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Computational Astrophysics

how and when did it all begin?



Computational Astrophysics supercomputing ... 2000 BC

Eurasia

• suitable for any base system

• developed all across the Eurasian continent thousands of years BC

Abacus



Computational Astrophysics supercomputing in 1642

Blaise Pascal

• mechanical calculator

• addition/subtraction

• multiplication/division by successive addition/subtraction 

• 5 digit accuracy



Computational Astrophysics supercomputing in 1834

Charles Babbage

• 4000 parts

• 3 tons

• 3m x 2 m

• 31 digits accuracy

• steam driven

• “difference engine”:

- designed to tabulate polynomials

- calculates 2nd order differences



Computational Astrophysics supercomputing in 1890

• developed a machine to read punch cards

• machines was used for 1890 census in the USA

• census took only one year to evaluate (prev. 8 years!)

• company: Computing Tabulating Recording Corporation

Herman Hollerith



Computational Astrophysics supercomputing in 1890

• developed a machine to read punch cards

• machines was used for 1890 census in the USA

• census took only one year to evaluate (prev. 8 years!)

• company: Computing Tabulating Recording Corporation

• renamed in 1924 to ... Herman Hollerith



Computational Astrophysics supercomputing in 1890

• developed a machine to read punch cards

• machines was used for 1890 census in the USA

• census took only one year to evaluate (prev. 8 years!)

• company: Computing Tabulating Recording Corporation

• renamed in 1924 to ... International Business Machines (IBM)Herman Hollerith



Computational Astrophysics supercomputing in 1918

Arthur Scherbius

• Enigma:

• merely a cipher device

• heavily used by the Germans during World War II



Computational Astrophysics supercomputing in 1918

Arthur Scherbius

• Enigma:

• merely a cipher device

• heavily used by the Germans during World War II

→ movie right about that application:



Computational Astrophysics supercomputing in 1936

•Turing Machine:

• theoretical concept only:

- reading instructions from printed symbols on a tape

- result printed on back of tape

• foundation for theories about computing, however...

• based upon sequential memory (instead of random-access memory)

•Turing Test:

• if a human interacting with 

a) another human

b) a computer

is not able to tell the difference, the computer is said to “think”

Alan Turing
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- result printed on back of tape

• foundation for theories about computing, however...

• based upon sequential memory (instead of random-access memory)

•Turing Test:
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Computational Astrophysics supercomputing in 1938

• Z1:

• 30000 parts

• calculations were performed in binary

• input and output in decimal system though

• floating point operations

• freely programmable via punch cards

Konrad Zuse



Computational Astrophysics supercomputing in 1941

Konrad Zuse

• Z3:

• 5.3 Hz, 22bit, 176 bytes memory, 2600 relays

• speed: 0.8sec/+ and 3sec/* (=0.333 flops)

• floating point operations

• freely programmable via punch cards



Computational Astrophysics supercomputing in 1943

• Colossus:

• first “commercial” computer

• five parallel processors

• developed in order to decrypt German messages (see Enigma)

• freely programmable via tape

Post Office Research Station



Computational Astrophysics supercomputing in 1943

• Colossus:

• first “commercial” computer

• developed in order to encrypt German messages

• freely programmable via tape
Post Office Research Station



Computational Astrophysics

and what about today?

supercomputing ... 2000 AD



Computational Astrophysics supercomputing in 2021

• Fugaku “Mount Fuji” (Japan), #1 in 11/2020:

• 7,630,848 cores, 5000TB RAM

• speed: 440 x 1015 flop/s (= 440 PetaFlops)

• freely programmable (not via punch cards...)

• operation system: Linux (Red Hat)

RIKEN Center for Computational Science in Kobe



Computational Astrophysics supercomputing in 2018

• MareNostrum (Spain), #42 in 11/2020:

• 153.216 cores, 41TB RAM

• speed: 7 Pflop/s

• operating system: Linux (Suse)

Torre Girona Chapel, Barcelona
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...but what about the science?
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Physics with a Computer

medicine

biology

industry

astrophysics

stock market

entertainment

Physics with a Computer

artificial intelligence
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Computational Astrophysics astrophysics

The collision of our Milky Way with the Andromeda Galaxy!
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The collision of our Milky Way with the Andromeda Galaxy!



