Probing Quantum Effects at the
Horizon Through Gravitational Waves

SUMANTA CHAKRABORTY

INDIAN ASSOCIATION FOR THE CULTIVATION OF SCIENCE
KOLKATA, INDIA

@ GGI, INFN (GAUGE TO GRAVITY AND BACK Il, 20TH APRIL, 2023)

In collaboration with: Shauvik Biswas (IACS), Sayak Datta (AEIl), Edgardo Franzin (SISSA), Stefano Liberati (SISSA),
Elisa Maggio (Albert Einstein Institute))Jacopo Mazza (SISSA), Anupam Mazumdar (University of Groningen),

Sreegjith Nair (IIT Gandhinagar){ Paolo Pani (Sapienza University of Rome))Mostafizur Rahman (IIT Gandhinagar),
Sudipta Sarkar (IIT Gandhinagar), Michela Silvestrini (Sapienza University of Rome).




Outline

* Alternative to Black holes.
* Probing quantum effects of black holes through gravitational waves.
* Various observables and implications of them.

* Looking forward.
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Why Black Holes?

* Black holes can be constructed from normal matter, using simple
collapse scenarios.

* Black holes are uniqgue and have universal properties.
[Heusler, Black Hole Uniqueness Theorem (Cambridge University Press)]

* Black holes behave as thermodynamic objects with temperature and
entr‘opy — Hint towards quantum gPaVity- [Bekenstein, Phys. Rev. D 7, 2333 (1973)1

* Black holes are stable under all possible perturbations.

* Observation of shadows from Event Horizon Telescope and the ringdown
signals from LIGO and VIRGO are definitely consistent with the existence
of Black Holes.

* Consistency with general relativity is another story.
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But...

Despite being the simplest objects, there are issues.

Singularity: All black hole spacetimes have a singular region/point ==p
breakdown of the theory.

Loss of Predictability: Most of the black holes inherit Cauchy horizon sl
future cannot be determined. [Cardoso et. al., Phys. Rev. Lett. 120, 031103 (2018)]

Information Loss Paradox: The existence of thermal radiation results into

loss of information. [Hawking, Commun. Math. Phys. 43, 199 (1975)]
[SC 1

All of these suggest that we may need to look for alternatives — curing these
problems and yet remaining consistent with experiments.
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Black Hole Hypothesis

* Does the existence of a photon sphere implies the existence of a black
hole? [Cardoso et. al., Phys. Rev. Lett. 116, 171101 (2016)]

* The ringdown is governed by the photon sphere alone.
[Cardoso et. al., Phys. Rev. D 79, 064016 (2009)]
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[Figure Courtesy: Biswas, Rahman and SC, Phys. Rev. D 106, 124003 (2022)]
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Exotic Matter

Raychaudhuri equation guarantees that normal matter cannot cure

singularities ===l require exotic matter or, quantum effects.
[SC, Kothawala and Pesci, PLB 797, 134877 (2019)]

The consistency with observations, require any alternatives to have

limit):

Recent shadow measurement argues that Buchdahl limit must be
violated »exotic matter Is necessary.
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Only Exotic Matter?

* Are these exotic matters stable === ergo-region instability,

enhanced superradiant instability, for rotating objects.

[Cardoso et. al., Phys. Rev. D 77, 124044 (2008)]

« Can quantum effects play any role?
[Abedi et. al., Phys. Rev. D 96, 082004 (2017)]

* Area quantised black holes are generic predictions of theories of

quantum gravity and these have non-trivial physics at horizons.
[Agullo et. al., Phys. Rev. Lett. 126, 041302 (2021)]
* The basic point is to modify the horizon itself by a reflective membrane

as quantum effects are taken into account.
[Cardoso, Foit and Kleban JCAP 08, 006 (2019)]

[Maggio et. al., Phys. Rev. D 102, 064053 (2020)]

[Dey, SC and Afshordi, Phys. Rev. D 101, 104014 (2020)]
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Reflective Horizon — Basics

Angular momentum barrier

/

Black hole
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[Figure Courtesy: Dey, Biswas and SC, Phys. Rev. D 103, 084019 (2021)]
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Membrane Paradigm and GW

* Replacing the black hole horizon by a membrane is a natural assumption,
giving rise to the membrane paradigm.

