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The case for early-time physics

BAO + SNe: H0rs ' const
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(ii) generic observation

[Knox&Millea,1908.03663]

SH0ES + Planck  >5 sigma discrepant

(i) Hubble tension (assumes LCDM!):

 Resolving the tension requires lowering the sound horizon by ~ 5-6 %.

 This clearly suggests new physics pre recombination in redshift  window:

Modify history of universe when 

highly constrained! 
<latexit sha1_base64="pwdnkqd9cOBanPuxJBMwXLZWOA4=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWRKn+Ci6MZlBWsL7VAyaaYNzWSGJFOoQ//EjQtF3Pon7vwb03YEFT1w4XDOvdx7jx9zpjRCH1ZubX1jcyu/XdjZ3ds/sA+P7lSUSELbJOKR7PpYUc4EbWumOe3GkuLQ57TjT64WfmdKpWKRuNWzmHohHgkWMIK1kQa27boIwQt4b6pUQQgN7CJyGshtVGpwRerljFQb0HXQEkWQoTWw3/vDiCQhFZpwrFTPRbH2Uiw1I5zOC/1E0RiTCR7RnqECh1R56fLyOTwzyhAGkTQlNFyq3ydSHCo1C33TGWI9Vr+9hfiX10t0UPdSJuJEU0FWi4KEQx3BRQxwyCQlms8MwUQycyskYywx0Sasggnh61P4P7krOW7VKd+Ui83LLI48OAGn4By4oAaa4Bq0QBsQMAUP4Ak8W6n1aL1Yr6vWnJXNHIMfsN4+AUVvkN8=</latexit>

1100 < z < 25000



A road well-travelled

 Challenge: The new physics should preserve good fit to CMB observables.

new component (>10%)

increases       prior to recombinationH(z)
<latexit sha1_base64="PAQHYYCR0usEKOvqiEYzCuSUNoM=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoMQL8uuiJpb0EuOEcwDkiXMTmaTITOzy8ysEEN+wYsHRbz6Q978G2eTCD4LGoqqbrq7woQzbTzv3cktLa+sruXXCxubW9s7xd29po5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6CrzW7dUaRbLGzNOaCDwQLKIEWwyqVa+O+4VS55b8fzKmY9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYYIKVYYTTaaGbappgMsID2rFUYkF1MJndOkVHVumjKFa2pEEz9evEBAutxyK0nQKbof7pZeJfXic10UUwYTJJDZVkvihKOTIxyh5HfaYoMXxsCSaK2VsRGWKFibHxFGwIn5+i/0nzxPU9178+LVUvF3Hk4QAOoQw+nEMValCHBhAYwj08wpMjnAfn2XmZt+acxcw+fIPz+gGyj44D</latexit><latexit sha1_base64="PAQHYYCR0usEKOvqiEYzCuSUNoM=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoMQL8uuiJpb0EuOEcwDkiXMTmaTITOzy8ysEEN+wYsHRbz6Q978G2eTCD4LGoqqbrq7woQzbTzv3cktLa+sruXXCxubW9s7xd29po5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6CrzW7dUaRbLGzNOaCDwQLKIEWwyqVa+O+4VS55b8fzKmY9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYYIKVYYTTaaGbappgMsID2rFUYkF1MJndOkVHVumjKFa2pEEz9evEBAutxyK0nQKbof7pZeJfXic10UUwYTJJDZVkvihKOTIxyh5HfaYoMXxsCSaK2VsRGWKFibHxFGwIn5+i/0nzxPU9178+LVUvF3Hk4QAOoQw+nEMValCHBhAYwj08wpMjnAfn2XmZt+acxcw+fIPz+gGyj44D</latexit><latexit sha1_base64="PAQHYYCR0usEKOvqiEYzCuSUNoM=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoMQL8uuiJpb0EuOEcwDkiXMTmaTITOzy8ysEEN+wYsHRbz6Q978G2eTCD4LGoqqbrq7woQzbTzv3cktLa+sruXXCxubW9s7xd29po5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6CrzW7dUaRbLGzNOaCDwQLKIEWwyqVa+O+4VS55b8fzKmY9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYYIKVYYTTaaGbappgMsID2rFUYkF1MJndOkVHVumjKFa2pEEz9evEBAutxyK0nQKbof7pZeJfXic10UUwYTJJDZVkvihKOTIxyh5HfaYoMXxsCSaK2VsRGWKFibHxFGwIn5+i/0nzxPU9178+LVUvF3Hk4QAOoQw+nEMValCHBhAYwj08wpMjnAfn2XmZt+acxcw+fIPz+gGyj44D</latexit><latexit sha1_base64="PAQHYYCR0usEKOvqiEYzCuSUNoM=">AAAB63icdVDLSgNBEOyNrxhfUY9eBoMQL8uuiJpb0EuOEcwDkiXMTmaTITOzy8ysEEN+wYsHRbz6Q978G2eTCD4LGoqqbrq7woQzbTzv3cktLa+sruXXCxubW9s7xd29po5TRWiDxDxW7RBrypmkDcMMp+1EUSxCTlvh6CrzW7dUaRbLGzNOaCDwQLKIEWwyqVa+O+4VS55b8fzKmY9+E9/1ZijBAvVe8a3bj0kqqDSEY607vpeYYIKVYYTTaaGbappgMsID2rFUYkF1MJndOkVHVumjKFa2pEEz9evEBAutxyK0nQKbof7pZeJfXic10UUwYTJJDZVkvihKOTIxyh5HfaYoMXxsCSaK2VsRGWKFibHxFGwIn5+i/0nzxPU9178+LVUvF3Hk4QAOoQw+nEMValCHBhAYwj08wpMjnAfn2XmZt+acxcw+fIPz+gGyj44D</latexit>

rs =

Z 1

z⇤

cs(z)

H(z)
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<latexit sha1_base64="CSy9uXvojpe4sKREarmWoftgDSk="></latexit>

H
2(z) =

1

3M2
pl

[⇢⇤ + ⇢matter(z) + ⇢r(z) + ⇢X(z)]

 Canonical example: Dark Radiation (DR)
 Parametrization: Effective number of 
relativistic degrees of freedom

<latexit sha1_base64="1sYOiPdcKTp5RiDcC7RQYByLCow="></latexit>

⇢X(z) = ⇢(0)DR(1 + z)4
<latexit sha1_base64="l+nZljZxWnUPcuc3YFRfW7lkv/A="></latexit>

�Ne↵ = ⇢X/⇢1,⌫

 Free streaming DR: too much diffusion damping on small scales.
 Strongly interacting dark radiation (SIDR) is more promising.
 Different sophistications: stepped SIDR (mass threshold), coupled DM-DR, … 
     
 Depending on detailed model: brings tension down to ~3 sigma level.

[Aloni++,2111.00014]

[2206.11276,2306.12469, 2305.14166]
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�Ne↵

<latexit sha1_base64="nlq33BlV1BnBM8HDzad6hCNS1QQ=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZkN0Y23oBePEc0DkiXMTmaTIbMPZmaFsOQTvHhQxKtf5M2/cZKsoKIFDUVVN91dfiK40hh/WIWV1bX1jeJmaWt7Z3evvH/QVnEqKWvRWMSy6xPFBI9YS3MtWDeRjIS+YB1/cjX3O/dMKh5Hd3qaMC8ko4gHnBJtpFtsnw3KFWy7FwYuwnYdY1x1coJd5Nh4gQrkaA7K7/1hTNOQRZoKolTPwYn2MiI1p4LNSv1UsYTQCRmxnqERCZnyssWpM3RilCEKYmkq0mihfp/ISKjUNPRNZ0j0WP325uJfXi/VQd3LeJSkmkV0uShIBdIxmv+NhlwyqsXUEEIlN7ciOiaSUG3SKZkQvj5F/5N21XbO7dpNrdK4zOMowhEcwyk44EIDrqEJLaAwggd4gmdLWI/Wi/W6bC1Y+cwh/ID19gnLxI2A</latexit>

0.5

<latexit sha1_base64="U2RPUkYkEcJ2Bz1LvHbqFqL5B4w=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ6ZUp+6KblxWsA9oh5JJM21okhmSjFCG/oIbF4q49Yfc+Tdm2hFU9MCFwzn3cu89YcKZNgh9OCura+sbm6Wt8vbO7t5+5eCwo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244vc797j1VmsXyzswSGgg8lixiBJtcQm7tfFipIte/tPAhchsIoZpXEORDz0ULVEGB1rDyPhjFJBVUGsKx1n0PJSbIsDKMcDovD1JNE0ymeEz7lkosqA6yxa1zeGqVEYxiZUsauFC/T2RYaD0Toe0U2Ez0by8X//L6qYkaQcZkkhoqyXJRlHJoYpg/DkdMUWL4zBJMFLO3QjLBChNj4ynbEL4+hf+TTs31Ltz6bb3avCriKIFjcALOgAd80AQ3oAXagIAJeABP4NkRzqPz4rwuW1ecYuYI/IDz9gk9E428</latexit>

0.25
time 

CMB epoch late Universe 

req. for solving 
Hubble tension 

BBN challenge

Advertisement: In our upcoming publication, we will reveal “something” .
(with M.Garny, H.Rubira, M.S.Sloth)

“something” 
has to happen 

BBN epoch ``dessert’’ 

excluded by 
BBN 

e.g. [Schöneberg++,2206.11276]



What works instead…
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 Explanation: Energy injection shortens sound horizon observed in CMB.
 Insight with Martin S. Sloth: Looks like a vacuum phase transition!

Credit: ESA

time

late dark 
energy

<latexit sha1_base64="sIRS4htwI0x2FAQAAlumvMsXS2o=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinoRil48VrAf0C4lm2bb0CS7JFmlLP0LXjwo4tU/5M1/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML7N/PYjVZpF8sFMYuoLPJQsZASbTHq6PvP65YpbdWdAy8TLSQVyNPrlr94gIomg0hCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nEgmo/nd06RSdWGaAwUrakQTP190SKhdYTEdhOgc1IL3qZ+J/XTUx45adMxomhkswXhQlHJkLZ42jAFCWGTyzBRDF7KyIjrDAxNp6SDcFbfHmZtM6r3kW1dl+r1G/yOIpwBMdwCh5cQh3uoAFNIDCCZ3iFN0c4L8678zFvLTj5zCH8gfP5A0Nrjb0=</latexit>

w = �1

 Early Dark Energy (EDE): 2018 - Poulin, Smith, Karwal, Kamionkowski

<latexit sha1_base64="dSpTkOBO9HRLYIggik7ZLckR720=">AAAB8HicdVDLTgIxFO3gC/GFunTTSExwMxkGBNwR3bjERB4GJqRTOtDQdiZtxwQnfIUbFxrj1s9x59/YAUzU6ElucnLOvbn3Hj9iVGnH+bAyK6tr6xvZzdzW9s7uXn7/oK3CWGLSwiELZddHijAqSEtTzUg3kgRxn5GOP7lM/c4dkYqG4kZPI+JxNBI0oBhpI9325TgcdIv3p4N8wbHP61X3zIWO7Tg1t1xNiVuruGVYMkqKAliiOci/94chjjkRGjOkVK/kRNpLkNQUMzLL9WNFIoQnaER6hgrEifKS+cEzeGKUIQxCaUpoOFe/TySIKzXlvunkSI/Vby8V//J6sQ7qXkJFFGsi8GJREDOoQ5h+D4dUEqzZ1BCEJTW3QjxGEmFtMsqZEL4+hf+TtmuXqnblulJoXCzjyIIjcAyKoARqoAGuQBO0AAYcPIAn8GxJ69F6sV4XrRlrOXMIfsB6+wSS5ZBI</latexit>

⇢X(z)

<latexit sha1_base64="PQbKoNkhGew319ejenR6u3tpx5g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU91VqZ6k6MVjBfsB7VKyabaNzSZLklXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWl5ZXcuvFzY2t7Z3irt7DS0TRWidSC5VK8CaciZo3TDDaStWFEcBp81geDPxm49UaSbFvRnF1I9wX7CQEWys1Hi6Qt7JWbdYcsvuFGiReBkpQYZat/jV6UmSRFQYwrHWbc+NjZ9iZRjhdFzoJJrGmAxxn7YtFTii2k+n147RkVV6KJTKljBoqv6eSHGk9SgKbGeEzUDPexPxP6+dmPDST5mIE0MFmS0KE46MRJPXUY8pSgwfWYKJYvZWRAZYYWJsQAUbgjf/8iJpnJa9Srlyd16qXmdx5OEADuEYPLiAKtxCDepA4AGe4RXeHOm8OO/Ox6w152Qz+/AHzucPEnyOKQ==</latexit>

w > 1/3



Vacuum phase transition
single field case

vacuum bubbles 

tunnelling

(eV)4
<latexit sha1_base64="qdHig2CMCVJB+PFygIWi6b3Xn/w=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiDEyzAjQc0t6MVjBBMDyRh6OpWkSc9id00wDPkOLx4U8erHePNv7CyC64OCx3tVVNXzYyk0Os67lVlYXFpeya7m1tY3Nrfy2zt1HSWKQ41HMlINn2mQIoQaCpTQiBWwwJdw7Q/OJ/71EJQWUXiFoxi8gPVC0RWcoZG8YgvhDlOojw9vSu18wbHLjls+dulv4trOFAUyR7Wdf2t1Ip4EECKXTOum68TopUyh4BLGuVaiIWZ8wHrQNDRkAWgvnR49pgdG6dBupEyFSKfq14mUBVqPAt90Bgz7+qc3Ef/ymgl2T71UhHGCEPLZom4iKUZ0kgDtCAUc5cgQxpUwt1LeZ4pxNDnlTAifn9L/Sf3Idh3bvSwVKmfzOLJkj+yTInHJCamQC1IlNcLJLbknj+TJGloP1rP1MmvNWPOZXfIN1usHn5eSAQ==</latexit><latexit sha1_base64="qdHig2CMCVJB+PFygIWi6b3Xn/w=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiDEyzAjQc0t6MVjBBMDyRh6OpWkSc9id00wDPkOLx4U8erHePNv7CyC64OCx3tVVNXzYyk0Os67lVlYXFpeya7m1tY3Nrfy2zt1HSWKQ41HMlINn2mQIoQaCpTQiBWwwJdw7Q/OJ/71EJQWUXiFoxi8gPVC0RWcoZG8YgvhDlOojw9vSu18wbHLjls+dulv4trOFAUyR7Wdf2t1Ip4EECKXTOum68TopUyh4BLGuVaiIWZ8wHrQNDRkAWgvnR49pgdG6dBupEyFSKfq14mUBVqPAt90Bgz7+qc3Ef/ymgl2T71UhHGCEPLZom4iKUZ0kgDtCAUc5cgQxpUwt1LeZ4pxNDnlTAifn9L/Sf3Idh3bvSwVKmfzOLJkj+yTInHJCamQC1IlNcLJLbknj+TJGloP1rP1MmvNWPOZXfIN1usHn5eSAQ==</latexit><latexit sha1_base64="qdHig2CMCVJB+PFygIWi6b3Xn/w=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiDEyzAjQc0t6MVjBBMDyRh6OpWkSc9id00wDPkOLx4U8erHePNv7CyC64OCx3tVVNXzYyk0Os67lVlYXFpeya7m1tY3Nrfy2zt1HSWKQ41HMlINn2mQIoQaCpTQiBWwwJdw7Q/OJ/71EJQWUXiFoxi8gPVC0RWcoZG8YgvhDlOojw9vSu18wbHLjls+dulv4trOFAUyR7Wdf2t1Ip4EECKXTOum68TopUyh4BLGuVaiIWZ8wHrQNDRkAWgvnR49pgdG6dBupEyFSKfq14mUBVqPAt90Bgz7+qc3Ef/ymgl2T71UhHGCEPLZom4iKUZ0kgDtCAUc5cgQxpUwt1LeZ4pxNDnlTAifn9L/Sf3Idh3bvSwVKmfzOLJkj+yTInHJCamQC1IlNcLJLbknj+TJGloP1rP1MmvNWPOZXfIN1usHn5eSAQ==</latexit><latexit sha1_base64="qdHig2CMCVJB+PFygIWi6b3Xn/w=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiDEyzAjQc0t6MVjBBMDyRh6OpWkSc9id00wDPkOLx4U8erHePNv7CyC64OCx3tVVNXzYyk0Os67lVlYXFpeya7m1tY3Nrfy2zt1HSWKQ41HMlINn2mQIoQaCpTQiBWwwJdw7Q/OJ/71EJQWUXiFoxi8gPVC0RWcoZG8YgvhDlOojw9vSu18wbHLjls+dulv4trOFAUyR7Wdf2t1Ip4EECKXTOum68TopUyh4BLGuVaiIWZ8wHrQNDRkAWgvnR49pgdG6dBupEyFSKfq14mUBVqPAt90Bgz7+qc3Ef/ymgl2T71UhHGCEPLZom4iKUZ0kgDtCAUc5cgQxpUwt1LeZ4pxNDnlTAifn9L/Sf3Idh3bvSwVKmfzOLJkj+yTInHJCamQC1IlNcLJLbknj+TJGloP1rP1MmvNWPOZXfIN1usHn5eSAQ==</latexit>

