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Abstract: <span>Non-linear realizations of spacetime symmetries can be obtained by a generalization of the coset construction valid for internal
ones. The physical equivalence of different representations for spacetime symmetries is not obvious, since their relation involves not only a
redefinition of the fields but also afield-dependent change of coordinates. A simple and relevant spacetime symmetry is obtained by the contraction
of the 4D conformal group that leads to the Galileon group. In thistalk | will analyze two non-linear realizations of this group, focusing in particular
on the propagation of signals around non-trivial backgrounds. </span>
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Galileons

As a modification of GR

What is the goal?
e Originally? built as a modification of gravity
e O(1) modification of the expansion at cosmological scale

* No modification at solar system scale

How is it achieved?
e The modification requires to couple a scalar m with the stress-tensor

e Clearly w must have highly non-linear solutions

2Nicolis, Rattazzi and Trincherini, arXiv:0811.2197
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 3/36
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Galileons
As a modification of GR

How to obtain the action for w7

e The action is obtained by requiring the non-linear realization of the symmetry
T — T+ e+ bzt

e The EOM are of second order to avoid ghosts

All this leads to the Lagrangians

ﬁG‘n’l — 7T/L3

1

EG-H—?_, — —§ ((97{')2
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Galileons

As an alternative to inflation

Also proposed as an alternative to inflation. For example? starting from the action
_ [ g4 2 2 2 , f° 2 ) 4
&= d*x /—g | f°e“™ (Om)° + A3 (Om)* Om + SAB (O7) (2)
There is a classical solution
: 1
e”dS = — = S0(4,2) - S0(4,1) (3)
Hot
on top of which perturbations are stable.
3Creminelli, Nicolis and Trincherini, arXiv:1007.0027
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 5/ 36
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Galileons

As an alternative to inflation

The evolution in the Galilean Genesis is driven by a gross violation of the NEC

Minkowski Genesis | Reheating Radiation dom
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Galileons

As an alternative to inflation? Maybe not. ..

There are no tensor modes in the Genesis scenario.

L ‘_ - 3

! 1. -.‘ .>=é'd.

.,-,..| '
4,..-.{ {
R .

;8 .
AL -‘J Cme F = b

AN

(ST

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014

Pirsa: 14040132 Page 9/47



Galileons

As an alternative to inflation? Maybe not. ..

There are no tensor modes in the Genesis scenario.
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Galileons

Many extensions

Galileons has also been extended
e Conformal Galileons (Nicolis++, de Rham-++)
e Multi-Galileon (Hinterbichler+-+)
e Coupled to gravity (Deffayet+-)
e Coupled to gauge fields (Goon-+-+)

Let me focus on the Conformal extension

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 8 / 36
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Galileons

Conformal Extension

dqp

K,

Gabriele Trevisan

Pirsa: 14040132

There are two ways in which the conformal symmetry can be non-linearly realized

@ Standard way

® The other way

drp = (1 — z*9,m)c

(4)

ok, = (—2z, — :1;28“71' + 2z ,2" 8, 7)b*

= (i — 25 :
— (1 L.L“(’?,,,q)c, 1 (5)

. 2
= ( — 2z, — — Z:I;z(')“q + Z:I;M:L"’a,,q) b+
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Conformal Galileons

Lagrangians for the conformal Galileons

Weyl
Lr = —e 47
Lro = —L%e™2"(01)?

Lz = LA(O7)? (—[n] + %(aw)z) (6)

,Cﬂ-4 — e e
DBI
Lqg1 = —e—49/L
= —e—4%a/L »2q/ L 2
) e | \/l + e29/L(Hq) 7
Lqs = L~?[¢°] — Le™29/E[Q] + e/ % (52 — 5)
Los=...
where
|
= ; A®| = Tr|(G8A "] , a™] = Tr[Ba - (BBA)™"2 . Ba
V= mrmae AT = Trl00A)"), @] = Tr(oa- (904) )
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Conformal Galileons

Geometric construction for the dilaton

The Galileons in the Weyl-representation can be built with the dilaton metric

Guv = "hwe_zw (8)

and its invariants

E'n'l — _\ﬁg
L= —FRN 67"’1?,

9)
v af— T . . (
Lrg = —L¥7 g (—%R‘j + R(Ru.)? — (Ruu)“)
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Conformal Galileons

Geometric construction for the branon

The Galileons in the DBI-representation can be written in terms of the metric GG,
induced on the brane

