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Outline

Motivation

Review of Gravitational Particle Production

Dark QED
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Why care about production mechanism?

Many mechanisms rely on non-gravitational interactions

Production mechanisms can guide experimental searches

Massive Dark QED

This work

Graham, Mardon, Rajendran ‘16

Inflationary 

Produced Vector

QCD axion

Ultralight DM
Freeze-in DM

Asymmetric DM

νR WIMPs

WIMPzilla

PBHs
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Why Inflation?

T0 ≃ 2.7 K

4

Irreducible contribution to any sector - just gravity!

Can account for totality of DM

Sources Particles - Time dependent background



Gravitational Particle Production

|0⟩k Let it be stretched

Subhorizon evolution is 
instantaneous

Radiation Era New Vacuum

Particle Production!

<latexit sha1_base64="y424g32TeZTZX9HnTZA/I0z62ok=">AAACG3icbZDLSgMxFIYz3q23qks30SK6GmaKqAsR0Y1LBatCpwyZ9EwbmsmMyRmhjH0PN76KGxeKuBJc+Daml4W3HwJf/nMOyfmjTAqDnvfpjI1PTE5Nz8yW5uYXFpfKyyuXJs01hxpPZaqvI2ZACgU1FCjhOtPAkkjCVdQ56devbkEbkaoL7GbQSFhLiVhwhtYKy9WiF3aC9UBCjAfelqX1QItWG92B5d55w+thWHR6gYIb6ofliud6A9G/4I+gQkY6C8vvQTPleQIKuWTG1H0vw0bBNAouoVcKcgMZ4x3WgrpFxRIwjWKwW49uWqdJ41Tbo5AO3O8TBUuM6SaR7UwYts3vWt/8r1bPMd5vFEJlOYLiw4fiXFJMaT8o2hQaOMquBca1sH+lvM0042jjLNkQ/N8r/4XLquvvujvnO5Wj41EcM2SNbJBt4pM9ckROyRmpEU7uySN5Ji/Og/PkvDpvw9YxZzSzSn7I+fgCa5Wgbw==</latexit>

kh00 |0ik 6= 1

Formally: Solve EoM, choose Bunch-Davies vacuum, stitch to Radiation Era States
<latexit sha1_base64="gqUgLWKXz6twf7MNPoidekMHmzQ=">AAACI3icbZBNS8NAEIY39avWr6pHL8EiCkJJpKh4kKIXjxXsBzSlbLaTdulmE3YnQqn9L178K148KMWLB/+L2zYHbX1h4eWZGWbn9WPBNTrOl5VZWl5ZXcuu5zY2t7Z38rt7NR0likGVRSJSDZ9qEFxCFTkKaMQKaOgLqPv920m9/ghK80g+4CCGVki7kgecUTSonb/yBAT45HiKd3t47WHkURH3aIqPU37q+YAplClr5wtO0ZnKXjRuagokVaWdH3udiCUhSGSCat10nRhbQ6qQMwGjnJdoiCnr0y40jZU0BN0aTm8c2UeGdOwgUuZJtKf098SQhloPQt90hhR7er42gf/VmgkGl60hl3GCINlsUZAIGyN7Epjd4QoYioExlClu/mqzHlWUoYk1Z0Jw509eNLWzonteLN2XCuWbNI4sOSCH5IS45IKUyR2pkCph5Jm8knfyYb1Yb9bY+py1Zqx0Zp/8kfX9A22KpWI=</latexit>

|0i ! ↵ |00i+ � |ni
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[’39 Schrödinger; ’69 Parker ; ‘’77 
Gibbons, Hawking; ’79 Birrell, Davies; 
’87 Ford; …]
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General Point: There needs to be some violation of scale invariance.

⌦ 
⌦DM

⇠ 2
⇣ m 

109 GeV

⌘

<latexit sha1_base64="7WXnn69cdrIxRbr6uJvguM5IOGM="></latexit>

Goes to 0 as                  : Conformal Invariance
<latexit sha1_base64="HURmuEk7HqqAO1plwwYPph66r60=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9kVUY9FLx4r2A/oLiWbZtvQJBuSrFBK/4YXD4p49c9489+YbfegrQ8GHu/NMDMvVpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZppQlsk5anuxthQziRtWWY57SpNsYg57cTju9zvPFFtWCof7UTRSOChZAkj2DopFP1QGRbaFPmVfrXm1/050CoJClKDAs1+9SscpCQTVFrCsTG9wFc2mmJtGeF0VgkzQxUmYzykPUclFtRE0/nNM3TmlAFKUu1KWjRXf09MsTBmImLXKbAdmWUvF//zeplNbqIpkyqzVJLFoiTjyP2YB4AGTFNi+cQRTDRztyIywhoT62LKQwiWX14l7Yt6cFW/fLisNW6LOMpwAqdwDgFcQwPuoQktIKDgGV7hzcu8F+/d+1i0lrxi5hj+wPv8AQfCkQg=</latexit>

m ! 0

Example:   At                energy density is
<latexit sha1_base64="1PX/P1DWazLkjLnTvyKXSf4RqyI=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaL4KokUtRl0Y3LCvYCTQyT6aQdOpcwMxFK7MJXceNCEbe+hjvfxmnahbb+MPDxn3M4Z/44ZVQbz/t2lpZXVtfWSxvlza3tnV13b7+lZaYwaWLJpOrESBNGBWkaahjppIogHjPSjofXk3r7gShNpbgzo5SEHPUFTShGxlqRexiogYyCVNNAUw55gfe1yK14Va8QXAR/BhUwUyNyv4KexBknwmCGtO76XmrCHClDMSPjcpBpkiI8RH3StSgQJzrMi/vH8MQ6PZhIZZ8wsHB/T+SIaz3ise3kyAz0fG1i/lfrZia5DHMq0swQgaeLkoxBI+EkDNijimDDRhYQVtTeCvEAKYSNjaxsQ/Dnv7wIrbOqf16t3dYq9atZHCVwBI7BKfDBBaiDG9AATYDBI3gGr+DNeXJenHfnY9q65MxmDsAfOZ8/5SuWBw==</latexit>

⇢ ⇠ m4
 

<latexit sha1_base64="h51aVvPsmEbfJwDAQS3wWPOj5dk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVol6EopceK9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxlfueJKs0i+WCmMfUFHkkWMoKNlR4bN2LQjzUrDcoVt+rOgVaJl5MK5GgOyl/9YUQSQaUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SiQXVfjo/eIbOrDJEYaRsSYPm6u+JFAutpyKwnQKbsV72MvE/r5eY8NpPmYwTQyVZLAoTjkyEsu/RkClKDJ9agoli9lZExlhhYmxGWQje8surpH1R9S6rtftapX6bx1GEEziFc/DgCurQgCa0gICAZ3iFN0c5L86787FoLTj5zDH8gfP5A/fZj+A=</latexit>

