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MEANING

Non - classical correlations
across subsystems

FREE OPERATIONS

Local Operations and Classical 
communications

EXPERIMENTALLY MEASURABLE QUANTITY

Subsystem purity
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R. Horodecki , et al. "Quantum entanglement." Reviews of modern physics 81.2 (2009): 865 - 942.
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What Is ENTANGLEMENT USEFUL For?

And many more

� Quantum phases

Vidal et al., PRL 90, 227902 (2003);
Kitaev  & Preskill , PRL 96, 110404 (2006); 
wĞǀŝŶeΘetĞŶ͕eWZweϵϲ͕eϭϭϬϰϬϱe;ϮϬϬϲͿ͙

� Quantum computation

Jozsa & Linden, Proc. R. Soc. A 459, 2011 (2003); 
sŝĚĂů͕eWZweϵϭ͕eϭϰϳϵϬϮe;ϮϬϬϯͿ͙

� Thermalization

Calabrese & Cardy, J. Stat. Mech. P04010 (2005); 
WĂŐĞ͕eWZweϳϭ͕eϭϮϵϭe;ϭϵϵϯͿ͙

� Quantum gravity

Ryu & Takayanagi, PRL 96, 181602 (2006); 
Pastawski , Yoshida, Harlow & Preskill ͕eϮϬϭϱ;ϲͿ͕eϭϰϵe;ϮϬϭϱͿ͙͘



Is Entanglement
Enough?

Theorem : A quantum circuit using only the 
following elements can be simulated efficiently 
on a classical computer:
� Preparation of qubits in computational - basis 

states, e.g. ȁ ۧͲͲͲͲǥͲ
� Clifford gates, i.e. 𝑛 𝑇 𝑛ற ൌ 𝑇ǯ

� Measurements in the computational basis

Aaronson, S., & Gottesman, D. (2004). Improved simulation of stabilizer circuits. Physical Review A, 70(5), 052328.



FREE OPERATIONS

Stabilizer operations

EXPERIMENTALLY MEASURABLE QUANTITY

Stabilizer purity

Quantum Resources For quantum computing 
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What does magic tell us about?

And many more

� Quantum phases

Liu & Winter, PRX Quantum 3, 020333 (2022); 
Hoshino, Oshikawa  & Ashida, PRX 16, 011037 (2026); 
Hoshino & Ashida, PRL 136, 080402 (2026);
�ŚĂŶŐ͕eXŝŵ͕e5ĂŽ͕eΘesŝũĂǇe;ϮϬϮϲͿeĂƌyŝǀ͗ϮϲϬϱ͘ϭϱϭϱϬ͙͘

� Quantum computation

Lami, Haug & De Nardis, PRX Quantum 6, 010345 (2025); 
YŝĂŶ͕e”ƵĂŶŐeΘeYŝŶ͕eWZweϭϯϯ͕eϭϵϬϰϬϮe;ϮϬϮϰͿ͙

� Thermalization

Leone, Oliviero, Zhou & Hamma, Quantum 5, 453 (2021); 
Dowling, Kos & Turkeshi ͕eWZweϭϯϱ͕eϬϱϬϰϬϭe;ϮϬϮϱͿ͙

� Quantum gravity

Cao et al., PRX Quantum 6, 040375 (2025);
Cao et al. (2026), arXiv:2603.13475; 
5ŝƐǁĂƐeĞƚeĂů͘e;ϮϬϮϲͿ͕eĂƌyŝǀ͗ϮϲϬϳ͘ϭϮϬϰϳ͙



Non- stabilizerness
Stabilizer/Little Group: 

Lம ൌ ሼ𝑴 א L ȁ 𝑴 ڄ Ԅ ൌ Ԅሽ ؿ L

Pure stabilizer states

𝑇2|𝑚, ൌ ሼȁԄۧۦԄȁ ൌ
ͳ

ȁLமȁ
෍
୔אୋದ

𝑇 ȁLம ؿ Զ୐ሽ

ൌ ෍ ሼ𝑛ȁͲ۪ۧ୐ȁ 𝑛 ؿ ঝሽ

Pauli Group:
Զ୐ ൌ ሼേͳǡേ 𝟏ሽ ൈሼॴǡ Cǡ Pǡ †ሽٔ୐

Clifford Group:
ঝ ൌ ሼ 𝑛 ؿ ۧሺ𝑖ሻǡ 𝑇ǡ 𝑇ǯ ؿ Զ୐ȁ 𝑛𝑇𝑛ற ൌ 𝑇ǯሽ
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� FAITHFULNESS ఈሺܯ ۧȁɗ ሻ ൌ Ͳ ฻ ۧȁɗ א 𝑇2|𝑚,, 
otherwise ఈሺܯ ۧȁɗ ሻ ൐ Ͳ

