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¥ Large N limit at Þxed             + 
continuum limit at  N =

Large N & Lattice - the standard approach

Meson spectrum, decay constans
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Review - Lucini & Panero 2013

¥ Continuum limit at Þxed N  + 
large N extrapolation

a
p
�

<latexit sha1_base64="qfZ/yvmbevrusAJ5TdPcPzBTePw=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInspuFfRYEMRjBfsB7VKyabYNTbJrMivUpb/EiwdFvPpTvPlvTNs9aOuDgcd7M8zMCxPBDXjet1NYW9/Y3Cpul3Z29/bL7sFhy8SppqxJYxHrTkgME1yxJnAQrJNoRmQoWDscX8/89iPThsfqHiYJCyQZKh5xSsBKfbdMcM88aMh6hg8lmfbdilf15sCrxM9JBeVo9N2v3iCmqWQKqCDGdH0vgSAjGjgVbFrqpYYlhI7JkHUtVUQyE2Tzw6f41CoDHMXalgI8V39PZEQaM5Gh7ZQERmbZm4n/ed0Uoqsg4ypJgSm6WBSlAkOMZyngAdeMgphYQqjm9lZMR0QTCjarkg3BX355lbRqVf+8Wru7qNRv8jiK6BidoDPko0tUR7eogZqIohQ9o1f05jw5L86787FoLTj5zBH6A+fzBwK1k1U=</latexit>



0.00 0.02 0.04 0.06 0.08 0.10 0.12

1/N 2

6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

t2 0
!

! 10! 4

SU(6)

SU(5)

SU(4)

SU(3)

[C• et al. arXiv:1607.05039]  

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

a2/t 0

6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

t2 0
!

! 10! 4

SU(6)

SU(5)

SU(4)

SU(3)

[Bonati et al. arXiv:1607.06360]

0 0.02 0.04 0.06 0.08 0.1 0.12
a2!

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

b 2

SU(3)
SU(4)
SU(6)

The standard approach Limited values of N



Meson interactions at Large N

¥   Nc scaling of:
1. Decay  constant
2. Meson masses
3. Scattering length
4. Flavour singlet
5. Kaon decay amplitudes

[F. Romero-L—pez, this conference]

also:
¥arXiv:1607.03262
¥arXiv:1810.06285
¥ arXiv:1907.xxxxx
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            [Donini, Hern‡ndez, Pena, Romero-L—pez]

¥ Quenching effects see also [DeGrand & Liu 2016]

http://arxiv.org/abs/arXiv:1810.06285


Related talks @ Lattice 19

¥ Emergent symmetry in baryon spectrum beyond large N [Kaplan]

¥ Cluster-size scaling in O(N) non-linear sigma model [Bietenholz]

¥ Thermal phase structure of a SUSY matrix model [Schaich] 

¥ SU(N) models for a holographic description of cosmology [Juettner & Lee]

¥ SU(N) Interglueball potential [Yamanaka]

¥ Large N effective theory for heavy dense QCD [Scheunert]

¥ Sp(2N) Yang-Mills towards large N [Holligan]

¥ Partial deconÞnement [Watanabe]



Volume reduction [Eguchi & Kawai  1982]

Revival  - several working prescriptions

¥ EfÞcient tool for lattice large N studies

¥ Allows very large N  (N=1369,  Gonzalez-Arroyo & Okawa)

¥ Theoretically appealing - new avenues @ lattice             

This talk - an alternative approach



Eguchi-Kawai reduction

¥Exact result based on the equality of the loop equations provided

U(N) gauge theory at large N      

Tr (        ) = 0 Preserved center symmetry    ZN
d

is volume 
independent

ZN  breaking by quantum ßuctuations 
[Bhanot, Heller & Neuberger]

4
But  with periodic  boundary 
conditions & d=4



Several working prescriptions

¥ TEK - twisted boundary conditions                             [Gonzalez-Arroyo & Okawa]

¥ QCD(Adj) - add massless adjoint fermions with PBC        [Kotvun, Unsal &Yaffe]

La > 1/T c
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¥ Continuum reduction  PBC                                  [Kiskis, Narayanan & Neuberger]

¥ Trace deformations                                                                         [Unsal & Yaffe]



Continuum reduction - QCD3

Bilinear condensate in quenched large N QCD3 ! / ! 2 = 0 .0042(4)
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Overlap low lying eigenvalues vs RMM Condensate from j-th eigenvalue 

[Karthik & Narayanan  arXiv:1607.03905]

N= 7 - 47

L= 4 - 6

La > 1/T c
<latexit sha1_base64="Kie1oLY7m1u5gTsxRIORbMZ/Vm8=">AAAB8nicbVBNSwMxEM36WetX1aOXYBE81d0q6EkKXhQ8VOgXbJeSTbNtaDZZklmhLP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpgIbsB1v52V1bX1jc3CVnF7Z3dvv3Rw2DIq1ZQ1qRJKd0JimOCSNYGDYJ1EMxKHgrXD0e3Ubz8xbbiSDRgnLIjJQPKIUwJW8h8wwTfYO2/0aK9UdivuDHiZeDkpoxz1Xumr21c0jZkEKogxvucmEGREA6eCTYrd1LCE0BEZMN9SSWJmgmx28gSfWqWPI6VtScAz9fdERmJjxnFoO2MCQ7PoTcX/PD+F6DrIuExSYJLOF0WpwKDw9H/c55pREGNLCNXc3orpkGhCwaZUtCF4iy8vk1a14l1Uqo+X5dp9HkcBHaMTdIY8dIVq6A7VURNRpNAzekVvDjgvzrvzMW9dcfKZI/QHzucP3j+PtA==</latexit>



Trace deformed SU(3) on R3 x S1

[Bonati, Cardinali & DÕElia  arXiv:1807.06558]
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<latexit sha1_base64="yhdfxyWE9XZKbHexdp4LAwFd6uo=">AAACFXicbVDLSgMxFM3UV62vqks3wSJUkDLTCroRCrrosmJf0GlLJpNpQ5OZIcmUlml/wo2/4saFIm4Fd/6N6WOhrQcuHM65l3vvcUJGpTLNbyOxtr6xuZXcTu3s7u0fpA+PajKIBCZVHLBANBwkCaM+qSqqGGmEgiDuMFJ3+rdTvz4gQtLAr6hRSFocdX3qUYyUljrpi4dOXLmbwBvYgzb1FRzHtuCwIiawnLUHBMPh+bidh267AIeddMbMmTPAVWItSAYsUO6kv2w3wBEnvsIMSdm0zFC1YiQUxYxMUnYkSYhwH3VJU1MfcSJb8eyrCTzTigu9QOjSh83U3xMx4lKOuKM7OVI9uexNxf+8ZqS861ZM/TBSxMfzRV7EoArgNCLoUkGwYiNNEBZU3wpxDwmElQ4ypUOwll9eJbV8zirk8veXmWJpEUcSnIBTkAUWuAJFUAJlUAUYPIJn8ArejCfjxXg3PuatCWMxcwz+wPj8AdN1nLw=</latexit>

 8 x 323 lattice, !  = 6.4

Talk by Cardinali, this conference



Do they work?   Why?

Twisted bc

TBC

Adjoint QCD

QCD(Adj)

 [Kotvun, Unsal &Yaffe] [Gonzalez-Arroyo & Okawa]



R3 x S1

Hosotani mechanism 
Does the PT vacuum respect the symmetry?

Minima have

Polyakov loop 

S1 period  

Ve! = (2 Nf ! 1)
2

! 2l4

!!

n =1

1
n4 |Tr ! n |2

<latexit sha1_base64="OYFmcoXFPAI+ynCcu+xStAR8aeE="></latexit>

Tr ! ! ZN
<latexit sha1_base64="V+13PXw1iB3EFqZWHMehXmDQZg0=">AAACAXicbZBLSwMxFIUzPmt9jboR3ASL4KrMVEGXBTeCoBX6wk4pmfS2DU0yQ5IRylAR/CtuXCji1n/hzn9j+lho64HAxzk3JPeEMWfaeN63s7C4tLyymlnLrm9sbm27O7tVHSWKQoVGPFL1kGjgTELFMMOhHisgIuRQC/sXo7x2D0qzSJbNIIamIF3JOowSY62Wu58GSuCywkMc3AjoEhwwie9a1y035+W9sfA8+FPIoalKLfcraEc0ESAN5UTrhu/FppkSZRjlMMwGiYaY0D7pQsOiJAJ0Mx1vMMRH1mnjTqTskQaP3d83UiK0HojQTgpieno2G5n/ZY3EdM6bKZNxYkDSyUOdhGMT4VEduM0UUMMHFghVzP4V0x5RhBpbWtaW4M+uPA/VQt4/yRduT3PFq8dJHRl0gA7RMfLRGSqiS1RCFUTRA3pGr+jNeXJenHfnYzK64Ewr3EN/5Hz+AMqWlkA=</latexit>

Yang-Mills SU(N)



R3 x S1

Hosotani mechanism 

  ZN preserved in QCD(Adj) with                   2Nf > 1
<latexit sha1_base64="RTQ/tFP9hsd7zVMTLnSVV95O67A=">AAAB8HicbVDJSgNBEK1xjXGLevTSGARPYSYKepKAF0GQCGaRZAg9nZ6kSS9Dd48QhoD/4MWDIl79HG/+jZ3loIkPCh7vVVFVL0o4M9b3v72l5ZXVtfXcRn5za3tnt7C3Xzcq1YTWiOJKNyNsKGeS1iyznDYTTbGIOG1Eg6ux33ik2jAl7+0woaHAPcliRrB10kMZ3XZidImCTqHol/wJ0CIJZqQIM1Q7ha92V5FUUGkJx8a0Aj+xYYa1ZYTTUb6dGppgMsA92nJUYkFNmE0OHqFjp3RRrLQradFE/T2RYWHMUESuU2DbN/PeWPzPa6U2vggzJpPUUkmmi+KUI6vQ+HvUZZoSy4eOYKKZuxWRPtaYWJdR3oUQzL+8SOrlUnBaKt+dFSs3T9M4cnAIR3ACAZxDBa6hCjUgIOAZXuHN096L9+59TFuXvFmEB/AH3ucPsPOPdQ==</latexit>

Center stabilization + EK reduction        [Kotvun, Unsal &Yaffe]

Rd x Tn one-loop Veff  [Barb—n & Hoyos  based upon  LŸscher, van Baal on R x T3] 

Does the PT vacuum respect the symmetry?

