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Primordial Black Holes

PBHs still a viable candidate for DM, has many other impact in our cosmology.

2

10−22 eV keV GeV M⊙“Ultralight” Light WIMP Superheavy “PBH”

R(3) ⇡ 0

<latexit sha1_base64="SNct7gdmGLt3exqVjPcwTi31dMc=">AAACGXicbVDLSsNAFJ34rPUVddnNYBHqpiRasO4KblxWsQ9oY5lMJu3QSTLMTMQSsvA7/AC3+gnuxK0rv8DfcNJmYVsPXDiccy/33uNyRqWyrG9jZXVtfWOzsFXc3tnd2zcPDtsyigUmLRyxSHRdJAmjIWkpqhjpckFQ4DLSccdXmd95IELSKLxTE06cAA1D6lOMlJYGZqkfIDXCiCW36X1SOT9NYR9xLqJHaA3MslW1poDLxM5JGeRoDsyfvhfhOCChwgxJ2bMtrpwECUUxI2mxH0vCER6jIelpGqKASCeZPpHCE6140I+ErlDBqfp3IkGBlJPA1Z3ZyXLRy8T/vF6s/LqT0JDHioR4tsiPGVQRzBKBHhUEKzbRBGFB9a0Qj5BAWOnc5rZI/dSIeGlRJ2Mv5rBM2mdVu1a9vKmVG/U8owIogWNQATa4AA1wDZqgBTB4Ai/gFbwZz8a78WF8zlpXjHzmCMzB+PoFU2egVA==</latexit>

R(3) ⇠ H
2

<latexit sha1_base64="912yjFk6EIG1wvlZvvkGwiHpnNE=">AAACGXicbVDLSsNAFJ34rPUVddnNYBHqpiS1YN0V3HRZxT6gSctkMmmHTh7MTIQSsvA7/AC3+gnuxK0rv8DfcNJmYVsPXDiccy/33uNEjAppGN/axubW9s5uYa+4f3B4dKyfnHZFGHNMOjhkIe87SBBGA9KRVDLSjzhBvsNIz5neZn7vkXBBw+BBziJi+2gcUI9iJJU00kuWj+QEI5bcp8OkcnWZQktQH7aGNTjSy0bVmAOuEzMnZZCjPdJ/LDfEsU8CiRkSYmAakbQTxCXFjKRFKxYkQniKxmSgaIB8Iuxk/kQKL5TiQi/kqgIJ5+rfiQT5Qsx8R3VmJ4tVLxP/8wax9Bp2QoMoliTAi0VezKAMYZYIdCknWLKZIghzqm6FeII4wlLltrRFqKcmxE2LKhlzNYd10q1VzXr15q5ebjbyjAqgBM5BBZjgGjRBC7RBB2DwBF7AK3jTnrV37UP7XLRuaPnMGViC9vULdt2fyw==</latexit>

k = aH

<latexit sha1_base64="0L1LEUJztcF7oPePGHTCUcXCba4=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgQAl5yjGAekCxhdrY3GTP7YGZWCCE3P8CrfoI38eqP+AX+hpNkDyaxoKGo6qa7y0sEV9q2v63cxubW9k5+t7C3f3B4VDw+aak4lQybLBax7HhUoeARNjXXAjuJRBp6Atve6G7mt59QKh5HD3qcoBvSQcQDzqg2UmtEbgmt94slu2zPQdaJk5ESZGj0iz89P2ZpiJFmgirVdexEuxMqNWcCp4VeqjChbEQH2DU0oiEqdzK/dkoujOKTIJamIk3m6t+JCQ2VGoee6QypHqpVbyb+53VTHVTdCY+SVGPEFouCVBAdk9nrxOcSmRZjQyiT3NxK2JBKyrQJaGmLMk8N0Z8WTDLOag7rpHVVdirlm/tKqVbNMsrDGZzDJThwDTWoQwOawOARXuAV3qxn6936sD4XrTkrmzmFJVhfvzewlyI=</latexit>

