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1. Tensor sector and pnG to detect P-violation.


2. Large scale probes of P-violation.


3. SGWB V-mode to probe P-violation on small scales.

Outline
inflation: accelerated expansion             

cosmological perturbations (scalar and tensor)

• P-violation can be introduced during inflation in 
the context of known theories (Chern-Simons) or 
relying on symmetry principles.


• No need P-violation in late times.

 

• Might be unique probe of new physics.



Scalar sector

- POWER SPECTRUM AND BISPECTRUM:

- TRISPECTRUM:

• Depend on magnitude of momenta.

• Depend on magnitude of momenta + 2 angles.

P (h⇣k1 ⇣k2i) =h⇣k1 ⇣k2i
P (h⇣k1 ⇣k2 ⇣k3i) =h⇣k1 ⇣k2 ⇣k3i
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P (h⇣k1 ⇣k2 ⇣k3 ⇣k4i) 6=h⇣k1 ⇣k2 ⇣k3 ⇣k4i
<latexit sha1_base64="K7clnfyVkSQ3LQCVl/Z3onRS4do="></latexit>

k1
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k2
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k3
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k4
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k2
<latexit sha1_base64="qM0Ob618qDfNF/zbX6a60C6zahk=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTK9aYdOJmFmIpTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5y/3OEyrNY/lopgn2IzqSPOSMGiv5fkTNOAizyaA+G1Sqbs2dg6wSryBVKNAcVL78YczSCKVhgmrd89zE9DOqDGcCZ2U/1ZhQNqEj7FkqaYS6n80zz8i5VYYkjJV90pC5+nsjo5HW0yiwk3lGvezl4n9eLzXhTT/jMkkNSrY4FKaCmJjkBZAhV8iMmFpCmeI2K2FjqigztqayLcFb/vIqaddr3mWt/nBVbdwWdZTgFM7gAjy4hgbcQxNawCCBZ3iFNyd1Xpx352MxuuYUOyfwB87nDxjukbg=</latexit>

k3
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k4
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k1
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k2
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k3
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k2
<latexit sha1_base64="qM0Ob618qDfNF/zbX6a60C6zahk=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclaQKuiy6cVnBPqApZTK9aYdOJmFmIpTQ33DjQhG3/ow7/8ZJm4W2Hhg4nHMv98wJEsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5y/3OEyrNY/lopgn2IzqSPOSMGiv5fkTNOAizyaA+G1Sqbs2dg6wSryBVKNAcVL78YczSCKVhgmrd89zE9DOqDGcCZ2U/1ZhQNqEj7FkqaYS6n80zz8i5VYYkjJV90pC5+nsjo5HW0yiwk3lGvezl4n9eLzXhTT/jMkkNSrY4FKaCmJjkBZAhV8iMmFpCmeI2K2FjqigztqayLcFb/vIqaddr3mWt/nBVbdwWdZTgFM7gAjy4hgbcQxNawCCBZ3iFNyd1Xpx352MxuuYUOyfwB87nDxjukbg=</latexit>

k3
<latexit sha1_base64="UnPrR1zrjB8RRoPnZwQXdCgbJwo=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsy0gi6LblxWsA/oDCWTZtrQJDMkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O6WNza3tnfJuZW//4PCoenzS1XGqCO2QmMeqH2JNOZO0Y5jhtJ8oikXIaS+c3uV+74kqzWL5aGYJDQQeSxYxgo2VfF9gMwmjbDpszofVmlt3F0DrxCtIDQq0h9UvfxSTVFBpCMdaDzw3MUGGlWGE03nFTzVNMJniMR1YKrGgOsgWmefowiojFMXKPmnQQv29kWGh9UyEdjLPqFe9XPzPG6QmugkyJpPUUEmWh6KUIxOjvAA0YooSw2eWYKKYzYrIBCtMjK2pYkvwVr+8TrqNutesNx6uaq3boo4ynME5XIIH19CCe2hDBwgk8Ayv8Oakzovz7nwsR0tOsXMKf+B8/gAac5G5</latexit>

P

P

hXk1 ...Xkniodd = hXk1 ...Xkni � P (hXk1 ...Xkni)
<latexit sha1_base64="SGKSRAaMgVD7v9KmUsGzKixPtT0="></latexit>

