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Astrophysical Sources  

hc ⇠ 10�23
<latexit sha1_base64="0NEIRyggfVUsk3sMpjmXiWSTnBE=">AAACBXicbVC7TsNAEDzzDOHlQElzIkKiIbIDEpQRNJRBIg8pMdb5sklOOT90twZFVmq+ghYqOkTLd1DwL9jGBSRMNZrZ1c6OF0mh0bI+jaXlldW19dJGeXNre2fXrOy1dRgrDi0eylB1PaZBigBaKFBCN1LAfE9Cx5tcZX7nHpQWYXCL0wgcn40CMRScYSq5ZmXsctrXwqe2dZec1E9nrlm1alYOukjsglRJgaZrfvUHIY99CJBLpnXPtiJ0EqZQcAmzcj/WEDE+YSPopTRgPmgnyaPP6FGsGYY0AkWFpLkIvzcS5ms99b100mc41vNeJv7n9WIcXjiJCKIYIeDZIRQS8kOaK5F2AnQgFCCyLDlQEVDOFEMEJSjjPBXjtKRy2oc9//0iaddrtlWzb86qjcuimRI5IIfkmNjknDTINWmSFuHkgTyRZ/JiPBqvxpvx/jO6ZBQ7++QPjI9vFhiXMg==</latexit><latexit sha1_base64="0NEIRyggfVUsk3sMpjmXiWSTnBE=">AAACBXicbVC7TsNAEDzzDOHlQElzIkKiIbIDEpQRNJRBIg8pMdb5sklOOT90twZFVmq+ghYqOkTLd1DwL9jGBSRMNZrZ1c6OF0mh0bI+jaXlldW19dJGeXNre2fXrOy1dRgrDi0eylB1PaZBigBaKFBCN1LAfE9Cx5tcZX7nHpQWYXCL0wgcn40CMRScYSq5ZmXsctrXwqe2dZec1E9nrlm1alYOukjsglRJgaZrfvUHIY99CJBLpnXPtiJ0EqZQcAmzcj/WEDE+YSPopTRgPmgnyaPP6FGsGYY0AkWFpLkIvzcS5ms99b100mc41vNeJv7n9WIcXjiJCKIYIeDZIRQS8kOaK5F2AnQgFCCyLDlQEVDOFEMEJSjjPBXjtKRy2oc9//0iaddrtlWzb86qjcuimRI5IIfkmNjknDTINWmSFuHkgTyRZ/JiPBqvxpvx/jO6ZBQ7++QPjI9vFhiXMg==</latexit><latexit sha1_base64="0NEIRyggfVUsk3sMpjmXiWSTnBE=">AAACBXicbVC7TsNAEDzzDOHlQElzIkKiIbIDEpQRNJRBIg8pMdb5sklOOT90twZFVmq+ghYqOkTLd1DwL9jGBSRMNZrZ1c6OF0mh0bI+jaXlldW19dJGeXNre2fXrOy1dRgrDi0eylB1PaZBigBaKFBCN1LAfE9Cx5tcZX7nHpQWYXCL0wgcn40CMRScYSq5ZmXsctrXwqe2dZec1E9nrlm1alYOukjsglRJgaZrfvUHIY99CJBLpnXPtiJ0EqZQcAmzcj/WEDE+YSPopTRgPmgnyaPP6FGsGYY0AkWFpLkIvzcS5ms99b100mc41vNeJv7n9WIcXjiJCKIYIeDZIRQS8kOaK5F2AnQgFCCyLDlQEVDOFEMEJSjjPBXjtKRy2oc9//0iaddrtlWzb86qjcuimRI5IIfkmNjknDTINWmSFuHkgTyRZ/JiPBqvxpvx/jO6ZBQ7++QPjI9vFhiXMg==</latexit><latexit sha1_base64="0NEIRyggfVUsk3sMpjmXiWSTnBE=">AAACBXicbVC7TsNAEDzzDOHlQElzIkKiIbIDEpQRNJRBIg8pMdb5sklOOT90twZFVmq+ghYqOkTLd1DwL9jGBSRMNZrZ1c6OF0mh0bI+jaXlldW19dJGeXNre2fXrOy1dRgrDi0eylB1PaZBigBaKFBCN1LAfE9Cx5tcZX7nHpQWYXCL0wgcn40CMRScYSq5ZmXsctrXwqe2dZec1E9nrlm1alYOukjsglRJgaZrfvUHIY99CJBLpnXPtiJ0EqZQcAmzcj/WEDE+YSPopTRgPmgnyaPP6FGsGYY0AkWFpLkIvzcS5ms99b100mc41vNeJv7n9WIcXjiJCKIYIeDZIRQS8kOaK5F2AnQgFCCyLDlQEVDOFEMEJSjjPBXjtKRy2oc9//0iaddrtlWzb86qjcuimRI5IIfkmNjknDTINWmSFuHkgTyRZ/JiPBqvxpvx/jO6ZBQ7++QPjI9vFhiXMg==</latexit>

hc ⇠ 10�22
<latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit><latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit><latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit><latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit>

M ⇠ 10�3 � 10�1Msun
<latexit sha1_base64="3Qgrlzx3xGW3lyRvHkoqplifDtw=">AAACEnicbVA9SwNBEN2LXzF+RS0FWQyCTcKdCloGbWwCEcwHJDHsbSZxyd7esTsnhOM6f4K/wlYrO7H1D1j4X7w7U2jia+bx3gwz89xACoO2/WnlFhaXllfyq4W19Y3NreL2TtP4oebQ4L70ddtlBqRQ0ECBEtqBBua5Elru+DL1W/egjfDVDU4C6HlspMRQcIaJ1C/u12jXCI869m1UPonLWXViWutHJlRxv1iyK3YGOk+cKSmRKer94ld34PPQA4VcMmM6jh1gL2IaBZcQF7qhgYDxMRtBJ6GKeWB6UfZHTA9Dw9CnAWgqJM1E+D0RMc+YiecmnR7DOzPrpeJ/XifE4XkvEioIERRPF6GQkC0yXIskIKADoQGRpZcDFYpyphkiaEEZ54kYJokVkjyc2e/nSfO44tgV5/q0VL2YJpMne+SAHBGHnJEquSJ10iCcPJAn8kxerEfr1Xqz3n9ac9Z0Zpf8gfXxDQPdnAE=</latexit><latexit sha1_base64="3Qgrlzx3xGW3lyRvHkoqplifDtw=">AAACEnicbVA9SwNBEN2LXzF+RS0FWQyCTcKdCloGbWwCEcwHJDHsbSZxyd7esTsnhOM6f4K/wlYrO7H1D1j4X7w7U2jia+bx3gwz89xACoO2/WnlFhaXllfyq4W19Y3NreL2TtP4oebQ4L70ddtlBqRQ0ECBEtqBBua5Elru+DL1W/egjfDVDU4C6HlspMRQcIaJ1C/u12jXCI869m1UPonLWXViWutHJlRxv1iyK3YGOk+cKSmRKer94ld34PPQA4VcMmM6jh1gL2IaBZcQF7qhgYDxMRtBJ6GKeWB6UfZHTA9Dw9CnAWgqJM1E+D0RMc+YiecmnR7DOzPrpeJ/XifE4XkvEioIERRPF6GQkC0yXIskIKADoQGRpZcDFYpyphkiaEEZ54kYJokVkjyc2e/nSfO44tgV5/q0VL2YJpMne+SAHBGHnJEquSJ10iCcPJAn8kxerEfr1Xqz3n9ac9Z0Zpf8gfXxDQPdnAE=</latexit><latexit sha1_base64="3Qgrlzx3xGW3lyRvHkoqplifDtw=">AAACEnicbVA9SwNBEN2LXzF+RS0FWQyCTcKdCloGbWwCEcwHJDHsbSZxyd7esTsnhOM6f4K/wlYrO7H1D1j4X7w7U2jia+bx3gwz89xACoO2/WnlFhaXllfyq4W19Y3NreL2TtP4oebQ4L70ddtlBqRQ0ECBEtqBBua5Elru+DL1W/egjfDVDU4C6HlspMRQcIaJ1C/u12jXCI869m1UPonLWXViWutHJlRxv1iyK3YGOk+cKSmRKer94ld34PPQA4VcMmM6jh1gL2IaBZcQF7qhgYDxMRtBJ6GKeWB6UfZHTA9Dw9CnAWgqJM1E+D0RMc+YiecmnR7DOzPrpeJ/XifE4XkvEioIERRPF6GQkC0yXIskIKADoQGRpZcDFYpyphkiaEEZ54kYJokVkjyc2e/nSfO44tgV5/q0VL2YJpMne+SAHBGHnJEquSJ10iCcPJAn8kxerEfr1Xqz3n9ac9Z0Zpf8gfXxDQPdnAE=</latexit><latexit sha1_base64="3Qgrlzx3xGW3lyRvHkoqplifDtw=">AAACEnicbVA9SwNBEN2LXzF+RS0FWQyCTcKdCloGbWwCEcwHJDHsbSZxyd7esTsnhOM6f4K/wlYrO7H1D1j4X7w7U2jia+bx3gwz89xACoO2/WnlFhaXllfyq4W19Y3NreL2TtP4oebQ4L70ddtlBqRQ0ECBEtqBBua5Elru+DL1W/egjfDVDU4C6HlspMRQcIaJ1C/u12jXCI869m1UPonLWXViWutHJlRxv1iyK3YGOk+cKSmRKer94ld34PPQA4VcMmM6jh1gL2IaBZcQF7qhgYDxMRtBJ6GKeWB6UfZHTA9Dw9CnAWgqJM1E+D0RMc+YiecmnR7DOzPrpeJ/XifE4XkvEioIERRPF6GQkC0yXIskIKADoQGRpZcDFYpyphkiaEEZ54kYJokVkjyc2e/nSfO44tgV5/q0VL2YJpMne+SAHBGHnJEquSJ10iCcPJAn8kxerEfr1Xqz3n9ac9Z0Zpf8gfXxDQPdnAE=</latexit> ⇠ 10

