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Holography, de Sitter space, d.S/CF'T

20+ yrS Since AdS/CFT ‘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 linflike infinity

A > 0: de Sitter space o]
Fascinating for various reasons. Less clear.

Boundary at future/past timelike infinity 7.
Dual — Euclidean CFT ... post el infiniy

[note: gravity dual of ordinary Euclidean CFT — Euclidean AdS]
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de Sitter space and dS/CF'T

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

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

2
ds® = T4s (—dr? + d7?)

past timelike infinity
-

(Maldacena '02) @analytic continuation r — —ir, R4y — —iRqg from Eucl AdS

— Hartle-Hawking wavefunction of the universe |V, ;9 = Zopr

Extremal surfaces, de Sitter entropy and entanglement in ghost theories, K. Narayan, CMI — p.3/33



de Sitter space and dS/CF'T

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

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, R4y — —iRqg from Eucl AdS

— Hartle-Hawking wavefunction of the universe |V, ;9 = Zopr

EAJS interior regularity — Bunch-Davies dS initial conditions, @ ~ etk

. 2 3 0 0
Z = U[p] ~etSelé] n e Ju Rask™ep¥rt o qual CFT: (0xOu/) ~ —5@%25?/)0
k K/

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

R e
—45_ pegative/imaginary more generally.

o il=d
Dual CFT central charge C4 ~ 4 Gart

Anninos,Hartman,Strominger: higher-spin dS4 dual to S p(N ) ghost CF1l13, ...
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de Sitter space and dS/CF'T

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

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, R4y — —iRqg from Eucl AdS

— Hartle-Hawking wavefunction of the universe |V, ;9 = Zopr

EAJS interior regularity — Bunch-Davies dS initial conditions, @ ~ etk

. 2 3 0 0
7 = Ulp] ~ eiSele]l n e S Rask™eZk®ht _ qual CFT: (OpOp) ~ —3Z

59025902/
. R3
dSy: Energy-momentum (T'T) 2-pt fn — ¢3 ~ — 245, ghost-CFT?
d—1
Dual CFT central charge Cg ~ i1 —¢ 22—*11 negative/imaginary more generally.

Anninos,Hartman,Strominger: higher-spin dS4 dual to S p(N ) ghost CF1l13, ...

Bulk expectation values (pr o) ~ [ Do oo | V]2
U* and V¥ in bulk vevs — dual involves two CFT copies.

[In general ¥ = W[g3], final 3-metric is g>; sum over final boundary condns for bulk vevs.]
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Entanglement as probe of d.S/CF'T?

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

A ' f / \/houndary
T e min.surjJ.
Ryu-Takayanagi: EFE = —=5
[~ black hole entropy] Area of codim-2 minimal surface in gravity dual. T ——
Non-static situations: extremal surfaces (Hubeny, Rangamani, Takayanagi).
(LeWkOWYCZ, h/laldacena’ o ) \ 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.

de Sitter entropy as some sort of entanglement entropy?

dS isometries = all boundary Eucl time slices equivalent.

Entanglement entropy in ghost-like theories? Positive norm subsectors?
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Extremal surfaces, de Sitter entropy
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dS extremal surfaces (Poincare)

Ryu-Takayanagi: CFT ground state = empty AdSg11, ds? = Jf—j (dr? — dt? 4 dz?)

Vg_oRIT1 . /o, )2d—2
SA — d4G2d+1 f chli—l \/1 _|_ (8T$)2 — (8r$)2 — 1£<//r/rr.)*)2d—2 . I'/
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dS extremal surfaces (Poincare)

Ryu-Takayanagi: CFT ground state = empty AdSg11, ds? = Jj—j (dr? — dt? 4 dz?)

-
Vg_gR31 d L)2d—2
Sa="G— [ VI+ @) - (0re)? = I'/
. . R2 .
de Sitter, Poincare : ds?, | = =45 (—d7? + dw? 4+ dz?) — EEin dual Bucl CFT

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

R

d—1
- Va—2 d =0
[strip] Sq5 = —4&-—=== [ -7 /1 — (072).
B2,2d—2 ey

Extremize — (07x)? = B? = const.

