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What are our 
options in 
solving the DM / 
DE problem?

What are our 
options in 
solving the DM / 
DE problem?

I am a detective in the I am a detective in the 
search for a criminal search for a criminal –– the the 
cosmological constant. I cosmological constant. I 
know he exists, but I do know he exists, but I do 
not know his appearance, not know his appearance, 
for instance I do not know for instance I do not know 
if he is a little man or a tall if he is a little man or a tall 
man.man.

EddingtonEddington, Proc. Phys. Soc. , Proc. Phys. Soc. 4444 (1932) 87(1932) 87

Cosmological tests and approximation 
methods

Cosmological tests and approximation 
methods
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CMBCMB
LSSLSS

SNIa / SNIa / 
FRIIbFRIIb

Rotation Rotation 
curvescurves

Expansion rate Expansion rate 
parametrizationparametrization

Linearized field equationsLinearized field equations

Newtonian limitNewtonian limit
/ numerical simulations/ numerical simulations

Expansion rate Expansion rate 
parametrizationparametrization

Weak field approximation Weak field approximation 
/ Newtonian limit/ Newtonian limit

Strategy (so far)Strategy (so far)

•• Examine problem at given length scaleExamine problem at given length scale
add new sources, i.e. modify RHSadd new sources, i.e. modify RHS

•• Strategy works for DM (since we have Strategy works for DM (since we have 
no a priori estimate for this component) no a priori estimate for this component) 
but but notnot for DE (simple estimate from for DE (simple estimate from 
QFT is too high)                modify LHSQFT is too high)                modify LHS

Theoretical optionsTheoretical options
ScalarScalar--tensortensor

Higher dimensionsHigher dimensions

f(R) f(R) -- modelsmodels

Topological modelsTopological models

NonNon--symmetric gravitysymmetric gravity

TensorTensor--vectorvector--scalar theory scalar theory 

NonNon--Riemannian models Riemannian models 
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General idea behind alternative General idea behind alternative 
cosmological modelscosmological models

•• The hope is to eliminate / The hope is to eliminate / 
explain explain Dark EnergyDark Energy by a by a 
change of the expansion change of the expansion 
historyhistory

•• Eliminate Eliminate Dark MatterDark Matter in in 
condensed structures by condensed structures by 
corrections to the usual corrections to the usual 
gravitational law on scales gravitational law on scales 
greater than the solar greater than the solar 
system system 

GRGRNew New 
theory theory 

““...the essential achievement of general ...the essential achievement of general 
relativity, namely to overcome the 'rigid' relativity, namely to overcome the 'rigid' 
space (i.e. the inertial frame), is space (i.e. the inertial frame), is only only 
indirectlyindirectly connected with the introduction connected with the introduction 
of a Riemannian metric. The directly of a Riemannian metric. The directly 
relevant conceptual element is the relevant conceptual element is the 
'displacement field'displacement field‘‘ , which , which 
expresses the infinitesimal displacement expresses the infinitesimal displacement 
of vectorsof vectors…”…”

““ …… it seems to be of it seems to be of secondary secondary 
importanceimportance in some sense that some in some sense that some 
particular     field can be deduced from a particular     field can be deduced from a 
Riemannian metric...Riemannian metric...””

Einstein (1955)Einstein (1955)

The non-Riemannian
approach
The non-Riemannian
approach

A more general connectionA more general connection

Schouten (1955)Schouten (1955)

NonmetricityNonmetricityTorsionTorsion Metric        Metric        

Introduce field theoretical notionsIntroduce field theoretical notions

Classify elementary particles by PoincarClassify elementary particles by Poincaréé groupgroup

Why nonWhy non--Riemannian gravity ? Riemannian gravity ? 