Minima have

Polyakov loop 

S1 period  

Ve! = (2 Nf ! 1)
2

! 2l4

!!

n =1

1
n4 |Tr ! n |2

<latexit sha1_base64="OYFmcoXFPAI+ynCcu+xStAR8aeE="></latexit>

with massless adjoint 
periodic fermions

QCD(Adj)

Tr ! n = 0
<latexit sha1_base64="HoFDnki4lL1XleHHJlTNrniiGB8=">AAAB/nicbVBNSwMxEM3Wr1q/VsWTl2ARPJXdKuhFKHrxZoV+CN1asum0DU2yS5IVylLwr3jxoIhXf4c3/41puwdtfTDweG+GmXlhzJk2nvft5JaWV1bX8uuFjc2t7R13d6+ho0RRqNOIR+o+JBo4k1A3zHC4jxUQEXJohsPrid98BKVZJGtmFENbkL5kPUaJsVLHPUgDJXBNjXFwK6BPHiS+xF7HLXolbwq8SPyMFFGGasf9CroRTQRIQznRuuV7sWmnRBlGOYwLQaIhJnRI+tCyVBIBup1Ozx/jY6t0cS9StqTBU/X3REqE1iMR2k5BzEDPexPxP6+VmN5FO2UyTgxIOlvUSzg2EZ5kgbtMATV8ZAmhitlbMR0QRaixiRVsCP78y4ukUS75p6Xy3VmxcpXFkUeH6AidIB+dowq6QVVURxSl6Bm9ojfnyXlx3p2PWWvOyWb20R84nz9o6JR4</latexit>



Does the PT vacuum respect the symmetry?

For the vacuum conÞguration all loops winding less than       in each direction are traceless

[Gonz‡lez-Arroyo, Okawa]

N̂
<latexit sha1_base64="7NR8ZSBSlKUtXcBeZsVrhBxiQAI=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2A9oQ9lsN+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSqGW8wJZVuB9RwKWLeQIGStxPNaRRI3gpGN1O/9cS1ESp+wHHC/YgOYhEKRtFKze6QIrnrlcpuxZ2BLBMvJ2XIUe+Vvrp9xdKIx8gkNabjuQn6GdUomOSTYjc1PKFsRAe8Y2lMI278bHbthJxapU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDKz8TcZIij9l8UZhKgopMXyd9oTlDObaEMi3srYQNqaYMbUBFG4K3+PIyaVYr3nmlen9Rrl3ncRTgGE7gDDy4hBrcQh0awOARnuEV3hzlvDjvzse8dcXJZ47gD5zPHwKejsE=</latexit>

ZN preserved at zeroth PT order

Rd x TnPure Yang-Mills on Aµ (x + l ö! ) = ! ! Aµ (x)!  
!

<latexit sha1_base64="7BUFhYxjj1ug/HmtEMQfAVcRDzY=">AAACJ3icbVDNSgMxGMz6b/2revQSLIIilN0q6EWpeFBvCrYWuuvybTZtg0l2SbJiKX0bL76KF0FF9OibmNYK1ToQmMzMR/JNlHKmjet+OGPjE5NT0zOzubn5hcWl/PJKVSeZIrRCEp6oWgSaciZpxTDDaS1VFETE6VV0c9zzr26p0iyRl6ad0kBAU7IGI2CsFOYPj0JfZHjzbptjvwUG+zLbwgfYPwEhILQ3/JPYGhKv/RiaTarCfMEtun3gUeINSAENcB7mn/04IZmg0hAOWtc9NzVBB5RhhNNuzs80TYHcQJPWLZUgqA46/T27eMMqMW4kyh5pcF8dnuiA0LotIpsUYFr6r9cT//PqmWnsBx0m08xQSb4famQcmwT3SsMxU5QY3rYEiGL2r5i0QAExttqcLcH7u/IoqZaK3k6xdLFbKJ8N6phBa2gdbSIP7aEyOkXnqIIIukeP6AW9Og/Ok/PmvH9Hx5zBzCr6BefzC4Sxo/o=</latexit>

Zµ ! = exp
!

i ! µ !
2" k

öN

"

<latexit sha1_base64="DPzpOtbNaUjNMoQNIKPSF7ERQQY="></latexit>

k & öN
<latexit sha1_base64="te3+SwqCS5Hhjbm4ABXnEn6A3Cw=">AAAB+nicbVDLSsNAFL3xWesr1aWbwaK4kJJUQZdFN66kgn1AE8pkOmmHTiZhZqKU2k9x40IRt36JO//GaZqFth64l8M59zJ3TpBwprTjfFtLyyura+uFjeLm1vbOrl3aa6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/dYDlYrF4l6PEupHuC9YyAjWRurapSHyTpF3nPUB1ui2a5edipMBLRI3J2XIUe/aX14vJmlEhSYcK9VxnUT7Yyw1I5xOil6qaILJEPdpx1CBI6r8cXb6BB0ZpYfCWJoSGmXq740xjpQaRYGZjLAeqHlvKv7ndVIdXvpjJpJUU0FmD4UpRzpG0xxQj0lKNB8Zgolk5lZEBlhiok1aRROCO//lRdKsVtyzSvXuvFy7yuMowAEcwgm4cAE1uIE6NIDAIzzDK7xZT9aL9W59zEaXrHxnH/7A+vwB87CR3Q==</latexit>

coprime  

öN = N 2/n
<latexit sha1_base64="sepEl5CEnxpMccrk76rcN9h4MdU=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5pUQS9C0YunUsF+QBvLZrttl242YXcjlpC/4sWDIl79I978N27bHLT1wcDjvRlm5vkRZ0o7zreVW1ldW9/Ibxa2tnd29+z9YlOFsSS0QUIeyraPFeVM0IZmmtN2JCkOfE5b/vhm6rceqVQsFPd6ElEvwEPBBoxgbaSeXUTdEdaohtAVqj0klVOR9uySU3ZmQMvEzUgJMtR79le3H5I4oEITjpXquE6kvQRLzQinaaEbKxphMsZD2jFU4IAqL5ndnqJjo/TRIJSmhEYz9fdEggOlJoFvOgOsR2rRm4r/eZ1YDy69hIko1lSQ+aJBzJEO0TQI1GeSEs0nhmAimbkVkRGWmGgTV8GE4C6+vEyalbJ7Vq7cnZeq11kceTiEIzgBFy6gCrdQhwYQeIJneIU3K7VerHfrY96as7KZA/gD6/MHMBKSmg==</latexit>

n even  

with twisted boundary conditions  ! µ ! ! = Zµ ! ! ! ! µ
<latexit sha1_base64="wW2TCUULbzjfcrI+GfhtRzLTUX8=">AAACJHicbVDLSgMxFM3UV62vUZdugkVwVWaqoCBCwYW6q2Af2JYhk6ZtaJIZ8hDK0I9x46+4ceEDF278FjNtxdp6IHA451xu7gljRpX2vE8ns7C4tLySXc2trW9sbrnbO1UVGYlJBUcskvUQKcKoIBVNNSP1WBLEQ0ZqYf8i9Wv3RCoaiVs9iEmLo66gHYqRtlLgnjUvEecoaHIDf6gw8BzeBclIE2YIp53ffC5w817BGwHOE39C8mCCcuC+NdsRNpwIjRlSquF7sW4lSGqKGRnmmkaRGOE+6pKGpQJxolrJ6MghPLBKG3YiaZ/QcKROTySIKzXgoU1ypHtq1kvF/7yG0Z3TVkJFbDQReLyoYxjUEUwbg20qCdZsYAnCktq/QtxDEmFte01L8GdPnifVYsE/KhRvjvOl60kdWbAH9sEh8MEJKIErUAYVgMEDeAIv4NV5dJ6dd+djHM04k5ld8AfO1zf4qqPL</latexit>

TEK



Does the PT vacuum respect the symmetry?

