
Heat Kernel Expansion and the
Gravitational Effective Field Theory

Lucas de Souza

UFABC, São Paulo

July 1, 2025



One-Loop by Heat Kernel Approach

One-loop Effective Action
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Heat Kernel Coefficients
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One-Loop by Heat Kernel Approach
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One-Loop by Heat Kernel Approach

Charged spin-0 particle

L0 = −|DµΦ|2 −m2|Φ|2 − ξ|Φ|2R

DµΦ = ∂µΦ+ igqAµΦ
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Effective Field Theories

Scattering amplitudes are obtained from
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Einstein-Maxwell Effective Field Theory

Scattering amplitudes of photons in a gravitational theory

Einstein-Maxwell EFT
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Einstein-Maxwell Effective Field Theory

The various scales and EFTs are summarized as follows:

  



Einstein-Maxwell Effective Field Theory

In terms of scattering amplitudes:



Einstein-Maxwell Effective Field Theory

Reducing operator basis

Equations of Motion
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Einstein-Maxwell Effective Field Theory

Complete Lagrangian
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Einstein-Maxwell Effective Field Theory

A convenient change of basis
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Positivity Conditions

Positivity bounds derived using unitarity of forward amplitudes or causality

Infrared Consistency Conditions

αIR ≥ 0 , βIR ≥ 0

A. Adams, N. Arkani-Hamed, S. Dubovsky, A. Nicolis, and R. Rattazzi, Causality, analyticity

and an IR obstruction to UV completion, JHEP 10 (2006) 014, [hep-th/0602178]
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One-Loop by Heat Kernel Approach

Tree level and One-Loop EM Action
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One-Loop by Heat Kernel Approach

a, b, c, d
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i for each spin are obtained from the heat kernel coefficients
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One-Loop by Heat Kernel Approach

a, b, c, d
(s)
i for each spin are obtained from the heat kernel coefficients
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One-Loop by Heat Kernel Approach

We introduce the charge-to-mass ratio z = g|q|
m

M
d−2
2 such that
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)
and we work with the dimensionless z-polynomial
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Infrared Consistency Conditions

ᾱIR = ᾱUV +∆ᾱ ≥ 0 , β̄IR = β̄UV +∆β̄ ≥ 0

Extremal BH Decay condition — (BH) WGC

C̄IR = C̄UV +∆C̄ ≥ 0



Results

Let’s look at the results of imposing positivity conditions in some dimensions

The simplest case:

Spin ∆ᾱ

0 7z4

1920
+ (1−10ξ)z2

480
+ 60ξ2−20ξ+3

480

1
2

z4

240
− z2

480
+ 1

240

1 127z4

960
− 11z2

60
+ 1

30

Table: Reduced coefficients ∆ᾱ in d = 3.



Results

Spin Condition for z bounded Bound if ᾱUV = 0

0 ᾱUV <


− 60ξ2−20ξ+3

480 if ξ ≤ 1
10

− 16ξ2−6ξ+1
168 if ξ > 1

10

Unbounded

1
2 ᾱUV < − 1

256 Unbounded

1 ᾱUV < 23
762 z ≤ 0.464 or z ≥ 1.08

Table: Condition for the existence of IR consistency bounds on the charge-to-mass
ratio z and IR consistency bounds on z if ᾱUV = 0 in d = 3.

C. Cheung and G. N. Remmen, Infrared Consistency and the Weak Gravity
Conjecture, JHEP 12 (2014) 087, [arXiv:1407.7865].



Results

Spin Bound if ᾱUV = 0 Bound if β̄UV = 0 Bound if C̄UV = 0

0 ξ-dependent z ≥ 3.87 ξ-dependent

1
2

z ≥ 2.77 z ≥ 1.99 z ≥ 2.78

1 z ≥ 2.48 z ≥ 2.39 z ≥ 2.43

Table: Positivity Consistency Bounds on z if UV coefficients are negligible in d = 5.

(QFT) WGC ←− IR Consistency ←̃→ (BH) WGC



Results

Figure: Infrared Consistency (left) and Extremal BH Decay (right) Bounds on the
charged spin 0 particle in d = 5.



Results

Spin ∆ᾱ ∆β̄

0 − 7z4

720
− (37−100ξ)z2

2520
− 1500ξ2−500ξ+183

44100
− z4

720
− z2

210
− 1

450

1
2

− 4z4

45
− 83z2

315
− 424

11025
− 7z4

45
− 58z2

315
− 2

75

1 − 37z4

90
− 247z2

315
− 1397

22050
− 31z4

90
− 172z2

315
− 1

25

Spin ∆C̄

0 − 7z4

720
− (61−150ξ)z2

3780
− 13500ξ2−4500ξ+947

396900

1
2

− 4z4

45
− 34z2

135
− 2591

99225

1 − 37z4

90
− 1669z2

1890
− 15023

198450

Table: Reduced coefficients ∆ᾱ, ∆β̄ and ∆C̄ in d = 9.

(QFT) WGC ↚− IR Consistency ←̃→ (BH) WGC



Results
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