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Detecting gravitational waves above 100 kHz would constitute a major discovery, as any observable
signal would have to arise from new physics within the late universe. Although many technologies have
been identified to explore this high-frequency regime, the known landscape of promising sources remains
extremely sparse. In this work, we aim to rectify this issue by providing model-independent arguments that
highlight the most interesting parts of theory space, while remaining agnostic of the specific signal
mechanism. For example, energy-conservation implies that gravitational waves detectable by future
experiments well above a MHz would most likely have to originate from within the Solar System. Based on
these arguments, we also constrain the physical properties of such sources.

DOI: 10.1103/rxmf-m5k9

I. INTRODUCTION

Gravitational waves (GWSs) offer a unique avenue to
study the universe. Since LIGO’s first detection of astro-
physical GWs [1], there has been a surge of interest to look
for signals of cosmological origin, such as those arising
from first-order phase transitions, topological defects, or
cosmic reheating. Since the wavelength of these signals is
limited by causality to be smaller than the comoving
horizon during the time of production, GWs produced
sufficiently early during the first moments of the Universe
(e.g., during radiation domination, at temperatures
2100 MeV) are guaranteed to have a frequency well above
the 1 Hz-10 kHz range probed by the existing ground-
based interferometers LIGO, Virgo, and KAGRA. It is
therefore of no surprise that there has been a growing
interest in identifying both: 1) new technologies to search
for high-frequency GWs (HFGWs), and 2) theory targets to
motivate such searches [2-5].
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Many promising technologies have been identified, such
as those already in use by experiments searching for
ultralight wavelike dark matter (DM). On the contrary,
the theory landscape of detectable high-frequency sources
has remained extremely sparse. This difficulty is best
exemplified by the fact that the most optimistic futuristic
setups have projected sensitivities to primordial signals
many orders of magnitude weaker than cosmological
bounds on the expansion rate [6—8]. Indeed, the future
detection of primordial HFGWs by any currently proposed
technology would imply the existence of gravitational
radiation that overcloses the universe by many orders of
magnitude.

However, HFGWs that arise locally within our galaxy
are not subject to these tight cosmological bounds.
Analogous to the fact that the Milky Way is host to a
~10° DM overdensity, Galactic sources could give rise to a
substantial overdensity of gravitational radiation whose
observation has the potential to probe parts of our Universe
that are inaccessible through other means, such as the
opaque interiors of dense astrophysical objects or regions
of high DM concentration. It therefore behooves us to
remain open minded concerning the possible signals that
HFGW searches might reveal.

Our goal in this work is to identify detectable and viable
theory-targets for HFGWs. Rather than proposing specific
sources, we start from the most general of considerations,
and progressively limit the viable theory space, attempting
to remain as model agnostic as possible. For instance, we
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show that regardless of the specific production mechanism,
the large energy flow associated with the propagation of
HFGWs can lead to measurable consequences. This can be
used to place significant limits on Galactic sources.
Furthermore, extensive orbital measurements of large
astrophysical bodies can limit the landscape of nearby
sources, even if they interact only gravitationally. We
will show that such model-independent considerations
already significantly narrow down the likely theory space
for HFGWs.

The rest of this paper is organized as follows. In Sec. 1I,
we outline the requirements for a source to be detectable by
a future HFGW experiment. In Sec. III, we show that
bounds on energy-loss from the Earth, Solar System, and
Milky Way significantly constrain the detectable parameter
space of HFGW sources, solely based on their gravitational
interactions. In Sec. IV, we specify a simple parametriza-
tion for such sources, and show that the most detectable
ones correspond to dark composite objects residing near the
center of the Earth or Sun. We then discuss the plausibility
of this scenario for sources in the form of spinning prolate
spheroids. We then conclude in Sec. V.

II. CRITERIA FOR DETECTABILITY

We begin here by specifying our criteria for the detect-
ability of HFGWs, such as requirements on the signal-to-
noise ratio (SNR) and the signal occurrence rate ['yqp. In
particular, we require that SNR > 1, and that repeated
signals of the same type occur sufficiently frequently that
there is a reasonable chance for at least one to occur during
a reasonable observation time.

A general way to characterize the SNR squared in a
matched filter analysis is given by [9]

|A(f)?
Sa(f)

where /(f) is the Fourier transform of the GW strain and
S, (f) is the power spectral density of the strain-equivalent
noise at frequency f. S, (f) is strongly detector dependent,
but as a benchmark value, we note that future projections
quote values typically not much smaller than S,(f) ~
1074 Hz~! for f ~ 100 kHz — 1 GHz [3]. An approximate
threshold for detectability is then defined as SNR = 1. Note
that the integrand of Eq. (1) is often written in terms of
signal and noise outputs after being filtered by the transfer
function of the experimental device, which converts the
GW strain tensor into a scalar output. In this sense, “A” in
Eq. (1) schematically refers to the typical value of the
nonzero entries in the GW strain tensor in transverse-
traceless gauge, assuming an O(1) dimensionless coupling
to the detector.

As a first example, consider a monochromatic source
with waveform h(t) ~ hqcos(2zft). In this case, we can

SNR2:4A°°df’ (1)

use Parseval’s theorem to rewrite Eq. (1) in the time
domain as

to> h2 i t ’tSi
SNR? ~ / " drh(Y) NM, (2)
0

2
Sa(f) Sa(f)

where 7, is the observation time and #, is the duration of
the signal. Throughout this work, we fix 7, = 1 yr. For
burstlike sources (i.e., fy4, < fops) With frequency f, it is
convenient to define the root-sum-squared amplitude [9]

tsig
= [ (o), o)
0
such that the SNR is given by
2hZ,
SNR? v 1% (4)
Sa(f)

The strongest possible HFGW signal emerging from a
system corresponds to releasing the largest possible amount
of energy in a single burst. While it is not impossible that
such a cataclysmic event might take place during the
observing time of a HFGW experiment, such a scenario
might be exceedingly unlikely. In this work, we are
primarily interested in signals that are detectable not only
in principle but also with a reasonable chance. To ensure
that, we impose the condition that the event rate Iy,
satisfies

Devent 2 min(t;bls’ t;é) (5)
For a burstlike signal with 7, < 7, this corresponds to
multiple events occurring within an observation time. In the
other limit, for a long continuous signal 7y, 2 fops, We
demand that there are always multiple detectable sources
actively emitting within the duration time of the signal.
Therefore, for either burstlike or continuous sources, we do
not consider signals that have periods of undetectability for
longer than the observation time.

III. ENERGETICS

The goal of this section is to determine the allowed
theory space of HFGWs on the grounds of energy con-
servation. Here, we remain agnostic about the emission
mechanism, which is discussed in more detail in Sec. IV.
We instead start by explaining how energetic arguments can
place upper limits on the strength of detectable HFGW
signals, regardless of their origin.

