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Strain (107%%)

First direct detection
of gravitational wave

GWI150914

1 — L1 observed -1
- H1 observed (shifted, inverted) 1 |
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Time (s)

Nice agreement with GR prediction
for a binary black hole

* Inspiral: large mass and high compactness

* Merger: numerical relativity

* Ringdown: dominant quasinormal mode

B. P Abbott et al. [LIGO Scientific and Virgo Collaborations],
PRL I16,n0.6,061102 (2016); PRL I16,n0.22,221101 (2016)
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Do astrophysical black holes have event horizons?

Unstable light ring

 Circular photon orbit
* GW dominant
ringdown

Event horizon

* Ingoing boundary condition
* Quasinormal modes (QNM:s)

If there is a reflecting
inner boundary

The initial ringdown
reflected back after
some time delay,

a train of echoes
(modulation, distortion)
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U Itracom pact Cardoso et al,arXiv:1602.07309, 1608.08637
) . /| radial infall of a particle
horizonless objects 10} O o & wormhole

(resemble the BH spacetime
down to the light ring)
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A ringdown stage at early 00;
time similar to a black hole!! i
(although quite different QNMs) 05 do a0 o]
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Initial attempt to find echoes in aLIGO data
light ring " Abedi, Dykaar, Afshordi, arXiv:1612.00266, 1701.03485.
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http://arxiv.org/abs/arXiv:1701.03485
http://arxiv.org/abs/arXiv:1602.07309

Event horizon: information paradox?

* Semi-classical picture breaks down near the Planck scale

* Drastic modification occurs close to the horizon

Maybe the event horizon is never formed?

Connection to quantum gravity? Quantum phase transition? Time-dependent dynamical effect?

FUZZBALL BLACK HOLE wwens  GraVASTAT .. o smer

pmsnr:"|:" interface
in she

event horizon

gravitational
~ Bose-Einstein
condensate

isser, B lo, Li i, , P
Mathur, Fortsch. Phys. 53,793 (2005 Mazur and Mottola, gr-qc/0109035 Visser, Barcelo, Liberati, Sonego, PoS
Y BHGRS, 010 (2008)

Either unrealistic or great fine-tuning! Need better
candidates for ultracompact horizonless objects!



Asymptotically free extension of GR

GR is non-renormalizable: graviton loops create more powers of derivatives
0 * ' +
/0 n & g[j,l/ = nul/ + h’[.“/

_ 1
- 407 2 1l + “R + ciR?+ R, ,R* +
SGR dx ''g Mg !! 2 €1 C2Buy "t (1/MP3k? propagator)

Quantum Quadratic Gravity: an old candidate of quantum gravity, generalization
of GR with all quadratic curvature terms

1

1 o 1

* Perturbatively renormalizable st pro 16,953 (1977)

Power counting changes behaviors: 1/k* propagator softens UV divergence

¢ Asym ptotically free Fradun, Tseytlin, NPB 201,469 (1982); Avramidi, Barvinsky, PLB 159, 269 (1985)

df2 133 1 dw? 5 133 10 w = f7/f

— _ f4 — _ 2

dt (10 +am> 2 127t {12+W<5Jr 10 +am>+3W] A >0
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Wait ... “the ghost problem”

1
— 4 Al o m2D T | p!# _RZ
=000 /dx 9(2 R 2f2C“#C L )

Standard picture: running couplings remain weak at the mass scale ~ |f,M|

The perturbative spectrum suffers “the ghost problem”

Spin-2 sector of graviton h, propagator

N o
I
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kQ(k;—lM2) = ﬁ (# _kQ'ZMQ) M
2 2 ) 2

* Negative energy? Vacuum instability...

* Negative norm? Probability interpretation and unitarity problem...

(The ghost here is different from the Faddeev-Popov ghost)



Maybe still fine... note one caveat

“The ghost problem” is linked to the assumption of weak couplings,
i.e. the perturbative analysis reflects the true physical spectrum.

