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Quantum Field Theories

are ubiquitous and extremely efficient tool to describe
Nature:
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but we don’t really know yet what QFTSs really are

one may say QFTs play the same role as numbers used to play



Brief history of numbers:

1s the history of asking questions
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it’s easy to run into infinities on the way, especially if the
wrong question is asked

most real numbers won’t answer any question

(c.f. generic effective QFT)



we are done with numbers...

What is the space of QFT’s?

it feels we are only starting to learn how to ask interesting

questions here

a related outstanding question

What are gravitational theories?




Wilson provided us with a very useful tool to organize our
thinking about the space of QFT’s:

Wilsonian Renormalization Group Flow
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UV Complete QFT =
RG flow from a UV fixed point to an IR fixed point

Fixed points: Scale (conformal) invariant theories

Classic example: Quantum Chromodynamics (an asymptotically free theory)

GRAVITY IS DIFFERENT
Memory of the Planck scale never fades away
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The principal goal of this talk:

Describe a simple class of scaleful theories
and
discuss their physics




This is how these theories should have been found:

What a What is the simplest QFT? rlassless

Everything is determined by a two-particle phase shift:

S — 627;5(8) 1




Unitarity+Analyticity+Crossing: Zamolodchikov *91
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Expectation from Locality: P(s) =0



A candidate simplest QFT:
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This is the “solution” of a theory. It would be nice to recover
physics...
A tool:

TBA (Thermodynamic Bethe Anzats):

A machine to calculate the finite
volume spectrum from the S-matrix

f(T) = TEy(1)T) = %cwzﬂ as T — 00
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Goldstine (Valkav-Alknlav) Theory |
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(equivalently, N=1 Wess-Zumino model in the UV
and free fermion in the IR)



Unitarity+Analyticity+Crossing:
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Expectation from Locality: P(s) = 0 +{*s



Let us look at (D-2) bosons with

: .9
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*Polynomially bounded on the physical sheet

*No poles anywhere. A cut all the way to infinity
with an infinite number of broad resonances

X*Scale survives all the way to the UV'!



One can reconstruct the entire finite volume
spectrum using Thermodynamic Bethe Ansatz
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This is a light-cone quantized bosonic string



an extension of the Euler formula:

i /DXe_SNG(X)

A new type of RG flow behavior:
Asymptotic Fragility
Integrable theory of gravity



Integrable QG rather than QFT |

Gravitational shock waves: Dray,'t Hooft ‘85
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Some properties of the theory|

classical action:
SNg = —(? /d20'\/— det (o + 0, X'05X")

*Theory of gravitational shock waves.
*No UV fixed point and central charge.
*Maximal achievable (Hagedorn) temperature.
*Integrable cousins of black holes.
*Minimal length.

*No local off-shell observables.
*Big Bang solutions.



Integrable Black Hole Precursors

Time Delay .
Atmns — _ggEcms
2
cf. Aty =/{pE> _  for Hawking evaporation in 4d

Equivalence Principle at work
At is the same for a single hard particle and for a bunch of soft ones

String uncertainty principle
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Classical Origin of the Time Delay |

X"(r+0) isasolution
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exactly reproduces the quantum answer



Hagedorn Temperature

UV central charge from

TCUVvV

T f(T) = Eo(T™) ~ ;

T at T — o

we have

1 3

1) = 1-T/T -~ | 7= ZS\/W(D —

cy = (Ty —T)_g/2

Chaplygi __ P C —<@>1/2—1—€2
aplygin gas P = 1— 2p s p sD



Absence of local observables |

perturbatively: theory is non-renormalizable
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Theory does not want to answer this
question
“Asymptotic Fragility”
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Riemann-Hilbert problem: f(3) = e ¥V £(53 1 27

f(B) = exp (—Be” /2)



Big Bang Cosmology |

Xcl(O'Q — 7'2)

7° — 0% — (sinh X)* =0

induced metric is of the FRW form

ds® = —dt* + (t* + 2t)d\?




This was an integrable QG coupled to
(D-2) massless bosons.
Is there a generalization to other (non-integrable)
theories?



Start with an arbitrary UV complete QFT L(v, H)

l

Calculate S-matrix S, (p;)

l

Gravitational dressing gives S, (p;, £)



Gravitational Dressing




Properties of gravitational dressing

*Results in a well-to-do S-matrix
*Physical spectrum remains the same
*Low energy EFT description:
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*THIS CONSTRUCTION SHOULD NOT
BE POSSIBLE ?!



(Higgsless)

No picture like that in this example. Energy scale does not
correspond to a threshold. No scale invariance and
no Wilsonian RG above the scale.




An alternative definition of naturalness?

Every natural QFT is an answer to some
interesting question.
Perhaps we should learn to ask more
questions.

c.f. the following naturalness problem:

31415926535897932384626433832795028841971693993...
is this sequence of digits “natural”?




Instead of Conclusions: |

Identifying the simplest QM system—harmonic
oscillator—was immensely helpful for developing
intuition about (weakly coupled) QFTs

It is very satisfactory that a building block of
string theory presents itself a very simple (but
non-trivial) gravitational system

Thank you!
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