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In the analysis of a binary black hole coalescence, it is necessary to include gravitational self-interactions
in order to describe the transition of the gravitational wave signal from the merger to the ringdown stage. In
this paper we study the phenomenology of the generation and propagation of nonlinearities in the ringdown
of a Schwarzschild black hole, using second-order perturbation theory. Following earlier work, we show
that the Green’s function and its causal structure determines how both first-order and second-order
perturbations are generated, and hence highlight that both of these solutions share some physical properties.
In particular, we discuss the sense in which both linear and quadratic quasinormal modes (QNMs) are
generated in the vicinity of the peak of the gravitational potential barrier (loosely referred to as the light
ring). Among the second-order perturbations, there are solutions with linear QNM frequencies (whose
amplitudes are thus renormalized from their linear values), as well as quadratic QNM frequencies with a
distinct spectrum. Moreover, we show using a Wentzel-Kramers-Brillouin analysis that, in the eikonal
limit, waves generated inside the light ring propagate towards the black hole horizon, and only waves
generated outside propagate towards an asymptotic observer. These results might be relevant for recent
discussions on the validity of perturbation theory close to the merger. Finally, we argue that even if
nonlinearities are small, quadratic QNMs may be detectable and would likely be useful for improving

ringdown models of higher angular harmonics and future tests of gravity.
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I. INTRODUCTION

Coalescing black hole (BH) binaries emit gravitational
waves (GWs) that allow us to probe gravity in the strong-
field regime. These GWs are typically analyzed with
different methods depending on the stage of the coales-
cence process. Initially, during the inspiral phase, when the
black holes have small velocities compared to that of light,
GWs can be studied analytically via the post-Newtonian
formalism. Near the moment of the merger, GWs are
sensitive to nonlinear gravitational effects which are ana-
lyzed performing numerical relativity (NR) simulations.
After the merger—in the ringdown phase—the coalescence
process has culminated into a single perturbed black hole,
whose GWs can be analyzed using black hole perturbation
theory.

In particular, during the ringdown, GWs are described by
a linear superposition of quasinormal modes (QNMs),
which correspond to the resonant exponentially-decaying
modes of the final black hole as it settles down to a
stationary state. These modes have an infinite discrete
spectrum of complex frequencies, @ = wp + iw;, whose
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real part wy determines the oscillation timescale of the
modes, whereas the imaginary part @; determines their
exponential damping timescale (see e.g., [1] for a review
on QNMs).

In General Relativity (GR), the amplitude of each QNM
depends on the initial conditions that led to the formation of
the final black hole, but the QNM frequencies are universal
since they are characterized solely by the mass, M, and
angular momentum, J, of the final black hole. The QNM
frequencies are labeled by three discrete numbers; the
angular harmonic indices (#,m) and the degree of the
harmonic overtone number n. If there were additional
fundamental fields present in the Universe, they could
affect the QNM spectrum of BHs and introduce new
parameters determining the frequencies w. Therefore, the
observation of QNM frequencies can be a powerful tool to
test the properties of gravity (see e.g., [2-7]) and perform
consistency tests of GR [8].

As previously mentioned, the merger process is believed
to be highly nonlinear. However, since the QNMs decay
exponentially fast in time, at some time . after the merger,
nonlinearities are expected to become irrelevant and the
QNMs can be analyzed using linear perturbation theory.
Nevertheless, there has been some debate concerning
the optimal choice of f. (see related discussions in
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e.g., [9,10]), given the fact that if chosen too late then there
will not be enough ringdown signal left in the available data
due to its fast decay, and if chosen too early then
contamination from nonlinearities may bias the linear
analysis. This issue raises the crucial questions of how
close to the merger linear theory can describe well the GW
signal, and what the relevance of nonlinearities is. In this
paper, we make some preliminary steps in this direction by
understanding the phenomenological properties of the
generation and propagation of second-order BH perturba-
tions. The hope is that this will help improve ringdown
models, and enable the optimal analysis of high quality GW
data expected in the future. In particular, the inclusion of
nonlinearities in ringdown models will potentially allow for
unbiased constraints of quasinormal modes, and thus more
confident tests of gravity. In addition, the detection of
nonlinearities would allow to test the nonlinear dynamical
predictions of GR.

So far, numerical studies have obtained varied conclu-
sions on the relevance of nonlinearities. While it has been
known for some time that the inclusion of linear overtones
in ringdown models improve the fits to GW waveforms (see
e.g., [11]), [12,13] confirmed that linear QNMs with up
to seven overtones fit well NR simulations of the (£ = 2,
|m| =2) GW signal from nonprecessing nearly-equal
mass binary black hole (BBH) mergers, all the way back
to the moment of the merger, or even slightly before. These
analyses assumed that the QNM frequencies were given by
the predictions from linear BH perturbation theory in GR,
and fit for their amplitudes since these cannot be easily
predicted due to their dependence on premerger history.
Subsequent numerical analyses have included higher har-
monics, and confirmed that a similar linear ringdown
analysis can indeed fit well waveforms of various binary
BH systems [14-18]. These results are somewhat surpris-
ing since the physics of the merger is expected to be highly
nonlinear. For instance, [19] concludes that for precessing
binary systems, linear QNMs do not always fit well GW
signals from NR simulations starting from the merger time.
Nevertheless, these results have motivated the use of the
entire postmerger signal of current GW events, such as
GW150914 [20], to detect the fundamental QNM (n = 0)
as well as the first overtone (n = 1), and to perform tests of
gravity [8,21-23], although different conclusions have
been obtained [24-27].

In this paper, we adopt an analytic approach to non-
linearities, making use of black hole perturbation theory to
second order. A particular focus, though not an exclusive
one, will be on the quadratic QNMs (here dubbed
QQNMs). There have been a number of investigations
on this topic, starting with analyses on Schwarzschild black
holes [28-36], which characterized the QQNM frequency
spectrum and the sources that drive these quadratic modes,
followed by generalizations to Kerr black holes [37-40].
Our goal in this paper is to understand better how, when and

where the second-order perturbations, in particular the
QQNMs, are generated, and how they propagate locally.
For simplicity, our investigation is confined to perturba-
tions around a Schwarzschild black hole, though some of
the conclusions are expected to translate straightforwardly
to a Kerr black hole. Black hole perturbation theory up to
second order has the following schematic form:
DhV ~0,  Dh? ~p)2, (1)
The first equation is linear perturbation theory, A(!) is the
first-order metric perturbation (indices suppressed) around
the black hole, and D is a linear differential operator which
contains up to two derivatives, and has a nontrivial effective
gravitational potential. The second equation shows how the
second-order perturbation 4 is sourced by quadratic
combinations of () [with derivatives acting on A(") kept
implicit]. Importantly, the same operator D appears in both
equations. Our focus in this paper is not on the detailed
form of the 7(1)? terms on the right-hand side; they have
been worked out in pioneering papers by [28,29], and we
will make use of certain general features of their results.
Rather, our goal is to study the implications of the operator
D for the generation and propagation of the second-order
perturbations.
Among our findings, let us highlight several key points,
some of which are known from earlier analyses.
(1) Given a pair of modes from the linear QNM
frequency spectrum o(!) = w§;> + in” and w1’ =

wg)’ + iwgl)/, one can see from Eq. (1) that they will

generate a quadratic QNM frequency w® = wg) +

ia)gz) given by a)g) = a)g) + a)g)/ and a)gz) = a)gl) +

wgl)/ [28,33,34]. This means that there is a new
distinct quadratic frequency spectrum of QNMs,
which is fixed and constructed from linear QNM
frequencies.

(2) We formalize the above intuition using the Green’s
function approach, which provides further insights.
We find that the second-order solution is in general a
superposition of modes with the quadratic QNM
spectrum »? (as shown in [35]), and modes with
the linear QNM spectrum o'!)." This is in agreement
with previous numerical results [40,41]. Importantly,
this result means that the net amplitude of modes
with linear frequencies w!!) receive a nonlinear
renormalization.

(3) The Green’s function’s causal structure sheds light
on the times and locations of linear and quadratic
QNM generation. The amplitudes of the QQNMs
depend on signals that have enough time to reach the

"The second-order solution also has parts that are unrelated to
QNMs or QQNMs, such as polynomial tails [35]. See further
discussion below.
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light ring2 and then the observer (analogous to
previous results for linear QNMs [42,43]). This
supports the buildup picture in which the QNM
amplitudes may accumulate over time as more of the
initial perturbations become causally connected to
the observer and the light ring; the amplitudes of
QNMs are in general not constant at all times even
within linear theory.

(4) To gain a better understanding of how the different
parts of the Green’s function dictate both the linear
evolution and the generation of second-order
perturbations, we work out a simple toy problem:
that of a delta function potential. The solution can be
written down in closed form, and illustrates explic-
itly the key results outlined above.

(5) We use the Wentzel-Kramers-Brillouin (WKB) ap-
proach to study the QNM local propagation in the
high-frequency limit. We show that both linear and
quadratic QNMs generated near the horizon propa-
gate towards the black hole, whereas only those
generated outside the light ring of the black hole will
propagate to the observer. This result analytically
confirms that not all of the GWs escape to infinity,
as part of them are swallowed by the black hole. A
related result was found recently in toy simulations
in [44], where absorption of the initial QNM signal
led to an increase of the black hole horizon. This
result is important to take into account, given that
previous NR simulations find large perturbations
right after merger to be generally confined to regions
very close to the black hole horizon [10,45], which
lends some credence to the notion that while large
perturbations exist very close to the horizon right
after merger, the observable QNMs asymptotically
far are not necessarily sensitive to them. This idea
has been conjectured by some authors [28,45] in
the past.

(6) At a practical level, including QQNMs in ringdown
waveform analyses of simulations and data should
prove beneficial. Previous analyses of head-on black
hole collisions have shown model improvement
when including second-order perturbations [46,47].
In this paper, we discuss when the amplitude of
nonlinearities is large enough to be relevant in ring-
down models. We show that the answer depends
strongly on the angular harmonic structure of the
signal. Take for example a nearly equal-mass binary
merger. At the linear level, the amplitude is domi-
nated by the (£ = 2,|m| = 2) angular mode, with
subdominant higher harmonics (see e.g., [16,48,49]).
At second order, one then expects the largest
quadratic QNM mode to have (¢ =4,|m|=4),

*We use the term light ring loosely to refer to the location of
the top of the potential in the operator D in Eq. (1).

originating from the product of two linear (£ = 2,
|m| =2) modes. We make a simple dimensional
analysis to conclude that its amplitude can be
comparable to or larger than that of the linear QNM
(¢ =4,|m| =4).

From these results, we conclude that nonlinear QNMs
are expected to always be generated after the merger.
Nonetheless, analytical models that only assume the pres-
ence of linear QNMs frequencies may work better than
expected because: (i) nonlinear effects are partially included
in those models through their renormalized amplitudes, and
(ii) the signal generated close to the horizon, which is
expected to contain the most amount of nonlinearities, will
not propagate to asymptotic observers.

In addition, the amplitude of nonlinearities highly
depend on the angular harmonic structure of the signal.
Previous works using linear QNMs to model the merger
[13,14] focused on (£ =2,|m| =2) harmonics which,
based on dimensional estimations, are expected to have
subpercent level corrections from nonlinearities for a nearly
equal-mass quasicircular binary black hole coalescence
(see Appendix B). Instead, as previously mentioned,
(¢ = 4,|m| = 4) harmonics could have large contributions
from nonlinearities. This appears to be the case in the
numerical analysis of [50], and has been confirmed as well
in the recent works developed in parallel to this paper
[51,52]. Therefore, future analyses must be careful when
using linear QNMs frequencies to describe higher harmon-
ics. Indeed, the recent study in [53] has also shown
evidence of quadratic QNMs in (¢ =5,|m| =4) and
(¢ =5,|m| = 5) harmonics in at least one specific binary
merger simulation. Furthermore, higher harmonics are
expected to be important in future GW data. Already a
recent analysis of the event GW190521 has claimed
evidence for a subdominant higher harmonic (¢ = 3, |m| =
3) [23], and third-generation GW detectors could observe
between 10°—10* events with detectable higher harmonics
in the ringdown [49,54,55]. In addition, LISA will observe
supermassive black holes binaries with mass M > 10°M g,
where most of the signal will come from the ringdown since
they will have no (or little) detectable inspiral signal due
to its low frequency. In these cases, the analysis
of higher harmonics will be crucial for extracting informa-
tion about the progenitor’s masses [48] as well as the
inclination, luminosity distance, and localization of the
source [56].

This paper is organized as follows. In Sec. II we review
the general setup for second-order perturbations around a
Schwarzschild black hole, discussing their angular, radial
and temporal structures using separation of variables. In
Sec. III we use the Green’s function approach to confirm
and generalize previous findings on the temporal and
angular profiles of second-order perturbations, and we
work through a toy model to illustrate important features
about the linear and quadratic QNMs, as well as the role of
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TABLE I. Summary of notation used throughout this paper, location where it was introduced, and associated meaning.

Notation Equation Meaning

€ Eq. (2) Expansion parameter in the metric amplitude

E=1/¢ Above Eq. (89) Expansion parameter in the angular harmonic number #

6=GM/r Above Eq. (101) Expansion parameter in the radial distance from the source

Ar=(r,-1,)/(MG) Below Eq. (87) Expansion parameter in the radial distance from light ring location 7,

7~ Ar/\E Eq. (88) Suitable radial variable such that z — oo describes eikonal limit

X Eq. (2) &" order contribution to a variable X

Xen Eq. 91) &" order contribution to a variable X

X Eq. (92) EIAF/ order contribution to a variable X

Yom(0,0) Eq. (11) Spin s-weighted (¢, m) spherical harmonic

W, O] Above Eq. (21) Real and imaginary parts of any QNM frequency

» Eq. (46) Quadratic QNM frequencies constructed from the sum or (conjugated)
* 4 difference of linear QNMs

ey Egs. (13) and (14) Even (Zerilli) and odd (Regge-Wheeler) radial variables

Even/odd variables from the Green’s function pieces G, G, and G

Yr. Yo, ¥p Egs. (40) described in Sec. IIIAp noe ’

Vs, Vrw Egs. (17)-(18) Zerilli and Regge-Wheeler radial potentials

U=w*-V Eq. (72) Effective potential U for Regge-Wheeler (V = Viw) and Zerilli (V = V) variables

causality. In Sec. IV we analyze the radial profile of the
QQNMs in the eikonal limit, which determines the propa-
gation direction of GWs. We consider both near horizon
and spatial infinity regimes using the WKB formalism. In
Sec. V we discuss the relevance of QQNMs with a simple
dimensional analysis, and conclude in Sec. VI with a
summary and discussion of our findings.

