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Ulysses–Mars Observer coincidence experiment [5, 14],
and Cassini [9, 13, 30], albeit without any successful
detection candidates due to insu�cient sensitivity. As
first highlighted in Ref. [97], the prospective UOP o↵ers
an exceptional opportunity compared to the previous at-
tempts due to a longer spacecraft cruise, a longer detector
arm, and potentially improved radio technology.2

In this work, we consider how the collection of track-
ing data over the entire interplanetary cruise can increase
the sensitivity of the mission to GWs from many sources,
allowing us to probe the yet poorly covered micro-Hz
regime. Additionally, we outline the mission’s capability
to greatly expand the range of ultra-light dark matter
(ULDM) models [21, 57] that can be directly detected,
including the possibility of a first detection of DM in
the Solar System. The key for these results is a method
developed here to stack individual short-duration track-
ing runs, showing how the mission’s GW frequency sen-
sitivity band and DM mass sensitivity are in principle
only limited by the total observation time and the data
cadence, in analogy to the Pulsar Timing Array analy-
sis for nano-Hz GW detection [hereafter PTA, see, e.g.,
2, 6, 46, 53, 90]. For the UOP, this places the frequency
limits to be between 3⇥ 10�9 Hz (⇠ 1/(10 yr); the inter-
planetary cruise time) and 10�1 Hz (1/(10 s); the reso-
lution time), respectively, and the DM mass limits in the
range 10�23 eV/c2 to 10�15 eV/c2.

In summary, we show that, beyond its Uranian science
goals, the UOP could double as a sensitive GW detector
in the micro-Hz band, probing the astrophysics of mas-
sive black holes or signals from the early Universe, and
as a dark matter detector for models not accessible today
by any other probe. This should be achievable without
any sacrifice to planetary science goals by tracking the
mission consistently over its interplanetary cruise. We
also remark that the mission is expected to fly in con-
comitance with the Laser Interferometer Space Antenna
(LISA [29]). The opportunities for complementarity be-
tween these two missions were briefly discussed in Ref.
[97]. They deserve a more thorough analysis, which we
leave for future work.

This paper is structured as follows: In Section II we
introduce the basics of GW and ULDM detection via
Doppler tracking and detail our strategy to track signals
over the entire mission duration. In Section III, we con-
struct GW sensitivity curves and define three possible
mission configurations with increasing levels of techno-
logical development. In Section IV we estimate the num-
ber of detections of individual massive black hole bina-
ries with two independent population models, as well as
the associated stochastic gravitational wave background.

2 Recently, there was another proposal to use tracking of satellites
to Mars to study GWs of frequencies from 10�4 Hz to 10�1

Hz [15]. As compared to our proposal, these constraints are too
weak to be relevant for known sources, while they will be largely
superseded in the future by LISA [29].

FIG. 1. One of the many proposed mission plans of a prospec-
tive Uranus mission that involves a Jupiter Gravity Assist and
a subsequent cruise to Uranus. This specific mission timeline
corresponds to the shortest proposed cruise time and is avail-
able in the public mission document.

Section V and Section VI include our forecast constraints
on GW signals from the early universe, as well as var-
ious DM models, respectively. Lastly, we discuss the
prospects to further improve the sensitivity of the mis-
sion in Section VII and present our concluding remarks
in Section VIII.

II. DOPPLER TRACKING OF GWS AND
OTHER SIGNALS

A. Response of Doppler tracking to a passing GW

The passage of a GW between the Earth and the space-
craft modifies the propagation time of photons, inducing
small timing shifts in the tracking system. These shifts
are best described by defining the dimensionless frac-
tional frequency fluctuation of a two-way Doppler sys-
tem:

y2(t) = �⌫/⌫0, (1)

where ⌫0 is the tracking system’s carrier frequency,
most often in the Ka-band (⇠30GHz) or the X-band
(⇠8GHz), while �⌫ is the measured Doppler shift with
respect to the carrier frequency. Following Ref. [7], we
can write down an explicit formula for the frequency fluc-
tuation due to a passing GW:
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where T2 is the two-way light travel time between the
Earth and the spacecraft, µ = k̂·n̂ is the projection of the
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Left: The sensitivity to gravitational waves (GWs) that would result from Doppler tracking the Uranus 
Orbiter Probe (UOP) trajectory in the top right, over the course of its 10-year mission, using known 
technology. Sensitivities of the planned LISA mission and the operating Pulsar Timing Arrays (PTAS) 
are plotted for comparison. Tracking the Uranus mission fills in a new portion of the GW sky: the 
micro-HZ regime.
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