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Dynamical selection of EW scale
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Relaxion can explain a little hierarchy problem

Can relaxion also explain dark matter in the universe?



how to populate them?

non-thermally

… …
misalignment [Banerjee, HK and Perez 18]

thermally

freeze-out

freeze-in [Fonseca and Morgante 18]



misaligned axion dark matter

[Abbott & Sikivie 83]
[Dine & Fischler 83]
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[Preskill, Wise and Wilczek 83]
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misaligned axion dark matter
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coherent scalar oscillation constitutes dark matter in the universe



misaligned axion dark matter

H . m
<latexit sha1_base64="nGXy9jwl1ovsWGtWDadw4LRcgUs=">AAACEnicbVDNSgMxGMz6W+tf1aOXYCl4KrsiqLeilx4ruLbQXUo2m21Dk2xIssWy9DH0qu/hSbz6Ar6GT2Da7sG2DgSGme/7MkwkGdXGdb+dtfWNza3t0k55d2//4LBydPyo00xh4uOUpaoTIU0YFcQ31DDSkYogHjHSjoZ3U789IkrTVDyYsSQhR31BE4qRsVLQhAEjWmvKIe9Vqm7dnQGuEq8gVVCg1av8BHGKM06EwQxp3fVcacIcKUMxI5NyLcg0kQgPUZ90LRWIEx3ms9ATWLNKDJNU2ScMnKnlPxs54lqPeWQnOTIDvexNxf+8bmaS6zCnQmaGCDz/KMkYNCmcNgBjqgg2bGwJworasBAPkELY2J4WLsUjKnWR+mke25bkLVeySvyL+k3du7+sNm6LtkrgFJyBc+CBK9AATdACPsBAghfwCt6cZ+fd+XA+56NrTrFzAhbgfP0CHZWe8g==</latexit><latexit sha1_base64="nGXy9jwl1ovsWGtWDadw4LRcgUs=">AAACEnicbVDNSgMxGMz6W+tf1aOXYCl4KrsiqLeilx4ruLbQXUo2m21Dk2xIssWy9DH0qu/hSbz6Ar6GT2Da7sG2DgSGme/7MkwkGdXGdb+dtfWNza3t0k55d2//4LBydPyo00xh4uOUpaoTIU0YFcQ31DDSkYogHjHSjoZ3U789IkrTVDyYsSQhR31BE4qRsVLQhAEjWmvKIe9Vqm7dnQGuEq8gVVCg1av8BHGKM06EwQxp3fVcacIcKUMxI5NyLcg0kQgPUZ90LRWIEx3ms9ATWLNKDJNU2ScMnKnlPxs54lqPeWQnOTIDvexNxf+8bmaS6zCnQmaGCDz/KMkYNCmcNgBjqgg2bGwJworasBAPkELY2J4WLsUjKnWR+mke25bkLVeySvyL+k3du7+sNm6LtkrgFJyBc+CBK9AATdACPsBAghfwCt6cZ+fd+XA+56NrTrFzAhbgfP0CHZWe8g==</latexit><latexit sha1_base64="nGXy9jwl1ovsWGtWDadw4LRcgUs=">AAACEnicbVDNSgMxGMz6W+tf1aOXYCl4KrsiqLeilx4ruLbQXUo2m21Dk2xIssWy9DH0qu/hSbz6Ar6GT2Da7sG2DgSGme/7MkwkGdXGdb+dtfWNza3t0k55d2//4LBydPyo00xh4uOUpaoTIU0YFcQ31DDSkYogHjHSjoZ3U789IkrTVDyYsSQhR31BE4qRsVLQhAEjWmvKIe9Vqm7dnQGuEq8gVVCg1av8BHGKM06EwQxp3fVcacIcKUMxI5NyLcg0kQgPUZ90LRWIEx3ms9ATWLNKDJNU2ScMnKnlPxs54lqPeWQnOTIDvexNxf+8bmaS6zCnQmaGCDz/KMkYNCmcNgBjqgg2bGwJworasBAPkELY2J4WLsUjKnWR+mke25bkLVeySvyL+k3du7+sNm6LtkrgFJyBc+CBK9AATdACPsBAghfwCt6cZ+fd+XA+56NrTrFzAhbgfP0CHZWe8g==</latexit><latexit sha1_base64="nGXy9jwl1ovsWGtWDadw4LRcgUs=">AAACEnicbVDNSgMxGMz6W+tf1aOXYCl4KrsiqLeilx4ruLbQXUo2m21Dk2xIssWy9DH0qu/hSbz6Ar6GT2Da7sG2DgSGme/7MkwkGdXGdb+dtfWNza3t0k55d2//4LBydPyo00xh4uOUpaoTIU0YFcQ31DDSkYogHjHSjoZ3U789IkrTVDyYsSQhR31BE4qRsVLQhAEjWmvKIe9Vqm7dnQGuEq8gVVCg1av8BHGKM06EwQxp3fVcacIcKUMxI5NyLcg0kQgPUZ90LRWIEx3ms9ATWLNKDJNU2ScMnKnlPxs54lqPeWQnOTIDvexNxf+8bmaS6zCnQmaGCDz/KMkYNCmcNgBjqgg2bGwJworasBAPkELY2J4WLsUjKnWR+mke25bkLVeySvyL+k3du7+sNm6LtkrgFJyBc+CBK9AATdACPsBAghfwCt6cZ+fd+XA+56NrTrFzAhbgfP0CHZWe8g==</latexit><latexit sha1_base64="nGXy9jwl1ovsWGtWDadw4LRcgUs=">AAACEnicbVDNSgMxGMz6W+tf1aOXYCl4KrsiqLeilx4ruLbQXUo2m21Dk2xIssWy9DH0qu/hSbz6Ar6GT2Da7sG2DgSGme/7MkwkGdXGdb+dtfWNza3t0k55d2//4LBydPyo00xh4uOUpaoTIU0YFcQ31DDSkYogHjHSjoZ3U789IkrTVDyYsSQhR31BE4qRsVLQhAEjWmvKIe9Vqm7dnQGuEq8gVVCg1av8BHGKM06EwQxp3fVcacIcKUMxI5NyLcg0kQgPUZ90LRWIEx3ms9ATWLNKDJNU2ScMnKnlPxs54lqPeWQnOTIDvexNxf+8bmaS6zCnQmaGCDz/KMkYNCmcNgBjqgg2bGwJworasBAPkELY2J4WLsUjKnWR+mke25bkLVeySvyL+k3du7+sNm6LtkrgFJyBc+CBK9AATdACPsBAghfwCt6cZ+fd+XA+56NrTrFzAhbgfP0CHZWe8g==</latexit>

�̈+ 3H�̇+m
2
� = 0

<latexit sha1_base64="y6ILCrZs9HLy0H84fYUfcNBWpgY=">AAACM3icbVDLSsNAFJ34rPUVdelmsBSEQkmqoC6EopsuKxhbaGKZTCbt0MmDmUmxhH6EP6Nb/QzBlbh14xc4abPowwMDh3NfZ44bMyqkYXxoK6tr6xubha3i9s7u3r5+cPggooRjYuGIRbztIkEYDYklqWSkHXOCApeRlju4zeqtIeGCRuG9HMXECVAvpD7FSCqpq1dsz4tkasd9OoYVeAYb0J4VgscazDi8hkZXLxlVYwK4TMyclECOZlf/VbtwEpBQYoaE6JhGLJ0UcUkxI+Ni2U4EiREeoB7pKBqigAgnnfxqDMtK8aAfcfVCCSdqcWYiRYEQo8BVnQGSfbFYy8T/ap1E+pdOSsM4kSTE00N+wqCMYBYR9CgnWLKRIghzqsxC3EccYamCnNvkDWksctdPU9sqJHMxkmVi1apXVfPuvFS/ydMqgGNwAk6BCS5AHTRAE1gAg2fwCt7Au/aifWpf2ve0dUXLZ47AHLSfP8LhqdQ=</latexit><latexit sha1_base64="y6ILCrZs9HLy0H84fYUfcNBWpgY=">AAACM3icbVDLSsNAFJ34rPUVdelmsBSEQkmqoC6EopsuKxhbaGKZTCbt0MmDmUmxhH6EP6Nb/QzBlbh14xc4abPowwMDh3NfZ44bMyqkYXxoK6tr6xubha3i9s7u3r5+cPggooRjYuGIRbztIkEYDYklqWSkHXOCApeRlju4zeqtIeGCRuG9HMXECVAvpD7FSCqpq1dsz4tkasd9OoYVeAYb0J4VgscazDi8hkZXLxlVYwK4TMyclECOZlf/VbtwEpBQYoaE6JhGLJ0UcUkxI+Ni2U4EiREeoB7pKBqigAgnnfxqDMtK8aAfcfVCCSdqcWYiRYEQo8BVnQGSfbFYy8T/ap1E+pdOSsM4kSTE00N+wqCMYBYR9CgnWLKRIghzqsxC3EccYamCnNvkDWksctdPU9sqJHMxkmVi1apXVfPuvFS/ydMqgGNwAk6BCS5AHTRAE1gAg2fwCt7Au/aifWpf2ve0dUXLZ47AHLSfP8LhqdQ=</latexit><latexit sha1_base64="y6ILCrZs9HLy0H84fYUfcNBWpgY=">AAACM3icbVDLSsNAFJ34rPUVdelmsBSEQkmqoC6EopsuKxhbaGKZTCbt0MmDmUmxhH6EP6Nb/QzBlbh14xc4abPowwMDh3NfZ44bMyqkYXxoK6tr6xubha3i9s7u3r5+cPggooRjYuGIRbztIkEYDYklqWSkHXOCApeRlju4zeqtIeGCRuG9HMXECVAvpD7FSCqpq1dsz4tkasd9OoYVeAYb0J4VgscazDi8hkZXLxlVYwK4TMyclECOZlf/VbtwEpBQYoaE6JhGLJ0UcUkxI+Ni2U4EiREeoB7pKBqigAgnnfxqDMtK8aAfcfVCCSdqcWYiRYEQo8BVnQGSfbFYy8T/ap1E+pdOSsM4kSTE00N+wqCMYBYR9CgnWLKRIghzqsxC3EccYamCnNvkDWksctdPU9sqJHMxkmVi1apXVfPuvFS/ydMqgGNwAk6BCS5AHTRAE1gAg2fwCt7Au/aifWpf2ve0dUXLZ47AHLSfP8LhqdQ=</latexit><latexit sha1_base64="y6ILCrZs9HLy0H84fYUfcNBWpgY=">AAACM3icbVDLSsNAFJ34rPUVdelmsBSEQkmqoC6EopsuKxhbaGKZTCbt0MmDmUmxhH6EP6Nb/QzBlbh14xc4abPowwMDh3NfZ44bMyqkYXxoK6tr6xubha3i9s7u3r5+cPggooRjYuGIRbztIkEYDYklqWSkHXOCApeRlju4zeqtIeGCRuG9HMXECVAvpD7FSCqpq1dsz4tkasd9OoYVeAYb0J4VgscazDi8hkZXLxlVYwK4TMyclECOZlf/VbtwEpBQYoaE6JhGLJ0UcUkxI+Ni2U4EiREeoB7pKBqigAgnnfxqDMtK8aAfcfVCCSdqcWYiRYEQo8BVnQGSfbFYy8T/ap1E+pdOSsM4kSTE00N+wqCMYBYR9CgnWLKRIghzqsxC3EccYamCnNvkDWksctdPU9sqJHMxkmVi1apXVfPuvFS/ydMqgGNwAk6BCS5AHTRAE1gAg2fwCt7Au/aifWpf2ve0dUXLZ47AHLSfP8LhqdQ=</latexit><latexit sha1_base64="y6ILCrZs9HLy0H84fYUfcNBWpgY=">AAACM3icbVDLSsNAFJ34rPUVdelmsBSEQkmqoC6EopsuKxhbaGKZTCbt0MmDmUmxhH6EP6Nb/QzBlbh14xc4abPowwMDh3NfZ44bMyqkYXxoK6tr6xubha3i9s7u3r5+cPggooRjYuGIRbztIkEYDYklqWSkHXOCApeRlju4zeqtIeGCRuG9HMXECVAvpD7FSCqpq1dsz4tkasd9OoYVeAYb0J4VgscazDi8hkZXLxlVYwK4TMyclECOZlf/VbtwEpBQYoaE6JhGLJ0UcUkxI+Ni2U4EiREeoB7pKBqigAgnnfxqDMtK8aAfcfVCCSdqcWYiRYEQo8BVnQGSfbFYy8T/ap1E+pdOSsM4kSTE00N+wqCMYBYR9CgnWLKRIghzqsxC3EccYamCnNvkDWksctdPU9sqJHMxkmVi1apXVfPuvFS/ydMqgGNwAk6BCS5AHTRAE1gAg2fwCt7Au/aifWpf2ve0dUXLZ47AHLSfP8LhqdQ=</latexit>

coherent scalar oscillation constitutes dark matter in the universe

initial mis. angle needs to be properly chosen
to account observed dark matter relic density

(�✓)ini = g(⌦cdm,m, f, · · · )
<latexit sha1_base64="OhvhMoejXRKiG19/bkhn33w6Fmc="></latexit><latexit sha1_base64="OhvhMoejXRKiG19/bkhn33w6Fmc="></latexit><latexit sha1_base64="OhvhMoejXRKiG19/bkhn33w6Fmc="></latexit><latexit sha1_base64="OhvhMoejXRKiG19/bkhn33w6Fmc="></latexit><latexit sha1_base64="OhvhMoejXRKiG19/bkhn33w6Fmc="></latexit>



after a long period of inflation

the relaxion is settled down to one of local minima

relaxion is aligned

no misalignment at all



to generate misalignment angle

we need a ‘kick’



a kick or a nudge is realized when the universe is reheated with 

T > min(Tc, Tra)
<latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit>

backreaction potential vanishes

Vbr = ⇤4
br
|h|2

v2
cos(�/f) ! 0

<latexit sha1_base64="9LOcGx0AWvoDKKYjZ/J7i3T2jNM="></latexit><latexit sha1_base64="9LOcGx0AWvoDKKYjZ/J7i3T2jNM="></latexit><latexit sha1_base64="9LOcGx0AWvoDKKYjZ/J7i3T2jNM="></latexit><latexit sha1_base64="9LOcGx0AWvoDKKYjZ/J7i3T2jNM="></latexit><latexit sha1_base64="9LOcGx0AWvoDKKYjZ/J7i3T2jNM="></latexit>

Tra : temp. above which Vbr ⇡ 0
<latexit sha1_base64="18BqM1tDXlilCVHorTqTi06c7IQ="></latexit><latexit sha1_base64="18BqM1tDXlilCVHorTqTi06c7IQ="></latexit><latexit sha1_base64="18BqM1tDXlilCVHorTqTi06c7IQ="></latexit><latexit sha1_base64="18BqM1tDXlilCVHorTqTi06c7IQ="></latexit><latexit sha1_base64="18BqM1tDXlilCVHorTqTi06c7IQ="></latexit>

Tc : critical temp. for EWPT
<latexit sha1_base64="z5000H3RrQNXmq6XP0OSP8aeM88=">AAACLnicbVDLTsJAFJ36RHyhLt1MJBhXpDUmPlZEY+ISExASIGQ63OrEmbaZuSWQhj/wZ3Sr/2FcGLeu/QIH6ELUszo55z6PH0th0HXfnLn5hcWl5dxKfnVtfWOzsLV9Y6JEc6jzSEa66TMDUoRQR4ESmrEGpnwJDf/+Yuw3+qCNiMIaDmPoKHYbikBwhlbqFvZrXU7PaBthgFqlXAu0nqQIKi7TINL0slGtjbqFolt2J6B/iZeRIslQ7Ra+2r2IJwpC5JIZ0/LcGDsp03a8hFG+1E4MxIzfs1toWRoyBaaTTh4a0ZJVepPtQRQinaj5Hx0pU8YMlW8rFcM789sbi/95rQSDk04qwjhBCPl0UZDYdyM6Tof2hAaOcmgJm2ZB+R3TjKPNcGZSry9ik109mJ5tQ/J+R/KX1A/Lp2Xv+qhYOc/SypFdskcOiEeOSYVckSqpE04eyBN5Ji/Oo/PqvDsf09I5J+vZITNwPr8Bg5KpdA==</latexit><latexit sha1_base64="z5000H3RrQNXmq6XP0OSP8aeM88=">AAACLnicbVDLTsJAFJ36RHyhLt1MJBhXpDUmPlZEY+ISExASIGQ63OrEmbaZuSWQhj/wZ3Sr/2FcGLeu/QIH6ELUszo55z6PH0th0HXfnLn5hcWl5dxKfnVtfWOzsLV9Y6JEc6jzSEa66TMDUoRQR4ESmrEGpnwJDf/+Yuw3+qCNiMIaDmPoKHYbikBwhlbqFvZrXU7PaBthgFqlXAu0nqQIKi7TINL0slGtjbqFolt2J6B/iZeRIslQ7Ra+2r2IJwpC5JIZ0/LcGDsp03a8hFG+1E4MxIzfs1toWRoyBaaTTh4a0ZJVepPtQRQinaj5Hx0pU8YMlW8rFcM789sbi/95rQSDk04qwjhBCPl0UZDYdyM6Tof2hAaOcmgJm2ZB+R3TjKPNcGZSry9ik109mJ5tQ/J+R/KX1A/Lp2Xv+qhYOc/SypFdskcOiEeOSYVckSqpE04eyBN5Ji/Oo/PqvDsf09I5J+vZITNwPr8Bg5KpdA==</latexit><latexit sha1_base64="z5000H3RrQNXmq6XP0OSP8aeM88=">AAACLnicbVDLTsJAFJ36RHyhLt1MJBhXpDUmPlZEY+ISExASIGQ63OrEmbaZuSWQhj/wZ3Sr/2FcGLeu/QIH6ELUszo55z6PH0th0HXfnLn5hcWl5dxKfnVtfWOzsLV9Y6JEc6jzSEa66TMDUoRQR4ESmrEGpnwJDf/+Yuw3+qCNiMIaDmPoKHYbikBwhlbqFvZrXU7PaBthgFqlXAu0nqQIKi7TINL0slGtjbqFolt2J6B/iZeRIslQ7Ra+2r2IJwpC5JIZ0/LcGDsp03a8hFG+1E4MxIzfs1toWRoyBaaTTh4a0ZJVepPtQRQinaj5Hx0pU8YMlW8rFcM789sbi/95rQSDk04qwjhBCPl0UZDYdyM6Tof2hAaOcmgJm2ZB+R3TjKPNcGZSry9ik109mJ5tQ/J+R/KX1A/Lp2Xv+qhYOc/SypFdskcOiEeOSYVckSqpE04eyBN5Ji/Oo/PqvDsf09I5J+vZITNwPr8Bg5KpdA==</latexit><latexit sha1_base64="z5000H3RrQNXmq6XP0OSP8aeM88=">AAACLnicbVDLTsJAFJ36RHyhLt1MJBhXpDUmPlZEY+ISExASIGQ63OrEmbaZuSWQhj/wZ3Sr/2FcGLeu/QIH6ELUszo55z6PH0th0HXfnLn5hcWl5dxKfnVtfWOzsLV9Y6JEc6jzSEa66TMDUoRQR4ESmrEGpnwJDf/+Yuw3+qCNiMIaDmPoKHYbikBwhlbqFvZrXU7PaBthgFqlXAu0nqQIKi7TINL0slGtjbqFolt2J6B/iZeRIslQ7Ra+2r2IJwpC5JIZ0/LcGDsp03a8hFG+1E4MxIzfs1toWRoyBaaTTh4a0ZJVepPtQRQinaj5Hx0pU8YMlW8rFcM789sbi/95rQSDk04qwjhBCPl0UZDYdyM6Tof2hAaOcmgJm2ZB+R3TjKPNcGZSry9ik109mJ5tQ/J+R/KX1A/Lp2Xv+qhYOc/SypFdskcOiEeOSYVckSqpE04eyBN5Ji/Oo/PqvDsf09I5J+vZITNwPr8Bg5KpdA==</latexit><latexit sha1_base64="z5000H3RrQNXmq6XP0OSP8aeM88=">AAACLnicbVDLTsJAFJ36RHyhLt1MJBhXpDUmPlZEY+ISExASIGQ63OrEmbaZuSWQhj/wZ3Sr/2FcGLeu/QIH6ELUszo55z6PH0th0HXfnLn5hcWl5dxKfnVtfWOzsLV9Y6JEc6jzSEa66TMDUoRQR4ESmrEGpnwJDf/+Yuw3+qCNiMIaDmPoKHYbikBwhlbqFvZrXU7PaBthgFqlXAu0nqQIKi7TINL0slGtjbqFolt2J6B/iZeRIslQ7Ra+2r2IJwpC5JIZ0/LcGDsp03a8hFG+1E4MxIzfs1toWRoyBaaTTh4a0ZJVepPtQRQinaj5Hx0pU8YMlW8rFcM789sbi/95rQSDk04qwjhBCPl0UZDYdyM6Tof2hAaOcmgJm2ZB+R3TjKPNcGZSry9ik109mJ5tQ/J+R/KX1A/Lp2Xv+qhYOc/SypFdskcOiEeOSYVckSqpE04eyBN5Ji/Oo/PqvDsf09I5J+vZITNwPr8Bg5KpdA==</latexit>



