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ESA and the Planck Collaboration

Motivation: Cosmology
Problems in standard  cosmology  
solved by inflation:

• Horizon problem

• Flatness problem 

• Formation of structure


Famous testable prediction in many  
models of inflation:

power-law primordial power spectrum 

The particle physics interpretation  
of inflation seems ad hoc:

• Fine tuning of inflation potential and inflaton 

• Initial conditions

• EFT — what about UV completion towards 

the very early universe (initial singularity)?
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Holographic Cosmology
Idea: Quantum gravity description of early universe in terms 
of Holographic dual QFT

Cosmological observables are mapped to correlation 
functions of the dual QFT
 Witten (2001)] [Strominger (2001) (dS/CFT correspondence) 


Maldacena (2002)  (wavefunction of the universe) 

McFadden and Skenderis (2009) (Holographic Cosmology)

Dual theory is 3d QFT with large-N scaling with 
massless scalars, fermions and gauge fields

4



Start with study of simplest model
massless 3d scalar SU(N) matrix 𝜙4 theory

�(x) = �a(x)T a

•                            

• Mass UV divergent

• With each order in PT UV(IR) deg. of. div. decreases(increases)

• IR divergent in PT

•  model equivalent to  vector modelN = 2 O(3)

[�] = 1, [g] = 1

<latexit sha1_base64="bEYi9mAp/ZBcywS0M8iePCMGAe8="></latexit>
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•  for 

• For  model fits better  
than 

g2
eff > 1 l < 260

l > 260
ΛCDM

Model studied in PT at 2-loop
Coriano, Delle Rose, Skenderis EPJC 81 (2021) 2, 174

Understanding the low-
region better requires a

non-perturbative study


 lattice study

l

→

Start with study of simplest model
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Massless point — perturbatively

(a) Planar 1-loop (b) Non-planar 1-loop

Figure 2: 1-loop diagrams.

(a) Multiplicity 1 (b) Multiplicity 2 (c) Multiplicity 2 (d) Multiplicity 1

Figure 3: 2-loop diagrams with multiplicities.

2.1 1-loop self energy and mass correction

At 1-loop we obtain the two self-energy diagrams in in Figure 2. In both cases the the loop

integral is given by

+⇡/aZ

�⇡/a

d3k

(2⇡)3
1

p̂2 +m2
,=

1

a
I1 =

Z0

a
� m

4⇡
+ aCm2 +O(a2) , (2.4)

and we will discuss its evaluation later. The constant Z0 corresponds to the massless case

and evaluation with Vegas gives

Z0 = 0.252728(6) . (2.5)

Using equation (2.4) determines the mass correction to be

�2m|1�loop = ��

✓
Z0

a
� m

4⇡

◆✓
2N � 3

N

◆
. (2.6)

2.2 2-loop self energy and mass correction

The 2-loop diagrams to be computed are illustrated in figure 3 with multiplicities (reflection

along horizontal axis). We proceed as for the 1-loop diagrams but now contract three

propagators with two vertices as indicated in the figure. The integral to be solved in each

case is

Dm(p) =

⇡/aZ

�⇡/a

d3k

(2⇡)3
d3q

(2⇡)3
1

(k̂2 +m2)(q̂2 +m2)(r̂2 +m2)
(r = �k � q � p) . (2.7)

In Appendix B we show, following [1], that the integral is logarithmically IR divergent. For

the perturbative study we evaluate the integral setting m2 = g2 as IR regulator. Our finite-

size scaling studies will shed light on the question whether the theory is nonperturbatively
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(r = − k − q − p)
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M. Laine and A. Rajantie, Nucl. Phys. B 513, 471 (1998), 
LatCos Phys.Rev.Lett. 126 (2021) 22, 221601

Z0 = 0.252731 . . .
<latexit sha1_base64="5PMr5db1MdMMr0ea0xQnJj+wxbE=">AAAB+nicdVBLSwMxGMz6rPW11aOXYBE8Lbvb90EoevFYwT6wXZZsmm1Dsw+SrFLW/hQvHhTx6i/x5r8x3VZQ0YHAZOYb8mW8mFEhTfNDW1ldW9/YzG3lt3d29/b1wkFHRAnHpI0jFvGehwRhNCRtSSUjvZgTFHiMdL3Jxdzv3hIuaBRey2lMnACNQupTjKSSXL1w45pnpmFX7FrJGgwjKVy9qO71er1hwzlpWNVKRsoNuwotw8xQBEu0XP1d5XASkFBihoToW2YsnRRxSTEjs/wgESRGeIJGpK9oiAIinDRbfQZPlDKEfsTVCSXM1O+JFAVCTANPTQZIjsVvby7+5fUT6dedlIZxIkmIFw/5CYMygvMe4JBygiWbKoIwp2pXiMeIIyxVW3lVwtdP4f+kYxtWybCvysXm+bKOHDgCx+AUWKAGmuAStEAbYHAHHsATeNbutUftRXtdjK5oy8wh+AHt7RPzK5KK</latexit>
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IR behaviour
Log divergent

