
Observational Cosmology 
Using Galaxy Clusters + 

Cosmic Shear

and

Dark Energy Missions



Layout of the Course

Feb 3:  Introduction / Overview / General Concepts
Feb 5:  Age of Universe / Distance Ladder / Hubble Constant
Feb 10:   Distance Ladder / Hubble Constant Distant Measures
Feb 12:   SNe science / Baryonic Content / Dark Matter Content of Universe
Feb 17:  Dark Matter + Cosmic Microwave Background
Feb 19: Cosmic Microwave Background + Large Scale Structure
Feb 26:   Large Scale Structure / Baryon Acoustic Oscillations + Dark Energy
Mar 5:  Dark Energy / Clusters / Cosmic Shear
Mar 12:  Cosmic Shear / Dark Energy Missions
Mar 19:  No Class
Mar 26:  Other Unresolved Questions / Review for Final Exam

Apr 11:  Final Exam Today



Problem Set #3

Mailed it to you this morning 
(and on the website)!

Due Tuesday, March 25, 2025



Review Material from Last Week



Enigma of Dark Energy

Already up to this point in the course, you have already 
seen many different pieces of evidence for some form of 

dark energy, which we have expressed as ΩΛ > 0

There is an overwhelming amount of evidence for its 
existence

→ SNe Search Experiments
Observed SNe in distant galaxies are observed to be fainter than they would 

otherwise be without dark energy

→ Late Integrated Sachs-Wolfe Effect
Dark Energy Affects the Differential Redshifting of CMB photons as they move in 

and out of gravitational potential.   By cross correlating known galaxy clusters with 
CMB, we can observe this effect.

→ First Acoustic Peak of CMB Implies Universe is Flat, while 
other evidence indicates ΩM ~ 0.3 (Large Scale Flows, Kaiser 
Effect, Ratio of Baryons and Total Matter in Galaxy Clusters, 

Large Scale Structure, Baryon Acoustic Oscillations) 

However, its nature remains an enigma



Enigma of Dark Energy

Einstein's Cosmological Constant
• ! Simplest but perhaps most troubling explanation:
! Einstein blundered into fundamental property of universe
• ! Constant energy density, hence increasing net energy as
! universe expands consistent with data
• ! Quantum mechanics allows/predicts such phenomena 
! in the form vacuum energy: empty space is alive
! with virtual particles 

• ! Naive prediction is 10120 times too big and more sophisticated
! models still 1060 off

→ Possibly more natural to explain dark energy as a scalar field that 
evolves with cosmic time...

Credit Hu



Enigma of Dark Energy

In order to ascertain the form of dark energy, we parameterize 
its effects in terms as the w parameter:

P = wρc2

Typically take c = 1

There are a few important cases:

R. Fassbender: Introduction to Observational Cosmology I – WS09/10 11

Generalized Dark Energy ModelsGeneralized Dark Energy Models

the current z=0 energy density is given by: 

the phenomenological nature of Dark Energy is classified by the
equation-of-state parameter w (L8): 

with redshift scaling (1+z)3(1+w)

(1+z)-1 for w=-4/3

(1+z)+1 for w=-2/3

Constant

redshift scaling     
of DE density

later

earlier

z<1

dynamical 
significance

w<-1Phantom Energy

1-<w<-1/3Quintessence

-1Cosmological Constant !

wType

R. Fassbender: Introduction to Observational Cosmology I – WS09/10 12

The Dark Energy Parameter Plane The Dark Energy Parameter Plane 
for flat geometriesfor flat geometries

Source: Schuecker et al. 2003
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How can we constrain the w parameter?

Generally, we constrain the w parameter in 
the same way we constrain many other 

cosmological parameters.

We constrain it by looking at the following quantities 
versus redshift (cosmic time, see earlier lecture):

Growth Factor (Rate at which structures in Universe Grow)

Volume Element
Distances

E(z) 

Geometrical 
Tests

Useful in computing distances 
along the line of sight

H(z) = H0 E(z)



Galaxy clusters also provide us with 
important constraints on cosmology!

Why?

1.  Density perturbations in universe grow in a regular, well-
defined way.

2.  Galaxy clusters are clear end result of the growth of density 
perturbations in universe

3.  One can model the build-up of galaxy clusters primarily 
through gravitation, and so it is much simpler to model than 

lower mass (i.e., galaxy) systems.

5.  Clusters are relatively straightforward to identify in 
observable surveys

4.  Mass function of clusters depends sensitively on Ωm the 
matter density and σ8 the amplitude of density fluctuations



Value of Galaxy Clusters at z~0

Rozo et al. 2010

The Abundance of Galaxy Clusters with Various Masses Provides 
Strong Constraints on the Total Mass Density in the Universe 

and Normalization of the Power Spectrum

Normalization 
of power 
spectrum

Figure 10: Left: Joint 68.3% and 95.4% confidence regions for the mean matter density and perturbation
amplitude from the abundance of clusters in the maxBCG sample (z < 0.3) compared with those fromWMAP
data (Dunkley et al. 2009) for spatially flat ΛCDM models. The shaded region indicates the combination
of the two data sets. From Rozo et al. (2010). Right: Constraints on the dark energy density and equation
of state from the abundance and growth of clusters in the 400 Square Degree sample (z < 0.9) compared
with those from WMAP, SNIa (Davis et al. 2007) and BAO (Eisenstein et al. 2005; Percival et al. 2007) for
spatially flat, constant w models. Note that, contrary to the convention followed in the other figures, the
shaded regions in the right panel indicate only 39.3% confidence. The tight contraints from WMAP compared
with Figure 11 result from the fact that a simplified analysis was used, in particular neglecting the influence
of dark energy on the Integrated Sachs-Wolfe effect (e.g. Spergel et al. 2007). From Vikhlinin et al. (2009b).

Figure 11: Joint 68.3% and 95.4% confidence regions for the dark energy equation of state and mean matter
density (left) or perturbation amplitude (right) from the abundance and growth of RASS clusters at z < 0.5
(labeled XLF; Mantz et al. 2010b) and fgas measurements at z < 1.1 (Allen et al. 2008), compared with
those from WMAP (Dunkley et al. 2009), SNIa (Kowalski et al. 2008) and BAO (Percival et al. 2010) for
spatially flat, constant w models. Combined results from RASS clusters and WMAP are shown in gray in the
right panel; gold contours in both panels show the combination of all data sets. The BAO-only constraint
differs from that in Figure 10 due to the use of different priors. Adapted from Mantz et al. (2010b, the BAO
constraints in the left panel have been updated to reflect more recent data).

28

cluster survey

There’s a 
degeneracy here:

Cluster Mass 
Function 

Constrains:
σ8(ΩM)1/2

So a higher σ8,  lower ΩM and lower σ8,  
higher ΩM both match observations



The rate at which structures grow in the universe depends upon the 
cosmological parameters:CHAPTER 2. THE COSMOLOGICAL STANDARD MODEL 13
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where the density parameters have to be evaluated at the scale
factor a;

• a very important length scale for cosmic structure growth is set
by the horizon size at the end of the radiation-dominated phase;
structures smaller than that became causally connected while ra-
diation was still dominating; the fast expansion due to the radia-
tion density inhibited further growth of such structures until the
matter density became dominant; small structures are therefore
suppressed compared to large structures which became causally
connected only after radiation domination; the horizon size at the
end of the radiation-dominated era thus divides between larger
structures which could grow without inhibition, and smaller struc-
tures which were suppressed during radiation domination; it turns
out to be

req =
c

H0

a3/2
eq⌥

2⇥m,0
; (2.21)

2.5.2 The power spectrum

• it is physically plausible that the density contrast in the Universe
is a Gaussian random field, i.e. that the probability for finding a
value between � and � + d� is given by a Gaussian distribution;
the principal reason for this is the central limit theorem, which
holds that the distribution of a quantity which is obtained by su-
perposition of random contributions which are all drawn from the
same probability distribution (with finite variance) turns into a
Gaussian in the limit of infinitely many contribtions;

• a Gaussian random process is characterised by two numbers, the
mean and the variance; by construction, the mean of the density
contrast vanishes, such that the variance defines it completely;

• in linear approximation, density perturbations grow in place, as
eq. (2.19) shows because the density contrast at one position ⇧x
does not depend on the density contrast at another; as long as
structures evolve linearly, their scale will be preserved, which im-
plies that it is advantageous to study structure growth in Fourier
rather than in configuration space;

• the variance of the density contrast �̂(⇧k) in Fourier space is called
the power spectrum

⇧
�̂(⇧k)�̂⇥(⇧k⇧)

⌃
⌅ (2⇥)3P�(k) �D(⇧k � ⇧k⇧) , (2.22)

Depend upon the growth factor (linear regime):

where a is size of universe and Ωm, ΩΛ are all evaluated in the past

Ωm=0.3, ΩΛ=0.0

Ωm=0.3, ΩΛ=0.7

Ωm=1.0, ΩΛ=0.0

Growth 
factor

Value of Galaxy Clusters at z>0



Different cosmological parameters imply 
different growth rates for clusters...

Source Counts: The Effect of Cosmology
log N  (per unit area

and unit flux or mag)

! log f         or       magnitude "

Model with a lower density and/or
! > 0 has more volume and thus
more sources to count

Model with a higher density and/or
! " 0 has a smaller volume and thus
fewer sources to count

For nearby, bright sources, these effects are
small, and the counts are close to Euclidean

(with no evolution!)
Source Counts: The Effect of Evolution

log N  (per unit area

and unit flux or mag)

! log f         or       magnitude "

Luminosity evolution
moves fainter sources(more

distant and more numerous) to brighter
fluxes, thus producing excess counts, since
generally galaxies were brighter in the past

No evolution

In order to distinguish between
the two evolution mechanisms,
redshifts are necessary

(at a fixed cosmology!)

Evolution

Density evolution means that there was some galaxy
merging, so there were more fainter pieces in the past,
thus also producing excess counts at the faint end

Galaxy Counts in

Practice

The deepest galaxy

counts to date come from

HST deep and ultra-deep

observations, reaching

down to ~ 29th mag

All show excess over the

no-evolution models,

and more in the bluer

bands

The extrapolated total

count is ~ 1011 galaxies

over the entire sky

Abundance of Rich Galaxy Clusters
• Given the number density of

nearby clusters, we can calculate
how many distant clusters we
expect to see

• In a high density universe,
clusters are just forming now,
and we don’t expect to find any
distant ones

• In a low density universe, clusters
began forming long ago, and we
expect to find many distant ones

• Evolution of cluster abundances:

– Structures grow more slowly in a low density universe, so we
expect to see less evolution when we probe to large distances

– Expected number in survey grows because volume probed within
a particular spot on the sky increases rapidly with distance

The Angular Diameter Test
Angular

size

redshift

Model with a lower
density and/or ! > 0

Model with a higher
density and/or ! " 0

Requires a population on non-evolving sources

with a fixed proper size  - “standard rulers”.