We set the speed of light to unity in this paper. Since we
make use of a number of analytical techniques to analyze
the behavior of quadratic QNMs, to ease readability, we
compile common symbols used throughout this paper in
Table I, indicating the location where they were defined for
the first time, and their meaning.

II. SECOND-ORDER PERTURBATIONS AND
QUADRATIC QNMS—GENERAL SETUP

Let us start by considering perturbations of the spacetime
metric g, as

9w = g}w + h;w; h;w = Ehﬁtlz) + Ezh;(i) + (9(83)7 (2)

where ¢ < 1 is the perturbation theory parameter and hffy) is
the jth-order perturbation around the background g, . For
simplicity, in this paper we assume the background to be
given by an isolated Schwarzschild black hole,

ds* =—f(r)dt* + f(r)~'dr* + r*(d9* +sin(0)*d¢?), (3)

where f(r) = 1 — r,/rand r, = 2GM is the Schwarzschild
radius, with M the mass of the black hole and G the
gravitational constant. The Einstein equations in vacuum
can be Taylor expanded in the parameter £ and be sche-
matically expressed as

0) /- 1
Guu(9) = G (3) + £Gla ()
+ &[G (1) + G2 (D, A1) + O(e¥) = 0,
(4)
where Gm, is the Einstein tensor, and foy) indicates its jth-

order Taylor expansion in the perturbation 4,,. This equa-
tion is satisfied when each &" contribution vanishes sepa-

rately. At leading order, we have Gf,?,) (g) = 0 which is the
background equation of motion, a solution of which is
Eq. (3). At first and second order in ¢, we have

GV (h) =0, (5)

2 2
GY(n?) = -G2 (W, V) = 2. (6)

From these results it is clear that the second-order equation
of motion (6) has the same left-hand side structure as the

first-order one, but it has an effective source term S,(i)
determined by the quadratic product of the first-order metric
perturbations 4(!). This source will induce nontrivial par-
ticular solutions to Eq. (6), which will determine the
spectrum of the QQNM.3

Before we proceed further, let us clarify perhaps a
pedantic point. The definition of ¢, the perturbation
expansion parameter, is location dependent. For instance,
at the location of a far away observer, the expected metric
perturbations are extremely small (for instance, typical GW

*Note that the homogeneous solution to Eq. (6) will not be
considered part of the QQNMs spectrum here since it will instead
have the same linear QNMs frequencies as the first-order
perturbations.
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strain is at the 10722 level) and thus linear perturbation
theory, essentially around Minkowski space, is highly
accurate at the observer. On the other hand, the metric
perturbations close to the black hole are considerably
larger, and the expansion parameter € should be understood
to be defined in that neighborhood. As far as the asymptotic
observer is concerned, the detailed dynamics close to

the black hole generates h,(,ly) and h,ﬁ), and both fall off
inversely proportional to distance, far enough away from
the black hole (see further discussion in Sec. V). Previous
authors have estimated that the QQNMs could give a
correction of about 10% to the linear QNMs at the
detector [33,34].

The (real) metric perturbation at each order can be
written as the real portion of its complex counterpart,

hia) = Re(hy). (7)

As such, Egs. (5) and (6) can be recast as (Appendix A)
1 c

Gyl (h1)) = 0, (8)

1
Gf}b)(h"(z)) _ _Gl(g) <§(hc(l) + hc(l)*)’ hc(l)>' (9)

Performing a separation of variables, we can write

o(i do 10 a(j —i
huy) :/QZZHK%ZU(”F ler;m;ﬂv(e’qﬁ)’ (10)
a=1 ¢.m

where H;%()v is the radial function of the jth-order metric

perturbation for each tensor spherical harmonic TG
(labeled by a from 1 to 10 accounting for the 10 different
metric components) [57,58].

In the rest of this section, we highlight several broad
features of Egs. (8) and (9) that are relevant for our goal of
understanding the generation and propagation of non-
linearities. The discussion will be schematic, since the
details are not important for our purpose. The reader is

referred to [31,36] for further discussions.

A. Angular structure

Imagine plugging Eq. (10) into Eq. (9). We see that a
product of angular harmonics on the right gives rise to a sum
of angular harmonics on the left. Specifically, in a
Schwarzschild background, the angular tensors 7% are
constructed from spherical harmonics Y ,, (0, ¢) and their
derivatives as in [58] or, equivalently, from spin-weighted
spherical harmonics (Y, (6, ¢) [59] (which are defined
when |s| <Z and |m| < £). The product of two spin-
weighted spherical harmonics can be reexpressed as a linear
superposition of spin-weighted spherical harmonics—
this is why we use the same angular decomposition in
Eq. (10) for linear and second- (and higher-) order pertur-
bations. In other words, we use the following property of

spin-weighted spherical harmonics, which form a complete
and orthonormal set [59]

!
ZWC(ﬂm,f’,m’;fz’mz)c(f’sfl’sl;f?’sz)
ot k(¢5)

X, Yfzmz (9’ ¢) = Yfm (65 ¢)5’Yﬂm’(9’ 4))7 (1 1)

where k(¢) =+/2¢ + 1/\/4_71, and C’s are the Clebsch-
Gordan coefficients that are nonvanishing only if
so=s5+s, my=m+m and |- | <6 L |+
This expression helps determine the angular structure of
second-order perturbations in terms of that of the first-order
perturbations. Note that because of the relationship
| —¢'| < ¢, <|¢+ '], the second-order perturbations
will generally have nonvanishing propagating modes with
¢ < 2, contrary to the linear propagating modes, which
must have £, ¢’ > 2. However, in the large radius r limit,
only the spin s = —2 spherical harmonics are relevant (due
to the peeling theorem [60-62]) and thus modes with
¢, = 0, 1 are not observationally relevant.

In addition, note that a given spherical harmonic of the
second-order perturbations can be sourced by various
multiplications of the linear ones. For instance, a
second-order (£, =4,m, =4) can be sourced by the
linear (£=2,m=2)x('=2,m'=2), (£ =3,m=2)x
(' =2,m' =2), and so on. In particular, for QNMs with
their distinctive frequencies, this means there are many
quadratic QNM frequencies (an infinite number in fact)
associated with a given spherical harmonic, similar to the
way there are many overtones for linear QNMs of a given
harmonic.

Furthermore, since the background is invariant under
parity, it is useful to split the angular tensors and radial
functions into parity even and parity odd parts, following
Regge-Wheeler [57]. The parity even modes transform as
(=1)? while the parity odd modes transform as (—1)"*!. At
the level of linear theory, the two set of modes do not mix.
At second order, it is still true the second-order even modes
and the second-order odd modes do not mix. However, the
second-order even modes can be generated from a number
of sources: linear even X linear even, linear odd x
linear odd, and linear odd x linear even. (Likewise for
the second-order odd modes.) There is a simple rule
governing the first and second-order perturbations in
harmonic space [31,32,36],

(=1)%0, = (=1)/(=1)" 60, (12)

where ¢ and ¢’ (= £1) are the parity of the two linear
modes, and o, is the parity of the second-order one.

B. Radial structure

Of the ten metric components, there are two propagating
degrees of freedom. Regge and Wheeler [57] and Zerilli [58]
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showed how to isolate these two degrees of freedom in linear
perturbation theory and obtain equations of the form:

. ¥ (r,) + (@7 = V(r)¥W(r.) =0, (13)

07 W (r,) + (@0 = Vew(r)®W(r,) =0, (14)
where “P(1) and “P(V) represent the Zerrilli (even) and
Regge-Wheeler (odd) variables [each formed from judicious

combinations of H fim)} defined in Eq. (10)]. Here, 0,
denotes derivative with respect to the tortoise coordinate,
r.=r+In(r/r; —1). These equations are written in fre-
quency-angular-harmonic-space, i.e., we are focusing on a
mode with given w, £, m (but suppressing the Z, m labels).
Keep in mind the most general solution involves a super-
position of the form (10).

It was further shown by [28,29,34,36] that a second-
order version of the Zerilli and Regge-Wheeler variables
can be defined, which obey

D(r) + (@ = Vz(n)®@(r,) =S2(r,).  (15)

0, PO (r.) + (@ = Vrw(r)) WP (r,) = °S@(r,), (16)
where ¢S and °S?) represent the sources for the second-
order even and odd perturbations, respectively. Each source
consists of products of two first-order metric perturbations

and their derivatives, which can be reconstructed from
o.ep(l) [36]. The reconstruction means the sources can be
fully expressed in terms of products of **¥(). Some
examples of quadratic sources in the Regge- Wheeler gauge
can be found in [29,34], and a gauge-invariant approach
was studied in [36].4 Equations (15) and (16) can be
generalized to higher orders [32].

“We do not dwell on gauge issues here, since they have been
thoroughly discussed in [29,32]. In broad stroke, they can be
understood as follows At the linear level, we have schematically
that 2 ~ (D) + ED, where &1 represents a first-order coor-
dinate transformatlon and its derivatives (indices are suppressed;
h" is the metric perturbation in the new coordinates, while A(!) is
the metric perturbation in the old ones). Gauge fixing typically
corresponds to choosmg &) such that certain components of ;")
vanish. The remaining nonvanishing components then represent
the desired physical degrees of freedom and auxiliary fields.
Alternatively, one can use the gauge choice to express &) in
terms of A1), and substitute that into expressions for the non-
vanishing components of h"M, which can then be reinterpreted as
gauge-invariant combmatlons of components of A1) (see [6]
Appendix G for concrete examples). At second order, we expect
h® ~ p@) 4 @ 4 g2 L (ED (where we have suppressed
derivatives and indices). The procedure for linear theory trans-
lates straightforwardly to second order: gauge fixing means
choosing the appropriate coordinate transformation at second
order £?); gauge-invariant combinations can be found in a similar
way.

I

FIG. 1. A schematic sketch of Regge-Wheeler/Zerilli potential
as a function of the tortoise coordinate r,. The horizon is at r, —
—oo and spatial infinity at r, > +oo0, and the potential ap-
proaches zero in both limits. The potential has a maximum at a
particular radius r, = 7, indicated by the vertical dashed line.

The same potentials V, and Vyyw show up in both the
first and second-order radial equations. They are given by

v, (r) =2£(r) " [(L+1)r+3GM]+9G>M?(Lr+GM)

r(Lr+3GM)? '
(17)
£+1) 6GM
Viwlr) = 70 (TSR0
where 2L = (¢ +2)(¢£—1). The Zerrilli and Regge-

Wheeler potentials (V, and Vi) have the general radial
shape shown in Fig. 1. The potentials approach a constant
(zero) near the horizon (r, — —o0) and at spatial infinity
(r, & +0), and they reach a maximum at some special
value 7,, which is Z-dependent but approaches the light
ring 7, = 3GM as £ — oo. Throughout this paper, we use
the term light ring to loosely refer to the top of the potential,
for any 7. Note that this general shape applies even for
perturbations around a Kerr black hole, if suitable variables
are chosen, and the potential will have @ and m depend-
ence [63,64].

It is worth stressing that there are many possible choices
for the second-order Regge -Wheeler/Zerilli variables.
One could redefine ¥ (both even and odd) by adding
extra terms that depend quadratically on the linear
perturbations—the resulting variables would still satisfy
Egs. (15) and (16) but with correspondingly different
source terms. Following [28], it is useful to take advantage
of this freedom, to modify the source terms so they have the
desired falloff at large distances and close to the horizon,
namely;

e,uS(Z)

~eoP2,-2 for p o oo, (19)

082 ~eop2(r —2GM) for r - 2GM. (20)

Since the linear QNM solutions ¢“¥() behave
as exp{—iw(t+r,)} with constant amplitude in the

044040-6



GENERATION AND PROPAGATION OF NONLINEAR ...

PHYS. REV. D 107, 044040 (2023)

r, — doo limit, the source terms chosen thus have an
analogous scaling with radius as the potentials in
Egs. (17)—(18).° As we will see in Sec. IV, if the sources
had a slower scaling with radius than the above (at the
horizon or infinity), then the solutions for the quadratic
QNMs ¥ would have a divergent power-law scaling.
On the other hand, if the sources decayed faster than this,
the quadratic QNMs would have an asymptotically vanish-
ing scaling at the horizon and infinity. Ultimately, the
physics is independent of the choice of the second-order
variables, but the choice of (19) and (20) helps give the
linear and quadratic QNMs the same asymptotic behavior
and a direct relation to physical quantities such as energy
radiated.

C. Temporal structure: QNMs

The (linear) Regge-Wheeler (14) and Zerrilli (13)
equations are typically solved with the boundary condi-
tions; ingoing into the horizon, and outgoing at infinity.
This turns out to be such a strong requirement that
the frequency @ can only take certain discrete values,
denoted as @'!). These make up the linear QNM frequency
spectrum and, in general, depend on Z, m and the overtone
number n. For a Schwarzschild black hole, the QNM

frequency is m independent; not so for a Kerr black hole.
(m

vn and

Thus, depending on context, we sometimes use @

sometimes a)(fln) to highlight the mode dependence of the

QNM frequency, though we often suppress these labels to
avoid clutter. The QNM frequency w(!) is complex: i.e.,
o) =} +iol", with " <0,
with time.

It is worth emphasizing that the radial profile of the
QNM solution has an unphysical feature. At r, — o0, the

QNM mode goes as e~ @V (F ). thus with wgl) < 0, the
QNM mode diverges as r, — +oo at a fixed time. Physical
perturbations should have no such divergence. The best
way to think about QNMSs is to view them through the lens
of the Green’s function whose causal structure ensures such
divergence does not occur [42,43,65]. This will be dis-
cussed in detail in the next section.

We will also see how quadratic QNMs arise in the
Green’s function approach, but it’s not hard to see how they
come about at an intuitive level. Assuming the right-
hand side of Eq. (9) is composed of a product of linear
modes with time dependence, /iy « exp{—iw(!¢} and
o exp{—io!'t}; one can see the time dependence of

ho? o« exp{—iw®1} is given by

signaling decay

o® =) + oV or 0? =) -l (21)

Keeping ¢ + r, fixed.

Thus, for any two linear QNM frequencies o") and w(!)',
there are two possible quadratic QNM frequencies asso-
ciated. Notice that the case with the minus sign can be
alternatively thought of as coming from combining an
ordinary linear mode and a mirror mode (the mirror of an
ordinary mode of frequency w has frequency —@* [66,67]).
Separating the frequencies into real and imaginary com-
ponents, we thus have

a)g) = a)g) + a)gy; a)gz) = a)ﬁl) + a)gl)l. (22)

The quadratic QNM decays with time, since @}, a)p)/ <0

implies w§2> < 0, and in fact decays faster than either of the

parent linear QNM modes. Furthermore, we see that there
can be quadratic QNM frequencies that are purely imagi-
nary (i.e., wg) = 0), which will be excited when a given
linear QNM appears in the source with its conjugate
counterpart ie., 0?2 =) — ) = 2iw§1). Note that
the reasoning used here to obtain the quadratic
QNM frequencies is valid for a Schwarzschild or Kerr
black hole.

