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e de Sitter space, dS/C F'T and extremal surfaces
e Ghost CFTs, “ghost-spins” and entanglement
e Extremal surfaces and de Sitter entropy, speculations
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Holography, de Sitter space, dS/CF'T

20yr S SiIlCG AdS / CF T ‘97 Maldacena; ’98 Gubser,Klebanov,Polyakov; Witten.

Holography: quantum gravity in M < dual without gravity on OM ('t Hooft, Susskind).
(wittenastings'os, (01)  Gauge/gravity duality and asymptotics —

A <0: AdS — asymptotics at spatial infinity.

Dual: unitary Lorentzian CFT, includes time.

A =0: flat space — null infinity — S-matrix, symmetries. . .

future tinlelike infinity

A > 0: de Sitter space s

Fascinating for various reasons. Less clear.

horizor

Boundary at future/past timelike infinity Z+.

past timelike infinity
|
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de Sitter space and dS/CF'T

dS/CF'T' dual Euclidean non-unitary CFT on dS boundary g B
at flltlll'e/paSt tlmellke 1nﬁn1ty I:l: (’01 Strominger; Witten). |

2 _ Ris, ;5 o =2
ds® = —4*(—dr* + dz*)

past timelike infinity
|

(Maldacena '02) @analytic continuation r — —ir, R4 — —iRqg from Eucl AdS

— Hartle-Hawking wavefunction of the universe V; ;5 = ZopT.
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de Sitter space and dS/CF'T

dS/CF'T' dual Euclidean non-unitary CFT on dS boundary g B

at flltllre/paSt tlmellke 1nﬁn1ty I:l: (’01 Strominger; Witten).

2 _ Ris(_ 2 =2
ds® = —4*(—dr* + dz*)

past timelike infinity
|

(Maldacena '02) @analytic continuation r — —ir, R4 — —iRqg from Eucl AdS
— Hartle-Hawking wavefunction of the universe V; ;5 = ZopT.

EAdS interior regularity — Bunch-Davies dS initial conditions, ¢y, (7) ~ e**7 (large |7|).
Z =Vp] ~ etSctlP] ~ e [ Ragk?¢% Lo+

[Bulk expectation values (pxpr) ~ [ Dy prpp |¥|?]  [Dual CFT: (O Opr) ~ —5Z5-]

5@k5@

dSy: Energy-momentum (7'7") 2-ptfn — ¢3 ~ —% , ghost-CFT?

d—1

Dual CFT central charge Cy ~ it —¢ gji - , negative/imaginary, more generally.

Anninos,Hartman,Strominger: higher-spin dS4 dual to Sp(N) ghost CF1T3,...
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de Sitter space and dS/CF'T

dS/CF'T' dual Euclidean non-unitary CFT on dS boundary g B

at flltllre/paSt tlmellke 1nﬁn1ty I:l: (’01 Strominger; Witten).

2 _ Ris(_ 2 =2
ds® = —4*(—dr* + dz*)

past timelike infinity
|

(Maldacena '02) @analytic continuation r — —ir, R4 — —iRqg from Eucl AdS
— Hartle-Hawking wavefunction of the universe V; ;5 = ZopT.

EAdS interior regularity — Bunch-Davies dS initial conditions, ¢y, (7) ~ e**7 (large |7|).
Z =Vp] ~ etSctlP] ~ e [ Ragk?¢% Lo+

[Bulk expectation values (pxpr) ~ [ Dy prpp |¥|?]  [Dual CFT: (O Opr) ~ —5Z5-]

5@k5@

dSy: Energy-momentum (7'7") 2-ptfn — ¢3 ~ —% , ghost-CFT?

d—1

Dual CFT central charge Cg ~ i1 ¢ Bas , negative/imaginary, more generally.
g Gai1 g ginary g y

Anninos,Hartman,Strominger: higher-spin dS4 dual to Sp(N) ghost CF1T3,...

U* and ¥ in bulk vevs — dual involves two CFT copies.
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Entanglement as probe of dS/CFT?

