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Photon-ALP oscillation
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! In the presence of background magnetic Þeld, Photon and ALP are oscillated 
through the Axion-portal
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Photon-ALP oscillation
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! When propagating coherent background magnetic Þeld and plasma contribution 
to the refractive index on the photon is stationary (i.e. adiabatically), the 
conversion probability is
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Falling down spectral modulation
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Photon-ALP conversion
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Gamma-ray spectral modulations

[J. Majumdar et al., 18] [Z. Xia et al., 18]
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Photon-ALP conversion
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Gamma-ray spectral modulations
[J. Majumdar et al., 18] [Z. Xia et al., 18]
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Photon-ALP-Dark photon oscillation

8

! In the presence of background dark photon field as well as magnetic Þeld, 
Photon, ALP, and Dark photon are oscillated through the Dark axion-portal
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[K. Choi, S. Lee, H. Seong, SY, 18]
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Photon-ALP-Dark photon oscillation

! In the presence of background dark photon field as well as magnetic Þeld, 
Photon, ALP, and Dark photon are oscillated through the Dark axion-portal

[K. Choi, S. Lee, H. Seong, SY, 18]
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see [K. Choi, H. Kim, T. Sekiguchi, 18] BX ! O(100)nG, l ! O(10)kpc

Gamma-ray spectral modulations
Photon-ALP-Dark photon conversion
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Tachyonic instability
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Observational constraints
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Core mass increase at RG

! c ! O(1) GeV! 1
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Resonant conversion
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! Photon oscillations can be modiÞed by the refractive properties of the medium
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Resonant conversion
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Pure Pure

Resonance 1. Adiabatic condition for eigenstates 
except the resonance point"

2. Resonance period short enough

Can be derived analytically!

In the basis of mass eigenstates,
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Resonant conversion probability
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! The resonant conversion probability is
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Level-crossing transition at resonance

! The level-crossing transition rate is determined by adiabaticity at the resonance

p ! exp
!
" 2! rk sin2 "0

"
t = t res

<latexit sha1_base64="gN1hvIXyRtYQOA31184qicYFYug="></latexit><latexit sha1_base64="EC+JOp22475VWTr2O/2CgEelyvw="></latexit><latexit sha1_base64="EC+JOp22475VWTr2O/2CgEelyvw="></latexit><latexit sha1_base64="GM7dPd1MY3CNShxjOaf6SThObjA="></latexit>

r =

!
!
!
!
!

d ln ! 2
pl

dt

!
!
!
!
!

! 1

<latexit sha1_base64="OS0XaKUe28PXbirTKOARTQwWifA="></latexit><latexit sha1_base64="OS0XaKUe28PXbirTKOARTQwWifA="></latexit><latexit sha1_base64="OS0XaKUe28PXbirTKOARTQwWifA="></latexit><latexit sha1_base64="OS0XaKUe28PXbirTKOARTQwWifA="></latexit>

! The resonant conversion probability in non-adiabatic level-crossing case

P �$�
res ' r

⇡m4
mix

!m2
�

<latexit sha1_base64="2VyVjSXnoRBVazZHrLCUq58YN9Y="></latexit><latexit sha1_base64="2VyVjSXnoRBVazZHrLCUq58YN9Y="></latexit><latexit sha1_base64="2VyVjSXnoRBVazZHrLCUq58YN9Y="></latexit><latexit sha1_base64="2VyVjSXnoRBVazZHrLCUq58YN9Y="></latexit>

