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Cutline

o Greneral Relativity and semiclassical gravity,
o The Quantum Focusing Con jecture
o The Improved Quantum Null Energy Condition (INEC)

o WiP- AEE@.MF& ko prove Fhe INEC Null Plane and
Sphere.



Greo me%rszmergv

o The mebric fixes the LHS. What is the RHS?

o The RHS is the energy-mommentum (stress-
emergv) tensor (ETM‘I?) dst Heaeiibes the .
energy sources of spacetime - particles,
fluids, BHs, Cosmological Constant...

o Many times - fluid approximation
TﬂyzDiag{pa_pa_pa_ap}

SRS




4 &

Ehergy Sources

o We do not have a theory telling us what are the
“allowed” EMT. ,

e Actually, the Synge mebthod allows us to to&\sﬁr@m& any
EMT that we want - pick a metric gap, and solye for
the EMT using Einstein’s equations. P P e v R

o So lek us Pomd&r about what are ptaus;btéEMT s
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In the 60%, when singtlarity theorems where proven we khew * V57 7y =
about matter (w=0) and ro\o‘ei,a&i,m\ (w=1/3)

By how, spatial curvature (w=-1/3), CC, Inflation, DE (w=-1)
more...already violates most energy conditions.

So based on the known forms of matter, energy conditions were
sugqgested as an additional assumption for solving the EFE,

@ Null Energy Condition: For every future pointing null vector
teld ke -
e T, k"k” 20 o Fluid approx. wr>=-1



o Conmsider a cohgruence of geodesics through some
cross-section infinitesimal area 4 as we move forward

with the affine parameter 1, the classical scalar
1 dof

A dA

expansion is defined as @ =



The Qavth&ucﬂf\ur& eq.

@ 0 is the expansion scalar which measures the expansion of a
congruence of geodesics, k* a null vector, 1 the affine parameter.

o For simptiz‘:i&j zero shear, btorsion, eke,

do I Lo
Qajthaucihuri eq. E = — ?9 — Rﬂyk/"k” = — 59 — SJZGTWk”k” —

1 2
@ 1f the NEC holds we have 0 < — 59

| i)
2 Solving gives % > — +§ => f 0, <0 a caustic is formed at finite A
0

o Basis of singularity theorems



Classical Resulks

o Black hole singularities

e Big Bang singularity

o Area theorem of black holes (The area can only
grow)

o Useless in the real world!

Quanbum Filelds violake Ehe NEC'



Semiclassical Gravi&j

o Consider classical background space-time and on top of

that quantum fields. Classical

o Quantum fields may perturb the space-time in a self-
consistent manner.

o Quantum correckted EMT, (n Prihcipi.e) all orders in hbar, 1st
order in & 87G(T, k'k")

o BHs - Bekenstein GSL=Generalized Second Law, Hawking
radiation,.

o Cosmology - inflation, theory of large scale structure,..



Bekenstein Hawking Emﬁropfj
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o . s 3
Belkenstein 72’ Seen = e Apg+85 dS,., =20
o ALl fundamental constant of nature appear in the formula!!

o S is the von Neumann (entanglement) entropy of quantum fields on one side of
the cross-section area (non-local) S = _ Trp lOg P

o Acy - the area of the BH at the event horizon.

o BHs are Eharmodjv\amicai ob jects, They have entropy, temperature, They radiake
away and disappear - BH information paradox.

o Greneralized entropy is finite, unlike the entanglement entropy.



o Nowadays, for infinitesimal areas @as well

azeml): Sy, = gop 5 Semtctassical result
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Quanbum Exgmms&om

o If we replace A->Sqen, then the expansion can change to gquantum
expansion. By ahalyzing the quantum expansion we can derive
semiclassical results,

4Gh 0Sgen

4Gh
@ — — —_ G
\Vh(y) oV(y) 9 " T o4 :

o Examples: Islands, "Quantum Extremal Surfaces” O = 0, were crucial
for showing that BH evaporation is unitary - major advance in
resolving the BH information paradox.




