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• Evidence for dark matter from gravitational interaction, for 
instance rotation curves from galaxies, gravitational 
lensing…etc. 

• Recently a galaxy with no dark matter was found. Hint for 
a particle? 

• If so, should be cold (dust-like), non baryonic and  if 
coupled to any SM particle by nuclear, weak or 
electromagnetic should be a very feeble coupling. 

• Main candidates are LSP (WIMP dark matter), and the 
QCD axion. More generically WISPs.



The tale of axions and hidden photons  
as Cold Dark Matter (CDM)



axion led the way, as a solution of the absence of CP 
violation in the strong sector
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axion led the way, as a solution of the absence of CP 
violation in the strong sector

Abstract: Cosmological aspects of a very weakly interacting axion are discussed…. 
Demanding that axions do not dominate the present energy density of the universe is 
shown to give an upper bound on the axion decay constant of at most 1012 GeV.
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If new particles are gauged by a new U(I)  then their electromagnetic charges may be shifted by a calculable amount.  

Suppose a theory has just one U(1) gauge factor 
and consider two fermions with charges in an integer 
ratio. This charge ratio will be a property of the effec- 
tive theory at any scale, since a Ward identity ensures 
that renormalization of charge only arises from the 
wave function renormalization of the gauge field. But 
a theory which has two or more U(1) gauge factors 
can have nondiagonal wave function renormalization 
in the space of U(1) gauge fields. As we will see, this 
implies that charges which are integer multiples at one 
scale need not be integer multiples in the effective the- 
ory at another scale. Charges can be shifted by some 
amount e. 

We note that the physics which is responsible for e 
charge shifts may be occurring at arbitrarily high ener- 
gy scales, since we are discussing a property of the re- 
normalizable part of the effective theory. But we will 
fred that e charge shifts with respect to a massless 
U(1) will persist down to arbitrarily low energies only 
if two U(1) gauge fields remain massless. 

We consider two abelian gauge symmetries, U1 (1) 
and U2(1). Fermions will carry subscripts 1, 2, 12, and 
0 depending on whether they carry only charge 1, only 
charge 2, both charges or neither charge respectively. 
For example, if we want to associate the photon with 
UI(1) then all known fermions are either of type fl or 
f0. But f12 fermions can contribute to the off-diagonal 
vacuum polarization diagram in fig. 1. We will illustrate 
how a nonvanishing contribution arises due to mass 
splittings among f12 fermions. The result is an effective 
interaction between an fl and an f2. Intuitively, virtual 
f12 pairs around an fl fermion induce an effective "2" 
charge, and vice versa. In the end we will see that the 

Fig. 1. 

abelian fields can always be redefined such that e 
charge shifts occur with respect to just one of the 
U(1)'s. 

Consider a toy model with four fermions fl, f2, f12, 
f12 having charges (el, 0), (0, e2), (el, e2), (el, -e2)  
under a vector U 1 (1) X U2(1) gauge symmetry. As- 
sume that m12' > m12 > ml ~ m2. From the first in. 
equality and the charge assignments the diagram in 
fig. 1 with f12 and f12 contributions is nonvanishing 
and finite. To study its effect we can define the theory 
to have conventional gauge field kinetic terms at some 
scale A' > m12'. Then we can consider the effective 
theory at some scale A, ml,2 < A < m12, in terms of 
the same fields. The gauge field kinetic terms take the 
form 

--4Lkin(A ) = xI(Ff~) 2 + x2(F~V) 2 + 2xFfVF2/~v. (1) 

For illustration we can arrange the couplings and mass 
scales so that the lowest order result in the couplings 
el and e2 approximates well the small deviations from 
Lkin(A'). Xl -- 1 and ×2 - 1 are the usual diagonal vac- 
uum polarizations involving logs of ratios of A', A, 
m12', and m12, while 

× = ( e l e2 /6~ )  ln(ml2'/ml2). (2) 

We can define new gauge fields A~ u andA~ u to re- 
gain diagonal kinetic terms with conventional normali- 
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To sum up: 

axion-like particles are spin-0 
bosons, that couple effectively 
to 2-photons vía