MassMass SpinSpin

Translational part Translational part Rotational partRotational part

EnergyEnergy--momentum tensor momentum tensor Spin angular momentum tensorSpin angular momentum tensor

Torsion       Torsion       

RiemannRiemann--Cartan spacetimeCartan spacetime

Analogy with elasticity theory 
and theory of dislocations 

Analogy with elasticity theory 
and theory of dislocations 

Torsion ~ DislocationsTorsion ~ Dislocations

KrKrööner (1958), Hehl (1967)ner (1958), Hehl (1967)

In some cases torsion can be interpreted In some cases torsion can be interpreted 
as the surface density of the Burgers vector,as the surface density of the Burgers vector,
i.e. it is proportional to the dislocation i.e. it is proportional to the dislocation 
density of an elastic mediumdensity of an elastic medium

Classification of
non-Riemmanian
theories

Classification of
non-Riemmanian
theories
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Spacetime typesSpacetime types

RiemannRiemann--CartanCartanWeylWeyl

WeylWeyl--CartanCartan

MetricMetric--affineaffine

RiemannRiemann

•• FEQs:FEQs:

•• SpinSpin--spin contact interactionspin contact interaction

•• For vanishing spin: EC     GR For vanishing spin: EC     GR 

•• Make contact interaction Make contact interaction 
propagatingpropagating

•• PGT has the geometric PGT has the geometric 
structure of  Riemannstructure of  Riemann--Cartan Cartan 
spacetimespacetime

NonNon--Riemannian theoriesRiemannian theories
(two examples)(two examples)

EinsteinEinstein--Cartan (EC)Cartan (EC) theorytheory PoincarPoincaréé gauge theory (PGT)gauge theory (PGT)

Metric-Affine 
Gravity (MAG)
Metric-Affine 
Gravity (MAG)

Lagrangian and field equationsLagrangian and field equations

MetricMetric MomentumMomentum--currentcurrent

HypermomentumHypermomentum--currentcurrentAffineAffine--connectionconnection

Potentials Field strengths ExcitationsGauge currents Matter currents

Metric-affine gravity (MAG)Metric-affine gravity (MAG)

NonmetricityNonmetricity

TorsionTorsion

CurvatureCurvature

Field equationsField equations

0

I

II
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The general MAG LagrangianThe general MAG Lagrangian

Hehl et al. 1999Hehl et al. 1999

„„weakweak““

„„strongstrong““

MAG Lagrangian MAG Lagrangian –– coupling coupling 
constantsconstants

Hehl et al. 1999Hehl et al. 1999

Should we pursue the nonShould we pursue the non--Riemannian approach?Riemannian approach?

•• In the most general In the most general 
case: very complicated case: very complicated 
field equations (also field equations (also 
true for GR and other true for GR and other 
theories)theories)

•• Form of the theory not Form of the theory not 
fixed (on the fixed (on the 
Lagrangian level)Lagrangian level)

•• So far no direct So far no direct 
experimental evidence experimental evidence 
for torsion or for torsion or 
nonmetricitynonmetricity

•• No generally accepted No generally accepted 
approximative approximative 
frameworkframework

•• Theory with geometrical Theory with geometrical 
interpretation (in the interpretation (in the 
spirit of GR, but richer)spirit of GR, but richer)

•• Capable of describing Capable of describing 
intrinsic properties of intrinsic properties of 
particles in a particles in a 
gravitational frameworkgravitational framework

•• Several exact solutions Several exact solutions 
existexist

•• Formulation allows for Formulation allows for 
the incorporation of the incorporation of 
many other theoriesmany other theories

Non-Riemannian 
cosmology (NRC)
Non-Riemannian 
cosmology (NRC)

Timeline NRC modelsTimeline NRC models
19721972--19851985

KopczynskiKopczynski TrautmanTrautman

1972

TafelTafel

Hehl et al.Hehl et al. RaychaudhuriRaychaudhuri
KerlickKerlick

KerlickKerlick
KopczynskiKopczynski

1973 1974 1975 1976

Kunststatter et al.Kunststatter et al.

1979

TsamparlisTsamparlis

MinkevichMinkevich TsamparlisTsamparlis

1980

MinkevichMinkevich CanaleCanale
Goenner et al.Goenner et al.

