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* Used to break the electroweak symmetry, solve the strong CP problem,
inflate the universe, accelerate it at late times, ...

* In most incarnations, the sweet properties of these scalars are offset by their
tendency to be most unruly in the face of quantum mechanics.

- Attempts to do away with scalars for some of these tasks, such as modifying
gravity, often yield scalars in any case, in limits, or as part of the construction.

- Galileons are an intriguing class of scalars that may have a shot at
addressing some of these problems, and perhaps most interestingly, are tied to
attempts to modify gravity such as massive gravity.

*WEe'll see - too early to know if these will be useful or not - but it is turning
out to be great fun trying.
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Particle physics Lagrangians, sourcing Einstein gravity, are not the only place
new degrees of freedom can arise. If we want to modify gravity itself, for
example to try to understand cosmic acceleration, it will turn out we are
either faced with similar considerations, or analogous ones.

A crucial question is: what degrees of freedom does the metric g,y contain.

(Decompose as irreducible repns. of the Poincare group.)

uv

The graviton: Scalar fields:
a spin 2 particle spin O particles

AH
hyv A vector field:
a spin | particle

Which degrees of freedom propagate depends on the action.
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A general theme here, in both quintessence and modified gravity is the need
for new degrees of freedom, coupled to matter with gravitational strength,
and hence extremely dangerous in the light of local tests of gravity.

* Successful models exhibit “screening mechanisms”. Dynamics of the new
degrees of freedom are rendered irrelevant at short distances and only
become free at large distances (or in regions of low density).

* There exist several versions, depending on parts of the Lagrangian used

* Vainshtein: Uses the kinetic terms to make coupling to matter weaker
than gravity around massive sources.

* Chameleon: Uses coupling to matter to give scalar large mass in regions
of high density

* Symmetron: Uses coupling to give scalar small VEV in regions of low
density, lowering coupling to matter

* In each case should “resum” theory about the relevant background, and
EFT of excitations around a nontrivial background is not the naive one.

* Around the new background, theory is safe from local tests of gravity.

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013
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& The Decoupling Limit (of, e.g. DGP)
S = Mg /d5x\/7 G R®) + 4 M4 /d4x\/7 R

27,

Much of interesting phenomenology of DGP captured in

the decoupling limit: IVE
My, My — o0 = M} kept finite

Only a single scalar field - the brane bending mode - remains

Very special symmetry, inherited from combination of:
* 5d Poincare invariance, and
* brane reparameterization invariance
m(x) = w(x) + c+ by
The Galilean symmetry!

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013
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& Massive Gravity

Very recent concrete suggestion - consider massive gravity
* Fierz and Pauli showed how to write down a
linearized version of this, but... - m2(h2 — By )

e ...thought all nonlinear completions exhibited the
“Boulware-Deser ghost”.

Within last two years a counterexample has been found.
This is a very new, and potentially exciting development!

[de Rham, Gabadadze, Tolley (201 1]

L= Mz\/—g(R+2m*U(g, f)) + L

Now proven to be ghost free, and investigations of the
resulting cosmology - acceleration, degravitation, ... are
underway. but in a limit this also yields ... s R o)
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Gélileon symmetry may be interesting in its own right
* Yields a novel and fascinating 4d effective field theory

* Relevant field referred to as the Galileon
(Nicolis, Rattazzi, & Trincherini 2009)

Li=7 Lo=(0r)* L3=(0r)*0On
L1 = npfttrrkerzlintn (a,ulﬂ-al/l 7‘-8#2 87/27T T 3un a’/nﬂ-)

« Only first n of galileons terms non-trivial in n-dimensions.
* Tadpole, 11, is galilean invariant - include as first-order term.

* Allows for classical field configurations with order
one nonlinearities, but quantum effects under control.

* So can study non-linear classical solutions.

* Some of these are very important (Vainshtein effect)

* Are non-renormalized! (More soon).

Luty, Porrati, Ratazzi (2003); Nicolis, Rattazzi (2004)
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Consider, for example, the DGP cubic term, coupled to matter
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Now look at spherical solutions around a point mass
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So forces much smaller than gravitational strength within the Vainshtein
radius - hence safe from 5th force tests.
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Suppose we want to know the the field that a source generates within the Vainshtein
radius of some large body (like the sun, or earth)

Perturbing the field and the source

T=mo+ @, T =71Ty+ 0T,
yields

2 1
5 (0u0um0 — 1y Do) 900" p — 5 (09)*Lp + 00T
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Thus, if we canonically normalize the kinetic term of the perturbations, we
raise the effective strong coupling scale, and, more importantly, heavily
suppress the coupling to matter!

