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The Cosmological Constant Problem
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Observed: 10-12 eV4 Theory: 1048 eV4

Why?
Symmetry? Gravity?Standard Model?

4000 BC 1947 2000s

New way to get small numbers



Time Evolution
Time evolution can change our expectations of naturalness

Initial Formation + millions of years

Dissipation is central - eroded sand needs to go somewhere

Slow Dissipative process => light, weakly coupled field. 
Testable!

Could Λ erode over time?



Relaxation of the Cosmological Constant
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Φ

Φ

Start with large positive Λ4, 
Slowly rolling φ

Inflating universe,  
slowly changing vacuum energy

Vacuum energy gets very small,  
Universe very cold

Vacuum energy eventually zero - universe crunches, gets hot

Key Point: Make Universe Bounce - get hot universe with small vacuum 
energy
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Why?



Cancellation of Λ
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Want to set to zero. How to sense?
Key Point:  Vacuum energy only couples through Gravity

Universal Gravitation

Gravity senses total energy in the universe,  
cannot distinguish individual components

Hot early universe? 
Gravity cannot sense Λ alone

Need Λ domination i.e. inflation



Bounce?
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Φ

Inflation, vacuum energy 
slowly decreases

Need to reduce vacuum 
energy to ~ 10-12 eV4

Other energy densities 
(e.g. radiation), smaller 

than 10-12 eV4

1010 years ago, universe had radiation with density 1024 eV4

Need to reheat cold empty universe

Key Point: Energy not conserved in gravity! Reheat with a bounce!



Capabilities
L � ⇤+ g3�+ . . .

Φ rolls, tunes cosmological constant in empty universe. 
Reheat with a bounce.

Weinberg?

Relaxion = Large 
Number of Minima

V, V 0 u 0

Phase 
Transitions?

Reheating => hot 
universe, vacuum 
energy goes up

Sub-dominant. 
Expand, cool, return 

to tuned value

Bounce + 
Tuning?

Hot universe => Φ 
rolls. Λeff changes

Small change - 
tuning >> bounce

Likely leads to 
changing Λeff



Model



Main Ingredient

φ

Generates Friction

Ä± +

 
m2

A + k2 ⌥ �̇
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A± = 0
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�̇

fa
' mA

<latexit sha1_base64="sgZHoJxeU2XvZcPnFnV/LcqYpz8="></latexit><latexit sha1_base64="sgZHoJxeU2XvZcPnFnV/LcqYpz8="></latexit><latexit sha1_base64="sgZHoJxeU2XvZcPnFnV/LcqYpz8="></latexit><latexit sha1_base64="sgZHoJxeU2XvZcPnFnV/LcqYpz8="></latexit>

tachyonic when }
<latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit><latexit sha1_base64="RlH2tdjr0xMRC8QkwnZnHd0h1Fs=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbTbt0swm7E6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpoTftu1Wv5s1BVolfkCoUaPTdr94gYVnMFTJJjen6XopBTjUKJvm00ssMTykb0yHvWqpozE2Qzy+dkjOrDEiUaFsKyVz9PZHT2JhJHNrOmOLILHsz8T+vm2F0HeRCpRlyxRaLokwSTMjsbTIQmjOUE0so08LeStiIasrQhlOxIfjLL6+S1kXN92r+/WW1flPEUYYTOIVz8OEK6nAHDWgCgwie4RXenLHz4rw7H4vWklPMHMMfOJ8/noyNZw==</latexit>

Key 
Points

Trigger

>> H4

L � ⇤4 � g3�+
�

fa
FF̃

<latexit sha1_base64="jJrlmWYDGk3kCK84sCKBXKJzYlQ="></latexit><latexit sha1_base64="jJrlmWYDGk3kCK84sCKBXKJzYlQ="></latexit><latexit sha1_base64="jJrlmWYDGk3kCK84sCKBXKJzYlQ="></latexit><latexit sha1_base64="jJrlmWYDGk3kCK84sCKBXKJzYlQ="></latexit>

hF 2i u fag
3

<latexit sha1_base64="HEzka9jfyIFrMs0k06/+ZJ5pdHo="></latexit><latexit sha1_base64="HEzka9jfyIFrMs0k06/+ZJ5pdHo="></latexit><latexit sha1_base64="HEzka9jfyIFrMs0k06/+ZJ5pdHo="></latexit><latexit sha1_base64="HEzka9jfyIFrMs0k06/+ZJ5pdHo="></latexit>