In particular, we will utilize the fact that a GW with
characteristic frequency f carries an energy density
pcw ~ (hf)?/G. This implies that at Earth, the local energy
density in GWs time averaged over f,, can be related to the
SNR measure of the previous section by
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2
(Pw)e ~ SNR? fig” if )2 10? mev? (ﬁ)z (6)

where we fixed SNR> 1, S,(f) =107 Hz™!, and
tops = 1 yr in the inequality. This will serve as a quick
reference for estimating the local energy density required
for detectable GWs.

As mentioned above, strong cosmological bounds on
primordial GW backgrounds are easily evaded by consid-
ering local sources. In our investigation of local sources, we
divide our surroundings into three systems, each with an
increasingly smaller size and energy reservoir: the
Milky Way, Solar System, and Earth. Gravitational probes
allow us to infer the total mass inside of a particular region.
Since GWs cannot be contained, a system enclosed by a
surface S of area Ag that emits GWs loses mass/energy at a
rate of M ~ —(pgw)sAs. Sufficiently strong emission in
GWs can lead to a noticeably reduced gravitational
potential, which is indirectly probed by measurements of
anomalous mass loss.

As discussed in Appendix A, there exists decades worth
of data concerning the motion of astrophysical bodies
within our galaxy. For instance, changes to the total
Galactic mass can alter stellar radial velocities, which
are constrained by kinematic data or by the lifetimes of
various stellar systems [10]. At smaller scales, ephemerides
of inner planets [11], helioseismology [12], and lunar-
ranging observations [13] constrain the mass loss rate of the
Solar System (i.e., Sun) and Earth. Such measurements are
excellent probes of local HFGW sources, since they are
sensitive to the average energy emitted within a given
observation period.

Existing limits on the time-averaged mass loss for the
three systems discussed above are summarized as

M
MMaw)| 011 g1 (Milky Way [10]),

Myw
M

(Mol < 1013 g1 (Solar System [11, 12]),
MO
M

|< ®>| S 7 x 10_13 yr_l (Earth [13]), (7)
Mg

where Myw, Mg, and Mg are the total mass of the
Milky Way, the inner Solar System (within 2 AU of
the Sun), and the Earth (within 60Rg, corresponding to
the Moon’s orbital radius), respectively. Note that these
limits allow for the possibility of enclosed dark masses. In
what follows, we consider the implications of Eq. (7) on
continuous (s, 2 fops) OF burstlike (7, < Zohs) sOUrces.

A. Continuous signals

For a continuous signal, the signal lasts longer than the
observation time, f, X fons. Assuming isotropic power

emission, the energy density in GWs evaluated at
Earth’s surface is related to the rate of mass loss of the

source a distance d away by (pgw)g ~ |(M)|/(4nd?).
Also using that (pgw)g ~ (hf)?/G, the amplitude of a
continuous signal can be expressed in terms of the average
rate of mass loss by

ho ~ £/ GI(M)|/(fd). (8)

This allows constraints on |{M)| for the various systems of
interest in Eq. (7) to be recast as upper bounds on the GW
strain.

B. Burst signals

For a burst, the duration of the signal is shorter than the
observation time, 7, < o In this case, we use that the
average mass loss is related to mass lost in a single burst by
(M) ~ Myylsiglevenr> and that the energy density in GWs
during the burst is once again given by (pgw)g ~
|Myust|/d ~ (hf)?/G. This allows the root-sum-squared
amplitude to be rewritten as

Pygs ~ G|<M> |nglent/(fd)‘ (9)

As mentioned in the previous section, such a signal needs to
be recurrent to be detectable. Thus, in addition to imposing
Eq. (7) on |{M)|, we restrict [gyene = 1 yr~!, which yields
an upper bound on /. for burstlike events.

While the limit on the Milky Way mass loss can be
directly applied to this expression, there is a caveat when
interpreting the limits derived from dynamics within the
Solar System. In particular, orbital data has been analyzed
under the assumption of continuous mass loss [11,13],
which directly constrains GW sources that are active
throughout the entire period of astronomical observations.
We expect that these limits do not change by more than an
O(1) number if the GW emission occurs in several periodic
bursts of comparable magnitude. Therefore, for simplicity,
we apply these limits to burstlike signals as well and leave a
dedicated analysis to future work.

C. Discussion

It is worthwhile to compare our model-independent
considerations to specific examples. For instance, if DM
possesses a nonminimal gravitational coupling, then its
decay or annihilation in the Galaxy could potentially give
rise to continuous HFGWs with frequency comparable to
the DM mass. In this case, the local energy density in GWs
can be written in terms of the DM D factor (Dpy ~
10* GeV/cm?) or J factor (Jpy ~ 10 GeV?/cm?®) [14],

(DM decay),
(DM annihilation),  (10)

(pGW)EB ~ Dpm I'pm

(pGW)EB ~ Jpom 6vpm/ f
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where I'py and owvpy; are the DM decay and annihilation
rates to gravitons, respectively. These constitute specific
mechanisms to transfer Galactic mass into HFGWs, and
thus I'py and ovpy are constrained by the same bound on
|(Myw)| as in the first line of Eq. (7).

As an example of a burst, we can consider the possibility
that a substantial fraction of the energy released by a
supernova explosion is carried by HFGWs, e.g., due to
additional dark sector dynamics within the hot environment
of the protoneutron star. Using that this additional power in
HFGWs must be smaller than the observed neutrino
luminosity of SN1987A (~10% erg/s) [12], we find that
the upper bound on /. is roughly two orders of magnitude
stronger than that imposed by the Milky Way constraint in
Eq. (7). These examples serve to illustrate that our model-
independent constraints are conservative and apply broadly
to local sources of any type.

We now present our results for continuous and burstlike
signals in the left and right panels of Fig. 1, respectively.
Regions of parameter space that are generated by local
sources with an event rate of Iy = 1 yr~!' and obey the
model-independent bounds in Eq. (7) are shown by the
regions labeled “Milky Way,” “Sun,” and “Earth,” where
we have used Egs. (8) and (9) with d = 10 kpc, d = 1 AU,
and d = Ry, respectively.

Also shown in Fig. 1 are a collection of projections for
future experimental proposals. To determine future sensi-
tivities, we take the projections of S,(f) from Fig. 1 of

Continuous

10720 L

10721 L

Holometer

10722 L
1072

10724

ho(f)

'
periments !

1025 EEEEmEEE— - - -
10-26 |
1027 L

107 L

10_29 1 1 1 1
10° 109 107

1(;1[) 1011

FIG. 1.

