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Sign Problem

O  Early Universe
O

¥ QCD at bnite baryon density:
nuclei, nuclear matter, neutron stars, ...

O

S8

©

Hadron Gas

¥ Impasse: sign problem

Det(D+ m+ pg!4) e SAx

TEMPERATURE (101 K)

LA L) Importance sampling

Det(O) > 0 Det(,UB) I C DENSITY

¥ Attempt to solve QCD sign problem

¥ Build nuclel three quarks at a time

¥ Model QCD at pnite density

¥ QCD-like theories without sign problems

Quark-gluon Plasma
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" Color Superconductor
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Compact'j Stars

~ 10 times normal nuclear density



Sign Problem & Orbifold Equivalence

¥ QCD & QCD-like theories at Pnite density E.g. SU((2) + Ug
How like QCD are QCD-like theories?
SU(N¢) + I

SU(N¢)agi + He

SO(2N,) + Uz

¥ Large Nc orbifold equivalence at bnite baryon density Sp(2N¢) + g
New insight from large Nc limit

SURB)+ pg ' SU(Nc)+ U

¥ Perturbative vs. non-perturbative equivalence
Breakdown... double trace deformation?

Cherman, Hanada and Robles-Llana, PRI106: 091603 (2011)
Cherman and Tiburzi, JHEPL106: 34 (2011)
Hanada and Yamamoto, arXiv:1103.5480




Orbifolding Gauge Theories

¥ Discrete global symmetry of (Parent) theory Z

¥ Form (Daughter) theory from invariant pelds 7 Orbifold
| projection
¥ In general, gauge and matter content differ -
between Parent & Daughter theories

Large Nc Orbifold Equivalence o oo nsen Kuneoss: 141 asss

I lQF:O "NCE I " 1
P . oo - s s s s D .-

¥ Planar equivalence of neutral operator correlation functions
(these are generally a subset of the correlators in the Daughter theory)
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Embed Sign Problem in Orbifold Projection @
b 4

¥ Start with sign-problem-free theory, project onto sign-problematic theory

0 Iy,

" '/2 I
1, 0 é'/2# SO(2N.) " U(1)g

/o

¥ Baryon number transformation must be involved
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Lattice calculation here gives correlators here up to 1N G

¥ Orbifold equivalence holds to all orders in perturbation theory...

Cherman, Hanada and Robles-Llana, PRI106: 091603 (2011)



Non-Perturbative Effects

Baryon number can be spontaneously broken in SO(Nc¢) theories

QCD-type baryons: Nc valence fermions !ijk... i j kac
. .
Non QCD-type baryons: 2 valence fermions i Vi *are Goldstone modes
along with pions @
T 4 zero density
Z 5 (W CyQs1) = 0 U(1)8 restored
- - — These baryonic
b Lt pions condense @
U(1)8 broken
g = M,
BCS B — ——
S (YT CyQst) # 0 2
. >
m; /2 HMB

No conservation of
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Non-Perturbative Equivalences
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SO(2N¢) + Us

(YT CysQq1) =0 U(1)8 restored

U(1)8 broken

BCS

(Xc)F#0 ':::(,""(",-,(L)A\t'j £ ()

T A

m|/2 }:B

SU(N¢) + W

(dysu) = 0 U(1)L+R restored

U(1)L+R broken

BCS
(dysu) # 0




Non-Perturbative Equivalences

the BEC-BCS

Equivalent outside
crossover region

SO(2Ne) or Sp(2Nc) YM with us

Equivalent
everywhere

SU(Nc) QCD with s |4 = = | SU(Nc) QCD with ui

Equivalent outside the
BEC-BCS crossover region
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SO(2N¢) + HUp

1': ( ! (_“’- ',(25' (} ' — () U(1 )B restored

U(1)8 broken

BCS
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T 1 SU(N¢) + W
(dysu) =0 U(1)L+R restored
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Non-Perturbative EquivalencegConjectured)

SO(2Nc) or Sp(2Nc) YM with us

Equivalent outside
the BEC-BCS Equivalent
everywhere
crossoverregion

SU(Nc) QCD with us | €= = = | SU(Nc) QCD with

Equivalent outside the
BEC-BCS crossover region

Non-perturbative checks:

ChPT Cherman and Tiburzi, JHEPL106: 34 (2011)
ChRMT, BCS gap Hanada and Yamamoto, arXiv:1103.5480



Non-Perturbative EquivalencesA New Hope?