�⇢c
⇢

⇠ 1

<latexit sha1_base64="OuGVz7rHb1ahccVRRnh7TuT2F2M=">AAACH3icbVDLSsNAFJ34rPVVdelmtAiuSiIF667gxmUF+4AmhMnkphk6eTAzEUrI2u/wA9zqJ7gTt/0Cf8Npm4VtPTDM4Zx7ufceL+VMKtOcGhubW9s7u5W96v7B4dFx7eS0J5NMUOjShCdi4BEJnMXQVUxxGKQCSORx6Hvj+5nffwYhWRI/qUkKTkRGMQsYJUpLbu3CDgShue0DVwTbIkxcWuSzv8C2ZBG23FrdbJhz4HVilaSOSnTc2o/tJzSLIFaUEymHlpkqJydCMcqhqNqZhJTQMRnBUNOYRCCdfH5Kga+04uMgEfrFCs/Vvx05iaScRJ6ujIgK5ao3E//zhpkKWk7O4jRTENPFoCDjWCV4lgv2mQCq+EQTQgXTu2IaEp2N0uktTZH6qBD8oqqTsVZzWCe9m4bVbNw9NuvtVplRBZ2jS3SNLHSL2ugBdVAXUfSC3tA7+jBejU/jy/helG4YZc8ZWoIx/QX87KNg</latexit>

1

3
= wRD ' �⇢c

⇢
. �⇢

⇢
. 1

<latexit sha1_base64="yEIL7b0q+v/Gui4zzCersZq1tDA="></latexit>

[T. Harada, C.M. Yoo, K. Kohri, arXiv:1309.4201]

PBHs form through the collapse of large over-densities in the density perturbation

k $ MPBH ! PR (k) ! P� (k) ! � (M) ! ⌦PBH
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Current Status of PBH Constraints
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[B. Carr et.al, 2002.12778]

[Z. Arzoumanian et. al.(NANOGrav), 2009.04496] 
[V. De Lica, G. Franciolini, A. Riotto, 2009.08268] 
[K. Kohri, T. Terada, 2009.11853] 
[G. Domènech, S. Phi, 2010.03976]

Allowed PBH dark matter mass 
window :   (10−16,10−12) M⊙

Recent NANOGrav results may 
indicate PBH DM.

PBH DM well suitable for interest!



Second Order Gravitational Waves
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Scalar and tensor perturbations couple at “second order metric perturbations”.
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Future GW observatories well 
involved in probing the small scale. 

[K.Schmitz, 2002.04615 ]
[Z. Arzoumanian et al , 2009.04496]



PBH DM in Inflation
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Q. Can a “minimal setup” of inflation in the SM framework produce these enhanced 
curvature perturbations?

• The Standard Model Higgs self coupling  runs : critical values possibleλ
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Higgs-  InflationR2
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•SM Higgs runs, critical values still valid. Can this near critical behavior induce observable 
GWs or PBHs?

•“Minimal” critical Higgs inflation insufficient by itself, either a large  running or PBHs 
remnants are necessary. 

•Which extensions can alleviate these tensions? 

•Single field Higgs inflation “incomplete” by itself! 

•Simple UV extension considering the  operator : Higgs-  inflation

•Additional scalar d.o.f. : multi field inflation  

ξ

R2 R2

[F. Bezrukov, M. Pauly, J. Rubio, 1706.05007]
[S. Räsänen, E. Tomberg, 1810.12608]

[ J.M. Ezquiaga, J. García-Bellido, E.R. Morales, 1705.04861]



(Critical) Higgs-  Inflation R2
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Y. Ema, Phys. Lett. B770:403-411, 2017 
Y-C. Wang, T. Wang, Phys. Rev. D96(12):123506, 2017 
M.He, A. A. Starobinsky, J. Yokoyama, JCAP, 1805(05):064, 2018 
DYC, S.M. Lee, S.C. Park, arXiv: 1912.12032 [hep-ph] 
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Critically flat potential induced!
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Higgs-  Inflation - Background DynamicsR2
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[DYC, S.M. Lee, S.C. Park, 1912.12032]

Valley structure :  Inflaton rolls along the “minimum” DhU = 0
2nd plateau from the saddle point at small scales .ϕ ∼ 1MPl
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<latexit sha1_base64="2zxyuIW39Hj5wi7J71JgOOhnm84=">AAACAXicbVDLSgMxFM34rPVVdSO4CRbBjcNMqY+NUHTjplDBPqAdSyZN29BMZkjuCGWoG3/FjQtF3PoX7vwb03YW2nogcDjnXG7u8SPBNTjOt7WwuLS8sppZy65vbG5t53Z2azqMFWVVGopQNXyimeCSVYGDYI1IMRL4gtX9wfXYrz8wpXko72AYMS8gPcm7nBIwUju3X8aXuGgXWsADprHr3Ccnp6Nyu9LO5R3bmQDPEzcleZ TC5L9anZDGAZNABdG66ToReAlRwKlgo2wr1iwidEB6rGmoJGafl0wuGOEjo3RwN1TmScAT9fdEQgKth4FvkgGBvp71xuJ/XjOG7oWXcBnFwCSdLurGAkOIx3XgDleMghgaQqji5q+Y9okiFExpWVOCO3vyPKkVbPfMLt4W86WrtI4MOkCH6Bi56ByV0A2qoCqi6BE9o1f0Zj1ZL9a79TGNLljpzB76A+vzBwBWlLU=</latexit>

