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QFTs at strong coupling

QFT is a cornerstone of modern physics (QCD, condensed matter) .
For example: Standard Model, has three gauge coupling constants g .

QFT calculations rely on perturbation theory (Feynman diagrams)
Needs weak coupling: g ≪ 1.

BUT: What about strong coupling g ≫ 1? (AdS/CFT!)

hard

difficulty of QFT
calculations

g1
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Running coupling constants

QFTs have running couplings g(µ), dictated by the RG equation:

ġ ≈ ∂g

∂µ
= β(g) , µ = energy

E.g.: for QCD (strong interaction) RG shows asymptotic freedom:

µ → +∞ , gstrong → 0

Goal of the thesis

Demonstrate that AdS/CFT provides a window into strongly coupled
phenomena in QFT, with RG flows as example.
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RG flows

ġ = β(g) is a dynamical system: solutions are RG flows (UV → IR)

1 Fixed points are scale-invariant: CFT.
Operators have a scaling dimension ∆ (behaviour under x → λx) .

2 RG flow: add O∆

(irrelevant/relevant)
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(β = ġ = 0)

(∆ > d)

(∆ < d)

Thibeau Wouters June 30, 2022 3



Table of Contents

1 Motivation

2 RG flows

3 Holography

4 Holographic RG flows

5 Holographic RG flows in gauged supergravity

6 Some results

7 Outlook & conclusion



Gauge/gravity duality

Dualities are powerful tools in physics (wave/particle, electric/magnetic,
Montonen-Olive, Kramers-Wannier).

String theory leads to a remarkable duality:, the gauge/gravity duality:
(= AdS/CFT correspondence = holography).

Gauge QFT in d dimensions ↔ Gravity theory in (d + 1) dimensions

Exciting feature: is a strong/weak coupling duality!

hard

difficulty of QFT
calculations

g1

using AdS/CFT
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Holographic dictionary

Correspondence between fields,
operators, observables...

1 AdSd+1/CFTd

2 ϕ ↔ O∆

3 r ↔ RG scale µ
(’Holography’)

AdSd+1

CFTd

O∆
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Holographic RG flows

To translate “RG flows” using the dictionary: (dynamical systems!)

Gauge ↔ Gravity
Fixed points CFT ↔ AdS

Field-operator O∆ ↔ ϕ
Evolution co. µ ↔ r

Theory space QFTs ↔ V (ϕ)

Flow eq. ġ = β(g) ↔ ϕ′ = β̃(ϕ)
Solutions RG flow ↔ Domain walls

CFTUV

CFTIR

µ

V (ϕ)

AdSIR

r

AdSUV

↔
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Supergravity

AdS/CFT originated from string theory: quantum gravity theory unifying
QFT with GR. Best understood in 10D.

In string theory, point particles are ‘smeared out’
to strings, but useful to go back: supergravity.

string theory

sugra limit

Supergravity = GR + supersymmetry.

We study maximally supersymmetric (N = 8) 4D supergravity. We have:

• 70 spin-0 scalar fields ϕ

• 28 spin-1 vector fields → gauge group G

→ influences V (ϕ)!

• 01 spin-2 space-time metric gµν

• 08 spin-3/2 gravitini

• 56 spin-1/2 fermions
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Gauged supergravity

1 We study 4 theories (4 gauge groups) which embed into string theory.
Each has a different potential VG (ϕ).

2 Hard → restrict to 14 scalar fields.

G = SO(8)

G = ISO(7)

G = [SO(6) × SO(1, 1)] ⋉ R12

G = [SO(6) × SO(2)] ⋉ R12

70 scalars

Z3
2-truncation
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2 Hard → restrict to 14 scalar fields.

G = SO(8)

G = ISO(7)

G = [SO(6) × SO(1, 1)] ⋉ R12

G = [SO(6) × SO(2)] ⋉ R12

N = 1, d = 4 with
7 chiral multiplets

70 scalars
complicated

14 scalars
computable

Z3
2-truncation
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Numerical methods

VG (ϕ) depends on 14 real variables: use numerical methods.

AdS vacua are fixed points of the 14-dimensional dynamical system of ϕ′.

BUT:
IC of flow solution depends on initial ‘velocities’ A1, . . . ,An

Have to be fine-tuned: extremely complicated!!!
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Numerical methods

VG (ϕ) depends on 14 real variables: use numerical methods.

AdS vacua are fixed points of the 14-dimensional dynamical system of ϕ′.

BUT:
IC of flow solution depends on initial ‘velocities’ A1, . . . ,An

Have to be fine-tuned: extremely complicated!!!

?

A1
A2
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Step descent algorithm

OWN, NEW ALGORITHM!
Inspired by machine learning: minimize loss function
f (A1, . . . ,An). Ours: distance between flow solution
and ‘target’ AdS.

A1 A2

f (A1,A2)

Step descent algorithm:

f (A)

AA(1) A(2)A(3)A(4)A(5)· · ·
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A window into strongly coupled QFTs

For G = SO(8) gsugra, the dual QFT is a Chern-Simons theory (known as
ABJM), necessarily strongly coupled!

→ Holography is the only known way to find RG flows!

