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Abstract

Despite existing constraints, it remains possible that up to 35% of all dark matter is comprised of compact objects,
such as the black holes in the 10-100 M., range whose existence has been confirmed by LIGO. The strong
gravitational lensing of transients such as fast radio bursts (FRBs) and gamma-ray bursts has been suggested as a
more sensitive probe for compact dark matter than intensity fluctuations observed in microlensing experiments.
Recently the Australian Square Kilometre Array Pathfinder has reported burst substructure down to 15 us timescales
in FRBs in the redshift range 0.3-0.5. We investigate here the implications of this for the detectability of compact
dark matter by FRBs. We find that a sample size of ~130 FRBs would be required to constrain compact dark matter
to less than the existing 35% limit with 95% confidence, if it were distributed along =1 Gpc-long FRB sightlines
through the cosmic web. Conversely, existing constraints on the fraction of compact dark matter permit as many as 1
in 240 of all z < 0.4 FRBs to exhibit microlensed burst structure. Approximately 170 FRBs intercepting halos within
~50 kpc would be required to exclude the fraction of compact dark matter in each intercepted halo to a similar level.
Furthermore, we consider the cumulative effects of lensing of the FRB signal by a macroscopic dark matter
distribution. We conclude that lensing from a uniform distribution of compact objects is likely not observable, but
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suggest that FRBs may set meaningful limits on power-law distributions of dark matter.

Unified Astronomy Thesaurus concepts: Gravitational lensing (670); Radio transient sources (2008); Dark

matter (353)

1. Introduction

Dark matter comprises 24% of the energy density of the
universe (Bennett et al. 2013), yet its indeterminate form
represents one of the largest unsolved problems in astrophysics.
Exotic particles from outside the standard model, such as
weakly interacting massive particles or axions have been
invoked as possible explanations (see Bertone et al. 2005 for a
review). However, some fraction of dark matter could reside in
the universe as compact objects, such as black holes or neutron
stars.

Decades of extensive research has constrained the fraction of
dark matter present in compact objects over a range of masses.
Low-mass objects (107'My < M < 10M,,) are excluded as the
dominant form of dark matter in the Milky Way and environs
based on the absence of stellar variability caused by gravitational
microlensing (Alcock et al. 1997; Tisserand et al. 2007;
Wyrzykowski et al. 2011). High-mass objects (=100 M) are
excluded by the lack of expected kinematic perturbations to wide
binary orbits and ultrafaint dwarf galaxies (Quinn et al. 2009;
Brandt 2016).

The only population of compact objects that are not well
constrained lie in the range of 10-100M,. There is a known
population of black holes in this mass range; gravitational wave
observations by LIGO have detected several mergers of these
black holes (LIGO Scientific Collaboration and Virgo Colla-
boration et al. 2019). Subsequent theories suggest that dark
matter composed of ~30M,, primordial black holes could
explain the merger event rates observed by LIGO (Bird et al.
2016; Sasaki et al. 2016; Clesse & Garcia-Bellido 2017). Better

constraints on the fraction of compact dark matter within the
10-100M,, range could therefore be key in identifying some
fraction of dark matter.

The strong gravitational lensing of extragalactic transients
provides a way to either detect or to place more stringent
constraints on dark matter. The strong lensing of type Ia
supernovae has been used to limit the compact dark matter
fraction to less than 35% for all objects more massive than
0.01 M, (Zumalacarregui & Seljak 2018). Recently, it has been
realized that cosmological transients such as gamma-ray bursts
(GRBs) and fast radio bursts (FRBs) will allow constraints to be
placed at a much higher significance (Ji et al. 2018; Laha 2020).

