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Using Union2 SN data (Amanullah et al 2010) binned in redshift



ρDE(z) = ΩDE ρcrit (1 + z)3(1+w)



•The data are now consistent with LCDM, but that may 
change. 

•So, what observational strategies do we use to determine 
which violation of Occam’s Razor has the nature served us?

•Possible alternatives: w(z) ≠ -1, early DE, curvature ≠ 0, 
modified gravity, more than one of the above (?!)

•Goal: to calculate predicted ranges in fundamental 
cosmological functions D(z), H(z), G(z), (and any other 
parameters/functions of interest), given current or future 
observations

• ... and therefore to provide ‘target’ quantities/redshifts for 
ruling out classes of DE models with upcoming data 
(BigBOSS, DES, LSST, space mission, ..........)

Underlying Philosophy



DE Models and their complexity
(-5≤w(z)≤3)

(-1≤w(z)≤1)



Modeling of DE
Modeling of low-z w(z):
Principal Components

500 bins (so 500 PCs)
0.03<z<1.7

We use first ~10 PCs;
(results converge 10→15)

Fit of a quintessence 
model with PCs



Modeling of Early DE

ρDE(z > zmax) = ρDE(zmax)
�

1 + z

1 + zmax

�3(1+w∞)

•ΩDE(zrec)  <0.03 (CMB peaks; Doran, Robbers & Wetterich 2007)

•ΩDE(zBBN)<0.05 (BBN; Bean, Hansen & Melchiorri 2001)

Early DE - current constraints

G(a) = exp
�� a

0
d ln a� [Ωγ

M (a�)− 1]
�

Modeling of Modified Gravity

Advantage: γ≈0.55 for any GR model (small corrections for w(z)≠-1)
Advantage: extremely easy to implement
Disadvantage: actual MG growth may be scale-dependent

(Linder 2005)

(de Putter & Linder 2008)



1. Start with the parameter set:

ΩM,ΩK,H0, w(z), w∞

3. Employ the likelihood machine
Markov Chain Monte Carlo likelihood calculation, 
between ~2 and ~15 parameters constrained

2. Use either the current data or future data 

4. Compute predictions for D(z), G(z), H(z) (and γ(z), f(z)) 

Methodology 



Cosmological Functions

Expansion Rate (BAO):

H(z) = H0
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Cosmological Functions



Structure of graphs to follow
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Sketch by M. Mortonson

Prediction on observable
(given data) by SNe+CMB

(around fiducial, or best-fit) 
Pivot

Max extent of
SN data



Structure of graphs to follow

Sketch by M. Mortonson
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Assumed “data”:
1. SNAP 2000 SNe, 0.1<z<1.7 
     (plus 300 low-z SNe); 

 converted into distances
2. Planck info on Ωmh2 and DA(zrec)

σ2
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+ 0.022
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2.7

�2
�

Predictions from Future Data

Predictions below shown 
around: 

fiducial model

Dead Alive



LCDM predictions 
(flat or curved)

D, G to <1% everywhere
H(z=1) to 0.1% for flat LCDM 

Grey: flat
Blue: curved

Future data



Quintessence 
predictions (flat)

Smoking Gun of EDE:
Uniform suppression in G

Grey: no Early DE
Blue: with Early DE

Future data



Quintessence 
predictions (no EDE)

Smoking Gun of curvature:
1. Shift in G0

2. Negative const offset in D

Grey: flat
Blue: curved

Future data



Quintessence 
predictions

with curvature and EDE

Smoking Gun:
Large negative deviation in G

Note even in this general class, 
firm predictions: e.g.,

G and D can’t be >> LCDM value

Future data



Smooth DE with curvature and/or Early DE

Some quantities
are accurately predicted 

even in very general classes 
of DE models

(e.g. specific linear combination of G0 
and G evaluated at z=1 vs z=zmax)



Predictions from Current Data

- SN Union compilation
- Full WMAP power spectrum 
- DBAO(z=0.35) to ~3% from SDSS (adding 2dF ⇒ little diff)

- H0 from SHOES (Riess et al): (74±3.6) km/s/Mpc; apply at z=0.04

Predictions below shown around: 
best-fit LCDM model



Current LCDM 
(flat, no early DE) 

predictions



LCDM predictions - flat or curved

Growth
to z=1000

Distance

Hubble
parameter

Growth index

Growth
to z=0

f×G

Current 

data



Quintessence predictions (flat, no Early DE)
Current 

data



best-fit
ΛCDM

best-fit
w0-wa

best-fit
w(z) (QCDM)

What current data (SN, mostly) prefer



From current data, projected down on ΩM-σ8

ΩK=0 
(68% CL)



From current and future data, 
projected down on w0-wa

ΩK=0 
(68% CL)



In principal, constraints are good...

