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Broken symmetries

Spontaneously broken symmetries — Goldstone Bosons

Goldstone Bosons have shift symmetry



Shift symmetry

A broken symmetry transformation starts with a field-independent term:

S =c+ OB) +O(?) 4+ Broken symmetry (does not preserve vacuum ¢ = 0)

5¢ = O(¢) + O(¢%) + - --
¢ (¢) (¢7) "~ Unbroken symmetry (preserves vacuum ¢ = 0)

1
Shift invariant Lagrangian: L = —5(8@2 + -

Interactions for an exact shitt symmetry: 0p = c

L= (00)" + F(06,006,-) +A ¢

Function of invariant €55-AUININO LETT

building block 09,,¢



Spacetime shift symmetries?

Can shift symmetries/broken symmetries involve spacetime symmetries?

Coleman-Mandula theorem: symmetries of the S-matrix can only be (Poincare) ® (compact internal)

Does not forbid broken symmetries, which are not ordinary S-matrix symmetries:

instead lead to soft-theorems (i.e. Adler zero in pion physics)

Can we classify the possibilities for broken spacetime symmetries?



Galileon symmetry

spacetime coordinates

Scalar kinetic term also has galileon symmetry: /
1
L=—=(0¢)" 0¢ = b, z"
2 \

constant vector

Boring interactions: F(00¢, 0009, - )

\ Function of invariant
building block II,, = 0,0,¢

Wess-Zumino terms (galileons):

‘Cl — gb )
Luty, Porrati, Rattazzi (2003) |
Nicolis, Rattazzi, Trincherini (2008) £2 — _5(8¢)2 7
Garrett Goon, KH, Austin Joyce, Mark Trodden (2012) 1
‘C3 o _§(a¢)2[n] )
1
L4 = —5(8@2 ([T* = [Im7))
1
L5 = —5(0¢) (11" — 3T [IT"] + 2(11°])



DBI symmetry

Deformations of galileon symmetry:

1 1
0¢ = b, + Fb“gb 0, » DBI theory L = —A4\/1 + F(G@Q
Algebra of symmetries:  iso(1,4) or iso(2,3)
1 y 1 1
0¢ = bua® + (buw 270y — 593219“%) ¢ =  AdS DBI theory L = —A4e4¢/A\/ L+ e 200 (09)?

Algebra of symmetries: so(2,4)



Extensions of Galileon symmetry

Scalar kinetic term also has extended galileon symmetry:

L= —%(6@2 ] 6p = s, xtz”

\

symmetric, traceless constant tensor

special galileon:

Clifford Cheung, Karol Kampf, Jiri Novotny, Jaroslav Trnka (2014)
KH,Austin Joyce (2015)

£ = —5(00) + 5 (00)° (00 = (0,0,0)°

1
55" 040 0,0

\

nonlinear deformation of the symmetry

09 = 8, x"x” 4

Algebra of symmetries: contraction of si(6)



Extensions of Galileon symmetry

Scalar kinetic term has extended galileon symmetry of all orders:

1
£ =—2(06)°

— H M1 4.2 M1 K2 4.3
0@ = €+ ™ + Cpypp T T2 A+ Cpy pppus @7 22T -

\ /

symimetric, traceless constant tensors

There do not seem to be interesting theories at higher orders.

KH,Austin Joyce (2014)
Clifford Cheung, Karol Kampf, Jiri Novotny, Chia-Hsien Shen, Jaroslav Trnka (201 6)

Mark Bogers, Tomas Brauner (2018)
Diederik Roest, David Stefanyszyn, Pelle Werkman (2019)



Classification via S-matrix

Clifford Cheung, Karol Kampf, Jiri Novotny, Chia-Hsien Shen, Jaroslav Trnka (2016)

Ie.

trivialé soft
behaévior

derivatives per field

L =0°¢°F(0°9)

Soft limit scaling

lim A(p) = O(p”)



DBI symmetry

Deformations of galileon symmetry:

