
Paola Arias  
(Universidad de Santiago de Chile)

Effects of a hidden-photon dark 
matter background in axion-

photon interactions
In coll with A. Arza, J. Jaeckel, D. Vargas-Arancibia 

JCAP 2021 (arxiv: 2007.12585)

16th PATRAS Workshop on Axions,  WIMPs and WISPs  14th of June, 2021

1



Motivation: hidden photons and ALPs

2



Motivation: hidden photons and ALPs
Both are well motivated dark matter candidates.

Several ways to produce HP 
DM in the early universe

misalignment mechanism (Nelson11, Arias12), resonant 
decays of a precursor field (Co19, Dror19, Bastero-Gil2019, 
Agrawal20…etc), quantum fluctuations grown during 
inflation (Graham16, Ema19, Alonso-Álvarez20), topological 
defects (Long19), among others. 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Most popular mechanisms to produce 
axion DM in the early universe

misalignment (Preskill83, Abbott83, Dine83); k. 
misalignment (Co19); topological defects 
(pre-inf SSB) (Hagmann00, Wantz10, etc…)
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Motivation: hidden photons and ALPs

A distinction with popular models for WIMP DM is that their sufficient production does not require 
messenger particles, and their cosmological stability is a consequence of very small masses and couplings.

Both are well motivated dark matter candidates.

Several ways to produce HP 
DM in the early universe

misalignment mechanism (Nelson11, Arias12), resonant 
decays of a precursor field (Co19, Dror19, Bastero-Gil2019, 
Agrawal20…etc), quantum fluctuations grown during 
inflation (Graham16, Ema19, Alonso-Álvarez20), topological 
defects (Long19), among others. 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(pre-inf SSB) (Hagmann00, Wantz10, etc…)
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But what if these light particles do interact with the SM through a messenger?
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Coupling axion-hidden photon

• The golden precision era we are entering encourages to look for more involved particle 
physics models. They can be constrained!


•  The search for new models can be done parasitically to existing ones.

There have been several works elaborating on the idea of coupling between axions and hidden photons (among others):

Alleviate puzzling observations such as 3.5 keV line (Jaeckel14), Xenon1T (Aprile20), Cosmic IR background (Kalashev19).

Axion dark matter to convert into HP dark matter (Takahashi18, Agrawal18, Co19, Agrawal20).

The coupling of QCD axion with a HP does not spoil the solution to the strong CP problem (Kaneta et al. 17). 
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Our model

We consider the DM to be composed of light hidden photons
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permeates a hidden oscillating electric field.
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We introduce a  Z2 symmetry in the  
hidden sector that forbids
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Our model
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Thus, we end up with:

We consider the HP-DM condensate as a background field:
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Thus, we end up with:

We consider the HP-DM condensate as a background field:
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And study the evolution of photons and axions in this background:
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Phenomenologically interesting processes
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m� ⌧ m�0

<latexit sha1_base64="nxDIniHZy2kOe3dq9CoZFIZuanc=">AAACFXicbVDLSsNAFJ3UV62vqks3g0V0ISUpom6UohuXFewDmhpuppN26EwSZiZCCfkJN/6KGxeKuBXc+TdOHwttPXDhcM693HuPH3OmtG1/W7mFxaXllfxqYW19Y3OruL3TUFEiCa2TiEey5YOinIW0rpnmtBVLCsLntOkPrkd+84FKxaLwTg9j2hHQC1nACGgjecVj4blxn11i4aVuD4SAw+zCDSSQdOLcV7K04kaC9iDziiW7bI+B54kzJSU0Rc0rfrndiCSChppwUKrt2LHupCA1I5xmBTdRNAYygB5tGxqCoKqTjr/K8IFRujiIpKlQ47H6eyIFodRQ+KZTgO6rWW8k/ue1Ex2cd1IWxommIZksChKOdYRHEeEuk5RoPjQEiGTmVkz6YCLRJsiCCcGZfXmeNCpl57RcuT0pVa+mceTRHtpHR8hBZ6iKblAN1RFBj+gZvaI368l6sd6tj0lrzprO7KI/sD5/ALgznzA=</latexit>

m� > m�0 =
m2

�

2!

<latexit sha1_base64="c2BTgGee2JziHYqeRwBiYcP66Gw=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgQcJuEPUY9OIxgnlAsoTZSW8yZB7LzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVFJpUcaU7ETHAmYSmZZZDJ9FARMShHY3vZn77CbRhSj7aSQKhIEPJYkaJdVL7oqcEDEm/XPGr/hx4lQQ5qaAcjX75qzdQNBUgLeXEmG7gJzbMiLaMcpiWeqmBhNAxGULXUUkEmDCbnzvFZ04Z4FhpV9Liufp7IiPCmImIXKcgdmSWvZn4n9dNbXwTZkwmqQVJF4vilGOr8Ox3PGAaqOUTRwjVzN2K6YhoQq1LqORCCJZfXiWtWjW4qtYeLiv12zyOIjpBp+gcBega1dE9aqAmomiMntErevMS78V79z4WrQUvnzlGf+B9/gD7IY9Y</latexit>,!

whenCMB distortion bounds, LSW

when

(Stimulated) HP decay
<latexit sha1_base64="OETRYIGRM9IsTPkKmqotrgfs41c=">AAACBnicbVBNS8NAEN3Ur1q/oh5FCBZREEpSRD0WvXisYD+gCWWy3SRLd5Owu1FK6MmLf8WLB0W8+hu8+W/ctjlo9cHA470ZZub5KaNS2faXUVpYXFpeKa9W1tY3NrfM7Z22TDKBSQsnLBFdHyRhNCYtRRUj3VQQ4D4jHX94NfE7d0RImsS3apQSj0MY04BiUFrqm/tuCJzDkStoGCkQIrmfKSduGtG+WbVr9hTWX+IUpIoKNPvmpztIcMZJrDADKXuOnSovB6EoZmRccTNJUsBDCElP0xg4kV4+fWNsHWplYAWJ0BUra6r+nMiBSznivu7koCI5703E/7xepoILL6dxmikS49miIGOWSqxJJtaACoIVG2kCWFB9q4UjEICVTq6iQ3DmX/5L2vWac1ar35xWG5dFHGW0hw7QMXLQOWqga9RELYTRA3pCL+jVeDSejTfjfdZaMoqZXfQLxsc3f5WZJg==</latexit>

�0 ! � + � <latexit sha1_base64="9c4hAtcqYdO9r+BhCxNuXDTjNbs=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRbRiyUpol6EohePFewHNCFMtpt06W4SdjdCCb158a948aCIV/+CN/+N2zYHrT4YeLw3w8y8IGVUKtv+MkoLi0vLK+XVytr6xuaWub3TlkkmMGnhhCWiG4AkjMakpahipJsKAjxgpBMMryd+554ISZP4To1S4nGIYhpSDEpLvrnvJpxEcMn93I2Aczgan8wk300H1Derds2ewvpLnIJUUYGmb366/QRnnMQKM5Cy59ip8nIQimJGxhU3kyQFPISI9DSNgRPp5dM/xtahVvpWmAhdsbKm6s+JHLiUIx7oTg5qIOe9ifif18tUeOHlNE4zRWI8WxRmzFKJNQnF6lNBsGIjTQALqm+18AAEYKWjq+gQnPmX/5J2veac1eq3p9XGVRFHGe2hA3SMHHSOGugGNVELYfSAntALejUejWfjzXiftZaMYmYX/YLx8Q3prplY</latexit>! = m�0 � !�
<latexit sha1_base64="T/ixDnhu+RbpzaB2XKhUfzQ43Gc=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgKewGUS9C0IvHCOYByRJmJ73JkHksM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUU2hSxZXuRMQAZxKallkOnUQDERGHdjS+m/ntJ9CGKfloJwmEggwlixkl1kntnhIwJDf9csWv+nPgVRLkpIJyNPrlr95A0VSAtJQTY7qBn9gwI9oyymFa6qUGEkLHZAhdRyURYMJsfu4UnzllgGOlXUmL5+rviYwIYyYicp2C2JFZ9mbif143tfF1mDGZpBYkXSyKU46twrPf8YBpoJZPHCFUM3crpiOiCbUuoZILIVh+eZW0atXgslp7uKjUb/M4iugEnaJzFKArVEf3qIGaiKIxekav6M1LvBfv3ftYtBa8fOYY/YH3+QMWUY9p</latexit>! =

