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Tremendous Success of CDM on Large Scales

CMB (Planck)

Concordance (Planck)

Large Scale Structure (SDSS)
BAO (BOSS)

Galaxy Clustering (Hubble) Lyman Alpha Forest (Keck)



Possible Difficulties with CDM on Galactic Scales?

(from McGaugh 2011)

<latexit sha1_base64="T+ByLKZcmWcrdvmDtCqidaKr6eE=">AAAB+XicbVBNSwMxEJ31s9avVY9egkXwVHZLUY9FL16ECvYD2rpk02wbmt2EJFsoS/+JFw+KePWfePPfmLZ70NYHA4/3ZpiZF0rOtPG8b2dtfWNza7uwU9zd2z84dI+Om1qkitAGEVyodog15SyhDcMMp22pKI5DTlvh6Hbmt8ZUaSaSRzORtBfjQcIiRrCxUuC690HYlUpII9A4iJ6qgVvyyt4caJX4OSlBjnrgfnX7gqQxTQzhWOuO70nTy7AyjHA6LXZTTSUmIzygHUsTHFPdy+aXT9G5VfooEspWYtBc/T2R4VjrSRzazhiboV72ZuJ/Xic10XUvY4lMDU3IYlGUcmTfnMWA+kxRYvjEEkwUs7ciMsQKE2PDKtoQ/OWXV0mzUvYvy5WHaql2k8dRgFM4gwvw4QpqcAd1aACBMTzDK7w5mfPivDsfi9Y1J585gT9wPn8AE/STTQ==</latexit>

Mb / v4f

<latexit sha1_base64="onnhGVvHV4kr0tCugim7wwmhbgg=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclZkq6s6iGzdCBfuAdhwyaaYNzSQhyVRK7ae4caGIW7/EnX9j2s5CWw9cOJxzL/feE0lGtfG8b2dpeWV1bT23kd/c2t7ZdQt7dS1ShUkNCyZUM0KaMMpJzVDDSFMqgpKIkUbUv574jQFRmgp+b4aSBAnqchpTjIyVQrdwG0ZtqYQ0Ag7C+OHkMnSLXsmbAi4SPyNFkKEaul/tjsBpQrjBDGnd8j1pghFShmJGxvl2qolEuI+6pGUpRwnRwWh6+hgeWaUDY6FscQOn6u+JEUq0HiaR7UyQ6el5byL+57VSE18EI8plagjHs0VxyqD9c5ID7FBFsGFDSxBW1N4KcQ8phI1NK29D8OdfXiT1csk/K5XvTouVqyyOHDgAh+AY+OAcVMANqIIawOARPINX8OY8OS/Ou/Mxa11yspl98AfO5w+dB5OV</latexit>

Mb / v3f?

Baryonic Tully-Fisher Relation (BTFR)



<latexit sha1_base64="yiVViNBYGummoRUJ3vYGDMaTQbs="></latexit>
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Implementing this is very difficult:

The unique theory of massless spin 2 particles 

at large distances is general relativity

(Feynman, Weinberg, Deser,…)

A possibility: we can add new degrees of freedom. In particular, 

new scalars could mediate a new long range (peculiar) interaction

<latexit sha1_base64="ivCsOxNIHxv9Q8KGtQ8zfbAtPf0=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRF1GXRjRuhin1AE8NkOmmHTjJhZiKUkIUbf8WNC0Xc+hHu/BsnMQttPTBwOOde7pzjx4xKZVlfRmVpeWV1rbpe29jc2t4xd/d6kicCky7mjIuBjyRhNCJdRRUjg1gQFPqM9P3pRe7374mQlEe3ahYTN0TjiAYUI6Ulz6wjJxY8VhymV15KIpw5XM/Dm7tW5pkNq2kVgIvELkkDlOh45qcz4jgJSaQwQ1IObStWboqEopiRrOYkksQIT9GYDDWNUEikmxYhMniolREMuNAvUrBQf2+kKJRyFvp6MkRqIue9XPzPGyYqOHNTGsWJyvMVh4KEQZ05bwSOqCBYsZkmCAuq/wrxBAmEle6tpkuw5yMvkl6raZ80W9fHjfZ5WUcV1MEBOAI2OAVtcAk6oAsweABP4AW8Go/Gs/FmvP+MVoxyZx/8gfHxDcdVmC0=</latexit>

a / Menc

R2

(Milgrom; “MOND”)

If instead:

New Interactions on Galactic Scales?

<latexit sha1_base64="dQfjd1+LUFZCIMX0dOrM4dKJIzs=">AAACFXicbVDLSgMxFM34rPU16tJNsAgupMyUom6Eohs3QhX7gE4tmTRtQzOTMblTKMP8hBt/xY0LRdwK7vwb01pBWw8EDufcy805fiS4Bsf5tObmFxaXljMr2dW19Y1Ne2u7qmWsKKtQKaSq+0QzwUNWAQ6C1SPFSOALVvP75yO/NmBKcxnewDBizYB0Q97hlICRWvZhMrgteNKM4Ov0lHiRkhHIxNN3CpLLVsJCmqY/fsvOOXlnDDxL3AnJoQnKLfvDa0saBywEKojWDdeJoJkQBZwKlma9WLOI0D7psoahIQmYbibjVCneN0obd6QyLwQ8Vn9vJCTQehj4ZjIg0NPT3kj8z2vE0DlpJjyMYhjFGx/qxAKDxKOKcJsrRkEMDSFUcfNXTHtEEQqmyKwpwZ2OPEuqhbx7lC9eFXOls0kdGbSL9tABctExKqELVEYVRNE9ekTP6MV6sJ6sV+vte3TOmuzsoD+w3r8AFvWgDA==</latexit>
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Add a Real Scalar

<latexit sha1_base64="ghRdpBvUgrvmnriGi0RMYr/Ezkw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSKuhGKbgQ3FewDmlAmk2k7dDKJMzdCSbty46+4caGIW7/BnX/j9LHQ1gMXDufcy733BIngGhzn21pYXFpeWc2t5dc3Nre27Z3dmo5TRVmVxiJWjYBoJrhkVeAgWCNRjESBYPWgdzXy6w9MaR7LO+gnzI9IR/I2pwSM1LIPbvAF9oCLkGUeEUmXDBuevleQDRqDYcsuOEVnDDxP3CkpoCkqLfvLC2OaRkwCFUTrpusk4GdEAaeCDfNeqllCaI90WNNQSSKm/Wz8xhAfGSXE7ViZkoDH6u+JjERa96PAdEYEunrWG4n/ec0U2ud+xmWSApN0sqidCgwxHmWCQ64YBdE3hFDFza2YdokiFExyeROCO/vyPKmdFN3TYum2VChfTuPIoX10iI6Ri85QGV2jCqoiih7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6/AF4p5ks</latexit>
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Example:

(3/2 scaling)

