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Is Gravity Classical 
or Quantum?

A very simple question, but extremely hard to answer !



Gravity's Cheshire Cat !

vs.

Universal  Laws 
of Gravitation

Microscopic 
Origin of Forces



Today’s Science Fiction is Tomorrow’s Reality

๏ Can we put a graviton in a quantum superposition in a lab?    No !

 ๏ Can we study coalescing atoms, and study the loss of gravitons ?  No!

๏ Can we witness Quantum Entanglement due to Quantum Nature of a Graviton ?
Yes!

Lively discussions with  

Sougato Bose, Jan Ambjorn, Abhay Ashtekar, Markus Aspelmeyers, Markus Arndt, Valeri Frolov, Gary Horowitz,  
Rob Myers, Don Page, Roger Penrose, Carlo Rovelli, Ashoke Sen, Gabriele Veneziano, Bob Wald, …  

Things should be made as simple as possible, but no simpler! — Albert Einstein



๏ QG-Witness protocol for Quantum Gravity

๏ Reading the Witness 

๏Associated Challenges & Future Program

๏ Quantum Gravity



(1027 eV)4

(10�2 eV)4

(10�3 eV)4

?
<latexit sha1_base64="uHcF9+f0N8VXencFnMXIRRibXcE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JsFLx5btB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS46ZfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3edxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHlPKM1A==</latexit><latexit sha1_base64="uHcF9+f0N8VXencFnMXIRRibXcE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JsFLx5btB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS46ZfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3edxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHlPKM1A==</latexit><latexit sha1_base64="uHcF9+f0N8VXencFnMXIRRibXcE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JsFLx5btB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS46ZfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3edxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHlPKM1A==</latexit><latexit sha1_base64="uHcF9+f0N8VXencFnMXIRRibXcE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0JsFLx5btB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLFS46ZfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ66LquVWvcVmp3edxFOEETuEcPLiCGtxBHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHlPKM1A==</latexit>

Dark Energy

 Constraints on Gravity, Newton’s potential

New effects in gravity could be around the corner !

V(r) = −
Gm2

r (1 + αe−r/λ)

J. G. Lee, E. G. Adelberger, T. S. Cook, S. M. Fleischer, B. R Heckel 2002.11761 [hep-ex]



COW 
Experiment

Bouncing 
Cold Neutron

Classical Gravity  Induced Quantum Phase 

MIMAC.   Mesoscopic Interferometer for Metric and Curvature

�� ⇠ i
S(G,G2, G2~ · · · )

~

<latexit sha1_base64="r+moJS9lj07FIGi1XdvzZmRHd8s="></latexit>

  Marshman, Bose, 
Morley, Barker, 

Hoekstra 



Gµ⌫ = 2hTµ⌫i
<latexit sha1_base64="rjolTYkqhRb3QgNI3QY9DEna1Mc=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPw0wQ9CIEPOgxYjbIxKGm00ma9PQMvQhhyF948Ve8eFDEq978GzsLookPCh7vVVFVL0o5U9rzvpyl5ZXVtfXcRn5za3tnt7C3X1eJkYTWSMIT2YxAUc4ErWmmOW2mkkIccdqIBpdjv3FPpWKJqOphStsx9ATrMgLaSmHBvQqzIDaBMCN8gYMBpCnclQIOoscprv6YgZwoYaHoud4EeJH4M1JEM1TCwmfQSYiJqdCEg1It30t1OwOpGeF0lA+MoimQAfRoy1IBMVXtbPLXCB9bpYO7ibQlNJ6ovycyiJUaxpHtjEH31bw3Fv/zWkZ3z9sZE6nRVJDpoq7hWCd4HBLuMEmJ5kNLgEhmb8WkDxKItlHmbQj+/MuLpF5yfc/1b06L5dtZHDl0iI7QCfLRGSqja1RBNUTQA3pCL+jVeXSenTfnfdq65MxmDtAfOB/fN6ygBQ==</latexit><latexit sha1_base64="rjolTYkqhRb3QgNI3QY9DEna1Mc=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPw0wQ9CIEPOgxYjbIxKGm00ma9PQMvQhhyF948Ve8eFDEq978GzsLookPCh7vVVFVL0o5U9rzvpyl5ZXVtfXcRn5za3tnt7C3X1eJkYTWSMIT2YxAUc4ErWmmOW2mkkIccdqIBpdjv3FPpWKJqOphStsx9ATrMgLaSmHBvQqzIDaBMCN8gYMBpCnclQIOoscprv6YgZwoYaHoud4EeJH4M1JEM1TCwmfQSYiJqdCEg1It30t1OwOpGeF0lA+MoimQAfRoy1IBMVXtbPLXCB9bpYO7ibQlNJ6ovycyiJUaxpHtjEH31bw3Fv/zWkZ3z9sZE6nRVJDpoq7hWCd4HBLuMEmJ5kNLgEhmb8WkDxKItlHmbQj+/MuLpF5yfc/1b06L5dtZHDl0iI7QCfLRGSqja1RBNUTQA3pCL+jVeXSenTfnfdq65MxmDtAfOB/fN6ygBQ==</latexit><latexit sha1_base64="rjolTYkqhRb3QgNI3QY9DEna1Mc=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPw0wQ9CIEPOgxYjbIxKGm00ma9PQMvQhhyF948Ve8eFDEq978GzsLookPCh7vVVFVL0o5U9rzvpyl5ZXVtfXcRn5za3tnt7C3X1eJkYTWSMIT2YxAUc4ErWmmOW2mkkIccdqIBpdjv3FPpWKJqOphStsx9ATrMgLaSmHBvQqzIDaBMCN8gYMBpCnclQIOoscprv6YgZwoYaHoud4EeJH4M1JEM1TCwmfQSYiJqdCEg1It30t1OwOpGeF0lA+MoimQAfRoy1IBMVXtbPLXCB9bpYO7ibQlNJ6ovycyiJUaxpHtjEH31bw3Fv/zWkZ3z9sZE6nRVJDpoq7hWCd4HBLuMEmJ5kNLgEhmb8WkDxKItlHmbQj+/MuLpF5yfc/1b06L5dtZHDl0iI7QCfLRGSqja1RBNUTQA3pCL+jVeXSenTfnfdq65MxmDtAfOB/fN6ygBQ==</latexit><latexit sha1_base64="rjolTYkqhRb3QgNI3QY9DEna1Mc=">AAACF3icbVDJSgNBEO1xjXGLevTSGARPw0wQ9CIEPOgxYjbIxKGm00ma9PQMvQhhyF948Ve8eFDEq978GzsLookPCh7vVVFVL0o5U9rzvpyl5ZXVtfXcRn5za3tnt7C3X1eJkYTWSMIT2YxAUc4ErWmmOW2mkkIccdqIBpdjv3FPpWKJqOphStsx9ATrMgLaSmHBvQqzIDaBMCN8gYMBpCnclQIOoscprv6YgZwoYaHoud4EeJH4M1JEM1TCwmfQSYiJqdCEg1It30t1OwOpGeF0lA+MoimQAfRoy1IBMVXtbPLXCB9bpYO7ibQlNJ6ovycyiJUaxpHtjEH31bw3Fv/zWkZ3z9sZE6nRVJDpoq7hWCd4HBLuMEmJ5kNLgEhmb8WkDxKItlHmbQj+/MuLpF5yfc/1b06L5dtZHDl0iI7QCfLRGSqja1RBNUTQA3pCL+jVeXSenTfnfdq65MxmDtAfOB/fN6ygBQ==</latexit>

