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| - The ACDM model

Emerged in its current form in 1990s...
...but originates back to 1910s

S. Ili¢ - IPA @ LAL - September 7th 2016



A bit of history

1915 : General relativity (GR)

844 Sitwong der physiknlisch-mathematischen Klasse vom 26, November 1918

Die Feldgleichungen der Gravitation.

Yon A. HEinsteis.

I zwei vor kurzem erschienenen Mitteilungen® habe ich gezeigt, wie
man = Feldeleichoneen der Geavitation selanesen kann. die dem Prsto-

Explains/predicts many phenomena :

« advance of Mercury's perihelion
deflection of starlight by sun (1919)

gravitational waves (2016)
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A bit of history

But : tested up to relatively “small” scales (~Solar system, <1079 km)

Einstein, as soon as 1917 : “Why not apply it to the whole Universe ?”
=> ~Dirth of cosmology

At that time : Universe==Milky way (10"18 km)

Now : Observable Universe ~ 10"23 km

Validity of GR at these scales still discussed to this day.....
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Basis of the model

1 €
Einstein equations : R/ﬂ/ — §Rguy + /\gﬁw — W—4TMV
C

complicated to solve (10 non-linear diff. eq.)

first cosmological models : homogeneous & isotropic (FRW metric)

Einstein (& co.) => static, Lemaitre (& co.) => dynamic

Hubble (1929) : expansion confirmed...

...but still depends on Universe content
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50 years of developments

« 1965 : discovery of CMB, consolidates BB picture

1970s : ~pure baryonic models, pbs with galaxy formation

Early 1980s : dom. CDM could solve it (+ hints from rotation curves)

1980s : CDM (95%) and baryons (5%), pbs with HO and gal. clustering

1992 : also pb with CMB by COBE ; some models add HDM, A/DE

« 1998 : acceleration of expansion, ACDM becomes leading model
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The ingredients of ACDM

“A few” assumptions
« Homogeneity
 |sotropy
* GR (& standard physics)
« Small, Gaussian, initial fluctuations generated at early times with
power-law power spectrum

“‘Only” six parameters
« baryon density
« CDM density
« Age of the Universe/HO
* Reionisation “optical depth”
 Amplitude...
e ...and slope of initial fluctuations power spectrum
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A few “hidden” ingredients

 Total density : critical density, i.e. Universe is flat

Equation of state of dark energy = -1, i.e. it's A

Sum of three neutrino masses = 0.06 eV/c? (“minimal neutrino”)

Effective number of relativistic degrees of freedom = 3.046

No primordial gravitational waves

Initial power spectra is strictly a power law

No significant deviation found (yet !) when relaxing those

S. Ili¢ - IPA @ LAL - September 7th 2016



Il - The successes
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A coherent picture

Proton
Photan Helium
Meutron nugious
Electron Helium Modern
atem HH;‘:E“ First stars E:Eﬂles galaxies
appear Eppea‘ appear

Explains : abundance of light elements, large scale structures, accelerated
expansion.....
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...and the CMB
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CMB temperature fluctuations

miy

TT

¢

ADIT

6000

5000 |
4000 |
3000 |
2000 |
1000 |
600 F
300 f

300
600 [

PR WL N TN T WO AT TR TN TN TR NN SR S SN S NN S N N N
30 500 1000 1500 2000 2500

I

S. Ili¢ - IPA @ LAL - September 7th 2016 12



Cosmological parameters

Planck 2015 results

TT+lowP TT+lowP+lensing
Parameter 68 % limits 68 % limits
(97 0.02222 = 0.00023  0.02226 = 0.00023
Qb . 0.1197 = 0.0022 0.1186 = 0.0020
100y .. ... oL 104085 = 0.00047  1.04103 = 0.00046
L P 0.078 = 0.019 0.066 = 0.016
In(10"4,) . . ... ... 3.089 = 0.036 3.062 = 0.029
e v v e e e e 0.9655 = 0.0062 0.9677 £ 0.0060
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CMB polarisation
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(N.B. : Red curve => not a fit!)

