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Thermal freeze-out

A compelling picture for the origin of dark matter:
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annihilation
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<latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit>
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<latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit>

“WIMP miracle”
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<latexit sha1_base64="C0NbNqsvTXx2vv99oFzC1Rs6oQI="></latexit><latexit sha1_base64="C0NbNqsvTXx2vv99oFzC1Rs6oQI="></latexit><latexit sha1_base64="C0NbNqsvTXx2vv99oFzC1Rs6oQI="></latexit><latexit sha1_base64="C0NbNqsvTXx2vv99oFzC1Rs6oQI="></latexit>

“WIMP miracle”

�
<latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit>

�⇤
<latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit><latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit><latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit><latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit>

SM
<latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit>

SM
<latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit>

annihilation

�
<latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit>

time

<latexit sha1_base64="1/2AM/KwIO9tKWhKZ4KEktr2hFE=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqe5KUY8FLx4rtLXQLiWbZtvQJLsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqmzjVlLVoLGLdCYlhgivWstwK1kk0IzIU7CEc3878hyemDY9V004SFkgyVDzilFgndWS/R0f8otkvV7yqNwdeJX5OKpCj0S9/9QYxTSVTlgpiTNf3EhtkRFtOBZuWeqlhCaFjMmRdRxWRzATZ/N4pPnPKAEexdqUsnqu/JzIijZnI0HVKYkdm2ZuJ/3nd1EY3QcZVklqm6GJRlApsYzx7Hg+4ZtSKiSOEau5uxXRENKHWRVRyIfjLL6+S9mXVv6rW7muVei2PowgncArn4MM11OEOGtACCgKe4RXe0CN6Qe/oY9FaQPnMMfwB+vwBloSPpA==</latexit>

m�/T

<latexit sha1_base64="l5cfJHwRD3fawfE2OLC5J5J/nak=">AAACAnicbVDLSsNAFL3xWeur6krcDBbBVUmkqBuh4MZlBfuQJoTJdNIOnUzCzEQoIbjxV9y4UMStX+HOv3GadqGtBy6cOede5t4TJJwpbdvf1tLyyuraemmjvLm1vbNb2dtvqziVhLZIzGPZDbCinAna0kxz2k0kxVHAaScYXU/8zgOVisXiTo8T6kV4IFjICNZG8iuH975LhgxdITeUmGSieOaZyv1K1a7ZBdAicWakCjM0/cqX249JGlGhCcdK9Rw70V6GpWaE07zspoommIzwgPYMFTiiysuKE3J0YpQ+CmNpSmhUqL8nMhwpNY4C0xlhPVTz3kT8z+ulOrz0MiaSVFNBph+FKUc6RpM8UJ9JSjQfG4KJZGZXRIbYRKFNamUTgjN/8iJpn9Wc81r9tl5t1GdxlOAIjuEUHLiABtxAE1pA4BGe4RXerCfrxXq3PqatS9Zs5gD+wPr8Aeu7lx0=</latexit>

Y� =
n�

s

2



Thermal freeze-out

�
<latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit><latexit sha1_base64="OhxbkcMudhIJxD0KFqloZhJdhlQ=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2AruCoz3ejCRcGNywr2Au1QMmmmjc0kQ5IRytB3cONCEbe+jzvfxrSdhbb+EPj4zznknD9MBDfW875RYWNza3unuFva2z84PCofn7SNSjVlLaqE0t2QGCa4ZC3LrWDdRDMSh4J1wsntvN55YtpwJR/sNGFBTEaSR5wS66x2tU/HvDooV7yatxBeBz+HCuRqDspf/aGiacykpYIY0/O9xAYZ0ZZTwWalfmpYQuiEjFjPoSQxM0G22HaGL5wzxJHS7kmLF+7viYzExkzj0HXGxI7Nam1u/lfrpTa6DjIuk9QySZcfRanAVuH56XjINaNWTB0QqrnbFdMx0YRaF1DJheCvnrwO7XrNd3xfrzRu8jiKcAbncAk+XEED7qAJLaDwCM/wCm9IoRf0jj6WrQWUz5zCH6HPH7aIjoY=</latexit>

�⇤
<latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit><latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit><latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit><latexit sha1_base64="Jlvlh29ImVP02vkik3n7ej+9zsQ=">AAAB8nicbZC7TsMwFIadcivlVmBksWiRmKqkCwwMlVgYi0QvUhIqx3Vaq44d2SdIVdTHYGEAIVaeho23wW0zQMsvWfr0n3Pkc/4oFdyA6347pY3Nre2d8m5lb//g8Kh6fNI1KtOUdagSSvcjYpjgknWAg2D9VDOSRIL1osntvN57YtpwJR9gmrIwISPJY04JWMuvB3TMHwNioD6o1tyGuxBeB6+AGirUHlS/gqGiWcIkUEGM8T03hTAnGjgVbFYJMsNSQidkxHyLkiTMhPli5Rm+sM4Qx0rbJwEv3N8TOUmMmSaR7UwIjM1qbW7+V/MziK/DnMs0Aybp8qM4ExgUnt+Ph1wzCmJqgVDN7a6YjokmFGxKFRuCt3ryOnSbDc/yfbPWuiniKKMzdI4ukYeuUAvdoTbqIIoUekav6M0B58V5dz6WrSWnmDlFf+R8/gCIzZC6</latexit>

SM
<latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit>

SM
<latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit><latexit sha1_base64="WsUazXWwl6zdTlrOagqZfl44Gc4=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiexy0Xgi8eLFBKMgCWxIt3Shoe2ubZeEbPgdXjxojFd/jDf/jV3Yg4KTNJnMvJc3nSDmTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK2jRBHaIhGPVCfAmnImacsww2knVhSLgNPHYHyd+Y8TqjSL5IOZxtQXeChZyAg2VvKrPYHNSIn0/nZW7Zcrbs2dA60SLycVyNHsl796g4gkgkpDONa667mx8VOsDCOczkq9RNMYkzEe0q6lEguq/XQeeobOrDJAYaTskwbN1d8bKRZaT0VgJ7OMetnLxP+8bmLCSz9lMk4MlWRxKEw4MhHKGkADpigxfGoJJorZrIiMsMLE2J5KtgRv+curpF2veZbf1SuNq7yOIpzAKZyDBxfQgBtoQgsIPMEzvMKbM3FenHfnYzFacPKdY/gD5/MHQDKRtw==</latexit>

annihilation

�
<latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit><latexit sha1_base64="sgdo6Sw+cTsF7mMka3WDSvzoKkA=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZnpRldScOOygn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32yltbG5t75R3K3v7B4dH1eOTro5TRWiHxDxW/QBrypmkHcMMp/1EUSwCTnvB9Hbh956o0iyWD2aWUF/gsWQRI9hY6bE+5DYb4vqoWnMbbg60TryC1KBAe1T9GoYxSQWVhnCs9cBzE+NnWBlGOJ1XhqmmCSZTPKYDSyUWVPtZvvAcXVglRFGs7JMG5erviQwLrWcisEmBzUSvegvxP2+Qmujaz5hMUkMlWX4UpRyZGC2uRyFTlBg+swQTxeyuiEywwsTYjiq2BG/15HXSbTY8y++btdZNUUcZzuAcLsGDK2jBHbShAwQEPMMrvDnKeXHenY9ltOQUM6fwB87nD/XSj9M=</latexit>

time

<latexit sha1_base64="1/2AM/KwIO9tKWhKZ4KEktr2hFE=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqe5KUY8FLx4rtLXQLiWbZtvQJLsmWaEs/RNePCji1b/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqmzjVlLVoLGLdCYlhgivWstwK1kk0IzIU7CEc3878hyemDY9V004SFkgyVDzilFgndWS/R0f8otkvV7yqNwdeJX5OKpCj0S9/9QYxTSVTlgpiTNf3EhtkRFtOBZuWeqlhCaFjMmRdRxWRzATZ/N4pPnPKAEexdqUsnqu/JzIijZnI0HVKYkdm2ZuJ/3nd1EY3QcZVklqm6GJRlApsYzx7Hg+4ZtSKiSOEau5uxXRENKHWRVRyIfjLL6+S9mXVv6rW7muVei2PowgncArn4MM11OEOGtACCgKe4RXe0CN6Qe/oY9FaQPnMMfwB+vwBloSPpA==</latexit>

m�/T

<latexit sha1_base64="l5cfJHwRD3fawfE2OLC5J5J/nak=">AAACAnicbVDLSsNAFL3xWeur6krcDBbBVUmkqBuh4MZlBfuQJoTJdNIOnUzCzEQoIbjxV9y4UMStX+HOv3GadqGtBy6cOede5t4TJJwpbdvf1tLyyuraemmjvLm1vbNb2dtvqziVhLZIzGPZDbCinAna0kxz2k0kxVHAaScYXU/8zgOVisXiTo8T6kV4IFjICNZG8iuH975LhgxdITeUmGSieOaZyv1K1a7ZBdAicWakCjM0/cqX249JGlGhCcdK9Rw70V6GpWaE07zspoommIzwgPYMFTiiysuKE3J0YpQ+CmNpSmhUqL8nMhwpNY4C0xlhPVTz3kT8z+ulOrz0MiaSVFNBph+FKUc6RpM8UJ9JSjQfG4KJZGZXRIbYRKFNamUTgjN/8iJpn9Wc81r9tl5t1GdxlOAIjuEUHLiABtxAE1pA4BGe4RXerCfrxXq3PqatS9Zs5gD+wPr8Aeu7lx0=</latexit>

Y� =
n�

s

• An extremely well-studied scenario, with many interesting variations 

• In all cases, DM abundance decreases exponentially along equilibrium curve,  

then becomes constant (freezes out)
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Bouncing Dark Matter

Dark matter abundance transitions from exponentially falling 

to exponentially rising curve, while remaining in equilibrium

“bounce”
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Bouncing Dark Matter

First observed in [Katz, Salvioni, Shakya 2006.15148] for metastable dark states 

Then for DM in [Ho, Ko, Lu 2201.06856] and [Ho, 2207.13373] 

(see also [Griest, Kolb 1989] in different context; very recent reappraisal in [Bai, Lu, Orlofsky 2208.12290])

“bounce”
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Bouncing Dark Matter

In this talk: 

•  Conditions for bounce to happen 

•  Explicit realizations in (simplified) models 

•  Implications for phenomenology

“bounce”

?
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Conditions for the bounce

Track evolution of number densities via chemical potentials

<latexit sha1_base64="pb4INtJYY4nMIczTzwef/wuz/Kw=">AAACEHicbVC7TgMxEPTxDOEVoKSxiBBU4Q5FgTISDWWQ8pJyIfI5e4kV23fYPkR0yifQ8Cs0FCBES0nH3+A8CkgYaaXxzK68O0HMmTau++0sLa+srq1nNrKbW9s7u7m9/bqOEkWhRiMeqWZANHAmoWaY4dCMFRARcGgEg6ux37gHpVkkq2YYQ1uQnmQho8RYqZM7kR2GfRLHKnrAcJv6IrHCGa6OsHXsWwkMdyPcyeXdgjsBXiTejOTRDJVO7svvRjQRIA3lROuW58amnRJlGOUwyvqJhpjQAelBy1JJBOh2OjlohI+t0sVhpGxJgyfq74mUCK2HIrCdgpi+nvfG4n9eKzHhZTtlMk4MSDr9KEw4NhEep4O7TAE1fGgJoYrZXTHtE0WosRlmbQje/MmLpH5e8EqF4k0xXy7N4sigQ3SETpGHLlAZXaMKqiGKHtEzekVvzpPz4rw7H9PWJWc2c4D+wPn8AVNonBs=</latexit>

ni ⇡ eµi/Tneq
i

<latexit sha1_base64="9R1CYuMUugrr+AevNFxXkfi6POE="></latexit>

neq
i = gi

⇣miT

2⇡

⌘3/2
e�mi/T

<latexit sha1_base64="LD+/RPF9lcJJlnJ/U9ejo3Aqh4s=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI8FLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQV9mAz6o1ry6twBeJ35BalCgNah+9YcJzSRTlgpiTM/3UhvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZvnDKEMeJdqUsXqi/J3IijZnKyHVKYsdm1ZuL/3m9zMa3Yc5Vmlmm6HJRnAlsEzz/HA+5ZtSKqSOEau5uxXRMNKHW5VNxIfirL6+T9lXdb9SvH65rzUYRRxnO4BwuwYcbaMI9tCAAChye4RXekEIv6B19LFtLqJg5hT9Anz/YjI6v</latexit>µi

If a reaction                        is rapid compared to Hubble,
<latexit sha1_base64="FGipWg4dOXBsPxidGGunNzKVrsU=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVESvVYrQePFewHtKFstpt26WYTdidKCQX/ihcPinj1d3jz37htc9DWBwOP92aYmefHgmtwnG8rt7K6tr6R3yxsbe/s7tn7B00dJYqyBo1EpNo+0UxwyRrAQbB2rBgJfcFa/qg29VsPTGkeyXsYx8wLyUDygFMCRurZR1fXuCtYAIoPhkCUih5x7aZnF52SMwNeJm5GiihDvWd/dfsRTUImgQqidcd1YvBSooBTwSaFbqJZTOiIDFjHUElCpr10dv4Enxqlj4NImZKAZ+rviZSEWo9D33SGBIZ60ZuK/3mdBIJLL+UyToBJOl8UJAJDhKdZ4D5XjIIYG0Ko4uZWTIdEEQomsYIJwV18eZk0z0tupVS+KxerlSyOPDpGJ+gMuegCVdEtqqMGoihFz+gVvVlP1ov1bn3MW3NWNnOI/sD6/AFcgpUU</latexit>

AB $ CD

<latexit sha1_base64="0Z2BPTDbUI9h9g4Yi8ZvfRR//Ek=">AAACBnicbVBNS8MwGE7n15xfVY8iBIcgCKOVMb0I03nwOMF9wFZKmqVbWJqWJBVG2cmLf8WLB0W8+hu8+W9Mux5084HwPnme9yV5Hy9iVCrL+jYKS8srq2vF9dLG5tb2jrm715ZhLDBp4ZCFoushSRjlpKWoYqQbCYICj5GON26kfueBCElDfq8mEXECNOTUpxgpLbnmYT+I3St4CtN6DS+z2sjvN65ZtipWBrhI7JyUQY6ma371ByGOA8IVZkjKnm1FykmQUBQzMi31Y0kihMdoSHqachQQ6STZGlN4rJUB9EOhD1cwU39PJCiQchJ4ujNAaiTnvVT8z+vFyr9wEsqjWBGOZw/5MYMqhGkmcEAFwYpNNEFYUP1XiEdIIKx0ciUdgj2/8iJpn1XsWqV6Vy3Xa3kcRXAAjsAJsME5qINb0AQtgMEjeAav4M14Ml6Md+Nj1low8pl98AfG5w+PEpab</latexit>

µA + µB = µC + µD

This holds until
<latexit sha1_base64="EmuSOc0Xc8F0/rGqJaQtqaW8Zd4=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMKUEcwHJiHMbTbJkt29Y3dPCCH/wsZCEVv/jZ3/xk1yhSY+GHi8N8PMvDAW3Fjf//Yya+sbm1vZ7dzO7t7+Qf7wqG6iRFNWo5GIdDNEwwRXrGa5FawZa4YyFKwRjm5nfuOJacMj9WDHMetIHCje5xStkx7bdyglkhtS6eYLftGfg6ySICUFSFHt5r/avYgmkilLBRrTCvzYdiaoLaeCTXPtxLAY6QgHrOWoQslMZzK/eErOnNIj/Ui7UpbM1d8TE5TGjGXoOiXaoVn2ZuJ/Xiux/evOhKs4sUzRxaJ+IoiNyOx90uOaUSvGjiDV3N1K6BA1UutCyrkQguWXV0n9ohiUipf3l4VyKY0jCydwCucQwBWUoQJVqAEFBc/wCm+e8V68d+9j0Zrx0plj+APv8wccI4/e</latexit>

� < H

The bounce takes place in scenarios where DM is accompanied by other states
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Conditions for the bounce

Track evolution of number densities via chemical potentials

<latexit sha1_base64="pb4INtJYY4nMIczTzwef/wuz/Kw=">AAACEHicbVC7TgMxEPTxDOEVoKSxiBBU4Q5FgTISDWWQ8pJyIfI5e4kV23fYPkR0yifQ8Cs0FCBES0nH3+A8CkgYaaXxzK68O0HMmTau++0sLa+srq1nNrKbW9s7u7m9/bqOEkWhRiMeqWZANHAmoWaY4dCMFRARcGgEg6ux37gHpVkkq2YYQ1uQnmQho8RYqZM7kR2GfRLHKnrAcJv6IrHCGa6OsHXsWwkMdyPcyeXdgjsBXiTejOTRDJVO7svvRjQRIA3lROuW58amnRJlGOUwyvqJhpjQAelBy1JJBOh2OjlohI+t0sVhpGxJgyfq74mUCK2HIrCdgpi+nvfG4n9eKzHhZTtlMk4MSDr9KEw4NhEep4O7TAE1fGgJoYrZXTHtE0WosRlmbQje/MmLpH5e8EqF4k0xXy7N4sigQ3SETpGHLlAZXaMKqiGKHtEzekVvzpPz4rw7H9PWJWc2c4D+wPn8AVNonBs=</latexit>

ni ⇡ eµi/Tneq
i

<latexit sha1_base64="9R1CYuMUugrr+AevNFxXkfi6POE="></latexit>

neq
i = gi

⇣miT

2⇡

⌘3/2
e�mi/T

<latexit sha1_base64="LD+/RPF9lcJJlnJ/U9ejo3Aqh4s=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI8FLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQV9mAz6o1ry6twBeJ35BalCgNah+9YcJzSRTlgpiTM/3UhvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZvnDKEMeJdqUsXqi/J3IijZnKyHVKYsdm1ZuL/3m9zMa3Yc5Vmlmm6HJRnAlsEzz/HA+5ZtSKqSOEau5uxXRMNKHW5VNxIfirL6+T9lXdb9SvH65rzUYRRxnO4BwuwYcbaMI9tCAAChye4RXekEIv6B19LFtLqJg5hT9Anz/YjI6v</latexit>µi

