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Motivation
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WIMPS have not been detected yet!

SuperCDMS Dark Matter Limit Plotter

Consider feebly-interacting massive particles (FIMPs) 
instead:

• They are never in thermal equilibrium.

• Production occurs via freeze-in mechanism.

• Avoids direct and indirect detection.

• Depends on the initial conditions of inflation and 
the reheating mechanism.

In such models, the coupling between the visible 
and dark sectors is assumed to be sufficiently small 
to ensure out-of-equilibrium production.

One can consider purely gravitational 
production of dark matter!



Overview
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Particle creation in 
expanding universes.

Gravitationally 
produced scalar dark 

matter.

Dark matter creation 
during inflation and 

reheating.



Quantization in Curved Spacetime
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Our starting point: QFT in curved spacetime.

Flat spacetime Curved spacetime

• Massive scalar field action in curved spacetime:

<latexit sha1_base64="2fWd+ayign/jeCG77wkcZuc/11Q="></latexit>

MP = 1/
p

8⇡GN ' 2.435⇥ 1018 GeV

<latexit sha1_base64="KcgGVhT8oI/TvwgDdWT0RIMsY5k="></latexit>

g ⌘ det(gµ⌫) is the metric determinant

<latexit sha1_base64="jt86KJhihJ4jVMsAyujAJ1kecJE=">AAACBnicbVDJSgNBEO1xjXEb9SjCYBA8hRkJ6jHoxWMMZoFkCD2dmqRJz0J3TSAMmYsXf8WLB0W8+g3e/Bs7y0ETHxQ83quiqp4XC67Qtr+NldW19Y3N3FZ+e2d3b988OKyrKJEMaiwSkWx6VIHgIdSQo4BmLIEGnoCGN7id+I0hSMWj8AFHMbgB7YXc54yiljrmSTVtyyDjKsM+ZFXOGM9YIocUEwnjjlmwi/YU1jJx5qRA5qh0zK92N2JJACEyQZVqOXaMbkolciZgnG8nCmLKBrQHLU1DGoBy0+kbY+tMK13Lj6SuEK2p+nsipYFSo8DTnQHFvlr0JuJ/XitB/9pNeRgnCCGbLfITYWFkTTKxulwCQzHShDLJ9a0W61NJGerk8joEZ/HlZVK/KDqXxdJ9qVC+mceRI8fklJwTh1yRMrkjFVIjjDySZ/JK3own48V4Nz5mrSvGfOaI/IHx+QMu2Zo7</latexit>

R is the Ricci curvature

<latexit sha1_base64="Jd9oxTfG29SzmB3XfVFYb3DvDqQ=">AAACBHicbVBLSwMxGMzWV62vVY+9BIvgqexKUY9FL3qrYB/QlpJNs21oHkuSFZalghf/ihcPinj1R3jz35hu96CtA4HJfN+QzAQRo9p43rdTWFldW98obpa2tnd299z9g5aWscKkiSWTqhMgTRgVpGmoYaQTKYJ4wEg7mFzN5u17ojSV4s4kEelzNBI0pBgZKw3cck/x9EaELLsjlTw0pCHCUMSmA7fiVb0McJn4OamAHI2B+9UbShxz68cMad31vcj0U6QMxYxMS71YkwjhCRqRrqUCcaL7aRZiCo+tMoShVPYIAzP1tyNFXOuEB3aTIzPWi7OZ+N+sG5vwop9SEcU2GJ4/FMYMGglnjcAhVQQblliCsKL2rxCPkULY2N5KtgR/MfIyaZ1W/bNq7bZWqV/mdRRBGRyBE+CDc1AH16ABmgCDR/AMXsGb8+S8OO/Ox3y14OSeQ/AHzucPJ2eZEw==</latexit>

Inflationary Potential

<latexit sha1_base64="8yBGAt4SnU2wbeGDs/5+Q4OtIDs="></latexit>
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<latexit sha1_base64="yVRN8AK6Bxepr8tutguL6rk0/Wo=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAInsKuBPUY1IOXQIS8IAlhdtJJhszsLjO9YlgC/ooXD4p49Tu8+TdOHgdNLGgoqrpnusuPpDDout9OamV1bX0jvZnZ2t7Z3cvuH9RMGGsOVR7KUDd8ZkCKAKooUEIj0sCUL6HuD28mfv0BtBFhUMFRBG3F+oHoCc7QSp3sUQvhEbVKbku0xIyhFdBq3Mnm3Lw7BV0m3pzkyBzlTvar1Q15rCBALu0zTc+NsJ0wjYJLGGdasYGI8SHrQ9PSgCkw7WS6/pieWqVLe6G2FSCdqr8nEqaMGSnfdiqGA7PoTcT/vGaMvat2IoIoRgj47KNeLCmGdJIF7QoNHOXIEsa1sLtSPmCacbSJZWwI3uLJy6R2nvcu8oX7Qq54PY8jTY7JCTkjHrkkRXJHyqRKOEnIM3klb86T8+K8Ox+z1pQznzkkf+B8/gDv+5V7</latexit>

DM Mass Term
<latexit sha1_base64="gS/L+2F1QRXSq+QguiBIbSFyGvs=">AAACDnicbVC7SgNBFJ31bXxFLW0GQ8Aq7IqoZTAWNoKC0UCyhNnJTTI4O7vM3AmGJV9g46/YWChia23n3zhJtvB1YOBwzr3cOSdKpTDo+5/ezOzc/MLi0nJhZXVtfaO4uXVtEqs51HkiE92ImAEpFNRRoIRGqoHFkYSb6LY29m8GoI1I1BUOUwhj1lOiKzhDJ7WL5RbCHeo4Oz2ntcS6k6pHMaHYB1qzesDQahi1iyW/4k9A/5IgJyWS46Jd/Gh1Em5jUMglM6YZ+CmGGdMouIRRoWUNpIzfsh40HVUsBhNmkzgjWnZKh3YT7Z5COlG/b2QsNmYYR24yZtg3v72x+J/XtNg9DjOhUoug+PRQ18pJXtcN7QgNHOXQEca1cH+lvM804+gaLLgSgt+R/5Lr/UpwWDm4PChVT/I6lsgO2SV7JCBHpErOyAWpE07uySN5Ji/eg/fkvXpv09EZL9/ZJj/gvX8BYM6cVQ==</latexit>

DM Coupling to the Curvature
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Non-Perturbative Production of Dark Matter

<latexit sha1_base64="Ki05cAmm6l9qM+GHVZJjcBdF8bs=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCBymJFPVY9OKxgv2AJpTNdtou3Wzi7qYQQv0rXjwo4tUf4s1/47bNQVsfDDzem2FmXhBzprTjfFuFtfWNza3idmlnd2//wD48aqkokRSaNOKR7AREAWcCmpppDp1YAgkDDu1gfDvz2xOQikXiQacx+CEZCjZglGgj9exyB3vwmLAJJtijI4a9c9yzK07VmQOvEjcnFZSj0bO/vH5EkxCEppwo1XWdWPsZkZpRDtOSlyiICR2TIXQNFSQE5Wfz46f41Ch9PIikKaHxXP09kZFQqTQMTGdI9EgtezPxP6+b6MG1nzERJxoEXSwaJBzrCM+SwH0mgWqeGkKoZOZWTEdEEqpNXiUTgrv88ippXVTdy2rtvlap3+RxFNExOkFnyEVXqI7uUAM1EUUpekav6M16sl6sd+tj0Vqw8pky+gPr8weJSZNp</latexit>

X ⌘ a�

<latexit sha1_base64="xPmdr7Dp/wUVhb9R1NUkM+TLopk=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5JIUfFU9KK3CvYD2lA2m227dLMJuxOlxPafePGgiFd/iTf/jds2B219MPB4b4aZeX4suAbH+bZyK6tr6xv5zcLW9s7unl3cb+goUZTVaSQi1fKJZoJLVgcOgrVixUjoC9b0h9dTv/nAlOaRvIdRzLyQ9CXvcUrASF272FFhegsTwUigJxCNL7t2ySk7M+Bl4makhDLUuvZXJ4hoEjIJVBCt264Tg5cSBZwKNi50Es1iQoekz9qGShIy7aWz08f42CgB7kXKlAQ8U39PpCTUehT6pjMkMNCL3lT8z2sn0LvwUi7jBJik80W9RGCI8DQHHHDFKIiRIYQqbm7FdEAUoWDSKpgQ3MWXl0njtOyelSt3lVL1Kosjjw7RETpBLjpHVXSDaqiOKHpEz+gVvVlP1ov1bn3MW3NWNnOA/sD6/AHrTZRw</latexit>

It leads to :

<latexit sha1_base64="Uc4BiKrNKhSNbrptuh1g6t4XPZQ=">AAAB/HicbVBNSwMxEM3Wr1q/Vnv0EiyCp7Iroh6LvXisYD+gXUo2nbahSXZJssKytH/FiwdFvPpDvPlvTNs9aOuDgcd7M8zMC2POtPG8b6ewsbm1vVPcLe3tHxweuccnLR0likKTRjxSnZBo4ExC0zDDoRMrICLk0A4n9bnffgKlWSQfTRpDIMhIsiGjxFip75Z7SmT1SA4jJQifGSZg2ncrXtVbAK8TPycVlKPRd796g4gmAqShnGjd9b3YBBlRhlEO01Iv0RATOiEj6FoqiQAdZIvjp/jcKgNs99uSBi/U3xMZEVqnIrSdgpixXvXm4n9eNzHD2yBjMk4MSLpcNEw4NhGeJ4EHTAE1PLWEUMXsrZiOiSLU2LxKNgR/9eV10rqs+tfVq4erSu0uj6OITtEZukA+ukE1dI8aqIkoStEzekVvzsx5cd6dj2VrwclnyugPnM8frayVcw==</latexit>

Conformal time
<latexit sha1_base64="396Rbs6k2fLq9BykjvYC7dirTSs=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiZSVBCh6MZlBfuAJpTJZNIOnTyYuRFL6K+4caGIW3/EnX/jpM1CWw/cy+Gce5k7x0sEV2BZ30ZpZXVtfaO8Wdna3tndM/erHRWnkrI2jUUsex5RTPCItYGDYL1EMhJ6gnW98W3udx+ZVDyOHmCSMDckw4gHnBLQ0sCs+nDqO0BS7Fzh67yRgVmz6tYMeJnYBamhAq2B+eX4MU1DFgEVRKm+bSXgZkQCp4JNK06qWELomAxZX9OIhEy52ez2KT7Wio+DWOqKAM/U3xsZCZWahJ6eDAmM1KKXi/95/RSCSzfjUZICi+j8oSAVGGKcB4F9LhkFMdGEUMn1rZiOiCQUdFwVHYK9+OVl0jmr2+f1xn2j1rwp4iijQ3SETpCNLlAT3aEWaiOKntAzekVvxtR4Md6Nj/loySh2DtAfGJ8/c9SSxQ==</latexit>

dt/d⌧ = a
<latexit sha1_base64="9R6f8WihDanVrT2eNee0KLz6tSk=">AAAB+XicbVDJSgNBEK1xjXEb9eilMYie4owE9Rj04jGCWSAzhJ6enqRJz2IvgTDkT7x4UMSrf+LNv7GTzEETHxQ83quiql6QcSaV43xbK6tr6xubpa3y9s7u3r59cNiSqRaENknKU9EJsKScJbSpmOK0kwmK44DTdjC8m/rtERWSpcmjGmfUj3E/YREjWBmpZ9tnyKNPmo1QeBF6CuueXXGqzgxombgFqUCBRs/+8sKU6JgminAsZdd1MuXnWChGOJ2UPS1phskQ92nX0ATHVPr57PIJOjVKiKJUmEoUmqm/J3IcSzmOA9MZYzWQi95U/M/rahXd+DlLMq1oQuaLIs2RStE0BhQyQYniY0MwEczcisgAC0yUCatsQnAXX14mrcuqe1WtPdQq9dsijhIcwwmcgwvXUId7aEATCIzgGV7hzcqtF+vd+pi3rljFzBH8gfX5A2Flkt4=</latexit>0 ⌘ d/d⌧

<latexit sha1_base64="dW2OvbdTCRVvUbvkgN8bx4o0Ceo=">AAACGHicbVC7TgJBFJ3FF+Jr1ZJmIjGxIruGqCVRC0tMBExgQ2aHC0yYfWTmrpFsKPwNf8BW/8DO2Nr5A36HA2wh4EkmOTnn3Nw7x4+l0Og431ZuZXVtfSO/Wdja3tnds/cPGjpKFIc6j2Sk7n2mQYoQ6ihQwn2sgAW+hKY/vJr4zQdQWkThHY5i8ALWD0VPcIZG6tjFNsIjqiC9ZmpIA4YIijI+Mccdu+SUnSnoMnEzUiIZah37p92NeBJAiFwyrVuuE6OXMoWCSxgX2omGmPEh60PL0JAFoL10+okxPTZKl/YiZV6IdKr+nUhZoPUo8E3SnDnQc56v2BBwvJifBP/LtxLsXXipCOMEIeSz5b1EUozopCXaFQo4ypEhjCth7qd8wJQpxnRZMMW4izUsk8Zp2T0rV24rpeplVlGeFMkROSEuOSdVckNqpE44eSIv5JW8Wc/Wu/Vhfc6iOSubOSRzsL5+AVIAoO8=</latexit>

Dark matter action

V. Mukhanov and S. Winitzki
“Quantum Effects in gravity”

Non-Minimal Coupling

<latexit sha1_base64="dQwKOhVJApPLgJ9BX0YMtcfCp1Q=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0V0VZJQVBCh6MZlBfuAJg2T6aQdOnkwMxFKyCf4G/6AW/0Dd+LCjUu/w0mbhW09MMPhnHO5M8eLGRXSML600srq2vpGebOytb2zu6fvH7RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxvf5n7nkXBBo/BBTmLiBGgYUp9iJJXk6qdtN7XxiGbQvoLX+WX7HOHUzFIrg0Hfgrnbt1y9atSMKeAyMQtSBQWarv5jDyKcBCSUmCEheqYRSydFXFLMSFaxE0FihMdoSHqKhiggwkmnH8rgiVIG0I+4OqGEU/XvRIoCISaBp5IBkiMx53kcjYnMFvN58L98L5H+pZPSME4kCfFsuZ8wKCOYNwYHlBMs2UQRhDlV74d4hFRJUvVaUcWYizUsk7ZVM89r9ft6tXFTVFQGR+AYnAETXIAGuANN0AIYPIEX8AretGftXfvQPmfRklbMHII5aN+/vUSjcg==</latexit>
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<latexit sha1_base64="nvfpYIRt7lxos0TDJ+gFcaz5rV4=">AAACEXicbZC7TsMwFIadcivlVmBkiaiQOlUJQsBYwcJYpN6kNqoc56S1aseR7SBVUfoILLwKCwMIsbKx8Ta4bQZo+SVLn/5zju3z+zGjSjvOt1VYW9/Y3Cpul3Z29/YPyodHbSUSSaBFBBOy62MFjEbQ0lQz6MYSMPcZdPzx7azeeQCpqIiaehKDx/EwoiElWBtrUK6mfcnT5gimXHCIdMINBKCmIpxq44YUWDDNsu6gXHFqzlz2Krg5VFCuxqD81Q8ESWaXEoaV6rlOrL0US00Jg6zUTxTEmIzxEHoGI8xBeel8o8w+M05gh0KaE2l77v6eSDFXasJ908mxHqnl2sz8r9ZLdHjtpTSKEw0RWTwUJszWwp7FYwdUAtFsYgATSc1fbTLCEhNtQiyZENzllVehfV5zL2sX9xeV+k0eRxGdoFNURS66QnV0hxqohQh6RM/oFb1ZT9aL9W59LFoLVj5zjP7I+vwBwlSfgA==</latexit>

