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Quantum Information and Quantum Computation

Study of the information processing tasks that can be
accomplished using quantum mechanical systems.

° capable of simulating quantum
systems (Feynmann 1982).
o can solve some problems more

efficiently than their classical counterpart (Deutsh 1985,
Shor 1994, Grover 1997).
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Quantum Information and Quantum Computation

Study of the information processing tasks that can be
accomplished using quantum mechanical systems.

° capable of simulating quantum
systems (Feynmann 1982).
o can solve some problems more

efficiently than their classical counterpart (Deutsh 1985,
Shor 1994, Grover 1997).

o New forms of > quantum
teleportation, quantum cryptography.
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Quantum correlations that don’t have a

classical analog.

The identification and quantification of these
non-classical correlations is a problem far from
being closed.
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(a.k.a. Spooky action at a distance)

Fundamental resource in Quantum Information and Quantum
Computation.

Quantum correlations that don’t have a
classical analog.

of these
non-classical correlations is a problem far from
being closed.
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the ground state (GS) is typically
entangled .

With pairwise entanglement’s range similar to that of the interactions .

When spin systems are immersed in finite magnetic fields , the GS still
remains an entangled state .

If we want a separable GS (initialization ): “turn off” the interaction or apply
strong magnetic fields (k, >> J/5, ):
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the spins align with the magnetic fields.
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Factorizing Field

Is it possible to have a separable GS in the presence of
spin interactions and finite magnetic fields? = YES!!
Factorizing Field
Specific values and orientation of the field at which:
@ The GS is completely separable
o In its vicinity the pairwise entanglement reaches full range
o Analytical results can be determined for the GS
@ Quantum critical point

Factorizing field = the mean field I R LT S
solution becomes EXACT . o S S S =7
(250 0] S

A s o
Factorized states can be used as %;%{’”;’%’A’
initial states for quantum information protocols .



A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co.

Received 12 October 1981
ANTIFERROMAGNETIC LONG-RANGE ORDER

IN THE ANISOTROPIC QUANTUM SPIN CHAIN
Josef KURMANN and Harry THOMAS
Institut Fiir Physik, Universitit Basel, CH-4056 Basel, Switzerland
and '
Gerhard MULLER

Department of Physics, University of Rhode Island, Kingston, R.I. 02881, USA



A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co

Received 12 October 1981
ANTIFERROMAGNETIC LONG-RANGE ORDER

IN THE ANISOTROPIC QUANTUM SPIN CHAIN
VOLUME 93, NUMBER 16 PHYSICAL REVIEW LETTERS

weck cading A
15 GCTOBER 5004
asel, Switzerland
Studying Quantum Spin Sy through i

Tommaso Roscilde,' Paola Verrucchi,” Andrea Fubini, > Stephan Haas,' and Valerio Tognetti™**
"Department of Physics and Astronouny, Universiy of Southers: California, Los Angeles. California 90089-0454, Usa 3810, R.I. 02881, USA
2lstinuto Nazionale per la Fisica della Mareria, UdR Firenze Via G. Sansone 1, 1-50019 Sesta Fno (FI), Iraly
*Dipartimento di Fisica dell"Universita di Firenze, Via G. Sansone 1, 1-50019 Sesto Eno (F1), Italy
*Istitute Nazionale di Fisica Nucleare, Sezione di Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (FI), lraly
(Received 26 April 2004; published 14 Octaber 2004)



A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co. Received 12 October 1981
ANTIFERROMAGNETIC LONG-RANGE ORDER
IN THE ANISOTROPIC QUANTUM SPIN CHAIN

week ending
PHYSICAL REVIEW LETTERS JSOCTDBER§UH4

VOLUME 93, NUMEBER 16 N
asel, Switzerland
‘

Studying Quantum Spin Sy through
Tommaso Roscilde," Paola Verrucchi.® Andrea Fubini,** St pRL 94, 147208 (2005) PHYSICAL REVIEW LETTERS 13 SR s
'Department of Physics and Astronoity, University of Southerst Califor
*Jsrituto Nazionale per la Fisica della Mareria, UdR Firenze, Via ¢
*Dipartimento di Fisica dell Universita di Firenze, Via G. S Entanglement and Factorized Ground States in Two-Di ional Q Antifer
“Ustituio Nazionale di Fisica Nucleare, Sezione di Firenze, Via G.
(Received 26 April 2004; published 14 Tommaso Roscilde,' Paola Verrucchi,>* Andrea Fubini,*® Stephan Haas,' and Valerio Tognetti®**
"Department of Physics and Astronomy, University of Southern California, Los Angeles, CA 90089-0484, USA
%Ustituto Nazionale per la Fisica della Materia, UdR Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (F1), Italy
*Istituto Sistemi Complessi - C.N.R., Sez. di Firenze, via Madonna del Piano, 1-50019 Sesto Fno (Fl), ltaly
*Dipartimento di Fisica dell Universita di Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (FI), ltaly
Slstituto Nazionale di Fisica Nucleare, Sez. di Firenze, Via G. Sansone 1, 150019 Sesto Fno (FI), Iraly
MATIS-INFM & DMFCI, Universita di Catania, Ve A. Doria 6, 1-95125 Catania, ltaly
(Received 20 December 2004; published 15 April 2005)




