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International Center for Relativistic Astrophysics Network (ICRANet) together with the National Academy
of Sciences of Belarus organize an international conference to be held in Minsk, Belarus in April 23-27,
2018. Participation from neighboring countries , Latvia, Lithuania, Poland, Russia and
Ukraine as well as from Balkan countries, Eastern and Western Europe and the Americas is expected.
Exceptionally wide research interests of Ya. B. Zeldovich ranging from chemical physics, elementary
particle and nuclear physics to astrophysics and cosmology provide the topics to be covered at the
conference:

Early cosmology, large scale structure, cosmic microwave background;

Neutron stars, black holes, gamma-ray bursts, supernovae, hypernovae;

Ultra high energy particles;

Gravitational waves.

Many lectors at the conference will be the members of the world-famous scientific school in astrophysics
and cosmology, founded by Ya. B. Zeldovich, who now became leading scientists in these fields in many
countries worldwide including Germany, Italy, USA and Russia.

This conference will follow a very successful international conferences in honor of Ya. B. Zeldovich, held in
Minsk in 2009 and in 2014.

For suggestions&comments write to the Webmaster
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Zeldovich in Estonia (end of 1970s)
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Summer school on cosmolog
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0 Introduction
9 Waves in torsion gravity
e Waves in non-metricity gravity

e Conclusion
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0 Introduction
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@ Open questions in cosmology and gravity:
@ Accelerating phases in the history of the Universe?
o Relation between gravity and gauge theories?
e How to quantize gravity?
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@ Open questions in cosmology and gravity:
@ Accelerating phases in the history of the Universe?
o Relation between gravity and gauge theories?
e How to quantize gravity?

@ Teleparallel gravity woler 611:
e Based on tetrad and flat spin connection.
e Describes gravity as gauge theory of the translation group.
o First order action, second order field equations.
@ Spin connection as Lorentz gauge degree of freedom.
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@ Open questions in cosmology and gravity:
@ Accelerating phases in the history of the Universe?
o Relation between gravity and gauge theories?
e How to quantize gravity?
@ Teleparallel gravity woler 611:
e Based on tetrad and flat spin connection.
e Describes gravity as gauge theory of the translation group.
o First order action, second order field equations.
@ Spin connection as Lorentz gauge degree of freedom.

@ Symmetric teleparallel gravity mester, Yo o9

Based on metric and flat, symmetric connection.
Describes gravity as non-metricity of the connection.
First order action, second order field equations.
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o Contains diffeomorphisms as gauge group.
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@ Open questions in cosmology and gravity:

@ Accelerating phases in the history of the Universe?

o Relation between gravity and gauge theories?

e How to quantize gravity?
@ Teleparallel gravity woler 611:

e Based on tetrad and flat spin connection.

e Describes gravity as gauge theory of the translation group.
o First order action, second order field equations.
o

Spin connection as Lorentz gauge degree of freedom.
@ Symmetric teleparallel gravity mester, Yo o9
o Based on metric and flat, symmetric connection.
o Describes gravity as non-metricity of the connection.
o First order action, second order field equations.
o Contains diffeomorphisms as gauge group.

@ Gravity formulated as gauge theories.
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Overview of geometries

Riemann
. Hoy .
Riemann-Cartan Ty =0, torsion free
LC
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Minkowski
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Weitzenbock Y
- teleparallel
Qpur=0 STP,
o ’ T>‘ np=0,
RY prvr=0 STP
R7 =0
teleparallel
R ppup=0
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Newman-Penrose formalism

@ Complex double null basis of the tangent bundle:

(91 82 ax Iay — 8)(_,8}/
I=0t+0;,, n=——=, m= , m=-—"——=
t z > \@ \/é
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Newman-Penrose formalism

@ Complex double null basis of the tangent bundle:

(91 - 82 ax Iay — 8)( - Iay
I =0t+0z, n= , m= , m=
o 2 V2 V2
@ Consider plane null wave with k, = —wl, and u =t -z
hy We’k uxt wjelwu
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Newman-Penrose formalism

@ Complex double null basis of the tangent bundle:

81‘ - 82 ax Iay — 8)( - Iay
I =0t+0z, n= , m= , m=
o 2 V2 V2
@ Consider plane null wave with k, = —wl, and u =t -z
hy We’k uxt wjelwu
@ Riemann tensor determined by “electric” components:
1 1 1 1.
Vo = _éRnlnl 12h//, V3 = _éRnlnﬁv = Zh/m,
1. 1.
V4 = —FRnmnm = 5hmm ®22 = —Romnim = 5 hmn -
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Polarisations of gravitational waves

Manuel Hohmann (University of Tartu) Waves in teleparallel gravity Zeldovich 3 - 25. April 2018 10/23



9 Waves in torsion gravity
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Field content and geometry

@ Fundamental fields in the gravity sector:
o Coframe field 82 = 92, dx*.

o Flat spin connection &2, = &2, dx*.
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Field content and geometry

@ Fundamental fields in the gravity sector:
o Coframe field 62 = 62 ,dx*.
o Flat spin connection &2, = &2, dx*.

@ Derived quantities:
e Frame field e, = €540, with 1¢,0° = 65.
e Metric g,., = nap0?,.6°,.
e Volume form Ad*x = 6° A 01 A 62 A 63,
o Levi-Civita connection

(o)

1
UJab == _E(Lebl/ecdea + Lecl»eadeb - LeaLebdec)ac .

o Torsion T2 = d#2 + o3, A 6P,
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Field content and geometry

@ Fundamental fields in the gravity sector:
o Coframe field 62 = 62 ,dx*.
o Flat spin connection &2, = &2, dx*.

@ Derived quantities:
e Frame field e, = €540, with 1¢,0° = 65.
e Metric g,., = nap0?,.6°,.
e Volume form Ad*x = 6° A 01 A 62 A 63,
o Levi-Civita connection

(o)

1
Wap = —E(Lebl/ecdea + Lecl»eadeb — LeaLebdec)ac .

o Torsion T2 = df2 + &3, A 6P.
@ Gauge fixing
@ Perform local Lorentz transformation:

02 = N3,0° '3 = N3CqMp? + N2dAL°.

= Weitzenbdck gauge: set w3y, = 0.
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Most general action and corresponding field equations

@ Most general action:

1
S= 5.2 / d*xe(ci TP T, + TP T,, +c3TH,,T,"") .
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Most general action and corresponding field equations

@ Most general action:
1
S=573 / d*xe(ci TP T, + TP T,, +c3TH,,T,"") .

@ Linearized vacuum field equations:

8, (F"° + B7) = 0.
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Most general action and corresponding field equations

@ Most general action:
1
S=573 / d*xe(ci TP T, + TP T,, +c3TH,,T,"") .

@ Linearized vacuum field equations:
Oy (FHP7 + BFP7) = 0.

@ Field tensors:
o Symmetric perturbation part:

FIo7 = (261 + Cz) (979" — 976'7) + G [(97 8% — Dad™ )" — (976" — Dad® )] .
o Antisymmetric perturbation part:

B*P7 = (2¢1 — ¢p) (97a@*f — 0°a*?) + (2¢c + ¢3)0%a’” .
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Newman-Penrose decomposition

Field equations expressed in Newman-Penrose basis

0 = Epn = (2¢1 + C2 + C3)0a¢m1 + 2Ca¢mm + (201 + C2 + Ca)D3ani,
0 = Emn = (2¢1 + C2)P36m + (2¢1 — C2)D3am,

0 = Einn = (261 + C2)Padbm + (201 — C2)am,

0=Emm= —038r27¢lm —(2c2 + CS)a%a/ma

0 = Enm = —C305¢im — (262 + C3)03aim

0 = Emm = —Ca030u,

0= Ep=(2¢1 + C2)050u , -
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Gravitational wave polarisations

¢ = sinfcos ¢
Cc> =sinfdsing
Cc3 = Ccos

H N,
[ Ng
W s
Wl
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e Waves in non-metricity gravity
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Field content and geometry

@ Fundamental fields in the gravity sector:
e Metric g,

X
o Flat, symmetric affine connection I'*,,,.
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Field content and geometry

@ Fundamental fields in the gravity sector:
e Metric g,

X
o Flat, symmetric affine connection I'*,,,.
@ Derived quantities:

e Volume form /— det gd*x.
o Levi-Civita connection

o 1
rpuy = égpa(augau + 6Vguo - 809/111) .