relaxion begins to roll again

a kick or a nudge is realized when the universe is reheated with 

T > min(Tc, Tra)
<latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit><latexit sha1_base64="T06hY8B1bMZ4J6MjGDmPyvki4q8=">AAACInicbVDNSgMxGMzWv1r/Vr3pJVgKFUrZFUG9SNGLxwqtLXTLkk3TNjTJLkm2WJaCL6NXfQ9P4knwKXwC03YPtnUgMMx8XzKZIGJUacf5sjIrq2vrG9nN3Nb2zu6evX/woMJYYlLHIQtlM0CKMCpIXVPNSDOSBPGAkUYwuJ34jSGRioaipkcRaXPUE7RLMdJG8u2jGryGHqeiWPNxySvV/MSTHEo0PvXtvFN2poDLxE1JHqSo+vaP1wlxzInQmCGlWq4T6XaCpKaYkXGu4MWKRAgPUI+0DBWIE9VOpp8Yw4JROrAbSnOEhlM192cjQVypEQ/MJEe6rxa9ifif14p197KdUBHFmgg8e6gbM6hDOGkEdqgkWLORIQhLasJC3EcSYW16m7upM6SRSlM/zmKbktzFSpZJ/ax8VXbvz/OVm7StLDgGJ6AIXHABKuAOVEEdYPAEXsAreLOerXfrw/qcjWasdOcQzMH6/gWd/qPE</latexit>



continues until

T ' min(Tc, Tra)
<latexit sha1_base64="3EED88PaoFbczXFNIDqG/1iHy6w=">AAACJ3icbVDNTgIxGOziH+LfqkcPNhISTAjZNSbqjejFIyYgJCzZdEuBhra7tl0i2XD0ZfSq7+HJ6NFX8AkssAcBJ2kymfm+djpBxKjSjvNlZVZW19Y3spu5re2d3T17/+BehbHEpI5DFspmgBRhVJC6ppqRZiQJ4gEjjWBwM/EbQyIVDUVNjyLS5qgnaJdipI3k28c16CnKyQP0OBXFmo9LXqnmJ57kUKLxqW/nnbIzBVwmbkryIEXVt3+8TohjToTGDCnVcp1ItxMkNcWMjHMFL1YkQniAeqRlqECcqHYy/ckYFozSgd1QmiM0nKq5PxsJ4kqNeGAmOdJ9tehNxP+8Vqy7l+2EiijWRODZQ92YQR3CSS2wQyXBmo0MQVhSExbiPpIIa1Pe3E2dIY1UmvpxFtuU5C5WskzqZ+Wrsnt3nq9cp21lwRE4AUXgggtQAbegCuoAgyfwAl7Bm/VsvVsf1udsNGOlO4dgDtb3Lz6ppjM=</latexit><latexit sha1_base64="3EED88PaoFbczXFNIDqG/1iHy6w=">AAACJ3icbVDNTgIxGOziH+LfqkcPNhISTAjZNSbqjejFIyYgJCzZdEuBhra7tl0i2XD0ZfSq7+HJ6NFX8AkssAcBJ2kymfm+djpBxKjSjvNlZVZW19Y3spu5re2d3T17/+BehbHEpI5DFspmgBRhVJC6ppqRZiQJ4gEjjWBwM/EbQyIVDUVNjyLS5qgnaJdipI3k28c16CnKyQP0OBXFmo9LXqnmJ57kUKLxqW/nnbIzBVwmbkryIEXVt3+8TohjToTGDCnVcp1ItxMkNcWMjHMFL1YkQniAeqRlqECcqHYy/ckYFozSgd1QmiM0nKq5PxsJ4kqNeGAmOdJ9tehNxP+8Vqy7l+2EiijWRODZQ92YQR3CSS2wQyXBmo0MQVhSExbiPpIIa1Pe3E2dIY1UmvpxFtuU5C5WskzqZ+Wrsnt3nq9cp21lwRE4AUXgggtQAbegCuoAgyfwAl7Bm/VsvVsf1udsNGOlO4dgDtb3Lz6ppjM=</latexit><latexit sha1_base64="3EED88PaoFbczXFNIDqG/1iHy6w=">AAACJ3icbVDNTgIxGOziH+LfqkcPNhISTAjZNSbqjejFIyYgJCzZdEuBhra7tl0i2XD0ZfSq7+HJ6NFX8AkssAcBJ2kymfm+djpBxKjSjvNlZVZW19Y3spu5re2d3T17/+BehbHEpI5DFspmgBRhVJC6ppqRZiQJ4gEjjWBwM/EbQyIVDUVNjyLS5qgnaJdipI3k28c16CnKyQP0OBXFmo9LXqnmJ57kUKLxqW/nnbIzBVwmbkryIEXVt3+8TohjToTGDCnVcp1ItxMkNcWMjHMFL1YkQniAeqRlqECcqHYy/ckYFozSgd1QmiM0nKq5PxsJ4kqNeGAmOdJ9tehNxP+8Vqy7l+2EiijWRODZQ92YQR3CSS2wQyXBmo0MQVhSExbiPpIIa1Pe3E2dIY1UmvpxFtuU5C5WskzqZ+Wrsnt3nq9cp21lwRE4AUXgggtQAbegCuoAgyfwAl7Bm/VsvVsf1udsNGOlO4dgDtb3Lz6ppjM=</latexit><latexit sha1_base64="3EED88PaoFbczXFNIDqG/1iHy6w=">AAACJ3icbVDNTgIxGOziH+LfqkcPNhISTAjZNSbqjejFIyYgJCzZdEuBhra7tl0i2XD0ZfSq7+HJ6NFX8AkssAcBJ2kymfm+djpBxKjSjvNlZVZW19Y3spu5re2d3T17/+BehbHEpI5DFspmgBRhVJC6ppqRZiQJ4gEjjWBwM/EbQyIVDUVNjyLS5qgnaJdipI3k28c16CnKyQP0OBXFmo9LXqnmJ57kUKLxqW/nnbIzBVwmbkryIEXVt3+8TohjToTGDCnVcp1ItxMkNcWMjHMFL1YkQniAeqRlqECcqHYy/ckYFozSgd1QmiM0nKq5PxsJ4kqNeGAmOdJ9tehNxP+8Vqy7l+2EiijWRODZQ92YQR3CSS2wQyXBmo0MQVhSExbiPpIIa1Pe3E2dIY1UmvpxFtuU5C5WskzqZ+Wrsnt3nq9cp21lwRE4AUXgggtQAbegCuoAgyfwAl7Bm/VsvVsf1udsNGOlO4dgDtb3Lz6ppjM=</latexit><latexit sha1_base64="3EED88PaoFbczXFNIDqG/1iHy6w=">AAACJ3icbVDNTgIxGOziH+LfqkcPNhISTAjZNSbqjejFIyYgJCzZdEuBhra7tl0i2XD0ZfSq7+HJ6NFX8AkssAcBJ2kymfm+djpBxKjSjvNlZVZW19Y3spu5re2d3T17/+BehbHEpI5DFspmgBRhVJC6ppqRZiQJ4gEjjWBwM/EbQyIVDUVNjyLS5qgnaJdipI3k28c16CnKyQP0OBXFmo9LXqnmJ57kUKLxqW/nnbIzBVwmbkryIEXVt3+8TohjToTGDCnVcp1ItxMkNcWMjHMFL1YkQniAeqRlqECcqHYy/ckYFozSgd1QmiM0nKq5PxsJ4kqNeGAmOdJ9tehNxP+8Vqy7l+2EiijWRODZQ92YQR3CSS2wQyXBmo0MQVhSExbiPpIIa1Pe3E2dIY1UmvpxFtuU5C5WskzqZ+Wrsnt3nq9cp21lwRE4AUXgggtQAbegCuoAgyfwAl7Bm/VsvVsf1udsNGOlO4dgDtb3Lz6ppjM=</latexit>

misalignment is dynamically generated
[Banerjee, HK and Perez 18]



two things should be guaranteed :

(i) EW scale must be preserved

(ii) kinetic energy should be small enough to be trapped
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br
<latexit sha1_base64="anEZaWXFizN+q7IR9c297R+P/U8="></latexit><latexit sha1_base64="anEZaWXFizN+q7IR9c297R+P/U8="></latexit><latexit sha1_base64="anEZaWXFizN+q7IR9c297R+P/U8="></latexit><latexit sha1_base64="anEZaWXFizN+q7IR9c297R+P/U8="></latexit><latexit sha1_base64="anEZaWXFizN+q7IR9c297R+P/U8="></latexit>

For this mass range, the Hubble friction is enough to trap relaxion again

which can be written as … … 

m� . H
<latexit sha1_base64="pml8jkjgekuihRm9rr20PU57lG4=">AAACGXicbVC9TsMwGHT4LeUvhZHFoqrEVCUICdgqWDoWidBKbRQ5jtNatZ3IdgpV1DeBFd6DCbEy8Ro8AW6bgbacZOl0932fTxemjCrtON/W2vrG5tZ2aae8u7d/cGhXjh5UkklMPJywRHZCpAijgniaakY6qSSIh4y0w+Ht1G+PiFQ0Efd6nBKfo76gMcVIGymwKzzopQMKe4wopSiHzcCuOnVnBrhK3IJUQYFWYP/0ogRnnAiNGVKq6zqp9nMkNcWMTMq1XqZIivAQ9UnXUIE4UX4+yz6BNaNEME6keULDmVr+s5EjrtSYh2aSIz1Qy95U/M/rZjq+8nMq0kwTgecfxRmDOoHTImBEJcGajQ1BWFITFuIBkghrU9fCpWhEU1WkfprHNiW5y5WsEu+8fl137y6qjZuirRI4AafgDLjgEjRAE7SABzB4BC/gFbxZz9a79WF9zkfXrGLnGCzA+voFr+6hUQ==</latexit><latexit sha1_base64="pml8jkjgekuihRm9rr20PU57lG4=">AAACGXicbVC9TsMwGHT4LeUvhZHFoqrEVCUICdgqWDoWidBKbRQ5jtNatZ3IdgpV1DeBFd6DCbEy8Ro8AW6bgbacZOl0932fTxemjCrtON/W2vrG5tZ2aae8u7d/cGhXjh5UkklMPJywRHZCpAijgniaakY6qSSIh4y0w+Ht1G+PiFQ0Efd6nBKfo76gMcVIGymwKzzopQMKe4wopSiHzcCuOnVnBrhK3IJUQYFWYP/0ogRnnAiNGVKq6zqp9nMkNcWMTMq1XqZIivAQ9UnXUIE4UX4+yz6BNaNEME6keULDmVr+s5EjrtSYh2aSIz1Qy95U/M/rZjq+8nMq0kwTgecfxRmDOoHTImBEJcGajQ1BWFITFuIBkghrU9fCpWhEU1WkfprHNiW5y5WsEu+8fl137y6qjZuirRI4AafgDLjgEjRAE7SABzB4BC/gFbxZz9a79WF9zkfXrGLnGCzA+voFr+6hUQ==</latexit><latexit sha1_base64="pml8jkjgekuihRm9rr20PU57lG4=">AAACGXicbVC9TsMwGHT4LeUvhZHFoqrEVCUICdgqWDoWidBKbRQ5jtNatZ3IdgpV1DeBFd6DCbEy8Ro8AW6bgbacZOl0932fTxemjCrtON/W2vrG5tZ2aae8u7d/cGhXjh5UkklMPJywRHZCpAijgniaakY6qSSIh4y0w+Ht1G+PiFQ0Efd6nBKfo76gMcVIGymwKzzopQMKe4wopSiHzcCuOnVnBrhK3IJUQYFWYP/0ogRnnAiNGVKq6zqp9nMkNcWMTMq1XqZIivAQ9UnXUIE4UX4+yz6BNaNEME6keULDmVr+s5EjrtSYh2aSIz1Qy95U/M/rZjq+8nMq0kwTgecfxRmDOoHTImBEJcGajQ1BWFITFuIBkghrU9fCpWhEU1WkfprHNiW5y5WsEu+8fl137y6qjZuirRI4AafgDLjgEjRAE7SABzB4BC/gFbxZz9a79WF9zkfXrGLnGCzA+voFr+6hUQ==</latexit><latexit sha1_base64="pml8jkjgekuihRm9rr20PU57lG4=">AAACGXicbVC9TsMwGHT4LeUvhZHFoqrEVCUICdgqWDoWidBKbRQ5jtNatZ3IdgpV1DeBFd6DCbEy8Ro8AW6bgbacZOl0932fTxemjCrtON/W2vrG5tZ2aae8u7d/cGhXjh5UkklMPJywRHZCpAijgniaakY6qSSIh4y0w+Ht1G+PiFQ0Efd6nBKfo76gMcVIGymwKzzopQMKe4wopSiHzcCuOnVnBrhK3IJUQYFWYP/0ogRnnAiNGVKq6zqp9nMkNcWMTMq1XqZIivAQ9UnXUIE4UX4+yz6BNaNEME6keULDmVr+s5EjrtSYh2aSIz1Qy95U/M/rZjq+8nMq0kwTgecfxRmDOoHTImBEJcGajQ1BWFITFuIBkghrU9fCpWhEU1WkfprHNiW5y5WsEu+8fl137y6qjZuirRI4AafgDLjgEjRAE7SABzB4BC/gFbxZz9a79WF9zkfXrGLnGCzA+voFr+6hUQ==</latexit><latexit sha1_base64="pml8jkjgekuihRm9rr20PU57lG4=">AAACGXicbVC9TsMwGHT4LeUvhZHFoqrEVCUICdgqWDoWidBKbRQ5jtNatZ3IdgpV1DeBFd6DCbEy8Ro8AW6bgbacZOl0932fTxemjCrtON/W2vrG5tZ2aae8u7d/cGhXjh5UkklMPJywRHZCpAijgniaakY6qSSIh4y0w+Ht1G+PiFQ0Efd6nBKfo76gMcVIGymwKzzopQMKe4wopSiHzcCuOnVnBrhK3IJUQYFWYP/0ogRnnAiNGVKq6zqp9nMkNcWMTMq1XqZIivAQ9UnXUIE4UX4+yz6BNaNEME6keULDmVr+s5EjrtSYh2aSIz1Qy95U/M/rZjq+8nMq0kwTgecfxRmDOoHTImBEJcGajQ1BWFITFuIBkghrU9fCpWhEU1WkfprHNiW5y5WsEu+8fl137y6qjZuirRI4AafgDLjgEjRAE7SABzB4BC/gFbxZz9a79WF9zkfXrGLnGCzA+voFr+6hUQ==</latexit>

