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Outline

(1) Generalised dark matter (GDM),
» 3 new parameters

»  CMB with A-GDM and constraints from Planck. New: time
varying DM equation state. Halo model, neutrinos...

» Everything consistent with ACDM. No hints for “beyond CDM”
(2) Parametrized Post Friedmann (PPF) frame work,
» 2 new parameters. No degree of freedom associated with DM.

» Bad fit to CMB. We need extra degree of freedom.
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Belleving In dark matter

AXions natural
e Extensions of the standard model of < Wimps ¢ extensions

particle physics (SM) Sterilev)  of sM
e Cold dark matter (CDM) gives Intlemal %alaxy and
: LA cluster dynamics
concordant picture within General - xpansion history
Relativity (GR) |arge scale structure
_ensing CMB BBN

e Modified gravity?:

+ GR’s success for a century no moditied gravity
| | theory yet to explain all
+ Lack of working alternatives those phenomena
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Belleving In dark matter

Axions Y natural
e Extensions of the standard model of < Wimps ¢ extensions

particle physics (SM) Sterilev)  of SM

e Cold dark matter (CDM) gives Intlemal %alaxy ana
' A cluster dynamics
concordant picture within General - oansion history

Relativity (GR) |arge scale structure
_ensing CMB BBN

e Modified gravity?:

+ GR’s success for a century no moditied gravity
| | theory yet to explain all
+ Lack of working alternatives those phenomena

T, =T, | Ta", + Teu”, = (87GN)™ GH,
for GDM
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Belleving In dark matter

Axions Y natural
e Extensions of the standard model of < Wimps ¢ extensions

particle physics (SM) Sterilev)  of SM

e Cold dark matter (CDM) gives Intlemal %alaxy and
' i cluster dynamics
concordant picture within General - oansion history

Relativity (GR) |arge scale structure
_ensing CMB BBN

e Modified gravity?:

+ GR’s success for a century no moditied gravity
| | theory yet to explain all
+ Lack of working alternatives those phenomena
PPF
—1
TMV — TA'uI/ + TSMMV — (87‘- GN) (GHV _I_)
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Dark matter tluig

T = PUyty 4Py + ) +E

* Cold and Collisionless particles in the continuum limit
are described before shell crossing as pressureless
perfect fluid (=CDM in camb and CLASS)

Planck 2015 XX, 1502.02114 B¢ iso < 0.038
Planck 2015 XIII, 1502.01589  w, = 0.12 £ 0.0027

* A general fluid can have pressure P=P(p,S,V u+,...).
We allow for non-adiabatic, but exclude bulk viscosity

* Shear 2y (p,Vuuyv, guv,...), spatial and traceless

= More DM properties that we can potentially measure!
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(Generalised Dark Matter

Linear scalar perturbation

Iz :
e GDM parameters w(r) Ak, 7) A (k1) =22 —w— — =
| Dg SH(1 + w)
‘equation of state’ ‘sound speed’ ‘viscosity’ ‘adiabatic sound speed’

® GDM closure relations made-up by W. Hu 1998 ApJ 506

~ rest frame : 4 Newtonian
_ 2 1 _ 2 B | )
[Ty = c,0g + (c5 — c5) Ay 3, = —3HX, - T3 o) 2.0,
non-adiabatic derived for neutrinos’ Blas et al 2011 JCAP 7

pressure 1l,,,q vanishes if P=P(p)
® Perturbed stress-energy-momentum tensor ¢,

Ty = Pttty +P(gr + 1) +Sp / GOM
59 — 5pg/ﬁg w = Pg/ﬁg Zzgj _ ﬁg(l 1+ w)(aiajzg)tracefree
Ug; = —a0ily II, =0P,/p,

o V,T, =0 perturbed conservation equation close

14
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Rough estimates

W = Cs = Cyis

T ———

: ruled out by s
GDM with constant Planck 0
parameters ~ o7
Thomas et al, 1601.05097 1()—6 ........... /’! -
measured Tte. Ry ]
. iIn N-bod * e ;’

Freely streaming CDM| <t k=2 (FDH)E |

warmed-up by o R
non-linearities, EFTOfLS el ‘
limit f 20T
Baumann et al, JCAP 2012 UDSEAFBITLI;_;?T/, EO (1 X Z)Q _
14 —""'W_-——’. ] RN ] -

