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Motivation : Axions

(QCD) Axions : “Solution for the Strong CP Problem”

[R. D. Peccei, H. R. Quinn, (1977)]
[F. Wilczek, (1978)]

[S. Weinberg, (1978)]

[J. E. Kim, (1979)] ...
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e.g [Snowmass 2021] ...
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Motivation : Axion Quality Problem

Strong CP solution validity jeopardized by additional sources to the axion potential

1 gg a S191%
£(,u > AQCD) — 5(@@)2 | 327_‘_2 f GMVGM =+ AV/B@’(UJ) + ...
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Motivation : Axion Quality Problem

Strong CP solution validity jeopardized by additional sources to the axion potential

1 g° a
L(p > Aqep) = §(aua)2 | 3272 f

GWG’WJr AV/BQ’(GJ) =+ ...
Gravity “explicitly breaks™ global symmetries :  U(1)pq — U)pq

See, eg. [T. Banks, N. Seiberg, (2011)]

[E. Witten, (2018)]
[D. Harlow, H. Ooguri, (2019)]
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1 gg a S191%
£(,u > AQCD) — 5(@@)2 | 327_‘_2 f GILLVGM =+ AV/B@’(UJ) + ...
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Gravity “explicitly breaks™ global symmetries :  U(1)pq — U)pq AVpeg(®) D

See, eg. [T. Banks, N. Seiberg, (2011)]

[E. Witten, (2018)]
[D. Harlow, H. Ooguri, (2019)]
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Motivation : Axion Quality Problem

Strong CP solution validity jeopardized by additional sources to the axion potential

1 g°> a ~
Lip>A = —(9,a)* > G,,,G"+ AVpef(a) + ...
(> Aqep) = 5(9ua)" + 205 7 G pey(a)
Gravity "explicitly breaks” global symmetries :  U(1)pq = Ulhrq  AVpg(®) D MC§_4 o
See, eg. [T. Ba.nks, N. Seiberg, (2011)] P
Bi \gallf‘tl?)I\;,(Ii.Oggc))]guri, (2019)] Cn 5 108 Gev ) N 1 0_52
fa, fa=1012GeV
n=2>9 []. Alvey, M. Escudero, (2020)]
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Motivation : Axion Quality Problem

Strong CP solution validity jeopardized by additional sources to the axion potential

1 2 gg a ~ LV
£l > Aaen) = 5(0,0)7 + 3555+ Cuu G AVpafa) + .
Gravity "explicitly breaks” global symmetries :  U(1)pq = Ulhrq  AVpg(®) D MC§_4 o
See, eg. [T. Banks, N. Seiberg, (2011)] P

[E. Witten, (2018)] G v 5
[D. Harlow, H. Ooguri, (2019)] C _ o
cn < 10° > 107°° PO sensitive!
fa Ffa=1012GeV

n=2>9 [J. Alvey, M. Escudero, (2020)]
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Motivation : Axion Quality Problem

Strong CP solution validity jeopardized by additional sources to the axion potential

1 2 gg a YV
,C(,u > AQCD) = 5(8MCL) | 292 fa GMVG'LL -+ AV/BQ’(GJ) -+
" ( . " 7 : . C
Gravity "explicitly breaks” global symmetries :  U(1)pq = Ulhrq  AVpg(®) D M?jf L D"
See, eg. [T. Banks, N. Seiberg, (2011)] P

[E. Witten, (2018)]

- Witten, 5
[D. Harlow, H. Ooguri, (2019)] Gev _ ..
cn < 10° > 107°° PO sensitive!
fa Ffa=1012GeV

n=2>9 [J. Alvey, M. Escudero, (2020)]

“Non-perturbative” gravity effects lead to “exponentially suppressed” coefficients

[R. Alonso, A. Urbano, JHEP 02, 136 (2019)]

cn ~ e 2 — 8> 0(100)
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Motivation : Axion Quality Problem

Strong CP solution validity jeopardized by additional sources to the axion potential
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“Non-perturbative” gravity effects lead to “exponentially suppressed” coefficients
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Axion Wormbholes