p ! 1
<latexit sha1_base64="86tkXWs/QoUdNSc+7hc4KpjOJro=">AAAB8nicbZDLSgMxFIbPeK31VnWpi2ARXJUZN7osunHZgr3AdCiZNNOGZpKQZMQy9DHcuFDErQ/gc7hz56OYXhba+kPg4z/nkHP+WHFmrO9/eSura+sbm4Wt4vbO7t5+6eCwaWSmCW0QyaVux9hQzgRtWGY5bStNcRpz2oqHN5N6655qw6S4syNFoxT3BUsYwdZZoUIdrJSWDyjolsp+xZ8KLUMwh3L15KP+DQC1bumz05MkS6mwhGNjwsBXNsqxtoxwOi52MkMVJkPcp6FDgVNqony68hidOaeHEqndExZN3d8TOU6NGaWx60yxHZjF2sT8rxZmNrmKciZUZqkgs4+SjCMr0eR+1GOaEstHDjDRzO2KyABrTKxLqehCCBZPXobmRSVwXHdpXMNMBTiGUziHAC6hCrdQgwYQkPAIz/DiWe/Je/XeZq0r3nzmCP7Ie/8BlpiTAA==</latexit><latexit sha1_base64="4FSr5EyeAeihoOMq6yRZG2Njrk4=">AAAB8nicbZDLSgMxFIYz9VbrrepSkWARXJUZN7osunHZgr3AdCiZNNOGZiYhOSOWoUsfwY0LRdz6AH0Odz6DL2F6WWjrD4GP/5xDzvlDJbgB1/1yciura+sb+c3C1vbO7l5x/6BhZKopq1MppG6FxDDBE1YHDoK1lGYkDgVrhoObSb15z7ThMrmDoWJBTHoJjzglYC1f4TZRSssH7HWKJbfsToWXwZtDqXI8rn0/noyrneJnuytpGrMEqCDG+J6rIMiIBk4FGxXaqWGK0AHpMd9iQmJmgmy68gifWaeLI6ntSwBP3d8TGYmNGcah7YwJ9M1ibWL+V/NTiK6CjCcqBZbQ2UdRKjBIPLkfd7lmFMTQAqGa210x7RNNKNiUCjYEb/HkZWhclD3LNZvGNZopj47QKTpHHrpEFXSLqqiOKJLoCb2gVwecZ+fNeZ+15pz5zCH6I+fjB3TdlGY=</latexit><latexit sha1_base64="4FSr5EyeAeihoOMq6yRZG2Njrk4=">AAAB8nicbZDLSgMxFIYz9VbrrepSkWARXJUZN7osunHZgr3AdCiZNNOGZiYhOSOWoUsfwY0LRdz6AH0Odz6DL2F6WWjrD4GP/5xDzvlDJbgB1/1yciura+sb+c3C1vbO7l5x/6BhZKopq1MppG6FxDDBE1YHDoK1lGYkDgVrhoObSb15z7ThMrmDoWJBTHoJjzglYC1f4TZRSssH7HWKJbfsToWXwZtDqXI8rn0/noyrneJnuytpGrMEqCDG+J6rIMiIBk4FGxXaqWGK0AHpMd9iQmJmgmy68gifWaeLI6ntSwBP3d8TGYmNGcah7YwJ9M1ibWL+V/NTiK6CjCcqBZbQ2UdRKjBIPLkfd7lmFMTQAqGa210x7RNNKNiUCjYEb/HkZWhclD3LNZvGNZopj47QKTpHHrpEFXSLqqiOKJLoCb2gVwecZ+fNeZ+15pz5zCH6I+fjB3TdlGY=</latexit><latexit sha1_base64="GcBSXU4RF/G72Sr7V74DvviI0mw=">AAAB8nicbZBNTwIxEIZn8QvxC/XopZGYeCK7XvRI9OIREwGTZUO6pQsN3W3TzhoJ4Wd48aAxXv013vw3FtiDgm/S5Mk7M+nMG2spLPr+t1daW9/Y3CpvV3Z29/YPqodHbatyw3iLKanMQ0wtlyLjLRQo+YM2nKax5J14dDOrdx65sUJl9zjWPErpIBOJYBSdFWrSpVob9USCXrXm1/25yCoEBdSgULNX/er2FctTniGT1Now8DVGE2pQMMmnlW5uuaZsRAc8dJjRlNtoMl95Ss6c0yeJMu5lSObu74kJTa0dp7HrTCkO7XJtZv5XC3NMrqKJyHSOPGOLj5JcElRkdj/pC8MZyrEDyoxwuxI2pIYydClVXAjB8smr0L6oB47v/FrjuoijDCdwCucQwCU04Baa0AIGCp7hFd489F68d+9j0Vryiplj+CPv8weGnpC7</latexit>

