
13

FIG. 8. Upper plot: Expected sensitivity of the UOP for
ULDM. The e↵ect of ULDM is represented as a corresponding
hc that can be directly compared with Fig. 4. We plot the
gravitational case (Eq. (9)), two cases where ULDM couples
to matter (Eq. (10)), and a case where ULDM couples to
light (Eqs. (12)). Lower plot: Expected sensitivity of FUM
for ULDM for the model with direct coupling of matter to
↵(�) = �

2
/⇤2

2. We compare with bounds from Cassini [9]
and the EPTA [95] (see also [84]).

by implementing a complementary smaller and sti↵er an-
tenna in combination with the main dish, as well as via
three-point antenna calibration, which carries the poten-
tial to reduce �A of Ka-band tracking missions by one
order of magnitude.8

The noise of plasma scintillation, the variation of the
refractive index of the interplanetary medium, is localised
around 3 ⇥ 10�3 Hz and then steadily drops down for
lower frequencies [74]. It is astrophysical in origin, and
therefore cannot be easily addressed with technological
improvements. One possibility is to prioritise tracking
measurements at optimal Sun-Earth-spacecraft configu-
ration, as well as by upgrading the Doppler link to higher
frequencies, as discussed in Section VIIB.

8 Private conversation with Sami W. Asmar, NASA JPL.

Tropospheric noise is thought to dominate the noise
power spectral density frequency below 10�4 Hz. Since
the Cassini era, corrective measures based on water-
vapor-radiometers have been shown to be able to re-
duce the Allan deviation up to a factor of 10, down to
1.5 ⇥ 10�15

� 3 ⇥ 10�15 [7]. Furthermore, drastic im-
provements in tropospheric noise would be achievable by
tracking the spacecraft with high-altitude facilities, ei-
ther ground-based or with balloons. Finally, an ulterior
opportunity to reduce tropospheric noise would be using
multiple measurement points via a radio telescope array
[108].
Glitches and unmodelled accelerations, e.g., from so-

lar winds or imprecisions in the planetary ephemeris,
may also leave residual imprints on the Doppler time
series. However, these outliers will not influence the co-
herent stacking of the GW signal in the experiment. A
more quantitative treatment of their influence can be ad-
dressed by a more detailed simulation of the mission’s
trajectory, once the satellite specifications are known.
Connected to this, one must also consider the noise from
asteroids in the Solar system. A simple estimate using
Brownian-motion argument [68] suggests a noise level in
the solar system barycenter of order 10�15 in the 10 nHz
range due to asteroids smaller than 80 km. Furthermore,
the results in [39] indicate a noise level lower than 10�18

for the potential generated by asteroids on a satellite at
⇠AU from the Sun (with typical frequencies around and
below µHz), which would be irrelevant to the scientific
outcome we outlined. However, a more detailed analy-
sis confirming this expectation and considering a realistic
mission trajectory and possible mitigation measures us-
ing updated asteroid ephemerides (see [103] for the cur-
rent strategy followed by NANOGrav) seems opportune.

B. Breakthrough: Optical links?

A true breakthrough in improving the Allan deviation
to . 10�15 could be achieved by upgrading the Doppler
link to optical frequencies. Here we briefly review the-
oretical limits and recent experiments. There are three
distinct techniques in optical ranging.

• The passive-reflector method has reflecting cubes
on the target, which reflect light back to the source.
This has been very successful for lunar ranging [76]
but (as we will see below) is not feasible at inter-
planetary distances.

• The synchronous transponder method has the tar-
get receive a signal and then send another signal
back with a fixed delay. This has been recently
demonstrated with the Hayabusa2 mission to ⇠ 15
lunar distances [80], with ground observations even
during the day.

• An asynchronous transponder ranging both sides
sends signals at pre-designated intervals, and the

Left: Contours of signal-to-noise for in-spiraling massive black hole binaries as detectable by LISA 
(left, red), The Uranus probe (middle, blue), and the Pulsar Timing Arrays (right, green). Tracking the 
Uranus orbiter probe could allow detection of massive black hole binaries in the gap between the two 
existing GW detector designs (LISA and PTAs).

