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Dark matter: executive introduction



density[dark matter]
density [standard matter]

≈ 5.36 ± 0.05  
(Planck 2018)



Dark matter (DM) candidates

• A new particle?

• Primordial black holes (PBHs)?

• All of the above? None of the above?

• A whole family of them?
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CMB observables

I(⌫, n) ⌘ 2h⌫3

exp(h⌫/T )� 1
<latexit sha1_base64="u6xr+CXQvPVreXWiSSadCErZxyg=">AAACHXicbZDLSgMxFIYzXmu9VV26CRahBa0zKuiy6EZ3CvYCnVoy6RkbzGTGJCOWYV7Eja/ixoUiLtyIb2PazkJbDwS+/P85JOf3Is6Utu1va2p6ZnZuPreQX1xaXlktrK3XVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhnd7OvAb9yAVC8WV7kfQDsiNYD6jRBupUzg8L7ki3sGijF24i9k9dn1JaLKPe9gY1wdp4sJDVBre9q7KeBc7aadQtCv2sPAkOBkUUVYXncKn2w1pHIDQlBOlWo4d6XZCpGaUQ5p3YwURobfkBloGBQlAtZPhdineNkoX+6E0R2g8VH9PJCRQqh94pjMguqfGvYH4n9eKtX/cTpiIYg2Cjh7yY451iAdR4S6TQDXvGyBUMvNXTHvEpKNNoHkTgjO+8iTU9yuO4cvDYvUkiyOHNtEWKiEHHaEqOkMXqIYoekTP6BW9WU/Wi/VufYxap6xsZgP9KevrBzyun4A=</latexit><latexit sha1_base64="u6xr+CXQvPVreXWiSSadCErZxyg=">AAACHXicbZDLSgMxFIYzXmu9VV26CRahBa0zKuiy6EZ3CvYCnVoy6RkbzGTGJCOWYV7Eja/ixoUiLtyIb2PazkJbDwS+/P85JOf3Is6Utu1va2p6ZnZuPreQX1xaXlktrK3XVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhnd7OvAb9yAVC8WV7kfQDsiNYD6jRBupUzg8L7ki3sGijF24i9k9dn1JaLKPe9gY1wdp4sJDVBre9q7KeBc7aadQtCv2sPAkOBkUUVYXncKn2w1pHIDQlBOlWo4d6XZCpGaUQ5p3YwURobfkBloGBQlAtZPhdineNkoX+6E0R2g8VH9PJCRQqh94pjMguqfGvYH4n9eKtX/cTpiIYg2Cjh7yY451iAdR4S6TQDXvGyBUMvNXTHvEpKNNoHkTgjO+8iTU9yuO4cvDYvUkiyOHNtEWKiEHHaEqOkMXqIYoekTP6BW9WU/Wi/VufYxap6xsZgP9KevrBzyun4A=</latexit><latexit sha1_base64="u6xr+CXQvPVreXWiSSadCErZxyg=">AAACHXicbZDLSgMxFIYzXmu9VV26CRahBa0zKuiy6EZ3CvYCnVoy6RkbzGTGJCOWYV7Eja/ixoUiLtyIb2PazkJbDwS+/P85JOf3Is6Utu1va2p6ZnZuPreQX1xaXlktrK3XVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhnd7OvAb9yAVC8WV7kfQDsiNYD6jRBupUzg8L7ki3sGijF24i9k9dn1JaLKPe9gY1wdp4sJDVBre9q7KeBc7aadQtCv2sPAkOBkUUVYXncKn2w1pHIDQlBOlWo4d6XZCpGaUQ5p3YwURobfkBloGBQlAtZPhdineNkoX+6E0R2g8VH9PJCRQqh94pjMguqfGvYH4n9eKtX/cTpiIYg2Cjh7yY451iAdR4S6TQDXvGyBUMvNXTHvEpKNNoHkTgjO+8iTU9yuO4cvDYvUkiyOHNtEWKiEHHaEqOkMXqIYoekTP6BW9WU/Wi/VufYxap6xsZgP9KevrBzyun4A=</latexit><latexit sha1_base64="u6xr+CXQvPVreXWiSSadCErZxyg=">AAACHXicbZDLSgMxFIYzXmu9VV26CRahBa0zKuiy6EZ3CvYCnVoy6RkbzGTGJCOWYV7Eja/ixoUiLtyIb2PazkJbDwS+/P85JOf3Is6Utu1va2p6ZnZuPreQX1xaXlktrK3XVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhnd7OvAb9yAVC8WV7kfQDsiNYD6jRBupUzg8L7ki3sGijF24i9k9dn1JaLKPe9gY1wdp4sJDVBre9q7KeBc7aadQtCv2sPAkOBkUUVYXncKn2w1pHIDQlBOlWo4d6XZCpGaUQ5p3YwURobfkBloGBQlAtZPhdineNkoX+6E0R2g8VH9PJCRQqh94pjMguqfGvYH4n9eKtX/cTpiIYg2Cjh7yY451iAdR4S6TQDXvGyBUMvNXTHvEpKNNoHkTgjO+8iTU9yuO4cvDYvUkiyOHNtEWKiEHHaEqOkMXqIYoekTP6BW9WU/Wi/VufYxap6xsZgP9KevrBzyun4A=</latexit>

T (⌫, n) = T0
<latexit sha1_base64="dTwiolhChJXX778P5QZF1mTUdy4=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoYKURATdCEU3Liv0Bm0Ik+mkHTqZhJmJUEOfxI0LRdz6KO58G6dtFtr6w8DHf87hnPmDhDOlHefbKqytb2xuFbdLO7t7+2X74LCt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8N6t3HqlULBZNPUmoF+GhYCEjWBvLt8vNal+k50icoRvU9B3frjg1Zy60Cm4OFcjV8O2v/iAmaUSFJhwr1XOdRHsZlpoRTqelfqpogskYD2nPoMARVV42P3yKTo0zQGEszRMazd3fExmOlJpEgemMsB6p5drM/K/WS3V47WVMJKmmgiwWhSlHOkazFNCASUo0nxjARDJzKyIjLDHRJquSCcFd/vIqtC9qruGHy0r9No+jCMdwAlVw4QrqcA8NaAGBFJ7hFd6sJ+vFerc+Fq0FK585gj+yPn8A2GmRPw==</latexit><latexit sha1_base64="dTwiolhChJXX778P5QZF1mTUdy4=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoYKURATdCEU3Liv0Bm0Ik+mkHTqZhJmJUEOfxI0LRdz6KO58G6dtFtr6w8DHf87hnPmDhDOlHefbKqytb2xuFbdLO7t7+2X74LCt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8N6t3HqlULBZNPUmoF+GhYCEjWBvLt8vNal+k50icoRvU9B3frjg1Zy60Cm4OFcjV8O2v/iAmaUSFJhwr1XOdRHsZlpoRTqelfqpogskYD2nPoMARVV42P3yKTo0zQGEszRMazd3fExmOlJpEgemMsB6p5drM/K/WS3V47WVMJKmmgiwWhSlHOkazFNCASUo0nxjARDJzKyIjLDHRJquSCcFd/vIqtC9qruGHy0r9No+jCMdwAlVw4QrqcA8NaAGBFJ7hFd6sJ+vFerc+Fq0FK585gj+yPn8A2GmRPw==</latexit><latexit sha1_base64="dTwiolhChJXX778P5QZF1mTUdy4=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoYKURATdCEU3Liv0Bm0Ik+mkHTqZhJmJUEOfxI0LRdz6KO58G6dtFtr6w8DHf87hnPmDhDOlHefbKqytb2xuFbdLO7t7+2X74LCt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8N6t3HqlULBZNPUmoF+GhYCEjWBvLt8vNal+k50icoRvU9B3frjg1Zy60Cm4OFcjV8O2v/iAmaUSFJhwr1XOdRHsZlpoRTqelfqpogskYD2nPoMARVV42P3yKTo0zQGEszRMazd3fExmOlJpEgemMsB6p5drM/K/WS3V47WVMJKmmgiwWhSlHOkazFNCASUo0nxjARDJzKyIjLDHRJquSCcFd/vIqtC9qruGHy0r9No+jCMdwAlVw4QrqcA8NaAGBFJ7hFd6sJ+vFerc+Fq0FK585gj+yPn8A2GmRPw==</latexit><latexit sha1_base64="dTwiolhChJXX778P5QZF1mTUdy4=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoYKURATdCEU3Liv0Bm0Ik+mkHTqZhJmJUEOfxI0LRdz6KO58G6dtFtr6w8DHf87hnPmDhDOlHefbKqytb2xuFbdLO7t7+2X74LCt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8N6t3HqlULBZNPUmoF+GhYCEjWBvLt8vNal+k50icoRvU9B3frjg1Zy60Cm4OFcjV8O2v/iAmaUSFJhwr1XOdRHsZlpoRTqelfqpogskYD2nPoMARVV42P3yKTo0zQGEszRMazd3fExmOlJpEgemMsB6p5drM/K/WS3V47WVMJKmmgiwWhSlHOkazFNCASUo0nxjARDJzKyIjLDHRJquSCcFd/vIqtC9qruGHy0r9No+jCMdwAlVw4QrqcA8NaAGBFJ7hFd6sJ+vFerc+Fq0FK585gj+yPn8A2GmRPw==</latexit>

+�T (⌫, n)
<latexit sha1_base64="qI6wJMiD4Xu38rwZaFHz5olqIIM=">AAAB/HicdZDLSsNAFIZP6q3WW7VLN4NFqCglFUWXRTcuK/QGTSiTyaQdOpmEmYlQQn0VNy4UceuDuPNtnLQRVPSHgZ/vnMM583sxZ0rb9odVWFpeWV0rrpc2Nre2d8q7e10VJZLQDol4JPseVpQzQTuaaU77saQ49DjteZPrrN67o1KxSLT1NKZuiEeCBYxgbdCwXDlGjk+5xqhdc0RygsQRGpardv3czoTsuv1lctLISRVytYbld8ePSBJSoQnHSg0adqzdFEvNCKezkpMoGmMywSM6MFbgkCo3nR8/Q4eG+CiIpHlCozn9PpHiUKlp6JnOEOux+l3L4F+1QaKDSzdlIk40FWSxKEg40hHKkkA+k5RoPjUGE8nMrYiMscREm7xKJoSvn6L/Tfe03jD+9qzavMrjKMI+HEANGnABTbiBFnSAwBQe4AmerXvr0XqxXhetBSufqcAPWW+f8gKTAg==</latexit><latexit sha1_base64="qI6wJMiD4Xu38rwZaFHz5olqIIM=">AAAB/HicdZDLSsNAFIZP6q3WW7VLN4NFqCglFUWXRTcuK/QGTSiTyaQdOpmEmYlQQn0VNy4UceuDuPNtnLQRVPSHgZ/vnMM583sxZ0rb9odVWFpeWV0rrpc2Nre2d8q7e10VJZLQDol4JPseVpQzQTuaaU77saQ49DjteZPrrN67o1KxSLT1NKZuiEeCBYxgbdCwXDlGjk+5xqhdc0RygsQRGpardv3czoTsuv1lctLISRVytYbld8ePSBJSoQnHSg0adqzdFEvNCKezkpMoGmMywSM6MFbgkCo3nR8/Q4eG+CiIpHlCozn9PpHiUKlp6JnOEOux+l3L4F+1QaKDSzdlIk40FWSxKEg40hHKkkA+k5RoPjUGE8nMrYiMscREm7xKJoSvn6L/Tfe03jD+9qzavMrjKMI+HEANGnABTbiBFnSAwBQe4AmerXvr0XqxXhetBSufqcAPWW+f8gKTAg==</latexit><latexit sha1_base64="qI6wJMiD4Xu38rwZaFHz5olqIIM=">AAAB/HicdZDLSsNAFIZP6q3WW7VLN4NFqCglFUWXRTcuK/QGTSiTyaQdOpmEmYlQQn0VNy4UceuDuPNtnLQRVPSHgZ/vnMM583sxZ0rb9odVWFpeWV0rrpc2Nre2d8q7e10VJZLQDol4JPseVpQzQTuaaU77saQ49DjteZPrrN67o1KxSLT1NKZuiEeCBYxgbdCwXDlGjk+5xqhdc0RygsQRGpardv3czoTsuv1lctLISRVytYbld8ePSBJSoQnHSg0adqzdFEvNCKezkpMoGmMywSM6MFbgkCo3nR8/Q4eG+CiIpHlCozn9PpHiUKlp6JnOEOux+l3L4F+1QaKDSzdlIk40FWSxKEg40hHKkkA+k5RoPjUGE8nMrYiMscREm7xKJoSvn6L/Tfe03jD+9qzavMrjKMI+HEANGnABTbiBFnSAwBQe4AmerXvr0XqxXhetBSufqcAPWW+f8gKTAg==</latexit><latexit sha1_base64="qI6wJMiD4Xu38rwZaFHz5olqIIM=">AAAB/HicdZDLSsNAFIZP6q3WW7VLN4NFqCglFUWXRTcuK/QGTSiTyaQdOpmEmYlQQn0VNy4UceuDuPNtnLQRVPSHgZ/vnMM583sxZ0rb9odVWFpeWV0rrpc2Nre2d8q7e10VJZLQDol4JPseVpQzQTuaaU77saQ49DjteZPrrN67o1KxSLT1NKZuiEeCBYxgbdCwXDlGjk+5xqhdc0RygsQRGpardv3czoTsuv1lctLISRVytYbld8ePSBJSoQnHSg0adqzdFEvNCKezkpMoGmMywSM6MFbgkCo3nR8/Q4eG+CiIpHlCozn9PpHiUKlp6JnOEOux+l3L4F+1QaKDSzdlIk40FWSxKEg40hHKkkA+k5RoPjUGE8nMrYiMscREm7xKJoSvn6L/Tfe03jD+9qzavMrjKMI+HEANGnABTbiBFnSAwBQe4AmerXvr0XqxXhetBSufqcAPWW+f8gKTAg==</latexit>

spectral-spatial 
distortions (e.g. SZ)