Simplest Model

φ

Let φ roll through 0, no barriers

1. No Eternal Inflation: 

L � ⇤4
i � g3�+

�

fa
FF̃

<latexit sha1_base64="wHTbsNjRKob4QlyjG77M/MUnVcA="></latexit><latexit sha1_base64="wHTbsNjRKob4QlyjG77M/MUnVcA="></latexit><latexit sha1_base64="wHTbsNjRKob4QlyjG77M/MUnVcA="></latexit><latexit sha1_base64="wHTbsNjRKob4QlyjG77M/MUnVcA="></latexit>

g ' ⇤2
i /Mpl

<latexit sha1_base64="m6MZAVsddusEPPUacpTzMr5vOZ8=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZNQWpdFNy4UKtgHtDVMJpN26CQZZiZiCVm78VfcuFDErV/gzr9x+gC1emDgcM493LnH44xKZVmfRm5hcWl5Jb9aWFvf2Nwyt3eaMk4EJg0cs1i0PSQJoxFpKKoYaXNBUOgx0vKGZ2O/dUuEpHF0rUac9ELUj2hAMVJacs39Puz2lUCci/gOdi900kduSrMb5/jSTTnLXLNolSrliuNUoVWyJvgm9owUwQx11/zo+jFOQhIpzJCUHdviqpcioShmJCt0E0k4wkPUJx1NIxQS2Usnp2TwUCs+DGKhX6TgRP2ZSFEo5Sj09GSI1EDOe2PxP6+TqOCkl9KIJ4pEeLooSBhUMRz3An0qCFZspAnCguq/QjxAAmGl2yvoEuz5k/+SplOyrZJ9VS7WTmd15MEeOABHwAZVUAPnoA4aAIN78AiewYvxYDwZr8bbdDRnzDK74BeM9y81dZqW</latexit><latexit sha1_base64="m6MZAVsddusEPPUacpTzMr5vOZ8=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZNQWpdFNy4UKtgHtDVMJpN26CQZZiZiCVm78VfcuFDErV/gzr9x+gC1emDgcM493LnH44xKZVmfRm5hcWl5Jb9aWFvf2Nwyt3eaMk4EJg0cs1i0PSQJoxFpKKoYaXNBUOgx0vKGZ2O/dUuEpHF0rUac9ELUj2hAMVJacs39Puz2lUCci/gOdi900kduSrMb5/jSTTnLXLNolSrliuNUoVWyJvgm9owUwQx11/zo+jFOQhIpzJCUHdviqpcioShmJCt0E0k4wkPUJx1NIxQS2Usnp2TwUCs+DGKhX6TgRP2ZSFEo5Sj09GSI1EDOe2PxP6+TqOCkl9KIJ4pEeLooSBhUMRz3An0qCFZspAnCguq/QjxAAmGl2yvoEuz5k/+SplOyrZJ9VS7WTmd15MEeOABHwAZVUAPnoA4aAIN78AiewYvxYDwZr8bbdDRnzDK74BeM9y81dZqW</latexit><latexit sha1_base64="m6MZAVsddusEPPUacpTzMr5vOZ8=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZNQWpdFNy4UKtgHtDVMJpN26CQZZiZiCVm78VfcuFDErV/gzr9x+gC1emDgcM493LnH44xKZVmfRm5hcWl5Jb9aWFvf2Nwyt3eaMk4EJg0cs1i0PSQJoxFpKKoYaXNBUOgx0vKGZ2O/dUuEpHF0rUac9ELUj2hAMVJacs39Puz2lUCci/gOdi900kduSrMb5/jSTTnLXLNolSrliuNUoVWyJvgm9owUwQx11/zo+jFOQhIpzJCUHdviqpcioShmJCt0E0k4wkPUJx1NIxQS2Usnp2TwUCs+DGKhX6TgRP2ZSFEo5Sj09GSI1EDOe2PxP6+TqOCkl9KIJ4pEeLooSBhUMRz3An0qCFZspAnCguq/QjxAAmGl2yvoEuz5k/+SplOyrZJ9VS7WTmd15MEeOABHwAZVUAPnoA4aAIN78AiewYvxYDwZr8bbdDRnzDK74BeM9y81dZqW</latexit><latexit sha1_base64="m6MZAVsddusEPPUacpTzMr5vOZ8=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZNQWpdFNy4UKtgHtDVMJpN26CQZZiZiCVm78VfcuFDErV/gzr9x+gC1emDgcM493LnH44xKZVmfRm5hcWl5Jb9aWFvf2Nwyt3eaMk4EJg0cs1i0PSQJoxFpKKoYaXNBUOgx0vKGZ2O/dUuEpHF0rUac9ELUj2hAMVJacs39Puz2lUCci/gOdi900kduSrMb5/jSTTnLXLNolSrliuNUoVWyJvgm9owUwQx11/zo+jFOQhIpzJCUHdviqpcioShmJCt0E0k4wkPUJx1NIxQS2Usnp2TwUCs+DGKhX6TgRP2ZSFEo5Sj09GSI1EDOe2PxP6+TqOCkl9KIJ4pEeLooSBhUMRz3An0qCFZspAnCguq/QjxAAmGl2yvoEuz5k/+SplOyrZJ9VS7WTmd15MEeOABHwAZVUAPnoA4aAIN78AiewYvxYDwZr8bbdDRnzDK74BeM9y81dZqW</latexit>