Guv = e 2Ly, + 8,,g0.q (10)
This is their explicit form:
Loy = — e—4a/L
Lg2 = — V-G
Lo3 =LV—-G K (11)
Lg4 == —L*V/—-G (i—i — [K)? + [Kz])

.qu_'j:...
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Coset Constructions for Conformal Galileons

Weyl-representation

Standard basis of the conformal algebra:

Mpcr-: KV] - TfupKa - Thfchp
P, K, =2(—nu.D 4+ 2M,,)

[

[
[Dvpu]:PH» (12)
[

The spontaneous breaking of conformal group to the coset SO(4,2)/I1SO(3,1)
leads to the conformal Weyl Galileons

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 13 / 36
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Coset Constructions for Conformal Galileons

Weyl-representation

The Weyl representation is defined through the parametrisation of the coset with
the coset element

g = ey“PﬂewDeQ“K“ (13)

To build the action for the Goldstone one starts from the standard Cartan form

g ldg = e~ "dy* P, + (dnm — 2e~" Q2 dy"”)D — 4e~ " Q*dy" M, +

- (14)
(dQ“’ _ Qtdr + e~ (20, dy” QOF — dy“’))Ku
and eliminates the redundant d.o.f. (inverse Higgs constraint)
1 T
Qu(y) = ;e" Fum(y) (15)

2
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Coset Constructions for Conformal Galileons

Weyl-representation

Standard basis of the conformal algebra:

Mpcra KV] - TfupKa - 'r]uchp
P, K, =2(—nu.D-+2M,,)

[

[
[D’PM]ZPM» (12)
[

The spontaneous breaking of conformal group to the coset SO(4,2)/I1SO(3,1)
leads to the conformal Weyl Galileons

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 13 / 36

Pirsa: 14040132 Page 20/47



Coset Constructions for Conformal Galileons

DBIl-representation

The “twist” of the generators?

N 1 L A 1
H \/ﬁL H \/§ H \/EL ( )
gives the conformal algebra in a different basis:
[ 2 > 1
K,Ku}_élM,,, [D,P}:P
: H ’ H ) A 5 \/iL 7 (17)
R - I e 1

_MPG'J Ku] Noplo Mo K p [D, K“} = ———K, + P,
i ” . ﬂ \/§L
_Pm K,,] = 2( — Ny D + TM‘“’)

The choice g = e®" Predl A" KL Jeads to the DBI Galileons.

4Belluci, Ilvanov and Krivonos, arXiv: 0206126
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Coset Constructions for Conformal Galileons

Map between Weyl and DBI representations

Equating the two Cartan forms leads to

yH = zt 4+ Le?®)/ L)L (g)

i) = ? + log(1 + A\2%(x))
() = 7 Au(@)

where €2,, and ), are set by the inverse Higgs to be

3'?;&(::;):16"'r LT (Y)

2
d,.q(x) ed(x)/ L

Au(z) =

1 + /1 + e29(®)/L(9q(x))>2
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Coset Constructions for Conformal Galileons

Map between Weyl and DBI representations

The coset construction allows to connect the two representations!!
1 ¥ 1 1

i O 2z 84 Tz g L

Lond 0 0 —16 12 ~ag Loon

.Cﬂ-;; — 4 U — '*&* () — % L:q:; (20)

L8 0 —96 21 8 —1 Lgs
For example:

1 1 |
L —> ——Lgz — —Lgg — =L 23
2 16 q3 12 g4 A8 qd ( )
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Coset Constructions for Standard Galileons

Galileon group

The Galileon algebra Gal(3 + 1, 1)° reads

[Mpos By] = ypBo — NueBpo
[Py, By] = 1, C

C, P, =0,

[C.B,]l=0.

(22)

The existence of a mapping between operators invariant under the non-linearly
realized Galileon symmetry 7(y) — 7(y) + ¢ + b,y* can be traced back to the
existence of two realizations related by a “twist” of the same symmetry breaking
pattern Gal(3 + 1,1)/1SO(3,1).

®Goon, Hinterbichler, Joyce and Trodden, arXiv:1203.3191
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 18 / 36
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Coset Constructions for Standard Galileons

Galileon group as a group contraction

The group contraction of SO(4, 2) to the Galileon algebra (22) is then obtained by
setting

1
K, —e'B,, D—>—§e—10 (23)

and taking the limit ¢ — 0. In this way the standard Galileon operators are
recovered as the wm — 0 limit of the Weyl ones.