Some suggested candidates:

•  Isophotal diameters of brightest cluster gal.

•  Mean separation of galaxies in clusters

•  Radio source lobe separations

•  …

The Angular Diameter Test:

Some Early Examples

Brightest cluster ellipticals #

Clusters of galaxies

$

Again,

evolution

overwhelms

the

cosmological

effects …

Simple Illustration of how 
many clusters one would 
expect to find in various 
cosmological models as a 

function of redshift 

Note that there are 
essentially no clusters 
at high redshift in the 
Ωm=1.0, ΩΛ=0.0 model

The evolution of the 
cluster mass function 

also breaks degeneracy 
between σ8 and ΩM
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observables 

•! Arises from total matter clustering 

–! Not affected by galaxy bias uncertainty 

–! well modeled based on simulations 

(current accuracy, <10% White & Vale 

04) 

•! A % level effect; needs numerous 

(~108) galaxies for the precise 

measurements 

Gravitational lensing from collapsed masses has a 
systematic imprint on the shapes of galaxies, seen over 

large areas of sky, i.e.,  cosmic shear...

Probing the Nature of Dark Energy:
Using Cosmic Shear



What effect does gravitational lensing have on 
galaxies we observe?

Weak lensing basics !

•! Convergence tells us about the magnification of images. A 
circular image stays circular!

•! A circular image that is sheared appears as an ellipse.!

•!  The shearing of images is a spin-2 field: under a rotation by 
" the field is left unchanged. Rotating the coordinate system 
counterclockwise by � changes !1+i!2 into (!1+i!2) e

-2i" !

C. Porciani! Observational Cosmology! III-8!

2.  Shear
-- expressed as γ (called the shear)

Weak lensing basics !

•! Convergence tells us about the magnification of images. A 
circular image stays circular!

•! A circular image that is sheared appears as an ellipse.!

•!  The shearing of images is a spin-2 field: under a rotation by 
" the field is left unchanged. Rotating the coordinate system 
counterclockwise by � changes !1+i!2 into (!1+i!2) e

-2i" !

C. Porciani! Observational Cosmology! III-8!

1.  Magnification
-- expressed as κ (called convergence)
-- does not affect shape



•! Correlated images of 

distant galaxies over all 

angular scales 

•! Use images of all 

distant galaxies 

•! Correlation function 

method to measure the 

cosmic shear signals 

•! The lowest one is 2pt 

function  �

!�

Determine correlation of shear measurement on 
different angular scales θ

Credit: Takada



Determine correlation of shear measurement on 
different angular scales θ
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•! Can obtain useful formula to relate the shear to the 

projected mass (in the weak lensing limit)�

Hold for any mass distribution 
! 
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#
& d'"(#',')&The averaged # 

inside the circle�

! 

"# ($) = 0 # a monitor of systematics 

•! The polar coordinate picks up a specific pattern of the 

shear wrt the coordinate origin (e.g. cluster center) 

•! The tangential shear defined by azimuthally averaging 

shear along the circle (or the annulus) of a given 

radius 

similar to measures of the clustering or correlation 
function, determine the extent to which the shear 

of sources at a given separation θ is tangential
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! 

"# ($) = 0 # a monitor of systematics 

•! The polar coordinate picks up a specific pattern of the 

shear wrt the coordinate origin (e.g. cluster center) 

•! The tangential shear defined by azimuthally averaging 

shear along the circle (or the annulus) of a given 

radius 

the diagram to right shows just one origin over 
which we can perform this averaging.

Can also measure in a similar way γx
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E-mode

B-mode
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• While it is generally di⇥cult or impossible to observe the di�er-
ential magnification ⇤µ or the convergence ⇧, image distortions
can in principle be measured. With a brief excursion through
Fourier space, it can easily be shown that the power spectrum
of the shear is exactly identical to that of the convergence,

P⇥(l) = P⇧(l) . (10.21)

Thus, the statistics of the image distortions caused by cosmologi-
cal weak lensing contains integral information on the power spec-
trum of the matter fluctuations.

The power spectrum of the weak-
lensing convergence ⇧ for three dif-
ferent source redshifts.

• Since the shear is defined on the two-dimensional sphere (the ob-
server’s sky), its power spectrum is related to its correlation func-
tion �⇥ through the two-dimensional Fourier transform

�⇥(⌦) =
⇤

d2l
(2 )2 P⇥(l)ei�⌦�l =

⇤ ⌅

0

ldl
2 

P⇥(l)J0(l⌦) , (10.22)

where J⌥ is the ordinary Bessel function of order ⌥.

10.1.3 Correlation functions

• In principle, shear correlation functions are measured by com-
paring the ellipticity of one galaxy with the ellipticity of other
galaxies at an angular distance ⌦ from the first.

• Ellipticities are oriented, of course, and one has to specify against
what other direction the direction of, say, the major axis of a given
ellipse is to be compared to. Since correlation functions are mea-
sured by counting pairs, a preferred direction is defined by the
line connecting the two galaxies of the pair under consideration.

• Let � be the angle between this direction and the major axis of
the ellipse, then the tangential and cross components of the shear
are defined by

⇥+ ⇤ ⇥ cos 2� , ⇥� ⇤ ⇥ sin 2� . (10.23)

The factor two is important because it accounts for the fact that
an ellipse is mapped onto itself when rotated by an angle  . This
illustrates that the shear is a spin-2 field: It returns into its original
orientation when rotated by  rather than 2 .

• The correlation functions of the tangential and cross components
of the shear are

�++(⌦) = ⇧⇥+(⌅)⇥+(⌅ + ⌦)⌃ = 1
2

⇤ ⌅

0

ldl
2 

P⇧(l)
�
J0(l⌦) + J4(l⌦)

⇥

(10.24)
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shear along the circle (or the annulus) of a given 

radius 

Also frequent to use ξ to represent this:



New Material for This Week



And how do we go about computing power 
spectrum for large numbers of sources?



Convert from to angular power spectrum using 
Fourier transform again:
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• While it is generally di⇥cult or impossible to observe the di�er-
ential magnification ⇤µ or the convergence ⇧, image distortions
can in principle be measured. With a brief excursion through
Fourier space, it can easily be shown that the power spectrum
of the shear is exactly identical to that of the convergence,

P⇥(l) = P⇧(l) . (10.21)

Thus, the statistics of the image distortions caused by cosmologi-
cal weak lensing contains integral information on the power spec-
trum of the matter fluctuations.

The power spectrum of the weak-
lensing convergence ⇧ for three dif-
ferent source redshifts.

• Since the shear is defined on the two-dimensional sphere (the ob-
server’s sky), its power spectrum is related to its correlation func-
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where J⌥ is the ordinary Bessel function of order ⌥.

10.1.3 Correlation functions

• In principle, shear correlation functions are measured by com-
paring the ellipticity of one galaxy with the ellipticity of other
galaxies at an angular distance ⌦ from the first.

• Ellipticities are oriented, of course, and one has to specify against
what other direction the direction of, say, the major axis of a given
ellipse is to be compared to. Since correlation functions are mea-
sured by counting pairs, a preferred direction is defined by the
line connecting the two galaxies of the pair under consideration.

• Let � be the angle between this direction and the major axis of
the ellipse, then the tangential and cross components of the shear
are defined by
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• While it is generally di⇥cult or impossible to observe the di�er-
ential magnification ⇤µ or the convergence ⇧, image distortions
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Fourier space, it can easily be shown that the power spectrum
of the shear is exactly identical to that of the convergence,
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server’s sky), its power spectrum is related to its correlation func-
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where J⌥ is the ordinary Bessel function of order ⌥.

10.1.3 Correlation functions

• In principle, shear correlation functions are measured by com-
paring the ellipticity of one galaxy with the ellipticity of other
galaxies at an angular distance ⌦ from the first.

• Ellipticities are oriented, of course, and one has to specify against
what other direction the direction of, say, the major axis of a given
ellipse is to be compared to. Since correlation functions are mea-
sured by counting pairs, a preferred direction is defined by the
line connecting the two galaxies of the pair under consideration.

• Let � be the angle between this direction and the major axis of
the ellipse, then the tangential and cross components of the shear
are defined by

⇥+ ⇤ ⇥ cos 2� , ⇥� ⇤ ⇥ sin 2� . (10.23)

The factor two is important because it accounts for the fact that
an ellipse is mapped onto itself when rotated by an angle  . This
illustrates that the shear is a spin-2 field: It returns into its original
orientation when rotated by  rather than 2 .

• The correlation functions of the tangential and cross components
of the shear are
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Correlation Function
Type Parameters
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• While it is generally di⇥cult or impossible to observe the di�er-
ential magnification ⇤µ or the convergence ⇧, image distortions
can in principle be measured. With a brief excursion through
Fourier space, it can easily be shown that the power spectrum
of the shear is exactly identical to that of the convergence,

P⇥(l) = P⇧(l) . (10.21)

Thus, the statistics of the image distortions caused by cosmologi-
cal weak lensing contains integral information on the power spec-
trum of the matter fluctuations.

The power spectrum of the weak-
lensing convergence ⇧ for three dif-
ferent source redshifts.

• Since the shear is defined on the two-dimensional sphere (the ob-
server’s sky), its power spectrum is related to its correlation func-
tion �⇥ through the two-dimensional Fourier transform

�⇥(⌦) =
⇤

d2l
(2 )2 P⇥(l)ei�⌦�l =

⇤ ⌅

0

ldl
2 

P⇥(l)J0(l⌦) , (10.22)

where J⌥ is the ordinary Bessel function of order ⌥.

10.1.3 Correlation functions

• In principle, shear correlation functions are measured by com-
paring the ellipticity of one galaxy with the ellipticity of other
galaxies at an angular distance ⌦ from the first.

• Ellipticities are oriented, of course, and one has to specify against
what other direction the direction of, say, the major axis of a given
ellipse is to be compared to. Since correlation functions are mea-
sured by counting pairs, a preferred direction is defined by the
line connecting the two galaxies of the pair under consideration.