Quantum Focusing Camjeaﬁ%ure

: . g : OV, ] =
o Based own the F{ajchau,dhum eq. (assuming NEC) that 6’ <0, /h()’1) oV(y,)

5@[‘/()’1), )’1]
® The off-diagonal part y, * Yy is proven bj entropy subaddi&ivi&:j. The sV <0
diagonal part is a con jecture. (y 2)

o Basically, an energy condition in the presence of gravity, @ 4 < O
o Resulks: 1) EZV\Erop-j bounds TR

o Claim - in semiclassical gravity, ho NEC assumption is needed.

o 2) GSL - (certain e.xamptes)

__________

3) Quankum Null Energy Condition: i S



QNEC-Quantum Null Energy Condition

o Consider the QFC and use the Qajchau,cihu,ri eq.

4Gh B 4Gh
@ =@ +—— (8" — 0S) = — —0% — 8aG(T, }*k*) + —— (8" —65) < 0
o ) : of

h
(oK) = —— (S — 889 —
3 2

T
o hbar->o r@.produaes the classical NEC.

(T Kk 2 0

0> Emergtj cond.
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Y gro\w&v

® Consider instead the Limit 0 — 0, congruences with
vanishing classical expansion:

4Gh h
—872'G<Tﬂyk’uky> - 75// S 0 = <Tﬂyk’uk1/> Z _SH

2nd



QNEC

h
(T, Ktic = S
e 2nd

§” can be neqative, weaker than the classical
NEC.,

G dropped out of the calculation - independent
of gravity,

Fleld &heorj statement, works in Minkowski
space.

Field theory proof - 70 pages with long
calculations

’




Obiser Limmits? )

@ QFC is a cownjecture, perhaps its wrong?

o Restricted QFC (proven in “braneworld scenario”
claims that at O =0=>0'<0

o Still gives all the desired resulks of GSL, simsutar&v
theorems, BH information paradox etc.

@ Lets consider the ©® — 0 Limik,



Improv&d Null E?Me.‘rgj
Condition (INEC)

4Gh 4Gh
@®=9+75/=0 — 9:—75/

o Subsktibtubte inko the QFC:

h 1 h S’
(ka/“‘k”) > — (S” — —95’) — ;
2nsf 7 Y/ of \ A/ of

@ Stronger condition —0S' > 0

o Independent of &



Obther dimensions

o In D=2,3 the term circaps out and we reprcdu&e the
QNEC.

) D-3
o (T )bt g 2 gl
a: 2l i)

o In D-rinfinity we get the pointwise QHANEC.

(T, %) > —— (5" — 05) = — S)
5 2nsd 2 \ A




Interpretations of the INEC

o 1. The INEC is brue and will be proven in field Eheorj . Minkowski
spacetime.

o 2. The QFC and the restricted version work ombj Per&urba&ivel.j wikh

Ghl/of < 1 sk the —05 >0 is atwajs subdominant, so the QNEC
holds. Corrections from curvature or EE need ko be added.

@ 3, 0 =0 exist only in the redundant case of =5 =0, and these
are the omtj Fmiu?s where the QNEC is saturaked.,

o 4. 8nG(T, k"k") is only 1st order in hbar =» perturbative point wise
version of the QHANEC

1
apb _ (0)7.01,0 el (Dyapb Sl (O {
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WiP-Sketch of prooﬂf

Consider curved surfaces, and expand $ tn powers of the surface
o(1), and differentiate w.rk the affine parameter /.

We need to connect EE/modular hamiltonian ko the EMT, usually
lknown only for flat surfaces with 6 = 0.

1f there exists a bifurcating Killing horizon then we know the

modular H: o0

e 2and‘2y[ dA(A — y(Y)T (4, y)
y(y)

We will take shape derivatives after deforming the surface and
use the relation between the £, modular H and Relakive en&rotz:vj,
and check whether the INEC holds

AH, = AS,,,+ AS



WiP-Sketch of Prowf

The QNEC reduces to  H) =27aT),(1,y) = 8"+ S, > S"

rel —

Relakive Ev&ropy Srel Measures bhe “distance” bebween kwo
states and is non-negative and monoctonic

Since $"ra>=0 this completes the Proo{. Sre1 = Trp(log p — log o)
rel

1
The INEC similarly reduces to o EQS,’,el >0

We also know that §'re1=<0, but we dont khow the size of
expansion or derivatives, stay tuned...



Wir- The syker@. cose

o Consider the modular H on the Ligh&tone/sphere

o The entangling surface is on the past Light cone
r=0, 1~ = 2y(Q), which is a boundary of somre
region K(A) with reduced demsé&:j makbrix pg

y(£2) 0)2]
H, = 2451@[ di a1
7(€2)
@ ) is the affine param. Of null rays, and vanishes
at the tip of the cone.