1+ B2,2d—2 >

Real surfaces: sign difference from AdS =- no real “turning point”.
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dS extremal surfaces (Poincare)

Ryu-Takayanagi: CFT ground state = empty AdSg11, ds? = Jf—j (dr? — dt? 4 dz?)

.
Vg_gR31 . /o, )2d—2 |
T v e = R E R

. . 2
de Sitter, Poincare : ds2,, = “4% (~dr2 + dw? + dz?) — EE in dual Eucl CFT

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

: Rgglvd—z dr 2 om0 I
[strip] Sgg = Tepe [ — V11— (0:7)2.

_ 2_2d—2
Extremize — (07x)? = 1fB272d—2 , B? = const.

Real surfaces: sign difference from AdS =- no real “turning point”.

® B2 <0. NearT — 0: 22 ~ B?7% 4 x(r) ~ £i|B|m3 + 2(0) [dS4].

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

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

RZg 1
G4 Vi(

Complex surfaces: no canonical action — Sgg, ~ — =

— c%) — negative area [dS4]

(also spherical extr surfaces)
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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)

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? + ;l;_g +7r2dQ2_ .

12 .

N, S (0 <r<: static patches. t is time — translations i S

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

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

< ld_lv d—1 7I'l2
de Sitter entropy Sgs,,, = —Ir = —5 2 — & [dS4].

dS/CFT — future/past universes F, P — =L w=1%t —

ds? = Ly (= 45 4 (1—72)dw? +dQ2_ )| 7 isbulk time now,

Real extremal surfaces stretching from I to 1~ ?

- no real turning point earlier, surfaces do not return to /™ : maybe end at I~ ?

- bulk physics — ¥*W¥ — two boundaries?
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Extremal surfaces, de Sitter entropy

ds? = L (= 4= 4 fdw? +dQ3_,). [f=1-7]

T2
ld’_l

Boundary Euclidean time slice — codim-2 surfaces, area ~~

d_1 Ga+1
S , all equatorial planes equivalent.

Area S = ld_lvsd—Q f 7_5—11\/1/]6 — f(w/)2
B2’7'2d_2
1—T2—|—B27'2d_2

Extremize —> ’li)2 = (1 — 7‘2)2(10/)2 =

d—1
207 Vgd—2 [T dr 1
4G 441 e 7d=1 /1 _;2.pB2;2d—2

B=const, S =

Hartman-Maldacena surfaces (Ads bh) rotated.

Turning point 74 at || — oo : 1 — 72 + B27'fal_2 = 0.

I+

dSa: real 7« for0 < B < %
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Extremal surfaces, de Sitter entropy

ds? = L (= 4= 4 fdw? +dQ3_,). [f=1-7]

T2
ld —1
Boundary Euclidean time slice — codim-2 surfaces, area ~~ Gan
S d—1 , all equatorial planes equivalent. -

Area S = ld_lvsd—Q f J—Zl\/l/f — f(w/)2
B2’7'2d_2
1—T2—|—B27’2d_2

Extremize —> ’li)2 = (1 — 7‘2)2(10/)2 =

d—1
207 " Vgd—2 [T dr 1 .
4G 441 e 7d=1 /1 _;2.pB2;2d—2

B=const, S =

Hartman-Maldacena surfaces (Ads bh) rotated.

Turning point 74 at || — co: 1 — 72+ B272972 — 0. dSy: real T for0 < B < %

Limiting surface as B — % D Te — V2. Whole space, Aw — oo.

Real connected surfaces from /™ to ] ~: limiting surface as Aw — oo.

