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ABSTRACT: We show how to generalize the classical duals found by Gabadadze et al. to
a very large class of self-interacting theories. This enables one to adopt a perturbative
description beyond the scale at which classical perturbation theory breaks down in the
original theory. This is particularly relevant if we want to test modified gravity scenarios
that exhibit Vainshtein screening on solar system scales. We recognise the duals as be-
ing related to the Legendre transform of the original Lagrangian, and present a practical
method for finding the dual in general; our methods can also be applied to self-interacting
theories with a hierarchy of strong coupling scales, and with multiple fields. We find the
classical dual of the full quintic galileon theory as an example.
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1 Introduction

For any sensible theory of gravity, the dynamics is described by a complicated coupled
system of non-linear partial differential equations. This is true of General Relativity (GR),
and must therefore be true of any theory that hopes to mimic GR at some appropriate scale.
The complexity of the governing equations renders it difficult to find exact solutions, and
typically one can only make progress by imposing certain symmetries in order to reduce
the phase space, or else to consider perturbations about a known background solution.
Perturbation theory works best far away from the relevant excitation of the background,
and will inevitably break down as we move closer and closer to the source. In classical GR
this breakdown occurs at the Schwarzschild radius of the source. This is good enough for
the most part, since we cannot experimentally probe the dynamics within the Schwarzschild
radius since it would lie behind an event horizon.

In modified theories of gravity the situation can be more subtle. Large distance modifi-
cations of GR are often considered in order to address an outstanding problem in cosmology
such as the dark matter problem [1], the dark energy problem [2-6], and/or the cosmo-
logical constant problem [7-11] (see [12] for a general review and a more complete list of
references). This requires an O(1) deviation from GR on astrophysical or cosmological
scales, and for the theory to be phenomenologically viable, this deviation must reduce to
< O(107°) on solar system scales. Such dramatic suppression can sometimes be achieved
through non-linearities, either from non-linear matter couplings, as in the chameleon mech-
anism [13, 14], or via non-linear self-interactions, as in the Vainshtein mechanism [15-17];
here we are primarily interested in the latter.

Such self couplings have two important effects. At the quantum level, the interactions
become strongly coupled above some particular scale, A, and one can no longer trust the



classical background solution on distances < A™!'. At the classical level, the interactions
lead to the breakdown of the standard linearized theory around a heavy source. In a
generic modified gravity theory, with a non-relativistic source of mass M, the linearized
perturbations break down at the Vainshtein scale, ry, which typically takes the form [18]

1
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For the Sun, this scale must lie beyond the edges of the solar system, making it much larger
than the Schwarzschild radius. This is both a blessing and a curse. If the Vainshtein mech-
anism is effective the non-linearities help to suppress the modifications of GR making the
theory compatible with observation. However, in the absence of a perturbative description
below the Vainshtein scale, it is difficult to test any corrections to the leading order effect.

Recently, Gabadadze et al. [19] considered two examples of a classical theory with
derivative self-interactions, each admitting a standard perturbative description above the
relevant Vainshtein scale. They then presented a “classical dual” of each theory, describing
exactly the same physics, but admitting a perturbative description below the Vainshtein
scale. This is not a duality in the usual sense of strong versus weak coupling. Rather it is
a classical analogue in the sense that the classical expansion parameter, /7y, is inverted,
with the two descriptions giving us the flexibility to do perturbation theory over a much
larger range of scales, provided the classical effective theory is valid. This is reminiscent
of Vainshtein’s original approach to massive gravity [15, 16] in which he made use of an
expansion in 7y /r above the scale ry ~ (%)%, and an expansion in r/ry below the scale
rv, where m is the graviton mass and r is the Schwarzschild radius of the source. Indeed,
this inversion of the expansion parameter was a big factor in motivating Gabadadze et al.’s
recent work.