+�T (⌫)
<latexit sha1_base64="UVHvR+ZQBKUW5jMpVt26RDiqpfM=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0WoCCWJoa27oi5cVugLmlAm00k7dDIJMxOhln6JGxeKuPVT3Pk3TtoKKnrgwuGce7n3niBhVCrL+jBWVtfWNzZzW/ntnd29grl/0JZxKjBp4ZjFohsgSRjlpKWoYqSbCIKigJFOML7K/M4dEZLGvKkmCfEjNOQ0pBgpLfXNwhn0rglTCDZLHk9P+2bRKl/UKo5bgVbZsqq2Y2fEqbrnLrS1kqEIlmj0zXdvEOM0IlxhhqTs2Vai/CkSimJGZnkvlSRBeIyGpKcpRxGR/nR++AyeaGUAw1jo4grO1e8TUxRJOYkC3RkhNZK/vUz8y+ulKqz5U8qTVBGOF4vClEEVwywFOKCCYMUmmiAsqL4V4hESCCudVV6H8PUp/J+0nbKt+a1brF8u48iBI3AMSsAGVVAHN6ABWgCDFDyAJ/Bs3BuPxovxumhdMZYzh+AHjLdPHluSGA==</latexit><latexit sha1_base64="UVHvR+ZQBKUW5jMpVt26RDiqpfM=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0WoCCWJoa27oi5cVugLmlAm00k7dDIJMxOhln6JGxeKuPVT3Pk3TtoKKnrgwuGce7n3niBhVCrL+jBWVtfWNzZzW/ntnd29grl/0JZxKjBp4ZjFohsgSRjlpKWoYqSbCIKigJFOML7K/M4dEZLGvKkmCfEjNOQ0pBgpLfXNwhn0rglTCDZLHk9P+2bRKl/UKo5bgVbZsqq2Y2fEqbrnLrS1kqEIlmj0zXdvEOM0IlxhhqTs2Vai/CkSimJGZnkvlSRBeIyGpKcpRxGR/nR++AyeaGUAw1jo4grO1e8TUxRJOYkC3RkhNZK/vUz8y+ulKqz5U8qTVBGOF4vClEEVwywFOKCCYMUmmiAsqL4V4hESCCudVV6H8PUp/J+0nbKt+a1brF8u48iBI3AMSsAGVVAHN6ABWgCDFDyAJ/Bs3BuPxovxumhdMZYzh+AHjLdPHluSGA==</latexit><latexit sha1_base64="UVHvR+ZQBKUW5jMpVt26RDiqpfM=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0WoCCWJoa27oi5cVugLmlAm00k7dDIJMxOhln6JGxeKuPVT3Pk3TtoKKnrgwuGce7n3niBhVCrL+jBWVtfWNzZzW/ntnd29grl/0JZxKjBp4ZjFohsgSRjlpKWoYqSbCIKigJFOML7K/M4dEZLGvKkmCfEjNOQ0pBgpLfXNwhn0rglTCDZLHk9P+2bRKl/UKo5bgVbZsqq2Y2fEqbrnLrS1kqEIlmj0zXdvEOM0IlxhhqTs2Vai/CkSimJGZnkvlSRBeIyGpKcpRxGR/nR++AyeaGUAw1jo4grO1e8TUxRJOYkC3RkhNZK/vUz8y+ulKqz5U8qTVBGOF4vClEEVwywFOKCCYMUmmiAsqL4V4hESCCudVV6H8PUp/J+0nbKt+a1brF8u48iBI3AMSsAGVVAHN6ABWgCDFDyAJ/Bs3BuPxovxumhdMZYzh+AHjLdPHluSGA==</latexit><latexit sha1_base64="UVHvR+ZQBKUW5jMpVt26RDiqpfM=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0WoCCWJoa27oi5cVugLmlAm00k7dDIJMxOhln6JGxeKuPVT3Pk3TtoKKnrgwuGce7n3niBhVCrL+jBWVtfWNzZzW/ntnd29grl/0JZxKjBp4ZjFohsgSRjlpKWoYqSbCIKigJFOML7K/M4dEZLGvKkmCfEjNOQ0pBgpLfXNwhn0rglTCDZLHk9P+2bRKl/UKo5bgVbZsqq2Y2fEqbrnLrS1kqEIlmj0zXdvEOM0IlxhhqTs2Vai/CkSimJGZnkvlSRBeIyGpKcpRxGR/nR++AyeaGUAw1jo4grO1e8TUxRJOYkC3RkhNZK/vUz8y+ulKqz5U8qTVBGOF4vClEEVwywFOKCCYMUmmiAsqL4V4hESCCudVV6H8PUp/J+0nbKt+a1brF8u48iBI3AMSsAGVVAHN6ABWgCDFDyAJ/Bs3BuPxovxumhdMZYzh+AHjLdPHluSGA==</latexit>

spectral 
distortions

ν: frequency

+�T (n)
<latexit sha1_base64="DJ6zc4okcwrSh4acU7XmqZ/ybLg=">AAAB9HicdZDLSgMxFIYzXmu9VV26CRahIpSkiG13RV24rNAbtEPJpJk2NJMZk0yhDH0ONy4UcevDuPNtzLQVVPRA4OP/z+Gc/F4kuDYIfTgrq2vrG5uZrez2zu7efu7gsKXDWFHWpKEIVccjmgkuWdNwI1gnUowEnmBtb3yd+u0JU5qHsmGmEXMDMpTc55QYK7nnsHfDhCGwUZBn/VweFRFCGGOYAi5fIgvVaqWEKxCnlq08WFa9n3vvDUIaB0waKojWXYwi4yZEGU4Fm2V7sWYRoWMyZF2LkgRMu8n86Bk8tcoA+qGyTxo4V79PJCTQehp4tjMgZqR/e6n4l9eNjV9xEy6j2DBJF4v8WEATwjQBOOCKUSOmFghV3N4K6YgoQo3NKWtD+Pop/B9apSK2fHeRr10t48iAY3ACCgCDMqiBW1AHTUDBPXgAT+DZmTiPzovzumhdcZYzR+BHOW+fBGCQ9g==</latexit><latexit sha1_base64="DJ6zc4okcwrSh4acU7XmqZ/ybLg=">AAAB9HicdZDLSgMxFIYzXmu9VV26CRahIpSkiG13RV24rNAbtEPJpJk2NJMZk0yhDH0ONy4UcevDuPNtzLQVVPRA4OP/z+Gc/F4kuDYIfTgrq2vrG5uZrez2zu7efu7gsKXDWFHWpKEIVccjmgkuWdNwI1gnUowEnmBtb3yd+u0JU5qHsmGmEXMDMpTc55QYK7nnsHfDhCGwUZBn/VweFRFCGGOYAi5fIgvVaqWEKxCnlq08WFa9n3vvDUIaB0waKojWXYwi4yZEGU4Fm2V7sWYRoWMyZF2LkgRMu8n86Bk8tcoA+qGyTxo4V79PJCTQehp4tjMgZqR/e6n4l9eNjV9xEy6j2DBJF4v8WEATwjQBOOCKUSOmFghV3N4K6YgoQo3NKWtD+Pop/B9apSK2fHeRr10t48iAY3ACCgCDMqiBW1AHTUDBPXgAT+DZmTiPzovzumhdcZYzR+BHOW+fBGCQ9g==</latexit><latexit sha1_base64="DJ6zc4okcwrSh4acU7XmqZ/ybLg=">AAAB9HicdZDLSgMxFIYzXmu9VV26CRahIpSkiG13RV24rNAbtEPJpJk2NJMZk0yhDH0ONy4UcevDuPNtzLQVVPRA4OP/z+Gc/F4kuDYIfTgrq2vrG5uZrez2zu7efu7gsKXDWFHWpKEIVccjmgkuWdNwI1gnUowEnmBtb3yd+u0JU5qHsmGmEXMDMpTc55QYK7nnsHfDhCGwUZBn/VweFRFCGGOYAi5fIgvVaqWEKxCnlq08WFa9n3vvDUIaB0waKojWXYwi4yZEGU4Fm2V7sWYRoWMyZF2LkgRMu8n86Bk8tcoA+qGyTxo4V79PJCTQehp4tjMgZqR/e6n4l9eNjV9xEy6j2DBJF4v8WEATwjQBOOCKUSOmFghV3N4K6YgoQo3NKWtD+Pop/B9apSK2fHeRr10t48iAY3ACCgCDMqiBW1AHTUDBPXgAT+DZmTiPzovzumhdcZYzR+BHOW+fBGCQ9g==</latexit><latexit sha1_base64="DJ6zc4okcwrSh4acU7XmqZ/ybLg=">AAAB9HicdZDLSgMxFIYzXmu9VV26CRahIpSkiG13RV24rNAbtEPJpJk2NJMZk0yhDH0ONy4UcevDuPNtzLQVVPRA4OP/z+Gc/F4kuDYIfTgrq2vrG5uZrez2zu7efu7gsKXDWFHWpKEIVccjmgkuWdNwI1gnUowEnmBtb3yd+u0JU5qHsmGmEXMDMpTc55QYK7nnsHfDhCGwUZBn/VweFRFCGGOYAi5fIgvVaqWEKxCnlq08WFa9n3vvDUIaB0waKojWXYwi4yZEGU4Fm2V7sWYRoWMyZF2LkgRMu8n86Bk8tcoA+qGyTxo4V79PJCTQehp4tjMgZqR/e6n4l9eNjV9xEy6j2DBJF4v8WEATwjQBOOCKUSOmFghV3N4K6YgoQo3NKWtD+Pop/B9apSK2fHeRr10t48iAY3ACCgCDMqiBW1AHTUDBPXgAT+DZmTiPzovzumhdcZYzR+BHOW+fBGCQ9g==</latexit>

anisotropies
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Fig. 2.—Preliminary spectrum of the cosmic microwave background from 
the FIRAS instrument at the north Galactic pole, compared to a blackbody. 
Boxes are measured points and show size of assumed 1% error band. The units 
for the vertical axis are 10“4 ergs s -1 cm-2 sr~1 cm. 

The error band in Figure 2 is a conservative estimate of the 
systematic errors in our current calibration algorithm, taken to 
be 1% of the peak intensity of the spectrum. Since the data 
show a good null both when the FIRAS is looking at the external 
calibrator and at the sky, one can determine from the interfero- 
grams alone that the spectrum of the sky is close to a blackbody, 
regardless of the details of the data reduction and calibration. 

IV. DISCUSSION 
The CMBR temperature reported here lies between the 

average of direct ground-based measurements, 2.655 ± 0.036 
K (see Smoot et al 1988 for a tabulation), and the precise 
measurement of 2.783 ± 0.025 K (1 o) at 0.8 cm"1 made from a 
balloon by Johnson and Wilkinson (1987). At the CN tran- 
sition frequency, the temperature measured by FIRAS is 
2.735 ± 0.06 K, compared to 2.70 ± 0.04 K from Meyer and 
Jura (1985), 2.796( +0.014, -0.039) K from Crane et al. (1989), 
and 2.77 ± 0.4 K from Kaiser and Wright (1990). The FIRAS 
data are not consistent with the departures from a blackbody 
spectrum reported by Matsumoto et al. (1988). 

Using the conservative 1% error bands, these new data set a 
3 a upper limit on the Comptonization y parameter of 0.001 
and on the chemical potential g of 0.009. This value of g is 
based on a fit to a pure Bose-Einstein spectrum with g inde- 
pendent of frequency. The hot smooth intergalactic medium 
(IGM) suggested to explain the cosmic X-ray background by 

Fig. 3.—Composite plot of recent measurements of the temperature of the 
sky (temperature of the cosmic background vs. wavelength). A = Sironi et al. 
(1987), B = Levin et al. (1987), C = Sironi and Bonelli (1986), D = De Amici et 
al. (1988), E = Mandolesi et al. (1986), F = Kogut et al. (1988), G = Johnson 
and Wilkinson (1987), H = Smoot et al. (1985), I = Smoot et al. (1987), 
J = Crâne et al. (1989), K = Meyer et al. (1989), Palazzi et al. (1990), 
L = Matsumoto et al. (1988). 

Field and Perrenod (1977), Guilbert and Fabian (1986), and 
recalculated by Taylor and Wright (1989) can be ruled out, 
since the predicted X-ray background scales as y2. The new 
limits on y would limit the X-ray background to only 1/36 of 
the observed value, even at a heating redshift as small as zc = 2. 
Many other sources of distortions of the CMBR spectrum 
(Bond, Carr, and Hogan 1986) are also severely constrained. 

A more accurate determination of the spectrum will be made 
after further sky observations, calibrations, and refinement of 
the calibration algorithm. The ultimate accuracy of any mea- 
sured spectrum distortions should be limited only by the 
optical design and stability of the external calibrator and by 
the models of radiation from interstellar dust. 

It is a pleasure to acknowledge the vital contributions of all 
those at GSFC who devoted their efforts to making this chal- 
lenging mission not only possible but enjoyable as well. Special 
thanks are due to Paul Richards and Patrick Thaddeus for 
their early encouragement to the lead author, to Robert 
Maichle and Michael Roberto for leading the engineering 
effort on the FIRAS instrument, and to Shirley Read, Robert 
Kümmerer, and Leonard Olson for their leadership in software 
development for the FIRAS. 
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|y|  1.5⇥ 10�5, |µ|  9⇥ 10�5
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•  At z ≳ 2e6: photons are easily created and destroyed, 
and thermalized 

Brief review of spectral distortion physics
Zeldovich & Sunyaev 1969, Hu & Silk 1993, Chluba & Sunyaev 2012

➱ injection of energy into the photon-baryon plasma at 
z ≳ 2e6 does not distort the CMB blackbody spectrum 

(it can only change its overall temperature)
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I⌫ =
2h⌫3

eh⌫/T � 1



Zeldovich & Sunyaev 1969, Hu & Silk 1993, Chluba & Sunyaev 2012

•  At 6e4 ≲ z ≲ 2e6: photons no longer easily created and 
destroyed, but their energy is efficiently changed by 
Thomson scattering with free electrons.

➱ Photon spectrum reaches a Bose-Einstein distribution, 
regardless of the energy injection process. 
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Brief review of spectral distortion physics



Zeldovich & Sunyaev 1969, Hu & Silk 1993, Chluba & Sunyaev 2012

•  At z ≲ 6e4: both photon number and energy no longer 
efficiently change. 

Brief review of spectral distortion physics

•  In general, non-universal distortion shape, depending on 
energy injection channel(s) [e.g. direct injection of 
photons with narrow/broad spectrum, etc…]

• If energy is injected by heating baryons, and transferred to 
CMB by Thomson scattering, Compton-y (SZ) distortion

<latexit sha1_base64="Sjzs3dOrY0xn9xlGeGSEPtuXDKQ="></latexit>
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Brief review of spectral distortion physics

Bottom line:
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Zeldovich & Sunyaev 1969, Hu & Silk 1993, Chluba & Sunyaev 2012



Fig. 2.—Preliminary spectrum of the cosmic microwave background from 

II. Testing particle-DM interactions 
with CMB spectral distortions



If DM is a fundamental/composite particle χ, 
could it interact feebly with “visible” matter?
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Fig. 46. Planck 2018 constraints on DM mass and annihilation cross-section. Solid straight lines show joint CMB constraints on
several annihilation channels (plotted using di↵erent colours), based on pann < 3.2 ⇥ 10�28 cm3 s�1 GeV�1. We also show the 2�
preferred region suggested by the AMS proton excess (dashed ellipse) and the Fermi Galactic centre excess according to four
possible models with references given in the text (solid ellipses), all of them computed under the assumption of annihilation into bb̄

(for other channels the ellipses would move almost tangentially to the CMB bounds). We additionally show the 2� preferred region
suggested by the AMS/PAMELA positron fraction and Fermi/H.E.S.S. electron and positron fluxes for the leptophilic µ+µ� channel
(dotted contours). Assuming a standard WIMP-decoupling scenario, the correct value of the relic DM abundance is obtained for a
“thermal cross-section” given as a function of the mass by the black dashed line.

the range 0.8–1.2. We found that our bounds remain una↵ected
by floating these additional nuisance parameters, which are not
correlated with pann.

Figure 46 translates the bounds on pann into joint limits on
the mass m� and annihilation cross-section h�vi of DM, assum-
ing twelve plausible WIMP s-wave annihilation channels. The
value of fe↵ for each mass and channel was computed39 using the
public DarkAges module of Stöcker et al. (2018), which relies
on the energy transfer functions presented by Slatyer (2016b).
We consistently account for corrections related to low-energy
photons in the manner described in section V.B. of Slatyer
(2016b). Finally, the DarkAges module defines fe↵ by convolv-
ing f (z) in redshift space with the weighting function recom-
mended by Slatyer (2016a). Note that for the W

+
W
� and Z

0
Z

0

channels, the bounds assume on-shell 2-body processes and are
cut sharply at the mass of the daughter particle, while in reality
they would extend further to the left in Fig. 46.

As usual the strongest bounds are obtained assuming anni-
hilation into electron-positron pairs. The case of annihilation
purely into neutrinos is not shown here, since the constraints
are orders of magnitude weaker in that case. Assuming a ther-
mal cross-section (shown in Fig. 46), the 95 % CL lower bounds
on the DM mass range from m� � 9 GeV for annihilation
into tau/anti-tau, up to m� � 30 GeV for annihilation in elec-
tron/positron. To compare with hints of DM annihilation in indi-
rect DM search data, we first show the regions preferred by the
AMS/PAMELA positron fraction and Fermi/H.E.S.S. electron-
positron flux, assuming s-wave annihilation into muons and
standard halo profiles. These regions, taken from Cirelli et al.
(2009), have long been known to be in strong tension with CMB
data.