Entanglement entropy: entropy of reduced density matrix of subsystem.
EE for spatial subsystem A, S4 = —trpa log p 4, with partial trace p4 = trpp.

subsystem A

Ryu-Takayanagi: EE = Aminsurs e
y yanagi: = i
[~ black hole entropy] Area of codim-2 minimal surface in gravity dual. e
Non-static situations: extremal surfaces (Hubeny, Rangamani, Takayanagi).
\

AdS bulk direction

Operationally: const time slice, boundary subsystem — bulk slice, codim-2 extremal surface

A speculative generalization of Ryu-Takayanagi to de Sitter space
= bulk analog of setting up entanglement entropy in dual CFT —

restrict to some boundary Eucl time slice — codim-2 d.S surfaces

[imel future llqellke infinity

dS entropy

de Sitter entropy as some sort of entanglement entropy?
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Extremal surfaces, de Sitter (poincare)
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dS extremal surfaces (poincare)

Recall Ryu-Takayanagi ds? = f—; (dr? — dt? + dz?)

. . 2
de Sitter, Poincare : ds2,, = f4S (—dr2 4+ dw? + dz2) — EE in dual Eucl CFT
d—|—1 7‘2 1

— bulk Eucl time slice w = const, subregion at I ™ — codim-2 extremal surface.

CFT central charge negative/imaginary — real surfaces will not work:

[strip] Sy = S5 Vi=2 [ _dr_ A5 oy
p dS 4Gd—|—1 ’Td_l T .
, 5 B2,2d—2 5 ,
Extremize — (0rx)” = 5 TET AT B# = const, conserved quantity.

e Sign difference from AdS =- no real “turning point”.

Join two half-extremal-surfaces with cusp — minimize area — null surface. Area vanishes.

Real codim-2 surfaces: featureless, no apparent relation to EE.
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dS extremal surfaces (poincare)

_A2,2d—2

a7 - [A? < 0is earlier real-7 solution]

Extremize — (0;x)% =

dSy/CFTs. take A2 > 0. Near7 — 0: 22 ~ —A%7% de x(1) ~ £iAT3 + 2(0).

Spatial dirn in Eucl CFT = x(7) real = 7 = 4T, imaginary path. Turning point T = ﬁ .

Extremal surfaces, entanglement in ghost systems and de Sitter entropy, K. Narayan, CMI - p.9/33



dS extremal surfaces @oincare)

_ 5 _A2,2d—2 5 , , ,
Extremize — (0rx)° = 7= 5 2a=7 - [A“ < 0 is earlier real-7 solution]

dSy/CFTs. take A2 > 0. Near7 — 0: 22 ~ —A%7% de x(1) ~ £iAT3 + 2(0).

Spatial dirn in Eucl CFT = x(7) real = 7 = 4T, imaginary path. Turning point T = ﬁ .

x(7) real = imaginary path 7 = ¢T" — complex extremal surface

= analytic continuation » — —ir, R — —iRys from AdS Ryu-Takayanagi.

Rd_lVd—Q dr / 12 : Va2
SAdS - 4Gd—|—1 f Td—l 1 _|_','C — SdS T _Z4Gd+1 f d 1 \/1 ( 1)d 1A2 2d—2
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dS extremal surfaces @oincare)

_ 5 _A2,2d—2 5 , , ,
Extremize — (0rx)° = 7= 5 2a=7 - [A“ < 0 is earlier real-7 solution]

dSy/CFTs. take A2 > 0. Near7 — 0: 22 ~ —A%7% de x(1) ~ £iAT3 + 2(0).

Spatial dirn in Eucl CFT = x(7) real = 7 = 4T, imaginary path. Turning point T = ﬁ .

x(7) real = imaginary path 7 = ¢T" — complex extremal surface

= analytic continuation » — —ir, R — —iRys from AdS Ryu-Takayanagi.

Rd_lVd—Q dr / 12 : Va2
SAdS - 4Gd—|—1 f Td—l 1 _|_','C — SdS T _Z4Gd+1 f d 1 \/1 ( 1)d 1A2 2d—2

AdS/CFT: ZC’FT :Zbulk; dS/CFT: ZC’FT :\1de2>

EEd S/CFT # bulk EE (via bulk density matrix, W*W) | (Maldacena, Pimentel)

2
RdS

Vi(% —c1) — negative area in dSy, C3 < 0.

SdS4 ~ = 1
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Negative EE, 2-dim ghost CFTs;
“Ghost-spins”

Can ' E < 0 arise from (1) CFT: 2-dim ghost-CFTs (¢ < 0) & replica,

or (11) QM: “ghost-spins” and reduced density matrices?