In this paper we give a general prescription for finding the classical duals of a much
larger class of theories with self-interactions. Our methods work well for those theories
that remain weakly coupled at low energies, and whose classical high energy dynamics is
dominated by N-point interactions with finite NV only. We also require that the interactions
become subdominant as the fields tend to zero.

We begin by observing that the classical duals presented in [19] actually make use
of Legendre transforms of the interaction terms. Running with this idea, we are able to
generalize their method. Indeed, it is no coincidence that some mathematicians refer to
the Legendre transform as the Legendre dual [20]. The duality is only useful if it admits
a new perturbative description, and this is always true for the broad class of theories
under consideration.

Whilst the Legendre transform picture is certainly instructive, it is not always straight-
forward to arrive at a workable dual theory. This is down to technical difficulties in inverting
the expression for the transformed variables. To alleviate this problem we will also present
a more practical method for finding the dual, using Lagrange multipliers, which are then
integrated out. This should really be considered as the working method for finding the
classical dual of your favourite theory. It also helps us to identify exactly when a useful



dual can be found. Both methods can be applied to theories with multiple scales, and
multiple fields, in contrast to the examples given in [19].

The rest of this paper is organised as follows: We start with a recap of the cubic
galileon case covered in [19], showing that the dual theory is just the Legendre transform
of the original, and we then extend this idea in section 3 to the general case, as well as
proposing a practical implementation in section 3.2. We see how models with multiple
scales are dealt with in section 3.3 and multiple fields are examined in section 3.4. As
an example of the method we work out the dual of the full galileon model in section 4,
allowing for multiple scales, and then finish the paper with a discussion.

2 The cubic galileon and its classical dual

Let us begin by reviewing one of the examples considered by Gabadadze et al. [19], namely,
the cubic galileon theory [21],

£ = —5(06) — 1306(00)" (2.1)
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2
where A corresponds to the scale at which the interaction term becomes strongly coupled.
This theory arises in the decoupling limit of the DGP model [22-24], as well as in recent
models of ghost-free massive gravity [25, 26]. Let us assume that matter couples to the
scalar via an interaction of the form,

T
My’

where T' is the trace of the energy momentum tensor. It follows that, classically, the

¢ (2.2)

linearised theory around a non-relativistic source of mass M breaks down at the scale,

1/3
ry ~ <Mﬂ1) % To see this we note that the field equations can be schematically written
P

as

T
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where p corresponds to the momentum operator. For a non-relativistic source of mass,
M, we get the right schematic behaviour by taking! T ~ Mp?. In the linearised theory,
Pl ~ —Ml and we obtain ¢ ~ Mﬂp ~ Mﬁl. It is clear that the linearised theory breaks
pl pl pl T
down when p?¢ ~ A3, and is only valid for 7 > ry,. Above the Vainshtein scale we can
explore corrections to the leading order behaviour by expansion in /7y .

Gabadadze et al. [19] proposed the following classical dual to the cubic galileon theory
1
L = —§(a¢)2 — PO,¢ — AN + A3/ 2V N2, (2.4)

A significant feature of the dual formulation is that the strong coupling scale, A, enters
with positive powers. Thus the dual Lagrangian is well defined even in the limit A — 0,

Strictly speaking, for an approximately point-like source, we would take T' = —M6(3)(a:) and integrate
up the differential equations. However, our schematic trick yields exactly the same behaviour, as of course
it had to on dimensional grounds.



in contrast to the original Lagrangian. We also note that the two interaction terms are

related by a Legendre transformation,
1
- qus(agz))? — — A2/ 2, (2.5)

with d,¢ conjugate to —b" and L¢ conjugate to —\. With this observation, it now seems
natural to include the canonical kinetic term in the transformation. To this end we define,

oL 2
oL 1
ba) = 900 —F(aqﬁ)Q- (2.7)

The Legendre transform of the Lagrangian is given by

A3
F(bays b)) = byy0ud + b0 — £ = £AY2, [=baybty) — by, (2.8)