⇠ 10�5 eV
<latexit sha1_base64="o6HTpFIBCklB2IQ38nFVsnJGUo8=">AAACH3icbVBPT8IwHO3wH+K/qQcPXhoJiQclm9GoN6IXj5g4IGGTdF2BhnZb2o5Iln0Zver38GS88jX8BBbYQcCXNHl57/drX58fMyqVZY2Nwsrq2vpGcbO0tb2zu2fuHzRklAhMHByxSLR8JAmjIXEUVYy0YkEQ9xlp+oP7id8cEiFpFD6pUUw8jnoh7VKMlJY65pErKYe29ZyeX2XuWeoKDkkjgx2zbFWtKeAysXNSBjnqHfPHDSKccBIqzJCUbduKlZcioShmJCtV3ESSGOEB6pG2piHiRHrp9AcZrGglgN1I6BMqOFVLfzZSxKUccV9PcqT6ctGbiP957UR1b7yUhnGiSIhnD3UTBlUEJ3XAgAqCFRtpgrCgOizEfSQQVrq0uZuCIY1lnvplFluXZC9Wskyci+pt1X68LNfu8raK4BicgFNgg2tQAw+gDhyAQQbewDv4MF6NT+PL+J6NFox85xDMwRj/AsaVotQ=</latexit><latexit sha1_base64="o6HTpFIBCklB2IQ38nFVsnJGUo8=">AAACH3icbVBPT8IwHO3wH+K/qQcPXhoJiQclm9GoN6IXj5g4IGGTdF2BhnZb2o5Iln0Zver38GS88jX8BBbYQcCXNHl57/drX58fMyqVZY2Nwsrq2vpGcbO0tb2zu2fuHzRklAhMHByxSLR8JAmjIXEUVYy0YkEQ9xlp+oP7id8cEiFpFD6pUUw8jnoh7VKMlJY65pErKYe29ZyeX2XuWeoKDkkjgx2zbFWtKeAysXNSBjnqHfPHDSKccBIqzJCUbduKlZcioShmJCtV3ESSGOEB6pG2piHiRHrp9AcZrGglgN1I6BMqOFVLfzZSxKUccV9PcqT6ctGbiP957UR1b7yUhnGiSIhnD3UTBlUEJ3XAgAqCFRtpgrCgOizEfSQQVrq0uZuCIY1lnvplFluXZC9Wskyci+pt1X68LNfu8raK4BicgFNgg2tQAw+gDhyAQQbewDv4MF6NT+PL+J6NFox85xDMwRj/AsaVotQ=</latexit><latexit sha1_base64="o6HTpFIBCklB2IQ38nFVsnJGUo8=">AAACH3icbVBPT8IwHO3wH+K/qQcPXhoJiQclm9GoN6IXj5g4IGGTdF2BhnZb2o5Iln0Zver38GS88jX8BBbYQcCXNHl57/drX58fMyqVZY2Nwsrq2vpGcbO0tb2zu2fuHzRklAhMHByxSLR8JAmjIXEUVYy0YkEQ9xlp+oP7id8cEiFpFD6pUUw8jnoh7VKMlJY65pErKYe29ZyeX2XuWeoKDkkjgx2zbFWtKeAysXNSBjnqHfPHDSKccBIqzJCUbduKlZcioShmJCtV3ESSGOEB6pG2piHiRHrp9AcZrGglgN1I6BMqOFVLfzZSxKUccV9PcqT6ctGbiP957UR1b7yUhnGiSIhnD3UTBlUEJ3XAgAqCFRtpgrCgOizEfSQQVrq0uZuCIY1lnvplFluXZC9Wskyci+pt1X68LNfu8raK4BicgFNgg2tQAw+gDhyAQQbewDv4MF6NT+PL+J6NFox85xDMwRj/AsaVotQ=</latexit><latexit sha1_base64="o6HTpFIBCklB2IQ38nFVsnJGUo8=">AAACH3icbVBPT8IwHO3wH+K/qQcPXhoJiQclm9GoN6IXj5g4IGGTdF2BhnZb2o5Iln0Zver38GS88jX8BBbYQcCXNHl57/drX58fMyqVZY2Nwsrq2vpGcbO0tb2zu2fuHzRklAhMHByxSLR8JAmjIXEUVYy0YkEQ9xlp+oP7id8cEiFpFD6pUUw8jnoh7VKMlJY65pErKYe29ZyeX2XuWeoKDkkjgx2zbFWtKeAysXNSBjnqHfPHDSKccBIqzJCUbduKlZcioShmJCtV3ESSGOEB6pG2piHiRHrp9AcZrGglgN1I6BMqOFVLfzZSxKUccV9PcqT6ctGbiP957UR1b7yUhnGiSIhnD3UTBlUEJ3XAgAqCFRtpgrCgOizEfSQQVrq0uZuCIY1lnvplFluXZC9Wskyci+pt1X68LNfu8raK4BicgFNgg2tQAw+gDhyAQQbewDv4MF6NT+PL+J6NFox85xDMwRj/AsaVotQ=</latexit><latexit sha1_base64="o6HTpFIBCklB2IQ38nFVsnJGUo8=">AAACH3icbVBPT8IwHO3wH+K/qQcPXhoJiQclm9GoN6IXj5g4IGGTdF2BhnZb2o5Iln0Zver38GS88jX8BBbYQcCXNHl57/drX58fMyqVZY2Nwsrq2vpGcbO0tb2zu2fuHzRklAhMHByxSLR8JAmjIXEUVYy0YkEQ9xlp+oP7id8cEiFpFD6pUUw8jnoh7VKMlJY65pErKYe29ZyeX2XuWeoKDkkjgx2zbFWtKeAysXNSBjnqHfPHDSKccBIqzJCUbduKlZcioShmJCtV3ESSGOEB6pG2piHiRHrp9AcZrGglgN1I6BMqOFVLfzZSxKUccV9PcqT6ctGbiP957UR1b7yUhnGiSIhnD3UTBlUEJ3XAgAqCFRtpgrCgOizEfSQQVrq0uZuCIY1lnvplFluXZC9Wskyci+pt1X68LNfu8raK4BicgFNgg2tQAw+gDhyAQQbewDv4MF6NT+PL+J6NFox85xDMwRj/AsaVotQ=</latexit>

@  T = 100 GeV

For heavier mass, additional friction is needed (e.g. particle production)



4

10-15 10-13 10-11 10-9 10-7 10-5 10-3 10-1 1011071091011101310151017

No relaxion cosmology

Fifth force
<latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit>

⇤
br �

v

<latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit>

Unstable

dark photon scenario
minimal scenario

⌦
� =

⌦
DM

(T
ra =

1GeV)

<latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit>

⌦
� =

⌦
DM

(T
ra =

100GeV)

<latexit sha1_base64="rLKYKCWi//OlazQQeuW1L5lAbrQ="></latexit><latexit sha1_base64="rLKYKCWi//OlazQQeuW1L5lAbrQ="></latexit><latexit sha1_base64="rLKYKCWi//OlazQQeuW1L5lAbrQ="></latexit><latexit sha1_base64="rLKYKCWi//OlazQQeuW1L5lAbrQ="></latexit><latexit sha1_base64="rLKYKCWi//OlazQQeuW1L5lAbrQ="></latexit>

⌦
� =

⌦
DM

(T
ra =

10M
eV)

<latexit sha1_base64="O0bVF1PPvmVse/BeiKb+GnUd8Nc="></latexit><latexit sha1_base64="O0bVF1PPvmVse/BeiKb+GnUd8Nc="></latexit><latexit sha1_base64="O0bVF1PPvmVse/BeiKb+GnUd8Nc="></latexit><latexit sha1_base64="O0bVF1PPvmVse/BeiKb+GnUd8Nc="></latexit><latexit sha1_base64="O0bVF1PPvmVse/BeiKb+GnUd8Nc="></latexit>

FIG. 1. A parameter space for coherent relaxion dark matter
for r⇠ = 25 (and rX = 1). The black solid lines describe
regions consistent with the observed DM relic density. From
top to bottom, we choose Tra = 100, 1, 10�2 GeV. The red
shaded region is excluded by experiments testing long-range
forces [22–24]. The green shaded region corresponds to ⇤br &
v. In the brown region, the relaxion decays into two dark
photons, leaving observable signatures in CMB spectrum. No
viable relaxion cosmology during inflation exists in the gray
shded region. For this gray region, the Higgs mass cuto↵ is
chosen to be ⇤ = 104, 105 GeV.

large reheating temperatures can reproduce the observed
dark matter relic abundance. The relaxion behaves as
a classical field similar to axion models but does not re-
quire any specific value of misalignment angle as an initial
condition. On the one hand the relaxion is an axion-like
particle, with its mass protected by an approximate shift
symmetry, while on the other hand, the relaxion mixes
with the Higgs boson and behaves as a classical coherent

scalar DM despite the fact that it has nothing to do with
the dilaton or scale-invariance symmetry. The physical
relaxion is not a CP eigenstate, and this allows relaxion
to have both scalar-coupling and pseudoscalar-coupling
to SM particles. Due to axion-like coupling to SM par-
ticles, axion DM searches can be applied to our relaxion
DM scenario (see e.g. [25] and Refs. therein). More inter-
estingly, due to the mixing with the Higgs, fundamental
parameters in SM, such as the mass of SM fermions and
the fine structure constant, could oscillates because of co-
herent oscillation of relaxion DM (e↵ect that is far larger
than the one resulting from the coupling in charge of the
scanning of the Higgs mass [1]). A change of fundamental
constants induced by coherent dark matter field is being
actively investigated with precision measurements, such
as atomic clocks [26–28]. It is also interesting to point
that in the region where f . 1010 GeV our relaxion dark
matter could also solve the strong CP problem [29]. This
is a unique case where a single degree of freedom is asso-
ciated with a possible solution to the hierarchy problem,
the strong CP problem, and at the same time being a
viable dark matter candidate.

We finally note that Ref. [30], which discusses the pos-
sibility of the relaxion being a particle dark matter with
low reheating temperature, appeared, while our paper
was in its last phase of preparation.
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FIG. 1. A parameter space for coherent relaxion dark matter
for r⇠ = 25 (and rX = 1). The black solid lines describe
regions consistent with the observed DM relic density. From
top to bottom, we choose Tra = 100, 1, 10�2 GeV. The red
shaded region is excluded by experiments testing long-range
forces [22–24]. The green shaded region corresponds to ⇤br &
v. In the brown region, the relaxion decays into two dark
photons, leaving observable signatures in CMB spectrum. No
viable relaxion cosmology during inflation exists in the gray
shded region. For this gray region, the Higgs mass cuto↵ is
chosen to be ⇤ = 104, 105 GeV.

large reheating temperatures can reproduce the observed
dark matter relic abundance. The relaxion behaves as
a classical field similar to axion models but does not re-
quire any specific value of misalignment angle as an initial
condition. On the one hand the relaxion is an axion-like
particle, with its mass protected by an approximate shift
symmetry, while on the other hand, the relaxion mixes
with the Higgs boson and behaves as a classical coherent

scalar DM despite the fact that it has nothing to do with
the dilaton or scale-invariance symmetry. The physical
relaxion is not a CP eigenstate, and this allows relaxion
to have both scalar-coupling and pseudoscalar-coupling
to SM particles. Due to axion-like coupling to SM par-
ticles, axion DM searches can be applied to our relaxion
DM scenario (see e.g. [25] and Refs. therein). More inter-
estingly, due to the mixing with the Higgs, fundamental
parameters in SM, such as the mass of SM fermions and
the fine structure constant, could oscillates because of co-
herent oscillation of relaxion DM (e↵ect that is far larger
than the one resulting from the coupling in charge of the
scanning of the Higgs mass [1]). A change of fundamental
constants induced by coherent dark matter field is being
actively investigated with precision measurements, such
as atomic clocks [26–28]. It is also interesting to point
that in the region where f . 1010 GeV our relaxion dark
matter could also solve the strong CP problem [29]. This
is a unique case where a single degree of freedom is asso-
ciated with a possible solution to the hierarchy problem,
the strong CP problem, and at the same time being a
viable dark matter candidate.

We finally note that Ref. [30], which discusses the pos-
sibility of the relaxion being a particle dark matter with
low reheating temperature, appeared, while our paper
was in its last phase of preparation.
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we see the same field can be responsible for 

(i) scanning EW scale

(ii) dark matter in the universe

then how can we find them?



observe relaxion mixes with Higgs
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leading to oscillating fundamental constants
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this leads to

if relaxion is dark matter in the universe

we are sitting on the coherently oscillating relaxion condensate
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these effects are tiny, and only measurable for small scalar mass
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a coupling to electron is already constrained by EP-violation tests
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<latexit sha1_base64="j8CyOeakGPMJYMoobz6C4nQ7vFQ=">AAACLnicbVC7TsMwFHV4lvIqMLJYVCAWqgQhUbYKFsYiUVqpCZXj3ICFnQTbqaii/AE/Ayv8B2JArMx8AW6bAVqOZOvonHuvr4+fcKa0bb9bM7Nz8wuLpaXy8srq2nplY/NKxamk0KIxj2XHJwo4i6ClmebQSSQQ4XNo+3dnQ7/dB6lYHF3qQQKeIDcRCxkl2ki9yp4bSkIzNwCuCRY9yLPhhV3FBNxjx77ODpx63qtU7Zo9Ap4mTkGqqECzV/l2g5imAiJNOVGq69iJ9jIiNaMc8vKumypICL0jN9A1NCIClJeNPpTjXaMEOIylOZHGI7X8qyMjQqmB8E2lIPpWTXpD8T+vm+qw7mUsSlINER0/FKYc6xgP08EBk0A1HxhCqGRmWUxviUlImwz/TAr6LFHF1g/jtU1IzmQk06R1WDupORdH1cZpkVYJbaMdtI8cdIwa6Bw1UQtR9Iie0Qt6tZ6sN+vD+hyXzlhFzxb6A+vrB/Qnqa4=</latexit><latexit sha1_base64="j8CyOeakGPMJYMoobz6C4nQ7vFQ=">AAACLnicbVC7TsMwFHV4lvIqMLJYVCAWqgQhUbYKFsYiUVqpCZXj3ICFnQTbqaii/AE/Ayv8B2JArMx8AW6bAVqOZOvonHuvr4+fcKa0bb9bM7Nz8wuLpaXy8srq2nplY/NKxamk0KIxj2XHJwo4i6ClmebQSSQQ4XNo+3dnQ7/dB6lYHF3qQQKeIDcRCxkl2ki9yp4bSkIzNwCuCRY9yLPhhV3FBNxjx77ODpx63qtU7Zo9Ap4mTkGqqECzV/l2g5imAiJNOVGq69iJ9jIiNaMc8vKumypICL0jN9A1NCIClJeNPpTjXaMEOIylOZHGI7X8qyMjQqmB8E2lIPpWTXpD8T+vm+qw7mUsSlINER0/FKYc6xgP08EBk0A1HxhCqGRmWUxviUlImwz/TAr6LFHF1g/jtU1IzmQk06R1WDupORdH1cZpkVYJbaMdtI8cdIwa6Bw1UQtR9Iie0Qt6tZ6sN+vD+hyXzlhFzxb6A+vrB/Qnqa4=</latexit><latexit sha1_base64="j8CyOeakGPMJYMoobz6C4nQ7vFQ=">AAACLnicbVC7TsMwFHV4lvIqMLJYVCAWqgQhUbYKFsYiUVqpCZXj3ICFnQTbqaii/AE/Ayv8B2JArMx8AW6bAVqOZOvonHuvr4+fcKa0bb9bM7Nz8wuLpaXy8srq2nplY/NKxamk0KIxj2XHJwo4i6ClmebQSSQQ4XNo+3dnQ7/dB6lYHF3qQQKeIDcRCxkl2ki9yp4bSkIzNwCuCRY9yLPhhV3FBNxjx77ODpx63qtU7Zo9Ap4mTkGqqECzV/l2g5imAiJNOVGq69iJ9jIiNaMc8vKumypICL0jN9A1NCIClJeNPpTjXaMEOIylOZHGI7X8qyMjQqmB8E2lIPpWTXpD8T+vm+qw7mUsSlINER0/FKYc6xgP08EBk0A1HxhCqGRmWUxviUlImwz/TAr6LFHF1g/jtU1IzmQk06R1WDupORdH1cZpkVYJbaMdtI8cdIwa6Bw1UQtR9Iie0Qt6tZ6sN+vD+hyXzlhFzxb6A+vrB/Qnqa4=</latexit><latexit sha1_base64="j8CyOeakGPMJYMoobz6C4nQ7vFQ=">AAACLnicbVC7TsMwFHV4lvIqMLJYVCAWqgQhUbYKFsYiUVqpCZXj3ICFnQTbqaii/AE/Ayv8B2JArMx8AW6bAVqOZOvonHuvr4+fcKa0bb9bM7Nz8wuLpaXy8srq2nplY/NKxamk0KIxj2XHJwo4i6ClmebQSSQQ4XNo+3dnQ7/dB6lYHF3qQQKeIDcRCxkl2ki9yp4bSkIzNwCuCRY9yLPhhV3FBNxjx77ODpx63qtU7Zo9Ap4mTkGqqECzV/l2g5imAiJNOVGq69iJ9jIiNaMc8vKumypICL0jN9A1NCIClJeNPpTjXaMEOIylOZHGI7X8qyMjQqmB8E2lIPpWTXpD8T+vm+qw7mUsSlINER0/FKYc6xgP08EBk0A1HxhCqGRmWUxviUlImwz/TAr6LFHF1g/jtU1IzmQk06R1WDupORdH1cZpkVYJbaMdtI8cdIwa6Bw1UQtR9Iie0Qt6tZ6sN+vD+hyXzlhFzxb6A+vrB/Qnqa4=</latexit><latexit sha1_base64="j8CyOeakGPMJYMoobz6C4nQ7vFQ=">AAACLnicbVC7TsMwFHV4lvIqMLJYVCAWqgQhUbYKFsYiUVqpCZXj3ICFnQTbqaii/AE/Ayv8B2JArMx8AW6bAVqOZOvonHuvr4+fcKa0bb9bM7Nz8wuLpaXy8srq2nplY/NKxamk0KIxj2XHJwo4i6ClmebQSSQQ4XNo+3dnQ7/dB6lYHF3qQQKeIDcRCxkl2ki9yp4bSkIzNwCuCRY9yLPhhV3FBNxjx77ODpx63qtU7Zo9Ap4mTkGqqECzV/l2g5imAiJNOVGq69iJ9jIiNaMc8vKumypICL0jN9A1NCIClJeNPpTjXaMEOIylOZHGI7X8qyMjQqmB8E2lIPpWTXpD8T+vm+qw7mUsSlINER0/FKYc6xgP08EBk0A1HxhCqGRmWUxviUlImwz/TAr6LFHF1g/jtU1IzmQk06R1WDupORdH1cZpkVYJbaMdtI8cdIwa6Bw1UQtR9Iie0Qt6tZ6sN+vD+hyXzlhFzxb6A+vrB/Qnqa4=</latexit>

electron mass is oscillating with the amplitude

state-of-art atomic clocks, atomic interferometry …

have a chance to probe unexplored regime of parameter space

[Arvanitaki et al 15] [Graham et al 15] [For a review, Safronova et al 17]



We are interested in more heavier mass range 
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No relaxion cosmology

Fifth force
<latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit><latexit sha1_base64="8FtO88fdV9acFJa44EZ0FRi6Xt8=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzIjRdtdQRCXFewD2qFk0kwbmskMyR2xDsVfceNCEbf+hzv/xkxbiooeCBzOua8cPxZcg+N8Wrml5ZXVtfx6YWNza3vH3t1r6ihRlDVoJCLV9olmgkvWAA6CtWPFSOgL1vJHF5nfumVK80jewDhmXkgGkgecEjBSzz7oArsDFaaXPIAhDiIzdtKzi06pWq1WKmfYLTlT4JlSdhZKEc1R79kf3X5Ek5BJoIJo3XGdGLyUKOBUsEmhm2gWEzoiA9YxVJKQaS+dXj/Bx0bpZ5vNk4Cn6veOlIRaj0PfVIYEhvq3l4l/eZ0EgoqXchknwCSdLQoSgSHCWRS4zxWjIMaGEKq4uRXTIVGEggmsYEJY/P1/0jwtuU7JvS4Xa+V5HHl0iI7QCXLROaqhK1RHDUTRPXpEz+jFerCerFfrbVaas+Y9++gHrPcvdwWV1g==</latexit>