M = 4.2⇥ 10�5MP
<latexit sha1_base64="4drG7gX0KMxtcFdKI8bv7oq2od4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mVYvUgFL14rGA/oF1KNs22odlkTbJiWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjG6mfuuRKs2kuDfjmPoRHggWMoKNldrdJ4auUPWyVyy5ZXcGtEy8jJQgQ71X/Or2JUkiKgzhWOuO58 bGT7EyjHA6KXQTTWNMRnhAO5YKHFHtp7N7J+jEKn0USmVLGDRTf0+kONJ6HAW2M8JmqBe9qfif10lMeOGnTMSJoYLMF4UJR0ai6fOozxQlho8twUQxeysiQ6wwMTaigg3BW3x5mTTPyt55uXJXKdWuszjycATHcAoeVKEGt1CHBhDg8Ayv8OY8OC/Ou/Mxb8052cwh/IHz+QOGoI79</latexit>

⇠ = 79

<latexit sha1_base64="a7XZ5qI4eS22LC9P8aO0G+4kIvA=">AAACE3icbVDLSgMxFM34rPVVdekmWAQRLDNS2m6EohuXFewDOmPJpGkbmskMyR2xDP0HN/6KGxeKuHXjzr8xbWehrQcCh3PO5eYePxJcg21/W0vLK6tr65mN7ObW9s5ubm+/ocNYUVanoQhVyyeaCS5ZHTgI1ooUI4EvWNMfXk385j1TmofyFkYR8wLSl7zHKQEjdXKnrjDhLum4wB4gCbgc4wtcLDiOXSm7wAOmsWPfJWelcS eXtwv2FHiROCnJoxS1Tu7L7YY0DpgEKojWbceOwEuIAk4FG2fdWLOI0CHps7ahkphlXjK9aYyPjdLFvVCZJwFP1d8TCQm0HgW+SQYEBnrem4j/ee0YehUv4TKKgUk6W9SLBYYQTwrCXa4YBTEyhFDFzV8xHRBFKJgas6YEZ/7kRdI4LzilQvGmmK9epnVk0CE6QifIQWVURdeohuqIokf0jF7Rm/VkvVjv1scsumSlMwfoD6zPHyPYnGk=</latexit>

�min = 4.11087⇥ 10�6

<latexit sha1_base64="kTZSEWqpVE7pCZK2r/lKVy7tM+I=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBjSUp9bERim5cVrAPaGOZTCft0MkkzEyEEuqvuHGhiFs/xJ1/47TNQlsPXDiccy/33uPHnCntON9WbmV1bX0jv1nY2t7Z3bP3D5oqSiShDRLxSLZ9rChngjY005y2Y0lx6HPa8kc3U7/1SKVikbjX45h6IR4IFjCCtZF6dtFHV6jS1SykCrnOQ3p6NunZJafszICWiZuREmSo9+yvbj 8iSUiFJhwr1XGdWHsplpoRTieFbqJojMkID2jHUIHNMi+dHT9Bx0bpoyCSpoRGM/X3RIpDpcahbzpDrIdq0ZuK/3mdRAeXXspEnGgqyHxRkHCkIzRNAvWZpETzsSGYSGZuRWSIJSba5FUwIbiLLy+TZqXsnperd9VS7TqLIw+HcAQn4MIF1OAW6tAAAmN4hld4s56sF+vd+pi35qxspgh/YH3+ADpqkzo=</latexit>

b = 2⇥ 10�5



Higgs-  Inflation - Inflationary DynamicsR2
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<latexit sha1_base64="WX3aZq2KqDj7puIGxiq0nS4eO/4="></latexit>

Rk(N) / e(2⌘m�3)⇤�N

<latexit sha1_base64="SsKIutaSIsJ0N+FCSLmtLPr2oiU="></latexit>

Rk(N) / e(2⌘m�3)⇤�N

<latexit sha1_base64="SsKIutaSIsJ0N+FCSLmtLPr2oiU="></latexit>
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USR phase induced by λ(h)

