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Motivation

[LIGO/VIRGO collaboration 1602.03837]

Brand new era of observational 
cosmology and  
astrophysics

•Unique mediator 

Universe transparent to GWs

Everything couples to gravity
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Example: GWs and Dark Matter

[Bertone, Croon, Amin, Boddy, Kavanagh, Mack, Natarajan, 
Opferkuch, Schutz, Takhistov, Weniger, and Yu 1907.10610]
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Gravitational Wave Signals

Transient:

•Compact object mergers 
✦ BH—BH mergers 
✦ NS—NS mergers 
✦ NS—BH mergers 
✦ Extreme mass-ratio inspirals 
✦ Super-massive BH mergers 
✦ Exotic compact objects

•GW bursts 
✦ Binary formation? 
✦ Highly elliptical binary orbits

This is just the very tip of the iceberg!

Stationary:

•Sum of unresolved 
transient signals

✦ Inflationary background 
✦ Cosmic strings 
✦ Cosmological phase transitions 
✦ Modified cosmological evolution 
✦ Non-pert. particle production  

•Stochastic backgrounds
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Gravitational Wave Signals

✦ BH—BH mergers 
✦ NS—NS mergers 
✦ NS—BH mergers 
✦ Extreme mass-ratio inspirals 
✦ Super-massive BH mergers 
✦ Exotic compact objects

Stationary:

•Compact object mergers 

•GW bursts 
✦ Binary formation 
✦ Highly elliptical binary orbits

✦ Inflationary background 
✦ Cosmic strings 
✦ Cosmological phase transitions 
✦ Modified cosmological evolution 
✦ Non-pert. particle production  

•Sum of unresolved 
transcendental signals

This is just the very tip of the iceberg!

•Stochastic backgrounds

Part I: 
Long-range Forces and 
Neutron Star Binaries

Part II: 
Ricci Reheating

Transient:



Part I: 
Long-range Forces and 
Neutron Star Binaries

“Probing Muonic Forces with Neutron Star Binaries" 
Jeff Dror, Ranjan Laha and Toby Opferkuch 1909.12845 

"Cuckoo’s Eggs in Neutron Stars: Can LIGO Hear Chirps from the Dark Sector?” 
Joachim Kopp, Ranjan Laha, Toby Opferkuch and William Shepherd 1807.02527 

JHEP 1811 (2018) 096

Based on:
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•Post-Newton inspiral phase:
Motivation

 sec for  BH—BH!(.15) 30M⊙
 sec for  NS—NS!(30) 1.4M⊙

[LIGO/VIRGO 
collaboration 
1710.05832]

•Sensitivity to:
✦ Modifications of gravity 

✦ Fifth forces (e.g. axionic forces) 

✦ Forces coupled only to DM 

✦ Muonic Forces

[Sagunski et. al. 1709.06634]

[Hook, Huang 1708.08464]

[Croon et. al. 1711.02096, Alexander et. al. 1808.05286] 
[Fabbrichesi & Urbano 1902.07914]

[This talk]

[back-up slides]

•Two key effects:

1. Yukawa force 2. Dipole radiation 

mmed . 10�10 eV
<latexit sha1_base64="pks5ETeu3KZGauFELFiAyrtDGM0=">AAACBHicbVDLSsNAFJ34rPUVdekmWAU3lqQKuqyIoLuK9gFNKZPpbTt0JgkzN9ISAq5c+C0uBHGhC/d+gn9j+ti09awO9xw49xwvFFyjbf8aC4tLyyurmbXs+sbm1ra5s1vRQaQYlFkgAlXzqAbBfSgjRwG1UAGVnoCq17sa6tVHUJoH/gMOQmhI2vF5mzOK6alpHsqmi9DHWEIrsVwBWmsuLff+Nr4+cewkdqGSNM2cnbdHsOaJMyE5MkGpaf64rYBFEnxkgmpdd+wQGzFVyJmAJOtGGkLKerQDMZVaD6SXWEeSYlfPasPjf1o9wvZFI+Z+GCH4LLWkWjsSFgbWsKjV4goYikFKKFM8TbZYlyrKMJ1jKqU/mnH6K80jn2M/yabdndmm86RSyDun+cLdWa54+TReIUP2yQE5Jg45J0VyQ0qkTBh5IW/kk3wZz8ar8W58jK0LxmS5PTIF4/sPVauZYA==</latexit>
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Yukawa Force

⇥
1 + ↵ e�mV r(1 +mV r)

⇤
<latexit sha1_base64="I/ruDq8s7h78dhc9FOQ7Ys941IM="></latexit>


↵ ⌘ g0 2

4⇡

q1q2
GNm1m2

�

<latexit sha1_base64="7QHEbKgJm5XCfXb3d7RjE3gq8Lc="></latexit>

Here:

Yukawa Force
q1

<latexit sha1_base64="Sk8W5nGREnnm97VuKSVzPUYZU4k=">AAACDHicbZDLSgMxGIUzXmu9jbp0M1gEF2XItFPa7ipuXFawF2iHIZOmbWjmYpKRlmHAJ3Dhs7gQxIUuBB/BtzG9bNp6Vh//+cmfc7yIUSEh/NU2Nre2d3Yze9n9g8OjY/3ktCnCmGPSwCELedtDgjAakIakkpF2xAnyPUZa3uhm6rceCRc0DO7lJCKOjwYB7VOMpBq5ej7pzh7p8IHnJNCs2NUStPPQLMAytKsKrFKxUCmmD66VunoOmnAmYx2sBeTAQnVX/+n2Qhz7JJCYISE6FoykkyAuKWYkzXZjQSKER2hAEuQLMfG91Lj0kRyKVW86/M/rxLJfcRIaRLEkAVYryuvHzJChMQ1s9CgnWLKJAoQ5VZcNPEQcYalqWboynjWx/CtB44DKcZpV2a3VpOvQLJhW0Szc2bna9dO8hQw4BxfgCligDGrgFtRBA2DwAt7AJ/jSnrVX7V37mK9uaIvmzsCStO8/H2SYog==</latexit> q2
<latexit sha1_base64="eRuKfADBiIH0c4iXj51VGBl/x0g=">AAACDHicbZDLSgMxGIUzXmu9jbp0M1gEF2XITKe03VXcuKxgL9AOJZOmbWjmYpKRlmHAJ3Dhs7gQxIUuBB/BtzG9bNp6Vh//+cmfc7yIUSEh/NU2Nre2d3Yze9n9g8OjY/3ktCHCmGNSxyELectDgjAakLqkkpFWxAnyPUaa3uhm6jcfCRc0DO7lJCKujwYB7VOMpBp19XzSmT3S5gPPTaBZdipF6OShacMSdCoKrGLBLhfSh66ddvUcNOFMxjpYC8iBhWpd/afTC3Hsk0BihoRoWzCSboK4pJiRNNuJBYkQHqEBSZAvxMT3UuPSR3IoVr3p8D+vHct+2U1oEMWSBFitKK8fM0OGxjSw0aOcYMkmChDmVF028BBxhKWqZenKeNbE8q8EjQMqx2lWZbdWk65DwzatgmnfObnq9dO8hQw4BxfgCligBKrgFtRAHWDwAt7AJ/jSnrVX7V37mK9uaIvmzsCStO8/IOCYow==</latexit>

Gravitational Waves

|F(r)| = GNm1m2

r2
<latexit sha1_base64="gTADYAb6/jlRkxRzaWno1rVmVqc=">AAACCHicbVC7SgNBFL0bXzG+opY2g0GITdiNgjZCRFAriWAeYOIyO5lNhsw+mJmVhM2CtYXfYiGIhRZ2foJ/4+TRJPHAhcM5F+49xwk5k8o0f43UwuLS8kp6NbO2vrG5ld3eqcogEoRWSMADUXewpJz5tKKY4rQeCoo9h9Oa070Y+rVHKiQL/DvVD2nTw22fuYxgpSU7mx/EDcdFlwnKi8MBOkONliswia/sG+TZlp5iEouHYmJnc2bBHAHNE2tCcjBB2c7+NFoBiTzqK8KxlPeWGapmjIVihNMk04gkDTHp4jaNsSdl33MSdOBh1ZGz3lD8z7uPlHvajJkfRor6RK9oz404UgEahkUtJihRvK8JJoLpy4h0sM6ndCVTV3qjKqe/kizymeolGZ3dmk06T6rFgnVUKN4e50rnT+MW0rAH+5AHC06gBNdQhgoQeIE3+IQv49l4Nd6Nj/Fqypg0twtTML7/AKuKmVY=</latexit>

NSNS
Gravitym1

<latexit sha1_base64="YDcl1daKXujyh0e8QH2rJUrne68=">AAAB4XicbVC7TkJBFDyLL8QXamlzIzGxIvciiZYYG0uM8kiAkL3LAht2773ZPWsghMTWwsRYaOEX+Qn+jcujAZxqcmaSOTNhIoVB3/8lqY3Nre2d9G5mb//g8Ch7fFI1sdWMV1gsY10PqeFSRLyCAiWvJ5pTFUpeCwd3U732zLURcfSEo4S3FO1FoisYRXd6VO2gnc35eX8Gb50EC5KDBcrt7E+zEzOreIRMUmMagZ9ga0w1Cib5JNO0hieUDWiPj6kyZqTCiXehKPbNqjY9/qc1LHZvWmMRJRZ5xJzFaV0rPYy9aQuvIzRnKEeOUKaFS/ZYn2rK0HVdShnONlr+yggbCRxOMq57sNp0nVQL+eAqX3go5kq3L/MV0nAG53AJAVxDCe6hDBVg0IM3+IQvwsgreScfc2uKLJY7hSWQ7z+ORYtZ</latexit> m2
<latexit sha1_base64="77u3kA4Y/d64IAp//k1m7lIHlDg=">AAAB4XicbVC7TkJBFDyLL8QXamlzIzGxIvciiZYYG0uM8kiAkL3LAht2773ZPWsghMTWwsRYaOEX+Qn+jcujAZxqcmaSOTNhIoVB3/8lqY3Nre2d9G5mb//g8Ch7fFI1sdWMV1gsY10PqeFSRLyCAiWvJ5pTFUpeCwd3U732zLURcfSEo4S3FO1FoisYRXd6VO1CO5vz8/4M3joJFiQHC5Tb2Z9mJ2ZW8QiZpMY0Aj/B1phqFEzySaZpDU8oG9AeH1NlzEiFE+9CUeybVW16/E9rWOzetMYiSizyiDmL07pWehh70xZeR2jOUI4coUwLl+yxPtWUoeu6lDKcbbT8lRE2EjicZFz3YLXpOqkW8sFVvvBQzJVuX+YrpOEMzuESAriGEtxDGSrAoAdv8AlfhJFX8k4+5tYUWSx3Cksg33+PwIta</latexit>