⇤
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v

<latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit><latexit sha1_base64="kfqNpBAT3pvyUmkGrhony0Wv9pg=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokUrTdFdy4cFHBPqAJYTKZtEMnkzgzKZSQjb/ixoUibv0Md/6N0wdFRQ8MHM45lzv3BCmjUtn2p1FaWV1b3yhvVra2d3b3zP2DjkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0dXU746JkDThd2qSEi9GA04jipHSkm8euTc6HCI/d0UMA1FAd0Du4dg3q7bVaDTq9QvoWPYMcK7U7KVSBQu0fPPDDROcxYQrzJCUfcdOlZcjoShmpKi4mSQpwiM0IH1NOYqJ9PLZAQU81UoIo0ToxxWcqd8nchRLOYkDnYyRGsrf3lT8y+tnKqp7OeVppgjH80VRxqBK4LQNGFJBsGITTRAWVP8V4iESCCvdWUWXsLz9f9I5txzbcm5r1WZtUUcZHIMTcAYccAma4Bq0QBtgUIBH8AxejAfjyXg13ubRkrGYOQQ/YLx/AX+9lk4=</latexit>

Unstable

dark photon scenario
minimal scenario
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<latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit><latexit sha1_base64="hb4uJp/nZPtEty5/BHrT+p1rAkY=">AAACJ3icbVDLSsNAFJ3Ud31FXboZLIJCKYkIulGKCroRFWwVmlAm09t26EwSZiZCCfkbN/6KG0FFdOmfOE2z8HVg4Nxz7uXOPUHMmdKO82GVJianpmdm58rzC4tLy/bKalNFiaTQoBGP5G1AFHAWQkMzzeE2lkBEwOEmGByP/Js7kIpF4bUexuAL0gtZl1GijdS2D70LAT3S9uI+wwe4qFJPCnxynmGv6lXx1vVYkCQzLa5XzatTaGbbbbvi1Jwc+C9xC1JBBS7b9rPXiWgiINSUE6VarhNrPyVSM8ohK3uJgpjQAelBy9CQCFB+mt+Z4U2jdHA3kuaFGufq94mUCKWGIjCdgui++u2NxP+8VqK7+37KwjjRENLxom7CsY7wKDTcYRKo5kNDCJXM/BXTPpGEahNt2YTg/j75L2nu1FzDr3Yr9aMijlm0jjbQFnLRHqqjM3SJGoiie/SIXtCr9WA9WW/W+7i1ZBUza+gHrM8vx3ajYg==</latexit>
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FIG. 1. A parameter space for coherent relaxion dark matter
for r⇠ = 25 (and rX = 1). The black solid lines describe
regions consistent with the observed DM relic density. From
top to bottom, we choose Tra = 100, 1, 10�2 GeV. The red
shaded region is excluded by experiments testing long-range
forces [22–24]. The green shaded region corresponds to ⇤br &
v. In the brown region, the relaxion decays into two dark
photons, leaving observable signatures in CMB spectrum. No
viable relaxion cosmology during inflation exists in the gray
shded region. For this gray region, the Higgs mass cuto↵ is
chosen to be ⇤ = 104, 105 GeV.

large reheating temperatures can reproduce the observed
dark matter relic abundance. The relaxion behaves as
a classical field similar to axion models but does not re-
quire any specific value of misalignment angle as an initial
condition. On the one hand the relaxion is an axion-like
particle, with its mass protected by an approximate shift
symmetry, while on the other hand, the relaxion mixes
with the Higgs boson and behaves as a classical coherent

scalar DM despite the fact that it has nothing to do with
the dilaton or scale-invariance symmetry. The physical
relaxion is not a CP eigenstate, and this allows relaxion
to have both scalar-coupling and pseudoscalar-coupling
to SM particles. Due to axion-like coupling to SM par-
ticles, axion DM searches can be applied to our relaxion
DM scenario (see e.g. [25] and Refs. therein). More inter-
estingly, due to the mixing with the Higgs, fundamental
parameters in SM, such as the mass of SM fermions and
the fine structure constant, could oscillates because of co-
herent oscillation of relaxion DM (e↵ect that is far larger
than the one resulting from the coupling in charge of the
scanning of the Higgs mass [1]). A change of fundamental
constants induced by coherent dark matter field is being
actively investigated with precision measurements, such
as atomic clocks [26–28]. It is also interesting to point
that in the region where f . 1010 GeV our relaxion dark
matter could also solve the strong CP problem [29]. This
is a unique case where a single degree of freedom is asso-
ciated with a possible solution to the hierarchy problem,
the strong CP problem, and at the same time being a
viable dark matter candidate.

We finally note that Ref. [30], which discusses the pos-
sibility of the relaxion being a particle dark matter with
low reheating temperature, appeared, while our paper
was in its last phase of preparation.
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We are interested in more heavier mass range 
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oscillation frequency is higher

field amplitude/coherence time is smaller

to find them

(i) experiments should be sensitive to such oscillation frequencies

(ii) sensitivity should be enough to compensate decreases in field amplitude

� =

p
⇢

m
cos(mt)
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this will be very challenging only with background DM … …



what if relaxion DM form gravitationally bounded compact object?

we consider relaxion stars with larger density relative to background DM

[Banerjee, Budker, Eby, HK and Perez 19]



it is a classical solution of the system of gravity+scalar field
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the equation of motion in nonrel. limit is 

i ̇ =


�r2

2m
+ Vgrav
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where



one find a classical solution: relaxion stars
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has a unique mass-radius relation
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<latexit sha1_base64="6DoVCpiXNGhTHAJ+0+uYmg9IogA=">AAACK3icbVDNSgMxGMzWv1r/qh69BEvBU9ktgnoQil68FKq4ttDdLtlstg3N/pBki2XpA/gyetX38KJ49QV8AtPuHmzrQGCYmS/5Mm7MqJC6/qEVVlbX1jeKm6Wt7Z3dvfL+wYOIEo6JiSMW8Y6LBGE0JKakkpFOzAkKXEba7vB66rdHhAsahfdyHBM7QP2Q+hQjqSSnXLlzLCERh5fQ8jnCadNp9eqTNOjVYTOzJiql1/QZ4DIxclIBOVpO+cfyIpwEJJSYISG6hh5LO0VcUszIpFS1EkFihIeoT7qKhiggwk5nv5nAqlI86EdcnVDCmVr6M5GiQIhx4KpkgORALHpT8T+vm0j/3E5pGCeShDh7yE8YlBGcVgM9ygmWbKwIwpyqZSEeIFWKVAXO3eSNaCzyrR+ztVVJxmIly8Ss1y5qxu1ppXGVt1UER+AYnAADnIEGuAEtYAIMnsALeAVv2rP2rn1qX1m0oOUzh2AO2vcvOQyoTw==</latexit><latexit sha1_base64="6DoVCpiXNGhTHAJ+0+uYmg9IogA=">AAACK3icbVDNSgMxGMzWv1r/qh69BEvBU9ktgnoQil68FKq4ttDdLtlstg3N/pBki2XpA/gyetX38KJ49QV8AtPuHmzrQGCYmS/5Mm7MqJC6/qEVVlbX1jeKm6Wt7Z3dvfL+wYOIEo6JiSMW8Y6LBGE0JKakkpFOzAkKXEba7vB66rdHhAsahfdyHBM7QP2Q+hQjqSSnXLlzLCERh5fQ8jnCadNp9eqTNOjVYTOzJiql1/QZ4DIxclIBOVpO+cfyIpwEJJSYISG6hh5LO0VcUszIpFS1EkFihIeoT7qKhiggwk5nv5nAqlI86EdcnVDCmVr6M5GiQIhx4KpkgORALHpT8T+vm0j/3E5pGCeShDh7yE8YlBGcVgM9ygmWbKwIwpyqZSEeIFWKVAXO3eSNaCzyrR+ztVVJxmIly8Ss1y5qxu1ppXGVt1UER+AYnAADnIEGuAEtYAIMnsALeAVv2rP2rn1qX1m0oOUzh2AO2vcvOQyoTw==</latexit><latexit sha1_base64="6DoVCpiXNGhTHAJ+0+uYmg9IogA=">AAACK3icbVDNSgMxGMzWv1r/qh69BEvBU9ktgnoQil68FKq4ttDdLtlstg3N/pBki2XpA/gyetX38KJ49QV8AtPuHmzrQGCYmS/5Mm7MqJC6/qEVVlbX1jeKm6Wt7Z3dvfL+wYOIEo6JiSMW8Y6LBGE0JKakkpFOzAkKXEba7vB66rdHhAsahfdyHBM7QP2Q+hQjqSSnXLlzLCERh5fQ8jnCadNp9eqTNOjVYTOzJiql1/QZ4DIxclIBOVpO+cfyIpwEJJSYISG6hh5LO0VcUszIpFS1EkFihIeoT7qKhiggwk5nv5nAqlI86EdcnVDCmVr6M5GiQIhx4KpkgORALHpT8T+vm0j/3E5pGCeShDh7yE8YlBGcVgM9ygmWbKwIwpyqZSEeIFWKVAXO3eSNaCzyrR+ztVVJxmIly8Ss1y5qxu1ppXGVt1UER+AYnAADnIEGuAEtYAIMnsALeAVv2rP2rn1qX1m0oOUzh2AO2vcvOQyoTw==</latexit><latexit sha1_base64="6DoVCpiXNGhTHAJ+0+uYmg9IogA=">AAACK3icbVDNSgMxGMzWv1r/qh69BEvBU9ktgnoQil68FKq4ttDdLtlstg3N/pBki2XpA/gyetX38KJ49QV8AtPuHmzrQGCYmS/5Mm7MqJC6/qEVVlbX1jeKm6Wt7Z3dvfL+wYOIEo6JiSMW8Y6LBGE0JKakkpFOzAkKXEba7vB66rdHhAsahfdyHBM7QP2Q+hQjqSSnXLlzLCERh5fQ8jnCadNp9eqTNOjVYTOzJiql1/QZ4DIxclIBOVpO+cfyIpwEJJSYISG6hh5LO0VcUszIpFS1EkFihIeoT7qKhiggwk5nv5nAqlI86EdcnVDCmVr6M5GiQIhx4KpkgORALHpT8T+vm0j/3E5pGCeShDh7yE8YlBGcVgM9ygmWbKwIwpyqZSEeIFWKVAXO3eSNaCzyrR+ztVVJxmIly8Ss1y5qxu1ppXGVt1UER+AYnAADnIEGuAEtYAIMnsALeAVv2rP2rn1qX1m0oOUzh2AO2vcvOQyoTw==</latexit><latexit sha1_base64="6DoVCpiXNGhTHAJ+0+uYmg9IogA=">AAACK3icbVDNSgMxGMzWv1r/qh69BEvBU9ktgnoQil68FKq4ttDdLtlstg3N/pBki2XpA/gyetX38KJ49QV8AtPuHmzrQGCYmS/5Mm7MqJC6/qEVVlbX1jeKm6Wt7Z3dvfL+wYOIEo6JiSMW8Y6LBGE0JKakkpFOzAkKXEba7vB66rdHhAsahfdyHBM7QP2Q+hQjqSSnXLlzLCERh5fQ8jnCadNp9eqTNOjVYTOzJiql1/QZ4DIxclIBOVpO+cfyIpwEJJSYISG6hh5LO0VcUszIpFS1EkFihIeoT7qKhiggwk5nv5nAqlI86EdcnVDCmVr6M5GiQIhx4KpkgORALHpT8T+vm0j/3E5pGCeShDh7yE8YlBGcVgM9ygmWbKwIwpyqZSEeIFWKVAXO3eSNaCzyrR+ztVVJxmIly8Ss1y5qxu1ppXGVt1UER+AYnAADnIEGuAEtYAIMnsALeAVv2rP2rn1qX1m0oOUzh2AO2vcvOQyoTw==</latexit>

[Chavanis 11]
[Eby et al 18]



now the density of relaxion star could be much higher than the background DM
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this leads to gigantic enhancement in signal

Recall that
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<latexit sha1_base64="Q3BxWpNFZ0mqzhA2lH04BOoMqOQ="></latexit><latexit sha1_base64="Q3BxWpNFZ0mqzhA2lH04BOoMqOQ="></latexit><latexit sha1_base64="Q3BxWpNFZ0mqzhA2lH04BOoMqOQ="></latexit><latexit sha1_base64="Q3BxWpNFZ0mqzhA2lH04BOoMqOQ="></latexit><latexit sha1_base64="Q3BxWpNFZ0mqzhA2lH04BOoMqOQ="></latexit>

for this choice of parameters

 not even a single event in the entire history of the universe happens
[Banerjee, Budker, Eby, HK and Perez 19]