<latexit sha1_base64="x/D1HZx069Y9YOG8dBVhEYbemsM="></latexit>
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(Large     , can stay within regime of validity of Effective Field Theory)
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="oUMewzrJSQYQ9nvoHRQOQ6x29VU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qJtUou6LLoR3FSwD2himUwn7dBJJsxMhBLqxl9x40IRt/6FO//GaZuFth64cDjnXu69x4sYlcqyvo3M0vLK6lp2PbexubW9Y+7uNSWPBSYNzBkXbQ9JwmhIGooqRtqRICjwGGl5w6uJ33ogQlIe3qlRRNwA9UPqU4yUlrrmwY0TCR4pXizYxXbZCeKT++S0XBl3zbxVsqaAi8ROSR6kqHfNL6fHcRyQUGGGpOzYVqTcBAlFMSPjnBNLEiE8RH3S0TREAZFuMv1gDI+10oM+F7pCBafq74kEBVKOAk93BkgN5Lw3Ef/zOrHyL9yEhlGsSIhni/yYQcXhJA7Yo4JgxUaaICyovhXiARIIKx1aTodgz7+8SJqVkn1Wqt5W87XLNI4sOARHoABscA5q4BrUQQNg8AiewSt4M56MF+Pd+Ji1Zox0Zh/8gfH5Az4RlXo=</latexit>

K / �(1�X/µ)3/2

(Robust against quantum corrections, e.g., de Rham, Ribeiro, 2014)

( + - - - )

<latexit sha1_base64="LZ7788c3vhs0fGmxMfHyFO2RPBI=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBGEQklKUTdC0Y3gpoJ9QBvDZDJph05mwsxELKG/4saFIm79EXf+jdM2C209cOFwzr3ce0+QMKq043xbK6tr6xubha3i9s7u3r59UGorkUpMWlgwIbsBUoRRTlqaaka6iSQoDhjpBKPrqd95JFJRwe/1OCFejAacRhQjbSTfLt1edivYr8HuQ63SZ6HQyrfLTtWZAS4TNydlkKPp21/9UOA0JlxjhpTquU6ivQxJTTEjk2I/VSRBeIQGpGcoRzFRXja7fQJPjBLCSEhTXMOZ+nsiQ7FS4zgwnTHSQ7XoTcX/vF6qowsvozxJNeF4vihKGdQCToOAIZUEazY2BGFJza0QD5FEWJu4iiYEd/HlZdKuVd2zav2uXm5c5XEUwBE4BqfABeegAW5AE7QABk/gGbyCN2tivVjv1se8dcXKZw7BH1ifP/CSkxw=</latexit>

K = X + c2X
2 + . . .EFT expansion



Add a Real Scalar

<latexit sha1_base64="ghRdpBvUgrvmnriGi0RMYr/Ezkw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSKuhGKbgQ3FewDmlAmk2k7dDKJMzdCSbty46+4caGIW7/BnX/j9LHQ1gMXDufcy733BIngGhzn21pYXFpeWc2t5dc3Nre27Z3dmo5TRVmVxiJWjYBoJrhkVeAgWCNRjESBYPWgdzXy6w9MaR7LO+gnzI9IR/I2pwSM1LIPbvAF9oCLkGUeEUmXDBuevleQDRqDYcsuOEVnDDxP3CkpoCkqLfvLC2OaRkwCFUTrpusk4GdEAaeCDfNeqllCaI90WNNQSSKm/Wz8xhAfGSXE7ViZkoDH6u+JjERa96PAdEYEunrWG4n/ec0U2ud+xmWSApN0sqidCgwxHmWCQ64YBdE3hFDFza2YdokiFExyeROCO/vyPKmdFN3TYum2VChfTuPIoX10iI6Ri85QGV2jCqoiih7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6/AF4p5ks</latexit>

K = ↵̃X
p
|X|High densities/galactic scales

(3/2 scaling)

<latexit sha1_base64="x/D1HZx069Y9YOG8dBVhEYbemsM="></latexit>
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<latexit sha1_base64="Gj0A7279rJOwLqLwsa3AoRsX+gs="></latexit>

� 3↵̃

23/2
r·(r�|r�|) = � TM

Mediates a MOND-like force

(Robust against quantum corrections, e.g., de Rham, Ribeiro, 2014)

( + - - - )

<latexit sha1_base64="8FE/YUsYmpY741YnyTbCaipzwRY="></latexit>
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<latexit sha1_base64="LZ7788c3vhs0fGmxMfHyFO2RPBI=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBGEQklKUTdC0Y3gpoJ9QBvDZDJph05mwsxELKG/4saFIm79EXf+jdM2C209cOFwzr3ce0+QMKq043xbK6tr6xubha3i9s7u3r59UGorkUpMWlgwIbsBUoRRTlqaaka6iSQoDhjpBKPrqd95JFJRwe/1OCFejAacRhQjbSTfLt1edivYr8HuQ63SZ6HQyrfLTtWZAS4TNydlkKPp21/9UOA0JlxjhpTquU6ivQxJTTEjk2I/VSRBeIQGpGcoRzFRXja7fQJPjBLCSEhTXMOZ+nsiQ7FS4zgwnTHSQ7XoTcX/vF6qowsvozxJNeF4vihKGdQCToOAIZUEazY2BGFJza0QD5FEWJu4iiYEd/HlZdKuVd2zav2uXm5c5XEUwBE4BqfABeegAW5AE7QABk/gGbyCN2tivVjv1se8dcXKZw7BH1ifP/CSkxw=</latexit>

K = X + c2X
2 + . . .EFT expansion



Two Problems

Theoretical: High energy perturbations on top of the 

MONDian solution are superluminal (related details later)

Phenomenological: Although the scalar becomes canonical at large 

scales, it introduces another          force. So it is difficult to consistently 

obtain the desired galactic and large scale behaviors

<latexit sha1_base64="17RmzvKvUUmPYMBgynw7Hr5cGAo=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUY9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddKqVf3rau3xqlK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP32Uj60=</latexit>'

<latexit sha1_base64="4O+7Sj6HErbSh5jBgOXBSKr6Bi0=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GPRiyepYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzcJWcXtnd2+/dHDYNDLVhDaI5FK3I2woZ4I2LLOctpWmOIk4bUWjm6nfeqLaMCke7FjRMMEDwWJGsHVSs6uGrHfXK5X9ij8DWiZBTsqQo94rfXX7kqQJFZZwbEwn8JUNM6wtI5xOit3UUIXJCA9ox1GBE2rCbHbtBJ06pY9iqV0Ji2bq74kMJ8aMk8h1JtgOzaI3Ff/zOqmNr8KMCZVaKsh8UZxyZCWavo76TFNi+dgRTDRztyIyxBoT6wIquhCCxZeXSbNaCS4q1fvzcu06j6MAx3ACZxDAJdTgFurQAAKP8Ayv8OZJ78V79z7mrStePnMEf+B9/gBphI8H</latexit>

�N

<latexit sha1_base64="aZ8eYctzw97wV9wJ3TsZKPmh/9A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkkR9Vj04rGCaQttLJvttl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJlIYdN1vZ2V1bX1js7BV3N7Z3dsvHRw2TJxqxn0Wy1i3Qmq4FIr7KFDyVqI5jULJm+Hoduo3n7g2IlYPOE54ENGBEn3BKFrJ9871Y7VbKrsVdwayTLyclCFHvVv66vRilkZcIZPUmLbnJhhkVKNgkk+KndTwhLIRHfC2pYpG3ATZ7NgJObVKj/RjbUshmam/JzIaGTOOQtsZURyaRW8q/ue1U+xfB5lQSYpcsfmifioJxmT6OekJzRnKsSWUaWFvJWxINWVo8ynaELzFl5dJo1rxLivV+4ty7SaPowDHcAJn4MEV1OAO6uADAwHP8ApvjnJenHfnY9664uQzR/AHzucP4XiOFQ==</latexit>

