [103] recently that linearized quasi-topological
Ricci-polynomial gravities, (which all our examples are,) preserve the causality of the type
discussed in [102], at least for perturbations on Einstein metrics. The metrics we have
discussed in this section, on the other hand, are beyond Einstein, and the linearized per-
turbation for the butterfly velocity involves higher derivatives and hence beyond the scope
discussed in [102] which considered generic two-derivative perturbations. However, it is
important to note that the extra mode that gives ¥ — o0, depends on the integration
constant of the solution, which is different from typical higher-derivative gravities. Nev-
ertheless, the causality constraint in our case of violating the diffusivity bound requires
further investigation.

6 Conclusions

There are specific combinations of Remann tensor polynomial invariants that give no contri-
butions to the equations of motion in certain dimensions. These include the Gauss-Bonnet
term in four dimensions and more general k’th order Lovelock gravities in D = 2k dimen-
sions, and the property holds for any metrics in these dimensions. These terms are a total
derivative and measure the topological characteristics of the manifold of the correspond-
ing metric. A quasi-topological term can be defined as a combination of some curvature
polynomial invariants that does not contribute to the equations of motion on some special
subclass of metrics that one would like to study. In this paper, we focused on Einstein grav-
ity extended with Ricci tensor polynomial invariants Ri(fgi, up to the tenth order, i.e. £ = 10.
We constructed quasi-topological gravities for both the general static metric ansatz (1.1)
and the special static metric ansatz (1.2). We also constructed linearized quasi-topological
gravities on general Einstein metrics. We obtained classes of solutions which we label as
the (W,W,P,ﬁﬂ;, Q, Q,U,Z/NI,VJ;) series. The meaning of each symbol is summarised
as follows.

° Rl(fc)l the general Ricci polynomial invariants at the k’th order.

o W) linearized quasi-topological terms on Einstein metrics. The structures gener-
ally depend on the dimension parameter D. The term with D parameter is quasi-
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topological and hence ghost free in D dimensions only. In dimensions other than D,
the theory can develop ghost excitations. Quasi-topological gravities given below are
all subclasses of the W series.

e WH): a subclass of W) that are independent of D, and hence they are the same
theories and quasi-topological at the linear level in all dimensions.

o P%): these are quasi-topological for special static metric ansatz (1.2). The structures
in general depend on dimensional parameter D.

e P®): a subclass of P®) that are independent of D.

e P the polynomials contain a parameter n, but independent of dimensions D.
The theories are ghost free at the linear level in all dimensions and become quasi-
topological for special static metrics (1.2) in D = n dimensions.

e O): these are quasi-topological gravities for the special static metrics in four di-
mensions, and can develop linear ghosts in other dimensions.

e O(®): these are subclass of Q%) that are quasi-topological in D = 4, but nontrivial
and ghost free in other dimensions.

o U these are quasi-topological for general static metric ansatz (1.1). The structures
in general depend on dimension parameter D.

o UM®): the polynomials contain a parameter n, but are independent of dimensions D.
The theories are ghost free at the linear level in all dimensions and become quasi-
topological for general static metrics in D = n dimensions.

o V(). these are quasi-topological gravities for the general static metrics in four di-
mensions, and can develop linear ghosts in other dimensions.

e V®): these are subclass of V(*) that are quasi-topological in D = 4, but nontrivial
and ghost free in other dimensions.

In table 2, we give the total number of all linearly-independent solutions in each series at a
given order. The number in parenthesis denotes the number of irreducible solutions, whose
exact structures are presented in appendix A. It is intriguing to notice that the lowest order
of quasi-topological terms in four dimensions is typically one order less than those in other
dimensions with the same property. In other words, it appears that it is easier to construct
quasi-topological terms in four dimensions.

It is perhaps a misnomer to call our series quasi-topological since they vanish identically
for the corresponding metric ansitze, rather than giving rise to total derivatives, as in a
typical case of topological terms. This implies that the “quasi-topological number” is always
0. This property however makes it much easier to construct reducible solutions, even if we
are to include the Riemann tensors also. The numbers given in table 2 reflects that we
have restricted our attentions to Ricci polynomials only. As was discussed in section 3.5,
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k|20 3 | 4| 5 | 6 7 8 9 10
R A2 3 | 5 | 7 |11 | 15 | 22 | 30 | 42
WE Lo | 1(1) | 3(2) | 5(1) | 9(1) | 13(1) | 20(1) | 28(1) | 40(1)
W® Lol 0 | o | 0 |22 42) |1003) ]| 153) | 25(4)
PE Lo 0 |1(1) | 2(1) | 5(2) | 8(1) | 14(1) | 21(1) | 32(1)
P 1ol o | 0o | 0| 0 0 | 11) | 32) | 73)
PE Lol o | o | 0o | 0o | 1(1) | 43) | 8(3) |16(4)
o® 0| 1(1) | 2(1) | 4(1) | 7(1) | 11(1) | 17(1) | 25(1) | 36(1)
o® ol o | 0o | 0o [11)] 32 | 73) | 13(3) | 22(4)
u® 1ol o 0 0 | 1(1) | 2(1) | 5(2) | 9(1) | 16(1)
Uur o o 0 0 0 0 0 |22 | 705
vk 1o o 0 | 1(1) | 2(1) | 4(1) | 7(1) [12(1) | 19(1)
V& ol o | 0| 0| 0 0 | 11) | 43) | 9(4)

Table 2. The total number of linearly-independent quasi-topological polynomials for a given order
in each series. The number in parenthesis denotes the number of irreducible solutions which are
presented in appendix A.

the quasi-topological characteristics are maintained if we multiple any factor of Riemann
tensor polynomials, and consequently there are much larger number of quasi-topological
gravities than those we listed in table 2.

