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✤ Question about Global  symmetryU(1)



✤ 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)]

[D. Harlow, H. Ooguri, Phys. Rev. Lett. 122, 191601 (2019)]

[E. Witten, Nature Phys. 14, 116 (2018)]
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Axion is the most compelling solution to the Strong CP problem with Global U(1)PQ

“No global symmetries allowed by gravity”
Axion Quality Problem 
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[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)]

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

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

Gravitational   potential shift U(1)PQ

VQCD(θ) = − Λ4
QCD cos θ → θeff = 0

QCD+ Gravitation

VQCD + ΔVGrav → θeff ≠ 0

Gravitational instanton
(Euclidean wormhole)

[E.J.Chun, A. Lucas, et. al., PLB(1995)] 



Giddings-Strominger Action (1988)
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(Gravity + Axion)

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

<latexit sha1_base64="YZ6oT8EmzGvdH0E1lC3LcYsc4xg=">AAACE3icbVA9SwNBEN3zM8avU0ubxSBEi3AnojZC0MYygolC7gx7mzmzuPfh7pwQjvsPNv4VGwtFbG3s/DduPgo1Phh4vDfDzLwglUKj43xZU9Mzs3PzpYXy4tLyyqq9tt7SSaY4NHkiE3UVMA1SxNBEgRKuUgUsCiRcBrenA//yHpQWSXyB/RT8iN3EIhScoZE69q7X6Al6TL1QMZ6HHVbknr5TmO8VBYXrXHjYA2RVtVN07IpTc4agk8QdkwoZo9GxP71uwrMIYuSSad12nRT9nCkUXEJR9jINKeO37AbahsYsAu3nw58Kum2ULg0TZSpGOlR/TuQs0rofBaYzYtjTf72B+J/XzjA88nMRpxlCzEeLwkxSTOggINoVCjjKviGMK2FupbzHTDpoYiybENy/L0+S1l7NPajtn+9X6ifjOEpkk2yRKnHJIamTM9IgTcLJA3kiL+TVerSerTfrfdQ6ZY1nNsgvWB/f1b+eKQ==</latexit>

� =
fap
2
ei✓(r)

S = ∫ d4x |g | (−
M2

P

2
R +

f 2
a

2
(∂μθ)2)

 PQ fieldU(1)

ds2 = dr2 + R(r)2dΩ2
3spherically symmetric spacetime

solve Einstein’s equation with B.C.  
 wormhole solution 

                        wormhole action

→ R′ (0) = 0
→

→ Swh



Wormhole connects two asymptotically flat spaces 
<latexit sha1_base64="zTxRJXTF5qyDzaJcY5jEYQr73AY=">AAACCXicbZBNS8MwGMdTX+d8q3r0EhzCRBjtHOpFGHrx5hT3AltX0jTdwtK0JKkwyq5e/CpePCji1W/gzW9jtvWgmw+E/Pj/n4fk+Xsxo1JZ1rexsLi0vLKaW8uvb2xubZs7uw0ZJQKTOo5YJFoekoRRTuqKKkZasSAo9BhpeoOrsd98IELSiN+rYUycEPU4DShGSkuuCX3ZLcML6At9HcO7ojjS4HduQtJD3bJ74poFq2RNCs6DnUEBZFVzza+OH+EkJFxhhqRs21asnBQJRTEjo3wnkSRGeIB6pK2Ro5BIJ51sMoKHWvFhEAl9uIIT9fdEikIph6GnO0Ok+nLWG4v/ee1EBedOSnmcKMLx9KEgYVBFcBwL9KkgWLGhBoQF1X+FuI8EwkqHl9ch2LMrz0OjXLJPS5XbSqF6mcWRA/vgABSBDc5AFVyDGqgDDB7BM3gFb8aT8WK8Gx/T1gUjm9kDf8r4/AHB0pc5</latexit>

ds2 = dr2 +R(r)2d⌦2
3

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

wormhole “throat”←

R(r) ∼ r (r → ∞)

Asymptotically  
flat spacetime

Euclidean Time

R(0) ≈ n

Conserved charge
<latexit sha1_base64="IZaIQBMTDttuvdyTttXDLcbTnUE="></latexit>

n = 2⇡2R3(r)f2
a ✓0(r) 2 Z



Gravitational Instanton potential due to WH
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<latexit sha1_base64="9R0hxtTUC/qohlZtebk5woq3cwk="></latexit>

