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Talk based on

➜ Denkschrift 2017
➜ Planck legacy release 
➜ my point of view

denkschrift2017.de
Based on community papers: 

Dark Energy, Dark Matter 
and Large-Scale Structure

The Early Universe from 
Inflation to Reionization

http://denkschrift2017.de


What have we learned?

The Universe is
➜ statistically isotropic and homogeneous
➜ spatially flat
➜ dynamic and expands
➜ dominated by dark matter and dark energy 

Cosmic structures 
➜ grow via gravitational instability
➜ are seeded by quantum fluctuations



Planck legacy

Planck collaboration 2018

full-sky maps in 9 frequency bands



Planck legacy

Planck collaboration 2018

full-sky polarisation of
Stokes Q, U and polarised intensity 
in 7 frequency bands

foreground dominated:
polarised synchrotron emission at low 
frequencies and polarised thermal dust 
emission at high frequencies

polarised signal is decomposed into E- and 
B-mode pattern (parity even and parity odd 
pattern)

density and pressure fluctuations: E-modes
vorticity fluctuations: B-modes
gravitational waves: E- & B-modes



Planck legacy
TT

EE ΦΦ

TE

Planck collaboration 2018

angular band power spectra for the 
auto- and cross-correlations:
TT, TE, EE and ΦΦ

T … temperature 
E … E-mode polarisation pattern
Φ … gravitational lensing potential 



Cosmological 
parameters

Planck collaboration 2018

Planck collaboration 2018

T0 = 2.7255(6) K based on COBE/FIRAS, fixed
T1 used to fix cosmic reference frame

ΛCDM model has 6 independent parameters: 
As, ns, ωm, ωb, and h are measured better than 1 per cent, 
τ at 10 per cent precision
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Consistency
Baryonic matter
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CMB and BBN (D/H) 
agree very well



Tension on H0
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local distance ladder

global distance
estimates



Model extension
Deviation from spatial flatness does not help
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CMB and BAO 
confirm spatial 
flatness, predicted by 
cosmological inflation



Tension at large angles
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Alignment of dipole, quadrupole and octopole 
and other anomalies at large angular scaled

Do we really 
understand the 
cosmic reference 
frame?



Constraints
Neutrino masses
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Oldengott & Schwarz 2017 limit on lepton asymmetry
blue: Planck 2015 + 
lensing + self-consistent BBN
orange: He-4
green: D

difference between filled green 
band and dashed green band is 
due to systematic uncertainties in 
nuclear physics data used in BBN 
codes

progress on probing the early 
Universe in the BBN epoch is 
currently limited by nuclear 
physics data, not by observations

Constraints
Lepton asymmetry could be much larger than 
baryon asymmetry = neutrino asymmetry today



Summary 
CMB
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Challenges 

➜ E- & B-modes at 
large angles:
space mission
 
➜ intensity and 
polarisation on small 
angles: ground based

➜ foreground 
studies: radio, sub-
mm & IR

Planck collaboration 2018



Summary  
Cosmic LS Structure

Challenges 

➜ modelling of non-
linear scales
 
➜ measure largest 
scales at low redshift 
(z < 1): wide surveys

➜ first galaxies and 
first supermassive 
black holes: deep 
surveys

Planck collaboration 2018



(Some) Open questions
➜ Did Einstein have the final word on gravity?
➜ Did inflation happen? 
➜ Origin of Matter 
➜ When and how did galactic BHs form? 
➜ Cosmic Reionisation
➜ Cosmic Magnetic Fields
➜ Nature of Dark Energy
 
➜ Nature of Dark Matter
➜ Role of Neutrinos
➜ What is Life and when and how did it appear? 



