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Introduction
Recent interest in ultra-light dark matter

Dark photons hard to produce non relativistically due to spin
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Single Derivative Coupling

Is it possible to convert the scalar DM into a vector DM while keeping it 
cold?

Production of scalar DM is easy to achieve, by “Misalignment mechanism”.
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Cosmogenic Magnetic Field 

Baym, Bodeker, McLerran, PhysRevD.53.662
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On the other, EW phase transitions can create large scale Magnetic field 
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Homogeneous magnetic field

If the Magnetic field is homogeneous, the scalar and the dark vector do not  source
the  electromagnetic field, so its dynamics can be completely ignored. The dynamics of 
the scalar and the vector remain homogeneous. Assume the scalar mass to be 
unchanging.
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Static universe
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Expanding Universe

Two important time scales:
<latexit sha1_base64="fpH6BNV59+BLA2h0QsnGVLk4hbM=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZQZ8bURim66rGAf0A5DJs20oclkSDJCHYq/4saFIm79D3f+jel0Ftp64MLJOfeSe08QM6q043xbhaXlldW14nppY3Nre8fe3WspkUhMmlgwITsBUoTRiDQ11Yx0YkkQDxhpB6Pbqd9+IFJREd3rcUw8jgYRDSlG2ki+fVCvaL9zct0TnAyQr7KXb5edqpMBLhI3J2WQo+HbX72+wAknkcYMKdV1nVh7KZKaYkYmpV6iSIzwCA1I19AIcaK8NNt+Ao+N0oehkKYiDTP190SKuFJjHphOjvRQzXtT8T+vm+jwyktpFCeaRHj2UZgwqAWcRgH7VBKs2dgQhCU1u0I8RBJhbQIrmRDc+ZMXSeu06l5Uz+/OyrWbPI4iOARHoAJccAlqoA4aoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AdJXlDE=</latexit>

H(tX) = !s(tX) : The slow mode begins to oscillate
<latexit sha1_base64="h0KXeORrJpfbHPOrCbpAdi1We+Y=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQNyURXxuh1I3LCvYBTQiT6aQdOpPEmUmhhHyBG3/FjQtF3Lp25984bbPQ1gMXDufcy733+DGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT80c3U74yJkDQK79UkJi5Hg5AGFCOlJc+s+FXl8ROHPCR07AQC4bQxU7I0yK65lzrxkGaeWbZq1gxwmdg5KYMcTc/8cvoRTjgJFWZIyp5txcpNkVAUM5KVnESSGOERGpCepiHiRLrp7J0MVrTSh0EkdIUKztTfEyniUk64rzs5UkO56E3F/7xeooIrN6VhnCgS4vmiIGFQRXCaDexTQbBiE00QFlTfCvEQ6UyUTrCkQ7AXX14m7dOafVE7vzsr1xt5HEVwBI5BFdjgEtTBLWiCFsDgETyDV/BmPBkvxrvxMW8tGPnMIfgD4/MHaaWcXw==</latexit>

b(tm) ⌘ B(tm)

f
= m� : Mixing is unimportant. Slow mode becomes 

 the vector mode

<latexit sha1_base64="tD4Pt4JKgZA4MQCm1FyOzJYbG6Y=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdfAQ9OIxgnlIsoTZyWwyZGZ3mekVwpKv8OJBEa9+jjf/xkmyB00saCiquunuChIpDLrut7O0vLK6tl7YKG5ube/slvb2GyZONeN1FstYtwJquBQRr6NAyVuJ5lQFkjeD4e3Ebz5xbUQcPeAo4b6i/UiEglG00iN2W+SaYFd1S2W34k5BFomXkzLkqHVLX51ezFLFI2SSGtP23AT9jGoUTPJxsZManlA2pH3etjSiihs/mx48JsdW6ZEw1rYiJFP190RGlTEjFdhORXFg5r2J+J/XTjG88jMRJSnyiM0WhakkGJPJ96QnNGcoR5ZQpoW9lbAB1ZShzahoQ/DmX14kjdOKd1E5vz8rV2/yOApwCEdwAh5cQhXuoAZ1YKDgGV7hzdHOi/PufMxal5x85gD+wPn8AczYj8U=</latexit>

