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A Snapshot of Preheating:
success, challenges and possibilities
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My Group At Kenyon
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Successes: why preheating?
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My apologizes for missing citations
…the literature is wide, varied and excellent

• A good (but now little old) and 
comprehensive review, 1410.3808


• For GWs, there’s a newer review, 
Caprini and Figueroa 1801.04268


• A (much) older review from 
Allahverdi, Brandenberger, Cyr-
Racine, Mazumdar, 1001.2600


• astro-ph/0507632, 0705.0164
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The Graceful Exit Problem
…if you need inflation, you need inflation to end

Old inflation New Inflation

Inflation ends with 
Bubble Collisions

Inflation ends when 
slow roll ends
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So we need Reheating
…which might be a problem?

• The strictest (theoretical) limit comes from BBN - requiring that the reheat 
temperature reach 5 MeV (see, e.g. 2502.08719)


• Couplings between the inflation and other degrees of freedom must be small, 
as not to correct the inflation potential during inflation


• For GUT-scale (or high-scale) inflation, the Old Theory of Reheating has time 
to reheat using perturbative decay


• For low-scale inflation, getting to a radiation-dominated 5 MeV is more of a 
challenge
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(Vanilla) Preheating
As introduced in Traschen & Brandenburger (PRD 42.2491) 

<latexit sha1_base64="Ogp/annDDeoXhec0dUd3JM7t3y0="></latexit>
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What can we see from this?
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g2→ω2↑ε

time dependent mass

parametric resonance
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The time-varying effective mass

Movie Credit: 
Zach Weiner9



Modes on- and off-resonance

Movie Credit: 
Zach Weiner10



Of Course, Floquet Analysis 
…isn’t perfect

Image Credit: 
Zach Weiner11



So we do it numerically.
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Stages of preheating

1. Resonance amplifies modes with 
little back-reaction onto the 
inflation condensate


2. The newly created particles interact 
with the background


3. As interactions continue, the 
particles fragment the background, 
causing the condensate to decay


4. Thermalization
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When does preheating occur?
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Preheating:  
A nonlinear process that follows inflation during which energy 
is transferred to specific modes which will later thermalize.
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Preheating:  
A nonlinear process that follows inflation during which energy 
is transferred to specific modes which will later thermalize.
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More on this later 
this morning?



Of course, there’s more than vanilla preheating
…and the list keeps growing
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It’s (almost) always about the effective mass

• For canonical, minimally coupled fields,


• For kinetically coupled fields, nonmimimally coupled, etc, you can get new 
terms in the equations of motion that induce tachyonic (or parametric) 
instabilities, e.g. Kinetic Preheating

<latexit sha1_base64="acX9A2B0spkKLKsc5sRSGGsNmS8="></latexit>
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Where can we look for evidence 
of preheating?
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Stochastic Gravitational Waves

• These source stochastic gravitational waves: 

• Phys. Rev. D 56, 653 (1997)


• In 07(ish) a rejuvenation of this 

• astro-ph/0612294 JTG, Easther, Lim

• astro-ph/0701014 Garcia-Bellido, Figueroa, Sastre


• Has become a very hot area for prediction 
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• These source stochastic gravitational waves: 

• Phys. Rev. D 56, 653 (1997)


• In 07(ish) a rejuvenation of this 

• astro-ph/0612294 JTG, Easther, Lim

• astro-ph/0701014 Garcia-Bellido, Figueroa, Sastre


• Has become a very hot area for prediction 

Stochastic Gravitational Waves
…and it should be!
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• This looks at gauge-preheating 
(more on that later) 


• Where the integrated 
gravitational wave energy can be 
constrained by the CMB


• This can be extended to many 
models — during preheating (or 
during similar cosmological 
processes

Which can be informed 
by  boundsNeff

1909.12843
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Primordial non-gaussianity
…a short review

• Enqvist, Jokinen, Mazumdar, Multamäki, Väihkönen, astro-ph/0411394


• Non-gaussian, 


• Barnaby and Cline, astro-ph/0611750

• Tachyonic preheating, limits on inflationary scale for certain models


• Chambers, Rajantie, 0710.4133

• “Toward” numerical simulations


• Bond, Frolov, Huang, Kofman, 0903.3407

• From numerical simulations

FNL ∼ 103
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Primordial Black Holes?
(Much more on this later)

• 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.
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Inflaton Fragmentation
…or oscillons!

• Copeland, Gleiser, Muller, hep-ph/9503217


• Amin, Easther 1009.2505; Amin, Easther, Finkel, Flauger, Hertzberg, 1106.3335
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Oscillons
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• Compact, non-topological, long-
lived structures


• Produce gravitational wells

!"#$%&'()*+,-./0123456789:;<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~

Oscillons
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Possibilities?
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Does Gravity Matter During Preheating?

Copernican Gravity

Ptolemaic Gravity

Newtonian Gravity

General Relativity

<latexit sha1_base64="mU/qHN7O/9XLyU3lU1KoXpocuEk=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBQsJuCNFGCFpoGcE8ILuG2clsMmR2ZpmZFcKSxsZfsbFQxNZ/sPNvnCRbaOKBC4dz7uXee4KYUaUd59vKLS2vrK7l1wsbm1vbO/buXlOJRGLSwIIJ2Q6QIoxy0tBUM9KOJUFRwEgrGF5N/NYDkYoKfqdHMfEj1Oc0pBhpI3XtQ4+jgKH7slcfUHgBK15M4bV3Cj05EF276JScKeAicTNSBBnqXfvL6wmcRIRrzJBSHdeJtZ8iqSlmZFzwEkVihIeoTzqGchQR5afTL8bw2Cg9GAppims4VX9PpChSahQFpjNCeqDmvYn4n9dJdHjup5THiSYczxaFCYNawEkksEclwZqNDEFYUnMrxAMkEdYmuIIJwZ1/eZE0yyW3WqreVoq1yyyOPDgAR+AEuOAM1MANqIMGwOARPINX8GY9WS/Wu/Uxa81Z2cw++APr8we3zJbP</latexit>
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Gµω = 8ωGTµω
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Gravity

• General Relativity appears to be one heck of a theory
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• An example:

• Two black holes collide*

• General Relativity predicts** a signal

• We measure the signal***

Gravity

*where’d they come from?

**Many contributors, this analysis from Simulating Extreme Space-time (not me)


**LIGO: Phys. Rev. Lett. 116, 061102 (absolutely not me)34



Unfortunately
…no one told the Universe
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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 transparentPLUS 
Dark 

matter

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

Inflation? Ekpyrosis? Bubbles? Gnomes?
36



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
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Sometimes things that look like Perturbations 

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

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

38

https://www.quora.com/
https://www.cradle-cfd.com/


What do Cosmologists do?

Copernican Gravity

Ptolemaic Gravity

Newtonian Gravity

General Relativity
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Gµω = 8ωGTµω
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The Main Question: 
For the Universe, does it matter?
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Averaging
in the late Universe

• 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

<latexit sha1_base64="eawIJKwQYEHa+Pc/G/qaj0gNeD8=">AAACE3icbVBNS8NAEN34WetX1KOXxSKoaEm0VI9FL14EBVsLTS2b7aZd3E3C7kQoIf/Bi3/FiwdFvHrx5r9x2+ag1QcDj/dmmJnnx4JrcJwva2p6ZnZuvrBQXFxaXlm119YbOkoUZXUaiUg1faKZ4CGrAwfBmrFiRPqC3fh3Z0P/5p4pzaPwGgYxa0vSC3nAKQEjdey989v04CjDnuYSe4IFsFNxHMfbTz0l8UVMM0/xXh92b486dskpOyPgv8TNSQnluOzYn143oolkIVBBtG65TgztlCjgVLCs6CWaxYTekR5rGRoSyXQ7Hf2U4W2jdHEQKVMh4JH6cyIlUuuB9E2nJNDXk95Q/M9rJRCctFMexgmwkI4XBYnAEOFhQLjLFaMgBoYQqri5FdM+UYSCibFoQnAnX/5LGodlt1quXlVKtdM8jgLaRFtoB7noGNXQObpEdUTRA3pCL+jVerSerTfrfdw6ZeUzG+gXrI9v+NmcXw==</latexit>
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Work With
…for late Universe work

Jim Mertens 
Toronto

Glenn Starkman 
Case Western

Chi Tian 
Anhui University
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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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What role does nonlinear gravity play in 
early Universe physics?
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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)
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• 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
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Numerical Relativity and Compact Binaries

Thomas W. Baumgarte a,b and Stuart L. Shapiro b,c

aDepartment of Physics and Astronomy, Bowdoin College, Brunswick, ME 04011

bDepartment of Physics, University of Illinois at Urbana-Champaign, Urbana, IL

61820

cDepartment of Astronomy and NCSA, University of Illinois at

Urbana-Champaign, Urbana, IL 61820

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?
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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

<latexit sha1_base64="vwbRYaBh2LZ7pxiMRcXM6JCwoyU="></latexit>

gµω =

(
→ω2 + εklϑkϑl ϑj

ϑi εij

)
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In Cosmology

• We want to think of the two spatial tensors as the dynamic variables and 
conjugate momenta


• We can then track the spatial 3-metric


• as well as the extrinsic curvature


<latexit sha1_base64="bk8DSi+oO6glUoJhhdpMBZNolLI=">AAACEnicbVDLSsNAFJ3UV62vqks3g0XQTUmkVDdC0Y3LCvYBTQw302k7diYJMxOhhHyDG3/FjQtF3Lpy5984fSy09cCFwzn3cu89QcyZ0rb9beWWlldW1/LrhY3Nre2d4u5eU0WJJLRBIh7JdgCKchbShmaa03YsKYiA01YwvBr7rQcqFYvCWz2KqSegH7IeI6CN5BdP3D4IAX7K7jN8geldWnHjAcuwG4BMp2Y2cf1iyS7bE+BF4sxICc1Q94tfbjciiaChJhyU6jh2rL0UpGaE06zgJorGQIbQpx1DQxBUeenkpQwfGaWLe5E0FWo8UX9PpCCUGonAdArQAzXvjcX/vE6ie+deysI40TQk00W9hGMd4XE+uMskJZqPDAEimbkVkwFIINqkWDAhOPMvL5Lmadmplqs3lVLtchZHHh2gQ3SMHHSGauga1VEDEfSIntErerOerBfr3fqYtuas2cw++gPr8weRgJ4U</latexit>

ωij = e4ωω̄ij

<latexit sha1_base64="MlOzFE+kEUgJseJzPci3f8Erpyk="></latexit>

Kij = e4ωÃij +
1

3
ωijK
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How we do a 3+1 Decomposition

This is a 3D slice through space
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How we do a 3+1 Decomposition

