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Unitarity in QFT and entropy†

I At tree level pertubative series break

Nα ∼ 1

I Baryons, Solitons and etc are formed from N quanta

M ∝ 1
α

Entropy:
Sα =

1
α

Maximal
S ≤ Sα

†Dvali, Arxiv 1906.03530



Area Law and Saturons†

I Baryons with a lot of flavours Nf

Classically can not distinguish

S ∼ Smax

S =(Rf )d−1 S = R2f 2
π ∼ Area

G
tp =R

α= SR S = 1
α , α = q2

f 2
π

Bonus:

SBEK = 2πMR= S =S

†Dvali, Arxiv 1907.07332



Scattering and Saturon†

Macro same Micro flavor f
n =

∑
j nj←j flavor σ =

∑
nst σ2→n =

σ2→nnst = σ2→neS

nst ∼
(

n + nf
nf

)
σ2→n ∝ e− 1

α

S = log(nst) S = 1
α← Saturon

†Dvali, Arxiv 2003.05546



The Gross-Neveu (GN) model†

S =

∫
d2xψ̄i /∂ψ +

α

2
(
ψ̄ψ

)2

ψj→ Color/flavor ψ → γ5ψ

Lσ = ψ̄i /∂ψ − 1
2ασ

2 − σψ̄ψ

ψ → γ5ψ σ → −σ

similar model in 1 + 3 ‡

‡Dvali, Kaikov, Valbuena Bermúdez, Arxiv 2112.00551
†Phys. Rev. D10, 3235



Large N in GN

λ = αN

λ fixed N →∞

Leff (σ, λ,N) = NL̃(σ, λ)

V =
N
2λσ

2 − N
4πσ

2
(
log

(
σ2

µ2

)
− 1

)
σ → −σ is still symmetry σ0 = ±µe− 2π

λ SSB!

Asymptotic freedom:

β(λ) = − λ

2π
mf = σ0



Bound states in GN†

ψj =
1√
2
(
ψ1

j + iψ2
j
)

ψα
j Real SO(2N) fundamental

What about n fermions?

n different fermions
Irreducible tensors

nst =
(2N)!

n!(2N−n)! Mn = mf
2N
π sin

( n
N

π
2
)

0 < n < N Particle multiples

†Phys. Rev. D12, 2443



Saturons in GN

I Saturation point
λ ∼ 1
α ∝ 1

N
I Entropy

S = log(nst) = log

(
2N
n

)
Let us take a Saturon n ∼ N

S = 2Nlog(2)+O(log(N))



Area Law/Unitarity in GN

Saturons entropy:

S ∝ 2N ∼ 2
α
(λ ∼ 1)

S ∝ Area
G =

1
α

Area in 2D
R0 ∼ 1

”Newtons Constant”
G ∼ α ∼ 1

N

A Bonus:
R = 1

2mf
† MN = 2mf

N
π

SBEK = 2πMNR = 2N

2 fermions, see next slides



Scattering amplitudes in GN - I

L ⊃ σψ̄ψ

∝ αN = λ

L ⊃ α

2
(
ψ̄ψ

)2

∝ λ2



Scattering amplitudes in GN - II

2f →
Saturon or
2 Saturons?

i ψ
j ψ̄

〈in, jn|
1
n!

1
2nα

n (: ψ̄ψψ̄ψ :
)n |0〉

i contraction, n!(each vertex)× 2n ← 2 different ψ̄.

: LI :: LI : ... : LI : : LI :

n! contraction. No factor for j contraction (flavor conservation)!

amp ∝ 1
n!
αn

2n n!2nn! ∝ αnn!

We have factors from Order, coupling, i contraction, LI
contraction.



GN and Saturons

Let’s take a Saturon n ∼ N, at λ ∼ 1→ α ∼ 1
N .

|Amp|2 ∝ α2n(n!)2 ∝
(

N!N−N
)2
' e−2N = e−S∗

= e−
2
α

Micro entropy S = log nst = 2N log(2)∗
Coupling entropy S = 2

α = 2N
Amplitude scaling |Amp|2 ∝ e−2N

Cross section σ ∝ e 2
α nst ∼ 1

Bekenstein entropy S = MNR = 2N
Area Law entropy S = 2N

∗Remark Cλ = 1 − log(2) ' 0.3 (Off-shell)



GN and Page’s time

attn
He

Γ ∝ |Amp|2 ∝ α2mf ∼
mf
N

tp ∼
1
Γ
∼ N

mf
∼ SR



Hawking evaporation in GN
Pion Field πij = −πji , SO(2N) indices.

L ⊃ mf
fπ
πij ψ̄iγ5ψj

N N−2 + N N−2

fπ ∼
√

N t’Hooft.

Γπ ∝
1
f 2
π

mf Nα2N2 ∝ mf ∝
1
R ∝ T

The Boltzmann factor

amp2 ∝ e−2N = e−MNR = e−
MN
T



Black-hole-like objects, Saturons, in an integrable model

Thanks for listening


