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Outline:

1. Equivalence principle: a generic test of modified gravity
   - with Alberto Nicolis.

2. Parity: symmetry in the measurement of LSS
   - with Camille Bonvin & Enrique Gaztanaga.

3. Dilation & beyond: symmetry in the theory of LSS
   - with Kurt Hinterbichler & Justin Khoury,
               Walter Goldberger & Alberto Nicolis,
               Bart Horn, Filippo Vernizzi & Xiao Xiao.
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Introductory remarks on modified gravity

By Weinberg/Deser theorem, at low energies, a Lorentz invariant theory
of a massless spin 2 particle must be general relativity (GR).
This is why essentially all proposed long distance modifications to GR
end up introducing a new particle, usually a scalar, mediating an extra
long range force i.e. scalar-tensor theory. 
(True even for non-trivial modification e.g. massive gravity.)

Also, absent symmetries that forbid it, quintessence - a light scalar -
should be coupled to matter, mediating a long range force i.e. scalar-
tensor theory.

How should we test some generic scalar-tensor theory?
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Idea: assuming black holes have no scalar hair/charge, while normal stars 
do, let’s check for the difference in their rate of free fall.
(Q/M        0 for compact objects.)

This effect would be hopeless to detect for classic Brans-Dicke theory,
because solar system tests already tell us the Brans-Dicke scalar
must be very weakly coupled i.e. the scalar force is much weaker than
gravity.

Recent versions of scalar-tensor theories (motivated by DGP/massive
graviton) offer a hope: they pass solar system tests, yet have interesting 
O(1) effects elsewhere. See Claudia’s talk on screening mechanisms.

Idea 1: a generic test of gravity
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e.g. DGPVainshtein screening

(Einstein frame)
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e.o.m.: 

graviton mass 

rV ∼ (rSchwm
−2)1/3

Galileon symmetry (Nicolis, Rattazzi, Trincherini): ϕ → ϕ+ c+ bµx
µ
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scalar sourced by LSS 
galaxy

falls
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The idea is to look for the offset of massive black holes from the
centers of galaxies (bottom of the gravitational potential well).
Look at Seyfert galaxies where we can see both the stars and the
black hole (active nucleus).

Sources of confusion:
- asymmetric jets (case of M87: 7 pc offset, Batcheldor et al. 2010).
- binary merger recoil.
- Brownian motion.
- disturbed galaxies.

Distiniguishing feature: the spatial offset should be correlated with the 
direction of the streaming motion. Also: small velocity offset.

The offset is estimated to be up to 0.1 kpc, for small galaxies.
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Summary 1:

Test for presence of extra (scalar) forces by looking for off-centered
black holes. 

Footnote: No hair theorem for galileons (LH, Nicolis).

Footnote 2: The case of massive gravity (Gruzinov & Mirbabayi, Berezhiani, 
Chkareuli, de Rahm, Gabadadze, Tolley).

Footnote 3: Analogs for chameleon mechanism (Khoury, Weltman; 
Hu; Jain, Vanderplas; Pourhasan, Afshordi, Mann, Davis; Cabre, Vikram, 
Zhao, Jain, Koyama; LH, Nicolis, Stubbs).
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Idea 2: parity in the measurement of LSS

It is generally assumed parity is respected in measurements of LSS,
for good reason:

 x1

x2

�δ(x1)δ(x2)�
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Idea 2: parity in the measurement of LSS

It is generally assumed parity is respected in measurements of LSS,
for good reason:

 x1

x2

�δ(x1)δ(x2)�

But how about cross-correlation between 2 different kinds of galaxies,
A & B?

 x1

x2

A

B
�δA(x1)δB(x2)�

versus

 x1

x2

A

B

�δB(x1)δA(x2)�
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Φgrav.

x
observer

What could possibly violate parity?
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Φgrav.

x
observer

What could possibly violate parity?

B

A

B
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Φgrav.

x
observer

What could possibly violate parity?