Initial Initiatives against Semi-Classical Gravity



A. Ashoorioon, P. S. Bhupal Dev and  AM,
  ``Implications of purely classical gravity for inflationary tensor modes,''
    [arXiv:1211.4678 [hep-th]].

 L. M. Krauss and F.  Wilczek,
  ``Using Cosmology to Establish the Quantization of Gravity,''
    [arXiv:1309.5343 [hep-th]].

Primordial Gravitational Waves: is it a signature of QG?

Caution!
Positive Detection of a B-mode polarization by BICEP (2013)

But the origin was not found to be primordial in nature. 

Initial Conditions:   Classical or Quantum?
Mere presence of      is not sufficient to say that gravity is quantum !~

<latexit sha1_base64="DV/DJQHU1wlbQ8PBLolkD9vU8pg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48VTVtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVby++OQqkG15tbdBcg68QpSgwKtQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni2Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxzMuQKmRFTSyhT3N5K2JgqyozNp2JD8FZfXiftq7rn1r3761rzoYijDGdwDpfgQQOacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QPKcI62</latexit><latexit sha1_base64="DV/DJQHU1wlbQ8PBLolkD9vU8pg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48VTVtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVby++OQqkG15tbdBcg68QpSgwKtQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni2Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxzMuQKmRFTSyhT3N5K2JgqyozNp2JD8FZfXiftq7rn1r3761rzoYijDGdwDpfgQQOacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QPKcI62</latexit><latexit sha1_base64="DV/DJQHU1wlbQ8PBLolkD9vU8pg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48VTVtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVby++OQqkG15tbdBcg68QpSgwKtQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni2Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxzMuQKmRFTSyhT3N5K2JgqyozNp2JD8FZfXiftq7rn1r3761rzoYijDGdwDpfgQQOacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QPKcI62</latexit><latexit sha1_base64="DV/DJQHU1wlbQ8PBLolkD9vU8pg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF48VTVtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByO/c7T6g0T+SjmaYYxHQkecQZNVby++OQqkG15tbdBcg68QpSgwKtQfWrP0xYFqM0TFCte56bmiCnynAmcFbpZxpTyiZ0hD1LJY1RB/ni2Bm5sMqQRImyJQ1ZqL8nchprPY1D2xlTM9ar3lz8z+tlJroJci7TzKBky0VRJohJyPxzMuQKmRFTSyhT3N5K2JgqyozNp2JD8FZfXiftq7rn1r3761rzoYijDGdwDpfgQQOacAct8IEBh2d4hTdHOi/Ou/OxbC05xcwp/IHz+QPKcI62</latexit>

𝒫g =
64[ |αk |2 + |βk |2 ]ℏ2H2

M2
p

αk = −
π

2
, βk = 0Bunch-Davies quantum vacuum:



Witnessing Quantum Gravity

๏  If the Witness is Positive then Gravity is   
Quantum 

๏  If the Witness is Negative:  Inconclusive ! 