Freely streamind U 0.1 10 1000 103

warm dark matter
Armendariz-Picon et al, JCAP 2014

CDM neutralino 10-24 <
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Extending ACDM into A-GDM:
imprints on the CMB and
constraints from Planck

a’p, o wy(1+ 3wln(l + 2))

kol Mo~y /e2+0.562

decay Vis



CMB and constraints

MCMC 6+3 params Wlth montepython

Basec on a mod|f|ed CLASS code Lesgourgues 2011
 Blanck Residual amplified x5 k =0.062 MPC (3rd peak)
g 0004 +Lensing T ;
0.002/ - |
=1 0,000/ ; i W ¢ |
002 with BAO 75 o o o 0wl
— 6 -0004;  prior ;:' e T
c\/]\ 011 012 013 3 t ......................................
S We 3 : ‘ ‘ ‘ ‘ ‘ |
o .:.: 100 200 500 1000 2000 5000 1 x 1C
— C : o ; 7 [Mpc]
<, tonstraints ¢ + . +2x107 0
~ _a Bk 1. | T
T w< 24x107°F | Ly 0 — 10t
. ‘{ . /o \‘ :.', ;“ g 1 ".s. ~.~A
w>—09x107% %Y >
2 1] W 5 = 03 .
(99.7% c.l.) % =10°
Errrrey,, . '-----....-_n;‘—""" K e g 3
’\‘.-o' ko QN,
~+~. Planck 2015 7 Mo 102! 220
data: - spss-iitz20t3 e, 00 01
2 345 10 15 25 500 1000 1500 2000 2500 ’ '
k [h/Mpc]
Xu, Chang, PRD 88, 2013

® v 7 means Pg -~ and Prad/Pmatter » during recombination
® v is anticorrelated with wg, correlated with Ho

[

® v is not correlated with cs2, Cyis2

Calabrese et al, PRD 80 2009

Thomas et al, 1601.05097

Kopp etal, 1605.00649
xalnfustav | DESY | Sept 27 2017
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CMB and constraints

Based on a mod|f|ed CLASS code Lesgourgues 2011, MCMC 6+3 params W|th montepython

A Planck Residual amplified x100 ] k = 0.062 Mpc (3rd peak)
E#XI0HEN +Lensing | ;
, 3.x107°f N | ﬂ b
 ax10 R I w i Cchs e
l.xlO‘é‘ | R 0 0 0 |
— 6 : LN i i
) 1.x107°  2.x107° 7 — 0 3x107% 0 :
S ¢ : N
w0 — 0 0 6x107° | 100 200 500 1000 2000 _ 5000 1x10
2 . . 1 T [Mpc] kdecay
<4 COHS’[ralﬂtS New: constraints | o n
S 2 <321 x107° stable if GDM- _ .
=]
" (99.7% C.l.) nSwitched on 210
\ ........... g
Q~,
~+~. Planck 2015 102"
data: gpssiizots 0w e,
2 345 10 15 25 500 1000 1500 2000 2500
l k [h/Mpc]
® c2” means ® - decays at late times: /ess lensing Mueller, PRD 71 2005
o . lated with 2 b J— > L 0.5 Calabrese et al, PRD 80 2009
cs? is anticorrelated with Cvis? because kgqq,, = 74/¢2 +0.5% K ot al 1604.0570-
® Not correlated with primary parameters but with Zmy Thomas et al, 1601.05097
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GDM: w(z)

Simultaneous constraints on 8 piecewise constant w-bins.

0.2 pps| ' data: Planck 2015 -

0.1

> 00
e 68%
— ()] m—95%

99%

- s 999% constant w

1074 0.001 0.01 0.1 |
Cs? = Cvis® = 0 Kopp et al, 1710.xxxxx
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GDM: w(z)

Simultaneous constraints on 8 piecewise constant w-bins.

0.2_‘ ‘PPS+BAO+Iens‘I - - data: ggggk”?%i;__
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d Michael Kopp | @ fyzikilniistav | DESY | Sept 27 2017




™~

0.016
0.008
0.000
—0.008

1.6

1.2

0.8

0.4

GDM: w(z)

Loss of constraining power despite BAO prior: 7th w-bin, wy

0.1 0.2 0.3 0.4 50 60

Wy

Hy

70 80

B constw-PPS
B constw-PPS+BAO+lens

B varw-PPS
varw-PPS+BAO+Ilens

efor constant w BAO
prior can tighten

(red— ) constraints
on standard parameters
‘back to normal’

evarying w: Ho gets too
loose. Requires
clustering data to break
degeneracies.
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Parametrized Post Friedmann

Linear scalar perturbations  Skordis, PRD 79, 2009

1. Correct number of time derivatives in constraint Egs.
2. Modification should lead to gauge invariant field Egs.

3. Satisfy linearized Bianchi identity (such that v,7", =0)

» Full control of number of propagating dof
(connection to non-perturbative parent theory)

» Consistently implement numerics in any
gauge

» Reduces number of free parameters
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PPF Detalls

ds® = { (14 2W)dr? — 2V (drda’ + (1 + 3h)%3 + D;;v da:@'dxj}

® Einstein tensor: special linear combination
= a*6G",
Ea = —a?86GY, Ep =a”0G",

— ) ) 1 1 _
V,Eo = _a26GOi D ng —a’ |6G ;= §5Gkk5 y

=g [P

Ea = —6H>U + Hh — 2 (k? — 3x) n — 2HK*¢
Eo = 21+ 2H¥ + & (7 + 2()

Ep:—B—QHA+GH¢J+6(%2+27{)\IJ—2/<2 (\If—n—é—Z”HC)—(Smy
Es =104+ +H@+2)+n— 0

® Modified Einstein equations: no extra dof
Ea(ds®) = 87G Ta(ds*, baryons, radiation, A) + Ux (ds®)
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UAvU@a

)

PPF Detalls

ansatz: linear combination of metric
perturbation and their tirst and 2nd

derivatives: 48 free functions Ag A1 ..
Ur = AgV + A1 h + ...
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PPF Detalls

ansatz: linear combination of metric
perturbation and their tirst and 2nd

derivatives: 48 free functions Ag A1 ..
Ur = AgV + A1 h + ...