5
Hz

<latexit sha1_base64="H0D1lsfGk7gaAjLQW0RdhWiIoW8=">AAACCHicbVC7TgJBFJ3FF+JrfXQ2E4mJFdk1Gi2JNpSYyCNhkcwOF5wwM7uZuWsCG37Ar7DVys7Y+hcW/osLUih4qpNz7s0994SxFBY979PJLS2vrK7l1wsbm1vbO+7uXt1GieFQ45GMTDNkFqTQUEOBEpqxAaZCCY1wcD3xGw9grIj0LQ5jaCvW16InOMNM6rgHgRWK+t5dej6maWAUrYzGHbfolbwp6CLxZ6RIZqh23K+gG/FEgUYumbUt34uxnTKDgksYF4LEQsz4gPWhlVHNFNh2Ok0/pseJZRjRGAwVkk5F+L2RMmXtUIXZpGJ4b+e9ifif10qwd9lOhY4TBM0nh1BImB6y3IisFqBdYQCRTZIDFZpyZhgiGEEZ55mYZD0Vsj78+e8XSf205Hsl/+asWL6aNZMnh+SInBCfXJAyqZAqqRFORuSJPJMX59F5dd6c95/RnDPb2Sd/4Hx8AwU7mN4=</latexit><latexit sha1_base64="H0D1lsfGk7gaAjLQW0RdhWiIoW8=">AAACCHicbVC7TgJBFJ3FF+JrfXQ2E4mJFdk1Gi2JNpSYyCNhkcwOF5wwM7uZuWsCG37Ar7DVys7Y+hcW/osLUih4qpNz7s0994SxFBY979PJLS2vrK7l1wsbm1vbO+7uXt1GieFQ45GMTDNkFqTQUEOBEpqxAaZCCY1wcD3xGw9grIj0LQ5jaCvW16InOMNM6rgHgRWK+t5dej6maWAUrYzGHbfolbwp6CLxZ6RIZqh23K+gG/FEgUYumbUt34uxnTKDgksYF4LEQsz4gPWhlVHNFNh2Ok0/pseJZRjRGAwVkk5F+L2RMmXtUIXZpGJ4b+e9ifif10qwd9lOhY4TBM0nh1BImB6y3IisFqBdYQCRTZIDFZpyZhgiGEEZ55mYZD0Vsj78+e8XSf205Hsl/+asWL6aNZMnh+SInBCfXJAyqZAqqRFORuSJPJMX59F5dd6c95/RnDPb2Sd/4Hx8AwU7mN4=</latexit><latexit sha1_base64="H0D1lsfGk7gaAjLQW0RdhWiIoW8=">AAACCHicbVC7TgJBFJ3FF+JrfXQ2E4mJFdk1Gi2JNpSYyCNhkcwOF5wwM7uZuWsCG37Ar7DVys7Y+hcW/osLUih4qpNz7s0994SxFBY979PJLS2vrK7l1wsbm1vbO+7uXt1GieFQ45GMTDNkFqTQUEOBEpqxAaZCCY1wcD3xGw9grIj0LQ5jaCvW16InOMNM6rgHgRWK+t5dej6maWAUrYzGHbfolbwp6CLxZ6RIZqh23K+gG/FEgUYumbUt34uxnTKDgksYF4LEQsz4gPWhlVHNFNh2Ok0/pseJZRjRGAwVkk5F+L2RMmXtUIXZpGJ4b+e9ifif10qwd9lOhY4TBM0nh1BImB6y3IisFqBdYQCRTZIDFZpyZhgiGEEZ55mYZD0Vsj78+e8XSf205Hsl/+asWL6aNZMnh+SInBCfXJAyqZAqqRFORuSJPJMX59F5dd6c95/RnDPb2Sd/4Hx8AwU7mN4=</latexit><latexit sha1_base64="H0D1lsfGk7gaAjLQW0RdhWiIoW8=">AAACCHicbVC7TgJBFJ3FF+JrfXQ2E4mJFdk1Gi2JNpSYyCNhkcwOF5wwM7uZuWsCG37Ar7DVys7Y+hcW/osLUih4qpNz7s0994SxFBY979PJLS2vrK7l1wsbm1vbO+7uXt1GieFQ45GMTDNkFqTQUEOBEpqxAaZCCY1wcD3xGw9grIj0LQ5jaCvW16InOMNM6rgHgRWK+t5dej6maWAUrYzGHbfolbwp6CLxZ6RIZqh23K+gG/FEgUYumbUt34uxnTKDgksYF4LEQsz4gPWhlVHNFNh2Ok0/pseJZRjRGAwVkk5F+L2RMmXtUIXZpGJ4b+e9ifif10qwd9lOhY4TBM0nh1BImB6y3IisFqBdYQCRTZIDFZpyZhgiGEEZ55mYZD0Vsj78+e8XSf205Hsl/+asWL6aNZMnh+SInBCfXJAyqZAqqRFORuSJPJMX59F5dd6c95/RnDPb2Sd/4Hx8AwU7mN4=</latexit> hc ⇠ 10�20
<latexit sha1_base64="fihVlkXzCLVrJyqXBWNKIGFDVjY=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj6ltnWXnDasuWvWrLqVgy4TuyA1UqDlml+DYchjHwLkkmndt60InYQpFFzCvDKINUSMT9kY+ikNmA/aSfLsc3oca4YhjUBRIWkuwu+NhPlaz3wvnfQZTvSil4n/ef0YRxdOIoIoRgh4dgiFhPyQ5kqkpQAdCgWILEsOVASUM8UQQQnKOE/FOG2pkvZhL36/TDqNum3V7ZuzWvOyaKZMDskROSE2OSdNck1apE04eSBP5Jm8GI/Gq/FmvP+Mloxi54D8gfHxDWyFl1k=</latexit><latexit sha1_base64="fihVlkXzCLVrJyqXBWNKIGFDVjY=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj6ltnWXnDasuWvWrLqVgy4TuyA1UqDlml+DYchjHwLkkmndt60InYQpFFzCvDKINUSMT9kY+ikNmA/aSfLsc3oca4YhjUBRIWkuwu+NhPlaz3wvnfQZTvSil4n/ef0YRxdOIoIoRgh4dgiFhPyQ5kqkpQAdCgWILEsOVASUM8UQQQnKOE/FOG2pkvZhL36/TDqNum3V7ZuzWvOyaKZMDskROSE2OSdNck1apE04eSBP5Jm8GI/Gq/FmvP+Mloxi54D8gfHxDWyFl1k=</latexit><latexit sha1_base64="fihVlkXzCLVrJyqXBWNKIGFDVjY=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj6ltnWXnDasuWvWrLqVgy4TuyA1UqDlml+DYchjHwLkkmndt60InYQpFFzCvDKINUSMT9kY+ikNmA/aSfLsc3oca4YhjUBRIWkuwu+NhPlaz3wvnfQZTvSil4n/ef0YRxdOIoIoRgh4dgiFhPyQ5kqkpQAdCgWILEsOVASUM8UQQQnKOE/FOG2pkvZhL36/TDqNum3V7ZuzWvOyaKZMDskROSE2OSdNck1apE04eSBP5Jm8GI/Gq/FmvP+Mloxi54D8gfHxDWyFl1k=</latexit><latexit sha1_base64="fihVlkXzCLVrJyqXBWNKIGFDVjY=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj6ltnWXnDasuWvWrLqVgy4TuyA1UqDlml+DYchjHwLkkmndt60InYQpFFzCvDKINUSMT9kY+ikNmA/aSfLsc3oca4YhjUBRIWkuwu+NhPlaz3wvnfQZTvSil4n/ef0YRxdOIoIoRgh4dgiFhPyQ5kqkpQAdCgWILEsOVASUM8UQQQnKOE/FOG2pkvZhL36/TDqNum3V7ZuzWvOyaKZMDskROSE2OSdNck1apE04eSBP5Jm8GI/Gq/FmvP+Mloxi54D8gfHxDWyFl1k=</latexit>