The momentum modes of the field X

<latexit sha1_base64="7sSPG9uKV7dDCtuMd1IB0hq1dHw="></latexit>

where k is the comoving momentum and â†k and âk are the creation and annihilation operators

<latexit sha1_base64="RJ01db3B9LSyMm3RPjCJdwh9Q5g=">AAACHHicbVA9SwNBEN2LXzF+RS1tFoNgEcKdilqKNpYRjAkkIcztzSVL9vaO3T0hHLn/YeNfsbFQxMZC8N+4iSn8ejDweG+GmXl+Irg2rvvhFObmFxaXisulldW19Y3y5taNjlPFsMFiEauWDxoFl9gw3AhsJQoh8gU2/eHFxG/eotI8ltdmlGA3gr7kIWdgrNQrH3ZUlDUx59KoOEgZ5pBrBgJUHoAa5hEYgyoPOYpgXKUdNuDVXrni1twp6F/izUiFzFDvld86QczSCKVhArRue25iuhkow5nAcamTakyADaGPbUslRKi72fS5Md2zSkDDWNmShk7V7xMZRFqPIt922mMH+rc3Ef/z2qkJT7sZl0lqULKvRWEqqInpJCkacIXMiJElwBS3t1I2AAXMBqJLNgTv98t/yc1BzTuuHV0dVc7OZ3EUyQ7ZJfvEIyfkjFySOmkQRu7IA3kiz8698+i8OK9frQVnNrNNfsB5/wR/m6N0</latexit>

We introduce a scalar dark matter field,�,

<latexit sha1_base64="7yaNMCKuU5mDH2sgQoxf1b+neKw="></latexit>
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<latexit sha1_base64="+ZtiWiOTnTUHpax3Uy5u7HZiec0="></latexit>
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<latexit sha1_base64="2y4RZlzrwoSAPYGGT06C37qHCLo=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBbBU0lEVDwVveitgv2ANpTNZtIu3WzC7kYooT168a948aCIV/+BN/+N2zYHbX0w8Hhvhpl5fsKZ0o7zbRWWlldW14rrpY3Nre0de3evoeJUUqjTmMey5RMFnAmoa6Y5tBIJJPI5NP3B9cRvPoBULBb3epiAF5GeYCGjRBupa+OOjLJboWUcpBTGZCxBUcIhGIcMeDC67Nplp+JMgReJm5MyylHr2l+dIKZpBEJTTpRqu06ivYxIzSiHUamTKkgIHZAetA0VJALlZdNPRvjIKAEOY2lKaDxVf09kJFJqGPmmMyK6r+a9ifif1051eOFlTCSpBkFni8KUYx3jSSw4YBKo5kNDCJXM3Ippn0hCtQmvZEJw519eJI2TintWOb07LVev8jiK6AAdomPkonNURTeohuqIokf0jF7Rm/VkvVjv1sestWDlM/voD6zPHwhAmzA=</latexit>

Introduce a rescaled field :
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Non-Perturbative Production of Dark Matter
<latexit sha1_base64="w82GHh4Y5HtwdJz4DJhVd6Y+lZg=">AAACE3icbVA7SwNBGNzzGeMrammzGASxCHciainaWEYwD0hC2Nt8MUv2cex+J4Yj/8HGv2JjoYitjZ3/xs2jUOPAwjAzH8tMnEjhMAy/grn5hcWl5dxKfnVtfWOzsLVddSa1HCrcSGPrMXMghYYKCpRQTywwFUuoxf3LkV+7A+uE0Tc4SKCl2K0WXcEZeqldOGwi3KNVWQ2oUIlxQLEHtGaNdn3BNOVGd8QoO2wXimEpHIPOkmhKimSKcrvw2ewYnirQyCVzrhGFCbYyZlFwCcN8M3WQMN5nt9DwVDMFrpWNOw3pvlc6tGusfxrpWP15kTHl3EDFPqkY9txfbyT+5zVS7J61MqGTFEHzyUfdVFI0dDQQ7QgLHOXAE8atr84p7zHLOPoZ836E6G/lWVI9KkUnpePr4+L5xXSOHNkle+SAROSUnJMrUiYVwskDeSIv5DV4DJ6Dt+B9Ep0Lpjc75BeCj2/5l57d</latexit>

We impose the Wronskian condition

<latexit sha1_base64="KmPpf3OoD28eH/HypqeeKMI7xzs=">AAACDXicbVC7SgNBFJ31bXxFLW0Go2AVdiWoWIk2lgrGBJIQZmfvmsGZ2XXmrhiW/ICNv2JjoYitvZ1/4+RRaOKBgcM553LnnjCVwqLvf3tT0zOzc/MLi4Wl5ZXVteL6xrVNMsOhyhOZmHrILEihoYoCJdRTA0yFEmrh7Vnfr92DsSLRV9hNoaXYjRax4Ayd1C7uNBEe0Ki8BjQWOqLYAaqSCCjcZYOMPe61iyW/7A9AJ0kwIiUywkW7+NWMEp4p0Mgls7YR+Cm2cmZQcAm9QjOzkDJ+y26g4ahmCmwrH1zTo7tOiWicGPc00oH6eyJnytquCl1SMezYca8v/uc1MoyPWrnQaYag+XBRnEmKCe1XQyNhgKPsOsK4Ee6vlHeYYRxdgQVXQjB+8iS53i8HB+XKZaV0cjqqY4FskW2yRwJySE7IObkgVcLJI3kmr+TNe/JevHfvYxid8kYzm+QPvM8fnX2b6g==</latexit>

We find the mode equations:

<latexit sha1_base64="uX1cbpK3P342so3oEP+7bG5MuKk="></latexit>

To solve the mode equations, we choose the positive frequency of the Bunch-Davies vacuum:

T.S Bunch and P.C. W. Davies, 1977

<latexit sha1_base64="JG7wHXvRt/PG+zmyu28cfL3/mW0=">AAACEHicbVDLSgMxFM3UV62vUZdugsUHCGWmFHUjFN24rGAf0MeQSe+0ocnMkGSEMvQT3Pgrblwo4talO//G9LHQ1gPJPZxzL8k9fsyZ0o7zbWWWlldW17LruY3Nre0de3evpqJEUqjSiEey4RMFnIVQ1UxzaMQSiPA51P3BzdivP4BULArv9TCGtiC9kAWMEm0kzz5pRQJ6xBt0ivgYX+FxPcPE3MJLW1KkEASjUafo2Xmn4EyAF4k7I3k0Q8Wzv1rdiCYCQk05UarpOrFup0RqRjmMcq1EQUzogPSgaWhIBKh2OllohI+M0sVBJM0JNZ6ovydSIpQaCt90CqL7at4bi/95zUQHl+2UhXGiIaTTh4KEYx3hcTq4yyRQzYeGECqZ+SumfSIJ1SbDnAnBnV95kdSKBfe8ULor5cvXsziy6AAdolPkogtURreogqqIokf0jF7Rm/VkvVjv1se0NWPNZvbRH1ifP1Jmmus=</latexit>

!2
k = k2 + a2m2

e↵

<latexit sha1_base64="udHw4ccuN01UAnIVptXbineN6LU=">AAACE3icbVDLSsNAFJ34rPUVdelmsIhSsCRSVChC0Y3LCvYBTQyT6aQdOpOEmYlQQv/Bjb/ixoUibt2482+cpllo64HLHM65lzv3+DGjUlnWt7GwuLS8slpYK65vbG5tmzu7LRklApMmjlgkOj6ShNGQNBVVjHRiQRD3GWn7w+uJ334gQtIovFOjmLgc9UMaUIyUljyz3PGGUNd9WnZiQTkZQ3gCM6WcPUcQOrVLpwapZ5asipUBzhM7JyWQo+GZX04vwgknocIMSdm1rVi5KRKKYkbGRSeRJEZ4iPqkq2mIOJFumt00hoda6cEgErpCBTP190SKuJQj7utOjtRAznoT8T+vm6jgwk1pGCeKhHi6KEgYVBGcBAR7VBCs2EgThAXVf4V4gATCSsdY1CHYsyfPk9ZpxT6rVG+rpfpVHkcB7IMDcAxscA7q4AY0QBNg8AiewSt4M56MF+Pd+Ji2Lhj5zB74A+PzB41Umsk=</latexit>

XkX
⇤0
k �X⇤

kX
0
k = i

<latexit sha1_base64="GVyUK+sYelspf08EY7QTWsF8Aq0="></latexit>

Xk(⌧0) =
1p
2!k

, X 0
k(⌧0) = � i!kp

2!k
<latexit sha1_base64="5iFKw08ow67CoOQ6Mai+jOWm/PQ="></latexit>

These initial conditions correspond to the zero-particle initial state.

<latexit sha1_base64="PE0iDuSVEv7+H6lmeUEHG+Yzb1A=">AAACDXicbVBNS8MwGE7n15xfVY9eglMQlNGOoYIIQy8eJ7gPWGtJs2wLS9qSpMIo+wNe/CtePCji1bs3/41p14NuPpDw5Hnelzfv40eMSmVZ30ZhYXFpeaW4Wlpb39jcMrd3WjKMBSZNHLJQdHwkCaMBaSqqGOlEgiDuM9L2R9ep334gQtIwuFPjiLgcDQLapxgpLXnmQccb3VfhMXRCTgYoe2gJOhfwMr0s6JyUPLNsVawMcJ7YOSmDHA3P/HJ6IY45CRRmSMqubUXKTZBQFDMyKTmxJBHCIzQgXU0DxIl0k2ybCTzUSg/2Q6FPoGCm/u5IEJdyzH1dyZEaylkvFf/zurHqn7sJDaJYkQBPB/VjBlUI02hgjwqCFRtrgrCg+q8QD5FAWOkA0xDs2ZXnSatasU8rtdtauX6Vx1EEe2AfHAEbnIE6uAEN0AQYPIJn8ArejCfjxXg3PqalBSPv2QV/YHz+AIbkmAc=</latexit>

X2
k + !2

kXk = 0
<latexit sha1_base64="72TbXkJkj88EMztRwzq7P0h9do8="></latexit>

m2
e↵ = m2

� +
1

6
(1� 6⇠)R

<latexit sha1_base64="TSYG06Uu+RG5bDhGgHCICER/PqY=">AAAB+HicbVBNT8JAEN36ifhB1aOXjcTEi6QlRD0SvXBEIx8JVLJdprBht627WxNs+CVePGiMV3+KN/+NC/Sg4EsmeXlvJjPz/JgzpR3n21pZXVvf2Mxt5bd3dvcK9v5BU0WJpNCgEY9k2ycKOAuhoZnm0I4lEOFzaPmj66nfegSpWBTe6XEMniCDkAWMEm2knl24xV3FBDzgM7dcuy/37KJTcmbAy8TNSBFlqPfsr24/oomAUFNOlOq4Tqy9lEjNKIdJvpsoiAkdkQF0DA2JAOWls8Mn+MQofRxE0lSo8Uz9PZESodRY+KZTED1Ui95U/M/rJDq49FIWxomGkM4XBQnHOsLTFHCfSaCajw0hVDJzK6ZDIgnVJqu8CcFdfHmZNMsl97xUuakUq1dZHDl0hI7RKXLRBaqiGqqjBqIoQc/oFb1ZT9aL9W59zFtXrGzmEP2B9fkDk3mRvw==</latexit>

R ' �12H2

<latexit sha1_base64="+QGd04Pn5P9HbUMrkqFuHcyGCw0=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBG8WHaXol6EopceK9gfaLclm2bb0CS7JFmhLPsAXnwVLx4U8eoDePNtzLZ70NaBwGRmPpJv/IhRpW3721pZXVvf2CxsFbd3dvf2SweHLRXGEpMmDlkoOz5ShFFBmppqRjqRJIj7jLT9yW3mtx+IVDQU93oaEY+jkaABxUgbaVAq80HSkzwhQZCmfRdew0zAY5pdzqFb77tFk7Ir9gxwmTg5KYMcjUHpqzcMccyJ0JghpbqOHWkvQVJTzEha7MWKRAhP0Ih0DRWIE+Uls2VSeGqUIQxCaY7QcKb+nkgQV2rKfZPkSI/VopeJ/3ndWAdXXkJFFGsi8PyhIGZQhzBrBg6pJFizqSEIS2r+CvEYSYS16S8rwVlceZm03IpzUaneVcu1m7yOAjgGJ+AMOOAS1EAdNEATYPAInsEreLOerBfr3fqYR1esfOYI/IH1+QMNWZms</latexit>

m
2
e↵ = m

2
� � 2H2

<latexit sha1_base64="shmuIC4DBaWY7Hi2urKEhB2+n1I=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclZlS1I1QdOOygn1AOw6ZNNOGJpkhyQhlmJUbf8WNC0Xc+g3u/Bsz7Sy09cCFk3PuJfeeIGZUacf5tpaWV1bX1ksb5c2t7Z1de2+/raJEYtLCEYtkN0CKMCpIS1PNSDeWBPGAkU4wvs79zgORikbiTk9i4nE0FDSkGGkj+fYR99O+5CkJwyy7r8FLmAt4RPNH2bcrTtWZAi4StyAVUKDp21/9QYQTToTGDCnVc51YeymSmmJGsnI/USRGeIyGpGeoQJwoL52ekcETowxgGElTQsOp+nsiRVypCQ9MJ0d6pOa9XPzP6yU6vPBSKuJEE4FnH4UJgzqCeSZwQCXBmk0MQVhSsyvEIyQR1ia5PAR3/uRF0q5V3bNq/bZeaVwVcZTAITgGp8AF56ABbkATtAAGj+AZvII368l6sd6tj1nrklXMHIA/sD5/AOQvmBk=</latexit>

m2
e↵ = m2

�

<latexit sha1_base64="jUobaGj9KOHTwnXvkhtRv51LYq4=">AAACAXicbVDLSgNBEJz1GeNr1YvgZTAInsKuBPUY9OIxonlAsoTZSScZMvtgpjcYlnjxV7x4UMSrf+HNv3GS7EETCxqKqm66u/xYCo2O820tLa+srq3nNvKbW9s7u/befk1HieJQ5ZGMVMNnGqQIoYoCJTRiBSzwJdT9wfXErw9BaRGF9ziKwQtYLxRdwRkaqW0fthAeUAVpB+idQARFh0wmMG7bBafoTEEXiZuRAslQadtfrU7EkwBC5JJp3XSdGL2UKRRcwjjfSjTEjA9YD5qGhiwA7aXTD8b0xCgd2o2UqRDpVP09kbJA61Hgm86AYV/PexPxP6+ZYPfSS0UYJwghny3qJpJiRCdx0I5QwFGODGFcCXMr5X2mGDdJ6LwJwZ1/eZHUzoruebF0WyqUr7I4cuSIHJNT4pILUiY3pEKqhJNH8kxeyZv1ZL1Y79bHrHXJymYOyB9Ynz/6XZc9</latexit>

de Sitter value

<latexit sha1_base64="X/WcRoTtGZL6dgkfjz4ok9nb7FM=">AAACA3icbVDLSgMxFM3UV62vqjvdBIvgqsxIUZdVQVxWsA9oS8mkt21oJjMmd8QyFNz4K25cKOLWn3Dn35g+Ftp6IHA4515uzvEjKQy67reTWlhcWl5Jr2bW1jc2t7LbOxUTxppDmYcy1DWfGZBCQRkFSqhFGljgS6j6/cuRX70HbUSobnEQQTNgXSU6gjO0Uiu710B4QB0k56obS6bplYa7GBQfDFvZnJt3x6DzxJuSHJmi1Mp+NdohjwNQyCUzpu65ETYTplFwCcNMIzYQMd5nXahbqlgAppmMMwzpoVXatBNq+xTSsfp7I2GBMYPAt5MBw56Z9Ubif149xs5ZMxEqitHGmhzqxJJiSEeF0LbQwFEOLGFcC/tXyntMM462towtwZuNPE8qx3nvJF+4KeSKF9M60mSfHJAj4pFTUiTXpETKhJNH8kxeyZvz5Lw4787HZDTlTHd2yR84nz/WdJhM</latexit>