1/r2

<latexit sha1_base64="Q6kzvOlA5ZGwMdeh2MNQoamBDOc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxhLvEqEeiF4/44JHAhswOA0yYnd3M9JqQDZ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyL1iOOY+yEdKNEXjKKVHryz+26x5JbdGcgy8TJSggy1bvGr04tYEnKFTFJj2p4bo59SjYJJPil0EsNjykZ0wNuWKhpy46ezUyfkxCo90o+0LYVkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/lp0LFCXLF5ov6iSQYkenfpCc0ZyjHllCmhb2VsCHVlKFNp2BD8BZfXiaNStm7KFfuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNkc6L8+58zFtzTjZzCH/gfP4AitWNUQ==</latexit>

1/R

<latexit sha1_base64="mqR0V+BtjQALswMZ8PED4PgFo30=">AAAB7HicbVBNTwIxEJ3iF+IX6tFLIzHxhLvEqEeiF49oXCCBlXRLFxq63U3bNSEbfoMXDxrj1R/kzX9jgT0o+JJJXt6bycy8IBFcG8f5RoWV1bX1jeJmaWt7Z3evvH/Q1HGqKPNoLGLVDohmgkvmGW4EayeKkSgQrBWMbqZ+64kpzWP5YMYJ8yMykDzklBgree7Z/WOtV644VWcGvEzcnFQgR6NX/ur2Y5pGTBoqiNYd10mMnxFlOBVsUuqmmiWEjsiAdSyVJGLaz2bHTvCJVfo4jJUtafBM/T2RkUjrcRTYzoiYoV70puJ/Xic14ZWfcZmkhkk6XxSmApsYTz/Hfa4YNWJsCaGK21sxHRJFqLH5lGwI7uLLy6RZq7oX1drdeaV+ncdRhCM4hlNw4RLqcAsN8IACh2d4hTck0Qt6Rx/z1gLKZw7hD9DnD7C4jfU=</latexit>
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Add a Real Scalar

<latexit sha1_base64="liAZOi9Gpbcyh0H+ySwJQJUOKAo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvgJaJ5QLKE2ckkGTI7u8z0CmHJJ3jxoIhXv8ibf+Mk2YMmFjQUVd10dwWxFAZd99vJrayurW/kNwtb2zu7e8X9g4aJEs14nUUy0q2AGi6F4nUUKHkr1pyGgeTNYHQz9ZtPXBsRqUccx9wP6UCJvmAUrfRwd9XqFktu2Z2BLBMvIyXIUOsWvzq9iCUhV8gkNabtuTH6KdUomOSTQicxPKZsRAe8bamiITd+Ojt1Qk6s0iP9SNtSSGbq74mUhsaMw8B2hhSHZtGbiv957QT7l34qVJwgV2y+qJ9IghGZ/k16QnOGcmwJZVrYWwkbUk0Z2nQKNgRv8eVl0jgre+flyn2lVL3O4sjDERzDKXhwAVW4hRrUgcEAnuEV3hzpvDjvzse8NedkM4fwB87nD9FzjYE=</latexit>

K = X

<latexit sha1_base64="ghRdpBvUgrvmnriGi0RMYr/Ezkw=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUSKuhGKbgQ3FewDmlAmk2k7dDKJMzdCSbty46+4caGIW7/BnX/j9LHQ1gMXDufcy733BIngGhzn21pYXFpeWc2t5dc3Nre27Z3dmo5TRVmVxiJWjYBoJrhkVeAgWCNRjESBYPWgdzXy6w9MaR7LO+gnzI9IR/I2pwSM1LIPbvAF9oCLkGUeEUmXDBuevleQDRqDYcsuOEVnDDxP3CkpoCkqLfvLC2OaRkwCFUTrpusk4GdEAaeCDfNeqllCaI90WNNQSSKm/Wz8xhAfGSXE7ViZkoDH6u+JjERa96PAdEYEunrWG4n/ec0U2ud+xmWSApN0sqidCgwxHmWCQ64YBdE3hFDFza2YdokiFExyeROCO/vyPKmdFN3TYum2VChfTuPIoX10iI6Ri85QGV2jCqoiih7RM3pFb9aT9WK9Wx+T1gVrOrOH/sD6/AF4p5ks</latexit>

K = ↵̃X
p
|X|

<latexit sha1_base64="XFBE0Y86hjwsWCyPF/YVZea6IzQ=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQL2E3BPUiBL14jGAekKxhdjJJhsw+nOlVwpL/8OJBEa/+izf/xkmyB00saCiquunu8iIpNNr2t5VZWV1b38hu5ra2d3b38vsHDR3GivE6C2WoWh7VXIqA11Gg5K1Icep7kje90fXUbz5ypUUY3OE44q5PB4HoC0bRSPdF1tWXHf2gMClPTrv5gl2yZyDLxElJAVLUuvmvTi9ksc8DZJJq3XbsCN2EKhRM8kmuE2seUTaiA942NKA+124yu3pCTozSI/1QmQqQzNTfEwn1tR77nun0KQ71ojcV//PaMfYv3EQEUYw8YPNF/VgSDMk0AtITijOUY0MoU8LcStiQKsrQBJUzITiLLy+TRrnknJUqt5VC9SqNIwtHcAxFcOAcqnADNagDAwXP8Apv1pP1Yr1bH/PWjJXOHMIfWJ8/5TWSIg==</latexit>

(cs =
p
2)

(e.g., Bruneton,…)



Clever idea: Use Spontaneous Symmetry Breaking

Complex Scalar Dark Matter
<latexit sha1_base64="66miVUzhGZMtgu/7oG+hihZ3nv0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L1mvfFwVWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPlA44m</latexit>

�<latexit sha1_base64="/7ps9mCb06pHcRfCgrnGXVK0H9w=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSRD0WvXisYGqhDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHHR2nilCfxDxW3RBrypmkvmGG026iKBYhp4/h5Db3H5+o0iyWD2aa0EDgkWQRI9jkkl/3zgfVmttw50CrxCtIDQq0B9Wv/jAmqaDSEI617nluYoIMK8MIp7NKP9U0wWSCR7RnqcSC6iCb3zpDZ1YZoihWtqRBc/X3RIaF1lMR2k6BzVgve7n4n9dLTXQdZEwmqaGSLBZFKUcmRvnjaMgUJYZPLcFEMXsrImOsMDE2nooNwVt+eZV0mg3vstG8v6i1boo4ynACp1AHD66gBXfQBh8IjOEZXuHNEc6L8+58LFpLTjFzDH/gfP4A6MCNgA==</latexit>

U(1) Symmetry

Reproduces CDM on large scales Allows for phase transition to superfluid

at galactic densities

Goldstone      can act as long-ranged force mediator
<latexit sha1_base64="TAZZlab/bt6q4oDaFmCOBYD5U84=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pkGPLw==</latexit>

✓

Example:

Berezhiani, Khoury 2015

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�<latexit sha1_base64="MaLlWHMMXd/ile+y8vxUggsEATE=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvgJYp5QBLC7GQ2GTI7u8z0CmHJH3jxoIhX/8ibf+Mk2YMmFjQUVd10d/mxFAZd99vJrayurW/kNwtb2zu7e8X9g4aJEs14nUUy0i2fGi6F4nUUKHkr1pyGvuRNf3Qz9ZtPXBsRqUccx7wb0oESgWAUrfRwd9UrltyyOwNZJl5GSpCh1it+dfoRS0KukElqTNtzY+ymVKNgkk8KncTwmLIRHfC2pYqG3HTT2aUTcmKVPgkibUshmam/J1IaGjMOfdsZUhyaRW8q/ue1Ewwuu6lQcYJcsfmiIJEEIzJ9m/SF5gzl2BLKtLC3EjakmjK04RRsCN7iy8ukcVb2zsuV+0qpep3FkYcjOIZT8OACqnALNagDgwCe4RXenJHz4rw7H/PWnJPNHMIfOJ8/JqWNHw==</latexit>

K =

SuperFluid Dark Matter (SFDM) - Complex Scalar

(Quantum, from particle point of view

Classical, from field point of view)



Berezhiani, Khoury 2015

Slowly varying phase       and modulus       around superfluid condensate

At tree-level, can integrate out heavy modulus (Higgs mode)

Find low energy effective 

action for massless Goldstone is

with

<latexit sha1_base64="TAZZlab/bt6q4oDaFmCOBYD5U84=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSqlW9y2rt/qJSv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/pkGPLw==</latexit>

✓
<latexit sha1_base64="9E3R0mfNOMN6lj+iN0ZmXdxQK0M=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHoxWME84BkCbOT2eyQeSwzs0II+QUvHhTx6g9582+cTfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmtEUUV7obYUM5k7RlmeW0m2qKRcRpJxrf5X7niWrDlHy0k5SGAo8kixnBNpf6OlGDStWv+XOgVRIUpAoFmoPKV3+oSCaotIRjY3qBn9pwirVlhNNZuZ8ZmmIyxiPac1RiQU04nd86Q+dOGaJYaVfSorn6e2KKhTETEblOgW1ilr1c/M/rZTa+CadMppmlkiwWxRlHVqH8cTRkmhLLJ45gopm7FZEEa0ysi6fsQgiWX14l7XotuKrVHy6rjdsijhKcwhlcQADX0IB7aEILCCTwDK/w5gnvxXv3Phata14xcwJ/4H3+ACH2jk4=</latexit>⇢

By coupling to baryons, can mediate MOND-like force — reproduce BTFR, and CDM on large scales

(3/2 scaling)

<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

<latexit sha1_base64="X5538FaX8dgn5H/XzVHG/8bMrgE=">AAAB/nicbVDLSsNAFJ34rPUVFVdugkVwVRIp6rLoRnBTwT6gCWEynbRD5xFmJmIIAX/FjQtF3Pod7vwbp20W2nrgwuGce7n3niihRGnX/baWlldW19YrG9XNre2dXXtvv6NEKhFuI0GF7EVQYUo4bmuiKe4lEkMWUdyNxtcTv/uApSKC3+sswQGDQ05igqA2Umgf3oa5zyLxmPua8CzHcVwURWjX3Lo7hbNIvJLUQIlWaH/5A4FShrlGFCrV99xEBzmUmiCKi6qfKpxANIZD3DeUQ4ZVkE/PL5wTowycWEhTXDtT9fdEDplSGYtMJ4N6pOa9ifif1091fBnkhCepxhzNFsUpdbRwJlk4AyIx0jQzBCJJzK0OGkEJkTaJVU0I3vzLi6RzVvfO6427Rq15VcZRAUfgGJwCD1yAJrgBLdAGCOTgGbyCN+vJerHerY9Z65JVzhyAP7A+fwB5hJZ7</latexit>

Keff

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

SuperFluid Dark Matter (SFDM) - Complex Scalar



Analysis of High Energy Perturbations

Decompose into components

Expand around superfluid (              )

Linear equation of motion for

high energy perturbations

Diagonalize to obtain Higgs normal mode perturbations

and associated effective metric

<latexit sha1_base64="hUAZDvF51jgUFnvm8NasiZ7MZOg=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4KkmRPnZFNy4r2Ae0Q8mkaRubScYkUyhDv8ONC0Xc+jHu/BszbQUVPXDhcM693HtPEAluLEIfXmZtfWNzK7ud29nd2z/IHx61jIo1ZU2qhNKdgBgmuGRNy61gnUgzEgaCtYPJVeq3p0wbruStnUXMD8lI8iGnxDrJ702JZpHhQsn+XT9fQEWEEMYYpgRXysiRWq1awlWIU8uhAFZo9PPvvYGiccikpYIY08Uosn5CtOVUsHmuFxsWETohI9Z1VJKQGT9ZHD2HZ04ZwKHSrqSFC/X7REJCY2Zh4DpDYsfmt5eKf3nd2A6rfsJlFFsm6XLRMBbQKpgmAAdcM2rFzBFCNXe3QjommlDrcsq5EL4+hf+TVqmIy8XSzUWhfrmKIwtOwCk4BxhUQB1cgwZoAgruwQN4As/e1Hv0XrzXZWvGW80cgx/w3j4BjWCSoQ==</latexit>"j

M. Hertzberg, J. Litterer, N. Shah, JCAP 11 (2021) 2105.02241

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K

<latexit sha1_base64="XTJMeDjibGxfHYxOoEHUAdtteSE=">AAACGXicbVDLSgMxFM34rPVVdekmWETdlBkp6rLoRuhGwWqhU0omvdMGMw+TO4Uy9Dfc+CtuXCjiUlf+jZk6iLZeCJycc89N7vFiKTTa9qc1Mzs3v7BYWCour6yurZc2Nq91lCgODR7JSDU9pkGKEBooUEIzVsACT8KNd3uW6TcDUFpE4RUOY2gHrBcKX3CGhuqUbFeCj/v1PRfuEjFI3ZgpFEzSuhsZ38+1OXKV6PXxoFMq2xV7XHQaODkok7wuOqV3txvxJIAQuWRatxw7xnaazeUSRkU30RAzfst60DIwZAHodjrebER3DdOlfqTMCZGO2d+OlAVaDwPPdAYM+3pSy8j/tFaC/kk7FWGcIIT8+yE/kRQjmsVEu0IBRzk0gHElzF8p7zPFOJowiyYEZ3LlaXB9WHGOKtXLarl2msdRINtkh+wThxyTGjknF6RBOLknj+SZvFgP1pP1ar19t85YuWeL/Cnr4wvriqDj</latexit>✓
K 0 ⌘ @K

@X

◆



Causal Propagation?

