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Cosmological	observations

Growth	of	perturbations	
within	the	expanding	

background

Homogeneous	expansion	
of	the	Universe



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

Credit:	Aubourg et	al.	(2014)



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



Combined	Probes	I:
Velocities	and	large-scale	structure

Credit:	Pomarede et	al.	(2017)	– arXiv:1702.01941



Direct	peculiar	velocities

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

• ~25% distance	measurements

• Obtain	radial	velocity	𝑣+ from	
1 + 𝑧./0 = 1 + 23

4
1 + 𝑧5.0

• Alternatively:	SNe,	Tully-Fisher

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

Credit:	Christina	Magoulas (arXiv:1206.0385)



Direct	peculiar	velocities

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

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

• Velocities	driven	by	largest-
scale	density	modes,	
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6-degree	Field	Galaxy	Survey
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Redshift

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

• 125,000	redshifts	with	𝑧̅~0.05

• 9,000	direct	peculiar	velocities	from	
fundamental	plane	distances	(still	the	
largest	single	sample)



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)

𝑣+

𝑣+

Line-of-sight	
(𝜇 = cos 𝜃)

𝜃
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Fits	to	6dFGS	peculiar	velocity	data

• Model	the	likelihood	in	terms	of	the	observed	radial	
velocities 𝑣L and	a	covariance	matrix	𝐶2

• The	covariance	matrix	𝐶2 depends	on	the	velocity	power	
spectrum	𝑷𝜽𝜽 𝒌 = 𝒇𝟐𝑷𝒎(𝒌) and	the	errors	in	the	data

• We	do	an	MCMC	fit	for	the	amplitudes	of	𝑷𝜽𝜽(𝒌) in	𝑘-bins,	
i.e.	the	growth	rate	𝑓𝜎T(𝑘)
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Johnson	et	al.	(2014)	– arXiv:1404.3799



• The	amplitude	of	the	velocity	power	measures	the	growth	
rate	on	𝑘	~	0.01	ℎ	Mpc[\	(~Gpc) scales

Johnson	et	al.	(2014)	–
arXiv:1404.3799

Planck prediction

Fits	to	6dFGS	peculiar	velocity	data



• Modify	gravitational	physics	for	matter	and	light	with	
phenomenological	functions	𝐺ijkklm(𝑘, 𝑧) and	𝐺opqrk(𝑘, 𝑧)

• Use	two	scale	and	redshift	bins	(𝑘 = 0.01	ℎ	Mpc[\, 𝑧 = 1)
to	fit	for	8	MG	parameters	– implement	using	ISITGR	code

• Fit	to	a	range	of	datasets	sensitive	to	𝜓 (PVs,	RSD),	𝜙 + 𝜓
(lensing,	ISW)	and	background	cosmology	(CMB,	BAO,	SNe)

Phenomenological	test	of	gravity

𝛻=𝜓 = 4𝜋𝐺w𝑎=𝜌>𝛿>	×	𝑮𝐦𝐚𝐭𝐭𝐞𝐫(𝒌, 𝒛)
𝛻= 𝜙 + 𝜓 = 8𝜋𝐺w𝑎=𝜌>𝛿>×	𝑮𝐥𝐢𝐠𝐡𝐭(𝒌, 𝒛)



Green:	CMB+BAO+SNe
Grey:	+peculiar	velocities
Red:	+RSD
Blue:	+CMB	cross-correlation

• We	find	no	significant	
evidence	for	𝐺ijkklm ≠ 1
or	𝐺opqrk ≠ 1

Johnson	et	al.	(2015)	–
arXiv:1504.06885

Phenomenological	test	of	gravity



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

• Hence	obtain	optimal	constraints	on	growth	across	scales
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Including	the	density	field

• Visualize	the	cross-correlation	information	by	plotting	 𝛿. 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	𝑓𝜎T,	𝛽 = 𝑓/𝑏,	𝜎2) – excluding	RSD	for	now
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Including	the	density	field

• Growth	rate	measurement	𝒇𝝈𝟖 𝒛 = 𝟎 = 𝟎. 𝟒𝟐 ± 𝟎. 𝟎𝟔 from	
𝑣𝑣- and	𝛿𝑣-correlations	– excluding	RSD	for	now	

This work
Johnson et al. (2014)Huterer et al. (2017)Beutler et al. (2012)Achitouv et al. (2017) - ggAchitouv et al. (2017) - vgPike & Hudson (2005)Davis et al. (2011)Carrick et al. (2015)
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– arXiv:1706.05205

Now	finalizing	
adding	in	RSD	
information	…
watch	this	space!



