¯˘˚ˇ5 The correlation function ¸¯ffi

Fourier transformation of P_{μδ}(⃗κ) and simplification finally yields the desired result,

ξ_{μδ}(ϕ) = 3Ω0 ωmax∫

0 dω̃ G^Q(ω̃)W^G(ω̃) a(ω̃) ∞∫ 0 kdk 2π P_δ(k, a(ω̃))J0(sin_K(ω̃)kϕ)

with the zeroth-order Bessel function J0.

The cross-correlation function ξ_{μδ}(ϕ) is shown here for an Einstein-de Sitter universe. Left panel: results for different types of linearly evolving dark-matter power spectra (CDM, green curve; MDM, magenta curve; HDM, cyan curve). All spectra were normalized to σ8 = 1. While the cross-correlation function peaks towards ϕ → 0 for CDM, it flattens for HDM and MDM due to the cut-off at large wavenumbers k in those spectra. At large angles ϕ, the HDM and MDM correlation functions lie above the CDM results. Right panel: the effect of the non-linear evolution of the CDM power spectrum on ξ_{μδ}(ϕ), for three different normalizations, as indicated by line color. The COBE normalization yields the largest amplitude, the cluster normalization the smallest. The linear results are shown as the thin lines for comparison. For this choice of the cosmological model, non-linear evolution increases the correlation amplitude ξ_{μδ}(0) by about an order of magnitude, quite independent of the normalization. m0 = 20.5 and z0 = 0.3 were chosen.

¯˘˚ˇ6 Different cosmologies

In the left figure, the dependence of the correlation amplitude ξ_{μδ}(0) on the Hubble constant h and the matter density Ω0 is shown for different cosmological models and different normalizations of the CDM power spectrum. Non-linear evolution was assumed. Left panels: dependence on h; right panels: dependence on Ω0; upper panels: open models (Ω_Λ = 0); lower panels: spatially flat models (Ω0+ΩΛ = 1). Different normalizations are distinguished by line colors, as indicated. The COBE normalization yields the strongest dependence on both h and Ω0. Generally, ξ_{μδ}(0) decreases with decreasing h and decreasing Ω0, but note that the cluster normalization reverses that trend, especially for the open models (upper right panel). All curves were calculated assuming m0 = 20.5 and z0 = 0.3. The right figure shows, in the left panel, the amplitude of the angular cross-correlation function between QSOs and galaxies, ξQG(0), as a function of Ω0. The curves are for cluster-normalized, non-linearly evolving CDM in open and spatially flat model universes. Note the difference to the correlation amplitude ξ_{μδ}(0) between magnification and density contrast: We have assumed a bias factor of b = σ^{−1}_8 here. Upper right panel: dependence of ξQG(0) on the threshold galaxy magnitude m0; lower right panel: dependence of ξQG(0) on the minimum QSO redshift z0. While ξQG(0) increases monotonically with z0, it reaches a maximum for m0 ≃ 19 and decreases for fainter galaxies. The curves in the right panels are calculated in an Einstein-de Sitter universe with cluster normalization of the power spectrum. z0 = 0.3 in the upper right panel and m0 = 20.5 in the lower right panel.

¯˘˚ˇ1 ¸QG induced by lensing

The angular QSO-galaxy correlation function ξQG(ϕ) is defined by:

ξQG(ϕ) = ⟨[ nQ(⃗θ) − ⟨n_Q⟩_{Sky} ] [ nG(⃗θ + ⃗ϕ) − ⟨n_G⟩_{Sky} ]⟩ ⃗θ ⟨nQ⟩Sky ⟨nG⟩Sky , where n_Q and n_G are the surface number densities of QSOs and galaxies, respectively. Assuming (1) weak lensing, i.e., magnifications (μ − 1) ≪ 1, and (2) linear biasing of galaxies by a factor b, ξQG(ϕ) can be written as ξQG(ϕ) = (s − 1) × b × ξ_{μδ}(ϕ) . Here, s is the double-logarithmic slope of the QSO number-count function, and ξ_{μδ}(ϕ) is the angular cross-correlation function between magnification and density contrast. The problem thus reduces to computing ξ_{μδ}(ϕ).