⌘m ⇠ 3.5 � 1

<latexit sha1_base64="qoMrvSYgQzJUyMq2cGgjXV61FUE=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgKiRaUXdFNy4r2Ac0IUymk3TozCTMTIQSCv6KGxeKuPU73Pk3TtsstPXAhcM593LvPVHGqNKu+20tLa+srq1XNqqbW9s7u/beflulucSkhVOWym6EFGFUkJammpFuJgniESOdaHg78TuPRCqaigc9ykjAUSJoTDHSRgrtQ59oFHLoK8rhuXMB/SSBXmjXXMedAi4SryQ1UKIZ2l9+P8U5J0JjhpTqeW6mgwJJTTEj46qfK5IhPEQJ6RkqECcqKKbnj+GJUfowTqUpoeFU/T1RIK7UiEemkyM9UPPeRPzP6+U6vgoKKrJcE4Fni+KcQZ3CSRawTyXBmo0MQVhScyvEAyQR1iaxqgnBm395kbTPHK/uXN/Xa42bMo4KOALH4BR44BI0wB1oghbAoADP4BW8WU/Wi/Vufcxal6xy5gD8gfX5A6YylAE=</latexit>

Growing mode in <latexit sha1_base64="6nTm5sbJY9J/GXZ002u2V7p2kJs=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy6r2Ae0Q8mkmTY0k4xJplCGfocbF4q49WPc+Tdm2llo64HA4Zx7uScniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxqaZkoQptEcqk6AdaUM0GbhhlOO7GiOAo4bQfj28xvT6jSTIpHM42pH+GhYCEj2FjJ70XYjAjm6cOsP+6XK27VnQOtEi8nFcjR6Je/egNJkogKQzjWuuu5sfFTrAwjnM5KvUTTGJMxHtKupQJHVPvpPPQMnVllgEKp7BMGzdXfGymOtJ5GgZ3MQuplLxP/87qJCa/9lIk4MVSQxaEw4chIlDWABkxRYvjUEkwUs1kRGWGFibE9lWwJ3vKXV0nroupdVmv3tUr9Jq+jCCdwCufgwRXU4Q4a0AQCT/AMr/DmTJwX5935WIwWnHznGP7A+fwBEqiSTw==</latexit>Rk

[DYC, S.M. Lee, S.C. Park, 1912.12032]



Higgs-  Inflation - Power SpectrumR2
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<latexit sha1_base64="r34EP3975XI1nRXjmeCL4Tu5aBo=">AAACEHicbVDLSsNAFJ34rPUVdelmsIh1UxIpqLuiG5dV7AOaGCbTSTt0kgwzE6GEfIIbf8WNC0XcunTn3zhpg2jrgYHDOfcy9xyfMyqVZX0ZC4tLyyurpbXy+sbm1ra5s9uWcSIwaeGYxaLrI0kYjUhLUcVIlwuCQp+Rjj+6zP3OPRGSxtGtGnPihmgQ0YBipLTkmUdOiNQQI5Y2M++H32SwOjqGDhcxVzEc3dU9s2LVrAngPLELUgEFmp756fRjnIQkUpghKXu2xZWbIqEoZiQrO4kkHOERGpCephEKiXTTSaAMHmqlD4NY6BcpOFF/b6QolHIc+noyP1nOern4n9dLVHDmpjTiiSIRnn4UJAzqkHk7sE8FwYqNNUFYUH0rxEMkEFa6w7IuwZ6NPE/aJzW7Xju/rlcaF0UdJbAPDkAV2OAUNMAVaIIWwOABPIEX8Go8Gs/Gm/E+HV0wip098AfGxzc5wpyz</latexit>

[DYC, S.M. Lee, S.C. Park, 1912.12032]