Taipan	Galaxy	Survey

• Southern-sky	survey	(20,000	deg=),	2018-2022
• ~10� galaxy	redshifts	(𝑧 < 0.3)
• ~10� direct	peculiar	velocities	(𝑧 < 0.1)

Credit:	Michael	Childress Credit:	David	Brown,	AAO



Taipan	Galaxy	Survey
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• ~𝟏%measurement	of	𝑫𝑽/𝒓𝒅 using	baryon	acoustic	peak	
as	a	standard	ruler	(~2% with	Phase	1	data,	end-2019)

• Accurate	distance	constraint	may	inform	𝐻¤ “tension”

 
Figures: 

Figure 1: The Current Tension in the Determination of Ho   

 

 

Figure 1: Recent values of Ho as a function of publication date since the Hubble Key 

Project (adapted from Beaton et al. 2016). Symbols in blue represent values of Ho 

determined in the nearby universe with a calibration based on the Cepheid distance scale. 

Symbols in red represent derived values of Ho based on an adopted cosmological model 

and measurements of the CMB. The blue and red shaded regions show the evolution of 

the uncertainties in these values, which have been decreasing for both methods. The most 

recent measurements disagree at greater than 3-σ.  

Distance	scale	science
Credit:	Cullan Howlett (arXiv:1706.01246) Credit:	Wendy	Freedman	(arXiv:1706.02739)



Taipan	Galaxy	Survey

v � � + v v � � + v v � � + v
0

5

10

15

20

%
Er

ro
ro

n
f�

8

6dFGS TAIPAN-P1 TAIPAN-FINAL

Gravitational	growth	science

• ~𝟑%measurement	of	𝒇𝝈𝟖 using	RSD	and	direct	peculiar	
velocities	(~5% with	Phase	1	data,	end-2019)

• Direct	PVs	tracing	large-scale	growth	(𝑘 < 0.05	ℎ	Mpc[\)

Credit:	Cullan Howlett (arXiv:1706.01246)



Combined	Probes	II:
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)

Credit:	
Michael	Sachs



Kilo-Degree	Survey	(KiDS)

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

• Optimized	for	weak	gravitational	lensing	measurements

Credit:	
H.Hildebrandt



2-degree	Field	Lensing	Survey	(2dFLenS)

• 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

Credit:	
Sam	
HintonCredit:	Angel	Lopez-Sanchez/AAO



Combined	probes:	RSD+lensing

• Analyse	lensing/clustering	measurements	in	overlap	areas

BOSS 2dFLenS

Joudaki et	al.	(2018)	– arXiv:1707.06627



Combined	probes:	RSD+lensing

• Cosmological	fits	to	cosmic	
shear (𝜉§,	𝜉[),	galaxy-galaxy	
lensing (𝛾¨)	and	power	
spectrum	multipoles	(𝑃¤,	𝑃=)	in	
overlap	areas

• Combined	probes	help	
determine	systematics	
(intrinsic	alignments,	bias)

• Some	evidence	that	lensing	
prefers	lower	𝜎T Ω>

�

• Will	improve	as	datasets	
expand!	(e.g.	KiDS-1000)
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Combined	probes:	gravitational	slip

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

• 𝐸« =
¬iopk®¯l	.°	qjoj±²[qjoj±²	ol³0p³q
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Planck	Ω>
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Amon	et	al.	(2018)	–
arXiv:1711.10999

Results	from	KiDS +	
2dFLenS/BOSS/GAMA

Lensing	signal	
generally	prefers	
lower	matter	density



𝑁(𝑧)’s	from	cross-correlations	

• Determining	the	source	
redshift	distribution	is	one	of	
the	principal	systematics	for	
cosmic	shear	cosmology

