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Abstract: | shall review the potential relevance of antisymmetric tensor fields in physics, perhaps the most intriguing being a massive antisymmetric
tensor as dark matter. Next, based on the most general quadratic action for the antisymmetric tensor field, | shall discuss what are possible
extensions of Einstein\\\'s theory which include antisymmetric tensor field and thus torsion in a dynamical fashion.
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NONSYMMETRIC GRAVITATIONAL TI—EORYﬁ

% add an antisymmetric component to the metric tensor
g;_w = gl.l'f ¥ a.l‘i

_ _ f ,.
— g[.I\F - g[l-"l‘}' Bw. = g[.h_;_] = E(gﬁx B 9‘.-!4 ;}

In 1925 Einstein proposed it as a unified theory of gravity and electromagnetism

» 1t does not work since

(a) Geodesic equation does not reproduce the Lorentz force

(b) Equations of motion do not impose divergenceless magnetic field

% In 1979 Moffat proposed it as a generalised theory of gravitation:
Nonsymmetric Theory of Gravitation (NGT)

+ change Newton’s Law on large scales = away with DM?
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GALAXY ROTATION CURVES
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INSTABILITIES OF NGT -

2 Problems with Nonsymmetric Theory of Gravitation

(a) When quantised, in its simplest disquise, NG T contains ghosts

(b) There are instabilities (when B couples to Riemann/Ricci Tensor )
Damour, Deser & McCarthy (1893) ; Moffat & Claytol

+» Most general problem-free quadratic action in B

=S5=5.+5.,..+5_ . T. Prokopec and Tomas Janssen, gr-gqc/0604084
1 R Class. Quant. Grav. 23 1-15 (2008)
5. :_IGEGM J-d_x,.\,-'—g(ﬁ’_—zh)
Suer = .|. fxﬂllq[ 112 Y s L 4- Lgﬁ.}gvs #L] 'H.r-m'f"? - a.ff'-’&fa‘? +aVB‘5’# +a.93}-"

m,—2A(1-2p0+8), 7, -9, +8,+pB, B, +o8g,

iV o 0T nfl  nav)
If other terms present (B 5087 B9, ® ,, %28 | ghosts and/or
£

instabilities may develop in FLRW and/or Schwarzschild space-times

w The above NGT action cannot be cbtained from a geometric theory!
However when one generalises Einstein theory to complex spaces which
"= B&¥sess a new symmetry (holomorphy), this program may be attainablé*™

r ................ L-lu. If'*l.rﬁl'llﬂ+!-ﬁ.rﬁlﬂ ‘a .-q-.-;-i-—l
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KALB-RAMOND AXION

¥ Inthe massless gauge invariant limit, one can define
a pseudoscalar field (Kalb-Ramend axion) < as

T == I. \1 T TEnais
4 Vg uve  __pvap
- _[d X/- g[ 5 HuvpH J > H " "=g"7"V,o
2 The action reduces to that of a massless minima coupled scalar

£ J'd*‘xé g @ o)e,0)
NB: the equivalence holds only on-shell, i.e. when the egns of motion hold

NBZ: when the B field is massive then the dual of B is a
massive vector field; if B couples to curvature tensor or
to sources, no local duality transformation exists

NB3: COMMON MISCONCEPTION: since the B field couples
conformally during (de Sitter) inflation, it lives in conformal vacuum
during inflation, and no (observable) scale invariant spectrum is
generated, confrary to what is claimed in literature based on the

¥4I -Ramond axion studies Page 12174
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KALB-RAMOND AXION

® In the massless gauge invariant limit, one can define
a pseudoscalar field (Kalb-Ramond axion) o as

4 il =5 1 \1 L1 wzp
® The action reduces to that of a massless minimallv coupled scalar

= 1 HE
slo]= [d*x - g* (6,0)6,0)
NB: the equivalence holds only on-shell, i.e. when the egns of motion hold

NBZ: when the B field is massive then the dual of B is a
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to sources, no local duality transformation exists
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conformally during (de Sitter) inflation, it lives in conformal vacuum
during inflation, and no (observable) scale invariant spectrum is
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INSTABILITIES OF NGT

» Problems with Nonsymmetric Theory of Gravitation

(a) When gquantised, in its simplest disguise, NG T contains ghosts

(b) There are instabilities (when B couples to Riemann/Ricci Tensor )