In both cases strong lensing creates multiple images of the
source. Unlike the gravitational lensing of quasars by foreground
galaxies (Wong et al. 2020), the images formed by a compact
object would be too close to be spatially resolved. However, the
images of the source will arrive separated in time due to different
gravitational and geometric time delays along each path. This
temporal separation (Ar) is linearly dependent upon the lens
mass, whereas the magnification ratio is mass independent. The
lens mass and geometry can be constrained using these two
observables. Due to the achromatic nature of gravitational
lensing the same formalism initially suggested by Mufioz et al.
(2016) for FRBs can be applied at all wavelengths. The
formalism ignores the effect of physical optics, which becomes
important when the Einstein radius of the lens is smaller than the
Fresnel scale, ~+/Dqts \/27, where D is the effective distance
to the lens. This occurs for lens masses less than ~107> M, at a
frequency of 1 GHz, and is well below the masses considered
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here; hence a full wave optics treatment, such as that explored by
Jow et al. (2020), is not yet warranted.

Several thousands of GRBs have been discovered at
redshifts z ~ 1 by dedicated GRB observatories such as Swift,
BATSE, and Fermi. The cosmological distances they traverse
allow them to probe a large volume of the universe for compact
dark matter. GRBs have a broad temporal profile ranging from
milliseconds to minutes (Ji et al. 2018), and as a result,
distinguishing multiple images is more difficult as the time
delay between signals lensed by a 10 M., compact object will
be less than the duration of the GRB. Ji et al. (2018) have
proposed auto-correlating the light curve as a method of
detecting lensing. They conclude, however, that current GRB
observatories would need to reduce their noise power by at
least an order of magnitude to be able to detect lensing in the
10-100 M., mass range.

In contrast, FRBs have temporal profiles ranging from tens of
microseconds (Cho et al. 2020) to several milliseconds, which is
often shorter than the anticipated delay (~1 ms) for lensing by
compact objects in the mass range under consideration here. This
enables multiple images to be clearly distinguished, hence
rendering FRBs considerably cleaner probes of compact structure
along their sightlines. FRBs are highly luminous, extragalactic
radio pulses, and those such as FRB 181112 (Cho et al. 2020) with
substructure on timescales of a few tens of microseconds provide,
to date, the finest timescale probe of sightlines at cosmological
distances. Moreover, a unique capability of radio interferometric
observations of such bursts is their ability to directly capture the
wavefield of each FRB at extremely high time resolution (3 ns; see
Cho et al. 2020). This affords a powerful new diagnostic of the
presence of gravitational lensing. The wavefield, which is directly
observable at radio wavelengths, of any pair of paths in the lensed
signal should be correlated, whereas burst substructure intrinsic to
the FRB would not.

Of the FRBs localized to host galaxies so far, all have been
at redshifts z < 1, placing the current sample generally closer
in the universe than GRBs (Coward et al. 2013; Ji et al. 2018;
Bannister et al. 2019; Prochaska et al. 2019a). However, this
limitation can be overcome by inferring source redshifts from
the dispersion measures of nonlocalized FRBs (Macquart et al.
2020); the existence of FRBs with dispersion measures
exceeding 2000 pc cm > (e.g., Bhandari et al. 2018) ostensibly
places some fraction of the population at z > 2.

To detect strong lensing, the temporal separation must be
sufficiently large to allow each image to be distinguished. This is
constrained by the shortest distinct temporal structure in the signal.
In this paper we examine the implications of the high-time-
resolution structure observed in the FRBs 180924 and 181112. In
FRB 180924 the shortest timescale corresponds to its rise time of
only 30 us (W. Farah 2020, private communication). FRB 181112
has recognizable temporal structure on the scale of 15 us, the
shortest structure observed in an extragalactic radio signal (Cho
et al. 2020). The resolution of temporal structures of ~10 us
enables searches for lensing at temporal separations an order of
magnitude below those considered in previous treatments (0.1 ms;
Muifioz et al. 2016; Laha 2020). The signal-to-noise ratio (S/N) of
recorded FRBs allows us to consider magnification ratios an order
of magnitude above previous treatments (<5; Mufioz et al. 2016;
Laha 2020). Additionally, if the FRB passes close to an intervening
galaxy, as it did for FRB 181112 (Prochaska et al. 2019a), it opens
up the possibility of examining lensing attributable to a specific
galaxy along the burst sightline, other than the host galaxy or the
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Milky Way. Mufioz et al. (2016) and Laha (2020) report that a
sample of 10* FRBs would be required to exclude the compact
dark matter fraction to less than 1%. Assuming a Lambda cold
dark matter (ACDM) cosmology, we apply the same formalism to
estimate the constraining potential of detected high-time-resolution
FRBs comparable to FRBs 181112 and 180924.

