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Naturalness [Horava (2016)]

Lifshitz field theory [Kachru, Liu, Mulligan (2018)]

Bimetric theory for the fractional quantum Hall effect [Gromov, Son (2017)]

Hydrodynamics [Armas, Jain (2021)], [Pinzani-Fokeeva, Yarom (2022)]

Aristotelian Field Theory

Field theories for fractons [Pretko (2016)], [Bidussi, Hartong, Have, Musaeus, Prohazka (2021)], 
[Grosvenor, Hoyos, Peña-Benítez, Surówka (2021)]
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(source: Road to Reality. R. Penrose) 

<latexit sha1_base64="AEz+kawkYKNoQQZ7hmKtPuGrq3k=">AAACGHicbVDLTgJBEJz1ifhCPXqZSEw8ENw1Bj0SvXjERB4Ju5DZYYAJszvrTK+KGz7Di7/ixYPGeOXm3zg8DgJW0kmlqjvdXX4kuAbb/rGWlldW19ZTG+nNre2d3czefkXLWFFWplJIVfOJZoKHrAwcBKtFipHAF6zq965HfvWBKc1leAf9iHkB6YS8zSkBIzUzp08N7ire6QJRSj5i380ZJYfd+5i0MMxYjWcMzUzWzttj4EXiTEkWTVFqZoZuS9I4YCFQQbSuO3YEXkIUcCrYIO3GmkWE9kiH1Q0NScC0l4wfG+Bjo7RwWypTIeCx+nciIYHW/cA3nQGBrp73RuJ/Xj2G9qWX8DCKgYV0sqgdCwwSj1LCLa4YBdE3hFDFza2YdokiFEyWaROCM//yIqmc5Z1CvnB7ni1eTeNIoUN0hE6Qgy5QEd2gEiojil7QG/pAn9ar9W59Wd+T1iVrOnOAZmANfwG3o6Az</latexit>

xi → b xi, t → bzt



Quantum error correction [Haah (2011)], [Vijay, Haah, Fu (2016)], [Shirley, Slagle, Chen (2018)]

Fractons

Higher-rank gauge theory [Pretko (2016)]

Duality with Carroll symmetry [Figueroa-O’Farrill, 
Peréz, Prohazka (2023)], [Marsot, Zhang, Chrenodub, 
Horvathy (2022)]

Fracton-elasticity duality [Pretko, Radzihovski (2017)]

FQHE [Du, Mehta, Nguyen, Son (2024)]
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OutlineFractons

Field theories with fractonic behavior introduce conservation of higher moment charges 
[Pretko (2016)] <latexit sha1_base64="6+hbbJtHrN4ux0ynz8qweEeVYaU="></latexit>

Q =

∫
dDxω Da =

∫
dDxxaω
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[Jab, Jcd] = →4ω[a[cJd]b] [Pa, Jbc] = →2ωa[bPc]

[Da, Jbc] = →2ωa[bDc] [Pa, Db] = ωabQ

Extension to higher moment charges: multipole algebra [Gromov (2018)]
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ω0ε+ ωaωbJ
ab = 0
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S =
1

2

∫
dDx

(
ω0!ω0!

→ → kXabX
ab→)

Scalar field theory with dipole symmetry
<latexit sha1_base64="tqZ8cNvh1wD6Y5ITIpatEtDnEKM="></latexit>

ω! =
(
iεU(1) + iεa

dp xa

)
!

Gauging the U(1) symmetry requires to introduce a higher rank gauge field

Scalar charge theory

Continuity equation
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SSC =
1

2

∫
dDx

(
F0bc F

0bc → Fab,c F
ab,c

)
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F0ab = ω0Aab → ωaωbA0

Fab,c = ωaAbc → ωbAac
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ωA0 = ε0ϑU(1)

ωAab = εaεbϑU(1)
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ω0 → ω0 ↑ iA0

Xab → Xab ↑ iAab!
2
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Xab = ωa!ωb!→ !ωaωb!



p-brane Aristotelian geometry

Conformal extension

Matter coupled Aristotelian gravity

Aristotelian geometry for multi-Weyl semimetals

Outline



p-brane Aristotelian geometry

Aristotelian G structure
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ωA A = 0, 1, . . . , p

ea a = p+ 1, . . . , D → 1
Geometry
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!µ =
1

2
ωµ

ABMAB +
1

2
ωµ

abJabConnection
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ωA
µωµ

B = εBA eµ
aeb

µ = εab ωµ
AωA

ω + eµ
aea

ω = εωµ

<latexit sha1_base64="uzsdTj5pWCaK6rLlFwlaO6OkpwY="></latexit>

ωA
µeµ

a = 0 ea
µωµ

A = 0

The veilbeine and the “inverse” veilbeine satisfy the orthogonality and completeness relations

They define the spacetime metric
<latexit sha1_base64="8j21PzEvCfilgRz25wqeCnL6jrU="></latexit>

gµω = ωABε
A
µ εBω + ϑabe

a
µe

b
ω
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ωεµ
A = ϑA

Bεµ
B ωeµ

a = ϑa
beµ

b

Transformations
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Rµω
AB(M) → 2ω[µεω]

AB ↑ 2ε[µ
ACεω]C

B Rµω
ab(J) → 2ω[µεω]

ab ↑ 2ε[µ
acεω]c

b
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Tµω
A → 2ω[µεω]

A ↑ 2ϑ[µ
ABεω]B Eµω

a → 2ω[µeω]
a ↑ 2ϑ[µ

abeω]b
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ωεµ
AB = ϑµϖ

AB + 2ϖ[A|C|εµC
B] ωεµ

ab = ϑµϖ
ab + 2ϖ[a|c|εµc

b]

Curvature

Torsion

<latexit sha1_base64="LuvsWI8pUPAh12aCDfLoCYS2Xwc="></latexit>

Vµ = ωµ
AVA + eµ

aVa VA = ωA
µVµ Va = ea

µVµ

Vectors and tensors can be decomposed into longitudinal and transverse components

p-brane Aristotelian geometry
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Tab
A Ta