Damour, Deser & McCarthy (1893) ; Moffat & Claytol

+ Most general problem-free quadratic action in B

=3=3,,+ Sm—sm T. Prokopec and Tomas Janssen, gr-qc/0604084
Class. Quant. Grav. 23 1-15 (2006)
Ser =— 162G, _I-‘f*r X~ g({R_ 2A)
Spr= _[d“‘x q'q[_éﬁm wﬂﬁv.r:‘ __ ﬁ}aﬂ s,mr] =8, +88, +8.8,
By=IA(-2p+80) T, =0, -8, + P8, 8, o8,
If other terms present | (R g™ 877, ﬁgyﬁ‘ﬁdﬁ *¥ | ghosts and/or

instabilities may develop in FLRW and/or Schwarzschild space-times

w The above NGT action cannot be obtained from a geometric theory!
However when one generalises Einstein theory to complex spaces which
"= Po¥sess a new symmetry (holemorphy), this program may be attainablé” ™"
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KALB-RAMOND AXION

» In the massless gauge invariant limit, one can define
a pseudoscalar field (Kalb-Ramond axion) ¢ as

» The action reduces to that of a massless minimallvy coupled scalar
~ J'd&'xé g o)e,o)

NB: the equivalence holds only on-shell, i.e. when the egns of motion hold

NBZ: when the B field is massive then the dual of B is a
massive vector field; if B couples to curvature tensor or
to sources, no local duality transformation exists

NB3: COMMON MISCONCEPTION: since the B field couples
conformally during (de Slﬂ'e.r) inflation, it lives in conformal vacuum
during inflation, and no (observable) scale invariant spectrum is
generated, contrary to what is claimed in literature based on the
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CONFORMAL SPACETIMES

» The (symmetric part of) the metric tensor in conformal space time is
g, =a° M. T =diag(1,-1,-1,-1)
== a = scale factor

% The NGT action is then
f.}

SNET BN J'd4x| T 5 ,rluc: vﬁﬂmepHaﬁT__r“Bn nUﬁBWB(Iﬁ }
N A

= Note that in the limit when a —» = (late time inflation), the kinetic
term drops out, and the field fluctuations can grow without a limit

¢+ This is to be contrasted with the free scalar field action (kinetic
term), for which fluctuations get frozen in:

L .= . %
5?-? atar —> _|.i:i X é G;nm ‘au-qj) (a&q,}
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PHYSICAL MODES

Consider the electric-magnetic decomposition of the Kalb-Ramond B-field

¢ E E E EI = Spln 1 parity -
B.-|-E 0 -B, B

E B O -B B; = spin 1, parity +

E B B O

% equations of motion B
(9% + asz E=0

(8 +am )*
% Lorentz "gauge” (consisfency) condmon n8.B_ =0 implies
8,E-9xB=0, 8E=0

— &
NB1: 8-B=0 is missing > Bl may be dynamical
equation is not independent (given by the transverse electric field
8|

Fr'c:rn 8, E -3xB =0-B isa functionof E
¢ Physical DOFs (massive case): pseudovector B (spin =1, parity = +)

Pi:a: 08010003
Phvsical DOF (massless ca<e): lonaitudinal maanetic field B
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EVOLUTION OF FLUCTUATIONS IN @

COSMOLOGICAL SPAC

=TIM

=S

% antisymmetric metric (tensor) particles are produced by
enhancing vacuum fluctuations produced in inflation

during radiation and matter era

— Evolution of scales in the primordial Universe &———=

inflation radiation era

[
irsa: 0801&3
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CANONICAL QUANTISATION

Impose canonical commutation relation on B-field and its canonical momentun

(%em) = a(m) (;lk3 ¢ (k) [Bp(ﬂ)a? s B_}(TI)EH

[EF *EE‘J = (2x)8°(k —k")

(7v]})

kxe (K)=0

® Momentum space equation of motion for the modes

I ] ™
f a [ay .,
8 +ki+— -2 — | +Z® B =0
4 = I"\E,:" ﬂ; m

\ J

«

¥ NB: Contrary to a scalar field (which decays with the scale factor),
the Kalb-Ramond B-field grows with the scale factor a
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VACUUM FLUCTUATIONS IN
DE SITTER INFLATION

1

In De Sitter inflation the scale factor is, B (n<—-1/M.) such that
3 '; :11 )
i1 { l\l -
ol L
a \ay

* When me~0 the mode equation of motion reduces to conformal vacuum

&,

# ™,
: H‘,?

L 4

% Conformal rescaling of the longitudinal B-mode

-
B R >BEERm =2 ‘:’"’

% Mode functions approach those of conformal vacuum (me<<H)
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SPECTRUM OF ENERGY DENSITY

» The energy density is

ONET 1 2% |
T =5 (aB SXE| +(3-B +am (B + B =p.-

“When 'ﬂ; — O the only contribution to the spectrum comes from long. B-fiel

/ MET B dk -
CIEET) j Per(k. ™)

P (kﬂJ— k)

Rerhomd = o B () - B

42_L

(kﬂaznﬁ)lee-(rmaj%

this spectrum is relevant for coupling to (Einstein's) gravity
(small scale cosmological perts.)

