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Gravitational detection of dark matter

Begeman, Broeils & Sanders MNRAS 249 (1991) 523

Dwarf galaxies

Real observation from Hubble eXtreme Deep 
Field Observations: left side 

Mock observation from Illustris: right side 
Illustris website

http://www.dailygalaxy.com/my_weblog/2015/08/dark-energy-observatory-
discovers-eight-celestial-objects-hovering-near-the-milky-way.html

ESA website 
http://sci.esa.int/
planck/51557-planck-
new-cosmic-recipe/

Bullet cluster 
https://en.wikipedia.org/wiki/
File:1e0657_scale.jpg
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Range of dark matter mass

We need to thoroughly test all well-motivated candidates

It is important to test all regions of dark matter parameter space, esp. regions 
where dark matter candidates saturate the cosmic dark matter density 
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Ferreira 2005.03254

See talks by D. Kaplan, F. Gao, T. Han, F. Bianchi, R. Maselek, T. Nguyen, N. Cao, C. Boehm, A. Long, B. 
Ivanov, N. V. Tran, F. Scutti, M. Citron, J. T. Acuna, A. Ganguly, K. Hamaguchi, N. Nguyen, and others
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Very light dark matter particle
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Very light dark matter particle
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Assuming a particle of mass      moving with a velocity   , the de Broglie wavelength 
is  

<latexit sha1_base64="RZPk4QoybUxtcOb+t5qHV4V+jbI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVo16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kD2M2M+w==</latexit>m <latexit sha1_base64="NwGGLh7KJH6m1IUq5ExMsb+mMPo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswOvTAyO7uZmSUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwfuY3R6g0j+WjGSfoR7QvecgZNVaqjbrFklt25yCrxMtICTJUu8WvTi9maYTSMEG1bntuYvwJVYYzgdNCJ9WYUDakfWxbKmmE2p/MD52SM6v0SBgrW9KQufp7YkIjrcdRYDsjagZ62ZuJ/3nt1IS3/oTLJDUo2WJRmApiYjL7mvS4QmbE2BLKFLe3EjagijJjsynYELzll1dJ46LsXZevapelyl0WRx5O4BTOwYMbqMADVKEODBCe4RXenCfnxXl3PhatOSebOYY/cD5/AOZxjQQ=</latexit>v

<latexit sha1_base64="pu+eAqqBNx8DU0VYPbawgC7iA4c="></latexit>

�dB ⌘ 2⇡

mv
= 0.55 kpc

✓
10�22 eV

m

◆✓
220 km s�1

v

◆

Given the local density of dark matter =                        , the de Broglie wavelength 
exceeds the inter-particle separation if

<latexit sha1_base64="A/zFDRsxNpRW9hxA/G1YryQrktY=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuNCQaL0siy50WcFeoIllMp20Q2eSMDMRSsjOja/ixoUibn0Fd76N0zYLbf1h4OM/53Dm/H7MqFS2/W0U5uYXFpeKy6WV1bX1DXNzqyGjRGBSxxGLRMtHkjAakrqiipFWLAjiPiNNf3A1qjcfiJA0Cu/UMCYeR72QBhQjpa2OuWtbFegepq7g8Jo0shwxz+7To5OsY5Ztyx4LzoKTQxnkqnXML7cb4YSTUGGGpGw7dqy8FAlFMSNZyU0kiREeoB5pawwRJ9JLx3dkcF87XRhEQr9QwbH7eyJFXMoh93UnR6ovp2sj879aO1HBhZfSME4UCfFkUZAwqCI4CgV2qSBYsaEGhAXVf4W4jwTCSkdX0iE40yfPQuPYcs6s09tKuXqZx1EEO2APHAAHnIMquAE1UAcYPIJn8ArejCfjxXg3PiatBSOf2QZ/ZHz+AHRjl9E=</latexit>

0.4GeV cm�3

Average number of particles in a de Broglie volume        is 
<latexit sha1_base64="vVL1Mo9FkMM2ztMpOJMXHdZK/k4=">AAAB+3icbVDJTsMwFHTKVsoWypGLRYXEqUrYj1W5cCwSXaQmRI7jtFZtJ7IdRBXlV7hwACGu/Ag3/gZ3OUDLSJZGM/P0nidMGVXacb6t0srq2vpGebOytb2zu2fvVzsqySQmbZywRPZCpAijgrQ11Yz0UkkQDxnphqObid99JFLRRNzrcUp8jgaCxhQjbaTArnrMhCMU5J7kMGoWD2eBXXPqzhRwmbhzUgNztAL7y4sSnHEiNGZIqb7rpNrPkdQUM1JUvEyRFOERGpC+oQJxovx8ensBj40SwTiR5gkNp+rviRxxpcY8NEmO9FAtehPxP6+f6fjaz6lIM00Eni2KMwZ1AidFwIhKgjUbG4KwpOZWiIdIIqxNXRVTgrv45WXSOa27l/WLu/NaozmvowwOwRE4AS64Ag1wC1qgDTB4As/gFbxZhfVivVsfs2jJms8cgD+wPn8Ab3OUDw==</latexit>

�3
dB

Hui 2101.11735

<latexit sha1_base64="rtFcJBOGZCoDFGL2b0JR2lxSXwE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXEhJfC+LblxWsA9oQplMb9qhM0mYmQgl1I2/4saFIm79C3f+jdM2C209cOFwzr3ce0+QcKa043xbhYXFpeWV4mppbX1jc8ve3mmoOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHAz9psPIBWLo3s9TMAXpBexkFGijdSx9wT2OCilmMCnDvaOM08KDI1Rxy47FWcCPE/cnJRRjlrH/vK6MU0FRJpyolTbdRLtZ0RqRjmMSl6qICF0QHrQNjQiApSfTT4Y4UOjdHEYS1ORxhP190RGhFJDEZhOQXRfzXpj8T+vnerwys9YlKQaIjpdFKYc6xiP48BdJoFqPjSEUMnMrZj2iSRUm9BKJgR39uV50jipuBeV87uzcvU6j6OI9tEBOkIuukRVdItqqI4oekTP6BW9WU/Wi/VufUxbC1Y+s4v+wPr8AbFClcc=</latexit>

m . 30 eV

<latexit sha1_base64="K2r9SuNtBZD5rediOL9N+63WQKA="></latexit>

NdB ⇡
✓
30 eV

m

◆4 ✓
250 km s�1

v

◆3
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Very light dark matter particle
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For                    , the dynamics can be described by the wave description due to the 
extremely large occupancy number 

In this talk, we concentrate on spin-0 particle, unless mentioned otherwise

<latexit sha1_base64="7t+pQzIemzHKd8eXp4XfN30RxmA=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFcSEl8L4tuXFawD2hCmUxv2qEzSZiZiCXkV9y4UMStP+LOv3HaZqGtBy4czrmXe+8JEs6Udpxva2l5ZXVtvbRR3tza3tm19yotFaeSQpPGPJadgCjgLIKmZppDJ5FARMChHYxuJ377EaRicfSgxwn4ggwiFjJKtJF6dkVgj3N85ngnmScFhlbes6tOzZkCLxK3IFVUoNGzv7x+TFMBkaacKNV1nUT7GZGaUQ552UsVJISOyAC6hkZEgPKz6e05PjJKH4exNBVpPFV/T2REKDUWgekURA/VvDcR//O6qQ6v/YxFSaohorNFYcqxjvEkCNxnEqjmY0MIlczciumQSEK1iatsQnDnX14krdOae1m7uD+v1m+KOEroAB2iY+SiK1RHd6iBmoiiJ/SMXtGblVsv1rv1MWtdsoqZffQH1ucPLiCTQw==</latexit>

m ⌧ 30 eV

Due to the Pauli exclusion principle, such a light dark matter particle is bosonic

