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Quantum computing industry is booming!



Superconducting qubits

The recent progress has been made mainly thanks to the 
technology of manufacturing superconducting qubits. 

Semba, 2008 



Quantum computers are becoming accessible 

You can program quantum computer this evening…

Visit www.quantumexperience.ng.bluemix.net 
and get access to the IMB Q 5-qubit quantum computer. 

http://www.quantumexperience.ng.bluemix.net


Let’s create the Bell state… 
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\CNOT (Ĥ ⌦ Î)(X̂ ⌦ X̂)(|0i ⌦ |0i) = 1p
2
(|0i ⌦ |1i � |1i ⌦ |0i)
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Why it can better than using classical 
supercomputers?

Dimension of the Hilbert space for N qubits grows exponentially with N:

dim(H⌦H⌦ · · ·⌦H| {z }
N

) = 2N
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For a sigle qubit

Quantum parallelism > reduction of computational complexity of some classical problems 
(Deutsch, Grover, Shor, … ) > quantum speed-up 

With the present most powerful classical supercomputers you can 
simulate quantum systems with N=56 at most. 

IBM and Rigetti Computing are developing quantum chips with N>100
and certain topologies of couplings between the qubits > quantum supremacy 



Quantum computers will allow to perform exact 
simulations of quantum systems with large N 

In particular, we may think about simulating Planck scale physics…

But, can we express QG DOF with qubits? 



Loop Quantum Gravity
Holonomies of Ashtekar connection along some curveA 2 su(2)
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h[A, e] = Pe
R
e A
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Under the gauge transformations

A ! Ag = g�1dg + g�1Ag
<latexit sha1_base64="oidyHZBtlLWMnJmtOUtyGk1aJnc="></latexit><latexit sha1_base64="oidyHZBtlLWMnJmtOUtyGk1aJnc="></latexit><latexit sha1_base64="oidyHZBtlLWMnJmtOUtyGk1aJnc="></latexit><latexit sha1_base64="llI3DvttFW49isVKJLgurfWrurg="></latexit>

h[A, e] ! h[Ag, e] = g(e(0))h[A, e]g(e(1))�1
<latexit sha1_base64="ysTXmwGG5FhlFh+5qGMJVy2kDV8="></latexit><latexit sha1_base64="ysTXmwGG5FhlFh+5qGMJVy2kDV8="></latexit><latexit sha1_base64="ysTXmwGG5FhlFh+5qGMJVy2kDV8="></latexit><latexit sha1_base64="i8Tphzq0Oz2ACKHZhfakb6RBA7g="></latexit>

Gauge invariant objects > Wilson loops 

W [A, e] = tr (h[A, e])
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The key idea behind LQG is to built a Hilbert space of the theory out of the 

Wilson loops. However, such basis is in general over-complete and the  

solution comes with the constructions of spin networks which are 

certain linear combination of products of the Wilson loops. 

� = 0
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Spin Networks

„Quantum of space”

| i = |�, jl, ini = ⌦n|ini
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Graph:

Spin network state:

jl
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- spin labels - intertwiners

in
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Gauss constraint:



Qubit

H1/2 ⌦H1/2 ⌦H1/2 ⌦H1/2 = H0 �H0| {z }�3H1 �H2
<latexit sha1_base64="23v61J2CbBM5sYx8aCUq5t10FqY="></latexit><latexit sha1_base64="23v61J2CbBM5sYx8aCUq5t10FqY="></latexit><latexit sha1_base64="23v61J2CbBM5sYx8aCUq5t10FqY="></latexit><latexit sha1_base64="s7+TyWLiTs6dlnrEKzF1zY12cd0="></latexit>

dim Inv(H1/2 ⌦H1/2 ⌦H1/2 ⌦H1/2) = 2
<latexit sha1_base64="qaQ0sQuGe0zcHy67zS4I4wfO3NE="></latexit><latexit sha1_base64="qaQ0sQuGe0zcHy67zS4I4wfO3NE="></latexit><latexit sha1_base64="qaQ0sQuGe0zcHy67zS4I4wfO3NE="></latexit><latexit sha1_base64="uuG1aQRYhPDKdOAkdL9fln4uKNw="></latexit>

We consider spin networks composed of 4-valent vertices and spin 
labels corresponding to fundamental representations of the SU(2) group 
i.e. j=1/2. The Hilbert space at each vertex is: 

such that the invariant subspace is two dimensional: 