�Vwh ' 1

R4
0

e�Swh cos

✓
a

fa
+ �

◆
: Wormhole throat

<latexit sha1_base64="YAMKicevIP43PNXM+Pj/wQpFtvU=">AAAB/3icbVDLSsNAFJ3UV62vquDGTbAIrkoiRV0W3bisYh/QljCZ3LZDJ5MwcyOWmIW/4saFIm79DXf+jdPHQlsPXDicc+/cucePBdfoON9Wbml5ZXUtv17Y2Nza3inu7jV0lCgGdRaJSLV8qkFwCXXkKKAVK6ChL6DpD6/GfvMelOaRvMNRDN2Q9iXvcUbRSF7xIO0gPODkoVRBkKW3npNlXrHklJ0J7EXizkiJzFDzil+dIGJJCBKZoFq3XSfGbkoVciYgK3QSDTFlQ9qHtqGShqC76WRtZh8bJbB7kTIl0Z6ovydSGmo9Cn3TGVIc6HlvLP7ntRPsXXRTLuMEQbLpol4ibIzscRh2wBUwFCNDKFPc/NVmA6ooQxNZwYTgzp+8SBqnZfesXLmplKqXszjy5JAckRPiknNSJdekRuqEkUfyTF7Jm/VkvVjv1se0NWfNZvbJH1ifPyNAltQ=</latexit>

R0

<latexit sha1_base64="R+wa5WdXze3gWrz8kIgykIP6Hyc=">AAACAXicbVDJSgNBEO1xjXGLehG8NAbBU5iRoB6DXjxGNAskYejp1CRNeha6a9QwjBd/xYsHRbz6F978GzvLQRMfFDzeq+rqel4shUbb/rYWFpeWV1Zza/n1jc2t7cLObl1HieJQ45GMVNNjGqQIoYYCJTRjBSzwJDS8weXIb9yB0iIKb3EYQydgvVD4gjM0klvYbyM84Pid1JMJZOmNm973s8wtFO2SPQadJ86UFMkUVbfw1e5GPAkgRC6Z1i3HjrGTMoWCS8jy7URDzPiA9aBlaMgC0J10vDmjR0bpUj9SpkKkY/X3RMoCrYeBZzoDhn09643E/7xWgv55JxVhnCCEfLLITyTFiI7ioF2hgKMcGsK4EuavlPeZYhxNaHkTgjN78jypn5Sc01L5ulysXEzjyJEDckiOiUPOSIVckSqpEU4eyTN5JW/Wk/VivVsfk9YFazqzR/7A+vwBMFaYBQ==</latexit>

Swh : Wormhole action

θeff ≃
e−Swh

(ΛQCDR0)4

Presence of this operator shifts the effective  angleθ

wormhole action

Requesting   (neutron EDM), we demandθeff ≲ 10−10

Swh ≳ 190

ΛQCD = 200 MeV, R0 ≃ M−1
Pfor
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A page for undergrads

A =
e−S

(ΛQCDR0)4
< 10−10

QCD+Gravitation V = − Λ4
QCD cos(θ) −

e−S

R4
0

cos(θ + δ)

= − Λ4
QCD [cos θ +

e−S

(ΛQCDR0)4
cos(θ + δ)]

dV
dθ

∝ sin θ + A sin(θ + δ) = 0 A =
e−S

(ΛQCDR0)4

= A sin δ + (1 + cos δ)θ + 𝒪(θ2)

V′ = 0 → θ ∼
A sin δ

1 + cos δ
∼ A @minimum of potential

ΛQCD = 200 MeV, R0 ≃ 1/MP S ≳ 190

for neutron EDM 
bound



Giddings-Strominger Wormhole (1988)
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fa = 1012 GeV

fa = 1015 GeV

fa = 1016 GeV
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<latexit sha1_base64="8O0D/CXciAIirRg3QcGeDpB6gt8=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzAjIXoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzgcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukepZ3i/nCbSFXKsziyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A+pyV8A==</latexit>

