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Abstract:

It has recently been argued that the merger phase of gravitational waves from binary black hole coalescences contains not only
quasinormal modes but also a newly identified component, the so-called “direct wave”. As the “last scream” of two merging
black holes before they are silenced by the remnant, this component exhibits a characteristic oscillation and decay pattern
controlled by two fundamental properties of the final horizon: its rotation frequency and surface gravity.

In this talk, | will present a general physical picture of the direct wave: what it is, how it arises, and how it can be extracted from
numerical-relativity simulations and from the loudest observed event, GW250114. | will further discuss how this component can
serve as a new probe of horizon dynamics.
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Binary black hole coalescence and black hole
spectroscopy

Merger Ringdown
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Quadratic quasinormal mode
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* Theoretical basis (BH second-order perturbation theory)
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Mode amplitude in numerical relativity is predictable

Success of second-order perturbation theory
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Late-time tails in binary systems

GW150914-like (Numerical Relativity)
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near zone + wave zone (future null infinity included)
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Merger?
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Quasinormal-mode decomposition

): seven overtones starting from the peak
3): overfitting

stable and physical overtone fit 4M after the peak
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Meger dynamics in numerical-relativity waveform
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Oshita, Ma, Chen, Yang (2025), arXiv: 2509.09165

Lu, Ma*, Piccinni, Chen, Sun, Nature (Accepted in Principle)
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Outline

e Physical pictures
* Numerical relativity waveforms and GW250114

* Waveform modeling
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BBH coalescence: an EOB perspective

» Inspiral emission directly to observers

- Governed by orbital motion ~ e~ Po(®)
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Barries

NAA» Inspiral direct emission

/ AN Quasinormal modes

N\ Direct waves (subject to screening)
AN\A» Direct waves (reaching observer)
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BBH coalescence: an EOB perspective

Lightring crossing LL, ‘

* Quasinormal mode excitation

W Inspiral direct emission

» Quasinormal modes
W Direct waves (subject to screening)
AN\#» Direct waves (reaching observer)
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BBH coalescence: an EOB perspective

Ergosphere

* Source-driven emission continues!
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Near-horizon features

* Frame dragging in the ergosphere

Corotating Counterrotating
Photon Photon
Sphere Sphere
2.028M for y = 0.69

Singularity
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Inner Event
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Always at 2M
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Touches the outer horizon
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Near-horizon features

* Frame dragging in the ergosphere

Horizon limit (r — r.,)
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Horizon rotation frequency 2 = .
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Near-horizon features

« Gravitational redshift Stretched (redshifted)
‘;’ ’v"

Leading order of WKB: (_amp)g* (cross section) = const.
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Near-horizon features

¢ Gravitational redshift

* For distant observers:

Received signals gradually fade

Decaying rate controlled by how fast the particle gets to the horizon
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Near-horizon features

e Gravitational redshift |

Signals at infinity gradually fade away (how fast the particle gets to the horizon)

Horizon limit (r — r,)

Horizon surface gravity k =
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Direct wave

* Source-driven emission continues!

\_s:
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« Still driven by orbital motion + near-horizon features!
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Time-dependence of the direct wave

e w(t) = mQ(r) — k()

. v 1,

" : Q1) = — Qy+——¢(1)
« (1) is a weighted mean between €, and ¢ 2l p+1
« High spin Kerrs (y 2 0.7): qb ~ €y in the ergosphere,

Q(t) ~ Q (inspiral history being washed out) f: radial velocity | 7«(?) |
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Time-dependence of the direct wave

.« w(t) = mQ(r) — k()

: B 1,

. : Q1) = Qy+——¢(1)
« (1) is a weighted mean between €, and ¢ p+1 p+1
« High spin Kerrs (y 2 0.7): gb ~ €y in the ergosphere,

Q(t) ~ Q (inspiral history being washed out) f: radial velocity | 7«(?) |

« Low spin Kerrs: € ~ 0, f!(r) ~ qﬁ, which carries more
inspiral history
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Time-dependence of the direct wave

.« w(t) = mQ(r) — k(D)

. B 1.

~ g Q(’) = Q-H + —05(5)
« Q(1) is a weighted mean between €, and ¢ p+1 p+1
« High spin Kerrs (y 2 0.7): qb ~ €y in the ergosphere,

Q(r) ~ Q (inspiral history being washed out) f: radial velocity | 7«(?) |

 Low spin Kerrs: € ~ 0, fl(r) ~ qﬁ, which carries more
inspiral history

o Q(t) finally asymptotes to 2
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Direct wave

e w(t) = mQ(r) — k(D)

« Kk(?) is modulated by the radial velocity

« K(?) increases towards «

Pirsa: 26040063

1.0
0.9+
0.8+
fo7-
G

0.6+
0.5+

0.4-

5 10 15 20
LM

24
B+ 1

f: radial velocity

7+(1) |

Page 22/40



Direct wave:
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Inspiral wave

Lightring crossing

QNMs

Direct wave
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Merger portion = DW + QNMs

last scream from the particle

\.{ L

e

Ay

o

s gosphes® T

S Bapriet

A Inspiral direct emission

AN Quasinormal modes

N\ Direct waves (subject to screening)
AN\ Direct waves (reaching observer)

Page 23/40



Outline

* Physical pictures
* Numerical relativity waveforms and GW250114

* Waveform modeling
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Direct wave in numerical-relativity waveform
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Direct wave in numerical-relativity waveform

Original
= Filtered
——-Analytical model

Red curve:
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GW250114 reveals horizon signatures

Inspiral Merger Ringdown
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GW250114: agnostic frequency fits

we(t) = mQ(t) — ik(r)
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» Frequencies cluster slightly above 2,

» Decay rate increases with time
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Outline

* Physical pictures
* Numerical relativity waveforms and GW250114

 Waveform modeling
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Modeling direct waves

e Master equation and its Green’s function

¥ )= 5.1

!

Y(u) = JJe‘iw”G(u, r', @)S(r', w)dr'dew
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Modeling direct waves

» Steepest descent method

Y(u) = ‘”'e—iqu(u, r,w)S(r', w)dr'de - - - Emitter and observer are related via u, = t, — 7,x

Direct emission from the emitter to the observer

(te’ re*) .
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Modeling direct waves

» Steepest descent method
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Modeling direct waves

* Backward one body (BOB)

Eikonal limit %

+
Null geodesic congruences from light ring

. Black hole

Light ring

irsa: 26040063 Page 33/40



Modeling direct waves

* Backward one body (BOB)

Eikonal limit
+
Null geodesic congruences from light ring
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Modeling direct waves

* Steepest descent method ~—_

phenomonlogical models w/ eikonal limit

« Backward one body (BOB) ——

First-principle approaches? Eikonal limit?
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Prompt response in the Green’s function

Y(u) = Ue“""“G(u, r',w)S(r', w)dr'dw Im

‘ b — = Re w
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Prompt response in the Green’s function

Y(u) = [Je‘iw“G(u, r',w)S(r', w)dr'dw Im w
‘ - > Re w
G = GPrompt T3 GQNM 2 GTail x % ;
Now numerically handable . e
Su et al., arXiv: 2601.22015
/ Ma, arXiv: 2604.08680 e

V7 \PQNM b \I;Tail
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Structure of observed signals




Modeling direct waves via prompt response?

Steepest descent method Ongoing work
—

Backward one body (BOB)

Prompt response
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Conclusion

* Probing horizon physics with gravitational waves
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