Hidden photons are spin-1 
gauge bosons, that kinetically 
mix with photons.

both can be very light m . eV
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Non-thermal production mechanisms



Light scalars or zero modes of light vector bosons can be 
produced non-thermally during the early universe. 
WISP dark matter
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Light scalars or zero modes of light vector bosons can be 
produced non-thermally during the early universe. 
WISP dark matter

3H � m a is frozen

3H ⇠ m the field “feels” its mass 
starts to oscillate, coherently
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axion acquires true 
expectation vale that 
solves strong CP

hai = 0
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Fig. from Y. Wong 2011



zero momentum condensate

Spatially uniform oscillating 
classical field = coherent 

state of many, extremely non-
relativistic particles = CDM

Wantz, Shellard 2009

�̈+ 3H�̇+m2(T )� = 0
<latexit sha1_base64="GvnSEMm2DcfSyLCtxTn/G6cW3xw=">AAACC3icbZBPS8MwGMZT/875b+rRS3AIE2G0U1APwtDLjhNWN1jrSNN0C0vTkqTCKPsAXvwqXjyoePULePPbmG5FdPOFwI/ned8k7+PFjEplml/GwuLS8spqYa24vrG5tV3a2b2VUSIwsXHEItHxkCSMcmIrqhjpxIKg0GOk7Q2vM799T4SkEW+pUUzcEPU5DShGSku9Utnx/UhBJx7Q45OG88PhXa3SOsrw0tRdZtWcFJwHK4cyyKvZK33qi3ASEq4wQ1J2LTNWboqEopiRcdFJJIkRHqI+6WrkKCTSTSfLjOGhVnwYREIfruBE/T2RolDKUejpzhCpgZz1MvE/r5uo4NxNKY8TRTiePhQkDKoIZslAnwqCFRtpQFhQ/VeIB0ggrHR+RR2CNbvyPNi16kXVvDkt16/yNApgHxyACrDAGaiDBmgCG2DwAJ7AC3g1Ho1n4814n7YuGPnMHvhTxsc3ZpqZfQ==</latexit><latexit sha1_base64="GvnSEMm2DcfSyLCtxTn/G6cW3xw=">AAACC3icbZBPS8MwGMZT/875b+rRS3AIE2G0U1APwtDLjhNWN1jrSNN0C0vTkqTCKPsAXvwqXjyoePULePPbmG5FdPOFwI/ned8k7+PFjEplml/GwuLS8spqYa24vrG5tV3a2b2VUSIwsXHEItHxkCSMcmIrqhjpxIKg0GOk7Q2vM799T4SkEW+pUUzcEPU5DShGSku9Utnx/UhBJx7Q45OG88PhXa3SOsrw0tRdZtWcFJwHK4cyyKvZK33qi3ASEq4wQ1J2LTNWboqEopiRcdFJJIkRHqI+6WrkKCTSTSfLjOGhVnwYREIfruBE/T2RolDKUejpzhCpgZz1MvE/r5uo4NxNKY8TRTiePhQkDKoIZslAnwqCFRtpQFhQ/VeIB0ggrHR+RR2CNbvyPNi16kXVvDkt16/yNApgHxyACrDAGaiDBmgCG2DwAJ7AC3g1Ho1n4814n7YuGPnMHvhTxsc3ZpqZfQ==</latexit><latexit sha1_base64="GvnSEMm2DcfSyLCtxTn/G6cW3xw=">AAACC3icbZBPS8MwGMZT/875b+rRS3AIE2G0U1APwtDLjhNWN1jrSNN0C0vTkqTCKPsAXvwqXjyoePULePPbmG5FdPOFwI/ned8k7+PFjEplml/GwuLS8spqYa24vrG5tV3a2b2VUSIwsXHEItHxkCSMcmIrqhjpxIKg0GOk7Q2vM799T4SkEW+pUUzcEPU5DShGSku9Utnx/UhBJx7Q45OG88PhXa3SOsrw0tRdZtWcFJwHK4cyyKvZK33qi3ASEq4wQ1J2LTNWboqEopiRcdFJJIkRHqI+6WrkKCTSTSfLjOGhVnwYREIfruBE/T2RolDKUejpzhCpgZz1MvE/r5uo4NxNKY8TRTiePhQkDKoIZslAnwqCFRtpQFhQ/VeIB0ggrHR+RR2CNbvyPNi16kXVvDkt16/yNApgHxyACrDAGaiDBmgCG2DwAJ7AC3g1Ho1n4814n7YuGPnMHvhTxsc3ZpqZfQ==</latexit>
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For vector U(1)s there is another interesting non-thermal 
production mechanism