{AB} Ta
A
A EAB

a EA
{ab} EA

a
a
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Ta
[AB] TAB

C EA
[ab] Eab

c
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ωA,BC(ε, e) =
1

2
εBC,A → εA[B,C]

ωa,AB(ε, e) = →εa[A,B]

ωa,bc(ε, e) =
1

2
ebc,a → ea[b,c]

ωA,ab(ε, e) = →eA[a,b]
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ωµω
A → 2 ε[µωω]

A eµω
a → 2 ε[µeω]

a

Intrinsic torsion: no dependence on spin connection components

Extrinsic torsion

The vanishing of the extrinsic torsion allows to solve the spin connection in terms of the metric 
variables

Solution:

p-brane Aristotelian geometry



Conformal extension

<latexit sha1_base64="k9kzckvSM0Hv65kPodmV4M3tCuU=">AAACHHicbVDLSgMxFM3UV62vUZdugkVosZaZKtVlURcuK9gHdErJpJk2NDMJSUYoQz/Ejb/ixoUiblwI/o2ZtgutHrhwOOde7r3HF4wq7ThfVmZpeWV1Lbue29jc2t6xd/eaiscSkwbmjMu2jxRhNCINTTUjbSEJCn1GWv7oKvVb90QqyqM7PRakG6JBRAOKkTZSzz6F0AuRHgYSjRLFJ4VKSRy7RehxwWK14Lml6xNRhD0775SdKeBf4s5JHsxR79kfXp/jOCSRxgwp1XEdobsJkppiRiY5L1ZEIDxCA9IxNEIhUd1k+twEHhmlDwMuTUUaTtWfEwkKlRqHvulMj1WLXir+53ViHVx0ExqJWJMIzxYFMYOawzQp2KeSYM3GhiAsqbkV4iGSCGuTZ86E4C6+/Jc0K2W3Wq7enuVrl/M4suAAHIICcME5qIEbUAcNgMEDeAIv4NV6tJ6tN+t91pqx5jP74Besz2/PNJ/1</latexit>

so(2, p+ 1)→ so(1, D ↑ p)
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longitudinal translations PA longitudinal Lorentz transformations MAB

longitudinal special conformal transformations KA longitudinal dilatation D1
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[MAB ,MCD] = →4ω[A[CMD]B] [PA,MBC ] = →2ωA[BPC]

[KA,MBC ] = →2ωA[BKC] [PA,KB ] = 2ωABD1 + 2MAB

[D1, PA] = →PA [D1,KA] = KA
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transversal translations Pa transversal rotations Jab

transversal special conformal transformations Ka transversal dilatation D2
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[Jab, Jcd] = →4ω[a[cJd]b] [Pa, Jbc] = →2ωa[bPc]

[Ka, Jbc] = →2ωa[bKc] [Pa,Kb] = 2ωabD2 + 2Jab

[D2, Pa] = →Pa [D2,Ka] = Ka

A conformal extension of the Aristotelian structure group is
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{MAB , Jab, PA, Pa, D → zD1 +D2}
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[MAB ,MCD] = →4ω[A[CMD]B] [PA,MBC ] = →2ωA[BPC]

[Jab, Jcd] = →4ε[a[cJd]b] [Pa, Jbc] = →2εa[bPc]

[D,PA] = →zPA [D,Pa] = →Pa
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bµ
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ωεµ
A = ϑA

B εµ
B + zϑD εµ

A ωeµ
a = ϑa

beµ
b + ϑD eµ

a ωbµ = ϖµ ϑD

ωϱµ
AB = ϖµ ϑAB + 2 ϑ[A |C |ϱµC

B ] ωϱµ
ab = ϖµ ϑab + 2 ϑ[a|c|ϱµc

b]
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Tµ !
A = Tµ!

A ! 2z b[µ ! ! ]
A Eµ !

a = Eµ!
a ! 2b[µ e! ]

a

We will restrict the analysis to the following anisotropic sub algebra

The torsion is modified as

Apart from the vielbeine and the spin connections, we introduce dilatation gauge field

Gauge transformations

Conformal extension
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Tab
A Ta

{ A,B } EAB
a ÷EA

{ a,b}
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Ta
A

A Ta
[A,B ] TAB

C

EA
a

a EA
[a,b] Eab

c
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! A,BC (" , e, b) = ! A,BC (" , e) ! 2z b[B #C ]A

! a,AB (" , e, b) = ! a,AB (" , e)

! a,bc (" , e, b) = ! a,bc (" , e) ! 2b[b$c]a

! A,ab (" , e, b) = ! A,ab (" , e)
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EA
a

a = 0 = Ta
A

A
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ba =
1

z(p + 1)
Ta

A
A bA = ,

1
D ! p ! 1

EA
a

a

Conformal extension

Intrinsic torsion: no dependence on the spin connection or the dilatation gauge field components

Extrinsic torsion

Solution:

Furthermore, from                                      , we find



Matter coupled Aristotelian gravity
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S! =
1
2

!
dD x

"
c1 ! A "! A " + c2 ! a"! a"

#
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!" = w#D "
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z = 1 w =
1
2

(2 ! D )
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DA ! = "A
µ #µ ! ! w bA ! Da! = ea

µ #µ ! ! w ba!
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Sc
! =

1
2

!
dD x !

"
c1 DA ! D A ! + c2 Da! D a!