<latexit sha1_base64="MBkIrEhE3cGkRQ1jQue+v/7eCuM=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqswUUZdFXbisYB/QGUomzbShmSQkGbWM/RQ3LhRx65e4829M21lo64ELh3Pu5d57IsmoNp737RRWVtfWN4qbpa3tnd09t7zf0iJVmDSxYEJ1IqQJo5w0DTWMdKQiKIkYaUejq6nfvidKU8HvzFiSMEEDTmOKkbFSzy0H14QZBEcBklKJR+j13IpX9WaAy8TPSQXkaPTcr6AvcJoQbjBDWnd9T5owQ8pQzMikFKSaSIRHaEC6lnKUEB1ms9Mn8NgqfRgLZYsbOFN/T2Qo0XqcRLYzQWaoF72p+J/XTU18EWaUy9QQjueL4pRBI+A0B9inimDDxpYgrKi9FeIhUggbm1bJhuAvvrxMWrWqf1at3Z5W6pd5HEVwCI7ACfDBOaiDG9AATYDBA3gGr+DNeXJenHfnY95acPKZA/AHzucPZy6Tcw==</latexit>

�k ⇡ 0

<latexit sha1_base64="LE8Pus/w8fHUf/0tlC5QNL10zqM=">AAACBHicbVBNS8NAEN34WetX1GMvi0X0VJIi6rGoB48V7Ac0IUy223bpbhJ2N2IJPXjxr3jxoIhXf4Q3/43bNgdtfTDweG+GmXlhwpnSjvNtLS2vrK6tFzaKm1vbO7v23n5TxakktEFiHst2CIpyFtGGZprTdiIpiJDTVji8mviteyoVi6M7PUqoL6AfsR4joI0U2CXvmnINeOhBksj4AYsg8/ogBByPA7vsVJwp8CJxc1JGOeqB/eV1Y5IKGmnCQamO6yTaz0BqRjgdF71U0QTIEPq0Y2gEgio/mz4xxkdG6eJeLE1FGk/V3xMZCKVGIjSdAvRAzXsT8T+vk+rehZ+xKEk1jchsUS/lWMd4kgjuMkmJ5iNDgEhmbsVkABKINrkVTQju/MuLpFmtuGeV6u1puXaZx1FAJXSITpCLzlEN3aA6aiCCHtEzekVv1pP1Yr1bH7PWJSufOUB/YH3+AGP0l/E=</latexit>

�k ⇡ m�0
<latexit sha1_base64="tH5ORlPeudmEM3dXNKMdyTk0JKE=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPZWkiHosevFYwX5AE8Jku2mX7iZhdyOUUPCvePGgiFd/hzf/jds2B219MPB4b4aZeWHKmdKO822VVlbX1jfKm5Wt7Z3dPXv/oK2STBLaIglPZDcERTmLaUszzWk3lRREyGknHN1O/c4jlYol8YMep9QXMIhZxAhoIwX2kQi8dMg8zrEIcm8AQsDZJLCrTs2ZAS8TtyBVVKAZ2F9ePyGZoLEmHJTquU6q/RykZoTTScXLFE2BjGBAe4bGIKjy89n5E3xqlD6OEmkq1nim/p7IQSg1FqHpFKCHatGbiv95vUxH137O4jTTNCbzRVHGsU7wNAvcZ5ISzceGAJHM3IrJECQQbRKrmBDcxZeXSbtecy9r9fuLauOmiKOMjtEJOkcuukINdIeaqIUIytEzekVv1pP1Yr1bH/PWklXMHKI/sD5/AAsmlYs=</latexit>

m� ⌧ m�0
<latexit sha1_base64="c2BTgGee2JziHYqeRwBiYcP66Gw=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgQcJuEPUY9OIxgnlAsoTZSW8yZB7LzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVFJpUcaU7ETHAmYSmZZZDJ9FARMShHY3vZn77CbRhSj7aSQKhIEPJYkaJdVL7oqcEDEm/XPGr/hx4lQQ5qaAcjX75qzdQNBUgLeXEmG7gJzbMiLaMcpiWeqmBhNAxGULXUUkEmDCbnzvFZ04Z4FhpV9Liufp7IiPCmImIXKcgdmSWvZn4n9dNbXwTZkwmqQVJF4vilGOr8Ox3PGAaqOUTRwjVzN2K6YhoQq1LqORCCJZfXiWtWjW4qtYeLiv12zyOIjpBp+gcBega1dE9aqAmomiMntErevMS78V79z4WrQUvnzlGf+B9/gD7IY9Y</latexit>,!

Stability, CMB distortion, LSW

(Stimulated) Photon decay
<latexit sha1_base64="nMOuWqr28SKhoHL07XlLFTDh6aM=">AAACBnicbVBNS8NAEN3Ur1q/oh5FCBZREEpSRD0WvXisYD+gCWWy3SRLd5Owu1FK6MmLf8WLB0W8+hu8+W/ctjlo9cHA470ZZub5KaNS2faXUVpYXFpeKa9W1tY3NrfM7Z22TDKBSQsnLBFdHyRhNCYtRRUj3VQQ4D4jHX94NfE7d0RImsS3apQSj0MY04BiUFrqm/tuCJyDK2gYKRAiuZ8JRyduGtG+WbVr9hTWX+IUpIoKNPvmpztIcMZJrDADKXuOnSovB6EoZmRccTNJUsBDCElP0xg4kV4+fWNsHWplYAWJ0BUra6r+nMiBSznivu7koCI5703E/7xepoILL6dxmikS49miIGOWSqxJJtaACoIVG2kCWFB9q4UjEICVTq6iQ3DmX/5L2vWac1ar35xWG5dFHGW0hw7QMXLQOWqga9RELYTRA3pCL+jVeDSejTfjfdZaMoqZXfQLxsc3hAKZJg==</latexit>

� ! �0 + �

Stellar, helioscope, X-ray, LSW

<latexit sha1_base64="Kyx/jFaxR7+KvHV7g21sg8Y1U48=">AAACB3icbVBNS8NAEN3Ur1q/oh4FCRZREEpSRL0IRS8eK9gPaEKYbDfp0t0k7G6EEnrz4l/x4kERr/4Fb/4bt20OWn0w8Hhvhpl5QcqoVLb9ZZQWFpeWV8qrlbX1jc0tc3unLZNMYNLCCUtENwBJGI1JS1HFSDcVBHjASCcYXk/8zj0RkibxnRqlxOMQxTSkGJSWfHPfTTiJ4JL7uRsB53A0PplJvpsOqG9W7Zo9hfWXOAWpogJN3/x0+wnOOIkVZiBlz7FT5eUgFMWMjCtuJkkKeAgR6WkaAyfSy6d/jK1DrfStMBG6YmVN1Z8TOXApRzzQnRzUQM57E/E/r5ep8MLLaZxmisR4tijMmKUSaxKK1aeCYMVGmgAWVN9q4QEIwEpHV9EhOPMv/yXtes05q9VvT6uNqyKOMtpDB+gYOegcNdANaqIWwugBPaEX9Go8Gs/Gm/E+ay0Zxcwu+gXj4xvmkJlW</latexit>

! = m�0 + !�

<latexit sha1_base64="LE8Pus/w8fHUf/0tlC5QNL10zqM=">AAACBHicbVBNS8NAEN34WetX1GMvi0X0VJIi6rGoB48V7Ac0IUy223bpbhJ2N2IJPXjxr3jxoIhXf4Q3/43bNgdtfTDweG+GmXlhwpnSjvNtLS2vrK6tFzaKm1vbO7v23n5TxakktEFiHst2CIpyFtGGZprTdiIpiJDTVji8mviteyoVi6M7PUqoL6AfsR4joI0U2CXvmnINeOhBksj4AYsg8/ogBByPA7vsVJwp8CJxc1JGOeqB/eV1Y5IKGmnCQamO6yTaz0BqRjgdF71U0QTIEPq0Y2gEgio/mz4xxkdG6eJeLE1FGk/V3xMZCKVGIjSdAvRAzXsT8T+vk+rehZ+xKEk1jchsUS/lWMd4kgjuMkmJ5iNDgEhmbsVkABKINrkVTQju/MuLpFmtuGeV6u1puXaZx1FAJXSITpCLzlEN3aA6aiCCHtEzekVv1pP1Yr1bH7PWJSufOUB/YH3+AGP0l/E=</latexit>