dEGW

dt
/ GNµ2r4!6

<latexit sha1_base64="os3UaLUkIBjcciI92MVgsDUAFzs="></latexit>

Equating: dEtot

dt
= �dEGW

dt
<latexit sha1_base64="5GWfKnkw3agCegSXgdCXOdr6haw=">AAACLnicbVDLSsNAFJ3UV62vqEs3wSK4sSRV0I1QEdGVVLAPaEqYTCft0MmDmRtpCQE/yYU/4Q8ICuJCF36G0wdCWs/qcM6Be89xI84kmOablltYXFpeya8W1tY3Nrf07Z26DGNBaI2EPBRNF0vKWUBrwIDTZiQo9l1OG27/cuQ3HqiQLAzuYRjRto+7AfMYwaAkR7+1PYFJYgMdQNJJr5wJgxDS9E+F1Dg/+j943cjkHL1olswxjHliTUkRTVF19Be7E5LYpwEQjqVsWWYE7QQLYITTtGDHkkaY9HGXJtiXcui7qXHgY+jJWW8k/ue1YvDO2gkLohhoQFREeV7MDQiN0SRGhwlKgA8VwUQwddkgPazaghouc2UwHjz7lWRxwGCQFlR3a7bpPKmXS9ZxqXx3UqxcPE5WyKM9tI8OkYVOUQXdoCqqIYKe0Tv6Qt/ak/aqfWifk2hOmy63izLQfn4BsTWuIA==</latexit>

=)
mV !0

d!

dt
=

96

5
(GNMc)

5/3 (1 + ↵)2/3!11/3

<latexit sha1_base64="hQ4Xz7HL2GkySoO+qdFbU19Y0qg=">AAACpnicbVHLbhMxFPVMeZTwCrBkYxEhBRGFmTRp0wVSEQtYQFUQSSrF6dTjeCZWPQ/ZdyCRZYmvQ+IT+Bs8SYSUlrvxuedc32dcSqEhCP54/t6t23fu7t9r3H/w8NHj5pOnY11UivERK2ShzmOquRQ5H4EAyc9LxWkWSz6Jr97X+uQ7V1oU+TdYlXyW0TQXiWAUHBU1f5EqnzudgzFknW6q0nhmgu4wODrs9zpBN+wNhv1hDU L3Dm0WjQkUOLDWkE9FniqRLoAqVfywmHRIB5NEUWYI8CWYuSVFxlNq//lg8dttyPGhNQP3SfIE2h+iU0wyCgtGpflsI0bWiV9dmMGbA4vb4WtCZbmgjujVxCbvhQlD50XNVtAN1oZvgnALWmhrZ1HzN5kXrMp4DkxSradhUMLMUAWCSW4bpNK8pOyKptzQTOtVFlv8sm5PX9dq8n/atIJkODMiLyvgOXMhTksqid3y6lPguVCcgVw5QJkSrjJmC+oWA+4gO1WW68vsdqVFlQtY2oabPbw+6U0w7nXDg27vS7918u7nZgv76Dl6gdooREfoBH1EZ2iEmNfxvnpTj/ht/9Qf+ZNNqO9tN/cM7Zh/+Rf8Qc5R</latexit>

Degenerate 
[effective shift 
in chirp mass]

fMc = Mc(1 + ↵)2/5
<latexit sha1_base64="4W/FqvmoZbZIYV/VAxsZWfZpV40="></latexit>
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Yukawa Force

↵
<latexit sha1_base64="bcQWebbEqE3ZrTf50MtznqNHPw4=">AAAB5HicbVDLTgJBEOz1ifhCPXrZSEw8kV0k0SOJF4+YyCMBQnqHWRiZnd3M9BgI4Q88mBgPevB//AT/xgX3AlinSlV3qquDRApDnvfjbGxube/s5vby+weHR8eFk9OGia1mvM5iGetWgIZLoXidBEneSjTHKJC8GYzu5n7zmWsjYvVIk4R3IxwoEQqGlEqNDspkiL1C0St5C7jrxM9IETLUeoXvTj9mNuKKmERj2r6XUHeKmgSTfJbvWMMTZCMc8ClGxkyiYOZeRkhDs+rNxf+8tqXwtjsVKrHEFUtHUi+00qXYnRdx+0JzRnKSEmRapMkuG6JGRmndpZTx4k3LVxlhlaDxLJ9291ebrpNGueRfl8oPlWK1kn0hB+dwAVfgww1U4R5qUAcGT/AKH/DphM6L8+a8/41uONnOGSzB+foF6EeMTw==</latexit>

↵
<latexit sha1_base64="bcQWebbEqE3ZrTf50MtznqNHPw4=">AAAB5HicbVDLTgJBEOz1ifhCPXrZSEw8kV0k0SOJF4+YyCMBQnqHWRiZnd3M9BgI4Q88mBgPevB//AT/xgX3AlinSlV3qquDRApDnvfjbGxube/s5vby+weHR8eFk9OGia1mvM5iGetWgIZLoXidBEneSjTHKJC8GYzu5n7zmWsjYvVIk4R3IxwoEQqGlEqNDspkiL1C0St5C7jrxM9IETLUeoXvTj9mNuKKmERj2r6XUHeKmgSTfJbvWMMTZCMc8ClGxkyiYOZeRkhDs+rNxf+8tqXwtjsVKrHEFUtHUi+00qXYnRdx+0JzRnKSEmRapMkuG6JGRmndpZTx4k3LVxlhlaDxLJ9291ebrpNGueRfl8oPlWK1kn0hB+dwAVfgww1U4R5qUAcGT/AKH/DphM6L8+a8/41uONnOGSzB+foF6EeMTw==</latexit>