• Let � be the angle between this direction and the major axis of
the ellipse, then the tangential and cross components of the shear
are defined by

⇥+ ⇤ ⇥ cos 2� , ⇥� ⇤ ⇥ sin 2� . (10.23)

The factor two is important because it accounts for the fact that
an ellipse is mapped onto itself when rotated by an angle  . This
illustrates that the shear is a spin-2 field: It returns into its original
orientation when rotated by  rather than 2 .

• The correlation functions of the tangential and cross components
of the shear are

�++(⌦) = ⇧⇥+(⌅)⇥+(⌅ + ⌦)⌃ = 1
2

⇤ ⌅

0

ldl
2 

P⇧(l)
�
J0(l⌦) + J4(l⌦)

⇥

(10.24)
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•! Can obtain useful formula to relate the shear to the 

projected mass (in the weak lensing limit)�

Hold for any mass distribution 
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•! The polar coordinate picks up a specific pattern of the 

shear wrt the coordinate origin (e.g. cluster center) 

•! The tangential shear defined by azimuthally averaging 

shear along the circle (or the annulus) of a given 

radius 

Power Spectrum
Type Parameters

Fourier Transform

WL power spectra !

C. Porciani! Observational Cosmology! III-15!

These power spectra encode information regarding the total mass !
distribution (DM+baryons) and cosmology (H(z) and the growth factor !
of perturbations)!!



What can we compare these angular power 
spectrum measurements against?

! 

"(#)$%
m0

dz
L

0

zS

&
d
LS

(z
L
,z

S
)d

L
(z

L
)

d
S
(z

S
)

'(z
L
,# )       

 for a source galaxy at zs 

•! Lensing efficiency function: Wgl 

–! Overall amplitude is propotional to !m, i.e. !de if combined 

with CMB or a flat universe is a prior assumed 

–! Sensitive to Hubble expansion through dA, i.e. DE 

–! Depends on source redshift – main uncertainty in cosmic shear 

measurements if redshift info is not available 

•! Mass clustering part: " 

–! Sensitive to primordial power spectrum (amplitude and shape) 

–! Redshift history of the growth rate is sensitive to DE, and 

neutrino mass if combined with CMB information 

(what are the essential elements?)

Here’s the equation:
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 for a source galaxy at zs 

•! Lensing efficiency function: Wgl 

–! Overall amplitude is propotional to !m, i.e. !de if combined 

with CMB or a flat universe is a prior assumed 

–! Sensitive to Hubble expansion through dA, i.e. DE 

–! Depends on source redshift – main uncertainty in cosmic shear 

measurements if redshift info is not available 

•! Mass clustering part: " 

–! Sensitive to primordial power spectrum (amplitude and shape) 

–! Redshift history of the growth rate is sensitive to DE, and 

neutrino mass if combined with CMB information 

lensing efficiency
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 for a source galaxy at zs 

•! Lensing efficiency function: Wgl 

–! Overall amplitude is propotional to !m, i.e. !de if combined 

with CMB or a flat universe is a prior assumed 

–! Sensitive to Hubble expansion through dA, i.e. DE 

–! Depends on source redshift – main uncertainty in cosmic shear 

measurements if redshift info is not available 

•! Mass clustering part: " 

–! Sensitive to primordial power spectrum (amplitude and shape) 

–! Redshift history of the growth rate is sensitive to DE, and 

neutrino mass if combined with CMB information 

growth of mass 
perturbations



How do we weight different sources in computing 
power spectrum from weak lensing? 

Masses “half way” in between the background source and us (the 
observers) have the biggest effect on the gravitational shear of the 

observed background sources.

The lensing weight g!

•! Lensing is more efficient for structure mid-way between the 
observer and the source!

C. Porciani! Observational Cosmology! III-10 !

Because of this dependence, very important to be able to quantify 
the redshift distribution of the background sources



Recall how perturbations (and collapsed 
structures) grow at different rates depending on 

the cosmology
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ComovingComoving VolumesVolumes

Vcom(<z): total enclosed 
volume within redshift z 
per deg2

dV/dz: volume per redshift 
shell dz=0.1 per deg2
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• for measuring the evolution of the number density of an object class, 
the comoving volume element dVcom is needed

• the larger the distance, the larger the comoving volume element per redshift slice  

spherical surface area x thickness

comoving volumes
for CCM model

R. Fassbender: Introduction to Observational Cosmology I – WS09/10 20

Linear Structure Growth FunctionLinear Structure Growth Function

• flat cosmologies with a dark energy component exhibit structure growth in between 
the Einstein-de Sitter (EdS) case of D+=(1+z)-1 and the slow structure growth of a 
low density open Universe (OCDM)

EdS
[1.0,0,0]

OCDM
[0.3,0,0]

QUINT
[0.3,0.7,-0.5]

HIGH
[0.4,0.6,-1]

CCM
[0.3,0.7,-1]

PHANTOM
[0.3,0.7,-1.3]

LOW
[0.2,0.8,-1]

[!!!!m,!!!!DE,w]

• the linear structure growth function D+(z) is a solution to the density perturbation 
growth equation for the linear regime (L3)
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more structures at high-z

structure grow efficiently when Ω = 1 (since density is closer to 1 
where slight overdensities cause collapse)

The rate at which structures grow in the universe depends 
upon the cosmological parameters:CHAPTER 2. THE COSMOLOGICAL STANDARD MODEL 13

formula

D+(a) =
5a
2
⇥m

⇤
⇥4/7

m �⇥� +
�
1 +

1
2
⇥m

⇥ �
1 +

1
70
⇥�

⇥⌅�1

,

(2.20)
where the density parameters have to be evaluated at the scale
factor a;

• a very important length scale for cosmic structure growth is set
by the horizon size at the end of the radiation-dominated phase;
structures smaller than that became causally connected while ra-
diation was still dominating; the fast expansion due to the radia-
tion density inhibited further growth of such structures until the
matter density became dominant; small structures are therefore
suppressed compared to large structures which became causally
connected only after radiation domination; the horizon size at the
end of the radiation-dominated era thus divides between larger
structures which could grow without inhibition, and smaller struc-
tures which were suppressed during radiation domination; it turns
out to be

req =
c

H0

a3/2
eq⌥

2⇥m,0
; (2.21)

2.5.2 The power spectrum

• it is physically plausible that the density contrast in the Universe
is a Gaussian random field, i.e. that the probability for finding a
value between � and � + d� is given by a Gaussian distribution;
the principal reason for this is the central limit theorem, which
holds that the distribution of a quantity which is obtained by su-
perposition of random contributions which are all drawn from the
same probability distribution (with finite variance) turns into a
Gaussian in the limit of infinitely many contribtions;

• a Gaussian random process is characterised by two numbers, the
mean and the variance; by construction, the mean of the density
contrast vanishes, such that the variance defines it completely;

• in linear approximation, density perturbations grow in place, as
eq. (2.19) shows because the density contrast at one position ⇧x
does not depend on the density contrast at another; as long as
structures evolve linearly, their scale will be preserved, which im-
plies that it is advantageous to study structure growth in Fourier
rather than in configuration space;

• the variance of the density contrast �̂(⇧k) in Fourier space is called
the power spectrum

⇧
�̂(⇧k)�̂⇥(⇧k⇧)

⌃
⌅ (2⇥)3P�(k) �D(⇧k � ⇧k⇧) , (2.22)

Depend upon the growth factor (linear regime):

where a is size of universe and Ωm, ΩΛ are all evaluated in the past

Growth 
Factor



How do we expect the shear power spectrum to look?
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•! Lensing efficiency function: Wgl 

–! Overall amplitude is propotional to !m, i.e. !de if combined 

with CMB or a flat universe is a prior assumed 

–! Sensitive to Hubble expansion through dA, i.e. DE 

–! Depends on source redshift – main uncertainty in cosmic shear 

measurements if redshift info is not available 

•! Mass clustering part: " 

–! Sensitive to primordial power spectrum (amplitude and shape) 

–! Redshift history of the growth rate is sensitive to DE, and 

neutrino mass if combined with CMB information 

Formula:

Refregier+2003

Fourier
Transform
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• While it is generally di⇥cult or impossible to observe the di�er-
ential magnification ⇤µ or the convergence ⇧, image distortions
can in principle be measured. With a brief excursion through
Fourier space, it can easily be shown that the power spectrum
of the shear is exactly identical to that of the convergence,

P⇥(l) = P⇧(l) . (10.21)

Thus, the statistics of the image distortions caused by cosmologi-
cal weak lensing contains integral information on the power spec-
trum of the matter fluctuations.

The power spectrum of the weak-
lensing convergence ⇧ for three dif-
ferent source redshifts.

• Since the shear is defined on the two-dimensional sphere (the ob-
server’s sky), its power spectrum is related to its correlation func-
tion �⇥ through the two-dimensional Fourier transform

�⇥(⌦) =
⇤

d2l
(2 )2 P⇥(l)ei�⌦�l =

⇤ ⌅

0

ldl
2 

P⇥(l)J0(l⌦) , (10.22)

where J⌥ is the ordinary Bessel function of order ⌥.

10.1.3 Correlation functions

• In principle, shear correlation functions are measured by com-
paring the ellipticity of one galaxy with the ellipticity of other
galaxies at an angular distance ⌦ from the first.

• Ellipticities are oriented, of course, and one has to specify against
what other direction the direction of, say, the major axis of a given
ellipse is to be compared to. Since correlation functions are mea-
sured by counting pairs, a preferred direction is defined by the
line connecting the two galaxies of the pair under consideration.

• Let � be the angle between this direction and the major axis of
the ellipse, then the tangential and cross components of the shear
are defined by

⇥+ ⇤ ⇥ cos 2� , ⇥� ⇤ ⇥ sin 2� . (10.23)

The factor two is important because it accounts for the fact that
an ellipse is mapped onto itself when rotated by an angle  . This
illustrates that the shear is a spin-2 field: It returns into its original
orientation when rotated by  rather than 2 .

