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test particles falling through spacetime

• geodesics are paths through space time for freely falling (i.e.
no inertial forces felt) particles

dυα
dτ
+ Γα

μνυμυν = 0 and dkα
dλ
+ Γα

μνkμkν = 0 (1)

Christoffel-symbol Γα
μν: generates parallel transport

• massive particles follow time-like geodesics gμνυμυν = c2

• photons follow null-geodesics gμνkμkν = 0
• geodesic equation minimises path length: Fermat- and
Hamilton-principles
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perturbed spacetime
• weakly perturbed Minkowski-spacetime

ds2 =
(
1 + 2 Φ

c2

)
c2dt2 −

(
1 − 2 Φ

c2

)
δijdxidxj (2)

with the potential Φ, if |Φ| ≪ c2

• slow, non-relativistic particles:∫
ds = S ≃

∫
dt Φ

c2
− δijυiυj/2 (3)

in the slow-motion limit, deflection is given by −∂iΦ
• fast, relativistic particles ds2 = 0

dx
dt
= c′ =

√
1 − 2Φ/c2
1 + 2Φ/c2c ≃ (1 − 2Φ/c2)c (4)

deflection given by −2∂iΦ
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Eddington: Solar eclipse from 1919

Solar eclipse in 1919, observed by A. Eddington

• confirmed prediction from GR, deflection of 1.75 arcsec
• many reanalyses done since then, result holds up
• accesses of the unlensed situation possible!Probing the structure of spacetime:, apples, light and wavesBjörn Malte Schäfer
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weak lensing basics

ϕ = const ϕ ∝ θ ϕ ∝ θ2 ϕ ∝ θ3

influence of gravitational fields on the shape of galaxies

• interaction of light with a potential can
1 delay the arrival of photons by Φ
2 change the apparent position of a galaxy by ∂iΦ
3 shear the image of a galaxy by tidal fields ∂i∂jΦ
4 bend the image of a galaxy by grav. flexions ∂i∂j∂kΦ

• particular interest: trace of the tidal shear:
tr(∂i∂jΦ) = δ, measures the density δ of (dark) matter
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lensing in cosmology: on the CMB

all-sky map of the cosmic microwave background (ESA)

• weak effects: deflection typically arcmin
• unlensed situation never accessible
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weak gravitational lensing

• photons follow null-geodesics ds2 = 0 in a weakly perturbed
metric

• in a radiation background (CMB, 21cm, CNB), the
displacement of the position due to lensing matters

• photon number, energy and polarisation is conserved
• T(θ)→ T(θ + α) with lensing deflection α, follows from weak
lensing potential α = ∇ψ

• lensing potential:

ψ(θ) = 2
∫ χCMB

0
dχWψ(χ)Φ with Wψ(χ) =

χCMB − χ
χCMBχ

D+
a , (5)

• with the CMB source plane at a distance χCMB = 10 Gpc/h
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two effects
• diffusive motion of one point relative to the other: on large
scales
• one point stays where it is, the other is changed at second

order:

⟨T(θ)T(θ′ + α′)⟩ = ⟨T(θ)T(θ′)⟩ + 1
2 ⟨α

′
i0
α′i1 ⟩∂

′2
i0i1
⟨T(θ)T(θ′)⟩ (6)

• relevant quantity: variance ⟨α2⟩
• diffusive motion of one of the points
• frosted glass effect, reduces structures (compare to

Zel‛dovich approximation)
• correlated deflection of the two points: on smaller scales

• both points are changed at first order
⟨T(θ + α)T(θ′ + α′)⟩ = ⟨T(θ)T(θ′) + ⟨αiα′j⟩∂i∂′j⟨T(θ)T(θ′)⟩ (7)

• relevant quantity: correlation function ⟨αiα′j⟩
• coherent deflection of the two points
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PLANCK weak lensing deflection map

reconstruction of the lensing potential by PLANCK

• CMB-lensing breaks homogeneity of the CMB
• reconstruction of the lensing potential by measuring
correlations between different multipoles
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PLANCK weak lensing deflection spectrum

spectrum of the weak lensing deflection and ΛCDM-fit by PLANCK

• measured lensing deflection spectrum is a source of
cosmological information: Ωm, σ8, shape of the
CDM-spectrum

• consistency between different channels (selected close to
the CMB-maximum)
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temperature spectrum of the CMB
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• CMB-lensing decreases the amount of structure in the CMB
• computation with the correlation function formalism
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simulated deflection map

simulated convergence map including non-Gaussian structures by C. Carbone

• non-Gaussian structures even at high redshift
• Gaussian assumption of the characteristic function is flawed
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lensing in cosmology: on galaxies

strong lensing cluster Abell-2218 (NASA/STScI)

• weak effects: percent changes in the ellipticity
• unlensed situation never accessible
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in a world with perfect lensing...

