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T — £ — i £ black hole temlaerature
271' CkB 271'

Hawking, Nature 248 (1974 30; K= Sur{:ace grawt9

Commun. Math. Phys. 43 (1975) 199

A kzcd A
4  Gh 4

kB o black hole entropg

A
[
|
[

1

4 lp Bekenstein, Nuovo Cim. Lett. 4(1972) 737
’:"195. Rev. D 7 (1973) 23%%;
'9‘135. Rev. D 9(1974) 3292
Hawking , 1974




horizon

—>

C

thermodgnamlcs
at t]qe Ceﬂtr@ Jacobson gr~qc/9§04~004~

50 = J T.,E9dXl = TSS = TnoA = j 0didA
H H

s
matter

assummg S =nA

Rauychaudhuri
KTl = = IRy l“1" J
which amounts to
27 th A
L 7Tablalb — Bap — ERgab T Agab SO}/lv‘llC const.
matter local frame

1
Einsteineas. & = —
— g N7 1



(semiclassical)

holographg




covariant

entrop9
bound

Bousso Iﬁel:%th /9905177
hep-th /0203101

S, <

Ap
A




gener‘alizecl bound

Flanagan, Marolf ) Wald
hep»-th/ 9908070

Bousso, Flanagan, Marolf

hep-th /0305149

Strominger ,Thompson
I’n@p-’th /OP03067

AB - AB/

S
L 4




a condition for

the bound

AP 0708.3729; 080%.2642
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thermod.
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Bekenstein, Phys. Rev. D 23 (1981) 287
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relaxation times (1)

Hod gr-qc/0611004

Bremermann, 1967;
Bekenstein, Phgs. Rev. Lett 46 (1981) 623
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KSS bound (1)

Kovtun, Son, Starinets hep-th/ O309215;
hep—-th /O40523]
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KSS bound (®)

BRAHMS nucl-ex/0410020; PHENIX nucl-ex/041000%

PHOBOS nucl-ex,/0410022; STAR nucl-ex/0501009:
ALICE 1105.3865




Focusing

also)
the bound builds upon

existence of a limit Ieng’th:

= /IyZ/I},zOle



giving spacetime a limit leng‘ch

consider spacetime endowed with existence of a minimum lengtl’)

(i.e., with quaclratic intervals -> finite limit at coincidence)

[minimum~|eng‘cl’1 metric or quantum metric or qmetric]
Kothawala 1307.5618; Kothawala, Padmanabhan 1405.4967. Ja%’noStargen) Kothawala 1503.0%79%

allow for this clescril:)tion to include null intervals

AP 1812.01275

aPPIH it e.g. to black hole horizons

Krishnendu NV, S. Chakrabortg, A. Perri, AP 2505.22877
M.J. Fahn, AP 2507.16911; 2507.18709




minimumJeng‘ch metric

Kothawala 1307.5618; Kothawala, Padmanabhan1405.4967. JaFﬁnoStargen, Kothawala 150%.0%79%

existence of a minimum leng‘ch L atfects geometry tself in the small scale
(Il.e., not regarcled as L~f:>|urring of sources in an orclinarg spacetime)

modification introduced in the quaclratic interval 6%(x, x") (before g )

c*(x,x") — S(c?) with S(6%) — eL? finite in the coincidence limit  x — x’

(with S(62) ~ 6% when 62| > L? i.e., whenxis far apart from x)

for it, one needs a metric singular evergwhere: how to deal with this?



non ocalitg

we face the unavoidable nonlocality accompanying gravitg in the smallest scales

convenience of nonlocal objects to describe this: use bitensors (just like

o2(x, x"), which is a biscalar)

to rec]uire

o’(x,x") — S(c?) with S(62) — €L? finite in the coincidence limit x = x°
along the connecting geoclesic) which such remains
(With a same character) also in the new metric

implies

g, x) = q,,(x,x)=Ag,(x)+e(l/a—A)t (x)1,(x)
a = a(c?),A = A(c?)
l

I, = tangentvector biscalars € = g“b 1, == 1




causalitg

q,, turns out to be completc—:lg fixed it a condition is additiona”g Posecl on

the 7_~l:>oir1t function G(x, x') ot any field (namelg) this is about causalitg):

one requires that, when sl:)acetime S maxima”9 symmetric,
G(c®) — G (6% = G(S(6?))
where

G and G are Green functions of [ and [, resp.,

—

and [, is the d’Alembertian associated to ¢, (x, x')



the bi-metric

one gets:
Kothawala 1307.5618; Kothawala, Padmanabhan 1405.4967, JaFﬁnoStargen, Kothawala 150%.0%79%
q.,xx)=Ag,+e(l/la—A)tz t, unit tangent to connect. geocl.
€ = -/+ 1 tor time/space sep.
with P P
2
A — i (A)D_l o = S (D-dim SPt.)
2 12
0" N As 62§ S' = dS/d(c)
A(x,x) = — ; det | — V(X)V(X’)lGZ(x x') van Vleck
’ @ b 9 ? determinant

V 8(X)g(x")

Ag= A(X, x") with ¥ such that 6%(%, x") = S on the connecting geoclesic

q.p, 15 singular e\/ergwhere in the x — x'limit, and q., = 8., tor x,x' far apart



null separations

AP 1812.01275, 2207.12155

what’s the meaning of a finite distance limit in this case?