↵
<latexit sha1_base64="bcQWebbEqE3ZrTf50MtznqNHPw4=">AAAB5HicbVDLTgJBEOz1ifhCPXrZSEw8kV0k0SOJF4+YyCMBQnqHWRiZnd3M9BgI4Q88mBgPevB//AT/xgX3AlinSlV3qquDRApDnvfjbGxube/s5vby+weHR8eFk9OGia1mvM5iGetWgIZLoXidBEneSjTHKJC8GYzu5n7zmWsjYvVIk4R3IxwoEQqGlEqNDspkiL1C0St5C7jrxM9IETLUeoXvTj9mNuKKmERj2r6XUHeKmgSTfJbvWMMTZCMc8ClGxkyiYOZeRkhDs+rNxf+8tqXwtjsVKrHEFUtHUi+00qXYnRdx+0JzRnKSEmRapMkuG6JGRmndpZTx4k3LVxlhlaDxLJ9291ebrpNGueRfl8oPlWK1kn0hB+dwAVfgww1U4R5qUAcGT/AKH/DphM6L8+a8/41uONnOGSzB+foF6EeMTw==</latexit>

m�1
V

<latexit sha1_base64="8Eh4hGtI03sGbgDJRhcwjSREgAw=">AAAB5nicbVDLTgJBEOzBF+IL9ehlIzHxItlFEj2SePGIiTwSQDI7DDBhdnYz02Mgm/0FDybGgx78HT/Bv3HBvQDWqVLVnepqP5LCoOv+kNzG5tb2Tn63sLd/cHhUPD5pmtBqxhsslKFu+9RwKRRvoEDJ25HmNPAlb/mTu7nfeubaiFA94izivYCOlBgKRjGV2kG/+RRfeUm/WHLL7gLOOvEyUoIM9X7xuzsImQ24QiapMR3PjbAXU42CSZ4UutbwiLIJHfGYBsbMAj9xLgKKY7PqzcX/vI7F4W0vFiqyyBVLR1JvaKWDoTOv4gyE5gzlLCWUaZEmO2xMNWWYFl5KmS4etXyVEVYJnCaFtLu32nSdNCtl77pceaiWatXsC3k4g3O4BA9uoAb3UIcGMJDwCh/wScbkhbyR97/RHMl2TmEJ5OsX4lmM1w==</latexit>

m�1
V

<latexit sha1_base64="8Eh4hGtI03sGbgDJRhcwjSREgAw=">AAAB5nicbVDLTgJBEOzBF+IL9ehlIzHxItlFEj2SePGIiTwSQDI7DDBhdnYz02Mgm/0FDybGgx78HT/Bv3HBvQDWqVLVnepqP5LCoOv+kNzG5tb2Tn63sLd/cHhUPD5pmtBqxhsslKFu+9RwKRRvoEDJ25HmNPAlb/mTu7nfeubaiFA94izivYCOlBgKRjGV2kG/+RRfeUm/WHLL7gLOOvEyUoIM9X7xuzsImQ24QiapMR3PjbAXU42CSZ4UutbwiLIJHfGYBsbMAj9xLgKKY7PqzcX/vI7F4W0vFiqyyBVLR1JvaKWDoTOv4gyE5gzlLCWUaZEmO2xMNWWYFl5KmS4etXyVEVYJnCaFtLu32nSdNCtl77pceaiWatXsC3k4g3O4BA9uoAb3UIcGMJDwCh/wScbkhbyR97/RHMl2TmEJ5OsX4lmM1w==</latexit>

•Two cases:

•Waveform enters 
LIGO sensitivity band 
when  kmr ∼ 750

1.  

2.

m−1
V ≳ !(300 km)

m−1
V ≲ !(300 km)

Degenerate with gravity

Deviation from straight line

↵ ⌘ g0 2

4⇡

q1q2
GNm1m2

<latexit sha1_base64="JOGMkmNawDm7/CdJRchspmy/d3A=">AAACI3icbVDLTgIxFO34RHyNunTTSExcGDKDJLokYaErg4k8EgYnnVKgoZ0pbYdAJvM5LvwU48LEuJCF/2J5bADP6tx77s295wSCUaUdZ2JtbG5t7+xm9rL7B4dHx/bJaU1FscSkiiMWyUaAFGE0JFVNNSMNIQniASP1oF+e6vUhkYpG4bMeC9LiqBvSDsVIm5Zvlz3ERA9BjwxiOoReRyKcdF8ST0jKiXddSNOk6AmazpWB78KBX0iTe/8RclNwU/h2zsk7M8B14i5IDixQ8e13rx3hmJNQY4aUarqO0K0ESU0xI2nWixURCPdRlySIKzXmQQovOdI9tapNm/9pzVh37loJDUWsSYjNiNE6MYM6gtMcYJtKgjUbG4KwpOYyxD1kPGqT1tKV0Szl5a8UjUOqR2nWeHdXna6TWiHv3uQLT8VcKb9IIQPOwQW4Ai64BSXwACqgCjB4A5/gB0ysV+vD+rK+56Mb1mLnDCzB+v0DcqWlHQ==</latexit>

Reminder:

[Kopp, Laha, Opferkuch, Shepherd 1807.02527]
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X NS

Dipole Radiation

Gravity

X = BH, WD, Star

Dipole  
Radiation

Gravitational Waves
dEGW

dt
/ GNµ2r4!6

<latexit sha1_base64="os3UaLUkIBjcciI92MVgsDUAFzs="></latexit>

"
� ⌘ g0 2

(4⇡GN )

✓
q1
m1

� q2
m2

◆2
#

<latexit sha1_base64="jOEbdgnmwE/4xnDl95dJvx1UMdc="></latexit>

dEV

dt
/ �µ2!4r2

<latexit sha1_base64="FKHzuU0/q8zbMsyHNWcZDS7kLtg="></latexit>

Alternate scaling with frequency

Equating: dEtot

dt
= �

✓
dEGW

dt
+

dEV

dt

◆

<latexit sha1_base64="KnsU8vdxOCwXdb1u+ZYilczPXJg="></latexit>

d!

dt
=

96

5
(GNMc)

5/3 !11/3 +
1

2
GNM�!3Re

(r
1� m2

V

!2


1 +

1

2

m2
V

!2

�)

<latexit sha1_base64="ICdrgWzQ/GaePUUGCgbrI6ru+c4=">AAACzHicbVLLbhMxFPUMrxIeTWHJxiJCKqoI4wktsABVYgGbVqUiaaU4GXkcT2LV88C+gxJZXsCCf+MT+Ac+gpnMCJG2d+P7OPfcl+NCSQNB8Nvzb9y8dfvO1t3OvfsPHm53dx6NTF5qLoY8V7k+j5kRSmZiCBKUOC+0YGmsxFl88aGOn30T2sg8+wKrQkxSNs9kIjmDyhV1/9BEM24piCXYmaN5KubM/bPB4Xe4gbw9cHbfYa pEArsfo2NMUwYLzpQ9chGnWs4X8Hxq918OKtCaZmoJqa29loE4Gzpcpx5hGgtgLWyAm3Knwq3ZqaXmqwZLXjR5aTSahlVPDTp0DWpM9v6jvR7ZdDVpHuqibi/oB2vBVxXSKj3UyknU/UVnOS9TkQFXzJgxCQqYWKZBciVch5ZGFIxfsLmwLDVmlcYOP6v3Yi7Haud1sXEJyZuJlVlRgsh4BaliSakw5Lg+GJ5JLTioVaUwrmVVGfMFq6aF6qwbVZbr77DZlZFlJmHpOtXs5PKkV5VR2CeDfvj5Ve/wfbuFLfQEPUW7iKDX6BB9QidoiLh36i29794P/9gH3/qugfpem/MYbYj/8y/+keKg</latexit> 
� ⌘ 4�µ2

m1m2

�
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•Waveform enters 
LIGO sensitivity band 
when  kmr ∼ 750

•Alternate scaling of the 
dipole contribution: 

Reminder:

1. Sensitivity to much 
lighter masses

2. Easier to distinguish 
from GR only

� ⌘ 4�µ2

m1m2
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[Kopp, Laha, Opferkuch, Shepherd 1807.02527]
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Leptons in Neutron Star Cores

n→ p + e− + νe

•Leptons described as a non-interacting Fermi-gas

•Determine  given nucleon density that minimises the 
total free energy and the following:

ne(r)

1. Weak processes in equilibrium i.e,   abundance                
    

2. Local charge neutrality                                                      
  

n, p, e−

⟹ μe(r) + μp(r) + μn(r) = 0

⟹ ne(r) = np(r)

NB: neutrinos escape (cold NS)
Reminder:  

for a non-interacting Fermi-gas

μi(r) ≡ m2
i + k2

F, i
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Leptons in Neutron Star Cores

n→ p + e− + νe

•As electron density increases:  kF,e = (3π2ne)
1
3 ≳ mμ

e− ⟶ μ− + νe + ν̄μ
n⟶ p + μ− + ν̄μ } Kinematically allowed

Over  kg worth 
of ‘stable’ muons 

1027

•In the SM the number 
density follows: 

μe(r) + μμ(r) = 0

•Pauli-blocking due to 
high electron density 
forbids muon decay
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Pulsar
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cold non-rotating,
non-accreting NSs

[NS equations of state taken from Pearson et. al. 1903.04981]

[Dror, Laha, Opferkuch 
1909.12845]
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Muons & New Forces

n→ p + e− + νe

•New long-range forces relevant for NS binary mergers 
induce unscreened self-interactions of the muons

μe(r) + μμ(r) + Uμ(r) = 0

Uμ(r) = g ′ �2

4π ∫
r

∞
dr′� 1

r′�2 ∫
r′�

0
dr′�′�4πnμ(r′�′�)

requires solving a non-linear 
integral equation for nμ(r)where

•Effect becomes relevant when

∫ dV E2
μ ∼ μeNe  for Nμ ∝ 1

g′� g′� > 10−18⟹

Maximum muonic charge saturated at g′ � ∼ 10−18
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Constraints on Gauged Lμ − Lτ

L � g0V↵ (µ̄�↵µ� ⌧̄ �↵⌧ + ⌫̄µ�
↵⌫µ � ⌫̄⌧�

↵⌫⌧ )
<latexit sha1_base64="GR14JthymWmKWW4esTKvYBz01O8="></latexit>

•Prototype example: ultra-light gauged U(1)Lμ−Lτ

•Calculate GW waveform (including GR-only 
PN corrections) [Requires expanding in  and ]α β

•Fisher-matrix analysis to determine  upper-limits1σ

�ab ⌘
 

@h

@✓a

�����
@h

@✓b

!