For the vacuum conÞguration all loops winding less than       in each direction are traceless

[Gonz‡lez-Arroyo, Okawa]

N̂
<latexit sha1_base64="7NR8ZSBSlKUtXcBeZsVrhBxiQAI=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04kkq2A9oQ9lsN+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaVSqGW8wJZVuB9RwKWLeQIGStxPNaRRI3gpGN1O/9cS1ESp+wHHC/YgOYhEKRtFKze6QIrnrlcpuxZ2BLBMvJ2XIUe+Vvrp9xdKIx8gkNabjuQn6GdUomOSTYjc1PKFsRAe8Y2lMI278bHbthJxapU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDKz8TcZIij9l8UZhKgopMXyd9oTlDObaEMi3srYQNqaYMbUBFG4K3+PIyaVYr3nmlen9Rrl3ncRTgGE7gDDy4hBrcQh0awOARnuEV3hzlvDjvzse8dcXJZ47gD5zPHwKejsE=</latexit>

ZN preserved at zeroth PT order

Rd x TnPure Yang-Mills on Aµ (x + l ö! ) = ! ! Aµ (x)!  
!

<latexit sha1_base64="7BUFhYxjj1ug/HmtEMQfAVcRDzY=">AAACJ3icbVDNSgMxGMz6b/2revQSLIIilN0q6EWpeFBvCrYWuuvybTZtg0l2SbJiKX0bL76KF0FF9OibmNYK1ToQmMzMR/JNlHKmjet+OGPjE5NT0zOzubn5hcWl/PJKVSeZIrRCEp6oWgSaciZpxTDDaS1VFETE6VV0c9zzr26p0iyRl6ad0kBAU7IGI2CsFOYPj0JfZHjzbptjvwUG+zLbwgfYPwEhILQ3/JPYGhKv/RiaTarCfMEtun3gUeINSAENcB7mn/04IZmg0hAOWtc9NzVBB5RhhNNuzs80TYHcQJPWLZUgqA46/T27eMMqMW4kyh5pcF8dnuiA0LotIpsUYFr6r9cT//PqmWnsBx0m08xQSb4famQcmwT3SsMxU5QY3rYEiGL2r5i0QAExttqcLcH7u/IoqZaK3k6xdLFbKJ8N6phBa2gdbSIP7aEyOkXnqIIIukeP6AW9Og/Ok/PmvH9Hx5zBzCr6BefzC4Sxo/o=</latexit>

Zµ ! = exp
!

i ! µ !
2" k

öN

"

<latexit sha1_base64="DPzpOtbNaUjNMoQNIKPSF7ERQQY="></latexit>

k & öN
<latexit sha1_base64="te3+SwqCS5Hhjbm4ABXnEn6A3Cw=">AAAB+nicbVDLSsNAFL3xWesr1aWbwaK4kJJUQZdFN66kgn1AE8pkOmmHTiZhZqKU2k9x40IRt36JO//GaZqFth64l8M59zJ3TpBwprTjfFtLyyura+uFjeLm1vbOrl3aa6o4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGF5P/dYDlYrF4l6PEupHuC9YyAjWRurapSHyTpF3nPUB1ui2a5edipMBLRI3J2XIUe/aX14vJmlEhSYcK9VxnUT7Yyw1I5xOil6qaILJEPdpx1CBI6r8cXb6BB0ZpYfCWJoSGmXq740xjpQaRYGZjLAeqHlvKv7ndVIdXvpjJpJUU0FmD4UpRzpG0xxQj0lKNB8Zgolk5lZEBlhiok1aRROCO//lRdKsVtyzSvXuvFy7yuMowAEcwgm4cAE1uIE6NIDAIzzDK7xZT9aL9W59zEaXrHxnH/7A+vwB87CR3Q==</latexit>

coprime  

öN = N 2/n
<latexit sha1_base64="sepEl5CEnxpMccrk76rcN9h4MdU=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5pUQS9C0YunUsF+QBvLZrttl242YXcjlpC/4sWDIl79I978N27bHLT1wcDjvRlm5vkRZ0o7zreVW1ldW9/Ibxa2tnd29+z9YlOFsSS0QUIeyraPFeVM0IZmmtN2JCkOfE5b/vhm6rceqVQsFPd6ElEvwEPBBoxgbaSeXUTdEdaohtAVqj0klVOR9uySU3ZmQMvEzUgJMtR79le3H5I4oEITjpXquE6kvQRLzQinaaEbKxphMsZD2jFU4IAqL5ndnqJjo/TRIJSmhEYz9fdEggOlJoFvOgOsR2rRm4r/eZ1YDy69hIko1lSQ+aJBzJEO0TQI1GeSEs0nhmAimbkVkRGWmGgTV8GE4C6+vEyalbJ7Vq7cnZeq11kceTiEIzgBFy6gCrdQhwYQeIJneIU3K7VerHfrY96as7KZA/gD6/MHMBKSmg==</latexit>

n even  

with twisted boundary conditions  ! µ ! ! = Zµ ! ! ! ! µ
<latexit sha1_base64="wW2TCUULbzjfcrI+GfhtRzLTUX8=">AAACJHicbVDLSgMxFM3UV62vUZdugkVwVWaqoCBCwYW6q2Af2JYhk6ZtaJIZ8hDK0I9x46+4ceEDF278FjNtxdp6IHA451xu7gljRpX2vE8ns7C4tLySXc2trW9sbrnbO1UVGYlJBUcskvUQKcKoIBVNNSP1WBLEQ0ZqYf8i9Wv3RCoaiVs9iEmLo66gHYqRtlLgnjUvEecoaHIDf6gw8BzeBclIE2YIp53ffC5w817BGwHOE39C8mCCcuC+NdsRNpwIjRlSquF7sW4lSGqKGRnmmkaRGOE+6pKGpQJxolrJ6MghPLBKG3YiaZ/QcKROTySIKzXgoU1ypHtq1kvF/7yG0Z3TVkJFbDQReLyoYxjUEUwbg20qCdZsYAnCktq/QtxDEmFte01L8GdPnifVYsE/KhRvjvOl60kdWbAH9sEh8MEJKIErUAYVgMEDeAIv4NV5dJ6dd+djHM04k5ld8AfO1zf4qqPL</latexit>

The choice of k is critical
k=1 does not work 
(Ishikawa&Okawa, 
Teper&Vairinhos,Azeyanagi et al.)

k scaled with N (see later)

TEK



The result is an increased effective volume

Momentum quantization 
along compact cycles

p =
2! n
le!

<latexit sha1_base64="616/dFgEhKuDBpIWusEAG+IjbG8=">AAACC3icbZDLSgMxGIUz9VbrbdSlm9AiuCozVdCNUHAjuKlgL9AZSibNtKFJJiQZoQwDLt34Km5cKOLWF3Dn25heFtp6IHA45w/J/0WSUW0879sprKyurW8UN0tb2zu7e+7+QUsnqcKkiROWqE6ENGFUkKahhpGOVATxiJF2NLqa9O17ojRNxJ0ZSxJyNBA0phgZG/XcsoSXMIgVwlkNBpJCAXOYQdbLAsUhieM877kVr+pNBZeNPzcVMFej534F/QSnnAiDGdK663vShBlShmJG8lKQaiIRHqEB6VorECc6zKa75PDYJn0YJ8oeYeA0/X0jQ1zrMY/sJEdmqBe7Sfhf101NfBFmVMjUEIFnD8UpgyaBEzCwTxXBho2tQVhR+1eIh8iCMRZfyULwF1deNq1a1T+t1m7PKvWbhxmOIjgCZXACfHAO6uAaNEATYPAInsEreHOenBfn3fmYjRacOcJD8EfO5w/i9pol</latexit>

l e! = öNl
<latexit sha1_base64="CGVYzgzBQLVXiDJQE/5mGtxuqiE=">AAACAHicbZBLSwMxFIUz9VXra9SFCzfBIrgqM1XQjVBwIwhSwT6gM5RMmmlDk5khuSOUYUD8K25cKOLWn+HOf2P6WGjrgcDhOzck9wSJ4Boc59sqLC2vrK4V10sbm1vbO/buXlPHqaKsQWMRq3ZANBM8Yg3gIFg7UYzIQLBWMLwa560HpjSPo3sYJcyXpB/xkFMCBnXtAyy6mackZmGY40vsDQjgWwPtslNxJsKLxp2ZMpqp3rW/vF5MU8kioIJo3XGdBPyMKOBUsLzkpZolhA5Jn3WMjYhk2s8mC+T42JAeDmNlTgR4Qn/fyIjUeiQDMykJDPR8Nob/ZZ0Uwgs/41GSAovo9KEwFRhiPG4D97hiFMTIGEIVN3/FdEAUoWA6K5kS3PmVF02zWnFPK9W7s3Lt5nFaRxEdoiN0glx0jmroGtVRA1GUo2f0it6sJ+vFerc+pqMFa1bhPvoj6/MHs7SVnQ==</latexit>

R3 x S1öN = N
<latexit sha1_base64="M57KlItzLC88M29j1WZMijY08K0=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeBGEEME8YLOE2clsMmR2Z5npFUII+BNePCji1a/x5t84eRw0saChqOqmuytMpTDout/Oyura+sZmbiu/vbO7t184OGwYlWnG60xJpVshNVyKhNdRoOStVHMah5I3w8HNxG8+cm2ESh5wmPIgpr1ERIJRtJJP2n2KpEquSbVTKLoldwqyTLw5KcIctU7hq91VLIt5gkxSY3zPTTEYUY2CST7OtzPDU8oGtMd9SxMacxOMpiePyalVuiRS2laCZKr+nhjR2JhhHNrOmGLfLHoT8T/PzzC6CkYiSTPkCZstijJJUJHJ/6QrNGcoh5ZQpoW9lbA+1ZShTSlvQ/AWX14mjXLJOy+V7y+KlbunWRw5OIYTOAMPLqECt1CDOjBQ8Ayv8Oag8+K8Ox+z1hVnHuER/IHz+QNSrZBn</latexit>