The ambiguity in the sign reflects the ambiguity in inverting the relations (2.6) and (2.7).
This stems from the fact that the cubic galileon theory admits two distinct branches. The
classical dual is now given by

L' =b(1,0u¢ + b)0¢ — f(b), b)), (2.9)

and describes the same physics. In the presence of the source (2.2), we obtain the following
field equations

T
e - =
08y ~ B = 3 (2.10)
by
D £ AWL(”’; =0, (2.11)
\/ _b(2)b(1)
b? 3
O + AW% + % ~ 0. (2.12)
_b(2)b(1)

These can be solved order by order in an expansion in A%/2. For a non-relativistic source
of mass, M, schematically we have

M
pby + Pb2) = Eﬁ’% (2.13)
1%
b
pé+ A2 [bg) | 2 = 0, (2.14)
bl
b
p2o+ A2 0 A3 . (2.15)
b2l



It follows that

M M
by ~ —p2 + A2 pl 2 2.16
M)~ 3P MY (2.16)
M M
bigy ~ —p+ A2 [ —p V2 2.17
@~ 3P Y (2.17)
M
~ AR 2.18
) \/ YA (2.18)
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corresponding to a perturbative expansion in (—) (M—) ~ (L) .
p pl (8%

3 A general theory with self-interactions and its classical dual

We will now consider general theories involving self-interactions, extending the ideas initi-
ated in [19]. In the interests of clarity we present our analysis for a general theory involving
a single field, ¢, of any type (we suppress tensor indices) with interactions all becoming
strong in the UV, at the same scale A. Our generalization can be applied to theories
with multiple scales, and multiple fields, and we will sketch how this should be done in
sections 3.3 and 3.4.

We start with the Lagrangian density for the field ¢ propagating on Minkowski
spacetime

LW ) = L(¢, D, 000, - ..), (3.1)

emphasizing once again that we are suppressing tensor indices on the field — ¢ does not
have to correspond to a scalar. We will assume that the field is “canonically normalised”
in some appropriate way, and that the propagator scales like 1/p? in the UV. The various
interactions are characterised by the number of fields involved in the interaction, IV, and
the number of derivatives, D, and will schematically have the form
8D (Z)N
AD+N—-4
where D+ N > 4. This follows from the fact that we only consider theories that are always
weakly coupled at low energies, so our interactions should disappear in the limit A — oo.

We also require that the interactions become subdominant as ¢ — 0 so we have N > 2. If
we further assume that the field couples to a source J via an interaction

oJ,

then the field equations are schematically given by

1 CUNi—
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Now we can probe the low energy physics by taking A — oo, in which case we have a
good linearised theory with p?¢ ~ J. To probe the high energy physics, we must take the
opposite limit A — 0. Which term dominates the dynamics? Naively one might expect the
dynamics to be dominated by the interaction containing the largest power of 1/A. However,
things are a little more subtle than that. It turns out that the dynamics is dominated by
the term (or terms) with largest ¢, where

_D+N-14

t
N -1

(3.3)

To see this, suppose that the jth interaction dominates the dynamics at high energies. It
follows that as A — 0, ¢ o< A%, since J is independent of A. At the level of the equations
of motion, the kth interaction now scales as

Dy, Ait] M
p Atk N

Since tj > tj, for all £, this will not diverge as A — 0.

Now, if the largest value of ¢ occurs at finite values of N, then it is possible to identify
the dominant UV behaviour and to expand around it. This controls whether or not we can
find a classical dual that admits a useful perturbative description. Therefore, assuming that

t = tmax for finite values of N only (3.4)
we proceed to dualize the theory.

