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Black hole spectroscopy is an important pillar when studying gravitational waves from black holes and
enables tests of general relativity. Most of the gravitational wave signals observed over the last decade
originate from binary black hole systems. Binary neutron star or black hole neutron-star systems are rarer
but of particular interest for the next-generation ground-based gravitational wave detectors. These events
offer the exciting possibility of studying matter effects on the ringdown of “dirty black holes.” In this work,
we ask the question; Does matter matter? Using numerical-relativity, we simulate a wide range of
collapsing neutron stars producing matter environments, both in isolated scenarios and in binary mergers.
Qualitatively, the resulting ringdown signals can be classified into “clean,” “modified,” and “distorted”
cases, depending on the amount of matter that is present. We apply standard strategies for extracting
quasinormal modes of clean signals, using both theory-agnostic and theory-specific assumptions. Even in
the presence of matter, possible modifications of quasinormal modes seem to be dominated by ringdown
modeling systematics. We find that incorporating multiple quasinormal modes allows one to drastically
reduce mismatches and errors in estimating the final black hole mass at early times. If not treated carefully,
deviations in the fundamental quasinormal mode might artificially be overestimated and falsely attributed
to the presence of matter or violations of general relativity.
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I. INTRODUCTION

One decade ago, gravitational-wave (GW) astronomy
reached a major milestone with the observation of a binary
black hole (BBH) merger, GW150914 [1,2]. The signal
observed by LIGO detectors originated from the collision of
two stellar mass black holes (BHs), which spiraled around
each other and migrated inwards as they lost energy from the
emission of GWs. Since then, about 100 BBH signals have
been observed [3,4,4–6], and the high number of alerts in the
current observing run shows the potential for precision
science based on GWobservations [7]. While most transients
turned out to be BBH mergers, there were also systems that
contained at least one neutron star (NS). The most famous
was the binary neutron star (BNS) merger GW170817 [8],
which was connected with a multimessenger detection of a

short gamma-ray burst, the gamma-ray burst afterglow, and a
kilonova [9]. In addition to GW170817, there has been
GW190425 [10], likely a BNS merger event with unusually
high NS masses, and numerous black hole-neutron star
(BHNS) detections, e.g., [11,12]. Observing these GW
transients enables us to learn more about the composition
of NSs (see [13,14] for recent reviews) and to perform tests
on the validity of general relativity (GR) [15–17].
One can also use GWs to test the no-hair theorem

[18–20] of BHs, which suggest that they are solely char-
acterized by three parameters: mass, angular momentum,
and electrical charge, via the Schwarzschild, Kerr, and
Kerr-Newman solutions [21–23] (in increasing generality).
Departures from this theorem raise the possibility that BHs
may have hair, which would challenge our perspectives on
BHs and GR.
By concentrating on the ringdown, it is possible to test

the no-hair theorem’s assumptions. A BH formed from the
dynamical processes involving compact objects “rings
down” from an initial state of nonequilibrium and emits
GW radiation in form of damped sinusoids. Pioneering
works first targeted nonrotating BHs [24–27], and then
rotating ones [28]. They discovered how a BH responds to
an incoming GW pulse; it oscillates with characteristic
damped frequencies. The damping is due to GWs in the
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vicinity of the horizon falling into the BH, while GWs far
away leave the system. The ringdown is a consequence of
both conditions. This stage is anticipated to occur as a result
of the coalescence of compact objects or in other instances
where BH formation occurs, such as the collapse of a
perturbed NS. Seminal studies probing the nonlinear BH
ringdown with numerical relativity can be found in
Ref. [29–31].
The aforementioned characteristic oscillations of a BH

are called quasinormal modes (QNMs), and we refer to
Refs. [32–39] for reviews on this topic. QNM frequencies
and damping times are labeled by harmonics ðl; mÞ and an
overtone index n. For astrophysical BHs, they only depend
on the mass and spin of the remnant BH, and there are
infinitely many. Extracting more than one complex QNM,
thus, allows for constraining mass and spin, while any
additional QNM can be used for consistency checks. This is
one key promise of black hole spectroscopy [40–42].
In vacuum and in GR, the QNM spectrum is well known

[34], while it requires strong simplifications to examine the
QNM content in matter environments to make the equa-
tions decouple and make the analysis tractable. Maintaining
the vacuum frequencies at a constant value from the start,
allows for a simplified extraction of the complex-valued
amplitudes Clmn from the signal. The amplitudes are fitted
using standard least-squares fitting procedures [43–45],
while the variable projection method [46,47] is employed
for the nonlinear fitting problem. Fitting clean vacuum
waveforms [48,49] with these techniques opens the pos-
sibility of extracting dozens of QNMs, although their
stability and robustness are still not universally defined
and depend on the methods used [50]. Additional caveats
pertain to the fit’s starting time, which is the point at which
perturbation theory is considered a valid description and the
BH is described by a Kerr spacetime [51].
The presence of matter is expected in astrophysical

environments and could potentially affect our ability to
perform precision GW astronomy. A comprehensive exami-
nation of this issue has been conducted in Ref. [52] for
tractable cases. Because this subject is technically complex,
there have been attempts to calculate QNM frequencies from
modified/perturbed potentials that are intended to resemble
deviations in the underlying perturbation equations [53–56].
More recently, studies considering an analytical solution for
a nonrotating BH that is surrounded by an accretion disk
were able to extract QNM frequencies of supermassive BHs,
e.g., [57–59]. A thin shell of matter was recently introduced
as a modification to the Regge-Wheeler potential of a
Schwarzschild BH in Ref. [60]. They demonstrate how a
thin shell is the cause of secondary GW emission and can
dramatically shift QNM frequencies for larger mass distri-
butions. A method for phenomenologically inferring accre-
tion disk properties from BNSmergers with features after the
ringdown was presented in Ref. [61], and remnant properties
have been studied in Ref. [62]. Additionally, Ref. [63] used

BNS merger simulations to attest whether QNM amplitudes
can aid in determining pre-merger binary properties such as
the mass ratio.
In this work,1 we use a statistically significant set of

numerical-relativity simulations to explore whether envi-
ronmental effects impact precision black hole spectroscopy.
This will assist in comprehending the extent to which the
dynamical behavior of matter affects the BH ringdown
beyond any theoretical approximations. Initially, we evolve
several isolated, rotating NS initial data that are induced
with small pressure perturbations, which ultimately leads to
gravitational collapse. From these simulations, we conduct
a systematic assessment of matter effects on the BH
ringdown. Systems can be divided into three groups based
on our analysis: Class I systems exhibit a clean ring-
down,ClassII systems exhibit additional features that are
excited during the initial ringdown signal, and Class III
systems exhibit extremely dynamicmatter environments that
completely distort the signal and eliminate typical ringdown
characteristics. In addition, we generate and evaluate BNS
merger simulations to broaden our analysis to scenarios that
are more astrophysically relevant. The ringdown’s modeling
systematics are likely to dominate the deviations of the
fundamental mode frequency from the Kerr predictions, as
demonstrated by theory-specific and theory-agnostic
assumptions, such as those in [45,64]. The inclusion of
multiple QNMs is essential for the significant reduction of
mismatches and errors in the early time extraction of the BH
mass. This is comparable to the analysis of vacuum numeri-
cal-relativity simulations [43–46,50]. If not carefully
accounted for, deviations in the fundamental QNM may
be exaggerated and mistakenly linked to the presence of
matter or false violations of GR.
Our work is structured as follows. In Sec. II, we outline

the numerical setups used for the gravitational collapse
simulations and for the evolution of the BNS mergers.
Section III introduces the aforementioned ringdown clas-
sification scheme applied to the isolated NS cases and
shows selected single and binary ringdown simulations. In
Sec. IV, we outline our QNM fitting algorithm and follow
up with results in Sec. V, for both, isolated and BNS
simulations. Our conclusions can be found in Sec. VI.
Throughout the paper, we use geometric units and set
G ¼ c ¼ M⊙ ¼ 1 (exceptions are indicated throughout).

II. NUMERICAL SETUP

For our simulations, we are using the BAM code [65,66];
cf. for a detailed introduction to the topic of numerical-
relativity [67–71]. Details about the simulations, specific to
BAM, will be explained in Sec. II B. In the following, we

1Our article is based on the Master thesis ‘Black hole
spectroscopy of collapsing and merging neutron stars’ by
O. Steppohn leading to overlap in the presented results and
figures, and, partially, in existing text passages.
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shortly describe the construction of the differentially
rotating neutron star (dRNS) models and the initial data
for our BNS systems. Afterwards, we present key ingre-
dients for the dynamical evolutions.

