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PBHs form through the collapse of large over-densities in the density perturbation
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Figure from [P. Villanueva-Domingo et. al., Front.Astron.Space Sci. 8 (2021) 87 ]
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Many mechanisms to produce PBHs —> Inflation is appealing!

Inflation,  phase transition, reheating, etc etc.. 
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Then, how large should the density perturbations / curvature perturbations be?
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[A. Karam, et. al, arXiv:2205.13540]
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Window for PBH DM!

[B. Carr, K. Kohri, Y. Sendouda, J. Yokoyama, Rept.Prog.Phys. 84,  11, 116902 (2021)] 
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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, JHEP 01, 097 (2021)]
[Z. Arzoumanian et al , Astrophys.J.Lett. 905, 2, L34 (2020)]
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Q1) What can be our inflaton?
Considering dim-4 operators,  present as well!R2
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Q1) What can be our inflaton? —> Higgs +  R2

<latexit sha1_base64="XIaD+PxT/eoH7FHRidqIxhX3ASw=">AAACDXicbVDJSgNBEO1xjXEb9eilMQoJhDAjQT0GvXiMYBZIQujpVJImPYvdNWIY8gNe/BUvHhTx6t2bf2NnOWjig4LHe1XdVc+LpNDoON/W0vLK6tp6aiO9ubW9s2vv7Vd1GCsOFR7KUNU9pkGKACooUEI9UsB8T0LNG1yN/do9KC3C4BaHEbR81gtEV3CGRmrbx02EB5y8kyjojJKszvdztKmFD3c06+Sd3Ii27YxTcCagi8SdkQyZody2v5qdkMc+BMgl07rhOhG2EqZQcAmjdDPWEDE+YD1oGBowH3QrmWwxoidG6dBuqEwFSCfq74mE+VoPfc90+gz7et4bi/95jRi7F61EBFGMEPDpR91YUgzpOBraEQo4yqEhjCthdqW8zxTjaAJMmxDc+ZMXSfW04J4VijfFTOlyFkeKHJIjkiUuOSclck3KpEI4eSTP5JW8WU/Wi/VufUxbl6zZzAH5A+vzB54kmpc=</latexit>

(s, h) ' (0, 0)

<latexit sha1_base64="NlQs6NtRnQrjLX+ezDAiBLfPZ2g="></latexit>

U(s, h) ⌘ e�2
p

2
3

s
MP

(
3

4
M2

PM
2

✓
e
p

2
3

s
MP � 1� ⇠h2

M2
P

◆2

+
�

4
h4

)

' �

4
h4 +

3⇠2M2

4M2
P

h4 +
1

2
M2s2 + ...� �p

6MP

sh4 � M2

6
p
6M3

P

s5 +

✓
�

3M2
P

+
⇠2M2

M4
P

◆
h4s2 + ....

<latexit sha1_base64="NkkhioBTk9f8zpAe25LNxLqNLKY="></latexit>

⇤ ⇠ O

✓
M2

P

⇠2M2

◆
MP > MP Theory unitarized through the scalaron!  

10-14 10-11 10-8 10-5 10-2

0.00

0.05

0.10

Higgs field value inMp

se
lf
co
up
lin
g

Higgs Self Coupling Running
Mt = 171.2� 173.2GeV

<latexit sha1_base64="3/HS8pmuF8fqEv6QQKZ3EzsWHSo=">AAACHnicbVDJSgNBEO1xjXEb9eilMQgeNMxEIV6EoAe9CBHMAkkIPZ1K0qRnobtGDEOufocf4FU/wZt41S/wN+wsB5P4oOnHe1VU1fMiKTQ6zre1sLi0vLKaWkuvb2xubds7u2UdxopDiYcyVFWPaZAigBIKlFCNFDDfk1DxeldDv/IASoswuMd+BA2fdQLRFpyhkZo2vW0ivaBu3s3m6In5T7O5+jGtIzxicg3lQdPOOFlnBDpP3AnJkAmKTfun3gp57EOAXDKta64TYSNhCgWXMEjXYw0R4z3WgZqhAfNBN5LRJQN6aJQWbYfKvADpSP3bkTBf677vmUqfYVfPekPxP68WY/u8kYggihECPh7UjiXFkA5joS2hgKPsG8K4EmZXyrtMMY4mvKkp2hzVhdYgbZJxZ3OYJ+Vc1jWZ3p1lCpeTjFJknxyQI+KSPCmQG1IkJcLJE3khr+TNerberQ/rc1y6YE169sgUrK9faAGfiQ==</latexit>

