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We will have mapped the CMB to cosmic variance, cosmic structure over the redshifts where we can 
do optical galaxy surveys, intensity mapping I’m not sure, LISA will have probed  Hz gravity 

waves of intermediate mass nuclear black holes, …
10−4 − 1

What does the few-decades future of cosmology look like?

This talk:  Potentially groundbreaking cosmology that can be 
done with radio dishes in the outskirts of our Solar system 

• geometric measurements of expansion of universe to nail 
down late-time expansion history (Briefly at end) 

Boone & McQuinn arXiv:2210.07159 — million-x angular res. of Gaia  
• kpc-AU clumpiness of the dark matter (Extremely briefly) 

Xiao, Dai, & McQuinn arXiv:2401.08862  
• Hertz frontier for gravitational waves (Deep dive) 

~1 month from being posted 
μ

All ideas involve sending (maybe the same) spacecraft to the outer Solar System. 
The technology on each spacecraft is similar to a GPS satellite.



One motivation: the cost of launch is plummeting

It’s nearing the $10/kg for me to visit Berkeley!.

The cost is all in developing the spacecraft, whether it goes 
into low earth orbit or to the outer Solar System 



• it takes a long time to get out there  (took 500 kg New Horizons ten years to 
get to Pluto at 34 AU)  Could get out there twice as fast with newest rockets. 

• rely on radioisotope power sources, where the power for entire 
spacecraft might be just 250 Watt (science system can only take a fraction) 

• downlinks are ~10-100 kbps  

• we also will want a radio dish too — fortunately, there are 
lightweight radio dishes

But putting spacecraft in outer Solar System is hard!!!!

SMAP — a 6 meter, 
56 kg  compressible 

mesh dish
RadioAstron — a 10 meter fold 

out dish that orbited out to 
the Moon

Voyagers at 100AU 
& Cassini had 4 

meter dishes

There are telecommunication satellites with 20 meter mesh dishes!



Could radio dishes in outer Solar System 
be interesting for gravitational waves?



The gravitational wave landscape
Image Credit: Christopher Berry



The gravitational wave landscape
Image Credit: Christopher Berry

Hertz Frontierμ

decihertz frontier



Quick tutorial on characteristic strain
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= ∫ d log ν ( characteristic strain
sensitivity curve )
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109 solar mass merger at z=3

107 solar mass merger at z=3

Image Credit: Christopher Berry



• sends 2 Watt lasers between each satellite separated by 0.02AU 
that are phased up to each other  so electric field along arm is  

   where  and  the ’s frequency 

• measure phase difference of incoming beam with home satellite  

     

where  is the gravity wave along arm X (assuming ). 

• Observable “is”    as this cancels clock noise in 

E = E0 exp[iϕ(tem)] ϕ(tem) ≈ ω tem ω γ

hX ωL ≪ 1

Δϕ1 − Δϕ2 ϕ(t)

How will LISA work?
I’m in awe of LISA

 arm 1 : Δϕ1 = ϕ(t − 2L) − ϕ(t) + ωL h1
arm 2 : Δϕ2 = ϕ(t − 2L) − ϕ(t) + ωL h2

0.02 AU

0.02 AU



LISA’s sensitivity
 δΔϕ = ωδx + δϕshot

Benacquista, M. (2021)

0.02 AU

0.02 AU

accelerations monitoring

shot noise



To detect Hz gravitational waves with LISA- like 
array, we need significant improvement in 

acceleration technology on long timescales.  
A lot of the sophistication of LISA is already in measuring accelerations.  

μ

Frequencies we are interested in!



An idea to avoid measuring accelerations: establish bases on near-
earth asteroids

these are great test masses (and hopefully not too seismic)

Fedderke et al 2022

Idea requires thousands of times better clocks than we have sent to space.



This talk considers whether the outer Solar System 
could be another way to avoid needing acceleration 

control. 

Maybe this is done with lasers or maybe with radio broadcasts

10s of AU



Key idea: The dominant accelerations go 
way down if you go to outer Solar System

Solar wind drag  ( )∝ 1/r2ish
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Fig. 12. Shown is the power spectrum of the composite record of daily total solar irradiance for
the period from 1978 until 2002 (red). To illustrate the solar cycle variability in the frequency
domain, the power spectra of data from VIRGO during solar minimum (Feb. 1996–Aug. 1997)
are compared to that of solar maximum (Oct. 2000–Feb. 2002). The solar cycle influence is evident
in the differences in power at low frequencies

data now cover more than half a solar cycle, they allow quantification of activity related
irradiance changes in the frequency domain from the 5-minute oscillations to periods up
to 1000 days. In Fig. 12 the power spectrum for the period 2000.8 – 2002.2 corresponds
to high solar activity while that for 1996.1–1997.5 to solar activity minimum. The two
power spectra overlap at the highest frequencies but begin to deviate in the region of
supergranulation; the difference gradually increases towards lower frequencies reaching
more than an order of magnitude in the vicinity of the nominal 27-day rotational period
(see also Fig. 17).

