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➤ Dark matter that interacts via a long-range dark force does 
interesting things! This talk: 

➤ gravitational capture 

➤ freeze-in 

➤ Reference model:  

➤ Dirac fermion DM, interacting with light dark photon 

➤ mass basis: SM photon does not couple to DM (but couplings, 
effective mass modified in medium)

TWO EXERCISES WITH LIGHT MEDIATORS

SM
<latexit sha1_base64="ajdiBso6u5ZEvdqv1Swh/BkLZz0=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN2kFFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96XXmd++pVCwSd3oWUy/EY8ECRrDOpAGZsGGp7NgVx6CGcuI6F4Y0GvVqtYFc28lRhiVaw9L7YBSRJKRCE46V6rtOrL0US80Ip/PiIFE0xmSKx7RvqMAhVV6a3zpHp0YZoSCSpoRGufp9IsWhUrPQN50h1hP128vEv7x+ooO6lzIRJ5oKslgUJBzpCGWPoxGTlGg+MwQTycytiEywxESbeIomhK9P0f+kc267l3bltlJuXi3jKMAxnMAZuFCDJtxAC9pAYAIP8ATPVmg9Wi/W66J1xVrOHMEPWG+fXhiOew==</latexit>�

<latexit sha1_base64="ajdiBso6u5ZEvdqv1Swh/BkLZz0=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN2kFFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96XXmd++pVCwSd3oWUy/EY8ECRrDOpAGZsGGp7NgVx6CGcuI6F4Y0GvVqtYFc28lRhiVaw9L7YBSRJKRCE46V6rtOrL0US80Ip/PiIFE0xmSKx7RvqMAhVV6a3zpHp0YZoSCSpoRGufp9IsWhUrPQN50h1hP128vEv7x+ooO6lzIRJ5oKslgUJBzpCGWPoxGTlGg+MwQTycytiEywxESbeIomhK9P0f+kc267l3bltlJuXi3jKMAxnMAZuFCDJtxAC9pAYAIP8ATPVmg9Wi/W66J1xVrOHMEPWG+fXhiOew==</latexit>� <latexit sha1_base64="ajdiBso6u5ZEvdqv1Swh/BkLZz0=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN2kFFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96XXmd++pVCwSd3oWUy/EY8ECRrDOpAGZsGGp7NgVx6CGcuI6F4Y0GvVqtYFc28lRhiVaw9L7YBSRJKRCE46V6rtOrL0US80Ip/PiIFE0xmSKx7RvqMAhVV6a3zpHp0YZoSCSpoRGufp9IsWhUrPQN50h1hP128vEv7x+ooO6lzIRJ5oKslgUJBzpCGWPoxGTlGg+MwQTycytiEywxESbeIomhK9P0f+kc267l3bltlJuXi3jKMAxnMAZuFCDJtxAC9pAYAIP8ATPVmg9Wi/W66J1xVrOHMEPWG+fXhiOew==</latexit>�
<latexit sha1_base64="ajdiBso6u5ZEvdqv1Swh/BkLZz0=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN2kFFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96XXmd++pVCwSd3oWUy/EY8ECRrDOpAGZsGGp7NgVx6CGcuI6F4Y0GvVqtYFc28lRhiVaw9L7YBSRJKRCE46V6rtOrL0US80Ip/PiIFE0xmSKx7RvqMAhVV6a3zpHp0YZoSCSpoRGufp9IsWhUrPQN50h1hP128vEv7x+ooO6lzIRJ5oKslgUJBzpCGWPoxGTlGg+MwQTycytiEywxESbeIomhK9P0f+kc267l3bltlJuXi3jKMAxnMAZuFCDJtxAC9pAYAIP8ATPVmg9Wi/W66J1xVrOHMEPWG+fXhiOew==</latexit>�

<latexit sha1_base64="hwTHqbMOunElnhdBSIgOeJfhpBk=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ2acarsruHFZwT6gHUomzbShmWRMMkIZ+hNuXCji1t9x59+YPgQVPXDhcM693HtPlHKmDUIfzsrq2vrGZmGruL2zu7dfOjhsaZkpQptEcqk6EdaUM0GbhhlOO6miOIk4bUfjq5nfvqdKMyluzSSlYYKHgsWMYGOlTo+mmnEp+qUycms1FAQViNwK8n2/agk696s1D3oumqMMlmj0S++9gSRZQoUhHGvd9VBqwhwrwwin02Iv0zTFZIyHtGupwAnVYT6/dwpPrTKAsVS2hIFz9ftEjhOtJ0lkOxNsRvq3NxP/8rqZiathzkSaGSrIYlGccWgknD0PB0xRYvjEEkwUs7dCMsIKE2MjKtoQvj6F/5OW73oXbnATlOtoGUcBHIMTcAY8cAnq4Bo0QBMQwMEDeALPzp3z6Lw4r4vWFWc5cwR+wHn7BLQ6kGA=</latexit>✏
<latexit sha1_base64="H7+/LT/oF8HBeVvVnIDcIpnxeTg=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPQ8840cRTQA8eI5gFkiHUdDpJk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVW9IBFcaUI+rKXlldW19dxGfnNre2e3sLffUHEqKavTWMSyFYBigkesrrkWrJVIBmEgWDMYXU795j2TisfRrR4nzA9hEPE+p6CN1OqASIbQveoWisSuVIjnlTCxS8R13bIh5NQtVxzs2GSGIlqg1i28d3oxTUMWaSpAqbZDEu1nIDWngk3ynVSxBOgIBqxtaAQhU342u3eCj43Sw/1Ymoo0nqnfJzIIlRqHgekMQQ/Vb28q/uW1U90v+xmPklSziM4X9VOBdYynz+Mel4xqMTYEqOTmVkyHIIFqE1HehPD1Kf6fNFzbObO9G69YvVjEkUOH6AidIAedoyq6RjVURxQJ9ICe0LN1Zz1aL9brvHXJWswcoB+w3j4BPBeQGQ==</latexit>↵D



PART I
long-range capture 

arXiv:2110.02234 with Cristian Gaidau



GRAVITATIONAL CAPTURE IN THE SUN

<latexit sha1_base64="22ExQcEyYiwj0CvzXKvcnUbQA40=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchUytte6KblxWsA9oY5lMJ+3QyYOZiaXEfIobF4q49Uvc+TdO0wgqeuDC4Zx7ufceN+JMKtv+MJaWV1bX1gsbxc2t7Z1ds7TXlmEsCG2RkIei62JJOQtoSzHFaTcSFPsupx13cjn3O3dUSBYGN2oWUcfHo4B5jGClpYFZ6nsCkwSlSSWFPpzeVgZm2bZObXRes6Ft2RkyUkcnCKJcKYMczYH53h+GJPZpoAjHUvaQHSknwUIxwmla7MeSRphM8Ij2NA2wT6WTZKen8EgrQ+iFQlegYKZ+n0iwL+XMd3Wnj9VY/vbm4l9eL1Ze3UlYEMWKBmSxyIs5VCGc5wCHTFCi+EwTTATTt0IyxjoLpdMq6hC+PoX/k3bFQjWrel0tNy7yOArgAByCY4DAGWiAK9AELUDAFDyAJ/Bs3BuPxovxumhdMvKZffADxtsndlaTfw==</latexit>

1

2
mw2

Infall:
<latexit sha1_base64="1zVG5nepGe7IzFvMervt6bAbgnE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARKsIwU1vbLoSCG5cV7APa6ZBJ0zY08yDJVMpQN/6KGxeKuPUv3Pk3ptMKKnrgXg7n3EtyjxsyKqRpfmippeWV1bX0emZjc2t7R9/da4gg4pjUccAC3nKRIIz6pC6pZKQVcoI8l5GmO7qc+c0x4YIG/o2chMT20MCnfYqRVJKjH9x28/ACRqqfwrETE4Gn3XyOnzh61jQKpkIJJsQyzxSpVMrFYgVahpkgCxaoOfp7pxfgyCO+xAwJ0bbMUNox4pJiRqaZTiRIiPAIDUhbUR95RNhxcsEUHiulB/sBV+VLmKjfN2LkCTHxXDXpITkUv72Z+JfXjmS/bMfUDyNJfDx/qB8xKAM4iwP2KCdYsokiCHOq/grxEHGEpQoto0L4uhT+Txp5wzo3CteFbLW6iCMNDsERyAELlEAVXIEaqAMM7sADeALP2r32qL1or/PRlLbY2Qc/oL19Ar8flTE=</latexit>

w2 = u2 + v2esc(r)