Vector dark matter from inflationary perturbations

Transverse mode is almost conformally invariant. Longitudinal mode on the other 
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For ⇡(~k, t) =
m

k
AL(~k, t)

<latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit>

k � ma
<latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit>
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<latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit>
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<latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit><latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit><latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit>

k � ma
<latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit>
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<latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit>
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<latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit>

behaves as 
massless scalar



For ⇡(~k, t) =
m

k
AL(~k, t)

<latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit>
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<latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit><latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit><latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit>

k � ma
<latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit>

behaves as 
massless scalar

m � H
<latexit sha1_base64="kjHCTKtPs7deKk0DDeG4qGSvSyk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMG2hDWWz3aRrdzdhdyOU0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Saciapb5jhtJsqikXIaScc3838zhNVmiXywUxSGggcSxYxgo2V2qIfx6g5qNbcujsHWiVeQWpQoDWofvWHCckElYZwrHXPc1MT5FgZRjidVvqZpikmYxzTnqUSC6qDfH7tFJ1ZZYiiRNmSBs3V3xM5FlpPRGg7BTYjvezNxP+8Xmai6yBnMs0MlWSxKMo4MgmavY6GTFFi+MQSTBSztyIywgoTYwOq2BC85ZdXiX9Rv6m795e1xm2RRhlO4BTOwYMraEATWuADgUd4hld4cxLnxXl3PhatJaeYOYY/cD5/AGHGjog=</latexit><latexit sha1_base64="kjHCTKtPs7deKk0DDeG4qGSvSyk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMG2hDWWz3aRrdzdhdyOU0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Saciapb5jhtJsqikXIaScc3838zhNVmiXywUxSGggcSxYxgo2V2qIfx6g5qNbcujsHWiVeQWpQoDWofvWHCckElYZwrHXPc1MT5FgZRjidVvqZpikmYxzTnqUSC6qDfH7tFJ1ZZYiiRNmSBs3V3xM5FlpPRGg7BTYjvezNxP+8Xmai6yBnMs0MlWSxKMo4MgmavY6GTFFi+MQSTBSztyIywgoTYwOq2BC85ZdXiX9Rv6m795e1xm2RRhlO4BTOwYMraEATWuADgUd4hld4cxLnxXl3PhatJaeYOYY/cD5/AGHGjog=</latexit><latexit sha1_base64="kjHCTKtPs7deKk0DDeG4qGSvSyk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMG2hDWWz3aRrdzdhdyOU0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Saciapb5jhtJsqikXIaScc3838zhNVmiXywUxSGggcSxYxgo2V2qIfx6g5qNbcujsHWiVeQWpQoDWofvWHCckElYZwrHXPc1MT5FgZRjidVvqZpikmYxzTnqUSC6qDfH7tFJ1ZZYiiRNmSBs3V3xM5FlpPRGg7BTYjvezNxP+8Xmai6yBnMs0MlWSxKMo4MgmavY6GTFFi+MQSTBSztyIywgoTYwOq2BC85ZdXiX9Rv6m795e1xm2RRhlO4BTOwYMraEATWuADgUd4hld4cxLnxXl3PhatJaeYOYY/cD5/AGHGjog=</latexit>