2. C.C set by Kinetic Energy: g3Mpl / meV4
<latexit sha1_base64="/QxAgtb6T8BUABSlAXMCMdABckU=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaaW1qXoxo1QwVahU0smvdMGMzMhuSOWoR/gxl9x40IRt36AO//GtBbU6oHA4ZxzubknUFIYdN0PZ2Z2bn5hMbeUX15ZXVsvbGw2TZJqDg2eyERfBsyAFDE0UKCES6WBRYGEi+D6eORf3IA2IonPcaCgHbFeLELBGVqpUyj2rvbpaSdTckh9CcYwpXRyS32EW8wiaA6vKjbllqqVarlco27JHeObeBNSJBPUO4V3v5vwNIIYuWTGtDxXYTtjGgWXMMz7qQHF+DXrQcvSmEVg2tn4mCHdtUqXhom2L0Y6Vn9OZCwyZhAFNhkx7JtpbyT+57VSDA/amYhVihDzr0VhKikmdNQM7QoNHOXAEsa1sH+lvM8042j7y9sSvOmT/5JmueS5Je+sUjw8mtSRI9tkh+wRj9TIITkhddIgnNyRB/JEnp1759F5cV6/ojPOZGaL/ILz9gnUM5t8</latexit><latexit sha1_base64="/QxAgtb6T8BUABSlAXMCMdABckU=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaaW1qXoxo1QwVahU0smvdMGMzMhuSOWoR/gxl9x40IRt36AO//GtBbU6oHA4ZxzubknUFIYdN0PZ2Z2bn5hMbeUX15ZXVsvbGw2TZJqDg2eyERfBsyAFDE0UKCES6WBRYGEi+D6eORf3IA2IonPcaCgHbFeLELBGVqpUyj2rvbpaSdTckh9CcYwpXRyS32EW8wiaA6vKjbllqqVarlco27JHeObeBNSJBPUO4V3v5vwNIIYuWTGtDxXYTtjGgWXMMz7qQHF+DXrQcvSmEVg2tn4mCHdtUqXhom2L0Y6Vn9OZCwyZhAFNhkx7JtpbyT+57VSDA/amYhVihDzr0VhKikmdNQM7QoNHOXAEsa1sH+lvM8042j7y9sSvOmT/5JmueS5Je+sUjw8mtSRI9tkh+wRj9TIITkhddIgnNyRB/JEnp1759F5cV6/ojPOZGaL/ILz9gnUM5t8</latexit><latexit sha1_base64="/QxAgtb6T8BUABSlAXMCMdABckU=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaaW1qXoxo1QwVahU0smvdMGMzMhuSOWoR/gxl9x40IRt36AO//GtBbU6oHA4ZxzubknUFIYdN0PZ2Z2bn5hMbeUX15ZXVsvbGw2TZJqDg2eyERfBsyAFDE0UKCES6WBRYGEi+D6eORf3IA2IonPcaCgHbFeLELBGVqpUyj2rvbpaSdTckh9CcYwpXRyS32EW8wiaA6vKjbllqqVarlco27JHeObeBNSJBPUO4V3v5vwNIIYuWTGtDxXYTtjGgWXMMz7qQHF+DXrQcvSmEVg2tn4mCHdtUqXhom2L0Y6Vn9OZCwyZhAFNhkx7JtpbyT+57VSDA/amYhVihDzr0VhKikmdNQM7QoNHOXAEsa1sH+lvM8042j7y9sSvOmT/5JmueS5Je+sUjw8mtSRI9tkh+wRj9TIITkhddIgnNyRB/JEnp1759F5cV6/ojPOZGaL/ILz9gnUM5t8</latexit><latexit sha1_base64="/QxAgtb6T8BUABSlAXMCMdABckU=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaaW1qXoxo1QwVahU0smvdMGMzMhuSOWoR/gxl9x40IRt36AO//GtBbU6oHA4ZxzubknUFIYdN0PZ2Z2bn5hMbeUX15ZXVsvbGw2TZJqDg2eyERfBsyAFDE0UKCES6WBRYGEi+D6eORf3IA2IonPcaCgHbFeLELBGVqpUyj2rvbpaSdTckh9CcYwpXRyS32EW8wiaA6vKjbllqqVarlco27JHeObeBNSJBPUO4V3v5vwNIIYuWTGtDxXYTtjGgWXMMz7qQHF+DXrQcvSmEVg2tn4mCHdtUqXhom2L0Y6Vn9OZCwyZhAFNhkx7JtpbyT+57VSDA/amYhVihDzr0VhKikmdNQM7QoNHOXAEsa1sH+lvM8042j7y9sSvOmT/5JmueS5Je+sUjw8mtSRI9tkh+wRj9TIITkhddIgnNyRB/JEnp1759F5cV6/ojPOZGaL/ILz9gnUM5t8</latexit>

