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Abstract

Influence on the Astrometric Solution

End-to-End Demonstration

The goal of this study is to show how a gravitational wave (GW) signal can be found in the
data of a scanning astrometric mission like
Gaia and how GWs influence the astrometric measurements of such a mission. In this
poster we present the outlines of a suitable
search algorithm and discuss the astrometric
influence of a GW signal. Furthermore, an
end-to-end pipeline to find a GW signal and
recover its parameters is presented together
with the corresponding tests with simulated
data.

It can be shown that a GW signal introduces errors in
the source parameters in two “regimes” depending the
GW frequency:
I Wave periods larger than the time-span of
observational data:

Several end-to-end simulations have been conducted
in which Gaia-like astrometric solutions were computed from observations influenced by a randomly
selected GW signal. The residuals of the astrometric
solutions are subsequently analyzed using the VSH
approach and candidates for GW signals are found
(see Figure 5). With the parameters of the signal
candidates it is possible to fit the originally injected
GW signal and correct the astrometric solution. For a
simulation providing an accuracy approximately equal
to that of Gaia the following upper error margins have
been found:

I Wave periods smaller than the time-span of
observational data:
I All of the source parameters are influenced to some extent.
See example of sky-error plots in Figure 3.
I A substantial part of the signal will remain un-modeled in
the residuals of the astrometric solution: this potentially
allows to search for a GW signal!

Introduction

The behavior of the astrometric errors for various GW
frequencies is shown in Figure 4. The figure is generated
by running multiple full mission simulations each with
a GW with different frequency.
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A GW passing through an observer, will appear to the
observer as a time- and position-depended shift of
apparent positions of objects on the celestial sphere
(the theory has been worked out e.g. in [1], [2] and
[3]). Such an effect can be, in principle, measured
by using high-precision astrometry, e.g. that of Gaia.
Figure 1 shows an example of the GW effect over the
sky.

I An error in GW frequency of about < 10−10 Hz,
corresponding to a phase error of ≈ 2.5◦ for a 5
year mission at the mission begin and end
I An error in GW direction of < 10◦
I An error for the GW amplitude of < 0.01 µas
I Usually the errors are well below these limits
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Scanning astrometry covers an especially interesting
GW frequency range between 10 nHz to 10µHz, in
which the proposed and working GW detectors are
rather insensitive or completely blind as shown in Figure 2. A GW signal should leave traces in the residuals
of the astrometric solution, since such a signal is not
part of the standard astrometric modeling. Parts of
the signal, on the other hand, will be absorbed by the
astrometric solution and introduce systematic errors
in the parameters of the sources (position, proper motion and parallax). It is hence important to estimate
these errors in order to assess systematics for missions
like Gaia.
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Figure 1: All sky visualization of the GW effect at peak amplitude
for a GW propagating towards the center of the image. The
arrows encode the direction of the effect (shift of star position)
and the background color encodes the magnitude of the effect.
The polarization of the GW is the “+”-polarization, the effect
scales with sin θ, where θ is the angle between the GW source
location and the position of observation. Over time, the position
of each object will move “forth and back” along the arrows with
the respective frequency of the wave.
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Figure 3: Distribution of the errors of the source parameters on the
sky for a simulated GW with a period of ≈ 200 d, a total strain of
10 mas coming from the direction α = 0◦; δ = 0◦. The values
shown here are the RSE+|median| values of the errors of all sources
per HEALPix. The shape of the pattern on the sky changes
substantially with GW frequency. The RSE is a robust scatter
estimate (normalized interquantile distance), equal to the standard
deviation for normally distributed data.
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I The astrometric model absorbs the positional shift in the
position and proper motion parameters.
I The phase of the GW influences the ratio between position
and proper motion errors.
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Figure 5: One example to visualize the results of the VSH-based
search algorithm. This plot shows the powers P2 in the VSH
coefficients (see [5]) of degree 2 for both vector fields and the
corresponding spheroidal and toroidal parts; additionally the
minimal, normalized eigenvalue of the quadrupole component is
color coded. For a genuine GW signal this value should ideally be
zero for the “true” GW frequency. One can clearly see the peak in
all powers characteristics at the frequency which corresponds to
the GW signal injected in the simulation at f = 75 nHz.
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Conclusion and Outlook
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The results of this project, so far, showed that:
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I The GW signal interacts with the source and
attitude parameters and is partially absorbed by
them.
I Residuals of the astrometric solution of a Gaia-like
mission can be used to detect GWs.
I The instrument calibrations as currently used in
Gaia will only have a minor influence on the
sensitivity for GW signals.
I End-to-end simulations have convincingly
demonstrated that it is possible to detect GW
signals and estimate their key parameters.
I The theoretical minimal detectable GW strain with
Gaia has been estimated to be around 10−14.
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Figure 4: The astrometric errors due to a GW of different frequency
for a 5 year mission. The errors are given relative to the amplitude
of the GW. Clearly visible is the low frequency regime for wave
periods longer than 5 yr: the proper motion errors are high, since
the wave signal for a single source is almost a linear motion on the
sky in this case. For GW periods shorter than 5 yr, the astrometric
errors are fluctuating and show multiple local peaks which are
related both to the scanning law and to the details of the source
model (see e.g. the peak in parallax errors at GW period of 1 year).

The details will be published elsewhere.
GW Detection Algorithm
The residuals of the astrometric solution can be processed using the algorithm proposed in [3]. This has
been implemented and works well for simulated data.
The basic outline of the algorithm is:
1. Forming normal points from the astrometric
residuals.
2. Searching linearly through the GW frequency
range:
Figure 2: Approximate GW frequency region for space-based
astrometry. Background image credit:
http://rhcole.com/apps/GWplotter/ [4]

In the detection method we developed, the absorption
of parts of the signal by the astrometric solution is
taken into account. Further improvements show, how
false-positive GW signals from systematic errors in
the data can be disentangled from genuine signals.

Fit vector spherical harmonics (VSH) [5] to the data, as
representation of the signal as time-independent vector
fields. Analyzing the VSH coefficients with respect to a
GW signal.

3. If a signal candidate is found: fit the GW model as
global parameter in the astrometric solution, using
estimated parameters from above as start values.
4. Analyze if the astrometric solution has improved
and GW parameters are reasonable.
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