Weyl T —> 0 Standard
Lo = —e % Lo = 4n
Lrz = —L%e %™ (67)2 Lgre2 = —L?(97)?
1 Loz = LA (O7)?0On
— 14 2( _ buc) 2 Gm3
Lz = L*(0m)?( — [M] + 5(8m)?) e
‘C'rrél —
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Coset Constructions for Standard Galileons

Galileon group as a group contraction

The same contraction of SO(4, 2) is obtained from the ‘“twisted” coset

-~

A . 1
K, —» e B, D — —56*1() (24)

and taking the limit ¢ — 0. In this way the standard Galileon operators are
recovered as the ¢ — O limit of the DBI ones (with a subtlety. .. ).

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 20 / 36
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Coset Constructions for Standard Galileons

Cartan form for w-representation

Going through the coset construction for non-linearly realized spacetime

symmetries it is easy to write the covariant Cartan form in terms of the generators
of the algebra (22):

QY By, —7C o —y" Py o (y" +dy" ) Py o (r+dm)C (27 +dQH) B,

g ldg =e~ e e

25
= dy* P, + (dy#Q2, + dm)C + dQ* B, . L2

The field €2,, can be fixed in terms of the only physical degree of freedom 7 by
imposing the inverse Higgs constraint

o
Q. (y) = ——— 26
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Coset Constructions for Standard Galileons

Map between 7 and g

The mapping between the two coordinate systems and the Goldstone 7 (y) and
qg(x) is obtained by equating the two expressions for the Cartan form:

y* =zt — Lo q(zx)
Or(y) 1 9q(x)
OyH L Ox# (30)

m(y) = &;) — %(r'%;(-'lf:))2

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 23 / 36
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Coset Constructions for Standard Galileons
Map between 7 and g

_ _l‘_
\(11-»0 q-o § 0 0 —21
0 0 1
G
~__—7

G

This map is the same duality observed in bigravity theories.®

®de Rham, Fasiello and Tolley, arXiv:1308.2702
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014
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Perturbative equivalence
S-matrix: 2 — 2 scattering for Weyl-DBI

Equivalence for the particular case of 2 — 2 dilaton scattering in Minkowski.

1 L4
Lne = —5(09)° + = (8g)* (32)

4
Appr(2 — 2) = %(52 + t% + u?) (33)

7“Creminelli, Serone, Trincherini, arXiv:1306.2946
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 25 / 36
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Perturbative equivalence
S-matrix: 2 — 2 scattering for Weyl-DBI

Equivalence for the particular case of 2 — 2 dilaton scattering in Minkowski.

Lnc = -5(69) + ?(3(1) (32)
L4 -
Appr(2 — 2) = - (82 + t? 4+ u?) (33)
The Nambu-Goto action is mapped to
1 L B 1 1 1 1
— T T A\ a2 — kgl P - T S o 51 34
Lre = 23 £q1+£q2)—>L4(2£2 FLms + T Lms — 2oL (34)

An explicit check leads to’

ApBr(2 — 2) = Aweyi(2 — 2) (35)

7“Creminelli, Serone, Trincherini, arXiv:1306.2946
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Perturbative equivalence

2 — 2 scattering in the free-theory

1 i ! 1
Lonr = Lors = —5((‘9#)2 —> Lgq = Lgg2 — Lcq3 + Eﬁcq*-i — =Laqs  (36)

Trivially the scattering amplitude in the w-representation is zero!

In the g representation there are two diagrams

9 1 9 9
- (> )z =@
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 26 / 36
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Non-perturbative inequivalence

Propagation around a non-trivial background

& 0 G
S

- - -

A background field g acts as a disturbance to the propagation of the fluctuation of
g itself, changing its dispersion relations.

g(z) G—-z'k(1~+-6c)t+ifc"f (37)

When we keep dc¢ at the exponent without linearizing, we are making a
non-perturbative statement with an infinite number of q.

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 27 / 36
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Non-perturbative inequivalence

Propagation around a non-trivial background: paradox for a free theory

Are the mapped theory really equivalent? Take the free theory®
1 2 | 1
L:Gvr — £G1r2 — _5(671-) — ‘CG’q — CGqZ — ‘CGqS e §£Gq4 = ECGQS (38)

Let us analyze the propagation of perturbations ¢ around a given background 4.
We take this to be time-independent and assume that 92G/A% < 1

The EOM for g at leading order in g reads

2 2

Cg — ASI:I(jEIq—l— A3

OO §8,8,q = 0 (39)

8de Rham, Fasiello and Tolley, arXiv:1308.2702
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Non-perturbative inequivalence

Propagation around a non-trivial background: leading order effect

At the order we are working, we can actually drop the second term if we multiply
the whole equation by (1 + 2(Jg/A3).

