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• Motivation: Holographic Cosmology

• 3D Scalar SU(N) matrix model

• Energy Momentum Tensor (EMT) on the lattice

• Contact term and the Wilson flow

• SU(2) Results

• Conclusion & outlook

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

• Dual theory: 3D SU(N) gauge theory with massless scalars

• Renormalised EMT correlator related to CMB power spectrum:

Motivation: Holographic Cosmology
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P.L McFadden, K. Skenderis 
[PRD 81(2) 2010]

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

Holographic RG flow QFT

‘pseudo’ QFTCosmology

Gauge/gravity duality

Domain wall/cosmology 
correspondence

Analytic 
continuation
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R(q) = � q3

4⇡2
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hT (q)T (�q)i (T = Tµµ)
<latexit sha1_base64="v8a40jkKLIhVFqaBJpofdRGTP28="></latexit>

Energy momentum tensor of dual theory



• 3D           -valued massless scalar matrix

• Action:             

• Set critical mass      for massless theory

• See talk by Andreas Jüttner (28/7 Wed 14:00 EST)

Scalar SU(N) matrix model
!"(N ) �j

i (x) = �a(x) (T a)ji
<latexit sha1_base64="K38YU0ZlaXe5gF1HeZEa6G+3QfQ="></latexit>
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ag One loop Two loop Nonperturbative (amc)
2

0.1 -0.03159 -0.03125 -0.0313408(38)

0.2 -0.06318 -0.06194 -0.0622974(98)

0.3 -0.09477 -0.09208 -0.092935(16)
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<latexit sha1_base64="t6m8roylL2Xf51smP0bH52PNows=">AAAB7HicdVDLSgMxFM34rPVVdekmWARXQ6YjHbsrunFZwWkL7VgyaaYNTTJDkhFK6Te4caGIWz/InX9j+hBU9MCFwzn3cu89ccaZNgh9OCura+sbm4Wt4vbO7t5+6eCwqdNcERqSlKeqHWNNOZM0NMxw2s4UxSLmtBWPrmZ+654qzVJ5a8YZjQQeSJYwgo2VQtEjd5VeqYxcrxIEtQAiF/nIr3mW+EE1QD70XDRHGSzR6JXeu/2U5IJKQzjWuuOhzEQTrAwjnE6L3VzTDJMRHtCOpRILqqPJ/NgpPLVKHyapsiUNnKvfJyZYaD0Wse0U2Az1b28m/uV1cpNcRBMms9xQSRaLkpxDk8LZ57DPFCWGjy3BRDF7KyRDrDAxNp+iDeHrU/g/aVZcr+r6N+fl+uUyjgI4BifgDHggAHVwDRogBAQw8ACewLMjnUfnxXldtK44y5kj8APO2yfc3Y6+</latexit>

m2
c
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SU(2) critical masses



• 3 lattice spacings

• 2 bare masses

• 3 volumes

HMC simulation using

Data analysis using                     and LatAnalyze

Simulation Set-up
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<latexit sha1_base64="86YzQBS011z+pqmLhH5o/tFTls0="></latexit>

ag (am)2

0.1 -0.0305, -0.031
0.2 -0.061, -0.062
0.3 -0.092, -0.091

<latexit sha1_base64="8g/3D4lVXilsgUJRzfke7uRL3KI="></latexit>

N3
L Trajectories Sample frequency

643 1,500,000 50
1283 500,000 50
2563 200,000 100

<latexit sha1_base64="4U1j9OpaxLpUVjuGIuwpt59Mt90=">AAAB/3icdVDLSsNAFJ3UV62vqks3g0VwFSaNNHZXdOOyorWFNpTJdJIOnTyYmQghdOEHuNVPcCdu/RS/wN9w0lbQogcuHM65l3vv8RLOpELowyitrK6tb5Q3K1vbO7t71f2DOxmngtAOiXkseh6WlLOIdhRTnPYSQXHocdr1JpeF372nQrI4ulVZQt0QBxHzGcFKSzc4qAyrNWRadcdpOhCZyEZ209LEdhoOsqFlohlqYIH2sPo5GMUkDWmkCMdS9i2UKDfHQjHC6bQySCVNMJnggPY1jXBIpZvPTp3CE62MoB8LXZGCM/XnRI5DKbPQ050hVmO57BXin14yziQjcmm98s/dnEVJqmhE5tv9lEMVwyIMOGKCEsUzTTARTD8AyRgLTJSOrEjm+334P7mrm1bDtK/Paq2LRUZlcASOwSmwgANa4Aq0QQcQEIBH8ASejQfjxXg13uatJWMxcwh+wXj/AjgJlrU=</latexit>ag