(meV)4
<latexit sha1_base64="SJiuoe9B4EfezIR2gddr0/0mEp8=">AAAB9XicdVDJSgNBEO1xjXGLevTSGIR4CTMS1NyCXjxGMAskk9DTqUma9Cx016hhyH948aCIV//Fm39jZxFcHxQ83quiqp4XS6HRtt+thcWl5ZXVzFp2fWNzazu3s1vXUaI41HgkI9X0mAYpQqihQAnNWAELPAkNb3gx8Rs3oLSIwmscxeAGrB8KX3CGRuoU2gh3mAZQHx91St1c3i6Wbad84tDfxCnaU+TJHNVu7q3di3gSQIhcMq1bjh2jmzKFgksYZ9uJhpjxIetDy9CQBaDddHr1mB4apUf9SJkKkU7VrxMpC7QeBZ7pDBgO9E9vIv7ltRL0z9xUhHGCEPLZIj+RFCM6iYD2hAKOcmQI40qYWykfMMU4mqCyJoTPT+n/pH5cdOyic1XKV87ncWTIPjkgBeKQU1Ihl6RKaoQTRe7JI3mybq0H69l6mbUuWPOZPfIN1usHbyiSeA==</latexit><latexit sha1_base64="SJiuoe9B4EfezIR2gddr0/0mEp8=">AAAB9XicdVDJSgNBEO1xjXGLevTSGIR4CTMS1NyCXjxGMAskk9DTqUma9Cx016hhyH948aCIV//Fm39jZxFcHxQ83quiqp4XS6HRtt+thcWl5ZXVzFp2fWNzazu3s1vXUaI41HgkI9X0mAYpQqihQAnNWAELPAkNb3gx8Rs3oLSIwmscxeAGrB8KX3CGRuoU2gh3mAZQHx91St1c3i6Wbad84tDfxCnaU+TJHNVu7q3di3gSQIhcMq1bjh2jmzKFgksYZ9uJhpjxIetDy9CQBaDddHr1mB4apUf9SJkKkU7VrxMpC7QeBZ7pDBgO9E9vIv7ltRL0z9xUhHGCEPLZIj+RFCM6iYD2hAKOcmQI40qYWykfMMU4mqCyJoTPT+n/pH5cdOyic1XKV87ncWTIPjkgBeKQU1Ihl6RKaoQTRe7JI3mybq0H69l6mbUuWPOZPfIN1usHbyiSeA==</latexit><latexit sha1_base64="SJiuoe9B4EfezIR2gddr0/0mEp8=">AAAB9XicdVDJSgNBEO1xjXGLevTSGIR4CTMS1NyCXjxGMAskk9DTqUma9Cx016hhyH948aCIV//Fm39jZxFcHxQ83quiqp4XS6HRtt+thcWl5ZXVzFp2fWNzazu3s1vXUaI41HgkI9X0mAYpQqihQAnNWAELPAkNb3gx8Rs3oLSIwmscxeAGrB8KX3CGRuoU2gh3mAZQHx91St1c3i6Wbad84tDfxCnaU+TJHNVu7q3di3gSQIhcMq1bjh2jmzKFgksYZ9uJhpjxIetDy9CQBaDddHr1mB4apUf9SJkKkU7VrxMpC7QeBZ7pDBgO9E9vIv7ltRL0z9xUhHGCEPLZIj+RFCM6iYD2hAKOcmQI40qYWykfMMU4mqCyJoTPT+n/pH5cdOyic1XKV87ncWTIPjkgBeKQU1Ihl6RKaoQTRe7JI3mybq0H69l6mbUuWPOZPfIN1usHbyiSeA==</latexit><latexit sha1_base64="SJiuoe9B4EfezIR2gddr0/0mEp8=">AAAB9XicdVDJSgNBEO1xjXGLevTSGIR4CTMS1NyCXjxGMAskk9DTqUma9Cx016hhyH948aCIV//Fm39jZxFcHxQ83quiqp4XS6HRtt+thcWl5ZXVzFp2fWNzazu3s1vXUaI41HgkI9X0mAYpQqihQAnNWAELPAkNb3gx8Rs3oLSIwmscxeAGrB8KX3CGRuoU2gh3mAZQHx91St1c3i6Wbad84tDfxCnaU+TJHNVu7q3di3gSQIhcMq1bjh2jmzKFgksYZ9uJhpjxIetDy9CQBaDddHr1mB4apUf9SJkKkU7VrxMpC7QeBZ7pDBgO9E9vIv7ltRL0z9xUhHGCEPLZIj+RFCM6iYD2hAKOcmQI40qYWykfMMU4mqCyJoTPT+n/pH5cdOyic1XKV87ncWTIPjkgBeKQU1Ihl6RKaoQTRe7JI3mybq0H69l6mbUuWPOZPfIN1usHbyiSeA==</latexit>  

<latexit sha1_base64="oVjZqrAmZBDuQ77NWV+kMiU5TGw=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hE1N6KXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nrwq/fUeVZom8NZOUhgIPJYsZwaaQeqlm/WrNc+ueXz/z0W/iu94MNVig2a++9QYJyQSVhnCsddf3UhPmWBlGOJ1WepmmKSZjPKRdSyUWVIf57NYpOrLKAMWJsiUNmqlfJ3IstJ6IyHYKbEb6p1eIf3ndzMQXYc5kmhkqyXxRnHFkElQ8jgZMUWL4xBJMFLO3IjLCChNj46nYED4/Rf+T1onre65/c1prXC7iKMMBHMIx+HAODbiGJgRAYAT38AhPjnAenGfnZd5achYz+/ANzusHlTeOmA==</latexit><latexit sha1_base64="oVjZqrAmZBDuQ77NWV+kMiU5TGw=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hE1N6KXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nrwq/fUeVZom8NZOUhgIPJYsZwaaQeqlm/WrNc+ueXz/z0W/iu94MNVig2a++9QYJyQSVhnCsddf3UhPmWBlGOJ1WepmmKSZjPKRdSyUWVIf57NYpOrLKAMWJsiUNmqlfJ3IstJ6IyHYKbEb6p1eIf3ndzMQXYc5kmhkqyXxRnHFkElQ8jgZMUWL4xBJMFLO3IjLCChNj46nYED4/Rf+T1onre65/c1prXC7iKMMBHMIx+HAODbiGJgRAYAT38AhPjnAenGfnZd5achYz+/ANzusHlTeOmA==</latexit><latexit sha1_base64="oVjZqrAmZBDuQ77NWV+kMiU5TGw=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hE1N6KXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nrwq/fUeVZom8NZOUhgIPJYsZwaaQeqlm/WrNc+ueXz/z0W/iu94MNVig2a++9QYJyQSVhnCsddf3UhPmWBlGOJ1WepmmKSZjPKRdSyUWVIf57NYpOrLKAMWJsiUNmqlfJ3IstJ6IyHYKbEb6p1eIf3ndzMQXYc5kmhkqyXxRnHFkElQ8jgZMUWL4xBJMFLO3IjLCChNj46nYED4/Rf+T1onre65/c1prXC7iKMMBHMIx+HAODbiGJgRAYAT38AhPjnAenGfnZd5achYz+/ANzusHlTeOmA==</latexit><latexit sha1_base64="oVjZqrAmZBDuQ77NWV+kMiU5TGw=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0hE1N6KXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoKfj4YeLw3w8y8KOVMG897d0pLyyura+X1ysbm1vZOdXevpZNMERqQhCeqE2FNOZM0MMxw2kkVxSLitB2Nrwq/fUeVZom8NZOUhgIPJYsZwaaQeqlm/WrNc+ueXz/z0W/iu94MNVig2a++9QYJyQSVhnCsddf3UhPmWBlGOJ1WepmmKSZjPKRdSyUWVIf57NYpOrLKAMWJsiUNmqlfJ3IstJ6IyHYKbEb6p1eIf3ndzMQXYc5kmhkqyXxRnHFkElQ8jgZMUWL4xBJMFLO3IjLCChNj46nYED4/Rf+T1onre65/c1prXC7iKMMBHMIx+HAODbiGJgRAYAT38AhPjnAenGfnZd5achYz+/ANzusHlTeOmA==</latexit>

V ( )
<latexit sha1_base64="/gGe5jrwo76onEIPbDtGCzkFESI=">AAAB7nicdVDJSgNBEK2JW4zbqEcvjUGIl2FGRM0t6MVjBLNAMoSeTk/SpKen6e4RwpCP8OJBEa9+jzf/xs4iuD4oeLxXRVW9SHKmje+/O4Wl5ZXVteJ6aWNza3vH3d1r6jRThDZIylPVjrCmnAnaMMxw2paK4iTitBWNrqZ+644qzVJxa8aShgkeCBYzgo2VWs1KV2p23HPLvlf1g+pZgH6TwPNnKMMC9Z771u2nJEuoMIRjrTuBL02YY2UY4XRS6maaSkxGeEA7lgqcUB3ms3Mn6MgqfRSnypYwaKZ+nchxovU4iWxngs1Q//Sm4l9eJzPxRZgzITNDBZkvijOOTIqmv6M+U5QYPrYEE8XsrYgMscLE2IRKNoTPT9H/pHniBb4X3JyWa5eLOIpwAIdQgQDOoQbXUIcGEBjBPTzCkyOdB+fZeZm3FpzFzD58g/P6AQWpj10=</latexit><latexit sha1_base64="/gGe5jrwo76onEIPbDtGCzkFESI=">AAAB7nicdVDJSgNBEK2JW4zbqEcvjUGIl2FGRM0t6MVjBLNAMoSeTk/SpKen6e4RwpCP8OJBEa9+jzf/xs4iuD4oeLxXRVW9SHKmje+/O4Wl5ZXVteJ6aWNza3vH3d1r6jRThDZIylPVjrCmnAnaMMxw2paK4iTitBWNrqZ+644qzVJxa8aShgkeCBYzgo2VWs1KV2p23HPLvlf1g+pZgH6TwPNnKMMC9Z771u2nJEuoMIRjrTuBL02YY2UY4XRS6maaSkxGeEA7lgqcUB3ms3Mn6MgqfRSnypYwaKZ+nchxovU4iWxngs1Q//Sm4l9eJzPxRZgzITNDBZkvijOOTIqmv6M+U5QYPrYEE8XsrYgMscLE2IRKNoTPT9H/pHniBb4X3JyWa5eLOIpwAIdQgQDOoQbXUIcGEBjBPTzCkyOdB+fZeZm3FpzFzD58g/P6AQWpj10=</latexit><latexit sha1_base64="/gGe5jrwo76onEIPbDtGCzkFESI=">AAAB7nicdVDJSgNBEK2JW4zbqEcvjUGIl2FGRM0t6MVjBLNAMoSeTk/SpKen6e4RwpCP8OJBEa9+jzf/xs4iuD4oeLxXRVW9SHKmje+/O4Wl5ZXVteJ6aWNza3vH3d1r6jRThDZIylPVjrCmnAnaMMxw2paK4iTitBWNrqZ+644qzVJxa8aShgkeCBYzgo2VWs1KV2p23HPLvlf1g+pZgH6TwPNnKMMC9Z771u2nJEuoMIRjrTuBL02YY2UY4XRS6maaSkxGeEA7lgqcUB3ms3Mn6MgqfRSnypYwaKZ+nchxovU4iWxngs1Q//Sm4l9eJzPxRZgzITNDBZkvijOOTIqmv6M+U5QYPrYEE8XsrYgMscLE2IRKNoTPT9H/pHniBb4X3JyWa5eLOIpwAIdQgQDOoQbXUIcGEBjBPTzCkyOdB+fZeZm3FpzFzD58g/P6AQWpj10=</latexit><latexit sha1_base64="/gGe5jrwo76onEIPbDtGCzkFESI=">AAAB7nicdVDJSgNBEK2JW4zbqEcvjUGIl2FGRM0t6MVjBLNAMoSeTk/SpKen6e4RwpCP8OJBEa9+jzf/xs4iuD4oeLxXRVW9SHKmje+/O4Wl5ZXVteJ6aWNza3vH3d1r6jRThDZIylPVjrCmnAnaMMxw2paK4iTitBWNrqZ+644qzVJxa8aShgkeCBYzgo2VWs1KV2p23HPLvlf1g+pZgH6TwPNnKMMC9Z771u2nJEuoMIRjrTuBL02YY2UY4XRS6maaSkxGeEA7lgqcUB3ms3Mn6MgqfRSnypYwaKZ+nchxovU4iWxngs1Q//Sm4l9eJzPxRZgzITNDBZkvijOOTIqmv6M+U5QYPrYEE8XsrYgMscLE2IRKNoTPT9H/pHniBb4X3JyWa5eLOIpwAIdQgQDOoQbXUIcGEBjBPTzCkyOdB+fZeZm3FpzFzD58g/P6AQWpj10=</latexit>

0
<latexit sha1_base64="0Pmnu6byJp4lbbekhAcyAkjyIHA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnpE1NyCXjwmYBZIhtDTqUna9Cx09wgh5Au8eFDEq5/kzb+xswiuDwoe71VRVS9IpdCG0ncnt7S8srqWXy9sbG5t7xR39xo6yRTHOk9koloB0yhFjHUjjMRWqpBFgcRmMLya+s07VFok8Y0ZpehHrB+LUHBmrFSj3WKJumXqlc888pt4Lp2hBAtUu8W3Ti/hWYSx4ZJp3fZoavwxU0ZwiZNCJ9OYMj5kfWxbGrMItT+eHTohR1bpkTBRtmJDZurXiTGLtB5Fge2MmBnon95U/MtrZya88MciTjODMZ8vCjNJTEKmX5OeUMiNHFnCuBL2VsIHTDFubDYFG8Lnp+R/0jhxPep6tdNS5XIRRx4O4BCOwYNzqMA1VKEOHBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+AOoRjQI=</latexit><latexit sha1_base64="0Pmnu6byJp4lbbekhAcyAkjyIHA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnpE1NyCXjwmYBZIhtDTqUna9Cx09wgh5Au8eFDEq5/kzb+xswiuDwoe71VRVS9IpdCG0ncnt7S8srqWXy9sbG5t7xR39xo6yRTHOk9koloB0yhFjHUjjMRWqpBFgcRmMLya+s07VFok8Y0ZpehHrB+LUHBmrFSj3WKJumXqlc888pt4Lp2hBAtUu8W3Ti/hWYSx4ZJp3fZoavwxU0ZwiZNCJ9OYMj5kfWxbGrMItT+eHTohR1bpkTBRtmJDZurXiTGLtB5Fge2MmBnon95U/MtrZya88MciTjODMZ8vCjNJTEKmX5OeUMiNHFnCuBL2VsIHTDFubDYFG8Lnp+R/0jhxPep6tdNS5XIRRx4O4BCOwYNzqMA1VKEOHBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+AOoRjQI=</latexit><latexit sha1_base64="0Pmnu6byJp4lbbekhAcyAkjyIHA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnpE1NyCXjwmYBZIhtDTqUna9Cx09wgh5Au8eFDEq5/kzb+xswiuDwoe71VRVS9IpdCG0ncnt7S8srqWXy9sbG5t7xR39xo6yRTHOk9koloB0yhFjHUjjMRWqpBFgcRmMLya+s07VFok8Y0ZpehHrB+LUHBmrFSj3WKJumXqlc888pt4Lp2hBAtUu8W3Ti/hWYSx4ZJp3fZoavwxU0ZwiZNCJ9OYMj5kfWxbGrMItT+eHTohR1bpkTBRtmJDZurXiTGLtB5Fge2MmBnon95U/MtrZya88MciTjODMZ8vCjNJTEKmX5OeUMiNHFnCuBL2VsIHTDFubDYFG8Lnp+R/0jhxPep6tdNS5XIRRx4O4BCOwYNzqMA1VKEOHBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+AOoRjQI=</latexit><latexit sha1_base64="0Pmnu6byJp4lbbekhAcyAkjyIHA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnpE1NyCXjwmYBZIhtDTqUna9Cx09wgh5Au8eFDEq5/kzb+xswiuDwoe71VRVS9IpdCG0ncnt7S8srqWXy9sbG5t7xR39xo6yRTHOk9koloB0yhFjHUjjMRWqpBFgcRmMLya+s07VFok8Y0ZpehHrB+LUHBmrFSj3WKJumXqlc888pt4Lp2hBAtUu8W3Ti/hWYSx4ZJp3fZoavwxU0ZwiZNCJ9OYMj5kfWxbGrMItT+eHTohR1bpkTBRtmJDZurXiTGLtB5Fge2MmBnon95U/MtrZya88MciTjODMZ8vCjNJTEKmX5OeUMiNHFnCuBL2VsIHTDFubDYFG8Lnp+R/0jhxPep6tdNS5XIRRx4O4BCOwYNzqMA1VKEOHBDu4RGenFvnwXl2XuatOWcxsw/f4Lx+AOoRjQI=</latexit>

NEDE 

<latexit sha1_base64="5ZPcDl/KcdlPd74Ujvgrb3iJG3I=">AAAB8nicdVDJSgNBEK1xjXGLevTSGARPw0xwyy3oxWMEs8DMGHo6PUmT7umhu0cIIZ/hxYMiXv0ab/6NnUVwfVDweK+Kqnpxxpk2nvfuLCwuLa+sFtaK6xubW9ulnd2mlrkitEEkl6odY005S2nDMMNpO1MUi5jTVjy4nPitO6o0k+mNGWY0EriXsoQRbKwUhJoJFGaa3VY6pbLnVj2/euqj38R3vSnKMEe9U3oLu5LkgqaGcKx14HuZiUZYGUY4HRfDXNMMkwHu0cDSFAuqo9H05DE6tEoXJVLZSg2aql8nRlhoPRSx7RTY9PVPbyL+5QW5Sc6jEUuz3NCUzBYlOUdGosn/qMsUJYYPLcFEMXsrIn2sMDE2paIN4fNT9D9pVlz/xPWuj8u1i3kcBdiHAzgCH86gBldQhwYQkHAPj/DkGOfBeXZeZq0LznxmD77Bef0ANIyRNw==</latexit>

⇠  2

 Hubble tension: EDE provided by (decaying) false vacuum energy.  
 
 
 
 
 Challenge: How to avoid anisotropies in CMB arising from large bubbles?
 Idea: Make tunneling rate time dependent.

However:
<latexit sha1_base64="b4vlPhACRJi7pom2FdKCWEv1138=">AAAB9XicdVDJSgNBEO2JW4xb1KOXxiB4GmYkRHMQgh70GMEskIyhptNJmnT3DN09ShjyH148KOLVf/Hm39hZBNcHBY/3qqiqF8acaeN5705mYXFpeSW7mltb39jcym/v1HWUKEJrJOKRaoagKWeS1gwznDZjRUGEnDbC4fnEb9xSpVkkr80opoGAvmQ9RsBY6aZ9AUIAPsUkktp08gXPLXt+ueTj38R3vSkKaI5qJ//W7kYkEVQawkHrlu/FJkhBGUY4HefaiaYxkCH0actSCYLqIJ1ePcYHVuniXqRsSYOn6teJFITWIxHaTgFmoH96E/Evr5WY3kmQMhknhkoyW9RLODYRnkSAu0xRYvjIEiCK2VsxGYACYmxQORvC56f4f1I/cv2SW7wqFipn8ziyaA/to0Pko2NUQZeoimqIIIXu0SN6cu6cB+fZeZm1Zpz5zC76Buf1AwtxkkA=</latexit>

� = const tunneling turns on when
<latexit sha1_base64="l+LEkYoRzkqa/YY3/NJohkmUdmk=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5BIqXZXdGGXFewDmlhuppN2cCYJMxOhln6JGxeKuPVT3Pk3Th+CzwMXDufcy733hClnSrvuu5VbWl5ZXcuvFzY2t7aL9s5uSyWZJLRJEp7ITgiKchbTpmaa004qKYiQ03Z4cz7127dUKpbEV3qU0kDAIGYRI6CN1LOL/gUIAdhXTOD6dblnl1yn6nrViod/E89xZyihBRo9+83vJyQTNNaEg1Jdz011MAapGeF0UvAzRVMgNzCgXUNjEFQF49nhE3xolD6OEmkq1nimfp0Yg1BqJELTKUAP1U9vKv7ldTMdnQZjFqeZpjGZL4oyjnWCpyngPpOUaD4yBIhk5lZMhiCBaJNVwYTw+Sn+n7SOHa/ilC/LpdrZIo482kcH6Ah56ATVUB01UBMRlKF79IierDvrwXq2XuatOWsxs4e+wXr9ANd+kpY=</latexit>

� ⇠ H
4

(i) percolation time 
<latexit sha1_base64="GG/Zryza2dtIq65RAYJI4yK6dO4=">AAAB8HicdVDJSgNBEK1xjXGLevTSGARP44yEaG5BLzlGMIskQ+jp9CRNunuG7h4hDPkKLx4U8ernePNv7CyC64OCx3tVVNULE8608bx3Z2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dUeVZrG8MeOEBgIPJIsYwcZKt6irmUD+aa1XKHpuxfMrZR/9Jr7rzVCEBeq9wlu3H5NUUGkIx1p3fC8xQYaVYYTTSb6bappgMsID2rFUYkF1kM0OnqBjq/RRFCtb0qCZ+nUiw0LrsQhtp8BmqH96U/Evr5Oa6CLImExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiM8jaEz0/R/6R55vplt3RdKlYvF3Hk4BCO4AR8OIcq1KAODSAg4B4e4clRzoPz7LzMW5ecxcwBfIPz+gG0fo+4</latexit>

