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ABSTRACT

The main goal of the Astrometric Gravitation Probe mission is the verification of General Relativity and com-
peting gravitation theories by precise astrometric determination of light deflection, and of orbital parameters
of selected Solar System objects. The key element is the coherent combination of a set of 92 circular entrance
apertures, each feeding an elementary inverted occulter similar to the one developed for Solar Orbiter/METIS.1

This provides coronagraphic functions over a relevant field of view, in which all stars are observed for astromet-
ric purposes with the full resolution of a 1 m diameter telescope. The telescope primary mirror acts as a beam
combiner, feeding the 92 pupils, through the internal optics, toward a single focal plane. The primary mirror is
characterized by 92 output apertures, sized according to the entrance pupil and telescope geometry, in order to
dump the solar disk light beyond the instrument. The astronomical objects are much fainter than the solar disk,
which is angularly close to the inner field of view of the telescope. The stray light as generated by the diffraction
of the solar disk at the edges of the 92 apertures defines the limiting magnitude of observable stars. In particular,
the stray light due to the diffraction from the pupil apertures is scattered by the telescope optics and follows the
same optical path of the astronomical objects; it is a contribution that cannot be eliminated and must therefore
be carefully evaluated. This paper describes the preliminary evaluation of this stray light contribution.
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1. INTRODUCTION

One of the major challenges of today’s Fundamental Physics is the merging of Einstein’s General Relativity
(GR), the reference theory on macroscopic scale, with Quantum Mechanics (QM), which describes with extreme
precision the behavior of elementary particles. Their combination in a Unified Theory will require profound
modification of either or both of them; it is therefore of paramount importance to test them to a level in which
significant deviations may be detected, in order to set the experimental constraints for the future overarching
models.
The Astrometric Gravitation Probe (AGP) is the concept of a space mission based on coronagraphy and high
precision astrometry aimed at testing GR and competing gravitation theories, in particular with respect to the
γ and β parameters of the Parametrized Post-Newtonian (PPN) formulation of weak field gravity models,2 by
measurement of the light deflection and Solar System Ephemerides.
The 1919 eclipse experiment of Eddington, Dyson and Davidson3 reached a precision of about 10% on light
deflection, hence on the PPN parameter γ, and provided the most popular demonstration of GR’s prediction
capability.
Subsequent tests during the past century did not improve significantly on such precision, since eclipses usually
have short duration, happen in locations not endowed with large telescopes (thus requiring small, portable,
equipment), and suffer from the high background flux from the solar corona, as well as from atmospheric distur-
bances. GR also successfully justified the previously unexplained excess perihelion shift of Mercury, known since
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the mid of XIX century, and related to an algebraic combination of γ and β.
Modern tests, based on a range of techniques, reach a precision of order of a few 10−5 on γ4,5 and β,6,7 with the
perspective of improving by about one order of magnitude in the near future thanks to the results of respectively
Gaia8,9 on γ, and Solar Orbiter10 and BepiColombo11 on β.

AGP, thanks to an optimized design of satellite and operation, will take advantage of the techniques demon-
strated by Gaia and Solar Orbiter to improve by at least an additional order of magnitude on both γ and β PPN
parameters. An experiment located in space is able to overcome the limitations of the 1919 eclipse experiment,
implementing a permanent eclipse by coronagraphic techniques and achieving sub-milliarcsec (mas) precision on
a sample of several million stars down to V = 16 mag in a ±1◦ strip along the Ecliptic plane. The amplitude
of light deflection in this region is ∼ 0.5 arcsec. The combination of coronagraphy, high sensitivity and good
angular resolution is achieved by combination of the inverted coronagraph concept1 and of Fizeau interferometry,
i.e. aperture masking, on a 1 m class telescope with large field of view.12

The AGP payload / operation design (described in section 2) is focused on the minimization of systematic errors,
in particular through the measurement of symmetry constraints. The observation in opposition to the Sun pro-
vides an astrometric calibration on the stars and additional orbital points on the selected Solar system objects
used for the determination of β. This is achieved by a “rear-viewing” mirror included in the payload design
(section 2.3), for simultaneous measurement of both deflected and undeflected sources.
Since the instrument has coronagraphic capabilities, it faces the critical issues typical of many other solar coro-
nagraphs, in particular, stray light rejection requirements. The stray light requirement is comparably soft, since
it affects the limiting magnitude of the stellar sample, but the impact of higher background on the deflection
estimate is a graceful degradation of performance. Stars significantly brighter than the limiting magnitude
are photon limited, and provide the most relevant contribution to the astrometric precision budget. Lower
background values allow observation of a much larger population of fainter stars, having an intrinsically larger
astrometric error due to their lower photon flux. The mission performance estimate was computed also as a
function of the stray light, evidencing a limiting magnitude between V=15 mag and V=17 mag for a background
level ranging between 6,000 and 6 photo-electrons/s per pixel, approximately. The background includes stray
light from the solar disk and actual coronal emission.
The entrance aperture is directly hit by the solar disk and constitutes the main stray light source. In fact, the
solar disk light diffracted by the entrance aperture and scattered by the optics follows the same path of the stars
signal and is collected on the focal plane. It is a contribution that shall be calculated and compared with the
expected signal. This paper is dedicated to the description of the preliminary theoretical evaluation of the stray
light on the focal plane as generated by diffraction of the solar disk light. Section 3 is dedicated to the stray
light analysis description.