2. Theory

In the weak field limit, where the gravitational potential
|®| < 2, gravitational lensing can be modeled as an achro-
matic deflection of incident light by a thin screen. Under this
treatment, a point mass lens will produce two images on the
lens plane. The temporal separation, magnification ratio and
position of these images are determined by the angular impact
parameter of the source () normalized by the characteristic
Einstein radius of the lens (y = 3/0p).

Here we briefly review previous theory as expounded by
Muiioz et al. (2016) and Laha (2020). Following this
formalism, the difference in arrival time between the images
(Af) and the ratio of each magnification (Rp) correspond to
unique normalized angular impact parameters of the source yn,
and YR respectively. The relation between YR, and Ry can be
expressed analytically as (Muiioz et al. 2016),

R + 1
yR,:/'ﬁf -2, M)

which is notably independent of the lens mass. Conversely, ya;
cannot be derived analytically and is found numerically from
Muiioz et al. (2016):

4GM, 244+

c? Ny 4 =y
2
where M; and z; are the mass and redshift of the lens,

respectively.

To detect gravitational lensing, we require the normalized
angular impact parameter to be within the observable range
(Ymin—Ymax)- This range is defined by two conditions: (1) the
associated time delay calculated from Equation (2) must be less
than the maximum observable time delay At,,., and greater
than the minimum distinguishable separation At,,;,. The length
of the observation sets Af.x, and Aty;, is set by the structure
in the pulse profile (Mufoz et al. 2016). (2) The magnification
ratio must be below the maximum (Ry) set by the detection
threshold (Muifloz et al. 2016).

For the thin screen approximation to be valid, the
gravitational field at the impact parameter must also satisfy
the weak field condition:

Rs 3)

in > s
ymm DL QE

where Rs and Dy are, respectively, the Schwarzschild radius
and angular diameter distance of the lens. y,;, and y,.x define
the annulus of the cross section to observable lensing. This
cross section can then be used to calculate the observable
lensing optical depth. Details on this calculation are provided in
the following subsections for different environments. If the
fraction of all dark matter that is compact (fpy) is assumed to
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be constant, the probability of observing lensing (Pr) at least
once in a set of N FRBs can then be calculated as

N
PL=1- exp[—ZTi]. “)

where 7; is the optical depth of the ith FRB in the set. To
exclude compact dark matter fractions of >fpy with 95%
confidence, we require a null observation of lensing in a set of
FRBs with a cumulative observable lensing optical depth
of 3.0.

2.1. Lensing in Galaxy Halos

If we assume that compact dark matter takes the form of
MAssive Compact Halo Objects (MACHOSs), the only
contribution to the lensing optical depth will come from the
intervening galactic halos. In the local potential of a galaxy, the
Hubble flow can be ignored and the optical depth calculated
simply as

f Ehalo
T = /DM —halo o)

My,
- 471—GfDMEha1Q DLDLS[ 2 2 ] 5)
= > ymax ymin ’
c Ds

where X, is the halo mass-surface density; Dy, Dy s, and Dg
are the angular diameter distances from the observer to the lens,
from the lens to the source and from the observer to the source,
respectively; o is the observable lensing cross section, as
described by Laha (2020); and My is the mass of the individual
compact objects in the halo. We assume a Navarro—Frenk—
White (NFW) dark matter distribution (Navarro et al. 1996) for
which Y., has been derived by Bartelmann (1996).

2.2. Lensing in the Intergalactic Medium

Stellar remnants unbound from their host galaxies via natal
kicks or gravitational interactions present a possible source of
lensing in the intergalactic medium (IGM; Atri et al. 2019), as
do primordial black holes. Here, the effects of the Hubble flow
cannot be ignored. As derived in Muifioz et al. (2016) and Laha
(2020), the optical depth to lensing of a single source by a
single compact object in the IGM is

r= [* dx @) + w)mowo

3 z H; D.Dys 2 2

= —fom e dzp, —————=(1 + z.)? -y
2fDM \/(‘) L cH (ZL) DS ( L) [ymax ymm }
(6)

where x is the comoving distance, njgy is the average
comoving number density of the lens, H(zy) is Hubble’s
constant at the lens redshift and (2. is the current density of
dark matter.

