arXiv:1108.4721v2 [gr-qc] 21 Dec 2011

Weak Gravitational Lensing in Fourth Order Gravity

1A. Stabile^∗, An. Stabile^† 1Dipartimento di Ingegneria, Universita’ del Sannio, Palazzo Dell’Aquila Bosco Lucarelli, Corso Garibaldi, 107 - 82100, Benevento, Italy

For a general class of analytic f(R, R_{αβ} R^{αβ} , R_{αβγδ} R^{αβγδ} ) we discuss the gravitational lensing in the Newtonian Limit of theory. From the properties of Gauss Bonnet invariant it is successful to consider only one curvature invariants between the Ricci and Riemann tensor. Then we analyze the dynamics of photon embedded in a gravitational field of a generic f(R, R_{αβ} R^{αβ} )-Gravity. The metric is time independent and spherically symmetric. The metric potentials are Schwarzschild-like, but there are two additional Yukawa terms linked to derivatives of f with respect to two curvature invariants. Considering first the case of a point-like lens, and after the one of a generic matter distribution of lens, we study the deflection angle and the angular position of images. Though the additional Yukawa terms in the gravitational potential modifies dynamics with respect to the General Relativity, the geodesic trajectory of photon is unaffected by the modification if we consider only f(R)-Gravity. While we find different results (deflection angle smaller than one of General Relativity) only thank to introduction of a generic function of Ricci tensor square. Finally we can affirm the lensing phenomena for all f(R)-Gravities are equal to the ones known of General Relativity. We conclude the paper showing and comparing the deflection angle and position of images for f(R, R_{αβ} R^{αβ} )-Gravity with respect to the ones of General Relativity.

PACS numbers: 04.25.Nx; 04.50.Kd; 04.80.Cc Keywords: Alternative Theories of Gravity; Newtonian limit; Gravitational Lensing.

I. INTRODUCTION

Despite of all nice results of General Relativity (GR), the study of possible modifications of Einstein’s theory of Gravity has a long history which reaches back to the early 1920s [1–6]. While the proposed early amendments of Einstein’s theory were aimed toward the unification of Gravity with the other interactions of Physics, the recent interest in such modifications comes from cosmological observations (for a comprehensive review, see [7]). In fact the presence of the Big Bang singularity, the flatness and horizon problems [8] led to the statement that Cosmological Standard Model, based on GR and Standard Model of Particle Physics, is inadequate to describe the Universe at extreme regimes. Besides from Quantun Field Theory point view, GR is a classical theory which does not work as a fundamental theory, when one wants to achieve a full quantum description of spacetime (and then of gravity).

The astrophysical and cosmological observations usually lead to the introduction of additional ad-hoc concepts like Dark Energy/Matter if interpreted within Einstein’s theory. In fact the principal physical aspects are the cosmic acceleration and the flat galactic rotation curves. These aspects could be interpreted as a first signal of a breakdown of GR at astrophysical and cosmological scales [9–17] and led to the proposal of several alternative modifications of the underlying gravity theory (see [18] for the review).

While it is very natural (from the theoretical point of view) to extend Einstein’s Gravity to theories with additional geometric degrees of freedom, (see for example [19–21] for general surveys on this subject as well as [22] for a list of works in a cosmological context), recent attempts focused on the old idea of modifying the gravitational Lagrangian in a purely metric framework, leading to higher order field equations. As such an approach is the so-called Extended Theories of Gravity (ETG) which have become a sort of paradigm in the study of gravitational interaction. They are based on corrections and enlargements of the Einstein theory. The paradigm consists, essentially, in adding higher order curvature invariants and minimally or non-minimally coupled scalar fields into dynamics which come out from the effective action of quantum gravity [23]. A sub class of ETG are the Fourth Order Gravities (FOG) where we do not consider further scalar fields but only the curvature invariants.

The motivation to modify the GR come from the issue of a full recovering of the Mach principle which leads to assume a varying gravitational coupling. The principle states that the local inertial frame is determined by some average of the motion of distant astronomical objects [24]. This fact implies that the gravitational coupling can be scale-dependent and related to some scalar field. As a consequence, the concept of “inertia” and the Equivalence Principle have to be revised. For example, the Brans-Dicke theory [25] is a serious attempt to define an alternative theory to the Einstein

∗ arturo.stabile@gmail.com † anstabile@gmail.com

gravity: it takes into account a variable Newton gravitational coupling, whose dynamics is governed by a scalar field non-minimally coupled to the geometry. In such a way, Mach’s principle is better implemented [25–27]. As already mentioned, corrections to the gravitational Lagrangian were already studied by several authors [2, 5, 6] soon after the GR was proposed. Developments in the 1960s and 1970s [28–32], partially motivated by the quantization schemes proposed at that time, made clear that theories containing only a Ricci scalar square term in the Lagrangian were not viable with respect to their weak field behavior. Another concern which comes with generic higher order gravity (HOG) theories is linked to the initial value problem. It is unclear if the prolongation of standard methods can be used in order to tackle this problem in every theory. Hence it is doubtful that the Cauchy problem could be properly addressed in the near future, for example within the theories with inverse of Ricci scalar, if one takes into account the results already obtained in fourth order theories stemming from a quadratic Lagrangian [33, 34].

Besides, every unification scheme as Superstrings, Supergravity or Grand Unified Theories, takes into account effective actions where non-minimal couplings to the geometry or higher order terms in the curvature invariants are present. Such contributions are due to one-loop or higher loop corrections in the high curvature regimes near the full (not yet available) quantum gravity regime [23]. Specifically, this scheme was adopted in order to deal with the quantization on curved spacetimes and the result was that the interactions among quantum scalar fields and background geometry or the gravitational self-interactions yield corrective terms in the Hilbert-Einstein Lagrangian [35].