<latexit sha1_base64="BidnAt9/FV0nXOIzbDfX1iEB3PY=">AAACDHicbVDLSgMxFM3UV62vqks3wSJU0DIjRV0W3bgRKtgHdGrJpGkbmmSG5I5Yhn6AG3/FjQtF3PoB7vwb08dCWw8EDuecy809QSS4Adf9dlILi0vLK+nVzNr6xuZWdnunasJYU1ahoQh1PSCGCa5YBTgIVo80IzIQrBb0L0d+7Z5pw0N1C4OINSXpKt7hlICVWtmcL+OWD+wBEsnVEPtc4bzn3iXH3vAIe/jwulW2KbfgjoHniTclOTSFzX/57ZDGkimgghjT8NwImgnRwKlgw4wfGxYR2idd1rBUEclMMxkfM8QHVmnjTqjtU4DH6u+JhEhjBjKwSUmgZ2a9kfif14ihc95MuIpiYIpOFnVigSHEo2Zwm2tGQQwsIVRz+1dMe0QTCra/jC3Bmz15nlRPCt5poXhTzJUupnWk0R7aR3nkoTNUQleojCqIokf0jF7Rm/PkvDjvzsckmnKmM7voD5zPH8OzmX4=</latexit>

µmin 2 (10�1, 1)MP

Choosing 
<latexit sha1_base64="1M+Vw3pUimrlElvhUIzZ3G03QOw=">AAACAHicbVA9SwNBEN2LXzF+RS0sbBaDYBXuQvwogzY2QkSTCLkz7G3mkiW7d+funhCONP4VGwtFbP0Zdv4bN8kVmvhg4PHeDDPz/JgzpW3728otLC4tr+RXC2vrG5tbxe2dpooSSaFBIx7JO58o4CyEhmaaw10sgQifQ8sfXIz91iNIxaLwVg9j8ATphSxglGgjdYp7rg+adCr36c3VCLuKCXjAdvm4UyzZZXsCPE+cjJRQhnqn+OV2I5oICDXlRKm2Y8faS4nUjHIYFdxEQUzogPSgbWhIBCgvnTwwwodG6eIgkqZCjSfq74mUCKWGwjedgui+mvXG4n9eO9HBmZeyME40hHS6KEg41hEep4G7TALVfGgIoZKZWzHtE0moNpkVTAjO7MvzpFkpOyfl6nW1VDvP4sijfXSAjpCDTlENXaI6aiCKRugZvaI368l6sd6tj2lrzspmdtEfWJ8/CUuVZw==</latexit>

�SM
2 ' 0.5

Critical values where 
<latexit sha1_base64="LPM1CjRPv0ojT1c6hmA6kVSGVsY=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSpBVWGsYGGjSPQhNaFyXLe1ajuR7SBVUX6AhV9hYQAhVnY2/gan7QAtR7J0dM658r0niBhV2nG+rdzS8srqWn69sLG5tb1j7+41VRhLTBo4ZKFsB0gRRgVpaKoZaUeSIB4w0gpGV5nfeiBS0VDc6XFEfI4GgvYpRtpIXfvIYybcQ13uKcqhx5EeYsSSmxSWXOc+Oa2mJ7BrF52yMwFcJO6MFMEM9a795fVCHHMiNGZIqY7rRNpPkNQUM5IWvFiRCOERGpCOoQJxovxkck0Kj43Sg/1Qmic0nKi/JxLElRrzwCSzbdW8l4n/eZ1Y9y/8hIoo1kTg6Uf9mEEdwqwa2KOSYM3GhiAsqdkV4iGSCGtTYMGU4M6fvEiaZ2W3Wq7cVoq1y1kdeXAADkEJuOAc1MA1qIMGwOARPINX8GY9WS/Wu/Uxjeas2cw++APr8weOIZqS</latexit>