Such very light dark matter is well motivated from various theoretical 
considerations: axions, axion-like particles from various string theory inspired 
models, and many others
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Cosmology of very light dark matter particle
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Cosmology of very light dark matter particle
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Assume that the scalar particle is denoted by 
<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g = determinant of the space-time metric <latexit sha1_base64="RIvUNBYMkrrSU//sJDPdtGTJJGQ=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKX8eiF48VrC3slpJNs21okl2SiVCW/gwvHhTx6q/x5r8xbfegrQ8GHu/NMDMvzgQ34PvfXmlldW19o7xZ2dre2d2r7h88mtRqylo0FanuxMQwwRVrAQfBOplmRMaCtePR7dRvPzFteKoeYJyxriQDxRNOCTgpHPTySFocKTvpVWt+3Z8BL5OgIDVUoNmrfkX9lFrJFFBBjAkDP4NuTjRwKtikElnDMkJHZMBCRxWRzHTz2ckTfOKUPk5S7UoBnqm/J3IijRnL2HVKAkOz6E3F/7zQQnLdzbnKLDBF54sSKzCkePo/7nPNKIixI4Rq7m7FdEg0oeBSqrgQgsWXl8njWT24rF/cn9caN0UcZXSEjtEpCtAVaqA71EQtRFGKntErevPAe/HevY95a8krZg7RH3ifP1S0kU0=</latexit>gµ⌫

<latexit sha1_base64="OGJqpSpY4MzB53+obkk0bvR7+JM=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoxmUF+4B2KJk004ZmMiHJCGXoR7hxoYhbv8edf2PazkJbD1w4nHMv994TKsGN9bxvtLK6tr6xWdgqbu/s7u2XDg6bJkk1ZQ2aiES3Q2KY4JI1LLeCtZVmJA4Fa4Wju6nfemLa8EQ+2rFiQUwGkkecEuukVrPSVUN+1iuVvao3A14mfk7KkKPeK311+wlNYyYtFcSYju8pG2REW04FmxS7qWGK0BEZsI6jksTMBNns3Ak+dUofR4l2JS2eqb8nMhIbM45D1xkTOzSL3lT8z+ukNroJMi5Vapmk80VRKrBN8PR33OeaUSvGjhCqubsV0yHRhFqXUNGF4C++vEya51X/qnr5cFGu3eZxFOAYTqACPlxDDe6hDg2gMIJneIU3pNALekcf89YVlM8cwR+gzx+HII8O</latexit>

V (�) = potential energy of the scalar field     .    
    
   We will only consider mass term              where       = scalar particle mass  

<latexit sha1_base64="CSyXaWxx6UzyxtLAdkiwM8Z5mag=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5VvfFwWWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWyI5J</latexit>

�

Equation of motion:                                 where     is the Hubble parameter 
<latexit sha1_base64="a6ql2g27xIRn3iVNsLZOWZX56gQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRC0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hofua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlbssjjycwCmcgwc3UIEq1KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AKC5jNY=</latexit>

H

= background energy density of the scalar particle

= background pressure of the scalar particle
<latexit sha1_base64="OzxwraAr4DQ4CeaBfhr3UyjEvDs=">AAACJXicbVDLSsNAFJ34rPUVdekmWBQ3liT4WigU3bisYB/QpGEynbRDJw9mJkIZ8jNu/BU3LiwiuPJXnLRZ1NYDMxzOuffO3OMnlHBhmt/a0vLK6tp6aaO8ubW9s6vv7Td5nDKEGyimMWv7kGNKItwQRFDcThiGoU9xyx/e537rGTNO4uhJjBLshrAfkYAgKJTk6TeOD5msZx48uXUCBpG0MmlnTi8W0kkGJOvaZzN66OVi157enl4xq+YExiKxClIBBeqePlaDURriSCAKOe9YZiJcCZkgiOKs7KQcJxANYR93FI1giLkrJ1tmxrFSekYQM3UiYUzU2Q4JQ85Hoa8qQygGfN7Lxf+8TiqCa1eSKEkFjtD0oSClhoiNPDKjRxhGgo4UgYgR9VcDDaDKRKhgyyoEa37lRdK0q9Zl9eLxvFK7K+IogUNwBE6BBa5ADTyAOmgABF7AG/gAY+1Ve9c+ta9p6ZJW9ByAP9B+fgFBmaW6</latexit>

P̄a =
1

2
�̇2 � 1

2
m2

��
2

<latexit sha1_base64="L+gAMLiwhmu55IyckMvypXn6i6Y=">AAACKHicbVDLSsNAFJ34rPUVdelmsCiCUJLgayMW3bisYB/QpGEynTRDJw9mJkIJ+Rw3/oobEUW69UuctF3U1gMzHM65987c4yWMCmkYI21peWV1bb20Ud7c2t7Z1ff2myJOOSYNHLOYtz0kCKMRaUgqGWknnKDQY6TlDe4Lv/VMuKBx9CSHCXFC1I+oTzGSSnL1W9tDPLN5EOcuOrmxfY5wZuaZldu9WGZ2EtC8a53N6KFbiF1rcrt6xagaY8BFYk5JBUxRd/UPNRinIYkkZkiIjmkk0skQlxQzkpftVJAE4QHqk46iEQqJcLLxojk8VkoP+jFXJ5JwrM52ZCgUYhh6qjJEMhDzXiH+53VS6V87GY2SVJIITx7yUwZlDIvUYI9ygiUbKoIwp+qvEAdIZSJVtmUVgjm/8iJpWlXzsnrxeF6p3U3jKIFDcAROgQmuQA08gDpoAAxewBv4BF/aq/aufWujSemSNu05AH+g/fwCBEOnKw==</latexit>

⇢̄a =
1

2
�̇2 +

1

2
m2

��
2

<latexit sha1_base64="+uYanCbdVXVfnxZWR5lgli4n6z4=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1klN0esmQ9YrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9WL+/NK7SaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AJl6jyk=</latexit>m�

<latexit sha1_base64="5UPNtDAimIQTkgJnEsE+G42RKhM=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoqXmMFC2OR6ENqQuS4TmvVdiLbQaqiLCz8CgsDCLHyD2z8DW6bAVqOdHWPzrlX9j1hwqjSjvNtlZaWV1bXyuuVjc2t7R17d6+t4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji6nvidByIVjcWdHifE52ggaEQx0kYK7EOvH0mEMzfP6jnkgZcM6X0dzlpgV52aMwVcJG5BqqBAM7C/vH6MU06Exgwp1XOdRPsZkppiRvKKlyqSIDxCA9IzVCBOlJ9Nr8jhsVH6MIqlKaHhVP29kSGu1JiHZpIjPVTz3kT8z+ulOrr0MyqSVBOBZw9FKYM6hpNIYJ9KgjUbG4KwpOavEA+RSUWb4ComBHf+5EXSrtfc89rZ7Wm1cVXEUQYH4AicABdcgAa4AU3QAhg8gmfwCt6sJ+vFerc+ZqMlq9jZB39gff4AaeyX4g==</latexit>