power divergences at higher 
orders

IR divergence would render theory and therefore

whole idea of Holographic Cosmology useless

It is however expected that theory non-perturbatively IR-finite

and the dimensional coupling  plays the roles of the IR regulatorg

Jackiw, Templeton PRD 23 1981,   
Applequist, Pisarski PRD 23 1981

Lüscher, Weisz, NPB 445 (1995) 429-450

LatCos Phys.Rev.Lett. 126 (2021) 22, 221601

<latexit sha1_base64="4X/4VVxyPpdgisuBp0M6znTGKm8="></latexit>

D(ap)
p!0
= � log(ap)2

(4⇡)2

HERE: address question of IR finiteness and study critical properties
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Lattice study of scalar SU(N) 
matrix QFT

• Theory and observables implemented in Grid

• Ensemble generation on SKL cluster  

(STFC                        and U. of Southampton Iridis5)

• O(100k) trajectories per ensemble

N 2,4

g 0.1,0.2,0.3,0.5,0.6

L 8,16,32,48,64,96,128

m2 many masses in

vicinity of 2-loop        

Simulation parameters:

Data
Analysis code

Data and analysis code on Zenodo
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Guidance for lattice study 
from finite-volume EFT

Interpretation of lattice results guided 

by effective theory of magnetisation

<latexit sha1_base64="EE/we8qv/C/T3tY/sSFs8TkOptc="></latexit>
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Quantisation

Analytical result for exp.val.:
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Finite-size scaling study

B̄

<latexit sha1_base64="aoNYYBeqDkFYXT6ad6JtJ75MT6o="></latexit>
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#
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PT with g as IR cutoff

LatCos Phys.Rev.Lett. 126 (2021) 22, 221601

• Reweighted lattice data

• monitor crossing with choice of 
• scaling according to EFT:

B̄

11

<latexit sha1_base64="7M1b3NBJI2roh2h64vwp8r8pKH0="></latexit>

B = 1� N

3

hTr(M4)i
hTr(M2)i2 = f

p
N

m2

g2
(gL)

3
2

�
Binder cumulant



Finite size scaling study
The EFT motivates the global ( ) FSS fit-ansatz:g, L

NLO PT

(lin. divergence) finite-size scaling
 IR term
 color  

factor

LatCos Phys.Rev.Lett. 126 (2021) 22, 22160112
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DIR = log⇤IR

with ΛIR ∼ g, 1/L
IR regularised or

log-divergent
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DIR = (gL)n�2

with n = 3,4,5,6
IR power divergent

Test which IR-scaling is manifest in the theory by 
testing on simulation data
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Global fits assuming IR 
power divergence

Left axis: -valuep
Horizontal axis: values 

with  Included in the fitgL > gLmin

Fits suggest NO IR power divergences 
— vanishing valuep−

LatCos Phys.Rev.Lett. 126 (2021) 22, 22160113



Global fits assuming IR behaviour 
 or ∼ log(1/L) ∼ log(g)

Left axis: Bayesian evidence  
positive: 
negative: 

ℰ
ΛIR ∼ g
ΛIR ∼ 1/L

Right axis: -valuep

Horizontal axis: values with 
Included in the fit

gL > gLmin

Evidence for IR-finiteness of the 
theory based on both 


Bayesian and Frequentist analysis

LatCos Phys.Rev.Lett. 126 (2021) 22, 22160114



Central fit - nonperturbative results
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ag =0.6
2-loop, L = 1 • Only ansatz capable of 

the data is with 
• value 0.2 | 

( , )

• Good agreement with  

2-loop result with 

log(g)
p−
χ2/dof = 1.2 dof = 31

ΛIR ∼ g

LatCos Phys.Rev.Lett. 126 (2021) 22, 22160115



Conclusions
• Exciting project that covers the entire range of lattice QFT, Holography, 

theoretical and observational Cosmology 

• Dual QFT has non-perturbative regime, requires lattice QFT 

• We have shown IR finiteness of the 3d QFT with implications for 
holographic cosmology 

Really looking forward to see 
Lattice contributing to cosmology in this 

novel and falsifiable way!

Related talks at this conference:

•  Henrique Bergallo Rocha, Wed 14:15-30
• Joseph Lee, Wed 14:30-14:45
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