�k ⇡ m�0
<latexit sha1_base64="tH5ORlPeudmEM3dXNKMdyTk0JKE=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPZWkiHosevFYwX5AE8Jku2mX7iZhdyOUUPCvePGgiFd/hzf/jds2B219MPB4b4aZeWHKmdKO822VVlbX1jfKm5Wt7Z3dPXv/oK2STBLaIglPZDcERTmLaUszzWk3lRREyGknHN1O/c4jlYol8YMep9QXMIhZxAhoIwX2kQi8dMg8zrEIcm8AQsDZJLCrTs2ZAS8TtyBVVKAZ2F9ePyGZoLEmHJTquU6q/RykZoTTScXLFE2BjGBAe4bGIKjy89n5E3xqlD6OEmkq1nim/p7IQSg1FqHpFKCHatGbiv95vUxH137O4jTTNCbzRVHGsU7wNAvcZ5ISzceGAJHM3IrJECQQbRKrmBDcxZeXSbtecy9r9fuLauOmiKOMjtEJOkcuukINdIeaqIUIytEzekVv1pP1Yr1bH/PWklXMHKI/sD5/AAsmlYs=</latexit>

m� ⌧ m�0
<latexit sha1_base64="c2BTgGee2JziHYqeRwBiYcP66Gw=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgQcJuEPUY9OIxgnlAsoTZSW8yZB7LzKwQlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4W19Y3NreJ2aWd3b/+gfHjUMirVFJpUcaU7ETHAmYSmZZZDJ9FARMShHY3vZn77CbRhSj7aSQKhIEPJYkaJdVL7oqcEDEm/XPGr/hx4lQQ5qaAcjX75qzdQNBUgLeXEmG7gJzbMiLaMcpiWeqmBhNAxGULXUUkEmDCbnzvFZ04Z4FhpV9Liufp7IiPCmImIXKcgdmSWvZn4n9dNbXwTZkwmqQVJF4vilGOr8Ox3PGAaqOUTRwjVzN2K6YhoQq1LqORCCJZfXiWtWjW4qtYeLiv12zyOIjpBp+gcBega1dE9aqAmomiMntErevMS78V79z4WrQUvnzlGf+B9/gD7IY9Y</latexit>,!

<latexit sha1_base64="cfFr70tB3MT0BeK/5xRl6ylbvXo=">AAACE3icbVA9axtBEN2z86EoX7JTplksAiGFuBMmdmkSFylliD5AdznmVnPSot3bZXcvRBz3H9zkr7hx4RDcunGXf5PVRxFLeTDweG+GmXmZFty6MPwT7O0/evzkaeNZ8/mLl69etw4OB1aVhmGfKaHMKAOLghfYd9wJHGmDIDOBw2z+eekPv6OxXBVf3UJjImFa8JwzcF5KWx/icxQO6DwGrY36QePcAKtkWsV6xutv3brqxkriFOq01Q474Qp0l0Qb0iYb9NLWfTxRrJRYOCbA2nEUapdUYBxnAutmXFrUwOYwxbGnBUi0SbX6qabvvDKhuTK+CkdX6r8TFUhrFzLznRLczG57S/F/3rh0+WlS8UKXDgu2XpSXgjpFlwHRCTfInFh4AsxwfytlM/ChOB9j04cQbb+8SwbdTvSx0704bp992sTRIG/JEXlPInJCzsgX0iN9wsgluSI35FfwM7gOfge369a9YDPzhjxAcPcXqqaerQ==</latexit>

�k ⇡
m2

�

2!

<latexit sha1_base64="rXblS2GKAnh1spZXhq3r+To1SM8=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSJ6KkkR9SRFLx4r2A9oQthst+3S3U3Y3Ygl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5UcKo0q77ba2srq1vbJa2yts7u3v79kGlreJUYtLCMYtlN0KKMCpIS1PNSDeRBPGIkU40vp36nUciFY3Fg54kJOBoKOiAYqSNFNoVHvrJiF7zMPOHiHN0mod21a25MzjLxCtIFQo0Q/vL78c45URozJBSPc9NdJAhqSlmJC/7qSIJwmM0JD1DBeJEBdns9tw5MUrfGcTSlNDOTP09kSGu1IRHppMjPVKL3lT8z+ulenAVZFQkqSYCzxcNUubo2JkG4fSpJFiziSEIS2pudfAISYS1iatsQvAWX14m7XrNu6jV78+rjZsijhIcwTGcgQeX0IA7aEILMDzBM7zCm5VbL9a79TFvXbGKmUP4A+vzB+CnlFc=</latexit>

m� > m�0

uncertainty in photon momentum prevents full 
momentum transfer.
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LSW-type experiments

<latexit sha1_base64="57fqjG2+r4bfMnObo4D2/CjsmDg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhYSkFXUjFN24rGAf0IQymd60Q2eSMDMRaij+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BwqhUjvNtFJaWV1bXiuuljc2t7R1zd68p41QQaJCYxaIdYAmMRtBQVDFoJwIwDxi0guHNxG89gJA0ju7VKAGf435EQ0qw0lLXPPBiDn18VbGrVe/UEzyD5rhrlh3bmcJaJG5OyihHvWt+eb2YpBwiRRiWsuM6ifIzLBQlDMYlL5WQYDLEfehoGmEO0s+m14+tY630rDAWuiJlTdXfExnmUo54oDs5VgM5703E/7xOqsJLP6NRkiqIyGxRmDJLxdYkCqtHBRDFRppgIqi+1SIDLDBROrCSDsGdf3mRNCu2e25X7s7Ktes8jiI6REfoBLnoAtXQLaqjBiLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHEfSUWA==</latexit>

! = 2.33 eV
<latexit sha1_base64="/dsg0Qu6flHwBOWaJoIusCaa1CY=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg4SkFvUiFL148FDBfkATyma7bZfuJnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLYs6UdpxvK7eyura+kd8sbG3v7O4V9w8aKkokoXUS8Ui2AqwoZyGta6Y5bcWSYhFw2gyGt1O/OaJSsSh81OOY+gL3Q9ZjBGsj+ffXFfvcO/OkSMWkUyw5tjMDWiZuRkqQodYpfnndiCSChppwrFTbdWLtp1hqRjidFLxE0RiTIe7TtqEhFlT56ezoCToxShf1Imkq1Gim/p5IsVBqLALTKbAeqEVvKv7ntRPdu/JTFsaJpiGZL+olHOkITRNAXSYp0XxsCCaSmVsRGWCJiTY5FUwI7uLLy6RRtt0Lu/xQKVVvsjjycATHcAouXEIV7qAGdSDwBM/wCm/WyHqx3q2PeWvOymYO4Q+szx99npFJ</latexit>

L = 4.3m

Highly tuned detectors might miss some of these processes 
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LSW-type experiments

best sensitivity for small WISP masses
<latexit sha1_base64="57fqjG2+r4bfMnObo4D2/CjsmDg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhYSkFXUjFN24rGAf0IQymd60Q2eSMDMRaij+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BwqhUjvNtFJaWV1bXiuuljc2t7R1zd68p41QQaJCYxaIdYAmMRtBQVDFoJwIwDxi0guHNxG89gJA0ju7VKAGf435EQ0qw0lLXPPBiDn18VbGrVe/UEzyD5rhrlh3bmcJaJG5OyihHvWt+eb2YpBwiRRiWsuM6ifIzLBQlDMYlL5WQYDLEfehoGmEO0s+m14+tY630rDAWuiJlTdXfExnmUo54oDs5VgM5703E/7xOqsJLP6NRkiqIyGxRmDJLxdYkCqtHBRDFRppgIqi+1SIDLDBROrCSDsGdf3mRNCu2e25X7s7Ktes8jiI6REfoBLnoAtXQLaqjBiLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHEfSUWA==</latexit>

! = 2.33 eV
<latexit sha1_base64="/dsg0Qu6flHwBOWaJoIusCaa1CY=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg4SkFvUiFL148FDBfkATyma7bZfuJnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLYs6UdpxvK7eyura+kd8sbG3v7O4V9w8aKkokoXUS8Ui2AqwoZyGta6Y5bcWSYhFw2gyGt1O/OaJSsSh81OOY+gL3Q9ZjBGsj+ffXFfvcO/OkSMWkUyw5tjMDWiZuRkqQodYpfnndiCSChppwrFTbdWLtp1hqRjidFLxE0RiTIe7TtqEhFlT56ezoCToxShf1Imkq1Gim/p5IsVBqLALTKbAeqEVvKv7ntRPdu/JTFsaJpiGZL+olHOkITRNAXSYp0XxsCCaSmVsRGWCJiTY5FUwI7uLLy6RRtt0Lu/xQKVVvsjjycATHcAouXEIV7qAGdSDwBM/wCm/WyHqx3q2PeWvOymYO4Q+szx99npFJ</latexit>

L = 4.3m

Highly tuned detectors might miss some of these processes 
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LSW-type experiments

best sensitivity for small WISP masses
<latexit sha1_base64="57fqjG2+r4bfMnObo4D2/CjsmDg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhYSkFXUjFN24rGAf0IQymd60Q2eSMDMRaij+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BwqhUjvNtFJaWV1bXiuuljc2t7R1zd68p41QQaJCYxaIdYAmMRtBQVDFoJwIwDxi0guHNxG89gJA0ju7VKAGf435EQ0qw0lLXPPBiDn18VbGrVe/UEzyD5rhrlh3bmcJaJG5OyihHvWt+eb2YpBwiRRiWsuM6ifIzLBQlDMYlL5WQYDLEfehoGmEO0s+m14+tY630rDAWuiJlTdXfExnmUo54oDs5VgM5703E/7xOqsJLP6NRkiqIyGxRmDJLxdYkCqtHBRDFRppgIqi+1SIDLDBROrCSDsGdf3mRNCu2e25X7s7Ktes8jiI6REfoBLnoAtXQLaqjBiLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHEfSUWA==</latexit>