• The correlation functions of the tangential and cross components
of the shear are

�++(⌦) = ⇧⇥+(⌅)⇥+(⌅ + ⌦)⌃ = 1
2

⇤ ⌅

0

ldl
2 

P⇧(l)
�
J0(l⌦) + J4(l⌦)

⇥

(10.24)
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• While it is generally di⇥cult or impossible to observe the di�er-
ential magnification ⇤µ or the convergence ⇧, image distortions
can in principle be measured. With a brief excursion through
Fourier space, it can easily be shown that the power spectrum
of the shear is exactly identical to that of the convergence,

P⇥(l) = P⇧(l) . (10.21)

Thus, the statistics of the image distortions caused by cosmologi-
cal weak lensing contains integral information on the power spec-
trum of the matter fluctuations.
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lensing convergence ⇧ for three dif-
ferent source redshifts.

• Since the shear is defined on the two-dimensional sphere (the ob-
server’s sky), its power spectrum is related to its correlation func-
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where J⌥ is the ordinary Bessel function of order ⌥.

10.1.3 Correlation functions

• In principle, shear correlation functions are measured by com-
paring the ellipticity of one galaxy with the ellipticity of other
galaxies at an angular distance ⌦ from the first.

• Ellipticities are oriented, of course, and one has to specify against
what other direction the direction of, say, the major axis of a given
ellipse is to be compared to. Since correlation functions are mea-
sured by counting pairs, a preferred direction is defined by the
line connecting the two galaxies of the pair under consideration.

• Let � be the angle between this direction and the major axis of
the ellipse, then the tangential and cross components of the shear
are defined by

⇥+ ⇤ ⇥ cos 2� , ⇥� ⇤ ⇥ sin 2� . (10.23)

The factor two is important because it accounts for the fact that
an ellipse is mapped onto itself when rotated by an angle  . This
illustrates that the shear is a spin-2 field: It returns into its original
orientation when rotated by  rather than 2 .

• The correlation functions of the tangential and cross components
of the shear are

�++(⌦) = ⇧⇥+(⌅)⇥+(⌅ + ⌦)⌃ = 1
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⇤ ⌅
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WL power spectra!

C. Porciani! Observational Cosmology! III-15!

These power spectra encode information regarding the total mass !
distribution (DM+baryons) and cosmology (H(z) and the growth factor !
of perturbations)!!



To measure a weak lensing signal, we need a very 
wide-area survey -- to probe the density 

fluctuations from many lines of sight

Why?  

Springel etal05 
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Cosmic shear: '~O(0.01) 
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10 First CFHTLS cosmic shear results

Fig. 10.— Effective redshift distribution of galaxies with
21.5 < IAB < 24.5 determined from the Hubble Deep Field North
and South. The error bars are the Poisson errors from the finite
number of galaxies in each bin (note that these do not include
cosmic variance). The smooth solid curve represents the best fit
model with a mean source redshift of ⟨z⟩ = 0.81. The dashed his-
togram corresponds to the redshift distribution when the adopted
weighting scheme is not taken into account.

mean source redshift. The smooth curve corresponds to
the best fit redshift distribution, which has parameters
α = 1.35, β = 1.654 and zs = 0.668. This corresponds
to a mean source redshift of ⟨z⟩ = 0.81. To quantify
the uncertainties in the source redshift distribution, we
keep α and β fixed, but vary zs to identify the 68% and
95% confidence intervals. This yields zs ∈ [0.632, 0.703]
with 68% confidence and zs ∈ [0.613, 0.721] with 95%
confidence. We marginalise over the latter interval when
estimating the cosmological parameters.

The scales probed by the measurement are affected
significantly by the non-linear growth of structure. As
shown by Jain & Seljak (1997) and Schneider et al.
(1998), we cannot use the linear power spectrum, but it
is necessary to use the non-linear power spectrum. Two
different approaches to calculate the non-linear power
spectrum have been proposed and we present results for
both. The first is based on the scaling formula suggested
by Hamilton et al. (1991), which was extended to a
wider range of cosmologies by Peacock & Dodds (1996).
Peacock & Dodds (1996) provide a prescription to com-
pute the power spectrum, using a fitting formula which
is calibrated using numerical simulations. More recently,
Smith et al. (2003) suggested an approach based on a
halo model approach to better capture the breakdown of
the stable clustering assumption in the Peacock & Dodds
(1996) prescription. We note that both prescriptions are
based on relatively small numbers of numerical simula-
tions and that their accuracy is limited. Comparison
with recent numerical simulations suggest that they are
accurate to ∼ 5%; this number depends on the region
of parameter space that is probed and larger errors can
occur (M. White, private communication).

Fig. 11.— Joint constraints on Ωm and σ8 constraints from
the CFHTLS Wide data using the Smith et al. (2003) model for
the non-linear power spectrum. The contours indicate the 68.3%,
95.4%, and 99.7% confidence limits on two paramaters jointly. We
marginalised over the Hubble parameter and source redshift distri-
bution as described in the text.

5.2. Constraints on Ωm and σ8

Cosmological parameters are estimated by comparing
the predicted signal mi to the observed top-hat variance
di as a function of scale θi. We consider cold dark matter
models with a flat geometry (i.e., Ωm+ΩΛ = 1). We vary
the parameters of the model, focussing on constraining
the matter density Ωm and the normalisation σ8. For
these parameters we limit the calculations to Ωm ∈ [0, 1]
and σ8 ∈ [0.5, 1.2].

As discussed above, we vary the source redshift dis-
tribution through zs =∈ [0.613, 0.721], assuming a flat
prior. Furthermore, the signal depends somewhat on
the value for the Hubble parameter, for which we use
h ∈ [0.6, 0.8] as motivated by the findings of the HST
Key project (Freedman et al. 2001). In section §5.1 we
also consider w0, the dark energy equation of state. The
maximum likelihood function is given by

L =
1

(2π)n|C|1/2
exp

[

(di − mi)C
−1(di − mi)

T
]

. (17)

Here C−1 is the covariance matrix. C can be decomposed
as C = Cn + Cs, where Cn is the statistical noise and
Cs the cosmic variance covariance matrix. The matrix
Cs is computed according to Schneider et al. (2002b),
assuming an effective survey area of 13.5 deg2 for the
CFHTLS W1 and 8.5 deg2 for W3, a number density of
galaxies ngal = 12 per arcmin2, and an intrinsic elliptic-
ity dispersion of σe = 0.3 per component.

Figure 11 shows the joint constraints on Ωm, σ8 using
the Smith et al. (2003) model for the non-linear power
spectrum. For reference with other cosmic shear studies,
we estimate the value of σ8 for a fiducial matter density
of Ωm = 0.3. For the Peacock & Dodds (1996) model,

What can cosmic shear teach us about various 
cosmological parameters?

Constrained Quantity in Cosmic 
Shear Analyses:

σ8 (Ωm)0.6

Hoekstra+2006

Consider the following example from CFHT-LS (22 deg2), one of the 
first significant probes of cosmic shear:



These are similar types of constraints as 
we derive looking at the mass function of 

galaxy clusters (earlier in this lecture)

Rozo et al. 2010

Normalization 
of power 
spectrum

Figure 10: Left: Joint 68.3% and 95.4% confidence regions for the mean matter density and perturbation
amplitude from the abundance of clusters in the maxBCG sample (z < 0.3) compared with those fromWMAP
data (Dunkley et al. 2009) for spatially flat ΛCDM models. The shaded region indicates the combination
of the two data sets. From Rozo et al. (2010). Right: Constraints on the dark energy density and equation
of state from the abundance and growth of clusters in the 400 Square Degree sample (z < 0.9) compared
with those from WMAP, SNIa (Davis et al. 2007) and BAO (Eisenstein et al. 2005; Percival et al. 2007) for
spatially flat, constant w models. Note that, contrary to the convention followed in the other figures, the
shaded regions in the right panel indicate only 39.3% confidence. The tight contraints from WMAP compared
with Figure 11 result from the fact that a simplified analysis was used, in particular neglecting the influence
of dark energy on the Integrated Sachs-Wolfe effect (e.g. Spergel et al. 2007). From Vikhlinin et al. (2009b).

Figure 11: Joint 68.3% and 95.4% confidence regions for the dark energy equation of state and mean matter
density (left) or perturbation amplitude (right) from the abundance and growth of RASS clusters at z < 0.5
(labeled XLF; Mantz et al. 2010b) and fgas measurements at z < 1.1 (Allen et al. 2008), compared with
those from WMAP (Dunkley et al. 2009), SNIa (Kowalski et al. 2008) and BAO (Percival et al. 2010) for
spatially flat, constant w models. Combined results from RASS clusters and WMAP are shown in gray in the
right panel; gold contours in both panels show the combination of all data sets. The BAO-only constraint
differs from that in Figure 10 due to the use of different priors. Adapted from Mantz et al. (2010b, the BAO
constraints in the left panel have been updated to reflect more recent data).

28

cluster survey

There’s a 
degeneracy here:

Cluster Mass 
Function 

Constrains:
σ8(ΩM)1/2

So a higher σ8,  lower ΩM and lower σ8,  
higher ΩM both match observations



What constraints can we set on w with these experiments?

Jee+2015

16 Jee et al.

Figure 11. Constraint on w0.

Table 2
Summary of cosmological parameter constraints from joint probes.