1. Impose correct number of time derivatives

UAvU@v 9

2X(4X2) + = 40 free functions
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PPF Detalls

ansatz: linear combination of metric
perturbation and their tirst and 2nd

derivatives: 48 free functions Ag A1 ..
Ur = AgV + A1 h + ...

1. Impose correct number of time derivatives

UAaU@v 9

2X(4X2) + = 40 free functions

2.Impose gauge invariant field Egs.:12 free functions

3.Impose automatic Bianchi: 4(V,U",) =0

2 free functions
Py(k,7), Pi(k,T)
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PPF Detalls

ansatz: linear combination of metric
’ perturbation and their tirst and 2nd

derivatives: 48 free functions Ag A1 ..
Ur = AgV + A1 h + ...

1. Impose correct number of time derivatives

UAaU@a

2X(4X2) + = 40 free functions

2.Impose gauge invariant field Eqgs.:12 free functions

— .

spatially non-
. . . local parent
. B —
3. Impose automatic Bianchi: §(V,U",) =0 theory

2 free functions
With extra dof: mapping of PPF to Py(k,7), Py (k,7)
covariant parent theories Baker et al, 1209.2117
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PPFCﬁEp\icatiOn

ckground

 We assume a CDM type background Y=0 = X = Xo/as,

where X (or Y) is a free function specitying the PPF
background U", = diag(—X,Y,Y,Y) via
Bianchi identity X = —3H (X +Y)

* Question: can we chose Py(k,7), P (k,7) to exactly mimic
CDM perturbatively?
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ckground

 We assume a CDM type background Y=0 = X = Xo/as,

where X (or Y) is a free function specitying the PPF
background U", = diag(—X,Y,Y,Y) via
Bianchi identity X = —3H (X +Y)

* Question: can we chose Py(k,7), P (k,7) to exactly mimic
CDM perturbatively”? Yes we can!

905 HOG"

Po(m: k) = 2 d |GR+cdm
0, K0T

Pi(r k) = 2 d |GR+cdm

used in GR+PPF without CDM determined from GR+CDM without PPF
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PPFCﬁEp\icatiOn

ckground

 We assume a CDM type background Y=0 = X = Xo/as,

where X (or Y) is a free function specitying the PPF
background U", = diag(—X,Y,Y,Y) via
Bianchi identity X = —3H (X +Y)

* Question: can we chose Py(k,7), P (k,7) to exactly mimic
CDM perturbatively”? Yes we can!

9@ Hégevﬁ)nian
PO (7-7 k) — = A s
2 d GR+cdm
"Parameters”? ~ rest frame
SQX Aco{;n
P1 (7‘, k’) — <
2 ® IGR+cdm

used in GR+PPF without CDM determined from GR+CDM without PPF
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Application

Py(7) := Py(k — 0)

C 100 1000 o
T [Mpc]

© 100 1000 g

T [MPC] Michael Kopp | afyzikainiustav | DESY | Sept 27 2017



AppFCaUOn

Py (F)
2 2 1
PlTk)—kllm% 5

p()(T) L= P()(k’ — O)
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Py/P,

N R N0 O N A

-

7 [Mpe]

CDI\/,I’r\has large

relative entropy
erturbations

Py

Deviations from the
trivial k-dependence
are strongly correlated
with the amplitudes
and phase of photon
density perturbations.

Get rid of the correlated
part and check the
CMB!
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Based on a modified CLASS code Lesgourges 2011

PPF. CMB

PPF no extra dof

Planck .

= Characteristic effect
of CDM: even-odd
ﬁ asymmetry of the
----- Py=P;"™ P;=p;" jj peaks disappears.

3 45 10 15 25 lzoo 400 600 800 1000
Kopp et al, 1710.xxxxx
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PPF. CMB

Based on a mod|f|ed CLASS code Lesgourges 2011

0.4

0.2

0.0

0.6

= Potential
freeze but too
low amplitude.
Non-oscillatory

OOOOOOOOO

PPF no extra dof

o Planck .
= Characteristic effect

of CDM: even-odd
asymmetry of the
peaks disappears.

source missing N
1 10_ _—T00
Teq
7 T
) \
. s [ l i ( T T
i [ ’
> 3 45 10 15 25 lzoo 400 600 800 1000

Michael Kopp | -sx!yzikaini

Kopp et al, 1710.xxxxx
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PPF. CMB