! = 2.33 eV
<latexit sha1_base64="/dsg0Qu6flHwBOWaJoIusCaa1CY=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg4SkFvUiFL148FDBfkATyma7bZfuJnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLYs6UdpxvK7eyura+kd8sbG3v7O4V9w8aKkokoXUS8Ui2AqwoZyGta6Y5bcWSYhFw2gyGt1O/OaJSsSh81OOY+gL3Q9ZjBGsj+ffXFfvcO/OkSMWkUyw5tjMDWiZuRkqQodYpfnndiCSChppwrFTbdWLtp1hqRjidFLxE0RiTIe7TtqEhFlT56ezoCToxShf1Imkq1Gim/p5IsVBqLALTKbAeqEVvKv7ntRPdu/JTFsaJpiGZL+olHOkITRNAXSYp0XxsCCaSmVsRGWCJiTY5FUwI7uLLy6RRtt0Lu/xQKVVvsjjycATHcAouXEIV7qAGdSDwBM/wCm/WyHqx3q2PeWvOymYO4Q+szx99npFJ</latexit>

L = 4.3m

<latexit sha1_base64="QY5G7JsMM04C3yJEaKFVF73PoiA=">AAACDXicbVDLSsNAFJ34rPUVdekmWEVXJQmiboSiG5cV7AOaGG6mk3boTBJmJkIJ+QE3/oobF4q4de/Ov3H6WGjrgQuHc+7l3nvClFGpbPvbWFhcWl5ZLa2V1zc2t7bNnd2mTDKBSQMnLBHtECRhNCYNRRUj7VQQ4CEjrXBwPfJbD0RImsR3apgSn0MvphHFoLQUmIc8yL0ecA7HxaUXCcA5D7y0T+/dIne9hJMeFIFZsav2GNY8caakgqaoB+aX101wxkmsMAMpO46dKj8HoShmpCh7mSQp4AH0SEfTGDiRfj7+prCOtNK1okToipU1Vn9P5MClHPJQd3JQfTnrjcT/vE6mogs/p3GaKRLjyaIoY5ZKrFE0VpcKghUbagJYUH2rhfugI1E6wLIOwZl9eZ403apzVnVvTyu1q2kcJbSPDtAJctA5qqEbVEcNhNEjekav6M14Ml6Md+Nj0rpgTGf20B8Ynz/ouJwZ</latexit>

m�0 =
m2

�

2!

<latexit sha1_base64="vIsotUuylP+bXtYL9D1KjDzZbr8=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhZREEpSRF0W3bisYB/QhHIznSRDZ5IwM1FK6dKNv+LGhSJu/QR3/o3Tx0KrBy73cM69zNwTZJwp7ThfVmFhcWl5pbhaWlvf2Nyyt3eaKs0loQ2S8lS2A1CUs4Q2NNOctjNJQQSctoL+1dhv3VGpWJrc6kFGfQFRwkJGQBupa+97EQgBRyfTjj3JoliDlOk99rKYde2yU3EmwH+JOyNlNEO9a396vZTkgiaacFCq4zqZ9ocgNSOcjkpermgGpA8R7RiagKDKH04OGeFDo/RwmEpTicYT9efGEIRSAxGYSQE6VvPeWPzP6+Q6vPCHLMlyTRMyfSjMOdYpHqeCe0xSovnAECCSmb9iEoMEok12JROCO3/yX9KsVtyzSvXmtFy7nMVRRHvoAB0jF52jGrpGddRABD2gJ/SCXq1H69l6s96nowVrtrOLfsH6+AY2b5l6</latexit>

�0 + � ! �

at 

resonance                

Highly tuned detectors might miss some of these processes 
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LSW-type experiments

best sensitivity for small WISP masses
<latexit sha1_base64="57fqjG2+r4bfMnObo4D2/CjsmDg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBhYSkFXUjFN24rGAf0IQymd60Q2eSMDMRaij+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BwqhUjvNtFJaWV1bXiuuljc2t7R1zd68p41QQaJCYxaIdYAmMRtBQVDFoJwIwDxi0guHNxG89gJA0ju7VKAGf435EQ0qw0lLXPPBiDn18VbGrVe/UEzyD5rhrlh3bmcJaJG5OyihHvWt+eb2YpBwiRRiWsuM6ifIzLBQlDMYlL5WQYDLEfehoGmEO0s+m14+tY630rDAWuiJlTdXfExnmUo54oDs5VgM5703E/7xOqsJLP6NRkiqIyGxRmDJLxdYkCqtHBRDFRppgIqi+1SIDLDBROrCSDsGdf3mRNCu2e25X7s7Ktes8jiI6REfoBLnoAtXQLaqjBiLoET2jV/RmPBkvxrvxMWstGPnMPvoD4/MHEfSUWA==</latexit>

! = 2.33 eV
<latexit sha1_base64="/dsg0Qu6flHwBOWaJoIusCaa1CY=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg4SkFvUiFL148FDBfkATyma7bZfuJnF3Uyihv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLYs6UdpxvK7eyura+kd8sbG3v7O4V9w8aKkokoXUS8Ui2AqwoZyGta6Y5bcWSYhFw2gyGt1O/OaJSsSh81OOY+gL3Q9ZjBGsj+ffXFfvcO/OkSMWkUyw5tjMDWiZuRkqQodYpfnndiCSChppwrFTbdWLtp1hqRjidFLxE0RiTIe7TtqEhFlT56ezoCToxShf1Imkq1Gim/p5IsVBqLALTKbAeqEVvKv7ntRPdu/JTFsaJpiGZL+olHOkITRNAXSYp0XxsCCaSmVsRGWCJiTY5FUwI7uLLy6RRtt0Lu/xQKVVvsjjycATHcAouXEIV7qAGdSDwBM/wCm/WyHqx3q2PeWvOymYO4Q+szx99npFJ</latexit>

L = 4.3m

<latexit sha1_base64="QY5G7JsMM04C3yJEaKFVF73PoiA=">AAACDXicbVDLSsNAFJ34rPUVdekmWEVXJQmiboSiG5cV7AOaGG6mk3boTBJmJkIJ+QE3/oobF4q4de/Ov3H6WGjrgQuHc+7l3nvClFGpbPvbWFhcWl5ZLa2V1zc2t7bNnd2mTDKBSQMnLBHtECRhNCYNRRUj7VQQ4CEjrXBwPfJbD0RImsR3apgSn0MvphHFoLQUmIc8yL0ecA7HxaUXCcA5D7y0T+/dIne9hJMeFIFZsav2GNY8caakgqaoB+aX101wxkmsMAMpO46dKj8HoShmpCh7mSQp4AH0SEfTGDiRfj7+prCOtNK1okToipU1Vn9P5MClHPJQd3JQfTnrjcT/vE6mogs/p3GaKRLjyaIoY5ZKrFE0VpcKghUbagJYUH2rhfugI1E6wLIOwZl9eZ403apzVnVvTyu1q2kcJbSPDtAJctA5qqEbVEcNhNEjekav6M14Ml6Md+Nj0rpgTGf20B8Ynz/ouJwZ</latexit>

m�0 =
m2

�

2!

