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Introduction: Historical remarks

¢ NGT: metric tensor is not symmetric

guv - 9[JV + B[JV
o gz i -
= Oy - g(uv)' w = Gy = E(guv N gvu)
In 1925 Einstein proposed it as a unified theory of gravity and electromagnetism

¢ It does not work since
(a) Geodesic equation does not reproduce Lorentz force

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

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

+ Advantages of NGT

- Unlike Einstein's Theory of General Relativity, contains no singularities?
Moffat



Introduction: Absence of singularities

s E.g. most general static spherically symmetric solution

4 -1
ds® = (1 - Zij (1 - L—4j dt® — (1 - Zij dr® —r*dQ°

& From geodesic equation: when | >2m a test particle motion
stops at r=1 >2m before it reaches event horizon

+ Problems with Nosymmetric Theory of Gravitation (NGT)

(a) When quantised, in its simplest disguise, NGT contains ghosts

(b) There is instability (growing mode) even in Minkowski background

+ Fix: make the nonsymmetric field massive

—> That way one gets rid of ghosts and unstable mode



Introduction: Modified Newton Law 4

e Moffat (2004) has proposed that NGT can explain the flat
rotation curves of galaxies without invoking dark matter

S el 2]

& such that at short distances

— a:—G"2 (r<<n)
r

¢ and at large distances

—_— az—G:zM, Gw=60[1+ /%j (r>>n)

¥ Moffat takes 1, =14kpc, M, =10“M, to explain flat rotation curves
= To explain light lensing in clusters, Moffat takes a different M, = 10° M

Sun

& Also: Pioneer 10 & 11 acceleration anomaly (Moffat 2004)



Introduction: Galaxy rotation curves

& Fits to the rotation curves for the galaxies: NGC1560, NGC 2903, NGC 4565
and NGC 5055 (Moffat 2004)
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NGT Action

& In the weak B-field limit, the NGT action can be written as

S = 3—!E + SNGT + Sma’r’rer'

& The Hilbert-Einstein action ,
— _ 1A% _
SHE - Id x\/79 167CGN (R+2A)

& The action of the Nonsymmetric Theory of Gravitation (to 2" order)
1 oV 1 oV o Vv ' OV
SNGT = Id%(ﬁ(Eg” 9 BQWH H _mégu g BBWBOECR“VBH Ba —C llpw(xB]Bu B B+”)

uvp' oy 4

& Field strength
H,, =98, +9d,B,+9,B,

& Mass is added for stabi |i'|'y (Kunstater et al 1984; Damour, Deser, McCalr'Thy 1993),
but it also arises from a cosmological term A, since w/—q=1/—g(1—ZB““BW+..J

& At linearised order, first term is gauge invariant, while the whole action may
be diffeomorphism invariant (with the appropriate choice of constants c, c')

BILW — BILW + BMAV — BVAILL



Conformal space-times ’

® The (symmeftric part of) the metric tensor in a conformal space time is

g, =a°m,, M, =dag(l,-1,-1,-1)

== q = scale factor

& The NGT action is then

1 VY 1 Olna V
SNC—}T — jd4x (Wﬂ” n BanHuvaocBY _stn” n BBuvBoch

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

& This is opposite of a action (kinetic term), for which
fluctuations get frozen in

Sscalar — Id4x % aznua (auq)) (aaq))



Physical Modes 8

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

EE E

Ei = spin 1, parity -

B:

uv

0
E 0
-E, B

8
0 -8 Bi = spin 1, parity +
& equations of motion :
(0 +a’mg)E=0
(0 +amg)B-2% (9,849 xE) =0

a
& Lorentz "gauge” (consistency) condition m*9,B, =0 implies
9,E-dxB=0, JE=0

NBI: 3;1_@ =0 is missing — B’ may be dynamical
NB2: B equation is not independent (given by the transverse electric field)
NB3: E =0 ; :
NB4: From o,E —dxB =0—B' is a function of E
& Physical DOFs (massive case): pseudovector B (spin = 1, parity = +)
& Physical DOF (massless case): longitudinal magnetic field B
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Canonical quantisation

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

B (%) =a(n) f5n d3k "7 (K)] B (b + B, (b x|

b ,6;’} _ (27c)383(k _K"

kxe (k)=0
® Momentum space equation of motion for the modes
1\ 2
{82 +k +——2( j }Bk(n)=0
a a

® NB: Contrary to a scalar field (which decays with the scale factor),
the Kalb-Ramond B-field grows with the scale factor a



Vacuum fluctuations in de Sitter inflation ‘%

1
In De Sitter inflation the scale factor is, a = —% (n<-1/H;) such that
[} ] 2
a__z(a_J =0
a a

& mode equation of motion reduces to that of conformal vacuum
224K [B(m=0

& The conformal rescaling of the longitudinal B-mode

L -
8" (%,m) — BE(x,1) = 2 ‘;" &

& The mode functions are those of conformal vacuum

1 +ikn

BR(n):Ee

NB: In conformal vacuum there is very little particle production during inflation
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Radiation era