X = ⇣, ��
<latexit sha1_base64="GoYtsKyRsMKH+k7jGvBdUDxVf7k=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBhZSZKuhGKLpxWcE+oFPLnTRtQ5PMkGSEOhTc+CtuXCji1p9w59+YPhbaeiBwOOcebu4JY8608bxvJ7OwuLS8kl3Nra1vbG652ztVHSWK0AqJeKTqIWjKmaQVwwyn9VhRECGntbB/NfJr91RpFslbM4hpU0BXsg4jYKzUcvdwHV/g4IEaOMZBF4SAu4DbfBtabt4reGPgeeJPSR5NUW65X0E7Iomg0hAOWjd8LzbNFJRhhNNhLkg0jYH0oUsblkoQVDfT8Q1DfGiVNu5Eyj5p8Fj9nUhBaD0QoZ0UYHp61huJ/3mNxHTOmymTcWKoJJNFnYRjE+FRIbjNFCWGDywBopj9KyY9UECMrS1nS/BnT54n1WLBPykUb07zpctpHVm0jw7QEfLRGSqha1RGFUTQI3pGr+jNeXJenHfnYzKacaaZXfQHzucP/xmWfg==</latexit>

h⇣⇣iodd = h⇣⇣⇣iodd = 0
<latexit sha1_base64="7BObpSAT2Ai3uFOKOpsJvDZZl4k=">AAACQHicdVBLSwMxGMzWV62vqkcvwSJ4KrtV0ItQ9OKxgn1AtyzZ7LdtaDa7JFmhLv1pXvwJ3jx78aCIV0+mD0HbOpAwzMzHl4yfcKa0bT9buaXlldW1/HphY3Nre6e4u9dQcSop1GnMY9nyiQLOBNQ10xxaiQQS+Ryafv9q5DfvQCoWi1s9SKATka5gIaNEG8krNl1ORJcDdu9Bk59bjjUvc2WE4yAY4gu8MPdv2vaKJbtsj4HniTMlJTRFzSs+uUFM0wiEppwo1XbsRHcyIjWjHIYFN1WQENonXWgbKkgEqpONCxjiI6MEOIylOULjsfp7IiORUoPIN8mI6J6a9UbiIq+d6vC8kzGRpBoEnSwKU451jEdt4oBJoJoPDCFUMvNWTHtEEqpN5wVTgjP75XnSqJSdk3Ll5rRUvZzWkUcH6BAdIwedoSq6RjVURxQ9oBf0ht6tR+vV+rA+J9GcNZ3ZR39gfX0DRnyviQ==</latexit>

h⇣⇣⇣⇣iodd,NG 6= 0
<latexit sha1_base64="0LVgqzJwBFnWmILfc+asiNk94PQ=">AAACKHicbVDLSgMxFM3UV62vqks3wSK4KGWmCrqz6EJXUsE+oFNKJnPbhmYyY5IR6tDPceOvuBFRpFu/xLSdhbYeuJfDOfeS3ONFnClt22Mrs7S8srqWXc9tbG5t7+R39+oqjCWFGg15KJseUcCZgJpmmkMzkkACj0PDG1xN/MYjSMVCca+HEbQD0hOsyyjRRurkL1xORI8Ddp9Ak/+6nPqdxJUBDn2/iN0ivr0eYVfAA7Y7+YJdsqfAi8RJSQGlqHby764f0jgAoSknSrUcO9LthEjNKIdRzo0VRIQOSA9ahgoSgGon00NH+MgoPu6G0pTQeKr+3khIoNQw8MxkQHRfzXsT8T+vFevueTthIoo1CDp7qBtzrEM8SQ37TALVfGgIoZKZv2LaJ5JQbbLNmRCc+ZMXSb1cck5K5bvTQuUyjSOLDtAhOkYOOkMVdIOqqIYoekav6AN9Wi/Wm/VljWejGSvd2Ud/YH3/ANwepSs=</latexit>

- PARITY-ODD CORRELATORS:
scalar (s)

tensor (t) � = R,L
<latexit sha1_base64="Nnf6gDujJamWZ7ESe3n3EO1V7Xo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgQspMK+hGKLpx4aKKfUA7lkwm04ZmMkOSUcrQ/3DjQhG3/os7/8a0nYW2HggczjmXe3O8mDOlbfvbyi0tr6yu5dcLG5tb2zvF3b2mihJJaINEPJJtDyvKmaANzTSn7VhSHHqctrzh1cRvPVKpWCTu9Simboj7ggWMYG2khy43UR+jC3R3gm56xZJdtqdAi8TJSAky1HvFr64fkSSkQhOOleo4dqzdFEvNCKfjQjdRNMZkiPu0Y6jAIVVuOr16jI6M4qMgkuYJjabq74kUh0qNQs8kQ6wHat6biP95nUQH527KRJxoKshsUZBwpCM0qQD5TFKi+cgQTCQztyIywBITbYoqmBKc+S8vkmal7FTLldvTUu0yqyMPB3AIx+DAGdTgGurQAAISnuEV3qwn68V6tz5m0ZyVzezDH1ifP3ggkS4=</latexit>