From a conceptual viewpoint, there are no a priori reasons to restrict the gravitational Lagrangian to the linear function of the Ricci scalar, minimally coupled with matter [37]. Since all curvature invariants are at least second order differential, the corrective terms in the field equations will be always at least fourth order. That is why generally we call them higher order terms (with respect to the terms of GR).

The idea to extend Einstein’s theory of gravitation is fruitful and economic also with respect to several attempts which try to solve problems by adding new and, most of times, unjustified ingredients in order to give a self-consistent picture of dynamics. The today observed accelerated expansion of the Hubble flow and the missing matter of astrophysical large scale structures, are primarily enclosed in these considerations. Both the issues could be solved changing the gravitational sector, i.e. the l.h.s. of field equations. The philosophy is alternative to add new cosmic fluids (new components in the r.h.s. of field equations) which should give rise to clustered structures (dark matter) or to accelerated dynamics (dark energy) thanks to exotic equations of state. In particular, relaxing the hypothesis that gravitational Lagrangian has to be a linear function of the Ricci curvature scalar, like in the Hilbert-Einstein formulation, one can take into account an effective action where the gravitational Lagrangian includes other scalar invariants. In summary, the general features of ETGs are that the Einstein field equations result to be modified in two senses: i) geometry can be non-minimally coupled to some scalar field, and / or ii) higher than second order derivative terms in the metric come out. In the former case, we generically deal with scalar-tensor theories of gravity; in the latter, we deal with higher order theories. However combinations of non-minimally coupled and higher-order terms can emerge as contributions in effective Lagrangians. In this case, we deal with higher-order-scalar-tensor theories of Gravity.

Due to the increased complexity of the field equations in this framework, the main amount of works dealt with some formally equivalent theories, in which a reduction of the order of the field equations was achieved by considering the metric and the connection as independent fields [36–40]. In addition, many authors exploited the formal relationship to scalar-tensor theories to make some statements about the weak field regime, which was already worked out for scalar-tensor theories more than ten years ago [41]. Moreover other authors exploited a systematic analysis of such theories were performed at short scale and in the low energy limit [42–48, 50, 51, 58, 59]. In particular the FOG has been studied in the so-called Newtonian Limit (case of weak field and small velocity) and in the Weak Field Limit (case of Gravitational waves) [60]. In the first case we found a modification of gravitational potential, while in the second one the massive propagation of waves. After these preliminary studies it needs to check the new theories by applying them in the realistic model. Then the galactic rotation curve [17, 61–63] or the motion of body in the Solar System have been evaluated.

It is worth remembering that one of the first experimental confirmations of Einsteinian theory of Gravity was the deflection of light. Since then, gravitational lensing (GL) has become one of the most useful successes of GR and it represents nowadays a powerful tool [64]. In this paper, we investigate the equation for the photon deflection considering the Newtonian Limit of a general class of f(X, Y, Z)-Gravity where f is a unspecific function of X = R (Ricci scalar), Y = R_{αβ} R^{αβ} (Ricci tensor square) and Z = R_{αβγδ}R^{αβγδ} (Rieman tensor square).

The starting point of paper is the metric tensor solution of modified Einstein equation [51] and we analyze the dynamics of photon. Particularly in Section II we introduce the f(X, Y, Z)-Gravity and its field equations resuming shortly the Newtonian limit approach, while the Section III-A is devoted to study of photon traveling embedded in a gravitational field. In this section we approach first the deflection angle by a point-like source and after we reformulate the lensing problem by a generic matter distribution (Section III-B). Moreover we rewrite the equation lens (Section III-C) and find the corrections to the position of images in the case of point-like lens. Finally in Section IV there are comments and conclusions.

II. THE NEWTONIAN LIMIT OF FOURTH ORDER GRAVITY

Let us start with a general class of FOG given by the action

A = ∫ d^4x √ −g [ f(X, Y, Z) + X L_m ] (1) where f is an unspecified function of curvature invariants. The term L_m is the minimally coupled ordinary matter contribution. In the metric approach, the field equations are obtained by varying (1) with respect to g_{μν} . We get

f_X R_{μν} − f 2 g_{μν} − f_{X;μν} + g_{μν} □f_X + 2f_Y R_μ^αR_{αν} − 2[f_Y R^α_{(μ}]_{;ν)α} + □[f_Y R_{μν} ] + [f_Y R_{αβ} ]^{;αβ} g_{μν}

+2f_Z R_{μαβγ} R_ν^{αβγ} − 4[f_Z R_μ^{αβ}_ν ]_{;αβ} = X T_{μν} (2)

where T_{μν} = −^{1√}_{−g}^{δ(√−gLm)}_{δgμν} is the energy-momentum tensor of matter, f_X =^{df}_{dX} , f_Y =^{df}_{dY} , f_Z =^{df}_{dZ} , □ =_{;σ}^{;σ} and X = 8πG^1. The convention for Ricci’s tensor is R_{μν} = R^σ_{μσν} , while for the Riemann tensor is R^α_{βμν} = Γ^α_{βν,μ} + .... The affinities are the usual Christoffel symbols of the metric: Γ^μ_{αβ} =^1_2 g^{μσ} (g_{ασ,β} + g_{βσ,α} − g_{αβ,σ}). The adopted signature is (+ − −−) (for details, see [49]).

The paradigm of the Newtonian limit starts from the development of the metric tensor (and of all additional quantities in the theory) with respect to the dimensionless quantity v but considering only first term of tt- and ij-component of metric tensor g_{μν} (for details, see [50]). The develop of the metric is the following

ds^2 = (1 + 2Φ)dt^2 − (1 − 2Ψ)δ_{ij} dx^idx^j (3)

where Φ and Ψ are proportional to v^2. The set of coordinates^2 adopted is x^μ = (t, x^1, x^2, x^3). The curvature invariants X, Y , Z become

X ∼ X^{(2)} + . . .

Y ∼ Y^{(4)} + . . .