TM




Wir- The syker@. cose
H =27|d0 y(g)dud-ly(g)_lT
g ”J L Q) by

o Consider a l-param. Family of cuts
y(Q; 4) = y(€2;0) + 47(Q)

o Calculate the derivatives of the modular H

o Write the INEC in functional form:

40 O S (Q)? — (d_ 3)9 o (Q) — 21 Q) (Q)2 T,,[r(Q), Q]
| 5}/(Q)27’ 108 5}/(Q)V L \ae) JaLike=)s

52S0ut : =3 5Sout . ; =
dQ ; () = < > 7(Q) = 2z Q)Y (Q) T[1(Q).Q] p <0

<0

y(€2) J 6y(y)




Wit- The syker@. case

8 Now we can differentiote
twice the wmodular H and
substitubte inko the INEC

using AH, = AS,, + AS and
S”reﬁzo

o Resulkting in
685t 5 (@ Biy W rd=1) d—3\ "0
— 7 — 0—9 — 22792 T,.[7.Q] < — '2I dA AT, (4, Q o—"Ls
52 <d_2> st ot uly, Q< e 2 )+<d_2> 5 |




Wit- The syke\“@. case

o If the RHS is negative
=>INEC. If not, unclear, i.e.
a SUFFICENT CONDITICON

2a(d-1) V“” OSyei

dAAeT A Q)+ (d—-3
rQ? J, e R

<0

: : 5Srel
® When y<0=> ; <0
i

o Hence the averaged NEC
impties the INEC

g h D-3
J dAM T2, Q) 2 0= (T, kk") > —— <S” = —95/)
0

2nd D-2




Wir-Further Impii&aémms

o Can be written in terms of geometrical gquantities:

) f . 1 - AGh
2nd 162G 2 Ko/

o Using the classical Raychaudhuri eq. and the
definition of 0 resulks in S/, <0

gen

o Le. it is a maxinmal surface, not just extremal.



Wir-Further Impii&aémms

o Comnsider the QNEC as the fundamental property that
always holds, What is the weakest form of the QFC?

o Some Quankum f{ayahaudﬁuri (in}equatif:j?

2
% ("D,S _l(@Z_ <@> S’2>
% Ko/4

@ Correctly reproduces the classical Limit, QNEC always
holds.



St mMary

e From semi-classical gravity we
can derive field theory
consequences i a simple manner.

o We gobt an energy condition that
s not based on a\mitia\ri&v, but
first principles.

o TO DO: Finish the Proof

o TO DO: Cosmological Imptiaa&icms




Thanlk You!



S&mpb@. 2D @.xam[ptes

® Euclidean metric ds? = dx* + dy”

® Cab drivers mekric ds = |dx| + |dy|

2 Mebric on a spham - arc length ds = Rd0




Greneral Relakiviky (GR)

GR, devised by Einstein in 1915, is the accepted theory of
Gravity - the weakest fundamental force known to us in
Nature.

It is o classical field theory that connects the geometbry of

space-time to the enerqy sources present. I_"'/

As a resull, space-time, the Universe is dvmamic. while
obvious today, it was unheard of a century ago! (Eitnstein’s

CC ebe))

The basic entity of the theory is the metric, gab, & 2nd-rank =

tensor that measures distances in space-&ime. B == =

;:hrougb;ou,& the kalle I71L Probabtj use natural uniks d S2 — gﬂyd xﬂdxv; = 0’1’2,3
=Gl =

Elnstein’s Field eq. (EFE): @w(gm) — e

Ly Ll




WiP-Sketch of Prowf

o In 4D Fiks Casini,Teste Torroba a-
theorem for vacuum

@ rAS"(r)— AS'(r) £0

o Perturbative approach for small
deformations - Faullkiner et al.




Quantum Focusing
Cown Jéﬁt%uréi

o Using functional derivatives

4Gh 0S4,
Vo) OV

o O[V(y). »]1 =

o

V0 O[V(y),»1 <0

® The quantum expansion O at onhe point of o is the rate at which t { entropy S,,,
changes under a small variation dl of o, per cross-sectional area & of the variation

° The off-diagonal version y, # y; has been proven due to entropy subadditivity,

© The diagonal case of y, =y is a conjecture, for simplicity, denote as 0’ <0, with affine
parameter 4.