Ref. [3] [multiplied by a factor of two to account for our
conventions in Eq. (1)], and use Eqgs. (2) and (4) with 7
1 yr and SNR = 1. Instead, the sensitivity for the
Holometer experiment corresponds to an existing limit,
for which we use 7y, = 130 hr [15]. Note that these
projections assume broadband readout, such that #g,
corresponds to the total experimental run time.

From Fig. 1, we see that for f <10 MHz, future
projections are sensitive to local sources originating out
to distances as far as the Galactic Center, whereas for
f 2 1 GHz, detectable sources are required to arise within
the Solar System. For burstlike signals, it is possible that
viable sources generate GWs with larger strain than those
highlighted here. However, this is only possible by relaxing
our requirement on [y, = 1 yr~! or by chance a source is
much closer than its typical distance, such that a successful
detection is increasingly unlikely within a reasonable
observation time.

In the next section, we explore how these considerations
can be used to constrain specific source properties (such as
mass, size, and distance).

IV. POSSIBLE SOURCES
A. (M, L, f,d) parametrization

Here, we specify the nature of detectable HFGW sources
to a greater degree. We will focus on the most optimistic
case where the signal rate saturates the lower bound of

Bursts
10716

10—17 L
10—18 L
107194 RN
10—2() I ‘ ‘

10—21

hrSS(f) [HZAI/Q]

10722
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10724
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100 107 10°

f 17

Viable parameter space and experimental sensitivity to the strain amplitude % (left panel) or root-sum-squared amplitude /.

(right panel) for a continuous (left panel) or burstlike (right panel) signal of frequency f. The colored shaded regions indicate parameters
consistent with the mass-loss constraints of Eq. (7), for sources localized within the Earth (blue), a Sun-Earth distance (orange), or
within the Milky Way (purple). For burstlike signals in the right panel, we also demand that there is on-average at least one event per
observation time 7., = 1 yr. For comparison, we overlay limits from the Holometer experiment [15] (shaded black) as well as projected
sensitivities of various proposed detectors [16-21] (collectively shown as the dashed gray line).
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Eq. (5), which implies an O(1) probability for a signal
occurring within an observation time of f,,, = 1 yr. For
simplicity, we also assume that only a single source is
dominant at a given time and that it obeys the rules of
special and general relativity. Specifically, any of its parts
cannot be moving faster than the speed of light, and if the
source is inside its own event horizon then its properties
must saturate to those of a black hole.

Moreover, we assume that the sources are isolated, and
hence have exhaustible kinetic energy.1 Thus, a stronger
strain implies a shorter signal, since the power emitted in
GWs drains the source’s kinetic energy. Furthermore, as
discussed in the previous section, GW emission decreases
the source’s gravitating mass, which for local signals is
constrained by the measured orbits of planets, asteroids,
and satellites, as well as long-term stability arguments. We
will show that these model-independent considerations
place significant constraints on the sources of detect-
able HFGWs.

Localized sources undergoing non-spherical periodic
internal motion with time-dependent quadrupole moments
can be parametrized with the parameter set (M, L, f,d).
Here, M is a fraction of the source mass that moves
coherently over a length scale L and harmonically with
frequency f, and d is the distance to the source. Note that L
parametrizes the aspherical size of the source; a near-
spherical source could be large overall while having a small
L. In order to maximize the strength of these signals, we
will assume that the asphericity of the source is O(1).

In the Ilimit that the source is nonrelativistic
(v~ Lf < 1), the GW wavelength is large compared to
the source size (f~! > L). If the wavelength is also small
compared to the source distance (f~' < d) (i.e., the
radiation zone), the GW strain is given by

GO GM(fL)?* GMv>
o g>~ d”, (11)

where Q ~ ML? is the mass quadrupole moment. Causality
restricts the internal velocity of the source to be
v~ Lf <1. The Schwarzschild radius r, = 2GM sets
the minimum possible size of the moving source mass
L = r,. These restrictions can be reexpressed as a limitation
on the frequency f < 100 kHz x (M /M) as well as the
size of the source

-1
3kmx<M£)§L§300kmx<kHL> . (12)

10) z

"It is logically possible that the internal motion of the source is
powered by a mechanism that converts rest mass into kinetic
energy or that the source acquires energy from its surrounding.
We do not consider such cases here.

We optimistically assume that the source loses its internal
energy dominantly into the production of GWs, although
below we show that there can be additional inevitable sources
of dissipation (e.g., due to the emission of sound waves). A
strong strain corresponds to a large instantaneous luminosity
in GWs Lgw ~ GO® ~ GM2L*#°, which can deplete the
kinetic energy of the source ~ML? f? relatively quickly. This
sets an upper bound on the duration of the GW signal
tie S M(Lf)?*/Low ~ (GML?f*)7!, corresponding to

o< 10msx (2L (YT (LT s
¢ Mg m MHz

As discussed in Sec. III, there are also limits on the total
energy-loss rate of the Milky Way, Sun, and Earth. In
particular, the bounds in Eq. (7) correspond to a maximum
allowed GW luminosity time-averaged over a year,
Low < Z‘é%, where

1 x 10 erg/s (Milky Way)
Lo = ¢ 6x 103 erg/s (SolarSystem)  (14)
1 x 10% erg/s (Earth).

Note that the above bound for the Solar System is weaker
than that typically used when considering the production of
new feebly coupled particles in the Sun [12]. This differ-
ence is due to the fact that we are not necessarily interested
in processes that carry thermal energy away from the Solar
interior. For instance, GWs may arise from the mass-energy
of exotic dark objects trapped within the Solar System.
Thus, Eq. (14) is more conservative.

For an event rate I, satisfying Eq. (5), the average
luminosity in detectable GWs is related to the instantaneous
luminosity by

- min(Zge, fops)
Low ~ Lowtsigl event 2 Low %, (15)

obs

where we fix the observation time to f,,, = 1 yr. To be
detectable, we also require the SNR = 1 in Eq. (2), which
along with Eq. (11) gives

£ \2(L\2/ d
wzitox (51z) () (i)

min<tsiga tobs) 172 Sn 12
T g Tobs) 2 ) (16
x < 10 ms ) 100 Hz! (16)

B. The space of detectable high-frequency
gravitational wave sources

In Fig. 2, we show the parameter space spanned by the
source mass M and distance d, fixing the signal frequency
to f =1 MHz (left panel) or f =1 GHz (right panel).
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f=1MHz

dark-mass limits

SNR >

MW

@?”“’/

107910741072 10° 10% 10* 10° 10® 10'°
d[AU]

1072 E}%

f=1GHz

dark-mass limits

MW

10791071072 10° 10% 10* 10° 10® 10'°
d[AU]

FIG. 2. Allowed values of the source mass M and distance to the source d for a gravitational wave signal frequency of f = 1 MHz (left
panel) or f = 1 GHz (right panel). For each choice of M and d, the size L of the source is allowed to float in the range consistent with the
restrictions of Eq. (12). In the green region, sources satisfying the self-consistency and energy-loss constraints of Sec. IVA are
detectable by an experiment with an observation time of #,,; = 1 yr and strain-equivalent noise spectral density S, = 107* Hz~!. In the
shaded gray regions, we show a collection of bounds on the static effect of exotic dark masses bound to the Solar System that extend
outside of the Sun or Earth. These include limits from planets, asteroids, spacecraft, Voyager ranging to Uranus, as well as Moon and
Earth-bound artificial satellites. The blue, orange, and purple regions show the allowed range of masses for a source bound to the center

of the Earth, Sun, and Milky Way, respectively.