�m ⇠ O(10�6) possible
Single-field case : “Critical Higgs inflation” 

[Y. Hamada, H. Kawai, K-y. Oda, S.C. Park Phys.Rev.Lett. 112 (2014) 24]
[F. Bezrukov, M. Shaposhnikov Phys.Lett.B 734 (2014) 249-254]

Higgs-  Inflation R2

<latexit sha1_base64="7yr2bxPUHpQ/DXXDPQpxrcBOznc="></latexit>

�(µ)|µ=h = �m + b ln2 (|h|/hm)

<latexit sha1_base64="9Ge8SuUd+HXSrZO/lmmwIgHz4H0=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHCOYByRJmJ7PJkJnZZR5CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dUcqZNr7/7RXW1jc2t4rbpZ3dvf2D8uFRSydWEdokCU9UJ8KaciZp0zDDaSdVFIuI03Y0vpv57SeqNEvko5mkNBR4KFnMCDZOaveERTdo1C9X/Ko/B1olQU4qkKPRL3/1BgmxgkpDONa6G/ipCTOsDCOcTks9q2mKyRgPaddRiQXVYTY/d4rOnDJAcaJcSYPm6u+JDAutJyJynQKbkV72ZuJ/Xtea+DrMmEytoZIsFsWWI5Og2e9owBQlhk8cwUQxdysiI6wwMS6hkgshWH55lbQuqsFltfZQq9Rv8ziKcAKncA4BXEEd7qEBTSAwhmd4hTcv9V68d+9j0Vrw8plj+APv8wdVHI7s</latexit>

µ = h

<latexit sha1_base64="/a12uxU7mN/C5TfKpbx3yd/hKuA=">AAACE3icbVA9SwNBEN3z2/gVtbRZDEK0CHdHiDaCaGOpYEwgl4S9zVyyZO+D3TkhHPkPNv4VGwtFbG3s/DduPgpNfDDweG+GmXl+IoVG2/62FhaXlldW19ZzG5tb2zv53b17HaeKQ5XHMlZ1n2mQIoIqCpRQTxSw0JdQ8/tXI7/2AEqLOLrDQQLNkHUjEQjO0Ejt/IlPz6kXKMYzzwdkbXeYeRICLDoVLxEt11Oi28Pjljts5wt2yR6DzhNnSgpkipt2/svrxDwNIUIumdYNx06wmTGFgksY5rxUQ8J4n3WhYWjEQtDNbPzTkB4ZpUODWJmKkI7V3xMZC7UehL7pDBn29Kw3Ev/zGikGZ81MREmKEPHJoiCVFGM6Coh2hAKOcmAI40qYWynvMRMQmhhzJgRn9uV5cu+WnEqpfFsuXFxO41gjB+SQFIlDTskFuSY3pEo4eSTP5JW8WU/Wi/VufUxaF6zpzD75A+vzB1TonTY=</latexit>

b =
�2

(16⇡2)2
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[M. He, et. al,. PLB, 791, 36-42  (2019).] [F. Bezrukov, et. al,. PLB, 795, 657-665 (2019).] 

[M. He, et. al,  JCAP 01 (2021) 066.] [F. Bezrukov, et. al,  JCAP 12 ( 2020) 028.] [S. Aoki et. al, JHEP 05 (2022) 121]

<latexit sha1_base64="n7BrXh4sh8/kg3TuyXVz8Fz7i+o=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVh71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJRvyxXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH0JWM9A==</latexit>

h

<latexit sha1_base64="PKP/G/k7PwOhGBALkdr6Fd5PpYs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGiQRG1Zrbt2dA60SryA1KNAaVr8Go5ikgkpDONa677mJ8TOsDCOcziqDVNMEkwke076lEguq/Wx+6wydWWWEwljZkgbN1d8TGRZaT0VgOwU2kV72cvE/r5+a8MbPmExSQyVZLApTjkyM8sfRiClKDJ9agoli9lZEIqwwMTaeig3BW355lXQu6t5V/fKhUWveFnGU4QRO4Rw8uIYm3EML2kAggmd4hTdHOC/Ou/OxaC05xcwx/IHz+QMWJI5H</latexit>