A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co. Received 12 October 1981
ANTIFERROMAGNETIC LONG-RANGE ORDER
IN THE ANISOTROPIC QUANTUM SPIN CHAIN

week ending
PHYSICAL REVIEW LETTERS JSOCTDBER%M

VOLUME 93, NUMEBER 16 N
asel, Switzerland
‘

Studying Quantum Spin Sy through

Tommaso Roscilde," Paola Verrucchi.® Andrea Fubini,** St pRL 94, 147208 (2005) PHYSICAL REVIEW LETTERS 13 SR s
'Department of Physics and Astronoity, University of Southerst Califor
2Istituio Nazionale per la Fisica della Mareria, UdR Firenze, Via ¢
*Dipartimento di Fisica dell Universita di Firenze, Via G. Sar Entanglement and Factorized Ground States in Two-Di ional Qi Antifer

“Ustituio Nazionale di Fisica Nucleare, Sezione di Firenze, Via G.

PHYSICAL REVIEW LETTERS e cnding *3 Andrea Fubini,* Stephan Haas,' and Valerio Tognetti>**

PRL 100, 197201 (2008) 16 MAY 2 iversity of Southern California, Los Angeles, CA 90089-0484, USA
eria, UdR Firenze, Via G. Sansone 1, I-50019 Sesto Fno (F1), Italy
o . di Firenze, via Madonna del Piano, 1-50019 Sesto Eno (FI), ltaly
O Sst
Theory of Ground State F: n G € 1 di Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (FI), Iraly
) » ) Sez. di Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (FI), ltaly
2 12 [E
) Salvatore M. Giampaolo,'* Gerardo Adesso,"” and Fabrizio Hluminati orsita di Catania, Vle A. Doria 6, 1-95125 Catania, Italy
Dipartimento di Matematica ¢ Infarmatica, Universita degli Studi di Salerno, Via Ponte don Melillo, 154084 Fisciao (SA), Haly  cember 2004: published 15 April 2005)
CNR-INFM Coherentia, Napoli, Taly: CNISM, Unita di Salerno, liaty;
and INEN, Sezione di Napoli—Gruppo Collegato di Salerno, laly
Y151 Foundation for Scientific Interchange, Viale Settimio Sevevo 65, 1-10133 Turin, haly
(Received 31 March 2008; published 13 May 2008)




A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co. Received 12 October 1981
ANTIFERROMAGNETIC LONG-RANGE ORDER
IN THE ANISOTROPIC QUANTUM SPIN CHAIN

week ending
PHYSICAL REVIEW LETTERS JSOCTDBER%M

VOLUME 93, NUMEBER 16 N
asel, Switzerland
‘

Studying Quantum Spin Sy through

Tommaso Roscilde," Paola Verrucchi.® Andrea Fubini,** St pRL 94, 147208 (2005) PHYSICAL REVIEW LETTERS 13 SR s
'Department of Physics and Astronoity, University of Southerst Califor
2lstinuto Nazionale per la Fisica deila Mareria, UdR Firenze, Via €
*Dipartimento di Fisica dell'Universita di Firenze, Via G. Sar - Entanglement and Factorized Ground States in Two-Di ional Q Antifer

“Ustituio Nazionale di Fisica Nucleare, Sezione di Firenze, Via G.

