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1. ADDITIONAL THEORETICAL INFORMATION
A. The detail proof for Theorem 1

For a m-vertices graph, without loss generality, we focus on the vertex labeled by 1. For the vertex 1, it connects
with other n — 1 vertices (3 < n < m), which are labeled by 2,3,--- ,n, respectively. We then define C7 as the

connectivity of the vertices ¢ and 7, C’g = (% = 1 means the vertices ¢ and j are connected, and Cf = C]i» = 0 means
they are disconnected. Let’s define the following Hamiltonian

H = _Zsiu (1)
i=1
where

Si= ot [[(e), Gi=12,m) (2)
Jj#i

is the stabilizing operator for the vertex i, & = (04,0, 0,) is the Pauli matrix vector, and
o ol, ifC! =1,
(o)) =97 (3)
1, ifC/ =0,

For convenient, we have listed the explicit forms of operators S;’s in detail in the Table 1. The ground state of H is
denoted by |G), for which we have

S7.|G> :+|G>a i€{1,2,'~- ,7’L}. (4)
and
HIG) = —n |G). (5)

For the quantum state |G), we have the following theorem.



Supplementary Table 1. The explicit forms of stabilizing operators for vertex 1 to vertex n. For example, S; = oio20s - o2,
1 2 3 4 n—2 n—1 n

S1 O o o, o (o [ (o8
So o O ot : ot : 05372 05371 os?
S3 o o5 s O of s 05;72 aféﬂ ol%
Sa o OZLC‘% Ufci o S JZLCZ‘FQ afcikl JZLCZ

Susl 0. oCnr GChe2 O o JCH R

Suil o oCrt GGh Cha on o =
Sh o oo oS o< oS oS O

Theorem 1.—(i) For n is odd, the GHZ-type paradox or the sharp contradiction “+1. = —15” can be arisen from
the following n + 1 operators:

{51, (—1)*S7"S;Sit1, S1"S;}, i=2,....,n—1, j=2n, (6)
where
al:1+ZC,§+1, (k=2,---,n—1, 1=2,---,n) (7)
k£l
and
e
(ii) For n is even, the GHZ-type paradox or the sharp contradiction “+1, = —145” can be arisen from the following n
operators:
{S1, (=1)*87'S;S;11}, i=2,...,n, (9)
where
a =1+ CF, (k=2 ,n) (10)
k#l
and
Spi1 =S, CM=C2 (11)

Proof. (i) n is odd.
Step 1.—Let us prove that quantum prediction is “—1". For simplicity, let us denote F} as the k-th operator in the
set of n + 1 operators {S1, (—1)*57"S;S;+1, ST"S;}, ie.,

B = [{S1, (=1)"57"SiSit1, 57" S Hk- (12)
Based on Eq. (4), it is easy to have
[F1 = S1]IG) = +1]G), (13a)
[Fi = (—l)aiSfiSiSi+1]‘G> = (_1)a,; G>, (7, = 2, sy, — 1) (lgb)
[F, = ST"S9)|G) = +1]G), (13¢)
[Frs1 = 517 50]|G) = +1]G), (13d)



Then we obtain the quantum prediction as

n+1

0 = [[(GIFe) = (-1)

k=1

n—1
5" (14)

To acquire the total of the parameter a;’s, we use the definition of the connectivity in (10), and recombine the
summations of C,f“:

n—1

Zai:a2+a3+a4+"'+anfl

i=2
=@+) CF+ A+ T+ A+ CFt (1 > oFtY
k#2 k#3 k4 k#n—1
=(n—-2)+n-3)(C3+Cs+Ci+- +Cp3 +Ciy), (15)
n—1
However, because n is odd, (n — 2) must also be odd and (n — 3) be even. Consequently, > a; is an odd number,
i=2
and the quantum prediction is
wil
Q=(-1)="=-1. (16)

Step 2.—Let us prove that classical prediction is “+1”. In Table 2, we have listed the explicit forms for the operators
Fj.. For examples, for kK = 1 we have

FL=5=0l®c0c® s ool (17)
For k = 2, we have
Fy = (—1)8{2 585 = (~1)" [(0)" ® (02)202(62)F © (02)" (09) %o @ [[ o277, (18)
j=4
due to
(UZ)KU:C = _(UZ)Eilaaco'z = (_1)6 O'x(UZ)ea (19)
with ¢ being an integer number, we then obtain
(1) (02) 207 = o2(02)®. (20)

Substituting Eq. (20) into Eq. (18), we then have

x x z

= (Ul)az ® 02(02)az+0§ ® (Ug)aﬁcggi ® H022+C;+CCJ*

j=4
= (1) © (62)2 02 0 (o2 i [ oA, (21)
j=4
Based on Eq. (10), it is easy to have
ai+Cit =a;+Clyy=a,, (i=2,3,---,n—1), (22)
then Eq. (21) becomes
By = (01)™ @ (02) 02 @ o3(0?) @ [[ oA, (23)
=4

which is just the one listed in Table 2. Similarly, one can directly calculate other Fj’s, their explicit forms are given
in Table 2.

Remark 1.—For the operator Fy, there are two quadratic terms that contain two different Pauli matrices, namely,
(02)% 0, and o, (0,)*. Case (i). If Mod[ay,, 2] = 0, then one has

(Uz)an Oy = O0g (O-z)an =0y, (24)



Supplementary Table 2. The explicit forms of operators F, (k=1,2,--- ,n+ 1). Here n is odd.

1 2 3 4 e n—2 n—1 n
I3l [ o2 [ o e oz oz Oz
P o2 02"y ool UZ2+C§+C§ o O_ZZ‘FC;_Q‘FC;_Q 0_1212+C§_1+C§_1 022+c;+c§
F3 | o3 UZS+C§+LC§ opoIn T 023+C§’*2+LCQ*2 023+C§‘*1+LCZ*1 523 TCE+LCY
Fy | oo Ug4+Lc§+c§ U:4+Lci'+c§ . U:4+Lc2—2+cg—2 U§4+ch—1+cg—1 Ug4+LCZ+C§

_2+C2_,+C2 _otC3_,+C3 _otCi_,tC _otCN_,tCR
F_o o_;n—2 o_:n 2+C5 _o+Ch O_‘ZIn 2 n—2 n—1 U:n 2 m—2tCh_1 O'ng" o’?"az o_:n 2 m—otChn_1
7 W 1+C2_ 402 _1+C3 4B 14+ Ch yct an_1t+Cm2
Fp_1 Ugn 1 U'Z 1 n—1 n a'g 1 n—1 n ag 1 n—1 no oy 1 n—1 0'2”0‘1 o‘zag"
i 3 4 CTL—Q c‘n,—l n
F, U;"O’Z UZ"O’;L» 0_¢Zln+cz o_gqr‘rcg . O'Zn+ 2 O_:n"' 2 Uzn+cg
2 3 4 n—2 n—1
Foy1|08"0: gt o tn ot n R g ton ooy
then Eq. (23) becomes
n iy
1 2 3 az+C5+C:
Fy=(o)”?®o2@0e [[or (25)
Jj=4
Case (ii). If Mod[ay, 2] = 1, then by using the basic relation of Pauli matrices
Op0y =105, 0y0, =10z, 0,0, =10y, (i=+v-1), (26)
one has
a . a .
(0.)"0y =i 0y, 045(0.)" = —ioy, (27)
then Eq. (23) becomes
L i1 i
— (F1)e2 2 3 az+Cy+C3
Fy= (o) ®o@0,® [[o? : (28)
j=4
Therefore, based on Eqs. (25) and (28), we finally have F» as
" il
— 1yaz 2 3 az+C5+C3y
F= (o) 0%}, 0%}, o[ : (29)
=4
with
s _Jom if Mod[a,,2] =0, (30)
T,y — .
oy, if Mod[a,,2] =1
Similarly, one can make the same analysis for other Fj’s, with k =3,4,--- ,n — 1.
Remark 2.—For k = n, we have
n .
_ (,1\an 1 2\an 2 J\an+C3
Fn - (Um) 0. ® (Uz) Oy ® H(Uz) 2. (31)
i=3

Case (i). If Mod|an, 2] = 0, then one has

(Uﬁ?)ano—z =0z, (Uz)anax =O0g, (32)



Supplementary Table 3. Another explicit forms of operators Fy, (k =1,2,--- ,n+ 1). Here n is odd.
1 2 3 4 n—2 n—1 n
F1 Oz o o o o o o
ag+Ci4cid as+Cr~24cn"2  aytcilycnt as+CH+CF
Fy 0;2 E%y Z;c,y Uz2 2 3 oy 2 3 o, 2 3 Uz2 2 3
. c2yLc? 3+Cr2yLonT? cr~lyrent CR+LCP
F3 | o3® o2t S,y S,y 023+ s TR U:3+ s PG a3t L
LC3+C2 Lc3+cd +LCy 2 4op 2 +LCey tyopt Lcy+cyg
Fy o4 0':4+ 11C5 Ug4+ 1105 Yoy 0':4 4 5 0.‘214 4 5 o.:4+ 4 +C5
F s U;”’J" o_:nf2+05,72+072171 U:nf?“'cifﬁ‘cifl U:n72+0ﬁ,2+0371 Say Say ‘ZM72+C;L,72+C;’L1
_ _1+C2_ +C? _14+Cd_ 4cB _1+Ct_ 4c? an_1+C"73
Fp_1 U;’n 1 Jgn 1 n—1 n Z'n. 1 n—1 n Ugn 1 n—1 no Uzﬂ 1 n—1 Ez,y E@y
c3 ntCi +Co 2 cn=t ntCP
F, Ez,y Ew,y Ugn+ 5 UZ,LJr > o_:n+ 2 U:n-&- 2 Jtzszr >
CZ CS c4 cn72 Cnfl
Fonya Ez,y U(zln+ " U(zln+ " <7(zln+ " U',{zln+ " U,(zzn+ " Ez,y
then Eq. (31) becomes
n .
_ 1 2 j\an+C3
Fn_az®ax®H(Uz) " 2. (33)
j=3
Case (ii). If Mod[a,,2] = 1, then one has
a . a .
(o) 0, = —i0y, (0.)%0; =10y, (34)
then Eq. (31) becomes
n .
1 2 j\an+C3
Fn—0y®0y®H(0z) Tz, (35)
Jj=3
Therefore, based on Eqs. (33) and (35), we finally have F), as
n .
_ vl 2 J\an+C32
F,=3%,0% @[], (36)
j=3
with
> 0., if Modla,,2] =0, (37)
2y — .
' oy, if Mod[a,,2] =1

Similarly, one can make the same analysis for the operator Fj, ;.
Base on the above analysis, we can recast the Table 2 into the form of Table 3. Now we are ready to prove the

classical prediction is “41”.