We must avoid putting TOO 
much meaning on these 
surfaces (at least not yet) 

There’s a normal vector 
that defines the surface

<latexit sha1_base64="qdxqYSQasBJ9cViZ2UwmdBPNk10=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVK3NwQhoJ+xx2m/XPGr/hx4lQQ5qaAcjX75qzdQJBVUWsLBmG7gJzbMQFtGOJ2WeqmhCZAxDGnXUQmCmjCbnzzFZ04Z4FhpV9Liufp7IgNhzERErlOAHZllbyb+53VTG1+HGZNJaqkki0VxyrFVePY/HjBNieUTR4Bo5m7FZAQaiHUplVwIwfLLq6R1UQ1q1dr9ZaV+k8dRRCfoFJ2jAF2hOrpDDdREBCn0jF7Rm2e9F+/d+1i0Frx85hj9gff5A5sfkXw=</latexit>ωij

<latexit sha1_base64="wtXwy0tvUL1MGmHIW0+Nb0guzK0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+fKxL9JBtebW3RxolXgFqUGB1qD61R/GJBVUGsKx1j3PTUyQYWUY4XRW6aeaJphM8Ij2LJVYUB1k+bEzdGaVIYpiZUsalKu/JzIstJ6K0HYKbMZ62ZuL/3m91ETXQcZkkhoqyWJRlHJkYjT/HA2ZosTwqSWYKGZvRWSMFSbG5lOxIXjLL6+S9kXda9Qb95e15k0RRxlO4BTOwYMraMIdtMAHAgye4RXeHOm8OO/Ox6K15BQzx/AHzucP4tOOwQ==</latexit>

nµ
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How we do a 3+1 Decomposition
The extrinsic curvature 

 encodes how the metric is changing.
<latexit sha1_base64="0TuAn+H0jggHA4os46Bjsgw95Yo=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvQheKtgPaJeSTbNt2myyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//wD08amqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2F49uZ33qiSjMpHs0koUGMB4JFjGBjpeZ9L2Ojac8texVvDrRK/JyUIUe95351+5KkMRWGcKx1x/cSE2RYGUY4nZa6qaYJJmM8oB1LBY6pDrL5tVN0ZpU+iqSyJQyaq78nMhxrPYlD2xljM9TL3kz8z+ukJroOMiaS1FBBFouilCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMmG4C+/vEqaFxW/Wqk+XJZrN3kcRTiBUzgHH66gBndQhwYQGMEzvMKbI50X5935WLQWnHzmGP7A+fwBq6OPNg==</latexit>

Kij

<latexit sha1_base64="qdxqYSQasBJ9cViZ2UwmdBPNk10=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVK3NwQhoJ+xx2m/XPGr/hx4lQQ5qaAcjX75qzdQJBVUWsLBmG7gJzbMQFtGOJ2WeqmhCZAxDGnXUQmCmjCbnzzFZ04Z4FhpV9Liufp7IgNhzERErlOAHZllbyb+53VTG1+HGZNJaqkki0VxyrFVePY/HjBNieUTR4Bo5m7FZAQaiHUplVwIwfLLq6R1UQ1q1dr9ZaV+k8dRRCfoFJ2jAF2hOrpDDdREBCn0jF7Rm2e9F+/d+1i0Frx85hj9gff5A5sfkXw=</latexit>ωij
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How we do a 3+1 Decomposition

Einstein’s Equations determine 
the evolution equation for 

these quantities

<latexit sha1_base64="0TuAn+H0jggHA4os46Bjsgw95Yo=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvQheKtgPaJeSTbNt2myyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//wD08amqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2F49uZ33qiSjMpHs0koUGMB4JFjGBjpeZ9L2Ojac8texVvDrRK/JyUIUe95351+5KkMRWGcKx1x/cSE2RYGUY4nZa6qaYJJmM8oB1LBY6pDrL5tVN0ZpU+iqSyJQyaq78nMhxrPYlD2xljM9TL3kz8z+ukJroOMiaS1FBBFouilCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMmG4C+/vEqaFxW/Wqk+XJZrN3kcRTiBUzgHH66gBndQhwYQGMEzvMKbI50X5935WLQWnHzmGP7A+fwBq6OPNg==</latexit>

Kij
<latexit sha1_base64="qdxqYSQasBJ9cViZ2UwmdBPNk10=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVK3NwQhoJ+xx2m/XPGr/hx4lQQ5qaAcjX75qzdQJBVUWsLBmG7gJzbMQFtGOJ2WeqmhCZAxDGnXUQmCmjCbnzzFZ04Z4FhpV9Liufp7IgNhzERErlOAHZllbyb+53VTG1+HGZNJaqkki0VxyrFVePY/HjBNieUTR4Bo5m7FZAQaiHUplVwIwfLLq6R1UQ1q1dr9ZaV+k8dRRCfoFJ2jAF2hOrpDDdREBCn0jF7Rm2e9F+/d+1i0Frx85hj9gff5A5sfkXw=</latexit>ωij

<latexit sha1_base64="TGYHZkcsFwrgs59D9ZA8JQsA9+c=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FL4KXCvYD2rVk09k2NsmuSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ76zREozSJ5b8Yx+IL0JQsZJcZK/u1DJ1ZMQDdlj5NuseSW3RnwMvEyUkIZat3iV6cX0USANJQTrdueGxs/JcowymFS6CQaYkKHpA9tSyURoP10dvQEn1ilh8NI2ZIGz9TfEykRWo9FYDsFMQO96E3F/7x2YsJLP2UyTgxIOl8UJhybCE8TwD2mgBo+toRQxeytmA6IItTYnAo2BG/x5WXSOCt7lXLl7rxUvcriyKMjdIxOkYcuUBXdoBqqI4qe0DN6RW/OyHlx3p2PeWvOyWYO0R84nz8VGpJT</latexit>

K →
ij

<latexit sha1_base64="pbllP9P0XaLRKvkSt7/HFyQyyOI=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclUSkuiy6cVnBPqCJYTKdtGNnJmFmIpaQX3HjQhG3/og7/8bpY6GtBy4czrmXe++JUkaVdt1va2V1bX1js7RV3t7Z3du3DyptlWQSkxZOWCK7EVKEUUFammpGuqkkiEeMdKLR9cTvPBKpaCLu9DglAUcDQWOKkTZSaFf8AeIchTl9KO79VFJOQrvq1twpnGXizUkV5miG9pffT3DGidCYIaV6npvqIEdSU8xIUfYzRVKER2hAeoYKxIkK8unthXNilL4TJ9KU0M5U/T2RI67UmEemkyM9VIveRPzP62U6vgxyKtJME4Fni+KMOTpxJkE4fSoJ1mxsCMKSmlsdPEQSYW3iKpsQvMWXl0n7rObVa/Xb82rjah5HCY7gGE7BgwtowA00oQUYnuAZXuHNKqwX6936mLWuWPOZQ/gD6/MHjG2Uyg==</latexit>

ω→
ij
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<latexit sha1_base64="0TuAn+H0jggHA4os46Bjsgw95Yo=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvQheKtgPaJeSTbNt2myyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//wD08amqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2F49uZ33qiSjMpHs0koUGMB4JFjGBjpeZ9L2Ojac8texVvDrRK/JyUIUe95351+5KkMRWGcKx1x/cSE2RYGUY4nZa6qaYJJmM8oB1LBY6pDrL5tVN0ZpU+iqSyJQyaq78nMhxrPYlD2xljM9TL3kz8z+ukJroOMiaS1FBBFouilCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMmG4C+/vEqaFxW/Wqk+XJZrN3kcRTiBUzgHH66gBndQhwYQGMEzvMKbI50X5935WLQWnHzmGP7A+fwBq6OPNg==</latexit>

Kij
<latexit sha1_base64="qdxqYSQasBJ9cViZ2UwmdBPNk10=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVK3NwQhoJ+xx2m/XPGr/hx4lQQ5qaAcjX75qzdQJBVUWsLBmG7gJzbMQFtGOJ2WeqmhCZAxDGnXUQmCmjCbnzzFZ04Z4FhpV9Liufp7IgNhzERErlOAHZllbyb+53VTG1+HGZNJaqkki0VxyrFVePY/HjBNieUTR4Bo5m7FZAQaiHUplVwIwfLLq6R1UQ1q1dr9ZaV+k8dRRCfoFJ2jAF2hOrpDDdREBCn0jF7Rm2e9F+/d+1i0Frx85hj9gff5A5sfkXw=</latexit>ωij

<latexit sha1_base64="TGYHZkcsFwrgs59D9ZA8JQsA9+c=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FL4KXCvYD2rVk09k2NsmuSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ76zREozSJ5b8Yx+IL0JQsZJcZK/u1DJ1ZMQDdlj5NuseSW3RnwMvEyUkIZat3iV6cX0USANJQTrdueGxs/JcowymFS6CQaYkKHpA9tSyURoP10dvQEn1ilh8NI2ZIGz9TfEykRWo9FYDsFMQO96E3F/7x2YsJLP2UyTgxIOl8UJhybCE8TwD2mgBo+toRQxeytmA6IItTYnAo2BG/x5WXSOCt7lXLl7rxUvcriyKMjdIxOkYcuUBXdoBqqI4qe0DN6RW/OyHlx3p2PeWvOyWYO0R84nz8VGpJT</latexit>

K →
ij

<latexit sha1_base64="pbllP9P0XaLRKvkSt7/HFyQyyOI=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclUSkuiy6cVnBPqCJYTKdtGNnJmFmIpaQX3HjQhG3/og7/8bpY6GtBy4czrmXe++JUkaVdt1va2V1bX1js7RV3t7Z3du3DyptlWQSkxZOWCK7EVKEUUFammpGuqkkiEeMdKLR9cTvPBKpaCLu9DglAUcDQWOKkTZSaFf8AeIchTl9KO79VFJOQrvq1twpnGXizUkV5miG9pffT3DGidCYIaV6npvqIEdSU8xIUfYzRVKER2hAeoYKxIkK8unthXNilL4TJ9KU0M5U/T2RI67UmEemkyM9VIveRPzP62U6vgxyKtJME4Fni+KMOTpxJkE4fSoJ1mxsCMKSmlsdPEQSYW3iKpsQvMWXl0n7rObVa/Xb82rjah5HCY7gGE7BgwtowA00oQUYnuAZXuHNKqwX6936mLWuWPOZQ/gD6/MHjG2Uyg==</latexit>

ω→
ij

How we do a 3+1 Decomposition
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How we do a 3+1 Decomposition