⇤i /
�
meV2Mpl

� 1
3 ⇠ 10 MeV

<latexit sha1_base64="uDuVkVKeHBfKS50McQpcXyxMTZw="></latexit><latexit sha1_base64="uDuVkVKeHBfKS50McQpcXyxMTZw="></latexit><latexit sha1_base64="uDuVkVKeHBfKS50McQpcXyxMTZw="></latexit><latexit sha1_base64="uDuVkVKeHBfKS50McQpcXyxMTZw="></latexit>

Can check story works (reheating, small c.c. change today)



Turtles All the Way
Higher Cut-off?

Need larger slope at top to combat 
eternal inflation

φ2

⇤2
<latexit sha1_base64="fgByuj24qVl+nWyOdRKmibrcWxk=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6ceGign1AG8pkMmmHTiZh5kYooZ/hxoUibv0ad/6N0zYLbT0wcDjnXObeE6RSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E49uZ33ni2ohEPeIk5X5Mh0pEglG0Uq9/b6MhHeT16aBSdWvuHGSVeAWpQoHmoPLVDxOWxVwhk9SYnuem6OdUo2CST8v9zPCUsjEd8p6lisbc+Pl85Sk5t0pIokTbp5DM1d8TOY2NmcSBTcYUR2bZm4n/eb0Mo2s/FyrNkCu2+CjKJMGEzO4nodCcoZxYQpkWdlfCRlRThralsi3BWz55lbTrNc+teQ+X1cZNUUcJTuEMLsCDK2jAHTShBQwSeIZXeHPQeXHenY9FdM0pZk7gD5zPH//skQ4=</latexit><latexit sha1_base64="fgByuj24qVl+nWyOdRKmibrcWxk=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6ceGign1AG8pkMmmHTiZh5kYooZ/hxoUibv0ad/6N0zYLbT0wcDjnXObeE6RSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E49uZ33ni2ohEPeIk5X5Mh0pEglG0Uq9/b6MhHeT16aBSdWvuHGSVeAWpQoHmoPLVDxOWxVwhk9SYnuem6OdUo2CST8v9zPCUsjEd8p6lisbc+Pl85Sk5t0pIokTbp5DM1d8TOY2NmcSBTcYUR2bZm4n/eb0Mo2s/FyrNkCu2+CjKJMGEzO4nodCcoZxYQpkWdlfCRlRThralsi3BWz55lbTrNc+teQ+X1cZNUUcJTuEMLsCDK2jAHTShBQwSeIZXeHPQeXHenY9FdM0pZk7gD5zPH//skQ4=</latexit><latexit sha1_base64="fgByuj24qVl+nWyOdRKmibrcWxk=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6ceGign1AG8pkMmmHTiZh5kYooZ/hxoUibv0ad/6N0zYLbT0wcDjnXObeE6RSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E49uZ33ni2ohEPeIk5X5Mh0pEglG0Uq9/b6MhHeT16aBSdWvuHGSVeAWpQoHmoPLVDxOWxVwhk9SYnuem6OdUo2CST8v9zPCUsjEd8p6lisbc+Pl85Sk5t0pIokTbp5DM1d8TOY2NmcSBTcYUR2bZm4n/eb0Mo2s/FyrNkCu2+CjKJMGEzO4nodCcoZxYQpkWdlfCRlRThralsi3BWz55lbTrNc+teQ+X1cZNUUcJTuEMLsCDK2jAHTShBQwSeIZXeHPQeXHenY9FdM0pZk7gD5zPH//skQ4=</latexit><latexit sha1_base64="fgByuj24qVl+nWyOdRKmibrcWxk=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclaQIuiy6ceGign1AG8pkMmmHTiZh5kYooZ/hxoUibv0ad/6N0zYLbT0wcDjnXObeE6RSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E49uZ33ni2ohEPeIk5X5Mh0pEglG0Uq9/b6MhHeT16aBSdWvuHGSVeAWpQoHmoPLVDxOWxVwhk9SYnuem6OdUo2CST8v9zPCUsjEd8p6lisbc+Pl85Sk5t0pIokTbp5DM1d8TOY2NmcSBTcYUR2bZm4n/eb0Mo2s/FyrNkCu2+CjKJMGEzO4nodCcoZxYQpkWdlfCRlRThralsi3BWz55lbTrNc+teQ+X1cZNUUcJTuEMLsCDK2jAHTShBQwSeIZXeHPQeXHenY9FdM0pZk7gD5zPH//skQ4=</latexit>

