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What is the quantum definition of black hole?

* Classical definition of black holes = existence of horizons

However,...
* No observational data showing the existence of horizons yet.

A
* Black-hole entropy S = Vi log Q

= black hole = essentially quantum object consisting of (still unknown) d.o.f.
* In quantum gravity, spacetime should fluctuates.
= No a priori reason to follow the classical geometric definition.

=A possible approach is to consider

What is the quantum definition/characterization of black holes?
=Black hole? Information problem? D.o.f for quantum gravity?



Maximization of entropy oo

* A candidate quantum definition motivated by thermodynamics and (local) holography is
Black hole maximizes thermodynamic entropy for a given surface area.

Similar ideas:
— [Dvali-Gomez 2013,
— Oriti-Pranzetti-Sindoni 2016]

(1) Entropy is quantum mechanical: surface area A
S =log Q, Q = # of {|Y) consistent with M}

* Motivations

(2) Any configuration with mass % in a strong-gravity limit becomes a BH with size R.

=BH = a macroscopic state (phase) with maximum entropy according to 2" law?

(3) Bekenstein-Hawking formula saturates the holographic entropy bound:

A(B
(still conjecture) S[L] < (2)
4lp

[Bousso 1999] Area of B: A(B)

* In the future, this should lead to a quantum many-body description of black holes.



Semi-classical Einstein eq.

e As a first trial, we consider the 4D semi-classical Einstein eq with
many matter fields in a self-consistent manner:
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Semi-classical gravity condensate

* We have reached uniquely the entropy-maximizing configuration: [Yokokura 2023]
g _R:-r? r?
ds? = ——e 201 dt? + —dr? + r?dQ?. (¢-Locally AdS, x $?)
2 20
- Satisfies G, = 87TG(1/J|T,W|1/J) with 7l12(>> 1) scalar fields non-perturbatively in 7 for
n
_ p .
o = 1207_[772 ) 1 S 77 < 2 [Kawai-Yokokura 2020]

- Represents that self-gravitating quanta condensates into a dense configuration.

= Semi-classical gravity condensate is the black hole.
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Maximum entropy S,,.x Notokurs 2022, 023

* The excited quanta behave like a local thermal state at
ha(r) h my
Tioc(T) = =

f2m N v

Unruh temperature

* In this local equilibrium, we have Fromm ST
2—1 . P1qg = 4mr (;(Tt D
TiocS = P1da + P1ia»  DPid = P1g- i P =4
1D Gibbs relation equation of states _(Tt) = 1
: L 8nGr?
oze =2y
* Then, we can evaluate the entropy density: s(r) = 2 T no- o

=Integrating it over the volume produces the Bekenstein-Hawking formula:

T2 27‘[\/20‘ A
Smax :f dT grr(r)s(r) _J dr ’ 20 = | A S 4nR” =~ 4mag |

o cancels out!

Note: The self-gravity changes the volume law to the area law.

* This derives the Bousso bound for thermodynamic entropy: S < 5, = R
p



[Yokokura, work in progress]

Question

* To study the gravity condensate in more detail, let’s ask

Can we consider shorter fluctuations of the gravity
condensate and see the interior-structure dependence in
thermodynamic quantities (e.g. entropy)?

* We determine the sub-leading terms (a,(r), by (r)) for the 1/r expansion:

~1
ds? = — <1 — @) e?Mdt? + (1 — @) dr® + r%dQ?

20 r?
a(r) =r—7+a1(r), b(r) =—+ by(r)

2no
Leading part of /’
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forr > lp

=Let’s examine macroscopic and microscopic approaches.



Approach 1 (1/2): okokurs work in progress]
Conformal matter and Thermodynamics

. . 1
* Consider conformal matter fields because R = O (W) :
|4

=The key eq:

G, = 8nG (Y|T, ) = 8nGh(cyF — ayg + by OR)
4D Weyl anomaly

F = CpyapC**, g = RyyapR**P — 4R, R* + R?
Cy, Ay, by ~d. 0. f. of matter fields.

