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what is wave dark matter ?

what does it do?

how is it produced?

what really is wave dark matter?



what is wave dark matter ?

DM mass
<latexit sha1_base64="fDNzXgTmOZklUufj37kPVePVUFw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC00oWy203bpbhJ3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVKNgkfYNNwIbCcKqQwFPoaj25n/OEaleRw9mEmCgaSDiPc5o8ZKgfSFIJmvJMHWtFuuuFV3DrJKvJxUIEejW/7yezFLJUaGCap1x3MTE2RUGc4ETkt+qjGhbEQH2LE0ohJ1kM2PnpIzq/RIP1a2IkPm6u+JjEqtJzK0nZKaoV72ZuJ/Xic1/esg41GSGozYYlE/FcTEZJYA6XGFzIiJJZQpbm8lbEgVZcbmVLIheMsvr5LWRdWrVWv3l5X6TR5HEU7gFM7Bgyuowx00oAkMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDVmmR1g==</latexit>

m ⌧ eV

* see for example Hui (2101.11735)



what is wave dark matter ?

DM mass

scales

<latexit sha1_base64="fDNzXgTmOZklUufj37kPVePVUFw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC00oWy203bpbhJ3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVKNgkfYNNwIbCcKqQwFPoaj25n/OEaleRw9mEmCgaSDiPc5o8ZKgfSFIJmvJMHWtFuuuFV3DrJKvJxUIEejW/7yezFLJUaGCap1x3MTE2RUGc4ETkt+qjGhbEQH2LE0ohJ1kM2PnpIzq/RIP1a2IkPm6u+JjEqtJzK0nZKaoV72ZuJ/Xic1/esg41GSGozYYlE/FcTEZJYA6XGFzIiJJZQpbm8lbEgVZcbmVLIheMsvr5LWRdWrVWv3l5X6TR5HEU7gFM7Bgyuowx00oAkMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDVmmR1g==</latexit>

m ⌧ eV

<latexit sha1_base64="5nK1eel0+aGHloPezWUYQQ+b/ZE=">AAACG3icbVDNSgMxGMz6b/2revQSLIKnsqtSPZZ68SQK1ha66/JtNm2DSXZJskJZ9j28+CpePCjiSfDg25jWIto6EBhmvi/JTJRypo3rfjozs3PzC4tLy6WV1bX1jfLm1rVOMkVokyQ8Ue0INOVM0qZhhtN2qiiIiNNWdHs69Ft3VGmWyCszSGkgoCdZlxEwVgrLB74A0yfA8/MizH0lcNwofM0E9iNQuSx8bi+L4ce7OQzLFbfqjoCniTcmFTTGRVh+9+OEZIJKQzho3fHc1AQ5KMMIp0XJzzRNgdxCj3YslSCoDvJRtgLvWSXG3UTZIw0eqb83chBaD0RkJ4dJ9KQ3FP/zOpnpngQ5k2lmqCTfD3Uzjk2Ch0XhmClKDB9YAkQx+1dM+qCAGFtnyZbgTUaeJtcHVa9WrV0eVeqNcR1LaAfton3koWNUR2foAjURQffoET2jF+fBeXJenbfv0RlnvLON/sD5+ALJBKHg</latexit>

NdB ⇠ n̄�3
dB

<latexit sha1_base64="Ocm3+g7kKR3xENmn/djw5/aJXPI=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKVJelblxWsA9oYphMJu3QmSTMTAolZOnGX3HjQhG3foI7/8Zpm4W2HrhwOOde7r3HTxiVyrK+jdLa+sbmVnm7srO7t39gHh51ZZwKTDo4ZrHo+0gSRiPSUVQx0k8EQdxnpOePb2Z+b0KEpHF0r6YJcTkaRjSkGCkteeapo1DqZY7gMGjljqTcCQXCmZ1nfPJQzz2zatWsOeAqsQtSBQXanvnlBDFOOYkUZkjKgW0lys2QUBQzklecVJIE4TEakoGmEeJEutn8kRyeayWAYSx0RQrO1d8TGeJSTrmvOzlSI7nszcT/vEGqwms3o1GSKhLhxaIwZVDFcJYKDKggWLGpJggLqm+FeIR0EEpnV9Eh2Msvr5JuvWY3ao27y2qzVcRRBifgDFwAG1yBJrgFbdABGDyCZ/AK3own48V4Nz4WrSWjmDkGf2B8/gAyxpob</latexit>

⌧dB ⇠ 1

mv2

<latexit sha1_base64="KTb+qJP5/4yUD8aN/eK7Cba1ktU=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVYJQYazKwlgk+pCaKHIcp7VqO5HtVKqirCz8CgsDCLHyB2z8DW6bAVqOZOnonHN1fU+YMqq043xba+sbm1vblZ3q7t7+waF9dNxVSSYx6eCEJbIfIkUYFaSjqWakn0qCeMhILxzfzvzehEhFE/GgpynxORoKGlOMtJECG3rMhCMU5J7kMGoVnqLciyXCuVvkfFIEds2pO3PAVeKWpAZKtAP7y4sSnHEiNGZIqYHrpNrPkdQUM1JUvUyRFOExGpKBoQJxovx8fkkBz40SwTiR5gkN5+rviRxxpaY8NEmO9EgtezPxP2+Q6fjGz6lIM00EXiyKMwZ1Ame1wIhKgjWbGoKwpOavEI+QqUGb8qqmBHf55FXSvay7jXrj/qrWbJV1VMApOAMXwAXXoAnuQBt0AAaP4Bm8gjfryXqx3q2PRXTNKmdOwB9Ynz8ul5qs</latexit>

�dB ⇠ 1

mv

* see for example Hui (2101.11735)



what is wave dark matter

DM mass

scales

<latexit sha1_base64="fDNzXgTmOZklUufj37kPVePVUFw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC00oWy203bpbhJ3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVKNgkfYNNwIbCcKqQwFPoaj25n/OEaleRw9mEmCgaSDiPc5o8ZKgfSFIJmvJMHWtFuuuFV3DrJKvJxUIEejW/7yezFLJUaGCap1x3MTE2RUGc4ETkt+qjGhbEQH2LE0ohJ1kM2PnpIzq/RIP1a2IkPm6u+JjEqtJzK0nZKaoV72ZuJ/Xic1/esg41GSGozYYlE/FcTEZJYA6XGFzIiJJZQpbm8lbEgVZcbmVLIheMsvr5LWRdWrVWv3l5X6TR5HEU7gFM7Bgyuowx00oAkMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDVmmR1g==</latexit>

m ⌧ eV

<latexit sha1_base64="lISm6CV4qJ2Lz7OHz6Cnilm52UA=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQksiUnUhFN24rGAf0MQymU7aoTOTMDMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hPEjCrtON9WYWl5ZXWtuF7a2Nza3rF3yy0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNxG8/EqloJO71OCY+RwNBQ4qRNlLPLvMr13lIT9zLzDv2JIek1bMrTtWZAi4SNycVkKPRs7+8foQTToTGDCnVdZ1Y+ymSmmJGspKXKBIjPEID0jVUIE6Un05vz+ChUfowjKQpoeFU/T2RIq7UmAemkyM9VPPeRPzP6yY6vPBTKuJEE4Fni8KEQR3BSRCwTyXBmo0NQVhScyvEQyQR1iaukgnBnX95kbROq26tWrs7q9Sv8ziKYB8cgCPggnNQB7egAZoAgyfwDF7Bm5VZL9a79TFrLVj5zB74A+vzB8YSkwA=</latexit>

m = 10�19 eV
<latexit sha1_base64="9R4KMxRbFevgIkyqzoPyJh0MgDQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyqVC9C0YvHCvZD2rVk02wbmmSXJFsoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6387S8srq2npuI7+5tb2zW9jbr+soUYTWSMQj1QywppxJWjPMcNqMFcUi4LQRDG4nfmNIlWaRfDCjmPoC9yQLGcHGSo/Da899Sk/Px51C0S25U6BF4mWkCBmqncJXuxuRRFBpCMdatzw3Nn6KlWGE03G+nWgaYzLAPdqyVGJBtZ9ODx6jY6t0URgpW9Kgqfp7IsVC65EIbKfApq/nvYn4n9dKTHjlp0zGiaGSzBaFCUcmQpPvUZcpSgwfWYKJYvZWRPpYYWJsRnkbgjf/8iKpn5W8cql8f1Gs3GRx5OAQjuAEPLiECtxBFWpAQMAzvMKbo5wX5935mLUuOdnMAfyB8/kDoJ2PqQ==</latexit>

v = 10�3

<latexit sha1_base64="5nK1eel0+aGHloPezWUYQQ+b/ZE=">AAACG3icbVDNSgMxGMz6b/2revQSLIKnsqtSPZZ68SQK1ha66/JtNm2DSXZJskJZ9j28+CpePCjiSfDg25jWIto6EBhmvi/JTJRypo3rfjozs3PzC4tLy6WV1bX1jfLm1rVOMkVokyQ8Ue0INOVM0qZhhtN2qiiIiNNWdHs69Ft3VGmWyCszSGkgoCdZlxEwVgrLB74A0yfA8/MizH0lcNwofM0E9iNQuSx8bi+L4ce7OQzLFbfqjoCniTcmFTTGRVh+9+OEZIJKQzho3fHc1AQ5KMMIp0XJzzRNgdxCj3YslSCoDvJRtgLvWSXG3UTZIw0eqb83chBaD0RkJ4dJ9KQ3FP/zOpnpngQ5k2lmqCTfD3Uzjk2Ch0XhmClKDB9YAkQx+1dM+qCAGFtnyZbgTUaeJtcHVa9WrV0eVeqNcR1LaAfton3koWNUR2foAjURQffoET2jF+fBeXJenbfv0RlnvLON/sD5+ALJBKHg</latexit>

NdB ⇠ n̄�3
dB

<latexit sha1_base64="Ocm3+g7kKR3xENmn/djw5/aJXPI=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKVJelblxWsA9oYphMJu3QmSTMTAolZOnGX3HjQhG3foI7/8Zpm4W2HrhwOOde7r3HTxiVyrK+jdLa+sbmVnm7srO7t39gHh51ZZwKTDo4ZrHo+0gSRiPSUVQx0k8EQdxnpOePb2Z+b0KEpHF0r6YJcTkaRjSkGCkteeapo1DqZY7gMGjljqTcCQXCmZ1nfPJQzz2zatWsOeAqsQtSBQXanvnlBDFOOYkUZkjKgW0lys2QUBQzklecVJIE4TEakoGmEeJEutn8kRyeayWAYSx0RQrO1d8TGeJSTrmvOzlSI7nszcT/vEGqwms3o1GSKhLhxaIwZVDFcJYKDKggWLGpJggLqm+FeIR0EEpnV9Eh2Msvr5JuvWY3ao27y2qzVcRRBifgDFwAG1yBJrgFbdABGDyCZ/AK3own48V4Nz4WrSWjmDkGf2B8/gAyxpob</latexit>

⌧dB ⇠ 1

mv2

<latexit sha1_base64="KTb+qJP5/4yUD8aN/eK7Cba1ktU=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVYJQYazKwlgk+pCaKHIcp7VqO5HtVKqirCz8CgsDCLHyB2z8DW6bAVqOZOnonHN1fU+YMqq043xba+sbm1vblZ3q7t7+waF9dNxVSSYx6eCEJbIfIkUYFaSjqWakn0qCeMhILxzfzvzehEhFE/GgpynxORoKGlOMtJECG3rMhCMU5J7kMGoVnqLciyXCuVvkfFIEds2pO3PAVeKWpAZKtAP7y4sSnHEiNGZIqYHrpNrPkdQUM1JUvUyRFOExGpKBoQJxovx8fkkBz40SwTiR5gkN5+rviRxxpaY8NEmO9EgtezPxP2+Q6fjGz6lIM00EXiyKMwZ1Ame1wIhKgjWbGoKwpOavEI+QqUGb8qqmBHf55FXSvay7jXrj/qrWbJV1VMApOAMXwAXXoAnuQBt0AAaP4Bm8gjfryXqx3q2PRXTNKmdOwB9Ynz8ul5qs</latexit>

�dB ⇠ 1

mv

<latexit sha1_base64="WjCfZ9SIEsbWchhxm2EyVE/cgcc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBg4REpHosevFYwX5AEspmu2mX7mbD7kYopT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMizPOtPG8b6e0tr6xuVXeruzs7u0fVA+P2lrmitAWkVyqbow15SylLcMMp91MUSxiTjvx6G7md56o0kymj2ac0UjgQcoSRrCxUuC5fngRKoEy0qvWPNebA60SvyA1KNDsVb/CviS5oKkhHGsd+F5moglWhhFOp5Uw1zTDZIQHNLA0xYLqaDI/eYrOrNJHiVS2UoPm6u+JCRZaj0VsOwU2Q73szcT/vCA3yU00YWmWG5qSxaIk58hINPsf9ZmixPCxJZgoZm9FZIgVJsamVLEh+Msvr5L2pevX3frDVa1xW8RRhhM4hXPw4RoacA9NaAEBCc/wCm+OcV6cd+dj0Vpyiplj+APn8weoOJA4</latexit>