Both the halo and IGM lensing optical depths are separated
into magnification and time delay-limited domains over which
Ymax 18 limited by the corresponding condition. At low masses,
Ymin inCreases until y,in = ymax, and the optical depth to lensing
becomes zero. The halo and IGM lensing optical depths are mass
independent over a large range of lens masses. This can be
understood by considering Equations (5) and (6), respectively.
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Table 1
Observational Parameters for Localized High-time-resolution FRBs

FRB Altpyin(s)* Altpyax(9) R:® Source Redshift
181112° 15 x 10°° 1.369 733 0.47550
180924 30 x 107° 1.445 64.7 0.3214

% Atyin and Aty are defined, respectively, as the minimum and maximum
observable time delays.

b Ry is defined as the maximum magnification ratio, set by the detection
threshold.

¢ Intercepted a foreground galaxy at z = 0.3674.

The product of the Einstein radius squared and the projected
number density is mass independent. Hence, by expressing the
cross section in terms of the normalized angular impact
parameters y;, and yn.x, the source of the mass dependence
in each optical depth becomes isolated t0 yp,;, and yp.«. In the
magnification-limited domain, ymax is given by y, and will be
independent of the mass (Equation (1)). If y.x 1S also much
greater than y,;,, then the optical depth to observable lensing in
either the halo or IGM case will be effectively mass independent.
The domain of this mass independent regime is determined by
the minimum and maximum temporal separations.

3. Results

The determination of the redshift of an FRB, either by
localization or by inference from its dispersion measure (Macquart
et al. 2020), allows the formalism outlined in Section 2 to be
applied. Here, we calculate the halo and IGM lensing optical depth
for localized FRBs 181112 (Prochaska et al. 2019a) and 180924
(Bannister et al. 2019). The temporal microstructure of these bursts
has been resolved, enabling us to probe to the minimum value of
Ymin allowed by the burst structure. FRBs 181112 and 180924
probe a similar range of masses (0.1M., < M < 10* M) due to
their similar minimum and maximum temporal separations
(Table 1). Over this range of masses, Equation (3) is satisfied,
and the strong field region is orders of magnitude smaller than the
spatial scale probed by a temporal separation of 10 us. This is the
scale of the smallest distinguishable temporal separation among
known FRBs; therefore, the weak field approximation is valid for
all cases considered here.

The spectra of FRB 181112 shown in Figure 1 (see also Cho
et al. 2020) exhibits a multipeaked structure that could
potentially be explained by gravitational lensing. Indeed, if
the two major peaks are assumed to be two images, the
temporal profile is consistent with gravitational lensing by a
~10 M., compact object in the halo of the foreground galaxy
(hence referred to as FG 181112). Cho et al. (2020) test for the
presence of microlensing by searching for correlations in the
burst wavefield with time; in the case of FRB 181112 no
fringes between sub-pulses were seen, suggesting the pulse
multiplicity is more likely intrinsic to the burst, rather than
multiple lensed copies of the same burst. However, the absence
of a correlation is not definitive since other effects, notably due
to differences in any turbulent cold plasma encountered along
the slightly separated sightlines of the lensed images, could
scatter the radiation in different manners, and thus destroy the
phase coherence between the lensed signals. However, in the
present instance Cho et al. (2020) also find that the polarization
properties of the subbursts differ in detail, particularly in their
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Figure 1. Pulse profile (top) and dynamic spectrum (bottom) of FRB 181112 at 16 s and SMHz temporal and spectral resolution, respectively (this representation is
smoothed to 16 us to optimize the S/N, it is not the instrumental resolution). The pulse is seen to consist of two bright subpulses, at # = 0.25 and 1.1 ms, and two

weaker sub-pulses at + = 0.75 and 1.50 ms, as indicated by the blue arrows.

circular })olarization, an effect which is difficult to attribute to
lensing.