T2 x R
T4öN =

!
N

<latexit sha1_base64="9zZqkIJVbC+qCPYMOdYMFWBtJIg=">AAAB+3icbZBLSwMxFIUz9VXra6xLN8EiuCozVdCNUHAjCKWCfUBnKJk0bUMzmTG5I5ZhwF/ixoUibv0j7vw3po+Fth4IfJxzQ25OEAuuwXG+rdzK6tr6Rn6zsLW9s7tn7xebOkoUZQ0aiUi1A6KZ4JI1gINg7VgxEgaCtYLR1SRvPTCleSTvYBwzPyQDyfucEjBW1y56QwK4hi+xp+8V4LSWde2SU3amwsvgzqGE5qp37S+vF9EkZBKoIFp3XCcGPyUKOBUsK3iJZjGhIzJgHYOShEz76XT3DB8bp4f7kTJHAp66v2+kJNR6HAZmMiQw1IvZxPwv6yTQv/BTLuMEmKSzh/qJwBDhSRG4xxWjIMYGCFXc7IrpkChCwdRVMCW4i19ehmal7J6WK7dnperN06yOPDpER+gEuegcVdE1qqMGougRPaNX9GZl1ov1bn3MRnPWvMID9EfW5w+ovJP8</latexit>

öN = N
<latexit sha1_base64="M57KlItzLC88M29j1WZMijY08K0=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeBGEEME8YLOE2clsMmR2Z5npFUII+BNePCji1a/x5t84eRw0saChqOqmuytMpTDout/Oyura+sZmbiu/vbO7t184OGwYlWnG60xJpVshNVyKhNdRoOStVHMah5I3w8HNxG8+cm2ESh5wmPIgpr1ERIJRtJJP2n2KpEquSbVTKLoldwqyTLw5KcIctU7hq91VLIt5gkxSY3zPTTEYUY2CST7OtzPDU8oGtMd9SxMacxOMpiePyalVuiRS2laCZKr+nhjR2JhhHNrOmGLfLHoT8T/PzzC6CkYiSTPkCZstijJJUJHJ/6QrNGcoh5ZQpoW9lbA+1ZShTSlvQ/AWX14mjXLJOy+V7y+KlbunWRw5OIYTOAMPLqECt1CDOjBQ8Ayv8Oag8+K8Ox+z1hVnHuER/IHz+QNSrZBn</latexit>



Thermodynamic limit 

Þxed volume

N to inÞnity

Eguchi Kawai reduction

Narayanan & Neuberger  

¥ Continuum reduction  l > 1/M
<latexit sha1_base64="v04dF8yZfI6DpCIw5ReogI0Uc+0=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xd0o6EkCXgQRIpgHJEuYnfQmQ2Znl5lZISwBf8GLB0W8+j3e/Bsnj4MmFjQUVd10dwWJ4Nq47reztLyyurae28hvbm3v7Bb29us6ThXDGotFrJoB1Si4xJrhRmAzUUijQGAjGFyP/cYjKs1j+WCGCfoR7UkeckaNlRqCXBHv9K5TKLoldwKySLwZKcIM1U7hq92NWRqhNExQrVuemxg/o8pwJnCUb6caE8oGtIctSyWNUPvZ5NwRObZKl4SxsiUNmai/JzIaaT2MAtsZUdPX895Y/M9rpSa89DMuk9SgZNNFYSqIicn4d9LlCpkRQ0soU9zeSlifKsqMTShvQ/DmX14k9XLJOyuV78+LldunaRw5OIQjOAEPLqACN1CFGjAYwDO8wpuTOC/Ou/MxbV1yZhEewB84nz+l7I7k</latexit>

Gonz‡lez-Arroyo & Okawa

¥TEK le! = a öN
<latexit sha1_base64="XRIQ+OKFle/P+dEks4nIGokObw0=">AAAB/3icbZBLSwMxFIXv+Kz1NSq4cRMsgqsyUwXdCAU3giAV7AM6w5BJM21oMjMkGaGMBf0rblwo4ta/4c5/Y/pYaOuBwMc5N+TmhClnSjvOt7WwuLS8slpYK65vbG5t2zu7DZVkktA6SXgiWyFWlLOY1jXTnLZSSbEIOW2G/ctR3rynUrEkvtODlPoCd2MWMYK1sQJ7nwe5JwWiUTREFwgjr4c1ugnsklN2xkLz4E6hBFPVAvvL6yQkEzTWhGOl2q6Taj/HUjPC6bDoZYqmmPRxl7YNxlhQ5efj/YfoyDgdFCXSnFijsfv7Ro6FUgMRmkmBdU/NZiPzv6yd6ejcz1mcZprGZPJQlHGkEzQqA3WYpETzgQFMJDO7ItLDEhNtKiuaEtzZL89Do1J2T8qV29NS9fpxUkcBDuAQjsGFM6jCFdSgDgQe4Ble4c16sl6sd+tjMrpgTSvcgz+yPn8ASdSVaA==</latexit>

Large N limit

The game
x = 1

<latexit sha1_base64="o7JBe10xHc0jGCgqF9PaDU0kCAM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CwIveIpoHJEuYnXSSIbOzy8ysGJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HrqNx9RaR7JBzOO0Q/pQPI+Z9RY6f7pyusWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TRqXsnZUrd+el6m0WRx6O4BhOwYMLqMIN1KAODAbwDK/w5gjnxXl3PuatOSebOYQ/cD5/ANtgjYk=</latexit>

l e! = 1 /M
<latexit sha1_base64="K3eBkFxda57Ub2OY7bYIA/jgfJ4=">AAAB+nicbZBLSwMxFIUz9VXra6pLN8EiuKozVdCNUHAjiFDBPqAdhkx6pw3NZIYko5Sx4B9x40IRt/4Sd/4b08dCWw8EPs65ITcnSDhT2nG+rdzS8srqWn69sLG5tb1jF3cbKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxhcjvPmPUjFYnGnhwl4EekJFjJKtLF8u8j9rCMjDGE4whfYPb7x7ZJTdibCi+DOoIRmqvn2V6cb0zQCoSknSrVdJ9FeRqRmlMOo0EkVJIQOSA/aBgWJQHnZZPURPjROF4exNEdoPHF/38hIpNQwCsxkRHRfzWdj87+snerw3MuYSFINgk4fClOOdYzHPeAuk0A1HxogVDKzK6Z9IgnVpq2CKcGd//IiNCpl96RcuT0tVa+fpnXk0T46QEfIRWeoiq5QDdURRQ/oGb2iN+vRerHerY/paM6aVbiH/sj6/AGfgJNb</latexit>

x = M öNl
<latexit sha1_base64="kNoyIuH52PgLSCrKxlRlgxrscHU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeNGDEsE8IFnC7GQ2GTL7cKY3GJZ8hxcPinj1Y7z5N06SPWhiQUNR1U13lxdLodG2v62l5ZXVtfXcRn5za3tnt7C3X9dRohivsUhGqulRzaUIeQ0FSt6MFaeBJ3nDG1xN/MaQKy2i8AFHMXcD2guFLxhFI7lPl+SWtPsUyR2RnULRLtlTkEXiZKQIGaqdwle7G7Ek4CEySbVuOXaMbkoVCib5ON9ONI8pG9Aebxka0oBrN50ePSbHRukSP1KmQiRT9fdESgOtR4FnOgOKfT3vTcT/vFaC/oWbijBOkIdstshPJMGITBIgXaE4QzkyhDIlzK2E9amiDE1OeROCM//yIqmXS85pqXx/VqzcZHHk4BCO4AQcOIcKXEMVasDgEZ7hFd6sofVivVsfs9YlK5s5gD+wPn8A1SyQ3A==</latexit>

