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Our$view$of$the$distant$Universe:$

Hubble$Ultra6deep$Field$


Is$the$visible$
material$all$
there$is?$
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Dark%Cosmology%

%
Much%more%gravity%than%we%would%
expect:%%%

➡ %Dark%Ma;er%(27%)%


%
Galaxies%moving%apart%faster%and%
faster:%

➡ %Dark%Energy%(68%)%

New%Physics,%beyond%the%Standard%Model%
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Observa(on+and+Theory+interplay+

Dark+ma7er+and+dark+energy+have+predictable+effects+on:+
•  Cosmic+Microwave+Background++
•  Pa7erns+of+galaxies++
•  Bending+of+light+in+Universe+
•  Brightness+of+supernovae++

➡ +Measure+these+effects+in+our+large+surveys+
➡ +Compare+with+theories+and+simula(ons+containing++++++++
dark+Physics+

The$Nobel$Prize$$
in$Physics$2011+
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Building(3D(Maps(of(the(Universe(

“Nearly(2,000(years(later(s=ll(we(make(maps.(
To(avoid(geCng(lost(and(because(we(want(to(
discover(new(things.(The(ambi=on(and(intent(
of(accuracy(are(the(same(as(then(…”(

Ptolomeo’s(Map(

Only(1%(of(the(
Universe(is(
known!(
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From%surveys%to%measurements%of%dark%physics%
%
➡ %%Measure%sta6s6cs%of%galaxy%proper6es%in%large%surveys%
➡ %%Compare%with%predic6ons%for%par6cular%dark%energy%physical%values%

e.g.%Baryonic%Acous6c%Oscilla6ons%(BAO):%

Measure%correla6on%func6on%of%galaxy%posi6ons%–%BAO%peak%is%found%at%
a%physical%scale%that%depends%on%dark%energy!%
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Europe'is'leading'the'effort'in'providing'large'numerical''
simula5ons'for'cosmological'large'surveys.''
'
'

Simula5ons'calculate'consequences'of'dark'physics'
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Top Scientific Objectives

The two highest level questions in the field are the following: 

• Is cosmic acceleration caused by a breakdown of Einstein General Relativity  on 
cosmological scales, or is it caused by a new energy component with negative 
pressure ("dark energy") within General Relativity? 

• If the acceleration is caused by "dark energy," is its energy density constant in space 
and time and thus consistent with quantum vacuum energy or does its energy density 
evolve in time and/or vary in space? 



Dark Energy Experiments



Large Scale Structure Spectroscopic Surveys
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Rodríguez-Torres et al. 2015

The clustering of galaxies at z=0.5 in the BOSS-CMASS DR12
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z=0.57 
14M halos

 
>> The BigMD Project <<  

www.multidark.org
Products: 
- Row particle data 
- FOF & BDM halo catalogs   
- (sub)Halo profiles  
- Merging Trees 
- BOSS galaxy light-cones 
-    “Add to Wish List”

The New Suite of MultiDark Simulations for Large Surveys  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Rodríguez-Torres et al. 2015
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Rodríguez-Torres et al. 2015



Baryonic Acoustic Oscillations

Two-dimensional correlation function  
of DR11 CMASS galaxies in BOSS.  
Colors indicate amplitude of the  
correlation function (Samushia et al. 2013) 

BAO feature in both the transverse and  
line-of-sight directions. These shifts are 
typically parameterised by  

Together, they allow us to measure the  
angular diameter distance (relative to  
the sound horizon at the drag - photon 
decoupling - epoch rd) DA(z)/rd, and the  
Hubble parameter H(z) via cz/(H(z) rd) 
separately.



SDSS-III/BOSS Galaxy Clustering results

Measurement of the correlation function monopole from the BOSS DR11 
CMASS galaxy sample, compared to the best-fitting BAO model given the 
the solid line (Anderson et al. 2014). 

The observed BAO position depends 
simply on the scale dilation parameter 

which measures the relative position of  
the acoustic peak in the data versus the  
model, thereby characterizing any  
observed shift. 
If  α > 1, the acoustic peak is shifted  
towards smaller scales, and α < 1 shifts  
the observed peak to larger scales.

alpha = 1.0144 +- 0.0098



BOSS DR11 cosmology results

Anderson&et&al.&(2014)

The distance-redshift relation from the BAO method on galaxy surveys. This plot 
shows DV(z)/rd versus z measured from from galaxy surveys, divided by the best-
fit flat LCDM prediction from the Planck data.
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Baryonic Acoustic Oscillations as standard ruler
How to measure Dark Energy?

LSS&galaxy&surveys&provides&a&picture&&
of&the&distribution&of&matter&such&that&
&one&can&search&for&a&BAO&signal&by&&
seeing&if&there&is&a&larger&number&of&&
galaxies&separated&at&the&sound&horizon.

The propagation of sound waves through the primordial plasma in the early universe gives rise to a 
characteristic scale in the distribution of perturbations corresponding to the distance travelled (150 Mpc) by 
the wave before recombination.



22



Physics of BAO

A pictorial explanation of how the BAO shifts and broadened since the early universe to the present day. In each panel, we 
show a thin slice of a simulated cosmological density field. (top left) In the early universe, the initial densities are very 
smooth. We mark the acoustic feature with a ring of 150 Mpc radius from the central points. A Gaussian with the same 
rms width as the radial distribution of the black points from the centroid of the blue points is shown in the inset. (top right) 
We evolve the particles to the present day, here by the Zel'dovich approximation. The red circle shows the initial radius of 
the ring, centered on the current centroid of the blue points. The large-scale velocity field has caused the black points to 
spread out; this causes the acoustic feature to be broader (Padmanabhan 2012).



Accurate measurement of the BAO shift and damping

P(k)&BigMD&Planck

P(K)&Planck_NW

P(k)/Pnw(k)&BigMD&Planck

Prada et al. 2015



P(k)/Pnw(k) for DM & Halos in BigMD Planck

Very accurate measurement of the BAO shift & damping

DM#(z=0.57) Halos#n=2.5e43#(z=0.57)Chi2/dof=1.12 Chi2/dof=1.11



BAO shift & damping in the Planck Cosmology

RealXspace

Prada et al. 2015



Halo#Tracers
BAO shift & damping as a function of bias 

Prada et al. 2015
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DarkSky&preliminary&results

Dark&Matter&z=0,&Chi2/dof=0.7

alphaX1=0.27+X0.04&
Sigma=8.50+X0.07&(8.59)

log&k

lo
g&
k&
P(
k)

10240^3,&(8&Gpc/h)^3
Skillman et al.



BAO shift as a function of bias 



BAO damping as a function of bias



Remarks

• The new suite of BigMD simulations is being uploaded in the MultiDark 
Database: www.multidark.org 

• BigMD is designed to study LSS and BAO systematics 
• BAO shift & damping scale, and their evolution with redshift, has been studied 

both for dark matter and different halo number densities 
• Level of BAO systematics in halos and dark matter tracers seems different, 

and about the same level than observational statistical errors from the new 
planned surveys such as DESI, Euclid, 4MOST … 

• It remains to be understood the impact of this study on the BAO modelling 
and reconstruction



Is&there&a&HOPE&for&discovering&
NEW&Physics&in&the&Euclid&Era?
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Rodríguez-Torres et al. 2015



Conclusions

• Future is BRIGHT! 
• Need to be critical and motivated

Thank YOU!


