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part II: elaborations (blackboard)



Outline

Macroscopic data

dS static patch = semiclassical cosmological (quasi-)equilibrium state

Quantum corrections = macroscopic data

Constraining microscopic models

Spiritual analog: heat capacity of H2 and the structure of QM

Ruling out microscopic models: cartoon example

Program: to-do list and results

To-do list

General exact solution 1-loop problem

Interactions

Loop integrals on the sphere

Killing microscopic models

Finding Microscopic Models

Quasi-it from large-N emergent quasi-qubits

Part II: elaborations



Macroscopic data



(Non-)Universal Evolutions



Evolution of Ours
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Macroscopic quasi-equilibrium state = dS static patch geometry

ds2 ! �(1 � R2) dT 2 +
dR2

1 � R2
+ R2d⌦2
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SEFT = log Zsphere =
A

4G
+ fine-structured loop corrections independent of UV completion
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Equilibrium = maximal entropy state:
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[Gibbons-Hawking]



Microscopic origin?

SEFT =

∫
Dg DΦ · · · e−SE [g,Φ,··· ] =


log dimHmicro ?

−Tr ρ log ρ ?

something else ?

meaningless ?

Challenges for mico-macro matching game: all symmetries are gauged, no

charges, no S-matrix, no boundary, no anchor, no symmetry-based

framework-independent asymptotic observables, tree-level SEFT = UV-sensitive

renormalized coupling...

 Without a priori assumptions about UV completion or additional structure:

no framework-independent, gauge-invariant, field-redefinition invariant,

macro-micro “matchables”?

There are! But they are necessarily quantum.



Pure 3D gravity example

Tree level entropy = on-shell action of sphere saddle Λ > 0 Euclidean gravity:

S0 ≡ S
(0)
EFT =

A

4G

S0 = UV-sensitive renormalized coupling constant = EFT input parameter.

In contrast to flat/AdS, no UV-independent information content.

In contrast to this: loop-corrected entropy, e.g. for pure 3D gravity

S = S
(all-loop)
EFT = S0 − 3 logS0 + 5 log(2π) +

∑
n≥1

1

n

B2n

(2n)!

(
4π2

S0

)2n

B2n = Bernoulli numbers: B2 = 1
6
, B4 = − 1

180
, B6 = 1

2835
, . . .

Only even powers of S−1
0 ∝ 1/` = cannot be absorbed into local counterterms;

UV-insensitive, unambiguous, infinite macroscopic data set.



Constraining microscopic models



Spiritual analog: heat capacity of H2 and the structure of QM
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Macroscopic data:
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Microscopic Model:
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Two protons on a stick = rigid rotor:
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Zrot(�) =
X

e��L2/2I
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cV (rot) = �2@2
� log Zrot
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Zrot /
Z

L

e��L2/2I / 1

�
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Quantum v1
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Zrot =
X

j

(2j + 1) e��j(j+1)/2I
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Z(spin singlet) =
X

even j

(2j + 1) e��j(j+1)/2I , Z(spin triplet) =
X

odd j

3(2j + 1) e��j(j+1)/2I

Zrot = Z(singlet) + Z(triplet)
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Quantum 2.0: Fermi-Dirac statistics
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Quantum 2.0 + metastable equilibrium
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At room temperature ⇠ 1/4 of H2 in proton singlet state and ⇠ 3/4 in proton
triplet state. Time scale for reaching “true” singlet-triplet equilibrium upon
cooling to low T is order(weeks-months). Relevant equilibrium for practical
purposes = metastable 1/4 - 3/4 mixture:

log Zrot =
1

4
log Z(singlet) +

3

4
log Z(singlet)
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 I ⇡ 170 K
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Upon cooling from room T , time scale < weeks:
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Spiritual lesson

SH2 (T ) = unsung hero unraveling fundamental structure of QM

[Clayton A. Gearhart, “Astonishing Successes” and “Bitter Disappointment”: The Specific Heat of

Hydrogen in Quantum Theory, Archive for History of Exact Sciences, Vol. 64, No. 2, pp. 113-202]

Microscopic model (two protons on a stick) is grotesque oversimplification, yet

getting precise match is tantamount to complete understanding of every aspect

of the fundamental framework of quantum mechanics!



Ruling out microscopic models: cartoon example

Recall pure 3D gravity macroscopic entropy:

S = S0 − 3 logS0 + 5 log(2π) + 4π4

3
S−2

0 − 8π8

45
S−4

0 + 128π12

2835
S−6

0 + · · · (∗)

Say someone claims S = Smic = entropy 2N-spin 1D Ising model at E = 0:

Smic = log
(

2N
N

)
= N α− 1

2
logN − 1

2
log π − 1

8
N−1 + 1

192
N−3 − 1

640
N−5 + · · ·

where α ≡ log 4. Exists unique identification S0 = N α +
∑

k ckN
−k ,

S0 = N α− 1
8
N−1 + 1

192
N−3 − 1

640
N−5 + · · · ,

such that expansion takes form of (*) (only even powers 1/S0):

Smic = S0 − 1
2

logS0 − 1
2

log π
α
− α

16
S−2

0 + 2α3+9α2

768
S−4

0 − 12α5+25α4+50α3

15360
S−6

0 + · · ·

Coefficients do not match ⇒ claim ruled out.



Program: to-do list and results



To-do list

1 Find loop-corrected macroscopic S for general EFTs of quantum gravity.

2 Find matching microscopic models matching macroscopic data.

Easier said than done, but road so far remarkably prettier than feared.



Exact 1-loop corrected S for arbitrary EFTs of gravity + anything

� = Trbulk QNM e�iHt � Tredge QNM e�iHt
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Particle spectrum ! bulk and edge quasinormal mode characters:
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Gauge coupling constants (gravitational, Yang-Mills, HS) in log corrections:
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Examples explicit results:
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Quasinormal Quasi-Qubits



Interactions: BRST gauge-fixed gravity action in first-order formalism

D=3 example:



Loop integrals on the sphere: GKZ form

Universal GKZ Euler integral formula for arbitrary diagrams on Sd+1

For example for diagram with V vertices and k lines k = 1, . . . ,K propagating

scalar fields of mass m2
k = ∆k(d −∆k):

diagram ∝
∫
λ,µ

∏
k

λ
∆k
k µ

(d−∆k )
k P−(d+2)/2

where P = polynomial in λ, µ given by

P = det(1 + LTL)

with L a K × V matrix fixed by diagram topology, e.g.



Simple explicit example

Then for m2
k = �+

k �
�
k , �±

k = d
2 ± i⌫k,

<latexit sha1_base64="Fw7WJygL+BAlgA8S8QN8jFnVjA8="></latexit>

I =
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Less-simple explicit examples (3D)

I =
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Killing microscopic models

A.I. view on the microscopic model graveyard:

[...]



Finding Microscopic Models



Quasi hints

Explicit expressions extremely complicated, but extremely simple and

universal underlying structure: quasinormal modes/resonances

Typical for hyperbolic systems, also in ordinary QM

But if dimH <∞: no QNMs/resonances...?!

∃ microscopic models with emergent QNMs in dimH →∞ limit? Yes!



dS2 quasi-qubits from SU(2) spin qubits

Quasinormal Quantum Mechanics
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Quasinormal Emergence
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Quasi-quasinormality: 1/N corrections
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Part II:elaborations

continued on blackboard
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