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Abstract

The circumgalactic medium (CGM) is poorly constrained at the subparsec scales relevant to turbulent energy
dissipation and regulation of multiphase structure. Fast radio bursts are sensitive to small-scale plasma density
fluctuations, which can induce multipath propagation (scattering). The amount of scattering depends on the density
fluctuation spectrum, including its amplitude C?, spectral index (3, and dissipation scale /. We use quasar
observations of CGM turbulence at >pc scales to infer C2, finding it to be 10716 < €2 < 10~ m™2%3 for hot
(T>10°K) gas and 103 < €2 < 10~ m~2%/> for cool (10* < T< 10° K) gas, depending on the gas sound speed
and density. These values of C2 are much smaller than those inferred in the interstellar medium at similar physical
scales. The resulting scattering delays from the hot CGM are negligible (<1 us at 1 GHz), but they are more
detectable from the cool gas as either radio pulse broadening or scintillation, depending on the observing frequency
and sightline geometry. Joint quasar-FRB observations of individual galaxies can yield lower limits on /;, even if the
CGM is not a significant scattering site. An initial comparison between quasar and FRB observations (albeit for
different systems) suggests /; > 750 km in ~10* K gas in order for the quasar and FRB constraints to be consistent.
If a foreground CGM is completely ruled out as a source of scattering along an FRB sightline, then /; may be
comparable to the smallest cloud sizes (Spc) inferred from photoionization modeling of quasar absorption lines.

Unified Astronomy Thesaurus concepts: Circumgalactic medium (1879); Radio bursts (1339); Quasars (1319);
Quasar absorption line spectroscopy (1317); Radio transient sources (2008); Extragalactic radio sources (508)

1. Introduction

The flow of gas between intergalactic and interstellar media
through the circumgalactic medium (CGM) fuels galaxy
formation and subsequent evolution. Turbulence is funda-
mental to a range of ongoing processes in the CGM: it
moderates heating, provides pressure support, generates
magnetic dynamos, yields density fluctuations that mediate
cooling, and mixes dust and metals, leading to CGM
enrichment (for a review, see C.-A. Faucher-Giguere &
S. P. Oh 2023). While there is abundant evidence that the
CGM is multiphase, based primarily on high areal covering
fractions of cool/warm (~10°-10°K) gas detected in large
samples of quasar absorption lines spanning a range of halo
sizes and redshifts (J. Tumlinson et al. 2017; G. C. Rudie et al.
2019), the mass budget, origin, and regulation of this cooler
gas by the surrounding hot (>10° K) medium, which is itself
poorly constrained, remain uncertain. Turbulence likely plays
a key role in coupling and structuring these different phases
(S.Jietal. 2019; D. B. Fielding et al. 2020; B. Tan et al. 2021;
M. Gronke et al. 2022; R. Mohapatra et al. 2022a, 2023).

Observational constraints from integral field spectroscopy
(IFS) of emission around bright quasars (M. C. Chen et al.
2023b, 2024, 2025) and nonthermal broadening of quasar
absorption lines by foreground gas (G. C. Rudie et al. 2019;
Z. Qu et al. 2022; H.-W. Chen et al. 2023a) indicate that
velocity fluctuations in the CGM are broadly consistent with
subsonic Kolmogorov turbulence on roughly pc to 10kpc
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scales in 10*-10° K gas (H.-W. Chen et al. 2023a) and on
~1-100 kpc scales in 2106 K gas (indirectly inferred through
cool nebular tracers; M. C. Chen et al. 2023b, 2024), with
evidence for injection on scales ~10-100 kpc depending on
the system and its local environment (M. C. Chen et al. 2025).
However, CGM turbulence remains poorly constrained at the
small (<pc) spatial scales relevant to energy dissipation and
the regulation of multiphase structure (e.g., C. B. Hummels
et al. 2019; D. Nelson et al. 2020; I. S. Butsky et al. 2024).

Fast radio bursts (FRBs) are one of the few astrophysical
probes with the potential to constrain microscale physics in the
CGM (H. K. Vedantham & E. S. Phinney 2019; D. L. Jow et al.
2024). Like other compact radio sources (e.g., pulsars), FRBs
undergo multipath propagation, or scattering, through density
fluctuations along the line of sight (LOS), and the characteristics
of the scattering, including its frequency dependence and impact
on the burst intensity profile, are related to the density
fluctuation power spectrum (e.g., J. M. Cordes et al. 1986;
B. J. Rickett 1990). FRB intersections through foreground halos
are common; in addition to all FRBs probing the Galactic halo
and a significant fraction probing halos in the Local Volume
(L. Connor & V. Ravi 2022), intermediate-redshift halo
intersections grow with increasing FRB source redshift
(J.-P. Macquart & J. Y. Koay 2013), such that most FRBs at
72,0.5 are expected to pass within twice the virial radius of
multiple Milky Way-mass galaxies (S. K. Ocker et al. 2022a).
As we will discuss, FRB scattering generically probes density
fluctuations at < au scales in the CGM.

Placing meaningful constraints on the CGM from FRB
scattering requires understanding the relative scattering
contributions (or “scattering budget”) of all media along the
LOS, including host galaxies and the Galactic interstellar
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medium (ISM). For FRBs with precise scattering budgets,
scattering appears to predominantly arise from the ISMs of
host galaxies and the Milky Way (J. M. Cordes et al. 2022;
S. K. Ocker et al. 2022b; M. W. Sammons et al. 2022), with
observational limits on CGM scattering at the <10s of us
level at 1 GHz (J. X. Prochaska et al. 2019; L. Connor et al.
2020; S. K. Ocker et al. 2021a). These scattering upper limits
suggest that the scattering strength (and hence the strength of
turbulence) is over an order of magnitude smaller in the CGM
than in the Galactic ISM (S. K. Ocker et al. 2021a). However,
scattering from the CGM may increase for FRBs with multiple
foreground halos (e.g., J. T. Faber et al. 2024), as well as if the
strength of CGM turbulence evolves as a function of galaxy
properties and/or cosmic time (S. K. Ocker et al. 2022a).

Theoretical predictions of CGM scattering are essential to
the interpretation of FRB scattering budgets and their
subsequent use as foreground probes. Previous theoretical
examination of FRB scattering in the CGM has focused on
simple analytic prescriptions for the M. McCourt et al. (2018)
“misty” CGM model (H. K. Vedantham & E. S. Phinney 2019;
D. L. Jow et al. 2024), and it has predicted more scattering
from the CGM than is actually observed (S. K. Ocker et al.
2021a; D. L. Jow et al. 2024; L. Mas-Ribas et al. 2025). In this
paper, we leverage the growing number of observations of
CGM turbulence in both emission and absorption to
empirically predict how much scattering may occur in the
CGM. While line emission and absorption probe disparate
spatial scales from FRB radio wave scattering, it is possible
that CGM turbulence extends to subparsec scales.

Observations of plasma turbulence across a wide range of
conditions, including in situ measurements of the solar wind
(O. Alexandrova et al. 2008, 2012) and very local ISM
(K. H. Lee & L. C. Lee 2019) and remote measurements of the
diffuse ISM (S. R. Spangler & C. R. Gwinn 1990; B. Rickett
et al. 2009; A. Geiger et al. 2024), indicate that dissipation
occurs near or below the plasma kinetic scales, as expected for
magnetized (and anisotropic) plasma turbulence (e.g.,
Y. Lithwick & P. Goldreich 2001). X-ray observations of the
intracluster medium similarly indicate that density fluctuations
persist down to scales well below the collisional mean free path
(I. Zhuravleva et al. 2019). Chromatic scattering of pulsars and
masers is consistent with a dissipation scale ~100-1000 km in
the ionized ISM (S. R. Spangler & C. R. Gwinn 1990;
B. Rickett et al. 2009; A. Geiger et al. 2024), comgarable to the
ion inertial scale \;=V,/Q;~230km (n,/cm™ )*1/ 2, where
Va is the Alfvén speed, €); is the ion cyclotron frequency, and
the latter equality is for an ionized hydrogen plasma with
electron density 7,. In the CGM, n, ~ 10~*~10"% cm ™ implies
ion inertial scales \; ~ 10°-10* km. Even for a conservatively
small density n, ~ 102 cm 3, A\~ 10° km.

Characteristic values of the plasma kinetic scales for the hot
and cool CGM are shown in Table 1, along with length scales
relevant to FRB scattering. We also show the Debye length,
the absolute lower limit to the kinetic regime. These kinetic
scales relevant to dissipation are orders of magnitude smaller
than scales considered in CGM simulations, which typically
focus on hydrodynamic (nonmagnetized) turbulence but
without explicit dissipation. Moreover, for typical CGM
temperatures and densities, the dissipation scale of hydro-
dynamic turbulence is larger than the collisional mean free
path (which is /5000 au-1 pc; L. Spitzer 1956; C. L. Sarazin
1986). If magnetic turbulence is present in the CGM at

Ocker et al.
Table 1
Length Scales Relevant to FRB Scattering in the CGM
Hot CGM Cool CGM
Injection (Outer) Scale 10-100 kpc 210 pc (D)
Ly
Scattering Multipath Scale 7y, 107*-10%pec 10732107 " pc
Fresnel Scale rp au au
Diffractive Scale rg;g¢ 0.2 au 10° km
Dissipation (/;) Ton Inertial Length \; 2 x 10*km 2300 km
Ion Gyroradius r; 9000 km 900 km
Electron Inertial Length 500 km 50 km
/\e
Electron Gyroradius r, 200 km 20 km
Debye Length A\p 7 km 0.07 km

Notes. Order-of-magnitude estimates of length scales relevant to FRB
scattering in the hot CGM assume n, ~ 107*em ™3, T ~ 10°K, and
B ~ uG, and in the cool CGM n, ~ 1072 cm’3, T ~ 10* K, and B ~ uG.
Length scales are defined as follows: The multipath scale is the diameter of the
scattering disk at the scattering screen (Equation (11)); the Fresnel scale
approximately divides refractive from diffractive optics (Equation (9)); and the
diffractive scale is the scale at which the rms phase perturbations are unity
(Equation (10)). Microscales relevant to turbulent dissipation are evaluated for
an ionized hydrogen plasma based on the following definitions: \; = VA /€,
i = Vini/ Ae = Va/Qes Te = Vine/Q, and A\p = / ok T /n,, where V, is
the Alfvén speed, €. is the ion/electron cyclotron frequency, vy, is the
ion/electron thermal speed, ¢, is the permittivity of free space, and kg is the
Boltzmann constant. Our analysis makes scattering predictions under the
assumption that density fluctuations dissipate near kinetic scales (<rgifr);
potential alternative dissipation scales are discussed in Section 5.

subparsec scales, then FRBs may offer the only means of
constraining it.

This paper makes empirical predictions of FRB scattering in
the CGM, based on observational data at larger spatial scales.
In doing so, we provide a methodology for contextualizing
FRB scattering measurements and their physical interpretation
in the landscape of other CGM probes, and we demonstrate
how quasar and FRB observations may be used in tandem to
constrain CGM microphysics. Section 2 describes the theor-
etical formalisms relating velocity and density fluctuation
spectra, which are used to translate between observational
constraints from quasars and FRBs summarized in Section 3.
The results of converting quasar-inferred velocity fluctuations
into estimates of density fluctuations and subsequent FRB
scattering are given in Section 4. Implications are discussed in
Section 5, and our conclusions are summarized in Section 6.

2. Theory Relating Density and Velocity Fluctuation
Spectra

In the inertial range of a turbulent cascade, both velocity and
density fluctuations follow power-law wavenumber spectra of
the following form:

Py(q) = Clq™",
Pu (q) = Ciq ",
(qo < q < qi);
where CV2 and C? are the spectral amplitudes, the wavenumber

q =2m/I for a length scale /, and the spectra extend over an
inertial range of wavenumbers between an outer scale /, = 27/
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go and an inner scale /;=27/q;. For an inner scale [; </, a
length scale of interest, the density fluctuation variance at the
scale [ can be found by integrating Ps, , which gives
_20mtAcgr?
8—3
~30QmVACHEP (B=11/3,1> 1), (1)

(6n2) B>3,1>1)

where the second approximation is for a Kolmogorov spectral
index. The velocity fluctuation variance has a similar relation
to C2. For 3=11/3, (n2) in cm°, and [ in au,

2 -2/3
€2~ 641 x 107 m-20/3 %) (i) . @)
cm™ au

The motivation for / ~ au comes from the very small Fresnel

scales below which diffractive scattering occurs, as we discuss

in Section 3.2. We relate the density and velocity fluctuation

spectra assuming that the density fluctuations are a passive

scalar, and we focus on the subsonic regime relevant to the

CGM (Mach numbers M < 1). The hot (T> 10°K) gas is

treated separately from the cool (10*<T<10°K) gas, as
follows.