Based on a modified CLASS code Lesgourges 2011
3 N | | T

— PPF no extra dof
06 N\OX % |
| = Characteristic effect
. 04mPotential e of CDM: even-odo
freeze buttoot . \“\o............ | asymmetry of the
0.2 ow amplitude. N peaks disappears.
Non-osaillatory - \. X7 | <+ | ==*Dust background
0.0 source missing. - | b and PPF without fine -
I ¢+ | tuning cannot fit CMB
2
* é 3 45 10 15 25 200 400 600 800 1000

(assumptions: non-linearities negligible,energy
conservation of matter, adiabatic initial conditions)

Kopp et al, 1710.xxxxx
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Summary GDM

Thomas et al, 1601.05097

® ‘Generalized dark matter’ GDM with 3 new parameters offers the possibility to
test dark matter properties in a wide class of models: warm + free streaming,
interacting, condensate, mimetic dark matter, EFToOfLSS...

® (GDM parameter estimation with Planck likelihood + BAO prior:
strong constraints and consistent with ACDM. Halo model construction shows

that constraints are robust and not expected to weaken in a fully non-linear
extension of GDM. Kopp et al, 1712.XXxxXx

e Constrained general time dependence of the equation of state DM in 8
redshift bins: consistent with ACDM Thomas et al, 1711 .xxxxx

Ongoing

e Exploring nonlinear regime with GDM halo model and fit
to large scale structures data: WiggleZ, CFHTlenS, Ly-o

* Constrain scale and time dependent sound speed and
viscosity. Constrain isocurvature modes.
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Summary PPF

Kopp et al, 1710.xxxxx

® 'Parametrized Post Friedmann’ PPF Is a model-
independent framework that allows the possibility to test
the dark matter paradigm beyond the fluid picture. It
replaces DM in linear perturbation theory.

® \\ithout new degrees of freedom beyond the spin 2 of GR,
modified gravity cannot fit the CMB without fine tuning.

Ongoing

* Allow 1 extra scalar dof, but impose spatial locality: 5
free time dependent functions.

e Find useful parametrizations and constrain with CMB.
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Backup
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GDM from..

Kopp et aI 1605 00649
Particles (Boltzmann equation)

Freely streaming warm dark matfer
Armendariz-Picon, Neelakanta, JCAP 2014

Specific models, like self interacting massive

neutrinos and dark atoms + dark photons
Oldengott et al JCAP 2015

_ . Cyr-Racine, Sigurdson, PRD 2013
Fields (effective or fundamental)

e Axion condensates. Sikivie, Yang, PRL 2009
Hlozek, et al, PRD 2015

e Effective theory of large scale structure: Landau-
Litshitz type energy momentum tensor for CDM due

to small scale nonlinearities
Baumann et al, JCAP 2012

 Mimetic dark matter and more general constrained-

' ' Mirzagholi, Vikman, arXiv 2015
norm scalar field theories. o lostoros AP 501

Michael Kopp | afyzikalniustav | DESY | Sept 27 2017



INnitial conditions

Bucher et al 2000 PRD 62
Ansatz for z =k K1

n=no+me + oz +

IO — {7707 6b,07 56,07 57,07 U~.0, 51/,07 Up,0,00,0, }
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INnitial conditions

Bucher et al 2000 PRD 62
Ansatz for z =k K1

n=mno+ma+enz+n"zing) +na? + e e +ni™ 2 Inw)...

8y = 040 + 0809 na + 6,12 + (6] x + 01 zIng) + ...

Ly = {770, 5b,07 5c,0, 57,0, U~ .0, 51/,0, Up,0,01,05 59,07 Vg,0, Ug,o}
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INnitial conditions

Bucher et al 2000 PRD 62
Ansatz for z =k K1

n=no+mz+en z+n"wng) +ma® +e(ng”a” + 0y "V’ Ina)..

8y = 040 + 0809 na + 6,12 + (6] x + 01 zIng) + ...

Zo = {10, 95,0, 0¢,05 0~,0, V.0, 0.0, V1,05 01,0, 09,0, Vg,05 Tg.0 } 11 1st order ODEs
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INnitial conditions

Bucher et al 2000 PRD 62
Ansatz for z =k K1

n=no+mz+en z+n"wng) +ma® +e(ng”a” + 0y "V’ Ina)..

8y = 040 + 0809 na + 6,12 + (6] x + 01 zIng) + ...
Zo = {10506.0,9¢.0,0~,0, V.0, 0005 V1.0, Tv.050g.0, Vg.0, 0.0 } 11 1st order ODEs

Task 1: find the maximal
subset Imodes Of lothat can
be chosen independently
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INnitial conditions

Bucher et al 2000 PRD 62
Ansatz for =k K1
n=mn0+mx+en <)x+77§ ’)xlnx)+nx + e(ny () 2+77§ ) z°Inz)...

8y = 040 + 0809 na + 6,12 + (6] x + 01 zIng) + ...