Pirsa: 08010003 Page 21/74
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RADIATION ERA
® In radiation era GZHITI (H}I[HI)

¢ Solutions are Whittaker functions (confluent Hypergeometric functions),
which in the massless limit reduce to

B Y O I SR T
0= g i) B

with the "Wronskian” condition
o, [~ | B P=1

¥ The matching coefficients are approximately

11—&( k Lk?) o2
— W i A 1. N
T2k

R RS TR 2R

Pirsa: 08010003 i Page 22/74
n matter era no exact solutions to the mode equations are known
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SPECTRUM OF ENERGY DENSITY °

© The energy density is

T = é_(6n§+5x E) +(3-B - m (E + gi)_‘ —

¥When ""‘a —» O the only contribution to the spectrum comes from long. B-fiel

NG T dk =
10 Iﬁl..; |U ZI?RE—(I‘L‘“)
P o (R = 2 T ()

Pedi= T i 2’:2, ] ¢

i~ =
L

Pl = g OB ) B

+(k2+azmsy|e_;—(ro|zj?>

this spectrum is relevant for coupling to (Einstein's) gravity
(small scale cosmological perts.)
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SPECTRUM IN RADIATION ERA

% The spectrum in radiation era for a massless Kalb-Ramond field

H o, 1 1 ] sin(Zkn) | cos(Zkn) |
3

Rt I":( == e =5l (i 2
el =g | 20T k2 (k? |
P Pumtmm _—_—
<t MET
£ o |
v | ® on superhorizon scales (kn<1)
the energy density spectrum
E scales as P~k?>.
HGT
f!_
a1l # | ¢ on subhorizon scales (kn>1),
:‘f,.-' = ~ =C .-.__s. - .: na A: - 1tions
4
a'l'lr:.
irsa: 08010003 (1.1 : ' ' ' : ' —_— Page 24/74
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COMPARISON WITH GRAVITATIONAL WAVES

v massless NEGT field spectrum: {j:m[e"(; r.)]i|01;:-=;‘%P‘-.ET0€J|}

aH | 1 2 1

I — | ——sin(Zkn)+| 1- i
S

P' . (k.m) = _ 14
'“—"'(k' I']) Bmzk; |‘ '[I‘(Tl}_ ‘ k

Icoﬂ(Zkrﬂ

I IN{P s |
1 PPy (radiminn S5 __
‘ aﬂ:zﬂ; ‘PI R
- MET N i, ] ]
- ' o B sin(k
, : P il (k‘ TI) - k(i I'])
0.1 - : .
E _."',.. ,\i.. WY 3
o 3 e i
a
a0t s. _:
0.1 1 e k_r‘l 10

o lB: NEGT field is important at horizon crossing, e 25778
gravitational waves dominate on superhorizon scales



RADIATION
B FIELD SPECTRUM

" o

—RA: MASSIVE +

% B < Hankel function (de Sitterinflation )

¢ B' o« Whittaker function (radiation era)

2

m=0.01k"/H
rs"zfjp 15 L m=0.0215k“H

_.-+— Large B field mas:

5 a
S0 B
o
05 r 1
- |
9 L 1
15 - -
K : : !
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Small B field mas:
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RADIATION

—RA: MASSIVE

B FIELD SPECTRUM 2

m=.01 KEIfH
- m=0.1K/H
p m=k-7H

~ m=10k>/H

m=100k>/H

Small B field mass™
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SNAPSHOT OF SPECTRUM b
IN RADIATION ERA

r iel
— Large B field mass

Py 7 rner
; {.-:;;:'3 :
I -

Small B field mass
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SPECTRUM IN MATTER ERA

The spectrum in matter era is shown in figure (log-log ploT)

A Bemiarten —
8.2 5661 s | g on superhorizon :scales (kn<1)
- . oF e WY the energy density spectrum
Hf' » A . T scales as P~k*.
0 - i : b * J
Prar N %, on subhorizon scales
a7 / 1 &, on subhor |
P ubhorizon scales
S/ (kn>a/aeq), P~const.
001 £ -
0.1 1 - 10 100

The bump in the power spectrum in matter era is caused by the modes which are
superhorizon at equality, and which af ter equality begin scaling as nonrelativistic matter

P «<l/ia

The log divergent part of the spectrum continues scaling in matter era as, P.-
such that the energy density becomes eventually dominated by the "bump” "

Pirsa: 08010003 HI Page 29/74
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MATTER ERA: MASSIVE B FIELD SPECTRUM

ranl o
| N .

19 — -0 <« Small B field mas:

———— g = 1000
!