Angular Frequency

<latexit sha1_base64="oFUj9CFHsWF4Lmkgfwku8EMrQbg=">AAACAnicbVA9SwNBEN3zM8avUyuxWQyCVbiToJbBNDZCBPMByRH2Nptkye7esTsnhiPY+FdsLBSx9VfY+W/cJFdo4oOBx3szzMwLY8ENeN63s7S8srq2ntvIb25t7+y6e/t1EyWashqNRKSbITFMcMVqwEGwZqwZkaFgjXBYmfiNe6YNj9QdjGIWSNJXvMcpASt13MM2sAfQMr3hiksicCVK7F7VH3fcglf0psCLxM9IAWWodtyvdjeiiWQKqCDGtHwvhiAlGjgVbJxvJ4bFhA5Jn7UsVUQyE6TTF8b4xCpd3Iu0LQV4qv6eSIk0ZiRD2ykJDMy8NxH/81oJ9C6DlKs4AabobFEvERgiPMkDd7lmFMTIEkI1t7diOiCaULCp5W0I/vzLi6R+VvTPi6XbUqF8lcWRQ0foGJ0iH12gMrpGVVRDFD2iZ/SK3pwn58V5dz5mrUtONnOA/sD5/AH3cJfO</latexit>

Minimal Coupling
<latexit sha1_base64="kQl34pvE28jVM10v+T/ZgQaNo5w=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgFXYlqGUwjWUE84AkhNnJJBkyj2XmrhiWFDb+io2FIrZ+hJ1/4+RRaOKBC4dz7uXee6JYcAtB8O1l1tY3Nrey27md3b39A//wqG51YiirUS20aUbEMsEVqwEHwZqxYURGgjWiUWXqN+6ZsVyrOxjHrCPJQPE+pwSc1PXzbWAPYGRa0aqvjSQCV3TiNqvBpOsXgmIwA14l4YIU0ALVrv/V7mmaSKaACmJtKwxi6KTEAKeCTXLtxLKY0BEZsJajikhmO+nsiQk+dUoPuxtcKcAz9fdESqS1Yxm5TklgaJe9qfif10qgf9VJuYoTYIrOF/UTgUHjaSK4xw2jIMaOEGq4uxXTITGEgsst50IIl19eJfXzYnhRLN2WCuXrRRxZlEcn6AyF6BKV0Q2qohqi6BE9o1f05j15L9679zFvzXiLmWP0B97nD6HPmLw=</latexit>

Conformal Coupling
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<latexit sha1_base64="0VzXkwkNOOXyMK0aHlw0chLhE+4="></latexit>

Since the scale factor a grows, the mode frequency increases
<latexit sha1_base64="eH2fd6+A2aB+7UPKffOAKG+PCHM=">AAACFHicbVBNSwMxFMz6bf2qevQSrIIglF0p6lH04lHB1kJbSjZ92w3NJkvyVi1Lf4QX/4oXD4p49eDNf2Nae1DrQGCYeY+XmTCVwqLvf3pT0zOzc/MLi4Wl5ZXVteL6Rs3qzHCoci21qYfMghQKqihQQj01wJJQwnXYOxv61zdgrNDqCvsptBLWVSISnKGT2sX9JsIdmiS/ioWlEljHUtQUY6Bdo28xpjqiO6rd2ykP2sWSX/ZHoJMkGJMSGeOiXfxodjTPElDIJbO2EfgptnJmUHAJg0Izs5Ay3mNdaDiqWAK2lY9CDeiuUzo00sY9hXSk/tzIWWJtPwndZMIwtn+9ofif18gwOm7lQqUZguLfh6JMjmK7hmhHGOAo+44wboT7K+UxM4yj67HgSgj+Rp4ktYNycFiuXFZKJ6fjOhbIFtkmeyQgR+SEnJMLUiWc3JNH8kxevAfvyXv13r5Hp7zxzib5Be/9C8U4nf0=</latexit>

This leads to the growth of nk.
<latexit sha1_base64="QBM8zXIu9JE4tSTZNPbwVbSdH4E="></latexit>

End of inflation, when Vend = �̇
2
end and H

2
endM

2
P = Vend/2

<latexit sha1_base64="Xb/g6XSoxhabqABLJGTkPxGjSrw="></latexit>

!2
k ⌘ k2 + a2

✓
m2

� +
1

6
(1� 6⇠)R

◆

<latexit sha1_base64="xD3UbVsIIggOR5abCWo+4h4KbrA="></latexit>

n�

✓
a

aend

◆3

=

Z 1

k0

dk

k
Nk

<latexit sha1_base64="CvFngPMlsaJX4VzFkxDJEuqBTj4="></latexit>

Nk =
k3

2⇡2
f�(k, t)

<latexit sha1_base64="yO1kQXzesiWa0xPk6ysaDZ6i08A=">AAACJXicbVC7SgNBFJ31bXxFLW0Gg2Bj2BVRCwvRxlLBqJCEcHdy1wzOziwzd8Ww7M/Y+Cs2 FooIVv6Kk5jC163OnAdz74kzJR2F4XswNj4xOTU9M1uZm19YXKour1w4k1uBDWGUsVcxOFRSY4MkKbzKLEIaK7yMb44H+uUtWieNPqd+hu0UrrVMpADyVKd6AJ2iZdMCdbcs+RZvEd6RfzsBCnkCgozlQJx6yL2Hm4RLnahhuuxUa2E9HA7/C6IRqLHRnHaqL62uEXmKmoQC55pRmFG7AEtSKCwrrdxhBuIGrrHpoYYUXbsYXlnyDc90eeL3SYwmPmS/JwpIneunsXemQD33WxuQ/2nNnJL9diF1lhNq8fVRkitOhg8q411pUZDqewDCSr8rFz2wvhtfbMWXEP0++S+42K5Hu/Wds53a4dGojhm2xtbZJovYHjtkJ+yUNZhg9+yRPbOX4CF4Cl6Dty/rWDDKrLIfE3x8AkzApcA=</latexit>

aend � scale factor at the end of inflation

<latexit sha1_base64="lHpT2PzN2ekRuJpWspFNalWnmFc=">AAACI3icbVC7SgNBFJ31bXxFLW0Gg2Bj2BVRsRJtrETBxEASwuzkJg6ZxzJzVwxL/sXGX7GxUMTGwn9xNkmh0QMDh3Pu5c45cSKFwzD8DKamZ2bn5hcWC0vLK6trxfWNqjOp5VDhRhpbi5kDKTRUUKCEWmKBqVjCbdw7z/3be7BOGH2D/QSainW16AjO0Eut4klDMbzjTGaXg1aP7tEGwgNalXGjzL3QXapTFYOlbdBOYJ+6BDjaVA0KrWIpLIdD0L8kGpMSGeOqVXxvtA1PFWjkkjlXj8IEmxmzKLiEQaGROkgY77Eu1D3VTIFrZsOMA7rjlTbtGOufRjpUf25kTDnXV7GfzBO5SS8X//PqKXaOm5nQSYqg+ehQJ5UUDc0Lo21hfWLZ94RxK/xfKb9jlnH0teYlRJOR/5Lqfjk6LB9cH5ROz8Z1LJAtsk12SUSOyCm5IFekQjh5JM/klbwFT8FL8B58jEangvHOJvmF4Osbe3Wlaw==</latexit>

Nk � comoving number density spectrum
<latexit sha1_base64="zIWm4hUplpzDkSN5GG5NLK72/Jg=">AAACFHicbVDLSgNBEJz1bXxFPXoZDIIghl0R9Sh68RjBJEISwuykkwzOY5npFcOSj/Dir3jxoIhXD978GyePgyYWNBRV3XR3xYkUDsPwO5iZnZtfWFxazq2srq1v5De3Ks6klkOZG2nsbcwcSKGhjAIl3CYWmIolVOO7y4FfvQfrhNE32EugoVhHi7bgDL3UzB/oZlbnXdGnh7SO8IBWZdwocy90h+pUxWBpC7QT2Os384WwGA5Bp0k0JgUyRqmZ/6q3DE8VaOSSOVeLwgQbGbMouIR+rp46SBi/Yx2oeaqZAtfIhk/16Z5XWrRtrC+NdKj+nsiYcq6nYt+pGHbdpDcQ//NqKbbPGpnQSYqg+WhRO5UUDR0kRFvCAkfZ84RxK/ytlHeZZRx9jjkfQjT58jSpHBWjk+Lx9XHh/GIcxxLZIbtkn0TklJyTK1IiZcLJI3kmr+QteApegvfgY9Q6E4xntskfBJ8/uqGfRw==</latexit>

n� � comoving number density

<latexit sha1_base64="dm+ap1LDdSaNpYqGrlXmFaD6LkQ=">AAACHnicbVDJSgNBEO2JW4xb1KOXxiBE0DAjcTkG9eBFiGAWSELo6dQkTXoWumvEMORLvPgrXjwoInjSv7GzHDRa0PB4Va+r3nMjKTTa9peVmptfWFxKL2dWVtfWN7KbW1UdxopDhYcyVHWXaZAigAoKlFCPFDDflVBz+xejfu0OlBZhcIuDCFo+6wbCE5yhodrZY6+dNHlPDPP9A4r79JA2Ee5R+cnlNY165meqI8aBdswtSrjxSDZsZ3N2wR4X/QucKciRaZXb2Y9mJ+SxDwFyybRuOHaErYQpFFzCMNOMNZg1fdaFhoEB80G3krG9Id0zTId6oTIvQDpmfyoS5ms98F0z6TPs6dneiPyv14jRO2slIohihIBPFnmxpBjSUVbGswKOcmAA40qYWynvMcU4mkQzJgRn1vJfUD0qOCeF4k0xVzqfxpEmO2SX5IlDTkmJXJEyqRBOHsgTeSGv1qP1bL1Z75PRlDXVbJNfZX1+A3HwoiI=</latexit>

f�(k, t)�DM phase space distribution
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<latexit sha1_base64="+JSeoTpEy/v+DJl3P9wWuQ63MJE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtIu3WzC7kYsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791iMqzWP5YMYJ+hEdSB5yRo2VWt0nTq6J2ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOyEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5O+lwhM2JsCWWK21sJG1JFmbEJlWwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMRvAMr/DmJM6L8+58zFsLTj5zCH/gfP4A/rCOsw==</latexit>

⇠ = 0

<latexit sha1_base64="72BwWJKnOQD9itXfmkA3pfeeiYg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU92VUr0IRS8eK9gPaZeSTbNtaJJdkqxYlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjG6mfuuRKs0ieW/GMfUFHkgWMoKNlR66TwxdIe+s2iuW3LI7A1omXkZKkKHeK351+xFJBJWGcKx1x3Nj46dYGUY4nRS6iaYxJiM8oB1LJRZU++ns4Ak6sUofhZGyJQ2aqb8nUiy0HovAdgpshnrRm4r/eZ3EhJd+ymScGCrJfFGYcGQiNP0e9ZmixPCxJZgoZm9FZIgVJsZmVLAheIsvL5Pmedmrlit3lVLtOosjD0dwDKfgwQXU4Bbq0AACAp7hFd4c5bw4787HvDXnZDOH8AfO5w/nPo8t</latexit>

⇠ = 1/6

<latexit sha1_base64="+jFpkqyGyKEBqWKmwfPxUNCehAs=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDabSbt0dxN2N0IJ+RtePCji1T/jzX/jts1BWx8MPN6bYWZemHKmjet+O5W19Y3Nrep2bWd3b/+gfnjU1UmmKHRowhPVD4kGziR0DDMc+qkCIkIOvXByN/N7T6A0S+SjmaYQCDKSLGaUGCv5k2HuK5GDjIpiWG+4TXcOvEq8kjRQifaw/uVHCc0ESEM50XrguakJcqIMoxyKmp9pSAmdkBEMLJVEgA7y+c0FPrNKhONE2ZIGz9XfEzkRWk9FaDsFMWO97M3E/7xBZuKbIGcyzQxIulgUZxybBM8CwBFTQA2fWkKoYvZWTMdEEWpsTDUbgrf88irpXjS9q+blw2WjdVvGUUUn6BSdIw9doxa6R23UQRSl6Bm9ojcnc16cd+dj0Vpxyplj9AfO5w+8cJIn</latexit>

kend
<latexit sha1_base64="fI5gmvF0shihaM+gKHMA3IDjois=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbtkdxN3N4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoreNUEdoiMY9VN8CaciZpyzDDaTdRFIuA004Q3c38zoQqzWL5aKYJ9QUeSRYygo2V/GiQ9ZXIEoqjPB9Ua27dnQOtEq8gNSjQHFS/+sOYpIJKQzjWuue5ifEzrAwjnOaVfqppgkmER7RnqcSCaj+bH52jM6sMURgrW9Kgufp7IsNC66kIbKfAZqyXvZn4n9dLTXjjZ0wmqaGSLBaFKUcmRrME0JApSgyfWoKJYvZWRMZYYWJsThUbgrf88ippX9S9q/rlw2WtcVvEUYYTOIVz8OAaGnAPTWgBgSd4hld4cybOi/PufCxaS04xcwx/4Hz+AIczkps=</latexit>

kpeak

<latexit sha1_base64="SHRKKaPQzeWpf3unbEam7ZF0LsM=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBVUmkqMuiG5cV7AOaUCbTm3bo5MHMjbTECv6KGxeKuPU33Pk3TtsstPXAwOGce5h7j58IrtC2v42l5ZXVtfXCRnFza3tn19zbb6g4lQzqLBaxbPlUgeAR1JGjgFYigYa+gKY/uJ74zXuQisfRHY4S8ELai3jAGUUtdcxDd8gfXYQhyjDjEdNZBWrcMUt22Z7CWiROTkokR61jfrndmKUhRMgEVart2Al6GZXImYBx0U0VJJQNaA/amkY0BOVl0/3H1olWulYQS/0itKbq70RGQ6VGoa8nQ4p9Ne9NxP+8dorBpafPSlKEiM0+ClJhYWxNyrC6XAJDMdKEMsn1rhbrU0kZ6sqKugRn/uRF0jgrO+flym2lVL3K6yiQI3JMTolDLkiV3JAaqRNGHsgzeSVvxpPxYrwbH7PRJSPPHJA/MD5/AGWzlwA=</latexit>