Zo = {10, 95,0, 0¢,05 0~,0, V.0, 0.0, V1,05 01,0, 09,0, Vg,05 Tg.0 } 11 1st order ODEs

Task 1: find the maximal
subset Imodes Of lothat can
be chosen independently

Brute force method: simply
considered all possible
subsets of lp found:

Imodes — {7707 59,07 51),07 56,07 51/,07 UI/,O}
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INnitial conditions

Bucher et al 2000 PRD 62
Ansatz for =k K1
n=mn0+mx+en <)x+77§ ’)xlnx)+nx + e(ny () 2+77§ ) z°Inz)...

8y = 040 + 0809 na + 6,12 + (6] x + 01 zIng) + ...

Zo = {10, 95,0, 0¢,05 0~,0, V.0, 0.0, V1,05 01,0, 09,0, Vg,05 Tg.0 } 11 1st order ODEs

Task 2: find all
coefficients as
function of Imodes

Task 1: find the maximal
subset Imodes Of lothat can
be chosen independently

Brute force method: simply
considered all possible
subsets of lp found:

Imodes — {7707 59,07 51),07 56,07 51/,07 UI/,O}
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INnitial conditions

Bucher et al 2000 PRD 62

Ansatz for =z =kt < 1
n=no+me+en e+ 0" eing) + na? + e(ns e + "

8y = 040 + 0809 na + 6,12 + (6] x + 01 zIng) + ...

Ly = {770, 5b,07 5c,0, 57,0, U~ .0, 51/,0, Up,0,01,05 59,07 Vg,0, Ug,o}

Task 1: find the maximal
subset Imodes Of lothat can
be chosen independently

Brute force method: simply
considered all possible
subsets of lp found:

Imodes — {7707 59,07 51),07 56,07 51/,07 UI/,O}

Michael Kopp | #xfyzikalniustav

) z?Inz)...

11 1st order ODEs

Task 2: find all
coefficients as
function of Imodes

Test 1. Taking the
ansatz up to xn, the
two unused trace
and traceless
Einstein equations
are solved up to xn-1,

Test 2: Exact numerical
solution tracks
analytical solution

| DESY | Sept 27 2017



INnitial conditions

r=kr <1

n=no+mz+en\z+n

Ansatz for

Bucher et al 2000 PRD 62
’)xlnx)+n T —|—€( () 2+77(

5 )QInx)
8 = 040 + €080 Ina + 6,12 + (6]

+ 60

)2 1n T)+ ...

Zo = {10506.0,9¢.0,0~,0, V.0, 0005 V1.0, Tv.050g.0, Vg.0, 0.0 } 11 1st order ODEs
Task 1: find the maximal 105 w=0, c2.,=0, baryon vs GDM isocurvature ‘ Tankf.Z.I find all
subset Imodes Of lpthat can N ]?Oe !ClenEcsl as
be chosen independently B R ——— ~ ) unction of Imodes

095 \ A
I9) 09 (A ] Test 1. Taking the
T —— 22000 \J/ Y ansatz up to xn, the
Brute force method: simply % _____ 2=001 two unused trace
cog&derefdl alfl pOSdS'b|e 08 Baryon and GDM isocurvature E?ndsf;?ncglsj;ions
supsets of lp Touna: :
075! modes are no longer identical are solved up to X
510 50 100 500 1000
!
Lmodes = {7707 59,07 51),07 56,07 51/ 0, Vv 0}

Test 2: Exact numerical
solution tracks

analytical solution
Michael Kopp | afyzikain

av | DESY | Sept 27 2017



GDM mapping

Linear scalar perturbations

Non-equil. thermodynamics  Effective theory of fluids
Landau and Lifshitz, Vol.6 1987 Ballesteros, JCAP 2015

® Principle: thermodynamics | volume-preserving 3D-diffeos
4 free functions  p,¢(,n,k(p, S)|  F,m?, «a,~ (b)

® No bulk viscosity (=0 m? = 0
e cquation of state  w=2 | ,_ _; 4 dnC=H)
P dinb
® non-adiabatic I, .q K gl
algebraic function of Ag Ag
f pr=20 P Kk — OO always
A—c2=0 - xdgpl,| & —cox(§—1)k
® shear 3, cGsoxn | Aixa-—1,a
algebraic function of O,/ |X ©g4,A, T
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GDM mapping

Linear scalar perturbations

Non-equil. thermodynamics
Landau and Lifshitz, Vol.6 1987

® Principle: thermodynamics

4 free functions  p,(,n, Kk (p,S)
® NO bulk viscosity (=0
® cquation of state  w = %
® non-adiabatic I.q K

algebraic function of Ag

if pr=2~0 P Kk — OO

?—c2=0 c2—c2 xdspl,
® shear 2, c?,is X 1
algebraic function of O,

Effective theory of fluids
Ballesteros, JCAP 2015

volume-preserving 3D-diffeos

F,m?*, a, (b)
m? =0
dIn(—F)

— 14

v dlnb

Y

A Hu, et al, PRL 85, 2000
g same for axions

always |

c: —c2 o< (7 — 1)k?

