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Introduction
* Main question

* Example

» Cosmo context ) )

« Underlying model to analyze the data assuming that GR is correct
DES projections for w and see whether the constraints on DE parameters
MCT

overlap

no overlapping? — the underlying
parameterization is wrong

GR + DE
or

Modified Gravity °

to look at parameter constraints coming from
separate dynamical effects (cosmic expansion,
perturbation growth)

BNR is a bad fit to cosmological data unless a neto substance,
s0 called dart energy, is invoted




Introduction

« Main question Concrete example

« Example . .
« Cosmo context ® The Universe is governed by a toy MG model
« Underlying model ® Projected constraints from Dark Energy Survey (DES) in the plane
DES projections for w (Wg,Wa), Where w = wo+wq(l—a)
MCT
a = scale factor
® Quantitative formalism that assigns a X* for the combined probes
=> Bad X° — disagreement among the probes
Trivial Example , :
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Introduction . . . ..
« Main question % Perturbations in MG: for the toy MG model, the metric retains its GR form

* Example 5 _ 5 5 a
« Cosmo context ds® = —(14+20)dt" +a” (1 + 2®)dT
» Underlying model _ I .
DES projections for w W, P = scalar gravitational potentials
MCT . . . .
# Deviations from GR parameterized with (Hu & Sawicki, 2007)
e+ 0 B 871G pma’d , l1—g
9= 3% f:—,[,-z[q)_'l]fj_l / 17
g=0 f=0 =l
or (Linder 2005, Linder & Cahn 2007)
dlnd . _
— = (la)’ Growth factor of matter perturbations
dlna
Qnla) = Qno/[H(a) HU] H{a) = expansion rate
In Hu & Sawicki formalism
fl”i{fl}ﬁ l - r"n }Ej]u H - Snr ‘I‘ 2 ‘I‘ Ehn [ﬂ]gﬁr_-l = 3 — 3(1 — {JJ y:055

dlna ' ) —H T 2(1+ f)



Introduction

« Main question Underlying TRUE model
» Example
e Cosmo context toy MG model
* Underlying model y—() 68
DES projections for w D&GP w=1 — background expansion of ACDM
MCT
the only observable differences will
enter via the growth function
mild modification of GE
] ] ] 1 ] ] ] 1 ] ] ] ]
0.6 —
| Constant Y is not consistent with constant g
N This model will produce more structure at early
)

times than ACDM for fixed Og (fluctuation amplitude

today) because structure grows more slowly in the
MG model




Introduction
DES projections for w
* Fisher formalism
* Probes
« SN, BAO, CMB
e Clusters
* Lensing
e Initial results
MCT

' DES projections for w

will probe DE using

# Type Ia Supernovae (SN)

# High z Clusters (CL)

# Baryon Acoustic Oscillation
(BAO) scales

# Cosmic Shear signal from
weakly lensed galaxies (WL)

How to project these constraints?
FISHER MATRIX APPROACH

from contours representing the 68%
confidence region in the (wg,w,) plane

—

WE W
1- determine how large the error
contours would be

2- determine where they would be

centered

T TO

0¥

an incorrect model is used

to analyze the data
i.e. we use GR to fit the data but the toy MG
model is the correct model

the assumed underlying model

The Fisher matrix formalism is valid when the joint likelihood
function of the cosmological parameters is a GAUSSIAN.




Introduction
DES projections for w
* Fisher formalism
* Probes
« SN, BAO, CMB
e Clusters
* Lensing
* Initial results
MCT

Extension of Fisher formalism (Knox, Scoccimarro, Dodelson, 1998)

1- Calculate the Fisher matrix for the parameters Ay to be fit to the data

Sy -1y | 9P OP; :
Fog = TZJ:{C-m- )i DWW should be calculated using

the model we will fit (GR)

P;: observed quantity in bin i
(Cov);; : covariance matrix for bins i and j
L should be calculated using the model assumed to be true (toy MG model)

Priors? They must be added to the Fisher matrix

2- Calculate the difference AP; in the quantity to be measured P; in the true model and in the

fitted model

3- The parameter Ay will be mis-estimated by an amount

_ P,
ﬂ\.}w — '::-F_l,llf.t_d [Lb"’_l:’z".—_?ﬁp'
Z ZJ TOrs GR + DE

so we need to determine the expected values from the 4 probes in -

MG model

we consider {wo,w,,QpEg, Qx, A, Qy, ng, 0g}={-1.0, 0.0, 0.73, 0, 0.72, 0.046, 1, 0.8}
+ priors from the Planck satellite.