Tensor sector

• Tensor perturbations possess 2 polarization states, R- and L-handed: 

- POWER SPECTRUM:

- TENSOR AND SCALAR-TENSOR BISPECTRA:

• Tensor perturbations Detected —>  (CMB):        
(e.g. Gerbino et. al. 2016)  challenging to observe.                                      

S/N ∼ r

P (�R
k ) = �L

�k
<latexit sha1_base64="l2ffrBkzOKJy1MBkuWV5Dm04Q9Y=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoC2tSBd0IRTcuXFSxD2hqmEwn7dCZJMxMhBL6GW78FTcuFHHbnX/jpA2orQcuHM65l3vv8SJGpbKsLyO3sLi0vJJfLaytb2xumds7DRnGApM6DlkoWh6ShNGA1BVVjLQiQRD3GGl6g6vUbz4SIWkY3KthRDoc9QLqU4yUllzzuFZyeohz9HDnJg5Hqu/5cDA6hBcw02/c5OjHcM2iVbYmgPPEzkgRZKi55tjphjjmJFCYISnbthWpToKEopiRUcGJJYkQHqAeaWsaIE5kJ5k8NoIHWulCPxS6AgUn6u+JBHEph9zTnemFctZLxf+8dqz8805CgyhWJMDTRX7MoAphmhLsUkGwYkNNEBZU3wpxHwmElc6yoEOwZ1+eJ41K2T4pV25Pi9XLLI482AP7oARscAaq4BrUQB1g8ARewBt4N56NV+PD+Jy25oxsZhf8gTH+Bj7An0g=</latexit>

• Tensor perturbations detected —>  (CMB).                     
(e.g. Shiraishi 2019)

S/N ∼ r

h�k�ki|odd = h�R
k �

R
k i � h�L

k �
L
k i

<latexit sha1_base64="eNuLTvwz0EXcMqV0/xcR9tn1mXI="></latexit>

P (h�R
k �

R
k i) = h�L

k �
L
k i

<latexit sha1_base64="in7TI6RrIGocGms9W7J2g+dpHgI=">AAACRHicbVDLTgIxFO34RHyhLt00EhPckBk00Y0J0Y0LFmjkkQCSO6VAQ9uZtB0TMuHj3PgB7vwCNy40xq2xDCwQPEmT03POzW2PH3Kmjeu+OkvLK6tr66mN9ObW9s5uZm+/qoNIEVohAQ9U3QdNOZO0YpjhtB4qCsLntOYPrsd+7ZEqzQJ5b4YhbQnoSdZlBIyV2pkGLueaHGSPU9zsgRDwcNeOB6O5i0oSJ/gS47l0aTZdmk3jdibr5t0EeJF4U5JFU5TbmZdmJyCRoNIQDlo3PDc0rRiUYYTTUboZaRoCGUCPNiyVIKhuxUkJI3xslQ7uBsoeaXCizk7EILQeCt8mBZi+nvfG4n9eIzLdi1bMZBgZKslkUTfi2AR43CjuMEWJ4UNLgChm34pJHxQQY3tP2xK8+S8vkmoh753mC7dn2eLVtI4UOkRHKIc8dI6K6AaVUQUR9ITe0Af6dJ6dd+fL+Z5El5zpzAH6A+fnFyCHsPs=</latexit>

e.g. h⇣⇣�i|odd = h⇣k1⇣k2�
R
k3
i � h⇣k1⇣k2�

L
k3
i

<latexit sha1_base64="ylF1hw4HAz7h6nfmNReGU2TZ9HQ="></latexit>

h⇣⇣�iodd, h⇣��iodd, h���iodd
<latexit sha1_base64="6yaOeOAeOiTU+mjyOr4eb6mP5O4=">AAACd3icjVHLSgMxFM2M7/qqutOFwaq4kDKjgi5FNy4VrBY6pdzJ3NZgkhmSjFCH/oIf587/cOPOdKxgfYCXJBzOgyT3xpngxgbBi+dPTE5Nz8zOVeYXFpeWqyurNybNNcMGS0WqmzEYFFxhw3IrsJlpBBkLvI3vz4f67QNqw1N1bfsZtiX0FO9yBtZRnepTJED1BNLoES18nj2QEiJdKp0i0pKmSTLYp5Fb4/7S+b/AV+tfiU61FtSDsuhPEI5AjYzqslN9jpKU5RKVZQKMaYVBZtsFaMuZwEElyg1mwO6hhy0HFUg07aLs24DuOCah3VS7rSwt2a+JAqQxfRk7pwR7Z75rQ/I3rZXb7km74CrLLSr2cVE3F9SmdDgEmnCNzIq+A8A0d2+l7A40MOtGVXFNCL9/+Se4OaiHh/WDq6Pa6dmoHbNkg2yRPRKSY3JKLsglaRBGXr11r+Zte2/+pr/r731YfW+UWSNj5Yfvt+K/Ww==</latexit>