— — ¢ = 100006

0.1 R .
g _ +«—— Large B field mas:
-
201 -
2 -
0.001 |
€.0001 L; wl v iy . . o sa B
f H = o
oE 0.65 0.1 6.2 05
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SNAPSHOTS OF SPECTRA IN MATTER ERA

Extam” o
T 2 N2 N
: s MBHIRQQ_F___; 10 (m, =10"H,)

o

9 :
m H.n° =10

i6x~ 3
H*
1096
T0}
A1
aaai
91t 0.960097 ¢
i ZF= 3730
z= 108%
2001 =10~
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MATTER ERA: PR
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These momentum space
pressure oscillations may
leave imprint in the
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SNAPSHOTS OF SPECTRA IN MATTER ERA
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MATTER ERA: PRESSURE OSCILLATIONS **

3. 14
jl??: PHGT
Hy?
u H r;rE: 100 iIII
4L | n ql
: || ”
2 | | | il
| L
| | L LU
— EEn Loglk 7]
[ 05 T~/ 15| |l .%z ‘
2 ||
[ | | i
-4 R
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pressure oscillations may
leave imprint in the
VeD —3HD = 3H2D = 411:6025[;3 relativistic Newton-like
gravitational potential &,
®"+3HD '+ (2H + H° YD = A4 1Ga’3P and thus affect CMB &
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SUMMARY & DISCUSSION: DM

% Is the antisymmetric metric field a good DARK MATTER CANDIDATE?

-

— ANSWER: YES, provided it has the right mass,

my = 0.03{10°GeV /H ) eV

% Massive antisymmeftric metric field is NOT equivalent to a massive axion
but instead to a massive vector field (only when interactions are excluded’

¢ Below the mass scale Me, the strength of the gravitational interaction
Wiy chonge my " ~ 0. lum{H /10°GeV |’

% Power is concentrated at a (comoving) scale ~ 1AU
(observable consequences for structure formation?)

k~ [mH 101+ 2z )"

® Goal 1: to construct covariant generalisation of Einstein's theory that
includes a dynamical forsion (mediated through antisymmetric tensor field)
[work in progress with Christiaan Mantz, master's student]

rosiiowd| Z: understand the origin of the B-field mass: cosmological #eem
(too small?): some Higgs-like mechanism, or a strong coupling regime
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and thus affect CMB &
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SUMMARY & DISCUSSION: DM

Is the antisymmetric metric field a good DARK MATTER CANDIDATE?

- i 4 =

— ANSWER: YES, provided it has the right mass,

my = 0.03{10°GeV /H ) “eV

Massive antisymmetric metric field is NOT equivalent to a massive axion
but instead to a massive vector field (only when interactions are excluded’

Below the mass scale Me, the strength of the gravitational interaction
iy chonge my ' ~ 0. um{E /10°GeV |’

Power is concentrated at a (comoving) scale ~ 1AU
(observable consequences for structure formation?)

k~ mH /(1-Z,)

% Goal 1: to construct covariant generalisation of Einstein's theory that

includes a dynamical ftorsion (mediated through antisymmetric tensor field)
[work in progress with Christiaan Mantz, master’'s student]

redosii®d| 2: understand the origin of the B-field mass: cosmological #erm

(too small?): some Higgs-like mechanism, or a strong coupling regime
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SNAPSHOTS OF SPECTRA IN MATTER ERA
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SUMMARY & DISCUSSION: DM -

% Is the antisymmetric metric field a good DARK MATTER CANDIDATE?

i =

— ANSWER: YES, provided it has the right mass,

my = 0.03{10°GeV /H ) eV

% Massive antisymmetric metric field is NOT equivalent to a massive axion
but instead to a massive vector field (only when interactions are excluded’

5 Below the mass scale Me, the strength of the gravitational interaction
Ty chonge my ' % 0. um{E /10" Gev' )

“ Power is concentrated at a (comoving) scale ~ 1AU
(observable consequences for structure formation?)

k~ [mH 11+ =z )"

% Goal 1: to construct covariant generalisation of Einstein's theory that
includes a dynamical forsion (mediated through antisymmetric tensor field)
[work in progress with Christiaan Mantz, master’s student]

oo al 2: understand the origin of the B-field mass: cosmological 4esm
(too small?): some Higgs-like mechanism ., or a strong coupling regime
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GRAVITY ON COMPLEX SPACETIMES

Woark with Christiaan Mantz (unpublished
* Fundamental ob ject: holomorphic tetrad

s=ef (), 2=y +*  Pphase space formulation of gravity:
4 :%pv e x’: four space-time
€  p*: four energy-momentum of moving frame

Line element:
ds=d=" -C-dz, C=¢ -¢

¢ hermitean case: ¢ holomorphic case: o full complex case:
¢ ) C, O (e, Cx)
C.??SPE = Cmnr — - Cm."f = g
‘,.\C_::v 0 7 0 C_zv— \C:p Cr F

Flat space limit: symmeftries
SU3.1) SO(3,LC) SO(3,.C)

Pirsa: 08010003 Page 40/74

ds* >dx'g, dx' +dy'g,dy’ +2dx"B,dy'
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GRAVITY ON COMPLEX SPACETIMES

