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ABSTRACT: The algebraic approach to the spectrum of quasinormal modes has been made
as simple as possible for the BTZ black hole by the strategy developed in [16]. By working
with the self-dual warped AdS black hole, we demonstrate in an explicit way that such a
strategy can be well adapted to those warped AdS balck holes with the SL(2, R) x U(1)
isometry. To this end, we first introduce two associated tensor fields with the quadratic
Casimir of SL(2, R) x U(1) Lie algebra in the self-dual warped AdS black hole and show that
they correspond essentially to the metric and volume element up to a constant prefactor,
respectively. Then without appealing to any concrete coordinate system, we can further
show that the solutions to the equations of motion for the scalar, vector, spinor fields all
fall into the representations of the SL(2, R) x U(1) Lie algebra by a purely abstract tensor
and spinor analysis. Accordingly, the corresponding spectrum of quasinormal modes for
each fixed azimuthal quantum number can be derived algebraically as the infinite tower of
descendants of the highest weight mode of the SL(2, R) Lie subalgebra.
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1 Introduction

As we know, not only does the photon ring outside of the black hole play a vital role
in predicting the intricate patterns of the black hole image, but also controls the photon
sphere quasinormal ringdowns of massless fields such as the gravitational waves. Very
recently, it has been discovered in [1] that the photon sphere quasinormal modes exhibit
an emergent SL(2, R) symmetry for the static spherically symmetry black hole, namely the
spectrum of the photon sphere quasinormal modes forms the highest weight representation
of the emergent SL(2, R) symmetry, which is further found to persist also for the stationary
rotating Kerr black hole [2]. Later on, to gain a deeper understanding of this emergent
SL(2, R) symmetry, the authors in [3] initiate the exploration of the self-dual warped AdS
black hole, which arises as an approximation to the near-extremal Kerr black hole with the
SL(2, R) isometry. In particular, the resultant spectrum of quasinormal modes by explicit
calculation can be identified as the highest weight representation of the SL(2, R) isometry.
It is further shown in [4] that the aforementioned emergent SL(2, R) symmetry associated
with the spectrum of the photon sphere quasinormal modes, if redefined appropriately by
virtue of the residual degrees of freedom, can be regarded precisely as the eikonal limit of
the SL(2, R) isometry.

As in the context of AAS/CFT correspondence, the identification of such a symmetry
is suspected to offer us a guiding principle to search for the holographic dual field theory
description of the black hole under consideration through Kerr/CFT correspondence and
warped AdS/CFT correspondence, respectively [5-8]. In particular, the SL(2, R) symmetry



dictated quasinormal modes correspond to the poles of the retarded Green function of the
putative dual CFT. Such a specific correspondence has been confirmed in AdS3/CFTjy,
where analytic results can be readily obtained for both sides. Speaking specifically, the
analytic result for the quasinormal modes of the scalar, vector, and spinor perturbations
in the BTZ black hole is first obtained by directly solving the equations of motion [9, 10].
Later on, inspired by [11] and [12], the authors in [13] demonstrate that the quasinormal
modes can be constructed as the left and right chiral highest weight representation of the
SL(2, R) isometry for the scalar and metric perturbations. This algebraic construction has
been further generalized to other three dimensional black holes with the vector perturbation
included [14, 15]. However, the involved calculation is somewhat complicated, which makes
the SL(2, R) isometry obscure albeit recovered in the final result as it should be the case.
Such a technical deficiency is rescued in [16] by resorting to the two intrinsic tensor fields
associated with the SL(2, R) isometry of the BTZ black hole as well as the covariant
derivative rather than the ordinary derivative in the course of analysis. Among others, one
very advantage of this strategy is that the spinor perturbation can be incorporated and
treated in a uniform manner as other tensor fields.

As alluded to in the very beginning, the SL(2, R) isometry of the self-dual warped AdS
black hole is supposed to play a similar role in controlling the spectrum of quasinormal
modes algebraically. However, such a suspicion has so far been confirmed solely for the
(massless) scalar perturbation due to its obvious simplicity. So it is tempting to check this
suspicion for other perturbations explicitly by utilizing the strategy developed in [16]. The
purpose of this paper is to show this is also the case for both vector and spinor perturba-
tions. To make the whole analysis as simple as possible, we are required to introduce the
two intrinsic tensor fields associated with the Casimir of the full SL(2, R) x U(1) isometry
of the self-dual warped AdS black hole. This is the main difference from the BTZ black
hole, where the full isometry is given by SL(2, R)1, x SL(2, R)g but the two intrinsic tensor
fields are associated with the Casimir of each SL(2, R) sector. It is noteworthy that the
warp factor makes the additional U(1) isometry also display itself in Riemann curvature,
which turns out to have an extra effect on the conformal weight of the spinor perturbation.
Except for these nuances, the whole procedure devised in [16] proves to be applicable to the
self-dual warped AdS black hole with the SL(2, R) x U(1) symmetry manifest throughout
the whole analysis.

