Strings in cosmological backgrounds
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BACKGROUND dS space time metric (static
coordinates)

ds® = —A(r)c2dt?> + A~ (r)dr? +r2dQ2p_» (1)

A<r>=1—<Li€>2, Ly=cH™ 1 (2

Horizon

Th = Ly (3)

H ( Hubble constant); L. ( classical dS length);
cosmological constant A x H?/c? ( AdS: H? —
—H?, N — —N; L < 1/,/|N]).

(Q.F.T) dS background: a semiclassical (Hawking-
Gibbons) temperature Tsem

T ke 1 (4)
e 27TkB ch

(VD)



QUANTUM STRING and Q.F. T REGIMES:

Quantum string dynamics in dS (AdS): string
mass spectrum m(n, H)

( H.J. Vega and N. Sanchez Phys. Lett. B197, 320,
(1987); A.L. Larsen and N. Sanchez Phys. Rev. D52,
1051, (1995); H.J. de Vega, A.L. Larsen and N. Sanchez
Phys Rev D51, 6917, (1995); D58, 26001, (1998))

Microscopic density of mass string states ps(m, H)

Quantum String Entropy Ss(m, H)

String / Q.F.T dual regimes

Phase transitions — bounds




QUANTUM STRINGS IN dS

String mass spectrum in dS
m N\ 2 Mg\ 2
—) ~4n|l —n(— 5
(o) =anl-n(3)" (5)
(closed; H = 0, flat space time).

ms. fundamental string mass; Mg: character-
istic string mass in dS.
h C
Ms =\ —— , Ms =
ac H o
/1—1

(6)

(o , string constant; o IS a linear mass den-
sity; string tension: 7 = ¢2/2na’)

Quantum string dS length Lg:
h

Ls = 7
Ay (7)
String dS temperature Ts:
he 1
Ts (8)

~ 2rkp Ls



String density of levels ( level degeneracy, high
n)
dn(n) = n=d b Vi (9)

(a’ and b: D, type of strings). Example: closed
bosonic strings

D—2 ., D+1

b= 2 | — 10
T c a (10)

String density of states of mass m in dS: ps(m, H)

ps(m, H) d("") = dn(n) dn (1)

m 2 Ms [1— Ag\—a
p*mﬂ)ﬁfggMﬁl—AJ<mN 2 )

X exp (b:fs L _QAS) (12)

Ag = \/1 _ (%)2 (13)

(H =0, flat limit; a =2d' — 1 = D)



ENTROPY of quantum strings in dS

Ss(m,H)
ps(m,H) =e "B (14)
(zeroth order) string entropy in flat space time
2
(0) . 1 mc
m) = — 15
Pmy =3 = (15)

ts: fundamental string temperature in flat space-
time
1 2

ts — @ mg C (16)
(0)
1 14+ Ag ,Ss 2 —a
pm 1)~ L 18 )
-
x exp ( - \/l—I-As) (17)
ASE\/1—4x2 (18)
(0)
2(m, H) == ~(7y = s 5 (19)

2 MS bMS kB



String Entropy in dS

-~

(0)
Sim. H) = 5O H) —a kp In (> H)

. )
B
—kg InF(m, H) (20)

S Om, 1) =sOVf@) . F=yQ - 42 f(2)

(21)

= 2 22

f(z) = AL (22)
Ss(m, H) < Ss(m,0) = S? (23)

(a) m <K< Mg, Hmo' /e < 1 : S§O), leading term



(b) m ~ Mg, Hma//c ~ 1

M
S JH) o = kpln —kpln 2
s(m, H) o b B \/(Ms—m B

)

ks (00 = akgin ()

Ss(T,H)por, = kBIn\/( S —kBIn 2
+kBE( )—akBln( )
— 27T1kBmc2. (24)

String dS (gravitational) PHASE TRANSI-
TION : m = M, T =1Ts (VD)

Critical temperature: Ts (Ts > ts)

7= (20t (25)
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1 he3 / h 21w Ho'
TS — 9 aH — z( b

2
— 26
o\ o )2 (26)

C

( Higher effective string tension: (o/H)_l >
(@)™

(other examples: thermal self-gravitating gas of point
particles, H.J. de Vega and N. Sanchez, Nucl Phys B625,
409 (2002); B625, 460, (2002); B711, 604, (2005); A.
B, M.R.M and N.G.S, strings in flat space time and high
spin mode j :j — m2d/c, ts; = \/ﬁts, ; = \/mo/)