Parameter Joint probe ⇤CDM (⌦k ⌘ 0) ⇤CDM (⌦k 6= 0) wCDM (⌦k ⌘ 0) wCDM (⌦k 6= 0)

⌦m DLS+BAO 0.291+0.039
�0.035 0.291+0.039

�0.033 0.286+0.043
�0.037 0.259+0.052

�0.047

DLS+WMAP9 0.293+0.012
�0.014 0.315+0.038

�0.024 0.191+0.085
�0.051 -

DLS+BAO+WMAP9 0.297+0.010
�0.012 0.297+0.011

�0.012 0.290+0.020
�0.017 0.269+0.029

�0.024

DLS+BAO+WMAP9+SN 0.283+0.007
�0.005 0.286+0.009

�0.011 0.286+0.008
�0.011 0.279+0.012

�0.009

�8 DLS+BAO 0.827+0.064
�0.058 0.827+0.059

�0.068 0.831+0.060
�0.061 0.908+0.092

�0.108

DLS+WMAP9 0.833+0.011
�0.018 0.805+0.025

�0.025 0.922+0.129
�0.091 -

DLS+BAO+WMAP9 0.833+0.011
�0.018 0.837+0.022

�0.013 0.845+0.025
�0.039 0.853+0.051

�0.033

DLS+BAO+WMAP9+SN 0.837+0.013
�0.015 0.841+0.010

�0.016 0.841+0.022
�0.011 0.849+0.026

�0.017

ns DLS+WMAP9 0.966+0.010
�0.013 0.968+0.012

�0.013 0.962+0.014
�0.011 0.968+0.012

�0.013

DLS+BAO+WMAP9 0.965+0.008
�0.012 0.967+0.014

�0.010 0.961+0.012
�0.012 0.967+0.015

�0.011

DLS+BAO+WMAP9+SN 0.978+0.006
�0.010 0.974+0.011

�0.016 0.961+0.013
�0.009 0.962+0.018

�0.009

⌦b DLS+WMAP9 0.0475+0.0013
�0.0012 0.0518+0.0049

�0.0044 0.0330+0.0138
�0.0030 0.0366+0.0086

�0.0063

DLS+BAO+WMAP9 0.0478+0.0009
�0.0010 0.0487+0.0018

�0.0016 0.0469+0.0036
�0.0033 0.0437+0.0056

�0.0026

DLS+BAO+WMAP9+SN 0.0469+0.0008
�0.0007 0.0467+0.0011

�0.0012 0.0455+0.0014
�0.0012 0.0461+0.0015

�0.0017

h DLS+WMAP9 0.686+0.014
�0.012 0.680+0.040

�0.052 - -

DLS+BAO+WMAP9 0.685+0.006
�0.011 0.683+0.006

�0.014 0.678+0.033
�0.009 0.701+0.041

�0.023

DLS+BAO+WMAP9+SN 0.697+0.003
�0.004 0.697+0.004

�0.004 0.701+0.006
�0.006 0.697+0.009

�0.004

⌦k DLS+WMAP9 0 �0.010+0.013
�0.015 0 -

DLS+BAO+WMAP9 0 �0.004+0.005
�0.006 0 �0.006+0.011

�0.011

DLS+BAO+WMAP9+SN 0 �0.001+0.006
�0.005 0 �0.001+0.009

�0.009

w DLS+BAO -1 -1 �1.06+0.17
�0.15 -

DLS+WMAP9 -1 -1 �1.54+0.09
�0.18 -

DLS+BAO+WMAP9 -1 -1 �1.02+0.10
�0.09 �1.13+0.13

�0.21

DLS+BAO+WMAP9+SN -1 -1 �1.03+0.03
�0.03 �1.09+0.09

�0.07

One Example:

 DEEP LENS 
SURVEY



What are some of the most notable cosmic shear studies 
from 2000 to 2018:



Observational Challenges — Intrinsic Alignments

In order to measure the effect that gravitational lensing has on 
background galaxies, we assume that the relative orientation 

of galaxies is random

Any alignment between the orientation of galaxies is assumed 
to result from gravitational lensing by intervening masses

But what if the relative orientation of galaxies is not random?

Such alignment could result from tidal interactions of galaxies 
on each other (if galaxies are nearby)

Seems clear that shallower surveys would be more affected 
than deeper surveys



In fact, galaxies have been shown to exhibit some intrinsic 
alignments, but to first order it is not a huge concern

Good technique for ensuring that Intrinsic Alignment do not 
bias one’s results is to exclude sources from the analysis that 

have similar redshifts

Observational Challenges — Intrinsic Alignments



Other Challenges / Possible Systematic Errors

The shear signal one derives from observations is very 
sensitive to knowledge of the intrinsic redshift distribution of 
the sources (originally just used redshifts from HDF North)

In comparing with the predictions from cosmological models, 
the shear signal dependences on the clustering of sources at 
very small scales -- where the power spectrum is non-linear 
and baryonic physics may be important.  Deficiencies in our 

knowledge of the latter two processes may affect weak lensing 
results.



Cosmic Shear: Lots of Potential For Setting the 
Best Future Constraints

From the Dark Energy Task Force report !

C. Porciani! Observational Cosmology! III-30!

From the Dark Energy Task Force Report:



Cosmic Shear: Lots of Potential For Setting the 
Best Future Constraints
Tomography

• Divide sample by photometric redshifts

• Cross correlate samples

• Order of magnitude increase in precision even after CMB breaks 
 degeneracies

Hu (1999)
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One can take advantage of the redshifts one can estimate for background 
sources to measure the growth of structures as a function of redshift.   More 

distant sources will pass by much more structure along the line of sight

Notice that there is much more power in the shear signal cross-correlating 
sources in the more distant redshift sample (#2) than the closer one (#1)

Comparing shear of sources 
in redshift bin #2 with 

sources in bin #2

Comparing shear of sources 
in redshift bin #1 with 

sources in bin #2

Comparing shear of sources 
in redshift bin #1 with 

sources in bin #1



Dark Energy Experiments



So the game is to determine 
the w parameter and how it depends on redshift

There are four standard methods:

1.  Supernovae Ia
-- use of standard candles to establish distance-redshift relation
-- first established existence of dark energy 10 years ago

2.  Baryonic Acoustic Oscillations
-- gives us a standard rod to establish distance-redshift relation 
and Hubble parameter-redshift relation with low systematics

3.  Galaxy Clusters
-- provide us with sensitive probe of growth of structure
-- early evidence for low Ωm

4.  Weak Gravitational Lensing
-- provide us with sensitive probe of growth of structure
-- powerful technique still in process of realizing full potential



Power of the techniques in constraining dark 
energy are quantified in terms of the “Figure of 

Merit”
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III. Goals and Methodology for Studying Dark Energy 
 
 

1. The goal is to determine the very nature of the dark energy that causes the 
Universe to accelerate and seems to comprise most of the mass-energy of the 
Universe.   

 
2. Toward this goal, our observational program must 

a. Determine as well as possible whether the accelerating expansion is 
consistent with being due to a cosmological constant. 

b. If the acceleration is not due to a cosmological constant, probe the 
underlying dynamics by measuring as well as possible the time evolution 
of the dark energy by determining the function w(a).   

c. Search for a possible failure of general relativity through comparison of 
the effect of dark energy on cosmic expansion with the effect of dark 
energy on the growth of cosmological structures like galaxies or galaxy 
clusters. 

 
3. Since w(a) is a continuous function with an infinite number of values at 

infinitesimally separated points, w(a) must be modeled using just a few 
parameters whose values are determined by fitting to observations.  No single 
parameterization can represent all possibilities for w(a).  We choose to 
parameterize the equation of state as w(a) = w��+ (��a)wa, where w� is the present 
value of w and where wa parameterizes the evolution of w�a). This simple 
parameterization is most useful if dark energy is important at late times and 
insignificant at early times.  

 
4. The goals of a dark energy observational program may be reached through 

measurement of the expansion history of the Universe [traditionally measured by 
luminosity distance vs. redshift, angular-diameter distance vs. redshift, expansion 
rate vs. redshift, and volume element vs. redshift], and through measurement of 
the growth rate of structure, which is suppressed during epochs when the dark 
energy dominates. All these measurements of dark energy properties can be 
expressed in terms of the value of the dark energy density today, w�, and its 
evolution, wa.  If the accelerating expansion is due instead to a failure of general 
relativity, this could be revealed by finding discrepancies between the values of 
w(a) inferred from these two types of data. 

 
5. In order to quantify progress in measuring the properties of dark energy we define 

a dark-energy Qfigure of meritR formed from a combination of the uncertainties in 
w� and wa.    

 
The DETF figure of merit is the reciprocal of the area of the error 
ellipse enclosing the 95% confidence limit in the w�–wa plane.  Larger 
figure of merit indicates greater accuracy. 
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wa

w�

�

��

DETF
Fiducial Model

Contour enclosing
95% confidence

 
The DETF figure of merit is defined as the reciprocal of the area of the error ellipse in 
the w0–wa plane that encloses the 95% C.L. contour.  (We show in the Technical 
Appendix that the area enclosed in the w0–wa plane is the same as the area enclosed in 
the wp–wa plane.) 
 
Note that if dark-energy uncertainties are dominated by a noise source that scales as Q-0.5

 
for some quantity Q, such as survey area or source counts, then the figure of merit will 
scale as Q.  
 
Recall that a goal of a dark energy program is to test whether dark energy arises from a 
simple cosmological constant, (w��	�����wa 	��).  A given data model may do a better job 
excluding w0 	��� and wa = 0 than is apparent from simply quoting � (w�) and � (wa).  
This is because the effect of dark energy is generally not best constrained at the present 
epoch (z 	��; a 	��).  For each data model the constraint on w(a) 	�w� �����a)wa varies 
with a.  However there is some pivot value of a, denoted as ap, where the uncertainty in 
w(a) is minimized for a given data model.  The idea is illustrated in the figure below. 

 
 
Each data model results in values for ��w0

2� 	�
��w0)]2, ��wa
2� 	 
��wa)]2, and the 

correlation ��wa�w0�, which determine the error ellipse.  With wp  	 w0 � (��ap)wa, the 

w

z
��

��wp) w 	������w���

zp
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Combination

Technique #2

Technique #1

 
Illustration of the power of combining techniques.  Technique #1 and Technique #2 have roughly 
equal DETF figure of merit.  When results are combined, the DETF figure of merit is 
substantially improved. 
 

7. Results on structure growth, obtainable from weak lensing or cluster observations, 
provide additional information not obtainable from other techniques.  In 
particular, they allow for a consistency test of the basic paradigm: spatially 
constant dark energy plus general relativity. 

 
8. In our modeling we assume constraints on H� from current data and constraints on 

other cosmological parameters expected to come from further measurement of 
CMB temperature and polarization anisotropies.   

a. These data, though insensitive to w(a) on their own, contribute to our 
knowledge of w(a) when combined with any of the dark energy techniques 
we have considered. 

b. Increased precision in a particular cosmological parameter may improve 
dark-energy constraints from a single technique.  Increased precision is 
valuable for the important task of comparing dark energy results from 
different techniques. 

 
9. Increased precision in cosmological parameters tends not to improve significantly 

the overall DETF figure of merit obtained from a multi-technique program.  
Indeed, a multi-technique program would itself provide powerful new constraints 
on cosmological parameters within the context of our parametric dark-energy 
model. 

 

By combining multiple techniques, one can make huge gains in 
terms of the “Figure of Merit,” i.e., constraining both w and

wa.