One important property of our quasi-topological polynomials is that they will not af-
fect the solutions of either the special static metrics (1.2) or the general static metrics (1.1).
But they can give nontrivial effects on the perturbations. This allows us to study the higher
derivative contributions to the AdS/CFT correspondence using the previously known static
backgrounds. In this paper, considered the Einstein-Maxwell-Axion theory in four dimen-
sions, together with the quasi-topological term A\Q® of (2.20). The theory admits the RN
AdS planar black hole. We examined how AQ® affected the shear viscosity, thermoelec-
tric DC conductivities and butterfly velocities associated with the bulk AdS planar black
hole. Interestingly, the cubic polynomial AQ® has no effect on the thermoelectric DC
conductivities, but provides additional massive T'T modes in both the linear perturbations
associated with the shear viscosity and butterfly velocity. In both cases, the extra mode has
a potential of breaking certain previously established bounds. (In the case of holographic
shear viscosity, the extra mode is inconsistent with the boundary conidtion.) Our results
make it particularly simple to examine the holographic diffusivity bounds at the presence
of higher-derivative terms, since the only new ingredient from our model is an extra but-
terfly velocity that may be unbound above. We find that when the coupling constant A is
negative, the diffusivity bounds can be violated owing to the possibility of infinitely large
butterfly velocity associated with the extra mode induced by the quasi-topological term.
This phenomenon may be quite universal for our quasi-topological Ricci gravities.
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Higher-derivative gravities are rather complicated in general, and can be quickly out
of hand when the order gets higher. Constructing quasi-topological gravities may be a
compromise between dealing with the most general structures and restricting only to the
ghost-free Lovelock terms. Our preliminary investigation of quasi-topological Ricci poly-
nomials indicates that in spite of being much more manageable than the general Riemann
tensor polynomials, they are nevertheless quite rich in structures.
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A List of quasi-topological Ricci polynomials

In this paper, we constructed a variety of quasi-topological Ricci polynomial gravities.
These are the (W,W,P,ﬁ,ﬁ, Q, é,u,&,v,ﬁ) series. In the main body of the paper,
only the lowest-order examples were given. In this appendix, we present the full list of
irreducible polynomials in each series. First we give the quasi-topological terms for special
static metric (1.2) for general D # 4 dimensions. They are given by

PW = R\, —2DR? R + 8(D — 2)R Ry, + (D* — 6D + 12) R,
—2(D —2)DRyy,
P® = R} Ri — DR} R — DRy R, +6(D — 2)R) R
+(D? —4D +8) Ry Res) — 2(D — 2) DRy,
P = R R, — 2DRy )R Ry, + (D* — 4D + 8) R,
+2(D = 2) (2R Ri5) + Ry Ry — DRy))
Py = R} Ruy — 2Ry Ry Ris) + R}, — DRy Ry + DR,
P = —DR? Ry + RiRS + DRy RZ,) + 2(D — 2)Ry)Rg — 2DRY, Ry
+(D? + 6D — 12) R Ris) — 6(D — 2) Ry Rsy — 2(D — 2) DRy ,
P = R, —2DR% Ruy + 8(D — 2)Ry Ry + (D? — 6D +12) R?,,
—2(D = 2)DRy) ,
PO = Ry R% Ruy — DRy R, +2(D — 2)Ryy Ry — DRY, Rs,
+4(D — 2)Ry Ry — 4(D — 2) Ry Rsy + D*RyRis) — 2(D — 2) DRy,
PUY = DR? Ry, — 2DR)Riyy Rz + Ry Ry — (D? — 6D + 12) Rp) Ry,
—DR? Ry + 2D*R5) Ry — 4(D — 2) Ry Rs) — 2(D — 2) DRy - (A1)

In four dimensions, the lowest order of the quasi-topological polynomial is (2.20), and we
can use it to further simplify the higher-order ones by subtracting appropriate reducible
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ones, leading to the following irreducible solutions

Q¥ = R} — 6Ru Ry + 8Ry

QW = R R} — 4R Ry — 2R% + 8RR,

Q® = —4Rp Ris) + Ry (RY,) — 2Rw)) + 8Res)

Q® = R}, —6R R + 8Re)

Q" = R R}, — 4R Ry — 2R Rusy + 8R sy

Q® = Ry R?, — AR R — 2R? + 8RRy,

QY = R} — 6Re Ry + 8Ry

QU9 = RyRY) — 4R Ry — 2R Ry + 8R o) - (A.2)

There are also dimensional independent combinations, with the first example occurring at

the octic order. The irreducible solutions are

PE = Ry — 2R Ry Y, — 8RR, + 6R% Ry + 8RRy Ris) Rea) + 4R\ Res)

(9)
P(U

DO _
P(2) -

7’5{10)

+RY RY + 12RY) — AR Ry Ry — 16R 5 Ris) — 2R

(1) (1)R(6> ’