X
e Non-metricity Q,,, = V, 0,
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Field content and geometry

@ Fundamental fields in the gravity sector:
e Metric g,

X
o Flat, symmetric affine connection I'*,,,.
@ Derived quantities:

e Volume form /— det gd*x.

@ Levi-Civita connection

o 1
rpuy = Egpg(augau + al/guo - 609/111) .

X
e Non-metricity Q... = V, 9,
@ Gauge fixing
@ Perform local coordinate transformation:
, Ix> oxP X, Ox™ OxP oxPx, 9?x*  ox'P
W = gxin oxw 9B T axi axv axY P axinaxv oxa

= Coincident gauge: set FPW =0= Qv =90,
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Most general action and corresponding field equations

@ Most general action:

v—3g fel ey fe] a - C5 [ =n a
S = —/d4x 5 [C1Q ,u,/—i-CzQ(u v) +c3Q QMV+C45(MQ,,) +E (Q gWJr(S(uQV)H
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Most general action and corresponding field equations

@ Most general action:

4. vV —9 fel ey te a C5 [ Aa @
S = —/d X 5 [C1Q ,u,/—i-CzQ(u ,,)-i-CaQ g/“”’+c45(/to’/)+§ (Q gWJré(qu)ﬂ
@ Linearized field equations:

0 =2¢10"7 0005 hu + €21 (0a0uhsy + 000y hsy) + 26311 N 0000 hre,
+ C4nwo(au8whua + 8uawhmf) + C577uu77w’y77aaaaaw ha'y + C577wgauauhwa .

Manuel Hohmann (University of Tartu) Waves in teleparallel gravity Zeldovich 3 - 25. April 2018



Most general action and corresponding field equations

@ Most general action:

4. vV —9 fel ey te a C5 [ Aa @
S = —/d X 5 [C1Q ,u,/—i-CzQ(u ,,)+C3Q g/“”’+c45(/to’/)+§ (Q gWJr(S(uQV)H
@ Linearized field equations:

0 = 201117800 By + C21° (B + BadyPio) + 20311 DBy e
+ C4nwo(au8whua + 8uawhmf) + C5nuu77w7naaaaaw ha'y + C577wgau8uhwa .

@ Terms involving ¢y and ¢z do not contribute for a null wave OJh,,, = 0.
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Newman-Penrose formalism

Field equations expressed in Newman-Penrose basis

0 = Epn = —2(C2hyn + cahp + cshp — cshmm)
0 = Emn = Epm = —(& + C4)im

0 = Emn = Enm = —(C2 + Ca) i,

0 = B = Fm = &,
0=Ey=Ep=—(co+ca)hy.
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Gravitational wave polarisations

C> = sinfcos ¢
¢4 = sindsing
Cs = Ccos

H N,
[ Ng
W s
Wl

sl
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Outline

e Conclusion
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@ Teleparallel gravity:
o Fields are tetrad and flat spin connection.
@ Only torsion, no curvature or non-metricity.
o Most general theory needs 3 parameters at linearized level.
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@ Teleparallel gravity:

o Fields are tetrad and flat spin connection.

@ Only torsion, no curvature or non-metricity.

o Most general theory needs 3 parameters at linearized level.
@ Symmetric teleparallel gravity:

o Fields are metric and flat, symmetric affine connection.

@ Only non-metricity, no curvature or torsion.

o Most general theory needs 5 parameters at linearized level.
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@ Teleparallel gravity:

o Fields are tetrad and flat spin connection.

@ Only torsion, no curvature or non-metricity.

o Most general theory needs 3 parameters at linearized level.
@ Symmetric teleparallel gravity:

o Fields are metric and flat, symmetric affine connection.

@ Only non-metricity, no curvature or torsion.

o Most general theory needs 5 parameters at linearized level.
@ Results:

o Gravitational waves propagate at the speed of light (not shown in this talk).
o Polarisation classes N», N3, llI5, llg: tensor modes always exist, maybe more.
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