<latexit sha1_base64="hzXAhunKYxoi1jxIOe6itDgBGZ4=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFSYxtM2u4MZlBfuANpbJdNIOnTyYmRRKyJ+4caGIW//EnX/j9CGo6IELh3Pu5d57gpQzqRD6MEobm1vbO+Xdyt7+weGReXzSkUkmCG2ThCeiF2BJOYtpWzHFaS8VFEcBp91ger3wuzMqJEviOzVPqR/hccxCRrDS0tA0B6HAJLeL3CkimN07Q7OKLK/R8JALkeUi5NYdTa48z6shaFtoiSpYozU03wejhGQRjRXhWMq+jVLl51goRjgtKoNM0hSTKR7TvqYxjqj08+XlBbzQygiGidAVK7hUv0/kOJJyHgW6M8JqIn97C/Evr5+psOHnLE4zRWOyWhRmHKoELmKAIyYoUXyuCSaC6VshmWAdhdJhVXQIX5/C/0nHseya5d661WZtHUcZnIFzcAlsUAdNcANaoA0ImIEH8ASejdx4NF6M11VryVjPnIIfMN4+AWeLk4A=</latexit>

1

2
mu2



GRAVITATIONAL CAPTURE IN THE SUN

<latexit sha1_base64="22ExQcEyYiwj0CvzXKvcnUbQA40=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchUytte6KblxWsA9oY5lMJ+3QyYOZiaXEfIobF4q49Uvc+TdO0wgqeuDC4Zx7ufceN+JMKtv+MJaWV1bX1gsbxc2t7Z1ds7TXlmEsCG2RkIei62JJOQtoSzHFaTcSFPsupx13cjn3O3dUSBYGN2oWUcfHo4B5jGClpYFZ6nsCkwSlSSWFPpzeVgZm2bZObXRes6Ft2RkyUkcnCKJcKYMczYH53h+GJPZpoAjHUvaQHSknwUIxwmla7MeSRphM8Ij2NA2wT6WTZKen8EgrQ+iFQlegYKZ+n0iwL+XMd3Wnj9VY/vbm4l9eL1Ze3UlYEMWKBmSxyIs5VCGc5wCHTFCi+EwTTATTt0IyxjoLpdMq6hC+PoX/k3bFQjWrel0tNy7yOArgAByCY4DAGWiAK9AELUDAFDyAJ/Bs3BuPxovxumhdMvKZffADxtsndlaTfw==</latexit>

1

2
mw2

<latexit sha1_base64="rlS4IG0NdrZcw8LtUCjHe+6zrTI=">AAACBXicdVDLSsNAFJ3UV62vqktdDBahLixJrLXuirpwWcE+oE3LZDpph84kYWailNCNG3/FjQtF3PoP7vwbp20EFT1w4XDOvdx7jxsyKpVpfhipufmFxaX0cmZldW19I7u5VZdBJDCp4YAFoukiSRj1SU1RxUgzFARxl5GGOzyf+I0bIiQN/Gs1ConDUd+nHsVIaamb3W17AuHYGsf2GHKYv+3Yh+0LwhTq2AfdbM4sHJvWacmEZsGcYkrK1pEFrUTJgQTVbva93QtwxImvMENStiwzVE6MhKKYkXGmHUkSIjxEfdLS1EecSCeefjGG+1rpQS8QunwFp+r3iRhxKUfc1Z0cqYH87U3Ev7xWpLyyE1M/jBTx8WyRFzGoAjiJBPaoIFixkSYIC6pvhXiAdCxKB5fRIXx9Cv8ndbtglQrFq2KucpbEkQY7YA/kgQVOQAVcgiqoAQzuwAN4As/GvfFovBivs9aUkcxsgx8w3j4BbKCXQQ==</latexit>

1

2
m(w2 ��2)

<latexit sha1_base64="Yn3+kCo/iQkIcQRKCQ6DiKvYYZg="></latexit>

1

2
M

⇣m

M
�2

⌘

Infall:

Capture:

<latexit sha1_base64="1zVG5nepGe7IzFvMervt6bAbgnE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARKsIwU1vbLoSCG5cV7APa6ZBJ0zY08yDJVMpQN/6KGxeKuPUv3Pk3ptMKKnrgXg7n3EtyjxsyKqRpfmippeWV1bX0emZjc2t7R9/da4gg4pjUccAC3nKRIIz6pC6pZKQVcoI8l5GmO7qc+c0x4YIG/o2chMT20MCnfYqRVJKjH9x28/ACRqqfwrETE4Gn3XyOnzh61jQKpkIJJsQyzxSpVMrFYgVahpkgCxaoOfp7pxfgyCO+xAwJ0bbMUNox4pJiRqaZTiRIiPAIDUhbUR95RNhxcsEUHiulB/sBV+VLmKjfN2LkCTHxXDXpITkUv72Z+JfXjmS/bMfUDyNJfDx/qB8xKAM4iwP2KCdYsokiCHOq/grxEHGEpQoto0L4uhT+Txp5wzo3CteFbLW6iCMNDsERyAELlEAVXIEaqAMM7sADeALP2r32qL1or/PRlLbY2Qc/oL19Ar8flTE=</latexit>

w2 = u2 + v2esc(r)

<latexit sha1_base64="a7STs42HALPQ0n60iXimik5YDt8="></latexit>

w2 ��2(cos ✓) < v2esc(r)



GRAVITATIONAL CAPTURE IN THE SUN

<latexit sha1_base64="22ExQcEyYiwj0CvzXKvcnUbQA40=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchUytte6KblxWsA9oY5lMJ+3QyYOZiaXEfIobF4q49Uvc+TdO0wgqeuDC4Zx7ufceN+JMKtv+MJaWV1bX1gsbxc2t7Z1ds7TXlmEsCG2RkIei62JJOQtoSzHFaTcSFPsupx13cjn3O3dUSBYGN2oWUcfHo4B5jGClpYFZ6nsCkwSlSSWFPpzeVgZm2bZObXRes6Ft2RkyUkcnCKJcKYMczYH53h+GJPZpoAjHUvaQHSknwUIxwmla7MeSRphM8Ij2NA2wT6WTZKen8EgrQ+iFQlegYKZ+n0iwL+XMd3Wnj9VY/vbm4l9eL1Ze3UlYEMWKBmSxyIs5VCGc5wCHTFCi+EwTTATTt0IyxjoLpdMq6hC+PoX/k3bFQjWrel0tNy7yOArgAByCY4DAGWiAK9AELUDAFDyAJ/Bs3BuPxovxumhdMvKZffADxtsndlaTfw==</latexit>

1

2
mw2

<latexit sha1_base64="rlS4IG0NdrZcw8LtUCjHe+6zrTI=">AAACBXicdVDLSsNAFJ3UV62vqktdDBahLixJrLXuirpwWcE+oE3LZDpph84kYWailNCNG3/FjQtF3PoP7vwbp20EFT1w4XDOvdx7jxsyKpVpfhipufmFxaX0cmZldW19I7u5VZdBJDCp4YAFoukiSRj1SU1RxUgzFARxl5GGOzyf+I0bIiQN/Gs1ConDUd+nHsVIaamb3W17AuHYGsf2GHKYv+3Yh+0LwhTq2AfdbM4sHJvWacmEZsGcYkrK1pEFrUTJgQTVbva93QtwxImvMENStiwzVE6MhKKYkXGmHUkSIjxEfdLS1EecSCeefjGG+1rpQS8QunwFp+r3iRhxKUfc1Z0cqYH87U3Ev7xWpLyyE1M/jBTx8WyRFzGoAjiJBPaoIFixkSYIC6pvhXiAdCxKB5fRIXx9Cv8ndbtglQrFq2KucpbEkQY7YA/kgQVOQAVcgiqoAQzuwAN4As/GvfFovBivs9aUkcxsgx8w3j4BbKCXQQ==</latexit>

1

2
m(w2 ��2)

<latexit sha1_base64="Yn3+kCo/iQkIcQRKCQ6DiKvYYZg="></latexit>

1

2
M

⇣m

M
�2

⌘

Infall:

Capture:

<latexit sha1_base64="1zVG5nepGe7IzFvMervt6bAbgnE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARKsIwU1vbLoSCG5cV7APa6ZBJ0zY08yDJVMpQN/6KGxeKuPUv3Pk3ptMKKnrgXg7n3EtyjxsyKqRpfmippeWV1bX0emZjc2t7R9/da4gg4pjUccAC3nKRIIz6pC6pZKQVcoI8l5GmO7qc+c0x4YIG/o2chMT20MCnfYqRVJKjH9x28/ACRqqfwrETE4Gn3XyOnzh61jQKpkIJJsQyzxSpVMrFYgVahpkgCxaoOfp7pxfgyCO+xAwJ0bbMUNox4pJiRqaZTiRIiPAIDUhbUR95RNhxcsEUHiulB/sBV+VLmKjfN2LkCTHxXDXpITkUv72Z+JfXjmS/bMfUDyNJfDx/qB8xKAM4iwP2KCdYsokiCHOq/grxEHGEpQoto0L4uhT+Txp5wzo3CteFbLW6iCMNDsERyAELlEAVXIEaqAMM7sADeALP2r32qL1or/PRlLbY2Qc/oL19Ar8flTE=</latexit>

w2 = u2 + v2esc(r)

