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Energy budget

Standard cosmology
Homogeneous PerturbationsStandard assumptions: 

General relativity (GR), 
standard physical 

laws and  
thermal history, 

statistically isotropic  
and homogeneous  

 Planck Collaboration - 2018

Main science drivers in cosmology 

Evolution of initial gaussian distribution of adiabatic density perturbations

h = H0/(100 km s�1Mpc�1)

[km s�1Mpc�1]

BAO: Baryon acoustic oscillations

z ⇠ 1100 6 . z . 20

⇤

z = 0

Planck Collaboration: Cosmological parameters

Table 4. Constraints on 1-parameter extensions to the base-⇤CDM model for combinations of Planck power spectra, Planck lensing,
and BAO (equivalent results using the CamSpec likelihood are given in Table A.2). Note that we quote 95 % limits here.

Parameter TT+lowE TT,TE,EE+lowE TT,TE,EE+lowE+lensing TT,TE,EE+lowE+lensing+BAO

⌦K . . . . . . . . . . . . . . �0.056+0.044
�0.050 �0.044+0.033

�0.034 �0.011+0.013
�0.012 0.0007+0.0037

�0.0037
⌃m⌫ [eV] . . . . . . . . . . < 0.537 < 0.257 < 0.241 < 0.120
Ne↵ . . . . . . . . . . . . . . 3.00+0.57

�0.53 2.92+0.36
�0.37 2.89+0.36

�0.38 2.99+0.34
�0.33

YP . . . . . . . . . . . . . . . 0.246+0.039
�0.041 0.240+0.024

�0.025 0.239+0.024
�0.025 0.242+0.023

�0.024
dns/d ln k . . . . . . . . . . �0.004+0.015

�0.015 �0.006+0.013
�0.013 �0.005+0.013

�0.013 �0.004+0.013
�0.013

r0.002 . . . . . . . . . . . . . < 0.102 < 0.107 < 0.101 < 0.106
w0 . . . . . . . . . . . . . . . �1.56+0.60

�0.48 �1.58+0.52
�0.41 �1.57+0.50

�0.40 �1.04+0.10
�0.10

Table 5. Constraints on standard cosmological parameters from Planck TT,TE,EE+lowE+lensing when the base-⇤CDM model is
extended by varying additional parameters. The constraint on ⌧ is also stable but not shown for brevity; however, we include H0 (in
km s�1Mpc�1) as a derived parameter (which is very poorly constrained from Planck alone in the ⇤CDM+w0 extension). Here ↵�1
is a matter isocurvature amplitude parameter, following PCP15. All limits are 68 % in this table. The results assume standard BBN
except when varying YP independently (which requires non-standard BBN). Varying AL is not a physical model (see Sect. 6.2).

Parameter(s) ⌦bh2 ⌦ch2 100✓MC H0 ns ln(1010As)

Base ⇤CDM . . . . . . . 0.02237 ± 0.00015 0.1200 ± 0.0012 1.04092 ± 0.00031 67.36 ± 0.54 0.9649 ± 0.0042 3.044 ± 0.014
r . . . . . . . . . . . . . . . . 0.02237 ± 0.00014 0.1199 ± 0.0012 1.04092 ± 0.00031 67.40 ± 0.54 0.9659 ± 0.0041 3.044 ± 0.014
dns/d ln k . . . . . . . . . . 0.02240 ± 0.00015 0.1200 ± 0.0012 1.04092 ± 0.00031 67.36 ± 0.53 0.9641 ± 0.0044 3.047 ± 0.015
dns/d ln k, r . . . . . . . . 0.02243 ± 0.00015 0.1199 ± 0.0012 1.04093 ± 0.00030 67.44 ± 0.54 0.9647 ± 0.0044 3.049 ± 0.015
d2ns/d ln k2, dns/d ln k . 0.02237 ± 0.00016 0.1202 ± 0.0012 1.04090 ± 0.00030 67.28 ± 0.56 0.9625 ± 0.0048 3.049 ± 0.015
Ne↵ . . . . . . . . . . . . . . 0.02224 ± 0.00022 0.1179 ± 0.0028 1.04116 ± 0.00043 66.3 ± 1.4 0.9589 ± 0.0084 3.036 ± 0.017
Ne↵ , dns/d ln k . . . . . . 0.02216 ± 0.00022 0.1157 ± 0.0032 1.04144 ± 0.00048 65.2 ± 1.6 0.950 ± 0.011 3.034 ± 0.017
⌃m⌫ . . . . . . . . . . . . . 0.02236 ± 0.00015 0.1201 ± 0.0013 1.04088 ± 0.00032 67.1+1.2