⇠ increases

<latexit sha1_base64="Tg8ues4qBKa/l2PmcWkGhVZsqCs=">AAACGnicbVBNSwMxFMz6bf2qevQSLIKnsiuiHkUvHivYWuiWkk3f1mCSXZK3YlnWv+HFv+LFgyLexIv/xrQW0daBwDDzXpKZKJXCou9/elPTM7Nz8wuLpaXlldW18vpGwyaZ4VDniUxMM2IWpNBQR4ESmqkBpiIJl9H16cC/vAFjRaIvsJ9CW7GeFrHgDJ3UKQfhrbgLEW7RqJzpbnGnOnnoOMRxUdAfS2jurrVgi0654lf9IegkCUakQkaodcrvYTfhmQKNXDJrW4GfYjtnBgWXUJTCzELK+DXrQctRzRTYdj6MVtAdp3RpnBh3NNKh+nsjZ8ravorcpGJ4Zce9gfif18owPmq7WGmGoPn3Q3EmKSZ00BPtCgMcZd8Rxo1wf6X8ihnG0bVZciUE45EnSWOvGhxU98/3K8cnozoWyBbZJrskIIfkmJyRGqkTTu7JI3kmL96D9+S9em/fo1PeaGeT/IH38QU88KN9</latexit>

⇠ and me↵ increases

<latexit sha1_base64="30iVOozMnqjJQh8GjP/0Actuan0=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqgQqYKxgYUJFog+pCZHjOq0VJ7FsB6mKMrDwKywMIMTKR7DxNzhtBmg5kqWjc+6V7zk+Z1Qqy/o2lpZXVtfWKxvVza3tnV1zb78rk1Rg0sEJS0TfR5IwGpOOooqRPhcERT4jPT+8KvzeAxGSJvGdmnDiRmgU04BipLTkmTUnQmqMEctuci+EDhcJVwkM77PT3DPrVsOaAi4SuyR1UKLtmV/OMMFpRGKFGZJyYFtcuRkSimJG8qqTSsIRDtGIDDSNUUSkm01D5PBIK0MYJEK/WMGp+nsjQ5GUk8jXk8XJct4rxP+8QaqCCzejMU8VifHsoyBlUMcsGoFDKghWbKIJwoLqWyEeI4Gw0r1VdQn2fORF0j1p2GeN5m2z3ros66iAGjgEx8AG56AFrkEbdAAGj+AZvII348l4Md6Nj9noklHuHIA/MD5/ANpdmDw=</latexit>

Nk / k3

<latexit sha1_base64="Ap5+KNi/P4URpEfSLO3GWihQpVw=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgxprUoi6LblxJBfuAJobJdNIOmTyYmQglZOfGX3HjQhG3/oI7/8ZJm4W2Hhg4nHMvc89xY0aFNIxvrbSwuLS8Ul6trK1vbG7p2zsdESUckzaOWMR7LhKE0ZC0JZWM9GJOUOAy0nX9q9zvPhAuaBTeyXFM7AANQ+pRjKSSHH3fCpAcYcTSm8zxoRXzKJYR9O/T49OTeuboVaNmTADniVmQKijQcvQvaxDhJCChxAwJ0TeNWNop4pJiRrKKlQgSI+yjIekrGqKACDud5MjgoVIG0Iu4eqGEE/X3RooCIcaBqybzq8Wsl4v/ef1Eehd2SsM4kSTE04+8hEGVNC8FDignWLKxIghzqm6FeIQ4wlJVV1ElmLOR50mnXjPPao3bRrV5WdRRBnvgABwBE5yDJrgGLdAGGDyCZ/AK3rQn7UV71z6moyWt2NkFf6B9/gBAZpjo</latexit>

Nk / k�3/2

<latexit sha1_base64="to3kwT/jVFPdg71h0kpJCnS6bJk=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJBYqJKqAsYKFsYi0YfUhMhxndaqY0e2g1RFGVj4FRYGEGLlI9j4G9w2A7QcydLROffq+pwwYVRpx/m2VlbX1jc2S1vl7Z3dvX374LCjRCoxaWPBhOyFSBFGOWlrqhnpJZKgOGSkG46vp373gUhFBb/Tk4T4MRpyGlGMtJECuxIFmYdHNIdeIkWiBRzfZ2d16PE0D+yqU3NmgMvELUgVFGgF9pc3EDiNCdeYIaX6rpNoP0NSU8xIXvZSRRKEx2hI+oZyFBPlZ7MQOTwxygBGQprHNZypvzcyFCs1iUMzGSM9UoveVPzP66c6uvQzypNUE47nh6KUQZN12ggcUEmwZhNDEJbU/BXiEZIIa9Nb2ZTgLkZeJp16zT2vNW4b1eZVUUcJVMAxOAUuuABNcANaoA0weATP4BW8WU/Wi/VufcxHV6xi5wj8gfX5Ay+wl84=</latexit>

f� / k�2⌫

<latexit sha1_base64="4/7o2aKyOVP8p2Cth8GZ65knZHk=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJioUpKBYwVLEyoSPQhNSFyXKe16jiR7SBVUVYWfoWFAYRY+QM2/ganzQAtR7J0dM698j3HjxmVyrK+jdLS8srqWnm9srG5tb1j7u51ZJQITNo4YpHo+UgSRjlpK6oY6cWCoNBnpOuPr3K/+0CEpBG/U5OYuCEachpQjJSWPBM6IVIjjFh6k3lj6MQiilUEx/fp6Und4UnmmVWrZk0BF4ldkCoo0PLML2cQ4SQkXGGGpOzbVqzcFAlFMSNZxUkkiREeoyHpa8pRSKSbTpNk8EgrAxhEQj+u4FT9vZGiUMpJ6OvJ/G457+Xif14/UcGFm1IeJ4pwPPsoSBjUWfNa4IAKghWbaIKwoPpWiEdIIKx0eRVdgj0feZF06jX7rNa4bVSbl0UdZXAADsExsME5aIJr0AJtgMEjeAav4M14Ml6Md+NjNloyip198AfG5w8+N5oM</latexit>

Nk / k3�2⌫

<latexit sha1_base64="pFOvFfsw9+hFDzaRYVyQt+nCdEc=">AAACE3icbVDLSgMxFM34rPU16tJNsAgi2M6U4mMhFN10WcE+oDMdMmnahmYyY5IRy9B/cOOvuHGhiFs37vwb03YW2nrgcg/n3Etyjx8xKpVlfRsLi0vLK6uZtez6xubWtrmzW5dhLDCp4ZCFoukjSRjlpKaoYqQZCYICn5GGP7ge+417IiQN+a0aRsQNUI/TLsVIackzjx0ew0voyDuhkotCCZ5Au+g8UN0DL3Fwn47axUKlXRxlPTNn5a0J4DyxU5IDKaqe+eV0QhwHhCvMkJQt24qUmyChKGZklHViSSKEB6hHWppyFBDpJpObRvBQKx3YDYUuruBE/b2RoEDKYeDryQCpvpz1xuJ/XitW3XM3oTyKFeF4+lA3ZlCFcBwQ7FBBsGJDTRAWVP8V4j4SCCsd4zgEe/bkeVIv5u3TfOmmlCtfpXFkwD44AEfABmegDCqgCmoAg0fwDF7Bm/FkvBjvxsd0dMFId/bAHxifPzT6mz0=</latexit>

⌫ =
q

9/4� 12⇠ �m2
�/H

2

<latexit sha1_base64="q6TBblAr/SWkM0SJe6jlLbu19hQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmkqMuiG5dV7AOaUCbTaTt0MgkzE7GE/IobF4q49Ufc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJRIQtsk4pHsBVhRzgRta6Y57cWS4jDgtBtMb3K/+0ilYpF40LOY+iEeCzZiBGsjDeyqJxLkMYG8EOtJEKT32cCuOXVnDrRK3ILUoEBrYH95w4gkIRWacKxU33Vi7adYakY4zSpeomiMyRSPad9QgUOq/HSePUOnRhmiUSTNExrN1d8bKQ6VmoWBmcwTqmUvF//z+okeXfkpE3GiqSCLQ6OEIx2hvAg0ZJISzWeGYCKZyYrIBEtMtKmrYkpwl7+8Sjrndfei3rhr1JrXRR1lOIYTOAMXLqEJt9CCNhB4gmd4hTcrs16sd+tjMVqyip0j+APr8webkpQu</latexit>

⌫ 2 R

<latexit sha1_base64="S6NPC/Iu/1ZUGITfsTI+DpeSG2Q=">AAACDnicbVA9SwNBEN3zM8avqKXNYhC0MNyJqFgFbRQsVIwKSQh7m8llye7esTunhiO/wMa/YmOhiK21nf/GTUzh14OBx3szzMwLEyks+v6HNzI6Nj4xmZvKT8/Mzs0XFhYvbJwaDhUey9hchcyCFBoqKFDCVWKAqVDCZdg56PuX12CsiPU5dhOoKxZp0RKcoZMahdUawi0alR3HOtq4YdcgQUfYpmtHZ+vUQCQU7PUahaJf8gegf0kwJEUyxEmj8F5rxjxVoJFLZm018BOsZ8yg4BJ6+VpqIWG8wyKoOqqZAlvPBu/06KpTmrQVG1ca6UD9PpExZW1Xha5TMWzb315f/M+rptjarWdCJymC5l+LWqmkGNN+NrQpDHCUXUcYN8LdSnmbGcbRJZh3IQS/X/5LLjZLwXZp63SrWN4fxpEjy2SFrJGA7JAyOSQnpEI4uSMP5Ik8e/feo/fivX61jnjDmSXyA97bJ8yrm+8=</latexit>

Long-wavelength (IR) regime:
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<latexit sha1_base64="8ayHRy5Ayz6MoM4cR0yHoeoUnPo=">AAACGnicbVBLSgNBFOzxb/xFXYrQGAQ3hhkRdSm60Z2C+UASQk/njTbpz9D9RgxDVl7DC7jVG7gTt268gOewE7MwasGDoqoe3a/iVAqHYfgRTExOTc/Mzs0XFhaXlleKq2tVZzLLocKNNLYeMwdSaKigQAn11AJTsYRa3D0d+LVbsE4YfYW9FFqKXWuRCM7QS+3iZhPhDq3Kr3aV6YCkJqHnOpFDu98ulsJyOAT9S6IRKZERLtrFz2bH8EyBRi6Zc40oTLGVM4uCS+gXmpmDlPEuu4aGp5opcK18eEafbnulQxNj/WikQ/XnRs6Ucz0V+6RieOPGvNiyLmD/d34Q/C/fyDA5auVCpxmC5t+PJ5mkaOigJ9oRFjjKnieMW+H/T/kNs4yjb7Pgi4l+1/CXVPfK0UF5/3K/dHwyqmiObJAtskMickiOyRm5IBXCyT15JE/kOXgIXoLX4O07OhGMdtbJGIL3L3b1oYE=</latexit>

T-model of Inflation

J. Ellis, M. Garcia, D. Nanopoulos, K. Olive, S. Verner, 2021

BICEP/Keck constraints on T-models of inflation. The panel compares the 68% 
and 95% C. L. constraints in the (ns , r) plane with the model predictions for 
different number of e-folds N50 and N60 .

<latexit sha1_base64="WJWdrhEUABBo+3njpPmhl3/xB1Q="></latexit>

V (�) = �M4
P

p
6 tanh

✓
�p
6MP

◆�2

<latexit sha1_base64="ImjmcP195QXDYucb1WsS9wJOXc0=">AAACCXicbVC7TsMwFL3hWcorwMhiUSGxUCVVBYwVLIxFog+pCZXjuK1Vxwm2g1RFXVn4FRYGEGLlD9j4G9w2A7QcydLROefq+p4g4Uxpx/m2lpZXVtfWCxvFza3tnV17b7+p4lQS2iAxj2U7wIpyJmhDM81pO5EURwGnrWB4NfFbD1QqFotbPUqoH+G+YD1GsDZS10YeN+EQI0+xiN6jCvK0IQq5zl126rrjrl1yys4UaJG4OSlBjnrX/vLCmKQRFZpwrFTHdRLtZ1hqRjgdF71U0QSTIe7TjqECm21+Nr1kjI6NEqJeLM0TGk3V3xMZjpQaRYFJRlgP1Lw3Ef/zOqnuXfgZE0mqqSCzRb2UIx2jSS0oZJISzUeGYCKZ+SsiAywx0aa8oinBnT95kTQrZfesXL2plmqXeR0FOIQjOAEXzqEG11CHBhB4hGd4hTfryXqx3q2PWXTJymcO4A+szx8Hppii</latexit>

� ' 2⇥ 10�11
<latexit sha1_base64="LQplPCvnQOIGekMfmYAK44b9rMI="></latexit>

Hend ' 6⇥ 1012 GeV

<latexit sha1_base64="3oVXeYkuetPrClIx2eIsuGjCTsE=">AAACKXicbVDLSgMxFM3UV62vUZdugkURxDKjRd0IRRd2WcE+oFOGTJppQ5PJkGSEMvR33PgrbhQUdeuPmLazqNUDgXPPuZebe4KYUaUd59PKLSwuLa/kVwtr6xubW/b2TkOJRGJSx4IJ2QqQIoxGpK6pZqQVS4J4wEgzGNyM/eYDkYqK6F4PY9LhqBfRkGKkjeTblYLXFTr1ZF+M/NSL+3R0fAarcCxk9SG8OvFuEecoE2ZN6NtFp+RMAP8SNyNFkKHm269mI044iTRmSKm268S6kyKpKWZkVPASRWKEB6hH2oZGiBPVSSeXjuCBUbowFNK8SMOJOjuRIq7UkAemkyPdV/PeWPzPayc6vOykNIoTTSI8XRQmDGoBx7HBLpUEazY0BGFJzV8h7iOJsDbhFkwI7vzJf0njtOSel8p35WLlOosjD/bAPjgCLrgAFVAFNVAHGDyCZ/AG3q0n68X6sL6mrTkrm9kFv2B9/wBI3aat</latexit>

⇢̇� + 3H⇢� = ���⇢�
<latexit sha1_base64="KbZ4Bk/rPsr8CF7lUGsEXikvafQ=">AAACIXicbVDLSsNAFJ34rPUVdelmsCiCUBIp2o1QdGGXFewDmhIm00kzdCYJMxOhhPyKG3/FjQtFuhN/xkmbhbYeGDj3nHu5c48XMyqVZX0ZK6tr6xubpa3y9s7u3r55cNiRUSIwaeOIRaLnIUkYDUlbUcVILxYEcY+Rrje+y/3uExGSRuGjmsRkwNEopD7FSGnJNevOMFKpI4Ioc1ORXdRgE+ZVXsCzG+cecY7c1IkDmhXGjJdds2JVrRngMrELUgEFWq451atwwkmoMENS9m0rVoMUCUUxI1nZSSSJER6jEelrGiJO5CCdXZjBU60MoR8J/UIFZ+rviRRxKSfc050cqUAuern4n9dPlF8fpDSME0VCPF/kJwyqCOZxwSEVBCs20QRhQfVfIQ6QQFjpUPMQ7MWTl0nnsmpfVWsPtUrjtoijBI7BCTgHNrgGDdAELdAGGDyDV/AOPowX4834NKbz1hWjmDkCf2B8/wCCC6O7</latexit>

⇢̇r + 4H⇢r = ��⇢�
<latexit sha1_base64="qeDEUZdzr/rIha+3zlmP8c3J9ZY=">AAACE3icbZDLSsNAFIYn9VbrLerSzWBRRKEktagboeimG6GCvUATw2Q6aYZOLsxMhBLyDm58FTcuFHHrxp1vY5Jmoa0HZvj4/3OYOb8dMiqkpn0rpYXFpeWV8mplbX1jc0vd3umKIOKYdHDAAt63kSCM+qQjqWSkH3KCPJuRnj2+zvzeA+GCBv6dnITE9NDIpw7FSKaSpR4b3A2s2AhdmpxMmSfw8PIU3lhxO7mP6wls5XfFUqtaTcsLzoNeQBUU1bbUL2MY4MgjvsQMCTHQtVCaMeKSYkaSihEJEiI8RiMySNFHHhFmnO+UwINUGUIn4OnxJczV3xMx8oSYeHba6SHpilkvE//zBpF0LsyY+mEkiY+nDzkRgzKAWUBwSDnBkk1SQJjT9K8Qu4gjLNMYsxD02ZXnoVuv6We1xm2j2rwq4iiDPbAPjoAOzkETtEAbdAAGj+AZvII35Ul5Ud6Vj2lrSSlmdsGfUj5/AAjCnPY=</latexit>

⇢� + ⇢r = 3M2
PH

2

<latexit sha1_base64="tilwVbSfzj6FAs4zE8n3mD7oXS4=">AAACEXicbVC7SgNBFJ31bXxFLW0Gg2Bj2JWgYhUiiKWCeUCyhNnZGx2cmV1n7opxyS/Y+Cs2ForY2tn5N+4mKXwdGDiccy537gliKSy67qczMTk1PTM7N19YWFxaXimurjVslBgOdR7JyLQCZkEKDXUUKKEVG2AqkNAMro5yv3kDxopIn2M/Bl+xCy16gjPMpG5xu4Nwi0alx0ZAqJjWO7VI4l3OKFwnw5g9HBS6xZJbdoegf4k3JiUyxmm3+NEJI54o0Mgls7btuTH6KTMouIRBoZNYiBm/YhfQzqhmCqyfDi8a0K1MCWkvMtnTSIfq94mUKWv7KsiSiuGl/e3l4n9eO8HegZ8KHScImo8W9RJJMaJ5PTQUBjjKfkYYNyL7K+WXzDCOWYl5Cd7vk/+Sxm7Z2ytXziqlam1cxxzZIJtkm3hkn1TJCTkldcLJPXkkz+TFeXCenFfnbRSdcMYz6+QHnPcvTkCd7w==</latexit>

Friedmann-Boltzmann equations:
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Relic 
abundance 
constraints.