<latexit sha1_base64="a7STs42HALPQ0n60iXimik5YDt8="></latexit>

w2 ��2(cos ✓) < v2esc(r)

Minimum CM scattering angle:

<latexit sha1_base64="RTOuWv265h5h6eIQ0ZZFHtpz4QA="></latexit>

1� cos ✓ � u2

u2 + vesc(r)2
(M +m)2

2mM



GRAVITATIONAL CAPTURE IN THE SUN

<latexit sha1_base64="22ExQcEyYiwj0CvzXKvcnUbQA40=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFchUytte6KblxWsA9oY5lMJ+3QyYOZiaXEfIobF4q49Uvc+TdO0wgqeuDC4Zx7ufceN+JMKtv+MJaWV1bX1gsbxc2t7Z1ds7TXlmEsCG2RkIei62JJOQtoSzHFaTcSFPsupx13cjn3O3dUSBYGN2oWUcfHo4B5jGClpYFZ6nsCkwSlSSWFPpzeVgZm2bZObXRes6Ft2RkyUkcnCKJcKYMczYH53h+GJPZpoAjHUvaQHSknwUIxwmla7MeSRphM8Ij2NA2wT6WTZKen8EgrQ+iFQlegYKZ+n0iwL+XMd3Wnj9VY/vbm4l9eL1Ze3UlYEMWKBmSxyIs5VCGc5wCHTFCi+EwTTATTt0IyxjoLpdMq6hC+PoX/k3bFQjWrel0tNy7yOArgAByCY4DAGWiAK9AELUDAFDyAJ/Bs3BuPxovxumhdMvKZffADxtsndlaTfw==</latexit>

1

2
mw2

<latexit sha1_base64="rlS4IG0NdrZcw8LtUCjHe+6zrTI=">AAACBXicdVDLSsNAFJ3UV62vqktdDBahLixJrLXuirpwWcE+oE3LZDpph84kYWailNCNG3/FjQtF3PoP7vwbp20EFT1w4XDOvdx7jxsyKpVpfhipufmFxaX0cmZldW19I7u5VZdBJDCp4YAFoukiSRj1SU1RxUgzFARxl5GGOzyf+I0bIiQN/Gs1ConDUd+nHsVIaamb3W17AuHYGsf2GHKYv+3Yh+0LwhTq2AfdbM4sHJvWacmEZsGcYkrK1pEFrUTJgQTVbva93QtwxImvMENStiwzVE6MhKKYkXGmHUkSIjxEfdLS1EecSCeefjGG+1rpQS8QunwFp+r3iRhxKUfc1Z0cqYH87U3Ev7xWpLyyE1M/jBTx8WyRFzGoAjiJBPaoIFixkSYIC6pvhXiAdCxKB5fRIXx9Cv8ndbtglQrFq2KucpbEkQY7YA/kgQVOQAVcgiqoAQzuwAN4As/GvfFovBivs9aUkcxsgx8w3j4BbKCXQQ==</latexit>

1

2
m(w2 ��2)

<latexit sha1_base64="Yn3+kCo/iQkIcQRKCQ6DiKvYYZg="></latexit>

1

2
M

⇣m

M
�2

⌘

Infall:

Capture:

<latexit sha1_base64="1zVG5nepGe7IzFvMervt6bAbgnE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARKsIwU1vbLoSCG5cV7APa6ZBJ0zY08yDJVMpQN/6KGxeKuPUv3Pk3ptMKKnrgXg7n3EtyjxsyKqRpfmippeWV1bX0emZjc2t7R9/da4gg4pjUccAC3nKRIIz6pC6pZKQVcoI8l5GmO7qc+c0x4YIG/o2chMT20MCnfYqRVJKjH9x28/ACRqqfwrETE4Gn3XyOnzh61jQKpkIJJsQyzxSpVMrFYgVahpkgCxaoOfp7pxfgyCO+xAwJ0bbMUNox4pJiRqaZTiRIiPAIDUhbUR95RNhxcsEUHiulB/sBV+VLmKjfN2LkCTHxXDXpITkUv72Z+JfXjmS/bMfUDyNJfDx/qB8xKAM4iwP2KCdYsokiCHOq/grxEHGEpQoto0L4uhT+Txp5wzo3CteFbLW6iCMNDsERyAELlEAVXIEaqAMM7sADeALP2r32qL1or/PRlLbY2Qc/oL19Ar8flTE=</latexit>

w2 = u2 + v2esc(r)