• Issue: tensor perturbations not detected yet.          
(r < 0.032, Tristram et. al. 2022) r =

h� �i
h⇣ ⇣i

<latexit sha1_base64="EVurG9G0ULmD2SA0IQZMhZGH3zQ=">AAACM3icbVDLSgMxFM34tr6qLt0Ei+BCyowKuhGKbsRVBatCZyh30sw0mGSGJCPUwX9y44+4EMSFIm79BzPt4KN6IeRwzrk3uSdMOdPGdZ+csfGJyanpmdnK3PzC4lJ1eeVcJ5kitEUSnqjLEDTlTNKWYYbTy1RRECGnF+HVUaFfXFOlWSLPTD+lgYBYsogRMJbqVE8UPsB+pIDkPgcZc4r9GIQA7G99ITUQbr8dN9QUhvIu5U615tbdQeG/wCtBDZXV7FQf/G5CMkGlIRy0bntuaoIclGHEzqv4maYpkCuIadtCCYLqIB/sfIs3LNPFUaLskQYP2J8dOQit+yK0TgGmp0e1gvxPa2cm2g9yJtPMUEmGD0UZxybBRYC4yxQlhvctAKKY/SsmPbABGhtzxYbgja78F5xv172d+vbpbq1xWMYxg9bQOtpEHtpDDXSMmqiFCLpDj+gFvTr3zrPz5rwPrWNO2bOKfpXz8Qnc5qqA</latexit>



Large-scale probes of P-violation

CMB: 

- BISPECTRUM:

- TRISPECTRUM:

Observation in BOSS

h⇣k1⇣k2⇣k3⇣k4i|odd
<latexit sha1_base64="7OazKoWdh+F3mPaacdTjvGLVA8M=">AAACV3icbZFNS8MwGMfTOnXOt6lHL8EheBrtNtDj0ItHBfcC6yhp+nQLS9OSpMKs/ZLixa/iRdNtB932QODP73nJk3+ClDOlHefLsncqu3v71YPa4dHxyWn97LyvkkxS6NGEJ3IYEAWcCehppjkMUwkkDjgMgtlDmR+8glQsES96nsI4JhPBIkaJNsivC48TMeGAvTfQxM+9mOhpEOUz3y2KTdjaBtvbYKcoPLkY/W6wjHEShgX26w2n6SwCbwp3JRpoFU9+/cMLE5rFIDTlRKmR66R6nBOpGeVQ1LxMQUrojExgZKQgMahxvvClwNeGhDhKpDlC4wX925GTWKl5HJjKcm+1nivhttwo09HdOGcizTQIurwoyjjWCS5NxiGTQDWfG0GoZGZXTKdEEqrNV9SMCe76kzdFv9V0283Wc6fRvV/ZUUWX6ArdIBfdoi56RE+ohyj6RN/WjlWxvqwfe8+uLktta9Vzgf6FffYL4cy3Tw==</latexit>

h�k1⇣k2⇣k3i|odd
<latexit sha1_base64="V2C4/PMFJ6VnPWpaF/7ii8axwXM=">AAACKXicbZBNSwMxEIazftb6VfXoJVgET2W3CnosevGoYFXolmU2O62hSXZJskJd+3e8+Fe8KCjq1T9iuvbg1wuBh3dmmMwbZ4Ib6/tv3tT0zOzcfGWhuri0vLJaW1s/N2muGbZZKlJ9GYNBwRW2LbcCLzONIGOBF/HgaFy/uEZteKrO7DDDroS+4j3OwDorqrVCAaovkIZ9kBKiYhAFIxreoC25+Y13Heuy+TYqQi1pmiQjGtXqfsMvRf9CMIE6megkqj2FScpyicoyAcZ0Aj+z3QK05UzgqBrmBjNgA+hjx6ECiaZblJeO6LZzEtpLtXvK0tL9PlGANGYoY9cpwV6Z37Wx+V+tk9veQbfgKsstKva1qJcLalM6jo0mXCOzYugAmObur5RdgQZmXbhVF0Lw++S/cN5sBLuN5ulevXU4iaNCNskW2SEB2SctckxOSJswckceyDN58e69R+/Ve/9qnfImMxvkh7yPT2Ezp1A=</latexit>