) B a6 245
PHYSICAL REVIEW LETTERS woek: eodin Andrea Fubini, *® Stephan Haas,' and Valerio Tognetti
PRL 100, 197201 (2008) 16 31V 2008 iversity of Southern California, Los Angeles, CA 90089-0484, USA
eria, UdR Firenze, Via G. Sansone 1, 150019 Sesto Eno (FI), lialy
LR A —— et e A
) i
Salvatore M. Giampaolo, Gerardo Adesso.'* and pR1. 104, 207202 (2010) PHYSICAL REVIEW LETTERS AV 2050

'Dipartimento di Matematica e Informatica, Universitd degli Studi di Salerno, |
CNR-INFM Coherentia, Napoli, Ialy: CNISM, Ur
ind INFN, Sezione di Napoli—Gruppe Collega: i i izati
St Foundation for Scientie Mmhp:h“ K Probing Quantum Frustrated Systems via Factorization of the Ground State
(Received 31 March 2008: published 13
Salvalore M. Giampaolo, ! Gerardo Adesso.” and Fabrizio Iuminati
'Dj di ica, Universita degli Studi di Salerno, CNR-SPIN, CNISM, Unita di Salerno,
and INFN, Sezione di errw[r -Gruppo Collegato di Salerno, Via Ponte don Melillo, 1-84084 Fisciano (SA), Iraly
*School of Mathematieal Sciences, University of Notringham, University Park, Nottingham NG7 2RD, United Kingdom
(Received 24 June 2009; revised manuscript received 20 April 2010; published 19 May 2010}




A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co.

Received 12 October 1981

ANTIFERROMAGNETIC LONG-RANGE ORDER
IN THE ANISOTROPIC QUANTUM SPIN CHAIN

VOLUME 93, NUMBER 16 PHYSICAL REVIEW LETTERS

Studying Quantum Spin Sy through

Tommaso Roscilde,' Paola Verruechi,” Andrea Fubini,* St pRL 94, 147208 (2005)

PHYSICAL REVIEW LETTERS

week endin, -
15 OCTOBER 5004 .
asel, Switzerland
'

week ending
15 APRIL 2005

'Department of Physics and Astronoity, University of Southerst Califor
2Istituio Nazionale per la Fisica della Mareria, UdR Firenze, Via ¢

*Dipartimento di Fisica dell Universita di Firenze, Via G. S Entanglement and Factorized Ground States in Two-Di

ipa
“Istituto Nazionale di Fisica Nucleare, Sezione di Firenze, Via

week ending
PRL 100, 197201 (2008) PHYSICAL REVIEW LETTERS 16 MAY 2008

Theory of Ground State Factorization in Quantum Cooperative Systems

Salvatore M. Giampaolo,"* Gerardo Adesso.'* and. pR. 104, 207202 (2010)

PHYSICAL REVIEW LETTERS

ional Q Antifer

*3 Andrea Fubini,* Stephan Haas,' and Valerio Tognetti>**

iversity of Southern California, Los Angeles, CA 90089-0484, USA

eria, UdR Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (FI), Italy

di Firenze, via Madonna del Piano, 1-50019 Sesto Frno (FI), Italy

5 i Fivon-o Via €3 Sameons | LSO010 Socter Ens (FIN Tl

week ending
21 MAY 2010

'Dipartimento di Matematica e Informatica, Universitd degli Studi di Salerno, |
CNR-INFM Coherentia, Napoli, Traly: CNISM, Ur

nd INEN. Sezione di Napoli—Gruppo Collega:

IS Foundarion for Scientific Interchange, Viale Settimio §

(Received 31 March 2008: published 13

PHYSICAL REVIEW A 77, 052322 (2008)

Entanglement of finite cyclic chains at factorizing fields

gnoli, N. Canosa, and J. M. Matera
Departamento de Fisica-1Fi LP Universidad Nacional de La Plata, C.C. 67, La Plara (1900), Argentina
(Received 29 November 2007; published 19 May 2008)

Probing Quantum Frustrated Systems via Factorization of the Ground State

! Gerardo Adesso,” and Fabrizio Hluminati™™*

‘niversita degli Studi di Salerno, CNR-SPIN, CNISM, Unita di Salerno,
gao di Salerno, Via Ponte don Melillo, 1-84084 Fisciano (SA), faly

f Nottinghan, University Park, Nottingham NG7 2RD, United Kingdom
wanuscript received 20 April 2010; published 19 May 2010)



A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co. Received 12 October 1981
ANTIFERROMAGNETIC LONG-RANGE ORDER
IN THE ANISOTROPIC QUANTUM SPIN CHAIN

week ending
PHYSICAL REVIEW LETTERS JSOCTDBER%M

VOLUME 93, NUMEBER 16 N
asel, Switzerland
‘

Studying Quantum Spin Sy through

Tommaso Roscilde," Paola Verrucchi.® Andrea Fubini,** St pRL 94, 147208 (2005) PHYSICAL REVIEW LETTERS 13 SR s
'Department of Physics and Astronoity, University of Southerst Califor
2lstinuto Nazionale per la Fisica deila Mareria, UdR Firenze, Via €
*Dipartimento di Fisica dell'Universira di Firenze, Via G. San Enlanglement and Factorized Ground States in Two-Di ional Q Antifer

“Ustituto Nazionale di Fisica Nucleare, Sezione di Firenze, Via G.