In addition to the two distinct peaks at 11 and 1 year, and the peaks of the solar
oscillations in the 5-minute range, the power spectrum in Fig. 12 displays turning edges
due to characteristic time scales or frequencies where the constant power at low fre-
quency starts to decrease (often termed as 3-db points). The following characteristic
time scales are identified with their approximate turning points and average (for min-
imum and maximum activity) exponent of slopes (slope in double logarithmic scale):
27-day rotational period (≈ 0.68 µHz): −3.3, supergranulation (≈ 6.2 µHz): −1.3,
mesogranulation (≈ 56 µHz): −0.4, and granulation (≈ 825 µHz): −1.2.

3.3. Spectroradiometry from space

Space-based observations of solar spectral irradiance have concentrated primarily on
measurements at UV wavelengths. The terrestrial atmosphere absorbs solar radiation at
these wavelengths (see Fig. 3), and knowledge of its variability is sought to understand
stratospheric and ozone fluctuations. Heath and Thekaekara [55] summarize the database

Solar irradiance variations ( )∝ 1/r2
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Fig. 9. Compared in the top panel are daily averaged values of the Sun’s total irradiance from
radiometers on different space platforms since November 1978: HF on Nimbus 7 [57], ACRIM I
on SMM [140], ERBE on ERBS [84], ACRIM II on UARS [141], VIRGO on SOHO [43], and
ACRIM III onACRIM-Sat [143]. The data are plotted as published by the corresponding instrument
teams. Note that only the results from the three ACRIM and the VIRGO radiometers have inflight
corrections for degradation. Shown in the two bottom panels are the PMOD [38, 39, 44] and
ACRIM [142,146] composite irradiance time series compiled from the individual data sets together
with a 81-day running average. The differences between the two composites are discussed in the
text

pendent solar monitors have operated simultaneously in space. Currently operating are
radiometers on SOHO, ACRIMSAT and SORCE.

The two composite irradiance records also shown in Fig. 9 are compiled from mul-
tiple, cross-calibrated independent measurements [38,39,44,142,146]. Both composite
records use Nimbus 7 and ACRIM data prior to 1996 but in one time series (designated
as the PMOD composite) the VIRGO data from SOHO are used after 1996 [46], whereas
the other time series (designated as the ACRIM composite) relies primarily on ACRIM
data [146]. Each TSI composite exhibits a prominent 11-year cycle of peak-to-peak
amplitude 0.085 % (difference between September 1986 and November 1989 monthly
means). Larger fluctuations are evident, and are associated with the Sun’s 27-day rotation
on its axis. During epochs of high solar activity these shorter term fluctuations corre-

1990. Second, the power spectra are all fitted well by the
power-law form (5) at high frequencies (below fN/2). Third,
it appears that the level of density turbulence levels out or at
least varies more slowly with distance, from 1990 (!30 AU)
until 1997 (!50 AU).
[24] The first and third of these results are strengthened in

Figure 6. This log-log plot shows the values CN,h
2 , obtained

by fitting (5) to the smoothed average spectrum for each
year (below fN/2), as a function of R. Since the 12-s data
(circle symbols) are available only in 1977 and 1978,
attention is primarily focused on the 96-s (triangles) and
192-s (stars). Clearly, CN,h

2 (R) decreases with increasing R
until about 15 AU (1985), after which it levels off and then
increases with R. The leveling off and subsequent increase
are particularly clear in the 192-s data after 1986 (R "
17 AU), which form the majority of the data available.
[25] The model (2) suggests fitting the data with the

power-law form

C2
N Rð Þ ¼ 10a Rb ; ð8Þ

where R is measured in AU. Figure 6 shows the standard
least-squares fits to this form for the entire range of R, with
the fit parameters and associated statistical parameters
summarized in Table 1. The 96-s data are well fitted in both
trend and magnitude (except for 1998) by a power-law with
exponent b = &2.1 ± 0.9, with the data being primarily
concentrated before 1984. The fit for the 192-s data is
reasonable before about 1986 but then does not follow the
increasing trend of the data from 1987 to 1999. Never-
theless, the exponent of the 192-s power-law is &3.1 ± 0.7,
overlapping with the least-squares errors with the 96-s result

and leading to an average value &2.6 ± 0.9. This differs
significantly from the index &4 of the model (2) developed
for R < 1 AU, casting doubt on its extrapolation into the
outer heliosphere.
[26] The clear flattening of the 192-s data for R ^ 20 AU

