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OUTLINE 
➤ Tidal heating for compact objects in the presence of extra 

dimensions will be discussed. 

➤ Nature of these compact objects will be explored. 

➤ From the phase of the GW waveform, possible constraint on 
the extra dimension will be presented.  

Reference
SC, Datta and Sau, arXiv: 2103.12430. 

Dey, Biswas and SC, PRD 103, 084019 (2021) [arXiv: 2010.07966] 

Dey, SC and Afshordi, PRD 101, 104014 (2020) [arXiv: 2001.01301]



SUMANTA CHAKRABORTY(IACS)                 TIDAL HEATING                       7TH JULY 2021

WHAT IS TIDAL HEATING? 
➤  As two compact objects in-spiral around each other, the tidal 

field of one affects the other, thereby introducing gravitational 
perturbations.  

➤ A part of these perturbations travel to infinity, while a part 
travels within the horizon, changing the horizon area, mass 
and angular momentum.  

➤ These modifications in geometrical properties of compact 
objects is referred to as tidal heating.  

[Alvi, PRD 64, 104020 (2001)]

[Chatziioannou, Poisson and Yunes, PRD 87, 044022 (2013)]

[Datta, Brito, Bose, Pani and Huges, PRD 101, 044004 (2020)]
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BLACK HOLES OR EXOTIC COMPACT OBJECTS?
➤ Observation of GW has sparked serious debate as to whether 

these arise from merger of black holes or, some exotic 
compact objects.  

➤ The exotic compact objects are often introduced by using ad-
hoc boundary conditions in the near-horizon regime.  

➤ Such boundary conditions are more natural for black holes on 
the brane.   

[Cardoso, Franzin and Pani, PRL 116, 171101 (2016)]

[Abedi, Dykaar and Afshordi, PRD 96, 082004 (2017)]

[Cardoso, Franzin, Maselli, Pani and Raposo, PRD 95, 084014 (2017)]

[Dey, SC and Afshordi, PRD 101, 104014 (2020)]

[Dey, Biswas and SC, PRD 101, 104014 (2020)]
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BLACK HOLE ON THE BRANE
➤ The gravitational field equations on the vacuum brane 

becomes 

➤ The rotating solution arising out of the above field equations 
become,  

➤ The functions     and     are:�
<latexit sha1_base64="t6CpANVXhRPJCiwAUeZosu+FCc8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq6LGoB48V7Ae0oWy2m3btZjfsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WV1bX1jeJmaWt7Z3evvH/QNCrVlDWoEkq3Q2KY4JI1kKNg7UQzEoeCtcLRzdRvPTFtuJIPOE5YEJOB5BGnBK3U7N4ygaRXrnhVbwZ3mfg5qUCOeq/81e0rmsZMIhXEmI7vJRhkRCOngk1K3dSwhNARGbCOpZLEzATZ7NqJe2KVvhspbUuiO1N/T2QkNmYch7YzJjg0i95U/M/rpBhdBRmXSYpM0vmiKBUuKnf6utvnmlEUY0sI1dze6tIh0YSiDahkQ/AXX14mzbOqf1717y8qtes8jiIcwTGcgg+XUIM7qEMDKDzCM7zCm6OcF+fd+Zi3Fpx85hD+wPn8AWGIjv8=</latexit>

⇢2
<latexit sha1_base64="Sj+t3GeGCNfS7ejt+Kk2c+hA+0c=">AAAB73icbVBNSwMxEJ34WetX1aOXYBE8ld0q6LHoxWMF+wHtWrJptg3NJmuSFcrSP+HFgyJe/Tve/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0M/VbT0wbruS9HScsiMlA8ohTYp3U7uqhesiqk16p7FW8GfAy8XNShhz1Xumr21c0jZm0VBBjOr6X2CAj2nIq2KTYTQ1LCB2RAes4KknMTJDN7p3gU6f0caS0K2nxTP09kZHYmHEcus6Y2KFZ9Kbif14ntdFVkHGZpJZJOl8UpQJbhafP4z7XjFoxdoRQzd2tmA6JJtS6iIouBH/x5WXSrFb884p/d1GuXedxFOAYTuAMfLiEGtxCHRpAQcAzvMIbekQv6B19zFtXUD5zBH+APn8AD3+P+g==</latexit>

[Shiromizu, Maeda and Sasaki PRD 62, 024012 (2000)]

[Aliev and Gumrukcuoglu, PRD 71, 104027 (2005)]
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BOUNDARY CONDITIONS
➤ The gravitational perturbation will satisfy Teukolsky-like 

equation, which separates into radial and angular parts. 