) B a6 245
PHYSICAL REVIEW LETTERS woek: eodin Andrea Fubini, *® Stephan Haas,' and Valerio Tognetti
PRL 100, 197201 (2008) 16 31V 2008 iversity of Southern California, Los Angeles, CA 90089-0484, USA
eria, UdR Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (FI), Italy
Theory of Ground State Factorization in Quantum Cooperative Systems A S A
- k endis
Salvatore M. Giampaolo, Gerardo Adesso.'* and pR1. 104, 207202 (2010) PHYSICAL REVIEW LETTERS 21 MAY 2010

Dipartimento di Matematica e Informatica, Universita degli Sndi di Salerno, |
{Dipa 8
CNR-INFM Coherentia, Napoii, Taly: CNISM, Ur
nd INFN. Sezione di Napoli—Gruppo Collega, i i czati
USH Foundnion for Scientife Tnemehommge, Viess Sormte § Probing Quantum Frustrated Systems via Factorization of the Ground State
(Received 31 March 2008: published 13 . N . o
+.! Gerardo Adesso,” and Fabrizio Iluminati'™*
PHYSICAL REVIEW A 77, 052322 (2008) iversita degli Studi di Salerno, CNR-SPIN, CNISM, Unita di Salerno,
gato di Salerno, Via Ponte don Melillo, 1-84084 Fisciano (SA), Iraly

. . . . Notingham, U Park, Nottingham NG7 2RD, United Kingdo
Entanglement of finite cyclic chains at factorizing fields ﬂ,,,ﬂ'::',’f, S ﬂ';.:“,{',m.';m""',',fﬁﬁ:‘,:'d oAt s pied Ringdon

PHYSICAL REVIEW A 80, 062325 (2009)

gnoli, N. Canosa, and J
Departamento de Fisica-1Fi LP Universidad Nacional de La Pl

(Received 29 November 2007; publishe Factorization and entanglement in general XYZ spin arrays in nonuniform transverse fields

R. Rossignoli, N. Canosa, and J. M. Matera
de Fisica-IFLP. Nacional de La Plata, CC 67, La Plata 1900, Argentina
(Received 22 May 2009: published 10 December 2009)




A Dbrief history of factorization

Physica 112A (1982) 235-255 North-Holland Publishing Co. Received 12 October 1981
ANTIFERROMAGNETIC LONG-RANGE ORDER
IN THE ANISOTROPIC QUANTUM SPIN CHAIN
PHYSICAL REVIEW LETTERS

week ending -

VOLUME 93, NUMEBER 16 15 OCTOBER 5004 N
asel, Switzerland

\

Studying Quantum Spin Sy through

Tommaso Roscilde," Paola Verrucchi.® Andrea Fubini,** St pRL 94, 147208 (2005) PHYSICAL REVIEW LETTERS 13 SR s
'Department of Physics and Astronoity, University of Southerst Califor
Istituto Nazionale per la Fisica della Mareria, UdR Firenze, Via ¢
‘Dipartimento di Fisica dell'Universita di Firenze, Via G. Sar Enlanglement and Factorized Ground States in Two-Di i 1 Q Antifer
“Ustituto Nazionale di Fisica Nucleare, Sezione di Firenze, Via G.
PHYSICAL REVIEW LETTERS week endin *3 Andrea Fubini,* Stephan Haas,' and Valerio Tognetti>**
PRL 100, 197201 (2008) 16 31V 2008 iversity of Southern California, Los Angeles, CA 90089-0484, USA

oria, UdR Firenze, Via G. Sansone 1, 1-50019 Sesto Fno (FI), ltaly
Theory of Ground State Factorizaton in Quantum Cooperatie Systems e, i M e i, L5001 St 1 Tl

- k endis

Salvatore M. Giampaolo, Gerardo Adesso.'* and pR1. 104, 207202 (2010) PHYSICAL REVIEW LETTERS 21 MAY 2010
'Dipartimento di Matemarica ¢ Informatica, Universitd degli Snudi di Salerno,

*CNR-INFM Coherentia. Napoli, Italy: CNISM, Ur
nd INFN, Sezione di Napoli—Gruppo Collega: i i izati
USH Foundnion for Scientife Tnemehommge, Viess Sormte § Probing Quantum Frustrated Systems via Factorization of the Ground State
(Received 31 March 2008: published 13