As recorded in Table 1, FRB 181112 had an extremely
narrow pulse profile, with its shortest temporal structure being
15 pus. FRB 180924 had an extended scattering timescale of
580 ps but a short rise-time of 30 ps. Were any delayed lensed
signal present, it would also have a sharp 30 us rise time which
would have been detectable within the tail of the overall pulse
envelope. The maximum magnification ratios (R;) and red-
shifts are similar for each burst. To calculate R_f, the S/N of the
primary peak is divided by the detection threshold (30). A key
difference between the two is that FRB 181112 passed within
29kpe of FG 181112, allowing it to probe a longer path
through a galactic halo. In the following optical depth
calculations these parameters are used to determine y,,, and
Ymax from the equations defined in Section 2. For all following
calculations, we use values for Hy and the cosmological density
parameters from the Planck 2018 results (Planck Collaboration
et al. 2018).

3.1. Halo Lensing Optical Depth

The observable lensing cross section peaks approximately
midway between the source and the observer and is minimal in
both the host galaxy and the Milky Way. Using the code of

7 We can exclude circular polarization differences due to the existence of any
relativistic plasma from a neutron star along the sightline, except at the source
(where its presence would be irrelevant for the present argument). The lens
mass of 10 M., required to explain the sub-burst time delays is significantly
above the largest observed neutron star mass of 2.14 M., (Cromartie et al.
2020), ruling out neutron stars as potential lens candidates, and the effects of
any relativistic plasma associated with them.

Prochaska et al. (2019b) we expect approximately 1 in 20
FRBs to intercept a foreground halo larger than 10'* M., within
50kpc. This is consistent with recent optical followups of
arcsecond-localized FRBs, including FRB 180924, which do
not intercept massive galaxy halos within ~50 kpc (Chatterjee
et al. 2017; Bannister et al. 2019; Marcote et al. 2020).
Consequently, these FRBs are of negligible value in constrain-
ing the dark matter halos of specific galaxies. FRB 181112,
however, passes through a foreground galaxy where the cross
section to lensing is much greater, making it an ideal candidate
to constrain halo lensing.

Figure 2 displays the optical depth to observable lensing by
MACHOs probed by FRB 181112. This optical depth is
dominated by the contribution from the halo of FG 181112.
FG 181112 is classified as a Seyfert galaxy with an old
10'%%° M, stellar population (Prochaska et al. 2019a).

The white dotted line in Figure 2 marks where the cross
section to lensing becomes zero (Vmin = Ymax)- Between this
cutoff and a lens mass of ~1 M, Y, and y,.x are comparable,
and the optical depth to observing lensing depends on the mass
of the lens. Above a lens mass of ~1 M, Ymax > Ymin and the
optical depth in the magnification-limited domain is approxi-
mately independent of mass. In the time delay-limited domain,
the optical depth decreases sharply as a function of mass. We
estimate that to conclude with 95% confidence that the
MACHO dark matter fraction is less than 35%, we require
~170 FRBs that intersect a foreground galaxy similar to
FRB 181112. This estimate is projected from the optical depth
7 =2 0.018 probed by FRB 181112 at fy = 0.35. Addition-
ally, we can conclude with 90% confidence that the total mass,
in the halo of the FG galaxy of FRB 181112, contained in
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Figure 2. Optical depth to observable strong gravitational lensing by a point mass compact object of mass M;. probed by FRB 181112. For masses below the black
dotted line yn,ax is limited by the maximum magnification ratio, above yn.x is limited by the maximum time delay. The white dotted line marks the mass where
Ymin = Ymax and o = 0. This calculation assumes an NFW distribution of compact objects of a single mass My, comprising a fraction fpy of the host, Milky Way, and

foreground galaxies. FG 181112 is modeled to have a halo virial mass My, =

10"? M_(Prochaska et al. 2019a) and a concentration parameter of ¢ ~ 7.
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Figure 3. Cumulative optical depth to observable strong gravitational lensing by a point mass compact object of mass My in the IGM probed by FRB 181112 and
FRB 180924. We assume a uniform distribution of M}, mass compact objects in comoving space comprising a fraction fpy; of the total dark matter of the universe.

uniformly distributed compact objects may be no more than
45 x 10°M..