For
�(~k, t) =

mp
k2 + a2m2

AL(~k, t)
<latexit sha1_base64="/foouTAEc4Qj+UeqDiJ8uITsD/g="></latexit><latexit sha1_base64="/foouTAEc4Qj+UeqDiJ8uITsD/g="></latexit><latexit sha1_base64="/foouTAEc4Qj+UeqDiJ8uITsD/g="></latexit>



For ⇡(~k, t) =
m

k
AL(~k, t)

<latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit><latexit sha1_base64="Cyg3N9iHW2+IgJfXCBBmI2n9PSM=">AAACDnicbVA9SwNBEN3zM8avqKXNYlASkHARQS2EqI2FRQRjArnj2NvsJUv29o7duUA48g9s/Cs2Fiq21nb+GzcfgiY+GHi8N8PMPD8WXINtf1lz8wuLS8uZlezq2vrGZm5r+15HiaKsRiMRqYZPNBNcshpwEKwRK0ZCX7C6370a+vUeU5pH8g76MXND0pY84JSAkbzcgRPzgtNjFHcPMRTPnUARmoaDLr7wbn4MKHq5vF2yR8CzpDwheTRB1ct9Oq2IJiGTQAXRulm2Y3BTooBTwQZZJ9EsJrRL2qxpqCQh0246+meA943SwkGkTEnAI/X3REpCrfuhbzpDAh097Q3F/7xmAsGpm3IZJ8AkHS8KEoEhwsNwcIsrRkH0DSFUcXMrph1iEgETYdaEUJ5+eZbUjkpnJfv2OF+5nKSRQbtoDxVQGZ2gCrpGVVRDFD2gJ/SCXq1H69l6s97HrXPWZGYH/YH18Q1iD5qM</latexit>
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<latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit><latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit><latexit sha1_base64="Ugw6aIsryOy7K6yeHYJ5JapDobE="></latexit>

k � ma
<latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit><latexit sha1_base64="tEOudtl4UBH220dc+SajGIhgc2s=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqN6KXjxWMLbQhrLZbtIlu5uwuxFK6I/w4kHFq//Hm//GbZuDtj4YeLw3w8y8MONMG9f9dipr6xubW9Xt2s7u3v5B/fDoUae5ItQnKU9VL8Saciapb5jhtJcpikXIaTdMbmd+94kqzVL5YCYZDQSOJYsYwcZK3WQQx0jgYb3hNt050CrxStKAEp1h/WswSkkuqDSEY637npuZoMDKMMLptDbINc0wSXBM+5ZKLKgOivm5U3RmlRGKUmVLGjRXf08UWGg9EaHtFNiM9bI3E//z+rmJroKCySw3VJLFoijnyKRo9jsaMUWJ4RNLMFHM3orIGCtMjE2oZkPwll9eJf5F87rp3l822jdlGlU4gVM4Bw9a0IY76IAPBBJ4hld4czLnxXl3PhatFaecOYY/cD5/AFBmjxY=</latexit>