Q: curvature density | H(a)/(100 km/s/Mpc) | Qy: baryon density | ng: slope of the primordial spectrum |
Og: normalizes the matter power spectrum at z=0



Introduction PROBES

DES prOJCC'[IOI’I'S for w SN’ B AO’ CMB

* Fisher formalism -

 Probes Insensitive because Yy determines the structure
» SN, BAO,CMB Sensitive to growth in the late Universe (the CMB power
« Clusters background geometry spectrum i1s affected by ISW and WL but we
. Lensing ignore these effects)

e Initial results

MCT The predictions for distance moduli

and correlation function peak are
identical for GR and MG

] _ \ The projected contours are
E AP =0 centered on the fiducial values

0.0



Introduction
DES projections for w
e Fisher formalism
* Probes
* SN, BAO, CMB
e Clusters
* Lensing
« Initial results
MCT

CLUSTERS
DES — optical

South Pole Telescope — microwaves (ZS effect)

Comoving number of clusters with mass M of z:

peo dln oy

ﬂ(ﬂ-L x} — _Fm

f(M,2)

Observable: number of
clusters in each bin (of z)
above a given mass threshold
(which allows for detection
by SPT)

£(M, 2) ::[lﬁlﬁexp(:—-l]ug(nﬂ;nj_1)-+[lﬁ?ﬂaz) Jenkins et al. 2001

Pc0 = critical density today

0= RMS of the matter density field smoothed with a
top-hat filter of radius R. ¥ = 3M /47 p,q.

Total number of clusters above Mj;(2): z

Zi+41
N; = 4x f*"k-‘" [ dz

il

DES+SPT

x(2)? /”“ ,
) dM n(M, =
1) . M.2)

X= comoving distance
z;=lower edge of bin I

9= 0.125, sky coverage of

1' !| im ':.-: ;'

NES /NG —

o o
o O W

Yy — linear growth function — it normalizes Py, in 0

1

100F

)

—— MG y=0.68

GR 9=0.55

0.2

04 06 08 1.0 1.2 14
Redshift z



Introduction
DES projections for w
* Fisher formalism
* Probes
* SN, BAO, CMB
e Clusters
* Lensing
* Initial results
MCT

A more general MG model the halo formation time
would change

the critical overdensity for halo collapse
but

* DGP

Iter 0. by 1-2%
f(R) gravities AL O BY ‘

# Changes in halo formation time are incorporated into the GR spherical collapse mass
function (Sheth & Tormen, 2002)

——> cluster numbers depend primarily on the linear growth factor realistic

Covariance between bins: Cov[N;, N;] =4,;N;  Assuming that the error in the number is

dominated by counting error




Introduction
DES projections for w
* Fisher formalism
* Probes
« SN, BAO, CMB
e Clusters
e Lensing
e Initial results
MCT

Projections in the dark energy parameter plane

To get the extra clusters that this model would produce, a

needed (more DE at early times).

clusters
(wo, wa)=(-1,0)

0.0

is

clusters :
(W0, Wo)=(-1.19,0.90) -

—0.5 0.0
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DES projections for w LENSING
 Fisher formalism
« Probes # The lensing convergence at a particular sky position is the matter density
) gll\l’s?e‘?so’ CMB contrast O(x), projected over comoving distance X, along the line-of-sight:
b u
e Lensin 00
« Initial result% ki (0) = / dy o(60y.x) Wily) i= redshift bin
MCT 0 W;(X)= lensing kernel
# Cosmic convergence power spectra: (7:(1)&;(I')) = (27)26% (1 +1') Cry; (45 = cross spectra
I= Fourier conjugate to 0
small angles — no spherical harmonics &°= 2-D Dirac function

# For N redshift bins N(N+1)/2 observables for a given [:

Limber approximation:
gy _ the only matter density
Chrij = / —Wilx)W;(x)Ps (k: x) modes &(x) contributing
o dalx) to the lensing signal are
those modes with K

where d, is modified in a curved Universe. transverse to the l.o.s.