2. OPTICAL DESIGN OVERVIEW

The AGP telescope is designed12 with two channels (16 x 16 arcmin each) pointing symmetrically at about ±1◦

with respect to the optical axis of the telescope, which is set on the solar disk center. Each channel has a similar
and symmetric layout with respect to the telescope optical axis.
The 3D optical layout of AGP is shown in Fig. 1. We can schematize the optical design as made of two stages, the
first with a common optical path, the second with two separate paths. The first stage (section 2.1 is constituted
by the pupil mask, PM, the primary mirror, M1, and the secondary mirror, M2. The folding mirrors, M3,
separate the two fields of view (section 2.2).
The so-called rear-view mirror provides an additional feature to the AGP design and is described in section 2.3.

2.1 The first stage

The PM is the entrance element, a disk with a set of 92 circular apertures, drilled in three coronae differently
populated as shown in Fig. 2. The M1 is an annular concave mirror positioned at a distance of 1750 mm from
the PM. It is characterized by 92 circular apertures, positioned in correspondence of the elementary apertures
on the PM. The apertures function is to dump to space the photon flux from the solar disk; their size is defined
in order to cope with the solar disk divergence (16 arcmin at 1 AU).
M2 is a convex mirror, that directs the optical path toward the central open area of M1, where the two channels
are split by the two folding mirrors (M3, one per channel).
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Figure 1. 3D Optical layout of AGP.

2.2 The second stage

The two M3s are tilted symmetrically with respect to the optical axis.
Figure 3 shows the path of both channels at the same time (blue-green). Then, the beam is further folded by
the two M4s towards the off axis mirrors M5. The beam reflected by the M5s is bent by the M6s in the plane
perpendicular to the optical axis towards the focal plane. The M6s placement is anti-symmetric with respect to
the channels separation, since their task is to combine the light coming from the two fields into a single focal
plane.
The common focal plane “re-combines” the two channels, providing a superposed image of the two fields of view.
This superposition is necessary for the calibration process, which is crucial for the AGP measurements.
The focal plane of AGP will be populated by 32 CCDs (2k x 4k with pixel size of 10 µm). The mosaic has a
complexity comparable to those of Gaia13 and Euclid.14 We foresee the presence of some proximity boards to
drive the CCD and receive the output data, while the data processing unit will be positioned farther away in a
service module.

2.3 The rear-view mirror

A peculiar characteristic of the AGP design is the rear-view mirror. The rear-view mirror, fed through the
apertures on the M1, allows repeated measurements of the same stellar sample in conditions of maximum and
minimum deflection, in order to get rid of systematic errors.
It is a flat annular mirror with a set of 92 holes properly resized, in order to provide clearance for the main
optical path through the PM.
Figure 4 shows in red the position of the rear-view mirror. According to AGP measurements principles, star
light coming from sources in the direction opposite to the Sun, are not affected by any deflection, and should
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Figure 2. Scheme of the 92 circular apertures drilled in the PM. Units are cm.

improve the calibration issues of the experiment. Therefore, the focal plane will simultaneously contain images
the two front and the two rear fields of view.

3. STRAY LIGHT PRELIMINARY EVALUATION

The PM is directly hit by the solar disk light, thus it constitutes the main stray light source for a coronagraphic
system such as AGP.
The light diffracted by the 92 PM apertures is reflected and scattered first by the M1 and then by the other
telescope optics. Since the optics that follow the M1 in the optical path (see section 2) process a stray light
contribution that is several order of magnitude lower with respect to the light diffracted by the PM, we assume
that their contribution to the total level of stray light on the focal plane is negligible with respect to the M1
contribution. Within this hypothesis, the stray light as evaluated on the primary focal plane is an indicative
estimate of the stray light level we may expect on the telescope focal plane.
The stray light on the primary focal plane is calculated according to the following steps, that are based on
different physical principles and are thoroughly described in the next subsections:

• evaluation of the diffraction due to the PM apertures on the M1 surface, taking into account the whole
solar disk as a source (section 3.1);
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Figure 3. Optical layout of AGP for the two channels (North-South).