[S. J. Parke, 86], [C.Zener, 32]

cos 2✓0 = � cos 2✓i = 1
<latexit sha1_base64="EjVe3+1iEP6fUi3rbw6dhdrF9y8=">AAACDXicbZC7SgNBFIbPxluMt1XBxmYwCjaG3TTaBII2lgmYCyRLnJ1MkiGzF2bOCiHkBWx8FRsLRWzt7Wx8FieXwiT+MPDxn3M4c34/lkKj43xbqZXVtfWN9GZma3tnd8/eP6jqKFGMV1gkI1X3qeZShLyCAiWvx4rTwJe85vdvxvXaA1daROEdDmLuBbQbio5gFI3Vsk+bLNIk38QeR9pySIFckDlLkILbsrNOzpmILIM7g2zxqPxzDwCllv3VbEcsCXiITFKtG64TozekCgWTfJRpJprHlPVplzcMhjTg2htOrhmRM+O0SSdS5oVIJu7fiSENtB4EvukMKPb0Ym1s/ldrJNi58oYijBPkIZsu6iSSYETG0ZC2UJyhHBigTAnzV8J6VFGGJsCMCcFdPHkZqvmca7hs0riGqdJwDCdwDi5cQhFuoQQVYPAIz/AKb9aT9WK9Wx/T1pQ1mzmEOVmfv3nLm20=</latexit><latexit sha1_base64="DVa6NjxObEX1RZ8FWEQha0G1Ds8=">AAACDXicbZC7SgNBFIZn4y3G26pgYzMYBRvDbhptAiE2lgmYCyTLMjuZTYbMXpg5K4QlL2Djkwg2FopYCfZ2Nj6Lk0thEn8Y+PjPOZw5vxcLrsCyvo3Myura+kZ2M7e1vbO7Z+4fNFSUSMrqNBKRbHlEMcFDVgcOgrViyUjgCdb0BtfjevOOScWj8BaGMXMC0gu5zykBbbnmaYdGChc70GdAXAuX8AWeszgu2a6ZtwrWRHgZ7Bnky0e1H/5Y+ai65lenG9EkYCFQQZRq21YMTkokcCrYKNdJFIsJHZAea2sMScCUk06uGeEz7XSxH0n9QsAT9+9ESgKlhoGnOwMCfbVYG5v/1doJ+FdOysM4ARbS6SI/ERgiPI4Gd7lkFMRQA6GS679i2ieSUNAB5nQI9uLJy9AoFmzNNZ1GBU2VRcfoBJ0jG12iMrpBVVRHFN2jJ/SCXo0H49l4M96nrRljNnOI5mR8/gLLDJ0p</latexit><latexit sha1_base64="DVa6NjxObEX1RZ8FWEQha0G1Ds8=">AAACDXicbZC7SgNBFIZn4y3G26pgYzMYBRvDbhptAiE2lgmYCyTLMjuZTYbMXpg5K4QlL2Djkwg2FopYCfZ2Nj6Lk0thEn8Y+PjPOZw5vxcLrsCyvo3Myura+kZ2M7e1vbO7Z+4fNFSUSMrqNBKRbHlEMcFDVgcOgrViyUjgCdb0BtfjevOOScWj8BaGMXMC0gu5zykBbbnmaYdGChc70GdAXAuX8AWeszgu2a6ZtwrWRHgZ7Bnky0e1H/5Y+ai65lenG9EkYCFQQZRq21YMTkokcCrYKNdJFIsJHZAea2sMScCUk06uGeEz7XSxH0n9QsAT9+9ESgKlhoGnOwMCfbVYG5v/1doJ+FdOysM4ARbS6SI/ERgiPI4Gd7lkFMRQA6GS679i2ieSUNAB5nQI9uLJy9AoFmzNNZ1GBU2VRcfoBJ0jG12iMrpBVVRHFN2jJ/SCXo0H49l4M96nrRljNnOI5mR8/gLLDJ0p</latexit><latexit sha1_base64="kOhltxRGgYH3fG6+ZOUr8iYmh4M=">AAACDXicbZC7TsMwFIadcivlFmBksShILFRJF1gqVbAwFolepCaKHNdprTpOZJ8gVVVfgIVXYWEAIVZ2Nt4Gt81AW37J0qf/nKPj84ep4Boc58cqrK1vbG4Vt0s7u3v7B/bhUUsnmaKsSRORqE5INBNcsiZwEKyTKkbiULB2OLyd1tuPTGmeyAcYpcyPSV/yiFMCxgrsM48mGlc9GDAggYNr+BIvWBzX3MAuOxVnJrwKbg5llKsR2N9eL6FZzCRQQbTuuk4K/pgo4FSwScnLNEsJHZI+6xqUJGbaH8+umeBz4/RwlCjzJOCZ+3diTGKtR3FoOmMCA71cm5r/1boZRNf+mMs0AybpfFGUCQwJnkaDe1wxCmJkgFDFzV8xHRBFKJgASyYEd/nkVWhVK67he6dcv8njKKITdIoukIuuUB3doQZqIoqe0At6Q+/Ws/VqfVif89aClc8cowVZX7/rJJmI</latexit>