1 1
0¢ = b, x" + Fb“gb 0,¢ » flat DBI theory L = _A4\/1 4 F(a¢)2

Algebra of symmetries:  iso(1,4) or iso(2,3)

1

1
0¢ = byxt + N (bufyxuﬁu - 5552[9”8#) ¢ » AdS DBI theory L = —A4e4¢/A\/1 +

Algebra of symmetries: so(2,4)



First deformation: flat DBI theory

L = —A4\/1 + %(8@2

. J (v
Symmetries: unbroken D=4 Poincare:
By,
0p =1
broken Shift symmetries: ¢ .
B,  6¢=buat+ 0000

Combines to D=5 poincare:

(e %Y g () P

Symmetry breaking pattern:  is0(1,4) — iso(1, 3)



Probe brane construction
Flat 3-brane embedded in fixed 5D Minkowski

Action is invariant under bulk Poincare and

reparametrizations ot the brane worldsheet:

/

extra dimension
op X4 = wihXP 44

0, X4 = ¢9,X4

Fix isometries with a “unitary” gauge:
XHt(x) =at, X°(x)=¢(z)

5D poincare compensating gauge

\ / transtformation

09 = 0p@p + 040 = —w", 70,0 — € 0,0 + wix“ — w0, 0 + €’
~————— -
4D poincare shifts



Probe brane construction

Actions are constructed from diff invariants of the intrinsic quantities on the brane:

0X4 0XP
ax’u (9$’/ NNAB E— g,uV — 77/“/ _I_ 8/L¢8V¢
gauge X" (x) = z*

induced metric Juv =

extrinsic curvature K,
covariant derivative VM

. . . p
intrinsic curvature R,

Gauss-Codazzi equations — only need K : R, =K, K., — K,,K,,+ bulk curvature

Most general invariant Lagrangian: S = / d*z\/—g F(9u,Vyu, Ku)

Derivative expansion: F' ~ 1+ K+ K+ K>+ VK?+ ...

Lowest order: DBI term /d493 —q — /d4£L‘ \/1 + (3¢)2



Brane construction: tadpole term

One term which can’t be written this way (Wess-Zumino term):

S-volume bounded by brane:

£1~/¢dgb’ G~ &

0 derivative term (tadpole):

must set to zero to have ¢ =0 solution



Probe brane construction

At each order: a unique term that gives 2nd order equations of motion:  deRham Tolley (2010)

Lovelock terms:

1

_ a131...am 3 11 m Vm
‘C'rn - 27n6u,11/1...p;1117:1 Ral.gl ""Ram!gm e
Lo=1
Li1=R

Ly = R* —4R,, R* + R,,5oR*"°
L3 = 2R*°“RyyyrR?T,, + 8R*™ R*, R, + 24R*"°" Ry, R’

+3RR" " Rypp + 24R*°" R,y Ry + 16R* R, R°, — 12RR* R, + R’

They have Gibbons-Hawking type boundary terms:

o = 0

B, = K

By = —-K% 4+ KK? - LK : v
2 - _g N - ur § o Q(RMV - QRg,W/)K

* In dimension 2m, integral is a topological invariant (gives the Euler number of the manifold)

= total derivative in 2m dimensions.

* (Gives second order equations in higher dimensions, vanishes identically in lower dimensions
(does not add new DOF).



DBI galileons

Symmetric polvnomials in terms of K :

Terms in D=4: Sn [M ] =M [ﬂ e M ’Z’;,],
T L2 ~ V=gSolK]

L 2 -9 Bulk Einstein-Hilbert 2 :

L3 = /—gK—T L3~ /=95 [K]

£4 = —( R » »

Lg~+/—qgSs2| K
e V=95 (K]
/ Ly~ v/ =gSs[K]

Bulk Gauss-Bonnet

DBI galileons

—V/1+ ()2
— [ +~* [7°]

—y ([m)? = [12]) = 29 ([«*] - [11] [=*])
—y2 ([0)* + 2 [11%] — 3{11] [112) )