➤ Large distance from the binary system the perturbation must 
coincide with the tidal field 

➤ In the near horizon, for BH we have purely ingoing modes, 
while for ECO we have both ingoing and outgoing modes.

[Alvi, PRD 64, 104020 (2001)]
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RATE OF CHANGE OF AREA
➤ Perturbations modify the null generators and hence the shear.  

➤ The shear is related to the gravitational perturbation. 
[Hawking and Hartle, CMP 27, 283 (1972)]

[SC, Datta and Sau, arXiv: 2103.12430]
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IMPLICATIONS FOR MASS AND ANGULAR MOMENTUM
➤ The mass and angular momentum also gets modified.  

➤ From first law of black hole mechanics 

➤ Using                     , the rate of change of mass and angular 
momentum can be determined.  

(dABH1/dt)
<latexit sha1_base64="vdxRocvQhipKEOQpCyiacF4rLWA=">AAAB+nicbVDLTsMwEHR4lvJK4cjFokIql5IAEhxLufRYJPqQ2ihyHKe1ajuR7YCq0E/hwgGEuPIl3Pgb3DYHaBlppdHMrnZ3goRRpR3n21pZXVvf2CxsFbd3dvf27dJBW8WpxKSFYxbLboAUYVSQlqaakW4iCeIBI51gdDv1Ow9EKhqLez1OiMfRQNCIYqSN5NulSnjjZ33JYb3hTs5CferbZafqzACXiZuTMsjR9O2vfhjjlBOhMUNK9Vwn0V6GpKaYkUmxnyqSIDxCA9IzVCBOlJfNTp/AE6OEMIqlKaHhTP09kSGu1JgHppMjPVSL3lT8z+ulOrr2MiqSVBOB54uilEEdw2kOMKSSYM3GhiAsqbkV4iGSCGuTVtGE4C6+vEza51X3oureXZZr9TyOAjgCx6ACXHAFaqABmqAFMHgEz+AVvFlP1ov1bn3MW1esfOYQ/IH1+QNZs5LC</latexit>

[Alvi, PRD 64, 104020 (2001)]
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[SC, Datta and Sau, arXiv: 2103.12430]
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Presence of       reduces the angular momentum. Possible avenue to lose angular 
momentum.

Q
<latexit sha1_base64="cAE/q2pJXu353RUxI7eC+R9QV4w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y6rXuKrUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDrBmM2A==</latexit>

[SC, Datta and Sau, arXiv: 2103.12430]
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CONSTRAINTS ON TIDAL CHARGE
➤ The rate of change of mass is affected by the presence of extra 

dimension. [                     ]  

➤ A similar phenomenon occurs in the case of exotic compact 
objects.  

➤ Thus possible bound on         can be translated to bound on  |R|2
<latexit sha1_base64="OpldIIt/AvtDfPqEsIcNPGkWOX4=">AAAB+nicbVC7TsMwFL3hWcorhZHFokJiqpKCBGMFC2NB9CG1oXJcp7XqOJHtgKo0n8LCAEKsfAkbf4PbZoCWI1k6Oude3ePjx5wp7Tjf1srq2vrGZmGruL2zu7dvlw6aKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vJH11O/9UilYpG41+OYeiEeCBYwgrWRenZp0g2xHhLM07ts8pBWs55ddirODGiZuDkpQ456z/7q9iOShFRowrFSHdeJtZdiqRnhNCt2E0VjTEZ4QDuGChxS5aWz6Bk6MUofBZE0T2g0U39vpDhUahz6ZnKaUy16U/E/r5Po4NJLmYgTTQWZHwoSjnSEpj2gPpOUaD42BBPJTFZEhlhiok1bRVOCu/jlZdKsVtyzint7Xq5d5XUU4AiO4RRcuIAa3EAdGkDgCZ7hFd6sifVivVsf89EVK985hD+wPn8Azb2UWA==</latexit>