A. Initial data

1. Isolated stars with differential rotation

In order to create the initial data for the dRNS systems,
we start by considering the stationary and axisymmetric
line element,

ds2 ¼ −eγþρdt2 þ eγ−ρr2sin2θðdϕ − ωdtÞ2
þ e2μðdr2 þ r2dθ2Þ; ð1Þ

where γ, ρ, ω, and μ are the metric potentials. For the
matter, we assume a perfect fluid stress-energy tensor and a
polytropic equation of state (EOS) relating pressure p and
energy density ε via

p ¼ κε1þ1=N; ð2Þ

with the polytropic index N ¼ 1 and the polytropic con-
stant κ ¼ 100. Although such an EOS is simplified, it still
allows us to study a variety of different sources and reduces
possible uncertainties due to the usage of more complicated
nuclear physics EOSs.
For the rotation law we use the j-constant law,

jðΩÞ ¼ A2ðΩc −ΩÞ; ð3Þ

where j is the specific angular momentum, A is the rotation
parameter, andΩc is the angular velocity at the center of the
star. This rotation law is related to the metric potentials via

A2ðΩc −ΩÞ ¼ ðΩ − ωÞr2 sin2 θe2ðβ−νÞ
1 − ðΩ − ωÞr2 sin2 θe2ðβ−νÞ : ð4Þ

While we only use the j-constant rotation law for our
analysis, we also want to point towards other choices that
have been suggested in the literature, e.g., [72–75].
The equilibrium models are then computed using the

iterative Komatsu-Eriguchi-Hachisu (KEH) method [76].
The publicly available RNS code [77,78] implements this
scheme and is able to compute equilibrium models of
rotating NSs, however, only for stars with uniform rotation.
We use a modified version of RNS which can handle
differential rotation, using modifications to the KEH
method based on [79,80].
For our ringdown analysis, we want to probe a large

parameter space of models to identify possible trends.
Following the approach outlined above, we have three free
parameters that determine our equilibrium models (for a
given EOS); the rescaled rotation parameter Â (see the
definition in [79,80]), the axis ratio rp=re (rp is the polar
and re the equatorial radius), and the central energy density

ρc. We cover the parameter space with Â in the interval [0.1,
1.0] in steps of 0.1, and the axis ratio in the interval [0.35,
0.95] in steps of 0.05, resulting in ½Â� × ½rp=re� ¼ 130

models.
Each pair ðÂ; rp=reÞ has its own sequence in the M-εc

plane over different central energy densities. To get the most
massive models at the extremal points, we run RNS for a
given pair ðÂ; rp=reÞ over a range of central energy
densities to create the sequence for this particular model.
We use 20 different densities in the range [0.0005, 0.005]
and then apply quadratic interpolation to find the maximum.
All of the 130 models, grouped by the rotation parameter Â,
are further described in Appendix A. Corresponding values
for the mass M, the equatorial radius Re, and the central
angular velocity Ωc are listed in Table III. The data for all
models, and instructions on how to visualize them, is made
publicly available under [81].

2. BNS initial data

For BNS evolutions, we construct initial data using the
pseudospectral code SGRID [82–85], which is one of the
standard approaches for BNS simulations performed with
BAM. SGRID solves the Einstein constraint equations using
the extended conformal thin sandwich approach [86,87].
For the construction of the initial data, we use the piece-
wise-polytropic fit of [88] of the SLy EOS [89] and add
thermal effects through an additional thermal pressure
following [90] with Γth ¼ 1.75.

B. Evolution

We use BAM [65,66,91,92] for our dynamical evolutions,
where we employ the Z4c formulation of the field equations
of GR [93,94]. For the gauge, we are using the moving
puncture gauge (1þ log -slicing and Γ-driver shift con-
ditions [95–97]). The matter variables are evolved using
the Valencia formulation of general-relativistic hydro-
dynamics [98–100].

BAM’s grid infrastructure consists of a variable number of
cell-centered nested grids. Each level contains one or more
Cartesian boxes with a constant grid spacing and number of
points. Due to the 2∶1 refinement strategy, the resolution in
each finer level is twice the resolution of the parent level.
Inner levels can move dynamically according to the
technique of ‘moving boxes’ and follow the motion of
the NSs in our BNS cases.
For the time evolution, we use the method of lines with a

fourth-order Runge-Kutta scheme and a Courant factor of
0.25. The spacetime sector uses a finite difference scheme
with centered fourth-order stencils to compute derivatives.
Hydrodynamics variables are instead modeled by a finite
volumes formalism with high-resolution shock-capturing
schemes to compute numerical fluxes between cells. As
approximate Riemann solvers, we use the Harten, Lax, and
van Leer (HLL) [101] method for the BNSs and the local
Lax Friedrich Riemann solver [102,103] for the dRNS
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setups. Reconstruction is done with the WENOZ scheme
[104]. In order to enforce the conservation of energy
momentum and baryon number, we apply the flux correc-
tions of the conservative adaptive mesh refinement imple-
mented in [91]. BHs in our simulations are identified by the
presence of an apparent horizon (AH), which is defined as
the outermost 2-surface whose outgoing future null geo-
desics have zero expansion everywhere. To ensure that the
BHs, formed during the BNS merger, are sufficiently well
resolved, we add additional refinement levels shortly before
the BH formation. Details about the simulation setups can
be found in Table I.

III. WAVEFORM CLASSIFICATION AND
QUALITATIVE ANALYSIS

In the following, we discuss the waveform classification
scheme and provide a qualitative analysis of the simulations.
In Sec. III A, we first define the classification scheme, which,
due to the large amount of simulations, is based on isolated
NSs. We then investigate three particular BNS systems in
Sec. III B.

A. Isolated NS simulations

All the 130 models use the numerical setup outlined in
Sec. II B. The collapse of the isolated NSs is induced by
changing the polytropic prefactor from κ ¼ 100 to κ ¼ 99.8.
Our ringdown classification is defined as follows. Among

the 130 ringdown signals, we observed three distinct
signatures. In some cases, we observe a clean ringdown
signal that is only cut off once it reaches the numerical noise
floor. We define such signals to be of Class I. On the other
hand, a signal is of Class II, if we initially find a clean
ringdown, which at some point during the ringdown phase
gets modified by matter exciting additional oscillations that
make the initial ringdown features unrecognizable. Lastly, a
signal is of Class III, if it does not exhibit any similarity
to a clean ringdown at any time. We show the Weyl scalar
rΨ4 for the dominant ðl; mÞ ¼ ð2; 0Þ-mode incorporating
the GW information for one representative waveform of each
class in Fig. 1. Each model is equipped with an identifier

labeling the corresponding rotation parameter and axis ratio.
We provide a full list with more details in Appendix A.
We classified all 130 dRNS models through visual

inspection (our classification for each model is given in
Table III). In particular, the distinction between Class I
and Class II is quite subjective. Our distinguishing
criterion between these two classes is that if there were
no clear additional oscillations as for the Class II model
in Fig. 1, i.e., something that looks like a clean Class I
ringdown, then we would look at the amount of peaks
present in the modulus of jrΨ420j. If the model had a
suspiciously small number of peaks, then we classified it as
a member of Class II, since matter cannot produce high-
amplitude oscillations that erase previous ringdown features
but rather is of the same amplitude and cuts off these later
peaks. In Fig. 2, we show the distribution of classes in the
Â-rp=re plane. The most models are of Class I (53),
followed by Class III (48), and the fewest amount of
models are found for Class II (29). Looking back at
Fig. 2, we noticed a couple of trends. We find that the
smaller the rotation parameter gets, the fewer Class I
models we can find, indicating that a larger differential
rotation disfavors the presence of a clean ringdown.
Especially for models with Â ≤ 0.2, we find no Class I
models, but all are either of Class II or III, since

FIG. 1. Each panel represents an exemplary model of each
class. Shown in each panel is the real part of the curvature scalar
rΨ4 for the (2, 0)-mode in linear scale (black solid line) and the
modulus of jrΨ4j in log-scale (red dashed line) plotted against the
time with respect to AH formation tAH.

TABLE I. Resolution parameters for our simulations.

Parameter Value

dRNS
Number of refinement levels 9
Number of grid points 128
Grid spacing 10.0

BNS
Number of refinement levels 7
Level after BH formation 9
Number of grid points 128
Moving boxes 2
Grid points (moving box) 128
Grid spacing 15.0
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typically these are the systems with larger rotation and more
complex collapse dynamics. Also, we found that models
with rp=re ≥ 0.85 are exclusively of Class II or Class
III. For the Class I models, we identified two “islands”
at intermediate and small axis ratios with Â > 0.2. However,
we will not attempt to draw particular conclusions about
possible connections between Â and rp=re and our classi-
fication, since generally the dynamics of each simulation are
complex.
Furthermore, we find that, although generally robust and

clearly dependent on the presence of matter outside of the
formed horizon, the classification for each particular model
depends on the exact numerical setup (e.g., resolution,
reconstruction, Riemann solver).2

Next, we focus on one model of each class in more detail
and perform a thorough analysis to extract important
features.

1. Class I

As a representative example of Class I, we selected
model C8 (following the naming convention of Appendix A)
for a qualitative analysis. It has the intrinsic initial parameters
Â ¼ 0.8, rp=re ¼ 0.7, a gravitational mass of 1.867M⊙, and
a dimensionless spin of a ¼ 0.525.
Above the top panel of Fig. 3, we show the time

evolution of energy density at different time slices. We
clearly see the oblateness of the star in the xz-plane due to
its rotation and axis ratio. At t − tAH ¼ −162.0 (tAH is the

FIG. 2. Classification of the 130 dRNS models shown in the
rp=re versus Â plane. Green circles denote Class I, orange
boxes Class II, and red diamonds Class III models (as
indicated in the legend). We highlight the markers of the models
analyzed in detail below.

FIG. 3. The upper row shows the base 10 logarithm of the
maximum density on the fifth refinement level in the xy-plane at
four different time slices for the Class I model C8, while the
lower row depicts the xz-plane. In the last two panels of each row,
the red solid line denotes the AH of the BH, and the white
semicircle shows the position of the BH’s lightring. We highlight
the corresponding times in the waveform panel of the ðl; mÞ ¼
ð2; 0Þ-mode, directly below. This panel shows the (2, 0) waveform
in linear scale (black solid line) and its modulus in log scale (red
dotted line) plotted against time with respect to the point of AH
formation. Below the (2, 0)-mode, the ðl; mÞ ¼ ð4; 0Þ-mode is
shown with increased amplitude by a factor of 50. On the last
panel, below the (4, 0)-mode, shown are, respectively, the baryonic
mass on the fifth refinement level outside a spherical approxima-
tion of the AH (green) and the mass of the BH (blue).2To be more explicit, for the 130 isolated NS simulations in