<latexit sha1_base64="cX/z3/EibBOcsh79ed2l+x0WnyY=">AAACAnicdVDLSgMxFM3UV62vqks3wSLUzZDpSMfuim5cVrAPaMeSSTNtbOZBkhGGoTs/wK1+gjtx64/4Bf6G6UPQogcuHM65l3vv8WLOpELow8itrK6tb+Q3C1vbO7t7xf2DlowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG1748up376nQrIovFFpTN0AD0PmM4KVllplHJzeVvrFEjKtiuPUHIhMZCO7ZmliO1UH2dAy0QwlsECjX/zsDSKSBDRUhGMpuxaKlZthoRjhdFLoJZLGmIzxkHY1DXFApZvNrp3AE60MoB8JXaGCM/XnRIYDKdPA050BViO57E3FP714lEpG5NJ65Z+7GQvjRNGQzLf7CYcqgtM84IAJShRPNcFEMP0AJCMsMFE6tYJO5vt9+D9pVUyratrXZ6X6xSKjPDgCx6AMLOCAOrgCDdAEBNyBR/AEno0H48V4Nd7mrTljMXMIfsF4/wILU5ew</latexit>

(am)2

<latexit sha1_base64="KuI0ZS70SUpobbBf4diNIgWnLvM=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFSaNNHZXdONCpIJphTaWyXTSDp08mJkIIXTlB7jVT3Anbv0Sv8DfcPoQtOiBC4dz7uXee/yEM6kQ+jAKS8srq2vF9dLG5tb2Tnl3ryXjVBDqkpjH4tbHknIWUVcxxeltIigOfU7b/uh84rfvqZAsjm5UllAvxIOIBYxgpSX3qnd5Z/fKFWRaVcepOxCZyEZ23dLEdmoOsqFloikqYI5mr/zZ7cckDWmkCMdSdiyUKC/HQjHC6bjUTSVNMBnhAe1oGuGQSi+fHjuGR1rpwyAWuiIFp+rPiRyHUmahrztDrIZy0ZuIf3rJMJOMyIX1Kjj1chYlqaIRmW0PUg5VDCdxwD4TlCieaYKJYPoBSIZYYKJ0aCWdzPf78H/SqppWzbSvTyqNs3lGRXAADsExsIADGuACNIELCGDgETyBZ+PBeDFejbdZa8GYz+yDXzDevwCqLpeB</latexit>

N3
L

https://github.com/paboyle/Grid
https://github.com/aportelli/hadrons
https://github.com/aportelli/LatAnalyze



• Naive discretisation of EMT:

• Ward identity in the continuum:

→               Transverse and UV finite (up to contact term)

• Ward identity on the lattice

Lattice Energy-Momentum Tensor
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hTµ⌫P i
<latexit sha1_base64="XFWN06b+znMLxdcUKl7JNbAMxFE="></latexit>

<latexit sha1_base64="qPx/IoebFndUBjMDN9+3+g4rqDY="></latexit>
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<latexit sha1_base64="8Fe3dZ/nY7vgVAZvupBMFN4opnA="></latexit>
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• Mixing with operators with same symmetry  

• Divergence proportional to 

• Contact term:

8

Lattice Energy-Momentum Tensor

[Caracciolo et al., NPB 309(4), 1988]

<latexit sha1_base64="ce0EoCL8Ap5jJBppQp9xwCz1nyk="></latexit>
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<latexit sha1_base64="pxnndhgSbxNI+NVSSd+6WhLJPLc="></latexit>