S. Ili¢ - IPA @ LAL - September 7th 2016



Verified predictions of ACDM

Baryon acoustic oscillations

(2005)

D W seeEh

Weak gravitational lensing
(~2000)
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Il - The problems
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1) It's most likely incomplete

GR : Most likely not complete (link to QFT)

Primordial universe :

e Baryon asymmetry ?
« Origin of initial fluctuations ? Are they really Gaussian ? Generated by inflation ? If yes,
what kind of inflation ? (cf. next 3 talks)

« Big Bang or something else ?

Small scale problems (simulations vs. observations) :

» Density profile of galaxies

Missing “satellites”

Angular momentum of galaxies

“Nasty baryon physics”
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2) Not sure what Is In It

There are only two things wrong with ACDM: \; and CDM.” (T. Shanks, Durham)

Dark Matter :
* Does it really exist ? (cf. MOND & Modified Gravity)
« If it does, what kind of “stuff’ is it ? New particle ? Old particle ? Something else ?

e Cold or not ? Mixture ?

Dark Energy :
« Some (undeserved) prejudices against A, but it works (for now !)

 Many (many !) theoretical developments for alternatives
« Examples : scalar fields, modified gravity...

* More drastic : inhomogeneous Universe, “back-reaction”....
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2) Not sure what Is In It

Einstein-Dilaton- . . I
Gauss-Bonnet Cascading gravity Tessa Baker .----L?-r-e-nE:--'l-o-let-'?E'--; Conformal gravity
‘Horava-Lifschitz
. R -1
Strings & Branes\ f (5) R, O 'R I f(G)
Randall-Sundrum | & Il DGP degls*:\:jc:tion . ‘
2T gravity \ <cenarios H Igher-order
Higher dimensions Non-local General RyRM,
f (R) OR,etc.
Kaluza-Klein

Modified Gravity v Yector

Lorentz violation

Generalisations

of Sen TeVeS Add new field content

Massive gravity
\ \ﬁavity
Chern-Simons

Gauss-Bonnet

Scalar-tensor & Brans-Dicke Tensor
Lovelock gravity ~ Ghost condensates Cuscuton EBI
Galileons
Chaplygin gases Bimetric MOND
Approaches | ¥¢B — . f(T) :
Coupled Quintessence : Einstein-Cartan-Sciama-Kibble :
Padmanabhan ; ; bbbl
CDT thermo. Horndeski theories Torsion theories

(cf. P. Brax talk tomorrow)
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3) Tensions between probes/datasets

S. Ili¢ - IPA @ LAL - September 7th 2016

20



3) Tensions between probes/datasets

Probes of ACDM :

“Background” evolution “Perturbed” sector
(i.e. expansion) (i.e. linear growth of structures)

Early Universe

Late Universe
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3) Tensions between probes/datasets

Probes of ACDM :

“Background” evolution “Perturbed” sector
(i.e. expansion) (i.e. linear growth of structures)
Early Universe CMB (T & P) CMB (T & P)
Late Universe Standard candles Weak lensing, galaxy clustering
(BAO, SN, Cepheids) +CMB lensing
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3) Tensions between probes/datasets

Probes of ACDM :

“Background evolution” “Perturbed sector”
(i.e. expansion) (i.e. linear growth of structures)
Early Universe CMB (T & P) CMB (T & P)
Late Universe Standard candles Weak lensing, galaxy clustering
(BAO, SN, Cepheids) +CMB lensing

Physics at the CMB time (380,000 yr after BB) may not
be still valid at late times (~10,000,000 yr after BB)
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Lensing In the CMB
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Lensing In the CMB

S. Ili¢ - IPA @ LAL - September 7th 2016

25



Lensing In the CMB

Planck data : tension with predicted amount of lensing

» Mostly relieved when adding small scale CMB data
(Couchot et al. 2015)

« Hints at non-trivial correlation with foregrounds

* Room for new physics ? WIP (cf. Martha's talk)
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HO (from SN & Cephelds)

160 '
Planck HO vs. local HO 155}
(3 sigma) 5o
BAO and SNIa constrain 2
rs-h &

Can Neff help in solving

this tension?
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Bernal et al 2016 (arX1v:1607.05617) Ml

Marta Spinelli
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BAO
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Gal. clustering/Redshift Space Dist.