04.11.2019
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EDGES anomaly

15

! 21cm brightness temperature relative to CMB at z ~ 20

! Anomalously large amount of absorption than expected (factor of 2) "

! Dark radiation (e.g. ALP or dark photon) conversion into photon heats up the 
Rayleigh-Jeans tail of the CMB

[EDGES collaboration, 18]

! 21cm /T CMB ! 10! 3
<latexit sha1_base64="1vZVDscpN1BCxGUAOQqOWe7Qycc="></latexit><latexit sha1_base64="1vZVDscpN1BCxGUAOQqOWe7Qycc="></latexit><latexit sha1_base64="1vZVDscpN1BCxGUAOQqOWe7Qycc="></latexit><latexit sha1_base64="1vZVDscpN1BCxGUAOQqOWe7Qycc="></latexit>

T21 / 1� T!

Ts
<latexit sha1_base64="7kaUy5uVJMxjSZdc7knU+BegB94="></latexit><latexit sha1_base64="7kaUy5uVJMxjSZdc7knU+BegB94="></latexit><latexit sha1_base64="7kaUy5uVJMxjSZdc7knU+BegB94="></latexit><latexit sha1_base64="7kaUy5uVJMxjSZdc7knU+BegB94="></latexit>

[T. Moroi et al., 18]

[M. Pospelov et al., 18]

ALP conversion

Dark photon conversion

04.11.2019

! " "
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CMB distortion constraints

16

! COBE-FIRAS data which Þts well to the black-body spectrum can give stringent bound

[A. Mirizzi et al., 09] [A. Mirizzi et al., 09]

! <latexit sha1_base64="HXyom6uftLppPowYtlM9exWgWYk="></latexit><latexit sha1_base64="HXyom6uftLppPowYtlM9exWgWYk="></latexit><latexit sha1_base64="HXyom6uftLppPowYtlM9exWgWYk="></latexit><latexit sha1_base64="HXyom6uftLppPowYtlM9exWgWYk="></latexit>

1.2  !/T  11.3
<latexit sha1_base64="T3t9uGfttRwqLnO67KAjIuftiFM="></latexit><latexit sha1_base64="T3t9uGfttRwqLnO67KAjIuftiFM="></latexit><latexit sha1_base64="T3t9uGfttRwqLnO67KAjIuftiFM="></latexit><latexit sha1_base64="T3t9uGfttRwqLnO67KAjIuftiFM="></latexit>

04.11.2019

" " !