In the LHV models, the observables o?

z,Y,2

the realistic local values. For instances, we have the corresponding quantities in the LHV models as

b=

(0)"2 V2,V

n

_ 1,23 n—1,n _ 1 7

Fl_vzvzvz'”vz vz_vszza
Jj=2

(vh)22+ 02405

71—1)a2+C;L71+C§L71 (
z

n\as+CJ+C¥
v ) 2 3

Yy T,y Uz

n

= (1) V2, V3, T[(wd)etei+es,

j=4

for the i-th qubit will be replaced by v, . € {—1,+1}, which denote



where
vg, if Mod[ay,2] =0,
Vooo— 41
wl {vy, if Mod[a,,2] =1, ()
and
iy Jveys i Mod[f,2] =1, 42
(U;C7y7z) {17 if 1\/_[Od[£7 2} =0. ( )
Similarly, for k =3,4,--- ,n—1,
n
Fo= v, viyt T oo, (43)
§#1,k k41
For k = n,n+ 1, one has
n
a an+Cs n—1\yan+Cy "' () nyan an+C3
B = V2 V2 @)t )t O oyt O et = v v2, T (o] 4, 44)
7j=3
\ . n—1 .
Fn+1 Vl ( )an+C ( )an—&-C . (vn )an-i-C” Vn _ Vl’vany H( )an+cfz_ (45)
Jj=2

Then we obtain the classical prediction as

n+1 ~
C= H Fy
k=1
n n—1 ) ) n ) n—1 )
= (Do) I (vt TT eeretecion) (v, Tlode ) (vive, TLooe<4)
j=2 k=2 J#£Lk k+1 j=3 j=2
n—1 n—1
n ) 1+ a 14+ Y (ax+C2+C2, ) +an+C?
o 0§ (A B e [
j=2
— N . n—2
y [ﬁ(vg)H’“#JZ’; 1(ak+03+Ci+1)+2an+0é+0i} y { U:)1+k22(ak+C,?+Ci?’+1)+an+C£‘]
j=3
n n—1
= 022 TI02,2 | 022 | T 002 | o>
Jj=2 Jj=3
n—1 ) n )
S ORITER D) (RO (IR (46)
j=3 j=1
where in the last step of above equation, we have used the relation (V',)? = (V/, ) = 1. Obviously, to prove the
classical prediction C = +1, one needs to prove Z; = even number for any j € {1, 2 -, n}.
From Eq. (15), we easily have
n—1
Z =1+ Z aj = even number, (47)
k=2
and
n—1
Zy=1+ (ax+C}+CP1) +an+C2
k=3

=l4as+-Fan1+2(LC;+C3+--+Ch 1 +Ch)+an+Cj
=l+as+ - +an1+2LC;+CZ+ -+ Ch_ +C2)+ (az + C3) + C3

n—1 n
=1+ a+2) C}
i=2 k=3

= even number. (48)



For 3 < j <n—1, one has

Zi=14+ Y (ax+CL+Ci,,)+2a,+C)+CY,
Kii—1
(k=2,3,--,n—1).

When j = 3, one obtains

n—1
Zy=1+4Y (ax+C} +Ciyy) +2a, + C3 + C3,
k=4
=l4agt+as+-+an1+2a,+2(Ce+C3+-- +C3_, +C3)+ LCE + C3

:1+a4+a5+~~+an 1+ (a2 + C3) + (as + LC3) + 2(C3 + C§ + -+ -+ C3_, + C2) + LC} + C3

f1+2a1+2 Z cs

k=2,k#3
= even number,
Similarly, we have Z; = even number, (j =4,5,--- ,n — 1). For j = n, one has
n—2
Z, —1+Z<ak+0k +Ck+1> +a, +Cy
k=2

=l+ay+ - +a,2+2(C3 +C3 4 +Cp o) +a,+C;_
=l+a+ - 4a2+20C8+C5+---+Cn_y)+ (an_1+Cp_1)+Cpn_y

n—1 n—1

=14+ a;+2) Cf
i=2 k=2

= even number.

In short, for 2 < 5 < n, one has

n—1

Z; —1—|—Zal+2 Z cl

k=2,k#j

= even number.

We finally have the classical prediction as

C=+1.

(49)

(50)

(52)

(53)

Thus there is a sharp contradiction “+1, = —15” between the LHV models and QM. This ends the proof for GHZ-type

paradox for the case of odd n.
Proof. (ii) n is even.

]

Step 1.—Let us prove that quantum prediction is “—1”. For simplicity, let us denote F}, as the k-th operator in the

set of n operators {S1, (—1)%57'5;Si+1}, ie.,
Fe=[{51, (=1)"57"SiSi1}]k-
Based on Eq. (4), it is easy to have

[F1 = 5]|G) = +1]G),
[F; = (—1)* 57" S;Si41]|G) = (-=1)"|G),
(i=2,...,n).

Then we obtain the quantum prediction as

s
T
S

= [[(GIF:|G) = (1)
k=1

(54)

(55a)
(55b)
(55¢)



Supplementary Table 4. The explicit forms of operators Fy, (k =1,2,--- ,n). Here n is even.
pPp Yy p p ,
1 2 3 4 n—2 n—1 n
I Oz Oz Oz Oz s Tz Oz Oz
—2 —2 —1 —1
P | o szzn+ci on nggwcﬁ U:2+C§+C§ Uz2+cg +cy U«zzz+c; +Cy p22HOE+CE
. c24+L02 c2 c? 3+CP 24Lcn—? cr~lyrent cr4Lop
F3 | o3® ol tCatlCs oponTOn ointCng, o35 THLOLT jas+ Oy 4 LCy g3 +C3+LC]
3 r—2 r—2 r—1 y—1
Fy | oo J:4+Lc§+c§ Ug4+LCZ+C§’ U:nJrC?L% 024+LCZ +cy 024+Lc§ +cg U:4+Lc1;+cg
ap—2 an—2+cg,72+0721—1 an,,2+0272+ci,1 an—2+cﬁ—2+cg,71 an+Ci anJrC,QL an72+0272+c;’ffl
Frn_2|og [ o2 o o Ox 002 2
an_y _an—1+Ch_1+C} an_1+C0_1+Cp  _an_1+0,_1+0;, an_1+Cp 77 an+C2 an+C2
Fn_1|oe Oz z z (e Tz0z " [ "oy
— L —2 — y—1 3
F, | oo J«Zzn+03 on U:n+02+c§ J(Zznwiw;* on TR 2+cy FintOn 4oy opotn T8
Because
n
E a; =az+az+ag+---+an
i=2
k+1 k+1 k+1 k+1
=Y G+ G Y G e (1 DG
k#£2 k#£3 k#4 k#n
3 4 5 2
= odd number, (57)
thus we finally have [note that (n — 1) = odd and (n — 2) = even in the above equation]
>
a;
Q= (-1)y= =-1. (58)

Step 2.—Let us prove that classical prediction is “+1”. In Table 4, we have listed the explicit forms for the operators

Fy. For examples, for £k = 1 we have
=8 =020  -2s ool
For k = 2, we have
=
j=4

according to Eq. (19) and Eq. (20), we have

n ) )
(Ui)az ® Uﬁ(gz)az—&-cg ®Q (0§)a2+0302 ® H UlzlerCngCé

=
j=4
2 3 L 10l
_ (o_;)ag ® (o_g)a2+030_326 ® ai(oi)“ﬁc? ® H 0.;12+Cz+03,
j=4
From Eq. (10), one has
a; +CH =aq, + C2,
then, Eq. (61) becomes
n . .
Fy = (1) @ (02) %02 @ ()" + O @ [[ 022+,

j=4

(—1)" 5128285 = (1) [(02)" ® (62)202(02) @ (o)™ (03) Fod @ [[ o247,

(59)

(60)

(61)

(62)

(63)



Supplementary Table 5.

Another explicit forms of operators F, (k=1,2,---

,n). Here n is even.

1 2 3 4 n—2 n—1 n
g1 Ox Oz Oz Oz Oz Oz Oz
—2, ~n—2 n—1, ~n—1
a a+C3+C5 ag+Cy?+C az+Cy 1 4+C ag+CH+C3
Py o2 ey ey ol 21TC3 oe 2 3 oe 2 3 ol 2 +C3
—2 n—2 n—1 n—1
a: a3+C24+LC? az+CL ?+LC az+CL +LC az+CR+LCY
Fs o3 ol 3 4 ey ey ot 3 4 ot 3 4 ol 3 4
ay a4 +LC2+CE ag+LCE+CE as+LCF24cP?  agtLCP lycpT?t as+LCP+CP
F4 Og Oz Oz Ex,y Oz Oz T
an—z an—2+Ch_o+Ch_|  an_o+C3_o+4Ch_ | an_o+Ch_o+Ch_ an_2+CN_+CI_
Fn72 O_In 2 o_zn n—2 n—1 O_ZTI n—2 n—1 o—zn n—2 n—1 Z:l',y Ex,y o_zn n—2 n—1
2 2 3 3 4 1 n—2
_ ap_1+C2_,+C an_1+C2 _+C apn_1+C, _1+C ap_1+C~
Frn1 U;n ! Uzn mot " zn not " zn mt " Uzn nt Ez,y Ez,y
c3 o3 Lctict an+Cn—240on—2 amt+Cn—1lyon—1
F, U;n Ew,y U:"+ n 2 O'(Zl”+ ntC2 O'Zn " 2 O'Zn " 2 Ew,y

which is just the one listed in Table 4. Similarly, one can directly calculate other F}’s (k = 3,4,--- ,n), their explicit

forms are given in Table 4.
Remark 3.—For k = 2. Case (i) If Mod|a,, + C2,2] = 0, one has

(Uz)an+ciaz = Og, O'm(o'z)an-‘rci = O0g, (64)
then F5 can be written as
Fy=(op)”ooieoe ] ottt (65)
j=4
Case (ii). If Mod[a,, + C2,2] = 1, one has
(az)“”+ciaw =i 0y, aw(UZ)“"JrCTzL = —i 0y, (66)
then F5 can be written as
F=(0)"®0,®0® H gutOres, (67)
j=4
Finally, one obtains
n i
Fr=(oh) 0%, 0%, o [Jor . (68)
j=4
with
o )os if Mod[a,, + C2,2] = 0, (69)
“Y" oy, if Modla, +C?2] =1
Similarly, one can make the same analysis for other Fj’s, with &k =3,4,--- ,n.