= Ry R}, — RuyRwyRy,) — 4R Ry, — Ry RYy Resy + 6Ry Ry Ro) + 4Ry Ry

+2RY) — 2R\ R}, + RY Ry Ry + 8RwyRis) — 12R Ry — 2R Ryry

R}, — 2R Ry R — RoyRes) Ry + Ry Ry, + Ry R

2 2 2
= R Ry — RiyRio) — RisyRisy Roy + Ry Ry + Ry Ry Ris) — Ry Ry Ry

—Rwy R}, + R% RY,) + 8RR RYy) + RuyRigy Ry Ray — 14R 5 Ris) R
—2R(1)R(7)R(2) — R(I)R?S) + 12R(25) + 6R<23)R(4) + 2R(1)R(4)R(5)
—16Ru) R + 4R Rry

= —2R R}, + 3R, RY,) + 18R RS, — 2R?, Ris) — 36 R Ris) Ris) + 4R Ry

—2R\ R}, + RY R?, + 32RY + 18R? Ry + AR Ry Rs)
—36R) R — 2R? Ry - (A.3)

Now we give the quasi-topological terms for the general static metric (1.2) for general

D # 4 dimensions. They are given by

U® =

U =

RS, —3DR/ R +4(3D — 5)R},

—3(D —2)(D +5)R? Ry — 12 (D* — 4D + 5) Ry Ry Ry
+12(D = 2)(D — 1)Riy Ry — (D — 2) (D* = 7D + 15) R,
+3(D —2) (D* = 5D + 10) Ry Ryy + 2 (3D* — 15D + 20) R,
—2(D =2)(D = 1)DR

R’ Ry — DRY R — 2DR3 R% +2(3D — 5)R? Ry,
+2D*R? Ri5)Rs) — 2(D — 2)(D + 5)R?, Ry

+(D*=3D +5) Ry R}, — (TD* — 21D + 20) Ry Ri5) R

—4(D* = 4D 4 5) Ry R2,) +10(D — 2)(D — 1) Ry Ry,

Ry +3(D*—3D+5) R RY,
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— (D* = 7D* + 21D — 20) R% R(s) + 2(D — 2) (D* — 4D + 9) Ri5) Ry
+ (D? — D* — 10D + 20) R3Ry — 2(D — 2)(D — 1)DR,

U = =R} Ruy + 2R} R Ry + 2R} Rs) — RY RY,) + (2D — 5)R?% Ry Ry
—(D +2)R},RY,) — (D = 2)R% R — 2(D — 4) R Ry Rig) — 6Ry Resy R
+2(D 4+ 1)RyyRig Ry + (D — 3)Ry — (D — 3)(D + 2)RZ, Ry

+(D*—2D —4) Ry RZ, + (D — 2)DR3) Ry,
—2(D = 3)DRy Ry + (D — 4)DR?,

Uy = R\ R — DR} Ry +4(D — 1)R} Ry, — 2DR? R},

+2(D*+ D = 5) R, Ry Ry — 4(D = )R, RY,)

—2(D = 2)(D + 3)RY, Ry + 4(D + 1) Ry R Rsy
—4(D = 1)(D + 1) Riy) Ry Ris) — 4 (D?* = 6D +7) Ry Res) Reay
+8(D —2)(D — )Ry Rery + (D* = 3D + 1) Ry,

— (D*® = 8D +4) R}, Ry + 4(D — 4)(D — 1)Ri5) R,

+2(D —2) (D* — D +4) Ry Ry — 4(D — 4)(D — 1) Ri3 R,

+(D? — D* - 14D 4+ 20) R}, — 2(D — 2)(D — 1)DRys)

U = —3DR}, R, + R} R, +3DR} R, (9D — 1)R}, R
+3(2D% — 2D — 3) R, Ry Ris) — 3(7D — 1)RY, Ry Ry,

—3(D —2)(2D + 1)R(21)R — 3DR Ry +3(5D — 2) Ry R?, Ry

—3(3D* = 7D —2) RyyRoyRZ,) — 3 (D* + 9D — 5) RyyRio) Ry,

+6 (D*+ D — 3) Ry R Ry + 9(2D — 1) Ry RY, + 6(D — 2)(D — 1) Ry Ry,
+ (6D* = 15D +2) R}, Ris) — 3(D® + D* — 9D + 1) R%, Ry,

+3(D? = 3D — 1) R R Rusy + 3(D — 2)D(2D + 1) Ry Ry

+ (2D* —3D* = 14D + 12) R}, — (6D° — 12D — 33D + 32) Ry, Ry,
+3(D — 1) (D* = 3D — 8) RiyyRs), —2(D — 2)(D — 1)DRg,

U = R Rl — AR Ry R — (D* = 3D — 1) R?\R?,, + (D — 2)(D — 1)R? Ry
—4DR Ry Rig) +12(D — 1)R R, Ris) +4(D — 2)(D — )Ry Roy Rig) R
~4(D = 2)(D + 2)Ry) Ry Riry) — 4 (D* = 4D + 2) Ry Ry Ro)
~12R Ry Rs) +4(D — 2)(D — 1)Ry Ry + DRY,

