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Gravity

• General Relativity appears to be one heck of a theory



Gravity
• An example: 

• Two black holes collide* 
• General Relativity predicts** a signal 
• We measure the signal***

*where’d the come from? See many other talks 
**Many contributors, this analysis from Simulating Extreme Space-time (not me) 

**LIGO: Phys. Rev. Lett. 116, 061102 (absolutely not me)



Unfortunately

• No one seemed to tell the Universe



According to General Relativity here’s 
what happened (mathematically speaking)

The Universe today is a combination of Matter and 
Radiation (mostly matter)

Because matter dilutes slower than radiation, the 
earlier Universe was more radiation than matter

In the distant past, the Universe was very very 
dense

The Universe cools enough to be transparent

mathematically speaking, the model ends (begins) with a zero-volume, t=0.



According to Concordance Cosmology here’s 
what happened (mathematically speaking)

The Universe today is a combination of Matter and 
Radiation (mostly matter)

Because matter dilutes slower than radiation, the 
earlier Universe was more radiation than matter

In the distant past, the Universe was very very 
dense

The Universe cools enough to be transparent
PLUS Dark matter

Dark Energy Dominated Universe (expansion 
of the universes seems to be  accelerating)

Inflation? Ekpyrosis? Bubbles? Gnomes?



The Main Point: 
Gravity is Non-Linear

• Being “non-linear” is more that just “not being small” 

• We like to separate scales when doing physics 
problems (e.g. what happens here, stays here) 

• Non-linear physics can mix up scales - power 
transferred between scales through cascades or 
inverse-cascades



Sometimes things that look 
like Perturbations 

Anas Maaz 
https://www.quora.com/

Takao Itami 
https://www.cradle-cfd.com/



The Main Question: 
For the Universe,

does it matter?



Averaging
• Generally a Hubble Volume is taken to be the region 

over which we do averaging — we all agree that 
different Hubble patches could have different 
expansion rates (causality, right?) 

• Yet there is structure at (just) smaller scales 
• Galaxy Clusters 
• Inter-Cluster Distances

H
�3 ⇡ (4000Mpc)3

⇠ 1� 10Mpc
⇠ 50Mpc



Scales at Reheating
• Generally a Hubble Volume is taken to be the region 

over which we do averaging — we all agree that 
different Hubble patches could have different 
expansion rates (causality, right?) 

• YET: we talk about things at scales around this 
• Oscillons 
• Tachyonic/Parametric Resonance
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Can non-linear physics help 
explain the great mysteries 

of the Universe?



We want to investigate
GABE: 

Scalar Fields (Gravitational Waves) 
Isotropic and Homogeneous evolution



We want to investigate
GABE: 

Scalar Fields (Gravitational Waves) 
Isotropic and Homogeneous evolution

NewtGABE: 
Newtonian Gravity 

Scalar Fields 
Newtonian Potential + back reaction

ds2 = �(1 + 2�)dt2 + a2(t)(1� 2�)�ijdx
idxj



Our first go
• Perturbation theory, of course! 

• Which gives us an equation of motion for the field 

• and an equation to satisfy for the Newtonian potential
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Other things to look for?

• Gravitational 
back 
reaction 

• Preheating 
produces 
gravitational 
inhomogenei
ties

�⇢/⇢

�



Or Oscillons….
• Non-topological structures that come from (slightly 

open) inflationary potentials



We want to investigate
GABE: 

Scalar Fields (Gravitational Waves) 
Isotropic and Homogeneous evolution

NewtGABE: 
Newtonian Gravity 

Scalar Fields 
Newtonian Potential + back reaction

GabeREL: 
Scalar Fields/Fluids 

Full Numerical Relativity



What you would like to do
• Write down the most general form of the metric, 

• Plug it into Einstein’s Equations 

• Solve the system of second order differential equations 
(subject to your gauge-constraints)

gµ⌫ =

0

BB@

g00 g01 g02 g03
g01 g11 g12 g13
g02 g12 g22 g23
g03 g13 g23 g33
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Gµ⌫ = 8⇡GTµ⌫
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Abstract

Numerical relativity is the most promising tool for theoretically modeling the in-
spiral and coalescence of neutron star and black hole binaries, which, in turn, are
among the most promising sources of gravitational radiation for future detection
by gravitational wave observatories. In this article we review numerical relativity
approaches to modeling compact binaries. Starting with a brief introduction to the
3+1 decomposition of Einstein’s equations, we discuss important components of
numerical relativity, including the initial data problem, reformulations of Einstein’s
equations, coordinate conditions, and strategies for locating and handling black
holes on numerical grids. We focus on those approaches which currently seem most
relevant for the compact binary problem. We then outline how these methods are
used to model binary neutron stars and black holes, and review the current status
of inspiral and coalescence simulations.
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What can we do?