The size L of the source is allowed to float in the range
consistent with the restrictions of Eq. (12).

In the shaded green region, we highlight parameter space
that is not ruled out by the energy-loss bounds of the
previous section and that is detectable by an experiment
with noise spectral density S, = 107*° Hz~! and operation
time 7,,, = | yr. In particular, we only highlight a param-
eter point with fixed M and d if there is a possible value of
L that is both consistent with the limits of Eq. (14) and
yields SNR = 1. Note that although our adopted noise-level
value S, is roughly two orders of magnitude larger than the
strongest projections from Ref. [3], this choice is more
representative of the full suite of projections across the
entire MHz—GHz frequency range.

The nontrivial features in the boundary of this green
region are set by the following requirements:

(i) Detectability (SNR = 1): The minimum source mass

in Eq. (16) scales as M, o d for fg, 2 t5p and
Mmin X d2 for tsig S Tobs-

(i) Causality and BH saturation: Requiring the maxi-
mum size L in Eq. (12) be greater than the minimum
size leads to an upper limit on the viable source
mass, M < (Gf)™! ~0.1Mg x (MHz/f).

(iii) GW luminosity bound: For certain parameters, a
stronger upper limit on the mass arises from the GW

043015-6

luminosity bound of Eq. (14). In this case, setting L
to its minimum size and assuming that the signal
duration is governed by energy loss into GWs 7, ~

M(Lf)?/Lgw as in Eq. (13), we find

(tsig 5 tobs)

(17)
(tsig Z tobs)'

M< (_g%tobs/szz)l/3
" zE/er) e

This bound applies to the case where gravitational
radiation is dominantly responsible for setting the
signal duration f,, as is the case for, e.g., merging
binaries. Hence, Eq. (17) can be weakened if we
assume that zg, is parametrically shorter than the
time it takes for gravitational radiation to drain the
source’s kinetic energy (note, however, that short-
ening 7y, also reduces the SNR). This can occur if,
e.g., the signal originates within the interior of the
Sun or Earth, in which case a substantial fraction of
the source’s energy is dissipated into sound waves.
We will investigate this example in more detail in the
next subsection. Bounds on the GW luminosity from
Eq. (14) also limit the detectability of a given source.
For instance, Eq. (14) can be expressed in terms of
the SNR of Eq. (2) as
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-1 -1 1/2
SNR < 102 x (-4 ) fobs
AU MHz yr

S0\ Tm "
X b
10740 Hz™! 6 x 10 erg/s

(18)

where we used that Lgy ~ 4rnd*(hf)?/G. For a
fixed f, this sets a d-dependent upper bound on the
SNR, regardless of M and L. Requiring that SNR 2 1
then leads to an upper limit on d.

We see from Fig. 2 that the majority of the detectable
parameter space corresponds to light (M <« M) and rela-
tively nearby (d < kpc) sources. In principle, a nearby signal
could arise from a source following a trajectory that happens
to take it close to our Sun. Although this is possible, it is
highly improbable to observe such a transient GW signal
from a source passing within the extended Solar System
(d < 10° AU). This is because the likelihood to observe such
an event is doubly suppressed by the requirements that the
source be passing nearby on a hyperbolic trajectory while
also emitting a burst of GWs during the transit.

Nevertheless, the requirement of passing nearby can be
guaranteed if the source has been on a bound orbit around
the Sun for an indefinitely long time. As discussed in
Appendix A, if such objects exist outside of the Sun or
planetary bodies, they modify the form of the correspond-
ing gravitational potential, which is bounded by measure-
ments of the orbital properties of various known objects,
including artificial satellites, the Moon, asteroids, planets,
and the Oort cloud. Note that unlike Eq. (14), these limits
apply to orbiting bodies independent of whether or not they
emit gravitational radiation, and, hence, are solely a
function of M and d, independent of f and L. These
bounds are displayed as the shaded gray regions in Fig. 2.

These limits on the existence of Sun-bound dark masses
can be circumvented if the dark masses are in fact trapped
inside a celestial body. In this case, the static effect of the dark
mass is degenerate with that of the mass of the celestial body.
The Earth and the Sun are arguably the most interesting
candidates to host dark masses, due to their proximity and
density (which may aid in capture). Even in this case, though,
there are known limits on such Earth-bound and Sun-bound
masses.” We have compiled these limits in Appendix A and
display the regions consistent with these limits in Fig. 2 as
blue (Earth-bound) and orange (Sun-bound) regions.

C. Accompanying effects

The discussion above implies that the center of the Earth
or Sun are optimal sites for detectable sources. In Fig. 3, we

2Nf:arby stellar remnants may also serve as promising hosts of
detectable HFGW sources. Although the closest known neutron
star and white dwarf are located ~107 AU and ~10% AU away,
respectively, they have orders of magnitude higher densities
compared to the Sun and the Earth.

show the range of viable masses M and sizes L of sources at
the center of the Earth (d ~ 1Rg) and at the center of the
Sun (d = 1 AU), for signal frequencies of f = 1 MHz and
f =1 GHz. In this section, we discuss additional model-
independent signals that such sources would automatically
produce through their gravitational interactions.

To begin, consider the case with f =1 MHz, §, =
107% Hz!, and f,,, = 1 yr. From Fig. 3 we see that in
light of the previously discussed constraints the remaining
viable parameter space for sources bound to the interior
of the Sun corresponds to M ~ (1071%-107°)M and
L~ (102-10%) m. The midpoint of these ranges
(M ~10"""M and L ~1 m) corresponds to an object
of mass density p ~ M/L?> ~ 10! g/cm?, orders of mag-
nitude larger than the core density of a neutron star
(pns ~ 10'* g/cm?), internal velocity v ~ Lf ~ 1073, and
escape velocity v, ~ GM/L ~ 107",

Similarly, for Earth-bound sources, the allowed masses
and sizes for f =1 MHz are M ~ (1072°-10"°)M, and
L ~ (1073 —10?) m. The approximate midpoint is M ~
10713My and L ~ 0.1 m, which corresponds to a source
with mass density p~ 10'7 g/cm? internal velocity
v~ 1074, and escape velocity vZ. ~ 107°.