Work with Christiaan Mantz (unpublished
® Fundamental object: holomorphic fetrad

v _.,» Dbhase space formulation of gravity:

v_ G L * x": four space-time
¢ * p*: four energy-momentum of moving frame

Line element:
ds' =& -C-d&z, C=¢ -¢

e hermitean case: ¢ holomorphic case: ¢ full complex case:
0 C.) c., 0) e ©.)
C.??Eﬂ = 4 C-??.!.W = - ‘ C.??.?-?I :k : .
k\c_:v O ¥ 0 C_:v_ > C:-p C:v— o

Flat space limit: symmetries
SUGI) SOG,LC) SOG,LO)

Pirsa: 08010003 Page 44/74

ds- >dx'g, dx' +dy'g, dy +2dx"B, dy'
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HERMITEAN GRAVITY

% Max Born (1938): reciprocity symmetry of physical theorie:

,TF .y pi' ‘ P ¥ oy _1_1»'

e Eg. angular momentum: Afr* =x“p"' — p“x'
e E.g. commutation relation (— quantisation possible):
P p'R =ihn™, 5 =diag[-1111]

HERMITEAN SPACE: Metric tensor C invariant under J
+An almost complex structure (tensor) J: TpM— TpM

J(Ip)—) yF, J(yv )—)—xv FV::%QV
+|_ine element:
€. Y&

] _ A B
dﬁzlcﬁ*-c-c&:(&“ &= W C=e"-e e _ 0 C,)
2 Cﬂh' ﬂ{,‘tt'?} -

Cow =€x(2” Ms2,(27), 2% =x"+1y°

P ooy ', & +dy'g,, dy’ + 2" B, dy’ B: antisymmetric tensorsfield

g o camial oo T o ol o ol o



HERMITEAN GRAVITY -

% Max Born (1938): reciprocity symmetry of physical theorie:

x—=p', p’—o—x

e E.g. angular momentum: Ar* =x*p"' — p°x’
e E.g. commutation relation (— quantisation possible):

PP —p'E —in®, 7* =diag[-111]]
HERMITEAN SPACE: Metric tensor C invariant under J

+An almost complex structure (tensor) J: TpM—TpM

.f(x")—) ¥y, J(y" )—>—x" _ﬁﬂ,vzﬁ;hv

-
i

| ine element:

i _ 0 C_Yg
i =lam c &=l & w (& a e, (o €.
2 C,, 0 \& E_ =

Con =€l Ml (27, 27 =x"+1y”

R vl cdy'g, dy' ~2dx"B, dy B: antisymmetric tensor-field

oy T e ol oS oy ool R el ko o
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FLAT SPACE LIMIT

¢ Upon rotation:
- HLA

N

F . '\.. ; 73 '\ ‘f' = ,(..

f 5 —.dhi 5 = 1 “—‘HF_'_I""ZR by =
=% =

!'\gjm, u:-_;.w_, _E,.. = g J EL_L(C:;_"-;.:I}") e T

ds* > dx'g, dc +dy'g, &' +2dc°B, dy' B antisymmetric tensor field

(=

LIGHTLIF

FLAT SPACE LIMIT: SYMMETRY: SUG.1) b e s

; Ir;"
7 - G__ . ,’ \ " i
=—(edty’ + (@) + ((dE ey +(dB)) \ fnax\& -
g2 .%T;rn?m SoACHi 1im .lJll v ; |
- .. \sPACELI

(6) ds =0 (LIGHTCONE)& dE =dp = 0:}—*:(: (GR) ' F’AST x

CGUSG'ITY structure changes

:"-—'\

- F-E =] == _ T =0
a =0&p =p,p*=—|— ”{ﬂir‘f{“—g' \Z
\CJ c . )
Tmin I

-

_ : , Gy D” |
Pirsa: QE))OOOJIJE =0 & 2= > 0= Lo = 5 \il_ /W4

¥
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FLAT SPACE LIMIT: VELOCITIES

*PHASE VELOCITY  n-i-f#-25 =
% Ilcl—%_—;;. =—i GE | +| |

oGROUP VELOCITY =3+

cdt df
L!GHTLJP

. Upper bound on 4-force: ~ | -
\ FUTURE. /

rmax /

a 7 (3 -8 "E || momliEm
=— o = | z —v: ) f = = propagation (v_ real ) = = \*
ST = =/ | \spaceLl

=0 (prop.parrles) / '
“PAST -\

et

— Ty
= N
ge 48/7
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HERMITEAN CONN

i<

ECTIONS

& GEODESIC EQUATIONS

¢ Nakahara (2003): metric tensor (tetrad) compatible connection

T L) P T IV, e =0=N\ e &cec) =107 it A

FI oy - H v

& &g

¥iT

s Varying the hermitean line element action S=-m|ds, df =& -C-d&, &=
gives geodesic equations with different connection coefficients:

* =~c™(p,c.+8,C) e -1
f 2 i Iw‘ 3 3
; -j- i : ; !

el

¢ geodesic equations

=P £ H vV ¥ LRV
2P+l 272 +21 272" =0

irsa: 08010003

Ce (f;;"jl{f:,‘]_E —& 3 Cp:)

& cc

& c.c.