• If DM shares chemical potential with a lighter species     , 

DM abundance keeps falling exponentially  

The bounce takes place in scenarios where DM is accompanied by other states

<latexit sha1_base64="fInUGS/d43PnnKTXU5HCpExjM4s=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCqJlOpGqLhxWcFeoAlhMp20Q2eSMDMplNA3ceNCEbe+iTvfxmmbhbb+MPDxn3M4Z/4w5Uxpx/m2ShubW9s75d3K3v7B4ZF9fNJRSSYJbZOEJ7IXYkU5i2lbM81pL5UUi5DTbji+n9e7EyoVS+InPU2pL/AwZhEjWBsrsG1PZIFHRgzdojneBXbVqTkLoXVwC6hCoVZgf3mDhGSCxppwrFTfdVLt51hqRjidVbxM0RSTMR7SvsEYC6r8fHH5DF0YZ4CiRJoXa7Rwf0/kWCg1FaHpFFiP1Gptbv5X62c6uvFzFqeZpjFZLooyjnSC5jGgAZOUaD41gIlk5lZERlhiok1YFROCu/rldehc1dxGrf5YrzYbRRxlOINzuAQXrqEJD9CCNhCYwDO8wpuVWy/Wu/WxbC1Zxcwp/JH1+QNf4ZLQ</latexit>µ� = µA

<latexit sha1_base64="+KGVwS6U18MMXQOwqzeffR5eGHc=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwISXRUt0IFTcuK9gHNDFMppN26GQSZyZCCfkQN/6KGxeKuHEh+DdO24DaemHgPO7lzj1+zKhUlvVlFBYWl5ZXiqultfWNzS1ze6clo0Rg0sQRi0THR5IwyklTUcVIJxYEhT4jbX94Ofbb90RIGvEbNYqJG6I+pwHFSGnJM0+45+ABhefQCQTC6ZTepo4IIbnLMi1c/DDoHGnumWWrYk0KzgM7B2WQV8MzP5xehJOQcIUZkrJrW7FyUyQUxYxkJSeRJEZ4iPqkqyFHIZFuOjkugwda6cEgEvpxBSfq74kUhVKOQl93hkgN5Kw3Fv/zuokKztyU8jhRhOPpoiBhUEVwnBTsUUGwYiMNEBZU/xXiAdIhKZ1nSYdgz548D1rHFbtWqV5Xy/VaHkcR7IF9cAhscArq4Ao0QBNg8ACewAt4NR6NZ+PNeJ+2Fox8Zhf8KePzG3vioZc=</latexit>

n� =
neq
�

neq
A

nA

<latexit sha1_base64="tDFQsDwtII0h5ZGqKmr1hIrRPGU=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVUhpYEVcBYxMJYpL6kpkSO67QWthPZDlIVdWDhV1gYQIiVj2Djb3DbDNBypCsdnXOv7r0niBlV2nG+rdzK6tr6Rn6zsLW9s7tn7x+0VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnur6d+54FIRSPR1OOY9DkaChpSjLSRfLvoKcohuUsrsMx9D48orEDuX52cNie+XXKqzgxwmbgZKYEMDd/+8gYRTjgRGjOkVM91Yt1PkdQUMzIpeIkiMcL3aEh6hgrEieqnsycm8NgoAxhG0pTQcKb+nkgRV2rMA9PJkR6pRW8q/uf1Eh1e9lMq4kQTgeeLwoRBHcFpInBAJcGajQ1BWFJzK8QjJBHWJreCCcFdfHmZtM+q7nm1dlsr1WtZHHlQBEegDFxwAergBjRAC2DwCJ7BK3iznqwX6936mLfmrGzmEPyB9fkDskKWKw==</latexit>

⇠ e�(m��mA)/T

<latexit sha1_base64="rQ8DT32K2kwaqq4mK5y7ucuf/wc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY8YLx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFS47ZfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7KXrVcaVRKtWoWRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AJIvjMI=</latexit>

A

First condition: DM chemical potential needs to deviate from other species’
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Conditions for the bounce: summary

Track evolution of number densities via chemical potentials

<latexit sha1_base64="pb4INtJYY4nMIczTzwef/wuz/Kw=">AAACEHicbVC7TgMxEPTxDOEVoKSxiBBU4Q5FgTISDWWQ8pJyIfI5e4kV23fYPkR0yifQ8Cs0FCBES0nH3+A8CkgYaaXxzK68O0HMmTau++0sLa+srq1nNrKbW9s7u7m9/bqOEkWhRiMeqWZANHAmoWaY4dCMFRARcGgEg6ux37gHpVkkq2YYQ1uQnmQho8RYqZM7kR2GfRLHKnrAcJv6IrHCGa6OsHXsWwkMdyPcyeXdgjsBXiTejOTRDJVO7svvRjQRIA3lROuW58amnRJlGOUwyvqJhpjQAelBy1JJBOh2OjlohI+t0sVhpGxJgyfq74mUCK2HIrCdgpi+nvfG4n9eKzHhZTtlMk4MSDr9KEw4NhEep4O7TAE1fGgJoYrZXTHtE0WosRlmbQje/MmLpH5e8EqF4k0xXy7N4sigQ3SETpGHLlAZXaMKqiGKHtEzekVvzpPz4rw7H9PWJWc2c4D+wPn8AVNonBs=</latexit>

ni ⇡ eµi/Tneq
i

<latexit sha1_base64="9R1CYuMUugrr+AevNFxXkfi6POE="></latexit>

neq
i = gi

⇣miT

2⇡

⌘3/2
e�mi/T

<latexit sha1_base64="LD+/RPF9lcJJlnJ/U9ejo3Aqh4s=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI8FLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmd3O/88S04Yl6tNOUhZKMFI85JdZJQV9mAz6o1ry6twBeJ35BalCgNah+9YcJzSRTlgpiTM/3UhvmRFtOBZtV+plhKaETMmI9RxWRzIT54tgZvnDKEMeJdqUsXqi/J3IijZnKyHVKYsdm1ZuL/3m9zMa3Yc5Vmlmm6HJRnAlsEzz/HA+5ZtSKqSOEau5uxXRMNKHW5VNxIfirL6+T9lXdb9SvH65rzUYRRxnO4BwuwYcbaMI9tCAAChye4RXekEIv6B19LFtLqJg5hT9Anz/YjI6v</latexit>µi

The bounce takes place in scenarios where DM is accompanied by other states

(2)   DM chemical potential needs to rise sufficiently fast

<latexit sha1_base64="lAydB0ntpsrPCjk36zLQDeU6mrA="></latexit>

µ�(x) + x
dµ�(x)

dx
> m�

⇣
1� 3

2x

⌘

(1)   DM chemical potential needs to deviate from other species’

<latexit sha1_base64="aM2Jpw4Emj2iZicVWyboyO0iPf0=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEVCUIFcYiFsYi0YfURJHjOq1V2wm2gxRF5VdYGECIlQ9h429w2gzQcqQrHZ9zr3zvCRNGlXacb6uytr6xuVXdru3s7u0f2IdHPRWnEpMujlksByFShFFBuppqRgaJJIiHjPTD6U3h9x+JVDQW9zpLiM/RWNCIYqSNFNh1j6eBhycUeoI8wOJ1HdgNp+nMAVeJW5IGKNEJ7C9vFOOUE6ExQ0oNXSfRfo6kppiRWc1LFUkQnqIxGRoqECfKz+fLz+CpUUYwiqUpoeFc/T2RI65UxkPTyZGeqGWvEP/zhqmOrvyciiTVRODFR1HKoI5hkQQcUUmwZpkhCEtqdoV4giTC2uRVMyG4yyevkt550201L+4uGu1WGUcVHIMTcAZccAna4BZ0QBdgkIFn8ArerCfrxXq3PhatFaucqYM/sD5/AP4ClFE=</latexit>

µ� 6= µA
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A simplified model 



An example model

Dark sector containing 3 scalars

<latexit sha1_base64="jSSNdSJLisnUhAH8RtK39bdSiTQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FPXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6W3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnvNeuOhUWvdFXGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDQo49</latexit>�
<latexit sha1_base64="yXMipqTn1UobdY0aZUZXYsZhTLg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1S1GNBDx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmGnuLu3f3BYOjpuGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCUf7CRhQUyGkkecEuukVi8Z8X61Xyp7FW8OvEr8nJQhR6Nf+uoNFE1jJi0VxJiu7yU2yIi2nAo2LfZSwxJCx2TIuo5KEjMTZPNrp/jcKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gogvBX355lbSqFf+yUruvleu3eRwFOIUzuAAfrqAOd9CAJlB4hGd4hTek0At6Rx+L1jWUz5zAH6DPH0BSju8=</latexit>

�2
<latexit sha1_base64="zhVkW23asIRiAp26sqwSRpLy7yE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FPXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HNzO//cS04Uo+2EnCgpgMJY84JdZJrV4y4n2/X654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbQuqv5ltXZfq9Rv8ziKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHz7Oju4=</latexit>

�1

dark matter possibly stable long-lived

<latexit sha1_base64="ySqjBFpM53V0/fp5PxH3vR4gdCc=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQPI12DPU0Bl48TnAvsJWSZukalqQlSYVRevXiV/HiQRGvfgNvfhuzrYe5+YfAL//neUief5AwqrTj/Filjc2t7Z3ybmVv/+DwyD4+6ao4lZh0cMxi2Q+QIowK0tFUM9JPJEE8YKQXTG5n9d4jkYrG4kFPE+JxNBY0pBhpY/k25P4QRxQ2DWTDJKJ+PV+6uLlvV52aMxdcB7eAKijU9u3v4SjGKSdCY4aUGrhOor0MSU0xI3llmCqSIDxBYzIwKBAnysvmm+TwwjgjGMbSHKHh3F2eyBBXasoD08mRjtRqbWb+VxukOrzxMiqSVBOBFw+FKYM6hrNY4IhKgjWbGkBYUvNXiCMkEdYmvIoJwV1deR269Zp7VWvcN6qtZhFHGZyBc3AJXHANWuAOtEEHYPAEXsAbeLeerVfrw/pctJasYuYU/JH19QvaH5kr</latexit>

m� > m�2 > m�1

<latexit sha1_base64="19J905t7D3rBB4Gwahs6T2s31i0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUlKqS4LblxWsA9oQphMJ83QyYOZG6WEfoMbf8WNC0XcunLn3zhts9DWA5d7OOdeZu7xU8EVWNa3UVpb39jcKm9Xdnb39g/Mw6OuSjJJWYcmIpF9nygmeMw6wEGwfioZiXzBev74eub37plUPInvYJIyNyKjmAecEtCSZ144NOTYSUPu2dgRLADJRyEQKZOHhVwvmmdWrZo1B14ldkGqqEDbM7+cYUKziMVABVFqYFspuDmRwKlg04qTKZYSOiYjNtA0JhFTbj4/aYrPtDLEQSJ1xYDn6u+NnERKTSJfT0YEQrXszcT/vEEGwZWb8zjNgMV08VCQCQwJnuWDh1wyCmKiCaGS679iGhJJKOgUKzoEe/nkVdKt1+xmrXHbqLaaRRxldIJO0Tmy0SVqoRvURh1E0SN6Rq/ozXgyXox342MxWjKKnWP0B8bnDzujnSs=</latexit>

��1 $ �2�2

assume
<latexit sha1_base64="4jeDBrPJ48nyRC5dyRbpQ7u4Clc=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0UQhJqEouJCCm5cVrAPaEqYTKfN0JlJmJkIJeQz3Pgrblwo4rY7/8bpQ9DWAxcO59zLvfeECaNKO86XVVhZXVvfKG6WtrZ3dvfs/YOmilOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHwduK3HolUNBYPepSQLkcDQfsUI22kwD73/EglCJPMqXic5zzI/CSigZfDG8gDH0cUnsEf1c0Du+xUnCngMnHnpAzmqAf22O/FOOVEaMyQUh3XSXQ3Q1JTzEhe8lNFzP4hGpCOoQJxorrZ9LEcnhilB/uxNCU0nKq/JzLElRrx0HRypCO16E3E/7xOqvtX3YyKJNVE4NmifsqgjuEkJdijkmDNRoYgLKm5FeIISYS1ybJkQnAXX14mTa/iXlSq99Vy7XoeRxEcgWNwClxwCWrgDtRBA2DwBF7AG3i3nq1X68P6nLUWrPnMIfgDa/wN68afDg==</latexit>

2m�2 > m� +m�1
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The bounce at work

final yield enhanced  
by several orders of magnitude

bounce freeze-out

(here, kinetic equilibrium between dark and SM sectors is assumed throughout)
11



Cosmological history

<latexit sha1_base64="b03iRkar8Yrtrz5cnZWwbNHMZPI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92Vol6EghePFfoF7VKyabYNTbJrki2Wpb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo7uZ3xpTpVkk62YSU1/ggWQhI9hYyX9Ct0j0umTILlC9Vyy5ZXcOtEq8jJQgQ61X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJb/yUyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc3LsndVrjxUStVKFkceTuAUzsGDa6jCPdSgAQQe4Rle4c0ZOy/Ou/OxaM052cwx/IHz+QMAgJDr</latexit>

x = m�/T

dark sector and SM are kept in thermal equilibrium 

by portal interactions

12



Cosmological history

<latexit sha1_base64="b03iRkar8Yrtrz5cnZWwbNHMZPI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92Vol6EghePFfoF7VKyabYNTbJrki2Wpb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo7uZ3xpTpVkk62YSU1/ggWQhI9hYyX9Ct0j0umTILlC9Vyy5ZXcOtEq8jJQgQ61X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJb/yUyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc3LsndVrjxUStVKFkceTuAUzsGDa6jCPdSgAQQe4Rle4c0ZOy/Ou/OxaM052cwx/IHz+QMAgJDr</latexit>

x = m�/T

total comoving number density 
of dark sector is conserved 

shifted equilibrium curves

13



Cosmological history

<latexit sha1_base64="b03iRkar8Yrtrz5cnZWwbNHMZPI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92Vol6EghePFfoF7VKyabYNTbJrki2Wpb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo7uZ3xpTpVkk62YSU1/ggWQhI9hYyX9Ct0j0umTILlC9Vyy5ZXcOtEq8jJQgQ61X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJb/yUyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc3LsndVrjxUStVKFkceTuAUzsGDa6jCPdSgAQQe4Rle4c0ZOy/Ou/OxaM052cwx/IHz+QMAgJDr</latexit>

x = m�/T

  and   
decouple

AA ↔ BB χϕ2 ↔ ϕ1ϕ2

bounce

14



Cosmological history

<latexit sha1_base64="b03iRkar8Yrtrz5cnZWwbNHMZPI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92Vol6EghePFfoF7VKyabYNTbJrki2Wpb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo7uZ3xpTpVkk62YSU1/ggWQhI9hYyX9Ct0j0umTILlC9Vyy5ZXcOtEq8jJQgQ61X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJb/yUyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc3LsndVrjxUStVKFkceTuAUzsGDa6jCPdSgAQQe4Rle4c0ZOy/Ou/OxaM052cwx/IHz+QMAgJDr</latexit>

x = m�/T

only   

remains active

ϕ2ϕ2 ↔ χϕ1

bouncing 
phase

15



Cosmological history

<latexit sha1_base64="b03iRkar8Yrtrz5cnZWwbNHMZPI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU92Vol6EghePFfoF7VKyabYNTbJrki2Wpb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo7uZ3xpTpVkk62YSU1/ggWQhI9hYyX9Ct0j0umTILlC9Vyy5ZXcOtEq8jJQgQ61X/Or2I5IIKg3hWOuO58bGT7EyjHA6LXQTTWNMRnhAO5ZKLKj20/nRU3RmlT4KI2VLGjRXf0+kWGg9EYHtFNgM9bI3E//zOokJb/yUyTgxVJLFojDhyERolgDqM0WJ4RNLMFHM3orIECtMjM2pYEPwll9eJc3LsndVrjxUStVKFkceTuAUzsGDa6jCPdSgAQQe4Rle4c0ZOy/Ou/OxaM052cwx/IHz+QMAgJDr</latexit>

x = m�/T

only   

remains active

ϕ2ϕ2 ↔ χϕ1

bouncing 
phase

Recall that 
<latexit sha1_base64="WYAuevS8XdIoBH1FcYmuHvj6oKM=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiCUJJS1JUU3LisYB/QhDCZTtqhM5MwMxFKyNqNv+LGhSJu/QJ3/o3TNoK2HrhwOOde7r0nTBhV2nG+rKXlldW19dJGeXNre2fX3ttvqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrid+555IRWNxp8cJ8TkaCBpRjLSRAvuoxoPMS4Y0qOXwCvLAw0MKz+CP6uaBXXGqzhRwkbgFqYACzcD+9PoxTjkRGjOkVM91Eu1nSGqKGcnLXqpIgvAIDUjPUIE4UX42fSWHJ0bpwyiWpoSGU/X3RIa4UmMemk6O9FDNexPxP6+X6ujSz6hIUk0Eni2KUgZ1DCe5wD6VBGs2NgRhSc2tEA+RRFib9MomBHf+5UXSrlXd82r9tl5p1Is4SuAQHINT4IIL0AA3oAlaAIMH8ARewKv1aD1bb9b7rHXJKmYOwB9YH98ztplK</latexit>

2m�2 > m� +m�1

Bouncing phase controlled by 
<latexit sha1_base64="iWXJG10aTngxv7dHb3AFgz/TQmc=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUlKUZcFNy4r2Ac0IUymk2bo5MHMjVJCv8GNv+LGhSJuXbnzb5y2EbT1wOUezrmXmXv8VHAFlvVllFZW19Y3ypuVre2d3T1z/6CjkkxS1qaJSGTPJ4oJHrM2cBCsl0pGIl+wrj+6mvrdOyYVT+JbGKfMjcgw5gGnBLTkmWdOGnKvjn+aYAFIPgyBSJncY4eGfO7Znlm1atYMeJnYBamiAi3P/HQGCc0iFgMVRKm+baXg5kQCp4JNKk6mWEroiAxZX9OYREy5+eykCT7RygAHidQVA56pvzdyEik1jnw9GREI1aI3Ff/z+hkEl27O4zQDFtP5Q0EmMCR4mg8ecMkoiLEmhEqu/4ppSCShoFOs6BDsxZOXSades89rjZtGtdko4iijI3SMTpGNLlATXaMWaiOKHtATekGvxqPxbLwZ7/PRklHsHKI/MD6+ATeTnSk=</latexit>