* Any reflective boundary, close to the horizon, arising due to some exotic
compact object, can also be described by a similar membrane fluid.

Tab = PugUp + (p — C@) Yab — 2770'a,b

BLACK HOLE

[[Kab — habK” m— —871’Tab

[Figure Courtesy: Maggio et. al., arXiv: 2006.14628] [Price and Thorne, Phys. Rev. D 33, 915 (1986)]
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Reflectivity of the Membrane

* The perturbation of the background spacetime, perturbs the energy
momentum tensor of the membrane fluid as well.

* Thus one considers the perturbed junction conditions to relate
gravitational perturbations to the perturbations of the membrane fluid.

wyY(R) = il6mn (8—¢

RVaxial (R)
or |,

R 2f(R) R Rf,(R)

o)

* The reflectivity of the membrane becomes,

RP? = (1 — 77/77BH)2

1+ n/nBH

[Maggio et. al., arXiv: 2006.14628]
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“Quantum” Membrane

* The membrane is assumed exhibit a Gaussian profile, as if constructed

out of a large number of harmonic oscillators at their ground states.
[SC et. al., arXiv: 2202.09111]
* The wave function of the membrane is governed by

€’ , 2
\I!(e)erXp _ﬁ |A| :m

e Classically the membrane will be located at (€) , with a fluctuation

@ =102 =" (5-7)

7

* Classical limit (h — 0), corresponds to g — ().

* The guantum membrane will have an energy-momentum tensor

A

Tab = plialy + (P—C@) Yab — 210 ab p=po+ip p=po+op
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“Quantum” Matter = Geometry

The properties of matter get related to the geometry by the junction
conditions: (Ko — Khap]] = —8m(Tys) and ([[he)] =0|ON R = r, + (&)]-

In absence of perturbations, the energy density and pressure becomes,
f(R)* 1
 4AxR  LF(R)+3f"(rs) (&) — (82) + O(53)
o Rf(R) + RF(R)
16m+/f(R) [R? + ((€2) — (&)2)]
These must be perturbed due to perturbation of the metric and the
governing equation will be 5K, — Kbh,, = _87T<5Tab> :

Po =

For simplicity we will consider axial gravitational perturbation, which in
the Regge-Wheeler gauge has only two independent components 5gt¢
and 5gr¢.
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Not Purely Ingoing

* For axial perturbation of static and spherically symmetric spacetime,
with — gy = grr’ the Regge-Wheeler choice provides the following

boundary condition at |[R = r4 + (é)]. [SC et. al., arXiv: 2202.09111]
wip(R) = L Veis(RYW(R) — B pormy _op(R
iwp(R) (0 + po) VI | 1(R)Y(R) 2 dn [Rf(R) —2f(R)]

 4f(R) (dw(m f(R) ) 4mpoR |
R iz R Y (H f(R))_'

* As R — 7, the above condition reduces to,

dy(R)
dx

iwY(R) = —167n

* This is equivalent to purely ingoing waves at the horizon, which will not
be the case In general.
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Reflecting “quantum” membrane

[SC et.

al., arXiv: 2202.09111]

 The boundary condition allows existence of ingoing as well as outgoing

waves hear the membrane, such that,

RI2 ~ (

* |n appropriate limits,

IR
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Ringdown Waveform

* As the effective classical membrane nears the horizon, there are
pronounced echoes. [SC et. al., arXiv: 2202.09111]

* The time delay is consistent with size of the membrane.
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[SC et. al., arXiv: 2202.09111] t/M

SUMANTA CHAKRABORTY (IACS) QUANTUM EFFECTS IN GRAVITATIONAL WAVES 18TH APRIL 2023




Tidal Love Number

* There is another smoking gun test for classical black holes in general
relativity — Tidal Love number is zero, i.e., to first order, black holes in
general relativity cannot be deformed.

* However, there are ambiguities.