Extremal surfaces, entanglement in ghost systems and de Sitter entropy, K. Narayan, CMI - p.12/33



bc-ghosts, ¢ = —2: replica and EE

203 28, 2—3(82 2)? .
wz2(<9zwz)(2 w?) lw =z + itE]

Subsystem A: single interval betw & = u, v on time slice t g = const. (Calabrese,Cardy)

T(w) = (0wz)?T(z) + 5{z, w}. Schwarzian {z, w} =
Replica w-space — z-plane under conformal transfmn z = (¥=%)1/n
w—v
z-plane: (T'(2))¢ =0 — z-plane maps to SL(2, Z) inv vacuum.

B T(w)Pp (u)®_, (v DT (w)e "
(T'(w))r, = 5{zw} = < Ecp,fL(u)(@)_n@)g b=l fSODgﬁe_)S

Z’TL

mn
Z 1

Twist operators at w = u,v — trp’y = transforms as twist operator 2-pt fn — S 4.
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bc-ghost CETs

e | SL(2,7) vacuum |0) # ghost ground state | ) in general.

S ~ [d?2bdc, (hy,he) = (N, 1—=X), c¢=1-3Q? < 0, Background Charge Q = 1 — 2\

b(z) = 3 —lme, o(2) = ¥ =285 Lo = Yoo n(boncn + conbn) + 20

SL(2) inv vacuum [0) : T'(2)[0) = > %|O) = regular
= L;p>-1]0) =0, by>1-1|0) =0, c¢;»>2|0) =0 whereas bg| ) =0

° jg = —(jo+ Q) Charge asymmetry.

U (1) charge symmetry b = —ieb, ¢ = iec — ghost current j(z) = — : bc :
j(z) = Zm % ) [Lm,jn] = —NJm+n + %Qm(m + 1)5m,—n
J0, Op] = pOp, jolg) = qla) = p(d'|Opla) = (¢'|lJo, Oplla) = (=" — Q@ — q)(¢'|Oplq)
Corrn fn # 0 only if Bgnd Charge cancelled i.e. p=—(¢g+ ¢ + Q) = (—q— Q|q) = 1.
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bc-ghost CETs

e | SL(2,7) vacuum |0) # ghost ground state | ) in general.

S ~ [d?2bdc, (hy,he) = (N, 1—=X), c¢=1-3Q? < 0, Background Charge Q = 1 — 2\
bm . Cm, . A(1—MA
b(Z) - Z M+ C(Z) — Z W—1>\, LO — Zn>0 n(b_ncn + C_nbn) + %

SL(2) inv vacuum [0) : T(2)|0) = 32 —Lm_10) = regular

m ym-—+2

= L;p>-1]0) =0, by>1-1|0) =0, c¢;»>2|0) =0 whereas bg| ) =0

o |jl=—(o+Q) Charge asymmetry.
U (1) charge symmetry 6b = —ieb, dc = iec — ghost current j(z) = — : bc:
j(z) = Zm err:% ) [Lm,jn] = —NJm+n + %Qm(m + 1)5?7%—%

J0, Op] = POy, jola) = qlq) = p(d'|Opla) = (¢|ljo, Opllg) = (=4 = Q — ¢)(¢'|Op|q)
Corrn fn # 0 only if Bgnd Charge cancelled i.e. p=—(¢g+ ¢ + Q) = (—q— Q|q) = 1.

e | A=1 ¢=—-2: SL(2)vacuum |0) =|]) ghost ground state

bm>0/0) =0, ¢,>1]0) =0; Q= —1: (+1]0) = (0|co|0) =1 < zero mode insertion

m

(b(z)c(w))o = (Olco 2., 5, meil a210) = (Oleo 39 —o ST bme—ml0) = 525 (0lco|0)
whereas (0|b(z)c(w)|0) =

(0[0) = 0. Plethora of negative norm states
Z—Ww
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bc-ghosts, ¢ = —2: replica and EE

c 283),28102—3 812112 2
T(w) = (002)*T(2) + F5{z w} {z,w} = Zouius=Sons)
(Calabrese,Cardy)

2= (=)

(T'(z))c =0

e Replica argument is applicable for the ghost ground state if it 1s the
SL(2) vacuum: ¢ = —2 bc-ghost CFT — | |) = |0) with Ly = 0.

e Regularity condition (T'(2))c =0 — (—Q|T'(2) [0) =0

Incorporate background charge, or (T'(z)) = 0 trivially from zero modes. [c = —2 — Q = —1]

Replica formulation formally applies now: ¢ < 0 = 5S4 < 0.