We also indicate the regions suggested by the possible DM
interpretation of several anomalies in indirect DM search data.
The 95 % CL preferred region for the AMS anti-proton excess

39Courtesy of P. Stöcker.

is extracted from Cuoco et al. (2017b,a). The DM interpretation
of the Fermi Galactic centre excess is very model-dependent
and, as in figure 9 of Charles et al. (2016), we choose to show
four results from the analyses of Gordon & Macias (2013),
Abazajian et al. (2014), Calore et al. (2015), and Daylan et al.
(2016). For the Fermi Galactic centre excess and the AMS anti-
proton excess, we only show results assuming annihilation into
bb̄, in order to keep the figure readable. About 50 % of the region
found by Abazajian et al. (2014) is excluded by CMB bounds,
while other regions are still compatible. The 95 % CL preferred
region for the AMS anti-proton excess is still compatible with
CMB bounds for the bb̄ channel shown in the figure, and we
checked that this is also the case for other channels.

8. Conclusions

This is the final Planck collaboration paper on cosmological pa-
rameters and presents our best estimates of parameters defining
the base-⇤CDM cosmology and a wide range of extended mod-
els. As in PCP13 and PCP15 we find that the base-⇤CDM model
provides a remarkably good fit to the Planck power spectra and
lensing measurements, with no compelling evidence to favour
any of the extended models considered in this paper.

Compared to PCP15 the main changes in this analysis
come from improvements in the Planck polarization analysis,
both at low and high multipoles. The new Planck polariza-
tion maps provide a tight constraint on the reionization op-
tical depth, ⌧, from large-scale polarization (and are consis-
tent with the preliminary HFI polarization results presented
in Planck Collaboration Int. XLVI (2016)). This revision to the
constraint on ⌧ accounts for most of the (small) changes in pa-
rameters determined from the temperature power spectra in this
paper compared to PCP15. We have characterized a number of
systematic e↵ects, neglected in PCP15, which a↵ect the polar-
ization spectra at high multipoles. Applying corrections for these
systematics (principally arising from errors in polarization e�-
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If DM is a fundamental/composite particle χ, 
could it interact feebly with “visible” matter?

8

FIG. 8: Constraints for DM-baryon scattering at the
95% CL in the m� � �0 parameter space from Planck
temperature + polarization and Lyman-↵ forest data

and our proposed extrapolation.

FIG. 9: Contours of T�mH/(THm�) in the �0 �m�

plane for the n = �2 scenario, evaluated at z = 106

(Lyman-↵ modes re-entry). For T�/m� ⌧ TH/mH , the
scaling �0 / (m� +mH) is valid (the solid curve

represents this limit). Data points (blue circles) are
95% CL results from our MCMC likelihood analysis.

R�,i =
ac0⇢i�i

m� +mi

v�,i. (13)

Here, c0 is a numerical factor shown in Table II in the
Appendix, and v�,i is the relative velocity of DM and
particle species i, that can be either unbound protons or
Helium.

Following the treatment of Refs. [32, 84], we can write
the DM-Helium momentum transfer rate as

FIG. 10: Similar to Fig. 9, but for the n = �4 scenario,
evaluated at z = 103 (time of decoupling of the CMB).

FIG. 11: Constraints on n = 0 DM-baryon scattering in
the m� � �H parameter space for underlying theory
with (solid lines) and without (dashed lines) Helium
scattering. Limits from direct detection searches are

quoted from Refs. [58, 63, 64, 72, 80–82].

R�,He =
ac0⇢He

m� +mHe

�Hev�,He

�
1 + (2µ�HeaHev�,He)

2
��2

' ac0⇢He

m� +mHe

�Hev�,He, (14)

and

�He = 4
µ
2
�He

µ
2
�H

�H . (15)

Here, µ�i = m�mi/(m� + mi) is the reduced mass
of the DM-i system, and aHe ' 1.5 fm is nuclear shell

Xu, Dvorkin 
& Chael 2018
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CMB spectral distortions from DM scattering
YAH, Chluba & Kamionkowski, PRL 2015

Suppose DM is non-relativistic, and scatters with γ/e/p 

Scattering rate: 
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Expansion rate:

(for constant σ)
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H(z) / (1 + z)2 (radiation domination)
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While z > zdec, the photon-baryon plasma constantly heats 
up DM to keep Tχ warmer than adiabatic evolution.

=> While z > zdec, the DM constantly extracts heat from the 
photon-baryon plasma
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FIG. 1. Absolute value of the photon distortion �⇢�/⇢� for
DM collisions with protons, for a velocity-independent cross
section �0. The solid curves are labelled by the DM particle
mass. The upper dashed curve indicates the approximate
constraint from FIRAS �⇢�/⇢�  5 ⇥ 10�5 [19]. The lower
dotted curve indicates the approximate forecasted sensitivity
of PIXIE �⇢�/⇢� ⇠ 10�8 [20].

the DM-baryon and DM-photon cross sections up to DM
masses m

max

� ⇡ 1.3 GeV.
For masses m�  m

max

� , a measurement of the CMB
blackbody spectrum to a precision �max would imply an
upper limit on the cross sections �

�b
n or �

��
p . For DM-

baryon collisions we obtain, using Eqs. (15) and (4),

�
�b
n  Cn

m�

mb

✓
1 +

mb

m�

◆ 3�n
2

✓
amax

aµ

◆n+3
2 m�/mmax

�

.(17)

For DM-proton collisions, the numerical constants Cn are
(1.4 ⇥ 10�30

, 1.1 ⇥ 10�27
, 8.2 ⇥ 10�25

, 5.5 ⇥ 10�22) cm2

for n = (�1, 0, 1, 2) respectively. For DM-electron col-
lisions, the corresponding values are (1.4 ⇥ 10�30

, 2.6 ⇥
10�29

, 4.5 ⇥ 10�28
, 7.0 ⇥ 10�27) cm2. The constraint on

the DM-photon cross section is obtained similarly from
Eqs. (15) and (10):

�
��
p . Dp

m�

MeV

✓
amax

aµ

◆(p+2)m�/mmax
�

, (18)

with Dp = (6.3, 5.6, 3.7, 2.0, 0.4) ⇥ 10�37 cm2 for p =
(�1, 0, 1, 2, 4), respectively.

Equations (16), (17) and (18) are the main results of
this Letter. Given a sensitivity �max, they allow to ob-
tain upper limits on DM-baryon and DM-photon cross
sections with power-law dependence on the baryon-DM
relative velocity or photon energy (with n, p � �1), up
to a maximal DM mass m

max

� .
We plot in Fig. 2 the current constraints on the energy-

independent cross sections �
�p
0

, �
�e
0

, �
��
0

as a function
of the DM mass given the FIRAS measurements. We
also show the forecasted constraints for the sensitivity of
PIXIE.

Comparison with previous bounds – Most direct
detection experiments only constrain DM-nucleon cross
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FIG. 2. Current upper bounds from FIRAS (solid) and
forecasted detection thresholds from PIXIE (dotted) on the
energy-independent DM-proton (purple), DM-electron (blue)
and DM-photon (red) cross sections �0, as a function of the
DM mass. Masses m� � 0.18 MeV are unconstrained by FI-
RAS as the distortion can never reach �⇢�/⇢� = 5 ⇥ 10�5,
even for infinititely large cross section. PIXIE will extend
the domain of constrainable masses by four orders of mag-
nitude, up to m� ⇡ 1.3 GeV. For comparison, we also show
the constraints on DM-electron scattering from XENON10
data [6] and the limits on DM-photon scattering from Milky
Way satellite counts [29]. No other probe currently constrains
DM-proton scattering in the range of masses shown.

sections for masses m� & few GeV, required to produce
su�cient nuclear recoil. Ref. [22] derive constraints on
the ratio �n/m� for DM-proton collisions in the limit
m� � mH, using CMB anisotropy and LSS data. SDs
therefore provide a probe of DM-nuclei scattering in a
mass range complementary to the one currently con-
strained. In particular, our limits on DM-proton scat-
tering from FIRAS measurements are the only existing
bounds for m� . 0.1 MeV.

Ref. [6] have set the first constraints on the scattering
of sub-GeV DM with electrons, which could lead to ion-
ization events in the target material [30]. For a velocity-
independent cross section, they find �0 . 3 ⇥ 10�38 cm2

for m� = 100 MeV, significantly better than what we
forecast at the same mass for a PIXIE-type experiment,
�0 . 10�26 cm2. The bound of Ref. [6], however, worsens
rapidly for DM masses below a few MeV. Here again, FI-
RAS limits give the only existing bounds on DM-electron
cross sections for m� . 0.1 MeV.

Ref. [29] give a constraint on the DM-photon energy-
independent cross section using counts of Milky Way
satellites, translating to �0 . 3.7⇥10�36(m�/MeV) cm2.
The constraint we set with FIRAS for m� ⌧ 0.1 MeV is
tighter by a factor of ⇠ 5, and PIXIE will allow to ex-
tend it up to m� ⇡ 1 GeV. We also constrain the p = 2
cross section �2 . 2⇥10�37(m�/MeV), tighter by six or-
ders of magnitude than the limit of Ref. [31] using CMB
anisotropies.

Conclusions – We have set forth a new avenue to
probe DM interactions with standard model particles,

YAH, Chluba & Kamionkowski 2015

<latexit sha1_base64="hDMdr59XX88TArc8FEtSF+FqtyI="></latexit>

⇠ n�

n�
ln(2⇥ 106/zdec)

gives zdec as a function of σscat

With 
instantaneous-decoupling 

approximation



- If χ-χ scattering rate >> H, DM has Maxwell-Boltzmann 
velocity distribution => only need to solve for Tχ

- But in general, one needs to follow the full DM velocity 
distribution fχ(v).

=> lacking a full treatment at the time, made a simple 
approximation based on thermal decoupling redshift.

Motivation for instantaneous-decoupling 
approximation: 
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FIG. 2. For a baryon-to-DM mass ratio ms/m� = 100, the left column shows the departure of the DM velocity distribution
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n
�b. The right column shows the corresponding dimensionless

heat-exchange rates and their fractional di↵erence, as a function of a/an, where an is the characteristic scale factor of thermal
decoupling. The colored points on the right column correspond to the times at which the distortion is plotted on the left. We
see that the characteristic distortion amplitude and |�Q|/Q increase with |n + 1|. For n = 2 and, especially, n = 4, the heat
exchange rates computed in the MB approximation and with the Boltzmann-Fokker-Planck equation di↵er by order unity.
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=> Maxwell-Boltzmann approximation is 
accurate within O(1) for the heat-exchange rate

4

3. DM scattering with non-relativistic nuclei or electrons

Consider DM particles scattering o↵ non-relativistic
scatterers s (either nuclei or electrons) of mass ms,
temperature Ts, abundance ns and mass density ⇢s =
msns. For a general velocity-dependent momentum-
transfer cross section ��s(v), where v is the DM-scatterer
relative velocity, the heat exchange rate is [21, 28, 31]

Q̇� =
3

2
n���s(Ts � T�), (12)

��s ⌘ 2

3

m�⇢s

(m� + ms)2
h��s(v)v3i

v
2

th

, (13)

h�(v)v3i ⌘
r

2

⇡
v

�3

th

Z
dv v

5
��s(v) exp


� v

2

2v
2

th

�
,(14)

v
2

th
⌘ T�/m� + Ts/ms. (15)

Note that we are neglecting DM-baryon bulk relative ve-
locities relative to the thermal relative motions, which is
accurate for z & few times 104 [28].

We specifically consider velocity-dependent
momentum-transfer cross sections of the form
��b(v) = �⇤v

n, where n is an even integer. In
that case, for n � �4, we have [21, 28, 31]

h��s(v)v3i
v
2

th

=
2

5+n
2

p
⇡

(2 + n/2)! �⇤v
n+1

th
. (16)

Note that such power-law cross sections are typically only
valid in the perturbative limit, and that non-perturbative
e↵ects can lead to more complex dependences, due to
resonances and antiresonances [32].

C. DM scattering phenomenology

The DM temperature satisfies the ordinary di↵erential
equation (ODE)

a
�2

d

dt
(a2

T�) =
X

s=�,e,p,He

��s(Ts � T�). (17)

In principle this ODE should be solved alongside the cor-
responding equations for T� , Te, Tp, THe. In practice, as
long as n�/n� ⌧ 1, the photon temperature deviates
very little from its unperturbed evolution, T� = T0/a,
where T0 ⇡ 2.73 K is the CMB temperature today [17].
Indeed, deviations from this evolution are comparable
to the amplitude of spectral distortions, which are con-
strained to be small. Moreover, electrons and nuclei re-
main tightly thermally coupled together due to Coulomb
interactions, so Tp = THe = Te. Lastly, electrons and nu-
clei are tightly coupled to CMB photons through Comp-
ton heating at the redshifts of interest, so that one may
assume Te = T� . In practice, we may therefore assume
that the photon-baryon plasma is in quilibrium at tem-
perature T� = T0/a, and only need to solve for the DM

temperature evolution, which satisfies

a
�2

d

dt
(a2

T�) = �tot(T� � T�), (18)

�tot ⌘
X

s=�,e,p,He

��s. (19)

During radiation domination ���/H / a
�(p+2). Thus,

for DM-photon scattering with p � 0, the DM is initially
in thermal equilibrium with photons, and eventually de-
couples when ���/H falls below unity.

For DM scattering with electrons or nuclei, the co-
e�cient ��s itself depends on T�. If we assume that
either T� ⇡ T� or T�/m� ⌧ T�/ms initially, we find,
during radiation domination, ��s/H / a

�(n+3)/2. For
n � �2, this ratio is decreasing with time, implying
that the DM is initially thermally coupled to baryons
(i.e. with T� = T�). For n = �4, this ratio increases
with time, implying that the DM starts thermally decou-
pled (i.e. with T�/m� ⌧ T�/ms), and eventually couples
to baryons when this ratio reaches order unity. We do
not consider the latter case in this paper, as it would be
best constrained by Compton-y distortions, the accurate
computation of which would require accounting for the
contributions of bulk relative motions.

All the cases we consider thus share the same general
phenomenology. At early times, z & zdec, where zdec is
such that �tot/H

��
zdec

= 1, the DM is in thermal equi-

librium with the photon-baryon plasma, T� ⇡ T� / 1/a,
and the dimensionless cooling rate is saturated, Q ⇡ 1.
After thermal decoupling, the DM temperature starts de-
creasing faster, tending towards the adiabatic evolution
T� / 1/a

2. The dimensionless heating rate Q then falls
below unity, with a decay rate depending on the domi-
nant interaction.

D. Approximate treatment for thermal decoupling
before the non-relativistic transition

As we will see in the next section, for light enough
DM particles and weak enough interactions, a signifi-
cant SD can be produced even if the DM thermally de-
couples before the µ era, i.e. if zdec > zµ. We restrict
ourselves to DM particles with mass m� & keV, which
always become non-relativistic at a redshift znr > zµ.
However, su�ciently light and weakly interacting DM
particles may thermally decouple before becoming non-
relativistic, i.e. be such that zdec > znr > zµ. If that is
the case, their temperature scales as T� / 1/a between
zdec and znr, and thus remains close to the photon tem-
perature until znr, after which it starts decaying as 1/a

2

at z . znr. In order to approximately account for this
evolution, we only start solving the temperature ODE
(18) at znr (defined such that T�/m�|znr = 1), starting
with initial condition T� = T� .

