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Watching Galaxies Fall:

structure formation in the universe as a
probe of gravity
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summary

® [ntroduction

® Modified gravity - why change a good thing?

® [heory of Structure formation

® Motion of matter, galaxies as test particles

® Motion of light, photons as test particles

® Cosmological data




Testing gravity

* The expansion of the Universe is © Baryons
accelerating ® Dark Matter

* The simplest explanation of a ARSI

cosmological constant is
problematic

* Vacuum energy calculations imply
: : 120

cosmological constant is 10

times larger than its measured



Cosmological Constant
Problem

® \Why is the energy density of the vacuum so small?

® Alternatively we can ask, why does the vacuum energy
gravitate so little”

® “[he effective Newton constant becomes very small at
large length scales, so that sources with immense
wavelengths and periods -- such as the vacuum
energy-- produce minuscule curvature” (Arkani-Hamed,
Dimopoulos, Dvali, Gabadadze)

® Similar to the manner in which long wavelength
excitations beyond the Debye sphere are screened by
the effective photon mass in a plasma.



Modified Gravity

® Consider this as a change in the theory of gravity at large
scales

® Can be either:

® gravity gets weaker on large scales, owing to extra-
dimension effects (Dvali-Gabadadze-Porrati model)

® graviton has (induced) mass, meaning it does not
propagate in the expected manner on large scales
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Theory of Structure
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Tracing structure

® Our observable universe is
filled with structure, on all ' )
scales

® [t's only visible through
galaxies

® [he relation between
~distribution of galaxies




Acceleration
dominauon

Radiation Matter
dominaton domination

Redshift:  370(




Post-recombination;:
Perturpbation theory

® Metric:
ds* = —(1 4+ 20)dt* + a*(1 + 2®)dx?
® [he force equation for matter is

do 0?
dt a2

- @ The perturbation ec
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Einstein Gravity

® Here the Newtonian potential ¢ is given by the Poisson
equation " 2
2
—k“P = SWG? (pé ot 3H(p+p)ﬁ6’> ,
® If we assume no anisotropic stress, ¢ = - W and so we can
complete the system (assuming matter domination, and
sub-horizon scales)




Modified Gravities

® Single fluctuation generated by Newtonian potential W

S () = T2 (k) B (I)
B () = Tom (k). ()

® transfer function T(k): describes how initial metric

fluctuation is reprocessed into a late-time configuration of
the species




Vassless particle motion:
gravitational lensing

® The motions of photons are
also perturbed by the local
gravitational potential

® Thisisis manifested as
gravitational lensing

® The ellipticities of galaxy
ha s,bec;omecorr_ela_te,d ke




| ensing potential

® Null condition states
kfk, =0
® Thin lens approximation gives
d?x dn dz’ am 3
- 2 b, i —V,
A, Hd)\s A ( ) (d)\8>

- ® Finally we compute deflection equation

IlkI’IJ




- Cosmological Data




Redshift-space distortions

® T[he motions of galaxies infallin coherent
8 virialized
are perturbed by the galaxies T atians flows
local gravitational field \

® The Power spectrum/
correlation function in
the line of sight is
distorted relative to the
transverse direction

® Assuming these

motions are generated
by matter

perturbations, we can -
measure the growth of . _
structure ‘.\‘«* observer “rojecled offset / h™' Mpe
wd
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Multipole power spectra

® Density and velocity divergence have different angular
dependence

® Use Power spectra decomposed into Legendre polynomials
(Cole, Fisher and Weinberg 1994)
O
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Growth history

® Growth rate (f) and

amplitude of
uming Planck ACDM cosmol '
- §g DI&{IIZCﬁnal conser(isss e ﬂUCtuatlonS (08)
— Planck ACDM sourced by both

gravitational force
and expansion rate

® Need to fit for both
simultaneously, so

$ 6dFGS

i SDSSMGS some degeneracy
with BAO signal

Alam et al 2016



Peculiar velocities

e Data from the Two Micron Zobserved = <cosmological = <peculiar

All-Sky Survey (2MASS;
Skrutskie et al. 2006) Tully-
Fisher Survey (2MTF; \\\ ® e ACDM Mock
Masters 2008) covers most - @ 8 fro=10" Mock
of the sky, and uses 2018 A
galaxies to measure the A A 2MTF
bulk flow.

