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Multi-messenger cosmology



Galaxy correlat ions



Galaxy  cor re lat ion funct ion

Tests of gravity



Real and Redshift Space

Hubble expansion 
+ peculiar velocity

Hubble expansion
peculiar velocity

s = z-space r = real-space

s(r) = r � vr(r)̂r
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Redshift-Space power spectrum
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Redshift-Space power spectrum

Measuring f 
we can test cosmological models

D is the growth factor

� =
f
b
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f =
d ln D
d ln a
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SDSS-II

BOSS

Euclid SKA
PFS

We are going to probe much larger volumes in the next few years

When looking at very large scales the plane-parallel, Newtonian 
description is not anymore accurate.

We need to include wide angle and general relativistic corrections

Large sca le  ga laxy  c luster ing



Wide-angle clustering
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Wide-angle clustering
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Wide-angle clustering
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few % effect



Real and Redshift  Space in GR
Hubble expansion +

local density (s)

time delay (I)
lensing 

convergence (k)



Radial  Correlat ions
Cosmic magni f icat ion

Induces corre lat ions  on radia l  d i rect ion



Radial  Correlat ions

high z

low z

More 
information 

Specifically 
important for 

PFS & WFIRST!



Large scale galaxy clustering future

Ratio of FoM when including relativist ic corrections



ULSS clustering



ULSS Clustering

Proper estimators and efficient data analysis still needs to 
be developed 

(Just started, work in progress) 

First attempts in Euclid, but still approximated  
(e.g., moving line of sight, but not 2 los)



bispectrum, galaxy bias

non-Gaussianity from galaxy bispectrum with radio arrays 

(not including relativist ic effects)

Large scale galaxy clustering future



Large sca le  ga laxy  c luster ing

Formal ism inc luding re lat iv is t ic  effects
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bispectrum

Mδ(2)g (2)

ℓmℓpmpℓqmq ℓ̄m̄
(k; p, q) = (4π)3ℵ∗

ℓ (k)(−1)miℓp+ℓq(2ℓ̄+ 1)−1Gℓℓpℓq
−mmpmq

×
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×
∫

dχ̄ χ̄2W(χ̄)

[
1
2
Fδg(2)
ℓ̄

(p, q; η)jℓp(pχ̄)jℓq(qχ̄)T Φ(p, η)T Φ(q, η)

]
jℓ(kχ̄)
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Large sca le  ga laxy  c luster ing
Neutr ino mass  effects

Effects  of  neutr ino mass  on galaxy  b ias



Multi-messenger cosmology



Gravitat ional Waves



On planet Earth, 14/09/15



A r e  P B H s  t h e  D M ?



Are PBHs (st i l l )  interest ing?

Astrophysics assumptions  
dependent

OGLE



Early Universe physics with PBHs

PBH formation requires (in “standard” scenarios) a peak in the power spectrum 
We can use their existence (or lack of) to probe very small scale power spectrum

Sasaki talk, CERN



Early Universe physics with PBHs

But this is for WIMP CDMFor ΛPBH

Currently available range

AR, R. Brustein, in preparation



GW wi th  radio surveys

SKA GW working group 
ask me to join if interested!



Tensor perturbations 
Clustering

volume

magnification



the curl-mode of the correlation of 
galaxy ellipticities can be used to 

detect a SGWB

Tensor perturbations contribute to 
B-modes

Tensor perturbations 
Lensing



fsky = 0.0125
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fsky = 0.75
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Tensor perturbations 
Lensing



Multi-messenger cosmology



The future: 
intensity mapping

credi t :  E ly  Kovetz



The future: 
intensity mapping

Large scales fast,  small  scales precisely 

Potential ly to extreme high redshift  
Tomography



SMBH seeds
Too massive QSOs at high-z (observed)



PBHs could be the explanation 

A small  (ΩPBH~1e-8) population of 
suff iciently massive PBHs (~1e3 — 1e4 Msun) 

Could provide seeds for SMBHs

But how to test it?

SMBH seeds



A PBH in the dark ages would accrete, heat 
the gas, ionized bubbles, etc.

In the end, spin temperature anisotropies

Measurable with 21cm IM (SKA or from the 
dark side of the Moon) 

SMBH seeds



SMBH seeds



SMBH seeds



SMBH seeds



We can study accretion mechanisms and efficiency

BH accretion



SMBH seeds



In the dark ages

If  they are not BHs 

(no gravitational waves detected, 
PBHs ruled out from other tests,  …)

Multi-messenger



Multi-messenger: DM decay

I t  could be dark matter decay



Multi-messenger: DM ann

or annihi lation



Dark matter in the dark ages

soon…

Multi-messenger: DM decay



Multi-Messenger
What can we do if  we pair



Multi-messenger future: GW x LSS

Binary formation, evolution, and 
merging 

(open debate, simulations needed)



Binary black hole merger 
locations

Stellar

Primordial



Mult i -Messenger :  GW x  LSS

Lensing of GWs



Tests of dark energy 

parameters

Tests of modif ied gravity 

parameters

Mult i -Messenger :  GW x  LSS

Could do better than BOSS+Planck! + different systematics



One more thing



Radio astronomy

from the Moon



Lunar Radio Array

Can access the cosmic dark ages 

No astrophysical complications 

Linear physics 

No Silk damping 

Hence: can probe extremely low scales 

( i .e. ,  test DM models, inf lationary features)



Matter power spectrum
SKA
extSKA

Lunar Radio Array
Space Interferometer

extSKA (~2e3) Lunar (~2e5) Space (~2e6)
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Moon telescope



Moon telescope





Pe r s p e c t i v e s
W h a t  c a n  w e  d o  w i t h  m u l t i -

m e s s e n g e r ?  

21cm :  N(z)  — SMBH seeds - BH accretion 
Galaxy surveys :  MG — Clustering — QG 

Radio continuum :  SGWB 
CTA :  Decaying processes



ありがとうございます
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