Razor Sharp Argument



Key Ingredients

(b)

๏ Macroscopic Quantum 
Superposition of Localised Objects

Curvatures are Localised

๏ Quantum Entanglement
e+e� + e�e+

<latexit sha1_base64="NH5hgDGIbP3JaortZsx+UMqBF6E=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCUCwzIuiy4MZlRfuAdiyZNNOGZjJDkhHKMOCvuHGhiFu/w51/YzqdhbYeyOXknHvJzfFjzpR2nG9raXlldW29tFHe3Nre2bX39lsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sfXU7/9SKVikbjXk5h6IR4KFjCCtZH69iF9SKuZKWdZNa/5vW9XnJqTAy0StyAVKNDo21+9QUSSkApNOFaq6zqx9lIsNSOcZuVeomiMyRgPaddQgUOqvDRfP0MnRhmgIJLmCI1y9fdEikOlJqFvOkOsR2rem4r/ed1EB1deykScaCrI7KEg4UhHaJoFGjBJieYTQzCRzOyKyAhLTLRJrGxCcOe/vEha5zXXqbm3F5X6XRFHCY7gGE7BhUuoww00oAkEUniGV3iznqwX6936mLUuWcXMAfyB9fkDqXyVVQ==</latexit><latexit sha1_base64="NH5hgDGIbP3JaortZsx+UMqBF6E=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCUCwzIuiy4MZlRfuAdiyZNNOGZjJDkhHKMOCvuHGhiFu/w51/YzqdhbYeyOXknHvJzfFjzpR2nG9raXlldW29tFHe3Nre2bX39lsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sfXU7/9SKVikbjXk5h6IR4KFjCCtZH69iF9SKuZKWdZNa/5vW9XnJqTAy0StyAVKNDo21+9QUSSkApNOFaq6zqx9lIsNSOcZuVeomiMyRgPaddQgUOqvDRfP0MnRhmgIJLmCI1y9fdEikOlJqFvOkOsR2rem4r/ed1EB1deykScaCrI7KEg4UhHaJoFGjBJieYTQzCRzOyKyAhLTLRJrGxCcOe/vEha5zXXqbm3F5X6XRFHCY7gGE7BhUuoww00oAkEUniGV3iznqwX6936mLUuWcXMAfyB9fkDqXyVVQ==</latexit><latexit sha1_base64="NH5hgDGIbP3JaortZsx+UMqBF6E=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCUCwzIuiy4MZlRfuAdiyZNNOGZjJDkhHKMOCvuHGhiFu/w51/YzqdhbYeyOXknHvJzfFjzpR2nG9raXlldW29tFHe3Nre2bX39lsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sfXU7/9SKVikbjXk5h6IR4KFjCCtZH69iF9SKuZKWdZNa/5vW9XnJqTAy0StyAVKNDo21+9QUSSkApNOFaq6zqx9lIsNSOcZuVeomiMyRgPaddQgUOqvDRfP0MnRhmgIJLmCI1y9fdEikOlJqFvOkOsR2rem4r/ed1EB1deykScaCrI7KEg4UhHaJoFGjBJieYTQzCRzOyKyAhLTLRJrGxCcOe/vEha5zXXqbm3F5X6XRFHCY7gGE7BhUuoww00oAkEUniGV3iznqwX6936mLUuWcXMAfyB9fkDqXyVVQ==</latexit><latexit sha1_base64="NH5hgDGIbP3JaortZsx+UMqBF6E=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCUCwzIuiy4MZlRfuAdiyZNNOGZjJDkhHKMOCvuHGhiFu/w51/YzqdhbYeyOXknHvJzfFjzpR2nG9raXlldW29tFHe3Nre2bX39lsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9sfXU7/9SKVikbjXk5h6IR4KFjCCtZH69iF9SKuZKWdZNa/5vW9XnJqTAy0StyAVKNDo21+9QUSSkApNOFaq6zqx9lIsNSOcZuVeomiMyRgPaddQgUOqvDRfP0MnRhmgIJLmCI1y9fdEikOlJqFvOkOsR2rem4r/ed1EB1deykScaCrI7KEg4UhHaJoFGjBJieYTQzCRzOyKyAhLTLRJrGxCcOe/vEha5zXXqbm3F5X6XRFHCY7gGE7BhUuoww00oAkEUniGV3iznqwX6936mLUuWcXMAfyB9fkDqXyVVQ==</latexit>