L= —-3(0p)* +

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013
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A new classical regime, with
order one nonlinearities
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Instead of extending Poincare symmetry by galilean one, might seek to extend
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om =c+ bt —b'no,m DBI GALILEONS

makes full symmetry group P(4,1), spontaneously broken to P(3,1).
Again get n terms in n-dimensions, and the galileons in the small field limit

If we instead extend to the conformal group

om =c—cxho,m
CONFORMAL GALILEONS
(b ) )

1
om =byxt +0,m (§b“a:2 —

makes full symmetry group SO(4,2), spontaneously broken to P(3,1).
Again get n terms in n-dimensions. e.g.
1
Lo = e =27 (07 )?
o l 7 )2 ;—_1 4 )4
L3 = .2‘(0%') U — 7(07)
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& Constructing Galileons: Probe Branes

[de Rham & Tolley]

Embed a flat 3-brane in a 5d flat bulk
Symmetries are: ""

5PXA — wABXB + EA 5d Poincare invariance

5, XA = o, x4
!3ran.e reparametrization 4D
invariance

|V V-

Now pick a gauge
XH(z) =", X°(z)=mx(z)

A Poincare transformation ruins this choice, but: a simultaneous brane
reparametrization restores it, so that the combination

5

B M 5
Y — Wm0, T+ €

Oprm = 0pm + 0gm = —wH 2”0, m — "0, +w

is still a symmetry

What remains is to construct actions

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013
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& Actions in the Probe Brane Approach

The most general requirement is to us diffeomorphism invariant quantities
on the brane.

S = /d4.17 v —gF (g,uz/av,uaRpa,ulﬂKﬂV)

Jur=Nuv+0, 70, T

But we also want second order equations of motion. This restricts the form
severely - to the Lovelock invariants and their associated Gibbons-Hawking-York
boundary terms (Myers terms).

For example:

/d4x —g—>/d4m V14 (0r)2

This gives a DBI term, which in the small-field limit gives the second galileon
term - the kinetic term.

This approach is extremely powerful - allows generalizing the theory in a large
number of ways to theories that would be hard to find another way.

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013
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[K. Hinterbichler, M.T., D.Wesley, Phys. Rev. D82 (2010) 124018.]

With some work, can extend probe brane
construction to multiple co-dimensions

XH(x)=z", X'(z)=r'(2)
Induced Metric on Brane
Guv = Nuv + (9“7'('](9,/71'[

More general version of action in co-dimension |

S = /d4$ vV F(guuavuvRZ]/LV?RG/LV’K,L )

Technical question. Main differences: extrinsic curvatureKZV carries an extra
index, associated with orthonormal basis in normal bundle to hypersurface.

Also, covariant derivative has connection, ﬁZLZ acting on i index. e.g.

V,K,,=0,K,, —T7 K, — ngKz + 5'L K‘7
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The n-point contribution contains at least 2n powers of external momenta:
cannot renormalize Galilean term with only 2n-2 derivatives.
With or without the SO(N), can show, just by computing Feynman diagrams, that at

all loops in perturbation theory, for any number of fields, terms of the galilean form

cannot receive new contributions.
[K. Hinterbichler; M.T., D.Wesley, Phys. Rev. D82 (2010) 124018]
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cannot renormalize Galilean term with only 2n-2 derivatives.
With or without the SO(N), can show, just by computing Feynman diagrams, that at

all loops in perturbation theory, for any number of fields, terms of the galilean form

cannot receive new contributions.
[K. Hinterbichler; M.T., D.Wesley, Phys. Rev. D82 (2010) 124018]

Can even add a mass term and remains technically natural

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T, Phys. Rev.Lett. 106,231102 (201 1).
Goon, Hinterbichler, M.T, JCAP 1107,017 (2011).]

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T, Phys. Rev.Lett. 106,231102 (201 1).
Goon, Hinterbichler, M.T, JCAP 1107,017 (2011).]

Main point:
e Can extend probe brane construction to more general geometries. e.g.
other maximally-symmetric examples

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



n s .
& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T., Phys. Rev.Lett. 106,231102 (2011).
Goon, Hinterbichler, M. T, JCAP 1107,017 (2011).]

Main point:
e Can extend probe brane construction to more general geometries. e.g.

other maximally-symmetric examples
| ~1 ~

Ve

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



n s .
& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T., Phys. Rev.Lett. 106,231102 (2011).
Goon, Hinterbichler, M. T, JCAP 1107,017 (2011).]

Main point:
e Can extend probe brane construction to more general geometries. e.g.
other maximally-symmetric examples

Bulk  ds® = dp® + f(p)*gu (z)dz"dz” ""

Ve

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



n s .
& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T., Phys. Rev.Lett. 106,231102 (2011).
Goon, Hinterbichler, M. T, JCAP 1107,017 (2011).]

Main point:
e Can extend probe brane construction to more general geometries. e.g.
other maximally-symmetric examples

Bulk  ds® = dp® + f(p)*gu (z)dz"dz” ""

Induced T = f(W)QgW + YV, VT
on Brane

Ve

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



n s .
& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T., Phys. Rev.Lett. 106,231102 (2011).
Goon, Hinterbichler, M. T, JCAP 1107,017 (2011).]