�µ⌫ Tr�
2

<latexit sha1_base64="23fXSaPXcO3ptSwnU5lFgPceeRg="></latexit>
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C2(q) =

✓
N

g

◆2 ⌦
Tr�2 Tr�2

↵
(q)

Renormalised EMT correlator

Divergent operator mixing

Divergent contact term

<latexit sha1_base64="yz9kBgqZcTNzUBXUfdHhYuF/SNw=">AAAB/XicdVDJSgNBEO2JW4xbXG5eGoPgaeiZ0Yy5Bb14jGAWTIahp9OTNOlZ6O4RYwj+ihcPinj1P7z5N3YWQUUfFDzeq6KqXpByJhVCH0ZuYXFpeSW/Wlhb39jcKm7vNGSSCULrJOGJaAVYUs5iWldMcdpKBcVRwGkzGJxP/OYNFZIl8ZUaptSLcC9mISNYackv7l37CHZwmorkFiLTPrFdx/KLJWRatutWXK0hBzkVSxPHLbvIgZaJpiiBOWp+8b3TTUgW0VgRjqVsWyhV3ggLxQin40InkzTFZIB7tK1pjCMqvdH0+jE81EoXhonQFSs4Vb9PjHAk5TAKdGeEVV/+9ibiX147U+GpN2Jxmikak9miMONQJXASBewyQYniQ00wEUzfCkkfC0yUDqygQ/j6FP5PGrZplU3n8rhUPZvHkQf74AAcAQu4oAouQA3UAQF34AE8gWfj3ng0XozXWWvOmM/sgh8w3j4BsziTdw==</latexit>

Z0 ⇡ 0.252731

Need to isolate!



• Promote

• Heat equation:

• Dampen high-momentum modes:

• Smear field by radius 

• Dampen contact term:

Wilson Flow

9

<latexit sha1_base64="4XFppf8jwZH/EHuQTPETEGZVAec="></latexit>

⇢(t, x)|t=0 = �(x)
<latexit sha1_base64="iJLXW9A4DIK0UKa2ZVD8Eo+2lOw="></latexit>
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<latexit sha1_base64="vKqoosIYi7z5NFM3H5qmfDZp0Vs="></latexit>
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⇠
p
t

Flow time



• Impose Ward identity on renormalised EMT correlator:

• Fixed longitudinal momentum: 

• renormalised (transverse) EMT vanish

• Only contribution from      and contact term

Renormalisation condition
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<latexit sha1_base64="YSes9u/rrXycUN7dvk6mUXdNt9s="></latexit>
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<latexit sha1_base64="AsY3WJljDTD0d3+uhAlPGY5liIY=">AAAB/3icdVDLSsNAFJ3UV62vqks3g0VwFSaNNHZXdOOyorWFNpTJdNIOnUzCzEQIoQs/wK1+gjtx66f4Bf6G04egRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEtEvNYdgKsKGeCtjTTnHYSSXEUcNoOxpdTv31PpWKxuNVZQv0IDwULGcHaSDek7/bLFWQ7Vc+rexDZyEVu3THE9WoecqFjoxkqYIFmv/zZG8QkjajQhGOlug5KtJ9jqRnhdFLqpYommIzxkHYNFTiiys9np07giVEGMIylKaHhTP05keNIqSwKTGeE9Ugte1PxTy8ZZYoRtbReh+d+zkSSairIfHuYcqhjOA0DDpikRPPMEEwkMw9AMsISE20iK5lkvt+H/5O7qu3UbPf6rNK4WGRUBEfgGJwCB3igAa5AE7QAAUPwCJ7As/VgvViv1tu8tWAtZg7BL1jvX2/wltg=</latexit>c3
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K(t)



Extrapolate value of      in a window of finite flow time        :

4 choices of momenta:

Extrapolate against flow time 
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<latexit sha1_base64="zvVqe42wzB8ivrjFmcTCyh7BWuM=">AAACBXicdVDJSgNBEO2JW4xb1KOXxiB4GnoykjG3oBePEcwiSQg9nU7SpGexu0YIQ85+gFf9BG/i1e/wC/wNO4ugQR8UPN6roqqeH0uhgZAPK7Oyura+kd3MbW3v7O7l9w/qOkoU4zUWyUg1faq5FCGvgQDJm7HiNPAlb/ijy6nfuOdKiyi8gXHMOwEdhKIvGAUj3Q7a+k5BCpNuvkBsp+h5ZQ8Tm7jELTuGuF7JIy52bDJDAS1Q7eY/272IJQEPgUmqdcshMXRSqkAwySe5dqJ5TNmIDnjL0JAGXHfS2cETfGKUHu5HylQIeKb+nEhpoPU48E1nQGGol72p+KcXD8daML20HvrnnVSEcQI8ZPPt/URiiPA0EtwTijOQY0MoU8I8gNmQKsrABJczyXy/j/8n9aLtlGz3+qxQuVhklEVH6BidIgd5qIKuUBXVEEMBekRP6Nl6sF6sV+tt3pqxFjOH6Bes9y8txpoY</latexit>

g
p
t



SU(2) result:

Extrapolate against flow time 
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<latexit sha1_base64="pkpcqPvtlXntdB8huFE/H9uQM6A=">AAACEXicdVBLSgNBEO3xb/yNunTTGARXQ09GMgZciG5cKpgPJCH0dDpJk56P3TXCMOQUHsCtHsGduPUEnsBr2PkIGvRBweO9KqrqBYkUGgj5sBYWl5ZXVtfWCxubW9s79u5eTcepYrzKYhmrRkA1lyLiVRAgeSNRnIaB5PVgeDn26/dcaRFHt5AlvB3SfiR6glEwUsfep318hvstfacgh5HhbqFjF4njlny/4mPiEI94FdcQzy/7xMOuQyYoohmuO/ZnqxuzNOQRMEm1brokgXZOFQgm+ajQSjVPKBvSPm8aGtGQ63Y+OX6Ej4zSxb1YmYoAT9SfEzkNtc7CwHSGFAZ63huLf3rJINOC6bn10Dtt5yJKUuARm27vpRJDjMfx4K5QnIHMDKFMCfMAZgOqKAMT4jiZ7/fx/6RWctyy492cFM8vZhmtoQN0iI6Ri3x0jq7QNaoihjL0iJ7Qs/VgvViv1tu0dcGazeyjX7DevwBv85yo</latexit>

ag < g
p
t < 1

<latexit sha1_base64="dTuwncDexhbMTpczfCsL2gnfm1g="></latexit>

a|q⇤l | = 0.098

<latexit sha1_base64="a9UhtzhyMBn3mP5lbAOXFofgZgM=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GjKd0rELoejGhUgF+4B2KJk004ZmHiQZYRi69QPc6ie4E7f+h1/gb5g+BC164MLhnHu59x4v5kwqhD6M3Mrq2vpGfrOwtb2zu1fcP2jJKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje+nPrteyoki8I7lcbUDfAwZD4jWGmpc9O/huewWukXS8i0yo5TcyAykY3smqWJ7VQdZEPLRDOUwAKNfvGzN4hIEtBQEY6l7FooVm6GhWKE00mhl0gaYzLGQ9rVNMQBlW42u3cCT7QygH4kdIUKztSfExkOpEwDT3cGWI3ksjcV//TiUSoZkUvrlX/mZiyME0VDMt/uJxyqCE4TgQMmKFE81QQTwfQDkIywwETp3Ao6me/34f+kVTatqmnfVkr1i0VGeXAEjsEpsIAD6uAKNEATEMDBI3gCz8aD8WK8Gm/z1pyxmDkEv2C8fwGm5pf1</latexit>

