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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="SGqg6wrsQOM3rEyPeKGsfc1omr4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRIp6rJYFy4r2Ae0oUymk3boPMLMRKih+ituXCji1v9w5984TbPQ1gMXDufcy733hDGj2njet7O0vLK6tl7YKG5ube/sunv7TS0ThUkDSyZVO0SaMCpIw1DDSDtWBPGQkVY4qk391j1RmkpxZ8YxCTgaCBpRjIyVeu5hV/H0miqCzWNNJnalGEx6bskrexngIvFzUgI56j33q9uXOOFEGMyQ1h3fi02QImUoZmRS7CaaxAiP0IB0LBWIEx2k2fUTeGKVPoyksiUMzNTfEyniWo95aDs5MkM9703F/7xOYqLLIKUiTgwReLYoShg0Ek6jgP3sbTa2BGFF7a0QD5FC2NjAijYEf/7lRdI8K/vn5cptpVS9yuMogCNwDE6BDy5AFdyAOmgADB7AM3gFb86T8+K8Ox+z1iUnnzkAf+B8/gBM9pXJ</latexit>

Direct Coupling
<latexit sha1_base64="Su1OdDY8Ib/qFVsnL4oaAn5PJtA=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaLAbBKuxKUMtgGi2EiOYByRJmJ7PJkNmZZeauEJaksPFXbCwUsfUf7PwbJ49CEw9cOJxzL/feE8ScaXDdbyuztLyyupZdz21sbm3v2Lt7NS0TRWiVSC5VI8CaciZoFRhw2ogVxVHAaT3ol8d+/YEqzaS4h0FM/Qh3BQsZwWCktn3YUlF6LUKOQYoRyNHdzagsE7NadIdtO+8W3AmcReLNSB7NUGnbX62OJElEBRCOtW56bgx+ihUwwukw10o0jTHp4y5tGipwRLWfTr4YOsdG6TihVKYEOBP190SKI60HUWA6Iww9Pe+Nxf+8ZgLhhZ8yESdABZkuChPugHTGkTgdpigBPjAEE8XMrQ7pYYUJmOByJgRv/uVFUjsteGeF4m0xX7qcxZFFB+gInSAPnaMSukIVVEUEPaJn9IrerCfrxXq3PqatGWs2s4/+wPr8AeG2mXg=</latexit>

Inflaton to SM Coupling

<latexit sha1_base64="D6Bgx1aXLRnRQBxamJU+kRo+7CI="></latexit>
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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
<latexit sha1_base64="H9VPggPnLBA4V28/a+KvdZMA/2w=">AAACA3icbZDNSsNAFIVv6l+tf1WXbgaL4KokIupGKLpxWcH+QBvKZDpph04mYeZGLKFLX8CtvoE7ceuD+AI+h0mbhW09MPBx7rnM5XiRFAZt+9sqrKyurW8UN0tb2zu7e+X9g6YJY814g4Uy1G2PGi6F4g0UKHk70pwGnuQtb3SbzVuPXBsRqgccR9wN6EAJXzCKqdXuPglyTexSr1yxq/ZUZBmcHCqQq94r/3T7IYsDrpBJakzHsSN0E6pRMMknpW5seETZiA54J0VFA27cZHrvhJykTp/4oU6fQjJ1/24kNDBmHHhpMqA4NHMzT9MRx8liPgv+l+/E6F+5iVBRjFyx2ed+LAmGJCuE9IXmDOU4Bcq0SO8nbEg1ZZjWlhXjLNawDM2zqnNRPb8/r9Ru8oqKcATHcAoOXEIN7qAODWAg4QVe4c16tt6tD+tzFi1Y+c4hzMn6+gWEIpcv</latexit>

⇠ = 0

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

Minimal Coupling

Models with non-minimal coupling:                            
M. A. G. Garcia, M. Pierre,  S. Verner; 
to appear this week