Main point:
e Can extend probe brane construction to more general geometries. e.g.
other maximally-symmetric examples

Bulk  ds® = dp® + f(p)*gu (z)dz"dz” ""

Induced g/,w — f(ﬂ-)Zg,uV + V,UJWVVT‘-

on Brane
41D
Bull
Kiling =~ | = |~
Vectors

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



n s .
& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T., Phys. Rev.Lett. 106,231102 (2011).
Goon, Hinterbichler, M. T, JCAP 1107,017 (2011).]

Main point:
e Can extend probe brane construction to more general geometries. e.g.
other maximally-symmetric examples

Bulk  ds® = dp® + f(p)*gu (z)dz"dz” ""

Induced g/,w — f(ﬂ-)Zg,uV + V,UJWVVT‘-

on Brane

4D
Bulk S XA = d KAX) + ol K&(X) "'
Vectors

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



n s .
& Galileons on General Backgrounds

[Goon, Hinterbichler, M.T., Phys. Rev.Lett. 106,231102 (2011).
Goon, Hinterbichler, M. T, JCAP 1107,017 (2011).]

Main point:
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Galileons with symmetry
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& The Maximally-Symmetric Taxonomy

Potentially different Galileons corresponding to different ways to foliate a
maximally symmetric 5-space by a maximally symmetric 4-d hypersurface

Brane metric

AdS, M, dS,

AdS Conformal type II1
DBI galileons DBI galileons | dS DBI galileons

AdSs | 50(4,2) — 50(3,2)| s0(4,2) — p(3,1) | 50(4,2) — s0(4, 1)

f(m) = Reosh® (o/R)|  f(z)=e ™R | f(x) = Rsinh? (p/R)

S DBI galil type 11
SRy >< gAUIEONS | 45 DRI galileons
5 > p(4,1) = p(3,1) | p(4,1) = s0(4,1)
o]
= fim =1 fm ==
<C

type I

>< >< dS DBI galileons
dSs so(5,1) — so(4,1)

f(m) = Rsin® (p/R)

Small field limit l i l

AdS galileons normal galileons dS galileons
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Some interest in these is motivated from cosmology

But might they predict other new effects, and how might
we understand them better?
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& Example - Galileon Waves

[Chu & M.T,, arxiv:1210.6651; (also de Rham & Tolley; Matas, de Rham & Tolley)]

e Recently have constructed Galileon retarded Green's function about
background field of a central mass (& exact static Green's function)

* Have applied to radiation spectrum due to
motion of n point masses gravitationally
bound to central mass M.

* Have focused on the non-relativistic limit

Interesting surprise - direct consequence of
structure of Galileon radial Green's function.

* In the high frequency limit (wr, > [), get anticipated Vainshtein
screening of Galileon radiation at low multipole orders. BUT!
* At high enough multipoles, high frequency Galileon radiation enhanced!
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& Galileon Waves

* If Galileon waves exist, in principle detectable by GWV detectors.

e Ordinary matter experiences an effective weakly curved metric

* Tidal forces experienced by the arms of the interferometers of GW
detectors would now be due to both the transverse-traceless graviton

and the Galileon waves.

Juv = Nuv + h,geuﬂ:)

Now trying to do the relevant equal-mass binary calculation

Interesting directions for future work:
Introduce quartic and quintic Galileon terms and carry out an analogous

analysis.
Develop understanding of backreaction of power loss on the motion

of n point masses.
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%2\5 Other Work & the Future

*Galileons are Wess-Zumino terms! In d dimensions are d-form
potentials for (d+1)-forms which are non-trivial co-cycles in Lie
algebra cohomology of full symmetry group relative to unbroken
one. Slightly different stories for DBl and conformal Galileons.

[Goon, Hinterbichler, Joyce & M.T., arxiv:1203.319]

* Our models tell you what Galileons do propagating on
cosmological spaces.VWhat about driving cosmology? Need
dynamical (massive) gravity; and we now know how to do this.

[Gabadadze, Hinterbichler, Khoury, Pirtshkalava & M.T., arxiv:1208.5773]

e And that theory is ghost-free!

[Andrews, Goon, Hinterbichler, Stokes & M.T., arxiv:1303.1177]
* We've begun investigating cosmolog[z,

interbichler, Stokes & M.T., arxiv:1301.4993; Andrews,
Hinterbichler, Stokes & M.T., arxiv:1306.5743]

* Systematic Tests of Gravity Analysis

[Chu & M.T,, arxiv:1210.6651;
Andrews, Chu Hinterbichler & M.T.,, arxiv:1305.2194]
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Summary
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%‘1\5 Summary

* Higher dimensional models are teaching us about entirely
novel 4d effective scalar theories that may be relevant to particle
physics and/or cosmology and connected to massive gravity.

* These ideas may or may not be realized in nature, but
are interesting examples of field theories in their own right.

* But another motivation is that, given our complete lack of any
even vaguely simple explanation of cosmic acceleration from
the point of view of fundamental physics, it makes complete
sense to investigate the space of options.

Thank You!

Mark Trodden, University of Pennsylvania Scalars 2013, Warsaw, 14 September 2013