Evaluate in SFDM model

<latexit sha1_base64="mjebgiL1At7dwZAW1QYx+SzLvvQ=">AAACDHicbVC9TsMwGHTKXyl/BUYWiwqJoaqSUkEXpKosDAxFoj+oSSvHcVqrThzZDlIV9QFYeBUWBhBi5QHYeBvcNgO0nGTpfPed7O/ciFGpTPPbyKysrq1vZDdzW9s7u3v5/YOW5LHApIk546LjIkkYDUlTUcVIJxIEBS4jbXd0NfXbD0RIysM7NY6IE6BBSH2KkdJSP1+oXyYVuxj0zuyifaNzHurp+73NdcoWQ96rTvSUWTJngMvESkkBpGj081+2x3EckFBhhqTsWmaknAQJRTEjk5wdSxIhPEID0tU0RAGRTjJbZgJPtOJBnwt9QgVn6u9EggIpx4GrJwOkhnLRm4r/ed1Y+VUnoWEUKxLi+UN+zKDicNoM9KggWLGxJggLqv8K8RAJhJXuL6dLsBZXXiatcsk6L5VvK4VaPa0jC47AMTgFFrgANXANGqAJMHgEz+AVvBlPxovxbnzMRzNGmjkEf2B8/gC00Jos</latexit>

B =
4m3 ⇤4 Y

⇢8

MOND regime
<latexit sha1_base64="Gh6ZycD8i/+JjRprB00mzsBvHZA=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAIsbGMYD4gd4S9zVyyZPfu2N0TQsjfsLFQxNY/Y+e/cZNcoYkPBh7vzTAzL0wF18Z1v5219Y3Nre3CTnF3b//gsHR03NJJphg2WSIS1QmpRsFjbBpuBHZShVSGAtvh6G7mt59QaZ7Ej2acYiDpIOYRZ9RYyfe5tFtQk/qt2yuV3Yo7B1klXk7KkKPRK335/YRlEmPDBNW667mpCSZUGc4ETot+pjGlbEQH2LU0phJ1MJnfPCXnVumTKFG2YkPm6u+JCZVaj2VoOyU1Q73szcT/vG5moptgwuM0MxizxaIoE8QkZBYA6XOFzIixJZQpbm8lbEgVZcbGVLQheMsvr5JWteJdVaoPl+VaPY+jAKdwBhfgwTXU4B4a0AQGKTzDK7w5mfPivDsfi9Y1J585gT9wPn8AHvuRFg==</latexit>

=) B < 0
<latexit sha1_base64="7SojAbLdPsbFjIG88yUiDFkIXUs=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFMI1lRPMByRH2NnPJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaCUW3mt55QaR7LRzNO0I/oQPKQM2qs9FC7cXvFklt25yCrxMtICTLUe8Wvbj9maYTSMEG17nhuYvwJVYYzgdNCN9WYUDaiA+xYKmmE2p/MT52SM6v0SRgrW9KQufp7YkIjrcdRYDsjaoZ62ZuJ/3md1ITX/oTLJDUo2WJRmApiYjL7m/S5QmbE2BLKFLe3EjakijJj0ynYELzll1dJs1L2LsuV+4tS9TaLIw8ncArn4MEVVOEO6tAABgN4hld4c4Tz4rw7H4vWnJPNHMMfOJ8/hnqNTg==</latexit>

C < 0and

(ghost-like)

<latexit sha1_base64="T7KN/8h44ECT0HAR/AzhVCNlCHY=">AAACDXicbVC7TsMwFHV4lvIKMLJEFCSGqkqqCliQKrowMBSJPlCTVo7jtlbtOLIdpCrKD7DwKywMIMTKzsbf4LYZoOVIlo7OuUfX9/gRJVLZ9rextLyyurae28hvbm3v7Jp7+03JY4FwA3HKRduHElMS4oYiiuJ2JDBkPsUtf1Sb+K0HLCTh4Z0aR9hjcBCSPkFQaalnHtcuk7JbZG7RvdGpAHYrbvHe5TrjiiHvJo6dpj2zYJfsKaxF4mSkADLUe+aXG3AUMxwqRKGUHceOlJdAoQiiOM27scQRRCM4wB1NQ8iw9JLpNal1opXA6nOhX6isqfo7kUAm5Zj5epJBNZTz3kT8z+vEqn/hJSSMYoVDNFvUj6mluDWpxgqIwEjRsSYQCaL/aqEhFBApXWBel+DMn7xImuWSc1Yq31YK1ausjhw4BEfgFDjgHFTBNaiDBkDgETyDV/BmPBkvxrvxMRtdMrLMAfgD4/MHww2axQ==</latexit>

C =
2m⇤4 Y

⇢10

M. Hertzberg, J. Litterer, N. Shah, JCAP 11 (2021) 2105.02241

Obtain eigenvalues of effective metric

Conditions for hyperbolicity

Condition for subluminality

(Aharanov, Komar, Susskind;

Wald; Adams, Arkani-Hamed, 

Dubovsky, Nicolis, Rattazzi; 


Bruneton;…)

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+



Causal Propagation?

Evaluate in SFDM model

<latexit sha1_base64="mjebgiL1At7dwZAW1QYx+SzLvvQ=">AAACDHicbVC9TsMwGHTKXyl/BUYWiwqJoaqSUkEXpKosDAxFoj+oSSvHcVqrThzZDlIV9QFYeBUWBhBi5QHYeBvcNgO0nGTpfPed7O/ciFGpTPPbyKysrq1vZDdzW9s7u3v5/YOW5LHApIk546LjIkkYDUlTUcVIJxIEBS4jbXd0NfXbD0RIysM7NY6IE6BBSH2KkdJSP1+oXyYVuxj0zuyifaNzHurp+73NdcoWQ96rTvSUWTJngMvESkkBpGj081+2x3EckFBhhqTsWmaknAQJRTEjk5wdSxIhPEID0tU0RAGRTjJbZgJPtOJBnwt9QgVn6u9EggIpx4GrJwOkhnLRm4r/ed1Y+VUnoWEUKxLi+UN+zKDicNoM9KggWLGxJggLqv8K8RAJhJXuL6dLsBZXXiatcsk6L5VvK4VaPa0jC47AMTgFFrgANXANGqAJMHgEz+AVvBlPxovxbnzMRzNGmjkEf2B8/gC00Jos</latexit>

B =
4m3 ⇤4 Y

⇢8

Intermediate scales
<latexit sha1_base64="Gh6ZycD8i/+JjRprB00mzsBvHZA=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAIsbGMYD4gd4S9zVyyZPfu2N0TQsjfsLFQxNY/Y+e/cZNcoYkPBh7vzTAzL0wF18Z1v5219Y3Nre3CTnF3b//gsHR03NJJphg2WSIS1QmpRsFjbBpuBHZShVSGAtvh6G7mt59QaZ7Ej2acYiDpIOYRZ9RYyfe5tFtQk/qt2yuV3Yo7B1klXk7KkKPRK335/YRlEmPDBNW667mpCSZUGc4ETot+pjGlbEQH2LU0phJ1MJnfPCXnVumTKFG2YkPm6u+JCZVaj2VoOyU1Q73szcT/vG5moptgwuM0MxizxaIoE8QkZBYA6XOFzIixJZQpbm8lbEgVZcbGVLQheMsvr5JWteJdVaoPl+VaPY+jAKdwBhfgwTXU4B4a0AQGKTzDK7w5mfPivDsfi9Y1J585gT9wPn8AHvuRFg==</latexit>

=) B < 0
<latexit sha1_base64="7SojAbLdPsbFjIG88yUiDFkIXUs=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFMI1lRPMByRH2NnPJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaCUW3mt55QaR7LRzNO0I/oQPKQM2qs9FC7cXvFklt25yCrxMtICTLUe8Wvbj9maYTSMEG17nhuYvwJVYYzgdNCN9WYUDaiA+xYKmmE2p/MT52SM6v0SRgrW9KQufp7YkIjrcdRYDsjaoZ62ZuJ/3md1ITX/oTLJDUo2WJRmApiYjL7m/S5QmbE2BLKFLe3EjakijJj0ynYELzll1dJs1L2LsuV+4tS9TaLIw8ncArn4MEVVOEO6tAABgN4hld4c4Tz4rw7H4vWnJPNHMMfOJ8/hnqNTg==</latexit>