"# � #"
<latexit sha1_base64="UyyQLzxj3xW6Hz5pjmVVZke+W2w=">AAACD3icbZDLSgMxFIbPeK31NurSTbAobiwzIuiy4MZlRXuBdiiZNNOGZjJDkrGUoW/gxldx40IRt27d+Tam0xG19UDg4//PSXJ+P+ZMacf5tBYWl5ZXVgtrxfWNza1te2e3rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cDnxG3dUKhaJWz2KqRfinmABI1gbqWMftZMYSxkN291oKDJCJz/87XbsklN2skLz4OZQgryqHfvDXEKSkApNOFaq5Tqx9lIsNSOcjovtRNEYkwHu0ZZBgUOqvDTbZ4wOjdJFQSTNERpl6u+JFIdKjULfdIZY99WsNxH/81qJDi68lIk40VSQ6UNBwpGO0CQc1GWSEs1HBjCRzPwVkT6WmGgTYdGE4M6uPA/107LrlN3rs1LlJo+jAPtwAMfgwjlU4AqqUAMC9/AIz/BiPVhP1qv1Nm1dsPKZPfhT1vsX3kKd2w==</latexit><latexit sha1_base64="UyyQLzxj3xW6Hz5pjmVVZke+W2w=">AAACD3icbZDLSgMxFIbPeK31NurSTbAobiwzIuiy4MZlRXuBdiiZNNOGZjJDkrGUoW/gxldx40IRt27d+Tam0xG19UDg4//PSXJ+P+ZMacf5tBYWl5ZXVgtrxfWNza1te2e3rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cDnxG3dUKhaJWz2KqRfinmABI1gbqWMftZMYSxkN291oKDJCJz/87XbsklN2skLz4OZQgryqHfvDXEKSkApNOFaq5Tqx9lIsNSOcjovtRNEYkwHu0ZZBgUOqvDTbZ4wOjdJFQSTNERpl6u+JFIdKjULfdIZY99WsNxH/81qJDi68lIk40VSQ6UNBwpGO0CQc1GWSEs1HBjCRzPwVkT6WmGgTYdGE4M6uPA/107LrlN3rs1LlJo+jAPtwAMfgwjlU4AqqUAMC9/AIz/BiPVhP1qv1Nm1dsPKZPfhT1vsX3kKd2w==</latexit><latexit sha1_base64="UyyQLzxj3xW6Hz5pjmVVZke+W2w=">AAACD3icbZDLSgMxFIbPeK31NurSTbAobiwzIuiy4MZlRXuBdiiZNNOGZjJDkrGUoW/gxldx40IRt27d+Tam0xG19UDg4//PSXJ+P+ZMacf5tBYWl5ZXVgtrxfWNza1te2e3rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cDnxG3dUKhaJWz2KqRfinmABI1gbqWMftZMYSxkN291oKDJCJz/87XbsklN2skLz4OZQgryqHfvDXEKSkApNOFaq5Tqx9lIsNSOcjovtRNEYkwHu0ZZBgUOqvDTbZ4wOjdJFQSTNERpl6u+JFIdKjULfdIZY99WsNxH/81qJDi68lIk40VSQ6UNBwpGO0CQc1GWSEs1HBjCRzPwVkT6WmGgTYdGE4M6uPA/107LrlN3rs1LlJo+jAPtwAMfgwjlU4AqqUAMC9/AIz/BiPVhP1qv1Nm1dsPKZPfhT1vsX3kKd2w==</latexit><latexit sha1_base64="UyyQLzxj3xW6Hz5pjmVVZke+W2w=">AAACD3icbZDLSgMxFIbPeK31NurSTbAobiwzIuiy4MZlRXuBdiiZNNOGZjJDkrGUoW/gxldx40IRt27d+Tam0xG19UDg4//PSXJ+P+ZMacf5tBYWl5ZXVgtrxfWNza1te2e3rqJEElojEY9k08eKciZoTTPNaTOWFIc+pw1/cDnxG3dUKhaJWz2KqRfinmABI1gbqWMftZMYSxkN291oKDJCJz/87XbsklN2skLz4OZQgryqHfvDXEKSkApNOFaq5Tqx9lIsNSOcjovtRNEYkwHu0ZZBgUOqvDTbZ4wOjdJFQSTNERpl6u+JFIdKjULfdIZY99WsNxH/81qJDi68lIk40VSQ6UNBwpGO0CQc1GWSEs1HBjCRzPwVkT6WmGgTYdGE4M6uPA/107LrlN3rs1LlJo+jAPtwAMfgwjlU4AqqUAMC9/AIz/BiPVhP1qv1Nm1dsPKZPfhT1vsX3kKd2w==</latexit>

Bose+AM+Morley+Ulbricht+Toros+Paternostro+Geraci+Barker+Kim+Milburn, PRL (2017)  [1707.06050] 
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 Local Operations & Classical Communication (LOCC)

LOCC keeps Separable state remains Separable ( Cannot Create Entanglement )

Bennett, et.al, (1996)

๏  It is impossible to generate/increase 
entanglement between A and B by local 
operations and classical communications



 Violates Special Relativity

Quantum origin of V(r)  

There are papers by Bei-lok Hu and Anastapoulos,  who believe that tree level scattering is classical  & not quantum!       
 These papers do not have the concept of an off-shell graviton mediator!



Quantum Mechanics to Quantum Field Theory  

๏ On-shell ( Follows Classical Equations of Motion ): 
๏ Off-shell does not follow Classical Equations of Motion