NL = 64
<latexit sha1_base64="qOibLUWdymEtP9SsTywFQbHCAHg=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4GjId6bQLoejGhUgF2yrtUDJppg3NPEgywjB07Qe41U9wJ279Dr/A3zB9CFr0wIXDOfdy7z1ezJlUCH0YuaXlldW1/HphY3Nre6e4u9eSUSIIbZKIR+LWw5JyFtKmYorT21hQHHictr3R+cRv31MhWRTeqDSmboAHIfMZwUpLd1e9S3gKrXK1Vywh0yo7Ts2ByEQ2smuWJrZTcZANLRNNUQJzNHrFz24/IklAQ0U4lrJjoVi5GRaKEU7HhW4iaYzJCA9oR9MQB1S62fTgMTzSSh/6kdAVKjhVf05kOJAyDTzdGWA1lIveRPzTi4epZEQurFd+1c1YGCeKhmS23U84VBGcRAL7TFCieKoJJoLpByAZYoGJ0sEVdDLf78P/SatsWhXTvj4p1c/mGeXBATgEx8ACDqiDC9AATUBAAB7BE3g2HowX49V4m7XmjPnMPvgF4/0LHBmYMA==</latexit>

NL = 128
<latexit sha1_base64="VQ+76bFcW5f2PmGBK/4yoZH7VjU=">AAACBXicdVDLSgMxFM3UV62vqks3wSK4GjId7diFUHTjQqSCrZV2KJk004ZmHiQZYRi69gPc6ie4E7d+h1/gb5g+BC164MLhnHu59x4v5kwqhD6M3MLi0vJKfrWwtr6xuVXc3mnKKBGENkjEI9HysKSchbShmOK0FQuKA4/TW294PvZv76mQLApvVBpTN8D9kPmMYKWlu6vuJTyF5eNKt1hCplV2nKoDkYlsZFctTWyn4iAbWiaaoARmqHeLn51eRJKAhopwLGXbQrFyMywUI5yOCp1E0hiTIe7TtqYhDqh0s8nBI3iglR70I6ErVHCi/pzIcCBlGni6M8BqIOe9sfinFw9SyYicW6/8EzdjYZwoGpLpdj/hUEVwHAnsMUGJ4qkmmAimH4BkgAUmSgdX0Ml8vw//J82yaVVM+/qoVDubZZQHe2AfHAILOKAGLkAdNAABAXgET+DZeDBejFfjbdqaM2Yzu+AXjPcvH1CYMg==</latexit>

NL = 256

<latexit sha1_base64="J4Xe5jIq92eioiVcONlT/jLvDgQ=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GjId6diFUHTjsoK1hXYomTTThmYyQ5IRhqFbP8CtfoI7cet/+AX+hulD0KIHEk7OuZebe4KEM6UR+rAKK6tr6xvFzdLW9s7uXnn/4E7FqSS0RWIey06AFeVM0JZmmtNOIimOAk7bwfhq6rfvqVQsFrc6S6gf4aFgISNYG6mDh/ACItvplyvmrnpe3TNP5CK37hjiejUPudCx0QwVsECzX/7sDWKSRlRowrFSXQcl2s+x1IxwOin1UkUTTMZ4SLuGChxR5eez/07giVEGMIylOULDmfqzI8eRUlkUmMoI65Fa9qbin14yyhQjamm8Ds/9nIkk1VSQ+fQw5VDHcJoIHDBJieaZIZhIZhaAZIQlJtrkVjLJfK8P/yd3Vdup2e7NWaVxucioCI7AMTgFDvBAA1yDJmgBAjh4BE/g2XqwXqxX621eWrAWPYfgF6z3L5PIl+k=</latexit>

ag = 0.1

<latexit sha1_base64="LlWqkgv0enpu+lgb8HpAjRzDNFw=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GjId6diFUHTjsoK1hXYomTTThmYyQ5IRhqFbP8CtfoI7cet/+AX+hulD0KIHAueecy839wQJZ0oj9GEVVlbX1jeKm6Wt7Z3dvfL+wZ2KU0loi8Q8lp0AK8qZoC3NNKedRFIcBZy2g/HV1G/fU6lYLG51llA/wkPBQkawNlIHD+EFRHa1X64g26l6Xt0zJXKRW3cMcb2ah1zo2GiGClig2S9/9gYxSSMqNOFYqa6DEu3nWGpGOJ2UeqmiCSZjPKRdQwWOqPLz2X8n8MQoAxjG0jyh4Uz9OZHjSKksCkxnhPVILXtT8U8vGWWKEbW0Xofnfs5EkmoqyHx7mHKoYzhNBA6YpETzzBBMJDMHQDLCEhNtciuZZL7Ph/+Tu6rt1Gz35qzSuFxkVARH4BicAgd4oAGuQRO0AAEcPIIn8Gw9WC/Wq/U2by1Yi5lD8AvW+xeVYZfq</latexit>