3.1 The Legendre dual

To dualize our general theory, we simply compute the Legendre transform for the La-
grangian. To this end we define,

oL

%) = 547 (3.5)
oL

wo

“W T 90,0 (3.6)
oL

wo

Ay = 30,000 (3.7)

The Legendre transform of the Lagrangian is given by
flag) = a@yd + a’é)ﬁ,@ + a’(gj)f)u(?lxﬁ +...— L. (3.8)

The precise form of this depends on the inversion of the relation a) = This may

oL
Dok
be multivalued, as it was for the cubic galileon. In any event, choosing some particular
branch for the inverse, the dual theory is given by

L = a(o)qb + a?l)ﬁugb + anZ')@Hé?,,qﬁ + ... = f(a(k)), (3.9)



with the following field equations

a) — (9,&’{1) + 8M8Vaé‘2”) +...=—J (3.10)
of
= , 3.11
0= 5o (311)
af
0ud> = Tl (3.12)
8(1(1)
0
0,006 — 8@%, (3.13)

(2)

Now the original Lagrangian £ (6(k)¢) is such that all interactions remain weakly coupled
at low energies, in the limit A — oco. It turns out the dual Lagrangian is well behaved in
the opposite limit, A — 0. To see why, we note that schematically

1 Di—k (N,—1 Di—k [ @ it
a(k)NZmP oMt~ D Tp A ;

i
This is inverted to find that the dominant A scaling is ¢ ~ Afmax from which it follows that
OFp ~ AtmaxO®) (q) where the operators O®) remain well behaved in the limit A — 0.
The Legendre transform is therefore given by

o] gy

f(a) ~ \tmax !Z a(k)O(k) (a) _ yxm-
k

Ni—1
Now L(0F)¢) ~ ¢ 3, pP (Aﬂ) and so

L(Atmax Q) (¢ Atmax \ Ni—1
ey () AOP).

(2
This is well behaved as A — 0. It follows that the Legendre transform is well behaved as
A — 0, provided tpax > 0. This is indeed the case since we know that the quadratic term
has t = 0. We therefore confirm our assertion that the dual theory is well behaved in the
limit A — 0.

We see that the Legendre transform causes the expansion parameter to be inverted,
the original theory working best at large A, with the dual working best at small A. There
is a characteristic scale depending on J and A that acts as a pivot about which the duality
is performed. This is precisely what you mean by the Vainshtein scale in certain modified
gravity scenarios. On one side of the pivot we have the standard linearised theory with
corrections that go like negative powers of A. On the other side we have the leading order
short distance dynamics with corrections going like positive powers of A. The dual theory
gives us the means to study the latter using ordinary perturbative methods.

The dual theory describes exactly the same physics as the original theory. This is
manifestly true when one is considering excitations due to a source. When one is interested
in freely propagating modes care must be taken to perform a non-covariant decomposition
of the conjugate variables,? as emphasized in [19].

2We thank Gregory Gabadadze for pointing this out.



3.2 A practical method for finding the dual

Now, in general, one cannot explicitly invert the relation a) = For example, this is

FoTg:
already true for the full galileon theory, including quartic and/or quintic interactions. [21].
This makes it difficult to find the dual theory using the Legendre transform method. For-
tunately, however, we may use Lagrange multipliers to arrive at an equivalent dual theory
with the same useful properties; we will now describe that method.

Introducing some Lagrange multipliers, (), and auxiliary fields, A), we begin with

a new Lagrangian,

= Go)(¢ = A) + €1y (0ud — Ay) + () (000 — A@y) + - + L(Agy). (3.15)

This is obviously entirely equivalent to our starting Lagrangian, £, given by (3.1). However,
the equations of motion for A ;) now correspond to constraints that we can use to integrate
out the Lagrange multipliers. In particular, we find

Co) = 3?4?0)’ (3.16)
¢y = @j(ﬁl)u, (3.17)
oy = &f(f)w, (3.18)
Plugging this back into the action we obtain,
L' = aA(O ¢+ A(£1>M8“¢+ aﬁ;uya“a”¢+“' (3.19)
FL(Ag) - A oc _, o oL

Y T TSV
This is now of the same form as (3.9), but by using the variables A instead of a(;) we
are able to get an explicit expression for the dual Lagrangian. Note that

_oc
Ak)y = aA(k)’

(3.20)

which is difficult to invert in general.