� STABILITY ఈሺܯ ۧ𝑛ȁɗ ሻ ൌ ఈሺܯ ۧȁɗ ሻ with 𝑛 Clifford 
operations

� ADDITIVITY ఈሺܯ ۧȁɗ ۪ ۧȁ߶ ሻ ൌ ఈሺܯ ۧȁɗ ሻ ൅ܯఈሺ ۧȁ߶ ሻ

Leone, L., Oliviero, S. F., & Hamma, A. (2022). Stabiliser  ZĠŶǇŝeĞŶƚƌŽƉǇ͘eWŚǇƐŝĐĂůeZĞǀŝĞǁewĞƚƚĞƌƐ͕eϭϮϴ;ϱͿ͕eϬϱϬϰϬϮ͘

Leone, L., & Bittel, L. (2024). Stabilizer entropies are monotones for magic - state resource theory. Physical Review A, 110(4), L 040403.
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Interplay between magic and entanglement

Entanglement makes room for magic:

The separable state with maximal magic on a single 
qubit is much less resourceful than its average

𝜓 L۪୐ ا ॱሾ𝜓 ۧȁ߰ ]
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+

The amount of magic  that is left in the 
correlations * of the system

C. ChunJun , G. Cheng, A. Hamma, L. Leone, W. Munizzi , and S. FE Oliviero. "Gravitational backreaction is magical." PRX Quantum 6, no. 4 (2025): 040375
Ύeh͘etĞŝ͕eZ͘etĂŶŐ͕ez͘e�ŚĂŶŐ͕e”͘ewŝ͕ec͘ewŝ͕ec͕͘eh͘ezĂŶ͕eΘe�͘et͘ewŝƵe;ϮϬϮϲͿ͘e͞gŶƚŝƌĞůǇeŶŽŶůŽĐĂůeƋƵĂŶƚƵŵeŵĂŐŝĐeǁŝƚŚŽƵƚeĞŶƚĂŶŐůĞŵ ent ͘͟ arXiv  :2608.25950
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Bengtsson and K. Zyczkowski , Geometry of Quantum States: An Introduction to Quantum Entanglement. Cambridge University Press, 2006. 
Iannotti, D., Esposito, G., Venuti, L. C., & Hamma, A. (2025). Entanglement and stabilizer entropies of random bipartite pure  qu antum states. Quantum, 9, 1797. 

Roman, A.,et  al. (2026). The Pareto Frontiers of Magic and Entanglement: The Case of Two Qubits. arXiv:2603.24902. 

2- qubit example

Averaged magic 
over the Schmidt orbit

qŽŶͲůŽĐĂůeŵĂŐŝĐ
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Non- local magic & Free fermions 

Daniele Iannotti, B. Magni, R. Cioli , A. Hamma and X. Turkeshi  ͟eqŽŶůŽĐĂůeŵĂŐŝĐeƌĞƐŽƵƌĐĞƐeŽĨeĨĞƌŵŝŽŶŝĐeSĂƵƐƐŝĂŶeƐƚĂƚĞƐ͟eĂƌyŝǀ͗ϮϲϬϰ͘ϮϳϬϰϵ

Free Fermionic 
Hamiltonian systems

Fermionic Gaussian state

For fermionic Gaussian states one have that

ଶܯ 
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with ॠଶ ݔ ൌ െ +𝛽𝑴 ͳ െ ݔ ൅ ଶݔ and ࢏ࣅ are the positive 

eigenvalues  of the reduced covariance matrix Ȟ஺
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M. Collura, 5͘e5Ġƌŝ͕ E. Tirrito ͟eNonlocal nonstabilizerness  in free fermion models ͟earXiv: 2604.27055
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Majorana operators Covariance matrix



ۧȁ ߰௥௕ ൌໆ
௝ୀଵ

κ
ͳ
ʹ
ሺ ൿȁͲ௝ Ͳ ҧ఩ ൅ ൿȁͳ௝ ͳ ҧ఩ ሻ

Note: 

Ground state of a free - fermion hopping Hamiltonian with 
suitable long - range pairing

Instructive Example

Maximal entanglement entropy 
ܵሺ ۧȁ ߰௥௕ ሻ ൌ ෍κ  bits

Yet a stabilizer state

Only introducing magic non-locally between the 
partitions will result in non-trivial complex states



Daniele Iannotti. , B. Magni, R. Cioli , A. Hamma and X. Turkeshi  ͟eqŽŶůŽĐĂůeŵĂŐŝĐeƌĞƐŽƵƌĐĞƐeŽĨeĨĞƌŵŝŽŶŝĐeSĂƵƐƐŝĂŶeƐƚĂƚĞƐ͟eĂƌyŝǀ͗ϮϲϬϰ͘ϮϳϬϰϵ

Equilibrium Out- OF- equilibrium
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Non - local magic 
spreads through 
ballistic propagation 
of entangled 
quasiparticle pairs 
created by the 
quench
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Fermionic Random
Gaussian States