—2(D*+1) R}, Ry, 2 (D* +2) R, R%) + 2 (2D* — 5D + 4) R?, Ry,
—12(D* = 2D +2) Ry Ry Ry + (D* — 3D* + 11D — 6) Ri») R,
—(D —6)(D —2)(D — 1)R)Ris) — 2(D — 2) (D* — 4D + 6) RY, Ry,
+4(D —2) (D* = 2D +4) Ris)R») — 2 (3D* — 6D + 4) R,y R

+6 (D> — 3D +4) R%) — 2(D — 2)(D — 1)DRyy, - (A.4)

In this case, there are no combinations whose coefficients are independent of the dimensions.
In other words, up to the tenth order, we find now example of the U series. In four
dimensions, the first example of such polynomial occurs at the quintic order, and it follows

~31 -



we can use it to simplify further the higher-order %) with D = 4. The irreducible results

are given by

V® = R, —10R) R}, + 20R ) RY, + 15R? Ryy — 30Ry Ry — 20R ) Ris) + 24 R, ,

6R> R>

© _
V' = Ry Ry, — 4R R, — 6R% RY)

+ 12R(4)R(1) + 20R<3)R(2)R(1)

—24R) Ry + 3R}, — 8RY, — 18R Ry + 24R ),

V" = R, R}

)4 R4R

(1)

— 6R )Ry R%, + 6R 5 R

3
(1) 3R(2)R(1)

—14R 5 R4y — 18Ry Res) + 24R 7, ,

V® = —R}, + R R}, — 6Ry) R R,

—3R?% RiyRes) + 12R) Ry Ra) — 20R ) Rz) — 617

+9Rw R, + 6R% R,

(4)

+6R Ry Resy — 12R s Ry + 2B2 Rig) — 12Ri Rery + 24R s,
VO = Ry R, — 6Ru R Ruy + 8RRy Res) + 3Ry RY,) — 6Ry Rs) — 4R}, Ry,
+12R(2)R(5) + 12R(2)R 3)R(4) — 24R(2)R(7) — 8R(3)R(6) — 12R(4)R(5) + 24R(9) s

15R 5 R?,) — 30R 5 R
(A.5)

We now present the linearized quasi-topological gravities on Einstein metrics. Up to

the tenth order, the irreducible solutions are given by

W® —9D2R 3 — 3SDR Ry + 2R(l) )
WsY = D’R,y — 5DR?,) + 4R? Ry ,
W® = 4DR, + 5R%, — IR Rs) ,
W® = 12DR, + TR?, — 16R R7 ,

W 10 — 20DR(10) + 9R(5) 25R(1)R(9) .

The structures depend on the parameter

WY = DR,y + 3R%, — AR\ Ry, ,

W® = DR, + 2R R — 3Ry Ry

W = DRy + R Ry — 2Ry Ry

W® =35DR, + 18R R — 45R ) Rs)
(A.6)

D and the linearized gravity on D-dimensional

Einstein metrics for each term simply vanishes. Linear ghost modes can emerge in dimen-

sions other than D. Together with the reducible solutions, we con construct linearized

quasi-topological gravities that are independent of dimensions. The irreducible dimension-

independent combinations are given by
) 2
W(G) — 3R<3> - 4R(2)R(4) + R(l)R(5) 5
W{7 = 2R Risy — 3R Resy + Ry R
TAB) _ o p2
Wi =3R(,) — 4R Re) + Ry Ro)

Wy? = 2R}, — 3Ru)Ri5 Ry + R Ry
WS = Ry R, + Royy Ry Reoy — 2Ry RY,
Wy = 8R%, — 9R ) Rs) + Ry R

Wy = —2R R}, + Riy Ry + Ry Ry Resy s WYY = 2Ry Ris) = 3R Rigy + Ry Rry

W<9) =Ry Ris) — 6R Ry + Ry Ry
W(lo = 15R(25) 16R 4R + RayRo)
Wélo) = 8R<25> — IR R + Ry R s

Wy = 2R?, — 3R RuyRes) + R Res)
Wy = 3RE, — 4R R + R Rer

W = R R, — 5R% Ry + 4R% Ry -
(A7)

(2)

Any of the above theories is quasi-topological at the linear level in all dimensions.
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Finally we present the irreducible solutions of Lovelock-like quasi-topological solutions.
These theories are independent of dimensions and have one parameter n. The linearized
theories on Einstein metrics are simply Einstein and hence ghost free, in all dimensions. In
D = n dimensions, the theories become quasi-topological. The irreducible solutions with
n # 4 on special static metrics (1.2) are