but unfortunately … … 



moderately large density contrast and reasonable collision rate can be achieved  
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<latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit>�
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<latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit>
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<latexit sha1_base64="zW9UvgXnFdmnyTH3LZ81Cx0KnbI=">AAACHHicbVBNS0JBFJ1nX2Zf9rFrMyRCK3kvgmon1aJNYJEpqMi88aqD8z6YuU+0h7+ltvU/WkXboL/RL2jUt0jtwMDhnHvvHI4bSqHRtr+t1NLyyupaej2zsbm1vZPd3XvUQaQ4lHkgA1V1mQYpfCijQAnVUAHzXAkVt3c19it9UFoE/gMOQ2h4rOOLtuAMjdTMHtQRBqi8+B4kGxiJXt+OmtmcXbAnoIvESUiOJCg1sz/1VsAjD3zkkmldc+wQGzFTKLiEUSZfjzSEjPdYB2qG+swD3Ygn8Uc0b5QWbQfKPB/pRM382YiZp/XQc82kx7Cr572x+J9Xi7B93oiFH0YIPp9+1I4kxYCOu6AtoYCjHBrCuBImLOVdphhH09jMpVZfhDpJPZjGNiU585UskvJJ4aLg3J3mipdJW2lySI7IMXHIGSmSG1IiZcLJE3khr+TNerberQ/rczqaspKdfTID6+sX4ByjDQ==</latexit><latexit sha1_base64="zW9UvgXnFdmnyTH3LZ81Cx0KnbI=">AAACHHicbVBNS0JBFJ1nX2Zf9rFrMyRCK3kvgmon1aJNYJEpqMi88aqD8z6YuU+0h7+ltvU/WkXboL/RL2jUt0jtwMDhnHvvHI4bSqHRtr+t1NLyyupaej2zsbm1vZPd3XvUQaQ4lHkgA1V1mQYpfCijQAnVUAHzXAkVt3c19it9UFoE/gMOQ2h4rOOLtuAMjdTMHtQRBqi8+B4kGxiJXt+OmtmcXbAnoIvESUiOJCg1sz/1VsAjD3zkkmldc+wQGzFTKLiEUSZfjzSEjPdYB2qG+swD3Ygn8Uc0b5QWbQfKPB/pRM382YiZp/XQc82kx7Cr572x+J9Xi7B93oiFH0YIPp9+1I4kxYCOu6AtoYCjHBrCuBImLOVdphhH09jMpVZfhDpJPZjGNiU585UskvJJ4aLg3J3mipdJW2lySI7IMXHIGSmSG1IiZcLJE3khr+TNerberQ/rczqaspKdfTID6+sX4ByjDQ==</latexit><latexit sha1_base64="zW9UvgXnFdmnyTH3LZ81Cx0KnbI=">AAACHHicbVBNS0JBFJ1nX2Zf9rFrMyRCK3kvgmon1aJNYJEpqMi88aqD8z6YuU+0h7+ltvU/WkXboL/RL2jUt0jtwMDhnHvvHI4bSqHRtr+t1NLyyupaej2zsbm1vZPd3XvUQaQ4lHkgA1V1mQYpfCijQAnVUAHzXAkVt3c19it9UFoE/gMOQ2h4rOOLtuAMjdTMHtQRBqi8+B4kGxiJXt+OmtmcXbAnoIvESUiOJCg1sz/1VsAjD3zkkmldc+wQGzFTKLiEUSZfjzSEjPdYB2qG+swD3Ygn8Uc0b5QWbQfKPB/pRM382YiZp/XQc82kx7Cr572x+J9Xi7B93oiFH0YIPp9+1I4kxYCOu6AtoYCjHBrCuBImLOVdphhH09jMpVZfhDpJPZjGNiU585UskvJJ4aLg3J3mipdJW2lySI7IMXHIGSmSG1IiZcLJE3khr+TNerberQ/rczqaspKdfTID6+sX4ByjDQ==</latexit><latexit sha1_base64="zW9UvgXnFdmnyTH3LZ81Cx0KnbI=">AAACHHicbVBNS0JBFJ1nX2Zf9rFrMyRCK3kvgmon1aJNYJEpqMi88aqD8z6YuU+0h7+ltvU/WkXboL/RL2jUt0jtwMDhnHvvHI4bSqHRtr+t1NLyyupaej2zsbm1vZPd3XvUQaQ4lHkgA1V1mQYpfCijQAnVUAHzXAkVt3c19it9UFoE/gMOQ2h4rOOLtuAMjdTMHtQRBqi8+B4kGxiJXt+OmtmcXbAnoIvESUiOJCg1sz/1VsAjD3zkkmldc+wQGzFTKLiEUSZfjzSEjPdYB2qG+swD3Ygn8Uc0b5QWbQfKPB/pRM382YiZp/XQc82kx7Cr572x+J9Xi7B93oiFH0YIPp9+1I4kxYCOu6AtoYCjHBrCuBImLOVdphhH09jMpVZfhDpJPZjGNiU585UskvJJ4aLg3J3mipdJW2lySI7IMXHIGSmSG1IiZcLJE3khr+TNerberQ/rczqaspKdfTID6+sX4ByjDQ==</latexit><latexit sha1_base64="zW9UvgXnFdmnyTH3LZ81Cx0KnbI=">AAACHHicbVBNS0JBFJ1nX2Zf9rFrMyRCK3kvgmon1aJNYJEpqMi88aqD8z6YuU+0h7+ltvU/WkXboL/RL2jUt0jtwMDhnHvvHI4bSqHRtr+t1NLyyupaej2zsbm1vZPd3XvUQaQ4lHkgA1V1mQYpfCijQAnVUAHzXAkVt3c19it9UFoE/gMOQ2h4rOOLtuAMjdTMHtQRBqi8+B4kGxiJXt+OmtmcXbAnoIvESUiOJCg1sz/1VsAjD3zkkmldc+wQGzFTKLiEUSZfjzSEjPdYB2qG+swD3Ygn8Uc0b5QWbQfKPB/pRM382YiZp/XQc82kx7Cr572x+J9Xi7B93oiFH0YIPp9+1I4kxYCOu6AtoYCjHBrCuBImLOVdphhH09jMpVZfhDpJPZjGNiU585UskvJJ4aLg3J3mipdJW2lySI7IMXHIGSmSG1IiZcLJE3khr+TNerberQ/rczqaspKdfTID6+sX4ByjDQ==</latexit>
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<latexit sha1_base64="rNZpVyKCtgSFuYwVuCr9ycrTq6A=">AAACInicbVDLSsNAFJ34rPUVdaebwVJwISURQV0IRTduhApNW2hCmEwm7dDJg5lJsYSCP6Nb/Q9X4krwK/wCp2kWtvXCwJlz7r1z5ngJo0Iaxpe2tLyyurZe2ihvbm3v7Op7+y0RpxwTC8cs5h0PCcJoRCxJJSOdhBMUeoy0vcHtRG8PCRc0jppylBAnRL2IBhQjqShXP2y6mc1DyNEYXkPTsE/z6z1pjV29YtSMvOAiMAtQAUU1XP3H9mOchiSSmCEhuqaRSCdDXFLMyLhctVNBEoQHqEe6CkYoJMLJ8k+MYVUxPgxirk4kYc6W/0xkKBRiFHqqM0SyL+a1Cfmf1k1lcOlkNEpSSSI8fShIGZQxnCQCfcoJlmykAMKcKrMQ9xFHWKrcZjb5Q5qIwvXj1LYKyZyPZBFYZ7WrmvlwXqnfFGmVwBE4BifABBegDu5AA1gAgyfwAl7Bm/asvWsf2ue0dUkrZg7ATGnfv/xno/g=</latexit><latexit sha1_base64="rNZpVyKCtgSFuYwVuCr9ycrTq6A=">AAACInicbVDLSsNAFJ34rPUVdaebwVJwISURQV0IRTduhApNW2hCmEwm7dDJg5lJsYSCP6Nb/Q9X4krwK/wCp2kWtvXCwJlz7r1z5ngJo0Iaxpe2tLyyurZe2ihvbm3v7Op7+y0RpxwTC8cs5h0PCcJoRCxJJSOdhBMUeoy0vcHtRG8PCRc0jppylBAnRL2IBhQjqShXP2y6mc1DyNEYXkPTsE/z6z1pjV29YtSMvOAiMAtQAUU1XP3H9mOchiSSmCEhuqaRSCdDXFLMyLhctVNBEoQHqEe6CkYoJMLJ8k+MYVUxPgxirk4kYc6W/0xkKBRiFHqqM0SyL+a1Cfmf1k1lcOlkNEpSSSI8fShIGZQxnCQCfcoJlmykAMKcKrMQ9xFHWKrcZjb5Q5qIwvXj1LYKyZyPZBFYZ7WrmvlwXqnfFGmVwBE4BifABBegDu5AA1gAgyfwAl7Bm/asvWsf2ue0dUkrZg7ATGnfv/xno/g=</latexit><latexit sha1_base64="rNZpVyKCtgSFuYwVuCr9ycrTq6A=">AAACInicbVDLSsNAFJ34rPUVdaebwVJwISURQV0IRTduhApNW2hCmEwm7dDJg5lJsYSCP6Nb/Q9X4krwK/wCp2kWtvXCwJlz7r1z5ngJo0Iaxpe2tLyyurZe2ihvbm3v7Op7+y0RpxwTC8cs5h0PCcJoRCxJJSOdhBMUeoy0vcHtRG8PCRc0jppylBAnRL2IBhQjqShXP2y6mc1DyNEYXkPTsE/z6z1pjV29YtSMvOAiMAtQAUU1XP3H9mOchiSSmCEhuqaRSCdDXFLMyLhctVNBEoQHqEe6CkYoJMLJ8k+MYVUxPgxirk4kYc6W/0xkKBRiFHqqM0SyL+a1Cfmf1k1lcOlkNEpSSSI8fShIGZQxnCQCfcoJlmykAMKcKrMQ9xFHWKrcZjb5Q5qIwvXj1LYKyZyPZBFYZ7WrmvlwXqnfFGmVwBE4BifABBegDu5AA1gAgyfwAl7Bm/asvWsf2ue0dUkrZg7ATGnfv/xno/g=</latexit><latexit sha1_base64="rNZpVyKCtgSFuYwVuCr9ycrTq6A=">AAACInicbVDLSsNAFJ34rPUVdaebwVJwISURQV0IRTduhApNW2hCmEwm7dDJg5lJsYSCP6Nb/Q9X4krwK/wCp2kWtvXCwJlz7r1z5ngJo0Iaxpe2tLyyurZe2ihvbm3v7Op7+y0RpxwTC8cs5h0PCcJoRCxJJSOdhBMUeoy0vcHtRG8PCRc0jppylBAnRL2IBhQjqShXP2y6mc1DyNEYXkPTsE/z6z1pjV29YtSMvOAiMAtQAUU1XP3H9mOchiSSmCEhuqaRSCdDXFLMyLhctVNBEoQHqEe6CkYoJMLJ8k+MYVUxPgxirk4kYc6W/0xkKBRiFHqqM0SyL+a1Cfmf1k1lcOlkNEpSSSI8fShIGZQxnCQCfcoJlmykAMKcKrMQ9xFHWKrcZjb5Q5qIwvXj1LYKyZyPZBFYZ7WrmvlwXqnfFGmVwBE4BifABBegDu5AA1gAgyfwAl7Bm/asvWsf2ue0dUkrZg7ATGnfv/xno/g=</latexit><latexit sha1_base64="rNZpVyKCtgSFuYwVuCr9ycrTq6A=">AAACInicbVDLSsNAFJ34rPUVdaebwVJwISURQV0IRTduhApNW2hCmEwm7dDJg5lJsYSCP6Nb/Q9X4krwK/wCp2kWtvXCwJlz7r1z5ngJo0Iaxpe2tLyyurZe2ihvbm3v7Op7+y0RpxwTC8cs5h0PCcJoRCxJJSOdhBMUeoy0vcHtRG8PCRc0jppylBAnRL2IBhQjqShXP2y6mc1DyNEYXkPTsE/z6z1pjV29YtSMvOAiMAtQAUU1XP3H9mOchiSSmCEhuqaRSCdDXFLMyLhctVNBEoQHqEe6CkYoJMLJ8k+MYVUxPgxirk4kYc6W/0xkKBRiFHqqM0SyL+a1Cfmf1k1lcOlkNEpSSSI8fShIGZQxnCQCfcoJlmykAMKcKrMQ9xFHWKrcZjb5Q5qIwvXj1LYKyZyPZBFYZ7WrmvlwXqnfFGmVwBE4BifABBegDu5AA1gAgyfwAl7Bm/asvWsf2ue0dUkrZg7ATGnfv/xno/g=</latexit>

T
ra =

1G
eV

<latexit sha1_base64="jHRp6l9oEdZszC2+kx7bpeyDQ7I=">AAACIXicbVDLSsNAFJ34rPUVdSVuBkvBhZREBHUhFF3oskLTFpoQJpNJO3TyYGZSLKH4M7rV/3Al7sS/8AucplnY1gsDZ865986Z4yWMCmkYX9rS8srq2nppo7y5tb2zq+/tt0ScckwsHLOYdzwkCKMRsSSVjHQSTlDoMdL2BrcTvT0kXNA4aspRQpwQ9SIaUIykolz9sOlmNg8hR2N4DU37NL/dkdbY1StGzcgLLgKzABVQVMPVf2w/xmlIIokZEqJrGol0MsQlxYyMy1U7FSRBeIB6pKtghEIinCz/wxhWFePDIObqRBLmbPnPRIZCIUahpzpDJPtiXpuQ/2ndVAaXTkajJJUkwtOHgpRBGcNJINCnnGDJRgogzKkyC3EfcYSlim1mkz+kiShcP05tq5DM+UgWgXVWu6qZD+eV+k2RVgkcgWNwAkxwAergHjSABTB4Ai/gFbxpz9q79qF9TluXtGLmAMyU9v0LeAqjuA==</latexit><latexit sha1_base64="jHRp6l9oEdZszC2+kx7bpeyDQ7I=">AAACIXicbVDLSsNAFJ34rPUVdSVuBkvBhZREBHUhFF3oskLTFpoQJpNJO3TyYGZSLKH4M7rV/3Al7sS/8AucplnY1gsDZ865986Z4yWMCmkYX9rS8srq2nppo7y5tb2zq+/tt0ScckwsHLOYdzwkCKMRsSSVjHQSTlDoMdL2BrcTvT0kXNA4aspRQpwQ9SIaUIykolz9sOlmNg8hR2N4DU37NL/dkdbY1StGzcgLLgKzABVQVMPVf2w/xmlIIokZEqJrGol0MsQlxYyMy1U7FSRBeIB6pKtghEIinCz/wxhWFePDIObqRBLmbPnPRIZCIUahpzpDJPtiXpuQ/2ndVAaXTkajJJUkwtOHgpRBGcNJINCnnGDJRgogzKkyC3EfcYSlim1mkz+kiShcP05tq5DM+UgWgXVWu6qZD+eV+k2RVgkcgWNwAkxwAergHjSABTB4Ai/gFbxpz9q79qF9TluXtGLmAMyU9v0LeAqjuA==</latexit><latexit sha1_base64="jHRp6l9oEdZszC2+kx7bpeyDQ7I=">AAACIXicbVDLSsNAFJ34rPUVdSVuBkvBhZREBHUhFF3oskLTFpoQJpNJO3TyYGZSLKH4M7rV/3Al7sS/8AucplnY1gsDZ865986Z4yWMCmkYX9rS8srq2nppo7y5tb2zq+/tt0ScckwsHLOYdzwkCKMRsSSVjHQSTlDoMdL2BrcTvT0kXNA4aspRQpwQ9SIaUIykolz9sOlmNg8hR2N4DU37NL/dkdbY1StGzcgLLgKzABVQVMPVf2w/xmlIIokZEqJrGol0MsQlxYyMy1U7FSRBeIB6pKtghEIinCz/wxhWFePDIObqRBLmbPnPRIZCIUahpzpDJPtiXpuQ/2ndVAaXTkajJJUkwtOHgpRBGcNJINCnnGDJRgogzKkyC3EfcYSlim1mkz+kiShcP05tq5DM+UgWgXVWu6qZD+eV+k2RVgkcgWNwAkxwAergHjSABTB4Ai/gFbxpz9q79qF9TluXtGLmAMyU9v0LeAqjuA==</latexit><latexit sha1_base64="jHRp6l9oEdZszC2+kx7bpeyDQ7I=">AAACIXicbVDLSsNAFJ34rPUVdSVuBkvBhZREBHUhFF3oskLTFpoQJpNJO3TyYGZSLKH4M7rV/3Al7sS/8AucplnY1gsDZ865986Z4yWMCmkYX9rS8srq2nppo7y5tb2zq+/tt0ScckwsHLOYdzwkCKMRsSSVjHQSTlDoMdL2BrcTvT0kXNA4aspRQpwQ9SIaUIykolz9sOlmNg8hR2N4DU37NL/dkdbY1StGzcgLLgKzABVQVMPVf2w/xmlIIokZEqJrGol0MsQlxYyMy1U7FSRBeIB6pKtghEIinCz/wxhWFePDIObqRBLmbPnPRIZCIUahpzpDJPtiXpuQ/2ndVAaXTkajJJUkwtOHgpRBGcNJINCnnGDJRgogzKkyC3EfcYSlim1mkz+kiShcP05tq5DM+UgWgXVWu6qZD+eV+k2RVgkcgWNwAkxwAergHjSABTB4Ai/gFbxpz9q79qF9TluXtGLmAMyU9v0LeAqjuA==</latexit><latexit sha1_base64="jHRp6l9oEdZszC2+kx7bpeyDQ7I=">AAACIXicbVDLSsNAFJ34rPUVdSVuBkvBhZREBHUhFF3oskLTFpoQJpNJO3TyYGZSLKH4M7rV/3Al7sS/8AucplnY1gsDZ865986Z4yWMCmkYX9rS8srq2nppo7y5tb2zq+/tt0ScckwsHLOYdzwkCKMRsSSVjHQSTlDoMdL2BrcTvT0kXNA4aspRQpwQ9SIaUIykolz9sOlmNg8hR2N4DU37NL/dkdbY1StGzcgLLgKzABVQVMPVf2w/xmlIIokZEqJrGol0MsQlxYyMy1U7FSRBeIB6pKtghEIinCz/wxhWFePDIObqRBLmbPnPRIZCIUahpzpDJPtiXpuQ/2ndVAaXTkajJJUkwtOHgpRBGcNJINCnnGDJRgogzKkyC3EfcYSlim1mkz+kiShcP05tq5DM+UgWgXVWu6qZD+eV+k2RVgkcgWNwAkxwAergHjSABTB4Ai/gFbxpz9q79qF9TluXtGLmAMyU9v0LeAqjuA==</latexit>

T
ra =

100G
eV

<latexit sha1_base64="BJy3FMk5yaXOjnN/alS1f0RQgcY=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4kJKIoC6EogtdVmjaQhPCZDJph04ezEyKJXThz+hW/8OVuHHhT/gFTtMsbOuFgTPn3HvnzPESRoU0jC9tZXVtfWOztFXe3tnd29cPDtsiTjkmFo5ZzLseEoTRiFiSSka6CSco9BjpeMPbqd4ZES5oHLXkOCFOiPoRDShGUlGuXmm5mc1DyNEEXkPTMOzT/H5H2hNXrxp1Iy+4DMwCVEFRTVf/sf0YpyGJJGZIiJ5pJNLJEJcUMzIp1+xUkAThIeqTnoIRColwsvwXE1hTjA+DmKsTSZiz5T8TGQqFGIee6gyRHIhFbUr+p/VSGVw6GY2SVJIIzx4KUgZlDKeRQJ9ygiUbK4Awp8osxAPEEZYquLlN/ogmonD9OLOtQjIXI1kG1ln9qm4+nFcbN0VaJVABx+AEmOACNMA9aAILYPAEXsAreNOetXftQ/ucta5oxcwRmCvt+xdtPaQs</latexit><latexit sha1_base64="BJy3FMk5yaXOjnN/alS1f0RQgcY=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4kJKIoC6EogtdVmjaQhPCZDJph04ezEyKJXThz+hW/8OVuHHhT/gFTtMsbOuFgTPn3HvnzPESRoU0jC9tZXVtfWOztFXe3tnd29cPDtsiTjkmFo5ZzLseEoTRiFiSSka6CSco9BjpeMPbqd4ZES5oHLXkOCFOiPoRDShGUlGuXmm5mc1DyNEEXkPTMOzT/H5H2hNXrxp1Iy+4DMwCVEFRTVf/sf0YpyGJJGZIiJ5pJNLJEJcUMzIp1+xUkAThIeqTnoIRColwsvwXE1hTjA+DmKsTSZiz5T8TGQqFGIee6gyRHIhFbUr+p/VSGVw6GY2SVJIIzx4KUgZlDKeRQJ9ygiUbK4Awp8osxAPEEZYquLlN/ogmonD9OLOtQjIXI1kG1ln9qm4+nFcbN0VaJVABx+AEmOACNMA9aAILYPAEXsAreNOetXftQ/ucta5oxcwRmCvt+xdtPaQs</latexit><latexit sha1_base64="BJy3FMk5yaXOjnN/alS1f0RQgcY=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4kJKIoC6EogtdVmjaQhPCZDJph04ezEyKJXThz+hW/8OVuHHhT/gFTtMsbOuFgTPn3HvnzPESRoU0jC9tZXVtfWOztFXe3tnd29cPDtsiTjkmFo5ZzLseEoTRiFiSSka6CSco9BjpeMPbqd4ZES5oHLXkOCFOiPoRDShGUlGuXmm5mc1DyNEEXkPTMOzT/H5H2hNXrxp1Iy+4DMwCVEFRTVf/sf0YpyGJJGZIiJ5pJNLJEJcUMzIp1+xUkAThIeqTnoIRColwsvwXE1hTjA+DmKsTSZiz5T8TGQqFGIee6gyRHIhFbUr+p/VSGVw6GY2SVJIIzx4KUgZlDKeRQJ9ygiUbK4Awp8osxAPEEZYquLlN/ogmonD9OLOtQjIXI1kG1ln9qm4+nFcbN0VaJVABx+AEmOACNMA9aAILYPAEXsAreNOetXftQ/ucta5oxcwRmCvt+xdtPaQs</latexit><latexit sha1_base64="BJy3FMk5yaXOjnN/alS1f0RQgcY=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4kJKIoC6EogtdVmjaQhPCZDJph04ezEyKJXThz+hW/8OVuHHhT/gFTtMsbOuFgTPn3HvnzPESRoU0jC9tZXVtfWOztFXe3tnd29cPDtsiTjkmFo5ZzLseEoTRiFiSSka6CSco9BjpeMPbqd4ZES5oHLXkOCFOiPoRDShGUlGuXmm5mc1DyNEEXkPTMOzT/H5H2hNXrxp1Iy+4DMwCVEFRTVf/sf0YpyGJJGZIiJ5pJNLJEJcUMzIp1+xUkAThIeqTnoIRColwsvwXE1hTjA+DmKsTSZiz5T8TGQqFGIee6gyRHIhFbUr+p/VSGVw6GY2SVJIIzx4KUgZlDKeRQJ9ygiUbK4Awp8osxAPEEZYquLlN/ogmonD9OLOtQjIXI1kG1ln9qm4+nFcbN0VaJVABx+AEmOACNMA9aAILYPAEXsAreNOetXftQ/ucta5oxcwRmCvt+xdtPaQs</latexit><latexit sha1_base64="BJy3FMk5yaXOjnN/alS1f0RQgcY=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4kJKIoC6EogtdVmjaQhPCZDJph04ezEyKJXThz+hW/8OVuHHhT/gFTtMsbOuFgTPn3HvnzPESRoU0jC9tZXVtfWOztFXe3tnd29cPDtsiTjkmFo5ZzLseEoTRiFiSSka6CSco9BjpeMPbqd4ZES5oHLXkOCFOiPoRDShGUlGuXmm5mc1DyNEEXkPTMOzT/H5H2hNXrxp1Iy+4DMwCVEFRTVf/sf0YpyGJJGZIiJ5pJNLJEJcUMzIp1+xUkAThIeqTnoIRColwsvwXE1hTjA+DmKsTSZiz5T8TGQqFGIee6gyRHIhFbUr+p/VSGVw6GY2SVJIIzx4KUgZlDKeRQJ9ygiUbK4Awp8osxAPEEZYquLlN/ogmonD9OLOtQjIXI1kG1ln9qm4+nFcbN0VaJVABx+AEmOACNMA9aAILYPAEXsAreNOetXftQ/ucta5oxcwRmCvt+xdtPaQs</latexit>