(after 1986) suggests calculating power-law fits in two
regions of R, say less than 30 AU and greater than 30 AU.
Figure 7 shows these two fits separately. For R < 30 AU the
96-s and 192-s data lead to fits with b = &2.3 ± 0.9 and
&3.3 ± 0.9 for R < 30 AU, respectively, slightly larger in
magnitude than before but agreeing within their error bars
and not changing the qualitative agreement. Similar results
are found for the normalization constants 10a.
[27] Consider now the turbulence outside 30 AU. The

right panel of Figure 7 shows the data CN,h
2 (R) and least-

squares fits to the form (8). These clearly demonstrate that
CN
2 (R) does not decrease significantly beyond 20 AU.

Instead, CN
2 (R) appears to level off between 20 and 30 AU

and then increases slowly with increasing R. This leveling
off is strongly statistically significant (Table 1) for the 192-s
data, with the power-law index b being positive (the
opposite sign to all the fits for R ' 30 AU and the entire
1–60 AU range in R) but statistically consistent with zero
(2.7 ± 6.4). The 96-s data show a similar effect, but the fit is
not statistically significant due to there only being 3 data
points clustered together in time.

4.2. Spectral Evolution With R of the h Component

[28] Figure 8 shows the observed spectral index ah(R) as
a function of R and least-squares fits to the power-law form

a Rð Þ ¼ aþ b log10 R : ð9Þ

Figure 5. Smoothed average power spectra for all 192-s sampling intervals are compared for years
1978, 1980, 1990, and 1997. Solid lines are least-squares fits to (5) between the lowest-frequency
component and fN/2. The power spectra decrease in amplitude between 1978 and 1990 but remain
essentially constant in amplitude for 1990 and 1997.
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for each interval selected using the procedure above. In each
case the maximum possible FFT length n was used, by
cutting off the time series after 2n points, rather than
restricting each interval to have a uniform length. This
was done so as to maximize the number of long intervals,
for which the power spectral index could be constrained
over as large a frequency range as possible, while also

analyzing as many intervals as possible (i.e., there are more
short intervals than long ones). The FFT analysis was done
separately for each sampling period Dt.
[15] The individual power spectra for all the selected

periods in 1978 with the 96-s sampling period are displayed
in Figure 3a. Centered smoothing over 7 samples is used in
Figure 3b to increase the statistical reliability of each

Figure 2. The total number of periods selected for analysis per calendar year (left axis, solid line) and
the total time in these periods (right axis) as a function of heliocentric distance.

Figure 1. The solar wind speed Vsw, thermal speed VT, and number density n for the period 0236–
1233 UT on day 308, 1978. The solid horizontal line identifies the period selected for analysis using the
constraints in the text.
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Bellamy, Cairns, & Smith 2005Frohlich & Lean  2004

Density variation a la Voyager 2

3AU

10AU

30AU
60AU



Some accelerations are more constant in radius

Magnetic field from Voyager 2 at 16 AU spectrum of interplanetary dust

Each collision results in a delta-function acceleration  
— calculating the acceleration power  spectrum is like 

calculating the 1 halo term in halo model :)

Gruen et al 1999

Gravitational accelerations are negligible for our experiment.

Lorentz force from magnetic fields collisions from dust particles



How accelerations translate into gravitational wave sensitivity 
(  since )δΔϕ = ωδx = ωδa/(2πνGW)2 δa ≡ ··δx

These are sensitivity curves assuming infinite power in lasers or radio broadcasts….that’s next  
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Assumes a 1000 kg spacecraft with area 10 m2 at 30AU



• lasers 

• radio

Shot or thermal noise
 Shouldn’t this noise be too large? — our detectors are 1000x more 

separated than LISA’s!  No actually it seems okay.

ϕ̃ rms = 0.01 × 10−([C/N0]dB−Hz − 40)/20 rad Hz−1/2

 is the acquisition threshold above which your cell phone can lock onto GPS 
signal from satellites.  The Deep Space Network can acquire lock onto the ranging signal from 

satellites at .  The carrier wave is always modulated by lower frequency 
pseudorandom code so that these weak signals do not correlate with other things. 