�

<latexit sha1_base64="kmpK3cxLy+QbFiee5Q1h7ie9QDA=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4qrta1GPRixehgtsW2rVk02wbmk2WJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3tN7RMFaE+kVyqVog15UxQ3zDDaStRFMchp81weDPxm09UaSbFgxklNIhxX7CIEWys1PRP77r1x2q3VHYr7hRokXg5KUOOerf01elJksZUGMKx1m3PTUyQYWUY4XRc7KSaJpgMcZ+2LRU4pjrIpueO0bFVeiiSypYwaKr+nshwrPUoDm1njM1Az3sT8T+vnZroKsiYSFJDBZktilKOjEST31GPKUoMH1mCiWL2VkQGWGFibEJFG4I3//IiaZxVvIvK+X21XLvO4yjAIRzBCXhwCTW4hTr4QGAIz/AKb07ivDjvzsesdcnJZw7gD5zPHzonjto=</latexit>

U/M4
P

• Shape of the potential? Focus on constant  for simplicity λ
• “Valley” structure, trajectory (initially) follows,

<latexit sha1_base64="R0H6V3SyAqoSHjadEn3MkHtVKYw="></latexit>

h2
v =

e
p

2
3

�
MP � 1

⇠
M2

P
+ �

3⇠M2

for � > 0

<latexit sha1_base64="pl2QCcrVflJMmDdWnBqmJfHEsrk=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0WsICWRom6EohuXFUxbaEKZTCft0MkkzEyEEvIJbvwVNy4UcevSnX/jpA2o1QMXDufcO3Pv8WNGpbKsT6O0sLi0vFJeraytb2xumds7bRklAhMHRywSXR9JwignjqKKkW4sCAp9Rjr++Cr3O3dESBrxWzWJiReiIacBxUhpqW8euoFAOHVjJBRFDDo1eTw6yr6FEczgBbT6ZtWqW1PAv8QuSBUUaPXND3cQ4SQkXGGGpOzZVqy8NH8VM5JV3ESSGOExGpKephyFRHrp9KAMHmhlAINI6OIKTtWfEykKpZyEvu4MkRrJeS8X//N6iQrOvZTyOFGE49lHQcKgimCeDhxQQbBiE00QFlTvCvEI6YSUzrCiQ7DnT/5L2id1+7TeuGlUm5dFHGWwB/ZBDdjgDDTBNWgBB2BwDx7BM3gxHown49V4m7WWjGJmF/yC8f4F5YGb1g==</latexit>

@U(s, h)

@h
= 0

➡ Isocurvature mass heavier than the Hubble 
scale, suppression in perturbations.

➡ Flat plateau induced in the large  limit. s

• “Tachyonic hill” at  for  h = 0 s > 0
➡ Studies focused on a “tachyonic instability" during (p)reheating

➡ Instability “during  inflation” induced by  -running                
—> exponential growth of perturb.

λ

➡ Running of  can induce a USR phase.λ
[DYC, S.M. Lee, S.C. Park, JCAP 01 (2021), 032]

<latexit sha1_base64="s8/qbN7E6idaeuA1LPI1k9/guPk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4ZONAA==</latexit>s

<latexit sha1_base64="s8/qbN7E6idaeuA1LPI1k9/guPk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSvqh6l9Vas1ap3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4ZONAA==</latexit>s
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Region 1. 

Region 2. 
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Region 1. 
• “Valley” structure persists, exhibits an 

“attractor” behavior.

• CMB observables resemble the predictions 
of an “effective single-field” setup.

• “Slightly larger” ,  compared to 
constant . 

ns r
λ

• Isocurvature perturbations suppressed

<latexit sha1_base64="/VmaI/N1oQtQ7xK1KMIXvgd03os="></latexit>

ns ⇡ 1� 2

Ninf
� 9

2N2
inf

+
2M2⇠2 b

�m (�m + 3M2⇠2)
+ ...