q = (Q/M2)
<latexit sha1_base64="xhywWMn2ribtgOzko3Aq9+L72D4=">AAAB8nicbVBNS8NAEN34WetX1aOXYBHqpSZV0ItQ9OJFaMF+QBrLZrtpl2524+5EKKE/w4sHRbz6a7z5b9y2OWjrg4HHezPMzAtizjQ4zre1tLyyurae28hvbm3v7Bb29ptaJorQBpFcqnaANeVM0AYw4LQdK4qjgNNWMLyZ+K0nqjST4h5GMfUj3BcsZASDkbzHq1L99O4hrYxPuoWiU3amsBeJm5EiylDrFr46PUmSiAogHGvtuU4MfooVMMLpON9JNI0xGeI+9QwVOKLaT6cnj+1jo/TsUCpTAuyp+nsixZHWoygwnRGGgZ73JuJ/npdAeOmnTMQJUEFmi8KE2yDtyf92jylKgI8MwUQxc6tNBlhhAialvAnBnX95kTQrZfes7NbPi9XrLI4cOkRHqIRcdIGq6BbVUAMRJNEzekVvFlgv1rv1MWtdsrKZA/QH1ucPvqyQPw==</latexit>

q
<latexit sha1_base64="UrgRmx6HQSmGZhUkA72NLCGtq70=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68diC/YA2lM120q7dbOLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LejBP0IzqQPOSMGivVH3ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWrX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHpwX5935mLeuOPnMEfyB8/kD3JmM+A==</latexit>

[SC, Datta and Sau, arXiv: 2103.12430]
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From EMRI, future observations can constrain           to                      .  

Hence                                 .

|R|2
<latexit sha1_base64="OpldIIt/AvtDfPqEsIcNPGkWOX4=">AAAB+nicbVC7TsMwFL3hWcorhZHFokJiqpKCBGMFC2NB9CG1oXJcp7XqOJHtgKo0n8LCAEKsfAkbf4PbZoCWI1k6Oude3ePjx5wp7Tjf1srq2vrGZmGruL2zu7dvlw6aKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vJH11O/9UilYpG41+OYeiEeCBYwgrWRenZp0g2xHhLM07ts8pBWs55ddirODGiZuDkpQ456z/7q9iOShFRowrFSHdeJtZdiqRnhNCt2E0VjTEZ4QDuGChxS5aWz6Bk6MUofBZE0T2g0U39vpDhUahz6ZnKaUy16U/E/r5Po4NJLmYgTTQWZHwoSjnSEpj2gPpOUaD42BBPJTFZEhlhiok1bRVOCu/jlZdKsVtyzint7Xq5d5XUU4AiO4RRcuIAa3EAdGkDgCZ7hFd6sifVivVsf89EVK985hD+wPn8Azb2UWA==</latexit>

O(10�5)
<latexit sha1_base64="1rdpdtVOdG+ZMq0V6qgPq9HcLjs=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkPtBl0Y07K9gHtLFMppN26OTBzESoIfgrblwo4tb/cOffOGmz0OqBgcM593LPHDfiTCrL+jIKc/MLi0vF5dLK6tr6hrm51ZRhLAhtkJCHou1iSTkLaEMxxWk7EhT7Lqctd3SZ+a17KiQLg1s1jqjj40HAPEaw0lLP3On6WA0J5sl1WrGtu+TwND3omWWrak2A/hI7J2XIUe+Zn91+SGKfBopwLGXHtiLlJFgoRjhNS91Y0giTER7QjqYB9ql0kkn6FO1rpY+8UOgXKDRRf24k2Jdy7Lt6MssqZ71M/M/rxMo7dxIWRLGiAZke8mKOVIiyKlCfCUoUH2uCiWA6KyJDLDBRurCSLsGe/fJf0jyq2sdV++akXLvI6yjCLuxBBWw4gxpcQR0aQOABnuAFXo1H49l4M96nowUj39mGXzA+vgEmLpRd</latexit>

