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Energy Conditions

Constraints on the energy-momentum tensor (EMT) which are necessary to proof
certain theorems in general relativity.

name inequality energy and pressure
weak Topt® > 0 p>0,p+p >0
null Tk k" > 0 p+pi=>0
strong  (Tup — 3T9ap)t " >0 p+ 3,0 >0, p+p; >0
dominant —Tt* future directed p>0,p>|pi

Example: Focusing theorem (“matter focuses light”) requires null energy condition (NEC)

Some energy conditions are already violated on the classical level.
Example: Minimally coupled scalar field violates the strong energy condition (SEC)

Taptt” — 5T = (t°Vqa¢)? — $m?¢°

All classical energy conditions can be violated by quantum matter fields.
Question: Is there a local energy condition which also holds on the quantum level?

Christian Ecker (TU-Wien) Granada, Jan. 26, 2018 2/11



Quantum Null Energy Condition

The quantum null energy condition (QNEC) arose from the Quantum Focusing
Conjecture, a semi-classical generalization of the Penrose focusing theorem.

[Bousso-Fisher-Leichenauer-Wall 15]

QNEC relates the null-projection of the EMT to the second variation of entanglement
entropy with respect to a lightlike deformation of the entangling region.

h 52SEE 5
277\/75)\ |>\(p) =0 Vk*(p) =0

Sa = —Trapalogpa pa =lrpp

(Top(p)k K >

There exist several proofs:

L . [Bousso-Fisher-Koeller-
* Free bosonic field theories | gichenauer-Wall 15]

« Holographic field theories [Bousso-Fisher-Leichenauer-Wall 15]
e General QFTs [Balakrishnan-Faulkner-Khandker-Wang 17]
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QNEC in Holography

Entanglement entropy can be computed holographically form the area of extremal
surfaces in the gravity theory. [Ryu-Takayanagi 06,Hubeny-Rangamani-Takayanagi 07]
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QNEC in Holography

Entanglement entropy can be computed holographically form the area of extremal
surfaces in the gravity theory. [Ryu-Takayanagi 06,Hubeny-Rangamani-Takayanagi 07]
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surface X

Geometric picture of QNEC: (NEC in bulk => “entanglement nesting property”) [\Wall 14]
Lightlike deformations in the boundary induce spacelike deformations of bulk surfaces.

h

sust >0 & (Te(p)) 2 mS%E(P)
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Holographic Computation of QNEC

For simplicity, we consider entangling regions which are infinite stripes of finite width L.
Extremal surface equations reduce to to a geodesic equation in an auxiliary spacetime.
[CE-Grumiller-Stricker 15]

two possibilities: ku

Ly, L=(075 -05, 1.34)
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Our method:

1. Solve for the geometry, either numerically or (if possible) analytically.

2.Use relaxation algorithm to compute an array of deformed surfaces (areas) {\i, A} .
3.Interpolating {\;, A;} gives A()\) from which we can compute the 2™ derivative.

, 1 d
EE ™ 4G N d)\2
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Thermal Equilibrium State

Homogeneous thermal equilibrium state dual to AdSs Schwarzschild black brane.

-107°
d 2 _ 1 d 2 d 2 d 2
7= S (=dt"f(2) + dz7/ f(2) + da7)
i i 1—0.001 -
fe)=1- (T KE=0f k8
1 5 2 == 0.1t — Thermal
Ti+ = m(Tuukikﬁ — 7T4 ﬁ' — Vacuum
¢ 5 —0.36467VELTT
parity invariance = 744+ = 7__ -10¢
time-reversal invariance=> S’/ = §” o 1 2 3 4
mTL
« S <0 => QNEC is never saturated and always weaker than NEC.
1, | 1 (7T)e3 g [44c)  2c8 e 30(1/3)?
TL<< L oSt = ora g~ DL (g — 33 ) T OTPLY) o= 5imps s

Vacuum solution (pure AdS, T=0)

1 (xT)e VELIT) | O(Le 2VBL) ¢~ 1173487
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e TL >> 1:

7
Sy =—
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Shock Wave Collisions

Collisions of planar sheets of strongly coupled N=4 SYM plasma on Minkowski.

S S 0 0 time dependence => S*) # S”
2
(TH = ;\702 ‘g 7;” 730 8 no parity invariance = T4 # T—_
T L
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0O O o P _
& L N2 (Ty)=E F2S5 + P
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black region:
NEC violated 2
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_4
» Narrow shocks violate the classical null energy condition. gﬁg'edﬁfmamhke'
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Extremal Surfaces in the Shock
Wave Geometry
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QNEC for Shock Waves (1)

— (ut, py)=(0.35,05) — (0.75,0.5) — (0.35, 0)
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 For example, at (ut, uy) = (0.75,0.5) the minus projection of NEC is
violated but QNEC holds and is not saturated.

» At the same point the plus projection of NEC holds and QNEC saturates.
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QNEC for Shock Waves (2)

QNEC forL - o (uy = 0)

0.8,
0.65—
0.43—
0.23—

0.0}

~0.2f

~0.4!

* The large L limit of QNEC saturates in the far-from-equilibrium regime.

At the parity invariant center (y=0) the minus projection of QNEC saturates
shortly before the collision and the plus projection slightly after the collision.

« We find no saturation in the hydrodynamic regime (ut > 0.8).
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Summary

The quantum null energy condition is a novel energy condition which is
conjectured to hold in any QFT.

We have seen the first series of explicit holographic calculations of
QNEC in equilibrium and far-from-equilibrium systems.

All our examples satisfy QNEC, which is a non-trivial check of the
holographic proof.

Surprising observation: In highly dynamic situations QNEC can be
saturated, which typically seems not to be the case close to equilibrium.

Ongoing work
BTZ black hole always saturates QNEC: (Tyx) = %( b+ 1(S%6)%)

What happens at finite density, broken conformal symmetry, for different
entangling regions, ...? Stay tuned!
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Far-From-Equilibrium Quench

Far-from-equilibrium quench dual to Vaidya AdS5; geometry.

System evolves from vacuum (¢ = —o0) to thermal equilibrium (¢t = 00).
QNEC for L - oo
ds2 = = (—di? f(2) + d22/ f(2) + dz?) SRR |
2?2 0.04|
f(2) =1—M(t)z* M(t)=3(1+tanh(4t)) 0.02
1 u 1 0.00 T
= — (T Wk kL) = —=DM(t |
parity invariance = 7,4 =T__ -0.04|
time dependence = 5. 75— -0.06 5 06 05 10 15 20

t
e Strongest version inthe L — oo limit.

. 5! can be positive => QNEC is stronger than NEC.
« QONEC never saturates (in our example): Sl mostly 30% of T+ .

Christian Ecker (TU-Wien) Granada, Jan. 26, 2018 12/11




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14

