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Holographic Origin of ¢ angle

10D AdS/CFT

Witten (1998) used Type IIA string theory on R* X §* x D

4
ST . 3 1 ST d)\? 27
=AY (da')? - ’ ? : dQ;
ds : N\ i:1(dx ) 2777)\7T ()\ )\4) d) . 77)\)\2 - nAd§);

A, y are polar coordinateson D (1 < /1 < 00,0 <w < 2n).
A gauge field a is added in the bulk to get @ angle

On the boundary, f = 0O but there is a non-vanishing Wilson loop around the
boundary of the disc

Jgra =10, =0
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Holographic Origin of ¢ angle

5D AdS/CFT

We would like to reproduce this in a simple 5D model

First we see that S* played no role — just look at simple AdSe on a circle with
coordinate y

A gauge field A is added in the bulk to get 6 angle

Witten had a DISC, not a circle. For most cases it will not make a difference

whether disc or cylinder. However, the BC for 6 on the IR brane will be
different




Holographic Origin of ¢ angle

5D AdS/CFT

For theory on disc, the origin corresponds to the IR brane — it is like the
origin of the polar coordinates. Angular variables must vanish at the origin, so

the geometry implies 0(z;z) = 0
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Geometric Regularity: Boundary Condition:
Circle shrinks to point 6 —Ngp=0
6-0,¢0-0 (Manual)




Holographic Origin of ¢ angle

5D AdS/CFT

This condition is NOT automatically present in the theory on the circle. To
reproduce the effects of the true QCD dynamics, we simply impose

0(z;r) = O at the IR brane.
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Holographic Origin of ¢ angle

5D AdS/CFT

Using the disc-like BC
Ay(O) — AO and Ay(ZIR) =0

Background solution of Maxwell equation gives

A, (2) = Ag (1 ”f )

TR

Wilson line
W, = exp (ng Aydy) — exp (iAz(/O) : 27TR) _ o0
Sl

The Ofield  g(y 2y = 20 RAO) (2, 2)
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Holographic Origin of ¢ angle

5D AdS/CFT

Using the disc-like BC
Ay(O) — AO and Ay(ZIR) =0

Background solution of Maxwell equation gives

A, (2) = Ag (1 ”f )

TR

Wilson line
W, = exp (ng Aydy) — exp (iAz(/O) : 27TR) _ o0
Sl

O(x,7) - GG

Oy — QQCD

The Ofield  g(y 2y = 20 RAO) (2, 2)
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Holographic Origin of ¢ angle

5D AdS/CFT

The vacuum energy density

3g° L~
& = / ‘9(2]\/

3
QZIR

Wilson line gives 27zn periodicity from large gauge transformation
Eonys(0) = min C(0 + 27n)°
T

If we shrink the 6th dimension to 0, the effective 5D Lagrangian for @ will be

2
Sep 0] = % / %dé’ A sdf
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Holographic Origin of Anomaly

Dualize

The holographic pure QCD theory does’t have much structure: only glueballs

We now introduce flavors and see the effects of anomaly
It is useful to dualize the @ field (Hodge dual) F, = db

Treat I; as an independent field, and impose dF;, = 0 via Lagrange multiplier
(5 3-form gauge field H = dC

2
Sparent:/<g ZFl/\*Fl_H/\F1>
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Holographic Origin of Anomaly

Dualize

Integrating out £, we obtain the equivalent action

1 L
Sdual[H] — 5/%[_]/\ xH

Dualize back, but in the presence of the bulk Chern-Simons term

1 L
Sparent:/< H/\*H+/<;AAH+6’dH>

2 0%z
A is the U(1), gauge field

Now @ is the Lagrange multiplier enforcing the Bianchi identity on H
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Holographic Origin of Anomaly

Shift Symmetry

1 L
Sparent:/< H/\*H+/1AAH+6’dH>

2 0%z

The action must be bulk gauge invariant under A — A + dA

If H = dC;, the Chern-Simons term is bulk gauge invariant. However, H is
unconstrained with the Lagrange multiplier &

A — A + dA is only cancelled out with @ — 0 + k A

6 picks up a shift symmetry under U(1),
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Holographic Origin of Anomaly

Dualize Back

After integration by parts

1 L
Sparem:/( H/\*H—(dQ—IiA)/\H)

2 0%z

Solving the EOM for H gives 2
H = gL x (df — kA)

The resulting action Is 9; / %(dQ — KA) A\ x(df — KA)

Holographic dual of anomaly is just 5D Stlckelberg term!
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Holographic QCD Axion

Setup

Using the lessons from the 6D/5D model, we can build a simple 5D model of
axion with quark condensates

Zuv <PQ <IR

X = pe'?: {(Gq)

A, U(1), gauge boson

By, Y (Axion) A, X (QCD)

Y = £e': PQ breaking

B,;: U(1)pq gauge boson

UV brane PQ brane IR brane
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Holographic QCD Axion

Setup

Using the lessons from the 6D/5D model, we can build a simple 5D model of
axion with quark condensates

1
S5DD/WH/\*H—FHLH/\A—F)\H/\B—FQdH—FDXT/\*DX—FDYT/\*DY
g

-2

— /d“:’\/—g %(9’ — kA, — )\Bz)2 + p2(¢’ — qAZ)2 + (:2(@’ — pBZ)Q .