Due to their large density, such objects would presum-
ably sink to the core of the Sun or the Earth, even if they
interact only gravitationally with SM particles [see
Eq. (A10) of Appendix A 3]. Furthermore, the strong
gravitational fields near these objects could stir the baryons
around them, driving MHz sound waves through their time-
dependent gravitational potentials ®(z). We discuss this in
more detail below.

1. Sound waves

The time-dependent gravitational potential of a GW
source trapped within the Sun or Earth can produce
sound waves. These sound waves might be detectable,
e.g., if they can propagate to Earth’s surface without being
completely attenuated. Regardless, even if these sound
waves are not detectable, their emission contributes to the
shortening of the signal duration 7g,. An object of mass M
moving with speed v in the core of the Sun or Earth loses
energy via gravitational excitation of sound waves at a
rate of

4xG*M? v3
99 ~ 7mm(1o, 7)p
SwW 3 (C?®)3 [OXS]

L\ -1 £\ L3f3
~ —_— 1
(&) (i) i (057g7e5)
2x10% < (10—112/[114@)2 (Sun) (19)
X
25 1022 () (Barth),
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f=1MHz
105 —

10*
103+
102+

107°F

1072 107® 107% 1072 107°
M [Mg)]

FIG. 3.

f=1GHz

1072 107" 107% 1072 107 107% 107
M [Mg)]

Allowed characteristic size L and mass M of detectable HFGW sources at the center of the Earth (shaded blue) or Sun (shaded

orange), with frequency f = 1 MHz (left panel) or f = 1 GHz (right panel). The steeper/flatter SNR = 1 lower boundaries correspond
to sound wave/GW dissipation, respectively. The source mass is limited to be M < 107! Mg inside the Earth and M < 1072M g, inside the
Sun. The largest possible M for a given L is further limited by r; = 2GM < L. The upper limits on L are set by superluminality
avoidance (Lf < 1), and limits on the average GW luminosity from Eq. (14) [see also Eq. (18)]. For f = 1 GHz, there is no viable
parameter space for a detectable source located at the center of the Sun.

where pg ~ 100 g/cm? and pg ~ 10 g/cm® are the mass

density in the core of the Sun and Earth, respectively,
and c®~1x1073 and ¢® ~3x 107 are the sound
speeds [22,23]. Equation (19) was obtained by multiplying
the typical dynamical friction force on the source Fpp ~
(47G*M?pg g/ v*) x min (10,2 /3¢3) with the source’s
typical velocity v ~ Lf [see Eq. (A9) of Appendix A 3].
Accounting for this additional energy loss, the duration of
the GW signal is shortened to

242

tsig ~ % . (20)
Low + Lsw
We account for this effect in Fig. 3.

While GWs simply escape the Sun or the Earth, sound
waves stay trapped and eventually dissipate into thermal
energy. This can lead to detectable (transient or long-term)
“global warming” of the Sun/Earth. Avoiding such scenar-
10s can in principle lead to additional constraints.

2. Gravitational memory

“Gravitational memory” is a particular perturbation to
the strain produced by the time-varying quadrupole
moment associated with source components free-streaming
to infinity [24]. It is characterized by a permanent change in
strain Ah?]f‘er = hi™(t — +o0) relative to that prior to the
source-components flying to infinity. Here, we are mainly

interested in scenarios where the free-streaming source
components are themselves GWSs, in which case the
resulting memory is called “nonlinear/Christodoulou”
memory [25,26].

In many cases, it is easier to detect the changing strain
during the build-up of the memory, A} (), than the
permanent change Ah?f‘er at the end of the process. As
we review in Appendix B, the memory signal can be written
as a time integral over the entire history of the HFGW
source. For certain GW sources (e.g., in the case of a
primordial black hole merger), the memory components of
HFGW signals may have lower-frequency Fourier compo-
nents that are within the sensitivity range of LIGO.
However, in general this memory signal depends on the
specific envelope of the primary GWs sourcing it, meaning
that it is strongly model dependent. Hence, to keep our
discussion conservative and model independent, we do not
consider memory signals in our main analysis. In
Appendix B, we illustrate this model dependence with
some specific examples.

3. Time-dependent gravitational potential

Expanding the Newtonian potential ®(¢) of a source in
terms of its first few multiple moments gives

GM  3GQ;(1)##

(1)~ - s (21)
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Hence, a time-dependent quadrupole moment Q,;(#) inevi-
tably produces a time-varying nonradiative Newtonian
gravitational potential ®(r) according to the above expres-
sion. While only the time-dependent quadrupole moment
of a source contributes to the far-field radiative emission of
GWs, the same source may also have time-dependent
dipole or even monopole moments. The time derivatives
of the dipole and monopole moments of some sources must
be zero in order to conserve mass and linear momentum,
but these need not apply in general. For example, the source
could be undergoing bulk motion, accretion, or mass loss. To
be conservative, we consider only the quadrupole part of
the time-dependent Newtonian potential, ®(¢t) ~ GML?/d°.
Such a time-dependent and spatially nonuniform
Newtonian potential ®(z) generically gives rise to a
gradient in acceleration to test masses, corresponding
to a fractional change in length Ly hig ~|V®|Lye/d
described by an effective strain of hg ~®/(fd)? ~
h/(fd)*, where h~GMuv?/d is the typical GW strain
of a source moving with velocity v ~ fL and L is the
characteristic size of the detector. For the cases of
interest here, fd > 1 and hence hg < h.

D. Plausibility arguments

The general considerations of the previous subsections
illustrate the point that the most detectable sources of
HFGWs are macroscopic dark objects bound to the Solar
System or inside the Earth/Sun, and undergoing some sort
of oscillatory or rotational motion. In this section, we
discuss qualitatively how such sources may reasonably be
realized, and provide plausibility arguments for their
possible origins.

1. Source models

Primordial black holes (PBHs) and black hole super-
radiance are some of the most widely discussed sources of
HFGWs [3]. For these cases, the signal frequency is related
to the mass and size of the source by

f~+\/GM/L?

f~L7 ~(GM)™!

(PBH binary inspiral)

(PBH merger, superradiance).

How do we populate the rest of the (M, L) parameter
space? For gravitationally bound objects, such as PBH
binaries, we generally have L ~ (GM/f?)'/3. The simplest
way to generate larger sources, for a given frequency and
mass, is to invoke a new long-ranged attractive dark force,
corresponding to L ~ (aGM/f*)'/3, where a > 1 para-
metrizes the strength of the new force with respect to
gravity [27-31]. However, we note that such a long-ranged
force requires a light mediator field, whose emission
contributes to additional dissipative power that further
limits the duration of the GW signal. On the other hand,

L < (GM/f*)'/3 corresponds to weaker-than-gravitational
binding energy. This can be achieved with a competition
between gravitational attraction and a repulsive dark force
that becomes stronger at smaller values of L.