⇠ 1/H (ii) typical bubble size 
<latexit sha1_base64="GG/Zryza2dtIq65RAYJI4yK6dO4=">AAAB8HicdVDJSgNBEK1xjXGLevTSGARP44yEaG5BLzlGMIskQ+jp9CRNunuG7h4hDPkKLx4U8ernePNv7CyC64OCx3tVVNULE8608bx3Z2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dUeVZrG8MeOEBgIPJIsYwcZKt6irmUD+aa1XKHpuxfMrZR/9Jr7rzVCEBeq9wlu3H5NUUGkIx1p3fC8xQYaVYYTTSb6bappgMsID2rFUYkF1kM0OnqBjq/RRFCtb0qCZ+nUiw0LrsQhtp8BmqH96U/Evr5Oa6CLImExSQyWZL4pSjkyMpt+jPlOUGD62BBPF7K2IDLHCxNiM8jaEz0/R/6R55vplt3RdKlYvF3Hk4BCO4AR8OIcq1KAODSAg4B4e4clRzoPz7LzMW5ecxcwBfIPz+gG0fo+4</latexit>

⇠ 1/H



Cold New Early Dark Energy

 
<latexit sha1_base64="JlJCEkmBZCR9zkXXaN1C7LNM7w0=">AAAB63icbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GPRi8cK9gPapWTTbBuaZEOSFcrSv+DFgyJe/UPe/Ddm2z1o64OBx3szzMyLFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218E2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacFmrP1xVG7dFHCU4hTO4gACuoQH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyWNjk4=</latexit>

(i) 

� ' �ini
<latexit sha1_base64="5/FJF/HRk11OUdaHLxISHbM64H8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIVERO2u6MZlBfuAJoTJdNIOnZnEmYlQYhf+ihsXirj1N9z5N07aCj4PXDiccy/33hOljCrtuu9WaW5+YXGpvFxZWV1b37A3t1oqySQmTZywRHYipAijgjQ11Yx0UkkQjxhpR8Pzwm/fEKloIq70KCUBR31BY4qRNlJo7/jpgEJfUU6uYcHDnAo6Du2q69Rcr3bswd/Ec9wJqmCGRmi/+b0EZ5wIjRlSquu5qQ5yJDXFjIwrfqZIivAQ9UnXUIE4UUE+uX8M943Sg3EiTQkNJ+rXiRxxpUY8Mp0c6YH66RXiX1430/FpYB5KM00Eni6KMwZ1AoswYI9KgjUbGYKwpOZWiAdIIqxNZBUTwuen8H/SOnQ81/Euj6r1s1kcZbAL9sAB8MAJqIML0ABNgMEtuAeP4Mm6sx6sZ+tl2lqyZjPb4Bus1w9t2JZh</latexit><latexit sha1_base64="5/FJF/HRk11OUdaHLxISHbM64H8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIVERO2u6MZlBfuAJoTJdNIOnZnEmYlQYhf+ihsXirj1N9z5N07aCj4PXDiccy/33hOljCrtuu9WaW5+YXGpvFxZWV1b37A3t1oqySQmTZywRHYipAijgjQ11Yx0UkkQjxhpR8Pzwm/fEKloIq70KCUBR31BY4qRNlJo7/jpgEJfUU6uYcHDnAo6Du2q69Rcr3bswd/Ec9wJqmCGRmi/+b0EZ5wIjRlSquu5qQ5yJDXFjIwrfqZIivAQ9UnXUIE4UUE+uX8M943Sg3EiTQkNJ+rXiRxxpUY8Mp0c6YH66RXiX1430/FpYB5KM00Eni6KMwZ1AoswYI9KgjUbGYKwpOZWiAdIIqxNZBUTwuen8H/SOnQ81/Euj6r1s1kcZbAL9sAB8MAJqIML0ABNgMEtuAeP4Mm6sx6sZ+tl2lqyZjPb4Bus1w9t2JZh</latexit><latexit sha1_base64="5/FJF/HRk11OUdaHLxISHbM64H8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIVERO2u6MZlBfuAJoTJdNIOnZnEmYlQYhf+ihsXirj1N9z5N07aCj4PXDiccy/33hOljCrtuu9WaW5+YXGpvFxZWV1b37A3t1oqySQmTZywRHYipAijgjQ11Yx0UkkQjxhpR8Pzwm/fEKloIq70KCUBR31BY4qRNlJo7/jpgEJfUU6uYcHDnAo6Du2q69Rcr3bswd/Ec9wJqmCGRmi/+b0EZ5wIjRlSquu5qQ5yJDXFjIwrfqZIivAQ9UnXUIE4UUE+uX8M943Sg3EiTQkNJ+rXiRxxpUY8Mp0c6YH66RXiX1430/FpYB5KM00Eni6KMwZ1AoswYI9KgjUbGYKwpOZWiAdIIqxNZBUTwuen8H/SOnQ81/Euj6r1s1kcZbAL9sAB8MAJqIML0ABNgMEtuAeP4Mm6sx6sZ+tl2lqyZjPb4Bus1w9t2JZh</latexit><latexit sha1_base64="5/FJF/HRk11OUdaHLxISHbM64H8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXIVERO2u6MZlBfuAJoTJdNIOnZnEmYlQYhf+ihsXirj1N9z5N07aCj4PXDiccy/33hOljCrtuu9WaW5+YXGpvFxZWV1b37A3t1oqySQmTZywRHYipAijgjQ11Yx0UkkQjxhpR8Pzwm/fEKloIq70KCUBR31BY4qRNlJo7/jpgEJfUU6uYcHDnAo6Du2q69Rcr3bswd/Ec9wJqmCGRmi/+b0EZ5wIjRlSquu5qQ5yJDXFjIwrfqZIivAQ9UnXUIE4UUE+uX8M943Sg3EiTQkNJ+rXiRxxpUY8Mp0c6YH66RXiX1430/FpYB5KM00Eni6KMwZ1AoswYI9KgjUbGYKwpOZWiAdIIqxNZBUTwuen8H/SOnQ81/Euj6r1s1kcZbAL9sAB8MAJqIML0ABNgMEtuAeP4Mm6sx6sZ+tl2lqyZjPb4Bus1w9t2JZh</latexit>

�/H4 ⌧ 1
<latexit sha1_base64="DGHhmff4YRT3RqaajmL4gYA2Jw4=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcjRMpandFF3ZZwT6gM5ZMmmlDk8yQZMRS+ituXCji1h9x59+YPgSfBy4czrmXe++JUs608f13Z2FxaXllNbeWX9/Y3Np2dwoNnWSK0DpJeKJaEdaUM0nrhhlOW6miWEScNqPBxcRv3lKlWSKvzTClocA9yWJGsLFSxy0El1gIDI9g9aYEA84h6rhF3yv7qHyC4G+CPH+KIpij1nHfgm5CMkGlIRxr3UZ+asIRVoYRTsf5INM0xWSAe7RtqcSC6nA0vX0MD6zShXGibEkDp+rXiREWWg9FZDsFNn3905uIf3ntzMRn4YjJNDNUktmiOOPQJHASBOwyRYnhQ0swUczeCkkfK0yMjStvQ/j8FP5PGsce8j10VSpWzudx5MAe2AeHAIFTUAFVUAN1QMAduAeP4MkZOw/Os/Mya11w5jO74Buc1w+VYpLa</latexit><latexit sha1_base64="DGHhmff4YRT3RqaajmL4gYA2Jw4=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcjRMpandFF3ZZwT6gM5ZMmmlDk8yQZMRS+ituXCji1h9x59+YPgSfBy4czrmXe++JUs608f13Z2FxaXllNbeWX9/Y3Np2dwoNnWSK0DpJeKJaEdaUM0nrhhlOW6miWEScNqPBxcRv3lKlWSKvzTClocA9yWJGsLFSxy0El1gIDI9g9aYEA84h6rhF3yv7qHyC4G+CPH+KIpij1nHfgm5CMkGlIRxr3UZ+asIRVoYRTsf5INM0xWSAe7RtqcSC6nA0vX0MD6zShXGibEkDp+rXiREWWg9FZDsFNn3905uIf3ntzMRn4YjJNDNUktmiOOPQJHASBOwyRYnhQ0swUczeCkkfK0yMjStvQ/j8FP5PGsce8j10VSpWzudx5MAe2AeHAIFTUAFVUAN1QMAduAeP4MkZOw/Os/Mya11w5jO74Buc1w+VYpLa</latexit><latexit sha1_base64="DGHhmff4YRT3RqaajmL4gYA2Jw4=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcjRMpandFF3ZZwT6gM5ZMmmlDk8yQZMRS+ituXCji1h9x59+YPgSfBy4czrmXe++JUs608f13Z2FxaXllNbeWX9/Y3Np2dwoNnWSK0DpJeKJaEdaUM0nrhhlOW6miWEScNqPBxcRv3lKlWSKvzTClocA9yWJGsLFSxy0El1gIDI9g9aYEA84h6rhF3yv7qHyC4G+CPH+KIpij1nHfgm5CMkGlIRxr3UZ+asIRVoYRTsf5INM0xWSAe7RtqcSC6nA0vX0MD6zShXGibEkDp+rXiREWWg9FZDsFNn3905uIf3ntzMRn4YjJNDNUktmiOOPQJHASBOwyRYnhQ0swUczeCkkfK0yMjStvQ/j8FP5PGsce8j10VSpWzudx5MAe2AeHAIFTUAFVUAN1QMAduAeP4MkZOw/Os/Mya11w5jO74Buc1w+VYpLa</latexit><latexit sha1_base64="DGHhmff4YRT3RqaajmL4gYA2Jw4=">AAAB+3icdVDLSgMxFM34rPU11qWbYBFcjRMpandFF3ZZwT6gM5ZMmmlDk8yQZMRS+ituXCji1h9x59+YPgSfBy4czrmXe++JUs608f13Z2FxaXllNbeWX9/Y3Np2dwoNnWSK0DpJeKJaEdaUM0nrhhlOW6miWEScNqPBxcRv3lKlWSKvzTClocA9yWJGsLFSxy0El1gIDI9g9aYEA84h6rhF3yv7qHyC4G+CPH+KIpij1nHfgm5CMkGlIRxr3UZ+asIRVoYRTsf5INM0xWSAe7RtqcSC6nA0vX0MD6zShXGibEkDp+rXiREWWg9FZDsFNn3905uIf3ntzMRn4YjJNDNUktmiOOPQJHASBOwyRYnhQ0swUczeCkkfK0yMjStvQ/j8FP5PGsce8j10VSpWzudx5MAe2AeHAIFTUAFVUAN1QMAduAeP4MkZOw/Os/Mya11w5jO74Buc1w+VYpLa</latexit>

field stuck initially:

tunnelling rate:

and

(i)

�
<latexit sha1_base64="qQOpZhI2BzE2L9GjEde3ZzcMH5c=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiQiandFNy4r2Ae0oUymk2bozCTMTIQS+gtuXCji1h9y5984aSv4PHDhcM693HtPmHKmjee9O6Wl5ZXVtfJ6ZWNza3unurvX1kmmCG2RhCeqG2JNOZO0ZZjhtJsqikXIaSccXxV+544qzRJ5ayYpDQQeSRYxgk0h9dOYDao1z617fv3MR7+J73oz1GCB5qD61h8mJBNUGsKx1j3fS02QY2UY4XRa6WeappiM8Yj2LJVYUB3ks1un6MgqQxQlypY0aKZ+ncix0HoiQtspsIn1T68Q//J6mYkugpzJNDNUkvmiKOPIJKh4HA2ZosTwiSWYKGZvRSTGChNj46nYED4/Rf+T9onre65/c1prXC7iKMMBHMIx+HAODbiGJrSAQAz38AhPjnAenGfnZd5achYz+/ANzusHhICOjQ==</latexit><latexit sha1_base64="qQOpZhI2BzE2L9GjEde3ZzcMH5c=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiQiandFNy4r2Ae0oUymk2bozCTMTIQS+gtuXCji1h9y5984aSv4PHDhcM693HtPmHKmjee9O6Wl5ZXVtfJ6ZWNza3unurvX1kmmCG2RhCeqG2JNOZO0ZZjhtJsqikXIaSccXxV+544qzRJ5ayYpDQQeSRYxgk0h9dOYDao1z617fv3MR7+J73oz1GCB5qD61h8mJBNUGsKx1j3fS02QY2UY4XRa6WeappiM8Yj2LJVYUB3ks1un6MgqQxQlypY0aKZ+ncix0HoiQtspsIn1T68Q//J6mYkugpzJNDNUkvmiKOPIJKh4HA2ZosTwiSWYKGZvRSTGChNj46nYED4/Rf+T9onre65/c1prXC7iKMMBHMIx+HAODbiGJrSAQAz38AhPjnAenGfnZd5achYz+/ANzusHhICOjQ==</latexit><latexit sha1_base64="qQOpZhI2BzE2L9GjEde3ZzcMH5c=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiQiandFNy4r2Ae0oUymk2bozCTMTIQS+gtuXCji1h9y5984aSv4PHDhcM693HtPmHKmjee9O6Wl5ZXVtfJ6ZWNza3unurvX1kmmCG2RhCeqG2JNOZO0ZZjhtJsqikXIaSccXxV+544qzRJ5ayYpDQQeSRYxgk0h9dOYDao1z617fv3MR7+J73oz1GCB5qD61h8mJBNUGsKx1j3fS02QY2UY4XRa6WeappiM8Yj2LJVYUB3ks1un6MgqQxQlypY0aKZ+ncix0HoiQtspsIn1T68Q//J6mYkugpzJNDNUkvmiKOPIJKh4HA2ZosTwiSWYKGZvRSTGChNj46nYED4/Rf+T9onre65/c1prXC7iKMMBHMIx+HAODbiGJrSAQAz38AhPjnAenGfnZd5achYz+/ANzusHhICOjQ==</latexit><latexit sha1_base64="qQOpZhI2BzE2L9GjEde3ZzcMH5c=">AAAB63icdVDLSsNAFL2pr1pfVZduBovgKiQiandFNy4r2Ae0oUymk2bozCTMTIQS+gtuXCji1h9y5984aSv4PHDhcM693HtPmHKmjee9O6Wl5ZXVtfJ6ZWNza3unurvX1kmmCG2RhCeqG2JNOZO0ZZjhtJsqikXIaSccXxV+544qzRJ5ayYpDQQeSRYxgk0h9dOYDao1z617fv3MR7+J73oz1GCB5qD61h8mJBNUGsKx1j3fS02QY2UY4XRa6WeappiM8Yj2LJVYUB3ks1un6MgqQxQlypY0aKZ+ncix0HoiQtspsIn1T68Q//J6mYkugpzJNDNUkvmiKOPIJKh4HA2ZosTwiSWYKGZvRSTGChNj46nYED4/Rf+T9onre65/c1prXC7iKMMBHMIx+HAODbiGJrSAQAz38AhPjnAenGfnZd5achYz+/ANzusHhICOjQ==</latexit>

bubble nucleation turns on

(ii)  starts evolving

eventually:  �/H4 & 1
<latexit sha1_base64="97f3ef2wGIn5AGD2Q6Z0nwInkWk=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXI0TKWp3RRd2WcE+oDOWTJppQ5OZIckIZezCX3HjQhG3/oY7/8b0Ifg8EDiccy735gQJZ0q77ruVm5tfWFzKLxdWVtfWN+zNrYaKU0loncQ8lq0AK8pZROuaaU5biaRYBJw2g8H52G/eUKlYHF3pYUJ9gXsRCxnB2kgde8e7wEJgeAir1yXo9bSJCog6dtF1yi4qHyP4myDHnaAIZqh17DevG5NU0EgTjpVqIzfRfoalZoTTUcFLFU0wGeAebRsaYUGVn03uH8F9o3RhGEvzIg0n6teJDAulhiIwSYF1X/30xuJfXjvV4amfsShJNY3IdFGYcqhjOC4DdpmkRPOhIZhIZm6FpI8lJtpUVjAlfP4U/k8aRw5yHXRZKlbOZnXkwS7YAwcAgRNQAVVQA3VAwC24B4/gybqzHqxn62UazVmzmW3wDdbrB+e/lMA=</latexit><latexit sha1_base64="97f3ef2wGIn5AGD2Q6Z0nwInkWk=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXI0TKWp3RRd2WcE+oDOWTJppQ5OZIckIZezCX3HjQhG3/oY7/8b0Ifg8EDiccy735gQJZ0q77ruVm5tfWFzKLxdWVtfWN+zNrYaKU0loncQ8lq0AK8pZROuaaU5biaRYBJw2g8H52G/eUKlYHF3pYUJ9gXsRCxnB2kgde8e7wEJgeAir1yXo9bSJCog6dtF1yi4qHyP4myDHnaAIZqh17DevG5NU0EgTjpVqIzfRfoalZoTTUcFLFU0wGeAebRsaYUGVn03uH8F9o3RhGEvzIg0n6teJDAulhiIwSYF1X/30xuJfXjvV4amfsShJNY3IdFGYcqhjOC4DdpmkRPOhIZhIZm6FpI8lJtpUVjAlfP4U/k8aRw5yHXRZKlbOZnXkwS7YAwcAgRNQAVVQA3VAwC24B4/gybqzHqxn62UazVmzmW3wDdbrB+e/lMA=</latexit><latexit sha1_base64="97f3ef2wGIn5AGD2Q6Z0nwInkWk=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXI0TKWp3RRd2WcE+oDOWTJppQ5OZIckIZezCX3HjQhG3/oY7/8b0Ifg8EDiccy735gQJZ0q77ruVm5tfWFzKLxdWVtfWN+zNrYaKU0loncQ8lq0AK8pZROuaaU5biaRYBJw2g8H52G/eUKlYHF3pYUJ9gXsRCxnB2kgde8e7wEJgeAir1yXo9bSJCog6dtF1yi4qHyP4myDHnaAIZqh17DevG5NU0EgTjpVqIzfRfoalZoTTUcFLFU0wGeAebRsaYUGVn03uH8F9o3RhGEvzIg0n6teJDAulhiIwSYF1X/30xuJfXjvV4amfsShJNY3IdFGYcqhjOC4DdpmkRPOhIZhIZm6FpI8lJtpUVjAlfP4U/k8aRw5yHXRZKlbOZnXkwS7YAwcAgRNQAVVQA3VAwC24B4/gybqzHqxn62UazVmzmW3wDdbrB+e/lMA=</latexit><latexit sha1_base64="97f3ef2wGIn5AGD2Q6Z0nwInkWk=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXI0TKWp3RRd2WcE+oDOWTJppQ5OZIckIZezCX3HjQhG3/oY7/8b0Ifg8EDiccy735gQJZ0q77ruVm5tfWFzKLxdWVtfWN+zNrYaKU0loncQ8lq0AK8pZROuaaU5biaRYBJw2g8H52G/eUKlYHF3pYUJ9gXsRCxnB2kgde8e7wEJgeAir1yXo9bSJCog6dtF1yi4qHyP4myDHnaAIZqh17DevG5NU0EgTjpVqIzfRfoalZoTTUcFLFU0wGeAebRsaYUGVn03uH8F9o3RhGEvzIg0n6teJDAulhiIwSYF1X/30xuJfXjvV4amfsShJNY3IdFGYcqhjOC4DdpmkRPOhIZhIZm6FpI8lJtpUVjAlfP4U/k8aRw5yHXRZKlbOZnXkwS7YAwcAgRNQAVVQA3VAwC24B4/gybqzHqxn62UazVmzmW3wDdbrB+e/lMA=</latexit>