1

2
m2

��
2

<latexit sha1_base64="LeHX+7ZQgbe8nqF17cYtYkpDwyM=">AAACEHicbVDLSgMxFM34rPU16tJNsIiCUGbqcyMU3XRZwT6gMw6ZTNqGJjNDkhHK0E9w46+4caGIW5fu/Bsz7YDaeiG5J+fcm+QeP2ZUKsv6MubmFxaXlgsrxdW19Y1Nc2u7KaNEYNLAEYtE20eSMBqShqKKkXYsCOI+Iy1/cJ3prXsiJI3CWzWMictRL6RdipHSlGceOEEQqdSJ+3R0dFxzfg7cy/JdJdsvLc8sWWVrHHAW2DkogTzqnvmp78IJJ6HCDEnZsa1YuSkSimJGRkUnkSRGeIB6pKNhiDiRbjoeaAT3NRPAbiT0ChUcs787UsSlHHJfV3Kk+nJay8j/tE6iuhduSsM4USTEk4e6CYMqgpk7MKCCYMWGGiAsqP4rxH0kEFbaw6I2wZ4eeRY0K2X7rHx6c1KqXuV2FMAu2AOHwAbnoApqoA4aAIMH8ARewKvxaDwbb8b7pHTOyHt2wJ8wPr4BhPyc4w==</latexit>

�̈+ 3H�̇+m
2
�� = 0

Marsh 1510.07633; Ferreira 2005.03254

<latexit sha1_base64="6RdZGzkeZni29EpyqMKeiSkQ5vM="></latexit>

S� =

Z
d4x

p
�g


1

2
gµ⌫@µ�@⌫�� V (�)

�
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The equation of motion can be solved exactly for radiation dominated and matter 
dominated era, when the scale factor is represented by 

<latexit sha1_base64="0jjF0AShN7HmXq3dUgd09NT4kn8=">AAAB9HicbVDLTgIxFO3gC/GFunTTSExckRnja0l04xITeSQwkk4p0NBpa3uHhEz4DjcuNMatH+POv7HALBQ8yU1Ozrk3994TacEt+P63l1tZXVvfyG8WtrZ3dveK+wd1qxJDWY0qoUwzIpYJLlkNOAjW1IaROBKsEQ1vp35jxIzlSj7AWLMwJn3Je5wScFJIcFsbpUFheNSdYskv+zPgZRJkpIQyVDvFr3ZX0SRmEqgg1rYCX0OYEgOcCjYptBPLNKFD0mctRyWJmQ3T2dETfOKULu4p40oCnqm/J1ISWzuOI9cZExjYRW8q/ue1EuhdhymXOgEm6XxRLxF4+qRLAHe5YRTE2BFCDXe3YjoghlBwORVcCMHiy8ukflYOLssX9+elyk0WRx4doWN0igJ0hSroDlVRDVH0hJ7RK3rzRt6L9+59zFtzXjZziP7A+/wBc7OR6Q==</latexit>

a / tp

<latexit sha1_base64="WmPu/3P75I/fHuFGIUcxl9CvcwA="></latexit>

�(t) = a�3/2(t/ti)
1/2[C1Jn(m�t) + C2Yn(m�t)]

where                    and                      = Bessel functions of the first and second kind  
<latexit sha1_base64="Ce6Ba/sQZV98wzVtSqThR2mKTg4=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuLEk9bkRim5cVrAPaEOZTCft0MkkzEyEErPwV9y4UMStv+HOv3H6WGjrgQuHc+7l3nv8mDOlHefbyi0sLi2v5FcLa+sbm1v29k5dRYkktEYiHsmmjxXlTNCaZprTZiwpDn1OG/7gZuQ3HqhULBL3ehhTL8Q9wQJGsDZSx94T6Aq1u4HEJD1BMTpGbpaWs45ddErOGGieuFNShCmqHfur3Y1IElKhCcdKtVwn1l6KpWaE06zQThSNMRngHm0ZKnBIlZeO78/QoVG6KIikKaHRWP09keJQqWHom84Q676a9Ubif14r0cGllzIRJ5oKMlkUJBzpCI3CQF0mKdF8aAgmkplbEeljk4U2kRVMCO7sy/OkXi6556Wzu9Ni5XoaRx724QCOwIULqMAtVKEGBB7hGV7hzXqyXqx362PSmrOmM7vwB9bnD0XBlFs=</latexit>

n =
3p� 1

2

<latexit sha1_base64="cVCJaXSVbmt2W+gHm5TLMAmLigs=">AAAB/HicbZDLSgMxFIbP1Futt9Eu3QSLUKGUGfG2LLoRVxXsRdqhZNK0Dc1khiQjlqG+ihsXirj1Qdz5NqbtLLT1h8DHf87hnPx+xJnSjvNtZZaWV1bXsuu5jc2t7R17d6+uwlgSWiMhD2XTx4pyJmhNM81pM5IUBz6nDX94Nak3HqhULBR3ehRRL8B9wXqMYG2sjp2/6QhUfDwqoXYJ3c+4YxecsjMVWgQ3hQKkqnbsr3Y3JHFAhSYcK9VynUh7CZaaEU7HuXasaITJEPdpy6DAAVVeMj1+jA6N00W9UJonNJq6vycSHCg1CnzTGWA9UPO1iflfrRXr3oWXMBHFmgoyW9SLOdIhmiSBukxSovnIACaSmVsRGWCJiTZ55UwI7vyXF6F+XHbPyqe3J4XKZRpHFvbhAIrgwjlU4BqqUAMCI3iGV3iznqwX6936mLVmrHQmD39kff4ADB2Sdg==</latexit>

Jn(x), Yn(x)

<latexit sha1_base64="sQPLb/AbKi8RGiLGPH1BFHbfyqc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/ZEr1xxq+4MZJl4OalAjnqv/NXtxyyNuEImqTEdz03Qz6hGwSSflLqp4QllIzrgHUsVjbjxs9mpE3JilT4JY21LIZmpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/1MqCRFrth8UZhKgjGZ/k36QnOGcmwJZVrYWwkbUk0Z2nRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1oKTzxzCHzifP124jd4=</latexit>

ti= initial time and           = dimensional constant depending on the initial conditions 
<latexit sha1_base64="LMngoHoChBULzuxS+RodUZRQrU4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgoZTd4tex2IvHCtYWtsuSTbNtaDZZklmhlP4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0oFN+C6305hbX1jc6u4XdrZ3ds/KB8ePRqVacraVAmluxExTHDJ2sBBsG6qGUkiwTrRqDnzO09MG67kA4xTFiRkIHnMKQEr+c3Qq+JeFTfDeliuuDV3DrxKvJxUUI5WWP7q9RXNEiaBCmKM77kpBBOigVPBpqVeZlhK6IgMmG+pJAkzwWR+8hSfWaWPY6VtScBz9ffEhCTGjJPIdiYEhmbZm4n/eX4G8U0w4TLNgEm6WBRnAoPCs/9xn2tGQYwtIVRzeyumQ6IJBZtSyYbgLb+8Sh7rNe+qdnl/UWnc5nEU0Qk6RefIQ9eoge5QC7URRQo9o1f05oDz4rw7H4vWgpPPHKM/cD5/AKVEj40=</latexit>