Top row: 
Current Data

Bottom Row: 
Future Data 
(assumes αi=0)

values for example 
quintessence model

Flat

Curved

(components)



Figures of Merit (FoMs)

w0

wa 95% C.L.

The most common choice:
area of the (95%) ellipse in the w0-wa plane
(DETF report 2006, Huterer & Turner 2001)

Or, simply:

FoM ≡ 1
σwpivot × σwa

FoM ≡ (detCw0wa)
−1/2 ≈ 6.17π

A95



Generalizing FoM to many parameters - PCs of w(z)

FoM(PC)
n ≡

�
detCn

detC(prior)
n

�−1/2

Future/current ratio

(proportional to volume 
of n-dim ellipsoid)



Falsifying LCDM and Quintessence
with “pink elephant” clusters

Mortonson, Hu & Huterer: arXiv:1004.0236  
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- any of various visual 
hallucinations sometimes 
experienced as a 
withdrawal symptom 
after sustained alcoholic 
drinking.

Pink Elephant:

-Dictionary.com



Cluster number counts: basics

• Essentially fully in the nonlinear regime (scales ~few Mpc)

d2N

d! dz
= n(z)

r(z)2

H(z)
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ΩM=1, ΩDE=0

ΩM=0.3, ΩDE=0.7, w=-1

w=-0.8

mass function; 
calibrated from simulations

to ~10% accuracy
= dV / (dΩdz); exactly 

predictable given 
a cosmological model

observed



Pink elephant, candidate 1:
SPT-CL J0546-5345 

z=1.067
M ≈ (8±1)·1014 Msun

SPT-CL J0546-5345: A Massive z > 1 Galaxy Cluster Selected Via the SZE 7

TABLE 2
Comparison of Mass Measurements for SPT-CL J0546-5345

Mass Scaling M200
a,b

Mass Type Proxy Measurement Units Relation (1014 M!)

Dispersion Biweight 1179+232
"167 km/s !–M200(Evrard et al. 2008) 10.4

+6.1
!4.4

Gapper 1170+240
"128 km/s !–M200 (Evrard et al. 2008) 10.1+6.2

"3.3

Std Deviation 1138+205
"132 km/s !–M200 (Evrard et al. 2008) 9.3+5.0

"3.2

X-ray YX 5.3± 1.0 !1014 M!keV YX–M500 (Vikhlinin et al. 2009) 8.23 ± 1.21

TX 7.5+1.7
"1.1 keV TX–M500 (Vikhlinin et al. 2009) 8.11± 1.89

SZE YSZ 3.5± 0.6 !1014 M!keV YSZ – M500 (A10) 7.19 ± 1.51
S/N at 150 GHz 7.69 " – M500 (V10) 5.03 ± 1.13± 0.77

Richness N200 80± 31 galaxies N200 – M200 (H10) 8.5 ± 5.7 ± 2.5
Ngal 66± 7 galaxies Ngal – M200 (H10) 9.2± 4.9± 2.7

Best Combined 7.95 ± 0.92

a M500 masses were scaled to M200 masses assuming an NFW density profile and the mass-concentration
relation of Du!y et al. (2008).
b We do not correct the dynamical masses for the small potential bias in the dispersion discussed in
§3.4.

Historically, the existence of individual massive galaxy
clusters at high redshift has been used to constrain cos-
mological models (e.g., Donahue et al. 1998). While we
are entering an era where large samples of SZ clusters will
soon be available in addressing such questions, it is in-
teresting to ask whether the existence of SPT-CL J0546-
5345 is expected in our survey volume for a concordance
"CDM cosmology. Convolving the Tinker et al. (2008)
mass function with a Gaussian mass probability func-
tion for the best-estimate mass of SPT-CL J0546-5345,
we find that "CDM predicts the existence of 0.18 clusters
of this mass or higher at z > 1 in 178 deg2. We note that
the M500 ! YX relation was calibrated at lower redshifts
(z ! 0.6) than SPT-CL J0546-5345, and the accuracy of
this relation has not been verified at z " 1. Given the
caveats and uncertainties inherent in this calculation, we
conclude that the existence of SPT-CL J0546-5345 in our
survey volume is unsurprising. The complete SPT sam-
ple, combined with improved mass scaling relations based
on complementary mass measures, will permit "CDM
predictions for the high end of the cluster mass function
to be robustly tested at high redshift.

