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What are BH QNMs

Particles and fields in the vicinity of a BH slightly change
the background space-time of a system. That is, we can
consider these as a perturbation.

At the classical level perturbations can be described by
damped characteristic modes, called QNMs.

The complex frequencies of such oscillations do not depend
on the manner of excitation but only on the parameters of
the BH and the field under consideration. Therefore, they
are usually called the “fingerprints” of a BH.



In order to calculate QNMs, we impose the QNM b.c. for
the wave equations, i.e. we require that at the BH horizon
we have only purely in-going waves,

R(r, — —00) o exp(—iwry) ,

while we should have only purely out-going waves at spatial
infinity, i.e.
R(r, — 00) o exp(i€dry) ,

where QNMs are solutions of the master equations
discussed later, satistying the above b.c.



How do they relate to
Emission spectra

In the same way, as QNMs are an essential classical
characteristic of a BH, the thermal Hawking radiation is its
essential quantum feature that carries information about
the dynamics of evaporation of the BH.

For calculations of the emission rates of particles due to
Hawking radiation, one needs first to solve the problem of
classical scattering in order to obtain the grey-body tfactors.
This implies the posing of classical scattering b.c.



At the event horizon, this again means imposing the
condition of purely in-going wave, while, at spatial infinity
(r — o0), we have a different condition,

R(r) ~ Znexp(—iQry) + Zourexp(i€dry) |

where Z;, and Z,,; are integration constants which
correspond to the in-going and out-going waves,
respectively. Thus, we would like to know which portion
of particles will be able to pass through the barrier of the
effective potential.

If the coetficients Z;,, and Z,,; are calculated, one can find
the absorption probability

|Al,m‘ =1 — ‘Zout/Zin|2



The emission rates for the energy, charge and angular
momentum are proportional to the grey-body factors, and
are expressed as

7, [,m
dt \ — —~ exp w/TH) — 127 \

Here, we perform the summation over all possible values of
the quantum numbers [ and m.

Thus, we could say that the QN spectrum and Hawking
radiation are, respectively, classical and quantum
“fingerprints” of a BH.



QNMs and Hawking radiation also have one technical point
in common: analysis of QNMs as well as of the Hawking
radiation (in semi-classical approximations) begin from the
linear perturbations of the fields under consideration whose
dynamics should be reduced to a single wave-like equation,
called the master equation.



The Master Equations

Perturbations of a BH space-time can be performed in two
ways:

- by adding fields to the BH space-time or

- by perturbing the BH metric (the background) itself.

In the linear approximation (where a field does not
backreact on the background), the first type of perturbation
is reduced to the propagation of fields in the background of
a BH, which is, in many cases, a general covariant equation
of motion of the corresponding field.
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T'he covariant form of the equation of motion is quite

ifferent for fields of different spin s in curved backgrounds.

s
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T'hus, for a scalar field ® of mass p in the background of

he metric g, , the e.o.m. is the general covariant

Klein-Gordon equation

(VVV, — u*)¥ =0,

where V, is the covariant derivative. The above equation
can be written explicitly as follows:

%ay (6" /=G0,0) — U =0 (s = 0).



For massive Dirac fields in a curved background g,,, the
e.o.m. reads

(veq (Ou+Tu) + 1)@ =0, (s==£1/2)

where p is the mass of the Dirac field, and e * is the tetrad
field, defined by the metric g,,,:

_ a_ b v __ _ab 1%
g,uy_nabelu €, g,u =7 6alueb 9

w, b __ b a, VvV __ SV
ele, =04, e€,e, =0,,

where 1, is the Minkowskian metric, v¢ are the Dirac
matrices: {y%,7y°} = 27, and T, is the spin connection

1 a 14
L'y = gh 77b] Gux €4 Vu€p
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For massive vector perturbations we have the general
covariant generalization of the Proca equations. For a
vector potential A,, one has

V'E,, —pu*A, =0, F,=0,A,—0,A,.
In a curved space-time these equations read

1
—9,(F,,g""¢°"\/—q) — u*A* =0 . s=1
N (Foog™ g%/ —g) — 1t (s =1)

When 1 = 0 in the above form of the Proca equation,
we obtain the Maxwell equation

Oy ((OaAs — 0544)9"" 97"/ —g) = 0.