H = m [Chung Kolb Riotto (’98)
Kuzmin, Tkachev (’99)
Chung et al. (2011)]

 for fermions/T vectorsm2/H2
I

Maximal for scalars

<latexit sha1_base64="MtX1UENS7j8iGHS8dwFc9W/l+1g="></latexit>

d⇢

d log k
= C

✓
HI

2⇡

◆4

Horizon exit:

χ′′
+

(

k2
−

a′′

a

)

χ = 0Scalar or tensor:

Fermion:

T Vector:

(iγµ∂µ − a(η)m)ψ = 0

!A′′

T
+ (k2 + a(η)2m2) !AT = 0

Gravitational Particle Production



Massless is conformally coupled, no production

Massive: Transverse modes like fermions, but longitudinal like scalars

Unique for vectors: Energy density redshifts while superhorizon because of the norm

<latexit sha1_base64="+D5APbQP8FwHsPnZemBUeHX9deU=">AAACGnicbVC7SgNBFJ2Nrxhfq5Y2g0G0kLArQW2ERBsLiwjmAdmwzE5mkyGzD2buimHZ77DxV2wsFLETG//GyaPQxFMdzrmXe+7xYsEVWNa3kVtYXFpeya8W1tY3NrfM7Z2GihJJWZ1GIpItjygmeMjqwEGwViwZCTzBmt7gauQ375lUPArvYBizTkB6Ifc5JaAl17Sr7s2F40tC00GWBm5aPcwyJ+7zYwfYA6TYjyTO8MDp9fDEdc2iVbLGwPPEnpIimqLmmp9ON6JJwEKggijVtq0YOimRwKlgWcFJFIsJHZAea2sakoCpTjp+LcMHWumOQ/hRCHis/t5ISaDUMPD0ZECgr2a9kfif107AP++kPIwTYCGdHPITgSHCo55wl0tGQQw1IVRynRXTPtE9gW6zoEuwZ1+eJ42Tkn1aKt+Wi5XLaR15tIf20RGy0RmqoGtUQ3VE0SN6Rq/ozXgyXox342MymjOmO7voD4yvH8G2oLA=</latexit>

AL =
k

mA0
�, for k � mA0

Gravitational Production of  Vectors

<latexit sha1_base64="hgDqxS+2LBV5CumRV/WWEs7ZgaQ="></latexit>

⇢A0 ⇠ m2
A0A0µA0

µ ⇠ m2
A0gij |A0

L|2 and gij / a�2
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[Graham, Mardon, Rajendran ’16]

<latexit sha1_base64="9I86cNlWwFw2hA0d0BvK0yIQyjk=">AAAB/nicbZDLSgMxFIYz9VbrbVRcuQkWqSCUGS3qsuimywr2Ap2hZNJMG5pkxiQjlKHgq7hxoYhbn8Odb2M6nYVWfwh8/OcczskfxIwq7ThfVmFpeWV1rbhe2tjc2t6xd/faKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QTjm1m980CkopG405OY+BwNBQ0pRtpYffvAi0e0Ujk9b2TgKcrJvdO3y07VyQT/gptDGeRq9u1PbxDhhBOhMUNK9Vwn1n6KpKaYkWnJSxSJER6jIekZFIgT5afZ+VN4bJwBDCNpntAwc39OpIgrNeGB6eRIj9RibWb+V+slOrzyUyriRBOB54vChEEdwVkWcEAlwZpNDCAsqbkV4hGSCGuTWMmE4C5++S+0z6ruRbV2WyvXr/M4iuAQHIET4IJLUAcN0AQtgEEKnsALeLUerWfrzXqftxasfGYf/JL18Q1viZSG</latexit>

�
00 + 3H�

0 ' 0

<latexit sha1_base64="fG1u16SYv6S9AZzWi8PixcqD4GU="></latexit>

� = const ) ⇢� = m2
��

2 = const



Mode entering when 
 dominatesH ∼ mA′ 

At  all modes  
contribute the same

a⋆ k > k⋆

<latexit sha1_base64="hvFxjJe24DRMvGG/cf2zkPsz4wE=">AAACIXicbZDLSgMxFIYzXut4q7p0EyyKqzJTinZZFKHuKtgLdKZDJk3b0CQzJBmhlL6KG1/FjQtFuhNfxnRaqLb+EPj5zjmcnD+MGVXacb6stfWNza3tzI69u7d/cJg9Oq6rKJGY1HDEItkMkSKMClLTVDPSjCVBPGSkEQ5up/XGE5GKRuJRD2Pic9QTtEsx0gYF2ZJ9FwzghacohxXPsz3ZjxagXagE9+2C4WIBU2QH2ZyTd1LBVePOTQ7MVQ2yE68T4YQToTFDSrVcJ9b+CElNMSNj20sUiREeoB5pGSsQJ8ofpReO4bkhHdiNpHlCw5T+nhghrtSQh6aTI91Xy7Up/K/WSnS35I+oiBNNBJ4t6iYM6ghO44IdKgnWbGgMwpKav0LcRxJhbUKdhuAun7xq6oW8e5UvPhRz5Zt5HBlwCs7AJXDBNSiDCqiCGsDgGbyCd/BhvVhv1qc1mbWuWfOZE/BH1vcPBCufuw==</latexit>

Ek ⇠ H

⇢k ⇠ H
2
H

2
I

nk ⇠ HH
2
I

<latexit sha1_base64="fGVevpOXkQtlPUpq0jNCJ4HgN/A="></latexit>

⌦A0

⌦DM
=

✓
mA0

6⇥ 10�6 eV

◆1/2 ✓
HI

1014 GeV

◆2

Non thermal:
<latexit sha1_base64="MP5Lbr20qdpwBsJWX985jFU7b2M=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiCB4r2A9oYthsN+nSzSbsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8IOVMadv+tkorq2vrG+XNytb2zu5edf+go5JMEtomCU9kL8CKciZoWzPNaS+VFMcBp91gdDP1u09UKpaIBz1OqRfjSLCQEayN5Ap/5EYRuvVHj+d+tWbX7RnQMnEKUoMCLb/65Q4SksVUaMKxUn3HTrWXY6kZ4XRScTNFU0xGOKJ9QwWOqfLy2c0TdGKUAQoTaUpoNFN/T+Q4VmocB6YzxnqoFr2p+J/Xz3R45eVMpJmmgswXhRlHOkHTANCASUo0HxuCiWTmVkSGWGKiTUwVE4Kz+PIy6ZzVnYt6475Ra14XcZThCI7hFBy4hCbcQQvaQCCFZ3iFNyuzXqx362PeWrKKmUP4A+vzByXUkR0=</latexit>

nk � E3
k

Gravitational Production of  Vectors

8

[Graham, Mardon, Rajendran ’16]
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Important Takeaways

• “Cold” state, many photons, low energies

• Coherent states, large classical electric fields

But what if there is a sector?