[ALP] [Dark photon]
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ALP-Photon conversion and its 
effect on 21cm

P! 21cm
a! " ! 10" 9 (f ! 21cm

a ! Ne! )" 1
<latexit sha1_base64="Qt9pNgE25Sao8T6HnqvC4I9QSlU="></latexit><latexit sha1_base64="KnPyKry4tZCIFR8MhL6JGzqG7Vw="></latexit><latexit sha1_base64="KnPyKry4tZCIFR8MhL6JGzqG7Vw="></latexit><latexit sha1_base64="5Bn3AsxRycwRgKWFpWc8IgWfks8="></latexit>

! Required conversion probability

Photon absorption

!  Issues  
1. To generate dark radiation properly"
2. Dangerous primordial background 

magnetic Þeld is required (may heat up 
the gas)"

3. Improved constraint from future CMB 
experiments (PIXIE or PRISM)

04.11.2019

B < 0.1nG [T. Minoda et al., 18]

# #
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[Based on T. Moroi et al., 18]

[K. Choi, H. Seong, SY, 19]
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Resonant photon-ALP-dark photon conversion

! General e#ective mass-squared matrix in basis of                    when(! , ! ! , a)
<latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit>

BX ! B
<latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit>

M 2 =

!

"
! 2

pl 0 ga!! ! BX !
0 0 ga! ! ! ! BX !

ga!! ! BX ! ga! ! ! ! BX ! m2
a

#

$

<latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit>

[K. Choi, H. Seong, SY, 19]

04.11.2019
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Resonant photon-ALP-dark photon conversion

! General e#ective mass-squared matrix in basis of                    when(! , ! ! , a)
<latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit>

BX ! B
<latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit>

M 2 =

!

"
! 2

pl 0 ga!! ! BX !
0 0 ga! ! ! ! BX !

ga!! ! BX ! ga! ! ! ! BX ! m2
a

#

$

<latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit>

[K. Choi, H. Seong, SY, 19]

04.11.2019

! Expectation? resonance occurs when # 2
pl = m2

a
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Resonant photon-ALP-dark photon conversion

! General e#ective mass-squared matrix in basis of                    when(! , ! ! , a)
<latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit><latexit sha1_base64="RJUIsgTu2Kmqz4Eg3dVSF2f1TPI="></latexit>

BX ! B
<latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit><latexit sha1_base64="6JHylwDULTe1V8f1xQCkHeOOjv0="></latexit>

M 2 =

!

"
! 2

pl 0 ga!! ! BX !
0 0 ga! ! ! ! BX !

ga!! ! BX ! ga! ! ! ! BX ! m2
a

#

$

<latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit>

[K. Choi, H. Seong, SY, 19]

04.11.2019

! Expectation? resonance occurs when # 2
pl = m2

a

ga!! B
<latexit sha1_base64="YimIjTR+Y5Ekjb3EN1kgjAGTM7c="></latexit><latexit sha1_base64="YimIjTR+Y5Ekjb3EN1kgjAGTM7c="></latexit><latexit sha1_base64="YimIjTR+Y5Ekjb3EN1kgjAGTM7c="></latexit><latexit sha1_base64="YimIjTR+Y5Ekjb3EN1kgjAGTM7c="></latexit>

! <
m2

a

ga! ! ! ! BX

!
!
!
!
t = t res

<latexit sha1_base64="pS/l8eHNDQTs+r0XRst9BMCtuo4="></latexit><latexit sha1_base64="pS/l8eHNDQTs+r0XRst9BMCtuo4="></latexit><latexit sha1_base64="pS/l8eHNDQTs+r0XRst9BMCtuo4="></latexit><latexit sha1_base64="pS/l8eHNDQTs+r0XRst9BMCtuo4="></latexit>