0.1 pc
<latexit sha1_base64="K/X0NgcYnzHm1IfzsZtpZ9g0WfE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHosevFYwX5AE8pmu2mX7m7C7kYIoX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxPOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9UKsKWeStg0znPYSRbEIOe2Gk7uZ332iSrNYPposoYHAI8kiRrCxku+5rn/hK4EypQfVmlt350CrxCtIDQq0BtUvfxiTVFBpCMda9z03MUGOlWGE02nFTzVNMJngEe1bKrGgOsjnN0/RmVWGKIqVLWnQXP09kWOhdSZC2ymwGetlbyb+5/VTE90EOZNJaqgki0VRypGJ0SwANGSKEsMzSzBRzN6KyBgrTIyNqWJD8JZfXiWdy7rXqDcermrN2yKOMpzAKZyDB9fQhHtoQRsIJPAMr/DmpM6L8+58LFpLTjFzDH/gfP4Apm+Qzw==</latexit>

100 yrs
<latexit sha1_base64="m16hg4v8YfUc2RNy3J9ywbFR9mU=">AAACDHicbVDLSgMxFM3UV62vqks3wSK40GHGSnUjFF3osoJ9QGcsmTRtQ5PJkGSEMswHuPFX3LhQxK0f4M6/MW1noa0HAodzzuXmniBiVGnH+bZyC4tLyyv51cLa+sbmVnF7p6FELDGpY8GEbAVIEUZDUtdUM9KKJEE8YKQZDK/GfvOBSEVFeKdHEfE56oe0RzHSRuoUS54ciAvo2GXvKPEkh9ekkWYU8/Q+OS6nJuXYzgRwnrgZKYEMtU7xy+sKHHMSasyQUm3XibSfIKkpZiQteLEiEcJD1CdtQ0PEifKTyTEpPDBKF/aENC/UcKL+nkgQV2rEA5PkSA/UrDcW//Pase6d+wkNo1iTEE8X9WIGtYDjZmCXSoI1GxmCsKTmrxAPkERYm/4KpgR39uR50jix3YpduT0tVS+zOvJgD+yDQ+CCM1AFN6AG6gCDR/AMXsGb9WS9WO/WxzSas7KZXfAH1ucPRG+Z5Q==</latexit>

⇢ = 0.3GeV cm�3

<latexit sha1_base64="AvSGjy6s/qtouG8MTc5stvgI++0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKJHoLevEYwTwgWcPspJMMmZ1dZmaFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7glhwbVz328mtrW9sbuW3Czu7e/sHxcOjpo4SxbDBIhGpdkA1Ci6xYbgR2I4V0jAQ2ArGtzO/9YRK80g+mEmMfkiHkg84o8ZKLc99TKvX016x5JbdOcgq8TJSggz1XvGr249YEqI0TFCtO54bGz+lynAmcFroJhpjysZ0iB1LJQ1R++n83Ck5s0qfDCJlSxoyV39PpDTUehIGtjOkZqSXvZn4n9dJzODKT7mME4OSLRYNEkFMRGa/kz5XyIyYWEKZ4vZWwkZUUWZsQgUbgrf88ippXpS9Srlyf1mq3WRx5OEETuEcPKhCDe6gDg1gMIZneIU3J3ZenHfnY9Gac7KZY/gD5/MHWl+O8g==</latexit>

1079



what is wave dark matter

DM mass

scales

<latexit sha1_base64="fDNzXgTmOZklUufj37kPVePVUFw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC00oWy203bpbhJ3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVKNgkfYNNwIbCcKqQwFPoaj25n/OEaleRw9mEmCgaSDiPc5o8ZKgfSFIJmvJMHWtFuuuFV3DrJKvJxUIEejW/7yezFLJUaGCap1x3MTE2RUGc4ETkt+qjGhbEQH2LE0ohJ1kM2PnpIzq/RIP1a2IkPm6u+JjEqtJzK0nZKaoV72ZuJ/Xic1/esg41GSGozYYlE/FcTEZJYA6XGFzIiJJZQpbm8lbEgVZcbmVLIheMsvr5LWRdWrVWv3l5X6TR5HEU7gFM7Bgyuowx00oAkMnuAZXuHNGTsvzrvzsWgtOPnMMfyB8/kDVmmR1g==</latexit>

m ⌧ eV

Bosonic “field”

<latexit sha1_base64="lISm6CV4qJ2Lz7OHz6Cnilm52UA=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQksiUnUhFN24rGAf0MQymU7aoTOTMDMRS8ivuHGhiFt/xJ1/47TNQlsPXDiccy/33hPEjCrtON9WYWl5ZXWtuF7a2Nza3rF3yy0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNxG8/EqloJO71OCY+RwNBQ4qRNlLPLvMr13lIT9zLzDv2JIek1bMrTtWZAi4SNycVkKPRs7+8foQTToTGDCnVdZ1Y+ymSmmJGspKXKBIjPEID0jVUIE6Un05vz+ChUfowjKQpoeFU/T2RIq7UmAemkyM9VPPeRPzP6yY6vPBTKuJEE4Fni8KEQR3BSRCwTyXBmo0NQVhScyvEQyQR1iaukgnBnX95kbROq26tWrs7q9Sv8ziKYB8cgCPggnNQB7egAZoAgyfwDF7Bm5VZL9a79TFrLVj5zB74A+vzB8YSkwA=</latexit>

m = 10�19 eV
<latexit sha1_base64="9R4KMxRbFevgIkyqzoPyJh0MgDQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4seyqVC9C0YvHCvZD2rVk02wbmmSXJFsoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6387S8srq2npuI7+5tb2zW9jbr+soUYTWSMQj1QywppxJWjPMcNqMFcUi4LQRDG4nfmNIlWaRfDCjmPoC9yQLGcHGSo/Da899Sk/Px51C0S25U6BF4mWkCBmqncJXuxuRRFBpCMdatzw3Nn6KlWGE03G+nWgaYzLAPdqyVGJBtZ9ODx6jY6t0URgpW9Kgqfp7IsVC65EIbKfApq/nvYn4n9dKTHjlp0zGiaGSzBaFCUcmQpPvUZcpSgwfWYKJYvZWRPpYYWJsRnkbgjf/8iKpn5W8cql8f1Gs3GRx5OAQjuAEPLiECtxBFWpAQMAzvMKbo5wX5935mLUuOdnMAfyB8/kDoJ2PqQ==</latexit>

v = 10�3

<latexit sha1_base64="5nK1eel0+aGHloPezWUYQQ+b/ZE=">AAACG3icbVDNSgMxGMz6b/2revQSLIKnsqtSPZZ68SQK1ha66/JtNm2DSXZJskJZ9j28+CpePCjiSfDg25jWIto6EBhmvi/JTJRypo3rfjozs3PzC4tLy6WV1bX1jfLm1rVOMkVokyQ8Ue0INOVM0qZhhtN2qiiIiNNWdHs69Ft3VGmWyCszSGkgoCdZlxEwVgrLB74A0yfA8/MizH0lcNwofM0E9iNQuSx8bi+L4ce7OQzLFbfqjoCniTcmFTTGRVh+9+OEZIJKQzho3fHc1AQ5KMMIp0XJzzRNgdxCj3YslSCoDvJRtgLvWSXG3UTZIw0eqb83chBaD0RkJ4dJ9KQ3FP/zOpnpngQ5k2lmqCTfD3Uzjk2Ch0XhmClKDB9YAkQx+1dM+qCAGFtnyZbgTUaeJtcHVa9WrV0eVeqNcR1LaAfton3koWNUR2foAjURQffoET2jF+fBeXJenbfv0RlnvLON/sD5+ALJBKHg</latexit>

NdB ⇠ n̄�3
dB

<latexit sha1_base64="Ocm3+g7kKR3xENmn/djw5/aJXPI=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKVJelblxWsA9oYphMJu3QmSTMTAolZOnGX3HjQhG3foI7/8Zpm4W2HrhwOOde7r3HTxiVyrK+jdLa+sbmVnm7srO7t39gHh51ZZwKTDo4ZrHo+0gSRiPSUVQx0k8EQdxnpOePb2Z+b0KEpHF0r6YJcTkaRjSkGCkteeapo1DqZY7gMGjljqTcCQXCmZ1nfPJQzz2zatWsOeAqsQtSBQXanvnlBDFOOYkUZkjKgW0lys2QUBQzklecVJIE4TEakoGmEeJEutn8kRyeayWAYSx0RQrO1d8TGeJSTrmvOzlSI7nszcT/vEGqwms3o1GSKhLhxaIwZVDFcJYKDKggWLGpJggLqm+FeIR0EEpnV9Eh2Msvr5JuvWY3ao27y2qzVcRRBifgDFwAG1yBJrgFbdABGDyCZ/AK3own48V4Nz4WrSWjmDkGf2B8/gAyxpob</latexit>

⌧dB ⇠ 1

mv2
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Figure 2 | A slice of the density field of the  DM simulation on various
scales at z=0.1. This scaled sequence (each of thickness 60 pc) shows
how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to
the granular structure inside the haloes. Distinct solitonic cores with radii
⇠0.3–1.6kpc are found within collapsed haloes (which have virial masses
Mvir ⇠ 109˘1011 M�). The density shown here spans over nine orders of
magnitude, from 10�1 to 108 (normalized to the cosmic mean density). The
colour map scales logarithmically, with cyan corresponding to density .10.

giving rise to a co-moving Jeans length, �J / (1+z)1/4m�1/2
B , during

the matter-dominated epoch17. The insensitivity of �J to redshift, z ,
generates a sharp cuto�mass belowwhich structures are suppressed.
Cosmological simulations in this context turn out to be much
more challenging than standard N-body simulations, as the highest
frequency oscillations, !, given approximately by the matter wave
dispersion relation, ! /m�1

B �
�2, where � is the wavelength, occur

on the smallest scales, requiring very fine temporal resolution even
formoderate spatial resolution (Supplementary Fig. 1). In this work,
we optimize an adaptive-mesh-refinement (AMR) scheme, with
graphic processing unit acceleration, improving performance by
almost two orders of magnitude22 (see Supplementary Section 1
for details).

Figure 1 demonstrates that despite the completely di�erent
calculations employed, the pattern of filaments and voids generated
by a conventional N-body particle3CDM simulation is remarkably
indistinguishable from the wavelike 3 DM for the same linear
power spectrum (Supplementary Fig. 3). Here 3 represents the
cosmological constant. This agreement is desirable given the
success of standard 3CDM in describing the statistics of large-scale
structure. To examine the wave nature that distinguishes DM from
CDM on small scales, we re-simulate with a very high maximum
resolution of 60 pc for a 2 Mpc co-moving box, so that the densest
objects formed of &300 pc size are well resolved with ⇠103 grids. A
slice through this box is shown in Fig. 2, revealing fine interference
fringes defining long filaments, with tangential fringes near the
boundaries of virialized objects, where the de Broglie wavelengths
depend on the local velocity of matter. An unexpected feature of
our DMsimulations is the generation of prominent dense coherent
standing waves of dark matter in the centre of every gravitational
bound object, forming a flat core with a sharp boundary (Figs 2
and 3). These dark matter cores grow as material is accreted and
are surrounded by virialized haloes of material with fine-scale,
large-amplitude cellular interference, which continuously fluctuate
in density and velocity, generating quantum and turbulent pressure
support against gravity.

The central density profiles of all our collapsed cores fit well
the stable soliton solution of the Schrödinger–Poisson equation, as
shown in Fig. 3 (see also Supplementary Section 2 and Figs 2 and 4).
On the other hand, except for the lightest halo, which has just formed
and is not yet virialized, the outer profiles of other haloes possess a
steepening logarithmic slope, similar to the Navarro–Frenk–White
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Figure 3 | Radial density profiles of haloes formed in the  DMmodel.
Dashed lines with various symbols show six examples of the halo profiles
normalized to the cosmic mean density. All haloes are found to possess a
distinct inner core fitted extremely well by the soliton solution (solid lines).
A detailed soliton fit for the largest halo is inset, where the error is the root-
mean-square scatter of density in each radial bin. A Navarro–Frenk–White
(NFW) profile representing standard CDM is also shown for comparison
(black dot-dashed line, with a very large scale radius of 10kpc), which fits
well the profiles outside the cores. The yellow hatched area indicates the
⇢300 of the dSph satellites around the Milky Way3,24, which is consistent
with the majority of galaxy haloes formed in the  DM simulations.

(NFW) profile23 of standard CDM. These solitonic cores, which are
gravitationally self-bound and appear as additional mass clumps
superposed on the NFW profile, are clearly distinct from the cores
formed by WDM and collisional CDM, which truncate the NFW
cuspy inner profile at lower values and require an external halo for
confinement. The radius of the soliton scales inversely with mass,
such that the widest cores are the least massive and are hosted by the
least massive galaxies. Eighty percent of the haloes in the simulation
have an average density within 300 pc (defined as ⇢300) in the range
5.3⇥ 10�3–6.1⇥ 10�1 M�/pc3, consistent with the dSph satellites
around the Milky Way3,24, and objects like these are resilient to
close interaction with massive galaxies. By contrast, the very lowest
mass objects in our simulation have ⇢300 ⇠ 4.0⇥ 10�4 M�/pc3 and
Mvir ⇠108 M�, but exist only briefly as they are vulnerable to tidal
disruption by large galaxies in our simulations. Together with the
cuto� in the power spectrum at the Jeans scale (Supplementary
Fig. 3), this leads to a marked suppression of substructure below
a few times 108 M� relative to the prediction of standard CDM
(refs 8,9). A quantitative evaluation of the mass function of satellite
galaxies predicted by  DM with larger simulations is thus another
crucial test to be addressed.

