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Modified gravity
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= Problems exist with A as explanation for cosmic acceleration’

See Martin (2012) for a review.
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Modified gravity

Modified gravity

Problems exist with A as explanation for cosmic acceleration'
Modifications to GR could be responsible instead

Modified gravity (MG) introduces a new scalar field that accelerates expansion
Scalar field couples to matter via metric, producing fifth force

1 N o~
Lsr =R~ 30" 06006~ V(4) + Lon(), 8y

m Fifth force adds to gravity, enhancing structure formation
m Signatures of enhanced structure formation = target of galaxy clustering surveys

m But there’s a complication...

See Martin (2012) for a review.

Bill Wright ICG Portsmouth Modified gravity-neutrino mass degeneracy COSMO-19 -



Neutrino complications
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m Neutrinos shown to have mass
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Neutrino complications

Massive neutrinos

m Neutrinos shown to have mass

m Massive neutrinos don’t cluster below free-streaming scale
m Dark matter feels reduced gravitational attraction

m Structure formation suppressed

m Heavier m, = more suppression

m Neutrino masses not well constrained — amount of suppression unknown
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= m, suppresses structure formation
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Degeneracy

Degeneracy

MG enhances structure formation

m,, suppresses structure formation

GR + light neutrinos ~ MG + heavy neutrinos

Matter power spectrum measures amount of structure growth — not useful

Same amount of structure growth 75 same growth rate
Amount of structure growth ++ galaxy distances

Structure growth rate +» galaxy velocities

Velocity power spectrum can distinguish between GR + light neutrinos & MG +
heavy neutrinos in simulations'

"Hagstotz+ (2019)
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Redshift-space distortions

Redshift-space distortions

m Complication: Velocities not directly measureable for galaxies
m Redshift contributions = cosmic expansion + peculiar velocity

= Best way to extract peculiar velocities is through redshift-space distortions (RSD)

m Galaxy redshifts used as a proxy for distance
m [f peculiar velocity contribution ignored — clustering distortions

Real Space Redshift Space AN

Large Scale

Coherent Infall

-> Compression

Los

Small scale
Random Motion
-> Fingers of God
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Modelling RSD

m RSD effects propagate through to statistics like power spectra
= Need to model RSD theoretically to extract peculiar velocity information
= Plan: model RSD with MG & m,,, extract growth rate, use to break degeneracy

= TNS model':
PZ(K, 11, 2) = Droc (K, 1, Z; o) [Pss(k, 2) — 212 Psg (K, 2)

4
free parameter Jr“ Peg(k,z)JrA(k,,u,Z)JrB(k“LL,Z)]

"Taruya+ (2010)
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Modelling RSD

Modelling RSD

RSD effects propagate through to statistics like power spectra
Need to model RSD theoretically to extract peculiar velocity information
= Plan: model RSD with MG & m,,, extract growth rate, use to break degeneracy

= TNS model':
PZ(K, 11, 2) = Droc (K, 1, Z; o) [Pss(k, 2) — 212 Psg (K, 2)

4
free parameter Jr“ Peg(k,z)JrA(k“u,Z)JrB(k“LL,Z)]

B Pss/50/09 and A & B computed with perturbation theory using code MG-Copter?

1Talruya+ (2010), 2Bose & Koyama (2016)

Bill Wright ICG Portsmouth Modified gravity-neutrino mass degeneracy COSMO-19 -



Modelling RSD

Modelling RSD

RSD effects propagate through to statistics like power spectra
Need to model RSD theoretically to extract peculiar velocity information
= Plan: model RSD with MG & m,,, extract growth rate, use to break degeneracy

= TNS model':
PZ(K, 11, 2) = Droc (K, 1, Z; o) [Pss(k, 2) — 212 Psg (K, 2)

4
free parameter Jr“ Peg(k,z)JrA(k“u,Z)JrB(k“LL,Z)]

Pss5/50/00 and A & B computed with perturbation theory using code MG-Copter?
Droc is phenomenological, e.g.:

Droc (k, 1, Z; 0v) = exp(—k?u2o?)

Fit free parameter o, to simulations from MG-PICOLA34

1Talruya+ (2010), 2Bose & Koyama (2016), Swinther, Koyama, Manera, BW, and Zhao (2017), 4BW+ (2017)
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Modelling RSD

RSD effects propagate through to statistics like power spectra
Need to model RSD theoretically to extract peculiar velocity information
= Plan: model RSD with MG & m,,, extract growth rate, use to break degeneracy

= TNS model':
PZ(K, 11, 2) = Droc (K, 1, Z; o) [Pss(k, 2) — 212 Psg (K, 2)

4
free parameter Jr“ Peg(k,z)JrA(k“u,Z)JrB(k“LL,Z)]

Pss5/50/00 and A & B computed with perturbation theory using code MG-Copter?
Droc is phenomenological, e.g.:

Droc (k, 1, Z; 0v) = exp(—k?u2o?)