• weak lensing observable: correlations Cε,ij(ℓ) between shapes
of galaxies due to correlated distortion

• alternatively: no correlation between shapes without lensing
• observed lensing spectra

Cγε,ij(ℓ)→ Cγε,ij(ℓ) +
σ2ε
n̄ δij (8)

with σ2ε (shape noise) and n̄ (galaxies per unit solid angle)

galaxy shapes...
are not uncorrelated due to galaxy formation processes! 2
primary mechanisms for spiral and elliptical galaxies based
on tidal fields
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spiral galaxies: tidal torquing

spiral galaxy M81, source: NASA

• non-constant displacement mapping across protogalactic
cloud

• tidal forces ∂2ijΦ set protogalactic (dark matter) cloud into
rotation
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theory of quadratic alignments
• halo angular momentum L⃗ generated by tidal shearing ∂2ijΦ
• effective description with a conditional probability
p(L⃗|∂2ijΦ)dL⃗

• angular momentum direction tilts the disc and changes
complex shape ε = ε+ + iε×:

ε+ =
L̂2y − L̂2x
1 + L̂2z

and ε× = 2
L̂xL̂y
1 + L̂2z

with the angular momentum direction L̂ = L⃗/L
• prediction of 4 shape spectra: CεE(ℓ), CεB(ℓ), CεC(ℓ) and CεS(ℓ)
including correlations of the scalar ellipticity |ε|2 = ε2+ + ε2×
and cross-correlation with the E-mode

• effectively a single parameter a: alignment of L⃗ with ∂2ijΦ
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intrinsic ellipticity correlations
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disc orientation
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intrinsic shape correlations
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• tomographic spectra for Euclid
• small scale correlations, similar to linear lensing, smaller than
nonlinear lensing in all bins
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estimation biases Ωm and σ8
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estimation biases and statistical errors on Ωm and σ8

• Euclid 7-bin tomography: σ8 is biased high
• 2 . . .3σ in terms of the (marginalised) statistical error
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estimation biases Ωm and w
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• Euclid 7-bin tomography: w is not strongly affected
• that‛s from weak lensing data alone, you‛ll find it‛s different
if other data is included
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look at data
18 C. Heymans et al.

Figure 11. Joint parameter constraints on the amplitude of the intrinsic alignment model A and the matter density parameter ⌦
m

from CFHTLenS combined
with WMAP7, BOSS and R11. In the left panel the constraints can be compared between two galaxy samples split by SED type, (early-type in red and late-type
in blue). In the right panel we present constraints from a optimised analysis to enhance the measurement of the intrinsic alignment amplitude of early-type
galaxies (pink). The full sample, combining early and late-type galaxies, produces an intrinsic alignment signal that is consistent with zero (shown purple). A
flat ⇤CDM cosmology is assumed.

values of A are preferred. For flat cosmologies, A is negative at
the 1.4� level when the CFHTLenS data are combined only with
WMAP7 and R11 (see table 3 for constraints on A for the full
galaxy sample for different cosmologies and data combinations).
Whilst we emphasize that this result is not statistically significant
it is however worth commenting on what this finding could mean.
In the conventional intrinsic alignment model the GI signal is neg-
ative and scales with A. The II signal is positive and scales with
A2. Finding A < 0, however, implies the data prefer a GI+II sig-
nal that is more positive than the conventional model would pre-
dict. This suggests that future surveys with lower statistical errors,
should aim to fit independent amplitudes to the GI and II signals as
the interplay between the two effects may be more complex than
the linear tidal field alignment model suggests.