These four methods exploit the following measurable-redshift 
relationships and have the following strengths and weaknesses:

Baryon Acoustic Oscillations
Dark Energy Observables: DA(z), H(z)
Strengths: Least Affected by Systematics

Weaknesses: Most Leverage at z>1 where changes in 
dark energy model have smallest effect

Sensitive to Errors in the Redshifts of 
the Sources Probed

Potential in Large Area Survey:  Uncertainties in 
the redshift estimates for individual sources can largely 

be overcome by covering large areas of sky

Extra Power in Matter Power Spectrum at 
Distance of First Acoustic Oscillation



By measuring the correlation function for 
a galaxy survey we can look for this bump 

(from baryon acoustic oscillations)

C. Porciani! Observational Cosmology! III-120!

Measuring BAO from LSS!
THE BAO IN THE GALAXY DISTRIBUTION AT Z~0 WERE FIRST DETECTED 
IN THE 2DFGRS AND SDSS GALAXY REDSHIFT SURVEYS...!

SDSS!

GALAXY!
CORRELATION !

FUNCTION!

2DFGRS!

GALAXY!
POWER !

SPECTRUM!

2DFGRS: COLE ET AL. (2005)!SDSS: EISENSTEIN ET AL. (2005)!

First Measurements



These four methods exploit the following measurable-redshift 
relationships and have the following strengths and weaknesses:

Baryon Acoustic Oscillations:
Dark Energy Observables: DA(z), H(z)

θ DA(z)

c(Δz)/H(z)

telescope

Distances along 
line of sight 

constrain H(z)

Distances in 
plane of the sky 
constrain DA(z)

Alcock-Paczynski 
constraints

both length scales 
must be the same



These four methods exploit the following measurable-redshift 
relationships and have the following strengths and weaknesses:

Galaxy Cluster Counting:

Dark Energy Observables:  Volume(z), Growth 
Factor (z)

Strengths:  Very sensitive to Growth Factor,
Many Different Techniques to Find Clusters

Weaknesses: Substantial Uncertainties in Baryonic 
Physics Needed to Predict x-ray, SZ, or optical signature of 

clusters

Potential in Large Area Survey:  Useful in 
further calibrating cosmic shear signal



These four methods exploit the following measurable-redshift 
relationships and have the following strengths and weaknesses:

Supernovae (SN):
Dark Energy Observables:  DL (z)

Strengths:  Most Established Technique, Very 
Powerful if SN are in fact a standard candle

Weaknesses: Systematic Uncertainties, Possible 
Evolution in SNe, Light Curve Fitting Uncertainties

Potential in Large Area Survey:  Large Number 
of SNe found in large area surveys should allow further 

calibration of systematics



These four methods exploit the following measurable-redshift 
relationships and have the following strengths and weaknesses:

Weak Lensing:

Dark Energy Observables:  DA (z), Growth Factor (z)

Strengths:  Technique with Most Power, 
Allows Constraints on Both Expansion and 

Growth Rate for Matter Perturbations

Weaknesses: Sensitive to Uncertainties in the Redshifts 
of the Lensed Galaxies

Potential in Large Area Survey:  Large Area 
Observations Should Allow One to Calibrate Out Any 

Systematics

Need Full Knowledge of the Diversity of Spectra at 
Intermediate Redshift
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c) c) eROSITAeROSITA: the next X: the next X--ray survey telescoperay survey telescope

• space-based X-ray cluster survey

• currently build at MPE in Garching

• start: 2012

• all sky coverage

• DE probes: GC, BAOs

• objects: 100,000 galaxy clusters

• redshift range: 0<z<1.5

• DE constraints: !w~5%

• requires large ground-based follow-
up program for identification and 
redshifts

R. Fassbender: Introduction to Observational Cosmology I – WS09/10 40

d) EUCLID: the European DE Space Missiond) EUCLID: the European DE Space Mission

Source: M. Schweitzer (MPE)

• space-based optical/NIR imaging 
and spectroscopy survey

• 20,000deg2 extragalactic survey

• start: >2016

• DE probes: WL, BAOs, GC

• !w~2%

similar mission plans in US for JDEM,
(Joint Dark Energy Mission) likely with
a stronger focus on SN Ia

Some well known DE missions

2019

Note: E-ROSITA ceased 
operations after the beginning of 
the Ukraine invasion in Feb 2022.  

It had completed 4 of 8 all sky 
surveys.  Analysis is ongoing.

Collaboration between Germany / Russia
e-ROSITA: State of the art x-ray survey telescope



The (Near) Future: 

eROSITA ~105 X‐Ray Clusters 

Zenit‐2SB rocket 

Fregat booster 

Spektr‐RG mission 

Navigator plaTorm 

ART‐XC / eROSITA 

eROSITA 

From Baikonur to L2 orbit 

1.5 million km 

from Earth 

Talks P. Predehl, A. Merloni 
4 



Projected Cosmological Constraints 

•  eROSITA‐specific forecasts, taking into account photons 
registered at detector; assume that clusters get 
detected if at least 50 source photons received. 

•  Include cluster physics; sca>er in LX−M rela/on 
accounted for, fit scaling rela/on parameters 
simultaneously with cosmology (“self‐cal”). 

•  Take into account expected redshib uncertainty. 

•  Apply two cosmological tests simultaneously; evolu/on 
of (i) cluster mass func/on and (ii) angular clustering. 

•  Several assump/ons, e.g., hardware works, flat 
Universe, fiducial cosmology and LX−M rela/on, 
redshibs, one sky for all, …. 

5 



Pillepich, Mohammed, Porciani, Reiprich (in prep.) 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Dark Energy, constant w 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Pillepich, Mohammed, Porciani, Reiprich (in prep.) 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Dark Energy 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w = w0+(1‐a)wa = w0+waz/(1+z) 

Pillepich, Mohammed, Porciani, Reiprich (in prep.) 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eROSITA Compared to DES and Euclid 

Stage III 

Stage IV 

Stage IV 

Pillepich, Mohammed, Porciani, Reiprich (in prep.); Merloni et al. (arXiv:1209.3114). 

DES and Euclid from Giannantonio et al. (2012). 

<1%, <3% 

>300 for fNL=0 

10 



Summary of Sta/s/cs/Precision 

•  eROSITA will increase sta/s/cs by 1‐2 ord. of mag. 

•  It will discover 100k clusters, among them all   

massive ones in the observable Universe and, 

hopefully, many more bullet‐like clusters. 

•  It will likely be the first “Stage IV” dark energy     

probe world‐wide. 

•  It will yield compe//ve and complementary 

constraints on dark ma>er, e.g., ΔΩM<1%, dark 

energy, e.g., ΔwDE<3%, but also on modified      

gravity, neutrino masses, primordial                        

non‐Gaussianity, …. 

12 



eROSITA:  Some Results Based on Early Data

eFEDS = e-ROSITA Final Equatorial Deep Survey
Equatorial Survey has Weak-Lensing Information Available to Calibrate 

Masses of Galaxy Clusters, so this is reason to focus first on them

Significant Sample of Clusters Available Focusing on the Equatorial Fields

Cluster
Mass

Chiu+2023



eROSITA:  Some Results Based on Early Data

Chiu+2023



eROSITA:  Some Results Based on Early Data

eROSITA

eROSITA

Chiu+2023



26 Oct 2007 Gary J. Hill 2

ROE/JSPS WORKSHOP 

Overview

• Two observational approaches 
to make progress on DE
– Get the tightest possible 

constraints at low redshift 
where effect of DE is stronger

– Go to higher redshift where we 
can measure the evolution or 
verify that w(z) = -1 

– Both approaches are needed

• Almost all projects are focused 
at z<1.5
– Due to obvious observational 

constraints

• Spectroscopic BAO at high 
redshift
– One method to measure H(z) 

directly as well as DA(z)
– Only method that can be 

applied at z>2
– Method with smallest 

systematic worries 
(particularly at z>1.5)

• Aims of HETDEX
– Measure the expansion rate to 

percent accuracy at z>2
– Provide a direct constraint on 

the density of DE at z>2
– Provide the best measure of 

curvature

26 Oct 2007 Gary J. Hill 1

ROE/JSPS WORKSHOP 

The Hobby-Eberly Telescope 
Dark Energy Experiment

26 Oct 2007 Gary J. Hill 8

ROE/JSPS WORKSHOP 

HET
Mt. Fowlkes west Texas

VIRUS consists 
of 145 units 
mounted on HET

VIRUS Mounted on the HET

Executed from 2021 to 2024

Other well known DE missions:  



26 Oct 2007 Gary J. Hill 4

ROE/JSPS WORKSHOP 

HETDEX Approach
• Survey duration 3 calendar years
• 1 million tracers in 8 cubic Gpc

volume
– Total survey area 400 sq. degrees 

with redshift range 1.9 < z < 3.8
– goal 1.5 million in 650 sq. deg

• Constraints (3 year)
– H to 1.5-2%, DA to 1-1.5%
– Depending on tracer bias

• Ly-α emitting galaxies
– Numerous
– Easily detected with integral field 

spectrograph

• 145 integral field spectrographs, 
known as VIRUS

– 42,000 spectra per exposure

Realization of HETDEX

Baryon Acoustic Oscillations
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a) The Dark Energy Survey (DES)a) The Dark Energy Survey (DES)

• ground based imaging survey at 
CTIO 4m telescope of Southern 
region (SZE-survey overlap)

• camera: 520Mpix, 2.2deg2 FoV

• start: next year

• 5,000deg2 in 4bands: g r i z

• DE probes: GC, BAOs, WL, SNIa

• objects: galaxies, galaxy clusters 
(with photometric redshifts)

• redshift range: 0<z<1.3

• DE constraints: !w~5-15%

Source: http://www.darkenergysurvey.org/
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b) Deep halfb) Deep half--sky sky multibandmultiband imaging surveysimaging surveys

Source: http://pan-starrs.ifa.hawaii.edu/public/; http://www.lsst.org/lsst

• start: >2014

• 20000-30,000deg2 in 6 bands

• DE constraints: !w~ few %

PanSTARRS4: The Panoramic Survey Telescope and PanSTARRS4: The Panoramic Survey Telescope and 
Rapid Response SystemRapid Response System

LSST: The Large Synoptic Survey TelescopeLSST: The Large Synoptic Survey Telescope

Other well known DE missions:

2025



LSST in a Nutshell 

•  The LSST is an integrated survey system designed to conduct a decade-long, 
deep, wide, fast time-domain survey of the optical sky. It consists of an 8-meter 
class wide-field ground based telescope, a 3.2 Gpix camera, and an automated 
data processing system. 

•  Over a decade of operations the LSST survey will acquire, process, and make 
available a collection of over 5 million images and catalogs with more than 37 
billion objects and 7 trillion sources. Tens of billions of time-domain events will 
be detect and alerted on in real-time. 