3.2. Lensing by Structure in the Cosmic Web

Figure 3 displays the optical depth to lensing by a compact
object due to any compact dark matter present throughout the
cosmic web by FRB 181112 and FRB 180924, assuming that
the dark matter density along their sightlines are representative of
the mean cosmological dark matter density {2py;. This case shows

the same trends as the halo lensing case, albeit with a much higher
overall optical depth. Unlike in the halo lensing case, compact
objects can be encountered anywhere in the path of an FRB. As a
result, FRBs probe a much greater optical depth to lensing in this
scenario. We estimate that to exclude compact dark matter
fractions above 35% with 95% confidence, a comparatively
smaller sample of ~130 FRBs would be required. Furthermore,
this sample may be comprised of any observed FRBs. This
estimate is projected from the average optical depth 7= 0.024
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probed by FRB 181112 or FRB 180924 at fi;n = 0.35. Under a
different assumed FRB redshift distribution, Laha (2020) and
Muiioz et al. (2016) estimate that to exclude fpn = 1% with 99%
confidence, 10* FRBs would be required.

3.3. Gravitational Scattering

So far our treatment has been restricted to lensing by a single
point mass. However, it is possible in principle that an
ensemble of low-mass clumps could collectively lens an FRB
signal, characterizing it with an achromatic, exponential
scattering tail (Macquart 2004).

We are thus motivated to examine whether gravitational
scattering, caused by a cloud of substructure within a dark
matter halo, is observable. Within FRB 181112, we do not
observe a clear exponentially decaying scattering tail, placing
an upper limit to the scattering timescale ~20 us (Cho et al.
2020). The lack of this feature was interpreted as a lack of
turbulent plasma along the line of sight, as discussed in
Prochaska et al. (2019a). However, it also places a constraint
on the mass of lensing substructure in the intervening halo.
Here we introduce the relevant theory and present some cursory
constraints, leaving a more exhaustive treatment to a future
paper. In the limit where a large number of lenses exist within
the coherence area, a statistical approach is mandated, and the
characteristic delay timescale is analogous to scattering in an
inhomogeneous plasma (Macquart 2004),

1 7
Iscat = _TF, @)
2mv raitt
where rg is the Fresnel radius given by
2 ¢DLDys )

FT= """
2mvDs(1 + zL)

and rgir is the length scale over which the mass-density
fluctuations cause the gravitational phase delay to fluctuate by
one radian rms.

To solve for the diffractive scale we must consider the rms
phase difference in the fluctuations over varying scales of the
mass distribution. This quantity can be calculated from phase
structure function (Macquart 2004)

Dy(r) = ([ = 1) — PP
=2K? [d’q[1 — €"1q*Px(q), ©

which is the means square difference in phase fluctuations as a
function of the separation (r), spatial wavevector (g), and the
mass-surface-density power spectrum (Py(q)), in keeping with
our thin screen approximation.

In a simple model, where we assume a Poisson distribution
of clumps (i.e., the number of clumps in any given area will be
sampled from a Poisson distribution with an average density of
>)), Equation (9) gives (see, e.g., Macquart 2004)

.
M

Faige = 2.2 x 102(1 4+ zo) v | ——

diff ( L) T,

5 ~1,2
X pe, (10)
100 clusters pc—2

where X is the projected number density of clusters, assumed to
be locally uniform. To achieve a smooth scattering tail, the

Sammons et al.

number of lenses must exceed unity within the coherence area
wwrg, to the point where the discrete contributions of
individual lenses would be indiscernible. Assuming that the
halo of FG 181112 obeys an NFW profile with a scale radius
R, = 24 kpc and a virial mass 10'2 M (Prochaska et al. 2019a),
this would require a lens mass M < Ewrpz ~ 3.7 x 1073M,
for a Fresnel scale of ~3 au and an impact parameter of 29 kpc
(even if all the matter were contained in clumps of this size).
The characteristic time delay for gravitational scattering at
1.2GHz would therefore be much less than ~3.3 x 10~ s
(from Equation (7)). Thus, we do not expect to observe any
scattering tail associated with the lensing from a distribution of
compact objects with a uniform density.