10

• Breaking of scale invariance necessary for production



Interactions

• Interactions change evolution

• Conformal Invariance breaking because of     -function
<latexit sha1_base64="UIyWLvTcQwdqoWRJIFfC4DrvEUg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHtX9cuHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGxI6t</latexit>

�

Expecting a number density      
<latexit sha1_base64="xpVkkEFe9ADl42nEiD24oOmyBto=">AAAB9XicbVBNTwIxEO3iF+IX6tFLIzHxRHYJUY9ELx4xETBhF9ItXWjobpt2VkM2/A8vHjTGq//Fm//GAntQ8CWTvLw3k5l5oRLcgOt+O4W19Y3NreJ2aWd3b/+gfHjUNjLVlLWoFFI/hMQwwRPWAg6CPSjNSBwK1gnHNzO/88i04TK5h4liQUyGCY84JWClnq+0VCD9kAHp1frlilt158CrxMtJBeVo9stf/kDSNGYJUEGM6XqugiAjGjgVbFryU8MUoWMyZF1LExIzE2Tzq6f4zCoDHEltKwE8V39PZCQ2ZhKHtjMmMDLL3kz8z+umEF0FGU9UCiyhi0VRKjBIPIsAD7hmFMTEEkI1t7diOiKaULBBlWwI3vLLq6Rdq3oX1fpdvdK4zuMoohN0is6Rhy5RA92iJmohijR6Rq/ozXlyXpx352PRWnDymWP0B87nD5wQkpc=</latexit>

/ �2

Strong electric fields seed particles

Thermalization

Our focus

11

[Adler, Collins Duncan ’77; 
Dolgov ’93…] 



Dark QED

Two regimes

Longitudinal dark photons produced by inflation

Fermion production suppressed

Light dark photon  . QED-like

Heavy dark photon 

mA′ ≪ mψ

mA′ ≫ mψ

12

[Arvanitaki, Dimopoulos, MG, 
Racco, Simon, Thompson]

<latexit sha1_base64="EevmPkKbzD+JMuuwCRJkmllFJYE="></latexit>

L = �1

4
F 0
µ⌫F

0µ⌫ +
1

2
m2

A0A0µA0
µ +  ̄ (i�µ@µ �m ) � eDA0µ ̄�µ 

Massive vector + fermion



• Initially: very cold, very populous coherent state of AL

Dark QED

<latexit sha1_base64="EqGBRVOkaE54DRUQ9v60DjBG5CA="></latexit>

⇢k ⇠ H
2
H

2
I nk ⇠ HH

2
I

nk

H3
⇠

✓
HI

H

◆2

� 1

• Large coherent electric field  EL = mA′ HI

Mismatch!

Thermalization needs total number changing processes!

• Thermal number density 
<latexit sha1_base64="FExjcPMzPxHA64B50yHySsCI8Bc="></latexit>

nthermal ⇠ ⇢
3/4 ⇠ (HHI)

3/2 nthermal

H3
⇠

✓
HI

H

◆3/2

13

[Arvanitaki, Dimopoulos, MG, 
Racco, Simon, Thompson]



Strong field QED

• Schwinger pair production
• Electromagnetic Cascades

• The first fermion seeds
• Number changing already!

• If 
<latexit sha1_base64="q5S0tmOgZ4/0XS2Z6Gux8W5zwXs=">AAACIXicbVDLSgNBEJz1GeMr6tHLYBA9hV0R9egTIniIYKKQjcvspGMGZ3aXmV4xLPkVL/6KFw+K5Cb+jJPHQaMFDUVVN91dYSKFQdf9dCYmp6ZnZnNz+fmFxaXlwspqzcSp5lDlsYz1TcgMSBFBFQVKuEk0MBVKuA7vT/r+9QNoI+LoCjsJNBS7i0RLcIZWCgoHKvATI253fAnGGKEoBD7CI2anXXoWXPhjkgqyo61uOTgPCkW35A5A/xJvRIpkhEpQ6PnNmKcKIuSSGVP33AQbGdMouIRu3k8NJIzfszuoWxoxBaaRDT7s0k2rNGkr1rYipAP150TGlDEdFdpOxbBtxr2++J9XT7F10MhElKQIER8uaqWSYkz7cdGm0MBRdixhXAt7K+VtphlHG2rehuCNv/yX1HZK3l5p93K3eHg8iiNH1skG2SYe2SeHpEwqpEo4eSIv5I28O8/Oq/Ph9IatE85oZo38gvP1DYSEo7c=</latexit>

m
2
 . eDEL ⇠ eDmA0HI Strong-field coherent processes

14

[Arvanitaki, Dimopoulos, MG, 
Racco, Simon, Thompson]



Executive Summary

Inflationary 
produced Vector

Strong Electric 
Fields

SFQED
Fermion Seeds

Thermalization
Fixed Energy 
Density from 

Inflation

Simple freeze-
out in the Dark 

Sector

Fermion is the 
DM (can be 

around a GeV)

[Arvanitaki, Dimopoulos, MG, 
Racco, Simon, Thompson]

<latexit sha1_base64="uLMSL0bZLj8rexQL2GAWNy4f+2Y="></latexit>

TDS

TSM
⇠

s
⌘HI

mpl

15



Pure Dark Photon Dark QED

∼ a−4

∼ a−3

∼ a−3

∼ a−2
∼ a−2

[Arvanitaki, Dimopoulos, MG, 
Racco, Simon, Thompson]

[Graham, Mardon, Rajendran ’16]
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Relic Abundance

GeV TeV

10
-3

10
-2

10
-1

10
0

keV MeV

<latexit sha1_base64="5+XSu3Yn8WHOhzUn1PfFVenCqIY=">AAACDXicbVA9SwNBEN3zM8avU0ubxShYhbsQ1DJok0aIaD4gl4S9zSZZsnt37M6J4cgfsPGv2FgoYmtv579xk1yhiQ8GHu/NMDPPjwTX4Djf1tLyyuraemYju7m1vbNr7+3XdBgryqo0FKFq+EQzwQNWBQ6CNSLFiPQFq/vDq4lfv2dK8zC4g1HEWpL0A97jlICROvaxpwZhxwP2AMnt9djTXOJyu4BlqkVi3C507JyTd6bAi8RNSQ6lqHTsL68b0liyAKggWjddJ4JWQhRwKtg468WaRYQOSZ81DQ2IZLqVTL8Z4xOjdHEvVKYCwFP190RCpNYj6ZtOSWCg572J+J/XjKF30Up4EMXAAjpb1IsFhhBPosFdrhgFMTKEUMXNrZgOiCIUTIBZE4I7//IiqRXy7lm+eFPMlS7TODLoEB2hU+Sic1RCZVRBVUTRI3pGr+jNerJerHfrY9a6ZKUzB+gPrM8fmzqb5w==</latexit>