Page 49/74
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CONCLUSIONS AND DISCUSSION

% We have constructed a theory of gravity on complex manifolds
which generalised Einstein's theory

Hermitean gravity (which respects the reciprocity symmetry of Born)
contains antisymmetric tensor field but it Is nondynamical when viewed on
complex space

Holomorphic gravity (which is antisymmetric with respect to
reciprocity symmetry) contains an additional spin 2 metric field tensor

+ the theory shows absence of cosmological and black hole
singularity for typical observers

+ the theory extends (& thus vicolates) general covariance

Both theories exhibit interesting causal structure:

+ |n flat space limit: for certain observers small regions of space can

appear in instantaneous causal contact, while for some cbservers there
Is a minimum time required for establishing a causal contact.

Pirsa: 08010003 Page 50/74

No definite word has been said on viabilitv of either theorv.




HOLOMORPHIC BLACK HOLES

% holomorphic Schwarzschild solution:

( 12G6.M ( 12G6MY - G. o G
—\1— ~ w £ == 1-— _ : :Ei::H:r:—z'—';p:-.x”:—i—‘;Hp"
. £ z i \ £ 2 5 e

Cnn =

7

P For simplicity set dE=0=dp:

\h_l
¢ \ 3 . G g 2GM
G M : o el B e ;
& — | = E (cdt) —| 1- 0 € c dr’ + ¥ dY + O(dp. dE)
2 GE 2 l,r 2 2
e r: i N Pz c goes ZGM] L G_;.\,— P}
/ 9 Y ¢’ c” 3

+Consider a freely falling observed onto a hoelomorphic black hole:
its p will grow very large as it approaches r=0

o M ]
P [ e R T
1 15 — 7D 137728 5 7 1
R o7 ~Re = - - =y
T AL g 6 £ &
3 2 b i )
o 3’@' Fl 2w bl ___—f-'-'
- = g = I,-'-|— -
= L & j. O /

Pirsa: 08010003 Page 51/74

NB: A freely falling observed does not see a curvature singularity at r=0
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HOLOMORPHIC COSMOLOGY

v holomorphic vielbein e =a(z")s;

L

® HOLOMORPHIC FRIEDMANN EQUATIONS IN FLRW SPACES

g0 \513

l'I_'. | Eﬂj
Hﬁ: % = 'Jp.

a(z")) 3

a 47,
=== P35
a 3

» Holomorphic Hubble parameter H(t)

g) GR

H= W+ Wk +ilG, IDE) | p | /

holomarphic

"

» (Real) Hubble parameter

2
3+ wlE + (G I )E”)

H=Re[H, |=

time

NB: If E =0, there Is nc cosmological singularity for t=0

irsa: 08010003 Page 52/74

NB: An aobserver movinag backward in time will experience E 1=0



HOLOMORPHIC DYNAMICS

 HOLOMORPHIC EINSTEIN-HILBERT EQUATIONS

S.[gl=[4'sV-CR, R=C"R,,+C"R,,, &,=0=

Gﬂv = S‘IG_"J'I;&' 2 G,—:.ﬂ = R.mr - %C_;.ER'

]
W
nJ
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FLAT SPACE LIMIT: VELOCITIES

«PHASE VELOCITY  wu-foy+ZE = v

+GROUP VELOCITY »=Z:)+3L po L] &

. a lower bound on 4-force:

c’ 2 s | L ; :." —
ff=e—tje =1+ | —| ~——le* —vil:——— —=3J propazation (v_real)
{ ¥l = .; | ;'fz {-"r; = g
b ir_ | ] T 5
(prop.par

Pirsa: 08010003



{
Ll
-

FLAT SPACE LIMIT

¢ SYMMETRY: SO(3,1)+S0O(3,1)

. . G i 3 LIGHTLIKE
ds” =—(cdt) +(&)' = —& (-(dE/c) ~(dp)') - _meRE

Tmin

» Causality structure “SPACELIKE

] ) e 2 /_ ..
) di'=0&p <0t =0V P |
( P - ; 2
e = : ==
PAST
_J_,_,-:-"'_'_'_._'_ _‘_‘_\_‘_‘—‘-\-._
2 b futzse
(2) &F=0&F >0r, = Gf‘-""‘{f’ N A
[ 5 /
v Tmax
\ L ﬁ“\\*f{m
7 " o