No detection of B modes

- TRISPECTRUM: h⇣k1⇣k2⇣k3⇣k4i|odd
<latexit sha1_base64="7OazKoWdh+F3mPaacdTjvGLVA8M=">AAACV3icbZFNS8MwGMfTOnXOt6lHL8EheBrtNtDj0ItHBfcC6yhp+nQLS9OSpMKs/ZLixa/iRdNtB932QODP73nJk3+ClDOlHefLsncqu3v71YPa4dHxyWn97LyvkkxS6NGEJ3IYEAWcCehppjkMUwkkDjgMgtlDmR+8glQsES96nsI4JhPBIkaJNsivC48TMeGAvTfQxM+9mOhpEOUz3y2KTdjaBtvbYKcoPLkY/W6wjHEShgX26w2n6SwCbwp3JRpoFU9+/cMLE5rFIDTlRKmR66R6nBOpGeVQ1LxMQUrojExgZKQgMahxvvClwNeGhDhKpDlC4wX925GTWKl5HJjKcm+1nivhttwo09HdOGcizTQIurwoyjjWCS5NxiGTQDWfG0GoZGZXTKdEEqrNV9SMCe76kzdFv9V0283Wc6fRvV/ZUUWX6ArdIBfdoi56RE+ohyj6RN/WjlWxvqwfe8+uLktta9Vzgf6FffYL4cy3Tw==</latexit>

(e.g. Shiraishi 2016)

Large Scale Structures:

(e.g. Shiraishi, Liguori, Fergusson 2015;   Bartolo, Orlando, Shiraishi 2017;   Shiraishi 2019)

hBTT i
<latexit sha1_base64="1xi/SJm/Glo4VXnX36ArFmB/kiY=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsxUQZelblxW6As6Q8mkd9rQTGZIMkIZCv6KGxeKuPU73Pk3ptNZaOsJgZNz7uXenCDhTGnH+bbW1jc2t7ZLO+Xdvf2DQ/vouKPiVFJo05jHshcQBZwJaGumOfQSCSQKOHSDyd3c7z6CVCwWLT1NwI/ISLCQUaKNNLBPPU7EiANu4JY5nsxfA7viVJ0ceJW4BamgAs2B/eUNY5pGIDTlRKm+6yTaz4jUjHKYlb1UQULohIygb6ggESg/y9ef4QujDHEYS3OFxrn6uyMjkVLTKDCVEdFjtezNxf+8fqrDWz9jIkk1CLoYFKYc6xjPs8BDJoFqPjWEUMnMrpiOiSRUm8TKJgR3+curpFOrulfV2sN1pd4o4iihM3SOLpGLblAd3aMmaiOKMvSMXtGb9WS9WO/Wx6J0zSp6TtAfWJ8/hXSUjw==</latexit>

hTTTT i
<latexit sha1_base64="bbWgex+PtBVHQWWxfS47l+Y35Y8=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKialKChKMFSyMRepLaqLKcZ3WquNEtoNURV34FRYGEGLlM9j4G9w0A7Qcy9LxOffq+p4g4Uxpx/m2SmvrG5tb5e3Kzu7e/oF9eNRRcSoJbZOYx7IXYEU5E7Stmea0l0iKo4DTbjC5m/vdRyoVi0VLTxPqR3gkWMgI1kYa2Ccex2LEKWoVx5P5e2BXnZqTA60StyBVKNAc2F/eMCZpRIUmHCvVd51E+xmWmhFOZxUvVTTBZIJHtG+owBFVfpYvMEPnRhmiMJbmCo1y9XdHhiOlplFgKiOsx2rZm4v/ef1Uhzd+xkSSairIYlCYcqRjNE8DDZmkRPOpIZhIZv6KyBhLTLTJrGJCcJdXXiWdes29rNUfrqqN2yKOMpzCGVyAC9fQgHtoQhsIzOAZXuHNerJerHfrY1FasoqeY/gD6/MHp+GVKQ==</latexit>

h����i
<latexit sha1_base64="TuWgk5jja6mJYjpa+BK2T70m0EI=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiIoUoKEowVLIxFog+piSrHuWmtOk5kO0hV1X9g4VdYGECIlYWNv8FNM0DbI1k+Oudc2fcEKWdKO86PtbK6tr6xWdoqb+/s7u3bB4ctlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQxvp377EaRiiXjQoxT8mPQFixgl2kg9+9zjRPQ5YC8ErsnSy5N5pGdXnKqTAy8StyAVVKDRs7+9MKFZDEJTTpTquk6q/TGRmlEOk7KXKUgJHZI+dA0VJAblj/OdJvjUKCGOEmmO0DhX/06MSazUKA5MMiZ6oOa9qbjM62Y6uvbHTKSZBkFnD0UZxzrB04JwyCRQzUeGECqZ+SumAyIJ1abGsinBnV95kbRqVfeiWru/rNRvijpK6BidoDPkoitUR3eogZqIoif0gt7Qu/VsvVof1ucsumIVM0foH6yvX7RRng8=</latexit>