Per-particle capture rate at r:

<latexit sha1_base64="a7STs42HALPQ0n60iXimik5YDt8="></latexit>

w2 ��2(cos ✓) < v2esc(r)

<latexit sha1_base64="NN3WLajVjW0FwNZd4ZcOH06PBGg="></latexit>

⌦(w) = nN (r)w

Z cos ✓max

d cos ✓
d�

d cos ✓

Minimum CM scattering angle:

<latexit sha1_base64="RTOuWv265h5h6eIQ0ZZFHtpz4QA="></latexit>

1� cos ✓ � u2

u2 + vesc(r)2
(M +m)2

2mM



GRAVITATIONAL CAPTURE IN THE SUN
➤ Total capture rate depends on depth of potential well: w2 = u2 + 

vesc(r)2 

➤ vesc(r) at center of Sun: ~1300 km/s 

➤ rms halo speed: ~290 km/s
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CAPTURE THROUGH LONG-RANGE INTERACTIONS
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Long-range scattering: forward singularity 

➤ regulated collision-by-collision by 
minimum scattering angle for capture 

➤ log divergent as u to 0: capture by 
arbitrarily soft scattering  
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CAPTURE AT FINITE TEMPERATURE
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Nuclei have finite thermal velocity: 

➤ short-range: small increase in average CM frame 
energy, reduces phase space for capture  

➤ long-range: small interval of incoming u can give 
capture by arbitrarily soft CM frame scattering  
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[Gaidau, JS]



NUCLEAR CAPTURE AT FINITE TEMPERATURE

➤ At finite temperature,                  : quadratic sensitivity to IR 
regulator  

➤ fine print: dark photon, so spin-independent, isospin-violating scatterings with nucleons
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SELF-CAPTURE AT FINITE TEMPERATURE
➤ DM also has long-range self-interactions: self-capture

[Gaidau, JS]
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DARK MATTER POPULATION IN THE SUN
➤ Number of bound DM particles:  

➤ For the sun, typical halo-bound momentum transfer ~ 16 MeV 
(oxygen), ~m x 10-3 (self-capture)

[Zentner]
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DARK MATTER POPULATION IN THE SUN
➤ Thermal corrections limited for visibly-decaying mediators 

➤ broadly applicable for other mediators: stellar cooling bounds  

➤ thermal enhancement more important for more massive objects

[Gaidau, JS]
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DARK MATTER POPULATION IN THE SUN
➤ Ultra-light dark photons?

[Fabbrichesi, Gabrielli, Lanfranchi]
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DARK MATTER POPULATION IN THE SUN

[Gaidau, JS]
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DARK MATTER POPULATION IN THE SUN

[Gaidau, JS]
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CAVEAT
➤ Subsequent related work by DeRocco, Galanis, and Lasenby 

also finds a parametric enhancement of capture rate for light 
mediators, but 1/m 

➤ status unclear: calculational approaches very different 

➤ resolution in progress



PART II
freeze-in vs glaciation 

arXiv: 2111.13709 with Nico Fernandez and Yoni Kahn



FREEZE-IN DARK MATTER

freeze-in dark matter: DM produced via out-of-equilibrium 
interactions with SM thermal bath

cosmological history strongly depends on scale of 
production rate: non-renormalizeable vs renormalizeable
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FREEZE-IN DARK MATTER
➤ Freeze-in through renormalizeable interactions is IR-dominated 

and therefore UV-insensitive: 

➤ SM source term shuts off at  

➤ Residual UV sensitivity: initial condition on  

➤ (small) constant offset in final abundance 

➤ Dark photon-mediated freeze-in: important benchmark for low-
mass direct detection 

➤ Have implicitly assumed DM does not interact after it is produced
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FREEZE-IN, FREEZE-OUT
➤ However in models with a light mediator, subsequent 

interactions among the dark particles can be very important 

➤ Assuming dark sector is in kinetic equilibrium:

[Chu, Hambye, Tytgat; Krnjaic; Berger et al; Evans, Gaidau, JS; Hambye et al; …]
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ṅDM + 3HnDM = �1

2
h�vifo(n2

DM � n
2
eq(T̃ ))

<latexit sha1_base64="UCXJ02DM1TKUjbjAMQk726aBzR8="></latexit>

+2
X

f

h�vifin2
f (T ) + 2h�iZnZ(T )

SM
<latexit sha1_base64="ajdiBso6u5ZEvdqv1Swh/BkLZz0=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN2kFFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96XXmd++pVCwSd3oWUy/EY8ECRrDOpAGZsGGp7NgVx6CGcuI6F4Y0GvVqtYFc28lRhiVaw9L7YBSRJKRCE46V6rtOrL0US80Ip/PiIFE0xmSKx7RvqMAhVV6a3zpHp0YZoSCSpoRGufp9IsWhUrPQN50h1hP128vEv7x+ooO6lzIRJ5oKslgUJBzpCGWPoxGTlGg+MwQTycytiEywxESbeIomhK9P0f+kc267l3bltlJuXi3jKMAxnMAZuFCDJtxAC9pAYAIP8ATPVmg9Wi/W66J1xVrOHMEPWG+fXhiOew==</latexit>�

<latexit sha1_base64="ajdiBso6u5ZEvdqv1Swh/BkLZz0=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4Com2tr0VvXisYD+gDWWz3bRLN5uwuxFK6F/w4kERr/4hb/4bN2kFFX0w8Hhvhpl5fsyZ0o7zYa2srq1vbBa2its7u3v7pYPDjooSSWibRDySPR8rypmgbc00p71YUhz6nHb96XXmd++pVCwSd3oWUy/EY8ECRrDOpAGZsGGp7NgVx6CGcuI6F4Y0GvVqtYFc28lRhiVaw9L7YBSRJKRCE46V6rtOrL0US80Ip/PiIFE0xmSKx7RvqMAhVV6a3zpHp0YZoSCSpoRGufp9IsWhUrPQN50h1hP128vEv7x+ooO6lzIRJ5oKslgUJBzpCGWPoxGTlGg+MwQTycytiEywxESbeIomhK9P0f+kc267l3bltlJuXi3jKMAxnMAZuFCDJtxAC9pAYAIP8ATPVmg9Wi/W66J1xVrOHMEPWG+fXhiOew==</latexit>�



FREEZE-IN, FREEZE-OUT
➤ interplay of out-of-equilibrium injections from SM with the 

freezeout of interactions within the dark sector sensitive to 
ordering of events:

[Evans, Gaidau, JS]
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TEMPERATURE EVOLUTION: LEAK-IN
➤ Energy injection into hidden radiation bath makes it evolve 

non-adiabatically: 

➤ UV-insensitive quasi-static equilibrium phase: leak-in 

➤ attractor solution: 
[Chu, Hambye, Tytgat; Evans, Gaidau, JS]
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CONDITIONS FOR INSTANTANEOUS KINETIC EQUILIBRATION
➤ this attractor solution helps extend region where 

instantaneous kinetic equilibration is a good approximation:
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INITIAL CONDITION DEPENDENCE?
➤ For freeze-in with light mediators we expect DM abundance 

to depend on the initial light mediator abundance as well 

➤ initial temperature ratio  

➤ intuition: attractor solution for HS temperature will erase much 
initial condition dependence

[Fernandez, Kahn, JS]
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INITIAL CONDITION DEPENDENCE?
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to depend on the initial light mediator abundance as well 

➤ initial temperature ratio  

➤ intuition: attractor solution for HS temperature will erase much 
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INITIAL CONDITION DEPENDENCE

➤ values of parameters needed for relic abundance can depend 
on initial temperature ratio
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INITIAL CONDITION DEPENDENCE
➤ postdictions: boundary between initially over/under abundant 

DM is robust against attractor solution for             near end of 
FI line 

100 101 102 103 104

m¬[MeV]

10°4

10°3

10°2

10°1

100

ª i

Overproduced

Underproduced

g§s = 100

g§s = 10

[Fernandez, Kahn, JS]