#
<latexit sha1_base64="qm+5ZZUIkUG7GGkPUVhepphuBxE=">AAACE3icbZBNa9tAEIZXbto47kec5tjLElNwSzFSCE4uBae99NYE4g+wXDNaj53Fu5LYHRWM0H/IJX8llx5SSq+59JZ/k7WjQ+L0hYWHd2aYnTdKlbTk+7de5dnG8xeb1a3ay1ev32zXd972bJIZgV2RqMQMIrCoZIxdkqRwkBoEHSnsR/Ovy3r/Jxork/iMFimONMxiOZUCyFnj+sfwu8YZfM5Do/kEqWiGBNk41Fle/Dj+hCXBB87H9Ybf8lfiTyEoocFKnYzr/8JJIjKNMQkF1g4DP6VRDoakUFjUwsxiCmIOMxw6jEGjHeWrmwr+3jkTPk2MezHxlftwIgdt7UJHrlMDndv12tL8X22Y0fRolMs4zQhjcb9omilOCV8GxCfSoCC1cADCSPdXLs7BgCAXY82FEKyf/BR6+62g3WqfHjQ6X8o4quwd22NNFrBD1mHf2AnrMsEu2BW7Zr+9S++X98f7e99a8cqZXfZI3s0dNMKdvA==</latexit>

! = det( ! µ
A , eµ

a)

<latexit sha1_base64="Ids2llPWtoOE2x1LKf9yFWmWJPA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBSSib7aZdutkNuxuhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0o508Z1v53S2vrG5lZ5u7Kzu7d/UD086miZKULbRHKpehHWlDNB24YZTnupojiJOO1G47uZ332iSjMpHs0kpWGCh4LFjGBjJT9QI4luAuQh1K/W3Lo7B1olXkFqUKDVr34FA0myhApDONba99zUhDlWhhFOp5Ug0zTFZIyH1LdU4ITqMJ+fPEVnVhmgWCpbwqC5+nsix4nWkySynQk2I73szcT/PD8z8XWYM5FmhgqyWBRnHBmJZv+jAVOUGD6xBBPF7K2IjLDCxNiUKjYEb/nlVdK5qHuNeuPhsta8LeIowwmcwjl4cAVNuIcWtIGAhGd4hTfHOC/Ou/OxaC05xcwx/IHz+QMp6Y/i</latexit>

! = 1
<latexit sha1_base64="p89M/VkUfbv11Gw5EOCqhrOTTcc="></latexit>

Selectric ! AG =
1
2

!
dD x !

"
c1 w2 bA bA + c2 w2 baba

#

=
!

dD x !
"

! Ta
A

A TaB
B + " EA

a
aE Ab

b

#

<latexit sha1_base64="Dptofw969y2C816Z35IG6EdKicg="></latexit>

! =
c1(D ! 2)2

8(D ! p ! 1)2 " =
c2(D ! 2)2

8(p + 1) 2

Example: Real scalar field

Global invariance under dilatations

Local invariance: coupling to the conformal Aristotelian gauge fields

Gauge fixing                leads to a gravity action of electric type [Henneaux, Salgado-Rebolledo (2021)]



<latexit sha1_base64="Zkk39L+H36UM6ieL1cBRn4GuQzc="></latexit>

Selectric ! AG =
!

dD x !
"

! Ta
A

A TaB
B + " EA

a
aE Ab

b

#

<latexit sha1_base64="MQns8QLxQeHJOc4laP6IUh0xTtc="></latexit>

Smag .el.! AG =
!

dD x !
"
! RAB

AB (M ) + " Ta
A

A TaB
B #

<latexit sha1_base64="hKxEmr4uA0RQjhIjrY1QlKDIBsc="></latexit>

Sel.mag .! AG =
!

dD x !
"
! E A

a
aEAb

b + " Rab
ab(J )

#

<latexit sha1_base64="AOmFJjmZV+HBauF7id045TMSZxI="></latexit>

Smagnetic ! AG =
!

dD x !
"
! RAB

AB (M ) + " Rab
ab(J )

#

Matter coupled Aristotelian gravity

There are more Aristotelian gravity actions of this type that can be generated in a similar way



<latexit sha1_base64="siaJbClKnucSbOyGEUgIw9+3UWc="></latexit>

S! =
1
2

!
dD x

"
c1 ! A ! ! A ! ! + c2 ! a! ! a ! ! #

<latexit sha1_base64="xYOWFmm8zysDJkuHn1zVHORjkNs="></latexit>

! ! =
!
i " U (1) + w" D

"
!

<latexit sha1_base64="kyjcVsrgtgpvmfBBvB9FXenFV/U="></latexit>

Sc
! =

1
2

!
dD x !

"
c1 DA " D A " ! + c2 Da" D a" ! #

<latexit sha1_base64="D284tji25gxfnXBSk2llU6kFNtE=">AAACHnicbVDJSgNBEO1xjXGLevTSGAS9hBlxAxGCXjzGYFTIjKGnU8k06VnorlHCMF/ixV/x4kERwZP+jZ3l4Pag4PV7VXTV8xMpNNr2pzUxOTU9M1uYK84vLC4tl1ZWL3WcKg4NHstYXftMgxQRNFCghOtEAQt9CVd+73TgX92C0iKOLrCfgBeybiQ6gjM0Uqu0l7kqpHXIt9xaILaPHfeIunXRDZApFd/RwdMY9JjCTSZcDABZTlulsl2xh6B/iTMmZTJGrVV6d9sxT0OIkEumddOxE/QyplBwCXnRTTUkjPdYF5qGRiwE7WXD83K6aZQ27cTKVIR0qH6fyFiodT/0TWfIMNC/vYH4n9dMsXPoZSJKUoSIjz7qpJJiTAdZ0bZQwFH2DWFcCbMr5QFTjKNJtGhCcH6f/Jdc7lSc/cr++W65ejKOo0DWyQbZIg45IFVyRmqkQTi5J4/kmbxYD9aT9Wq9jVonrPHMGvkB6+MLYQKg0Q==</latexit>

Re(! ) = 1 ! ! = ei !

<latexit sha1_base64="iydAUTFlIfd45h41fguhOtLqEg4=">AAACJnicbZDLSgNBEEV7fMb4irp00xgEQQwzIupG8LHQZUSjQmYcejoV06TnQXeNEIZ8jRt/xY2LiIg7P8WeJGCMFjQc7q2iq26QSKHRtj+ticmp6ZnZwlxxfmFxabm0snqj41RxqPFYxuouYBqkiKCGAiXcJQpYGEi4DdpnuX/7CEqLOLrGTgJeyB4i0RScoZH80pEbMmxxJunVCPqZq0IKEjgqwXdOzrvF7R/3nvsutgAZ9Utlu2L3i/4FZwhlMqyqX+q5jZinIUTIJdO67tgJehlTKLiEbtFNNSSMt9kD1A1GLATtZf0zu3TTKA3ajJV5EdK+OjqRsVDrThiYznxXPe7l4n9ePcXmoZeJKEkRIj74qJlKijHNM6MNoUwSsmOAcSXMrpS3mGIcTbJFE4IzfvJfuNmtOPuV/cu98vHpMI4CWScbZIs45IAckwtSJTXCyRN5IT3yZj1br9a79TFonbCGM2vkV1lf3w4kpOk=</latexit>

S = Selectric ! AG + Sc
!