Z ∼ Z^{(4)} + . . . (4)

and the function f and its partial derivatives (f_X , f_{XX} , f_Y and f_Z ) can be substituted by their corresponding Taylor develop. In the case of f we have

f(X, Y, Z) ∼ f(0) + f_X (0)X^{(2)} + 1 2 f_{XX} (0)X^{(2)2} + f_X (0)X^{(4)} + f_Y (0)Y^{(4)} + f_Z (0)Z^{(4)} + . . . (5)

and analogous relations for derivatives are obtained.

From the lowest order of field equations (2) we have

f(0) = 0 (6)

while in the Newtonian Limit (∝ v^2) we have^3

1 Here we use the convention c = 1.

2 The Greek index runs from 0 to 3; the Latin index runs from 1 to 3.

3 Throughout the paper we assume always f_X (0) > 0, and therefore we may set f_X (0) = 1 without loss of generality.

(△ − m_2^2)△Φ + [ m_2^2 −^{m12 +2m22}

3m_1^2 △ ] X^{(2)} = −2 m_2^2X ρ

△Ψ = ∫ d^3x^′G_2(x, x^′) (_m 2 2 2 −^{m1 2+2m22}

6m_1^2 △x^′ ) X^{(2)}(x^′)

(△ − m_1^2)X^{(2)} = m_1^2X ρ

(7)

where X^{(2)} is the Ricci scalar at Newtonian order, ρ is the matter density and G_2 is the Green function of field operator △ − m_2^2. The quantities m_i^2 are linked to derivatives of f with respect to the curvature invariants X, Y and Z

m_1^2 .= −^1

3f_{XX} (0)+2f_Y (0)+2f_Z (0)

m_2^2 .=^1

f_Y (0)+4f_Z (0) (8)

By solving the field equations (7), if m_i^2 > 0 for i = 1 , 2, the proper time interval, generated by a point-like source with mass M, is (for details, see [50, 51])

ds^2 = [ 1 − r_g ( 1 |x| + 1 3 e^{−μ1|x|} |x| − 4 3 e^{−μ2|x|} |x| )] dt^2 − [ 1 + r_g ( 1 |x| − 1 3 e^{−μ1|x|} |x| − 2 3 e^{−μ2|x|} |x| )] δ_{ij} dx^idx^j (9) where r_g = 2GM is the Schwarzschild radius and μ_i .= √ |m_i^2|. The field equations (7) are valid for any values of quantities m_i^2, while the Green functions of field operator △ − m_i^2 admit two different behaviors if m_i^2 > 0 or m_i^2 < 0. The possible choices of Green function, for spherically symmetric systems (i.e. G_i(x, x^′) = G_i(|x − x^′|)), are the following

G_i(x, x^′) = −^1_{4π}^{e−μi |x−x′ |} |x−x^′| if mi 2 > 0 −^1_{4π}^{cos μi |x−x′|+sin μi |x−x′|} |x−x^′| if mi 2 < 0

(10)

The first choice in (10) corresponds to Yukawa-like behavior, while the second one to the oscillating case. Both expressions are a generalization of the usual gravitational potential (∝ |x|^{−1}), and when m_i^2 → ∞ (i.e. f_{XX} (0) , f_Y (0) , f_Z (0) → 0 from the (8)) we recover the field equations of GR. Independently of algebraic sign of m_i^2 we can introduce two scale lengths μ_i^{−1}. We note that in the case of f(X)-Gravity we obtained only one scale length (μ_1^{−1} with f_Y (0) = f_Z (0) = 0) on the which the Ricci scalar evolves [50, 51], but in f(X, Y, Z)-Gravity we have an additional scale length μ_2^{−1} on the which the Ricci tensor evolves.

Often for spherically symmetric problems it is convenient rewriting the metric (9) in the so-called standard coordinates system^4 (the usual form in which we write the Schwarzschild solution). By introducing a new radial coordinate r̃ = |x̃| as follows [ 1 − 2Ψ(r) ] r^2 = r̃^2 (11)

the relativistic invariant (9) becomes^5

ds^2 = [ 1 − r_g r ( 1 + 1 3 e^{−μ1r} − 4 3 e^{−μ2r} )] dt^2 − [ 1 + r_g r ( 1 − μ_1r + 1 3 e^{−μ1 r} − 2(μ_2r + 1) 3 e^{−μ2r} )] dr^2 − r^2dΩ (12)

where dΩ = dθ^2 + sin^2 θ dϕ^2 is the solid angle and renamed the radial coordinate r̃.

4 Generally the set of coordinates (t, r, θ, ϕ) are called standard coordinates if the metric is expressed as ds^2 = g_{tt}(t, r) dt^2 + g_{rr}(t, r)dr^2 − r^2dΩ while if one has ds^2 = g_{tt}(t, x) dt^2 + g_{ij} (t, x)dx^idx^j (like the solution (9)) the set (t, x^1, x^2, x^3) is called isotropic coordinates [57].

5 The metrics (12) and (9) represent the same space-time at first order of r_g /r.

III. THE GRAVITATIONAL LENSING BY f(X, Y, Z)-GRAVITY

A. Point-Like Source

The Lagrangian of photon in the gravitational field with metric (12) is

L = 1 2 [( 1 − r_g r Ξ(r) ) ṫ^2 − ( 1 + r_g r Λ(r) ) ṙ^2 − r^2θ̇^2 − r^2 sin^2 θϕ̇^2 ] (13)

where Ξ(r) .= 1 + Ξ̂(r) .= 1 +^1_3 e^{−μ1r} −^4_3 e^{−μ2 r}, Λ(r) .= 1 + Λ̂(r) .= 1 −^{μ1 r+1}_3 e^{−μ1 r} −^{2(μ2r+1)}_3 e^{−μ2r} and the dot represents the derivatives with respect to the affine parameter λ. Since the variable θ does not have dynamics (θ̈ = 0) we can choose for simplicity θ = π/2. By applying the Euler-Lagrangian equation to Lagrangian (13) for the cyclic variables t, ϕ we find two motion constants