<latexit sha1_base64="19xfyzPMMoak4i3W/EdX82OkDks="></latexit>

r ⇡ 12

N2
inf

+
24M2⇠2 b

�m(�m + 3M2⇠2)Ninf
ln

✓
4M2⇠Ninf

(�m + 3M2⇠2)h2
m

◆
+ ...

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 
[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 
Inflaton “approaching” the 

 hill. h = 0

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]



Higgs-  Inflation, Trajectory R2

18

Region 2. 

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 

Inflaton reaches the hill, tachyonic!

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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Region 2. 

[DYC, K. Kohri, S.C. Park, JCAP 10 (2022) 015]
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[S. Cespedes et. al, JCAP 05 (2012) 008] 

[A. Achucarro et. al, Phys. Rev. D86 (2012) 121301]

[S. Groot Nibbelink and B.J.W. van Tent , Class. Quant. Grav. 19 (2002) 613] 
and many more…

Second order perturbation with 
<latexit sha1_base64="dqTHEV6wzrs+Q+JP1d1rFzrG4/M="></latexit>

�a(t, ~x) = �a0(t) + ��a(t, ~x),

ds2 = �(1 + 2 )dt2 + a(t)2(1� 2 )�ijdx
idxj .

<latexit sha1_base64="dqTHEV6wzrs+Q+JP1d1rFzrG4/M="></latexit>

�a(t, ~x) = �a0(t) + ��a(t, ~x),

ds2 = �(1 + 2 )dt2 + a(t)2(1� 2 )�ijdx
idxj .

<latexit sha1_base64="rBobEN3jID6w+YMIQDHO1MZgDzg="></latexit>

M
2
e↵ = UNN +H

2
✏R� ✓̇

2
.

•                  leads to tachyonic growth of        , then gets sourced to      through turns in the trajectory. 
<latexit sha1_base64="3inNzfX4u0MRN66DB8o+roi8wxo=">AAACD3icbVC7SgNBFJ31GeNr1dJmMChWYVeCWlgEtLARIpgoJOsyO7mrg7MPZu6KYdk/sPFXbCwUsbW182+cbFL4OnDhcM69M/eeIJVCo+N8WhOTU9Mzs5W56vzC4tKyvbLa0UmmOLR5IhN1ETANUsTQRoESLlIFLAoknAc3h0P//BaUFkl8hoMUvIhdxSIUnKGRfHurh3CH5Tu5gn6Rn/h5KeUQhkVxuUMPqEML3645dacE/UvcMamRMVq+/dHrJzyLIEYumdZd10nRy5lCwSUU1V6mIWX8hl1B19CYRaC9vNyjoJtG6dMwUaZipKX6fSJnkdaDKDCdEcNr/dsbiv953QzDfS8XcZohxHz0UZhJigkdhkP7QgFHOTCEcSXMrpRfM8U4mgirJgT398l/SWen7u7WG6eNWvNoHEeFrJMNsk1cskea5Ji0SJtwck8eyTN5sR6sJ+vVehu1TljjmTXyA9b7F3qGnOc=</latexit>

M2
e↵ < 0

<latexit sha1_base64="oSUrWd9+644MU16+iCfHvfGHIoU=">AAAB/nicbVDLSgNBEJyNrxhfUfHkZTAInsKuBPUY0IMnScA8IAlhdtJJhsw+mOkVw7Lgr3jxoIhXv8Obf+NkswdNLGgoqrqnp8sNpdBo299WbmV1bX0jv1nY2t7Z3SvuHzR1ECkODR7IQLVdpkEKHxooUEI7VMA8V0LLnVzP/NYDKC0C/x6nIfQ8NvLFUHCGRuoXj7oIj5i+EysYJHG9f0eTfrFkl+0UdJk4GSmRDLV+8as7CHjkgY9cMq07jh1iL2YKBZeQFLqRhpDxCRtBx1CfeaB7cbo2oadGGdBhoEz5SFP190TMPK2nnms6PYZjvejNxP+8ToTDq14s/DBC8Pl80TCSFAM6y4IOhAKOcmoI40qYv1I+ZopxNIkVTAjO4snLpHledi7KlXqlVL3J4siTY3JCzohDLkmV3JIaaRBOYvJMXsmb9WS9WO/Wx7w1Z2Uzh+QPrM8f2OmWEQ==</latexit>

