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The Standard Model is an effective QFT, that, as far we know, successfully
describes all physics from the MeV scale all the way to the Planck scale.

But it is not UV complete.

If we run the RG back up to M,
the effective QFT description will
inevitably break down, due to
non-renormalizable interactions.
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Black Hole
Entropy

Bound on the number of

microscopic degrees of freedom
inside the black hole

The Planck Scale is the universal UV cut off




Entanglement
Entropy

Quantifies the shared

quantum information A4
betweenA and B.
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Why do we need
String Theory!?
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‘ t Hooft’s argument

* |/N expansion = string perturbation theory

* planar diagram = triangulation of world sheet

Large N QCD

defines a particular string

theory, in a highly curved

= fill up the holes =

target space. In QCD, this
string is strongly coupled.
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Maldacena’s argument

Gravitational back reaction
creates a
warped geometry

ds® = a*(r) n,drtds” + dr?

Extra dimension = RG scale



Holographic Renormalization Group

Introduce a cut-off scale A, = radial location .

Integrate out UV = everythingatscales > A =,

Wilsonian action Scg(A.) = gravity action Sg,s(I)

RG evolution eqn = radial Schrodinger eqn

Why is this true?




Renormalization Group = Open/Closed String Duality
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241 Gravity from 1+1 CFT with a T T deformation
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Integrable QFT with a irrelevantinteraction => UV cut off scale



Trace anomaly equation
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This is theWheeler-de Witt equationin 2+1 Gravity!



(n|TT|n) = (n|T|n)(n|TIn) — (n|O|n)(n|On)

OF, (R, 1) OE,(R,p) J?
b, (R, — =0
o BB —p—+ 4
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Total energy of a rotating black hole with radial cut-off!



Adiabatic expansion or contraction
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Isobaric expansion and contraction
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ds® = dzdr_ + gdaﬁi + gde_
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Metric of a rotating black hole in 2+ 1 dimensions
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— Future singularity

<«—+—Brane worldline

— Past singularity
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Matrix Theory

Early example of gravity arising from gauge theory:

* Large N matrix quantum mechanics

* Off-diagonal modes are open strings