Base on the above analysis, we can recast the Table 4 into the form of Table 5. Now we are ready to prove the
classical prediction is “+1”. When n is even, we have have the corresponding quantities in the LHV models as

n
B = ol ot = o [T ol (10)
j=2
n . .
~ ; J i
Fy = (Ualz)akvw]iva]i;l H (vg)ak+ck+ck+1’ (k =2,3,---,n—1, 7=2.3,-- ’n)’ (71)

J#k,k+1
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Fp = () V2, (03) 0 TOntCE () an+CutCa L (yp=lyant Ol 40 yn

n—1
= @hye v, v, T] eeires, (72)
j=3

Then we obtain the classical prediction as

k=1
L not ) ] n—1 ) )
j : j Ji . )
= (e TTo2) T (bvivist TT perciecion) (hmaz v, Tt
=2 7 k=2 kK41 s
n D91 1+i ag 21+“i1(ak+C§+Cg+1) n 1+ > (ak+ci+ci+l)
=[P = @) = (vi) s
Jj=2 j=3
n n—1 . )
CI4C2,)) 1% . 1+ +Ci+C]
_ (U}E)Prkz::?ak (U§)1+k:3(ak+ &t Chr1) H(’Ui) kﬁ%ﬂ(ak T+CL )
Jj=3
n
= [TeH=, -

here C, 1= C%. Similarly, to prove the classical prediction C = +1, one needs to prove Z; = even number for any
je{1,2,--- ,n}.
From Eq. (57), we immediately have

Z =1+ Z aj = even number. (74)
k=2
For j = 2, we have
n—1
Zy=1+) (ax+C} +Ciy)
k=3

=1+ (az+ - +an1)+2(C;+Ci+-+C_))+C5+C?

=14 a;+2(C3+Ci+-+Cp)) +[-az — an — C5 + C}]
=2

=1+ a;i+2(C3+Ci+-+Chy —an)

= eveni 12umber, (75)
Here we have used
as +C3 = a, + C2. (76)
For 3 < j < n, one has
Zi=14+ Y (a+Ci+Ci,), (k=23 ,n). (77)

k#5,i—1
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When j = 3,
Zy=1+)Y (ar+Ci+Ciyy),

k=4
=1l4+ag+-+a, +2C3+ - +C3+C+C3

=14+ a;i+2(C+ -+ C3) + (—az — az + CF + C3) (78)

i=2
=1+ a; +2(LCF +C3 + -+ C3 — ay) (79)

i=2
= even number, (80)

Here we have used
ag +Cs = az + Cj. (81)
similarly, Z; = even number, j = 4,5,--- ,n. Thus we finally have

C=+1. (82)
Thus there is a sharp contradiction “+1, = —15” between the LHV models and QM. This ends the proof for GHZ-type
paradox for the case of odd n. ([l

B. Some examples for Theorem 1

For the cases of m = 3 and 4, in Fig. 1, we have listed all the possible and nontrivial graphs. In the following, we
list the corresponding GHZ-type paradox for each graph.

Ezample 1.—For the graph as Fig. 1(a), we have m = n = 3. The corresponding ground state of the Hamiltonian H
is |G) = (|000) +|001) +|010) + |011) + |100) — [101) — [110) +|111))/2+/2. From Theorem 1, we have {as = 1,a3 = 1},
then the GHZ-type paradox “+1, = —1,” can be arisen from the following 4 operators:

Sl = 0—; f 27 (833’)
—518:83 = o000, (83b)
5153 = aéaf S, (83c¢)
5152 = O';O’i 2, (83d)

ie., S1|G) = +|G), —515253|G) = —|G), S153|G) = +|G), 515:|G) = +|G).
Through the unitary transformation & = 1 ® Uy ® Uy, with Uy = (0, + 0.)/v/2, the state |G) is equivalent to the
3-qubit GHZ state |GH Z3) = (|000) + |111))/4/2, and the 4 operators become

Ey =olo2o3, (84a)
E, = UiO’jO’S, (84b)
Es = U;Uiaz, (84c)
E, = 0‘;0302. (84d)
It can be constructed the original 3-qubit GHZ paradox:

O'IO'I01|GH23> +|GHZ3), (85a)
axaya 3\GHZs) = —|GHZ3), (85b)
y o, y\GHZg,) —|GHZ3), (85¢)
0y0o08|GHZs) = —|GH Zs). (85d)

In the LHV models, o; are assumed to have definite values v; = £1 even before the measurements, it follows that
viv?ed = 41, (86a)
v;vzvg -1, (86b)
v;vg g -1, (86¢)
v;vivg = -1, (86d)
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Supplementary Figure 1. The graphs for m = 3,4. Graphs (a) and (b) correspond to the scenario (m,n) = (3,3), and their
corresponding ground states are given by the 3-qubit GHZ state |G) = |GHZ3) = (|000) + |111))/+/2 up to a local unitary
transformation (LUT). Graphs (c¢) and (d) correspond to the scenario (m,n) = (4,4), and their corresponding ground states
are the 4-qubit GHZ state |G) = |GH Z4) = (]0000) 4 [1111))/+/2 up to a LUT. Graphs (e) and (f) correspond to the scenario
(m,n) = (4,4), graphs (g), (h) and (i) correspond to the scenario (m,n) = (4,3), and the corresponding ground states are
given by the 4-qubit cluster state |G) = |LC4) = (|0000) 4 |0011) 4 [1100) — |1111))/2 up to a LUT.

When one multiplies the above four equations, the left-hand side gives the classical prediction as

C = (v3)*(vy)?(v2)*(v7)*(v3)*(vy)* = +1, (87)
but the right-hand side gives the quantum prediction as @ = —1, thus leads to the sharp contradiction of “+1, = —14".

Ezample 2.—For the graph as Fig. 1(b), we have m = n = 3. The ground state is |G) = (]000) + |001) + |010) —
|011) + [100) — |101) — [110) — |111))/(2v/2). From Theorem 1, we have {as = 1, a3 = 2}, then the GHZ-type paradox
can be arisen from the following 4 operators:

Sy =ololo?, (88a)
—515253 = 0';0'30'3, (88b)
Sy = 0,020, (88¢)
Sy = 0—;03:037 (88d)
ie, S11G) = 4+|G), —515255|G) = —|G), S5|G) = +|G), S2|G) = +|G).



13

Through the unitary transformation & = Uy ® Uy ® Uy, with Uy = (0, + 0,)/V/2, the state |G) is equivalent to the
3-qubit GHZ state |GH Z3) = (|000) + |[111))/4/2, and the 4 operators become

Ey =o0,0,0,, (89a)
By =o0lc?02, (89b)
E3 = 0‘;0202, (89c¢)
E, =o0,0.0,. (89d)
It can be constructed the original 3-qubit GHZ paradox:
oy0,0,|GHZ3) = —|GHZ3), (90a)
orolo3|GHZ3) = +|GHZ3), (90Db)
oy0o08|GH Zs) = —|GH Zs), (90c)
0,020,|GHZ3) = —|GHZ3). (90d)

In LHV models, o; are assumed to have definite values v; = £1, it follows that

vivi 2 = -1, (91a)
vivZud = 41, (91b)
v;vg =1, (91c)
v;vg g = -1, (91d)

When one multiplies the above four equations, the left-hand side gives (v;)*(v,)?(v2)?(v2)?(v3)?(v3)? = +1, but the
right-hand side gives the quantum prediction as —1, thus leads to the sharp contradiction of “+1, = —15".

Ezample 3—TFor the graph as Fig. 1(c), m = n = 4. The ground state is |G) = (1/4)(1,1,1,1,1,1,1,1,1, -1, -1, 1,
—1,1,1,—-1)", where T' means transpose. From Theorem 1, we have {as = 1,a3 = 1,a4 = 1}, then the GHZ-type
paradox can be arisen from the following 4 operators:

S, = olololo?, (92a)
—515285 = 0;0502037 (92b)
—518535, = 0'91603030';1, (92¢)
—S518455 = aiogafoj, (92d)

Le., S1|G) = +|G), —515253|G) = —|G), —515354|G) = —|G), —51545:|G) = —|G).
Through the unitary transformation U = 1 ® U; ® Uy @ Uy, with Uy = (0, 4+ 0.)/v/2, the state |G) is equivalent to
the 4-qubit GHZ state |GH Z,) = (]0000) + |1111))/v/2, and the 4 operators become

E, =oloiaiol, (93a)
E, = Uiaioiai, (93b)
E3 =o0,0.0,0,, (93c)
E,= U}Eoioiag. (93d)
It can be constructed the 4-qubit GHZ paradox:
orolod0t|GHZ,) = +|GHZ,), (94a)
oroaouos|GHZy) = —|GHZy), (94b)
0,020,0,|GHZy) = —|GHZy), (94c)
oroo080,|GHZy) = —|GHZy). (94d)

In LHV models, o; are assumed to have definite values v; = +£1, it follows that

viviodvt = 41, (95a)
v;vfjvivi =—1, (95b)
v;vivgvi = -1, (95¢)
vivivgv; =-1 (95d)
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When one multiplies the above four equations, the left-hand side gives (v;)*(v2)?(v7)?(v3)?(v3)?(v3)?(vy)? = +1, but
the right-hand side gives the quantum prediction as —1, thus leads to the sharp contradiction of “+1, = —14".

Ezample 4.—For the graph as Fig. 1(d), m = n = 4. The ground state is |G) = (1/4)(1,1,1,-1,1,-1,—-1,—-1,1, -1,
—1,-1,-1,-1,—1,1)T. From Theorem 1, we have {az = 3,a3 = 3,a4 = 3}, then the GHZ-type paradox can be
arisen from the following 4 operators:

S) =ololodol, (96a)
—518583 = olalodo?, (96b)
—51838, = olololot, (96¢)
—51848, = ololodol, (96d)

e, S1|G) = +|G), —515255|G) = —|G), —515354|G) = —|G), —51545:|G) = —|G).
Through the unitary transformation U = U; @Us QUs @ Us, with Uy = (fiaeriaz)/\/ﬁ, Uy = (1+i0,+ioy—io.)/2,
the state |G) is equivalent to the state |GH Z4), and the 4 operator become

By = 0,030,0%, (97a)
E, = 0;05030;1, (97b)
E; = 0;0320020;17 (97¢)
E,=o} 5020; (97d)
It can be constructed the 4-qubit GHZ paradox:

ororosos|GHZy) = +|GHZy), (98a)
oroaou0s|GHZy) = —|GHZy), (98b)
oro2os0,|GHZy) = —|GHZy), (98¢)
oroa080,|GHZy) = —|GHZy). (98d)

In LHV models, o; are assumed to have definite values v; = %1, it follows that
vivZodet = 41, (99a)
vyvsvsvy = —1, (99b)
vyvsvsUy = —1, (99¢)
vpvivdvg = —1, (99d)

when one multiplies the above four equations, the left-hand side gives (v})*(v2)?(v2)?(v3)?(v3)?(v3)?(vy)? = +1, but

the right-hand side gives —1, thus leads to the sharp contradiction of “+1, = —14".