behaves as 
massless scalar

m � H
<latexit sha1_base64="kjHCTKtPs7deKk0DDeG4qGSvSyk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMG2hDWWz3aRrdzdhdyOU0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Saciapb5jhtJsqikXIaScc3838zhNVmiXywUxSGggcSxYxgo2V2qIfx6g5qNbcujsHWiVeQWpQoDWofvWHCckElYZwrHXPc1MT5FgZRjidVvqZpikmYxzTnqUSC6qDfH7tFJ1ZZYiiRNmSBs3V3xM5FlpPRGg7BTYjvezNxP+8Xmai6yBnMs0MlWSxKMo4MgmavY6GTFFi+MQSTBSztyIywgoTYwOq2BC85ZdXiX9Rv6m795e1xm2RRhlO4BTOwYMraEATWuADgUd4hld4cxLnxXl3PhatJaeYOYY/cD5/AGHGjog=</latexit><latexit sha1_base64="kjHCTKtPs7deKk0DDeG4qGSvSyk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMG2hDWWz3aRrdzdhdyOU0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Saciapb5jhtJsqikXIaScc3838zhNVmiXywUxSGggcSxYxgo2V2qIfx6g5qNbcujsHWiVeQWpQoDWofvWHCckElYZwrHXPc1MT5FgZRjidVvqZpikmYxzTnqUSC6qDfH7tFJ1ZZYiiRNmSBs3V3xM5FlpPRGg7BTYjvezNxP+8Xmai6yBnMs0MlWSxKMo4MgmavY6GTFFi+MQSTBSztyIywgoTYwOq2BC85ZdXiX9Rv6m795e1xm2RRhlO4BTOwYMraEATWuADgUd4hld4cxLnxXl3PhatJaeYOYY/cD5/AGHGjog=</latexit><latexit sha1_base64="kjHCTKtPs7deKk0DDeG4qGSvSyk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WMG2hDWWz3aRrdzdhdyOU0P/gxYOKV3+QN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Saciapb5jhtJsqikXIaScc3838zhNVmiXywUxSGggcSxYxgo2V2qIfx6g5qNbcujsHWiVeQWpQoDWofvWHCckElYZwrHXPc1MT5FgZRjidVvqZpikmYxzTnqUSC6qDfH7tFJ1ZZYiiRNmSBs3V3xM5FlpPRGg7BTYjvezNxP+8Xmai6yBnMs0MlWSxKMo4MgmavY6GTFFi+MQSTBSztyIywgoTYwOq2BC85ZdXiX9Rv6m795e1xm2RRhlO4BTOwYMraEATWuADgUd4hld4cxLnxXl3PhatJaeYOYY/cD5/AGHGjog=</latexit>

For
�(~k, t) =

mp
k2 + a2m2

AL(~k, t)
<latexit sha1_base64="/foouTAEc4Qj+UeqDiJ8uITsD/g="></latexit><latexit sha1_base64="/foouTAEc4Qj+UeqDiJ8uITsD/g="></latexit><latexit sha1_base64="/foouTAEc4Qj+UeqDiJ8uITsD/g="></latexit>

SL !
Z

a3d3kdt

(2⇡)3
1

2

✓
|@t�|2 � (

k2

a2
+m2)|�|2

◆

<latexit sha1_base64="+QNCDO7nUE5gLcSf+/F8lr4dyAU="></latexit><latexit sha1_base64="+QNCDO7nUE5gLcSf+/F8lr4dyAU="></latexit><latexit sha1_base64="+QNCDO7nUE5gLcSf+/F8lr4dyAU="></latexit>

behaves as 
massive scalar





horizon
(aH)�1

<latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit>



horizon
(aH)�1

<latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit>

comoving 
Compton 
wavelength

1/(am)
<latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit><latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit><latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit>



horizon
(aH)�1

<latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit>

comoving 
Compton 
wavelength

1/(am)
<latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit><latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit><latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit>



horizon
(aH)�1

<latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit><latexit sha1_base64="QZAtKGGkVRPTbENo1JylBI3lgNg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUg2VXBPVW9NJjBddW2rVk02wbmmSXJCuUpb/CiwcVr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v79zpOFaE+iXmsWiHWlDNJfcMMp61EUSxCTpvh8GbiN5+o0iyWd2aU0EDgvmQRI9hY6aGC6yeP2ak37pbKbtWdAi0SLydlyNHolr46vZikgkpDONa67b mJCTKsDCOcjoudVNMEkyHu07alEguqg2x68BgdW6WHoljZkgZN1d8TGRZaj0RoOwU2Az3vTcT/vHZqossgYzJJDZVktihKOTIxmnyPekxRYvjIEkwUs7ciMsAKE2MzKtoQvPmXF4l/Vr2qurfn5dp1nkYBDuEIKuDBBdSgDg3wgYCAZ3iFN0c5L8678zFrXXLymQP4A+fzB91Tj1U=</latexit>