P = Ry, (2R}, — nRw Ry +20R3)) + Ry RY) = 3Ry Ry R,y — nRG, Resy
—(n —2) (4R Ry — 6R) Res) + 2Ry Rg))
P = 3nR%) — AnR Ris) + Ry (R + 3R%, + 4R\ Rs)) — R R,
—2R)Resy Riay — 4R?, Ry
Py = —Rp, (2nR) + 3Ry R) + Ry (nRY) + Ry RY)) + nRoy Resy Ry
+(n—2) (—4R?, + 2R R5) + 4R Ry — 2Ry Rir)) + 2R,
P = (n? +40n — 80) R Rs) + 3 (n? — 24n + 48) R%, — 20nR,, R%,
—4 (n® = 14n 4 28) Ry R(s) + TnR? Rez) + 14nRyy Ry Ry — nRY Ry,
—24(n — 2)Ry)R7) + 20R},) — 24R R RY,) + 4AR% Ry,
P = =Ry R (3nRey + 2R Ri) +n (2R}, + Ry RY,)
+(n = 2) (2R R — 6Rw Ry + 6Rz) Riry — 2R Rys))
+Ra Ry + Ry R R,
P = n(~2RwRe + 3Rw R — RayRen) — RY) + Ry R%) + 2R% Ry
—3Ra) Ry Ris) + RY) Rery
Py = —nR R%) + R, (—6nR Ry + RisyR%, — 5R% Riy)
+n (4R%,) 4+ 3Ry RY,)) + AR RY,,
—2(n = 2) (R Re) + 3R Re) — TR Riry + 3Ry Rys))
P = n (2R% + Ry Ris)) Ry — 2nR% Ry + Ry (RS, — nRwRs))
+(n —2) (=2R Ry + 6R@) Resy — 6Re) Res) + 2Rt Res)) — Ry Resy
P§” = n(=3R%) + 4R R — Ry Rir) — AR Ry, + TR Ry Ry
+Ry Ry Ry — 3R% Ray — Ry Reoy Res)
Py = (-3Ry, + 4R Ry — Ry R)) (nRw — RG)
+2(n — 2) (=5R%, + 4R R + 4R Rry — 4R Ris) + Ry Rs))
Py = n(=8R%) + 9Rw R — Ry Res) + Resy RY) — 2Rey Resy R
+R) R} — 9RY, Ry + 18R Rig Ris) — 9R?, Ry, - (A.8)
For n = 4, the irreducible solutions become
Q© = 2R} — 3R R Rs) — 8RRy + 6R%) + R% Ruy + 2R\ Ry
Q" = Ruy Ry, + Ry Ry Ry — 6Rs) Reyy — 2R Ry + 4R Ry + 2Ry Ry
QY = R R, — 5R% Ry, + 6R Ry + AR% Ris) + 12R5 Ry — 18R Ry,
O = 2Ry R% + R R + 6R) Ry + 2R%, + R Rig) Ry
—6R) Ris) — 2R Ry
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O = 4R R%, + 3R% Ry + Ry Ris Risy + 8Re)Rea) + SR,
—14Re) Ry — 2R Rry

QY = RR%) — 4R Ry + TR R%,) + 16R%) — 8R% Ry,
—28R 5 Rs) + 16R Ry

9\ = 2R}, — 3Ri Ry Ris) — 6Re Res) + Ry Res) + 4R Res) + 2R Ry
Q" = 2R, — 3Rip Ry R — 6R Res) + Ry RYy + 2Ry R

T6 R Riry) — 2R Res)

Q" = 6R}, — TRi Ry Ris) — 24Re) Ris) + 14R (s Ris) + Ry Resy R,
T12R ) Riry — 2R Ry)

Q" = R R% — 5R% Riyy + 6Rs) Rz + 4R% Ry + 10R ) Ris) — 16R ) Riry

9y = 3R R, — 12R Res) — 4Ry R,y — 2RG;) + Ry Ry Res) + 8Resy R,
T8R) Ry — 2R Ry

Q4" = 5Ru R, + Ry Res) Ris) — 22R(n Ris) — 6Rsy R,y + 12R R
+12R ) Rs) — 2R Ry ,

Q" = =R R, + 12R Reyy + Ry RYy) + 4Ry Ry — 12Ri5)Riry — 4Ry Resy - (A.9)

Lovelock-like quasi-topological Ricci gravities on general static metric (1.1) with n # 4 can
be constructed from the following irreducible ones:

U = =2 (3n% +n—3) Ry Ry Ry, +4 (n® = 20+ 3) Ry Ry Ry,
+ (15n* — 65n + 84) RY, Ry — (3n® — 350 + 57) Ry Ry R
—4(n® = 13n+ 24) R R Ray + (n® —n+3) R, R,
—2(n —2) (n® — 6n+ 18) R, Ry, — 2(n — 2) (2n® — 9n + 15) Ry R
—2(n —2) (n* = 12n 4 15) Ry Ri7) + (6n° — 59n® + 185n — 192) Ry Ry R
—2nR Ry, + 8nR% RY — AnR?% Ry RY) +2(n — 2)(n + 3) R R,
—2nRj, Ry + 4(n — 3)* Ry RY Ry — 6(n — 2)(n + 3) Ry Rg Ry
—6(n — 2)(n — )RRy — 4(n — 3)°RYy) +6(n — 3)*(n — 2) Ry R
+3Rw Ry, — 9Re) Rsy Ry, + 6RY, RY )

U = —(2n* — 9n +12) RY — (3n — 2) Ry Ry Ry + (2n — 1) Roy Ris) RY,
+(n = 2)RR%) + (5n — 3) Ry Ry, Ry + (9n — 16)R?, Ry,
—(3n — 1)R, Ry Ry — 2(4n — )Ry Ris) Rty — 3(n — 2) Ry Ry Ry

—(n—1)R}) Ris) + (n — 4)(3n — )Ry Ry Rsy — (n — 9)(n — 2)R7, Rs)
—2(n = 2)nRuy R + 3(n — 2)nR Ry — (n = 2)nRe Ry — R(5>R(1>
+R% R} + 3R Ry RY — 5R? Risy R + 2R Ry

