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R —
MOTIVATION

@ Why quantum gravity?
Accelerated expansion of universe (Quantum cosmology)
= Varying vacuum energy density (Einstein gravity cannot explain!)
= Candidate for dark energy: Quintessence <+ D-instanton

@ Why non-perturbative (quantum gravity)?
Superstring theory in low energy — Einstein gravity
— Newtonian gravity (Interaction between point-masses)

@ Why QFT or Perturbation (Gauge) theory is successful?
Can be Free and Interactions — Perturbative

@ A plausible way out: Exploration of higher forms gauge theory
(presumably leads to a theory of quantum gravity)

@ Neveu-Schwarz (NS) field = Torsion dBéNS) in superstring theory
— “FAT " brane (Gravitational pair of brane and anti-brane)
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R —
THEME

Kalb-Ramond (KR) quanta on a Ds-brane setup
— Gravitational pair of (33)-brane universe (Schwinger mechanism)
— Quintessence axion dynamics hidden to our universe

KR local degrees are absorbed to describe a dynamical NS field
— Effective geometric torsion dynamics (“Fat” brane) in 5D on S!
—— 4D Einstein gravity in presence of an extra 5th dimension

Nonlinear charge or non-point “mass”
—— Degeneracy in quantum "Kerr”
Low energy limit:
Non-linear charge reduces to a point charge or mass
—— Degeneracy disappears to describe the Kerr family of black holes

Nonperturbative quantum gravity (strong coupling)
—— D-brane world-volume correction to Einstein gravity
(low energy string vacuum)

Supriya Kar (SUSY 2015) Degenerate Kerr 3/34



-
String-Brane Model

Collaborators: Abhishek Singh, Priyabrat Pandey, Sunita Singh;
Deobrat Singh and Richa Kapoor
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JAAT (2013) €101, JAAT (2013) €106

@ Nuclear Phys.B251-252 (2014) 141, Nuclear Phys.B879 (2014) 216,
[JMPA 29 (2014) 1450164, European Physical J. C74 (2014) 3173

e [JMP A30 (2015) 13, 1550065, IJMP D24 (2015) 02,1550015,
Springer (2015), JAAT (2015)-review, arXiv:1405.7917

@ Proceedings of Conference in Honour of Murray Gell-Mann's
80th Birthday, World Scientific 2010, p559 and p567
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Preliminaries: Aspects of NS field in superstring theory

° BéNS)sources — Fundamental string (vector charge)

World-sheet conformal symmetry = -functions=0
— Dynamical Bz(NS) — torsion dBéNS) in string effective action

@ Torsion is known to modify the 9, — D, (covariant derivative)

Candelas, Horowitz and Strominger; NPB (1985)
Freed; CMP (1986)

@ Nonlinear U(1) field — Open string metric on a D-brane:
S NS S
6% = (g — BX8BL)
Seiberg and Witten; JHEP (1999)

@ Open string metric Gﬁ’ys) — NEAR HORI1ZON BLACK HOLES

Gibbons and Hashimoto; JHEP (2000),
Gibbons and Ishibashi; CQG (2004)
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o
SET-UP

@ Type IIA superstring theory in ten dimensions
— BPS Dj-brane ( + fundamental strings )

@ Consider the non-linear U(1) dynamics with a background G,Eﬁs)

o Poincare duality: F3! — Hs = dB{"™
— Kalb-Rammond (KR) field theory on Ds-brane

S=— /d5 V=GWNS) H,\ HM™

12C2
where C2 = (8m3gs)a /2 and H o = VHBIEI/\(R) + cyclic

o KR field equations: Oy HM + G(a/vﬁs)a/\Gégs) H MY —
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TORSION H3; CONNECTIONS
—— (MODIFIED) COVARIANT: D,

@ Generically Dy absorbs H; and is defined as:
N A 1 A 1 A
where D}\B},LV = V)\Bw, + EH)\HPBPV — EHAVPBPN
— ﬂAW = D)\é,w + cyclicin (u,v,\) ,
= HHVA + (Hw,aéaA + CyCliC) + H/wﬂéﬁaéa)\ + ...