C < 0and

(superluminal)

<latexit sha1_base64="T7KN/8h44ECT0HAR/AzhVCNlCHY=">AAACDXicbVC7TsMwFHV4lvIKMLJEFCSGqkqqCliQKrowMBSJPlCTVo7jtlbtOLIdpCrKD7DwKywMIMTKzsbf4LYZoOVIlo7OuUfX9/gRJVLZ9rextLyyurae28hvbm3v7Jp7+03JY4FwA3HKRduHElMS4oYiiuJ2JDBkPsUtf1Sb+K0HLCTh4Z0aR9hjcBCSPkFQaalnHtcuk7JbZG7RvdGpAHYrbvHe5TrjiiHvJo6dpj2zYJfsKaxF4mSkADLUe+aXG3AUMxwqRKGUHceOlJdAoQiiOM27scQRRCM4wB1NQ8iw9JLpNal1opXA6nOhX6isqfo7kUAm5Zj5epJBNZTz3kT8z+vEqn/hJSSMYoVDNFvUj6mluDWpxgqIwEjRsSYQCaL/aqEhFBApXWBel+DMn7xImuWSc1Yq31YK1ausjhw4BEfgFDjgHFTBNaiDBkDgETyDV/BmPBkvxrvxMRtdMrLMAfgD4/MHww2axQ==</latexit>

C =
2m⇤4 Y

⇢10

M. Hertzberg, J. Litterer, N. Shah, JCAP 11 (2021) 2105.02241

Obtain eigenvalues of effective metric

Conditions for hyperbolicity

Condition for subluminality

(Aharanov, Komar, Susskind;

Wald; Adams, Arkani-Hamed, 

Dubovsky, Nicolis, Rattazzi; 


Bruneton;…)

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K

<latexit sha1_base64="LPmTpl832Q3hUcD8uMQu63tCu9M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL4KXBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6TzjNg=</latexit>

K
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+



Causal Propagation? - General Analysis

We proved that when        allow MOND regime
<latexit sha1_base64="Gh6ZycD8i/+JjRprB00mzsBvHZA=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAIsbGMYD4gd4S9zVyyZPfu2N0TQsjfsLFQxNY/Y+e/cZNcoYkPBh7vzTAzL0wF18Z1v5219Y3Nre3CTnF3b//gsHR03NJJphg2WSIS1QmpRsFjbBpuBHZShVSGAtvh6G7mt59QaZ7Ej2acYiDpIOYRZ9RYyfe5tFtQk/qt2yuV3Yo7B1klXk7KkKPRK335/YRlEmPDBNW667mpCSZUGc4ETot+pjGlbEQH2LU0phJ1MJnfPCXnVumTKFG2YkPm6u+JCZVaj2VoOyU1Q73szcT/vG5moptgwuM0MxizxaIoE8QkZBYA6XOFzIixJZQpbm8lbEgVZcbGVLQheMsvr5JWteJdVaoPl+VaPY+jAKdwBhfgwTXU4B4a0AQGKTzDK7w5mfPivDsfi9Y1J585gT9wPn8AHvuRFg==</latexit>

=) B < 0
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M. Hertzberg, J. Litterer, N. Shah, JCAP 11 (2021) 2105.02241

Obtain eigenvalues of effective metric

Conditions for hyperbolicity

Condition for subluminality

(Aharanov, Komar, Susskind;

Wald; Adams, Arkani-Hamed, 

Dubovsky, Nicolis, Rattazzi; 


Bruneton;…)
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(superluminal)



Part 2: Aspects of Light Condensates in Galaxies

Based on work:

                   Deng, Hertzberg, Namjoo, Masoumi 1804.05921 (PRD)



New novel scalar interactions are difficult to solve BTFR. 

What about scalars to solve the core-cusp problem?
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Core-Cusp Problem (Data)
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Data from: Rodriguez, del Popolo, Marra, de Oliveira 2017

Explained by
ultralight axions?

Hu, Barkana, Gruzinov 2000, ….
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Core Density Vs Core Radius (Ultralight Scalar in BEC)



                   Deng, Hertzberg, Namjoo, Masoumi 1804.05921 (PRD)

●

●●

●

●

●
●

●●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

● ●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

0.5 1 5 10

1

2

5

10

Core Radius Rc [kpc]

de
B
ro
gl
ie
W
av
el
en
gt
h

λ
[k
pc

]

Core Density Vs Core Radius (Ultralight Scalar in BEC)



Part 3: Aspects of Quantum Dark Matter

Based on work with:

Itamar Allali

Allali, Hertzberg 2005.12287 (JCAP), 2012.12903 (PRD), 2103.15892 (PRL)



Quantum: Any aspects of light scalar DM not  
captured by classical field theory?

Example: Quantum radiation (even at high occupancy) for appreciable self-couplings

Hertzberg 1003.3459 (PRD);   Hertzberg, Rompineve, Yang 2010.07927 (PRD)



Quantum Average vs Classical State

Sikivie, Todarello, 1607.00949

(Toy example)
Quantum Classical



Dynamics can launch states into 
Schrodinger cat-like states 

Schrodinger Cat Billiards

+

Albrecht, Phillips



Dynamics can launch states into 
Schrodinger cat-like states 

Dark Matter Schrodinger Cat (Axions)
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Hertzberg 1609.01342 (JCAP)

Stochastic Classical Treatment

Matches 

quantum

average



Quantum correlation functions are captured by  
stochastic classical averaging. 

Caveat: Precision requires sampling Wigner distribution

(Related to Stochastic Inflation)
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Dynamics can launch states into 
Schrodinger cat-like states 

Schrodinger Cat Billiards

+

Albrecht, Phillips

Quantumness destroyed due to 
DECOHERENCE



Dynamics can launch states into 
Schrodinger cat-like states 

Dark Matter Schrodinger Cat (Axions)

Quantumness destroyed due to 
DECOHERENCE???

Less clear because dark matter has
tiny (non-gravitational) interactions



Entanglement from Gravitational Scattering

Product State Entangled State

Probe particle | i
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(e.g., baryon,…)



Trace Out Probe Particle

Full Density Matrix

Reduced Density Matrix

Off diagonal elements; 
controlling true quantum effects

=



Result for Overlap of Probe Particle States

We evolve a Gaussian wave packet using perturbation theory

|h 1| 2i|2 = 1� 2�
<latexit sha1_base64="udLT1r4VvntAtNPu7Lin93/BQoQ=">AAACEnicbVDLSsNAFJ34rPUVdekmWARdWJKo6EYo6sJlBfuAJpbJ9LYdOpmEmYlQ2n6DG3/FjQtF3Lpy5984TbPQ1gOXezjnXmbuCWJGpbLtb2NufmFxaTm3kl9dW9/YNLe2qzJKBIEKiVgk6gGWwCiHiqKKQT0WgMOAQS3oXY392gMISSN+p/ox+CHucNqmBCstNc3Doccw7zDwYkmbzjBtridSbXjvXjhHrncNTOGmWbCLdgprljgZKaAM5ab55bUikoTAFWFYyoZjx8ofYKEoYTDKe4mEGJMe7kBDU45DkP4gPWlk7WulZbUjoYsrK1V/bwxwKGU/DPRkiFVXTntj8T+vkaj2uT+gPE4UcDJ5qJ0wS0XWOB+rRQUQxfqaYCKo/qtFulhgonSKeR2CM33yLKm6Ree4eHp7UihdZnHk0C7aQwfIQWeohG5QGVUQQY/oGb2iN+PJeDHejY/J6JyR7eygPzA+fwC1kZ14</latexit>

