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Cosmological observations

Homogeneous expansion
of the Universe

Growth of perturbations
within the expanding
background




Cosmological observations
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The cosmic expansion history has been measured with ~1%
accuracy using supernovae and baryon acoustic oscillations

The cosmic growth history has not yet been measured as
accurately, but is crucial for distinguishing physics



Cosmological observations

There are a rich variety
of observable
signatures of the
clumpy Universe ...

Clustering of galaxies
Velocities of objects
Gravitational lensing

Abundance/properties
of objects

Environmental effects




Combined probes

* Different probes are
sensitive to different

projections of the model
(i.e. break degeneracies)

Statistical errors can be

improved (through extra
information, or correlated

sample variance)

Systematic errors can be
cross-checked or mitigated
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Supernova Cosmology Project

Amanullah, et al., Ap.J. (2010)
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Combined Probes I:
Velocities and large-scale structure
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Credit: Pomarede et al. (2017) — arXiv:1702.01941




Direct peculiar velocities

* Radial peculiar velocity estimates for individual galaxies from
distance measurements (e.g. standard candles)

Credit: Christina Magoulas (arXiv:1206.0385)

Fundamental plane of elliptical
galaxies: correlation between
velocity dispersion g, size R, and
surface brightness I,

~259% distance measurements

Obtain radial velocity v, from
(1 + zops) = (1 + %) (1 + Z¢os)

Alternatively: SNe, Tully-Fisher



Direct peculiar velocities

* Direct PVs improve growth
rate measurements due to
direct relationship between
velocity and density

e Common sample variance
imprinted in density/velocity
fields improves constraints

* Velocities driven by largest-
scale density modes,

oo, (10~ (25" P,y (k)
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6-degree Field Galaxy Survey

e Southern-sky survey carried out at
the UK Schmidt Telescope, 2001-2006

e 125,000 redshifts with Z~0.05

* 9,000 direct peculiar velocities from
fundamental plane distances (still the
largest single sample)
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Fits to 6dFGS peculiar velocity data

* First consider fitting to radial peculiar velocities alone

* Peculiar velocities are correlated by an amount depending
on the growth rate of structure (and orientation, scale)

6 . v
) 21T
2 -
N Vi Line-of-sight
7 (u = cos0)
==/ /]| V|, W ey >
10 B e e s e [P (R)~ . P,(k)

SGY [Mpc]



Fits to 6dFGS peculiar velocity data

* Model the likelihood in terms of the observed radial
velocities v; and a covariance matrix C,,

[ = 1 e ;ZU Vi (Cv_l)ij Vj

V2m|Cy|

* The covariance matrix C,, depends on the velocity power
spectrum Pgg(k) = f?P,,(k) and the errors in the data

* We do an MCMC fit for the amplitudes of Pgg(k) in k-bins,
i.e. the growth rate fag(k)

Johnson et al. (2014) — arXiv:1404.3799




Fits to 6dFGS peculiar velocity data

6dFGSv + low-z SNe
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Johnson et al. (2014) —
arXiv:1404.3799

Planck prediction
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 The amplitude of the velocity power measures the growth
rate on k ~ 0.01 h Mpc™?! (~Gpc) scales




Phenomenological test of gravity

* Modify gravitational physics for matter and light with
phenomenological functions Gatter (K, Z) and Giigne (k, 2)

‘721/) — 4‘7TGNaz,0m5m X Gmatter (K, Z)
‘72(¢ +yY) = 87TGN(12,077"L51’rt>< Glight(k» z)

* Use two scale and redshift bins (k = 0.01 h Mpc™1,z = 1)
to fit for 8 MG parameters — implement using ISITGR code

* Fit to a range of datasets sensitive to Yy (PVs, RSD), ¢ + ¢
(lensing, ISW) and background cosmology (CMB, BAO, SNe)



Phenomenological test of gravity

* We find no significant
evidence for Gy atter 1
or Gyight # 1

Green: CMB+BAO+SNe
Grey: +peculiar velocities
Red: +RSD

Blue: +CMB cross-correlation
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Including the density field

* As well as correlations between radial velocities, we wish to
include cross-correlations of velocities with the galaxy
density field and RSD in the density field
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* Hence obtain optimal constraints on growth across scales



Including the density field

* Visualize the cross-correlation information by plotting (5. v)
against angle to the line-of-sight — the velocities are
produced by the gravitational effect of the densities!
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Adams & Blake (2017) — arXiv:1706.05205




Including the density field

* Add the density-velocity cross-correlations in the fit for the
growth rate (fit for fog, § = f /b, 0,,) — excluding RSD for now
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Adams & Blake (2017) — arXiv:1706.05205




Including the density field

* Growth rate measurement faog(z = 0) = 0.42 + 0.06 from
vv- and ov-correlations — excluding RSD for now
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Taipan Galaxy Survey

T B

Credit: Michael Chlldress Credit: David Brown, AAO

e Southern-sky survey (20,000 deg?), 2018-2022
e ~10° galaxy redshifts (z < 0.3)

» ~10° direct peculiar velocities (z < 0.1)