<latexit sha1_base64="yZ/e3IeKaV1ITW1rsZS55JoIAUw="></latexit>
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<latexit sha1_base64="dQwKOhVJApPLgJ9BX0YMtcfCp1Q=">AAACJHicbVDLSsNAFJ3UV62vqEs3g0V0VZJQVBCh6MZlBfuAJg2T6aQdOnkwMxFKyCf4G/6AW/0Dd+LCjUu/w0mbhW09MMPhnHO5M8eLGRXSML600srq2vpGebOytb2zu6fvH7RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxvf5n7nkXBBo/BBTmLiBGgYUp9iJJXk6qdtN7XxiGbQvoLX+WX7HOHUzFIrg0Hfgrnbt1y9atSMKeAyMQtSBQWarv5jDyKcBCSUmCEheqYRSydFXFLMSFaxE0FihMdoSHqKhiggwkmnH8rgiVIG0I+4OqGEU/XvRIoCISaBp5IBkiMx53kcjYnMFvN58L98L5H+pZPSME4kCfFsuZ8wKCOYNwYHlBMs2UQRhDlV74d4hFRJUvVaUcWYizUsk7ZVM89r9ft6tXFTVFQGR+AYnAETXIAGuANN0AIYPIEX8AretGftXfvQPmfRklbMHII5aN+/vUSjcg==</latexit>
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<latexit sha1_base64="rfpJT3/6vcLKxotfLz/TgUbpmVk="></latexit>
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<latexit sha1_base64="bvv1swxOsf6zi80HubPaxpPUF/g="></latexit>
d2

d⌧2
�r2 � a00

a
+ a2m2

� + �a2�2

�
X(⌧,x) = 0

<latexit sha1_base64="jPZpJvjqkmElfYhJc7ebma86b1s=">AAACCnicbZC7SgNBFIZn4y3G26qlzWgQrMKuBBWroI12EcwFkhBmZ88mQ2Znl5lZISxJa+Or2FgoYusT2Pk2TpItNPGHgY//nMOZ83sxZ0o7zreVW1peWV3Lrxc2Nre2d+zdvbqKEkmhRiMeyaZHFHAmoKaZ5tCMJZDQ49DwBteTeuMBpGKRuNfDGDoh6QkWMEq0sbr2YVuG6a3QMvITCv6YjCUoSrjBgAH3R5ddu+iUnKnwIrgZFFGmatf+avsRTUIQmnKiVMt1Yt1JidSMchgV2omCmNAB6UHLoCAhqE46PWWEj43j4yCS5gmNp+7viZSESg1Dz3SGRPfVfG1i/ldrJTq46KRMxIkGQWeLgoRjHeFJLthnEqjmQwOESmb+immfSEK1Sa9gQnDnT16E+mnJPSuV78rFylUWRx4doCN0glx0jiroBlVRDVH0iJ7RK3qznqwX6936mLXmrGxmH/2R9fkD0eCbng==</latexit>

Introduced a rescaled field :
<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,�,
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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:

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

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

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="FHPfIX4pr+Kfh/XtRA2Jk3KjSc8="></latexit>

m
2
e↵ ⌘ m

2
� + ��

2 �
✓
1� 3w

2

◆
H

2

<latexit sha1_base64="Zat9aFRwMXa6OoU4UX1+wyyBSjw="></latexit>

k
2 . a

2

✓
1� 3w

2
H

2 � ��
2

◆

<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="tJTdfDD91AhB1A4BLlmiWh5OT8c="></latexit>

For low momentum (IR) modes, the mode frequency squared may become negative during inflation if
<latexit sha1_base64="uRPm12VzWzoN3HYV8gQGT2dIikI="></latexit>

k2 < a2|m2
e↵ |, leading to a fast mode growth during inflation due to the tachyonic instability

<latexit sha1_base64="32kVd85XT30YFjx0aEk+ypo3EV4=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh6LXnqsYD+gu5Zsmm1Dk+ySZJWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDvzO49UaRbLezNJaCDwULKIEWys9CD6mU9GbIp8zlGjX664VXcOtEq8nFQgR7Nf/vIHMUkFlYZwrHXPcxMTZFgZRjidlvxU0wSTMR7SnqUSC6qDbH71FJ1ZZYCiWNmSBs3V3xMZFlpPRGg7BTYjvezNxP+8Xmqi6yBjMkkNlWSxKEo5MjGaRYAGTFFi+MQSTBSztyIywgoTY4Mq2RC85ZdXSfui6l1Wa3e1Sv0mj6MIJ3AK5+DBFdShAU1oAQEFz/AKb86T8+K8Ox+L1oKTzxzDHzifP+Pwkh8=</latexit>

m� ⌧ H
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<latexit sha1_base64="0VzXkwkNOOXyMK0aHlw0chLhE+4="></latexit>

Since the scale factor a grows, the mode frequency increases

<latexit sha1_base64="a3luYvRu0fzGRg7bT0DtV+IyVuw="></latexit>

!2
k ⌘ k2 + a2

✓
R

6
+m2

� + ��2

◆

<latexit sha1_base64="IVYN4B2ECI+IU5s1q94pCha0680="></latexit>

Tachyonic growth for the low momentum (IR) modes
<latexit sha1_base64="U3ETpC1PmYWWrPdlb+O6CwgMOo0="></latexit>