∂L ∂ṫ = ( 1 −^{rg}_r Ξ(r) ) ṫ .= T ∂L ∂ϕ̇ = −r^2ϕ̇ .= −J (14)

and respect to λ we find the ”energy” of Lagrangian^6

L = 0 (15)

By inserting the equations (14) into (15) we find a differential equation for ṙ

ṙ_± = ± T √ 1 1 +^{rg}_r Λ(r) [ 1 1 −^{rg}_r Ξ(r) − J^2 r^2 ] (16)

ṙ_+ is the solution for leaving photon, while ṙ_− is one for incoming photon. Let r_0 be a minimal distance from the lens center (Fig. 3). We must impose the condition ṙ_±(r_0) = 0 from the which we find

J^2 = r_0^2T^2 1 −^{rg}_{r0} Ξ(r_0)

(17)

Now the deflection angle α (Fig. 3) is defined by following relation

α = −π + ϕ_{f in} = −π + ∫_{ϕf in} 0 dϕ = −π + ∫_{λf in} λ_{in} ϕ̇ dλ = −π + ∫_{λ0} λ_{in} ϕ̇ dλ + ∫_{λf in} λ_0 ϕ̇ dλ =

−π + ∫_{r0} ∞ ϕ̇ ṙ_− dr + ∫_∞ r_0 ϕ̇ ṙ_+ dr = −π + 2 ∫_∞ r_0 ϕ̇ ṙ_+ dr (18)

where λ_0 is the value of λ corresponding to the minimal value (r_0) of radial coordinate r. By putting the expressions of J, ϕ̇ and ṙ_+ into (18) we get the deflection angle

α = −π + 2 ∫_∞ r_0 dr r √ 1 1+^{rg}_r Λ(r) [_{1− rg} r Ξ(r_0) 1−^{rg}_r Ξ(r) r^2 r_0^2 − 1

] (19)

6 The (13) is a quadratic form, so it corresponds to its Hamiltonian.

which in the case r_g /r ≪ 1^7 becomes

α = 2 r_g [ 1 r_0

+ F_{μ1, μ2} (r_0) ] (20)

where

F_{μ1, μ2} (r_0) .= 1 2 ∫_∞ r_0

r_0r^2[Λ̂(r) − Ξ̂(r)] + r^3Ξ̂(r_0) − r_0^3Λ̂(r)

r^3(r^2 − r_0^2) √ 1 −^{r0 2}_{r2} dr (21)

From the definition of Ξ̂ and Λ̂ we note that in the case f(X, Y, Z) → X we obtain F_{μ1 , μ2} (r_0) → 0. In a such way we extended and contemporarily recovered the outcome of GR.

The analytical dependence of function F_{μ1, μ2} (r_0) from the parameters μ_1 and μ_2 is given by evaluating the integral (21). A such as integral is not easily valuable from the analytical point of view. However this aspect is not fundamental, since we can numerically appreciate the deviation from the outcome of GR. In fact in Fig. 1 we show the plot of deflection angle (20) by f(X, Y, Z)-Gravity for a given set of values for μ_1 and μ_2. The spatial behavior of α is ever the same if we do not modify μ_2. This outcome is really a surprise: by the numerical evaluation of the function F_{μ1, μ2} (r_0) one notes that the dependence of μ_1 is only formal. If we solve analytically the integral we must find a μ_1 independent function. However, this statement should not be justified only by numerical evaluation but it needs an analytical proof. For these reasons in the next section we reformulate the theory of GL generated by a generic matter distribution and demonstrate that for f(X)-Gravity one has the same outcome of GR.

FIG. 1: Comparison between the deflection angle of GR (solid line) and one of f(X, Y, Z)-Gravity (dashed line) (20) for a fixed value μ2 = 2 and any μ1.

B. Extended Matter Source

In this section we want to recast the framework of GL for a generic matter source distribution ρ(x) so the photon can undergo many deviations. In this case we leave the hypothesis that the flight of photon belongs always to the same plane, but we consider only the deflection angle as the angle between the directions of incoming and leaving photon. Finally we find the generalization of GL in f(X, Y, Z)-Gravity including the previous outcome of deflecting point-like source (and resolving the integral (21)).

The relativistic invariant (3) is yet valid since we consider the superposition of point-like solutions. Indeed we can generalize the metric (9) by the following substitution

7 We do not consider the GL generated by a black hole.

Φ = − G ∫ d^3x^{′ ρ(x′)}_{|x−x′|} [ 1 +^1_3 e^{−μ1|x−x′|} −^4_3 e^{−μ2|x−x′|} ]

Ψ = − G ∫ d^3x^{′ ρ(x′ )}_{|x−x′|} [ 1 −^1_3 e^{−μ1|x−x′|} −^2_3 e^{−μ2|x−x′|}

] (22)

This approach is correct only in the Newtonian limit since a such limit correspond also to the linearized version of theory. Obviously the f(X, Y, Z)-Gravity (like GR) is not linear, then we should have to solve the field equations (2) with a given ρ.