<latexit sha1_base64="kBOQRdbGgF72EHNFFhzwSV+gz+g=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4Gmb6st0V3QhuKtgHtGPJpGkbm2TGJFMoQ7/DjQtF3Pox7vwbM20FFT1w4XDOvdx7jx8yqrTjfFipldW19Y30ZmZre2d3L7t/0FRBJDFp4IAFsu0jRRgVpKGpZqQdSoK4z0jLH18kfmtCpKKBuNHTkHgcDQUdUIy0kbyr224oKSe9mN7NetmcY1erTqHkQEMq+UIxn5BquVB2oWs7c+TAEvVe9r3bD3DEidCYIaU6rhNqL0ZSU8zILNONFAkRHqMh6RgqECfKi+dHz+CJUfpwEEhTQsO5+n0iRlypKfdNJ0d6pH57ifiX14n0oOLFVISRJgIvFg0iBnUAkwRgn0qCNZsagrCk5laIR0girE1OGRPC16fwf9LM227ZLl0Xc7XzZRxpcASOwSlwwRmogUtQBw2AwT14AE/g2ZpYj9aL9bpoTVnLmUPwA9bbJ5Qokqo=</latexit>

K 0
ij

<latexit sha1_base64="rkn4lcJNoOSolK2Rw/OvUamGSo0=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchaQv213RjcsK9gFNDJPptB07k4SZiVhCf8WNC0Xc+iPu/BsnbQUVPXDhcM693HtPEDMqlW1/GCura+sbm7mt/PbO7t6+eVDoyCgRmLRxxCLRC5AkjIakrahipBcLgnjASDeYXGR+944ISaPwWk1j4nE0CumQYqS05JsFd4Q4RzduLCgnfkpvZ75ZtK1Gwy5XbahJvVSulDLSqJVrDnQse44iWKLlm+/uIMIJJ6HCDEnZd+xYeSkSimJGZnk3kSRGeIJGpK9piDiRXjq/fQZPtDKAw0joChWcq98nUsSlnPJAd3KkxvK3l4l/ef1EDeteSsM4USTEi0XDhEEVwSwIOKCCYMWmmiAsqL4V4jESCCsdV16H8PUp/J90SpZTs6pXlWLzfBlHDhyBY3AKHHAGmuAStEAbYHAPHsATeDZmxqPxYrwuWleM5cwh+AHj7RMKl5Uh</latexit>

�0
ij

Geodesic for an 
object at rest

<latexit sha1_base64="0TuAn+H0jggHA4os46Bjsgw95Yo=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrUj0WvQheKtgPaJeSTbNt2myyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXphwpo3nfTuFtfWNza3idmlnd2//wD08amqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2F49uZ33qiSjMpHs0koUGMB4JFjGBjpeZ9L2Ojac8texVvDrRK/JyUIUe95351+5KkMRWGcKx1x/cSE2RYGUY4nZa6qaYJJmM8oB1LBY6pDrL5tVN0ZpU+iqSyJQyaq78nMhxrPYlD2xljM9TL3kz8z+ukJroOMiaS1FBBFouilCMj0ex11GeKEsMnlmCimL0VkSFWmBgbUMmG4C+/vEqaFxW/Wqk+XJZrN3kcRTiBUzgHH66gBndQhwYQGMEzvMKbI50X5935WLQWnHzmGP7A+fwBq6OPNg==</latexit>

Kij
<latexit sha1_base64="qdxqYSQasBJ9cViZ2UwmdBPNk10=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS+idzCZj5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVK3NwQhoJ+xx2m/XPGr/hx4lQQ5qaAcjX75qzdQJBVUWsLBmG7gJzbMQFtGOJ2WeqmhCZAxDGnXUQmCmjCbnzzFZ04Z4FhpV9Liufp7IgNhzERErlOAHZllbyb+53VTG1+HGZNJaqkki0VxyrFVePY/HjBNieUTR4Bo5m7FZAQaiHUplVwIwfLLq6R1UQ1q1dr9ZaV+k8dRRCfoFJ2jAF2hOrpDDdREBCn0jF7Rm2e9F+/d+1i0Frx85hj9gff5A5sfkXw=</latexit>ωij

<latexit sha1_base64="87/NTkW88MJHSzTQKx8pU7IZes8=">AAAB+nicbVDJSgNBEO1xjXFL9OilMQiewoxI9CIEvXiMYBbIDKGmpydp0rPQXaOEMZ/ixYMiXv0Sb/6NneWgiQ8KHu9VUVXPT6XQaNvf1srq2vrGZmGruL2zu7dfKh+0dJIpxpsskYnq+KC5FDFvokDJO6niEPmSt/3hzcRvP3ClRRLf4yjlXgT9WISCARqpVyoHLkJGr6gLMh0ADbBXqthVewq6TJw5qZA5Gr3SlxskLIt4jEyC1l3HTtHLQaFgko+LbqZ5CmwIfd41NIaIay+fnj6mJ0YJaJgoUzHSqfp7IodI61Hkm84IcKAXvYn4n9fNMLz0chGnGfKYzRaFmaSY0EkONBCKM5QjQ4ApYW6lbAAKGJq0iiYEZ/HlZdI6qzq1au3uvFK/nsdRIEfkmJwSh1yQOrklDdIkjDySZ/JK3qwn68V6tz5mrSvWfOaQ/IH1+QMTs5NB</latexit>

dω = εdt

<latexit sha1_base64="lV0ko/fQwT5Gp9Jpe+yjVDDBzRc=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/cA2ls1m0y7dbMLuRCil/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLUikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJsk04w2WyES3A2q4FIo3UKDk7VRzGgeSt4LhzdRvPXFtRKLucZRyP6Z9JSLBKFrpoRtwpI+ChNgrld2KOwNZJl5OypCj3it9dcOEZTFXyCQ1puO5KfpjqlEwySfFbmZ4StmQ9nnHUkVjbvzx7OIJObVKSKJE21JIZurviTGNjRnFge2MKQ7MojcV//M6GUZX/lioNEOu2HxRlEmCCZm+T0KhOUM5soQyLeythA2opgxtSEUbgrf48jJpnle8aqV6d1GuXedxFOAYTuAMPLiEGtxCHRrAQMEzvMKbY5wX5935mLeuOPnMEfyB8/kDMv+QoA==</latexit>

ωidt

<latexit sha1_base64="TGYHZkcsFwrgs59D9ZA8JQsA9+c=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9FL4KXCvYD2rVk09k2NsmuSbZQlv4OLx4U8eqP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoURTqNOKRagVEA2cS6oYZDq1YAREBh2YwvJ76zREozSJ5b8Yx+IL0JQsZJcZK/u1DJ1ZMQDdlj5NuseSW3RnwMvEyUkIZat3iV6cX0USANJQTrdueGxs/JcowymFS6CQaYkKHpA9tSyURoP10dvQEn1ilh8NI2ZIGz9TfEykRWo9FYDsFMQO96E3F/7x2YsJLP2UyTgxIOl8UJhybCE8TwD2mgBo+toRQxeytmA6IItTYnAo2BG/x5WXSOCt7lXLl7rxUvcriyKMjdIxOkYcuUBXdoBqqI4qe0DN6RW/OyHlx3p2PeWvOyWYO0R84nz8VGpJT</latexit>

K →
ij

<latexit sha1_base64="pbllP9P0XaLRKvkSt7/HFyQyyOI=">AAAB+3icbVDLSsNAFL3xWesr1qWbYBFclUSkuiy6cVnBPqCJYTKdtGNnJmFmIpaQX3HjQhG3/og7/8bpY6GtBy4czrmXe++JUkaVdt1va2V1bX1js7RV3t7Z3du3DyptlWQSkxZOWCK7EVKEUUFammpGuqkkiEeMdKLR9cTvPBKpaCLu9DglAUcDQWOKkTZSaFf8AeIchTl9KO79VFJOQrvq1twpnGXizUkV5miG9pffT3DGidCYIaV6npvqIEdSU8xIUfYzRVKER2hAeoYKxIkK8unthXNilL4TJ9KU0M5U/T2RI67UmEemkyM9VIveRPzP62U6vgxyKtJME4Fni+KMOTpxJkE4fSoJ1mxsCMKSmlsdPEQSYW3iKpsQvMWXl0n7rObVa/Xb82rjah5HCY7gGE7BgwtowA00oQUYnuAZXuHNKqwX6936mLWuWPOZQ/gD6/MHjG2Uyg==</latexit>

ω→
ij
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The art of the science

• You get to choose the lapse and shift, or put conditions on them


• So that your surfaces stay purely spatial!

<latexit sha1_base64="a4mWjdZ8gEFbjYtIWxFcZm9bL1k=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1WXRjcsK9gFtDJPppB06mYSZG7GE/oobF4q49Ufc+TdO2iy09cCFwzn3ztx7gkRwDY7zbZXW1jc2t8rblZ3dvf0D+7Da0XGqKGvTWMSqFxDNBJesDRwE6yWKkSgQrBtMbnK/+8iU5rG8h2nCvIiMJA85JWAk364OEqKAE+EDHgQMyAP37ZpTd+bAq8QtSA0VaPn212AY0zRiEqggWvddJwEvy9+lgs0qg1SzhNAJGbG+oZJETHvZfPcZPjXKEIexMiUBz9XfExmJtJ5GgemMCIz1speL/3n9FMIrL+MySYFJuvgoTAWGGOdB4CFXjIKYGkKo4mZXTMdEEQomrooJwV0+eZV0zutuo964u6g1r4s4yugYnaAz5KJL1ES3qIXaiKIn9Ixe0Zs1s16sd+tj0Vqyipkj9AfW5w/xk5Rl</latexit>

ωtε
i

<latexit sha1_base64="BhtgWcNFrZTcmftPEDJyPgXH4uU=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi1WXRjcsK9gFtCDfTSTt0MgkzE6XEfoobF4q49Uvc+TdO2iy09cCFwzn3ztx7goQzpR3n2yqtrW9sbpW3Kzu7e/sHdvWwo+JUEtomMY9lLwBFORO0rZnmtJdIClHAaTeY3OR+94FKxWJxr6cJ9SIYCRYyAtpIvl0dJCA1A+5rPACejMG3a07dmQOvErcgNVSg5dtfg2FM0ogKTTgo1XedRHtZ/izhdFYZpIomQCYwon1DBURUedl89Rk+NcoQh7E0JTSeq78nMoiUmkaB6YxAj9Wyl4v/ef1Uh1dexkSSairI4qMw5VjHOM8BD5mkRPOpIUAkM7tiMgYJRJu0KiYEd/nkVdI5r7uNeuPuota8LuIoo2N0gs6Qiy5RE92iFmojgh7RM3pFb9aT9WK9Wx+L1pJVzByhP7A+fwA4+pP+</latexit>