f / C ⌘ M

R
<latexit sha1_base64="Kle4PF+6FSYd4XXP/8b8L8mwT5I=">AAACEnicbVDLSgNBEJz1GeMr6lGQwSB4Crsi6DGYixchikmE7BJ6x14dnN0dZ3oDYcnNT/ArvOrJm3j1Bzz4L25iDr7qVFR109UVaiUtue67MzU9Mzs3X1ooLy4tr6xW1tbbNs2MwJZIVWouQrCoZIItkqTwQhuEOFTYCW8aI7/TR2NlmpzTQGMQw1UiIymACqlX2Yp8bVJNKecN7uNtJvvcjwyI/GSYnw17lapbc8fgf4k3IVU2QbNX+fAvU5HFmJBQYG3XczUFORiSQuGw7GcWNYgbuMJuQROI0Qb5+I8h38ksFEk0Gi4VH4v4fSOH2NpBHBaTMdC1/e2NxP+8bkbRYZDLRGeEiRgdIqlwfMgKI4uCkF9Kg0QwSo5cJlyAASI0koMQhZgVjZWLPrzf3/8l7b2a59a80/1q/WjSTIltsm22yzx2wOrsmDVZiwl2xx7YI3ty7p1n58V5/RqdciY7G+wHnLdPkXadkg==</latexit><latexit sha1_base64="Kle4PF+6FSYd4XXP/8b8L8mwT5I=">AAACEnicbVDLSgNBEJz1GeMr6lGQwSB4Crsi6DGYixchikmE7BJ6x14dnN0dZ3oDYcnNT/ArvOrJm3j1Bzz4L25iDr7qVFR109UVaiUtue67MzU9Mzs3X1ooLy4tr6xW1tbbNs2MwJZIVWouQrCoZIItkqTwQhuEOFTYCW8aI7/TR2NlmpzTQGMQw1UiIymACqlX2Yp8bVJNKecN7uNtJvvcjwyI/GSYnw17lapbc8fgf4k3IVU2QbNX+fAvU5HFmJBQYG3XczUFORiSQuGw7GcWNYgbuMJuQROI0Qb5+I8h38ksFEk0Gi4VH4v4fSOH2NpBHBaTMdC1/e2NxP+8bkbRYZDLRGeEiRgdIqlwfMgKI4uCkF9Kg0QwSo5cJlyAASI0koMQhZgVjZWLPrzf3/8l7b2a59a80/1q/WjSTIltsm22yzx2wOrsmDVZiwl2xx7YI3ty7p1n58V5/RqdciY7G+wHnLdPkXadkg==</latexit><latexit sha1_base64="Kle4PF+6FSYd4XXP/8b8L8mwT5I=">AAACEnicbVDLSgNBEJz1GeMr6lGQwSB4Crsi6DGYixchikmE7BJ6x14dnN0dZ3oDYcnNT/ArvOrJm3j1Bzz4L25iDr7qVFR109UVaiUtue67MzU9Mzs3X1ooLy4tr6xW1tbbNs2MwJZIVWouQrCoZIItkqTwQhuEOFTYCW8aI7/TR2NlmpzTQGMQw1UiIymACqlX2Yp8bVJNKecN7uNtJvvcjwyI/GSYnw17lapbc8fgf4k3IVU2QbNX+fAvU5HFmJBQYG3XczUFORiSQuGw7GcWNYgbuMJuQROI0Qb5+I8h38ksFEk0Gi4VH4v4fSOH2NpBHBaTMdC1/e2NxP+8bkbRYZDLRGeEiRgdIqlwfMgKI4uCkF9Kg0QwSo5cJlyAASI0koMQhZgVjZWLPrzf3/8l7b2a59a80/1q/WjSTIltsm22yzx2wOrsmDVZiwl2xx7YI3ty7p1n58V5/RqdciY7G+wHnLdPkXadkg==</latexit><latexit sha1_base64="Kle4PF+6FSYd4XXP/8b8L8mwT5I=">AAACEnicbVDLSgNBEJz1GeMr6lGQwSB4Crsi6DGYixchikmE7BJ6x14dnN0dZ3oDYcnNT/ArvOrJm3j1Bzz4L25iDr7qVFR109UVaiUtue67MzU9Mzs3X1ooLy4tr6xW1tbbNs2MwJZIVWouQrCoZIItkqTwQhuEOFTYCW8aI7/TR2NlmpzTQGMQw1UiIymACqlX2Yp8bVJNKecN7uNtJvvcjwyI/GSYnw17lapbc8fgf4k3IVU2QbNX+fAvU5HFmJBQYG3XczUFORiSQuGw7GcWNYgbuMJuQROI0Qb5+I8h38ksFEk0Gi4VH4v4fSOH2NpBHBaTMdC1/e2NxP+8bkbRYZDLRGeEiRgdIqlwfMgKI4uCkF9Kg0QwSo5cJlyAASI0koMQhZgVjZWLPrzf3/8l7b2a59a80/1q/WjSTIltsm22yzx2wOrsmDVZiwl2xx7YI3ty7p1n58V5/RqdciY7G+wHnLdPkXadkg==</latexit>

Sources Typical peak 
frequency Typical strain Ref. Talks

NS-NS mergers ~ kHz D. Ottaway

|BNS-BBH| 
mergers ~ kHz D. Ottaway

Light PBH mergers 
A. Geraci

Boson stars 
mergers? ?

… … …



Cosmological Sources  

hc ⇠ 10�22
<latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit><latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit><latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit><latexit sha1_base64="5nYoOhxdURzskO0sI7V89kEdlVQ=">AAACBnicbVC7TsNAEDyHVwgvE0qaExESDZEdIUEZQUMZJPKQEmOdL5vklPNDd2tEZKXnK2ihokO0/AYF/4JtXEDCVKOZXe3seJEUGi3r0yitrK6tb5Q3K1vbO7t75n61o8NYcWjzUIaq5zENUgTQRoESepEC5nsSut70KvO796C0CINbnEXg+GwciJHgDFPJNasTl9OBFj61rbvktNGgc9esWXUrB10mdkFqpEDLNb8Gw5DHPgTIJdO6b1sROglTKLiEeWUQa4gYn7Ix9FMaMB+0k+TZ5/Q41gxDGoGiQtJchN8bCfO1nvleOukznOhFLxP/8/oxji6cRARRjBDw7BAKCfkhzZVISwE6FAoQWZYcqAgoZ4ohghKUcZ6KcdpSJe3DXvx+mXQadduq2zdnteZl0UyZHJIjckJsck6a5Jq0SJtw8kCeyDN5MR6NV+PNeP8ZLRnFzgH5A+PjG3CQl1s=</latexit>