this work, we first performed respective simulations at a lower
resolution. We found that for about half of the models a different
collapse dynamics compared to the high-resolution runs was
present. This in turn influenced the ringdown morphology and
frequency extraction. The relatively large difference between the
different resolutions comes from the fact that the employed setups
probe the collapse dynamics near the critical point of stability and
is introduced through a small perturbation. Larger perturbations
would reduce the influence of the resolution, but would also
introduce larger spurious constraint violations. Most importantly,
the obtained classification of the ringdown signal is directly
linked to the outflow of matter independent of the resolution, i.e.,
setups for which a large amount of matter is released before
merger (independent of the resolution) will lead to Class III
evolutions, while setups with a small amount of mass ejection
will lead to Class I setups. Furthermore, we find that different
reconstruction schemes and Riemann solvers seemed to have
only a negligible influence on the results. The BNS cases on the
other hand were robust, and the numerical setup only influenced
the time of merger, but not the classification.
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time when an AH is found first) the star sheds some mass in
the equatorial plane. Once the gravitational field gets
stronger, a BH with massMBH ¼ 1.861M⊙ and spin aBH ¼
0.519 forms. Shortly afterwards, at t − tAH ¼ 8.0, a small
asymmetric sphere of matter remains in close proximity to
the final BH. We indicate the AH of the BH with a red solid
line. At t − tAH ¼ 58.0, almost all matter is within the BH.
In the last two time slices, we also show the location of the
lightring (white line). We determine the lightring by solving
the geodesic equation, shooting geodesics at different
starting positions to find a stable orbit. Due to gauge
effects, notably the Γ-driver shift, it grows over time, even
though the BH mass stays roughly constant.
The ringdown signal is shown in the top and middle

panels of Fig. 3. First, we analyze the waveform of the
(2, 0)-mode in terms of the Weyl scalar rΨ4 extracted at
r ¼ 200. We count 11 clear peaks in the modulus of rΨ4 for
this mode, until the numerical noise floor is reached. Below
the (2, 0)-mode, we also show the real part of rΨ4 for the
(4, 0)-mode, which is fifty times smaller in amplitude than
the (2, 0)-mode. Therefore, the signal is not as smooth as
for the (2, 0)-mode, since the low-amplitude signal is closer
to the noise floor.
In the bottom panel, we visualize the baryonic mass

outside a spherical approximation of the AH on the fifth
refinement level and the BHmass over the same timescale. It
is apparent that on a timescale of ∼100 after the BH forms,
all the remaining matter after the collapse falls into the BH,
and the baryonic mass outside is of order ∼10−6 − 10−8

within this time range. On the other hand, the mass of the BH
increases slightly before reaching a constant level for the rest
of the ringdown signal.3

2. Class II

For the study of Class II setups, we have chosen the
model B5 as a representative example. Model B5 has a
rotation parameter of Â ¼ 0.9 and an axis ratio of rp=re ¼
0.55. The gravitational mass and spin are 2.109M⊙ and
0.695, respectively. It is more oblate than our previous
Class I model, C8, and also has a higher initial spin.
In Fig. 4, we see that the star loses some of its material

inside the equatorial plane at around t − tAH ¼ −135.0.
Once the star collapses, we retain a much heavier disk,
which is confined inside the equatorial plane and can reach
a baryonic mass of around ∼10−5 − 10−6. The BH reaches

a mass of MBH ¼ 2.104M⊙ and a spin of aBH ¼ 0.684,
which is respectively larger than for the C8 model. During
the ringdown, the dense matter will start to fall into the BH,
and at t − tAH ¼ 195.0 we only find densities of order 10−9

around the remnant, which corresponds to a total baryonic
mass of 10−6. However, it is this increased amount of
material that leads to additional high-amplitude oscillations
in the waveform at around the same time.
This becomes apparent in the second half of Fig. 4.

Again, we show the Weyl scalar rΨ4 of the (2, 0)-mode and
the (4, 0)-mode extracted at r ¼ 200 on the coarsest level.
However, looking at the modulus of rΨ4 for the (2, 0)-mode,
we see that after around halfway through the ringdown,
matter is responsible for exciting oscillations that overlap
the initial ringdown in amplitude and break any signatures
that could have been seen at later times. These oscillations
are even more pronounced and influential in the (4, 0)-mode,
where the overall amplitude is lower by a factor of 50.
The baryonic mass on the fifth refinement level outside the
approximated AH shows a different profile than in the
Class I example. Instead of all matter plunging into
the BH over a comparatively small timescale, we retain a
disk mass of around 10−6. Still, matter falls back to the BH,
as can be seen from the slight negative gradient in the δm
time evolution.

FIG. 4. Same layout as Fig. 3 for the Class IImodel B5. The
scaling factor of the (4, 0)-mode and the extraction radius/
refinement level are the same as for the C8 model. For details, see
the text below.

3Also, notice the “bump” in the BH mass at roughly 300 after
AH formation. This is not a physical increase of the BH mass.
This increase in the size of the BH is due to the Γ-driver shift,
which we confirmed by performing some dedicated simulations
with a different shift condition. Once the AH grows and covers
the boundary region between refinement levels, we see a
numerical issue in computing the exact location of the AH,
which leads to an increased error in the computation of the BH
mass. Once the horizon has grown enough to be fully outside the
refinement boundary, the error drops again.
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The exact behavior is best seen when looking at the BH
mass at the bottom of Fig. 4. Between 0 and 100 after
horizon formation, we see that the BH mass is unchanged.
This is also the time span in which we observe the initial
unmodified ringdown. However, shortly after, the BH mass
increases as matter falls back. This is when the additional
excitations in the ringdown signal can be seen. Looking at
the evolution of the BH mass, we can clearly correlate the
onset of the perturbations in the waveform to the onset of
BH growth due to back-falling matter. Whether the addi-
tional observed features are a result of matter falling into
the black hole or from the emission of secondary GWs (as
in [60]), can not be clearly answered with the help of our
simulations. In total, the BH mass increases by about 0.1%
from the onset of matter backfall at around t − tAH ¼ 100
to the end at around t − tAH ¼ 300.

3. Class III

As an example for the Class III setups, we consider
model I4. With a rotation parameter of Â ¼ 0.2, it has the
highest amount of differential rotation out of all models
analyzed previously. It also has the smallest axis ratio with
rp=re ¼ 0.5, but maybe surprisingly, the smallest dimen-
sionless spin with a ¼ 0.401. Its gravitational mass is fairly
low with 1.79M⊙.
The density evolution is shown above the top panel of

Fig. 5. Before the actual collapse, we see some matter
outflows in the polar regions at t − tAH ¼ 205.0 before the
BH forms (we observed a consistent behavior of Class II
models showing only equatorial outflows and Class III
models showing both equatorial and polar outflows). At
t − tAH ¼ −96.0, we find even more massive outflows in
the xz-plane, but also additional shedded mass in the
xy-plane. Shortly after, the star collapses to a BH with
mass MBH ¼ 1.759M⊙ and spin aBH ¼ 0.336. What
remains around the remnant are chunks of matter with
densities of order ∼10−9, which correspond to a disk mass
of ∼10−6. Between the last two snapshots at t − tAH ¼ 11.0
and t − tAH ¼ 90.0, we can clearly see the backflow of
matter towards the BH. This material is constantly exciting
the BH.
Looking at the (2, 0)-mode of the GWs (second panel of

Fig. 5), we see GW emission not only during the ringdown
phase but even before. In fact, we are unable to comment on
the exact ringdown signatures, as they are all suppressed by
the excitations of matter. For example, at ∼80 after horizon
formation, we find a big excitation by matter, fully
dominating the early ringdown peaks. Considering the
third panel of Fig. 5, we see that the (4, 0)-mode has a
much larger amplitude compared to the Class I and
Class IImodels. Despite this difference, we find that the
matter profile looks similar to the Class IImodel, with a
gradual decrease as matter falls into the BH continuously.
In total, the BH mass increases by about 0.5% over a

timescale of around 150. The small “bump” is again due to
the AH crossing a refinement boundary.

B. BNS simulations

In the following, to apply our classification to more
realistic astrophysical scenarios, we investigate three rep-
resentative BNS simulations and discuss how they fit in the
previously defined classification scheme. Studies of the BH
ringdown in BNS simulations have been presented in, e.g.,
[63,105]. Studies of BHNS systems can be found in [106]
and are in agreement with the findings of [107].

1. Equal mass Mtot = 3.8M⊙

We start by considering a heavy equal mass BNS system
with a total mass of Mtotal ¼ 3.8M⊙. In Fig. 6, we show
a similar plot as in Sec. III. Due to the change in symmetry
(isolated to binary), we now report the dominant
(2, 2)-mode of rΨ4 (extracted at r ¼ 400), and the baryonic
mass outside of the AH, as well as the BH mass. Due to the
high mass of the system, no hypermassive NS is formed, but
the system undergoes a prompt collapse to a BH with a mass
ofMBH ¼ 2.958M⊙ after formation, which increases shortly
after reaches a plateau of MBH ¼ 3.659M⊙. Likewise, the
spin increases from initially aBH ¼ 0.628 after merger to
aBH ¼ 0.726. A snapshot of the BH during the ringdown is

FIG. 5. The conceptual content is the same as in Fig. 3 and
Fig. 4. However, for the (4, 0)-mode of the model I4, we use a
scaling factor of 5 for the amplitude instead of 50 as before.
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shown at t − tAH ¼ 191.0. In this case, only small amounts
of baryonic mass of the order of 10−5 remain outside.
However, we still see that matter falls into the BH for
around half of the ringdown signal which results in the BH
mass increasing by around 16% in the early stages after
formation. Because of this considerable change in mass, it
is remarkable that the ringdown signal is very clean and
long. The ringdown signal itself extends over a range of
∼300 after BH formation and shows 14–15 clear ringdown
peaks in the modulus. Relating back to the previous
classification scheme, this corresponds to a Class I
ringdown.

2. Unequal mass Mtot = 3.2M⊙

Since in most realistic astrophysical scenarios both NSs
will not have equal mass, we now investigate the ringdown
of an unequal-mass BNS system [108,109] with total mass
Mtot ¼ 3.2M⊙ and individual masses M1 ¼ 1.8M⊙, and
M2 ¼ 1.4M⊙. We extract the waveform at r ¼ 300.
The simulation is shown in Fig. 7. Due to the different

component masses, the heavier NS disrupts the lighter one
earlier, as seen in the snapshot at t − tAH ¼ −68.0. In our
simulation (not visible here), the stars merge at a bit earlier
than in the previous case, but BH formation is slightly
delayed. After accreting some of the surrounding matter,
the BH reaches a mass of MBH ¼ 3.116M⊙ and a spin of
aBH ¼ 0.778. It is interesting that the ringdown does not

have a typical envelope, but rather some peaks that are
slightly lifted up or down with respect to the others. We
suspect that it is due to the heavy disk with baryonic mass
of around 10−2 surrounding the remnant. The BH mass
grows around 13% during the ringdown phase, which
might introduce additional slight perturbations of the
BH, which lead to lifted peaks. Although the ringdown
looks like Class I, some peaks look odd and a possible
Class II ringdown could also be a valid description due
to the large baryonic mass outside. The QNM extraction is,
however, still possible and the results are reported
in Sec. V E.