5. CONCLUSIONS

We report the spectroscopic confirmation SPT-
CL J0546-5345 at z = 1.067, the first SZE-selected
galaxy cluster at z > 1. We measure a robust ve-
locity dispersion from 18 early-type members of ! =
1179+232

!167 km/s, corresponding to a dynamical mass of
M200 = 1.0+0.6

!0.4 " 1015 M". SPT-CL J0546-5345 is the
most dynamically massive cluster yet identified, from any
method, at z > 1.
We find excellent consistency across several indepen-

dent mass measures. The measured dispersion and X-ray
temperature of SPT-CL J0546-5345 fall right on the !–
TX relation. The X-ray, SZE and richness-based mass
estimates are all consistent with the dynamical mass,

and with each other, within the errors. Combining all
the mass measures, we derive a best-estimate mass for
SPT-CL J0546-5345 of M200 = (7.95± 0.92)" 1014 M".
In "CDM we expect 0.18 clusters consistent with this

mass above z > 1 in our survey area. Given the un-
certainties in X-ray scaling relations at high redshift, we
conclude that the existence of SPT-CL J0546-5345 in
our survey volume is unsurprising. The complete SPT
sample will provide the large sample of clusters required
to robustly test the high redshift, high mass end of the
cluster mass function.
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tial support is also provided by the NSF Physics Fron-
tier Center grant PHY-0114422 to the Kavli Institute
of Cosmological Physics at the University of Chicago,
the Kavli Foundation, and the Gordon and Betty Moore
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made with the Spitzer Space Telescope, which is oper-
ated by the Jet Propulsion Laboratory, California Insti-
tute of Technology under a contract with NASA. Support
for this work was provided by NASA through an award
issued by JPL/Caltech. This paper includes data gath-
ered with the 6.5 meter Magellan Telescopes located at
Las Campanas Observatory, Chile. This work is based
in part on observations obtained with the Chandra X-
ray Observatory (CXO), under contract SV4-74018, A31
with the Smithsonian Astrophysical Observatory which
operates the CXO for NASA. We are very grateful for
the e!orts of the Spitzer, Chandra, Magellan, and CTIO
support sta! without whom this paper would not be pos-
sible. Support for M.B. was provided by the W. M. Keck
Foundation. B.S. acknowledges support from the Brin-
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Pink elephant, candidate 2:
XMMU J2235.3-2557 

z=1.39
Mx-ray ≈ (7.7±4)·1014 Msun

MWL ≈ (8.5±1.7)·1014 Msun

Mullis et al, 2005
Jee et al. 2008 
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Pink elephant, candidate 3:
SPT-CL J2106-5844 

z=1.132
MSZ+x-ray ≈ (1.27±0.21)·1015 Msun

Foley et al 2011
Williamson et al. 2011 

4 Foley et al.

Fig. 1.— SPT-CL J2106-5844 at millimeter, optical, and infrared wavelengths. Left: The filtered SZ significance map derived from

multi-band SPT data. The frame subtends 12� × 12�. The negative trough surrounding the cluster is a result of the filtering of the time

ordered data and maps. Right: LDSS3 optical and Spitzer/IRAC mid-infrared gi[3.6] (corresponding to BGR channels) images. The frame

subtends 4.�8 × 4.�8. The white contours correspond to the SZ significance from the left-hand panel. The circles mark spectroscopically

confirmed cluster members, where green indicates quiescent, absorption-line member galaxies and cyan indicates an active, emission-line

member galaxy. Some spectroscopic member galaxies are outside the FOV for this image.

Fig. 2.— Color-magnitude diagram (J − [3.6] vs. [3.6]) for galax-
ies within the IRAC FOV. Suspected red-sequence cluster members

are plotted in red. Lower-probability, but potential cluster mem-

bers are plotted in blue. Spectroscopic members are plotted as

stars, where the red stars correspond to passive galaxies and the

blue star represents an emission-line galaxy. Additional galaxies

in the field are plotted as black points. The size of the symbol is

inversely proportional to the distance to the center of the cluster

as determined by the clustering of the red-sequence galaxies. Our

5-σ limits are plotted as dotted lines. A red-sequence model cor-

responding z = 1.132 is represented as the solid black lines with a

representative L∗ galaxy represented by the black diamond.

luric line removal were performed using the well-exposed
continua of spectrophotometric standard stars (Wade &