Computational Astrophysics

(courtesy Arman Khalatyan, www.clues-project.org)

astrophysics

The collision of our Milky Way with the Andromeda Galaxy!



Computational Astrophysics astrophysics

The collision of our Milky Way with the Andromeda Galaxy!

do we really need supercomputers for this?

(courtesy Arman Khalatyan, www.clues-project.org)



Computational Astrophysics Astrophysics in 1941

Erik Holmberg
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Erik Holmberg



Computational Astrophysics

Erik Holmberg

3m

4m

• replacing gravity by light (same 1/r2 law)

• formation of tidal features

N = 2x 37

Astrophysics in 1941



Computational Astrophysics 2020 and beyond

the formation of our Local Group within full cosmological context

(www.clues-project.org)
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www.cosmosim.org
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www.cosmosim.org



Computational Astrophysics 2020 and beyond

www.unitsims.org
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…and what about the results?

two-point correlation functionthis is significant!

‘small-scale crisis’

2020 and beyond
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Computational Astrophysics

…and what about the results?

modellers problem?

2020 and beyond



Computational Astrophysics

Haloes going MAD 

a workshop on finding haloes in cosmological simulations 
at 

La Cristalera de la Universidad Autonoma de Madrid 

Madrid, 24/05/2010 – 28/05/2010 

more information and registration at!
http://popia.ft.uam.es/HaloesGoingMAD!

SOC: 

Alexander Knebe 
Steffen Knollmann 

Gustavo Yepes 
Justin Read 

Subhaloes going Notts 

a workshop on finding subhaloes in cosmological simulations 
in 

Dovedale, Nottingham (UK) 

14/05/2012 – 18/05/2012 

more information and registration at!
http://popia.ft.uam.es/SubhaloesGoingNotts!

SOC: 

Frazer Pearce 
Alexander Knebe 

Julian Onions 
Stuart Muldrew 

Hanni Lux 
Steffen Knollmann 

SUSSING MERGER TREES 
a workshop on 

constructing merger trees 
for cosmological simulations 

in 
Midhurst, West Sussex (UK) 

08/07/2013 – 12/07/2013 

more information and registration at 
http://popia.ft.uam.es/SussingMergerTrees 

SOC: 
Peter Thomas 
Frazer Pearce 
Alexander Knebe 
Aurel Schneider 
Chaichalit Srisawat  

nIFTy Cosmology:! numerical simulations for large surveys !

a workshop on the production of virtual skies !

June 30 – July 18, 2014!
Instituto de Fisica Teorica, Madrid!

SOC:!
Alexander Knebe!
Frazer Pearce!
Juan Garcia-Bellido!
Chris Power!
Richard Bower !

more information and registration at http://popia.ft.uam.es/nIFTyCosmology " " "          sponsored by!
CRYSTAL(CLEAR(CLUSTERS:
where(hydrodynamical(simula<ons(meet(semi>analy<cal(models

hands&on(workshop(on(galaxy(clusters(as(found(in(full(physics(hydro>simula<ons(and(semi>analy<cal(models


June(25>30,(2017(@(“La(Cristalera”(in(Miraflores(de(la(Sierra,(Madrid,(Spain


http://popia.ft.uam.es/CrystalClearClusters

SOC:%
Alexander%Knebe%

Frazer%Pearce%
Chris%Power%

Gustavo%Yepes%
Daniel%Cunnama%

%

hands-on workshop on theoretically modelling galaxy clusters

June 4-8, 2018
“Newbattle Abbey” (Edinburgh, Scotland)

http://popia.ft.uam.es/GlenfiddlingGalaxyClusters

SOC:
Romeel Dave

Alexander Knebe
Frazer Pearce
Chris Power

Gustavo Yepes

Glenfiddling Galaxy Clusters

…requires validation of techniques and methods!

2020 and beyond
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Computational Astrophysics

Numerical Modelling (in Astrophysics)



Computational Astrophysics

observation via telescope modelling via supercomputersó

Numerical Modelling



Computational Astrophysics

physical phenomenon

Numerical Modelling



Computational Astrophysics

physical phenomenon

Numerical Modelling

• what is the physical process
we aim at modelling?