Under a CDM/warm dark matter treatment, it is plausible that
galactic dark matter could cluster following a spatial power law
(Macquart 2004), similarly to turbulent distributions of neutral gas
and ionized plasma, which have been observed to have spectral
indexes of 3 < G < 4 (Armstrong et al. 1995; Dickey et al. 2001;
Stanimirovi¢ & Lazarian 2001). (Macquart 2004). A power-law
spectrum of mass-density fluctuations can be projected onto a
screen of thickness AL to give the mass-surface-density power
spectrum required in Equation (9). Following the derivation of the
phase structure function in Macquart (2004), for a power spectrum
with an index (3, between some inner (lp = 1/gmax) and outer
(Lo = 1/qumn) scales gives:

B3

Lo\

4723 — BK2ALM; L03(—°) B3<3
r- X lo

Dw( ) ~
’ 3

k]

—Ly? 8>3

(1)

where K = —87(1 + z)G/(Ac?) and M, is the rms of the

matter fluctuations within a cell of size L.

If 0> 3, as suggested by Macquart (2004), the mass
variance is dominated by fluctuations at the outer scale,
rendering a diffraction length of (Macquart 2004)

~1/2 4
-3 v

raigr = 1.29 x 10~ ﬂ— 1+ 71( )

diff ( 5 ) ( F49) 1 GHz

v Y AL YV L. V2
X 2 0 pc.
10° M., 10 kpc 10 kpc

We calculate M,, from the average density within the cell at a
radius equal to the FRB’s galactic impact parameter. The screen
thickness (AL) is set such that the product, M, AL/Ly, is equal to
the rms mass along the FRB’s path, M, AL/Ly ~ 5.7 x 10° M.
Assuming again that the halo of FG 181112 obeys an NFW profile
with a scale radius R, =24kpc and a virial mass 10'* M,
(Prochaska et al. 2019a), Equation (12) yields a diffractive scale of
1.0 x 1071° pc and a scattering timescale of #,.,. = 280s for
0 = 3.5 and Ly = 10 kpc. The scattering timescale has a shallower
than linear dependence upon the index (3 (note that the singularity
at 3=73) and is linearly proportional to L. The absence of an
exponential scattering tail longer than ~20 ps allows us to exclude,
in the halo of FG 181112, the presence of hierarchically clustered
dark matter of a power-law index 3 < (8 < 4 with an outer scale
Ly 2 70 pe.

(12)
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For a value of beta 0 < § < 3 fluctuations at the outer scale
no longer dominate the variance in the phase difference across
the scattering screen and we must account for contributions at
the inner scale. A derivation of the diffractive scale equation
yields

3 _ ﬁ —1/2
raief = 1.29 x 105102[1(7) 1+ ZL)il(

M, \'
X
10°M,,
6—0

—1/2 = .
X AL l—o —LO pc. (13)
10 kpc pc 10 kpc

This derivation is outlined by Macquart (2004), however his
result is incorrect by a factor of /¢ / L¢ (algebraic error). For the
case of FG 181112, Equation (13) yields a diffractive scale of
3.8 x 107° pc and a scattering timescale of 7., = 1.9 ms for
8=15, Ly=10kpc, and [y =1 pc. In this regime the
scattering time has a steep, nonlinear dependence on 3, with
scale dependence shifting slowly from the inner to the outer
scale as (3 increases from zero to three. Clearly the scattering
time is degenerate with the choice of inner (/y) and outer (L)
scales and the index of the power-law distribution (), reducing
the possible inferences that can be made regarding the
hierarchically distributed dark matter in FG 181112. However,
from the observation of FRB 181112 and Equation (13) we can
form a bounding surface to constrain the possible values of L,
I, and 3, as given by:

12 _3/2\2/G—B)
lo < | 88.14 x 10-2[2=2 Pl )Y pe.
16} 10 kpc

(14)

v )1
1 GHz

Crucially, for a warm dark matter model, the inner scale is the
free-streaming scale, below which all structure is suppressed by
the dynamics of a collisionless dark matter fluid. The free-
streaming scale has been related to the particle mass of some
dark matter candidates (Padmanabhan 2000), opening the door
for FRBs to directly constrain particle mass in select dark
matter models.