�2�2 $ ��1

Forward process is kinematically allowed 
Backward process needs thermal support

When T drops below mass splitting,  
             is populated preferentially

<latexit sha1_base64="4N9rVWNJZAbRdLcQyC1DxQMRuRs=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeCF48V7AckoWy2m2bpZjfsToQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBPcgOt+O5WNza3tnepubW//4PCofnzSMyrXlHWpEkoPImKY4JJ1gYNgg0wzkkaC9aPJ3dzvPzFtuJKPMM1YmJKx5DGnBKzkBzThOMgSPvSG9YbbdBfA68QrSQOV6AzrX8FI0TxlEqggxviem0FYEA2cCjarBblhGaETMma+pZKkzITF4uQZvrDKCMdK25KAF+rviYKkxkzTyHamBBKz6s3F/zw/h/g2LLjMcmCSLhfFucCg8Px/POKaURBTSwjV3N6KaUI0oWBTqtkQvNWX10nvquldN1sPrUa7VcZRRWfoHF0iD92gNrpHHdRFFCn0jF7RmwPOi/PufCxbK045c4r+wPn8AY+XkMA=</latexit>

��1

transition to exponentially rising curve
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The chemical potentials

chemical 
potentials

yields
<latexit sha1_base64="b2Lrg4MhNJOce7uPl6gmWj3+UmI=">AAACD3icbZBNS8MwGMdTX+d8q3r0EhyKp9GOobsIAy8eJ7gXWEtJs3QNS9qSpMIo/QZe/CpePCji1as3v43p1oPb/EPgl//zPCTP308Ylcqyfoy19Y3Nre3KTnV3b//g0Dw67sk4FZh0ccxiMfCRJIxGpKuoYmSQCIK4z0jfn9wW9f4jEZLG0YOaJsTlaBzRgGKktOWZFw5PPQeHFN7AAjMnCaln5wvXRu6ZNatuzQRXwS6hBkp1PPPbGcU45SRSmCEph7aVKDdDQlHMSF51UkkShCdoTIYaI8SJdLPZPjk8184IBrHQJ1Jw5v6dyBCXcsp93cmRCuVyrTD/qw1TFbTcjEZJqkiE5w8FKYMqhkU4cEQFwYpNNSAsqP4rxCESCCsdYVWHYC+vvAq9Rt2+qjfvm7V2q4yjAk7BGbgENrgGbXAHOqALMHgCL+ANvBvPxqvxYXzOW9eMcuYELMj4+gW6h5vS</latexit>µ� = µ�1 = µ�2

bounce

<latexit sha1_base64="9y0urMjmXK7QhI000uKiS4jQS4E=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQhZKUot0IBTcuK9gHNCFMppNm6EwSZiZCCfkHN/6KGxeKuHXjzr9x2gbU1gMXzpxzL3Pv8RNGpbKsL6O0srq2vlHerGxt7+zumfsHXRmnApMOjlks+j6ShNGIdBRVjPQTQRD3Gen54+up37snQtI4ulOThLgcjSIaUIyUljzzzOGplzk4pDk8h/NHElLPziG8gvUfoZ57ZtWqWTPAZWIXpAoKtD3z0xnGOOUkUpghKQe2lSg3Q0JRzEhecVJJEoTHaEQGmkaIE+lms5tyeKKVIQxioStScKb+nsgQl3LCfd3JkQrlojcV//MGqQqabkajJFUkwvOPgpRBFcNpQHBIBcGKTTRBWFC9K8QhEggrHWNFh2AvnrxMuvWafVFr3DaqrWYRRxkcgWNwCmxwCVrgBrRBB2DwAJ7AC3g1Ho1n4814n7eWjGLmEPyB8fENYpadMg==</latexit>

µ� + µ�1 = 2µ�2

dashed black: constant        after bounce 
<latexit sha1_base64="UvuBjE4wzfU6k5PxGmUv5tWVPUo=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmYkiXoLePEYwSySDKGn05O06ekeunuEMOQfvHhQxKv/482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1rapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWji6nfuqNKMymuzTihQYwHgkWMYGOl5k2vS4asVyx5bsXzz6s++k1815uhBAvUe8W3bl+SNKbCEI617vheYoIMK8MIp5NCN9U0wWSEB7RjqcAx1UE2u3aCjqzSR5FUtoRBM/XrRIZjrcdxaDtjbIb6pzcV//I6qYnOgoyJJDVUkPmiKOXISDR9HfWZosTwsSWYKGZvRWSIFSbGBlSwIXx+iv4nzRPXr7rlq3KpVl7EkYcDOIRj8OEUanAJdWgAgVu4h0d4cqTz4Dw7L/PWnLOY2YdvcF4/AMHsjzs=</latexit>
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Cosmological history

Analytical solution
<latexit sha1_base64="J/eSn02mBAbJXvrzKqBsY2CKdaA="></latexit>

Y�
x!1�! 1

2
Y (b)
�2

+ Y (b)
�

In practice, once 

other processes recouple, such as 

Freezeout abundances are comparable

<latexit sha1_base64="8Mm7ISzjJ6Z3FfPHrHEzSkhJxEU=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJWkFHVZcOOygn3RhDCZTpqhM5MwMxFK7MJfceNCEbf+hjv/xmmbhbYeuHA4517uvSdMGVXacb6t0tr6xuZWebuys7u3f2AfHnVUkklM2jhhieyFSBFGBWlrqhnppZIgHjLSDcc3M7/7QKSiibjXk5T4HI0EjShG2kiBfdIPPBxT6CnKYT/IvTSmQX0a2FWn5swBV4lbkCoo0ArsL2+Y4IwToTFDSg1cJ9V+jqSmmJFpxcsUSREeoxEZGCoQJ8rP5/dP4blRhjBKpCmh4Vz9PZEjrtSEh6aTIx2rZW8m/ucNMh1d+zkVaaaJwItFUcagTuAsDDikkmDNJoYgLKm5FeIYSYS1iaxiQnCXX14lnXrNvaw17hrVZqOIowxOwRm4AC64Ak1wC1qgDTB4BM/gFbxZT9aL9W59LFpLVjFzDP7A+vwBNMGVjQ==</latexit>

Y� ⇠ Y�2
<latexit sha1_base64="yxahih5/xeF65ww09pL07t84iyo=">AAACBnicbVDLSsNAFL2pr1pfUZciDBbBVUlKUZcFNy4r2Ac0IUymk3boZBJmJkIJXbnxV9y4UMSt3+DOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZkktE0SnsheiBXlTNC2ZprTXiopjkNOu+H4ZuZ3H6hULBH3epJSP8ZDwSJGsDZSYJ96ZMSQl45YUEeeThbULZTArjo1Zw60StyCVKFAK7C/vEFCspgKTThWqu86qfZzLDUjnE4rXqZoiskYD2nfUIFjqvx8HmOKzo0yQFEizRMazdXfGzmOlZrEoZmMsR6pZW8m/uf1Mx1d+zkTaaapIItDUcaRiTvrBA2YpETziSGYSGb+isgIS0y0aa5iSnCXI6+STr3mXtYad41qs1HUUYYTOIMLcOEKmnALLWgDgUd4hld4s56sF+vd+liMlqxi5xj+wPr8ASyul6A=</latexit>

��2 ! �1�2
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Cosmological history

•       may be stable (2-component DM) or decay before BBN 

•       freezes out with very large abundance, must decay before BBN
<latexit sha1_base64="72qZX2xVw8dOmzUqGJL6kTLud/k=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFZIY0roruHFZwT6gDWUynbRjJzNhZiKU0H9w40IRt/6PO//GSVtBRQ9cOJxzL/feE6WMKu04H1ZpbX1jc6u8XdnZ3ds/qB4edZTIJCZtLJiQvQgpwignbU01I71UEpREjHSj6VXhd++JVFTwWz1LSZigMacxxUgbqTNIJ3ToDqs1x75sBJ4fQMd2nLrruQXx6v6FD12jFKiBFVrD6vtgJHCWEK4xQ0r1XSfVYY6kppiReWWQKZIiPEVj0jeUo4SoMF9cO4dnRhnBWEhTXMOF+n0iR4lSsyQynQnSE/XbK8S/vH6m40aYU55mmnC8XBRnDGoBi9fhiEqCNZsZgrCk5laIJ0girE1AFRPC16fwf9LxbDew/Ru/1gxWcZTBCTgF58AFddAE16AF2gCDO/AAnsCzJaxH68V6XbaWrNXMMfgB6+0TmqePIg==</latexit>

�1

<latexit sha1_base64="WX5eibFvbfG2QOuuIzZ8u1xAws4=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJDO+2y4MZlBfuAdiiZNNPGZpIhyQhl6D+4caGIW//HnX9j+hBU9MCFwzn3cu89UcqZNgh9OIWNza3tneJuaW//4PCofHzS0TJThLaJ5FL1IqwpZ4K2DTOc9lJFcRJx2o2mVwu/e0+VZlLcmllKwwSPBYsZwcZKnUE6YUN/WK4gFwW1qteAyA1qgV/3LfFrHkI+9Fy0RAWs0RqW3wcjSbKECkM41rrvodSEOVaGEU7npUGmaYrJFI9p31KBE6rDfHntHF5YZQRjqWwJA5fq94kcJ1rPksh2JthM9G9vIf7l9TMTN8KciTQzVJDVojjj0Ei4eB2OmKLE8JklmChmb4VkghUmxgZUsiF8fQr/Jx3f9QK3elOtNIN1HEVwBs7BJfBAHTTBNWiBNiDgDjyAJ/DsSOfReXFeV60FZz1zCn7AefsEllqPHw==</latexit>

�2

<latexit sha1_base64="HftkGpGIFYAOP83vXAGSoCRhtcs=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSiJFC24KblxWsA9oQphMJ+3QmUmYmQgl5Afc+CtuXCji1r07/8ZJm4W2HrhwOOde7r0nTBhV2nG+rZXVtfWNzcpWdXtnd2/fPjjsqjiVmHRwzGLZD5EijArS0VQz0k8kQTxkpBdObgq/90CkorG419OE+ByNBI0oRtpIgX3qaZQGmZeMaeDm0GNEKUU5dL1rjyM9ljxTeWDXnLozA1wmbklqoEQ7sL+8YYxTToTGDCk1cJ1E+xmSmmJG8qqXKpIgPEEjMjBUIE6Un82+yeGZUYYwiqUpoeFM/T2RIa7UlIems7hQLXqF+J83SHXU9DMqklQTgeeLopRBHcMiGjikkmDNpoYgLKm5FeIxkghrE2DVhOAuvrxMuhd197LeuGvUWs0yjgo4BifgHLjgCrTALWiDDsDgETyDV/BmPVkv1rv1MW9dscqZI/AH1ucPsMab8A==</latexit>

⌧�1 . 1 s
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Impact on phenomenology

Signals of dark matter annihilation (indirect detection): 

Canonical thermal target is  

Here, cross sections for                             can be larger than  

In standard scenarios, would lead to a too-small freezeout abundance. 

But the bounce compensates for this

⟨σv⟩canonical ≃ 2 × 10−26 cm3 s−1

⟨σv⟩canonical

<latexit sha1_base64="1a2CsKghz5XpA9k6MOfRYNEDi1Q=">AAACBHicbVC7TsMwFL0pr1JeAcYuFhUSU5WgChBTJRbGItGH1EaR4zqNVceJbAepijqw8CssDCDEykew8Te4bQZouZJ9j865V/Y5QcqZ0o7zbZXW1jc2t8rblZ3dvf0D+/Coo5JMEtomCU9kL8CKciZoWzPNaS+VFMcBp91gfDPTuw9UKpaIez1JqRfjkWAhI1gbyrerAxIxtLh0ggZpxHxWNN+uOXVnXmgVuAWoQVEt3/4aDBOSxVRowrFSfddJtZdjqRnhdFoZZIqmmIzxiPYNFDimysvnJqbo1DBDFCbSHKHRnP29keNYqUkcmMkY60gtazPyP62f6fDKy5lIM00FWTwUZhwZu7NE0JBJSjSfGICJZOaviERYYqJNbhUTgrtseRV0zuvuRb1x16g1r4s4ylCFEzgDFy6hCbfQgjYQeIRneIU368l6sd6tj8VoySp2juFPWZ8/jBqXYw==</latexit>

�� ! �i�i

Bouncing dark matter has improved prospects  

of discovery at indirect detection experiments
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Indirect detection

<latexit sha1_base64="4ZcZRcefBtj2h2qeotNXbQDGEZc=">AAACI3icbVDLSsNAFJ3UV62vqks3g0UQxJKUouJK0IXLCvYBTQmT6U07dCaJMxOhhPyLG3/FjQuluHHhvzh9INp64MLhnHu59x4/5kxp2/60ckvLK6tr+fXCxubW9k5xd6+hokRSqNOIR7LlEwWchVDXTHNoxRKI8Dk0/cH12G8+glQsCu/1MIaOIL2QBYwSbSSveOneANcEC+zCQ8IesfBSN+4zr5LhU+wGktBUeC7tM3zy4zlZllYyr1iyy/YEeJE4M1JCM9S84sjtRjQREGrKiVJtx451JyVSM8ohK7iJgpjQAelB29CQCFCddPJjho+M0sVBJE2FGk/U3xMpEUoNhW86BdF9Ne+Nxf+8dqKDi07KwjjRENLpoiDhWEd4HBjuMglU86EhhEpmbsW0T0wu2sRaMCE48y8vkkal7JyVq3fV0lV1FkceHaBDdIwcdI6u0C2qoTqi6Am9oDf0bj1br9bI+pi25qzZzD76A+vrG71so7Q=</latexit>

�m ⌘ m�2 �
m� +m�1

2

<latexit sha1_base64="0RFO/GhVneTJvpatmR6jBhj6aMU=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIaI8FLx4r2KbQhLLZbtqlm03c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzwlRwbRznG5U2Nre2d8q7lb39g8Oj6vFJRyeZoqxNE5Gobkg0E1yytuFGsG6qGIlDwbxwfDf3vQlTmify0UxTFsRkKHnEKTFWCvx0xPsu9k2CPa9frTl1ZwG8TtyC1KBAq1/98gcJzWImDRVE657rpCbIiTKcCjar+JlmKaFjMmQ9SyWJmQ7yxdEzfGGVAY4SZUsavFB/T+Qk1noah7YzJmakV725+J/Xy0zUCHIu08wwSZeLokxg++M8ATzgilEjppYQqri9FdMRUYQam1PFhuCuvrxOOld196Z+/XBdazaKOMpwBudwCS7cQhPuoQVtoPAEz/AKb2iCXtA7+li2llAxcwp/gD5/AJ/JkVU=</latexit>

�1 ! WW

<latexit sha1_base64="wvqQ7HqfFR/Tgw38yMeNWdQgPdc=">AAACBHicbVC7TsMwFL0pr1JeAcYuFhUSU5WgCjpWYmEsEn1IbRQ5rtNYdZzIdpCqqAMLv8LCAEKsfAQbf4PbZoCWK9n36Jx7ZZ8TpJwp7TjfVmljc2t7p7xb2ds/ODyyj0+6KskkoR2S8ET2A6woZ4J2NNOc9lNJcRxw2gsmN3O990ClYom419OUejEeCxYygrWhfLs6JBFDy0snaJhGzHeL5ts1p+4sCq0DtwA1KKrt21/DUUKymApNOFZq4Dqp9nIsNSOczirDTNEUkwke04GBAsdUefnCxAydG2aEwkSaIzRasL83chwrNY0DMxljHalVbU7+pw0yHTa9nIk001SQ5UNhxpGxO08EjZikRPOpAZhIZv6KSIQlJtrkVjEhuKuW10H3su5e1Rt3jVqrWcRRhiqcwQW4cA0tuIU2dIDAIzzDK7xZT9aL9W59LEdLVrFzCn/K+vwB4CmW8Q==</latexit>

�� ! �1�1

<latexit sha1_base64="P9KNgsjYtBkU229dO9ice5fPM74="></latexit>

40����2�2 = 200��2�2�1�1 = ����1�1 = 4��2�2��1

dashed: early kinetic decoupling 

  dotted: intermediate kinetic decoupling (Higgs portal)

<latexit sha1_base64="vki77Dw0vwy2QX0lxc0CisJX8ao=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSlVDdCwY3LCvYBTQiT6aQdOjMJMxOhhKzc+CtuXCji1m9w5984bbPQ1gMXDufcy733hAmjSjvOt1VaW9/Y3CpvV3Z29/YP7MOjropTiUkHxyyW/RApwqggHU01I/1EEsRDRnrh5Gbm9x6IVDQW93qaEJ+jkaARxUgbKbBPeZB5yZgGbg6voRdJhDMeeHhM86yeB3bVqTlzwFXiFqQKCrQD+8sbxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiA0MF4kT52fyNHJ4bZQijWJoSGs7V3xMZ4kpNeWg6OdJjtezNxP+8QaqjKz+jIkk1EXixKEoZ1DGcZQKHVBKs2dQQhCU1t0I8RiYKbZKrmBDc5ZdXSbdec5u1xl2j2moWcZTBCTgDF8AFl6AFbkEbdAAGj+AZvII368l6sd6tj0VrySpmjsEfWJ8/zYiYrg==</latexit>

m�1 =
m�

2

<latexit sha1_base64="X2tTQST2QrgLvbFmAzh0NctbH34=">AAACInicdVDLSgMxFM3UV62vqks3wSK4KlMt2u6qdeGygn1AZyiZ9LYNzWTGJFMoQ7/Fjb/ixoWirgQ/xkxbweeBwOGcc7m5xws5U9q236zUwuLS8kp6NbO2vrG5ld3eaaggkhTqNOCBbHlEAWcC6pppDq1QAvE9Dk1vWE385gikYoG41uMQXJ/0BesxSrSROtmyo1jfJ5347Lx6McEO3ERshB1ORJ8DnpnYCHIqJDHs6ACbbCebs/PFcsk+LuPfpJC3p8ihOWqd7IvTDWjkg9CUE6XaBTvUbkykZpTDJONECkJCh6QPbUMF8UG58fTECT4wShf3Amme0Hiqfp2Iia/U2PdM0id6oH56ifiX1450r+TGTISRBkFni3oRx+bIpC/cZRKo5mNDCJXM/BXTAZGEatNqxpTweSn+nzSO8oWTfPGqmKvY8zrSaA/to0NUQKeogi5RDdURRbfoHj2iJ+vOerCerddZNGXNZ3bRN1jvH3nco5o=</latexit>

�ABCD ⌘ h�viAB!CD
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Indirect detection