Particles that are so weakly coupled that zdec � znr >

zµ already have a temperature T� ⌧ T� by the begin-
ning of the µ era. As a consequence, during the µ-era

=> To estimate spectral distortion to O(unity) accuracy, solve for 
DM temperature evolution, then compute heat-exchange rate
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FIG. 2. Absolute value of the µ-distortion generated by
DM-proton scattering with a velocity-independent cross sec-
tion, for DM masses ranging from 0.1 MeV to 1 GeV. Solid
lines show the distortion obtained when explicitly solving
the ODE for T� and computing the resulting heat-exchange
rate, and dashed lines show the distortion obtained in the
instantaneous-decoupling approximation. The latter tends to
significantly underestimate |µ| for low cross sections.

proton (velocity-independent) cross section. At su�-
ciently large cross sections, the DM is in thermal equi-
librium with protons throughout the µ-era, and the de-
tails of its decoupling do not a↵ect the µ distortion;
this explains why the exact and instantaneous-decoupling
curves share the same horizontal asymptote at large cross
sections, given by Eq. (6). However, in the regime of
small cross sections, corresponding to thermal decoupling
before the µ-era, the instantaneous-decoupling approxi-
mation severely under-estimates the SD amplitude.

As a consequence, and as illustrated in Fig. 3, the es-
timated sensitivity of a given SD experiment to the DM
elastic scattering cross sections tend to be significantly
under-estimated in the instantaneous-decoupling approx-
imation, in particular for low DM masses.

It is interesting to understand the scalings of
�⇤(|µ|; m�) in both cases. Using Eq. (4) of ACK15
for n = 0, and in the limit m� ⌧ mp, we find
that the characteristic decoupling scale factor scales

as adec / m
1/3
� �

2/3
⇤ . In the instantaneous-decoupling

approximation, the µ-distortion is exponentially sup-
pressed for adec  aµ, and approximately scales as
|µ| / ln(adec/aµ)/m� for adec > aµ. For very light DM
particles, inverting this equation implies adec ⇡ aµ, up
to small corrections. Therefore, in the instantaneous-

decoupling approximation, we find �⇤(|µ|; m�) / m
�1/2
� ,

almost independent of |µ|; this is indeed the scaling of
the dashed lines at low mass in Fig. 3. In reality, there
is a residual heat-exchange after adec. For adec ⌧ aµ,
T� ⌧ T� during the µ era, and therefore Q ⇡ ��p/H /
a

�1
�⇤m�(T�/m� + T�/mp)1/2, where again we assume

m� ⌧ mp. This is a decreasing function of a, and the
µ-distortion integral is therfore dominated by a ⇡ aµ,
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FIG. 3. Forecasted reach of SD distortion experiments with
sensitivity to |µ| ranging from 10�4 to 10�8, for a velocity-
independent DM-proton cross section. Solid lines show the
sensitivity obtained when solving numerically for the DM
temperature evolution and heat-exchange rate, while the
dashed lines show the corresponding forecasted reach in the
instantaneous-decoupling approximation, used in ACK15. We
see that this approximation tends to under-estimate how sen-
sitive SD experiments are to DM interactions. The region
below the dotted black line is such that DM thermally de-
couples before becoming non-relativistic; the change of slope
of the forecasted sensitivity to ��p(m�) is explained qualita-
tively at the end of Sec. IID.

i.e. |µ| / Q(aµ)/m� / �⇤((adec/aµ)/m� + 1/mp)1/2,
where we used T�/T� ⇡ adec/a for a & adec. In
the limit m� ⌧ mp(adec/aµ), we thus obtain |µ| /
�⇤(adec/m�)1/2 / �

4/3
⇤ m

�1/3
� . This is indeed the be-

havior seen in the solid lines in Fig. 2. Inverting this

relation, we find �⇤(|µ|; m�) / |µ|3/4m1/4
� at low masses,

which is indeed the scaling of the solid lines in Fig. 3, in
the region above the dotted black line.

To conclude this section, the instantaneous-decoupling
approximation used in ACK15 turns out to be signifi-
cantly inaccurate for light DM particles, and the ana-
lytic approximations provided in that paper should not
be used. Instead, one should solve for the temperature
evolution and compute the heat-exchange rate numeri-
cally, as we do in the remainder of this work.

IV. LIMITS AND FORECASTS FOR DM
INTERACTIONS WITH A SINGLE SCATTERER

Most concrete particle-DM models imply simultaneous
interactions with multiple SM particles. Depending on
the context, one of these interactions may be dominant.
In this section, we consider an idealized DM candidate
scattering with one single scatterer at a time.

YAH,  arXiv:2101.04070

Instantaneous-decoupling approximation can be very 
inaccurate due to residual heat exchange after zdec
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|µ| = 10�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| = 10
�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| = 10
�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| = 10
�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| = 10
�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| = 10
�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| = 10
�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| =
10

�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| =
10

�9

<latexit sha1_base64="JIq5u6pmqm5hF5t44Lt04ouQZ3E=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4fMVGtdCEU3LivYVmjHkkkzbWjmQZIR6rRf4saFIm79FHf+jWk7gooeuHA4517uvceLOZMKoQ8jt7C4tLySXy2srW9sFs2t7aaMEkFog0Q8EjcelpSzkDYUU5zexILiwOO05Q0vpn7rjgrJovBajWLqBrgfMp8RrLTUNYvjTpCM4Rm00W16WJ10zRKynAoqOw5EFppBkwpC1dMytDOlBDLUu+Z7pxeRJKChIhxL2bZRrNwUC8UIp5NCJ5E0xmSI+7StaYgDKt10dvgE7mulB/1I6AoVnKnfJ1IcSDkKPN0ZYDWQv72p+JfXTpRfdVMWxomiIZkv8hMOVQSnKcAeE5QoPtIEE8H0rZAMsMBE6awKOoSvT+H/pOlY9rGFro5KtfMsjjzYBXvgANjgBNTAJaiDBiAgAQ/gCTwb98aj8WK8zltzRjazA37AePsEV7aSPQ==</latexit>

|µ| = 10�8

<latexit sha1_base64="JIq5u6pmqm5hF5t44Lt04ouQZ3E=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4fMVGtdCEU3LivYVmjHkkkzbWjmQZIR6rRf4saFIm79FHf+jWk7gooeuHA4517uvceLOZMKoQ8jt7C4tLySXy2srW9sFs2t7aaMEkFog0Q8EjcelpSzkDYUU5zexILiwOO05Q0vpn7rjgrJovBajWLqBrgfMp8RrLTUNYvjTpCM4Rm00W16WJ10zRKynAoqOw5EFppBkwpC1dMytDOlBDLUu+Z7pxeRJKChIhxL2bZRrNwUC8UIp5NCJ5E0xmSI+7StaYgDKt10dvgE7mulB/1I6AoVnKnfJ1IcSDkKPN0ZYDWQv72p+JfXTpRfdVMWxomiIZkv8hMOVQSnKcAeE5QoPtIEE8H0rZAMsMBE6awKOoSvT+H/pOlY9rGFro5KtfMsjjzYBXvgANjgBNTAJaiDBiAgAQ/gCTwb98aj8WK8zltzRjazA37AePsEV7aSPQ==</latexit>

|µ| = 10
�8

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| = 10�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| = 10�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| = 10�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| = 10
�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| = 10
�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| = 10
�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| =
10

�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>

|µ| = 10
�9

<latexit sha1_base64="VUIrguzv1pp2Mmrm7Tuvr07ntQQ=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG4dMa21dCEU3LivYB7RjyaSZNjTzIMkIddovceNCEbd+ijv/xrQdQUUPXDiccy/33uNGnEmF0IeRWVpeWV3Lruc2Nre28+bOblOGsSC0QUIeiraLJeUsoA3FFKftSFDsu5y23NHlzG/dUSFZGNyocUQdHw8C5jGClZZ6Zn7S9eMJPIc2uk2OK9OeWUBW+axUKZUgstAcmhRPi9UignaqFECKes987/ZDEvs0UIRjKTs2ipSTYKEY4XSa68aSRpiM8IB2NA2wT6WTzA+fwkOt9KEXCl2BgnP1+0SCfSnHvqs7fayG8rc3E//yOrHyqk7CgihWNCCLRV7MoQrhLAXYZ4ISxceaYCKYvhWSIRaYKJ1VTofw9Sn8nzSLll220PVJoXaRxpEF++AAHAEbVEANXIE6aAACYvAAnsCzcW88Gi/G66I1Y6Qze+AHjLdPZA6SRQ==</latexit>

|µ| =
10

�7

<latexit sha1_base64="P7Izmn63coonA+buyVeE9PZ04hk=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCG0tS1LYLoejGZQX7gHYsmTTThmYeJBmhTvslblwo4tZPceffmGkrqOiBC4dz7uXee9xIcKUR+rAyS8srq2vZ9dzG5tZ23t7ZbaowlpQ1aChC2XaJYoIHrKG5FqwdSUZ8V7CWO7pM/dYdk4qHwY0eR8zxySDgHqdEG6ln5yddP57Ac4jRbXJcnfbsAioihDDGMCW4fIYMqVYrJVyBOLUMCmCBes9+7/ZDGvss0FQQpToYRdpJiNScCjbNdWPFIkJHZMA6hgbEZ8pJZodP4aFR+tALpalAw5n6fSIhvlJj3zWdPtFD9dtLxb+8Tqy9ipPwIIo1C+h8kRcLqEOYpgD7XDKqxdgQQiU3t0I6JJJQbbLKmRC+PoX/k2apiE+L6PqkULtYxJEF++AAHAEMyqAGrkAdNAAFMXgAT+DZurcerRfrdd6asRYze+AHrLdPa0OSSw==</latexit>
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FIG. 4. FIRAS upper limits (solid red) and forecasted reach of a spectral-distortion experiment with sensitivity to |µ| as low
as 10�7

, 10�8 and 10�9 (dashed lines), for a DM-proton (left) and DM-electron (right) cross section scaling as �(v) = �⇤v
n,

with n = �2, 0, 2, 4, 6 from top to bottom. For DM-proton scattering, when available we show the upper limits from Planck
temperature and polarization anisotropies [31, 39] (triangles), Lyman-↵ forest measurements [36] (squares), and Milky-Way
satellite abundance [37] (circles). For DM-electron scattering, we show the cosmic ray reverse direct detection limit of Ref. [40],
the Leo-T heat-exchange limit of Ref. [38], and the direct-detection limits from SENSEI [41] and XENON10 [42].
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makes all of the DM, Ref. [49] derive the following con-
straint on the weighted cross section evaluated at today’s
temperature: h���i(T0)  6 ⇥ 10�40(m�/GeV) cm2. We
compare this limit against the FIRAS limit and the fore-
casted sensitivity of future SD experiments in the middle
pannel of Fig. 5. We see that the FIRAS limits are sig-
nificantly stronger than Planck limits for m� . 0.1 MeV;
this is because of the relatively stronger interactions at
high redshift, due the quadratic energy scaling. We also
find that a SD experiment with a sensitivity |µ| ⇠ 10�8

would be able to detect a cross section orders of magni-
tude weaker than Planck’s current limits, for DM masses
as large as m� ⇠ GeV.

Lastly, for completeness, in the bottom panel of Fig. 5,
we show FIRAS limits and the forecasted sensitivity of
future SD experiments for a DM-photon cross section
scaling as E

4

� , for which no other constraints exist to
our knowledge (although constraints on a specific model
leading to such an interaction are discussed in Ref. [48]).

V. APPLICATION TO A DM PARTICLE WITH
A DIPOLE MOMENT

We now consider a specific particle-DM model, in
which DM can simultaneously interact with photons,
electrons and nuclei: a DM particle with an electric
or magnetic moment. The cosmological implications of
such a DM model were first studied in Ref. [47]. After
reviewing the di↵erent interactions and their cross sec-
tions in Sec. VA, we summarize existing constraints on
the DM dipole moments (translating model-independent
constraints when applicable) in Sec. VB. We then com-
pute the upper bounds on the DM dipole moments re-
sulting from FIRAS constraints, and forecast the reach
of future SD experiments in Sec. VC. Throughout this
section we work in natural units, ~ = c = 1 and denote
by ↵ ⌘ e

2
/4⇡ the fine-structure constant, where e is the

elementary charge.

A. Cross sections

We consider a DM particle with either an electric
dipole moment D or a magnetic dipole moment M (but
not both simultaneously). The dipole moments have di-
mensions of inverse mass, and we will work with the fol-
lowing dimensionless parameters

↵E ⌘ Dm�

e
, ↵M ⌘ Mm�

e
. (23)

Refs. [47, 54] argue on simple dimensional grounds that
↵E and ↵M shoud be less than unity. In more detail,
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� (lower panel).

The Planck limit for a constant cross section is from Ref. [51],
and that for ��� / E

2
� is obtained from Ref. [49]. The limit

derived from the abundance of Milky-Way satellites is from
Ref. [53]. In addition, we show the spectral-distortion limits
from FIRAS, resulting from the upper bound |µ| < 9⇥ 10�5,
as well as the forecasted reach of a spectral-distortion exper-
iment with sensitivity to |µ| of 10�7

, 10�8
, 10�9.

such dipole moments would arise from loops involving
heavy charged particles coupled to �, giving ↵E , ↵M ⇠
g
2(m�/M) . 1, where g . 1 is the coupling between �

and the heavy charged particle of mass M & m� [55, 56].
For either an electric or a magnetic dipole moment, the

momentum-exchange DM-photon cross section is [47, 57]

���(E�) =
64⇡

3m2
�

↵
2
↵

4

�

✓
E�

m�

◆2

[↵� = ↵E or ↵M ].(24)

The momentum-exchange cross sections for elastic scat-
tering with scatterers s with charge Zse can be de-
rived from the di↵erential cross sections provided in
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makes all of the DM, Ref. [49] derive the following con-
straint on the weighted cross section evaluated at today’s
temperature: h���i(T0)  6 ⇥ 10�40(m�/GeV) cm2. We
compare this limit against the FIRAS limit and the fore-
casted sensitivity of future SD experiments in the middle
pannel of Fig. 5. We see that the FIRAS limits are sig-
nificantly stronger than Planck limits for m� . 0.1 MeV;
this is because of the relatively stronger interactions at
high redshift, due the quadratic energy scaling. We also
find that a SD experiment with a sensitivity |µ| ⇠ 10�8

would be able to detect a cross section orders of magni-
tude weaker than Planck’s current limits, for DM masses
as large as m� ⇠ GeV.

Lastly, for completeness, in the bottom panel of Fig. 5,
we show FIRAS limits and the forecasted sensitivity of
future SD experiments for a DM-photon cross section
scaling as E

4

� , for which no other constraints exist to
our knowledge (although constraints on a specific model
leading to such an interaction are discussed in Ref. [48]).

V. APPLICATION TO A DM PARTICLE WITH
A DIPOLE MOMENT

We now consider a specific particle-DM model, in
which DM can simultaneously interact with photons,
electrons and nuclei: a DM particle with an electric
or magnetic moment. The cosmological implications of
such a DM model were first studied in Ref. [47]. After
reviewing the di↵erent interactions and their cross sec-
tions in Sec. VA, we summarize existing constraints on
the DM dipole moments (translating model-independent
constraints when applicable) in Sec. VB. We then com-
pute the upper bounds on the DM dipole moments re-
sulting from FIRAS constraints, and forecast the reach
of future SD experiments in Sec. VC. Throughout this
section we work in natural units, ~ = c = 1 and denote
by ↵ ⌘ e

2
/4⇡ the fine-structure constant, where e is the

elementary charge.