� .
✓
1� 3w

2

◆
H

2

M
2
P

<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
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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 Starobinsky models (left) and  T-models (right). 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="XLy65f6gf4WI9u3wg+eI9Q1VesA=">AAACJHicbZDLSgMxFIYzXmu9VV26CRbRVZmRoi6LbnQhVLSt0JaSSc9oaCYZkjNiGfoIvoYv4FbfwJ24cOPS5zC9LLz9EPj5z3dI8oeJFBZ9/92bmp6ZnZvPLeQXl5ZXVgtr63WrU8OhxrXU5ipkFqRQUEOBEq4SAywOJTTC3vFw3rgFY4VWl9hPoB2zayUiwRm6qFPYaSHcoYmzC2RGh0LZXp+e6S5IqiN6qiI5AgedQtEv+SPRvyaYmCKZqNopfLa6mqcxKOSSWdsM/ATbGTMouIRBvpVaSBjvsWtoOqtYDLadjT40oNsu6dJIG3cU0lH6fSNjsbX9OHRkzPDG/piFhvUAB7/5Ifgf30wxOmxnQiUpguLjy6NUUtR02BjtCgMcZd8Zxo1w76f8hhnG0fWad8UEv2v4a+p7pWC/VD4vFytHk4pyZJNskV0SkANSISekSmqEk3vySJ7Is/fgvXiv3tsYnfImOxvkh7yPL/5Tpf0=</latexit>

Starobinsky Model of Inflation
<latexit sha1_base64="7G9ajBOGFiFHzJiAqd2YNw+7WgY="></latexit>

V (�) =
3

2
�M4

P


1� e�

p
2
3

�
MP

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

V (�) = �M4
P

p
6 tanh

✓
�p
6MP

◆�2

<latexit sha1_base64="HWmy24tGn9V12pLMVTXhk6cxhdc=">AAACCXicbVC7SgNBFL3rM8bXqqXNYBBsDDsSNGXQxjKCeUB2DbOzs8mQ2Yczs0JY0tr4KzYWitj6B3b+jZNHoYkHBg7nnMude/xUcKUd59taWl5ZXVsvbBQ3t7Z3du29/aZKMklZgyYikW2fKCZ4zBqaa8HaqWQk8gVr+YOrsd96YFLxJL7Vw5R5EenFPOSUaCN1beQKEw4IchWP2D2qIlcbohB27vJTjEddu+SUnQnQIsEzUoIZ6l37yw0SmkUs1lQQpTrYSbWXE6k5FWxUdDPFUkIHpMc6hsbEbPPyySUjdGyUAIWJNC/WaKL+nshJpNQw8k0yIrqv5r2x+J/XyXRY9XIep5lmMZ0uCjOBdILGtaCAS0a1GBpCqOTmr4j2iSRUm/KKpgQ8f/IiaZ6V8Xm5clMp1S5ndRTgEI7gBDBcQA2uoQ4NoPAIz/AKb9aT9WK9Wx/T6JI1mzmAP7A+fwARHpio</latexit>

� ' 8⇥ 10�11
<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="fFrZKZKbI4rw2TpNVocEIx2eFC4="></latexit>

Hend ' 7⇥ 1012 GeV
<latexit sha1_base64="LQplPCvnQOIGekMfmYAK44b9rMI="></latexit>

Hend ' 6⇥ 1012 GeV
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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="xeftpuqgYPmqUIsaAc7O8FNKSK4=">AAACAnicbZC7SgNBFIZn4y3GW9TSZjAIVmFXgloGbSwjmAskS5idnE2Gnb04c1YISzpfwFbfwE5sfRFfwOdwkmxhEn8Y+PjPf5jD7yVSaLTtb6uwtr6xuVXcLu3s7u0flA+PWjpOFYcmj2WsOh7TIEUETRQooZMoYKEnoe0Ft9N5+wmUFnH0gOME3JANI+ELztBY7Ufak5I6/XLFrtoz0VVwcqiQXI1++ac3iHkaQoRcMq27jp2gmzGFgkuYlHqphoTxgA2hazBiIWg3m507oWfGGVA/VuZFSGfu342MhVqPQ88kQ4YjvTDzFAsAJ8v5afC/fDdF/9rNRJSkCBGff+6nkmJMp33QgVDAUY4NMK6EuZ/yEVOMo2mtZIpxlmtYhdZF1bms1u5rlfpNXlGRnJBTck4cckXq5I40SJNwEpAX8krerGfr3fqwPufRgpXvHJMFWV+/kziXRw==</latexit>