Ezample 5.—For the graph as Fig. 1(e), m = n = 4. The ground state is |G) = (1/4)(1,1,1,1,1,1,-1,—-1,1, -1, -1,
1,-1,1,—1,1)T. From Theorem 1, we have {az = 1,a3 = 2, a4 = 2}, then the GHZ-type paradox can be arisen from
the following 4 operators:

Sy = ololodo?, (100a)
—518583 = ololo3o?, (100b)
838, = lo2ood, (100c)
548y = 1020302, (100d)

ie., 51|G> = +|G>, —515253|G> = —|G>, S3S4|G> = +|G>, S4SQ|G> = —|—|G>

Through the unitary transformation Y = 1 ® Uy ® Uy ® Us, with Uy = (—oy + 0.)/V2,Us = (1 +io, + ioy —
i0,)/2,Us = (1 + oy + ioy + i0.)/2, the state |G) is equivalent to the 4-qubit cluster state in the form |[C'Ls) =
(|0000) 4 |0110) + |1001) — |1111))/2 (Notice: the state |CLy4) is equivalent to the standard form of 4-qubit cluster
state |[LCy) = (]0000) + |0011) + |1100) — |1111))/2 by exchange the qubits 2 and 4), and the 4 operators become

E, = aiasagag, (101a)
E, = Uioiai’ag, (101b)
E3 =1lo.0l0%, (101c)
By = 102030 ;‘ (101d)
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It can be constructed the 4-qubit GHZ-type paradox:

020,000,|CLy) = +|CLy), (102a)
0;030203\(7[/4) = +|CLy), (102b)
]1050203|CL4> = —|CLy), (102¢)
1020302CLy) = +|CLy). (102d)
In LHV models, o; are assumed to have definite values v; = £1, it follows that
v;vivivé = +1, (103a)
v;vivgvg = +1, (103b)
vgvzvﬁ =—1, (103c)
vioded = 41 (103d)

When one multiplies the above four equations, the left-hand side gives (v3)?(v2)?(v2)?(v3)? (v3)?(vy)? (v2)? = +1, but
the right-hand side gives the quantum prediction as —1, thus leads to the sharp contradiction of “+1, = —1,".

Ezample 6.—For the graph as Fig. 1(f), m = n = 4. The ground state is |G) = (1/4)(1,1,1,-1,1,1,-1,1,1, -1, -1,
—1,-1,1,—1,—1)T. From Theorem 1, we have {as = 2,a3 = 2,a4 = 3}, then the GHZ-type paradox can be arisen
from the following 4 operators:

S, = ololodo?, (104a)

S283 = loosos, (104b)
S354 = ]103020;1, (104c¢)
—518459 = 0;05030;17 (104d)

Le., S1|G) = +[G), 5253|G) = +|G), S354|G) = +|G), —515:5|G) = —|G).

Through the unitary transformation U = @U1 @U@ U1 @Us, with Uy = (1+i0,+i0y —i0,)/2,Us = (1 —io,+ioy —
i0.)/2,Us = (0,+0.)/V/?2, the state |G) is equivalent to the state |C'L}) = (|0000)+-|0101)+|1010)—|1111))/2 (Notice:
the state |C'L}) is equivalent to the standard form of 4-qubit cluster state |LCy) = (|0000) +|0011)+|1100) —|1111))/2
by exchange the qubits 2 and 3), and the 4 operators become

E, = Uéaiogai, (105a)
By = 1020303, (105b)
Es =1lo,0%0,, (105¢)
E, = O’;O’ia’io’;. (105d)
It can be constructed the 4-qubit GHZ-type paradox:
Jéazaiai\CLﬁQ = +|CL}), (106a)
loZolos|CLY) = +|CLY), (106b)
losolo,|CL)) = —|CL}), (106¢)
J;Ugoiog\CLﬁQ = +|CL)). (106d)
In LHV models, o; are assumed to have definite values v; = £1, it follows that
vévivﬁvi = +1, (107a)
vivded = 41, (107b)
vivz’vg = -1, (107¢)
v;vzvivé = +1. (107d)

When one multiplies the above four equations, the left-hand side gives (v})?(v2)?(v2)?(v3)?(v3)?(v3)? (v)? = +1, but
the right-hand side gives the quantum prediction as —1, thus leads to the sharp contradiction of “+1, = —1,".
Ezample 7—For the graph as Fig. 1(g), m = 4,n = 3. The ground state is the 4-qubit cluster state in the form

|G) = (|0 + 4+0) + [0+ —1) + |1 — =0) + |1 — +1))/2, where |£) = (]0) = |1))/v/2. We consider the vertex 1 and its



16

link vertices 2,3. From Theorem 1, we have {ay = 1,a3 = 1}, then the GHZ-type paradox can be arisen from the
following 4 operators:

S, =olololl, (108a)
—518,83 = olo 50203, (108b)
5159 = oé 302]1, (108c¢)
51853 = Uéagogaﬁ, (108d)

Le., S1|G) = +[G), —=515:53|G) = —[G), S19|G) = +|G), 515|G) = +|G).

Through the unitary transformation U = U; @ Us @ 1 ® Us, with Uy = o,,Us = (1 + iay)/\/i, Us = (0, +0.)/V2,
then the state |G) is equivalent to the standard 4-qubit cluster state |LC4) = (]0000) 4 [0011) + [1100) — |1111))/2,
and the 4 operators become

By =ololal, (109a)
Ey =0,0.0,0,, (109Db)
Es=o0,0.001, (109c)
Ey=0,0.0,0,. (109d)
It can be constructed the 4-qubit GHZ paradox:
oro2o? 1 |LCy) = +|LCY) , (110a)
010,000 |LCy) =+ |LCy), (110b)
0y0o05 1 |LCy) = — |LCy), (110c)
01020304 |LCy) = +|LCy). (110d)
In the LHV models, o; are assumed to have definite values v; = +£1, it follows that
viv2ed = 41, (111a)
vivivgvi = +1, (111Db)
v;vzvg’ =-1, (111c)
v;vivgvi =+1. ( )

When one multiplies the above four equations, the left-hand side gives (v;)?(v,)?(v2)*(vg)?(v3)?(v2)?(v3)? = +1, but
the right-hand side gives the quantum prediction as —1, thus leads to the sharp contradiction of “+1, = —14".

Ezample 8.—For the graph as Fig. 1(h), m = 4,n = 3. The ground state is |G) = (1/4)(1,1,1,-1,1,-1,1,1, 1, 1, -1,
1,—1,1,1,1)T. We consider the vertex 1 and its link vertices 2,3. From Theorem 1, we have {ay = 1,a3 = 1}, the
GHZ-type paradox can be arisen from the following 4 operators:

S, =olo?al, (112a)
—515955 = axajaz]l, (112b)
5152 :U; 5 oot (112¢)
5183 = o,02000%, (112d)

Le., S1|G) = +[G), —=515:53|G) = —[G), S192|G) = +|G), 515|G) = +|G).
Through the unitary transformation U = Uy ®U; @ U; @ Uy, with Uy = (0, +0.)/v/2, then the state |G) is equivalent
to the cluster state |C'Ly) = (|0000) + |0110) + |1001) — |1111))/2, and the 4 operators become

By =ololol, (113a)

Ey =ololo0l, (113b)

Es=o0,0.050;, (113c)

Ey= U;Jgazo;l, (113d)

It can be constructed the 4-qubit GHZ paradox:

0lo2031 |CLy) = +|CLy), (114a)

olooosll|CLy) = —|CLy), (114b)

a; 2 3‘71 |CLyy =+ |CLy), (114c¢)

0402000, |CLy) =4 |CLy) . (114d)
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In LHV models, o; are assumed to have definite values v; = +£1, it follows that

vivZed = 41, (115a)
vivivl = —1, (115b)
vy Uaviy = +1, (115¢)
v vy = +1. (115d)

When one multiplies the above four equations, the left-hand side gives (v;)?(v})?(v2)?(vg)?(v3)?(v3)? (vy)? = +1, but
the right-hand side gives the quantum prediction as —1, thus leads to the sharp contradiction of “+1, = —14".

Ezample 9.—For the graph as Fig. 1(i), m = 4,n = 3. The ground state is |G) = (1/4)(1,1,1,-1,1,—-1,—1,-1,1, 1,
—1,1,-1,1,—1,—-1)T. We consider the vertex 1 and its link vertices 2, 3. From Theorem 1, we have {a; = 1, a3 = 2},
the GHZ-type paradox can be arisen from the following 4 operators:

S, = olotoll, (116a)
—518583 = olaa1, (116b)
Sy = ololadal, (116¢)
S = ololodal, (116d)

i.e., 51|G> = +|G>, —515253|G> = —|G>, SQ|G> = +|G>, 53|G> = +|G>

Through the unitary transformation U = Uy ® Uy ® Uy ® Us, with Uy = (1 — ioy + ioy — i0.)/2,Us = (1 +io, +
iy —i0,)/2,Us = (0, +0,)/v/2, the state |G) is equivalent to the state |CL4) = (|0000) + |0110) + |1001) — |1111))/2,
and the 4 operators become

By =ololol, (117a)
Ey =ololool, (117b)
Es =o0,0.0.0,, (117¢)
E, = U;Jgaza;l. (117d)

It can be constructed the 4-qubit GHZ paradox:

0losou1|CLy) = +|CLy), (118a)
oloyoll|CLy) = —|CLy), (118Db)
a; 5 364CLy) = +|CLy), (118c¢)
0,020003|CLy) = +|CLy). (118d)

In LHV models, o; are assumed to have definite values v; = +£1, it follows that

vivivd = +1, (119a)
vivivy = —1, (119b)
v;vi 3vt =41, (119¢)
v vivpvy = +1. (119d)

When one multiplies the above four equations, the left-hand side gives (v,,)?(v})?(v7)?(v2)*(v3)?(v3)?(v3)* = +1, but
the right-hand side gives the quantum prediction as —1, thus leads to the sharp contradiction of “+1, = —14".
Remark 4.—From the above 9 examples for the 3-qubit and 4-qubit systems, one can observe that (i) the ground
state |G) of the Hamiltonian H is unique, and (ii) the ground state is either the GHZ state or the cluster state. The
similar results can be directly generalized to an arbitrary m-qubit system, thus one can obtain the GHZ-type paradox

for either the m-qubit GHZ state |G,,) or the m-qubit cluster state |C,,), see Fig. (2).