A. Cross sections

We consider a DM particle with either an electric
dipole moment D or a magnetic dipole moment M (but
not both simultaneously). The dipole moments have di-
mensions of inverse mass, and we will work with the fol-
lowing dimensionless parameters

↵E ⌘ Dm�

e
, ↵M ⌘ Mm�

e
. (23)

Refs. [47, 54] argue on simple dimensional grounds that
↵E and ↵M shoud be less than unity. In more detail,
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The Planck limit for a constant cross section is from Ref. [51],
and that for ��� / E

2
� is obtained from Ref. [49]. The limit

derived from the abundance of Milky-Way satellites is from
Ref. [53]. In addition, we show the spectral-distortion limits
from FIRAS, resulting from the upper bound |µ| < 9⇥ 10�5,
as well as the forecasted reach of a spectral-distortion exper-
iment with sensitivity to |µ| of 10�7

, 10�8
, 10�9.

such dipole moments would arise from loops involving
heavy charged particles coupled to �, giving ↵E , ↵M ⇠
g
2(m�/M) . 1, where g . 1 is the coupling between �

and the heavy charged particle of mass M & m� [55, 56].
For either an electric or a magnetic dipole moment, the

momentum-exchange DM-photon cross section is [47, 57]
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The momentum-exchange cross sections for elastic scat-
tering with scatterers s with charge Zse can be de-
rived from the di↵erential cross sections provided in
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makes all of the DM, Ref. [49] derive the following con-
straint on the weighted cross section evaluated at today’s
temperature: h���i(T0)  6 ⇥ 10�40(m�/GeV) cm2. We
compare this limit against the FIRAS limit and the fore-
casted sensitivity of future SD experiments in the middle
pannel of Fig. 5. We see that the FIRAS limits are sig-
nificantly stronger than Planck limits for m� . 0.1 MeV;
this is because of the relatively stronger interactions at
high redshift, due the quadratic energy scaling. We also
find that a SD experiment with a sensitivity |µ| ⇠ 10�8

would be able to detect a cross section orders of magni-
tude weaker than Planck’s current limits, for DM masses
as large as m� ⇠ GeV.

Lastly, for completeness, in the bottom panel of Fig. 5,
we show FIRAS limits and the forecasted sensitivity of
future SD experiments for a DM-photon cross section
scaling as E

4

� , for which no other constraints exist to
our knowledge (although constraints on a specific model
leading to such an interaction are discussed in Ref. [48]).

V. APPLICATION TO A DM PARTICLE WITH
A DIPOLE MOMENT

We now consider a specific particle-DM model, in
which DM can simultaneously interact with photons,
electrons and nuclei: a DM particle with an electric
or magnetic moment. The cosmological implications of
such a DM model were first studied in Ref. [47]. After
reviewing the di↵erent interactions and their cross sec-
tions in Sec. VA, we summarize existing constraints on
the DM dipole moments (translating model-independent
constraints when applicable) in Sec. VB. We then com-
pute the upper bounds on the DM dipole moments re-
sulting from FIRAS constraints, and forecast the reach
of future SD experiments in Sec. VC. Throughout this
section we work in natural units, ~ = c = 1 and denote
by ↵ ⌘ e

2
/4⇡ the fine-structure constant, where e is the

elementary charge.

A. Cross sections

We consider a DM particle with either an electric
dipole moment D or a magnetic dipole moment M (but
not both simultaneously). The dipole moments have di-
mensions of inverse mass, and we will work with the fol-
lowing dimensionless parameters

↵E ⌘ Dm�

e
, ↵M ⌘ Mm�

e
. (23)

Refs. [47, 54] argue on simple dimensional grounds that
↵E and ↵M shoud be less than unity. In more detail,
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FIG. 5. Upper limits on a DM-photon cross section scaling as
E

0
� (upper panel), E2

� (middle panel) and E
4
� (lower panel).

The Planck limit for a constant cross section is from Ref. [51],
and that for ��� / E

2
� is obtained from Ref. [49]. The limit

derived from the abundance of Milky-Way satellites is from
Ref. [53]. In addition, we show the spectral-distortion limits
from FIRAS, resulting from the upper bound |µ| < 9⇥ 10�5,
as well as the forecasted reach of a spectral-distortion exper-
iment with sensitivity to |µ| of 10�7

, 10�8
, 10�9.

such dipole moments would arise from loops involving
heavy charged particles coupled to �, giving ↵E , ↵M ⇠
g
2(m�/M) . 1, where g . 1 is the coupling between �

and the heavy charged particle of mass M & m� [55, 56].
For either an electric or a magnetic dipole moment, the

momentum-exchange DM-photon cross section is [47, 57]

���(E�) =
64⇡

3m2
�

↵
2
↵

4
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✓
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[↵� = ↵E or ↵M ].(24)

The momentum-exchange cross sections for elastic scat-
tering with scatterers s with charge Zse can be de-
rived from the di↵erential cross sections provided in
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makes all of the DM, Ref. [49] derive the following con-
straint on the weighted cross section evaluated at today’s
temperature: h���i(T0)  6 ⇥ 10�40(m�/GeV) cm2. We
compare this limit against the FIRAS limit and the fore-
casted sensitivity of future SD experiments in the middle
pannel of Fig. 5. We see that the FIRAS limits are sig-
nificantly stronger than Planck limits for m� . 0.1 MeV;
this is because of the relatively stronger interactions at
high redshift, due the quadratic energy scaling. We also
find that a SD experiment with a sensitivity |µ| ⇠ 10�8

would be able to detect a cross section orders of magni-
tude weaker than Planck’s current limits, for DM masses
as large as m� ⇠ GeV.

Lastly, for completeness, in the bottom panel of Fig. 5,
we show FIRAS limits and the forecasted sensitivity of
future SD experiments for a DM-photon cross section
scaling as E

4

� , for which no other constraints exist to
our knowledge (although constraints on a specific model
leading to such an interaction are discussed in Ref. [48]).

V. APPLICATION TO A DM PARTICLE WITH
A DIPOLE MOMENT

We now consider a specific particle-DM model, in
which DM can simultaneously interact with photons,
electrons and nuclei: a DM particle with an electric
or magnetic moment. The cosmological implications of
such a DM model were first studied in Ref. [47]. After
reviewing the di↵erent interactions and their cross sec-
tions in Sec. VA, we summarize existing constraints on
the DM dipole moments (translating model-independent
constraints when applicable) in Sec. VB. We then com-
pute the upper bounds on the DM dipole moments re-
sulting from FIRAS constraints, and forecast the reach
of future SD experiments in Sec. VC. Throughout this
section we work in natural units, ~ = c = 1 and denote
by ↵ ⌘ e

2
/4⇡ the fine-structure constant, where e is the

elementary charge.

A. Cross sections

We consider a DM particle with either an electric
dipole moment D or a magnetic dipole moment M (but
not both simultaneously). The dipole moments have di-
mensions of inverse mass, and we will work with the fol-
lowing dimensionless parameters

↵E ⌘ Dm�

e
, ↵M ⌘ Mm�

e
. (23)

Refs. [47, 54] argue on simple dimensional grounds that
↵E and ↵M shoud be less than unity. In more detail,
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FIG. 5. Upper limits on a DM-photon cross section scaling as
E

0
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The Planck limit for a constant cross section is from Ref. [51],
and that for ��� / E

2
� is obtained from Ref. [49]. The limit

derived from the abundance of Milky-Way satellites is from
Ref. [53]. In addition, we show the spectral-distortion limits
from FIRAS, resulting from the upper bound |µ| < 9⇥ 10�5,
as well as the forecasted reach of a spectral-distortion exper-
iment with sensitivity to |µ| of 10�7

, 10�8
, 10�9.

such dipole moments would arise from loops involving
heavy charged particles coupled to �, giving ↵E , ↵M ⇠
g
2(m�/M) . 1, where g . 1 is the coupling between �

and the heavy charged particle of mass M & m� [55, 56].
For either an electric or a magnetic dipole moment, the

momentum-exchange DM-photon cross section is [47, 57]
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The momentum-exchange cross sections for elastic scat-
tering with scatterers s with charge Zse can be de-
rived from the di↵erential cross sections provided in

scattering with photons
10

Refs. [47, 58]:

��s(v) =
8⇡Z

2

s

m2
�

↵
2
↵

2

E

v2
, (25)

��s(v) =
8⇡Z

2

s

m2
�

R�s ↵
2
↵

2

M , (26)

for an electric or magnetic dipole, respectively, where in
the latter case we used

R�s ⌘
m

2

s + msm� + 3

2
m

2

�

(ms + m�)2
2 (5/6, 3/2). (27)

In addition, a particle with an electric or magnetic dipole
moment annihilates to photons, with cross section [54, 59]

���!�� v =
4⇡

m2
�

↵
2
↵

4

� [↵� = ↵E or ↵M ]. (28)

It also annihilates to unit-charged fermion-antifermion
pairs with cross sections [54, 58–60]

���!ff v ⇡ Nc,f
⇡

3m2
�

↵
2
↵

2

E v
2
, (29)

���!ff v ⇡ Nc,f
4⇡

m2
�

↵
2
↵

2

M , (30)

for an electric or magnetic dipole, respectively, where
Nc,f is the number of color degrees of freedom for
fermions (Nc,f = 1 for leptons and 3 for quarks). Note
that Eqs. (29)-(30) hold in the limit m� � mf .

B. Prior constraints

We now summarize and comment on non-SD con-
straints on the DM dipole moments and show them in
Fig. 6. Whenever relevant, we assume the particle �

makes all of the DM. See also Fig. 10 of Ref. [61] and
Fig. 5 of Ref. [62] for similar compilation of constraints,
with di↵erent conventions.

• First, we translate the single-scatterer constraints
discussed in Sec. IV into upper bounds on ↵� = ↵E , ↵M .
For both electric and magnetic dipole moments, we ob-
tain a bound from the CMB-anisotropy limit on DM-
photon scattering with cross section quadratic in temper-
ature [49]. For the electric dipole case, we may translate
Refs. [39]’s upper limit on ��p / 1/v

2. For the magnetic
dipole case, we conservatively use the spin-dependent
limits on a constant DM-proton cross section, i.e. we
neglect interactions with helium nuclei, as they do not
have the same cross section for a magnetic-dipole DM
and for the e↵ective spin-independent operator consid-
ered in Ref. [31]. We see that the bound on ↵E inferred
from CMB-anisotropy limits is stronger than that on ↵M ,
which is due to the 1/v

2 enhancement of the DM-proton
cross section for an electric dipole moment. We also show
the bounds derived from Milky-Way satellite limits on
DM-proton scattering [37], as well as those derived from

direct-detection limits on DM-electron scattering [41, 42].
For clarity, we do not show the upper limit inferred from
the Lyman-↵ limits on DM-proton scattering [36]; they
are comparable to the Planck limits for ↵E , and lie be-
tween the Planck and Milky-Way satellite limits for ↵M .

• CMB anisotropies are a very sensitive probe of energy
injection, through its e↵ect on cosmological recombina-
tion [63, 64]. In particular, the latest Planck observations
[23] constrain the DM annihilation cross section to

fe↵

h�annvi
m�

 3.2 ⇥ 10�28 cm3 s�1GeV�1
, (31)

where fe↵ is the e↵ective deposition e�ciency at z . 103

relevant to CMB anisotropies. This constraint can be
translated into bounds on ↵� = ↵E , ↵M [59]. Annihi-
lations to photons and electron-positron pairs have the
highest e↵ective deposition e�ciency, which we obtain
from Ref. [65]. For other fermions-antifermions, we con-
servatively assume a constant fe↵ = 0.15.

Note that the constraint (31) specifically applies to s-
wave annihilations, i.e. �annv = constant. For p-wave
annihilations, i.e. �annv / v

2, Ref. [66] also derive con-
straints from the heating of the intergalactic medium,
by estimating the DM phase-space properties in the first
non-linear structures. We find these limits to be much
less constraining for the electric dipole moment than the
s-wave limits, and do not include them in Fig. 6.

• If the DM is thermally produced before Big Bang
nucleosynthesis (BBN), masses m� . 1 MeV are strongly
disfavored by the upper limit on the e↵ective number of
neutrinos [67]. Ref. [56] computes the maximum coupling
above which DM reaches chemical equilibrium with the
SM bath. With the most conservative assumption of a
reheating temperature of 10 MeV, they find D . 9 ⇥
10�4 TeV�1 and M . 5 ⇥ 10�4 TeV�1. We show these
limits for m�  0.4 MeV, which is the most conservative
constraint of Ref. [68] on the mass of thermally-produced
particles.

• In addition to these cosmological bounds, collider
constraints were derived in Ref. [54]. Fixed-target pro-
ton experiments also constrain the DM dipole moments
[69]; in particular, we show the recent Big European
Bubble Chamber (BEBC) constraint of Ref. [70], which
is stronger than most other collider constraints in the
relevant mass range. Lastly, stellar cooling considera-
tions constrain the electric and magnetic dipole moment
[56, 62] for m� . 0.1 MeV.

C. FIRAS constraints and reach of future SD
experiments

We compute the µ-distortion resulting from simulta-
neously scattering with photons, electrons and nuclei, as
described in Secs. II-III. Note that this process systemat-
ically leads to a negative chemical potential, as the DM
extracts heat from the photon-baryon plasma.

scattering with electrons/nuclei
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Refs. [47, 58]:

��s(v) =
8⇡Z

2

s

m2
�

↵
2
↵

2

E

v2
, (25)

��s(v) =
8⇡Z

2

s

m2
�

R�s ↵
2
↵

2

M , (26)

for an electric or magnetic dipole, respectively, where in
the latter case we used

R�s ⌘
m

2

s + msm� + 3

2
m

2

�

(ms + m�)2
2 (5/6, 3/2). (27)

In addition, a particle with an electric or magnetic dipole
moment annihilates to photons, with cross section [54, 59]

���!�� v =
4⇡

m2
�

↵
2
↵

4

� [↵� = ↵E or ↵M ]. (28)

It also annihilates to unit-charged fermion-antifermion
pairs with cross sections [54, 58–60]

���!ff v ⇡ Nc,f
⇡

3m2
�

↵
2
↵

2

E v
2
, (29)

���!ff v ⇡ Nc,f
4⇡

m2
�

↵
2
↵

2

M , (30)

for an electric or magnetic dipole, respectively, where
Nc,f is the number of color degrees of freedom for
fermions (Nc,f = 1 for leptons and 3 for quarks). Note
that Eqs. (29)-(30) hold in the limit m� � mf .

B. Prior constraints

We now summarize and comment on non-SD con-
straints on the DM dipole moments and show them in
Fig. 6. Whenever relevant, we assume the particle �

makes all of the DM. See also Fig. 10 of Ref. [61] and
Fig. 5 of Ref. [62] for similar compilation of constraints,
with di↵erent conventions.

• First, we translate the single-scatterer constraints
discussed in Sec. IV into upper bounds on ↵� = ↵E , ↵M .
For both electric and magnetic dipole moments, we ob-
tain a bound from the CMB-anisotropy limit on DM-
photon scattering with cross section quadratic in temper-
ature [49]. For the electric dipole case, we may translate
Refs. [39]’s upper limit on ��p / 1/v

2. For the magnetic
dipole case, we conservatively use the spin-dependent
limits on a constant DM-proton cross section, i.e. we
neglect interactions with helium nuclei, as they do not
have the same cross section for a magnetic-dipole DM
and for the e↵ective spin-independent operator consid-
ered in Ref. [31]. We see that the bound on ↵E inferred
from CMB-anisotropy limits is stronger than that on ↵M ,
which is due to the 1/v

2 enhancement of the DM-proton
cross section for an electric dipole moment. We also show
the bounds derived from Milky-Way satellite limits on
DM-proton scattering [37], as well as those derived from

direct-detection limits on DM-electron scattering [41, 42].
For clarity, we do not show the upper limit inferred from
the Lyman-↵ limits on DM-proton scattering [36]; they
are comparable to the Planck limits for ↵E , and lie be-
tween the Planck and Milky-Way satellite limits for ↵M .

• CMB anisotropies are a very sensitive probe of energy
injection, through its e↵ect on cosmological recombina-
tion [63, 64]. In particular, the latest Planck observations
[23] constrain the DM annihilation cross section to

fe↵

h�annvi
m�

 3.2 ⇥ 10�28 cm3 s�1GeV�1
, (31)

where fe↵ is the e↵ective deposition e�ciency at z . 103

relevant to CMB anisotropies. This constraint can be
translated into bounds on ↵� = ↵E , ↵M [59]. Annihi-
lations to photons and electron-positron pairs have the
highest e↵ective deposition e�ciency, which we obtain
from Ref. [65]. For other fermions-antifermions, we con-
servatively assume a constant fe↵ = 0.15.