2.1. Hot CGM

For the hot CGM, adiabatic simulations of isotropic,
homogeneous, subsonic turbulence indicate that the rms
density fluctuations are related to the Mach number squared
(R. Mohapatra & P. Sharma 2019; R. Mohapatra et al. 2022a),

one/(n.) = bM?, 3)

where (n,) is the average, volume-weighted hot gas density
and b ~ 0.3—1 (hereafter, we assume b =~ 1; C. Federrath et al.
2010; L. Konstandin et al. 2012). The Mach number can be
constrained from measured velocity structure functions (VSFs)
via comparison of VSF slopes across different VSF orders,
given an assumed sound speed (M. C. Chen et al. 2023b, 2024;
for analogous simulation analysis, see R. Mohapatra et al.
2022b). For a Kolmogorov spectrum, the rms density
fluctuations have the same power-law index in length scale /
as the rms velocity fluctuations, giving

2 1/3 1/3
on, ~3 % 105 (ﬂ) (L) 100 kpe . @
(ne) 0.3/ \au lo

where we have chosen values for M and [, representative of
VSFs measured in the CGM (M. C. Chen et al. 2024). The
density fluctuation amplitude C? can thus be expressed in
terms of M as

Cy~10712m20/3

( (ne) )2( M )4( 100 kpc )2/3

XN ———= | == , )
104ecm—3) \0.3 Iy

where we have combined Equations (2) and (4) and scaled to
densities typical of the hot CGM. This C> ~ 10712 m~20/3 jg
many orders of magnitude smaller than that typical in the
Galactic ionized ISM, for which (n,) ~ 0.1 cm >, M ~ 1, and
I, ~ 100 pc yields C2 ~ 1073 m~20/3 (directly comparable to
values inferred from observations of pulsar scattering and DM
variations; J. W. Armstrong et al. 1995; M. A. Krishnakumar

Ocker et al.

et al. 2015; S. K. Ocker et al. 2021b). Hence, the contribution
of the hot CGM to scattering is expected to be negligible, even
when the geometric amplification of scattering is large (as will
be shown in Section 4). Note, that for M > 1, Equation (3)
should be modified to scale linearly with M (R. Mohapatra &
P. Sharma 2019). A linear scaling between density fluctuations
and Mach number also holds if the hot CGM is highly
stratified with strong buoyant restoring forces (I. Zhuravleva
et al. 2014; R. Mohapatra et al. 2021). Even with these
modifications, the hot CGM will still be orders of magnitude
away from producing a detectable signal.

2.2. Cool CGM

For the cool CGM, density fluctuations are expected to
behave similarly to those in an isothermal turbulence cascade
in which én, scales linearly with M (P. Padoan et al. 1997;
L. Konstandin et al. 2012; C. Federrath et al. 2021). The
amplitudes of the velocity and density fluctuation spectra, C>
and C2, can be related to each other by expressing M in terms
of the rms velocity fluctuations, which are related to C2 in a
form analogous to Equation (2), yielding

2
2 _ Cs 2
G = (b<ne>) Cys (6)

where b is the same constant as in Equation (3), (n,) is the
average cool gas electron density, and c; is the sound speed
(D. Simard & V. Ravi 2021). For ¢,, (n.), and C? in their
typical units,

2 / G
~ —6 1—20/3 v
Com10Tm (109 km*/3 s2)

o)
8 (102 Cm3) 30kms~!) 2

The velocity spectral amplitude C? is constrained by
measurements of nonthermal line widths, which can be used
to infer (6v*). For nonthermal broadening dominated by
turbulence, the nonthermal line width by is related to the rms
velocity fluctuations év as év = Mbm, and &v o '3 for
B=11/3 (H.-W. Chen et al. 2023a). Given év at a specific
length scale I, C2 can be derived analogously to Equation (1):

(6v2) = 32m)\/3C22/3

2/3
~eookmts— S (L) g
102 km*/3 52 J\ kpc

For év~20kms™' at [=1kpc, C>~ 107° km*3s72, the
fiducial value adopted in Equation (7). Note that inferring C>
from velocity fluctuations always requires an assumption of
the sound speed, which is implicitly used to constrain M from
measured VSFs. Moving forward, we assume that the density—
Mach relations used above also apply to the volume-averaged
density within a single phase.

3. CGM Turbulence Observables

Observations of CGM turbulence are primarily at >>pc
scales, from IFS of emission around bright quasars
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(M. C. Chen et al. 2023b, 2024, 2025) and nonthermal
broadening of quasar absorption lines (G. C. Rudie et al. 2019;
Z. Qu et al. 2022; H.-W. Chen et al. 2023a). Here, we
summarize key observational results from emission and
absorption studies, followed by the FRB scattering observables
that will be estimated and interpreted.

3.1. Emission and Absorption

IFS yields spatially resolved maps of emission-line radial
velocities, which constrain velocity fluctuations over spatial
scales of ~1-100kpc (M. C. Chen et al. 2023b, 2024, 2025).
Nonthermal broadening of quasar absorption lines yields the
sightline-integrated velocity dispersion, but associating the
resulting velocity fluctuation amplitude with a specific spatial
scale requires photoionization modeling of sometimes degen-
erate line components in order to identify discrete clouds and
estimate their sizes (H.-W. Chen et al. 2023a). These two
techniques have been applied to galaxy samples spanning
different redshifts, masses, and active galactic nuclei (AGN)
characteristics.

We make use of three key results from the quasar studies
described above:

1. CGM turbulence is broadly consistent with a Kolmogorov
spectral index” (H.-W. Chen et al. 2023a; M. C. Chen
et al. 2023b, 2024). We thus assume 3= 11/3 for both
hot and cool gas in subsequent analysis, and discuss the
effect of modifying 3 on our results.

2. In emission, the velocity fluctuations are consistent with
Mach numbers ~0.2-1.8. These velocities are inferred
from emission by cool 7'~ 10* K nebular gas, and they
are thought to reflect the motions of cool clumps
entrained in hot 7> 10°K gas (M. C. Chen et al.
2023b, 2024). The Mach number is inferred by
comparing the velocity dispersion in the plane of the
sky, 0pos» and the hot gas sound speed, and is
corroborated by the VSF slopes. Given that the majority
of systems appear to be subsonic, we restrict our analysis
to Mach numbers <1, and we focus on densities typical
of the hot CGM in Milky Way-mass galaxies,
107 <n, < 103 cm ™3 (e.g., P. Sharma et al. 2012;
M. J. Miller & J. N. Bregman 2015; P. Singh et al. 2018;
G. M. Voit 2019). While the hot CGM may have even
higher densities in the core of the halo, we are primarily
interested in FRB LOSs at ~10-200 kpc from the halo
center, where observations are not contaminated by
the ISM.

3. In absorption, nonthermal line broadening indicates a
roughly Kolmogorov scaling relation between cloud size
and nonthermal line width for 10*-10° K gas, where the
cloud sizes probed are ~pc—10kpc, and the corresp-
onding local /physical cloud gas densities are n, ~ 10"~
0.1cm > (the volume-averaged density 77, = fin, in the
CGM is ~107 102 times smaller for expected volume
filling fractions of the cool gas (e.g., R. Augustin et al.
2025), whereas for the hot gas, f~ 1 and 71, ~ n,). The
fitted scaling relation gives the rms velocity fluctuations
at lkpe, 6v(1kpe)=22km sfl(H.-W. Chen et al.
2023a). The uncertainty in this anchor value of év has

5 . . . .
While deviations from Kolmogorov turbulence are seen in some systems, it

is unclear whether these deviations are bona fide and physical (M. C. Chen
et al. 2024).
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a miniscule effect on resulting estimates of C> when
accounting for a range of possible densities and sound
speeds, and so we leave év at 1 kpc fixed to 22km s~ in
subsequent analysis of the cool gas. Nonthermal broad-
ening also yields estimates of the Mach number, which
appears to be M < 1 for a majority of absorbers
(G. C. Rudie et al. 2019; Z. Qu et al. 2022).

Based on the above results, we use the velocity fluctuations
constrained in emission to estimate density fluctuations in the
hot CGM, as well as fluctuations constrained in absorption for
the cool CGM. Applying these results to our scaling relations
between Cv2 and an (Section 2) assumes a one-to-one
correspondence for density and velocity fluctuations across
all scales, which may not necessarily be the case. We also note
that these emission and absorption measurements trace
different galaxy systems that are heterogeneous in mass,
redshift, and AGN properties. There is initial evidence that
turbulence may be more dominant in the CGM of quiescent
galaxies than in star-forming galaxies and at z < 1, although
the physical interpretation of this trend is unclear and larger
samples are needed for a robust, uniform comparison (Z. Qu
et al. 2022). The inferred energy transfer rates per unit mass
also appear to be >10x larger in the CGM around luminous
quasars than in typical L, galaxies (M. C. Chen et al. 2023b,
2025). This difference may be related to both the differing gas
phases probed and a more systematic difference in the galaxy
properties like AGN activity. In the future, direct comparisons
between emission and/or absorption and FRB observations
will preferably be performed within the same galaxy system.

3.2. FRB Scattering

A continuous spectrum of electron density fluctuations will
produce a range of refractive and diffractive effects that are
observable on different (and sometimes overlapping) time and
radio-frequency scales (J. M. Cordes et al. 1986). Refraction can
include angle of arrival variations or image wandering, long-
term (days to months) intensity modulations, and under certain
conditions, multiple imaging. Diffraction includes short-term
(minutes to hours) intensity modulations, pulse broadening, and
angular broadening. We use the term “scintillation” to refer to
the generic phenomenon of chromatic intensity modulations
caused by constructive and destructive interference of scattered
radiation, which can be both refractive and diffractive in nature
(B. J. Rickett 1990). The relevance of refractive and diffractive
scattering is a function of spatial scale that depends on the
shape, amplitude, and cutoff of the density fluctuation spectrum
(J. Goodman & R. Narayan 1985; J. M. Cordes et al. 1986;
W. A. Coles et al. 1987).

In general, diffractive effects dominate for Kolmogorov
media when the inner scale is much smaller than the Fresnel
scale, whereas if density fluctuations decline more strongly at
small scales (i.e., the power spectrum has a steeper power-law
scaling), refraction can dominate across a wide range of spatial
scales. Modifications to the density fluctuation spectrum (e.g.,
local enhancements or shocks and energy injection at multiple
scales) also affect the resulting radio scattering observables.
For simplicity, we focus subsequent analysis on a statistically
homogeneous medium with a single injection scale, and
wherever a fiducial assumption of the spectral index ( is
needed, we adopt §=11/3. However, in principle, the
scattering observables treated here can be derived for a
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medium of arbitrary spectral index (see Appendix, and for an
in-depth treatment, refer to J. M. Cordes et al. 1986).

3.2.1. Length Scales of Diffractive Scattering

Given that the majority of FRBs are only observed once, we
focus on diffractive scattering effects that are routinely
constrained within individual bursts, namely pulse broadening
and scintillation. In the regime of diffractive scattering, radio
waves undergo instantaneous multipath propagation, and the
underlying plasma density fluctuations must extend to length
scales significantly smaller than the Fresnel scale, ry, which
roughly separates the regimes of diffractive and refractive
optics (see, however, D. L. Jow et al. 2023, for an in-depth
treatment that accounts for the effect of lens strength in the
refractive regime).

For a scattering medium (or screen/lens) at a cosmological
redshift z,, the Fresnel scale is

dlodsl )\obs 1z
2mdgo (1 + z¢)

C))

where d,, dg, and d;, are angular diameter distances between
the lens and observer, source and lens, and source and
observer, respectively, and the observing wavelength A, is a
factor (1 + z,) smaller in the lens frame (J.-P. Macquart &
J. Y. Koay 2013). Figure 1 shows rp versus z, for a range of
source redshifts. For typical FRB redshifts (z, < 1), rp is at
most 2-5 au, and even for larger zj, it does not exceed 10 au.
The length scales relevant to diffractive scattering are thus
orders of magnitude smaller than typical resolutions in
numerical CGM simulations, and well below the spatial scales
accessible to both absorption- and emission-line observations
of the CGM.