Horne 1988; Foley et al. 2003).
Three independent redshift determinations were per-

formed using a cross-correlation algorithm (IRAF
RVSAO package; Kurtz & Mink 1998), a template fit-
ting method (SDSS early-type PCA templates), and a
χ2 minimization technique by comparing to galaxy tem-
plate spectra. There were only minor differences in the
final results from the three methods. In total, we have
obtained secure redshifts, consistent with membership in
a single cluster, for 18 galaxies. Two of these galaxies
have obvious [O II] emission, while the others have SEDs
consistent with passive galaxies with no signs of ongoing
star formation.
A 3-σ clipping was applied around the peak in redshifts

to select spectroscopic cluster members. Representative
spectra of cluster members and a redshift histogram of
cluster members are presented in Figure 3. Redshift in-
formation for cluster members is presented in Table 1. A
single galaxy was observed and has a secure redshift from
both Magellan and VLT. Although the VLT spectrum
shows clear Ca H&K absorption lines and the Magel-
lan spectrum only shows the D4000 break, the measured
redshifts are consistent.
A robust biweight estimator was applied to the

spectroscopic sample to determine a mean redshift of
z = 1.131+0.002

−0.003 and a velocity dispersion of σv =
1230+270

−180 km s−1. The uncertainty in both quantities
is determined through bootstrap resampling. Since the
dynamics of passive and star-forming galaxies within



Two sources of statistical uncertainty

1. Sample variance - the Poisson noise in 
counting rare objects in a finite volume

2. Parameter variance - uncertainty due 
to fact that current data allow cosmological 
parameters to take a range of values



Parameter variance 
(due to uncertainty in cosmo parameters)

95% sample 
variance limit for 
seeing ≥1 clusters 

(and for fsky=1)



Predicted abundance for
M > 1015h-1 Msun, z > 1.48

95% sample variance 
limit for fsky=1

95% parameter variance 
limit

(in each case)

Rule out ΛCDM ⇒ automatically rule out quintessence



Eddington bias

For a steeply falling mass function, 
observed mass was more likely to be scattered into 

observed range from lower M than for higher M

(≠ Malmquist bias: more luminous objects are more likely to scatter into the sample)

Mobs±ΔMobs

dn/dlnM

dlnM

Δ ln(M) = (γ/2) σlnM
2

log slope of MF

A.S. Eddington, MNRAS, 1913



Results for the two pink elephant clusters vs. 
 predictions for LCDM

black error bars:
masses

corrected for 
Eddington bias

Shown limits:
95% both

sample and
parameter 
variance



Systematic effects

Cluster mass

MF normalization

SN light-curve fitter (Lambda)

SN light-curve fitter (Quint)



Disagreement with previous work

Hoyle, Jimenez & Verde (2010), and
Cayon, Gordon & Silk (2010)

(partial agreement with Holz & Perlmutter (2010))

They find LCDM is ruled out at 2-4 sigma, 
and we don’t. 

But they

➡ Don’t correct for Eddington bias
➡ Don’t account for the parameter variance
➡ In some cases, use inappropriately small fsky

➡ In some cases, use weird statistical methods



Potentially useful product of paper:

Fitting formulae to evaluate Nclusters that rule 
out LCDM at a given

✓ mass and redshift
✓ sample variance confidence
✓ parameter variance confidence
✓ fsky

e.g. Williamson et al. 2011 
(SPT) 



Conclusions I: Falsifying DE
• Current (and, esp, future) data lead to strong 

predictions for D(z), G(z), H(z)

• Examples:

• Flat LCDM: H(z=1) to 0.1%, D(z), G(z) to 
1% everywhere

• Quint: D(z), G(z) to 5%; one-sided 
deviations

• Smooth DE: tight consistency relations can 
still be found

• GR tests: γto 5% (~0.02) even with 
arbitrary w(z)

• Total FoM=det(Cov)-1/2 improvement of >100 
in the future

• it’s wise to keep eyes open for mode exotic DE 
(and measuring PCs 3, 4, 5, 6...)



• It’s important to be careful about the various statistical, 
not just systematic, effects in analyzing the abundance of 
rare, massive and distant clusters

• In particular, we find that the following effects have 
major effect on their likelihood

• Parameter variance (in addition to sample variance)

• Fair assessment of fsky

• Eddington bias

• So far none of the detected clusters rules out any models 
(contrary to some claims in the literature)

• If an unusually massive/distant observed cluster observed 
tomorrow rules out LCDM, it will rule out quintessence at 
the same time

Conclusions II: ‘Pink Elephants’