=Self-consistent value:

_______________________________________________________________

* The other key eq:

* We can solve the two eqs order by order.



Approach 1 (2/2): Nokokurs, work in progress]
Conformal matter and Thermodynamics

* Apply thermodynamics locally.

* The entropy ingiven by Pl

A 4mon. R

5= f dT\/gw(T)S(T') = 4_l2+ 2 logz

L p p
2
=Using 0 = 87?;26”/, we reach
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Approach 2 (1/2): Microscopic S—-wave model

* The entropy-maximizing configuration should be formed by a reversible
process in a heat bath with Hawking temperature.
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[Kawai-Yokokura 2014, 2021]

can be obtained as a
result of time evolution,
not the static assumption.

* We model this process by s-waves in WKB approximation. [kawai-Matsuo-Yokokura 2013,

Kawai-Yokokura 2020]

and created particle = excited s-wave of scalar field in WKB approximation

TA
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Energy flux formula of particle creation

hn
Ji = 4nr?(0y| Ty, |On) = ﬁ{ui, U}
EoM is
da;(u;)
= —2GJ;



Approach 2 (2/2): Microscopic S-wave model

[Yokokura, work in progress]

* Solving the time evolution self-consistently, we can
obtain the consistent sub-leading terms with Approach 1!

(5™
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* Particle creation J; = 1:; {u;, U} determines T;,.(1).

* Microscopic evaluation of the entropy is given by
1 (0.0)
= —f dw D(w; 1)
2 0
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=consistent with Approach 1! =2



Conclusion

* A quantum characterization of BH: [Yokokura 2023]
“Black hole maximizes thermodynamic entropy for a given surface area.”

def result semi-classical
- - gravity condensate
(for spherical

static cases)

* Two approaches (macro and micro) led to the same sub-leading term:

A 4mon_ R " conformal matter case: |
p p Lt
=Consistency of the gravity condensate [Yokokura, work in progress]

* The eg-of-state dependence could be observed by a precise measurement of
the equilibrium temperature T" in the bath:

h 4o S
dM, = TdS, .. = - 1——- ‘ T?
4ma, ag
s 1,,:‘&

* This could provide some clue about the effective theory for interior of BHs:
=061 sye=[(aR?+BR,RF + 1)



Future prospects (1/2)
* 1. Role of self-gravity in holography

N n f [Yokokura 2023]
7
Sself—gravity(r) T2 K Snaive (x)~1_3 — - :
P L P s— R
- The s-wave model can explain § = R U Lp ~
D p

- The two approaches provide the same Log corrections.

=Self-gravity suppresses excitations of local d.o.f. in the bulk.
=0rigin of holography?

* 2. Gravity-condensate phase [Yokokura 2023]
- The radial direction is uniform:
s14(r) = const,, p14(r) = const,, T;,c(r) = const.
=The gravity condensate is a thermodynamic phase?
B n ~1/3
In a (hon-rel) material, A, = ——~ / =quantum effects governs the system.
T W pN q g Yy
In the gravity condensate, ) (1)~ h( S~ SQ(Y-)_%. =quantum gravitational?
Tioc(r

—

= Can we make an effective theory/a quantum many-body model?
[Livine and Yokokura, work in progress]



Future prospects (2/2)

* 3. Relations to other models for gravity condensate

- Model in Group Field Theory [Oriti-Pranzetti-Sindoni 2016]
= radially uniform
- Model in many gravitons [Dvali-Gomez 2013]

= Their picture appears in each spherical subsystem of ours.
=My gravity condensate has

Nmatter (T')NNgraviton(r)"'n >1)
=t represents semi-classically a mixture of matter quanta and gravity quanta?

[Chen-Yokokura 2024]

* 4. Phenomenology

-Imaging the semi-classical gravity condensate.
=consistent with current observations!
- How about GW?

Classical BH Darkened QHCO

Classical Schwarzschild BH Our gravity condensate

Thank you very much!!
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