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Outline:

]. Equxvalence prmople a generlc test of moditied gra\/ltg
~ Wlth Alberto Nxcolls

2 Paritgj in measurements of large scale structure (LSS)
~ with Camille Bonvin & Enrique Gaztanaga.

s Spontaneouslg broken sgmmetrﬂ in the theorg of LSS
_ with Kurt Hinterbichler & Justin Khourg;
Walter Golcﬂ)erger & Alberto Nicolis;
Creminelli, Glegzes, Simonovic &Vernizzi;
Bart Horn & Xiao Xiao.
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Ideal: a gcneric test of scalar-tensor gravit9

~ Moclhcyiﬂg gravitg necessarily introduces new d.o.f. such as a scalar) rera lOﬂg

range scalar force in addition to usual gravitational force (Weinberg/ Deser thm.).

- Assume black holes have no scalar hair. More genera”g, compac‘c objects have
Q/M (scalar~charge/mass Fa Lo Normal stars like the Sun have @AV
Thus, in the same environment a black hole and a star fall cligerentlg (Nordvedt).

- For Brans—-Dicke, this is hopeless to see. Recent theories resurrect the idea.
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Ideal: a gcneric test of scalar-tensor gravit9

~ MOCli‘FHiﬂg gravitg necessarily introduces new d.o.f. such as a scalar) rera lorwg

range scalar force in addition to usual gravitational force (Weinberg/ Deser thm.).

- Assume black holes have no scalar hair. More genera”g, coml:)act objects have
Q/M (scalar~charge/mass Fa Lo Normal stars like the Sun have Q/M =1.
Thus, in the same environment a black hole and a star fall cligerentlg (Nordvedt).

- For Bran&-Dicke, this is hopeless to see. Recent theories resurrect the idea.

aalaxy /
e T o el Eioas

4%

alls

scalar sourced bﬂ ESS

= Black hole offset up to 100 pc (use local, small Segicert galaxies}.
© Known offset: 7 pc for M87; Batcheldor et al. 2010 - beware astrophgs. effects.
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Idea 2 Paﬁtg in the measurement of LSS

° |tis genera”g assumed Paritg IS respectecl in measurements of £S5

ICOI" gOOCl reason:

° ° (6(x1)0(x2))
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FOI" gOOCl reason:

° ° (6(x1)0(x2))

L1 )

o But how about cross-correlation between 2 different kinds of galaxies) A& D7

e o B (0a(71)0p(22))
L X2

VErsus B @< o A (0B(21)0a(z2))
1 L2

o Consider the effect of gravitational redshift:

¢ grav. 7 o
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Idea 2 Paﬁ’@ in the measurement of LSS

® |tis genera”g assumed Paritg IS respectecl in measurements of LSS

FOI" gOOCl reason:

° ° (6(x1)0(x2))

L1 )

o But how about cross-correlation between 2 different kinds of galaxies) A& D7

e o B (0a(71)0p(22))
L X2

VErsus B @< o A (0B(21)0a(z2))
1 L2

o Consider the eHect of gravitational redshift:
Wojtak, Hansen, Hjorth; McDonald; Yoo et al.,

A
(I)grav. AL o Zhao et al.; Kaiser; Croft; Bonvin, LH, Gaztanaga

O

L
, observer

" o Several additional (aPParent) Parit9~vio|ating effects. Possible to separate.
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' Idea 3: non~l:>crturbative consistencg relations in LSS
| 1. Consider a familiar cxample of symmetry: SPatial translation.
xr—x+ Ax , where Ax = const. T9
Its consequence for correlation function is well known: /
(@(z1)P(z2)d(x3)) = (H(z1 + Az)9(22 + AZ)P(23 + AT)) 12

For small Az , we have:
(p(71 + Az)p(72 + Ax)d(73 + Ax)) ~ (P(71)P(w2)p(73) + Az - O1(P(71)P(72)P(3) + perm.

Thus, alternativelg, we say:
(D1P203) is invariantunder ¢ — ¢+ Az -0¢ ie. Az -0y {p1pag3) + perm. =0
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' Idea 3: non~Perturbative consistencg relations in LSS

1. Consider a familiar example of sgmmetrgz spatial translation.
xr—x+ Ax , where Ax = const. T9
Its consequence for correlation function is well known:
(Pp(x1)P(22)P(3)) = (d(x1 + Ax)P(T2 + Ax)P(23 + Ax)) x1

For small Az , we have:
(p(71 + Az)p(72 + Ax)d(73 + Ax)) ~ (P(71)P(w2)p(73) + Az - O1(P(71)P(72)P(3) + perm.