<latexit sha1_base64="lSGLJyFIqPywgZ6k5sRP4ExEUns="></latexit>

Sc
! =

1
2

!
dD x !

"
c1 ! Aµ ! A

" " µ # "" # + c2 eaµ ea
" " µ # "" #

#

Matter coupled Aristotelian gravity

Complex scalar field

Coupling to conformal Aristotelian geometry

Gauge fixing the dilatations

Aristotelian gravity coupled to the real scalar field 
<latexit sha1_base64="77NFhXxHN9n5LKu7heNm1ruRhLE=">AAACAnicbVDLSsNAFJ34rPVVdekmWARXJRGpLotuXFawD2hDmUxumrGTSZi5EUrozg9wq5/gTtz6I36Bv+G0zUJbD1w4nHMv997jp4JrdJwva2V1bX1js7RV3t7Z3duvHBy2dZIpBi2WiER1fapBcAkt5CigmyqgsS+g449upn7nEZTmibzHcQpeTIeSh5xRNFK7jxEgHVSqTs2ZwV4mbkGqpEBzUPnuBwnLYpDIBNW65zopejlVyJmASbmfaUgpG9Eh9AyVNAbt5bNrJ/apUQI7TJQpifZM/T2R01jrceybzphipBe9qfivp80pEQQL6zG88nIu0wxBsvn2MBM2JvY0DzvgChiKsSGUKW4esFlEFWVoUiubZNzFHJZJ+7zm1mv1u4tq47rIqESOyQk5Iy65JA1yS5qkRRh5IM/khbxaT9ab9W59zFtXrGLmiPyB9fkDuf+YDA==</latexit>

!



<latexit sha1_base64="2YwCRXzLt89jGVcnRqjqgwjXg7g="></latexit>

FAB = ! A
µ ! B

! Fµ ! , FAa = ! A
µ ea

! Fµ ! Fab = ea
µ eb

! Fµ ! Fµ ! = " µ A! ! " ! Aµ

<latexit sha1_base64="4M9CMXi27azujspdvRaqZkVGIFw=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCG0sipboRirpwWcE+oAllMp20Q2cmYWailBA3/oobF4q49S/c+TdO2yy09cCFwzn3cu89Qcyo0o7zbS0sLi2vrBbWiusbm1vb9s5uU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61geDX2W/dEKhqJOz2Kic9RX9CQYqSN1LX3vT7iHMEL6IUS4bRycp2lDxmEXbvklJ0J4Dxxc1ICOepd+8vrRTjhRGjMkFId14m1nyKpKWYkK3qJIjHCQ9QnHUMF4kT56eSDDB4ZpQfDSJoSGk7U3xMp4kqNeGA6OdIDNeuNxf+8TqLDcz+lIk40EXi6KEwY1BEcxwF7VBKs2cgQhCU1t0I8QCYJbUIrmhDc2ZfnSfO07FbL1dtKqXaZx1EAB+AQHAMXnIEauAF10AAYPIJn8ArerCfrxXq3PqatC1Y+swf+wPr8AbAmlcY=</latexit>

! =
4 ! D

w

<latexit sha1_base64="NURdvXiFWa2dTJdh+Wlx/LsY64A=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortXuNESc3Xr9ccavuHGSVeDmpQI5Gv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+7pScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY7GXCFzIiJJZQpbm8lbEQVZcYmVLIheMsvr5LWRdWrVWsPl5X6bR5HEU7gFM7Bgyuowz00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AMVmO1g==</latexit>

! = 1

<latexit sha1_base64="DepAkb9xlIXcfO76OBngmnaTn38="></latexit>

S = Selectric ! AG + Sc
AE +

1
2

!
dD x !

"
c1 AA AA + c2 AaAa#

<latexit sha1_base64="IRC9nvIASJA8r5/xFueqfanEOko="></latexit>

Sc
AE = !

1
2

!
dD x !

"
b0

2
FAB F AB + b1 FAa F Aa +

b2

2
Fab F ab

#

Furthermore, we can introduce a U(1) gauge field                                and consider the action 
<latexit sha1_base64="gD3UK/N7kdGfufoy/Chuue+k+74=">AAACDXicbVDLSsNAFJ34rPXRqEs3g0WoICURqW6ERjcuK9gHtCFMJtN26MwkzEyEEvoNfoBb/QR34tZv8Av8DadtFtp64MLhnHu5954wYVRpx/myVlbX1jc2C1vF7Z3dvZK9f9BScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxzdTv32I5GKxuJBjxPiczQQtE8x0kYK7JIX9Hh6XfEC78wL0Glgl52qMwNcJm5OyiBHI7C/e1GMU06Exgwp1XWdRPsZkppiRibFXqpIgvAIDUjXUIE4UX42O3wCT4wSwX4sTQkNZ+rviQxxpcY8NJ0c6aFa9Kbiv54ypwxJtLBe96/8jIok1UTg+fZ+yqCO4TQaGFFJsGZjQxCW1DwA8RBJhLUJsGiScRdzWCat86pbq9buL8r1mzyjAjgCx6ACXHAJ6uAONEATYJCCZ/ACXq0n6816tz7mrStWPnMI/sD6/AHb0pqf</latexit>

Aµ = ( AA , Aa)
<latexit sha1_base64="rzklxwujVyQkUljsVte4ouZIKVs="></latexit>

S =
1
2

!
dD x !

"
c1 (DA ! iA A ) "

#
D A + iA A $

" ! + c2 (Da ! iA a) " (D a + iA a) " !