E2 = (pc)2 + (mc2)2
<latexit sha1_base64="L6bf6saLr7shCF7U7zTsMSp7vLM=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJliEilBmBkE3QkEElxXtBdppyaSZNjTJDElGGIb6Km5cKOLWB3Hn25i2s9DWHwIf/zmHc/IHMaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILx9bTeeiRS0Ug86DQmPkdDQUOKkTZW3y7d9LyrSoxPe95ZheOeZ6Bvl52qMxNcBjeHMshV79tf3UGEE06Exgwp1XGdWPsZkppiRibFbqJIjPAYDUnHoECcKD+bHT+BJ8YZwDCS5gkNZ+7viQxxpVIemE6O9Egt1qbmf7VOosNLP6MiTjQReL4oTBjUEZwmAQdUEqxZagBhSc2tEI+QRFibvIomBHfxy8vQ9KquU3Xvzsu1+zyOAjgCx6ACXHABauAW1EEDYJCCZ/AK3qwn68V6tz7mrStWPlMCf2R9/gBWeZKs</latexit><latexit sha1_base64="L6bf6saLr7shCF7U7zTsMSp7vLM=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJliEilBmBkE3QkEElxXtBdppyaSZNjTJDElGGIb6Km5cKOLWB3Hn25i2s9DWHwIf/zmHc/IHMaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILx9bTeeiRS0Ug86DQmPkdDQUOKkTZW3y7d9LyrSoxPe95ZheOeZ6Bvl52qMxNcBjeHMshV79tf3UGEE06Exgwp1XGdWPsZkppiRibFbqJIjPAYDUnHoECcKD+bHT+BJ8YZwDCS5gkNZ+7viQxxpVIemE6O9Egt1qbmf7VOosNLP6MiTjQReL4oTBjUEZwmAQdUEqxZagBhSc2tEI+QRFibvIomBHfxy8vQ9KquU3Xvzsu1+zyOAjgCx6ACXHABauAW1EEDYJCCZ/AK3qwn68V6tz7mrStWPlMCf2R9/gBWeZKs</latexit><latexit sha1_base64="L6bf6saLr7shCF7U7zTsMSp7vLM=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJliEilBmBkE3QkEElxXtBdppyaSZNjTJDElGGIb6Km5cKOLWB3Hn25i2s9DWHwIf/zmHc/IHMaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILx9bTeeiRS0Ug86DQmPkdDQUOKkTZW3y7d9LyrSoxPe95ZheOeZ6Bvl52qMxNcBjeHMshV79tf3UGEE06Exgwp1XGdWPsZkppiRibFbqJIjPAYDUnHoECcKD+bHT+BJ8YZwDCS5gkNZ+7viQxxpVIemE6O9Egt1qbmf7VOosNLP6MiTjQReL4oTBjUEZwmAQdUEqxZagBhSc2tEI+QRFibvIomBHfxy8vQ9KquU3Xvzsu1+zyOAjgCx6ACXHABauAW1EEDYJCCZ/AK3qwn68V6tz7mrStWPlMCf2R9/gBWeZKs</latexit><latexit sha1_base64="L6bf6saLr7shCF7U7zTsMSp7vLM=">AAAB/HicbZDLSgMxFIYzXmu9jXbpJliEilBmBkE3QkEElxXtBdppyaSZNjTJDElGGIb6Km5cKOLWB3Hn25i2s9DWHwIf/zmHc/IHMaNKO863tbK6tr6xWdgqbu/s7u3bB4dNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILx9bTeeiRS0Ug86DQmPkdDQUOKkTZW3y7d9LyrSoxPe95ZheOeZ6Bvl52qMxNcBjeHMshV79tf3UGEE06Exgwp1XGdWPsZkppiRibFbqJIjPAYDUnHoECcKD+bHT+BJ8YZwDCS5gkNZ+7viQxxpVIemE6O9Egt1qbmf7VOosNLP6MiTjQReL4oTBjUEZwmAQdUEqxZagBhSc2tEI+QRFibvIomBHfxy8vQ9KquU3Xvzsu1+zyOAjgCx6ACXHABauAW1EEDYJCCZ/AK3qwn68V6tz7mrStWPlMCf2R9/gBWeZKs</latexit>

�x�px � ~
<latexit sha1_base64="oOJDKhbOg+hDkGs8DgNbHAJKv7k=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQEoyVYGAsgj6kJooc97a16jjBdlCrqAsLv8LCAEKs/AMbf4PbZoCWI13do3PulX1PmHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqDiVFOo05rFshUQBZwLqmmkOrUQCiUIOzXBwOfGbDyAVi8WdHiXgR6QnWJdRoo0U2IfeFXBN8DDvSTD0enCPvX5IZGCXnYozBV4kbk7KKEctsL+8TkzTCISmnCjVdp1E+xmRmlEO45KXKkgIHZAetA0VJALlZ9MrxvjYKB3cjaUpofFU/b2RkUipURSayYjovpr3JuJ/XjvV3Qs/YyJJNQg6e6ibcqxjPIkEd5gEqvnIEEIlM3/FtE8kodoEVzIhuPMnL5LGacV1Ku7NWbl6m8dRRAfoCJ0gF52jKrpGNVRHFD2iZ/SK3qwn68V6tz5mowUr39lHf2B9/gCjnZgR</latexit><latexit sha1_base64="oOJDKhbOg+hDkGs8DgNbHAJKv7k=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQEoyVYGAsgj6kJooc97a16jjBdlCrqAsLv8LCAEKs/AMbf4PbZoCWI13do3PulX1PmHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqDiVFOo05rFshUQBZwLqmmkOrUQCiUIOzXBwOfGbDyAVi8WdHiXgR6QnWJdRoo0U2IfeFXBN8DDvSTD0enCPvX5IZGCXnYozBV4kbk7KKEctsL+8TkzTCISmnCjVdp1E+xmRmlEO45KXKkgIHZAetA0VJALlZ9MrxvjYKB3cjaUpofFU/b2RkUipURSayYjovpr3JuJ/XjvV3Qs/YyJJNQg6e6ibcqxjPIkEd5gEqvnIEEIlM3/FtE8kodoEVzIhuPMnL5LGacV1Ku7NWbl6m8dRRAfoCJ0gF52jKrpGNVRHFD2iZ/SK3qwn68V6tz5mowUr39lHf2B9/gCjnZgR</latexit><latexit sha1_base64="oOJDKhbOg+hDkGs8DgNbHAJKv7k=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQEoyVYGAsgj6kJooc97a16jjBdlCrqAsLv8LCAEKs/AMbf4PbZoCWI13do3PulX1PmHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqDiVFOo05rFshUQBZwLqmmkOrUQCiUIOzXBwOfGbDyAVi8WdHiXgR6QnWJdRoo0U2IfeFXBN8DDvSTD0enCPvX5IZGCXnYozBV4kbk7KKEctsL+8TkzTCISmnCjVdp1E+xmRmlEO45KXKkgIHZAetA0VJALlZ9MrxvjYKB3cjaUpofFU/b2RkUipURSayYjovpr3JuJ/XjvV3Qs/YyJJNQg6e6ibcqxjPIkEd5gEqvnIEEIlM3/FtE8kodoEVzIhuPMnL5LGacV1Ku7NWbl6m8dRRAfoCJ0gF52jKrpGNVRHFD2iZ/SK3qwn68V6tz5mowUr39lHf2B9/gCjnZgR</latexit><latexit sha1_base64="oOJDKhbOg+hDkGs8DgNbHAJKv7k=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUoQEoyVYGAsgj6kJooc97a16jjBdlCrqAsLv8LCAEKs/AMbf4PbZoCWI13do3PulX1PmHCmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqDiVFOo05rFshUQBZwLqmmkOrUQCiUIOzXBwOfGbDyAVi8WdHiXgR6QnWJdRoo0U2IfeFXBN8DDvSTD0enCPvX5IZGCXnYozBV4kbk7KKEctsL+8TkzTCISmnCjVdp1E+xmRmlEO45KXKkgIHZAetA0VJALlZ9MrxvjYKB3cjaUpofFU/b2RkUipURSayYjovpr3JuJ/XjvV3Qs/YyJJNQg6e6ibcqxjPIkEd5gEqvnIEEIlM3/FtE8kodoEVzIhuPMnL5LGacV1Ku7NWbl6m8dRRAfoCJ0gF52jKrpGNVRHFD2iZ/SK3qwn68V6tz5mowUr39lHf2B9/gCjnZgR</latexit>