<latexit sha1_base64="rsGLMbsrKXFWyS4iAM9QLbOEhdE="></latexit>

(h1|h2) ⌘ 4Re

Z fhigh

flow

h̃1h̃⇤
2

Sn(f 0)
df 0

<latexit sha1_base64="dNq19Rrh2+u7jk8AS0DPP0z8iuo="></latexit>

Invert the matrix:

with

Exp. noise curve

Pred. GW waveform

[see for example He, Joshi, Volkas 1991,  
Altmannshofer, Gori, Pospelov, Yavin 1403.1269]
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Constraints on Gauged Lμ − Lτ

m1 = 1.46M�
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low spin
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cut-off 

sensitivity α > 1

Parameters:

[Dror, Laha, Opferkuch 1909.12845]



Particle Physics in the Gravitational Wave Era — Toby Opferkuch (CERN) 17

Neutrinos from NS Muons 

•Muon diffusion from Pauli-blocked to free region (kF,e < mμ)
1. Non-thermal spectrum Eν ∼ 10 − 40 MeV
2. Detectable with future neutrino experiments 
for  years old NS @ 1kpctNS ∼ 1 − 15

[Work in progress - Kopp, Opferkuch]

Rates:

•Large Fermi-energy of electrons and muons implies 
spectators required for energy and momentum conservation

(1018 − 1021)T8
9 erg cm−3 s−1 (1013 − 1015)T8

9 erg cm−3 s−1

Both lead to nearly 
thermal neutrino 

spectra TNS ≪ MeV

[Yakovlev et. al astro-ph/0012122]
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•Neutron stars are fantastic probes of long-range forces  
[In particular for cases where fifth-force experiments are 
not applicable] 

•Huge inevitable abundance of muons in neutron stars 
screams out to be used as a new BSM laboratory!    
[For example NS/SN cooling due to new physics 
coupled to muons]

Part I: Take Home Message



Part II: 
Ricci Reheating

“Ricci Reheating” 
Toby Opferkuch, Pedro Schwaller and Ben A. Stefanek 1905.06823 

JCAP 1907 (2019) 016

Based on:
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[http://www.ctc.cam.ac.uk]

•CMB measurements suggest 
a period of cosmic inflation

H⇤ . 1014 GeV

•Hot thermal plasma required 
for nucleosynthesis

T ⇠ 10�3 GeV

???

What do we know about 
the Universe?

Can gravitational  
waves help probe this desert?

Possible connections 

between the SM and 

the inflationary sector?
Energy scale separation 

potentially  GeVE ∼ !(1019)
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p
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<latexit sha1_base64="0r1KVbAZZ47fqfXZ6PXZ7wwZYWI="></latexit>

Does the inflaton 
require couplings 
to SM fields?

Standard Inflation Picture
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[L. H. Ford 87]

Need to dilute inflaton 
energy density (fast)!

⇢ / a�3(1+w)
<latexit sha1_base64="LBBLvnTpPJZPC5+csDCY18MzdaI="></latexit>

Recall:
*I’ll also refer to these as 
gravitationally produced particles
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•Time varying background

Gravitational Reheating
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[L. H. Ford 87]

w =
K � V

K + V

Need to dilute inflaton 
energy density (fast)!

⇢ / a�3(1+w)
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Recall:
*I’ll also refer to these as 
gravitationally produced particles
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Reminder:

•Time varying background

Gravitational Reheating

•Require a period with stiff 
equation of state 

[L. H. Ford 86, Spokoiny 93]
1/3 < w  1

/ a�4

/
a �6
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•Require a period with stiff 
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Need to dilute inflaton 
energy density (fast)!

[L. H. Ford 86, Spokoiny 93]
1/3 < w  1

⇢ / a�3(1+w)
<latexit sha1_base64="LBBLvnTpPJZPC5+csDCY18MzdaI="></latexit>

Recall:
*I’ll also refer to these as 
gravitationally produced particles

⇢GPP ⇠ 10�2
H

4
⇤<latexit sha1_base64="KSkAxGdZJLTCisDQhsDBzUx4T6U="></latexit>

⇢GPP

⇢inf
/

✓
H⇤

MP

◆2

<latexit sha1_base64="XKf8SC7TBxH9bQE2UfWElP1YuNI="></latexit>

�!
<latexit sha1_base64="tPeSI0qDQwL6kwj3I6d8AXRYdgw="></latexit>

•Time varying background

Gravitational Reheating

•Example potentials with 

V = �2n , with n > 2

w > 1/3

Non-oscillatory potentials
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K � V

K + V
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= 1

�!
<latexit sha1_base64="tPeSI0qDQwL6kwj3I6d8AXRYdgw="></latexit>

�!
<latexit sha1_base64="tPeSI0qDQwL6kwj3I6d8AXRYdgw="></latexit>



Particle Physics in the Gravitational Wave Era — Toby Opferkuch (CERN) 25

a⇤

Scale factor log a

⇢GPP

⇢inf

E
n
er

gy
d
en

si
ty

⇢

RH

RH

E
n
d

of
in

fl
at

io
n

Matter

Radiation

RadiationKination

/ a�4

/
a �6Gravitational waves

The very same 
mechanism produces 
gravitational waves!