•  The LSST will enable a wide variety of complementary scientific investigations, 
utilizing a common database and alert stream. These range from searches for 
small bodies in the Solar System to precision astrometry of the outer regions of 
the Galaxy to systematic monitoring for transient phenomena in the optical sky.  
LSST will also provide crucial constraints on our understanding of the nature 
of dark energy and dark matter. 

Vera Rubin Telescope



Summary of High Level Requirements 

Survey Property Performance 

Main Survey Area 18000 sq. deg. 

Total visits per sky patch 825 

Filter set 6 filters (ugrizy) from 320 to 1050nm 

Single visit 2 x 15 second exposures 

Single Visit Limiting 
Magnitude 

u = 23.5; g = 24.8; r = 24.4; I = 23.9; z = 23.3;          
y = 22.1 

Photometric calibration  2% absolute,  0.5% repeatability & colors 

Median delivered image 
quality ~ 0.7 arcsec. FWHM 

Transient processing latency  60 sec after last visit exposure 

Data release Full reprocessing of survey data annually 



The LSST Science Book 

•  Contents: 
–  Introduction 
–  LSST System Design 
–  System Performance 
–  Education and Public Outreach 
–  The Solar System 
–  Stellar Populations 
–  Milky Way and Local Volume 

Structure 
–  The Transient and Variable Universe 
–  Galaxies 
–  Active Galactic Nuclei 
–  Supernovae 
–  Strong Lenses 
–  Large-Scale Structure 
–  Weak Lensing 
–  Cosmological Physics 

D
ark E

nergy 



Integrated Project Schedule 

Updated: First Light
July 2025

Begin of Full Science 
Operations
Late 2025



LSST Will be Sited in Central Chile 

LSST 
Base Facility 

50 km paved highway 

AURA 
property 
(Totoral) 

0 10 20 
km 

LSST SITE 

CTIO 

N 

Coquimbo 

Gemini & SOAR 

Puclaro 
dam & tunnel 

La Serena 
airport 

Vicuña 

Pa
n-

Am
er

ic
an

 H
ig

hw
ay

 
port 

Central Chile 
Location Map 

La 
Serena 



Dome and Facility Design 

Site has been leveled! 



Archive Site 
Archive Center 

Alert Production 
Data Release Production 

Calibration Products Production 
EPO Infrastructure 

 Long-term Storage (copy 2) 
Data Access Center 

Data Access and User Services 

HQ Site 
Science Operations 
Observatory Management 
Education and Public Outreach 

Summit and Base 
Sites 

Telescope and Camera 
Data Acquisition 

Crosstalk Correction 
Long-term storage (copy 1) 
Chilean Data Access Center 

Dedicated Long Haul 
Networks 

 
Two redundant 40 Gbit links from La 

Serena to Champaign, IL (existing fiber) 



Ultimate LSST Deliverable: Reduced Data 
Products 

A petascale 
supercomputing system 
at the LSST Archive (at 
NCSA) will process the 

raw data, generating 
reduced image products, 

time-domain alerts, and 
catalogs.  

Data Access Centers in the U.S. 
and Chile will provide end-user 
analysis capabilities and serve 

the data products to LSST users. 



LSST From the User’s Perspective 

•  A stream of ~10 million time-domain events per night, 
detected and transmitted to event distribution networks 
within 60 seconds of observation. 

•  A catalog of orbits for ~6 million bodies in the Solar System. 

•  A catalog of ~37 billion objects (20B galaxies, 17B stars), ~7 
trillion observations (“sources”), and ~30 trillion 
measurements (“forced sources”), produced annually, 
accessible through online databases. 

•  Deep co-added images. 

•  Services and computing resources at the Data Access 
Centers to enable user-specified custom processing and 
analysis. 

•  Software and APIs enabling development of analysis codes. 

Level 3 
Level 1 

Level 2 
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Galaxies 

•  LSST will be a unique tool for studies of galaxy formation and 
galaxy properties. 

•  The database will include photometry for 1010 galaxies from the 
Local Group to z > 6. 

•  We will have 6-band photometry for 4 x 109 galaxies. 

•  Key diagnostic tools will include: 
–  Luminosity functions 
–  Color-luminosity relations 
–  Size-luminosity relations 
–  Quantitative morphological classifications 
–  Dependence on environment 
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Supernovae 

•  Roughly 103 supernovae have been discovered throughout the history of all 
astronomy. 

•  LSST will find > 107 over its ten-year duration, spanning a broad redshift range, 
with precise, uniform calibration. 

•  This will undoubtedly revolutionize the field, allowing large samples for studies 
of systematic effects and additional parametric dependences. 

•  ~ 105 SNe Ia will be found in the �deep drilling fields� with well-measured 
lightcurves in all six colors.  This will be an excellent sample for precision 
cosmology. 

•  The large sample size will also allow us (for the first time) to conduct SN Ia 
cosmology experiments as a function of direction in the sky, providing 
stringent tests of the fundamental cosmological assumptions of homogeneity 
and isotropy.  
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Sample Size Estimates:  Lensed SNe 
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Precision Cosmology:  Constraints on 
Dark Energy 

•  LSST will probe the nature of Dark Energy via a distinct set of 
complementary probes: 
–  SNe Ia�s as �standard candles� 
–  Baryon acoustic oscillations as a �standard rulers� 
–  Studies of growth of structure via weak gravitational lensing 
–  Studies of growth of structure via clusters of galaxies 

•  In conjunction with one another, this rich spectrum of tests is 
crucial for reduction of systematics and dependence on 
nuisance parameters. 

•  These tests also provide interesting constraints on other topics 
in fundamental physics:  the nature of inflation, modifications 
to GR, the masses of neutrinos. 
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Shear Power Spectra as a Function of 
Redshift 
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Separate and Joint Constraints on the 
Dark Energy Equation of State 



DESI Survey
Dark Energy Spectroscopic Instrument (DESI) situated at 

NSF Mayall 4-m telescope at Kitt Peak National Observatory

5000 redshifts per mask

Dey+2018 Schafsky + 2022

Map galaxies and QSO redshifts and 
positions over 16000 deg2 area

Redshifts acquired slowly

Other well known DE missions:  



based on 30 million galaxies, 
3 million QSOs

First Year Results Here is a Measurement of the Baryon 
Acoustic Oscillation Scale at Different 

Redshifts

Should give 1 
if dark energy 

is 
cosmological 

constant

DESI Survey



DESI Survey
First Year Results ~2-3 sigma tension with cosmological 

constant model (w0 = −1, wa = 0)



Few examples of more well known DE missions

Euclid Update | Seiffert – Rhodes – Teplitz | Nov 06, 2024  | Page 3

Image credit:  Airbus Defense and Space / ESA

Two Instruments:
VIS – wide band visible imaging array instrument
NISP – near-IR spectrometer and photometer 

Telescope:
1.2 meter primary diameter 
Silicon Carbide 3-mirror Korsch anastigmat

Euclid – Telescope and Instruments

Euclid Update | Seiffert – Rhodes – Teplitz | Nov 06, 2024  | Page 1

Euclid Update

Michael Seiffert (JPL/Caltech)

Jason Rhodes (JPL/Caltech)

Harry Teplitz (IPAC/Caltech)

On behalf of the NASA project and the Euclid Consortium

Slide from a talk by Seiffert/Rhodes/Teplitz)
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Euclid Satelite

Using slides from a talk by Cristobal Padilla

Euclid Mission



Instruments

VIS

NISP

Dichroïc

10

Euclid Mission

Using slides from a talk by Sandrine Pires



Euclid is the first panoramic space telescope ever: 10 deg2 / day in the Wide survey
 Euclid field = 0.54 deg2

Twin wide-field imagers and NIR spectrograph

VIS NISP

COSMOS

11

Euclid Mission

Using slides from a talk by Sandrine Pires



VIS instrument
Cropper et al. 2024 Credit : EC VIS team

12

Euclid Mission

Using slides from a talk by Sandrine Pires



NISP Intrument
Jahnke et al. 2024 

Credit : EC NISP team

13

Euclid Mission

Using slides from a talk by Sandrine Pires
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Euclid Imaging (NISP+VIS)

o Galaxy shapes (1.5 billion) and shear maps

o Weak gravitational lensing

o Strong gravitational lensing

o Photometric SEDs (VIS +YJH +additional photom.)

o Photometric redshifts

o Galaxy morphologies

o Galaxy surface brightness profiles

o Galaxy clusters

Euclid Mission

Using slides from a talk by Cristobal Padilla



NISP Intrument
Jahnke et al. 2024 

Credit : EC NISP team

14

Euclid Mission

Using slides from a talk by Sandrine Pires
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Euclid Spectroscopy (NISP)

o Emision line Spectroscopic redshifts of more than 25 m 
galaxies 

o Galaxy clustering and 3D cosmic web

o Spectroscopic classification

o Spectral features

o Unbiased AGN survey

o Luminous Lyman-α emitters 

o Reionization

o Photometric redshift calibration/training 

Euclid Mission

Using slides from a talk by Cristobal Padilla
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Successful Launch on July 1st,2023

Using slides from a talk by Cristobal Padilla

Euclid Mission
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Using slides from a talk by Cristobal Padilla

Euclid Mission



Eu
cli
d

Euclid First Images
Spiral Galaxy IC342 (11 mly)

Irregular Galaxy NGC 6822 (1.6 mly) Perseus Galaxy Cumulus (240 mly)

Globular Cumulus NGC 6397 (7.8 kly)

Supernova 
Explosions

Horsehead Nebula (1375 ly)

Euclid Mission

Using slides from a talk by Cristobal Padilla
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Euclid Survey

Euclid large FoV 
observes  ~10 
deg2/day in the 
wide survey with 
exquisite image 
sharpness

Euclid Mission

Using slides from a talk by Cristobal Padilla



NISP Instrument

Euclid Mission

Using slides from a talk by Cristobal Padilla
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The Euclid Survey in Context

Unprecedented 
volume coverage 

with objects up to 
redshift >2

Euclid Mission

Using slides from a talk by Cristobal Padilla



Euclid MissionEculid Wide Survey in context

Hou et al. 2023

20Using slides from a talk by Sandrine Pires



3D Galaxy Clustering

Pezzotta et al. (2017, VIPERS)

Redshift Space Distortion (RSD) provides constraints on the growth of structure

redshift

Baryonic Acoustic Oscillation (BAO) provides a cosmic standard ruler and is 
sensitive to the expansion history