(ii)

 Introduce a trigger field       to synchronise decay.
 eV scale adaption of first-order inflationary model

[Linde,1990][Adams,Freese,1990]

hierarchy: m ⇠ 10�27eV
<latexit sha1_base64="DNRTWbxmJQvo3P6cmZGg2RXEYuI=">AAACAnicdVDLSgNBEJz1GeNr1ZN4GQyCF8NuEB+3oBePCiYKyRpmJ51kcGZ3mekVw7J48Ve8eFDEq1/hzb9xEiP4LGgoqrrp7goTKQx63pszNj4xOTVdmCnOzs0vLLpLy3UTp5pDjccy1uchMyBFBDUUKOE80cBUKOEsvDwc+GdXoI2Io1PsJxAo1o1ER3CGVmq5q4o2jVDU9y6yrcpuTpsI15hBPW+5Ja+87/n7Oz79TfyyN0SJjHDccl+b7ZinCiLkkhnT8L0Eg4xpFFxCXmymBhLGL1kXGpZGTIEJsuELOd2wSpt2Ym0rQjpUv05kTBnTV6HtVAx75qc3EP/yGil29oJMREmKEPGPRZ1UUozpIA/aFho4yr4ljGthb6W8xzTjaFMr2hA+P6X/k3ql7Htl/2S7VD0YxVEga2SdbBKf7JIqOSLHpEY4uSF35IE8OrfOvfPkPH+0jjmjmRXyDc7LO/EploY=</latexit><latexit sha1_base64="DNRTWbxmJQvo3P6cmZGg2RXEYuI=">AAACAnicdVDLSgNBEJz1GeNr1ZN4GQyCF8NuEB+3oBePCiYKyRpmJ51kcGZ3mekVw7J48Ve8eFDEq1/hzb9xEiP4LGgoqrrp7goTKQx63pszNj4xOTVdmCnOzs0vLLpLy3UTp5pDjccy1uchMyBFBDUUKOE80cBUKOEsvDwc+GdXoI2Io1PsJxAo1o1ER3CGVmq5q4o2jVDU9y6yrcpuTpsI15hBPW+5Ja+87/n7Oz79TfyyN0SJjHDccl+b7ZinCiLkkhnT8L0Eg4xpFFxCXmymBhLGL1kXGpZGTIEJsuELOd2wSpt2Ym0rQjpUv05kTBnTV6HtVAx75qc3EP/yGil29oJMREmKEPGPRZ1UUozpIA/aFho4yr4ljGthb6W8xzTjaFMr2hA+P6X/k3ql7Htl/2S7VD0YxVEga2SdbBKf7JIqOSLHpEY4uSF35IE8OrfOvfPkPH+0jjmjmRXyDc7LO/EploY=</latexit><latexit sha1_base64="DNRTWbxmJQvo3P6cmZGg2RXEYuI=">AAACAnicdVDLSgNBEJz1GeNr1ZN4GQyCF8NuEB+3oBePCiYKyRpmJ51kcGZ3mekVw7J48Ve8eFDEq1/hzb9xEiP4LGgoqrrp7goTKQx63pszNj4xOTVdmCnOzs0vLLpLy3UTp5pDjccy1uchMyBFBDUUKOE80cBUKOEsvDwc+GdXoI2Io1PsJxAo1o1ER3CGVmq5q4o2jVDU9y6yrcpuTpsI15hBPW+5Ja+87/n7Oz79TfyyN0SJjHDccl+b7ZinCiLkkhnT8L0Eg4xpFFxCXmymBhLGL1kXGpZGTIEJsuELOd2wSpt2Ym0rQjpUv05kTBnTV6HtVAx75qc3EP/yGil29oJMREmKEPGPRZ1UUozpIA/aFho4yr4ljGthb6W8xzTjaFMr2hA+P6X/k3ql7Htl/2S7VD0YxVEga2SdbBKf7JIqOSLHpEY4uSF35IE8OrfOvfPkPH+0jjmjmRXyDc7LO/EploY=</latexit><latexit sha1_base64="DNRTWbxmJQvo3P6cmZGg2RXEYuI=">AAACAnicdVDLSgNBEJz1GeNr1ZN4GQyCF8NuEB+3oBePCiYKyRpmJ51kcGZ3mekVw7J48Ve8eFDEq1/hzb9xEiP4LGgoqrrp7goTKQx63pszNj4xOTVdmCnOzs0vLLpLy3UTp5pDjccy1uchMyBFBDUUKOE80cBUKOEsvDwc+GdXoI2Io1PsJxAo1o1ER3CGVmq5q4o2jVDU9y6yrcpuTpsI15hBPW+5Ja+87/n7Oz79TfyyN0SJjHDccl+b7ZinCiLkkhnT8L0Eg4xpFFxCXmymBhLGL1kXGpZGTIEJsuELOd2wSpt2Ym0rQjpUv05kTBnTV6HtVAx75qc3EP/yGil29oJMREmKEPGPRZ1UUozpIA/aFho4yr4ljGthb6W8xzTjaFMr2hA+P6X/k3ql7Htl/2S7VD0YxVEga2SdbBKf7JIqOSLHpEY4uSF35IE8OrfOvfPkPH+0jjmjmRXyDc7LO/EploY=</latexit>

�
<latexit sha1_base64="NOaPF9baW0WO5hrKKvnm4eF0F90=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXMLevEY0ZhAsoTZyexmyOzsMtMrhJBP8OJBEa9+kTf/xslD8FnQUFR1090VZlIY9Lx3p7CwuLS8Ulwtra1vbG6Vt3duTZprxhsslaluhdRwKRRvoEDJW5nmNAklb4aDi4nfvOPaiFTd4DDjQUJjJSLBKFrpuhPH3XLFc6ueXz3xyW/iu94UFZij3i2/dXopyxOukElqTNv3MgxGVKNgko9LndzwjLIBjXnbUkUTboLR9NQxObBKj0SptqWQTNWvEyOaGDNMQtuZUOybn95E/Mtr5xidBSOhshy5YrNFUS4JpmTyN+kJzRnKoSWUaWFvJaxPNWVo0ynZED4/Jf+T2yPX91z/6rhSO5/HUYQ92IdD8OEUanAJdWgAgxju4RGeHOk8OM/Oy6y14MxnduEbnNcPsACOEA==</latexit><latexit sha1_base64="NOaPF9baW0WO5hrKKvnm4eF0F90=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXMLevEY0ZhAsoTZyexmyOzsMtMrhJBP8OJBEa9+kTf/xslD8FnQUFR1090VZlIY9Lx3p7CwuLS8Ulwtra1vbG6Vt3duTZprxhsslaluhdRwKRRvoEDJW5nmNAklb4aDi4nfvOPaiFTd4DDjQUJjJSLBKFrpuhPH3XLFc6ueXz3xyW/iu94UFZij3i2/dXopyxOukElqTNv3MgxGVKNgko9LndzwjLIBjXnbUkUTboLR9NQxObBKj0SptqWQTNWvEyOaGDNMQtuZUOybn95E/Mtr5xidBSOhshy5YrNFUS4JpmTyN+kJzRnKoSWUaWFvJaxPNWVo0ynZED4/Jf+T2yPX91z/6rhSO5/HUYQ92IdD8OEUanAJdWgAgxju4RGeHOk8OM/Oy6y14MxnduEbnNcPsACOEA==</latexit><latexit sha1_base64="NOaPF9baW0WO5hrKKvnm4eF0F90=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXMLevEY0ZhAsoTZyexmyOzsMtMrhJBP8OJBEa9+kTf/xslD8FnQUFR1090VZlIY9Lx3p7CwuLS8Ulwtra1vbG6Vt3duTZprxhsslaluhdRwKRRvoEDJW5nmNAklb4aDi4nfvOPaiFTd4DDjQUJjJSLBKFrpuhPH3XLFc6ueXz3xyW/iu94UFZij3i2/dXopyxOukElqTNv3MgxGVKNgko9LndzwjLIBjXnbUkUTboLR9NQxObBKj0SptqWQTNWvEyOaGDNMQtuZUOybn95E/Mtr5xidBSOhshy5YrNFUS4JpmTyN+kJzRnKoSWUaWFvJaxPNWVo0ynZED4/Jf+T2yPX91z/6rhSO5/HUYQ92IdD8OEUanAJdWgAgxju4RGeHOk8OM/Oy6y14MxnduEbnNcPsACOEA==</latexit><latexit sha1_base64="NOaPF9baW0WO5hrKKvnm4eF0F90=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgadkVUXMLevEY0ZhAsoTZyexmyOzsMtMrhJBP8OJBEa9+kTf/xslD8FnQUFR1090VZlIY9Lx3p7CwuLS8Ulwtra1vbG6Vt3duTZprxhsslaluhdRwKRRvoEDJW5nmNAklb4aDi4nfvOPaiFTd4DDjQUJjJSLBKFrpuhPH3XLFc6ueXz3xyW/iu94UFZij3i2/dXopyxOukElqTNv3MgxGVKNgko9LndzwjLIBjXnbUkUTboLR9NQxObBKj0SptqWQTNWvEyOaGDNMQtuZUOybn95E/Mtr5xidBSOhshy5YrNFUS4JpmTyN+kJzRnKoSWUaWFvJaxPNWVo0ynZED4/Jf+T2yPX91z/6rhSO5/HUYQ92IdD8OEUanAJdWgAgxju4RGeHOk8OM/Oy6y14MxnduEbnNcPsACOEA==</latexit>

rapid nucleation event

M ⇠ eV
<latexit sha1_base64="Q9p/Agn/Fcs+JCKcpxl5Dnz1Juo=">AAAB+XicdVDJSgNBEO1xjXEb9eilMQiehhkRNbegFy9CBLNAZgg9nUrSpGehuyYYhvyJFw+KePVPvPk3dhbB9UHB470qquqFqRQaXffdWlhcWl5ZLawV1zc2t7btnd26TjLFocYTmahmyDRIEUMNBUpopgpYFEpohIPLid8YgtIiiW9xlEIQsV4suoIzNFLbtq+pr0VEfYQ7zKE+btsl1ym7XvnUo7+J57hTlMgc1bb95ncSnkUQI5dM65bnphjkTKHgEsZFP9OQMj5gPWgZGrMIdJBPLx/TQ6N0aDdRpmKkU/XrRM4irUdRaDojhn3905uIf3mtDLvnQS7iNEOI+WxRN5MUEzqJgXaEAo5yZAjjSphbKe8zxTiasIomhM9P6f+kfux4ruPdnJQqF/M4CmSfHJAj4pEzUiFXpEpqhJMhuSeP5MnKrQfr2XqZtS5Y85k98g3W6weOepOf</latexit><latexit sha1_base64="Q9p/Agn/Fcs+JCKcpxl5Dnz1Juo=">AAAB+XicdVDJSgNBEO1xjXEb9eilMQiehhkRNbegFy9CBLNAZgg9nUrSpGehuyYYhvyJFw+KePVPvPk3dhbB9UHB470qquqFqRQaXffdWlhcWl5ZLawV1zc2t7btnd26TjLFocYTmahmyDRIEUMNBUpopgpYFEpohIPLid8YgtIiiW9xlEIQsV4suoIzNFLbtq+pr0VEfYQ7zKE+btsl1ym7XvnUo7+J57hTlMgc1bb95ncSnkUQI5dM65bnphjkTKHgEsZFP9OQMj5gPWgZGrMIdJBPLx/TQ6N0aDdRpmKkU/XrRM4irUdRaDojhn3905uIf3mtDLvnQS7iNEOI+WxRN5MUEzqJgXaEAo5yZAjjSphbKe8zxTiasIomhM9P6f+kfux4ruPdnJQqF/M4CmSfHJAj4pEzUiFXpEpqhJMhuSeP5MnKrQfr2XqZtS5Y85k98g3W6weOepOf</latexit><latexit sha1_base64="Q9p/Agn/Fcs+JCKcpxl5Dnz1Juo=">AAAB+XicdVDJSgNBEO1xjXEb9eilMQiehhkRNbegFy9CBLNAZgg9nUrSpGehuyYYhvyJFw+KePVPvPk3dhbB9UHB470qquqFqRQaXffdWlhcWl5ZLawV1zc2t7btnd26TjLFocYTmahmyDRIEUMNBUpopgpYFEpohIPLid8YgtIiiW9xlEIQsV4suoIzNFLbtq+pr0VEfYQ7zKE+btsl1ym7XvnUo7+J57hTlMgc1bb95ncSnkUQI5dM65bnphjkTKHgEsZFP9OQMj5gPWgZGrMIdJBPLx/TQ6N0aDdRpmKkU/XrRM4irUdRaDojhn3905uIf3mtDLvnQS7iNEOI+WxRN5MUEzqJgXaEAo5yZAjjSphbKe8zxTiasIomhM9P6f+kfux4ruPdnJQqF/M4CmSfHJAj4pEzUiFXpEpqhJMhuSeP5MnKrQfr2XqZtS5Y85k98g3W6weOepOf</latexit><latexit sha1_base64="Q9p/Agn/Fcs+JCKcpxl5Dnz1Juo=">AAAB+XicdVDJSgNBEO1xjXEb9eilMQiehhkRNbegFy9CBLNAZgg9nUrSpGehuyYYhvyJFw+KePVPvPk3dhbB9UHB470qquqFqRQaXffdWlhcWl5ZLawV1zc2t7btnd26TjLFocYTmahmyDRIEUMNBUpopgpYFEpohIPLid8YgtIiiW9xlEIQsV4suoIzNFLbtq+pr0VEfYQ7zKE+btsl1ym7XvnUo7+J57hTlMgc1bb95ncSnkUQI5dM65bnphjkTKHgEsZFP9OQMj5gPWgZGrMIdJBPLx/TQ6N0aDdRpmKkU/XrRM4irUdRaDojhn3905uIf3mtDLvnQS7iNEOI+WxRN5MUEzqJgXaEAo5yZAjjSphbKe8zxTiasIomhM9P6f+kfux4ruPdnJQqF/M4CmSfHJAj4pEzUiFXpEpqhJMhuSeP5MnKrQfr2XqZtS5Y85k98g3W6weOepOf</latexit>

radiative stability:

weak coupling: � < 0.1
<latexit sha1_base64="KY+zxaM6kIfRDcvDtqoikpe18L0=">AAAB9HicdVDLSsNAFL3xWeur6tLNYBFchaSCWhAsunFZwT6gDWUymbRDJ5M4MymU0O9w40IRt36MOz/FndNUweeBgcM553LvHD/hTGnHebXm5hcWl5YLK8XVtfWNzdLWdlPFqSS0QWIey7aPFeVM0IZmmtN2IimOfE5b/vBi6rdGVCoWi2s9TqgX4b5gISNYG8nrchMNMDpFju32SmXHrjpu9chFv4lrOznKZ29hjnqv9NINYpJGVGjCsVId10m0l2GpGeF0UuymiiaYDHGfdgwVOKLKy/KjJ2jfKAEKY2me0ChXv05kOFJqHPkmGWE9UD+9qfiX10l1eOJlTCSppoLMFoUpRzpG0wZQwCQlmo8NwUQycysiAywx0aanoinh86fof9Ks2O6hXblyyrVzmKEAu7AHB+DCMdTgEurQAAI3cAv38GCNrDvr0XqaReesj5kd+Abr+R0P7pSu</latexit>

�̃ . 103m2/M2 ⌧ 1
<latexit sha1_base64="KdwhY+7GADdRnTN21Lm5oAMCPIE="></latexit>

<latexit sha1_base64="73enYMWJYaYDdrkUhrm9dAzV0l8=">AAACBXicdVBNS8NAEN34WetX1aMeFovgKWxKMXoTPdijglWhiWWy3dalu0nY3Ygl9OLFv+LFgyJe/Q/e/DduawQVfTDweG+GmXlRKrg2hLw7E5NT0zOzpbny/MLi0nJlZfVMJ5mirEkTkaiLCDQTPGZNw41gF6liICPBzqP+4cg/v2ZK8yQ+NYOUhRJ6Me9yCsZK7cpGcARSQjuQYK6UzCXcDHHQ6+HGZR23K1Xi+nsWPibuLiGk5hWE+NhzyRhVVOC4XXkLOgnNJIsNFaB1yyOpCXNQhlPBhuUg0ywF2ocea1kag2Q6zMdfDPGWVTq4myhbscFj9ftEDlLrgYxs5+hY/dsbiX95rcx0d8Ocx2lmWEw/F3UzgU2CR5HgDleMGjGwBKji9lZMr0ABNTa4sg3h61P8Pzmrud6OWz+pV/cPijhKaB1tom3kIR/towY6Rk1E0S26R4/oyblzHpxn5+WzdcIpZtbQDzivH/YvmD0=</latexit>
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<latexit sha1_base64="RDMN/22R84dm0HMO+R90yt9gzwg="></latexit> ↵ = O(1)
<latexit sha1_base64="Ak8uB8WWkApf00+kXVlu4BrKCKQ=">AAACAHicdVDJSgNBEO2JW4zbqAcPXpoEISKEmQhqDkLQizcjmAUyIdR0OkmTnoXuHiEMc/Eb/AMvHhTx6md4y9/Ykyi4Pih4vFdFVT035Ewqy5oYmbn5hcWl7HJuZXVtfcPc3GrIIBKE1knAA9FyQVLOfFpXTHHaCgUFz+W06Y7OU795Q4VkgX+txiHteDDwWZ8RUFrqmjsO8HAI+BQ7HqghAR5fJkV7v2sWrFLFsitHNv5N7JI1RaGadw7uJtVxrWu+Ob2ARB71FeEgZdu2QtWJQShGOE1yTiRpCGQEA9rW1AePyk48fSDBe1rp4X4gdPkKT9WvEzF4Uo49V3emV8qfXir+5bUj1T/pxMwPI0V9MlvUjzhWAU7TwD0mKFF8rAkQwfStmAxBAFE6s5wO4fNT/D9plEv2Yal8pdM4QzNk0S7KoyKy0TGqogtUQ3VEUILu0SN6Mm6NB+PZeJm1ZoyPmW30DcbrO6p5mMw=</latexit>

<latexit sha1_base64="V9Ajb6k473Oij8D79LC/gL2ipcA="></latexit>

�(�) / exp [�SE(�)]

<latexit sha1_base64="3WZkLIXFqKRY7ARLTlvc3MP1J0A=">AAACFnicbZDLSsNAFIZP6q3WW9Slm8EiuNCSSFGXRTcuK9gLNKFMppN26OTCzEQoIU/hxldx40IRt+LOt3GaRtDWAwMf/3/OzJnfizmTyrK+jNLS8srqWnm9srG5tb1j7u61ZZQIQlsk4pHoelhSzkLaUkxx2o0FxYHHaccbX0/9zj0VkkXhnZrE1A3wMGQ+I1hpqW+epk5+SU8MPTe1alZeJwuQOfGIZX2z+iOgRbALqEJRzb756QwikgQ0VIRjKXu2FSs3xUIxwmlWcRJJY0zGeEh7GkMcUOmm+UYZOtLKAPmR0CdUKFd/T6Q4kHISeLozwGok572p+J/XS5R/6aYsjBNFQzJ7yE84UhGaZoQGTFCi+EQDJoLpXREZYYGJ0klWdAj2/JcXoX1Ws89r9dt6tXFVxFGGAziEY7DhAhpwA01oAYEHeIIXeDUejWfjzXiftZaMYmYf/pTx8Q2h+ptD</latexit>

�



NEDE Phenomenology 

 Consequence: Phase transition is an instantaneous process on cosmological scales.