B

A

B

ξcross(xA − xB) �= ξcross(xB − xA)

i.e. whether B is in front of, or behind A, matters.

Wojtak, Hansen & Hjorth - average by stacking clusters

Also: McDonald; Yoo, Hamaus, Seljak & Zaldarriaga; Zhao, Peacock & Li; 
                         Kaiser; Croft
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What are other parity violating effects? 

Often grouped under the heading of general relativistic effects:

δobs. ∼ δ

�
1 +

H

k
+

H2

k2

�

parity violating

Yoo, Fitzpatrick, Zaldarriaga; Challinor, Lewis; 
Bonvin, Durrer; Raccanelli, Bertacca, Dore, 
Maartens.

More mundane, but present: evolution.

observer
x

AB B

Can disentangle between the two.

Footnote 1: parity violation only in the z direction.
Footnote 2:                terms can be derived in a ‘Newtonian’ manner.
                       Gravitational redshift term canceled, assuming geodesic motion.

O(H/k)

Footnote 3: selection effects.
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Lessons for LSS measurement:

A

B

Don’t just add: +

Subtract too: 

A

B

-

Or, more generally: combine different orientations appropriately.

A

B

A

B
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Subtract too: 
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-

Or, more generally: combine different orientations appropriately.

Question: do we need to cross-correlate multiple populations to
see parity violating effects in higher N-point functions?
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Lessons for LSS measurement:
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B
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Or, more generally: combine different orientations appropriately.

Question: do we need to cross-correlate multiple populations to
see parity violating effects in higher N-point functions?

Answer: no.
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Summary 2: 

There are interesting parity violating effects in measurements of LSS.
At the two-point level, requires cross-correlation.
At the higher N-point level, auto-correlation works too.
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Idea 3: symmetries in the theory of LSS

�δobs(1)δobs(2)...� =
�

Dδ [δobs(1)δobs(2)...] e
−S[δ]

our focus here

In particular, we are interested in non-linearly realized symmetries, where
        the field of interest e.g.       transforms like:π

π → π + c
 independent of π

lim
q→0

�π(q)O(k1, ..., km)� ∼ �O(k1, ..., km)�

Soft pion theorem relates m+1-point function to m-point function:

 soft pion

 Creminelli, Norena, Simonovic; Assassi, Baumann & Green; Kehagias & Riotto; 
  Flauger, Green & Porto;  Pajer, Schmidt, Zaldarriaga;  Goldberger, LH, Nicolis; 
  Hinterbichler, LH, Khoury
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comoving gauge δφ = 0 ds2spatial = a2e2ζ [eγ ]ijdx
idxj

dilation symm. x → e−2λx , ζ → ζ + λ

x → x+M · xN+1 , ζ → ζ +M · xN , γ → γ +M · xN

lim
q→0

∂N
q

�
1

Pζ(q)
�ζ(q)ζk1 ...ζkm�� + 1

Pγ(q)
�γ(q)ζk1 ...ζkm��

�
∼ k·∂N+1

k �ζk1 ...ζkm��

lim
q→0

1

Pζ(q)
�ζ(q)ζk1 ...ζkm�� ∼ k · ∂k�ζk1 ...ζkm��

generalization

Symmetries and consistency relations

Maldacena

Note:
1. The symmetries originate as diff. But consistency relations are not empty statements i.e. they 
can be violated (e.g. curvaton); they are a test of initial conditions (e.g. single clock, etc).

2. They are non-perturbative. 

3. Testing these requires seeing general relativistic effects, but there exists a Newtonian
     consistency relation (Peloso & Pietroni; Kehagias & Riotto).
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Summary 3: 

Non-linearly realized symmetries in LSS give non-perturbative relations
between N-pt. and N+1-pt. functions. There are an infinite number of
such symmetries. They are a test of initial conditions. They also might
help us develop a better understanding of nonlinear clustering.
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1. Equivalence principle: a generic test of modified gravity
   - with Alberto Nicolis.

2. Parity: symmetry in the measurement of LSS
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