• propagation of the diffraction from the M1 plane down to the primary focal plane taking into account both
the reflection and the scattering due to the mirror surface micro-roughness (section 3.2).

3.1 Diffraction evaluation on the primary mirror plane

The diffraction pattern on the M1 plane is calculated according to the following steps:

1. calculation of the diffraction produced by a single PM knife edge aperture on the M1 plane for a point
source in the center of the solar disk (impinging plane wave parallel to the PM plane).

2. Convolution of the diffraction of step (1) with a solar disk kernel with the dimension of the solar disk on
the M1 plane, in order to calculate the diffraction with the whole solar disk as a source, normalized to
the mean solar disk brightness. The calculation is performed at a fixed wavelength (500 nm). The kernel
includes a wavelength-dependent limb darkening model.15

3. Replication and 3D superposition of the diffraction pattern evaluated at step (2) according to the map of
the 92 apertures.

The Fresnel diffraction as generated by a knife edge aperture for a single point source in the center of the solar
disk (step 1) is calculated by means of the Fresnel-Kirchhoff theory:16

Dp(r, λ) = |U(r, λ)|2 '
∣∣∣∣−2Ai

λ

eikz

z

∫∫
S

eik
ξ2+η2

2z dξdη

∣∣∣∣2 (1)
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Figure 4. Optical layout of AGP for two channels, with the rear-view mirror (in red).

where U(r, λ) is the value of the electro-magnetic field at a radial distance r on the image plane (the diffraction
pattern for a single aperture on the PM has a circular symmetry), S is the integration surface on the diffracting
plane, λ=550 nm is the wavelength, z=1750 mm is the distance between the PM and the M1 plane, η and ξ
are orthonormal coordinates on the PM plane. In order to retrieve equation (1), a source at infinity has been
considered, the close field approximation has been adopted and the origin of the frame of reference has been
set at the intersection of the source-image point line with the aperture on the PM plane. The relative optical
axis (ROA) of this sub-calculation is defined as the line that originates in the center of the PM aperture and is
perpendicular to the PM plane. The radial coordinate r has its origin on the optical axis.
The resulting pattern is convolved (step (2)) with a solar disk kernel with the dimension of the solar disk as
projected on the M1 plane:

D(r, λ) = B

∫ 2π

0

dφ̂

∫ RDisk

0

Dp(r− ρ, φ̂− φ, λ)Disk(ρ, φ, λ)ρdρ (2)

where RDisk is the radius of the projection of the solar disk on the M1 plane; Disk(ρ, φ, λ) = Disk(ρ, λ) is the
circularly symmetric function that defines the irradiance of the solar disk at a given wavelength λ; it is 0 for ρ
greater than the projection of the solar radius on the M1 plane. B is a normalization constant.
The following limb darkening model is included in the expression of Disk(ρ, λ):15

L(θ, λ) = 1− u2(λ)− v2(λ) + u2(λ) cos θ + v2(λ) cos2 θ (3)

where θ is the angle between the solar radius vector and the line of sight, while u2 and v2 are tabulated
wavelength-dependent parameters.15

Each of the 92 apertures on the PM generates the diffraction pattern D(r, λ) on the M1 plane, with a center of
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symmetry defined by the intersection of the ROA with the M1 plane. A superposition is performed of the 92
diffraction patterns.
Figure 5 shows the resulting diffraction pattern on the M1 plane. The diffraction is quite symmetrically dis-
tributed around the apertures on the M1, which allows us to identify a profile along the yellow path in Fig. 5 as
indicative of the diffraction level on the M1 plane. The diffraction along the yellow path evidenced in Fig. 5 is
shown in Fig. 6.

Figure 5. Diffraction pattern on the M1 plane, as generated by the 92 apertures of the PM, for the whole solar disk as a
source.

3.2 Stray light on the primary focal plane

The M1 works as a beam combiner, feeding the primary focal plane with an overlapping of the contributions due
to the mirror portions around each aperture.
The function of the M1 justifies the approach of estimating the stray light by propagating the diffraction distri-
bution around one aperture only, multiplied by 92 (the number of apertures).
For the propagation, we select one of the diffraction profiles shown in Fig. 6.
Due to its micro-roughness, the M1 surface scatters the energy of each impinging ray within a cone, that has the
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Figure 6. Profile of the diffraction along the yellow path evidenced in Fig. 5.

specularly reflected ray as its symmetry axis.
A super-polished mirror surface is characterized by a micro-roughness, σ, and an auto-correlation length, ζ, that
define the scattering characteristics of the surface:

• total integrated scatter, TIS = (4πσ/λ)2, which is the ratio between the total scattered flux and the total
reflected flux.