In addition, since the odd and even linear QNM
perturbations are isospectral, and all of them can contribute
to both odd and even quadratic perturbations, we expect
that the same will hold for quadratic modes; the temporal
frequency spectrum will be the same for odd quadratic and
even quadratic QNMs.

From a phenomenological point of view, we emphasize
that since the decay rate of the linear QNMs grows
quickly with overtone number n, there will be quadratic
QNMs that decay slower than linear overtones. A particu-
larly relevant QQNM will be the one with harmonic
numbers (¢ = 4, |m| = 4) since it will be mainly sourced
by the multiplication of two fundamental linear QNMs
with (£ =2,|m| = 2)° [recall Eq. (11)], which are the
dominant modes generated from the merger of nearly
equal-mass binary black holes.” As an example, for a
Schwarzschild black hole of mass M, the (¢ =2, |m| =

2,n =0) linear QNM has frequency GMa)glz)0 =0.374 -
i0.089 [66] and the (£ =4,|m|=4,n=0,1) linear
QNMs have frequencies GMa|,) = 0.809 — i0.094 and

GMcof&)l = 0.797 —i0.284. These frequencies can be
compared to that of the QQNM formed by the multipli-
cation of two linear (2,2,0) modes, which gives

SNote that there are infinite pairs of linear QNM frequencies
that will lead quadratic QNMs in the (4,4) harmonic. We have
infinite sources coming from the (2,2, n) overtones (n ranging
from O to oo0), as well as infinite combinations of other
linear angular harmonics and their overtones.

"In addition, the linear (£ = 2,|m| =2) modes could also
source quadratic QNMs with m =0 and 0 <7 <4. Such
quadratic modes would not oscillate in time, but they would

decay exponentially fast at a rate given by 2a)g)2
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GM a)‘ﬁ) = 2GMco<212)0 = (.748 — i0.178" and hence decays
slower than the linear (441) mode. An analogous behavior
will hold for any spinning black hole, as it can be seen
from the general fittings in [68]. Thus, models of the
(¢ =4, |m| = 4) harmonic in ringdown waveform should
include quadratic perturbations. Indeed, [18] analyzed a
nearly equal mass nonprecessing binary, and found that
fitting linear QNMs to NR waveform simulations gives
larger residuals of the GW power for (£ =4, |m| = 4),
compared to other harmonics, suggesting that an improve-
ment in the linear ringdown model is required for (4,4).

The skeptic might argue that the quadratic QNMs could
have very small amplitudes and therefore negligible impact.
However, this does not seem to be the case, as shown
in [50], where analytical fits to (4,4) GWs from NR simula-
tions were performed and the quadratic (4,4) mode was found
to have a comparable amplitude to the linear (4,4) modes.
More generally, nonlinearities are expected to become
increasingly relevant with increasing harmonic numbers
[e.g., cubic perturbations could be the leading contribution
to the harmonic (6,6), from the multiplication of three linear
(2,2,0) QNMs].

III. THE GREEN’S FUNCTION APPROACH

In this section, we use the Green’s function approach to
formally write down the most general first- and second-
order solutions. A basic observation is that because the
same Green’s function is used for both, certain features get
inherited by both solutions. The Green’s function approach
has been previously used to analyze linear perturbations
[42,43,65,69], and second-order ones [35], as well as the
BH response to test particles [63] and extreme-mass-ratio
inspirals (see e.g., [70,71]). Much of the discussion in this
section is thus a review. Along the way, we highlight a few
key lessons that are perhaps not widely appreciated, and
work out a toy example in great detail to illustrate them.

A. Definitions and setup
The Green’s function G is defined by
E? 7‘* k] é’ 4_5)
)5(0—0)5(¢p — )/ sind,  (23)
where V is an operator which, upon acting on (spin-weighted)
spherical harmonics, gives rise to Vw or V; [Egs. (17)—(18)].
Time-translation and rotational invariance means it is con-

venient to expand the Green’s function in terms of Fourier
modes (in time) and spherical harmonics (in angles),

(=0 + 02 = V)G(t,r.,0,¢

¥Even though there are infinite quadratic QNM frequencies in
(4,4), for simplicity we do not add additional label in the subscript
of the quadratic frequency aside from its angular harmonics, and
thus implicitly refer to the (2,2,0) x (2,2,0) quadratic fre-

)
qUENCy as @y .

G(t,r,, 0,97, 0, ci))
= ZGf(t7 e ;’ 7*>szm(97 ¢)SY;m(é7 (;5)
‘m

do . - - * (0 4
- Z [j Ze_lw(t_t)wa(r*|r*)szm(9’ ¢>5Yfm<9’ ¢>’
‘.m

(24)

where the integration contour for @ runs slightly above the
real axis (above all poles of G, that end up inside an infinite
lower semicircle; see below), suchthat G = Qifr — 7 < Oi.e.,
this is aretarded Green’s function. We have introduced several
symbols for the Green’s function: G is the spacetime Green’s
function; G is the 2D Green'’s function (in radius and time);
G,, is the radial Green’s function. Substituting this in
Eq. (24), we obtain

(_atZ + a%* - V(r*v f))Gf(t’ Iy Za ?*) = 5<t - E)5(7.* - ?*),
(07, + @ = V(r.,£))Gos(r.|F.) = 8(r. = F.).  (25)

The relevant properties of the spin-weighted spherical har-
monics are their orthonormality and completeness [59],

[ Sin0a60.¥ 1 0.0, 0.0 =505

S Y0 (0.0),Y,,(0.5) = 5(0-0)5(p—d)/sind.  (26)

‘.m

Henceforth, for simplicity, we will set the spin s = 0, but it
should be keptin mind the entire discussion of this section can
be promoted straightforwardly to any spin s that describes the
fluctuations of interest.” As a comparison, we mention that in
the case of a Kerr black hole, G, and G, would also depend
on the harmonic number m, and the spherical harmonics
would be generalized to spheroidal harmonics.

To construct G,,, we need two solutions g,, and g;,
satisfying

(ag* + a)2 - V(r*’ l’ﬂ))gout,in(r*) =0 (27)

with the desired asymptotic boundary conditions;
Gout(rs) = €~ as r, — co (outgoing at infinity) and
Gin(r,) = €7 as r, - —oco (ingoing to the horizon),
keeping in mind that the potential V vanishes in both limits.
The radial Green’s function G, can then be constructed as

0]

°For instance, the Regge-Wheeler variable (called Q by Regge
and Wheeler) is defined in terms of the odd part of the metric
fluctuation components 4,9, h,,. Thus, it is natural to associate Q
with spin +1 spherical harmonics. But one could also apply
suitable spin raising/lowering operators and think of a variable
related to Q that is effectively a spin-zero quantity, consistent
with the #(¢ + 1) dependence of Vigy.
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1

wa(r*ﬁ*) = W (28)

gout(r*>)gin(r*<)’

where r,. = max(r,,7,), r.. = min(r,,
‘Wronskian,

7.), and W is the

W= gin("*)ar*gout(r*) - gout(r*>ar*gin<r*)' (29)
It is worth noting that g,,, ¢;, and W depend implicitly on
w and 7, suppressed here to avoid clutter. In addition, note
that the Wronskian is independent of r,, given the form
of Eq. (27).

For a general value of w, the boundary conditions for g,
and g;, cannot be satisfied at the same time and thus they
describe two independent solutions to the homogeneous
equation, and thus W # 0. However, for @ values that
coincide with the linear QNM spectrum, g,,, and g;, are
given by the same single solution and thus W = 0. As a
consequence, W has first-order [63] poles at the linear
QNM frequencies @ = a)Eﬂln) (each QNM frequency is
labeled by # and the overtone n; for Kerr black holes,
there would be m dependence as well).

In general, the exact form of G,, will depend on the
potential V, and for the Zerilli or Regge-Wheeler potentials
the analytical form of G,, in the full parameter space
(t,r,,1,7.) is not known, although its qualitative and
asymptotic features are known [42,72]. In particular, after
integrating over @ in Eq. (24), the time-domain Green’s
function can be separated into three qualitatively distinct
pieces: G (flat), G (QNM), and G (branch cut). The piece
G has to do with the fact that g;, and g, (and therefore G,,)
can have branch cuts in the complex @ plane. Such branch
cuts arise from the polynomial radial decay of the potential
(as in the case of V; or Vxw), and can be understood by
backscattering off it [73]. We do not have much to say about
this branch-cut contribution G, other than to note that it gives
rise to signals that tend to be subdominant compared to QNM
contributions at intermediate times.

The G, piece of the Green’s function is associated with
the QNM poles where the Wronksian vanishes. Recalling
the relation between the 2D Green’s function G, and the
(1D) radial Green’s function G,

- d (17
Gf(t, r*|t’ 7‘*) - /2_w€_lw(’_t)wa(r*|’—,*)’
C &

(30)

Gf(v *

1, ?*) ~ GF)," + GQZ’

1 _
pr~—§[®(t—t— |7,

NZ ~f e gt D@ — 7 — |1 |
an

the QNM contribution to G, can be written as

(31)

1
(D) o (Fror @) gin (o 02O,

where a)(fln) is the (linear) QNM frequency, and W), =

0,W(w) evaluated at the frequency a)(f The symbol ©
schematically represents causality constraints for ¢, 7, r,, F,,
which come about depending on whether the integration
contour in the complex @ plane can be closed to include the
QNM poles or not; we will see below a more explicit
representation of what this causality constraint entails.

Lastly, G,.(r,|F,) typically has a pole at ® = 0 (due not
to the Wronskian alone, but its combination with g, and
gin for Viw and V). This additional contribution, together
with the arcs of the semi-infinite circle of the integration
contour is known as the flat piece of the Green’s function
Gr (or Gg, for the 2D Green’s function), and carries
information about high-frequency and asymptotically far
signals that propagate effectively in free space since they
are insensitive to the potential.

To gain more intuition on these different contributions to
the Green’s function, it is useful to have explicit expres-
sions for them. One approach is to display their form in
asymptotic limits; the other is to study a simplified potential
for which closed form analytic expressions are possible. We
show the asymptotic limits in this section, and present the
results of a simplified toy model in Sec. III D.

In the large |r,| limit, where the potential vanishes, g;,
and g,,, behaves as follows (our discussion follows [35]):

ior,

Gin — €~ for r, » —o0,

Gin = Aine—iwr* + Bineimm for r, = o0, (32)
Jour = Aoutelwr* + Boye " for r, » —oo,
Gout = €™ for r, — oo, (33)

where Ay, By, Aou» Bowe are coefficients that depend
on w and 7. The Wronskian W can be computed;
W = 2iwA;, = 2iwA,,. Using these expressions in (28)
and (24), it can be shown that for large |r,| and |7,/

rl) =00t =7 =[] = [7.])];

I7.0),
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FIG. 2. Support of asymptotic G, (shaded blue) and G,
(shaded red) for a given point (¢,r,). Here, u =t—r, and
v =t + r,, and the potential peak is around 7, = 0. In general,
the boundaries of these regions are expected to be fuzzy but this
figure schematically illustrates the role of causality constraints.
Horizontal blue lines indicate maximum size of spatial region
causally connected to (¢, r,) through Gy, and Gp,.

where ©(x) is the step function (unity if x > 0, zero
otherwise). The factor f,, is an order unity function of
r., 7, and a);ln).lo It is worth stressing the limitation of (34):
it ignores the branch-cut contribution and holds only for
large |r,| and |7,|, which is not useful for realistic
calculations but it nevertheless helps illustrates the main
properties of G.

The step functions in the above expressions represent
nontrivial causality constraints coming from how the
contour in the w integral closes. In particular, the step
function for Gy, tells us the QNM piece of the Green’s
function does not vanish only if the point (7, 7,) is causally
connected to (¢, r,) via the potential, as illustrated in Fig. 2.

In the asymptotic form given for G ,, the potential can
be roughly thought of as being located at small tortoise
radii (i.e., in the vicinity of the origin). In reality of course,
neither Vxw nor V, is well localized (though they do peak
at a small tortoise radius); the step function in GQ , presents
what is more akin to a bird’s-eye view of how it behaves. In
particular, the step function tells us G, vanishes when |7, |
is too big, i.e., if |7, | veers too far from where the potential
peaks (and the larger t —7 — |r,| is, the further |F,| can
veer). The step functions in Gp,, on the other hand,

""More precisely, f,, = 1 if r, and 7, have opposite signs,

fen = By, evaluated at w(fln) if both r, and 7, are positive, and

frn = Bou evaluated at wl(fln) if both r, and 7, are negative. The
derivation goes roughly as follows: for instance, for r, > 0 and
7. <0 (and both large in magnitude), g¢;,(7.)Gou(7x) =
e@(""7) giving rise to Gy, with fz, =1. For r, > F, >0,
Gin () Gour (7)) :-Ain(eiw(rr?*) - eiw(r*Jr?‘)) +(Aj, +Bin)eiw(r*+;‘>v
the first term gives G, and the second term gives G, with the
appropriate f,,, keeping in mind W = 2iwA;,, and A;, vanishes
at the linear QNM frequencies.

combine to constrain 7, to be within the past light cone
of t,r,, but away from the regions where the potential is
non-negligible (see Fig. 2).

With our bird’s-eye view of the Green’s function (34),
i.e., valid only at large tortoise radius (or absolute value
thereof), let us introduce one small improvement. The
expressions given in (34) privileges the origin, as if the
potential is located there. In practice, if there is a privileged
position, it ought to be the location of the top of the
potential. For instance, in the WKB approach to computing
the linear QNM spectrum, it is the derivatives of the
potential at the top that determines the QNM frequencies.
Henceforth, when we use (34), we will replace r, — r, — 7,
and 7, — 7, — 7., with 7, representing the location of the
potential peak. In other words, within the large radius
approximation that led to (34), there is effectively no
difference between r, and r, —7,, or between 7, and
7, — 7y, as long as 7, is small, which it is for Vi and V.

B. First-order perturbations

We first review how the Green’s function is used to
evolve the first-order perturbations. Consider a first-order
perturbation

YO (7. 0.0) = > W (1.r.)Y 1 (0.4).  (35)
£.m

satisfying
(-2 + 2 V)%V (1) =0. (36)

Recall again, all expressions here can be promoted to
spherical harmonics of any spin-weight. Let us define the
initial conditions to be

wo(r) =900 0,r,), in(r,) =090 (10, (37)

where we have suppressed the Z, m dependence of v and
1y to avoid clutter. Henceforth, + = 0 is adopted as the
initial time.