ωtε
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Black Holes?
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The lapse goes to zero 
which is the first 
indication of the 
formation of an horizon
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In Cosmology

• We want to think of the two spatial tensors as the dynamic variables and 
conjugate momenta


• We can then track the spatial 3-metric


• as well as the extrinsic curvature


<latexit sha1_base64="bk8DSi+oO6glUoJhhdpMBZNolLI=">AAACEnicbVDLSsNAFJ3UV62vqks3g0XQTUmkVDdC0Y3LCvYBTQw302k7diYJMxOhhHyDG3/FjQtF3Lpy5984fSy09cCFwzn3cu89QcyZ0rb9beWWlldW1/LrhY3Nre2d4u5eU0WJJLRBIh7JdgCKchbShmaa03YsKYiA01YwvBr7rQcqFYvCWz2KqSegH7IeI6CN5BdP3D4IAX7K7jN8geldWnHjAcuwG4BMp2Y2cf1iyS7bE+BF4sxICc1Q94tfbjciiaChJhyU6jh2rL0UpGaE06zgJorGQIbQpx1DQxBUeenkpQwfGaWLe5E0FWo8UX9PpCCUGonAdArQAzXvjcX/vE6ie+deysI40TQk00W9hGMd4XE+uMskJZqPDAEimbkVkwFIINqkWDAhOPMvL5Lmadmplqs3lVLtchZHHh2gQ3SMHHSGauga1VEDEfSIntErerOerBfr3fqYtuas2cw++gPr8weRgJ4U</latexit>

ωij = e4ωω̄ij

<latexit sha1_base64="MlOzFE+kEUgJseJzPci3f8Erpyk="></latexit>

Kij = e4ωÃij +
1

3
ωijK
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In Cosmology

• We want to think of the two spatial tensors as the dynamic variables and 
conjugate momenta


• We can then track the spatial 3-metric


• as well as the extrinsic curvature


<latexit sha1_base64="bk8DSi+oO6glUoJhhdpMBZNolLI=">AAACEnicbVDLSsNAFJ3UV62vqks3g0XQTUmkVDdC0Y3LCvYBTQw302k7diYJMxOhhHyDG3/FjQtF3Lpy5984fSy09cCFwzn3cu89QcyZ0rb9beWWlldW1/LrhY3Nre2d4u5eU0WJJLRBIh7JdgCKchbShmaa03YsKYiA01YwvBr7rQcqFYvCWz2KqSegH7IeI6CN5BdP3D4IAX7K7jN8geldWnHjAcuwG4BMp2Y2cf1iyS7bE+BF4sxICc1Q94tfbjciiaChJhyU6jh2rL0UpGaE06zgJorGQIbQpx1DQxBUeenkpQwfGaWLe5E0FWo8UX9PpCCUGonAdArQAzXvjcX/vE6ie+deysI40TQk00W9hGMd4XE+uMskJZqPDAEimbkVkwFIINqkWDAhOPMvL5Lmadmplqs3lVLtchZHHh2gQ3SMHHSGauga1VEDEfSIntErerOerBfr3fqYtuas2cw++gPr8weRgJ4U</latexit>

ωij = e4ωω̄ij

<latexit sha1_base64="MlOzFE+kEUgJseJzPci3f8Erpyk="></latexit>

Kij = e4ωÃij +
1

3
ωijK

Think of this as keeping 
track of the size of 

local volumes

Think of this as measuring 
the local expansion rate
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Importantly
These variables have well-behaved differential equations and are a complete 
description of GR without dimensional reductions or simplifications

<latexit sha1_base64="v75VkKdg2YqqC4nEOoMZnwbrfck="></latexit>

ωtε = →1

6
ϑK + ϖiωiε+

1

6
ωiϖ

i

ωtϱ̄ij = →2ϑÃij + ϖkωkϱ̄ij + ϱ̄ijωjϖ
k + ϱ̄ijωiϖ

k → 2

3
ϱ̄ijωkϖ

k

ωtK = ϱijDjDiϑ+ ϑ(ÃijÃ
ij +

1

3
K2) + 4ςϑ(φ+ S) + ϖiωiK

ωtÃij = e→4ω
(
→(DiDjϑ)

TF + ϑ(RTF
ij → 8ςSTF

ij )
)
+ ϑ(KÃij → 2ÃilÃ

l
j

+ ϖkωkÃij + Ãikωjϖ
k + Ãkjωiϖ

k → 2

3
Ãijωkϖ

k

ωt!̄
i = →2Ãijωjϑ+ 2ϑ

(
!̄i
jkÃ

kj → 2

3
ϱ̄ijωjK → 8ςϱ̄ijSj + 6Ãijωjε

)

+ ϖjωj!̄
jωjϖ

i +
2

3
!̄iωjϖ

j +
1

3
ϱ̄ilωlωjϖ

j + ϱ̄ljωjωlϖ
i
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Importantly
These variables have well-behaved differential equations and are a complete 
description of GR without dimensional reductions or simplifications

<latexit sha1_base64="v75VkKdg2YqqC4nEOoMZnwbrfck="></latexit>

ωtε = →1

6
ϑK + ϖiωiε+

1

6
ωiϖ

i

ωtϱ̄ij = →2ϑÃij + ϖkωkϱ̄ij + ϱ̄ijωjϖ
k + ϱ̄ijωiϖ

k → 2

3
ϱ̄ijωkϖ

k

ωtK = ϱijDjDiϑ+ ϑ(ÃijÃ
ij +

1

3
K2) + 4ςϑ(φ+ S) + ϖiωiK

ωtÃij = e→4ω
(
→(DiDjϑ)

TF + ϑ(RTF
ij → 8ςSTF

ij )
)
+ ϑ(KÃij → 2ÃilÃ

l
j

+ ϖkωkÃij + Ãikωjϖ
k + Ãkjωiϖ

k → 2

3
Ãijωkϖ

k

ωt!̄
i = →2Ãijωjϑ+ 2ϑ

(
!̄i
jkÃ

kj → 2

3
ϱ̄ijωjK → 8ςϱ̄ijSj + 6Ãijωjε

)

+ ϖjωj!̄
jωjϖ

i +
2

3
!̄iωjϖ

j +
1

3
ϱ̄ilωlωjϖ

j + ϱ̄ljωjωlϖ
i

<latexit sha1_base64="h3pSX2b3xy3LABRyz9GRTUWOBDs="></latexit>

ωt!̄
i =→ 2Ãijωjε+ 2ε

(
!̄i
jkÃ

ki → 2

3
ϑ̄ijωjK → 8ϖ

m2
pl

ϑ̄ijSj + 6Ãijωjϱ

)

+ ςjωj!̄
i → 2

3
!̄iωjς

j +
1

3
ϑ̄liωkωjς

j + ϑ̄ljωjωlς
i

<latexit sha1_base64="BVKZ2/AvFM/w8PeV1B+lRvianOk=">AAACJnicbZDLSgMxFIYzXmu9jbp0EyyCG8uMSHUjFF3osoK9QKeWM2naxiYzY5IplGGexo2v4sZFRcSdj2J6WdjWHwI/3zmHk/P7EWdKO863tbS8srq2ntnIbm5t7+zae/sVFcaS0DIJeShrPijKWUDLmmlOa5GkIHxOq37vZlSv9qlULAwe9CCiDQGdgLUZAW1Q077yfJCJdwtCQPrIsEefY9bHpxPcmeDkqZfO9CUsbY5g0845eWcsvGjcqcmhqUpNe+i1QhILGmjCQam660S6kYDUjHCaZr1Y0QhIDzq0bmwAgqpGMj4zxceGtHA7lOYFGo/p34kEhFID4ZtOAbqr5msj+F+tHuv2ZSNhQRRrGpDJonbMsQ7xKDPcYpISzQfGAJHM/BWTLkgg2iSbNSG48ycvmspZ3i3kC/fnueL1NI4MOkRH6AS56AIV0R0qoTIi6AW9oSH6sF6td+vT+pq0LlnTmQM0I+vnF/ktp2A=</latexit>

!̄i → ↑ω̄jk!̄i
jk

The POWER is in the redundancy of 
the equations of motion
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Importantly
These variables have well-behaved differential equations and are a complete 
description of GR without dimensional reductions or simplifications

<latexit sha1_base64="v75VkKdg2YqqC4nEOoMZnwbrfck="></latexit>

ωtε = →1

6
ϑK + ϖiωiε+

1

6
ωiϖ

i

ωtϱ̄ij = →2ϑÃij + ϖkωkϱ̄ij + ϱ̄ijωjϖ
k + ϱ̄ijωiϖ

k → 2

3
ϱ̄ijωkϖ

k

ωtK = ϱijDjDiϑ+ ϑ(ÃijÃ
ij +

1

3
K2) + 4ςϑ(φ+ S) + ϖiωiK

ωtÃij = e→4ω
(
→(DiDjϑ)

TF + ϑ(RTF
ij → 8ςSTF

ij )
)
+ ϑ(KÃij → 2ÃilÃ

l
j

+ ϖkωkÃij + Ãikωjϖ
k + Ãkjωiϖ

k → 2

3
Ãijωkϖ

k

ωt!̄
i = →2Ãijωjϑ+ 2ϑ

(
!̄i
jkÃ

kj → 2

3
ϱ̄ijωjK → 8ςϱ̄ijSj + 6Ãijωjε

)

+ ϖjωj!̄
jωjϖ

i +
2

3
!̄iωjϖ

j +
1

3
ϱ̄ilωlωjϖ

j + ϱ̄ljωjωlϖ
i

<latexit sha1_base64="h3pSX2b3xy3LABRyz9GRTUWOBDs="></latexit>

ωt!̄
i =→ 2Ãijωjε+ 2ε

(
!̄i
jkÃ

ki → 2

3
ϑ̄ijωjK → 8ϖ

m2
pl

ϑ̄ijSj + 6Ãijωjϱ

)

+ ςjωj!̄
i → 2

3
!̄iωjς

j +
1

3
ϑ̄liωkωjς

j + ϑ̄ljωjωlς
i

<latexit sha1_base64="BVKZ2/AvFM/w8PeV1B+lRvianOk=">AAACJnicbZDLSgMxFIYzXmu9jbp0EyyCG8uMSHUjFF3osoK9QKeWM2naxiYzY5IplGGexo2v4sZFRcSdj2J6WdjWHwI/3zmHk/P7EWdKO863tbS8srq2ntnIbm5t7+zae/sVFcaS0DIJeShrPijKWUDLmmlOa5GkIHxOq37vZlSv9qlULAwe9CCiDQGdgLUZAW1Q077yfJCJdwtCQPrIsEefY9bHpxPcmeDkqZfO9CUsbY5g0845eWcsvGjcqcmhqUpNe+i1QhILGmjCQam660S6kYDUjHCaZr1Y0QhIDzq0bmwAgqpGMj4zxceGtHA7lOYFGo/p34kEhFID4ZtOAbqr5msj+F+tHuv2ZSNhQRRrGpDJonbMsQ7xKDPcYpISzQfGAJHM/BWTLkgg2iSbNSG48ycvmspZ3i3kC/fnueL1NI4MOkRH6AS56AIV0R0qoTIi6AW9oSH6sF6td+vT+pq0LlnTmQM0I+vnF/ktp2A=</latexit>