⇠ 10
10
Hz

<latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="bzB0uW1fzy1MgMhO8gWsRy3sg4E=">AAAB5HicbVC7TsNAEFyHVzABQk1zIkKiimwaKJFoKINEHlKwovVlE045n627NVIU5QdoqegQf0XBv2CbFJAw1WhmVzs7caaV4yD49Gpb2zu7e/V9/6DhHx4dNxs9l+ZWUlemOrWDGB1pZajLijUNMkuYxJr68ey29PvPZJ1KzQPPM4oSnBo1URK5kDqjZitoBxXEJglXpAUrjJpfj+NU5gkZlhqdG4ZBxtECLSupaek/5o4ylDOc0rCgBhNy0aKKuRTnuUNORUZWKC0qkX5vLDBxbp7ExWSC/OTWvVL8zxvmPLmOFspkOZOR5SFWmqpDTlpV/E9irCwxY5mchDJCokVmskqglIWYF4X4RR3h+vObpHfZDoN2eB9AHU7hDC4ghCu4gTvoQBckjOEFXj3nvXnvP7XVvFV/J/AH3sc3ljCOsg==</latexit><latexit sha1_base64="56zqcz62SQwaH+X58q+x0vCC7ug=">AAAB/3icbZC9TgJBFIXv+ouIihY2NhOJiRWZtdHSxIYSE/lJAMnscMEJM7ubmbsmuO4b+BS2WtkZn8TCd3FBCgVPdXLOTO69XxBr5YjzT29ldW19Y7OwVdwu7ezulfdLTRclVmJDRjqy7UA41CrEBinS2I4tChNobAXjq2nfukfrVBTe0CTGnhGjUA2VFJRH/fJh1ynDfH6b+jxjadcaVnvIWL9c4VU+E1s2/txUYK56v/zVHUQyMRiS1MK5js9j6qXCkpIas2I3cRgLORYj7OQ2FAZdL53tn7GTxAmKWIyWKc1mIf7+kQrj3MQE+Usj6M4tdtPwv66T0PCil6owTghDOR1ESuNskJNW5WCQDZRFIjHdHJkKmRRWEKFVTEiZh0lOqpjz8BevXzbNs6rPq/41hwIcwTGcgg/ncAk1qEMDJDzCM7zAq/fkvXnvP+RWvDnCA/gj7+MbOyeXyQ==</latexit><latexit sha1_base64="56zqcz62SQwaH+X58q+x0vCC7ug=">AAAB/3icbZC9TgJBFIXv+ouIihY2NhOJiRWZtdHSxIYSE/lJAMnscMEJM7ubmbsmuO4b+BS2WtkZn8TCd3FBCgVPdXLOTO69XxBr5YjzT29ldW19Y7OwVdwu7ezulfdLTRclVmJDRjqy7UA41CrEBinS2I4tChNobAXjq2nfukfrVBTe0CTGnhGjUA2VFJRH/fJh1ynDfH6b+jxjadcaVnvIWL9c4VU+E1s2/txUYK56v/zVHUQyMRiS1MK5js9j6qXCkpIas2I3cRgLORYj7OQ2FAZdL53tn7GTxAmKWIyWKc1mIf7+kQrj3MQE+Usj6M4tdtPwv66T0PCil6owTghDOR1ESuNskJNW5WCQDZRFIjHdHJkKmRRWEKFVTEiZh0lOqpjz8BevXzbNs6rPq/41hwIcwTGcgg/ncAk1qEMDJDzCM7zAq/fkvXnvP+RWvDnCA/gj7+MbOyeXyQ==</latexit><latexit sha1_base64="MkpjKNY5Wa7wE2L2vUfUXBK4NxE=">AAACCnicbVC7TsNAEDyHVwivABINzYkIiSo600AZQZMySOQhxSE6XzbhlDvbulsjBeM/4CtooaJDtPwEBf+CHVJAwlSjmV3t7PiRkhYZ+3QKS8srq2vF9dLG5tb2Tnl3r2XD2AhoilCFpuNzC0oG0ESJCjqRAa59BW1/fJn77TswVobBNU4i6Gk+CuRQCo6Z1C8feFZq6rKbxGUpTTyjaf0+pf1yhVXZFHSRuDNSITM0+uUvbxCKWEOAQnFruy6LsJdwg1IoSEtebCHiYsxH0M1owDXYXjLNn9Lj2HIMaQSGSkWnIvzeSLi2dqL9bFJzvLXzXi7+53VjHJ73EhlEMUIg8kMoFUwPWWFkVgzQgTSAyPPkQGVABTccEYykXIhMjLOmSlkf7vz3i6R1WnVZ1b1ildrFrJkiOSRH5IS45IzUSJ00SJMI8kCeyDN5cR6dV+fNef8ZLTiznX3yB87HN9DTmTo=</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit>

hc ⇠ 4 · 10�24
<latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit><latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit><latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit><latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit>

⇠ 10
10
Hz

<latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="bzB0uW1fzy1MgMhO8gWsRy3sg4E=">AAAB5HicbVC7TsNAEFyHVzABQk1zIkKiimwaKJFoKINEHlKwovVlE045n627NVIU5QdoqegQf0XBv2CbFJAw1WhmVzs7caaV4yD49Gpb2zu7e/V9/6DhHx4dNxs9l+ZWUlemOrWDGB1pZajLijUNMkuYxJr68ey29PvPZJ1KzQPPM4oSnBo1URK5kDqjZitoBxXEJglXpAUrjJpfj+NU5gkZlhqdG4ZBxtECLSupaek/5o4ylDOc0rCgBhNy0aKKuRTnuUNORUZWKC0qkX5vLDBxbp7ExWSC/OTWvVL8zxvmPLmOFspkOZOR5SFWmqpDTlpV/E9irCwxY5mchDJCokVmskqglIWYF4X4RR3h+vObpHfZDoN2eB9AHU7hDC4ghCu4gTvoQBckjOEFXj3nvXnvP7XVvFV/J/AH3sc3ljCOsg==</latexit><latexit sha1_base64="56zqcz62SQwaH+X58q+x0vCC7ug=">AAAB/3icbZC9TgJBFIXv+ouIihY2NhOJiRWZtdHSxIYSE/lJAMnscMEJM7ubmbsmuO4b+BS2WtkZn8TCd3FBCgVPdXLOTO69XxBr5YjzT29ldW19Y7OwVdwu7ezulfdLTRclVmJDRjqy7UA41CrEBinS2I4tChNobAXjq2nfukfrVBTe0CTGnhGjUA2VFJRH/fJh1ynDfH6b+jxjadcaVnvIWL9c4VU+E1s2/txUYK56v/zVHUQyMRiS1MK5js9j6qXCkpIas2I3cRgLORYj7OQ2FAZdL53tn7GTxAmKWIyWKc1mIf7+kQrj3MQE+Usj6M4tdtPwv66T0PCil6owTghDOR1ESuNskJNW5WCQDZRFIjHdHJkKmRRWEKFVTEiZh0lOqpjz8BevXzbNs6rPq/41hwIcwTGcgg/ncAk1qEMDJDzCM7zAq/fkvXnvP+RWvDnCA/gj7+MbOyeXyQ==</latexit><latexit sha1_base64="56zqcz62SQwaH+X58q+x0vCC7ug=">AAAB/3icbZC9TgJBFIXv+ouIihY2NhOJiRWZtdHSxIYSE/lJAMnscMEJM7ubmbsmuO4b+BS2WtkZn8TCd3FBCgVPdXLOTO69XxBr5YjzT29ldW19Y7OwVdwu7ezulfdLTRclVmJDRjqy7UA41CrEBinS2I4tChNobAXjq2nfukfrVBTe0CTGnhGjUA2VFJRH/fJh1ynDfH6b+jxjadcaVnvIWL9c4VU+E1s2/txUYK56v/zVHUQyMRiS1MK5js9j6qXCkpIas2I3cRgLORYj7OQ2FAZdL53tn7GTxAmKWIyWKc1mIf7+kQrj3MQE+Usj6M4tdtPwv66T0PCil6owTghDOR1ESuNskJNW5WCQDZRFIjHdHJkKmRRWEKFVTEiZh0lOqpjz8BevXzbNs6rPq/41hwIcwTGcgg/ncAk1qEMDJDzCM7zAq/fkvXnvP+RWvDnCA/gj7+MbOyeXyQ==</latexit><latexit sha1_base64="MkpjKNY5Wa7wE2L2vUfUXBK4NxE=">AAACCnicbVC7TsNAEDyHVwivABINzYkIiSo600AZQZMySOQhxSE6XzbhlDvbulsjBeM/4CtooaJDtPwEBf+CHVJAwlSjmV3t7PiRkhYZ+3QKS8srq2vF9dLG5tb2Tnl3r2XD2AhoilCFpuNzC0oG0ESJCjqRAa59BW1/fJn77TswVobBNU4i6Gk+CuRQCo6Z1C8feFZq6rKbxGUpTTyjaf0+pf1yhVXZFHSRuDNSITM0+uUvbxCKWEOAQnFruy6LsJdwg1IoSEtebCHiYsxH0M1owDXYXjLNn9Lj2HIMaQSGSkWnIvzeSLi2dqL9bFJzvLXzXi7+53VjHJ73EhlEMUIg8kMoFUwPWWFkVgzQgTSAyPPkQGVABTccEYykXIhMjLOmSlkf7vz3i6R1WnVZ1b1ildrFrJkiOSRH5IS45IzUSJ00SJMI8kCeyDN5cR6dV+fNef8ZLTiznX3yB87HN9DTmTo=</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit><latexit sha1_base64="ELO00P2faqFYfLbdE+9WeYADYTg=">AAACCnicbVC7TsNAEDzzDOEVQKKhOREhUUU+hARlBE3KIJGHFJvofNmEU+5s626NFIz/gK+ghYoO0fITFPwLTkgBCVONZna1sxPESlp03U9nYXFpeWW1sFZc39jc2i7t7DZtlBgBDRGpyLQDbkHJEBooUUE7NsB1oKAVDC/HfusOjJVReI2jGHzNB6HsS8Exl7qlfc9KTZl7kzI3o6lnNK3dZ7RbKrsVdwI6T9iUlMkU9W7py+tFItEQolDc2g5zY/RTblAKBVnRSyzEXAz5ADo5DbkG66eT/Bk9SizHiMZgqFR0IsLvjZRra0c6yCc1x1s7643F/7xOgv1zP5VhnCCEYnwIpYLJISuMzIsB2pMGEPk4OVAZUsENRwQjKRciF5O8qWLeB5v9fp40TyrMrbCr03L1YtpMgRyQQ3JMGDkjVVIjddIggjyQJ/JMXpxH59V5c95/Rhec6c4e+QPn4xvSE5k+</latexit>