<latexit sha1_base64="vIsotUuylP+bXtYL9D1KjDzZbr8=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhZREEpSRF0W3bisYB/QhHIznSRDZ5IwM1FK6dKNv+LGhSJu/QR3/o3Tx0KrBy73cM69zNwTZJwp7ThfVmFhcWl5pbhaWlvf2Nyyt3eaKs0loQ2S8lS2A1CUs4Q2NNOctjNJQQSctoL+1dhv3VGpWJrc6kFGfQFRwkJGQBupa+97EQgBRyfTjj3JoliDlOk99rKYde2yU3EmwH+JOyNlNEO9a396vZTkgiaacFCq4zqZ9ocgNSOcjkpermgGpA8R7RiagKDKH04OGeFDo/RwmEpTicYT9efGEIRSAxGYSQE6VvPeWPzP6+Q6vPCHLMlyTRMyfSjMOdYpHqeCe0xSovnAECCSmb9iEoMEok12JROCO3/yX9KsVtyzSvXmtFy7nMVRRHvoAB0jF52jGrpGddRABD2gJ/SCXq1H69l6s96nowVrtrOLfsH6+AY2b5l6</latexit>

�0 + � ! �

at 

resonance                

<latexit sha1_base64="OETRYIGRM9IsTPkKmqotrgfs41c=">AAACBnicbVBNS8NAEN3Ur1q/oh5FCBZREEpSRD0WvXisYD+gCWWy3SRLd5Owu1FK6MmLf8WLB0W8+hu8+W/ctjlo9cHA470ZZub5KaNS2faXUVpYXFpeKa9W1tY3NrfM7Z22TDKBSQsnLBFdHyRhNCYtRRUj3VQQ4D4jHX94NfE7d0RImsS3apQSj0MY04BiUFrqm/tuCJzDkStoGCkQIrmfKSduGtG+WbVr9hTWX+IUpIoKNPvmpztIcMZJrDADKXuOnSovB6EoZmRccTNJUsBDCElP0xg4kV4+fWNsHWplYAWJ0BUra6r+nMiBSznivu7koCI5703E/7xepoILL6dxmikS49miIGOWSqxJJtaACoIVG2kCWFB9q4UjEICVTq6iQ3DmX/5L2vWac1ar35xWG5dFHGW0hw7QMXLQOWqga9RELYTRA3pCL+jVeDSejTfjfdZaMoqZXfQLxsc3f5WZJg==</latexit>

�0 ! � + �resonance                

at 
<latexit sha1_base64="61bnk+zowaOlM1J234PLos+rTDg=">AAACFHicbVDLSsNAFJ3UV62vqks3wSIKhZIUUTdC0Y3LCvYBTRpuptN26EwSZyZCCfkIN/6KGxeKuHXhzr9x2mahrQcGzpxzLjP3+BGjUlnWt5FbWl5ZXcuvFzY2t7Z3irt7TRnGApMGDlko2j5IwmhAGooqRtqRIMB9Rlr+6Hritx6IkDQM7tQ4Ii6HQUD7FIPSklcscy9xBsA5HKeXTsjJAMqOvBcqmV26VZ1woiHtVlOvWLIq1hTmIrEzUkIZ6l7xy+mFOOYkUJiBlB3bipSbgFAUM5IWnFiSCPAIBqSjaQCcSDeZLpWaR1rpmf1Q6BMoc6r+nkiASznmvk5yUEM5703E/7xOrPoXbkKDKFYkwLOH+jEzVWhOGjJ7VBCs2FgTwILqv5p4CAKw0j0WdAn2/MqLpFmt2GeV6u1pqXaV1ZFHB+gQnSAbnaMaukF11EAYPaJn9IrejCfjxXg3PmbRnJHN7KM/MD5/ANSanq4=</latexit>

m�0 = ! +
q
!2 +m2

�

Highly tuned detectors might miss some of these processes 
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + �

perturbative decay

Spontaneous decay 
Stimulated decay
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + �

perturbative decay

With huge occupation numbers in HP condensate, it is also possible to have a spontaneous Bose enhanced decay.

Spontaneous decay 
Stimulated decay
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + �

perturbative decay

With huge occupation numbers in HP condensate, it is also possible to have a spontaneous Bose enhanced decay.

Spontaneous decay 
Stimulated decay

Resonance 
condition

<latexit sha1_base64="T/ixDnhu+RbpzaB2XKhUfzQ43Gc=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgKewGUS9C0IvHCOYByRJmJ73JkHksM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUU2hSxZXuRMQAZxKallkOnUQDERGHdjS+m/ntJ9CGKfloJwmEggwlixkl1kntnhIwJDf9csWv+nPgVRLkpIJyNPrlr95A0VSAtJQTY7qBn9gwI9oyymFa6qUGEkLHZAhdRyURYMJsfu4UnzllgGOlXUmL5+rviYwIYyYicp2C2JFZ9mbif143tfF1mDGZpBYkXSyKU46twrPf8YBpoJZPHCFUM3crpiOiCbUuoZILIVh+eZW0atXgslp7uKjUb/M4iugEnaJzFKArVEf3qIGaiKIxekav6M1LvBfv3ftYtBa8fOYY/YH3+QMWUY9p</latexit>! =
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay

As far as               the system features a parametrically enhanced production of axions and photons in the final state.
<latexit sha1_base64="+X1EzYW4MgDychnGLWwk1TSaQRw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpevFYwX5AU8pmu2mXbjZhdyKU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wkvBfRoRKhYBSt5Jt+5gchGU/JjdsvV9yqOwdZJV5OKpCj0S9/+YOYpRFXyCQ1puu5CfYyqlEwyaclPzU8oWxMh7xrqaIRN71sfvOUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMPrXiZUkiJXbLEoTCXBmMwCIAOhOUM5sYQyLeythI2opgxtTCUbgrf88ipp1areZbX2cFGp3+ZxFOEETuEcPLiCOtxDA5rAIIFneIU3J3VenHfnY9FacPKZY/gD5/MH/Q+RAA==</latexit>

sk > 0
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay

stimulated decay by initial 
photon population

stimulated decay by 
initial axion population

spontaneous Bose 
enhanced decay

As far as               the system features a parametrically enhanced production of axions and photons in the final state.
<latexit sha1_base64="+X1EzYW4MgDychnGLWwk1TSaQRw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpevFYwX5AU8pmu2mXbjZhdyKU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wkvBfRoRKhYBSt5Jt+5gchGU/JjdsvV9yqOwdZJV5OKpCj0S9/+YOYpRFXyCQ1puu5CfYyqlEwyaclPzU8oWxMh7xrqaIRN71sfvOUnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMPrXiZUkiJXbLEoTCXBmMwCIAOhOUM5sYQyLeythI2opgxtTCUbgrf88ipp1areZbX2cFGp3+ZxFOEETuEcPLiCOtxDA5rAIIFneIU3J3VenHfnY9FacPKZY/gD5/MH/Q+RAA==</latexit>

sk > 0
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay

for nearly massless axions
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay

The efficiency of the process is affected by the expansion of the universe:

for nearly massless axions
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay

The efficiency of the process is affected by the expansion of the universe:

for nearly massless axions

A photon of energy
<latexit sha1_base64="2aJpRueFs1kzaJ8XQyzNjTT4+2k=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kUIevEYwTwgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSu6sEHeDrUa9U9iv+DGiZBDkpQ456r/TV7SuSCiot4diYTuAnNsywtoxwOil2U0MTTEZ4QDuOSiyoCbPZvRN06pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmj6P+kxTYvnYEUw0c7ciMsQaE+siKroQgsWXl0mzWgkuKtX783LtJo+jAMdwAmcQwCXU4A7q0AACHJ7hFd68R+/Fe/c+5q0rXj5zBH/gff4A4A+P3g==</latexit>

! = k will be redshifted away from the  parametric resonance window

after an interval of time
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay

The efficiency of the process is affected by the expansion of the universe:

for nearly massless axions

A photon of energy
<latexit sha1_base64="2aJpRueFs1kzaJ8XQyzNjTT4+2k=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kUIevEYwTwgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSu6sEHeDrUa9U9iv+DGiZBDkpQ456r/TV7SuSCiot4diYTuAnNsywtoxwOil2U0MTTEZ4QDuOSiyoCbPZvRN06pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmj6P+kxTYvnYEUw0c7ciMsQaE+siKroQgsWXl0mzWgkuKtX783LtJo+jAMdwAmcQwCXU4A7q0AACHJ7hFd68R+/Fe/c+5q0rXj5zBH/gff4A4A+P3g==</latexit>

! = k will be redshifted away from the  parametric resonance window

after an interval of time

<latexit sha1_base64="EYakXFUQSo+pijj77Xs8SrUFUkA=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi3W3iHosevFYwX5Au5Zsmm1Dk+yaZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB8HbqN0dUaRbJBzOOqS9wX7KQEWys5Hc0E8g8pmfeeWXSLZbcsjsDWiZeRkqQodYtfnV6EUkElYZwrHXbc2Pjp1gZRjidFDqJpjEmQ9ynbUslFlT76ezoCTqxSg+FkbIlDZqpvydSLLQei8B2CmwGetGbiv957cSE137KZJwYKsl8UZhwZCI0TQD1mKLE8LElmChmb0VkgBUmxuZUsCF4iy8vk0al7F2WK/cXpepNFkcejuAYTsGDK6jCHdSgDgSe4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QOQVZFR</latexit>

⇠ t�1/2

<latexit sha1_base64="pz6275xXIZbdW+GgLudeEALbtkQ=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBC8GHaDqMegF48RzAOSNcxOZpMh81hmeoWw5DO8eFDEq1/jzb9xkuxBEwsaiqpuuruiRHALvv/trayurW9sFraK2zu7e/ulg8Om1amhrEG10KYdEcsEV6wBHARrJ4YRGQnWika3U7/1xIzlWj3AOGGhJAPFY04JOKnTtVxieMzOg0mvVPYr/gx4mQQ5KaMc9V7pq9vXNJVMARXE2k7gJxBmxACngk2K3dSyhNARGbCOo4pIZsNsdvIEnzqlj2NtXCnAM/X3REaktWMZuU5JYGgXvan4n9dJIb4OM66SFJii80VxKjBoPP0f97lhFMTYEUINd7diOiSGUHApFV0IweLLy6RZrQSXler9Rbl2k8dRQMfoBJ2hAF2hGrpDddRAFGn0jF7Rmwfei/fufcxbV7x85gj9gff5A6vgkNw=</latexit>