Fit free parameter o, to simulations from MG-PICOLA34

Result: TNS model matches P# from dark matter simulations

1Talruya+ (2010), 2Bose & Koyama (2016), Swinther, Koyama, Manera, BW, and Zhao (2017), 4BW+ (2017)
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Model vs Simulation

Modelling RSD
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Model vs Simulation: distinguishability captured

Modelling RSD
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Modelling RSD

Summary and Future Work

= Amount of structure growth: GR + light neutrinos ~ MG + heavy neutrinos
m Growth rate can distinguish between GR + light neutrinos & MG + heavy neutrinos
m Extract growth rate from galaxy clustering by modelling RSD
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m Extract growth rate from galaxy clustering by modelling RSD

m Current progress: RSD model tested against dark matter simulationst \/

TSee 1902.10692 for details
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Modelling RSD

Summary and Future Work

Amount of structure growth: GR + light neutrinos ~ MG + heavy neutrinos
Growth rate can distinguish between GR + light neutrinos & MG + heavy neutrinos
Extract growth rate from galaxy clustering by modelling RSD

Current progress: RSD model tested against dark matter simulations? \/

To do: Test extraction of growth rate from dark matter simulations

TSee 1902.10692 for details
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Modelling RSD

Summary and Future Work

Amount of structure growth: GR + light neutrinos ~ MG + heavy neutrinos
Growth rate can distinguish between GR + light neutrinos & MG + heavy neutrinos
Extract growth rate from galaxy clustering by modelling RSD

Current progress: RSD model tested against dark matter simulations? \/

m To do: Test extraction of growth rate from dark matter simulations
m To do: Extend TNS RSD model to halos and then galaxies

TSee 1902.10692 for details
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Modelling RSD

: evolution of degeneracy with redshift
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Modelling RSD

Bonus: evolution of degeneracy with redshift

3 1.10 [z7=057m z=10 z=15
o g‘/’ S ] —
3 1.05 o \\It% f,‘,_—\‘_t_
s {I s =4 & e
Q.. = o =4 ”,;a"’
;& 1.00 g X Rk 7
9 ! —— COPTER
S 095 \{\T . cola
+ — P
¥.0.90 P
Q.
0.0 0.1 0.2 0.0 0.1 0.2 0.0 0.1 0.2
k [h/Mpc]

Bill Wright ICG Portsmouth Modified gravity-neutrino mass degeneracy COSMO-19 - 4/9/19 12/14



Modelling RSD

Bonus: evolution of degeneracy with redshift
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Modelling RSD

Bonus: modelling RSD

= TNS model is still applicable for MG+m,,
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Modelling RSD

Bonus: modelling RSD

= TNS model is still applicable for MG+m,,
= But components need to be recomputed
= Ben Bose significantly modified Copter! to include MG with MG-Copter?

3 oo

P3(k) :(:T)zﬁ(kmo(k) | #PLalhn)Gat. . 0ar
K3 <,

+ WG1 (k)PL,()(k)\/0 r :‘:’]_"()(I(I’)F;;(k7 r,x)dr

TCarlson+ (2009), 2Bose & Koyama (2016)
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Modelling RSD

Bonus: modelling RSD

= TNS model is still applicable for MG+m,,

= But components need to be recomputed

= Ben Bose significantly modified Copter! to include MG with MG-Copter?

K3 )
PIS(R) = 55 FrlK)PLo(K) [ PPy o(ke) ol r. x)dr

(2m)? ’ 0 ’

k3 oo 5

+ iz GrlkPLo(K) [ PPLo(kn)Fa(k,r x)dr
(2m)? ' 0 ’

m By rewriting SPT equations in MG-Copter we can include m, exclusively through
Py (k) and (k) taken from MGcAMBS:#, similar to Saito+ (2009)

P13(k) :%PL(k, z) /°° r2 Py (kr, 2)f(k, 2)f2(kr, z)

K®
(2m)?

Ga(k7 r, X)
————dr
G (k) G2 (k)

F3(k7 r, X) dr

f(k,z)PL(k, z)/ r2 Py (kr, z)F (P2 (kr)

+

TCarlson+ (2009), 2Bose & Koyama (2016), 3Zhao+ (209), *Hojjati+ (2011)
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