⇢SM ⇠ H
2
m

2
pl

• Simple: Dark sector is 
colder than SM. Fixed 
energy density

<latexit sha1_base64="a45hMZ/YbJH0E83RSyzeIqy3XLI=">AAACDHicbVDLTgIxFO34RHyhLt00EhNXZIYQdUl0gztM5JEwQDrlAg2dR9o7RjLhA9z4K25caIxbP8Cdf2OBWSh40iYn55yb9h4vkkKjbX9bK6tr6xubma3s9s7u3n7u4LCuw1hxqPFQhqrpMQ1SBFBDgRKakQLmexIa3uh66jfuQWkRBnc4jqDts0Eg+oIzNFI3l3fVMOy6CA+Y9JgaTVwtfOoCsk6xYk73plM0Kbtgz0CXiZOSPElR7ea+3F7IYx8C5JJp3XLsCNsJUyi4hEnWjTVEjI/YAFqGBswH3U5my0zoqVF6tB8qcwOkM/X3RMJ8rce+Z5I+w6Fe9Kbif14rxv5lOxFBFCMEfP5QP5YUQzpthvaEAo5ybAjjSpi/Uj5kinE0/WVNCc7iysukXiw454XSbSlfvkrryJBjckLOiEMuSJlUSJXUCCeP5Jm8kjfryXqx3q2PeXTFSmeOyB9Ynz8+aJsU</latexit>

⇢dark ⇠ ⌘
2
H

2
H

2
I

<latexit sha1_base64="N2LAzLOau/MHiAGJX9ZczsFc3UE=">AAACJnicbVDLSsNAFJ34rPVVdelmsAiuSiKibgRRF3UhKFoVmhIm0xsdnEnizI1YQr7Gjb/ixoUi4s5PcVoj+DowcDjnXO7cE6ZSGHTdN2doeGR0bLwyUZ2cmp6Zrc3Nn5ok0xxaPJGJPg+ZASliaKFACeepBqZCCWfh1W7fP7sBbUQSn2AvhY5iF7GIBGdopaC2dRL4CLeY7x0XvhHKN9cacz/SjOc+IKPNYL/IVRlKZVEUXxPHB0VQq7sNdwD6l3glqZMSh0Htye8mPFMQI5fMmLbnptjJmUbBJRRVPzOQMn7FLqBtacwUmE4+OLOgy1bp0ijR9sVIB+r3iZwpY3oqtEnF8NL89vrif147w2izk4s4zRBi/rkoyiTFhPY7o12hgaPsWcK4FvavlF8yWxHaZqu2BO/3yX/J6WrDW2+sHa3Vt3fKOipkkSyRFeKRDbJNmuSQtAgnd+SBPJFn5955dF6c18/okFPOLJAfcN4/AP84p/c=</latexit>

TDS ⇠

s
⌘HI

mpl
TSM

• Standard freeze-out with
<latexit sha1_base64="/s1gyws3biNWhyoX7V4izj3Nlqs=">AAACAXicbVDJSgNBEO1xjXGLehG8NAbBg4QZCepFCHqJtwhmgSQMPZ2apEnPQneNGIZ48Ve8eFDEq3/hzb+xsxw08UHB470qqup5sRQabfvbWlhcWl5Zzaxl1zc2t7ZzO7s1HSWKQ5VHMlINj2mQIoQqCpTQiBWwwJNQ9/rXI79+D0qLKLzDQQztgHVD4QvO0Ehubj9wWwgPmMbyBHx/eNkCZLTs3ri5vF2wx6DzxJmSPJmi4ua+Wp2IJwGEyCXTuunYMbZTplBwCcNsK9EQM95nXWgaGrIAdDsdfzCkR0bpUD9SpkKkY/X3RMoCrQeBZzoDhj09643E/7xmgv5FOxVhnCCEfLLITyTFiI7ioB2hgKMcGMK4EuZWyntMMY4mtKwJwZl9eZ7UTgvOWaF4W8yXrqZxZMgBOSTHxCHnpETKpEKqhJNH8kxeyZv1ZL1Y79bHpHXBms7skT+wPn8AExOWpQ==</latexit>

mpl,e↵ = ⌘HI
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Signatures

• Galactic Halos
Self-Interactions can thermalize profile
Look for deviations
Does not constrain this mechanism now, but may in the future

• Kinetic Mixing

Dark fermion - SM scattering
Look for it in Direct Detection

<latexit sha1_base64="h+f6RyGgvKHubDEEa9q6JDeb2QY="></latexit>

L � ✏

2
Fµ⌫F 0

µ⌫
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Signatures

GeV TeV
10-16

10-14

10-12

10-10

e: SENSEI@Minos

e: SENSEI-100g

e: OSCURA

p: PandaX-II

p: Xenon-nT
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Summary

• Interactions can significantly affect the preferred parameter space of 
inflationary produced particles, even if their free-theory abundances are 

negligible. 

For the highest inflationary 
scale HI = 6 × 1013 GeV

• Can look for in Direct Detection experiments even below freeze-in. 
Potential hint for inflation.

• The prediction of Dark QED is fermionic DM in the range
500 MeV — 30 TeV, for a light mediator
O(200 MeV), for a heavy mediator

20

[Arvanitaki, Dimopoulos, MG, 
Racco, Simon, Thompson]

• Dark QED not only changes the DM candidate, its mass is also ~10 orders 

of magnitude different from the free theory predictions.



Backup



Dark QED from Inflation

Relativistic Subhorizon PlasmaSuperhorizon modes frozen until k entersDissipation due to collisional plasma
Fermions freeze-out

All remaining SH modes become very damped

 no longer special

All contribute the same

Logarithmic factor

H = mA′ 

22
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Superhorizon modes

?

23
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Thermal Plasma

aplasma 



Plasma Effects
What happens to the rest of the modes?

• Remaining superhorizon modes see 
a Proca plasma

• Initial Conditions:  is almost constant when producedAL

Which branch do we get?

Proca EoM: 
<latexit sha1_base64="Aj3T8WXa4U7W3ChxrbUePYcjpIo=">AAAB/XicbVDLSgMxFM34rPU1PnZugkXqqsyUoi5b3Yi4qGAf0I5DJk3b0CQzJhmhDsVfceNCEbf+hzv/xrSdhbYeuHA4517uvSeIGFXacb6thcWl5ZXVzFp2fWNza9ve2a2rMJaY1HDIQtkMkCKMClLTVDPSjCRBPGCkEQwuxn7jgUhFQ3GrhxHxOOoJ2qUYaSP59j73k0p+dFes5P3rtqKc3MMr3845BWcCOE/clORAiqpvf7U7IY45ERozpFTLdSLtJUhqihkZZduxIhHCA9QjLUMF4kR5yeT6ETwySgd2Q2lKaDhRf08kiCs15IHp5Ej31aw3Fv/zWrHunnkJFVGsicDTRd2YQR3CcRSwQyXBmg0NQVhScyvEfSQR1iawrAnBnX15ntSLBfekULop5crnaRwZcAAOwTFwwSkog0tQBTWAwSN4Bq/gzXqyXqx362PaumClM3vgD6zPH9PZlDA=</latexit>

m2
A0A0

L ' J Unique non-QED solution!