<latexit sha1_base64="BmEfd2ZfHkQgenQ78fCNXlRpQsA=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0WoICXR1ra7gi5cVrAPaEKYTCft0MkkzEyEGoq/4saFIm79D3f+jdO0gooeuHA4517uvcePGZXKsj6MhcWl5ZXV3Fp+fWNza9vc2W3LKBGYtHDEItH1kSSMctJSVDHSjQVBoc9Ixx9dTP3OLRGSRvxGjWPihmjAaUAxUlryzP2ig1g8RN7lCXRILCmL+LFnFqxS2dKowozY1pkm9XqtUqlDu2RlKIA5mp757vQjnISEK8yQlD3bipWbIqEoZmSSdxJJYoRHaEB6mnIUEumm2fUTeKSVPgwioYsrmKnfJ1IUSjkOfd0ZIjWUv72p+JfXS1RQc1PK40QRjmeLgoRBFcFpFLBPBcGKjTVBWFB9K8RDJBBWOrC8DuHrU/g/aZ+W7PNS+bpcaDTmceTAATgERWCDKmiAK9AELYDBHXgAT+DZuDcejRfjdda6YMxn9sAPGG+flh2Usg==</latexit>

(↵D, ✏)

<latexit sha1_base64="d8ZyMhq7Eb37CT8tgtE+CPbOowA=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBHqJiTa2hZcFNy4rNAXNCVMppN26GQSZiZCCV258VfcuFDErd/gzr9xmlZQ0QMXDufcy733+DGjUtn2h7G0vLK6tp7byG9ube/smnv7bRklApMWjlgkuj6ShFFOWooqRrqxICj0Gen446uZ37klQtKIN9UkJv0QDTkNKEZKS555xD0XjygsuoqyAYFNj57CS8i9NPLl1DMLtlWyNSowI459rkmtVi2Xa9Cx7AwFsEDDM9/dQYSTkHCFGZKy59ix6qdIKIoZmebdRJIY4TEakp6mHIVE9tPsjSk80coABpHQxRXM1O8TKQqlnIS+7gyRGsnf3kz8y+slKqj2U8rjRBGO54uChEEVwVkmcEAFwYpNNEFYUH0rxCMkEFY6ubwO4etT+D9pn1nOhVW6KRXq9UUcOXAIjkEROKAC6uAaNEALYHAHHsATeDbujUfjxXidty4Zi5kD8APG2yfCKJgR</latexit>

n�(T̃i) < nobs

<latexit sha1_base64="J/TD70PUG68fSKUbDdtejqwTUQg=">AAACBnicdVDLSsNAFJ34rPUVdSnCYBHqJiTa2nYjBTcuK/QFTQmT6aQdOpmEmYlQQldu/BU3LhRx6ze482+cphVU9MCFwzn3cu89fsyoVLb9YSwtr6yurec28ptb2zu75t5+W0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr++Grmd26JkDTiTTWJST9EQ04DipHSkmcecc/FIwqLrqJsQGDTo6fwEnIvjXw59cyCbZVsjQrMiGOfa1KrVcvlGnQsO0MBLNDwzHd3EOEkJFxhhqTsOXas+ikSimJGpnk3kSRGeIyGpKcpRyGR/TR7YwpPtDKAQSR0cQUz9ftEikIpJ6GvO0OkRvK3NxP/8nqJCqr9lPI4UYTj+aIgYVBFcJYJHFBBsGITTRAWVN8K8QgJhJVOLq9D+PoU/k/aZ5ZzYZVuSoV6fRFHDhyCY1AEDqiAOrgGDdACGNyBB/AEno1749F4MV7nrUvGYuYA/IDx9gnFQJgT</latexit>

n�(T̃i) > nobs



DIRECT DETECTION LANDSCAPE
➤ what this region looks like in direct detection: 
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SUMMARY AND CONCLUSIONS
➤ Dark matter that interacts with a long-range dark force can behave 

dramatically unlike WIMPs 

➤ Gravitational capture via long-range interactions 

➤ finite-temperature capture rate in non-degenerate bodies is quadratically*, 
not logarithmically, sensitive to IR regulator 

➤ visibly-decaying mediators: small corrections in Sun, perhaps bigger 
corrections in more massive objects 

➤ Initial condition dependence in freeze-in models 

➤ final relic abundance depends on initial conditions on temperature ratio, 
much more involved than constant offset 

➤  implications for next generation of low-threshold direct detection 
experiments 

➤ Phase space distribution as well as relic density UV-sensitive