q . O(10�6)
<latexit sha1_base64="fpdzCKHY3Z8iiGX92Kib3dFbN2k=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5ZERV0W3bizgn1AE8tkOmmHziRxZiKUkJ0bf8WNC0Xc+gvu/BsnbRbaeuDC4Zx7ufceL2JUKsv6Ngpz8wuLS8Xl0srq2vqGubnVlGEsMGngkIWi7SFJGA1IQ1HFSDsSBHGPkZY3vMz81gMRkobBrRpFxOWoH1CfYqS01DV37x1GpJSUQ4cjNcCIJddpxbbuksPT9KBrlq2qNQacJXZOyiBHvWt+Ob0Qx5wECjMkZce2IuUmSCiKGUlLTixJhPAQ9UlH0wBxIt1k/EcK97XSg34odAUKjtXfEwniUo64pzuzW+W0l4n/eZ1Y+eduQoMoViTAk0V+zKAKYRYK7FFBsGIjTRAWVN8K8QAJhJWOrqRDsKdfniXNo6p9XLVvTsq1izyOItgBe6ACbHAGauAK1EEDYPAInsEreDOejBfj3fiYtBaMfGYb/IHx+QPwl5iv</latexit>
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WHAT HAPPENS FOR ECO?
➤ For exotic compact objects, the rate of change of mass, 

angular momentum and area gets corrected.  

➤ These can be expanded as a power series in                               

➤ The second order term depends on the reflectivity         
through       . 

➤ Hints towards quantum nature of BH. 

✏ = (rs � r+)/r+
<latexit sha1_base64="0t6usyLf/ypKatK3YbV6tAKQS2c=">AAACCXicbZBNS8MwGMfT+TbnW9Wjl+AQJuJsVdCLMPTicYJ7gbWUNEu3sDQtSSqM0qsXv4oXD4p49Rt489uYdT3o5gMhP/7/5yF5/n7MqFSW9W2UFhaXllfKq5W19Y3NLXN7py2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3Qz8TsPREga8Xs1jokbogGnAcVIackzoUNiSVnEr2rCSx0RQpkdazrKDk/yyzOrVt3KC86DXUAVFNX0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWcVJJIkRHqEB6WnkKCTSTfNNMniglT4MIqEPVzBXf0+kKJRyHPq6M0RqKGe9ifif10tUcOmmlMeJIhxPHwoSBlUEJ7HAPhUEKzbWgLCg+q8QD5FAWOnwKjoEe3bleWif1u2zun13Xm1cF3GUwR7YBzVggwvQALegCVoAg0fwDF7Bm/FkvBjvxse0tWQUM7vgTxmfP7CAma0=</latexit>

|R|2
<latexit sha1_base64="OpldIIt/AvtDfPqEsIcNPGkWOX4=">AAAB+nicbVC7TsMwFL3hWcorhZHFokJiqpKCBGMFC2NB9CG1oXJcp7XqOJHtgKo0n8LCAEKsfAkbf4PbZoCWI1k6Oude3ePjx5wp7Tjf1srq2vrGZmGruL2zu7dvlw6aKkokoQ0S8Ui2fawoZ4I2NNOctmNJcehz2vJH11O/9UilYpG41+OYeiEeCBYwgrWRenZp0g2xHhLM07ts8pBWs55ddirODGiZuDkpQ456z/7q9iOShFRowrFSHdeJtZdiqRnhNCt2E0VjTEZ4QDuGChxS5aWz6Bk6MUofBZE0T2g0U39vpDhUahz6ZnKaUy16U/E/r5Po4NJLmYgTTQWZHwoSjnSEpj2gPpOUaD42BBPJTFZEhlhiok1bRVOCu/jlZdKsVtyzint7Xq5d5XUU4AiO4RRcuIAa3EAdGkDgCZ7hFd6sifVivVsf89EVK985hD+wPn8Azb2UWA==</latexit>

ln ✏
<latexit sha1_base64="m8ajzN3PtxMTtSxDHN5gV8W1rQ0=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9lVQY9FLx4r2A/oLiWbZtvQbBKSrFCW/g0vHhTx6p/x5r8xbfegrQ8GHu/NMDMvVpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61jcw0oS0iudTdGBvKmaAtyyynXaUpTmNOO/H4buZ3nqg2TIpHO1E0SvFQsIQRbJ0UhlygkCrDuBT9as2v+3OgVRIUpAYFmv3qVziQJEupsIRjY3qBr2yUY20Z4XRaCTNDFSZjPKQ9RwVOqYny+c1TdOaUAUqkdiUsmqu/J3KcGjNJY9eZYjsyy95M/M/rZTa5iXImVGapIItFScaRlWgWABowTYnlE0cw0czdisgIa0ysi6niQgiWX14l7Yt6cFkPHq5qjdsijjKcwCmcQwDX0IB7aEILCCh4hld48zLvxXv3PhatJa+YOYY/8D5/APUhkaE=</latexit>
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CONCLUSIONS
➤ Extra dimensions affect the tidal heating in a binary system 

significantly.  