!̄i → ↑ω̄jk!̄i
jk

The POWER is in the redundancy of 
the equations of motion
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Importantly
These variables have well-behaved differential equations and are a complete 
description of GR without dimensional reductions or simplifications

<latexit sha1_base64="v75VkKdg2YqqC4nEOoMZnwbrfck="></latexit>

ωtε = →1

6
ϑK + ϖiωiε+

1

6
ωiϖ

i

ωtϱ̄ij = →2ϑÃij + ϖkωkϱ̄ij + ϱ̄ijωjϖ
k + ϱ̄ijωiϖ

k → 2

3
ϱ̄ijωkϖ

k

ωtK = ϱijDjDiϑ+ ϑ(ÃijÃ
ij +

1

3
K2) + 4ςϑ(φ+ S) + ϖiωiK

ωtÃij = e→4ω
(
→(DiDjϑ)

TF + ϑ(RTF
ij → 8ςSTF

ij )
)
+ ϑ(KÃij → 2ÃilÃ

l
j

+ ϖkωkÃij + Ãikωjϖ
k + Ãkjωiϖ

k → 2

3
Ãijωkϖ

k

ωt!̄
i = →2Ãijωjϑ+ 2ϑ

(
!̄i
jkÃ

kj → 2

3
ϱ̄ijωjK → 8ςϱ̄ijSj + 6Ãijωjε

)

+ ϖjωj!̄
jωjϖ

i +
2

3
!̄iωjϖ

j +
1

3
ϱ̄ilωlωjϖ

j + ϱ̄ljωjωlϖ
i

@t� =� �̄ijrac16↵K + �i@i�+
1

6
@i�

i

@t�̄ij =� 2↵Ãij + �k@kÃij + �̄ik@j�
k

+ �̄kj@i�
k � 2

3
�̄ij@K�k

@tK =�ijDjDi↵+ ↵

✓
ÃijÃiju+

1

3
K2

◆

+ 4⇡↵ (⇢+ S) + �i@iK

@tÃij =e�4� (�DjDi↵+ ↵(Rij � 8⇡Sij))
TF

+ ↵
⇣
KÃij � 2ÃilÃ

l
j

⌘
+ �k@kÃij

+ Ãik@j�
k + Ãkj@i�

k � 2

3
Ãij@k�

k
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Importantly
These variables have well-behaved differential equations and are a complete 
description of GR without dimensional reductions or simplifications

<latexit sha1_base64="v75VkKdg2YqqC4nEOoMZnwbrfck="></latexit>

ωtε = →1

6
ϑK + ϖiωiε+

1

6
ωiϖ

i

ωtϱ̄ij = →2ϑÃij + ϖkωkϱ̄ij + ϱ̄ijωjϖ
k + ϱ̄ijωiϖ

k → 2

3
ϱ̄ijωkϖ

k

ωtK = ϱijDjDiϑ+ ϑ(ÃijÃ
ij +

1

3
K2) + 4ςϑ(φ+ S) + ϖiωiK

ωtÃij = e→4ω
(
→(DiDjϑ)

TF + ϑ(RTF
ij → 8ςSTF

ij )
)
+ ϑ(KÃij → 2ÃilÃ

l
j

+ ϖkωkÃij + Ãikωjϖ
k + Ãkjωiϖ

k → 2

3
Ãijωkϖ

k
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i = →2Ãijωjϑ+ 2ϑ
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3
ϱ̄ijωjK → 8ςϱ̄ijSj + 6Ãijωjε

)

+ ϖjωj!̄
jωjϖ

i +
2

3
!̄iωjϖ

j +
1

3
ϱ̄ilωlωjϖ

j + ϱ̄ljωjωlϖ
i

@t� =� �̄ijrac16↵K + �i@i�+
1

6
@i�

i
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3
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3
Ãij@k�

k

Sort of our 
“Group Motto”
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Why do we look for PBH from Preheating?
…because of the breakdown of perturbation theory
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The linearized Einstein Equation 
(asking for a friend)

• when you linearize the full Einstein Equations you end up with a set of 
constraints, e.g.


• here we’re writing it in terms of the scalar modes only
where

<latexit sha1_base64="uyicB5YzINkcIxEmsA2Lt/F64JA="></latexit>

G → 8ωGa2ωs + !+”↑ a2Ë ↑ 3aȧE + 2aḂ + 4ȧB = 0

<latexit sha1_base64="Xc0ObEhWtx5AxtetR0FpNtWMRJc=">AAACKXicbVBdS8MwFE39nPOr6qMvwSEIwmhFpi/C0BcfJ+wL1q6kabplS9uQpMIo+zu++Fd8UVDUV/+I2VZENw8ETs659yb3+JxRqSzrw1haXlldWy9sFDe3tnd2zb39pkxSgUkDJywRbR9JwmhMGooqRtpcEBT5jLT84c3Eb90TIWkS19WIEzdCvZiGFCOlJc+sOgFhCsF6l3oUXsHZ1cvoYJw7HJ5C6HAkFEXMoz9soEXalZ5ZssrWFHCR2DkpgRw1z3xxggSnEYkVZkjKjm1x5WaTqZiRcdFJJeEID1GPdDSNUUSkm003HcNjrQQwTIQ+sYJT9XdHhiIpR5GvKyOk+nLem4j/eZ1UhZduRmOeKhLj2UNhyqBK4CQ2GFBBsGIjTRAWVP8V4j4SCCsdblGHYM+vvEiaZ2W7Uq7cnZeq13kcBXAIjsAJsMEFqIJbUAMNgMEDeAKv4M14NJ6Nd+NzVrpk5D0H4A+Mr2/jeaZ2</latexit>

ωT i
i = ωijωp+ εiεjϑ

s

<latexit sha1_base64="rNexGX0qvZaesoKP3O5mKmJKTKE="></latexit>

ds2 = →(1 + 2!)dt2 + 2a(t)B,idx
idt+ a2(t) [(1→ 2”)ωij + 2εiεjE] dxidxj
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For the big box

Red: inflaton Perturbative 


Blue: inflaton BSSN

Green: decay field Perturbative 


Black: decay field BSSN

The variance of the lapse does 
not show departures from 

homogeneity that indicate back 
hole formation
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How do they look

Perturbative

BSSN
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Lesson #1: 
Violating the linearized Einstein Equations is 
easy!
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Violation of the the linearized Einstein Equation 

synchronous

harmonic

For just a single mode

1810.05203
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Time to get more violent
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Gauge-Preheating

• There is a history of incorporating couplings of the inflation to gauge fields, 
generally with charged inflation fields (often in the context of Higgs inflation) 

• Coupling to U(1) fields by A. Rajantie , E. J. Copeland, and S. Pascal


• Coupling to SU(2) fields by J. Garcia-Bellido et. al., Saffin et al.


• However using uncharged scalar (or pseudo-scalar) degrees of freedom were 
technically a bit more challenging 
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Gauge-Preheating

• The “normal” Maxwell Stress-Tensor


• (but not for “normal” E/M)Fµ⌫ = @µA⌫ � @⌫Aµ
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m2ε2 → W (ε)

4
FµωF

µω → X(ε)

4
Fµω F̃

µω
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Gauge-Preheating

• W is a dilatonic coupling that vanishes as the inflation decays to zero

• Possible generation of long-wavelength magnetic fields during inflation, e.g. 

Caldwell, Motta, Kamionkowski Phys. Rev. D 84, 123525 (2011). 

1305.7226
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Gauge-Preheating

• X is a Chern Simons coupling that couples the inflation to the curl of the 
vector field


• A coupling consistent with a shift-symmetric inflaton

• Also possible generation of polarized magnetic fields during inflation, e.g. 

Garretson, Field and Carroll, Phys. Rev. D 46 5346 (1992) 

1502.06506

<latexit sha1_base64="VxWHTSQW8uP05EnMRmet6fAh90w=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5KIVDdC0Y3LCvYBTQiT6aQZOpmEmYlQQrZu/BU3LhRx6x+482+ctFlo64ELh3Pu5d57/IRRqSzr26isrK6tb1Q3a1vbO7t75v5BT8apwKSLYxaLgY8kYZSTrqKKkUEiCIp8Rvr+5Kbw+w9ESBrzezVNiBuhMacBxUhpyTPhoOEkIT2FV9AJBMKZg1gSIm+cZ0FeOJ5Zt5rWDHCZ2CWpgxIdz/xyRjFOI8IVZkjKoW0lys2QUBQzktecVJIE4Qkak6GmHEVEutnskxyeaGUEg1jo4grO1N8TGYqknEa+7oyQCuWiV4j/ecNUBZduRnmSKsLxfFGQMqhiWMQCR1QQrNhUE4QF1bdCHCIdiNLh1XQI9uLLy6R31rRbzdbdeb19XcZRBUfgGDSADS5AG9yCDugCDB7BM3gFb8aT8WK8Gx/z1opRzhyCPzA+fwDDaZnM</latexit>

X(ω) =
εg

f
ω

<latexit sha1_base64="VVJQTIxF8m2jGQssCGw7HDVnKLw=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKRC9C0IvHCOaByRJmJ7PJkNnZZaZXCCF/4cWDIl79G2/+jZNkD5pY0FBUddPdFSRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkycasbrLJaxbgXUcCkUr6NAyVuJ5jQKJG8Gw9up33zi2ohYPeAo4X5E+0qEglG00mOz1EkG4oxce91C0S27M5Bl4mWkCBlq3cJXpxezNOIKmaTGtD03QX9MNQom+STfSQ1PKBvSPm9bqmjEjT+eXTwhp1bpkTDWthSSmfp7YkwjY0ZRYDsjigOz6E3F/7x2iuGVPxYqSZErNl8UppJgTKbvk57QnKEcWUKZFvZWwgZUU4Y2pLwNwVt8eZk0zstepVy5vyhWb7I4cnAMJ1ACDy6hCndQgzowUPAMr/DmGOfFeXc+5q0rTjZzBH/gfP4A1mWPvA==</latexit>

W (ω) = 1

<latexit sha1_base64="Nld8DjqYLe05noAnIA3Ec/8tbXE="></latexit>

L = →1

2
ωµεω

µε→ 1

2
m2ε2 → W (ε)