LOQC: Local operation & Quantum Communication

Minimal Coupling : κhμνTμν

Unitary Local  
Interaction

Unitary Local
InteractionTµ⌫

<latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit><latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit><latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit><latexit sha1_base64="VqTeXBJ2V5nw72HAq8RGt93KEPo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQi6LLgxmXFvqCJZTKdtENnJmEeSon5FDcuFHHrl7jzb5y2WWjrgQuHc+7l3nuilFGlPe/bKa2tb2xulbcrO7t7+wdu9bCjEiMxaeOEJbIXIUUYFaStqWakl0qCeMRIN5pcz/zuA5GKJqKlpykJORoJGlOMtJUGbjULJIet+yzgBgbC5PnArXl1bw64SvyC1ECB5sD9CoYJNpwIjRlSqu97qQ4zJDXFjOSVwCiSIjxBI9K3VCBOVJjNT8/hqVWGME6kLaHhXP09kSGu1JRHtpMjPVbL3kz8z+sbHV+FGRWp0UTgxaLYMKgTOMsBDqkkWLOpJQhLam+FeIwkwtqmVbEh+Msvr5LOed336v7tRa1xV8RRBsfgBJwBH1yCBrgBTdAGGDyCZ/AK3pwn58V5dz4WrSWnmDkCf+B8/gAyEpQA</latexit>

Tµ0⌫0
<latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit><latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit><latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit><latexit sha1_base64="4oejNlQpVB1k9HD0nfIEhnWYHWU=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovUVUlE0GXBjcuKfUETwmQ6aYfOTMLMRAgh/oobF4q49UPc+TdO2yy09cCFwzn3cu89YcKo0o7zbVU2Nre2d6q7tb39g8Mj+/ikr+JUYtLDMYvlMESKMCpIT1PNyDCRBPGQkUE4u537g0ciFY1FV2cJ8TmaCBpRjLSRAruee5LDbpB7PG1CT6TNogjshtNyFoDrxC1JA5ToBPaXN45xyonQmCGlRq6TaD9HUlPMSFHzUkUShGdoQkaGCsSJ8vPF8QU8N8oYRrE0JTRcqL8ncsSVynhoOjnSU7XqzcX/vFGqoxs/pyJJNRF4uShKGdQxnCcBx1QSrFlmCMKSmlshniKJsDZ51UwI7urL66R/2XKdlnt/1Wg/lHFUwSk4AxfABdegDe5AB/QABhl4Bq/gzXqyXqx362PZWrHKmTr4A+vzB/9ilGM=</latexit>

⇧µ0⌫0

µ⌫
<latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit><latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit><latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit><latexit sha1_base64="xd/a+izt9Law3mC955VmFiKFn/E=">AAACCnicbVC7TsMwFHV4lvIKMLIYKlSmKkFIMFZiYSyCPqQmRI7rtFZtJ7IdpCpKVxZ+hYUBhFj5Ajb+BrfNAC1HsnTuOffq+p4wYVRpx/m2lpZXVtfWSxvlza3tnV17b7+l4lRi0sQxi2UnRIowKkhTU81IJ5EE8ZCRdji8mvjtByIVjcWdHiXE56gvaEQx0kYK7KPMkxx6DXqfeTytQk+k1TzIxuOxKU2R54FdcWrOFHCRuAWpgAKNwP7yejFOOREaM6RU13US7WdIaooZycteqkiC8BD1SddQgThRfjY9JYcnRunBKJbmCQ2n6u+JDHGlRjw0nRzpgZr3JuJ/XjfV0aWfUZGkmgg8WxSlDOoYTnKBPSoJ1mxkCMKSmr9CPEASYW3SK5sQ3PmTF0nrrOY6NffmvFK/LeIogUNwDE6BCy5AHVyDBmgCDB7BM3gFb9aT9WK9Wx+z1iWrmDkAf2B9/gC9Lpr9</latexit>