3. Equal mass Mtot = 2.7M⊙

As our last example, we consider an equal mass binary
with a lower total mass ofMtot ¼ 2.7M⊙. The waveform is
extracted at r ¼ 300 on the second refinement level, as for
example, the resolution on the zeroth refinement level
would not have been sufficient to resolve the ringdown.
Looking at the density evolution in Fig. 8, we find that at

around t − tAH ≈ −2300, both NSs come into contact
shortly before the merger. However, due to the low mass
of the individual NSs, we do not observe a prompt collapse
to a BH, but rather a phase where a hypermassive NS
[110–112] forms, which survives for ∼2300, until it col-
lapses. The mass outside the AH is around 10−2, and the BH
mass only increases by about 8% in the range of ∼100 after
its formation. After the BH settles into equilibrium, its mass
reached MBH ¼ 2.522M⊙ and its spin aBH ¼ 0.661. In the
waveform, we see that the modulus of rΨ422 in log-scale

FIG. 6. Shown is a conceptually similar qualitative representa-
tion to Fig. 3 for the heavy Mtot ¼ 3.8M⊙ BNS system. Here,
however, we only focus on the density evolution in the xy-plane,
show the ringdown of the (2, 2)-mode and neglect the higher
l-mode signal. Time is again reported with respect to the point of
AH formation and the BH horizon is denoted with a red solid line.

FIG. 7. Same as Fig. 6, for the Mtotal ¼ 3.2M⊙ unequal mass
BNS system.
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does not show a lot of ringdown peaks and the ringdown is
rather short compared to the two previous cases. For that
reason we rather classify it as Class II since matter seems
to suppress the length of the signal significantly.

IV. RINGDOWN ANALYSIS

In the following, we briefly outline our setup for
performing ringdown spectroscopy. For additional details
regarding modeling pitfalls, in particular for theory-agnos-
tic fits, we refer to Ref. [44].

A. Ringdown models

We model the ringdown signal as a superposition of
damped sinusoids, which for given QNM label ðl; mÞ is, in
general, described as

hlm ¼
X∞
n¼0

Clmne−iωlmnt̄: ð5Þ

Here, Clmn are complex-valued excitation coefficients for
each mode, ωlmn are the corresponding complex-valued
frequencies for which we use the convention ωlmn ¼
ReðωlmnÞ − i ImðωlmnÞ with ImðωlmnÞ > 0, and t̄ is either
the timewith respect to the peak of the signal, t − tpeak, or to
the time of AH formation, t − tAH (we explicitly state
which of the two is used for the ringdown analysis). For a
given set ðl; mÞ, infinitely many overtone modes n exist. In
our analysis, we will vary the number of included QNMs.
However, since our simulations include matter and are,
thus, not as precise as pure vacuum simulations, we only
use the most dominant ones.

Within GR and the Teukolsky equation, all QNMs are
known from perturbation theory and only depend on the
mass M and dimensionless spin a of the final BH
[113–115]. We call this the “theory-specific” ringdown
model because ωlmn ¼ ωlmnðM; aÞ is determined by GR.
The corresponding Kerr QNM frequencies for a given spin
are taken from Refs. [34,42]. We use cubic interpolation
to inject the frequencies for a set ðM; aÞ to the fitting
procedure described below.
The alternative approach for modeling the same ring-

down signal Eq. (5) is called “theory-agnostic.”Within this
method, each ωlmn will be described by an independent
real and imaginary part. In the theory-agnostic case, the
total number of free parameters is 4 × N (where N is the
number of included QNMs). In the theory-specific case, it
is only 2 × N þ 2, which has profound impact on the
stability of the fitting procedure when investigating a larger
number of QNMs.
The excitation coefficients are system-specific and not

entirely intrinsic properties of the final BH. For example, a
compact binary merger has a dominant (2, 2) mode, and, on
the contrary, a collapsing NS has a dominant (2, 0) mode, as
reported in Sec. III. Other modes might weakly contribute,
but are often subdominant and neglected in the following
discussion.
In the theory-specific case, we define the relative error of

the BH mass and spin as

δM ¼ MBH −Mfit

MBH
; ð6Þ

δa ¼ aBH − afit
aBH

; ð7Þ

where MBH and aBH are determined in the numerical-
relativity simulation from the AH finder [116], where the
BH spin is simply calculated via aBH ¼ JBH=M2

BH with the
BHs angular momentum JBH.
The relative errors of the real and imaginary parts are

given with respect to the Kerr predictions for mass and spin
from the simulation. In this study, we only focus on the
difference of the real and imaginary part of the fundamental
mode to the Kerr predictions,

δωR ¼ Reðω2m0
BH Þ − Reðω2m0

fit Þ
Reðω2m0

BH Þ ; ð8Þ

δωI ¼
Imðω2m0

BH Þ − Imðω2m0
fit Þ

Imðω2m0
BH Þ ; ð9Þ

where m ¼ 0 for isolated NSs, and m ¼ 2 for BNSs.

B. Selecting the ringdown signal

We determine the ringdown signal from the simulations by
locating the time where the waveform reaches its maximum,
which is called tpeak from hereon (an exception are the BNS

FIG. 8. Same as Figs. 6 and 7 for the light Mtot ¼ 2.7M⊙
binary, except, that we show the entire postmerger phase of the
(2, 2)-mode and the ringdown in an inset.
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simulations in Secs. V E and V F, where no prompt collapse
occurs; for these we refer to the time of AH formation tAH).
During the actual ringdown analysis, we vary the start of the
fitting time t0 to check the robustness of the extracted
parameters. Higher overtones, i.e., modes with large n, decay
faster than modes with lower n. Therefore, overtones are
harder to extract and the fundamental mode is the most robust
and stable QNM (see Appendix B for some details).
The very late times are dominated by power-law tails

[117–120] within linear perturbation theory. In our analy-
sis, we cannot identify power-law tails, because the
numerical noise cuts off this late-time part of the ringdown.
Different end times tend have also been investigated and we
concluded that the extracted parameters are not sensitive to
it. In the ringdown analysis, we explicitly state the fitting
window used.

C. Fitting routine and the mismatch

For performing the fits, we use a simple least-squares
minimization algorithm incorporated inside the curve_fit
function in the SCIPY package [121] in Python. As input, the
minimization algorithm receives the damped sinusoidal
ringdown model of Eq. (5). We reduce the risk of ending
in a local minimum during the fitting procedure by repeating
the analysis 100 times, for each starting time t0, by
considering randomized initial guesses. We use bounds
for the parameters such that all amplitudes Almn are positive,
and that constrain the phase to be within ϕlmn ∈ ½0; 2π�.
For theory-agnostic fits, we use ReðωÞ∈ ½0; 2� for the

real part of the QNM frequencies. To help curve_fit
with finding the respective modes by their damping time,
we employ separate bounds for the imaginary part of the
QNM frequency of each mode. Since simulations result in
different remnant masses and spins, we need to be careful
with the bounds. In Table II, we group the bounds on the
imaginary part of the frequency for the different simula-
tions motivated by the Kerr predictions. These bounds are
sufficient to use up to three modes in our ringdown
analysis, and it gives us a better estimate of the QNM
deviations via Eqs. (8) and (9) and incorporates the entire
range of mass and spin of our remnant BH.
For the theory-specific fits, we use the above boundaries

for the amplitude and phase and add boundaries for the
mass and the spin, i.e., M∈ ½MBH − 2M⊙;MBH þ 2M⊙�
and a∈ ½0.01; 0.99�. The bounds on the mass ensure
stability of the fit at all times, since at later times the
fitting often became unstable for wider bounds.
The curve_fit routine minimizes the sum of squares

of the residuals between the fit and the ringdown data

SSR ¼
Xn
i¼1

ðyi − hðti; Almn;ϕlmn;ωlmnÞÞ2; ð10Þ

where yi is the ith data and ti the ith time point, and h is
our ringdown model in Eq. (5) together with the fitted

parameters. curve_fit can take the error on the data as
an argument. For the systems considered, we constrained
the error in the data to about 10−7, which was usually the
onset of the numerical noise floor. Although this error is not
related to a measurement, it provides a qualitative estimate
of how numerical errors might propagate to the fitted
parameters. On the other hand, the error on the fitted
parameters can be computed via

eðθÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
diagðMcovðθÞÞ

p
; ð11Þ

where Mcov is the covariance matrix obtained from
curve_fit, which incorporates correlations between
individual fitting parameters θ.
One important property in GWmodeling is the mismatch

M, which is defined as

M ¼ 1 −
hh1; h2iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihh1; h1ihh2; h2i

p ; ð12Þ

with

hh1; h2i ¼
Z

tend

t0

h1ðtÞh2ðtÞdt: ð13Þ

It is related, but not the same as Eq. (10). Note that the
constant error used in the curve_fit routine does not
change the mismatch, while a time- or frequency-
dependent error would need to be included. The smallest
mismatch is used to determine the best-fit results among the
100 random guesses at a particular starting time t0.

V. APPLICATIONS

In the following, we analyze the ringdown signal of the
Class I model C8 in Sec. VA. We then provide a more
condensed summary of the ringdown analysis for the other
ClassImodels in Sec. V B. The early part of theClassII
model B5 is investigated in Sec. VC. The ringdown analysis
of our three selected BNS simulations are shown in
Secs. VD–VF.

A. QNMs of simulation C8

For the Class I model C8, we count 11 clear peaks
in the modulus of rΨ420 (see Fig. 3) until reaching the

TABLE II. Bounds on the imaginary part of the respective
QNM frequency for the different simulations in this work.