We associate the two dimensional invariant space with the qubit space:



Qubit base states 

|1si =
1p
3
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s-channel basis:

Eigenbasis of the volume operator    :

|1i = 1p
2
(|0si � i|1si)
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<latexit sha1_base64="kaY6Wc9/VKDhKe6TQDSdxmOYP1E="></latexit><latexit sha1_base64="kaY6Wc9/VKDhKe6TQDSdxmOYP1E="></latexit><latexit sha1_base64="kaY6Wc9/VKDhKe6TQDSdxmOYP1E="></latexit><latexit sha1_base64="hqAV5kSeUEJp7zTK3EuGeiWL0G0="></latexit>

V̂
<latexit sha1_base64="ayP5B8FArjllzopLb5MNLKuXP10="></latexit><latexit sha1_base64="ayP5B8FArjllzopLb5MNLKuXP10="></latexit><latexit sha1_base64="ayP5B8FArjllzopLb5MNLKuXP10="></latexit><latexit sha1_base64="9GFBf+IjRJYf9w9jHdWAg8RrL0o="></latexit>

where



Transition amplitude

W (x, x0) = hx0|P̂ |xi
<latexit sha1_base64="+r5gEOQat59u8jQIe295YEFhOV0="></latexit><latexit sha1_base64="+r5gEOQat59u8jQIe295YEFhOV0="></latexit><latexit sha1_base64="+r5gEOQat59u8jQIe295YEFhOV0="></latexit><latexit sha1_base64="zan6bvJeZ3vjSbEOaluY72PPgqE="></latexit>

P̂ = �(Ĉ) = lim
T!1

1

2T

Z T

�T
d⌧ei⌧Ĉ

<latexit sha1_base64="ApHh7qiOH85abXsGJu/SvPz8aMY="></latexit><latexit sha1_base64="ApHh7qiOH85abXsGJu/SvPz8aMY="></latexit><latexit sha1_base64="ApHh7qiOH85abXsGJu/SvPz8aMY="></latexit><latexit sha1_base64="tyjgjSwgIGexaYuMU9v09TZOsMw="></latexit>

Ĉ| i = 0
<latexit sha1_base64="w9fbT5UfFINJYWTqLXi7h1Pb5Lg="></latexit><latexit sha1_base64="w9fbT5UfFINJYWTqLXi7h1Pb5Lg="></latexit><latexit sha1_base64="w9fbT5UfFINJYWTqLXi7h1Pb5Lg="></latexit><latexit sha1_base64="zPzoHE6okzNgGWWexkMvci5WKfg="></latexit>

In both classical and quantum gravity physical states (physical solutions) are obtained 
by solving the constraints. The physical states belong to the kernel of the constraints:

| i 2 Hphys ⇢ Hkin
<latexit sha1_base64="HaPRHHItzyV2Gx+G1Y13pu8KHfk="></latexit><latexit sha1_base64="HaPRHHItzyV2Gx+G1Y13pu8KHfk="></latexit><latexit sha1_base64="HaPRHHItzyV2Gx+G1Y13pu8KHfk="></latexit><latexit sha1_base64="KJA2xnWcrFoDtuwEO39AFFMr/f4="></latexit>

such that

Therefore, transition amplitude between some boundary states is

where the projection operator 



Rovelli & Vidotto, 2015 Keren Li, et al., arXiv: 1712.08711   

Spin Foams



Vertex amplitude

i1
<latexit sha1_base64="lfiqI4AHE7DzmKNQsiY5BJteS5U="></latexit><latexit sha1_base64="lfiqI4AHE7DzmKNQsiY5BJteS5U="></latexit><latexit sha1_base64="lfiqI4AHE7DzmKNQsiY5BJteS5U="></latexit><latexit sha1_base64="GH4kD0Cfr8liYkSf+77Tbt1EDHU="></latexit>

i2
<latexit sha1_base64="dcPorU0wVsNT8oyQXvaAKO8r51w="></latexit><latexit sha1_base64="dcPorU0wVsNT8oyQXvaAKO8r51w="></latexit><latexit sha1_base64="dcPorU0wVsNT8oyQXvaAKO8r51w="></latexit><latexit sha1_base64="6FCr5zEgrPkp9vK4sjpP5/pWexQ="></latexit>