4
FµωF

µω → X(ε)

4
Fµω F̃

µω

76



A Chern-Simons Coupling

• The form of the interaction begs for a decomposition of the gauge field onto 
its two helicity states, 

where

1502.06506
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A Chern-Simons Coupling

• The form of the interaction begs for a decomposition of the gauge field onto 
its two helicity states, 

so we see the two polarizations couple (with 
opposite sign) to the velocity of the inflation)

1502.06506
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A Chern-Simons Coupling

• For large values of the velocity of the inflation (relative to small momenta), 
there is a clear tachyonic instability


• This instability should be polarized and present during each oscillation of the 
field

1502.06506
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A Small Chern-Simons Coupling
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The Final State
Re-Scattering and Polarization

↵

f
mPl = 35

↵

f
mPl = 45

↵

f
mPl = 60

NO
back-
reaction

WITH
back-
reaction

1 2 5 10 20 50 100
10-10

10-6

0.01

100

106

1010

k HmL

Po
w
er

1 2 5 10 20 50 100
10-10

10-6

0.01

100

106

1010

k HmL

Po
w
er

1 2 5 10 20 50 100
10-10

10-6

0.01

100

106

1010

k HmL

Po
w
er

1 2 5 10 20 50 100
10-10

10-6

0.01

100

106

1010

k HmL

Po
w
er

1 2 5 10 20 50 100
10-10

10-6

0.01

100

106

1010

k HmL

Po
w
er

1 2 5 10 20 50 100
10-10

10-6

0.01

100

106

1010

k HmL

Po
w
er

Strong re-scattering suppresses polarization on sub-horizon
scales for large couplings.

Evangelos Sfakianakis Preheating e↵ects in Axion Inflation 24/30
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<latexit sha1_base64="cB98UfOB9d7GN7OO9e8zTdAHxbw=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQ0JJofWyEohuXFewDmhgm00k7dCYJMxOhhHyDG3/FjQtF3Lpy5984bbPQ1gMXDufcy733+DGjUlnWt1GYm19YXCoul1ZW19Y3zM2tpowSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT8wfXIbz0QIWkU3qlhTFyOeiENKEZKS5554AQC4dRBLO4jr5elQQYv4ckpdA65lzqCw5hl9+mRnXlm2apYY8BZYuekDHLUPfPL6UY44SRUmCEpO7YVKzdFQlHMSFZyEklihAeoRzqahogT6abjlzK4p5UuDCKhK1RwrP6eSBGXcsh93cmR6stpbyT+53USFVy4KQ3jRJEQTxYFCYMqgqN8YJcKghUbaoKwoPpWiPtIZ6R0iiUdgj398ixpHlfss0r1tlquXeVxFMEO2AX7wAbnoAZuQB00AAaP4Bm8gjfjyXgx3o2PSWvByGe2wR8Ynz/uI50A</latexit>↵g

f
= 35m�1

pl

<latexit sha1_base64="pocv5CMC69Vvv8fY2SknQx6ds+M=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQ0JJIqW6EohuXFewDmhom00k7dGYSZiZCCfkGN/6KGxeKuHXlzr9x2mah1QMXDufcy733BDGjSjvOl1VYWFxaXimultbWNza37O2dlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Grit++JVDQSt3ockx5HA0FDipE2km8feaFEOPUQi4fIH2RpmMELWHOgd8z91JMcxiy7S0/czLfLTsWZAv4lbk7KIEfDtz+9foQTToTGDCnVdZ1Y91IkNcWMZCUvUSRGeIQGpGuoQJyoXjp9KYMHRunDMJKmhIZT9edEirhSYx6YTo70UM17E/E/r5vo8LyXUhEnmgg8WxQmDOoITvKBfSoJ1mxsCMKSmlshHiKTkTYplkwI7vzLf0nrtOLWKtWbarl+mcdRBHtgHxwCF5yBOrgGDdAEGDyAJ/ACXq1H69l6s95nrQUrn9kFv2B9fAPq+pz+</latexit>↵g

f
= 60m�1

pl

1502.0650681



A Chern-Simons Coupling
↵

f
mpl � 45

↵

f
mpl = 40

↵

f
mpl = 35

<latexit sha1_base64="REGykmbgYI7n0H3PMSwvDM+ajKg=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJigJKg8hgrWBiLRB9SEyLHdVKrdhLZDlIV5TNY+BUWBhBi7cbf4LYZoOVIlo7OuUfX9/gJo1JZ1rdRWlpeWV0rr1c2Nre2d8zdvbaMU4FJC8csFl0fScJoRFqKKka6iSCI+4x0/OHtxO88ESFpHD2oUUJcjsKIBhQjpSXPPHMCgXDmIJYMkBfmWZBDJ1Q6wGH9Ajon3MscwWHC8sfs1M49s2rVrCngIrELUgUFmp45dvoxTjmJFGZIyp5tJcrNkFAUM5JXnFSSBOEhCklP0whxIt1selgOj7TSh0Es9IsUnKq/ExniUo64ryc5UgM5703E/7xeqoJrN6NRkioS4dmiIGVQxXDSEuxTQbBiI00QFlT/FeIB0k0p3WVFl2DPn7xI2uc1+7JWv69XGzdFHWVwAA7BMbDBFWiAO9AELYDBM3gF7+DDeDHejE/jazZaMorMPvgDY/wDWXWf8g==</latexit>↵g

f
& 45m�1

pl

<latexit sha1_base64="cB98UfOB9d7GN7OO9e8zTdAHxbw=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQ0JJofWyEohuXFewDmhgm00k7dCYJMxOhhHyDG3/FjQtF3Lpy5984bbPQ1gMXDufcy733+DGjUlnWt1GYm19YXCoul1ZW19Y3zM2tpowSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT8wfXIbz0QIWkU3qlhTFyOeiENKEZKS5554AQC4dRBLO4jr5elQQYv4ckpdA65lzqCw5hl9+mRnXlm2apYY8BZYuekDHLUPfPL6UY44SRUmCEpO7YVKzdFQlHMSFZyEklihAeoRzqahogT6abjlzK4p5UuDCKhK1RwrP6eSBGXcsh93cmR6stpbyT+53USFVy4KQ3jRJEQTxYFCYMqgqN8YJcKghUbaoKwoPpWiPtIZ6R0iiUdgj398ixpHlfss0r1tlquXeVxFMEO2AX7wAbnoAZuQB00AAaP4Bm8gjfjyXgx3o2PSWvByGe2wR8Ynz/uI50A</latexit>↵g

f
= 35m�1

pl

<latexit sha1_base64="yL9ChKnqcYmFia5yfZWKEuDbdoI=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQ0JJIUTdC0Y3LCvYBTQ2T6aQdOjMJMxOhhHyDG3/FjQtF3Lpy5984bbPQ1gMXDufcy733BDGjSjvOt1VYWFxaXimultbWNza37O2dpooSiUkDRyyS7QApwqggDU01I+1YEsQDRlrB8Hrstx6IVDQSd3oUky5HfUFDipE2km8feaFEOPUQiwfI72dpmMFLWHWgd8z91JMcxiy7T0/czLfLTsWZAM4TNydlkKPu219eL8IJJ0JjhpTquE6suymSmmJGspKXKBIjPER90jFUIE5UN528lMEDo/RgGElTQsOJ+nsiRVypEQ9MJ0d6oGa9sfif10l0eNFNqYgTTQSeLgoTBnUEx/nAHpUEazYyBGFJza0QD5DJSJsUSyYEd/bledI8rbhnlepttVy7yuMogj2wDw6BC85BDdyAOmgADB7BM3gFb9aT9WK9Wx/T1oKVz+yCP7A+fwDnzJz8</latexit>↵g

f
= 40m�1

pl

1502.06506

<latexit sha1_base64="ijcAof5C8KXuBcn3XALqeT1si50=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdSMU3bisYB/QhDCZTpqhk8kwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JBaNKO863tbS8srq2Xtmobm5t7+zae/sdlWYSkzZOWSp7IVKEUU7ammpGekISlISMdMPRzcTvPhCpaMrv9VgQP0FDTiOKkTZSYB/24BX0Iolw7iEmYhQMizwqPBHTwK45dWcKuEjcktRAiVZgf3mDFGcJ4RozpFTfdYT2cyQ1xYwUVS9TRCA8QkPSN5SjhCg/n/5QwBOjDGCUSlNcw6n6eyJHiVLjJDSdCdKxmvcm4n9eP9PRpZ9TLjJNOJ4tijIGdQongcABlQRrNjYEYUnNrRDHyASiTWxVE4I7//Ii6ZzV3Ua9cXdea16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1nrklXOHIA/sD5/AMAKl6I=</latexit>

X =
ωg

f
ε
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A Chern-Simons Coupling

<latexit sha1_base64="KViJAIV4bOIcQ8Xv8j8QkqAUD3w=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVZmRoi6LblxWsA/olCGTZtrQJBOSjFCG2bjxV9y4UMSt/+DOvzFtZ6GtBy4czrmXe++JJKPaeN63U1pZXVvfKG9WtrZ3dvfc/YO2TlKFSQsnLFHdCGnCqCAtQw0jXakI4hEjnWh8M/U7D0Rpmoh7M5Gkz9FQ0JhiZKwUusdBrBDOAsTkCIXDPItzHmaB4lCyPHSrXs2bAS4TvyBVUKAZul/BIMEpJ8JghrTu+Z40/QwpQzEjeSVINZEIj9GQ9CwViBPdz2Zf5PDUKgMYJ8qWMHCm/p7IENd6wiPbyZEZ6UVvKv7n9VITX/UzKmRqiMDzRXHKoEngNBI4oIpgwyaWIKyovRXiEbKxGBtcxYbgL768TNrnNf+iVr+rVxvXRRxlcAROwBnwwSVogFvQBC2AwSN4Bq/gzXlyXpx352PeWnKKmUPwB87nD4YkmT0=</latexit>↵g

f
mpl

1502.06506

<latexit sha1_base64="ijcAof5C8KXuBcn3XALqeT1si50=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdSMU3bisYB/QhDCZTpqhk8kwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JBaNKO863tbS8srq2Xtmobm5t7+zae/sdlWYSkzZOWSp7IVKEUU7ammpGekISlISMdMPRzcTvPhCpaMrv9VgQP0FDTiOKkTZSYB/24BX0Iolw7iEmYhQMizwqPBHTwK45dWcKuEjcktRAiVZgf3mDFGcJ4RozpFTfdYT2cyQ1xYwUVS9TRCA8QkPSN5SjhCg/n/5QwBOjDGCUSlNcw6n6eyJHiVLjJDSdCdKxmvcm4n9eP9PRpZ9TLjJNOJ4tijIGdQongcABlQRrNjYEYUnNrRDHyASiTWxVE4I7//Ii6ZzV3Ua9cXdea16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1nrklXOHIA/sD5/AMAKl6I=</latexit>