Taipan Galaxy Survey

Distance scale science

Credit: Cullan Howlett (arXiv:1706.01246) Credit: Wendy Freedman (arXiv:1706.02739)
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* ~1% measurement of Dy /T4 using baryon acoustic peak
as a standard ruler (~2% with Phase 1 data, end-2019)

* Accurate distance constraint may inform H, “tension”



Taipan Galaxy Survey

Gravitational growth science

Credit: Cullan Howlett (arXiv:1706.01246)
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* ~3% measurement of fog using RSD and direct peculiar
velocities (~5% with Phase 1 data, end-2019)

* Direct PVs tracing large-scale growth (k < 0.05 h Mpc‘l)



Combined Probes I
Lensing and large-scale structure




Lensing and large-scale structure

 Compare the effect of density
fluctuations on galaxy velocities and
the lensing of distant galaxy light

* Lensing and velocities test different
modifications to gravitational physics

* Overlapping surveys allow
measurement of new statistics (i.e.
galaxy-galaxy lensing)

* Overlapping surveys allow mitigation
of systematics (e.g. photo-z calibration,
galaxy bias, intrinsic alignments)
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Credit:
H.Hildebrandt

 Multi-band (ugri) imaging survey of 1500 deg? using
the VST’s OmegaCAM instrument (450 deg? released)

* Optimized for weak gravitational lensing measurements




2-degree Field Lensing Survey (2dFLenS)

Credit:
Sam
Hinton

peEoss

Credit: Angel Lopez-Sanchez/AAO

* Spectroscopic follow-up of KiDS and other lensing
surveys over 50 AAT nights (Sep 2014 — Jan 2016)

* Sample of 70,000 LRGs/bright galaxies for cross-
correlations with weak lensing and photo-z calibration
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Combined probes: RSD+lensing

* Analyse lensing/clustering measurements in overlap areas

KiDS-S region overlaps
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Joudaki et al. (2018) — arXiv:1707.06627




Combined probes: RSD+lensing

{6+, ¢~}
{&, &~ Po, P2} I ]

{&+, &~ M, Po, P2}-conserv

Planck 2015 N

1.25 |-

* Cosmological fits to cosmic
shear (¢, £_), galaxy-galaxy o 100
lensing (y;) and power
spectrum multipoles (P, P,) in .
overlap areas 0.50 L . . . .

0.75 |-

0.1 0.2 0.3 0.4 0.5
Q
* Combined probes help - A e
e {5:5: Vo Py 1 Po }-conservative

determine systematics [T metRTTET L
(intrinsic alignments, bias) = ot nd

{£+7§— Vo Fo s Pa }—extended systematics
{e, .6 }arge scales

* Some evidence that lensing | esRRbeee

—e—i CFHTLenS re-analysis (Joudaki et al. 2017)
f I Q 0 —e—i KiDS power spectrum (Kshlinger et al. 2017)
p rerers ijower 0-8 m g o o KiDS+GAMA (van Uitert et al. 2017)
g 8 Ho— Deep Lens Survey (Jee et al. 2016)
f 2L —o— DES-SV (DES Collaboration 2016)
oyl - € n ro Planck TT+lowP (Planck Collaboration 2016)
o WI I I I m p rove a S d ata Sets 4:]-2 % o Planck re-analysis (Spergel et al. 2015)
o —eo—i Pre-Planck CMB (Calabrese et al. 2017)
—e—i WMAP 9-year (Hinshaw et al. 2013)

expand! (e.g. KiDS-1000)

0.4 0.6 0.8 1.0 1.2 1.4 1.6

Sy =05/ €,,/0.3



Combined probes: gravitational slip

* Overlapping surveys allows tests such as the “gravitational
slip”, using galaxy-galaxy lensing and RSD of lens galaxies

Amplitude of galaxy—galaxy lensing 1 Ygm(R) _ Qpn
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N (z)’s from cross-correlations

Credit: Hearin et al. (2011), Newman et al. (2015)
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Credit: Alonso et al. (2017)
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N (z)’s from cross-correlations

* Inference of b.(z)P,(z) from angular cross-correlations of
KiDS sources in 4 tomographic bins with 2dFLenS spec-z’s,
using optimal quadratic estimation technique

8| T 1 Johnson et al. (2017)

0.1<zy <0.3 0.3 <zp <0.5

6| il - —arXiv:1611.07578

Cross-correlation
method

0.5<zp <0.7 0.7<zp <0.9

Small-scale
cross-correlation
method

Direct calibration

0.1 0.2 03 04 05 06 0.7 01 0.2 03 04 05 06 0.7

z z




T TR oA et S "'- ol R ) R A } "R TR l

_‘. .'v “n
-

'

L A : - e * P NEPRR LN Yy F ...‘
g SRS T !‘ S N

large-scale gravitational physics

 Combined probe analyses are pivotal for breaking
| degeneracies and improving statistics/systematics

|+ Tests for gravity can be constructed using large-scale
% | structure, peculiar velocities and lensing

~~|* Allmeasurements are so far consistent with the standard
« .. | cosmological model, but the accuracy will improve
A g 5|gn|f|cantly in the near future

e Apparent existence of dark energy motlvates new tests of |
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