Introduction
DES projections for w
* Fisher formalism
* Probes
« SN, BAO, CMB
e Clusters
* Lensing
e Initial results
MCT

# Lensing kernel

Wh d. - 1z dalv. — i . .
Hz-[t:c—“‘“”“[ o py(2) 2 240G — X) Wy = 30,12
X

3':.5-‘5“11; aly) . {f'{s d A {‘{s]

p,(z)= true spectroscopic distribution of galaxies

n*'= total number density of galaxies in that bin

binning according to the “photo-z’’ of the galaxies, which is
assumed as an unbiased estimator of the true redshifts

# Redshift distribution of source galaxies

dngal

7 Median redshift of distribution: Zmed == Z0 \//j
dz

X 32 Exp:_lz = .-“'I 3{]}1.5]

dngal

#* Total projected number density of galaxies (normalized) ﬁ dz —— = > nsl, = pel

i

Z0q=0-68, n=12

#* f= 0 — the relation between the lensing potential ¢—) and the matter

density 9 is unchanged — the weak lensing power spectrum can be computed

from the matter power spectrum via =y
G = [ W0, (00Ps ()
[ AN



Introduction
DES projections for w
e Fisher formalism

# Non-linear power spectrum

 Probes GR MG
« SN, BAO, CMB
e Clusters Linear Fitting formula by Eisenstein & Hu .
« Lensing (1999). Redshift dependence given Growth function adapted
e Initial results by the growth function. to incorporate Y.
MCT
Non- linear Halofit (Smith et al. 2003) It must agree with GR at small
non-linear scales (solar system).
Halofit does not impose that.
Halofit (GR) —interpolation  pajofit (MG)
o i « AP difference between the GR and the
UE =103

MG predictions for C

» There 1s more power in the MG model at
early times

 Cutoff at /=1000 — smaller scales contain
non-linear baryonic effects

l;ii

IIIIIIIII|II IIIIII|IIIIII"IIIIIIIIIIII|1IIIIIIII

[ IIIIIIIII|IIIIIIIII|IIIIII'lIIIIIII|[._IIII|IIIIIIIII

=
o
C
c
c



Introduction
DES projections for w
e Fisher formalism 2

# The total observed power in a given redshift bin is a combination of signal and noise

e Probes Cr. E? = Cl.ij + 0ij Ef] Y.s=1ntrinsic scatter of one polarization of the galaxy shears
« SN, BAO, CMB
* Clusters # Covariance between the observable spectra
» Lensing ;
e Initi bs (yobs 1 _ o bs (vobs | ~vobs ~obs ky_
N}gl,.?al results Cov ’CEG‘E]_‘J EU":;IJEi'i'] - I:?E + 11&3}&1{1 [Cﬁ‘i]‘?rlcf;n ?z:;zc-!‘r_]jj?rljl f '=0.12
Y= 0.16
T T T T T T T T T T T T T T T T T T T T T T T T T T T T | T T T T
b lensing E b lensing _
(wo, wa)=(-1,0) . i (wo, wa)=(-1.1,0.47) -
e DN E ng E

7Ey=055 ; CE y=068

If the true model were MG, the lensing constraint would shift to more DE to accommodate the slower growth of structure



Introduction
DES projections for w
* Fisher formalism
* Probes
* SN, BAO, CMB
e Clusters
e Lensing
e Initial results
MCT

the tension is not

enough

WHY?

Initial results

from very different predictions

—2F

)

—5.0
R

SAME

RESULTS

1- The approach is not quantitative (“do the contours overlap?”)
— no statistical conclusion
2- Each constraint is obtained with the Planck priors added in
— the prior is used multiple times — redundant information!