C1, C2

The equation of motion can be solved numerically during other cosmological epochs

The equation of motion resembles a damped harmonic oscillator:

The term containing the Hubble parameter resembles the damping term

<latexit sha1_base64="LeHX+7ZQgbe8nqF17cYtYkpDwyM=">AAACEHicbVDLSgMxFM34rPU16tJNsIiCUGbqcyMU3XRZwT6gMw6ZTNqGJjNDkhHK0E9w46+4caGIW5fu/Bsz7YDaeiG5J+fcm+QeP2ZUKsv6MubmFxaXlgsrxdW19Y1Nc2u7KaNEYNLAEYtE20eSMBqShqKKkXYsCOI+Iy1/cJ3prXsiJI3CWzWMictRL6RdipHSlGceOEEQqdSJ+3R0dFxzfg7cy/JdJdsvLc8sWWVrHHAW2DkogTzqnvmp78IJJ6HCDEnZsa1YuSkSimJGRkUnkSRGeIB6pKNhiDiRbjoeaAT3NRPAbiT0ChUcs787UsSlHHJfV3Kk+nJay8j/tE6iuhduSsM4USTEk4e6CYMqgpk7MKCCYMWGGiAsqP4rxH0kEFbaw6I2wZ4eeRY0K2X7rHx6c1KqXuV2FMAu2AOHwAbnoApqoA4aAIMH8ARewKvxaDwbb8b7pHTOyHt2wJ8wPr4BhPyc4w==</latexit>

�̈+ 3H�̇+m
2
�� = 0

The term containing the mass term resembles the forcing term
Marsh 1510.07633
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Marsh 1510.07633

<latexit sha1_base64="IrnZ5sy2j2ja2bq824yQHhTpPT0=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGn7Xh0O/XbT1QbpuSDHac0EnggWcIItk4KcS/vaoGUIZNetebX/RnQMgkKUoMCzV71q9tXJBNUWsKxMWHgpzbKsbaMcDqpdDNDU0xGeEBDRyUW1ET57OQJOnFKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7wws8l1lDOZZpZKMl+UZBxZhab/oz7TlFg+dgQTzdytiAyxxsS6lCouhGDx5WXyeFYPLusX9+e1xk0RRxmO4BhOIYAraMAdNKEFBBQ8wyu8edZ78d69j3lryStmDuEPvM8fUBORSg==</latexit>aosc



Ranjan Laha

Cosmology of very light dark matter particle

12

At the earliest times:               and the scalar field is stuck at its initial value due to 
Hubble friction 

At these epochs, the equation of state is               , and the scalar field contributes 
to vacuum energy 

As time goes on, the value of      decreases whereas       remains constant

At later times,               and the scalar field undergoes an oscillatory behaviour

At these epochs, the equation of state is               , and the scalar field contributes 
to matter energy density

The energy density scales as 

<latexit sha1_base64="xZi8JhD67qsiLWkxQIA1onwI6p8=">AAAB8XicbVDLSgNBEOyNrxhfqx69DAbBU9gVXycJeskxgnlgsoTZyWwyZGZ2mZkVwpK/8OJBEa/+jTf/xkmyB00saCiquunuChPOtPG8b6ewsrq2vlHcLG1t7+zuufsHTR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0d3Ubz1RpVksH8w4oYHAA8kiRrCx0mMN3SDR6yZD1nPLXsWbAS0TPydlyFHvuV/dfkxSQaUhHGvd8b3EBBlWhhFOJ6VuqmmCyQgPaMdSiQXVQTa7eIJOrNJHUaxsSYNm6u+JDAutxyK0nQKboV70puJ/Xic10XWQMZmkhkoyXxSlHJkYTd9HfaYoMXxsCSaK2VsRGWKFibEhlWwI/uLLy6R5VvEvKxf35+XqbR5HEY7gGE7BhyuoQg3q0AACEp7hFd4c7bw4787HvLXg5DOH8AfO5w9fbpAX</latexit>

H > m�

<latexit sha1_base64="EdISpTro0jZ4nJo36VRgzpjCYPI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgxbArvi5C0IvHCOYBmyXMTmaTIbMzy0yvEpZ8hhcPinj1a7z5N06SPWhiQUNR1U13V5gIbsB1v53C0vLK6lpxvbSxubW9U97daxqVasoaVAml2yExTHDJGsBBsHaiGYlDwVrh8Hbitx6ZNlzJBxglLIhJX/KIUwJW8p+6nWTA8TU+8brlilt1p8CLxMtJBeWod8tfnZ6iacwkUEGM8T03gSAjGjgVbFzqpIYlhA5Jn/mWShIzE2TTk8f4yCo9HCltSwKeqr8nMhIbM4pD2xkTGJh5byL+5/kpRFdBxmWSApN0tihKBQaFJ//jHteMghhZQqjm9lZMB0QTCjalkg3Bm395kTRPq95F9fz+rFK7yeMoogN0iI6Rhy5RDd2hOmogihR6Rq/ozQHnxXl3PmatBSef2Ud/4Hz+ALt7kEA=</latexit>

w� = �1

Marsh 1510.07633

<latexit sha1_base64="a6ql2g27xIRn3iVNsLZOWZX56gQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRC0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hofua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlbssjjycwCmcgwc3UIEq1KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AKC5jNY=</latexit>

H
<latexit sha1_base64="+uYanCbdVXVfnxZWR5lgli4n6z4=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTk7TpZejuEcKQf/DiQRGv/o83/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1klN0esmQ9YrV/yqPwNaJkFOKpCj3it/dfuKpIJKSzg2phP4iQ0zrC0jnE5K3dTQBJMRHtCOoxILasJsdu0EnTilj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfF1mDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gEouhGDx5WXSPKsGl9WL+/NK7SaPowhHcAynEMAV1OAO6tAAAo/wDK/w5invxXv3PuatBS+fOYQ/8D5/AJl6jyk=</latexit>m�

<latexit sha1_base64="a+zvzOb/RKXK9hNdwyK4gRs8gzM=">AAAB8XicbVDLSgNBEOyNrxhfqx69DAbBU9gVXwcPQS85RjAPTJYwO5lNhszMLjOzQljyF148KOLVv/Hm3zhJ9qCJBQ1FVTfdXWHCmTae9+0UVlbX1jeKm6Wt7Z3dPXf/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLqb+q0nqjSL5YMZJzQQeCBZxAg2VnqsoRsket1kyHpu2at4M6Bl4uekDDnqPfer249JKqg0hGOtO76XmCDDyjDC6aTUTTVNMBnhAe1YKrGgOshmF0/QiVX6KIqVLWnQTP09kWGh9ViEtlNgM9SL3lT8z+ukJroOMiaT1FBJ5ouilCMTo+n7qM8UJYaPLcFEMXsrIkOsMDE2pJINwV98eZk0zyr+ZeXi/rxcvc3jKMIRHMMp+HAFVahBHRpAQMIzvMKbo50X5935mLcWnHzmEP7A+fwBXFiQFQ==</latexit>