! |"" ! |! / 2
%

b0

2
FAB F AB + b1 FAa F Aa +

b2

2
Fab F ab

& '

Field strength components

Now we gauge fix both the U(1) and the dilatation symmetry

This leads to Aristotelian gravity coupled to a massive vector field



<latexit sha1_base64="CqWqQoBbcyORbJ/uLLwuXGvAUYE="></latexit>

SHD
! =

1
2

!
dD x

"
c1 ! A ! ! A ! ! + c2 X abX ab! #

<latexit sha1_base64="m8XcMRO2ta+FB2umjg8fX7vPPTI=">AAACMXicbVDLSgMxFM3UV62vqks3wVJwY5kRqW6EopsuK9haaMtwJ820oZnMkGSEMvSX3Pgn4qYLRdz6E2amBW3rgcC5596b5Bwv4kxp255aubX1jc2t/HZhZ3dv/6B4eNRSYSwJbZKQh7LtgaKcCdrUTHPajiSFwOP00Rvdpf3HJyoVC8WDHke0F8BAMJ8R0EZyi/W2m4A3wTe4G4HUDLgL3caQ/ZZeVp7jRRWWB9xiya7YGfAqceakhOZouMXXbj8kcUCFJhyU6jh2pHtJeinhdFLoxopGQEYwoB1DBQRU9ZLM8QSXjdLHfijNERpn6t+NBAKlxoExVg5AD9VyLxX/63Vi7V/3EiaiWFNBZg/5Mcc6xGl8uM8kJZqPDQEimfkrJkOQQLQJuWBCcJYtr5LWRcWpVqr3l6Xa7TyOPDpBp+gMOegK1VAdNVATEfSM3tA7+rBerKn1aX3NRnPWfOcYLcD6/gH3T6l8</latexit>

X ab = ! a! ! b! ! ! ! a ! b!

<latexit sha1_base64="BPaWmoXLAQIu7tVCFC06LKIAlAk="></latexit>

! ! =
!
i " U (1) + i " a

dp xa + w" D
"

!

<latexit sha1_base64="uYiae/LWtka+iOIKURatYTJr/Jk="></latexit>

! AA = " A #U (1) ! z#D AA , ! Aab = " a" b#U (1) ! 2#D Aab

<latexit sha1_base64="92JeV2djPypIo+K2BdgbSPayl8o="></latexit>

FAab = ! A Aab ! ! a! bAA , Fab,c = ! aAbc ! ! bAac

<latexit sha1_base64="ivwPwoTeZl6Bz7X8fC9vDggy/j0="></latexit>

SSC =
1
2

!
dD x

"
b1 FAbc F Abc + b2 Fab,c F ab,c#

Matter coupled Aristotelian gravity

Inspired by fracton field theory models we would like to generalize the previous construction to 
the case of the following type of action

Global symmetries

Local U(1) symmetry requires to introduce two gauge fields,          and          , transforming as
<latexit sha1_base64="vWXkQW4gVT5h9AIjVsLGN0qJ2J8=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLVjcuK9gFtKJPJTTt0MgkzE6GELvwAt/oJ7sStn+IX+BtO2yy0euDC4Zx7ufceP+FMacf5tAorq2vrG8XN0tb2zu5eef+greJUUmzRmMey6xOFnAlsaaY5dhOJJPI5dvzx9czvPKBULBb3epKgF5GhYCGjRBvprjFoDMoVp+rMYf8lbk4qkKM5KH/1g5imEQpNOVGq5zqJ9jIiNaMcp6V+qjAhdEyG2DNUkAiVl81PndonRgnsMJamhLbn6s+JjERKTSLfdEZEj9SyNxP/9ZQ5ZYTB0nodXnoZE0mqUdDF9jDlto7tWRh2wCRSzSeGECqZecCmIyIJ1SaykknGXc7hL2mfVd1atXZ7Xqlf5RkV4QiO4RRcuIA63EATWkBhCE/wDC/Wo/VqvVnvi9aClc8cwi9YH9/E+5Zd</latexit>

AA
<latexit sha1_base64="cICrtLxRBhpztuMdrDUtPElbvUo=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLqxmUF+4A2lMnkph07mYSZiVBCd36AW/0Ed+LWH/EL/A2nbRbaeuDC4Zx7ufceP+FMacf5sgorq2vrG8XN0tb2zu5eef+gpeJUUmzSmMey4xOFnAlsaqY5dhKJJPI5tv3RzdRvP6JULBb3epygF5GBYCGjRBupddXPiD/plytO1ZnBXiZuTiqQo9Evf/eCmKYRCk05UarrOon2MiI1oxwnpV6qMCF0RAbYNVSQCJWXza6d2CdGCewwlqaEtmfq74mMREqNI990RkQP1aI3Ff/1lDlliMHCeh1eehkTSapR0Pn2MOW2ju1pHnbAJFLNx4YQKpl5wKZDIgnVJrWSScZdzGGZtM6qbq1auzuv1K/zjIpwBMdwCi5cQB1uoQFNoPAAz/ACr9aT9Wa9Wx/z1oKVzxzCH1ifP5SEl/U=</latexit>

Aab

Field strength 

Generalized “scalar charge” theory

<latexit sha1_base64="DzC1yLe9Un5QJwEdnqaysKhFrXs=">AAACLnicbVDLSsNAFJ3UV62vqEs3g0UQpCVRqW6Eoi5cVrAPaEqZTCbt0MmjMxOlhvyG3+EHuNVPEFyIS/0MJ21AbT0wzOGce7n3HjtkVEjDeNNyc/MLi0v55cLK6tr6hr651RBBxDGp44AFvGUjQRj1SV1SyUgr5AR5NiNNe3CR+s1bwgUN/Bs5CknHQz2fuhQjqaSubtyfWS5HOA5LR6XLJP0SaziMkAPh3Y91kFkQdvWiUTbGgLPEzEgRZKh19U/LCXDkEV9ihoRom0YoOzHikmJGkoIVCRIiPEA90lbURx4RnXh8WQL3lOJAN+Dq+RKO1d8dMfKEGHm2qvSQ7ItpLxX/9YRapU+cqfHSPe3E1A8jSXw8me5GDMoAptlBh3KCJRspgjCn6gCI+0hFJFXCBZWMOZ3DLGkcls1KuXJ9XKyeZxnlwQ7YBfvABCegCq5ADdQBBg/gCTyDF+1Re9XetY9JaU7LerbBH2hf3wk8p8I=</latexit>

z =
p ! 3 ! D

p ! 3
w =

p ! 3 + D
p ! 3



Matter coupled Aristotelian gravity

<latexit sha1_base64="+rzAyrQqtiy2G2Pn7QE7Ng7sgng="></latexit>

÷FAab ! DA Aab " D(aDb) AA " DA D(a! b) " + D(aDb) ! A "
÷Fab,c ! DaAbc " DbAac " DaD(b! c) " + DbD(a! c) "