GareckiGarecki

1981 1983 1984 1985

SmalleySmalley
Buchbinder et al.Buchbinder et al.Nurgaliev et al.Nurgaliev et al.

Field equations & exact solutions for EC scenariosField equations & exact solutions for EC scenarios Singularity avoidanceSingularity avoidance

Class of solutions for PGT LagrangianClass of solutions for PGT LagrangianBouncing behavior investigatedBouncing behavior investigated

Timeline NRC modelsTimeline NRC models
19861986--19991999

Demianski et al.Demianski et al.
MinkowskiMinkowski

1986

Obukhov et al.Obukhov et al. de Ritis et al.de Ritis et al.
Fennelly et al.Fennelly et al.GareckiGarecki

1987 1988 1990 1993

Assad et al.Assad et al.
KaoKao

GasperiniGasperini

ObukhovObukhov
TresguerresTresguerres
ChatterjeeChatterjee
GareckiGarecki

PoberiiPoberii

MoffatMoffat

1994

WolfWolf Obukhov et alObukhov et al
de Oliveira et al.de Oliveira et al.Minkevich et al.Minkevich et al.

1995 1997 1998 1999

GasperiniGasperini

Maroto et al.Maroto et al.

Minkevich et al.Minkevich et al.
Capoziello et al.Capoziello et al.
BrBrüüggenggen

SavariaSavaria

Tucker et al.Tucker et al.

PallePalle
Garcia de AndradeGarcia de Andrade

Systematic study of Weyssenhoff fluid modelsSystematic study of Weyssenhoff fluid models First Weyl & WC scenariosFirst Weyl & WC scenarios

Nonmetricity driven inflationNonmetricity driven inflation First model within metricFirst model within metric--affine gravityaffine gravity

Hyperfluid approachHyperfluid approach
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Timeline NRC modelsTimeline NRC models
20012001--20052005

Puetzfeld et al.Puetzfeld et al.

ShapiroShapiro

2001

MoffatMoffat
PuetzfeldPuetzfeld
CapozielloCapoziello

ScholzScholz

2002 2003 2004

MiritzisMiritzis

PuetzfeldPuetzfeld

Capoziello et al.Capoziello et al.
Babourova et al.Babourova et al.
VereshchaginVereshchagin

MinkevichMinkevich

Puetzfeld et al.Puetzfeld et al.

MinkevichMinkevich
MoffatMoffat

BBööhmerhmer
SzydlowskiSzydlowski

NGT modelNGT model

Extended WC modelExtended WC model

First SNIa parameterFirst SNIa parameter
estimates in WC modelestimates in WC model

Models enter quantitative regime

2005

PuetzfeldPuetzfeld

FRIIb, XFRIIb, X--ray gas massray gas mass
fraction for WC modelfraction for WC model

Cosmological modelsCosmological models

Puetzfeld & Tresguerres 2001Puetzfeld & Tresguerres 2001

Cosmological modelsCosmological models

Puetzfeld 2002Puetzfeld 2002

Cosmological modelsCosmological models

Puetzfeld (in preparation)Puetzfeld (in preparation)

SNIa, FRIIb, XSNIa, FRIIb, X--ray gas mass fitsray gas mass fits

Puetzfeld & Chen (2004), Puetzfeld, Pohl & Zhu (2005)Puetzfeld & Chen (2004), Puetzfeld, Pohl & Zhu (2005)

FRIIb radio galaxiesFRIIb radio galaxies
(fit results without priors)(fit results without priors)

Puetzfeld, Pohl & Zhu (2004)Puetzfeld, Pohl & Zhu (2004)
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Summary: NonSummary: Non--Riemannian cosmology (NRC)Riemannian cosmology (NRC)

•• Most models fail to solve Most models fail to solve 
problems at low redshifts problems at low redshifts 
in a natural mannerin a natural manner

•• SoSo--far no model worked far no model worked 
out for all cosmological out for all cosmological 
tests tests 

•• Different models are hard Different models are hard 
to compareto compare

•• Feedback of Feedback of 
cosmological tests on cosmological tests on 
Lagrangian not always Lagrangian not always 
obviousobvious

•• Large classes of Large classes of 
solutionssolutions existexist

•• Specific models with Specific models with 
interesting features, at interesting features, at 
different scales (!)different scales (!)