4 (6 [x*] ~ 6 [x°] 3 (1M ~ [12]) [x*])



DBI theory: S-matrix

Lowest order DBI term:

96)?2 1 1
:—A4\/1:( = const. — —(0¢p)* A SRR
L Y const 2(6¢) T (09)" +
tree level 4-pt. amplitude
¢ ¢
1 ¢ ‘ §
Ay= 5 (8 + 8 + u’)

COHSIStent Wlth pOSItIVIty bounds Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi (2006)



Wrong Sign BI theory Mukhanov, Vikman (2005)

What it we have a timelike extra dimension?

/

extra dimension

/

Induced metric: Juv = mu/E]@mb 90

DBI term: /d4$ V=g >/d4x \/16(8¢)2




Wrong sign DBI theory

O0p)? 1 1
£:A4\/1 (99) = const. — —(0¢)° 8A4(8¢)4+--'

A4 2
tree level 4-pt. amplitude
¢ ¢
Ay :[34[1\4 (s°+1" +u’) violates positivity bounds
¢ ¢

Not equivalent to correct-sign DBI theory

Shift symmetries: (' 0p =1 Symmetry breaking pattern:

i50(2,3) — iso(1, 3)

1
B,u 0¢p = b,,x“{jA4 b 90, ¢



Equivalence of EFTs

Landau/Wilson paradigm:

[ ) (" )

Symmetry breaking pattern| + | light degrees of freedom

\_ J \_

Y

=)

Low energy physics = EFT — same should be true of EFTSs

Is it true when space-time symmetries are broken?

-

—

Low energy dynamics

~

_J




DBI symmetry

Deformations of galileon symmetry:

1 1
0¢ = b, x" + Fb“gb 0,¢ » flat DBI theory L = _A4\/1 4 F(a¢)2

Algebra of symmetries:  iso(1,4) or iso(2,3)

1

1 y 1
0 = byt + n (b,,x "0, — 5:6%“(%) 0 » AdS DBI theory L = —A464¢/A\/1 + F€_2¢/A(a¢)2

Algebra of symmetries: so(2,4)



Other deformation: AdS DBI theory

— D,P)|=-P,, |D,K,|=K,, |[K,P|=2J, —2n.,D,
unbroken R p Q‘) " Q‘) : - 7 7 7 w o Ky, P 7 N
_J;w; Ka] — nuaKu — nuaK;u [J;wa Pa] — nuopu — nuaPu 3
Juz/ ¢) — (:Ep,au — xuau)qs 3 ’
s Jpo) = NMppdve — Mupduo + MveJup — MpoJup

D¢p=—-1—-2%0,0,
broken
K,p=-2x,+ [—Qxﬂzv”&/ + (.582 + L26_2¢) 8#] O .

0 D = (PY — K")
JAP = —D 0 5 (PY + K")
_%(pM_Ku) _%(pu+[(u) JhY
—1
[J]AB, JC‘D] — GAO.HBD . GBG.UAD + GBD.HAC . th./‘lD'.]]BC'1 | GAB — 1

Symmetry breaking pattern: 50(2, 4) — i50(1, 3)



AdS DBI theory

Flat brane in bulk AdS:

ds* = dp® + e/ “nwdxtdz”

/

Induced metric: Juv = 82¢UW + LZ('?,,‘,gba,,qb._

DBI term: /d4CE‘ —g — /d4£l? €4¢\/1 + e 20 L2 (0¢)?



