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Galileon Dualities

- - & & i
Galileons:
— [a’l .« e a"”] = (’I’L)
L, = T, Ta, = LT,
1
a1 .. —an] — ai-an b1 _bn
T o = nlebl...bne o Ty

There exists an invertible, non-linear, non-local field re-definition
m — o, that leaves the physics described invariant.

Nicolis, Rattazzi, Trincherint ‘09, de Rham, Fasiello, Tolley ‘13



Galileon Dualities

Galileons:
_ a an] — (n)
En — 7T7T£111 tte ﬂ-an] — 7T£TD,
far ... an] — 1 a1an by ... bn
T o = nlﬁbl“‘bne o T

There exists an invertible, non-linear, non-local field re-definition
m — o, that leaves the physics described invariant.

o0 1 n—2 . —9\ .
0= —T+ Z_:z Z(n——l)' Z;(—l)Z (n ; )D(i) (W“Wuﬁr(rnD—z—i)(W)) )

where D(n) (X)=0,,...,, (m"* --- ¥ X) for some Lorentz scalar X.

1 1 1 1
o= — T+ —wm* — —nnlry + —wnlm, e + — 0
2 2 2 6
1 1 1
— P,y g — =TT T g — — T

2 2 24
JN, Scargill ‘15
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T g + O(we’).



Why care?

Galileons:
_ a an] — (n)
L, = 7T7T£,11 "‘Wan] = 1Lrp,
far ... an] — 1 ar-an by . b
Ta, 71"%:L = nlebl"'bne nﬂ'al ﬂ-a,:,'

Strong/Weak Coupling Duality
(or, in general, a mapping between different strongly coupled theories)



Why care?

Galileons:
_ a an] — (n)
L, = 77772,11 "‘Wan] = 1Lrp,
1
a1 .. —an] — ai-@n by b
Ta, 71"%:L = nlebl"'bne nﬂ'al 7Ta,:,'

Duality mapping;:

D D
/ P2y epamLipln] — f P23 dyy10Lip]o],
n=1

n=1

3 3 1
do =co, d3=2cp—c3, dy=—co— —c3+cy, ds=

9 5 g (262 - 363 + 404 - 565) .

Strong/Weak Coupling Duality
(or, in general, a mapping between different strongly coupled theories)

de Rham, Fasiello, Tolley ‘13



Why care?

Galileons:
Lo = rle o) = ),
1
Rlot ol = Ly eyt
" n! 1 n
Free field Dual:
1 1 1 1 1
Lo|m] = —571',1,7?“ — —5(;”0“ — 6£3[O’] — §£4[U] — %165[0]

Strong/Weak Coupling Duality
(or, in general, a mapping between different strongly coupled theories)



Why care?

Dx (1) 1
/ Pz ) | cmuUn )] — - / 4Pz ) ey det(1+ S (o) + 5o(yot)
T T

x U “(1 +21)) 7], Oa ([(1 + E{lﬂ‘ﬂfﬂg})]

Healthy higher-derivative eoms
(for multi-field cases)

JN, Scargill ‘15, JN in progress



Why care?

The duality transformation

o0 n—2
™= 0 =T+ E / m 0(—1) ( - )D(z‘) (Wﬂﬂuﬁ?nD—z—z‘) (ﬂ'))

1

is a symmetry (up to TD) of the following two-parameter set of
(tadpole-free) Galileon theories [d*x Zi:l Crnp1 LY (7]

1 2
C3 = C2 Cy = —ECQ + 5(34.

(Probably) no finite-order polynomial, non-linear symmetries exist.

Non-linear symmetries for Galileons

de Rham, Keltner, Tolley ‘14; Hinterbichler, Joyce ’15, Deffayet, JN, Sivanesan, von Strauss in progress



Why care?

O0—0—©O0

S ~ ]d4mz ( W(lig)Un(H(l,z)) + 0(2,1)Un(2(2,1)) + 7T(2,3)Un(2(2,1))

+  oenUnIl2,3)) + 72,3 Un(Il(2,3)) + 03,2 Un(2(3,2)))

Decoupling limit of Bi- and Multi-Gravity

JN, Scargill ‘15, JN in progress



GR to Bigravity

0
S = /d4£(1)\/mR[g($(l))]
O ®

S = / d*z(1)\/—glz)] Rlg(zq))] + / 'z (2)/—flee)] Rlf[z@)

Two copies of general co-ordinate invariance GCj;.

d( ) o d( ) «
v (1)) — 3ad(1)3vd€1)9aﬁ(d(1)(35(1)))- Fun(3(2) = 5’ud(2)3vdfz)f o8 (d(2)(7(2))).