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)] F | N Ite -a Ct' oNn SO I U t| ons
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Axion Wormbholes

| See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)] F | N It e_ a Ctl 0 N S OI u tl O N S

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)]

Giddings-Strominger-Lee Wormholes
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Axion Wormbholes

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)] F | N Ite -a Ct' oNn SO I U t| ons

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)]

Giddings-Strominger-Lee Wormholes
2 2
S = /d%\@( ]\gP}H %fg(aﬂe)Q) S = /d%@( ]\ng -

122

174 1 14
H,,,H"P + 6965“ Paﬁﬂw,p)
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Axion Wormbholes

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)] F | N Ite -a Ct' oNn SO I U t| ons

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)]

Giddings-Strominger-Lee Wormholes
2 2
S = /d%\@( ]\gP}H %fg(aﬂe)Q) S = /d%@( ]\ng -

122

174 1 14
H,,,H"P + 6965“ Paﬁﬂw,p)

Instanton contributions : exp (—S) = exp(—Swn + inb)
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Axion Wormbholes

See e.g. [A. Hebecker, T. Mikhail, P. Soler, (2018)] F | N Ite -a Ct' oNn SO I U t| ons

PQ Charge of the wormhole

HE?): fQ*deE:qte

Ss3 S3

[S. B. Giddings, A. Strominger, (1988)] [K. Lee, (1988)] e — N J - N

Giddings-Strominger-Lee Wormholes

4 M]% 4 M2 1 pp 1 Buvp
= | d°x\/g R+ - f (0,0)° | €>S = [ d*z\/g 12f2HquH +6‘9€ OpH i p

Instanton contributions : exp (—=8) = exp(—Swn + insh) —=—> Avggg exp( Swh) cos(nrf + 9)
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Axion Wormbholes - Giddings-Strominger-Lee Wormholes

Giddings-Strominger-Lee Wormholes

4 MJQD 1 5 2 4 MJQD 1 % 1 Buv
S = d ZE\/§ > R+ §fa((9#9) <——=>S: d CE‘\/§ 5 R 12f2HMV,0HM ’O—I—EQE H p@ﬁHw/p
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Axion Wormholes - Giddings-Strominger-Lee Wormholes

Giddings-Strominger-Lee Wormholes

4 MIQD 4 M2 1 uvp 1 Buvp
= [ d*z+/g R+ = f (0, (9) >S5S = [dx/g 12f2 Hyp T 6‘96 O H v

+ GHY term

~ MpLg

V61 niMp
8 fa

| 1/4 n 1/2
Lo =
0 (247r3) (Mp fa)

SGSL[ ]
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Giddings-Strominger-Lee Wormholes

4 MIQD 4 M2 1 uvp 1 Buvp
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omr niM
St = Yor T L aap
. _( | )1/4( n )1/2
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Axion Wormholes - Giddings-Strominger-Lee Wormholes

Giddings-Strominger-Lee Wormholes

4 MJQD 4 M2 1 uvp 1 Buvp

+ GHY term

omr niM
St = Yor T L aap
. _( | )1/4( n >1/2
0 247’(’3 MP fa f, =101 GeV f, =101° GeV

Swh ~ O(100) when f, <10 GeV

Y

But, this conclusion will alter heavily with the structure of the theory!
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Axion Wormholes - Generalization

Generic scenarios contain a mixture of scalars and axions
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Axion Wormholes - Generalization

G ene r| C SCéna r| 0OS CON ta | nNam | Xtu re Of sSca I ars an d a XI ons [R. Kallosh, et.al. 1995)] [N.Arkani-Hamed, J. Orgera, J. Polchinski, (2007)]

[A. Hebecker, T. Mikhail, P. Soler, (2018)] []J. Alvey, M. Escudero, (2020)]...

2
S = /d4$\/§ ( MPR—I— lg“”Ga5(¢)8M¢O‘8y¢ﬁ + 1 MV(F2(¢))IJ8M918V9J)

2 2 2
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Example) Dynamical Radial Mode
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Axion Wormbholes - Effective Approach

“Is there an effective approach to compute axion wormhole properties?”