<latexit sha1_base64="4ZcZRcefBtj2h2qeotNXbQDGEZc=">AAACI3icbVDLSsNAFJ3UV62vqks3g0UQxJKUouJK0IXLCvYBTQmT6U07dCaJMxOhhPyLG3/FjQuluHHhvzh9INp64MLhnHu59x4/5kxp2/60ckvLK6tr+fXCxubW9k5xd6+hokRSqNOIR7LlEwWchVDXTHNoxRKI8Dk0/cH12G8+glQsCu/1MIaOIL2QBYwSbSSveOneANcEC+zCQ8IesfBSN+4zr5LhU+wGktBUeC7tM3zy4zlZllYyr1iyy/YEeJE4M1JCM9S84sjtRjQREGrKiVJtx451JyVSM8ohK7iJgpjQAelB29CQCFCddPJjho+M0sVBJE2FGk/U3xMpEUoNhW86BdF9Ne+Nxf+8dqKDi07KwjjRENLpoiDhWEd4HBjuMglU86EhhEpmbsW0T0wu2sRaMCE48y8vkkal7JyVq3fV0lV1FkceHaBDdIwcdI6u0C2qoTqi6Am9oDf0bj1br9bI+pi25qzZzD76A+vrG71so7Q=</latexit>

�m ⌘ m�2 �
m� +m�1

2

<latexit sha1_base64="0RFO/GhVneTJvpatmR6jBhj6aMU=">AAAB9HicbVBNS8NAEJ2tX7V+VT16WSyCp5KIaI8FLx4r2KbQhLLZbtqlm03c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzwlRwbRznG5U2Nre2d8q7lb39g8Oj6vFJRyeZoqxNE5Gobkg0E1yytuFGsG6qGIlDwbxwfDf3vQlTmify0UxTFsRkKHnEKTFWCvx0xPsu9k2CPa9frTl1ZwG8TtyC1KBAq1/98gcJzWImDRVE657rpCbIiTKcCjar+JlmKaFjMmQ9SyWJmQ7yxdEzfGGVAY4SZUsavFB/T+Qk1noah7YzJmakV725+J/Xy0zUCHIu08wwSZeLokxg++M8ATzgilEjppYQqri9FdMRUYQam1PFhuCuvrxOOld196Z+/XBdazaKOMpwBudwCS7cQhPuoQVtoPAEz/AKb2iCXtA7+li2llAxcwp/gD5/AJ/JkVU=</latexit>

�1 ! WW

<latexit sha1_base64="wvqQ7HqfFR/Tgw38yMeNWdQgPdc=">AAACBHicbVC7TsMwFL0pr1JeAcYuFhUSU5WgCjpWYmEsEn1IbRQ5rtNYdZzIdpCqqAMLv8LCAEKsfAQbf4PbZoCWK9n36Jx7ZZ8TpJwp7TjfVmljc2t7p7xb2ds/ODyyj0+6KskkoR2S8ET2A6woZ4J2NNOc9lNJcRxw2gsmN3O990ClYom419OUejEeCxYygrWhfLs6JBFDy0snaJhGzHeL5ts1p+4sCq0DtwA1KKrt21/DUUKymApNOFZq4Dqp9nIsNSOczirDTNEUkwke04GBAsdUefnCxAydG2aEwkSaIzRasL83chwrNY0DMxljHalVbU7+pw0yHTa9nIk001SQ5UNhxpGxO08EjZikRPOpAZhIZv6KSIQlJtrkVjEhuKuW10H3su5e1Rt3jVqrWcRRhiqcwQW4cA0tuIU2dIDAIzzDK7xZT9aL9W59LEdLVrFzCn/K+vwB4CmW8Q==</latexit>

�� ! �1�1

<latexit sha1_base64="vki77Dw0vwy2QX0lxc0CisJX8ao=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSlVDdCwY3LCvYBTQiT6aQdOjMJMxOhhKzc+CtuXCji1m9w5984bbPQ1gMXDufcy733hAmjSjvOt1VaW9/Y3CpvV3Z29/YP7MOjropTiUkHxyyW/RApwqggHU01I/1EEsRDRnrh5Gbm9x6IVDQW93qaEJ+jkaARxUgbKbBPeZB5yZgGbg6voRdJhDMeeHhM86yeB3bVqTlzwFXiFqQKCrQD+8sbxjjlRGjMkFID10m0nyGpKWYkr3ipIgnCEzQiA0MF4kT52fyNHJ4bZQijWJoSGs7V3xMZ4kpNeWg6OdJjtezNxP+8QaqjKz+jIkk1EXixKEoZ1DGcZQKHVBKs2dQQhCU1t0I8RiYKbZKrmBDc5ZdXSbdec5u1xl2j2moWcZTBCTgDF8AFl6AFbkEbdAAGj+AZvII368l6sd6tj0VrySpmjsEfWJ8/zYiYrg==</latexit>

m�1 =
m�

2

CTA unable to reach canonical thermal target for this cascade process, 

but will probe bouncing dark matter!
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Back to the model

The scalars are charged under a  symmetrySU(2) × U(1) × Z2

<latexit sha1_base64="JeG5VPlLFvoFr/Pjq16w6eehQJY=">AAAB/3icbVBNS8NAFHypX7V+RQUvXhaL4KkkWrTHghePFWwtNKFstpt26W4SdjdCiT34V7x4UMSrf8Ob/8ZNm4O2DiwMM+/xZidIOFPacb6t0srq2vpGebOytb2zu2fvH3RUnEpC2yTmsewGWFHOItrWTHPaTSTFIuD0Phhf5/79A5WKxdGdniTUF3gYsZARrI3Ut488MmLIU0wgT2A9CsLsYtp3+nbVqTkzoGXiFqQKBVp9+8sbxCQVNNKEY6V6rpNoP8NSM8LptOKliiaYjPGQ9gyNsKDKz2b5p+jUKAMUxtK8SKOZ+nsjw0KpiQjMZJ5RLXq5+J/XS3XY8DMWJammEZkfClOOdIzyMtCASUo0nxiCiWQmKyIjLDHRprKKKcFd/PIy6ZzX3Mta/bZebTaKOspwDCdwBi5cQRNuoAVtIPAIz/AKb9aT9WK9Wx/z0ZJV7BzCH1ifPyGUlYM=</latexit>

� ⇠ 30
<latexit sha1_base64="TZuTuNsOjrfFrD7t/og6y8/PMTM=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclaQU7bLgxmUF+4AmhMl00g6dSYaZiVBCdm78FTcuFHHrL7jzb5y0WWjrgQuHc+7l3ntCwajSjvNtra1vbG5tV3aqu3v7B4f20XFPJanEpIsTlshBiBRhNCZdTTUjAyEJ4iEj/XB6U/j9ByIVTeJ7PRPE52gc04hipI0U2GeemNCgAT1FOfQ40pMwyhp5kHmCQzcP7JpTd+aAq8QtSQ2U6AT2lzdKcMpJrDFDSg1dR2g/Q1JTzEhe9VJFBMJTNCZDQ2PEifKz+R85vDDKCEaJNBVrOFd/T2SIKzXjoeksLlXLXiH+5w1THbX8jMYi1STGi0VRyqBOYBEKHFFJsGYzQxCW1NwK8QRJhLWJrmpCcJdfXiW9Rt29qjfvmrV2q4yjAk7BObgELrgGbXALOqALMHgEz+AVvFlP1ov1bn0sWtescuYE/IH1+QMHOJjC</latexit>

�2 ⇠ 2±1
<latexit sha1_base64="Q7nP6ncEyC0HGrlpfjhfwV9aFRs=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmkaJcFNy4r2Ac0IUymk3bozCTMTIQSAm78FTcuFHHrT7jzb5y0WWjrgQuHc+7l3nvChFGlHefbqqytb2xuVbdrO7t7+wf24VFPxanEpItjFstBiBRhVJCuppqRQSIJ4iEj/XB6U/j9ByIVjcW9niXE52gsaEQx0kYK7BMvmdDAhZ6iHHoc6UkYZW4eZE4e2HWn4cwBV4lbkjoo0QnsL28U45QToTFDSg1dJ9F+hqSmmJG85qWKJAhP0ZgMDRWIE+Vn8x9yeG6UEYxiaUpoOFd/T2SIKzXjoeksrlTLXiH+5w1THbX8jIok1UTgxaIoZVDHsAgEjqgkWLOZIQhLam6FeIIkwtrEVjMhuMsvr5LeZcO9ajTvmvV2q4yjCk7BGbgALrgGbXALOqALMHgEz+AVvFlP1ov1bn0sWitWOXMM/sD6/AE5+pc+</latexit>

�1 ⇠ 10

• All other number-changing quartics automatically forbidden 

• Both      and        are stabilized (                                               ) 

•      , being a singlet, can easily decay before BBN

<latexit sha1_base64="v9MQQqQU7qBYwCUx+bhc1RqCoNw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mk1B4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA1YcvPmExSQyVZLQpTjkyM8sfRhClKDJ9bgoli9lZEIqwwMTaeig3BW395k/Ru6l6z3nho1NqtIo4yXMAlXIMHt9CGe+hAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwD/l44x</latexit>�
<latexit sha1_base64="ciidFcPtRqQ337FsYBSTfqH72e4=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1StMeCF48V7Ae0S8mm2TY2myxJVihL/4MXD4p49f9489+YtnvQ1gcDj/dmmJkXJoIb63nfaGNza3tnt7BX3D84PDounZy2jUo1ZS2qhNLdkBgmuGQty61g3UQzEoeCdcLJ7dzvPDFtuJIPdpqwICYjySNOiXVSu5+M+aA6KJW9ircAXid+TsqQozkoffWHiqYxk5YKYkzP9xIbZERbTgWbFfupYQmhEzJiPUcliZkJssW1M3zplCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2qgcZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo6ELwV19eJ+1qxb+u1O5r5UY9j6MA53ABV+DDDTTgDprQAgqP8Ayv8IYUekHv6GPZuoHymTP4A/T5Azy2juM=</latexit>

�2
<latexit sha1_base64="YcA40Pn2NkYTUeVH73aI3aZeu+0=">AAACFXicbZDLSsNAFIYn9VbrLerSzWARBKUkpVRXUnDjsoK9QBPCZDpph84kYWYilJCXcOOruHGhiFvBnW/jpI2grT8M/HznHM6c348ZlcqyvozSyura+kZ5s7K1vbO7Z+4fdGWUCEw6OGKR6PtIEkZD0lFUMdKPBUHcZ6TnT67zeu+eCEmj8E5NY+JyNAppQDFSGnnmeZ17qROPqVfP4BXknoPHFJ7BH2rPaZrjzDOrVs2aCS4buzBVUKjtmZ/OMMIJJ6HCDEk5sK1YuSkSimJGsoqTSBIjPEEjMtA2RJxIN51dlcETTYYwiIR+oYIz+nsiRVzKKfd1J0dqLBdrOfyvNkhUcOmmNIwTRUI8XxQkDKoI5hHBIRUEKzbVBmFB9V8hHiOBsNJBVnQI9uLJy6Zbr9nNWuO2UW01izjK4Agcg1NggwvQAjegDToAgwfwBF7Aq/FoPBtvxvu8tWQUM4fgj4yPbyYZnYw=</latexit>

2m�2 > m� +m�1 > m�
<latexit sha1_base64="iZpbhS+gDKJZ0zhKtyE9FugWz+s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8Z84E/KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2qgcZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+2rqn9drd3XKo16HkcRzuAcLsGHG2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5AzsyjuI=</latexit>

�1
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Parameter space

For instance, assume the following interactions of       with the SM
<latexit sha1_base64="iZpbhS+gDKJZ0zhKtyE9FugWz+s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8Z84E/KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2qgcZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+2rqn9drd3XKo16HkcRzuAcLsGHG2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5AzsyjuI=</latexit>

�1

<latexit sha1_base64="azevTwirXMEDM8b3xt/B1kVPGc0="></latexit>

L = ��v�
2
1H

†
H+

ḡ�1

⇤
W a

µ⌫W
aµ⌫

Higgs portal keeps 
thermal eq at early times

small  breaking, 
mediates       decay 

Z2
<latexit sha1_base64="r7AJNjbxPoJ+Bq0Uj89Nvj7Ssnw=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZCEvUW8OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKrV4yYn2/Xyx5btXzL2o++k1815ujBEs0+sW33kCSNKbCEI617vpeYoIMK8MIp9NCL9U0wWSMh7RrqcAx1UE2v3aKTqwyQJFUtoRBc/XrRIZjrSdxaDtjbEb6pzcT//K6qYnOg4yJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXx+iv4nrbLr19zKdaVULy/jyMMRHMMp+HAGdbiCBjSBwC3cwyM8OdJ5cJ6dl0VrzlnOHMI3OK8fmOCPHg==</latexit>

�1

@ tree-level to transverse modes @ one loop, tadpole for 
<latexit sha1_base64="GNZ8YJ8VyCiiC0jSY3f7ItJgYBY=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWoh4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8Z84E/KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2ugkyLpPUMkmXi6JUYKvw/HU85JpRK6aOEKq5uxXTMdGEWhdQyYXgr768Ttq1qn9Vrd/XK41aHkcRzuAcLsGHa2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5Azlkjtw=</latexit>

�1

<latexit sha1_base64="IvS3X8wwY7dCziOo845pi0vb9I4="></latexit>

h�1i ⇠
ḡ⇤3

(4⇡)2m2
�1

decay to longitudinal modes

<latexit sha1_base64="+ymShGVkkW8GDFawQA29zqmACic=">AAACHXicbVDLSsNAFJ34rPUVdelmsAhurImE6rLgxmUF+4Amhsl00g6dScLMRCghP+LGX3HjQhEXbsS/cdJmUVsPDBzOOZe59wQJo1JZ1o+xsrq2vrFZ2apu7+zu7ZsHhx0ZpwKTNo5ZLHoBkoTRiLQVVYz0EkEQDxjpBuObwu8+EiFpHN2rSUI8joYRDSlGSku+6djWQ3beyKHLiJSScugqlPqZm4yob+cXLkdqJHgm5xK2b9asujUFXCZ2SWqgRMs3v9xBjFNOIoUZkrJvW4nyMiQUxYzkVTeVJEF4jIakr2mEOJFeNr0uh6daGcAwFvpFCk7V+YkMcSknPNDJYlm56BXif14/VeG1l9EoSRWJ8OyjMGVQxbCoCg6oIFixiSYIC6p3hXiEBMJKF1rVJdiLJy+TzmXdbtSdO6fWdMo6KuAYnIAzYIMr0AS3oAXaAIMn8ALewLvxbLwaH8bnLLpilDNH4A+M71/8nKHa</latexit>

10�6 . ⌧�1/s . 1Require                                 (after bounce but before BBN)
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Parameter space

For instance, assume the following interactions of       with the SM
<latexit sha1_base64="iZpbhS+gDKJZ0zhKtyE9FugWz+s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8Z84E/KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2qgcZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+2rqn9drd3XKo16HkcRzuAcLsGHG2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5AzsyjuI=</latexit>

�1

<latexit sha1_base64="azevTwirXMEDM8b3xt/B1kVPGc0="></latexit>

L = ��v�
2
1H

†
H+

ḡ�1

⇤
W a

µ⌫W
aµ⌫

Higgs portal keeps 
thermal eq at early times

small  breaking, 
mediates       decay 

Z2

<latexit sha1_base64="8LAU1cUIB4+KCIOuFN8YEwxkHsA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2il7iCgOhvnw2rNrbsLkHXiFaQGBVrD6tdgFLM04gqZpMb0PTdBP6MaBZM8rwxSwxPKpnTM+5YqGnHjZ4tzc3JhlREJY21LIVmovycyGhkziwLbGVGcmFVvLv7n9VMMb/1MqCRFrthyUZhKgjGZ/05GQnOGcmYJZVrYWwmbUE0Z2oQqNgRv9eV10rmqe9f1xkOj1mwUcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD4jbj6s=</latexit>

ḡ

<latexit sha1_base64="Nr8sPow0ad2XQ+AVQ8qYn7CF1zw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJpKjLghsXLir0BUkok8m0HTozCTMToYRs/BU3LhRx62e482+ctFlo64GBwznnMveeMGFUacf5tlZW19Y3Nitb1e2d3b19++Cwq+JUYtLBMYtlP0SKMCpIR1PNSD+RBPGQkV44uS383iORisairacJCTgaCTqkGGkjDexj/96EI+RfeD5Heix51ibdPBjYNafuzACXiVuSGijRGthffhTjlBOhMUNKea6T6CBDUlPMSF71U0UShCdoRDxDBeJEBdnsgByeGSWCw1iaJzScqb8nMsSVmvLQJIsl1aJXiP95XqqHN0FGRZJqIvD8o2HKoI5h0QaMqCRYs6khCEtqdoV4jCTC2nRWNSW4iycvk+5l3b2qNx4atWajrKMCTsApOAcuuAZNcAdaoAMwyMEzeAVv1pP1Yr1bH/PoilXOHIE/sD5/AIRxllU=</latexit>

⇤ [TeV]

<latexit sha1_base64="r7AJNjbxPoJ+Bq0Uj89Nvj7Ssnw=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZCEvUW8OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKrV4yYn2/Xyx5btXzL2o++k1815ujBEs0+sW33kCSNKbCEI617vpeYoIMK8MIp9NCL9U0wWSMh7RrqcAx1UE2v3aKTqwyQJFUtoRBc/XrRIZjrSdxaDtjbEb6pzcT//K6qYnOg4yJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXx+iv4nrbLr19zKdaVULy/jyMMRHMMp+HAGdbiCBjSBwC3cwyM8OdJ5cJ6dl0VrzlnOHMI3OK8fmOCPHg==</latexit>

�1

below the lines, 
trilinear couplings  
generated by 
do not impact bounce 

<latexit sha1_base64="wd/6N4EwQpLvhzZFf+HadRXGNxc=">AAACAHicbVA9SwNBEJ3zM8avUwsLm8UgWIW7ENQyYGMZwXxALoS9zSRZsrd37O4J4UjjX7GxUMTWn2Hnv3GTXKGJDwbevjfDzrwwEVwbz/t21tY3Nre2CzvF3b39g0P36Lip41QxbLBYxKodUo2CS2wYbgS2E4U0CgW2wvHtzG89otI8lg9mkmA3okPJB5xRY6WeexoIKocCSZCMeM8ngVo8e27JK3tzkFXi56QEOeo99yvoxyyNUBomqNYd30tMN6PKcCZwWgxSjQllYzrEjqWSRqi72fyAKbmwSp8MYmVLGjJXf09kNNJ6EoW2M6JmpJe9mfif10nN4KabcZmkBiVbfDRIBTExmaVB+lwhM2JiCWWK210JG1FFmbGZFW0I/vLJq6RZKftX5ep9tVSr5HEU4AzO4RJ8uIYa3EEdGsBgCs/wCm/Ok/PivDsfi9Y1J585gT9wPn8AnKOVuw==</latexit>

h�1i

@ one loop
<latexit sha1_base64="IvS3X8wwY7dCziOo845pi0vb9I4="></latexit>

h�1i ⇠
ḡ⇤3

(4⇡)2m2
�1
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Parameter space

For instance, assume the following interactions of       with the SM
<latexit sha1_base64="iZpbhS+gDKJZ0zhKtyE9FugWz+s=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexK0R4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8Z84E/KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2qgcZl0lqmaTLRVEqsFV4/joecs2oFVNHCNXc3YrpmGhCrQuo5ELwV19eJ+2rqn9drd3XKo16HkcRzuAcLsGHG2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5AzsyjuI=</latexit>