(Ls, Ms, Ts), INTRINSIC SIZE, MASS and TEM-

PERATURE of dS BACKGROUND (String
Regime)
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STRING BOUNDS ON THE Q.F. T REGIME

(a) dS

Partition function (leading order n = 1, Bsem m ¢2 >

1)

2Vp_1 1
In2Z ~ D1 > D1
(2m) 2 (BsemP<) 2

D-1

M
[ A paim, 1) 7t e e
ms

mo

(27)

(686772, — (kBTsem)_l)

Tsem — Ts (phase transition)

kpT D-1 T
(InZ)NVD_l( B Sem) \/1— T (28)
hc Ty

Bounds: Tsem < Ts, H < ¢/Ls(H,o') ( H <
C2m5/h, HS — C/ls)

BACKGROUND — STRING
12



(b) BH —dS

A =12 - (7)3 (29)
r ch
(rg: Schwarzschild gravitational radius) Hawk-
ing Temperature

h
Tsem bhdS = Kbhds (30)
2mkpgc
(Kpnas: surface gravity)
hc 1
T = 31
sem bhdS 2nkn  Lyngs ( )
2
To\—1
Lynas = 2 "“9(1 —2 7%) (32)
C

Quantum emission

Tsorn bhds <K Ts: Q.F. T Hawking emission

Tsem bhdS ™ T

kBTsem bhdS D=1
O string (TNTS) ~ Vp_1T24 ( 7o )

T
X\/l . seﬂ,}bhdS (33)
s
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STRING / Q.F.T: DUAL REGIMES

(dS)sem = (ch,Tsem,,Osemyssem) (34)
— (dS)s — (LS7T871087 SS)

SEMICLASSICAL dS ENTROPY
Zeroth order (dS Bekenstein-Gibbons-Hawking)

(0) 1 M, c?
Ssem(H) = > T (35)
dS ENTROPY
(O) (H)
Ssem (H) — Sgem (H) B In ( SQTZB )
—kgin F(H) (36)
88O (H) = S CHF(X); F(H) = /(1 — 4X2) £(X)
(37)
_ 2 _ > _ kg o
f(X)— 1+A7A:\/1_4X _\ll_( gg%(H))
(38)

fpl:\/TLC—?)G mplzw/% (D:4) (39)
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k m
2X(H) = oy == ()7 (D=4) (40)
sem( ) MCZ
2 2 2
C C [
cl a cl sem 27T]€B MCE ( )
(41)

low H < ¢/¢p; (low curvature regime; M, >
mpp, Leg > Lpy )

Ssem(H)

Ssem(H) = SSOW(H) — akp In SQZB ) (42)

high H: H ~ C/Epl ( Mcl ~ mpj, Lcl ~ lplI
quantum gravity domain)

SS@m(H)ANO:kB In A —I- O(l) (43)

Mcl

phase transition M, — mp; (examples: thermal
self-gravitating gas of point particles; Kerr BH entropy,
J — M?G/e, M — \/J/h mp; (extremal transition): A.
B, M. R. M and N. G. S)(VD)

A = \/ 1— (S (44)

15



AdS BACKGROUND
String density of mass levels in AdS

Moo (L4 (T2 (s

Mg n M

(0)
1 1+ Ag s 2 —a
ps(m,|A]) =~ AS\/ 5 (kB \/1+AS>

exp ( “’gov ) (46)
P s V1 A,

(0)

ms Og

o IAD = () =SS (D)
Ag = \/ 1+ 42 (48)

no singular behavior
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String entropy in AdS

5 (0)
So(m, IAD = 8O m, [A]) - akgs In (Z— A,
B
—kp InF(m,|/\|) (49)
5 (0) N ONITS )= 2
SO (m, A = 589 f (@), f@) 5,
50

F(m, |AD = (1 +422)f(z)  (51)

Ss(m, |A]) > Ss(m,0) = S (m) (52)
m ~ Mg (Hma'/c~ 1), m > Ms (Hma'/c>> 1)
So(T ~ Ty = kp (;) ~ akpln (f—) (53)

S S
No critical temperature. No phase transi-

tion at 7%

Ss(T'>1Ts) = kg (tls TQTS) B <1-2|-a) knln (%)