⇤1
<latexit sha1_base64="v7A2XaOzF3fAyqsY/EVMS7NkpF0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl048JFBfuANpTJZNIOncyEmRuhhH6GGxeKuPVr3Pk3TtsstPXAwOGcc5l7T5gKbtDzvp3S2vrG5lZ5u7Kzu7d/UD08ahuVacpaVAmluyExTHDJWshRsG6qGUlCwTrh+Hbmd56YNlzJR5ykLEjIUPKYU4JW6vXvbTQig9yfDqo1r+7N4a4SvyA1KNAcVL/6kaJZwiRSQYzp+V6KQU40cirYtNLPDEsJHZMh61kqScJMkM9XnrpnVoncWGn7JLpz9fdEThJjJklokwnBkVn2ZuJ/Xi/D+DrIuUwzZJIuPooz4aJyZ/e7EdeMophYQqjmdleXjogmFG1LFVuCv3zyKmlf1H2v7j9c1ho3RR1lOIFTOAcfrqABd9CEFlBQ8Ayv8Oag8+K8Ox+LaMkpZo7hD5zPH/5nkQ0=</latexit><latexit sha1_base64="v7A2XaOzF3fAyqsY/EVMS7NkpF0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl048JFBfuANpTJZNIOncyEmRuhhH6GGxeKuPVr3Pk3TtsstPXAwOGcc5l7T5gKbtDzvp3S2vrG5lZ5u7Kzu7d/UD08ahuVacpaVAmluyExTHDJWshRsG6qGUlCwTrh+Hbmd56YNlzJR5ykLEjIUPKYU4JW6vXvbTQig9yfDqo1r+7N4a4SvyA1KNAcVL/6kaJZwiRSQYzp+V6KQU40cirYtNLPDEsJHZMh61kqScJMkM9XnrpnVoncWGn7JLpz9fdEThJjJklokwnBkVn2ZuJ/Xi/D+DrIuUwzZJIuPooz4aJyZ/e7EdeMophYQqjmdleXjogmFG1LFVuCv3zyKmlf1H2v7j9c1ho3RR1lOIFTOAcfrqABd9CEFlBQ8Ayv8Oag8+K8Ox+LaMkpZo7hD5zPH/5nkQ0=</latexit><latexit sha1_base64="v7A2XaOzF3fAyqsY/EVMS7NkpF0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl048JFBfuANpTJZNIOncyEmRuhhH6GGxeKuPVr3Pk3TtsstPXAwOGcc5l7T5gKbtDzvp3S2vrG5lZ5u7Kzu7d/UD08ahuVacpaVAmluyExTHDJWshRsG6qGUlCwTrh+Hbmd56YNlzJR5ykLEjIUPKYU4JW6vXvbTQig9yfDqo1r+7N4a4SvyA1KNAcVL/6kaJZwiRSQYzp+V6KQU40cirYtNLPDEsJHZMh61kqScJMkM9XnrpnVoncWGn7JLpz9fdEThJjJklokwnBkVn2ZuJ/Xi/D+DrIuUwzZJIuPooz4aJyZ/e7EdeMophYQqjmdleXjogmFG1LFVuCv3zyKmlf1H2v7j9c1ho3RR1lOIFTOAcfrqABd9CEFlBQ8Ayv8Oag8+K8Ox+LaMkpZo7hD5zPH/5nkQ0=</latexit><latexit sha1_base64="v7A2XaOzF3fAyqsY/EVMS7NkpF0=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl048JFBfuANpTJZNIOncyEmRuhhH6GGxeKuPVr3Pk3TtsstPXAwOGcc5l7T5gKbtDzvp3S2vrG5lZ5u7Kzu7d/UD08ahuVacpaVAmluyExTHDJWshRsG6qGUlCwTrh+Hbmd56YNlzJR5ykLEjIUPKYU4JW6vXvbTQig9yfDqo1r+7N4a4SvyA1KNAcVL/6kaJZwiRSQYzp+V6KQU40cirYtNLPDEsJHZMh61kqScJMkM9XnrpnVoncWGn7JLpz9fdEThJjJklokwnBkVn2ZuJ/Xi/D+DrIuUwzZJIuPooz4aJyZ/e7EdeMophYQqjmdleXjogmFG1LFVuCv3zyKmlf1H2v7j9c1ho3RR1lOIFTOAcfrqABd9CEFlBQ8Ayv8Oag8+K8Ox+LaMkpZo7hD5zPH/5nkQ0=</latexit>φ1