- Analytic framework for axion wormholes

- Phenomenological implications readout
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Axion Wormbholes - Effective Approach DYC .G Park. €5, Shin 2310 e

Wormhole properties “well determined” through the massless limit associated with IR field
values

Mp
2

Rt 5Gaal0)0,0°00° + 5(F(9))10,0' 00" )

S:/d‘lx\/fg(
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Axion Wormbholes - Effective Approach DYC S.C. Park. €5, Shin. 2310000

Wormhole properties “well determined” through the massless limit associated with IR field
values

M2 1 1
> = / d*zv/=g ( - R+ 5 Gap(9)0,6°0" ¢ + §(F2(¢))1J8M6’18“6’J)
0\
Dualization
Hipp = (F2(6))1704097 €50y Wick Rotation
\
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Axion Wormbholes - Effective Approach DYC S.C. Park. €5, Shin. 2310000

Wormhole properties “well determined” through the massless limit associated with IR field
values
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N\
Dualization
— (F2(¢)) 1, 0-00" €0 Wick Rotation
Vv

M2 v ‘ 1 UVpo
St = [ %05 (~PE R+ 3Gan(0)0,6°0°6 + 15 (F ) Hy 1150 ) =i ( [ /50! 0, i
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values
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Dualization
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Wormhole properties “well determined” through the massless limit associated with IR field
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M? 1 1 "
S = [ty (~ LR+ §Gap(0)0,6°06 + 3P0 Hiyu, 1
. dr?
Wormhole metric : ds* = (1= Li/r) - r2dSs PQ Charge quantization: | Hgz =q. =n; €N
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Case Studies B Single AXiOn IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Single axions associated with single U(1)pq  Gus = G(¢) , F%*(¢)r; = F?(¢)
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Single axions associated with single U(1)pq  Gus = G(¢) , F%*(¢)r; = F?(¢)
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Master equations give  Lj = 27;\/6 (MP;(%)) (%) = G9) (Fn : )

D.Y. Cheong An Effective Approach for Axion Wormholes 11



Case Studies B Single AXion IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Single axions associated with single U(1)pq  Gus = G(¢) , F%*(¢)r; = F?(¢)
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S — / d*2./g ( J\gPR + %G(@@Mgb@“gb + %Fz(gb)(?ué’@“@)

Master equations give 12— — 6( " ))
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Case Studies B Single AXiOn IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Single axion within a non-minimally coupled U(1)p, scalar

[DYC, K. Hamaguchi, K. Hamaguchi, Y. Kanazawa, S.M. Lee, N. Nagata, S.C. Park, (2022)]
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Single axion within a non-minimally coupled U(1)p, scalar
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Single axion within a non-minimally coupled U(1)p, scalar

[DYC, K. Hamaguchi, K. Hamaguchi, Y. Kanazawa, S.M. Lee, N. Nagata, S.C. Park, (2022)]
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Case Studies - Single Axion

IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Single axion within a non-minimally coupled U(1)p, scalar

— —

n=1,A=01,f; = 10" GeV [DYC, K. Hamaguchi, K. Hamaguchi, Y. Kanazawa, S.M. Lee, N. Nagata, S.C. Park, (2022)]
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Single axion within a non-minimally coupled U(1)p, scalar
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n=1,A=01,f; = 10" GeV [DYC, K. Hamaguchi, K. Hamaguchi, Y. Kanazawa, S.M. Lee, N. Nagata, S.C. Park, (2022)]
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Single axion within a non-minimally coupled U(1)p, scalar
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n=1,A=01,f; = 10" GeV [DYC, K. Hamaguchi, K. Hamaguchi, Y. Kanazawa, S.M. Lee, N. Nagata, S.C. Park, (2022)]
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Case Studies - Single Axion
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Single axion within a non-minimally coupled U(1)p, scalar

[DYC, K. Hamaguchi, K. Hamaguchi, Y. Kanazawa, S.M. Lee, N. Nagata, S.C. Park, (2022)]
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UV/IR structure of the wormhole!