The prominent solitonic cores uncovered in our simulations
provide an opportunity to estimate the boson mass, mB, by
comparison with observations, particularly for dSph galaxies where
dark matter dominates. The local Fornax dSph galaxy is the best
studied case, with thousands of stellar velocity measurements,
allowing a detailed comparison with our soliton mass profile.
We perform a Jeans analysis for the dominant intermediate
metallicity stellar population, which exhibits a nearly uniform
projected velocity dispersion (�k; ref. 25). We simultaneously
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Figure 2 | A slice of the density field of the  DM simulation on various
scales at z=0.1. This scaled sequence (each of thickness 60 pc) shows
how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to
the granular structure inside the haloes. Distinct solitonic cores with radii
⇠0.3–1.6kpc are found within collapsed haloes (which have virial masses
Mvir ⇠ 109˘1011 M�). The density shown here spans over nine orders of
magnitude, from 10�1 to 108 (normalized to the cosmic mean density). The
colour map scales logarithmically, with cyan corresponding to density .10.

giving rise to a co-moving Jeans length, �J / (1+z)1/4m�1/2
B , during

the matter-dominated epoch17. The insensitivity of �J to redshift, z ,
generates a sharp cuto�mass belowwhich structures are suppressed.
Cosmological simulations in this context turn out to be much
more challenging than standard N-body simulations, as the highest
frequency oscillations, !, given approximately by the matter wave
dispersion relation, ! /m�1
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�2, where � is the wavelength, occur

on the smallest scales, requiring very fine temporal resolution even
formoderate spatial resolution (Supplementary Fig. 1). In this work,
we optimize an adaptive-mesh-refinement (AMR) scheme, with
graphic processing unit acceleration, improving performance by
almost two orders of magnitude22 (see Supplementary Section 1
for details).

Figure 1 demonstrates that despite the completely di�erent
calculations employed, the pattern of filaments and voids generated
by a conventional N-body particle3CDM simulation is remarkably
indistinguishable from the wavelike 3 DM for the same linear
power spectrum (Supplementary Fig. 3). Here 3 represents the
cosmological constant. This agreement is desirable given the
success of standard 3CDM in describing the statistics of large-scale
structure. To examine the wave nature that distinguishes DM from
CDM on small scales, we re-simulate with a very high maximum
resolution of 60 pc for a 2 Mpc co-moving box, so that the densest
objects formed of &300 pc size are well resolved with ⇠103 grids. A
slice through this box is shown in Fig. 2, revealing fine interference
fringes defining long filaments, with tangential fringes near the
boundaries of virialized objects, where the de Broglie wavelengths
depend on the local velocity of matter. An unexpected feature of
our DMsimulations is the generation of prominent dense coherent
standing waves of dark matter in the centre of every gravitational
bound object, forming a flat core with a sharp boundary (Figs 2
and 3). These dark matter cores grow as material is accreted and
are surrounded by virialized haloes of material with fine-scale,
large-amplitude cellular interference, which continuously fluctuate
in density and velocity, generating quantum and turbulent pressure
support against gravity.

The central density profiles of all our collapsed cores fit well
the stable soliton solution of the Schrödinger–Poisson equation, as
shown in Fig. 3 (see also Supplementary Section 2 and Figs 2 and 4).
On the other hand, except for the lightest halo, which has just formed
and is not yet virialized, the outer profiles of other haloes possess a
steepening logarithmic slope, similar to the Navarro–Frenk–White
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Figure 3 | Radial density profiles of haloes formed in the  DMmodel.
Dashed lines with various symbols show six examples of the halo profiles
normalized to the cosmic mean density. All haloes are found to possess a
distinct inner core fitted extremely well by the soliton solution (solid lines).
A detailed soliton fit for the largest halo is inset, where the error is the root-
mean-square scatter of density in each radial bin. A Navarro–Frenk–White
(NFW) profile representing standard CDM is also shown for comparison
(black dot-dashed line, with a very large scale radius of 10kpc), which fits
well the profiles outside the cores. The yellow hatched area indicates the
⇢300 of the dSph satellites around the Milky Way3,24, which is consistent
with the majority of galaxy haloes formed in the  DM simulations.

(NFW) profile23 of standard CDM. These solitonic cores, which are
gravitationally self-bound and appear as additional mass clumps
superposed on the NFW profile, are clearly distinct from the cores
formed by WDM and collisional CDM, which truncate the NFW
cuspy inner profile at lower values and require an external halo for
confinement. The radius of the soliton scales inversely with mass,
such that the widest cores are the least massive and are hosted by the
least massive galaxies. Eighty percent of the haloes in the simulation
have an average density within 300 pc (defined as ⇢300) in the range
5.3⇥ 10�3–6.1⇥ 10�1 M�/pc3, consistent with the dSph satellites
around the Milky Way3,24, and objects like these are resilient to
close interaction with massive galaxies. By contrast, the very lowest
mass objects in our simulation have ⇢300 ⇠ 4.0⇥ 10�4 M�/pc3 and
Mvir ⇠108 M�, but exist only briefly as they are vulnerable to tidal
disruption by large galaxies in our simulations. Together with the
cuto� in the power spectrum at the Jeans scale (Supplementary
Fig. 3), this leads to a marked suppression of substructure below
a few times 108 M� relative to the prediction of standard CDM
(refs 8,9). A quantitative evaluation of the mass function of satellite
galaxies predicted by  DM with larger simulations is thus another
crucial test to be addressed.

The prominent solitonic cores uncovered in our simulations
provide an opportunity to estimate the boson mass, mB, by
comparison with observations, particularly for dSph galaxies where
dark matter dominates. The local Fornax dSph galaxy is the best
studied case, with thousands of stellar velocity measurements,
allowing a detailed comparison with our soliton mass profile.
We perform a Jeans analysis for the dominant intermediate
metallicity stellar population, which exhibits a nearly uniform
projected velocity dispersion (�k; ref. 25). We simultaneously
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Figure 2 | A slice of the density field of the  DM simulation on various
scales at z=0.1. This scaled sequence (each of thickness 60 pc) shows
how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to
the granular structure inside the haloes. Distinct solitonic cores with radii
⇠0.3–1.6kpc are found within collapsed haloes (which have virial masses
Mvir ⇠ 109˘1011 M�). The density shown here spans over nine orders of
magnitude, from 10�1 to 108 (normalized to the cosmic mean density). The
colour map scales logarithmically, with cyan corresponding to density .10.

giving rise to a co-moving Jeans length, �J / (1+z)1/4m�1/2
B , during

the matter-dominated epoch17. The insensitivity of �J to redshift, z ,
generates a sharp cuto�mass belowwhich structures are suppressed.
Cosmological simulations in this context turn out to be much
more challenging than standard N-body simulations, as the highest
frequency oscillations, !, given approximately by the matter wave
dispersion relation, ! /m�1

B �
�2, where � is the wavelength, occur

on the smallest scales, requiring very fine temporal resolution even
formoderate spatial resolution (Supplementary Fig. 1). In this work,
we optimize an adaptive-mesh-refinement (AMR) scheme, with
graphic processing unit acceleration, improving performance by
almost two orders of magnitude22 (see Supplementary Section 1
for details).

Figure 1 demonstrates that despite the completely di�erent
calculations employed, the pattern of filaments and voids generated
by a conventional N-body particle3CDM simulation is remarkably
indistinguishable from the wavelike 3 DM for the same linear
power spectrum (Supplementary Fig. 3). Here 3 represents the
cosmological constant. This agreement is desirable given the
success of standard 3CDM in describing the statistics of large-scale
structure. To examine the wave nature that distinguishes DM from
CDM on small scales, we re-simulate with a very high maximum
resolution of 60 pc for a 2 Mpc co-moving box, so that the densest
objects formed of &300 pc size are well resolved with ⇠103 grids. A
slice through this box is shown in Fig. 2, revealing fine interference
fringes defining long filaments, with tangential fringes near the
boundaries of virialized objects, where the de Broglie wavelengths
depend on the local velocity of matter. An unexpected feature of
our DMsimulations is the generation of prominent dense coherent
standing waves of dark matter in the centre of every gravitational
bound object, forming a flat core with a sharp boundary (Figs 2
and 3). These dark matter cores grow as material is accreted and
are surrounded by virialized haloes of material with fine-scale,
large-amplitude cellular interference, which continuously fluctuate
in density and velocity, generating quantum and turbulent pressure
support against gravity.

The central density profiles of all our collapsed cores fit well
the stable soliton solution of the Schrödinger–Poisson equation, as
shown in Fig. 3 (see also Supplementary Section 2 and Figs 2 and 4).
On the other hand, except for the lightest halo, which has just formed
and is not yet virialized, the outer profiles of other haloes possess a
steepening logarithmic slope, similar to the Navarro–Frenk–White
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Figure 3 | Radial density profiles of haloes formed in the  DMmodel.
Dashed lines with various symbols show six examples of the halo profiles
normalized to the cosmic mean density. All haloes are found to possess a
distinct inner core fitted extremely well by the soliton solution (solid lines).
A detailed soliton fit for the largest halo is inset, where the error is the root-
mean-square scatter of density in each radial bin. A Navarro–Frenk–White
(NFW) profile representing standard CDM is also shown for comparison
(black dot-dashed line, with a very large scale radius of 10kpc), which fits
well the profiles outside the cores. The yellow hatched area indicates the
⇢300 of the dSph satellites around the Milky Way3,24, which is consistent
with the majority of galaxy haloes formed in the  DM simulations.

(NFW) profile23 of standard CDM. These solitonic cores, which are
gravitationally self-bound and appear as additional mass clumps
superposed on the NFW profile, are clearly distinct from the cores
formed by WDM and collisional CDM, which truncate the NFW
cuspy inner profile at lower values and require an external halo for
confinement. The radius of the soliton scales inversely with mass,
such that the widest cores are the least massive and are hosted by the
least massive galaxies. Eighty percent of the haloes in the simulation
have an average density within 300 pc (defined as ⇢300) in the range
5.3⇥ 10�3–6.1⇥ 10�1 M�/pc3, consistent with the dSph satellites
around the Milky Way3,24, and objects like these are resilient to
close interaction with massive galaxies. By contrast, the very lowest
mass objects in our simulation have ⇢300 ⇠ 4.0⇥ 10�4 M�/pc3 and
Mvir ⇠108 M�, but exist only briefly as they are vulnerable to tidal
disruption by large galaxies in our simulations. Together with the
cuto� in the power spectrum at the Jeans scale (Supplementary
Fig. 3), this leads to a marked suppression of substructure below
a few times 108 M� relative to the prediction of standard CDM
(refs 8,9). A quantitative evaluation of the mass function of satellite
galaxies predicted by  DM with larger simulations is thus another
crucial test to be addressed.

The prominent solitonic cores uncovered in our simulations
provide an opportunity to estimate the boson mass, mB, by
comparison with observations, particularly for dSph galaxies where
dark matter dominates. The local Fornax dSph galaxy is the best
studied case, with thousands of stellar velocity measurements,
allowing a detailed comparison with our soliton mass profile.
We perform a Jeans analysis for the dominant intermediate
metallicity stellar population, which exhibits a nearly uniform
projected velocity dispersion (�k; ref. 25). We simultaneously
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+ non-grav, interactions 
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vector = spin-1 wave dark matter

* assuming classical fields
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vector = spin-1 wave dark matter

and the corresponding multi-component Schrödinger-Poisson (SP) system of equations of mo-
tion:1

i~ @
@t
 = �

~2

2m
r

2 + m � , r
2� = 4⇡Gm † . (2.4)

This is our master equation that we work with throughout this work. We re-iterate that  a
complex 3-tuple with components [ ]i =  i with i = 1, 2, 3 and  † =

P3
i=1 | i|

2. For scalar
dark matter, we have a single component field (which leads to the “usual” Schrödinger-Poisson
system). For a generalization to the spin-s case, see [20].

2.1.1 Conserved Quantities

Note that in our convention the number density, mass density, and spin density are

N (t, x) =  † , ⇢(t, x) = m † , and s = i~ ⇥ †. (2.5)

The conserved quantities associated with our non-relativistic VDM are:

N =

Z
d3x † , and M = mN, (particle number and rest mass) (2.6)

E =

Z
d3x

h ~2

2m
r †

· r �
Gm2

2
 † 

Z
d3y

4⇡|x � y|
 †(y) (y)

i
, (energy) (2.7)

S = ~
Z

d3x i ⇥ † , (spin angular momentum)

(2.8)

L = ~
Z

d3x <
�
i †

r ⇥ x
�
. (orbital angular momentum) (2.9)

Note that spin and orbital angular momentum are separately conserved in the non-relativistic
system. Importantly, by definition, spin angular momentum is identically zero for SDM (but
not VDM). For details of the non-relativistic action and conserved quantities for a general spin-s
bosonic field (including VDM) see [20].