• Direct	measurement	is	
challenging	due	to	lack	of	
sufficiently	deep	and	complete	
spec-𝑧 samples

• Cross-correlation	with	brighter	
spec-𝒛 samples	offers	an	
alternative	approach

Credit:	Alonso	et	al.	(2017)

6                           Spectroscopic Needs  

 
COMMUNITY PLANNING STUDY: SNOWMASS 2013 

 

The impact of uncertainties in <z> and σz on dark energy constraints is illustrated in Figure 1-3.  Re-
quirements for Stage III surveys will be somewhat less stringent. Past a certain point, larger samples of 
spectroscopic redshifts are more beneficial for calibration than training: uncertainties in photometric meas-
urements and degeneracies between possible redshifts will provide fundamental limits to the precision with 
which photometric redshifts may be determined, but uncertainties in <z> and σz will still decrease as the 
square root of the number of spectra (or number of independent regions of sky sampled, if field-to-field 
variations dominate).  Accurate calibration is a necessity for any photometric redshift estimates used for 
dark energy studies, regardless of whether they are template- or training-set based. 
 
For both training and calibration purposes, we require a sample of objects for which the true redshift is 
known; this information can only be obtained securely via spectroscopic measurements.  In Section 2 of this 
white paper, we will discuss the design parameters for spectroscopic training sets that will allow Stage III 
and IV imaging dark energy experiments, including DES, HSC, and LSST, to reach their full potential. 
 
If secure spectroscopic redshifts could be obtained for a sufficiently large fair sample of those objects to 
which photometric redshifts will be applied, both training and calibration needs can be fulfilled by the 
same set of objects.  However, real spectroscopic samples have fallen well short of this goal (see §2); hence 
photo-z calibration is likely to be determined using cross-correlation-based techniques, which combine in-
formation from multiple datasets, taking advantage of the fact that many observables each trace the same 
underlying dark matter distribution.  Those methods are discussed extensively in a separate Cosmic Fron-
tiers white paper focused on many aspects of cross-correlations; in Section 3 of this paper, we summarize 
the spectroscopic requirements for such work. In Section 4 of this white paper, we present a variety of ave-
nues for future work that can increase the power of photometric redshifts in future dark energy 
experiments.  Finally, in section 5 we summarize our conclusions. 
 

 
Figure 1-3.  Impact of uncertainty on the mean redshift (∆<z>) or the RMS of the redshift distribution 
(∆σz) on dark energy constraints.  The y-axis shows the relative increase in the error in

€ 

wa =
dw
da , the de-

rivative of the equation of state (pressure-to-energy ratio) of dark energy with respect to scale factor a, 
resulting from an LSST-like weak lensing analysis, as a function of the uncertainty in the RMS of each 
∆z = 0.1 wide bin used in the analysis.  For Gaussian statistics, the error in the mean redshift, ∆<z>, 
will be larger than the plotted x coordinate value by a factor of

€ 

2 ; the impact of both of these errors in 
concert are included in this analysis (based on the work of Hearin et al. 2011).  Uncertainties of a few 
hundredths in z in the mean redshift and RMS of galaxy samples, as has typically been achieved in the 
past, will not be sufficient for future surveys, as it leads to a factor of a few degradation in errors on this 
crucial dark energy parameter. 

Credit:	Hearin et	al.	(2011),	Newman	et	al.	(2015)



𝑁(𝑧)’s	from	cross-correlations	

• Inference	of	𝑏¼ 𝑧 𝑃¼ 𝑧 from	angular	cross-correlations	of	
KiDS sources	in	4	tomographic	bins	with	2dFLenS	spec-z’s,	
using	optimal	quadratic	estimation	technique

Cross-correlation	
method

Small-scale	
cross-correlation	
method

Direct	calibration

Johnson	et	al.	(2017)	
– arXiv:1611.07578



Summary

• Apparent	existence	of	dark	energy	motivates	new	tests	of	
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

• All	measurements	are	so	far	consistent	with	the	standard	
cosmological	model,	but	the	accuracy	will	improve	
significantly	in	the	near	future

Credit:	Greg	Poole


