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Abstract: The Einstein action has made us very accustomed to black holes and their &aeno drama&€s event horizons. But the Einstein action will
eventually be subsumed into a UV complete theory of gravity, and in such a theory there can be a new class of solutions that are not quite black
holes. Within a Planck length of the would-be horizon, strong gravity and high curvatures quickly turn on. These solutions are analogous to the
hadrons and/or the quark matter states of QCD. They are very close to being completely black, but not quite. An ideal probe to test for not quite
black holes are the low frequency gravitational waves that are excited in and around them when they are newly formed, as in the merger events

observed by LIGO. There are some key features of waves that escape the interior of not quite black holes, and from this we describe our own search
and search results using LIGO data.
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why “not quite black holes”?

e does a UV complete theory of gravity permit some other endpoint of
gravitational collapse?

® one needs only to turn to an action quadratic in curvature to find “not quite
black hole” solutions
® quadratic gravity is an old candidate for a UV complete theory, since its

quantum version is renormalizable and asymptotically free

e we call these “2-2-holes”, and recently we found 2-2-hole solutions that are
sourced by an ordinary relativistic gas

e these objects have a well defined and easy to calculate entropy that is somewhat
larger than the entropy of a same size black hole

e in this way they may be preferred as the endpoint of gravitational collapse
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e 2-2-holes come in two types:

smallest ones with Planck size large ones with no upper limit on size

® inner structure of the two types is quite different

e different size large ones are related by a scaling relation
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e not unlike QCD:

variable size quark matter states

hadrons with fixed size .
that extend up to neutron star size

e macroscopically large objects involving strong interactions are not so weird
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e scalar wave equation in Schd background using tortoise coordinate x

(07 + @w* = V)V, =0

e black hole:

€

¥ = — oo (horizon) x =0 (r = 3M, light-ring)
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e for not quite black holes, waves have a finite travel time to the origin

e implies a boundary at a finite tortoise coordinate

cavity

P4

“wall” x =0 (r=3/2M, light-ring’

A

C
Cd

AXx

e round trip travel time in cavity is A7 = 2Ax
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e truncated black hole (wall just outside the horizon) is not bad approximation to

a 2-2-hole
® but a 2-2-hole, like a star, has an origin (» = 0), not a wall

e “wall” in this talk will mean either a wall or an origin

Pirsa: 19090011 Page 11/38



the cavity structure

e the effective radial description of low frequency waves is that of a 1D cavity with
one end that slightly leaks
e thus a pulse that moves back and forth in the cavity will produce a periodic pulse

(an echo) observed on the outside (Cardoso and Pani)

® but what if the perturbed state of a newly formed “BH” is more complicated,

resulting not in a simple pulse moving back and forth?

® there might not be a simple echo structure

® a 1D cavity has a more general feature: an evenly spaced resonance spectrum

I I
A F— = —
/ 2Ax At

® LIGO should be thinking of a resonance search!
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® even one pulse moving back and forth gives a nontrivial waveform

e first 5 echoes, with inactive time between echoes removed

waveform

times between echoes omitted

e rather more difficult to model than the merger waveform
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e irregular echoes are easy to lose in noise

Ni =5
0.2 0.4 0.6 0.8 1.0
L sec
signal + noise | Fourier transform| of signal + noise
0.2 0.4 0.6 0.8 1.0 0 50 100 150 200 250 300 350 400
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e we are considering gravitational waves on a truncated Kerr background and

(=i =

we focus on the £ = m = 2 mode

® this is a complex amplitude describing two polarizations

e let the “Fourier transform” of the complex y/(7) be v,
® /. is not conjugate symmetric about @ = 0

e i can be obtained from a solution to the Sasaki-Nakamura (SN) equation,

p(w,x) = y,e" forx - oo

e thus we get y first and then (), from which we see the irregular waveform
and the dependence on initial conditions

e we will return to this later...
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® a LIGO detector projects the complex waveform into a set of real numbers,
the “strain data”

e we take the real part of the signal waveform y(#) to model this projection
(different projections give qualitatively similar results)