 After phase transition: Small-scale anisotropic stress 
 Describe as ideal fluid on cosmological scales (no preferred direction or position).
 Rich phenomenology: e.g. sourcing of tensor shear aka GWs (e.o.s.=1/3) + vector shear (e.o.s.=1) 
and scalar shear (e.o.s.=1/3).

<latexit sha1_base64="V0gcjdsiBx9GV+d4rKuix4eUolQ=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIqMuiG5cV7AOaECbTSTt0ZhJmJkIN/RI3LhRx66e482+ctFlo64GBwzn3cs+cKGVUadf9tipr6xubW9Xt2s7u3n7dPjjsqiSTmHRwwhLZj5AijArS0VQz0k8lQTxipBdNbgu/90ikool40NOUBByNBI0pRtpIoV33CWOhz5EeS55Hs9BuuE13DmeVeCVpQIl2aH/5wwRnnAiNGVJq4LmpDnIkNcWMzGp+pkiK8ASNyMBQgThRQT4PPnNOjTJ04kSaJ7QzV39v5IgrNeWRmSwSqmWvEP/zBpmOr4OcijTTRODFoThjjk6cogVnSCXBmk0NQVhSk9XBYyQR1qarminBW/7yKumeN73L5sX9RaN1U9ZRhWM4gTPw4ApacAdt6ACGDJ7hFd6sJ+vFerc+FqMVq9w5gj+wPn8ARj+TgQ==</latexit>

`b

+ shear stress (e.g. GW)
+ colliding walls

+ microscopic decays 

 Central requirement: percolation time:
<latexit sha1_base64="wgE+TIf46bmJQxYmYb73drC011o=">AAACEXicdVBLSwMxGMzWV62vVY9egqXQ03ZXSrUHoeilxwp9QXdZsmm2Dc0+SLJCWfoXvPhXvHhQxKs3b/4bs22F+hoITGbykfnGixkV0jQ/tNza+sbmVn67sLO7t3+gHx51RZRwTDo4YhHve0gQRkPSkVQy0o85QYHHSM+bXGd+75ZwQaOwLacxcQI0CqlPMZJKcvVy27UDJMc8SL3ZpU0YW7nDCobQZgxalaarF02jblr1mgV/E8sw5yiCJVqu/m4PI5wEJJSYISEGlhlLJ0VcUszIrGAngsQIT9CIDBQNUUCEk843msGSUobQj7g6oYRzdXUiRYEQ00BFLGVpxU8vE//yBon0L5yUhnEiSYgXH/kJgzKCWT1wSDnBkk0VQZhTlRXiMeIIS1ViQZXwtSn8n3TPDKtmVG+qxcbVso48OAGnoAwscA4aoAlaoAMwuAMP4Ak8a/fao/aivS6e5rTlzDH4Bu3tE6s+nOY=</latexit>

Tb = `b/c ⌧ 1/H

recent bound:
<latexit sha1_base64="wx2so567sGHshZF4K40IGe7AhsI=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSwFVzHR2ge4KLrpskJf0IYwmU7aoZMHMxOhxC78FTcuFHHrb7jzb5y0EVT0wMDhnHu5Z44bMSqkaX5oS8srq2vruY385tb2zq6+t98RYcwxaeOQhbznIkEYDUhbUslIL+IE+S4jXXdynfrdW8IFDYOWnEbE9tEooB7FSCrJ0Q9bzsBHcsz9xJ3BS2gapnl+2nD0gmnUTKt2UYELUi1lpFyDlhpKUQAZmo7+PhiGOPZJIDFDQvQtM5J2grikmJFZfhALEiE8QSPSVzRAPhF2Ms8/g0WlDKEXcvUCCefq940E+UJMfRWwmGYVv71U/Mvrx9Kr2gkNoliSAC8OeTGDMoRpGXBIOcGSTRVBmFOVFeIx4ghLVVlelfD1U/g/6ZwZVtko3ZQK9ausjhw4AsfgBFigAuqgAZqgDTC4Aw/gCTxr99qj9qK9LkaXtGznAPyA9vYJ7xiUxg==</latexit>

Tb < 0.003/H

work in progress

 Numerical picture (thick wall):
[Cutting++,2005.13537]

[G.Elor++,2311.16222]

[Xue,Steinhardt++,1106.1416]



Before transition: NEDE plays role of CC.

Sudden triggered transition at time:

After transition: NEDE is described by decaying dark fluid with e.o.s.p.:

(i)

(ii)

1/3 < wNEDE(t) < 1
<latexit sha1_base64="qCkXOmfGWvgInUZkAMF46+7XTFo=">AAACA3icdVDJSgNBEO2JW4xb1JteGoMQL3EmETXgIagBTxLBLJCE0NPpSZr0LHTXqGEIePFXvHhQxKs/4c2/sbMIrg8KHu9VUVXPDgRXYJrvRmxqemZ2Lj6fWFhcWl5Jrq5VlB9KysrUF76s2UQxwT1WBg6C1QLJiGsLVrV7J0O/esWk4r53Cf2ANV3S8bjDKQEttZIb1m4OH+HrVgPYDUTnxdPiIA07WrJayZSZyZtWft/Cv4mVMUdIoQlKreRbo+3T0GUeUEGUqltmAM2ISOBUsEGiESoWENojHVbX1CMuU81o9MMAb2uljR1f6vIAj9SvExFxleq7tu50CXTVT28o/uXVQ3AOmxH3ghCYR8eLnFBg8PEwENzmklEQfU0IlVzfimmXSEJBx5bQIXx+iv8nlWzGymWyF3upwvEkjjjaRFsojSx0gAroDJVQGVF0i+7RI3oy7owH49l4GbfGjMnMOvoG4/UDiSyVjQ==</latexit>
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(a) Di↵erent fluid components. ⇢NEDE decays quickly

after the transition (dotted line), and ⇢� is sub-

dominant before and vanishing after the transition.

(b) E↵ective e.o.s. parameter, we↵ = ptot/⇢tot. During

radiation and matter domination the dashed and the

solid line is approached, respectively.

FIG. 5. Background evolution for the best fit model in Tab. I (w/ SH0ES) as a function of the scale factor

a. The transition is characterized by a jump in the e↵ective e.o.s. parameter (dotted line). ⇢m = ⇢b + ⇢cdm

and ⇢rad are the matter and radiation density, respectively, ⇢⇤ is the cosmological constant contribution.

is to provide a time switch triggered by its first zero crossing at (35). Since its vev does not change

during the (almost instantaneous) phase transition, we have [�]± = 0. Integrating its dynamical

equation in (33) over an infinitesimal time interval yields [�̇]± = 0. As argued before, we are

studying a regime where the scalar is also sub-dominant after the phase transition. In terms of our

field theory model this corresponds to the limit (52). A summary of the background evolution is

provided in Fig. 5 (with values corresponding to our best-fit base model discussed in Sec. IV). The

left panel shows the composition of the background energy density, ⇢̄ =
P

i
⇢̄i, and the right panel

depicts the discontinuity in the e↵ective equation of state parameter.

B. Perturbation Matching

Before the phase transition ⇢NEDE = const and NEDE fluctuations can be consistently assumed

to vanish. After the transition, on the other hand, they are necessarily produced due to the gravi-

tational sourcing of their equations. We will also see that they are crucial for the phenomenological

success of our first order phase transition. However, their implementation involves a subtlety due

to the fact that the transition occurs during the CMB epoch where observable modes have already

entered the horizon. As a result, we cannot use the usual super-horizon approximation to initialize

perturbations in the NEDE fluid after the phase transition. Instead, we have to derive the full

set of matching equations describing how cosmological perturbations evaluated directly before and

after the transition at time t⇤ can be related. As the central result of this section, we will express

(i)

(ii)  trigger

<latexit sha1_base64="BSPhUhR3jrmDvyIEv+I3DjQC1TA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuBPUY9OIxonlAEsLsZDYZMju7zPQKccknePGgiFe/yJt/4yTZgyYWNBRV3XR3+bEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSLZ8aLoXidRQoeSvWnIa+5E1/dDP1m49cGxGpBxzHvBvSgRKBYBStdP/UO+sVS27ZnYEsEy8jJchQ6xW/Ov2IJSFXyCQ1pu25MXZTqlEwySeFTmJ4TNmIDnjbUkVDbrrp7NQJObFKnwSRtqWQzNTfEykNjRmHvu0MKQ7NojcV//PaCQZX3VSoOEGu2HxRkEiCEZn+TfpCc4ZybAllWthbCRtSTRnadAo2BG/x5WXSOC97F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOm8OO/Ox7w152Qzh/AHzucPBw6NpA==</latexit>z⇤

<latexit sha1_base64="BSPhUhR3jrmDvyIEv+I3DjQC1TA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsKuBPUY9OIxonlAEsLsZDYZMju7zPQKccknePGgiFe/yJt/4yTZgyYWNBRV3XR3+bEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSLZ8aLoXidRQoeSvWnIa+5E1/dDP1m49cGxGpBxzHvBvSgRKBYBStdP/UO+sVS27ZnYEsEy8jJchQ6xW/Ov2IJSFXyCQ1pu25MXZTqlEwySeFTmJ4TNmIDnjbUkVDbrrp7NQJObFKnwSRtqWQzNTfEykNjRmHvu0MKQ7NojcV//PaCQZX3VSoOEGu2HxRkEiCEZn+TfpCc4ZybAllWthbCRtSTRnadAo2BG/x5WXSOC97F+XKXaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOm8OO/Ox7w152Qzh/AHzucPBw6NpA==</latexit>z⇤

 Trigger field (for now) highly subdominant.

Phenomenological Model

 At background level, NEDE is described as an ideal fluid:



t
<latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit><latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit><latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit><latexit sha1_base64="iTl9x/5CpsMKeorJlofyZ6IbOzA=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqplsseW7Z88tnPvlNfNeboQQLVLvFt04vYVmM0jBBtW77XmqCMVWGM4GTQifTmFI2pH1sWyppjDoYzw6dkCOr9EiUKFvSkJn6dWJMY61HcWg7Y2oG+qc3Ff/y2pmJLoIxl2lmULL5oigTxCRk+jXpcYXMiJEllClubyVsQBVlxmZTsCF8fkr+J40T1/dcv3Zaqlwu4sjDARzCMfhwDhW4hirUgQHCPTzCk3PrPDjPzsu8NecsZvbhG5zXD1EwjUY=</latexit>

x
<latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit><latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit><latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit><latexit sha1_base64="lp6m/7H+w2y4bDwykP4DjEtGJ+4=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw4yImlvQi8cEzALJEHo6NUmbnp6hu0cMIV/gxYMiXv0kb/6NnUVwfVDweK+KqnphKrg2nvfuLCwuLa+s5tby6xubW9uFnd26TjLFsMYSkahmSDUKLrFmuBHYTBXSOBTYCAeXE79xi0rzRF6bYYpBTHuSR5xRY6XqXadQ9NyS55dOffKb+K43RRHmqHQKb+1uwrIYpWGCat3yvdQEI6oMZwLH+XamMaVsQHvYslTSGHUwmh46JodW6ZIoUbakIVP168SIxloP49B2xtT09U9vIv7ltTITnQcjLtPMoGSzRVEmiEnI5GvS5QqZEUNLKFPc3kpYnyrKjM0mb0P4/JT8T+rHru+5fvWkWL6Yx5GDfTiAI/DhDMpwBRWoAQOEe3iEJ+fGeXCenZdZ64Izn9mDb3BePwBXQI1K</latexit>

t⇤<latexit sha1_base64="3Usyu1ADn3hrdGCcevpsCxMqdXA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FGRM0t6MVjRLNAMoSeTidp0tMzdNcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpemEhh0PPendzC4tLySn61sLa+sblV3N6pmzjVjNdYLGPdDKnhUiheQ4GSNxPNaRRK3giHlxO/cce1EbG6xVHCg4j2legJRtFKN9g56hRLnlv2/PKpT34T3/WmKMEc1U7xrd2NWRpxhUxSY1q+l2CQUY2CST4utFPDE8qGtM9blioacRNk01PH5MAqXdKLtS2FZKp+nchoZMwoCm1nRHFgfnoT8S+vlWLvPMiESlLkis0W9VJJMCaTv0lXaM5QjiyhTAt7K2EDqilDm07BhvD5Kfmf1I9d33P965NS5WIeRx72YB8OwYczqMAVVKEGDPpwD4/w5EjnwXl2XmatOWc+swvf4Lx+AGv0jeM=</latexit><latexit sha1_base64="3Usyu1ADn3hrdGCcevpsCxMqdXA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FGRM0t6MVjRLNAMoSeTidp0tMzdNcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpemEhh0PPendzC4tLySn61sLa+sblV3N6pmzjVjNdYLGPdDKnhUiheQ4GSNxPNaRRK3giHlxO/cce1EbG6xVHCg4j2legJRtFKN9g56hRLnlv2/PKpT34T3/WmKMEc1U7xrd2NWRpxhUxSY1q+l2CQUY2CST4utFPDE8qGtM9blioacRNk01PH5MAqXdKLtS2FZKp+nchoZMwoCm1nRHFgfnoT8S+vlWLvPMiESlLkis0W9VJJMCaTv0lXaM5QjiyhTAt7K2EDqilDm07BhvD5Kfmf1I9d33P965NS5WIeRx72YB8OwYczqMAVVKEGDPpwD4/w5EjnwXl2XmatOWc+swvf4Lx+AGv0jeM=</latexit><latexit sha1_base64="3Usyu1ADn3hrdGCcevpsCxMqdXA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FGRM0t6MVjRLNAMoSeTidp0tMzdNcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpemEhh0PPendzC4tLySn61sLa+sblV3N6pmzjVjNdYLGPdDKnhUiheQ4GSNxPNaRRK3giHlxO/cce1EbG6xVHCg4j2legJRtFKN9g56hRLnlv2/PKpT34T3/WmKMEc1U7xrd2NWRpxhUxSY1q+l2CQUY2CST4utFPDE8qGtM9blioacRNk01PH5MAqXdKLtS2FZKp+nchoZMwoCm1nRHFgfnoT8S+vlWLvPMiESlLkis0W9VJJMCaTv0lXaM5QjiyhTAt7K2EDqilDm07BhvD5Kfmf1I9d33P965NS5WIeRx72YB8OwYczqMAVVKEGDPpwD4/w5EjnwXl2XmatOWc+swvf4Lx+AGv0jeM=</latexit><latexit sha1_base64="3Usyu1ADn3hrdGCcevpsCxMqdXA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIh2FGRM0t6MVjRLNAMoSeTidp0tMzdNcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpemEhh0PPendzC4tLySn61sLa+sblV3N6pmzjVjNdYLGPdDKnhUiheQ4GSNxPNaRRK3giHlxO/cce1EbG6xVHCg4j2legJRtFKN9g56hRLnlv2/PKpT34T3/WmKMEc1U7xrd2NWRpxhUxSY1q+l2CQUY2CST4utFPDE8qGtM9blioacRNk01PH5MAqXdKLtS2FZKp+nchoZMwoCm1nRHFgfnoT8S+vlWLvPMiESlLkis0W9VJJMCaTv0lXaM5QjiyhTAt7K2EDqilDm07BhvD5Kfmf1I9d33P965NS5WIeRx72YB8OwYczqMAVVKEGDPpwD4/w5EjnwXl2XmatOWc+swvf4Lx+AGv0jeM=</latexit>

wNEDE(t) = �1
<latexit sha1_base64="VQJtivVK153acCAmiX2+TztKxg4=">AAACAHicdVDJSgNBEO2JW4xb1IMHL41BiAfDTBQ1ByGoAU8SwSyQDKGn00ma9Cx016hhmIu/4sWDIl79DG/+jZ1FcH1Q8Hiviqp6TiC4AtN8NxJT0zOzc8n51MLi0vJKenWtqvxQUlahvvBl3SGKCe6xCnAQrB5IRlxHsJrTPx36tWsmFfe9KxgEzHZJ1+MdTgloqZXewDetJrBbiC5KZ6U4Czv4GO9iq5XOmLmCaRUOLPybWDlzhAyaoNxKvzXbPg1d5gEVRKmGZQZgR0QCp4LFqWaoWEBon3RZQ1OPuEzZ0eiBGG9rpY07vtTlAR6pXyci4io1cB3d6RLoqZ/eUPzLa4TQObIj7gUhMI+OF3VCgcHHwzRwm0tGQQw0IVRyfSumPSIJBZ1ZSofw+Sn+n1TzOWsvl7/czxRPJnEk0SbaQllkoUNUROeojCqIohjdo0f0ZNwZD8az8TJuTRiTmXX0DcbrBx1qlM4=</latexit>

 The phase transition affects perturbations in different ways:
• The bubbles generate perturbations on scales comparable to their size.  

• Perturbations feel the change in the effective e.o.s.  

• Transition is triggered at different places at different times due to fluctuations in trigger 
field, seeding perturbations in decaying NEDE fluid.

relevant for CMB

relevant for CMB

irrelevant for CMB if bubbles remain small

Cosmological Perturbation Theory

wNEDE(t) > 1/3
<latexit sha1_base64="Ba3EULAd0ddfmopGfy1IeakwQXA=">AAACAHicdVDJSgNBEO2JW4xb1IMHL41BiJc4k4iaiwQ14EkiGBNIhtDT6SRNeha6a9QwzMVf8eJBEa9+hjf/xs4iuD4oeLxXRVU9JxBcgWm+G4mp6ZnZueR8amFxaXklvbp2pfxQUlalvvBl3SGKCe6xKnAQrB5IRlxHsJrTPxn6tWsmFfe9SxgEzHZJ1+MdTgloqZXewDetJrBbiM7Lp+U4Czv4CFu7hVY6Y+aKplXct/BvYuXMETJogkor/dZs+zR0mQdUEKUalhmAHREJnAoWp5qhYgGhfdJlDU094jJlR6MHYrytlTbu+FKXB3ikfp2IiKvUwHV0p0ugp356Q/EvrxFC59COuBeEwDw6XtQJBQYfD9PAbS4ZBTHQhFDJ9a2Y9ogkFHRmKR3C56f4f3KVz1mFXP5iL1M6nsSRRJtoC2WRhQ5QCZ2hCqoiimJ0jx7Rk3FnPBjPxsu4NWFMZtbRNxivHz7dlOQ=</latexit>

 Covariant perturbation matching implemented in public code TriggerCLASS.