This one

Solution can be found analytically in FRW
Mode oscillates when  enters the horizonk

<latexit sha1_base64="xb6nx7CqvaDdCVN+3jvMXIm8nTk=">AAACEnicbVC7TsNAEDzzJrwClDQnIgQ0kY0ioORVUAYpAaQ4ss6XjTlxZ1t3a0Rk+Rto+BUaChCipaLjb7gEF7xGWmluZle3O2EqhUHX/XDGxicmp6ZnZitz8wuLS9XllXOTZJpDmycy0ZchMyBFDG0UKOEy1cBUKOEivD4e+hc3oI1I4hYOUugqFsWiLzhDKwXVbT9RELHAR7jFPC18IxSF8nlStPwooirIDzeLoFpz6+4I9C/xSlIjJZpB9d3vJTxTECOXzJiO56bYzZlGwSUUFT8zkDJ+zSLoWBozBaabj04q6IZVerSfaFsx0pH6fSJnypiBCm2nYnhlfntD8T+vk2F/v5uLOM0QYv71UT+TFBM6zIf2hAaOcmAJ41rYXSm/YppxtClWbAje75P/kvOdurdbb5w1agdHZRwzZI2sky3ikT1yQE5Jk7QJJ3fkgTyRZ+feeXRenNev1jGnnFklP+C8fQL/HZ5L</latexit>

!p ⇠ eDT � mA0
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E-field eraE-field era Screening eraScreening era Plasma eraPlasma era

tt

AA

BB

CC

DD

EE

FF

Towards thermalization

At first: Coherent longitudinal electric fields and many longitudinal photonsNext: Strong QED processes: cascades and bremsstrahlung of cold transverse photons

Era ends with enough fermions to screen the electric fields

Screening regime: many cold transverse photons, fermions heats them upNext: Pair Creation now efficient and scattering with longitudinal photons

Fermions and longitudinal photons form hot plasma

Finally: Number changing and total number changing processes efficient 

Thermalization!
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Effects of Reheating (I)

<latexit sha1_base64="cDDMrxMHJCJvNfhBp/6T52gSYUQ=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItYD5ZERT1WvXisYD+gTctmu2mX7m7C7kYpIf/DiwdFvPpfvPlv3LY5aPXBwOO9GWbm+RGjSjvOl5VbWFxaXsmvFtbWNza3its7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT90c3Ebz4QqWgo7vU4Ih5HA0EDipE2UreMeC+5OkyPusmxm/aKJafiTGH/JW5GSpCh1it+dvohjjkRGjOkVNt1Iu0lSGqKGUkLnViRCOERGpC2oQJxorxkenVqHxilbwehNCW0PVV/TiSIKzXmvunkSA/VvDcR//PasQ4uvYSKKNZE4NmiIGa2Du1JBHafSoI1GxuCsKTmVhsPkURYm6AKJgR3/uW/pHFScc8rp3dnpep1Fkce9mAfyuDCBVThFmpQBwwSnuAFXq1H69l6s95nrTkrm9mFX7A+vgEeiJGg</latexit>

(am
A 0) �

1

<latexit sha1_base64="lM42kefBVO3dnIiQ7UpXPEX/vjA=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U1DJoY2GRgPmA5Ah7m0myZm/v2N0TwpFfYGOhiK0/yc5/4ya5QhMfDDzem2FmXhALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HbqN59QaR7JBzOO0Q/pQPI+Z9RYqXbfLZbcsjsDWSZeRkqQodotfnV6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nR06ISdW6ZF+pGxJQ2bq74mUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9GvS4wqZEWNLKFPc3krYkCrKjM2mYEPwFl9eJo2zsndZPq9dlCo3WRx5OIJjOAUPrqACd1CFOjBAeIZXeHMenRfn3fmYt+acbOYQ/sD5/AGmJYzY</latexit>

L

<latexit sha1_base64="KhJdCOoKXuYY3IkflE7Hq6jIjLM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzUL8vV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxfmM7Q==</latexit>a

<latexit sha1_base64="uheUVCA0QHpzxW1h7LG0AiEwJLk=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8UgxIPLrop6DHrJMYJ5QLKG2UknGTL7YKZXDGsO/ooXD4p49Te8+TdOkj1oYkFDUdVNd5cXCa7Qtr+NzMLi0vJKdjW3tr6xuZXf3qmpMJYMqiwUoWx4VIHgAVSRo4BGJIH6noC6N7ge+/V7kIqHwS0OI3B92gt4lzOKWmrn94q03G4hPGDiW9KC0dFdcuyM2vmCbdkTmPPESUmBpKi081+tTshiHwJkgirVdOwI3YRK5EzAKNeKFUSUDWgPmpoG1AflJpP7R+ahVjpmN5S6AjQn6u+JhPpKDX1Pd/oU+2rWG4v/ec0Yu5duwoMoRgjYdFE3FiaG5jgMs8MlMBRDTSiTXN9qsj6VlKGOLKdDcGZfnie1E8s5t05vzgqlqzSOLNknB6RIHHJBSqRMKqRKGHkkz+SVvBlPxovxbnxMWzNGOrNL/sD4/AHPFJVV</latexit>

(a
H
m
.r.e ) �

1

<latexit sha1_base64="UffHFs1XXhV2Ol8vW5ROMG/0QNI=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUg2VXRT0WvfRYwX5Iu5Zsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcyZNq777Swtr6yurec28ptb2zu7hb39ho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB8HbiN5+o0iyS92YUU1/gvmQhI9hY6aGEqyeP6ak37haKbtmdAi0SLyNFyFDrFr46vYgkgkpDONa67bmx8VOsDCOcjvOdRNMYkyHu07alEguq/XR68BgdW6WHwkjZkgZN1d8TKRZaj0RgOwU2Az3vTcT/vHZiwms/ZTJODJVktihMODIRmnyPekxRYvjIEkwUs7ciMsAKE2MzytsQvPmXF0njrOxdls/vLoqVmyyOHBzCEZTAgyuoQBVqUAcCAp7hFd4c5bw4787HrHXJyWYO4A+czx90KI+K</latexit>