�0.67 0.9647 ± 0.0043 3.046 ± 0.015
⌃m⌫,Ne↵ . . . . . . . . . . 0.02221 ± 0.00022 0.1179+0.0027

�0.0030 1.04116 ± 0.00044 65.9+1.8
�1.6 0.9582 ± 0.0086 3.037 ± 0.017

me↵
⌫, sterile,Ne↵ . . . . . . . . 0.02242+0.00014

�0.00016 0.1200+0.0032
�0.0020 1.04074+0.00033

�0.00029 67.11+0.63
�0.79 0.9652+0.0045

�0.0056 3.050+0.014
�0.016

↵�1 . . . . . . . . . . . . . . 0.02238 ± 0.00015 0.1201 ± 0.0015 1.04087 ± 0.00043 67.30 ± 0.67 0.9645 ± 0.0061 3.045 ± 0.014
w0 . . . . . . . . . . . . . . . 0.02243 ± 0.00015 0.1193 ± 0.0012 1.04099 ± 0.00031 . . . 0.9666 ± 0.0041 3.038 ± 0.014
⌦K . . . . . . . . . . . . . . 0.02249 ± 0.00016 0.1185 ± 0.0015 1.04107 ± 0.00032 63.6+2.1

�2.3 0.9688 ± 0.0047 3.030+0.017
�0.015

YP . . . . . . . . . . . . . . . 0.02230 ± 0.00020 0.1201 ± 0.0012 1.04067 ± 0.00055 67.19 ± 0.63 0.9621 ± 0.0070 3.042 ± 0.016
YP,Ne↵ . . . . . . . . . . . 0.02224 ± 0.00022 0.1171+0.0042

�0.0049 1.0415 ± 0.0012 66.0+1.7
�1.9 0.9589 ± 0.0085 3.036 ± 0.018

AL . . . . . . . . . . . . . . . 0.02251 ± 0.00017 0.1182 ± 0.0015 1.04110 ± 0.00032 68.16 ± 0.70 0.9696 ± 0.0048 3.029+0.018
�0.016

Figure 28 shows the constraints in the ns–r plane, with r
added as a single additional parameter to the base model and
plotted at pivot scale 0.002 Mpc�1. We assume the tensor-mode
spectrum is close to scale invariant, with spectral index given
by the inflation consistency relation to second order in slow-roll
parameters. Planck alone gives

r0.002 < 0.10, (95 %, TT,TE,EE+lowE+lensing), (42)

with ns = 0.9659±0.0041 at 1�. Adding BK15 to directly mea-
sure the tensor amplitude significantly tightens the r constraint,
and adding BAO data tightens (slightly) the ns constraint. Using
the Planck temperature likelihoods we find

r0.002 < 0.055 (95 %, TT+lowE+lensing+BK15+BAO), (43)

with ns = 0.9661 ± 0.0040 at 1�, or adding polarization

r0.002 < 0.058 (95 %, TT,TE,EE+lowE+lensing
+BK15+BAO), (44)

with ns = 0.9668 ± 0.0037 at 1�. However, the small change
when adding polarization is not stable to the choice of polariza-
tion likelihood; when using the CamSpec TT,TE,EE+lowE like-
lihood in place of Plik, we find the weaker constraint r0.002 <
0.065 for the same data combination as that used in Eq. (44).

All the combined ns–r contours exclude convex potentials
at about the 95 % confidence (marginally less if we use the
CamSpec likelihood, see Fig. 28), which substantially restricts
the range of allowed inflation models and disfavours all simple
integer power law potentials. More generally, since r depends
on the slope of the potential, the smallness of the empirical up-
per limit on r implies that the inflationary potential must have
been nearly flat when modes exited the horizon. The measured
ns must then be determined largely by the second derivative of
the potential, suggesting a hierarchy in the magnitudes of the
slow-roll parameters, favouring hilltop-like potentials. For a de-
tailed discussion of the implications for specific inflation models
see Planck Collaboration X (2018).