⇠ t�1

RD

MD
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Stability of the DM condensate
<latexit sha1_base64="dnwz/HMS7IkTUf0KZsjvY1EXLAI=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX3eCad+HHIusWSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd3bmVA=</latexit>

�0 ! � + � Spontaneous decay 
Stimulated decay

The efficiency of the process is affected by the expansion of the universe:

for nearly massless axions

A photon of energy
<latexit sha1_base64="2aJpRueFs1kzaJ8XQyzNjTT4+2k=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kUIevEYwTwgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSjgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNCrVhDaI4kq3I2woZ5I2LLOcthNNsYg4bUWj26nfeqLaMCUf7DihocADyWJGsHVSu6sEHeDrUa9U9iv+DGiZBDkpQ456r/TV7SuSCiot4diYTuAnNsywtoxwOil2U0MTTEZ4QDuOSiyoCbPZvRN06pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxldhxmSSWirJfFGccmQVmj6P+kxTYvnYEUw0c7ciMsQaE+siKroQgsWXl0mzWgkuKtX783LtJo+jAMdwAmcQwCXU4A7q0AACHJ7hFd68R+/Fe/c+5q0rXj5zBH/gff4A4A+P3g==</latexit>

! = k will be redshifted away from the  parametric resonance window

after an interval of time

<latexit sha1_base64="EYakXFUQSo+pijj77Xs8SrUFUkA=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi3W3iHosevFYwX5Au5Zsmm1Dk+yaZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SRWidRDxSrQBrypmkdcMMp61YUSwCTpvB8HbqN0dUaRbJBzOOqS9wX7KQEWys5Hc0E8g8pmfeeWXSLZbcsjsDWiZeRkqQodYtfnV6EUkElYZwrHXbc2Pjp1gZRjidFDqJpjEmQ9ynbUslFlT76ezoCTqxSg+FkbIlDZqpvydSLLQei8B2CmwGetGbiv957cSE137KZJwYKsl8UZhwZCI0TQD1mKLE8LElmChmb0VkgBUmxuZUsCF4iy8vk0al7F2WK/cXpepNFkcejuAYTsGDK6jCHdSgDgSe4Ble4c0ZOS/Ou/Mxb8052cwh/IHz+QOQVZFR</latexit>

⇠ t�1/2

<latexit sha1_base64="pz6275xXIZbdW+GgLudeEALbtkQ=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBC8GHaDqMegF48RzAOSNcxOZpMh81hmeoWw5DO8eFDEq1/jzb9xkuxBEwsaiqpuuruiRHALvv/trayurW9sFraK2zu7e/ulg8Om1amhrEG10KYdEcsEV6wBHARrJ4YRGQnWika3U7/1xIzlWj3AOGGhJAPFY04JOKnTtVxieMzOg0mvVPYr/gx4mQQ5KaMc9V7pq9vXNJVMARXE2k7gJxBmxACngk2K3dSyhNARGbCOo4pIZsNsdvIEnzqlj2NtXCnAM/X3REaktWMZuU5JYGgXvan4n9dJIb4OM66SFJii80VxKjBoPP0f97lhFMTYEUINd7diOiSGUHApFV0IweLLy6RZrQSXler9Rbl2k8dRQMfoBJ2hAF2hGrpDddRAFGn0jF7Rmwfei/fufcxbV7x85gj9gff5A6vgkNw=</latexit>

⇠ t�1

RD

MD

<latexit sha1_base64="o9DqGGou73OsW9SgclRGxabeYRg=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqqRCwMBQwcJYJPqQmihyHKe1aseR7SBVUQYWfoWFAYRY+Qg2/ga3zQAtR7rS8Tn3yveeMGVUacf5tlZW19Y3Nitb1e2d3b19++Cwq0QmMelgwYTsh0gRRhPS0VQz0k8lQTxkpBeOb6Z+74FIRUVyrycp8TkaJjSmGGkjBXbNkyMR5N4QcY6Kq/IlOYx4Edh1p+HMAJeJW5I6KNEO7C8vEjjjJNGYIaUGrpNqP0dSU8xIUfUyRVKEx2hIBoYmiBPl57MjCnhilAjGQppKNJypvydyxJWa8NB0cqRHatGbiv95g0zHl35OkzTTJMHzj+KMQS3gNBEYUUmwZhNDEJbU7ArxCEmEtcmtakJwF09eJt1mwz1vNO/O6q3rMo4KqIFjcApccAFa4Ba0QQdg8AiewSt4s56sF+vd+pi3rljlzBH4A+vzB0UbmH8=</latexit>

⇢� < ⇢dmall in all, by
We include plasma 
effects by evaluating at 
times such that

<latexit sha1_base64="f+cVe3zQJQtCXsLBFLXR+U9jKuE=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovoqiRF1GXRjcsK9gFNCJPpJB06MwkzE6GE4MZfceNCEbd+hTv/xmmbhbYeGDiccy537glTRpV2nG9raXlldW29slHd3Nre2bX39jsqySQmbZywRPZCpAijgrQ11Yz0UkkQDxnphqObid99IFLRRNzrcUp8jmJBI4qRNlJgH/Ig92LEOTotvFibIIdGSlkR2DWn7kwBF4lbkhoo0QrsL2+Q4IwToTFDSvVdJ9V+jqSmmJGi6mWKpAiPUEz6hgrEifLz6QkFPDHKAEaJNE9oOFV/T+SIKzXmoUlypIdq3puI/3n9TEdXfk5Fmmki8GxRlDGoEzjpAw6oJFizsSEIS2r+CvEQSYS1aa1qSnDnT14knUbdvag37s5rzeuyjgo4AsfgDLjgEjTBLWiBNsDgETyDV/BmPVkv1rv1MYsuWeXMAfgD6/MHvK+XqA==</latexit>

m�0 & mpl
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HP-DM Stability
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Bounds from CMB distortion

Two processes contribute to CMB distortion

<latexit sha1_base64="p7bp1jbKjfRAcioBA9fGcIdQagg=">AAACB3icbVBNSwMxEM3Wr1q/qh4FCRZREMpuEfVY9OKxgv2AbimzadoNTbJLklXK0psX/4oXD4p49S9489+YtnvQ6oOBx3szzMwLYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHPmKDUIDSkX32I9DdjLTu8WSW3anwH+Jl5ESylDrFj/9XkQSQaUhHLRue25sOikowwin44KfaBoDGcKAti2VIKjupNM/xvjQKj3cj5QtafBU/TmRgtB6JALbKcCEet6biP957cT0Lzopk3FiqCSzRf2EYxPhSSi4xxQlho8sAaKYvRWTEBQQY6Mr2BC8+Zf/kkal7J2VKzenpeplFkce7aEDdIw8dI6q6BrVUB0R9ICe0At6dR6dZ+fNeZ+15pxsZhf9gvPxDd2hmVA=</latexit>

�0 ! �+ �
stimulated HP decay from CMB photons 
satisfying

<latexit sha1_base64="T/ixDnhu+RbpzaB2XKhUfzQ43Gc=">AAAB7nicbVDLSgNBEJyNrxhfUY9eBoPgKewGUS9C0IvHCOYByRJmJ73JkHksM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dUcKZsb7/7RXW1jc2t4rbpZ3dvf2D8uFRy6hUU2hSxZXuRMQAZxKallkOnUQDERGHdjS+m/ntJ9CGKfloJwmEggwlixkl1kntnhIwJDf9csWv+nPgVRLkpIJyNPrlr95A0VSAtJQTY7qBn9gwI9oyymFa6qUGEkLHZAhdRyURYMJsfu4UnzllgGOlXUmL5+rviYwIYyYicp2C2JFZ9mbif143tfF1mDGZpBYkXSyKU46twrPf8YBpoJZPHCFUM3crpiOiCbUuoZILIVh+eZW0atXgslp7uKjUb/M4iugEnaJzFKArVEf3qIGaiKIxekav6M1LvBfv3ftYtBa8fOYY/YH3+QMWUY9p</latexit>! =