ag = 0.2

<latexit sha1_base64="/rmE88Bzm4yowHHBYmYeYQjtHGM=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GjId6diFUHTjsoK1hXYomTRtQzOZIckIw9CtH+BWP8GduPU//AJ/w0xbQYseCJx7zr3c3BPEnCmN0IdVWFldW98obpa2tnd298r7B3cqSiShLRLxSHYCrChngrY005x2YklxGHDaDiZXud++p1KxSNzqNKZ+iEeCDRnB2kgdPIIXENluv1xBtlP1vLpnSuQit+7kulfzkAsdG81QAQs0++XP3iAiSUiFJhwr1XVQrP0MS80Ip9NSL1E0xmSCR7RrqMAhVX42++8UnhhlAIeRNE9oOFN/TmQ4VCoNA9MZYj1Wy14u/unF41QxopbW6+G5nzERJ5oKMt8+TDjUEcwTgQMmKdE8NQQTycwBkIyxxESb3Eomme/z4f/krmo7Ndu9Oas0LhcZFcEROAanwAEeaIBr0AQtQAAHj+AJPFsP1ov1ar3NWwvWYuYQ/IL1/gWW+pfr</latexit>

ag = 0.3

Collect extrapolated values of                      
for global fit

<latexit sha1_base64="XGSTfXxWK6zAiPtgDWnAyAqkNKY="></latexit>

c3(m
2, gL, ag)



Extrapolate to massless, infinite volume, continuum limit:

4 momenta          , 3 on/off parameters                  : 4 x 23 = 32 models 

Global fit
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<latexit sha1_base64="R7obmjlfDFPu8BzG1LOt/SA7jMY="></latexit>

c3(m2
R, gL, ag) = c3 + p0m2

R +
p1
gL

+ p2(ag)

<latexit sha1_base64="f99d1xCzLLAp+4jjGDlLYB1hLHw="></latexit>

m2
R = (m2 �m2

c)/g
2

<latexit sha1_base64="wEnQ7CL2aFD9OShsg72Lvc1FO3o=">AAACBnicdVDLSgMxFM3UV62vqks3wSKIiyHTkY7dFd24rGAf2NaSSdM2NJMZk4xQpt37AW71E9yJW3/DL/A3TB+CFj1w4XDOvdx7jx9xpjRCH1ZqaXlldS29ntnY3Nreye7uVVUYS0IrJOShrPtYUc4ErWimOa1HkuLA57TmDy4mfu2eSsVCca2HEW0FuCdYlxGsjXSD4Qje3Z60+aidzSHbyXte0YPIRi5yi44hrlfwkAsdG02RA3OU29nPZickcUCFJhwr1XBQpFsJlpoRTseZZqxohMkA92jDUIEDqlrJ9OIxPDJKB3ZDaUpoOFV/TiQ4UGoY+KYzwLqvFr2J+KcX9YeKEbWwXnfPWgkTUaypILPt3ZhDHcJJJrDDJCWaDw3BRDLzACR9LDHRJrmMSeb7ffg/qeZtp2C7V6e50vk8ozQ4AIfgGDjAAyVwCcqgAggQ4BE8gWfrwXqxXq23WWvKms/sg1+w3r8AWDWZhg==</latexit>