Large scale overdensity-field:

No evidence in Planck
(Philcox 2023)

(e.g. Philcox 2022)



Recap

no evidence of P-violation in  
h⇣⇣⇣⇣iodd
<latexit sha1_base64="nEQgTdgjr7pmYoAw9guWnn/hXIQ=">AAACG3icbVDLSgMxFM34rPVVdekmWARXZaYKuiy6cVnBPqBThkzmThuaZIYkI9Sh/+HGX3HjQhFXggv/xvSx0LYH7uVwzr0k94QpZ9q47o+zsrq2vrFZ2Cpu7+zu7ZcODps6yRSFBk14otoh0cCZhIZhhkM7VUBEyKEVDm7GfusBlGaJvDfDFLqC9CSLGSXGSkGp6nMiexyw/wiGLOtq4ge5rwROomiEg1LZrbgT4EXizUgZzVAPSl9+lNBMgDSUE607npuabk6UYZTDqOhnGlJCB6QHHUslEaC7+eS2ET61SoTjRNmSBk/Uvxs5EVoPRWgnBTF9Pe+NxWVeJzPxVTdnMs0MSDp9KM44NgkeB4UjpoAaPrSEUMXsXzHtE0WosXEWbQje/MmLpFmteOeV6t1FuXY9i6OAjtEJOkMeukQ1dIvqqIEoekIv6A29O8/Oq/PhfE5HV5zZzhH6B+f7F66AoTA=</latexit>

Hidden in the cosmic variance (like …)fNL

P-violation is there, but only in the tensor 
and scalar-tensor sectors



Future: SGWB

Courtesy of Smith, Caldwell 2016

⌦I
GW(k) / h�R

k �
R
k i+ h�L

k �
L
k i

<latexit sha1_base64="lfs6aRxmm/ywWCM64IihjasMfQE="></latexit>

(2040-2050):

BBO


DECIGO

Growth-mechanism 

(2030-2040):


LISA

Taiji


Einstein Telescope

Cosmic Explorer

Unpolarised GWs (I modes):
Circular polarised GWs (V modes):

P-violation!

⌦V
GW(k) / h�R

k �
R
k i � h�L

k �
L
k i

<latexit sha1_base64="e+84VunVukuwtSdTL0VPq9FEOcU="></latexit>

f =
k

2⇡a
<latexit sha1_base64="SblS09Yc0pxctugA9AZnTWBmAPE=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IRPJWkCnoRil48VrAf0ISy2W7apZtN2N0IJQT8K148KOLV3+HNf+O2zUFbHww83pthZl6QcKa043xbpZXVtfWN8mZla3tnd8/eP2irOJWEtkjMY9kNsKKcCdrSTHPaTSTFUcBpJxjfTv3OI5WKxeJBTxLqR3goWMgI1kbq20chukZeKDHJxnlWR17CEM77dtWpOTOgZeIWpAoFmn37yxvEJI2o0IRjpXquk2g/w1Izwmle8VJFE0zGeEh7hgocUeVns/NzdGqUAQpjaUpoNFN/T2Q4UmoSBaYzwnqkFr2p+J/XS3V45WdMJKmmgswXhSlHOkbTLNCASUo0nxiCiWTmVkRG2GShTWIVE4K7+PIyaddr7nmtfn9RbdwUcZThGE7gDFy4hAbcQRNaQCCDZ3iFN+vJerHerY95a8kqZg7hD6zPH82vlL8=</latexit>



SGWB V modes

⌦V
GW(k, n̂) = ⌦

V
GW(k) + �VGW(k, n̂)

<latexit sha1_base64="r1F2QBK/JsF3ytgMqiVruqwqdfs="></latexit>

Monopole Anisotropies



SGWB V modes monopole

⌦V
GW(k, n̂) = ⌦

V
GW(k) + �VGW(k, n̂)