2.1.2 Fluid equations

We can also transform our multicomponent SP system eq. (2.4) into a set of three, coupled fluid
equations (following the Madelung transform commonly used in SDM [22]). With the following
field re-definition,  j =

p
⇢j/m eiSj , and defining the velocity ui = ~rSi/m, we have

@⇢j
@t

+ r · (⇢juj) = 0 ,
@uj

@t
+ (uj · r)uj =

1

m
r(Qj � m�), where j = 1, 2, 3 (2.10)

1To include the e↵ects of Hubble expansion, simply replace r ! r/a and @t ! @t + 3H/2 where a is the
scalefactor and H = ȧ/a.
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and the corresponding multi-component Schrödinger-Poisson (SP) system of equations of mo-
tion:1

i~ @
@t
 = �

~2

2m
r

2 + m � , r
2� = 4⇡Gm † . (2.4)

This is our master equation that we work with throughout this work. We re-iterate that  a
complex 3-tuple with components [ ]i =  i with i = 1, 2, 3 and  † =

P3
i=1 | i|

2. For scalar
dark matter, we have a single component field (which leads to the “usual” Schrödinger-Poisson
system). For a generalization to the spin-s case, see [20].

2.1.1 Conserved Quantities

Note that in our convention the number density, mass density, and spin density are

N (t, x) =  † , ⇢(t, x) = m † , and s = i~ ⇥ †. (2.5)

The conserved quantities associated with our non-relativistic VDM are:

N =

Z
d3x † , and M = mN, (particle number and rest mass) (2.6)

E =

Z
d3x

h ~2

2m
r †

· r �
Gm2

2
 † 

Z
d3y

4⇡|x � y|
 †(y) (y)

i
, (energy) (2.7)

S = ~
Z

d3x i ⇥ † , (spin angular momentum)

(2.8)

L = ~
Z

d3x <
�
i †

r ⇥ x
�
. (orbital angular momentum) (2.9)

Note that spin and orbital angular momentum are separately conserved in the non-relativistic
system. Importantly, by definition, spin angular momentum is identically zero for SDM (but
not VDM). For details of the non-relativistic action and conserved quantities for a general spin-s
bosonic field (including VDM) see [20].

2.1.2 Fluid equations

We can also transform our multicomponent SP system eq. (2.4) into a set of three, coupled fluid
equations (following the Madelung transform commonly used in SDM [22]). With the following
field re-definition,  j =

p
⇢j/m eiSj , and defining the velocity ui = ~rSi/m, we have

@⇢j
@t

+ r · (⇢juj) = 0 ,
@uj

@t
+ (uj · r)uj =

1

m
r(Qj � m�), where j = 1, 2, 3 (2.10)

1To include the e↵ects of Hubble expansion, simply replace r ! r/a and @t ! @t + 3H/2 where a is the
scalefactor and H = ȧ/a.
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scalar case

and the corresponding multi-component Schrödinger-Poisson (SP) system of equations of mo-
tion:1

i~ @
@t
 = �

~2

2m
r

2 + m � , r
2� = 4⇡Gm † . (2.4)

This is our master equation that we work with throughout this work. We re-iterate that  a
complex 3-tuple with components [ ]i =  i with i = 1, 2, 3 and  † =

P3
i=1 | i|

2. For scalar
dark matter, we have a single component field (which leads to the “usual” Schrödinger-Poisson
system). For a generalization to the spin-s case, see [20].

2.1.1 Conserved Quantities

Note that in our convention the number density, mass density, and spin density are

N (t, x) =  † , ⇢(t, x) = m † , and s = i~ ⇥ †. (2.5)

The conserved quantities associated with our non-relativistic VDM are:

N =

Z
d3x † , and M = mN, (particle number and rest mass) (2.6)

E =

Z
d3x

h ~2

2m
r †

· r �
Gm2

2
 † 

Z
d3y

4⇡|x � y|
 †(y) (y)

i
, (energy) (2.7)

S = ~
Z

d3x i ⇥ † , (spin angular momentum)

(2.8)

L = ~
Z

d3x <
�
i †

r ⇥ x
�
. (orbital angular momentum) (2.9)

Note that spin and orbital angular momentum are separately conserved in the non-relativistic
system. Importantly, by definition, spin angular momentum is identically zero for SDM (but
not VDM). For details of the non-relativistic action and conserved quantities for a general spin-s
bosonic field (including VDM) see [20].

2.1.2 Fluid equations

We can also transform our multicomponent SP system eq. (2.4) into a set of three, coupled fluid
equations (following the Madelung transform commonly used in SDM [22]). With the following
field re-definition,  j =

p
⇢j/m eiSj , and defining the velocity ui = ~rSi/m, we have

@⇢j
@t

+ r · (⇢juj) = 0 ,
@uj

@t
+ (uj · r)uj =

1

m
r(Qj � m�), where j = 1, 2, 3 (2.10)

1To include the e↵ects of Hubble expansion, simply replace r ! r/a and @t ! @t + 3H/2 where a is the
scalefactor and H = ȧ/a.
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and the corresponding multi-component Schrödinger-Poisson (SP) system of equations of mo-
tion:1

i~ @
@t
 = �

~2

2m
r

2 + m � , r
2� = 4⇡Gm † . (2.4)

This is our master equation that we work with throughout this work. We re-iterate that  a
complex 3-tuple with components [ ]i =  i with i = 1, 2, 3 and  † =

P3
i=1 | i|

2. For scalar
dark matter, we have a single component field (which leads to the “usual” Schrödinger-Poisson
system). For a generalization to the spin-s case, see [20].

2.1.1 Conserved Quantities

Note that in our convention the number density, mass density, and spin density are

N (t, x) =  † , ⇢(t, x) = m † , and s = i~ ⇥ †. (2.5)

The conserved quantities associated with our non-relativistic VDM are:

N =

Z
d3x † , and M = mN, (particle number and rest mass) (2.6)

E =

Z
d3x

h ~2

2m
r †

· r �
Gm2

2
 † 

Z
d3y

4⇡|x � y|
 †(y) (y)

i
, (energy) (2.7)

S = ~
Z

d3x i ⇥ † , (spin angular momentum)

(2.8)

L = ~
Z

d3x <
�
i †

r ⇥ x
�
. (orbital angular momentum) (2.9)

Note that spin and orbital angular momentum are separately conserved in the non-relativistic
system. Importantly, by definition, spin angular momentum is identically zero for SDM (but
not VDM). For details of the non-relativistic action and conserved quantities for a general spin-s
bosonic field (including VDM) see [20].

2.1.2 Fluid equations

We can also transform our multicomponent SP system eq. (2.4) into a set of three, coupled fluid
equations (following the Madelung transform commonly used in SDM [22]). With the following
field re-definition,  j =

p
⇢j/m eiSj , and defining the velocity ui = ~rSi/m, we have

@⇢j
@t

+ r · (⇢juj) = 0 ,
@uj

@t
+ (uj · r)uj =

1

m
r(Qj � m�), where j = 1, 2, 3 (2.10)

1To include the e↵ects of Hubble expansion, simply replace r ! r/a and @t ! @t + 3H/2 where a is the
scalefactor and H = ȧ/a.
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scalar case

and the corresponding multi-component Schrödinger-Poisson (SP) system of equations of mo-
tion:1

i~ @
@t
 = �

~2

2m
r

2 + m � , r
2� = 4⇡Gm † . (2.4)

This is our master equation that we work with throughout this work. We re-iterate that  a
complex 3-tuple with components [ ]i =  i with i = 1, 2, 3 and  † =

P3
i=1 | i|

2. For scalar
dark matter, we have a single component field (which leads to the “usual” Schrödinger-Poisson
system). For a generalization to the spin-s case, see [20].

2.1.1 Conserved Quantities

Note that in our convention the number density, mass density, and spin density are

N (t, x) =  † , ⇢(t, x) = m † , and s = i~ ⇥ †. (2.5)

The conserved quantities associated with our non-relativistic VDM are:

N =

Z
d3x † , and M = mN, (particle number and rest mass) (2.6)

E =

Z
d3x

h ~2

2m
r †

· r �
Gm2

2
 † 

Z
d3y

4⇡|x � y|
 †(y) (y)

i
, (energy) (2.7)

S = ~
Z

d3x i ⇥ † , (spin angular momentum)

(2.8)

L = ~
Z

d3x <
�
i †

r ⇥ x
�
. (orbital angular momentum) (2.9)

Note that spin and orbital angular momentum are separately conserved in the non-relativistic
system. Importantly, by definition, spin angular momentum is identically zero for SDM (but
not VDM). For details of the non-relativistic action and conserved quantities for a general spin-s
bosonic field (including VDM) see [20].

2.1.2 Fluid equations

We can also transform our multicomponent SP system eq. (2.4) into a set of three, coupled fluid
equations (following the Madelung transform commonly used in SDM [22]). With the following
field re-definition,  j =

p
⇢j/m eiSj , and defining the velocity ui = ~rSi/m, we have

@⇢j
@t

+ r · (⇢juj) = 0 ,
@uj

@t
+ (uj · r)uj =

1

m
r(Qj � m�), where j = 1, 2, 3 (2.10)

1To include the e↵ects of Hubble expansion, simply replace r ! r/a and @t ! @t + 3H/2 where a is the
scalefactor and H = ȧ/a.
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vector case

and the corresponding multi-component Schrödinger-Poisson (SP) system of equations of mo-
tion:1

i~ @
@t
 = �

~2

2m
r

2 + m � , r
2� = 4⇡Gm † . (2.4)

This is our master equation that we work with throughout this work. We re-iterate that  a
complex 3-tuple with components [ ]i =  i with i = 1, 2, 3 and  † =

P3
i=1 | i|

2. For scalar
dark matter, we have a single component field (which leads to the “usual” Schrödinger-Poisson
system). For a generalization to the spin-s case, see [20].

2.1.1 Conserved Quantities

Note that in our convention the number density, mass density, and spin density are

N (t, x) =  † , ⇢(t, x) = m † , and s = i~ ⇥ †. (2.5)

The conserved quantities associated with our non-relativistic VDM are:

N =

Z
d3x † , and M = mN, (particle number and rest mass) (2.6)

E =

Z
d3x

h ~2

2m
r †

· r �
Gm2

2
 † 

Z
d3y

4⇡|x � y|
 †(y) (y)

i
, (energy) (2.7)

S = ~
Z

d3x i ⇥ † , (spin angular momentum) (2.8)

L = ~
Z

d3x <
�
i †

r ⇥ x
�
. (orbital angular momentum) (2.9)

Note that spin and orbital angular momentum are separately conserved in the non-relativistic
system. Importantly, by definition, spin angular momentum is identically zero for SDM (but
not VDM). For details of the non-relativistic action and conserved quantities for a general spin-s
bosonic field (including VDM) see [20].

2.1.2 Fluid equations

We can also transform our multicomponent SP system eq. (2.4) into a set of three, coupled fluid
equations (following the Madelung transform commonly used in SDM [22]). With the following
field re-definition,  j =

p
⇢j/m eiSj , and defining the velocity ui = ~rSi/m, we have

@⇢j
@t

+ r · (⇢juj) = 0 ,
@uj

@t
+ (uj · r)uj =

1

m
r(Qj � m�), where j = 1, 2, 3 (2.10)

where Qj = (~2/2m)r2p⇢j/
p
⇢j. The spin density si = i(~/m2)✏ijk

p
⇢j⇢kei(Sj�Sk). The vortic-

ity for each of the three fluids !j = r ⇥ uj = 0 if ⇢j 6= 0. Note that zero vorticity does not
imply zero spin density. If !i 6= 0 for some fixed i (with !j 6=i = 0), then s = siî.

We numerically solve eq. (2.4), but the conservation/fluid equations can be useful in gaining
physical intuition for the behaviour of the system (including for example, vortices [12] in three
fluids.).

1To include the e↵ects of Hubble expansion, simply replace r ! r/a and @t ! @t + 3H/2 where a is the
scalefactor and H = ȧ/a.
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Figure 6: The left panel shows the magnitude of the spin density at the end of the simulation, whereas
the zoomed inset shows the vector spin density in the central core. The time-averaged spin vector per
boson in the core (within 2rc) is shown in the middle, along with its typical precession around the mean
over a de-Broglie time scale. We take the smallness of the variation to be a sign that we have a central
soliton in this case. The top panel of the rightmost plot shows a correlation between the initial spin per
boson in our simulation (which is conserved) and the final spin per boson in the core. The red points
are ensemble mean of the magnitude of the time-averaged vector spin in the core, where the ensemble
consists of similar initial spin/boson simulations. The error bars show a 90% confidence interval within
this ensemble. The bottom panel shows the ensemble mean and standard deviation of the precession
of the core spin. We caution that there might be a core, but not necessarily a soliton present at the
centre in some of the cases. Note that a significant spin density in the core can be generated even at
small initial values of the total spin.

gular momentum) in the non-relativistic limit, the halo carries the rest of the spin (with an
opposite sign).

5 Observational Implications

We discuss three application areas of VDM to astrophysical observations of interest, and future
areas of study.

5.1 Dark matter substructure and dynamical heating

Density fluctuations resulting from wave interference in ultralight dark matter can dynamically
heat the old stellar population in the Milky Way, thickening the scale height of its disk-like
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Figure 1: Comparison of cosmological large-scale structures formed by standard CDM and by wave-
like dark matter, ψDM. Panel (a) shows the structure created by evolving a single coherent wave function
for ΛψDM calculated on AMR grids. Panel (b) is the structure simulated with a standard ΛCDM N-body
code GADGET-212 for the same cosmological parameters, with the high-k modes of the linear power spec-
trum intentionally suppressed in a way similar to the ψDMmodel to highlight the comparison of large-scale
features. This comparison clearly demonstrates that the large scale distribution of filaments and voids is in-
distinguishable between these two completely different calculations, as desired given the success of ΛCDM
in describing the observed large scale structure. ψDM arises from the low momentum state of the conden-
sate so that it is equivalent to collisionless CDM well above the Jeans scale.

