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Cosmology: the study of the 
nature of the universe

Image Credit:NASA, ESA, and S. Beckwith (STScI) and the HUDF 

Team

http://www.nasa.gov/
http://www.esa.int/
http://www.stsci.edu/


All astronomy is historical

Understanding the history 
of the universe is key to 
understanding it’s nature

Image Credit:NASA, ESA, and S. Beckwith (STScI) and the HUDF 

Team

http://www.nasa.gov/
http://www.esa.int/
http://www.stsci.edu/


What is the Universe made of ?

•Ordinary Matter

–Stars, gas, dust, us

•Dark Matter

–We see it’s 
gravitational effects, 
don’t see it shine.

•Dark Energy

–Causes the 
accelerated expansion 
of the universe.

Image credit: Planck collaboration, ESA. 



Major players in the history of the 
universe
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Major players in the history of the 
universe

Dark Energy  



Different forces dominated at different 
times in the history of the universe

Image credit: Ann Feild (STScI) - http://hubblesite.org/newscenter/archive/releases/2001/09/image/g/

http://hubblesite.org/newscenter/archive/releases/2001/09/image/g/


How can we measure this? 

•Expansion of the universe driven by two 
competing factors

–Gravitational contraction of matter

–Expansion of spacetime due to Dark Energy

•Leaves an imprint on the distribution of 
matter in the universe

time

Image credit: simulations performed at NCSA by Andrey Kravtsov (U. Chicago) and Anatoly Klypin (NMSU). Visualizations by Andrey Kravtsov.



How can we measure this? 

•Expansion of the universe driven by two 
competing factors

–Gravitational contraction of matter

–Expansion of spacetime due to Dark Energy

•Leaves an imprint on the distribution of 
matter in the universe

Image credit: https://astronomy.swin.edu.au/~gmackie/BigBang/universe.htm

https://astronomy.swin.edu.au/~gmackie/BigBang/universe.htm


recent

~2 Billion years ago

We see this structure in galaxy surveys



A redshift survey you say?

•Redshift is like the Doppler effect, but with light



•Redshift is like the Doppler effect, but with light

•Light from objects moving away from us is 
stretched out and appears more red

A redshift survey you say?



Sources of redshift

•This is how we know the universe is 
expanding

•But, the expanding universe is not the only 
source of redshift: galaxies are constantly 
moving under local gravitational effects



Sources of redshift

•This is how we know the universe is 
expanding

•But, the expanding universe is not the only 
source of redshift: galaxies are constantly 
moving under local gravitational effects

• This distorts our 

measurements of the 

galaxy redshift: Redshift 

Space Distortion (RSD)

Image credit: H. Feldman, http://tatania.phsx.ku.edu/feldman

http://tatania.phsx.ku.edu/feldman


Sources of redshift

•This is how we know the universe is 
expanding

•But, the expanding universe is not the only 
source of redshift: galaxies are constantly 
moving under local gravitational effects

Need to account for 

RSD when we interpret 

the structure of the 

universe

Tells us about the nature 

of gravity…
Image credit: H. Feldman, http://tatania.phsx.ku.edu/feldman

http://tatania.phsx.ku.edu/feldman


How do we characterize the structure 
of matter in the universe?

•The power spectrum 
measures gaussian 
fluctuations in the matter 
density field

•Measured by the two-point 
correlation function

•Count pairs of galaxies at different distance scales, 
compare to a random distribution.

•Computation scales as O(N2)

Tegmark, M. et al. 2004. PhRvD, 69, (10), 103501.

http://adsabs.harvard.edu/cgi-bin/bib_query?2004PhRvD..69j3501T
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Three-point correlation function

•Three-point 
correlation function: 
count triplets of 
galaxies

•Captures information on 
the non-Gaussianity of the 
early universe that the 
Gaussian two-point 
function cannot measure

•Counting triplets: 

computation scales as 

O(N3)

2-point     3 point

Measurement

Theory 1

Theory 2

Image credit: Kulkarni et al, MNRAS 378(3), 2007
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Galactos: Measuring the 3-
point correlation function 
at scale

Friesen, Patwary, Austin, Satish, Slepian, Sundaram, Bard, Eisenstein, 

Deslippe, Dubey, Prabhat;  https://arxiv.org/abs/1709.00086

https://arxiv.org/abs/1709.00086


Galactos: Algorithmic Innovation

•Slepian & Eisenstein (2015) uses spherical harmonic 
addition theorem to reduce 3PCF to a product of 
spherical harmonics which depends on only one 
triangle side

–i.e., only need 2 galaxies, not 3

- -

Slepian and Eisenstein:
https://arxiv.org/abs/1709.10150
https://arxiv.org/abs/1607.03109

• Key point: directionality

allows measurement of 

Redshift Space 

Distortions! 

https://arxiv.org/abs/1709.10150
https://arxiv.org/abs/1607.03109


Galactos: Multi-node Optimisations

•Asymmetric k-d tree for placing galaxy 
pairs in distance bins

–MPI distributed k-d tree: recursively 
partitions space into unequal volumes 
but equal #s of galaxies, each with 
unique MPI subcommunicator

- -

• Neighbour exchange among MPI processes

–Load balance MPI processes

–Each process gathers neighbour galaxies from the next distance 
bin

•Leads to duplication of galaxies per process, but renders 
3PCF computation data-parallel and communication-less.

Friesen, Patwary, Austin, Satish, Slepian, Sundaram, Bard, Eisenstein, 

Deslippe, Dubey, Prabhat;  https://arxiv.org/abs/1709.00086

https://arxiv.org/abs/1709.00086


Friesen, Patwary, Austin, Satish, Slepian, Sundaram, Bard, Eisenstein, 

Deslippe, Dubey, Prabhat;  https://arxiv.org/abs/1709.00086

Galactos: Single-node Optimisations

• Thread parallelism over galaxies
• Want vectorization of galaxy pair calculations and 

efficient memory reuse: 
– store galaxies in same distance bin in temporary 

arrays (one array per bin) – compute 3PCF when 
array fills up in memory

• Minimise vector loads during multipole 
computation

• Look for instruction-level parallelism

- -

https://arxiv.org/abs/1709.00086


Galactos: Performance/Results

- -

Calculated the anisotropic 3PCF for 2B “galaxies” in 20min 
on 9626 KNL nodes, with almost perfect scaling.

Sustained performance: 5.0 PF
Peak performance: 9.8 PF 

Friesen, Patwary, Austin, Satish, Slepian, Sundaram, Bard, Eisenstein, Deslippe, Dubey, Prabhat;  

https://arxiv.org/abs/1709.00086

• Outer Rim dataset: Simulation from HACC 
containing ~ 2B dark matter halos (“galaxies”)

https://arxiv.org/abs/1709.00086


Galactos: Summary

•Combine innovative algorithm, new MPI-based 
KD-tree construction and highly optimized code 
for Xeon Phi architecture to compute the 3PCF of 
2 billion galaxies in ~20 minutes on Cori. 
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–Sustained 5.06 PF

–Can compute the 3PCF for 
all galaxies in the observable 
universe (10 billion) in <1 day

–Turns the 3PCF into a usable 
statistic for cosmology. 

Galactos dataset: 2 Billion halos from the Outer Rim 

simulations, Heitmann et al., arXiv:1411.3396)

http://arxiv.org/abs/1411.3396


Thanks! 



Thank You
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