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Punchnline!

* Quantum Gravity is already in the Infrared!

o Weakly coupled QFT+GR must fail at < 100 TeV!
— Fiabhsealae SUS Y SLH Lalmostalb-nflation-rodels

— JeV-scale QG, Large Extra Dimensions

— Strongly coupled UV completion (technicolor?,
bootstrap?)
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Does Quantum Gravity
matter in the IR?

e Quantum Fluctuations do fluctuate!

Tuv) =07 (TwTap) =0

 What is the analog of CC for the covariance of
stress fluctuations”

* Can these fluctuations have an observable
gravitational signature on large scales”




Vacuum Fluctuations in
L inear Gravity

e Linearized Perturbations around FRW space-time

ds® = a*(n) [—(1 + 20)dn? + 2Vidzdn + (1 — 2'1;'1:)(1)(2]

* Einstein constraint sector: scalars in longitudinal
gauge and vectors
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CnC: the upshot!

Random stress fluctuations at (V) (V) 3 A
UV scale / (T "(x) Ty (y)) ~ 0°(x —y)A

Poisson eq. for anisotropic k2P ~ M2AUT,

stress

Variance of Metric perturbations A2 A®

grows as distance (As ) M2k

A UV/IR Heisenberg uncertainty A — A2

relation IR "3 ra
p

Cosmology limits the UV scale A < (MAH)Y5 ~ 2 PeV



Kallen-Lehmann
spectral representation

 Most general expectation for stress correlators from
Unitarity+Lorentz symmetry

cm 1 i
eik(z w/ du [p()( )Py Pog + pa(1 )( P,.P,s+ PMP 3Pu,,Pm3>]0(1:0)27.'0(1:2-4-/1.),
0

(T @) Tos @) = [ 55

e p’'S must positive. Py = nuw — kuky, [k
 Cosmological constraints will roughly translate to

dp 5
—— 09 eV — 1 PeV
Cpa(k) S (10 TeV — 1 PeV)



E.qg., afree scalar fielo

 [For a weakly coupled scalar

field
2 2 012
H 1 m 1 m )
P2 12072 \/4 m { Py } (u—4m”~)
e ko
* For large scale, real-space T
correlations, one can deform
the contour to get
m? C |k| \/k2 n 4m2

:02,eff(:u) — 120W2\/TM@(_M)

e Poisson model ...



CMB anisotropies

* Integrated Sachs-Wolte (ISW) effect

5TISW (f.)
T

B Mtoday P f ! ni
= dn(¢' + ¢ + Vi),

NMLSS

o |SW effect due to metric fluctuations, due to a
scalar vacuum

w L+ 1DCPEY 49  mPtg

A7 =
(87) 2 288072 M?




power spectrum of CMB
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power spectrum of CMB
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CnC problem (take 2):
A holographic entropy bound!

e Gravitational fine structure constant ac ~ E?*/M;

 Number of qubits in a Dirac field
A Bk 2A3

= —— X Volume.
(2m)3 372 e

# = 2x2xVolume x /

* Holographic Bound

2A° |1+ ln(AIPQ/AQ)]

X Volume.
3m2 M2

Spu = 2rM2 x Area > S = # x ac [1 — In(ag)] ~

371'3]\/[;1
AP [1 + ln(]wg/AQ)] ’

 An IR cut-off for gravity = R < Ruax~

/[ N A5 [1 + ln(]\/[g/AQ)] AIR < HO ~ 05 x 10—33ev
=|A < 2.4 PeV,

Arp ~

Runx 3m2 M
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* Vacuum energy-momentum fluctuations can also source
gravity

 They change the gravitational constraint sector in the IR,
thru equal-time correlators

* Heisenberg Uncertainty principle for UV/IR observables
 CnC problem is more severe than the old CC problem,
due to the positivity of the spectral functions or entropy, i.e.

fine-tuning doesn’t work

* \What about Effective Field Theory?
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On the folly of EFT

When it comes to gravity, EFT doesn’'t have a good
track record!

CC problem
CnC problem

and firewalls!




On the folly of EFT

e (Gravitational Path Integral

[ DaDe x Ditt g, ¢] x exp (i [ o5 (Rlg] + Lulp.l} )
* Naive Effective Action

eXP(iSeff naive|9]) = exp(1SGR|Y| / Dcpexp( / d*z\/=gLmlep, g])

* |gnores GR Constraints :-(

Diff ~*[g, 0] exp (i.Seft naivelg]) # exp(iSar[g]) ¥ / DpxDiff g w]xexp< / d*z\/=gLm [, 9])



Open Questions

Seriously?!
What about the early universe/inflation?
|s there a gauge-invariant description of this effect??

What happens beyond linear order?

Nature of IR cut-off” massive gravity, Dark Energy?

What will a 100 TeV collider see”?
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—inal Thoughts

- CnC problem: Quantum Gravity effects must show
up around 20 TeV-PeV scale

= Also motivated by solving the Higgs hierarchy
problem, e.qg. Large Extra Dimensions

= A definite target for particle colliders
(e.qg. 100 TeV collider)

- EFT: Just think outside the box!




BONUS SLIDES



INnteraction entropy

* Imagine a system with Hamiltonian Ho, in its ground
state |0),, and zero energy

 Now, turn on Hint;To 1st order, new eigenstates are
(n|0) ~ — (| Hint|0)
* Time-Averaged density matrix: ’ En,

* Entropy of a 2-state system
Squbit = —t7(pint In ping) ~ a[1 — In(a)] + (9(02),

* Fine structure constant (1| Hip|0) 2
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What Is a cosmological
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e Vacuum fluctuations should be finite, Lorentz invariant,
and conserved (i.e. satisty Ward identities)

e UV fluctuations should be un-correlated in the IR

* |Imagine particles of mass m, uniformly sprinkled in the
phase space with density <fp>
rh ot P

[V [ANe ale7s; / — 3
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 We shall see that this structure occurs in generic
guantum field theories.



Gravity of Poisson vacuum

* Solving Einstein equations, we find the spectrum of

metric perturbations; a2 ~ ™ {o)
Mk

_ 5 ((fo) k/a ke
o A2 ~4x10°° (—2 AJ0)
OF Bg=ax (50 TeV) (1/2) (2 X 10_4Mpc_1>

e spectrum of CMB anisotropies (Integrated Sachs-
Wolte, or ISW etfect):

o 21 720 M}

(fo = 13.7 billion years)

(fo)



| An offset In Hubble law

» Particle action S, — —m/dt\/l o1 — %P

e o 2nd orderin ¢

S, ~m / dr [—1 - %l)’c|2 + ¢(0,t) — d(x,t) + %qz')(x,t)Q — g@(o, t)? + o(x, t)(;')(O,t)] .

 Effective Newtonian potenial @~ (x.1) = —(o(x,1)¢(0,1))

. . 1 d s
An offset in the Hubble law v Hr — o] ﬁpz(,u)
o 1 " 1/5
Planck cluster kSZ monopole [.— ol <11 pev.
(vp) = 72 £ 60 km/s, 2J) Vi
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e Particle action S, — —m/dt\/l 2ot — &,

e o 2nd orderin ¢

Sp 2772./dT [—1+§|5{|2+@(0 =X, 1 X,

« Effective Newtonian potenial  ®n(x,t) = —(o(x,1)6(0,1))

» Anoffset in the Hubble law v 17— e [ i

1/5

* Planck cluster kSZ monopole [1 L/
(v) = 72 £ 60 km/s 2 ) /R

< 1.1 PeV,