GR to Bigravity

0,
S = /d‘lmu)\/—g[ﬂ?m]R[9($(1))]
0, ®
S = /d%(l)\/ —g[m(l)]R[g(w(l))]+/d4$(2)\/ —flz@)] Rlf|z@)]]
+ mzfd‘lw\/—g[w(l)] iﬁn 6n(\/9‘1[56(1)]f[$(2)])

n=0

Two copies of general co-ordinate invariance G(C;, which get broken
down to the diagonal subgroup by the interaction term.

d1y o d(2) lo'
G (1)) = 03y Dy gap(diy (T (1))). Frr(2(2)) = 0Dy fap (dia) (2(2))-



The vielbein picture

Hinterbichler, Rosen 12, Deffayet, Mourad, Zahariade ‘12, Hassan, Schmidt-May, von Strauss ‘12



Goldstone bosons

(4.3:k,1)

Stiickelberg replacement:
Ejlwle] = Efl oY (@)] = Af g [Y (@) EY o) [Y (2)]0.Y(; 2]
‘Link fields’ Y:

Yis) = %6 + By + 9%,

A3 Decoupling Limit:

Mp) — o0, mi ) — 0, As ik fixed, ,B(z‘,j,k,.!) fixed.

Hinterbichler, Rosen ’12; Ondo, Tolley ‘13; JN in progress



Link fields

Co-ordinate transformation:
Ty = Y o [E)] = 2}y + Oymlz )]
Gauge invariance:
Sp = [ d"z, /90,1 (81), 8(2) = [ dDI\/mf(gtl} © ¥(12).8(2).)
Sir = f d’z, [90)f (B 8(2) = / dPz, /90, f (), 8(2) © Vi)

Field relations:

(x 4+ Om)H" + o(x+ 0r) =z

0
d(x + Or),,

Arkani-Hamed, Georgi, Schwartz '02; JN, Scargill, Ferreira‘13; JN, Scargill ‘15



Galileon Dualities

Duality maps:

n(xr) — a(3) = —m(x) — L(An(x))?, xlx) = x(¥) = x(x),
Dy i { Oumlx) — uo(F) = —um(x), D : Fux(x) = ux(F) = Frdux(z) = [L+ B(E)]", Bux()
() — $h(2) = - [15 + 13 (2)) " (=) Budx(x) = Fud,X(7) = [1+ (@) 9 ([1+ 2()]] Dsx()

(Single) Galileon Duality:

sim 2 | 23 (- 0+ 500, S()

k=n

Fasiello, Tolley ‘13; de Rham, Keltner, Tolley ‘14, JN, Scargill ‘15



(Multi-) Galileon Dualities I

Constraints:
Yaalzwl oYy = zq)
Yalzm) oYz o Yen =2
Explicit field relations:

0
d(z + 0rm),

(z + Om)" + o(x+0r)+...=zt T(3) = 2(1) + )Tz ()] + O2)Plz(2)] + . ..

JN, Scargill ‘15, JN in progress



(Multi-) Galileon Dualities I1

O0—0—©O0

Decoupling Limit:
S ~ /d4$2 ( T1,2)Un((12)) + 02,1 Un(E2,1)) + 72,3 Un(E(2,1))
+ o1 Un(ll23)) + m2,3)Un(ll(2,3)) + 0(3,2)Un(2(3,2)))
Dual higher-derivative theories:
Dy 1
/dD$Zc[n)ﬂ{1)U(n) 11(2)] ity —/.deL‘ZC(n) det(1 + X)) (o) + 56?130,(?1})

X Up [[(1+Em) ]‘u ([(1-1—2{) 1:3 (2))]

JN, Scargill ‘15, JN in progress



Conclusions

Duality exists in the form of an invertible, non-linear, non-local field re-
definition

May have interesting consequences for strong coupling scale, superlumi-
nalities, UV completion, ...

Can be understood as a consequence of gauge invariance + be generalised
to multi-field cases in this way

Duality generically relates multi-galileons with healthy higher-derivative
theories

Important in order to understand low-energy limit of Multi-Gravity theo-
ries

Thank you!



