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Plan

* Motivations: 0-angle in Yang-Mills
* Holographic Yang-Mills at finite 6-angle

e (Conclusions

Effects of the O parameter interesting but challenging.
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The 0-angle 1n Yang-Mills

* FEuclidean Lagrangian

1
Ly = —5—TrF,, F" —

—— O e"P I, F s
QQYM M P

3272

0 term breaks P,T and hence CP
0 multiplies topological charge density q(x), whose 4d integral is integer.

1
q(x) = 353 —— P TYF, Fpy /daz4q(x) =neZl

Hence 0 i1s an angle. Physics invariant under 6 — 0 + 2n

= / D[A]e™ "

0-dependence due to instantons . Not visible in perturbation theory.
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The 0-angle 1n Yang-Mills

* FEuclidean Lagrangian

1
Ly = —5—TrF,, F" —

O et'Pe T F, F g
QQYM M P

3272

» Effects of O interesting:
- vacuum structure
- CP violating effects in QGP [Kharzeev et al]
- mass and interactions of 1” meson in QCD [Witten-Veneziano]

- cosmology (axions)

* Inreal world QCD, |6| < 10-'Y (from neutron EDM). Strong CP problem.
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The 0-angle 1n Yang-Mills

Euclidean Lagrangian

1
Lo = —5—TrF,, F" —

—— O e"PO I, F s
QQYM M P

3272

Real 0-angle challenging for Lattice (sign problem: imaginary term)
Go to imaginary 0, then analytically continue to real around 6=0
Alternatively, compute n-point correlators of topological charge at 6=0

Lattice results obtained in this way: first few terms in 6 expansion
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The 0-angle 1n Lattice Yang-Mills

* (@Ground state cnergy density [ Vicari, Panagopoulos, 08; Bonati, D’Elia, Vicari, Panagopoulos, 13]
02 _ 04
+ by
Nz N

£(6) — £(0) = Lx,0? [1 b,

5 + 0(96)] Xg = J"(0)]o=0 # 0 topological susceptibility

by =~ —0.2 (from N_=3,...,6 data) bg| < 0.001 (N=3)

° String tension [Del Debbio, Manca, Panagopoulos, Skouropathis, Vicari, 06 ]

2

T.(8) = T,(0) [1 +5,0

— X 0(94)] . 59 ~ —0.9 (from N_=3,...,6 data)

e Lowest 0™ glueball mass [Del Debbio, Manca, Panagopoulos, Skouropathis, Vicari, 06 |
My++(0) = Mo++(0) [1 + g20° + O(0%)] , g2 =~ —0.06(2), (N.=3)
* Deconfinement temperature [D’Elia, Negro, 12, 13]

T.(0) = T.(0) [1 + Ry0* + O(0")] , Rp ~ —0.0175(7), (N, =3)
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The 0-angle 1n large N Yang-Mills

!TrF2 _ i% NiTrFﬁ’]
™ c

N,

L=

‘t Hooft limit: N>>1, A=g?,, N, fixed
Non trivial 06 dependence (large N solution of U(1), problem) if 0/N fixed.
Ground state energy density should scale as

£(0) = £(6) — £(0) = N2h [%]

Puzzle: should also be periodic in 0 with 2w periodicity.
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The 0-angle 1n large N Yang-Mills

Solution [Witten, 1980]: {(0) multi-branched

e -

2
N?mingh [9 + kw]

N

>\
=
=
I

At 6=(2k+1)n: expect first order transitions. CP spontaneously broken
Minimum at 6=0 (integrand of Euclidean path int. real and positive), k=0.

Large N solution of U(1), problem

2,2
Yoo = fz’;:”' +O(1/N) Xoo = fyar(0)|o=0 # 0 topological susceptibility
f
0+ 2km\”
f(6) = b N*miny, ( +N W) + 0 (04/N%)
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Plan

* Motivations: 0-angle in Yang Mills
* Holographic Yang-Mills at finite 0-angle

e (Conclusions

Exact 0-dependence in a non-susy large N Yang-Mills model
with dual gravity description. Explicit realization of expected YM features.

Qualitative matching with lattice YM at small 0. Benchmark beyond small 0 ?
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Witten’s holographic Yang-Mills

N, D4-branes in IIA string theory
Low energy physics: 5d SU(N,) Super-Yang-Mills theory.

N, D4-branes on S' , of radius R,= 1/M, with antiperiodic fermions.
Low energy: 4d non-susy SU(N,) Yang-Mills + adjoint KK modes [Witten 1998]

Holography: Large N, strong coupling regime mapped into dual gravity
description (open/closed string duality)

Can add 6 term to the model, no sign problem.