If we allow running of the spectral index in addition to ten-
sor modes, the constraint on r0.002 weakens if we use only the
Planck likelihood; a negative running allows ns at large scales to
shift to higher values, lowering the large-scale scalar amplitude,
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Galaxy redshift surveys

…several observables…

Nature 410:169 (2001)

https://en.wikipedia.org/wiki/NASA
https://en.wikipedia.org/wiki/ESA
https://en.wikipedia.org/wiki/Hubble_Space_Telescope


• Standard sirens          Independent measurement of 

Gravitational waves and “multi-messenger” astronomy
• Detection of  GW170817 and the coincident Gamma Ray Burst (GW170817A) allowed to constant the 

relative velocity of GW and photons: |cg/c� 1|  5 · 10�16

… and new windows

Primordial Gravitational waves               
• Black Holes: many events of coalescence of two BHs observed since GW150914

Radio surveys
• 21 cm line emission from HI as a tracer of the 3-D LSS distribution 

• Fast Radio Bursts (FRBs)

• Standard sirens          Independent measurement of H0

H0



Crucial to join forces and different expertises !

• To analyze data and obtain physical 
quantities, test robustness  

• To deepen the understanding of data and 
how they are analyzed  

• To connect results from cosmological, 
astrophysical and laboratory experiments 

• To study alternative theories, their 
consistency, robustness, connections with 
particle physics and with the fundamental 
physics laws 

• To evaluate the validity of the standard 
assumptions  

• …etc. 

Theoretical work is needed and access to data too

Pwww.shutterstock.com
Picture taken from Shutterstock

Human Resources and Research Infrastructure



• What are the nature, the properties and the origin of the Dark components? 
E.g., What is Dark Matter? What is Lambda? Do they have non-gravitational interactions?  

• What is the origin of the matter-antimatter asymmetry? 

• What are the nature and the properties of Black Holes? 

• What are the origin and the nature of the primordial perturbations?
E.g., Are they non-gaussian? How many degrees of freedom? Are there primordial gravitational waves?

• Are the standard assumptions wrong? E.g., Modification of gravity, Lorentz violation, non-standard history

• What are the nature and the properties of neutrinos?  E.g., What is the total mass?

⇤

Energy budget

Homogeneous PerturbationsStandard assumptions: 
General relativity (GR), 

standard physical 
laws and  

thermal history, 
statistically isotropic  
and homogeneous  

⇤

 Planck Collaboration - 2018

Main science drivers in cosmology 
Standard cosmology

Cosmic Microwave  Background
(CMB)



Overview of the received contributions
- Large Synoptic Survey Telescope (LSST)

Main science drivers: What is the nature of the Dark Sector? Are the standard assumptions wrong?   

 

Photometric survey, billions of galaxies, 20 Terabytes of data/night!

Marra, Rosenfeld, Sturani, 
arXiv:1904.00774 

NSF-funded  Wide-field Telescope (in Chile)

Context:

Members in Brazil: 9 PIs + 19 juniors (student and postdocs), and funding for up to 10 PIs with 40 juniors. 
Institutions: LineA,MCTIC,UNESP, UFES, UFRGS,Unicamp,UdB

Methodology: Analyzing different observational quantities in a bayesian framework.

• Measurements of galaxy distribution 
• Weak lensing 
• Supernova 
• Cluster counts 

Challenges: The access to data and the big amount of data.

https://arxiv.org/abs/1904.00774


- Q&U Bolometric Interferometer for Cosmology (QUBIC)

 Unique instrument, a spectro-imager, designed to control systematics and remove foreground 

Main science drivers: Are there primordial gravitational waves? 

International collaboration with participating laboratories in France, Italy, UK, Ireland, USA and Argentina 

To measure CMB polarization

Timeline: Being built. First module- two frequencies- ready by 2020. Target: r ~ 0.01 in 2 years of data

r=measure the relative 
strength of primordial 
gravitational waves.

Currently, r<0.06  [Planck 2018]

In the future, more modules at additional frequencies could be added. 

Context: 

Methodology: Simulations and data analysis, mounting the experiment, infrastructure in site.

Members in Argentina:  ~22 
Institutions: UNLP, ITeDA,CAB,CNEA,IAR

 (site in Argentina, next to LLAMA)

An image of the synthesized beam at various frequencies has been successfully measured in
several bolometers in the focal plane of the technological demonstrator, using the laboratory cali-
bration source. As an example, in Fig. 6 we show a comparison between the predicted synthesized
beam at 150 GHz and the one measured in one of the TES. The left panel displays the measure-
ment, and the right panel shows the expected shape without aberrations (geometrical optics). The
signal is normalized to the maximum value in each of the maps. There is some degree of saturation
in the simulated image, to mimic what is observed in the measurement. Albeit only qualitative, the
agreement shown here constitutes good evidence of the successful performance of the instrument
design. A quantitative characterization of the response of all detectors will be reported elsewhere,
after the calibration of the technological demonstrator is completed. More details on the simulation
of the optical beam combiner and horns array can be found in [46].