Thus, alternativelg, we say:
(D1P203) is invariantunder ¢ — ¢+ Az -0¢ ie. Az -0y {p1pag3) + perm. =0

2. Consider a different symmetry: shift in gravitationa! Po‘cential.
»—> ¢+c , where c= const.
For small ¢ , We have:
((p1 + ) (@2 + ) (93 + ) ~ (P102¢3) + c(P1d2) + c(P23) + c(P1h3)
Tlﬂusj saging (p1d203) = ((p1 + ¢)(¢p2 + ¢)(p3 + ¢)) 15 equiv. to saging:
c((P192) + (P2¢3) + (P193)) = 0 «—— clearlg false!
Conclude : (¢10203) is not invariant under ¢ — ¢ + ¢
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What makes the second case so different?
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' Idea 3: non~l:>crturt>ative consistencg relations in LSS

1. Consider a familiar example of symmetry: spatial translation.
& 5 U

xr—x+ Ax , where Ax = const. T9
Its consequence for correlation function is well known:
(Pp(x1)P(22)P(3)) = (d(x1 + Ax)P(T2 + Ax)P(23 + Ax)) x1

For small Az , we have:
(O(x1 + Az)p(22 + Ax)p(x3 + Ax)) ~ (P(21)d(22)9(x3)) + Az - 01 (P(21)P(22)P(w3)) + perm.

Thus, alternativelg, we say:
(D1P203) is invariantunder ¢ — ¢+ Az -0¢ ie. Az -0y {p1pag3) + perm. =0

2. Consider a different symmetry: shift in gravitational Potential.
»—> ¢+c , where c= const.
For small ¢ , We have:
((p1 + ) (@2 + ) (93 + ) ~ (P102¢3) + c(P1d2) + c(P23) + c(P1h3)
Ttiusj saging (p1d203) = ((p1 + ¢)(¢p2 + ¢)(p3 + ¢)) 15 equiv. to saying:
c({P102) + (P2¢3) + (P1¢3)) = 0 «— Clearlg false!
Conclude : (¢10203) is not invariant under ¢ — ¢ + ¢

Wt1at makes ttie second case so ditferent?  We genera”9 ctioose some expectation vaiue
for ¢ e.g (¢)=0. The choice breaks the shift symmetry i.e. spontaneous symm. breaking.
1. Unbroken sgmmetries — invariant correlation functions. \/\/
2z SPontaneouslg t)roken symmetries — consistencg relations. ALV
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Consistency relations from SSB ¢ soft ‘pior
Schematic form: lim ——(9(a)0(kn)...O(kx) ~ (O(k)-.OGw)) o
=0 Py(q)

Theg are (momentum space) statements about how correlations of observables O

behave in the presence of a Iong wave-mode Goldstone boson/ Pion.

\/AM/\
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Consistency relations from SSB ¢ soft pion
Schematic form: lim L@(q)@(kl)...(’)(k]\,» SO ~
=0 Py(q)

Theg are (momentum space) statements about how correlations of observables O

behave in the presence of a Iong wave-mode Goldstone boson/ Pion.

\/AM/\

Whg are theg interesting?
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Consistency relations from 55B ¢ soft ‘pior
7 R OSRN89 SR U, PSR
Schematic form: lim ——(¢(q)O(k1)...0(kn)) ~ (O(k1)...0(kn))
q—0 P¢(C])
Tneg are (momentum space) statements about how correlations of observables O

behave in the presence of a Iong wave-mode Goldstone boson/ Pion.

\/AM/\

I. These are symmetrg statements, and are therefore axael non~Perturbative e tneg hold

Whg are tneg interesting?

even if the observables O are nignlg non|inear3 and even if tneg involve astropngsicaug
complex objects, such as galaxies. The main inPut necessary is how tneg transform

under the symmetry of interest (robust against gaiaxg mergers, birth, etc.)

2. Inthe tu”g relativistic Cofsie Xt there is an infinite number of consistencg relations.

Two of them have interesting Newtonian limits (snii:t and time~dependent translation).

3. Two assuml:)tions go into these consistency relations, which can be experimenta”g tested
(using nignlg nonlinear observables!): Gaussian initial condition (or more Preciseig,
SIngle clock inftial condition such as Provncled bg iniqation) and the ec]ux\/alence

Pnnaple (that all objects fall at the same rate under gravnty} 10_ constraint Poss:ble

4. Non-trivial constraints on anaigtic models.
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