 Rather universal, e.g. for temp. trigger as in Hot NEDE: 
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<latexit sha1_base64="ncaS90CH7YnCb1Rfz/nRMZ2kdFU="></latexit>

<latexit sha1_base64="KLAbHchvW76fZhO4plpHjaRjvFU="></latexit>
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[Deruelle, Mukhanov, 1995]

Israel matching:

<latexit sha1_base64="yuTJffZBhl88Aex1TkOPq5zzatY="></latexit>
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�(t⇤,x)|⌃ = const .
<latexit sha1_base64="4tTA/oOyj8egNrZufZ1F7hDQrLU=">AAACE3icdVDLSsNAFJ3Ud31VXboZLEItEhIRtYggunGpaB/QlDCZTtqhk0mYuRFL7D+48VfcuFDErRt3/o1JreDzwIXDOfdy7z1eJLgGy3ozcmPjE5NT0zP52bn5hcXC0nJNh7GirEpDEaqGRzQTXLIqcBCsESlGAk+wutc7zvz6JVOah/IC+hFrBaQjuc8pgVRyC2Un6vISuOVN7AQEup6fXA02rl3nnHcCgg8wDaUG7OybebdQtMyKZVd2bPyb2KY1RBGNcOoWXp12SOOASaCCaN20rQhaCVHAqWCDvBNrFhHaIx3WTKkkAdOtZPjTAK+nShv7oUpLAh6qXycSEmjdD7y0M7tb//Qy8S+vGYO/10q4jGJgkn4s8mOBIcRZQLjNFaMg+ikhVPH0Vky7RBEKaYxZCJ+f4v9Jbcu0LdM+2y4eHo3imEaraA2VkI120SE6Qaeoiii6QXfoAT0at8a98WQ8f7TmjNHMCvoG4+UdvUOczQ==</latexit><latexit sha1_base64="4tTA/oOyj8egNrZufZ1F7hDQrLU=">AAACE3icdVDLSsNAFJ3Ud31VXboZLEItEhIRtYggunGpaB/QlDCZTtqhk0mYuRFL7D+48VfcuFDErRt3/o1JreDzwIXDOfdy7z1eJLgGy3ozcmPjE5NT0zP52bn5hcXC0nJNh7GirEpDEaqGRzQTXLIqcBCsESlGAk+wutc7zvz6JVOah/IC+hFrBaQjuc8pgVRyC2Un6vISuOVN7AQEup6fXA02rl3nnHcCgg8wDaUG7OybebdQtMyKZVd2bPyb2KY1RBGNcOoWXp12SOOASaCCaN20rQhaCVHAqWCDvBNrFhHaIx3WTKkkAdOtZPjTAK+nShv7oUpLAh6qXycSEmjdD7y0M7tb//Qy8S+vGYO/10q4jGJgkn4s8mOBIcRZQLjNFaMg+ikhVPH0Vky7RBEKaYxZCJ+f4v9Jbcu0LdM+2y4eHo3imEaraA2VkI120SE6Qaeoiii6QXfoAT0at8a98WQ8f7TmjNHMCvoG4+UdvUOczQ==</latexit><latexit sha1_base64="4tTA/oOyj8egNrZufZ1F7hDQrLU=">AAACE3icdVDLSsNAFJ3Ud31VXboZLEItEhIRtYggunGpaB/QlDCZTtqhk0mYuRFL7D+48VfcuFDErRt3/o1JreDzwIXDOfdy7z1eJLgGy3ozcmPjE5NT0zP52bn5hcXC0nJNh7GirEpDEaqGRzQTXLIqcBCsESlGAk+wutc7zvz6JVOah/IC+hFrBaQjuc8pgVRyC2Un6vISuOVN7AQEup6fXA02rl3nnHcCgg8wDaUG7OybebdQtMyKZVd2bPyb2KY1RBGNcOoWXp12SOOASaCCaN20rQhaCVHAqWCDvBNrFhHaIx3WTKkkAdOtZPjTAK+nShv7oUpLAh6qXycSEmjdD7y0M7tb//Qy8S+vGYO/10q4jGJgkn4s8mOBIcRZQLjNFaMg+ikhVPH0Vky7RBEKaYxZCJ+f4v9Jbcu0LdM+2y4eHo3imEaraA2VkI120SE6Qaeoiii6QXfoAT0at8a98WQ8f7TmjNHMCvoG4+UdvUOczQ==</latexit><latexit sha1_base64="4tTA/oOyj8egNrZufZ1F7hDQrLU=">AAACE3icdVDLSsNAFJ3Ud31VXboZLEItEhIRtYggunGpaB/QlDCZTtqhk0mYuRFL7D+48VfcuFDErRt3/o1JreDzwIXDOfdy7z1eJLgGy3ozcmPjE5NT0zP52bn5hcXC0nJNh7GirEpDEaqGRzQTXLIqcBCsESlGAk+wutc7zvz6JVOah/IC+hFrBaQjuc8pgVRyC2Un6vISuOVN7AQEup6fXA02rl3nnHcCgg8wDaUG7OybebdQtMyKZVd2bPyb2KY1RBGNcOoWXp12SOOASaCCaN20rQhaCVHAqWCDvBNrFhHaIx3WTKkkAdOtZPjTAK+nShv7oUpLAh6qXycSEmjdD7y0M7tb//Qy8S+vGYO/10q4jGJgkn4s8mOBIcRZQLjNFaMg+ikhVPH0Vky7RBEKaYxZCJ+f4v9Jbcu0LdM+2y4eHo3imEaraA2VkI120SE6Qaeoiii6QXfoAT0at8a98WQ8f7TmjNHMCvoG4+UdvUOczQ==</latexit>

<latexit sha1_base64="A1ffwEA7JVSEKlrPzzuuuDwH2ZA="></latexit>

�⇢NEDE(t⇤,x)



Microphysics:

trigger is 
ultralight

<latexit sha1_base64="e9S+yUCS/n/hieTUlawS4nwUNIs=">AAACcXicdVHLahsxFNVM+kjcR9w0m1JaREzBeU2kIY2bRSG0DWRVUqidgMcZNLLGFtE8kO6UumL2/b7u+hPd9Acqj13o84Lg6JxzJd2jpFTSACFfPX/lxs1bt1fXWnfu3ru/3n6wMTBFpbno80IV+jJhRiiZiz5IUOKy1IJliRIXyfXruX7xQWgji/w 9zEoxytgkl6nkDBwVtz9n+CWmQQ9HIDNhMCVXdj/s1Tjac5T4CFYMmk2X7qfxgnl7+ua03nY+ehA6TYkUujhKNeP2U7xT2+eEEMdrOZnC9lXYHNWYFh4ShLU9i3cOsnrpcY4gbndIcEzo8RHFfwMakKY6aFnncftLNC54lYkcuGLGDCkpYWSZBsmVqFtRZUTJ+DWbiKGDOXPjjWyTWI2fOWaM00K7lQNu2F87LMuMmWWJc2YMpuZPbU7+SxtWkL4YWZmXFYicLy5KK4WhwPP48VhqwUHNHGBcS/dWzKfMxQLuk1ouhJ+T4v+DQRjQo+Dw3WHn5NUyjlX0GG2hLqKoh07QGTpHfcTRN2/Te+I99b77j3zsby2svrfseYh+K3/3BxG7ts0=</latexit>

m = 1.7⇥ 10�27 eV (1� fNEDE)
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<latexit sha1_base64="bVPOq2DIqJvu8B3wiC67topa0/M="></latexit>

M4 ' (0.4 eV)4
✓
�3↵�4

0.01

◆✓
fNEDE/(1� fNEDE)

0.1

◆⇣ z⇤
5000

⌘4
NEDE transition  
set by eV scale

Phenomenological parameters:

(i) fraction of NEDE 
<latexit sha1_base64="BDfUB6XQZk5NHTgLMhxXq8Mw2Rg=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqzIjpdpdUQuupIJ9QDsMmTTThiaZIckIdeiXuHGhiFs/xZ1/Y6at4PNA4HDOvdyTE8SMKu0471ZuaXlldS2/XtjY3Nou2ju7bRUlEpMWjlgkuwFShFFBWppqRrqxJIgHjHSC8Xnmd26JVDQSN3oSE4+joaAhxUgbybeLod/nSI8kT68aF42pb5eccs1xa1UX/iZu2ZmhBBZo+vZbfxDhhBOhMUNK9Vwn1l6KpKaYkWmhnygSIzxGQ9IzVCBOlJfOgk/hoVEGMIykeULDmfp1I0VcqQkPzGQWUv30MvEvr5fo8NRLqYgTTQSeHwoTBnUEsxbggEqCNZsYgrCkJivEIyQR1qarginh86fwf9I+LrvVcuW6UqqfLerIg31wAI6AC05AHVyCJmgBDBJwDx7Bk3VnPVjP1st8NGctdvbAN1ivH/8qk1Y=</latexit>

fNEDE (ii) decay time
<latexit sha1_base64="DFRV7NdFgD2BBhEVKMoAh5wEQCU=">AAAB6nicdVDJSgNBEK1xjXGLevTSGATxMMxIiOYW9OIxolkgGUJPpydp0t0zdPcIccgnePGgiFe/yJt/Y2cRXB8UPN6roqpemHCmjee9OwuLS8srq7m1/PrG5tZ2YWe3oeNUEVonMY9VK8SaciZp3TDDaStRFIuQ02Y4vJj4zVuqNIvljRklNBC4L1nECDZWur7rHncLRc+teH6l7KPfxHe9KYowR61beOv0YpIKKg3hWOu27yUmyLAyjHA6zndSTRNMhrhP25ZKLKgOsumpY3RolR6KYmVLGjRVv05kWGg9EqHtFNgM9E9vIv7ltVMTnQUZk0lqqCSzRVHKkYnR5G/UY4oSw0eWYKKYvRWRAVaYGJtO3obw+Sn6nzROXL/slq5Kxer5PI4c7MMBHIEPp1CFS6hBHQj04R4e4cnhzoPz7LzMWhec+cwefIPz+gF4Bo3y</latexit>z⇤ (iii) e.os. for decay <latexit sha1_base64="YZsKL/RcG62TVN1A++0uwNI3V7Q=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCq2FGpNpdUQuupIJ9QDsMmTRtQ5PMkGSUOvRL3LhQxK2f4s6/MdNW8HkgcDjnXu7JCWNGlXbddyu3sLi0vJJfLaytb2wW7a3tpooSiUkDRyyS7RApwqggDU01I+1YEsRDRlrh6CzzWzdEKhqJaz2Oic/RQNA+xUgbKbCLt0GXIz2UPL2sndcmgV1ynYrrVcoe/E08x52iBOaoB/ZbtxfhhBOhMUNKdTw31n6KpKaYkUmhmygSIzxCA9IxVCBOlJ9Og0/gvlF6sB9J84SGU/XrRoq4UmMemskspPrpZeJfXifR/RM/pSJONBF4dqifMKgjmLUAe1QSrNnYEIQlNVkhHiKJsDZdFUwJnz+F/5PmoeOVnaOro1L1dF5HHuyCPXAAPHAMquAC1EEDYJCAe/AInqw768F6tl5mozlrvrMDvsF6/QAZ65Nn</latexit>wNEDE

 e.o.s. parameter treated phenomenologically (as a constant).

NEDE dictionary and results

 Test of 3-parameter model:
 Hubble tension reduced to 2.1 sigma.
 Gaussian evidence for NEDE around 2 sigma 
(without SH0ES) and 4.5 sigma (with SH0ES).
 Profile likelihood approach avoids prior 
volume effects.
 E.O.S roughly 2/3

(with J.Cruz, S. Hannestad, Emil B. Holm, M. Sloth, T. Tram, arXiv: 2302.07934)

baseline = [Planck 2018, BAO, Pantheon]
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NEDE (w/ SH0ES) §CDM NEDE (w/o SH0ES, m fixed)

 Energy injection reduces sound horizon.
 Compensated by larger
 Keeps angular scale fixed. 
 Main background degeneracy (broken by 
including H0 prior).

<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0

SH0ES

Primary Mechanism

[Planck 2018, BAO, Pantheon, (SH0ES 2019)]

 Mechanism: Shorten sound horizon and compensate by raising Hubble today!

<latexit sha1_base64="LiakgEgPPxYQ0IJXEnydb51qxis=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmZEorkFvXiMaBZIhtDTqUma9PQM3T1CCPkELx4U8eoXefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTv3mHSrNE3lrRikGMe1LHnFGjZVuVFd3iyXPrXh+peyT38R3vRlKsECtW3zr9BKWxSgNE1Trtu+lJhhTZTgTOCl0Mo0pZUPax7alksaog/Hs1Ak5skqPRImyJQ2ZqV8nxjTWehSHtjOmZqB/elPxL6+dmeg8GHOZZgYlmy+KMkFMQqZ/kx5XyIwYWUKZ4vZWwgZUUWZsOgUbwuen5H/SOHH9snt6fVqqXiziyMMBHMIx+HAGVbiCGtSBQR/u4RGeHOE8OM/Oy7w15yxm9uEbnNcP2nqOMw==</latexit>rs<latexit sha1_base64="wF8RI4wgJ5MJgAlSL/tVCT49/4g=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZEorkFvXiMYBZIhtDT6Uma9PSM3TVCCPkJLx4U8ervePNv7CyC64OCx3tVVNULUykMet67k1taXlldy68XNja3tneKu3sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlE3OEp5ENO+EpFgFK3U6uCAI+2abrHkuRXPr5R98pv4rjdDCRaodYtvnV7CspgrZJIa0/a9FIMx1SiY5JNCJzM8pWxI+7xtqaIxN8F4du+EHFmlR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzJ9nvSE5gzlyBLKtLC3EjagmjK0ERVsCJ+fkv9J48T1y+7p9WmperGIIw8HcAjH4MMZVOEKalAHBhLu4RGenFvnwXl2XuatOWcxsw/f4Lx+AKVkkGU=</latexit>

✓s

<latexit sha1_base64="kNDk+SiVpmAREUtST1bYATYox40=">AAAB6nicdVDJSgNBEK2OW4xb1KOXxiB4GmYkRHML6sFjRLNAMoSeTk/SpKdn6O4RwpBP8OJBEa9+kTf/xs4iuD4oeLxXRVW9IBFcG9d9R7ml5ZXVtfx6YWNza3unuLvX1HGqKGvQWMSqHRDNBJesYbgRrJ0oRqJAsFYwupj6rTumNI/lrRknzI/IQPKQU2KsdHPZI71iyXWqrletePg38Rx3hhIsUO8V37r9mKYRk4YKonXHcxPjZ0QZTgWbFLqpZgmhIzJgHUsliZj2s9mpE3xklT4OY2VLGjxTv05kJNJ6HAW2MyJmqH96U/Evr5Oa8MzPuExSwySdLwpTgU2Mp3/jPleMGjG2hFDF7a2YDoki1Nh0CjaEz0/x/6R54ngVp3xdLtXOF3Hk4QAO4Rg8OIUaXEEdGkBhAPfwCE9IoAf0jF7mrTm0mNmHb0CvH3kejfM=</latexit>

Da   shorten  

+ increase Hubble
<latexit sha1_base64="S68JKd73NerrGy19GqAffe3y6KM=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgapyRUu2uqIsuK9gHtMOQSTNtaCYTkoxSxn6KGxeKuPVL3Pk3pg/B54ELh3Pu5d57QsGo0q77buWWlldW1/LrhY3Nre0du7jbUkkqMWnihCWyEyJFGOWkqalmpCMkQXHISDscXUz99g2Riib8Wo8F8WM04DSiGGkjBXbxMkCwJ2QidAK943rgBnbJdaquV6148DfxHHeGEligEdhvvX6C05hwjRlSquu5QvsZkppiRiaFXqqIQHiEBqRrKEcxUX42O30CD43Sh1EiTXENZ+rXiQzFSo3j0HTGSA/VT28q/uV1Ux2d+RnlItWE4/miKGXQvDnNAfapJFizsSEIS2puhXiIJMLapFUwIXx+Cv8nrRPHqzjlq3Kpdr6IIw/2wQE4Ah44BTVQBw3QBBjcgnvwCJ6sO+vBerZe5q05azGzB77Bev0A6NOTJw==</latexit>

Da / 1/H0

<latexit sha1_base64="wF8RI4wgJ5MJgAlSL/tVCT49/4g=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GmZEorkFvXiMYBZIhtDT6Uma9PSM3TVCCPkJLx4U8ervePNv7CyC64OCx3tVVNULUykMet67k1taXlldy68XNja3tneKu3sNk2Sa8TpLZKJbITVcCsXrKFDyVqo5jUPJm+Hwcuo377g2IlE3OEp5ENO+EpFgFK3U6uCAI+2abrHkuRXPr5R98pv4rjdDCRaodYtvnV7CspgrZJIa0/a9FIMx1SiY5JNCJzM8pWxI+7xtqaIxN8F4du+EHFmlR6JE21JIZurXiTGNjRnFoe2MKQ7MT28q/uW1M4zOg7FQaYZcsfmiKJMEEzJ9nvSE5gzlyBLKtLC3EjagmjK0ERVsCJ+fkv9J48T1y+7p9WmperGIIw8HcAjH4MMZVOEKalAHBhLu4RGenFvnwXl2XuatOWcxsw/f4Lx+AKVkkGU=</latexit>
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inflation, e.g.:

• quadratic potential + curvaton
• power-law inflation (exp. potentials)

For now: Keep in mind LCDM dependence 
of usual constraints.

[J.Cruz++,2209.02708]

Baseline = [Planck 2018, BAO, Pantheon, (SH0ES 2019)]



 Comparison EDE and NEDE:

NEDE gives less power 

axiEDE gives more power 
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FIG. 17. Planck data residuals (gray dots) of NEDE (red solid), DR (blue dotted), and cADE (orange

dashed) and EDE (purple dash-dotted) with respect to ⇤CDM. Best-fit values are taken from combined

analysis with SH0ES (Tab. I). The plots use a di↵erent scaling for low ` (< 30) and high ` (> 30). The

red dashed and dotted vertical lines highlight the modes that respectively entered the sound and particle

horizon at the time of the NEDE phase transition.

H2
⇤ ' d2V/d'2, ' starts to oscillate in a near power law potential, '2n, which leads to a quick

decay of EDE. By averaging over oscillation cycles, the decay can be described by an ideal fluid

with equation of state parameter w⇤
EDE

' (n�1)/(n+1), where n = 1 corresponds to a decay like

matter, n = 2 to one like radiation and n � 3 to an even quicker decay. In fact, the first two cases

were shown to be disfavored by data, whereas the model with n = 3, where kinetic dominates over

potential energy, is most e�cient in addressing the Hubble tension, implying w⇤
EDE

= 1/2. Such

a shallow potential term, scaling like �6, has been argued to arise in axion scenarios when taking

into account higher-order instanton corrections [32, 121, 122]. The problem with this argument,
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[FN&Sloth:2006.06686]

Upshot 2022: High-ell data will help discriminate EDE models.
Late 2023: axiEDE obstructed by new Planck NPIPE data (residual Hubble tension: 3.7 sigma).