The characteristic scattering angle, 04, is typically defined as
0a = (dg/dso) Nobs/ 27T iss, where the diffractive scale rg;f is the
transverse separation in the observing plane across which there
is an rms phase difference of 1 radian (equivalently, rg is the
length scale for which the phase structure function is unity; see
B. J. Rickett 1990 for a review). For plane waves (as
appropriate for FRB sources at cosmological distances) and the
regime where rg;er > [,

1/2-p)

—8.2,212 _
22 7-‘-2’-6 /\ObSBSM F( /6/2) , (10)

(1 +2z0)° I'(3/2)

raiff =

where r, is the classical electron radius, Ay is the observing
wavelength (Agps = 0.3 m for v =1 GHz), and SM ~ anL for
a path length L through a screen of constant an (B. J. Rickett
et al. 1984; J. M. Cordes et al. 1986; W. A. Coles et al. 1987).6
The diameter of the scattering cone at the scattering screen,
also known as the multipath scale, is then

Tmp = 2d1,04 (11)

6 Note that Equation (10) is appropriate for wavenumber defined as g = 27/l

and applies to 2 < < 4. J. M. Cordes et al. (1986) also give expressions for
rairr (denoted Ax, in that paper) for 4 < 3< 6. As in J. M. Cordes et al.
(1986), we define rqi as the 1/e half-width of the visibility function. As in
J.-P. Macquart & J. Y. Koay (2013), we include a factor of (1 + z,)~2 in rgis,
blllt we note that their expression for rg differs from ours by a factor of
™
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Fresnel Scale (au)

0.01 0.1 1
Z

Figure 1. Fresnel scale vs. lens redshift (z,) for a range of FRB source
redshifts (z;). The Fresnel scale is evaluated using angular diameter distances
(Equation (9)). The diffractive scattering effects considered here arise from
density fluctuations at length scales significantly smaller than the Fresnel
scale.

(J. M. Cordes et al. 1986). The multipath scale defines the
maximum length scale of the density fluctuations driving
multipath propagation. All of our scattering expressions apply
in the so-called strong scattering regime, for which ry, > 1.
This regime applies for most of the conditions we are
interested in; specific conditions under which this regime does
not apply are discussed further in Section 4.

We will refer to the time delay between an undeflected ray
and a ray scattered through angle 64 as the diffractive scattering
time, 74, which is not the same as the mean scattering time, (7),
that will be used throughout the rest of the paper. The diffractive
scattering time is 7g X (dsodlo/dsl)(e(zj/Zc). For a Gaussian
scattered image, 64 is the 1/e half-width of the image, and the
corresponding time delay is the 1/e time of a scattered pulse
that temporally decays as a one-sided exponential. This special
case of a Gaussian scattered image is conventionally assumed
when inferring scattering delays from observed pulse shapes.
The diffractive scale ry, and the corresponding delay 74, will
depend on the inner scale of the density fluctuation spectrum
only when ryr < I;; otherwise, rq does not depend on /; (as
shown in Equation (10).

However, in a turbulent medium with 3 <4 and an inner
scale [; < rgifr, the scattered image is not Gaussian and instead
has an extended halo that decays more slowly than a Gaussian,
because the density fluctuations at scales [ << rgr lead to
scattering angles 0~ A\/I> \/rgy (H. C. Lambert &
B. J. Rickett 1999). In the time domain, the scattered pulse
decays more slowly than an exponential, and the pulse has a
significant amount of radiation at time delays >>74. The mean
scattering time of this pulse, (7), will be greater than the
diffractive scattering time 74. While the diffractive scattering
time will have no dependence on /; in this regime, the mean
scattering time does depend on /;, due to the long tail in the
pulse broadening function as a result of scattered flux at angles
>0y (as shown in Appendix Figure Al). Conversely, when
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raite < [; (or 8 > 4), the scattered image becomes Gaussian, the
extended halo is absent, and (1) = 74 (B. Rickett et al. 2009;
A. Geiger et al. 2024).

In the CGM, inferred diffractive scattering times <10s of
s imply rgiee 2 10%km (J. X. Prochaska et al. 2019). If [; is
comparable to plasma kinetic scales, then we are in the regime
where [; < rgier. In this regime, the scattered pulse will deviate
from a one-sided exponential and include contributions from
scattering angles >04 (i.e., length scales smaller than the
diffractive scale). The relevant time delays (r) > 74 hence
yield information about density fluctuations extending down to
the inner scale /;, thus motivating our focus on the mean
scattering time for the rest of our analysis.

3.2.2. Generic lonized Cloudlet Model

We proceed by relating the mean scattering time to
underlying density fluctuations using a generic ionized
cloudlet model, in which the CGM is a statistically
homogeneous medium consisting of ionized cloudlets with a
volume filling factor f, internal cloudlet density n.., and
internal density fluctuations following a Kolmogorov spectrum
down to scales /; smaller than the diffractive scale. The
scattering strength of the medium is then recast in terms of a
composite density fluctuation parameter (see Appendix)

F=e* /Nl
= (/U3 for B=11/3, (12)

where ¢ = (n2)/(n..)* is the density variation between
cloudlets and €2 = ((6n,.2))/n2 is the fractional density
variance within a cloudlet (J. M. Cordes et al. 2016, 2022;
S. K. Ocker et al. 2021a).

This formulation has the advantage of yielding a simple
relation between the mean scattering time in the observer
frame (7),ps and the dispersion measure (DM) contributions of
a given medium along the LOS,

(Thobs A 48.03 1S FGyeae DM2v~4(1 + z)73, (13)

where v is the observing frequency, z, is the screen redshift,
DM, is the screen DM (due to the gas phase under
consideration) in its rest frame, and Gy, 1S a geometric
leverage factor that depends on the relative locations of the
source, screen, and observer. For cosmological screens far
from the observer and source,

Gscalt = 2dsldlo/Lds0’ (14’)

for angular diameter distances defined as in Equation (9) and a
path length through the screen L. The equivalent scintillation
bandwidth, defined as the frequency width of the intensity
autocorrelation function, is Avy = C/Q2n (7)), where C is a
constant of order unity depending on the density fluctuation
spectrum; for a uniform Kolmogorov medium filling the entire
LOS, C=1.16, whereas for a Kolmogorov thin screen,
C=096 (J. M. Cordes & B. J. Rickett 1998). We adopt
C =1 in subsequent analysis, which has a negligible effect on
our results.

Given that the majority of scattering times reported in the
literature are 1/e times that assume a Gaussian scattered
image, we require a means of converting the 1/e delay to the
mean scattering time given by Equation (13). This conversion
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is accomplished through the dimensionless factor A, = 74/(7),
which directly depends on the ratio /;/rgyr (and therefore
implicitly on the observing frequency, which changes the
strength of scattering and hence rg;y). For a Kolmogorov
spectrum and v=1GHz, A, =~ 1/6 when [;/rg << 0.1 (with
little variation below this value), and A, ~ 0.7 for [;/rge =1
(. M. Cordes et al. 2022). In the CGM, ; ~ 10°~10*km and
raige > 10°km, implying /rge < 107°-1072. We  therefore
adopt A, = 1/6 when converting the 1/e delay 74 to the mean
scattering time, and all 1/e delays are scaled to 1GHz
assuming 74 o< v~ 4, as appropriate for =11 /3. The mean
scattering delay scales exactly as v but A, depends on ¢,
and hence v, such that 74 O(ATV74O( V74'4, as expected. In
principle, the mean delay and deviations from a one-sided
exponential can be directly inferred from pulse shapes, but this
will likely only be possible for bright bursts without complex
multicomponent structure.

For a volume-averaged density 7, = f (n,.), F is related to

C_anan2 as

8 c2 i N2 L\
~ ) ~1/3 n e i
F 03 (pekm) (m‘20/3)(cm‘3) (km)

15)

(see Appendix). Formally, the dependence on 7, cancels out
when evaluating C2, which is proportional to /72 (Equation (5)).
Given uncertainties in the volume filling factor of cool CGM
gas, we also define a local fluctuation parameter F} = f x F=
(where C? and n, again refer to local quantities). This local £
can be estimated purely from local C? and its relation to the
velocity fluctuation spectrum (Section 2), without making any
assumption about the underlying density fluctuations described
by f, ¢, and €. Such a formulation is useful because quasar
absorption lines typically trace individual cool gas structures
and hence yield estimates of local density and C?.

For_typical Galactic pulsar sightlines probing the diffuse
ISM, C? ~ 10735 m %3, [, ~ 1000 km, and 77, ~ 0.02 cm >,
which yields F ~ 0.04 (pc? km)~'/3. This estimate is entirely
consistent with values of F inferred directly from pulse
broadening and DM measurements in the disk (S. K. Ocker
et al. 2021a). In the hot CGM, densities ~10"*cm ™ and a
filling factor f~ 1 yield C2 ~ 10-2m ™23 (Equation (5)),
equivalent to F ~ 10733 (pc>km) /3 for [; ~ 1000 km. For
the cool CGM, typical local values of C> ~ 10~° m2°/3 and
n,~10"%cm > would yield F ~ 1073 (pc2 km)fl/3 for
I; ~ 1000 km. Within a single cool cloud, f~ 1 and F = F;
for the entire halo, f< 1 and F will be larger, depending on
the assumed filling factor.

4. Analysis and Results

The formalisms laid out in Sections 2-3 are used to convert
velocity fluctuations into the density fluctuation amplitude C?
and subsequent strength of FRB scattering. Figure 2 illustrates
our approach. For the hot CGM, Mach numbers inferred from
VSFs and projected velocity dispersion 0,05 (M. C. Chen et al.
2023b, 2024) are converted to C> for a range of possible
densities, and assuming fiducial values for the outer scale
noted further below (Equation (5)). For the cool CGM,
nonthermal line widths indicate a typical velocity dispersion
Sv~22kms !at 1 kpc (H.-W. Chen et al. 2023a), which is
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Figure 2. Schematic view of the methods used to derive density fluctuations from velocity fluctuation measurements in the CGM and subsequently predict levels of
FRB scattering. All equations referenced are in Sections 2-3. See Section 4 for further discussion.

used to estimate Cv2 (Equation (8)), and subsequently an for a
range of sound speeds and densities (Equation 7). We then
estimate F from C? for a range of possible dissipation scales /;
(Equation 15). The resulting constraints on C? and F are
presented in Section 4.1, and they are used to predict FRB
scattering observables in Section 4.2. These predictions are
compared to observed FRBs in Section 4.3. Prospects for
constraining the dissipation scale of CGM turbulence are
demonstrated in Sections 4.4—4.5.

4.1. Density Fluctuations in the Hot and Cool CGM

Figure 3 shows the density fluctuation spectral amplitude C?
versus electron density for Mach numbers inferred in the hot
CGM and an outer scale /, = 100 kpc. For a range of typical
densities, C2 in the hot CGM is 5 to 12 orders of magnitude
smaller than values typical of the ionized ISM probed by
Galactic pulsars. Figure 3 also shows the equivalent range of F
versus /;. Dependrng on the outer scale and Mach number Fis
between ~108 (pc km) /2 to ~107* (pc km)*

Constraints on C2 and £ = f x F for the cool gas probed in
absorption are also shown in Figure 3. Here, C 2 is estimated
from C? for sound sgeeds 15< NS <50kms ! (these are the
sound speeds for 10" ST S 10 K, the temperatures inferred
from photoionization rnodehng, H.-W. Chen et al. 2023a) and
for local densities between 10 > and 0.1 cm . While quasar
absorption lines can constrain cloud densmes <102 cem ™7,
these smaller densities correspond to a minority of absorbers
and to the largest cloud sizes (>10kpc), for which modeling
uncertainties are exacerbated. Due to the higher densities
expected in the cool gas, C> and F; reach values comparable to
those routinely inferred in the ionized ISM. It is important to
note that the C> values presented here for the cool gas are
calculated from local electron densities in cool gas; the
volume-averaged C2 (C?) is f~ 107°~10"2 times smaller, and
F is 1/f times bigger than F. The volume filling factor is
correctly accounted for in Equation (13) for the mean
scattering delay (see also Appendix).

4.2. Scattering Predictions

We use the F derived from quasar constraints to estimate the
mean pulse broadening time (7) and scintillation bandwidth
Avy induced by the CGM of a single halo for a range of
possible FRB LOS configurations. Figures 4 and 5 show (7)
and Ay for the hot and cool CGM, respectively, in the rest
frame of the scattering medium and for a wide range of
DM%GSCm. In the hot CGM, typical values of DM, are
~100pcem ™ (J. X. Prochaska & Y. Zheng 2019), while
Gicarr ~ 10°-10* for typical LOS geometries (z < 1 for both
FRBs and intervening galaxies, and path lengths ~0.1 Mpc
through a halo with order unity volume filling hot gas). For the
cool CGM, photoionization modeling of quasar absorption
lines yield densities ~10>~0.1 cm > for cloud sizes ~1 pc to
1 kpc for the bulk of absorbers on which our C? estimates are
based (H.-W. Chen et al. 2023a). The corresponding DMs are
~0.1-1pc em ™ and Gy ~ 10°-10% (for the aforementioned
cloud sizes and FRB redshifts < 1). The resulting scattering
predictions are similar to what would be inferred if we instead
assumed a path length through the entire halo but a tiny
volume filling factor for the cool gas (since ' would be 1/f
times larger and G, would be 1/L trmes smaller).