fa = 1016 GeV
<latexit sha1_base64="WXivBly+m6rhsLAmCwRoaJkvQ9U=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzAjcbkIAQ96jGAWSGLo6dQkTXoWumvEMCQXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4XS6HRcb6thcWl5ZXVzFp2fWNza9ve2a3oKFEcyjySkap5TIMUIZRRoIRarIAFnoSq17sa+dUHUFpE4R32Y2gGrBMKX3CGRmrZ+36L0UvqOvepezoYNhAeMb2GyqBl55y8MwadJ+6U5MgUpZb91WhHPAkgRC6Z1nXXibGZMoWCSxhkG4mGmPEe60Dd0JAFoJvp+IMBPTJKm/qRMhUiHau/J1IWaN0PPNMZMOzqWW8k/ufVE/QvmqkI4wQh5JNFfiIpRnQUB20LBRxl3xDGlTC3Ut5linE0oWVNCO7sy/OkcpJ3z/KF20KuWJjGkSEH5JAcE5eckyK5ISVSJpwMyTN5JW/Wk/VivVsfk9YFazqzR/7A+vwB+QyV7w==</latexit>

fa = 1015 GeV
<latexit sha1_base64="CaxSxIEkukLdyIL+FgodQwdzLc4=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzATgnoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzAcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukWsi7Z/nibTFXKs7iyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A9FyV7A==</latexit>

fa = 1012 GeV

<latexit sha1_base64="yP+o/gwmxn1JAnenrxs9pXNp9u8=">AAACCHicbVC7SgNBFJ31GeNr1dLCwSBYhV0J0cIiYKFlBPOAJIbZyd1kyOyDmbtiWGJn46/YWChi6yfY+TdOHoUmHrhwOOde7r3Hi6XQ6Djf1sLi0vLKamYtu76xubVt7+xWdZQoDhUeyUjVPaZBihAqKFBCPVbAAk9CzetfjPzaHSgtovAGBzG0AtYNhS84QyO17QO/zWhTgtZaBNR1blO3OHxoItxjegnVYdvOOXlnDDpP3CnJkSnKbfur2Yl4EkCIXDKtG64TYytlCgWXMMw2Ew0x433WhYahIQtAt9LxI0N6ZJQO9SNlKkQ6Vn9PpCzQehB4pjNg2NOz3kj8z2sk6J+1UhHGCULIJ4v8RFKM6CgV2hEKOMqBIYwrYW6lvMcU42iyy5oQ3NmX50n1JO8W84XrQq50Po0jQ/bJITkmLjklJXJFyqRCOHkkz+SVvFlP1ov1bn1MWhes6cwe+QPr8wcMmpld</latexit>

fa . 1016 GeV

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

size of throat

Q. Problem solved?

Swh =
3π2

8
MP

fa
≳ 190 for

S = ∫ d4x |g | (−
M2

P

2
R +

f 2
a

2
(∂μθ)2)numerical sol.

ds2 = dr2 + R(r)2dΩ2
3



Wormholes with a Dynamical Radial Mode
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<latexit sha1_base64="/c00Rc6ogm212HZ3cYmxx5C0hsk=">AAACFXicbVDJSgNBEO2Je9xGPXppDIKChJkQ1IsgePEkEUwUMmPo6dSYJj2L3TVCGOYnvPgrXjwo4lXw5t/YWQ5uDwoe71VRVS9IpdDoOJ9WaWp6ZnZufqG8uLS8smqvrbd0kikOTZ7IRF0FTIMUMTRRoISrVAGLAgmXQf9k6F/egdIiiS9wkIIfsZtYhIIzNFLH3vMaPUGPqBcqxvNwR+3SIvf0rcK8VhQUrnPhYQ+QGafo2BWn6oxA/xJ3QipkgkbH/vC6Cc8iiJFLpnXbdVL0c6ZQcAlF2cs0pIz32Q20DY1ZBNrPR18VdNsoXRomylSMdKR+n8hZpPUgCkxnxLCnf3tD8T+vnWF46OciTjOEmI8XhZmkmNBhRLQrFHCUA0MYV8LcSnmPmXzQBFk2Ibi/X/5LWrWqu1+tn9crx2eTOObJJtkiO8QlB+SYnJIGaRJO7skjeSYv1oP1ZL1ab+PWkjWZ2SA/YL1/AWd8nmw=</latexit>

� =
f(r)p

2
ei✓(r)Dynamical   : f(r) [L. F. Abbott, M. B. Wise, Nucl. Phys. B 325, 687 (1989)]