Õt Hooft limit



Singular large N limit

N to inÞnity

volume to zero

x Þxed

Large N limits

The game
x = 1

<latexit sha1_base64="o7JBe10xHc0jGCgqF9PaDU0kCAM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CwIveIpoHJEuYnXSSIbOzy8ysGJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HrqNx9RaR7JBzOO0Q/pQPI+Z9RY6f7pyusWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TRqXsnZUrd+el6m0WRx6O4BhOwYMLqMIN1KAODAbwDK/w5gjnxXl3PuatOSebOYQ/cD5/ANtgjYk=</latexit>

l e! = 1 /M
<latexit sha1_base64="K3eBkFxda57Ub2OY7bYIA/jgfJ4=">AAAB+nicbZBLSwMxFIUz9VXra6pLN8EiuKozVdCNUHAjiFDBPqAdhkx6pw3NZIYko5Sx4B9x40IRt/4Sd/4b08dCWw8EPs65ITcnSDhT2nG+rdzS8srqWn69sLG5tb1jF3cbKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxhcjvPmPUjFYnGnhwl4EekJFjJKtLF8u8j9rCMjDGE4whfYPb7x7ZJTdibCi+DOoIRmqvn2V6cb0zQCoSknSrVdJ9FeRqRmlMOo0EkVJIQOSA/aBgWJQHnZZPURPjROF4exNEdoPHF/38hIpNQwCsxkRHRfzWdj87+snerw3MuYSFINgk4fClOOdYzHPeAuk0A1HxogVDKzK6Z9IgnVpq2CKcGd//IiNCpl96RcuT0tVa+fpnXk0T46QEfIRWeoiq5QDdURRQ/oGb2iN+vRerHerY/paM6aVbiH/sj6/AGfgJNb</latexit>

x = M öNl
<latexit sha1_base64="kNoyIuH52PgLSCrKxlRlgxrscHU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeNGDEsE8IFnC7GQ2GTL7cKY3GJZ8hxcPinj1Y7z5N06SPWhiQUNR1U13lxdLodG2v62l5ZXVtfXcRn5za3tnt7C3X9dRohivsUhGqulRzaUIeQ0FSt6MFaeBJ3nDG1xN/MaQKy2i8AFHMXcD2guFLxhFI7lPl+SWtPsUyR2RnULRLtlTkEXiZKQIGaqdwle7G7Ek4CEySbVuOXaMbkoVCib5ON9ONI8pG9Aebxka0oBrN50ePSbHRukSP1KmQiRT9fdESgOtR4FnOgOKfT3vTcT/vFaC/oWbijBOkIdstshPJMGITBIgXaE4QzkyhDIlzK2E9amiDE1OeROCM//yIqmXS85pqXx/VqzcZHHk4BCO4AQcOIcKXEMVasDgEZ7hFd6sofVivVsfs9YlK5s5gD+wPn8A1SyQ3A==</latexit>

Non-commutative gauge theory

TEK

[Gonz‡lez-Arroyo & Korthals-Altes]

Finite x non-planar diagrams  

[Alvarez-GaumŽ & Barb—n]

Singular large N limit  



Twisted Eguchi Kawai Reduction on T4 [Gonz‡lez-Arroyo & Okawa]

From a practical point of view it can also be used at Þnite N to reduce volume effects

(L öN )4
<latexit sha1_base64="sOJ9a5rqJrUqfXOTRIClOWplV+Y=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBDiJezGgB6DXjyIRDAPSNYwO5lNhsw+nOkNhJDv8OJBEa9+jDf/xkmyB00saCiquunu8mIpNNr2t7Wyura+sZnZym7v7O7t5w4O6zpKFOM1FslINT2quRQhr6FAyZux4jTwJG94g+up3xhypUUUPuAo5m5Ae6HwBaNoJLdwS9p9iuTu7LFMOrm8XbRnIMvESUkeUlQ7ua92N2JJwENkkmrdcuwY3TFVKJjkk2w70TymbEB7vGVoSAOu3fHs6Ak5NUqX+JEyFSKZqb8nxjTQehR4pjOg2NeL3lT8z2sl6F+6YxHGCfKQzRf5iSQYkWkCpCsUZyhHhlCmhLmVsD5VlKHJKWtCcBZfXib1UtE5L5buy/nKVRpHBo7hBArgwAVU4AaqUAMGT/AMr/BmDa0X6936mLeuWOnMEfyB9fkDQZ6Qdg==</latexit>

Implements a lattice with 

L = 1
<latexit sha1_base64="UPjpfVWn+Q8UFuADaWhyNoJvG1M=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswl0UtBGCNhYWEbwkkBxhbzOXLNnbO3b3hBDyG2wsFLH1B9n5b9wkV2jig4HHezPMzAtTwbVx3W9nZXVtfWOzsFXc3tnd2y8dHDZ0kimGPktEoloh1Si4RN9wI7CVKqRxKLAZDm+nfvMJleaJfDSjFIOY9iWPOKPGSv49uSZet1R2K+4MZJl4OSlDjnq39NXpJSyLURomqNZtz01NMKbKcCZwUuxkGlPKhrSPbUsljVEH49mxE3JqlR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r52Z6CoYc5lmBiWbL4oyQUxCpp+THlfIjBhZQpni9lbCBlRRZmw+RRuCt/jyMmlUK955pfpwUa7d5HEU4BhO4Aw8uIQa3EEdfGDA4Rle4c2Rzovz7nzMW1ecfOYI/sD5/AFCc42q</latexit>

play the standard game

Õt Hooft limit -thermodynamic limit

TEK
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Twisted Eguchi Kawai Reduction on T4 [Gonz‡lez-Arroyo & Okawa]
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FIG. 2. N dependence of the continuum string tension

Our data are consistent with the limit appearing in the right-hand side of the previous equation

being approached linearly ina2
E. The extrapolated values for the ratio! MS/

!
! are displayed in

Fig. 2 as a function of 1/N2. Again a linear Þt to the data with parameters 0.515(3)+ 0.34(1)/N2

is quite satisfactory. The same procedure to obtain the string tension in the continuum limit was

followed for the TEK model and N=841. The result, also displayed in the Þgure, is 0.513(6). The

agreement with the large N extrapolated value of! MS/
!

! is very remarkable, and serves as a

non-trivial test that reduction is operative for the TEK model in this range.

Another remarkable feature of our result is that the N dependence matches perfectly with that

obtained in Ref. [2], which used di" erent observables, techniques and range of Ôt Hooft couplings.

The actual value of the large N ratio given in that reference was 0.503(2), which seems inconsistent

with our result on statistical grounds. However, the estimated systematic errors quoted in Ref. [2]

are as large as 0.04. We should also mention that a recent analysis, largely complementary to ours,

has obtained an estimate of the large N string tension which is consistent with our result [14].

In order to give a robust prediction for the large N string tension, we should also estimate

our systematic errors. The most important source of these errors arises from an overall scale. If

we repeat the procedure replacing the expression ofaE by the formula given by Alltonet al. [2]

our estimate of the large N ratio! MS/
!

! becomes 0.525(2). This is a 2 percent change in the

predicted value, which is 5 times bigger than the statistical error.

To give a more precise prediction we should use a non-perturbative renormalization prescription

to Þxa(" L). It is possible to give a prescription based on Wilson loopsand which follows the same

String tension

! MS!
!

<latexit sha1_base64="G5svJ6IzxXfE8DnyN/dASMgz9hI=">AAACGnicbVBNS8MwGE79nPOr6tFLcAieRjsFPQ68KChMdB+wlpKm6RaWtDVJhVH6O7z4V7x4UMSbePHfmG496OYLCQ/P8z5v8j5+wqhUlvVtLCwuLa+sVtaq6xubW9vmzm5HxqnApI1jFouejyRhNCJtRRUjvUQQxH1Guv7ovNC7D0RIGkd3apwQl6NBREOKkdKUZ9pOKBDOnCttCZCXObHuLoZljuDw+jbP88yR90Lpmw44ynPPrFl1a1JwHtglqIGyWp756QQxTjmJFGZIyr5tJcrNkFAUM5JXnVSSBOERGpC+hhHiRLrZZLUcHmomgGEs9IkUnLC/HRniUo65rzs5UkM5qxXkf1o/VeGZm9EoSRWJ8PShMGVQxbDICQZUEKzYWAOEBdV/hXiIdFZKp1nVIdizK8+DTqNuH9cbNye15mUZRwXsgwNwBGxwCprgArRAG2DwCJ7BK3gznowX4934mLYuGKVnD/wp4+sH9Saiug==</latexit>

1/N 2
<latexit sha1_base64="BCJybqiLXGpwn+96p39eg/KHbgc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh4LXvQiFdy20K4lm2bb0GyyJFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFldW19Y3iZmlre2d3r7x/0NQyVYT6RHKp2iHWlDNBfcMMp+1EURyHnLbC0fXUbz1RpZkUD2ac0CDGA8EiRrCxku+d3T3WeuWKW3VnQMvEy0kFcjR65a9uX5I0psIQjrXueG5iggwrwwink1I31TTBZIQHtGOpwDHVQTY7doJOrNJHkVS2hEEz9fdEhmOtx3FoO2NshnrRm4r/eZ3URFdBxkSSGirIfFGUcmQkmn6O+kxRYvjYEkwUs7ciMsQKE2PzKdkQvMWXl0mzVvXOq7X7i0r9No+jCEdwDKfgwSXU4QYa4AMBBs/wCm+OcF6cd+dj3lpw8plD+APn8werv431</latexit>

With adjoint fermions N f=2

N=841 ! ! = 0 .269± 0.002± 0.05
<latexit sha1_base64="9aNJR6osq1cnco6OsfztfRYY0UU=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVxEVJ4n0hFN24rGAv0IQwmU7aoTNJmJkIJfQF3Pgqblwo4ta9O9/GSVtBW38Y+PjPOZw5f5AwKpVlfRmFufmFxaXicmlldW19w9zcasg4FZjUccxi0QqQJIxGpK6oYqSVCIJ4wEgz6F/n9eY9EZLG0Z0aJMTjqBvRkGKktOWbe24XcY78QwgvoVVxTi+gm3BNluX80IlvlnMjF5wFewJlMFHNNz/dToxTTiKFGZKybVuJ8jIkFMWMDEtuKkmCcB91SVtjhDiRXja6Zgj3tdOBYSz0ixQcub8nMsSlHPBAd3KkenK6lpv/1dqpCs+9jEZJqkiEx4vClEEVwzwa2KGCYMUGGhAWVP8V4h4SCCsdYEmHYE+fPAsNp2IfVZzb43L1ahJHEeyAXXAAbHAGquAG1EAdYPAAnsALeDUejWfjzXgftxaMycw2+CPj4xtLaJdA</latexit>