C. Scope of unique state verification

From the form of Theorem 1, when n is odd, any n — 1 operator Es can still generate the n — 1 qubits stabilizing
group, so their grand total cannot have degenerate ground state. Furthermore, in the case of n = m, there is no
unmeasured qubits and the GHZ-type paradox constructed from operator Es can uniquely pick out |G).
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Supplementary Figure 2. Two graphs for the m-qubit system. (a) The graph is the generalization of Fig. 1(a). The corre-
sponding ground state of the Hamiltonian H is the m-qubit GHZ state |G.,) = %(|OO- -+0) 4+ |11---1)) under a local unitary
transformation, and the scenario of the GHZ-type paradox is (m,n) = (m,m). (b) The graph is the generalization of Fig.
1(g). The ground state of the Hamiltonian H is the m-qubit cluster state |Cy,), and the scenario of the GHZ-type paradox is
(m,n) = (m,3).

At first glance, the requirement of n = m seems to fail for most of graph states. However, by applying local
complementation, a lot of graph states can be reciprocally transformed, and a surprisingly high proportion of graph
states have equivalent representations which have universal vertices. The complete orbits of a graph state under
possible local complementations can be obtained with computer programming [7]. Shown in Fig.3b, for m < 9, one
finds that 519 out of 591 possible graph states can be locally complemented to obtain a universal vertex. For the case
of m =9, 392 different graph states have their unique GHZ-type paradox that can be in turn exploited to verify the
graph states.

(a) (b)

1 1 :
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Supplementary Figure 3. The application of local complementation together with Theorem 1. (a) consecutively applying local
complementation on the blue vertex of the graph corresponding to |Gs) results in a universal vertex (orange). (b) The total
number (purple) of different graph states up to permutation of vertices and local complementation, and the percentage (red)
of graph states in which a universal vertex can arise upon applying local complementations.

Ezample.— The mathematical tool of local complementation [8] together with the theorem 1 can be utilized to con-
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struct a genuine multipartite GHZ-type paradox for the 5-qubit linear cluster state |LCs) = ®@7_, (|0)+]1) oit1) /4v/2.
Here, the phrase “genuine” means that the paradox cannot be re-produced by any biseparable quantum system. A

local complementation on vertices i transforms the graph state according to |G) — e~ imoL/4g—inol/4 |G), where j

denotes any vertices in the neighborhood of i, i.e., C{ = 1. |LC5) is associated with the graph of five vertices,
consecutively connected by four edges, and stabilized by {S; = clo?1311°, Sy = olo2031%1°, S5 = 1'02020215,

Sy = 1'12%030%02, and S5 = 1112130402, }. The graph does not have any universal vertices. However, as shown in
Fig.3a, by applying local complementation at vertices 2 and 4, the vertex 3 becomes universal and can be exploited to
construct a GHZ-type paradox, in which two-settings applies to every qubit. By reverting the local complementations,
the operators are shown to be Fy = —555354, Fs = S3854, F3 = S553, B4, = S1, E5 = S5, and Eg = 515355, and the
following equations hold:

[Ey = 0;05020305] |LC5) = —|LCs) , (120a)
[Ey =1'020)0,02] |LC5) =+ |LCs), (120b)
[E5 = 0;050203115] |LC5) = +|LC5), (120c)
[Ey = olo?131*1°] |LC5) = + |LCs), (120d)
[Es = 1'1%130265) |LCs) = +|LCs) (120e)
[Es = o:1%031%65) |LCs) = +|LCs) . (120f)
From (120), one has (Ej)qy = Tr[|[LC5) (LCs| E;] = —1. Here, ()5, denotes the prediction of an observ-
able given by quantum theory. However, a LHV model assumes the observable o;’s to have definite values
v; = %1 even before the measurements, so it requires —vivgvgvﬁvg = —1,v3v§v31}§’ = +1,v§v§v2v;‘ = +1,vl0? =
+1,v205 = +1 and vlv3v3 = +1. Consequently, when one multiplies the above six equations, the left-hand side
gives —(vy)?(v3)?(v3)%(v7)?(v3)? (vy)? (v1)? (v2)?(v2)?(v3)? = +1, but the right-hand side gives H?:1<Ei> = —1, thus
leading to the sharp contradiction of “4+1, = —15”. To confirm the GHZ-type paradox is genuine, one can directly

solve the eigensystem of H’ to show the ground state of H' = — Zle FE; is non-degenerate, so this GHZ-type paradox
is strictly limited to the quinquepartite entangled system of |LCs5).

D. Entanglement detection

Bell’s inequality constructed by GHZ-type paradox as

n+1
LHV
I,=> fi(B) < n—1, (121)
=1

with f; = (G|E;|G) € {+1,—1}, and the maximal violation is directly given by ZOM = n + 1.
The eigenvalues and eigenstates of Bell operator Z?jll +E; is list in Table. 6, so,

n+1 X1 X%
Y fiEi=(n+ 1[G (Gl +(n=3) Y [Wh_s) (sl +-+(-n=1) D [WF, 1) @F, . (122)
=1 k=1 k=1

For any given state [t))

[v) = a|G) ++/1—a2|Gh), (123)

n+1

Supplementary Table 6. The eigenvalues and eigenstates of Bell operator » """ fiE;, where the degeneracy satisfy

ntl
1+ Zj:21 x; =2".

Eigenvalues n+1 n—3 n—17 e —n—1

Degeneracy 1 X1 X2 e X nt1
2

Xn+1
2

EigenStateS ‘G> |1/J71L—3> ) |’¢)72L—3> y T | T>§1—3> |1/J71L—7> ) |’(/}72L—7> y T | r>1<2—7> e |w£n—1> ) |w2—n—l> [ |1/J_n_1>
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ntl ]
where the coefficients (G |G+) = 0, |G+) = 27 1 Zk 1 b5 . 450, and .2, SRl |b§|2 =
The fidelity of |¢) is defined as

= (G ¥)|* = lal*. (124)
The violation value of the Bell operator for |¢)) is
n+1 n+1
T, =al* (G| Y_ fiBi|G) + (1= |al*) (GH] ) fiEi|GF)
i=1 i=1
nTH X
=laP(n+1)+ (1 —[a) D> (n+1—45)pkJ (125)
j=1 k=1
Due to 0 < |bﬂ <1, then
la*(n +1) + (1 —a*)(-n — 1) <, < |af*(n +1) + (1 — |a]*)(n - 3), (126)
S0, we can get
I, — T 1
n S e g It (127)
4 2n+2

Therefore, the fidelity F' of |¢) is sandwiched between (Z, —n +3)/4 and (Z,, + n+1)/(2n + 2).

When [|¢) violate the inequality (121), i.e., Z, > n — 1, then F = |a|]? > (Z, — n + 3)/4 > 1/2. Therefore, the
violation of (121) guarantees at least 50% fidelity to the target state |G). Vice versa, for any given state |¢), it is
possible to violate the inequality (121) only when its fidelity to the target graph state |G) is greater than 50%. And
the fidelity of all biseparable states are less than 50%. Remarkably, this is also effective for mixed states p, that only
if the proportion of pg = |G) (G| greater than 50%, it is possible to violate the inequality (121).

Proof:

The fidelity of p with respect to the target graph state |G) is

F=(G|p|G) =lal?, (128)
and

Trllvg) Wl ol = (W5 p[0f) = (1 la?)|cf %, (129)
ntl
where } .2, Soal \c’“|2 =1.
Then, the Violatlon value of the Bell operator for p is

n+1

= TT((Z fiEi) - p)

x xog
=(n+1)(Glp|G)+(n=3)Y (W slpli )+ +(-n—1) Y 7Y CLY)
k=1 N k=1 Xﬁgl
=laP(n+1) + 1= laf)(n—=3) Y leh s>+ + 1 —laf)(=n—-1) Y |*, [
k=1 k=1
.
= lal(n+1)+ (1 —|a?) Zzn+1—4j)|c§|2. (130)

Jj=1 k=1

Similarly as the calculations of Eq. (125)-(127), we can get the fidelity (Z, —n+3)/4 < F = |a|* < (Z,+n+1)/(2n+2).
Therefore, the fidelity greater than 50% if the the inequality (121) is violated.
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E. New quantum states that can possess the GHZ-type paradox

The significance of Theorem 1 is two-folded: (i) It has provided a unified approach to reveal the GHZ-type paradoxes
for two important quantum states (i.e., the m-qubit GHZ state and the m-qubit cluster state), which naturally recovers
the previous result in the literature. (ii) It has provided an interesting guidance or clue, i.e., quantum states that can
possess the GHZ-type paradox are usually the ground states of some specific Hamiltonians.

Besides the GHZ state and the cluster state, there are indeed other new quantum states that can also possess the
GHZ-type paradox, and importantly they can be similarly generated from the ground states of some Hamiltonians.
In the following, we would like to give two examples.