¯˘˚ˇ2 Light propagation

We assume that the Universe is on average homogeneous and isotropic, but locally perturbed by matter inhomogeneities. Let Φ be the Newtonian potential of the localized density perturbations (in units of c^2; Φ ≪ 1), then the space-time metric can be written in the form

ds^2 = a(η)^2 { (1 + 2Φ)dη^2 − (1 − 2Φ) [ dω^2 + sin^2_K (ω)dΩ^2 ]} . Here, η is the conformal time, a(η) the scale factor, ω the comoving distance, sinK (ω) the usual comoving angular-diameter distance, and dΩ the solid-angle element.

The net deflection of a perturbed light ray relative to an unperturbed one starting from the same point into the same direction is then ⃗α(ω, ⃗θ) = − 2 c2 ∫_ω 0 dω^′ sin^K(ω − ω^′) sinK (ω)

∇_⊥Φ[sin_K(ω^′)⃗θ, ω^′] ,

where the gradient of the Φ perpendicular to the light ray is ∇_⊥Φ.

¯˘˚ˇ3 Magnification by lensing

The lens equation relates the angular position of the source, ⃗β, to the angular position of the image, ⃗θ. It reads ⃗β(⃗θ) = ⃗θ − ⃗α(⃗θ) . The cross section of a light bundle is magnified by the inverse Jacobian determinant of the lens mapping,

μ = det^{−1} ( ∂ ⃗β ∂⃗θ ) = det^{−1} ( δ_{ij} − ∂α_i ∂θ_j ) = det^{−1} (δij − γij) . Since we deal with weak lensing, we can assume |γij| ≪ 1. Hence, the magnification simplifies to μ = 1 + δμ ≃ 1 + tr(γij) .

Via the trace of γij, the magnification fluctuation contains the trace of the (2×2) Hessian Φ,ij of the Newtonian potential fluctuations Φ. Thus, ∇^2Φ is introduced, which is related to the density contrast δ through Poisson’s equation; in comoving coordinates,

ΔΦ =

3H^2_0 Ω0 2a δ . The magnification fluctuation δμ therefore becomes δμ(⃗θ, ω) = 3Ω0 ω∫ 0 sinK (ω̃) sinK(ω − ω̃) sin_K(ω) δ(⃗θ, ω̃) a(ω̃) dω̃ .

¯˘˚ˇ7 Comparison with measurements

The QSO-galaxy cross-correlation function is most sensitive to density structures on scales in the range (1−10) h^{−1} Mpc, where the normalization of the power spectrum to the observed cluster abundance appears most appropriate.

The range of correlation functions ξQG(ϕ) that can be covered by varying cosmological parameters while keeping the normalization of the power spectrum fixed to the cluster abundance. As shown before for that normalization, ξ_{μδ}(ϕ) changes by less than a factor . 2 for Ω0 & 0.3, and it scales with H0 approximately linearly. Note that we are plotting ξQG rather than ξ_{μδ} here. We have assumed s = 2.8 (cf. Bartelmann 1995) and b = σ^{−1}_8 to relate the two. The cluster normalization requires roughly σ8 ≈ 0.6 Ω^{0.6}_0 , hence b ∝ Ω^{−0.6}_0 . We have further assumed m0 = 20.5 and z0 = 0.3, corresponding to the values chosen in Benítez & Martínez- González (1995, 1997), whose data points are added for illustration. Note that our approach does not accurately represent the strong lensing that sets in close to cluster cores. Therefore the expected QSO-galaxy correlation function calculated here should fall below the true correlation at ϕ . 1 − 2^′.

Bartelmann, M., 1995, A&A, 298, 661 Dolag, K., Bartelmann, M., 1997, astro-ph/9704217, accepted by MNRAS Benítez, N., Martínez-González, E., 1995, ApJ, 448, L89 Benítez, N., Martínez-González, E., 1997, ApJ, 477, 27

test

QSO-galaxy correlations induced by weak lensing

Klaus Dolag & Matthias Bartelmann

Max-Planck-Institut für Astrophysik, Postfach 1523, 85740 Garching

Introduction and Summary

Since mass deflects light, overdense foreground matter magnifies background objects. The flux of intrinsically faint objects can thus be raised above the detection threshold. Provided the intrinsic number-count function of the background objects is steep enough, their surface number density appears higher in the neighborhood of foreground lenses. This is the magnification bias. By the biasing hypothesis, galaxies trace the (foreground) matter density. Suitable background objects, e.g. high-redshift QSOs, are thus expected to be correlated with low-redshift galaxies.