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

<latexit sha1_base64="YZ6oT8EmzGvdH0E1lC3LcYsc4xg=">AAACE3icbVA9SwNBEN3zM8avU0ubxSBEi3AnojZC0MYygolC7gx7mzmzuPfh7pwQjvsPNv4VGwtFbG3s/DduPgo1Phh4vDfDzLwglUKj43xZU9Mzs3PzpYXy4tLyyqq9tt7SSaY4NHkiE3UVMA1SxNBEgRKuUgUsCiRcBrenA//yHpQWSXyB/RT8iN3EIhScoZE69q7X6Al6TL1QMZ6HHVbknr5TmO8VBYXrXHjYA2RVtVN07IpTc4agk8QdkwoZo9GxP71uwrMIYuSSad12nRT9nCkUXEJR9jINKeO37AbahsYsAu3nw58Kum2ULg0TZSpGOlR/TuQs0rofBaYzYtjTf72B+J/XzjA88nMRpxlCzEeLwkxSTOggINoVCjjKviGMK2FupbzHTDpoYiybENy/L0+S1l7NPajtn+9X6ifjOEpkk2yRKnHJIamTM9IgTcLJA3kiL+TVerSerTfrfdQ6ZY1nNsgvWB/f1b+eKQ==</latexit>

� =
fap
2
ei✓(r)

S = ∫ d4x |g | (−
M2

P

2
R +

f 2

2
(∂μθ)2 +

1
2

(∂μ f )2 + V( f ))

potential V( f ) =
λ
4

( f 2 − f 2
a)2

S ≃ n log(MP /fa) ≪ 190

R. Kallosh, A. Linde, D. Linde, and L. Susskind, 1995 

Axion Quality Problem remains!

<latexit sha1_base64="8O0D/CXciAIirRg3QcGeDpB6gt8=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzAjIXoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzgcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukepZ3i/nCbSFXKsziyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A+pyV8A==</latexit>

fa = 1016 GeV
<latexit sha1_base64="CaxSxIEkukLdyIL+FgodQwdzLc4=">AAACAXicbVDJSgNBEO1xjXEb9SJ4aQyCpzATgnoRAh70GMEskMTQ06lJmvQsdNeIYUgu/ooXD4p49S+8+Td2loMmPih4vFdFVT0vlkKj43xbS8srq2vrmY3s5tb2zq69t1/VUaI4VHgkI1X3mAYpQqigQAn1WAELPAk1r3819msPoLSIwjscxNAKWDcUvuAMjdS2D/02o5fUde5TtzAcNREeMb2G6rBt55y8MwFdJO6M5MgM5bb91exEPAkgRC6Z1g3XibGVMoWCSxhmm4mGmPE+60LD0JAFoFvp5IMhPTFKh/qRMhUinai/J1IWaD0IPNMZMOzpeW8s/uc1EvQvWqkI4wQh5NNFfiIpRnQcB+0IBRzlwBDGlTC3Ut5jinE0oWVNCO78y4ukWsi7Z/nibTFXKs7iyJAjckxOiUvOSYnckDKpEE5G5Jm8kjfryXqx3q2PaeuSNZs5IH9gff4A9FyV7A==</latexit>

fa = 1012 GeV radius doesn’t grow when dynamics is taken into account



 model  This is our new additionξ |Φ |2 R ⇒
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S = ∫ d4x |g | (−
M2

2
R−ξ |Φ |2 R+ |∂μΦ |2 + V(Φ))

<latexit sha1_base64="gRAVp8nHIQQ/K1DRcE8cADf423Q="></latexit>

M2
P = M2 + ⇠|�|2 ! ⇠  M2

P

fa

Φ(r) =
f(r)

2
eiθ(r)

Ω2( f ) = 1 +
ξ

M2
P

(f 2 − fa)2

V( f ) =
λ
4

( f 2 − f 2
a)2

Wormhole action with PQ-field + R coupling

Boundary conditions f′ (0) = R′ (0) = 0, f(∞) = fa
then solve the Einstein equation

ds2 = dr2 + R2(r)dΩ2
3Spherically symmetric, Euclidean

with ,  We solve the Einstein eq. 
=> Wormhole geometry is modified 

=> check if Quality problem is resolved or not! 