Ezample 10.— In Ezample 7, for the 4-qubit cluster state |LCy), we have already derived the following 4 operators
(see Eq. (109a)):

By =olo2a?1, (131a)
E, = 0;,05020;1, (131b)
Es=o0,00001, (131c)
Ey=0,0.0,0,. (131d)

which satisfy (see Eq. (110))
205021] [LCy) = +|LCy) , (
. 50203»} |LCy) = +|LCy), (
Es =o0,000:1]|LCy) = — |LCy) (132¢
y020y0] [LCs) = +|LCy) . (
Based on the operators E;’s, let us define the following Hamiltonian
H' = —(E1+ By + Ey) + Es, (133)

whose ground states are interestingly two-folded degeneracies, i.e.,

H'|LCy) = —4|LCy), H'|LC)) = —4|LCY), (134)
with

|LCy) = %(|0000> +(0011) + [1100) — |1111)),

|LCY) = %(|0001> +0010) + [1101) — [1110)),
(1®1®1®o,)|LC). (135a)

Let us define the following 4-qubit extended cluster state:

|LC4(6)) = cos@|LCy) + sin6 |LCY)
— cos6(]0000) + [0011) + |1100) — [1111))/2 + sin6(]0001) + |0010) + [1101) — [1110)/2,  (136)

Similar to Eq. (132), for the new quantum state |[LC4(6)), one has the following GHZ-type paradox

[Ey = 0L026%1] |LC4(0)) = + |LC4(0)), (137a)
(B> = 0Lo20302] [LC4(8)) = +|LC4(6)) (137b)
[Es = 0,002 1] |LC4(0)) = — |LC4(0)) (137¢)
[Ey = 0lo20302] [LC4(B)) = +|LC4(6)) (137d)

that is valid for arbitrary parameter 6. It is easy to have the quantum prediction as
Q= H (LC4(0)| Es|LC4(0)) = —1. (138)
i=1

Remark. 5—Thus we have derived a new family of pure states |LCy(6)), which can also possess the GHZ-type
paradox. The difference is that the usual cluster state |[LCy) = |LC4(0 = 0)) is a graph state, while the state |LC4(6))
is generally not a graph state, because it is not the common eigenstate of operators {57, S2,S3, 5S4}
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Remark. 6—When 6 = /4, we have

|LC4(0 = 7/4)) = %(|0000> +[0011) + |1100) — [1111)) + %(|0001> +(0010) + [1101) — |1110))
= %(|000> +1001) 4 [110) — [111)) ® %(|0> + 1))
= %(|00+> +]11-)) ® |+) . (139)

Through the local unitary transformation (LUT) U = 1 ® 1 ® U; ® 1, with U = (0, + 0.)/v2, [LC4(0 = 7/4)) is

equivalent to a bi-separable state:

)> LUT

|LC4(0 = /4 |GHZ3) ® |+) = (|000) + [111)) @ |+) . (140)

Remark 7.—Let us consider the following mixed state
p(0) = cos® O|LC4)(LCy| + sin® 0| LC})(LCY], (141)

which is a convex sum of two cluster states. It can be verified that the quantum prediction is

4
0 =[] ulo(6) E
i=1

4 4
= cos” 0 [ [(LCu|Ei|LCy) + sin® 0 [ [(LCYIEi|LCY)
=1 =1
= —cos?0 —sin® 0

=1 (142)

)

which is 6-independent. Thus, for the first time, we have encountered that a mixed state (such as p(f) in Eq. (141))
can also possess the GHZ-type paradox.

Ezample 12.—In Example 3, for the 4-qubit GHZ state, we have obtained the following operators (see Eq. (93a)):
Ey =olocial, (143a)
E, = 0;05030;17 (143b)
Es = a}coiazag, (143c¢)
Ey =o0,0,050,. (143d)

Similarly, we define the new Hamiltonian as H' = —FE) 4+ (Es + E3 + E4), then we can get two ground states, which
are two-fold degeneracy:

\GHZ,) = 7(|oooo> 4 [1111)), (144a)

S

\GHZ,) = —=(|0111) + [1000))

ﬁ
=(0, 11 1)|GHZ,), (144b)
with H'|GHZ,) = —4|GHZ,) and H'|\GHZ)) = —4|GHZ)).
Let us define the following 4-qubit extended GHZ state
|GHZ4(0)) = cos0|GH Z,) + sin |GH Z})
= cos 0(|0000) + [1111))/v/2 + sin §(|0111) + |1000))/v'2, (145)

which is the superposition state of two 4-qubit GHZ state. For the new quantum state GH Z4(6), one has the following
GHZ-type paradox

[By = oro2030t||GHZs(0)) = +|GHZ4(0)), (146a)
[Ey = oho20504]|GHZ4(0)) = —|GHZ4(9)), (146b)
[Es = oy02050,||GHZ4(0)) = —|GHZ4(0)), (146¢)
[Ey = 0,00050,||GHZ4(0)) = —|GHZ4(0)), (146d)



23

that is valid for arbitrary parameter 6.

Remark. 8—Thus we have derived aother new family of pure states |GH Z4(f)), which can also possess the GHZ-
type paradox. The difference is that the usual GHZ state |GHZ4) = |LC4(6 = 0)) is a graph state, while the state
|GHZ,4(0)) is generally not, because it is not the common eigenstate of operators {51, Sa, S3,54}. When 0 = 7/4, we
have

N |

\GHZ4(6 = 7/4)) = =(|0000) + |1111)) + %(|0111> + [1000))
1

1
= ﬁ(|o> +11)) ® —=(1000) + [111))

= |+)|IGHZ3), (147)

which is equivalent to |LCy (6 = 7/4)) after permuting some qubits.
Remark 9.—Let us consider the following mixed state

p(0) = cos? 0|GH Z,)(GH Zy| + sin? 0|GH Z}) (GH Z}|. (148)

Similar to Example 10, such a mixed state can also possess the GHZ-type paradox.

F. Converting the GHZ-type paradox into the perfect Hardy-type paradox

The GHZ proof is only valid for the quantum system with three or more particles. Motivated by this, in 1993 Hardy
presented a kind of all-versus-nothing proofs for two qubits [1]. The Hardy’s proof can be expressed as follows [2].
Let us denote by P(A; < Bj) the joint conditional probability for the event A; < B;, the Hardy’s paradox can then
be written as

P1:P(A2<Bl):0,

Py, = P(Bl < Al) =0,
(149)
PQZP(Al <Bz):0,

Pae = P(As < By) B (5v/5 — 11) /2~ 0.09 > 0.

Here P(A; < Bj) = P(A; = 0,B; = 1) for the two-qubit case. The last equation in (149) equals to zero in the
LHV models, because if Ay > By, B > Ay, A1 > Bs, then one must have Ay > Bs. But in the QM, when the first
three events are satisfied, we can get a value (usually termed as the maximal success probability of nonlocal events)
of approximately 0.09 to make the last event As < By happen. Although Py, ~ 0.09 is quite small, it essentially
distinguishes QM from the LHV models. In the Hardy-test experiment, one will measure the success probability Psyc
under the three constraints. If Ps,. > 0, then the experimental result confirms the quantum prediction.

In tradition, the GHZ paradox and Hardy’s paradox are two distinct all-versus-nothing proof for Bell’s nonlocality.
Very recently, the GHZ paradox and Hardy’s paradox have been unified into a single framework, and the GHZ paradox
can be viewed as a perfect Hardy’s paradox [3], in which the seccess probability Py, equals to 1. The GHZ-type
paradox can be converted into a perfect Hardy-type paradox. In the following, we give two examples to illustrate this
idea based on Fig. 1(a) and Fig. 1(g).

Ezample 13.—For the Fig. 1(a), there is a GHZ-type paradox for 3-qubit GHZ state |GHZ3) = %(|000> +|111))

(this is also the original GHZ paradox [4]):

(GHZ3| AT A3A2|GH Z3) = —1, (150a)
(GHZ3|ATALA2|GH Z3) = —1, (150b)
(GHZ3|ATA3ANGHZ3) = —1, (150c)
(GHZ3|ATAYAS|GH Z3) = +1, (150d)

1AL _ Al _ 2 A2 _ A2 —
where A} = A; = Az = 04, A{ = A5 = A3 =0y,
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As we have known, the correlation functions can be written in terms of joint probabilities as

1
(GHZ3|A;B;Ck|GHZs) = > (=1)**"*° P(A; = a,B; =b,Cy = c)
a,b,c=0
1
=> (-1)" P(Ai + Bj + C =) (151)
r=0
with
P(A;=1,B;=0,C,=1)+ P(A4;=0,B; =1,C, = 1),
P(AZ—FB] +Cp = 1) :P(Az = 1,Bj —O,Ck = )—|—P(A,L :O,Bj = 1,Ck —0)+
P(A;=0,B;=0,Cy=1)+P(A;=1,B; =1,C, = 1) (152)
Due to
P(Ai+Bj+Cr,=0)+P(A;+B;j+Cr,=1)=1, (153)
we then have
=2P(A;+B;+C,=0)—1
=1-2P(A;+B;+C, =1). (154)
We can convert the correlation functions of operators into a series of probability form:
(GHZ3|ATAZA2|GHZ3) = —1,— P(A] + A2+ A2 =10) =0, (155a)
(GHZ3|AZAJA2|GHZs) = —1,— P(A? + AY + A2 =0) = (155b)
(GHZ3|AZAZALGHZs) = —1,— P(A? + A3+ A} =0) = (155c¢)
(GHZ3|AYAYAYGH Zs) = +1,— P(AL + A} + A = 0) Q: (155d)
Thus, we have the perfect Hardy-type paradox for the 3-qubit GHZ state as
P(A] + A3+ A3=0) =0,
P(A? + A} 4+ A3 =0) =0,
(156)

P(A3 + A3+ A3 =0) =0,

P(AL+ AL+ AL =0) 1> 0.

Proof. In LHV models, without loss of generality, let us suppose that the output of the observable A} is 1. Then
the first equation in (156) implies A3 + A% = 0. For any output of A%, we have A? + A% = 0. Thus, the second
constraint and the third constraint in (156) lead to Al + A2 + A% + Al = 0, which yields A} + A} = 0. It thus holds
that Al + A} + AL =1, ie., P(Al + AL + AL =0) = 0.

In QM, for a system in the 3-qubit GHZ state |GHZ3) = (]000) + |111))/4/2 and the measurements chosen as
Al = A} = A} = 0,, A} = A} = A% = 5, one can see that the first three equations in (156) hold and the success
probability P(A] + Al + A} = 0) is equal to 1. O

Ezample 14.—The GHZ type paradox for 4-qubit GHZ state |GHZ,) = %(\0000) + [1111)):
(GHZ4|ATAZAZAY\GHZ,) = —1, (157a)
(GHZ4|ATAVA2AYGHZ,) = —1, (157b)
(GHZ4|ATAZALAYGHZ,) = —1, (157c¢)
(GHZ4|AJAYALAL\GH Z,) = +1, (157d)

where A} = A} = A} = A} =0,, A3 = A3 =A% =0,.
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Similarly, we can convert the correlation functions of operators into a series of probability form:

(GHZ4|ATASASAL\GHZ,) = —1,— P(A] + A3 + A3 + A} = 0) = 0, (158a)
(GHZ4|ATAJAZAYGHZ,) = —1,— P(A] + AY + A2+ A3 =0) =0 (158b)
(GHZ4|ATAZALAYGHZ,) = —1,— P(A] + A2 + AL+ A2 =0) = 0, (158¢)
(GHZ | AAALALAYGHZ,) = +1,— P(AY + AL+ AL+ AL =0) @' 1> 0. (158d)
Thus, we have the perfect Hardy-type paradox for the 3-qubit GHZ state as

P(A] + A3+ A3+ A} =0) =0,

P(Al + AL + A2+ A3 =0) =0,
(159)

P(A] + A3+ AL+ A7 =0) =0,

PAl+ AL+ AL+ Al=0) R 1>0.