[with MGP, Keegan]

L = 1
<latexit sha1_base64="j4iyKLGCwj1bgSgvYD2FAILP/Nc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CwIuCh4jmAckSZiedZMjs7DIzK4Qln+DFgyJe/SJv/o2TZA+aWNBQVHXT3RXEgmvjut9ObmV1bX0jv1nY2t7Z3SvuHzR0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqe+s0nVJpH8tGMY/RDOpC8zxk1Vnq4u/K6xZJbdmcgy8TLSAky1LrFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns1Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9Sz/lMk4MSjZf1E8EMRGZ/k16XCEzYmwJZYrbWwkbUkWZsekUbAje4svLpFEpe2flyv15qXqbxZGHIziGU/DgAqpwAzWoA4MBPMMrvDnCeXHenY95a87JZg7hD5zPH5hYjV0=</latexit>

[with MGP]

 �2�T�G�N�K�O�K�P�C�T�[m!

m"
<latexit sha1_base64="50QZ+IujmZWpftP6ViQwpNBVfzA=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVUmqoMuCG91VsA9oQphMJ+3QeYSZiVBD8FfcuFDErf/hzr9x0mahrQcu93DOvcydEyWUKO2631ZlZXVtfaO6Wdva3tnds/cPukqkEuEOElTIfgQVpoTjjiaa4n4iMWQRxb1ocl34vQcsFRH8Xk8THDA44iQmCGojhfaRH0uIMhb6CcmLJsciD+2623BncJaJV5I6KNEO7S9/KFDKMNeIQqUGnpvoIINSE0RxXvNThROIJnCEB4ZyyLAKstn1uXNqlKETC2mKa2em/t7IIFNqyiIzyaAeq0WvEP/zBqmOr4KM8CTVmKP5Q3FKHS2cIgpnSCRGmk4NgUgSc6uDxtDEoU1gNROCt/jlZdJtNrzzRvPuot66LeOogmNwAs6ABy5BC9yANugABB7BM3gFb9aT9WK9Wx/z0YpV7hyCP7A+fwBhipXY</latexit>

mpcac /M
<latexit sha1_base64="nd2Y5z96+i9UvewpRNBV9Xnhzj4=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU91tBT0WvOhBqGA/oF1LNs22oUl2SbJKWfo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKmjRBHaIBGPVDvAmnImacMww2k7VhSLgNNWMLqa+q1HqjSL5L0Zx9QXeCBZyAg2VnoQvbSrBIoJJpOz216x5JbdGdAy8TJSggz1XvGr249IIqg0hGOtO54bGz/FyjDC6aTQTTSNMRnhAe1YKrGg2k9nV0/QiVX6KIyULWnQTP09kWKh9VgEtlNgM9SL3lT8z+skJrz0UybjxFBJ5ovChCMToWkEqM8UJYaPLcFEMXsrIkOsMDE2qIINwVt8eZk0K2WvWq7cnZdqN1kceTiCYzgFDy6gBtdQhwYQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kDF92SQw==</latexit>
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Twisted Eguchi Kawai Reduction on T4

Meson spectrum

[with MGP]

 [this conference talk by A. Gonz‡lez-Arroyo]   

öN 3 ! l0 öN
<latexit sha1_base64="K8C8GDco9fkh8BLJX+RANC3piww=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlaQZcFN4IgFewDmhgm00k7dPJg5kYoodCNv+LGhSJu/Ql3/o3TpgttPXDhcM693HuPnwiuwLK+jcLK6tr6RnGztLW9s7tn7h+0VJxKypo0FrHs+EQxwSPWBA6CdRLJSOgL1vaHV1O//cik4nF0D6OEuSHpRzzglICWPPPIGRDAtw817AAPmcLCs3CueWbZqlgz4GViz0kZzdHwzC+nF9M0ZBFQQZTq2lYCbkYkcCrYuOSkiiWEDkmfdTWNiN7nZrMfxvhUKz0cxFJXBHim/p7ISKjUKPR1Z0hgoBa9qfif100huHQzHiUpsIjmi4JUYIjxNBDc45JRECNNCJVc34rpgEhCQcdW0iHYiy8vk1a1Ytcq1bvzcv1mksdRRMfoBJ0hG12gOrpGDdREFE3QM3pFb8aT8WK8Gx95a8GYR3iI/sD4/AGy35a0</latexit>

Fundamental fermions live on a lattice

Wilson & Twisted mass fermions
N=289

[Gonz‡lez-Arroyo & Okawa]
am

p
ca
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<latexit sha1_base64="8LisNeLwYTEOj/j8f3RYks2XiTw=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjworcK9gPaWCbbTbt0Nwm7G6WE/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqKGvQWMSqHaBmgkesYbgRrJ0ohjIQrBWMrqd+65EpzePo3owT5kscRDzkFI2VHpDIXtZVkiQU6aRXKrsVdwayTLyclCFHvVf66vZjmkoWGSpQ647nJsbPUBlOBZsUu6lmCdIRDljH0ggl0342u3pCTq3SJ2GsbEWGzNTfExlKrccysJ0SzVAvelPxP6+TmvDKz3iUpIZFdL4oTAUxMZlGQPpcMWrE2BKkittbCR2iQmpsUEUbgrf48jJpViveeaV6d1Gu3eZxFOAYTuAMPLiEGtxAHRpAQcEzvMKb8+S8OO/Ox7x1xclnjuAPnM8fHEOSSA==</latexit>

1/ (2! )
<latexit sha1_base64="SGpxLWN9DPloLeXpX/mOZ4IHZoo=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL3W3CnoseNFbBfsB3aXMptk2NJsNSVYoS/+GFw+KePXPePPfmLZ70NYHA4/3ZpiZF0rOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpJFaEtkvBEdUPQlDNBW4YZTrtSUYhDTjvh+Hbmd56o0iwRj2YiaRDDULCIETBW8r2Lah37Y5ASzvvliltz58CrxMtJBeVo9stf/iAhaUyFIRy07nmuNEEGyjDC6bTkp5pKIGMY0p6lAmKqg2x+8xSfWWWAo0TZEgbP1d8TGcRaT+LQdsZgRnrZm4n/eb3URDdBxoRMDRVksShKOTYJngWAB0xRYvjEEiCK2VsxGYECYmxMJRuCt/zyKmnXa95lrf5wVWnc53EU0Qk6RVXkoWvUQHeoiVqIIIme0St6c1LnxXl3PhatBSefOUZ/4Hz+AAoykGk=</latexit>
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!
<latexit sha1_base64="mxnumQEtbreVKoX92ISfTq1xkmk=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7pbBT0WvOitgv2A7lKyadqGJtk1yRbK0n/ixYMiXv0n3vw3pu0etPXBwOO9GWbmRQln2njet1NYW9/Y3Cpul3Z29/YP3MOjpo5TRWiDxDxW7QhrypmkDcMMp+1EUSwiTlvR6Hbmt8ZUaRbLRzNJaCjwQLI+I9hYqeu6Al0E+kmZLNBsIPC065a9ijcHWiV+TsqQo951v4JeTFJBpSEca93xvcSEGVaGEU6npSDVNMFkhAe0Y6nEguowm18+RWdW6aF+rGxJg+bq74kMC60nIrKdApuhXvZm4n9eJzX9mzBjMkkNlWSxqJ9yZGI0iwH1mKLE8IklmChmb0VkiBUmxoZVsiH4yy+vkma14l9Wqg9X5dp9HkcRTuAUzsGHa6jBHdShAQTG8Ayv8OZkzovz7nwsWgtOPnMMf+B8/gCFv5Od</latexit>

a
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!
<latexit sha1_base64="SeYM03EX6GLtfShbr9I2Qd+bwWA=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqexWQY8FL3qrYD+gu5bZNNuGJtk1ySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo5TRWiTxDxWnRA05UzSpmGG006iKIiQ03Y4upr67UeqNIvlnRknNBAwkCxiBIyV7sHXD8pkvmYDAZNeueJW3RnwMvFyUkE5Gr3yl9+PSSqoNISD1l3PTUyQgTKMcDop+ammCZARDGjXUgmC6iCbXT3BJ1bp4yhWtqTBM/X3RAZC67EIbacAM9SL3lT8z+umJroMMiaT1FBJ5ouilGMT42kEuM8UJYaPLQGimL0VkyEoIMYGVbIheIsvL5NWreqdVWu355X6TR5HER2hY3SKPHSB6ugaNVATEaTQM3pFb86T8+K8Ox/z1oKTzxyiP3A+fwA0WZL9</latexit>