i3
<latexit sha1_base64="9zK51h9LlWAC8YrDWnx1j9TUn8A="></latexit><latexit sha1_base64="9zK51h9LlWAC8YrDWnx1j9TUn8A="></latexit><latexit sha1_base64="9zK51h9LlWAC8YrDWnx1j9TUn8A="></latexit><latexit sha1_base64="pq+m5llKS7GE7Z6MuT/259f+f3Y="></latexit>

i5
<latexit sha1_base64="KABVEzJHtZp4FdxhlHgkm6ZT/gg="></latexit><latexit sha1_base64="KABVEzJHtZp4FdxhlHgkm6ZT/gg="></latexit><latexit sha1_base64="KABVEzJHtZp4FdxhlHgkm6ZT/gg="></latexit><latexit sha1_base64="sCufdiBnG2cyaE6D8p6ysUCtGuo="></latexit>

i4
<latexit sha1_base64="6GTKqxpg0OQpzl5saz3rc7eCYLM="></latexit><latexit sha1_base64="6GTKqxpg0OQpzl5saz3rc7eCYLM="></latexit><latexit sha1_base64="6GTKqxpg0OQpzl5saz3rc7eCYLM="></latexit><latexit sha1_base64="7PxE8ra+8BF1Wb41aqGm6J1WQqk="></latexit>

„Quantum of spacetime”

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

1/2
<latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="EpqkS2h+QfgZ0Tv5nhxLx9krbek="></latexit><latexit sha1_base64="dsT4F/VoSq6TFfucvVZiJ9ipCkE="></latexit>

| 1i =
5O

n=1

|ini
<latexit sha1_base64="jpHcqtB5Hh3aYEuoMWK6hBRTpdY="></latexit><latexit sha1_base64="jpHcqtB5Hh3aYEuoMWK6hBRTpdY="></latexit><latexit sha1_base64="jpHcqtB5Hh3aYEuoMWK6hBRTpdY="></latexit><latexit sha1_base64="xHaifib8PgTWc12XOgoCW5tMiPU="></latexit>

| 2i =
10O

l=1

|✏li
<latexit sha1_base64="gacUpDpMp+3LDa3Bt6T6Cyz3YS8="></latexit><latexit sha1_base64="gacUpDpMp+3LDa3Bt6T6Cyz3YS8="></latexit><latexit sha1_base64="gacUpDpMp+3LDa3Bt6T6Cyz3YS8="></latexit><latexit sha1_base64="YzuACbURXQeeHtcxPfiwMmxlTUM="></latexit>

Spin network state:

Representation:

|✏li =
1p
2
(| "#i � | #")

<latexit sha1_base64="8YPqK9wfR6Jv1DmrJIV5gfeaoJw="></latexit><latexit sha1_base64="8YPqK9wfR6Jv1DmrJIV5gfeaoJw="></latexit><latexit sha1_base64="8YPqK9wfR6Jv1DmrJIV5gfeaoJw="></latexit><latexit sha1_base64="CB5hxgA3bZVXUXXyVEjf8ilMsQQ="></latexit>

- boundary state of a single vertex

h 2| 1i = A(i1, i2, i3, i4, i5)
<latexit sha1_base64="vZ5HC8JUNDvWuZUHGukpjJY7cv8="></latexit><latexit sha1_base64="vZ5HC8JUNDvWuZUHGukpjJY7cv8="></latexit><latexit sha1_base64="vZ5HC8JUNDvWuZUHGukpjJY7cv8="></latexit><latexit sha1_base64="jmAV6JWoX8OnpmEbgpowrG2/tLw="></latexit>

Vertex amplitude:

see: Keren Li, et al., arXiv: 1712.08711   But, we have to identify the states which 
satisfy the constraint             first… C ⇡ 0

<latexit sha1_base64="GDGseDEDeS1zq5a1e9TpY/vI28k="></latexit><latexit sha1_base64="GDGseDEDeS1zq5a1e9TpY/vI28k="></latexit><latexit sha1_base64="GDGseDEDeS1zq5a1e9TpY/vI28k="></latexit><latexit sha1_base64="TcPeeSrZCQ6nKnO5i5NkbhPo9SQ="></latexit>

Can be computed with the use of  quantum computer (in progress).