• Bidirectional-scatter distribution function (BRDF), the angular distribution of the scattered light with
respect to the incident light, which can be modelled by means of a Lorentzian function of this kind:17,18

BRDF(θ) ' TIS · 1

2π
· (2/θ0)2

[1 + (2θ/θ0)2]3/2
, (4)

where θ is the angle formed by the scattered ray and the reflected ray, and θ0 is the characteristic width
of the distribution.

In order to evaluate the total amount of stray light that impinges on the detector, we consider the scattering off
the M1 surface (with micro-roughness σM1 = 0.5 nm), as given by equation (4), produced by 92 superimposed
diffraction profiles like the ones shown in Fig. 6. We work with the following assumptions:

• the light scattered by M1 is totally reflected by M2 and the mirrors of the second stage (see section 2.2.
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• The scattering action of M2 and the mirrors of the second stage (see section 2.2) is negligible with respect
to the scattering off M1, since it is scattering of scattered light.

• The light scattered by the telescope structure is negligible with respect to the contribution due to the
diffraction from the PM apertures, because only the PM apertures are directly hit by the solar disk light.

Within these hypotheses, the stray light estimated on the primary focal plane is the same that we would obtain
on the telescope focal plane. Figure 7 shows the resulting stray light pattern on the primary focal plane, in units
normalized to the solar disk brightness as it would be imaged by M1 on its focal plane. In order to retrieve an

Figure 7. Stray light level on the primary focal plane.

absolute estimate to be compared with the expected signal, we consider the maximum of the curve of Fig. 7,
SLMAX = 2× 10−7.
As an over-estimate, let’s consider the stray light contribution constant over the wavelength range of AGP,
∆λ = 400÷ 800 nm.
The stray light in absolute units would be then approximately given by:

ISL = 92 ·Apup · SLMAX ·∆λ · I� ·
1

πR2
�
· 1

εph
' 0.01

photo-electrons

s arcsec2
(5)

where A is the area of the single aperture on the PM (radius 10.7 mm), I� = 1.92 Wm−2nm−1 is the solar
irradiance at 500 nm,15 R� = 960 arcsec is the solar disk divergence and εph is the energy of a photon at 500
nm.
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It is a very low stray light level, which may allow to observe stars close to the Sun down to magnitudes fainter
than V=17 mag.
However, it must be considered that it is a preliminary evaluation, performed with an ideal instrument. The
only real ingredient that has been included in the evaluation is a standard surface roughness of the M1. For
example, we did not consider the dust contamination, which can be among the major offenders in a coronagraphic
instrument. The surface contamination of the M1 may lead to an increase of an order of magnitude of the stray
light level on the focal plane. Another order of magnitude may be generated by irregularities or dust grains on
the edges of the 92 entrance apertures, as it has been shown for the prototype of Solar Orbiter/METIS.1

The proposed design might therefore be considered as a conservative preliminary version, to be reviewed in a more
detailed analysis including the above mentioned dust and roughness contributions, as well as optical component
manufacturing and alignment aspects. Moreover, in-flight re-alignment and optical parameter deterioration due
to the space environment conditions shall be considered in the design optimization.

4. CONCLUSIONS

The Astrometric Gravitation Probe is a space mission concept aimed at testing the General Relativity and
competing gravitation theories by measurement of the light deflection and Solar System Ephemerides.
The astrometric goal of the mission will be accomplished by means of a coronagraphic design, characterized by
92 circular entrance apertures which help in dumping the solar disk light beyond the instrument, following the
principle of the Solar Orbiter/METIS coronagraph inverted external occulter.1

The solar disk light diffracted by the 92 apertures and scattered by the telescope optics may generate a background
stray light that prevent the observation of high magnitudes.
This paper describes a thorough preliminary analysis of the stray light as generated by diffraction and scattering.
The analysis cannot be more than preliminar due to the relatively early stage of the mission concept, but it
nevertheless gives important confirmations on the quality of the instrument design.
The estimated stray light level is 0.01 photo-electrons/s per square arcsec, which would allow to set a detection
limit fainter than V=17 mag. It must in any case be considered that only ideal components were accounted for
in our analysis, except for the micro-roughness of the primary mirror surface. The result could be considerably
degraded by including further realistic aspects in the calculations, such as the dust contamination of the mirror
surface or irregularities on the edges of the 92 entrance apertures. The inclusion of additional physical effects
will be a crucial part of forthcoming design developments.
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