QN
<latexit sha1_base64="qLhnJYf2iNas35gw+JPQ8X6tZJg=">AAACB3icbVC7SgNBFJ2Nrxhfq5aCDAbBKuxKUMuAFpZRzAOSEGYnN8mQ2Qczd8WwbGfjr9hYKGLrL9j5N84mKTTxwMDhnPua40VSaHScbyu3tLyyupZfL2xsbm3v2Lt7dR3GikONhzJUTY9pkCKAGgqU0IwUMN+T0PBGl5nfuAelRRjc4TiCjs8GgegLztBIXfuwjfCAkzmJJ2NIk7bPcMiZTG5TmnbtolNyJqCLxJ2RIpmh2rW/2r2Qxz4EyCXTuuU6EXYSplBwCWmhHWuIGB+xAbQMDZgPupNM9qf02Cg92g+VeQHSifq7I2G+1mPfM5XZkXrey8T/vFaM/YtOIoIoRgj4dFE/lhRDmoVCe0IBRzk2hHElzK2UD5liHE10BROCO//lRVI/LblnpfJNuVi5msWRJwfkiJwQl5yTCrkmVVIjnDySZ/JK3qwn68V6tz6mpTlr1rNP/sD6/AF+M5pa</latexit>

R

• Tachyonic mass at the “hill” of the potential at , h = 0
<latexit sha1_base64="Jc5HWWHxjHiM37kDK5vwmsyROWo="></latexit>

M2
e↵ ' �3M2⇠

⇣
1� e�

p
2
3 s
⌘

<latexit sha1_base64="Dh/dJ+CmdNTkT/lrGHUOnxqX2hw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRiyepYD+gDWWznbRLN5uwuymU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+a4xK81g+mUmCfkQHkoecUWOlVneMLHuY9soVt+rOQVaJl5MK5Kj3yl/dfszSCKVhgmrd8dzE+BlVhjOB01I31ZhQNqID7FgqaYTaz+bnTsmZVfokjJUtachc/T2R0UjrSRTYzoiaoV72ZuJ/Xic14Y2fcZmkBiVbLApTQUxMZr+TPlfIjJhYQpni9lbChlRRZmxCJRuCt/zyKmleVL2r6uXjZaV2m8dRhBM4hXPw4BpqcA91aACDETzDK7w5ifPivDsfi9aCk88cwx84nz90/4+p</latexit>

~N

<latexit sha1_base64="6WSYdLEo4RJCNBB7RUSSyFPabfA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK/YI2lM120i7dbMLuplBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjB+mPvtCSrNY9kw0wT9iA4lDzmjxkrt3gRZ1pj1yxW36i5A1omXkwrkqPfLX71BzNIIpWGCat313MT4GVWGM4GzUi/VmFA2pkPsWipphNrPFufOyIVVBiSMlS1pyEL9PZHRSOtpFNjOiJqRXvXm4n9eNzXhnZ9xmaQGJVsuClNBTEzmv5MBV8iMmFpCmeL2VsJGVFFmbEIlG4K3+vI6aV1VvZvq9dN1pXafx1GEMziHS/DgFmrwCHVoAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP34dj68=</latexit>

~T
<latexit sha1_base64="azAEECFJ+BcpFGMrzsMwRxwm2bs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLx4TzAuSEGYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yP/fbT6g0j2TDTGPsh3QkecAZNVZ6rA8ag2LJLbsLkHXiZaQEGWqD4ldvGLEkRGmYoFp3PTc2/ZQqw5nAWaGXaIwpm9ARdi2VNETdTxenzsiFVYYkiJQtachC/T2R0lDraejbzpCasV715uJ/XjcxwW0/5TJODEq2XBQkgpiIzP8mQ66QGTG1hDLF7a2EjamizNh0CjYEb/XlddK6KnvX5Uq9UqreZXHk4QzO4RI8uIEqPEANmsBgBM/wCm+OcF6cd+dj2ZpzsplT+APn8wcIQI2l</latexit>