(a
H
)
�1

late universe 
(matter-domination)

early universe

<latexit sha1_base64="xi/BbjJ1YHKKwGWv9FMm3HlzVMs=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQq6rHoxWMF+wFNKJvNpF262YTdiVhC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXpIJrdJxvq7Syura+Ud6sbG3v7O5V9w/aOskUgxZLRKK6AdUguIQWchTQTRXQOBDQCUa3U7/zCErzRD7gOAU/pgPJI84oGsmjfQ/hCXOQ4aRfrTl1ZwZ7mbgFqZECzX71ywsTlsUgkQmqdc91UvRzqpAzAZOKl2lIKRvRAfQMlTQG7eezmyf2iVFCO0qUKYn2TP09kdNY63EcmM6Y4lAvelPxP6+XYXTt51ymGYJk80VRJmxM7GkAdsgVMBRjQyhT3NxqsyFVlKGJqWJCcBdfXibts7p7WT+/v6g1boo4yuSIHJNT4pIr0iB3pElahJGUPJNX8mZl1ov1bn3MW0tWMXNI/sD6/AGQ5ZIK</latexit>a
end

<latexit sha1_base64="EaPAA9+cWA1bFsaBs+yzxz3VBM0=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyFRUY9FLx4r2A9oQ9hsJ+3SzQe7E7GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvSAVX6DjfRmlldW19o7xZ2dre2a2ae/stlWSSQZMlIpGdgCoQPIYmchTQSSXQKBDQDkY3U7/9AFLxJL7HcQpeRAcxDzmjqCXfrFK/h/CIeWRLG+yJb9Yc25nBWiZuQWqkQMM3v3r9hGURxMgEVarrOil6OZXImYBJpZcpSCkb0QF0NY1pBMrLZ4dPrGOt9K0wkbpitGbq74mcRkqNo0B3RhSHatGbiv953QzDKy/ncZohxGy+KMyEhYk1TcHqcwkMxVgTyiTXt1psSCVlqLOq6BDcxZeXSevUdi/ss7vzWv26iKNMDskROSEuuSR1cksapEkYycgzeSVvxpPxYrwbH/PWklHMHJA/MD5/AGrrkvA=</latexit>a
m
.r.e.

<latexit sha1_base64="9MjQnC6JJDCox4KGgRJ2FJEaYMU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6rHoxWMFawttKJPtpl262YTdiVBKf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXplIY8rxvp7Cyura+UdwsbW3v7O6V9w8eTZJpxhsskYluhWi4FIo3SJDkrVRzjEPJm+Hwduo3n7g2IlEPNEp5EGNfiUgwJCs1sdsxhLpbrnhVbwZ3mfg5qUCOerf81eklLIu5IibRmLbvpRSMUZNgkk9KnczwFNkQ+7xtqcKYm2A8O3finlil50aJtqXInam/J8YYGzOKQ9sZIw3MojcV//PaGUXXwVioNCOu2HxRlEmXEnf6u9sTmjOSI0uQaWFvddkANTKyCZVsCP7iy8vk8azqX1bP7y8qtZs8jiIcwTGcgg9XUIM7qEMDGAzhGV7hzUmdF+fd+Zi3Fpx85hD+wPn8AWVBj54=</latexit>a
?

<latexit sha1_base64="zhSp1szefHb/fBR0sSuRLot2c6w=">AAAB+3icbVDLTgIxFO3gC/E14tJNIzG6IjNo1CXqBneYyCOBYdIpBRrazqTtGMlkfsWNC41x64+4828sMAsFT3KTk3Puzb33BBGjSjvOt5VbWV1b38hvFra2d3b37P1iU4WxxKSBQxbKdoAUYVSQhqaakXYkCeIBI61gfDv1W49EKhqKBz2JiMfRUNABxUgbybeLXUU55H5yfZL2KjX/rlfx7ZJTdmaAy8TNSAlkqPv2V7cf4pgToTFDSnVcJ9JegqSmmJG00I0ViRAeoyHpGCoQJ8pLZren8NgofTgIpSmh4Uz9PZEgrtSEB6aTIz1Si95U/M/rxHpw5SVURLEmAs8XDWIGdQinQcA+lQRrNjEEYUnNrRCPkERYm7gKJgR38eVl0qyU3Yvy2f15qXqTxZEHh+AInAIXXIIqqIE6aAAMnsAzeAVvVmq9WO/Wx7w1Z2UzB+APrM8fb8KTaA==</latexit> ⇠
m

2 A
0H

2 I

<latexit sha1_base64="92mf2c34msGoqFNkxgy3SLngOIs=">AAACCHicbZC7SgNBFIZnvcZ4i1pauBiE2Cy7KmoZ1MJGiGAukF3C7OQkGTJ7YeasGJaUNr6KjYUitj6CnW/jJNlCE38Y+PjPOZw5vx8LrtC2v425+YXFpeXcSn51bX1js7C1XVNRIhlUWSQi2fCpAsFDqCJHAY1YAg18AXW/fzmq1+9BKh6FdziIwQtoN+Qdzihqq1XYc2UvarkID5he3QxLNOPAkhZYw8NWoWhb9ljmLDgZFEmmSqvw5bYjlgQQIhNUqaZjx+ilVCJnAoZ5N1EQU9anXWhqDGkAykvHhwzNA+20zU4k9QvRHLu/J1IaKDUIfN0ZUOyp6drI/K/WTLBz7qU8jBOEkE0WdRJhYmSOUjHbXAJDMdBAmeT6rybrUUkZ6uzyOgRn+uRZqB1Zzql1fHtSLF9kceTILtknJeKQM1Im16RCqoSRR/JMXsmb8WS8GO/Gx6R1zshmdsgfGZ8/YrGZjw==</latexit> ⇢ D
M
(a

m
.r
.e
.)

<latexit sha1_base64="APSvHwVIiHQBoWqJGyfXsXTwIYg="></latexit>a
reheat

<latexit sha1_base64="6U2ji0/v2Pe6qGxXfOi7wtoKk0s="></latexit>a
end

ho
riz

on

<latexit sha1_base64="xBQ3EsUbIlar/AZtFqw7dsrH5mU="></latexit> ⇢̄ A
0

<latexit sha1_base64="xBQ3EsUbIlar/AZtFqw7dsrH5mU="></latexit> ⇢̄ A
0

<latexit sha1_base64="nYqVmcTTuL1O9Pz3G5uEyN6ZUWw=">AAACJHicbZDJTgJBEIZ7cEMUBT16mUhMPBAyA8TlYELwoEcwsiQwIT09NdChZ0l3j5FM5gm86iv4NN6MBy8+i81yELCSTv76qypV/dkho0IaxreW2tjc2t5J72b29rMHh7n8UVsEESfQIgELeNfGAhj1oSWpZNANOWDPZtCxx7fTeucJuKCB/ygnIVgeHvrUpQRLZTVvBrmCUTJmoa8LcyEKaBGNQV7L9p2ARB74kjAsRM80QmnFmEtKGCSZfiQgxGSMh9BT0sceCCueXZroZ8pxdDfg6vlSn7l/J2LsCTHxbNXpYTkSq7Wp+V+tF0n3yoqpH0YSfDJf5EZMl4E+/bbuUA5EsokSmHCqbtXJCHNMpIKztOV5fmqm74CroM6yWCH0KGMKWRI/3NWTuGxWitfVopEogOYqrnXRLpfMi1KlWS3U6guUaXSCTtE5MtElqqF71EAtRBCgF/SK3rR37UP71L7mrSltMXOMlkL7+QUXYaO1</latexit> =