keg: aHineA = measure of distance 59 the canonical observer

ametric:
)

this observer at x" will find a finite lower bound Lto 4 — 1.

take /lx/ — O) / X
A /f(/l) with 4 = Lwhen1 -0
(with /(1) ~ 1 when 1> L) X’



we seek q(y) of the form

(y)(x X') = A(y) g (X) + (A(y) — 1/ 05(;,)) (L,(x)n,(x) + n,(x)[,(x))
Ay = AgW)

n, null with 197, = — 1
* Ay = Op(A)
from
vab’ly — O ~ dx® dA
¢ with [ = x~ = [“"—,
dA dA
— |
and V, b, =V,p — Equ( — Valpa T2V 90 V.
we obtain
C ,
Ay = — with C real const.
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A, v curvilinear, null
coordinates

y null

the Z~|:>oint function G(x, x') cli\/ergcs ony

we imagjne to be slightlg otty

X’ f=£c")
df dx“
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we implement then the d’Alembertian condition this way:

G (62) = G(S(6?)) is solution of

~J/

-~ - dG -~ - 1dG
G+2IV = =@ +2IV [ (_) _ 0 (0
ds do? / 3=}

Wl"]Cﬂ

G(0?) is solution of

dG
4424V, [)— =0 (2)
do? |4



using Vb [ and the expression for () WE alreaclg have, eq. ORE

_d) X i d
4+ 20—V, 14 +1(D-2)——InA, =0

dA dA dA D = spacetime dim.
from 2) at i, ie., 4 + Z/TValamv = (),
D-2 d D-2 d
ad Vo =272 pn v =222 Cpga,
4 A d ‘ A d)

; ,
we obtaimn

d /12 A/’f 02—2
[ a] -o
di L2\ A !




which is

A C'— & (—A )D22 C'>0 t
(y) = ) const.
! A2 \A;

from

q(y) = A(y) Sab T (A(y) — 1/05(;/)) (L, +n,0) = g4  when A> L,
weget C'=1=C

then final exl:)ression IS a 1
( ) — (y) =
D-2
d.» smgular e\/ergwhere A( ) === (_) .
whenx — x’ / 22 A/f



Ricci scalar

lim R(x, x") = GDRabtatb + O(L) time/space sep.
xX—X' Kothawala, Padmanabhan [405.4967; Jaﬁi’nof}targen, Kothawala 1505.0%79%
limR, (x,x)=(D-1R, 1" + OL) null sep.  API9I.O435
N Y) ab
e \/\

00 = heat flow through horizon

50 = lim R

qmetric introduces gravitational) local dofs

(geometric)




areas shrink to finite values

transverse metric: ,
null geocles:cs

~/

hab — A(y) hab
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Kothawala 1406.2672 . Padmanabhan 1508.06286; AP 1812.01275



statistical field equations

Padmanabhan 1508.06286; 1702.061%6

gravitational dofs (quantum dofs of geometrg) AP 1511.08665
Sq. = (number of dofs);,, at the point = imit area in some units L2 = 0(1)
| |
Suwatspt = 7= Snar = O (1 - L2Ry+ .. )
L
matter dofs
Smatter — @(1) L4 Tablalb
we want to extremize (1 — o L>R 1% + L*T,, 10" with respect to [° keeping 14 null;
this gives —g L2 Rabl“lb + LA Tablalb = (; weare back then to Jacobson’s result . ..

.. but with the addition of some statistical mechanical flavor!
since we start from micro dofs, and get the result from an extremization of entropy

an extremization basc%cl on a ditferent hgpotl’wesis about the underlging quantum states
of the geometry has been in\/estigatecl N Isidro, Paganini, P. 2407.13317 .




use on horizons

(collabs. with Krishnendu N.V. (ICTS, F)engaluru), S. Chakrabortg (IACS, Kolkata),
A. Perr (Bologna), and with M.J. Fahn (Bologna))

horizon
' = event of Crossing, of the horizon fog
some chunk of energy
x/
we describe the coincidence event
accordi ng to the local observer at x’ /
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thresh. Frec]uencg vs p (= L/L)

QOM@, g =— 1
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(From Krishnenclu N.V.) Krishnenclu) Chakrabortg, FPerri, AP 2505.22877



quantum sgstems near the horizon

the Presence og a horizon can agect the coherence omc 3 quantum sgstem
Danielson, Satishchandran, Wald 220506279, 2301.00026;

the existence of a limit |engt|f1 can have signiﬁcant iml:)act on the results

’ see the Poster ’

ol¥ M.J. Fahn

Fahn, AP 2507.16911; 2507.18709

M.J.



conclusions

We have seen that

the long historg (559) of gravit9~thermo.~quantumwirnco connection
aPParentlg IS strictlg intertwined with the notion of a limit Iength

and that
the latter Provicles hints/ means to endow spacetime with quantum features

SOMCE OPCI’] PFOPDICH‘IS:

—Wlﬁyxlzl °

T p+P
— whg s the gen. cov. entropg bound attained (ancl notjust satistied ?39 far) -

2

— should any c]uantum theory of gravitg foresee (egectivelg at least) a limit lengt]’w 7

— gravity 1S deﬁnitelg intertwined with thermod. / information: can we recast its
geometric clescription Fu”g in the |anguage of the latter ?