Reheating 

Temperature
Lyman-⍺

Isocurvature

Constraints

<latexit sha1_base64="kyUs02cWq6vXYElxFHCihGQqpfs=">AAAB+XicbVBNS8NAEN34WetX1KOXYBE8laQU9Vj04s0K9gOaGDbbSbt0dxN2N4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8KGVUadf9ttbWNza3tks75d29/YND++i4rZJMEmiRhCWyG2EFjApoaaoZdFMJmEcMOtHoduZ3xiAVTcSjnqQQcDwQNKYEayOFtu3fcxjgMPfJkE6HT7XQrrhVdw5nlXgFqaACzdD+8vsJyTgITRhWque5qQ5yLDUlDKZlP1OQYjLCA+gZKjAHFeTzy6fOuVH6TpxIU0I7c/X3RI65UhMemU6O9VAtezPxP6+X6fg6yKlIMw2CLBbFGXN04sxicPpUAtFsYggmkppbHTLEEhNtwiqbELzll1dJu1b1Lqv1h3qlcVPEUUKn6AxdIA9doQa6Q03UQgSN0TN6RW9Wbr1Y79bHonXNKmZO0B9Ynz9TFZN4</latexit>

⌦�h
2 <latexit sha1_base64="2DtyUNtvN42lU2pvRr2MbNPCExU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V+gVNKJvtpl26uwm7G6GE/A0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/ndLG5tb2Tnm3srd/cHhUPT7p6jhVhHZIzGPVD7GmnEnaMcxw2k8UxSLktBdO7+d+74kqzWLZNrOEBgKPJYsYwcZKfnuY+Upkik7yfFituXV3AbROvILUoEBrWP3yRzFJBZWGcKz1wHMTE2RYGUY4zSt+qmmCyRSP6cBSiQXVQba4OUcXVhmhKFa2pEEL9fdEhoXWMxHaToHNRK96c/E/b5Ca6DbImExSQyVZLopSjkyM5gGgEVOUGD6zBBPF7K2ITLDCxNiYKjYEb/XlddK9qnvX9cZjo9a8K+IowxmcwyV4cANNeIAWdIBAAs/wCm9O6rw4787HsrXkFDOn8AfO5w+k2JIY</latexit>

Treh
<latexit sha1_base64="fmW2L2TmhqziSv8m3Wla/0iU3iY=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBiyWRoh6LXjx4qGA/oAlls920SzebsLsRYugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59taWV1b39gsbZW3d3b3Kvb+QVvFqSS0RWIey26AFeVM0JZmmtNuIimOAk47wfhm6nceqVQsFg86S6gf4aFgISNYG6lvV3JPRugum5x5mCcj3LerTs2ZAS0TtyBVKNDs21/eICZpRIUmHCvVc51E+zmWmhFOJ2UvVTTBZIyHtGeowBFVfj47fIJOjDJAYSxNCY1m6u+JHEdKZVFgOiOsR2rRm4r/eb1Uh1d+zkSSairIfFGYcqRjNE0BDZikRPPMEEwkM7ciMsISE22yKpsQ3MWXl0n7vOZe1Or39WrjuoijBEdwDKfgwiU04Baa0AICKTzDK7xZT9aL9W59zFtXrGLmEP7A+vwBaWGS8Q==</latexit>

Ly � ↵
<latexit sha1_base64="vuN2tkWckqKXrz2tzqY8pw8kC2g=">AAACBXicbVDLSsNAFL2pr1pfUZe6GCxC3ZREirosunFZ0T6gDWEynbZDJw9mJkIJ2bjxV9y4UMSt/+DOv3HSBtHWAwNnzrmXe+/xIs6ksqwvo7C0vLK6VlwvbWxube+Yu3stGcaC0CYJeSg6HpaUs4A2FVOcdiJBse9x2vbGV5nfvqdCsjC4U5OIOj4eBmzACFZacs3Dno/ViGCeNFI3+fncpmllfOKaZatqTYEWiZ2TMuRouOZnrx+S2KeBIhxL2bWtSDkJFooRTtNSL5Y0wmSMh7SraYB9Kp1kekWKjrXSR4NQ6BcoNFV/dyTYl3Lie7oyW1POe5n4n9eN1eDCSVgQxYoGZDZoEHOkQpRFgvpMUKL4RBNMBNO7IjLCAhOlgyvpEOz5kxdJ67Rqn1VrN7Vy/TKPowgHcAQVsOEc6nANDWgCgQd4ghd4NR6NZ+PNeJ+VFoy8Zx/+wPj4BvW0mN4=</latexit>

PS(k)
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<latexit sha1_base64="lDb/oOlizoM7WbUARatcF99X0g8="></latexit>

n�

✓
a

aend

◆3

=
m3

�

2⇡2

Z
dq q2f�(q, t)

<latexit sha1_base64="bJ9uEO3knwssc2j8WBYDYFJq6Ww=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIvgxjIjoi5FNy5VbCu0pWTS2xqanyG5I5ah7+Fr+AJu9Q3EjbgSfAsztQtrvRA4nHsOSb44kcJhGL4FU9Mzs3PzC4uFpeWV1bXi+kbVmdRyqHAjjb2JmQMpNFRQoISbxAJTsYRa3DvL97U7sE4YfY39BJqKdbXoCM7QW63ifgPhHq3KrmDPcSahTdtCgc4LEpyj3ChzJ3SXKuNtTNWgVSyF5XA4dFJEI1Eio7loFT8bbcPTvM4lc64ehQk2M2ZRcAmDQiN1kDDeY12oe6mZAtfMhn8b0B3vtGnHWH800qH7u5Ex5VxfxT6pGN66sV1sWQ9w8DefB//L11PsHDczoZMUQfOfyzuppGhoDs+jscBR9r1g3Ar/fspvmWUcPeKCBxP9xTApqvvl6LB8cHlQOjkdIVogW2Sb7JKIHJETck4uSIVw8kCeyDN5CR6D1+A9+PiJTgWjziYZm+DrG7I6qwk=</latexit>

Re-scaled dimensionless comoving momentum

<latexit sha1_base64="lMDaFF3ZvUNyj+DvkDm70K14bnU=">AAACJXicbVDLSgMxFM34rPVVdekmWAVXZUaKuiy6cVnB1kJbSia9Y0OTzJDcEcswv+Bv+ANu9Q/cieDKnd9hWrtQ64ELh3PPvck9YSKFRd9/9+bmFxaXlgsrxdW19Y3N0tZ208ap4dDgsYxNK2QWpNDQQIESWokBpkIJ1+HwfNy/vgVjRayvcJRAV7EbLSLBGTqpVzrsINyhUdm+6mWdZCDyfSosxQFQoSPJMNZUMWvzXqnsV/wJ6CwJpqRMpqj3Sp+dfsxTBRq5dBvagZ9gN2MGBZeQFzuphYTxIbuBtqOaKbDdbHJRTg+c0qdRbFxppBP150TGlLUjFTqnYjiwv3qhYUPA/K9/bPzP304xOu1mQicpgubfj0eppBjTcWS0LwxwlCNHGDfC/Z/yATOMowu26IIJ/sYwS5pHleC4Ur2slmtn04gKZJfskUMSkBNSIxekThqEk3vySJ7Is/fgvXiv3tu3dc6bzuyQX/A+vgAQSaX5</latexit>

m� is the inflaton mass

<latexit sha1_base64="4t1psRxXDuze9U4yUIUKurHdiRc=">AAACInicbZDLSgMxFIYzXmu9VV26CbYFV2VGirosuhHcVLAXaEvJpKdtaDIzJGfEMvQJfA1fwK2+gTtxJbj2OUwvC9v6Q+DnP98hye9HUhh03S9nZXVtfWMztZXe3tnd288cHFZNGGsOFR7KUNd9ZkCKACooUEI90sCUL6HmD67H89oDaCPC4B6HEbQU6wWiKzhDG7Uz+SbCI2qV5G5zVBiKfaBRf2gsIKkKFQQYq1E7k3UL7kR02XgzkyUzlduZn2Yn5PF4nUtmTMNzI2wlTKPgEkbpZmwgYnzAetCwNmAKTCuZfGdE8zbp0G6o7QmQTtK/GwlTxgyVb0nFsG/mZr5mA8DRIj8G/+MbMXYvW4kIohgh4NPLu7GkGNJxX7QjNHCUQ2sY18K+n/I+04yjbTVti/EWa1g21bOCd14o3hWzpatZRSlyTE7IKfHIBSmRG1ImFcLJE3khr+TNeXbenQ/nc4quOLOdIzIn5/sXRtCkhQ==</latexit>

K is the physical momentum
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<latexit sha1_base64="zIWm4hUplpzDkSN5GG5NLK72/Jg=">AAACFHicbVDLSgNBEJz1bXxFPXoZDIIghl0R9Sh68RjBJEISwuykkwzOY5npFcOSj/Dir3jxoIhXD978GyePgyYWNBRV3XR3xYkUDsPwO5iZnZtfWFxazq2srq1v5De3Ks6klkOZG2nsbcwcSKGhjAIl3CYWmIolVOO7y4FfvQfrhNE32EugoVhHi7bgDL3UzB/oZlbnXdGnh7SO8IBWZdwocy90h+pUxWBpC7QT2Os384WwGA5Bp0k0JgUyRqmZ/6q3DE8VaOSSOVeLwgQbGbMouIR+rp46SBi/Yx2oeaqZAtfIhk/16Z5XWrRtrC+NdKj+nsiYcq6nYt+pGHbdpDcQ//NqKbbPGpnQSYqg+WhRO5UUDR0kRFvCAkfZ84RxK/ytlHeZZRx9jjkfQjT58jSpHBWjk+Lx9XHh/GIcxxLZIbtkn0TklJyTK1IiZcLJI3kmr+QteApegvfgY9Q6E4xntskfBJ8/uqGfRw==</latexit>

n� � comoving number density
<latexit sha1_base64="Gr/9FrRwy+3Fhx5zCLPM2M30lmg="></latexit>

q ⌘ K

Hend

✓
a

aend

◆

<latexit sha1_base64="Z5z6ptqmkArs/8Yt/Y1Kyazrmmo="></latexit>

f�(k, t) =
1

2!k
|!kXk � iX 0

k|
2<latexit sha1_base64="FdPWHSI95xZba6daNd/Dbu0xrxk=">AAACDXicbVA9SwNBEN3zM8avqKXNYhSswp0EFaugjWUEE4XkCHubOV3c3Tt258Rw5A/Y+FdsLBSxtbfz37hJrvDrwcDjvRlm5kWpFBZ9/9Obmp6ZnZsvLZQXl5ZXVitr622bZIZDiycyMZcRsyCFhhYKlHCZGmAqknAR3ZyM/ItbMFYk+hwHKYSKXWkRC87QSb3KdhfhDo3Km8yg4BJownmWjl2qMxWBORr2KlW/5o9B/5KgIFVSoNmrfHT7Cc8UaOSSWdsJ/BTDvFgxLHczCynjN+wKOo5qpsCG+fibId1xSp/GiXGlkY7V7xM5U9YOVOQ6FcNr+9sbif95nQzjwzAXOs0QNJ8sijNJMaGjaGhfGOAoB44wboS7lfJrZhhHF2DZhRD8fvkvae/Vgv1a/axebRwXcZTIJtkiuyQgB6RBTkmTtAgn9+SRPJMX78F78l69t0nrlFfMbJAf8N6/AI52nIA=</latexit>

Particle occupation number:
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<latexit sha1_base64="D7X6MjWgIcGAPqw632GZieIYwZw=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEQpVUFTBWsDAWiT6kJkSO67RWHcfYDlIVdWDhV1gYQIiVj2Djb3DbDNByJEtH59yr63NCwajSjvNtFVZW19Y3ipulre2d3T17/6CtklRi0sIJS2Q3RIowyklLU81IV0iC4pCRTji6mvqdByIVTfitHgvix2jAaUQx0kYK7HIUZB4e0gn0hEyETuD9XXZagx5PJ4FdcarODHCZuDmpgBzNwP7y+glOY8I1ZkipnusI7WdIaooZmZS8VBGB8AgNSM9QjmKi/GwWYgKPjdKHUSLN4xrO1N8bGYqVGsehmYyRHqpFbyr+5/VSHV34GeUi1YTj+aEoZdBknTYC+1QSrNnYEIQlNX+FeIgkwtr0VjIluIuRl0m7VnXPqvWbeqVxmddRBGVwBE6AC85BA1yDJmgBDB7BM3gFb9aT9WK9Wx/z0YKV7xyCP7A+fwA4/pfU</latexit>

f� / q�2⌫

<latexit sha1_base64="S6NPC/Iu/1ZUGITfsTI+DpeSG2Q=">AAACDnicbVA9SwNBEN3zM8avqKXNYhC0MNyJqFgFbRQsVIwKSQh7m8llye7esTunhiO/wMa/YmOhiK21nf/GTUzh14OBx3szzMwLEyks+v6HNzI6Nj4xmZvKT8/Mzs0XFhYvbJwaDhUey9hchcyCFBoqKFDCVWKAqVDCZdg56PuX12CsiPU5dhOoKxZp0RKcoZMahdUawi0alR3HOtq4YdcgQUfYpmtHZ+vUQCQU7PUahaJf8gegf0kwJEUyxEmj8F5rxjxVoJFLZm018BOsZ8yg4BJ6+VpqIWG8wyKoOqqZAlvPBu/06KpTmrQVG1ca6UD9PpExZW1Xha5TMWzb315f/M+rptjarWdCJymC5l+LWqmkGNN+NrQpDHCUXUcYN8LdSnmbGcbRJZh3IQS/X/5LLjZLwXZp63SrWN4fxpEjy2SFrJGA7JAyOSQnpEI4uSMP5Ik8e/feo/fivX61jnjDmSXyA97bJ8yrm+8=</latexit>