�1

<latexit sha1_base64="azevTwirXMEDM8b3xt/B1kVPGc0="></latexit>

L = ��v�
2
1H

†
H+

ḡ�1

⇤
W a

µ⌫W
aµ⌫

Higgs portal keeps 
thermal eq at early times

small  breaking, 
mediates       decay 

Z2

<latexit sha1_base64="IvS3X8wwY7dCziOo845pi0vb9I4="></latexit>

h�1i ⇠
ḡ⇤3

(4⇡)2m2
�1

<latexit sha1_base64="8LAU1cUIB4+KCIOuFN8YEwxkHsA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bpZhN2J0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2il7iCgOhvnw2rNrbsLkHXiFaQGBVrD6tdgFLM04gqZpMb0PTdBP6MaBZM8rwxSwxPKpnTM+5YqGnHjZ4tzc3JhlREJY21LIVmovycyGhkziwLbGVGcmFVvLv7n9VMMb/1MqCRFrthyUZhKgjGZ/05GQnOGcmYJZVrYWwmbUE0Z2oQqNgRv9eV10rmqe9f1xkOj1mwUcZThDM7hEjy4gSbcQwvawGAKz/AKb07ivDjvzseyteQUM6fwB87nD4jbj6s=</latexit>

ḡ

<latexit sha1_base64="Nr8sPow0ad2XQ+AVQ8qYn7CF1zw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJpKjLghsXLir0BUkok8m0HTozCTMToYRs/BU3LhRx62e482+ctFlo64GBwznnMveeMGFUacf5tlZW19Y3Nitb1e2d3b19++Cwq+JUYtLBMYtlP0SKMCpIR1PNSD+RBPGQkV44uS383iORisairacJCTgaCTqkGGkjDexj/96EI+RfeD5Heix51ibdPBjYNafuzACXiVuSGijRGthffhTjlBOhMUNKea6T6CBDUlPMSF71U0UShCdoRDxDBeJEBdnsgByeGSWCw1iaJzScqb8nMsSVmvLQJIsl1aJXiP95XqqHN0FGRZJqIvD8o2HKoI5h0QaMqCRYs6khCEtqdoV4jCTC2nRWNSW4iycvk+5l3b2qNx4atWajrKMCTsApOAcuuAZNcAdaoAMwyMEzeAVv1pP1Yr1bH/PoilXOHIE/sD5/AIRxllU=</latexit>

⇤ [TeV]

<latexit sha1_base64="r7AJNjbxPoJ+Bq0Uj89Nvj7Ssnw=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZCEvUW8OIxglkgGUJPpydp09M9dPcIYcg/ePGgiFf/x5t/Y2cRXB8UPN6roqpemHCmjee9O7mV1bX1jfxmYWt7Z3evuH/Q0jJVhDaJ5FJ1QqwpZ4I2DTOcdhJFcRxy2g7HlzO/fUeVZlLcmElCgxgPBYsYwcZKrV4yYn2/Xyx5btXzL2o++k1815ujBEs0+sW33kCSNKbCEI617vpeYoIMK8MIp9NCL9U0wWSMh7RrqcAx1UE2v3aKTqwyQJFUtoRBc/XrRIZjrSdxaDtjbEb6pzcT//K6qYnOg4yJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXx+iv4nrbLr19zKdaVULy/jyMMRHMMp+HAGdbiCBjSBwC3cwyM8OdJ5cJ6dl0VrzlnOHMI3OK8fmOCPHg==</latexit>

�1

@ one loop

below the lines, 
trilinear couplings  
generated by 
do not impact bounce 

<latexit sha1_base64="wd/6N4EwQpLvhzZFf+HadRXGNxc=">AAACAHicbVA9SwNBEJ3zM8avUwsLm8UgWIW7ENQyYGMZwXxALoS9zSRZsrd37O4J4UjjX7GxUMTWn2Hnv3GTXKGJDwbevjfDzrwwEVwbz/t21tY3Nre2CzvF3b39g0P36Lip41QxbLBYxKodUo2CS2wYbgS2E4U0CgW2wvHtzG89otI8lg9mkmA3okPJB5xRY6WeexoIKocCSZCMeM8ngVo8e27JK3tzkFXi56QEOeo99yvoxyyNUBomqNYd30tMN6PKcCZwWgxSjQllYzrEjqWSRqi72fyAKbmwSp8MYmVLGjJXf09kNNJ6EoW2M6JmpJe9mfif10nN4KabcZmkBiVbfDRIBTExmaVB+lwhM2JiCWWK210JG1FFmbGZFW0I/vLJq6RZKftX5ep9tVSr5HEU4AzO4RJ8uIYa3EEdGsBgCs/wCm/Ok/PivDsfi9Y1J585gT9wPn8AnKOVuw==</latexit>

h�1i

All requirements satisfied in broad region with 
<latexit sha1_base64="7xxdLaPN6i3hcpNY7CFS1wpmk2Y=">AAACAXicbVBNS8NAEJ34WetX1IvgZbEIXiyJlKq3ghePFewHNLFstpt26W4SdjdCCfXiX/HiQRGv/gtv/hu3bQ7a+mDg8d4MM/OChDOlHefbWlpeWV1bL2wUN7e2d3btvf2milNJaIPEPJbtACvKWUQbmmlO24mkWASctoLh9cRvPVCpWBzd6VFCfYH7EQsZwdpIXfvQC7DM+mPkcaqUYgK5zn12djXu2iWn7EyBFombkxLkqHftL68Xk1TQSBOOleq4TqL9DEvNCKfjopcqmmAyxH3aMTTCgio/m34wRidG6aEwlqYijabq74kMC6VGIjCdAuuBmvcm4n9eJ9XhpZ+xKEk1jchsUZhypGM0iQP1mKRE85EhmEhmbkVkgCUm2oRWNCG48y8vkuZ52a2WK7eVUq2ax1GAIziGU3DhAmpwA3VoAIFHeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QOFFJZB</latexit>

ḡ . 10�9 <latexit sha1_base64="PN5AaG7YaWCxOPkuW2gbEqnQDVI=">AAACCXicbVDLSgMxFM3UV62vUZdugkVwVWakVMFNwY0LFxX6gs5QMplMG5pkhiQjlKFbN/6KGxeKuPUP3Pk3ZtpZaOuBwOGcc8m9J0gYVdpxvq3S2vrG5lZ5u7Kzu7d/YB8edVWcSkw6OGax7AdIEUYF6WiqGeknkiAeMNILJje533sgUtFYtPU0IT5HI0EjipE20tCG3p0Jhwh6I21SHLqOd+1xpMeSZ23SnQ3tqlNz5oCrxC1IFRRoDe0vL4xxyonQmCGlBq6TaD9DUlPMyKzipYokCE/QiAwMFYgT5WfzS2bwzCghjGJpntBwrv6eyBBXasoDk8x3VMteLv7nDVIdXfkZFUmqicCLj6KUQR3DvBYYUkmwZlNDEJbU7ArxGEmEtSmvYkpwl09eJd2Lmtuo1e/r1WajqKMMTsApOAcuuARNcAtaoAMweATP4BW8WU/Wi/VufSyiJauYOQZ/YH3+AJHLmZs=</latexit>

⇤ & 10 TeV
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Other bouncing scenarios



Co-annihilation with decaying partner

Same setup as before:

<latexit sha1_base64="jSSNdSJLisnUhAH8RtK39bdSiTQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FPXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6W3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnvNeuOhUWvdFXGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDQo49</latexit>�
<latexit sha1_base64="yXMipqTn1UobdY0aZUZXYsZhTLg=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld1S1GNBDx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+0dr6xubWdmGnuLu3f3BYOjpuGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fjm5nffmLacCUf7CRhQUyGkkecEuukVi8Z8X61Xyp7FW8OvEr8nJQhR6Nf+uoNFE1jJi0VxJiu7yU2yIi2nAo2LfZSwxJCx2TIuo5KEjMTZPNrp/jcKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gogvBX355lbSqFf+yUruvleu3eRwFOIUzuAAfrqAOd9CAJlB4hGd4hTek0At6Rx+L1jWUz5zAH6DPH0BSju8=</latexit>

�2
<latexit sha1_base64="zhVkW23asIRiAp26sqwSRpLy7yE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FPXisYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RoW19Y3NreJ2aWd3b/+gfHjUMirVlDWpEkp3QmKY4JI1LbeCdRLNSBwK1g7HNzO//cS04Uo+2EnCgpgMJY84JdZJrV4y4n2/X654VW8OvEr8nFQgR6Nf/uoNFE1jJi0VxJiu7yU2yIi2nAo2LfVSwxJCx2TIuo5KEjMTZPNrp/jMKQMcKe1KWjxXf09kJDZmEoeuMyZ2ZJa9mfif101tdB1kXCapZZIuFkWpwFbh2et4wDWjVkwcIVRzdyumI6IJtS6gkgvBX355lbQuqv5ltXZfq9Rv8ziKcAKncA4+XEEd7qABTaDwCM/wCm9IoRf0jj4WrQWUzxzDH6DPHz7Oju4=</latexit>

�1

dark matter possibly stable long-lived

but two important modifications:

1.   Reversed mass condition 

2.         decays around the time of      freezeout

<latexit sha1_base64="bxOnmDSGZ9Lp992qcHU0N4n1aCU=">AAACH3icbVDLSsNAFJ34rPUVdelmsAiCUJJaqsuCG5cV7AOaEibT22boTBJmJkIJ+RM3/oobF4qIu/6N04egrQcuHM65l3vvCRLOlHacibW2vrG5tV3YKe7u7R8c2kfHLRWnkkKTxjyWnYAo4CyCpmaaQyeRQETAoR2Mbqd++xGkYnH0oMcJ9AQZRmzAKNFG8u1axQtVQihkTvlKiFz4mZeEzK/k2OOglGICC9+jIcOX+Md0c98uOWVnBrxK3AUpoQUavv3l9WOaCog05USpruskupcRqRnlkBe9VIE5Y0SG0DU0IgJUL5v9l+Nzo/TxIJamIo1n6u+JjAilxiIwnYLoUC17U/E/r5vqwU0vY1GSaojofNEg5VjHeBoW7jMJVPOxIYRKZm7FNCSSUG0iLZoQ3OWXV0mrUnZr5ep9tVSvLeIooFN0hi6Qi65RHd2hBmoiip7QC3pD79az9Wp9WJ/z1jVrMXOC/sCafAM376Jv</latexit>

2m�2 . m� +m�1

<latexit sha1_base64="iUnae3H5CbBISbl33UjD5VvHqr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqR4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8Z84E/KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2ugkyLpPUMkmXi6JUYKvw/HU85JpRK6aOEKq5uxXTMdGEWhdQyYXgr768TtpXVb9erd3XKo16HkcRzuAcLsGHa2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5AzqYjuA=</latexit>

�1
<latexit sha1_base64="7caZi4RWcNFSlp7hOfYGQHNNPOs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mktB4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14a2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLWbRRxluIBLuAYPWtCGe+hAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwD+/Y4v</latexit>�
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Co-annihilation with decaying partner
<latexit sha1_base64="bxOnmDSGZ9Lp992qcHU0N4n1aCU=">AAACH3icbVDLSsNAFJ34rPUVdelmsAiCUJJaqsuCG5cV7AOaEibT22boTBJmJkIJ+RM3/oobF4qIu/6N04egrQcuHM65l3vvCRLOlHacibW2vrG5tV3YKe7u7R8c2kfHLRWnkkKTxjyWnYAo4CyCpmaaQyeRQETAoR2Mbqd++xGkYnH0oMcJ9AQZRmzAKNFG8u1axQtVQihkTvlKiFz4mZeEzK/k2OOglGICC9+jIcOX+Md0c98uOWVnBrxK3AUpoQUavv3l9WOaCog05USpruskupcRqRnlkBe9VIE5Y0SG0DU0IgJUL5v9l+Nzo/TxIJamIo1n6u+JjAilxiIwnYLoUC17U/E/r5vqwU0vY1GSaojofNEg5VjHeBoW7jMJVPOxIYRKZm7FNCSSUG0iLZoQ3OWXV0mrUnZr5ep9tVSvLeIooFN0hi6Qi65RHd2hBmoiip7QC3pD79az9Wp9WJ/z1jVrMXOC/sCafAM376Jv</latexit>

2m�2 . m� +m�1

<latexit sha1_base64="lFN9LhWZ+TdNuW7dp1mbvL7jshM=">AAACIHicbVDLSgMxFM3UV62vqks3wSIIwjAzlNaNUHDjsoJ9QKcMmTTthCaZIckIZZhPceOvuHGhiO70a0wfoLYeCJyccy/33hMmjCrtOJ9WYW19Y3OruF3a2d3bPygfHrVVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCcfXU79zT6SisbjTk4T0ORoJOqQYaSMF5brnRypBmGSO7XGe+zwNMj+JaODl8ArOvziiObyAP56bB+WKYzszwFXiLkgFLNAMyh/+IMYpJ0JjhpTquU6i+xmSmmJG8pKfKmL2GKMR6RkqECeqn80OzOGZUQZwGEvzhIYz9XdHhrhSEx6aSo50pJa9qfif10v18LKfUZGkmgg8HzRMGdQxnKYFB1QSrNnEEIQlNbtCHCGJsDaZlkwI7vLJq6Tt2W7Nrt5WK43aIo4iOAGn4By4oA4a4AY0QQtg8ACewAt4tR6tZ+vNep+XFqxFzzH4A+vrG90RosQ=</latexit>

2µ�2 = µ� + µ�1 still holds, but now          decreases as       is decaying<latexit sha1_base64="U48rBBH3JpXY+3MRF0p4Z7oUSvI=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAdkl2V2MkmGzMwu8xDCkt/w4kERr/6MN//GSbIHTSxoKKq66e5KMs608f1vr7SxubW9U96t7O0fHB5Vj086OrWK0DZJeap6CdaUM0nbhhlOe5miWCScdpPJ3dzvPlGlWSofzTSjkcAjyYaMYOOkMBQ2zsNszOJgFldrft1fAK2ToCA1KNCKq1/hICVWUGkIx1r3Az8zUY6VYYTTWSW0mmaYTPCI9h2VWFAd5YubZ+jCKQM0TJUradBC/T2RY6H1VCSuU2Az1qveXPzP61szvI1yJjNrqCTLRUPLkUnRPAA0YIoSw6eOYKKYuxWRMVaYGBdTxYUQrL68TjpX9aBRv364rjUbRRxlOINzuIQAbqAJ99CCNhDI4Ble4c2z3ov37n0sW0teMXMKf+B9/gAXPpGx</latexit>µ�1

<latexit sha1_base64="iUnae3H5CbBISbl33UjD5VvHqr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKqR4LXjxWsB/QLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pG5VqylpUCaW7ITFMcMlallvBuolmJA4F64ST27nfeWLacCUf7DRhQUxGkkecEuukdj8Z84E/KFe8qrcAXid+TiqQozkof/WHiqYxk5YKYkzP9xIbZERbTgWblfqpYQmhEzJiPUcliZkJssW1M3zhlCGOlHYlLV6ovycyEhszjUPXGRM7NqveXPzP66U2ugkyLpPUMkmXi6JUYKvw/HU85JpRK6aOEKq5uxXTMdGEWhdQyYXgr768TtpXVb9erd3XKo16HkcRzuAcLsGHa2jAHTShBRQe4Rle4Q0p9ILe0ceytYDymVP4A/T5AzqYjuA=</latexit>

�1

To compensate,         decreases and        increases 

                        wins, despite requiring thermal support

<latexit sha1_base64="1/Pl5yQSvGd+5wmSKyMVo9IY0AI=">AAAB83icbVDLSgMxFM3UV62vqks3wSK4KjOlVJcFNy4r2Ad0hiGTZtrQJBPyEMrQ33DjQhG3/ow7/8a0nYW2HrhwOOde7r0nkYxq4/vfXmlre2d3r7xfOTg8Oj6pnp71dGYVJl2csUwNEqQJo4J0DTWMDKQiiCeM9JPp3cLvPxGlaSYezUySiKOxoCnFyDgpDLmN81BOaNyYx9WaX/eXgJskKEgNFOjE1a9wlGHLiTCYIa2HgS9NlCNlKGZkXgmtJhLhKRqToaMCcaKjfHnzHF45ZQTTTLkSBi7V3xM54lrPeOI6OTITve4txP+8oTXpbZRTIa0hAq8WpZZBk8FFAHBEFcGGzRxBWFF3K8QTpBA2LqaKCyFYf3mT9Br1oFVvPjRr7VYRRxlcgEtwDQJwA9rgHnRAF2AgwTN4BW+e9V68d+9j1Vryiplz8Afe5w8Yw5Gy</latexit>µ�2