e Numerical simulation for # + +{{'T\~~?};
the same sky, and select )
from the same redshift
distribution
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e f(R) gravity predicts a
larger bulk flow velocity - - i
than ACDM Sphere Radius [h1 Mpc]

Seiler and Parkinson (2016)




Pecullar velocity power
spectra

® Can measure power
spectra of velocities

+ Multipoles
+ ISW density + CMB Lensing

® No galaxy bias

® Use to measure
deviations from
gravitational force law
on different scales

0.8 0.0 08 1.6 -1.5 0.0 1.5 00 06 1.2 -1 0 1
matter z <1; 1<001) Gmatter(z <1;k >001) Gnmtter(z >1;k <001) Gmatter(z >1; q’>0‘01
Johnson, Blake, Dossett, Koda,

Parkinson, Joudaki, MNRAS 458
(2016), 2725-2744




| ensing Data

® [ensing convergence
power spectra

- [

® tomographic angular
two-point shear
correlation function
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Parameter constraints

KiDS-450 (MG) [l

Planck 2015 (MG) S
KiDS (ACDM)
Planck (ACDM)

KiDS-450 (LS)
KiDS-450 (FS)
KiDS+Planck (LS)
— KiDS+Planck (FS) S

Joudaki et al 2016
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Fifth forces

® (With Seery and Burrage)
® Metric:  ds® = —(1 4+ 2U0)dt? 4 a*(1 + 2P)dx?

® [he force equations for matter and radiation are
do,, 0?




Stochastic bias

® Several primordial perturbations:

® fifth force mediated by scalar field (¢) that also has
its own fluctuations

om (k) = Tg™ (k)@ (k) + Ty (k)66 (k)
O (k) = Tom (k)@ (k) + T, (k)6¢s (k).




New correlation
functions

® The correlation functions now satisty

(k) — 1
(60)k = (90)s (—fg}’f(k) ets(F) feff(k))

L+ p(k)

(k) = £ (k)
14+ o(k)

(80) = (50 (_ s -




Example: Galileons

® Galileons are scalar fields that are invariant under shifts in the
field value

W= i e © = (207

® Only 5 possible Lagrangians that give 2nd order equations of
motion and are ghost free




Coupling to matter

® \We expect a coupling of the Galileon field (for example) to matter

Ty = - (1+é)1Tm

2\ A

® The field starts small, and remains small during the evolution of the
universe

® The perturbation of the field can grow, and will grow quickly at late
- times through the coupling to the matter perturbation




Screening mechanisms

® |f the gravity is different, we can test it on lab or solar system system
scales

® c.g. fifth force effect, or scale-dependent Gnewton
® [hree "screening mechanisms” save the theories

L> -/2Z(o)(00p)? 120 oh +(B(P)/mp)odpoT

® \/ainshtein mechanism: higher-order corrections (cubic and above)
recover om St ales smaller than 'nshte radius (DGP, Gail) ’
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Equal Galileon and Newtonian potentials Relevant Galileon potentials

1071 T T < T T T T T T T
i NN e 1o | e 1o
T 20 e 20

30 | 30

L L L L L L L L L L L L
0.20 0.22 0.24 0.26 0.28 0.30 : : 0.20 0.22 0.24 0.26 0.28 0.30
S27n 52VIL

Marginal Galileon potentials Irrelevant Galileon potentials

] ] ]
] 1 ]

0.20 0.22 . . . . . 0.20 0.22




_ensing

® Fifth forces: cannot distinguish between strength of coupling
and size of field fluctuations

® Need to measure size of metric fluctuations independently
® A conformal coupling induces no change in the lensing potential

® Photons only feel Newtonian potential

L However matter format|on (that sources the Iensmg potentlal)
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Conclusions

® Structure formation tests of gravity effectively measure force law on
largest scales

® The growth rate f gives the correlation between density and velocity
statistics of galaxies

® | ensing power spectrum gives correlation between induced ellipticity and
density of matter

® [f fifth forces become important at late times, the density and velocity (or

.
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Thank you
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2dFLens

® Spectroscopic survey, providing follow-up of lensing
galaxies from KiDS survey

® Swinburne: Chris Blake (PI), Karl
Glazebrook, Andrew Johnson,
Shahab Joudaki, Felipe Marin

® University of Queensland: David
Parkinson

® Mount Stromlo, ANU: Mike
Childress, Chris Wolf