The Green’s function can be used to evolve the linear
perturbation forward as

W%@M=/ﬁ@ﬁ%wmm—@nwwm,@&

where G,(t,r,|f,7,) represents the 2D Green’s function
defined in Eq. (24). Its retarded nature means it vanishes
unless ¢t > 7. The derivation of this standard result can be
found in e.g., [43,74,75].
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Making use of (24), we can also write this as

) = [an [ S Gy r)

[iwl//0<7*) - WO(h)] (39)

Making use of the flat/QNM/branch-cut split of the
Green’s function, we can split the linear solution as

:\Pg)fm(tvr*)+‘P(Ql)fm(t’r*)+lyl(!il)fm(t’r*)'
(40)

vl (1,r,)

lPQ (1) /d’"*ze @ goul(r*>’w(fln)

The first equality follows from (31),"" whereas in the
second equality we have used the asymptotic expression
and abused (34) a bit; (34) is meant for large |7, | (and |r,|),
while the above integral ranges over all values of 7,.
Nonetheless, a few important points stand: (1) The first-
order perturbation acquires oscillatory behavior at the
QNM frequencies, regardless of details of the initial
conditions (codified by y, and ). (2) The QNM part
of the Green’s function vanishes if 7, is too large, due to
the causality constraint signified by the step function.
Thus, the integral over 7, is limited to regions around the
peak of the potential (with a range determined by
t—|r, —7,|) [42,43,69]. (3) Because the range of 7, that
contributes to the integral is time dependent, the QNM
oscillations in general have time-dependent amplitudes—
this is true even within linear perturbation theory. Thus, in
analyzing numerical/observational ringdown data, the
time-dependent nature of the amplitudes of QNM oscil-
lations should not be interpreted, on its own, as evidence
for the break down of linear perturbation theory. This
raises the interesting question of what precise model to
use when fitting numerical or detected signals with
QNMs, especially close to the merger time. We will
illustrate this amplitude variation in a toy example in
Sec. III D.

Henceforth, we approximate the QNM part of the linear
perturbation as

W
an

"Due to Eq. (38), we expect additional terms coming from
taking the derivative of G, and this derivative acting onto
the ® function. For simplicity we have omitted this extra terms
here but they will be shown explicitly in the toy example of
Sec. 11 D.

lffn _lw l) f—\r*—r*\ ‘r*—r*)

From the asymptotic solutions in (34), we can see that ‘Pg)
gives rise to waves traveling to the left (horizon) or to the
right (infinity) that reflect the initial conditions. We will
work this out in detail in Sec. III D, for a toy example where
Gr, given in (34) is exact. In addition, it is known that \Pg)
leads to polynomial tails due to the long-range polynomial
decay of V; and Vxw [42,72,73]. It is the QNM piece of the
Green’s function G, that gives rise to a signal oscillating
at the QNM frequencies.
The QNM part of the linear perturbation is

(1)

)in(Fses @O iy (F,) = 170 (7.,)]©
(0 wo(F) o (F))O( = |r, = 1| = |F. =), (41)
[
Qfmtr ZAtr i) (1=|r.~.| @(z‘—|r—r|)

(42)

where A(t, r,) represents the result of the integral over 7,. If
the initial conditions , y, were sufficiently localized
around the peak of the potential, then A would be
time-independent after some amount of time (such that
t —|r, — 7| covers the entire range of 7, — 7, over which
the initial conditions were nonvanishing), otherwise, A may
depend on time. Note we have suppressed the Z, n, and w?n)
dependence of A to simplify notation.

The remaining step function ©(¢ — |r, — 7,|) in Eq. (42)
is important: it tells us that if 7 < |r, — 7, (i.e., the location
of interest is too far away relative to the time of interest),
there is no value of 7, that would satisfy the causality
condition for producing QNMs, and so the integral (41)
vanishes. In other words, the linear QNM oscillations are
visible only to someone at a location r, and time ¢ that is
causally connected to the bulk of the potential (represented
by its peak). The combined presence of A(z,r,) and
O(t—|r, —7,) tells us the actual theoretical prediction
for the observable linear perturbations does not have the
precise classic form of a QNM exp[—iw?n)(t = |r, = 7)),
but is instead modulated. In particular, at a fixed time ¢, the
linear perturbations do not exponentially diverge at
large radius, despite the frequency having a negative
imaginary part (see further detailed discussions of causality
in [43]).

C. Second-order perturbations

Consider next the generalization of Eq. (23) to an
arbitrary source,
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(=2 + 2 = V)W (1.r,.0.9) = SO (1.r,.0.4).  (43)

We are interested in S?) consisting of quadratic combina-
tions of first-order perturbations, sourcing the second-order
perturbations W(2). The solution to this equation generally
contains both homogeneous and particular pieces. The
homogeneous solution will be determined by initial con-
ditions on ¥, and it will behave exactly as the linear
QNMs ¥, For this reason, we will assume that, if
perturbation theory works, all the initial conditions will
be attributed to ¥(V), and W@ will vanish initially. Let us
then focus on the particular solution of ¥®) due to the
source, which can be written in terms of the Green’s
function G(t,r,, 0, |i, 7..0,¢) as follows:

Y (t,r,.0,¢) = / did7,d0d¢sin0G(t,r,.0,$[1.7,.0.¢)

xS (1,7,.0,4), (44)
|

C=t,+¢

where the Green’s function can be decomposed in fre-
quency-harmonic space following (24).

The source S is composed of many quadratic combi-
nations of the linear perturbations. We are particularly
interested in linear perturbations that contain the (linear)
QNM oscillations. Consider thus the following illustrative
source, from “squaring” (42):

SA(t,r,.0,¢) = (A]e—iw](z—lr*—?*\)Yflml (0.¢) +c.c.)
% (A]fe_imll(l_lr*_;*‘)Yf’lm’l (9, ¢) + C.C.)
X Ot —|r, — 7). (45)

Here we assume the source is real, but a complex source
can be dealt with following Eq. (9). We use A, oy, ¢4, my,
and Ay, @), ¢}, m} to denote properties of the two linear
QNMs. "

Using the Clebsh-Gordan coefficients (11), the source
can be rewritten as

SOt 0.0) = S [0 TDA Ay Vo, (0. 9)+e -0 TDA ALl (=17 Y 0 (0.6) + c.c]

£=|61=¢1)

x O(t—|r, =7,

where c,, are angular-mixing coefficients that appear
on the right-hand side of Eq. (I11), and we have
defined m, = m; = m} as well as the frequencies @, =
o+ o) and w_=w; — o] that were discussed in
Sec. ITA."

Next, we calculate the second-order solution by sub-
stituting the source (46) into Eq. (44). We first perform the
angular integral as well as 7 integral from |7, —7,| to
infinity, assuming that w is slightly above the real axis (i.e.,
with positive imaginary part),

=6,+¢)

\I’(z) = Z [cfrm Yfm+ (9’ ¢)If+(t’ r*)
=[61=¢|

+Com_ (_l)m/l Yfm_ (9’ ¢)If—(t’ I"*) + C'C']’ (47)

12As discussed in Sec. II B, it is desirable to have a source that
falls off at infinity and at the horizon. One can think of these
additional falloff factors as absorbed into the definition of the
amplitudes A; and Ay.. See Sec. III D for a concrete example.

BHere, we use wy, ¢y, m; and |, £, m} to denote properties
of the two linear QNMs, and ., ¢, my for the corresponding
second-order QNMs. Elsewhere in the paper, we use w, £, m and
', ?', m' to denote properties of the two linear QNM modes and
w», ¢, m, for the corresponding second QNMs. Also, occa-
sionally, to emphasize that w, @’ refer to frequencies of linear
modes, we use @) and w")'. And likewise w® for the frequency
of the quadratic mode.

(46)

|
where

o _ _ dwG, (1 |7) i s
1f+:—l/dr*Aﬂr*)Ar(r*)/Z%w'))@ (=R =2,
+

(48)

doG, 7 e
lo-==i / a7, Ay (F.)A(7) / d0Guel TP piviiprr),

2 (w—w_)
(49)

In performing the integral over 7, which gives us the factor
of w — w, in the denominator, we have assumed A; and A/
are independent of time. As discussed earlier [below
Eq. (42)], this is not true in general, but they might vary
slowly enough compared to the time scale set by w, or
asymptote to constant values. Here we see that the
integrand in @ now has poles at the linear QNM frequencies
coming from the G,,, as well as poles at the frequencies
. of the quadratic source. While in general we expect the
quadratic and linear frequencies to be different, a previous
analysis shows that there may be enhancements of the
excited amplitudes when the source has a frequency (given
by w in our setup) close to the natural frequencies of the
black hole (given by w'!)), in analogy to resonance [63]. To
what extent resonance is important for quadratic QNMs is a
subject we will return to in the future.
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If we were to perform the integrals in Eqgs. (50) and (51),
we again expect three distinct contributions to be present in
the second-order solution, coming from Gy, Gy and G.
The solution coming from Gy has been studied asymp-
totically in [35] [using expressions in Eq. (34)], where it

was found that ‘Pf) will have QNM ringing solutions at the
quadratic frequencies @w.. as well as polynomial tails when
the quadratic source has a long-range polynomial decay.
Intuitively, since G approximates to a flat space propa-
gator, it is expected to induce solutions with an analogous
functional form as the quadratic source. Mathematically,
the fact that quasinormal modes with w_. appear from Gy is
expected from Egs. (50) and (51) since any term in G, ,—in
particular, those that generate G—now has extra poles at
. that need to be taken into account in the frequency
integral.

In addition, we can analyze the second-order solution
related to GQ. For this, we include both the poles associated
with the vanishing of the Wronskian (located at the linear
QNM frequencies), and the new pole associated with the
frequencies @ . In that case, from the frequency integral we
expect to obtain terms like

I,. D —/d?*Al(?*)Al/(?*) [Gmf(r*ﬁ*)e-iw(t—m—kl)

gout Vys, w,(fn))gm(r*<7 w;n))

1
W, () — o)

i “go—n—w}
(50)

If_ oS- / d?*Al(;*)AT’(i.*) |:Ga)t’(r*|?*)€_iw—(t_r*_?*|)

1
+Zgout *>’wf” )gm( *<’w(fn>) —,a)()(t r*—r*):|
W/fn(a)fn —w- )
(51)

It is worth noting that these expressions can typically be
simplified if we are interested in W for asymptotically

far observers, as in that case go.(7,) = ~ e and
Gin(rse) = gin(7,), assuming A; and A/ vanish at suffi-
ciently large 7,.

From Eqgs. (50) and (51) we first see that the second-

order solution from G, ‘P(QZ>, will generally contain QNMs

at the linear frequencies a)f) This result shows that the
linear QNM amplitudes receive nonlinear corrections,
which agrees with previous numerical results [35,40] that
have observed quadratic excitations evolving at the linear
frequencies. In addition, here we find that G, also leads to
further terms that evolve at the quadratic frequencies .. (in
contrast to what was suggested in [35]). An important
difference is that a given quadratic frequency w. is only
sourced by one specific pair of linear QNMs in the

. . . (1)
quadratic source, whereas a given linear frequency w,,

is expected to be sourced by an infinite number of pairs of
linear QNMs in the quadratic source. This happens because
a)gln) are characteristic frequencies of the Green’s function
(and not a sole property of linear theory) and thus any
source, regardless of its shape, is expected to excite these
characteristic frequencies.

In the next subsection, we will use a toy model to
qualitatively confirm these results and show that ¥ will
indeed contain both quasinormal modes at the linear
frequencies w!!) (from Gy) as well as quadratic frequencies
at wy (from Gy and Gy).

Finally, from G, we expect the second-order solution

Tg) to have polynomial tails (in analogy to the first-order
solution) as well as some exponentials in time with
o_ frequencies. This is because the solution associated
to Gy is obtained by integrating over a branch-cut line for
purely negative imaginary values of @, and sometimes w_
can lie along that line (when the two linear QNMs in the
quadratic source are the same and one of them is con-
jugated). Thus, the integrand that gives ‘Pg) will have
@_ poles along the branch cut that need to be taken into
account, by deforming the integration contour around
these poles in the complex plane.14 Note however, that these
o_ modes will describe purely exponentially decaying
modes that do not oscillate in time, and can be interpreted
as transitory memory effects.

We emphasize that these qualitative results can be
straightforwardly generalized to jth-order perturbations
since we expect to have the same starting equation (43)
but with a source composed of various multiplications of
perturbations of order lower than j. In particular, we expect
to excite oscillatory modes with frequencies w/) that
are j additions and/or subtractions of linear QNM frequen-
cies and their conjugates, as well as polynomial tails, and
oscillatory QNMs with linear frequencies w'!). Therefore,
we expect the linear QNM spectrum to receive amplitude
corrections at all nonlinear orders.

D. Example: Delta function potential

In this section we consider a simple model where we can
calculate analytically the first and second-order solutions
using the Green’s function approach. Let us consider the
following 1 + 1 starting equation of motion,

" Another intuitive way of understanding that we should have
QNM solutions with purely imaginary w_ frequencies from Gy is
to note that the choice of the branch-cut location is convention
dependent, and we could have chosen it not to be along the purely
negative imaginary axis, in which case the poles w_ would have
become part of the residue integral and behaved as any other

QNM term found in ‘P(Q2).
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(=0% + 0% — Vo(x))PWV (2, x) = 0, (52)

where x is analogous to the tortoise coordinate, and ranges
between —oo to +o0. Here, we also introduce a potential
parameter V, > 0 so that the potential is positive and
located at x = 0. This is a toy model in which x =0 is
analogous to the location where the RW and Zerilli
potentials peak. This potential was studied in e.g., [69].

The retarded Green’s function for Eq. (52) is given
by [69]

G(t.x]1,%) = Gp(t, x|1,X) + Go(t,x|1.X),  (53)

where
o _ i i _
Gr(t,x|t,x)= _E[G)(t_t_ |x—Xx|)—0O(r—7—|x|—|x|)],
(54)
_ 1 vy, - - _
Golt,x[1,3) = —56_70(’_’_”‘_'"‘)@(1‘— i—|x|-|x)).  (55)

where G does not depend on the potential V(, and thus it
propagates signals to the observer through flat space,
whereas Gy depends on the only linear QNM frequency
present in this example w(!) = —iV/2 (which happens to
be purely imaginary) and propagates signals that get
transmitted or reflected by the potential. Comparing the
above with (34) is instructive; what was approximately true
(in asymptotic limits) is now exactly true for all x and X.