Long-wavelength (IR) regime:
<latexit sha1_base64="pFOvFfsw9+hFDzaRYVyQt+nCdEc=">AAACE3icbVDLSgMxFM34rPU16tJNsAgi2M6U4mMhFN10WcE+oDMdMmnahmYyY5IRy9B/cOOvuHGhiFs37vwb03YW2nrgcg/n3Etyjx8xKpVlfRsLi0vLK6uZtez6xubWtrmzW5dhLDCp4ZCFoukjSRjlpKaoYqQZCYICn5GGP7ge+417IiQN+a0aRsQNUI/TLsVIackzjx0ew0voyDuhkotCCZ5Au+g8UN0DL3Fwn47axUKlXRxlPTNn5a0J4DyxU5IDKaqe+eV0QhwHhCvMkJQt24qUmyChKGZklHViSSKEB6hHWppyFBDpJpObRvBQKx3YDYUuruBE/b2RoEDKYeDryQCpvpz1xuJ/XitW3XM3oTyKFeF4+lA3ZlCFcBwQ7FBBsGJDTRAWVP8V4j4SCCsd4zgEe/bkeVIv5u3TfOmmlCtfpXFkwD44AEfABmegDCqgCmoAg0fwDF7Bm/FkvBjvxsd0dMFId/bAHxifPzT6mz0=</latexit>

⌫ =
q

9/4� 12⇠ �m2
�/H

2

<latexit sha1_base64="q6TBblAr/SWkM0SJe6jlLbu19hQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUmkqMuiG5dV7AOaUCbTaTt0MgkzE7GE/IobF4q49Ufc+TdO2iy09cDA4Zx7uWdOEHOmtON8W6W19Y3NrfJ2ZWd3b//APqx2VJRIQtsk4pHsBVhRzgRta6Y57cWS4jDgtBtMb3K/+0ilYpF40LOY+iEeCzZiBGsjDeyqJxLkMYG8EOtJEKT32cCuOXVnDrRK3ILUoEBrYH95w4gkIRWacKxU33Vi7adYakY4zSpeomiMyRSPad9QgUOq/HSePUOnRhmiUSTNExrN1d8bKQ6VmoWBmcwTqmUvF//z+okeXfkpE3GiqSCLQ6OEIx2hvAg0ZJISzWeGYCKZyYrIBEtMtKmrYkpwl7+8Sjrndfei3rhr1JrXRR1lOIYTOAMXLqEJt9CCNhB4gmd4hTcrs16sd+tjMVqyip0j+APr8webkpQu</latexit>

⌫ 2 R
<latexit sha1_base64="xeftpuqgYPmqUIsaAc7O8FNKSK4=">AAACAnicbZC7SgNBFIZn4y3GW9TSZjAIVmFXgloGbSwjmAskS5idnE2Gnb04c1YISzpfwFbfwE5sfRFfwOdwkmxhEn8Y+PjPf5jD7yVSaLTtb6uwtr6xuVXcLu3s7u0flA+PWjpOFYcmj2WsOh7TIEUETRQooZMoYKEnoe0Ft9N5+wmUFnH0gOME3JANI+ELztBY7Ufak5I6/XLFrtoz0VVwcqiQXI1++ac3iHkaQoRcMq27jp2gmzGFgkuYlHqphoTxgA2hazBiIWg3m507oWfGGVA/VuZFSGfu342MhVqPQ88kQ4YjvTDzFAsAJ8v5afC/fDdF/9rNRJSkCBGff+6nkmJMp33QgVDAUY4NMK6EuZ/yEVOMo2mtZIpxlmtYhdZF1bms1u5rlfpNXlGRnJBTck4cckXq5I40SJNwEpAX8krerGfr3fqwPufRgpXvHJMFWV+/kziXRw==</latexit>

q ⌧ 1

<latexit sha1_base64="lDb/oOlizoM7WbUARatcF99X0g8="></latexit>

n�

✓
a

aend

◆3

=
m3

�

2⇡2

Z
dq q2f�(q, t)

<latexit sha1_base64="zIWm4hUplpzDkSN5GG5NLK72/Jg=">AAACFHicbVDLSgNBEJz1bXxFPXoZDIIghl0R9Sh68RjBJEISwuykkwzOY5npFcOSj/Dir3jxoIhXD978GyePgyYWNBRV3XR3xYkUDsPwO5iZnZtfWFxazq2srq1v5De3Ks6klkOZG2nsbcwcSKGhjAIl3CYWmIolVOO7y4FfvQfrhNE32EugoVhHi7bgDL3UzB/oZlbnXdGnh7SO8IBWZdwocy90h+pUxWBpC7QT2Os384WwGA5Bp0k0JgUyRqmZ/6q3DE8VaOSSOVeLwgQbGbMouIR+rp46SBi/Yx2oeaqZAtfIhk/16Z5XWrRtrC+NdKj+nsiYcq6nYt+pGHbdpDcQ//NqKbbPGpnQSYqg+WhRO5UUDR0kRFvCAkfZ84RxK/ytlHeZZRx9jjkfQjT58jSpHBWjk+Lx9XHh/GIcxxLZIbtkn0TklJyTK1IiZcLJI3kmr+QteApegvfgY9Q6E4xntskfBJ8/uqGfRw==</latexit>

n� � comoving number density

<latexit sha1_base64="LKNjYM9vlvaz0HDPBMmdZnmKeOo=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0i0qMeiF48V7Ac0oWy2m3bpbhJ2N8US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8MOVMadf9tkpr6xubW+Xtys7u3v6BfXjUUkkmCW2ShCeyE2JFOYtpUzPNaSeVFIuQ03Y4upv57TGViiXxo56kNBB4ELOIEayN1LNt/4khn1OlFBPIdS57dtV13DnQKvEKUoUCjZ795fcTkgkaa8KxUl3PTXWQY6kZ4XRa8TNFU0xGeEC7hsZYUBXk88un6MwofRQl0lSs0Vz9PZFjodREhKZTYD1Uy95M/M/rZjq6CXIWp5mmMVksijKOdIJmMaA+k5RoPjEEE8nMrYgMscREm7AqJgRv+eVV0rpwvCun9lCr1m+LOMpwAqdwDh5cQx3uoQFNIDCGZ3iFNyu3Xqx362PRWrKKmWP4A+vzBzc2kr4=</latexit>

⇠ . 0.3 <latexit sha1_base64="xBwL40C6LWkS6pGL4LmQqW3DUeI=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwMdxJUMugjXZRTCIkIeztTeLi7t6xOyeGI42Nf8XGQhFb/4Od/8bNR+HXg4HHezPMzAsTKSz6/qc3NT0zOzefW8gvLi2vrBbW1us2Tg2HGo9lbK5CZkEKDTUUKOEqMcBUKKER3pwM/cYtGCtifYn9BNqK9bToCs7QSZ3CVgvhDo3Kzi72olgJzRAiaqAnFAw6haJf8kegf0kwIUUyQbVT+GhFMU8VaOSSWdsM/ATbGTMouIRBvpVaSBi/YT1oOqqZAtvORl8M6I5TItqNjSuNdKR+n8iYsravQtepGF7b395Q/M9rptg9amdCJymC5uNF3VRSjOkwEhoJAxxl3xHGjXC3Un7NDOPogsu7EILfL/8l9f1ScFAqn5eLleNJHDmySbbJLgnIIamQU1IlNcLJPXkkz+TFe/CevFfvbdw65U1mNsgPeO9f64WY2g==</latexit>

IR-dominated regime
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<latexit sha1_base64="MNB0M5pyIIfGSp/z3k4tPR1d/x8=">AAACD3icbVA9SwNBEN3z2/gVtbRZDIoWhjsJKlaijaWiSYQkhL3NJFmyu3fszkXDkX9g41+xsVDE1tbOf+MmptDog4HHezPMzAtjKSz6/qc3MTk1PTM7N59ZWFxaXsmurpVslBgORR7JyNyEzIIUGoooUMJNbICpUEI57JwN/HIXjBWRvsZeDDXFWlo0BWfopHp2u4pwh0alV+3I4N4t64IE3cI23SmWdqmBllBw3K9nc37eH4L+JcGI5MgIF/XsR7UR8USBRi6ZtZXAj7GWMoOCS+hnqomFmPEOa0HFUc0U2Fo6/KdPt5zSoM3IuNJIh+rPiZQpa3sqdJ2KYduOewPxP6+SYPOolgodJwiafy9qJpJiRAfh0IYwwFH2HGHcCHcr5W1mGEcXYcaFEIy//JeU9vPBQb5wWcidnI7imCMbZJPskIAckhNyTi5IkXByTx7JM3nxHrwn79V7+26d8EYz6+QXvPcv3pCciQ==</latexit>

Short-wavelength (UV) regime:
<latexit sha1_base64="lI931YgXpYKevnY2yxkMZd1gYVw="></latexit>

@f�

@t
�H|K| @f�

@|K| =
⇡|M|2

2m2
�

�(|K|�m�)

<latexit sha1_base64="myC5trZ5LeyZAdVbRhpcoTRR6II="></latexit>

|M|2 =
1

8

⇢2�
m4

�

�2 (1� 6⇠)2

<latexit sha1_base64="mqgP17TdFDAoiAisDSYEWNWJ1Zk="></latexit>

f� =
⇡|M(t̂)|2

2m3
�H(t̂)

✓(t� t̂)✓(t̂� tend)

<latexit sha1_base64="as4ttBglJxh44xv9K5/iqIUC2e0="></latexit>

a(t)

a(t̂)
=

m�

|K|

<latexit sha1_base64="FdPWHSI95xZba6daNd/Dbu0xrxk=">AAACDXicbVA9SwNBEN3zM8avqKXNYhSswp0EFaugjWUEE4XkCHubOV3c3Tt258Rw5A/Y+FdsLBSxtbfz37hJrvDrwcDjvRlm5kWpFBZ9/9Obmp6ZnZsvLZQXl5ZXVitr622bZIZDiycyMZcRsyCFhhYKlHCZGmAqknAR3ZyM/ItbMFYk+hwHKYSKXWkRC87QSb3KdhfhDo3Km8yg4BJownmWjl2qMxWBORr2KlW/5o9B/5KgIFVSoNmrfHT7Cc8UaOSSWdsJ/BTDvFgxLHczCynjN+wKOo5qpsCG+fibId1xSp/GiXGlkY7V7xM5U9YOVOQ6FcNr+9sbif95nQzjwzAXOs0QNJ8sijNJMaGjaGhfGOAoB44wboS7lfJrZhhHF2DZhRD8fvkvae/Vgv1a/axebRwXcZTIJtkiuyQgB6RBTkmTtAgn9+SRPJMX78F78l69t0nrlFfMbJAf8N6/AI52nIA=</latexit>

Particle occupation number:

<latexit sha1_base64="1MzpEMyyDud80qsTsjJgV4c7imo=">AAACEHicbVDJThtBEO2BsJnNSY5cWlgITtYMsgDlhMgluRkJA5JtWTU9NdCil1F3DcIa+RO48CtcOCSKcs0xt/wN7eXAkieV9PRelarqpYWSnuL4XzQ3/2FhcWl5pba6tr6xWf/46dzb0gnsCKusu0zBo5IGOyRJ4WXhEHSq8CK9+Tr2L27ReWnNGQ0L7Gu4MjKXAihIg/puj/COnK6+m1wBWcOFNRkaD4QcdDiBygy/jAb1RtyMJ+DvSTIjDTZDe1D/28usKDUaEgq87yZxQf0KHEmhcFTrlR4LEDdwhd1ADWj0/Wry0IjvBCXjuXWhDPGJ+nKiAu39UKehUwNd+7feWPyf1y0pP+pX0hQloRHTRXmpOFk+Todn0qEgNQwEhJPhVi6uwYGgkGEthJC8ffk9Od9vJgfN1mmrcXwyi2OZbbFttscSdsiO2TfWZh0m2D17ZD/Yz+gheop+Rb+nrXPRbOYze4XozzP6MZ3Q</latexit>

Inflaton condensate amplitude:

1 10 102

q

10°10

10°8

10°6

10°4

10°2

1

q2
f ¬

/2
º

2

ª = 10

ª = 5

ª = 1

ª = 0

ª = 1/5numerical

analytical



Thermal Production of Scalar Dark Matter

13

<latexit sha1_base64="UJritFqoJgjilvMyHdFqw4M/xUU=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCUCiJFnUjFN10WcVeoAlhMpm0QyeTMDMRSshDuPFV3LhQxK0Ld76N0zYLbf1h4OM/53Dm/H7CqFSW9W0sLa+srq2XNsqbW9s7u+befkfGqcCkjWMWi56PJGGUk7aiipFeIgiKfEa6/uhmUu8+ECFpzO/VOCFuhAachhQjpS3PrDqhQDgLIPccPKS5JpXDKjyDzcKCV/BuBp5ZsWrWVHAR7AIqoFDLM7+cIMZpRLjCDEnZt61EuRkSimJG8rKTSpIgPEID0tfIUUSkm02PyuGxdgIYxkI/ruDU/T2RoUjKceTrzgipoZyvTcz/av1UhZduRnmSKsLxbFGYMqhiOEkIBlQQrNhYA8KC6r9CPEQ6JaVzLOsQ7PmTF6FzWrPPa/XbeqVxXcRRAofgCJwAG1yABmiCFmgDDB7BM3gFb8aT8WK8Gx+z1iWjmDkAf2R8/gBpv5yE</latexit>

dn�

dt
+ 3Hn� = R�

<latexit sha1_base64="MocYSPoqvfkTtDvw3G0MR7t/LLE="></latexit>

R� =
⇡3(2560⇠(3⇠ � 1) + 3997)

41472000

T 8

M4
P

h/�

h/�

X/h

X/h

Tµ⌫
X/h

MP

Tµ⌫
h/�

MP
hµ⌫

<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�

<latexit sha1_base64="lsJbgzmpmpNTsMgOk+eNwPFyyTM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8MbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6l6z3nho1Fq3RRxlOINzuAQPrqEF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gACqI47</latexit>�

<latexit sha1_base64="9Ikp6bJKxlUP3+mTf/d0Jt4p338=">AAACCnicbVDLSgMxFM34rPVVdekmWgRXZUaKuiy6cVOo2Bd06pBJM21okhmSjFDCrN34K25cKOLWL3Dn35g+Ftp64MLhnHu5954wYVRp1/12lpZXVtfWcxv5za3tnd3C3n5TxanEpIFjFst2iBRhVJCGppqRdiIJ4iEjrXB4PfZbD0QqGou6HiWky1Ff0IhipK0UFI78SCJs6oHxJTd31Sy7Nz5PoS/SLDPVoJYFhaJbcieAi8SbkSKYoRYUvvxejFNOhMYMKdXx3ER3DZKaYkayvJ8qkiA8RH3SsVQgTlTXTF7J4IlVejCKpS2h4UT9PWEQV2rEQ9vJkR6oeW8s/ud1Uh1ddg0VSaqJwNNFUcqgjuE4F9ijkmDNRpYgLKm9FeIBstlom17ehuDNv7xImmcl77xUvi0XK1ezOHLgEByDU+CBC1ABN6AGGgCDR/AMXsGb8+S8OO/Ox7R1yZnNHIA/cD5/AFjym1M=</latexit>