/ a�4

•GWs inside the horizon 
scale as radiation (a−4)

•Dominate over  
radiation produced

•BBN is rather difficult 
with  ⇢GW > ⇢rad

(

Ways out? •Additional spectator fields !(100)
•Return to direct coupling of the inflaton

•Modify gravitational reheating

[D. Figueroa & E. H. Tanin 1811.04093]

Inconsistency of Grav. Reheating
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In post-inflationary FRW universe*
⇢inf / a�3(1+w)

Remember:

=

8
>>><

>>>:

�12H2
, in�ation (w = �1)

�3H2
, ma�er domination (w = 0)

0 , radiation domination (w = 1/3)

6H2
, kination domination (w = 1)

R = �3(1� 3w)H2

Ricci scalar changes sign if  after inflationw > 1/3

The Ricci Curvature Scalar
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Consider a real scalar field ‘Reheaton’
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Non-minimal 
coupling to gravity

A Non-minimally Coupled Scalar

[Similar mechanism appears in 
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[Opferkuch, Schwaller, 
Stefanek 1905.06823]
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Alternatively

Inflaton energy density acts as 
a source for the reheaton 

( <latexit sha1_base64="/b8HYx6GCPGEe65IxAL7CEsbLZE="></latexit>

Energy Extraction by the Reheaton
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Energy Extraction by the Reheaton
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Energy Extraction by the Reheaton
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Modes re-entering during kination

Arises from 
mismatch

[M. Giovannini hep-ph/9806329]
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Can switch to frequency/wave-number through k = aH
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Blue-tilting the Infl. GW Background 

Growing function for w > 1/3
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Blue-tilting the Infl. GW Background 
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determines tilt

Important features:
• Tilt
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Blue-tilting the Infl. GW Background 
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• Tilt
• Kination end point
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Blue-tilting the Infl. GW Background 
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completely height  
of flat spectrum

H⇤
<latexit sha1_base64="NnrVYerM90z5rHqlWrufwJpowzg="></latexit>
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• Kination end point
• Amp. flat spectrum
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Particle Physics in the Gravitational Wave Era — Toby Opferkuch (CERN) 38

10�12 10�8 10�4 100 104 108 1012

Frequency [Hz]

10�20

10�17

10�14

10�11

10�8

10�5

h
2
⌦

G
W

E
T

B
-D

E
C

IG
OL

IS
A

BBO

Benchmark point w H⇤ [GeV] ⇠ �

1. LISA ‘?’ 0.55 6.6⇥ 1013 1.0 10�4

2. ET ‘•’ 0.65 1012 1.0 10�4

3. CMB-S4 ‘+’ 0.95 1012 0.8 10�4

4. Large ⇠ ‘†’ 0.6 1012 15.0 10�4

<latexit sha1_base64="wgeKT9TWdg1BZ4T1QIxxF1P9fnM="></latexit>

      determines UV 
cut-off of spectrum
k0
⇤<latexit sha1_base64="S0RsGUV+upWBNzbg1jD4/8y5AQQ="></latexit>

• UV cut-off

LIGO 
O1
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Blue-tilting the Infl. GW Background 
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GWs inside the horizon contribute to number of relativistic DOFs
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Integral dominated 
by end point

Depends on 
the size of the 
non-minimal 
coupling

Neff and Planck
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Detectability
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• Quartic no longer free parameter

• Renormalisation scale & RGEs determine quartic:

=)
solve

Ending tachyonic 
growth requires

• Replace
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*using results of D. Buttazzo et. al 1307.3536

[See also D. Figueroa & C. Byrnes 1604.03905]

The Higgs as the Reheaton
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The Higgs as the Reheaton
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Part II: Take Home Message

•Non-minimally coupled scalar can resolve 
issues with conventional grav. reheating 

 

•Probed through GWs (direct detection & Neff) 

•Higgs can be the non-minimally coupled scalar 
but TRH . 1GeV
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Questions? 



Backup Slides
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Neutron Star Mergers
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What About Dark Matter?
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Repulsive dark force

•Asymmetric DM endowed with a repulsive long-range force

DM is not bound 
to NS

Approximate 
LIGO/VIRGO 
sensitivity

future experiments will 
probe much deeper 
into parameter space

[Alexander et. al. 1808.05286]

Radius of DM 
core larger 
similar to range 
of new force

Signal only possible with non-
standard production mechanism

Accretion bound
(assuming local DM 
density and geo. X-sec.)
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What About Dark Matter?
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Attractive dark force

•Asymmetric DM endowed with an attractive long-range force

Approximate 
LIGO/VIRGO 
sensitivity

future experiments will 
probe much deeper 
into parameter space

[Alexander et. al. 1808.05286]

DM core expelled 
from neutron star

DM core collapses to 
black hole

Accretion bound
(assuming local DM 
density and geo. X-sec.)