U = (n+4) Ry RS, — (n+3)R% R% — 2nR R% — 2(n+ 2)R% Ry,
—(n—4)Ru R Ry Ry + (5n + 3) Ry Ris) Riz) + (n+ 1) Ry Riny Rys)
+nRu Ry, — 3nR%) — (n— 1)R% Ry + (n+ 3) Ry R R
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—2(n +2)Ryy Risy R + 4Ry Ris) — nR) Ry — Ry, + 3Ry R Ry,
—R} Ry R?,) — TRy R5 Ry, — 2RY RY Risy + ARY R Rioy — 2R% R,
+RY Ry Resy + R Rioy Ris) — R Rery

—2(n® —n+4) R, Ry + (n® + 10n — 9) Ry Ris) R,

+ (n* = 5n+7) R% Ry +2(2n + 1) Ry R, — (3n+ 2)R2, R
—(n+8)R RisyRY) — 4(2n — 3) R RYy) — (20 — 9) Ry Rig) Risy Rz
+(4n = 5)R) Ry Rz + (n — 2)nRs Resy + (n — 2) Ry Ry,

+(2n = 5)R% RY) — n(n+ 1)RZ%) — (n — 3)RY Ry Ry,

—(Bn —11)Ru Ry Res) + (n — 10) Ry Risy Ry + n(3n — 2) Ry R
—n(3n = 5)Rigy Ry — (n — 2)RY Rs) — 2R}, + SRy Risy Ry,
—3R} Ry R?, — R%\R2 Ry + Ry Ris) Ry + 4R? Ry Risy — RY Rery
(n® — 28n + 36) R Ry, — (5n® — 8n + 36) RY, R

+ (4n® — 19n + 24) R, R,y + 2(5n + 6) Ry Ry, — (Tn + 11) R, RY)
—2(4n — 13) Ry Rgy) Ry Rz + 18(2n — 1) Rsy Ris) R

—(2n = 17)R}, R Ry + 12(n — 1) Ry R Rezy + 3(n — 2)nRg R

+2(n — )Ry Ry, + (5n — 14)R% RY,) — 12nR%) — 6(2n — T) Ry Ry Ry
+6(n — T)RayRe Ry + n(bn + 6)Ruy R — 4n(2n — 3) R R

—3(n — 2)RY Ry — 6RY,) + 14R Ry RS, — 6R? Ry R%, — 30R ) R RY,
—3R? RY, Ry + 6RY Risy Ris) + R Rig) — 4R} Rry

(n® — 17n + 22) R R, + (3n” — 23n + 18) R?, Ry

— (4n® — 44n 4 46) R R5)R(2) + 2 (2n* — 17n + 20) R

— (7Tn* = 52n 4 60) Ry Ry + 2 (2n* — 11n + 12) Ry Rz — nRY,
+2nR) Ry Ry, + (8n — 4) Ry Ry, — 3(2n — 1)RY, RY,) — 2(n + 5) Ry Ry R,
—nR% R Ry — 2(4n — 9) Ry Ry Ry Ria) — (0 — 10) R Ry R,
+2(5n — )Ry Rin Ry — (n — 2)?Rig Ry + 2(3n — 4) Ry R,
—3(n — 1)R% R?, + (8 — 5n)R% Ry + 2(3n — 5)R? Ry Rs,
+2(4n — 3) Ry Ry Res) — 16(n — 1) Ry Ry Ry — (0 — 2)RY) Rs)
+RE Ry — 2R0 Ry RYy) + R RE) — 2R0 Rery

(n® +6n — 6) Ry R, — 2 (n® + 6n — 14) R Ry, — 2 (2n* — 5n + 8) R, R
— (2n* = 31n 4 43) Ry Ri5) Rz — (n® — 4n+ 6) R R,

+ (2n% — 170+ 20) R, + (5n° — 23n + 29) R Ry,

+ (3n® — 3n — 14) Ry R Ry + (n® + 10n — 16) Ry R

— (8n® — 23n + 16) R5Riry — nRY, — 5(n — 1) R, RY) — 2nRY Ry R,
+(6n — 17) Ry Ris RY,) + 3nR% R Ry — (90 — 19) Ry Rg Ry Ry

—(n —6)R}, R Ry + (n+ 1) Ry R Ry + (n — 2)(Tn — 8) Ry Ry
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+(3n — T)RY RY,) — (4n — T)RY Resy Ris) — (5n — 17) Ry Ry R
+(n—2)R? Ry — 2(n — 2)(n — 1) Ry Ry + 2R% Ry, — 3R} Ry R,
+R} RuyRe — R} Ry - (A.10)
The irreducible solutions for n = 4 are given by

V® = Ry RY) — 3Ry Ry R — Ry RS, + 2R R%) + 9R% R%) — 3R Ry R

—2R R}, — 3R% R Ry — 16R 5 Ry Rty + IRy Risy Ry + 6R 7 Ry
—2R}, — 3R Ry, + 12R? Ry + 10R 4 Ris) — 16Rz R ,

VO = R<1)R(2) 2R Ry — 2R% R RY,) — 2R Ry RY) + AR5 RY,,
+5R) Ry Resy + ARY Ri5 Ro) — SRy Ry Ri2y — 2R Riay — 2R, + Ry RY
+5R. R}, — AR? Ry Ry — AR Ry Ris) — AR Ris) — Ry Ry