By introducing the four velocity u^μ = ẋ^μ = (u^0, u) the flight of photon, from the metric (3), is regulated by the condition

g_{αβ} u^αu^β = (1 + 2Φ)u^{02} − (1 − 2Ψ)|u|^2 = 0 (23)

then u^μ is given by

u^μ = (√ 1 − 2Ψ 1 + 2Φ |u|, u ) (24)

In the Newtonian limit we find that the geodesic motion equation becomes

u̇^μ + Γ^μ_{αβ} u^αu^β = 0 → u̇ + |u|^2∇(Φ + Ψ) − 2u∇Ψ · u = 0 (25)

and by supposing |u|^2 = 1 we can recast the equation in a more known aspect

u̇ = −2 [ ∇_⊥Ψ + 1 2 ∇(Φ − Ψ) ] (26)

where ∇_⊥ = ∇ − ( u |u| · ∇ ) u |u| is the two dimensions nabla operator orthogonal to direction of vector u. In GR we would had only u̇ = −2 ∇_⊥Φ since we have Ψ = Φ. In fact the field equations (7) are corrects [51] if we satisfy a constraint condition among the metric potentials Φ, Ψ as follows

△(Φ − Ψ) = m_1^2 − m_2^2 3m_1^2 ∫ d^3x^′G_2(x, x^′) △_x′ X^{(2)}(x^′) (27)

We can affirm, then, that only in GR the metric potentials are equals (or more generally their difference must be proportional to function |x|^{−1}). The constraint (27) has been found also many times in the context of cosmological perturbation theory [52–56].

The deflection angle (18) is now defined by equation

⃗α = − ∫_{λf} λ_i du dλ dλ (28)

where λ_i and λ_f are the initial and final value of affine parameter [66]. For a generic matter distribution we can not a priori claim that the deflection angle belongs to lens plane (as point-like source), but we can only link the deflection angle to the difference between the initial and final velocity u. So we only analyze the directions of photon before and after the interaction with the gravitational mass. Then the (28) is placed by assuming ⃗α = Δu = u_i − u_f . From the geodesic equation (26) the deflection angle becomes

⃗α = 2 ∫_{λf} λ_i [ ∇_⊥Ψ + 1 2 ∇(Φ − Ψ) ] dλ (29)

The formula (29) represents the generalization of deflection angle in the framework of GR. By considering the photon incoming along the z-axes we can set u_i = (0, 0, 1). Moreover we decompose the general vector x ϵ R^3 in two components: ⃗ξ ϵ R^2 and z ϵ R. The differential operator now can be decomposed as follows ∇ = ∇_⊥ +ẑ ∂_z = ∇_{⃗ξ} +ẑ ∂_z,

while the modulus of distance is |x − x^′| = √ |⃗ξ − ⃗ξ^′|^2 + (z − z^′)^2 .= Δ(⃗ξ, ⃗ξ^′, z, z^′). Since the potentials Φ , Ψ ≪ 1, around the lens, the solution of (26) with the initial condition u_i = (0, 0, 1) can be expressed as follows

u = (O(Φ, Ψ), O(Φ, Ψ), 1 + O(Φ, Ψ)) (30)

and we can substitute the integration with respect to the affine parameter λ with z. In fact we note

dλ = dz dz/dλ = dz 1 + O(Φ, Ψ) ∼ dz (31) and the deflection angle (29) becomes

⃗α = ∫_{zf} z_i [ ∇_{⃗ξ} (Φ + Ψ) + ẑ ∂_z(Φ − Ψ) ] dz (32)

From the expression of potentials (22) we find the relations

Φ + Ψ = −2 G ∫ d^2 ⃗ξ^′dz^{′ ρ(⃗ξ′ ,z′)} Δ(⃗ξ,⃗ξ^′ ,z,z^′) + 2 G ∫ d^2⃗ξ^′dz^{′ ρ(⃗ξ′ ,z′ )} Δ(⃗ξ,⃗ξ^′,z,z^′ ) e −μ_2 Δ(⃗ξ,⃗ξ^′ ,z,z^′)

Φ − Ψ = −^{2G}_3 ∫ d^2⃗ξ^′dz^{′ ρ(⃗ξ′ ,z′ )} Δ(⃗ξ,⃗ξ^′ ,z,z^′) [ e^{−μ1 Δ(⃗ξ,⃗ξ′ ,z,z′)} − e^{−μ2 Δ(⃗ξ,⃗ξ′ ,z,z′)} ] (33)

and the equation (29) becomes

⃗α = 2G ∫_{zf} z_i d^2 ⃗ξ^′dz^′ dz ρ(⃗ξ^′, z^′)(⃗ξ − ⃗ξ^′) Δ(⃗ξ, ⃗ξ^′, z, z^′)^3 − 2G ∫_{zf} z_i d^2 ⃗ξ^′dz^′ dz ρ(⃗ξ^′, z^′)[1 + μ_2Δ(⃗ξ, ⃗ξ^′, z, z^′)] Δ(⃗ξ, ⃗ξ^′, z, z^′)^3 e^{−μ2Δ(⃗ξ,⃗ξ′,z,z′)}(⃗ξ − ⃗ξ^′) (34) + 2G 3 ẑ ∫_{zf} z_i d^2 ⃗ξ^′dz^′ dz ρ(⃗ξ^′, z^′)(z − z^′) Δ(⃗ξ, ⃗ξ^′, z, z^′)^3 [( 1 + μ_1Δ(⃗ξ, ⃗ξ^′, z, z^′) ) e^{−μ1Δ(⃗ξ,⃗ξ′,z,z′)} − ( 1 + μ_2Δ(⃗ξ, ⃗ξ^′, z, z^′) ) e^{−μ2Δ(⃗ξ,⃗ξ′,z,z′ )} ]

In the case of hypothesis of thin lens belonging to plane (x, y) we can consider a weak dependence of modulus Δ(⃗ξ, ⃗ξ^′, z, z^′) into variable z^′ so there is only a trivial error if we set z^′ = 0. With this hypothesis the integral into z^′ is incorporated by definition of two dimensional mass density Σ(⃗ξ^′) = ∫ dz^′ρ(⃗ξ^′, z^′). Since we are interesting only to the GL performed by one lens we can extend the integration range of z between (−∞, ∞). Now the deflection angle is the following

⃗α = 4G ∫ d^2 ⃗ξ^′Σ(⃗ξ^′) [ 1 |⃗ξ − ⃗ξ^′| − |⃗ξ − ⃗ξ^′| F_{μ2} (⃗ξ, ⃗ξ^′) ] ⃗ ξ − ⃗ξ^′ |⃗ξ − ⃗ξ^′| (35)

where

F_{μ2} (⃗ξ, ⃗ξ^′) = ∫_∞ 0 dz (1 + μ_2Δ(⃗ξ, ⃗ξ^′, z, 0)) Δ(⃗ξ, ⃗ξ^′, z, 0)^3 e^{−μ2 Δ(⃗ξ,⃗ξ′ ,z,0)} (36) The last integral in (34) is vanishing because the integrating function is odd with respect to variable z. The expression (35) is the generalization of outcome (20) and mainly we found a correction term depending only on the μ_2 parameter.