. div_W_ZQL. . . f’LnNﬁ
Area law divergence — SV = G1 o Finite part (limiting surface) S Ga Aw

Area coefficients scale as de Sitter entropy

— akin to the number of degrees of freedom in the dual CFT.
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Entanglement in ghost systems;
“Ghost-spins”

dS,/CFT5 — —ve central charge, ghost-like CFT.
—ve norm states — EFE < 0?
+ve norm, +ve EE?
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bc-ghosts, ¢ = —2: replica and EE

/7

T(w) = (8w2)2T(Z) + 1—62{2,11)}, Schwarzian {Z,QU} = z/:/ — §(z_/)2 (Calabrese,Cardy)

z 2\ z

'w—U)l/n
w—v

Subsystem A: interval betw x = u, v ; replica w-space — z = ( — z-plane.

z-plane: (T'(z))c =0 — z-plane maps to SL(2,7) inv vacuum.

c T(w)®Pnp(u)®_, (v n — Zn .
(T(w)r, = S{znw} = Tglmld®onl)  gpn = Z& ~ twist op 2-pt fn.

N

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 (7'(z)) = O trivially from zero modes. [c = —2 — Q = —1]

Replica formulation formally applies now: |c <0 = 5S4 <0

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

—1
_ L(n—1/n :
trp% = [T Olog n(0)oy, y (@)]0) = 1307 — 5y = — lim 9y, trp}} = —F log £

1 3
k=1
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“Ghost-spins”

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

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

Recall ordinary spin: (1| 1) = {|{) =1, =] =0
Wy =l D) teal ) = (W) = ler|? + [eal2 > 0

“Ghost-spin” — 2-state spin variable with indefinite norm.
tIn=¢h=0  {hH=LINH=1

) =c1| 1) +c2| ) —= @lY) =cicd +cac] #0. eg.|T)—|]) has norm —2.
B = LD (H4) =res =1, (—]2) =yo— = =1, {(+|=) = (][4} =0

cook up
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“Ghost-spins”

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

Recall ordinary spin: (1| 1) = {|{) =1, =] =0
Wy =l D) teal ) = (W) = ler|? + [eal2 > 0

“Ghost-spin” — 2-state spin variable with indefinite norm.
tIn=¢h=0  {hH=LINH=1

) =c1| 1) +c2| ) —= @lY) =cicd +cac] #0. eg.|T)—|]) has norm —2.
B = LD (H4) =res =1, (—]2) =yo— = =1, {(+|=) = (][4} =0

cook up

Two ghost-spins: p = [¢)(¥p| — trace over one ghost-spin —
RDM for remaining ghost-spin — von Neumann entropy.

Even number of ghost-spins — calculations, interpretation sensible.
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Two ghost-spins

) = S wHlig): (W) = vy TP = TP T P = [t = [T TP = £
Trace over one ghost-spin — p 4 for remaining ghost-spin — von Neumann entropy S 4.
RDM:  (pa)™* = yjpdpht™ = v phs”

(pa)TT = [TF|2 — T2, (pa)t— = pTryp=F" —ypt—yp= 7,
(pa)™ T =TT —pm T, (pa)T T = TP =R

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

EE: Si4=—vij(palogpa)¥
In general, +ve norm # +ve RDM, EE. [however, correlated ghost-spins]
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Two ghost-spins

[) = S wHig): (W) = vy TR = [t TR 4 [T 2 — [t R = T2 = 41
Trace over one ghost-spin — p 4 for remaining ghost-spin — von Neumann entropy S 4.
RDM: (pa)™ = yjigp T gpht™ = k™

(pa)TH = [pFT]7 — T2, (pa)T™ = T =" —gpt=gp= 7,
(pa)™ T = =TT T" —p= =7, (pa)™" = WP = [~ |%.
Define log p 4 using expansion & mixed-index RDM (p):* = 7;;(pa)’F.