Simulation Imðω2m0Þ Imðω2m1Þ Imðω2m2Þ
dRNS
Class I/II [0, 0.07] [0.071, 0.15] [0.151, 0.35]

BNS
Mtot ¼ 3.8M⊙ [0, 0.04] [0.041, 0.80] [0.810, 0.35]
Mtot ¼ 3.2M⊙ [0, 0.04] [0.041, 0.12] [0.121, 0.35]
Mtot ¼ 2.7M⊙ [0, 0.05] [0.051, 0.15] [0.151, 0.35]
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numerical noise floor, spanning over a time range of
roughly ∼150. Since we have no indication how much
the matter at the beginning of the signal affects the QNM
spectrum, we first apply a theory-agnostic fit to the (2, 0)-
signal, and then a theory-specific one afterward.
For the remainder of this section, we study three different

cases of Eq. (5): a one-mode ringdown model correspond-
ing to the fundamental mode (2, 0, 0), a two-mode model
corresponding to the fundamental mode and the first
overtone (2, 0, 1), and lastly a three-mode model corre-
sponding to the fundamental mode, and first and second
overtone (2, 0, 2). To investigate the effect of the starting
time on the ringdown analysis we vary t0.
The results of the theory-agnostic fits are shown in

Fig. 9. The mismatch, as expected, decreases when
including more modes. The stability of the amplitudes
and phases can be found in Appendix B. We can observe a
stable amplitude and phase of the fundamental mode across
all simulations of this work. However, stability of overtones
for Class I/II models is not observed, with partial
stability in the BNS cases. In the bottom panel of Fig. 9, we
report the deviation of the real/imaginary part of the
fundamental QNM from the vacuum results.
The model with N ¼ 1 shows large deviations for δωR at

the beginning of the ringdown signal of about ∼3–5%. At

later starting times, we see that δωR approaches the vacuum
values. The significant deviation of δωR at the beginning
(for N ¼ 1) might lead to the conclusion that the small
amount of matter present at the beginning of the ringdown
has a large influence on the QNM frequency of the
fundamental mode. However, the difference compared to
the vacuum frequency of the fundamental mode at the
beginning vanishes once more QNMs are included (for
N ¼ 2 and N ¼ 3). Thus, the deviation of the fundamental
mode frequency for the N ¼ 1 model is not due to matter,
but rather due to the lack of modes in our fitting model. For
N ¼ 2 and N ¼ 3, δωR is around 0.5% at early and even
well below 0.1% at late times. A similar behavior is seen for
δωI, although the deviation to the predicted value is larger
than δωR with ≳1%. The fitted values are also comple-
mented with error bands, which widen at later starting times
due to fewer data points and smaller signal amplitudes. The
uncertainty in the fundamental mode parameters also
increases when including more modes.
Next we perform the theory-specific analysis and include

up to three QNMs. Since spin measurements are, in
general, more difficult, we perform the analysis in two
ways. First, we vary the spin in the full physical range,
second, we constrain the spin in a range aFit ¼ aBH � 0.05.
The latter is motivated if one would be able to provide
constraints on the final spin from an independent inspiral-
merger analysis. The results are reported in Fig. 10.

FIG. 9. Agnostic fits of the Class I ringdown from model C8
(see Sec. III A 1), with 1, 2, and 3 modes respectively (colors
indicated as in the legend of the top panel). Shown on top is the
mismatch for each ringdown model as we vary the starting time of
the fit. On the bottom panel, we depict the deviation of the real/
imaginary part of the fitted ringdown frequencies of the funda-
mental mode from the vacuum values, defined in Eqs. (8) and (9).
Errors on the fit are shown as bands around the fitted value.

FIG. 10. The difference of the C8 theory-specific fits for our
three ringdown models (consult Sec. IV) once with a freely
varying spin and the other time for a fixed spin. Upper panel:
Mismatches for all cases, as indicated in the legend. Lower panel:
Difference between the BH mass from the simulation and the
fitted mass, defined in Eq. (6). Errors are only drawn as bands
around the fits with fixed spin.
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For fixed spin, the mismatches are larger at early and
intermediate starting times, since we force the least-squares
algorithm to stay within tight bounds while it longs to
explore large values for the spin to decrease the mismatch.
Therefore, the mismatches increase at certain times.
However, for most of the starting time parameter space,
the mismatches for the two cases are nearly identical over
all models. It is also apparent that if we fix the spin to vary
in these tight bounds, the mass deviation from the true mass
of the simulation is much smaller at early starting times for
the higher-mode models, and for the one-mode model at
intermediate starting times. If in the future we were able to
infer the spin of the remnant BH by some measurements,
then this would give us a better estimate of the mass, as we
would also intuitively expect.

B. QNMs of combined Class I simulations

In the following, we provide a condensed analysis of all
53 Class I models. We limit the length of the ringdown

signal to 110 after the peak, so that we fit the frequencies in
the same timewindow for all cases, and get a more coherent
picture. The fits are performed for each model at 60
different starting times in the range from 0 to 60, to leave
enough signal for the later starting times. To explore the
possibility that nonvacuum effects impact the fundamental
mode, we report the corresponding baryonic mass outside
the BH as a qualitative measure.
In Fig. 11, we show the theory-agnostic fits of all the

Class I models for different N. For N ¼ 1, we find that,
apart from some outliers, the deviation of the fundamental
mode frequency at t0 − tpeak ¼ 10 is between 2% and 4% at
baryonic masses between 10−7 and 10−8 scaled by the BH
mass. This deviation decreases significantly once we
consider later starting times. At t0 − tpeak ¼ 50, the fre-
quency deviations for most models compared to the
vacuum ones are around 0.1% and 1%. Including additional
QNMs (N > 1) shows the same behavior as in the previous
section. The deviations at t0 − tpeak ¼ 10 now shift below
1%. This indicates that the starting deviation is not due to
the moderately low baryonic mass content at the ringdown
beginning, but, again, due to the lack of modes. It further
improves for ringdown models with N ¼ 3 modes.
All the theory-specific Class I fits can be found in

Fig. 12. We first note, that the results are more noisy than in
the theory-agnostic case, but a similar trend can be seen.
For N ¼ 1, the inferred mass difference is between 2% and

FIG. 11. Percentage deviations of δωR in log scale against the
baryonic mass outside the BH δm scaled by the BH mass MBH.
The legend indicates markers for the QNM fit at different starting
times after the peak. Each marker is connected by a gray dotted
line for each model to trace the evolution of the frequency
deviation. A thin black line is drawn to indicate a threshold of 1%.
Top: Ringdown model with just the fundamental mode (N ¼ 1).
Middle: Ringdown model with the fundamental mode and first
overtone (N ¼ 2). Bottom: Ringdown model with fundamental
mode and the first two overtones (N ¼ 3).

FIG. 12. A similar depiction of Class I models as in Fig. 11
for the theory-specific case. The threshold line is now set at 2%.
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4%. This difference decreases upon inclusion of more
modes and drops below 2% for most of the models at
almost all starting times. An exception is the latest starting
time at t0 − tpeak ¼ 50, where some models seem to jump
above the shown 2% threshold line. This is most likely due
to different signal lengths between the models. A fixed
length of 110 may already include numerical noise for
some models and make the signal less informative.

C. Early B5 QNM spectrum

Although the ringdown signal of the Class II model
B5 in Fig. 4 gets interrupted after some time, we are still
able to analyze the QNM spectrum of the early “clean” part
of the signal. In particular, we focus on a window of length
80 after the peak of the signal and vary the starting time
between 0 and 20. In Fig. 13, we show the deviation of the
fundamental mode in the theory-agnostic case as defined by
Eqs. (8) and (9), and similarly the deviation of the inferred

mass and spin in the theory-specific case as defined by
Eqs. (6) and (7). The mismatch for the N ¼ 1 ringdown
model in the theory-agnostic and -specific case are similar,
but for the N ¼ 2 and N ¼ 3 models we observe that the
theory-agnostic mismatch is always lower than the respec-
tive theory-agnostic one. This is expected because the
agnostic parameter space is bigger and contains the theory-
specific one as a subset.
With the increased baryonic mass of around 10−5 around

the remnant, we also observe larger differences for δωR in
the theory-agnostic fit between 1% and 2% at all starting
times for the higher-mode models (N > 1), while δωI is
slightly larger than δωR depending on the ringdown model
and starting time. A similar behavior can be observed for
the theory-specific fit, where the mass difference is even
below 1% for N ¼ 2 across all and N ¼ 3 during the first
half of the starting times. The N ¼ 1 model only
approaches the 1% threshold at late times. Moreover, the
spin is more uncertain, varying between 1% and 10%.
Another interesting feature is that in the theory-agnostic
fits, the N ¼ 2 model shows values for δωR that are always
smaller than for the N ¼ 3 model, which stays roughly
constant around 2% for the majority of the starting time
range. This is similar in the theory-specific case.

D. Equal mass BNS with Mtotal = 3.8M⊙

Similar to the previous ringdown analysis, we now
investigate the three selected BNS ringdowns, starting with
the heavy Mtot ¼ 3.8M⊙ binary. We chose a window of
length 280 from the peak of the signal and vary the starting
time between 0 and 150.
The combined theory-agnostic and -specific fits are

shown in Fig. 14. As expected, the mismatches decrease
when we increase the number of modes in the ringdown
model. For N ¼ 2 and N ¼ 3, the mismatch approaches
that of N ¼ 1 near the end of the initial time range,
indicating that the modeled overtones reach their fitting
bounds and do not improve the signal anymore (more
details can be found in Appendix B; we find a stable
fundamental mode, while only observing a semistable first
overtone for the first part of the analysis). We observe that
for N ¼ 1, the mismatch between the vacuum and the fitted
values for ReðωÞ decreases significantly once we move to
later starting times, approaching around 1% when fitting
150 time steps after the peak of the signal. Including
additional modes leads to a 1% difference even at early
times. The deviation of ImðωÞ from the predictions closely
resembles that of the real part, and is surprisingly accurate
at late times. Mass and spin extractions show us a similar
picture, with small deviations compared to the true values.
Especially at early times, the fitting procedure seems to
have trouble converging to the true spin, which improves at
later times (this can be best seen in Fig. 19 of Appendix B,
where we show the starting time evolution in the
M-a plane).