X =
ωg

f
ε
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A Chern-Simons Coupling

<latexit sha1_base64="KViJAIV4bOIcQ8Xv8j8QkqAUD3w=">AAACBXicbVDLSgMxFM3UV62vUZe6CBbBVZmRoi6LblxWsA/olCGTZtrQJBOSjFCG2bjxV9y4UMSt/+DOvzFtZ6GtBy4czrmXe++JJKPaeN63U1pZXVvfKG9WtrZ3dvfc/YO2TlKFSQsnLFHdCGnCqCAtQw0jXakI4hEjnWh8M/U7D0Rpmoh7M5Gkz9FQ0JhiZKwUusdBrBDOAsTkCIXDPItzHmaB4lCyPHSrXs2bAS4TvyBVUKAZul/BIMEpJ8JghrTu+Z40/QwpQzEjeSVINZEIj9GQ9CwViBPdz2Zf5PDUKgMYJ8qWMHCm/p7IENd6wiPbyZEZ6UVvKv7n9VITX/UzKmRqiMDzRXHKoEngNBI4oIpgwyaWIKyovRXiEbKxGBtcxYbgL768TNrnNf+iVr+rVxvXRRxlcAROwBnwwSVogFvQBC2AwSN4Bq/gzXlyXpx352PeWnKKmUPwB87nD4YkmT0=</latexit>↵g

f
mpl

Up here you start to run into Neff 
constraints

1502.06506

<latexit sha1_base64="ijcAof5C8KXuBcn3XALqeT1si50=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KolIdSMU3bisYB/QhDCZTpqhk8kwMxFKCLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+8JBaNKO863tbS8srq2Xtmobm5t7+zae/sdlWYSkzZOWSp7IVKEUU7ammpGekISlISMdMPRzcTvPhCpaMrv9VgQP0FDTiOKkTZSYB/24BX0Iolw7iEmYhQMizwqPBHTwK45dWcKuEjcktRAiVZgf3mDFGcJ4RozpFTfdYT2cyQ1xYwUVS9TRCA8QkPSN5SjhCg/n/5QwBOjDGCUSlNcw6n6eyJHiVLjJDSdCdKxmvcm4n9eP9PRpZ9TLjJNOJ4tijIGdQongcABlQRrNjYEYUnNrRDHyASiTWxVE4I7//Ii6ZzV3Ua9cXdea16XcVTAETgGp8AFF6AJbkELtAEGj+AZvII368l6sd6tj1nrklXOHIA/sD5/AMAKl6I=</latexit>

X =
ωg

f
ε
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But… we get structure

2311.0150485



The BSSN version
We can write down a set of evolution equations,

with…
<latexit sha1_base64="8jHzP749+NXGAdmIIAHgYh3CB3g="></latexit>

J = → 1

W (ω)
(W →(ω)EmDmω→X →(ω)BmDmω)

Jm =
1

W (ω)
(W →(ω) [!Em → εmnoDnωBo]→X →(ω) [!Bm + εmnoDnωEo])

<latexit sha1_base64="yepY0ul7hRpYK7G12x5L/TlfSDk="></latexit>

Bm = ωmnoDnAo = ωmnoεnAo,= e→6ωϑmnoεnAo

<latexit sha1_base64="d/fRfhIeJMkyRJ7b/5iAenK0wzY="></latexit>

ωtE
m = εoωoE

m → Eoωoε
m + ϑ (KEm + ϖmnoDnBo → Jm)

+ ϖmnoDnϑBo

ωtAm = εoωoAm +Aoωmεo → ϑ (Em +DmA)→ADmϑ

ωtA = εoDoA+ ϑ (KA→DmAm)→AmDmϑ

86



We see very BIG density contrasts!
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2311.01504

<latexit sha1_base64="dysFIvhhNTa+olvSJdc/A6NO7xE=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQ0ZKIVjdC0Y3LCvYBTQ2T6aQdOpMMMxOhhPyDG3/FjQtF3Lpx5984bbPQ6oELh3Pu5d57AsGo0o7zZRXm5hcWl4rLpZXVtfUNe3OrqeJEYtLAMYtlO0CKMBqRhqaakbaQBPGAkVYwvBr7rXsiFY2jWz0SpMtRP6IhxUgbybcPvFAinHqIiQHy+1kaZvACVk+hdwi5n3qSQ8Gyu/TIzXy77FScCeBf4uakDHLUffvT68U44STSmCGlOq4jdDdFUlPMSFbyEkUEwkPUJx1DI8SJ6qaTnzK4Z5QeDGNpKtJwov6cSBFXasQD08mRHqhZbyz+53USHZ53UxqJRJMITxeFCYM6huOAYI9KgjUbGYKwpOZWiAfIhKRNjCUTgjv78l/SPK641Ur15qRcu8zjKIIdsAv2gQvOQA1cgzpoAAwewBN4Aa/Wo/VsvVnv09aClc9sg1+wPr4BVFSdLw==</latexit>ωg

f
= 65m→1

pl
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<latexit sha1_base64="YhcmVidHdroKWVipss3N2IWN8FY=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQ0ZKItG6EohuXFewDmhom00k7dGYSZiZCCfkHN/6KGxeKuHXjzr9x2mah1QMXDufcy733BDGjSjvOl1VYWFxaXimultbWNza37O2dlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Grit++JVDQSt3ockx5HA0FDipE2km8feaFEOPUQi4fIH2RpmMELWHOgdwy5n3qSw5hld+mJm/l22ak4U8C/xM1JGeRo+Pan149wwonQmCGluq4T616KpKaYkazkJYrECI/QgHQNFYgT1UunP2XwwCh9GEbSlNBwqv6cSBFXaswD08mRHqp5byL+53UTHZ73UiriRBOBZ4vChEEdwUlAsE8lwZqNDUFYUnMrxENkQtImxpIJwZ1/+S9pnVbcaqV6c1auX+ZxFMEe2AeHwAU1UAfXoAGaAIMH8ARewKv1aD1bb9b7rLVg5TO74Besj29N+Z0r</latexit>ωg

f
= 70m→1

pl

2311.0150489



But … there are no PBH
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The minimum value of the lapse throughout 
the grid doesn’t approach zero 2311.0150490



What does it look like?
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2311.01504

<latexit sha1_base64="Iw3TIQgCYW3HP7AkVShO2ZoQjY4=">AAACBnicbVDLSsNAFJ34rPUVdSnCaBHqpiQi1Y1Q7EI3Qi32AU0ok+mkHTqZhJmJUEJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7yIUaks69tYWFxaXlnNreXXNza3ts2d3aYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vGF17LceiJA05PdqFBE3QH1OfYqR0lLXPKgW6yfwEjq+QDi5dnqEKQSdQ3ibJvW0axaskjUBnCd2RgogQ61rfjm9EMcB4QozJGXHtiLlJkgoihlJ804sSYTwEPVJR1OOAiLdZPJGCo+10oN+KHRxBSfq74kEBVKOAk93BkgN5Kw3Fv/zOrHyL9yE8ihWhOPpIj9mUIVwnAnsUUGwYiNNEBZU3wrxAOlAlE4ur0OwZ1+eJ83Tkl0ule/OCpWrLI4c2AdHoAhscA4q4AbUQANg8AiewSt4M56MF+Pd+Ji2LhjZzB74A+PzB1ZBlyw=</latexit>

C(R) =
GωM

R
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What does it look like?
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<latexit sha1_base64="Iw3TIQgCYW3HP7AkVShO2ZoQjY4=">AAACBnicbVDLSsNAFJ34rPUVdSnCaBHqpiQi1Y1Q7EI3Qi32AU0ok+mkHTqZhJmJUEJWbvwVNy4Uces3uPNvnLZZaOuBC4dz7uXee7yIUaks69tYWFxaXlnNreXXNza3ts2d3aYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vGF17LceiJA05PdqFBE3QH1OfYqR0lLXPKgW6yfwEjq+QDi5dnqEKQSdQ3ibJvW0axaskjUBnCd2RgogQ61rfjm9EMcB4QozJGXHtiLlJkgoihlJ804sSYTwEPVJR1OOAiLdZPJGCo+10oN+KHRxBSfq74kEBVKOAk93BkgN5Kw3Fv/zOrHyL9yE8ihWhOPpIj9mUIVwnAnsUUGwYiNNEBZU3wrxAOlAlE4ur0OwZ1+eJ83Tkl0ule/OCpWrLI4c2AdHoAhscA4q4AbUQANg8AiewSt4M56MF+Pd+Ji2LhjZzB74A+PzB1ZBlyw=</latexit>

C(R) =
GωM

R
92



Lesson #2: 
Large density contrasts, near the horizon, 
do not necessarily collapse to Black Holes 
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Lesson #2: 
Large density contrasts, near the horizon, do not necessarily collapse to Black Holes 

BUT WHY NOT!?!

Not spherical enough? - à la Albert Escrivà 
and Chulmoon Yoo

Gauge fields are problematic?

Overdensities aren’t big enough, fast enough?
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Lesson #2: 
Large density contrasts, near the horizon, do not necessarily collapse to Black Holes 

BUT WHY NOT!?!

Not spherical enough? - à la Albert Escrivà 
and Chulmoon Yoo

Gauge fields are problematic?

Overdensities aren’t big enough, fast enough?
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So what’s next?