(Bell state)



|h 2| 1i|2
<latexit sha1_base64="fsUpRP4I2TfLPP+cB/9SsliJGkc="></latexit><latexit sha1_base64="fsUpRP4I2TfLPP+cB/9SsliJGkc="></latexit><latexit sha1_base64="fsUpRP4I2TfLPP+cB/9SsliJGkc="></latexit><latexit sha1_base64="s1ZiAGqreqmAmvMd9nzttCp9/U4="></latexit>

How to compute on quantum computer?

For N nodes of the spin network we need 4N qubits (20 qubits for the vertex amplitude).  

The Hilbert space is spanned by           base states24N
<latexit sha1_base64="m/y0oGtD83V6vQEG/8kgyAxTCs4="></latexit><latexit sha1_base64="m/y0oGtD83V6vQEG/8kgyAxTCs4="></latexit><latexit sha1_base64="m/y0oGtD83V6vQEG/8kgyAxTCs4="></latexit><latexit sha1_base64="mv+IN7ZBouFq13Um/wCI14LNXAU="></latexit> |ii

<latexit sha1_base64="IxjyaDOb75yXFEFjwK5Kxe7Xiz4="></latexit><latexit sha1_base64="IxjyaDOb75yXFEFjwK5Kxe7Xiz4="></latexit><latexit sha1_base64="IxjyaDOb75yXFEFjwK5Kxe7Xiz4="></latexit><latexit sha1_base64="B+XLZUSY6u+6lvljNxYsWHbuDyk="></latexit>

where i 2
�
0, 24N � 1

 
<latexit sha1_base64="c/E7bTni4MohxcbZtY0UuMgVTbY="></latexit><latexit sha1_base64="c/E7bTni4MohxcbZtY0UuMgVTbY="></latexit><latexit sha1_base64="c/E7bTni4MohxcbZtY0UuMgVTbY="></latexit><latexit sha1_base64="0MH4+0uZtDns5dq+uCGg0VuiceM="></latexit>

The initial state for quantum algorithm:

We have to find       and        such that: Û1
<latexit sha1_base64="Tg+LuVxl7yCgmthJzHRehWoypBQ="></latexit><latexit sha1_base64="Tg+LuVxl7yCgmthJzHRehWoypBQ="></latexit><latexit sha1_base64="Tg+LuVxl7yCgmthJzHRehWoypBQ="></latexit><latexit sha1_base64="sTmjJ2BPSdSvuYYk0O8IU/XRrx8="></latexit>

Û2
<latexit sha1_base64="Kj4Ev4tb7T3tdPsyCAcz8I5Qt7c="></latexit><latexit sha1_base64="Kj4Ev4tb7T3tdPsyCAcz8I5Qt7c="></latexit><latexit sha1_base64="Kj4Ev4tb7T3tdPsyCAcz8I5Qt7c="></latexit><latexit sha1_base64="iMjhqBHC007fgpwLjSfz5n4kzX4="></latexit>

| 2i = Û2|0i
<latexit sha1_base64="vsoNT/l9aUP1Ql9U16Mj4l9Oi14="></latexit><latexit sha1_base64="vsoNT/l9aUP1Ql9U16Mj4l9Oi14="></latexit><latexit sha1_base64="vsoNT/l9aUP1Ql9U16Mj4l9Oi14="></latexit><latexit sha1_base64="G4CTk9rGwMXEDEi+e01i/krN0D0="></latexit>

| 1i = Û1|0i
<latexit sha1_base64="3vfhocPNmtdb+Ayss/1ZB1W3bf8="></latexit><latexit sha1_base64="3vfhocPNmtdb+Ayss/1ZB1W3bf8="></latexit><latexit sha1_base64="3vfhocPNmtdb+Ayss/1ZB1W3bf8="></latexit><latexit sha1_base64="OxC6pMdJs7I6Bx3ZGqLg4Yyklc0="></latexit>

and

Our quantum algorithm is defined by 
the unitary operator (quantum circuit):