We find that (7)(1 4 z,)* is about 10 times larger in the
cool CGM than in the hot CGM. In the hot CGM, (1) (1 + z,)*
is less than 1 us at 1 GHz for a majority of plausible DMs and
LOS configurations. In the cool CGM, (7)(1 + z,)? spans
0.1 ys to 1 ms at 1 GHz for the range of DM32 Gy, considered,
with the largest scattering delays produced by the smallest
(~10 pc) clouds that have the greatest geometric leverage. Our
inference from the quasar measurements suggests that
turbulence in the hot CGM induces miniscule levels of pulse
broadening, and that scattering from the cool CGM will only
be detectable in the time domain when DM?GSCm is large.

These same results imply that scattering from the cool CGM
may also be detectable in the frequency domain as diffractive
scattering, as we find Ayy(1 + z,)3 ~ 0.01 — 1MHz at
1 GHz for about half of the range of DM?Gscan considered.
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Figure 3. Density fluctuation spectral amplitude C? vs. electron density (left) and the local density fluctuation parameter £ = f x F vs. inner scale (right). For the
hot CGM, C? is evaluated using Equation (5) for a range of Mach numbers inferred from IFS observations of the hot CGM in emission. The outer (injection) scale
for the hot CGM is taken to be [, = 100 kpc, and it may be rescaled to different outer scales given C2 o I 2/3, For the cool CGM, C? is evaluated using Equation (6)
for sound speeds corresponding to temperatures 10* < 7 < 10° K. The local fluctuation parameter ; is evaluated from C? for a range of inner scales equivalent to the
ion inertial scale at the densities chosen for each phase (Equation (15)). The densities, an, and F shown for the cool gas represent values local to an individual cool
gas structure, whereas the volume-averaged density and C? inferred from FRB measurements will be significantly smaller (and F larger) for the entire halo, due to
the tiny volume filling fraction of cool CGM gas. For the hot gas, f~ 1 and the local values shown here are good approximations of the volume average. The blue
shaded regions show values typically inferred in the ionized ISM; in the ISM, C2 and F can be even larger than the ranges shown.
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Figure 4. Mean pulse broadening time in the lens frame (7) (1 + z;)* (top) and
scintillation bandwidth in the lens frame Awyg(1 + z,)~3 (bottom) vs.
DMstcau, a range of possible DMs and geometric configurations for the
hot CGM of a halo intervening an LOS. Scattering parameters are estimated
for Mach numbers typical of the hot CGM based on IFS velocity fluctuation
measurements.

These scintillation bandwidths are readily measurable for
typical observing configurations, with the main barrier to
detection being the Galactic foreground, which can induce
scintillation at comparable levels depending on the LOS, and
the host galaxy ISM and/or immediate FRB environment,
which may scatter the FRB sufficiently to quench CGM
scintillation. Scintillation from the hot CGM could be
detectable (Ayy(1 + z,)> ~ 0.1 — 10 MHz at 1GHz) for
large DM,’Gyeaq, but low Mach numbers and/or low
DM 2Gyeoe Would correspond to Ary(1 + z,)~> > 10 MHz
at 1 GHz, which may require the observing bandwidth of an
ultra-wideband receiver.

For typical source and lens separations, the () and Ay
estimated for the cool CGM above are equivalent to angular
broadening in the lens frame 6 ~ (dso/dg)0q ~ 1-10 pas at
1 GHz. The hot CGM will produce even smaller ;. In the
observer frame, these levels of angular broadening will likely
be undetectable for most LOSs, due to both the Galactic
foreground and typical radio imaging resolutions.

Scattering media near the source or observer have Gy, — 1
(J. M. Cordes et al. 2022). If the turbulence strengths inferred
from quasar measurements are comparable to turbulence
strengths in the Galactic CGM, then the expected amount of
pulse broadening from the Galactic CGM is extremely small—
for expected DM contributions ~10-100 pc cm > (A. M. Cook
et al. 2023; A. Dutta et al. 2024), (7) is at the microsecond
level or smaller, below previously published upper limits
(S. K. Ocker et al. 2021a). Similar levels of scattering would
also be expected for the host galaxy CGM.

4.3. Comparison to Observed Scattering

The most stringent upper limits on scattering in the CGM
are from FRBs with minimal scattering (based on observations
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Figure 5. Same as Figure 4 but for the cool CGM. Scattering parameters are
estimated for sound speeds ¢, typical of the cool CGM using density
fluctuations inferred from nonthermal broadening measurements of quasar
absorption lines. The range of DM?GMH is based on densities and cloud sizes
inferred for the quasar absorption line sample upon which our analysis is based
(H.-W. Chen et al. 2023a); we assume f ~ 1 and F; = F inside these clouds
(see Section 4.2).

with high time resolutions and/or large frequency bandwidths)
and positively identified halos at known distances along their
LOSs. About 15 precisely localized FRBs in the literature have
confirmed foreground halos with known redshifts (J. van
Leeuwen et al. 2023; J. T. Faber et al. 2024; Y. Huang et al.
2025). Only a few of these have measured scattering times or
scintillation bandwidths comparable to the values estimated for
the CGM above, with the rest either having scattering
significantly larger than expected for the CGM or lacking a
scattering constraint altogether.

Two of the most stringent upper limits on CGM scattering are
from FRB 20191108A (aka FRB 191108) and FRB 20181112A
(aka FRB 181112). FRB 191108 has a scintillation bandwidth of
about 40 MHz at 1.37 GHz (equivalent to 16 ns at 1 GHz for
T4 0c v~ **) and intersects M33 at an impact parameter of 18 kpc
(L. Connor et al. 2020). FRB 181112 has a scattering time of
21 =1 us at 1.3 GHz (equivalent to 67 us at 1 GHz; H. Cho
et al. 2020) and intersects a foreground halo at z, = 0.36 with an
impact parameter of 29 kpc (J. X. Prochaska et al. 2019). We
subtract the Milky Way scattering contribution for these two
FRBs by taking the smallest measured scattering time at 1 GHz
of pulsars at similar absolute Galactic latitudes |b|, based on the
pulsar scattering database in J. M. Cordes et al. (2022). For
FRB 181112 (b= —48°), 7MW ~ 1.9ns at 1 GHz for pulsars
near the same latitude, whereas for FRB 191108 (b = —30°),
MW ~ 2.6 ns at 1 GHz. The Galactic scattering contribution to
these FRB LOSs will be three times larger because, when
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viewed from cosmological distances, they behave like plane
waves and are scattered through larger angles than Galactic
sources, which are spherical waves (J. M. Cordes et al. 2016).
The difference between the observed scattering and Milky Way
scattering is then taken to be an upper limit on the total
scattering from the CGM along the FRB LOS; assuming a small
Milky Way contribution thus yields a larger and more
conservative upper limit on the scattering contribution of the
intervening CGM.

S. K. Ocker et al. (2021a) used these scattering measure-
ments to derive upper limits on F in the CGMs of the
foreground galaxies, in addition to deriving F in the Milky
Way disk and CGM using Galactic pulsars and two repeating
FRBs with precise scattering budgets. Figure 6 shows F
inferred for the Galactic CGM and disk based on these FRB
and pulsar measurements, along with the F we infer for the hot
and cool CGM based on quasars. We convert the local F;
estimated for the cool CGM from quasar absorption lines into
volume-averaged F' = F;/f for two possible filling factors of
the cool gas, f= 10" and f=10"2. In this way, all ¥ values
shown in Figure 6 represent global quantities that can be
directly compared.

S. K. Ocker et al. (2021a) estimated F in the CGM by
assuming the entire column density of hot halo gas contributed
to scattering, and used a modified Navarro—Frenk—White
(mNFW) profile (J. X. Prochaska & Y. Zheng 2019) with a
cutoff at twice the virial radius to estimate the corresponding
DM. Here, we instead separate the CGM constraints from
S. K. Ocker et al. (2021a) into the F that would be inferred if
scattering were attributed to either the hot CGM or the cool
CGM. For the hot CGM, we use the same mNFW profile and
assumptions as in S. K. Ocker et al. (2021a), which yield DM
contributions of about 90pccm > for FRB 191108 and
135 pcem > for FRB 181112.

For the cool gas, column densities in neutral hydrogen are
well-constrained observationally from quasar absorption lines,
and yield typical hydrogen column densities Ny~ 10'8-
102°cm™2 for neutral fractions ~1072-1073 J. K. Werk
et al. 2014). We use the mean Ny of the COS-Haloes sample,
10°cm™2 (J. K. Werk et al. 2014), equivalent to a DM of
13 pc cm 3. For the Galactic cool CGM, we use a mean DM of
20pccm ™ inferred from HI measurements of high-velocity
clouds (J. X. Prochaska & Y. Zheng 2019). While there is
considerable uncertainty in the DM contribution of the CGM,
these fiducial values sufficiently illustrate how the range of F
compares between the different tracers shown in Figure 6. We
use the entire path length through the halo to estimate Ggay, in
a method similar to that used to calculate the FRB upper limits
in the hot gas, so that all F values shown in Figure 6 are
comparable volume-averaged quantities.

The upper limits on F in the Milky Way CGM and
foreground CGM of FRB 181112 are consistent with the range
of values inferred from quasar measurements for the cool
CGM, and are too large to be attributable to the hot CGM.
However, for FRB 191108, the upper limit on F derived for
cool gas is smaller than the range of values we infer from
quasars for volume filling factors f~ 107°-102; an unrea-
sonably large filling factor (f~ 0.1) would be required to make
the quasar-based prediction consistent with the FRB-based
upper limit. On the other hand, the upper limit estimated for
FRB 191108 is consistent with the range of F estimated from
quasars for the hot gas.
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Figure 6. The density fluctuation parameter F inferred for the CGM and
Milky Way disk from pulsar (green), FRB (blue), and quasar (orange)
observations. The range of values shown for the Milky Way disk is based on
pulsar scattering measurements, while the upper limit on F in the Milky Way
halo is based on two repeating FRBs for which a scattering budget can be
constructed (S. K. Ocker et al. 2021a). Two other upper limits on F from
FRBs are shown: the foreground galaxy CGM intersected by FRB 181112 and
the M33 CGM intersected by FRB 191108. The FRB constraints are separated
into the F' that would be obtained if all of the scattering is attributed to cool gas
(thick lines) or to hot gas (thin lines), based on the different expected DMs,
and after subtracting the minimum scattering contribution of the Milky Way
(see Section 4.3 and Equation (13)). FRB and pulsar constraints account for
the conversion between the 1/e delay measured from pulse shapes and the
mean scattering time; for FRB scattering in the CGM, the assumed conversion
factor is A, &~ 1/6, whereas for pulsars, we assume A, ~ 1 because their larger
scattering leads to smaller diffractive scales and hence larger A,. The range of
F shown for the cool and hot CGM traced by quasars is based on Figure 3, and
it assumes an inner scale equal to the ion inertial scale. For the cool gas, local
estimates F; are converted to global values applicable to an entire halo,
F = F/f, for two possible filling factors (f = 1073 and f = 1072).

The scattering of FRB 181112 was explored in detail in
J. X. Prochaska et al. (2019), who used the measured 1 /e delay

to infer rgr, and subsequently SM and an (Equation (10)).
Applying their methodology to the more up-to-date measure-
ment 7g=21us (H. Cho et al. 2020) yields SM~ 9.1 x
10 kpem 22 and C2 ~ 1077 x (L/100kpc)~! m~20/3
(slightly larger than the values quoted in J. X. Prochaska
et al. 2019). Note this is the average C2 along a LOS of length L

through the halo. This value of C? is significantly larger than
that expected for the hot gas based on quasars, but comparable
to the largest values exgected in the cool gas. For a cool volume
filling fraction ~107" and a local density n,~ 0.1 cm 2,
an ~ 1077 m 23 (Equation (7)), which is comparable to the
value estimated from 74. Our inference from quasar observa-
tions thus supports the interpretation that, if the scattering of this
FRB occurs in the CGM, then it is likely dominated by the
cool gas.

