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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? 



Baryonic Acoustic Oscillations as standard ruler

How to measure Dark Energy?

LSS	catalogs	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.



Large Scale Structure Spectroscopic Surveys



Baryonic Acoustic Oscillations in BOSS

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 parameterized by  

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



BOSS Galaxy Clustering results at z=0.55

Measurement of effective monopole of the correlation function from the 
BOSS DR11 CMASS galaxy sample with/without systematics weights for 
star and seeing (black/red points), compared to the theoretical models given 
the parameters measured (solid lines). Chuang, Prada et al. (2013). 

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 characterising any  
observed shift. 
If  α > 1, the acoustic peak is shifted  
towards smaller scales, and α < 1 shifts  
the observed peak to larger scales.
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These values correspond to the distance 
BOSS measurements of 1.1 per cent 
precision for low-redshift bin and 1.0 
per cent for the intermediate- and high-
redshift bins 

Alam et al. 2017 
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1%	error

σ(stat)=σ(syst)



Theory design to study BAO systematics

• Modelling non-linearity and galaxy bias to use BAO, RSDs, weak-lensing and the 
power spectrum broad-band shape at the 0.1-0.3% level. 

• Using Halo Abundance Matching and SAMs for accurate modelling of galaxy bias 
• Providing clustering and bias model useful to calibrate fast-methods for the massive 

production of mock galaxy catalogs (GLAM + MultiDark). 
• Studying BAO systematics: shift and damping for biased tracers.
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		BigMultiDark runs designed for BOSS LRGs: 

Lbox= 2500 h-1 Mpc;   Npart= 38403 

Force res.= 10 kpc/h comoving;  Mpart=2.08 1010 h-1 Msun  

SuperMUC Petascale System

 
>> The MultiDark Project <<  

	 
	

www.skiesanduniverses.org 
www.cosmosim.org

Klypin	et	al.	2016



z=0.57 
14M halos

 
>> BigMultiDark products << 

www.skiesanduniverses.org 
Products: 
- Row particle data 
- FOF & BDM halo catalogs   
- (sub)Halo profiles  
- Merging Trees 
- BOSS galaxy light-cones 
-     MultiDark-Galaxies
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Rodríguez-Torres et al. 2016



Physics of BAO

A sketch 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).
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Accurate measurement of the BAO shift and damping
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Accurate measurement of the BAO shift and damping

P(k)	BigMD	Planck1



BAO shift & damping for Dark Matter

Redshit-space



Halo	Tracers
Halo	Tracers	

BAO shift & damping as a function of bias 



BAO shift as a function of bias 



BAO damping as a function of bias



Conclusions

• MultiDark is designed to study LSS and BAO systematics. The suite of MultiDark 
simulation products is available at www.skiesanduniverses.org and 
www.cosmosim.org


• 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 and Euclid


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


