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Outline

* Classical and Quantum Energy Conditions

* Smeared Null Energy Condition

* Applying SNEC condition to Dark Energy with
effective NEC violation
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* Classical Energy Conditions

In general relativity, energy conditions like the Null Energy Condition (NEC) serve as guidelines
for what types of matter and energy are considered 'reasonable’ and are central to singularity
theorems, forbidding traversable wormhole and proving mass theorems.

If one assumes GR, there is often a straightforward one-to-one relation between classical
energy conditions and various convergence conditions (null, time like, etc.):

NEC: T, K*K*>0  VK*null
+

General relativity: G, = 8zGyT,, = R, K'K" >0

Condition Physical form Geometric form Perfect fluid
A ik p>0and
WEC Tptt" 2 0 Gaptt" > 0 p+P>0
T G i p+ P =0and
SEC (Tab ”_zgab)r r! >0 Rm‘)t >0 (f"l _ 3)p G (H _ 1)P > 0
DEC Tpt°E” > 0 Gapte” > 0 p > |P|
NEC Tk > 0 Rpkk" > 0 p+P=>0
[oec |
l Credit: Kontou & Sanders 2020
WEC | | SEC |
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+ Strong Energy Condition (SEC) violated for Inflation or Dark Energy even classically. 1
(Also very subtle in modified gravity) 1

PERIMETER INSTITUTE
FOR THEDRETICAL PHYSICS

+ Positivity of the energy density in general incompatible with quantum field theory (QFT)
(Epstein, Glaser and Jaffe 1960)
[ DEC |
+ NEC is the “weakest” one of these conditions and for most classical fields holds.
| WEC | | SEC |

* NEC Violations in Quantum Contexts ~,

NEC [«

Quantum fields can violate even the NEC locally (Casimir effect, Hawking evaporation, etc.).
(T,y:=(¥IT,|¥), 3|¥)suchthat (¥|T, K‘K*|¥)<O0
* In Cosmology and black hole physics (Hawking radiation) Semiclassical Gravity approximation: ‘classical’

spacetime geometry while quantizing the matter sector

+ Assumption: quantum fluctuations of the stress tensor are much smaller than its expectation value

G, ~ 8xG(T,) a® 1
‘ ' Tg @2 S

* In Cosmology more intricate because of metric perturbations and their importance for generating the seeds of large-
scale structures.

- Butif (¥|7, K*K"|¥) <0 => R,K'K” <0 NCC locally broken
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What constitutes ‘reasonable’ energy conditions in semiclassical gravity?

« Is there any bound on NEC violation. We do not expect the NEC to be violated
systematically all the time and everywhere, arbitrarily.

* Non Local Energy conditions: Limits in semi-classsical gravity to how much
‘negative energy’ can accumulate from quantum effects.

» Averaged Null Energy Condition (ANEC). Borde, Klinkhammer, Roman, Ford,
Frolov, Wald,, Woolgar, Visser ....

. Aglobal energy condition.J dA (V| TWK'“Kvl ¥y >0
¥

* Holds for many physically motivated QFTs

» Can lead to some positive mass and singularity theorems

* To apply requires knowledge of the full history and future of the null
geodesic in spacetime (not applicable to most concrete macroscopic
situations)
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Smeared Null Energy Condition (SNEC) H
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Freivogel and Krommydas 2018, Freivogel, Kontou and Krommydas 2022
« A quantum-informed, semilocal energy bound to finite segments of null geodesics
* An expansion of semi local Quantum Energy Inequalities

Formulation of the conjecture: taken along Null geodesics using smearing function ff(/l) and
an smearing scale 7.

1 df.\*
E[F] := J di fXAF () [ A =1 —= 4J i (_)
14 ¥ T ¥ dA

E, [(21 T, kK1) 2 - ——
N

* reduces to the ANEC in the limit of infinite smearing scale
» Consideres curved spacetime
« invariant under rescaling of the affine parameter

« constant B < 1 unknown, depend on the relation of the ultraviolet cutoff number of fields
and Newton's constant. In specific field theory cases it was shown B = 1/(32nx)
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SNEC Implications in Cosmology

* Can it constrain NEC-violating scenarios like phantom dark
energy or nonsingular bounces, linking theory to
observational bounds?