1 1 1
— 4 _ 2 2 2
S0QG /d T/ g(ZMR 572 220 + —302R)

BUT when M is small, f ? get strong at some scale Aqqe > M .
Perturbative poles fall into the nonperturbative region.

The theory in the strong phase could be well-defined?!

» Holdom, JRPRD 93, no. 12, 124030 (2016); |JMPD 25, no. |2, 1643004 (2016) (Essay awarded fourth
prize in the Gravity Research Foundation 2016 essay competition)

* Donoghue, arXiv:1609.03523, 1609.03524, 1704.01533



A QCD analogy for quadratic gravity

Holdom, JRPRD 93, no. 12, 124030 (2016); IJMPD 25, no. 12, 1643004 (2016)

Qb | QQG (Ml
UV behavior perturbative renormalizable, asymptotically free

Siegenladecl S8 gauge coupling strong at ! qcp  gravitational couplings strong at! qc

M # 0:all perturbative poles removed
from the physical spectrum and a mass
gap now controlled by M

the transverse gluon removed
from the physical spectrum and
a mass gap developed as

ative effects P [N aRTe: M = 0:the massless graviton pole
emerges as the only light state in the
physical spectrum

Nonperturb

Conjecture:

» Make an analogy between the full gluon propagator (lattice) and
full graviton propagator

* Assume the similarity of nonperturbative effects, e.g. the form factor,
in view of the path integral measure (e.g. Gribov copies)



A QCD analogy for quadratic gravity

Holdom, JRPRD 93, no. 12, 124030 (2016); IJMPD 25, no. 12, 1643004 (2016)

Q| QQGMilo)

UV behavior perturbative renormalizable, asymptotically free

Siegenladecl S8 gauge coupling strong at ! qcp  gravitational couplings strong at! qc

M # 0:all perturbative poles removed
from the physical spectrum and a mass
gap now controlled by M

the transverse gluon removed
from the physical spectrum and
a mass gap developed as

ative effects P [N aRTe: M = 0:the massless graviton pole
emerges as the only light state in the
physical spectrum

1ISCL eV color singlet states described  massless graviton described by GR with
[ si5 (o)W by Chiral Lagrangian the derivative expansion, mp; ! Aqqac

GR emerges as the low energy effective theory!

Nonperturb



Asymptotically free quadratic gravity

Perturbative
(IR) General relativity

+ corrections

N

(UV)
. energy

curvature



Asymptotically free quadratic gravity

Perturbative

(IR) General relativity \§\: S ‘\

+ corrections

(UV)

energy
e
curvature

Nontrivial curved background? Find approximate solutions in Classical
Quadratic Gravity that has the same limits in small and large curvatures

Scee = 16% /d4x V=8 (M3R — aCpyepC**® + BR*)  a,p ~0O(1)

LT — S

Previous works treated this as a truncation and had problems with higher
order terms when describing solutions with arbitrarily large curvatures.

Our new perspective allows exploration of solutions with considerable parts
in both sub-Planckian and super-Planckian curvature regions.

— A novel horizonless 2-2-hole



Static spherically symmetric solutions

ds® =1 B(r)dt® + A(r)dr® 4 r?d! >4 r?sin’! d" ?

* CQG: more (five) initial conditions; no Birkhoff’s theorem

* Series expansion around the origin: A(r) = a;r* + a1 + ..., B(r) = be(rt + bearrt™ +...).

(s,t) | behavioratr =0 | GR | generic CQG (2,2) is a brand new family, the

(0,0) non-singular  |none a,, b, most generic solutions, receives
(1,-1) Schd-like a a,as, by | mild effects from smooth matter

(2,2) | vanishing metric | NA |a,, as, bs, bs, bs|




Static spherically symmetric solutions

ds® =1 B(r)dt® + A(r)dr® 4 r?d! >4 r?sin’! d" ?

