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• Introduction: Holographic CMB spectrum

• A first step: scalar SU(N) matrix model

• Non-perturbative lattice simulations

• Energy Momentum Tensor (EMT) renormalisation

• Conclusion & outlook

Outline
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• Very early Universe - strong gravity: use holographic principle

• Dual theory ansatz: 3D SU(N) gauge theory with arbitrary content of 
massless scalars and fermions

Holographic Cosmology
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Holographic RG flow QFT

‘pseudo’ QFTCosmology

Gauge/gravity duality

Domain wall/cosmology 
correspondence Analytic continuation

P.L McFadden, K. Skenderis 
[PRD 81(2) 2010]

[JPCS 222(1) 2010]
[JCAP 05 2011]



• CMB primordial scalar power spectrum:

• Holographic Cosmology 2-loop PT 

• vs ΛCDM

Holographic CMB Spectrum
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Energy momentum tensor

Free parameters: depend 
on content of theory

[Afshordi et al., PRL 118(4) 

& PRD 95(1), 2017] 
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• Competitive with ΛCDM (within regime of PT validity)

• No fermions

• Large 

Confronting Planck data
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• Dual theory massless and super-renormalisable

→Dimensionful coupling 

→Correlation function expansion in 

→Each order of PT: degree of divergence 

→ IR divergences in PT when 

Conclusion of Planck analysis
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UV 

IR 
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• Planck fit suggests dual theory becomes non-perturbative around 

• IR divergences expected to be an artefact of PT

• IR region describe low-multipole region of CMB spectrum

→ Motivation for non-perturbative lattice calculation

Conclusion of Planck analysis
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[Afshordi et al., PRL 118(4) & PRD 95(1), 2017] 

[Jackiw, Templeton, PRD 23(10), 1981]
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• 3D           -valued massless scalar matrix

• Action:

• Set critical mass      for massless theory (earlier talk by Andreas Jüttner)

• First simulation: SU(2) theory

• 4 lattice spacings

• 2 masses close to critical mass

The model
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• Non-perturbative (small 
momentum) window:

• Momentum quantisation   
→ discrete values

• Number of points in non-
perturbative window:

• Large lattice volumes: 

Non-perturbative window
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Dimensionless lattice spacing



Non-perturbative window

!11

Non-Perturbative

2-loop

1-loop

!
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Preliminary



• Goal: to renormalise 

• 2 sources of divergence

I)      operator mixing

• Impose Ward identity on 

II) Bi-linear correlator divergence

• Subtract      constant divergence with 0 momentum value

• Subtract         divergence by fit function

!12

Renormalisation Strategy
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• First candidate: massless SU(N) scalar matrix theory

• Naive discretisation of EMT:

• Ward identities in the continuum:

→               UV finite

Lattice Energy-Momentum Tensor
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• Ward identity on the lattice:

• Mixing with irrelevant operators      →         renormalises

• Divergence proportional to 
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Lattice Energy-Momentum Tensor

[Caracciolo et al., NPB 309(4), 1988]
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• Determine operator mixing     by imposing Ward identities on:               

Operator Mixing
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<latexit sha1_base64="DBkIE04VXRHIMCaV0BAZeoaVNN4=">AAAB/XicdVDLSgMxFM34rPVVHzs3wSK4GjIdcexCKHbjsoJ9QKcMmTRtQzOZMckIdSj+ihsXirj1P9z5N6YPQUUPXO7hnHvJzQkTzpRG6MNaWFxaXlnNreXXNza3tgs7uw0Vp5LQOol5LFshVpQzQeuaaU5biaQ4CjlthsPqxG/eUqlYLK71KKGdCPcF6zGCtZGCwv5N4EcprAaZab5Ix/AcoqBQRLZT8ryyB5GNXOSWHUNc79RDLnRsNEURzFELCu9+NyZpRIUmHCvVdlCiOxmWmhFOx3k/VTTBZIj7tG2owBFVnWx6/RgeGaULe7E0JTScqt83MhwpNYpCMxlhPVC/vYn4l9dOde+skzGRpJoKMnuol3KoYziJAnaZpETzkSGYSGZuhWSAJSbaBJY3IXz9FP5PGiXbce3S1UmxcjGPIwcOwCE4Bg7wQAVcghqoAwLuwAN4As/WvfVovVivs9EFa76zB37AevsEo6GUtA==</latexit>

! C(R )
µ ! (q) := ( F (q) " F (0))

!
! µ ! "

qµ q!

q2

"
= ( F (q) " F (0)) " µ !