X = pe'?: (gq) A, U(1), gauge boson

Y = Ce'® PQ breaking B,;: U(1)pq gauge boson
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Holographic QCD Axion

Dynamics

Gauge invariant combinations O =0 — kA —\B
(I):¢/_qua A:Cbl—sz,

Their corresponding momenta

L3 L3 L3
‘O, M =-2—p"0 MN,=-2—CA.

= z3g z 2

Background EOMs
| . | . |
s I |
, ggzl =0, !, —2"" =0, !, —2#A =0
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Holographic QCD Axion

Dynamics

Gauge invariant combinations O =0 — kA —\B
<D22¢{__qua vA::Cﬂ__pEﬁa

Their corresponding momenta

LB LS L3
N, = ——4¢°0, M- =-2—p"0 MN,=-2—-CA.
2z Z Z
Background EOMs Iy 4., are const.
' L3 , ' L3 ' L3

: 39 =0, 1, 2™ =0, I, 2PA =0
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Holographic QCD Axion

Holographic PQ mechanism

Background energy of the system is written as boundary terms

. 1 1
"L V(Xuy) ! U(Yoy) + SIS+ 1 %+ | aal + Sl s+l 0
A., B, equations imply
$#, + oft- =0 and %, + p#,=0.
UV BCs
| UV:!V'; !aUV:!Uau "$‘U\/:O.

V,U: U(1),, U(1)pq breaking UV potential

L* b3
VD?qu 2 X
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Holographic QCD Axion

Holographic PQ mechanism

,, 1 1
E" L V(Xuy) ! U(Yoy) + S $+ 10 %+ | aal + Sl g+t N,
$#, + offt- =0 and %, + p#,=0.
Loy = 1 Ve, aluv = 1 U, "$luv =0.

V,U: U(1),, U(1)pq breaking UV potential
UazO —> HCZ:O — H9,¢=O —> V¢=O

All € dependence in energy is vanishing

topological susceptibility is 0! no strong CP problem
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Holographic QCD Axion

Holographic PQ mechanism

,, 1 1
E" L V(Xuy) ! U(Yoy) + S $+ 10 %+ | aal + Sl g+t N,
$#, + offt- =0 and %, + p#,=0.
Loy = 1 Ve, aluv = 1 U, "$luv =0.

V,U: U(1),, U(1)pq breaking UV potential

The value of the axion will slide to satisfy equation

[} | $
lov ! =#uv ! —agyy = 0

g P
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Holographic QCD Axion

Axion Quality Problem

If U, # 0 then we will have the axion quality problem

The magnitude of the quality problem strongly depends on the wave function of
the PQ breaking scalar Y = (e'

uv <PQ IR

X = pe'?: (qq)

A, U(1), gauge boson

B,,, Y (Axion) A,,, X (QCD)

Y = &e'*: PQ breaking

B, U(1)pq gauge boson

UV brane PQ) brane IR brane




Holographic QCD Axion

Axion Quality Problem

If U, # 0 then we will have the axion quality problem

The magnitude of the quality problem strongly depends on the wave function of
the PQ breaking scalar Y = (e'

If strongly peaked on the PQ brane - the effect of U will be tiny — no quality problem

If peaked on the UV brane - the effect of U will be big - large quality problem

] l 11 1 :b

The PQ wave function . iy . Fay
"= L Vv Zpg + Sy Zyy
ZpQ Zyv

N|W

Ay is dimension of PQ breaking operator: the bigger Ay, the more peaked on the PQ brane
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Holographic QCD Axion L

=t -2
VD 4qu 2 X

Axion Quality Problem

Assume a PQ breaking potential on the UV brane

. 70 &
U(Y) =" v L2Y

n. effect of some discrete symmetry

Using the wave function profile, this roughly contribute to the potential
) #n!

Y

) ] ZUV
U(Yov) " #0" v
PQ

This needs to be sub-leading to quark mass term with phase of order 10~ 1"

Fn! %

. Zyv
| qVZ|!R2 > HAQ av
Am | Ze0
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Holographic QCD Axion

Axion Quality Problem U(Y) = #io" 3, L2"

v P13 (e = Zyy).

12

10

"v! 10  ('Ho = My),
v !9 ("He=0.1eV)

D I D -
_<

Same findings as Cox, Gherghetta,
Nguyen (2019)

I I I I
2- [ (e Arg Awy

0 10 10 10" 10 10" 10 10" 10 10™

epq [GeV]

mq =3 MeV, v=0.27 GeV,z,5 = 10" GeV and#yy = 7y = M.

23




Holographic QCD Axion

Mass Spectrum

We recover the Witten-Veneziano relation for 1’ and axion masses

,_ 2
m,, = Iz xym+ O0(m) + -
, A

ma — _ZXQCD + @(GBQ) + .

A
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Conclusion

Summary and Outlook

QCD @ can be understood as a Wilson of disc / circle
Anomalies are realized via Stlckelberg term(s) with shift symmetries

We found fully holographic QCD axion - double Stlckelberg term reflecting
the two anomalies

The axion quality problem is severe unless nAy 2 10

Large operator dimensions or high discrete symmetries

Open a window to so many applications: finite 1 effects for axion, phase
transition, axion string / domain wall, etc.
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