® to search for a resonance pattern:
® choose the time duration 7"= N_ At of the data to analyze
® take the FFT

e take the absolute value

e carrying out these steps on the real part of y/(7) gives a “reconstructed” |y |

e it depends on N, as well as M, y (the spin) and Af
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e an example for Ny = 180, y =2/3, M = S(LM(;), At/M = 800
e two component structure due to the real projection

e lower frequency structure comes from the negative frequency part of y

reconstructed |yl

JJ k. A

0] —-at .__._..uouuL.bLJuJLUuJUUJJJ
0 50 100 150 200 250 300 350 400
frequency Hz
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® all other echo searches try to model the full waveform

e in our notation the full information is in the reconstructed versions of |y, |

and the phase(y,); here is the latter:

B Iﬂ
0 50 100 150 200 250 300 350 400
frequency Hz

reconstructed phase(yy)
O —
——

e if templates don’t get this right then matched filter searches may fail
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e |FFT(data of duration T after merger) | is a function of f/ and onto this we
apply a bandpass f . < f < f

min max

e multiply by a uniform comb structure characterized by a spacing between
teeth and an overall shift

® take these amplitudes from the two detectors and search for a correlated
enhancement for some spacing and shift

shift

v

T— | Ls]'mcing | | | cooe

|l
11/T
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e within errors, the spin of the final BH can be grouped into one of three

segment (in seconds) given in the table

spin (y) 2/3 0.72 0.81
GW150914 (.5) | GW151226 (.8) | GW170729 (.5)
GW170104 (1) | GW170814 (1)
GW170608 (1) | GW170809 (1)
GW151012 (.5) | GW170823 (.5)
GW170818 (.5)
Ryall -0.995 - 0.994 -0.992
Ew<o/|Eltor 0.06 0.06 0.13
e |ast row parameterizes the initial pulse

e whitening of data was done with 300 segments, with duration of each
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same analysis for each event

express comb spacing Af as an integer n = Af/(1/T) = T/ At

plot the correlation as a function of n and look for a peak

can vary Af and 7 while holding the peak at some n = N,

optimize the signal (the peak height):

e vary N (some multiple of 10)

® vary the frequency bandpass [ .. <[f</

min meax

e compare this bandpass and the reconstructed |y | from M, y, At, N,

e are they consistent with each other?
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® Af for a truncated Kerr BH has known dependence on mass M, spin y and

redshift z

At M 14 =57
— =4 pnlog(—) ( , E ) (l #3)
M p| 2

® a resonance signal determines A7 with negligible error
e LIGO measures M, y and z of final BH with uncertainties

® thus determine an » for each event

® n determines or, the distance from the would-be horizon to where the
deviation from the BH metric occurs

; Y b M G
- ? ~ . - )| - |7 5
or ~ Cp = | = (proper Planck length)
; r'q'l /|n|
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v, = K(w)D(w)

)

® ingoing pulse starting near
potential barrier and smaller
outgoing pulse starting near wall

|yl

e every second spike is suppressed
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yw, = K(w)D(w)

i

® single pulse

e ® notice the zero at w, and some
enhancement of negative
frequencies
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yw, = K(w)D(w)

i

® 100 random pulses to simulate
nontrivial perturbation
throughout the cavity
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® resonance structure is still
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Conclusions

® LIGO is sensitive to not quite black holes

® this sensitivity to Planck scale physics is under appreciated

® signal waveform may be too variable and complicated for template analysis
® equally spaced resonance pattern is robust and relatively easy to search for

® there is still a two component structure to explore

® evidence is already accumulating from all 10 events
® consistency of bandpasses with predicted spectrum
e consistency of At/M values with spin and red-shift dependence

e sometimes secondary signals at At/2 (interleaved echoes)
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