4.4. The Dissipation Scale of CGM Turbulence

Consistency between the F inferred from FRB scattering
and quasar-based velocity fluctuation measurements does not
necessarily translate into positive proof that CGM density
fluctuations extend to <au scales (after all, we have assumed a
single uniform cascade of density fluctuations across sub-au to
>kpc scales, when in fact there may be multiple injection and
dissipation scales, which can also alter the shape of the density
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fluctuation spectrum and introduce deviations from Kolmo-
gorov turbulence). However, since F depends on the inner
scale [;, in principle one can combine FRB-based constraints
on F (which are based on observables and make no assumption
about /;) with quasar-inferred values of F (which necessarily
cover a range of possible [;), to yield either a lower limit or,
with complete information, a constraining inference of the
inner scale.

Figure 7 shows F versus a wide range of possible values for
the inner scale, based on the an inferred for the hot and cool
CGM in Figure 3. These quasar-based constraints on F are
compared to FRB 181112 and FRB 191108, which give upper
limits on F irrespective of the inner scale. Taking this
comparison at face value, the inner scale of the coldest
(~10*K) gas would need to be >750km for a sound speed
cs~30km s~ in order for the quasar and FRB 181112
constraints to be consistent; this constraint falls between the
electron inertial length and ion gyroradius typical of the cool
CGM (Table 1). For the hot gas, the FRB 191108 upper limit
has more constraining power if the outer scale is small
(I, = 10 kpc), and is consistent with an inner scale 5104 km for
Mach numbers <0.5. If the outer scale is large (I, ~ 100 kpc)
and M =~ 1, then [; 2 10° km, which is much greater than the
ion inertial length.

These lower limits are purely demonstrative and do not
account for potentially large uncertainties in the DM
contribution of the CGM, which dominates the total uncer-
tainty in the constraint on /; since L« DM~®. A full error
accounting should also include formal uncertainty errors on the
scattering measurement, uncertainty in the Milky Way
scattering subtraction, and uncertainty in the cool gas volume
filling factor. For the purposes of this initial comparison, we
note that reducing the Milky Way scattering contribution to an
even smaller value, e.g., 1 ns, would yield a lower limit on /; in
the cool gas that is more comparable to the electron inertial
length, but still compatible with dissipation at plasma
microscales.

In principle, this comparison can be highly informative
when the sound speed or Mach number is either known or
more tightly bound, and when the FRB and quasar constraints
are placed on the same system. Hydrogen column densities
inferred from quasar absorption lines could also be used to
place tighter constraints on the DM contribution of the CGM
—albeit along a different line of sight—mitigating uncertainty
in the FRB DM budget. If the CGM in question has detectable
emission, then IFS measurements could also be used to infer
the turbulence spectral index, and the subsequent analysis can
be modified accordingly (rather than assuming a Kolmogorov
spectral index, as we have done here), though of course this
still involves extrapolation over many orders of magnitude,
along which the spectral index could change.

4.5. Conditions for Multipath Propagation

The results above all assume that the conditions for multipath
propagation are satisfied in the CGM, i.e., that the CGM does
produce some level of radio pulse broadening or scintillation. If,
however, such scattering from the CGM can be firmly ruled out,
then the inner scale of the density fluctuation spectrum must be
greater than the multipath scale (Equation (11)). CGM
scattering could be ruled out by localization of scattering
screens to the Milky Way and/or host galaxy ISMs, which
requires some combination of pulse broadening, scintillation
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Figure 7. Density fluctuation parameter F' vs. the dissipation scale, for the cool (left) and hot (middle, right) CGM as inferred from quasar observations. Upper limits
on F from FRB 181112 and FRB 191108 are shown by the black and red horizontal lines, respectively, separated into constraints for the cool (FRB 181112) and hot
(FRB 191108) phases based on their different DM contributions, and after subtracting the minimum Milky Way scattering contribution (see Section 4.3). Values of F
shown for the cool gas assume f ~ 10™%; a smaller filling factor would increase F by a factor 1 /f.

bandwidth, and/or angular broadening measurements. Detec-
tion of scintillation over months-long baselines (e.g., for a
repeating FRB), or combining an angular broadening measure-
ment with a scintillation bandwidth, can also constrain the
scattering screen location, in some cases revealing it to be
within the Milky Way ISM (S. K. Ocker et al. 2021a; Z.-W. Wu
et al. 2024). When pulse broadening or scintillation is detected
on distinct frequency scales, such that the observed scattering
cannot be explained by a single screen, the scattering screens
can typically be localized to within the Milky Way and host
galaxy (K. Masui et al. 2015; S. K. Ocker et al. 2022b;
M. W. Sammons et al. 2022; K. Nimmo et al. 2025). Such an
analysis on an FRB with an intervening CGM would be the
basis for determining whether the scattering is consistent or
inconsistent with arising in that CGM. -

Figure 8 shows rp, versus SMjp = C? x 100 kpe, the
scattering measure for the range of C? extrapolated from
quasar measurements and a fiducial path length of 100 kpc.
Local values C? estimated from quasars are converted to
C? = fC? assuming f=1 in the hot gas and f= 10" in the
cool gas. We assume the same path length for both gas phases,
noting that SM(, can be easily rescaled; e.g., for a path length
of 10kpc SM;gp would be 10 times smaller than the values
shown in Figure 8. Only multipath scales greater than the
Fresnel scale are relevant, because when ry,, < rp the strong
scattering regime (and the scattering formulas used in this
work) no longer apply. The multipath scale is significantly
affected by the choice of 3: For a given SM g, #mp differs by 3
orders of magnitude between § = 3.4 and § = 3.9. By contrast,
modifying A and z, within their typical ranges (0.1 <A <0.8
m, z, < 1) changes rpy,, by less than an order of magnitude from
the values shown in Figure 8. For a fixed path length of
100kpc, rmp in the hot CGM ranges from a few au to
~0.01 pc, depending on B. If § is small (I3.4), rpyp is
comparable to the Fresnel scale and no strong diffractive
scattering will occur regardless of the inner scale—in this
scenario, a scattering nondetection would not yield any
information on the inner scale. For 3=3.67 ~ 11/3 (Kolmo-
gOrov), rmp can be larger than the Fresnel scale, and a robust
nondetection of scattering in this regime would suggest an
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Figure 8. The multipath scale ry,, (equivalent to the scattering cone diameter

at the screen) vs. SMjgg = an x 100 kpe, for the range of an found in the
CGM (Figure 3) and assuming = 1 in the hot gas and f = 107> in the cool
gas. Here, ry,, is evaluated as ry, = 2dio0q = (diods/dso) N/ Trair, Where rage is
defined as in Equation (10), for fiducial values dy/ds, = 0.5, A = 0.3 m,
2r 0.2, and a range of (. The approximate division between SMjgq
characteristic of hot and cool gas is indicated by the gray dashed line. When
Fmp < Ip ~ 2 X 1073 pc (black dashed—dotted line), the strong scattering
regime no longer applies.

inner scale much larger than plasma microscales, which could
imply the presence of a damping process, e.g., cooling or ion—
neutral damping, that terminates the cascade above kinetic
scales (Y. Lithwick & P. Goldreich 2001). For
SMigo = 10~ kpc m~20/3, roughly characteristic of the cool
CGM, [~ 11/3 yields ryp~ 107°-0.1 pc, comparable to the
smallest spatial scales inferred for cool CGM clouds from
quasar absorption lines (although these cloud sizes may be
overestimated due to the limited velocity resolution of
spectrographs; G. C. Rudie et al. 2019; H.-W. Chen et al.
2023a). This result suggests that, if the cool CGM produces
scattering, then cool CGM cloudlets must sustain internal
turbulence at scales much smaller than their sizes.
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5. Discussion

We have used quasar observations of CGM turbulence to
infer the strength of density fluctuations in both the hot and
cool CGM, and subsequent levels of FRB scattering. This
analysis implicitly requires several key assumptions, which are
discussed in detail below. Physical implications of our results,
including in comparison to previous predictions of FRB
scattering in the CGM, are also discussed. Conclusions are
summarized in Section 6.

5.1. Modifying Our Assumptions

While we have assumed uniform, isotropic Kolmogorov
turbulence for most of our analysis, there is evidence that
CGM turbulence can deviate from a Kolmogorov spectrum,
and that the turbulence spectrum may include local enhance-
ments due to shocks and/or local energy sources (e.g., inflows
and outflows). Turbulence spectra significantly shallower or
steeper than Kolmogorov would change our scattering
predictions. Keeping 6n, fixed at the outer scale (to, e.g., a
value set by the Mach number), 3 < < 11/3 will yield C?
larger than the values we estimate for 3= 11/3, thus leading
to larger scattering delays for a given halo and LOS geometry
(provided that the multipath scale remains larger than the
Fresnel and diffractive scales). Conversely, 11/3 < < 4 will
yield CZ and (7) smaller than what we find for 3= 11/3. For
0> 4, refractive effects will dominate over a larger range of
spatial scales and the diffractive scattering considered here
may become irrelevant because density fluctuations would
become too weak at the length scales relevant to diffraction
(J. Goodman & R. Narayan 1985; J. M. Cordes et al. 1986). If
0 is well determined from velocity fluctuation measurements,
then its empirical value should be used to estimate C2,
although this still involves extrapolation over many orders of
magnitude.

All of our scattering predictions (pulse broadening times and
scintillation bandwidths) assumed by necessity that density
fluctuations d1ss1pate at scales much smaller than the Fresnel
scale (~10"? cm). Isothermal turbulence in the cool gas may be
damped by cooling below the cooling length scale
(Y. Lithwick & P. Goldreich 2001), although this effect has
not yet been shown in modern, large-scale numerical
simulations (e.g., J. R. Beattie et al. 2025). In the absence of
either damping by cooling or neutrals, Y. Lithwick &
P. Goldreich (2001) argue that density fluctuations will cut
off below the transverse proton diffusion scale, which is

l id ~ 10%cm in the cool gas (comparable to rg¢) and
I3 ~ 107 cm in the hot gas (larger than ryp). It is possible

that density fluctuations in the hot gas are damped well above
the spatial scales relevant to radio wave scattering. However,
observational evidence suggests that density fluctuations can
survive below lPLd, down to kinetic scales (A. A. Schekochihin
et al. 2009; K. H. Lee & L. C. Lee 2019).

Regardless of the exact value of the inner scale, scattering
observations provide a means of distinguishing the role of
different damping/dissipation mechanisms in magnetic turbu-
lence, the nature of which is poorly understood in the CGM. If
the inner scale is 27y, then no multipath propagation (be it
diffractive or refractive) will be observed. An inner scale
between ry and ry, could yield refractive multiple imaging
(but not diffractive scattering). If the inner scale is comparable
to or greater than rg;, then the scattered image will be close to
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Gaussian and the shape of the scattered pulse will approach a
one-sided exponential. An inner scale much smaller than rg;g,
as assumed throughout this paper, will yield a scattered pulse
that deviates from a one-sided exponential. This latter case has
been observed in the Galactic warm ionized ISM (B. Rickett
et al. 2009), and estimates of 7y and kinetic scales may
support a similar scenario in the CGM.

In addition to the assumptions discussed above, we have
adopted a range of sound speeds and Mach numbers based on
the range of CGM systems with observed turbulence, none of
which overlap with known FRBs. Targeted surveys of FRB—
quasar pairs intersecting foreground galaxies, or FRBs
intersecting foreground CGMs detected in emission, may
directly yield estimates of the Mach number, (3, and even [, in
those individual systems, enabling a more direct comparison
between FRB and quasar observations. Such a comparison
may already be achievable in M31, which covers a large
enough area of the sky that dozens of quasars and FRBs
intersect it (N. Lehner et al. 2020; L. Connor & V. Ravi 2022).

5.2. Dissecting the Cloudlet Model: Volume Filling Fraction
and Outer Scale of the Cold CGM

Our formalism for relating scattering observables to density
fluctuations is based on an ionized cloudlet model in which the
CGM is composed of cloudlets that sustain internal turbulence,
while allowing for fluctuations in the mean density of different
cloudlets. Our analysis suggests that cooler (10°-10°K)
cloudlets are the most likely to produce observable FRB
scattering, as suggested in previous studies. One may then ask
what additional properties of the cool CGM may be
constrained by our model, other than the strength of density
fluctuations and their dissipation scale. The size of individual
cloudlets is not explicitly factored into the model, but it is
implicitly related to the model parameters ¢, f, and [,. If the
CGM is composed of a single large cloud with uniform mean
density, then ¢ = (n2)/(n..)* and the volume filling factor f
will be unity, with the path length through the scattering screen
L comparable to the cloud size. If, on the other hand, the CGM
is significantly “clumpy,” with a range of mean cloudlet
densities along the LOS, then ¢ > 1 (this parameter is identical
to a clumping factor; e.g., see Equation (18) in A. Dutta et al.
2024). If cool gas is additionally concentrated into numerous
tiny cloudlets spread uniformly in the CGM with a small
volume fraction f< 1, L is comparable to the virial radius. A
small volume filling fraction with a large area covering
fraction of cool gas is implied by quasar absorption studies
(see A. Dutta et al. 2024; C. B. Hummels et al. 2024; M. Singh
Bisht et al. 2024 for a range of possible models). Regardless of
the exact scenario, the cloudlet size may also be related to the
outer scale of the density fluctuations within cloudlets. These
parameters are all lumped together in the composite
F = (e?/f(121)/3 and F; = f x F, which we infer both from
quasar observations of turbulence and upper limits on FRB
scattering in the CGM.