Given some initial conditions y(x) and yr((x), the total
linear solution will contain two pieces, coming from G
and Gy. In the former case, we replace Eq. (54) into
Eq. (38) (without angular dependence) and obtain

Y (1.2) = 5 =) o) + 5 [ dwi(3)

—u

N =

_%@(; — |x])(wo(|x| = 1) + wo(r = |x]))

) /| M awjo(®), (56)

x|—1

where we have defined u = ¢t — x and v = ¢ 4 x. The first
line describes free propagating waves in any direction, that
would always be present, even in the absence of a potential.
The second and third lines describe the region that is
causally connected to the potential at x = 0 and that hence
should not describe completely free waves and this is why it
has opposite signs to the free solution. This happens
because Gy contains information about the existence of
the potential [through the second step function in Eq. (54)]
but not to its properties. Therefore, all the free waves
generated by Gy vanish at x = 0. These waves have an
analogous behavior to those in a string with a fixed end at a

wall. As a consequence, from (56) we see that the solution

\I‘g) for x < 0 only depends on the value of the initial
conditions at x < 0, and the same holds for x < 0. In an
analogy with a Schwarzschild black hole, this means that
the free waves traveling close to the horizon only depend on
what was the initial condition close to the horizon, and that
asymptotically far observers are only sensitive to the initial
conditions to the right of the potential. Therefore, if the
initial conditions happen to be large for x < 0 and small for
x > 0 (as one may expect in the case of isolated binary
black hole mergers), then asymptotically far observers will

detect a small signal ‘I’J(.,-l) at any time. This result empha-
sizes the need for distinguishing and modelling differently
asymptotically far GWs versus the entire GW radial profile.

Next, we calculate the linear solution coming from GQ.
Substituting Eq. (55) into Eq. (38) we obtain [analogous to
(41) whose approximation is now exact],

WO (1,%) = A(1, x)e20D@ (1 - |x]) (57)

+%[l//o(t—IX\)+Wo(IXI—t)}®(t—IXI); (58)

a0 =5 [ ase i) - 2| 59)

From here we see that ‘{’(Ql) has two pieces. On the one

hand, (57) looks analogous to the usual QNM models used
in the literature, that contains an exponential with the linear
QNM frequency () = —iV,/2 and the radiation is out-
going at spatial infinity and ingoing at the horizon. On the
other hand, (58) contains free travelling waves in the region
causally connected to the potential peak, and cancels out
the second line of Eq. (56) in order to recover free-space
waves when V; = 0. From now on, we then continue
focusing just on (57).

Importantly, the solution (57) includes a causality con-
dition imposed by the theta function, which avoids diver-
gences in the limit of large |x|. In addition, notice that this
linear solution describes a wave that always propagates
away from the potential, which is what happens in the
eikonal limit for linear QNMs of a Schwarzschild black
hole around the light ring, as seen in [76] and confirmed in
the next section.

Contrary to the usual QNM models assumed in the
literature, the amplitude A(z,x) in (59) is not necessarily
given by a constant since the integration boundaries depend
on ¢ and x, due to causality conditions. On the other hand, if
the initial conditions are localized in a region smaller
than 7 — |x|, then that region will determine the integration
boundaries and A will reach a constant for sufficiently
large 7 — |x|. For example, if we had initial conditions
with compact support like a Gaussian, w(x) =
A; exp{—(ax)?/4} and i, = 0, we would obtain
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20 2
ea(2)]. @

where Erf(y) is the Error function, which approaches +1
when |y| > 1. This means that, due to causality, there will
be a transitional period of (z — |x|) in which the amplitude
|A(z, x)| will be growing towards a constant, as more of the
signal has enough time to get in causal contact with the
potential and reach the observer. We then emphasize that an
evolving amplitude is not a sign of linear perturbation
breaking, but it instead provides information about the
shape of the initial conditions around the potential peak.
This amplitude evolution was discussed in [42], and also
illustrated in a toy example in [43]. From this example, we
also see that depending on the value of V/a, the QNM
amplitude reached asymptotically will not necessarily be of
the same order of magnitude as the initial field value
amplitude at the peak, A;, unless Vy/a~ O(1). For
instance, as o — oo, the Gaussian initial condition will
become narrower and there will be less signal available to
reach the potential and observer, and one will obtain
A(t, x) — 0. Whereas for a — 0, there will be more signal
available but there will be a limit anyway for any given
point (z,r,) due to causality. Indeed, let us consider now
extended initial conditions (analogous to the @ — 0 limit in
the Gaussian initial condition example) so that y, and vy,
are effectively constants in a region of size 2(¢ — |x|), then
the amplitude would be

V V
At x) = A/ L e’ {Erf (—0 ~%- |x|)>
[04

4 v . V
At %o 0 =1 g -y 2. 1)

After replacing this result into Eq. (57), we will obtain a
QNM-like solution with a constant amplitude, in addition
to a (f,x)-independent term that appears because the
exponential in Eq. (57) cancels out the exponential term
in Eq. (61). This constant term illustrates the fact that
additional non-QNM solutions may come from G, in order
to satisfy the initial conditions.

Finally, we emphasize that, due to the integration limits
in Eq. (5§9), in an analogy with a Schwarzschild black hole,
we expect the linear QNMs to be generated around the
potential peak. On the contrary, the free waves in W are
generated away from the potential peak, and their profiles
are expected to mostly depend on the initial conditions near
the horizon and at infinity.

Next, let us discuss the second-order solution. In analogy
to the sources in Eq. (19), let us assume a simple model
where the quadratic source is given by

‘P(Ql)z(t, X)

SO(t,x)=C,—4 ",
(2 = C i ol

(62)

where C, is some arbitrary source constant and ‘I‘g) is in

Eq. (57) (we consider only the first line corresponding to
the QNM solution) with an exact constant amplitude A. As
mentioned in Sec. I B, it is important to add the 1/x?
suppression to the source, to avoid divergences in ¥?) in
the limit of Vyx — oco. The second-order solution with
vanishing initial conditions can then be calculated as

=Vo(i-|x[)

——0
(1+[Vox])?

lP(2>:CSA2/d?d5cG(t,xf,X) (= [x))©().

(63)

which will have two contributions ‘P(Fz) and ‘P(Qz) coming

from G and G, respectively. We emphasize that ‘I’f) has

no relation to le,” in these calculations, since ‘PI(VZ) will be

actually generated from ‘P(Ql) due to the source (62). The

only commonality between ‘I‘fpl) and ‘Pf) is that they are
both propagated with the Green’s function Gp.

Due to the step functions coming from the quadratic
source and Green’s function, the integrand in (63) will have
support in a finite region of the (7,X) space, which is
illustrated in Fig. 3. We emphasize that for an observer at
x > 0, G always has support only for x > 0, regardless of
the source. This makes sense given that G describes free
waves traveling “directly” to the observer without inter-
acting with the potential. Therefore, we conclude that at
first and second order, G does not allow signals from one
side of the potential barrier to be transmitted to the other
side. However, from Fig. 3 we see that G, has support in a
region of positive and negative X, yet is always limited by u,
regardless of the source. In the case of a source depending

on W), the region contributing to ‘P(Qz) will be additionally

limited by the support of the source.

t

A

[ =

X
—u 0 u x v

FIG. 3. Support of the QQNM integrand for an observer at
x > 0 at a time ¢. The blue, red and gray shaded regions indicate

the support of G, G, and the quadratic source S ~‘PS)2,
respectively. In the regions where the shades overlap is where

‘P? and ‘I’(Qz) have support. Here, u =t —x and v =1+ x.
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It is easiest to describe the support of Fig. 3 in terms of
it =1—Xxand v =7+ X variables. For x > 0, the integra-

(2)

tion limit of W,” would be between 0 < # < u and

and for ‘Pg) between 0 <u <u and

0 < ¥ < u. Using these limits of integration we obtain
the following second-order solution:

u<nv<ouo,

C,A? . .
g2 — 7 e 2e Vo [Ei(2) — e2V'Ei(2 4 2V x)]
CA? 0 . Voups:
+ae [e7VoUEi(2 + Vyv) — e Vo“Ei(2 + Vu)],
0
(64)
@) G e=Vou[1 — 2¢72Ei(2)]
Q V(Z)
C,A? Y, .
+ 27 e =1 4 e E(1)
0
+2 V2 [26‘2(3_V0“E1(2 + Vou)
1 Yo, u
— e le2"Ei 1+V0§ , (65)

which also include the same causality condition O(7 — |x|)

as the linear QNM solution ‘P(Ql), but it has been omitted in
these expressions for compactness. In Eqgs. (64) and (65)
we have introduced the exponential integral function—

Ei—defined as
Eily) = - [~ dse /5. (66)
-y

For x <0, the solutions ‘Pg) and ‘P(Qz) have the same

expressions as in Eqs. (64) and (65) making the replace-
ment x — —x, and hence u <> v. In obtaining these results,
it was crucial to include all the causality conditions of the
quadratic source and Green’s function, otherwise the
integrals for ¥(2) would have diverged.

More generally, from these results we first see that ‘I’
has two contributions. The first line of Eq. (64) has a
temporal evolution that goes as twice the linear QNM
frequency. This line has the naive expected behavior
discussed in Sec. II A, but notice that it has a nontrivial
spatial evolution on its amplitude due to the terms depend-
ing on w»—u=2x. Nevertheless, asymptotically for
Vox = co, we find that e Vo(""Ei(2 + V(v —u)) =
e?/(2Vox) which vanishes and thus the first line of
Eq. (64) describes a QNM term with an asymptotically
constant amplitude. The second line of Eq. (64) does not
have a typical oscillatory behavior. For instance, for
Vou, Vov > 1 we find that

2 62

2+V01} 2+VOM
(67)

e VoUEi(2+ Vov) —e V“Ei(2+ Vou) ~

which decays polynomially with time and distance. This
tail was initially discussed in [35], where it was found that it
appears due to the long-range behavior 1/x> of the
quadratic source and it is generated in asymptotically flat
regions instead of near the potential. Indeed, if the source
did not have a 1/x> decay, we would have not obtained
polynomial solutions in time.

Next, let us discuss the solution ‘PQ obtained in
Eq. (65). In the first line we again see a term that behaves
as twice the linear QNM frequency. Notably, the second
line contains a term that behaves exactly like the linear
QNM, which appears due to the presence of this linear
frequency in the Green’s function. In practice though, this
second line is indistinguishable from the linear QNM
which has arbitrary initial conditions. Next, the third line
in Eq. (65) describes again a power-law tail. For Vyu > 1
we get

2¢2e7VoUEi(2 + Vou) — e‘le_vz_o"Ei(l + Vou/2)

—ﬁ {1 +Vi0u} (68)

Comparing to Eq. (67), this tail coming from W§' is

subdominant at future null infinity. As highlighted in
[35], these tails make perturbation theory break down at
some point when ¥ ~ W(1) and, in that case, higher-order
nonlinearities must also be included as well as possible
first-order tails for extended potentials.

We notice that ‘Pg) and ‘I’<Q2> end up having comparable
amplitudes in this toy model, even though the integration
regions in Fig. 3 are very different for Gy and G,. This
happens because the source decays with |x| and u, which
means the source emitted near the potential peak and
around the moment of the merger is what mostly contrib-
utes to the solution, regardless of whether the signal
interacted with the potential or not. In contrast, if the
source did not have a 1/x* suppression, we would find that

‘{‘1(52) — o0 and Vyx — oo due to the larger integration
region contributing importantly. However, we would not

obtain any divergent term in ‘I‘(Q2> since the Green’s function

Go and the source decay exponentially with f— [x]

and effectively limit the integration region of ‘PS) to
Vo(t—|x]) < 1 anyway.

Furthermore, the fact that ‘P is a significant contribu-
tion to the total quadratic solutlon means that the QQNM
signal detected by an asymptotically far observer still
depends importantly on the source in a region of size u
around the potential (cf. Fig. 3) and not just to the right of

044040-16



GENERATION AND PROPAGATION OF NONLINEAR ...

PHYS. REV. D 107, 044040 (2023)

the potential. In fact, in this model we find that (1/ 2)‘I‘(Q2>
comes from the source at x < O whereas the other half
comes from x > 0. This is because the potential is
symmetric around x = 0, and hence it has equal trans-
mission and reflection coefficients, and in addition the
spatial profile of the source is also symmetric around x = 0.

Finally, if we assume that the QNMs dominate at
intermediate times, compared to the polynomial tails and
free waves, we can model the ringdown signal at these
intermediate times as

V=" + ¥y, (69)

where we have separated the terms that evolve with the
linear QNM frequency, w'!) = —iV,,/2 from those with the
quadratic QNM frequency, o = —iV,,

v C,A?
Yo =e20hDA 2 ‘5/2 (-1 4 ¢ 'Ei(1))]. (70)
0
CA® -2y -
Y0 = e [2e* — 3Ei(2)

0
— VBN (2 4 2V, (71)

We emphasize that while W, is a purely second-order
perturbation, ¥, contains both first and second-order
perturbations now. In particular, if A < V}/C, then ¥,
will dominate the total ¥ signal, but if A > V3/C, then
Wip ~ Wy fort ~ |x|,and ¥,y > W for 1> |x| 4+ 1/V,.
In this example then, the linear QNM frequencies always
determine a major/dominant contribution to the signal.
Also notice that ¥, and ¥, satisfy the expected QNM
boundary conditions, and locally propagate away from the
potential in the limit of V|x| > 1, but their amplitudes are
sensitive to the initial conditions and quadratic source on
both sides of the potential. This local propagation behavior
is the same one that we will find for a Schwarzschild black
hole in the eikonal limit in Sec. I'V. This means that once the
QNMs have been generated, the ones inside the light ring
will propagate to the black hole and become unobservable.
Even though this toy example was extremely simple, the
qualitative properties of its Green’s functions are similar to
those of a Schwarzschild black hole, and thus it allowed us
to confirm basic features of the general solutions discussed
in Sec. III C. However, certain differences are expected,
including the obvious fact that there was not G function in
this toy model. For instance, the Zerilli and Regge-Wheeler
potentials are not symmetric around their peaks, and their
transmission and reflection coefficients may not be equal
and will generically depend on the frequency of the
quadratic QNM present in the source. This may introduce
a preference for sources that come from x < 0 or from
x > 0 to reach an asymptotic observer, and possibly play a
role in determining how large nonlinearities are in

observations. Relatedly, it is not clear whether ‘I‘I(? and

‘I’g) will have comparable amplitudes. In addition, since we
make an angular decomposition into spherical harmonics,
the linear amplitude in ¥, may not be directly related to
the quadratic amplitude in ¥,, for a given harmonic.
As exemplified in Sec. II A, this is the case of a
(£ = 4, |m| = 4) harmonic, whose linear amplitude Afly
can be unrelated to the quadratic amplitude that mostly
comes from the linear (£ = 2, |m| = 2) mode and hence
()2
scales as Ay, .