Radius of DM 
core larger 
similar to range 
of new force

Signal only possible with non-
standard production mechanism
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Muons in Neutron Stars

e− → μ− + νμ + νe

•Pauli-blocking due to 
high electron density 
forbids muon decay

n→ p + μ− + νμ

•Electron Fermi energy 
increases allowing:

p + e− → n+ νe•Neutrons produced during stellar collapse:

• -equilibrium ensures neutron stability via abundance 
of protons & electrons
β

n→ p + e− + νe

Over  kg worth 
of ‘stable’ muons 
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cold non-rotating,
non-accreting NSs

[NS equations of state taken from Pearson et. al. 1903.04981]

[Dror, Laha, Opferkuch 1909.12845]
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Gravitational Waveform

 ⌘ 2⇡ft0 � 2�0 �
⇡

4
+

3

128
(⇡GNMf)�5/3 ⇥


20↵

3
F3 (x)�

5�

84
(⇡GNmf)�2/3⇥

✓
⇡f

mV
� 1

◆�
+ PN

<latexit sha1_base64="zegmUZy9F1XVOe6MCjt5qpvXA+k="></latexit>

with 
phase:

h̃(f) = �
r

5⇡

24
G5/6

N

M2

De↵
(⇡Mf)�7/6⇥


APN � ↵

3
C(x)� 5�

96
(⇡GNmf)�2/3 ⇥

✓
⇡f

mV
� 1

◆�
e�i 

<latexit sha1_base64="To6PMKBHKLimXP/LbTaDswprHIw="></latexit>

*using natural units

F3(x) ⌘
✓
180 + 180x+ 69x2 + 16x3 + 2x4

x4

◆
e�x +

21
p
⇡

2x5/2
erf(

p
x)

C(x) ⌘
�
1 + x� 2x2

�
e�x

x ⌘ G1/3
N mmV (⇡mf)�2/3

<latexit sha1_base64="uO0FLrr5DC7hSRBjG2FDsBIcspU="></latexit>

and [PN corrections adapted from 
S. Kahn et. al. 1508.07253 ]

•Expanding to linear order in  and :α β

m ⌘ m1 +m2

M ⌘ µ3/5(m1 +m2)
2/5
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Pulsar Constraints
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[Krause, Kloor, Fischbach PRD 1994]

Additional 
energy loss:
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Future Constraints on Gauged Lμ − Lτ

NS—NS Mergers NS—BH Mergers
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Constraints on Gauged Lμ − Lτ

Xμν̄γμν → gXmν

mX
φν̄ν•Energy enhanced processes 

below neutrino masses:

•Stringent Neff 

constraints for  
 eVmV > 1

[Dror 2004.04750]

[Kamada,Yu 1504.00711] 
[Escudero, et. al 1901.02010]
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•Additional constraints 
in the mass-mixed case

[Heeck, Rodejohann 1007.2655] 
[Davoudiasl, Lee, Marciano  

1102.5352]
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Energy-momentum tensor of a 
non-minimally coupled scalar 
contains additional pieces
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NMC pieces:

Using EoM and and neglecting bare potential:
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Non-minimally Coupled Scalars
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Energy-momentum tensor of a non-minimally coupled scalar 
contains additional pieces changing the initial EoS
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This tachyonic growth turned off when field is turned by the quartic
�̇ = 0
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Energy Extraction by the Reheaton
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1.) Fluctuations from inflation give 
an initial displacement and velocity
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q
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Integrate 
over

Consider the evolution of the  modes of the reheaton:k ≤a*H*
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Reheaton Dynamics
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2.) Field begins to roll 
off local maximum

Reheaton equation of motion

�̈+ 3H�̇� ⇠R� ⇡ 0
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controls how fast field rolls⇠
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Remember H is monotonically decreasing!

Reheaton Dynamics
Consider the evolution of the  modes of the reheaton:k ≤a*H*
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3.) Potential also changes strongly 
as a function of time (Hubble)
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Potential hill decreases as 

Field rolls faster to the 
minimum than the minimum 
approaches the field if 

⇠ >
1
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Important consequences 
for energy extraction

Reheaton Dynamics
Consider the evolution of the  modes of the reheaton:k ≤a*H*
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4.) Field reaches the minimum
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The Hubble time to the minimum is: 
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Reheaton Dynamics
Consider the evolution of the  modes of the reheaton:k ≤a*H*
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•Bare mass becomes relevant
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5.) Field is turned by the 
quartic coupling

Potential hill decreases by the 
time the field reaches it again

oscillates around the quartic�!
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(radiation)

Rad. scaling continues until: 

•Reheaton decays

Tracking the EoS scaling 
important for GW signal

Reheaton Dynamics
Consider the evolution of the  modes of the reheaton:k ≤a*H*
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Field value �
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Significant growth in energy density through displacing the field

Large    gives large field 
displacements
⇠
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Alternatively

Inflaton energy density acts as 
a source for the reheaton 
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Energy Extraction by the Reheaton
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Two options:
•Reheating after reheaton-kination equality

•Reheating at reheaton-kination equality
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Hubble at reheaton-kination equality

For remainder of this talk: consider this case 
with only radiation scaling (              )m
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Reheating Constraints
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Unavoidable stochastic background produced during de-Sitter period

For a Fourier transformed, statistically homogeneous, 
isotropic and unpolarised GW background
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Power spectrum is flat for perfect de-Sitter*
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*Deviations from perfect de-Sitter during 
inflation lead to the observed spectral tilt in 
the CMB 

Observable is the energy density fraction redshifted to today

Transfer function (redshifting & boundary 
matching)

[Review: C. Caprini and D. Figueroa 1801.04268]

Inflationary GW Background 
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GWs inside the horizon contribute to number of relativistic DOFs
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*Neff  is sensitive to total energy density 
not just at a particular frequency

[Planck 2018]

�Ne↵ < 0.284 at 95% C.L. (TT,TE,EE+lowE+lensing+BAO)
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Neff and Planck
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Reheating below BBN

H⇤ > Hmax
⇤

Caveat:
Reducing  further 
increases 
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Detectability