The rest of paper is organized as follows. In the subsequent section, we provide a
brief review of the self-dual warped AdS black hole as a solution to the topological massive
gravity, where the SL(2, R) x U(1) isometry is identified and relevant geometric quantities
are presented in an explicit way for our later usage. In section 3, with the quadratic
Casimir of SL(2, R) x U(1) Lie algebra, we introduce its Lie derivative representation and
two associated tensor fields, which turn out to be proportional to the metric and the volume
element, respectively. In section 4, we first derive how the solutions to the equations
of motion fall in a uniform manner into the representations of the SL(2, R) x U(1) Lie
algebra for the scalar, vector, and spinor field in the self-dual warped AdS black hole
and then present the algebraic approach to the quasinormal modes as the highest weight
representation of the SL(2, R) Lie subalgebra for each fixed azimuthal quantum number,



where the main bulk of tensor and spinor analysis is performed in a purely abstract way

1

without resorting to any specific coordinate system.” We conclude our paper in the last

section.
Notation and conventions follow [17] unless specified otherwise.

2 Self-dual warped AdS black hole, SL(2, R) xU(1) isometry and relevant
geometric quantities

Let us start with the self-dual warped AdS black hole

—dT? + da? dT \?
2 _ g2 | Zdl Fdr A2< > 21
ds ¢ [ sinh? * d¢+tanhx ’ (2.1)

where £ is the warped AdS radius and the warp factor A is so defined that the unwarped
self-dual AdS black hole is given by A = 1. Whence the inverse metric can be obtained as

g :l —sinh? (3)@ (3)17 + cosh z sinh (3)@ <8>b + (a>b <3>a
2 or or oT 0¢ 0¢ orT
s () (2 12 (2 (2)
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and the associated volume element reads

(2.2)

€ = AP csch’z dT A dx A do. (2.3)

Such a black hole has the SL(2, R) x U(1) isometry with the corresponding Killing
fields defined as follows

a=-(5)
L*, = e T |—coshz (;T)a + sinh x (;ﬂc)a + sinh x (;;)a} ,
—coshz ((9811)“ —sinhx (5@)‘1 +sinhz <(;3¢)a] ,
W — (%)a, (2.4)

whereby the commutators satisfy the following SL(2, R) x U(1) Lie algebra

a _ T
+1 = ¢

[Lo, L+1] = FL+1, [L41,L-1]=2Lg, [Woy, Ly =0. (2.5)

with m = 0, 4+1. Note that our self-dual warped AdS black hole is not locally maximally
symmetric. Instead, one can show that the corresponding Riemann tensor, Ricci tensors,

To our best knowledge, the equation of motion for the metric perturbation on top of the warped AdS is
essentially third order in the topological massive gravity, and has not been tamed into so well understood
a form as in AdS. So we leave it to future work.



Ricci scalar, and Einstein tensor are given by

Raped = 2(ga[c-Rd]b - gb[cRd}(z) - Rga[cgd}bv

2 2
Ry = A2€2 29ab + 1A22: WoaWop,
A4 (2.6)
202 7
A? 1—A?

Gab = —59ab + —51 WoaWop-
b 4629b+ A2gi VoaVob

As one can see, the Riemann tensor receives an extra contribution from the U(1) generator.
In particular, this U(1) generator will also leave its footprint in the following expression, i.e.,

A? 4(1 — A?)
ab _cd
Raped€™ e€™ y = 29l t s

which, as mentioned before and shown later, will have an effect on the conformal weight

WoeWoy, (2.7)

of the spinor perturbation. On the other hand, although the Weyl tensor vanishes auto-
matically, the self-dual warped AdS black hole is not conformally flat because the Cotton
tensor defined as Cyp = eaCdVC(Rdb — iRgdb) is given by

A(1 — A?) 3(A% 1)

C'ab = YE Gab T+ YV WOaWOIn (28)
which does not vanish when A # 1. Accordingly, we have
4—A? 20
Gab — a2 Jab + 37A0ab =0, (2.9)

which means that our self-dual warped AdS black hole can be supported by the gravitational
Chern-Simons term as a solution to the topological massive gravity [3].