Curved space generalization is problematic [Slagle, Pretko (2016)]

It requires the addition of extra field content [Bidussi, Hartong, Have, Musaeus, Prohazka 
(2021)],[Peña-Benitez (2021)], [Jain, Jensen (2021)], [Peña-Benitez, Salgado-Rebolledo (2023)]

<latexit sha1_base64="UEmWZl/cSb1194egeO3w7BEQQl8="></latexit>

S =
1
2

!
dD x !

"
c1

"
(DA ! iA A ) "

#
D A + iA A $

" ! + c2 ÷X ab ÷X ab!
%

+ b1 |"" ! |! 1 / 2 ÷FAbc ÷F Abc + b2 |"" ! |! 2 / 2 ÷Fab,c ÷F ab,c
%

In our case, we can use the imaginary part of                        and consider the gauge invariant 
curvatures

<latexit sha1_base64="kDXAVXmnLB1AqAuWE3zCwLa5a2Y=">AAACF3icbVDJSgNBEO1xjXEb9SReGoPgQcKMSPQiBL14jGAWyMTQ06lkmvQsdNcIYQh+hx/gVT/Bm3j16Bf4G3aWgyY+KHi8V0VVPT+RQqPjfFkLi0vLK6u5tfz6xubWtr2zW9NxqjhUeSxj1fCZBikiqKJACY1EAQt9CXW/fz3y6w+gtIijOxwk0ApZLxJdwRkaqW3ve5VA0EvqqSCm3gncZ8LDAJAN23bBKTpj0HniTkmBTFFp299eJ+ZpCBFyybRuuk6CrYwpFFzCMO+lGhLG+6wHTUMjFoJuZeMXhvTIKB3ajZWpCOlY/T2RsVDrQeibzpBhoGe9kfivp80pAXRm1mP3opWJKEkRIj7Z3k0lxZiOQqIdoYCjHBjCuBLmAcoDphhHE2XeJOPO5jBPaqdFt1Qs3Z4VylfTjHLkgBySY+KSc1ImN6RCqoSTR/JMXsir9WS9We/Wx6R1wZrO7JE/sD5/AJQQn2Y=</latexit>

! = ! ei !

The final action has the form

<latexit sha1_base64="c9r2nowsO9PhU2oWVk+f+Na1wi8=">AAACMXicbVDLSgMxFM3Ud31VXboJlkJFLDNF1I3ga9FlBfuAtg530rQNzTxIMkIZ5pfc+CfixoUibv0JM9NZaOuBcM89N4fkHifgTCrTfDNyC4tLyyura/n1jc2t7cLOblP6oSC0QX zui7YDknLm0YZiitN2ICi4DqctZ3yTzFuPVEjme/dqEtCeC0OPDRgBpSW7UOsqxvsUt+0InBhf4FsbuvUR09VJ6zHO2qgMcVKcwzhVjthV6kmahyq2C0WzYqbA88TKSBFlqNuFl27fJ6FLPUU4SNmxzED1IhCKEU7jfDeUNAAyhiHtaOqBS2UvSjeOcUkrfTzwhT6ewqn62xGBK+XE1RuVXFAjOTtLxP9mnVANznsR84JQUY9MHxqEHCsfJ/HhPhOUKD7RBIhg+q+YjEAAUTrkvA7Bml15njSrFeu0cnp3Ury8zuJYRfvoAJWRhc7QJaqhOmoggp7QK3pHH8az8WZ8Gl/Tqzkj8+yhPzC+fwBpU6dT</latexit>

÷X ab = Da! Db! ! ! D(aDb) ! + iA ab! 2

<latexit sha1_base64="iZfRSk56EIzuM1WnLEKLAOzeHxM="></latexit>

! 1 = 2
3p ! 9 + D
p ! 3 + D

! 2 = 2
3p ! 9 ! 2D
p ! 3 + D



<latexit sha1_base64="a6B+XfWM4/yZv0DHDgDcNazF/44=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrBxwn3I/oQIlQMIpWanfrQ0Guidcrld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsdu+EnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKbPk77QnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0zytetVK9vyjXbvI4CnAMJ3AGHlxCDe6gDg1gIOEZXuHNeXRenHfnY9664uQzR/AHzucPiMOPAA==</latexit>

! = 1

<latexit sha1_base64="WqTPKKktuMnw41sY51YIcitvRsM=">AAACPnicbVDLSgMxFM3UV62vUZdugkUQhDIjUt0I9QEWRKhoH9CWIZNm2tBMZkgyQhnmy9z4De5cunGhiFuXZtouatsDgZNz7k3uPW7IqFSW9WZkFhaXlleyq7m19Y3NLXN7pyaDSGBSxQELRMNFkjDKSVVRxUgjFAT5LiN1t3+V+vUnIiQN+KMahKTtoy6nHsVIackxqy0fqR5GLH5I4DmcuDlxS/iwfH1xk8CjGf2W8nnyHZIygdAx81bBGgLOEntM8mCMimO+tjoBjnzCFWb6jaZthaodI6EoZiTJtSJJQoT7qEuamnLkE9mOh+sn8EArHegFQh+u4FCd7IiRL+XAd3VlOq+c9lJxnteMlHfWjikPI0U4Hn3kRQyqAKZZwg4VBCs20ARhQfWsEPeQQFjpxHM6BHt65VlSOy7YxULx/iRfuhzHkQV7YB8cAhucghIogwqoAgyewTv4BF/Gi/FhfBs/o9KMMe7ZBf9g/P4BZQuvPw==</latexit>

S = SHDAG + SKin + SMass

<latexit sha1_base64="5VeKSYayC+dAWfnNV9eVdtBTNBo="></latexit>

SHDAG =
1
2

!
dD x !