! Gerardo Adesso,” and Fabrizio Hluminati™™*
PHYSICAL REVIEW A 77, 052322 (2008) iversita degli Studi di Salerno, CNR-SPIN, CNISM, Unita di Salerno,
gato di Salerno, Via Ponte don Melillo, 1-84084 Fisciano (SA), Iraly
. . ) it Nottinghanm, Uy Park, Nontingham NG7 2RD, United Kingdo
Entanglement of finite cyclic chains at factorizing fields st N o, Lyt Kingdon

PHYSICAL REVIEW A 80, 062325 (2009)

gnoli, N. Canosa, and J
Departamento de Fisica-1Fi LP Universidad Nacional de La Pl PR . . B "
(Received 29 November 2007; publishe Factorization and entanglement in general XYZ spin arrays in nonuniform transverse fields

R. Rossignoli, N. Canosa, and J. M. Matera
de Fisica-IFLP, Nacional de La Plata, CC 67, La Plata 1900, Argentina

Transverse field! (Recemed 22 iay 2005, publishec 10 December 2009)




Factorization general equations

System of N spins s; interacting through X'Y'Z Heisenberg couplings of
arbitrary range in the presence of a general magnetic fields A’

H=—Zhi-si—§Zsi-.7"jsj
@ 5
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System of N spins s; interacting through X'Y'Z Heisenberg couplings of
arbitrary range in the presence of a general magnetic fields A’

H=— th S; —-Zs - TS,
The completely separable state

1©) = @_1e ST eS| 1) = | AR,

is an exact eigenstate iff it satisfies' :

TMC, R. Rossignoli, N. Canosa, Phys. Rev. B 92, 224422 (2015).



Factorization general equations

System of N spins s; interacting through X'Y'Z Heisenberg couplings of
arbitrary range in the presence of a general magnetic fields A’

H=— th S; —-Zs TS
The completely separable state
|©) = i e 1) = | AN ),

is an exact eigenstate iff it satisfies' :
@ Field independent equations: Which state?

’ . . ’ ’ ;. ’ ’ el ’ ’ ;. ’
i ij_x y ij vy T ij ij _x
ni -Jnj =n} -J"nY, ni - -Jni =-n}  Jn]

’ !
with nf Y1 my; = (S;)/s; spin alignment direction

MC, R. Rossignoli, N. Canosa, Phys. Rev. B 92, 224422 (2015).
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Factorization general equations

System of N spins s; interacting through X'Y'Z Heisenberg couplings of
arbitrary range in the presence of a general magnetic fields A’

H=— th S; —-Zs TS
The completely separable state
|©) = i e 1) = | AN ),

is an exact eigenstate iff it satisfies' :
@ Field independent equations: Which state?

nf/ -jijnf, = niyl -J“n]y-/, nf/ ~jijn?/ = —niy/ -J“nf/
with nf/’yl 1L n; = (S;)/s; spin alignment direction
@ The field-dependent conditions: What fields?
hi+32,77(S;)) =0,

which implies h; = h + hL' . (b =hini, ni-hE=0)

MC, R. Rossignoli, N. Canosa, Phys. Rev. B 92, 224422 (2015).
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The XY Z case

Spin array with anisotropic XY Z couplings in a
general fields.

zhl Si— > JJSIST+J) S!S+ S S;
i#]

Recap results in FM and AFM systems = Revise them with our
general equations.



Antiferromagnetic spin chain, Recap
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Antiferromagnetic spin chain, Recap

Anisotropic XY Z spin chain with first neighbour couplings’
The Hamiltonian

H=-) huS'+ Jo.SESH +JySYSY, + J.S785

possess a separable GS | NSRA ... if the factorizing fields
point to the surface of an
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Antiferromagnetic spin chain, Recap

Anisotropic XY Z spin chain with first neighbour couplings'
The Hamiltonian
H==) h.S!'+Y JoSTS: + J,SYSY,, + J.S7 S5,

possess a Neel-type separable GS | N\ ...) if the factorizing fields
point to the surface of an ellipsoid .

h2 h? ks
7 + +
(Jo + ) (e +Jy)  (Jy + T2)(Jy + Ju)
2
h2 .