7.y be-orbifold CFTs (Saleur, Kausch, Flohr, ...’90s) confirm negative conf dims of twist ops [[ = v — u]
n—1

— - + _75(n—1 — ; n _ _ 2 l
trpy = kljl<0|0k/N(U)ak/N(u)‘O> =13 8y = —lelgllan trp’y = —35 log ¢
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66 - 29
Ghost-spins
Abstract away from technicalities of ghost CFTs, replica subtleties:

simple QM toy models of ghost-like systems with negative norm states
— reduced density matrix (RDM) after partial trace — EE.
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66 - 29
Ghost-spins
Abstract away from technicalities of ghost CFTs, replica subtleties:

simple QM toy models of ghost-like systems with negative norm states
— reduced density matrix (RDM) after partial trace — EE.

Recall ordinary spin: (1| 1) = ({|{) =1, A= =0
9y =ca[ ) +eal 1) = (@) = leal? + leal? > 0

“Ghost-spin” — 2-state spin variable with indefinite norm.
tIn=dlH=0 lh=d[nN=1

V) =c1| 1) +c2| ) — (YY) =cicd +cact #0. e.g.|T)—||)hasnorm —2.
) =S (NEID): ) =714 =1, (-|=)=7-—=-1, (+]-)=(-|+)=0

cook up
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66 - 29
Ghost-spins
Abstract away from technicalities of ghost CFTs, replica subtleties:

simple QM toy models of ghost-like systems with negative norm states
— reduced density matrix (RDM) after partial trace — EE.

Recall ordinary spin: (1| 1) = ({|{) =1, A= =0
9y =ca[ ) +eal 1) = (@) = leal? + leal? > 0

“Ghost-spin” — 2-state spin variable with indefinite norm.
I =dlh=0 TlHh=dINH=1

V) =c1| 1) +c2| ) — (YY) =cicd +cact #0. e.g.|T)—||)hasnorm —2.
) =S (NEID): ) =714 =1, (-|=)=7-—=-1, (+]-)=(-|+)=0

cook up

Two ghost-spins:  [|¢) = S 4% |i5) , adjoint: (| = > (ij|yp" ,
(@ly) = (Kla) U7) PR = vipryjp TP = iy 19 2.
p = |¥){x| — trace over one ghost-spin — reduced density matrix

for remaining ghost-spin — von Neumann entropy.

Even number of ghost-spins — calculations, interpretation sensible.
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Two ghost-spins
[¥) =229 ig), v+ = 1.
(WYY = Yiry bR = T2 + 712 = |t 12 = [t 2 = £
Trace over one ghost-spin — p 4 for remaining ghost-spin — von Neumann entropy S 4.
RDM:  pa=trgp=(pa)*[i)(kl. (pa)™ =" =~ 59" kI
(pa)TH = [T 2 =t |7, (pa)T™ = Tt —pt=gp= 7,
(pa)™ T = =TT T" ===t =7, (pa)™" = WP = [~ |~

Define log p 4 using expansion, using mixed-index RDM (p 4);* = 7, (pa)’*.

EE:  Si=—vij(palogpa)¥
In general, +ve norm # +ve RDM, EE. [however, correlated ghost-spins]
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Two ghost-spins
[¥) =229 ig), v+ = 1.
(WYY = Yiry bR = T2 + 712 = |t 12 = [t 2 = £
Trace over one ghost-spin — p 4 for remaining ghost-spin — von Neumann entropy S 4.
RDM:  pa=trgp=(pa)*[i)(kl. (pa)™ =" =~ 59" kI
(pa)TH = [T 2 =t |7, (pa)T™ = Tt —pt=gp= 7,
(pa)™ T = =TT T" ===t =7, (pa)™" = WP = [~ |~

Define log p 4 using expansion, using mixed-index RDM (p 4);* = 7, (pa)’*.

EE:  Si=—vij(palogpa)¥
In general, +ve norm # +ve RDM, EE. [however, correlated ghost-spins]

Simple subfamily, diagonal p4: p" =4z, p,” =F(1 —2z). [logpa diag]

_ +42
(pa)] =*z, (pa) =+(1-2), 0<z= g —y <1
[T T2 4+[p ™|

(Ply) >0: Sap=—-zloge — (1 —x)log(l —z) >0 +ve norm = +ve EE.