q ⌧ 1

<latexit sha1_base64="WS4R0GEeRLdvgs7OGbTV3XLWlfU=">AAACD3icbZDLSsNAFIYn9Vbrrdalm8EiuCqJFHVZdNNlBXuBNoTJ5KQdOpmEmYlYQh7CF3Crb+BO3PoIvoDP4fSysK0/DHz85z/M4fcTzpS27W+rsLG5tb1T3C3t7R8cHpWPKx0Vp5JCm8Y8lj2fKOBMQFszzaGXSCCRz6Hrj++m8+4jSMVi8aAnCbgRGQoWMkq0sbxyJcEDznHTywYyykAEee6Vq3bNngmvg7OAKlqo5ZV/BkFM0wiEppwo1XfsRLsZkZpRDnlpkCpICB2TIfQNChKBcrPZ7Tk+N06Aw1iaJzSeuX83MhIpNYl8k4yIHqmlmS/JGHS+mp8G/8v3Ux3euBkTSapB0PnnYcqxjvG0HBwwCVTziQFCJTP3YzoiklBtKiyZYpzVGtahc1lzrmr1+3q1cbuoqIhO0Rm6QA66Rg3URC3URhQ9oRf0it6sZ+vd+rA+59GCtdg5QUuyvn4Bi4ucvQ==</latexit>

p ⌧ Hend

Phase space distribution (PSD) of a gravitationally excited scalar field (evaluated at a/aend = 120) for a 
range of dark matter masses, coded by color (T-model).

<latexit sha1_base64="+vpivKA3cE4D9l9QSZL1XgoqC5E=">AAACFnicbVDLSsNAFJ34rPUVdSVuBovgqiZa1GXRjcsK9gFNDJPppB06yYwzE6GE4G/4A271D9yJW7f+gN/h9LGwrQcuHM49l3vvCQWjSjvOt7WwuLS8slpYK65vbG5t2zu7DcVTiUkdc8ZlK0SKMJqQuqaakZaQBMUhI82wfz3sNx+JVJQnd3ogiB+jbkIjipE2UmDvR0Hm4R7NoSckF5pD9+ThPjvLYWCXnLIzApwn7oSUwAS1wP7xOhynMUk0ZkiptusI7WdIaooZyYteqohAuI+6pG1ogmKi/Gz0Qg6PjNKBEZemEg1H6t+JDMVKDeLQOGOke2qqF0rUJzqf9Q+N//nbqY4u/YwmItUkwePlUcqg+X6YEexQSbBmA0MQltTcD3EPSYS1SbJognFnY5gnjdOye16u3FZK1atJRAVwAA7BMXDBBaiCG1ADdYDBE3gBr+DNerberQ/rc2xdsCYze2AK1tcvJp2fHQ==</latexit>

f� / 1/q3
<latexit sha1_base64="D7X6MjWgIcGAPqw632GZieIYwZw=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEQpVUFTBWsDAWiT6kJkSO67RWHcfYDlIVdWDhV1gYQIiVj2Djb3DbDNByJEtH59yr63NCwajSjvNtFVZW19Y3ipulre2d3T17/6CtklRi0sIJS2Q3RIowyklLU81IV0iC4pCRTji6mvqdByIVTfitHgvix2jAaUQx0kYK7HIUZB4e0gn0hEyETuD9XXZagx5PJ4FdcarODHCZuDmpgBzNwP7y+glOY8I1ZkipnusI7WdIaooZmZS8VBGB8AgNSM9QjmKi/GwWYgKPjdKHUSLN4xrO1N8bGYqVGsehmYyRHqpFbyr+5/VSHV34GeUi1YTj+aEoZdBknTYC+1QSrNnYEIQlNX+FeIgkwtr0VjIluIuRl0m7VnXPqvWbeqVxmddRBGVwBE6AC85BA1yDJmgBDB7BM3gFb9aT9WK9Wx/z0YKV7xyCP7A+fwA4/pfU</latexit>