Higgs-  Inflation - PBH abundanceR2
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� evaporation bkg
<latexit sha1_base64="rY3THLl/IXRHUyjXno03gbVB2Lg=">AAACCHicbVA9SwNBEN3zM8avqKWFi0GwCnciaCnaWEYwUciFMLeZxCW7d8funBiOlDb+FRsLRWz9CXb+GzfJFX49GHi8N8PMvChV0pLvf3ozs3PzC4ulpfLyyuraemVjs2mTzAhsiEQl5joCi0rG2CBJCq9Tg6AjhVfR4GzsX92isTKJL2mYYltDP5Y9KYCc1KnshH3QGnhIeEc553gLaWImJo8G/VGnUvVr/gT8LwkKUmUF6p3KR9hNRKYxJqHA2lbgp9TOwZAUCkflMLOYghhAH1uOxqDRtvPJIyO+55Qu7yXGVUx8on6fyEFbO9SR69RAN/a3Nxb/81oZ9Y7buYzTjDAW00W9THFK+DgV3pUGBamhIyCMdLdycQMGBLnsyi6E4PfLf0nzoBb4teDisHpyWsRRYttsl+2zgB2xE3bO6qzBBLtnj+yZvXgP3pP36r1NW2e8YmaL/YD3/gWddZm1</latexit><latexit sha1_base64="rY3THLl/IXRHUyjXno03gbVB2Lg=">AAACCHicbVA9SwNBEN3zM8avqKWFi0GwCnciaCnaWEYwUciFMLeZxCW7d8funBiOlDb+FRsLRWz9CXb+GzfJFX49GHi8N8PMvChV0pLvf3ozs3PzC4ulpfLyyuraemVjs2mTzAhsiEQl5joCi0rG2CBJCq9Tg6AjhVfR4GzsX92isTKJL2mYYltDP5Y9KYCc1KnshH3QGnhIeEc553gLaWImJo8G/VGnUvVr/gT8LwkKUmUF6p3KR9hNRKYxJqHA2lbgp9TOwZAUCkflMLOYghhAH1uOxqDRtvPJIyO+55Qu7yXGVUx8on6fyEFbO9SR69RAN/a3Nxb/81oZ9Y7buYzTjDAW00W9THFK+DgV3pUGBamhIyCMdLdycQMGBLnsyi6E4PfLf0nzoBb4teDisHpyWsRRYttsl+2zgB2xE3bO6qzBBLtnj+yZvXgP3pP36r1NW2e8YmaL/YD3/gWddZm1</latexit><latexit sha1_base64="rY3THLl/IXRHUyjXno03gbVB2Lg=">AAACCHicbVA9SwNBEN3zM8avqKWFi0GwCnciaCnaWEYwUciFMLeZxCW7d8funBiOlDb+FRsLRWz9CXb+GzfJFX49GHi8N8PMvChV0pLvf3ozs3PzC4ulpfLyyuraemVjs2mTzAhsiEQl5joCi0rG2CBJCq9Tg6AjhVfR4GzsX92isTKJL2mYYltDP5Y9KYCc1KnshH3QGnhIeEc553gLaWImJo8G/VGnUvVr/gT8LwkKUmUF6p3KR9hNRKYxJqHA2lbgp9TOwZAUCkflMLOYghhAH1uOxqDRtvPJIyO+55Qu7yXGVUx8on6fyEFbO9SR69RAN/a3Nxb/81oZ9Y7buYzTjDAW00W9THFK+DgV3pUGBamhIyCMdLdycQMGBLnsyi6E4PfLf0nzoBb4teDisHpyWsRRYttsl+2zgB2xE3bO6qzBBLtnj+yZvXgP3pP36r1NW2e8YmaL/YD3/gWddZm1</latexit><latexit sha1_base64="rY3THLl/IXRHUyjXno03gbVB2Lg=">AAACCHicbVA9SwNBEN3zM8avqKWFi0GwCnciaCnaWEYwUciFMLeZxCW7d8funBiOlDb+FRsLRWz9CXb+GzfJFX49GHi8N8PMvChV0pLvf3ozs3PzC4ulpfLyyuraemVjs2mTzAhsiEQl5joCi0rG2CBJCq9Tg6AjhVfR4GzsX92isTKJL2mYYltDP5Y9KYCc1KnshH3QGnhIeEc553gLaWImJo8G/VGnUvVr/gT8LwkKUmUF6p3KR9hNRKYxJqHA2lbgp9TOwZAUCkflMLOYghhAH1uOxqDRtvPJIyO+55Qu7yXGVUx8on6fyEFbO9SR69RAN/a3Nxb/81oZ9Y7buYzTjDAW00W9THFK+DgV3pUGBamhIyCMdLdycQMGBLnsyi6E4PfLf0nzoBb4teDisHpyWsRRYttsl+2zgB2xE3bO6qzBBLtnj+yZvXgP3pP36r1NW2e8YmaL/YD3/gWddZm1</latexit>
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[DYC, S.M. Lee, S.C. Park, 1912.12032]



Higgs-  Inflation - Gravitational WavesR2

12LISA, DECIGO, CE, ET available to probe wider parameter range compared to PBHs
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Conclusions & Outlooks
✤ Primordial Black Holes, still an appealing DM candidate, can be produced through large 

curvature perturbations.

✤ Secondary gravitational waves associated with the large curvature perturbations are 
expected to be probed at gravitational wave observatories.

✤ The Higgs-  model, being a minimal UV extension to Higgs inflation, can give a 
significant PBH abundance within the mass range 

✤ Future gravitational wave observatories will be able to constrain more ranges of the model 
regardless of PBH formation, hints for low energy particle physics details?

✤ Focused on effective single field USR, parameter space limited, end of story? Is there a 
multi field trajectory that exhibits small scale phenomena?

R2

MPBH ∈ (10−16,10−15)M⊙

13



“Thank you!” 