Marshman +Mazumdar+Bose, [ArXiv: 1907.01568]   Phys. Rev. A. (2020)

(1) Non-Classicality  

 (2) Non-Commuting Operators



Quantum
2nd order in perturbation 

Classical

What Aspects of Quantum Gravity Can We test in the Lab ?

Fine Print
Quantum experiments are full of  Off-shell processes

Beam splitter

Quantum Loop 
Effect 

�� ⇠ G/~
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From Photoelectric Effect to Schrödinger Cat States of Photon

Gerhard Rempe’s group,  Max Planck Institute of Quantum Optics

M. Brune, F. Schmidt-Kaler, A. Maali, J. Dreyer, E. Hagley, J.M. Raimond, S. Haroche, 
Quantum Rabi Oscillation: A Direct Test of Field Quantization in a Cavity, Physical Review Letters, 76 (1996) 1800-1803.
 
Creating Schrödinger cat (kitten) states with photons and observing their decoherence:
M. Brune, E. Hagley, J. Dreyer, X. Maitre, A. Maali, C. Wunderlich, J.M. Raimond, S. Haroche, 
Observing the progressive decoherence of the ''meter'' in a quantum measurement, Physical Review Letters, 77 (1996) 4887-4890.



QGEM protocol: 2 Freely Falling Superposed masses
Macroscopic superposition with Spin Embedded Inside

Use very strong atom chip 
gradients to push and split 
massive objects using just 
one spin! 
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If they 
interact only 
through the 
gravitational 
force 
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Spin Correlation Functions  Certifying Entanglement 
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QGEM protocol: 2 Freely Falling Superposed masses



Maximum Entanglement Phase

��LR +��RL ⇠ O(1)
<latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit><latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit><latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit><latexit sha1_base64="4tj0FTkkXBX0AKl9nJ8NGFk0PVM="></latexit>

If W > 1 =) Graviton is quantum
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Entanglement Witness: Spin Correlation

Basis Dependent 
Witness, similar to 

Bell’s 

Basis Independent Witness:

𝒲 = I(1)I(2) − σ(1)
x σ(2)

x − σ(1)
y σ(2)

z − σ(1)
x σ(2)

z Tr(𝒲ρ) < 0 H. Chevalier, A. Paige, and M. Kim

arXiv:2005.13922 [quant-ph].

SA = − TrAρA log ρA = − SB Entanglement Entropy!



10�14Kg
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T. Krisnanda, M. Zuppardo, M. Paternostro, T. Paterek, arXiv:1607.01140. 
C. Wan, M. Scala, G. W. Morley, ATM. A. Rahman, H. Ulbricht, J. Bateman, P. F. Barker, S. 
Bose, and M. S. Kim, Phys. Rev. Lett. 117, 143003 (2016); 
H. Pino, J. Prat-Camps, K. Sinha, B. P. Venkatesh, and O. Romero-Isart, arXiv:1603.01553v2
N. Bar-Gill, L.M. Pham, A. Jarmola, D. Budker, R. L. Walsworth,  Nature Comm, 4, 1743 
(2013), 
S. Knowles, D. M. Kara and M. Atatu r̈e, Nature Materials 13, 21 (2014),
Kaltenbaek, Aspelmeyer,  (2015) 

Neutralising e.m. charges

M. Frimmer, K.Luszcz, S. Ferreiro, V. Jain, E.Hebestreit, and 
L.Novotny, Phys. Rev. A95, 061801 (2017).

A magnetic field gradient of ∼ 10^6 T/m and a time 
  τacc ∼ 500 m/s^2,  ∆x ∼ 250μm,     d-∆x ∼200μm

Challenges for QGEM
Radius : 100nm
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Electronic spins coherent for 1s, which should be possible 
for macro-diamond below 77 K

To estimate collisional and thermal decoherence times of the 
orbital degree of freedom we consider the pressure P =                    
and the temperature 0.15 K. the collisional decoherence time 
for a superposition size of ∆x ∼ 250μm  is the same order of 
magnitude as the total microsphere’s fall time τ + 2τacc ∼ 3.5 s

10�15Pa
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QGEM Protocol : Improved Design

d − Δx = NR

Van de Kamp+Marshman +Bose+Mazumdar [2006.06931 [quant-ph]]

https://arxiv.org/abs/2006.06931


QGEM Protocol ( Phase vs Mass ) 

Van de Kamp+Marshman +Bose+Mazumdar [2006.06931 [quant-ph]]