Dominant contribution from H(a⇤) = m
<latexit sha1_base64="Hfa+UaJxLs7ptdlEv6cBWN7Trus=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJUD2VXBPUgFL30WMG1hXYp2TTbhibZNckKZemf8OJBxau/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XaWlldW19YLG8XNre2d3dLe/oOOU0WoT2Ieq1aINeVMUt8ww2krURSLkNNmOLyd+M0nqjSL5b0ZJTQQuC9ZxAg2VmrVK7h7enItuqWyW3WnQIvEy0kZcjS6pa9OLyapoNIQjrVue25iggwrwwin42In1TTBZIj7tG2pxILqIJveO0bHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r52a6DLImExSQyWZLYpSjkyMJs+jHlOUGD6yBBPF7K2IDLDCxNiIijYEb/7lReKfVa+q7t15uXaTp1GAQziCCnhwATWoQwN8IMDhGV7hzXl0Xpx352PWuuTkMwfwB87nD/LOjso=</latexit><latexit sha1_base64="Hfa+UaJxLs7ptdlEv6cBWN7Trus=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJUD2VXBPUgFL30WMG1hXYp2TTbhibZNckKZemf8OJBxau/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XaWlldW19YLG8XNre2d3dLe/oOOU0WoT2Ieq1aINeVMUt8ww2krURSLkNNmOLyd+M0nqjSL5b0ZJTQQuC9ZxAg2VmrVK7h7enItuqWyW3WnQIvEy0kZcjS6pa9OLyapoNIQjrVue25iggwrwwin42In1TTBZIj7tG2pxILqIJveO0bHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r52a6DLImExSQyWZLYpSjkyMJs+jHlOUGD6yBBPF7K2IDLDCxNiIijYEb/7lReKfVa+q7t15uXaTp1GAQziCCnhwATWoQwN8IMDhGV7hzXl0Xpx352PWuuTkMwfwB87nD/LOjso=</latexit><latexit sha1_base64="Hfa+UaJxLs7ptdlEv6cBWN7Trus=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJUD2VXBPUgFL30WMG1hXYp2TTbhibZNckKZemf8OJBxau/x5v/xrTdg7Y+GHi8N8PMvDDhTBvX/XaWlldW19YLG8XNre2d3dLe/oOOU0WoT2Ieq1aINeVMUt8ww2krURSLkNNmOLyd+M0nqjSL5b0ZJTQQuC9ZxAg2VmrVK7h7enItuqWyW3WnQIvEy0kZcjS6pa9OLyapoNIQjrVue25iggwrwwin42In1TTBZIj7tG2pxILqIJveO0bHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r52a6DLImExSQyWZLYpSjkyMJs+jHlOUGD6yBBPF7K2IDLDCxNiIijYEb/7lReKfVa+q7t15uXaTp1GAQziCCnhwATWoQwN8IMDhGV7hzXl0Xpx352PWuuTkMwfwB87nD/LOjso=</latexit>