Pirsa: 08010003 Page 55/74
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FLAT SPACE LIMIT: VELOCITIES

ePHASE VELOCITY  sa=io 22 =

¢GROUP VELOCITY w2y @L. pjZi 4

. a lower bound on 4-force:

4 -
C s ¢ ¢ _
el &=t | —| ~—— e =l ). ——— — J propazation (v_real)
= g : = g
(73 dr (r &r
(prop.paracl

Page 56/74
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FLAT SPACE LIMIT

# SYMMETRY: SO(3,1)+S0(3,1)

"30

2 \ LIGHTLIKE
2 7 . = 2 2 LITI
ds' =—(cdt)' + (&)’ ~ — (—(dE/ ¢y +(dp)°) - FUTURE /

Tmin

» Causality structure

_SPACELIKE
) ) G . '
(1) d=0&p’ <0, =—2VF L
€ = | =
PAST
= i Eutorw .l_/'.
() 2 =B o G, WA N
e ! R
\ w 'max /
Iy s i
/II_. d % " . .4
i -
Pirsa: 08010003 ! Page 57/74
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HOLOMORPHIC GRAVITY

% holomorphic metric tensor

(C:’w 0 } dﬂ' :ﬁt— 'C'd':= C:E_ o =

C.?&‘E:
0 C;

gV

. HOLOMORPHIC SPACE: Metric tensor C—»-C under J

Co =€), 2= +1p°, ¥ =L p

When rotated: one gets two symmeftric tensors (g & K), each 10 dof's

Pirsa: 08010003 Page 58/74
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HERMITEAN DYNAMICS

¢ THE HERMITEAN EINSTEIN-HILBERT EQUATIONS

S.lgl=[d’z-CR, R=C*R,;, &.,-0=> G, =8G,T,, G,=R —%cﬁj

¥ N ouvy s UF

% PROBLEM with Hermitean Gravity: These equations are
nondynamical (do not contain 2" order time derivatives)

» More generally: ane can show that the Riemann tensor
does not contain second order time derivatives.

» This agrees with the counting of degrees of freedom at second
order (in curvature tensors): there is enough freedom in (complex)
coordinate transformations to remove the curvature.
Hf i T o
C_u:T N 6“" (-‘) awl (=“}C,GJ
- &z  &z°
:'{:")E‘{f“)_‘ e B

E.g. cosmology: 0 T " 30

Ta o

Q: Can one save hermitean gravity?”

Pirsa: 08010003 Page 59/74

A: Perhaps: projecting ento the yp=0 hyperplane may generate dynamics?!’
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HOLOMORPHIC GRAVITY

¢ holomorphic metric tensor

(C“v 0 ] dﬂ' :ﬁﬁ-_ 'C'd:= C:E_ o

z e

C c-;.'y :Elit:zp}l?ﬂbEE :PL :'J: I‘J—:iy'ﬂ: y’” = c;‘ P“J

AR N LA

7

. HOLOMORPHIC SPACE: Metric tensor C—»-Cunder J

When rotated: one gets two symmeftric tensors (g & K), each 10 dof's

Pirsa: 08010003 Page 60/74
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FLAT SPACE LIMIT

$ SYMMETRY: SO(3,1)+S0O(3,1)

) ) . G i i LIGHTLIKE
ds' =—(cdt)' + (&) ~ — (~(dEle) +(dpY’) FUILRE
— R | __:
1072 Py Tmin '
Causality struct e r
o LAUsAlITy STrucCcTure = SPACELIKE
(1) dsizﬂ&pz-{ﬂ:‘rfﬂn:GW‘u‘: ] f/_\
e = : =
PAST
e 3 T R
() 2 —G&g? > 0pr, —0IF \ - S
© ~ e ;’J
' | \\Im
A7 e N
irsa: 08010003 }L_H_'_._ o Page 61/74
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FLAT SPACE LIMIT: VELOCITIES

¢PHASE VELOCITY  w-foy+ZE = o

gt | .2 GF7 dE d
«GROUP VELOCITY »-2- 520 A Z) 2
«a lower bound on 4-force:
= ook I 4 2
fl=—m—ct—rls |ﬂ| ——le*—32)2——— =3I propagation (v, real)
& dt Gy - & -
f_p_ ;,cle

Page 62/74
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HOLOMORPHIC DYNAMICS

+ HOLOMORPHIC EINSTEIN-HILBERT EQUATIONS

S.[g]l=[d's4-CR, R=C"R,,+C"R,,, &,=0=

Gﬁh' = SIG:‘J_I:;!:" G;.::J = R.mr - %Cﬂwﬂ

)
J

™
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HOLOMORPHIC COSMOLOGY

7

¢ holomorphic vielbein el =a(z")5]