Tµ⌫
SM

MP

<latexit sha1_base64="J5p5YoQk2Ur8z36cHcJpJ7CHX/4=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUSKuiy6cSNU6AuaGCbTSTt0ZhJmJkIJ2bnxV9y4UMStv+DOv3HaZqGtBy4czrmXe+8JE0aVdpxva2l5ZXVtvbRR3tza3tm19/bbKk4lJi0cs1h2Q6QIo4K0NNWMdBNJEA8Z6YSj64nfeSBS0Vg09TghPkcDQSOKkTZSYB95kUQ4awaZh4c0v888nkJPpHme3QaNPLArTtWZAi4StyAVUKAR2F9eP8YpJ0JjhpTquU6i/QxJTTEjedlLFUkQHqEB6RkqECfKz6Z/5PDEKH0YxdKU0HCq/p7IEFdqzEPTyZEeqnlvIv7n9VIdXfoZFUmqicCzRVHKoI7hJBTYp5JgzcaGICypuRXiITLBaBNd2YTgzr+8SNpnVfe8WrurVepXRRwlcAiOwSlwwQWogxvQAC2AwSN4Bq/gzXqyXqx362PWumQVMwfgD6zPH9jumfI=</latexit>

Tµ⌫
�

MP

<latexit sha1_base64="BgxmQSh/raTzfGts3w4M2jPSkBk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16E+MgDkhBmJ7PJkNnZZaZXCEv+wIsHRbz6R978GyfJHjSxoKGo6qa7y4+lMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbvnUcCkUr6NAyVux5jT0JW/6o+up33zi2ohIPeI45t2QDpQIBKNopfuH216x5JbdGcgy8TJSggy1XvGr049YEnKFTFJj2p4bYzelGgWTfFLoJIbHlI3ogLctVTTkppvOLp2QE6v0SRBpWwrJTP09kdLQmHHo286Q4tAselPxP6+dYHDZTYWKE+SKzRcFiSQYkenbpC80ZyjHllCmhb2VsCHVlKENp2BD8BZfXiaNs7J3Xq7cVUrVqyyOPBzBMZyCBxdQhRuoQR0YBPAMr/DmjJwX5935mLfmnGzmEP7A+fwBSw2NNw==</latexit>

SM

<latexit sha1_base64="BgxmQSh/raTzfGts3w4M2jPSkBk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16E+MgDkhBmJ7PJkNnZZaZXCEv+wIsHRbz6R978GyfJHjSxoKGo6qa7y4+lMOi6305uZXVtfSO/Wdja3tndK+4fNEyUaMbrLJKRbvnUcCkUr6NAyVux5jT0JW/6o+up33zi2ohIPeI45t2QDpQIBKNopfuH216x5JbdGcgy8TJSggy1XvGr049YEnKFTFJj2p4bYzelGgWTfFLoJIbHlI3ogLctVTTkppvOLp2QE6v0SRBpWwrJTP09kdLQmHHo286Q4tAselPxP6+dYHDZTYWKE+SKzRcFiSQYkenbpC80ZyjHllCmhb2VsCHVlKENp2BD8BZfXiaNs7J3Xq7cVUrVqyyOPBzBMZyCBxdQhRuoQR0YBPAMr/DmjJwX5935mLfmnGzmEP7A+fwBSw2NNw==</latexit>

SM
<latexit sha1_base64="YkkyYVseje+CWxPHilGflKiczW8="></latexit>p
�gLint = �hµ⌫

MP

�
Tµ⌫
SM + Tµ⌫

�

� <latexit sha1_base64="aaonBmcTyF14NhzT3ub2ZKX0SLw=">AAACCXicbVA9SwNBEN3zM8avqKXNYhCswl0IahnUwkaMYD4gF4+9zSRZsnt37u4J4bjWxr9iY6GIrf/Azn/jJrlCEx8MPN6bYWaeH3GmtG1/WwuLS8srq7m1/PrG5tZ2YWe3ocJYUqjTkIey5RMFnAVQ10xzaEUSiPA5NP3h+dhvPoBULAxu9SiCjiD9gPUYJdpIXgG71wL6xEtcKZKLqzTFg7sydhUTcI/tklP2CkW7ZE+A54mTkSLKUPMKX243pLGAQFNOlGo7dqQ7CZGaUQ5p3o0VRIQOSR/ahgZEgOokk09SfGiULu6F0lSg8UT9PZEQodRI+KZTED1Qs95Y/M9rx7p32klYEMUaAjpd1Is51iEex4K7TALVfGQIoZKZWzEdEEmoNuHlTQjO7MvzpFEuOcelyk2lWD3L4sihfXSAjpCDTlAVXaIaqiOKHtEzekVv1pP1Yr1bH9PWBSub2UN/YH3+AHwImOg=</latexit>

⌦DMh2 ' 0.12
<latexit sha1_base64="RRvYlvQZpuRbEf1mYrgVqD2W/SU=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+DGMiOiLotuXCpYFTqlZNJbG8xjSG7EOvR33PgrbhQUdeuPmNYufB0IHM45N8k9WS6Fwzh+i8bGJyanpmdmS3PzC4tL5eWVM2e85VDnRhp7kTEHUmioo0AJF7kFpjIJ59nV4cA/vwbrhNGn2MuhqdilFh3BGQapVa51W0WqPE2172+lCDdoVcGZNjpEpOxtaWMVk+IW2lQBWsFpDha9zYYX9EutciWuxkPQvyQZkQoZ4bhVfkrbhnsFGrlkzjWSOMdmwSwKLqFfSr2DnPErdgmNQDVT4JrFcNM+3QhKm3aMDUcjHarfJwqmnOupLCQVw6777Q3E/7yGx85+sxA69wiafz3U8ZKioYPaaFtY4Ch7gTBuRfgr5V1mGcdQ7qCE5PfKf8nZdjXZre6c7FRqB6M6ZsgaWSebJCF7pEaOyDGpE07uyAN5Ji/RffQYvUbvX9GxaDSzSn4g+vgEbCyokQ==</latexit>

hµ⌫ � canonically-normalized metric perturbation

<latexit sha1_base64="gA5ZargU45I8fNGN+54AltOKJfc=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRS1GXRjcsK9gFtKJPJpB06k4SZG7GE4sZfceNCEbd+hTv/xkmbhbYeuHA4596Ze4+fCK7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pOFWUNWksYtXxiWaCR6wJHATrJIoR6QvW9kfXud++Z0rzOLqDccI8SQYRDzklYKS+fdgD9gBKZg0VBynNRawIsEm5b1ecqjMFXiRuQSqoQKNvf/WCmKaSRUAF0brrOgl4GVHAqTAP9lLNEkJHZMC6hkZEMu1l0xMm+MQoAQ5jZSoCPFV/T2REaj2WvumUBIZ63svF/7xuCuGll/EoSYFFdPZRmAoMMc7zwAFXjIIYG0Ko4mZXTIdEEQomtTwEd/7kRdI6q7rn1dptrVK/KuIooSN0jE6Riy5QHd2gBmoiih7RM3pFb9aT9WK9Wx+z1iWrmDlAf2B9/gC5fZej</latexit>

Production rate
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<latexit sha1_base64="arSBsevgOtPp+sJWfb/w07ePkwo=">AAACD3icbVA9SwNBEN2LXzF+RS1tFoNiFe4kqGXQRrsIRoUkhL3NnFmyH8funBiO/AMb/4qNhSK2tnb+G++SFH49GHi8N8PMvDCWwqHvf3qFmdm5+YXiYmlpeWV1rby+celMYjk0uZHGXofMgRQamihQwnVsgalQwlU4OMn9q1uwThh9gcMYOordaBEJzjCTuuXdNsIdWpU2rOklPBdpZI2i2Ad6piPJ0OhRqVuu+FV/DPqXBFNSIVM0uuWPds/wRIFGLplzrcCPsZMyi4JLGJXaiYOY8QG7gVZGNVPgOun4nxHdyZQejYzNSiMdq98nUqacG6ow61QM++63l4v/ea0Eo6NOKnScIGg+WRQlkqKheTi0JyxwlMOMMG5FdivlfWYZxyzCPITg98t/yeV+NTio1s5rlfrxNI4i2SLbZI8E5JDUySlpkCbh5J48kmfy4j14T96r9zZpLXjTmU3yA977F3WpnOk=</latexit>

Production from the Inflaton
<latexit sha1_base64="HKRZ8F5zvL3VPkYBft7UwQOZGsU=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbiToJZBG8sI+YLkCHt7k2TJ7t2xOyeGI42Nf8XGQhFb/4Od/8a7JIUmPhh4vDfDzDwvksKgbX9buZXVtfWN/GZha3tnd6+4f9A0Yaw5NHgoQ932mAEpAmigQAntSANTnoSWN7rJ/NY9aCPCoI7jCFzFBoHoC84wlXrF4y7CA2qV1IegFZO0pkM/5pk5KfSKJbtsT0GXiTMnJTJHrVf86vohjxUEyCUzpuPYEboJ0yi4hEmhGxuIGB+xAXRSGjAFxk2mX0zoaar4tB/qtAKkU/X3RMKUMWPlpZ2K4dAsepn4n9eJsX/lJiKIYoSAzxb1Y0kxpFkk1BcaOMpxShjXIr2V8iHTjGMaXBaCs/jyMmmel52LcuWuUqpez+PIkyNyQs6IQy5JldySGmkQTh7JM3klb9aT9WK9Wx+z1pw1nzkkf2B9/gD8Vpji</latexit>

Thermal Production

<latexit sha1_base64="WNfKYVDbH8LcDEtvZeS5xWjSJM8=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4kJJIUZelbtwoFfqCJoTJdNIOnUnCzEQoIUs3/oobF4q49RPc+TdO2iy09cCFwzn3cu89fsyoVJb1bSwtr6yurZc2yptb2zu75t5+R0aJwKSNIxaJno8kYTQkbUUVI71YEMR9Rrr++Dr3uw9ESBqFLTWJicvRMKQBxUhpyTOPWl7qCJ42GndZBh1JObShcwZz7ZZ0Ms+sWFVrCrhI7IJUQIGmZ345gwgnnIQKMyRl37Zi5aZIKIoZycpOIkmM8BgNSV/TEHEi3XT6SAZPtDKAQSR0hQpO1d8TKeJSTrivOzlSIznv5eJ/Xj9RwZWb0jBOFAnxbFGQMKgimKcCB1QQrNhEE4QF1bdCPEICYaWzK+sQ7PmXF0nnvGpfVGv3tUq9UcRRAofgGJwCG1yCOrgBTdAGGDyCZ/AK3own48V4Nz5mrUtGMXMA/sD4/AEB5Jiz</latexit>

TBBN ⇠ 1MeV

<latexit sha1_base64="+21WvLX8L6dSBeQYST7J/Meht00="></latexit>

⇢r(treh) =
⇡2grehT 4

reh

30
⌘ 12

25
(��MP )

2

<latexit sha1_base64="ojkigGygW2lOMS4F1CxGWmsgHpA="></latexit>

Tmax =
�
90H2

endM
2
P /⇡

2
greh

�1/4 ' 2⇥ 1015 GeV
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DM isocurvature power spectrum for different non-minimal couplings, with each coupling represented 
by a different color. The vertical lines indicate the present horizon scale and the Planck pivot scale.

<latexit sha1_base64="Rsom2So+ohpJioMA+9N6jYqfBPw="></latexit>

PS(k⇤) . 8.3⇥ 10�11
<latexit sha1_base64="4wbiirjWXKrCj8zweIgyEXaTbhU="></latexit>

PS(k) =
k3

2⇡2⇢2�

Z
d3x h�⇢�(x)�⇢�(0)ie�ik·x

<latexit sha1_base64="sJD15cY0unQmoFFmvXka9GcHdj8=">AAACFnicbVDLSgMxFM34rPVVdSVugkVwVWZE1KXoxmUF2wrtUDLpHQ1NMkNyRyzD6G/4A271D9yJW7f+gN9h+lj4OnDhcO65N7knSqWw6Psf3tT0zOzcfGmhvLi0vLJaWVtv2iQzHBo8kYm5jJgFKTQ0UKCEy9QAU5GEVtQ/HfZbN2CsSPQFDlIIFbvSIhacoZO6lc2OUTQ2iaIdhFu3IL+rS6Z5v+hWqn7NH4H+JcGEVMkE9W7ls9NLeKZAI5fM2nbgpxjmzKDgEopyJ7OQMt5nV9B2VDMFNsxHJxR0xyk9GifGlUY6Ur9P5ExZO1CRcyqG1/ZHLzKsD1j89g+N//nbGcZHYS50miFoPn48ziTFhA4zoj1hgKMcOMK4Ee7/lF8zwzi6JMsumOB3DH9Jc68WHNT2z/erxyeTiEpki2yTXRKQQ3JMzkidNAgn9+SRPJFn78F78V69t7F1ypvMbJAf8N6/AK3YoBI=</latexit>

from Planck
<latexit sha1_base64="L6hNgennm6OJFEGvADiCxePPe/4="></latexit>

where ⇢� and �⇢� denote the DM energy density and its fluctuation

10°26 10°20 10°14 10°8 10°2

k/kend

10°8

10°6

10°4

10°2

1

P
S

k§k0

m¬ = 10°2Hend

ª
0
0.001
0.003
0.01
0.02
0.03
0.05
0.1
0.15
1

<latexit sha1_base64="fE9PhdfxkpGETC5MqItfOjI+8tc=">AAACH3icbZDLSgMxGIUzXmu9VV26CS2CiAwzUi/LopsuK9gLdIYhk6ZtaDIzJP8IpXTva/gCbvUN3InbvoDPYabtwrYeCHyc//wkOWEiuAbHmVhr6xubW9u5nfzu3v7BYeHouKHjVFFWp7GIVSskmgkesTpwEKyVKEZkKFgzHDxk8+YzU5rH0RMME+ZL0ot4l1MCxgoKRRl4tM+xd4m9HpiczNCxr8s4g2pwgYNCybGdqfAquHMooblqQeHH68Q0lSwCKojWbddJwB8RBZwKNs57qWYJoQPSY22DEZFM+6PpX8b4zDgd3I2VORHgqft3Y0Sk1kMZmqQk0NcLs1CRAYPxcj4L/pdvp9C980c8SlJgEZ1d3k0FhhhnZeEOV4yCGBogVHHzfkz7RBEKptK8KcZdrmEVGle2e2OXH8ulyv28ohw6RUV0jlx0iyqoimqojih6QW/oHX1Yr9an9WV9z6Jr1nznBC3ImvwCcvKf7g==</latexit>

m� & 0.54H⇤
<latexit sha1_base64="gTXVl8zGR4FojF80KAZJkD+0Q3E=">AAACDXicbZBLTsMwEIad8irlFWDJxqJCYlUlUAHLCjYsi0QfUhNVjuu0Vu0ksicVVdQzcAG2cAN2iC1n4AKcA7fNgrb8kuVfM99oRn+QCK7Bcb6twtr6xuZWcbu0s7u3f2AfHjV1nCrKGjQWsWoHRDPBI9YADoK1E8WIDARrBcO7ab81YkrzOHqEccJ8SfoRDzklYEpd2/aeOPb6YAiJnYpz2bXL5psJrxo3N2WUq961f7xeTFPJIqCCaN1xnQT8jCjgVLBJyUs1Swgdkj7rGBsRybSfzS6f4DNT6eEwVuZFgGfVvxMZkVqPZWBISWCgF3qBIkMGk2V+Cv7Hd1IIb/yMR0kKLKLz5WEqMMR4Gg3uccUoiLExhCpu7sd0QBShYAIsmWDc5RhWTfOi4l5Vqg/Vcu02j6iITtApOkcuukY1dI/qqIEoGqEX9IrerGfr3fqwPudowcpnjtGCrK9fcYqa7A==</latexit>

⇠ & 0.03
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Structure Formation Constraints

<latexit sha1_base64="RP55PsBPpCULKAJPuC6TQo8c3XA="></latexit>

mLy-↵
� = mLy-↵

WDM

✓
T?