REDSHIFT-SPACE

REDSHIFT-SPACE

4 i .‘ g &

REAL-SPACE

o

S. Ili¢ - IPA @ LAL - September 7th 2016

1) Auoojap,

29



Gal. clustering/Redshift Space Dist.
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Gravitational weak lensing

CFHTLens data

New physics ?

| "u:'u"L—i— BAOI I 96 . Maybe I
WL+6yc+BAO - - . .
Blanck TT-+ lowP Need som_ethlng tha_t reduces growth of
- 80 structures in late Universe
4 * Ex.: DE/MG models w/o modifying
2 11l = background evolution (cf. EFT of DE)
-1 56
0.6 | f5d ’ = 48
Ea 40 However : many systematic effects
| . | . | 32 * intrinsic galaxy alignments
02 03 o 04 05 06 « baryonic effects

» redshift uncertainties.
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Galaxy clusters

Galaxy clusters :

 largest gravitationally bound objects

« abundance as function of mass : tight constraints on history of growth of structures
... thus on dark energy

With Planck : detection through Sunyaev Zel'dovich (SZ) effect

1227 clusters detected incl. 366 new ones

MICROWAVE BACKGROUND

\ PHOTON .

HOT
CLUSTER
GAS

oo—— EMERGETIL
- ELECTRON

i BLUE SHIFTED
t HICROWAVE Su0OTON

Ta
g DESERVER

Major obstacle : mass of a cluster is not an observable
(here : derived from SZ signal + calibrations/simulations)
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Galaxy clusters

1-04 T T T T T
— Planck CMB : , _
. Amas S7 Two possible solutions :
0.96 1 * mass estimate is wrong (40% bias)
» Less growth in the late Universe (again!)
0.88}
: ©
0.80}
llic et al 2015 :
0.72} :
* not unique to SZ clusters
« if ACDM is to be trusted :
0.64 - - l l J
0.20 0.25 0.30 0.35 0.40 0.45 0.50 bias hypothesis is favored
Qi

Clear disagreement : CMB predicts
more clusters than observed
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Galaxy clusters

llic et al. 2016 (in prep) :

More massive neutrinos ? Modification of gravity ?
=> suppress the growth of structures
1.04 T T T T 1 1.04 T T T T T
— Planck CMB — Planck CMB
Planck CMB + vs — Amas SZ
0.96t| — Amas SZ 1 0.96f| ----  Amas SZ + mod. grav.
Amas SZ + vs
0.88¢ 0.88 . .
¢ e [ o
0.80} NN 0.80 . N
0.72} 0.72F T NN
064 L ] | L L 064 1 ] I L I
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Q,n O
Does not solve the tension Could help, but needs to be compatible
with all others ACDM probes
+ struct. formation in MG ?
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Conclusions

“[...] from most cosmologists’ perspective, there is nothing wrong with it at all [...] Moving away
from ACDM is also not trivial — the direction to take is not clear at all. ACDM is like Hotel
California; it is very hard to leave, and most, if not all, efforts to do so have ended with some
insurmountable obstacle.” (A. Heavens, Imperial Coll. London)

A extremely robust model...

... but with a few persistent tensions !

Great motivation to look further and further

Warning : systematics and bias

What's next ?
* Next-gen CMB experiments : LiteBIRD, PIXIE, ESA M5
* Next-gen galaxy surveys : DES, LSST, Euclid
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Conclusions

Leiden 1995 : B. Jones, A. Blanchard, J. Peacock, P. Coles, V. Icke,
R. van de Weygaert, and P. Katgert
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Conclusions

“Beyond ACDM?”, Oslo, 2015 : R. Durrer, P. Lilje, J. Maguelijo, B. Reid, G. Starkman,
L. Verde, A. Heavens
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