To leading order in 6/N_ done in [Witten 1998].
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Witten’s holographic Yang-Mills

Gravity action (closed string description), sourced by the N D4-branes

1 1
S = 22 /dlox\/—_g [6_2¢ (R +4(0¢)%) — §|

Gauge theory action (open string description), wrapped D4-branes (IR expansion)

1
B 8mgslsMkk

I

S

1
Fyf? - §|F2|2]

/ d'x TR P — /S G / d*x ePITrF,, F
4

F,=dC, M = gy Ne = 2mgsls Mg N,

9—|—27rk:ll

S Sx4

Ch

Holography: gravity picture dual to gauge theory at

A>> 1, N>>1

Leading order in 0/N_ : treat F, as a probe [Witten 1998].
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The 0-backreacted gravity solution

[Barbon, Pasquinucci 99; Dubovsky, Lawrence, Roberts 2011] (X4 ~ X4+27’E/ MKK)

3/2 3/2 du2
dsi, = (2) [\/Ho dx,dz" + / dwi] + <E> v Ho [i + u2in]
U

R Vv Hy f
f—l_u_g Hy = _u_g @2 b _ (2)3/4}[3/4 C —Qid 4 F _3R3
- ud’ 0 — u3 1+ O2 € = Js R 0o > l_gsHOxa 4 — W4
/ Fy =8m313g,N,, R = (mgsN,)"3l, 0 + 21k = ll C,
S4 s Sac4
A [0+ 2k AR?  , 1
@ = 47‘(‘2 ( Nc ) Ug = TMKK—]_ + @2

* (u,x,) subspace is a cigar

* g,(uy) # 0 (regular) : confinement
* KK modes NOT decoupled
 Small curvature if @<<j,!*
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From holographic relation Z = e~ V4f(0) ~ ¢

The ground-state energy density

—gren

f(©) =

E on—shell

o A4 <0+2k7r) f(@) _ minkf(@)

3712 (1 4 @2)3 472 N,
f(0) — £(0)
£ (0)] -m<0<m, k=0

Br<6<-m k=1
<0 <3m k=-1
etc.

| | | | 1 | |

-4n 3n 2n T 0 T 2n 3n 4n [

Expected structure explicitly realized
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The ground-state energy density

* Expansion around 6=0

1 _ 2 _ 4
f(0) — £(0) = 5;(992 1+ by N + b4N§ + O(6°)
Yo = NiMy by M 5%
9 4(3m)s 84 38478

« Cfr. with Lattice Yang-Mills: by =~ —0.2  |bg| < 0.001

* (Qualitative agreement with Lattice
 Prediction: b,> 0 (it would be nice to check it on the lattice)
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The string tension

Rectangular Wilson loop: from minimal open string surface [Maldacena; Rey, Yee ‘98 |

// W(C)="Tr [Pexp (z%A)] ~ e °NG
C
. WiCl) e ™&H V(L) =T,L
oy : [ — —
SNG ~ _2 ,T _QOOg:caclu:uoL Ts — / _googmmlu:uo
T 2T

T — 2_>‘4 2 ;
*otn BE(1 4+ 62)2

B 204, o _ )\i 62 3)\?1 04 6

Lo = g Micx (1 8t N2  256r8 N4 +0%)

92
Tslat:Tslat(O) [1+§2m+] ; Sy R —0.9
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‘t Hooft loop and oblique confinement

Monopole-antimonopole potential from minimal action of D2 wrapping S, ,

Spg:—T2/d3§e_‘z’\/—det(g—l—.7:)+T2/(Ajl/\]-_‘

Equivalent to M2-brane wrapping the y = ® x, cycle in

I»’A

ds}, = e~ g dslo +e3 (dy — Cyp dzy)?.

‘t Hooft loop has an area law at finite theta (magnetic screening only at theta=0)
1 0 + 2k e 0 + 2k

T = ——= Mz )
27r2 KETH(1 4+ 92)2 21

Dyons are screened under certain conditions (oblique confinement)

0
Tay = —pTs + T = (—p + %q) T, 0=2m(p/q)

See also [Gross, Ooguri, 98]
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The scalar glueball mass

e 0" glueball spectrum e (TrF2(x)TrF3(y)) = 3°, ¢, e Malx=l

* Solve e.0.m of dual gravity scalar field: a metric fluctuation in 11d. Reducing on S*:

o u . 3
hos = Hop(we™™ = Ha) = a0 dag (0,1,1,1,0--25.0)
4ud — ud M?R?
H" 0 H' — H =0
)+ o)~ 3 )