How to make progress?
➜ Steady progress in theory & observation
 
➜ Polarised CMB
➜ 3d structure 
➜ New probes: 
    HI intensity mapping & real time cosmology

➜ Multi-frequency & multi-messenger cosmology

➜ Measure cosmological parameters & 
     Test the fundamental assumptions



Plans for the CMB
LiteBIRD:
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Figure 11. Forecast of CMB-S4 constraints in the ns–r plane for a fiducial model with r = 0. Constraints
on r are derived from the expected CMB-S4 sensitivity to the B-mode power spectrum as described in
Section 2.3. Constraints on ns are derived from expected CMB-S4 sensitivity to temperature and E-mode
power spectra as described in Section 8.10.2. Also shown are the current best constraints from a combination
of the BICEP2/Keck Array experiments and Planck [8]. The Starobinsky model and Higgs inflation are
shown as small and large filled orange circles. The lines show the classes of models discussed in Section 2.5
that naturally explain the observed value of the scalar spectral index for di↵erent characteristic scales in the
potential (see eq. (2.28)), M = MP/2, M = MP, M = 2MP, and M = 5MP. Longer dashes correspond to
larger values of the scale M .

limit N ! 1. Unfortunately, just like the running of the scalar spectral index, the subleading contributions
are typically too small to be detected.

Note that Neq sets the characteristic scale in field space. For Neq of order unity, the variation of the inflaton
is naturally given in units of the reduced Planck mass, while for Neq ⌧ 1 the characteristic scale in field
space is sub-Planckian.

This allows us to rephrase the lesson we can draw from an upper limit on r from CMB-S4 as follows:

In the absence of a detection, CMB-S4 would rule out or disfavor all models that naturally explain the
observed value of the scalar spectral index and in which the characteristic scale in field space exceeds the
Planck scale.

This is shown in Figure 11. We see that for ns = 0.968, �(r) = 5⇥10�4 would allow to disfavor characteristic
scales that exceed the Planck scale at 95% CL. Unfortunately, because of the scaling M /

p
Neq it will only

be possible to place constraints M . MP, but not M ⌧ MP. It should also be kept in mind that a natural
explanation of the value of the scalar spectral index is not guaranteed and its value could be an accident.
That a natural explanation is possible is, however, encouraging.

CMB-S4 Science Book

Measure or constrain scale of inflation



Test foundations: SKA
CMB dipole

structure dipole
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SKA-Mid band 1 wide survey 
with lower flux density threshold 
of 20 µJy 
local structure: z < 0.5

SKA Red Book, in prep. 



Unexpected EDGES
Bowman et al. 2018

Bowman et al. 2018

Loeb 2006
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ABSTRACT
Observations of the redshifted 21-cm hyperfine line of neutral hydrogen from early
phases of the Universe such as Cosmic Dawn and the Epoch of Reionization promise
to open a new window onto the early formation of stars and galaxies. We present the
first upper limits on the power spectrum of redshifted 21-cm brightness temperature
fluctuations in the redshift range z = 19.8 � 25.2 (54 � 68 MHz frequency range) using
14 hours of data obtained with the LOFAR-Low Band Antenna (LBA) array. We also
demonstrate the application of a multiple pointing calibration technique to calibrate
the LOFAR-LBA dual-pointing observations centered on the North Celestial Pole and
the radio galaxy 3C220.3. We observe an unexplained excess of ⇠ 30 � 50% in Stokes
I noise compared to Stokes V for the two observed fields, which decorrelates on & 12
seconds and might have a physical origin. We also show that enforcing smoothness of
gain errors along frequency during calibration reduces the additional noise in Stokes I

compared Stokes V introduced by the calibration on sub-band level. After subtraction
of smooth foregrounds, we achieve a systematics-limited 2� upper limit on the 21-cm
power spectrum of �2

21 < (14561mK)2 at k ⇠ 0.038 h cMpc�1 and �2
21 < (14886mK)2

at k ⇠ 0.038 h cMpc�1 for the 3C220 and NCP fields respectively. Both upper limits
are consistent with each other and with the thermal noise in the data.