Figure 6: Comparison between the synthesised beam measured with one of the TES in the techno-
logical demonstrator (left panel) and the predicted beam without aberration effects (right panel).

Project Frequencies (GHz) ` range Ref. �(r) goal (no fg.) �(r) goal (with fg.)
QUBIC 150,220 30–200 6.0⇥ 10�3 1.0⇥ 10�2

Bicep3/Keck 95, 150, 220 50–250 [18] 2.5⇥ 10�3 1.3⇥ 10�2

CLASS ? 38, 93, 148, 217 2–100 [20] 1.4⇥ 10�3 3.0⇥ 10�3

SPT-3G † 95, 148, 223 50–3000 [19] 1.7⇥ 10�3 5.0⇥ 10�3

AdvACT ‡ 90, 150, 230 60–3000 [21] 1.3⇥ 10�3 4.0⇥ 10�3

Simons Array 90, 150, 220 30–3000 [22] 1.6⇥ 10�3 5.0⇥ 10�3

SO (SAT) ?? 27, 39, 93, 145, 225, 280 30–300 [23] 1.3⇥ 10�3 3.9⇥ 10�3

?
CLASS: Cosmology Large Angular Scale Surveyor;

†
SPT-3G: South Pole Telescope—3rd gener-

ation;
‡

AdvACT: Advanced Atacama Cosmology Telescope;
??

SO (SAT=: Simons Observatory

Small Aperture Telescopes.

Table 1: Sensitivity of the main B-mode ground experiments operating in a frequency range similar
to QUBIC. The label “fg” or “no fg” corresponds to the assumption on the foregrounds. Table
extracted and expanded from [27, 28]. The entries for �(r) correspond to the estimates made in [37]
for different experiments with the algorithms developed there (Appendix B1, no-delensing option).
We acknowledge use of the public code CMB4CAST (https://portal.nersc.gov/project/mp107) for
the computation of the last entry with the same method as in [37].

Furthermore, the angular resolution of the spectro-imager has been computed, and follows
what is expected for the different subfrequency bands, namely, that the FWHM is reduced with
increasing frequency.

10



- BAO from Integrated Neutral Gas Observations (BINGO) New radio telescope

Radio telescope designed to measure the BAO scale at 0.13 < z < 0.48 

Main science drivers: What is the nature of Dark Sector? Are the standard assumptions wrong?   

Methodology:  To design and to build the radio telescope

Challenge: Galactic as well as extragalactic foregrounds with intensity as large as 
104 times the HI signal. Cross correlation with other surveys will help. 

Timeline: Under design/construction.First commissioning actions expected for 2021

- Ground for testing different separation methods, pathfinder to the upcoming SKA telescope.  

- Lower redshift than ongoing CHIME – Canadian - for BAO at z~0.8-2.5, and Tianlai - China -

Members in Brazil: 3PIs (of 5) in the steering committee and ~37 researchers (+1 in Uruguay)  
Institutions in Brazil: USP,UFCG,IFPB,UFPB,UFPE,UnB. Construction and operational costs  granted by 
FAPESP, FINEP, MCTIC and smaller fraction by non-Brazilian institutions  

Context: Intensity Mapping technique (fluctuations in HI as a tracer of the 3-D LSS) 

  (to be built in Brazil)



 - The South American Gravitational wave Observatory (SAGO) Final Goal

Main science drivers: What is the nature and properties of Black Holes, of the Dark Sector?  
Are the standard assumptions wrong?   

Methodology: step by step

First step:  
- To build  a local community with enough expertise in experimental activities and data analysis. 
- To involve Latin American students and post-docs in the present projects: LIGO,  Virgo,  KAGRA,  

LIGO India, Einstein Telescope (3G),  Cosmic Explorer (3G), and attract them and foreign researchers 
with knowledge on third generation detectors to shape research groups in Latin America.

Final goal:  To construct and to operate the 3G interferometer in South America as a third partner of ET 
and CE in ~ 20 years

Challenge: Only a few Latin American researchers are involved in laser interferometric projects (~ 12).

Context: Several detections of GWs from 
 the coalescence of binary systems, since  
GW150914.