There may be various generalizations of the massive scalar,
spinor, and vector fields considered above. Thus, if we
study perturbations of massive charged particles in scalar
electrodynamics in a curved charged background, we have
to deal with a complex scalar field

(D¥D, — u*)¥ =0,

where D, =V, —ieA, is an “extended” covariant
derivative, and e is the charge of the particle. Finally, we
find that the e.o.m. of the charged scalar field in a curved
space-time reads

1

0, (g"\/—q(0,¥ —ieA,U))—ieAY0, U —(u*+e* AY AU =0
V=g ( ( p u )) (1 )



In a similar fashion, the massive charged Dirac particle is
described by the e.o.m. with an extended derivative

0, — 0, —1eA,,
(v*e,) (0, + T, —ieA,) + u)® =0

Another type of perturbation, metric perturbations, can be
written in the linear approximation in the form

Juv = ggy + 09w

1 2\
oR,, =Ko (Tw/ — Do 2TgW> | P 25gW

Linear approximation means that the terms of order
~ 593,/ and higher are neglected. The unperturbed space-
time given by the metric g, is called the background.



Separation of variables

The first step toward the analysis of BH perturbation
equations is their reduction to a 2d wavelike form with
decoupled angular variables. Once the variables are
decoupled, an equation for the radial and time variables
usually has the Schrodinger-like form for stationary
backgrounds,

B d°R
dr?

-V (r,w)R = w’R,

and can be treated by a number of sophisticated and well
developed numerical, analytical, and semi-analytical
methods.



As a simple example, for the massless scalar field on the
Schwarzschild background
(9%, : g0t = —grt =1 —=2M/r, ggo = gy sin~ 20 = r?),

dr
1—2M/r’
where the coordinate r, maps the semi-infinite region from
the horizon to infinity into the (—oo, +00) region (these
coordinates are known as tortoise coordinate).

and after using a new variable dr, =

The wave function can be written as

U(t,r,0,0) =e Y0, 9)R(r)/r ,



produces a potential

Vi) (1_%) <€(€+1) . 2M(1—52)> |

|
r r2 rs

where s = 0, and £ is the multipole quantum number, which
arises from the separation of angular variables by expansion
into spherical harmonics

Do, Ye(0,0) = —L(L+1)Y,(0,90) ,

exactly in the same way as happens for the hydrogen atom
in QM when dealing with the Schrodinger equation.

When s = 1 the effective potential corresponds to the
Maxwell field. When s = 2 we obtain the eflective
potential of the gravitational perturbations of the axial
type, which was derived by Regge and Wheeler



s

I'he separation of variables, however, is not always so easy.
The variables in perturbation equations cannot be
decoupled for perturbations of an arbitrary metric. For this
to happen, the metric must possess sufficient

symmetry, expressed in the existence of the Killing vectors,

Killing tensors, and Killing-Yano tensors.

The choice of appropriate coordinates is crucial for
separation of variables.



Methods for QNM calculations

Remembering that ¥ ~ e~ we write the QNM
frequencies in the following form:

W= WRe — W[y -

Here wg. is the real oscillation frequency of the mode and
Wrm 18 proportional to its damping rate. Positive wyy,
means that ¥ is damped, negative wr,, means an
instability.



Note also that for Kerr BHs, as well as for other
astrophysical or string theory motivated cases, QNMs form
a countable set of discrete frequencies

QNMs calculated in the linear approximation are in good
agreement with those obtained by the fully nonlinear
integration of the Einstein equations, at least at sufficiently
late time.



Mashoon method

We start from the usual wavelike equation, with an effective
potential, which depends on some parameter o:

d*
dr?

- (W =V (re,a)))¥ =0.

Because of “symmetric” b.c. for the QNM problem at both
infinities r, — 00, it is reasonable to consider
transformations r, — —ir, and p — p’, such that the
potential is invariant under these transformations

Vre,a) =V(—ir,, o).
The wave function ¥ and the QN frequency w transform as

U(ry,a) = ®(—iry,a’), wla)=Q(>)



The wave equation for ® and the b.c. will read

d?* P
dr?

- (=% +V)® =0, O~ et r, — Foo .

These boundary conditions correspond to a vanishing wave
function at the boundaries, such that the QNM problem
is now reduced to the bound states problem for an inverse
potential V' — —V.

This potential can be approximated by the Poschl-Teller
potential,

Vo

cosh? a(ry — 1r0)

Vpr =

Here V) is the height of the effective potential and —2Vpo?
is the curvature of the potential at its maximum.



The bound states of the Poschl-Teller potential are well
known, where the QNMs w can be obtained from the inverse
transformation o’ = i,

1 1
w:::\/VOZOzZiOz(n+§), n=20,12,...