2 oxa—1,

X 0, A,V

Michael' Kopp | sTyzrammstav T DESY | Sept 27 2017



Extended pressure

Hextended = ( C? _ Cﬁ) { (1 —C; - Cz) Ag +C AgNewtonian +C, Agat}

nad

4 GDM dominated universe:

A 12 - n
H 1o = (%(1 +w) + ?ciis)(iz —D)-
. 2 K\ .. 4 .
~1gp _ _ 2 T2 _
H R = 30 ) (?{) cS(D+ScV1S(R O)

+3(c2 - %) [(C1 + Cy)(R - D) + C;ci)]

4 GDM has the only simple non-adiabatic pressure

eothat leads to a modification of sound speed without
spoiling conservation of superhorizon modes

ethat maximally de-correlates w and cs2

Michael Kopp | afyzikainiustav | DESY | Sept 27 2017



..... wW = OOO, (,()g:OS
w=-001, w,=0.118

|||‘%

<

® W means pg s during decoupling and wiet

10 100 1000 10* 10

Pg X Wya

Degeneracy: w and wg

—3(14w)

X wg(1l+3wlin(l + 2))

® \ is anticorrelated with wg Calabrese et al, PRD 80 2009

Michael Kopp | =fyzika

niustav | DESY | Sept 27 2017



w= 0.00, w,=0.118
w=-001, w,=0.118

w= 000, w,=0.087 i

[ ] hJ 2
-
’’’’

Degeneracy: w and wqg

® W means pg s during decoupling and wiet

10

100 1000

<

10*  10°

Pg X Wy
X wg(1l+3wlin(l + 2))

—3(14w)

® \ is anticorrelated with wg Calabrese et al, PRD 80 2009

Michael Kopp | afyzikainiustav | DESY | Sept 27 2017



Degeneracy: w and wqg

----- w= 0.00, w,=0.118
w=-001, w,=0.118

w= 000, w,=0087 /.

0.000 -

~0.002"

T ~0.004 |
O B - . . . ——"
o [ )
|

10 100 1000 10* 1

—3(14w)

< Pg X Wga
® W %« means pg » during decoupling and wiet 7
P9 I PITS “ X wy(1 4+ 3win(l + 2))
® v is anticorrelated with wg Calabrese et al, PRD 80 2009
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GDM constraints

A-wDM A-GDM
10%w 10%w 10603, upper bound 106c3is, upper bound
upper bound upper bound
Likelihoods 95% 99.7% 95% 99.7% 95% 99.7% | 95% 99.7%
+0.463 +0.676 +0.473 +0.700
C PPS + Lens 0.08770-43%  0.08770:8%2 || 0.06670%5%  0.06675°555 | 1.92 3.44 3.27 5.99 )
PPS + Lens + HST | 0.25615517 (0.25670:533 )| 0.259%0318  0.2597035; | 1.87 3.38 3.11 5.56
+0.108 0.163 +0.111 0.164
PPS + Lens + BAO | 0.0637515 0.06370'153 || 0.07473 115  0.07475183 | 1.91 3.21 3.30 6.06

¢ HST-Planck
tension alleviated
by weakening
constraints on Ho
from Planck.
Ho-w degeneracy
N moves w

~

J

0.004!

0.002"

—0.002!

—0.004

0.000!

Very close to the late
time value of EFTofLSS

iniustav | DESY | Sept 27 2017




Degeneracy with os

PPS+Lens
—___A-GDM

p .
. \’
.
- - Ts
. .
] - L L _L.g L1 | ] [ v 0 e

1 0.02 0.04 0.06 0.08 0.1 0.12
T

positive GDM parameters bias oOs
because potential can only decay.