EE: 5S4 =—vj(palogpa)¥
In general, +ve norm # +ve RDM, EE. [however, correlated ghost-spins]

Simple subfamily, diagonal p4: log p 4 diag
_ ++2
(pa)t =4z, (pa)"=+(1-2z), O0<z= WH'“'@HL__'Q <1

(Wplp)y >0: ST = —zloge — (1 —x)log(l —x) >0 ~+ve norm = +ve EE

(W) < 0: S5 =zlog(—a) + (1 — a) log(—(1 — &) = -5 +im

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

In general RDM shows new EE patterns.
o c.g. eigenvalues satisfy (pa)¥er = Ae; i.e. (pa)ej =% Ne;j.

-ve norm contributions = A in general complex.

e n ghost-spins: [Y) =TT |+ 4+ .. )+ 7| ——...),
(1) = it 2 4 (<D 2. (pa)] = [, (pa) = (—D)r 2

odd n: +ve norm %% +ve RDM.

Evenn: [["|—) is +wve norm.

2 ghost-spins: |1h) = T F|+)[+) + 9~ ~[=)|-)

*%¢, | Correlated ghost-spins

Entangle 1dentical ghost-spins from each copy — +wve norm, RDM, EE
Also true for 2 copies of ghost-spin ensembles or chains {|¢,,)}

GC1 X GCo: [6) = )0y 7 lom)lon) . (WlW)) = ) 07072 > 0
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Entangled ghost-spins and spins

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

Ghost-spins: vy =1, yv—_ = —1; Spin metric +wve definite: g;; = 0;; .
(Plh) = (s|s) (Pgs|Pgs),  (Psls) > 05 (Pgslivgs) 2 0 = (YY) = £1  (normalize)
— RDM p% = trgs p forspins alone — trp5 = +1 —

+venorm: Sy, = —> . AjlogA; >0; —wenorm: Sp =) . A;jlog\; +im, ReS4 <0

e Entangled ghost-spins and spins: more intricate, new EE patterns.
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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, cen}t =1, [Obn,0bn’] = [0cn,Ten’] = [Obn, 0en/] = 0.
oy =0, Ol =0ens ol D=0, o)=L, o =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, oent =1, [Obn,Obn/] = [Oen, Ten’] = [Obn, Tenr] = 0.
oy =0, Ol =0ens ol D=0, o)=L, o =0, o) =1

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

Jordan-Wigner: apy, = [[7Z] i(1 — 20ck0bk)0bns  aen = [[7—1 (—1)(1 — 20ck0bk)Tcn

— Fermionic gh.sp. variables:  {ap;,acj} =05, {api,apj} =0, {aci,acj}=0.

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

: . . J~1/2
Momentum variables, continuum limit H % D k>0 k(b_per +c_gbg) + zpe

Confsymm: a — ¢ la, H — £H, Tb(n) — fkab(n) y Oc(n41) — gl_kac(n—kl)

CFTE,?p (N) symplectic fermions ?
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N -level ghost-spins

e O(N) symmetry flavour generalization of the bc-ghost system:

(A 118) =048 = (14 |4B), (A [IB) = (14 [1B) =0, aB-L..x.
Essentially IV copies of the 2-level ghost-spin system.
Ghost-spin chains at criticality lead to be-CFTs with O(N) flavour symmetry, [ bA0cA.

e /N-levels with symplectic-like structure:
(A [4B) =iQAB,  (JA [1B) =i QA (44| 1B) =0 = (JA | |B), aB-1..oN.
Symplectic structure built into the inner product; in part motivated by 3-dim

ghost-CFTs of symplectic fermions (higher spin dS4/C FT3, Anninos,Hartman,Strominger).

e [V irreducible levels: i.e. generalize states | 1), | 1) to|e1), ..., |exn) such that
(eile;) =0;  (eslej) =1 fori#j, 4,5=1,2,...,N.

Elemental ghost-spins not 2-level anymore (with flavour indices), but irreducibly N-level.

Two copies of ghost-spin ensembles: correlated states — 4ve norm, EE > 0.