a|q⇤l |
<latexit sha1_base64="b/oaYQeMoWYkYZoBNNcCiV2Bclg=">AAACDXicdVDLSgMxFM3UV62Pjrp0EyxCBRkyHenYXdGNywr2AW0ZMmnahmZmQpIRSuk3+AFu9RPciVu/wS/wN0wfghY9kHA4517uvScUnCmN0IeVWVvf2NzKbud2dvf28/bBYUMlqSS0ThKeyFaIFeUspnXNNKctISmOQk6b4eh65jfvqVQsie/0WNBuhAcx6zOCtZECO18UATqHInBnX+kssAvIcUu+X/EhcpCHvIpriOeXfeRB10FzFMAStcD+7PQSkkY01oRjpdouEro7wVIzwuk010kVFZiM8IC2DY1xRFV3Ml98Ck+N0oP9RJoXazhXf3ZMcKTUOApNZYT1UK16M/FPTwzHihG1Ml73L7sTFotU05gspvdTDnUCZ9HAHpOUaD42BBPJzAGQDLHERJsAcyaZ7/Ph/6RRctyy491eFKpXy4yy4BicgCJwgQ+q4AbUQB0QkIJH8ASerQfrxXq13halGWvZcwR+wXr/Anm/mnU=</latexit>

(p0, p1, p2)

<latexit sha1_base64="SmNFvtccf40T8rN1LI1eD0m9EAo=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQQYZMRzp2V3TjsoJ9QDsMmTRtQzMPkoxQhoK/4saFIm79Dnf+jZm2gooeCBzOuYd7c4KEM6kQ+jCWlldW19YLG8XNre2dXXNvvyXjVBDaJDGPRSfAknIW0aZiitNOIigOA07bwfgq99t3VEgWR7dqklAvxMOIDRjBSku+eVjuxdrP4xnxnekZTHx06pslZNkV1625EFnIQU7N1sRxqy5yoG2hGUpggYZvvvf6MUlDGinCsZRdGyXKy7BQjHA6LfZSSRNMxnhIu5pGOKTSy2bnT+GJVvpwEAv9IgVn6vdEhkMpJ2GgJ0OsRvK3l4t/ed1UDS68jEVJqmhE5osGKYcqhnkXsM8EJYpPNMFEMH0rJCMsMFG6saIu4eun8H/Sqlh21XJuzkv1y0UdBXAEjkEZ2MAFdXANGqAJCMjAA3gCz8a98Wi8GK/z0SVjkTkAP2C8fQJVY5UZ</latexit>

(c3, p0)
<latexit sha1_base64="K7JucjPF+ciAjVl1ThHluncrw0A=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQQYZMRzp2V3TjsoJ9QDsMmTRtQzMPkoxQhoK/4saFIm79Dnf+jZm2gooeCBzOuYd7c4KEM6kQ+jCWlldW19YLG8XNre2dXXNvvyXjVBDaJDGPRSfAknIW0aZiitNOIigOA07bwfgq99t3VEgWR7dqklAvxMOIDRjBSku+eVjuxdrP4xnxnekZTHz71DdLyLIrrltzIbKQg5yarYnjVl3kQNtCM5TAAg3ffO/1Y5KGNFKEYym7NkqUl2GhGOF0WuylkiaYjPGQdjWNcEill83On8ITrfThIBb6RQrO1O+JDIdSTsJAT4ZYjeRvLxf/8rqpGlx4GYuSVNGIzBcNUg5VDPMuYJ8JShSfaIKJYPpWSEZYYKJ0Y0VdwtdP4f+kVbHsquXcnJfql4s6CuAIHIMysIEL6uAaNEATEJCBB/AEno1749F4MV7no0vGInMAfsB4+wRW6JUa</latexit>