TWDM,0

◆s
hq2i

hq2iWDM
<latexit sha1_base64="Mnt484D3g710Kd8jW8WXpVAiMyI="></latexit>

TWDM,0 is the WDM temperature
<latexit sha1_base64="T00qAEcfeNCXIUtdhdu5lxlidYQ="></latexit>

T? is the characteristic energy scale of the produced DM,

<latexit sha1_base64="en4pn482oGmo8PrwuhMcAY/6q8A="></latexit>

T? = m�(aend/a0)

For out-of-equilibrium DM production mechanisms, the Lyman-⍺ bound is 
dependent on the details of the production and decoupling of the dark particles

<latexit sha1_base64="E7Ov7F1fc9MGdLR3afm+eR+rc1c="></latexit>

hq2iWDM ' 12.93

<latexit sha1_base64="x9FNHQiptwvFEjG5kZOwQNG7I6A="></latexit>

hq2i ⌘
R
dq q4f�(q)R
dq q2f�(q)

' 2.43

r
areh
aend

<latexit sha1_base64="PDFofYleX4l7FpaptdTECoQbAQc=">AAACBHicbZDNSgMxFIUz9a/Wv6pLN8EiuKozUtSVFN24rGB/pB1KJs20oUlmSO6IZejWF3Crb+BO3PoevoDPYdrOwlYPBD7OPZdcThALbsB1v5zc0vLK6lp+vbCxubW9U9zda5go0ZTVaSQi3QqIYYIrVgcOgrVizYgMBGsGw+vJvPnAtOGRuoNRzHxJ+oqHnBKw1n3nkeNL7J1UusWSW3anwn/By6CEMtW6xe9OL6KJZAqoIMa0PTcGPyUaOBVsXOgkhsWEDkmftS0qIpnx0+nBY3xknR4OI22fAjx1f2+kRBozkoFNSgIDMzcLNBkyGC/mJ8H/8u0Ewgs/5SpOgCk6+zxMBIYITxrBPa4ZBTGyQKjm9n5MB0QTCra3gi3GW6zhLzROy95ZuXJbKVWvsory6AAdomPkoXNURTeohuqIIome0Qt6dZ6cN+fd+ZhFc062s4/m5Hz+ADxel5Q=</latexit>

⇠ > 1/4
<latexit sha1_base64="HOiQqapvcqVCclU8Mh+hGHVYpQg=">AAACBHicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuqy6MZlBfsjnaFk0kwbmmSG5I5Yhm59Abf6Bu7Ere/hC/gcpu0sbOuBwMe555LLCRPBDbjut1NYWV1b3yhulra2d3b3yvsHTROnmrIGjUWs2yExTHDFGsBBsHaiGZGhYK1weDOZtx6ZNjxW9zBKWCBJX/GIUwLWevCfOPaFwF63XHGr7lR4GbwcKihXvVv+8XsxTSVTQAUxpuO5CQQZ0cCpYOOSnxqWEDokfdaxqIhkJsimB4/xiXV6OIq1fQrw1P27kRFpzEiGNikJDMzcLNRkyGC8mJ8E/8t3UoiugoyrJAWm6OzzKBUYYjxpBPe4ZhTEyAKhmtv7MR0QTSjY3kq2GG+xhmVonlW9i+r53Xmldp1XVERH6BidIg9dohq6RXXUQBRJ9IJe0Zvz7Lw7H87nLFpw8p1DNCfn6xcoeJgn</latexit>

⇠ ⌧ 1
<latexit sha1_base64="PweWFMIz352zu2b9OiU4GHkDKSg=">AAACI3icbVDLSgNBEJz1GeMr6tHLYFA8aNjVoJ4k6MVjBBOFbAyzk04yZPbBTK8YlvUL/A1/wKv+gTfx4sGr3+HkcTDRgoaiupruLi+SQqNtf1pT0zOzc/OZhezi0vLKam5tvarDWHGo8FCG6sZjGqQIoIICJdxECpjvSbj2uuf9/vUdKC3C4Ap7EdR91g5ES3CGRmrkdvyGyzuCunv0lB5SF4UPmjr2bbJfTB9chHtMoJo2cnm7YA9A/xJnRPJkhHIj9+02Qx77ECCXTOuaY0dYT5hCwSWkWTfWEDHeZW2oGRows7aeDP5J6bZRmrQVKlMB0oH6eyJhvtY93zNOn2FHj/U8xbqA6aS/b/zPX4uxdVJPRBDFCAEfLm/FkmJI+4HRplDAUfYMYVwJcz/lHaYYRxNr1gTjTMbwl1QPCs5RoXhZzJfORhFlyCbZIrvEIcekRC5ImVQIJ4/kmbyQV+vJerPerY+hdcoazWyQMVhfP5Q3o3U=</latexit>

m� > 3⇥ 10�4 eV
<latexit sha1_base64="vG0sdecPuMFcqDo9hQN7pMS49nw=">AAACGHicbZDLSgMxGIUzXmu9jbrsJlgEF1JmalFXUnTjsoK9QKeUTPq3DU1mhiQjlGEWvoYv4FbfwJ24decL+Bxm2i5s64HAx/nPT5LjR5wp7Tjf1srq2vrGZm4rv72zu7dvHxw2VBhLCnUa8lC2fKKAswDqmmkOrUgCET6Hpj+6zebNR5CKhcGDHkfQEWQQsD6jRBuraxdE16NDhr0zfI3Py6VKRp4UCTTSrl10Ss5EeBncGRTRTLWu/eP1QhoLCDTlRKm260S6kxCpGeWQ5r1YQUToiAygbTAgAlQnmXwixSfG6eF+KM0JNJ64fzcSIpQaC98kBdFDNTfzJRmBThfzWfC/fDvW/atOwoIo1hDQ6eX9mGMd4qwl3GMSqOZjA4RKZt6P6ZBIQrXpMm+KcRdrWIZGueRelCr3lWL1ZlZRDhXQMTpFLrpEVXSHaqiOKHpCL+gVvVnP1rv1YX1OoyvWbOcIzcn6+gW+lJ4p</latexit>

m� > 32.4 eV
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Combined Constraints

Parameter space of the dark matter mass as a function of the non-minimal coupling, ξ. The white region displays the space compatible with the observed dark 
matter abundance. The red region is ruled out by isocurvature constraints, the blue region is ruled out by the maximum possible reheating temperature, the green 
region is excluded because of the BBN temperature, and finally, the yellow region displays the Lyman-⍺ constraint.
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• In the absence of a non-minimal coupling, the isocurvature power spectrum is nearly scale-
invariant and must satisfy the constraint:

• In the limit where the bare dark matter mass is much smaller than the Hubble scale, the 
isocurvature constraint is satisfied when:

• The Lyman-⍺ constraint excludes masses lighter than :

• CMB-S4 and LiteBIRD experiments could detect the B-modes or the isocurvature modes in the 
CMB narrowing down the gravitational particle production models.

<latexit sha1_base64="fE9PhdfxkpGETC5MqItfOjI+8tc=">AAACH3icbZDLSgMxGIUzXmu9VV26CS2CiAwzUi/LopsuK9gLdIYhk6ZtaDIzJP8IpXTva/gCbvUN3InbvoDPYabtwrYeCHyc//wkOWEiuAbHmVhr6xubW9u5nfzu3v7BYeHouKHjVFFWp7GIVSskmgkesTpwEKyVKEZkKFgzHDxk8+YzU5rH0RMME+ZL0ot4l1MCxgoKRRl4tM+xd4m9HpiczNCxr8s4g2pwgYNCybGdqfAquHMooblqQeHH68Q0lSwCKojWbddJwB8RBZwKNs57qWYJoQPSY22DEZFM+6PpX8b4zDgd3I2VORHgqft3Y0Sk1kMZmqQk0NcLs1CRAYPxcj4L/pdvp9C980c8SlJgEZ1d3k0FhhhnZeEOV4yCGBogVHHzfkz7RBEKptK8KcZdrmEVGle2e2OXH8ulyv28ohw6RUV0jlx0iyqoimqojih6QW/oHX1Yr9an9WV9z6Jr1nznBC3ImvwCcvKf7g==</latexit>

m� & 0.54H⇤

<latexit sha1_base64="gTXVl8zGR4FojF80KAZJkD+0Q3E=">AAACDXicbZBLTsMwEIad8irlFWDJxqJCYlUlUAHLCjYsi0QfUhNVjuu0Vu0ksicVVdQzcAG2cAN2iC1n4AKcA7fNgrb8kuVfM99oRn+QCK7Bcb6twtr6xuZWcbu0s7u3f2AfHjV1nCrKGjQWsWoHRDPBI9YADoK1E8WIDARrBcO7ab81YkrzOHqEccJ8SfoRDzklYEpd2/aeOPb6YAiJnYpz2bXL5psJrxo3N2WUq961f7xeTFPJIqCCaN1xnQT8jCjgVLBJyUs1Swgdkj7rGBsRybSfzS6f4DNT6eEwVuZFgGfVvxMZkVqPZWBISWCgF3qBIkMGk2V+Cv7Hd1IIb/yMR0kKLKLz5WEqMMR4Gg3uccUoiLExhCpu7sd0QBShYAIsmWDc5RhWTfOi4l5Vqg/Vcu02j6iITtApOkcuukY1dI/qqIEoGqEX9IrerGfr3fqwPudowcpnjtGCrK9fcYqa7A==</latexit>

⇠ & 0.03

<latexit sha1_base64="PDFofYleX4l7FpaptdTECoQbAQc=">AAACBHicbZDNSgMxFIUz9a/Wv6pLN8EiuKozUtSVFN24rGB/pB1KJs20oUlmSO6IZejWF3Crb+BO3PoevoDPYdrOwlYPBD7OPZdcThALbsB1v5zc0vLK6lp+vbCxubW9U9zda5go0ZTVaSQi3QqIYYIrVgcOgrVizYgMBGsGw+vJvPnAtOGRuoNRzHxJ+oqHnBKw1n3nkeNL7J1UusWSW3anwn/By6CEMtW6xe9OL6KJZAqoIMa0PTcGPyUaOBVsXOgkhsWEDkmftS0qIpnx0+nBY3xknR4OI22fAjx1f2+kRBozkoFNSgIDMzcLNBkyGC/mJ8H/8u0Ewgs/5SpOgCk6+zxMBIYITxrBPa4ZBTGyQKjm9n5MB0QTCra3gi3GW6zhLzROy95ZuXJbKVWvsory6AAdomPkoXNURTeohuqIIome0Qt6dZ6cN+fd+ZhFc062s4/m5Hz+ADxel5Q=</latexit>

⇠ > 1/4
<latexit sha1_base64="HOiQqapvcqVCclU8Mh+hGHVYpQg=">AAACBHicbZDNSgMxFIUz9a/Wv6pLN8EiuCozIuqy6MZlBfsjnaFk0kwbmmSG5I5Yhm59Abf6Bu7Ere/hC/gcpu0sbOuBwMe555LLCRPBDbjut1NYWV1b3yhulra2d3b3yvsHTROnmrIGjUWs2yExTHDFGsBBsHaiGZGhYK1weDOZtx6ZNjxW9zBKWCBJX/GIUwLWevCfOPaFwF63XHGr7lR4GbwcKihXvVv+8XsxTSVTQAUxpuO5CQQZ0cCpYOOSnxqWEDokfdaxqIhkJsimB4/xiXV6OIq1fQrw1P27kRFpzEiGNikJDMzcLNRkyGC8mJ8E/8t3UoiugoyrJAWm6OzzKBUYYjxpBPe4ZhTEyAKhmtv7MR0QTSjY3kq2GG+xhmVonlW9i+r53Xmldp1XVERH6BidIg9dohq6RXXUQBRJ9IJe0Zvz7Lw7H87nLFpw8p1DNCfn6xcoeJgn</latexit>

⇠ ⌧ 1
<latexit sha1_base64="PweWFMIz352zu2b9OiU4GHkDKSg=">AAACI3icbVDLSgNBEJz1GeMr6tHLYFA8aNjVoJ4k6MVjBBOFbAyzk04yZPbBTK8YlvUL/A1/wKv+gTfx4sGr3+HkcTDRgoaiupruLi+SQqNtf1pT0zOzc/OZhezi0vLKam5tvarDWHGo8FCG6sZjGqQIoIICJdxECpjvSbj2uuf9/vUdKC3C4Ap7EdR91g5ES3CGRmrkdvyGyzuCunv0lB5SF4UPmjr2bbJfTB9chHtMoJo2cnm7YA9A/xJnRPJkhHIj9+02Qx77ECCXTOuaY0dYT5hCwSWkWTfWEDHeZW2oGRows7aeDP5J6bZRmrQVKlMB0oH6eyJhvtY93zNOn2FHj/U8xbqA6aS/b/zPX4uxdVJPRBDFCAEfLm/FkmJI+4HRplDAUfYMYVwJcz/lHaYYRxNr1gTjTMbwl1QPCs5RoXhZzJfORhFlyCbZIrvEIcekRC5ImVQIJ4/kmbyQV+vJerPerY+hdcoazWyQMVhfP5Q3o3U=</latexit>

m� > 3⇥ 10�4 eV
<latexit sha1_base64="vG0sdecPuMFcqDo9hQN7pMS49nw=">AAACGHicbZDLSgMxGIUzXmu9jbrsJlgEF1JmalFXUnTjsoK9QKeUTPq3DU1mhiQjlGEWvoYv4FbfwJ24decL+Bxm2i5s64HAx/nPT5LjR5wp7Tjf1srq2vrGZm4rv72zu7dvHxw2VBhLCnUa8lC2fKKAswDqmmkOrUgCET6Hpj+6zebNR5CKhcGDHkfQEWQQsD6jRBuraxdE16NDhr0zfI3Py6VKRp4UCTTSrl10Ss5EeBncGRTRTLWu/eP1QhoLCDTlRKm260S6kxCpGeWQ5r1YQUToiAygbTAgAlQnmXwixSfG6eF+KM0JNJ64fzcSIpQaC98kBdFDNTfzJRmBThfzWfC/fDvW/atOwoIo1hDQ6eX9mGMd4qwl3GMSqOZjA4RKZt6P6ZBIQrXpMm+KcRdrWIZGueRelCr3lWL1ZlZRDhXQMTpFLrpEVXSHaqiOKHpCL+gVvVnP1rv1YX1OoyvWbOcIzcn6+gW+lJ4p</latexit>

m� > 32.4 eV
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Thank you!