@ However for VMB’EQS) — 0, i.e. for a constant BéNS):

My = (HWB(’VS)C”A n cyclic) + H,ygBVSB NS)e,

— Global BéNS) (couples to H3) defines a Geometric Torsion: Hs

@ H3 — dynamical BéNS) on a “FAT" brane
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N ——
Pair production in QFT: A non-perturbative tool

oy BT, o tef (Schwinger, 1951)

black hole, charged pair of (00)-brane (Hawking, 1975)
@ Nonabelian quanta — stringy effect at Planck scale (t'Hooft, 1987)
@ Open string pair production (Bachas and Porrati, 1992)
@ Cosmological pair (DD)g-brane (Majumdar and Davis, 2003)
@ KR quanta on Dj-brane String black hole, pair of (11)-brane

SPIN, pair of (33)-brane universe + an extra fifth dimension

= Emergent gravity (geometric torsion) curvature on (3 — 3)-brane
(Abhishek, Priyabrat, Sunita and SK, JHEP-2013, PRD-2013)

Extra dimension breaks the SUSY:
Gravitational 3-brane — BPS Ds-brane + closed string vacuum
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-
EMERGENT QUANTUM GRAVITY SCENARIO

. Cosmological
Horizon
LA
Extradimension

D " brane

D4- brane

Figure: At cosmological horizon: the KR quanta on a Dj-brane
— Pair production of 1-brane and anti 1-brane (stringy gravity):
Expansion (stable) — Gravitational pair of (33)-brane
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R —
BROKEN SUSY — EINSTEIN GRAVITY

closed strings
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Figure: Closed string exchanges between the emergent pair of (33)3 implies SUSY
breaking emergent gravity scenario
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SCHEMATIC DIAGRAM

/ Non-perturbative D-brane \

(Perturbative) closed string vacua

O
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Figure: Non-perturbative D-brane corrections to low energy closed string vacuum
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o
Torsion (symmetric) fluctuations = dynamical metric

@ The U(1) gauge invariance of H2 with respect to NS field enforces:

1
5[7-(“”)\7-(#)\1/] _ Ed(Hw/)\+HquB,££\\/5)+HV)\PB,£Z/S)
NS Av
‘|’H>\upB,£u ))Hu
3
= 3 (Huu™ 170 = Hyu 1) .

@ Incorporates a symmetric fluctuations in the geometric (2nd order)

formulation: —
fir = C HuapHP .

@ Geometric torsion modifies the background (open string) metric and
makes it dynamical:

Gw = G + CHuy HY, .

= guw— BN\VBMNN 1 C A, 1Y,

v
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R —
Effective curvature

o Commutator:
|:D/L ) IDV} o= H/LVA 8)\(25

= Non-trivial curvature even with a scalar field ¢(x)!
—— Signifies the role of a quintessence unlike to that in GTR

@ Commutator on a gauge field (for a Minkowski space-time):

[Du : D,,} Ay =KunA,

Where /€5VA = O Hun" — O H + Hypn " Huo” — Hn" Hpo”

= Fourth order reducible (generalized) curvature tensor
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N ——
Properties of new curvature tensor

® K., is anti-symmetric under an exchange of indices within a pair:

Kiwrp = =Kuprp = =Kppx -

@ However it is not symmetric under an exchange of pair of indices:

’a,uy)\p 7& Ia)\p,uy

@ For a non propagating torsion: K., — R,
— Riemannian (Einstein vacuum)
= D-brane world volume correction becomes insignificant

@ Relevant curvatures:
and K = —H  HA
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R —
Torsion curvature on a “FAT"” brane

@ Geometric torsion dynamics on a vacuum pair of (33)-brane

1 -
ic [ ek

53—3 = 3C2 J

@ Vacuum energy density is no more a constant due to the dynamics of
NS field on a “FAT" brane