ga!! ! BX
<latexit sha1_base64="Lh+cF/ZjDMNUTH3hIO/cisL+2wg=">AAACBHicbZC7TsMwFIZPuJZyCzB2iShITFXCAmNVFsYi0YvUhMhxndaq7US2g1RFHVh4FRYGEIIR8QxsPAg77mWAliPZ+vT/58g+f5QyqrTrfllLyyura+uFjeLm1vbOrr2331RJJjFp4IQlsh0hRRgVpKGpZqSdSoJ4xEgrGlyM/dYtkYom4loPUxJw1BM0phhpI4V2qRfmyO8hzmf3jZ9KysmoFrZDu+xW3Ek5i+DNoFw9+n77AIB6aH/63QRnnAiNGVKq47mpDnIkNcWMjIp+pkiK8AD1SMegQJyoIJ8sMXKOjdJ14kSaI7QzUX9P5IgrNeSR6eRI99W8Nxb/8zqZjs+DnIo000Tg6UNxxhydOONEnC6VBGs2NICwpOavDu4jibA2uRVNCN78yovQPK14hq9MGjWYVgFKcAgn4MEZVOES6tAADHfwAE/wbN1bj9aL9TptXbJmMwfwp6z3H+/VmzE=</latexit><latexit sha1_base64="5iuTx4Vu5WsyWrc2knAz5QWfc8Y=">AAACBHicbZC7TsMwFIadcistlwBjF4uCxFQlLDBWZWEsEr1ITYgc12mt2k5kO5WqqAMLr8LCAEIwsvAGbDwIzLiXAVqOZOvT/58j+/xhwqjSjvNp5VZW19Y38puF4tb2zq69t99UcSoxaeCYxbIdIkUYFaShqWaknUiCeMhIKxxcTPzWkEhFY3GtRwnxOeoJGlGMtJECu9QLMuT1EOfz+8ZLJOVkXAvagV12Ks604DK4cyhXj75e34fF73pgf3jdGKecCI0ZUqrjOon2MyQ1xYyMC16qSILwAPVIx6BAnCg/my4xhsdG6cIoluYIDafq74kMcaVGPDSdHOm+WvQm4n9eJ9XRuZ9RkaSaCDx7KEoZ1DGcJAK7VBKs2cgAwpKav0LcRxJhbXIrmBDcxZWXoXlacQ1fmTRqYFZ5UAKH4AS44AxUwSWogwbA4Bbcg0fwZN1ZD9az9TJrzVnzmQPwp6y3H+h1nKs=</latexit><latexit sha1_base64="5iuTx4Vu5WsyWrc2knAz5QWfc8Y=">AAACBHicbZC7TsMwFIadcistlwBjF4uCxFQlLDBWZWEsEr1ITYgc12mt2k5kO5WqqAMLr8LCAEIwsvAGbDwIzLiXAVqOZOvT/58j+/xhwqjSjvNp5VZW19Y38puF4tb2zq69t99UcSoxaeCYxbIdIkUYFaShqWaknUiCeMhIKxxcTPzWkEhFY3GtRwnxOeoJGlGMtJECu9QLMuT1EOfz+8ZLJOVkXAvagV12Ks604DK4cyhXj75e34fF73pgf3jdGKecCI0ZUqrjOon2MyQ1xYyMC16qSILwAPVIx6BAnCg/my4xhsdG6cIoluYIDafq74kMcaVGPDSdHOm+WvQm4n9eJ9XRuZ9RkaSaCDx7KEoZ1DGcJAK7VBKs2cgAwpKav0LcRxJhbXIrmBDcxZWXoXlacQ1fmTRqYFZ5UAKH4AS44AxUwSWogwbA4Bbcg0fwZN1ZD9az9TJrzVnzmQPwp6y3H+h1nKs=</latexit><latexit sha1_base64="pGl7neYl3DhPj0U8912hfQyl95E=">AAACBHicbZC7TsMwFIYdrqXcAoxdLCokpiphgbEqC2OR6EVqQnTiOqlVO4lsB6mKOrDwKiwMIMTKQ7DxNrhtBmg5kq1P/3+O7POHGWdKO863tba+sbm1Xdmp7u7tHxzaR8ddleaS0A5JeSr7ISjKWUI7mmlO+5mkIEJOe+H4eub3HqhULE3u9CSjvoA4YREjoI0U2LU4KMCLQYjyvvcyyQSdtoJ+YNedhjMvvApuCXVUVjuwv7xhSnJBE004KDVwnUz7BUjNCKfTqpcrmgEZQ0wHBhMQVPnFfIkpPjPKEEepNCfReK7+nihAKDURoekUoEdq2ZuJ/3mDXEdXfsGSLNc0IYuHopxjneJZInjIJCWaTwwAkcz8FZMRSCDa5FY1IbjLK69C96LhGr516s1WGUcF1dApOkcuukRNdIPaqIMIekTP6BW9WU/Wi/VufSxa16xy5gT9KevzByV0mGI=</latexit>