3 Quadratic Casimir, its Lie derivative representation and two associated
tensor fields

The quadratic Casimir operator of SL(2, R) x U(1) Lie algebra is defined as

1
=124 (1 - A2) W2 (3.1)

with 1
L =1} 3(LpiLoy + LoaLy) (3.2)

the Casimir operator of SL(2, R) Lie subalgebra. Note that the Lie derivative of tensor
and spinor fields obeys [Lx, Ly] = Lx,y] and Lox = aLx for the arbitrary Killing vector
fields X and Y with the arbitrary constant «. Therefore the above Lie algebra can be
naturally represented by the Lie derivative. In particular, the quadratic Casimir operators

can be realized by the Lie derivative as follows
s 1 1 1
C*=L— (1 — A2> EWOEWO = £L0£L0—§ (£L+1£L,1 + £L,1£L+1)_ <1 — A2> ﬁwoﬁwo.
(3.3)



Now inspired by the strategy developed in [16], we construct the following two tensor
fields associated with the quadratic Casimir of SL(2, R) x U(1), i.e.,

1

a a 1 a a
H® = 1arh — §(L+1L",1 + L%t ) — (1 - 13

) woewg (3.4)
and
1 1
Zabc = LOavaOc - §(L+1avaflc + LflavaJrlc) - (1 - A2> WOavbW()c-

Obviously, H is a symmetric tensor field. By a straightforward calculation, one can show
that H is actually proportional to our metric, i.e.,

H® = (24 (3.5)

Regarding Z, we first notice that it is antisymmetric between the last two indices due to the
Killing equation V&, = V(4. Second, VyHye = 0 tells us that it is also antisymmetric
between the first and third indices. So Z is virtually a 3-form, which implies that it should
be proportional to the volume element. In addition, we have

1
A2

) WOaWDc] =0, (36)

1
VZape = LoaV*VipLoe — §(L+1avava—1c + L_1,V*VyLiae) — (1 ) WooV*VWo,

1

1
= Ry LoqLog — §(L+1aL—1d + L _14L414) — (1 a2

where Raped = Rapleq) 18 used in the last step while the Killing equation and the identity
VaVile = Repa"éa (3.7)

for any Killing field £ are used in the first and second steps, respectively. Therefore, the
proportional coefficients in front of the volume element should be constant. In particular,
an explicit computation leads to

Zabe = _%ﬁabc' (38)

It is noteworthy that the nice properties exhibited in eq. (3.5) and eq. (3.8) respectively
for H and Z fields will be lost if one naively constructs them simply out of the quadratic
Casimir of SL(2, R) Lie subalgebra.

4 SL(2,R) x U(1) symmetry and quasinormal modes in the self-dual
warped AdS black hole

As a warm-up, let us rework with the scalar field ¢, whose equation of motion is given by
(VaV® — 1) = 0. (4.1)
The Lie derivative acting on the scalar field gives rise to

LxLyd = XVu(Y'Vio) = (X VoY)V + XYV, V30, (4.2)



whereby we have
C2p = Z2°."Vyp + H'V oV = gV Vi = (ul)?¢. (4.3)

Now let us proceed with the massive vector field A, whose equation of motion is
given by
€"VyAe = —jiA,. (4.4)
Whence we can see that the Lorenz condition is satisfied automatically as follows
1 1 1
VoA = ==V, VA = — — R Ag = —— " Riypg"Ag = 0 (4.5)
p 21 21

due to the cyclic identity Rjq = 0. Furthermore, we have

,UQAd — _NfdeaveAa _ Edeave(eabCVbAc) — GadeﬁabcveVbAc
— (gdcgeb _ gdbgec)vevbAc — VaVaAd _ vavdAa
= V,VoA? + VIV, A" — V, VA" = V, VA + R A gq,
= V,V2A? — R¥*A.. (4.6)

On the other hand, by the Lie derivative acting on this vector field, we have

LxLyA, = vab(ﬁyAa) + ,CyAbVaXb
= X Vy(YV Ay + AV Y ) + (YV Ay + AV YOV, X
= (X*VY)V Ay + XYV, VA, + (XPV, YO VA, + A XV, V, Y
+(YV XV Ay + AV (YV, XP) — A YV, V, X0, (4.7)
Whence we can further obtain
C?Aq = 7% VA, + HYVy Ve Ay 4 22,V Ay + AV 20" + A°Regpg H — AcRogH™
= 2g*°V,V Ay + CNegV Ay — PRy  AC
= [(ul)* — Apl) Aq, (4.8)
where the identity (3.7) is used in the first step.