AdS theory: amplitudes

4
L= ,;14 180 (1— T+ e 2P LA(99)?) = —%(3¢)2 l Ié (9¢)*+on shell trivial+- -

tree level 4-pt. amplitude

¢ ¢

L4
Ay = e (8 +t2+u)

consistent with positivity bounds



AdS space

AdSi 4 is a hyperbola in M3 4 embedding space:

napY4Y?P =—L? nap = diag(—1,—1,1,1,1,1)

Maximally symmetric space with (-,+,+,4,+) signature and R<0

Manifests the isometries: s0(2,4)

Poincare coordinates: Y0 = Leosh(p/L) + L oy |

2L
Y1 =efligl
1

2 _ 1 Y .
Y* = Lsinh(p/L) 577

Y2 — epllgt 1 =1,2,3

Induced metric: ds® = dp* + e*/tn,, dx"dz”

Manifests unbroken subgroup: iso(1, 3)



2-time dS space

dS2.3 is the other hyperbola in M2 4 embedding space:

napY 1 YP = 4+ L7 nap = diag(—1,—1,1,1,1,1)

)

Maximally symmetric space with (-,-,4,4,+) signature and R>0

Same isometries: 50(2,4)

: : 1
Poincare coordinates:  Y°= Lsinh(p/L) + —e”/*2? |

2L
Y =er/Fa |
1

Y2 = Lcosh(p/L) — —e/ 22

Y2 —ellgt . §=1,2,3

Induced metric: ds® =([Tp* + eI, dx"dz

Manifests unbroken subgroup: iso(1, 3)



2-time dS theory

Flat brane in bulk dSs2 s: 72

—dp* + e*/Fn,, dxtdz”

XA ()

/

Induced metric:  Gup = 620‘577“1/ — L28p¢au¢

Different symmetry transformations:

Pﬂ Qb — p¢a
S @ = (33#81' B :r;y@“)gb ’

Dgﬁ = -] — x”a;ng:
k
broken K,p=—2x,+ (_255”:1;”0,, + (xzz]lzz@_zd)) 0#) ¢

unbroken {

Commutators unchanged —  Same symmetry breaking pattern:  s0(2,4) — iso(1, 3)



2-time dS theory

1

1 4
L ALS (1 _ —2L$T A 2) — _ = ZE# 4 et
DBI term: £ 74¢ (1 \/166 LA (09) ) 2(6¢) 2 (0¢)” 4 on shell trivial +

tree level 4-pt. amplitude:

¢ ¢

L4
Ay :C 1 (82 + t? —|—u2)

violates positivity bounds

We seem to have 2 EFTs with same symmetry breaking pattern and seemingly different amplitudes

[s this a counterexample to (symmetries)—+(degrees of freedom) — (theory) 7



Coset construction

Callan, Coleman, Wess, Zumino, (1969)

r ) r ) r )
Symmetry breaking pattern| 4 |degrees of freedom » Lagrangian
- _ - y, - _

Full symmetry group: G

unbroken subgroup: H Basis of G: {VI, Za}
Goldstone bosons: G/H / \

unbroken broken
Coset element: V(aj) — eg(m)-Z

Maurer-Cartan form: V14V = w‘I/VI - w%Za

/ \

invariant connection invariant building block

Invariant Lagrangian: ﬁ(w 7, WV) + Wess-Zumino terms

/

Invariant up to total derivative, classified by Lie algebra cohomology



Coset construction for spacetime symmetries
_— - /broken
ull symmetry group:

unbroken subgroup: H Basis of G:  {Vy, Za)
Goldstone bosons: G/H /

unbroken (includes translations P,

| | rotations .J)
spacetime coordinates

Coset element: V — 6:1:-13 eg(m)-z
1
Maurer-Cartan form: V' -1dV = whHP, +wyZ, + w‘I/VI + wa;ﬁ Jop
invariant vielbein invariant invariant connection

building block

More broken generators than Goldstones — Inverse Higgs constraints:

[P, Zl] ~ Lo+ -+ » can eliminate Z; component in MC form

Volkov, Ogievetsky (1973)



Weyl theory

$O(2,4) conformal algebra:  {K,, D, P,. J,, } D,P,]=-P,, [D,K,)=K, [Ku.P)=2J,—2n.D,
50(2, 4) — 150(1, 3) S— N :lea Ka] = Nuo Ky — Mo Ky, [Juua Pa] = Nuo Py — Mo Ly s
broken  unbroken Ty Joo] = Nupdve — Moodue + Muadup — MuoJup