Note that the constraint (31) specifically applies to s-
wave annihilations, i.e. �annv = constant. For p-wave
annihilations, i.e. �annv / v

2, Ref. [66] also derive con-
straints from the heating of the intergalactic medium,
by estimating the DM phase-space properties in the first
non-linear structures. We find these limits to be much
less constraining for the electric dipole moment than the
s-wave limits, and do not include them in Fig. 6.

• If the DM is thermally produced before Big Bang
nucleosynthesis (BBN), masses m� . 1 MeV are strongly
disfavored by the upper limit on the e↵ective number of
neutrinos [67]. Ref. [56] computes the maximum coupling
above which DM reaches chemical equilibrium with the
SM bath. With the most conservative assumption of a
reheating temperature of 10 MeV, they find D . 9 ⇥
10�4 TeV�1 and M . 5 ⇥ 10�4 TeV�1. We show these
limits for m�  0.4 MeV, which is the most conservative
constraint of Ref. [68] on the mass of thermally-produced
particles.

• In addition to these cosmological bounds, collider
constraints were derived in Ref. [54]. Fixed-target pro-
ton experiments also constrain the DM dipole moments
[69]; in particular, we show the recent Big European
Bubble Chamber (BEBC) constraint of Ref. [70], which
is stronger than most other collider constraints in the
relevant mass range. Lastly, stellar cooling considera-
tions constrain the electric and magnetic dipole moment
[56, 62] for m� . 0.1 MeV.

C. FIRAS constraints and reach of future SD
experiments

We compute the µ-distortion resulting from simulta-
neously scattering with photons, electrons and nuclei, as
described in Secs. II-III. Note that this process systemat-
ically leads to a negative chemical potential, as the DM
extracts heat from the photon-baryon plasma.

annihilations into photons
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for an electric or magnetic dipole, respectively, where in
the latter case we used

R�s ⌘
m

2

s + msm� + 3

2
m

2

�

(ms + m�)2
2 (5/6, 3/2). (27)

In addition, a particle with an electric or magnetic dipole
moment annihilates to photons, with cross section [54, 59]

���!�� v =
4⇡

m2
�

↵
2
↵

4

� [↵� = ↵E or ↵M ]. (28)

It also annihilates to unit-charged fermion-antifermion
pairs with cross sections [54, 58–60]

���!ff v ⇡ Nc,f
⇡

3m2
�

↵
2
↵

2

E v
2
, (29)

���!ff v ⇡ Nc,f
4⇡

m2
�

↵
2
↵

2

M , (30)

for an electric or magnetic dipole, respectively, where
Nc,f is the number of color degrees of freedom for
fermions (Nc,f = 1 for leptons and 3 for quarks). Note
that Eqs. (29)-(30) hold in the limit m� � mf .

B. Prior constraints

We now summarize and comment on non-SD con-
straints on the DM dipole moments and show them in
Fig. 6. Whenever relevant, we assume the particle �

makes all of the DM. See also Fig. 10 of Ref. [61] and
Fig. 5 of Ref. [62] for similar compilation of constraints,
with di↵erent conventions.

• First, we translate the single-scatterer constraints
discussed in Sec. IV into upper bounds on ↵� = ↵E , ↵M .
For both electric and magnetic dipole moments, we ob-
tain a bound from the CMB-anisotropy limit on DM-
photon scattering with cross section quadratic in temper-
ature [49]. For the electric dipole case, we may translate
Refs. [39]’s upper limit on ��p / 1/v

2. For the magnetic
dipole case, we conservatively use the spin-dependent
limits on a constant DM-proton cross section, i.e. we
neglect interactions with helium nuclei, as they do not
have the same cross section for a magnetic-dipole DM
and for the e↵ective spin-independent operator consid-
ered in Ref. [31]. We see that the bound on ↵E inferred
from CMB-anisotropy limits is stronger than that on ↵M ,
which is due to the 1/v

2 enhancement of the DM-proton
cross section for an electric dipole moment. We also show
the bounds derived from Milky-Way satellite limits on
DM-proton scattering [37], as well as those derived from

direct-detection limits on DM-electron scattering [41, 42].
For clarity, we do not show the upper limit inferred from
the Lyman-↵ limits on DM-proton scattering [36]; they
are comparable to the Planck limits for ↵E , and lie be-
tween the Planck and Milky-Way satellite limits for ↵M .

• CMB anisotropies are a very sensitive probe of energy
injection, through its e↵ect on cosmological recombina-
tion [63, 64]. In particular, the latest Planck observations
[23] constrain the DM annihilation cross section to

fe↵

h�annvi
m�

 3.2 ⇥ 10�28 cm3 s�1GeV�1
, (31)

where fe↵ is the e↵ective deposition e�ciency at z . 103

relevant to CMB anisotropies. This constraint can be
translated into bounds on ↵� = ↵E , ↵M [59]. Annihi-
lations to photons and electron-positron pairs have the
highest e↵ective deposition e�ciency, which we obtain
from Ref. [65]. For other fermions-antifermions, we con-
servatively assume a constant fe↵ = 0.15.

Note that the constraint (31) specifically applies to s-
wave annihilations, i.e. �annv = constant. For p-wave
annihilations, i.e. �annv / v

2, Ref. [66] also derive con-
straints from the heating of the intergalactic medium,
by estimating the DM phase-space properties in the first
non-linear structures. We find these limits to be much
less constraining for the electric dipole moment than the
s-wave limits, and do not include them in Fig. 6.

• If the DM is thermally produced before Big Bang
nucleosynthesis (BBN), masses m� . 1 MeV are strongly
disfavored by the upper limit on the e↵ective number of
neutrinos [67]. Ref. [56] computes the maximum coupling
above which DM reaches chemical equilibrium with the
SM bath. With the most conservative assumption of a
reheating temperature of 10 MeV, they find D . 9 ⇥
10�4 TeV�1 and M . 5 ⇥ 10�4 TeV�1. We show these
limits for m�  0.4 MeV, which is the most conservative
constraint of Ref. [68] on the mass of thermally-produced
particles.

• In addition to these cosmological bounds, collider
constraints were derived in Ref. [54]. Fixed-target pro-
ton experiments also constrain the DM dipole moments
[69]; in particular, we show the recent Big European
Bubble Chamber (BEBC) constraint of Ref. [70], which
is stronger than most other collider constraints in the
relevant mass range. Lastly, stellar cooling considera-
tions constrain the electric and magnetic dipole moment
[56, 62] for m� . 0.1 MeV.

C. FIRAS constraints and reach of future SD
experiments

We compute the µ-distortion resulting from simulta-
neously scattering with photons, electrons and nuclei, as
described in Secs. II-III. Note that this process systemat-
ically leads to a negative chemical potential, as the DM
extracts heat from the photon-baryon plasma.

annihilations into leptons-
antileptons/ quarks-antiquarks
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FIG. 7. FIRAS upper limits on the dimensionless electric (left) and magnetic (right) DM dipole moment. The thin black
lines show the limits corresponding to individual processes accounted for separately, and the thick red line shows the overall
limit, accounting for all processes simultaneously. The discontinuities at m� > me are due to our approximate step-function
expression for the cross section for annihilations into fermion-antifermions pairs.
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BEBC

FIG. 8. FIRAS limits (solid red) and forecasted reach of future SD experiments on the DM dimensionless electric (left) and
magnetic (right) dipole moments, for a sensitivity to |µ| ranging from 10�7 to 10�9 (colored dashed lines). The shaded area
delimited by the solid black line shows the envelope of other constraints, shown in more detail in Fig. 6. SD experiments will
not be able to reach electric dipole moments below the combined current limits. For m� � me, futuristic SD experiments with
sensitivity |µ| ⇡ 10�9 would in principle be able to probe a magnetic dipole moment just below the current Planck upper limits
resulting from DM annihilation constraints.
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Appendix A: Analytic solution for DM-photon
scattering in the radiation era

Here we consider DM scattering only with photons.

During the radiation-dominated era, H = H0⌦
1/2
r a

�2.
DM thermal decoupling occurs at a characteristic scale

factor adec given by [19]

a
p+2

dec
⌘ 8

3

dp�p⇢
0

�

m�H0⌦
1/2
r

✓
T0

m�

◆p

. (A1)

We can rewrite Eq. (18) in the following self-similar form:

d

dx
(xX) = x

�(p+2) (1 � X) , (A2)

x ⌘ a/adec, X ⌘ T�/T� . (A3)

The solution can be written as an integral:

X(x) =

Z 1

u
dv eu�v(u/v)

1
p+2 , u ⌘ x

�(p+2)

(p + 2)
. (A4)
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FIG. 7. FIRAS upper limits on the dimensionless electric (left) and magnetic (right) DM dipole moment. The thin black
lines show the limits corresponding to individual processes accounted for separately, and the thick red line shows the overall
limit, accounting for all processes simultaneously. The discontinuities at m� > me are due to our approximate step-function
expression for the cross section for annihilations into fermion-antifermions pairs.
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FIG. 8. FIRAS limits (solid red) and forecasted reach of future SD experiments on the DM dimensionless electric (left) and
magnetic (right) dipole moments, for a sensitivity to |µ| ranging from 10�7 to 10�9 (colored dashed lines). The shaded area
delimited by the solid black line shows the envelope of other constraints, shown in more detail in Fig. 6. SD experiments will
not be able to reach electric dipole moments below the combined current limits. For m� � me, futuristic SD experiments with
sensitivity |µ| ⇡ 10�9 would in principle be able to probe a magnetic dipole moment just below the current Planck upper limits
resulting from DM annihilation constraints.
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Appendix A: Analytic solution for DM-photon
scattering in the radiation era

Here we consider DM scattering only with photons.

During the radiation-dominated era, H = H0⌦
1/2
r a

�2.
DM thermal decoupling occurs at a characteristic scale

factor adec given by [19]

a
p+2

dec
⌘ 8

3

dp�p⇢
0

�

m�H0⌦
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m�

◆p

. (A1)

We can rewrite Eq. (18) in the following self-similar form:

d

dx
(xX) = x

�(p+2) (1 � X) , (A2)

x ⌘ a/adec, X ⌘ T�/T� . (A3)

The solution can be written as an integral:

X(x) =

Z 1

u
dv eu�v(u/v)

1
p+2 , u ⌘ x

�(p+2)

(p + 2)
. (A4)
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III. CMB anisotropy physics
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HYREC YAH & Hirata 2010, 2011

COSMOREC Chluba & Thomas 2011

compute xe[standard] with accuracy ~few parts in 1e4, 
in ~1 second / cosmology

State-of-the-art recombination codes:

HYREC-2 Lee & YAH 2020

accuracy ~few parts in 1e4, in 
~1 millisecond / cosmology

Nanoom Lee

CMB anisotropies are very sensitive to the ionization history 



IV. Probing accreting PBHs 
with CMB anisotropies
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PBHs are not only a DM candidate, but also a 
window into small-scale initial conditions
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FIG. 1. Left: Mass function resulting from a flat power spectrum such that it peaks at ' 10�14M�, with A⇣ ' 5.8 · 10�3

and ks = 109kl ' 1.6 Hz, and PBHs comprise the totality of DM, i.e. fPBH = 1. In the tail of the population, around
M�, one can notice the bump in the PBH production due to the decrease of the threshold by QCD epoch equation of state
[24, 51]. Shown are the most stringent constraints in the mass range of phenomenological interest coming from the Hawking
evaporation producing extra-galactic gamma-ray (EG �) [52], e± observations by Voyager 1 (V e±) [53], positron annihilations
in the Galactic Center (GC e+) [54] and gamma-ray observations by INTEGRAL (INT) [55] (for other constraints in this mass
range see also [56–61]), microlensing searches by Subaru HSC [62, 63], MACHO/EROS [64, 65], Ogle [66] and Icarus [67], and
those coming from CMB distortions by spherical or disk accretion (Planck S and Planck D, respectively) [68, 69]. LVC stands
for the constraint coming from LIGO/Virgo Collaboration measurements [70–72]. We neglect the role of accretion which has
been shown to a↵ect constraints on masses larger than O(10)M� [73, 74]. See Ref. [4] for a comprehensive review on constraints
on the PBH abundance. Notice that there are no stringent constraints in the PBH mass range of interest [75, 76]. Right: The
abundance of GWs according to our scenario. In black the 95% C.I. from the NANOGrav 12.5 yrs experiment is shown. For
more details about the projected sensitivities see the main text.

(assuming Standard Model physics), and it is of order
cg = 0.4 for modes related to the formation of asteroid-
mass PBHs. Also, ⌦r,0 stands for the current radiation
density if the neutrinos were massless, I2

⌘ I
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s
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, (20)

Is(x, y) being the same function, but with (� sin ⌧) re-
placed by (cos ⌧), see Refs. [49, 50].

Results. We have collected our results in Fig. 1. In
the left panel, we have plotted the mass function corre-
sponding to the primordial curvature perturbation given
in Eq. (12). As described in Ref. [25], the peak of the
mass function for a broad flat spectrum (12) corresponds
to the mass inside the horizon when the shortest scale
⇠ 1/ks re-enters the horizon. At smaller masses, the mass
function goes as M3.8

PBH
due to the dinamics of the critical

collapse, while at larger masses falls down as ⇠ M
�3/2
PBH

and has a sub-dominant peak around ⇠ M� due to the
change of equation of state during the QCD phase tran-
sition [24, 51]. Given the absence of constraints in the
mass range of support of the PBH mass function ( the
femtolensing bounds have been shown to be inconsistent
once the extended nature of the source as well as wave op-
tics e↵ects are properly taken into account [75, 76]), the
integral of the latter can be chosen in such a way that
the PBHs contribute to the totality of the dark matter,

that is

fPBH =

Z
fPBH(MPBH)d lnMPBH = 1. (21)

As a consequence the first prediction of our scenario is
that the signal seen by NANOGrav, if interpreted as a
stochastic background of GWs produced as second-order
within the PBH model, is in agreement with the possibil-
ity that all the dark matter is in the form of extremely
light PBHs.
On the right panel of Fig. 1, we show the correspond-

ing spectrum of the second-order GW abundance as a
function of the frequency which falls within the 95% C.I.
from the NANOGrav 12.5 yrs observation. Shown are the
constraints coming from experiment EPTA [77], PPTA
[78], NANOGrav 11 yrs [79, 80] and future sensitivity
curves for planned experiments like SKA [81], LISA [5]
(power-law integrated sensitivity curve expected to fall
in between the designs named C1 and C2 in Ref. [82]),
DECIGO/BBO [83], CE [84], Einstein Telescope [85, 86],
Advanced Ligo + Virgo collaboration [87], Magis-space
and Magis-100 [88], AEDGE [89] and AION [90]. Notice
that a portion of the 95% C.I. of NANOGrav 12.5 yrs is
in tension with NANOGrav 11 yrs and PPTA. However,
according to the NANOGrav Collaboration [1] the im-
proved priors for the intrinsic pulsar red noise used in the
novel analysis relaxes the NANOGrav 11 yrs bound. Nev-
ertheless, the predicted signal within our scenario falls
below all bounds. The GW abundance spectrum prop-
agates flat entering the LISA detectable region and de-

Status of limits on fPBH (fraction of dark matter in 
PBHs) for Dirac-delta PBH mass function

De Luca, Franciolini & Riotto 2021
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Limits to PBH abundance much below 100% of DM 
could constrain the tail of an extended mass function
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and ks = 109kl ' 1.6 Hz, and PBHs comprise the totality of DM, i.e. fPBH = 1. In the tail of the population, around
M�, one can notice the bump in the PBH production due to the decrease of the threshold by QCD epoch equation of state
[24, 51]. Shown are the most stringent constraints in the mass range of phenomenological interest coming from the Hawking
evaporation producing extra-galactic gamma-ray (EG �) [52], e± observations by Voyager 1 (V e±) [53], positron annihilations
in the Galactic Center (GC e+) [54] and gamma-ray observations by INTEGRAL (INT) [55] (for other constraints in this mass
range see also [56–61]), microlensing searches by Subaru HSC [62, 63], MACHO/EROS [64, 65], Ogle [66] and Icarus [67], and
those coming from CMB distortions by spherical or disk accretion (Planck S and Planck D, respectively) [68, 69]. LVC stands
for the constraint coming from LIGO/Virgo Collaboration measurements [70–72]. We neglect the role of accretion which has
been shown to a↵ect constraints on masses larger than O(10)M� [73, 74]. See Ref. [4] for a comprehensive review on constraints
on the PBH abundance. Notice that there are no stringent constraints in the PBH mass range of interest [75, 76]. Right: The
abundance of GWs according to our scenario. In black the 95% C.I. from the NANOGrav 12.5 yrs experiment is shown. For
more details about the projected sensitivities see the main text.