QT

<latexit sha1_base64="3bgf4d6Ra4JGXOntK95eUcHHGEk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL54kQfOAZAmzk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5aMYJ+hEdSB5yRo2VHuq9+16x5JbdOcgq8TJSggy1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeG1P+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSvCh7l+VKvVKq3mRx5OEETuEcPLiCKtxBDRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH/xmNnw==</latexit>

QN

<latexit sha1_base64="Ns6PHDTzspy9ePliTxGmHNf3qpY=">AAACEnicbVDNS8MwHE39nPOr6tFLcAh6Ga0M9SIMvey4yb5gLSXN0i0sTUuSCqP0b/Div+LFgyJePXnzvzHdetDNB4HHe79fkvf8mFGpLOvbWFldW9/YLG2Vt3d29/bNg8OujBKBSQdHLBJ9H0nCKCcdRRUj/VgQFPqM9PzJXe73HoiQNOJtNY2JG6IRpwHFSGnJM8+dEKkxRiy9z+ANhE4gEE4bWeoMI5U68ZhmnpXBltf2zIpVtWaAy8QuSAUUaHrml74DJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAEjchAU45CIt10FimDp1oZwiAS+nAFZ+rvjRSFUk5DX0/mAeSil4v/eYNEBdduSnmcKMLx/KEgYVBFMO8HDqkgWLGpJggLqv8K8RjpUpRusaxLsBcjL5PuRdW+rNZatUr9tqijBI7BCTgDNrgCddAATdABGDyCZ/AK3own48V4Nz7moytGsXME/sD4/AG8JJ2G</latexit>

R =
H

�̇0

QT

<latexit sha1_base64="38huIfEhbkWwu2P/SsKn1iGmCqU=">AAACC3icbZC7SgNBFIZn4y3GW9TSZkgQrMKuiFoGbVJGMBfILmF2cpIMmb04czYQlvQ2voqNhSK2voCdb+Mk2UITfxj4+M85M3N+P5ZCo21/W7m19Y3Nrfx2YWd3b/+geHjU1FGiODR4JCPV9pkGKUJooEAJ7VgBC3wJLX90O6u3xqC0iMJ7nMTgBWwQir7gDI3VLZbcXoSpi0NANqUuPCRiTGsGkHVTNwYVT7vFsl2x56Kr4GRQJpnq3eKXuZQnAYTIJdO649gxeilTKLiEacFNNMSMj9gAOgZDFoD20vkuU3pqnB7tR8qcEOnc/T2RskDrSeCbzoDhUC/XZuZ/tU6C/WsvFWGcIIR88VA/kRQjOguG9oQCjnJigHElzF8pHzLFOJr4CiYEZ3nlVWieV5zLysXdRbl6k8WRJyekRM6IQ65IldRInTQIJ4/kmbySN+vJerHerY9Fa87KZo7JH1mfP1wVm0M=</latexit>

✓̇ ⌘ H⌘?

<latexit sha1_base64="VKrMgqaK6cnW8tN9CejRKu1gvJc=">AAACGXicbVDLSgNBEJyN7/ha9ehlMAiewq6Iegx68SQKxgSyYZmd9CZDZh/O9AbCsr/hxV/x4kERj3ryb5w8DppY0FBUdc90V5BKodFxvq3SwuLS8srqWnl9Y3Nr297ZvddJpjjUeSIT1QyYBiliqKNACc1UAYsCCY2gfznyGwNQWiTxHQ5TaEesG4tQcIZG8m3HA2R+7qWg0oJ68JCJAaVeqBjP6/51kXudBI3dE4Xv0Cta+HbFqTpj0HniTkmFTHHj25/mCZ5FECOXTOuW66TYzplCwSUUZS/TkDLeZ11oGRqzCHQ7H19W0EOjdGiYKFMx0rH6eyJnkdbDKDCdEcOenvVG4n9eK8PwvJ2LOM0QYj75KMwkxYSOYqIdoYCjHBrCuBJmV8p7zKSCJsyyCcGdPXme3B9X3dPqye1JpXYxjWOV7JMDckRcckZq5IrckDrh5JE8k1fyZj1ZL9a79TFpLVnTmT3yB9bXD6tRoLM=</latexit>