(2 + Jo)(J= + Jy)

1J. Kurmann, H. Thomas, and G. Miiller, Physica A 112, 235 (1982).
G. Miller, and R. E. Shrock, Phys. Rev B 32, 5845 (1985).
L. Amico, F. Baroni, A. Fubini, D. Patane, V. Tognetti, and P. Verrucchi, Phys. Rev. A 74, 022322 (2006).
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Antiferromagnetic spin chain, Recap

Anisotropic XY Z spin chain with first neighbour couplings'
The Hamiltonian

H=—% huS!+Y JoSTSHa+ JySISY, + J.5 55,

possess a Neel-type separable GS | N\ ...) if the factorizing fields
point to the surface of an ellipsoid .

h2 h? ks
7 + +
(Jo + ) (e +Jy)  (Jy + T2)(Jy + Ju)
2
h2 .

(2 + Jo)(J= + Jy)

The Néel separable GS breaks translational invariance , it must
arise at a GS level crossing and be two-fold degenerate .

1J. Kurmann, H. Thomas, and G. Muiller, Physica A 112, 235 (1982).
G. Miller, and R. E. Shrock, Phys. Rev B 32, 5845 (1985).

L. Amico, F. Baroni, A. Fubini, D. Patane, V. Tognetti, and P. Verrucchi, Phys. Rev. A 74, 022322 (2006).
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S.M. Giampaolo, G. Adesso, and F. llluminati, Phys. Rev. B 79, 224434 (2009).



Ferromagnetic spin systems, Recap

Anisotropic XY Z systems with first neighbor couplings immersed in
transverse fields '

The uniform state
1©) = ®iil0i) =| /7 ..)

is an exact eigenstate iff

1 R. Rossignoli, N. Canosa, J.M. Matera, Phys. Rev. A 77, 052322 (2008); Phys. Rev. A 80, 062325 (2009).
N. Canosa, R. Rossignoli, J.M. Matera, Phys. Rev. B 81, 054415 (2010).
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Ferromagnetic spin systems, Recap

Anisotropic XY Z systems with first neighbor couplings immersed in
transverse fields !

The uniform state

8) = ©ilbi) =1 /)

is an exact eigenstate iff
cos20 = y = j—%, ,and B = hi = Y, s;(JE — J5) /X

0 |®) isa GS in FM-type systems (0 < [J};| < Ji/ etc.)

1 R. Rossignoli, N. Canosa, J.M. Matera, Phys. Rev. A 77, 052322 (2008); Phys. Rev. A 80, 062325 (2009).
N. Canosa, R. Rossignoli, J.M. Matera, Phys. Rev. B 81, 054415 (2010).
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Ferromagnetic spin systems, Recap

Anisotropic XY Z systems with first neighbor couplings immersed in
1

The uniform state

©) = ®iill) =1 .77 .)

is an exact eigenstate iff
cos?f = x = jm ,and b = bl =30 s5(J5 — J5) VX

0 |@) isa in FM-type systems (0 < [J/;| < J/ etc.)

0 |©®) breaks ([H,P,] =0, P,=¢"5:).
The GS is : linear combinations of
the symmetry preserving entangled crossing states.

1 R. Rossignoli, N. Canosa, J.M. Matera, Phys. Rev. A 77, 052322 (2008); Phys. Rev. A 80, 062325 (2009).
N. Canosa, R. Rossignoli, J.M. Matera, Phys. Rev. B 81, 054415 (2010).



Anisotropic FM and AFM XY Z systems, Revised

Uniform solution’
The uniform state

18) = @I e e WSl | 1) = | AL,

is an exact eigenstate iff (S) is parallel to a principal plane .

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. B 92, 224422 (2015).
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Anisotropic FM and AFM XY Z systems, Revised

Uniform solution’
The uniform state

18) = @1 e e WSl | 1) = | ALY,

is an exact eigenstate iff (S) is parallel to a principal plane .

q q 0 JI = JJZ,
The ¥ 7 plane solution requires again cos?§ = 52—,
ij i

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. B 92, 224422 (2015).
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Anisotropic FM and AFM XY Z systems, Revised

Uniform solution’
The uniform state

|(_)> _ ®?:1€71¢Sf 67193?

T =177,

is an exact eigenstate iff (S) is parallel to a

v _JZ
The solution requires again cos?¢ = jj_j’ ,while the
factorizing fields of lowest magnitude are
£ =sinfcost ), s;(J5 — J5)/x (alsointhe )

h; =hi+h!,|0) is
if hL' is sufficiently large:

Feasible with a uniform field !
1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. B 92, 224422 (2015).