(assuming Standard Model physics), and it is of order
cg = 0.4 for modes related to the formation of asteroid-
mass PBHs. Also, ⌦r,0 stands for the current radiation
density if the neutrinos were massless, I2
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Is(x, y) being the same function, but with (� sin ⌧) re-
placed by (cos ⌧), see Refs. [49, 50].

Results. We have collected our results in Fig. 1. In
the left panel, we have plotted the mass function corre-
sponding to the primordial curvature perturbation given
in Eq. (12). As described in Ref. [25], the peak of the
mass function for a broad flat spectrum (12) corresponds
to the mass inside the horizon when the shortest scale
⇠ 1/ks re-enters the horizon. At smaller masses, the mass
function goes as M3.8
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due to the dinamics of the critical

collapse, while at larger masses falls down as ⇠ M
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and has a sub-dominant peak around ⇠ M� due to the
change of equation of state during the QCD phase tran-
sition [24, 51]. Given the absence of constraints in the
mass range of support of the PBH mass function ( the
femtolensing bounds have been shown to be inconsistent
once the extended nature of the source as well as wave op-
tics e↵ects are properly taken into account [75, 76]), the
integral of the latter can be chosen in such a way that
the PBHs contribute to the totality of the dark matter,

that is

fPBH =

Z
fPBH(MPBH)d lnMPBH = 1. (21)

As a consequence the first prediction of our scenario is
that the signal seen by NANOGrav, if interpreted as a
stochastic background of GWs produced as second-order
within the PBH model, is in agreement with the possibil-
ity that all the dark matter is in the form of extremely
light PBHs.
On the right panel of Fig. 1, we show the correspond-

ing spectrum of the second-order GW abundance as a
function of the frequency which falls within the 95% C.I.
from the NANOGrav 12.5 yrs observation. Shown are the
constraints coming from experiment EPTA [77], PPTA
[78], NANOGrav 11 yrs [79, 80] and future sensitivity
curves for planned experiments like SKA [81], LISA [5]
(power-law integrated sensitivity curve expected to fall
in between the designs named C1 and C2 in Ref. [82]),
DECIGO/BBO [83], CE [84], Einstein Telescope [85, 86],
Advanced Ligo + Virgo collaboration [87], Magis-space
and Magis-100 [88], AEDGE [89] and AION [90]. Notice
that a portion of the 95% C.I. of NANOGrav 12.5 yrs is
in tension with NANOGrav 11 yrs and PPTA. However,
according to the NANOGrav Collaboration [1] the im-
proved priors for the intrinsic pulsar red noise used in the
novel analysis relaxes the NANOGrav 11 yrs bound. Nev-
ertheless, the predicted signal within our scenario falls
below all bounds. The GW abundance spectrum prop-
agates flat entering the LISA detectable region and de-
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FIG. 6. Merger rate of PBH binaries if they make up all of
the dark matter, and provided PBH binaries are not signifi-
cantly perturbed between formation and merger (solid line).
Superimposed are the upper limits from LIGO given in Table
I and described in the main text.

also strongly constrains masses M  10 M�, and defer
this detailed analysis to the LIGO collaboration, updat-
ing that carried out in Ref. [39] with the S2 run. We
summarize our estimated limits in Table I.

We show these limits in Fig. 6, alongside the PBH bi-
nary merger rate if they make all of the dark matter, and
if PBH binaries are not significantly perturbed between
formation and merger. We see that the latter largely
exceeds the estimated upper limits, by 3 to 4 orders of
magnitude, depending on the mass. This indicates that
LIGO could rule out PBHs as the dominant dark mat-
ter component, and set stringent upper limits to their
abundance.

To estimate these potential limits, we solve for the
maximum PBH fraction for which the merger rate is be-
low the LIGO upper limits. Note, that the merger rate is
not linear in f , nor a simple power law through all range
of f , so these limits must be computed numerically. We
show the result in Fig. 7, alongside other existing bounds
in that mass range. We see that LIGO O1 may limit
PBHs to be no more than a percent of the dark mat-
ter for M ⇠ 10 � 300 M�. If confirmed with numerical
computations, these would become the strongest existing
bounds in that mass range.

VI. DISCUSSION AND CONCLUSIONS

NSTT [38] pointed out long ago that PBHs would
form binaries in the early Universe, as a consequence of
the chance proximity of PBH pairs, and estimated their
merger rate at the present time. Following the first de-
tection of a binary-black-hole merger [5], Sasaki et al. [9]
updated this calculation to 30 M� PBHs, and general-
ized it to an arbitrary PBH abundance. They focused on
the case where PBHs are a very subdominant fraction of
the dark matter, as was implied by the stringent CMB
spectral distortions bounds at the time [23], since then

micro-lensing wide binaries
ultra-faint dwarfs

potential limits  
from LIGO O1 run
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CM
B anisotropies
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FIG. 7. Potential upper bounds on the fraction of dark matter
in PBHs as a function of their mass, derived in this paper (red
arrows), and assuming a narrow PBH mass function. These
bounds need to be confirmed by numerical simulations. For
comparison we also show the microlensing limits from the
EROS [21] (purple) and MACHO [20] (blue) collaborations
(see Ref. [74] for caveats and Ref. [32] for a discussion of
uncertainties), limits from wide Galactic binaries [22], ultra-
faint dwarf galaxies [25], and CMB anisotropies [24].

revised and significantly alleviated [24] (see also [33]).

In this paper, we have, first of all, made several im-
provements to the calculation of NSST, and accurately
computed the distribution of orbital parameters of PBH
binaries forming in the early Universe. Specifically,
we have computed the exact probability distribution of
initial angular momentum for a close pair torqued by
all other PBHs, and have accounted for the tidal field
of standard adiabatic density perturbations, dominant
when PBHs make a small fraction of the dark matter.

Our second and most important addition was to check
thoroughly whether the highly eccentric orbits of PBH
binaries merging today can get significantly disturbed
between formation and merger. To do so, we have esti-
mated the characteristic properties of the first non-linear
structures, and as a consequence their e↵ects on the or-
bital parameters of PBH binaries. We found that PBH
binaries merging today are essentially unscathed by tidal
torques and encounters with other PBHs. This robust-
ness stems from the fact that these binaries typically form
deep inside the radiation era and are very tight. We have
also estimated the e↵ect of baryon accretion to be much
weaker than previous estimates [43], but potentially im-
portant if unknown numerical prefactors happen to be
large.

Thirdly, we have revisited the calculation of Ref. [8]
for the merger rate of PBH binaries forming in present-
day halos through gravitational recombination. We have
explicitly accounted for the previously neglected Pois-
son fluctuations resulting from the granularity of PBH
dark matter. This shot noise greatly enhances the vari-
ance of density perturbations on small scales, and has
pronounced e↵ects on the properties of low-mass halos.

Zooming in on the 1-1000 solar-mass range

power spectra

power spectra



gas

Suppose part of the dark matter is made of black holes 



they accrete gas in the early Universe

: Bondi-Hoyle-Lyttleton  + Compton drag and coolingṀ
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part of the accreted energy is re-radiated

L = ✏Ṁc2
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FIG. 10. Ratio of the cross-section-averaged energy loss per
Compton scattering event to �TE, as a function of photon
energy.

102
M�

collisional ionization
photoionization

�� ��� ������� �������
����

����
����

����
�

�

�� ���
�� ���

FIG. 11. Ratio of the energy deposition rate to the instanta-
neous energy injection rate (equivalent of the dimensionless
e�ciency f(z) usually computed in the context of dark-matter
annihilation), as a function of redshift. We only show the case
M = 102 M� as other cases are very similar.

tional rates of change of gas temperature, direct ioniza-
tions and excitations:

�Ṫgas =
2

3ntot

1 + 2xe

3
⇢̇dep, (85)

�ẋ
direct

e =
1 � xe

3

⇢̇dep

EInH

, (86)

�ẋ2 =
1 � xe

3

⇢̇dep

E2nH

, (87)

where ntot is the total number density of free particles,
x2 is the fraction of excited hydrogen and E2 ⌘ 10.2 eV
is the first excitation energy (we assume that all excita-
tions are to the first excited state for simplicity). Note
that in our previous notation xe ⌘ xe is the background
ionization fraction and similarly Tgas ⌘ T1.

We implement these modifications in the recombina-
tion code hyrec [41, 42]. We self-consistently account
for the heating of the gas into the PBH luminosity, i.e.

104
M�, fpbh = 10�4
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FIG. 12. Upper panel : global free electron fraction xe(z)
in the standard scenario (lower black curve), and ac-
counting for PBHs with parameters (Mpbh/M�, fpbh) =
(102, 1), (103, 10�2), (104, 10�4), in that order from bottom to
top at low redshift. Lower panel : change in the ionization
history due to accreting PBHs for the same parameters. We
only show the collisional ionization case here.

account for the global feedback of PBHs. We show the
resulting changes in the ionization history in Fig. 12.
Comparing with Fig. 3 of ROM, we see that we obtain a
significantly smaller e↵ect on the ionization history.

V. EFFECT ON THE COSMIC MICROWAVE
BACKGROUND

A. CMB spectral distortions

1. E↵ect of global heating

Energy deposited in the photon-baryon plasma at red-
shift z . 2 ⇥ 106 does not get fully thermalized, and re-
sults in distortions to the CMB spectrum. Depending on
when the energy is deposited, the distortion generated
is either a chemical potential (µ-type) or a Compton-y
distortion. Their amplitudes are approximately given by

Part of the injected energy is deposited (with some 
delay) in the form of extra heating and ionizations



deposited energy ionizes hydrogen beyond normal 
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where ntot is the total number density of free particles,
x2 is the fraction of excited hydrogen and E2 ⌘ 10.2 eV
is the first excitation energy (we assume that all excita-
tions are to the first excited state for simplicity). Note
that in our previous notation xe ⌘ xe is the background
ionization fraction and similarly Tgas ⌘ T1.

We implement these modifications in the recombina-
tion code hyrec [41, 42]. We self-consistently account
for the heating of the gas into the PBH luminosity, i.e.
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FIG. 12. Upper panel : global free electron fraction xe(z)
in the standard scenario (lower black curve), and ac-
counting for PBHs with parameters (Mpbh/M�, fpbh) =
(102, 1), (103, 10�2), (104, 10�4), in that order from bottom to
top at low redshift. Lower panel : change in the ionization
history due to accreting PBHs for the same parameters. We
only show the collisional ionization case here.

account for the global feedback of PBHs. We show the
resulting changes in the ionization history in Fig. 12.
Comparing with Fig. 3 of ROM, we see that we obtain a
significantly smaller e↵ect on the ionization history.

V. EFFECT ON THE COSMIC MICROWAVE
BACKGROUND

A. CMB spectral distortions

1. E↵ect of global heating

Energy deposited in the photon-baryon plasma at red-
shift z . 2 ⇥ 106 does not get fully thermalized, and re-
sults in distortions to the CMB spectrum. Depending on
when the energy is deposited, the distortion generated
is either a chemical potential (µ-type) or a Compton-y
distortion. Their amplitudes are approximately given by

�xe
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and impacts CMB temperature and 
polarization power spectra
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Main result: CMB power spectra imply that PBHs
cannot be all the dark matter for black hole mass  ≳ 100 Msun

14

M/M� R90% [Gpc�3 yr�1]

10 330

20 77

40 15

100 2

200 5

300 20

TABLE I. Estimated 90% upper limits on the merger rate of
equal-mass binary black holes from the LIGO O1 run. The
limits for M/M� = 10, 20 and 40 are inferred from Refs. [75,
76], and those for M/M� = 100, 200 and 300 are taken from
Ref. [74] for non-spinning black holes.

V. POTENTIAL LIMITS FROM EXISTING
LIGO OBSERVATIONS

We now estimate upper limits on the volumetric
merger rate of binary black holes set by LIGO O1, and
how such limits would translate on the PBH abundance
provided the merger rate is that computed in Section II.

In Ref. [74], the LIGO collaboration provides 90% up-
per limits to the merger rate of intermediate-mass black
holes, with individual masses up to 300 M�. These limits
depend on the spins of the black holes, in particular on
their projection along the orbital angular momentum: in
the case of 100� 100 M� binary, the upper bound varies
by a factor ⇠ 4 between the nearly aligned and nearly
anti-aligned cases. Since Ref. [74] does not provide up-
per limits for non-zero spins for M/M� = 200 and 300,
we shall use their zero-spin bounds for all cases, keeping
in mind that they are only accurate up to a factor of a
few.

For M = 10, 20, 40 M�, we estimate the 90 % upper
limit on the merger rate from R90% = � ln(0.1)/hV T i

[74], where hV T i is the average space-time volume to
which the LIGO search is sensitive, and is obtained from
integrating Fig. 7 of Ref. [75]. We anticipate that LIGO
also strongly constrains masses M  10 M�, and defer
this detailed analysis to the LIGO collaboration, updat-
ing that carried out in Ref. [40] with the S2 run. We
summarize our estimated limits in Table I.

We show these limits in Fig. 6, alongside the PBH bi-
nary merger rate if they make all of the dark matter, and
if PBH binaries are not significantly perturbed between
formation and merger. We see that the latter largely
exceeds the estimated upper limits, by 3 to 4 orders of
magnitude, depending on the mass. This indicates that
LIGO could rule out PBHs as the dominant dark mat-
ter component, and set stringent upper limits to their
abundance.

To estimate these potential limits, we solve for the
maximum PBH fraction for which the merger rate is be-
low the LIGO upper limits. Note, that the merger rate is
not linear in f , nor a simple power law through all range
of f , so these limits must be computed numerically. We
show the result in Fig. 7, alongside other existing bounds
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FIG. 6. Merger rate of PBH binaries if they make up all of
the dark matter, and provided PBH binaries are not signifi-
cantly perturbed between formation and merger (solid line).
Superimposed are the upper limits from LIGO given in Table
I and described in the main text.

micro-lensing wide binaries
ultra-faint dwarfs

potential limits  
from LIGO O1 run
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FIG. 7. Potential upper bounds on the fraction of dark matter
in PBHs as a function of their mass, derived in this paper (red
arrows), and assuming a narrow PBH mass function. These
bounds need to be confirmed by numerical simulations. For
comparison we also show the microlensing limits from the
EROS [21] (purple) and MACHO [20] (blue) collaborations
(see Ref. [77] for caveats and Ref. [32] for a discussion of
uncertainties), limits from wide Galactic binaries [22], ultra-
faint dwarf galaxies [25], and CMB anisotropies [24].

in that mass range. We see that LIGO O1 may limit
PBHs to be no more than a percent of the dark mat-
ter for M ⇠ 10 � 300 M�. If confirmed with numerical
computations, these would become the strongest existing
bounds in that mass range.