FIG. 13. A combination of the theory-agnostic fit in Fig. 9 and
the theory-specific fit in Fig. 10 for the Class IImodel B5. Here,
we only focus on theory-specific fits where the spin can vary over
the entire range. Upper panel: Mismatches for the theory-agnostic
fits (solid) and the theory-specific fits (dashed) of all three
discussed ringdown models. Middle panel: The deviation of the
real part (solid) and imaginary part (dotted) of the fundamental
mode frequency compared to vacuum in the theory-agnostic case.
Bottom panel:Mass (solid) and spin (dotted) difference compared
to the “true” mass/spin for the theory-specific case.
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Given the relatively high mass of this BNS system, the
ringdown frequency is about ∼4.7 kHz, which is, even for
the 3G detectors, e.g., [122,123], outside the most sensitive
region, which generally will make the detection of the
ringdown only achievable for close events.

E. Unequal mass BNS with Mtotal = 3.2M⊙

In Fig. 15, we show results for the unequal-mass system
with total mass Mtot ¼ 3.2M⊙. We chose a window of
length 180 and vary the starting time from 0 to 100. Note
that the starting time is with respect to the time of BH
formation, since collapse does not occur right away.
One particularly interesting feature from the mismatches

is that around t − tAH ¼ 50, the mismatches for all models
seem to increase for the rest of the fitting window. This is
likely due to the noise present during the last couple of
oscillations in the ringdown signal of this system. Also, the
theory-agnostic results reveal that across all ringdown
models, ReðωÞ is recovered within a precision of 1–2%,
while ImðωÞ is about 10% off the Kerr predictions for the
most part. Interestingly, the theory-specific fits extract a
spin deviation that closely follows that for the mass. In that
case, besides the large offset for the N ¼ 1 model at early
times, differences of the mass and spin values from the

simulation oscillate a lot within the starting time range and
stay within 4–10%. Whether the large deviation is due to
the baryonic matter outside or signal imperfections that
impact the fitting procedure, cannot be said at this point.
The frequency of the fundamental mode for the ringdown is
about ∼5.9 kHz.

F. Equal mass BNS with Mtotal = 2.7M⊙

Lastly, the ringdown analysis of the lightest of the three
BNS simulations, i.e., the Mtot ¼ 2.7M⊙ binary, is shown
in Fig. 16. Due to the shortness of the signal, we cannot
extend the length of the signal to longer than 150 after BH
formation. To consider enough data points at later starting
times, we set the maximum starting time to 60 after AH
formation. Starting with the theory-agnostic fits, we see
that for the N ¼ 1 ringdown model, deviations to the
prediction of ReðωÞ are around 5% for most of the signal.
This, of course, decreases once we consider more modes.
For the N ¼ 2 and N ¼ 3models, this reduces to about 1%
difference from the vacuum values, either due to the
baryonic matter left outside or modeling specifications.
The imaginary part for all ringdown models is above the
1% threshold for most starting times. In general the fits are
not as “clean” as for the Mtot ¼ 3.8M⊙ system, since most
likely the baryonic matter outside affects the ringdown
morphology which influences the parameter extraction.

FIG. 14. Same as Fig. 13 for the heavy Mtot ¼ 3.8M⊙ equal-
mass system. Note that the mass errors in the bottom panel are so
small that they are barely visible.

FIG. 15. Same as Fig. 13 and the previous systems, for the
unequal-mass Mtot ¼ 3.2M⊙ BNS.
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This is also visible, when looking at the theory-specific
results in the bottom panel of Fig. 16. At early times for the
multimode models and late times for the one-mode model,
we see deviations of 3–4% for both mass and spin. With
∼6.5 kHz the fundamental ringdown frequency is in the
high-frequency regime making it unlikely to be detected.

VI. CONCLUSIONS

In traditional BH spectroscopy, one utilizes Teukolsky’s
equation [28] to investigate gravitational perturbations of a
Kerr spacetime in vacuum [22]. The ringdown of BBH
mergers is described by this well-established assumption,
but BNS and BHNS mergers violate it. Assessing the
impact of dynamical matter environments on the ringdown
is, in general, nontrivial. Current GW detectors are not able
to measure QNMs from collapsing NSs in such systems,
mainly because their QNM frequencies are outside the
sensitivity band. However, next-generation GW detectors
like the Einstein Telescope [123–125] and Cosmic Explorer
[122,126] might enable precision measurements of the
ringdown of such systems, although the ringdown will most
likely be seen in the less sensitive high-frequency regime.
In this work, we addressed the question of whether

matter matters for ringdown spectroscopy. Using the
numerical-relativity code BAM [65,66], we generated sim-
ulations of isolated, rotating NSs that were brought to

collapse by introducing small perturbations, as well as BNS
mergers. After examining the ringdown signals’ morphol-
ogy, we developed a qualitative classification system that
divides them into three categories: “clean” (Class I),
“modified” (Class II), and “distorted” (Class III)
signals. We discuss the parameter space and individual
cases in Sec. III.
Signals of Class I are resembling a typical BH ring-

down, but could in principle be prone to nonvacuum effects,
which might be interpreted as false violations from GR. We
therefore focused on using standard methods in BH spec-
troscopy to analyze such signals from collapsing isolated
NSs and for BNS mergers in Sec. V. Whether matter matters
is highly case dependent. Even though they are unstable and
physically questionable, adding more QNMs to our ring-
down models significantly affects the accuracy of parameter
estimation for important properties such as the remnant mass
and its fundamental mode. Matter clearly matters for systems
of Class II and Class III as they show clear deviations
from a typical ringdown signal. Class II ringdowns admit
qualitative similarities to cases presented in Ref. [60], which
studied oscillations of a matter shell surrounding a BH.
Nevertheless, it is improbable that any confusion with a
BH ringdown will occur, and if they are observed, they
would not be employed for conventional BH spectroscopy.
Phenomenological ringdown models may be used to extract
disk properties for these systems [61].
In our study, we find that using only the dominant QNM

for the ringdown is not sufficient to obtain the correct BH
mass below a percent level threshold. It appears that the
presence of matter are not the causes of these deviations, at
least not for waveforms of Class I. By adding one or two
overtones, mismatches are greatly reduced, and the recon-
structed BH mass is often even accurate to within a few
percent. This underlines that adding overtones does not
only provide better fits, but moreover, improves the
extraction of physical parameters. Furthermore, it provides
more consistent values for the amplitude and phase of the
fundamental mode, albeit not as consistent as in the vacuum
case or linear simulations.
Spins are, in general, more difficult to extract. Conse-

quently, we examined two theory-specific cases. The first
involved permitting the spin to vary freely within the
physically permissible range, while the second involved
restricting it in the vicinity of the correct value. The latter is
motivated if one would obtain constraints on the final spin
from an independent inspiral-merger analysis. Using early
to intermediate starting times, the mass estimate can be
enhanced by up to one order of magnitude by constraining
the spin. However, it generally exacerbates mismatches. The
effect of constraining the spin at late times is less relevant.
There are some aspects of our work that could be

extended in the future. Our analysis uses a least-squares
minimization routine approximating the errors of the data
points [that are always (implicitly) chosen in such an

FIG. 16. Same as Fig. 13 for the light Mtot ¼ 2.7M⊙ equal-
mass BNS system.
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analysis], with those of the numerical-relativity noise
floor. Bayesian analysis has been applied to real data in
the context of determining overtones, which shows how
the unclear starting time and impact of noise influence the
analysis, see Refs. [127–130] as an example discussing the
difficulties. GW data analysis pipelines could be utilized
to incorporate our numerical-relativity simulations as an
injection, e.g., similar to Ref. [131], which investigates the
detectability of black hole formation through BNS mergers
with next generation detectors. Such an analysis would also
yield measurement uncertainties regarding the ringdown
parameters, which would be contingent upon the detector
specification. Moreover, this would make it possible to
measure the ratio of statistical to systematic errors, a crucial
metric for determining the suitability of the underlying
model used to analyze a signal. Using linear-signal analysis
(LSA) [132–135], in particular the bias formula [134,135],
the bias ratio could also be explored by using the numeri-
cal-relativity simulations as an injection, and including
more QNMs in a ringdown model, until systematic effects
are smaller than statistical ones. This has recently been
explored in Ref. [136] in the vacuum case, while the range
of validity of LSA predictions for ringdown systematics has
been explored in Ref. [137] by explicitly comparing it to
Bayesian analysis using Markov chain Monte Carlo
sampling.
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APPENDIX A: ISOLATED NEUTRON STAR
EQUILIBRIUM MODELS

In the following, we list the parameters of all 130 dRNS
models, which were created with the procedure in
Sec. II A 1. The parameters are dimensionless, based on
the rescalings of [79,80]. Each model in the table obtains an
identifier according to the following procedure: 1. The first
half of the identifier is a letter corresponding to the
respective rotation parameter of the model, e.g., the letter
A for Â ¼ 1.0, the letter B for Â ¼ 0.9, all the way to J for
Â ¼ 0.1. 2. Next to the letter, we give the model a number
based on its rotation parameter, e.g., the number 1 for
rp=re ¼ 0.35, the number 2 for rp=re ¼ 0.4, up to the

TABLE III. This table groups all model parameters by their respective series. Shown from left to right are the model identifier and its
class, the central density ρc, the central energy density εc, the mass of the NSM=M⊙, its equatorial radius scaled by the mass Re=M, the
binding energy T=jWj, the central angular velocityΩc, the dimensionless spin J=M2, the rescaled rotation parameter Â and the axis ratio.