<latexit sha1_base64="6njriTEb7eI9zcRolFci/seMak4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9sQtlsN+3S3U3Y3Qgl9F948aCIV/+NN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfog15UzSjmGG036iKBYhp71wervwe09UaRbLBzNLaCDwWLKIEWys9OiLdJj5ZMLmw2rNrbs50DrxClKDAu1h9csfxSQVVBrCsdYDz01MkGFlGOF0XvFTTRNMpnhMB5ZKLKgOsvziObqwyghFsbIlDcrV3xMZFlrPRGg7BTYTveotxP+8QWqimyBjMkkNlWS5KEo5MjFavI9GTFFi+MwSTBSztyIywQoTY0Oq2BC81ZfXSfeq7jXrjftGrdUs4ijDGZzDJXhwDS24gzZ0gICEZ3iFN0c7L86787FsLTnFzCn8gfP5A9a+kQA=</latexit>µ�
<latexit sha1_base64="4fuHf2KPr+8oX30Hl5gAu2O+4jA=">AAACBnicbVDLSgMxFL1TX7W+Rl2KECyCqzJTSnVZcOOygn1AZxgyaaYTmnmQZIQydOXGX3HjQhG3foM7/8a0HUFbL4ScnHMvN+f4KWdSWdaXUVpb39jcKm9Xdnb39g/Mw6OuTDJBaIckPBF9H0vKWUw7iilO+6mgOPI57fnj65neu6dCsiS+U5OUuhEexSxgBCtNeeapk4bMq6OfSyXIISFbvG3PrFo1a15oFdgFqEJRbc/8dIYJySIaK8KxlAPbSpWbY6EY4XRacTJJU0zGeEQHGsY4otLN5zam6FwzQxQkQp9YoTn7eyLHkZSTyNedEVahXNZm5H/aIFPBlZuzOM0UjcliUZBxpM3OMkFDJihRfKIBJoLpvyISYoGJ0slVdAj2suVV0K3X7GatcduotppFHGU4gTO4ABsuoQU30IYOEHiAJ3iBV+PReDbejPdFa8koZo7hTxkf3yx1l6I=</latexit>

�2�2 ! ��1
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A setup with only 2 states:

<latexit sha1_base64="jSSNdSJLisnUhAH8RtK39bdSiTQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FPXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6W3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnvNeuOhUWvdFXGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDQo49</latexit>�
dark matter

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

Masses:
<latexit sha1_base64="H4GdtO/mzEuu8HLbNY0F6+KgcKA=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWwVVJpKgLkYIblxXsBdoQJtNJM3QmCTMToYY+iRsXirj1Udz5Nk7bLLT1h4GP/5zDOfMHKWdKO863VVpb39jcKm9Xdnb39qv2wWFHJZkktE0SnshegBXlLKZtzTSnvVRSLAJOu8H4dlbvPlKpWBI/6ElKPYFHMQsZwdpYvl0V/oBEDN0gA2nEfLvm1J250Cq4BdSgUMu3vwbDhGSCxppwrFTfdVLt5VhqRjidVgaZoikmYzyifYMxFlR5+fzwKTo1zhCFiTQv1mju/p7IsVBqIgLTKbCO1HJtZv5X62c6vPJyFqeZpjFZLAozjnSCZimgIZOUaD4xgIlk5lZEIiwx0SarignBXf7yKnTO6+5FvXHfqDWvizjKcAwncAYuXEIT7qAFbSCQwTO8wpv1ZL1Y79bHorVkFTNH8EfW5w/NBJKH</latexit>

m� > m� but
<latexit sha1_base64="xwTqWGK8MkiJ22eWOvlejseZEEc=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQlKLuuii4MZlBfuAJoTJdNoMnZmEmYlQQv/Cjb/ixoUibnXn3zhts7CtBy4czrmXe++JUkaVdt0fa219Y3Nru7RT3t3bPzi0j47bKskkJi2csER2I6QIo4K0NNWMdFNJEI8Y6USj26nfeSRS0UQ86HFKAo6Ggg4oRtpIoe1U/VilCJPcdaqcT3jo45jCOrxc1KEx0piGdsV13BngKvEKUgEFmqH97fcTnHEiNGZIqZ7npjrIkdQUMzIp+5kiZs0IDUnPUIE4UUE++2sCz43Sh4NEmhIaztS/EzniSo15ZDo50rFa9qbif14v04ObIKcizTQReL5okDGoEzgNCfapJFizsSEIS2puhThGEmFtoiybELzll1dJu+p4V07tvlZp1Is4SuAUnIEL4IFr0AB3oAlaAIMn8ALewLv1bL1aH9bnvHXNKmZOwAKsr18cg56k</latexit>

2m� < 3m�

Interactions: only 
<latexit sha1_base64="Uaozx8aUD4dLIwRiRW9hCBRRo64=">AAAB9HicbVC7TsMwFL0pr1JeBUYWiwqJqUpKBQwMlVgYi0QfUhMqx3Vaq44TbKdSFfU7WBhAiJWPYeNvcNMM0HKkq3t0zr3y9fFjzpS27W+rsLa+sblV3C7t7O7tH5QPj9oqSiShLRLxSHZ9rChngrY005x2Y0lx6HPa8ce3c78zoVKxSDzoaUy9EA8FCxjB2kieS0bssYbc2LSLfrliV+0MaJU4OalAjma//OUOIpKEVGjCsVI9x461l2KpGeF0VnITRWNMxnhIe4YKHFLlpdnRM3RmlAEKImlKaJSpvzdSHCo1DX0zGWI9UsveXPzP6yU6uPZSJuJEU0EWDwUJRzpC8wTQgElKNJ8agolk5lZERlhiok1OJROCs/zlVdKuVZ3Lav2+Xmnc5HEU4QRO4RwcuIIG3EETWkDgCZ7hFd6sifVivVsfi9GCle8cwx9Ynz+/MZFt</latexit>

�2�3

3  2 process↔
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3  2 process↔
A setup with only 2 states:

<latexit sha1_base64="xwTqWGK8MkiJ22eWOvlejseZEEc=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQlKLuuii4MZlBfuAJoTJdNoMnZmEmYlQQv/Cjb/ixoUibnXn3zhts7CtBy4czrmXe++JUkaVdt0fa219Y3Nru7RT3t3bPzi0j47bKskkJi2csER2I6QIo4K0NNWMdFNJEI8Y6USj26nfeSRS0UQ86HFKAo6Ggg4oRtpIoe1U/VilCJPcdaqcT3jo45jCOrxc1KEx0piGdsV13BngKvEKUgEFmqH97fcTnHEiNGZIqZ7npjrIkdQUMzIp+5kiZs0IDUnPUIE4UUE++2sCz43Sh4NEmhIaztS/EzniSo15ZDo50rFa9qbif14v04ObIKcizTQReL5okDGoEzgNCfapJFizsSEIS2puhThGEmFtoiybELzll1dJu+p4V07tvlZp1Is4SuAUnIEL4IFr0AB3oAlaAIMn8ALewLv1bL1aH9bnvHXNKmZOwAKsr18cg56k</latexit>

2m� < 3m�

<latexit sha1_base64="MMalW3zgHaZLQ10IXhjID9cEfRE=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRXBVEinVjVBw47KCvUATwmQ6bYfOJGFmIpTQja/ixoUibn0Md76N0zQLbf1h4OM/53Dm/GHCmdKO822V1tY3NrfK25Wd3b39A/vwqKPiVBLaJjGPZS/EinIW0bZmmtNeIikWIafdcHI7r3cfqVQsjh70NKG+wKOIDRnB2liBfeKJNPDImKEblGOSoxPYVafm5EKr4BZQhUKtwP7yBjFJBY004Vipvusk2s+w1IxwOqt4qaIJJhM8on2DERZU+Vl+wAydG2eAhrE0L9Iod39PZFgoNRWh6RRYj9VybW7+V+unenjtZyxKUk0jslg0TDnSMZqngQZMUqL51AAmkpm/IjLGEhNtMquYENzlk1ehc1lzG7X6fb3abBRxlOEUzuACXLiCJtxBC9pAYAbP8Apv1pP1Yr1bH4vWklXMHMMfWZ8/qI2VHw==</latexit>

µ� = µ� = 0

<latexit sha1_base64="XLKqElqMmxxK/E+GOwTusjw4XsE=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSiKluiy4cVnBPqAJZTKdNEMnD2ZulBL6B278FTcuFHHr1p1/4yTNQlsPXDiccy/33uMlgiuwrG9jZXVtfWOzslXd3tnd2zcPDrsqTiVlHRqLWPY9opjgEesAB8H6iWQk9ATreZPr3O/dM6l4HN3BNGFuSMYR9zkloKWheeYkAS+KBhw7gvkg+TgAImX8gHMD587QrFl1qwBeJnZJaqhEe2h+OaOYpiGLgAqi1MC2EnAzIoFTwWZVJ1UsIXRCxmygaURCptys+GeGT7Uywn4sdUWAC/X3REZCpaahpztDAoFa9HLxP2+Qgn/lZjxKUmARnS/yU4Ehxnk4eMQloyCmmhAqub4V04BIQkFHWNUh2IsvL5PuRd1u1hu3jVqrWcZRQcfoBJ0jG12iFrpBbdRBFD2iZ/SK3own48V4Nz7mrStGOXOE/sD4/AFNr5zL</latexit>

��� $ �� still rapid
<latexit sha1_base64="z+pER89dRgQ5y1/xW3LcPyiZKoM=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRIp1WXBjcsK9gFNKJPppBk6eTBzo5TQP3Djr7hxoYhbt+78GydtBG09cIfDOfdy5x4vEVyBZX0ZpZXVtfWN8mZla3tnd8/cP+ioOJWUtWksYtnziGKCR6wNHATrJZKR0BOs642vcr97x6TicXQLk4S5IRlF3OeUgJYG5qmTBPynsCOYD5KPAiBSxvfYobmon4FZtWrWDHiZ2AWpogKtgfnpDGOahiwCKohSfdtKwM2IBE4Fm1acVLGE0DEZsb6mEQmZcrPZPVN8opUh9mOpKwI8U39PZCRUahJ6ujMkEKhFLxf/8/op+JduxqMkBRbR+SI/FRhinIeDh1wyCmKiCaGS679iGhBJKOgIKzoEe/HkZdI5r9mNWv2mXm02ijjK6AgdozNkowvURNeohdqIogf0hF7Qq/FoPBtvxvu8tWQUM4foD4yPb07AnMs=</latexit>

��� $ ��only                        is active

<latexit sha1_base64="vIicAkF0nIS3P1c9lP3mOZT+DE0=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEInkpSinoRCl48VrAf0ISw2W7apbtJ2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/PClDOlHefbWlldW9/YLG2Vt3d29/btg8O2SjJJaIskPJHdECvKWUxbmmlOu6mkWIScdsLRzdTvPFCpWBLf63FKfYEHMYsYwdpIgX3sYZ4OcZB7UiAaRRN0jZxqPbArTtWZAS0TtyAVKNAM7C+vn5BM0FgTjpXquU6q/RxLzQink7KXKZpiMsID2jM0xoIqP5/dP0FnRumjKJGmYo1m6u+JHAulxiI0nQLroVr0puJ/Xi/T0ZWfszjNNI3JfFGUcaQTNA0D9ZmkRPOxIZhIZm5FZIglJtpEVjYhuIsvL5N2repeVOt39UqjVsRRghM4hXNw4RIacAtNaAGBR3iGV3iznqwX6936mLeuWMXMEfyB9fkDIr+U1A==</latexit>

↵e↵ = 0.4

<latexit sha1_base64="END61yJuAS1GRV0mG1c30A9P3qY=">AAACG3icbVDLSsNAFJ34rPUVdelmsAiuQlJLdSMU3LisYB/QhDCZTpqhM0mYmQgl9D/c+CtuXCjiSnDh3zhNs7CtBy4czrmXe+8JUkalsu0fY219Y3Nru7JT3d3bPzg0j467MskEJh2csET0AyQJozHpKKoY6aeCIB4w0gvGtzO/90iEpEn8oCYp8TgaxTSkGCkt+Wb90o1kijDJbavO+dTlme+mEYU3sL7owMLCEfXNmm3ZBeAqcUpSAyXavvnlDhOccRIrzJCUA8dOlZcjoShmZFp1M0n0ojEakYGmMeJEennx2xSea2UIw0ToihUs1L8TOeJSTnigOzlSkVz2ZuJ/3iBT4bWX0zjNFInxfFGYMagSOAsKDqkgWLGJJggLqm+FOEICYaXjrOoQnOWXV0m3bjlNq3HfqLWaZRwVcArOwAVwwBVogTvQBh2AwRN4AW/g3Xg2Xo0P43PeumaUMydgAcb3L3PJoGk=</latexit>

3µ� = 2µ�

<latexit sha1_base64="EMjJUQZLttq/ual51CN2SqTbM6U="></latexit>

h�v2i���!�� =
⇡2↵3

e↵

m5
�
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3  2 process↔
A setup with only 2 states:

<latexit sha1_base64="xwTqWGK8MkiJ22eWOvlejseZEEc=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQlKLuuii4MZlBfuAJoTJdNoMnZmEmYlQQv/Cjb/ixoUibnXn3zhts7CtBy4czrmXe++JUkaVdt0fa219Y3Nru7RT3t3bPzi0j47bKskkJi2csER2I6QIo4K0NNWMdFNJEI8Y6USj26nfeSRS0UQ86HFKAo6Ggg4oRtpIoe1U/VilCJPcdaqcT3jo45jCOrxc1KEx0piGdsV13BngKvEKUgEFmqH97fcTnHEiNGZIqZ7npjrIkdQUMzIp+5kiZs0IDUnPUIE4UUE++2sCz43Sh4NEmhIaztS/EzniSo15ZDo50rFa9qbif14v04ObIKcizTQReL5okDGoEzgNCfapJFizsSEIS2puhThGEmFtoiybELzll1dJu+p4V07tvlZp1Is4SuAUnIEL4IFr0AB3oAlaAIMn8ALewLv1bL1aH9bnvHXNKmZOwAKsr18cg56k</latexit>

2m� < 3m�

<latexit sha1_base64="MMalW3zgHaZLQ10IXhjID9cEfRE=">AAACAHicbZDLSsNAFIZP6q3WW9SFCzeDRXBVEinVjVBw47KCvUATwmQ6bYfOJGFmIpTQja/ixoUibn0Md76N0zQLbf1h4OM/53Dm/GHCmdKO822V1tY3NrfK25Wd3b39A/vwqKPiVBLaJjGPZS/EinIW0bZmmtNeIikWIafdcHI7r3cfqVQsjh70NKG+wKOIDRnB2liBfeKJNPDImKEblGOSoxPYVafm5EKr4BZQhUKtwP7yBjFJBY004Vipvusk2s+w1IxwOqt4qaIJJhM8on2DERZU+Vl+wAydG2eAhrE0L9Iod39PZFgoNRWh6RRYj9VybW7+V+unenjtZyxKUk0jslg0TDnSMZqngQZMUqL51AAmkpm/IjLGEhNtMquYENzlk1ehc1lzG7X6fb3abBRxlOEUzuACXLiCJtxBC9pAYAbP8Apv1pP1Yr1bH4vWklXMHMMfWZ8/qI2VHw==</latexit>

µ� = µ� = 0

<latexit sha1_base64="XLKqElqMmxxK/E+GOwTusjw4XsE=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSiKluiy4cVnBPqAJZTKdNEMnD2ZulBL6B278FTcuFHHr1p1/4yTNQlsPXDiccy/33uMlgiuwrG9jZXVtfWOzslXd3tnd2zcPDrsqTiVlHRqLWPY9opjgEesAB8H6iWQk9ATreZPr3O/dM6l4HN3BNGFuSMYR9zkloKWheeYkAS+KBhw7gvkg+TgAImX8gHMD587QrFl1qwBeJnZJaqhEe2h+OaOYpiGLgAqi1MC2EnAzIoFTwWZVJ1UsIXRCxmygaURCptys+GeGT7Uywn4sdUWAC/X3REZCpaahpztDAoFa9HLxP2+Qgn/lZjxKUmARnS/yU4Ehxnk4eMQloyCmmhAqub4V04BIQkFHWNUh2IsvL5PuRd1u1hu3jVqrWcZRQcfoBJ0jG12iFrpBbdRBFD2iZ/SK3own48V4Nz7mrStGOXOE/sD4/AFNr5zL</latexit>

��� $ �� still rapid
<latexit sha1_base64="01W8VExAb+bOjvDouW7YS099/Ds="></latexit>

Y� ⇡ e�3c/2 e�(2m��3m�)/(2T )

Approximate solution in bouncing phase:

<latexit sha1_base64="xJ9DkrLFp1X1vfyL19oVC4Od4F8=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgxjIjRV0W3Lis0Bd0hiGTpm1okglJRixDd278FTcuFHHrL7jzb0zbWWjrgQsn59xL7j2xZFQbz/t2Ciura+sbxc3S1vbO7p67f9DSSaowaeKEJaoTI00YFaRpqGGkIxVBPGakHY9upn77nihNE9EwY0lCjgaC9ilGxkqRexzwNArkkMIASamSB8jnz3OIYQNGbtmreDPAZeLnpAxy1CP3K+glOOVEGMyQ1l3fkybMkDIUMzIpBakmEuERGpCupQJxosNsdscEnlqlB/uJsiUMnKm/JzLEtR7z2HZyZIZ60ZuK/3nd1PSvw4wKmRoi8PyjfsqgSeA0FNijimDDxpYgrKjdFeIhUggbG13JhuAvnrxMWhcV/7JSvauWa14eRxEcgRNwBnxwBWrgFtRBE2DwCJ7BK3hznpwX5935mLcWnHzmEPyB8/kDARuYCw==</latexit>

µ� ⇡ m� � cT

<latexit sha1_base64="vIicAkF0nIS3P1c9lP3mOZT+DE0=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEInkpSinoRCl48VrAf0ISw2W7apbtJ2N0IJfbgX/HiQRGv/g1v/hu3bQ7a+mDg8d4MM/PClDOlHefbWlldW9/YLG2Vt3d29/btg8O2SjJJaIskPJHdECvKWUxbmmlOu6mkWIScdsLRzdTvPFCpWBLf63FKfYEHMYsYwdpIgX3sYZ4OcZB7UiAaRRN0jZxqPbArTtWZAS0TtyAVKNAM7C+vn5BM0FgTjpXquU6q/RxLzQink7KXKZpiMsID2jM0xoIqP5/dP0FnRumjKJGmYo1m6u+JHAulxiI0nQLroVr0puJ/Xi/T0ZWfszjNNI3JfFGUcaQTNA0D9ZmkRPOxIZhIZm5FZIglJtpEVjYhuIsvL5N2repeVOt39UqjVsRRghM4hXNw4RIacAtNaAGBR3iGV3iznqwX6936mLeuWMXMEfyB9fkDIr+U1A==</latexit>

↵e↵ = 0.4

<latexit sha1_base64="EMjJUQZLttq/ual51CN2SqTbM6U="></latexit>

h�v2i���!�� =
⇡2↵3

e↵

m5
�
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Some considerations for embedding into complete model: 

3  2 process↔
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Some considerations for embedding into complete model: 

3  2 process↔

• Dominance of  over  ? 