4. Discussion

As a consequence of the greatly improved temporal
resolution of FRBs 181112 and 180924 we have been able to
probe to much smaller mass scales than considered in previous
treatments. Longer observation of FRBs would allow greater
maximum temporal separations to be observed, extending the
mass independent regime of any constraints to higher masses.
Improvements to sensitivity will boost S/N and increase yax
in the magnification-limited regime. A larger y..x yields a
larger cross section and consequently a greater observable
lensing optical depth, thus providing a more sensitive probe to
small scale structure.

FRBs captured at high time resolution represent an opportu-
nity to explore fine structure of galaxy halos and clusters on
unprecedented scales. We have focused here on the potential for
FRBs to detect compact objects and derived simple constraints
on nonbaryonic dark matter models. The favored ACDM
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cosmology is well known for its success describing the large
scale structure of our universe, but it faces a number of
challenges on length scales below 1 Mpc (Bullock & Boylan-
Kolchin 2017). To meet these challenges, the substructure of
dark halos must be understood, and, as shown, high-time-
resolution FRBs provide us with the means to do so by directly
constraining the inner scale of hierarchically clustered dark
matter.

To exclude lensing with 95% confidence, a cumulative
optical depth of 3.0 is required. From Figures 2 and 3, we
estimate the optical depth probed by an FRB similar to those
considered here at a range of compact dark matter fractions.
The cumulative optical depth probed by a set of FRBs is simply
the summation of their individual optical depths as per
Equation (4). Hence, we can predict the number of FRBs that
would be required to make a desired constraint. The number
required varies with fpyy, the desired confidence level and the
assumed distribution (e.g., in halos or distributed throughout
the cosmic web). The cumulative optical depth required is
nonlinear with the desired level of confidence, and, hence, a
lesser constraint of 80%—90% would require a sample of 54%—
77% the size, respectively. Conversely, the cumulative optical
depth required, is linear with the compact dark matter fraction,
i.e., to exclude the compact dark matter fraction with the same
confidence to below 0.5fpy requires a sample twice the size.

In summary, recent FRBs detections, made at high time
resolution, have revealed the potential of FRBs to probe dark
matter within our universe. The fact that FRBs have narrower
temporal structure than previously assumed in gravitational
lensing studies, allows searches for smaller lens masses than
previously considered. The probability of observing halo
lensing, in an FRB similar to 181112, is ~0.017 (assuming
Jom < 0.35). To exclude fpy = 0.35, in galaxy halos, would
require a sample of ~170 FRBs like FRB 181112. The
probability of observing lensing anywhere along the sightline,
in an FRB similar to FRB 181112 or FRB 180924, is ~0.023
(assuming fpp < 0.35). This is a lower limit, in the sense that a
large fraction of FRBs have dispersion measures that place them
at higher redshifts than these two bursts and it ignores the
possibility that the sample of already detected bursts favors
lensed events through magnification bias. Thus, it is possible that
a significant number of the sample of >100 FRBs known to date
have been lensed, although the lower time resolution and lower
S/N of a large fraction of these previous detections would
substantially hinder the discoverability of any lensing signal. To
exclude fpy > 0.35, in the IGM, would require detection of
~130 FRBs similar to FRB 181112 or FRB 180924. Finally, we
conclude that when distributed as a uniform field of compact
objects, the volume filling factor of dark matter in FG 181112 is
likely insufficient to contribute to the temporal scatter-broad-
ening of FRBs on nanosecond to microsecond timescales.
However, the gravitational scattering of FRBs does present a
promising probe of hierarchically clustered dark matter.
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