Model—Class ρc εc M=M⊙ Re=M T=jWj Ωc J=M2 Â rp=re

Series A
A1*—II 0.001 (*0.0014) 0.0011 2.728 12.323 0.228 0.044 0.889 1.0 0.35
A2*—III 0.0013 (*0.0016) 0.0015 2.533 11.59 0.207 0.045 0.847 1.0 0.4
A3*—III 0.0016 (*0.0018) 0.0018 2.367 10.886 0.185 0.045 0.8 1.0 0.45
A4*—II 0.0018 (*0.002) 0.0021 2.23 10.351 0.163 0.045 0.752 1.0 0.5
A5*—II 0.002 (*0.0021) 0.0024 2.117 9.847 0.142 0.045 0.701 1.0 0.55
A6—II 0.0022 0.0027 2.024 9.463 0.122 0.043 0.65 1.0 0.6
A7—I 0.0024 0.0029 1.946 9.107 0.103 0.042 0.597 1.0 0.65
A8—I 0.0025 0.0031 1.88 8.81 0.085 0.039 0.543 1.0 0.7
A9—I 0.0026 0.0033 1.824 8.563 0.069 0.036 0.487 1.0 0.75
A10—I 0.0028 0.0036 1.775 8.31 0.053 0.033 0.427 1.0 0.8
A11—III 0.0029 0.0037 1.734 8.122 0.039 0.029 0.363 1.0 0.85
A12—II 0.003 0.0039 1.697 7.947 0.025 0.024 0.291 1.0 0.9
A13—II 0.0031 0.004 1.666 7.785 0.012 0.017 0.202 1.0 0.95

(Table continued)
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TABLE III. (Continued)

Model—Class ρc εc M=M⊙ Re=M T=jWj Ωc J=M2 Â rp=re

Series B
B1*—III 0.001 (*0.0014) 0.0011 2.69 12.096 0.224 0.044 0.877 0.9 0.35
B2*—III 0.0013 0.0014 2.508 11.394 0.204 0.045 0.836 0.9 0.4
B3*—II 0.0015 (*0.0017) 0.0017 2.35 10.805 0.183 0.046 0.792 0.9 0.45
B4*—I 0.0018 (*0.002) 0.0021 2.218 10.239 0.161 0.046 0.743 0.9 0.5
B5—II 0.002 0.0024 2.109 9.81 0.141 0.045 0.695 0.9 0.55
B6—I 0.0022 0.0026 2.018 9.406 0.121 0.044 0.643 0.9 0.6
B7—I 0.0023 0.0029 1.941 9.068 0.102 0.042 0.591 0.9 0.65
B8—I 0.0025 0.0031 1.876 8.785 0.085 0.039 0.538 0.9 0.7
B9—I 0.0026 0.0033 1.821 8.524 0.068 0.037 0.482 0.9 0.75
B10—I 0.0028 0.0035 1.773 8.306 0.053 0.033 0.423 0.9 0.8
B11—II 0.0029 0.0037 1.732 8.103 0.038 0.029 0.36 0.9 0.85
B12—II 0.003 0.0039 1.697 7.936 0.025 0.024 0.289 0.9 0.9
B13—II 0.0031 0.004 1.665 7.78 0.012 0.017 0.201 0.9 0.95

Series C
C1*—II 0.0009 (*0.0013) 0.001 2.604 11.96 0.215 0.044 0.859 0.8 0.35
C2*—I 0.0012 (*0.0014) 0.0013 2.446 11.116 0.196 0.046 0.813 0.8 0.4
C3*—I 0.0014 (*0.0016) 0.0017 2.307 10.574 0.176 0.046 0.771 0.8 0.45
C4*—I 0.0017 (*0.0019) 0.0019 2.187 10.118 0.156 0.046 0.726 0.8 0.5
C5—II 0.0019 0.0022 2.086 9.683 0.137 0.045 0.678 0.8 0.55
C6—I 0.0021 0.0025 2.001 9.319 0.118 0.044 0.628 0.8 0.6
C7—I 0.0023 0.0028 1.928 9.013 0.1 0.042 0.578 0.8 0.65
C8—I 0.0024 0.003 1.867 8.727 0.082 0.04 0.525 0.8 0.7
C9—I 0.0026 0.0033 1.814 8.489 0.066 0.037 0.471 0.8 0.75
C10—I 0.0027 0.0035 1.769 8.267 0.051 0.033 0.414 0.8 0.8
C11—III 0.0029 0.0037 1.729 8.083 0.037 0.029 0.352 0.8 0.85
C12—III 0.003 0.0039 1.694 7.91 0.024 0.024 0.282 0.8 0.9
C13—III 0.0031 0.004 1.664 7.768 0.012 0.017 0.196 0.8 0.95

Series D
D1*—II 0.0008 (*0.0012) 0.0009 2.507 11.565 0.204 0.045 0.827 0.7 0.35
D2*—I 0.0011 (*0.0013) 0.0012 2.371 10.951 0.186 0.046 0.788 0.7 0.4
D3*—I 0.0013 (*0.0015) 0.0015 2.251 10.415 0.168 0.047 0.746 0.7 0.45
D4—III 0.0016 0.0018 2.146 9.932 0.149 0.047 0.701 0.7 0.5
D5—II 0.0018 0.0021 2.055 9.588 0.131 0.045 0.656 0.7 0.55
D6—I 0.002 0.0024 1.978 9.217 0.113 0.044 0.608 0.7 0.6
D7—I 0.0022 0.0027 1.911 8.911 0.096 0.042 0.559 0.7 0.65
D8—I 0.0024 0.003 1.854 8.657 0.079 0.04 0.509 0.7 0.7
D9—I 0.0025 0.0032 1.804 8.444 0.064 0.037 0.456 0.7 0.75
D10—I 0.0027 0.0034 1.762 8.244 0.049 0.033 0.401 0.7 0.8
D11—II 0.0028 0.0036 1.724 8.056 0.036 0.029 0.341 0.7 0.85
D12—II 0.003 0.0038 1.691 7.901 0.023 0.024 0.273 0.7 0.9
D13—III 0.0031 0.004 1.663 7.754 0.011 0.017 0.19 0.7 0.95

Series E
E1*—III 0.0008 (*0.001) 0.0009 2.397 11.051 0.189 0.047 0.786 0.6 0.35
E2*—I 0.001 (*0.0012) 0.0012 2.284 10.594 0.174 0.048 0.751 0.6 0.4
E3*—I 0.0013 (*0.0015) 0.0015 2.184 10.105 0.157 0.048 0.71 0.6 0.45
E4—II 0.0015 0.0017 2.094 9.733 0.14 0.047 0.669 0.6 0.5
E5—III 0.0017 0.002 2.016 9.384 0.123 0.046 0.626 0.6 0.55
E6—I 0.0019 0.0023 1.947 9.098 0.106 0.045 0.581 0.6 0.6
E7—I 0.0021 0.0026 1.888 8.826 0.09 0.043 0.534 0.6 0.65
E8—I 0.0023 0.0029 1.836 8.572 0.075 0.04 0.486 0.6 0.7
E9—I 0.0025 0.0031 1.791 8.388 0.06 0.037 0.436 0.6 0.75
E10—I 0.0027 0.0034 1.752 8.188 0.047 0.034 0.383 0.6 0.8

(Table continued)
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TABLE III. (Continued)

Model—Class ρc εc M=M⊙ Re=M T=jWj Ωc J=M2 Â rp=re

E11—III 0.0028 0.0036 1.718 8.023 0.034 0.029 0.326 0.6 0.85
E12—II 0.0029 0.0038 1.688 7.887 0.022 0.024 0.261 0.6 0.9
E13—III 0.0031 0.004 1.661 7.757 0.011 0.017 0.181 0.6 0.95

Series F
F1*—I 0.0008 (*0.001) 0.0009 2.274 10.548 0.171 0.049 0.736 0.5 0.35
F2*—I 0.001 (*0.0012) 0.0011 2.185 10.142 0.157 0.05 0.702 0.5 0.4
F3*—I 0.0012 (*0.0014) 0.0014 2.105 9.788 0.142 0.049 0.665 0.5 0.45
F4**—I 0.0015 (**0.0016) 0.0017 2.032 9.465 0.127 0.048 0.627 0.5 0.5
F5—I 0.0017 0.002 1.966 9.164 0.112 0.047 0.586 0.5 0.55
F6—I 0.0019 0.0022 1.909 8.924 0.097 0.045 0.544 0.5 0.6
F7—I 0.0021 0.0025 1.858 8.693 0.082 0.043 0.501 0.5 0.65
F8—I 0.0023 0.0028 1.813 8.503 0.068 0.04 0.456 0.5 0.7
F9—I 0.0025 0.0031 1.774 8.294 0.055 0.037 0.409 0.5 0.75
F10—I 0.0026 0.0033 1.739 8.123 0.043 0.034 0.359 0.5 0.8
F11—III 0.0028 0.0035 1.709 8.005 0.031 0.029 0.306 0.5 0.85
F12—III 0.0029 0.0038 1.682 7.869 0.02 0.024 0.245 0.5 0.9
F13—III 0.0031 0.004 1.658 7.739 0.01 0.017 0.17 0.5 0.95

Series G
G1*—I 0.0008 (*0.001) 0.0009 2.142 9.934 0.148 0.053 0.669 0.4 0.35
G2—I 0.001 0.0011 2.076 9.692 0.137 0.052 0.64 0.4 0.4
G3—I 0.0012 0.0013 2.015 9.463 0.124 0.051 0.608 0.4 0.45
G4—I 0.0014 0.0016 1.958 9.185 0.111 0.05 0.572 0.4 0.5
G5—III 0.0016 0.0019 1.907 8.977 0.098 0.048 0.535 0.4 0.55
G6—III 0.0018 0.0022 1.861 8.735 0.085 0.046 0.496 0.4 0.6
G7—I 0.002 0.0025 1.821 8.544 0.072 0.044 0.456 0.4 0.65
G8—I 0.0022 0.0027 1.784 8.362 0.06 0.041 0.415 0.4 0.7
G9—I 0.0024 0.003 1.752 8.215 0.048 0.038 0.372 0.4 0.75
G10—III 0.0026 0.0033 1.723 8.073 0.037 0.034 0.327 0.4 0.8
G11—III 0.0028 0.0035 1.698 7.936 0.027 0.03 0.278 0.4 0.85
G12—III 0.0029 0.0038 1.675 7.826 0.018 0.024 0.223 0.4 0.9
G13—III 0.0031 0.004 1.655 7.72 0.008 0.017 0.155 0.4 0.95