It is also interesting to comment on the decrease in the ampli-
tude of the best-fit intrinsic alignment signal when early and late
type galaxies are combined. If detected in future surveys at higher
significance, this would indicate a complex interplay between the
two galaxy types. It has long been thought that the reason for the
difference between the intrinsic alignments of early and late type
galaxies lies in the different mechanisms at play during galaxy for-
mation. The intrinsic alignment model we use in this analysis is
based on linear theory. A more traditional galaxy formation sce-
nario for late-type galaxies, however, is tidal-torque theory where
it is the angular momentum of the dark matter field that induces
galaxy spin and hence intrinsic galaxy alignments (see Schäfer
2009, and references therein). The simple hypothesis, presented in
Heymans et al. (2006), is that the intrinsic alignment of early-type
galaxies is a result of ellipticity deformations due to the linear tidal
field, in contrast to late-type galaxies whose alignment results from
angular momentum induced ellipticity alignments (van den Bosch
et al. 2002). This hypothesis is in good agreement with recent ob-
servations of galaxy-type dependence in the intrinsic alignment sig-
nal, as halo angular momentum is proportional to the square of the

tidal shear, and the induced galaxy alignments therefore correlate
over much shorter ranges compared to alignments directly caused
by the linear tidal shear (Catelan et al. 2001).

In addition to the linear model used throughout this paper, Hi-
rata & Seljak (2004) also investigate the GI signal expected from
an intrinsic alignment model where the galaxy ellipticity is pro-
portional to the square of the tidal field. In this case the GI sig-
nal is expected to be zero. As our galaxy sample is dominated by
late-type galaxies, the majority of correlated galaxy pairs in our
analysis from different redshift bins will include a late-type fore-
ground galaxy. Combining the findings of Hirata & Seljak (2004)
with our simple hypothesis that late-type intrinsic galaxy align-
ment is caused by halo angular momentum induced alignments,
leads to an expected zero GI measurement on average. In auto-
correlated tomographic bins however, the stronger galaxy cluster-
ing of early-type galaxies will mean that at small angular scales,
there is a higher proportion of close early-type galaxy pairs in the
measurement, compared to the numbers of early-type and late-type
foreground galaxies that contribute to the GI signal. This therefore
boosts the true II signal in auto-correlated bins over the amplitude
that would be predicted from GI-only constraints from a mixed
galaxy population.

The linear tidal field alignment model used in this analysis
could compensate for these different galaxy-type contributions to
the II and GI signal by favoring a small but negative value for A.
In this case the GI signal in the cross-correlation bins is positive
but sufficiently weak to provide a reasonable fit to the GI=0 model
signal expected from the dominant late-type galaxy population. In
the auto-correlated bins, the additional true positive II signal from
the clustered early-type galaxies is then represented in the model
fit, not by the model II signal, but the positive GI signal. If A was
positive and less than unity, there would still be a reasonable weak
but now negative fit to the GI=0 model in the cross-correlation bins.
In the auto-correlated bins, however, there would not be sufficient

c� 0000 RAS, MNRAS 000, 000–000

C. Heymans, arXiv:1303.1808

• measurement of alignments in CFHTLenS-data by C. Heymans
• no alignments on spiral galaxies (should not be able to do it
with CFHTLenS-data)

• but alignment of ellipticial galaxies
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elliptical galaxies: tidal shearing

elliptical galaxy NGC 1316, source: ESO

• stars are in virial equilibrium in an NFW-halo
• tidal field ∂2ijΦ distorts the equipotential surfaces → shape
change

• linear relation ε ∝ ∂2ijΦ from Jeans-equilibrium, single
parameter is the velocity dispersion σ: ”Hooke-constant”
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elliptical galaxies: intrinsic alignment spectra
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linear and quadratic alignments in comparison to weak lensing

• cross correlation between weak lensing and intrinsic
alignment

• corresponding size-correlations, parallel to shape
correlations?
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summary

• 101 years of gravitational lensing
• lensing is a tool in cosmology, precision measurements of
parameters and tests of cosmology

• many physical systems show lensing effects
• limited by intrinsic alignments: very interesting physical
systems by themselves

many thanks to
Philipp Merkel, Vanessa Böhm, Tim Tugendhat, Robert
Reischke, Sven Meyer and Francesco Pace
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