10−14Kg ⟹ 10−16 − 10−15Kg

Δx ∼ 200μm ⟹ 20μm

P ∼ 10−16 ⟹ 10−15Pa

https://arxiv.org/abs/2006.06931


Sources of Dephasing/Decoherence
𝒲 = I(1)I(2) − σ(1)

x σ(2)
x − σ(1)

y σ(2)
z − σ(1)

x σ(2)
z Tr(𝒲ρ) < 0

H. Van  Kamp, R. Marshman, S. Bose, and A. Mazumdar.    arXiv:2006.06931 [quant-ph].

⇒ γdectint < Φ/2 ∼ 0.0075

Main Sources of 
Decoherence 

Collisional  

Black body  emission, 
absorption 

Photon scattering

๏

๏

๏

At temperatures below 4k phonon 
vibration is not a problem for dephasing
๏

tint ∼ 1s P ∼ 10−15Pa



Dephasing due to Graviton is extremely tiny

γgrav =
32Gℏω3

m

15c5
=

32
15

t2
plω

3
m

Toros + Bose + Mazumdar [2008.08609 gr-qc]



Relative Acceleration+Gravity Gradient Noise

Non-inertial, GGN 
(Atmospheric+Seismic+ Constant 
movement+ Jerks+Cars+Planes) 

Jerk

Continuous  
Motion

Cars Plane
Seismic

Toros+Van de Kamp+Kim+Mazumdar+ Bose,   2007.15029 [gr-qc]

Φeff > Γd + Γnon−inertial + Γjitter + Γggn



Toros+Van de Kamp+Kim+Mazumdar+ Bose,   2007.15029 [gr-qc]

50 − 100m

Drop Tower

Seismic Noise is Low

5 − 10m

Underground Laboratory



Formidable Challenges

Diamagnetic part NV-part

H =
1

2m
⃗p 2 + mg ̂z + ℏD ̂S2

z −
χvV
2μ0

⃗B 2 − ℏγe
⃗S ⋅ ⃗B

Zero-field Splitting



MIMAC: Mesoscopic Interferometer for Metric and Curvature

Sub-Hz Gravitational Wave 
Detector

We need to Improve upon the Strain Sensitivity



We are 
all 

Entangled 
:

If Gravity is 
QUANTUM !

We can test it !

Theoretical Aspects



Only Entropy is Entanglement Entropy

A B| i =
NX

i=1

Ci 
A
i ⌦  B

i

<latexit sha1_base64="U/xcZ5l5C+v2PBTo9eY6Y/HUb3E="></latexit><latexit sha1_base64="U/xcZ5l5C+v2PBTo9eY6Y/HUb3E="></latexit><latexit sha1_base64="U/xcZ5l5C+v2PBTo9eY6Y/HUb3E="></latexit><latexit sha1_base64="U/xcZ5l5C+v2PBTo9eY6Y/HUb3E="></latexit>

⇢A =
NX

i=1

|Ci|2 A
i ih A

i |
<latexit sha1_base64="2Vo0Pe3pSmfZpWM8VWOkBMDT0lk="></latexit><latexit sha1_base64="2Vo0Pe3pSmfZpWM8VWOkBMDT0lk="></latexit><latexit sha1_base64="2Vo0Pe3pSmfZpWM8VWOkBMDT0lk="></latexit><latexit sha1_base64="2Vo0Pe3pSmfZpWM8VWOkBMDT0lk="></latexit>

We can trace out the degrees of freedom of ‘B’ to get a reduced density matrix describing ‘A’ 

S(A) = �Tr[⇢A ln ⇢A]
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=
NX

i=1

|Ci|2 ln |Ci|2
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S(A) + S(B) = 0
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Entanglement Entropy & it’s  Universal Growth
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Two Self-Gravitating systems



QGEM Protocol Unites All

• Foundations Of QM

• Foundations of QFT

• Foundations of 
Gravity 

• Penrose’s Collapse 
Model

• Gravitational Waves

• Axion/Hidden sector



Testing Quantum Gravity 
The Final Frontier !

One Protocol to rule them all, 
One Protocol to find them, 

One Protocol to bring them all, 
and Quantum Gravity which binds them.

Bose+AM+Morley+Ulbricht+Toros+Paternostro+Geraci+Barker+Kim+
Milburn, PRL (2017)  [1707.06050] 

Marshman+AM+Bose, PRA (2020) [1907.01568]

Conclusion & Future Outlook

We can test QGEM Protocol 



Extra slides



Probing Beyond the Standard Model Physics

Charged Ions Charged Ions

Axion or Hidden Photon



Gravity is Universal & Successful

hµ⌫Tµ⌫
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In the simplest case:  Minimal Coupling with matter



Graviton or Photon  
(mediator is massless)

V ⇠ 1

r

Conservation of Probability will not allow singularities to develop,         Non-local effects will forbid singularities to form

A B

t
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Cosmological & Black hole Singularities
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Free particle in an inhomogeneous magnetic field (acceleration +a or –a) 

How	can	we	increase	the	scale	of	the	superposi:on?	

M. Scala, M. S. Kim, G. W. Morley, P. F. Barker, S. Bose, PRL. 111, 180403 (2013) 
J. S. Pedernales, G. W. Morley, and M. B. Plenio:1906.00835 (2019) 

Van de Kamp+Marshman +Bose+Mazumdar [2006.06931 [quant-ph]] 

 

100 micron separation for 1 sec 

Macroscopic Spatial Superposition 

https://arxiv.org/abs/2006.06931


Probing UV Gravity
(1) GR:

(2) F(R) Gravity:

(3) Weyl Gravity: L = R� 1
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