In the case of point-like source Σ(⃗ξ^′) = M δ^{(2)}(⃗ξ^′) we find

⃗α = 2 r_g [ 1 |⃗ξ| − |⃗ξ| F_{μ2} (⃗ξ, 0) ] ⃗ ξ |⃗ξ| (37)

and in the case of f(X, Y, Z) → f(X) (i.e. μ_2 → ∞ and F_{μ2} (⃗ξ, ⃗ξ^′) → 0) we recover the outcome of GR ⃗α = 2 r_g ⃗ξ/|⃗ξ|^2. From the theory of GL in GR we know that the deflection angle 2 r_g /r_0 is formally equal to 2 r_g /|⃗ξ| if we suppose r_0 = |⃗ξ|. Besides both r_0, |⃗ξ| are not practically measurable, while it is possible to measure the so-called impact parameter b (see Fig. 3). But only in the first approximation these three quantities are equal.

In fact when the photon is far from the gravitational source we can parameterize the trajectory as follows t = λ x = − t y = b → { r = √ t^2 + b^2 ϕ = − arctan^b_t

(38)

and from the definition of angular momentum (14) in the case of t ≫ b we have

J = ϕ̇ r^2 = b/t^2 1 + b^2/t^2

(t^2 + b^2) ∼ b (39)

By using the condition (17) ṙ_±(r_0) = 0 we find the relation among b and r_0^8

b = r_0 T √ 1 −^{rg}_{r0} Ξ(r_0)

∼ r_0 (40)

justifying then the position r_0 = |⃗ξ| in the limit r_g /r ≪ 1 (but also r_g /r_0 ≪ 1).

In Fig. 2 we report the plot of deflection angle (37). The behaviors shown in figure are parameterized only by μ_2 and we note an equal behavior shown in Fig. 1. With the expression (37) we have the analytical proof of statement at

FIG. 2: Comparison between the deflection angle of GR (solid line) and of f(X, Y, Z)-Gravity (dashed line) (37) for 0.2 < μ2 < 2.

the end of previous section. In fact in the equation (37) we have not any information about the correction induced in the action (1) by a generic function of Ricci scalar (f_{XX} ≠ 0). This result is very important if we consider only the class of theories f(X)-Gravity. In this case, since μ_2 → ∞, we found the same outcome of GR. From the behavior in

8 The constant T is dimensionless if we consider that λ is the length of trajectory of photon. In this case without losing the generality we can choose T = 1.

Fig. 2 we note that the correction to outcome of GR is deeply different for r_0 → 0, while for r_0 → ∞ the behavior (37) approaches one of GR, but the deviations are smaller. This difference is given by the repulsive correction to the gravitational potential (see metric (9)) induced by f(Y, Z). Only by leaving the thin lens hypothesis (the lens does not belong to plane z = 0) we can have the deflection angle depending by μ_1 (34). In fact in this case the third integral in (34) is not zero. Then in the case of thin lens we have a complete degeneracy of outcomes in the f(X)-Gravity: all f(X)-Gravities are equivalent to the GR. If we want to find some differences we must to include the contributions generated by the Ricci tensor square. But also in this case we do not have the right behavior: the deflection angle is smaller than one of GR: f(X, Y, Z)-Gravity does not mimic the Dark Matter component if we assume the thin lens hypothesis.

C. Lens equation

To demonstrate the effect of a deflecting mass we show in Fig. 3 the simplest GL configuration. A point-like mass is located at distance D_{OL} from the observer O. The source is at distance D_{OS} from the observer, and its true angular separation from the lens L is β, the separation which would be observed in the absence of lensing (r_g = 0). The photon which passes the lens at distance r_0 ∼ b is deflected with an angle α.

Since the deflection angle (20) is equal to (37), for sake of simplicity we will use the ”vectorial” expression. Then the expression (37), by considering the relation (40), becomes

α = 2 r_g [ 1 b − b F_{μ2} (b, 0) ] (41)

The condition that this photon reach the observer is obtained from the geometry of Fig. 3. In fact we find β = θ − D_{LS} D_{OS} α (42)

Here D_{LS} is the distance of the source from the lens. In the simple case with a Euclidean background metric here, D_{LS} = D_{OS} − D_{OL}; however, since the GL occurs in the Universe on large scale, one must use a cosmological model [66]. Denoting the angular separation between the deflecting mass and the deflected photon as θ = b/D_{OL} the lens equation for f(X, Y, Z, )-Gravity is the following

[1 + θ_E^2 F(θ)] θ^2 − β θ − θ_E^2 = 0 (43)

where θ_E = √_{2 rg DLS} D_{OL} D_{OS} is the Einstein angle and

F(θ) = ∫_∞ 0 dz (1 + μ_2D_{OL} √ θ^2 + z^2) √ (θ^2 + z^2)^3 e^{−μ2DOL √θ2+z2 )} (44) Since we have 0 < θ^2F(θ) < 1 (Fig. 4) we can find a perturbative solution of (43) by starting from one in GR, θ^{GR}_± =^{−β±} √_{β2+4θE 2} 2 . In fact by assuming θ = θ^{GR}_± + θ^∗ and neglecting θ^{∗2}F(θ^∗) in (43) we find

θ = θ^{GR}_± ∓ θ_E^2 √ β^2 + 4 θ_E^2

F(θ^{GR}_± ) θ^{GR}_±^2 (45)

and in the case of β = 0 we find the modification to the Einstein ring

θ = ±θ_E [ 1 − θ_E^2 2 F(θ_E ) ] (46)

In Fig. 5 we show the angular position of images with respect to the Einstein ring. Both the deflection angle and the position of images assume a smaller value than ones of GR. Then the corrections to the GR quantities are found only for the introduction in the action (1) of curvature invariants Y (or Z), while there are no modifications induced

FIG. 3: The gravitational lensing geometric for a point-like source lens L at distance DOL from observer O. A source S at distance DOS from O has angular position β from the lens. A light ray (dashed line) from S which passes the lens at minimal distance r0 is deflected by α; the observer sees an image of the source at angular position θ = b/DOL where b is the impact factor. DLS is the distance lens - source.