() e @) e
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Semiclassical (Q.F.T) AdS Entropy

Ssem (IN) = S8 (1A o (55)
a(0
—a kg In (SSem (lAI))—kBIn F(|A])
kp
a(0) _ «(0) T _ 2
Ssem (|/\|) — Ssem (|/\|) f(X) ) f(X) - 1—(|—A)
56

F(A] = V(1 + 4X2) £(X) (57)

7Tk‘B . m pj
SOLUAD M

2X (|A]) = )? (58)

Low curvature , M., > mp;y

Ség%(l/\l))

(59)

Ssem(IAD) = SSELUAD — akg In(
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High curvature M., ~ mp;

A = \/1 O (60)

Moy — mp; (T — tpp) (Sggr)rz(|/\|)(Mc€ = mpy) =
Tkp)

Ssem(|/\|) — \/1+2\/_ WkB—akB |n(\/1+\/_ )

2
—kp | 61
B In( 1—|—\@) (61)

NO PHASE TRANSITION

Mcl << mpy ( H > C/lPl Sgem(H)(X > 1) —
rhp/2X < 1)

Ssem(H(X >>1) = akBlnéX?’/?) (62)
mkp

2x3/2
(63)

—kpln (2X1/2) +
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BH-dS bounds

TsembhdS < Ts

H\?. 2rgc
H [1-—2r2 (—) <=9 64
/
(s = /2 = mzc)

TsembhdS — T

4
ro = Lo [—1 + J1+2<53> ] (65)

T2z y
Lc£>>’€s

H
Drg o~ 42 = L (66)
C

LCE — 63
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BH-AdS bounds

Tsemphads = Ts

113, s \*
e = 20 12(B) ) e

( physical roots) (Ls = (¢s)2/L.y)
Ly >2Y%¢, =L, = 1.189 £, (69)

Ls < 27Y%, = Lgmaz = 0.841 £s. (70)
Lep > Lep min (Ls < Lsmax)
Ly A 1 RdH

"ot T, T RaH3 0 9T T T o2
(71)
Lep = Lo min (LS = Ls ma:c)
L .
g+ — Tg— — %:Ls maxr — 1/4_084153
(72)

(g min bhads = 2-304 T4 min bhds)

N o841 (D=4) (73)

Yy kil
3 [s
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KERR NEWMAN BH (J # 0, Q # 0)

hc 1
T J = 74
emlh Q) = (1. Q) ()
2 2
(1, Q) = 2 1t (1 +s - ”—) (75)
5 2
l
y=9 : U= L : 0= \/1 — 2 - v
cl cl
(76)
GM J VGQ
l.) = lj=—, lp= 77
=5 b=7,- g - (77
5> 15+ (78)
(re =log + (12— 13— 15)Y/2)
v+ p? <1 (79)
p?<1 ., P<1 (80)
(2 + p? =1; Tsem(J, @ estremal = 0)
Tsem(Ja Q) < Tsem(J =0= Q) (81)

(ee(J,Q) = 4 1o = 2r)
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1

InZz, Ostring ™ ; T (Tsem — ts) (82)
S SEMm

he 1
po= ¢ = (83)

27T]€B ls

. b [ha b

27 C o ° (84)
Tsem(J, Q) < ts (85)
leo > s (86)

Tsem — ts (string limit)
(i) lg > /41 T#0,Q#0—J=0,Q=0

(il = /4 J#0,Q#0 — J =0,Q = 0;
J=0,Q#0(J#0,Q=0)—J=0,Q=0

(i)l < Is/4):J #0,Q > Qo — J = 0,Q = Qo;
(J > Jo)
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KERR BH (J # 0, Q = 0)

(0)
Ssem(M,J) = SS(S?%@(M, J)—a kg In( Ssemlf‘]’ M) )
B
+ kg In F(S{h, J) (87)

S0 (1) = %(1 + 2SO =0)  (88)

. lJ 2
A = \/1 _ (@) (89)
5@ =oy=t M (90)
2T3@m(J — O)
hc 1
Tsem(J = 0) = Onkp 4L, (91)

(extremal KerrBH: J = M?2G/c?)

2 J
Ssem(M, J)emtremal ~ —kp In(\/ﬁ\/M — (ﬁ>1/2mpl)
(92)
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