k⇤ = ma⇤<latexit sha1_base64="mUyXdvwcul5c+YzKrbsV9UItOSk=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBeii7IqgHoejFYwXXFtq1ZNNsG5pk1yQrlKV/wosHFa/+Hm/+G9N2D9r6YODx3gwz88KEM21c99spLC2vrK4V10sbm1vbO+XdvXsdp4pQn8Q8Vq0Qa8qZpL5hhtNWoigWIafNcHg98ZtPVGkWyzszSmggcF+yiBFsrNQaPlQvBe5Wu+WKW3OnQIvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJveO0ZHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r52a6DzImExSQyWZLYpSjkyMJs+jHlOUGD6yBBPF7K2IDLDCxNiISjYEb/7lReKf1C5q7u1ppX6Vp1GEAziEY/DgDOpwAw3wgQCHZ3iFN+fReXHenY9Za8HJZ/bhD5zPH3zkjyQ=</latexit><latexit sha1_base64="mUyXdvwcul5c+YzKrbsV9UItOSk=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBeii7IqgHoejFYwXXFtq1ZNNsG5pk1yQrlKV/wosHFa/+Hm/+G9N2D9r6YODx3gwz88KEM21c99spLC2vrK4V10sbm1vbO+XdvXsdp4pQn8Q8Vq0Qa8qZpL5hhtNWoigWIafNcHg98ZtPVGkWyzszSmggcF+yiBFsrNQaPlQvBe5Wu+WKW3OnQIvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJveO0ZHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r52a6DzImExSQyWZLYpSjkyMJs+jHlOUGD6yBBPF7K2IDLDCxNiISjYEb/7lReKf1C5q7u1ppX6Vp1GEAziEY/DgDOpwAw3wgQCHZ3iFN+fReXHenY9Za8HJZ/bhD5zPH3zkjyQ=</latexit><latexit sha1_base64="mUyXdvwcul5c+YzKrbsV9UItOSk=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBeii7IqgHoejFYwXXFtq1ZNNsG5pk1yQrlKV/wosHFa/+Hm/+G9N2D9r6YODx3gwz88KEM21c99spLC2vrK4V10sbm1vbO+XdvXsdp4pQn8Q8Vq0Qa8qZpL5hhtNWoigWIafNcHg98ZtPVGkWyzszSmggcF+yiBFsrNQaPlQvBe5Wu+WKW3OnQIvEy0kFcjS65a9OLyapoNIQjrVue25iggwrwwin41In1TTBZIj7tG2pxILqIJveO0ZHVumhKFa2pEFT9fdEhoXWIxHaToHNQM97E/E/r52a6DzImExSQyWZLYpSjkyMJs+jHlOUGD6yBBPF7K2IDLDCxNiISjYEb/7lReKf1C5q7u1ppX6Vp1GEAziEY/DgDOpwAw3wgQCHZ3iFN+fReXHenY9Za8HJZ/bhD5zPH3zkjyQ=</latexit>

⌦A

⌦CDM
=

r
m

6⇥ 10�6 eV

✓
HI

1014 GeV

◆2

<latexit sha1_base64="Ppz6dGPnCiy9bhrG4GRBrgBVCwE="></latexit><latexit sha1_base64="Ppz6dGPnCiy9bhrG4GRBrgBVCwE="></latexit><latexit sha1_base64="Ppz6dGPnCiy9bhrG4GRBrgBVCwE="></latexit>

comoving 
Compton 
wavelength

1/(am)
<latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit><latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit><latexit sha1_base64="XpBLWJtqo3RHGkpicFv2AmAwe1Y=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF9w1JuqN6MUjJi6QwIZ0Sxcq7XbTdk3Ihv/gxYMar/4gb/4bC+xBwZdM8vLeTGbmhQln2rjut1NYWV1b3yhulra2d3b3yvsHTS1TRahPJJeqHWJNOYupb5jhtJ0oikXIaSsc3U791hNVmsn4wYwTGgg8iFnECDZWanpnVSxOe+WKW3NnQMvEy0kFcjR65a9uX5JU0NgQjrXueG5iggwrwwink1I31TTBZIQHtGNpjAXVQTa7doJOrNJHkVS2YoNm6u+JDAutxyK0nQKboV70puJ/Xic10VWQsThJDY3JfFGUcmQkmr6O+kxRYvjYEkwUs7ciMsQKE2MDKtkQvMWXl4l/XruuufcXlfpNnkYRjuAYquDBJdThDhrgA4FHeIZXeHOk8+K8Ox/z1oKTzxzCHzifP53bjgg=</latexit>





Arias et al JCAP 2012



Coupling of axions to HP can be quite useful

Mixing of ALPs-HPs and photons can give rise to resonances 
in the probability of oscillation even in vacuum

Cosmology: 

Coupling of QCD 
axion to massless 
HP opens up the 
axion window

Alvarez, PA, Maldonado EPJC, 2018

Agrawal et al.  
JHEP 1803 (2018) 049 



also found in Kitajima 
et al, PLB 781, 2018
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Massive HP+ALP it is more exciting!
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HP dark matter from axion energy transfer
m�0/ma ⇠ 10�3 � 1