98



Continuing on with Preheating

Alpha-attractors are an intriguing possibility:
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2311.17237

<latexit sha1_base64="3vD7ZmhrlJnOwli+g6Fw3elhzAw="></latexit>

L = →1

2
(ωε)2 → e2ω/µ

2
(ωϑ)2 → V (ε)

<latexit sha1_base64="Ha6q2gwzOlJSly1s1yaxyP4GekA="></latexit>

V =
m2µ2

2

(
1→ e→

ω
µ

)2

<latexit sha1_base64="l8wGWYr0FEPYM25dJAj3fLVawqE="></latexit>

V =
m2µ2

2
tanh2

(
ω

µ

)

<latexit sha1_base64="zbwDo6/r9nCNI/eJX/t7LKhBKTg=">AAACGnicbVBNS8MwGE7n15xfVY9egkMQhNEOmV6EoRePE9wHrN1Is3QLS9qSpMIo/R1e/CtePCjiTbz4b0zXHnTzgZAnz/O+vHkfL2JUKsv6Nkorq2vrG+XNytb2zu6euX/QkWEsMGnjkIWi5yFJGA1IW1HFSC8SBHGPka43vcn87gMRkobBvZpFxOVoHFCfYqS0NDTtDryCji8QTvig7vB4UE+TeporTjSh2Tu/z3J3aFatmjUHXCZ2QaqgQGtofjqjEMecBAozJGXftiLlJkgoihlJK04sSYTwFI1JX9MAcSLdZL5aCk+0MoJ+KPQJFJyrvzsSxKWccU9XcqQmctHLxP+8fqz8SzehQRQrEuB8kB8zqEKY5QRHVBCs2EwThAXVf4V4gnQqSqdZ0SHYiysvk069ZjdqjbvzavO6iKMMjsAxOAU2uABNcAtaoA0weATP4BW8GU/Gi/FufOSlJaPoOQR/YHz9AH6hoJM=</latexit>

V =
m2µ2

2

ω2

ω2 + µ2
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Next Steps

<latexit sha1_base64="lSiw9wxPDBBQChCg/fxSMwGgkjo="></latexit>

L = →1

2
(ωε)2 → e2ω/µ

2
(ωϑ)2 → m2µ2

2

(
1→ e→ω/µ

)2

Take, e.g. the E-model:
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Next Steps

One of the parameters (m) is directly set by CMB

<latexit sha1_base64="lSiw9wxPDBBQChCg/fxSMwGgkjo="></latexit>

L = →1

2
(ωε)2 → e2ω/µ

2
(ωϑ)2 → m2µ2

2

(
1→ e→ω/µ

)2

Take, e.g. the E-model:
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<latexit sha1_base64="lSiw9wxPDBBQChCg/fxSMwGgkjo="></latexit>

L = →1

2
(ωε)2 → e2ω/µ

2
(ωϑ)2 → m2µ2

2

(
1→ e→ω/µ

)2

Next Steps

Which leaves only one parameter that appears in both the 
potential and the kinetic coupling

Take, e.g. the E-model:
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Indeed, the preheating is violent
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2311.17237

<latexit sha1_base64="lSiw9wxPDBBQChCg/fxSMwGgkjo="></latexit>

L = →1

2
(ωε)2 → e2ω/µ

2
(ωϑ)2 → m2µ2

2

(
1→ e→ω/µ

)2

103



Which is only weakly model dependent

2402.16152

<latexit sha1_base64="Ha6q2gwzOlJSly1s1yaxyP4GekA="></latexit>

V =
m2µ2

2

(
1→ e→

ω
µ

)2
<latexit sha1_base64="l8wGWYr0FEPYM25dJAj3fLVawqE="></latexit>

V =
m2µ2

2
tanh2

(
ω

µ

) <latexit sha1_base64="zbwDo6/r9nCNI/eJX/t7LKhBKTg=">AAACGnicbVBNS8MwGE7n15xfVY9egkMQhNEOmV6EoRePE9wHrN1Is3QLS9qSpMIo/R1e/CtePCjiTbz4b0zXHnTzgZAnz/O+vHkfL2JUKsv6Nkorq2vrG+XNytb2zu6euX/QkWEsMGnjkIWi5yFJGA1IW1HFSC8SBHGPka43vcn87gMRkobBvZpFxOVoHFCfYqS0NDTtDryCji8QTvig7vB4UE+TeporTjSh2Tu/z3J3aFatmjUHXCZ2QaqgQGtofjqjEMecBAozJGXftiLlJkgoihlJK04sSYTwFI1JX9MAcSLdZL5aCk+0MoJ+KPQJFJyrvzsSxKWccU9XcqQmctHLxP+8fqz8SzehQRQrEuB8kB8zqEKY5QRHVBCs2EwThAXVf4V4gnQqSqdZ0SHYiysvk069ZjdqjbvzavO6iKMMjsAxOAU2uABNcAtaoA0weATP4BW8GU/Gi/FufOSlJaPoOQR/YHz9AH6hoJM=</latexit>

V =
m2µ2

2

ω2

ω2 + µ2
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They have lots of Gravitational Waves!

2402.16152

<latexit sha1_base64="Ha6q2gwzOlJSly1s1yaxyP4GekA="></latexit>

V =
m2µ2

2

(
1→ e→

ω
µ

)2
<latexit sha1_base64="l8wGWYr0FEPYM25dJAj3fLVawqE="></latexit>

V =
m2µ2

2
tanh2

(
ω

µ

) <latexit sha1_base64="zbwDo6/r9nCNI/eJX/t7LKhBKTg=">AAACGnicbVBNS8MwGE7n15xfVY9egkMQhNEOmV6EoRePE9wHrN1Is3QLS9qSpMIo/R1e/CtePCjiTbz4b0zXHnTzgZAnz/O+vHkfL2JUKsv6Nkorq2vrG+XNytb2zu6euX/QkWEsMGnjkIWi5yFJGA1IW1HFSC8SBHGPka43vcn87gMRkobBvZpFxOVoHFCfYqS0NDTtDryCji8QTvig7vB4UE+TeporTjSh2Tu/z3J3aFatmjUHXCZ2QaqgQGtofjqjEMecBAozJGXftiLlJkgoihlJK04sSYTwFI1JX9MAcSLdZL5aCk+0MoJ+KPQJFJyrvzsSxKWccU9XcqQmctHLxP+8fqz8SzehQRQrEuB8kB8zqEKY5QRHVBCs2EwThAXVf4V4gnQqSqdZ0SHYiysvk069ZjdqjbvzavO6iKMMjsAxOAU2uABNcAtaoA0weATP4BW8GU/Gi/FufOSlJaPoOQR/YHz9AH6hoJM=</latexit>

V =
m2µ2

2

ω2

ω2 + µ2
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Moving this to full Numerical Relativity

Eve Currens ’25 
(Kenyon)

<latexit sha1_base64="yiYhyvE6ytn+R72gdzTxvpbmsg0=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VwY0lEWjdCqRsXLirYBzShTKaTdugkGWYmYgn5FDf+ihsXiuhOv8ZJm0VtPTBwOPfcO/cejzMqlWV9G4WV1bX1jeJmaWt7Z3fP3D9oyygWmLRwxCLR9ZAkjIakpahipMsFQYHHSMcbX2f1zgMRkkbhvZpw4gZoGFKfYqS01DdrTiN6hA4fUXgFzxxfIJw4HAlFEYNOgNQII5bcpumcqs1p3yxbFWsKuEzsnJRBjmbf/HIGEY4DEirMkJQ92+LKTbKZmJG05MSScITHaEh6moYoINJNpgem8EQrA+hHQr9Qwak635GgQMpJ4GlntrJcrGXif7VerPxLN6EhjxUJ8ewjP2ZQRTBLCw6oIFixiSYIC6p3hXiEdEhKZ1rSIdiLJy+T9nnFrlaqdxfleiOPowiOwDE4BTaogTq4AU3QAhg8gRfwBt6NZ+PV+DA+Z9aCkfccgj8wfn4BDAujmQ==</latexit>

↭ω = →εL
εω

<latexit sha1_base64="e6oZRn/Jwi8Vnzc9Mzwbt/wHTaY="></latexit>

! =
1

ω

(
εtϑ→ ϖiεiϑ

)

<latexit sha1_base64="eb1/hyPXVlZDataDlsHBOWPnaaM="></latexit>

ω0! = εiωi!→ ϑgijωjωiϖ+ ϑgijωkϖ”
k
ij → gijωjϖωiϑ+ ϑK!

<latexit sha1_base64="2LqEyAnl0IvDUxmo4SpT8NUr8nk="></latexit>

ω0! =εiωi!→ ϑgijωjωiϖ+ ϑgijωkϖ”
k
ij → gijωjϖωiϑ+ ϑK!

→ 1

2

ωW

ωϖ

[
→!2 → 2ϑ→1εi!ωiϱ+

(
ςij → ϑ→2εiεj

)
ωiϱωjϱ

]
→ ωV

ωϖ
<latexit sha1_base64="Ipmhm4NjzL/nOwGDMxHxxcHrzP0="></latexit>

ω0! = εiωi!→ ϑgijωjωiϖ+ ϑgijωkϖ”
k
ij → gijωjϖωiϑ+ ϑK!

+
1

W (ϱ)

(
gijωjϖωiW + ϑ→1!ω0W → ϑ→1εi!ωiW

)
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Next Steps

• Replace fields with fluids

Starting from a (violent) cosmological 
process does not (yet) seem to produce 
black holes
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Next Steps

• Let’s forget about physical mechanisms and focus on when cosmological 
messiness ruins everything!

<latexit sha1_base64="KuWcdVw36CTHzadIRNxG5zB7jy4="></latexit>

Tµω =

(
ω0 +

p

c2

)
UµUω + pgµω

<latexit sha1_base64="XnxM352iED7pRlrnauSMOD+puDk="></latexit>

P j
→ → ↑

ω
4

3
W 2ε0v

j

<latexit sha1_base64="NuVtK9FrBc8tEQPpw44c61PUbB8="></latexit>

E→ → ↑
ω
ε0
ϑ

[
4

3
W 2 ↓ 1

3

]
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Which leads to a dynamical System
<latexit sha1_base64="mQHCTmWM/xfeXtRA1ZKBysvv0bc="></latexit>

→ω

(
nεT

εω
)
=

1↑
↓g

ωω
(↑

↓gnεT
εω

)

<latexit sha1_base64="/5bXE9MmIBARLFGsLxhigPMSIjk="></latexit>

ω0E = →ε(ωiP
i) + ϑi(ωiE) + E(ωiϑ

i)

→ 2P i(ωiε) + P iϑjKij +KijS
ij
code → P jϑiKij

<latexit sha1_base64="TvtMHTNVMVLxmSToxYtrpJNKl08="></latexit>

ωt
(→

↑gT 0
j

)
+ ωi

(→
↑gT i

j

)
=

1

2

→
↑gTωεωjgωε

<latexit sha1_base64="S17tVUUdGdqTAFpajkubZI9ukpM="></latexit>

ω0Pj = →εkjωiS
ik
code → Sik

codeωiεkj + Pjωiϑ
i → ϑiωiPj

→ E(ωjϖ) +
P i

2
ϑk(ωjεik) + Pkωjϑ

k

+
1

2
Sik
code(ωjεik)→

1

2
P kϑi(ωjεik
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What that means…

An overdense sub-horizon region
110



For higher super-horizon

Code development is 
ongoing

Mary Gerhardinger ’22 
(Penn)

Amanda Miller ’25 
(Kenyon)
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• Gravity seems to be  
important when studying 
black holes


• We need to do the problem 
before we write down the 
answer


• Black hole formation is not 
a direct consequence of the 
failure of perturbation 
theory

My Thoughts
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Fin
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