The wavevector of a perturbation with a wavelength much shorter than the scale
of variation of the background satisfies

2

G¥hpky, =0 G =g & 564077 (40)
and one can calculate the delay
: 1 - i S

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 29 / 36
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Non-perturbative inequivalence
Why bother with this?

Superluminality is associated with the impossibility of UV-completing the EFT in
a standard local and Lorentz-invariant way.?

This is often associated with pathologies in the S-Matrix.

9 Adams, Arkani-Hamed, Du bovsky, Nicolis, Rattazzi, arXiv:0602178
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 30 / 36
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Non-perturbative inequivalence
Why bother with this?

Superluminality is associated with the impossibility of UV-completing the EFT in
a standard local and Lorentz-invariant way.?

This is often associated with pathologies in the S-Matrix.

For example in the DGP model

In the presence of a spherical compact
object of mass M the DGP develop a
spherically symmetric solution.

A Perturbations around this solutions travel
0.5 superluminally in the radial direction.

[ : : - /R
0.0 0.5 1.0 1.5 20 T/

9 Adams, Arkani-Hamed, Du bovsky, Nicolis, Rattazzi, arXiv:0602178
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Non-perturbative inequivalence

Propagation around a non-trivial background: leading order effect

e The deviation from the lightcone
averages to zero asymptotically in
the theory obtained with a field
redefinition of the free theory.

e This is true also at higher order in
92 /A3 and it requires the precise
combination of Lagrangians
obtained from the free theory.

e The deviation does not average to
zero in the DGP.

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 31/ 36
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Non-perturbative inequivalence
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e The deviation from the lightcone
averages to zero asymptotically in
the theory obtained with a field
redefinition of the free theory.
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Non-perturbative inequivalence

Non-local coupling with external sources

What forbids us to measure locally the superluminal effect, even in the absence of
an asymptotic effect? To be measured, the shift |dy| has to exceed at least one
wavelength of the perturbation.

1 PFs (42)

1 _ _
|0y| = F|3Q| = w A2

Which is well inside the regime of validity of the EFT.

To resolve the paradox one need to specify what are the local operators.

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 32 / 36
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Non-perturbative inequivalence

Non-local coupling with external sources

To trace back what are the local operators use an external source

Ly =m(q(y))J(y)

1 1 (43)
= (q(y) + 523 (09(W)* + 535040"a(y)Oua(¥)dua(y) + .. ) J(y)
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 33 / 36
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Non-perturbative inequivalence

Non-local coupling with external sources

To trace back what are the local operators use an external source

Ly =m(q(y))J(y)

1 1 (43)
= (q(y) + 5As (9q(y))? + 5A6 2" 9"a4(y)0ua(y)Bua(y) + ) J(y)
The expansion of the field redefinitions contains terms of the form
= aq T waq T
which break the perturbative expansion. But they can be resumed into
1 =
Ly>Oaq (y“ -+~ F@“q(y)) J(y) = NON-LOCAL (45)
Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 33 / 36
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Non-perturbative inequivalence

Non-local coupling with other fields

e |f other fields are included there will be non-local couplings

e Non-local couplings can be avoided by transforming the other fields,'° but
this does not solve the problem

e The mapped theory coupled to a sector which moves on the Minkowsky
lightcone is superluminal

The image of the free theory does not admit
a standard local and Lorentz invariant UV-completion.
Therefore coset constructions for spacetime symmetries are inequivalent.

10de Rham, Keltner, Tolley, arXiv:1403.3690
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Conclusions

Coset constructions of spacetime symmetries admit different realizations,
related by field redefinitions that crucially involve the spacetime coordinates
as well.

e In perturbative scattering processes involving a finite number of fields in a
trivial background, nothing interesting happens: the two theories are simply
equivalent.

e Any local coupling with another field (which does not transform) will be
mapped to a non-local coupling .

e In the case of the free theory, a generic coupling with another healthy sector
will lead to violation of causality

e Therfore the two coset constructions leading to the two non-linear realizations
are physically inequivalent since they have a different notion of locality

Gabriele Trevisan (SISSA) Inequivalent Coset Constructions Pl April 29, 2014 35 / 36
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