While dlssectlng F is difficult, involving five degenerate
parameters, it is not altogether impossible. In principle, > and
I, can both be inferred by leveraging quasar-based constraints
on column densities and cloud sizes, and /; can be constrained
through the methods laid out in this paper. Given some prior
on €, l,, and [;, along with an inference of F = fx F,onecan
then constrain the likely range of (, which will be close to
unity for a highly uniform medium or much greater than unity
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for a very clumpy medium. As an illustration, if we assume
ne~10"2cm > and I,~ 10pc, we have C2 ~ 10-6 m~2%/3
(Figure 3) and €* ~ 10~* (Equation (1)). For ; ~ 2000 km (the
ion inertial scale for n, ~ 10”2 cm ), and a total constraint on
F ~5 x 1074 (pc*km)~'/3 (Figure 3), we would then infer
¢ ~300. Conversely, assuming a perhaps unphysically large
outer scale l,~ 100kpc would imply (~ 1, implying an
unrealistically smooth medium for any plausible range of cold
gas overdensities . While these are purely demonstrative
calculations, they illustrate that our empirically motivated
constraints on £ would imply insensibly little clumpiness of
high-density gas if an outer scale comparable to the halo radius
is assumed. The line of reasoning followed above offers one
possible path to interpreting quasar and/or FRB-based
constraints on F; (or F).

5.3. Comparison with VP19 and the Misty CGM

Applying this ionized cloudlet model to quasar-based
inferences of turbulence yields scattering predictions that,
depending on sightline geometry, are up to 10* times smaller
than the fiducial values predicted by H. K. Vedantham &
E. S. Phinney (2019) (hereafter VP19), who used a simple
analytic prescription for the M. McCourt et al. (2018) misty
CGM, in which the CGM is a volume of cool cloudlets with a
volume filling factor f~10"%  internal  density
Ny~ 1073 cm*3, and cloudlet radius r.~ 1pc. In VP19,
scattering arises from the random distribution of cloudlets
along a given LOS, with the superposition of intersected
cloudlets yielding phase perturbations that mimic a Kolmo-
gorov spectrum with an outer scale comparable to the cloudlet
size. The smallest scale cutoff of the phase perturbations (i.e.,
the inner scale) is not included in their model, because they
focus on predicting the diffractive scattering time, which
depends on rgisr and is independent of /. While their model
sources density fluctuations not from turbulence, but from the
number and mean density of intersected cloudlets, making a
direct comparison between our results difficult (and perhaps
unphysical), we can nonetheless investigate what modifica-
tions to their model would yield scattering predictions more
similar to our own.

In the VP19 model, 74 oc r; v *DM?%f!2 (dgdio/dso),
where r. is the cloud size and f, ~fb/r. is the number of
intersected clouds at an impact parameter b, for a volume
filling factor f. Their fiducial values r.~ 1pc, v~ 1 GHz,
DM ~ 0.03 pcem >, f, ~ 10, and (dyd,o/ds,) ~ 1 Gpc yields
Ta~ 0.4 ms. Since decreasing 74 requires increasing r. and/or
decreasing f,, the most natural way to produce a smaller
scattering prediction is to thus increase r.. A modest increase
from r.~ 1pc to r.~ 10pc is sufficient to make VP19’s
predictions broadly consistent with our own (see their
Equation (19)), if we account for the corresponding increase
in DM.

An important limitation of the work of VP19 is the
assumption of a universal cloud size. A key motivation for
considering a misty CGM is the large area covering factor
fa ~ O@) of cold gas, despite its small volume filling fraction
f~ 1073 (M. McCourt et al. 2018). Since f ~ (R/r.)f, for an
R ~ 100 kpc halo to have order unity f; we require 7. < 100 pc.
M. McCourt et al. (2018) argued that the cooling length
Iy ~ min(ct.o01), the scale on which cooling clouds establish
sonic contact with their surroundings, sets a characteristic
cloud length scale. Since [; o n,!, this corresponds to a fixed
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column N, ~ 10" cm™2, or Iy ~ 30 pc (n,/103)'em~3. This
characteristic scale is much larger than the r.~ 1 pc clouds
frequently invoked in the literature, which is actually the value
of r. for [ in higher-redshift, denser halos.” Later work on
multiphase gas in a turbulent medium has found a broad
power-law spectrum of cloud sizes, with dN/dM ochz, or
equal mass per logarithmic interval (M. Gronke et al. 2022;
H. K. Das & M. Gronke 2023; M. Singh Bisht et al. 2024). At
fixed density, this is equivalent to equal volume per
logarithmic interval. Since f5  f/r., the smallest clouds will
dominate the area covering factor, so a key parameter is the
small-scale cutoff to this power-law spectrum. In M. Gronke
et al. (2022), this small-scale cutoff is—modulo uncertainty
due to limited numerical resolution—on the order of the
survival radius (the minimal scale where cooling can overcome
the mixing due to shear-induced Kelvin—Helmholz instabil-
ities), which is larger than the scale predicted by M. McCourt
et al. (2018). There are many complications (e.g., nonthermal
pressure support) that can affect these estimates, but it is fair to
say that the lower limit on cool cloud sizes for z ~ 0 halos is
very likely to be significantly larger than ~1 pc.

Increasing r,. also alleviates the problem posed by D. L. Jow
et al. (2024), who argue that refractive multiple imaging of
FRBs by CGM clouds would suppress Galactic scintillation
(and hence that detection of Galactic scintillation may disfavor
some misty CGM models). Increasing r. from their nominal
value of r.~0.1pc to r.~ 10pc decreases the number of
refractive images by a factor of 1071° to Nimage = 1 (see
Equation (27) in D. L. Jow et al. 2024). We thus find
that VP19’s CGM model can produce scattering levels
comparable to our results if the model’s cloud size is
increased, and that under these same conditions refractive
multiple imaging (and significant quenching of Galactic
scintillation) is unlikely. L. Mas-Ribas et al. (2025) indepen-
dently find that refractive multiple imaging is unlikely for
typical cool CGM gas parameters. Ultimately, detailed
assessment of the phase structure function behavior is likely
needed to determine the best observational tests for distin-
guishing between these different scattering scenarios (refrac-
tive scattering by cool clouds versus diffractive scattering by
cool clouds and/or turbulence).

The single cloud-scale model adopted by VP19 is
qualitatively reminiscent of early monoscale descriptions of
scintillation in both the interplanetary medium (IPM) and the
ISM, in which density irregularities were modeled as a
Gaussian power spectrum with a single characteristic length
scale, as opposed to a turbulent power-law spectrum covering
a wide range of scales (R. V. E. Lovelace 1970). Under certain
conditions (e.g., >4, or <4 and [; 2 rqi), a power-law
medium can produce a phase structure function with a similar
dependence on spatial separation as a Gaussian density power
spectrum (see B. J. Rickett 1977 for a review). Gaussian
density spectra were largely ruled out based on observational
evidence for density fluctuations spanning a much wider range
of spatial scales than allowed in the monoscale model
(J. W. Armstrong et al. 1981, 1995; A. Chepurnov &
A. Lazarian 2010). Distinguishing between monoscale and
turbulent media in the CGM will similarly require assessment
of observations spanning a wide range of spatial scales;

7 M. McCourt et al. (2018) focused on such systems, as they found—by

comparing to observational data—that the shattering hypothesis worked well
at high redshift, but less well at low redshift.
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measuring FRB scattering delays in a single radio-frequency
band will likely not suffice. However, the potential compat-
ibility of nonthermal line broadening measurements with FRB
scattering upper limits, as illustrated in this paper, already
hints at fluctuations spanning a much wider range of scales
than a monoscale model (such as VP19) would allow.

6. Conclusions

Quasar observations of CGM turbulence suggest that its
density fluctuations are extremely weak: In the hot CGM,
quasar-inferred Mach numbers and local electron densities
yield 10716 < €2 < 1072 m %3, whereas in the cool CGM,
1078 < €2 < 1074 m %3, For typical path lengths ~100 kpc
through a halo, the corresponding SM of the hot gas is
~107"-10"" kpc m 23, For the cool gas, a tiny volume
filling fraction f~ 10~°~10"2 implies that the mean C“i along
the entire path length through a halo is ~10°~10"% times
smaller than the locally estimated values, and the resulting SM
of the cool gas can be 1-10°x larger than that of the hot gas,
depending on the volume-averaged density. The same result is
obtained if one instead assumes that the locally estimated C>
of cool gas applies over a much smaller path length, such as
that of an individual cool cloud. If the filling factor of cool gas

is very small, then estimates of the mean C? along an FRB
LOS, e.g., based on the inferred SM, are not necessarily
capable of distinguishing scattering by cool versus hot gas.

The density fluctuation parameter F will be substantially
different in the cool and hot CGM due to the difference in their
dissipation scales, filling factors, and clumpiness. If we assume
that density fluctuations persist down to plasma microscales,
then for the hot CGM, we find a characteristic range
108 < F < 107* (pc® km)~'/3, whereas for the cool CGM,
104 <fx F<103 (pc’km)~'/3. When the dissipation
scale is significantly smaller than the diffractive scale,
I; < rqifr, the scattered pulse will show an extended tail with
a mean delay that depends on the dissipation scale. Inferring F
from the mean scattering delay can thus serve as a sensitive
diagnostic of the microphysics of the gas, if the scattering
delay is actually measurable.

The range of F found above implies that the expected level
of diffractive scattering from the hot CGM is miniscule but
may be detectable from the cool CGM, depending on the LOS
geometry. Scattering delays from the Milky Way and host
galaxy CGMs are predicted to be Sus, regardless of gas phase.
For a broad range of sightline geometries and likely DMs, we
predict mean scattering delays from the hot gas
(T)(1 + z,> < 1 us at 1GHz, even after accounting for
geometric amplification from intersecting a foreground CGM
at cosmological distances. The cool CGM produces about
10°x larger scattering delays than the hot CGM, despite it
being a smaller fraction of the total CGM electron density
content. Even so, scattering from the cool CGM will likely
only be detectable as pulse broadening at low observing
frequencies, when the CGM contributions to DM and
geometric leverage are very large, and/or if multiple halos
are intersected and produce larger cumulative scattering
(unless the ISMs of the Milky Way and host galaxy produce
an inhibitive amount of scattering). It is also more likely that
density fluctuations are damped in the hot gas at scales greater
than the multipath scale, in which case the hot gas would not
produce any multipath propagation. We thus conclude,
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similarly to previous studies, that if FRB scattering occurs in
the CGM, then cool gas will be the dominant contributor.

Our analysis indicates that, even if CGM scattering is
undetected, stringent upper limits on the mean scattering delay
can be combined with quasar observations to yield lower limits
on the dissipation scale. An initial comparison between quasar-
inferred values of F for FRB 181112 and FRB 191108
suggests that the scattering of these FRBs is plausibly
dominated by their foreground CGMs, and that it is compatible
with dissipation near plasma microscales. The dissipation scale
can be more tightly constrained if a firm measurement of CGM
scattering is made, but this scenario likely requires either
negligible scattering from the ISMs of the FRB host galaxy
and Milky Way or highly robust determinations of their
scattering contributions.