3- The allowed regions are not 2-D but 8-D

b \
L y=0.68 ]
—> NEW
APPROACH

— it is possible that the allowed regions do not overlap in 8-D but do in the

projections onto the 2-D subspace



Introduction Multidimensional consistency test
DES projections for w

MCT Example: one free parameter | — M=1 RN |

« Parameter tension d 2 probesp — N=2 x*(A) = Z (‘)‘ - ‘k'i’) EGE (')‘ - ‘)"1’)

« Projections =1

e Parameter deg.

e Results AP= best fit value of the parameter from the analysis of probe i

o= error in probe i

7% How to see if they are consistent?  *Minimize x* with respect to A
« A(X?,.;,) is the best fit value

* X* quantifies the goodness of fit

Degrees of freedom: v=(N-1)M=1

Expectation value <x* . >=V If X* ;=10 = AX=9. For v=1 that means p=0.0026.

The probes are inconsistent with 99.7% confidence
#* How to compute the tension between 2 probes if the assumed model is incorrect?

<AV>=<A®> might be false — <x? . >=V will not hold
So<X2 L >=V+B; B>0

If B=9 and v=1 we would conclude that the 2 probes are inconsistent with 99.7% confidence
— B is the appropriate parameter to quantify the tension among several probes



Introduction

DES projections for w 8 cosmological parameters —» M=8

MCT 5 probes (DES+Planck) — N=5

* Parameter tension .

« Projections # Probe i returns a best fit set of parameters )\a(” with a covariance matrix
» Parameter deg.

U : .
« Results C"yp (invertible — no degeneracies)

% A, is a random point in cosmological parameter space

{ i'] (i) 11 (il quantifies the
Z Z[}'“ B [C o (Ag —As™) agreement of the
- aB o probes

3% | the likelithood from each probe is Gaussian in parameter space
e the assumed model is correct

—» excessively large values of X* would falsify the underlying model

how much? projections

 Compute the expectation value of X*if the true model were MG
e Determine how much it exceeds (N-1)M=v

in __ (1)y—1 i)y —1 (i) (i)y—1y — (i)

A =% "1} (e ) (C) gy A, (C)") =F
.'.'?.“r _;' ol i

< (i) _ (i) \ expected outcome from

Aa - <}'“ ) the ith experiment

/ (i iy WE) (7) - (il —
&f\.x“ﬂ)ﬁﬁ“”) =Xa Ag 4 ‘ﬁij(F'L}.};’



Introduction
DES projections for w

vt (i) = (N = DM + 350 O3 003 - T Yo¥o(@

) i o afd
e Parameter tension

* Projections Where (i) - .
« Parameter deg. Yol Z Fos™ s Y. = Z YoV Gap = Z Fop'
* Results i i

# If all probes are expected to return the same parameter — <x® . >=(N-1)M

# Fiducial parameter set: A\, = A, — \fd

N L= () ) ,
where .ﬂ',l,l'ct{l’ = Z foﬁ{ﬂﬂ}'lﬁ{l &}& = Z -ﬁ?:l'fxll %
il i

<'{}?nin> - {F"r - 1:'*1”’ T B

B= Zzgfqﬁk”ag s (F) ZJ:,&]’HA}’J:G Jas
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DES projections for w
MCT

 Parameter tension

* Projections

e Parameter deg.

* Results

(X%m)=(N—-1)M +B

B=0 when there is no tension in the probes -  we fit the correct model
e the model we fit does not
produce tension

N=5, M=8 — v=32

p=0.046 the probability of finding a worse X’ . than
If B=14.2 - <X >=V+B=46.2 )
min ><X i V)

min

its expected value: P()(2

min

The constraints from the 5 probes will be inconsistent at the 95.4 %

Parameter degeneracies

Experiment's insensitivity to a
parameter (or combination)

CMB

v

» Fisher matrix can be singular
(non-invertible)

SN and BAQ <«—» Non-geometric parameters: Qy, ng, Og T

rows/columns=0
4«— > Cannot jointly constrain wo,w,,Qpg, Qx

Degeneracies: error ellipsoids which are infinite in some directions in parameter space
— no constraints in those directions — no inconsistency

Ex: gg from SN cannot be inconsistent with 0 from CL, then Gy is not a degree of freedom in th SN error ellipsoid



Introduction

DES projections for w
MCT . . .
« Parameter tension e Find a unitary matrix U such that F =UTAU
* Projections

* Parameter deg.