Random 
Circuits

Daniele Iannotti. , B. Magni, R. Cioli , A. Hamma and X. Turkeshi  ͟eqŽŶůŽĐĂůeŵĂŐŝĐeƌĞƐŽƵƌĐĞƐeŽĨeĨĞƌŵŝŽŶŝĐeSĂƵƐƐŝĂŶeƐƚĂƚĞƐ͟eĂƌyŝǀ͗ϮϲϬϰ͘ϮϳϬϰϵ



Higher dimensional systems

Magni, B ., Iannotti, D .͕eΘedƌĂǀĂŐůŝŶŽ͕eZ͘e͞gŶƚĂŶŐůĞŵĞŶƚeƐƉĞĐƚƌƵŵeĂŶĚeŵĂŐŝĐeŝŶeŚŝŐŚĞƌ - ĚŝŵĞŶƐŝŽŶĂůeĨƌĞĞeĨĞƌŵŝŽŶŝĐeƐǇƐƚĞŵƐ͘͟eĂƌyŝǀ͗ϮϲϬϵ͘ϯϲϬϬϴ͘



Magni, B ., Iannotti, D ., & Travaglino, R. ͞Entanglement spectrum and magic in higher - dimensional free fermionic systems ͟. arXiv: 2609.36008 .

Equilibrium
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Kitaev  model
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Magni, B ., mĂŶŶŽƚƚŝ͕ea͕͘eΘedƌĂǀĂŐůŝŶŽ͕eZ͘e͞gŶƚĂŶŐůĞŵĞŶƚeƐƉĞĐƚƌƵŵeĂŶĚeŵĂŐŝĐeŝŶeŚŝŐŚĞƌ - ĚŝŵĞŶƐŝŽŶĂůeĨƌĞĞeĨĞƌŵŝŽŶŝĐeƐǇƐƚĞŵƐ͘͟eĂƌyŝǀ͗ϮϲϬϵ͘ϯϲϬϬϴ͘

Lamma, E., Bauer, T., Dalmonte , M., & Collura, M. (2026). Magic of Kitaev  spin liquids. arXiv preprint arXiv:2608.25929. Kitaev , A. (2006).

…𝒋𝑭≃ 𝑿𝑆tt𝑭𝑻 𝜋𝛽 𝑰𝑭d𝑿𝟏𝛽≃k 𝟏k 𝑭0v𝟏k𝑆+𝑭≃𝜋 𝜋𝛽 𝑆 𝑰d𝑭𝑭 2𝑭d𝑿𝟏𝛽≃k ĐŽƵƉůĞĚ ƚŽ Ă ƐƚĂƚŝĐ Ժଶ SĂƵŐĞ ĨŝĞůĚ

2ሺ𝑚ሻ ൌ |dሾߩ୅𝑙୅ሿ ൌ 2୊ሺ𝑚ሻ ൅ 2ୋሺ𝑚ሻ
Topological 
entanglement 
entropy



Note: 

The reduced density matrix , ࣋୅ ൌ
ॴ
ଶ

, has a flat spectrum

Antiflatness
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Jasser, B., Iannotti, D., & Hamma, A. (2026). A journey through Flatland: What does the antiflatness  of a spectrum teach us?. arXiv:2605.21664.



Gravitational backreaction and Magic

Cao C , G. Cheng, A. Hamma, L. Leone, W. Munizzi , and S. FE Oliviero. "Gravitational backreaction is magical." PRX Quantum 6, no. 4 (2025): 040375  
Cao, C., Cheng, G., Karthikeyan, K., Li, C., & Preskill , J. (2026). State - dependent geometries from magic - enriched quantum codes. arXiv preprint arXiv:2603.13475.  

Biswas, D., et al. (2026). Observation of gravity - like signatures in holographic codes on a quantum computer. arXiv preprint arX iv:2607.12047.

Gravitational backreaction:

The susceptibility of a backreacted surface area ऋ 
with respect to the insertion of a cosmic brane with 
tension ञ ࣔऋ

ࣔञ
ൌ െ ሻ࡭ሺࡱ࡯

ࣧ୒୐ ሺ ۧȁɗ ሻ ൌ 𝑿𝟏≃
୙ఽٔ୙ా

𝜓ሺۧ୅ ٔ ۧ୆ ۧȁɗ ሻ

and is connected to the non - local magic of the state

HaPPY code

CLiCK - P code

CLiCK - P = C ao ʹ  Li  ʹ  C heng ʹ  K arthikeyan ʹ  P reskill  = C urvature - Li ke  C onstruction  with K ick - responsive P roto - area

and its extension to the multipartite case 

ࣧ୬ି୒୐ ሺ ۧȁɗ ሻ ൌ 𝑿𝟏≃
۪౟୙౟

𝜓ሺ۪୧ۧ୧ ۧȁɗ ሻ
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