⌘? ⌘ UN

�̇0H

<latexit sha1_base64="QY8uvzEGzw9HKYGSSXa+92rfiWA=">AAACKXicbVDLSgMxFM34tr6qLt0Ei+DGMiNFXRbduKxga6EzDJnMnTaYeZjcKZRhfseNv+JGQVG3/ohpLfg8EDj3nHuT3BNkUmi07VdrZnZufmFxabmysrq2vlHd3OroNFcc2jyVqeoGTIMUCbRRoIRupoDFgYSr4Pps7F8NQWmRJpc4ysCLWT8RkeAMjeRXmy4g8ws3Y4pJCbKkLtzkYkjpAXUjxXjhhmGKpmEgSt8uTflV0XNa+tWaXbcnoH+JMyU1MkXLrz6aK3geQ4JcMq17jp2hVzCFgksoK26uIWP8mvWhZ2jCYtBeMdm0pHtGCWmUKnMSpBP1+0TBYq1HcWA6Y4YD/dsbi/95vRyjE68QSZYjJPzzoSiXFFM6jo2GQgFHOTKEcSXMXykfmMw4mnArJgTn98p/Seew7hzVGxeNWvN0GscS2SG7ZJ845Jg0yTlpkTbh5JbckyfybN1ZD9aL9fbZOmNNZ7bJD1jvH3uUp18=</latexit>

⌘k ⌘ � �̈0

�̇0H

<latexit sha1_base64="4S2kZi5Q3TekoOasJfsOF8XvFAQ=">AAACHnicbVDLSgMxFM34rPVVdekmWARBKDNSH8uimy4rWFvotCWT3rHBzMPkTqEM8yVu/BU3LhQRXOnfmD4W2nogcHLOvTe5x4ul0Gjb39bC4tLyympuLb++sbm1XdjZvdVRojjUeSQj1fSYBilCqKNACc1YAQs8CQ3v/mrkNwagtIjCGxzG0A7YXSh8wRkaqVs4ve4w6sJDIgbU7YFEc4v7wojH1PUV46nbizAdaVmHZWk1c2MtuoWiXbLHoPPEmZIimaLWLXyaMTwJIEQumdYtx46xnTKFgkvI8m6iIWb8nt1By9CQBaDb6Xi9jB4apUf9SJkTIh2rvztSFmg9DDxTGTDs61lvJP7ntRL0L9qpCOMEIeSTh/xEUozoKCvaEwo4yqEhjCth/kp5n5lQ0CSaNyE4syvPk9uTknNWKl+Xi5XLaRw5sk8OyBFxyDmpkCqpkTrh5JE8k1fyZj1ZL9a79TEpXbCmPXvkD6yvH2WQorg=</latexit>

Q
a ⌘ ��

a +
�̇
a

H
 

<latexit sha1_base64="ekZ7uuoBRrRdis+qss+IjfRUU0M="></latexit>

R̈+
�
3 + 2✏� 2⌘k

�
HṘ+
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Universal CMB 
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Scales accessible from PTAs to aLVK
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Summary & Outlooks

✤ Primordial Black Holes, an appealing DM candidate, can be produced through large 
curvature perturbations, that can be associated with second order gravitational waves.

✤ The Higgs-  model, featuring both a distinctive valley and a noticeable hill, can exhibit a 
tachyonic instability induced by the running .

✤ Tachyonic instability can produce a wide range of PBHs/GWs from LIGO/Virgo to PTA 
frequencies. 

✤ Backreaction considerations, non-Gaussianity?

✤ Further distinguishable features? Direct correlation to collider observables? ( )
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