[Front. Astron. Space Sci. 5:44 (2018)]

(in South America)
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FIG. 7: Strain sensitivity curves for di↵erent GW detectors. Second generation (2G) ground-based detectors are advanced
LIGO (aLIGO), advanced Virgo (aVirgo) and KAGRA, with curves given at design sensitivity [28]. Third generation (3G)
detectors projected are Einstein Telescope (ET) [29] and Cosmic Explorer (CE) [30]. A space-based detector planned is LISA
[32]. For illustration, we include the strain amplitude of GW150914 [235] and the expected background for massive binary
black-holes (BBH) and galactic white-dwarf (WD) binaries [249].

the additional degrees of freedom can arrange to form a
tensor perturbation over FLRW background could dis-
play the same phenomenology. In particular, this is what
happens with gauge fields in a SU(2) group [125, 253].

D. Present and future GW detectors

Before presenting the di↵erent tests of gravity with
multi-messenger GW astronomy, let us outline briefly the
status of present and future GW detectors. We sum-
marize the di↵erent sensitivities of each detector and
the typical sources in Fig. 7. The capabilities of multi-
messenger GW astronomy depend mainly on two aspects:

• Number of detections: this is most sensitive to the
size of the volume of the Universe covered by the
GW detector. However, there is a large uncertainty
in the actual population of the sources, e.g. BNS.

• Sky localization: this is most sensitive to the num-
ber of detectors that allow for a better triangula-
tion of the source. A better localization of the GW
events simplifies the search for a counterpart.

We draft a summary of present expectations for the range

of detection and localization angle of di↵erent GW de-
tectors in Fig. 2. The reader should be aware that these
expectations, specially the ones far in the future, might
be subject to important modifications.

At present, we are in the second generation (2G) of
ground-based detectors. There have been already two
operation runs. In the first one, only the two aLIGO
detectors were online with a detection range for BNS of
the order of 80 Mpc. In the second one, aVirgo joined.
Although its sensitivity was still lower, aVirgo helped to
reduce the localization area an order of magnitude, from
100�1000 deg2 to 10�100 deg2. For illustration, we plot
in Fig. 7 the strain of the first event GW150914 [235].

However, neither aLIGO nor aVirgo has reached their
designed sensitivity yet. Moreover, other two 2G detec-
tors are on the way. KAGRA [254] in Japan is under con-
struction and it is expected to start operating in 2020.
On the other hand IndIGO [255], a replica of LIGO lo-
cated in India has been approved. This means that in
the coming years two main improvements are expected:
a larger event rate and a more precise localization [28].
The range of detection is expected to improve by a fac-
tor of 3 implying a factor 27 in the detection rate. The
localization is expected to reduce to areas of 5 � 20 deg2

with KAGRA and to a few deg2 with IndIGO. Note that



- Macón Ridge Astronomical Site: the ABRAS & TOROS projects 

Main science drivers: What is the nature and the properties of the Dark Sector? Modification of gravity, 
Lorentz violation.

New site  
(in Argentina)

ABRAS: Argentinean-Brazil Astronomical Center 
Main institutions:  IATE, IAG. Funding institutions:  MINCyT-Argentina- and USP -Brazil-

Methodology: To develop a new astronomical site in Macón Ridge-Salta-Argentina 

First step: ABRAS & TOROS: Complementary projects dedicated to electromagnetic counterparts 
of GW events, in the near-infrared and optical range. Mainly BNS transient events. 

TOROS:  Transient Optical Robotic Observatory in the South
Members in LA: 13 (8-Argentina- 4-Chile-1-Mexico). Outside LA: 7 US-1 Poland. 
Main institutions in LA:  IATE, ULS,PUC, INAOE. Funds from: Brazil, Argentina, NSF

Timeline: TOROS is ready to start. If funding is secured, ABRAS could start in 2020.

Context: Gravitational waves and “multi-messenger” astronomy: Use GW as standard sirens, test Lorentz 
Invariance. 



A Latin American graduate school  

Main science drivers: All listed

A graduate program in Astrophysics and Cosmology 

Methodology:  

• To increase the amount of human resources dedicated to theoretical aspects of Astrophysics and 
Cosmology, and to the use of the astronomical facilities installed in the Latin America 

• To promote the integration of the Latin American community working in Astrophysics and Cosmology 

• Use the PPGCosmo experience  

Thematic areas: Dark Matter, Astroparticle Physics, Cosmology, Gravitational Waves, Dark Energy, High 
Energy Theory, Astronomy and Astrophysics. 

Mobility: Must include an internship period in a second institution belonging to the network.

Context: Theoretical work is needed and access to data is too
Crucial to join forces and 

different expertises 

Picture taken from Shutterstock