[C/N0]dB−Hz ≈ 35

[C/N0]dB−Hz = 15

Once locked, then this is the phase error is



Total sensitivity including realistic shot/thermal noise
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Assumes a 1000 kg spacecraft with area 10 m2 at 30 AU and 30AU arms 

Lasers are more sensitive, but come with extra challenges that we will get to

Radio

Laser



Total sensitivity of concept

Radio

Laser

Assumes a 1000 kg spacecraft with area 10 m2 at 30 AU and 30AU arms 

Note that once detector becomes sensitive to the stochastic background (grey), there is little point in making it more sensitive.



10 AU vs. 30AU



• For lasers, detector  spacecraft relative velocities are a huge 
issue because  .    “Clock” errors 
now enter proportional to     ! 

• LISA must keep , which it does by limiting 
relative velocities to 10 m/s of spacecraft and a schedule of 
adjusting relative laser frequencies  

• outer solar system spacecraft likely need at least order of 
magnitude larger  and hence a much better clock 

• Intensity variations in lasers at frequency of gravitational waves 
also needs to be precisely controlled, but this is not an issue in 
radio

Δϕ1 − Δϕ2 ≈ ω v/c t = 2πfhett
fhet

fhet < 20MHz

fhet

Why radio dishes may be much easier than lasers

since sensitivity gains for laser concept are mostly probed by LISA, maybe radio is the way to go



For radio, there is plasma dispersion noise  as plasma adds some  
extra phase.  

Need two frequencies to get rid of plasma noise at cost of factor of ~1.5 in sensitivity. 
The next order plasma effect from refraction is very small. 
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Assumes a 1000 kg spacecraft with area 10 m2 at 30 AU and 30AU arms 



Clock noise
either you need to do `Michelson’ interferometry or very precise atomic clocks

Two dishes on one ‘mothership’ Lone arm + great clock

Clock noise doesn’t dominate error 
(for radio case) 

once clock is 1000 times more precise 
than best atomic clock in space.  So 
unfortunately need one satellite with 
two dishes/lasers like LISA without 
significant developments in space-

clock technology.

10-13 = Allan variance of best atomic clocks in space 
Best atomic clocks on earth are 10-19



Since we are interested in , requiring a sample of  
every ~ hour, actually might only need to send 10 kbps for just an 
hour each year to get relevant data back!

ν < 10−4Hz Δϕ

What about getting data back?
Remember, we can rely on only 10-100 kbps downlinks for maybe a few hours a week



Other science



Measuring cosmological distances 
geometrically from outer solar system

Solar System-scale Interferometry on Fast Radio Bursts Could Measure Cosmic
Distances with Subpercent Precision

Kyle Boone and Matthew McQuinn
Department of Astronomy, University of Washington, 3910 15th Ave NE, Seattle, WA 98195, USA; kyboone@uw.edu, mcquinn@uw.edu
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Abstract

The light from an extragalactic source at a distance d will arrive at detectors separated by 100 au at times that differ
by as much as 120(d/100Mpc)−1 nanoseconds because of the curvature of the wave front. At gigahertz
frequencies, the arrival time difference of a point source can be determined to better than a nanosecond with
interferometry. If the spacetime positions of the detectors are known to a few centimeters, comparable to the
accuracy to which very long baseline interferometry baselines and global navigation satellite systems (GNSS)
geolocations are constrained, nanosecond timing would allow competitive cosmological constraints. We show that
a four-detector constellation at Solar radii of 10 au could measure geometric distances to individual sources with
subpercent precision. The precision increases quadratically with baseline length. Fast radio bursts (FRBs) are the
only known bright extragalactic radio source that are sufficiently point-like for this experiment, and the simplest
approach would target the population of repeating FRBs. Galactic scattering limits the timing precision at 3 GHz,
whereas at higher frequencies the precision is set by removing the differential dispersion between the detectors.
Furthermore, for baselines greater than 100 au, Shapiro time delays limit the precision, but their effect can be
cleaned at the cost of two additional detectors. Outer solar system accelerations that result in ∼1 cm uncertainty in
detector positions could be corrected for with weekly GNSS-like trilaterations between members of the
constellation. The proposed interferometer would not only provide a geometric constraint on the Hubble constant,
but also could advance solar system, pulsar, and gravitational wave science.

Unified Astronomy Thesaurus concepts: Cosmology (343); Cosmological constant experiments (335);
Cosmological parameters (339)

1. Introduction

Fast radio bursts (FRBs) are millisecond radio transients that
are generally of extragalactic origin (Lorimer et al. 2007;
Thornton et al. 2013; Tendulkar et al. 2017; Bannister et al.
2019; Cordes & Chatterjee 2019; Petroff et al. 2022). Hundreds
of FRBs have been discovered to date, tens of which have been
found to be repeating, with ∼104 on the sky per day above 1
Jy ms—a detectable fluence for many radio telescopes (Spitler
et al. 2016; CHIME/FRB Collaboration et al 2021). Not only
are FRBs interesting for identifying and studying the extreme
radiative processes that create them, likely associated with
magnetars (Bochenek et al. 2020; CHIME/FRB Collaboration
et al 2020), but propagation effects that alter the received
electromagnetic waves can be used as a tool to study the
missing baryon problem, the circumgalactic media of galaxies,
and the cosmic reionization history (McQuinn 2014; Prochaska
et al. 2019; Ravi 2019; Beniamini et al. 2021; Heimersheim
et al. 2021).