tX < tm : The vector glides
<latexit sha1_base64="VCXNuvnLfR82yh/XlsiB+dI3p+U=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdfAQ9OIxgnlIsoTZyWwyZGZ3mekVwpKv8OJBEa9+jjf/xkmyB00saCiquunuChIpDLrut7O0vLK6tl7YKG5ube/slvb2GyZONeN1FstYtwJquBQRr6NAyVuJ5lQFkjeD4e3Ebz5xbUQcPeAo4b6i/UiEglG00iN2Fbkm2G11S2W34k5BFomXkzLkqHVLX51ezFLFI2SSGtP23AT9jGoUTPJxsZManlA2pH3etjSiihs/mx48JsdW6ZEw1rYiJFP190RGlTEjFdhORXFg5r2J+J/XTjG88jMRJSnyiM0WhakkGJPJ96QnNGcoR5ZQpoW9lbAB1ZShzahoQ/DmX14kjdOKd1E5vz8rV2/yOApwCEdwAh5cQhXuoAZ1YKDgGV7hzdHOi/PufMxal5x85gD+wPn8Ac1Wj8U=</latexit>

tm < tX : The vector behaves like radiation
8

<latexit sha1_base64="BkvDHSRayGAmh/qaaiS1nssf9Ik=">AAACIXicbVDLSgMxFM34rPVVdekmWARXZUZ8dFnqpssK9gGdMmTSzDQ0mRmTjFBCfsWNv+LGhSLdiT9j+lho64ELh3Pu5d57woxRqVz3y1lb39jc2i7sFHf39g8OS0fHbZnmApMWTlkquiGShNGEtBRVjHQzQRAPGemEo7up33kiQtI0eVDjjPQ5ihMaUYyUlYJS1Y8EwrpudGT8OIYN6EvK56IvH4XSvhimgfZjxDkyxmge6IwZE5TKbsWdAa4Sb0HKYIFmUJr4gxTnnCQKMyRlz3Mz1ddIKIoZMUU/lyRDeIRi0rM0QZzIvp59aOC5VQYwSoWtRMGZ+ntCIy7lmIe2kyM1lMveVPzP6+UqqvY1TbJckQTPF0U5gyqF07jggAqCFRtbgrCg9laIh8imo2yoRRuCt/zyKmlfVrybyvX9VblWX8RRAKfgDFwAD9yCGmiAJmgBDJ7BK3gHH86L8+Z8OpN565qzmDkBf+B8/wDDIaXN</latexit>

B

f
� H ⇠

p
⇢�

mpl

Conversion is always efficient



Gliding
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<latexit sha1_base64="fpH6BNV59+BLA2h0QsnGVLk4hbM=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZQZ8bURim66rGAf0A5DJs20oclkSDJCHYq/4saFIm79D3f+jel0Ftp64MLJOfeSe08QM6q043xbhaXlldW14nppY3Nre8fe3WspkUhMmlgwITsBUoTRiDQ11Yx0YkkQDxhpB6Pbqd9+IFJREd3rcUw8jgYRDSlG2ki+fVCvaL9zct0TnAyQr7KXb5edqpMBLhI3J2WQo+HbX72+wAknkcYMKdV1nVh7KZKaYkYmpV6iSIzwCA1I19AIcaK8NNt+Ao+N0oehkKYiDTP190SKuFJjHphOjvRQzXtT8T+vm+jwyktpFCeaRHj2UZgwqAWcRgH7VBKs2dgQhCU1u0I8RBJhbQIrmRDc+ZMXSeu06l5Uz+/OyrWbPI4iOARHoAJccAlqoA4aoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AdJXlDE=</latexit>

H(tX) = !s(tX)
<latexit sha1_base64="NQ+hcxnBbJ1tHT7/EmOIVxQqlWM=">AAAB+HicbVDLSsNAFJ3UV62PRl26CRahbkoivjZC0Y3LCvYBbQiT6aQdOjMJMzdCDf0SNy4UceunuPNvnLZZaOuBC4dz7uXee8KEMw2u+20VVlbX1jeKm6Wt7Z3dsr2339JxqghtkpjHqhNiTTmTtAkMOO0kimIRctoOR7dTv/1IlWaxfIBxQn2BB5JFjGAwUmCXwyoE4uRaBFkvGbJJYFfcmjuDs0y8nFRQjkZgf/X6MUkFlUA41rrruQn4GVbACKeTUi/VNMFkhAe0a6jEgmo/mx0+cY6N0neiWJmS4MzU3xMZFlqPRWg6BYahXvSm4n9eN4Xoys+YTFKgkswXRSl3IHamKTh9pigBPjYEE8XMrQ4ZYoUJmKxKJgRv8eVl0jqteRe18/uzSv0mj6OIDtERqiIPXaI6ukMN1EQEpegZvaI368l6sd6tj3lrwcpnDtAfWJ8/RP6S3A==</latexit>

b(tm) = m�



Gliding
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Hook, Marques-Tavares, Tsai, PhysRevLett.124.211801