* Generally, one starts from the —(1 + go9)/2 component and write it as

l‘l‘gOO 1 i i —3Qijninj 1
— 9 =§gz]$$3++ 9 7“3 ‘|‘0 T—4 )

[Hinderer, ApJ 677, 1216 (2008)]
* The quadrupole moment can be identified as the coefficient of 1/r3term
and the tidal field as the coefficient of 7* term.

Qij = — (AR®) &;
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Tidal Love number — Ambiguities

The relativistic setting has coordinate freedom. Thus choice of the r
coordinate is not definitive and can be modified.

(%))

* Then the induced quadrupole moment will change by,

Qi; = Qi + SNM°E;;,

r'=r

e Therefore, the Love number becomes, A' = A — %N.

* Also while defining the Love number in the relativistic setting one uses a
definite coordinate system, e.g., the Schwarzschild coordinate system

and make Gauge choices, e.g., Zerilli and Regge-Wheeler gauge.
[Gralla, Class. Quant. Grav. 35, 085002 (2018)]
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Gauge Invariant Tidal Love Number

* For the Love number to be gauge invariant, one solves the Teukolsky
equation for¢4 /wo and impose boundary conditions near the horizon.

R 20+1]
Cli)rglo c*1hy = Z o (1) r*=% 11 (?> 2 Yo (0, 0) ,

[Chia, arXiv:2010.073001]
[Le Tiec et. al., arXiv:2010.15795]

Fom(w) = 2kem + iwTo Vem + O(w?).

* For Kerr black hole, with P, = (am — 2Mwr,)/(ry —r_)
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Compact Objects can be deformed

* Compact Objects having non-zero reflectivity, in general, have non-zero
Love numbe . [Maggio, SC, Michella and Pani, Work in Progressl]

2\ (20)1(1 +20)!
y 1+ 81,
1+%F1 | |

* Reflectivity is defined in terms of the Detweiler function.

14
b — Re| — i ((@+2)!(e—2)!) T (% +472)

* Detweiler function can be related to Teukolsky, Teukolsky can be
expressed in terms of Regge-Wheeler and Zerilli and then either of them
can be related to the metric perturbation.
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No Logarithmic Behaviour

[Maggio, SC, Michella and Pani, Work in Progressl]

* The Dirichlet boundary condition:

h6 (f/+r‘/}1w)_|_2f‘1’ﬁw

Y Rrw

h_O B f(r) (1—|—r$lﬂ)

* The Reflectivity in zero frequency limit:

R(w) = Ry + iwR; + O(M?w?)

L T— S

X = e—z’wr* + Re’iw’r* ( _zéf?;bial) )
L —p i [1-— .
_2X?72'c;al W ( 1+ Re2iwrs )
» The Dirichlet boundary condition can be retrieved only if B = —1.
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Area-Quantized Black Holes

* Area quantised black holes has non-trivial reflectivity and hence they
have non-zero tidal Love number. [Nair, SC and Sarkar, arXiv:2208.06235]

* However the effects are too small and appears at 5 pN.
[Krishnendu, Ajith, Kapadia, Datta, Ghosh and SC, Work in Progress]

* Significant implications for the tidal heating.
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Future Directions

* Membrane fluid indeed affects the ringdown spectrum in a non-trivial
manner. But effects in the in-spiral regime needs to be understood. This
will be important for EMRIs and hence for LISA.

 Tidal Love number due to the deformation of the membrane depicts
intriguing behaviour, both in the limit of zero rotation and zero
frequency.

* |t would be interesting to even get the viscosity coefficients from a
microscopic perspective, in which case the whole problem will depend on
quantities arising from quantum nature of spacetime.

* Hopefully, in future with more GW events and with more sensitivity, such
guantum effects can be excavated.
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Conclusion

e Models of “Quantum” black holes impose reflective

nature on the black hole horizon.

e There are echoes in the ringdown signal, originating from

the membrane and depends on the viscosity.

e The in-spiral part of the GW waveform also gets affected
— tidal Love number of an exotic compact object is non-
zero, but does not scale as Logarithm of €, in general.

¢ Inclusion of rotation in the membrane paradigm and
tidal heating need to be addressed.
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