H < m�

<latexit sha1_base64="OPdfHao0x4IPBbiaaFjVocWSlr8=">AAAB8XicbVDJSgNBEK2JW4xb1KOXxiB4CjPidhGCXjxGMAsmQ+jp1CRNenqG7h4lDPkLLx4U8erfePNv7CwHTXxQ8Hiviqp6QSK4Nq777eSWlldW1/LrhY3Nre2d4u5eXcepYlhjsYhVM6AaBZdYM9wIbCYKaRQIbASDm7HfeESleSzvzTBBP6I9yUPOqLHSw1OnnfQ5uSJup1hyy+4EZJF4M1KCGaqd4le7G7M0QmmYoFq3PDcxfkaV4UzgqNBONSaUDWgPW5ZKGqH2s8nFI3JklS4JY2VLGjJRf09kNNJ6GAW2M6Kmr+e9sfif10pNeOlnXCapQcmmi8JUEBOT8fukyxUyI4aWUKa4vZWwPlWUGRtSwYbgzb+8SOonZe+8fHZ3Wqpcz+LIwwEcwjF4cAEVuIUq1ICBhGd4hTdHOy/Ou/Mxbc05s5l9+APn8wdNsJAI</latexit>

w� = 0

<latexit sha1_base64="W6OQwn+GTR27z+xrQ5bLRjYvemA=">AAACAXicbVC7TsMwFHV4lvIKsCCxWFRILFQJ77GChbFI9CE1IXJcp7HqxJbtIFVRWfgVFgYQYuUv2Pgb3DYDtBzJ0tE59+r6nFAwqrTjfFtz8wuLS8ullfLq2vrGpr213VQ8k5g0MGdctkOkCKMpaWiqGWkLSVASMtIK+9cjv/VApKI8vdMDQfwE9VIaUYy0kQJ715MxDzwRU+gJyYXmEN3nRyfDwK44VWcMOEvcglRAgXpgf3ldjrOEpBozpFTHdYT2cyQ1xYwMy16miEC4j3qkY2iKEqL8fJxgCA+M0oURl+alGo7V3xs5SpQaJKGZTJCO1bQ3Ev/zOpmOLv2cpiLTJMWTQ1HGoMk5qgN2qSRYs4EhCEtq/gpxjCTC2pRWNiW405FnSfO46p5Xz25PK7Wroo4S2AP74BC44ALUwA2ogwbA4BE8g1fwZj1ZL9a79TEZnbOKnR3wB9bnDwJFlp0=</latexit>

⇢� / a�3
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In order to be dark matter, the scalar field needs to act as matter during the 
matter radiation equality, where                             , thus the scalar field mass 

The scale factor when the scalar field starts oscillating is denoted by 

The energy density of the scalar field after this period is                         

The energy density of the scalar field is determined by the value of the field 
determined by initial conditions and its mass — does not track the temperature of 
the Universe — thus, very light dark matter is non-thermal

The value of        is determined numerically by solving the evolution equation in the 
presence of real-Universe epochs

<latexit sha1_base64="CyKLoougy8ivX2PHpz4bZc0PIKQ=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0WooiUpProsuumygn1AE8NkOmmHTh7OTMQS8g9u/BU3LhRx68adf+O0zUJbD1w4nHMv997jRowKaRjfWm5hcWl5Jb9aWFvf2NzSt3daIow5Jk0cspB3XCQIowFpSioZ6UScIN9lpO0Or8Z++55wQcPgRo4iYvuoH1CPYiSV5OhH9RJyEov7kNylh9BCUcTDB2gat8lJpZpC6xhO3Vbq6EWjbEwA54mZkSLI0HD0L6sX4tgngcQMCdE1jUjaCeKSYkbSghULEiE8RH3SVTRAPhF2MvkphQdK6UEv5KoCCSfq74kE+UKMfFd1+kgOxKw3Fv/zurH0qnZCgyiWJMDTRV7MoAzhOCDYo5xgyUaKIMypuhXiAeIISxVjQYVgzr48T1qVsnlePrs+LdYuszjyYA/sgxIwwQWogTpogCbA4BE8g1fwpj1pL9q79jFtzWnZzC74A+3zB7/WnDU=</latexit>

H(aeq) ⇡ 10�28 eV
<latexit sha1_base64="Y6ryaztuByPhijq+4pi2jGkgQHg=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQktSfHQlRTcuK9gHNDFMppN26EwSZiZCCVm58VfcuFDErd/gzr9x2mahrQcuHM65l3vv8WNGpbKsb6OwsLi0vFJcLa2tb2xumds7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7w+ux334gQtIovFOjmLgc9UMaUIyUljxzn3tOPKDwEtrWfXpSrWXQOYapIzgkrcwzy1bFmgDOEzsnZZCj4ZlfTi/CCSehwgxJ2bWtWLkpEopiRrKSk0gSIzxEfdLVNEScSDedvJHBQ630YBAJXaGCE/X3RIq4lCPu606O1EDOemPxP6+bqKDmpjSME0VCPF0UJAyqCI4zgT0qCFZspAnCgupbIR4ggbDSyZV0CPbsy/OkVa3Y55Wz29Ny/SqPowj2wAE4Aja4AHVwAxqgCTB4BM/gFbwZT8aL8W58TFsLRj6zC/7A+PwB69eW4g==</latexit>

m� > 10�28 eV

<latexit sha1_base64="IrnZ5sy2j2ja2bq824yQHhTpPT0=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGn7Xh0O/XbT1QbpuSDHac0EnggWcIItk4KcS/vaoGUIZNetebX/RnQMgkKUoMCzV71q9tXJBNUWsKxMWHgpzbKsbaMcDqpdDNDU0xGeEBDRyUW1ET57OQJOnFKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7wws8l1lDOZZpZKMl+UZBxZhab/oz7TlFg+dgQTzdytiAyxxsS6lCouhGDx5WXyeFYPLusX9+e1xk0RRxmO4BhOIYAraMAdNKEFBBQ8wyu8edZ78d69j3lryStmDuEPvM8fUBORSg==</latexit>aosc