As it stands, there is no guarantee that the Lagrangian £” is well behaved as A — 0.
We can fix this by rescaling the auxiliary fields A = Atma"/l(k). To see why this helps
consider the generic interaction

PN i i
AD+N—4 — H Az+1 c £(W),
where D = %" .in; and N = ). n;. It follows that

1 n; n; n; oL
AN—D)t HA(i) C L(Aw)), A-DEA HA@) = 94,
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where we recall that ¢t = %. Rescaling our variables, we obtain

Atmax N-1 ~ Atmax N-1 ]_ ~ 8£
tmax ng . L I
A < Al > || A(i) C L(Aw)), n; ( X > A(j) || A(Z.) C 9Ag)

Since tmax > t and tmax > 0, it is clear that as long as we replace A(k) with fl(k), then both
L(A(r)) and az—(ﬁj) are well behaved as A — 0. As a result, £” is also well behaved in this
limit.

Let us see how this method works when applied to the cubic galileon. Note that the

3

canonical kinetic term has ¢ = 0, while the interaction has ¢t = 3/2, so we have tpax = 3.

Before rescaling we have

2

2 L 2 LY
£r= < ApAfy — A’é)) %~ AODO T 5340 + 13

2

If we set A = A%2A we obtain the dual Lagrangian

L . . 1 .. L
£ = (-2AeAfy) - APAY) ) 0,0 — AfyD6 + GAPAY, + 2040 A, (3.22)

which is clearly well behaved as A — 0, as desired.

3.3 Multiple scales

Our method for dualising can be easily adapted to deal with theories with more than one
strong coupling scale. To illustrate how, we consider a theory that depends on two scales
A < A, which we may schematically write as,

1 2 1 D; +N; 1 D; | N;
L~ _5(8¢) + Z ADZ-JFNZ-—4a ¢+ Z ADj+Nj—48 RS (3.23)
? J

We see that we have explicitly separated the interactions into two families — those that
become strong at A, and those that become strong at A. Again, in order to guarantee
that all interactions remain weakly coupled at low energies we assume D + N > 4, and
D+ N > 4. We also assume N, N > 2 in order to ensure that the interactions become
subdominant as ¢ — 0.

For a source interaction of the form ¢J, the equations of motion are schematically
given by

1 1 o
2 Dz‘ Nifl D:  N.—1
p¢+zmp ¢ ++§:WP T~ (3.24)
v J

To probe the low energy physics we simply take A, A — 0o, and truncate to the linearised
theory, p?¢ ~ J. We can perturb about the leading order solution using inverse powers
of A and A. At higher energies we now have two distinct regimes. We first encounter an
intermediate regime by taking A — 0, and A — oo. In contrast, the high energy regime
is obtained by taking both A, A — 0. The importance of multiple scales and multiple
classical regimes was emphasized in general galileon theories in [27]



Let us first consider the intermediate regime. We can obtain corrections to the leading

order behaviour in terms of positive powers of A and negative powers of A. Introducing both
t= % and t = %
scale dynamics is dominated by the term (or terms) with largest ¢ (with the ¢ playing no
role). To see this explicitly note that the leading order behaviour has ¢ ~ Afmax, At the

level of the field equations, the other interactions go like

, it is clear from our previous discussion that the intermediate

N N-1 e\ V-1
D Atmdx D Atm
p At bl p A{ *
Now since t, t > 0, and tya. > t, it is clear that none of these terms diverge as A —

0, A — oo.
It is hopefully now obvious how to obtain a suitable dual in the intermediate regime.