Another difference is that the causality conditions of the
Green'’s function and source that appeared as step functions
in this toy model, will become smoother functions in a
Schwarzschild background [43], and thus there may be a
larger region of space around the light ring determining the
amplitudes of the QNMs. All of these complications of a
Schwarzschild black hole will have to be explored in more
detail with the combination of numerical calculations in the
future.

Finally, even within this toy model, there are extended
analyses to deepen our intuition and understanding on the
generation of QNMs. In particular, we assumed that the
source was solely given by ‘PQI and ignored the effect of

‘I’g). However, generically the source should contain both

parts. The importance of ‘Pg) will be fully dependent on the
initial conditions but it will likely excite additional sol-
utions with the linear QNM frequencies. Future investiga-
tions on realistic initial conditions will help discern the role

of ‘Pg). In addition, we could have also taken into account
the fact that the amplitude of the linear QNM is not always
constant, and analyzed induced variations in the amplitude
of the quadratic solution. However, in the regime of a slow
time variation in A, compared to 1/V,,, we expect to have
the same quadratic QNM result, now with an amplitude A?
that includes a slow time drift at leading order.

IV. LOCAL QQNM BEHAVIOR

In this section we analyze the local radial behavior of the
QQNMs and confirm that not all of the waves travel to
asymptotic observers, since in the eikonal limit the
signals generated inside the light ring travel back to the
black hole.

Let us consider Egs. (15) and (16) for j = 2. Due to the
similarities between these two equations, all the qualitative
results will be the same for both, and thus from now on we
drop the odd and even superscript in ¥(/), In order to obtain
analytical solutions that help gain intuition on the problem,
we use the WKB approach, in analogy to what has been
performed for linear QNMs in the past [76,77].

In this section, we will not consider quadratic perturba-
tions that have power-law behavior or that behave as the
linear QNMs. Instead, we only analyze the particular
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solutions with QQNM frequencies that are an addition or
subtraction of two linear QNM frequencies.

A. Asymptotic regime

Due to the nearly constant shape of the potential towards
the horizon and spatial infinity, one can use the WKB
formalism to obtain asymptotic solutions to the equations
of motion. In particular, a linear QNM with spherical
harmonic number # and eigenfrequency w!) = w will have
no source on its equation, and thus its asymptotic solution
will be of the form [76]

WO (1) & U(r,s, )" e [ VU0 g9

with a proportionality constant fixed by initial conditions.
Here, we have defined the total radial potential
U(ry;w,¢) = 0> = V(r,,) ~»® as r, > +oo, where V
can be V, or Vyyw. Note that this WKB solution holds when
U evolves slowly with radius (and hence represents a
modulating amplitude) while the exponential term varies
quickly. This is achieved when the phase /U takes large
values, which is the case in the eikonal limit, # > 1, since
w grows with ¢ according to linear theory calculations [76].
In this regime, the exponential term in Eq. (72) varies
quickly whereas the term U~'/# can be thought of as a slow
varying amplitude. In addition, the + signs in the exponent
of (72) are chosen according to the QNM boundary
conditions, that is, whether we are near the horizon and
we have ingoing waves (—), or spatial infinity with out-
going waves (+). In particular, given the known asymptotic
behavior of the potentials V, and Vgyyw, from Eq. (72) we
find that the linear QNMs behave as

P (r,) ~ et for r, — +oo, (73)

Y (r,) ~e - for r, - —o0, (74)

which are the usual boundary conditions that the quasi-
normal waves satisfy. For concreteness, from now on, let us
focus on the near horizon waves since the result obtained at
spatial infinity will be analogous.

Next, the linear solution (72) will act as a source to the
quadratic QNM variable ¥, Without having an explicit
expression of the quadratic source, in the WKB approxi-
mation we can still separate out the fast-varying from the
slow-varying terms, given that we know the source to be a
multiplication of background functions with two linear
perturbations and their derivatives. In particular, the fast
varying source terms can only come from the exponential
piece in (72). We then schematically express the quadratic
equation of motion as

lp(2)”(r*) + U(r,; w,, fz)‘l’m(r*) = S(z)(r*)

:s<2>(r*)exp{—i/dr*eli(r*;w,f;a)’,f’)}, (75)

where 0,4 (r,;o,¢;@',¢') can be

01, =/ U(r,;0,6) +\/U(r;o ¢,
0=\ U(r,;0.¢)— (VU(r:o. ), (76)

depending on whether the source does not include a
conjugate ¥ or it does [cf. Eq. (9)]. Here, due to the
angular and temporal variable separation, we have assumed
that only one pair of linear QNM solutions with (£, m, )
and (¢/,m’, @) is sourcing a quadratic mode with given
(5, my, @), where @, can take two values; w, = @ + @'
when Eq. (75) has a source with phase 6;,, or w, =
® — @™ when the source has 6,_. Similarly, we have the
relationships my =m+tm’ and |/ —¢'| <6, < |+ 7).

In addition, on the rhs of Eq. (75) we assume s@tobea
generally complex source function of r,, that can also
depend on the numbers (Z,m,w®) and (£,m',®') due
to derivatives acting on the linear solutions ¥(!) and
due to the Clebsch-Gordan coefficients in Eq. (11).
Nevertheless, this source function s?) is expected to
depend on finite maximum powers of (¢,¢"), as opposed
to the exponential in (72). As a result, s@ will evolve
slowly in space compared to the exponential term in
Eq. (75) in the limit of (¢,¢") — oo, and is expected to
approach zero in the asymptotic limit, according to
Egs. (19) and (20).

Next, we use the WKB approach to solve Eq. (75). We
introduce a small parameter ; that determines a scaling
between slow- and fast-varying functions of radius. We
thus rewrite Eq. (75) as

P (r) + U(ry;0,,6,) 9P (r,) = sP(r,)
X exp {—;/dr*é’li(r*;w, ; a)’,f’))}, (77)
where the total potential and source are expanded as
U = Uy(r.) +nU,(r.) + O(n), (78)
s@ =50 () + s () +O0R). (19)

Given this hierarchy between the phase and the coefficients
in the quadratic source, we introduce the following WKB
ansatz for the quadratic QNM solution,

WO (r,) = ) D (1) + 92 (r,) + OGP,
(80)
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which we replace into (77) and obtain, at leading and
subleading order in 7, that

0, =04, (81)
gy — LQ) (82)
¢ Uy -6

2 , 2y . 2
W 51 +2i0,%5 — (U, - ioy) ¥y (53)
[Uo — 65]
From these results we can express the leading-order WKB
solution near the horizon as

PO (r,) % SO (r ) {U(ra @y, 65) =61, }. (84)

This same expression will also hold at spatial infinity, with
the difference that in that case the source goes as S?) «
exp{+i [dr.0,+} and thus 6§, = —6, . Note also that the
same functional form holds for the odd and even quadratic
perturbations.

Equation (84) allows us to obtain the asymptotic
behavior of W), given the asymptotics of the source
S@ and of (U(r,;w,,%,) —63,). In particular, since at
leading order U ~ w} and 0, . ~ @ + @ and 0,_ ~ 0 — &,
these leading-order expansions will cancel out and we will
obtain that (U(r,;w,,?,) —62,) o« r~2 at infinity, and
(U(ry;w,,65) —03,) o (r —2MG) near the horizon. For
an asymptotically vanishing source S} with the same
behavior as the Zerilli and RW potentials (as assumed in
Egs. (19) and (20) we would have at leading order that,

YO (r,) ~eti@r for r, — +oo, (85)

YO (r,) ~e 2" for r, = —o0, (86)
where we have used the fact that 6, ~ w,, which can be
w + @' or w — ™. In either case, we see the same plane-
wave behavior as the linear QNM variable in Egs. (73) and
(74), and thus the quadratic solutions (85)—(86) satisfy the
same boundary conditions of only ingoing waves at the
horizon, and outgoing waves at spatial infinity as the linear
QNMs. In addition, we see that if the source decayed
slower asymptotically, e.g., S « (r —2MG)° near the
horizon, then from Eq. (84) we would find that Y2
e~ (r —2MG)~! and would have a diverging power-law
scaling. Similarly for any source that decays slower than
r~2 at spatial infinity. On the other hand, if the sources
decayed faster than (r —2GM) at the horizon or r~2 at
spatial infinity, the solution for ¥2) would also have a
vanishing scaling. For this reason, the asymptotic choice in
Egs. (19) and (20) is the more natural one, since in that case

the variable W¥® will be describing more directly the

physical effects of nonlinearities such as the energy carried
by quadratic QNMs, which does not diverge nor vanishes at
the observer.

B. Maximum of potential

Next, we solve the quadratic QNM equation for ¥()
around the maximum of the potentials V,(r,,¢) or
Vrw (7., €). In order to do that, we expand the potential
around its maximum, which now does not necessarily vary
slowly in radius compared to the spatial variations of ¥. For
both Schwarzschild potentials (17) and (18), the maximum
corresponds to the last circular stable photon orbit, at
7 — 3MG (or 7, ~ 1.6MG) when £ — oo. The location of
the maximum of the potential decays monotonically with £,
and thus for small values of # we will have that 7 > 3MG,
but its variation with ¢ is slow and we will always be within
10% of 3MG for any ¢.

Around the potential peak, we can make a second-order
expansion in (r, —7,), such that both Zerilli and RW
potentials take a simple parabolic form,

U(r) R UGR) 43U (.~ )2+ O((r.~ 7)), (8)
where U”(7,) = —V"(,) is the second-order derivative of
the potential with respect to the tortoise coordinate, and can
be calculated analytically from Egs. (17) and (18). We
emphasize that in principle the expansion (87) is valid for
Ar=(r, - 17,)/(MG) < 1, regardless of the value of #. In
particular, when # ~ O(1) then (MG)*V" ~ 1072 and its
higher derivatives are smaller, whereas for £ — oo we find
that (M G)*V" and all higher derivatives scale equally as £2.
Nevertheless, the neglected higher-derivative terms, such
as (MG)’V" get fractionally smaller with respect to
(MG)*V" as ¢ grows, and hence this approximation works
better for large ¢ values.

For this approximated potential, the linear QNM equa-
tion can be solved analytically. The solution satisfying the
QNM boundary conditions has been found to given by [76]

¥(r,) x H, (z/\/i) e 7 = (4k)ie 4 (r, — 7).

(88)

with a complex proportionality constant depending on
initial conditions. Here, we have introduced k=
-V"(?,;£)/2 >0 which is real and positive for a
Schwarzschild black hole, and scales as k « #2 in the
eikonal limit. Also, the functions H, are the Hermite
polynomials, which are polynomials of order n containing
only even (odd) powers of z when n is even (odd). The
integer number n > 0 describes the overtones of the linear
QNM frequencies. These solutions are valid for the
ordinary QNMs with @y > 0, while an opposite sign for
the exponent with zZ in (88) is obtained for mirror modes.
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From now on, without loss of generality, we focus on
ordinary modes only.

In order to understand the solution (88) better we analyze
its limiting behavior. We first notice that z is dimensionless
and scales as z o< \V/ZAr, so we can define an additional
small parameter £ = 1/7, such that £'/> < Ar describes the
limit of z — oo as & — 0. While the solution (88) is valid in
general around the peak of the potential, this limit is of
particular interest because it will give the solution that joins
the previous WKB asymptotic expansion, and will allow us
to use the WKB approach to solve for the quadratic solution
later on. In this limit z — oo as & —» 0, ¥(!) becomes

WO (r,) o (r, = F,)"es VP, (89)

which describes a wave with momentum ~¢|r, — 7,| with
¢ > 1, and a slow-varying amplitude modulation given by
(r, — 7,)". Leaving aside this slow amplitude modulation
and recovering the time dependence exp{—iwt} of the
QNM solution, we then find that in the |z| > 1 limit ¥(!)
has a time and radial fast evolution of the form,

¥ (r,, 1) e~ lort=—3Vk(r=. %] gont (90)

which describes waves propagating away from 7, when
wr > 0, which is the case for the spectrum of the ordinary
linear QNMs. In particular, (90) describes waves propa-
gating towards the horizon for r, < 7,, and towards spatial
infinity for r, > #,."” We thus find that the region around
the light ring determines the turning point for the linear
QNM propagation direction in the eikonal regime. Putting
this together with the previous WKB asymptotic solution,
we conclude that high-frequency linear GWs generated
inside the light ring propagate back to the black hole and
become undetectable for asymptotic observers, whereas
those generated outside the light ring become detectable.

Next, using this linear solution as a source, we calculate
the quadratic solution around 7,. In particular, we consider
again the |z| > 1 regime and use the WKB approach. Let
us make separate perturbative expansions in Ar < 1 and
& < 1, using the hierarchy Ar > &'/2. Note that while
technically 7, (and hence Ar) depends on # and that can
introduce ambiguities on how to make these two separate
expansions, in the > 1 limit the 7, running with ¢
becomes negligible and we can simply approximate
7~3MG to a constant. In addition, the expansion on &
alone can become ambiguous in the quadratic QNM
equation, since there are three different values of 7

Note that in this paper we have a different sign convention
for outgoing and ingoing waves, when compared to [76]. This is

why here the solution (V) ~ etV s the one that
matches our QNM boundary conditions, whereas in [76] the

authors choose W) ~ g=iVki(r.=7.)%/2

appearing: two coming from the linear QNMs in the
source, £ and ¢’, and another one coming from the
quadratic QNM itself, #,. Here we assume that these three
values are much larger than one and comparable, so that we
can define a single perturbative parameter £ for the three
harmonic values.