Eisenstein et al. (2005, SDSS)

Courtesy: Chris Blake and Sam Moorfield

5

Using slides from a talk by Sandrine Pires

Euclid Mission



Weak Gravitational Lensing
Li et al 2023 [HSC 3 Years]

Massey et al. 2007
Gravitational lens

HOS statistics

2PCF

Euclid ERO – Abell 2390

6

Euclid Mission

Using slides from a talk by Sandrine Pires
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First results from DESI

A lot of excitement because of hints in discrepancies in the DE equation 
of state parameters when combined with other survey data

Euclid Mission

Using slides from a talk by Cristobal Padilla
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First results from DESI: expected from Euclid
Euclid Preliminary

The errors we will be able to obtain with Euclid data will hopefully 
also give us results that makes the Dark Energy very interesting

Euclid Mission

Using slides from a talk by Cristobal Padilla
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Euclid Additional Science
• 105 galaxy clusters 
• Cosmic Voids
• Cross-correlations with CMB temperature and lensing
• 105 strong gravitational lenses
• Transients in Deep fields

• ~50 Super-luminous SNe / year (Inserra+17)
• Galaxy formation and evolution

• Census of AGN at 1 < z < 3
• Galaxy morphologies at z > 1
• Lyman break galaxies at z > 7
• High-z quasars

• Milky Way
• Census of brown dwarf stars
• Satellites & environs
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The Euclid Data Releases

First Cosmology results in 2026 and several public releases afterwards 
that will continue to produce interesting physics results

Euclid Mission

Using slides from a talk by Cristobal Padilla
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Summary
• Euclid will observe 1/3 of sky at 

redshifts up to > 2
• The results will provide high precision 

results in the Dark Energy Equation of 
state and other cosmological 
parameters

• Spacecraft, system and instruments 
work as expected
• We expect first science papers soon

• Legacy data will also help 
understanding key fundamental 
topics in non-cosmological science

Stay tuned:
The Euclid Consortium page: www.euclid-ec.org
ESAs Euclid page: www.esa.int/Science_Exploration/Space_Science/Euclid

Euclid Preliminary

Euclid Mission

Using slides from a talk by Cristobal Padilla
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WFIRST Version CATE 
Date 

Primary 
Mirror 

Dia. (m) 

Pixel 
Scale 

(as/pix) 

Active 
FOV 

(deg2) 

Science 
Detectors 

Notes 

SDT #1: Interim DRM 2011 1.3 0.18 0.29 36 H2RG-18 1 – 4x7 Imaging FPA 
0.45 0.26/ea 2 – 2x2 Spec FPAs 

SDT #1: DRM1 N/A 1.3 0.18 0.375 36 H2RG-18 
Imaging & Spec in single FPA 
with GRS and SN prisms in a filter 
wheel 

SDT #1: DRM2 2012 1.1 0.18 0.585 14 H4RG-10 
Imaging & Spec in single FPA 
with GRS and SN prisms in a filter 
wheel 

SDT #2: WFIRST-2.4 2013 2.4 

0.11 0.281 18-H4RG-10 Imaging & Spec in single FPA 
with GRS grism in a wheel 

0.11 9.45 as2 1 H2RG-18 IFU for SN spectra 

   Optional coronagraph for  
exoplanet imaging 

Table 1-1: Comparison to past WFIRST Design Reference Missions. 

Figure 1-1: Field of view comparison, to scale, of the WFIRST-2.4 wide field instrument with wide field instruments on 
the Hubble and James Webb Space Telescopes. Each square is a 4k x 4k HgCdTe sensor array. The field of view extent 
is about 0.79 x 0.43 degrees. The pixels are mapped to 0.11 arcseconds on the sky.  

WFIRST Wide-Area Field of View from Space
Nancy Roman

Telescope
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equation, or from still more radical modifications such 
as extra spatial dimensions. Observationally, the route 
to addressing these questions is to measure the histo-
ries of cosmic expansion and growth of structure with 
the greatest achievable precision over the widest ac-
cessible redshift range.  

As defined by NWNH, one of WFIRST’s primary 
mission goals is to “settle fundamental questions about 
the nature of dark energy, the discovery of which was 
one of the greatest achievements of U.S. telescopes in 
recent years.” (Following common practice, we will use 
“dark energy” as a generic term that is intended to en-
compass modified gravity explanations of cosmic ac-
celeration as well as new energy components.) It will do 

so using three distinct surveys that enable complemen-
tary measurements of the expansion history and struc-
ture growth. In each case, the larger collecting area and 
higher angular resolution of WFIRST-2.4 afford signifi-
cant advantages relative to the DRM1 design. The 
WFIRST-2.4 dark energy program is summarized below 
and described at greater length in Appendix C. Further 
background on the measurement and forecast methods 
can be found in the Green et al. report1, in papers by 
Wang et al.4,5,6 on cosmological constraints from galaxy 
redshift surveys, and in the comprehensive review arti-
cle of Weinberg et al.7  

Figure 2-1 presents an overview of the WFIRST-
2.4 dark energy program. With the observing strategy 

Figure 2-1: A high-level view of the WFIRST-2.4 dark energy program. The supernova (SN) survey will measure the 
cosmic expansion history through precise spectrophotometric measurements of more than 2700 supernovae out to 
redshift z = 1.7. The high-latitude survey (HLS) will measure redshifts of more than 20 million emission-line galaxies and 
shapes (in multiple filters) of more than 500 million galaxies. The former allow measurements of “standard ruler” dis-
tances through characteristic scales imprinted in the galaxy clustering pattern, while the latter allow measurements of 
matter clustering through the “cosmic shear” produced by weak gravitational lensing and through the abundance of 
galaxy clusters with masses calibrated by weak lensing. As indicated by crossing arrows, weak lensing measurements 
also constrain distances, while the galaxy redshift survey provides an alternative measure of structure growth through 
the distortion of redshift-space clustering induced by galaxy motions. Boxes in the middle layer list the forecast aggre-
gate precision of these measurements in different ranges of redshift. These high-precision measurements of multiple 
cosmological observables spanning most of the history of the universe lead to stringent tests of theories for the origin 
of cosmic acceleration, through constraints on the dark energy equation-of-state parameter w(z), on deviations ΔG(z) 
from the growth of structure predicted by General Relativity, or on deviations between the gravitational potentials that 
govern relativistic particles (and thus weak lensing) and non-relativistic tracers (and thus galaxy motions). 

High Latitude Survey 

The WFIRST-2.4 Dark Energy Roadmap 

Supernova Survey 

wide, medium, & deep imaging 

+ 

IFU spectroscopy 

2700 type Ia supernovae 
z = 0.1–1.7 

spectroscopic: galaxy redshifts 

20 million Hα galaxies, z = 1–2 

2 million [OIII] galaxies, z = 2–3  

imaging: weak lensing shapes 

500 million lensed galaxies 

40,000 massive clusters 

standard candle distances

z < 1 to 0.20% and z > 1 to 0.34% 

standard ruler 

 distances               expansion rate


z = 1–2 to 0.4%      z = 1–2 to 0.72% 

z = 2–3 to 1.3%       z = 2–3 to 1.8% 

dark matter clustering

z < 1 to 0.16% (WL); 0.14% (CL) 
z > 1 to 0.54% (WL); 0.28% (CL) 

1.2% (RSD) 

    history of dark energy 
                     + 
      deviations from GR 

  w(z), ΔG(z), ΦREL/ΦNREL 

Roman
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If the measurements from the WFIRST-2.4 prime 
mission are limited by statistics --- we have designed 
our requirements on systematic error control with this 
goal --- then the dark energy constraints could be im-
proved considerably with additional observations in an 
extended mission. As an illustration, red, green, and 
cyan bars in Figure 2-8 show the impact of doubling the 
precision (i.e., multiplying all statistical+systematic er-
rors by 0.5) of the WFIRST-2.4 GRS, WL, and SN 

measurements, respectively. If the multi-band imaging 
observations demonstrate good control of systematics, 
then it may be possible to carry out a wider area weak 
lensing survey in H-band only, in which case quadru-

Figure 2-7: Δχ2 = 1 error ellipses on the value of the dark 
energy equation-of-state parameter w at redshift z = 0.47 
(the redshift at which it is best determined by WFIRST-
2.4) and its derivative with respect to expansion factor 
dw/da. The green ellipse, centered here on the cosmolog-
ical constant model (w = -1, dw/da = 0), represents cur-
rent state-of-the-art constraints from a combination of 
CMB, SN, BAO, and H0 data.20 For this figure, we have 
imagined that the true cosmology is w(z=0.47) = -1.022 
and dw/da = -0.18, well within current observational con-
straints. The black ellipse shows the error forecast for 
the baseline WFIRST-2.4 SN, GRS, and WL surveys, com-
bined with CMB data from Planck, a local supernova cali-
brator sample, and BOSS BAO and RSD measurements 
at z < 0.7. The red ellipse shows the “extended” case in 
which the precision of the WFIRST-2.4 measurements 
(but not the Planck, local SN, or BOSS measurements) is 
increased by a factor of two, as a result of a longer ob-
serving program in an extended mission, better control of 
systematic uncertainties, or both. Legends indicate phys-
ically distinct regions of the parameter space: a cosmo-
logical constant (Λ), scalar field models that are “freez-
ing” towards or “thawing” from w = -1, and models with w 
< -1 (often referred to as “phantom energy”) in which in-
creasing acceleration leads to a “big rip” at a finite time 
in the future. 

Figure 2-8: Top: Figure of Merit FoM = [σ(wp)σ(wa)]-1 for 
various assumptions. The blue shaded block shows the 
baseline case of FoM = 990 corresponding to the solid 
black contour of Figure 2-7. The blue dashed block 
shows the forecast FoM = 131 from Stage III experiments 
from Weinberg et al.7 Red and green bars show the effect 
of increasing the measurement precision from the GRS 
or the WL survey by a factor of two, while the blue bar 
shows the effect of increasing both of them by a factor of 
two simultaneously. The cyan bar shows the impact of 
increasing the measurement precision from the SN sur-
vey by a factor of two. The purple bar shows the effect of 
increasing the precision of all three sets of measurement 
components by a factor of two, as described in the text. 
Errors for Planck, local SNe, and BOSS are held fixed 
throughout. Bottom: Same as top, but for the (inverse) 
1σ error on the growth index γ. 

WFIRST Figure of MeritRoman