N = 8,G = SO(8) → N = 1,G = G2 .
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A rich web of holographic RG flows

NEW RESULT!
Within the 14 scalar truncation, we observe a rich web of RG flows!

N = 8,G = SO(8) → N = 1,G = G2
NEW−−−→ N = 1,G = U(1)× U(1) .
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Outlook & conclusion

• AdS/CFT provides a window into strongly coupled QFTs

• Holography allows us to study RG flows non-perturbatively

• AdS/QCD? AdS/CMT?

• Machine learning meets theoretical physics

Thibeau Wouters June 30, 2022 13
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AdS space-times

Lorentzian hyperboloid: embedding into R2,d−1 with (−++ · · ·+−):

d−1∑
i=1

X 2
i − X 2

0 − X 2
d = −L2 ,

SO(2, d − 1) invariance manifest. Metric:

ds2 = L2
[
dr2

r2
+ r2ηµν dx

µ dxν
]
,

Thibeau Wouters June 30, 2022 1



Conformal algebra

1 Translations: d generators Pµ,

2 Lorentz transformations: d(d − 1)/2 generators Mµν ,

3 Scale transformations: xµ → λxµ, with 1 generator D called the
dilatation operator

4 Special conformal transformations:

xµ → xµ + aµx2

1 + 2xνaν + a2x2
,

with d generators Kµ.

Scaling dimensions of operators are defined by [D,O∆] = ∆O∆.

They are bounded:

∆ ≥ d − 2

2
.

Thibeau Wouters June 30, 2022 2



Conformal field theories

Correlation functions are simplified:

⟨O∆1(x)O∆2(y)⟩ =
δ∆1,∆2

|x − y |2∆1
,

⟨O∆1(x)O∆2(y)O∆3(z)⟩ =
c123

|x − y |∆12 |y − z |∆23 |x − z |∆13
,

Higher order: operator product expansion:

O1(x1)O2(x2)
x1→x2−−−−→

∑
i

C
(i)
12 (x1, x2)Oi (x2) .
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Finely-tuned flows

For the system {
ẋ = −1 + x3 ,

ẏ = 1− y2 .

Jacobian matrix:

J (x , y) =

(
3x2 0
0 −2y

)
.
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x
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−0.5
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0.5

1.0

1.5

y
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RG flows and scaling dimensions

g(Λ) = g⋆ +
n∑

i=1

Aiv i

(
Λ

Λ0

)∆i−d

, (8.1)

• ∆ > d : irrelevant

• ∆ < d : relevant

g⋆

CFT

irrelevant

relevant

UV
IR
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Gradient flow equations

The scalar potential V (ϕ) (1 scalar field) can be written as

V (ϕ) =
1

2

(
dW

dϕ

)2

− d

2(d − 1)
W 2 ,

where W (ϕ) is called the superpotential.

The gradient flow equation solving the gravity equations of motion is

ϕ′ =
dW

dϕ
,

with ′ = ∂
∂r .

Resembles the RG equation ġ = β(g).
The “extra” AdSd+1 coordinate r corresponds to the RG scale µ in CFTd .
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Holographic RG flows

The gauge/gravity duality implies that domain wall solutions are dual to
RG flows, based on

∆(∆− d) = m2
ϕL

2 , V (ϕ) ≈ V (ϕ⋆) + 1
2m

2
ϕϕ

2

CFTUV

CFTIR

µ

V (ϕ)

AdSIR

r

AdSUV

↔
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AdS/CFT original formulation

AdS5 × S5N = 4,SU(N) SYM

RR flux N

gsNgsN ≫ 1gsN ≪ 1

Type IIB string theory on AdS5 × S5 ↔ N = 4, d = 4,G = SU(N) SYM

Thibeau Wouters June 30, 2022 8



Holographic dictionary

The precise relation for O∆ ↔ ϕ is:

∆(∆− d) = m2
ϕL

2

L from the AdS metric:

ds2 = L2
[
dr2

r2
+ r2ηµν dx

µ dxν
]
,

Squared masses can be negative: BF bound

−d2

4
≤ m2L2 .

For some range: both ∆± above the unitarity bound ∆ ≥ d−2
2 .

Susy selects the correct root.
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Domain wall solutions

Domain wall ansatz

ds2 = e2r/Lηµν dx
µ dxν + dr2 , ϕ = ϕ(r)

EoM:

ϕ′′ + dA′ϕ′ =
dV (ϕ)

dϕ
,

(A′)2 =
1

d(d − 1)

(
(ϕ′)2 − 2V (ϕ)

)
Introduce

V (ϕ) =
1

2

(
dW

dϕ

)2

− d

2(d − 1)
W 2 ,

The gradient flow eqs are:

ϕ′ =
dW

dϕ
, A′ = − 1

d − 1
W
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Gauged supergravities and dual field theories

M-theory, M2-branes Type IIA, D2-branes Type IIB, D3-branes

AdS4 × S7 AdS4 × S6 AdS4 × S1 × S̃5

G = SO(8) G = ISO(7)
G = [SO(6)× SO(1, 1)]⋉ R12

G = [SO(6)× SO(2)]⋉ R12

ABJM SU(N) Chern-Simons J-fold CFT

near-horizon
geometry

dimensional
reduction

AdS/CFT
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