Probe particle | i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

p

p

<latexit sha1_base64="UrzhzNXi+vZJ/BMLqEPB9uSNKUY=">AAAB9HicdVDLSgMxFM34rPVVdekmWAQXUpKitt0V3bgRKtgHdIYhk6ZtaCYzJplCGfodblwo4taPceffmGkrqOiBC4dz7uXee4JYcG0Q+nCWlldW19ZzG/nNre2d3cLefktHiaKsSSMRqU5ANBNcsqbhRrBOrBgJA8Hawegq89tjpjSP5J2ZxMwLyUDyPqfEWMlz0xsfn7ph4mN36heKqIQQwhjDjODKBbKkVquWcRXizLIoggUafuHd7UU0CZk0VBCtuxjFxkuJMpwKNs27iWYxoSMyYF1LJQmZ9tLZ0VN4bJUe7EfKljRwpn6fSEmo9SQMbGdIzFD/9jLxL6+bmH7VS7mME8MknS/qJwKaCGYJwB5XjBoxsYRQxe2tkA6JItTYnPI2hK9P4f+kVS7h8xK6PSvWLxdx5MAhOAInAIMKqINr0ABNQME9eABP4NkZO4/Oi/M6b11yFjMH4Aect08xnpG9</latexit>

{M1, µ1}
<latexit sha1_base64="l1v3eg9pPPYgxBMhvI6BaYNqPBU=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBg4Qkxrbeil68CBVsLTQhbLbbduluEnc3hRL6O7x4UMSrP8ab/8ZNW0FFHww83pthZl6YMCqVZX0YhaXlldW14nppY3Nre6e8u9eWcSowaeGYxaITIkkYjUhLUcVIJxEE8ZCRu3B0mft3YyIkjaNbNUmIz9Egon2KkdKS72XXgXPi8TRwvGlQrljmeb3quFVomZZVsx07J07NPXWhrZUcFbBAMyi/e70Yp5xECjMkZde2EuVnSCiKGZmWvFSSBOERGpCuphHiRPrZ7OgpPNJKD/ZjoStScKZ+n8gQl3LCQ93JkRrK314u/uV1U9Wv+xmNklSRCM8X9VMGVQzzBGCPCoIVm2iCsKD6VoiHSCCsdE4lHcLXp/B/0nZM+8y0btxK42IRRxEcgENwDGxQAw1wBZqgBTC4Bw/gCTwbY+PReDFe560FYzGzD37AePsER8mRyw==</latexit>

{M2, µ2}

Allali, Hertzberg 2005.12287 (JCAP)



Decoherence Rate from N-Probe Particles

Off diagonal element
of density matrix

Decoherence rate

<latexit sha1_base64="rbppmERILHCgZ04u2GqoQIJqenk="></latexit>

NY

n=1

|h 1| 2i|n =
NY

n=1

(1��b) ⇠ e�
PN

n=1 �b

Allali, Hertzberg 2005.12287 (JCAP)



Diffuse scalars
(axions)

Probe: Diffuse baryons kp ⇠ mp vvir
<latexit sha1_base64="hIFe5t8yqIw7VbvfnuOFmW65gd4=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1ISH+iy6MZlBfuANoTJdNIOnUnCzKRQQ/FX3LhQxK3/4c6/cdpmoa0HLvdwzr3MnRMknCntON9WYWl5ZXWtuF7a2Nza3rF39xoqTiWhdRLzWLYCrChnEa1rpjltJZJiEXDaDAa3E785pFKxOHrQo4R6AvciFjKCtZF8+2DgJx3FBBKmnw79bMjk2LfLTsWZAi0SNydlyFHz7a9ONyapoJEmHCvVdp1EexmWmhFOx6VOqmiCyQD3aNvQCAuqvGx6/RgdG6WLwliaijSaqr83MiyUGonATAqs+2rem4j/ee1Uh9dexqIk1TQis4fClCMdo0kUqMskJZqPDMFEMnMrIn0sMdEmsJIJwZ3/8iJpnFXc88rl/UW5epPHUYRDOIITcOEKqnAHNagDgUd4hld4s56sF+vd+piNFqx8Zx/+wPr8AaQBlVs=</latexit>

Decoherence Rate

Decoherence Time

Application to Light Diffuse scalar DM (axions)

<latexit sha1_base64="gSYf4N8IVby/sXTEsOlXGvH5M0Q="></latexit>

�dec ⇠
G2 mp ⇢b ⇢2DM

m8
a v

9
vir

<latexit sha1_base64="/ndoGcPGOrxTE5RmH1YrrPshFZg=">AAACDnicbVDLSgMxFM3UV62vUZduBkvBVZ0RxW6EogtdVrAPaOtwJ5NpQ5PJkGSEMvQL3Pgrblwo4ta1O//G9LHQ1gOBk3PuJTknSBhV2nW/rdzS8srqWn69sLG5tb1j7+41lEglJnUsmJCtABRhNCZ1TTUjrUQS4AEjzWBwNfabD0QqKuI7PUxIl0MvphHFoI3k2yXtZyHBowvvuHMNnMP02kmkSLRwuA/3WWXk20W37E7gLBJvRopohppvf3VCgVNOYo0ZKNX23ER3M5CaYkZGhU6qSAJ4AD3SNjQGTlQ3m8QZOSWjhE4kpDmxdibq740MuFJDHphJDrqv5r2x+J/XTnVU6WY0TlJNYjx9KEqZY4KOu3FCKgnWbGgIYEnNXx3cBwlYmwYLpgRvPvIiaZyUvbOye3tarF7O6sijA3SIjpCHzlEV3aAaqiOMHtEzekVv1pP1Yr1bH9PRnDXb2Ud/YH3+AGISnFI=</latexit>

tdec = 1/�dec / m8
a

<latexit sha1_base64="cLLpBKmMPbDWyKaNAyEH7Q2OSYk=">AAACI3icbVDLSsNAFJ34rPVVdelmsAgupCRFUVyVunFZwT6gKeFmMm2HziRhZlIoIf/ixl9x40Ipblz4L07TLrT1wMDhnHO5c48fc6a0bX9Za+sbm1vbhZ3i7t7+wWHp6LilokQS2iQRj2THB0U5C2lTM81pJ5YUhM9p2x/dz/z2mErFovBJT2LaEzAIWZ8R0EbySneuSDzmKiZSx41M0uVmOAAvDeqXkGW5U3VjlptYeIDHXjpmMsu8Utmu2DnwKnEWpIwWaHilqRtEJBE01ISDUl3HjnUvBakZ4TQruomiMZARDGjX0BAEVb00vzHD50YJcD+S5oUa5+rviRSEUhPhm6QAPVTL3kz8z+smun/bS1kYJ5qGZL6on3CsIzwrDAdMUqL5xBAgkpm/YjIECUSbWoumBGf55FXSqlac64r9eFWu1Rd1FNApOkMXyEE3qIYeUAM1EUHP6BW9ow/rxXqzptbnPLpmLWZO0B9Y3z8g2qXN</latexit>