Unstable
<latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit><latexit sha1_base64="Ohb4gRAEsTc2Wb6NgKJTwunMcqw=">AAACJnicbVDNSgMxGMz6W+vfqkdBgqXgqeyKoN6Kgnis4NpCdynZbNqGJtklyRbL0psvo1d9D08i3nwGn8B0uwfbOhAY5vu+yTBhwqjSjvNlLS2vrK6tlzbKm1vbO7v23v6DilOJiYdjFstWiBRhVBBPU81IK5EE8ZCRZji4nsybQyIVjcW9HiUk4KgnaJdipI3UsY/83CO7SXFfUTSGmS859ITSyFiMO3bFqTk54CJxC1IBBRod+8ePYpxyIjRmSKm26yQ6yJDUFBu/ctVPFUkQHqAeaRsqECcqyPIQY1g1SgS7sTRPaJir5T8XGeJKjXhoNjnSfTU/m4j/zdqp7l4EGRVJqonA04+6KYM6hpNWYEQlwZqNDEFYUhMW4j6SCGvT3YxTNKSJKlI/TmObktz5ShaJd1q7rLl3Z5X6VdFWCRyCY3ACXHAO6uAWNIAHMHgCL+AVvFnP1rv1YX1OV5es4uYAzMD6/gU5u6dt</latexit>
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<latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit><latexit sha1_base64="dxyllAK9Sar4N60kvhN7IzuyNdE=">AAACBXicbVBNS8NAEN3Urxq/oh71sFgKHrQkIqgHoejFYwXTFpoYNtttu3Q3CbsboYRcPPlTPAmKePVHePLfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8aq6tb2xuWds7TRmnAhMXxywW7RBJwmhEXEUVI+1EEMRDRlrh8Hrstx6IkDSO7tQoIT5H/Yj2KEZKS4G1zwMvGVB4CR37Pjt2cugdwcwTHJJmHlgVu2ZPAOeJU5AKKNAIrC+vG+OUk0hhhqTsOHai/AwJRTEjuVn1UkkShIeoTzqaRogT6WeTN3JY1UoX9mKhK1Jwopq/JjLEpRzxUHdypAZy1huL/3mdVPXO/YxGSapIhKeLeimDKobjTGCXCoIVG2mCsKD6WIgHSCCsdHKmTsGZ/XmeuCe1i5pze1qpXxVxlMEeOACHwAFnoA5uQAO4AINH8AxewZvxZLwY78bHtLVkFDO74A+Mzx83Z5aT</latexit>

10 �
3

eV
<latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit><latexit sha1_base64="sMgBKhkIIojDlKeS3biJwAO+LFk=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUuignorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJWQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefuvNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0Itk1U=</latexit>

10 �
5

eV
<latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit><latexit sha1_base64="DnNwTrH6qH5yIF2UWLdgNt4LWSY=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiinorevFYwbSFJpbNdtMu3WzC7kYIIfhTPAmKePWPePLfuG1z0NYHA4/3ZpiZFySMSmXb38bS8srq2nplw9zc2t7Ztfb22zJOBSYujlksugGShFFOXEUVI91EEBQFjHSC8c3E7zwSIWnM71WWED9CQ05DipHSUt+qOvZDfnJeQO8Y5p6IIGkXfatmN+wp4CJxSlIDJVp968sbxDiNCFeYISl7jp0oP0dCUcxIYda9VJIE4TEakp6mHEVE+vn0+gLWtTKAYSx0cQWnqvlrIkeRlFkU6M4IqZGc9ybif14vVeGln1OepIpwPFsUpgyqGE6igAMqCFYs0wRhQfWxEI+QQFjpwEydgjP/8yJxTxtXDefurNa8LuOogANwCI6AAy5AE9yCFnABBhl4Bq/gzXgyXox342PWumSUM1XwB8bnD0VPk1c=</latexit> 10 �

7
eV

<latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit><latexit sha1_base64="xq0z24LfQVnttmOkDP8iv9wylyI=">AAAB/HicbVBNS8NAEN34WeNXtEcvi6XgQUsiQvVW9OKxgmkLTSyb7aZdupuE3Y0QQvCneBIU8eof8eS/cdvmoK0PBh7vzTAzL0gYlcq2v42V1bX1jc3Klrm9s7u3bx0cdmScCkxcHLNY9AIkCaMRcRVVjPQSQRAPGOkGk5up330kQtI4uldZQnyORhENKUZKSwOr6tgP+VmzgN4pzD3BIekUA6tmN+wZ4DJxSlIDJdoD68sbxjjlJFKYISn7jp0oP0dCUcxIYda9VJIE4Qkakb6mEeJE+vns+gLWtTKEYSx0RQrOVPPXRI64lBkPdCdHaiwXvan4n9dPVXjp5zRKUkUiPF8UpgyqGE6jgEMqCFYs0wRhQfWxEI+RQFjpwEydgrP48zJxzxtXDefuota6LuOogCNwDE6AA5qgBW5BG7gAgww8g1fwZjwZL8a78TFvXTHKmSr4A+PzB0hxk1k=</latexit>

�
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1/
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ar

<latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit><latexit sha1_base64="0oOEM284bZPUsukrtSUkwCsYqRA=">AAACKXicbVDLSsNAFJ34tr6iLt2MFsFVTURQF4LoQpcVrBWaUm4mt3boTBJmJsUSuvZndKv/4Urd+gd+gdM2C18HBg7n3HvncMJUcG08782ZmJyanpmdmy8tLC4tr7ira9c6yRTDGktEom5C0Ch4jDXDjcCbVCHIUGA97J4N/XoPleZJfGX6KTYl3Ma8zRkYK7XczWB0I1cYDWhwDlICPab+bh4oSfsIatByy17FG4H+JX5ByqRAteV+BlHCMomxYQK0bvheapo5KMOZwEFpO8g0psC6cIsNS2OQqJv5KMeAblslou1E2RcbOlJL3zZykFr3ZWgnJZiO/u0Nxf+8Rmbah82cx2lmMGbjj9qZoCahw2JoxBUyI/qWAFPchqWsAwqYsfX9uBT1eKqL1Hfj2LYk/3clf0ltr3JU8S/3yyenRVtzZINskR3ikwNyQi5IldQII/fkkTyRZ+fBeXFenffx6IRT7KyTH3A+vgDLkqeS</latexit>

� = 1
<latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit><latexit sha1_base64="QZRPuSoJEVLKCIbWlD12qz47rCo=">AAACH3icbVDLSsNAFJ3UV62vqgsXbgZLwVVJRFAXQtGNywrGFtpQJpObduhkEmYmxRL6M7rV/3AlbvsbfoHTNgvbeuDC4dzX4fgJZ0rb9sQqrK1vbG4Vt0s7u3v7B+XDo2cVp5KCS2Mey5ZPFHAmwNVMc2glEkjkc2j6g/tpvzkEqVgsnvQoAS8iPcFCRok2Urd80pndyHyewhh3AuCa4FvsdMsVu2bPgFeJk5MKytHoln86QUzTCISmnCjVduxEexmRmlEO41K1kypICB2QHrQNFSQC5WWz72NcNUqAw1iaEhrP1NKfjYxESo0i30xGRPfVcm8q/tdrpzq89jImklSDoPNHYcqxjvE0DhwwCVTzkSGESmbMYtonklBtQlu4FAxZonLXL3PbJiRnOZJV4l7UbmrO42WlfpenVUSn6AydIwddoTp6QA3kIorG6A29ow/r1fq0vqzv+WjByneO0QKsyS8KPqOP</latexit>

� =
10

3

<latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit><latexit sha1_base64="n9z+UbaCZ5SMwP1W/6QkNJBvcpM=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KokK6kIounFZwdhCG8tkctsOnTyYmRRL6MKf0a3+hytx48Kf8AucplnY1gMDh3PuvXM4XsyZVJb1ZSwtr6yurRc2iptb2zu75t7+vYwSQcGhEY9E0yMSOAvBUUxxaMYCSOBxaHiD64nfGIKQLArv1CgGNyC9kHUZJUpLHbPUzm6kHk9gjHHbB67IJca29XDSMctW1cqAF4mdkzLKUe+YP20/okkAoaKcSNmyrVi5KRGKUQ7jYqWdSIgJHZAetDQNSQDSTbMEY1zRio+7kdAvVDhTi382UhJIOQo8PRkQ1Zfz3kT8z2slqnvupiyMEwUhnX7UTThWEZ5Ugn0mgCo+0oRQwXRYTPtEEKp0cTOX/CGLZZ76cRpbl2TPV7JInOPqRdW+PS3XrvK2CqiEDtERstEZqqEbVEcOougJvaBX9GY8G+/Gh/E5HV0y8p0DNAPj+xcwhqSY</latexit>

� =
10

6

<latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit><latexit sha1_base64="g06axIsMFu6izEkIx9hmTf0sWJo=">AAACI3icbVDLSsNAFJ34rPUVddnNYCm4KomIj4VQdOOygrGFNpbJ5LYdOnkwMymW0IU/o1v9D1fixoU/4Rc4TbOwrQcGDufce+dwvJgzqSzry1haXlldWy9sFDe3tnd2zb39exklgoJDIx6JpkckcBaCo5ji0IwFkMDj0PAG1xO/MQQhWRTeqVEMbkB6IesySpSWOmapnd1IPZ7AGOO2D1yRS4xt6+G0Y5atqpUBLxI7J2WUo94xf9p+RJMAQkU5kbJlW7FyUyIUoxzGxUo7kRATOiA9aGkakgCkm2YJxriiFR93I6FfqHCmFv9spCSQchR4ejIgqi/nvYn4n9dKVPfcTVkYJwpCOv2om3CsIjypBPtMAFV8pAmhgumwmPaJIFTp4mYu+UMWyzz14zS2Lsmer2SROMfVi6p9e1KuXeVtFVAJHaIjZKMzVEM3qI4cRNETekGv6M14Nt6ND+NzOrpk5DsHaAbG9y81b6Sb</latexit>
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Figure 1: The relevant parameter space for transient DM boson stars encountering the Earth.

In both panels, the dashed blue lines are contours of constant overdensity �, and the purple

shaded regions indicate instability through self-interactions. Left: parameter space in scalar

mass m� and decay constant f allowing for gravitationally stable objects, assuming � = 1/year;

black lines denote the relaxion DM model of [9] for di↵erent choices of Tra, the cosmological

temperature at which the relaxion backreaction potential reappears. Right: M? and R? are

treated as independent parameters; the black dotted lines denote stable configurations formed

from scalars of mass m�, and the red shaded region represents � > 1/year and � > 1. The black

star represents the benchmark point used by the GNOME collaboration [34].

�? = ⇡ R2
? , and that the motion of the relaxion stars obeys the virial relation in terms of their

typical distribution, implying a speed of v? = 10�3. The actual distribution of relaxion-star

masses depends critically on the formation history, which is beyond the scope of this paper.

Under this assumption, the encounter rate between the Earth and such objects is

� = n?�?v? =
⇢local
M?

⇡ R2
? v? ⇡ 2 ⇥ 10�18 yr�1

⇣ m�

10�10 eV

⌘2⇣ R?

105 km

⌘3
. (3.3)

From this estimate, we see that these encounters are so rare that an encounter typically does

not occur during the entire history of the universe. More generally, the encounter rate increases

with smaller � as

� ⇡ 0.05 yr�1
⇥ ��3/4

r
m�

10�10 eV
. (3.4)

In the left panel of Fig. 1, we identify the parameter space of relaxion mass m� and decay

constant f in which a collision rate � = 1/year is possible. Although we ignore the self-

interactions of relaxions, we include decay constant f in the plot to present a benchmark

relaxion DM model (black solid lines) [9] and the region where the relaxion star is unstable

due to the self-interaction (purple shaded region, see Eq. (A.11) and below for details). The

overdensity � is also denoted by blue dashed lines, assuming the rate of one collision per year. If

m� . 10�8 eV, an overdensity � > 1 along with � = 1/year is not possible for a self-gravitating

object; only if m� > 10�8 eV is this scenario viable. This mass range corresponds to relatively

4

� = ⇢?/⇢local
<latexit sha1_base64="Euy1dLJMv11BDtm1W6R1blgJ3Aw=">AAACLXicbVDLSgMxFM34rPVVdekmWAqu6owI6kIounFZwVqhU8qdTGqDmcmQ3CmWoV/gz+hW/0MQxK17v8C0nYW1Hggczrk3OTlBIoVB13135uYXFpeWCyvF1bX1jc3S1vaNUalmvMGUVPo2AMOliHkDBUp+m2gOUSB5M7i/GPnNPtdGqPgaBwlvR3AXi65ggFbqlCp+yCUCPaO+7qmObxD0wYRnvo6oVAzksFMqu1V3DDpLvJyUSY56p/Tth4qlEY+RSTCm5bkJtjPQKJjkw2LFTw1PgN3DHW9ZGkPETTsb/2dIK1YJaVdpe2KkY7X4ayODyJhBFNjJCLBn/noj8T+vlWL3pJ2JOEmRx2zyUDeVFBUdlUNDoTlDObAEmBY2LGU90MDQVjh1U9gXiclTP0xi25K8v5XMksZh9bTqXR2Va+d5WwWyS/bIPvHIMamRS1InDcLII3kmL+TVeXLenA/nczI65+Q7O2QKztcPamWpeg==</latexit><latexit sha1_base64="Euy1dLJMv11BDtm1W6R1blgJ3Aw=">AAACLXicbVDLSgMxFM34rPVVdekmWAqu6owI6kIounFZwVqhU8qdTGqDmcmQ3CmWoV/gz+hW/0MQxK17v8C0nYW1Hggczrk3OTlBIoVB13135uYXFpeWCyvF1bX1jc3S1vaNUalmvMGUVPo2AMOliHkDBUp+m2gOUSB5M7i/GPnNPtdGqPgaBwlvR3AXi65ggFbqlCp+yCUCPaO+7qmObxD0wYRnvo6oVAzksFMqu1V3DDpLvJyUSY56p/Tth4qlEY+RSTCm5bkJtjPQKJjkw2LFTw1PgN3DHW9ZGkPETTsb/2dIK1YJaVdpe2KkY7X4ayODyJhBFNjJCLBn/noj8T+vlWL3pJ2JOEmRx2zyUDeVFBUdlUNDoTlDObAEmBY2LGU90MDQVjh1U9gXiclTP0xi25K8v5XMksZh9bTqXR2Va+d5WwWyS/bIPvHIMamRS1InDcLII3kmL+TVeXLenA/nczI65+Q7O2QKztcPamWpeg==</latexit><latexit sha1_base64="Euy1dLJMv11BDtm1W6R1blgJ3Aw=">AAACLXicbVDLSgMxFM34rPVVdekmWAqu6owI6kIounFZwVqhU8qdTGqDmcmQ3CmWoV/gz+hW/0MQxK17v8C0nYW1Hggczrk3OTlBIoVB13135uYXFpeWCyvF1bX1jc3S1vaNUalmvMGUVPo2AMOliHkDBUp+m2gOUSB5M7i/GPnNPtdGqPgaBwlvR3AXi65ggFbqlCp+yCUCPaO+7qmObxD0wYRnvo6oVAzksFMqu1V3DDpLvJyUSY56p/Tth4qlEY+RSTCm5bkJtjPQKJjkw2LFTw1PgN3DHW9ZGkPETTsb/2dIK1YJaVdpe2KkY7X4ayODyJhBFNjJCLBn/noj8T+vlWL3pJ2JOEmRx2zyUDeVFBUdlUNDoTlDObAEmBY2LGU90MDQVjh1U9gXiclTP0xi25K8v5XMksZh9bTqXR2Va+d5WwWyS/bIPvHIMamRS1InDcLII3kmL+TVeXLenA/nczI65+Q7O2QKztcPamWpeg==</latexit><latexit sha1_base64="Euy1dLJMv11BDtm1W6R1blgJ3Aw=">AAACLXicbVDLSgMxFM34rPVVdekmWAqu6owI6kIounFZwVqhU8qdTGqDmcmQ3CmWoV/gz+hW/0MQxK17v8C0nYW1Hggczrk3OTlBIoVB13135uYXFpeWCyvF1bX1jc3S1vaNUalmvMGUVPo2AMOliHkDBUp+m2gOUSB5M7i/GPnNPtdGqPgaBwlvR3AXi65ggFbqlCp+yCUCPaO+7qmObxD0wYRnvo6oVAzksFMqu1V3DDpLvJyUSY56p/Tth4qlEY+RSTCm5bkJtjPQKJjkw2LFTw1PgN3DHW9ZGkPETTsb/2dIK1YJaVdpe2KkY7X4ayODyJhBFNjJCLBn/noj8T+vlWL3pJ2JOEmRx2zyUDeVFBUdlUNDoTlDObAEmBY2LGU90MDQVjh1U9gXiclTP0xi25K8v5XMksZh9bTqXR2Va+d5WwWyS/bIPvHIMamRS1InDcLII3kmL+TVeXLenA/nczI65+Q7O2QKztcPamWpeg==</latexit><latexit sha1_base64="Euy1dLJMv11BDtm1W6R1blgJ3Aw=">AAACLXicbVDLSgMxFM34rPVVdekmWAqu6owI6kIounFZwVqhU8qdTGqDmcmQ3CmWoV/gz+hW/0MQxK17v8C0nYW1Hggczrk3OTlBIoVB13135uYXFpeWCyvF1bX1jc3S1vaNUalmvMGUVPo2AMOliHkDBUp+m2gOUSB5M7i/GPnNPtdGqPgaBwlvR3AXi65ggFbqlCp+yCUCPaO+7qmObxD0wYRnvo6oVAzksFMqu1V3DDpLvJyUSY56p/Tth4qlEY+RSTCm5bkJtjPQKJjkw2LFTw1PgN3DHW9ZGkPETTsb/2dIK1YJaVdpe2KkY7X4ayODyJhBFNjJCLBn/noj8T+vlWL3pJ2JOEmRx2zyUDeVFBUdlUNDoTlDObAEmBY2LGU90MDQVjh1U9gXiclTP0xi25K8v5XMksZh9bTqXR2Va+d5WwWyS/bIPvHIMamRS1InDcLII3kmL+TVeXLenA/nczI65+Q7O2QKztcPamWpeg==</latexit>

for relatively heavy relaxion mass

[Banerjee, Budker, Eby, HK and Perez 19]



a more exotic scenario:

relaxion stars captured by Earth or Sun



i ̇ =


�r2

2m
+ Vgrav + Vext

�
 

<latexit sha1_base64="PpynWncNzT6NrvyRMg4/1UT0d2I="></latexit><latexit sha1_base64="PpynWncNzT6NrvyRMg4/1UT0d2I="></latexit><latexit sha1_base64="PpynWncNzT6NrvyRMg4/1UT0d2I="></latexit><latexit sha1_base64="PpynWncNzT6NrvyRMg4/1UT0d2I="></latexit><latexit sha1_base64="PpynWncNzT6NrvyRMg4/1UT0d2I="></latexit>