Technically one has to fit a given black hole potential to
the inverted Poschl-Teller potential.

Note that this method gives quite accurate results for the
regime of high multipole numbers ¢, i.e. for the eikonal
(geometrical optics) approximation.

Note that there are many techniques to solve for the QN
frequencies, we shall now present only two of these:



WKB method

The method is based on matching asymptotic WKDB
solutions at spatial infinity and the event horizon with a
Taylor expansion near the top of the potential barrier through
the two turning points.

We rewrite the wave equation as

RA

3 FQ(x)V(x) =0.
where we used x = r, 111 A |
and Q(z) = w? — V. — 0 00

\Ij ~ 6—’1,0(}26 \Ij ~ ezwac



The asymptotic WKDB expansion

U ~ exp (ZZO:O S"(f)en) .
= So(z) = &i [T Q(n)Y/2dn , and S;(z) = —+InQ(z)...

The two choices of sign above correspond to either
incoming or outgoing waves at either of the infinities
Therefore we have four solutions: \Ili, ol \Iff I and w!!
respectively for plus and minus signs in Sp in regions I and
I1I, with general solution

U~z vl 7! \Ifi, region 1

out

U~z e 7N region TIT .

out



The amplitudes at +00 are connected with the amplitudes
at —oo through the linear matrix relation

Zowt \ _ [ Su1 S Z gyt
Zh! S21 922 Zh )

Now we need to match both WKB solutions with a solution
in region II through the two turning points Q(x) = 0.

If the turning points are closely spaced, i.e. if —Q(Z)mar <K
Q) (£00), then the solution in region II can be well
approximated by the Taylor series

Q) = Qo + 5 Q4w — 20)* + O((x — x0)")

—2Qo __ 1,0

g~ € )
0

region II. The latter relation gives also the region of validity
of the WKB approximation: ¢ must be small.

where region II corresponds to |x — xg| <



The general solution in region II can be expressed in terms
of parabolic cylinder functions D, (t),

1
U =AD,(t)+BD_,_;(it) . where vty = —iQo/(2Q1)? .

such that we obtain the elements of the S matrix,

. - 2 1Ty 1/2
III 1T 1R%e (27’(’) T
( it ) ol B ( ria )
p— i . :
[(—v)

where R = (v + 1)WF1/2)/2e=(+1/2)/2



When expanding to higher WKB o
the same general form, though with
R, which still depends only on v.

rders, the S matrix has
modified expression for

Note that for a BH Z!!! = 0, due to the QNM b.c. Z; = 0.
Both these conditions are satisfied only if I'(—v) = oo, and,
consequently, ¥ must be an integer.

This gives us the complex QNMs
number v at the first WKB order.

labelled by an overtone

Later this approach was

extended to the third and sixth order WKB.



In addition to solving the QNM problem, the S-matrix
allows us to solve the standard scattering problem, which
describes tunneling of waves and particles through the
potential barrier of a BH. One can easily check that for real
Q(x) (for real energy of the incident wave and spherically
symmetric backgrounds)

Si1 = Sz, S12=2055, [Sul’—[Sul*=1

and the transmission coeflicient is

|ZIII %

out o o—1
m

The reflection coefficient is R =1 —T.



QNMs of mini-BHs

To conclude I'd like to mention that the QN spectra of BHs
has attracted considerable interest in the following extra
dimensional models:

e The large extra dimensions scenario, which allows for
the size of the extra dimensions to be of a macroscopic
order. When the size of the BH is much smaller than the
size of the extra dimensions, the BH can be considered as
effectively living in a D-dimensional world and, thereby,
approximated by a solution of higher-dimensional Einstein
equations. The simplest example of such a solution is the
Tangherlini metric.



¢ Randall-Sundrum models assumed that our world is a
brane in higher-dimensional warped AdS space-time. This
implies a quick decay of the fields outside the brane. The
warp factor, which is the parameter of the theory, can be
set up in order to obtain a large size (of the order of T'eV)
or, if one wishes, a small size of the extra dimensions.

e Brane-localized fields: When the size of extra
dimensions is larger than the size of the BH, one can
consider the model where the SM particles are restricted
to live on a (3 + 1)-brane, while gravitons propagate in the
bulk. When considering the evolution of the SM fields in
the background of a mini BH, one can think that the mini
BH effectively behaves similar to a higher-dimensional one
projected onto the brane.