CDM, including the surprising uniformity of their
central masses,M(< 300 pc)! 107 M", and shallow
density profiles1–4. In contrast, galaxies predicted by
CDM extend to much lower masses, well below the
observed dwarf galaxies, with steeper, singular mass
profiles5–7. Adjustments to standard CDM address-
ing these difficulties consider particle collisions16, or
warm dark matter (WDM)17. WDM can be tuned to
suppress small scale structures, but does not provide
large enough flat cores18, 19. Collisional CDM can
be adjusted to generate flat cores, but cannot sup-
press low mass galaxies without resorting to other
baryonic physics20. Better agreement is expected
for ψDM because the uncertainty principle coun-
ters gravity below a Jeans scale, simultaneously sup-
pressing small scale structures and limiting the cen-
tral density of collapsed haloes8, 9.

Detailed examination of structure formation
with ψDM is therefore highly desirable, but, un-
like the extensive N-body investigation of standard

CDM, no sufficiently high resolution simulations of
ψDM have been attempted. The wave mechanics
of ψDM can be described by Schrödinger’s equa-
tion, coupled to gravity via Poisson’s equation13
with negligible microscopic self-interaction. The dy-
namics here differs from collisionless particle CDM
by a new form of stress tensor from quantum un-
certainty, giving rise to a comoving Jeans length,
λJ ∝ (1+ z)1/4m−1/2

B , during the matter-dominated
epoch15. The insensitivity of λJ to redshift, z, gener-
ates a sharp cutoff mass below which structures are
suppressed. Cosmological simulations in this con-
text turn out to be much more challenging than stan-
dard N-body simulations as the highest frequency
oscillations, ω , given approximately by the matter
wave dispersion relation, ω ∝ m−1

B λ−2, occur on the
smallest scales, requiring very fine temporal resolu-
tion even for moderate spatial resolution (see Sup-
plementary Fig. S1). In this work, we optimise
an adaptive-mesh-refinement (AMR) scheme, with

2

scale dependent growth of structure 
CDM

Schive, Chieuh, Broadhurst (1406.6586)
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suppression

Figure 1: Comparison of cosmological large-scale structures formed by standard CDM and by wave-
like dark matter, ψDM. Panel (a) shows the structure created by evolving a single coherent wave function
for ΛψDM calculated on AMR grids. Panel (b) is the structure simulated with a standard ΛCDM N-body
code GADGET-212 for the same cosmological parameters, with the high-k modes of the linear power spec-
trum intentionally suppressed in a way similar to the ψDMmodel to highlight the comparison of large-scale
features. This comparison clearly demonstrates that the large scale distribution of filaments and voids is in-
distinguishable between these two completely different calculations, as desired given the success of ΛCDM
in describing the observed large scale structure. ψDM arises from the low momentum state of the conden-
sate so that it is equivalent to collisionless CDM well above the Jeans scale.

CDM, including the surprising uniformity of their
central masses,M(< 300 pc)! 107 M", and shallow
density profiles1–4. In contrast, galaxies predicted by
CDM extend to much lower masses, well below the
observed dwarf galaxies, with steeper, singular mass
profiles5–7. Adjustments to standard CDM address-
ing these difficulties consider particle collisions16, or
warm dark matter (WDM)17. WDM can be tuned to
suppress small scale structures, but does not provide
large enough flat cores18, 19. Collisional CDM can
be adjusted to generate flat cores, but cannot sup-
press low mass galaxies without resorting to other
baryonic physics20. Better agreement is expected
for ψDM because the uncertainty principle coun-
ters gravity below a Jeans scale, simultaneously sup-
pressing small scale structures and limiting the cen-
tral density of collapsed haloes8, 9.

Detailed examination of structure formation
with ψDM is therefore highly desirable, but, un-
like the extensive N-body investigation of standard

CDM, no sufficiently high resolution simulations of
ψDM have been attempted. The wave mechanics
of ψDM can be described by Schrödinger’s equa-
tion, coupled to gravity via Poisson’s equation13
with negligible microscopic self-interaction. The dy-
namics here differs from collisionless particle CDM
by a new form of stress tensor from quantum un-
certainty, giving rise to a comoving Jeans length,
λJ ∝ (1+ z)1/4m−1/2

B , during the matter-dominated
epoch15. The insensitivity of λJ to redshift, z, gener-
ates a sharp cutoff mass below which structures are
suppressed. Cosmological simulations in this con-
text turn out to be much more challenging than stan-
dard N-body simulations as the highest frequency
oscillations, ω , given approximately by the matter
wave dispersion relation, ω ∝ m−1

B λ−2, occur on the
smallest scales, requiring very fine temporal resolu-
tion even for moderate spatial resolution (see Sup-
plementary Fig. S1). In this work, we optimise
an adaptive-mesh-refinement (AMR) scheme, with

2

scale dependent growth of structure 
cold & quiet wave DM 

Schive, Chieuh, Broadhurst (1406.6586)
also see: Mocz et. al, May & SpringelHu, Barkana & Gruzinov (2000)

Wave-dynamical “quantum” Jeans

Hu, Barkana & Gruzinov (2000)
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inflationary vs. post-inflationary
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Figure 4: The left panels are the overdensity spectra �2
�
(k) over time, and the right

panels are the corresponding snapshots of �. The panels are ordered vertically by time. The

spectra were produced using the binning scheme described in App. C. The snapshots on the

right panel are the �’s averaged over one axis of the lattice. One can see from the left panels

that the initial k
0 plateau at low-k (scale-invariant) of the spectra are suppressed over time

as the free-streaming length increases, and only a k
3 white noise remains in the end. Note

that only the first and second rows were from outputs of our numerical integration; the

third row was produced using the WKB solution. In this entire simulation, gravitational

perturbations are ignored in the evolution equations, but qualitatively included in the

initial conditions.

the peak become fixed, as given by (4.8). This can be seen by comparing the second and

third row of Fig. 4.

It is also evident from Fig. 4 that free streaming wipes out (non-white noise) density

– 25 –
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Quiet vs. Noisy Fields

* significant zero mode

      inflaton just at end of inf.

field after inflation fragmentation 

*insignificant zero mode
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FIG. 2. To illustrate our main point, we sketch the dimensionless power spectrum of dark matter density fluctuations at
matter-radiation equality including the white noise excess and free-streaming cuto↵. For keq < k < kJ(t), after equality this
curve approximately shifts upwards with a

2(t)/a2
eq. Note that kfs(t) ⌧ kJ(t). The orange shaded region is observationally

constrained to be roughly scale-invariant. The orange curve is sketched using m = 10�20 eV and kwn ⇠ 103 Mpc�1– the
suppression of power due to free-streaming for k < kobs ⇠ 10 Mpc�1 makes this spectrum inconsistent with observations. More
generally, for the white noise contribution not to exceed the scale-invariant one at k . kobs, requires kwn & 102

kobs, which
together with kfs & kobs, leads to our lower bound: m & 10�19 eV.

k space where the density perturbations become nonlin-
ear. Furthermore, while not necessary for the follow-
ing sections, a parameterization of kwn ⇠ k⇤ in terms of
the time and lengthscale associated with the production
mechanism, and mass m, is provided in the supplemen-
tary material section (VI A).

The reader who is familiar with the theory of structure
formation might be skeptical about this flat spectrum.
Indeed, it is well known that the stochastic contribution
to the nonlinear P�(t, k) arising from clustering behaves
as k

4 rather than k
0 at low k. This is a consequence of

mass and momentum conservation (see [11], chapter 28).
A white-noise contribution / k

0, would imply that start-
ing from the same initial matter density ⇢̄(t1), a finite-
volume universe could end up with di↵erent final values
of ⇢̄(t2), as a result of random clustering. Of course, this
is impossible. On the other hand, it is perfectly possible
that an initially radiation dominated universe ends up
with di↵erent amounts of matter (i.e. di↵erent Teq) be-
cause of random fluctuations in the dark matter produc-
tion scenario. For instance, there is a finite, though ex-
tremely small, probability that after Peccei-Quinn sym-
metry breaking, everywhere in a finite-volume universe
the axion field finds itself near the bottom of the would
be axion potential.

III. FREE-STREAMING

Now we include adiabatic perturbations. Initially, they
modulate the energy density in ' in the standard way,
leading to the usual adiabatic contribution to the matter
power spectrum at very large scales. At smaller scales,
however, the subsequent evolution is non-standard due
to the sizable momentum ⇠ k⇤ carried by the field fluc-

tuations. The small scale adiabatic perturbations will be
washed out up to a free streaming length. During radi-
ation epoch this length is known to grow logarithmically
after k⇤ < a(t)m [12]

k
⇤
fs(t) =
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0

a

(k⇤/a)p
k2

⇤/a2 + m2

#�1

⇡
a
2
Hm

k⇤ log
⇣

2am
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⌘ ,

(3)
where we assume that t . teq. In the supplementary
material section (VI F 2), we will see that the e↵ect can
be approximated (at about 10%) for k  k

⇤
fs as a multi-

plicative correction to the adiabatic transfer function

P
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hR
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.

For small k, using (4), one can define the free-
streaming cuto↵ more accurately via

1

k
2
fs(t)

=
m

2

⇢̄

Z a(t)m

d ln q
q
3

2⇡2
P'(t, q)

1

q
2
fs(t)

, (5)

which can be physically understood as a variance of the
free-steaming length for each comoving momentum q. If
this integral gets most of its contribution from q ⇠ k⇤,
then k

⇤
fs in (3) will provide a good approximation to kfs(t),

otherwise kfs in (5) should be used instead of k
⇤
fs. In

general, if q
3
P'(t, q > k⇤) / q

�↵ with ↵ > 2, then
kfs ⇠ k

⇤
fs, otherwise kfs ⌧ k

⇤
fs since in the latter case,

the integral in (5) receives significant contribution from
q ⇠ a(t)m � k⇤. In what follows, we use kfs ⇠ k

⇤
fs, mak-

ing our mass bound rather conservative. In an additional
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FIG. 2. To illustrate our main point, we sketch the dimensionless power spectrum of dark matter density fluctuations at
matter-radiation equality including the white noise excess and free-streaming cuto↵. For keq < k < kJ(t), after equality this
curve approximately shifts upwards with a

2(t)/a2
eq. Note that kfs(t) ⌧ kJ(t). The orange shaded region is observationally

constrained to be roughly scale-invariant. The orange curve is sketched using m = 10�20 eV and kwn ⇠ 103 Mpc�1– the
suppression of power due to free-streaming for k < kobs ⇠ 10 Mpc�1 makes this spectrum inconsistent with observations. More
generally, for the white noise contribution not to exceed the scale-invariant one at k . kobs, requires kwn & 102

kobs, which
together with kfs & kobs, leads to our lower bound: m & 10�19 eV.

k space where the density perturbations become nonlin-
ear. Furthermore, while not necessary for the follow-
ing sections, a parameterization of kwn ⇠ k⇤ in terms of
the time and lengthscale associated with the production
mechanism, and mass m, is provided in the supplemen-
tary material section (VI A).

The reader who is familiar with the theory of structure
formation might be skeptical about this flat spectrum.
Indeed, it is well known that the stochastic contribution
to the nonlinear P�(t, k) arising from clustering behaves
as k

4 rather than k
0 at low k. This is a consequence of

mass and momentum conservation (see [11], chapter 28).
A white-noise contribution / k

0, would imply that start-
ing from the same initial matter density ⇢̄(t1), a finite-
volume universe could end up with di↵erent final values
of ⇢̄(t2), as a result of random clustering. Of course, this
is impossible. On the other hand, it is perfectly possible
that an initially radiation dominated universe ends up
with di↵erent amounts of matter (i.e. di↵erent Teq) be-
cause of random fluctuations in the dark matter produc-
tion scenario. For instance, there is a finite, though ex-
tremely small, probability that after Peccei-Quinn sym-
metry breaking, everywhere in a finite-volume universe
the axion field finds itself near the bottom of the would
be axion potential.

III. FREE-STREAMING

Now we include adiabatic perturbations. Initially, they
modulate the energy density in ' in the standard way,
leading to the usual adiabatic contribution to the matter
power spectrum at very large scales. At smaller scales,
however, the subsequent evolution is non-standard due
to the sizable momentum ⇠ k⇤ carried by the field fluc-

tuations. The small scale adiabatic perturbations will be
washed out up to a free streaming length. During radi-
ation epoch this length is known to grow logarithmically
after k⇤ < a(t)m [12]

k
⇤
fs(t) =

"Z t
dt

0

a

(k⇤/a)p
k2

⇤/a2 + m2

#�1

⇡
a
2
Hm

k⇤ log
⇣

2am
k⇤

⌘ ,

(3)
where we assume that t . teq. In the supplementary
material section (VI F 2), we will see that the e↵ect can
be approximated (at about 10%) for k  k

⇤
fs as a multi-

plicative correction to the adiabatic transfer function

P
(ad)
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d ln q

q
3

2⇡2
P'(t, q)
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where qfs(t) ⌘

hR
a

�1
dt

0(q/a)/
p

q2/a2 + m2
i�1

.