As an existence proof of a reasonable model that can
cover all of the (M, L, f,d) parameter space considered
here, we introduce a new class of HFGW source: a rotating
nonaxisymmetric dark composite. For brevity, we will refer
to this type of source as a spinning (American) football.?
Spinning footballs emit continuous and quasimonochro-
matic GWs in a way analogous to rotating deformed
neutron stars [32]. For example, a triaxial ellipsoid of
mass M and semiaxes L, rotating with a frequency f
would emit GWs with (h?) =2GLgw/7f*d*> and
Low = 12872GM?f(L? — L3)* [33]. Footballs can in
principle have any combination of (M,L,f,d) as each
of these parameters can be separately varied in isolation.
Furthermore, they do not automatically emit radiation other
than GWs. As a result, they can maintain their signal
frequency for as long as the spin-down timescale, the latter
of which can be governed by GW emission (or gravitational
excitation of sound waves in matter).

Given any particular source of HFGWs, there are
typically additional constraints if one considers the full
evolution of the source before or after entering the high-
frequency regime. For instance, a PBH binary evolves in a
runaway inspiral which produces a high-frequency GW
burst at the end of the merger. In some cases, this can lead
to a low-frequency memory signal detectable by LIGO/
Virgo (but this is not always the case, as discussed in
Appendix B).

On the other hand, for a rotating football, the signal
frequency naturally decreases over time as the rotation
slows down due to GW emission, eventually entering
the frequency-band of LIGO/Virgo from above. As the
football spins down, the signal strain evolves as
h~GM(Lf)*/d x f?, since M, L, and d are fixed.
Hence, by the time the signal frequency enters the
LIGO/Virgo band fy;go ~ 100 Hz, its strain is reduced
by a factor of (fiigo/fur)® compared to the signal at a
much higher frequency fyr > f1i6o- Moreover, the time-
scale 7(f) for GW emission to cause the football to spin
down and lower its frequency by an e-fold becomes longer
with time according to 7(f) « f~*. As an example, for a
source initially at f, = 10 MHz with z(f() ~ 1 yr, it
would take (f,/10 kHz)*z(fy) ~10° Gyr to reach the
LIGO/Virgo band, which is far longer than the age of
the Universe. Hence, there exists ample parameter space
where the football’s late-time GW emission is completely
unexplored by LIGO/Virgo. Even if the football’'s GW

In this work, we define a “football” as an American-like
football with quadrupole moment Q ~ ML?. The real football, of
course, has a suppressed quadrupole moment Q < ML?2, but the
authors have been unable to reach a consensus.
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signal makes it into the LIGO/Virgo band, the signal strain
it emits during this is severely reduced. A signal with
f =1MHz, f4, ~yr, and SNR = 1 with our benchmark
detector (S, = 10™% Hz™!) corresponds to & ~ 2 x 10724,
By the time the signal frequency evolves to f = 10 kHz,
the strain is i ~ 2 x 10724(10 kHz/1 MHz)? ~ 2 x 1072,
far below the sensitivity of LIGO/Virgo.

2. Production mechanisms

Rotating footballs need to have strong binding energies
to maintain their non-axisymmetric shape, as well as a
mechanism to generate their angular momentum. We are
not aware of a concrete scenario that can produce such
states in a large abundance, but it is nonetheless a logical
possibility. For instance, a violent explosion or collision
between two massive objects in the dark sector may eject
small but macroscopic chunks of rotating composites,
which may then pass near the Earth/Sun, before getting
captured. Dark binaries bound by nongravitational long-
range forces may have clearer origin stories and have been
considered in Refs. [27-30,34].

3. Trapping mechanisms

It is possible that capture of dark objects occurs
continually and is an ongoing process. Assuming these
objects arrive with the typical virial velocity in the
Milky Way, vy ~ 1073, and accounting for the focusing
effect of possible long-range forces, the maximum possible
capture cross section by the Earth or Sun is ~zR% o /v

As an extreme example, consider the possibility that
10% of the Galactic DM density is composed of a particle
that possesses strong interactions with baryons, so that
every such particle that crosses through the Earth or Sun
efficiently downscatters and becomes bound. In this case,
the maximally allowed capture cross section over the
~5 Gyr age of the Solar System corresponds to a total
dark mass of ~10~°M, bound to the Earth and ~107M,
bound to the Sun. Alternatively, capture of dark particles
may also occur during the initial formation of the Solar
System. However, a challenging aspect for this scenario is
that the capture mechanism needs to operate in the low-
density environment of the proto-Earth/Sun.

Capturing macroscopic dark masses requires some
mechanism to remove their kinetic energy relative to the
Earth/Sun, which can be achieved through self-
interactions [35] or interactions with baryons [36,37].
While these same couplings generically tamper with the
emission of GWs (e.g., by acting as an extra source of
dissipation), it is also possible that they effectively shut off
after capture. A favorable case is if the dark objects have a
small velocity dispersion relative to the Solar System prior
to capture. For instance, this could happen if they form a
dark disk by dissipating their orbital energy around the
Galactic Center [38]. It is then possible that the dark mass

arrives at the Earth or Sun on a near parabolic orbit, with a
near-zero kinetic plus gravitational potential energy. If so,
even a tiny amount of dissipation (via, e.g., gravitational
dynamical friction) is enough to bring the dark mass into an
elliptical orbit that passes through the Earth or the Sun
repeatedly. Another possibility is if DM particles are
captured via scattering with baryons [39]. The captured
dark mass then grows with time, until eventually it crosses
a threshold whereupon it collapses under its own
gravity [40,41]. What happens next is model dependent,
but one can generically expect some emission of HFGWs,
analogous to how GWs are generated in core-collapse
supernovae [42] (see also Ref. [43]).

V. DISCUSSION AND CONCLUSION

Over the past decade, there has been a surge of activity in
identifying promising technology for the detection of
HFGWs. We have aimed to complement these efforts by
pinning down the possible origin of detectable signals in
this high-frequency regime. In doing so, we have remained
agnostic of the specific models that could generate these
signals. Instead, we have used general principles, such as
energy conservation, to deduce the following: 1) HFGWs
that are detectable by any currently proposed technology
need to be sourced locally in the late universe. 2) The
strength of such local signals are significantly constrained
by the measured orbits of various spacecraft, asteroids, and
planets. This implies that it is exceedingly unlikely that a
signal above ~1 MHz will be observed originating from
outside the Solar System.