<latexit sha1_base64="CcgeWja7GoECpQHRTB9o3My9k0g=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVFWCeI0Flo5Fog+piSLHdVOrdhzZDlIV9RNY+BUWBhBiZWTjb3DbDNBypCsdn3OvfO8JE0aVdpxvq7C0vLK6VlwvbWxube/Yu3stJVKJSRMLJmQnRIowGpOmppqRTiIJ4iEj7XB4O/HbD0QqKuJ7PUqIz1EU0z7FSBspsI/rXhR5gpMIBaoSmgfkQeYlAzqueHIggmtPUQ6dwC47VWcKuEjcnJRBjkZgf3k9gVNOYo0ZUqrrOon2MyQ1xYyMS16qSILwEEWka2iMOFF+Nj1oDI+M0oN9IU3FGk7V3xMZ4kqNeGg6OdIDNe9NxP+8bqr7V35G4yTVJMazj/opg1rASTqwRyXBmo0MQVhSsyvEAyQR1ibDkgnBnT95kbROq+5F9fzurFy7yeMoggNwCE6ACy5BDdRBAzQBBo/gGbyCN+vJerHerY9Za8HKZ/bBH1ifP+k+nIM=</latexit>

H � !s, b � m�, ⇢A ⇠ 0

100 101 102 103 104 105
-300

-200

-100

0

100

200

300

t

A
(t)

Numeric

Analytic

Envelope

<latexit sha1_base64="jsSfhWyaivCG66aWnBuFdyeCo2U="></latexit>

H ⌧ !s, b � m�, A ⇠
p
a, ⇢A ⇠ a

�1
<latexit sha1_base64="yO/zp3CIxaGX6TBuKhg8yenQ4MY="></latexit>

H ⌧ !s, b ⌧ m�, A ⇠ a
�1/2

, ⇢A ⇠ a
�3

The energy density redshifts slower than matter



Radiation like behavior
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<latexit sha1_base64="NQ+hcxnBbJ1tHT7/EmOIVxQqlWM=">AAAB+HicbVDLSsNAFJ3UV62PRl26CRahbkoivjZC0Y3LCvYBbQiT6aQdOjMJMzdCDf0SNy4UceunuPNvnLZZaOuBC4dz7uXee8KEMw2u+20VVlbX1jeKm6Wt7Z3dsr2339JxqghtkpjHqhNiTTmTtAkMOO0kimIRctoOR7dTv/1IlWaxfIBxQn2BB5JFjGAwUmCXwyoE4uRaBFkvGbJJYFfcmjuDs0y8nFRQjkZgf/X6MUkFlUA41rrruQn4GVbACKeTUi/VNMFkhAe0a6jEgmo/mx0+cY6N0neiWJmS4MzU3xMZFlqPRWg6BYahXvSm4n9eN4Xoys+YTFKgkswXRSl3IHamKTh9pigBPjYEE8XMrQ4ZYoUJmKxKJgRv8eVl0jqteRe18/uzSv0mj6OIDtERqiIPXaI6ukMN1EQEpegZvaI368l6sd6tj3lrwcpnDtAfWJ8/RP6S3A==</latexit>

b(tm) = m�

b(t)

H(t)

mϕ

mA
ωs (t)

1 1000

10-6

10-4

0.01

1

100

104

t
<latexit sha1_base64="fpH6BNV59+BLA2h0QsnGVLk4hbM=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyxC3ZQZ8bURim66rGAf0A5DJs20oclkSDJCHYq/4saFIm79D3f+jel0Ftp64MLJOfeSe08QM6q043xbhaXlldW14nppY3Nre8fe3WspkUhMmlgwITsBUoTRiDQ11Yx0YkkQDxhpB6Pbqd9+IFJREd3rcUw8jgYRDSlG2ki+fVCvaL9zct0TnAyQr7KXb5edqpMBLhI3J2WQo+HbX72+wAknkcYMKdV1nVh7KZKaYkYmpV6iSIzwCA1I19AIcaK8NNt+Ao+N0oehkKYiDTP190SKuFJjHphOjvRQzXtT8T+vm+jwyktpFCeaRHj2UZgwqAWcRgH7VBKs2dgQhCU1u0I8RBJhbQIrmRDc+ZMXSeu06l5Uz+/OyrWbPI4iOARHoAJccAlqoA4aoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AdJXlDE=</latexit>

H(tX) = !s(tX)