Sunln. d] = n (55}’ €]+ In Aﬁ[ﬁ])
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UV/IR structure of the wormhole!
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UV/IR structure of the wormhole!
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UV/IR structure of the wormhole!
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UV/IR structure of the wormhole!
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UV/IR structure of the wormhole!
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Case Smdies B Single AXiOn T R2 IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Scenarios with additional massless scalars

1

4 MF 2 L
S = /d /g ( : R+ 52()() (0,00" ¢ + F*(¢)0,,00"0) + iﬁu)(@“x)
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Scenarios with additional massless scalars

1

4 Mp 2 1
S = /d T+/q ( : R+ 52()() ((?,ﬁ@‘% + F (gb)@ué’a"é’) -+ §auX8MX)

Example) Nonminimally coupled PQ scalar with R? gravity

e S
s:/d%@ —( = A §¢\<I>\2)R iRQJré’McI)@“@*—V(\cI)\)
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Scenarios with additional massless scalars
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4 Mp 2 1
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Scenarios with additional massless scalars

1

4 Mp 2 1
S = /d T+/q ( : R+ 52()() ((?qu(‘9“¢ + F (gb)@ué’a“é’) -+ 5(‘9“)(8“)()

Example) Nonminimally coupled PQ scalar with R? gravity

e S
8:/d4m\/§ —( P 5(,5@\2)}2 iRQJré)McI)@“@*—V(\cI)\)

- M2 1 _ /2 _x 1 -
S _ / diry/=g |- 2R+ e VTS (9,006 + ¢20,0010) + 50uX0"x ~ U(x, 9)

D.Y. Cheong An Effective Approach for Axion Wormholes 14



Case Studies B Single AXiOn T R2 IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Scenarios with additional massless scalars

1

4 Mp 2 1
S = /d T+/q ( : R+ 52()() ((?qu(‘9“¢ + F (gb)@ué’a“é’) -+ 5(‘9“)(8“)()

Example) Nonminimally coupled PQ scalar with R? gravity

e S
8:/d4x\/§ —( P §¢\<I>\2>R iRQJré)McI)@“@*—V(\cI)\)

- M2 1 _ /2 _x 1 -
S _ / diry/=g |- 2R+ e VTS (9,006 + ¢20,0010) + 50uX0"x ~ U(x, 9)

U0c) = 32 [1- (1

D.Y. Cheong An Effective Approach for Axion Wormholes 14



Case Studies B Single AXiOn T R2 IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Scenarios with additional massless scalars

1

4 Mp 2 1
S = /d T+/q ( : R+ 52()() ((?qu(‘9“¢ + F (gb)@ué’a“é’) -+ 5(‘9“)(8“)()

Example) Nonminimally coupled PQ scalar with R? gravity

e S
8:/d4x\/§ —( P §¢\<I>\2>R iRQJré)McI)@“@*—V(\cI)\)

X

- M2 1 _ . /2. x 1 -
S _ / diry/=g |- 2R+ e VTS (9,006 + ¢20,0010) + 50uX0"x ~ U(x, 9)

U0c) = 32 [1- (1

D.Y. Cheong An Effective Approach for Axion Wormholes 14



Case Studies B Single AXiOn T R2 IDYC, S.C. Park, C.S. Shin, 2310.xxxxx]

Scenarios with additional massless scalars
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4 Mp 2 1
S = /d T+/q ( : R+ 52()() ((?qu(‘9“¢ + F (gb)@ué’a“é’) -+ 5(‘9“)(8“)()

Example) Nonminimally coupled PQ scalar with R? gravity
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summary

Axion wormholes provide a great framework to compute quantum gravity effects on global
symmetry breaking

Specifications of wormhole properties highly depend on detalils of the associated theory

We present an “effective” approach for these axion wormholes, identifying the structure of
the action and obtaining powerful analytic control

Thank you!
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Backup Slides

Scale separation within the wormhole o)
Example) Dynamical Radial Mode @(z) = 7% 0 (@)
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Ilndependent fo IR field .‘C‘ﬂ“ﬁsl

Energy
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Backup Slides- Axion Quality Problem and non-minimal gravity
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Stationary Solutions ¢ = 0, 1 (metric, Palatini)
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[DYC, K. Hamaguchi, Y. Kanazawa, S.M.Lee, N. Nagata, S.C.Park, 2210.11330]
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