In radiation era, a=Hmn (n>1/H;) such that the mode equation
{af] K -%}Bﬁm):o

& which is Bessel's equation of index 3/2. The solution is (Bunch-Davies)

B.(n)= ﬁ{% (1 - ﬁj e +B, (1 + kn] e*”‘“}

with the "Wronskian" condition

CARTASS

® The matching coefficien’rs are

IS 4 PRPTL Y. i 7 __1H

NB: For superhorizon modes at the end of inflation (a=1): K<<H;



Matter era

H;
4n

In matter era, a= (n+n,)° (M>n,) and the mode equation

eq

2K -—0
Mm+mn,,)

© Z}Bk(n)=0

& which is Bessel's equation of index 5/2, whose solution is

%(n)zﬁ{ﬁ (1-5%-(k%)zje'k"+5 (1+:’% (ki)zjeﬂkﬁ] -
with the "Wronskian” condition
|V =18 =
and the matching coefficients

: ~2ikne, 1 1 i 1 1 kneq 1 +ikneq
h ( "2k, 80, ) BkS(kneq)z

+2i 1 1 —ik 1 | 1 1 +ik
5. 2ikngq —y - Meq 112 4 MNeg
Y T +Bk( 2kn, 8 (kneqf}"




Spectrum of energy density

The stress energy tensor of a Kalb-Ramond field is standard,

TNGT 2 85N@T

SN N
& The energy density is

TONGT = 2:1 [( 9 B+dx E) +(§,§)2+02m§ (§2+ éz):|EpNGT

®When m; — O the only contribution to the spectrum comes from long. B-field

dk C
(0172 10) = [T Rar (k)

k3 ONGT (1,
o T (k)

Rer (Eﬂ) =

. 4
PN@T(k,n)=%{a B () + %8t

( +a’mg )| BE(n) IZ}

this spectrum is relevant for coupling to (Einstein) gravity

Al
for coupling to (CMB) photons, <O |B (x,m)’ |O> j dkk wr(k;n) may be relevant
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Spectrum 1n radiation era

The spectrum in radiation era for a massless Kalb-Ramond field
b () = HY {[1 1 1 j_sin(an)_ 1 cos(an)}

+_
8m’a* 2 (kn)? kn 2 (kn)
T Prartamimen —— | @  on superhorizon scales (kn<1)
(M} Rit | /\ ' the energy density spectrum
H 1t Va VA scales as P~k2.
_ V4 | & on subhorizon scales (kn>1),
Pror | | P ~ const.+ small oscillations
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NB: The energy density in the field, Ar = [dkRer /K 1000
is dominated by the ultraviolet, where it exhibits a o T T
|og divergence' . Multipole moment [
Bt = SFLI ~In(K.om) To be compared with the 1 year
n’a

WMAP CMB spectrum (2003)
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Comparison with gravitational wave spectrum

+ massless NGT field spectrum: <0|[§L(§,n)]2|o>: %P'NGT(R,n)

Coe o aH 1 ) 2 . 1
P NGT(k9 n) - 8752k2 {(1 + (kn)z j kn SIh(an) + (1 (kn)z jCOS(an)}
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+ NB: NGT field is important at horizon crossing,
gravitational waves dominate on superhorizon scales



Spectrum 1n matter era

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

£8n204jp 1002—
T NGT |

PNGT' Zrec=1089)
Pygr 2710 ===mmem -

Prar 220 | &g on superhorizon scales (kn<1)
the energy density spectrum
scales as P~k2.

: 4 on subhorizon scales
(1<kn<a/aeq), P~1/k?

0.1} ] & on subhorizon scales

(kn>a/aeq), P~const.

0.01

kn

NB1: The bump in the power spectrum in matter era is caused by the modes which are
superhorizon at equality, and which after equality begin scaling as nonrelativistic matter

1 kn

Per =< l/a® 1
NB2: The log divergent part of the spectrum continues scaling in matter era as, Rir = px
such that the energy density becomes eventually dominated by the “bump”
4

T =
Phe 8n’a’a,,
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Radiation era: massive B field spectrum *’
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Radiation era: massive B field spectrum (OZ}SO
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Discussion

& Since during matter era, all momenta with kn, <1, corresponding to today's (comoving)

momentum, K, <Ho\z.,/2 (2,,~3230) (I, >mk, . ~mx150 Mpc)

scale as nonrelativistic matter, the amplitude of their perturbations grow, which
begs the question: Can the nonsymmetric field be a DARK MATTER CANDIDATE?

—> ANSWER: PROBABLY NOT (similarly as primoridial gravitational waves cannot)
Basically, the NGT field lacks power on small scales)

% It has been suggested that NGT can provide an explanation for DARK ENERGY.
Our results for the energy density scaling show that this is not the case.

® The simplest coupling to photons, 5, .. ., > -n"n"*F B, breaks gauge invariance.
The relevant spectrum is in this case, P! o o< Py /K2, which is scale invariant
on superhorizon scales, and scales as 1/k? on subhorizon scales

& Introducing a small mass IMB (less than horizon) does not alter these conclusions
dramatically (additional power on small scales)

& A more complete study of the spectra of geometric NGTs is a
subject of a forthcoming publication
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