<latexit sha1_base64="r1F2QBK/JsF3ytgMqiVruqwqdfs="></latexit>

⌦
V
GW(k) / h�R

k �
R
k i � h�L

k �
L
k i

<latexit sha1_base64="x1X9JHmfECP49/RRAQKlWnUVuTk="></latexit>

 (e. g. Seto, Taruya 2008;  Smith, Caldwell 2016;  Domcke 
et. al. 2019;   Orlando, Pieroni, Ricciardone 2020;  Seto 
2020, Cai et. al. 2023)

kGW � kCMB
<latexit sha1_base64="rA/vy+ESiEpmyw+Q5b4PKw3NMR8=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmqoMvSLnQjVLAPaEKYTCfp0JkkzEyEEgJu/BU3LhRx60+482+ctllo64ELZ865l7n3+AmjUlnWt1FaWV1b3yhvVra2d3b3zP2DroxTgUkHxywWfR9JwmhEOooqRvqJIIj7jPT8cWvq9x6IkDSO7tUkIS5HYUQDipHSkmcejb3MERxe93LohCEsnq3bZu6ZVatmzQCXiV2QKijQ9swvZxjjlJNIYYakHNhWotwMCUUxI3nFSSVJEB6jkAw0jRAn0s1mN+TwVCtDGMRCV6TgTP09kSEu5YT7upMjNZKL3lT8zxukKrhyMxolqSIRnn8UpAyqGE4DgUMqCFZsognCgupdIR4hgbDSsVV0CPbiycukW6/Z57X63UW10SziKINjcALOgA0uQQPcgDboAAwewTN4BW/Gk/FivBsf89aSUcwcgj8wPn8AfviWxw==</latexit>

NETWORKS:

nt > 0
<latexit sha1_base64="xIp9rNJgejKMcFmUel99+VtC5JA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpevFYwX5AG8pmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDfz209cGxGrR5wk3I/oUIlQMIpWaqs+khvi9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2e9kIDRnKCeWUKaFvZWwEdWUoU2oZEPwll9eJa1a1buo1h4uK/XbPI4inMApnIMHV1CHe2hAExiM4Rle4c1JnBfn3flYtBacfOYY/sD5/AEE0I6z</latexit>

ΩV
GW, LISA−TAIJI ≳ 10−12 χ

χ =
PR − PL

PR + PL

⌦
V
GW(k) /

✓
kGW

kCMB

◆nt

<latexit sha1_base64="gG2k0xpcRbAVemG4BTosL1yfS5w="></latexit>



SGWB V modes anisotropies

(G. Orlando 2022, arXiv:2206.14173)• I modes —> V modes:

�VGW(n̂) ⇠ fRRR,sq
NL � fLLL,sq

NL

⇠ fRRs,sq
NL � fLLs,sq

NL
<latexit sha1_base64="9IRjEBeKkbyLXIUIQKvDpN9lNx4="></latexit>

Sourced by  and  
ultra-squeezed bispectra

⟨tts⟩odd ⟨ttt⟩odd

⌦V
GW(k, n̂) = ⌦

V
GW(k) + �VGW(k, n̂)

<latexit sha1_base64="r1F2QBK/JsF3ytgMqiVruqwqdfs="></latexit>

Sizeable signals are compatible with inflation

 (Cabass et. al. 2021)

kGW
<latexit sha1_base64="UZ6WqMxP33UqQE4NfiTbylb09lU=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoQY8RzAOTJcxOZpMh81hmZoWw5C+8eFDEq3/jzb9xkuxBEwsaiqpuuruihDNjff/bW1ldW9/YLGwVt3d29/ZLB4dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6mfqtJ6oNU/LBjhMaCjyQLGYEWyc9jnpZVwt025r0SmW/4s+AlkmQkzLkqPdKX92+Iqmg0hKOjekEfmLDDGvLCKeTYjc1NMFkhAe046jEgpowm108QadO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18FWZMJqmlkswXxSlHVqHp+6jPNCWWjx3BRDN3KyJDrDGxLqSiCyFYfHmZNKuV4LxSvb8o167zOApwDCdwBgFcQg3uoA4NICDhGV7hzTPei/fufcxbV7x85gj+wPv8ATc7kJ0=</latexit>

qCMB

• Previous works:

�IGW(n̂) ⇠ f ttt,sq
NL , f tts,sq

NL<latexit sha1_base64="qdbdPIXAAn4x1aSCuH82EPLOc2E="></latexit>

⌦I
GW(k, n̂) = ⌦

I
GW(k) + �IGW(k, n̂)