1 4
Maurer-Cartan form: V = ey'Pe'”Deg'K , VldVv = wp Py +wpD 4+ wip K, + ijﬂ*]aﬁ

wp = e"dy®,

wp = dm + 2", dy",

wi = dE* + £%dm + €7 (26°€,dy” — £°dy”)
w}'ﬁ = —4emgledy? |

Symmetry transformations: P,m= =0,
Jwm= (2,0, —2,0,)T,
Dn = —-1-2"0,m,

K,m = -2z, + (—22,2"0, + 2°0,) 7




Weyl theory

Inverse Higgs constraint:

a __ T, |
“r = dy , S = _56 6#71- W — e?fdya
P )

wp = drr + 2e7€,,d “,j

[ D n Sudy : # wK = %e“"’ (8,,7r5°‘7r — 0,0%r — %(8%)253) dy
w}‘é = d€™ + €% + €™ (2676, dy” — £2dy”) | W = 20l dyfl

w5 J = —4e"¢ledyPl

. . . 27
Invariant metric: Guv = € T

» invariant building block: D £, = — Hﬂ'@ T — —8 0, T — —(371') N

R,.(g) = 20,70,m — 20,0, 7 — UOnrn,, — 2(8%)2%,, =4D, £, + 2D £ g,

Lagrangian and derivative expansion:  L(gu, Ru) ~v—g(1+ R+ R +--+)



Weyl theory

Ghost-free Lagrangians (conformal galileons):  Nicolis, Rattazzi, Trincherini (2009)

L(Weyl)

£ EIWPyl)

r chyl)

_L _g ]‘ 1 47
AL* VAR T 4IA¢
1 V—gR 1 —%627’(8%)2
1212 73V —951[D¢] 2L
. 1 2 1 4
(Wess-Zumino term) 5 (0m)"Om + 2(0)
1 /7. . ' 2 |
L*\/—g 2 ( %[R * — [R][R?] + [R3]> L*\/—g 24 S5[D¢] %e--’m(am? [—252|887r| + é(aw)ﬂmw - %(877)'1]
A/ —a 1 (ﬂ 4 o D2 2 212, « 1 D3 3[ od 4 ‘ L4.—47r'- \ 2 Ay .\ 2 ays .\ 4 14 N6
V=4 555 | TglBI" — B[R] + 9[R? + 20[R][R"] - 18[R ]) L*v/—qg96 S4[D§] - ¢ (On) [653[007T] — 6(0m)°S2|00r| + 5(0n)*Or — Z(Oﬂl ]

Homogeneous in derivatives: n-th Lagrangian contains only terms with 2n — 2 derivatives.



AdS theory

Different parametrization — grpu _ frp + L2 p* {k D, Py, J;w}

of the coset: —_—— N——

unbroken  broken

D,P,|=-P,, [D,K)=K,—2L*P,, (K, P]=2J,—2n.,D, [K, K, =4L*J],,,

:Juua f(a] — nuof(l/ - nl/aK/u [J/u/a Pa] — nuopu — nuapua

:J;u/a Jpa] — nupJuo o nupJua + 771/0Jup _ T];La']l/pa

1. s

Maurer-Cartan form: V = TPk w=V1dV =0%P,+&pD + GJ;"A{IA(Q + 59, Jop

Pu¢=—0u0,

Jw & = (2,0, — 2,0,)9
D¢ =—-1—-2"0,0,
K,¢=—2x,+ 22,20, + (° + L’e™*?) 0,] ¢



AdS theory

I Hi traint: A e *0u¢
nver 1 constralint. —_

[d}p = 1 Igij (dfb 26¢1 _)\zz)\z d:z;“)] A\ = %Autanf\LA), A = \/A#Au
Up =1 +2[[Jj?)\2 A%dg + e (dxa 1 4_21222)\2 Aa}‘u‘““) ,
O =17 1L2 3 [N+ 2%do + ¢ (—=Nda® + 20", dat)] |
w5 = ; ;22 2 (LX*dN) 4 e?Nedz?) |