Deformed SO(2Nc) YM with 1B

SO(2Nc) or Sp(2Nc) YM with us

?
. Equivalent outside
Equivalent

crossoverregion

SU(Nc) QCD with us

“«-->

Equivalent
everywhere

SU(Nc) QCD with i

Equivalent outside the
BEC-BCS crossover region




Non-Perturbative EquivalencesA New Hope?

Deformed SO(2Nc) YM with KB

2
+1/Nc terms

_ Perturbative Planar Equivalence
Non-Perturbative

Orbifold Equivalence?

SO(2Nc) YM with s

Perturbative Orbifold Equivalence

Cherman, Hanada, Robles-Llana, PRI106: 091603 (2011)

Cherman, Tiburzi, JHEP1106: 34 (2011)

Inspiration:

SU(Nc) QCD with us

Progress in volume reduction of YM using deformations
tnsal and Yaffe, PRD78: 065035 (2008)

Being tested on the lattice
Bringoltz and Sharpe, PRD80: 065031 (2009)

Hietanen and Narayanan, JHERLOO1: 79 (2010)



Phases of the Deformed Theory

Cherman and Tiburzi, JHEPL106: 34 (2011)

¥ Make scalar diquark scattering repulsive to penalize condensation

" . n2 " n2 _ _
Ve =v 1 TC"s!l "+ 1 TClI without BEC, U(1)8 remains unbroken

¥ Treat effects of deformation systematically using low-energy EFT

Vi

O "




Phases of the Deformed Theory

Cherman and Tiburzi, JHEPL106: 34 (2011)

¥ Make scalar diquark scattering repulsive to penalize condensation

" . n2 " n2 _ _
Ve =v 1 TC"s!l "+ 1 TClI without BEC, U(1)8 remains unbroken

¥ Treat effects of deformation systematically using low-energy EFT

Vi

Exotic phase
Large Nc artifact Vv

Flavor singlet Goldstone
1" # 0

But always metastable

0}
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Phases of the Deformed Theory

Cherman and Tiburzi, JHEPL106: 34 (2011)

¥ Make scalar diquark scattering repulsive to penalize condensation

1 " ||2 1 ||2 ] ]
Ve, =v 1TC"s! "+ 1 7CI without BEC, U(1)s remains unbroken

¥ Treat effects of deformation systematically using low-energy EFT

Both deformations work (at least in limited reach of the EFT)

@

/ ...0f course, few non-perturbative tools are available!
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A New Hope or a New Hoax?

m D)l
¥ Large Nc orbifold equivalences organize information about sign-problem and
sign-problem-free theories T 4
(T CyQs00) = 0 U(1)8 restored

Chiral transition at bPnite density -

from orbifold equivalence
Hanada and Yamamoto, arXiv:1103.5480

U(1)8 broken

BCS
S) 3 (VT CyQst) # 0
m; /2 MB
¥ Deformations needed to relate sign-free theories to sign-plagued theories

iInside the BEC-BCS region & EFT analysis shows efpcacious
Cherman, Tiburzi, JHEP1106: 34 (2011)

¥ Interesting physics lies beyond reach of EFT: need lattice Monte Carlo
Monte Carlo requires auxiliary Pelds to include deformations

. + "
| 4 1 | 2 . 2
e X7 = ] = e y<l 21yx dy

T
Only known how to implement V - deformation sign-problem-free in chiral limit