➤ Strong constraint on the extra dimension can be derived from 
future GW experiments involving EMRI.  

➤ The rate of change of area of an ECO may hide quantum 
signatures of BH.  



THANK YOU
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OTHER OBSERVABLES
➤ Given the rates                 and               , along with the 

trajectory                                        , total change in the hairs 
and the area can be determined.  

➤ These expressions for non-equatorial planes also do exist.  

➤ The charge     has significant influence on the rates as well as 
on the total change.  

b(t) = b0[1� (t/⌧0)]
1/4

<latexit sha1_base64="2WKooPzczCCno/bNLZlwyaoPYro=">AAACCXicbVC7SgNBFJ31GeNr1dJmMAhJYbKjAW2EoI1lBPOAZA2zk9lkyOyDmbtCWNLa+Cs2ForY+gd2/o2TR6GJBy6cOede5t7jxVJocJxva2l5ZXVtPbOR3dza3tm19/brOkoU4zUWyUg1Paq5FCGvgQDJm7HiNPAkb3iD67HfeOBKiyi8g2HM3YD2QuELRsFIHRt7eShcep3UGbXISR5KbaDJ+FVw71NSKo86ds4pOhPgRUJmJIdmqHbsr3Y3YknAQ2CSat0iTgxuShUIJvko2040jykb0B5vGRrSgGs3nVwywsdG6WI/UqZCwBP190RKA62HgWc6Awp9Pe+Nxf+8VgL+hZuKME6Ah2z6kZ9IDBEex4K7QnEGcmgIZUqYXTHrU0UZmPCyJgQyf/IiqZ8WyVmR3JZzlatZHBl0iI5QHhF0jiroBlVRDTH0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPlaKYXA==</latexit>

(dM1/dt)
<latexit sha1_base64="jFg8cx1KFZm2eyYad0vV7hktyY4=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL3VXBT0WvXgRKtgP2C4lm03b0GyyJLNCWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDAR3IDrfjuFldW19Y3iZmlre2d3r7x/0DIq1ZQ1qRJKd0JimOCSNYGDYJ1EMxKHgrXD0e3Ubz8xbbiSjzBOWBCTgeR9TglYya9G973Mm5xFcNorV9yaOwNeJl5OKihHo1f+6kaKpjGTQAUxxvfcBIKMaOBUsEmpmxqWEDoiA+ZbKknMTJDNTp7gE6tEuK+0LQl4pv6eyEhszDgObWdMYGgWvan4n+en0L8OMi6TFJik80X9VGBQePo/jrhmFMTYEkI1t7diOiSaULAplWwI3uLLy6R1XvMuat7DZaV+k8dRREfoGFWRh65QHd2hBmoiihR6Rq/ozQHnxXl3PuatBSefOUR/4Hz+ABxtkHw=</latexit>

(dJ1/dt)
<latexit sha1_base64="a1yuwmTu1AQHy6/E0CLHpHlGWSE=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL3VXBT0WvYinCvYDtkvJZtM2NJssyaxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0wEN+C6305hZXVtfaO4Wdra3tndK+8ftIxKNWVNqoTSnZAYJrhkTeAgWCfRjMShYO1wdDv1209MG67kI4wTFsRkIHmfUwJW8qvRfS/zJmcRnPbKFbfmzoCXiZeTCsrR6JW/upGiacwkUEGM8T03gSAjGjgVbFLqpoYlhI7IgPmWShIzE2Szkyf4xCoR7ittSwKeqb8nMhIbM45D2xkTGJpFbyr+5/kp9K+DjMskBSbpfFE/FRgUnv6PI64ZBTG2hFDN7a2YDokmFGxKJRuCt/jyMmmd17yLmvdwWanf5HEU0RE6RlXkoStUR3eogZqIIoWe0St6c8B5cd6dj3lrwclnDtEfOJ8/F8mQeQ==</latexit>

Q
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