Anisotropic FM and AFM XY Z systems, Revised

Néel-type solution’

The Néel-type state | \_\_"...) is an exact eigenstate iff the
factorizing field h € ellipsoid

h3 hy hZ
T Tt 0y T G005 F ) T AT (7 7,)
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1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. B 92, 224422 (2015).
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Néel-type solution’
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factorizing field h € ellipsoid
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Néel-type solution’

The Néel-type state | \_\_"...) is an exact eigenstate iff the

factorizing field h € ellipsoid
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GS in AFM chains, excited state in FM chains .
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Anisotropic FM and AFM XY Z systems, Revised

Néel-type solution’

The Néel-type state | \_\_"...) is an exact eigenstate iff the

factorizing field h € ellipsoid

h; hy h2 -1
TF ) 0aH 7)) T G F G )+ Ty
GS in AFM chains, excited state in FM chains .

FM: Just UGS AFM: NGS+UGS !

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. B 92, 224422 (2015).



Anisotropic FM and AFM XY Z systems, Revised

Néel-type solution’

The Néel-type state | \_\_"...) is an exact eigenstate iff the
factorizing field h € ellipsoid

h3 hy h2 _
Ermm) e sy R T Rl e sy
GS in AFM chains, excited state in FM chains .

FM: Just UGS AFM: NGS+UGS !!
h, h;
UGSI,:'I :

UGS,

c
m -
29
0N
<. /
A SIES
P r
<
e’
L

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. B 92, 224422 (2015).



Factorization and entanglement

Spin-1/2 chain of N = 12 spins.
FM

LE

Concurrence ©

Magnetization =

=
o
=
g

(Ei—Eo)/J;
°
£
T
=(Ei~Eo)/J;

Gap

=(E;

AE;
™

°
AE;

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. B 92, 224422 (2015).



The XY Z case

General arrays of spins s; with X X Z couplings
immersed in nonuniform transverse fields

H=—-Yh'S;—) J9(S5787+S!SY)+JS5;5;

1<j



The XY Z case

General arrays of spins s; with X X Z couplings
immersed in nonuniform transverse fields

H=—-Yh'S;—) J9(S5787+S!SY)+JS5;5;
i i<j

Since [H, S*] = 0, its eigenstates can be characterized by their total
magnetization M along z .



Factorization General Equations

The completely separable state

|©) = @fae T e T 1) = | AN ),

is an exact eigenstate

1MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).



Factorization General Equations

The completely separable state

|©) = @fae T e T 1) = | AN ),

is an exact eigenstate
@ Field independent equations: Which state ?

o _tan(0;/2) _ . [, _ gid g qid
i = tan(6;/2) BuEyfdy =l Ba=l/)

1MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).



Factorization General Equations

The completely separable state
1©) = @iye e % 1) = | MR,

is an exact eigenstate
@ Field independent equations: Which state ?

o _tan(0;/2) _ . [, _ gid g qid
i = tan(6;/2) BuEyfdy =l Ba=l/)

@ The field-dependent conditions: What fields?
h; = ZSJ'Z/“‘JMQ /A,sz -1
J
with v;; ==1 the sign in (1). This Eq. is independent of the angles 0;
and must fulfill the zero sum condition Y~ s;h; =0.

1 MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).



1©) = @y e ST eS| 1) = | AN )

O The energy of the separable state is Eg = — ZZ < 58] J¥ which coincides
with the energy of the maximally aligned state |M|=S = Zz Si -

1MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).
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with the energy of the maximally aligned state |M|=S = ZZ Sq -
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O This state breaks the basic symmetry of H as it has no definite magnetization
, it must arise at an exceptionally point where the GS is 25 + 1 -fold degenerate .
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O The energy of the separable state is Ee = — ), __ sis; J¥ | which coincides
with the energy of the maximally aligned state |M|=S5 = ZZ Sq -

Q If J¥ >0Vi,j,|0) isthe GS of the system.

O This state breaks the basic symmetry of H as it has no definite magnetization
, it must arise at an exceptionally point where the GS is 25 + 1 -fold degenerate .

O The components of |©) with definite M are also eigenstates of H with the
same energy Fo .

1 MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).



Fundamental Properties

1©) = @y e ST eS| 1) = | AN )

O The energy of the separable state is Ee = — ), __ sis; J¥ | which coincides
with the energy of the maximally aligned state |M|=S5 = ZZ Sq -

Q If J¥ >0Vi,j,|0) isthe GS of the system.

O This state breaks the basic symmetry of H as it has no definite magnetization
, it must arise at an exceptionally point where the GS is 25 + 1 -fold degenerate .
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O The energy of the separable state is Ee = — ), __ sis; J¥ | which coincides
with the energy of the maximally aligned state |M|=S5 = ZZ Sq -

Q If J¥ >0Vi,j,|0) isthe GS of the system.