Û = Û †
2U1

<latexit sha1_base64="MXGxx9+0iVqySe/jKEy94JkjHnw="></latexit><latexit sha1_base64="MXGxx9+0iVqySe/jKEy94JkjHnw="></latexit><latexit sha1_base64="MXGxx9+0iVqySe/jKEy94JkjHnw="></latexit><latexit sha1_base64="KVgMrRKEjGtSbzlHyAl+vkH/lq4="></latexit>

such that

… …Û = Û †
2U1

<latexit sha1_base64="MXGxx9+0iVqySe/jKEy94JkjHnw="></latexit><latexit sha1_base64="MXGxx9+0iVqySe/jKEy94JkjHnw="></latexit><latexit sha1_base64="MXGxx9+0iVqySe/jKEy94JkjHnw="></latexit><latexit sha1_base64="KVgMrRKEjGtSbzlHyAl+vkH/lq4="></latexit>

|0i
<latexit sha1_base64="FL1ldUm5msesvnxxrFeFnlt2AH4="></latexit><latexit sha1_base64="FL1ldUm5msesvnxxrFeFnlt2AH4="></latexit><latexit sha1_base64="FL1ldUm5msesvnxxrFeFnlt2AH4="></latexit><latexit sha1_base64="F+4HQ6Dr1GAG3LRyn2dPdkSDqak="></latexit>

We measure: P (0) = |a0|2
<latexit sha1_base64="PF/3lZqyHB2yiXv5eDbMthix7tE="></latexit><latexit sha1_base64="PF/3lZqyHB2yiXv5eDbMthix7tE="></latexit><latexit sha1_base64="PF/3lZqyHB2yiXv5eDbMthix7tE="></latexit><latexit sha1_base64="qKDfr/FM2kawzXq3OIT1frcX0EE="></latexit>

a0 = h0|Û |0i = h 2| 1i
<latexit sha1_base64="HUFSo9M45onouFj/eu+ZomUBpTc="></latexit><latexit sha1_base64="HUFSo9M45onouFj/eu+ZomUBpTc="></latexit><latexit sha1_base64="HUFSo9M45onouFj/eu+ZomUBpTc="></latexit><latexit sha1_base64="6CA1xZNdkgjb370u6Q8IYxtCBtQ="></latexit>

where

|0i = | "i ⌦ · · ·⌦ | "i| {z }
4N

<latexit sha1_base64="MFNfR52ElxihH0KkGie5ef3lAhA="></latexit><latexit sha1_base64="MFNfR52ElxihH0KkGie5ef3lAhA="></latexit><latexit sha1_base64="MFNfR52ElxihH0KkGie5ef3lAhA="></latexit><latexit sha1_base64="p65XN8RTGmmghVxsqtttBKAWAcE="></latexit>

Û |0i =
24N�1X

i=0

ai|ii
<latexit sha1_base64="rbbGi1fwp1VsnMkPdt3/okPX04Q="></latexit><latexit sha1_base64="rbbGi1fwp1VsnMkPdt3/okPX04Q="></latexit><latexit sha1_base64="rbbGi1fwp1VsnMkPdt3/okPX04Q="></latexit><latexit sha1_base64="MJ5HsTVtzmK/y15wWAm/aV+ZJ7s="></latexit>



Solving the constraint with the 
Adiabatic Quantum Computer

The adiabatic quantum computers are designed to solve a specific 
problem of finding minimum of a Hamiltonian     of a coupled system 
of qubits (spins). In the process of finding the minimum of       one 
employs a time dependent Hamiltonian in the form: 

where        is the so-called base Hamiltonian characterized by a simple 
and easy to prepare ground state. In practice, the base Hamiltonian is 
often equal 

 

such that the ground state corresponds to the alignment of spins in the x 
direction. Then, the value of    is changed adiabatically from 
to           , such that while the system is initially in non-degenerate  ground 
state it will remind in the ground state during the process. 

HI
<latexit sha1_base64="JOADAC7E4cg7sft61l2F1aIQIRw="></latexit><latexit sha1_base64="JOADAC7E4cg7sft61l2F1aIQIRw="></latexit><latexit sha1_base64="JOADAC7E4cg7sft61l2F1aIQIRw="></latexit><latexit sha1_base64="l+v9s2xWuR6pqiPZHXkd6JHMeeY="></latexit>

HI
<latexit sha1_base64="JOADAC7E4cg7sft61l2F1aIQIRw="></latexit><latexit sha1_base64="JOADAC7E4cg7sft61l2F1aIQIRw="></latexit><latexit sha1_base64="JOADAC7E4cg7sft61l2F1aIQIRw="></latexit><latexit sha1_base64="l+v9s2xWuR6pqiPZHXkd6JHMeeY="></latexit>