* Results * Replace the smallest element of A with zeros

Cleaning the Fisher matrix

N : diagonal matrix of eigenvalues of F

* Compute F from A

this procedure negligibly changes the element of F provided that we only remove
eigenvalues << the largest eigenvalue

« Compute F '= U'A"U, where (A™")aa = { 1/Aaafor Maa 70

0 for A, =0
What happens to <x? . >?

(i) = (N =M =3 8O 4+ B S%: number of eigenvalues
: of F” which are zero
» Effectively, the number of degrees of freedom n has been reduced by the total number of parameters that
each probe cannot constrain
® When very small eigenvalues are set to zero, B changes negligibly — no significant tension is expected
among the probes in these highly degenerate directions
— we evaluate tension only among the parameters where we expect tension
# Serious degeneracies: CMB, WL=3; SN, BAO, CL=4. v=5x8-8=32
> SP=4x3+3x2=18
=>V ~14
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DES projections for w
MCT

e Parameter tension

* Projections

» Parameter deg.

e Results

Results

% Suppose that we will mistakenly fit an 8-parameter ACDM model to data
in a Universe described by the toy MG model

Scale-independent linear growth history given by y=0.68

# The expected tension among the DES probes and Planck
(assuming only statistical errors) is

WL|CL|SN|BAO CMBH v| B |P(xin >v+ B;v)
v Vv v 51206 0.2164 v: possible combinations
ARV v l15)167 0.2466 B: expected tension parameter
VIV Y 1]10.02 0.4030 v: effective degrees of freedom: MN-N-degeneracies
VIV V] V| 9]302 0.2121
v v | v [6]z208 0.2326 <X’pin>=V+B
v v v | 6] 1.96 0.2414 If B is large => the constraints are inconsistent (non-
v V]V 510.75 0.3313 overlapping)
i i 10} 2.21 0.2715
v“: V. V1 ﬂ 61671 0 {j._fr; P: goodness-of-fit or the probability of finding a worse )(Zmirl
Vf- p n ". ', fz than its expected value (in a GR Universe)
Vf. v Vf. 21001 Uﬁilb — probability that the probes would yield constraints
v Y v v |[10]8.23 0.0512 with more tension than the tension predicted due to fitting an
vV IVIY 5| 2.20 0.2003 incorrect model
v VY Vv [110] 9.22 0.0376
vIiVIVI YV 01276 0.2271
VIV Y v ||14]15.58 0.0087
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DES projections for w
MCT

» Parameter tension

* Projections

» Parameter deg.

* Results
WL[CL|SN]BAO CMBH v| B |P(x&in >v+Biv)|  Ifeither WL or CL is excluded — no
v/ v | v/ [5]2.06 0.2164 significant tension among the probes — they are
ARV v || 5] 1.67 0.2466 important
VIV vV 410.02 0.4030
VIV VL V9] 302 0.2121
v v | v || 6]208 0.2326
v v v [ 6] 1.96 0.2414
Vv V]V 510.75 0.3313
Vv V1oV v 1101 2.21 0.2715
v Y v ] 6]6.71 0.0478 Only WL, CL and CMB: the probes disagree at 95%
v |V v 51 0.61 0.3462
v ]V v oI ||10] 8.23 0.0512
vV V]V 51229 0.2003
vV VY v |10f 9.22 0.0376
il VAR VA )] 270 02271 When all DES probes are combined with Planck, the
VIVIV] V v |[14[15.58 0.0087 overlap in 8-D parameter space is very poor

— they are inconsistent at 100(1-0.0087)=99.1%
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DES projections for w Remarks

« Parameter tension # MCT 1s an improvement over the method of looking for
« Projections overlap in (w,,w,)

* Parameter deg. .

. . It computes tension among ALL parameters

It does not use Planck priors multiple times

Only statistical errors. No systematic errors — they could
degrade the parameter constraint

If the inconsistency seems large, look for systematics

#* Modest toy MG model which differs from ACDM only
in the linear growth perturbations

Other MG models could easily produce more tension

# Using the Multi-dimensional Consistency Test (MCT) future probes
from DES will be able to rule out standard GR+DE [ the true gravity
model is a modest modification of GR

The End
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