Lk

¥ HOLOMORPHIC FRIEDMANN EQUATIONS IN FLRW SPACES

. [ a€") X 8a(7.. a AaCr-.
H.E — T i | = : _— :_3
[.:r(: ) 3 P - - (p+3p)
» Holomorphic Hubble parameter H(t)

holomarphic

2 'SR

H, = .
Y30+ wlt (G, I c)E)

o "

» (Real) Hubble parameter

2
3+ wle + (G I )E”)

H=Re[H, |=

time

NB: If E |=0, there Is no cosmological singularity for t=0

irsa: 08010003 Page 64/74

NB: An observer moving backward in time will experience E 1=0
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HOLOMORPHIC BLACK HOLES

¢ holomorphic Schwarzschild solution:

1 2G. M (- 126MY G

| e . &
Co :_(1 L &, == b 5 & f:‘|:r+f;§P: x”~—r—“‘Hp‘
c c

. B 7= v\ g B

» For simplicity set dE=0=dp:

—1

.
{ 3 o G L, 2GM
: 2G, M ; oMt TSP T2 -
& = L o) —|1-—2 t € dr’ + ¥ dCY + O(dp, dE)
3., Gy .3 ¢ (  22GMY Gy
F == ; F F— - = = = P
A € / ;\ 4 € (i 3

+Consider a freely falling ocbserved onto a holomorphic black hole:
its p will grow very large as it approaches r=0

—rZ —t —a
£ (F 4 - 2 o2 T z

1 P15 F =D 1
R.__R*% _.Re = & & 24 =
e ~ 2 "ol Y

i o8 L7

T é“r :=_';|J L 1 s 3_“;'2 —>D
i I':':‘ s i ‘\_T .r”l
M F

Pirsa: 08010003 Page 65/74

NB: A freely falling observed does not see a curvature singularity at r=0



" 35

CONCLUSIONS AND DISCUSSION

» We have constructed a theory of gravity on complex manifolds
which generalised Einstein's theory

Hermitean gravity (which respects the reciprocity symmetry of Born)
contains antisymmetric tensor field but it Is nondynamical when viewed on
complex space

Holomorphic gravity (which is antisymmetric with respect to
reciprocity symmetry) contains an additional spin 2 metric field tensor

+ the theory shows absence of cosmological and black hole
singularity for typical observers

+ the theory extends (& thus violates) general covariance

Both theories exhibit interesting causal structure:

+ |n flat space limit: for certain observers small regions of space can
appear in instantaneous causal contact, while for some observers there
IS @ minimum time required for establishing a causal contact.

Pirsa: 08010003

No definite word has been said on viabilitv of either theorv.
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CONCLUSIONS AND DISCUSSION

» We have constructed a theory of gravity on complex manifolds
which generalised Einstein's theory

Hermitean gravity (which respects the reciprocity symmetry of Born)

contains antisymmetric tensor field but it Is nondynamical when viewed on
complex space

Holomorphic gravity (which is antisymmetric with respect to
reciprocity symmetry) contains an additional spin 2 metric field tensor

+ the theory shows absence of cosmological and black hole
singularity for typical ocbservers

+ the theory extends (& thus violates) general covariance

Both theories exhibit interesting causal structure:

+ |n flat space limit: for certain observers small regions of space can

appear Iin instantaneous causal contact, while for some observers there
IS a minimum time required for establishing a causal contact.
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No definite word has been said on viabilitv of either theorv.
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HOLOMORPHIC COSMOLOGY

® holomorphic vielbein e’ =a(z" )67

L

® HOLOMORPHIC FRIEDMANN EQUATIONS IN FLRW SPACES

. (@)Y &G, & AxG.
HEZ = 0 I = = & _:_—_.n, +3
[:r(:), -
» Holomorphic Hubble parameter Ht)

2 GR

= - ., W=—
: 3(1+w)(t=—i(GN {c )E) pa, / |
holemarphic
gravity

"

» (Real) Hubble parameter

z |

H=Rel[H, ]= 3+ wle + (G /" )E”)

time

NB: If E =0, there Is nc cosmological singularity for t=0
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NB: An aobserver moving backward in time will experience E 1=0
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HOLOMORPHIC COSMOLOGY

» holomorphic vielbein a(z

L

¥ HOLOMORPHIC FRIEDMANN EQUATIONS IN FLRW SPACES

. (&)Y 8iG, i 4G,
Hi =2 = ®
[a*(:')J 3 a 3 (p+3p)
» Holomorphic Hubble parameter H(t)
) 5 b GR
- 3(1+w)(t+i(GN :'cd)E): = o ‘/f‘ | i
olomorphic

» (Real) Hubble parameter

i
3+ wle + (G I )E)

H=Re[H, |=

NB: If E =0, there is

Pirsa: 08010003

!

time

no cosmological singularity for t=0
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NB: An abserver moving backward in time will experience E 1=0