2 Michael Kopp | afyzikainiustav | DESY | Sept 27 2017



N . P
{odels | Parameters . PS+Lens P
o
100w, 0.0222570 3o PS+Lens+HST
e 225‘_0-88032 0.0 ; Q0 PPS+L
wg I'O ----- == (_):l * 222{)-1-0'00049 30' ens+BAO
X .1194~_1~<(1).0030\l 0.00048 0.02233+0.00032 %
r 1008, 1"---1-'.09%9,: 0.119475-5647 000092 10.022331 000047 3
'04184;8'00061 0042 0.1185+0-0028 —0.00045 0.02233+0.00025
In10°A ' | .00061 1.04184+90-00089 —0.0028 0.1185+0-0042 —0.00029 0.02233+0-00042
ACDN s 3.06470-051 o o0080 | 1.0419370-00950 o0t | 0.118471)-0022 —0.00043
a r 1 ne —0.051 3-064+0-076 —0.00060 1'04193+0-00089 —0.0022 0'1184+0'0032‘
S 0.9646 020099 —0.076 3.074+9.051 —0.00087 1.04194 +0-00059 —0.0032
- 0.0097 0.964670-015 —0.052 3.074+0-075 —0.00059 1.04194+0-00087
0.0657 0025 ool | 096701000 —0.077 3. 075+0.046 —0.00088
Qa | 028 0.065+9-042 —0.0096 0.967079-014 —0.047 3 (075+0-068
0.687“-_'8.013 —0.042 0.0713+0-028 —-0.014 0.0g73+0-0084 —0.069
e Hy 018 0-687'*'0-026 —0.028 0_0713-:.-0_041 —0.0084 0-9673+0-013
J— o 67.57 %5 - “;-028 0.69379-0!7 o —0.042 0.072+0-025 ~0.012
goovsesssssesssssse o n 5+2.0 —0.017 go3+0.024 —0.025 0. +0.0:
} constraint o : 0.81775 015 e 67.9713 370026 | 0694707013 07225 637
: son 100w 018 0.817+9-027 —-1.3 67.9+19 —0.013 0.694+0-019
: baCkg (o : b 0.02223+0-00034 —0.026 0.81870.018 —1.9 70.0F1-0 —0.019
: " und wg REEEEE e 0.022231+9-90051 —0.018 0.818+0-027 =10 68.0 15
' quantities can ' |‘0'1170+0-0138‘l s [0.02221 7500933 —0.027 0.819+0-017 Y-1.5
St be 1000 T E - 0.117070:0212 T 000033 | 0:0222170-00048 —0.018 0.819710-026
: rengthen ad : ’ 1.041890-00065 oee | 01117700087 e [0.02224 7500933 —0.027
' “hack : In 100 A ‘ —0.00067 1.04189+0-00099 —0.0062 0.11170.0095 "----:9-_090‘33 0.02224+0-00047
: ck to normal” A-wDM . 3.06875 001 ) e | 1.04201 7000962 —0.0092 |‘0.1175+0.002-7"\ —0.00049
' bv BA , 1 ne 056 3.068+0-082 a2 1 1.04201 1990093 ~ - P—0.0026 / 0.1175+0.0040
(% y O pri : 0.9665 900139 —0.083 3 0809051 “o.00001 | 1.0418 10.0006¢ —0.0039
\_ trreeee or Z0.01/ N e ) g+0.00060 .
_______ s - o 0.966570 0307 -051 3.08070-075 O-ooaa0 | 1.041887 00008
------ 'j 0.067 70030 —0.0204 0.9709+0-0102 —0.077 3 067+0-018 —0.00033
Qn —0.029 0.067+9-044 —0.0101 0.9709T0.0153 —0.049 3.067+0-072
4 0.703t8.i(l]g 07 ;3.0.13 0 —0.0146 0-9658+g-008? —0.075
. Hy C 7037+9-128 07210041 —0.0086 0.9658 700127
Constralnts On —0.187 —0.041 0-067+0-027 —0.0131
ca Os os 69317134 0.745+0-058 —0.027 0.067+0-040
f N be also fixed - ;(1]3. 2 _0.069 0.703+0-020 R _0.040
B 1565 +6.5 = .
or A-wDM but n 100w 0.0221970-00033 37 0149 72.8_8::“ 68 8+1_720 0'703f8:g§?
for A ot w, T oas 10.0221979- 00040 0.876+0-079 P17 68.872:5
N _G DM 0-1180'4'([]).(())}35 011 —3-00049 0‘02216+8'8003-1 0 —0.077 0-831+g-028 B155
e 10080 e 34 1180+ 0.0205 —0.00033 02216+0-0005 —0.028 0.83110-04
ed LSS data: 3 1.0418¢ 000065 —0.0194 0.1120+0-0062 ‘0-000452; 0.022180.00033 31_0-0-1?
I—Y'O( Wi : In10'04 ) —0.00064 1.0418¢T0-00096 —0.0062 0.112079-0095 ,—----:9-_09033; 0.022181+0-00048
’ |gg|ez A-GDM » 3.09(]j8.060 ) —0.00097 1.04199+0.00060 —0.0002 | 0.1176+0.002'7\ —0.00049
CFHTI ! e N, 059 3.00p+0-090 o0 1 1.0419970-00059 v o P—0.0027 0.1176+0.0041
enS : 0.9651f([)).0140 —0.087 3_100-!-—0,057 —0.00088 1.04186+(-).-[)565'9 —0.0040
- 0136 0.0651 TU-0203 —0.056 3.100+0-084 —0.00059 1.0418¢+0-00090
0.0773tg.0310 —0.0205 0,9698+0_()103 —0.083 3-089':"0-057 —0.00091
0, | .0303 0.077310-0456 —0.0104 0.9698 T0-0156 —0.055 3 0Rg+0-084
0.695 10102 0.0445 0.0815+0-0298 —0.0151 0.9651+0-0087 —0.080
Hy 0.112 0-695+0-13-1 —0.0295 0-0815'*0.0'150 —0.0087 0-9651+0-0131
68,6~_l~§.9 —0.197 0.743+0.041 —0.0440 0.0769+0-0297 —0.0123
os 8 68.67136 —0.044 0.743+0-059 —0.0293 0.0769+0-0441
0.6717 0107 —12.7 72.6+13 ~0.070 0.703+0-020 ~0.0433
155 0-671+0-226 —4.3 72 6+G_4 —0.020 0.703+0_029
—0.213 0.702-10-0.154 H—6.5 68 8+1-7 —0.031
—0.156 0.702+0-197 P17 68.8+2-6
—0.216 0.672-:-0_134 —-2.6
—0.143 0.672+H0-167
—0.191