Computational Astrophysics

physical phenomenon

Numerical Modelling

mathematical model
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Computational Astrophysics

mathematical model

physical phenomenon

Numerical Modelling

this is what we want in the end:
a model that explains the phenomenon!
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physical phenomenon

Numerical Modelling
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...details in lecture
“astrophysical processes”

mathematical model



Computational Astrophysics

physical phenomenon

Numerical Modelling

use a numerical simulation
to verify the model...

mathematical model



Computational Astrophysics

physical phenomenon

Numerical Modelling

mathematical model

domain discretisation
• grid introduction
• particle sampling
• ...

boundaryconditionsensurethatthereareinfinitelymanyother
Hernquistmodels.

5.1.1Refinementhierarchy

Fig.3givesavisualimpressionofourrefinementhierarchyatwork
byshowingthedistributionofparticlesaccordingtoaHernquist
modelsampledwith32

3
particles,andthethresholdforrefining

nodeswassettorref¼8particlespernode.Refinementsare
showndowntothelevelof512

3
(virtual)nodes.Onecanclearly

seehowthegridstructureadaptstotheactualparticle/density
distribution.SuccessivelymoreaccuratesolutionstoPoisson’s
equationareachievedwithinregionsofhigherdensity,where
betterforceresolutionisrequiredtofollowproperlytheparticle
dynamics.

5.1.2Densityestimates

Itisimportanttoknowhowaccuratelyonecanrecoverthedensity
withinastructurefromthepositionsofparticlesthatrandomly
sampleit.ThestandardtheoremofMonteCarlointegrationstates
that

!rðrÞ;
ð
d
3
r0Wðr2r0Þrðr0Þ¼lim

N!1
M

N

XN

a¼1

Wðr2raÞ;ð15Þ

wheretheraarepositionsdistributedwithprobabilitydensity

proportionaltor(r).Applyingthisresulttothecasewhen
Wðr2ra)isthefractionofthemassofaparticleatrathatis
assignedtoanodeatr,weseethatinthelimitofinfinitelymany
particles,thevaluesofthedensityonthegridarenotthoseofthe
inputdensityrbutitsconvolutionr̄withthemass-assignment
kernelW.Moreover,ifweusethesamemass-assignmentscheme
tointerpolatethesevaluesbacktopositionsthatarenotonthegrid,
werecover

!r!ðrÞ;
X

nodesi

Wðr2riÞ!rðriÞ;ð16Þ

whichisadiscreteapproximationtotheconvolutionofr̄withthe
mass-assignmentkernel.Hence,weexpectdensityvalues
recoveredfromthecodetoreflectnottheinputdensitybutits
doubleconvolutionwiththemass-assignmentkernel.
Fig.4showsthatthisexpectationisborneoutbyshowingfour

attemptstorecoverthedensityoftheHernquistspherefromthe
positionsofeither32

3
particles(left-handpanels)or64

3
particles

(right-handpanels).Ineachcasetherecovereddensitiesscatter
aroundtheresultofdoublyconvolvingtheinputdensity
distributionwiththeTSCkernelforagridwithfrom512to
4096nodesonaside.Increasingtheparticlenumberbyafactorof
8causesfinergridstobegenerated,andthusenablesthemodel’s
r
21

coretobetracedfurtherin.Ontheotherhand,thevariancein
theestimateddensitiesisnotdecreasedbyanincreaseinparticle
number.Theupperpanelsshowtheresultofrefiningnodesata
lowerdensitythresholdðrref¼2particlespernode)thanthelower
onesðrref¼8particlespernode).Thereductioninvarianceand
lossofresolutioncausedbyanincreaseinthedensitythresholdare
evident.Alsoevidentinthelowerrightpanelistheincreaseinthe
varianceastheedgeofeachgridisapproached;attheoutsideofa
gridthenumberofparticlespernodeissmallest,andthevariance
correspondinglyhigh.
Fig.5showsthatloweringthecriticaldensityforrefinement

fromeighttotwoparticlespernodedoesincreasethemaximum
spatialresolution,butatconsiderablecomputationalcost.Whereas
withrref¼8therationnode/npart¼0:75(for64

3
particles),this

ratiorisesto3whenrref¼2.Anodehasagreatercomputational
costthanaparticleanditislessusefulscientifically.Resources
spentonloweringrrefwouldbebetterspentincreasingthenumber
ofparticles.
Inallfourrealizationsthevastmajorityofnodesbelongto

thegridswithlessthan256nodesonaside.Figs4and6
belowshowthatonthesescaleslittleisgainedbyusingalow
valueofrref–thegainsfromloweringrrefareconcentratedat
smallradiiandderivefromgridsthatcontainsmallnumbersof
nodesandparticles.Infactthenumbersofnodesinthe4096

3

gridinthetop-rightpanelsofFigs4and6aresosmallthat
theycannotbeseeninFig.5.Thesefindingssuggestthat
significantgainsinefficiencycouldbeobtainedbybasingthe
refinementcriteriononthetruncationerrorintheforcesrather
thanonthedensity.However,implementingthisproposalisa
jobforthefuture.