+6R s Ry + 2R7 Ry

VY = 2R R}, — 5R) RS, — 3R% R R%) — 9R Ry R%, + 15R 5 R%,)
+12R ) R Risy + R Ry Ry + 2R 5y Ry Ria) + 3R% Ris) Riay + Ry Ry Ry
—18R7 Ry — 6RY,) + 6R) Ry, — 18Ry RayRs) — 6Rwy Rs) — RY, Ry
+18R 5 Ry + 6R 1) Rys)

VY = R Rl — 4R RY) — 6R% R5)R% + 6Ri5 Ry R%, + 6R 5 Ry R, + 5RY, R,
+24R ) R% Ry + 3R%, Ry — 18R% Ry Ry — 40R Ris) Ry + AR5 Ry Ry
+18R Ry — 12R},) — 14R?) R(s) 4 6R (o) Ry Ry + 39R%, Rs) — 6Ryy Ry,
+36R 5 Ry — 48R0 Rr)

V' = RS, — 2R, R R?, — 8R(4)R(2) +5R% RY) + 6Ry Ris RY,) + IR R,
+R? RY Ry + 11R?, Ry + 2Ry Ris) Ry Ry — 18Ry Ris) Reay — Ry Reo) Reay
—8R) Rery Ry — 2Ry Rzy — 2Ry Ry + 8RY,) — 2R?) Risy Risy) — 2R Ry Ry
+6R 1) R Ry — 14R R + 8RRz + 2R% R

V' = 2R}, — 3R, R RY, — 18R RS, + 9R% R% + R% Ry R% + TR\ Ry R%,
+26 R R, + 262, Ris) + 5R(y Ry Ry Rizy — 32Rs)Risy) Ry — 2R% Ry Ry
—10R4y R Risy — 20Rs Ro) — B2\ RZ,) + 14R%, — TR Ry — 3Ry Ry Rs)
—2R ) Rsy)Rs) — 28Ry Rioy + 28R 5 Riry + 2RY Ris) + 6R1 R

V9 = 3R%, — 4R R R, — 26R.) RS, + 12R% R+ 12R ) Rs) R, + 36 R R,
+36R, Rez) + IRy Rsy Ry Rzy — 45R5) Risy) Rizy — 21R (1) Ry Ria) — 24R(s) Ro

—3R% R’ + 18R% — 10R?% Ry + RY Rsy Ry — 3R Ry Ris) — 2Ry Rigy Ry
—40RR) — R} Rz + 40R ) Rz + 6R% Ris) + 6R) Ry
Vi = 5RY, — 6Ra Ry R, — 44R() RS, + 18R% R + 15R ) Ris) R, + 67R ) R,
+57R? Resy + 18R Ry Riay Ry + Ry Risy) Roy — 67R s Risy Riay — 3R7 Ry Ray
—27R R Ry — B4R Ry + 30R% — 18R%, Ry — 3R Ry Ry,
—12R () Ry Ris) — 6R1)Riay Rie) — 58Rwy Rs) — R}, Rer) + 64R () Rer)

+6R}) Res) + 18R Reo) - (A.11)

(1)
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Finally we would like to emphasize again that the decoupling of the massive scalar and
massive spin-2 modes in Ricci-polynomial gravity gives rise to the W series of linearized
quasi-topological gravities. We can construct the complete set of the W series up to the
tenth order from the irreducible polynomials listed in this appendix. Quasi-topological
Ricci polynomials with various additional properties discussed in this paper are subclasses
of the full W series, including both reducible and irreducible polynomials.

B Radially conserved current and boundary stress tensor

In this appendix we construct the radially-conserved current for some linear perturbations
on the AdS planar black hole background and show that they match the relevant boundary
stress tensor. The matching was demonstrated [78] for ghost free theories such as Lovelock
gravities or a class of Horndeski theories. It was conjectured in [78] that the matching holds
for general gravity theories that may or may not have ghost excitations. In this appendix,
we would like to prove this conjecture for the theory we studied in section 5. The theory
is Einstein gravity extended with cubic Ricci tensor polynomials, studied in section 2. We
shall consider the general case with arbitrary (e, ez, e3) coupling constants. For simplicity,
we shall consider only the pure gravity theory in four dimensions without any matter. The
theory admits the Schwarzschild AdS planar black hole

ds® = —fdt® + d;Q + r?(da? 4 dx3), f=g*?— g . (B.1)
Note that since the matching of the bulk current and boundary stress tensor occurs at
the asymptotic infinity of the AdS spacetime, our results are applicable when additional
minimally coupled matter is included, as long as the asymptotic structure is maintained.
This is indeed the case for the matter system discussed in section 5. The equations of
motion imply that

Ao = —3¢%(1 — 144e1g* — 36e2g" — 9e3g?) . (B.2)

We consider two types of perturbations, namely

case 1: da? + dai — da? + drl + 20, dxydxs, (B.3)
case 2: ds* — ds® 42Uy dtdxy , (B.4)

where
Uy =—ct+1i(r), Py =—r"Ct+a(r). (B.5)

The first perturbation is associated with holographic shear viscosity; the second perturba-
tion is associated with the holographic heat current. (Note that we consider the two per-
turbations independently.) The linearized equations of motion for 1; and 5 are given by

—%(1 + 432e19")r (397 + )vh + rfyl)

3
+5 (des + Beg)g™r 21" + 18(es + Bes)g'r? fulf
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3
+§g2(72(462 + 363)f2 +9(4ey + 563)g2r2f + 18(4eq + 363)947“4) !