hc ⇠ 4 · 10�24
<latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit><latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit><latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit><latexit sha1_base64="tI1KO1J5Jt61xMxbdSxp1iMMDL0=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWn3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAP13ZnT</latexit>

⇠ 10
8
Hz

<latexit sha1_base64="HUNVC8KdslGXsbCPCSMKMOW8BBU=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSKSMoEkZJPKQ4hCdL5twyp1t3a2RguUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7HihFAZt+9NaWl5ZXVsvbZQ3t7Z3dit7+x0TRJpDmwcy0D2PGZDChzYKlNALNTDlSeh606vM796DNiLwb3AWwkCxiS/GgjNMpWHl0DVCUce+jesJjV2taPMhocNK1a7ZOegicQpSJQVaw8qXOwp4pMBHLpkxfccOcRAzjYJLSMpuZCBkfMom0E+pzxSYQZzHT+hJZBgGNARNhaS5CL83YqaMmSkvnVQM78y8l4n/ef0Ix/VBLPwwQvB5dgiFhPyQ4VqkvQAdCQ2ILEsOVPiUM80QQQvKOE/FKC2qnPbhzH+/SDpnNceuOdfn1cZl0UyJHJFjckocckEapElapE04ickTeSYv1qP1ar1Z7z+jS1axc0D+wPr4BmgDmQs=</latexit><latexit sha1_base64="HUNVC8KdslGXsbCPCSMKMOW8BBU=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSKSMoEkZJPKQ4hCdL5twyp1t3a2RguUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7HihFAZt+9NaWl5ZXVsvbZQ3t7Z3dit7+x0TRJpDmwcy0D2PGZDChzYKlNALNTDlSeh606vM796DNiLwb3AWwkCxiS/GgjNMpWHl0DVCUce+jesJjV2taPMhocNK1a7ZOegicQpSJQVaw8qXOwp4pMBHLpkxfccOcRAzjYJLSMpuZCBkfMom0E+pzxSYQZzHT+hJZBgGNARNhaS5CL83YqaMmSkvnVQM78y8l4n/ef0Ix/VBLPwwQvB5dgiFhPyQ4VqkvQAdCQ2ILEsOVPiUM80QQQvKOE/FKC2qnPbhzH+/SDpnNceuOdfn1cZl0UyJHJFjckocckEapElapE04ickTeSYv1qP1ar1Z7z+jS1axc0D+wPr4BmgDmQs=</latexit><latexit sha1_base64="HUNVC8KdslGXsbCPCSMKMOW8BBU=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSKSMoEkZJPKQ4hCdL5twyp1t3a2RguUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7HihFAZt+9NaWl5ZXVsvbZQ3t7Z3dit7+x0TRJpDmwcy0D2PGZDChzYKlNALNTDlSeh606vM796DNiLwb3AWwkCxiS/GgjNMpWHl0DVCUce+jesJjV2taPMhocNK1a7ZOegicQpSJQVaw8qXOwp4pMBHLpkxfccOcRAzjYJLSMpuZCBkfMom0E+pzxSYQZzHT+hJZBgGNARNhaS5CL83YqaMmSkvnVQM78y8l4n/ef0Ix/VBLPwwQvB5dgiFhPyQ4VqkvQAdCQ2ILEsOVPiUM80QQQvKOE/FKC2qnPbhzH+/SDpnNceuOdfn1cZl0UyJHJFjckocckEapElapE04ickTeSYv1qP1ar1Z7z+jS1axc0D+wPr4BmgDmQs=</latexit><latexit sha1_base64="HUNVC8KdslGXsbCPCSMKMOW8BBU=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSKSMoEkZJPKQ4hCdL5twyp1t3a2RguUv4CtooaJDtHwFBf+CbVxAwlSjmV3t7HihFAZt+9NaWl5ZXVsvbZQ3t7Z3dit7+x0TRJpDmwcy0D2PGZDChzYKlNALNTDlSeh606vM796DNiLwb3AWwkCxiS/GgjNMpWHl0DVCUce+jesJjV2taPMhocNK1a7ZOegicQpSJQVaw8qXOwp4pMBHLpkxfccOcRAzjYJLSMpuZCBkfMom0E+pzxSYQZzHT+hJZBgGNARNhaS5CL83YqaMmSkvnVQM78y8l4n/ef0Ix/VBLPwwQvB5dgiFhPyQ4VqkvQAdCQ2ILEsOVPiUM80QQQvKOE/FKC2qnPbhzH+/SDpnNceuOdfn1cZl0UyJHJFjckocckEapElapE04ickTeSYv1qP1ar1Z7z+jS1axc0D+wPr4BmgDmQs=</latexit>

hc ⇠ 4 · 10�22
<latexit sha1_base64="Wn/t3DDqcA05LVAMRKf+xOkMaNk=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWm3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAPyvZnR</latexit><latexit sha1_base64="Wn/t3DDqcA05LVAMRKf+xOkMaNk=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWm3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAPyvZnR</latexit><latexit sha1_base64="Wn/t3DDqcA05LVAMRKf+xOkMaNk=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWm3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAPyvZnR</latexit><latexit sha1_base64="Wn/t3DDqcA05LVAMRKf+xOkMaNk=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAa07vB8hta279KxWm3pmxapaBegisWekQmZoeuaX0494EkCIXDKte7YVo5syhYJLmJadREPM+JgNoZfRkAWg3bRIMKUniWYY0RgUFZIWIvzeSFmg9STws8mA4UjPe7n4n9dLcHDhpiKME4SQ54dQSCgOaa5EVg3QvlCAyPLPgYqQcqYYIihBGeeZmGRdlbM+7Pn0i6Rdq9pW1b6pVxqXs2ZK5Igck1Nik3PSINekSVqEkwfyRJ7Ji/FovBpvxvvP6JIx2zkgf2B8fAPyvZnR</latexit>