Nf /N ! 0
<latexit sha1_base64="CxjIPsNfo/JIuJvzmJYZOUdzODQ=">AAAB/nicbVBNS8NAEJ34WetXVDx5WSyCp5pUQY9FL55KBfsBbQib7aZdutmE3Y1SQsG/4sWDIl79Hd78N27bHLT1wcDjvRlm5gUJZ0o7zre1tLyyurZe2Chubm3v7Np7+00Vp5LQBol5LNsBVpQzQRuaaU7biaQ4CjhtBcObid96oFKxWNzrUUK9CPcFCxnB2ki+fVjzQ3SGaqgrWX+gsZTxI3J8u+SUnSnQInFzUoIcdd/+6vZikkZUaMKxUh3XSbSXYakZ4XRc7KaKJpgMcZ92DBU4osrLpueP0YlReiiMpSmh0VT9PZHhSKlRFJjOCOuBmvcm4n9eJ9XhlZcxkaSaCjJbFKYc6RhNskA9JinRfGQIJpKZWxEZYImJNokVTQju/MuLpFkpu+flyt1FqXqdx1GAIziGU3DhEqpwC3VoAIEMnuEV3qwn68V6tz5mrUtWPnMAf2B9/gBCa5Rm</latexit>



Twisted Eguchi Kawai Reduction on T4

Gradient ßow coupling
 [MGP, Keegan, Gonz‡lez-Arroyo & Okawa]   

Step scaling with the rank of the group le! = a öN
<latexit sha1_base64="IU3gGMk0VcJa+nNMA4tbQC67QLE=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FSSKuhFKHjRi1SwH9CEstlu2qWbTdjdCCX24F/x4kERr/4Nb/4bt20O2vpg4PHeDDPzgoQzpR3n2yosLa+srhXXSxubW9s79u5eU8WpJLRBYh7LdoAV5UzQhmaa03YiKY4CTlvB8Gritx6oVCwW93qUUD/CfcFCRrA2Utc+4N3MkxGiYThGlwgjb4A1uu3aZafiTIEWiZuTMuSod+0vrxeTNKJCE46V6rhOov0MS80Ip+OSlyqaYDLEfdoxVOCIKj+b3j9Gx0bpoTCWpoRGU/X3RIYjpUZRYDojrAdq3puI/3mdVIcXfsZEkmoqyGxRmHKkYzQJA/WYpETzkSGYSGZuRWSAJSbaRFYyIbjzLy+SZrXinlaqd2fl2k0eRxEO4QhOwIVzqME11KEBBB7hGV7hzXqyXqx362PWWrDymX34A+vzByM6lOY=</latexit>

! (le! )
<latexit sha1_base64="nRMNcfVs6yc/tXeLVB7Sm7yr20E=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZSZKuiy4EZ3FewDOsOQyWTa0CQzJBmhDsVfceNCEbf+hzv/xrSdhbYeCBzOOZd7c8KUUaUd59sqrayurW+UNytb2zu7e/b+QUclmcSkjROWyF6IFGFUkLammpFeKgniISPdcHQ99bsPRCqaiHs9TonP0UDQmGKkjRTYRx4z4QjVWJB7kkMSx5OzwK46dWcGuEzcglRBgVZgf3lRgjNOhMYMKdV3nVT7OZKaYkYmFS9TJEV4hAakb6hAnCg/n10/gadGiWCcSPOEhjP190SOuFJjHpokR3qoFr2p+J/Xz3R85edUpJkmAs8XxRmDOoHTKmBEJcGajQ1BWFJzK8RDJBHWprCKKcFd/PIy6TTq7nm9cXdRbd4WdZTBMTgBNeCCS9AEN6AF2gCDR/AMXsGb9WS9WO/WxzxasoqZQ/AH1ucP27KU2w==</latexit>

[Bribi‡n & MGP]

! /u
<latexit sha1_base64="AXyQEWhgolRZLF1BLoGl6wvV5Nk=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU92tgh4LXvRW0X5gu5Rsmm1Dk+ySZIWy9F948aCIV/+NN/+N6XYP2vpg4PHeDDPzgpgzbVz32ymsrK6tbxQ3S1vbO7t75f2Dlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+Hrmt5+o0iySD2YSU1/goWQhI9hY6bF3z4YCozOU9MsVt+pmQMvEy0kFcjT65a/eICKJoNIQjrXuem5s/BQrwwin01Iv0TTGZIyHtGupxIJqP80unqITqwxQGClb0qBM/T2RYqH1RAS2U2Az0oveTPzP6yYmvPJTJuPEUEnmi8KEIxOh2ftowBQlhk8swUQxeysiI6wwMTakkg3BW3x5mbRqVe+8Wru7qNRv8ziKcATHcAoeXEIdbqABTSAg4Rle4c3Rzovz7nzMWwtOPnMIf+B8/gBmTJAa</latexit>

1/N
<latexit sha1_base64="gzEBr6ozLcaHNopPxI62NSF5ZZU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe5GQY8BL3qRiOYByRJmJ51kyOzsMjMrhCWf4MWDIl79Im/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup76zSdUmkfy0Yxj9EM6kLzPGTVWevDO7rrFklt2ZyDLxMtICTLUusWvTi9iSYjSMEG1bntubPyUKsOZwEmhk2iMKRvRAbYtlTRE7aezUyfkxCo90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf0rP+UyTgxKNl/UTwQxEZn+TXpcITNibAllittbCRtSRZmx6RRsCN7iy8ukUSl75+XK/UWpepvFkYcjOIZT8OASqnADNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8fheSNUQ==</latexit>

u
<latexit sha1_base64="GXpgFbV67kSGewKikC77UrAqxMY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmmm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+Sdq3qXVRrzctK/S6PowgncArn4MEV1OEWGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/5RaNBA==</latexit>

! /u
<latexit sha1_base64="pJN2aqGQpNEkUAO1Y2Z8cYadaSI=">AAAB8XicbVBNSwMxEJ34WetX1aOXYBE81d0q6LHgRW8V7Ae2S8mm2TY0yS5JVihL/4UXD4p49d9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGV1bX1js7BV3N7Z3dsvHRw2TZxqyho0FrFuh8QwwRVrWG4FayeaERkK1gpHN1O/9cS04bF6sOOEBZIMFI84JdZJj13DB5Lgc5z2SmWv4s2Al4mfkzLkqPdKX91+TFPJlKWCGNPxvcQGGdGWU8EmxW5qWELoiAxYx1FFJDNBNrt4gk+d0sdRrF0pi2fq74mMSGPGMnSdktihWfSm4n9eJ7XRdZBxlaSWKTpfFKUC2xhP38d9rhm1YuwIoZq7WzEdEk2odSEVXQj+4svLpFmt+BeV6v1luXaXx1GAYziBM/DhCmpwC3VoAAUFz/AKb8igF/SOPuatKyifOYI/QJ8/l8yQOg==</latexit>

One loop PT

NSPT [Ishikawa, this conference]



The game

The standard game

Þxed N

varying volume

80s-90s  Gonzalez-Arroyo, 
LŸscher, van Baal,  É

Analytic + Semi-classical
Thermodynamic limit 
Lattice

Adiabatic continuity

Shifman, Unsal,  Yaffe, É

z = Ml
<latexit sha1_base64="Zj1aP1/bwt2wNIcHu91XlpUuRUE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeBFEiGAekCxhdtKbDJmdXWZmhbgE/AUvHhTx6vd482+cPA6aWNBQVHXT3RUkgmvjut/O0vLK6tp6biO/ubW9s1vY26/rOFUMaywWsWoGVKPgEmuGG4HNRCGNAoGNYHA19hsPqDSP5b0ZJuhHtCd5yBk1Vmo8kktyS0SnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazybkjcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk144WdcJqlByaaLwlQQE5Px76TLFTIjhpZQpri9lbA+VZQZm1DehuDNv7xI6uWSd1oq350VKzdP0zhycAhHcAIenEMFrqEKNWAwgGd4hTcncV6cd+dj2rrkzCI8gD9wPn8A/MmPHQ==</latexit>

x = 1
<latexit sha1_base64="o7JBe10xHc0jGCgqF9PaDU0kCAM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CwIveIpoHJEuYnXSSIbOzy8ysGJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HrqNx9RaR7JBzOO0Q/pQPI+Z9RY6f7pyusWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TRqXsnZUrd+el6m0WRx6O4BhOwYMLqMIN1KAODAbwDK/w5gjnxXl3PuatOSebOYQ/cD5/ANtgjYk=</latexit>

l e! = 1 /M
<latexit sha1_base64="K3eBkFxda57Ub2OY7bYIA/jgfJ4=">AAAB+nicbZBLSwMxFIUz9VXra6pLN8EiuKozVdCNUHAjiFDBPqAdhkx6pw3NZIYko5Sx4B9x40IRt/4Sd/4b08dCWw8EPs65ITcnSDhT2nG+rdzS8srqWn69sLG5tb1jF3cbKk4lhTqNeSxbAVHAmYC6ZppDK5FAooBDMxhcjvPmPUjFYnGnhwl4EekJFjJKtLF8u8j9rCMjDGE4whfYPb7x7ZJTdibCi+DOoIRmqvn2V6cb0zQCoSknSrVdJ9FeRqRmlMOo0EkVJIQOSA/aBgWJQHnZZPURPjROF4exNEdoPHF/38hIpNQwCsxkRHRfzWdj87+snerw3MuYSFINgk4fClOOdYzHPeAuk0A1HxogVDKzK6Z9IgnVpq2CKcGd//IiNCpl96RcuT0tVa+fpnXk0T46QEfIRWeoiq5QDdURRQ/oGb2iN+vRerHerY/paM6aVbiH/sj6/AGfgJNb</latexit>