Several studies have also identified potential ways to use
FRBs for precision cosmology. The simplest of which is to use
that the frequency dependence of the wave front arrival to infer
the column of electrons along the sightline and create a Hubble
diagram-like electron column versus redshift relation. While it is
unlikely that the host galaxy electron column will be small
enough to allow a precise determination of this relation
(Macquart et al. 2020), a way around this uncertainty is to

instead usecorrelations between sightlinesare only sensitive to
the cosmological density fluctuations (Masui & Sigurdson 2015).
This idea would map the fluctuating electron density to constrain
cosmological parameters, somewhat analogous to a weak lensing
survey.
An alternative route to cosmological constraints uses a key

attribute of FRBs—that their arrival time can be measured
very accurately. The point-like nature of FRBs allows
coherent timing with precision of better than the inverse of
their frequency, a nanosecond at a gigahertz. FRBs could be
timed much more precisely than the slowly varying quasars
that are used in current strong lensing time delay analyses,
which are starting to put competitive constraints on the
Hubble constant (Li et al. 2018). Unfortunately, uncertainties
in the mass modeling of the lens system (Kochanek 2021) as
well as in the projected mass (Bar-Kana 1996) may prevent
percent-level cosmology with lensing time delays regardless
of the timing precision. One potential way around these
limitations involves lensed, repeating FRBs. Measuring the
∼10−3 s yr−1 evolution in the time between lensed images
due to the evolving redshift of the lens and source would
constrain the cosmology (Zitrin & Eichler 2018; Wucknitz
et al. 2021), although this rate is comparable to that from the
mass assembly of the lens.
In this article, we propose a new geometric approach to

constrain cosmology with FRBs. The wave front of an FRB
will have a small curvature when it reaches our solar system.
By measuring the arrival time of the same FRB at four separate
radiometers, this curvature can be measured directly and used
to infer the distance. (A similar idea has been applied to pulsar
timing arrays in D’Orazio & Loeb 2021 and McGrath et al.

The Astrophysical Journal Letters, 947:L23 (20pp), 2023 April 20 https://doi.org/10.3847/2041-8213/acc947
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The gold standard for measuring distance in the Galaxy  is 
annual parallax.  What would it take to measure parallax to 

extragalactic sources, get H0, and stop arguing?

The Gaia Satellite can measure parallaxes to d=10 kpc, but to measure 
distances for H0 need to do this for d>100 Mpc because of velocities from 

local gravitational potentials. 

1 AU

1 AU



• This is ten thousands times smaller p then Gaia measures 

• What would it take to resolve these angles? If observing in radio 
at  wavelength  then the centroiding of a telescope of size x isλ

Is parallax over cosmological distances possible?

p =
1AU

d
= 0.005 ( 200Mpc

d ) μ − arcsecond

δp ∼
λ

x SNR
= 0.007

1 AU
x

λ
5cm

10
SNR

μ − arcsecond

1 AU
p

d

Just need an AU-sized telescope (e.g. baseline) and can detect this!



Basic picture

GPS-like measurement of distance from curvature of wavefront

Ground station support: 
get high S/N voltage template to 
pull satellite signal out of noise

FRBs are Goldilocks 
source: 

They can be quite bright (> 
Jy) and so detectable with a 
small dish, they last less than 
a millisecond so voltage time 

series can be downlinked, 
they are a point source, they 

are at the ideal distances, 
some repeat and so we know 

where to point.



Preliminary forecasts for how well distances 
could be constrained to a single FRB

Width of bands reflects range of detector positional errors .  
Curves assume 20% fractional bandwidth and SNR=5 on each baseline.

δx



Anything else radio dishes on other sides of 
Solar System can do? 

 Dark matter clumpiness on sub-solar 
mass scales

solar system scale

moving ~600 km/s  or 100 AU/yr

Repeating

Xiao, Dai, & McQuinn arXiv:2401.08862 



I’m hoping you now think radio dishes to the outer Solar System is 
less crazy than at beginning of my talk :)

Conclusions

PS The next outer Solar System probe doesn’t have to explore Uranus.