We will first start by writing the approximate quadratic
equation around the potential peak in the eikonal limit. In
order to do that, we first Taylor expand the potential and the
quadratic source in powers of &, and for each given power
of £ we can then make a radial Taylor expansion around the
maximum Ar. We start from Eq. (15) and on its lhs we
expand the function U, making use of the fact that w, can
be w + @' or @ — w* for a pair of linear QNM frequencies
o and @', whose analytical expressions are known in the
eikonal limit [76-78], and hence we know that @* and V
scale as ~£? = £72 at leading order,

U(’”*;wzfz)zf_z[“fo(”*)+§M§1(’”*)+"']’ (91)

where the subscript {n denotes the nth-order expansion in
. Here, ug and ug are functions of radius that do not
depend on 7. If we expanded these functions in a series of
Ar, where we would find that their leading-order term is of
order Ar® with a next-to-leading order term Ar? (i.e., the
radial evolution has a parabolic quadratic form around the
peak, as expected),

ugj(r.) = ugj + uy; Ar?, (92)
where u;; are constant coefficients indicating the i-th power
in Ar. For the source on the rhs of Eq. (15), we do not make
use of its specific functional form, nevertheless we
know the source is formed as a product of two linear
perturbations with arbitrary eigenfrequencies w and o', as
well as harmonic and overtone numbers (Z,m,n) and
(¢',m’,n"). Both of these linear perturbations could also
appear with radial derivatives. In addition, these second-
order terms will have a background coefficient that is
expected to have a polynomial dependence on the radius r
(which can also be expressed as a power-law dependence
on r, around 7, when Taylor expanding), as well as a
possible power-law dependence on the harmonic numbers
¢ and ¢', and the eigenfrequencies @ and ', appearing
from possible angular and temporal derivatives acting on
the linear perturbations, as well as the Clebsch-Gordan
coefficients. In any case, we can schematically expand and
separate out the source in terms of some slow and fast
varying pieces as follows:

S@(r,, &) ~ &[Sk (r.) + ESe1(r.) + ESe(r,) + -]
% eif‘lxi(r*—?*)z/Z’ (93)

where we have picked only two linear QNMs contributing
to the source and, analogously to Sec. IVA, their
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fast-varying phases [cf. Eq. (89)] are responsible for the
fast-varying piece of the source in this eikonal limit, which

lead to the constant exponent factor k., = vk/¢ + VK /.
The =+ sign in « determines whether one of the linear QNMs
in the source was conjugated or not. This sign dependence
shows explicitly that short-wavelength linear modes (i.e.,
with Z,¢' > 1) could source both short-wavelength quad-
ratic modes (with £ 4+ £’ > 1) and long-wavelength modes
[with | —7¢'| < O(1)]. In the eikonal approximation
employed in this paper, we will assume that the source
also has short wavelength and thus we will require
| =2¢"| > 1.

Due to the fact that vk « # in the limit of Z> 1, we
have made the # dependence explicit in the source phase by
introducing a £~! scaling in the exponent of Eq. (93), since
the factors k/¢? = U"(#,;¢)/2 and k' /£"* = U" (?,;¢")/2
are independent of £ and 7’ 1 In addition, in Eq. (93), we
have introduced an additional arbitrary power of #, given
by &7 with g some fixed number (that depends on e.g.,
background functions or angular derivatives appearing in
the source), and we have truncated the £ expansion up to
quadratic order. Also, we have introduced the slow-varying
radial functions S;; that describe the coefficients of each
power of £ and are assumed to be independent of 7 .7 These
functions can now be independently Taylor expanded in
powers of Ar as

ng(r*)zArpf[coj—i—cler—l-QjArz], (94)

where p; determines the dominant and lowest power of Ar
appearing in each source coefficient, while c;; describes the
constant coefficient of each power Ar' in S;;. Here we have
again truncated up to second order.

Now that the source has a concrete form in our regime of
interest, and we can proceed to obtaining the particular
solution to the QQNM equation by using the WKB
approximation, and proposing an ansatz that has analogous
properties as the source,

W) m £ 2 W (r,) + EVp (r,) + EPa(r,)]
w i€ R lr =72, (95)

where we also expand

"®For consistency, v/k should also be expanded in leading and
subleading powers in Z, but in Eq. (93) we only keep the leading-
order one and that is why we can think of v/k/# as independent of
¢. We do this because the subleading terms in vk can be
reabsorbed into the functions S, which are kept arbitrary
here anyway.

Note that the Taylor expansion of the source functions S;; is
expected to have incremental powers of & instead of &'/2, even
though the main variable we are using is z & &'/2. This is
because the potentials and the linear solution ) [see Eq. (88)]
can be expanded on incremental integer powers of 7.

Wei(r,) & Ar'ifpo, + w1 Ar +waAr?], (96)

with some powers m; and coefficients y;; to be determined.
Replacing the ¥(?) ansatz into the quadratic equation of
motion with potential (91) and source (93), we obtain at
each order in &:

-9 0
Wolr,)=— 20 (97
ool (KLAr? — Ug) )

_Sél + (Mﬂ + iKi)lPéo + 2iKiArlP/50

\Pﬂ(r*) = (KiArZ — sz()) ’ (98)

—Sé!z + (Mﬂ + iKi)lpél + 2iK:tArlP/§l + ‘Pgo

Yy (r,) =
a(r) (KLAP — ug)

(99)

From here we also obtain the relation between the
powers m; and p; my = pg, m; = min(py, py), and m, =
min(p,, p1, po — 2). From these results it is straightforward
to obtain the expressions for y;; in terms of ¢;; and u;;, but
we omit the explicit expressions here.

The main conclusion is that in the eikonal limit, the fast-
varying radial and temporal dependence of the quadratic
perturbation will then go as

ijs

PO (1,r,) I (VEEVR)(r=2.)2 /2 gmi(wpop )t o (0]t (100)

with a proportionality function that evolves slowly with r,.
From the results of linear QNM perturbations in the eikonal
limit [76] we know that wg ~ \/V(?,,£) which grows
monotonically with £ and does not depend on the overtone
n. In addition, we also find the same properties for v/k.
Therefore, in the quadratic solution (100) we see that both
(Vk+VE)x (£ +¢") and (wg + o) « (£ + ') will
have the same sign, regardless of the harmonic and over-
tone numbers of the linear perturbations in the source. This
solution, in the large |z| limit, thus describes a wave that
propagates away from the potential peak, just as we
confirmed for the linear QNM solution before.

We notice that this result holds regardless of whether the
source contained odd and/or even perturbations. This is
because the linear QNM frequencies are the same for odd
and even, and because both potentials V; and Vi have the
same form in the eikonal limit and thus both will lead to the
same k values. We also note that due to the simplicity of this
calculation in the eikonal limit, one could iterate the result
and obtain that higher-order perturbations will also describe
waves propagating away from the potential peak in the
eikonal limit.

Finally, let us summarize the results of this section. In
Sec. IVA we showed that only very far away from the
potential peak waves have a definite propagation direction,

044040-21



MACARENA LAGOS and LAM HUI

PHYS. REV. D 107, 044040 (2023)

as expected from the QNM boundary conditions. However,
in this subsection we generalize that result close to the
potential peak as well. We thus conclude that waves in the
eikonal limit have a definite propagation direction, and
those located inside the light ring propagate to the black
hole, whereas those located outside the light ring propagate
to the observer. We emphasize though that the potential
peak is not the exact location where the propagation
direction turns over. Instead, there is a spatial region
around the peak where the turnover happens, and the
higher the frequency of the wave, the smaller the size of
the turnover region. In particular, we expect the turnover to
start happening when z ~ v/ZAr ~ 1, which is when the
approximation employed in this section breaks down. As a
consequence, for small values of # (that dominate GW
signals from typical binary black hole mergers) there may
be a considerably wide region around the potential peak
where waves propagate in any direction, and this case will
be investigated further in the future.

V. IMPORTANCE OF NONLINEARITIES

In general, an understanding of nonlinearties will allow
us to improve future ringdown models and maximize the
science return from future GW events.

First of all, if the inclusion of quadratic QNMs help
improve ringdown models to earlier times (i.e., closer to the
merger), then one can hope to use this early high signal-to-
noise ratio (SNR) data available to detect more QNMs and
include quadratic effects to avoid biases. When interpreting
the results, one must take into consideration that some of
the frequencies detected may not coincide with those of the
linear QNM spectrum, and that would not indicate a
violation of the no-hair theorem, since these detections
could correspond to GR nonlinear frequencies. This will
happen if quadratic QNMs have a large enough amplitude
to become detectable, as could happen for the (¢ = 4,
|m| = 4) angular harmonic (see estimations below).

Furthermore, by detecting quadratic QNMs, one can test
the nonlinear dynamical predictions of GR. For any given
pair of (linear/parent, quadratic/sourced) QNMs, one can
confirm if their observed complex amplitudes satisfy the
relationships expected from GR, which can be predicted
from the linear QNMs (see [79] on how other work has
proposed the use of linear QNM amplitude relationships to
test GR).

From the results of the previous sections we conclude
that, after the signal has been generated, not all of the
QNMs propagate towards an asymptotic observer but,
during generation, the amplitude of the QNMs that do
arrive at the observer are still influenced by the initial
conditions close to the black hole horizon. Therefore,
whether nonlinearities and, more precisely, quadratic
QNMs can be observed in the ringdown close to the
merger time, largely depends on what was the initial
perturbation amplitude and its radial profile. In order to

properly answer this question, realistic numerical simula-
tions are necessary as well as the mathematical tools to
connect near-BH physics to asymptotic physics (along
similar lines to what has been done in [10]), both beyond
the scope of this current paper. However, following [33], a
simple dimensional analysis for equal-mass nonspinning
black holes could be performed to show that the quadratic
QNMs may have observable amplitudes, even if they are
subdominant and perturbation theory works throughout the
ringdown signal.

Let us assume that we are in a regime where perturbation
theory works and continue using ¢ as the small expansion
parameter [cf. Eq. (2)]. When analyzing observables, we
are interested in the asymptotic behavior of the fields in the
limit of r — oo, so we introduce a second perturbation
parameter 6 = GM /r and make an expansion of the metric
at leading order in §, assuming the hierarchy 6 < e. We
emphasize that the two expansions in &€ and § are inde-
pendent since € can be thought of as a perturbative
expansion of the signal near the BH, whereas ¢ quantifies
how far the signal is from the BH. Both perturbations %)
and €2 will contribute to the metric at the same order in
0 far from BH.

We then start by making a ¢ Taylor expansion of the
metric perturbation h,, = eh,(}y) + ezh,(,? and reviewing its
asymptotic behavior. Since the metric is not gauge invariant
and thus its asymptotic expression may take different
forms, it is convenient to make the customary choice of
asymptotically-flat gauge, in which the spatial components
of h,, are transverse to the radial direction (for a radially-
propagating wave) and will be the dominant terms in a §
expansion. Indeed, in this gauge, the leading-order asymp-
totic behavior of the metric components in spherical
coordinates is given by [80]

hgg,h9¢,h¢¢ X7, hle’hm’)’hra’hm} o<r_l; h,t,h,,,hrroc I”_Z.
(101)

Here, we explicitly see that the dominant components
are those coming from the angular indices, which are
transverse but also asymptotically traceless since
hgo + hyg o 0. As a result, we only care about these
angular components, which are determined by two physical
degrees of freedom, corresponding to the two polarizations
carried by gravity in GR, which are in turn determined by
the even and odd-parity fields >°¥ = g>e@) 4 g2o-p(2),
Note that in Cartesian coordinates, the asymptotic trans-
verse traceless metric perturbations decay as 1/r and their
amplitudes are estimated as [81]

h~Y¥/r, (102)
which, importantly, includes ¥(!) and ¥(?). Therefore, the
fields >“¥ can be interpreted as a proxy for the amplitude of
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the metric near the location of the source, in the radiation
zone, and the expansion in ¢ separating e¥(!) from £2¥?)
indicates the presence of a hierarchy of amplitudes near the
BH. Next, we will see that these amplitudes are the ones
that determine the energy carried by GWs and the relation
between linear and quadratic QNMs.

At leading order in 8, and for appropriate definitions of
the perturbations *W, the asymptotic power emitted in
gravitational waves can be expressed as [57,58,82]

2

0P sy |?
Z “Zmn , (103)

ot

O pn
+a,(£)|

where we are using the 7 index to label both the overtones of
the linear QNMs as well as the discrete modes in the quadratic
QNM frequency spectrum for given (¢, m) harmonic num-
bers. Here, we have additionally introduced the dimensionless
functions a, , (¢) that depend on the harmonic number ¢, but
are assumed to be independent of r and ¢. These functions
have been introduced to generically describe the arbitrary
normalization of the functions W that has been varied in the
past literature. As discussed in Sec. II B, the definition of the
variables W) involve some arbitrary choices, and here we
choose them such that they encompass all the &> perturbations
terms of the asymptotic transverse traceless metric, so that
Eq. (103) holds. Indeed, previous works on quadratic
perturbations obtain slightly different formulas due to their
definitions of quadratic variables [28,34,36].

Separating the linear and quadratic contributions with
different ¢ powers, we obtain

sep() gap@-
GE~eGE® +26) a m[ Conn fm"]

o ot ot
am.Pf mn ampf mtl 4 2
+ aof)f |:T T:| + & ;ae (f fmn|
+ a,(0)| ¥, P + Oe), (104)

where in the first line we have E(®) representing the energy
coming from ¥, the second line corresponds to the
energy due to the mixing between first and second-order
perturbations, and the third line includes purely second-
order perturbations. As discussed in [36], second-order
perturbation theory only allows for a consistent energy
calculation up to & order, since third-order perturbations
W) will contribute to order &* to the energy and hence the
third line in Eq. (104) is technically incomplete.

Recall that Y@ includes both homogeneous solutions
evolving with the linear QNM frequencies and particular
solutions evolving with the quadratic QNM frequencies.
From this feature, we expect the particular QNM solution to
average out at order £ in the energy, after integrating the
power in time. Thus, we expect the homogeneous solution of

¥(2) and possible non-QNM solutions to mostly determine
the energy at order *. We expect the particular solution of
¥() to mostly contribute at order £* to the energy.

Next, we will use the fact that the energy depends
quadratically on the QNM amplitude to estimate the impor-
tance of linear and quadratic perturbations in the strain.

Since the remnant black hole is what generates the
ringdown GWs, the maximum energy GWs can radiate is
M. Therefore, the energy radiated during the ringdown is
usually quantified by the ringdown efficiency e,,—the
fraction of total black hole mass radiated in ringdown
waves. The values can range between &,; ~0.8%—-3%
[9,12,83] depending on the binary mass ratio and spins.
Given our assumption that perturbation theory works, most
of the ringdown energy will be coming from the linear
perturbation and thus we can estimate an order of magni-
tude of E® /M ~ 1%.

As en example, in nearly equal-mass nonprecessing
quasicircular BH binaries, the dominant QNM in the
strain has (¢,m,n) =(2,2,0), and hence we can
approximate the signal with a single QNM; *¥()x

”'nglzz) exp{—iwg%t}. For this mode, the energy emitted
due to linear perturbations is then estimated as

EC) (AN
W (G—M) :

Here, A(zlz)o is a proxy for the total linear amplitude at t = 0
that includes both odd and even perturbations (and hence it

(105)

is directly related to the amplitudes "*“’Aglzi)). Note that here
we have ignored the role of a,, since for £~ O(1) we
expect a, , ~ O(1).