Key words: dark ages, reionization, first stars – techniques: interferometric – meth-
ods: statistical – methods: data analysis – radio lines: general – di↵use radiation

? E-mail: gehlot@astro.rug.nl (BKG)
† E-mail: koopmans@astro.rug.nl (LVEK)

1 INTRODUCTION

After the Epoch of Recombination around redshift z ⇠ 1100,
the Universe entered the ‘Dark Ages’ era during which it
was completely neutral and devoid of any radiation sources.

© 2015 The Authors
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TODAY ON arXiv: Probe the COSMIC DAWN
Absorption signal could 
suggest a coupling of baryons to CDM



Major Space Missions
Euclid

eROSITA

Gaia

James Webb Space Telescope



Major Ground Observatories
ALMA:

MeerKAT/SKA (Low & Mid): ELT: 

LOFAR/LOFAR2.0:

LSST: 

CTA: 



Synergies: example
Large-scale structure surveys and gravitational wave observatories: 
Origin of black holes — stellar or primordial ?

the parameter r at fixed maximum multipole `max, while in the right panels we report the
scaling of the Signal-to-Noise for different values of the maximum angular resolution when
r
Stellar, Late, Early Primordial = 1, corresponding to the merger rates reported in equations (4.4)

and (4.5).
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Figure 6: Specific surveys. Signal-to-Noise S/N estimates coming from Fisher analyses,
along with the Planck prior, (upper panels) and ��

2 formalism (lower panels) for specific
surveys combinations. Left panels: Signal-to-Noise S/N estimates as a function of r, assuming
a fixed `max (50 for aLIGO and 100 for ET). The horizontal dashed white lines refer to the
r = 1 case. Right panels: Signal-to-Noise S/N estimates as a function of `max for the fiducial
merger rate case r = 1. The fiducial scenario assumed is the stellar, to be distinguished by
the early and late primordial alternative models. We choose as observation time Tobs = 10
years.

We show that surveys covering a bigger volume (or redshift range) have can discriminate
better between different models, i.e. have higher Signal-to-Noise ratios, as expected from
surveys with smaller shot noise. In the case where the stellar model is assumed as fiducial, it
is generally more difficult to distinguish the early primordial scenario than the late primordial,
since the former has a bias (or an effective bias) closer the stellar model one. Notice also that
in the cases of stellar and early primordial as fiducial, we have better Signal-to-Noise ratio than
in the late primordial scenario, due to higher merger rates, thus higher number of detected
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Figure 7: Specific surveys. Signal-to-Noise S/N estimates coming from Fisher analyses,
along with the Planck prior, (upper panels) and ��

2 formalism (lower panels) for specific
surveys combinations. Left panels: Signal-to-Noise S/N estimates as a function of r, assuming
a fixed `max (50 for aLIGO and 100 for ET). The horizontal dashed white lines refer to the
r = 1 case. Right panels: Signal-to-Noise S/N estimates as a function of `max for the fiducial
merger rate case r = 1. The horizontal dashed white lines refer to r = 1. The fiducial
scenario assumed is the late primordial, to be distinguished by the stellar model. We choose
as observation time Tobs = 10 years.

sources and lower shot noise.
In general we can conclude that future surveys will enable us to address questions about

binary BHs mergers given enough observation time and resolution. One caveat is that this
does not always happen for the aLIGO⇥EMU combination, which will have a Signal-to-Noise
lower or very close to unity in some cases (especially if mergers come from the late primordial
formation mechanism). This is due to the fact that this combination of GWs observatory
and large scale structure survey can only cover a low redshift range, where the biases (or the
effective biases) are very similar (see e.g., the bottom left panel of Figure 1) and we have an
higher shot noise due to the scarce number of detected objects.

– 22 –

Scelfo et al. 2018



Conclusions
- Inflation & ΛCDM: excellent global fit
- Tensions at ~3σ:                                              

H0 (local vs. global or early vs. late) and 
large scale anomalies

- Nature of Dark Matter & Dark Energy
- Origin of Matter
- Scale and Mechanism of Inflation

- History of Reionization
- History of Cosmic Magnetism
- Formation of galactic BHs

Expect the Unexpected