⇠ 10
9
Hz

<latexit sha1_base64="uNm+x9hTMTjq4duwgn9rLvlxU34=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSEAXQZMySOQhJSY6XzbhlDvbulsjBctfwFfQQkWHaPkKCv4F27iAhKlGM7va2fFCKQza9qe1sLi0vLJaWiuvb2xubVd2dtsmiDSHFg9koLseMyCFDy0UKKEbamDKk9DxJleZ37kHbUTg3+A0BFexsS9GgjNMpUFlv2+Eoo59G18kNO5rRRsPCR1UqnbNzkHniVOQKinQHFS++sOARwp85JIZ03PsEN2YaRRcQlLuRwZCxidsDL2U+kyBceM8fkKPIsMwoCFoKiTNRfi9ETNlzFR56aRieGdmvUz8z+tFODp3Y+GHEYLPs0MoJOSHDNci7QXoUGhAZFlyoMKnnGmGCFpQxnkqRmlR5bQPZ/b7edI+qTl2zbk+rdYvi2ZK5IAckmPikDNSJw3SJC3CSUyeyDN5sR6tV+vNev8ZXbCKnT3yB9bHN2mdmQw=</latexit><latexit sha1_base64="uNm+x9hTMTjq4duwgn9rLvlxU34=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSEAXQZMySOQhJSY6XzbhlDvbulsjBctfwFfQQkWHaPkKCv4F27iAhKlGM7va2fFCKQza9qe1sLi0vLJaWiuvb2xubVd2dtsmiDSHFg9koLseMyCFDy0UKKEbamDKk9DxJleZ37kHbUTg3+A0BFexsS9GgjNMpUFlv2+Eoo59G18kNO5rRRsPCR1UqnbNzkHniVOQKinQHFS++sOARwp85JIZ03PsEN2YaRRcQlLuRwZCxidsDL2U+kyBceM8fkKPIsMwoCFoKiTNRfi9ETNlzFR56aRieGdmvUz8z+tFODp3Y+GHEYLPs0MoJOSHDNci7QXoUGhAZFlyoMKnnGmGCFpQxnkqRmlR5bQPZ/b7edI+qTl2zbk+rdYvi2ZK5IAckmPikDNSJw3SJC3CSUyeyDN5sR6tV+vNev8ZXbCKnT3yB9bHN2mdmQw=</latexit><latexit sha1_base64="uNm+x9hTMTjq4duwgn9rLvlxU34=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSEAXQZMySOQhJSY6XzbhlDvbulsjBctfwFfQQkWHaPkKCv4F27iAhKlGM7va2fFCKQza9qe1sLi0vLJaWiuvb2xubVd2dtsmiDSHFg9koLseMyCFDy0UKKEbamDKk9DxJleZ37kHbUTg3+A0BFexsS9GgjNMpUFlv2+Eoo59G18kNO5rRRsPCR1UqnbNzkHniVOQKinQHFS++sOARwp85JIZ03PsEN2YaRRcQlLuRwZCxidsDL2U+kyBceM8fkKPIsMwoCFoKiTNRfi9ETNlzFR56aRieGdmvUz8z+tFODp3Y+GHEYLPs0MoJOSHDNci7QXoUGhAZFlyoMKnnGmGCFpQxnkqRmlR5bQPZ/b7edI+qTl2zbk+rdYvi2ZK5IAckmPikDNSJw3SJC3CSUyeyDN5sR6tV+vNev8ZXbCKnT3yB9bHN2mdmQw=</latexit><latexit sha1_base64="uNm+x9hTMTjq4duwgn9rLvlxU34=">AAACCXicbVC7TsNAEDzzDOEVQFQ0JyIkqshGSEAXQZMySOQhJSY6XzbhlDvbulsjBctfwFfQQkWHaPkKCv4F27iAhKlGM7va2fFCKQza9qe1sLi0vLJaWiuvb2xubVd2dtsmiDSHFg9koLseMyCFDy0UKKEbamDKk9DxJleZ37kHbUTg3+A0BFexsS9GgjNMpUFlv2+Eoo59G18kNO5rRRsPCR1UqnbNzkHniVOQKinQHFS++sOARwp85JIZ03PsEN2YaRRcQlLuRwZCxidsDL2U+kyBceM8fkKPIsMwoCFoKiTNRfi9ETNlzFR56aRieGdmvUz8z+tFODp3Y+GHEYLPs0MoJOSHDNci7QXoUGhAZFlyoMKnnGmGCFpQxnkqRmlR5bQPZ/b7edI+qTl2zbk+rdYvi2ZK5IAckmPikDNSJw3SJC3CSUyeyDN5sR6tV+vNev8ZXbCKnT3yB9bHN2mdmQw=</latexit>

hc ⇠ 1 · 10�24
<latexit sha1_base64="PPoZcQOTA7a3Q0eWClXCfqOcGYg=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAbUd3o+Q2tZdelarTz2zYlWtAnSR2DNSITM0PfPL6Uc8CSBELpnWPduK0U2ZQsElTMtOoiFmfMyG0MtoyALQblokmNKTRDOMaAyKCkkLEX5vpCzQehL42WTAcKTnvVz8z+slOLhwUxHGCULI80MoJBSHNFciqwZoXyhAZPnnQEVIOVMMEZSgjPNMTLKuylkf9nz6RdKuVW2rat/UK43LWTMlckSOySmxyTlpkGvSJC3CyQN5Is/kxXg0Xo034/1ndMmY7RyQPzA+vgHxBpnQ</latexit><latexit sha1_base64="PPoZcQOTA7a3Q0eWClXCfqOcGYg=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAbUd3o+Q2tZdelarTz2zYlWtAnSR2DNSITM0PfPL6Uc8CSBELpnWPduK0U2ZQsElTMtOoiFmfMyG0MtoyALQblokmNKTRDOMaAyKCkkLEX5vpCzQehL42WTAcKTnvVz8z+slOLhwUxHGCULI80MoJBSHNFciqwZoXyhAZPnnQEVIOVMMEZSgjPNMTLKuylkf9nz6RdKuVW2rat/UK43LWTMlckSOySmxyTlpkGvSJC3CyQN5Is/kxXg0Xo034/1ndMmY7RyQPzA+vgHxBpnQ</latexit><latexit sha1_base64="PPoZcQOTA7a3Q0eWClXCfqOcGYg=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAbUd3o+Q2tZdelarTz2zYlWtAnSR2DNSITM0PfPL6Uc8CSBELpnWPduK0U2ZQsElTMtOoiFmfMyG0MtoyALQblokmNKTRDOMaAyKCkkLEX5vpCzQehL42WTAcKTnvVz8z+slOLhwUxHGCULI80MoJBSHNFciqwZoXyhAZPnnQEVIOVMMEZSgjPNMTLKuylkf9nz6RdKuVW2rat/UK43LWTMlckSOySmxyTlpkGvSJC3CyQN5Is/kxXg0Xo034/1ndMmY7RyQPzA+vgHxBpnQ</latexit><latexit sha1_base64="PPoZcQOTA7a3Q0eWClXCfqOcGYg=">AAACDHicbVC7TsNAEDzzDOFloEGiOREh0RDZUSQoI2gog0QeUmys82WTnHJ+6G6NFFnhE/gKWqjoEC3/QMG/YJsUkDDVaGZXuzN+LIVGy/o0lpZXVtfWSxvlza3tnV1zb7+to0RxaPFIRqrrMw1ShNBCgRK6sQIW+BI6/vgq9zv3oLSIwlucxOAGbBiKgeAMM8kzD0cep44WAbUd3o+Q2tZdelarTz2zYlWtAnSR2DNSITM0PfPL6Uc8CSBELpnWPduK0U2ZQsElTMtOoiFmfMyG0MtoyALQblokmNKTRDOMaAyKCkkLEX5vpCzQehL42WTAcKTnvVz8z+slOLhwUxHGCULI80MoJBSHNFciqwZoXyhAZPnnQEVIOVMMEZSgjPNMTLKuylkf9nz6RdKuVW2rat/UK43LWTMlckSOySmxyTlpkGvSJC3CyQN5Is/kxXg0Xo034/1ndMmY7RyQPzA+vgHxBpnQ</latexit>