<latexit sha1_base64="Yi5bR4njdmOk00ZaZfQ3AWO9HdM=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyil9ZEBfVW9OKxgrWFtobJdtsu3U3C7kYoIScv/hUvHlS8+h+8+W/ctjlo64OBx3szzMzzI86UdpxvKzc3v7C4lF8urKyurW/Ym1t3KowloTUS8lA2fFCUs4DWNNOcNiJJQfic1v3B1civP1CpWBjc6mFE2wJ6AesyAtpInr0rvKTVAyHgID0SHrQUE9h17pPSSVpyPbvolJ0x8CxxM1JEGaqe/dXqhCQWNNCEg1JN14l0OwGpGeE0LbRiRSMgA+jRpqEBCKrayfiNFO8bpYO7oTQVaDxWf08kIJQaCt90CtB9Ne2NxP+8Zqy75+2EBVGsaUAmi7oxxzrEo0xwh0lKNB8aAkQycysmfZBAtEmuYEJwp1+eJbXj8kXZuTktVi6zNPJoB+2hQ+SiM1RB16iKaoigR/SMXtGb9WS9WO/Wx6Q1Z2Uz2+gPrM8fqLiXgA==</latexit><latexit sha1_base64="Yi5bR4njdmOk00ZaZfQ3AWO9HdM=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyil9ZEBfVW9OKxgrWFtobJdtsu3U3C7kYoIScv/hUvHlS8+h+8+W/ctjlo64OBx3szzMzzI86UdpxvKzc3v7C4lF8urKyurW/Ym1t3KowloTUS8lA2fFCUs4DWNNOcNiJJQfic1v3B1civP1CpWBjc6mFE2wJ6AesyAtpInr0rvKTVAyHgID0SHrQUE9h17pPSSVpyPbvolJ0x8CxxM1JEGaqe/dXqhCQWNNCEg1JN14l0OwGpGeE0LbRiRSMgA+jRpqEBCKrayfiNFO8bpYO7oTQVaDxWf08kIJQaCt90CtB9Ne2NxP+8Zqy75+2EBVGsaUAmi7oxxzrEo0xwh0lKNB8aAkQycysmfZBAtEmuYEJwp1+eJbXj8kXZuTktVi6zNPJoB+2hQ+SiM1RB16iKaoigR/SMXtGb9WS9WO/Wx6Q1Z2Uz2+gPrM8fqLiXgA==</latexit><latexit sha1_base64="Yi5bR4njdmOk00ZaZfQ3AWO9HdM=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyil9ZEBfVW9OKxgrWFtobJdtsu3U3C7kYoIScv/hUvHlS8+h+8+W/ctjlo64OBx3szzMzzI86UdpxvKzc3v7C4lF8urKyurW/Ym1t3KowloTUS8lA2fFCUs4DWNNOcNiJJQfic1v3B1civP1CpWBjc6mFE2wJ6AesyAtpInr0rvKTVAyHgID0SHrQUE9h17pPSSVpyPbvolJ0x8CxxM1JEGaqe/dXqhCQWNNCEg1JN14l0OwGpGeE0LbRiRSMgA+jRpqEBCKrayfiNFO8bpYO7oTQVaDxWf08kIJQaCt90CtB9Ne2NxP+8Zqy75+2EBVGsaUAmi7oxxzrEo0xwh0lKNB8aAkQycysmfZBAtEmuYEJwp1+eJbXj8kXZuTktVi6zNPJoB+2hQ+SiM1RB16iKaoigR/SMXtGb9WS9WO/Wx6Q1Z2Uz2+gPrM8fqLiXgA==</latexit>



Outlook
• Many extensions of the standard model predict scalars and 

vectors weakly coupled to the visible sector 

• Mechanisms to produce them non-thermally in the early 
universe are quite natural 

• Many experiments worldwide that exploit the coupling to 
photons and matter 

• Nowadays has become very popular to consider a scenario 
where both scalars and vectors are present in the early 
universe, interesting DM scenario.



Thank you!

And thanks to FONDECYT project 1161150 :)