x = M öNl
<latexit sha1_base64="kNoyIuH52PgLSCrKxlRlgxrscHU=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeNGDEsE8IFnC7GQ2GTL7cKY3GJZ8hxcPinj1Y7z5N06SPWhiQUNR1U13lxdLodG2v62l5ZXVtfXcRn5za3tnt7C3X9dRohivsUhGqulRzaUIeQ0FSt6MFaeBJ3nDG1xN/MaQKy2i8AFHMXcD2guFLxhFI7lPl+SWtPsUyR2RnULRLtlTkEXiZKQIGaqdwle7G7Ek4CEySbVuOXaMbkoVCib5ON9ONI8pG9Aebxka0oBrN50ePSbHRukSP1KmQiRT9fdESgOtR4FnOgOKfT3vTcT/vFaC/oWbijBOkIdstshPJMGITBIgXaE4QzkyhDIlzK2E9amiDE1OeROCM//yIqmXS85pqXx/VqzcZHHk4BCO4AQcOIcKXEMVasDgEZ7hFd6sofVivVsfs9YlK5s5gD+wPn8A1SyQ3A==</latexit>
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<latexit sha1_base64="Zj1aP1/bwt2wNIcHu91XlpUuRUE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EUIeBFEiGAekCxhdtKbDJmdXWZmhbgE/AUvHhTx6vd482+cPA6aWNBQVHXT3RUkgmvjut/O0vLK6tp6biO/ubW9s1vY26/rOFUMaywWsWoGVKPgEmuGG4HNRCGNAoGNYHA19hsPqDSP5b0ZJuhHtCd5yBk1Vmo8kktyS0SnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazybkjcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk144WdcJqlByaaLwlQQE5Px76TLFTIjhpZQpri9lbA+VZQZm1DehuDNv7xI6uWSd1oq350VKzdP0zhycAhHcAIenEMFrqEKNWAwgGd4hTcncV6cd+dj2rrkzCI8gD9wPn8A/MmPHQ==</latexit>

x = 1
<latexit sha1_base64="o7JBe10xHc0jGCgqF9PaDU0kCAM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9CwIveIpoHJEuYnXSSIbOzy8ysGJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HrqNx9RaR7JBzOO0Q/pQPI+Z9RY6f7pyusWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TRqXsnZUrd+el6m0WRx6O4BhOwYMLqMIN1KAODAbwDK/w5gjnxXl3PuatOSebOYQ/cD5/ANtgjYk=</latexit>
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The standard game Analytic + Semi-classical + Lattice  at Þnite N

80s-90s

¥PBC       mass gap - tunnelling through vacuum induced barrier                         

¥TBC       mass gap - tunnelling by fractional instantons                            

T3 x R    SU(2)

[van Baal et al.]

[Gonz‡lez-Arroyo et al.]

T2 x R    SU(N)

¥Electric ßux and glueball spectrum - one loop PT  and lattice  

[Garc’a PŽrez, Koren, Gonz‡lez-Arroyo & Okawa]



The standard game Analytic + Semi-classical + Lattice  at Þnite N

A large amount of analytic work on QCD(Adj)  

¥CPN-1  phase structure, resurgence  [i.e. this conference talk by T. Misumi]   

¥R3 x S1       mass gap - induced by bions                        [Unsal]

¥Analytic glueball, meson, string tension                  [Aitken&Cherman&Poppitz&Yaffe]

¥N =1 SUSY with mass deformation [Poppitz & Schaefer & Unsal]
  [Bergner et al. - lattice SU(2)]

[Dunne & Unsal]Review 2016



The standard game

 YM  

!

 Deconfined 

 Confined 

 YM 
!
 SYM 

L

 [Z(G) broken] 

gauge group G  

m0

 [Z(G) unbroken] 

cL  =  

!

 Deconfined 

 Confined 

 YM 
!
 SYM 

 [Z(G) broken] 

gauge group G  

m0

 [Z(G) unbroken] 
"

 SYM " c
c" YM ""L  =  c

Figure 1: Phase diagram of Yang Mills (YM) theory with an arbitrary simply-connected gauge group
G and a single Weyl fermion of massm in the adjoint representation, subject to periodic (left) and
anti-periodic (right) boundary conditions on R3 ! S1. Right: For the ordinary partition function the
transition occurs at a critical temperature of order ! , and is not accessible by analytical means.Left:
In the case of the twisted partition function, the thermal deconÞnement phase transition in pure Yang
Mills theory, corresponding to the limit m " # , is conjectured to be continuously connected to a
quantum phase transition in supersymmetric Yang Mills (SYM) theory deformed by a gluino mass
term. For small m, the transition takes place as smallL and is analytically tractable. For theories
without center symmetry, there is no symmetry breaking associated with the transition.

it corresponds to pure YM theory. Let H and F denote the Hamiltonian and fermion number
operator, respectively, andL the circumference of theS1 circle. We introduce the twisted
(non-thermal) partition function:

!Z (L, m ) = tr
"
e! LH ($ 1)F #

= tr
"
e! LH + i ! F #

, (1.1)

which, when viewed as a function of fermion mass, interpolates between the supersymmetric
(Witten) index and the ordinary thermal partition function of the pure Yang-Mills theory.
Namely,

!Z (L, m = 0) = I S(G),

!Z (L, m = # ) = Z YM (! ), L % ! , (1.2)

whereI S(G) = h" is the index, which is equal to an invariant h" (independent ofL ) associated
with the group G and called the dual Coxeter number (h" equals Nc for SU(Nc)). Since
d !Z (L, 0)/dL = 0 for any L , there is no phase transition at m = 0 [4Ð6]. Z YM (! ) is the
partition function of the pure Yang-Mills theory. Eqs. ( 1.1) and (1.2) permit us to continue the
deconÞnement phase transition in pure YM theory to a semi-classically calculable transition
in the small L -m regime as shown in Fig.1.

Ð 3 Ð

¥N =1 SUSY   -  mass deformation  on R3 x S1       

  [Bergner et al.]

¥Lattice tests

Analitically computable

[Poppitz, SchŠfer & Unsal]

 [Hollowood & Myers]

¥S3 x S1       

[Bergner, this conference]

periodic anti-periodic

[Cossu&DÕElia, Cossu et al.]Nf > 1/2
 [Bringoltz, Koren & Sharpe, Hietanen & Narayanan, Lohmayer & Narayanan, 
Cunningham & Giedt]

T4



Going to large N -  Emergent fermionic symmetry

[Basar, Cherman , Dorigoni & Unsal]

(Basar, Cherman , Dienes, Dorigoni, McGady,ÉÉ)

Volume reduction has implications for the spectrum

QCD(ADJ)

From  [Cherman, Shifman & Unsal, arXiv:1812.04642]
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¥Cancelation of Hagedorn growth

¥Missaligned SUSY Dienes

¥Discussed also in the context of 
planar equivalences

i.e. Barb—n & Hoyos

I (l ) =
!

dE [! B (E ) ! ! F (E )]e! lE
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Going to large N -  Singular large N limits

T2 x R with twist  SU(N)

x = ! Nl/ (4" )
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Non-commutative  U(1)

! =
l2
e!

(2! )2
÷"
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Morita duality

[Ambjorn, Makeenko, Nishimura & Szabo]

¥Possible non-perturbative regulator of NC                            

BUT                            

E2
!n (x, ÷! ) =

|"n|2

4x2 ! G
! ÷!"n

2#

" 1
x
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Energy of electric ßux    

(in units of       )                      

i.e. [Bietenholz, Nishimura, 
Susaki & Volkholz] 

Tachyonic instabilities at one-loop                           

Also non-perturbatively                         

[Guralnik, 
Landsteiner, L—pez]

[Garc’a PŽrez, Koren, 
Gonz‡lez-Arroyo & Okawa]

T2 x R 

!
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Going to large N -  Singular large N limits

[Garc’a PŽrez, Koren, Gonz‡lez-Arroyo & Okawa]

Combined analytic and numerical analysis for the electric ßux spectrum at various N

The absence of tachyonic behaviour in the electric 

ßux spectrum requires

E2 = E2
1! loop + E2

Nambu ! Goto
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Is it possible for any N to choose an appropriate k? 

[Gonz‡lez-Arroyo & Chamizo]

Unproven ZarembaÕs conjecture

 It holds for almost all values of N [Huang]x
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The Golden Ratio and Non-Commutative gauge theories

[Garc’a PŽrez, Koren, Gonz‡lez-Arroyo & Okawa]

A different question - singular large N limits

lim
i !"#

øki
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÷!
2"
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Can we reach any value of the NC parameter at large N?

NO, only for an uncountable zero-measure set

øki

Ni
=

Fi ! 2

Fi
!"

3 !
#

5
2

<latexit sha1_base64="M6bWEwT4FAaRl9fokABphywn65A="></latexit>
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N= 1597
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large volume glueball 
[Teper et al.]
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Lattice Large N from the perspective of volume independence

Several conjectures 

in the game

Theta dependence

Veneziano limit

Conformality

Continuity in the crossover region

Phase structure

SUSY - mass deformations

Non - commutativity

Resurgence

EfÞcient tool for large N extrapolations Mesons, string tension, running coupling É



many games to play