H(�) = (1� �)HB + �HI
<latexit sha1_base64="Plrabj4frmfH/84PRTEohXloxmc="></latexit><latexit sha1_base64="Plrabj4frmfH/84PRTEohXloxmc="></latexit><latexit sha1_base64="Plrabj4frmfH/84PRTEohXloxmc="></latexit><latexit sha1_base64="RCidrVARvYSZyRf514E6RwvDcM0="></latexit>

HB
<latexit sha1_base64="+wjAH0fvdAZFAkC9kw4sRz9ml5c="></latexit><latexit sha1_base64="+wjAH0fvdAZFAkC9kw4sRz9ml5c="></latexit><latexit sha1_base64="+wjAH0fvdAZFAkC9kw4sRz9ml5c="></latexit><latexit sha1_base64="LgDgx+CNgJeB5cos/fUWh1g7wCQ="></latexit>

HB =
X

I

�
x
i

<latexit sha1_base64="h6mebCZaSi2Rso7zCvrRWcxOpZ4="></latexit><latexit sha1_base64="h6mebCZaSi2Rso7zCvrRWcxOpZ4="></latexit><latexit sha1_base64="h6mebCZaSi2Rso7zCvrRWcxOpZ4="></latexit><latexit sha1_base64="R0xQdOYru8UfG20N5mgpSDoBDe4="></latexit>

�
<latexit sha1_base64="2cAdx3UPWQ/ODBODgqy7RTO5Zeo="></latexit><latexit sha1_base64="2cAdx3UPWQ/ODBODgqy7RTO5Zeo="></latexit><latexit sha1_base64="2cAdx3UPWQ/ODBODgqy7RTO5Zeo="></latexit><latexit sha1_base64="a6JIQeWIF2izSTBM1inS81JOMJc="></latexit> � = 0

<latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="0mPZDAu7nlG3tq9Uw/hFIP8tSSU="></latexit><latexit sha1_base64="0mPZDAu7nlG3tq9Uw/hFIP8tSSU="></latexit><latexit sha1_base64="ljfLoj5hEaDv2YR17VD1rjUSt10="></latexit><latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="VgQTEJ9SfjSQpS8GWCz2oPqUi30="></latexit><latexit sha1_base64="UbfqJIp68SVVU1XZpMCBSR9danw="></latexit>
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time



Let us observe that, the problem finding solution to the constraint:

C ⇡ 0
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can be mapped into the problem of finding minimum of the Hamiltonian:

HI / C
2
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In such case the Hamiltonian is bounded from below and at the ground state 
the constrain is satisfied.

In physical implementations the most considered form of the base 
Hamiltonian corresponds to the Ising problem:

HI =
X

<i,j>

bij�
z
i �

z
i +

X

i

hi�
z
i
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bij
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and are couplers.  NP-hard problem in general.



=

Quantum processor (16x16 blocks)

Cryogenic system Adiabatic quantum computer

A single block (8 qubits) Chimera graph

Spin networks 

=

Spin networks on adiabatic quantum computer,  JM, arXiv:1801.06017 



Chimera graph

Elementary 8-qubit block of the quantum chip.

D-Wave 2000 - a matrix 16x16=256 of 8-qubit blocks (2048 qubits in total).



Regular lattice spin network



Pentagram spin network 

C =
NX

i=1

si � c ⇡ 0
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H =
C

2 �N � c
2

2
=

NX

<i,j>

sisj + h

NX

i=1

si
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h := �c
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Physical implementation of the spin network: 

Prototype constraint: 

where

N = 5
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Energy landscape

dim �kin = 25 = 32
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Dimension of the kinematical space:

Dimension of the physical space: dim �phys =

✓
5

5�1
2

◆
= 10
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The ground states of      are the physical states of the theory with   H
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Outlook

128-qubit

New architectures to be explored. Simulations of mesoscopic Planck scale systems 
on adiabatic quantum computers. 

Evaluation of the vertex amplitudes
utilizing quantum algorithms. Extraction of physical states adopting

Quantum Phase Estimation Algorithm 
to the projection operator. 

Simulating gravity using gauge/gravity duality. 

Application to spin foam cosmology.

Analysis of quantum states of BH horizons.

A lot can be done using available 
simulators of quantum computers.

More general spin networks.