We have also outlined the detectable parameter space in
terms of the source’s mass, characteristic size, frequency,
and distance. Since such sources are necessarily massive
and nearby, they are subject to strong model-independent
limits, solely based on their gravitational influence. For
instance, sources on elliptical orbits around the Sun are
subject to bounds derived from ephemerides and Oort cloud
measurements, which we have compiled in Appendix A.
However, limits from ephemerides of inner planets are
alleviated if the source resides within the interior of the Sun
or Earth, in which case they are subject to a different set of
weaker constraints. These highly general considerations
allow us to narrow down the possible parameter space for
detectable HFGWs. We have also briefly explored the
possibility that this model space can be realized by sources
in the form of dark composite rotating prolate spheroids.

We hope that our work will provide useful guidance in
charting the HFGW theory space and maximizing the
discovery potential of upcoming experiments. In future
work, it would be interesting to move beyond the simple
order-of-magnitude estimates performed here. The O(1)
factors we neglect could plausibly shift our estimates by
factors of a few to ~10? at most. This may move the precise
detectability boundaries (e.g., within the Solar System), but
not alter our main point: at sufficiently high frequencies,
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detectable signals are limited by a location-dependent GW
luminosity budget. Moreover, most of our assumptions are
deliberately optimistic and thus likely overestimate detect-
ability. We note that there are narrow loopholes in our
arguments that require seemingly tuned circumstances:
strong GW beaming toward the detector (boosting SNR
at fixed luminosity but requiring unlikely alignment),
extremely rare bursts during the observing window, or
special trajectories. For instance, hyperbolic flybys can
evade constraints on Sun-bound masses, but would be
detectable only if they emit GWs while very nearby, which
is unlikely. Finally, nonisolated sources could sustain large

GW luminosities without implying a short 7.
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APPENDIX A: LIMITS ON
LOCAL DARK MASSES

1. Outer Solar System

The Oort cloud contains ~10'? comets in long-period
orbits around the Sun with semimajor axes 10°~10° AU. Its
overall size sets the following limits on dark masses M in
orbits around the Sun with semimajor axes a [44]

0.03Mo (555) s @z 10 AU

M < 0.03Mo (155) " 5% 10° AUS a5 10* AU

10* AU

0.04Mo( a

m) s aSSXlO AU.

(A1)

The distribution of the semimajor axes of observed Oort
cloud comets additionally places the constraint [44]

M <0.03M, <ﬁ> . a<2x10°AU. (A2)

2. Solar System

Dark masses in the Solar System can gravitationally alter
the orbits of visible objects around the Sun, such as planets,
asteroids, comets, and spacecraft. Based on the measured
positions and velocities of these objects, future configura-
tions of these bodies, called ephemerides, could be pre-
dicted and compared with observations. Unmodeled dark
masses would cause the ephemerides to fail at describing
the observation data at some point. If the dark masses have
a distribution that extends to the orbits of the Solar System
objects, it would exert non-inverse-square forces on these
objects to these objects, which in turn cause compounding
excess precession beyond known GR effects. The latter is
observable as periastron drifts, whose nonobservation leads
to the constraints pg, <6 x 10°,8 x 103, 8 x 10* GeV /cm?
at the orbital radii of Saturn, Mars, and the Earth.
Translating these into limits on the total dark mass in
the Solar System requires making assumption on the dark
mass profile. Reference [45] considers an exponentially
decaying profile pg, « e, while Ref. [46] considers a
power-law profile pg, o r~". If the dark mass is uniformly
distributed, then the limit on the total dark mass in the Solar
System is around M < 1073 M.

We now estimate what would be the limit from ephemeri-
des of inner planets if the dark mass is pointlike. Since there
seems to be no such analysis thus far, we provide our own
crude estimate. Ephemerides limits are mainly driven by a
few planets in the Solar System, in particular Earth, Mars, and
Saturn. The limit on the additional perihelion precession of
Mars from Ref. [45] is df/dt <2 x 10712 rad/yr. A dark
mass M with a velocity ~107* (typical of Solar System
orbits) passing by Mars with an impact parameter d,;, would
impart an extra angular displacement on Mars

GM (d .. \? 1
|AG| ~ N mii X )
d 10 aMaIS

min

(A3)

where app, = 1.5 AU is the semimajor axis of Mars’s orbit
around the Sun. We assume such an encounter occurs at most
once in a Mars revolution and require the unmodeled |A8) to
be less than 2 x 107!2 rad, which amounts to

M <3 x1072M,, a<2AU, (A4)
roughly independent of d;,, as long as d,;, ~ a ~ AU. For
larger values of a, ephemerides of outer planets set the
constraint [47]

a
100 AU

3
M59x10—5MO( > a>2AU.  (AS)
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There are also constraints on the amount of dark mass
residing outside the Earth but within the Moon’s orbit around
the Earth from combining lunar-, asteroid-, and satellite-
ranging data [48]

M <1 x1074M, Ry Sa<60Rg, (A6)
where & is the dark mass’s semimajor axis from the center of
the Earth.

Ephemerides of inner planets could also be used to
measure the mass loss rate of the Sun. Reference [49] found
dIn(GMy)/dt ~ —(5.0 & 4.1) x 10~'*/yr, which is under-
stood to be mainly due to the solar wind; see also
Refs. [11,50]. If a total dark mass M is present inside the
orbits of the inner planets of the Solar System (i.e., r <2 AU
from the Sun), the magnitude of its net mass loss rate must not
exceed the measured rate, |[M|/My < 10713 /yr, assuming
the time variation of G is not fine-tuned to cancel out that of
M. Similarly, decades of lunar-ranging observations have
measured the fractional time variation of the GM of the Earth
tobe dIn(GMg)/dt = (2 +7) x 107!3/yr [13]. This trans-
lates to the rough constraint [M /Mg| < 107!2/yr on the dark
mass M within the orbit of the Moon (i.e., 7 < 60Rg from the
Earth). Transient dark-mass losses could perhaps be con-
strained better than these time-averaged limits if they are
specifically searched for in the data.

3. Sun’s and Earth’s interiors

If the dark mass is located inside an astrophysical body
in the Solar System, dark-mass limits from ephemerides
become essentially nonexistent due to degeneracy with the
mass of the astrophysical body hosting it. While HFGW
sources can hide in the Moon and other planets, we focus
on the Sun and the Earth.

A pointlike dark mass at rest at the center of the Sun is
limited by helioseismology to be [45,51]

M < 1%M,, center of © . (A7)
As we are not aware of prior work that places limits on
static dark masses residing inside the Earth, we conserva-
tively require a dark mass at the center of the Earth to
satisfy

M < 10%Mg,. center of @ . (A8)
We expect a dedicated seismology analysis would give a far
stronger limit. Besides seismology, gravitational measure-
ments of the Earth’s multipole moments by orbiting
satellites would provide additional constraints [52].
Future atmospheric neutrino experiments may also probe
the interior of the Earth, and hence the possible existence of
dark masses [53-56].