Competition (2 years ago)

We are currently testing cold NEDE with NPIPE and Panth+ data!

[G.Efstathiou++,2311.00524]

• Adopting the GT estimator, only five models can reduce the tension to the 3� level,
with the best model (varying e↵ective electron mass in a curved universe) showing a
residual 2� tension. From best to worse, they are: varying me+⌦k, PEDE, varying me

in a flat universe, NEDE, and the Majoron.

• Making use instead of the more robust QDMAP criterion (reported in Fig. 1), which
compares �

2 of models with and without the inclusion of the SH0ES determination
of Mb, we find that models with non-Gaussian tails perform significantly better. This
most strongly impacts the two models of EDE, reducing their level of tension from
roughly 3� to 1.6� 1.9�. From best to worse, models that pass criterion 2 are: EDE,
varying me+⌦k, NEDE, PEDE, and the Majoron.

• Adopting the �AIC criterion, which attempts at quantifying the role of enlarged model
complexity in the improvement of the fit to Dbaseline +SH0ES, we find that only four
models are really capable of significantly improving over ⇤CDM. They are, in de-
creasing level of success: EDE, NEDE, a primordial magnetic field, and the Majoron
model.

Model �Nparam MB
Gaussian
Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.9� X �4.60 �2.60 X X

SIDR 1 �19.385± 0.024 3.2� 3.6� X �3.77 �1.77 X X

DR-DM 2 �19.413± 0.036 3.3� 3.4� X �7.82 �3.82 X X

mixed DR 2 �19.388± 0.026 3.2� 3.7� X �6.40 �2.40 X X

SI⌫+DR 3 �19.440± 0.038 3.7� 3.9� X �3.56 2.44 X X

Majoron 3 �19.380± 0.027 3.0� 2.9� X �13.74 �7.74 X X
primordial B 1 �19.390± 0.018 3.5� 3.5� X �10.83 �8.83 X X
varying me 1 �19.391± 0.034 2.9� 3.2� X �9.87 �7.87 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.7� X �16.11 �12.11 X X
EDE 3 �19.390± 0.016 3.6� 1.6� X �20.80 �14.80 X X
NEDE 3 �19.380± 0.021 3.2� 2.0� X �17.70 �11.70 X X
CPL 2 �19.400± 0.016 3.9� 4.1� X �4.23 �0.23 X X

PEDE 0 �19.349± 0.013 2.7� 2.0� X 4.76 4.76 X X

MPEDE 1 �19.400± 0.022 3.6� 4.0� X �2.21 �0.21 X X

DM ! DR+WDM 2 �19.410± 0.013 4.2� 4.4� X �4.18 �0.18 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.2� X 0.11 4.11 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon),
using the direct measurement of Mb by SH0ES for the quantification of the tension (3rd
column) or the computation of the AIC (5th column). Six models pass at least one of these
three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to
the final, starting with late-universe models. The CPL parameterization, our “late-universe
defending champion” only reduces the tension to 3.9�, inducing a minor improvement to the
global fit. The PEDE model noticeably degrades the �2 of BAO and Pantheon data, leading
to an overall worse fit than ⇤CDM. Thus, according to the general rules defined at the end of
the previous subsection, we must exclude PEDE from the final. We further comment on this
choice in Section 4.2 and below. The MPEDE model, which generalises PEDE to include

– 10 –

deals with non-Gaussian 
posteriors

[Planck 2018 + BAO + Pantheon (+ SH0ES)]
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MPEDE 1 �19.400± 0.022 3.6� 4.0� X �2.21 �0.21 X X

DM ! DR+WDM 2 �19.410± 0.013 4.2� 4.4� X �4.18 �0.18 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.2� X 0.11 4.11 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon),
using the direct measurement of Mb by SH0ES for the quantification of the tension (3rd
column) or the computation of the AIC (5th column). Six models pass at least one of these
three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to
the final, starting with late-universe models. The CPL parameterization, our “late-universe
defending champion” only reduces the tension to 3.9�, inducing a minor improvement to the
global fit. The PEDE model noticeably degrades the �2 of BAO and Pantheon data, leading
to an overall worse fit than ⇤CDM. Thus, according to the general rules defined at the end of
the previous subsection, we must exclude PEDE from the final. We further comment on this
choice in Section 4.2 and below. The MPEDE model, which generalises PEDE to include

– 10 –

Prepared for submission to JCAP

The H0 Olympics: A fair ranking of

proposed models

Nils Schöneberg,
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Abstract. Despite the remarkable success of the ⇤ Cold Dark Matter (⇤CDM) cosmological
model, a growing discrepancy has emerged (currently measured at the level of ⇠ 4 � 6�)
between the value of the Hubble constant H0 measured using the local distance ladder and
the value inferred using the cosmic microwave background and galaxy surveys. While a vast
array of ⇤CDM extensions have been proposed to explain these discordant observations, un-
derstanding the (relative) success of these models in resolving the tension has proven di�cult
– this is a direct consequence of the fact that each model has been subjected to di↵ering, and
typically incomplete, compilations of cosmological data. In this review, we attempt to make
a systematic comparison of sixteen di↵erent models which have been proposed to resolve
the H0 tension (spanning both early- and late-Universe solutions), and quantify the relative
success of each using a series of metrics and a vast array of data combinations. Owing to
the timely appearance of this article, we refer to this contest as the “H0 Olympics”; the
goal being to identify which of the proposed solutions, and more broadly which underlying
mechanisms, are most likely to be responsible for explaining the observed discrepancy (should
unaccounted for systematics not be the culprit). This work also establishes a foundation of
tests which will allow the success of novel proposals to be meaningful “benchmarked”.
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Pressure fluctuations act against gravitational 
collapse.
Suppresses  S8 value.
4-parameter extensions of LCDM
Key result: Both tensions < 2 sigma.

 So far we assumed the trigger to be entirely subdominant.
 However, it can naturally act as light axion-type dark matter.
 NEDE+ultralight scalar studied before by Allali, Hertzberg, and Rompineve, 2021.

Trigger dark matter

Controlled by initial field value

<latexit sha1_base64="1VOar/YBp/M6rPubwVHizCM687s="></latexit>

kJ,eq ' 0.16 Mpc�1
⇣ m

10�27 eV

⌘1/2
.

10°4 10°3 10°2 10°1 100 101

k [h/Mpc]

°0.10

°0.05

0.00

0.05

0.10

0.15

0.20

0.25

P
li
n
/P

li
n
| §

C
D

M
°

1

NEDE and ≠¡ =0.60%

NEDE and ≠¡ = 0

suppression on S8 scales

�2
<latexit sha1_base64="ayC2Fryt9e8FweIlLnOfxQXPJ2o=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYwSyQjKGn05O06ekeunuEMOQfvHhQxKv/482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1rapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWji6nfuqNKMymuzTihQYwHgkWMYGOlZjcZsptyr1jy3KrnVys++k1815uhBAvUe8W3bl+SNKbCEI617vheYoIMK8MIp5NCN9U0wWSEB7RjqcAx1UE2u3aCjqzSR5FUtoRBM/XrRIZjrcdxaDtjbIb6pzcV//I6qYnOgoyJJDVUkPmiKOXISDR9HfWZosTwsSWYKGZvRWSIFSbGBlSwIXx+iv4nzbLre65/dVKqnS/iyMMBHMIx+HAKNbiEOjSAwC3cwyM8OdJ5cJ6dl3lrzlnM7MM3OK8frD2PMQ==</latexit><latexit sha1_base64="ayC2Fryt9e8FweIlLnOfxQXPJ2o=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYwSyQjKGn05O06ekeunuEMOQfvHhQxKv/482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1rapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWji6nfuqNKMymuzTihQYwHgkWMYGOlZjcZsptyr1jy3KrnVys++k1815uhBAvUe8W3bl+SNKbCEI617vheYoIMK8MIp5NCN9U0wWSEB7RjqcAx1UE2u3aCjqzSR5FUtoRBM/XrRIZjrcdxaDtjbIb6pzcV//I6qYnOgoyJJDVUkPmiKOXISDR9HfWZosTwsSWYKGZvRWSIFSbGBlSwIXx+iv4nzbLre65/dVKqnS/iyMMBHMIx+HAKNbiEOjSAwC3cwyM8OdJ5cJ6dl3lrzlnM7MM3OK8frD2PMQ==</latexit><latexit sha1_base64="ayC2Fryt9e8FweIlLnOfxQXPJ2o=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYwSyQjKGn05O06ekeunuEMOQfvHhQxKv/482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1rapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWji6nfuqNKMymuzTihQYwHgkWMYGOlZjcZsptyr1jy3KrnVys++k1815uhBAvUe8W3bl+SNKbCEI617vheYoIMK8MIp5NCN9U0wWSEB7RjqcAx1UE2u3aCjqzSR5FUtoRBM/XrRIZjrcdxaDtjbIb6pzcV//I6qYnOgoyJJDVUkPmiKOXISDR9HfWZosTwsSWYKGZvRWSIFSbGBlSwIXx+iv4nzbLre65/dVKqnS/iyMMBHMIx+HAKNbiEOjSAwC3cwyM8OdJ5cJ6dl3lrzlnM7MM3OK8frD2PMQ==</latexit><latexit sha1_base64="ayC2Fryt9e8FweIlLnOfxQXPJ2o=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmaCRHMLevEYwSyQjKGn05O06ekeunuEMOQfvHhQxKv/482/sbMIrg8KHu9VUVUvTDjTxvPendzS8srqWn69sLG5tb1T3N1rapkqQhtEcqnaIdaUM0EbhhlO24miOA45bYWji6nfuqNKMymuzTihQYwHgkWMYGOlZjcZsptyr1jy3KrnVys++k1815uhBAvUe8W3bl+SNKbCEI617vheYoIMK8MIp5NCN9U0wWSEB7RjqcAx1UE2u3aCjqzSR5FUtoRBM/XrRIZjrcdxaDtjbIb6pzcV//I6qYnOgoyJJDVUkPmiKOXISDR9HfWZosTwsSWYKGZvRWSIFSbGBlSwIXx+iv4nzbLre65/dVKqnS/iyMMBHMIx+HAKNbiEOjSAwC3cwyM8OdJ5cJ6dl3lrzlnM7MM3OK8frD2PMQ==</latexit>

CDM

: oscillatory
<latexit sha1_base64="+dphy6G1xSTmh9Gc5NQehqYn1e8=">AAAB73icdVDLSsNAFJ34rPVVdelmsAh1EyalmLqRohtxVcE+oA1lMp20QyaTODMRSuhPuHGhiFt/x51/47SNoKIHLhzOuZd77/ETzpRG6MNaWl5ZXVsvbBQ3t7Z3dkt7+20Vp5LQFol5LLs+VpQzQVuaaU67iaQ48jnt+OHlzO/cU6lYLG71JKFehEeCBYxgbaRueB4Oriv6ZFAqI9s9M3AhsusIoaqTE+RCx0ZzlEGO5qD03h/GJI2o0IRjpXoOSrSXYakZ4XRa7KeKJpiEeER7hgocUeVl83un8NgoQxjE0pTQcK5+n8hwpNQk8k1nhPVY/fZm4l9eL9VB3cuYSFJNBVksClIOdQxnz8Mhk5RoPjEEE8nMrZCMscREm4iKJoSvT+H/pF21nVO7dlMrNy7yOArgEByBCnCACxrgCjRBCxDAwQN4As/WnfVovVivi9YlK585AD9gvX0Ce+CPoQ==</latexit>

k > kJ(t)

<latexit sha1_base64="5LoKuZkPJHYXbr8eZzCPdq74krc="></latexit>

h�i = h�̄(t)i+ h��(t,k)i

<latexit sha1_base64="KDYKd8UCMwYulfOLbH5GWUO6eRo=">AAAB83icdVDLSsNAFJ34rPVVdelmsAh1EyalmLoruhFXFewDmlAm00k7ZDIJMxOhhP6GGxeKuPVn3Pk3TtsIKnrgwuGce7n3niDlTGmEPqyV1bX1jc3SVnl7Z3dvv3Jw2FVJJgntkIQnsh9gRTkTtKOZ5rSfSorjgNNeEF3N/d49lYol4k5PU+rHeCxYyAjWRvIi6HEOo+FNTZ8NK1VkuxcGLkR2EyFUdwqCXOjYaIEqKNAeVt69UUKymApNOFZq4KBU+zmWmhFOZ2UvUzTFJMJjOjBU4JgqP1/cPIOnRhnBMJGmhIYL9ftEjmOlpnFgOmOsJ+q3Nxf/8gaZDpt+zkSaaSrIclGYcagTOA8AjpikRPOpIZhIZm6FZIIlJtrEVDYhfH0K/yfduu2c243bRrV1WcRRAsfgBNSAA1zQAtegDTqAgBQ8gCfwbGXWo/VivS5bV6xi5gj8gPX2CfFykP8=</latexit>

k ⌧ kJ(t) : growing



 H0 and S8 tension exciting opportunity to probe the dark sector.
 Early dark energy models look promising.   

 NEDE is a fast-triggered phase transition in dark sector. 
 NEDE is a theory playground (similar to inflation). 
 Cold NEDE brings H0 and S8 tension down to 2 sigma.
 Further theoretical work:

• Relate cold NEDE fluid to microscopic parameters (on-going).
• Embed in multi-axion system: small masses protected by broken shift symmetry.

 Further phenomenological work:
• Study more general fluid (background and perturbations).
• Study other anomalies.     
• Keep testing against more LSS, SNe, and CMB data.

  I did not have time to talk about:
• Temperature trigger in hot NEDE (akin to electroweak phase transition).
• Address coincidence problem with neutrino mass generation in hot NEDE.

Summary

Search for new particle physics models!



Gravitational Waves

 First order phase transitions (PT) act as source of gravitational waves.

/ f3
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f
<latexit sha1_base64="wfi9MGQemRqwaA/8IMiapB3l4wk=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqUbdY8tyy55fPfPKb+K43QwkWqHaLb51ewrIYpWGCat32vdQEY6oMZwInhU6mMaVsSPvYtlTSGHUwnh06IUdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQRjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2mYEP4/JT8Txonru+5fu20VLlcxJGHAziEY/DhHCpwDVWoAwOEe3iEJ+fWeXCenZd5a85ZzOzDNzivHzv4jTg=</latexit><latexit sha1_base64="wfi9MGQemRqwaA/8IMiapB3l4wk=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqUbdY8tyy55fPfPKb+K43QwkWqHaLb51ewrIYpWGCat32vdQEY6oMZwInhU6mMaVsSPvYtlTSGHUwnh06IUdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQRjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2mYEP4/JT8Txonru+5fu20VLlcxJGHAziEY/DhHCpwDVWoAwOEe3iEJ+fWeXCenZd5a85ZzOzDNzivHzv4jTg=</latexit><latexit sha1_base64="wfi9MGQemRqwaA/8IMiapB3l4wk=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqUbdY8tyy55fPfPKb+K43QwkWqHaLb51ewrIYpWGCat32vdQEY6oMZwInhU6mMaVsSPvYtlTSGHUwnh06IUdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQRjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2mYEP4/JT8Txonru+5fu20VLlcxJGHAziEY/DhHCpwDVWoAwOEe3iEJ+fWeXCenZd5a85ZzOzDNzivHzv4jTg=</latexit><latexit sha1_base64="wfi9MGQemRqwaA/8IMiapB3l4wk=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmZE1NyCXjwmYBZIhtDTqUna9PQM3T1CCPkCLx4U8eonefNv7CyC64OCx3tVVNULU8G18bx3J7e0vLK6ll8vbGxube8Ud/caOskUwzpLRKJaIdUouMS64UZgK1VI41BgMxxeTf3mHSrNE3ljRikGMe1LHnFGjZVqUbdY8tyy55fPfPKb+K43QwkWqHaLb51ewrIYpWGCat32vdQEY6oMZwInhU6mMaVsSPvYtlTSGHUwnh06IUdW6ZEoUbakITP168SYxlqP4tB2xtQM9E9vKv7ltTMTXQRjLtPMoGTzRVEmiEnI9GvS4wqZESNLKFPc3krYgCrKjM2mYEP4/JT8Txonru+5fu20VLlcxJGHAziEY/DhHCpwDVWoAwOEe3iEJ+fWeXCenZd5a85ZzOzDNzivHzv4jTg=</latexit>

f⇤
<latexit sha1_base64="OHbVuc7ycEpTl4hpT0GQLZw4sK0=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIhzAjouYW9OIxolkgGUJPpyZp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpekAiujeu+O7mFxaXllfxqYW19Y3OruL3T0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371BpHstbM0rQj2hf8pAzaqx0E3aPusWSW664XuXUI7+JV3anKMEctW7xrdOLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObBKj4SxsiUNmapfJzIaaT2KAtsZUTPQP72J+JfXTk147mdcJqlByWaLwlQQE5PJ36THFTIjRpZQpri9lbABVZQZm07BhvD5KfmfNI7Lnlv2rk9K1Yt5HHnYg304BA/OoApXUIM6MOjDPTzCkyOcB+fZeZm15pz5zC58g/P6AVagjdU=</latexit><latexit sha1_base64="OHbVuc7ycEpTl4hpT0GQLZw4sK0=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIhzAjouYW9OIxolkgGUJPpyZp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpekAiujeu+O7mFxaXllfxqYW19Y3OruL3T0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371BpHstbM0rQj2hf8pAzaqx0E3aPusWSW664XuXUI7+JV3anKMEctW7xrdOLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObBKj4SxsiUNmapfJzIaaT2KAtsZUTPQP72J+JfXTk147mdcJqlByWaLwlQQE5PJ36THFTIjRpZQpri9lbABVZQZm07BhvD5KfmfNI7Lnlv2rk9K1Yt5HHnYg304BA/OoApXUIM6MOjDPTzCkyOcB+fZeZm15pz5zC58g/P6AVagjdU=</latexit><latexit sha1_base64="OHbVuc7ycEpTl4hpT0GQLZw4sK0=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIhzAjouYW9OIxolkgGUJPpyZp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpekAiujeu+O7mFxaXllfxqYW19Y3OruL3T0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371BpHstbM0rQj2hf8pAzaqx0E3aPusWSW664XuXUI7+JV3anKMEctW7xrdOLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObBKj4SxsiUNmapfJzIaaT2KAtsZUTPQP72J+JfXTk147mdcJqlByWaLwlQQE5PJ36THFTIjRpZQpri9lbABVZQZm07BhvD5KfmfNI7Lnlv2rk9K1Yt5HHnYg304BA/OoApXUIM6MOjDPTzCkyOcB+fZeZm15pz5zC58g/P6AVagjdU=</latexit><latexit sha1_base64="OHbVuc7ycEpTl4hpT0GQLZw4sK0=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiCIhzAjouYW9OIxolkgGUJPpyZp0tMzdPcIYcgnePGgiFe/yJt/Y2cRXB8UPN6roqpekAiujeu+O7mFxaXllfxqYW19Y3OruL3T0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371BpHstbM0rQj2hf8pAzaqx0E3aPusWSW664XuXUI7+JV3anKMEctW7xrdOLWRqhNExQrduemxg/o8pwJnBc6KQaE8qGtI9tSyWNUPvZ9NQxObBKj4SxsiUNmapfJzIaaT2KAtsZUTPQP72J+JfXTk147mdcJqlByWaLwlQQE5PJ36THFTIjRpZQpri9lbABVZQZm07BhvD5KfmfNI7Lnlv2rk9K1Yt5HHnYg304BA/OoApXUIM6MOjDPTzCkyOcB+fZeZm15pz5zC58g/P6AVagjdU=</latexit>

1/f regime:

h
2
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�15
H�̄

�1

✓
10
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Hz

f

◆

<latexit sha1_base64="a8xZw2AOZFDbWr3uU4iLC7J9kUQ="></latexit>

single dial

 Moderate prospects of detection with pulsar timing arrays.