Importantly, we have shown that observed FRB scattering is
not inconsistent with the misty CGM picture, as quasar
observations of cool gas turbulence indicate small levels of
scattering would occur even if that turbulence extends down to
sub-au scales. We thus find that cool gas can be ubiquitous in
the CGM without producing extreme amounts of FRB
scattering incompatible with observations. Whether that cool
gas is misty or concentrated in larger discrete clouds (more
precisely, kinematically coherent structures) is difficult to
assess. Scattering from a single discrete cloud corresponds to
very large Gy, because of the small path length through the
cloud, which can yield significantly larger scattering than
typically observed. One likely example of this is
FRB 20221219A, which intersects multiple foreground halos
and has 74~ 19ms at 1GHz (J. T. Faber et al. 2024).
Ultimately, targeted surveys of quasars and FRBs probing the
same galaxy systems, with the requisite dedication of
observing resources, offer the best prospects for constraining
CGM structure across the full range of spatial scales necessary
to test misty CGM models. The methodology pursued here is
also applicable to FRB host galaxies, for which ISM
turbulence may readily be studied in emission.
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Appendix
Relating C? and F

Here, we lay out the formalism relating C2, the amplitude of
the density fluctuation power spectrum, and F, the composite
density fluctuation parameter in the ionized cloudlet model
(Section 3.2), expanding on the approach laid out in
J. M. Cordes et al. (2016). We define the mean scattering
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Appendix).

time, i.e., the mean delay of the pulse broadening function, for
a source at distance d,
dso
(r) = (1/2¢) f dsn(s)s(1 — 5/dy) (A1)
0

where 7(s) is the mean-square scattering angle per unit length
due to turbulent plasma at a distance s:

n(s) = N2 f dqq°Pn (. ). (A2)

Here, we have assumed an isotropic 3D density fluctuation
spectrum F,,, and for a spectral index 3 < 4 and an inner scale
l;=27/q; much smaller than the outer scale [, the mean-
square scattering angle is (J. M. Cordes & B. J. Rickett 1998)

)

~ %)\4r621“(7/6)q11/3cnz(s) for (3 = 11/3).

qi47ﬁ an ()
(A3)

The mean-square scattering angle is distinct from the
diffractive scattering angle (04~ \/raisr; see Figure Al).
Unlike the diffractive scattering angle, the mean-square
scattering angle will always depend on the inner scale and
have the form given in Equation (A3) when (§<4. The
corresponding mean delay (Equation (A1)) is not equal to the
diffractive scattering delay (the delay corresponding to 6y)
when [; < rgy, as discussed in Section 3.2.

In the cloudlet model, individual cloudlets sustain internal
turbulence with rms density fluctuations (én..) related to C..,
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where an,c refers to the turbulence amplitude within individual
cloudlets:

2 B3
M 202m)ts
= [3Q2m)' 31 (6n2) 1,3 for = 11/3.

(Bng )1 ™"
(A4)

Letting €2 = (6n2)/n2 and Cgy = (6 — 3)/227)* ", we thus
have
Cl.= Csmenlid™", (A5)

emphasizing that n,. is the local mean density of a cloudlet.
Ultimately, we are interested in evaluating 7(s) for the volume-

averaged C> = Cz along the LOS:

CZ. = fCsm{en2) 13"

— <fnec>2
= fCSM<62ne2c> 103 B X m
2
— G, (A6)

o

where ¢ = (n2)/(n.)* describes the fractional variations in

density between cloudlets, /i, = f (n,.) is the volume-averaged
electron density along the LOS, and we have assumed the
outer scale and ¢ to be the same for all cloudlets.

Given the dependence of 7(s) on g;, we lump all quantities
describing the density fluctuations together into the parameter
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F = Ce?/fIP 314", We thus have
2 =214—0
Cn,c = CSMFne li /

= CsmFa2 13 for B = 11/3. (A7)

The subsequent mean scattering time can be evaluated using
Equation (A1), as laid out in J. M. Cordes et al. (2016, 2022).
For 3= 11/3, this procedure ultimately yields the form given in
Equation (13), where we have used the screen dispersion
measure due to a given phase DM, = 7i,L. The frequency
dependence of 7)(s), and hence the mean pulse broadening delay,
is exactly v %, whereas the diffractive scattering delay has a
frequency dependence that depends on (. Modifying G would
only change the constant prefactor in Equation (13) and the
exponents of the inner and outer scales in F'; all other quantities
would remain the same. Ultimately, the mean scattering delay
will always depend on [; when [; < rgr, While rgige behaves in
the opposite manner, i.e., 74 only depends on /; when rg;g << [;.

ORCID iDs

Stella Koch Ocker @ https: j/orcid.org/0000-0002-4941-5333
Mandy C. Chen @ https: //orcid.org/0000-0002-8739-3163
S. Peng Oh © https: //orcid.org/0000-0002-1013-4657
Prateek Sharma @ https: //orcid.org/0000-0003-2635-4643

References

Alexandrova, O., Carbone, V., Veltri, P., & Sorriso-Valvo, L. 2008, ApJ,
674, 1153

Alexandrova, O., Lacombe, C., Mangeney,
Maksimovic, M. 2012, AplJ, 760, 121

Armstrong, J. W., Cordes, J. M., & Rickett, B. J. 1981, Natur, 291, 561

Armstrong, J. W., Rickett, B. J., & Spangler, S. R. 1995, AplJ, 443, 209

Augustin, R., Tumlinson, J., Peeples, M. S., et al. 2025, arXiv:2501.06551

Beattie, J. R., Federrath, C., Klessen, R. S., Cielo, S., & Bhattacharjee, A.
2025, NatAS

Butsky, I. S., Hummels, C. B., Hopkins, P. F., Quinn, T. R., & Werk, J. K.
2024, MNRAS, 535, 1672

Chen, H.-W., Qu, Z., Rauch, M., et al. 2023a, ApJL, 955, L25

Chen, M. C., Chen, H.-W., Rauch, M., et al. 2023b, MNRAS, 518, 2354

Chen, M. C., Chen, H.-W., Rauch, M., et al. 2024, ApJ, 962, 98

Chen, M. C., Chen, H.-W., Rauch, M., et al. 2025, ApJL, 978, L18

Chepurnov, A., & Lazarian, A. 2010, ApJ, 710, 853

Cho, H., Macquart, J.-P., Shannon, R. M., et al. 2020, ApJL, 891, L38

Coles, W. A., Frehlich, R. G., Rickett, B. J., & Codona, J. L. 1987, AplJ,
315, 666

Connor, L., & Ravi, V. 2022, NatAs, 6, 1035

Connor, L., van Leeuwen, J., Oostrum, L. C., et al. 2020, MNRAS, 499, 4716

Cook, A. M., Bhardwaj, M., Gaensler, B. M., et al. 2023, ApJ, 946, 58

Cordes, J. M., Ocker, S. K., & Chatterjee, S. 2022, ApJ, 931, 88

Cordes, J. M., Pidwerbetsky, A., & Lovelace, R. V. E. 1986, ApJ, 310, 737

Cordes, J. M., & Rickett, B. J. 1998, ApJ, 507, 846

Cordes, J. M., Wharton, R. S., Spitler, L. G., Chatterjee, S., & Wasserman, 1.
2016, arXiv:1605.05890.

Das, H. K., & Gronke, M. 2023, MNRAS, 527, 991

Dutta, A., Bisht, M. S., Sharma, P., et al. 2024, MNRAS, 531, 5117

Faber, J. T., Ravi, V., Ocker, S. K., et al. 2024, arXiv:2405.14182

Faucher-Giguere, C.-A., & Oh, S. P. 2023, ARAA, 61, 131

Federrath, C., Klessen, R. S., Iapichino, L., & Beattie, J. R. 2021, NatAs, 5, 365

Federrath, C., Roman-Duval, J., Klessen, R. S., Schmidt, W. &
Mac Low, M. M. 2010, A&A, 512, A81

Fielding, D. B., Ostriker, E. C., Bryan, G. L., & Jermyn, A. S. 2020, ApJL,
894, 1.24

A., Grappin, R., &

16

Ocker et al.

Geiger, A., Cordes, J. M., Lam, M. T., et al. 2024, ApJ, 986, 191

Goodman, J., & Narayan, R. 1985, MNRAS, 214, 519

Gronke, M., Oh, S. P., Ji, S., & Norman, C. 2022, MNRAS, 511, 859

Huang, Y., Simha, S., Khrykin, L., et al. 2025, ApJS, 277, 64

Hummels, C. B., Rubin, K. H. R., Schneider, E. E., & Fielding, D. B. 2024,
Apl, 972, 148

Hummels, C. B., Smith, B. D., Hopkins, P. F., et al. 2019, ApJ, 882, 156

Ji, S., Oh, S. P., & Masterson, P. 2019, MNRAS, 487, 737

Jow, D. L., Pen, U.-L., & Feldbrugge, J. 2023, MNRAS, 525, 2107

Jow, D. L., Wu, X., & Pen, U.-L. 2024, PNAS, 121, e2406783121

Konstandin, L., Girichidis, P., Federrath, C., & Klessen, R. S. 2012, ApJ,
761, 149

Krishnakumar, M. A., Mitra, D., Naidu, A., Joshi, B. C., & Manoharan, P. K.
2015, ApJ, 804, 23

Lambert, H. C., & Rickett, B. J. 1999, ApJ, 517, 299

Lee, K. H., & Lee, L. C. 2019, NatAs, 3, 154

Lehner, N., Berek, S. C., Howk, J. C., et al. 2020, ApJ, 900, 9

Lithwick, Y., & Goldreich, P. 2001, ApJ, 562, 279

Lovelace, R. V. E. 1970, PhD thesis, Cornell University

Macquart, J.-P., & Koay, J. Y. 2013, AplJ, 776, 125

Mas-Ribas, L., McQuinn, M., & Prochaska, J. X. 2025, arXiv:2504.19562

Masui, K., Lin, H.-H., Sievers, J., et al. 2015, Natur, 528, 523

McCourt, M., Oh, S. P., O’Leary, R., & Madigan, A.-M. 2018, MNRAS,
473, 5407

Miller, M. J., & Bregman, J. N. 2015, ApJ, 800, 14

Mohapatra, R., Federrath, C., & Sharma, P. 2021, MNRAS, 500, 5072

Mohapatra, R., Federrath, C., & Sharma, P. 2022a, MNRAS, 514, 3139

Mohapatra, R., Jetti, M., Sharma, P., & Federrath, C. 2022b, MNRAS,
510, 2327

Mohapatra, R., & Sharma, P. 2019, MNRAS, 484, 4881

Mohapatra, R., Sharma, P., Federrath, C., & Quataert, E. 2023, MNRAS,
525, 3831

Nelson, D., Sharma, P., Pillepich, A., et al. 2020, MNRAS, 498, 2391

Nimmo, K., Pleunis, Z., Beniamini, P., et al. 2025, Natur, 637, 48

Ocker, S. K., Cordes, J. M., & Chatterjee, S. 2021a, ApJ, 911, 102

Ocker, S. K., Cordes, J. M., Chatterjee, S., & Dolch, T. 2021b, ApJ, 922, 233

Ocker, S. K., Cordes, J. M., Chatterjee, S., & Gorsuch, M. R. 2022a,
arXiv:2203.16716

Ocker, S. K., Cordes, J. M., Chatterjee, S;’ et al. 2022b, ApJ, 931, 87

Padoan, P., Jones, B. J. T., & Nordlund, A. P. 1997, ApJ, 474, 730

Prochaska, J. X., Macquart, J.-P., McQuinn, M., et al. 2019, Sci, 366, 231

Prochaska, J. X., & Zheng, Y. 2019, MNRAS, 485, 648

Qu, Z., Chen, H.-W., Rudie, G. C., et al. 2022, MNRAS, 516, 4882

Rickett, B., Johnston, S., Tomlinson, T., & Reynolds, J. 2009, MNRAS,
395, 1391

Rickett, B. J. 1977, ARA&A, 15, 479

Rickett, B. J. 1990, ARA&A, 28, 561

Rickett, B. J., Coles, W. A., & Bourgois, G. 1984, A&A, 134, 390

Rudie, G. C., Steidel, C. C., Pettini, M., et al. 2019, ApJ, 885, 61

Sammons, M. W., James, C. W., Trott, C. M., & Walker, M. 2022, MNRAS,
517, 5216

Sarazin, C. L. 1986, RvMP, 58, 1

Schekochihin, A. A., Cowley, S. C., Dorland, W., et al. 2009, ApJS, 182, 310

Sharma, P., McCourt, M., Parrish, I. J., & Quataert, E. 2012, MNRAS,
427, 1219

Simard, D., & Ravi, V. 2021, arXiv:2107.11334

Singh, P., Majumdar, S., Nath, B. B., & Silk, J. 2018, MNRAS, 478, 2909

Singh Bisht, M., Sharma, P., Dutta, A., & Nath, B. B. 2024, arXiv:2411.17173

Spangler, S. R., & Gwinn, C. R. 1990, ApJL, 353, L.29

Spitzer, L. 1956, Physics of Fully Ionized Gases (New York: Interscience)

