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Einstein’s general relativity
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dynamics of 
spacetime

sourced by 
matter 
content

affects evolution of matter

two (of many) confirmed predictions:
• the Universe expands
• anisotropic stress sources gravitational waves
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tiny fluctuations 
(one part in 104)

problem: Universe 
isn’t old enough to 
agree so precisely!

solution: early phase 
of accelerated 

expansion

also a causal 
explanation for 

flatness and lack of 
high-energy relics 
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cold, empty

hot, dense

where did the 
particles “come 

from”?



Off resonance
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“effective potential” 
from the inflaton

condensate

Fourier 
mode

quantum 
fluctuation



On resonance
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On resonance
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Tachyonic production of gauge bosons
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small initial fluctuations linear amplification nonlinear dynamics



Tachyonic production of gauge bosons
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small initial fluctuations linear amplification

+ Friedmann equations, gravitational waves…

classical fields: PDE initial-value problem
discretize onto a 3D grid

nonlinear dynamics



Tachyonic production of gauge bosons
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small initial fluctuations linear amplification

+ Friedmann equations, gravitational waves…

classical fields: PDE initial-value problem
discretize onto a 3D grid

nonlinear dynamics

software: pystella
Python + MPI(4py) + (py)OpenCL + runtime code generation (loopy)

see July/Aug special issue of CiSE: “Scientific Computing with Python on GPUs and Parallel Systems”



Generation of gravitational waves

Preheating generates anisotropic stress

which sources gravitational waves
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transverse-traceless 
projection of the 

stress tensor  

linear, inhomogeneous PDE
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higher frequency/smaller scales/earlier times

m
ore sensitive to gravitational w

aves
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frequency observed today

redshifted 
to today

(vacuum fluctuations)

direct detection?
=(

rapid development of inhomogeneities à gravitational waves!

(vacuum fluctuations)

axial coupling dilatonic coupling



• Gravitational waves contribute to energy in radiation
• Experiments measure the energy budget with percent-level precision
• Next-gen: improve by an order of magnitude

Indirect constraints
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Constraints from preheating
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dashed line: 
energy outside 

of inflaton
condensate

Now: constrain high 
couplings
-> rules out 
inflationary 
phenomenology, 
primordial black 
holes, etc.

Next-gen: probe or 
rule out efficient 
preheating!

total (integrated) 
energy in GWs

efficiency of 
preheating