With the above experience, let us manipulate the spinor field, which is more involved.
To this end, we start with the Dirac equation

(Y'Va+p)p =0. (4.9)

Here +* = e?’yl and the covariant derivative acting on the spinor field is given by V, =
O0q + iw 1707, where e} constitute a set of orthogonal normal vector bases, and Gamma
matrices satisfy {’yl,’y‘]} = 277” with the spin connection wrj, = elbvaef} and 'y” =
3[7",~7]. Next acting on the Dirac equation with 7*V, — p1, we obtain

0= (V"Vp — 0)(YVo + ) = (Y*4° VoV — )¢
= (g"VaVp + 7V Vi — 020 = (Vo V* — )0 + 1"V [, Vit

1
= (VaV“ -+ 8Rabcd7“b7“d) Y, (4.10)



where 7% = e%ef}’yl 7. On the other hand, the Lie derivative of spinor fields with respect
to Killing fields is given by [18]

Lxp = XVaih — fv“bwvaa, (4.11)
whereby we have
LxLyi = XValy) — 1 Ly v VX,
— X9, (Y = prtuVave) = 0 (YOVew = 0 0VY. ) VX,
= (X“V YO Vet + XYV, Verp — lvcdwxavavdn - i(X “VaYe )y “IVat)

1
B T A VA VS o

VX + v
(4.12)

67“"%%%0/ Vi Xa) —

Then it is not hard to show
1 1
C*p = 2 Vetp + H*VoVeth — 19 W Regac H* — 5 2%Vt

1 1
+—= 16 ’Yab’Ydevchba - TGVabVdeRabde c

Al 02
= EQVQVGI/J + Zeabc’)/d)vad] + ERadevabVde

1 ab_c AL a c
= (? (NQ 16Rabcd’7 b’Y d)¢ ZE bc’Yb Vap

1 Al
- ERabcdeabSECdf’Ye’Yf)@D + 7’Yava¢

- 9 B
= (/M)Q—AM]w (A 1 AWWf> (e F)qp

= 2

2 16%/ * a2,
I Aul 3A2 1 — A2
— |ty - 25| v - ( + )w

2 16 4
Aul A2
K ] Y,

(4.13)

where the identity v*® = €%y, and eq. (2.7) have been used in the fourth and fifth steps,
respectively.

So the upshot of the whole bulk of tensor and spinor analysis presented above is
that the solutions to the equations of motion for various fields all turn out to fall into
the representations of the SL(2, R) x U(1) Lie algebra characterized by the value of the
Casimir, i.e.,

C20 = \D (4.14)

with A = (uf)? for the scalar field, A = (uf)? — Aul for the vector field, and \ = (uf)? —

% + Aig4 for the spinor field.




With this in mind, we can construct the quasinormal modes by the standard algebraic
approach. Namely, we start from the highest weight mode of the SL(2, R) Lie subalgebra
with a fixed azimuthal quantum number m as follows

Ly, @) = im0 £2pM0) = )\, MmO £, MmO =g £, MmO = ppmO),
(4.15)
where the component of ®™0 associated with the orthogonal normal basis chosen in ap-
pendix B can be written formally as

(p(mO) _ eth+im¢>\Il(m0) (x) (416)
with the conformal weight h and the eigenvalue A of the SL(2, R) Casmir given respec-

1+V1+4N, (A% —1)m?
g MTATTTE o

Then the quasinormal modes can be obtained as the infinite tower of the descendent

tively by

h= (4.17)

modes, i.e.,
o(mn) = £ $(mo) (4.18)

withn =0,1,2,---. Note that ELO<I>(m") = (h—i—n)(I)(m”), so we have the following spectrum
of quasinormal frequencies
Wi = —i(h +n) (4.19)

with the imaginary part of wy,, required to be negative by definition.

We conclude this section by mentioning that in the eikonal regime |m| > 1, A in
eq. (4.17) can be neglected. This amounts to saying that the effects from the mass and
spin are both subleading in the eikonal limit, which substantiates the claim made in [3].