A preexisting dark mass M bound to the Sun/Earth
may still be undergoing an orbital motion under the

Sun’s/Earth’s gravitational potential today, with an orbital
frequency f~0.3,/Gpyq which is about 0.9 mHz/
0.2 mHz inside the Sun/Earth. The dark mass is more
likely to stay dynamical at present if it arrived recently and
has extremely tiny nongravitational interactions with SM
matter. Even if the dark mass interacts only gravitationally,
it is subject to dynamical friction inside of the Earth/Sun via
gravitational excitation of sound waves [57,58]

4xG*M?p v’
F ~ = i 105 S 3 | A9
DF ) min ( 3 ;) (A9)
where we have assumed that the Coulomb logarithm
yields In A ~ 10. This causes the orbit to decay over the
timescale of

Mo 1 Gyr <W>_l, © interior

A10
o (A10)

Tpf ~ .
1 Gyr(lo_lgM ) , @ interior,

for v < cyg~3x 107, ¢ci0~1x1073, pg ~ 10 g/cm?,
and pg ~ 150 g/cm?. If dynamical friction fails to damp
the bulk motion of the dark mass at present, it can be
probed with a network of superconducting gravimeters
placed at various locations on Earth. Decade’s worth of data
taken by these gravimeters have already placed the follow-
ing limits on a dark mass orbiting the Earth [59,60]

MEB—bound 5 I x IO_ISMO (Ri

5
) . 0.1Ry Sa < TRg.
@

(Al1)

Here, the dark mass is assumed to be moving in an elliptical
orbit with a semimajor axis @ from the center of the Earth.
This includes orbits that are entirely inside the Earth as well
as those that emerge outside of the Earth’s surface. The
above expression, however, does not capture how the
gravimeters lose sensitivity for & < 0.1Rg.

APPENDIX B: GRAVITATIONAL MEMORY

The time-dependent memory strain A}}°™(¢) at a distance
d from a source emitting GWs with luminosity Lgw is
given by Thorne’s formula [26]

dlow [ A,
/
/ /dQ dQy { —n- ﬁ’]TT’ (B1)

where 71 is the unit vector from the source to a point whose
strain if of interest, 7’ is a unit vector toward a differential
patch of the sky with solid angle d€2’, and the subscript 1
means “keep only the transverse and traceless part.” This
integral is sensitive to the entire history of the source’s GW
emission. The order of magnitude of the memory strain

hmem
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signal is A} ~ GEgy/d, with Egy ~ [* df' Low(') the
total energy emitted by the source up to time ?.

For a HFGW source with a GW-emitting mass M and
size L, producing a Dirac-delta-like GW burst with a
typical GW frequency fyg, the A} (¢) looks like a step
function that turns on at the moment of arrival of the
emission, hyen (1) ~ (GEgw/d)O(t — tgw), where Egw ~
ML? 3 if all the internal kinetic energy of the source is
emitted in the GW burst. If the GW burst has a finite
duration fg,, the memory step would have a finite turn-on
time matching the timescale of the burst, and consequently,
the Fourier transform of the memory signal izmem( f) has
support only for f < fmst ~ In the low-frequency

slg
limit, f < t;;, the hmem (f) has a universal f~! scaling
ilmem (f) GMLZf%IF L (B2)
i d  2nf

Memory signals have been searched for in LIGO [61] and
NANOGrav [62,63], finding null results. Setting f =
10 Hz and S%'69(10 Hz) ~ 107% Hz™!, we find that the
memory signal would be seen at LIGO/Virgo with

M LN\ fur \?( d \7!
SN~ 2101 () () (L () (o

For a PBH merger, the parameters are tied as L ~ GM ~
sng ~ fHF’ and so SNRmem ~ (fHF/MHZ)_] (d/l() MPC)_I .
The same merger would produce a signal in a
S, =10"% Hz"! HFGW detector with SNRyp ~
10-8(f/MHz)=/2(d/10 Mpc)~'.  Thus, the ratio
SNRyp/SNR e ~ 1078 (fur/10 kHz)~'/2 is always less
than unity for fur 2 10 kHz. In other words, a hypothetical
PBH merger that would leave a detectable signal in the
assumed HFGW detector is already ruled out by the
nonobservation of memory signals in the LIGO/Virgo
band [64].

Having said that, limits from LIGO/Virgo can be avoided
if fied ~ fGe < fucomn ~ 10 Hz, ie., if 73, 2 0.1 s, in
Wthh case the memory signal in LIGO/Virgo would be
buried in seismic noise. Pulsar-timing arrays (PTAs) are in
principle sensitive to such low-frequency memory signals,
however the time-delay effects due to local sources in the
Solar System are heavily suppressed by pulsar distances.
Thus, the resulting limits set by PTAs are very weak.
Local and shorter baseline experiments may set stronger

constraints. Lunar-ranging measurements (e.g., of the
APOLLO station) and satellite-ranging measurements
(e.g., of the LAGEOS satellite) should, in principle, have
sensitivity to memory signals. However, there has not been
a dedicated analysis to search for memory signals in the
existing data from these instruments.

An ellipsoidal spinning football emits GWs with a
luminosity given by

Law ~ GM*L*f(1)S, (B4)

where L? = L7 — L3 and L, are the two semiaxes of the
football. In response to the GW emission, the football’s
frequency evolves as f(t) = fo(1 + t/79)~"/4, where f, is
the initial GW frequency sourced by the football and
7o~ (GML?f})~!. Assuming the football arrives at a
distance d or starts rotating at ¢ = 0, the memory signal
is given by the integral hyey (1) ~ (4G/d) [3df Law (),
which yields

hosenn (1) ~ GMTLZJ% {1 - <1 i %) _1/2] . (BY)

Note that in terms of strength this memory strain is
comparable to that sourced by a merging blob with similar
M, L, f, d. However, unlike a merging blob which yields a
step-function-like /., (#), a down-spinning football has a
hem(2) that is gradually increasing in strength over time.
Its Fourier transform over the observation time window of
an experiment, [0, 7., for f 2 15\, 751, is oscillatory in f
with an envelope given by

70 < tObS

1
~ GMLfy {_f (86)

[ ommem ()] ~ :
d ﬁ%v To > Lobs

If we conservatively assume that the initial frequency f
directly falls in an HFGW band of interest, f, ~ fyr, the
resulting memory signal is comparable to that of a merging
binary with similar M, L, fyr for 7y ~ ., but could be
suppressed for 7y > f,,,.. The similarity between the
hpem(2) of a spinning football with that of a merging
binary may be understood by interpreting the envelope of
the football’s luminosity Lgw as the growing part of a burst
and the time cutoff set by the finite observation time as the
decaying part of a burst.
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