Tan, B., Oh, S. P., & Gronke, M. 2021, MNRAS, 502, 3179

Tumlinson, J., Peeples, M. S., & Werk, J. K. 2017, ARA&A, 55, 389

van Leeuwen, J., Kooistra, E., Oostrum, L., et al. 2023, A&A, 672, A117

Vedantham, H. K., & Phinney, E. S. 2019, MNRAS, 483, 971

Voit, G. M. 2019, ApJ, 880, 139

Werk, J. K., Prochaska, J. X., Tumlinson, J., et al. 2014, ApJ, 792, 8

Wu, Z.-W., Main, R. A., Zhu, W.-W., et al. 2024, SCPMA, 67, 219512

Zhuravleva, 1., Churazov, E., Schekochihin, A. A., et al. 2019, NatAs, 3, 832

Zhuravleva, 1., Churazov, E. M., Schekochihin, A. A., et al. 2014, ApJL,
788, L13


https://orcid.org/0000-0002-4941-5333
https://orcid.org/0000-0002-8739-3163
https://orcid.org/0000-0002-1013-4657
https://orcid.org/0000-0003-2635-4643
https://doi.org/10.1086/524056
https://ui.adsabs.harvard.edu/abs/2008ApJ...674.1153A/abstract
https://ui.adsabs.harvard.edu/abs/2008ApJ...674.1153A/abstract
https://doi.org/10.1088/0004-637X/760/2/121
https://ui.adsabs.harvard.edu/abs/2012ApJ...760..121A/abstract
https://doi.org/10.1038/291561a0
https://ui.adsabs.harvard.edu/abs/1981Natur.291..561A/abstract
https://doi.org/10.1086/175515
https://ui.adsabs.harvard.edu/abs/1995ApJ...443..209A/abstract
http://arxiv.org/abs/2501.06551
https://doi.org/10.1038/s41550-025-02551-5
https://doi.org/10.1093/mnras/stae2459
https://ui.adsabs.harvard.edu/abs/2024MNRAS.535.1672B/abstract
https://doi.org/10.3847/2041-8213/acf85b
https://ui.adsabs.harvard.edu/abs/2023ApJ...955L..25C/abstract
https://doi.org/10.1093/mnras/stac3193
https://ui.adsabs.harvard.edu/abs/2023MNRAS.518.2354C/abstract
https://doi.org/10.3847/1538-4357/ad1406
https://ui.adsabs.harvard.edu/abs/2024ApJ...962...98C/abstract
https://doi.org/10.3847/2041-8213/ad9bac
https://ui.adsabs.harvard.edu/abs/2025ApJ...978L..18C/abstract
https://doi.org/10.1088/0004-637X/710/1/853
https://ui.adsabs.harvard.edu/abs/2010ApJ...710..853C/abstract
https://doi.org/10.3847/2041-8213/ab7824
https://ui.adsabs.harvard.edu/abs/2020ApJ...891L..38C/abstract
https://doi.org/10.1086/165168
https://ui.adsabs.harvard.edu/abs/1987ApJ...315..666C/abstract
https://ui.adsabs.harvard.edu/abs/1987ApJ...315..666C/abstract
https://doi.org/10.1038/s41550-022-01719-7
https://ui.adsabs.harvard.edu/abs/2022NatAs...6.1035C/abstract
https://doi.org/10.1093/mnras/staa3009
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.4716C/abstract
https://doi.org/10.3847/1538-4357/acbbd0
https://ui.adsabs.harvard.edu/abs/2023ApJ...946...58C/abstract
https://doi.org/10.3847/1538-4357/ac6873
https://ui.adsabs.harvard.edu/abs/2022ApJ...931...88C/abstract
https://doi.org/10.1086/164728
https://ui.adsabs.harvard.edu/abs/1986ApJ...310..737C/abstract
https://doi.org/10.1086/306358
https://ui.adsabs.harvard.edu/abs/1998ApJ...507..846C/abstract
http://arxiv.org/abs/1605.05890.
https://doi.org/10.1093/mnras/stad3125
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527..991D/abstract
https://doi.org/10.1093/mnras/stae977
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531.5117D/abstract
http://arxiv.org/abs/2405.14182
https://doi.org/10.1146/annurev-astro-052920-125203
https://ui.adsabs.harvard.edu/abs/2023ARA&A..61..131F/abstract
https://doi.org/10.1038/s41550-020-01282-z
https://ui.adsabs.harvard.edu/abs/2021NatAs...5..365F/abstract
https://doi.org/10.1051/0004-6361/200912437
https://ui.adsabs.harvard.edu/abs/2010A&A...512A..81F/abstract
https://doi.org/10.3847/2041-8213/ab8d2c
https://ui.adsabs.harvard.edu/abs/2020ApJ...894L..24F/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...894L..24F/abstract
https://doi.org/10.3847/1538-4357/add0b6
https://ui.adsabs.harvard.edu/abs/2025ApJ...986..191G/abstract
https://doi.org/10.1093/mnras/214.4.519
https://ui.adsabs.harvard.edu/abs/1985MNRAS.214..519G/abstract
https://doi.org/10.1093/mnras/stab3351
https://ui.adsabs.harvard.edu/abs/2022MNRAS.511..859G/abstract
https://doi.org/10.3847/1538-4365/adbc7f
https://ui.adsabs.harvard.edu/abs/2025ApJS..277...64H/abstract
https://doi.org/10.3847/1538-4357/ad5965
https://ui.adsabs.harvard.edu/abs/2024ApJ...972..148H/abstract
https://doi.org/10.3847/1538-4357/ab378f
https://ui.adsabs.harvard.edu/abs/2019ApJ...882..156H/abstract
https://doi.org/10.1093/mnras/stz1248
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487..737J/abstract
https://doi.org/10.1093/mnras/stad2332
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.2107J/abstract
https://doi.org/10.1073/pnas.2406783121
https://ui.adsabs.harvard.edu/abs/2024PNAS..12106783J/abstract
https://doi.org/10.1088/0004-637X/761/2/149
https://ui.adsabs.harvard.edu/abs/2012ApJ...761..149K/abstract
https://ui.adsabs.harvard.edu/abs/2012ApJ...761..149K/abstract
https://doi.org/10.1088/0004-637X/804/1/23
https://ui.adsabs.harvard.edu/abs/2015ApJ...804...23K/abstract
https://doi.org/10.1086/307181
https://ui.adsabs.harvard.edu/abs/1999ApJ...517..299L/abstract
https://doi.org/10.1038/s41550-018-0650-6
https://ui.adsabs.harvard.edu/abs/2019NatAs...3..154L/abstract
https://doi.org/10.3847/1538-4357/aba49c
https://ui.adsabs.harvard.edu/abs/2020ApJ...900....9L/abstract
https://doi.org/10.1086/323470
https://ui.adsabs.harvard.edu/abs/2001ApJ...562..279L/abstract
https://doi.org/10.1088/0004-637X/776/2/125
https://ui.adsabs.harvard.edu/abs/2013ApJ...776..125M/abstract
http://arxiv.org/abs/2504.19562
https://doi.org/10.1038/nature15769
https://ui.adsabs.harvard.edu/abs/2015Natur.528..523M/abstract
https://doi.org/10.1093/mnras/stx2687
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.5407M/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.473.5407M/abstract
https://doi.org/10.1088/0004-637X/800/1/14
https://ui.adsabs.harvard.edu/abs/2015ApJ...800...14M/abstract
https://doi.org/10.1093/mnras/staa3564
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.5072M/abstract
https://doi.org/10.1093/mnras/stac1610
https://ui.adsabs.harvard.edu/abs/2022MNRAS.514.3139M/abstract
https://doi.org/10.1093/mnras/stab3429
https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.2327M/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.510.2327M/abstract
https://doi.org/10.1093/mnras/stz328
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.4881M/abstract
https://doi.org/10.1093/mnras/stad2574
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.3831M/abstract
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.3831M/abstract
https://doi.org/10.1093/mnras/staa2419
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.2391N/abstract
https://doi.org/10.1038/s41586-024-08297-w
https://ui.adsabs.harvard.edu/abs/2025Natur.637...48N/abstract
https://doi.org/10.3847/1538-4357/abeb6e
https://ui.adsabs.harvard.edu/abs/2021ApJ...911..102O/abstract
https://doi.org/10.3847/1538-4357/ac2b28
https://ui.adsabs.harvard.edu/abs/2021ApJ...922..233O/abstract
http://arxiv.org/abs/2203.16716
https://doi.org/10.3847/1538-4357/ac6504
https://ui.adsabs.harvard.edu/abs/2022ApJ...931...87O/abstract
https://doi.org/10.1086/303482
https://ui.adsabs.harvard.edu/abs/1997ApJ...474..730P/abstract
https://doi.org/10.1126/science.aay0073
https://ui.adsabs.harvard.edu/abs/2019Sci...366..231P/abstract
https://doi.org/10.1093/mnras/stz261
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485..648P/abstract
https://doi.org/10.1093/mnras/stac2528
https://ui.adsabs.harvard.edu/abs/2022MNRAS.516.4882Q/abstract
https://doi.org/10.1111/j.1365-2966.2009.14471.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.1391R/abstract
https://ui.adsabs.harvard.edu/abs/2009MNRAS.395.1391R/abstract
https://doi.org/10.1146/annurev.aa.15.090177.002403
https://ui.adsabs.harvard.edu/abs/1977ARA&A..15..479R/abstract
https://doi.org/10.1146/annurev.aa.28.090190.003021
https://ui.adsabs.harvard.edu/abs/1990ARA&A..28..561R/abstract
https://ui.adsabs.harvard.edu/abs/1984A&A...134..390R/abstract
https://doi.org/10.3847/1538-4357/ab4255
https://ui.adsabs.harvard.edu/abs/2019ApJ...885...61R/abstract
https://doi.org/10.1093/mnras/stac3013
https://ui.adsabs.harvard.edu/abs/2022MNRAS.517.5216S/abstract
https://ui.adsabs.harvard.edu/abs/2022MNRAS.517.5216S/abstract
https://doi.org/10.1103/RevModPhys.58.1
https://ui.adsabs.harvard.edu/abs/1986RvMP...58....1S/abstract
https://doi.org/10.1088/0067-0049/182/1/310
https://ui.adsabs.harvard.edu/abs/2009ApJS..182..310S/abstract
https://doi.org/10.1111/j.1365-2966.2012.22050.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.427.1219S/abstract
https://ui.adsabs.harvard.edu/abs/2012MNRAS.427.1219S/abstract
http://arxiv.org/abs/2107.11334
https://doi.org/10.1093/mnras/sty1276
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.2909S/abstract
http://arxiv.org/abs/2411.17173
https://doi.org/10.1086/185700
https://ui.adsabs.harvard.edu/abs/1990ApJ...353L..29S/abstract
https://doi.org/10.1093/mnras/stab053
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.3179T/abstract
https://doi.org/10.1146/annurev-astro-091916-055240
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55..389T/abstract
https://doi.org/10.1051/0004-6361/202244107
https://ui.adsabs.harvard.edu/abs/2023A&A...672A.117V/abstract
https://doi.org/10.1093/mnras/sty2948
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483..971V/abstract
https://doi.org/10.3847/1538-4357/ab2bfd
https://ui.adsabs.harvard.edu/abs/2019ApJ...880..139V/abstract
https://doi.org/10.1088/0004-637X/792/1/8
https://ui.adsabs.harvard.edu/abs/2014ApJ...792....8W/abstract
https://doi.org/10.1007/s11433-023-2186-2
https://ui.adsabs.harvard.edu/abs/2024SCPMA..6719512W/abstract
https://doi.org/10.1038/s41550-019-0794-z
https://ui.adsabs.harvard.edu/abs/2019NatAs...3..832Z/abstract
https://doi.org/10.1088/2041-8205/788/1/L13
https://ui.adsabs.harvard.edu/abs/2014ApJ...788L..13Z/abstract
https://ui.adsabs.harvard.edu/abs/2014ApJ...788L..13Z/abstract

	1. Introduction
	2. Theory Relating Density and Velocity Fluctuation Spectra
	2.1. Hot CGM
	2.2. Cool CGM

	3. CGM Turbulence Observables
	3.1. Emission and Absorption
	3.2. FRB Scattering
	3.2.1. Length Scales of Diffractive Scattering
	3.2.2. Generic Ionized Cloudlet Model


	4. Analysis and Results
	4.1. Density Fluctuations in the Hot and Cool CGM
	4.2. Scattering Predictions
	4.3. Comparison to Observed Scattering
	4.4. The Dissipation Scale of CGM Turbulence
	4.5. Conditions for Multipath Propagation

	5. Discussion
	5.1. Modifying Our Assumptions
	5.2. Dissecting the Cloudlet Model: Volume Filling Fraction and Outer Scale of the Cold CGM
	5.3. Comparison with VP19 and the Misty CGM

	6. Conclusions
	AppendixRelating Cn2 and F˜
	References