Series H
H1—I 0.0008 0.0009 2.005 9.343 0.121 0.056 0.584 0.3 0.35
H2**—I 0.001 (**0.0011) 0.0011 1.959 9.242 0.111 0.054 0.56 0.3 0.4
H3—III 0.0012 0.0013 1.916 9.002 0.1 0.054 0.529 0.3 0.45
H4—I 0.0014 0.0016 1.877 8.843 0.09 0.052 0.498 0.3 0.5
H5—II 0.0016 0.0018 1.84 8.687 0.079 0.05 0.466 0.3 0.55
H6—II 0.0018 0.0021 1.807 8.533 0.069 0.047 0.433 0.3 0.6
H7—I 0.002 0.0024 1.777 8.352 0.058 0.045 0.397 0.3 0.65
H8—II 0.0022 0.0027 1.75 8.211 0.049 0.042 0.361 0.3 0.7
H9—III 0.0024 0.003 1.725 8.1 0.039 0.038 0.324 0.3 0.75
H10—III 0.0026 0.0032 1.704 7.991 0.03 0.034 0.284 0.3 0.8
H11—III 0.0027 0.0035 1.684 7.884 0.022 0.03 0.241 0.3 0.85
H12—III 0.0029 0.0037 1.667 7.799 0.014 0.024 0.193 0.3 0.9
H13—III 0.003 0.004 1.651 7.716 0.007 0.017 0.134 0.3 0.95

Series I
I1—II 0.0008 0.0009 1.867 8.782 0.087 0.06 0.473 0.2 0.35
I2—III 0.001 0.0011 1.839 8.731 0.08 0.058 0.452 0.2 0.4
I3—II 0.0012 0.0013 1.814 8.56 0.072 0.057 0.426 0.2 0.45
I4—III 0.0014 0.0016 1.79 8.459 0.064 0.054 0.401 0.2 0.5
I5—III 0.0016 0.0018 1.767 8.358 0.056 0.052 0.374 0.2 0.55
I6—III 0.0018 0.0021 1.747 8.257 0.049 0.049 0.347 0.2 0.6
I7—II 0.002 0.0024 1.728 8.156 0.042 0.046 0.319 0.2 0.65

(Table continued)
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number 13 for rp=re ¼ 0.95. We group all models with the
same rotation parameter under a Series with the letter used
in the model name, i.e., the models with Â ¼ 1.0 under
Series A, the models with Â ¼ 0.9 under Series B, and so
on. Next to the model identifier, we show the respective
class based on the classification scheme presented in
Sec. III. Some models are denoted with an asterisk, which
indicates that for this particular model the central density
had to be increased to induce the collapse of the NS. The
adjusted value is given in the ρc column behind the
interpolated value from the corresponding model sequence.
A double asterisk is given behind two model identifiers
because these models showed problematic output for the
baryonic mass around the remnant. It seemed as if the
baryonic mass increased to its precollapse value and then
went down again. To prevent the contamination of these
results to our overall analysis, we reran these two models at
a different central density to prevent the issue from
occurring again.

APPENDIX B: MODE STABILITY AND
STARTING TIME DEPENDENCE

The mode stability depends generally on the studied
system. Here, we start with a stability analysis of the
Class I model C8, shown in Fig. 17. Since we consider
three different ringdown models with N ¼ 1, 2, 3 modes,
we can examine the stability of the fundamental mode and
the first two overtones if used in the respective model. We
observe a stable fundamental mode amplitude and phase
across all ringdown models, where stability improves upon

the inclusion of additional modes. The same cannot be said
about the first and second overtone which are quite unstable
for the multi-mode models. In particular, from Fig. 17 it is
apparent, that partial stability is only present at the start
of the ringdown signal. Afterwards, the amplitude and
phase of the first and second overtone blow up and hit
the respective boundaries set by the prior. Increasing the
bounds does not help with stability, but only delays the
point when the bounds are hit. The real and imaginary part
of the mode frequency on the other hand vary largely
and can easily be off by more than 30%. Other fitting
algorithms might be able to extract overtones that are
more stable, although these could be artificial. As there
is no applicable ringdown model that treats the non-
linear effects better, overtones remain hard to extract.

TABLE III. (Continued)

Model—Class ρc εc M=M⊙ Re=M T=jWj Ωc J=M2 Â rp=re

I8—III 0.0022 0.0027 1.71 8.056 0.035 0.043 0.289 0.2 0.7
I9—II 0.0024 0.003 1.695 7.957 0.028 0.039 0.258 0.2 0.75
I10—II 0.0026 0.0032 1.681 7.883 0.022 0.035 0.227 0.2 0.8
I11—III 0.0027 0.0035 1.668 7.808 0.016 0.03 0.192 0.2 0.85
I12—III 0.0029 0.0037 1.657 7.751 0.01 0.024 0.154 0.2 0.9
I13—III 0.003 0.004 1.647 7.693 0.005 0.017 0.107 0.2 0.95

Series J
J1—II 0.0008 0.0009 1.741 8.207 0.047 0.065 0.321 0.1 0.35
J2—III 0.001 0.0011 1.729 8.157 0.042 0.062 0.305 0.1 0.4
J3—III 0.0012 0.0014 1.718 8.112 0.038 0.06 0.288 0.1 0.45
J4—III 0.0014 0.0017 1.707 8.03 0.034 0.058 0.27 0.1 0.5
J5—III 0.0016 0.0019 1.697 7.988 0.03 0.054 0.251 0.1 0.55
J6—III 0.0018 0.0022 1.688 7.941 0.026 0.051 0.232 0.1 0.6
J7—II 0.002 0.0025 1.679 7.89 0.022 0.048 0.213 0.1 0.65
J8—III 0.0022 0.0027 1.671 7.86 0.018 0.044 0.193 0.1 0.7
J9—III 0.0024 0.003 1.664 7.801 0.015 0.04 0.172 0.1 0.75
J10—III 0.0026 0.0033 1.658 7.761 0.011 0.035 0.151 0.1 0.8
J11—III 0.0027 0.0035 1.652 7.736 0.008 0.03 0.128 0.1 0.85
J12—III 0.0029 0.0038 1.646 7.687 0.005 0.025 0.102 0.1 0.9
J13—III 0.0031 0.004 1.642 7.654 0.003 0.017 0.071 0.1 0.95

FIG. 17. Each column shows the amplitude (upper row) and
phase (lower row) against the starting time for the fundamental
mode (left column), first overtone (middle column), and second
overtone (right column) of the isolated NS model C8.
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This suggests something already pointed out in the liter-
ature for the analysis of vacuum simulations [43–46,50],
namely, that adding more modes can drastically reduce
the mismatches between parameters, even if these
modes might be physically unrealistic or even absent. A
similar behavior is observed across all Class I
ringdowns.

Figure 18 shows the mode stability for the Mtot ¼
3.8M⊙ BNS. Again, the fundamental mode amplitude and
phase are stable, although the phase is quite off at the
beginning of the N ¼ 1 ringdown model, which improves
for the multimode models. However, at least for the first
overtone, we can observe a semistable amplitude and
phase for the first half of the starting time window.
Afterward, the amplitude and phase grow in value and
at some point hit their respective bounds. So at least for
the first half of the ringdown, we can claim that a first
overtone might be physically present, which is not the
case for the other two BNS cases. But when looking at
δωR and δωI , we observe deviations of ∼10% and ≳30%,
respectively, which weakens the argument. On the other
hand, the second overtone seems to be unstable over the
entire range with wrong values for the frequency and
damping time. These results are in agreement with the
above discussion for our Class I model. Also, the phase
of the fundamental mode and the first overtone should be
phase anti-aligned by a factor of π, which is something we
could at least observe for the 3.8M⊙ binary; see Fig. 18. In
Ref. [137], it was suggested, that the bias of inferred

FIG. 18. Similar to 17 for the Mtot ¼ 3.8M⊙ BNS system. In
the middle column, for the first overtone, we show a gray shaded
region to indicate the rough onset of instability of the mode.

FIG. 19. Each panel shows the fitting results for the one-, two-, and three-mode model in the ReðωÞ- ImðωÞ plane (top panels) andM-a
plane (bottom panels) at different starting times (as indicated by the color bar) for the three simulated BNS systems. Black crosses show
the Kerr predictions for the 220 mode frequencies of each system (top panels), as well as the mass and spin of each system as determined
by the horizon finder (bottom panels).
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parameters should oscillate with the fundamental mode
frequency. We found that this is indeed the case for some
unmodeled effects when one considers the amplitude
subtracted by the mean of its late-time value.
In addition to our discussion on mode stability, we

investigated the starting time evolution for the theory-
agnostic and -specific fits of the three selected BNS
ringdown signals. The top panels of Fig. 19 show the
theory-agnostic results in the ReðωÞ- ImðωÞ plane for the
three ringdown models used. When considering only
the fundamental mode, we can see a cycloidal pattern
across the starting time range for the heavy and light
BNS. While the heavy Mtot ¼ 3.8M⊙ binary converges to
the Kerr predictions at late times, the other systems are

further from the vacuum frequencies, even at late starting
times. Convergence for the heavy BNS happens faster
when considering two or three modes. While this is also
the case for the other two systems, they still do not
converge to the predictions, but there is a visible offset.
A similar picture emerges, when looking at the starting
time evolution of the theory-specific fits in the M -a
plane, shown in the bottom panels of Fig. 19. The
cycloidal pattern is also visible for some systems when
using a multi-mode ringdown model. As before, includ-
ing additional modes improves the convergence, although
the Mtot ¼ 2.7M⊙ and Mtot ¼ 3.2M⊙ systems do not
convergence to the “true” mass and spin as determined
by the simulation.
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