<latexit sha1_base64="EPNMgPVdmPlXpP/MXkwIDnw935Y="></latexit>

⇢�(a) ⇡ ⇢�(aosc)
⇣aosc

a

⌘3

where <latexit sha1_base64="lgajZE/k9B6NS5y+y4j1oZ8BiAU=">AAAB+HicbVDLSgNBEJyNrxgfiXr0MhgET2FXfJ0k6MVjBPOAZFl6J7PJkJnZZWZWiEu+xIsHRbz6Kd78GyfJHjSxoKGo6qa7K0w408Z1v53Cyura+kZxs7S1vbNbruztt3ScKkKbJOax6oSgKWeSNg0znHYSRUGEnLbD0e3Ubz9SpVksH8w4ob6AgWQRI2CsFFTKgK8xBFlPCRxrMgkqVbfmzoCXiZeTKsrRCCpfvX5MUkGlIRy07npuYvwMlGGE00mpl2qaABnBgHYtlSCo9rPZ4RN8bJU+jmJlSxo8U39PZCC0HovQdgowQ73oTcX/vG5qois/YzJJDZVkvihKOTYxnqaA+0xRYvjYEiCK2VsxGYICYmxWJRuCt/jyMmmd1ryL2vn9WbV+k8dRRIfoCJ0gD12iOrpDDdREBKXoGb2iN+fJeXHenY95a8HJZw7QHzifP7kEkoI=</latexit>

a > aosc

<latexit sha1_base64="IrnZ5sy2j2ja2bq824yQHhTpPT0=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgQ2S5idzCZD5rHMzAphyWd48aCIV7/Gm3/jJNmDJhY0FFXddHfFKWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRmWa0BZRXOlOjA3lTNKWZZbTTqopFjGn7Xh0O/XbT1QbpuSDHac0EnggWcIItk4KcS/vaoGUIZNetebX/RnQMgkKUoMCzV71q9tXJBNUWsKxMWHgpzbKsbaMcDqpdDNDU0xGeEBDRyUW1ET57OQJOnFKHyVKu5IWzdTfEzkWxoxF7DoFtkOz6E3F/7wws8l1lDOZZpZKMl+UZBxZhab/oz7TlFg+dgQTzdytiAyxxsS6lCouhGDx5WXyeFYPLusX9+e1xk0RRxmO4BhOIYAraMAdNKEFBBQ8wyu8edZ78d69j3lryStmDuEPvM8fUBORSg==</latexit>aosc

Marsh 1510.07633
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The de Broglie wavelength                                gives the positional uncertainty

Consider an object on the Hubble flow, i.e., receding from the origin at a velocity

For dark matter to clump, we want the positional uncertainty to be smaller than the 
radial co-ordinate:             implying 

For distances larger than                               , clumping happens and thus structure 
formation can take place at these large scales

Many cosmological constraints can be understood by comparing with the above 
mentioned length scale

Marsh and Hoof 2106.08797

<latexit sha1_base64="gdmcl5ah9mqmDwObRXPGRtkOoIM=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kok4msjFN10WcE+oAlhMp20QycPZm4KJWTjr7hxoYhbP8Odf+O0zUJbD1w4nHMv997jJ4IrsKxvo7Syura+Ud6sbG3v7O6Z+wdtFaeSshaNRSy7PlFM8Ii1gINg3UQyEvqCdfzR/dTvjJlUPI4eYZIwNySDiAecEtCSZx5ljh/gce418C1uYImdIYFM5p5ZtWrWDHiZ2AWpogJNz/xy+jFNQxYBFUSpnm0l4GZEAqeC5RUnVSwhdEQGrKdpREKm3Gz2QI5PtdLHQSx1RYBn6u+JjIRKTUJfd4YEhmrRm4r/eb0Ughs341GSAovofFGQCgwxnqaB+1wyCmKiCaGS61sxHRJJKOjMKjoEe/HlZdI+r9lXtcuHi2r9roijjI7RCTpDNrpGddRATdRCFOXoGb2iN+PJeDHejY95a8koZg7RHxifPwnblW4=</latexit>

vH = Hrr̂

<latexit sha1_base64="BqkiWprdvEI+XMrnUDcg5ycSakM=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzqwWME84BkCbOT3mTI7Ow6MyuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJIJr47rfztLyyuraemGjuLm1vbNb2ttv6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4M/GbT6g0j+WDGSXoR7QvecgZNVZqdW5RGEpUt1R2K+4UZJF4OSlDjlq39NXpxSyNUBomqNZtz02Mn1FlOBM4LnZSjQllQ9rHtqWSRqj9bHrvmBxbpUfCWNmShkzV3xMZjbQeRYHtjKgZ6HlvIv7ntVMTXvkZl0lqULLZojAVxMRk8jzpcYXMiJEllClubyVsQBVlxkZUtCF48y8vksZpxbuonN+flavXeRwFOIQjOAEPLqEKd1CDOjAQ8Ayv8OY8Oi/Ou/Mxa11y8pkD+APn8wePrY+s</latexit>
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=

1

m�Hr
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Dark matter must cluster within the cosmological horizon
<latexit sha1_base64="gCuoyiCQf6FCrMbVPTcm9fTiZLM=">AAAB+3icbVDLTsMwEHTKq5RXKEcuFhUSF6oE8TpWcOmxIPqQ2hA5rtNadRzLdlCrKL/ChQMIceVHuPE3uG0O0DLSSqOZXe3uBIJRpR3n2yqsrK6tbxQ3S1vbO7t79n65peJEYtLEMYtlJ0CKMMpJU1PNSEdIgqKAkXYwup367SciFY35g54I4kVowGlIMdJG8u3yvV+HPSSEjMew/pieuplvV5yqMwNcJm5OKiBHw7e/ev0YJxHhGjOkVNd1hPZSJDXFjGSlXqKIQHiEBqRrKEcRUV46uz2Dx0bpwzCWpriGM/X3RIoipSZRYDojpIdq0ZuK/3ndRIfXXkq5SDTheL4oTBjUMZwGAftUEqzZxBCEJTW3QjxEEmFt4iqZENzFl5dJ66zqXlYv7s4rtZs8jiI4BEfgBLjgCtRAHTRAE2AwBs/gFbxZmfVivVsf89aClc8cgD+wPn8Ard+TlA==</latexit>

RH ⇡ H
�1

Hubble scale today                               where 
<latexit sha1_base64="8fmMT8Rt+sbyyvY4orWq69bFX1E=">AAACDnicbZDLSsNAFIYn9VbrLerSzWApuKglEW8boeimywr2Ak0Mk+m0HTqThJmJUEKewI2v4saFIm5du/NtnKZZaOsPAx//OYcz5/cjRqWyrG+jsLS8srpWXC9tbG5t75i7e20ZxgKTFg5ZKLo+koTRgLQUVYx0I0EQ9xnp+OObab3zQISkYXCnJhFxORoGdEAxUtryzErDs+AVtC0LjqBThYkjOBzz1KlmJNP75NhOPbNs1axMcBHsHMogV9Mzv5x+iGNOAoUZkrJnW5FyEyQUxYykJSeWJEJ4jIakpzFAnEg3yc5JYUU7fTgIhX6Bgpn7eyJBXMoJ93UnR2ok52tT879aL1aDSzehQRQrEuDZokHMoArhNBvYp4JgxSYaEBZU/xXiERIIK51gSYdgz5+8CO2Tmn1eO7s9Ldev8ziK4AAcgiNggwtQBw3QBC2AwSN4Bq/gzXgyXox342PWWjDymX3wR8bnD9qymYk=</latexit>

