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Big Picture

Quantum Mechanics + Special Relativity = Quantum Field Theory

High Energy (UV) «— How does short-distance data...
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Goal for Today

High Energy (UV)

<—-

\ What are the dynamics of high-energy states
) in QFT?

Eo, ((1)1(0)), (Ea|O|Eq), - ..

T
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Low Energy (IR)

3/ 26



Punchline

o QFTs are generically chaotic
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o Macroscopic features match CFT, but microscopic features are
sensitive to deformation

o High-energy dynamics governed by Eigenstate Thermalization
Hypothesis (ETH) and Random Matrix Theory (RMT)

o States near multi-particle thresholds violate ETH, with
semiclassical description
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Menu

o Model: 1+1d ¢4 theory

o Method: Conformal truncation

o Understanding high-energy states
o Thermalization and chaos in QFT
o “Scar” states at weak coupling
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Model: 1 + 1d 4 theory -

L= (0¢)" — m*¢p° — g¢*

o/, symmetry: p = — ¢

o Critical point: Ising model

Goal: study high-energy

states at both weak and
strong coupling
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Hamiltonian Truncation

o Old idea (Rayleigh-Ritz) for approximating energy eigenstates

o Basic steps:

1) Discretize Hilbert space
2) Truncate to finite-dimensional subspace
3) Diagonalize truncated Hamiltonian

Solvable theo/:y NOT\smaII
(e.9. & = (0¢)?) perturbation!

(e.g. m*Pp* + gop”)
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Hamiltonian Truncation

o Old idea (Rayleigh-Ritz) for approximating energy eigenstates

o Basic steps:

1) Discretize Hilbert space
2) Truncate to finite-dimensional subspace
3) Diagonalize truncated Hamiltonian

/ \

This talk
Solvable theory NOT small 'S 1
(e.9. Z = (0)) perturbation! DLCQ Pauli et al ’85, TCSA Yurov etfal *90,
(e.g. m°¢p* + gp*) Massive Fock Sp chkov etlal 14,

< Truncation Katz et al *16
HTET Cohen et al 21, I MPS Tilloy 21, ... 7/26



Conformal Truncation

Lo = (99)°
1) Discretize: Hilbert space of UV CFT = Fock space of massless scalar

‘plv"°7pn> (n:O,l,Q,)

Span Hilbert space with basis of polynomials

Equivalent to basis of local CFT operators
Ui (p)) & O~ ¢ 0" ¢

Use UV conformal symmetry to organize Hilbert space
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Conformal Truncation

Lo = (0¢)°
2) Truncate: restrict to polynomials with degree A < A ..
(low-dimension operators)
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Conformal Truncation

L= (0¢)° —m?¢” — g¢
3) Diagonalize: construct Hamiltonian from Fock space expansion and
diagonalize numerically
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ngh Energy Elgenstates

N J 25 =
= 20}
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> - |~ What about all these states*
= 10p High-energy states are
N I
§ a; strongly-coupled
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Coupling g

Macroscopic features match free theory, but
microscopic detalls are chaotic
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Distribution of Eigenstates

1000

Density of States p(FE
=

100 |

500
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Volume of Eigenstates

o Conformal truncation — Infinite volume

o \/olume set by states themselves

&—— Finite-sized “star”

Fo(q) = (Ea(p)|O0)|E(p))]  Fola) ~1 () +...
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Volume from Form Factor
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g=1.6
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Volume from Form Factor
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Density of States
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Expectation Values

Expectation Value (O)

— O = = (0°9)°
— 0y = (0¢)*

5

V = 01 — Oz = Virasoro primary

CFT prediction: (V)z =0

I1b l l l 50 - |160
Energy Density ¢

Macroscopic features match
free theory as € — o©
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Expectation Values

O1 = = (0%9)°
Oy = (0¢)*
g=1.6

ssive free theory

30 39 40 prediction

5 10 5 100
Energy Density ¢

High-energy eigenstates satisfy ETH: |[(F,|O|Ey) — (O) 3
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Eigenvalue Spacing
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Eigenvalue Statistics
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Eigenvector Coefficients
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Eigenvector Coefficients

Few-particle states
200 + A

Truncation effects
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Thermal states
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Eigenvector Coefficients

“Scar” states?
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Eigenvector Coefficients
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Scar States

20F “Two populations
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What are these non-RMT states?
g=0.13
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Scar States
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Can categorize by expectation values
g=0.13
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g=0.13

Scar States
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Summary

o QFTs are chaotic (even at weak coupling)
o High-energy dynamics governed by ETH and RMT

o High-energy states obtained numerically are “healthy”
— average behavior converges quickly and matches ETH

o Existence of scar states near threshold at weak coupling

o No evidence of scars at strong coupling

25/ 26



Future Directions

o Further study ETH (off-diagonal matrix elements)

o Extract hydrodynamic features from SFF
Winer, Swingle '20

o Continue to thermal 2-pt functions — Hydrodynamics, transport
o Extend to other (higher-dimensional) QFTs

o Connect near-threshold scar states to semiclassical predictions
Rubakov ’95, Son 95

o Implications for “approximate CFTs””
Belin et al '23

o You tell me!
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BACKUP SLIDES



Finite-Volume Spectrum

L =(09)° —m*¢* — g¢
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High-energy spectrum is chaotic
at finite coupling (# UV CFT) ( D
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No Visible Scars at Strong Coupling

40—+ — ——
| ] n-particle

‘«—"threshold .

Particle Number (n)

—
-

0.1 1 10 100 1000

Energy Density e



Spectral Form Factor
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Thermodynamics

Bound from
causality
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Expectation Values
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High-Energy Eigenstates

o Random matrix theory:

Eigenvalues in a small energy window
essentially match those of a random
matrix

o Eigenstate thermalization hypothesis:

Expectation values are smooth functions
of energy with small random variations

Random matrix

Thermal expectation (O) s