 Square Kilometer Array, sensitivity: h2⌦GW ⇠ 10�15
<latexit sha1_base64="FvxngIgQ8+LKCHmqsC98S2Sq+MQ=">AAACBnicdVDLSgMxFM3UV62vqksRgkVw4zApvrorutCdFewDOtMhk6ZtaDIzJBmhDF258VfcuFDErd/gzr8xfQg+D1w4nHMv994TxJwp7TjvVmZmdm5+IbuYW1peWV3Lr2/UVJRIQqsk4pFsBFhRzkJa1Uxz2oglxSLgtB70z0Z+/YZKxaLwWg9i6gncDVmHEayN5Oe3e60idC8F7WI/Pa8PoauYgMhppfvocOjnC45dclDpCMHfBNnOGAUwRcXPv7ntiCSChppwrFQTObH2Uiw1I5wOc26iaIxJH3dp09AQC6q8dPzGEO4apQ07kTQVajhWv06kWCg1EIHpFFj31E9vJP7lNRPdOfFSFsaJpiGZLOokHOoIjjKBbSYp0XxgCCaSmVsh6WGJiTbJ5UwIn5/C/0mtaCPHRlcHhfLpNI4s2AI7YA8gcAzK4AJUQBUQcAvuwSN4su6sB+vZepm0ZqzpzCb4Buv1AxfIl5w=</latexit><latexit sha1_base64="FvxngIgQ8+LKCHmqsC98S2Sq+MQ=">AAACBnicdVDLSgMxFM3UV62vqksRgkVw4zApvrorutCdFewDOtMhk6ZtaDIzJBmhDF258VfcuFDErd/gzr8xfQg+D1w4nHMv994TxJwp7TjvVmZmdm5+IbuYW1peWV3Lr2/UVJRIQqsk4pFsBFhRzkJa1Uxz2oglxSLgtB70z0Z+/YZKxaLwWg9i6gncDVmHEayN5Oe3e60idC8F7WI/Pa8PoauYgMhppfvocOjnC45dclDpCMHfBNnOGAUwRcXPv7ntiCSChppwrFQTObH2Uiw1I5wOc26iaIxJH3dp09AQC6q8dPzGEO4apQ07kTQVajhWv06kWCg1EIHpFFj31E9vJP7lNRPdOfFSFsaJpiGZLOokHOoIjjKBbSYp0XxgCCaSmVsh6WGJiTbJ5UwIn5/C/0mtaCPHRlcHhfLpNI4s2AI7YA8gcAzK4AJUQBUQcAvuwSN4su6sB+vZepm0ZqzpzCb4Buv1AxfIl5w=</latexit><latexit sha1_base64="FvxngIgQ8+LKCHmqsC98S2Sq+MQ=">AAACBnicdVDLSgMxFM3UV62vqksRgkVw4zApvrorutCdFewDOtMhk6ZtaDIzJBmhDF258VfcuFDErd/gzr8xfQg+D1w4nHMv994TxJwp7TjvVmZmdm5+IbuYW1peWV3Lr2/UVJRIQqsk4pFsBFhRzkJa1Uxz2oglxSLgtB70z0Z+/YZKxaLwWg9i6gncDVmHEayN5Oe3e60idC8F7WI/Pa8PoauYgMhppfvocOjnC45dclDpCMHfBNnOGAUwRcXPv7ntiCSChppwrFQTObH2Uiw1I5wOc26iaIxJH3dp09AQC6q8dPzGEO4apQ07kTQVajhWv06kWCg1EIHpFFj31E9vJP7lNRPdOfFSFsaJpiGZLOokHOoIjjKBbSYp0XxgCCaSmVsh6WGJiTbJ5UwIn5/C/0mtaCPHRlcHhfLpNI4s2AI7YA8gcAzK4AJUQBUQcAvuwSN4su6sB+vZepm0ZqzpzCb4Buv1AxfIl5w=</latexit><latexit sha1_base64="FvxngIgQ8+LKCHmqsC98S2Sq+MQ=">AAACBnicdVDLSgMxFM3UV62vqksRgkVw4zApvrorutCdFewDOtMhk6ZtaDIzJBmhDF258VfcuFDErd/gzr8xfQg+D1w4nHMv994TxJwp7TjvVmZmdm5+IbuYW1peWV3Lr2/UVJRIQqsk4pFsBFhRzkJa1Uxz2oglxSLgtB70z0Z+/YZKxaLwWg9i6gncDVmHEayN5Oe3e60idC8F7WI/Pa8PoauYgMhppfvocOjnC45dclDpCMHfBNnOGAUwRcXPv7ntiCSChppwrFQTObH2Uiw1I5wOc26iaIxJH3dp09AQC6q8dPzGEO4apQ07kTQVajhWv06kWCg1EIHpFFj31E9vJP7lNRPdOfFSFsaJpiGZLOokHOoIjjKBbSYp0XxgCCaSmVsh6WGJiTbJ5UwIn5/C/0mtaCPHRlcHhfLpNI4s2AI7YA8gcAzK4AJUQBUQcAvuwSN4su6sB+vZepm0ZqzpzCb4Buv1AxfIl5w=</latexit>

window for detection: 0.1 < H�̄
�1 . 1

<latexit sha1_base64="0pZ+p03xykrCBvEUHdOoE7nrmeE=">AAACGXicdVDLSgMxFM3UV62vqks3wSK4cZhUUQsuim66rGAf0Kklk962oZkHSUYow/yGG3/FjQtFXOrKvzF9CD4PXDicc29y7/EiwZV2nHcrMze/sLiUXc6trK6tb+Q3t+oqjCWDGgtFKJseVSB4ADXNtYBmJIH6noCGN7wY+40bkIqHwZUeRdD2aT/gPc6oNlIn7zg2wWc4cSdPJRK6Ka64HpWJ64Gm6XVyQFKcugKUUtzHpJMvOHbJIaVjgn8TYjsTFNAM1U7+1e2GLPYh0ExQpVrEiXQ7oVJzJiDNubGCiLIh7UPL0ID6oNrJZJ0U7xmli3uhNBVoPFG/TiTUV2rke6bTp3qgfnpj8S+vFeveaTvhQRRrCNj0o14ssA7xOCbc5RKYFiNDKJPc7IrZgErKtAkzZ0L4vBT/T+pFmxzaxcujQvl8FkcW7aBdtI8IOkFlVEFVVEMM3aJ79IierDvrwXq2XqatGWs2s42+wXr7AF9fn/g=</latexit>

<latexit sha1_base64="2lwTSz7pldktTLWEPHcUGbXBMfk="></latexit>
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CMB sensitivity

 First order phase transitions (PT) act as source of gravitational waves.

 Marginally compatible with Square Kilometre Array



Neutrino masses I
 Can the NEDE phase transition create the neutrino masses via a low-scale 
seesaw mechanism? Consider the inverse-seesaw:

<latexit sha1_base64="T2LKAW694xXY84ITfUPMIjm59Yo="></latexit>

L⌫ = �1

2
NTCMN + h.c.

<latexit sha1_base64="xcsIwCfiKjzw6s0v0G8uxnOYM9c=">AAACC3icdVDLSgMxFM3UV62vqks3oUWoIMOMlGp3RTcuRKr0Be10yKSZNjSTGZNMoZTu3fgrblwo4tYfcOffmD4Enwcu93DOvST3eBGjUlnWu5FYWFxaXkmuptbWNza30ts7NRnGApMqDlkoGh6ShFFOqooqRhqRICjwGKl7/bOJXx8QIWnIK2oYESdAXU59ipHSkpvOXMIWuYnpAOZaPHYvDuGkXbfxjMiDdsVNZy2zaNnFgg1/E9u0psiCOcpu+q3VCXEcEK4wQ1I2bStSzggJRTEj41QrliRCuI+6pKkpRwGRzmh6yxjua6UD/VDo4gpO1a8bIxRIOQw8PRkg1ZM/vYn4l9eMlX/ijCiPYkU4nj3kxwyqEE6CgR0qCFZsqAnCguq/QtxDAmGl40vpED4vhf+T2pFpF8z8VT5bOp3HkQR7IANywAbHoATOQRlUAQa34B48gifjzngwno2X2WjCmO/sgm8wXj8A1dCZsQ==</latexit>

N ⌘ (⌫L, ⌫
c
R, ⌫s)

T

active
right-handed sterile

<latexit sha1_base64="bA2g+fEpnOjWPugCJA3Pio/dK68="></latexit>

M =

0

@
0 d 0
d 0 n
0 n ms

1

A

<latexit sha1_base64="eGRGyaQeHqgnYgLp0T+wqN9dGfg=">AAACDHicdVDLSgMxFM3UV62vqks3wSJUkCEjpdqFUHShOyvYB3SGksmkbWjmQZIRyjAf4MZfceNCEbd+gDv/xkxbweeBwOGcc8m9x404kwqhdyM3N7+wuJRfLqysrq1vFDe3WjKMBaFNEvJQdFwsKWcBbSqmOO1EgmLf5bTtjs4yv31DhWRhcK3GEXV8PAhYnxGstNQrljx4Am0fqyHBPLlMyxZC9sFUEX5yTlvpvk4hs4asWtWCv4lloglKYIZGr/hmeyGJfRoowrGUXQtFykmwUIxwmhbsWNIIkxEe0K6mAfapdJLJMSnc04oH+6HQL1Bwon6dSLAv5dh3dTJbUv70MvEvrxur/rGTsCCKFQ3I9KN+zKEKYdYM9JigRPGxJpgIpneFZIgFJkr3V9AlfF4K/yetQ9OqmpWrSql+OqsjD3bALigDCxyBOrgADdAEBNyCe/AInow748F4Nl6m0Zwxm9kG32C8fgCmcZon</latexit>

d = O(100GeV)
<latexit sha1_base64="e5N9LnVkZkvUsFTV+EeqEpMfKOg=">AAACB3icdVDLSsNAFJ3UV62vqEtBBotQNyGRUu1Gim7cWaEvaEOZTKft0MkkzEyEErJz46+4caGIW3/BnX/jJK3g88CFwzn3cu89XsioVLb9buQWFpeWV/KrhbX1jc0tc3unJYNIYNLEAQtEx0OSMMpJU1HFSCcUBPkeI21vcpH67RsiJA14Q01D4vpoxOmQYqS01Df3OTyDsOcjNcaIxVdJKePCjxuklRz1zaJtVW2nWnHgb+JYdoYimKPeN996gwBHPuEKMyRl17FD5cZIKIoZSQq9SJIQ4Qkaka6mHPlEunH2RwIPtTKAw0Do4gpm6teJGPlSTn1Pd6ZHyp9eKv7ldSM1PHVjysNIEY5ni4YRgyqAaShwQAXBik01QVhQfSvEYyQQVjq6gg7h81P4P2kdW07FKl+Xi7XzeRx5sAcOQAk44ATUwCWogybA4Bbcg0fwZNwZD8az8TJrzRnzmV3wDcbrBzfKmPQ=</latexit>

n > O(TeV)
<latexit sha1_base64="mmwW0BrBcQ1ZZhTd0xMnXMC1MdU=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4GqYkVLtrujGZQX7gM4wZNJMG5pkhiQjlKEbf8WNC0Xc+hnu/BszbQWfBwKHc84l954oZVRp1323SkvLK6tr5fXKxubW9o69u9dRSSYxaeOEJbIXIUUYFaStqWakl0qCeMRINxpfFn73lkhFE3GjJykJOBoKGlOMtJFC+4CHCvpDbRIc+hzpkeQ56UxDu+o6Dddr1D34m3iOO0MVLNAK7Td/kOCME6ExQ0r1PTfVQY6kppiRacXPFEkRHqMh6RsqECcqyGcHTOGxUQYwTqR5QsOZ+nUiR1ypCY9MslhR/fQK8S+vn+n4PMipSDNNBJ5/FGcM6gQWbcABlQRrNjEEYUnNrhCPkERYm84qpoTPS+H/pHPqeHWndl2rNi8WdZTBITgCJ8ADZ6AJrkALtAEGU3APHsGTdWc9WM/WyzxashYz++AbrNcPXXGW8Q==</latexit>

ms & eV

 Upon diagonalization this yields a sub-eV active mass eigenstate
<latexit sha1_base64="sEBLHAcpPv/66jO5MGaIWwCyR+s=">AAACG3icdVDLSsNAFJ34tr6qLt0MFqEixKQWHzvRjTsr2Co0MdxMp3boTBJnJkIJ/Q83/oobF4q4Elz4N05f4PPAhcM593LvPWHCmdKO82GNjU9MTk3PzObm5hcWl/LLKzUVp5LQKol5LC9DUJSziFY105xeJpKCCDm9CNvHPf/ilkrF4uhcdxLqC7iOWJMR0EYK8iUR7GBPMUFvsCdAtwjw7LRbFIHaxNhrQ5LAVWm76G6N+GaQLzj2geMe7Lr4N3Ftp48CGqIS5N+8RkxSQSNNOChVd51E+xlIzQin3ZyXKpoAacM1rRsagaDKz/q/dfGGURq4GUtTkcZ99etEBkKpjghNZ+989dPriX959VQ39/2MRUmqaUQGi5opxzrGvaBwg0lKNO8YAkQycysmLZBAtIkzZ0IYfYr/J7WS7e7a5bNy4fBoGMcMWkPrqIhctIcO0QmqoCoi6A49oCf0bN1bj9aL9TpoHbOGM6voG6z3T2kon8s=</latexit>

m3 ' O(ms)
2/(1 + 2)

<latexit sha1_base64="t2BEjgrm6tUMzLwGEqMR5zrxjYg=">AAAB83icdVDJSgNBEK2JW4xb1KOXxiB4ijMSojkIQS8eI5gFMiH09PQkTXp6mu4eIQz5DS8eFPHqz3jzb+wsguuDgsd7VVTVCyRn2rjuu5NbWl5ZXcuvFzY2t7Z3irt7LZ2kitAmSXiiOgHWlDNBm4YZTjtSURwHnLaD0dXUb99RpVkibs1Y0l6MB4JFjGBjJd8fYSkxukDhiegXS2655nq1qod+E6/szlCCBRr94psfJiSNqTCEY627nitNL8PKMMLppOCnmkpMRnhAu5YKHFPdy2Y3T9CRVUIUJcqWMGimfp3IcKz1OA5sZ4zNUP/0puJfXjc10XkvY0KmhgoyXxSlHJkETQNAIVOUGD62BBPF7K2IDLHCxNiYCjaEz0/R/6R1Wvaq5cpNpVS/XMSRhwM4hGPw4AzqcA0NaAIBCffwCE9O6jw4z87LvDXnLGb24Ruc1w88WZEw</latexit>

 = d/n

 Generalized to three generations, this can explain the observed mass spectrum 
and mixing pattern.

NEDE

e.g.[Abada,Lucente,2014]



Neutrino masses II
 Consider Yukawa:

<latexit sha1_base64="GLDPj8lOZR0ufxokxfNl2aZ2frw="></latexit>

L � � 1p
2

X

ij

(gs)ij (⌫s)i
c(⌫s)j + h.c.

NEDE scalar
Coupling matrix

Global lepton symmetry

<latexit sha1_base64="cAaWCGPVa1DJ5Xx4o4lSMrQSCoc=">AAACA3icdVDLSsNAFJ34rPUVdaebwSK4ikkp1e6KblxWsA9oQphMJ+3QySTOTAolFNz4K25cKOLWn3Dn3zhNK/g8MHA4517unBMkjEpl2+/GwuLS8spqYa24vrG5tW3u7LZknApMmjhmsegESBJGOWkqqhjpJIKgKGCkHQwvpn57RISkMb9W44R4EepzGlKMlJZ8c99tSApdFcORn9MT6MobobLyxDdLtlWznVrVgb+JY9k5SmCOhm++ub0YpxHhCjMkZdexE+VlSCiKGZkU3VSSBOEh6pOuphxFRHpZnmECj7TSg2Es9OMK5urXjQxFUo6jQE9GSA3kT28q/uV1UxWeeRnlSaoIx7NDYcqgjjwtBPaoIFixsSYIC6r/CvEACYSVrq2oS/hMCv8nrbLlVK3KVaVUP5/XUQAH4BAcAwecgjq4BA3QBBjcgnvwCJ6MO+PBeDZeZqMLxnxnD3yD8foBA82XKQ==</latexit>

 ! v /
p
2

(makes mass t’Hooft natural)

spont. broken as 

 Dictionary to NEDE phenomenology:
<latexit sha1_base64="oH6kviSUe6jQqPO2vRBofHOY4ko="></latexit>

ms ⇡ (1.0 eV)⇥ gs
�1/4

⇥

fNEDE/(1� fNEDE)

0.1

�1/4 1 + z⇤
5000

�
.

 NEDE scalar couples to active mass eigenstates due to mixing. 
<latexit sha1_base64="77nq4+iNjQ0r5NLHbQXTSSKB2aY=">AAACBXicdVDLSsNAFJ3UV62vqEtdDBbBRY1JKa0FF0U3LivYBzRpmEyn7dDJJMxMhBK6ceOvuHGhiFv/wZ1/Y9JW8HngwuGce7n3Hi9kVCrTfNcyC4tLyyvZ1dza+sbmlr6905RBJDBp4IAFou0hSRjlpKGoYqQdCoJ8j5GWN7pI/dYNEZIG/FqNQ+L4aMBpn2KkEsnV9weuhGfQMrvxcWUCT6A9QmGIukW7UMi5et40qqZVLVvwN7EMc4o8mKPu6m92L8CRT7jCDEnZscxQOTESimJGJjk7kiREeIQGpJNQjnwinXj6xQQeJkoP9gORFFdwqn6diJEv5dj3kk4fqaH86aXiX14nUv1TJ6Y8jBTheLaoHzGoAphGAntUEKzYOCEIC5rcCvEQCYRVElwawuen8H/SLBpW2ShdlfK183kcWbAHDsARsEAF1MAlqIMGwOAW3INH8KTdaQ/as/Yya81o85ld8A3a6weEaZYQ</latexit>

gs < 10�7/2 ,Phenomenological bound:

It works if

<latexit sha1_base64="x0F9J4crYkyLe4LJZUcLPsJEKqw="></latexit>

� < 10�20

✓
10�2eV

m3

◆4 heaviest neutrino mass