The key point is that the interactions
L b~
Ap-10 ¢
are already in the correct form to admit an expansion in terms of inverse powers of A.
Thus we leave these interactions alone, and focus on dualizing the truncated Lagrangian

1 1 N
Liruncated ~ —5(8@2 + Z maD'Cf’N’- (3.25)

This can be obtained using either Legendre transforms, or our“practical” method, with
tmax playing the same critical role as outlined in previous sections. We denote the result-
ing “truncated’ dual as L] ...q and note that it is well behaved in the limit A — 0.
Combining it with the other interactions, we obtain the following dual for the full theory

‘C/ = ,runcated + L - ‘ctruncateda (3.26)

1 D. N
~ Liruncated T Z WaDJ oM. (3.27)
J

This theory is well behaved as A — 0 and A — 0o, and beyond this limit we can expand our
classical solution in positive powers of A and negative powers of A. In a modified gravity
model with two Vainshtein radii [27], ry and 7y < ry, this expansion will ultimately be
equivalent to an expansion in r/ry, and 7y /r. The expansion works well in the intermediate
regime 7y < 1 < ry.

We now turn to the high energy regime. Corrections to the leading order behaviour
are now expressed in terms of positive powers of both A and A. Which term (or terms)
dominates the dynamics? To answer this we must introduce t,,.x, the largest of the ¢’s, in
addition to tyax, the largest of the ¢’s. The term that dominates the high energy regime
depends on the ratio of Atmax and Afmax in the limit A, A — 0. If Abmax /Afmax s 00 then

the dominant terms stem from A-type interactions, %, with t = tax. In contrast,
if Afmax/Atmax s o0 then the dominant terms stem from A-type interactions, %,

with ¢ = tmax.

,10,



To see why such terms dominate when they do, we consider the two possibilities sepa-
rately. If Almax/ Almax is not divergent, then the A-type interactions with ¢ = ¢y dominate
and we have ¢ ~ Afmax_ To verify that this is correct, we need to show that none of the
other interactions lead to divergences in the field equations in the desired limit. Indeed, at
the level of the field equations, the interactions go like

b [ Abmax N-1 b [ Alma N-1
p At ) p A{ °

The first of these will certainly not diverge as A, A — 0 since tmax > t. The second term

is more subtle. To see how it behaves we rewrite it suggestively as

- N—-1
D Atmax N_ l Atmax
/_Xfmax j_xt_ ’

Since Almax / Afmax 5 00 and tmax > T, it is clear that this will not diverge as A, A — 0 .
Now consider the alternative scenario, in which, Almax /Afmax ig not divergent. Using

an entirely analogous argument one can easily prove that the A-type interactions with
t = tmax dominate.

It should now be clear how to take arrive at the dual theory in the high energy regime.
One can simply take the Legendre transform of the full Lagrangian. The dominant terms
in the expansion of the transform then depend on the ratios of Afmax and Altmax in the limit.
In any event, the resulting theory is well behaved as A, A — 0, and admits a perturbative
expansion in positive powers of A and A.

In applying our “practical” method, we need to be sure to rescale the Ay appropri-
ately, depending on the dominant interaction. In particular, if Afmax/Afmax is not diver-
gent, we introduce Ay = Atma"fl(k), whilst if Almax JAtmax s not divergent, we introduce
Ay = /_\tma"fl(k). In both cases, the resulting dual theory is guaranteed to be well behaved
as A, A — 0, and to admit a perturbative expansion in positive powers of A and A. In a
modified gravity model with two Vainshtein radii, ry and 7y < ry, the dual theory would
lend itself to an expansion in both r/ry and r/ry .

The generalization of the ideas presented in this section to theories with even more
scales should now be obvious.