Proof. In LHV models, without loss of generality, let us suppose that the output of the observable A2 is 1. Then

the first equation in (159) implies A} + A3 + A} = 0. For any output of A7, we have A7 + A7 = 0. Thus, the second
constraint and the third constraint in (159) lead to A} + A3 + A3 + A} = 0, which yields A + A% + AL = 1. It thus
holds that A} + AL + Al + Al =1,ie., P(A} + AL + AL+ AL =0) =0.

In QM, for a system in the 4-qubit GHZ state |GH Z4) = (]0000) + [1111))/4/2 and the measurements chosen as
A} = AL = AL = A} = 0,, A3 = A2 = A} = 0, one can see that the first three equations in (159) hold and the
success probability P(A] + AL + A} + A} = 0) is equal to 1. O

Ezample 15.—For the Fig. 1(g), there is a GHZ-type paradox for the 4-qubit cluster state |LCy) = (]0000)+]0011) +
11100) — [1111))/2:

(LC4|ATASALL |LCy) = +1, (
(LC4|ATAZAZAL|LCy) = +1, (
(LC4|A2ALAZAL|LCY) = +1, (160c
(LC4| AT AZASL |LCY) = —1, (
where A} = A} = A} =0,,A1 =A3=A3 =0,, A} =0..
Similarly, we can convert the correlation functions of operators into a series of probability form as
(LC4|ATASALL |LCYy) = —1,— P(A] + Ay + Ay = 1) = 0, (
(LC4|AJASAZAL |LCy) = —1,— P(A] + A5+ Aj + A = 1) =0, (
(LO4|AZASAZAL|LC,) = —1,— P(A3 + AL + A2+ AL = 1), (161c
(LOA2AZAM |LOY) = +1,— P(A2 + A2+ AL =1) ¥ 1> 0. (
Thus one obtains the perfect Hardy-type paradox of 4-qubit cluster state as follows
P(A] +AS+ AL =1)=0,
P(A}+ A3+ A3+ A} =1)=0,

(162)
P(A?+ A+ A2+ A, =1)=0,

PA?+ A2+ 4 =1) % 1>0.

Proof. In LHV models, without loss of generality, let us suppose that the output of the observable A} is 1. Then
the first equation in (162) implies A} + A} = 1. For any output of A}, A% and A}, we have 24} = 241 = 24} = 0.
Thus, the first three equations in (162) lead to A% + A3 + AL =0, i.e., P(Al + A2+ A2 =1)=0.

In QM, when the system is in the 4-qubit cluster state |LCy) = (]0000) + [0011) + |1100) — |1111))/2 and the
measurements chosen as Al = A} = A} = 0,, A? = A3 = A% = 0,,, A} = 0., the successful probability P(A? + A3 +
A} =1) = 1, which is completely opposite to zero in the LHV models. (Il
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Entanglement

EPR Steering

Bell Nonlocality

Supplementary Figure 4. Three kinds of quantum nonlocality: quantum entanglement, EPR steering, and Bell’s nonlocality

G. EPR steering paradox “lc = 2"

In Ref. [5], quantum nonlocality has been classified into three different types: quantum entanglement, EPR steering,
and Bell’s nonlocality. EPR steering is a novel nonlocality that lies between Bell’s nonlocality and quantum entan-
glement (see Fig. 4). Similar to the GHZ paradox “+1. = —14” in Bell’s nonlocality, in the field of EPR steering,
there is also an analogue steering paradox “1. = 247, which was first presented in Ref. [6], but merely limited to the
pure states of bipartite system. However, whether the EPR steering paradox is applicable for the mixed state is still
an open question. In this section we for the first time show that the mixed state p(6) in Eq. (141) can possess an
analogue GHZ-type paradox, i.e., the EPR steering paradox “1c = 24”.

Let us consider the following mixed state (the same with the one in Eq. (141))

p(6) = cos® | LC4)(LCy| + sin® 0| LCY)(LCY], (163)
with
1
|LC4) = 5(|0000) + |0011) + [1100) — [1111)),

1
|LC}) = 5(0001) +[0010) + [1101) — [1110)). (164a)

being two orthogonal cluster states. To illustrate the steering paradox “l. = 2,”, we need to show the quantum
prediction is @ = 2 and the classical prediction (corresponding to the local-hidden-state (LHS) models) is C = 1.

In the steering scenario, Alice prepares the mixed state p() as in Eq. (163). She keeps 3, 4 particles and sends the
1, 2 particles to Bob. To verify the steerability of Alice, Bob asks Alice to perform her choice of either one of two
possible projective measurements 0.0, and o,0,. In the two-setting steering protocol of {1, 72} (11 # 1), with

N = 0,0, =22, Mg = 0,0 =Yy, (165)
one has the explicit projectors as
Po = 00)(00], (166a)
Poi = [01){01, (166b)
Pig = [10)(10], (166¢)
P = [11)(11], (166d)
Pog = | T+H)(T+], (166¢)
Pat =11 =)t =], (166¢)
Pig =L+ +, (166g)
Pit =11-){ -, (166h)
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where |+) = %(|O> +11)) and |]) = %(|O> +14|1)). Accordingly, Bob’s eight unnormalized conditional states are

g = tes.l (PR © 1)p(6)] =  cos” 6(100) + [11))({00] + (11]), (167a)
it = tes.l(P3 © 1)p(0)] =  sin® B(100) + [11))((00] + (1)), (167b)
g = tes,l (P © 1)p(6)] = sin® B(100) — [11))((00] — (1)), (167¢)
it = trs (P © 1)p(6)] =  cos” 6(100) — [11))({00] — (11]), (1674)
s = trs.l (PR © 1)p(6)] = £(100) + i[11)((00] ~ i(11)), (167¢)
i = trs.al(P3F © 1)p(6)] = 5(100) — i[11)((00] + (1)), (167)
i3 = tra,l(P3E © 1)p(6)] = £(100) — i[11)((00] + (1)), (167¢)
35 = tra (I © 1)p(6)] = £(100) + i[11)((00] ~ i(11)). (167h)

If Bob’s eight unnormalized conditional states can have a LHS description, they must satisfy

P = Y 9(00]z2, &) pepe, (1684)
1S

Aot =Y 0(01]22,&)pepe, (168b)
13

s =Y 0(10]22,&)pepe, (168c)
1S

A= p(11]zz,8)pepe, (168d)
13

o5 = Y, 9(00lyz, §)pepe, (168¢)
13

oi = Y p(01]yz, &) pepe, (168f)
13

s =Y p(10lyz, &) pepe, (168g)
13

Pt =Y p(1llyz, &) pepe. (168h)
13

From Eq. (167), we known that 5" are all proportional to pure states, thus the ensemble is

{9epe} = {0101, 9202, 93P3, Pap4, P55, P6P6: O707, P8P8} (169)
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where p; > 0. So, Eq. (168) become

8
pos = Y 9(00]22,1)pipi, (170a)
=1
A 8
ot =Y p(01]z2,0)pipi, (170D)
=1
. 8
s = p(10]22,)pipi, (170¢)
=1
A 8
A=Y p(11]zz,0)pipi, (170d)
=1
. 8
o5 = > 9(00lyz, i)pipi, (170¢)
=1
A 8
0z = 0(01|yz, i)pipi, (170f)
=1
. 8
e = (10lyz, i)pipi, (170g)
=1
. 8
pz = e(llyz,i)pipi, (170h)
=1
As we know,
Pe >0, Y pe=1, (171a)
3
> plabln, &) = 1. (171b)
a,b
and
Y 9epe = pr2 = traalp(0)] (172)
§

is the reduced density matrix for Bob. According to property that a density matrix of pure state can only be expanded
by itself. Without loss of generality, we suppose the Eq. (170) as

f’gé = P1P1, (173a)
ot = 9202, (173b)
s = 9sps, (173c)
ﬁ?f = 4P4, (1734d)
Poi = ©5p5 (173e)
Poi = P66, (173f)
s = prpr, (173g)
i = psps, (173h)

L.e.,p(00]z2,1) = p(01]22,2) = p(10]22,3) = p(11|2z,4) = p(00]yz,5) = p(01|yz,6) = p(10|yz,7) = p(11]yz,8) = 1,
the other p(ab|n, j) = 0.
It can be verified that

Pos + Pt + Le + P = PL3 + poz + A3 + A1 = pr2s (174a)
pr2 = trs.alp(6)] = 1(|00)(00] + [11)(11)). (174b)

For the Eq. (173), by summing them up and taking trace, the left-hand side gives the quantum prediction as
tri2(2p12) = 2. According to Eq. (172), the right-hand side gives the classical prediction as trijs(pi2) = 1. This
leads to the sharp contradiction “1, = 2,” between the LHS models and QM.
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2. ADDITIONAL EXPERIMENTAL INFORMATION
A. Details about the setup and state preparation

The phase retarders on separated photon paths are d=12.7mm true-zero-order half-wave plates and quarter-wave
plates, concentrically glued on d=25.4mm glass plates and installed on motorized wave-plate rotators. All of the
rotators are eccentrically aligned so only one photon path intersects the phase retarder, and the other passes through
the glass substrate. In this manner, phase retarders on each path can be individually adjusted. We make use of the
infrared laser and a charge-coupled device (CCD) beam profiler to precisely align the wave plates. The two paths
should be separated as near as possible, in order to stabilize the interference setup. 3mm is almost the smallest viable
separation, in order to avoid possible clip of wavefunction profile at the edge of wave plates.

On the working surface of the polarized beam splitter, we assumed the reflected wavefunction acquires a /2
additional phase to keep its Hamiltonian same as the photon fusion gate. As was mentioned in [13], it does not
precisely hold in an actual experiment. However, by finely tilting the beam displacers, this additional phase can be
compensated.

The cross-shaped setup appears in the main text is capable of preparing different types of entangled state. In Table.7,
we present various settings to prepare the GHZ and cluster state used in the mean text, as well as a polarization-path

hyper-entangled state [¢T) pol. @ 107 ) paen» Which also yields powerful AVN arguments with only two observers [9].

State #1 #2 #3 #4 #5 #6

GHZ |GHZ4(0)) 225225 0 0 0 90
Cluster |LC4(0)) 22.5 22.5 22.5 22.5 67.5 22.5

o) @ o) 22.5 22.5 67.5 67.5 67.5 67.5

Supplementary Table 7. The required optic axis orientation of HWPs in Fig. 3 in the main text to prepare 4-qubit GHZ and
cluster states, as well as polarization-path hyperentangled state.