5.1.3Forceestimates

Fig.6issimilartoFig.4butfortheestimatedgravitationalfieldF
oftheHernquistmodel.Againleftpanelsshowresultsobtained
with32

3
particlesandrightpanelsshowresultsfor64

3
particles,

andtheupperandlowerpanelsareforrcrit¼2and8particlesper
node,respectively.Ineachpanelthedottedcurvesshowtheloci
yðrÞ¼^½!NðrÞ%21=2

,whereN̄(r)istheexpectednumberofparticles
Figure3.RefinementstructureforaHernquistmodelsampledby32

3

particlesandusingrref¼8particlespernode.

MLAPM:aCcodeforcosmologicalsimulations851

q2001RAS,MNRAS325,845–864
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domain discretisation

numerical algorithm I = f (x)dx
a

b

∫ ⇒
f (xi+1)+ f (xi )

2
(xi+1 − xi )

i=1

N−1

∑
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm I = f (x)dx
a

b

∫ ⇒
f (xi+1)+ f (xi )

2
(xi+1 − xi )

i=1

N−1

∑

...lots of details later!
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

the fun part ;-)

Friday’s hands-on coding...
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

find a supercomputer
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

• interpretation of the results
• comparison to observations

... end-of-course projects
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mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

• interpretation of the results
• comparison to observations
• as involved as simulation itself!
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Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

• interpretation of the results
• comparison to observations
• as involved as simulation itself!
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

feedback loop:

adjustments to the model?
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

feedback loop:

wrong domain discretisation?
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

feedback loop:

better suited algorithm possible?
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

feedback loop:

debugging?
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

feedback loop:

wrong compiler flags?
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

• lecture “astrophysical processes”

• all remaining lectures

• practical lessons

• exercises & projects
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physical phenomenon

Numerical Modelling

mathematical model

domain discretisation

numerical algorithm

coding

simulation

analysis

• a few introductionary words already now...



Computational Astrophysics Numerical Modelling

§ domain discretisation

L. P. Euler
1707-1783

J.-L. Lagrange
1736-1813

vs.

two fundamentally different approaches to solving the same equations
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𝜕/𝜕t = rate of change at a fixed point in space D/Dt = rate of change following a mass element



Computational Astrophysics Numerical Modelling

§ domain discretisation

L. P. Euler
1707-1783

J.-L. Lagrange
1736-1813

vs.

𝜕/𝜕t = rate of change at a fixed point in space D/Dt = rate of change following a mass element



Computational Astrophysics Numerical Modelling

§ domain discretisation

L. P. Euler
1707-1783

J.-L. Lagrange
1736-1813

vs.

𝜕/𝜕t = rate of change at a fixed point in space D/Dt = rate of change following a mass element



Computational Astrophysics Numerical Modelling

§ domain discretisation

L. P. Euler
1707-1783

J.-L. Lagrange
1736-1813

vs.

grid-based methods particle-based methodsvs.



Computational Astrophysics Numerical Modelling

§ domain discretisation

grid-based methods particle-based methodsvs.
Agertz et al. (2007)
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§ domain discretisation

grid-based methods particle-based methodsvs.

Keres et al. (2011)
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§ domain discretisation

grid-based methods particle-based methodsvs.
Vazza et al. (2011)
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Computational Astrophysics Numerical Modelling

§ domain discretisation

grid-based methods particle-based methodsvs.

• originate from plasma physics

• in astrophysics primarily used
for cosmology

• originate from fluid dynamics

• in astrophysics primarily used
for stellar evolution



Computational Astrophysics Numerical Modelling

§ domain discretisation

grid-based methods particle-based methodsvs.

both methods have their merits and shortcomings...
...and the verdict (if any) is still out there



Computational Astrophysics
Alexander Knebe, Universidad Autonoma de Madrid