Juv = 62¢77;w T L28}L¢81/¢

invariant metric:

1 1
invariant building block: DA, = 57 (K a7 g,u,>

K, = % (€2, — L28,8,¢ + 2L28,60,)



Ghost-free galileon Lagrangians:

AdS theory

(AdS) (Wess-Zumino term)

1

AdS !
Eg ) —7aVTY

(AdS) I —
£3 I3 gk

1 J=aR

EgAdS) %\/—_g [—%I(3 + K K - ?—;K’jy —2 (:R,,,, —~ %Rg,“,:) 1('“’]

1

Ll,,\/ig {QSl(DA) | ;2]

—

L 12
v—q [—8.52(7)1\) — ﬁbl(v’\)]

, o 18 18
[2/—=g {48 S5(DA) + 5 52(DA) + 5 5:(DA)

12

[,

|

414

_éezlqb \/1 + 720 L2(0¢)2



WeYI/AdS eqUivalence Bellucci, Ivanov, Krivonos (2003)

Equate Maurer-Cartan forms:

— Y Y 1 4 ].
ViV = wp Py +wpD + wi K, + §w§5Jaﬁ = QEPy+@pD + 0% K, + 5@35Jaﬂ
Invertible field re-definition:
¢
_ - e
y“=:z:“—|—L26 ¢)\u’ e :1+L2/\2’ gu:)\u
IE'LL: u—L21fL2£2€u7 e¢: (1+L2£2) eﬂ-7 Aﬂzgu

Relation between invariant building blocks:

V—gdPy = det(eﬂa)dDy = det (6}, + L*D,A") v/ —adPz

1 1

S=1xrepald PA 1 — L2D¢

D¢



WGYI/AdS eqUivalence: galileons Creminelli, Serone, Trincherini (2013)

Relation between galileon Lagrangians:

£11[Ad8) \ / 1 % B 81 41_8 B 'Jﬁ \ ( ngeyl) \ ( ESVVCYI) \ / 0 ]g B 128 916 B ;ﬁ \ ( L&'AdS)
£ U N 00— & - || £
E:(;AdS) — | —18 @2 0 l_12 _ ﬁ ngeyl) E:gWeyl) —| -8 ¢ é 0 — % E:SAdS)
L) 0 12 0 -1 o0 LD L 0 0 % -1 -1 LA
f’gb\dS) \ 48 -3 0 -8 1 ) \ £gWeyl) } \ EgWeyl) } \ 0 —48 -15 -4 -1 ) \ LgAdS)

Preserves vacuum, kinetic term » preserves S-matrix

1 1 1 1
2 (& ( 7T) 16 3 24 4 48 5
1
= e 09 + O (L)

Derivative expansion non-manifest in the AdS formulation



dS theory

Different parametrization of the coset: Kt — KH — [2pH | V = & e?V eA'K
. . . 2 2

invariant metric: Guv = €Ny, — L70,00,¢

. . 1 1 1

invariant building block: DA, = 5T ( K, + Zguz/)

K, = % (€1 + L*0,0,6 — 2L20,00,0)

ds 1 _
Lagrangians: ﬁg ) = —ﬁ64¢\/1‘|‘6 22 L2(09)?