Eigenvalue in small dark mixing regime

ga"$!"$!BX# < m2
a

dark  sector

! In small dark mixing regime, resonant conversion is equivalent to ALP-photon case but 
just replace             with Pres # #
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Large dark mixing

M 2 =

!

"
! 2

pl 0 ga!! ! BX !
0 0 ga! ! ! ! BX !

ga!! ! BX ! ga! ! ! ! BX ! m2
a

#

$

<latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit>
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! In large dark mixing, resonance occurs when # 2
pl = ga"$!"$!

BX#

Eigenvalue in large dark mixing regime

! Mixing between dark sector particles could change the resonant conversion patterns

ga"$!"$!
BX# > ma

dark  sector

[K. Choi, H. Seong, SY, 19]
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Large dark mixing

M 2 =

!

"
! 2

pl 0 ga!! ! BX !
0 0 ga! ! ! ! BX !

ga!! ! BX ! ga! ! ! ! BX ! m2
a

#

$

<latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit><latexit sha1_base64="X9O3Pudc7TEjV2sJs6ZHH+5MsVU="></latexit>
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! In large dark mixing, resonance occurs when # 2
pl = ga"$!"$!

BX#

Eigenvalue in large dark mixing regime

! Mixing between dark sector particles could change the resonant conversion patterns

ga"$!"$!
BX# > ma

dark  sector

# ne # a%3

# a%3

! Due to the same redshift of      and           , CMB distortion constraint can be evaded 
when

# 2
pl ga"$!"$!BX#

ga"$!"$!
BX(t0) > 4.6 & 10%8GeV%1 $G

[K. Choi, H. Seong, SY, 19]
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Large dark mixing resonance

04.11.2019

%D
' &/4

Resonance occurs!

Similar to ALP
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[K. Choi, H. Seong, SY, 19]
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Large dark mixing resonance
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No Resonance
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"
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[K. Choi, H. Seong, SY, 19]

resonant  in  large  dark  mixing
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Large dark mixing resonance

a ! !
<latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit><latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit><latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit><latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit>

! Small dark mixing"
! Same to ALP case

a, ! ! ! !
<latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit><latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit><latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit><latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit>

! Large dark mixing"
! Right after recombination, hydrogen ionization 

fraction decreases rapidly so the speciÞc 
energy range can be resonantly oscillated"

! Unique feature that the energy-dependence of 
conversion become weakened"

! Resonance even in a very small ALP mass

04.11.2019
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[K. Choi, H. Seong, SY, 19]
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Large dark mixing resonance

a ! !
<latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit><latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit><latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit><latexit sha1_base64="X9xJVz34NBDeKUWEpc9Cmd1jrSw="></latexit>

! Small dark mixing"
! Same to ALP case

a, ! ! ! !
<latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit><latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit><latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit><latexit sha1_base64="boS96/xlXWLgMrJ24KEFPWG80ks="></latexit>

! Large dark mixing"
! Weaken energy-dependence
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[K. Choi, H. Seong, SY, 19]
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Large dark mixing resonance

04.11.2019

[K. Choi, H. Seong, SY, 19]
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Conclusion
! We discussed the phenomenological implications on the 

photon-ALP conversion physics: (i) gamma-ray spectral 
irregularities of point-like sources, (ii) 21cm observation"