GC1 X GCs: ) = X0ypy w7 loMlo), (W) = X 07717 > 0

ground states y {|O_>} 2N_d1m — maximal EE — SA = N10g2

Extremal surfaces, de Sitter entropy and entanglement in ghost theories, K. Narayan, CMI — p.26/33



dS, entropy & entangled
TED-type ghost-CFE'T states |yt/d) = S yinir i) [iF)
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de Sitter entropy as entanglement

Real connected surfaces, 11 to I, limiting surface as Aw — 0o (Hartman-Maldacena AdS bh, rotated)

*

ds? = 5 (07, 4 (1—72)dw? +d03_,) — 8% = T L (ueatawy

T2 ¢

Bndry Eucl time slice: any S¢~! equatorial plane or w = const slice.

Area law coefficient ~~ dS entropy ~~ number of degrees of freedom in dual CFT. _

Existence of such future/past connected surfaces suggests —

Speculation: dSy4 approximately dual to CF' I’y x CF'I'p in
thermofield-double-like entangled state |t/d) = S 4pin in [{F)[il) ?
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de Sitter entropy as entanglement

Real connected surfaces, 11 to I, limiting surface as Aw — 0o (Hartman-Maldacena AdS bh, rotated)

ds? = 5 (07, 4 (1—72)dw? +d03_,) — 8% = T L (ueatawy

Bndry Eucl time slice: any S¢~! equatorial plane or w = const slice.

Area law coefficient ~~ dS entropy ~~ number of degrees of freedom in dual CFT.

Speculation: dSy4 approximately dual to CF'I'r x C'F'I'p in
thermofield-double-like entangled state [tfd) = S qpin in |iE)[iD) ?

® (Witten, Strominger '01)  bulk time evolution: |’L£)> — |’L£> =
|4t/ 4) unitarily equivalent to |1t/ 4) = S Win in 135"V [iE") with both ghost CFT copies at I .

2

® 3-dim NN-level ghost-spin chains in universality class of ghost CFT3 dual to dS4: N ~ é—4 :

Two copies of ghost-CFTs in [)!/?) — 4wvenorm, +ve EE ~ N — dSy entropy.

® Near /T, 7 — 0: ds? ~ i—i(—d7-2 + dw? —|—dQ§_1) — Bucl CFTg p on Ry X Sa—1,

Global dS — dual CFTp x CFTp on (Ry x S4—1)2,

dS4 temperature? Casimir energy for ghost-CFT on Ry, x S4—1 ~ % ?
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Conclusions, questions

e de Sitter: future/past connected surfaces, 1+ to -

limiting surface as subregion becomes whole space, coefficient dS4 entropy.

e Ghost-spins: toy QM models, —ve norm states, Re(E'F) < 0.
Two copies of ghost-spin ensembles: correlated states |¢) = Z|a> W% |o)|o)

— 4+wvenorm, EE > 0.

7?7 Subregions? Entanglement wedge?

777 Interpreting these extremal surface areas as entanglement?

Lewkowycz,Maldacena, ...7

777 dS4 <> CFTr x CFTr 1n entangled thermofield-double-like states

[ptfdy = S™apin i [§E))E) ) Horizons, HKLL/Papadodimas Raju? Replica for 2 X Zp?

777 Ghost-spins as microscopic building blocks for ghost-CFTs ...

3-dim ghost C'F'T's? Ghost-spin glasses? Models for CF'TY host oy 4S4: emergence of time?

777 Ghosts and worldsheet entanglement?
Conceptual issues with Bell pairs of spins and ghost-spins etc ... ?
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dS extremal surfaces (Poincare)

_ 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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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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Entangled ghost-spins

e In general RDM shows new EE patterns.
e.g. eigenvalues satisfy (pa)¥er = Xe; i.e. (pa)e; =Y Xe; =
tnorm: A% — (trpa)X — detp’f = (A F 1)2 — I — detp’f = 0.

2 gs state: detp’h’ = —|ypT T~ — Ty~ 1|2 can be large, -ve: X in general complex.
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