Weyl/dS equivalence

Equate Maurer-Cartan forms:

_ ( 1 ~ 1
V3V = wiP, +wpD + wi K, + §w3‘5 Jop = 0pPa+0pD + @Ko+ 505" Jas

Invertible field re-definition:

| e?
Ho_ ol T2,7P N T __ fo__ \HM
yt =t — Le PA¥, e TFIVE &= A
o € ' 2 2
ot =y* + L —&", e? = (1— L) e™, W =¢+
1 — L2
: - . 1
relation between building blocks:  /—g¢d”y = det (6! — L*D,A") \/—§d°z | DE= T ADA’
relation among galileon Lagrangians:
o e (Weyl) t
O A A R R N O W A T R
£4) 4 1 0 -k -4 LD ﬁfo.“fyl) 0 0 % 3 @
Lgds) — —16 =2 0 . 1l_2 - i E:gWeyl) Eg\\'eyl) — —8 O % O - %
L) 0 12 0 -1 0 LD LM o o ¥ -1 1
\ £ ) 8 30 o 2 L )\ ™) LD \ 0 —48 -15 4 -1

A_
1+ L2D¢

(2™
EgdS)
EgdS)
(dS)

\ [’gdS)

D¢



AdS/dS equivalence

Compose the two maps:  (AdS — Weyl) X (dS — Weyl)-1 = (AdS — dS)

EgdS) 1 0 % 0 21_4 [,gAdS) ﬁgAdS) 1 0 é 0 i ﬁgds)
EgdS) 01 0 % 0 EgAdS) ﬁgAdS) 01 0 — % 0 Egds)
ﬁgdS) — 1 o o % 0 % l:éAdS) Egz\dS) —| o o % 0 % £§d5)
EfldS) 00 0 1 0 EflAdS) EgAdS) 00 0 ! 0 r f;ds)
Egds) 00 — % 0 _% EgAdS) EgAdS) 00 — 12_5 0 _% r éds)

Preserves vacuum, kinetic term » preserves S-matrix



Amplitudes dS vs AdS

AdS 4-pt. amplitude:

LAdS) — . LgAdS) + e LgAdS) + cs LgAdS) + ey LEIAdS) + e ﬁgAdS)

higher orders contribute

(AdS) _ 1 [ 2 /

A; 17 1+ 7 (c3 — 6c4 + 905)] L (s* 4+ t* + u?)
3 1 2| r6
+ﬁ cq — 4cs — 57 (c3 — 6c4 + 9c5) “| L’stu

dS 4-pt. amplitude:

£ES) — g LgdS) +do EgdS) +da EgdS) +d, LidS) +ds EgdS)

1

dS
.Ag )= E

2
[—1 + (ds + 6dy + 9d5)] LA(s* +t* + u?)

3 1
+ﬁ |:d4 + 4ds — ﬁ (d3 + 6d4 + 9d5) 2] L®stu

All amplitudes agree under the equivalence derived from the coset:

=8
w
|

- © o © =

o = O

-

O =

O e O O

O =

o = O O O




Time vs. space

Typical question in AdS/CFT: how does CFT know whether to generate a spacelike or timelike holographic direction?

In our example: an observer stuck on the 3-brane cannot tell whether their brane is probing a spacelike

or timelike extra dimension:

Conclusion likely changes it the bulk becomes dynamical in any way



How does all this extend to (A)dS branes and to higher spins?



Massive higher spin shift symmetries in (A)dS

James Bonifacio, KH, Austin Joyce, Rachel A. Rosen (1812.08167)

Massive spin s field on (A)dS:

(O—-H*D+(s—2)—(s—1)(s+ D —4)] 7 Gy, + - =0
—(k+2)(k+D —3+42s)H*, E=0,1,2,...

Symmetry under shifts parametrized by a mixed symmetry ambient space tensor:
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Higher spins in (A)dS

Dual CFT, operators: AN=k+s+D—1
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Other higher spin interactions?

Boulanger, Skvortsov (201 1)

There is a series of algebras which result from finite truncations Joung, Mkrechyan (2015)

of various higher spin algebras:
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Is there a shift-symmetric theory with an infinite tower of fields

coming from the longitudinal modes of Vasiliev theory?”




Summary

* Power counting in EFTs coming from geometric setups can

be subtle and obscured

» Gave an example where an EFT on a brane can’t tell

timelike from spacelike extra dimensions

* There should be other multi-field /higher-spin examples

* Possible interesting connection to novel AdS reps  Basile, joung Oh (2023)