From Eq. (105) we obtain A220/(GM) ~ 10%. Next, let
us estimate the dominant quadratic mode, which will be
generated from the linear (220) and will have harmonic
numbers (¢ = 4, m = 4) and frequency a)g? = Za)%)o asso-
ciated. Both W) and W) have the same units of GM, so a
dimensional analysis would tell us that the amplitude of this
quadratic QNM is of order

2 1512

A~ (GM) Ay, (106)

which assumes that the coefficients in the quadratic source

are of order GM, which is reasonable since both Z and the

QNM frequency a)glz)o are present in the source and both are

of order unity in this example. In general, for large ¢ values
additional nonunity factors may be expected.

From Eq. (106), we thus estimate that AfM) /(GM)~

1% ~ IO%Agzo. Since for nearly equal-mass binary black
holes, such as GW150914, the leading harmonic mode is
(2,2) and the next-to-leading harmonics, like (4,4), have
amplitudes that are about 1-10% that of (2,2), it is possible
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that the linear and quadratic QNM for the (4,4) harmonic
will have comparable or larger amplitudes near the moment
of the merger. This estimate generally agrees with the
numerical results found in [50-52] for the (4,4) harmonic.
As discussed in the introduction, next generation of GW
detectors will have the ability to measure the (4,4)
harmonic even if its amplitude is a percentage of the
dominant (2,2) mode [49,54], so we expect quadratic
modes to be detectable in the future.

Note that in the estimation of Eq. (106), Clebsch-Gordan
coefficients should also appear, and hence affect the
amplitude of W), These coefficients take values close to
0.5 or smaller, and suppress some linear harmonics to
sourcing some quadratic harmonics. For instance, while the
leading QQNM is expected to be in (4,4), a subleading
QQNM would be obtained from the product of linear
modes such as (2,2) x (4,4). This combination of linear
modes could source quadratic harmonics with 2 <7 <6
and m = 6, 2. However, the Clebsch-Gordan coefficient to
the (62) quadratic harmonic mode is always one or two
orders of magnitude smaller than the rest. See Appendix B
for a list of useful Clebsch-Gordan coefficients and a
further discussion on subleading quadratic modes.

While in this discussion we assumed perturbation theory
in € up to second order, the energy expression (103) is
generic asymptotically far, and can be made to include
terms up to arbitrarily high powers of ¢. Since the total
ringdown energy has to be smaller than M, we then expect

AU)/(GM) to always be smaller than unity even at higher
orders in €. This may be a hint towards the more general
validity of perturbation theory for the radiated GW signal,
and will be investigated further in the future.

VI. DISCUSSION

The ringdown signal after the merger of two compact
objects is typically analyzed using first-order perturbation
theory, which is expected to work well some time after the
merger, once any nonlinearities of the GWs have decayed.
Motivated by previous studies that have found linear
perturbations to fit surprisingly well the GW signal even
at the moment of the merger or slightly before, in this paper
we analyze the role of nonlinearities by studying their
qualitative physical properties regarding generation and
propagation, and focusing particularly on second-order
perturbations of a Schwarzschild black hole.

Following earlier works, we use the Green’s function
approach to understand the generation of GWs. Since first-
and second-order perturbations (and higher order too) are
calculated using the same Green’s function, we find that
they will all share certain common properties that we
confirm by working out an explicit, fully analytical, toy
example of quasinormal modes. First, we confirm that the
ringdown signal (first and second order) can include
quasinormal modes (QNMs), as well as polynomial tails

and arbitrary signals that depend on the initial conditions
(sometimes referred to as the prompt response).

Second, the causality constraints carried by the Green’s
function mean that at linear and nonlinear order the QNMs
are generated in the region around the potential barrier
peak, in the sense that QNMs are generated dynamically
when signals are in causal contact with the potential peak
(e.g., get reflected or transmitted by the potential barrier).
This means that as time goes on, more signals interact with
the potential and reach the observer, supporting a dynami-
cal buildup picture of the QNM amplitudes. As a result, we
find that the linear QNM amplitude can evolve in time
before reaching a (typically assumed) constant amplitude,
and thus we conclude that a time-evolving amplitude of
QNMs is not necessarily a hint of perturbation theory
breaking. Due to the same buildup picture, as time goes on,
eventually the amplitude of the QNMs might be affected by
the entire initial radial profile of the signal, both close and
far from the black hole. However, it may also be plausible
that, for practical purposes, the initial condition around the
potential peak is the main factor determining the QNM
amplitude. For this reason, a future numerical analysis on
realistic spatial profiles for initial conditions may hold the
key to answer the question of whether strong nonlinearities
are present or not in observable ringdown signals.

Third, we highlight previous results that show the linear
QNM frequencies to be characteristic frequencies of the
Green'’s function, as opposed to properties of just first-order
perturbations. As a consequence, solutions with this linear
frequency spectrum can be generated at any order in
perturbation theory via the Green’s function. In practice,
this means that the amplitude of the QNMs with the linear
frequency spectrum gets renormalized by receiving higher-
order corrections, which may be a major reason why
previous analyses found linear QNM frequencies to fit so
well GW simulations even close to the merger. In addition,
we confirm previous results on the presence of a new distinct
higher-order spectrum of QNM frequencies, that are
obtained by adding or subtracting linear QNM frequencies.

Furthermore, we analyze the local propagation behavior of
linear and quadratic perturbations of a Schwarzschild black
hole in the eikonal limit. We use the WKB approach to obtain
the radial solutions to the linear and quadratic Zerilli and
Regge-Wheeler equations. We find that both linear and
quadratic perturbations effectively propagate away from
the potential peak (approximately the light ring in this
regime), which means that only the waves localized outside
the light ring will propagate to an asymptotic observer and
become detectable. Since, based on NR simulations, we
expect most of the nonlinearities to be localized very close to
the BH horizon, this result hints to why linear perturbation
theory may work better than expected in describing asymp-
totically far signals. However, we emphasize that the local
propagation behavior obtained here only holds for high-
frequency waves (£ > 1), but typical GW signals are
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dominated by low-frequency waves, whose behavior will be
analyzed further in the future.

We emphasize that further research is needed to fully
understand the role and importance of nonlinearities in the
ringdown. For instance, we assumed a perturbative
approach that does not consider feedback effects to the
black hole background (e.g., [44]). However, due to the still
large emission of GWs around the merger time, and due to
GWs traveling back to the black hole, we expect the total
mass and angular momentum of the black hole to initially
evolve in time, and possibly affect the appropriate values of
the QNM frequencies that one needs to use in ringdown
models near the merger time. However, recent results have
found linear QNMs to fit well the multipole moments of the
dynamical horizon from a binary merger, even when the
horizon area still evolves significantly [84]. It is still to be
understood why this is the case, and whether it is just a
numerical artifact due fitting time-limited signals with
arbitrary number of linear QNMs.

In the future, we plan to generalize the qualitative
analysis performed in this paper to Kerr black holes.
However, we already expect various similarities. Linear
and quadratic perturbations will satisfy the same radial
Teukolsky equation with a vanishing source for the linear
case and a nonvanishing source for quadratic case [39,40],
analogous to the Schwarzschild case. As a result, we again
expect the same Green’s function determining the linear
and quadratic solutions, and hence propagating common
properties to linear and nonlinear modes. Furthermore, the
Green’s function is expected to have similar qualitative
properties to the one of a Schwarzschild black hole [85]. A
WKB analysis of the solutions is also possible to perform
[64,86-88] since the Teukolsky equation can also be
written in a Schrodinger-like form with an effective
potential barrier that peaks at a certain location [63], just
like for Schwarzschild black holes.

Finally, we emphasize that the long-term goal of under-
standing nonlinearities holds great potential since it will
allow us to improve ringdown models, improve the sensi-
tivity of future no-hair theorem tests (by increasing the
likelihood of detecting multiple QNM frequencies), and
probe the dynamical nonlinear behavior of gravity (by
testing whether non-trivial physical effects get excited at
higher order that could modify the amplitude and frequency
of quadratic QNMs expected in vacuum GR). For this
reason, in this paper we argue that even if the nonlinearities

|

Low™hs) + Lu P ho5) + Lo, PRG54 c.c. = [QO P10 (S
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where c.c. stands for complex conjugate. From here we explicitly see that the equation of motion for 4¢(?)

obtained as in Eq. (9).
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were small during the entire ringdown signal, they will not
necessarily be unobservable given the increased sensitivities
of future GW detectors, and they will be worth exploiting.
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APPENDIX A: COMPLEX VARIABLES

Since the Einstein equations have at most two deriva-
tives, the second-order equation of motion can be generally
expressed as

W

(A1)

1 a 2 a 2
Gl () = Lo hg) + Luu P, + Ly

Sﬁ)(h(l) (1)):Q0 aﬁyah aﬁyé/lh )h()

RN Q
+ Q apydin h((z/>/1 06 + Q afyéin h((z/})/l h](/ﬁ)]?,

(A2)

where the tensors L; and Q; are formed using the back-
ground metric and its derivatives (and are therefore real),
and the covariant derivatives are taken with respect to the
background metric. From here we see that the real
equations of motion can be expressed in terms of the
complex variables by replacing,

1
G,(;) <§ (hc(Z) + hc(2)*)>

1
52 (wa T he),

l\J\P—‘

(he®™ + h"<1>*)> (A3)

which explicitly gives that,

a 1
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e(1) e(1)
apih h}/& + haﬂ'lq hy& )
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can then be
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APPENDIX B: CLEBSCH-GORDAN
COEFFICIENTS

When calculating the Clebsch-Gordan coefficients that
relate the linear and quadratic QNMs, it is useful to keep
track of the spin nature of the perturbation fields. In order
to do that, it is best to work with the Newman-Penrose
(NP) [62] and Geroch-Held-Penrose (GHP) [89] formal-
ism, as it has been done for Kerr black holes in [40,90]. In
the NP formalism one can express the ten metric perturba-
tions in vacuum in terms of the five complex scalars ¥, ¥,
¥,, ¥, ¥,, which have integer spins ranging from —2 to
+2. ¥, is the observably relevant field that determines the
asymptotic behavior of the metric, has spin —2, and is
directly related to the Zerilli and Regge-Wheeler variables
used throughout this paper (see explicit relationship in
e.g., [81]). Therefore, we are interested in the quadratic
source to W¥,, which will depend on all of the different
metric components [37] and at most two derivatives acting
in total. As a consequence, this source can contain the
following spin-weighted spherical harmonic multiplica-
tions: Yy, X 0¥ ps 1Yo X 1Yo 3¥ o X1 Yo
and _,Y,, x,Y ... See Tables II-V for examples of the
angular mixing factors [c.f. Eq. (11)] when multiplying two
given spin-weighted spherical harmonics.

If we consider a GW signal with leading linear mode
from (£, m) = (2,£2) and a next-to-leading order mode
(4, £4) (there could be others like (3, +3) and (3, £2) that
we omit here for concreteness), then the relevant angular
mixing coefficients that will appear in the quadratic source
and determine the leading and next-to-leading quadratic
QNMs are the following:

We emphasize that here we have used the fact that the
GW signal for amode (¢, m) is the same as that for (£, —m)
due to the presence of mirror modes. Here we see that the
leading (2, +2) linear modes will not only source a (4, +4)
quadratic harmonic but also some memory-like modes
(2,0), (3,0), (4,0) that do not oscillate but still decay
exponentially in time. Note that the amplitude of the
quadratic (4,4) mode will be comparable to that of the
(2,0) and (3,0) memory-like modes due to their comparable
angular mixing coefficients.

In addition, there can be various subdominant quadratic
QNMs. As an example, the linear (2,2) and (4,4) QNMs can
source a (6,2) mode, but its amplitude will tend to be
suppressed compared to other modes due to the small
angular mixing coefficient. Nevertheless, these same linear
modes can also source a quadratic (2, £2) mode. If we
consider a GW signal where the amplitudes near the merger
time of the dominant linear (2,2,0) and (4,4,0) modes are
related as A}y, ~ 10%A55 and Ay /(GM) ~ 10% (such as
in nearly-equal masses quasicircular binary mergers), then

we could estimate the quadratic (2,2) amplitude ;\<222) as

52 —15(1) x(1 5 (1
Az ~ O(0.1)(GM) ™ AllAsng ~ 0.1%A 5, (B1)

TABLE II. Multiplication of linear modes with spins s = —2
and s’ = 0 that source a quadratic mode with spin s = —2.
(=2,¢,m) x (0,¢,m) (=2,25,m,) Angular mixing
(2,2) x (2,2) 4, 4) 0.217641
(2,2) x (2,-2) 4, 0) 0.0260131
3,0) —0.119207
2,0 0.180224
(2,2) x (4,4) 6, 6) 0.197368
(4,4) x (2,2) (6, 6) 0.305761
(2,-2) x (4,4) 6, 2) 0.00887102
5,2 0.053041
4,2 0.12337
3,2 0.132981
2,2 0.0561946
(4,4) x (2,-2) 6, 2) 0.0137429
5,2 —0.0410854
4, 2) —0.0424721
(3,2 0.206013
2,2 0.217641
TABLE III. Multiplication of linear modes with spins s = —1
and s' = —1 that source a quadratic mode with spin s = —2.
(-1,Z,m) x (=1,¢',m’) (=2,8,,m,) Angular mixing
(2,2) x (2,2) 4, 4) 0.355406
(2,2) x (2,-2) 4, 0) 0.0424791
(2, 0) —0.220728
(2,2) x (4,4) (6, 6) 0.353062
(2,-2) x (4,4) (6. 2) 0.015869
(5, 2) 0.0237206
4, 2) —0.0827594
(3, 2) —0.208148
2,2) —0.125655

TABLE IV. Multiplication of linear modes with spins s = —3

and s' = +1 that source a quadratic mode with spin s = —2.
(+1,Z,m) x (=3,¢',m’) (=2,8,,m,) Angular mixing
(2,2) x (4,4) (6, 6) 0.133445
(2,-2) x (4,4) (6, 2) 0.0059979
5,2) —0.0448278
“,2) 0.121645
(3,2 —-0.0786725
2,2 —0.332452

TABLE V. Multiplication of linear modes with spins s = —4

and s’ = 42 that source a quadratic mode with spin s, = —2.
(+2,¢,m) x (=4,¢',m’) (2,85, my) Angular mixing
(2,2) x (4,4) (6, 6) 0.02359
(2,-2) x (4.4) (6, 2) 0.00106029
(5,2) —0.0126792
4,2) 0.0688127
(3,2 —0.222519
2,2) 0.470158
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where the prefactor of O(0.1) comes from the various
angular mixing coefficients that range from 0.06 to 0.47,
depending on the spin of the linear modes present in the
source. Here we see that this quadratic mode in (2,2) will
have a subpercent contribution to the total signal, so even

though it typically decays slower than the first linear
overtone (2,2,1), it may not always have an observable
impact. We emphasize though that these estimations are
source-dependent and systems with high-mass ratios will
have a different hierarchy of harmonic multipoles.
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