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Key Point: φ2 rolls faster at lower c.c. 
Use friction to raise barrier No 
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Bouncing Universe



Bouncing Cosmology

Singularity not removed 
by inflation

Infinite Past?

Independently Motivated

Why not?



Bouncing Cosmology
Generic Requirement?

Need converging geodesics to diverge

t Collapsing matter, gravity gets stronger

Can matter never escape strong gravity?

Black Hole 
Evaporation

Key Point: Matter could escape gravitational singularities

Singular Bounce likely possible. Non singular bounce??



Bouncing Cosmology
Generic Requirement?

Need converging geodesics to diverge

t

d✓̂
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µU⌫

Raychaudhuri’s Equation

Divergence =) d✓̂

d�
> 0

Tµ⌫U
µU⌫ < 0 or !̂ 6= 0

Null Energy 
Violation

Vorticity



Vorticity
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Combat attractive gravity with centrifugal motion

Why not use this term?

To avoid Null Energy violation, need global vorticity



Godel Universe

ds2 =
2

!2

⇣
�dt2 + dr2 + dy2 �

�
sinh4 r � sinh2 r

�
d�2 � 2

p
2 sinh2 rd�dt

⌘

Cosmological Constant + 
Spinning Dust

Static Universe: Gravity 
balanced by rotation

Closed time-like curves for r > 1

Does not describe region of space-time where we live



The Born Again Universe
Have vorticity everywhere, without closed time-like curves?

 Distant points rotate -> Closed time-like curve 

To avoid singularity, just need rotation everywhere

Key Point: Rotate into compact extra-dimensions? 

Space-Time: R4 x T3

Non-singular bounce without 
closed time-like curves?