"
c1 w2 bA bA + c2 YabY ab# <latexit sha1_base64="OiISDmk2EXEFIGzsfX6WhQaMCDs="></latexit>

Yab = w
!
D(abb) + 2babb ! ! abbcbc"

<latexit sha1_base64="7aGdis7gtYSGSfugtS805egWfkQ="></latexit>

SKin =
1
2

!
dD x !

"
b1 FAbc F Abc + b2 Fab,c F ab,c#

SMass =
1
2

!
dD x !

"
c1 AA AA + c2 AabAab#

Matter coupled Aristotelian gravity

Gauge fixing

Resulting system

Higher derivative gravitational action

Massive gauge fields

<latexit sha1_base64="uz3c6EVAMpxhn26uHL6ogkbSNJ8="></latexit>

ba =
1

z(p + 1)
Ta

A
A bA = ,

1
D ! p ! 1

EA
a

a



Aristotelian geometry for multi-Weyl semimetals

Multi-well semimetals: topological materials with 
anisotropic energy dispersion and higher-order 
topological charge at Weyl nodes

Reduced spacetime symmetry

This corresponds to an Aristotelian p-brane structure with              (string foliation)
<latexit sha1_base64="yughlkr7aU4E1sh8sa2NN3zh7jY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdJ9cef1yxa26c5C/xMtJBXI0+uXP3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SE6sMSBhrWwrJXP05kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsv/yWts6pXq9buziv16zyOIhzBMZyCBxdQh1toQBMYDOEJXuDVkc6z8+a8L1oLTj5zCL/gfHwDz1mNgQ==</latexit>

p = 1

<latexit sha1_base64="MTceOzimtgaMD8Ioa1hnFBZ5yiI=">AAACEXicbVBLS8NAEN74rPUV9ehlsQgpSElKqR6LXrxZH31AE8tmu2mXbjZhdyOU0r/gxb/ixYMiXr1589+4aXPQ1g8Gvvlmhpn5/JhRqWz721haXlldW89t5De3tnd2zb39powSgUkDRywSbR9JwignDUUVI+1YEBT6jLT84UVabz0QIWnE79QoJl6I+pwGFCOlpa5pWbdXlnPiFF1FQyKhzsrFostmmRsiNfB9eHNf6ZoFu2RPAReJk5ECyFDvml9uL8JJSLjCDEnZcexYeWMkFMWMTPJuIkmM8BD1SUdTjvRCbzz9aAKPtdKDQSR0cAWn6u+JMQqlHIW+7kxPlPO1VPyv1klUcOaNKY8TRTieLQoSBlUEU3tgjwqCFRtpgrCg+laIB0ggrLSJeW2CM//yImmWS061VL2uFGrnmR05cAiOgAUccApq4BLUQQNg8AiewSt4M56MF+Pd+Ji1LhnZzAH4A+PzBw3PmrM=</latexit>

(SO(1, 1) ! SO(2)) ! R4

Higher order dispersion in certain directions
<latexit sha1_base64="G8aVNLr1OBjoSonyN46CakoIjFQ=">AAACE3icbVDLSgMxFM3UV62vUZdugkUQhTJTpLosunFZwT6g05ZMetuGJpkhyQhl6D+48VfcuFDErRt3/o3pY6GtBy6cnHMvufeEMWfaeN63k1lZXVvfyG7mtrZ3dvfc/YOajhJFoUojHqlGSDRwJqFqmOHQiBUQEXKoh8ObiV9/AKVZJO/NKIaWIH3JeowSY6WOexZEAvqkXcSBZgIPO0FMFOEcuJXOp29QcTstynHHzXsFbwq8TPw5yaM5Kh33K+hGNBEgDeVE66bvxaaVEmUY5TDOBYmGmNAh6UPTUkkE6FY6vWmMT6zSxb1I2ZIGT9XfEykRWo9EaDsFMQO96E3E/7xmYnpXrZTJODEg6eyjXsKxifAkINxlCqjhI0sIVczuiunAZkKNjTFnQ/AXT14mtWLBLxVKdxf58vU8jiw6QsfoFPnoEpXRLaqgKqLoET2jV/TmPDkvzrvzMWvNOPOZQ/QHzucPuCSddQ==</latexit>

! 2 ! k2
! + k2n

"

<latexit sha1_base64="csOofiVzetusKXYW+VxMu8rxXHE="></latexit>

E 2 = ! ! AB pA pB P2 = " abpapbCasimir invariants

<latexit sha1_base64="aabk9dxnWwkj0ojWUGyXX2aDkiM=">AAACFXicbVDLSgNBEJz1GeMr6tFLYxAENeyKRC9CUASPCeYFSQi9s5NkyOyDmVkhhPyEF3/FiwdFvAre/Btnkxw0sWCgpqqb7i43Elxp2/62FhaXlldWU2vp9Y3Nre3Mzm5VhbGkrEJDEcq6i4oJHrCK5lqweiQZ+q5gNbd/k/i1ByYVD4OyHkSs5WM34B1OURupnTnxbuEKyt49HEMTRdRD8KCYfPwYvBKcNn3UPYoCil61ncnaOXsMmCfOlGTJFMV25qvphTT2WaCpQKUajh3p1hCl5lSwUboZKxYh7WOXNQwN0GeqNRxfNYJDo3jQCaV5gYax+rtjiL5SA981lcmOatZLxP+8Rqw7l60hD6JYs4BOBnViATqEJCLwuGRUi4EhSCU3uwLtoUSqTZBpE4Ize/I8qZ7lnHwuXzrPFq6ncaTIPjkgR8QhF6RA7kiRVAglj+SZvJI368l6sd6tj0npgjXt2SN/YH3+ANRSm4s=</latexit>