Example: complex scalars

χ2ϕ3 χ2ϕ2

<latexit sha1_base64="7caZi4RWcNFSlp7hOfYGQHNNPOs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mktB4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA14a2fMZmkhkqyWhSmHJkY5Y+jCVOUGD63BBPF7K2IRFhhYmw8FRuCt/7yJund1L1mvfHQqLWbRRxluIBLuAYPWtCGe+hAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwD+/Y4v</latexit>� <latexit sha1_base64="DcZsw40qcSLIQ7cgGRpEaJppkU4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY8kXjxClEcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSwfzCRBP6JDyUPOqLFS475fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7KXrVcaVRKtWoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AK13jNQ=</latexit>

S
<latexit sha1_base64="kVB+Aaxsok5eGTPKMY6lHDJNAt0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mktB4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaZREbFytuXV3CbRJvILUoEBnXP0aTWKSCioN4Vjroecmxs+wMoxwuqiMUk0TTGZ4SoeWSiyo9rPlrQt0ZZUJCmNlSxq0VH9PZFhoPReB7RTYRHrdy8X/vGFqwls/YzJJDZVktShMOTIxyh9HE6YoMXxuCSaK2VsRibDCxNh4KjYEb/3lTdK7qXvNeuOhUWs3izjKcAGXcA0etKAN99CBLhCI4Ble4c0Rzovz7nysWktOMXMOf+B8/gAS2o48</latexit>

�

mediator, same quantum 
numbers as

<latexit sha1_base64="3XV0XoixCQtkPH6YoPCn1plbFSc=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoPgadkNMeot4MVjBPOAZAmzk9nskJnZZWZWCCG/4MWDIl79IW/+jbNJBJ8FDUVVN91dYcqZNp737hRWVtfWN4qbpa3tnd298v5BWyeZIrRFEp6obog15UzSlmGG026qKBYhp51wfJX7nTuqNEvkrZmkNBB4JFnECDa51CcxG5Qrnnvm+Zd1H/0mvuvNUYElmoPyW3+YkExQaQjHWvd8LzXBFCvDCKezUj/TNMVkjEe0Z6nEgupgOr91hk6sMkRRomxJg+bq14kpFlpPRGg7BTax/unl4l9eLzPRRTBlMs0MlWSxKMo4MgnKH0dDpigxfGIJJorZWxGJscLE2HhKNoTPT9H/pF11/bpbu6lVGtVlHEU4gmM4BR/OoQHX0IQWEIjhHh7hyRHOg/PsvCxaC85y5hC+wXn9AF1Ujm0=</latexit>�

<latexit sha1_base64="ri6PFN8y2Y2Csbg666xUS5lAycQ=">AAACKHicbVDLTgIxFO3gC/GFunTTSExMNGSGEHUniRuXGOWRMEA65QINnc6k7ZiQgc9x46+4MUZj2PoldoAFgidpcnLOue3t8ULOlLbtiZVaW9/Y3EpvZ3Z29/YPsodHVRVEkkKFBjyQdY8o4ExARTPNoR5KIL7HoeYN7hK/9gxSsUA86WEITZ/0BOsySrSR2tlbl/ZZyyVK40c8csM+G7UK+ALH7vTuWEJn7EKoGA/E2L3Ei/Ek3c7m7Lw9BV4lzpzk0BzldvbD7QQ08kFoyolSDccOdTMmUjPKYZxxIwUhoQPSg4ahgvigmvF0mTE+M0oHdwNpjtB4qi5OxMRXauh7JukT3VfLXiL+5zUi3b1pxkyEkQZBZw91I451gJPWcIdJoJoPDSFUMrMrpn0iCdWm24wpwVn+8iqpFvLOVb74UMyVivM60ugEnaJz5KBrVEL3qIwqiKIX9IY+0Zf1ar1b39ZkFk1Z85lj9AfWzy9+WqY3</latexit>

�⇤S|�|2 + ✏ �⇤S�

breaks      number 
<latexit sha1_base64="hzCRRS1XGxATdbieVZIJkaS8Zlk=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4CkkNbb0VvHisYD+gDWWz3TRLd5OwuxFK6F/w4kERr/4hb/4bN20FFX0w8Hhvhpl5QcqZ0o7zYa2tb2xubZd2yrt7+weHlaPjrkoySWiHJDyR/QAryllMO5ppTvuppFgEnPaC6XXh9+6pVCyJ7/Qspb7Ak5iFjGBdSMM0YqNK1bGvmvWaV0eO7TgNt+YWpNbwLj3kGqVAFVZojyrvw3FCMkFjTThWauA6qfZzLDUjnM7Lw0zRFJMpntCBoTEWVPn54tY5OjfKGIWJNBVrtFC/T+RYKDUTgekUWEfqt1eIf3mDTIdNP2dxmmkak+WiMONIJ6h4HI2ZpETzmSGYSGZuRSTCEhNt4imbEL4+Rf+Tbs1267Z361Vb3iqOEpzCGVyACw1owQ20oQMEIniAJ3i2hPVovVivy9Y1azVzAj9gvX0Cck+OfA==</latexit>

�

integrate out
<latexit sha1_base64="7ZykP29TIyzdUj3x7tNxzpGpRaU=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmYkRr0FvHhM0CyQDKGnU5O06Vno7hHCkC/w4kERr36SN//GziK4Pih4vFdFVT0/EVxpx3m3ckvLK6tr+fXCxubW9k5xd6+p4lQybLBYxLLtU4WCR9jQXAtsJxJp6Ats+aPLqd+6Q6l4HN3ocYJeSAcRDzij2kj1616x5NinjntRcclv4trODCVYoNYrvnX7MUtDjDQTVKmO6yTay6jUnAmcFLqpwoSyER1gx9CIhqi8bHbohBwZpU+CWJqKNJmpXycyGio1Dn3TGVI9VD+9qfiX10l1cO5lPEpSjRGbLwpSQXRMpl+TPpfItBgbQpnk5lbChlRSpk02BRPC56fkf9I8sd2KXa6XS9XyIo48HMAhHIMLZ1CFK6hBAxgg3MMjPFm31oP1bL3MW3PWYmYfvsF6/QAMaI0U</latexit>

S

<latexit sha1_base64="xRQRKweFbkhyX+Y1Zg0f42a5cuY="></latexit>

LEFT ⇠ ✏ |�|2|�|2�+ ✏2|�|2|�|2

<latexit sha1_base64="kNJhWBBXWM6BRYXpR1WQz+klKzw=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuQhJDW3cFNy4r2Ac0sUymk3boZCbMTJQS+h9uXCji1n9x5984aSuo6IELh3Pu5d57opRRpR3nw1pZXVvf2Cxtlbd3dvf2KweHHSUyiUkbCyZkL0KKMMpJW1PNSC+VBCURI91ocln43TsiFRX8Rk9TEiZoxGlMMdJGug1IqigTHAaMQXdQqTr2RaPm+TXo2I5Tdz23IF7dP/eha5QCVbBEa1B5D4YCZwnhGjOkVN91Uh3mSGqKGZmVg0yRFOEJGpG+oRwlRIX5/OoZPDXKEMZCmuIaztXvEzlKlJomkelMkB6r314h/uX1Mx03wpzyNNOE48WiOGNQC1hEAIdUEqzZ1BCEJTW3QjxGEmFtgiqbEL4+hf+Tjme7Ndu/9qtNfxlHCRyDE3AGXFAHTXAFWqANMJDgATyBZ+veerRerNdF64q1nDkCP2C9fQIgApI+</latexit>

✏ ⌧ 1
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Some considerations for embedding into complete model: 

3  2 process↔

• In general, the  interaction generates  processes at two loopsχ2ϕ3 2 ↔ 2

<latexit sha1_base64="7434GW4kOOG/XSBZ1GKDGGGCCgA=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72tkV3LisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+73qVbu61VG/VlHCVwDE7AGfDAFWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJb/OOfw==</latexit>�

<latexit sha1_base64="7434GW4kOOG/XSBZ1GKDGGGCCgA=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0Y72tkV3LisYB/QDiWTZtrQJDMkGaEM/QU3LhRx6w+582/MtBVU9MCFwzn3cu89UcqZNgh9OCura+sbm6Wt8vbO7t5+5eCwrZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040uS78zj1VmiXyzkxTGgo8kixmBJtC6pMxG1SqyEV+4HsIItdHXnBRkCCo13wfei6aowqWaA4q7/1hQjJBpSEca93zUGrCHCvDCKezcj/TNMVkgke0Z6nEguown986g6dWGcI4UbakgXP1+0SOhdZTEdlOgc1Y//YK8S+vl5m4HuZMppmhkiwWxRmHJoHF43DIFCWGTy3BRDF7KyRjrDAxNp6yDeHrU/g/aZ+73qVbu61VG/VlHCVwDE7AGfDAFWiAG9AELUDAGDyAJ/DsCOfReXFeF60rznLmCPyA8/YJb/OOfw==</latexit>�
<latexit sha1_base64="i38LjvOntAdYoNY0UuQRz4R++34=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFSYx1XZXcOOygn1AG8pkOmmGTiZhZiKU0F9w40IRt/6QO//GSVtBRQ9cOJxzL/feE6ScKY3Qh1VaW9/Y3CpvV3Z29/YPqodHXZVkktAOSXgi+wFWlDNBO5ppTvuppDgOOO0F0+vC791TqVgi7vQspX6MJ4KFjGBdSMM0YqNqDdnNJvK8OkR2Hbmu2zAEXbiNpgMdGy1QAyu0R9X34TghWUyFJhwrNXBQqv0cS80Ip/PKMFM0xWSKJ3RgqMAxVX6+uHUOz4wyhmEiTQkNF+r3iRzHSs3iwHTGWEfqt1eIf3mDTIcNP2cizTQVZLkozDjUCSweh2MmKdF8ZggmkplbIYmwxESbeComhK9P4f+k69rOpe3derVWYxVHGZyAU3AOHHAFWuAGtEEHEBCBB/AEnq3YerRerNdla8lazRyDH7DePgF9WY6H</latexit>

�

<latexit sha1_base64="i38LjvOntAdYoNY0UuQRz4R++34=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFSYx1XZXcOOygn1AG8pkOmmGTiZhZiKU0F9w40IRt/6QO//GSVtBRQ9cOJxzL/feE6ScKY3Qh1VaW9/Y3CpvV3Z29/YPqodHXZVkktAOSXgi+wFWlDNBO5ppTvuppDgOOO0F0+vC791TqVgi7vQspX6MJ4KFjGBdSMM0YqNqDdnNJvK8OkR2Hbmu2zAEXbiNpgMdGy1QAyu0R9X34TghWUyFJhwrNXBQqv0cS80Ip/PKMFM0xWSKJ3RgqMAxVX6+uHUOz4wyhmEiTQkNF+r3iRzHSs3iwHTGWEfqt1eIf3mDTIcNP2cizTQVZLkozDjUCSweh2MmKdF8ZggmkplbIYmwxESbeComhK9P4f+k69rOpe3derVWYxVHGZyAU3AOHHAFWuAGtEEHEBCBB/AEnq3YerRerNdla8lazRyDH7DePgF9WY6H</latexit>

�

[Ho, Ko, Lu 2107.04375] 
[Ho, Ko, Lu 2201.06856]

which can wash out the bounce

<latexit sha1_base64="TopgtFzkAoNAyehu7JhTayK0awU="></latexit>

h�vi��!�� =
↵6
e↵

⇡3m2
�

Interesting model-dependent aspect:  

‣ Important numerical coefficients? 

‣ p- or higher-wave suppression? 

‣ Symmetry arguments forbidding  altogether? (e.g. discrete symmetries)2 ↔ 2

if s-wave
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Summary

• Bouncing DM: new mechanism for thermal production. 

Transition from exponentially falling to exponentially rising equilibrium curve 

• Requires DM chemical potential to deviate from other species’, 

and rise rapidly enough 

• DM annihilation cross sections can be larger than standard thermal target, 

improves prospects for indirect detection 

• Presented a few qualitatively different realizations, in simple scenarios. 

Does bouncing DM arise in other non-minimal dark sector models?
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Bouncing SIMPs 



The bounce in a dark QCD model

• We first observed the bounce while studying a dark QCD SIMP model 

• Recalling that model can be useful,  

since it inspired the setup with 3 scalars I presented here

[Katz, Salvioni, Shakya 2006.15148]
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A minimal SIMP model

•   confining gauge theory, 3 light flavors   octet of GBs 

•  EM is gauged by dark photon 

•  Explicit breaking parametrized by 

• One of the mesons is always unstable

SU(Nc) (u, d, s) →

M = diag (mu,md,ms)

<latexit sha1_base64="jAD/Du9URdpD5Wu0XljZISRX/8g=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKpcxI8bEQCm7cCBXsAzpDyWQybWiSGZKMUIZ+gBt/xY0LRdz6Ae78GzPtLLT1QsLhnHO59x4/ZlRp2/62lpZXVtfWCxvFza3tnd3S3n5bRYnEpIUjFsmujxRhVJCWppqRbiwJ4j4jHX90nemdByIVjcS9HsfE42ggaEgx0obql8q38Aq6HOmh5GlA0WDiVmGF95Mq5P0g+9SJcdk1e1pwETg5KIO8mv3SlxtEOOFEaMyQUj3HjrWXIqkpZmRSdBNFYoRHaEB6BgrEifLS6TETeGyYAIaRNE9oOGV/d6SIKzXmvnFma6t5LSP/03qJDi+8lIo40UTg2aAwYVBHMEsGBlQSrNnYAIQlNbtCPEQSYW3yK5oQnPmTF0H7tObUa5d39XLjLI+jAA7BEagAB5yDBrgBTdACGDyCZ/AK3qwn68V6tz5m1iUr7zkAf8r6/AHHLJmG</latexit>

Q = diag (2/3,�1/3,�1/3)

<latexit sha1_base64="CvA7D5xWlKlVA4Ko7mSEYvbpHKQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoUGtSi4+FUHDjsgX7gCaUyWTSDp08mJkIJfQX3Pgrblwo4tadO//GSRtEWw8MczjnXu69x4kYFdIwvrTc0vLK6lp+vbCxubW9o+/utUUYc0xaOGQh7zpIEEYD0pJUMtKNOEG+w0jHGd2kfueecEHD4E6OI2L7aBBQj2IkldTXS014DS0fySH3E5eiwcQqw1L19KwMT6D588Hjvl40KsYUcJGYGSmCDI2+/mm5IY59EkjMkBA904iknSAuKWZkUrBiQSKER2hAeooGyCfCTqYXTeCRUlzohVy9QMKp+rsjQb4QY99RlenuYt5Lxf+8Xiy9SzuhQRRLEuDZIC9mUIYwjQe6lBMs2VgRhDlVu0I8RBxhqUIsqBDM+ZMXSbtaMWuVq2atWD/P4siDA3AISsAEF6AObkEDtAAGD+AJvIBX7VF71t6091lpTst69sEfaB/fy/SYgA==</latexit>
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A minimal SIMP model

•   confining gauge theory, 3 light flavors   octet of GBs 

•  EM is gauged by dark photon 

•  Explicit breaking parametrized by 

• One of the mesons is always unstable

SU(Nc) (u, d, s) →

M = diag (mu,md,ms)

<latexit sha1_base64="jAD/Du9URdpD5Wu0XljZISRX/8g=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKpcxI8bEQCm7cCBXsAzpDyWQybWiSGZKMUIZ+gBt/xY0LRdz6Ae78GzPtLLT1QsLhnHO59x4/ZlRp2/62lpZXVtfWCxvFza3tnd3S3n5bRYnEpIUjFsmujxRhVJCWppqRbiwJ4j4jHX90nemdByIVjcS9HsfE42ggaEgx0obql8q38Aq6HOmh5GlA0WDiVmGF95Mq5P0g+9SJcdk1e1pwETg5KIO8mv3SlxtEOOFEaMyQUj3HjrWXIqkpZmRSdBNFYoRHaEB6BgrEifLS6TETeGyYAIaRNE9oOGV/d6SIKzXmvnFma6t5LSP/03qJDi+8lIo40UTg2aAwYVBHMEsGBlQSrNnYAIQlNbtCPEQSYW3yK5oQnPmTF0H7tObUa5d39XLjLI+jAA7BEagAB5yDBrgBTdACGDyCZ/AK3qwn68V6tz5m1iUr7zkAf8r6/AHHLJmG</latexit>

Q = diag (2/3,�1/3,�1/3)

<latexit sha1_base64="CvA7D5xWlKlVA4Ko7mSEYvbpHKQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoUGtSi4+FUHDjsgX7gCaUyWTSDp08mJkIJfQX3Pgrblwo4tadO//GSRtEWw8MczjnXu69x4kYFdIwvrTc0vLK6lp+vbCxubW9o+/utUUYc0xaOGQh7zpIEEYD0pJUMtKNOEG+w0jHGd2kfueecEHD4E6OI2L7aBBQj2IkldTXS014DS0fySH3E5eiwcQqw1L19KwMT6D588Hjvl40KsYUcJGYGSmCDI2+/mm5IY59EkjMkBA904iknSAuKWZkUrBiQSKER2hAeooGyCfCTqYXTeCRUlzohVy9QMKp+rsjQb4QY99RlenuYt5Lxf+8Xiy9SzuhQRRLEuDZIC9mUIYwjQe6lBMs2VgRhDlVu0I8RBxhqUIsqBDM+ZMXSbtaMWuVq2atWD/P4siDA3AISsAEF6AObkEDtAAGD+AJvIBX7VF71t6091lpTst69sEfaB/fy/SYgA==</latexit>

•  Decay through chiral anomaly, Tr (Q2T η) ≠ 0 ⌘

<latexit sha1_base64="AcZf1kuEFmzx4JDbEUh3/vi234s=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBhPBU9gN4uMW8OIxgnlAsoTZyWwyZnZnmekVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3BYkUBl3328mtrW9sbuW3Czu7e/sHxcOjplGpZrzBlFS6HVDDpYh5AwVK3k40p1EgeSsY3c781hPXRqj4AccJ9yM6iEUoGEUrNctdjrTcK5bcijsHWSVeRkqQod4rfnX7iqURj5FJakzHcxP0J1SjYJJPC93U8ISyER3wjqUxjbjxJ/Nrp+TMKn0SKm0rRjJXf09MaGTMOApsZ0RxaJa9mfif10kxvPYnIk5S5DFbLApTSVCR2eukLzRnKMeWUKaFvZWwIdWUoQ2oYEPwll9eJc1qxbuo3NxXS7XLLI48nMApnIMHV1CDO6hDAxg8wjO8wpujnBfn3flYtOacbOYY/sD5/AHBxo6S</latexit>