(Pl) < 0: Sa ==xlog(—x)+ (1 —=x)log(—(1—=z)) =zlogz+ (1 —x)log(l —x)+in

—ve norm = some pA eigenvalues —ve = —ve Re(EE), const Im(EE).
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Entangled ghost-spins and spins

e Entangled ghost-spins: in general RDM shows new EE patterns.

n ghost-spins:  [¢) =t | 4. )+ = —...),
(W) = [T 2+ (=)™~ 12, (pa)] = [T [2, (pa)” = (=D~ |2
e.g. 2 ghost-spins: |¢) = T+ |+)|+) +y~—|-)|-) — Correlated ghost-spins.

Even ghost-spins: ground states +ve norm, +ve EE.
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Entangled ghost-spins and spins

e Entangled ghost-spins: in general RDM shows new EE patterns.

n ghost-spins:  [¢) =t | 4. )+ = —...),
(W) = [T 2+ (=)™~ 12, (pa)] = [T [2, (pa)” = (=D~ |2
e.g. 2 ghost-spins: |¢) = T+ |+)|+) +y~—|-)|-) — Correlated ghost-spins.

Even ghost-spins: ground states +ve norm, +ve EE.

e Disentangled ghost-spins and spins = product states |¢) = |is) |1gs)

Ghost-spins: vy =1, v—_ = —1; Spin metric +ve definite: g;; = 0;; .
W) = (Ws|s) (Wgs|tbgs),  (Wshs) >0, (gslthgs) = Yirjr - (1hgs) 172 () I192+,
(thgslthgs) 2 0 = (P[yh) = £1
Py = trgsp trps, = +1
+venorm: Sy = —> . AjlogA; >0; —wenorm: Sp =) . A;log); +im, ReS4 <0
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Ghost-spin chains — bc-ghost CFTs

Infinite ghost-spin chains — continuum limit — ghost-CFTs?
Ghost-spins as microscopic building blocks of ghost/nonunitary CFTs?

Recall: Ising model at critical point is a CFT of free massless fermions.

Hamiltonian H =73, (04(m)0cni1) + o) Te(n_1))

Spin variables:  {opn, oen}t =1, [Obn,0bn/] = [Ocn,Ten’] = [Obn, 0en/] = 0.
oy =0 O =0ens ol D=0, o)=L, ol =0, o) =1

Like by, cpn, ops of be-CFT, {bn,, ¢m } = dn,—m: but oy, 0crn, bosonic (distinct sites, commute).
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Ghost-spin chains — bc-ghost CFTs

Infinite ghost-spin chains — continuum limit — ghost-CFTs?
Ghost-spins as microscopic building blocks of ghost/nonunitary CFTs?

Recall: Ising model at critical point is a CFT of free massless fermions.

Hamiltonian H =73, (04(m)0cni1) + o) Te(n_1))

Spin variables:  {opyn, oecnt =1, [Obn,0bn/] = [Oen, Ten’] = [Obn, Tenr] = 0.
Oy = Otn, Ol =0cn; ol L) =0, o =11, o )=0, ocld) =1
Like by, cpn, ops of be-CFT, {bn,, ¢m } = dn,—m: but oy, 0crn, bosonic (distinct sites, commute).

Construct Jordan-Wigner transform — fermionic gh.sp. variables.

n—1

apn — Z;ll i(l — 2Uck0bk)0bn y Acn = E—1 (—i)(l — QUckO'bk)O'cn-
This gives: {api,acj} =05, {api,ap;} =0, {aci,acj}=0.
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Ghost-spin chains — bc-ghost CFTs

H = Jzn(ab(n)ac(n+1)+0-b(n)0-c(n—1)) — iJabn(“c(n—Fl) _ac(n—l)) ~ —bdc
— lattice discretization of bc-ghost CFT.

_ _1 Lk _ _1 Lk
b = mzn e apy, cp = \/ﬁzn e acp

{bIC?Ck’}:(Sk—I—k/,()? {bk,bk/}ZOZ{Ck,Ck/}

. J~1/2a
H =2J) . sin(k’a) bycrr Skqr 0 —/> > k>0 k(b—ker + c_gbg) + zpe

Symmetries:  op,(,,) — eio‘ab(n), Oc(nt1) — e_io‘ac(n_H) — U(1) symmetry in bc-CFT.

a — g—la , H—&H, Ob(n) — gkab(n) ) Oc(n+1) —7 gl_kac(n—i—l)

global scaling symmetry — continuum conformal symmetry, weights (hy, he) = (A, 1 — A).