Gravitational Waves, Dark Matter, and Early-Universe 
Cosmology with the Uranus Orbiter Probe

Right: Sensitivity to coupling of Ultra-light Dark Matter to normal matter, in the space of coupling-
constant (y axis) and dark matter mass (x axis). Green and blue shaded regions show constraints 
from Pulsar Timing Arrays and tracking of the Cassini probe. The space above the blue lines could be 
constrained by the Uranus Orbiter Probe.
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IV. DETECTION FORECAST FOR BLACK
HOLE BINARIES

Supermassive black hole binaries (SMBHBs) are
among the loudest sources in the low-frequency GW sky.
They are expected as a consequence of galaxy mergers,
although how frequently they form and how they evolve
in their environments is still not fully understood [see,
e.g., the seminal papers 12, 55, 64, 100, 105]. Recent
constraints on a GW background signal by pulsar timing
arrays (PTA) provide evidence of an SMBHB population
in the mass range ⇠ 108 � 1010M� [3, 6, 86, 109] while
the direct detections of lighter SMBHB mergers below a
few 107M� is expected in the 2030s with the advent of
space-based interferometers such as LISA [29] and Tian-
Qin [69]. As we will show, the data stacking method in
Section III facilitates the detection of SMBHBs that are
evolving beyond the nano-Hz band and into the milli-
Hz regime. As an illustration, we show the hypothetical
sensitivity of the mission to chirping, equal-mass BH bi-
naries as a waterfall plot in the bottom panel of Fig. 4.
The mission’s peak sensitivity lies in the total mass range
of 108 to 1010M�. Such heavy, chirping binaries would
in principle be detectable up to redshifts of z ⇠ 10 for an
Allan deviation of �A = 10�14 and essentially over the
whole cosmological volume for �A = 3⇥ 10�15.

However, a detection forecast requires us to consider
the actual population of sources we expect to fall in this
frequency band, and whether the majority will be de-
tectable as a monochromatic signal rather than a chirp.
Here we adopt two separate approaches to estimate the
redshift-dependent merger rate of such sources.

A. Model 1: Millennium simulation

Here we detail a simple prescription that links the mas-
sive black hole merger rate to the much more established
halo merger rate, based on the two Millenium simulations
[38]. The latter works provide a convenient fit character-
ising the di↵erential halo merger rate:

d2�

d⇠dz
= B1

✓
Mhalo

1012 M�

◆b1

⇠
b2 exp

"✓
⇠

B2

◆b3
#
(1 + z)b4 ,

(23)

where � is the total number of mergers that a halo
of mass Mhalo experiences over cosmic time, ⇠  1 is
the halo merger mass ratio and the best-fit parame-
ters are given by (B1, B2, b1, b2, b3, b4) = (0.0104, 9.72 ⇥
9.72, 0.133,�1.995, 0.263, 0.0993). We link Eq. (23) to
the SMBH merger rate Ṅ•• by multiplying the halo

FIG. 4. In the top panel, we compare the GW sensitivity of
the prospective Uranus mission to the current sensitivity of
PTAs [36] and the sensitivity of the recently adopted LISA
mission. The three blue lines correspond to the scenarios de-
tailed in Section III. In the bottom panel, we show a waterfall
plot of the mission’s hypothetical detection horizon for chirp-
ing equal mass (here masses are in the observer frame) ratio
massive black hole binaries, assuming a maximum of 10 years
for the signal duration and the baseline scenario, as described
in Section III C. We compare it to the same plot for PTAs and
for LISA (assuming 4 years of maximal signal duration). Note
that monochromatic sources, expected for PTAs and from our
population models in §IV, will have lower SNR for the same
mass and redshift in the bottom panel.

merger rate with the black hole mass function:

d3Ṅ••
dM•d⇠dz

= Pocc(Mhalo, z)
4⇡cD2

com(z)

(1 + z)3

⇥
dn•
dM•

d2�

d⇠dz
(⇠, zdel), (24)

where Dcom is the comoving distance at redshift z and
we must additionally supply an occupation fraction Pocc

of black holes in halos and a delay prescription zdel be-
tween the nominal halo merger time and the actual black
hole merger time. Here we use the SMBH mass function
dn•/dM• as reported in [93] and adopt a simple relation