M ⇠ 1015g
<latexit sha1_base64="cvtImEZXq3G23cdgtcLGu7u7uAM=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIVJGNQFBG0NAgBYk8pMRE58smnHI+W3drpMhKyVfQQkWHaPkQCv4F27iAhKlGM7va2fEjKQw6zqdVWlpeWV0rr1c2Nre2q/bObtuEsebQ4qEMdddnBqRQ0EKBErqRBhb4Ejr+5DLzOw+gjQjVLU4j8AI2VmIkOMNUGtjV674RAXWdu8Q9ndHxwK45dScHXSRuQWqkQHNgf/WHIY8DUMglM6bnOhF6CdMouIRZpR8biBifsDH0UqpYAMZL8uAzehgbhiGNQFMhaS7C742EBcZMAz+dDBjem3kvE//zejGOzr1EqChGUDw7hEJCfshwLdJGgA6FBkSWJQcqFOVMM0TQgjLOUzFOK6qkfbjz3y+S9nHdderuzUmtcVE0Uyb75IAcEZeckQa5Ik3SIpzE5Ik8kxfr0Xq13qz3n9GSVezskT+wPr4BxJ+WfA==</latexit><latexit sha1_base64="cvtImEZXq3G23cdgtcLGu7u7uAM=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIVJGNQFBG0NAgBYk8pMRE58smnHI+W3drpMhKyVfQQkWHaPkQCv4F27iAhKlGM7va2fEjKQw6zqdVWlpeWV0rr1c2Nre2q/bObtuEsebQ4qEMdddnBqRQ0EKBErqRBhb4Ejr+5DLzOw+gjQjVLU4j8AI2VmIkOMNUGtjV674RAXWdu8Q9ndHxwK45dScHXSRuQWqkQHNgf/WHIY8DUMglM6bnOhF6CdMouIRZpR8biBifsDH0UqpYAMZL8uAzehgbhiGNQFMhaS7C742EBcZMAz+dDBjem3kvE//zejGOzr1EqChGUDw7hEJCfshwLdJGgA6FBkSWJQcqFOVMM0TQgjLOUzFOK6qkfbjz3y+S9nHdderuzUmtcVE0Uyb75IAcEZeckQa5Ik3SIpzE5Ik8kxfr0Xq13qz3n9GSVezskT+wPr4BxJ+WfA==</latexit><latexit sha1_base64="cvtImEZXq3G23cdgtcLGu7u7uAM=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIVJGNQFBG0NAgBYk8pMRE58smnHI+W3drpMhKyVfQQkWHaPkQCv4F27iAhKlGM7va2fEjKQw6zqdVWlpeWV0rr1c2Nre2q/bObtuEsebQ4qEMdddnBqRQ0EKBErqRBhb4Ejr+5DLzOw+gjQjVLU4j8AI2VmIkOMNUGtjV674RAXWdu8Q9ndHxwK45dScHXSRuQWqkQHNgf/WHIY8DUMglM6bnOhF6CdMouIRZpR8biBifsDH0UqpYAMZL8uAzehgbhiGNQFMhaS7C742EBcZMAz+dDBjem3kvE//zejGOzr1EqChGUDw7hEJCfshwLdJGgA6FBkSWJQcqFOVMM0TQgjLOUzFOK6qkfbjz3y+S9nHdderuzUmtcVE0Uyb75IAcEZeckQa5Ik3SIpzE5Ik8kxfr0Xq13qz3n9GSVezskT+wPr4BxJ+WfA==</latexit><latexit sha1_base64="cvtImEZXq3G23cdgtcLGu7u7uAM=">AAACA3icbVC7TsNAEDyHVwiPGChpTkRIVJGNQFBG0NAgBYk8pMRE58smnHI+W3drpMhKyVfQQkWHaPkQCv4F27iAhKlGM7va2fEjKQw6zqdVWlpeWV0rr1c2Nre2q/bObtuEsebQ4qEMdddnBqRQ0EKBErqRBhb4Ejr+5DLzOw+gjQjVLU4j8AI2VmIkOMNUGtjV674RAXWdu8Q9ndHxwK45dScHXSRuQWqkQHNgf/WHIY8DUMglM6bnOhF6CdMouIRZpR8biBifsDH0UqpYAMZL8uAzehgbhiGNQFMhaS7C742EBcZMAz+dDBjem3kvE//zejGOzr1EqChGUDw7hEJCfshwLdJGgA6FBkSWJQcqFOVMM0TQgjLOUzFOK6qkfbjz3y+S9nHdderuzUmtcVE0Uyb75IAcEZeckQa5Ik3SIpzE5Ik8kxfr0Xq13qz3n9GSVezskT+wPr4BxJ+WfA==</latexit>

⇠ MPBH
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frequency 

Typical strain Ref. Talks

Axion-inflation D. Figueroa

M. Peloso

Inflation/PBH – 2nd 
order prehating Flat or Bump D. Figueroa

Chaotic inflation/
preheating D. Figueroa

Tachyonic Preheating D. Figueroa

Axion Preheating D. Figueroa

Oscillons 1803.08047

PBH evaporation 

PBH 

…



Cosmological Sources  

Sources Typical peak 
frequency Typical strain Ref. Talks

1st order Ph. 
Transition M. Hindmarsh

Gravitational wave frequencies
• Shear stress at time t generate waves with minimum 

frequency f ≈ 1/t (Hubble rate)
• Redshifted to a frequency now: f0 = (a(t)/a(t0))f
• Redshifted Hubble rates:

• Peak frequencies:
• Typical range: 

Gravitational waves ... Mark Hindmarsh

Event Time/s Temp/GeV f0/Hz
QCD transition 10-3 0.1 10-8

EW transition 10-11 100 10-5

? 10-25 109 100
End of inflation ≥ 10-36 ≤ 1016 ≤ 108



Cosmological Sources  

Sources Typical peak 
frequency Typical strain Ref. Talks

1st order Ph. 
Transition M. Hindmarsh

High frequency GWs from PTs?
• Peak frequencies:
• Typical range:
• Highest possible phase transition temperature?
– Inflation (absence of GWs): 

• Corresponding frequencies: 
• Higher frequency means smaller strain          !

• No (known) astrophysical foregrounds          "

Gravitational waves ... Mark Hindmarsh

hc ' 0.4
p
⌦gw ⇥ 10�20 (f /100Hz)�1
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Cosmological Sources  

Sources Typical peak 
frequency Typical strain Ref. Talks

Topological Defects D. Figueroa

10-9 10-6 10-3 1 103 106
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h
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�
g
w

Pn from [53] using Model II

Figure 1. Cosmic string SGWB curves (all in red) near various relevant values of Gµ. The dashed
orange curve is the EPTA sensitivity, and the darkest red curve just below is for Gµ = 10

�10. The
dash-dotted dark orange curve is the (projected) SKA sensitivity, and the dark red curve just below
is for Gµ = 10

�13. The dotted black curve is the LISA PLS; the red curve whose peak passes through
it, and the light red curve just below, are for Gµ = 10

�15 and 10
�17 respectively.

next few years. However, as the limit on ⌦gw becomes stronger and one probes lower values
of the tension, one can see that the peak of the SGWB moves towards high frequencies and
outside of the PTA frequency bands. This makes future bounds less strong than one would
have thought because the PTA frequency band will then be at the steep section of the SGWB
curve. Eventually, the SKA collaboration will become more competitive, potentially setting a
bound of Gµ = 2⇥ 10

�13, three orders of magnitude stronger than current PTA constraints.
An important point to make here is that if any of these observations detect a SGWB,

one will probably have to wait for LISA before one can elucidate the origin of such back-
ground. It is therefore interesting to see that if Gµ is in the range of values accessible by
PTA experiments, the higher-frequency part of the SGWB signal will be well within LISA’s
sensitivity curve. The spectrum for Gµ = 10

�13 in figure 1 shows how such a curve might
appear in LISA.

Looking at the curves for Gµ = 10
�15 and 10

�17 in figure 1, it is clear that for lower
string tensions, PTA-type experiments become irrelevant for detecting a background and at
this level LISA becomes the right instrument to probe these light strings [81]. The “bump” of
the SGWB will pass directly through the LISA sensitivity band, as shown for Gµ = 10

�15,
and Gµ = 10

�17 is the order of the lower bound on tension that LISA will set.

