Axion Quality Problem and its solution

Seong Chan Park (Yonsei)
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Question about Global U(1) symmetry



No global symmetry is allowed in a
Gravitating system

... such as our Universe!

See, eg. [T. Banks, N. Seiberg, Phys. Rev. D 83, 084019 (2011)]
E. Witten, Nature Phys. 14, 116 (2018)]
D. Harlow, H. Ooguri, Phys. Rev. Lett. 122, 191601 (2019)]




Axion Quality Problem
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[J. E. Kim, PRL (1979)] [M. A. Shifman, V. I. Vainstein, V. I. Zakharov (1980)]
[A. P. Zhitnitskii (1980)] [M. Dine, W. Fischler, M. Srednicki, PLB (1981)] ]

Axion is the most compelling solution to the Strong CP problem with Global U(1)p,,

[R. D. Peccei, H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977)]
[R. D. Peccei, H. R. Quinn, Phys. Rev. D 16, 1791 (1977)]

[S. Weinberg, Phys. Rev. Lett. 40, 223 (1978)]

[F. Wilczek, Phys. Rev. Lett. 40, 279 (1978)]

—

F

L

“No global symmetries allowed by gravity” =
Gravitational U(L)p, potential shift =

» Axion Quality Problem

—

[M. Dine, N. Seiberg, Nucl. Phys. B 273, 109 (1986)] [R. Holman, et. al., Phys. Lett. B 282, 132 (1992)
[R. Kallosh, A. D. Linde, D. A. Linde, L. Susskind, PRD (1995)] [E.J.Chun, A. Lucas, et. al., PLB(1995)]

[H. M. Georgi, L. J. Hall, M. B. Wise, Nucl. Phys. B 192, 409 (1981:]‘

QCD+ Gravitation 1.0}

VQCD(Q) —_ — A4QCD COS Q —> Qef —

VQCD + AVva — eff 7& 0

Gravitational instanton
(Euclidean wormhole)
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Giddings-Strominger Action (1988)

U(1) PQ field ® = ﬁe’”(?‘)

V2

(Gravity + Axion)

S = |d*x/ M (5 )
= [d"x\/ | g]| _TR_I_?@”H)

spherically symmetric spacetime ds’ = dr* + R(r)2d52§

—solve Einstein’s equation with B.C. R'(0) =0
—wormbhole solution
— S,;, wormhole action

[S. B. Giddings, A. Strominger, Nucl. Phys. B 306, 890 (1988)] 4



Wormhole connects two asymptotically flat spaces

ds* = dr® + R(r)%d;

Non-perturbative sol. to Einstein’s eq. in
Euclidean, Spherically symmetric spacetime Euclidean Time

Asymptotically
flat spacetime

R ~ 7 (r— o) ) R(O) ~ \/n

—wormbhole “throat”

Conserved charge
n=2mRr)f> 0'(r) € Z



Gravitational Instanton potential due to WH

| a Ry : Wormhole throat
AVin = —z€ Swh ¢og -0
RO f a Swh : Wormhole action

Presence of this operator shifts the effective 8 angle

e_Swh

(AgeoRo)” 1
wormbhole action

Y

Ocsy

Requesting 0,4 S 10710 (neutron EDM), we demand
S.n 2 190

for Agcp =200 MeV, Ry~ M, 1



A page for undergrads

N L
QCD+Gravitation  y,_ _ AZ . cos(6)

= — A‘éCD cos @ +

dV

— xsmléd+Asmm@+9o)=0
do

—-S

4
R()
e )

e
— ——cos(f + o)

(AopcpRo)

y cos(@ + o)

€_S

A =
(ApcpRo)*

= Asind + (1 + cos §)0 + O(6?)

Asino

—_— V' =0-0~

1 +coso

€_S

A= ;
(AopcpRo)

< 10710

I

@minimum of potential

for neutron EDM
bound
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Giddings-Strominger Wormhole (1988)

[S. B. Giddings, A. Strominger, Nucl. Phys. B 306, 890 (1988)] [R. Alonso, A. Urbano, JHEP 02, 136 (2019)]

S = [d‘*x\/m (

numer1ca1 sol

10%
S1ze of throat
1000?
100 |
‘T§°‘ 10,
¥ ; 77 — f,=10"%2 GeV
4
i AT — £=101GeV
I ’ i
0.10} ot — f,=10"° GeV -
: , :
B 4 ]
0.01 ‘ Rl ‘ ‘ ‘ ‘ 7 f, =10'% GeV
0.001 0.100 10 1000
f(Mp™")
37° Mp
Sun =13 > 190 for
a

M 2
—TR + —(a 0)

) ds* = dr* + R(r)*dQ;3

f, = 10'° GeV f, =102 GeV

< 100 GeV

Q. Problem solved?
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Wormholes with a Dynamical Radial Mode

[ 1
Dynamlcal f(r) b = f @ @6(7“)"-‘@ b = f (T) z@(r) [L. F. Abbott, M. B. Wise, Nucl. Phys. B 325, 687 (1989)]

\/§ 9 [R. Kallosh, A. D. Linde, D. A. Linde, L. Susskind, Phys. Rev. D 52, 912 (1995)]

L J

potential V(f) = %(f2 — f2)?