5 Conclusion

Partially motivated by the emergent SL(2, R) symmetry in the photon sphere quasinormal
modes of the Kerr black hole, we have successfully obtained the analytic expression for the
spectrum of quasinormal modes of the scalar, vector, and spinor fields in the exactly soluble
self-dual warped AdS black hole in a uniform manner by fully exploiting its SL(2, R) x U(1)
isometry. To achieve this, we have introduced the two tensor fields associated with the
Casimir of the full SL(2, R) x U(1) Lie algebra and unveiled their pleasing relations to the
metric and volume element respectively. Then we show that the solutions to the equations
of motion of the scalar, vector, and spinor fields all fall into the representations of the
SL(2, R) x U(1) Lie algebra by our tensor and spinor analysis, where no specific coordinate
system is used and the aforementioned two tensor fields make SL(2, R) x U(1) symmetry
transparent in the whole analysis. The resultant spectrum of quasinormal modes can be
further constructed as the highest weight representation of the SL(2, R) Lie subalgebra.
Although the self-dual warped AdS black hole is more involved than the simplest BTZ
black hole, our work demonstrates that the strategy previously developed in [16] for the
algebraic approach to the spectrum of quasinormal modes in the BTZ black hole turns



out to be utterly applicable to the self-dual warped AdS black hole. As we know, there
are other three dimensional warped AdS black hole solutions with the SL(2, R) x U(1)
isometry [19-21] , where a variety of quasinormal modes have been calculated out mainly
by solving the equations of motion analytically [22-26]. Note that the key to making
our algebraic approach work lies in the three properties of our self-dual AdS black hole
exhibited in eq. (2.7), eq. (3.5), and eq. (3.8), which are believed to hold also for other
warped AdS black holes except that the prefactors in front of the metric, quadratic of the
U(1) generator and volume element may be varied. Thus with our present work, we are
convinced that the derivation of these quasinormal modes can also be made as simple as
possible by our algebraic approach.
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A An explicit calculation of Z
By Vaé, = 3(d€)qp for any Killing field £, we have

1 1 1
Zabe = Z[abc] = 5 [LO[adLObc] - i(L—i—l[adL—lbc} + L—l[adL—l-lbc]) - (1 > WO[ dWObc]]

A2
1 1 1
=3 {Lo A dLogbe — §(L+1 ANdL_1ape + L—1 AN dL11ape) — (1 - AQ) Wo A dWOabc:| ;
(A1)
where
Loa = gapL§ = —*[(A? coth? & — csch®z)(dT), + A? coth z(de).], (A.2)
L 1, = gL’ = —e Tl%csch z[(A% — 1) coth z(dT), — (dz)q + A%(dd)a),
Litg = gL’ | = —eTPcsch z[(A% — 1) coth z(dT), + (dz)a + A%(do)a),
(A.3)
and

(dLg)ap = Pesch?z[A%(dx)q A (d)y — 2(A% — 1) coth 2(dT), A (d)p),
(dL_1)ap = e Tlcsch z[(2 — A% — A2 cosh? x)esch?x(dT), A (dz)y — A2(dg)q A (dT),
+A% coth z(dz), A (do)y],
(dLy1)ap = el PPesch z[(2 — A2 — A% cosh? z)esch? z(dT)q A (dx)y, + A%(dp)a A (dT)y
A? cotha(da)a A (de)y),
(dWo)ap = €2A2csch2 (dT)q A (d)y. (A.4)

With this, we can finally obtain

A2¢*csch?
Z = —%dTAdmdcp. (A.5)



B A little bit of spinor analysis

Associ.ated with the choice of the orthogonal normal bases as ef = Sinehx (6%)“ — %(8%)“,
e = sinhz (0ya and e = L (.2)% the non-vanishing spin connections can be written as
1 I3 ox 2 INANGL)
2 — A?) cothx A?
wona = —wngn = EA) O gy 1),
Acsch x
Wo2e = —W20q = —T(dfﬂ)a, (B.1)
Acsch x
W12q = —W2la = T(dT)w

Thus we have
Lr,¥(x) = LAV, (z) — i’yablll(:c)vaoa
= L80(x) + | Liwury0(x) — 7 U@ Vilos  (B2)
- i'yIJ\II(:L‘)(ngaU bV, o) = 0.
Similarly, we can also obtain Ly, ¥(x) = 0.
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