equation of motion is 

everything is the same except that it is now gravitationally bounded

by the potential of external gravitating body

mass-radius relation changes as

R? =
M2

P

m2Mext
<latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit>

[Banerjee, Budker, Eby, HK and Perez 19]



radius must be large enough

R? =
M2

P

m2Mext
<latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit>

such that we should be surrounded by this relaxion halo … 

Earth

when bounded by the Earth

R? & R�
<latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit>

m ⇠ 10�9 eV
<latexit sha1_base64="0oSTRdRYLHviMnjcsSyzqojn1B0=">AAACIXicbVBPS8MwHE3nvzn/VT2Jl+AYeNDRiqC7Db14nGC3wVpHmqZbWNKWJB2OMvwyetXv4Um8id/CT2C29eCmDwKP936/5OX5CaNSWdanUVhaXlldK66XNja3tnfM3b2mjFOBiYNjFou2jyRhNCKOooqRdiII4j4jLX9wPfFbQyIkjaM7NUqIx1EvoiHFSGmpax5w6ErKoW3dZ6e1MXRPMldwSJrjrlm2qtYU8C+xc1IGORpd89sNYpxyEinMkJQd20qUlyGhKGZkXKq4qSQJwgPUIx1NI8SJ9LLpH8awopUAhrHQJ1JwqpZ+bWSISznivp7kSPXlojcR//M6qQovvYxGSapIhGcPhSmDKoaTQmBABcGKjTRBWFAdFuI+EggrXdvcTcGQJjJP/TCLrUuyFyv5S5yzaq1q356X61d5W0VwCI7AMbDBBaiDG9AADsDgETyDF/BqPBlvxrvxMRstGPnOPpiD8fUDCZajeQ==</latexit><latexit sha1_base64="0oSTRdRYLHviMnjcsSyzqojn1B0=">AAACIXicbVBPS8MwHE3nvzn/VT2Jl+AYeNDRiqC7Db14nGC3wVpHmqZbWNKWJB2OMvwyetXv4Um8id/CT2C29eCmDwKP936/5OX5CaNSWdanUVhaXlldK66XNja3tnfM3b2mjFOBiYNjFou2jyRhNCKOooqRdiII4j4jLX9wPfFbQyIkjaM7NUqIx1EvoiHFSGmpax5w6ErKoW3dZ6e1MXRPMldwSJrjrlm2qtYU8C+xc1IGORpd89sNYpxyEinMkJQd20qUlyGhKGZkXKq4qSQJwgPUIx1NI8SJ9LLpH8awopUAhrHQJ1JwqpZ+bWSISznivp7kSPXlojcR//M6qQovvYxGSapIhGcPhSmDKoaTQmBABcGKjTRBWFAdFuI+EggrXdvcTcGQJjJP/TCLrUuyFyv5S5yzaq1q356X61d5W0VwCI7AMbDBBaiDG9AADsDgETyDF/BqPBlvxrvxMRstGPnOPpiD8fUDCZajeQ==</latexit><latexit sha1_base64="0oSTRdRYLHviMnjcsSyzqojn1B0=">AAACIXicbVBPS8MwHE3nvzn/VT2Jl+AYeNDRiqC7Db14nGC3wVpHmqZbWNKWJB2OMvwyetXv4Um8id/CT2C29eCmDwKP936/5OX5CaNSWdanUVhaXlldK66XNja3tnfM3b2mjFOBiYNjFou2jyRhNCKOooqRdiII4j4jLX9wPfFbQyIkjaM7NUqIx1EvoiHFSGmpax5w6ErKoW3dZ6e1MXRPMldwSJrjrlm2qtYU8C+xc1IGORpd89sNYpxyEinMkJQd20qUlyGhKGZkXKq4qSQJwgPUIx1NI8SJ9LLpH8awopUAhrHQJ1JwqpZ+bWSISznivp7kSPXlojcR//M6qQovvYxGSapIhGcPhSmDKoaTQmBABcGKjTRBWFAdFuI+EggrXdvcTcGQJjJP/TCLrUuyFyv5S5yzaq1q356X61d5W0VwCI7AMbDBBaiDG9AADsDgETyDF/BqPBlvxrvxMRstGPnOPpiD8fUDCZajeQ==</latexit><latexit sha1_base64="0oSTRdRYLHviMnjcsSyzqojn1B0=">AAACIXicbVBPS8MwHE3nvzn/VT2Jl+AYeNDRiqC7Db14nGC3wVpHmqZbWNKWJB2OMvwyetXv4Um8id/CT2C29eCmDwKP936/5OX5CaNSWdanUVhaXlldK66XNja3tnfM3b2mjFOBiYNjFou2jyRhNCKOooqRdiII4j4jLX9wPfFbQyIkjaM7NUqIx1EvoiHFSGmpax5w6ErKoW3dZ6e1MXRPMldwSJrjrlm2qtYU8C+xc1IGORpd89sNYpxyEinMkJQd20qUlyGhKGZkXKq4qSQJwgPUIx1NI8SJ9LLpH8awopUAhrHQJ1JwqpZ+bWSISznivp7kSPXlojcR//M6qQovvYxGSapIhGcPhSmDKoaTQmBABcGKjTRBWFAdFuI+EggrXdvcTcGQJjJP/TCLrUuyFyv5S5yzaq1q356X61d5W0VwCI7AMbDBBaiDG9AADsDgETyDF/BqPBlvxrvxMRstGPnOPpiD8fUDCZajeQ==</latexit><latexit sha1_base64="0oSTRdRYLHviMnjcsSyzqojn1B0=">AAACIXicbVBPS8MwHE3nvzn/VT2Jl+AYeNDRiqC7Db14nGC3wVpHmqZbWNKWJB2OMvwyetXv4Um8id/CT2C29eCmDwKP936/5OX5CaNSWdanUVhaXlldK66XNja3tnfM3b2mjFOBiYNjFou2jyRhNCKOooqRdiII4j4jLX9wPfFbQyIkjaM7NUqIx1EvoiHFSGmpax5w6ErKoW3dZ6e1MXRPMldwSJrjrlm2qtYU8C+xc1IGORpd89sNYpxyEinMkJQd20qUlyGhKGZkXKq4qSQJwgPUIx1NI8SJ9LLpH8awopUAhrHQJ1JwqpZ+bWSISznivp7kSPXlojcR//M6qQovvYxGSapIhGcPhSmDKoaTQmBABcGKjTRBWFAdFuI+EggrXdvcTcGQJjJP/TCLrUuyFyv5S5yzaq1q356X61d5W0VwCI7AMbDBBaiDG9AADsDgETyDF/BqPBlvxrvxMRstGPnOPpiD8fUDCZajeQ==</latexit>



radius must be large enough

R? =
M2

P

m2Mext
<latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit><latexit sha1_base64="rs1dFHahtrJt9hrlptkc4F3l9oE="></latexit>

when bounded by the Earth

R? & R�
<latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit><latexit sha1_base64="a3yO6GM63wjhcCtQrh3EJLz3NpU=">AAACIHicbVDLSgMxFM34rPU16kZwEywFV2VGBHVXdOOyimMLnWHIZNI2NPMguVMsQ/0Z3ep/uBKX+hl+gWk7C9t6IHBy7rk3NydIBVdgWV/G0vLK6tp6aaO8ubW9s2vu7T+oJJOUOTQRiWwFRDHBY+YAB8FaqWQkCgRrBv3rcb05YFLxJL6HYcq8iHRj3uGUgJZ88/DOdxUQid0uaFeE9T1JRaZ8s2LVrAnwIrELUkEFGr7544YJzSIWAxVEqbZtpeDlRAKngo3KVTdTLCW0T7qsrWlMIqa8fPKFEa5qJcSdROoTA56o5T8dOYmUGkaBdkYEemq+Nhb/q7Uz6Fx4OY/TDFhMpw91MoEhweM8cMgloyCGmhAquV4W0x6RhIJObWZSOOCpKrZ+nK6tQ7LnI1kkzmntsmbfnlXqV0VaJXSEjtEJstE5qqMb1EAOougJvaBX9GY8G+/Gh/E5tS4ZRc8BmoHx/QuxRqSD</latexit>

m ⇠ 10�9 eV
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when bounded by the Sun
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m ⇠ 10�14 eV
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such that we should be surrounded by this relaxion halo … 
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Figure 4: Density of relaxion halo ⇢? (left) and corresponding scalar field value � (right). The

solid line represents the density and the field value of relaxion halo at the surface of the Earth,

while the dashed line is the value at the center of the relaxion halo. For this plot, we take

M? = min[(Mext/2)(R?/Rext)3, (M?)max], where (M?)max is shown in Fig. 3.

In Fig. 3, we show the upper limit on M? as a function of m�. The black solid line on

the right side is the constraint on the mass of a relaxion Earth halo, obtained from lunar laser

ranging [39]. The constraint is most severe when RL < R? < RM, which can be translated

into 10�10 eV . m� . 10�9 eV. This is because, for a fixed M?, it is this range of R? that

most of the mass is contained in r 2 [RL, RM]. As m� increases, the relaxion star becomes

increasingly concentrated on R? < RL; as m� decreases, the size of the relaxion halo is even

larger than the orbital radius of Moon, and thus only small fraction of its total mass is enclosed

in R 2 [RL, RM], so that M? is less constrained. On the other hand, the black solid line on

the left side is obtained from planetary ephemerides in the case of a Solar halo [40]. Similarly,

the constraint is the most severe when R? is order of a few AU. As described at the start of

this section, we further limit the mass of any relaxion halo to M? < Mext/2, bounding the gray

shaded region in Fig. 3.

This upper limit on M? can be directly translated into the density of a relaxion halo and

the scalar field value at the surface of the Earth, which are directly relevant for the observables.

Using the result of (M?)max above, we present the density (left panel) and the field amplitude

(right panel) of the relaxion halo computed at the surface of the Earth as the solid lines in

Fig. 4. For the mass of the relaxion halo, we choose

M? = min[(M�/2)(R?/R�)3, (M?)max], (4.5)

ensuring that the structure of relaxion halo is maintained by the external gravitational field

and is consistent with gravitational constraints. In the figure, the black dashed line indicates

the density and field value of the Earth halo at the center of the Earth. The local DM density,

⇢local = 0.4 GeV/cm3 is given by the red dashed line. The scalar field value � obtained is directly

related to the observables, �me/hmei and �↵/↵, which we discuss in the next section.

Finally, note that throughout this work, we assume the relaxion halo oscillations are coherent

both on distances and on timescales long enough for experimental e↵orts to be e↵ective. Because

a relaxion halo is supported against collapse by gradient energy, the coherence length of the
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Hz - MHz freq.

what exps are sensitive to this frequency of oscillations?

[Banerjee, Budker, Eby, HK and Perez 19]

1010
<latexit sha1_base64="bcOyc2dLcK84vHKE2wBhdan4Fkg=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPmWNPeuWKXbNnQKvEyUkFcjR75Z9uEJM0okITjpXqOHaivQxLzQink1K1myqaYDLEfdoxVOCIKi+b5Z2gqlECFMbSHKHRTC392chwpNQ48s1khPVALXtT8T+vk+rw0suYSFJNBZk/FKYc6RhNP48CJinRfGwIJpKZsIgMsMREm4oWbgpGLFF56qd5bFOSs1zJKnHPa1c15+6i0rjO2yrCCZzCGThQhwbcQhNcIDCEF3iFN+vZerc+rM/5aMHKd45hAdbXL6+InIc=</latexit><latexit sha1_base64="bcOyc2dLcK84vHKE2wBhdan4Fkg=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPmWNPeuWKXbNnQKvEyUkFcjR75Z9uEJM0okITjpXqOHaivQxLzQink1K1myqaYDLEfdoxVOCIKi+b5Z2gqlECFMbSHKHRTC392chwpNQ48s1khPVALXtT8T+vk+rw0suYSFJNBZk/FKYc6RhNP48CJinRfGwIJpKZsIgMsMREm4oWbgpGLFF56qd5bFOSs1zJKnHPa1c15+6i0rjO2yrCCZzCGThQhwbcQhNcIDCEF3iFN+vZerc+rM/5aMHKd45hAdbXL6+InIc=</latexit><latexit sha1_base64="bcOyc2dLcK84vHKE2wBhdan4Fkg=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPmWNPeuWKXbNnQKvEyUkFcjR75Z9uEJM0okITjpXqOHaivQxLzQink1K1myqaYDLEfdoxVOCIKi+b5Z2gqlECFMbSHKHRTC392chwpNQ48s1khPVALXtT8T+vk+rw0suYSFJNBZk/FKYc6RhNP48CJinRfGwIJpKZsIgMsMREm4oWbgpGLFF56qd5bFOSs1zJKnHPa1c15+6i0rjO2yrCCZzCGThQhwbcQhNcIDCEF3iFN+vZerc+rM/5aMHKd45hAdbXL6+InIc=</latexit><latexit sha1_base64="bcOyc2dLcK84vHKE2wBhdan4Fkg=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPmWNPeuWKXbNnQKvEyUkFcjR75Z9uEJM0okITjpXqOHaivQxLzQink1K1myqaYDLEfdoxVOCIKi+b5Z2gqlECFMbSHKHRTC392chwpNQ48s1khPVALXtT8T+vk+rw0suYSFJNBZk/FKYc6RhNP48CJinRfGwIJpKZsIgMsMREm4oWbgpGLFF56qd5bFOSs1zJKnHPa1c15+6i0rjO2yrCCZzCGThQhwbcQhNcIDCEF3iFN+vZerc+rM/5aMHKd45hAdbXL6+InIc=</latexit><latexit sha1_base64="bcOyc2dLcK84vHKE2wBhdan4Fkg=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JrTNAb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPmWNPeuWKXbNnQKvEyUkFcjR75Z9uEJM0okITjpXqOHaivQxLzQink1K1myqaYDLEfdoxVOCIKi+b5Z2gqlECFMbSHKHRTC392chwpNQ48s1khPVALXtT8T+vk+rw0suYSFJNBZk/FKYc6RhNP48CJinRfGwIJpKZsIgMsMREm4oWbgpGLFF56qd5bFOSs1zJKnHPa1c15+6i0rjO2yrCCZzCGThQhwbcQhNcIDCEF3iFN+vZerc+rM/5aMHKd45hAdbXL6+InIc=</latexit>

100
<latexit sha1_base64="m6E6UrcwRJUhMU9Kh3EQjrxANxY=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/VG9OIRExdIYCXdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTPzmkErFYnGvRwn1ItwTLGQEayM1HPshs8fdUtmu2lOgZeLkpAw56t3STyeISRpRoQnHSrUdO9FehqVmhNNxsdJJFU0wGeAebRsqcESVl03jjlHFKAEKY2mO0GiqFv9sZDhSahT5ZjLCuq8WvYn4n9dOdXjpZUwkqaaCzB4KU450jCZ/RwGTlGg+MgQTyUxYRPpYYqJNQ3M3BUOWqDz10yy2KclZrGSZuGfVq6pzd16uXedtFeAYTuAUHLiAGtxCHVwg8Agv8Apv1rP1bn1Yn7PRFSvfOYI5WF+/OKycTA==</latexit><latexit sha1_base64="m6E6UrcwRJUhMU9Kh3EQjrxANxY=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/VG9OIRExdIYCXdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTPzmkErFYnGvRwn1ItwTLGQEayM1HPshs8fdUtmu2lOgZeLkpAw56t3STyeISRpRoQnHSrUdO9FehqVmhNNxsdJJFU0wGeAebRsqcESVl03jjlHFKAEKY2mO0GiqFv9sZDhSahT5ZjLCuq8WvYn4n9dOdXjpZUwkqaaCzB4KU450jCZ/RwGTlGg+MgQTyUxYRPpYYqJNQ3M3BUOWqDz10yy2KclZrGSZuGfVq6pzd16uXedtFeAYTuAUHLiAGtxCHVwg8Agv8Apv1rP1bn1Yn7PRFSvfOYI5WF+/OKycTA==</latexit><latexit sha1_base64="m6E6UrcwRJUhMU9Kh3EQjrxANxY=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/VG9OIRExdIYCXdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTPzmkErFYnGvRwn1ItwTLGQEayM1HPshs8fdUtmu2lOgZeLkpAw56t3STyeISRpRoQnHSrUdO9FehqVmhNNxsdJJFU0wGeAebRsqcESVl03jjlHFKAEKY2mO0GiqFv9sZDhSahT5ZjLCuq8WvYn4n9dOdXjpZUwkqaaCzB4KU450jCZ/RwGTlGg+MgQTyUxYRPpYYqJNQ3M3BUOWqDz10yy2KclZrGSZuGfVq6pzd16uXedtFeAYTuAUHLiAGtxCHVwg8Agv8Apv1rP1bn1Yn7PRFSvfOYI5WF+/OKycTA==</latexit><latexit sha1_base64="m6E6UrcwRJUhMU9Kh3EQjrxANxY=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/VG9OIRExdIYCXdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTPzmkErFYnGvRwn1ItwTLGQEayM1HPshs8fdUtmu2lOgZeLkpAw56t3STyeISRpRoQnHSrUdO9FehqVmhNNxsdJJFU0wGeAebRsqcESVl03jjlHFKAEKY2mO0GiqFv9sZDhSahT5ZjLCuq8WvYn4n9dOdXjpZUwkqaaCzB4KU450jCZ/RwGTlGg+MgQTyUxYRPpYYqJNQ3M3BUOWqDz10yy2KclZrGSZuGfVq6pzd16uXedtFeAYTuAUHLiAGtxCHVwg8Agv8Apv1rP1bn1Yn7PRFSvfOYI5WF+/OKycTA==</latexit><latexit sha1_base64="m6E6UrcwRJUhMU9Kh3EQjrxANxY=">AAACDHicbVDNTgIxGPzWX8Q/1KOXRkLiiewaE/VG9OIRExdIYCXdbhcq3e6m7RLJhmfQq76HJ+PVd/A1fAIL7EHASZpMZr6vnY6fcKa0bX9bK6tr6xubha3i9s7u3n7p4LCh4lQS6pKYx7LlY0U5E9TVTHPaSiTFkc9p0x/cTPzmkErFYnGvRwn1ItwTLGQEayM1HPshs8fdUtmu2lOgZeLkpAw56t3STyeISRpRoQnHSrUdO9FehqVmhNNxsdJJFU0wGeAebRsqcESVl03jjlHFKAEKY2mO0GiqFv9sZDhSahT5ZjLCuq8WvYn4n9dOdXjpZUwkqaaCzB4KU450jCZ/RwGTlGg+MgQTyUxYRPpYYqJNQ3M3BUOWqDz10yy2KclZrGSZuGfVq6pzd16uXedtFeAYTuAUHLiAGtxCHVwg8Agv8Apv1rP1bn1Yn7PRFSvfOYI5WF+/OKycTA==</latexit>