H0 = 100h km s�1
<latexit sha1_base64="exHG+LurI4PKT2ZeKm5WzG9iB9s=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4WnZFrceiF48V7Ae0S8mm2TY0m41JtliW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvlJxp43nfzsrq2vrGZmGruL2zu7dfOjhs6CRVhNZJwhPVCrGmnAlaN8xw2pKK4jjktBkOb6d+c0SVZol4MGNJgxj3BYsYwcZKwQB1sJQqeUKeW+mWyp7rzYCWiZ+TMuSodUtfnV5C0pgKQzjWuu170gQZVoYRTifFTqqpxGSI+7RtqcAx1UE2O3qCTq3SQ1GibAmDZurviQzHWo/j0HbG2Az0ojcV//PaqYmug4wJmRoqyHxRlHJkEjRNAPWYosTwsSWYKGZvRWSAFSbG5lS0IfiLLy+TxrnrX7mX9xfl6k0eRwGO4QTOwIcKVOEOalAHAo/wDK/w5oycF+fd+Zi3rjj5zBH8gfP5A2gHkTk=</latexit>

h ⇡ 0.7

Any dark matter candidate must obey this bound

Marsh and Hoof 2106.08797

Dark matter was gravitationally relevant during matter - radiation equality:
<latexit sha1_base64="MpOEEIcRWWEDAlU+vspxGSpqXDY=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITFVCeW4VLIxFog+piSLHdVurthNsB1GiLPwKCwMIsfIZbPwNbpsBWo50paNz7tW994Qxo0o7zrc1N7+wuLRcWCmurq1vbNpb2w0VJRKTOo5YJFshUoRRQeqaakZasSSIh4w0w8HVyG/eE6loJG71MCY+Rz1BuxQjbaTA3n0MUk9ySO4y6KE4ltEDrFQunMAuOWVnDDhL3JyUQI5aYH95nQgnnAiNGVKq7Tqx9lMkNcWMZEUvUSRGeIB6pG2oQJwoPx0/kMEDo3RgN5KmhIZj9fdEirhSQx6aTo50X017I/E/r53o7rmfUhEnmgg8WdRNGNQRHKUBO1QSrNnQEIQlNbdC3EcSYW0yK5oQ3OmXZ0njqOyelk9ujkvVyzyOAtgD++AQuOAMVME1qIE6wCADz+AVvFlP1ov1bn1MWuesfGYH/IH1+QNmGJWi</latexit>

zeq ⇡ 3390

<latexit sha1_base64="BBGUzdYkhWGFNFaU2UZELRbwl3c="></latexit>
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The finite de Broglie wavelength causes a suppression in the number of dark matter 
halos and sub-halos below that particular length scale

Halo mass function Subhalo mass function

Figs. from Du, Behrens and Niemeyer 1608.02575

Smaller mass of the very light dark matter particle implies a larger cut-off in the 
halo and sub-halo masses
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Study of Milky Way satellites can constrain the particle property of dark matter: 
Nadler et al., found                                  .  The constraint depends on the Milky 
Way satellite modeling 

Nadler et al., 2008.00022

<latexit sha1_base64="IxmbH9SpQ+PGnZSWMBlCiCvgMDo=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0oSEpPjdSdOOygn1AE8NkOm2HziRhZiKUkE9w46+4caGIW5fu/BunbRbaeuDC4Zx7ufeeIGZUKtv+Ngpz8wuLS8Xl0srq2vqGubnVkFEiMKnjiEWiFSBJGA1JXVHFSCsWBPGAkWYwuB75zQciJI3COzWMicdRL6RdipHSkm/uc9+N+xRewop1AV1FOZHQse/To4qTQfcwdQWHpJH5Ztm27DHgLHFyUgY5ar755XYinHASKsyQlG3HjpWXIqEoZiQruYkkMcID1CNtTUOkF3vp+KEM7mmlA7uR0BUqOFZ/T6SISznkge7kSPXltDcS//PaieqeeykN40SREE8WdRMGVQRH6cAOFQQrNtQEYUH1rRD3kUBY6QxLOgRn+uVZ0qhYzql1cntcrl7lcRTBDtgFB8ABZ6AKbkAN1AEGj+AZvII348l4Md6Nj0lrwchntsEfGJ8/nKeadg==</latexit>

m� > 2.9⇥ 10�21 eV

Schutz 2001.05503

Study of Milky Way stellar streams and strong gravitational lensing of quasars can 
constrain the particle property of dark matter: Schutz found                                   .                                                                         

<latexit sha1_base64="1971vo4u2OqHxJ7Fy+5E9EcexFU=">AAACEXicbVDLSsNAFJ34rPUVdelmsAhdaEmKr5UU3bisYB/QxDCZTtqhM5MwMxFKyC+48VfcuFDErTt3/o3Tx0JbD1w4nHMv994TJowq7Tjf1sLi0vLKamGtuL6xubVt7+w2VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0goH1yO/9UCkorG408OE+Bz1BI0oRtpIgV3mgZf0KbyE1YoLPU05UdB17rPjqptD7whmnuSQNPPALjkVZww4T9wpKYEp6oH95XVjnHIiNGZIqY7rJNrPkNQUM5IXvVSRBOEB6pGOoQKZzX42/iiHh0bpwiiWpoSGY/X3RIa4UkMemk6OdF/NeiPxP6+T6ujCz6hIUk0EniyKUgZ1DEfxwC6VBGs2NARhSc2tEPeRRFibEIsmBHf25XnSNFGeVU5vT0q1q2kcBbAPDkAZuOAc1MANqIMGwOARPINX8GY9WS/Wu/UxaV2wpjN74A+szx/vo5qY</latexit>

m� > 2.1⇥ 10�21 eV
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https://nanograv.github.io/metronomedemo/
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The oscillating dark matter field is denoted by

Given this field, one can calculate the energy-momentum tensor 

The spatial components      oscillates in time with frequency 

<latexit sha1_base64="JI5r6DcldzsOa7ww5sk2yxCzAVw="></latexit>

Tµ⌫ = @µ�@⌫�� 1

2
gµ⌫((@�)

2 �m2
��

2)

<latexit sha1_base64="2z/oGwAIisTBOs/BkMa4KjbzhnU="></latexit>

�(x, t) = A(x) cos(m� t+ ↵(x))

<latexit sha1_base64="BKvDrLaUvq/wzq2bJ8Irj14N86Q=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIeUGyhNnJbDLJ7MwyMyuEJf/gxYMiXv0fb/6Ns8keNLGgoajqprsriDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQeT+8xvP1GlmRQNM42pH+GhYCEj2Fip1einbDzrlytu1Z0DrRIvJxXIUe+Xv3oDSZKICkM41rrrubHxU6wMI5zOSr1E0xiTCR7SrqUCR1T76fzaGTqzygCFUtkSBs3V3xMpjrSeRoHtjLAZ6WUvE//zuokJb/2UiTgxVJDFojDhyEiUvY4GTFFi+NQSTBSztyIywgoTYwMq2RC85ZdXSeui6l1Xrx4vK7W7PI4inMApnIMHN1CDB6hDEwiM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gC5Io8+</latexit>