<latexit sha1_base64="muLBK17zuCej0LX1HYpC/t0Lr8w=">AAACB3icbVDLSgMxFM3UV62vqktBgkUUhDJTRF0W3bisYB/QKeVOmnZCk8yQZJQydOfGX3HjQhG3/oI7/8a0nYVWD1zu4Zx7Se4JYs60cd0vJ7ewuLS8kl8trK1vbG4Vt3caOkoUoXUS8Ui1AtCUM0nrhhlOW7GiIAJOm8HwauI376jSLJK3ZhTTjoCBZH1GwFipW9z3ByAEHJ3Muq/YIDSgVHSP/Thk3WLJLbtT4L/Ey0gJZah1i59+LyKJoNIQDlq3PTc2nRSUYYTTccFPNI2BDGFA25ZKEFR30ukdY3xolR7uR8qWNHiq/txIQWg9EoGdFGBCPe9NxP+8dmL6F52UyTgxVJLZQ/2EYxPhSSi4xxQlho8sAaKY/SsmISggxkZXsCF48yf/JY1K2TsrV25OS9XLLI482kMH6Bh56BxV0TWqoToi6AE9oRf06jw6z86b8z4bzTnZzi76BefjG9mTmVA=</latexit>

�0 + � ! � Photon - HP annihilation with
<latexit sha1_base64="Y6O2J5zkSPPFCADn8xYmZz/qQ0s=">AAACHXicbVDLSsNAFJ34rPUVdekmWEQ3liQUdSMU3bisYB/QxHIznbRDZ5IwMxFKyI+48VfcuFDEhRvxb5w+FrX1wMC559zLnXuChFGpbPvHWFpeWV1bL2wUN7e2d3bNvf2GjFOBSR3HLBatACRhNCJ1RRUjrUQQ4AEjzWBwM/Kbj0RIGkf3apgQn0MvoiHFoLTUMStezEkPrrxQAM54J/OSPs0f3LMR7QHncKKrPHNn6rxjluyyPYa1SJwpKaEpah3zy+vGOOUkUpiBlG3HTpSfgVAUM5IXvVSSBPAAeqStaQScSD8bX5dbx1rpWmEs9IuUNVZnJzLgUg55oDs5qL6c90bif147VeGln9EoSRWJ8GRRmDJLxdYoKqtLBcGKDTUBLKj+q4X7oHNSOtCiDsGZP3mRNNyyc1527yql6vU0jgI6REfoFDnoAlXRLaqhOsLoCb2gN/RuPBuvxofxOWldMqYzB+gPjO9fYXWiuA==</latexit>

! =
m2

� �m2
�0

2m�0

We compute the spectral photon energy density and its corrections, to obtain the distortion of the CMB spectrum as

<latexit sha1_base64="/PNjZ3ixbp0S1W0ArBYiJ397bT8=">AAACFXicbVDLSgNBEJz1bXxFPXoZDEKEJOyqqEfRi8cIRgPZGGYnvcngzO4y0yuEJT/hxV/x4kERr4I3/8bJ46CJBQ1FVTfdXUEihUHX/XZmZufmFxaXlnMrq2vrG/nNrRsTp5pDjccy1vWAGZAighoKlFBPNDAVSLgN7i8G/u0DaCPi6Bp7CTQV60QiFJyhlVr5ks+7ouXHCjrMN0JRX0KIRc+9y8qHfb9Ey7Y8X4tOF/db+YJbcYeg08QbkwIZo9rKf/ntmKcKIuSSGdPw3ASbGdMouIR+zk8NJIzfsw40LI2YAtPMhl/16Z5V2jSMta0I6VD9PZExZUxPBbZTMeyaSW8g/uc1UgxPm5mIkhQh4qNFYSopxnQQEW0LDRxlzxLGtbC3Ut5lmnG0QeZsCN7ky9Pk5qDiHVcOro4KZ+fjOJbIDtklReKRE3JGLkmV1Agnj+SZvJI358l5cd6dj1HrjDOe2SZ/4Hz+AHsSnRo=</latexit>

�! ⇠
�
10�3 � 1

�

Using the accuracy of FIRAS (Fixsen93) 
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CMB Constraints
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Stellar constraints
Energy loss arguments have been widely invoked to study novel particles. A new energy loss channel will perturb the stellar 
object, enforcing it to become more compact, luminous and hotter than the unperturbed configuration (Raffelt87, Gondolo09, An13)

The vertex in our model allows for the decay of a transverse plasmon into a hidden-photon and an axion in a plasma.

We start looking the anomalous solar luminosity produced by this process, using that 
<latexit sha1_base64="Y/GKslHDrXDDbMOBSKOobllK/78=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFchaSIunBRdOOiiwr2AW0Mk8mkHTp5MDMpltA/ceNCEbf+iTv/xmmbhbYeuHA4517uvcdPOZPKtr+NldW19Y3N0lZ5e2d3b988OGzJJBOENknCE9HxsaScxbSpmOK0kwqKI5/Ttj+8nfrtERWSJfGDGqfUjXA/ZiEjWGnJM82694SubctB9cdcqmDimRXbsmdAy8QpSAUKNDzzqxckJItorAjHUnYdO1VujoVihNNJuZdJmmIyxH3a1TTGEZVuPrt8gk61EqAwEbpihWbq74kcR1KOI193RlgN5KI3Ff/zupkKr9ycxWmmaEzmi8KMI5WgaQwoYIISxceaYCKYvhWRARaYKB1WWYfgLL68TFpVy7mwqvfnldpNEUcJjuEEzsCBS6jBHTSgCQRG8Ayv8GbkxovxbnzMW1eMYuYI/sD4/AG0DpJt</latexit>

Lx < 0.1Lstd

<latexit sha1_base64="eTGjGlVmzCpJ2QSaHCUQQqxfNKk="></latexit>

Lx =

Z

Vsun

dV gd

Z
d3q

(2⇡)3
�x !(q)

e!(q)/T � 1

massless

massive

Horizontal Branch stars are denser and hotter than the sun, so improved limits are expected.
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Stellar constraints

Solar lifetime

Horizontal brunch

<latexit sha1_base64="2MyTlbH3NFbh0SbtwkfJx2MZJBk=">AAACFnicbZC7SgNBFIZn4z3eopY2g0Gw0LAbRS1FG8sIJgayMcxOTpIhc1lmZsWw7FPY+Co2ForYip1v4+RSaPSHgY//nMOZ80cxZ8b6/peXm5mdm19YXMovr6yurRc2NmtGJZpClSqudD0iBjiTULXMcqjHGoiIONxE/Yth/eYOtGFKXttBDE1BupJ1GCXWWa3CQagEdEkrDbXAMc9uR2ASmYWGCeyXDsP9UETqPu1DLWsVin7JHwn/hWACRTRRpVX4DNuKJgKkpZwY0wj82DZToi2jHLJ8mBiICe2TLjQcSiLANNPRWRnedU4bd5R2T1o8cn9OpEQYMxCR6xTE9sx0bWj+V2sktnPaTJmMEwuSjhd1Eo6twsOMcJtpoJYPHBCqmfsrpj2iCbUuybwLIZg++S/UyqXguFS+OiqenU/iWETbaAftoQCdoDN0iSqoiih6QE/oBb16j96z9+a9j1tz3mRmC/2S9/ENWyiffA==</latexit>

!sun
pl ⇠ 0.3 keV

<latexit sha1_base64="vyDexxp5a2ndt8QHDDZf084dn9Q=">AAACE3icbZDLSgMxFIYzXmu9VV26CRZBRMpMEXVZ6qbLCvYCnVoy6WkbmkyGJCOWYd7Bja/ixoUibt24821MLwtt/SHw8Z9zODl/EHGmjet+O0vLK6tr65mN7ObW9s5ubm+/rmWsKNSo5FI1A6KBsxBqhhkOzUgBEQGHRjC8Htcb96A0k+GtGUXQFqQfsh6jxFirkzv1pYA+6SS+Ejji6d0EKuXU10zgon/mi0A+JEOop51c3i24E+FF8GaQRzNVO7kvvytpLCA0lBOtW54bmXZClGGUQ5r1Yw0RoUPSh5bFkAjQ7WRyU4qPrdPFPansCw2euL8nEiK0HonAdgpiBnq+Njb/q7Vi07tqJyyMYgMhnS7qxRwbiccB4S5TQA0fWSBUMftXTAdEEWpsjFkbgjd/8iLUiwXvolC8Oc+XyrM4MugQHaET5KFLVEIVVEU1RNEjekav6M15cl6cd+dj2rrkzGYO0B85nz/w7J4z</latexit>

!HB

pl
⇠ 2 keV
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Constrained parameter space
Summary