f� / q�2⌫

<latexit sha1_base64="SKnyCD77SSTT8ww/KWCb93dPuLo=">AAACGXicbZBNS8MwHMbT+TbnW9WjHoJD8CCjlaFehKGXHSe4F1hLSbN0C0vakqTCKN3Br+EX8KrfwJt49eQX8HOYbT24zQcCP57/8yfJ48eMSmVZ30ZhZXVtfaO4Wdra3tndM/cPWjJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2h3eTefuRCEmj8EGNYuJy1A9pQDFS2vLMY0fSPkfwBlrn4/GYe6mDBzSDDmOw7pllq2JNBZfBzqEMcjU888fpRTjhJFSYISm7thUrN0VCUcxIVnISSWKEh6hPuhpDxIl00+kvMniqnR4MIqFPqODU/buRIi7liPs6yZEayLmZL9CQqGwxPwn+l+8mKrh2UxrGiSIhnl0eJAyqCE5qgj0qCFZspAFhQfX7IR4ggbDSZZZ0MfZiDcvQuqjYl5XqfbVcu80rKoIjcALOgA2uQA3UQQM0AQZP4AW8gjfj2Xg3PozPWbRg5DuHYE7G1y/ppqAE</latexit>

� = 0, m� ⌧ H
<latexit sha1_base64="v8WvlRF7lbYO11zBqmERBpRYx/Y="></latexit>

⌫ =
q

9/4�m
2
e↵/H

2

<latexit sha1_base64="FHPfIX4pr+Kfh/XtRA2Jk3KjSc8="></latexit>

m
2
e↵ ⌘ m

2
� + ��

2 �
✓
1� 3w

2

◆
H

2

<latexit sha1_base64="Ye09tCMyXs/UAi+lz3srR+L50ng="></latexit>

q ⌘ K

m�

✓
a

aend

◆ <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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Therefore, the corresponding 
number density diverges 
logarithmically in the IR in 
the absence of a cutoff scale 
if 

A. Starobinsky and J. Yokoyama, 1994
“The lower cut-off is constant in the momentum 
space because it is determined by the moment 
when the de Sitter expansion begins”

<latexit sha1_base64="kM0IpXXDrEK4Bdi2gCuOwsO4jHc="></latexit>

q0 =

✓
90

⇡2

◆1/4✓11

43

◆1/3
 
HendMP

m
2
�

!1/2
H0

T0

g
1/12
reh

Rrad

<latexit sha1_base64="030E7UZ6GoqiaU3UDWWVS1nJDUs="></latexit>

Rrad ⌘ aend

arad

✓
⇢end

⇢rad

◆1/4

'
✓

��

Hend

◆1/6

The present-horizon cutoff:

J. Martin and C. Ringeval, 2010

Phase space distribution (PSD) of a gravitationally excited scalar field (evaluated 
at a/aend = 120) for a range of dark matter masses, coded by color (T-model).
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DM isocurvature power spectrum for different inflaton-DM couplings, with each coupling represented by a different color. 
The vertical lines indicate the present horizon scale and the Planck pivot scale.
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Structure Formation Constraints
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Parameter space for light scalar dark matter (mχ < mϕ) with a weak coupling to the inflaton, σ/λ < 1.Each line 
corresponds to the observed dark matter abundance Ωχh2 = 0.12 . The gray shaded region shows the excluded parameter 
space by the Lyman-⍺measurement of the matter power spectrum.
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TWDM,0 is the WDM temperature
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T? is the characteristic energy scale of the produced DM,
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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



13

Combined Constraints

The allowed parameter space (white) for the DM mass and its coupling to the inflaton, in which the relic abundance constraint can be saturated. Forbidden 
regions correspond to the overproduction of isocurvature (green), the oversuppression of small structure (red), the constraint for a reheating temperature below 
that required for successful Big Bang Nucleosynthesis (blue), or the constraint for a reheating temperature above what is allowed by perturbative reheating 
(orange). The width of the boundary of the isocurvature constraint corresponds to a number of e-folds 47 < N*<55. The leftmost part of the allowed space 
corresponds to a region where the power spectrum is sensitive to the DM mass, while the rightmost region corresponds to particle production via broad resonance.
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• In the absence of a direct inflaton-dark matter coupling, i.e. σ = 0, the isocurvature power spectrum 
is nearly scale-invariant and must satisfy the constraint:
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• In the limit where the bare dark matter mass is much smaller than the Hubble scale, the 
isocurvature constraint is satisfied when:

<latexit sha1_base64="r795+p6TbmvTTh6eY6C53ZvU5E4="></latexit>

� & (0.01� 0.02)

✓
H⇤
MP

◆2

• The Lyman-⍺ constraint excludes masses lighter that 0.34 meV for pure gravitational production.

• The combination of Ly-⍺ and isocurvature limits result in the lightest allowed mass:
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• CMB-S4 and LiteBIRD experiments could detect the B-modes or the isocurvature modes in the 
CMB narrowing down the gravitational particle production models.
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