Set up:

On cosmological scales ~ FLRW Spacetime with flat spatial sections:
8O0 = — dr* + a(t)*hg = — dr* + a(®)*(dx* + dy* + dz?)

» The matter sector is approximated to consist of several (~almost non interacting,~ almost
uniformly distributes) perfect fluids:

A=ty (T
I
In Cartesian coordinates T'”ff) == diag( — pi1), pD), pD), Pi(f))

and for each equation of state w; := % and the total 7,,(7) = diag(p, a’p,a’p,a’p)
l
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« Background Equations:

Bﬂ'GN gﬂ'GN
B = 3 P = 3 ZP;‘

7} 4Gy 4Gy
== +3p) = — (1 + 3w.
= 3 2,(pl+ D;) 3 Z pi(1+ 3w,

H=—-47Gy ) (p;+p) =—47Gy ) (1 +wp,

w,, = 0, non-relativistic particles including baryonic matter and dark matter

w, = 1/3, relativistic species including radiation, neutrinos

fd>0 = w<—-1/3 or p+3p <0. (Violation of SEC)

w; = — 1 (p; = — p;) Cosmological Constant

H~— (p+p)and if H > 0 Violation of NEC; if p, > 0,Vi =,>
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Constraints on Dark Energy

B T T T T I
0F = - 2 = - - S— SNEC constraints on varying- f:'llpl\\lalb—[.lirrl}lm\:fll-l‘\l-]t
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twy

Dark Energy Spectroscopic Instrument (DESI)

Studies the large-scale structure of the universe with the primary goal of understanding dark energy
DR1 results 2024, DR2 results 2025

Hinting to violation of NEC?

Wa <0 = Wpast < wtoday
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Constant Equation of State

Considered:

pressureless matter dominates at early times, whereas the phantom DE with
constant wp; becomes dominant at later times

» The pink regions SNEC is violated.

« Aa related to the smearing width BT | LTS By
» a related to the centrg of the smee_aring i ol
* We observe DE best in the late universe £ A
(z51-az0.5) I
« SNEC within its regime of validity should hold —14; -'
for any values of @ and Aa —L.5 i ]
« Exxw 2 —1.12for Qpr = 0.7, B =1/(96x) —1.6 ::' /

« if the EoS transitions to a phantom constant EoS

_ i 02 04 06 08
can approximate by @ 2 a,and Aa <1 — aq,

Aa
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* The pink regions SNEC is violated.
» The vertically dashed region DE never gets to dominate the universe.
» The horizontally dashed region represents the classical NEC is always satisfied

2.0 s, i ' '
\ 205
1.0F - | t .y
— a=02 =l 1.0¢ *’m,\
=~ U = h“; \ \.Q\.__
S a—05 5_, 0
—1.0 EE " — B=1/6ir DESI
i DB =N —1.0F= " B=1/s6x= ., /
—2.0 k- i
a=09 | " _9 o R
—25-20-15-1.0-0.5 o el A ]
—2.5-20-15-1.0-0.5

wy
wo
Aj‘= ay—a,, Qpp=0.7, B=1/(96n)

Aa = ay— a,,

QDE — 0.7 Ij —. 0.7
the tightest constraint

* When DE is phantom in the far past before eventually satisfying the NEC today the
SNEC constraint stronger the farther back the smearing is centred.

« Smaller value of B always leads to a stronger SNEC constraint (B=0 — classical NEC)
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* Classical Energy Conditions

In general relativity, energy conditions like the Null Energy Condition (NEC) serve as guidelines
for what types of matter and energy are considered 'reasonable’ and are central to singularity
theorems, forbidding traversable wormhole and proving mass theorems.

If one assumes GR, there is often a straightforward one-to-one relation between classical
energy conditions and various convergence conditions (null, time like, etc.):

NEC: T, K*K*>0  VK*null

+

General relativity: G, = 87GyT,, = R, K'K" >0

Condition Physical form Geometric form Perfect fluid
e ik p>0and
WEC Tttt 20 Gt >0 p+P> 0
p+P=0and

__F ah a4b
SEC (Tab ,,_anb)t I"‘ >0 Rm‘)t =0 (ﬂ! _ 3)[7 & (H _ 1)P >0

DEC Tpt€” >0 Gpt®€” > 0 p = |P|
NEC T kK > 0 Rk > 0 0+ P>0
| DEC
l Credit: Kontou & Sanders 2020
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