For small k, using (4), one can define the free-
streaming cuto↵ more accurately via

1

k
2
fs(t)

=
m

2

⇢̄

Z a(t)m

d ln q
q
3

2⇡2
P'(t, q)

1

q
2
fs(t)

, (5)

which can be physically understood as a variance of the
free-steaming length for each comoving momentum q. If
this integral gets most of its contribution from q ⇠ k⇤,
then k

⇤
fs in (3) will provide a good approximation to kfs(t),

otherwise kfs in (5) should be used instead of k
⇤
fs. In

general, if q
3
P'(t, q > k⇤) / q

�↵ with ↵ > 2, then
kfs ⇠ k

⇤
fs, otherwise kfs ⌧ k

⇤
fs since in the latter case,

the integral in (5) receives significant contribution from
q ⇠ a(t)m � k⇤. In what follows, we use kfs ⇠ k

⇤
fs, mak-

ing our mass bound rather conservative. In an additional
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A lower bound on dark matter mass
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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1. small length scale “isocurvature” component

2. larger scale adiabatic component
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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Figure 4: The left panels are the overdensity spectra �2
�
(k) over time, and the right

panels are the corresponding snapshots of �. The panels are ordered vertically by time. The

spectra were produced using the binning scheme described in App. C. The snapshots on the

right panel are the �’s averaged over one axis of the lattice. One can see from the left panels

that the initial k
0 plateau at low-k (scale-invariant) of the spectra are suppressed over time

as the free-streaming length increases, and only a k
3 white noise remains in the end. Note

that only the first and second rows were from outputs of our numerical integration; the

third row was produced using the WKB solution. In this entire simulation, gravitational

perturbations are ignored in the evolution equations, but qualitatively included in the

initial conditions.

the peak become fixed, as given by (4.8). This can be seen by comparing the second and

third row of Fig. 4.

It is also evident from Fig. 4 that free streaming wipes out (non-white noise) density
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Figure 4: The left panels are the overdensity spectra �2
�
(k) over time, and the right

panels are the corresponding snapshots of �. The panels are ordered vertically by time. The

spectra were produced using the binning scheme described in App. C. The snapshots on the

right panel are the �’s averaged over one axis of the lattice. One can see from the left panels

that the initial k
0 plateau at low-k (scale-invariant) of the spectra are suppressed over time

as the free-streaming length increases, and only a k
3 white noise remains in the end. Note

that only the first and second rows were from outputs of our numerical integration; the

third row was produced using the WKB solution. In this entire simulation, gravitational

perturbations are ignored in the evolution equations, but qualitatively included in the

initial conditions.

the peak become fixed, as given by (4.8). This can be seen by comparing the second and

third row of Fig. 4.

It is also evident from Fig. 4 that free streaming wipes out (non-white noise) density
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Figure 4: The left panels are the overdensity spectra �2
�
(k) over time, and the right

panels are the corresponding snapshots of �. The panels are ordered vertically by time. The

spectra were produced using the binning scheme described in App. C. The snapshots on the

right panel are the �’s averaged over one axis of the lattice. One can see from the left panels

that the initial k
0 plateau at low-k (scale-invariant) of the spectra are suppressed over time

as the free-streaming length increases, and only a k
3 white noise remains in the end. Note

that only the first and second rows were from outputs of our numerical integration; the

third row was produced using the WKB solution. In this entire simulation, gravitational

perturbations are ignored in the evolution equations, but qualitatively included in the

initial conditions.

the peak become fixed, as given by (4.8). This can be seen by comparing the second and

third row of Fig. 4.

It is also evident from Fig. 4 that free streaming wipes out (non-white noise) density
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applications

Schrödinger Poisson simulations with S. May
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evolution of the matter power spectrum
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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the lower bound on wave DM mass
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2. free-streaming suppression in adiabatic density pert.
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comparison  with literature

Rogers and Peiris (2021) — Ly￼α

Dalal & Kravtsov (2022) — dynamical heating
Powell et. al (2023) — lensing
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* constraints come from different observations and assumptions about production mechanisms, compare with care.


* For thermal production, bound is ~ few keV  — why the difference ? — Ask me.
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+May, Dalal & Kravtsov (2025)
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<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit> �
2 �
(t

,
k
)

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit> �
2 �
(t

,
k
)

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit> �
2 �
(t

,
k
)

<latexit sha1_base64="79p22BAECf82syFuzDpczWBlMFc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN0TnuMdErlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSvKgE1Ur1/rJcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/QoyO8Q==</latexit>

k/aim
<latexit sha1_base64="ojes4IeJ76XQij48X/tcNaCHc/I=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//ci04bF6sJOEBZIMFY84JdZJbdLnWOKnfrniVb058Crxc1KBHI1++as3iGkqmbJUEGO6vpfYICPacirYtNRLDUsIHZMh6zqqiGQmyObnTvGZUwY4irUrZfFc/T2REWnMRIauUxI7MsveTPzP66Y2ug4yrpLUMkUXi6JUYBvj2e94wDWjVkwcIVRzdyumI6IJtS6hkgvBX355lbQuqn6tWru/rNRv8jiKcAKncA4+XEEd7qABTaAwhmd4hTeUoBf0jj4WrQWUzxzDH6DPH5b0jxk=</latexit>

aimx

Figure 4: The left panels are the overdensity spectra �2
�
(k) over time, and the right

panels are the corresponding snapshots of �. The panels are ordered vertically by time. The

spectra were produced using the binning scheme described in App. C. The snapshots on the

right panel are the �’s averaged over one axis of the lattice. One can see from the left panels

that the initial k
0 plateau at low-k (scale-invariant) of the spectra are suppressed over time

as the free-streaming length increases, and only a k
3 white noise remains in the end. Note

that only the first and second rows were from outputs of our numerical integration; the

third row was produced using the WKB solution. In this entire simulation, gravitational

perturbations are ignored in the evolution equations, but qualitatively included in the

initial conditions.

the peak become fixed, as given by (4.8). This can be seen by comparing the second and

third row of Fig. 4.

It is also evident from Fig. 4 that free streaming wipes out (non-white noise) density

– 25 –
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the lower bound on wave DM mass

<latexit sha1_base64="jwUDrouDKkFXRiebLKgwxNsD3HU=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBg5REpHosevFYwX5AEspmu2mX7mbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCZ6wNnAQrJdqRmQkWDca38387hPThqvkESYpCyUZJjzmlICVfBlc+IGWmHXCfrXm1t058CrxClJDBVr96lcwUDSTLAEqiDG+56YQ5kQDp4JNK0FmWEromAyZb2lCJDNhPj95is+sMsCx0rYSwHP190ROpDETGdlOSWBklr2Z+J/nZxDfhDlP0gxYQheL4kxgUHj2Px5wzSiIiSWEam5vxXRENKFgU6rYELzll1dJ57LuNeqNh6ta87aIo4xO0Ck6Rx66Rk10j1qojShS6Bm9ojcHnBfn3flYtJacYuYY/YHz+QNsE5C2</latexit> m
[e
V
]

<latexit sha1_base64="K+G+H4Ich9F0km2s3wtKWWv6jjk=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEES2JSHVZdONGqGAfkMQwmU7aoZNJmJkIJQT8FTcuFHHrd7jzb5y2WWjrgQuHc+7l3nuChFGpLOvbKC0sLi2vlFcra+sbm1vm9k5bxqnApIVjFotugCRhlJOWooqRbiIIigJGOsHweux3HomQNOb3apQQL0J9TkOKkdKSb+4N/WP3xMlcEcHbBOcP2amde75ZtWrWBHCe2AWpggJN3/xyezFOI8IVZkhKx7YS5WVIKIoZyStuKkmC8BD1iaMpRxGRXjY5P4eHWunBMBa6uIIT9fdEhiIpR1GgOyOkBnLWG4v/eU6qwksvozxJFeF4uihMGVQxHGcBe1QQrNhIE4QF1bdCPEACYaUTq+gQ7NmX50n7rGbXa/W782rjqoijDPbBATgCNrgADXADmqAFMMjAM3gFb8aT8WK8Gx/T1pJRzOyCPzA+fwD+n5Tj</latexit>

k⇤ [Mpc�1]
<latexit sha1_base64="sXceOON4zCXXz1mYRmktwhGs9s8=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/cA2lM120i7dbOLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LejBP0IzqQPOSMGis9jHpZV0UEHye9UtmtuDOQZeLlpAw56r3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2cUTcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU145WdcJqlByeaLwlQQE5Pp+6TPFTIjxpZQpri9lbAhVZQZG1LRhuAtvrxMmucVr1qp3l2Ua9d5HAU4hhM4Aw8uoQa3UIcGMJDwDK/w5mjnxXl3PuatK04+cwR/4Hz+AI61kNw=</latexit>

keq
<latexit sha1_base64="3CAC/wlgFXTGSJ5uPpsOyuXntgc=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCCy0zKtVl0Y0boYJ9QGdaMmnahiaZIckIdRj8FTcuFHHrf7jzb0zbWWjrgQuHc+7l3nuCiFGlHefbyi0sLi2v5FcLa+sbm1v29k5dhbHEpIZDFspmgBRhVJCappqRZiQJ4gEjjWB4PfYbD0QqGop7PYqIz1Ff0B7FSBupY++5TvvMO048yeFthNN2cuKmHbvolJwJ4DxxM1IEGaod+8vrhjjmRGjMkFIt14m0nyCpKWYkLXixIhHCQ9QnLUMF4kT5yeT6FB4apQt7oTQlNJyovycSxJUa8cB0cqQHatYbi/95rVj3Lv2EiijWRODpol7MoA7hOArYpZJgzUaGICypuRXiAZIIaxNYwYTgzr48T+qnJbdcKt+dFytXWRx5sA8OwBFwwQWogBtQBTWAwSN4Bq/gzXqyXqx362PamrOymV3wB9bnD7IHlB8=</latexit>

103 Mpc�1

<latexit sha1_base64="LwfUzodBlZjE68xL8KY9WnnZwqs=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBg5ZEpOqt6MVjBfsBTSyb7aRdupuE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3Cyura+kZxs7S1vbO7Z+8fNFWcSgoNGvNYtgOigLMIGpppDu1EAhEBh1YwvJv6rRFIxeLoUY8T8AXpRyxklGgjdW3bdZ6yc/dm4p15UmBodu2yU3FmwMvEzUkZ5ah37S+vF9NUQKQpJ0p1XCfRfkakZpTDpOSlChJCh6QPHUMjIkD52ezyCT4xSg+HsTQVaTxTf09kRCg1FoHpFEQP1KI3Ff/zOqkOr/2MRUmqIaLzRWHKsY7xNAbcYxKo5mNDCJXM3IrpgEhCtQmrZEJwF19eJs2LilutVB8uy7XbPI4iOkLH6BS56ArV0D2qowaiaISe0St6szLrxXq3PuatBSufOUR/YH3+AG8KkkI=</latexit>
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also see Long & Venegas (2024)



￼43

from MW sattelites

<latexit sha1_base64="/98CYGf6bO2fUSQvjhZx3iZrid0=">AAAB8HicdVDLSgMxFM34rPVVdekmWIS6cJgR7bS7opsuK9iHtGPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YEFT1w4XDOvdx7TxAzqrTjfFhLyyura+u5jfzm1vbObmFvv6WiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2ML6a+e17IhWNxI2exMTnaChoSDHSRrotofrJXXrqTvuFomN7jlu9qMAF8aoZKXvQtZ05iiBDo1947w0inHAiNGZIqa7rxNpPkdQUMzLN9xJFYoTHaEi6hgrEifLT+cFTeGyUAQwjaUpoOFe/T6SIKzXhgenkSI/Ub28m/uV1Ex1W/JSKONFE4MWiMGFQR3D2PRxQSbBmE0MQltTcCvEISYS1yShvQvj6FP5PWme2W7bL1+fF2mUWRw4cgiNQAi7wQA3UQQM0AQYcPIAn8GxJ69F6sV4XrUtWNnMAfsB6+wT7iI/q</latexit>

(aH)�1

<latexit sha1_base64="zu2qV9W+QMvaKLgsNbmUScu0SCA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBahgpREpLosunFZwT6gCWUynbRDJw9mJsUQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/fe48WcSWVZ30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBKEtEvFIdD0sKWchbSmmOO3GguLA47TjjW9nfmdChWRR+KDSmLoBHobMZwQrLfXNsjPBIh6xquqzc8fzs8fpWd+sWDVrDrRK7JxUIEezb345g4gkAQ0V4VjKnm3Fys2wUIxwOi05iaQxJmM8pD1NQxxQ6Wbz46foVCsD5EdCV6jQXP09keFAyjTwdGeA1UguezPxP6+XKP/azVgYJ4qGZLHITzhSEZolgQZMUKJ4qgkmgulbERlhgYnSeZV0CPbyy6ukfVGz67X6/WWlcZPHUYRjOIEq2HAFDbiDJrSAQArP8ApvxpPxYrwbH4vWgpHPlOEPjM8fcW+Upw==</latexit>

'(ti,x)