3.4 Multiple fields

We shall now explain how our method should be generalized to deal with more than one
field. We will assume a single strong coupling scale for brevity, so that the theory may be
schematically written as

0 La o
L~ Z ~1(0ga)? + ¥, Dal (@), (3.28)
where the index o labels the field and D; = > Dja, Ni = >, Nio. We have that

D; + N; > 4, as well as N;, > 0 and N; > 2. The first condition is required for the
theory to remains weakly coupled at low energies, while the two latter conditions are

— 11 —



required in order to guarantee that the interactions become subdominant as ¢, — 0. We
assume interactions of the form ¢, J,, so that the equations of motion can be schematically
written as

Di,a hNi,a
Pés +Z d)”@H oD O (3.29)

ADi+N,—4

Now, generically, if a particular interaction (or interactions) dominates the dynamics as
A — 0, then we expect ¢, to scale the same way for each value of a.> We then claim
that generically the term with largest ¢; = % dominates the dynamics. To prove
this we must show that none of the other interactions will give a divergent contribution
to the equations of motion as A — 0. To this end, we note that if our claim is true, each
field scales as ¢o ~ Almax. At the level of the equations of motion, the interactions will

) ) N;—1
1 Ha pDz,Oé AtmaxNz,a _ pD (Atmax> (330)

now go like

Atmax ADi+Ni_4 Ati

where we have used the fact that D; = > Dja, N;i = >, Niq. Since tmax > t; and
N; > 1 it is clear that this does not diverge as A — 0.

It is now clear that generically we can take the dual of this theory in complete analogy
with the single field case. Again, tnax plays a critical role, particularly when applying the
“practical” method.

4 The full galileon theory and its classical dual

As an example of our method, we now consider the full galileon theory

L= Z AT nopdl o, 6. 00, o, (4.1)

where each «,, = O(1), and in principle we have a hierarchy of as many as three different
scales, A(,), n = 2,3,4. The interaction terms have t,, = 3"7_1 which will be important in
establishing how to rescale our conjugate variables.

Our aim is to find the dual theory that is well behaved as A¢,) — 0. Adopting the
practical method, we first arrive at an equivalent Lagrangian,

L= Z A 300 ---6ZZ]A<2‘31V1- Ady (4.2)
n)

nowy, Vn n
+Z AT S s A o0, 9)A e AL

_ nozn v Unl A W Hn
Z A3n 3 5 1 ) 5 A(2)1111 : A(2)1/

3This is easily seen by taking the ratio of the 8 = 1 and 8 = B2 equations of motion. Assuming the

Njp, ¢
term with ¢ = j is dominant, we have 3 A R RN %
7,82 ¢51 JBo

neglecting the special case where some of the N; g vanish, we conclude that ¢, ~ ¢z,

. The right hand side is independent of A, and so

— 12 —



We need to rescale the variables according to the rules outlined in section 3.3. How
we do this depends on the ratios of the following in the limit where A,y — 0,

Al Al

t
Ag 3)° (4)°

s, (4.3)

where we recall that ¢, = 3"771. Let us assume, that we are interested in the case where
t"* /A is not divergent in this limit for some particular choice of n, and for any n.

Then we perform the rescaling A = Ai"*)A

tn* n
Zan< (”*)> goy .o A L AL (4.4)
(n

tn*

+Znan< (”*j) A(O)a}f;...5;2}(aulayl¢)A(2*§;2 . A(;)’;n

tne \ T
— tn* h A 5[ 5’/71] A K1 A Hn
Z nan A Ain) 0%+ Oun A @)uy A2

Because we are assuming that At"* / A( ) does not diverge as we take the A, — 0, it
follows that this dual action is Well behaved in the limit.