* CQG: more (five) initial conditions; no Birkhoff’s theorem

* Series expansion around the origin: A(r) = a;r* + a1 + ..., B(r) = be(rt + bearrt™ +...).

(s,t) | behavioratr =0 | GR | generic CQG (2,2) is a brand new family, the

(0,0) non-singular  |none a,, b, most generic solutions, receives
(1,-1) Schd-like a a,as, by | mild effects from smooth matter

(2,2) | vanishing metric | NA |a,, as, bs, bs, bs|

* Find asymptotically-flat numerical solutions for given matter distributions,
e.g. a spherical thin-shell (M, ¢) Holdom, JRPRD 95, no. 8, 084034 (2017)

horizonless 2-2-hole regular & starlike
(2,2) for ! <Sry (0,0) for £ > 1y GR limit
) : >, (m=D)
0 « high compactness ry =2M low compactness —» I el

(would-be horizon)
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Sub-Planckian

= + + curvature
exterior
) ~ I
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Sub-Planckian

transition
= + . + curvature
region :
exterior
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Super-Planckian Sub-Planckian

_ transition
= curvature + region + curvature
interior exterior
I
102_ Q/M=1.88
0
//102le
. G 10 A(r) .
Novel scaling 9 SRS \ &
10 expansion |/| 0
An(r) = 0 A (ro) P | Schd scaling
10 7
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e I
Iv (r) = i (ro) 10 , Schd Bu ()= Bow (1!)
-10
(curvatures profiles 10 : . : A : : I —12ng !
remain the same) 70 1 /2 3 21 o (7!
- : "M (curvatures suppressed

Deviation at by the object size)
Planck distance —

timelike curvature singularity

(Rugy )2 & U/ 18, (Cuwy )? & L/ 1* (natural candidates
for ultracompact
Geodesic-incompleteness?! Regular as horizonless objects

probed by finite energy wave-packets

| — -

10 (set a Neumann boundary condition)



Particles motion and collisions

Particles geodesics motion

* Energy, angular momentum conservation

E2 M2B(r)

» Radial motion (massless): /e

* No centrifugal force for 2-2-holes

11
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100 \2p(r)
r2
1k ultracompacstars
light ring

104} M

2-2-hole (M=10)
106 l
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Particles motion and collisions

100F T
Particles geodesics motion MB(r)

ultracompacstars

. light ring
* Energy, angular momentum conservation 001l \
. . E? M?2B(r
» Radial motion (massless): /ME > r2( ) 10 22 hole(M=10) M
10°6F l
2—2-hole (M =100

* No centrifugal force for 2-2-holes

10°° 0.I05 O.IlO 0.I50 l.IOO 5.I00 lOI.OC
r/M
Particles collisions inside the 2-2-hole
eofie
. . . . r=
* Ultra-high energy particle collider: super-Planckian
EZ, for generic kinematics Radial: E2, ~ 4E,E,/B(r)
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Particles motion

ahd collisions

MIZB(r) I

r2

2-2-hole (M=10)

ultracompacstars

2—-2-hole (M=100

100F
Particles geodesics motion
1E
* Energy, angular momentum conservation 0.0l
. : . . E? M?2B(r) o4l
Radial motion (massless): e
106
* No centrifugal force for 2-2-holes
10°®

light ring

=

+—=Z

Particles collisions inside the 2-2-hole

* Ultra-high energy particle collider: super-Planckian

EZ, for generic kinematics

* Trapping internal collisions produce particles with
large L/E out of the escape cone |[siny| < 3/3B(r)M/r

A large trapped phase space is populated, with the escape
fraction 1/M?.The luminosity is extremely small!

11

0.05 0.10

5.00 10.0C

0.I50 l.IOO
r/M
....... i
0 ' escape
cone

Radial: EZ, ~ 4E,E,/B(r)

L2B(r)/E2r2

any = \/1 — L2B(r)/E2r2

Although there is no horizon,
the 2-2-hole appears black!