FIG. 4: Plot of function θ^2F(θ) (44) for 1 < μ2DOL < 10.

by adding a generic function of Ricci scalar X. The algebraic signs of terms concerning the parameter μ_2 are ever different with respect to the terms of GR in (9) and they can be interpreted as a ”repulsive force” giving us a minor curvature of photon. The correction terms concerning the parameter μ_1 have opposite algebraic sign in the metric component g_{tt} and g_{ij} (9) and we lose their information in the deflection angle (32).

In both approaches we find the same outcomes μ_1-independent because the matter source (in our case it is a pointlike mass) is symmetric with respect to z-axes and we neglect the second integral in (34). Obviously for a generic matter distribution the deflection angle is defined by (34) and the choice of second derivative of function of Ricci scalar is not arbitrary anymore.

FIG. 5: Plot of the Einstein ring (solid line) and its modification (46) in the f(X, Y, Z)-Gravity for 1 < μ2DOL < 10 (dashed line).

IV. CONCLUSIONS

In this paper we compute the study of GL when a FOG is considered. Among the several theories of fourth order we consider a generic function of Ricci scalar, Ricci and Riemann tensor, but by using Gauss-Bonnet invariant it is adequate to consider only a f(X, Y )-Gravity.

We start from the outcome of previous paper [51] about the point-like solutions in the so-called Newtonian limit of theory and formulate the deflection angle and the angular positions of image. The study has been evaluated on two steps: in the first one we consider a point-like source and by analyzing the properties of Lagrangian of photon we obtain a correction to the outcome of GR depending apparently on two free parameters of theory. But by plotting, only numerically, the new angular behavior (20) with respect to the minimal distance r_0 we note that the correction term does not depend on the parameter μ_1 (Fig. 1). In the second step we start by more general geodesic motion and we reformulate the deflection angle for a generic matter distribution. In the case of an axially symmetric matter density we obtain the usual relation between the deflection angle and the orthogonal gradient of metric potentials (35). Otherwise we find that the angle is depending also onto the travel direction of photon (34). Particularly if there is a z-symmetry the deflection angle does not depend explicitly on the parameter μ_1 but we have only the correction term induced by μ_2 (36).

From the definition of μ_1 and μ_2 (8) we note that the presence of function of Ricci scalar (f_{XX} (0) ≠ 0) is only in μ_1. Then if we consider only the f(X)-Gravity (μ_2 → ∞) the geodesic trajectory of photon is unaffected by the modification in the Hilbert-Einstein action. Our analysis is compatible with respect to the principal outcome shown in the paper [67]. Instead if we want to have the corrections to GR it needs to add a generic function of Ricci tensor square into Hilbert-Einstein action. But in this case we find the deflection angle smaller than one of GR (20) or (37). Obviously the same situation is present also in the Einstein ring (46), where the new angle is ever lower than the one of GR (Fig. 5). The mathematical motivation is a consequence of algebraic signs of terms containing the parameter μ_2 in the metric (9). In fact they are ever different with respect to the terms of GR in (9) and they can be interpreted as a ”repulsive force” giving us a minor curvature of photon trajectory, instead the correction terms containing the parameter μ_1 have opposite algebraic sign in the metric components g_{tt} and g_{ij} (9) and we lose their information in the deflection angle (32).

A similar outcome has been found for the galactic rotation curve [63], where the contribution of f(Y ) in the action gives us a lower rotation velocity profile than the one of GR, but with a no trivial difference. In fact in galactic dynamics we are studying the motion of massive particles and in this case we find the corrections induced also by f(X)-Gravity. Then if we can estimate the weight of the corrections (induced by f(X)-Gravity) to the Ricci scalar for the galactic motion, from the point of view of GL we have a perfect agreement with the GR. Only by adding f(Y ) in the action we induce the modifications in both two frameworks, but we do not find the hoped behavior: the flat galactic rotation curve and a more strong deflection angle of photon. Also for a photon bending we need a Dark Matter component. Moreover if we consider f(X, Y )-Gravity for the GL we need a bigger amount of Dark Matter then in GR. A such conclusion qualitatively does not differ by the one about the galactic rotation curves [63].

Also after the analysis of GL we can affirm, as for the galactic rotation curves, it remains a hard challenge to interpret the Dark Matter effects as a single geometric phenomenon.

V. ACKNOWLEDGES

We would like to dedicate this first our paper to our dear parents.