<latexit sha1_base64="lM42kefBVO3dnIiQ7UpXPEX/vjA=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U1DJoY2GRgPmA5Ah7m0myZm/v2N0TwpFfYGOhiK0/yc5/4ya5QhMfDDzem2FmXhALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6HbqN59QaR7JBzOO0Q/pQPI+Z9RYqXbfLZbcsjsDWSZeRkqQodotfnV6EUtClIYJqnXbc2Pjp1QZzgROCp1EY0zZiA6wbamkIWo/nR06ISdW6ZF+pGxJQ2bq74mUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9GvS4wqZEWNLKFPc3krYkCrKjM2mYEPwFl9eJo2zsndZPq9dlCo3WRx5OIJjOAUPrqACd1CFOjBAeIZXeHMenRfn3fmYt+acbOYQ/sD5/AGmJYzY</latexit>

L

<latexit sha1_base64="KhJdCOoKXuYY3IkflE7Hq6jIjLM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzUL8vV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxfmM7Q==</latexit>a

<latexit sha1_base64="uheUVCA0QHpzxW1h7LG0AiEwJLk=">AAAB/3icbVDLSgNBEJyNrxhfUcGLl8UgxIPLrop6DHrJMYJ5QLKG2UknGTL7YKZXDGsO/ooXD4p49Te8+TdOkj1oYkFDUdVNd5cXCa7Qtr+NzMLi0vJKdjW3tr6xuZXf3qmpMJYMqiwUoWx4VIHgAVSRo4BGJIH6noC6N7ge+/V7kIqHwS0OI3B92gt4lzOKWmrn94q03G4hPGDiW9KC0dFdcuyM2vmCbdkTmPPESUmBpKi081+tTshiHwJkgirVdOwI3YRK5EzAKNeKFUSUDWgPmpoG1AflJpP7R+ahVjpmN5S6AjQn6u+JhPpKDX1Pd/oU+2rWG4v/ec0Yu5duwoMoRgjYdFE3FiaG5jgMs8MlMBRDTSiTXN9qsj6VlKGOLKdDcGZfnie1E8s5t05vzgqlqzSOLNknB6RIHHJBSqRMKqRKGHkkz+SVvBlPxovxbnxMWzNGOrNL/sD4/AHPFJVV</latexit>

(a
H
m
.r.e ) �

1

<latexit sha1_base64="UffHFs1XXhV2Ol8vW5ROMG/0QNI=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUg2VXRT0WvfRYwX5Iu5Zsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5QcyZNq777Swtr6yurec28ptb2zu7hb39ho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB8HbiN5+o0iyS92YUU1/gvmQhI9hY6aGEqyeP6ak37haKbtmdAi0SLyNFyFDrFr46vYgkgkpDONa67bmx8VOsDCOcjvOdRNMYkyHu07alEguq/XR68BgdW6WHwkjZkgZN1d8TKRZaj0RgOwU2Az3vTcT/vHZiwms/ZTJODJVktihMODIRmnyPekxRYvjIEkwUs7ciMsAKE2MzytsQvPmXF0njrOxdls/vLoqVmyyOHBzCEZTAgyuoQBVqUAcCAp7hFd4c5bw4787HrHXJyWYO4A+czx90KI+K</latexit>

(a
H
)
�1

late universe 
(matter-domination)

early universe

<latexit sha1_base64="xi/BbjJ1YHKKwGWv9FMm3HlzVMs=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSQq6rHoxWMF+wFNKJvNpF262YTdiVhC/4YXD4p49c9489+4bXPQ1gcDj/dmmJkXpIJrdJxvq7Syura+Ud6sbG3v7O5V9w/aOskUgxZLRKK6AdUguIQWchTQTRXQOBDQCUa3U7/zCErzRD7gOAU/pgPJI84oGsmjfQ/hCXOQ4aRfrTl1ZwZ7mbgFqZECzX71ywsTlsUgkQmqdc91UvRzqpAzAZOKl2lIKRvRAfQMlTQG7eezmyf2iVFCO0qUKYn2TP09kdNY63EcmM6Y4lAvelPxP6+XYXTt51ymGYJk80VRJmxM7GkAdsgVMBRjQyhT3NxqsyFVlKGJqWJCcBdfXibts7p7WT+/v6g1boo4yuSIHJNT4pIr0iB3pElahJGUPJNX8mZl1ov1bn3MW0tWMXNI/sD6/AGQ5ZIK</latexit>a
end

<latexit sha1_base64="EaPAA9+cWA1bFsaBs+yzxz3VBM0=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyFRUY9FLx4r2A9oQ9hsJ+3SzQe7E7GG/hIvHhTx6k/x5r9x2+agrQ8GHu/NMDMvSAVX6DjfRmlldW19o7xZ2dre2a2ae/stlWSSQZMlIpGdgCoQPIYmchTQSSXQKBDQDkY3U7/9AFLxJL7HcQpeRAcxDzmjqCXfrFK/h/CIeWRLG+yJb9Yc25nBWiZuQWqkQMM3v3r9hGURxMgEVarrOil6OZXImYBJpZcpSCkb0QF0NY1pBMrLZ4dPrGOt9K0wkbpitGbq74mcRkqNo0B3RhSHatGbiv953QzDKy/ncZohxGy+KMyEhYk1TcHqcwkMxVgTyiTXt1psSCVlqLOq6BDcxZeXSevUdi/ss7vzWv26iKNMDskROSEuuSR1cksapEkYycgzeSVvxpPxYrwbH/PWklHMHJA/MD5/AGrrkvA=</latexit>a
m
.r.e.