<latexit sha1_base64="w+zloCY76EdnhcGXJwjHCpqv/dY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBBEMOyKRI9BLx4jmAcka5id9CZDZmfXmVkhLPkJLx4U8ervePNvnDwOmljQUFR1090VJIJr47rfztLyyuraem4jv7m1vbNb2Nuv6zhVDGssFrFqBlSj4BJrhhuBzUQhjQKBjWBwM/YbT6g0j+W9GSboR7QnecgZNVZqDjqnD9mZN+oUim7JnYAsEm9GijBDtVP4andjlkYoDRNU65bnJsbPqDKcCRzl26nGhLIB7WHLUkkj1H42uXdEjq3SJWGsbElDJurviYxGWg+jwHZG1PT1vDcW//NaqQmv/IzLJDUo2XRRmApiYjJ+nnS5QmbE0BLKFLe3EtanijJjI8rbELz5lxdJ/bzklUvlu4ti5XoWRw4O4QhOwINLqMAtVKEGDAQ8wyu8OY/Oi/PufExbl5zZzAH8gfP5A0apj30=</latexit>

k�1
⇤

<latexit sha1_base64="R+Nth3RwykHUP8reD0wc7t2AFpI=">AAACA3icbVDLSsNAFL3xWesr6k43g0UQFyURqS6LblxWsA9oQphMJ+3QmSTMTIQSCm78FTcuFHHrT7jzb5y2WWjrgWEO59zLvfeEKWdKO863tbS8srq2Xtoob25t7+zae/stlWSS0CZJeCI7IVaUs5g2NdOcdlJJsQg5bYfDm4nffqBSsSS+16OU+gL3YxYxgrWRAvvQU6wvMDKfQF4kMcmHwdk4x2Ic2BWn6kyBFolbkAoUaAT2l9dLSCZorAnHSnVdJ9V+jqVmhNNx2csUTTEZ4j7tGhpjQZWfT28YoxOj9FCUSPNijabq7w6zkVIjEZpKgfVAzXsT8T+vm+noys9ZnGaaxmQ2KMo40gmaBIJ6TFKi+cgQTCQzuyIywCYIbWIrmxDc+ZMXSeu86taqtbuLSv26iKMER3AMp+DCJdThFhrQBAKP8Ayv8GY9WS/Wu/UxK12yip4D+APr8wfmYpe2</latexit>
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<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit> �
2 �
(t

,
k
)

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit> �
2 �
(t

,
k
)

<latexit sha1_base64="WYVjNUZk8OTmOyoJG3c5I/XO8VQ=">AAAB/XicbZDLSsNAFIYn9VbrLV52boJFqCAlKVJdFnXhsoK9QBPDZDJth04uzJwINRRfxY0LRdz6Hu58GydtFtr6w8DHf87hnPm9mDMJpvmtFZaWV1bXiuuljc2t7R19d68to0QQ2iIRj0TXw5JyFtIWMOC0GwuKA4/Tjje6yuqdByoki8I7GMfUCfAgZH1GMCjL1Q/sa8oB39dc28+gAqejE1cvm1VzKmMRrBzKKFfT1b9sPyJJQEMgHEvZs8wYnBQLYITTSclOJI0xGeEB7SkMcUClk06vnxjHyvGNfiTUC8GYur8nUhxIOQ481RlgGMr5Wmb+V+sl0L9wUhbGCdCQzBb1E25AZGRRGD4TlAAfK8BEMHWrQYZYYAIqsJIKwZr/8iK0a1WrXq3fnpUbl3kcRXSIjlAFWegcNdANaqIWIugRPaNX9KY9aS/au/Yxay1o+cw++iPt8wc+nZR1</latexit> �
2 �
(t

,
k
)

<latexit sha1_base64="79p22BAECf82syFuzDpczWBlMFc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV2R6DHoxWME84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1knN0TnuMdErlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSvKgE1Ur1/rJcu8njKMAxnMAZBHAFNbiDOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/QoyO8Q==</latexit>

k/aim
<latexit sha1_base64="ojes4IeJ76XQij48X/tcNaCHc/I=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//ci04bF6sJOEBZIMFY84JdZJbdLnWOKnfrniVb058Crxc1KBHI1++as3iGkqmbJUEGO6vpfYICPacirYtNRLDUsIHZMh6zqqiGQmyObnTvGZUwY4irUrZfFc/T2REWnMRIauUxI7MsveTPzP66Y2ug4yrpLUMkUXi6JUYBvj2e94wDWjVkwcIVRzdyumI6IJtS6hkgvBX355lbQuqn6tWru/rNRv8jiKcAKncA4+XEEd7qABTaAwhmd4hTeUoBf0jj4WrQWUzxzDH6DPH5b0jxk=</latexit>

aimx

Figure 4: The left panels are the overdensity spectra �2
�
(k) over time, and the right

panels are the corresponding snapshots of �. The panels are ordered vertically by time. The

spectra were produced using the binning scheme described in App. C. The snapshots on the

right panel are the �’s averaged over one axis of the lattice. One can see from the left panels

that the initial k
0 plateau at low-k (scale-invariant) of the spectra are suppressed over time

as the free-streaming length increases, and only a k
3 white noise remains in the end. Note

that only the first and second rows were from outputs of our numerical integration; the

third row was produced using the WKB solution. In this entire simulation, gravitational

perturbations are ignored in the evolution equations, but qualitatively included in the

initial conditions.

the peak become fixed, as given by (4.8). This can be seen by comparing the second and

third row of Fig. 4.

It is also evident from Fig. 4 that free streaming wipes out (non-white noise) density

– 25 –
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how is the calculation done?

<latexit sha1_base64="jGoNhJ9ScTGEupfP7X/Q+Gl+y24="></latexit>

i@⌘ = �r2

2m
 +ma2� 

<latexit sha1_base64="8kFngM59pzouwWIGUUNJLTbqFm8="></latexit>

r2� =
4⇡G

a
(⇢� ⇢̄), ⇢ = m| |2

<latexit sha1_base64="brMUDAZ2UVHxUxAxKISASQcXO78=">AAACrnicbVFdb9MwFHXC1wgf6+BxL1dUlYagVVJNGy+VBjyA4KVItJtUZ9WN46zW7CTYDlKV5WfxY3jll+CkBbGNK1k6Oud++dyklMLYMPzp+Xfu3rv/YOdh8Ojxk6e7vb1nc1NUmvEZK2ShzxI0XIqcz6ywkp+VmqNKJD9NLt+3+ul3ro0o8q92XfJY4UUuMsHQOmrZ+zEQtERtBcol5RaBlkbABIY008hqmmMi8Xzc1GPVdN IrUOAIoNOV6JIDgAEA/VZhGjj0p6LTJ7Bpc0hLAR+aGpsDqlcFDIEmqOsWNy9ft2V/O3TN2pwJqKu2/9X5OEi71SZucD0cN6ld9vrhKOwCboNoC/pkG9Nl7xdNC1Ypnlsm0ZhFFJY2rtuPM8mbgFaGl8gu8YIvHMxRcRPXnb0NDByTQlZo93ILHftvRY3KmLVKXKZCuzI3tZb8n7aobPYmrkVeVpbn7NoWdaI2g7NKgi2gvR2kQnNm5doBZFq43YGt0Bls3YUDZ0p004LbYD4eRUejoy+H/ZN3W3t2yD55QQ5IRI7JCflIpmRGmLfvvfU+eZ/90J/7sb/cpPretuY5uRb+6jfOaMuO</latexit>

d⌘ = a�2dt

<latexit sha1_base64="bR1rgb891YL+9ZzrMLsxacAvf/U="></latexit>

k3

2⇡2
P�(t, k)

<latexit sha1_base64="tS+VD9L+hucEgUPxY6AA5SbEypo="></latexit>

k !

<latexit sha1_base64="4QwbSMeyRmWI8nruZNimOsmKGaQ="></latexit>

h�k�k0i / P�(k)



￼46

2-pt density correlation function = 4 pt field corr. func.
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field eq. to eqns. for distribution (correlation) functions
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power spectrum evolution
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generality of the framework 

- works for point particles, solitons and fields 
with arbitrary initial spectra

- includes effects of noise and warmth (not 
captured by CLASS, AxiCAMB etc.)*

- works for arbitrary # of components

- can include non-gravitational interactions*

2211.09775,     2408.05591,     2503.20881,    2506.12131,    2510.15046,    2510.17977  

with Delos, Ling, May, Mirbabayi & Yang   

recently applied to high-redshift obs. by Gorghetto et. al (2025), Niemeyer & Kulkarni (in progress) 

https://github.com/mustafaaamin/warm-and-random

Jens et. al (I expect it will be in progress) 

https://arxiv.org/abs/2211.09775
https://arxiv.org/abs/2408.05591
https://arxiv.org/abs/2503.20881
https://arxiv.org/abs/2506.12131
https://arxiv.org/abs/2510.15046
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nonlinear structures
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We argue that there is a lower bound of order 10�18 eV on dark matter mass if it is produced
after inflation via a process with finite correlation length.

I. INTRODUCTION

Dark matter is essential to our understanding of the
cosmos – from the astrophysical scales relevant for dwarf
galaxies to the cosmological scales in the Cosmic Mi-
crowave Background (CMB) [1]. Dark matter makes up
approximately 84% of the non-relativistic matter in our
cosmos [2]. Its detailed nature, however, is not well un-
derstood. For example, the mass or spin of dark matter
particles is not known, and we have yet to confirm any
non-gravitational interactions of dark matter. Further-
more, we do not have a unique formation mechanism for
dark matter in the early universe. Given the relevance of
dark matter to our understanding of the cosmos, any rel-
atively model-independent constraint on some of its mi-
croscopic properties would be valuable. In this letter, we
provide such a relatively model-independent lower bound
on the mass of dark matter particles.

An approximately scale invariant initial power spec-
trum of dark matter density fluctuations for comoving
wavenumbers k < kobs ⇠ 10 Mpc�1 is consistent with
current observations [3, 4]. We use two e↵ects, (1) excess
white noise power and (2) suppression of power due to
free-steaming, to provide a relatively model-independent
lower bound on the mass of the dark matter particles
produced after inflation, m & 10�18 eV. The bound is
independent of the nature of the field (scalar, vector, ten-
sor etc.) and details of the post-inflationary production
mechanism, but assumes this field constitutes all of dark
matter and interacts only gravitationally after produc-
tion. With more details of the production mechanism
included, the bound can be strengthened further. Our
lower bound is at least 1-2 orders of magnitude stronger
than that due to the finite Jeans scale in fuzzy dark mat-
ter [3, 5]. It is comparable to the recent bound due to
dynamical heating of stars in ultra-faint white dwarfs [6].
Our bound is more general, but weaker than the one
of [7, 8], who use a model-specific version of (1) alone.
Based on inferred quasar spins and hence lack of super-
radiance, [9] also claims a stronger bound on the mass
than ours.

To demonstrate our idea, we provide a concrete exam-
ple of scalar field dark matter. We set ~ = c = 1.

⇤ mustafa.a.amin@rice.edu
† mehrdad.mirbabayi@gmail.com

II. WHITE NOISE

Consider a scalar field, '(t,x) of mass m, that gets
excited at time ti after inflation with Heq ⌧ m < Hi.
For now, let us neglect the inflationary adiabatic fluctu-
ations. Then, the correlation length of the excitations is
expected to be subhorizon because of causality. Near
matter-radiation equality, the matter density is given
by[10]

⇢̄(t) ⇡ m
2

Z
d ln q

q
3

2⇡2
P'(t, q) , (1)

where integration over all momenta (without a UV cut-
o↵) is a justifiable approximation because by this time
the integral must be dominated by momenta much less
than ma(t). Meanwhile, since Heq ⌧ Hi, the main con-
tribution comes from momenta much larger than keq. For
simplicity, we take it to be a single scale k⇤. Because of
the finite correlation length, at momenta k ⌧ k⇤ there
is a white-noise contribution to the spectrum of the frac-
tional density perturbation �. The isocurvature transfer
function is close to one and we can approximate

P
(iso)
� (t, k) ⇡

m
4

⇢̄2(t)

Z
d ln q

q
3

2⇡2
[P'(q, t)]2 ⌘

2⇡
2

k
3
nl

. (2)

knl is understood as being defined by the above equa-
tion. With a single scale in the problem, we expect a
time-independent knl ⇠ k⇤. Further details of the order
unity isocurvature transfer function can be found in the
supplementary material (V F).

We stress that despite the suggestive subscript, knl

only parametrizes the slope of the white-noise part of
the density power spectrum at su�ciently small k. It is
not necessarily the location in k space where the density
perturbations become nonlinear. Furthermore, while not
necessary for the following sections, a parameterization
of knl ⇠ k⇤ in terms of the time and lengthscale asso-
ciated with the production mechanism, and mass m, is
provided in the supplementary material section (V A).