5.1.1 The high frequency regime

As we can see from the SGWB curves shown in figure 1, the spectrum becomes flat at very
high frequencies. This can be understood analytically using a scaling number density of loops
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Pn � n-4�3 using Model III

Figure 2. Idem as figure 1 but using the loop number density from Model III [127].

as well as a simplified cosmological background that describes the evolution of the Universe
deep in the radiation era. The combination of these two facts allows us to find an expression
(following Method I) for the spectrum of the form

⌦
plateau
gw (ln f)I =

64⇡G2µ2
⌦rad

3

 1X

n=1

Pn

!✓Z
dx nr(x)

◆
. (5.1)

This shows that indeed the SGWB is flat in this regime, but also that it only depends on
two properties of the network of strings: the averaged total power emitted by a loop, and the
total number of loops. Using the results of Model II, we find

⌦
plateau
gw (ln f)I ⇡ 8.04⌦rad

r
Gµ

�
. (5.2)

This is a relevant result as it tells us that the value of the high-frequency plateau only depends
on Gµ and the total �. In particular, it does not depend on the exact form of the loop’s power
spectrum, nor on if the GW emission is dominated by cusps or kinks, but rather depends only
on the total radiation emitted by the loops.

Similarly, we can perform the same kind of computation using Method II. Starting with
eq. (4.11), and taking the cosmological background to be in the radiation era, we find 13

a good agreement for the plateau with the expression found in eq. (5.2). This is expected,
given that the plateau only depends on quantities that must be identical in both methods.
However, given the different nature of the calculations performed in both methods, this is a
good consistency check.

13
Note that in order to make this comparison, one should express the result in terms of the total power

emitted �. We give in appendix A the calculation of � in terms of the parameters Nq, g1, g2.
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Gµ & 10�17

Very large parameter space !

Blanco-Pillado, Olum, Shlaer Lorenz, Ringeval, Sakellariadou

Cosmic strings loops: GW background

LISA LISA

LISA paper
1909.00819



BSM Sources  

axion cloud

black hole

• Astrophysical Sources
Inspirals and mergers have higher frequency GW emission for 

lower masses
Natural upper bound on GW frequency à Msun mass BH ~ 30 kHz

Could be lighter Primordial black holes (PBHs) at > 30 kHz   

• Beyond standard model physics
- QCD Axion à Annihilation to gravitons in 

cloud around Black holes

R. Brustein et. al. Phys. Lett. B, 361, 45 (1995)

A. Arvanitaki et. al, PRD, 81, 123530 (2010)

Black hole superradiance

A. Arvanitaki et al. PRD 83, 044026 (2011)

- String cosmology
- The unknown?

A. Geraci S. SunRef. Talks



Using eqs. (5,8) we get

⟨hab(t)h
ab(t)⟩ = 2

∫ ∞

−∞
df Sh(f) = 4

∫ f=∞

f=0
d(log f) fSh(f) . (10)

We now define the characteristic amplitude hc(f) from

⟨hab(t)h
ab(t)⟩ = 2

∫ f=∞

f=0
d(log f) h2

c(f) . (11)

Note that hc(f) is dimensionless, and represents a characteristic value of the amplitude, per
unit logarithmic interval of frequency. The factor of two on the right-hand side of eq. (11)
is part of our definition, and is motivated by the fact that the left-hand side is made up
of two contributions, given by ⟨h̃∗

+h̃+⟩ and ⟨h̃∗
×h̃×⟩. In a unpolarized background these

contributions are equal, while the mixed term ⟨h̃∗
+h̃×⟩ vanishes, eq. (8).

Comparing eqs. (10) and (11), we get

h2
c(f) = 2fSh(f) . (12)

We now relate hc(f) and h2
0Ωgw(f). The starting point is the expression for the energy

density of gravitational waves, given by the 00-component of the energy-momentum tensor.
The energy-momentum tensor of a GW cannot be localized inside a single wavelength (see
e.g. ref.[201], sects. 20.4 and 35.7 for a careful discussion) but it can be defined with a
spatial averaging over several wavelengths:

ρgw =
1

32πG
⟨ḣabḣ

ab⟩ . (13)

For a stochastic background, the spatial average over a few wavelengths is the same as a
time average at a given point, which, in Fourier space, is the ensemble average performed
using eq. (8). We therefore insert eq. (5) into eq. (13) and use eq. (8). The result is

ρgw =
4

32πG

∫ f=∞

f=0
d(log f) f(2πf)2Sh(f) , (14)

so that
dρgw

d log f
=

π

2G
f3Sh(f) . (15)

Comparing eqs. (15) and (12) we get the important relation

dρgw

d log f
=

π

4G
f2h2

c(f) , (16)

or, dividing by the critical density ρc,

Ωgw(f) =
2π2

3H2
0
f2h2

c(f) . (17)

Using eq. (12) we can also write

Ωgw(f) =
4π2

3H2
0
f3Sh(f) . (18)

7

Using eqs. (5,8) we get

⟨hab(t)h
ab(t)⟩ = 2

∫ ∞

−∞
df Sh(f) = 4

∫ f=∞

f=0
d(log f) fSh(f) . (10)

We now define the characteristic amplitude hc(f) from

⟨hab(t)h
ab(t)⟩ = 2

∫ f=∞

f=0
d(log f) h2

c(f) . (11)

Note that hc(f) is dimensionless, and represents a characteristic value of the amplitude, per
unit logarithmic interval of frequency. The factor of two on the right-hand side of eq. (11)
is part of our definition, and is motivated by the fact that the left-hand side is made up
of two contributions, given by ⟨h̃∗

+h̃+⟩ and ⟨h̃∗
×h̃×⟩. In a unpolarized background these

contributions are equal, while the mixed term ⟨h̃∗
+h̃×⟩ vanishes, eq. (8).

Comparing eqs. (10) and (11), we get

h2
c(f) = 2fSh(f) . (12)

We now relate hc(f) and h2
0Ωgw(f). The starting point is the expression for the energy

density of gravitational waves, given by the 00-component of the energy-momentum tensor.
The energy-momentum tensor of a GW cannot be localized inside a single wavelength (see
e.g. ref.[201], sects. 20.4 and 35.7 for a careful discussion) but it can be defined with a
spatial averaging over several wavelengths:

ρgw =
1

32πG
⟨ḣabḣ
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Some of the equations that we will find below are very naturally expressed in terms of
h2

0Ωgw(f). This will be true in particular for all theoretical predictions. Conversely, all
equations involving the signal-to-noise ratio and other issues related to the detection are
much more transparent when written in terms of Sh(f). Eq. (18) will be our basic formula
for moving between the two descriptions.

Inserting the numerical value of H0, eq. (17) gives

hc(f) ≃ 1.263 × 10−18
(

1Hz

f

)

√

h2
0Ωgw(f) . (19)

Actually, hc(f) is not yet the most useful dimensionless quantity to use for the comparison
with experiments. In fact, any experiment involves some form of binning over the frequency.
In a total observation time T , the resolution in frequency is ∆f = 1/T , so one does not
observe h2

0Ωgw(f) but rather

∫ f+∆f

f
d(log f) h2

0Ωgw(f) ≃
∆f

f
h2

0Ωgw(f) , (20)

and, since h2
0Ωgw(f) ∼ h2

c(f), it is convenient to define

hc(f,∆f) = hc(f)
(

∆f

f

)1/2

. (21)

Using 1/(1 yr) ≃ 3.17 × 10−8 Hz as a reference value for ∆f , and 10−6 as a reference value
for h2

0Ωgw, eqs. (19) and (21) give

hc(f,∆f) ≃ 2.249 × 10−25
(

1Hz

f

)3/2
(

h2
0Ωgw(f)

10−6

)1/2 (
∆f

3.17 × 10−8 Hz

)1/2

, (22)

or, with reference value that will be more useful for LISA,

hc(f,∆f) = 7.111 × 10−22
(

1mHz

f

)3/2
(

h2
0Ωgw(f)

10−8

)1/2 (
∆f

3.17 × 10−8 Hz

)1/2

. (23)

Finally, we mention another useful formula which expresses h2
0Ωgw(f) in terms of the number

of gravitons per cell of the phase space, n(x⃗, k⃗). For an isotropic stochastic background
n(x⃗, k⃗) = nf depends only on the frequency f = |⃗k|/(2π), and

ρgw = 2
∫

d3k

(2π)3
2πfnf = 16π2

∫ ∞

0
d(log f) f4nf . (24)

Therefore
dρgw

d log f
= 16π2nff4 , (25)

and

h2
0Ωgw(f) ≃ 3.6

(

nf

1037

)(

f

1kHz

)4

. (26)
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