<latexit sha1_base64="APSvHwVIiHQBoWqJGyfXsXTwIYg="></latexit>a
reheat

<latexit sha1_base64="6U2ji0/v2Pe6qGxXfOi7wtoKk0s="></latexit>a
end

ho
riz

on

<latexit sha1_base64="HQf2l9TTSqSQCdoF/Ldknkvx3S4="></latexit>

(a
H
f.o. ) �

1

<latexit sha1_base64="FL9/j1wolj3+C7Et8qWlA93nehg=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgadlVUY9FLx4r2A9ol5JNs21oNlmT2WJZ+ju8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8MBHcgOd9O4WV1bX1jeJmaWt7Z3evvH/QMCrVlNWpEkq3QmKY4JLVgYNgrUQzEoeCNcPh7dRvjpg2XMkHGCcsiElf8ohTAlYKSLcD7AmyyFXupFuueK43A14mfk4qKEetW/7q9BRNYyaBCmJM2/cSCDKigVPBJqVOalhC6JD0WdtSSWJmgmx29ASfWKWHI6VtScAz9fdERmJjxnFoO2MCA7PoTcX/vHYK0XWQcZmkwCSdL4pSgUHhaQK4xzWjIMaWEKq5vRXTAdGEgs2pZEPwF19eJo0z1790z+8vKtWbPI4iOkLH6BT56ApV0R2qoTqi6BE9o1f05oycF+fd+Zi3Fpx85hD9gfP5A7Dikg4=</latexit>a
f.o.

<latexit sha1_base64="F1v2sNuMszWLrdiPM5K07JhciFY=">AAACJ3icbZBLT8JAEMe3+EIUBT16aSQmHghpgfi4ETzoEY08EkrIdpnChu0ju1sjafoVvOpX8NN4M3r0m7iUHgScZJP//GcmM/uzA0aFNIxvLbOxubW9k93N7e3nDw4LxaOO8ENOoE185vOejQUw6kFbUsmgF3DArs2ga09v5vXuE3BBfe9RzgIYuHjsUYcSLOeWBRIPCyWjYiShrwszFSWURmtY1PLWyCehC54kDAvRN41ADiLMJSUM4pwVCggwmeIx9JX0sAtiECXHxvqZcka643P1PKkn7t+JCLtCzFxbdbpYTsRqbW7+V+uH0rkaRNQLQgkeWSxyQqZLX5//XB9RDkSymRKYcKpu1ckEc0yk4rO05Xlxas4agaO4JlmkKLqUMUUtjh5um3FUNWvl63rZiBVAcxXXuuhUK+ZFpXZfLzWaKcosOkGn6ByZ6BI10B1qoTYiaIJe0Ct60961D+1T+1q0ZrR05hgthfbzC+T3pSw=</latexit>⌘

<latexit sha1_base64="TPW5+sP5USKaZEmdkMkgxGhRtek="></latexit>⌘

<latexit sha1_base64="92mf2c34msGoqFNkxgy3SLngOIs=">AAACCHicbZC7SgNBFIZnvcZ4i1pauBiE2Cy7KmoZ1MJGiGAukF3C7OQkGTJ7YeasGJaUNr6KjYUitj6CnW/jJNlCE38Y+PjPOZw5vx8LrtC2v425+YXFpeXcSn51bX1js7C1XVNRIhlUWSQi2fCpAsFDqCJHAY1YAg18AXW/fzmq1+9BKh6FdziIwQtoN+Qdzihqq1XYc2UvarkID5he3QxLNOPAkhZYw8NWoWhb9ljmLDgZFEmmSqvw5bYjlgQQIhNUqaZjx+ilVCJnAoZ5N1EQU9anXWhqDGkAykvHhwzNA+20zU4k9QvRHLu/J1IaKDUIfN0ZUOyp6drI/K/WTLBz7qU8jBOEkE0WdRJhYmSOUjHbXAJDMdBAmeT6rybrUUkZ6uzyOgRn+uRZqB1Zzql1fHtSLF9kceTILtknJeKQM1Im16RCqoSRR/JMXsmb8WS8GO/Gx6R1zshmdsgfGZ8/YrGZjw==</latexit> ⇢ D
M
(a

m
.r
.e
.)

<latexit sha1_base64="nYqVmcTTuL1O9Pz3G5uEyN6ZUWw=">AAACJHicbZDJTgJBEIZ7cEMUBT16mUhMPBAyA8TlYELwoEcwsiQwIT09NdChZ0l3j5FM5gm86iv4NN6MBy8+i81yELCSTv76qypV/dkho0IaxreW2tjc2t5J72b29rMHh7n8UVsEESfQIgELeNfGAhj1oSWpZNANOWDPZtCxx7fTeucJuKCB/ygnIVgeHvrUpQRLZTVvBrmCUTJmoa8LcyEKaBGNQV7L9p2ARB74kjAsRM80QmnFmEtKGCSZfiQgxGSMh9BT0sceCCueXZroZ8pxdDfg6vlSn7l/J2LsCTHxbNXpYTkSq7Wp+V+tF0n3yoqpH0YSfDJf5EZMl4E+/bbuUA5EsokSmHCqbtXJCHNMpIKztOV5fmqm74CroM6yWCH0KGMKWRI/3NWTuGxWitfVopEogOYqrnXRLpfMi1KlWS3U6guUaXSCTtE5MtElqqF71EAtRBCgF/SK3rR37UP71L7mrSltMXOMlkL7+QUXYaO1</latexit> =
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Effects of Reheating (II)

Gravitational Freeze-in dominates for instantaneous reheating
<latexit sha1_base64="iGuAmLGZkEacLIoompQ/a6BSHhY="></latexit>
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About ~2 for η~6

Direct Inflaton decays
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Thermal effects

Dispersion relations in hot relativistic 
plasma



Plasma Effects
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Plasma Effects 

Zero momentum:
<latexit sha1_base64="imAujPutXSqk4LFeqZcTQtHPSTw="></latexit>

J3(t) = �!2
p [A

0
3(t)�A0

3(tinit)]

Solution:

EoM to 𝒪(k2)

Frozen!



Plasma Effects 

Superhorizon to first order in momentum

Oscillates when k enters

After fermion freeze-out



Back-reaction at horizon exit

<latexit sha1_base64="2d21bETCkwISDW8zkIny0T1MA7Q="></latexit>
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Current observable:
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Back-reaction:

Hayashinaka et al. (2016)



Strong Field QED
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�dB =
H

eD|E0|

Must have both smaller than 
Below the mass of the fermion, the de Broglie requirement is stronger. 

H−1

Coincidentally, that’s when Strong Field processes become efficient anyway.



Photon Parameter Space
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Wide Parameter Space
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Heavy Dark Photon

MeV GeV10 MeV 100 MeV

10
-3

10
-2

10
-1

10
0

GeV10 MeV 100 MeV 10 GeV



• Simple: Dark sector is 
colder than SM. Fixed 
energy density
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Dependence on HI

For lower  the total available energy drops
Equivalently, the Dark Sector is colder

HI

Light Dark Photon: mψ = (ηHI)−1/4

Heavy Dark Photon: mψ = (ηHI)−3/2



Classical Stochastic Electric Field

The amplitude is constant and the direction is random.

Power Spectrum

Coherence length k ∼ aH



SFQED