The Metric
Space-Time: R4 X T3

ds2 = �dt2 + a (t)2 d~x2 + b2
�
d✓2 + d�2

1 + d�2
2

�
� 2✏b (sin ✓ dtd�1 + cos ✓ dtd�2)

Standard Vorticity
Geodesics along 

 R4 forced to move into  
extra-dimensions

Plug in for a(t), use Einstein’s Equations to get stress-tensor

Can the required stress-tensor be made?
4D effective field theory?



The Stress Tensor
ds2 = �dt2 + a (t)2 d~x2 + b2
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Consider 4D geodesic during bounce. Null Energy?

Vorticity combats gravity, for weak bounce



The Stress Tensor
ds2 = �dt2 + a (t)2 d~x2 + b2

�
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1 + d�2
2

�
� 2✏b (sin ✓ dtd�1 + cos ✓ dtd�2)

Null Energy Condition not violated for 4D geodesics

Violated for geodesics into extra-dimensions

But can use Casimir!

Tµ⌫ = TC + TM

Have Proven: TM preserves dominant 
energy condition

Don’t know: Microphysics of TM



The Loophole
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Tµ⌫ = TC + TM

Null Energy Condition in extra-dimensions

4D geodesics carry vorticity into extra-dimensions, 
avoiding focusing. Need T3.

Metric clearly globally hyperbolic

ds2 = �dt2 + a (t)2 d~x2 + b2
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4D effective field theory?



The Effective Theory
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Vorticity terms contribute like a null-energy violating term

ds2 = �dt2 + a (t)2 d~x2 + b2
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Can Show: In 4D, KK modes of source + gravivector 
violate NEC!



4D NEC Violation

L � (@µ�)
2 + f (@µ�) + V (�)

<latexit sha1_base64="nw6/ostQNit/QYSWI+hi3oLJuCQ="></latexit><latexit sha1_base64="nw6/ostQNit/QYSWI+hi3oLJuCQ="></latexit><latexit sha1_base64="nw6/ostQNit/QYSWI+hi3oLJuCQ="></latexit><latexit sha1_base64="nw6/ostQNit/QYSWI+hi3oLJuCQ="></latexit>

Tµ⌫ = @µ�@⌫�+
@f

@@µ�
@⌫�+ gµ⌫L

<latexit sha1_base64="rt85kMk9UzIrfMDwiPqg3rSSN0U="></latexit><latexit sha1_base64="rt85kMk9UzIrfMDwiPqg3rSSN0U="></latexit><latexit sha1_base64="rt85kMk9UzIrfMDwiPqg3rSSN0U="></latexit><latexit sha1_base64="rt85kMk9UzIrfMDwiPqg3rSSN0U="></latexit>

No contribution to NEC.  
V irrelevant 

Need minus signs. 
Ghosts/Causality

Lorentz Violation
L � @µ�@⌫�+AµJ

µ + . . .
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Background vector allows new possibilities

UV complete to Lorentz invariant higher dimensional theory



Experimental Tests



V
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Slowly rolling φ,  
changing dark energy
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Cosmological measurements of the equation of state of dark energy

Can φ couple to the standard model?

Laboratory measurements of the Dark Energy?



Direct Detection of Dark Energy
How can φ interact, while still having a small slope?
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Axion-like interactions!