! The required parameter value in the photon-ALP scenario is in 
conßict with the present phenomenological constraints, but it is 
not in the photon-ALP-dark photon scenario"

! The photon-ALP-dark photon resonant conversion gives the 
unique and very interesting features"

! The new coupling might open up new avenues to search for 
the beyond Standard Model

2504.11.2019
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Back up
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Dark axion portal

27

! Portal connecting Dark photons (Vector-portal) and Axions or ALPs (Axion-
portal) at the same time"

! Not just a product of two individual portals, but rather new"

! Can be sizable?

a

!

!

a

! !

! !

a

! !

!

Ga!! Ga!! !Ga! !! !ga!! ga!! !ga! ! ! !

U(1)PQ ! U(1)em ! U(1)em U(1)PQ ! U(1)D ! U(1)D U(1)PQ ! U(1)em ! U(1)D

[K. Kaneta, H. Lee, SY, 17]
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Photon-ALP-Dark photon oscillation

28

! In the presence of background dark photon field as well as magnetic Þeld, 
Photon, ALP, and Dark photon are oscillated through the Dark axion-portal

"
! a! !

ga!! !

B
"
!! a

BX

ga!! !

"
BX

!
ga!! !
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B

! ! !

a
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a/ 2ga!! ! Be!

Be! =
!

B 2 + B 2
X
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B 2

X

B 2
e!
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1 + ! 2
c / ! 2
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P! ! ! ! =
2B 2B 2

X

B 4
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1 " cos
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1

2(1 + ! 2
c / ! 2)

sin2 ! oscd
2
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[K. Choi, S. Lee, H. Seong, SY, 18]
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Stellar cooling constraints

! Stellar cooling via novel 
particles emission"

! Plasmon decay

29

lifetime of Horizontal brach

[H. Lee, SY, in preparation]

core mass increase at the tip of red giant

neutrino burst duration of SN1987A

! pl =
g2

a!!

96!

w4
pl

"

!
#

"
1,

ma

wpl
,

ma

wpl

#$ 3/ 2

Qpl =
2

2! 2

! !

0
dkk2 " ! pl

e! /T ! 1

plasmon mass! ne

! pl

a

! !

ga!! !
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SN1987A gamma-ray burst bound

! At the time when the neutrino bursts from SN1987A were observed, the Gamma-
Ray Spectrometer of the Solar Maximum Mission were operative and could have 
potentially detected the ALP signal converted into the gamma-ray."

! The lack of a gamma-ray signal coincidence with the neutrino emission from 
SN1987A provides a strong bound on ALP parameters.

SN1987A

< 0.6 cm! 2

< 0.4 cm! 2

< 0.9 cm! 2

! ßuence limit for 10s

[K. Choi, S. Lee, H. Seong, SY, 18]
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>< 31

SN1987A gamma-ray burst bound

! Di#erential ALP and dark photon ßux per unit energy at the Earth
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r 3
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10! 10 GeV! 1

" 2

! 25! 100 MeV
a! ! = 361 cm! 2

!
ga!! !

10! 10 GeV! 1

" 2

[K. Choi, S. Lee, H. Seong, SY, 18]

04.11.2019



><

Resonant ALP-photon conversion

32

! Due to spin mismatching, ALP-photon conversion occurs not in vacuum, but in 
the presence of spin-1 background Þeld."

! ALP-photon oscillation have to be treated as 3-body system in

! Typically, the photon mixing e#ect could be negligible even though they are 
maximally mixed

Effective	2-body	system	is	still	valid

(") , "* , a)

Time variation of
photon polarization

04.11.2019
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Effective photon mass profile
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COBE-FIRAS data
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Dark photon-Photon conversion 
and its effect on 21cm
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Resonant conversion probability

ω

!
!"

#

∝ ω

ω
!

!"
#

∝ ω! !

ALP case Dark photon case
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Large dark mixing resonance

04.11.2019

[K. Choi, H. Seong, SY, 19]
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