<latexit sha1_base64="nXwMhmHbC1QVjr/q+iDo2qB0xOQ="></latexit>

F (0)
<latexit sha1_base64="hCcmXJJGCnWIRFuX2/ubOG/3peU=">AAAB63icdVDLSsNAFJ3UV62vqks3g0WomzBJja27oiAuK9gHtKFMppN26GQSZiZCCf0FNy4UcesPufNvTNIKKnrgwuGce7n3Hi/iTGmEPozCyura+kZxs7S1vbO7V94/6KgwloS2SchD2fOwopwJ2tZMc9qLJMWBx2nXm15lfveeSsVCcadnEXUDPBbMZwTrTLquotNhuYJMp47OHQci00YN5yInVs2xHWiZKEcFLNEalt8Ho5DEARWacKxU30KRdhMsNSOczkuDWNEIkyke035KBQ6ocpP81jk8SZUR9EOZltAwV79PJDhQahZ4aWeA9UT99jLxL68fa7/hJkxEsaaCLBb5MYc6hNnjcMQkJZrPUoKJZOmtkEywxESn8ZTSEL4+hf+Tjm1aNdO+Pas0L5dxFMEROAZVYIE6aIIb0AJtQMAEPIAn8GwExqPxYrwuWgvGcuYQ/IDx9gk8LY24</latexit>

F (0)
<latexit sha1_base64="hCcmXJJGCnWIRFuX2/ubOG/3peU=">AAAB63icdVDLSsNAFJ3UV62vqks3g0WomzBJja27oiAuK9gHtKFMppN26GQSZiZCCf0FNy4UcesPufNvTNIKKnrgwuGce7n3Hi/iTGmEPozCyura+kZxs7S1vbO7V94/6KgwloS2SchD2fOwopwJ2tZMc9qLJMWBx2nXm15lfveeSsVCcadnEXUDPBbMZwTrTLquotNhuYJMp47OHQci00YN5yInVs2xHWiZKEcFLNEalt8Ho5DEARWacKxU30KRdhMsNSOczkuDWNEIkyke035KBQ6ocpP81jk8SZUR9EOZltAwV79PJDhQahZ4aWeA9UT99jLxL68fa7/hJkxEsaaCLBb5MYc6hNnjcMQkJZrPUoKJZOmtkEywxESn8ZTSEL4+hf+Tjm1aNdO+Pas0L5dxFMEROAZVYIE6aIIb0AJtQMAEPIAn8GwExqPxYrwuWgvGcuYQ/IDx9gk8LY24</latexit>



• Ward identity →  

• Determine operator mixing 

• Fit: 

!16

c3

C22 (q = (0, 0, q2)) = 0
<latexit sha1_base64="4tAAifhmCzpiZN552aGqLC78AcE="></latexit>

Cµ! (q) ! Cµ! (0) = göq! µ !
<latexit sha1_base64="8ZA6tzMgWAtzjqBBzkhmDK0JZH0="></latexit>

öq =
2
a

sin
! aq

2

"

<latexit sha1_base64="6gQ4k5pjaQWEzbVJDqhd08wEZfg="></latexit>

⌦
Tµ⌫tr�

2
↵

<latexit sha1_base64="EknAJnYWtKnq0LYdMqgL6+pjLGE="></latexit>

ag=0.1 (am)2=0.031 NL=256

F(q) − F(0)

Preliminary



• Energy-momentum 2-point function

!17

hTµ⌫T⇢�i
<latexit sha1_base64="Iz36njZ5sNsDVgLuPBydth07x6Y="></latexit>

ag=0.1 (am)2=0.031 NL=256

Preliminary

+H1(q)�µ⌫⇢� + · · ·
<latexit sha1_base64="zvHg0X4TKeuqv6ZGFWa33Xq5ILo="></latexit>

= G1(q)�µ⌫�⇢�
<latexit sha1_base64="sKq9uQeIVk6+e8AfhZn+nHj64Z0="></latexit>

Cµ!"# (q) =
!

öT(R )
µ ! (q) öT(R )

"# (! q)
"

<latexit sha1_base64="rkfUYbut1ALfKsGZ+KuvtY/0FCQ="></latexit>

+G4(q)(�µ⇢q⌫q� + �µ�q⌫q⇢ + �⌫⇢qµq� + �⌫�qµq⇢)
<latexit sha1_base64="yHLlSQLeXmjCRAKcQ4fAKGr2AAM="></latexit>

+ G5(q) qµ q! q" q#
<latexit sha1_base64="zCvrFseDcel+gyMLUuoDzLArzCk="></latexit>

+G3(q)(�µ⌫q⇢q� + �⇢�qµq⌫)
<latexit sha1_base64="75TqfmuM007E6H3hs143CCDu5Tk="></latexit>

+ G2(q)( ! µ ! ! "# + ! µ# ! "! )
<latexit sha1_base64="zJAG0POFYygabR5fCRBmNkBQJ9Q="></latexit>



• Fit:

• Remove          divergence:

• Verify Ward identity:

∼
1
a

q2

qµCµ⌫⇢�(q) = qµhT̂ (R)
µ⌫ (q)T̂ (R)

⇢� (�q)i = 0
<latexit sha1_base64="6ZtdASvGHY0ilVl7L1LgQ0g96Tw="></latexit>

! G(R )
2 (q) + G(R )

4 (q) = 0
<latexit sha1_base64="mR9Cxr7n5kVVO0mKL87mf8xjgKY="></latexit>

G(R )
1 (q) + G(R )