Such correlations have been detected by many groups. Physical correlations are ruled out because galaxies with z ∼ 0.1 − 0.2 are separated by several 100 Mpc from QSOs with z ≥ 1. Hence, gravitational lensing provides the simplest explanation.

QSO-galaxy correlations could significantly be detected on angular scales of order ∼ 10^′, where lensing by individual galaxies or galaxy clusters is inefficient. This raises the question whether lensing by large-scale matter inhomogeneities in the Universe can produce the necessary magnification bias, and if so, what the observed correlations imply for the cosmological model.

In sections ¡'¿↓1 to ¡'¿↓4 , this poster describes the calculation of the angular QSO-galaxy cross-correlation function, ξ_{QG}(ϕ), in arbitrary Friedmann- Lemaître cosmological models, including the non-linear growth of density fluctuations during later stages of the cosmological evolution.

Our chief results, presented in sections ¡'¿↓5 to ¡'¿↓7 , are:

1 The shape of ξQG(ϕ) is a direct probe for the shape of the matter power spectrum, P_δ(k) (left panel in ¡'¿↓5 ).

2 It is crucial to include the non-linear growth of density fluctuations. Compared to the linear case, non-linear matter overdensities increase the correlation amplitude by about an order of magnitude in an Einstein-de Sitter universe (right panel in ¡'¿↓5 ), and by even more for lower mean cosmic density, Ω0 < 1.

3 The change of the correlation amplitude, ξQG(0), with cosmological parameters strongly depends on the normalization of the power spectrum (left figure in ¡'¿↓6 ). ξQG(0) is most sensitive to structures on scales of (1 − 10) h^{−1} Mpc, where the normalization of the power spectrum to the observed cluster abundance appears most appropriate. In that case, the correlation strength changes by less than a factor of ∼ 2 when Ω0 is varied between 0.3 and 1, quite independent of the value of the cosmological constant, ΩΛ (right figure in ¡'¿↓6 ). For Ω0 < 0.3, the correlation strength increases with decreasing Ω0, and it scales approximately linearly with the Hubble constant h.

¯˘˚ˇ4 Projections

The magnification fluctuation as a function of distance, δμ(⃗θ, ω), has to be integrated along the line-of-sight, weighted by the normalized distance distribution of the sources. Let WQ(ω) be that distribution, then δμ̄(⃗θ) = wmax∫

0 dω WQ(ω) δμ(⃗θ, ω) = 3Ω0 wmax∫

0 dω GQ(ω)δ( ⃗θ, ω) a(ω) . Likewise, the density contrast must be integrated along the line-of-sight, weighted by the distance distribution of the galaxies WG(ω) in order to get the projected galaxy number density on the sky, according to the biasing hypothesis. Hence, δ̄(⃗θ) = wmax∫

0 dω W_G(ω)δ(⃗θ, ω) . The most important parameters defining WQ(ω) and WG(ω) are the detection threshold m0 of the galaxies and the lower redshift cut-off z0 of the QSOs. The weight functions used are:

Both δ̄ and δμ̄ are projections of the three-dimensional density contrast, and they are both weighted projections of the density contrast δ. The Fourier-space analog of Limber’s equation can now be used to relate the cross power spectrum of δ̄ and δμ̄, P_{μδ}(⃗κ), to the matter power spectrum. ⃗κ is the Fourier conjugate of the correlation angle ϕ. This yields,

P_{μδ}(⃗κ) = 3Ω0 ωmax∫

0 dω̃ G^Q(ω̃)W^G(ω̃) a(ω̃) sin^2_K(ω̃) P_δ ( ⃗κ sinK(ω̃) , a(ω̃) ) .