1020
<latexit sha1_base64="u1Jp04eXYDN1AHbcWgnRMqU3+p4=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JLTNQb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPWd2e9MoVu2bPgFaJk5MK5Gj2yj/dICZpRIUmHCvVcexEexmWmhFOJ6VqN1U0wWSI+7RjqMARVV42yztBVaMEKIylOUKjmVr6s5HhSKlx5JvJCOuBWvam4n9eJ9XhpZcxkaSaCjJ/KEw50jGafh4FTFKi+dgQTCQzYREZYImJNhUt3BSMWKLy1E/z2KYkZ7mSVeLWa1c15+680rjO2yrCCZzCGThwAQ24hSa4QGAIL/AKb9az9W59WJ/z0YKV7xzDAqyvX7EtnIg=</latexit><latexit sha1_base64="u1Jp04eXYDN1AHbcWgnRMqU3+p4=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JLTNQb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPWd2e9MoVu2bPgFaJk5MK5Gj2yj/dICZpRIUmHCvVcexEexmWmhFOJ6VqN1U0wWSI+7RjqMARVV42yztBVaMEKIylOUKjmVr6s5HhSKlx5JvJCOuBWvam4n9eJ9XhpZcxkaSaCjJ/KEw50jGafh4FTFKi+dgQTCQzYREZYImJNhUt3BSMWKLy1E/z2KYkZ7mSVeLWa1c15+680rjO2yrCCZzCGThwAQ24hSa4QGAIL/AKb9az9W59WJ/z0YKV7xzDAqyvX7EtnIg=</latexit><latexit sha1_base64="u1Jp04eXYDN1AHbcWgnRMqU3+p4=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JLTNQb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPWd2e9MoVu2bPgFaJk5MK5Gj2yj/dICZpRIUmHCvVcexEexmWmhFOJ6VqN1U0wWSI+7RjqMARVV42yztBVaMEKIylOUKjmVr6s5HhSKlx5JvJCOuBWvam4n9eJ9XhpZcxkaSaCjJ/KEw50jGafh4FTFKi+dgQTCQzYREZYImJNhUt3BSMWKLy1E/z2KYkZ7mSVeLWa1c15+680rjO2yrCCZzCGThwAQ24hSa4QGAIL/AKb9az9W59WJ/z0YKV7xzDAqyvX7EtnIg=</latexit><latexit sha1_base64="u1Jp04eXYDN1AHbcWgnRMqU3+p4=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JLTNQb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPWd2e9MoVu2bPgFaJk5MK5Gj2yj/dICZpRIUmHCvVcexEexmWmhFOJ6VqN1U0wWSI+7RjqMARVV42yztBVaMEKIylOUKjmVr6s5HhSKlx5JvJCOuBWvam4n9eJ9XhpZcxkaSaCjJ/KEw50jGafh4FTFKi+dgQTCQzYREZYImJNhUt3BSMWKLy1E/z2KYkZ7mSVeLWa1c15+680rjO2yrCCZzCGThwAQ24hSa4QGAIL/AKb9az9W59WJ/z0YKV7xzDAqyvX7EtnIg=</latexit><latexit sha1_base64="u1Jp04eXYDN1AHbcWgnRMqU3+p4=">AAACDXicbVDNTgIxGPwW/xD/UI9eGgmJJ7JLTNQb0YtHTFwhgZV0u11o6HY3bZdINryDXvU9PBmvPoOv4RNYYA8CTtJkMvN97XT8hDOlbfvbKqytb2xuFbdLO7t7+wflw6MHFaeSUJfEPJZtHyvKmaCuZprTdiIpjnxOW/7wZuq3RlQqFot7PU6oF+G+YCEjWBup5diPWd2e9MoVu2bPgFaJk5MK5Gj2yj/dICZpRIUmHCvVcexEexmWmhFOJ6VqN1U0wWSI+7RjqMARVV42yztBVaMEKIylOUKjmVr6s5HhSKlx5JvJCOuBWvam4n9eJ9XhpZcxkaSaCjJ/KEw50jGafh4FTFKi+dgQTCQzYREZYImJNhUt3BSMWKLy1E/z2KYkZ7mSVeLWa1c15+680rjO2yrCCZzCGThwAQ24hSa4QGAIL/AKb9az9W59WJ/z0YKV7xzDAqyvX7EtnIg=</latexit>

�
<latexit sha1_base64="mi3Fe4KSItaRBGX6q/7mJRwQjPA=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHdbhcq3e6m/ZZINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8RHANtv1tFdbWNza3itulnd29/YPy4VFTx6mizKWxiFXbJ5oJLpkLHARrJ4qRyBes5Q9vp35rxJTmsXyAccK8iPQlDzklYKRmN2ACSK9csWv2DHiVODmpoByNXvmnG8Q0jZgEKojWHcdOwMuIAk4Fm5Sq3VSzhNAh6bOOoZJETHvZLO4EV40S4DBW5kjAM7X0ZyMjkdbjyDeTEYGBXvam4n9eJ4Xwysu4TFJgks4fClOBIcbTv+OAK0ZBjA0hVHETFtMBUYSCaWjhpmDEE52nfprHNiU5y5WsEve8dl1z7i8q9Zu8rSI6QafoDDnoEtXRHWogF1H0iF7QK3qznq1368P6nI8WrHznGC3A+voFCnqcyw==</latexit><latexit sha1_base64="mi3Fe4KSItaRBGX6q/7mJRwQjPA=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHdbhcq3e6m/ZZINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8RHANtv1tFdbWNza3itulnd29/YPy4VFTx6mizKWxiFXbJ5oJLpkLHARrJ4qRyBes5Q9vp35rxJTmsXyAccK8iPQlDzklYKRmN2ACSK9csWv2DHiVODmpoByNXvmnG8Q0jZgEKojWHcdOwMuIAk4Fm5Sq3VSzhNAh6bOOoZJETHvZLO4EV40S4DBW5kjAM7X0ZyMjkdbjyDeTEYGBXvam4n9eJ4Xwysu4TFJgks4fClOBIcbTv+OAK0ZBjA0hVHETFtMBUYSCaWjhpmDEE52nfprHNiU5y5WsEve8dl1z7i8q9Zu8rSI6QafoDDnoEtXRHWogF1H0iF7QK3qznq1368P6nI8WrHznGC3A+voFCnqcyw==</latexit><latexit sha1_base64="mi3Fe4KSItaRBGX6q/7mJRwQjPA=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHdbhcq3e6m/ZZINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8RHANtv1tFdbWNza3itulnd29/YPy4VFTx6mizKWxiFXbJ5oJLpkLHARrJ4qRyBes5Q9vp35rxJTmsXyAccK8iPQlDzklYKRmN2ACSK9csWv2DHiVODmpoByNXvmnG8Q0jZgEKojWHcdOwMuIAk4Fm5Sq3VSzhNAh6bOOoZJETHvZLO4EV40S4DBW5kjAM7X0ZyMjkdbjyDeTEYGBXvam4n9eJ4Xwysu4TFJgks4fClOBIcbTv+OAK0ZBjA0hVHETFtMBUYSCaWjhpmDEE52nfprHNiU5y5WsEve8dl1z7i8q9Zu8rSI6QafoDDnoEtXRHWogF1H0iF7QK3qznq1368P6nI8WrHznGC3A+voFCnqcyw==</latexit><latexit sha1_base64="mi3Fe4KSItaRBGX6q/7mJRwQjPA=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHdbhcq3e6m/ZZINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8RHANtv1tFdbWNza3itulnd29/YPy4VFTx6mizKWxiFXbJ5oJLpkLHARrJ4qRyBes5Q9vp35rxJTmsXyAccK8iPQlDzklYKRmN2ACSK9csWv2DHiVODmpoByNXvmnG8Q0jZgEKojWHcdOwMuIAk4Fm5Sq3VSzhNAh6bOOoZJETHvZLO4EV40S4DBW5kjAM7X0ZyMjkdbjyDeTEYGBXvam4n9eJ4Xwysu4TFJgks4fClOBIcbTv+OAK0ZBjA0hVHETFtMBUYSCaWjhpmDEE52nfprHNiU5y5WsEve8dl1z7i8q9Zu8rSI6QafoDDnoEtXRHWogF1H0iF7QK3qznq1368P6nI8WrHznGC3A+voFCnqcyw==</latexit><latexit sha1_base64="mi3Fe4KSItaRBGX6q/7mJRwQjPA=">AAACDHicbVDNTgIxGOziH+If6tFLIyHxRHaNiXojevGIiQsksCHdbhcq3e6m/ZZINjyDXvU9PBmvvoOv4RNYYA8CTtJkMvN97XT8RHANtv1tFdbWNza3itulnd29/YPy4VFTx6mizKWxiFXbJ5oJLpkLHARrJ4qRyBes5Q9vp35rxJTmsXyAccK8iPQlDzklYKRmN2ACSK9csWv2DHiVODmpoByNXvmnG8Q0jZgEKojWHcdOwMuIAk4Fm5Sq3VSzhNAh6bOOoZJETHvZLO4EV40S4DBW5kjAM7X0ZyMjkdbjyDeTEYGBXvam4n9eJ4Xwysu4TFJgks4fClOBIcbTv+OAK0ZBjA0hVHETFtMBUYSCaWjhpmDEE52nfprHNiU5y5WsEve8dl1z7i8q9Zu8rSI6QafoDDnoEtXRHWogF1H0iF7QK3qznq1368P6nI8WrHznGC3A+voFCnqcyw==</latexit>



with dynamic decoupling

[Shaniv and Ozeri 17]
[Aharony, Akerman, Ozeri, Perez and Savoray 19]

Figure 1: Current bound on the relative modulation of the transition frequency from a DD experiment,
placed at 95% CL. The dashed line marks the current sensitivity reach, corresponding to scanning over ⌫m.
The inset is a magnified view of m ⇠ 10�8eV.

The bound in Fig. 1 is mostly limited by experimental imperfections, and can be improved by at least

two orders of magnitude. We also note that in the current setup, the signal was encoded in the coherence

of the ion’s superposition, or alternatively the amplitude of the Ramsey fringe [20]. Since both the signal

and the experimental imperfections (e.g. ⇡ pulse fidelity) tend to decrease the fringe amplitude, the bound

would be ultimately limited by the experimental apparatus. However, in the case of large enough quality

factor of the �me and �↵ oscillations, it would be useful to synchronize di↵erent experiment realizations

via an external clock, such that for a specific ⌫m, di↵erent experimental realizations would measure signal

oscillations with a known phase di↵erence [25, 26]. This would allow to infer the signal amplitude from the

final superposition phase, separating it from the coherence of our atom.

Bounds on Light Scalar Dark Matter from DD Experiments. Using these results, we obtain

upper limits on the values of g�e and g�� at 95% CL, and present them in Fig. 2a and Fig. 2b, respectively.

The background DM density is assumed to be ⇢DM = ⇢DM� = 3.1 · 10�6 eV4, which is the local DM density

around the sun [27]. As shown in Eq. 7, the measurement is sensitive to variations in ↵ in the entire range,

but is not sensitive to variations in me at low frequencies. For our analysis, we assumed a sharp transition

between d↵ sensitivity and dme + 2d↵ sensitivity at ⌫ = 50 kHz, namely F (⌫) = ⇥(⌫ � 50 kHz), where ⇥ is

the Heaviside step function. The step frequency ⌫step = 50 kHz is the ratio between the speed of sound in

our cavity spacer v ⇡ 5km
s and the cavity length r ⇡ 0.1 m. The optical linewidth is an order of magnitude

lower. The black dashed line is the projected sensitivity for the proposed method, corresponding to scanning

the experimental modulation frequency ⌫m. We compare our results with the current bounds obtained from

experiments testing deviations from gravity (Equivalence Principle (EP) and fifth force) and Naturalness -
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We would like to further interpret our results in accordance to the relaxion [28] model, which was recently

4



with atomic spectroscopy

[Slide from G. Perez]

(preliminary)



10-20 10-17 10-14 10-11 10-810-2910-2710-2510-2310-2110-19

Figure 6: Projected constraints on ge (left) and g� (right) for a relaxion Earth halo. Experi-

mental sensitivities in �me/hmei and �↵/↵ are taken to be 10�14, 10�16, 10�18 (solid, dashed,

and dotted lines, respectively). The gray shaded regions, as well as the red and green lines, are

the same as in Fig. 5. The halo mass is taken as M? = min[(M�/2)(R?/R�)3, (M?)max], as

explained in Section 4.

phase of the oscillation between two distant experiments (or network of sensors) that are synched

to the same external clock, or similarly if a single experiment is to repeat its measurements

multiple times while being synchronised to an external clock. Furthermore, in the future there

are several proposals for sending high performance clock-systems to space [55, 56], which would

allow to map the relaxion halo density as a function of distance from the Earth’s surface.

Another interesting implication is the possible presence of mini-relaxion halos, whose radius

is smaller than that of the Earth so that such halos do not contribute to the signals described

above. Such objects arises when the relaxion particle mass is around nano-eV or above. Al-

though they can have densities close to that of the Earth, it is in general di�cult to probe them

because they are located beneath the surface of the Earth (see however [57], which proposes to

test clock universality in deep underground/underwater experiments).

We finally note that our discussion and conclusion throughout the paper holds for any form

of light scalar dark matter, thus covering large parameter space of well-motivated dark matter

models.
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Figure 5: Projected constraints on ge (left) and g� (right) for a relaxion Solar halo. Experimen-

tal sensitivities in �me/hmei and �↵/↵ are taken to be 10�16, 10�18 (solid and dashed lines,

respectively). The gray shaded region is excluded by fifth-force experiments. The red line is the

naturalness limit, where the cuto↵ is taken to be ⇤ = 3 TeV, while the green line is an upper

limit on coupling constants which can be obtained from physical relaxion models. The halo

mass is taken as M? = min[(M�/2)(R?/R�)3, (M?)max], as explained in Section 4.

For case (i), we show in Fig. 5 sensitivity curves for (�me/hmei, �↵/↵) = 10�16 (solid lines)

and 10�18 (dashed lines). In addition, the bounds from fifth-force and equivalence-principle

tests correspond to the shaded region [47–50], the red line corresponds to the naturalness limit

with a cuto↵ at ⇤ = 3 TeV, and the green line corresponds to the upper limit on coupling

constants which can be achieved in physical relaxion models. Note that the bounds from

equivalence-principle tests are obtained by neglecting the other possible couplings of scalar field

to SM particles. Figure 6 shows the analogous sensitivities in case (ii), with (�me/hmei, �↵/↵) =

10�14 (solid), 10�16 (dashed) and 10�18 (dotted). In the case of a Solar halo, future projections

for ge reach the parameter space where the scalar mass is technically natural, while in the case

of an Earth halo, future projections reach not only to the naturalness limit for ge and g� , but

also to the region of physically motivated generic relaxion models [10, 26].

6 Outlook

In this work, we consider the relaxion dark matter. We propose that it can form gravitationally

bound objects denoted as relaxion stars, and suggest that these stars can be formed around the

Earth or the Sun leading to relaxion halos with density well above that of the local DM. Due

to the mixing with the Higgs, the oscillating DM background implies that all the fundamental

couplings of nature are varying with time. This implies that one could search for signals of

such objects in table-top experiments, which may be probed in the near future with projected

sensitivity stronger than that of fifth-force and equivalence-principle tests.

We note that as our signal is related to rapid-oscillation signals, other existing probes of

scalar DM, which are DC-oriented and/or using less precise clocks [51–54] would be less sensitive

to the above form of DM. However, in the case of a relaxion halo or star which coherently

oscillates over large distances one may improve the sensitivity to its presence by comparing the

10

Figure 5: Projected constraints on ge (left) and g� (right) for a relaxion Solar halo. Experimen-

tal sensitivities in �me/hmei and �↵/↵ are taken to be 10�16, 10�18 (solid and dashed lines,

respectively). The gray shaded region is excluded by fifth-force experiments. The red line is the

naturalness limit, where the cuto↵ is taken to be ⇤ = 3 TeV, while the green line is an upper

limit on coupling constants which can be obtained from physical relaxion models. The halo

mass is taken as M? = min[(M�/2)(R?/R�)3, (M?)max], as explained in Section 4.

For case (i), we show in Fig. 5 sensitivity curves for (�me/hmei, �↵/↵) = 10�16 (solid lines)

and 10�18 (dashed lines). In addition, the bounds from fifth-force and equivalence-principle

tests correspond to the shaded region [47–50], the red line corresponds to the naturalness limit

with a cuto↵ at ⇤ = 3 TeV, and the green line corresponds to the upper limit on coupling

constants which can be achieved in physical relaxion models. Note that the bounds from

equivalence-principle tests are obtained by neglecting the other possible couplings of scalar field

to SM particles. Figure 6 shows the analogous sensitivities in case (ii), with (�me/hmei, �↵/↵) =

10�14 (solid), 10�16 (dashed) and 10�18 (dotted). In the case of a Solar halo, future projections

for ge reach the parameter space where the scalar mass is technically natural, while in the case

of an Earth halo, future projections reach not only to the naturalness limit for ge and g� , but

also to the region of physically motivated generic relaxion models [10, 26].

6 Outlook

In this work, we consider the relaxion dark matter. We propose that it can form gravitationally

bound objects denoted as relaxion stars, and suggest that these stars can be formed around the

Earth or the Sun leading to relaxion halos with density well above that of the local DM. Due

to the mixing with the Higgs, the oscillating DM background implies that all the fundamental

couplings of nature are varying with time. This implies that one could search for signals of

such objects in table-top experiments, which may be probed in the near future with projected

sensitivity stronger than that of fifth-force and equivalence-principle tests.

We note that as our signal is related to rapid-oscillation signals, other existing probes of

scalar DM, which are DC-oriented and/or using less precise clocks [51–54] would be less sensitive

to the above form of DM. However, in the case of a relaxion halo or star which coherently

oscillates over large distances one may improve the sensitivity to its presence by comparing the

10

captured by the Sun

[Banerjee, Budker, Eby, HK and Perez 19]



Summary

• relaxion could explain hierarchy problem in the standard model

• could also be coherent dark matter in the universe

• oscillating background DM induces oscillations of fundamental constants

• but for the mass range m>10^-15 eV, sensitivity of table-top exps cannot 

compete with that of EP-violation tests

• In cases where it forms relaxion stars and captured within solar system,

table-top exps is able to probe unexplored region of parameter space