•• Some models entered Some models entered 
quantitative stagequantitative stage

•• Fluid models with Fluid models with 
microstructure offer microstructure offer 
very promising very promising 
cosmological cosmological 
frameworkframework

Conclusion:Conclusion: We need some kind of standard testbed / framework!We need some kind of standard testbed / framework!

How to test 
and compare 
different 
gravitational 
theories*?

How to test 
and compare 
different 
gravitational 
theories*?

*in a cosmological setup*in a cosmological setup

Cosmological tests

Alternative cosmological
models

Cosmological 
concordance model

LSSCMB SNIa FRIIbBBN

Weak 
lensing

Strong
lensing

Micro
lensing

X-ray 
cluster

Rotation
curves

Gravity theories

f(R)Scalar
Tensor Brans-DickeNGT

BraneworldMAG Bimetric SGGR

Newtonian

Testing gravitational theoriesTesting gravitational theories

Cosmological tests

Parametrized 
Post-Newtonian 

cosmological formulation

Alternative cosmological
models

Cosmological 
concordance model

LSSCMB SNIa FRIIbBBN

Weak 
lensing

Strong
lensing

Micro
lensing

X-ray 
cluster

Rotation
curves

Gravity theories

f(R)Scalar
Tensor Brans-DickeNGT

BraneworldMAG Bimetric SGGR

Newtonian

Testing gravitational theoriesTesting gravitational theories

Summary & OutlookSummary & Outlook
•• NonNon--Riemmanian theories (especially MAG) offer a Riemmanian theories (especially MAG) offer a 

very very powerful frameworkpowerful framework for cosmological model for cosmological model 
buildingbuilding

•• We are currently investigating the cosmological We are currently investigating the cosmological 
consequences for several consequences for several fluid models with fluid models with 
microstructuremicrostructure

•• We are working on an We are working on an approximative systematic approximative systematic 
frameworkframework for cosmology (currently for GR)for cosmology (currently for GR)

•• A future project is the development of a A future project is the development of a 
cosmological parametrized Postcosmological parametrized Post--NewtonianNewtonian
formalismformalism for nonfor non--standard theories, which allows standard theories, which allows 
for a rapid comparison of different theories and a for a rapid comparison of different theories and a 
fast fast „„backback--reactionreaction““ on the Lagrangian levelon the Lagrangian level

“…“…the question whether this [the question whether this [spacetimespacetime] ] 
continuum is Euclidean or structured continuum is Euclidean or structured 
according to the Riemannian scheme according to the Riemannian scheme 
or or still otherwisestill otherwise is a genuine physical is a genuine physical 
question which has to be answered by question which has to be answered by 
experience rather than being a mere experience rather than being a mere 
convention to be chosen on the basis convention to be chosen on the basis 
of expediency.of expediency.”” Einstein, Einstein, GeometrieGeometrie und und ErfahrungErfahrung (1921)(1921)

Last words...Last words...

“…“…die die FrageFrage, ob dieses , ob dieses KontinuumKontinuum euklidischeuklidisch oderoder gemgemäßäß demdem allgemeinenallgemeinen RiemannschenRiemannschen
Schema Schema oderoder nochnoch andersanders strukturiertstrukturiert seisei, , istist nachnach derder hierhier vertretenenvertretenen AuffassungAuffassung eineeine
eigentlicheigentlich physikalischephysikalische FrageFrage, die , die durchdurch die die ErfahrungErfahrung beantwortetbeantwortet werdenwerden mumußß, , keinekeine
FrageFrage blobloßßerer nachnach ZweckmZweckmäßäßigkeitsgrigkeitsgrüündennden zuzu wwäählenderhlender KonventionKonvention..””