Ghost-spins: microscopic building blocks of general ghost-CFT's?

e.g. appropriate 3-dim chain of N-level ghost-spins — CFTgp (N) (symplectic fermions)?
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Extremal surfaces, de Sitter entropy

Extremal surfaces, entanglement in ghost systems and de Sitter entropy, K. Narayan, CMI - p.27/33



de Sitter, static coordinatization

2 2
dSgp1:  ds? = —(1— T3)dt? + ﬁ +7r2dQ2_ .
12
N, S (0 <r<: static patches. t is time — translations

are symmetries. Event horizons for observers in NV, S. :

de Sitter entropy = area of cosmological horizon. (Gibbons Hawking)

ld—lVSd—l — 7r_l2 [dS4]

de Sitter entropy Sgs,,, = —Ip = Termm Ga
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de Sitter, static coordinatization

2 2
dSgp1:  ds? = —(1— T3)dt? + ﬁ +7r2dQ2_ .
12
N, S (0 <r<: static patches. t is time — translations

are symmetries. Event horizons for observers in NV, S. :

de Sitter entropy = area of cosmological horizon. (Gibbons Hawking)

S — Tl d
4G 441 G4 [dS4].

de Sitter entropy Sgs,,, = —Ip =

Future/past universes F, P: 1< T < oo — dS/CFT, extremal surfaces?

]

2 2
Recast as ds? = i—Q(— i + (1 — 72)dw? +dQ3 ) [T==, w=

1—7

S |~
~|+

7 1s bulk time direction now:

Global dS ~ dualto CFTp x CFTF on (R, x S9=1)2,

Real extremal surfaces from I to 1~ 2 Bulk physics — U*W¥ — two boundaries?
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Extremal surfaces, de Sitter entropy

2 2
ds? = L (= 5 + (1—72)dw? +dQ2_|)  [r=1 w=1Y
Boundary Euclidean time slice — codim-2 surfaces, area ~ L —

Area S = 19" Weq s [ Tfle \/ s — (1 —72)(w')?
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Extremal surfaces, de Sitter entropy
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dS4: Well-defined for 0 < B < %: as B? — 0, turning point near 74 ~ 1 + BTQ.

Real connected surfaces from I to I, near bifurcation region (. ~ 1).
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Area law divergence coefficient: dS4 entropy. Excludes IV, S.
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Extremal surfaces, de Sitter entropy

Real connected surfaces from I to I, near bifurcation region (r, = 1).
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Interpreted in CFT: this is just area law divergence; rescaling cutoff modifies coefficient.

Speculations: dS4 approximately dual to CF'Tr X CFTp in
thermofield-double-like entangled state |) = S inin [{F)]if) ?

Consider 3-dim N-level ghost-spin chains in universality class of ghost CFT3 dual to dS4:
two copies of ghost-CFTs, at I and I~ — effectively even ghost-spins (correlated)

— 4ve norm, +wve entanglement entropy — emergence of bulk physics?
Bulk time evolution: [iZ’) — |¢£") = unitarily equivalent to |¢) = >_ ¢*n %n [iL)]iE) at IT.

(Maldacena,Susskind)
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Conclusions, questions

e Complex codim-2 extremal surfaces in de Sitter space (Poincare)

— analytic continuation from AdS Ryu-Takayanagi.
EEdS/C’FT with Zopr = Wyg. dS4i: area< 0 — EE <0 < ¢ <0.

e Ghost-spins: toy QM models, negative norm states, Re( EFFE) < 0.

Entangled ghost-spins & spins. Subsectors: +ve norm — 4-ve EE.

e de Sitter, static coordinates: real connected surfaces from /™ to I,

passing near bifurcation region in a limit, coefficient d.S4 entropy.
777 dSy < CF1r x CFTp inentangled states? +wve norm subspace?
EE as probe of dS/CFT'? Bulk EE vs EEy5,cpr?

7?7 Ghost-spin chains as microscopic building blocks for ghost-CFT's

... N-level? Ghost-spin glasses? Models for CF'TY host .y dS4: emergence of time?

777 Conceptual issues with Bell pairs of spins and ghost-spins etc ... ?
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