Horizonless 2-2-holes:  g| - -
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Horizonless 2-2-holes: ¢
echoes after initial ringdown
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Horizonless 2-2-holes:  g| ..
= - ..‘,-’e(\’(\() A 2 3M A(r) d
. el . = T | —
echoes after initial ringdown | = S v /0 B)4"
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Horizonless 2-2-holes:  g| -
- N0 3M
. _— . c .."‘\;\6(\'(\ At _ 2 A(r)dr
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_ = ,-" e(»
RN
rl
Aty Aty Ats
A/B E 106" rpeak=rH(1+6); 6~1/M" 7
(dominant) n > 1 slowly increases
100l only log dependence- 10°F
Aty as Aty — Aty ﬂ
VNZ b_2 <At3 M 47’111M 104 F :
10 1000 *
<«——— increasing M
N R . S 1005008 20000 20002 20004
0.0 05 10 1.5 20 25 30 riM
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At Longer than the damping of dominant ringdown
700 +71n 30M, S M <860 +9In 30M-~ O(1ms)and shorter than the duration of strain

For M ~ 30M, At is in the 100-125 ms range.

12

data O(10s)Similar to the benchmark value in
1612.00266 for search of echoes in aLIGO data.



Summary

¥ With the new perspective on quadratic gravity, we find that sufficiently
dense matter produces a novel horizonless 2-2-halkat closely
matches the exterior Schd solution and has a high curvature and tiny
interior.As a generic static solution, it may then be the nearly black
endpoint of gravitational collapse.

¥ The 2-2-hole provides motivation for further study of the strong phase
of the quantum quadratic gravity. It may also serve as a benchmark to
search for effects of large curvatures in the gravitational wave signal.

¥ Open questions...

* Quasinormal modes and the relation to echoes? Metric perturbations?
* Rotating 2-2-holes, ergoregion instability?

* Solutions with time dependence, endpoint of gravitational collapse?

13



Thank You!




Analogy based on full propagators ™ =0

Gluon: F(k?)/k? x (tensor factor) X (perturbative correction)  the existence and the
position of the poles

Graviton: —G(k 2) /k* x (tensor factor) X (perturbative correction) are gauge independent

Assume the nonperturbative effects in quadratic gravity operate in
a way similar to QCD (G(k®) takes the same form of F (k%) as found from lattice QCD)

lx LMELELAALL L B RALLL SN A Y LA | T Ldd |

|'.>.__ i =057 64" (14 conf El

—— 72" (20 conf.) —— . 2 2
g Ty #0° (25 confl) <-4 ] 11m G(k ) e k
! e RR* (68 conf,) - . k2—>0

96* (67 conf.) - -

217 | Bogolubsky ec al, PLB 676,
L 69-73 (2009)
Lol

“-l‘ l TSI RSN TITE! A Ll 2
0 0,001 0.01 0.1 ] 10 100 k

—k? [GeV?]

| 1/k * softened to a 1/k? pole (positive sign),

. . i.e. the on-shell massless graviton
Lattice data in Landau gauge &

12 mg/8 =1 UG'(0) " AZ

QQG



Similarity in view of Gribov copies

Use the path integral as a nonperturbative definition of the quantum theory

* For a gauge theory path integral is defined in the space / /ﬁ-,_,__
of gauge orbits.With gauge-fixing Faddeev-Popov trick \//
extends the path integral to the full configuration space. ( & J, '

* There are Gribov copies in sensible gauges. Need to

construct nontrivial measure. Gribov, Nucl.Phys.B139 (1978) 1; Singer,
Commun.Math.Phys. 60, 7 (1978). Klaus Lichtenegger (2010)

— Counting copies to
QCD Z = /D —= 5(F(AU)) det MF(A) 'S determine the full
rrrrr — gluon propagator F (k?)
Number of copies [Holdom, PRD 79, 085013 (2009)]
1 .
Gravity: Z = | Dh 5(F(h)) |det Mg(h)| e'Seste)
v 2= [ Dhip g SF W) detMi )

 Infinitesimal version: find similar Gribov horizon as in QCD
* The nontrivial measures set the similarity between gravity and gauge theory,

which may cure problems of the tree-level action and

15



Shooting and matching method

Search for asymptotically-flat solutions that couple to a thin-shell (M, !)