<latexit sha1_base64="tH5ORlPeudmEM3dXNKMdyTk0JKE=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPZWkiHosevFYwX5AE8Jku2mX7iZhdyOUUPCvePGgiFd/hzf/jds2B219MPB4b4aZeWHKmdKO822VVlbX1jfKm5Wt7Z3dPXv/oK2STBLaIglPZDcERTmLaUszzWk3lRREyGknHN1O/c4jlYol8YMep9QXMIhZxAhoIwX2kQi8dMg8zrEIcm8AQsDZJLCrTs2ZAS8TtyBVVKAZ2F9ePyGZoLEmHJTquU6q/RykZoTTScXLFE2BjGBAe4bGIKjy89n5E3xqlD6OEmkq1nim/p7IQSg1FqHpFKCHatGbiv95vUxH137O4jTTNCbzRVHGsU7wNAvcZ5ISzceGAJHM3IrJECQQbRKrmBDcxZeXSbtecy9r9fuLauOmiKOMjtEJOkcuukINdIeaqIUIytEzekVv1pP1Yr1bH/PWklXMHKI/sD5/AAsmlYs=</latexit>

m� ⌧ m�0

massless ALP
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Constrained parameter space
Summary

massive ALP
<latexit sha1_base64="hH1XL0SvDBnqZDyBH9NXeYcigxY=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL6EJKUkTdCEU3LivYBzQhTKaTdujMJMxMhBKy8VfcuFDErZ/hzr9x2mahrQcuHM65l3vvCRNGlXacb6u0tLyyulZer2xsbm3v2Lt7bRWnEpMWjlksuyFShFFBWppqRrqJJIiHjHTC0e3E7zwSqWgsHvQ4IT5HA0EjipE2UmAf8MBLhvTadbwzyIPMGyDO0Uke2FWn5kwBF4lbkCoo0AzsL68f45QToTFDSvVcJ9F+hqSmmJG84qWKJAiP0ID0DBWIE+Vn0wdyeGyUPoxiaUpoOFV/T2SIKzXmoenkSA/VvDcR//N6qY6u/IyKJNVE4NmiKGVQx3CSBuxTSbBmY0MQltTcCvEQSYS1yaxiQnDnX14k7XrNvajV78+rjZsijjI4BEfgFLjgEjTAHWiCFsAgB8/gFbxZT9aL9W59zFpLVjGzD/7A+vwBRY+VkQ==</latexit>

m� = 10m�0
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Outlook

• We studied a model of very light  dark  matter particles (HPs) interacting only  
under  the  inclusion  of  an  additional  light  “messenger”  with  the  Standard  
Model (the ALP).


• For ALP masses higher than the HP, the DM is stable. 


• For HP heavier than ALPs, the decay of DM can exhibit parametric resonance, 
constraining the parameter space where the HP can be the DM.


• Best bounds from astrophysical observations.


• Direct detection becomes harder, but still possible. A different tune of the 
detectors could help to distinguish between different physical models.

19



Coherence of DM

20

The coherence length of the DM goes by the inverse width in momentum space of the hidden photon distribution
<latexit sha1_base64="QLMDGqjzvd2ApYWRm3CwcCvHEps=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgupCRF1GVRFy5cVLAPaEKYTCft0JlJmJkIJeQn3Pgrblwo4lZw5984bQNq64ELh3Pu5d57woRRpR3ny1pYXFpeWS2tldc3Nre27Z3dlopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8HLst++JVDQWd3qUEJ+jvqARxUgbKbCPb4LMkxzieJB7inLoRRLhzM0z74owjeDwx88Du+JUnQngPHELUgEFGoH96fVinHIiNGZIqa7rJNrPkNQUM5KXvVSRBOEh6pOuoQJxovxs8lUOD43Sg1EsTQkNJ+rviQxxpUY8NJ0c6YGa9cbif1431dG5n1GRpJoIPF0UpQzqGI4jgj0qCdZsZAjCkppbIR4gE4s2QZZNCO7sy/OkVau6p9Xa7UmlflHEUQL74AAcARecgTq4Bg3QBBg8gCfwAl6tR+vZerPep60LVjGzB/7A+vgGzyefPQ==</latexit>

Lcoh ⇠ 1

�kcoh

<latexit sha1_base64="kasajsK9ac0NGEUJpNIOqf6wsSo=">AAACEXicbVC7SgNBFJ2Nrxhfq5Y2g0FMFXaDqI0Q1MIygnlANoS7k0kyZGZ3mZkNhGV/wcZfsbFQxNbOzr9xkmyhiQcunDnnXube40ecKe0431ZuZXVtfSO/Wdja3tnds/cPGiqMJaF1EvJQtnxQlLOA1jXTnLYiSUH4nDb90c3Ub46pVCwMHvQkoh0Bg4D1GQFtpK5dSrxbyjXgUTfxpMAkHKbplTCPAQgBp2lmj7t20Sk7M+Bl4makiDLUuvaX1wtJLGigCQel2q4T6U4CUjPCaVrwYkUjICMY0LahAQiqOsnsohSfGKWH+6E0FWg8U39PJCCUmgjfdArQQ7XoTcX/vHas+5edhAVRrGlA5h/1Y451iKfx4B6TlGg+MQSIZGZXTIYggWgTYsGE4C6evEwalbJ7Xq7cnxWr11kceXSEjlEJuegCVdEdqqE6IugRPaNX9GY9WS/Wu/Uxb81Z2cwh+gPr8wdcp51a</latexit>

�kcoh = m�0�vand

During early times we 
use linear perturbation 
theory to obtain 

<latexit sha1_base64="xcgqZJU/d8Kcn2psN/NGInlsBzg=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRHC2Y6gHD0MvHie4F1jrSNN0C0vTkqTCKPsOXvwqXjwo4tWLN7+NadeDTh9I+PH/Pw/J8/diRqWyrC+jtLC4tLxSXq2srW9sbpnbOx0ZJQKTNo5YJHoekoRRTtqKKkZ6sSAo9BjpeuOrzO/eEyFpxG/VJCZuiIacBhQjpaWBeeT4hCnkSBrCGUJHjKKT7MpF27pLjxtTeGEPzKpVs/KCf8EuoAqKag3MT8ePcBISrjBDUvZtK1ZuioSimJFpxUkkiREeoyHpa+QoJNJN852m8EArPgwioQ9XMFd/TqQolHISerozRGok571M/M/rJyo4d1PK40QRjmcPBQmDKoJZQNCngmDFJhoQFlT/FeIREggrHWNFh2DPr/wXOvWafVqr3zSqzcsijjLYA/vgENjgDDTBNWiBNsDgATyBF/BqPBrPxpvxPmstGcXMLvhVxsc39kKc6g==</latexit>

� ⇠ �⇢/⇢ ⇠ 10�4 < 1

No longer applicable during matter 
domination. Fluctuations start to grow 
and become non-linear

<latexit sha1_base64="PZHZajDWveUJIy4+Vm3Sdz0bu60=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkkR9Vj04rGC/YAmlM1m0i7dbMLuRCilf8OLB0W8+me8+W/ctjlo64OBx3szzMwLMykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJs01hxZPZaq7ITMghYIWCpTQzTSwJJTQCUd3M7/zBNqIVD3iOIMgYQMlYsEZWsn3I5DIfCMS6vUrVbfmzkFXiVeQKinQ7Fe+/CjleQIKuWTG9Dw3w2DCNAouYVr2cwMZ4yM2gJ6liiVggsn85ik9t0pE41TbUkjn6u+JCUuMGSeh7UwYDs2yNxP/83o5xjfBRKgsR1B8sSjOJcWUzgKgkdDAUY4tYVwLeyvlQ6YZRxtT2YbgLb+8Str1mndVqz9cVhu3RRwlckrOyAXxyDVpkHvSJC3CSUaeySt5c3LnxXl3Phata04xc0L+wPn8AX7NkVU=</latexit>

� ⇠ 1

we estimate the scales are linear for 
<latexit sha1_base64="2WLlufdM+EgipdvCSj5RmzrS/p4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqewWtR6LXjxWsB+wXUo2zbahSXZJZoW69Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YSK4Adf9dgpr6xubW8Xt0s7u3v5B+fCobeJUU9aisYh1NySGCa5YCzgI1k00IzIUrBOOb2d+55Fpw2P1AJOEBZIMFY84JWAl/6k3BGtKXL/slytu1Z0DrxIvJxWUo9kvf/UGMU0lU0AFMcb33ASCjGjgVLBpqZcalhA6JkPmW6qIZCbI5idP8ZlVBjiKtS0FeK7+nsiINGYiQ9spCYzMsjcT//P8FKLrIOMqSYEpulgUpQJDjGf/4wHXjIKYWEKo5vZWTEdEEwo2pZINwVt+eZW0a1Xvqlq7v6g0bvI4iugEnaJz5KE6aqA71EQtRFGMntErenPAeXHenY9Fa8HJZ47RHzifP77fkOc=</latexit>
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Several observations and experiments constrain their parameter space
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Compilation made by C. O’Hare. 
Available at:  https://github.com/cajohare
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