The reader who is familiar with the theory of struc-
ture formation might be skeptical about this flat spec-
trum. Indeed, it is well known that the stochastic con-
tribution to the nonlinear P�(t, k) arising from clustering
behaves as k

4 rather than k
0 at low k. This is a con-

sequence of mass and momentum conservation (see [11],
chapter 28). A white-noise contribution / k

0, would im-
ply that starting from the same initial matter density
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*solid curves are ‘analytic’ results

Jeans

MA, May, Mirbabayi (2506.12131)
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halos+solitons at z > 100
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early nonlinear structure formation



solitons — when do they form, in what fraction ?
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a/aeq = 5.6

MA, May, Mirbabayi (2025)

* can be order unity fraction of mass in collapsed objects, at least at early times. 
also see Gorghetto et. al (2024)
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Preliminary!
Keypoints:Pillepich,Springel,Nelson,etal.(2018)

▶10Mpc/ℎcomovingbox,5123gascells ▶SimilargasresolutiontoTNG-50
▶FiducialTNG(-50)model(notcalibratedwithFDM)
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what is wave dark matter ?

what does it do?

how is it produced?

what really is wave dark matter?

and its consequences
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what really is wave dark matter

MEH



what really is wave dark matter

is single-field Schrödinger-Poisson the correct evolution ? 
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what really is wave dark matter

single-field Schrödinger-Poisson equation ?

finite quantum coherence (may not be a single condensate)
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End of Inflation
Mustafa A. Amin (Rice University)
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what is wave dark matter ?

what does it do?

how is it produced?

what really is wave dark matter?
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Late-time oscillating DE in light of DESI

Late-Time Oscillating Quintessence in Light of DESI

Jun-Qian Jiang,1 Mustafa A. Amin,2, ⇤ and Arman Shafieloo1, 3, †

1
Korea Astronomy and Space Science Institute, Daejeon 34055, Korea

‡

2
Department of Physics and Astronomy, Rice University, Houston, Texas 77005, USA

3
University of Science and Technology, Daejeon 34113, Korea

Recent DESI baryon acoustic oscillation measurements, especially when combined with Type Ia
supernova and CMB data, sharpen the case for possible low-redshift dynamics in the dark energy
sector. We study a simple and physically transparent realization of such dynamics: a quintessence
field that is Hubble frozen for most of cosmic history and starts to oscillate around its minimum
recently (at a redshift z ⇡ 0.1). This late onset of oscillations can occur in a broad class of models
where the quintessence potentials have a shallow slope away from the minimum and steepen near
it. This class of models can improve the fit relative to ⇤CDM, with ��

2 ' �9, while remaining
competitive with common phenomenological dark energy parameterizations with the same number of
parameters. The preference is driven mainly by the background expansion history, and near the best-
fit region the resonant growth of quintessence perturbations and the associated Integrated Sachs-
Wolfe (ISW) contribution remain small. More precise low-redshift distance measurements, together
with late-time probes such as the ISW e↵ect and lensing, may help distinguish this oscillating
quintessence scenario from other forms of late-time dark energy dynamics.

INTRODUCTION

Accelerated cosmic expansion driven by a cosmolog-
ical constant (⇤) has been remarkably successful in ex-
plaining a plethora of cosmological observations [1]. This
⇤ corresponds to a constant dark energy density ⇢⇤ =
⇤/8⇡G. However, recent baryon acoustic oscillations
measurement by the DESI collaboration [2, 3], in combi-
nation with Type Ia supernova distances and CMB con-
straints, favor models where the e↵ective dark energy
density is decreasing at late times. Kinematically, there
is a preference for decreasing the acceleration close to to-
day, albeit, the statistical strength depends on the super-
nova sample and on the adopted modeling assumptions
(e.g. [2, 4–6]).

Canonical quintessence, a scalar field rolling in a poten-
tial, provides one of the simplest controlled realizations
of dynamical dark energy [7–10]. However, conventional
slow-roll or thawing models do not fully capture the
DESI-preferred evolution. Phenomenological fits often
point toward phantom-divide crossing (e.g. [4]), but such
behavior is di�cult to realize in stable, canonical theories
and may partly reflect the flexibility of the chosen param-
eterization rather than a robust physical signal [11, 12].
These considerations motivate a simple canonical mech-
anism that remains close to ⇤CDM until very late times,
but then naturally reduces the dark-energy density today.

In this Letter we propose a “simple” dark energy model
to explain these recent observations: a very late-time
oscillating quintessence field. The general form of the
quintessence potential we have in mind is illustrated
schematically in Figure 1. The field remains Hubble-
frozen, or slowly rolling in the flatter part of the poten-
tial for most of cosmic history. At late times, it enters a
fast-rolling, oscillatory regime around the minimum.

When confronted with recent observational data, we

�

V (�)

M-M-10M

early-time
slow roll

late-time
oscillations

FIG. 1. Schematic scalar-field potential for late-time oscil-
lating quintessence. The field remains nearly frozen, or slow
rolls, on the shallow part of the potential and begins rapid
oscillations only after reaching the steeper region near the
minimum. The data prefer that the field starts oscillating at
late times, crossing the potential minimum first at aosc ⇡ 0.9.
The oscillation frequency m ⇠ 102H0 and M ⇠ 10�2

mpl.

find the above model improves the fit significantly rel-
ative to ⇤CDM, while remaining competitive with phe-
nomenological dark energy parameterizations with the
same number of additional parameters. For the best-fit
region, the quintessence field starts oscillating at a red-
shift zosc ⇡ 0.1 and completes one oscillation before to-
day. The improvement in fit has a simple origin. When
the field is Hubble frozen for most of cosmic history, its
energy density is nearly constant and the model remains
close to ⇤CDM. After the recent onset of oscillations, the
dark energy density (and associated acceleration) begins
to decrease naturally.
This type of late-oscillating quintessence was studied

in Ref. [13], where along with the change in the expansion
rate due to the field oscillations, many rapid field oscilla-
tions were also shown to lead to resonant amplification of
quintessence field fluctuations (also see [14]). This led to
a corresponding scale-dependent growth of gravitational
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spectrum are not calibrated for quintessence. As a com-
plementary approach, we also incorporate CMB informa-
tion by replacing the spectra with the compressed PR4
likelihood of Ref. [27], a multivariate Gaussian constraint
on (✓⇤,⌦bh

2
,⌦bch

2), where ✓⇤ is the angular size of the
sound horizon at photon decoupling, ⌦bh

2 is the physical
baryon density, and ⌦bch

2 ⌘ (⌦b + ⌦c)h2 is the physi-
cal density of baryons + CDM. This prior preserves the
CMB calibration of the sound horizon and physical mat-
ter densities while minimizing dependence on late-time
lensing and nonlinear structure formation.

We sample the quintessence parameters along with
{⌦bh

2
,⌦ch

2
, H0, As, ns, ⌧reio}2 using Cobaya [28] until

the Gelman-Rubin convergence statistic satisfies R�1 <

0.01, and determine best-fit points with the optimizer
BOBYQA [29, 30]. We also used prospect [31] to compute
the likelihood profile.

RESULTS AND DISCUSSION

We perform a frequentist likelihood profile analysis for
DESI + Union3 + compressed CMB first, in which we
fix aosc to selected values and optimize the remaining
parameters to obtain the corresponding best-fit �2. The
result is shown in Figure 2. It yields a best-fit with 68%
confidence interval of aosc = 0.916+0.018

�0.062. This best-fit
value of aosc < 1 implies that the field entered the os-
cillatory regime in the past. We also note a mild re-
duction in �

2 for aosc slightly above unity, correspond-
ing to a thawing field that is about to enter the os-
cillatory regime. If the onset of oscillations is pushed
further into the future, however, the quintessence dy-
namics approach those of ⇤CDM and are correspond-
ingly less favored. Figure 3 shows the corresponding
Bayesian marginalized posterior distribution of the field
parameters in the (log10(M/mpl), log10(m/H0)) plane for
the two data combinations. The allowed region follows
a narrow diagonal, reflecting the fact that reproducing
the observed dark energy scale on the plateau approx-
imately fixes the product mM through V = m

2
M

2
/2,

which should be of the same order as the critical den-
sity today. The compressed CMB best-fit point lies near
log10(M/mpl) ' �2.2 and log10(m/H0) ' 2.5.3 The re-
gion around the best-fit point lies on the anl > 1 side of

2 For the compressed CMB analysis, As, ns, ⌧reio are not sampled
because the compressed likelihood only constrains the geometric
and physical density parameters.

3 The best-fit values are within an order of magnitude of those
considered in a related 2011 work by one of us [13]. In that
case, the motivation was a “what if” exploration of the observa-
tional consequences of such behavior, rather than a response to
DESI data. Separately, it is interesting that Ref. [32], combining
the requirement of evolving dark energy with the axionic Weak
Gravity Conjecture [33], obtains a similar scale, m ⇠ 102H0.

FIG. 2. Likelihood profile for aosc using DESI + Union3 +
compressed CMB, shown relative to the global best-fit �

2 of
our late-time oscillating quintessence model and compared
with the best-fit ⇤CDM and Padé-w models. The minimum
at aosc ' 0.9 indicates that the data prefer a scenario in which
the field has already entered the oscillatory regime in the re-
cent past. The marginalized posterior distributions from the
Bayesian analysis in Appendix A, as well as the results for
DESI + Union3 + CMB (` < 1000), show similar behavior.

FIG. 3. Marginalized posterior distributions in the
(log10(M/mpl), log10(m/H0)) plane for DESI + Union3 +
CMB (` < 1000) and DESI + Union3 + compressed CMB.
The contours show the 95% and 68% credible regions, and
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FIG. 5. Corresponding distance observables for the best-fit
model to DESI + Union3 + compressed CMB data, together
with the DESI and Union3 data points. The Union3 sample
is rebinned following the procedure of Ref. [3]. The model
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at somewhat higher redshift.
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⇤CDM for these two datasets are ��

2 = �7.74 and
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model performs better than Padé-w parameterization.
For the w0wa (Chevallier–Polarski–Linder, CPL) pa-

rameterization [35, 36], which allows phantom crossing,

wDE(a) = w0 + wa(1� a), (3)

the improvements relative to ⇤CDM are ��
2 = �11.28

and ��
2 = �18.33, respectively. Our model performs

similarly to the w0wa parameterization on the DESI +
Union3 + CMB (` < 1000) data set, but is less favored
than w0wa for the DESI + Union3 + compressed CMB
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Figure 7: (a) Power spectrum of the gravitation potential (orange). The dashed line denotes
the initial conditions at ai = 0.01 whereas the thin black line shows the ⇤CDM power
spectrum today. Notice the scale dependent growth of the gravitational potential for k ⇠

0.05m = 0.01Mpc�1, aside from which the potential decays in a manner similar to its ⇤CDM
counterpart. (b) The WIMP power spectrum (orange line) does not show any features of
the scale dependent growth, since the WIMPs do not have enough time to respond to the
change in the gravitational potential. The di↵erence from the ⇤CDM counterpart (black
line) is primarily due to the di↵erence in expansion history between the quintessence and
⇤CDM models. The dashed line represents 103 ⇥ Pdm(k, ai). Note that since we are using
�dm in the Newtonian gauge, P�dm

(k, ai) shows an “upward turn” at small k values.

that since we are using �dm in the Newtonian gauge, P�dm
(k, ai) shows an “upward turn” at

small k values. By construction, the initial conditions in the power spectra � (k, ai) and
Pdm(k, ai) in our quintessence model and ⇤CDM agree. The scale dependent departures in
� (k, a) arise after aosc ⇡ 0.8. As discussed previously, the enhancement can be trusted
until anl = 0.95, after which we freeze the potential until a = 1. The wavenumber where
the maximum departures are seen is k ⇠ 0.05m ⇡ 0.01Mpc�1. For k ⌧ H0 and k & m,
the final spectrum closely resembles the ⇤CDM case. For fixed aosc, we have checked that
the magnitude of departure from ⇤CDM increases with increasing m. This is consistent
with the notion larger m corresponds to a larger mPl/M [see Eq. (10)] leading to more
e�cient resonance. As discussed for single modes, the potential � (k, a) show dramatic,
scale dependent departures from ⇤CDM, but the WIMP overdensity power spectrum does
not.

Assuming a model for the bias, the WIMP power spectrum can be probed by measuring
the two point correlation function of galaxies. Given the lack of scale dependence, and the
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Figure 8: (a) Ratio of CMB temperature power spectrum at low multipoles between our
quintessence and ⇤CDM models. The large di↵erence is due to the rapidly evolving gravi-
tational potential in the quintessence model after aosc (b) Ratio of the lensing (convergence)
power spectrum at low multipoles between our quintessence and ⇤CDM models. The de-
partures are restricted to low l multipoles due to the proximity of the transition in the
quintessence field responsible for the rapid growth in the gravitational potential. For lens-
ing, the model does not agree with ⇤CDM at large l due to the di↵erent expansion histories.

observations. A full sweep of parameters (including ↵) to determine regions consistent with
observations is beyond the scope of this paper, but is certainly worth pursuing.

Before we move on to the calculation of the lensing power spectrum, let us briefly comment
on the additional ISW that can result from nonlinear field evolution after anl, ignored so far
in the linearized treatment. As noted in Sec. 4.2.3, the rapid growth of the linearized scalar
field perturbations is curtailed once the field perturbations become nonlinear (around anl).
However, there will be further nonlinear evolution and rapid fragmentation of the field. To
get an estimate of the resulting ISW e↵ect, consider a spherical perturbation with mass M

and radius R, collapsing at speed v. Such a perturbation yields a temperature decrement of
order ⇠ GMv/R. For a sphere with an initial radius Rnl ⇠ k

�1
nl (with knl ⇠ 0.05m), an initial

density comparable to the background energy density and v ⇠ 0.05 (the approximate group
velocity of a perturbation with wavenumber knl), the decrement can be ⇠ few⇥ 10�5 for our
fiducial set of parameters (m ⇠ 103H0). The signal is qualitatively similar to the Sunyaev-
Zel’dovich temperature decrement from galaxy clusters [76]. However, unlike . arcmin
angular scale of the SZ decrement, here, the angular scale is ⇠ 30 degrees. This simple
estimate shows that it might be possible to get additional constraints on the quintessence
transition from the ISW e↵ect due to the nonlinear field evolution. Individual oscillons,
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