3 (q) = 0
<latexit sha1_base64="us6x29tF8CMlgPVYSqNoCdvmySY=">AAACBHicdVDLSgMxFM34tr5GXboJFqFFGDIdcXQhiC7qsoq1hXYcMmmmBjMPk4xQhi7c+CtuXCji1o9w59+Y1ioqeuDCyTn3kntPkHImFUJvxtj4xOTU9MxsYW5+YXHJXF45k0kmCK2ThCeiGWBJOYtpXTHFaTMVFEcBp43g8nDgN66pkCyJT1UvpV6EuzELGcFKS765VvXt87x0Uu6XrsqbVd/5euwh3ywiy6647q4LkYUc5OzamjjutoscaFtoiCIYoeabr+1OQrKIxopwLGXLRqnyciwUI5z2C+1M0hSTS9ylLU1jHFHp5cMj+nBDKx0YJkJXrOBQ/T6R40jKXhTozgirC/nbG4h/ea1MhTtezuI0UzQmHx+FGYcqgYNEYIcJShTvaYKJYHpXSC6wwETp3Ao6hM9L4f/krGLZjlU53iruH4zimAFrYB2UgA1csA+OQA3UAQE34A48gEfj1rg3noznj9YxYzSzCn7AeHkH/dWVxg==</latexit>

G(R )
5 (q)� G(R )

1 (q)� 2G(R )
2 (q) = 0

<latexit sha1_base64="AXcYWDikO8TJJqqxQF1V3+PvKqg="></latexit>

hTµ⌫T⇢�i
<latexit sha1_base64="Iz36njZ5sNsDVgLuPBydth07x6Y="></latexit>

! G(R )
i (q) = ! i q3f (ge! )

<latexit sha1_base64="my/T7HJuF94OwGnuau6muBMu5jw="></latexit>

ag=0.1 (am)2=0.031 NL=256

!18

0.0465 0.062 0.092(am)2= 0.031

Gi(q)�Gi(0) = �i
1

a
q̂2 + �iq̂

3

<latexit sha1_base64="x+CTY9XQ8l5PpkBFnUAW28+zroo="></latexit>

Preliminary



• Renormalised 2-point function:

• To obtain CMB spectrum

!19

Renormalised CMB spectrum

Where

! Cµ !"# (q) = ( A(q) " A(0)) ! µ !"# + ( B (q) " B (0)) ! µ ! ! "#
<latexit sha1_base64="8GUBF2iF2hMhBy8oqrjercS6fHg="></latexit>

B(q) ⌘ G(R)
1 (q) +G(R)

2 (q)
<latexit sha1_base64="nfs2DQZ00jDBOc02EgccuQ/3Qwk="></latexit>

⇧µ⌫⇢� =
1

2
(⇡µ⇢⇡⌫� + ⇡µ�⇡⌫⇢ � ⇡µ⌫⇡⇢�)

<latexit sha1_base64="EktOmEV4CpX7j8oE+fDAMmW9tKw="></latexit>

! �2
R(q) = � q3

16⇡2

1

B(q)
<latexit sha1_base64="Joz6hfO232GKOS2mPlDMXse53l0="></latexit>

A(q) ! 2G(R )
2 (q)

<latexit sha1_base64="VC+1dgxx/2b1acsi4d+wiMlN2XA=">AAACAnicdVDLSsNAFJ3Ud31FXYmbwSK0mzBJxOjOx0KXKtYW2hgm02k7dPJwZiKUUNz4K25cKOLWr3Dn3zitFVT0wIXDOfdy7z1hyplUCL0bhYnJqemZ2bni/MLi0rK5snopk0wQWiUJT0Q9xJJyFtOqYorTeioojkJOa2HvaOjXbqiQLIkvVD+lfoQ7MWszgpWWAnP9oHxdgU16nbEb6BwHzlVePq8MtBiYJWTZjufteRBZyEXunq2J6+14yIW2hUYogTFOA/Ot2UpIFtFYEY6lbNgoVX6OhWKE00GxmUmaYtLDHdrQNMYRlX4+emEAt7TSgu1E6IoVHKnfJ3IcSdmPQt0ZYdWVv72h+JfXyFR7189ZnGaKxuRzUTvjUCVwmAdsMUGJ4n1NMBFM3wpJFwtMlE6tqEP4+hT+Ty4dy3Yt52y7tH84jmMWbIBNUAY28MA+OAGnoAoIuAX34BE8GXfGg/FsvHy2FozxzBr4AeP1A129lYI=</latexit>

(tensor power spectrum:                              )�2
T (q) = �2q3

⇡2

1

A(q)
<latexit sha1_base64="e52SITtHMSdZM/AUJvrr/kUqHXI="></latexit>



• Reviewed holographic description of cosmology for CMB

• Explore non-perturbative region with lattice simulation

• Renormalise EMT 2-point function using Ward identities

• Fit data to obtain form factors

Conclusion

!20



• Extrapolate to massless, infinite volume, continuum limit

• Compare against Planck CMB 

• Repeat for gauge + scalar theory

Outlook

!21

γ2

Form factor coefficient at different lattice 
spacings & masses for extrapolation

Preliminary
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