@ Takes into account the varying vacuum energy density of universe
Reassures a quintessence, i.e. dynamical axionic scalar, along a
hidden fifth dimension which is transverse to our (3 + 1)-dimensional
brane-universe

@ Energy-momentum tensor:
T,,, = dynamical G, on a “FAT" brane

Supriya Kar (SUSY 2015) Degenerate Kerr 15 / 34



Curvature on a gravitational 3-brane or anti 3-brane

@ Relevant dynamics on a 3-brane

Sy 5= 3—,112 dixv=g (K = 3FuF") J

where F,, =D,A, —D,A,

@ A point electric charge (A: # 0, A = 0) can source a non-linear
magnetic charge (Qp, # 0) in string-brane model for Hgs" # 0 or
Hapx B(tli\rs) # 0. Hence the model rules out the theoretical possibility
for the existence of a magnetic monopole

@ Equation of motion: DyF* =0

@ 3 local degrees — 2 (gravity) + 1 (quintessence axion)

Supriya Kar (SUSY 2015) Degenerate Kerr 16 / 34



-
Quantum geometries: Boyer-Lindquist coordinates

@ The Cartesian coordinates may be expressed in spheroidal system:

x=1r2+a%(sinfcos¢), y =+ r>+a%(sinflsing) , z=r cosf ,
where a>0 is a constant, 0< r<oo, 0<f<m and 0 <¢<2mw

@ The (3 + 1)-dimensional line-element(s) with flat metric g, are:

2
ds2., = —dt® + pz dr? + p2 d6 + Asin?0 do?

2
= —dt? + T (d? + £d9%) + Psin*6 do?
= —dt?+dr* +r? sz
2 [ sin 20 5
+ a A Z_dr? + cos? 0 db? + sin% 0 do?
where A = (r’+a%) and p? = (r’+a°cos®6)

@ Limit p> — A : Reduced vacuum on a Dsz-brane.

Supriya Kar (SUSY 2015) Degenerate Kerr 17 / 34



|
Ansatz for the form fields in (3 + 1)-dimensions

@ Parameters (a, M) > 0 and (non-linear electric charge) @>a:
oM\ /2 2sin20+2M  2?sin20—2M\ >
Bi = K and By = P A - p2

A== L py = 2

A lower bound for M and @ are enforced by their non-linearity
a — Sp-symmetry breaking parameter and sources a magnetic field

@ Non-trivial components of field strength(s) are:

2
Fir = —p—ci (r2 — a° cos? 9) , Fro = _ap?r sin20 ,
A
Fro = —ﬁ (r2 — 2% cos? «9) sin?# and Fop = aQZ sin 260
P P
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-
Ansatz — Nontrivial geometric torsion Hsz in d =5

@ Gauge choice for one and two forms
— geometric torsion Hz =0in d = (3+1)
—> geometric F, — .7-"511
and a priori no quintessence dynamics in the gauge choice

@ However the gauge choice ensures a dynamical NS field in d = (4 +1)
= nontrivial H3 dynamics underlie the torsion curvature K

@ Dynamical metric on a vacuum created pair of (33)-brane:

G — <guv ~ Buag®’Bsy + C ﬁﬁégaﬁfg’l’)
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R —
Brane view: Realization of black hole

@ In a brane window: r? > 2M; r* 2_/\/12 and r* > Q% r® >> Q%
Emergent geometric patches on (33)-brane formally:

2 2
ds? = —(1—¥iQ—6[A 7‘”"?5 ‘9Ddt2
P p p
2M — 2%sin29 Q2 4222 cos2 07\ "
1— 1— 2
" ( p? qcp%{ p* D &
2M A a2sin%0 A 43°Q%r? cos?
L R L R e T
22 42 2202
+ (1:F ? [sm 0+ ra<2:os 9})Asm 0 d¢? + ap?
2v2M A A 1/2
— p <2M {1+ ?} + {1 — ?} a%sin’ 9) dtd6

— Causal patches appear with a relative wrong signs of QR?
(Geometry becomes significant in a classical regime)
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-
Projection matrix:

@ Wrong signs do not describe the required classical geometries. They
are corrected in the quantum regime using a projection matrix Mo y»

@ M, and M~ project equivalent quantum phases when they were
created at the horizon for @ =0

@ The gravitational pair of brane vacuua with @ # 0 differ significantly
@ The projection matrix:

1 ~Ca G 1 -G, G},
M== -1 _
2 G, —G; det M 6o G4
2M 2 41232 cos?
were 6 = (1- 202 & [a Pl
p P P
2M — 2?sin?f Q2 47222 cos2 0T\ 1
and G,jf = (1_ 4 [1_7}>
p? p2A ot
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Projected causal patches:
@ For Q =0: det M = —ﬁ (8M —2a%sin% 0 + a*sin? 9)
— det M = —1 at the event horizon

@ Matrix operation on column vectors:
+
1 1 — Gy 0 Gt
M - 5 5 M -
0 G, 1 -G
@ Inverse matrix operation on column vectors:
1 Gy 0 Gt
0 G, 1 Gt

= Correct geometries in a low energy limit
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N ——
Relevant quantum vacuum-I:

@ After inverse projection:

2 2
ds? _<1—%+Q—{A—7Ma o 9])dt§

2 PE 02
oM — 22sin?0 Q2 4222 cos2 01\ "
1— 1— dr?
= sl -
2 N2 42 9
s (1 I o+ ) g g
P p
oM A 2 -29 A 42 2,2 29
+ (1+—2[1+—2}+a&2 [1——2}+QQ+COS)AS“‘29"9
p p p p p

B 2\/22\/IA (2/\/7[ A
p
2aQ%\/Asiné

05

A 1/2
1+ ?} + [1 — ?} a2 sin? 0) sinf dt.d¢

dt.do

Supriya Kar (SUSY 2015) Degenerate Kerr 23 /34



R —
Characteristics of vacuum-I

Ergosphere condition: Gy G™ # 0 = Rotating charged black hole

Ergosphere radii:

1
+
r =2aM,,cosf {14+ ,/1 — —— | .
e w ( \/ 4/\/Inp2 cos? 0)

where the redefined mass M,,, = % and @ is a non-linear charge
= Ergosphere is sourced by a S;-symmetry breaking parameter

Linear @ — Classical black hole

Event horizon radius: r, = /2M — a2

Charge independence

—> Degenerate Kerr-Newman quantum vacuum
( Entropy does not depend on Q )

(]
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Quantum vacuum-IlI:
@ After inverse projection:

2 2.2 2
ds? —<1—¥—Q—{A—7Ma _— ebdtg

I p
N <1_2/\/I—3225in29_ ?2 [1_4r2a220529})1dr2
p pPA P
22 42 2 29 2 2 A H 0
+ <1—a§ {sin29+%}>p2d02+udgd9
p p p
2M A 2sin% 0 Al 4a%Q%r?cos? 0
+ <1+—2{1+—2}+a Slg {1 _2}_730r8cos >Asin290
p p p p
2\2ZMA A AT\ Y2
- > (2/\/1 [1+—2}+a2sin20[1——2}> sinf dt.d¢
p p p

232 —1/2
Ergo radius : rergo = a (V cos’ 6 — 1>
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R —
Characteristics of vacuum-II

@ Event horizon radius: r, = vV2M — 32
— Charge independence of entropy
—> Degenerate Kerr-Newman quantum vacuum

o Inalimit: @Q— 0
— Vacuum degeneracy disappears
— Kerr black hole in Einstein gravity

@ However the emergent geometries on a gravitational pair of (33)-brane
— An extra fifth dimension
= Quintessence is indeed prevailed in the string-brane set-up

@ Extra dimension — transverse scalar field dynamics to a pair of (33)
(Derived from the DBI dynamics on a Dj-brane)
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R —
Classical limit — Black holes

o In limit p; — A\, Quantum vacuum-Il reduces:

2 22 2\ 1
g2 — —(1—¥—%>df2+(1—w—0—4) ar?
P p p p
+ p* do* + (1 + %) Asin? 6 dp? — aMy2s Vzmsin(f dtd¢
p P

@ Event horizon radius:

1/2
L r2 —a%cos? 6 14 1y 42%r2 cos? 04 + 4Q2
=T
2 (r2 — a2 cos? 9+)2

@ On equatorial plane:
Q2
re — Ip <1 + —4>
2ry
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-
Analysis

-

Q-

@ Radius varies directly with nonlinear charge @
(unlike to that in Reissner-Nordstrom)

@ Single horizon = Parameters (M, Q) are not independent

@ M may be redefined with @
to incorporate the dynamical effects at the event horizon:

QZ
M,=M (1 + —>
’ 2Mp2 horizon
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o
4D Kerr(Newmann) black hole with an extra dimension

@ The redefined geometry describes Kerr black hole in Einstein vacuum:

_ 2sin2e\ ¢
ds? H—< 2M>dt +<1——2Ma il 0) dr* + p? dQ?

p? p?
am,
f sinf dodt

@ The quantum vacuum-I in the limit p?> — A:
— Kerr-Newmann black hole in Einstein vacuum

oM Q? OM — 2?sin28  Q2\
ds®> = _<1_p (p:))dt +< %—i—%) dr?
+ p? d02 — 4M3*f né dodt
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N ——
Non-perturbative correction

@ Quantum patches, in a limit p2 — /A, via brane window:

Q2
ds? = ds?,, + 2 (—dtﬁ + dr2)
432Q2%r? cos?
T (—dt2 + dl'2 + A ng) s
where dt; = (—dt + asin?@ d(;S) and dQ2 = (d92 + a®sin?6 d¢2)

@ Nonlinear @ — Quantum effects associate with a flat geometry

@ Quantum gravity on a 3-brane
— Einstein vacuum + D-brane correction (non-perturbative)
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-
Limiting geometries:

Black holes on (33)3-brane, Parameters:
M> Q> a°
Quantum Kerr(Newman) Exact (degenerate) vacua:
small M, large a, independent of @
Quantum Reissner-Nordstrom Non-perturbative corrected vacuum
small M, a — 0, non-linear @
Quantum Schwarzschild Non-perturbative corrected vacuum
small M, a — 0, linear Q
(Low energy) Kerr-Newman Einstein vacuum
large M, small a, linear Q@
(Low energy) Kerr large M, small a, non-linear Q@
Reissner-Nordstrom large M, a — 0, linear Q
Schwarzschild large M, a — 0, non-linear @
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-
Quantum gravity degenerate Kerr vacua
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Figure: A schematic diagram in moduli (a*, M, +Q?) space depicts quantum
gravity vacua on an emergent gravitational pair of (33)-brane, separated by an
extra dimension

Supriya Kar (SUSY 2015) Degenerate Kerr 32 /34



-
Concluding Remarks

@ Schwinger pair production mechanism is reviewed with renewed
interest for the KR field quanta on a D4-brane in presence of a
background (open string) black hole

@ KR field quanta — Pair production of gravitational (33)-brane
universe + an axionic scalar (extra dimension)

® Dy-brane world-volume covariant derivative V,, — D,
Incorporates H = dBR) connections

— Geometric torsion H = dB(NS)

@ Dynamical NS field = “FAT"” (D) brane to account for the closed
string modes in bulk — String-Brane Model

@ The model leading to a gravitational pair of (33)-brane takes into
account the Quintessence < D-instanton dynamics
—— Cosmology: Origin of Dark Energy
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........................................................ Concluding Remarks

5D geometric torsion sources Kerr quantum vacua on (33)-brane

Charge independence of horizon = degenerate Kerr vacua

Low energy — Degeneracy disappears
Quantum vacuum — Kerr family of black holes in Einstein gravity

Quantum Kerr vacua were analyzed for nonperturbative quantum
correction to a low energy string vacuum

Emergent pair of gravitational brane/anti-brane may provide a clue to the
non-perturbative M-theory

Thank You
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