µi ⇠
1

�dB,a
⇠ 2⇡

mavvir

Allali, Hertzberg 2005.12287 (JCAP)

<latexit sha1_base64="PEkKNu+Ve9cf/Bn5721P//Qvxxg=">AAACFnicbVDNS8MwHE3n15xfVY9egkPwoKN1Ez2O6cHLYIL7gHWWNM22sLQpSSqM0r/Ci/+KFw+KeBVv/jdmWw+6+SDweO/9kvyeFzEqlWV9G7ml5ZXVtfx6YWNza3vH3N1rSR4LTJqYMy46HpKE0ZA0FVWMdCJBUOAx0vZGVxO//UCEpDy8U+OI9AI0CGmfYqS05JqndZc6kgZJxYmow3UUllNHDLmbXNdTh+mbfOQmfu0Epfdl1yxaJWsKuEjsjBRBhoZrfjk+x3FAQoUZkrJrW5HqJUgoihlJC04sSYTwCA1IV9MQBUT2kulaKTzSig/7XOgTKjhVf08kKJByHHg6GSA1lPPeRPzP68aqf9lLaBjFioR49lA/ZlBxOOkI+lQQrNhYE4QF1X+FeIgEwko3WdAl2PMrL5LWWck+L1m3lWK1ltWRBwfgEBwDG1yAKrgBDdAEGDyCZ/AK3own48V4Nz5m0ZyRzeyDPzA+fwArup9c</latexit>

Mi ⇠
4⇡

3
⇢DM�3

dB,a



Galactic Halo
Atmosphere

Hubble H0-1

Classical Coherence
Escape Atmosphere

10-9 10-7 10-5 0.001
10-20

10-10

1

1010

1020

Dark matter particle mass ma [eV/c2]

(In
ve
rs
e)
D
ec
oh
er
en
ce
R
at
e

Γ d
ec

-1
[s
ec

]

O(1)Mass and Size Parameters

Application to Light Diffuse scalar DM (axions)

Allali, Hertzberg 2005.12287 (JCAP)



Application to Boson Stars - Gravitational Condensates

Boson stars are much denser

Extremely rapid decoherence —> Very classical

Probe particle | i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

Boson star

Decoherence Rate

(e.g., baryon,…)

Allali, Hertzberg 2005.12287 (JCAP)



General Relativistic Extension

Probe particle | i
<latexit sha1_base64="7C4lCCzxv/hAVKAylIaRq6GsPX0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmAdklzA76U2GzM4uM7NCiPkNLx4U8erPePNvnCR70MSChqKqm+6uMBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMMWywRCSqHVKNgktsGG4EtlOFNA4FtsLh7dRvPaLSPJEPZpRiENO+5BFn1FjJf/JTzX1FZV9gt1xxq+4MZJl4OalAjnq3/OX3EpbFKA0TVOuO56YmGFNlOBM4KfmZxpSyIe1jx1JJY9TBeHbzhJxYpUeiRNmShszU3xNjGms9ikPbGVMz0IveVPzP62Qmug7GXKaZQcnmi6JMEJOQaQCkxxUyI0aWUKa4vZWwAVWUGRtTyYbgLb68TJpnVe+8enl/Uand5HEU4QiO4RQ8uIIa3EEdGsAghWd4hTcnc16cd+dj3lpw8plD+APn8wduf5Hy</latexit>

| 1i
<latexit sha1_base64="IUrk5fo6ZROpYG9B+nUjSeDY2jo=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSR+oMeiF48V7Ac0sWy2k3bpZhN2N0qJ/R9ePCji1f/izX/jts1BWx8MPN6bYWZekHCmtON8W4Wl5ZXVteJ6aWNza3unvLvXVHEqKTZozGPZDohCzgQ2NNMc24lEEgUcW8HweuK3HlAqFos7PUrQj0hfsJBRoo10/+QlinVdTxLR59gtV5yqM4W9SNycVCBHvVv+8noxTSMUmnKiVMd1Eu1nRGpGOY5LXqowIXRI+tgxVJAIlZ9Nrx7bR0bp2WEsTQltT9XfExmJlBpFgemMiB6oeW8i/ud1Uh1e+hkTSapR0NmiMOW2ju1JBHaPSaSajwwhVDJzq00HRBKqTVAlE4I7//IiaZ5U3dPq+e1ZpXaVx1GEAziEY3DhAmpwA3VoAAUJz/AKb9aj9WK9Wx+z1oKVz+zDH1ifP5tbkpY=</latexit>

| 2i
<latexit sha1_base64="81CF1CpkFH2TxoFBqav31LF4shE=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8laQqeix68VjBfkATy2Y7aZduNmF3o5TY/+HFgyJe/S/e/Ddu2xy09cHA470ZZuYFCWdKO863tbS8srq2Xtgobm5t7+yW9vabKk4lxQaNeSzbAVHImcCGZppjO5FIooBjKxheT/zWA0rFYnGnRwn6EekLFjJKtJHun7xEsW7Vk0T0OXZLZafiTGEvEjcnZchR75a+vF5M0wiFppwo1XGdRPsZkZpRjuOilypMCB2SPnYMFSRC5WfTq8f2sVF6dhhLU0LbU/X3REYipUZRYDojogdq3puI/3mdVIeXfsZEkmoUdLYoTLmtY3sSgd1jEqnmI0MIlczcatMBkYRqE1TRhODOv7xImtWKe1o5vz0r167yOApwCEdwAi5cQA1uoA4NoCDhGV7hzXq0Xqx362PWumTlMwfwB9bnD5zmkpc=</latexit>

(e.g., photon,…)

Rigorous quantum gravity calculation — General Relativity is a well behaved effective theory

Allali, Hertzberg 2012.12903 (PRD), 2103.15892 (PRL)



General Relativistic Extension

Decoherence Rate
for superposition of

different phases

Starting from QFT, can derive RSE for 1-particle sub-space:

So the phase is rather robust against decoherence

<latexit sha1_base64="LId/6OTJ7mHB3oFGagfNfe2VJEA="></latexit>

�dec / exp

"
�
m2

aE
2
p

µ2k2

#
⇠ exp


� 1

v2av
2
p

�

(ignoring spin)

Open question: are there observables in direct detection related to this?

Allali, Hertzberg 2012.12903 (PRD), 2103.15892 (PRL)



Conclusions

1. Superfluid dark matter (phonon with 1/r force) is a novel way (only known?) to obtain 
success of CDM on large scales and success of MOND (BTFR) on galactic scales.
We studied a general class of models, and proved that high energy perturbations 

always violate hyperbolicity — ghost like behavior — in MOND regime, while 

intermediate regimes can exhibit superluminality.  (Problems in related models too.)

3. Macroscopic quantum states of light scalar dark matter might exist and has been 
suggested by some to make the classical field theory approximation inaccurate.
We showed that classical stochastic averaging reproduces the quantum correlation 
functions; assuming a positive definite Wigner distribution exists initially.

2. An ultralight scalar has been suggested to explain the cores at centers of galaxies. 
But we showed that it is difficult to fit the pattern across galaxies.

Also, we found that very light scalar DM undergoes rapid decoherence of spatial 
profile, while phase superpositions may be long lived.