It is also possible to consider the 2 x 2 polarization-path qubits as an up-to-4-dimensional qudit. Every term in
the prepared qudit constantly comes with a real coefficient, for the Jones matrix of half-wave plate (HWP) is real.
With the same measurement apparatus in the main setup, projective measurements onto arbitrary distinct 4-qubit
bases are still attainable. To prepare qudit states with complex coeflicients, one may add a set of quarter-wave plate
(QWP) followed by a HWP and another QWP to individually cast unitary transformations on each path mode.

B. Proposed setup for observing m =5 GHZ-type paradox

The GHZ-type paradox and its related applications in our findings have profound implications in multi-qubit
scenarios. For example, all of the four locally nonequivalent 5-qubit graph states can be uniquely identified by their
corresponding GHZ-type paradoxes. Consequently, the related experimental investigations appear to be of particular
interest. The photonic test-bed is suitable for the generation and manipulation of graph state [10, 11], and here we
provide the recipe for the generation of all these states.

According to the definition of the graph state, the explicit form of a m-qubit graph state |G) can be expressed as

&)= Q czl |+,
ci=1

where CZ/ is the controlled-z interaction between the qubits i and j, and |+) = (|0) + [1))/+/2 is the single-qubit
maximal superposition state. In other words, all graph states can in principle be prepared by initializing all qubits on
the maximal superposition state, and applying controlled-z gate between the qubits corresponding to the connected
vertices. However, the controlled-z operation in linear optics system requires postselection by coincidence counting [12],
and it cannot be repeatedly applied on multiple qubits to form a “closed loop”, and thus is not solely competent to
generate the graph states whose graph representation is cyclic. The same obstacle also exists in the case of the PBS
gate. Nevertheless, this can be remedied using the additional entanglement generated by spontaneous parametric
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down-conversion. As the efficiency of the controlled-z gate on two maximal superposition states is 1/9 and the PBS
gate is 1/2, the latter is more preferred for generation of bright multi-qubit graph states.
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Supplementary Figure 5. A unified quantum circuits for generation of 5-qubits graph states. The tilde line inside a box that
connect two qubits denote the PBS gate, and the other logical gates use standard quantum circuit notations. U; ~ Us are local
operations that can be Hadamard (H), NoT (X) and identity (not shown), as is displayed in the yellow colored subplot. Only
generation of the ring cluster state |RC5) requires the final controlled-z gate.

Fig. 5 shows a possible quantum circuit which requires only one pair of Bell states and at most one controlled-z gate
to generate all 5-qubit graph states, and its photonic implementation can be found in Fig.6. The correspondences
of the same parts of quantum circuits are denoted by the colors. In this setup, the qubits are all encoded in the
polarization degree of freedom of the photons. The parametric photon source in the middle of the blue rounded
rectangle generates maximally entangled photons, and the top and bottom ones only prepares time-correlated single
photon pairs, initialized in maximal superposition state, with one of the photons from the top parametric source are
taken as a herald. The photons #3 and #4 are then immediately affected by a PBS gate.

In the yellow rounded rectangle, the three HWPs implement the local unitaries, and the orientation of the wave
plates for the photons {#2, #3 and #4} should be set to {0°,0°,0°}, {22.5°,22.5°,22.5°}, {22.5°,22.5°,22.5°}, and
{45°,0°,22.5°} in order to prepare the GHZ state |GH Zs), linear cluster state |LCs), ring cluster state |RC5), and
the Y-state |Y5), respectively. At this point, interfering the photon pairs {#1, #2} and {#4,#5} again on two PBS
gates suffices to prepare the |GHZ5), |[LC5) and |Ys5) states (up to some local unitary operations). Furthermore, the
qubits #1 and #5 can still be affected by the controlled-z gate, so applying the gate on |LC5) finally generates the
ring cluster state |RC5). Additionally, the controlled-z gate can be constructed using three partially polarizing beam
splitters (PPBSs), which have reflectivities of 1/3 and 1 for horizontally and vertically polarized photons, respectively,
and some additional HWPs [12]. This gate is displayed in the block with magenta background.
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Supplementary Figure 6. Photonic realization of the quantum circuit in Fig. 5 for the generation of all 5-qubit graph states.

Wave plates Final state . .
configuration Cz gate 10) < |H), 1) > |V) Equivalent graph state|Operators in GHZ-type paradox
1 {0y0y020204, 020y0y040g,
{0°,0°,0°} no ——(|00000) + |11111)) =|G5) 02020y0yOz, Ox0z050y0y,
V2 OyO202040y, Ox03050404}
1 xT z Ty ]l z xZy
{22.5°,22.5°,22.5°}|  no 3(/00011) —100100) | = (0xH & H @ Ho, {2 Jay(; ?011 o Z 111
. ) . I . Y yYyvz ) zVz )
+[11000) — 11111)) | @1 @ H)[LCS) o.lo.lo., 11 1o.0.}
1
——(]/00100) + |00111
2\/§(| > | > B (o’ © How %0 {UZUyO'IUsz, 0.0.0,11,
{22.5°,22.5°,22.5°}| yes —]01001) — |01010) VY Y i 11o.0.0., 0yo.0,041,
+]10001) — |10010) ®H ® 02) |[RCs) oy Lo, 1oy, 1oyoeo.0,}
+]11100) — [11111))
1 xT xT Ty z ﬂ ﬂ 9
(25,0005 | mo | (001D —(0000) | =(Helse. | G
O, N z zy OyOzOyOgxOg,
—|11011) — [11100)) ®H ® Ho)|Ys) 0p0e Lo, 1, 11 Lo.o.}

Supplementary Table 8. Summary of the preparation of 5-qubit graph states and their corresponding GHZ-type paradoxes.

C. Effect of sequential measurements

The behavior of out tested models should be given by quantum correlations. While demonstrating the sharp
contradiction between QM and LHV models, to ascribe the observed phenomena solely to QM, one is obliged to test
nonsignaling condition of sequential measurements, which rules out superquantum correlations induced by signaling
between ideally spacelike measurements. Formally, the nonsignaling condition requires

Va,y,2,..,y,2, ..., Z P(a,bi,cj,...|z,y,2,...) = Z P(a,b;,cﬂzz:,y’,z’,...). (175)
[ [ I
Where a, b;, cj, ..., b, ¢}, ... denote measurement results, and z,y, 2, ...,y’,2’, ... stand for measurement settings.

In this experiment, because the observable set contains both path and polarization variables, the requirements of
non-signaling condition are two-folded, that 1) the local marginal probabilities of Alice should be independent of
Bob’s measurement settings, and vice versa, and that 2) the marginal probabilities of Alice’s sequential measurements
should be independent of each other, regardless of the other measurement is done prior or posterior in time. The form
of the sharp contradictions guarantees that any individual observables in this scheme, e.g., o}, appears at least two
times. This allows us to compare the two marginal probabilities under two complete measurements, and check their
consistency.

We compare the same observable’s expectation values deduced from different sets of complete measurement. Prin-
cipally, these results may be affected by the other photon’s measurement choices, as well as the measurements im-
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Supplementary Figure 7. Marginal probabilities deviation of various observables from theoretical value, serving
to check the nonsignaling condition. Plots (a) (b) and (c) are calculated from measurement results for states

|LC4(0)), |GHZ4(0)), and |GHZ4(w/4)), respectively. The measurement results provide at least two ways to determine
the marginal probabilities for each individual observable, which is denoted by degree of freedom indices (1-4) and measurement
choices (X stands for o5, Y for oy, Z for o, and 1 for identity). The error bars are calculated by Poisson counting statistics
and stand for 1o stanndard deviation. The |GH Z4(w/4)) state is prepared by postselecting (o,) = 1 ensembles, which gives
rise to the zero value and null error bar of corresponding data points.

plemented on the same photon’s other degrees of freedom. The results are shown in Fig. 7. Calculated marginal
probability deviations from theoretical value indicate that the expectation values of observables are approximately
identical for different joint measurement settings. The expectation values determined for the same observable always
fall in each others’ error bars, which well agrees with the requirements of nonsignaling constraint.

D. Experimental determination of steering parameter Z;

In this work, quantum steering is observed by a significant violation of Z; = 1 to reject the hybrid LHV /LHS model,
and Z, = Tr ) o Prie By exploiting the perfect correlation between the conditional states and the Pauli observables,
a lower bound of Z, can be experimentally determined. Without loss of generality, here we explain the procedure of
extracting a lower bound of Trpyg in (168a).

Because the theoretical conditional state is an eigenstate of 0,0, — 0,0, With an eigenvalue of 2, meanwhile, the
other eigenvalues of 0,0, — 0,0, are non-positive. This is very similar to the situation in the above application of
“entanglement detection”. As such, we expand the conditional density matrix with at most four pure states, namely,
Trogs = Z?:l Ai |[¥s) (¢;]. Furthermore, the eigenstates of 0,0, — oy0, are denoted by |¢1), |¥2) ,|¥3),[a) with
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their eigenvalues being {2, 0, 0, -2}, respectively. Then,

M4
Tr [ﬁgol (0205 — Uyoy)} =Tr Z)‘i |1;l> <1/~)z| (0202 — Uyay)‘|
=1

4
=Te | Y Neiich i) (il (0200 — y0,)
[ 4,4,k=1

4
=Tr | > Aleyl? [15) (05 (0200 — 0y0ry)
ij—1

4
<Tr Z)\i|0¢1|2 [91) (1| (0202 — Uygy)]

Li=1

<2 A (176)

The two inequalities hold because (1) the other eigenvalues of (0,0, — 0y0,) are non-positive, and (2) the modular
square of the four coefficients 3~ |¢;;|* = 1. The quantity Tr [ﬁgg (0504 — 0y0y) |, on the other hand, is experimentally

calculated using the recorded event counts. For example, in (168a), let Nggg‘jﬂ denote the recorded event counts of
cd

obtaining outcomes a, b, ¢, d when the measurement settings for the four qubits are x,y, z, w, respectively, and N——,
denote the recorded event counts of obtaining outcomes ¢, d when the measurement settings for the last two qubits
are z,w and the first two qubits are not measured. Then,

++++ ——++ +—++ —+++ ++++ —++ _ Nt+t—++ _ N+
Tr |:,5ﬁ1 (0' Oy — OyO0 ):| — <Nr122 + szzz B Nmrzz — Nzrzz . Nyyzz + Nyyzz N?!?JZZ Nyyzz )
00 \¥z¥x yry) | — —— — — —— — —
NEETY + Nowod T 4+ NE&23t + N N + Nyt + N + Nt
++
N__zz
X . )

177
N ::z+z+ + N::zt;_ + N::z_z+ +N-——. 77

and the other traces of conditional density matrices ﬁ?j’s are extracted very similarly.
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