<latexit sha1_base64="aQTNLn7xDnxLWJaJr7HeGqcLjjE="></latexit>

f tts,sq
NL = fRRs,sq

NL + fLLs,sq
NL<latexit sha1_base64="/YHL7UXrrCCvIN2gtDmDzVw2mNE=">AAACK3icbZDLSgMxFIYz9VbrrerSTbAIglJmqqAbodSNiyK12Au0tWTSTBuauZicEcow7+PGV3GhCy+49T3MtF1o6w+Bn++cw8n57UBwBab5YaQWFpeWV9KrmbX1jc2t7PZOXfmhpKxGfeHLpk0UE9xjNeAgWDOQjLi2YA17eJnUGw9MKu57tzAKWMclfY87nBLQqJstOXcRgDrG6j7uRm3p4utyjC+wxtXqLD5KcLk8g7vZnJk3x8LzxpqaHJqq0s2+tHs+DV3mARVEqZZlBtCJiAROBYsz7VCxgNAh6bOWth5xmepE41tjfKBJDzu+1M8DPKa/JyLiKjVybd3pEhio2VoC/6u1QnDOOxH3ghCYRyeLnFBg8HESHO5xySiIkTaESq7/iumASEJBx5vRIVizJ8+beiFvneQLN6e5YmkaRxrtoX10iCx0horoClVQDVH0iJ7RG3o3noxX49P4mrSmjOnMLvoj4/sHB5umUA==</latexit>

(e.g. Adshead et. al. 2021;   Malhotra et. al. 2021;   Dimastrogiovanni et. al. 2021-2022)

kGW
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Intrinsic Anisotropies



A non-linear probe of P-violation

• V modes angular power-spectrum: 
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-  and  +  ( V modes monopole  )⟨tts⟩odd ⟨ttt⟩odd ⟨tt⟩even = 0

• V modes anisotropies sourced by: 
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:= power-spectra amplitudes
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-  and  +  ( V modes monopole  )⟨tts⟩even ⟨ttt⟩even ⟨tt⟩odd ≠ 0 Linear

Non-linear



Forecast on parity-odd ⟨tts⟩
• Noise curves obtained following Alonso et. al. 2020, Bartolo et. al. 2022.

Message:  competitive (not only complementary) with CMB experiments!rGW ≳ 10−3

vs

• BBO/DECIGO-like 
experiment, early-stage.
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(Bartolo, Orlando, Shiraishi 2017)(Orlando 2022)

• Fisher-forecast on parity-odd :⟨tts⟩
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Take home message

• Tensor sector+PnG crucial to detect P-violation in the early-universe. 
Unique probe of new physics. 

•  SGWB V modes allow to probe P-violation in tensor sector and scalar-tensor 
pnG on scales inaccessible to large-scale experiments (CMB).

• SGWB V-mode monopole: 

                      - parity-odd tensor PS


• SGWB V-mode anisotropies:

                      - parity-odd tensor PS + parity-even squeezed pnG

                      - parity-even tensor PS + parity-odd squeezed pnG. 



BACK-UP SLIDES



P-violation modelling

• Modified gravity models (higher derivatives):


- Hořava–Lifshitz gravity, 3 deriv.    (e.g. Wang 2017)
- Chern-Simons gravitational term coupled to a scalar field, 4 deriv.   (e.g. Bartolo, Orlando 2017)
- Higher-order chiral scalar-tensor theories, > 4 deriv.   (e.g. Bartolo, Caloni, Orlando, Ricciardone 2020)

• Gauge field-axion Chern-Simons couplings (e.g. Dimastrogiovanni, Fasiello, Fujita 2016)

• Modified gravity + Gauge-field coupling (e.g. Mirzagholi, Komatsu, Lozanov, Watanabe 2020) 

• Effective field theory, cosmological bootstrap:


- Write all the operators that break P and are compatible with certain symmetries                        
(e.g. Bordin, Cabass 2020;   Cabass, Pajer, Stefanyszyn, Supel 2021)
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Inhomogeneities from squeezed bispectra

• The amplitude of scalar and tensor perturbations leaving the horizon freeze-out. 

Local modulations of the background space,                
affect time evolution of short-scales still within the horizon
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• Coplanar detectors insensitive to V-mode monopole 

1. Dipolar anisotropy in the GW background             
induced by the detector-SGWB relative motion                               
(Domcke et. al. 2019)

2. Network of detectors: 


                - network of ground-based interferometers 

                   (e.g. Seto, Taruya 2008;   Smith, Caldwell 2016)


                - network of space-based interferometers

                   (e. g. Orlando, Pieroni, Ricciardone, 2020;   Seto 2020)

SGWB V modes monopole
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Next steps?

• Role of advanced state of BBO/DECIGO missions and their network


•  Role of forthcoming experiments (LISA, Taiji, ET, CE, PTA)


• Role of cross-correlations:


, , , , …


• Role of different polarisation states:  modes

⟨VGW − TCMB⟩ ⟨VGW − ECMB⟩ ⟨VGW − BCMB⟩ ⟨VGW − μCMB⟩

QGW, UGW