2 2
S = [d4x\/ | g| (—M7R+ —(0, 0)* + (8 f)* + V(f))

_ 116 _ 1012 , ) .. .
Ja=10" GeV Ja =10~ GeV' 1adius doesn’t grow when dynamics is taken into account

! —Pp S > nlog(Mp/f,) < 190

I E s ’
T Axion Quality Problem remains!
'
: R. Kallosh, A. Linde, D. Linde, and L. Susskind, 1995
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E|®|*R model = This is our new addition

Spherically symmetric, Euclidean ds? = dr? + R*(r)dQ3

Wormbhole action with PQ-field + R coupling M2 = M2 4+ €02 = € <

2
S = [d4x\/ 2| <—M7R—§|CI> *R+19,®|* + V(CI)))

f2

M?3 1
— Jd“x V& (—7”92( )R + 7(6”9)2 + E@,f )Y + V(f ))

Boundary conditions f(0) = R'(0) = 0,f(c0) = f,

D(r) =

@ 0
V2

M2
Ja

sz2<f>=1+i2(2 1)

V(f)

P

_ Mo o
_4(f fa)

then solve the Einstein equation

=> Wormhole geometry is modified

with & # 0, We solve the Einstein eq.

=> check if Quality problem is resolved or not!




T'wo gravitational formulations

Metric formalism R, (g ) Palatini Formalism R, (T)
_ 1
AT A .
L = 29 (Guow + Gavu = Guv.a) metric and connections are
(Einstein) independent a priori
metric rules!! metric & connection rule!!

(g} {8 175)

(cf) when minimally coupled limit (¢ = 0), two formulations are equivalent



Numerical solutions

— — — — — — — — — — — ——
Einstein equations ¢ =0, 1 (metric, Palatini) , ,
R 1 n
QZ R/2 . 1 QRR/ / R2 /12 — T /2 V
[ —I_C( W+ w )] 3M]23 2f + (f)+8ﬂ-4f2R6
R dV n? R" R 1 R’
A S — 6 v - = 12 a3
17+ 7 df+47r4f3R6 Sf[R+R2 R2+C(w + w" + Rw)]
Dimensionless: p = vV3AMpr, A=vV3\MpR, F=f/V3Mp.
LBoundary Conditions R’(0) =0, f(0) =0, f(oo) = fab.J
n=1,A=0.1,f,=10" GeV . n=1,A=01,1,=10" GeV
10° latini o0
atim 1o
10-1j---: ---------- £=103 10" -
S : s A
1072 - : — = Mp2E2 < :
R o i
1031\ )
vmetric —— Palatini s
10— | ' . 1073 | | — §=Mp?IR,?
107 107" 10" 10° 10-3 10~ 10" 10°
P (Dashed : metric, Dotted : Palatini) 15




WH solution w.r.t. & coupling

F(0)

Pp=V SAMPT,
Boundary Conditions R'(0) = 0,

A= V SAMPR,

Radial
n= 1, A=01
o A(0)
10°
1071 F
1072+
— fa = 1015 GeV
103} | — £, = 10" GeV f0) =/,
a
— fa = 1017 GeV
10"4— 1 ! ! l l g
102 10" 10 10°  10° 107

behavior similar in both formulations of gravity

f'(0) =0,

F=f/V3Mp.
f(OO) — fa-

Throat size

n=1,A=0.1
A(0)
1, -1/2
10 a(0) ~ (f,Mp)
10%F
x 51/4
10-11 — £, =10" GeV
— f,=10"% GeV
a(0) ~ M;! —— f,=10" GeV
10_2~ 1 1 1 1 1 f
103 101 101 103 10° 107
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Axion Quality Problem and non-minimal gravity

[D. Y. Cheng, K. Hamaguchi, Y. Kanazawa, S.M.Lee, N. Nagata, S.C.Park, 2210.11330]

n=1,A=0.1,f,=10" GeV

5000

1000
500

100 |

AQ problem resolved .
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Conclusion: Quality problem solved with &|® R

[D. Y. Cheng, K. Hamaguchi, Y. Kanazawa, S.M.Lee, N. Nagata, S.C.Park, 2210.11330]

n=1, A = 0.1, metric vs Palatini

1x10° | 5] o
. . Mp~ | gravitational
5x 10| Palatini /instability
————— Metric :
w1 x 10k f
5000
! g
10010012 - 1013 - 104 - 1015 - 1016 - 107

f, (GeV)

Axion Quality Problem is solved in both formulations of gravity
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