Assuming that matter couples as in the cubic galileon case, we have the following
equations of motion in the dual theory,

n=4
Yo anG)ropt . amlAL AL

—|—Znan )l oploma, (AgAds, . Adn ) +J =0, (45)
= n clv Vn (2 1 A Un
> ann) a0 (90,0 = Az Adn VAL LAdn =0, (46)

Znan()\(n))”@ﬂpw 5l/n]A H2 A pm

o2 (2w - (2)vn
n=4
+ D n(n = Dan ()" A2 ... 50"20,0A 40, .. Ay
n=1

— 2 tny n A vn] A n o _
=Y nPan Al ()" Aol . oA L AL =0, (4.7)
where A,y = AEZ’; ) / Aféz). We now find the background solution in the following high energy

1 n=n,

. Taking the source to be J ~ Mﬂpg7 as before,
0 n#n, Pl

limit: A(n) — 0 with )‘(n) — {

,13,



the background becomes

MY s
Agg) ~ <Mp1> P, (4.8)
M 1/nx 3—2ny4
_9 3—2ny
Ay~ Ap™" ~ <Mp1> p o, (4.9)
M 1/n. 3—2ny4
tn* 72 t’ﬂ* .
¢~ A(n*)A(Q)p ~ A(n*) (]\4)1) b (4.10)
tn

with the higher order terms being by expansions in A( ) and in )\?n) for n # n,. These

*
Mx
correspond to expansions in

) G ()
p Mpl Tn.
n—nsx 3(nx—n)

n 3(n—nx) M Tk r T ns
AP ™ <]Wp1> ~ <?“n> ) n 7 N

respectively. The theory admits up to three critical radii given by

and

thereby generalising the Vainshtein radius for the multiscale theory, as expected [27].

5 Discussion

Whenever classical perturbation theory breaks down at some particular scale, to continue
making predictions beyond that scale one would like to have a dual theory. This should
describe the same physics, but admit a perturbative description that works best in the
opposite regime to that in the original theory. This is exactly what Gabadadze et al. [19]
achieved by identifying the duals to two particular classical theories that exhibit Vainhstein
screening. In each case, perturbation theory works best above the Vainshtein radius in the
original theory, and below the Vainshtein radius in the dual.

In this paper, we have recognised these examples as being nothing more than the
Legendre transform of the original Lagrangian. This has enabled us to generalize the idea,
and outline how one can find the classical dual for a much larger class of self-interacting
theories. We have also presented a more “user-friendly” method for finding the dual for
the case where it is difficult to compute the Legendre transform explicitly.

Of course, a dual is only of any use if it admits a complementary perturbative descrip-
tion, as in the examples given in [19]. If the original theory admits a good perturbative
description as some dimensionful scale A — oo, this amounts to the dual theory admitting
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a good perturbative description in the opposite limit A — 0. That this should happen
places certain restrictions on the form of the theory one can successfully dualize. The key
ingredient is that there must exist a finite interaction (or interactions) that dominates the
classical dynamics as A — 0, and about which we turn the theory on its head. This logic
applies even when there are multiple scales or multiple fields.

We have presented the classical dual of the full galileon theory as an example. Of
course, there are many more examples one could consider, and one can find their duals
using the methods we have discussed. We have also shown explicitly that a useful dual
can only be found if certain specific criteria are met: namely that there exists a finite N-
point interaction (or interactions) with largest t, where ¢ = % and D is the number
of derivatives.

Let us end with an example of a Lagrangian for which we cannot find a useful classical
dual. Consider the Einstein-Hilbert action, written in terms of the metric expanded around

Minkowski space, g, = 7 + Milh,w. Schematically we have
P

A ) & 82 hi
SEH:/da;h@hnLZMi. (5.1)

i=3 ~ Pl
As is well known, this theory is well behaved as M, — oo, as the interactions vanish. Each
interaction has D; = 2 derivatives, N; = 7 fields and so t; = % = —ﬁ—? Recall that

the dynamics as Mp — 0 is dominated by the term (or terms) with largest ;. However,
this does not occur at a finite value of 7, and so we cannot find a classical dual that is well
behaved as My — 0. This does not mean that one cannot find a classical dual to GR.
Such a dual can be found but only if we describe the dynamics using something other than
hyw. This is currently a work in progress [28].
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