 Regularity at u=u, and UV normalizability only if M?>0 and discrete

~ M(6=0) - A2 92 3 6 .
M(©) = e | MO =M6=0) (1 ~ ominz + g e + O ))

Miat(0) = Mia:(0) (1 + g260% + O(6%)) ,  g» = —0.06(2)
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Finite temperature

Take Euclidean time periodic with period 1/T. Two possible gravity solutions

u\3/2r1 ~ " u\ —3/2 [ du?
ds® = (E) [f(u)dx% + dz,dx" + dx?l] + (E> |:f(u) + quQi] ,
A 5 3
flu)=1- % * black hole solution
g,0(up) = 0 : deconfinement
T >T¢ R

no theta dependence
Cy ~0dxy, Fo =0 [(u,z4): cylinder]

T<T. * Just Euclidean extension of one discussed
before

* Theta-dependence

e confinement
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Deconfinement temperature

Compare the free energy densities of confined and deconfined phase

fe—p— 2NN\ Myg  _ f(0) Fioe = —Ddoe = _1 256N371’4)\4 6
3'n2 (1+62)° ~ (1+02) dec T 6 T29MZ
Mgk 1 M A2 6? 3\, 64
T.(0) = _ KK M 4 6
©) =% Vite T0) = = |1~ 300 N2 T 20487 N3 +0(6")
LO/T0) T,(6) 4, = To(0),,, [1 — Rob® + O(6%)] , Ry = 0.0175(7)
Cusps: tri-critical points
i Colored: deconf. first order transition
Dashed: CP-breaking first order transition
T B e
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* Qualitative comparison with Roberge-Weiss phase diagram of flavored theory
(Witten-Sakai-Sugimoto) at finite imaginary chemical potential (see Aldo’s talk)

Z(T,0p) =Tr <e_% eiHBB)

l. w=1pg; 0z=py/T. B=baryon number operator.
2. Confined phase: d.o.f (hadrons) have integer B. is 2x periodic in 64
3. Deconfined phase: quarks, B/N_ fractional charge. Z function of 65/N,

T/T. T/T,

| | 0 B

Note: curious qualitative “duality” as noticed for YM and QCD in [D’Elia, Negro, 2013]
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* Comments on the involved degrees of freedom

. TS, €=

- 0: Euclidean DO-branes on S, stable: instanton gas D

- 0 quarks (fractional baryonic charge)

 T<T_
- O5: baryon gas

- 0: Euclidean DO-branes on S_, vanishing:

“Instanton quarks” (fractional instantonic charge) ?
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Entanglement entropy

[Ryu, Takayanagi 2006]

Minimal Surface

L/
@7 @ Sg = —Tr(pplogpp) ~ min,, 11((’;78)

AdS g 2 . 1 8 26 /T
Boupiry S = e d°ce \/ det(Ging)

Slab geometry: B={x in [-1/2, 1/2]} [Klebanov, Kutasov, Murugan 07 at 6=0]

22 A4 N2 1
3 (1 + 077 i (E - 1)

0Sgi5/0l ~ O(N?)
50}
6 3/2F 3 2
/4 conn Jin — — 2 [5] )‘4Nc MI2{K
__ 3 I‘[ 517 (I Mkk)*
1/ I

5ol First order phase transition |l. =l.0V1+ ©?

AS Sdzs =
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Overview

Holographic YM results exact in 0, large N

Observables are those at 6=0 multiplied by powers of (1+©?)
A factor of (1+0?)"1? for each power of M

A factor of (1+@®2)"! for each power of A,

Mass scales reduced by 6 (checked also baryon vertex mass)
Structure of (T,0) phase diagram explicitly

Agreement with lattice trends at small 0

Benchmarks for subleading coefficients in 6 expansion
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Work 1in progress

0 dependence in Holographic QCD (Witten-Sakai-Sugimoto)

With massless flavors no 6-dependence.

0 rotated away by chiral rotations as expected in QCD.

Holographically realized by anomaly inflow: C, transforms under a gauge
transformation of the D8-brane gauge field dual to U(1), [Sakai, Sugimoto 04]

Take massive quarks: [Aharoni, Kutasov; Hashimoto et al, 2008]

Energy density at small m: F'(6) — F(0) = NymX[1 — cos(6/Ny)]

- e _ 0%F(9) . m¥
Topological susceptibility: X = "55 0_0 =N,

Deduce other 0-dependent observables
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Thank you
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