(c3, p1)
<latexit sha1_base64="HdAxA7/tvUFK9w6y2pA/jdcK/Oc=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBItQQYZMRzp2V3TjsoJ9QDsMmTRtQzMPkoxQhoK/4saFIm79Dnf+jZm2gooeCBzOuYd7c4KEM6kQ+jCWlldW19YLG8XNre2dXXNvvyXjVBDaJDGPRSfAknIW0aZiitNOIigOA07bwfgq99t3VEgWR7dqklAvxMOIDRjBSku+eVjuxdrP4xnxnekZTPzKqW+WkGVXXLfmQmQhBzk1WxPHrbrIgbaFZiiBBRq++d7rxyQNaaQIx1J2bZQoL8NCMcLptNhLJU0wGeMh7Woa4ZBKL5udP4UnWunDQSz0ixScqd8TGQ6lnISBngyxGsnfXi7+5XVTNbjwMhYlqaIRmS8apByqGOZdwD4TlCg+0QQTwfStkIywwETpxoq6hK+fwv9Jq2LZVcu5OS/VLxd1FMAROAZlYAMX1ME1aIAmICADD+AJPBv3xqPxYrzOR5eMReYA/IDx9glYbZUb</latexit>

(c3, p2)Model parameters



Statistical error:

• Bootstrap resampling 

Systematic error:

• Keep distribution of      which does not 
include parameter with fit value          
compatible with 0 

• 17 remaining models

• Symmetrized central 68.3% interval

Global fit: Errors
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a|q⇤l | = 0.049: Model 1 (c3)

a|q⇤l | = 0.049: Model 2 (c3, p0)

a|q⇤l | = 0.049: Model 4 (c3, p2)

a|q⇤l | = 0.049: Model 5 (c3, p0, p1)

a|q⇤l | = 0.049: Model 8 (c3, p0, p1, p2)

a|q⇤l | = 0.098: Model 1 (c3)

a|q⇤l | = 0.098: Model 3 (c3, p1)

a|q⇤l | = 0.098: Model 5 (c3, p0, p1)

a|q⇤l | = 0.098: Model 6 (c3, p1, p2)

a|q⇤l | = 0.147: Model 1 (c3)

a|q⇤l | = 0.147: Model 2 (c3, p0)

a|q⇤l | = 0.147: Model 3 (c3, p1)

a|q⇤l | = 0.147: Model 4 (c3, p2)

a|q⇤l | = 0.196: Model 1 (c3)

a|q⇤l | = 0.196: Model 2 (c3, p0)

a|q⇤l | = 0.196: Model 3 (c3, p1)

a|q⇤l | = 0.196: Model 4 (c3, p2)

c3

Global fit summary

<latexit sha1_base64="FezhEccY2quE1lCor892iDH/GfA="></latexit>

c3 = 0.0440(16)stat(51)sys

<latexit sha1_base64="fCX8hQ11WFT+/+vrRbcv7NbVBZ8=">AAACCnicdVDLSgMxFM3UV62vqks3wSK4GjId6dhd0Y3LCvYBdiyZNNOGZiZDkhHK0D/wA9zqJ7gTt/6EX+BvmGkraNEDgcM593BzT5BwpjRCH1ZhZXVtfaO4Wdra3tndK+8ftJVIJaEtIriQ3QAryllMW5ppTruJpDgKOO0E48vc79xTqZiIb/QkoX6EhzELGcHaSHc9Ycw8m5G+O+2XK8h2qp5X9yCykYvcumOI69U85ELHRjNUwALNfvmzNxAkjWisCcdK3Too0X6GpWaE02mplyqaYDLGQ3praIwjqvxs9uspPDHKAIZCmhdrOFN/JjIcKTWJAjMZYT1Sy14u/uklo4liRC2t1+G5n7E4STWNyXx7mHKoBcx7gQMmKdF8YggmkpkDIBlhiYk27ZVMM9/nw/9Ju2o7Ndu9Pqs0LhYdFcEROAanwAEeaIAr0AQtQIAEj+AJPFsP1ov1ar3NRwvWInMIfsF6/wK2T5v+</latexit>

c3
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THANK YOU

• 3D scalar SU(N) model for holographic cosmology

• Energy-momentum tensor on the lattice needs to be renormalised

• Wilson Flow for regulating contact term

• Fit results for renormalisation constant

• Renormalise EMT 2 point function                 - needed for CMB spectrum  

• Exploring position space based renormalisation

• Scalar + Gauge field:  Talk by Henrique Rocha (28/7 Wed 14:15 EST)

Conclusion & Outlook
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