ξ ≠ 0
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Palatini FormalismMetric formalism
<latexit sha1_base64="aGvhRm7ok364Lis/seb8WDantZ4="></latexit>

�̄�
µ⌫ =

1

2
g�↵(gµ↵,⌫ + g↵⌫,µ � gµ⌫,↵)

<latexit sha1_base64="Om2bixpao7jgNvY0JfUhajTtaWc=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZmRoi4LblxJFVsLnaFk0kwbmmSGPIQy9APc+CtuXCji1g9w59+YaQfU1gOBwznnkntPmDCqtOt+OYWl5ZXVteJ6aWNza3unvLvXVrGRmLRwzGLZCZEijArS0lQz0kkkQTxk5C4cXWT+3T2RisbiVo8TEnA0EDSiGGkr9coVnyM9xIilN5Ne6nPjCzOB1cEPP4Y25dbcKeAi8XJSATmavfKn34+x4URozJBSXc9NdJAiqSlmZFLyjSIJwiM0IF1LBeJEBen0mAk8skofRrG0T2g4VX9PpIgrNeahTWarq3kvE//zukZH50FKRWI0EXj2UWQY1DHMmoF9KgnWbGwJwpLaXSEeIomwtv2VbAne/MmLpH1S805r9et6pXGV11EEB+AQVIEHzkADXIImaAEMHsATeAGvzqPz7Lw577Nowcln9sEfOB/fn9+bXg==</latexit>

Rµ⌫(gµ⌫) <latexit sha1_base64="aaMik8y2y2ZIE7fS24yDrmuA9W4=">AAACB3icbVA9SwNBEN2LXzF+RS0FWQxCbMKdBLUMWGglUcwH5EKY22ySJbt7x+6eEI50Nv4VGwtFbP0Ldv4bN8kVmvhg4PHeDDPzgogzbVz328ksLa+srmXXcxubW9s7+d29ug5jRWiNhDxUzQA05UzSmmGG02akKIiA00YwvJz4jQeqNAvlvRlFtC2gL1mPETBW6uQPfQFmQIAnd+NO4ovYl/EYF/0rEAJOcCdfcEvuFHiReCkpoBTVTv7L74YkFlQawkHrludGpp2AMoxwOs75saYRkCH0actSCYLqdjL9Y4yPrdLFvVDZkgZP1d8TCQitRyKwnZOr9bw3Ef/zWrHpXbQTJqPYUElmi3oxxybEk1BwlylKDB9ZAkQxeysmA1BAjI0uZ0Pw5l9eJPXTkndWKt+WC5WbNI4sOkBHqIg8dI4q6BpVUQ0R9Iie0St6c56cF+fd+Zi1Zpx0Zh/9gfP5A3JLmRA=</latexit>

Rµ⌫(�)

Two gravitational formulations

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

metric and connections are 
independent a priori(Einstein)

metric rules!! metric & connection rule!!
{gμν} {gμν, Γμ

ρσ}



Numerical solutions
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ξ = 0
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ξ = 105

ξ =MP2/fa2
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n = 1, λ = 0.1, fa = 1015 GeV

ξ = 0

ξ = 101

ξ = 103

ξ = 105

ξ =MP2/fa2

10-3 10-1 101 103
10-3

10-1

101

103

ρ

A
(ρ
)

n = 1, λ = 0.1, fa = 1015 GeV

Einstein equations 
<latexit sha1_base64="K2lQYW04aLK6eZHdZCl+uDjzwqw=">AAACD3icbVC7SgNBFJ31GeMramkzGJQIIexKUBtFsLGMYB6QhDA7uYmDs7PLzF0xLskX2PgrNhaK2Nra+TdOYgpNPDBwOOdc7tzjR1IYdN0vZ2Z2bn5hMbWUXl5ZXVvPbGxWTBhrDmUeylDXfGZACgVlFCihFmlggS+h6t+cD/3qLWgjQnWFvQiaAesq0RGcoZVamb3GPSCjJ9TND7xBA+EOk1wAqAXP0xKTNqbEfr+VyboFdwQ6TbwxyZIxSq3MZ6Md8jgAhVwyY+qeG2EzYRoFl9BPN2IDEeM3rAt1SxULwDST0T19umuVNu2E2j6FdKT+nkhYYEwv8G0yYHhtJr2h+J9Xj7Fz3EyEimIExX8WdWJJMaTDcmhbaOAoe5YwroX9K+XXTDOOtsK0LcGbPHmaVA4K3mGheFnMnp2O60iRbbJDcsQjR+SMXJASKRNOHsgTeSGvzqPz7Lw57z/RGWc8s0X+wPn4BnT7m64=</latexit>

⇣ = 0, 1 (metric, Palatini)

<latexit sha1_base64="ltv2zsPjfUjHnSiZ0xA7GJKm0iY="></latexit>

⇢ ⌘
p
3�MP r, A ⌘

p
3�MPR, F ⌘ f/

p
3MP .