dE = T dS + ! dP + µdQ ! PdV

<latexit sha1_base64="WF+jSrKIDE9k08uNgixXcA4eHXU=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxCBS0zItWNUBTB5Qj2Ae0wZNK0DU0yQ5IR6lD8FTcuFHHrf7jzb0zbWWjruVw4nHMvuTlhzKjSjvNt5RYWl5ZX8quFtfWNzS17e6euokRiUsMRi2QzRIowKkhNU81IM5YE8ZCRRji4HvuNByIVjcS9HsbE56gnaJdipI0U2Hte0OYJvIQleHJz7JiC3lFgF52yMwGcJ25GiiCDF9hf7U6EE06Exgwp1XKdWPspkppiRkaFdqJIjPAA9UjLUIE4UX46uX4ED43Sgd1ImhYaTtTfGyniSg15aCY50n01643F/7xWorsXfkpFnGgi8PShbsKgjuA4CtihkmDNhoYgLKm5FeI+kghrE1jBhODOfnme1E/LbqVcuTsrVq+yOPJgHxyAEnDBOaiCW+CBGsDgETyDV/BmPVkv1rv1MR3NWdnOLvgD6/MHoY6SHw==</latexit>

Pµ = ( ! E, 0, 0, P)

First law of thermodynamics 

Without loss of generality we can choose

(source: 1905.02189) 



Aristotelian geometry for multi-Weyl semimetals

Curved space generalization

Effective action [Dantas, Peña-Benitez, Roy, Surówka (2020)]
<latexit sha1_base64="YWjS9/Q4WgWKzs35ynRUbEvUIqc="></latexit>

S =
!

d4x Re ø!
"
i /" ! + m1" n (i /" # )n #

!

<latexit sha1_base64="oZOdKfWhsYsFE3UUwxFbIFHvaKQ="></latexit>

ø! = !   " 0 /#! = " 0#0 + " 1#1 /#" = " 2#2 + " 3#3 " µ = ( $1, $0, ! i$3, ! i$2)

<latexit sha1_base64="VAOTrxAR/2wVuvxV5QezJF7UsjY="></latexit>

D ! =
!
d + iA +

1
4

("AB #AB + i n "ab#ab)$3
"

!

<latexit sha1_base64="2fS646fvZRNFNXd+4wWFxL0mL7I="></latexit>

S =
!

d4x ! Re ø!
"
i /D ! + m1" n (i /D # )n #

!

<latexit sha1_base64="hM8BA8d2LaGoKmAutfCgRF1nssU="></latexit>

/D ! ! = "A
µ #A Dµ ! /D " = ea

µ #aDµ !

<latexit sha1_base64="6qusBgWW0ef0NV8vuVyv9TmHbiI="></latexit>

! S =
! "

!" A ! #TA + ! ea ! #Ta +
1
2

!$ AB ! #SAB +
1
2

!$ ab ! #J ab + ! A ! #J
#

Covariant derivative

Energy-momentum, spin, angular, and U(1) currents



Aristotelian geometry for multi-Weyl semimetals

Diffeomorphism and gauge invariance constrain the Ward identities and the gauge fields entering 
the effective action

Generating functional = effective action for the hydrostatic regime

<latexit sha1_base64="dP8qmZGl/vO6BiBh4Zt//+bYmqA="></latexit>

! ! Z = !
!

M

"
" A ! Z

!" A +
1
2

#AB ! Z
!# AB +

1
2

#ab ! Z
!# ab + #(Q) ! Z

!# (Q)

#
+

!

M
d $ ÷N ,

<latexit sha1_base64="E9jqlpxgrOL72m4VEG2w/agxhMM="></latexit>

÷N = T A ! A +
1
2

SAB " AB +
1
2

J ab" ab + J " (Q)

Hydrostatic equilibrium:  Killing parameters associated to steady regime

<latexit sha1_base64="tMxyusIGSoC5P1fI8BMnzbPgOJ0="></latexit>

! K = ( " A
K , " a

K , #AB
K , #ab

K , #(Q)
K )

<latexit sha1_base64="SLO1STgapKC+Fx14xo0N0v6b7w4="></latexit>

Z =
!

P
"

T, ! , µAB , µab, µ(Q)
#

dV

Inverse temperature and chemical potentials
<latexit sha1_base64="NVMV8ahcTlZhYXI3PKTFzwg9aMM="></latexit>

! 2 = ! (" A
µ "A ! ) #µ

K , #!
K

$2

T2 = ( ea
µ ea! ) #µ

K , #!
K

µAB " %AB
K µab " %ab

K µ(Q) " %(Q)
K

<latexit sha1_base64="VwfWEoFXjFoRjn0m7ASE1ZOV5g8=">AAA </latexit>

Z [! A , ea, ! AB , ! ab, A] = ! log
!

D ø" D" ! SE [ ø! ,! ," A ,ea ,! AB ,! ab ,A ]



Conformal extensions of p-brane Aristotelian symmetries allow to construct Aristotelian 
gravity models

By gauging the conformal Aristotelian symmetries in matter field theories leads to matter 
coupled Aristotelian gravity

The method can be generalized to include higher-derivative models of fractonic type

p-brane Aristotelian geometry for             is suitable for defining an effective description of 
multi-Weyl semimetals

Future direction: to consider linearized version of Aristotelian gravity actions and higher-
spin extensions in relation to the FQHE

Future direction: study gravitational anomalies in multi-Weyl semimetals

Outlook

<latexit sha1_base64="yughlkr7aU4E1sh8sa2NN3zh7jY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxIpDLrul1NYWV1b3yhulra2d3b3yvsHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Gbmtx+5NiJWDzhJuB/RoRKhYBStdJ9cef1yxa26c5C/xMtJBXI0+uXP3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SE6sMSBhrWwrJXP05kdHImEkU2M6I4sgsezPxP6+bYnjpZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsv/yWts6pXq9buziv16zyOIhzBMZyCBxdQh1toQBMYDOEJXuDVkc6z8+a8L1oLTj5zCL/gfHwDz1mNgQ==</latexit>

p = 1



Thank You!