3 1
—§g2 (4(4e2 + 3e3) f2 — 3(20e2 + 9e3) fg*r? + 9(—4de2 + 3eg)g4r4);¢g =0,
1 2 3
_5(1 + 432e19M) f ( y — ﬂ¢2> + 5(462 + 3e3)g® fAuh"
9
+3(4eg + 3e3)g> f <392r — Zf) - 392f<2(4€2 + e3)g? + (dea + 363);2) 5

1
—18(4es + 3e3)g* f(g*r® — f);,,zbé

1
+3¢° f( — 10(4es + 3e3) f + 3(28es + 1563,)g%~2)7j¢2 =0. (B.6)

These two equations are integrable and give rise to radially conserved currents. In [78], a
general formula for such conserved current was obtained using a Noether procedure for a
variety of gravities. To be specific, it was stated that the quantity J*! of (5.11) is radially
conserved, where J*¥ is given in (5.12). For the case 1 and case 2 perturbations, the
relevant Killing vectors are £ = 0., and & = 0; respectively. For the background metric
that is diagonal, J*! vanishes identically and hence conserved. For the two perturbations
we consider in this section, the linearized quantities are given by

lin
167 (jf“) = — (14 432e1gM)r2 o + 3% f ((462 + 3e3)r?(fy + 6g%ryY)

—(2(462 + 363)f + 3(462 - 363)92T2)¢/1) )
lin

167(75) " = (1+432614") (fwg Fo(f - 392r2>w2> (B.7)

3 2
—7% ((462 + 3e3)r® £2y — 1 (9(4ea + e3)g°r* + 2(4es + 3es) f)h

—|—(4(4€2 + 363)f2 — 9(4es + 63)f92r2 + 27(4eq + 63)g4r4)¢2) .

It is easy to verify that a radial derivative of the above two quantities both vanish provided
that the corresponding equations of motion for ; or 9 are satisfied.

We now derive the boundary stress tensor associated with these two perturbations.
In order to derive the boundary stress tensor, it is necessary to construct both the gen-
eralized Gibbons-Hawking surface term and the holographic boundary counterterms. The
generalized Gibbons-Hawking terms are given by [104]

1
Seurf = /dDIIIJ‘ \/th)'u KV7 OH = 2P,upygnpno- . (B8)
8 vooR v

Here K,,, = h,”V ;n, is the second fundamental form and h,, = g, —n,n,, with n* being
the unit vector normal to the surface. For our specific example, we have n = 9, /v/f. It
is important to emphasize that when we vary the surface action Sguf, we should treat the
quantity ®) as an auxiliary field that is not varied. In other words, for the variation of the

action, we have

0Ssurf = Si’]'[' /dD_lx (I)/,f(s(\/thZ) . (BQ)
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It can then be verified that the surface term plays the precise role of getting rid of the
V09, terms arising from the integration by parts after the variation of the bulk action.

Finally we need to construct the holographic boundary counterterms. Since we consider
AdS planar black holes with a flat boundary, there is only one relevant contribution to the
boundary counterterm, given by

1

S =
T 16n

dP'xv/~he,  c= —4g —108(16e; + des + e3)g° . (B.10)
Note that the constant c is determined by requiring that the total action,

Stot = Sbulk + Ssurf + Sct ) (Bll)

is finite for the AdS vacuum. Having obtained the full action, we can derive the boundary
stress tensor at the linear level, given by

16772 = =
Ly /jh 5h:c2x1 /jh 5¢1
1+ 432e1g*
=~ (e £ 436w +rfe)

3 (dey + 3e3) g f2
| 3ea +3e3) gf " 118 (des + 3es) g5 F!

r
39f ((8ez + 6e3) f + 3 (dex — 3es) g%r?)

- = ¥
27 (4ez + e3) g° (—4grV/ [ + f + 3g%r?) "

- 2 1,

2 6Siot 2 S0t
167 = =
fin V—hohiz, v/ —h 0o

_ W((Q—%)lﬁg—%ﬂ/}é) _3(462+363)gf é//

gr r3

9(4e2 +3e3) g (¢ — f) ., 39 ((8ez + 6e3) f + 9 (des + e3) g°r?)
B 4 2+ = (A
2r r
3¢ (7 (dea + Bes) f2/2 — 3(28e2 + 9e3) /Fg?r® + 36 (dea + e3) g°r%)
B 6 (GO
VI

(B.12)
It is then straightforward to verify that
T 1
1,lin 2,lin
2 — 1’ PR = ]_ B13
g1"3 T‘ffgwl r—00 937“5 'Iﬁfll r—00 ( )

Thus we see that the radially conserved currents proposed in [78] match precisely the
corresponding stress tensor components in this cubic Ricci polynomial gravity for generic
coupling constants (e, ez, e3). When (e1,e2,e3) are given by (2.20), the contributions
from the cubic terms to the J;* and Tt associated with the holographic heat current,
vanish identically.
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The proof of the matching of the radially conserved bulk current with the associated
boundary stress tensor is not as elegant and covariant as that in [78] for ghost free theories
such as Lovelock gravities. Our concrete demonstration for Ricci cubic gravities never-
theless serves as a strong evidence that the proposed radially conserved current of [78] is
indeed the bulk dual of the holographic heat current.

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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