Iviicnae
| KNO
pp | 91..!:'::\.(.1”" UsLlav |
DESY |D
epltzr 2
ul/s




Weakening of constraints on

standard parameters

1‘i|||4|l|||"\|.1|11|||

0.1 0.11 0.12 0.13

“g

0.14

L I I L LR LN B ] — T
ACDM —PPS+Lens
mﬂi - - PPS+Lens+BAO
1t ~-PPS+Lens+HST ACDM. Planck
ili A-GDM, Planck
i A-GDM, Planck + BAO
i
H
H
l
N
:Jl
1 1 I 1 1 1 1 I 1 1 |
I I I I I I I I I I |
A—GDM

0130

0420 0125

We

0110 0.115

60
0.105
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Neutrino masses

Based on a modified class code and
MCMC 7+3 params with montepython

0.5p i 051

2.)(10_6 4.)(10_6
05 Cyis -
04
2t <023
A
N 0.2
\\
\\\
| AN 0.1
1.x107% 2.x10°°

0000 0001 0002
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weighted PC

PCA of w(a)

0.003 — 0.0004 7 -
| PO 1 |PPS+lens+BAO_
0.002 __.PPS oo D 00002 i LT -
I == PC T i T e o — PCs ]
~ | T 0.0000 m=eeceedecceefecens W e
0.001 I PG el | e
B T T e S |
0.000| Fercd..... Lo naa L £ —0.0004
i I | | i
~0001  1___l - =0.0006 S |
10+ 0.001 001 0.1 1 104 0001 001 0.1 1
a a
w constw-PPS |
—IEETTM O eAdding BAO changes strongest PC
= l | \ PC+1 from recombination-supported to
% \\\ basically constant after recombination.
: I eExplains why constraints on const w
a \ \{\ improved so much when BAO was
B \ \ added, whereas the improvement on w-
N pixels was much weaker.
N

—0. 016 0. 008 0. OOO O 008 0.016 Michael Kopp | afyzikalniustav | DESY | Sept 27 2017



Evolution of Phi

Bardeen potentials

- 1
(I)EU—|—§H(D—|—2C)

Comoving curvature perturbation

A velocity orthogonal
Ay =04+ 3(1+w)HO,

-

. 2 b4+ H
| RE@+§HQ1% ) . |
A Wto
¥=w_ 2_[0’@ +20)] tot ~ Newtonian .
a O,=0,—(— 5V
.
traceless Einstein eq trace Einstein eq
d — U = 81Ga?p(1 + wior)X R 3 1 .3
D =H1+wp) | — [ =+ ® + R +87Gpa’y
( tt)( (2 (1‘|‘wtot)) 2 £ >
: 2 .
R = (4 Gpa ad o1 — k22 <1>)
BH(L + wior) \ 1 radiot T F Cator
total non-adiabatic pressure for
fluids without energy exchange +
non-adiabatic pressure of GDM
1 o 01 07
pad tot = 1 +wr)(1+wy)(c2; —c2 ( — )—I—
ot = 5T T wior) ;PIPJ( 1)( 7)(car —cay) o Tha

+ 1_Inatd

ds® = a’ {—(1 +20)dr? — 2V, Cdrdat + [(

3

Michael Kopp |

1 o
1+ —]’L)’}/Z'j -+ DijV] dx*dx’ }: gwjd:c“da:’/

S bt
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PPF Detalls

® Already imposed gauge invariance and number of time derivatives

A ~ 3
En = 81Ga*pé + Ua = 87Ga’pd + Ag® + Fyl' — 7%@2 (X +Y)(w+ 20

- ~ 1
Eo = 87Ga” p(1 + w)f + Ug = 87Ga” p(1 + w)0 + Be® + Iyl + §a2(X +Y) (v + 2()

A X N X 3 .
Ep = 241Ga” pll + Up = 247Ga? pll 4+ Coy® + C1® + JoI' + JiI' + §a2Y(D + 2()

°
AN

Es, = 87Ga® p(1 + w)X + Us, = 87Ga® p(1 + w)E + Dy® + D1 ® + Ko’ + KT

2 A L, . 2/ combination has maximally one
P=Q+HY =n+HY+ §(H — A1) +20) < time derivative on perturbations

e Now impose dust background and Bianchi identity
Un = 2H*(Py — P1)® — 5Xoa " H(0 +20)  Up, Us,...

don’t fit on this s]idQ.

Ug = _%/HPO&) T %Xoa_l(D - QC) Contain: Py, P,

Michael Kopp | afyzikainiustav | DESY | Sept 27 2017




PPF CDM mapping

We impose the equality T'Cdm“,, = U",, tor
background 87GnN peam = X and perturbations:

UA ; 87TGa2pCdmécdm
| solve for Iy, 1
U@ — SWGGQpCdeCdm
Up = 0 evaluate Py, P, and
find that expressions

Us, = 0 vanish identically
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