Rotates polarization of light 
with dark energy evolution

Rotates spins moving 
against dark energy

v

CMB Polarization Experiments Axion Dark Matter



Conclusions



Relaxation of the Vacuum Energy

Time
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Time

⇤
<latexit sha1_base64="OOrOdRa03LS6t6Z3WgRljSFdGec=">AAAB7nicdVBNS8NAFHypX7V+VT16WSyCp5KIoseiFw8eKthWaEPZbF7apZtN2N0IpfRHePGgiFd/jzf/jZs2BRUdWBhm5rHvTZAKro3rfjqlpeWV1bXyemVjc2t7p7q719ZJphi2WCISdR9QjYJLbBluBN6nCmkcCOwEo6vc7zyg0jyRd2acoh/TgeQRZ9RYqdO7sdGQ9qs1t37m5iBu3V2QQvEKpQYFmv3qRy9MWBajNExQrbuemxp/QpXhTOC00ss0ppSN6AC7lkoao/Yns3Wn5MgqIYkSZZ80ZKZ+n5jQWOtxHNhkTM1Q//Zy8S+vm5nowp9wmWYGJZt/FGWCmITkt5OQK2RGjC2hTHG7K2FDqigztqGKLWFxKfmftE/qnuW3p7XGZVFHGQ7gEI7Bg3NowDU0oQUMRvAIz/DipM6T8+q8zaMlp5jZhx9w3r8AGjmPZw==</latexit><latexit sha1_base64="OOrOdRa03LS6t6Z3WgRljSFdGec=">AAAB7nicdVBNS8NAFHypX7V+VT16WSyCp5KIoseiFw8eKthWaEPZbF7apZtN2N0IpfRHePGgiFd/jzf/jZs2BRUdWBhm5rHvTZAKro3rfjqlpeWV1bXyemVjc2t7p7q719ZJphi2WCISdR9QjYJLbBluBN6nCmkcCOwEo6vc7zyg0jyRd2acoh/TgeQRZ9RYqdO7sdGQ9qs1t37m5iBu3V2QQvEKpQYFmv3qRy9MWBajNExQrbuemxp/QpXhTOC00ss0ppSN6AC7lkoao/Yns3Wn5MgqIYkSZZ80ZKZ+n5jQWOtxHNhkTM1Q//Zy8S+vm5nowp9wmWYGJZt/FGWCmITkt5OQK2RGjC2hTHG7K2FDqigztqGKLWFxKfmftE/qnuW3p7XGZVFHGQ7gEI7Bg3NowDU0oQUMRvAIz/DipM6T8+q8zaMlp5jZhx9w3r8AGjmPZw==</latexit><latexit sha1_base64="OOrOdRa03LS6t6Z3WgRljSFdGec=">AAAB7nicdVBNS8NAFHypX7V+VT16WSyCp5KIoseiFw8eKthWaEPZbF7apZtN2N0IpfRHePGgiFd/jzf/jZs2BRUdWBhm5rHvTZAKro3rfjqlpeWV1bXyemVjc2t7p7q719ZJphi2WCISdR9QjYJLbBluBN6nCmkcCOwEo6vc7zyg0jyRd2acoh/TgeQRZ9RYqdO7sdGQ9qs1t37m5iBu3V2QQvEKpQYFmv3qRy9MWBajNExQrbuemxp/QpXhTOC00ss0ppSN6AC7lkoao/Yns3Wn5MgqIYkSZZ80ZKZ+n5jQWOtxHNhkTM1Q//Zy8S+vm5nowp9wmWYGJZt/FGWCmITkt5OQK2RGjC2hTHG7K2FDqigztqGKLWFxKfmftE/qnuW3p7XGZVFHGQ7gEI7Bg3NowDU0oQUMRvAIz/DipM6T8+q8zaMlp5jZhx9w3r8AGjmPZw==</latexit><latexit sha1_base64="OOrOdRa03LS6t6Z3WgRljSFdGec=">AAAB7nicdVBNS8NAFHypX7V+VT16WSyCp5KIoseiFw8eKthWaEPZbF7apZtN2N0IpfRHePGgiFd/jzf/jZs2BRUdWBhm5rHvTZAKro3rfjqlpeWV1bXyemVjc2t7p7q719ZJphi2WCISdR9QjYJLbBluBN6nCmkcCOwEo6vc7zyg0jyRd2acoh/TgeQRZ9RYqdO7sdGQ9qs1t37m5iBu3V2QQvEKpQYFmv3qRy9MWBajNExQrbuemxp/QpXhTOC00ss0ppSN6AC7lkoao/Yns3Wn5MgqIYkSZZ80ZKZ+n5jQWOtxHNhkTM1Q//Zy8S+vm5nowp9wmWYGJZt/FGWCmITkt5OQK2RGjC2hTHG7K2FDqigztqGKLWFxKfmftE/qnuW3p7XGZVFHGQ7gEI7Bg3NowDU0oQUMRvAIz/DipM6T8+q8zaMlp5jZhx9w3r8AGjmPZw==</latexit>

Time Evolution is a new way to get small numbers

Testable in cosmological and laboratory experiments