VI. DISCUSSION AND CONCLUSIONS

NSTT [39] pointed out long ago that PBHs would
form binaries in the early Universe, as a consequence of
the chance proximity of PBH pairs, and estimated their
merger rate at the present time. Following the first de-
tection of a binary-black-hole merger [5], Sasaki et al. [9]

YAH & Kamionkowski 2017. 
See also: Miller 2000, Ricotti et al. 2008, Poulin et al. 2017

power spectra

power spectra



Work in progress: non-Gaussian 
signatures of accreting PBHs

• PBH accretion rate and luminosity 
depends on the local gas (relative) velocity

<latexit sha1_base64="up/TxpqEPtbkGpiCP6neUi+xc6g="></latexit>

ṀBondi ⇠ ⇢b
(GM)2

(c2s + v2rel)
3
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Lfree�free / Ṁ2

• Baryons and dark matter have supersonic 
relative velocities at z~1000, fluctuating on 
~102 Mpc (Tseliakhovich & Hirata 2010)



100 Mpc

figure courtesy of Julián Muñoz Trey Jensen
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100 Mpc



100 Mpc

=> Energy injection from accreting PBHs is 
O(1) inhomogeneous 

figure courtesy of Julián Muñoz

Trey Jensen
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xe(t, ~x) = xstd
e (t) +�xe(t, ~x)

<latexit sha1_base64="n5lQ7KrVgGjiFEPv8s0EwsKZKLE="></latexit>

�xe(t, ~x) = h�xei(t) + �xe(t, ~x)
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�xe(t, ~x) . h�xei(t)

=>  Perturbations to standard recombination 
could be up to O(1) inhomogeneous

Corresponds to (up to) O(1%) spatial fluctuations 
in the ionization fraction

For fPBH saturating CMB power spectra limits: 
<latexit sha1_base64="1bAEHoyjXszO10ZJuVs8e6YDhE0="></latexit>

h�xei(t)
xstd
e (t)

⇠ 1 %



Spatial fluctuations in the ionization fraction 
lead to CMB non-Gaussianities

(Creminelli & Zaldarriaga 2004, Senatore et al. 2009, Pettinari et al. 2014)

Standard linear perturbation produces δxe/xe ~ 1e-4 
Generates a bispectrum with S/N ~ 0.5 for Planck

For fPBH saturating CMB power spectra limits
δxe/xe ~ 1e-2 

=> Planck should be sensitive to fPBH ~ 1e2 times 
smaller than current CMB power spectra limits



First question: do inhomogeneities in 
energy injection get washed out by finite 

propagation of injected photons?

Trey JensenJensen & YAH, arXiv:2106.10266

Time and scale-dependent Green’s function for energy deposition, 
computed with radiation transport simulations + new analytic results 
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FIG. 4. Evolution of the normalized photon energy spectrum with zi = 1300 as a function of energy over several deposition
redshifts, for a Compton-scattering-only simulation, with a Dirac-delta spectrum of injected photons, at energy E�,i = 0.1
MeV (left) and 10 MeV (right). The vertical dashed lines show the mean energy trajectory of photons subject to Compton
scattering and Hubble flow discussed in Appendix B. For 10 MeV photons, the right panel reveals a bimodal distribution that
is not well approximated by this mean energy: the high-energy mode is dominated by photons that have not scattered once
and hence have energies E�,i(1 + zd)/(1 + zi) (dotted lines in the right panel), and the low-energy mode is photons that have
scattered many times.

FIG. 5. Comparison of the spatially averaged Green’s func-
tion obtained in our simulation (black) with the results from
Ref. [13] (blue), including Compton scattering, photoioniza-
tions, and secondary electrons’ ICS sink. The labeled curves
correspond to Einj = 0.1, 1, and 10 MeV at zi = 1300,
with multiplicative o↵sets for clarity. The agreement of these
curves gives us confidence in the robustness of our simulation.

When Compton scattering events are rare, or when
they are preferentially forward, as in the case in the limit
E� � me, we do not expect the Green’s function’s spatial
dependence to be Gaussian. Instead, in this regime we
expect photons to be mostly located on the light horizon
of the injection point, at r =

R t
ti
dt

0
/a

0, either because
they propagate mostly freely, or because they e↵ectively
propagate along straight lines due to preferentially for-
ward scattering. This is confirmed in the right panel
of Fig. 6, where the Green’s function exhibits a sharp

light horizon feature at early times. We have checked
explicitly that these narrow features are robust and in-
dependent of the radial and temporal bin resolution, sim-
ulation timestep and photon number. At late times, the
10 MeV-photon Green’s function shows a bimodal spa-
tial distribution, consisting of a sharp light cone feature,
and a broad Compton di↵usion bump. These two sub-
distributions correspond to the high-energy photons that
have scattered less than a few times and/or preferentially
forward, and to those that have lost a significant part of
their energy and reached the Thomson regime, respec-
tively. This is a spatial manifestation of the bimodal
photon energy distribution shown in Fig. 4. As time
progresses, more and more photons reach the Thomson
regime, and the Green’s function approaches the Gaus-
sian shape with scale near �C .

As an application of our code beyond a Dirac spec-
trum, we consider injected photon spectra that are flat
up to some cuto↵ energy,  (E�) = ⇥(Emax �E�)/Emax,
where ⇥ is the Heaviside step function. We tabulated the
spectrum-averaged Green’s function for two values of the
cuto↵ energy Emax = 0.2 MeV and Emax = 10 MeV, in-
cluding all physical processes. These flat injected spectra
and upper energy cuto↵s are relevant to PBH accretion
considered in Sec. IV. In practice, due to the diverging
photon number distribution dN/dE� / 1/E� in this case,
we have to impose a numerical lower cuto↵ Emin in the
injected photon energies. We set Emin = 0.02 MeV, and
checked explicitly that setting Emin = 0.002 MeV in-
stead leads to no noticeable di↵erences in results for the
Emax = 0.2 MeV case. We emphasize that this numerical
cuto↵ is only applied to the injected spectrum, but that
our code follows photons down to arbitrarily low energies.
In Fig. 7, we show the Fourier transforms of the corre-
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FIG. 6. Injection-to-deposition Green’s function normalized to its spatial average, GE� (zd, zi, r)/GE� (zd, zi), for injection
redshift zi = 1300, and a Dirac spectrum of injected photons, at E� = 0.1 MeV (left) and 10 MeV (right). Solid lines are
outputs from our full simulation (including photoionization, Compton scattering, and ICS sink), and the vertical dotted lines
show the Compton di↵usion scale �C defined in Eq. (23). At low energies the spatial distribution has a near-Gaussian shape with
a peak near �C . At high energies, the distribution shows a feature near the light horizon radius, in addition to a near-Gaussian
shape at low redshifts; see main text for a qualitative explanations of these features.

FIG. 7. Normalized Fourier transform of the injection-to-deposition Green’s function Ginj
dep(zd, zi, k)/G

inj
dep(zd, zi), for a flat

spectrum of injected photons  (E�) = ⇥(Emax � E�)/Emax, with cuto↵ Emax = 0.23 MeV (left) and Emax = 10 MeV (right).
These spectra correspond to two limiting assumptions for energy injected by accreted PBHs, discussed in Sec. IV. At low
injected energies, the Green’s function and its Fourier transform are approximately Gaussian, but at high injected energies, the
sharp light cone feature in the real-space Green’s function results in ringing in its Fourier transform. These Green’s functions
were extracted from our full simulation, including photoionization, Compton scattering, and the ICS sink.

Green’s function G
dep

xe
(a, ad), such that

�xe(a, r) ⇡

Z
d ln ad G

dep

xe
(a, ad)

✏dep(ad, r)

EI
. (24)

In this definition, we have normalized ✏dep to the ioniza-
tion energy of hydrogen, EI = 13.6 eV, so that ✏dep/EI

represents the e↵ective number of ionizing photons de-
posited per baryon, per Hubble time. With this conven-
tion, we expect Gdep

xe
to be of order unity, and the linear

approximation to hold as long as ✏dep/EI ⌧ 1.

Combining with Eq. (4), we then obtain (in the case

of a homogeneous injection spectrum  ),

�xe(a, r
0) =

ZZ
d ln ai

d
3
r

4⇡r3

⇥G
inj

xe
(ad, ai, r| )

✏inj(ai, r0 + r)

EI
, (25)

where the injection-to-ionization Green’s function G
inj

xe
is

obtained from the temporal convolution of the injection-
to-deposition and deposition-to-ionization Green’s func-
tions:

G
inj

xe
(a, ai, r| ) ⌘

Z a

ai

d ln ad G
dep

xe
(a, ad)G

inj

dep
(ad, ai, r| ).

(26)
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where h...i represents averaging over the Gaussian distri-
bution of relative velocities, and all quantities implicitly
depend on scale factor. Note that the two-point corre-
lation function of �cL matches the large-scale limit of the
two-point correlation function of �L [54, 55]. Numeri-
cally, we find that the power spectrum of �cL reproduces
well the power spectrum of �L for k . 0.1 Mpc�1, but
significantly underestimates it for smaller scales. Using
�
c

L in lieu of �L should therefore provide a conservative es-
timate of the spatial perturbations of �xe, which, in any
case, are suppressed at k & 0.1 Mpc�1 due to non-local
energy deposition, as can be seen in Fig. 10.

We thus define �x
c

e(a,k) as the free-electron pertur-
bation resulting from the v

2

bc
�correlated part of the in-

jected energy, ✏c
inj

= ✏inj�
c

L(k), inserted in Eq. (28). This
“correlated part” of the free-electron fluctuations serves
as a proxy for the quantity relevant to CMB anisotropies.

For any field X(a,k) we define the dimensionless
unequal-time power spectrum �2

X(a, a0, k) through

hX(a,k)X⇤(a0,k0)i =
16⇡5

k3
�2

X(a, a0, k)�3(k0
�k), (46)

and for short denote �2(a, k) ⌘ �2(a, a, k), which gives
the variance of X(a, r) per logarithmic k interval:

var(X(a)) ⌘ hX(a, r)2i =

Z
d ln k �2

X(a, k). (47)

From Eq. (28), with ✏inj ! ✏inj�
c

L, we obtain

�2

�xc
e
(a, k) =

ZZ a

d ln aid ln a
0
iG

inj

xe
(a, ai, k)G

inj

xe
(a, a0i, k)

⇥b(ai)✏inj(ai)b(a
0
i)✏inj(a

0
i)�

2

⌘(ai, a
0
i, k), (48)

where b(a) is defined in Eq. (44) and ⌘(a, r) ⌘

v
2

bc
(a, r)/ hv2

bc
(a)i�1. The power spectrum of ⌘ is easliy

computed, and can be expressed as an integral quadratic
in the power spectrum of vbc, given explicitly in Ref. [16];
we show it for several redshifts in Fig. 13.
In Fig. 14, we show rms(�x

c
e)/x

0

e ⌘
p

var(�xc
e)/x

0

e,
as a function of redshift, for both accretion scenarios;
this quantity is obtained from �2

�xc
e
(k) through Eq. (47).

For reference, we also show the mean relative change
�xe/x

0

e, obtained through our Green’s function. We
see that rms(�x

c
e) is comparable to �xe, within a fac-

tor of order unity. Note that our estimate of �xe is
somewhat di↵erent from that of AK17. Our treatment is
more accurate in some respects, as AK17 have a simpli-
fied treatment of energy deposition and do not account
for photoionization nor the ICS energy sink. On the
other hand, our Green’s function approach does not cap-
ture non-perturbative changes to the free-electron frac-
tion, for which AK17 do solve. As we show in Appendix
C, our Green’s function approach is accurate as long as
�xe/x

0

e ⌧ 1, in which case our treatment is overall more
accurate.

We show �2

�xc
e
(z, k)/var(�x

c
e(z)) at several redshifts

in Fig. 15, for accretion onto 100-M� PBHs in either

FIG. 13. Dimensionless power spectrum of ⌘(z, r) ⌘
v2bc(z, r)/ hv2bc(z)i � 1 at several redshifts, normalized by its
variance var(⌘) = 2/3. The shape is approximately constant
at z . 1000, after kinematic decoupling [22].

FIG. 14. The rms of spatial fluctuations of the (v2bc-
correlated part of) free-electron fraction perturbations in-
duced by accreting PBHs (solid lines), compared to the mean
change in the free-electron fraction (dashed lines), both nor-
malized to the standard ionization history x0

e. The two col-
ors correspond to the two accretion scenarios discussed in
Sec. IVA. In both cases, we consider 100-M� PBHs, whose
abundances roughly saturate AK17’s limits: fpbh = 1, 10�2

for the collisional ionized and photoionized cases respectively.

accretion scenario. This quantity represents the overall
shape of the relative fluctuations in the ionization frac-
tion �x

c

e per logarithmic k-interval. For contrast, we
overlay the normalized power spectrum �2

⌘(k)/var(⌘) at
z = 1000, i.e. after kinematic decoupling, for which ⌘ is
time invariant [22]. This comparison reveals the small-
scale suppression of power in �x

c

e due to non-local en-
ergy deposition that is more stark for later redshifts, as
we would expect from photon propagation. Additionally,
for the photoionized accretion scenario, the higher-energy
injected photons have larger propagation distances, re-
sulting in a more pronounced suppression of small-scale

Spatial fluctuations in 
ionization fraction are 
comparable to mean effect
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FIG. 15. Dimensionless power spectrum of the (v2bc-correlated part of the) free-electron fraction �xc
e at several redshifts,

obtained from Eq. (48), normalized by its variance. Each panel corresponds to a PBH accretion scenario: collisionally ionized
(left) and photoionized (right), see Sec. IVA for details. For reference, the black dashed line shows the normalized power
spectrum of ⌘(z, r) ⌘ v2bc(z, r)/ hv2bc(z)i � 1, at z = 1000 (this quantity is independent of redshift for z . 1000). These
plots reveal the small-scale suppression of free-electron perturbations due to non-local energy deposition, which becomes more
pronounced for lower redshifts, as photons have propagated farther from their injection point. Still, free-electron perturbations
retain significant spatial fluctuations up to k ⇠ 0.1 Mpc�1.

ization, excitation and heating (for a fully neutral gas)
[2]. Our Green’s function could be made more accurate
by computing these branching ratios explicitly. Lastly,
for the specific problem of energy injection by accreting
PBHs, we adopted the extended-Bondi accretion model
of Ref. [7], which provides a clear prescription for the ef-
fect of relative velocities on PBH luminosities. It would
be interesting to consider the case of disk-like accretion
[8], for which the dependence of luminosity on relative
velocities has not yet been studied.

To conclude, we have laid the groundwork for study-
ing the imprints of inhomogeneous energy injection in the
early Universe on CMB anisotropies. In the context of
accreting PBHs, our preliminary result shows that spa-
tial fluctuations in ionization perturbations are as large
as their mean, which suggests novel signatures in CMB
anisotropies. First, these fluctuations should source ad-
ditional contributions to CMB temperature and polariza-
tion power spectra, comparable in magnitude to the e↵ect
of the mean perturbation to the free-electron fraction.
Importantly, these additional contributions should have
very di↵erent shapes than the previously computed per-
turbations to CMB power spectra, thus could help break
parameter degeneracies and probe lower PBH abun-
dances. Second, we expect these spatial perturbations
to recombination to imprint non-Gaussian signatures in
CMB anisotropies — specifically, a non-zero trispectrum
at lowest order in PBH abundance. This novel qualita-
tive e↵ect should provide a sensitive window into PBHs,
given the tight limits on CMB non-Gaussianities [59]. To
quantify these auspicious signatures requires perturbing
the photon Boltzmann-Einstein system. We tackle this
challenging problem in upcoming companion papers.
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Appendix A: Cross-sections and energy loss rates

1. Sub-10 MeV photons

a. Compton Scattering

The Compton cross-section �C(E) is the integral of the
Klein-Nishina di↵erential cross-section computed from
tree-level quantum electrodynamics. Namely, for a given
initial photon energy E,
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where �T is the Thomson cross-section and the outgoing
photon energy, E0, is a function of cos ✓ and E,
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Ionization fluctuations peak at 
k ~0.01-0.1/Mpc, comparable 
to CMB anisotropy scales

Ongoing work: computation of the CMB trispectrum 
resulting from inhomogeneously-accreting PBHs. 
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z = 100

Epilogue: PBH clustering

(30 kpc/h)3 simulations of 30-Msun PBHs + particle dark matter