• You can do a little better by 
making gauge choices that 
reduce the number of 
parameters or 
(re)parameterize so that you 
have nice equations for.. 
some.. of them… 

• Even then they are extremely 
difficult to numerically 
stabilize



What we have to do…

• Luckily there are a set of new approaches.  We use the 
most common of these: the BSSN formalism. 

• It is based on the ADM metric decomposition 

• We we introduce more parameters than (minimally) 
necessary so that the equations are easier to solve

gµ⌫ =
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In Cosmology

• We can fix the gauge (we will give up being able to 
create black holes, as well as some other concessions) 
to focus on spatial slices 

• We can then track the spatial 3-metric 

• as well as the extrinsic curvature 

Kij = e4�Āij +
1

3
�ijK

�ij = e4��̄ij
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In Cosmology

• We can fix the gauge (we will give up being able to 
create black holes, as well as some other concessions) 
to focus on spatial slices 

• We can then track the spatial 3-metric 

• as well as the extrinsic curvature 

Kij = e4�Āij +
1

3
�ijK

�ij = e4��̄ij

Think of this as 
keeping track of 
the size of local 

volumes

Think of this as 
measuring the local 

expansion rate



Importantly
These variables have 

well-behaved differential 
equations and are a 

complete description of 
GR without dimensional 

reductions or 
simplifications
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Importantly
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well-behaved differential 
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The POWER is in the redundancy 
of the equations of motion
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@tÃij =e�4� (�DjDi↵+ ↵(Rij � 8⇡Sij))
TF

+ ↵
⇣
KÃij � 2ÃilÃ
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Importantly
These variables have 

well-behaved differential 
equations and are a 

complete description of 
GR without additional 

constraints
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Ãij@k�

k



Importantly
These variables have 

well-behaved differential 
equations and are a 

complete description of 
GR without additional 

constraints
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“Group Motto”



Our First Test: Preheating
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The Inflationary field 
is coupled to a 

second “matter” field 

Non-linear 
interactions case the 

energy to be 
transferred quickly 

and violently.





Two Predictions

• The process never happens when you take gravity into 
account: the universe fragments immediately and 
black holes form.  The end of times begin shortly after 
inflation 

• The resonance process itself is strong enough to 
create primordial black holes. • 1003.3011  

1003.3011 



Two Predictions

• The process never happens when you take gravity into 
account: the universe fragments immediately and 
black holes form.  The end of times begin shortly after 
inflation 

• The resonance process itself is strong enough to 
create primordial black holes. • 1003.3011  

1003.3011 

1909.11678 
PLUS AN EXCITING 
TALK TOMORROW



Two Predictions

• The process never happens when you take gravity into 
account: the universe fragments immediately and 
black holes form.  The end of times begin shortly after 
inflation 

• The resonance process itself is strong enough to 
create primordial black holes.

1907.04236 



Two Predictions

• The process never happens when you take gravity into 
account: the universe fragments immediately and 
black holes form.  The end of times begin shortly after 
inflation 

• The resonance process itself is strong enough to 
create primordial black holes.

What do we learn by 
looking at the 

Newtonian Potential



For “reasonable” box sizes
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Can we capture 
the details?
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Details in 1907.10601



As we approach larger (box) 
sizes
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As we approach larger (box) 
sizes
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BOOM! (?)
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For the big box
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The variance of the lapse does 
not show departures from 
homogeneity that indicate 

back hole formation



How do they look

Perturbative

BSSN



So there’s no need to panic

• In these cases: non-linear physics seems to be a 
friend, not a foe 

• But there’s still much left in parameter space: e.g. we 
know that collapse will happen



Your Take-home
• The next step in 

understanding the Universe 
is hard 
• Physics is non-linear 
• You have to ask the right 

questions 
• You need to interpret the 

answers correctly 
• We need new, bold, 

creative, insightful, original 
and diverse ideas to 
answer these questions



Fin



Comments on Fragmentation



A test with a single field
• A single, massive, scalar in the presence of gravity 
• Can we go beyond perturbation theory?
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BIGGER BOXES



Comments on Oscillons



Oscillons in Monodromy

With Patrick Shaw, ‘19



No Gravity Linear Gravity



There is is a slight difference in 
the TOTAL energy in Oscillons
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But the Newtonian Potential is still small
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