•  Comparable to timescale of recombination: EM injection impacts CMB anisotropies 

 Strong constraints: fraction of decaying species must be                for this lifetime. 10�11

<latexit sha1_base64="f2/SEurdAMnuKDXt/c8zIMMqi6E=">AAACB3icbVDLSsNAFJ3UV62vqEtBBlvBjSUpgroruHFZwT6giWUyuWmHTh7MTIQSsnPjr7hxoYhbf8Gdf+M07UKrBy4czrl35t7jJZxJZVlfRmlpeWV1rbxe2djc2t4xd/c6Mk4FhTaNeSx6HpHAWQRtxRSHXiKAhB6Hrje+mvrdexCSxdGtmiTghmQYsYBRorQ0MA+d4o1MgJ/XHA5SShZi27rLTm07rw3MqlW3CuC/xJ6TKpqjNTA/HT+maQiRopxI2betRLkZEYpRDnnFSSUkhI7JEPqaRiQE6WbFDjk+1oqPg1joihQu1J8TGQmlnISe7gyJGslFbyr+5/VTFVy4GYuSVEFEZx8FKccqxtNQsM8EUMUnmhAqmN4V0xERhCodXUWHYC+e/Jd0GnX7rH5506g2G/M4yugAHaETZKNz1ETXqIXaiKIH9IRe0KvxaDwbb8b7rLVkzGf20S8YH9/DaZiJ</latexit>

[Poulin, Serpico 2016] 
[Slatyer, Wu 2016]
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A minimal SIMP model

•   confining gauge theory, 3 light flavors   octet of GBs 

•  EM is gauged by dark photon 

•  Explicit breaking parametrized by

SU(Nc) (u, d, s) →

M = diag (mu,md,ms)

<latexit sha1_base64="jAD/Du9URdpD5Wu0XljZISRX/8g=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKpcxI8bEQCm7cCBXsAzpDyWQybWiSGZKMUIZ+gBt/xY0LRdz6Ae78GzPtLLT1QsLhnHO59x4/ZlRp2/62lpZXVtfWCxvFza3tnd3S3n5bRYnEpIUjFsmujxRhVJCWppqRbiwJ4j4jHX90nemdByIVjcS9HsfE42ggaEgx0obql8q38Aq6HOmh5GlA0WDiVmGF95Mq5P0g+9SJcdk1e1pwETg5KIO8mv3SlxtEOOFEaMyQUj3HjrWXIqkpZmRSdBNFYoRHaEB6BgrEifLS6TETeGyYAIaRNE9oOGV/d6SIKzXmvnFma6t5LSP/03qJDi+8lIo40UTg2aAwYVBHMEsGBlQSrNnYAIQlNbtCPEQSYW3yK5oQnPmTF0H7tObUa5d39XLjLI+jAA7BEagAB5yDBrgBTdACGDyCZ/AK3qwn68V6tz5m1iUr7zkAf8r6/AHHLJmG</latexit>

Q = diag (2/3,�1/3,�1/3)

<latexit sha1_base64="CvA7D5xWlKlVA4Ko7mSEYvbpHKQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoUGtSi4+FUHDjsgX7gCaUyWTSDp08mJkIJfQX3Pgrblwo4tadO//GSRtEWw8MczjnXu69x4kYFdIwvrTc0vLK6lp+vbCxubW9o+/utUUYc0xaOGQh7zpIEEYD0pJUMtKNOEG+w0jHGd2kfueecEHD4E6OI2L7aBBQj2IkldTXS014DS0fySH3E5eiwcQqw1L19KwMT6D588Hjvl40KsYUcJGYGSmCDI2+/mm5IY59EkjMkBA904iknSAuKWZkUrBiQSKER2hAeooGyCfCTqYXTeCRUlzohVy9QMKp+rsjQb4QY99RlenuYt5Lxf+8Xiy9SzuhQRRLEuDZIC9mUIYwjQe6lBMs2VgRhDlVu0I8RBxhqUIsqBDM+ZMXSbtaMWuVq2atWD/P4siDA3AISsAEF6AObkEDtAAGD+AJvIBX7VF71t6091lpTst69sEfaB/fy/SYgA==</latexit>

Only viable choice: split the spectrum with mu > md = ms

<latexit sha1_base64="Lry+BRndFYVq0Xguz7g2Jh7S+G0=">AAACC3icbVDLSsNAFL2pr1ofjbp0M1gEVyWR4mOhFNy4rGAf0IYwmUzaoTNJmJkIpfQT/AK3+gXuxK0f4Qf4H07bLGzrgRkO59wXJ0g5U9pxvq3C2vrG5lZxu7Szu7dftg8OWyrJJKFNkvBEdgKsKGcxbWqmOe2kkmIRcNoOhndTv/1EpWJJ/KhHKfUE7scsYgRrI/l2WfgZukXCD9GN+ZVvV5yqMwNaJW5OKpCj4ds/vTAhmaCxJhwr1XWdVHtjLDUjnE5KvUzRFJMh7tOuoTEWVHnj2eETdGqUEEWJNC/WaKb+7RhjodRIBKZSYD1Qy95U/Nebz19crqMrb8ziNNM0JvPdUcaRTtA0GBQySYnmI0Mwkcycj8gAS0y0ia9kcnGXU1glrfOqW6teP9Qq9Ys8oSIcwwmcgQuXUId7aEATCGTwAq/wZj1b79aH9TkvLVh5zxEswPr6Ba9VmfQ=</latexit>

SU(2)U ⇥ U(1)Q

<latexit sha1_base64="8fBzbmNfRMHp2LN4vfDxftzNnco=">AAACFHicbVDNTgIxGOziH+LfqhcTL41gAheyS4w/NxIvHiG6QAKbTbd0oaHb3bRdE7LBx/AJvOoTeDNevfsAvocF9iDgJE0mM9/XacePGZXKsr6N3Nr6xuZWfruws7u3f2AeHrVklAhMHByxSHR8JAmjnDiKKkY6sSAo9Blp+6Pbqd9+JELSiD+ocUzcEA04DShGSkueeVK6d8q1ipc6k56iIZHQKdsVr1nyzKJVtWaAq8TOSBFkaHjmT68f4SQkXGGGpOzaVqzcFAlFMSOTQi+RJEZ4hAakqylHOsxNZz+YwHOt9GEQCX24gjP170aKQinHoa8nQ6SGctmbiv968/sXw1Vw7aaUx4kiHM+zg4RBFcFpQ7BPBcGKjTVBWFD9fIiHSCCsdI8F3Yu93MIqadWq9kX1plkr1i+zhvLgFJyBMrDBFaiDO9AADsDgCbyAV/BmPBvvxofxOR/NGdnOMViA8fULU3qc5Q==</latexit>

Exact

“U-spin” in the SM

unstable singlet

dark matter triplet

darkly-charged doublets

[Katz, Salvioni, Shakya 2006.15148]
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A minimal SIMP model

•   confining gauge theory, 3 light flavors   octet of GBs 

•  EM is gauged by dark photon 

•  Explicit breaking parametrized by

SU(Nc) (u, d, s) →

M = diag (mu,md,ms)

<latexit sha1_base64="jAD/Du9URdpD5Wu0XljZISRX/8g=">AAACDHicbVDLSgMxFM34rPVVdekmWIQKpcxI8bEQCm7cCBXsAzpDyWQybWiSGZKMUIZ+gBt/xY0LRdz6Ae78GzPtLLT1QsLhnHO59x4/ZlRp2/62lpZXVtfWCxvFza3tnd3S3n5bRYnEpIUjFsmujxRhVJCWppqRbiwJ4j4jHX90nemdByIVjcS9HsfE42ggaEgx0obql8q38Aq6HOmh5GlA0WDiVmGF95Mq5P0g+9SJcdk1e1pwETg5KIO8mv3SlxtEOOFEaMyQUj3HjrWXIqkpZmRSdBNFYoRHaEB6BgrEifLS6TETeGyYAIaRNE9oOGV/d6SIKzXmvnFma6t5LSP/03qJDi+8lIo40UTg2aAwYVBHMEsGBlQSrNnYAIQlNbtCPEQSYW3yK5oQnPmTF0H7tObUa5d39XLjLI+jAA7BEagAB5yDBrgBTdACGDyCZ/AK3qwn68V6tz5m1iUr7zkAf8r6/AHHLJmG</latexit>

Q = diag (2/3,�1/3,�1/3)

<latexit sha1_base64="CvA7D5xWlKlVA4Ko7mSEYvbpHKQ=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoUGtSi4+FUHDjsgX7gCaUyWTSDp08mJkIJfQX3Pgrblwo4tadO//GSRtEWw8MczjnXu69x4kYFdIwvrTc0vLK6lp+vbCxubW9o+/utUUYc0xaOGQh7zpIEEYD0pJUMtKNOEG+w0jHGd2kfueecEHD4E6OI2L7aBBQj2IkldTXS014DS0fySH3E5eiwcQqw1L19KwMT6D588Hjvl40KsYUcJGYGSmCDI2+/mm5IY59EkjMkBA904iknSAuKWZkUrBiQSKER2hAeooGyCfCTqYXTeCRUlzohVy9QMKp+rsjQb4QY99RlenuYt5Lxf+8Xiy9SzuhQRRLEuDZIC9mUIYwjQe6lBMs2VgRhDlVu0I8RBxhqUIsqBDM+ZMXSbtaMWuVq2atWD/P4siDA3AISsAEF6AObkEDtAAGD+AJvIBX7VF71t6091lpTst69sEfaB/fy/SYgA==</latexit>

Only viable choice: split the spectrum with mu > md = ms

<latexit sha1_base64="Lry+BRndFYVq0Xguz7g2Jh7S+G0=">AAACC3icbVDLSsNAFL2pr1ofjbp0M1gEVyWR4mOhFNy4rGAf0IYwmUzaoTNJmJkIpfQT/AK3+gXuxK0f4Qf4H07bLGzrgRkO59wXJ0g5U9pxvq3C2vrG5lZxu7Szu7dftg8OWyrJJKFNkvBEdgKsKGcxbWqmOe2kkmIRcNoOhndTv/1EpWJJ/KhHKfUE7scsYgRrI/l2WfgZukXCD9GN+ZVvV5yqMwNaJW5OKpCj4ds/vTAhmaCxJhwr1XWdVHtjLDUjnE5KvUzRFJMh7tOuoTEWVHnj2eETdGqUEEWJNC/WaKb+7RhjodRIBKZSYD1Qy95U/Nebz19crqMrb8ziNNM0JvPdUcaRTtA0GBQySYnmI0Mwkcycj8gAS0y0ia9kcnGXU1glrfOqW6teP9Qq9Ys8oSIcwwmcgQuXUId7aEATCGTwAq/wZj1b79aH9TkvLVh5zxEswPr6Ba9VmfQ=</latexit>

SU(2)U ⇥ U(1)Q

<latexit sha1_base64="8fBzbmNfRMHp2LN4vfDxftzNnco=">AAACFHicbVDNTgIxGOziH+LfqhcTL41gAheyS4w/NxIvHiG6QAKbTbd0oaHb3bRdE7LBx/AJvOoTeDNevfsAvocF9iDgJE0mM9/XacePGZXKsr6N3Nr6xuZWfruws7u3f2AeHrVklAhMHByxSHR8JAmjnDiKKkY6sSAo9Blp+6Pbqd9+JELSiD+ocUzcEA04DShGSkueeVK6d8q1ipc6k56iIZHQKdsVr1nyzKJVtWaAq8TOSBFkaHjmT68f4SQkXGGGpOzaVqzcFAlFMSOTQi+RJEZ4hAakqylHOsxNZz+YwHOt9GEQCX24gjP170aKQinHoa8nQ6SGctmbiv968/sXw1Vw7aaUx4kiHM+zg4RBFcFpQ7BPBcGKjTVBWFD9fIiHSCCsdI8F3Yu93MIqadWq9kX1plkr1i+zhvLgFJyBMrDBFaiDO9AADsDgCbyAV/BmPBvvxofxOR/NGdnOMViA8fULU3qc5Q==</latexit>

Exact

“U-spin” in the SM

unstable singlet

dark matter triplet

darkly-charged doublets

[Katz, Salvioni, Shakya 2006.15148]

• Exactly the symmetry structure I presented earlier 

• LO chiral Lagrangian predicts crucial mass relation 

• But roles played by states are different: bounce for unstable singlet, not for DM

<latexit sha1_base64="PogcYCCxBSKZg95T50W+bA+YW60="></latexit>

2mdoublets > mtriplet + msinglet
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SIMP cosmological history

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="i16gqHI/I46j/WXCUAGjTdBUfNA=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU01KQT0IBS8eK/QL2hA22027dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueBSsVi0dSThHoRHgoWMoK1kXy79IhuUORn/YT5zvSi6dtlp+LMgVaJm5My5Gj49ld/EJM0okITjpXquU6ivQxLzQin02I/VTTBZIyHtGeowBFVXjY/fIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/83qpDq+8jIkk1VSQxaIw5UjHaJYCGjBJieYTQzCRzNyKyAhLTLTJqmhCcJdfXiXtasWtVa7va+V6NY+jACdwCufgwiXU4Q4a0AICKTzDK7xZT9aL9W59LFrXrHzmGP7A+vwBYyWSPQ==</latexit>
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SIMP cosmological history

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="i16gqHI/I46j/WXCUAGjTdBUfNA=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU01KQT0IBS8eK/QL2hA22027dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueBSsVi0dSThHoRHgoWMoK1kXy79IhuUORn/YT5zvSi6dtlp+LMgVaJm5My5Gj49ld/EJM0okITjpXquU6ivQxLzQin02I/VTTBZIyHtGeowBFVXjY/fIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/83qpDq+8jIkk1VSQxaIw5UjHaJYCGjBJieYTQzCRzNyKyAhLTLTJqmhCcJdfXiXtasWtVa7va+V6NY+jACdwCufgwiXU4Q4a0AICKTzDK7xZT9aL9W59LFrXrHzmGP7A+vwBYyWSPQ==</latexit>

  freeze out3 → 2
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SIMP cosmological history

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="i16gqHI/I46j/WXCUAGjTdBUfNA=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU01KQT0IBS8eK/QL2hA22027dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueBSsVi0dSThHoRHgoWMoK1kXy79IhuUORn/YT5zvSi6dtlp+LMgVaJm5My5Gj49ld/EJM0okITjpXquU6ivQxLzQin02I/VTTBZIyHtGeowBFVXjY/fIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/83qpDq+8jIkk1VSQxaIw5UjHaJYCGjBJieYTQzCRzNyKyAhLTLTJqmhCcJdfXiXtasWtVa7va+V6NY+jACdwCufgwiXU4Q4a0AICKTzDK7xZT9aL9W59LFrXrHzmGP7A+vwBYyWSPQ==</latexit>

  freeze out3 → 2

chemical phase
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SIMP cosmological history

Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="i16gqHI/I46j/WXCUAGjTdBUfNA=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU01KQT0IBS8eK/QL2hA22027dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueBSsVi0dSThHoRHgoWMoK1kXy79IhuUORn/YT5zvSi6dtlp+LMgVaJm5My5Gj49ld/EJM0okITjpXquU6ivQxLzQin02I/VTTBZIyHtGeowBFVXjY/fIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/83qpDq+8jIkk1VSQxaIw5UjHaJYCGjBJieYTQzCRzNyKyAhLTLTJqmhCcJdfXiXtasWtVa7va+V6NY+jACdwCufgwiXU4Q4a0AICKTzDK7xZT9aL9W59LFrXrHzmGP7A+vwBYyWSPQ==</latexit>

  freeze out3 → 2

bouncing phasechemical phase

π+π− → η π0
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Y = n/s

<latexit sha1_base64="gDj1ePXg3nZWfuZOiw6fQOSryjk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CbaCp7pbBPUgFLx4rGC/aJeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjO9mfuuJKs0i+WgmMfUFHkoWMoKNlTrlDrpF8kKX+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8NpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzLys1DtVSrZnHk4QRO4Rw8uIIa3EMdGkBAwDO8wpujnBfn3flYtOacbOYY/sD5/AGsMI78</latexit>

x = m⇡0/T

<latexit sha1_base64="i16gqHI/I46j/WXCUAGjTdBUfNA=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU01KQT0IBS8eK/QL2hA22027dLMJuxuxhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq219Y3Nre3CTnF3b/+gZB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfueBSsVi0dSThHoRHgoWMoK1kXy79IhuUORn/YT5zvSi6dtlp+LMgVaJm5My5Gj49ld/EJM0okITjpXquU6ivQxLzQin02I/VTTBZIyHtGeowBFVXjY/fIrOjDJAYSxNCY3m6u+JDEdKTaLAdEZYj9SyNxP/83qpDq+8jIkk1VSQxaIw5UjHaJYCGjBJieYTQzCRzNyKyAhLTLTJqmhCcJdfXiXtasWtVa7va+V6NY+jACdwCufgwiXU4Q4a0AICKTzDK7xZT9aL9W59LFrXrHzmGP7A+vwBYyWSPQ==</latexit>

Y fo
⌘

YDM
⇡ 10�11

<latexit sha1_base64="Cyg0DKzznjKWjWVUME4eUGQobPY=">AAACHXicbZDLSsNAFIYnXmu9RV26GSyCG0tGCuquoAs3QgV7kSYNk+mkHTq5MDMRS8iLuPFV3LhQxIUb8W2cpllo6w8DH/85hznn92LOpLKsb2NhcWl5ZbW0Vl7f2NzaNnd2WzJKBKFNEvFIdDwsKWchbSqmOO3EguLA47TtjS4m9fY9FZJF4a0ax9QJ8CBkPiNYacs1a7YvMEnvXJsq3EttEUA/yjJt5Hx5nWXQxnEsogcIkdVLjxHKXLNiVa1ccB5QARVQqOGan3Y/IklAQ0U4lrKLrFg5KRaKEU6zsp1IGmMywgPa1RjigEonza/L4KF2+noroV+oYO7+nkhxIOU48HRngNVQztYm5n+1bqL8MydlYZwoGpLpR37CoYrgJCrYZ4ISxccaMBFM7wrJEOu4lA60rENAsyfPQ+ukimrV85tapW4VcZTAPjgARwCBU1AHV6ABmoCAR/AMXsGb8WS8GO/Gx7R1wShm9sAfGV8/yjqhoQ==</latexit>

✓.CMB

CMB bounds are satisfied 
( for splitting   )≳ 20 %

SIMP cosmological history

[Katz, Salvioni, Shakya 2006.15148]
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