[1] Weyl H., Math. Zeit. 2, 384 (1918) [2] Weyl H., Raum-Zeit-Materie, Springer 1921 Berlin [3] Pauli W., Phys. Zeit. 20, 457 (1919) [4] Bach R., Math. Zeit. 9, 110 (1921) [5] Eddington A. S., The mathematical theory of relativity, Cambridge University Press 1924 London [6] Lanczos C., Z. Phys. 73, 147 (1931) [7] Schmidt H. J., ArXiv: 0407095 [gr-qc] [8] Guth A., Phys. Rev. D 23, 347 (1981) [9] Riess A.G. et al., Ap. J. 607, 665 (2004) [10] Astier P., et al., A&A 447, 3 (2006) [11] Clocchiati A., Ap. J. 642, 1 (2006) [12] de Bernardis P. et al., Nature 404, 995 (2000) [13] Spergel D.N. et al., Ap. J. S., 148, 17 (2003) [14] Anderson J.D. et al. Phys. Rev. Lett. 81, 2858 (1998) [15] Anderson J.D. et al. Phys. Rev. D 65, 082004 (2002) [16] Capozziello S., Cardone V. F., Troisi A., JCAP 0608, 001 (2006) [17] Capozziello S., Cardone V.F., Troisi A., Mon. Not. Roy. Astron. Soc. 375, 1423 (2007) [18] Nojiri S., Odintsov S. D., Int. Jou. Geom. Meth. Mod. Phys. 4, 115 (2007) [19] Hehl F. W., von der Heyde P., Kerlick G. D., Nester J. M., Rev. Mod. Phys. 48, 393 (1976) [20] Hehl F. W., Mccrea J. D., Mielke E. W., Neeman Y., Phys. Rep. 4258, 1 (1995) [21] Trautman A., Comp.rend. heb. sean. 257, 617 (1963) [22] Puetzfeld D., New Astron. Rev. 49, 59 (2005) [23] Buchbinder I. L., Odintsov S. D., Shapiro I. L., Effective Action in Quantum Gravity, IOP Publishing 1992 Bristol [24] Bondi H., Cosmology, Cambridge Univ. Press 1952, Cambridge [25] Brans C., Dicke R. H., Phys. Rev. 124, 925 (1961) [26] Capozziello S., de Ritis R., Rubano C., Scudellaro P., La Rivista del Nuovo Cimento 4,1 (1996) [27] Sciama D. W., Mon. Not. R. Ast. Soc. 113, 34 (1953) [28] Buchdahl H. A., Nuovo Cim. 23, 141 (1962) [29] de Witt B. S., Dynamical theory of groups and fields, Gordon and Breach (1965) New York [30] Bicknell G. V., Journ. phys. A 7, 1061 (1974) [31] Havas P., Gen. Rel. Grav. 8, 631 (1977) [32] Stelle K., Gen. Rel. Grav. 9, 353 (1978) [33] Teyssandier P., Tourrenc Ph., J. Math. Phys. 24, 2793 (1983) [34] Duruisseau J. P., Kerner R., Gen. Rel. Grav. 15, 797 (1983) [35] Birrell N. D., Davies P.C.W., Quantum Fields in Curved Space, Cambridge Univ. Press 1982, Cambridge [36] Amarzguioui M., Elgaroy O., Mota D. F., Multamaki T., Astron. and Astrophys 454, 707 (2006) [37] Magnano G., Ferraris M., Francaviglia M., Gen. Rel. Grav. 19, 465 (1987) [38] Allemandi G., Borowiec A., Francaviglia M., Phys. Rev. D 70, 103503 (2004) [39] Sotiriou T. P., Class. Quant. Grav. 23, 1253 (2006) [40] Sotiriou T. P., Liberati S., Ann. Phys. 322, 935 (2007) [41] Damour T., Esposito - Farèse G., Class. Quantum Grav. 9, 2093 (1992) [42] Olmo G. J., Phys. Rev. D 72, 083505 (2005) [43] Olmo G. J., Phys. Rev. Lett. 95, 261102 (2005) [44] Olmo G. J., Phys. Rev. D 75, 023511 (2007) [45] Damour T., Esposito-Farèse G., Class. Quant. Grav. 9, 2093 (1992) [46] Clifton T., Phys. Rev. D 77, 024041 (2008) [47] Nojiri S., Odintsov S.D., Phys. Lett. B 631, 1 (2005) [48] Capozziello S., Stabile A., Troisi A., Phys. Rev. D 76, 104019 (2007) [49] Landau L.D., Lifšits E.M., Theoretical Physics vol. II, Butterworth Heinemann, University of Minnesota, (1987) [50] Stabile A., Phys. Rev. D 82, 064021 (2010) [51] Stabile A., Phys. Rev. D 82, 124026 (2010) [52] Pogosian L., Silvestri A., Phys. Rev. D 77, 023503 (2008) [Erratum-ibid. D 81 (2010) 049901] [53] Bean R., Bernat D., Pogosian L., Silvestri A., Trodden M., Phys. Rev. D 75 064020 (2007) [54] Bertschinger E., Zukin P., Phys. Rev. D 78 024015 (2008) [55] Carloni S., Dunsby P.K.S., Troisi A., Phys. Rev. D 77 024024 (2008) [56] Nzioki A.M., Dunsby P.K.S., Goswami R., Carloni S., Phys. Rev. D 83 024030 (2011)

[57] Weinberg S., Gravitation and Cosmology, Wiley 1972, New York [58] Capozziello S., Stabile A., Class. Quant. Grav. 26, 085019 (2009) [59] Capozziello S., Cardone V.F., Carloni S., Troisi A., Phys. Lett. A 326, 292 (2004) [60] Capozziello S., Stabile A., Troisi A., International Journal of Theoretical Physics 49, 1251 (2010) [61] Boehmer C.G., Harko T:, Lobo F.S.N., Astropart. Phys. 29, 386 (2008) [62] Boehmer C.G., Harko T:, Lobo F.S.N., JCAP 0803, 024 (2008) [63] Stabile A., Scelza G., arXiv:1107.5351 [gr-qc] [64] Capozziello S., Cardone V.F., Troisi A., Phys.Rev. D 73, 104019 (2006) [65] Capozziello S., Stabile A., Troisi A., Modern physics letters A 24, 659 (2009) [66] Schneider P., Ehlers J., Falco E.E., Gravitational Lenses, Springer (1999) [67] Lubini M., Tortora C., Näf J., Jetzer Ph., Capozziello S., arXiv:1104.2851v1 [gr-qc]