O This state breaks the basic symmetry of H as it has no definite magnetization
, it must arise at an exceptionally point where the GS is 25 + 1 -fold degenerate .

O The components of |©) with definite M are also eigenstates of H with the
same energy Fo .

Parl®) o« Z H Sl2f;nl "zzz:-rjl Y )my . omy), M=-S5...8,

where Py =5 | 02” e?(S*=M) g, is the projector onto total magnetization
M . These states are entangled V|M|< S—1.

1MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).



Fundamental Properties

:SF —10,8Y

@) = @i_ie T e T 1) = | N L)

O The energy of the separable state is Ee = — ), __ sis; J¥ | which coincides
with the energy of the maximally aligned state |M|=S5 = ZZ Sq -

Q If J¥ >0Vi,j,|0) isthe GS of the system.

O This state breaks the basic symmetry of H as it has no definite magnetization
, it must arise at an exceptionally point where the GS is 25 + 1 -fold degenerate .

O The components of |©) with definite M are also eigenstates of H with the
same energy Fo .

Parl®) o« Z H SIQj’:nl "zzz:-rjl Y )my . omy), M=-S5...8,

where Py =5 | 02” e?(S*=M) g, is the projector onto total magnetization
M . These states are entangled V|M|< S—1.

@ In the vicinity of factorization, entanglement reaches full range .

1MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).



Building separable solutions, or how playing with LEGOS finally paid off

Chain of N spins s with first neighbor interactions.
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By projecting onto magnetization A/ we can determine analytical
expressions for the reduce state of any spin pair . For a d -dimensional
spin-s system with uniform anisotropy A and alternating fields , there are
just 3 distinct reduced pair states p2! (odd-even), p2! y pM
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By projecting onto magnetization A/ we can determine analytical
expressions for the reduce state of any spin pair . For a d -dimensional
spin-s system with uniform anisotropy A and alternating fields , there are
just 3 distinct reduced pair states p2! (odd-even), p2! y pM
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with m = m; + m; = mj + m/; the pair magnetization ([p}"}, S7 + S7] = 0),
k() = (nF — )RR (L) with P (z) the Jacobi

polynomials . C;™ = (%) (,_%,) and fi; = 25 — m; —m},0,4s — 2m,
l;; = 0,—1,1 for the oe, 0o, ee pairs, and § = 0(1) if N is even (odd).

1MC, R. Rossignoli, N. Canosa, and E. Rios, Phys. Rev. Lett. 119, 220605 (2017).
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Other field configuration

7 /12hs] 0 n/12h|
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By defining A(1) = (1) and

1 Introduction

A(M+1):( AM) AT )

0 A(M)

with B(M) = A(M) + A(M)T , the total number of configurations is

L(M,N) = > (BN7H(M));
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Separable state engineering

Given a spin system (i.e., given the 7% )
What separable eigenstates can the system posses"

JZ] :1; Jt] y7 j’LJ y _ ni; ’szn]z_ (1)

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. A 94, 042335 (2016).
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Separable state engineering

Given a spin system (i.e., given the 7% )
What separable eigenstates can the system posses?

’ e ’ ’ e ’ ’ ;e ’ ’ : ’
ni - Jnj =nf -JYnf, ni - Jn] =-nf Jnj (1)

If some control over the couplings and the fields is feasible, then YES!

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. A 94, 042335 (2016).



O Lemma 1: Givenn; and n; arbitraries ,
there always exis;s a nonzero XY Z -type
coupling: Ji, = J;76,. satisfying (1) . KA I

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. A 94, 042335 (2016).
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@ Lemma 3 : |¥s) can always become a nondegenerate GS of H with
a controllable gap . h

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. A 94, 042335 (2016).



0 Lemma 4 :If s; = s; and the coupling is of the XY Z -type.
Given n; and n; , there always exists a uniform factorizing
field:
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Properties (ll)

0 Lemma 4 :If s; = s; and the coupling is of the XY Z -type.
Given n; and n; , there always exists a uniform factorizing
field:

iJ iy 3. Jt Ji
hi + b = bl + ]

We can now think of bulk separable state engineering.

o Lemma 5 : Pairwise entanglement reaches full range in the
vicinity of factorization. — Quantum critical point.

1 MC, R. Rossignoli, and N. Canosa, Phys. Rev. A 94, 042335 (2016).



Tunable couplings Fixed couplings
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@ General conditions for the existence of separable
eigenstates in spin arrays.

o Obtain analytical results in factorization points and lines.
o Determine new critical behaviour .

o Factorization feasible with simple architectures .

@ Engineer separable ground states .
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Thanks for your attention!
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