Tij
<latexit sha1_base64="0JLUI4ZHfNuqbO0YgmjQGCZVU0c=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiTF10YounFZwT6gCWEynbRD5xFmJkqp/RQ3LhRx65e482+ctllo64ELh3Pu5d574pRRbTzv2ymsrK6tbxQ3S1vbO7t7bnm/pWWmMGliyaTqxEgTRgVpGmoY6aSKIB4z0o6HN1O//UCUplLcm1FKQo76giYUI2OlyC0HkpM+glewBnkUpAMauRWv6s0Al4mfkwrI0Yjcr6AnccaJMJghrbu+l5pwjJShmJFJKcg0SREeoj7pWioQJzocz06fwGOr9GAilS1h4Ez9PTFGXOsRj20nR2agF72p+J/XzUxyGY6pSDNDBJ4vSjIGjYTTHGCPKoING1mCsKL2VogHSCFsbFolG4K/+PIyadWq/nn17O60Ur/O4yiCQ3AEToAPLkAd3IIGaAIMHsEzeAVvzpPz4rw7H/PWgpPPHIA/cD5/AKookvw=</latexit>

! = 2m�

The average value of the pressure term is zero implying that the very light scalar 
particle acts as pressure-less dust

The oscillating pressure term causes oscillations in the gravitational potential, thus, 
impacting light propagation through them

<latexit sha1_base64="Ohm2ILiHanusXW21ysgMJ1JQDCM="></latexit>

Tij = �1

2
m2

�A
2 cos(! t+ 2↵) �ij ⌘ p(x, t) �ij

Khmelnitsky and Rubakov  

1309.5888 JCAP
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The gravitational fields,              and              induced by the scalar field can be 
determined using the metric:

<latexit sha1_base64="y5cVJLHIW5xWqwugPuhZn7zWFzY="></latexit>

ds2 =
�
1 + 2�(x, t)

�
dt2 �

�
1� 2 (x, t)

�
�ijdx

idxj

Since the underlying matter distribution oscillates, the potential can be written as  
<latexit sha1_base64="QOJD6N1/LfMdgrig1zenyRh4PXY="></latexit>

 (x, t) '  0(x) + c(x) cos (!t+ 2↵(x)) + s(x) sin (!t+ 2↵(x))

<latexit sha1_base64="030hicOcJCKqIhGwNt+H83/n9es=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQQUoivpZFNy4r2Ac0pUymk3boZBJmbtQS+yluXCji1i9x5984bbPQ1gMXDufcy733+LHgGhzn28otLa+sruXXCxubW9s7dnG3oaNEUVankYhUyyeaCS5ZHTgI1ooVI6EvWNMfXk/85j1TmkfyDkYx64SkL3nAKQEjde2iVxtwXE49P8CP42MMR1275FScKfAicTNSQhlqXfvL60U0CZkEKojWbdeJoZMSBZwKNi54iWYxoUPSZ21DJQmZ7qTT08f40Cg9HETKlAQ8VX9PpCTUehT6pjMkMNDz3kT8z2snEFx2Ui7jBJiks0VBIjBEeJID7nHFKIiRIYQqbm7FdEAUoWDSKpgQ3PmXF0njpOKeV85uT0vVqyyOPNpHB6iMXHSBqugG1VAdUfSAntErerOerBfr3fqYteasbGYP/YH1+QNQvpLB</latexit>

�(x, t)
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 (x, t)

and a similar equation for              and         is the phase 
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�(x, t)

The potential can be determined from Einstein’s equation using the energy-
momentum tensor: 
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The time-dependent oscillating metric causes a time-dependent frequency shift and 
a temporal delay for a propagating signal
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The change in arrival time of the pulse at time    is denoted by 
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The distance to the pulsar is      and the position of the pulsar is  
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It can be shown that the scalar field dark matter has the same effect as a 
monochromatic gravitational wave with strain

with frequency 
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Similar constraints from the NANOGrav collaboration 2306.16219

uncorrelated: coherence 
length of the very-light dark 
matter is less than the 
distance between pulsars and 
distance between pulsar and 
the Earth

correlated: coherence length 
of the very-light dark matter 
is larger than the distance 
between pulsars and distance 
between pulsar and the Earth

EPTA observations state that dark matter of mass       
contributes only 30% to 40% of the local dark matter density
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10�24 eV < m� < 10�23.4 eV

EPTA 2306.16228



Probing long-range muonic forces 
with neutron star systems

Dror, Laha, and Opferkuch  
Phys. Rev. D 102 (2020) 2, 023005 
1909.12845 

related work: Kopp, Laha, Opferkuch, and Shepherd  
JHEP 11 (2018) 096 
1807.02527
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Binary neutron star observation
GW170817

Component masses: 1.17 – 1.60 

Total mass of the system:																					

Luminosity distance:   Mpc 

Near co-incident detection of gamma-ray 
burst   

Radiated energy: > 0.025

Chirp mass:  

reduced mass

LIGO-Scientific and Virgo “GW170817: observation of gravitational waves from a binary neutron star inspiral”
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Semi-classical understanding of GW170817

Kepler’s law

NS NS

GW 
emission

Total energy of the system

Power radiated via 
gravitational waves

  : Energy conservation

Cartoon of neutron  
star inspiral

Kopp, Laha, Opferkuch, and 
Shepherd 1807.02527 JHEP

= neutron star

= distance between two neutron stars

GW frequency

Orbital frequency
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Muons inside neutron stars
Neutron stars host a large 
population of muons

Muon population arises 
from chemical equilibrium, 
charge neutrality, and a 
typical Fermi energy of  
~ 100 MeV

A pure Standard Model 
phenomenon

Muon fraction depends on 
the equation of state

Bell etal. 1904.09803, Garani and Heeck 1906.101445, Poddar etal. 
1908.09732, Pearson etal. 1903.04981
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A new Yukawa force (attractive/ repulsive) 

NS NS

µ− µ−

Gravitational 
attraction

New Yukawa force

GW emission

Emission of the 
new force carrier

= muonic charge in neutron star

= mass of the mediator of 
the new Yukawa force

= coupling of the new 
force

Croon etal., Astrophys. J. 858 (2018) no.1, L2

Dror, Laha, and Opferkuch 1909.12845 
PRD

Kopp, Laha, Opferkuch, and 
Shepherd 1807.02527 JHEP
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Probing long-range muonic interactions 

Dror, Laha, and Opferkuch 1909.12845 
PRD

Huge discovery potential on exotic long-range forces due to muons 

LIGO – VIRGO can probe large parts of the unexplored parameter space  
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force

See also Poddar etal. 1908.09732
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Probing long-range muonic interactions 

Einstein Telescope, Cosmic Explorer, and other near-future gravitational wave 
observatories have great potential to discover new parts of the parameter space 

Neutron star – black hole mergers hold promising avenues for discovery
Dror, Laha, and Opferkuch 1909.12845 
PRD
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Conclusions

Questions & comments: ranjanlaha@iisc.ac.in

Very light dark matter particle and dark sector particles are one of the most 
promising candidates of beyond the Standard Model physics

I have talked about the phenomenology of very light dark matter particle/ dark 
sector particles in four different regimes:  
cosmological observations,  
sub-halo mass function,  
pulsar timing array observations, and  
muonic forces in neutron star systems

Promising avenues for discovery

There are many other probes of these particles: 
superradiance, 
galaxy rotation curves, 
dynamical friction, and 
many other others



Banares-Hernandez et al., 
2304.05793