The shell energy density implies that A" has a jump of at the shell radius
Find A(r), B(r) for a pair of (M, !) by matchingat » = ! for A, A’ B'/B,B"/B (4)
Shooting from the outside with small deviations from Schd metric (2)

Shooting from the inside using series expansions in (2,2); family or (0,0) family (2)

' =0 CQG (half of the initial conditions and free parameters)

£>|'H

B'(f) /B(f)

o+ 0001 001 0.0 1 10
A(f)

-y -

H: 0V ryg

0001 001 0.1 1
Alf)

10

B0/ B(O

I <ry

104 0.01 1
A(f)

Parameters counting not enough to determine the correct interior behaviors

16
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Timelike curvature singularity?!

| Geodesic TR > S —
incompleteness?

probed by finite energy
wave-packets?

May appear regular as 0 ‘.'—\/\7(\/\{\‘/\’ ___________________

if a boundary condition can be uniquelyimposed

* The initial value problem of the wave equation is well-posed if A has a unique

Wald, JMP. 21, 2802 (1980); Ishibashi,Wald, CQG. 20, 3815 (2003);

POS|t|Ve Self'ad]O|nt extension Horowitz, Marolf, PRD 52, 5670 (1995) Ishibashi, Hosoya, PRD 60, 104028 (1999)

. B B(2 B A 1+1), _
KG equation: a1?211}1 = Zarz’lpl + K (F + ﬁ - ﬂ) arlpl —B 2 ’lpl = Awl




Timelike curvature singularity?!

| Geodesic TR > S —
incompleteness?

May appear regular as 0 ‘.\/\/U(V\/\,__+ __________________

probed by finite energy

wave-packets? B
P A Neumann boundary condition is imposed

* The initial value problem of the wave equation is well-posed if A has a unique

. e ) . Wald, JMP. 21, 2802 (1980); Ishibashi,Wald, CQG. 20, 3815 (2003);
POS|t|Ve Self_ad]OInt extension Horowitz, Marolf, PRD 52, 5670 (1995) Ishibashi, Hosoya, PRD 60, 104028 (1999)

. B B(2 B A (1+1), _
KG equation: 9/ = Zarz’lpl + 2 (; + 5B ﬂ) o) —B 2 Y = Ay,

* Near the 2-2-singularity, all waves behave like Spacetime |A(r)
the s-wave on a nonsingular spacetime. Only 2-9-hole | r2
one solution has finite energy. star r0

18



“A brick wall” and Entropy

The bricl wall model: attribute the black hole entropy to the ordinary ['t Hooft, NPB 256, 727 (1985)]

entropy of its thermal atmosphere located just outside the horizon. If LT T
e . \
Too = 1/87M, recover the area law for h! /g (proper length) ;. wbrick wall =,
* Artificial UV cutoff? Why d.o.f. localized outside the horizon? : L
. . A '
* Back-reaction from large local energy density? Mukohyama,israel, PRD 58, 104005 (1998) L rm+h
If consider the (negative Boulware) vacuum energy density, the e
two contributions in the stress tensor cancel if T, = 1/87M. T(r) = Ta//B(r)

Directly generalized to the 2-2-hole with now the brick wall replaced by the origin
(with a Newnman boundary condition)

L
/ T(r)A(r)Y?r2dr, = ZTOOS.
0

_ (@n)’

S 45

* Consider the case that the back-reaction is negligible, Too o< Thawking

* Both S and U are finite, and dominated by the interior contribution. Again the
area law is recovered due to the novel scaling, with S! Sg,,.

* The timelike singularity is covered by its own fireball

19