Radiation like behavior

1 10 100 1000 104 105

10-4

0.01

1

100

t

ρ A
a3

<latexit sha1_base64="CcgeWja7GoECpQHRTB9o3My9k0g=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVFWCeI0Flo5Fog+piSLHdVOrdhzZDlIV9RNY+BUWBhBiZWTjb3DbDNBypCsdn3OvfO8JE0aVdpxvq7C0vLK6VlwvbWxube/Yu3stJVKJSRMLJmQnRIowGpOmppqRTiIJ4iEj7XB4O/HbD0QqKuJ7PUqIz1EU0z7FSBspsI/rXhR5gpMIBaoSmgfkQeYlAzqueHIggmtPUQ6dwC47VWcKuEjcnJRBjkZgf3k9gVNOYo0ZUqrrOon2MyQ1xYyMS16qSILwEEWka2iMOFF+Nj1oDI+M0oN9IU3FGk7V3xMZ4kqNeGg6OdIDNe9NxP+8bqr7V35G4yTVJMazj/opg1rASTqwRyXBmo0MQVhSsyvEAyQR1ibDkgnBnT95kbROq+5F9fzurFy7yeMoggNwCE6ACy5BDdRBAzQBBo/gGbyCN+vJerHerY9Za8HKZ/bBH1ifP+k+nIM=</latexit>

H � !s, b � m�, ⇢A ⇠ 0
<latexit sha1_base64="rFZFOecfDvthbhypBQ/uekmmdO4="></latexit>

H � !s, b ⌧ m�, ⇢A ⇠ a
�2

Ȧ
2 ⇠ a

�4

<latexit sha1_base64="ASNm8lxXgIHlFfue5lFkoxydI4Q=">AAACFXicbVC7TsMwFHXKq5RXgJHFokJiKFXCeyywdCwSfUhNiBzXba3acWQ7SFWUn2DhV1gYQIgViY2/wX0M0HKkKx2fc6987wljRpV2nG8rt7C4tLySXy2srW9sbtnbOw0lEolJHQsmZCtEijAakbqmmpFWLAniISPNcHAz8psPRCoqojs9jInPUS+iXYqRNlJgl6oeY57gpIcCVQrNA/Ig9eI+zUqe7IvgylOUQ3SfHp1kgV10ys4YcJ64U1IEU9QC+8vrCJxwEmnMkFJt14m1nyKpKWYkK3iJIjHCA9QjbUMjxIny0/FVGTwwSgd2hTQVaThWf0+kiCs15KHp5Ej31aw3Ev/z2onuXvopjeJEkwhPPuomDGoBRxHBDpUEazY0BGFJza4Q95FEWJsgCyYEd/bkedI4Lrvn5bPb02LlehpHHuyBfXAIXHABKqAKaqAOMHgEz+AVvFlP1ov1bn1MWnPWdGYX/IH1+QPzAJ6w</latexit>

H ⌧ !s, b ⌧ m�, ⇢A ⇠ a
�3
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The energy density redshifts like radiation.



Inhomogeneous Magnetic Field

<latexit sha1_base64="60oopfP+A7RNcxyOAGnbmSqK5sY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgxprU57LUjcsK9gFtDJPppB06mYSZSaGE/okbF4q49U/c+TdOHwttPXDhcM693HtPkHCmtON8W7mV1bX1jfxmYWt7Z3fP3j9oqDiVhNZJzGPZCrCinAla10xz2kokxVHAaTMY3E385pBKxWLxqEcJ9SLcEyxkBGsj+bY98KsdxSKEn7Kzi/Py2LeLTsmZAi0Td06KMEfNt7863ZikERWacKxU23US7WVYakY4HRc6qaIJJgPco21DBY6o8rLp5WN0YpQuCmNpSmg0VX9PZDhSahQFpjPCuq8WvYn4n9dOdXjrZUwkqaaCzBaFKUc6RpMYUJdJSjQfGYKJZOZWRPpYYqJNWAUTgrv48jJplEvudenq4bJYqc7jyMMRHMMpuHADFbiHGtSBwBCe4RXerMx6sd6tj1lrzprPHMIfWJ8/AwSSng==</latexit>

kB ⇠ a�3/2

Inhomogeneities in the Magnetic field can significantly decrease the conversion
efficiency

Both analytics and numerics are difficult. 

Work in Progress
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Summary
• A misaligned scalar can be fully converted to dark photons in the presence 

of a large homogeneous magnetic field.

• The dark photon behaves like nonrelativistic DM in the late Universe.

• The total amount of dark photon dark matter depends on the masses of both the
      scalar and the dark photon.

• The inhomogeneities in the magnetic field could decrease conversion.
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Thank you
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Back up slide
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Possible parameter space

17

DM is cold at =1.*10^3 eV

DM is cold at =10.*10^3 eV
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