Boundary Conditions
<latexit sha1_base64="bCGDTFpxIe6PmjOiiShBeEd77Yg=">AAACKnicbZDLSgMxFIYz9VbrbdSlm2CxVJBhRoq6EapuXFaxF2jrkEkzbWiSGZKMUIY+jxtfxU0XSnHrg5heFlr7Q+DnO+dwcv4gZlRp1x1bmZXVtfWN7GZua3tnd8/eP6ipKJGYVHHEItkIkCKMClLVVDPSiCVBPGCkHvTvJvX6C5GKRuJJD2LS5qgraEgx0gb59g18fE5bsaScDGHRPYXX0D2DhQKE4XIewmKLilAPJij0kePbeddxp4L/jTc3eTBXxbdHrU6EE06Exgwp1fTcWLdTJDXFjAxzrUSRGOE+6pKmsQJxotrp9NQhPDGkA8NImic0nNLfEyniSg14YDo50j21WJvAZbVmosOrdkpFnGgi8GxRmDCoIzjJDXaoJFizgTEIS2r+CnEPSYS1STdnQvAWT/5vaueOd+GUHkr58u08jiw4AsegCDxwCcrgHlRAFWDwCt7BB/i03qyRNba+Zq0Zaz5zCP7I+v4BQmihDg==</latexit>

R0(0) = 0, f 0(0) = 0, f(1) = fa.

(Dashed : metric , Dotted : Palatini)

<latexit sha1_base64="K2xl+fa+t9ueRQdw89zgUd7yZJI="></latexit>

⌦2
⇥
R02 � 1 + ⇣

�
2RR0!0 +R2!02�⇤ = � R2

3M2
P


�1

2
f 02 + V (f) +

n2

8⇡4f2R6

�

<latexit sha1_base64="AKdoZy0H1SqnPzuIuFlkMpcPdTw="></latexit>

f 00 + 3
R0

R
f 0 � dV

df
+

n2

4⇡4f3R6
= 6⇠f


R00

R
+

R02

R2
� 1

R2
+ ⇣(!02 + !00 + 3

R0

R
!0)

�

metric

Palatini

Palatini

metric

Dimensionless:



WH solution w.r.t.  couplingξ
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Throat sizeRadial 

<latexit sha1_base64="ltv2zsPjfUjHnSiZ0xA7GJKm0iY="></latexit>

⇢ ⌘
p
3�MP r, A ⌘

p
3�MPR, F ⌘ f/

p
3MP .

Boundary Conditions
<latexit sha1_base64="bCGDTFpxIe6PmjOiiShBeEd77Yg=">AAACKnicbZDLSgMxFIYz9VbrbdSlm2CxVJBhRoq6EapuXFaxF2jrkEkzbWiSGZKMUIY+jxtfxU0XSnHrg5heFlr7Q+DnO+dwcv4gZlRp1x1bmZXVtfWN7GZua3tnd8/eP6ipKJGYVHHEItkIkCKMClLVVDPSiCVBPGCkHvTvJvX6C5GKRuJJD2LS5qgraEgx0gb59g18fE5bsaScDGHRPYXX0D2DhQKE4XIewmKLilAPJij0kePbeddxp4L/jTc3eTBXxbdHrU6EE06Exgwp1fTcWLdTJDXFjAxzrUSRGOE+6pKmsQJxotrp9NQhPDGkA8NImic0nNLfEyniSg14YDo50j21WJvAZbVmosOrdkpFnGgi8GxRmDCoIzjJDXaoJFizgTEIS2r+CnEPSYS1STdnQvAWT/5vaueOd+GUHkr58u08jiw4AsegCDxwCcrgHlRAFWDwCt7BB/i03qyRNba+Zq0Zaz5zCP7I+v4BQmihDg==</latexit>

R0(0) = 0, f 0(0) = 0, f(1) = fa.

behavior similar in both formulations of gravity



Axion Quality Problem and non-minimal gravity
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Palatini

Metric
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n = 1, λ = 0.1, fa = 1015 GeV
[D. Y. Cheng, K. Hamaguchi, Y. Kanazawa, S.M.Lee, N. Nagata, S.C.Park, 2210.11330]  

AQ problem resolved



Conclusion: Quality problem solved with ξ |Φ |2 R
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Palatini

Metric

ξ > MP
2

fa
2
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1000

5000

1×104

5×104

1×105

fa (GeV)

ξ
n=1, λ = 0.1, metric vs Palatini

Axion Quality Problem is solved in both formulations of gravity

gravitational 
instability

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


