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Abstract

We use the measured scattering timescales of fast radio bursts (FRBs) from the CHIME catalog to derive an upper
limit on the magnetic field on subkiloparsec scales in the intergalactic medium (IGM). A nonmagnetized,
photoionized IGM is insufficient to explain the turbulent scattering at all redshifts, with a warm-hot component
being marginally consistent with the data at z ~ 1. Accounting for the lower envelope of the temporal smearing
distribution with a nonzero magnetic field leads to upper limits B < 10-30 nG on scales of 0.07-0.20 kpc in the
IGM at z ~ 1-2. Our work introduces a novel technique to constrain small-scale magnetic fields in the IGM, in a
regime unexplored by the rotation and dispersion measures of FRBs.

Unified Astronomy Thesaurus concepts: Radio transient sources (2008); Intergalactic medium (813); Magnetic

fields (994)

1. Introduction

Magnetic fields are ubiquitous on all scales in the universe.
Various constraints have been placed on the strength of magnetic
fields in the intergalactic medium (IGM) from theory and
observations (for reviews, see, e.g., Vallée 2004; Kahniashvili &
Ratra 2005; Durrer & Neronov 2013; Subramanian 2016). To
date, the strongest constraints are on cosmological scales, with
values of up to a few nanogauss (nG) expected from primordial
magnetic fields in the early universe (Quashnock et al. 1989;
Cheng et al. 1996; Kawasaki & Kusakabe 2012; Planck
Collaboration et al. 2016; Pshirkov et al. 2016) out to horizon
scales and redshifts z > 5.

On scales of the order of a few Mpc, the magnetic field has
been measured in filaments of the warm-hot intergalactic
medium (WHIM; Davé et al. 2001; Cen & Ostriker 2006),
which plays a key role in structure formation (e.g., Vazza et al.
2014). Constraints on the magnetic field in this phase of the IGM
have traditionally been placed by using the Faraday rotation
measure (RM) from background polarized electromagnetic
sources (e.g., Vernstrom et al. 2017, 2019, 2021; O’Sullivan
et al. 2019, 2020; Locatelli et al. 2021), finding upper limits of
30-300 nG, consistently with the results of simulations (Dolag
et al. 1999; Briiggen et al. 2005; Ryu et al. 2008; Vazza et al.
2017). Quasar outflows may pollute the IGM with magnetic
fields of the order of 1 nG on scales of ~1 Mpc (Furlanetto &
Loeb 2001) by z~ 3. On smaller scales, such as within the
Milky Way and in galaxy clusters, the magnetic fields are of the
order of a few uG (e.g., Beck et al. 1996; Bernet et al. 2008).

Turbulence in the IGM plays an important role in the
amplification of seed magnetic fields (Ryu et al. 2008; Macquart
& Koay 2013; Xu & Zhang 2020). Transient electromagnetic
events such as fast radio bursts (FRBs; Lorimer et al. 2007) can
be used to measure the turbulence in the IGM via their
individual temporal broadening and statistical fluctuations in
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their dispersion measures (DMs; Macquart & Koay 2013;
Thornton et al. 2013; Petroff et al. 2016; Xu & Zhang 2020).
FRBs have been also used to constrain several properties of the
WHIM (Macquart et al. 2020) including its magnetic field, with
upper limits measured from the RM distribution being 2040 nG
on scales of 0.5Mpc to 1 Gpc at z<1 (Ravi et al. 2016).
Simulations suiggest that a sample of >10° FRBs with
RM > 1rad m™~ is required to improve these constraints by 1
order of magnitude (Hackstein et al. 2020).

In this paper, we introduce a new technique using the
measured scattering timescales of FRBs from the CHIME
catalog to place upper limits on magnetic fields on subkilo-
parsec scales in the IGM. We use the lower envelope of the
observed scattering timescale distribution at a given frequency
to constrain the lower scale of turbulence (denoted by [y) in
terms of the IGM properties. We find that an unmagnetized,
photoionized IGM at z < 2 with [y given by the Coulomb mean
free path of the plasma is insufficient to explain the observed
smearing over 0 < z < 2. If a warm-hot component of the IGM
is included, the expected smearing timescales are marginally
consistent with the observations at z ~ 1, but fall short by 1-2
orders of magnitude at lower redshifts. Accounting for the
smearing by a nonzero magnetic field leads to upper limits of
<10 nG at z <1 at the relevant lower scale for the turbulence
(which is given by the viscous scale of the field) of
lp ~0.01-0.2 kpc. Our analysis introduces a new technique to
measure magnetic fields on small scales unexplored by
approaches that use the Faraday RM and DMs.

2. Methods and Results

We use the First CHIME catalog of FRBs, which comprises
536 transients, providing their DMs, derived redshifts
(Macquart et al. 2020),° and scattering timescales

3 The Transient Name Server (https://www.wis-tns.org/) is used to obtain

the derived redshifts for the objects, which models the Galactic DM according
to the NE2001 (Cordes & Lazio 2002) model. The redshifts z here should be
interpreted as the maximum redshifts zn,x of the FRBs, keeping in mind the
unknown host (James et al. 2022) and Galactic halo contributions (Dolag et al.
2015; Cook et al. 2023).
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Figure 1. Intrinsic scattering timescales (denoted by “scattime”) as a function
of inferred FRB redshift for the sources in the CHIME FRB catalog.
Overplotted are the IGM (blue thin line) and WHIM (thick magenta line)
predictions, with the parameters as assumed in the main text. We consider the
scatter of the data points to result from contributions in the FRB sources and
host galaxies.

(CHIME/FRB Collaboration et al 2021; Chawla et al. 2022).
The distribution of intrinsic scattering timescales (related to the
observed ones by 7= 7us/(1 +2)) at the frequency of 600
MHz is plotted as the red points in Figure 1. The distribution
has a fairly level lower envelope, which represents the
minimum contribution of the IGM to the scattering timescale.
The scattering can be modeled following Macquart & Koay
(2013), which connects the intrinsic timescale to that associated
with the turbulent material, by

4 Do
T=41x%x 1075(1 + zL)*l(ﬂ) Der_
1 m 1 Gpe

1/3
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in which ), is the observed wavelength, z; is the assumed
redshift of the turbulent material, and the ratio of angular
diameter distances is given by D= D;D;s/Ds. The Dy, Ds,
and D;g denote the angular diameter distances to z;, to the
source at z, and that between the source and turbulent material
respectively. We adopt the relation z; = &z with the fiducial
value ¢ = 0.5 throughout the analysis. The scattering measure
is denoted by SM.¢ and given by integrating the contribution of
the IGM between the source and observer:

2 2 0 !
SM.g — f _Gv® f @@
(1 + 2/)? o (1+2)
where dl=dy/(1 +z)dz is the path length defined in
terms of the Hubble distance dy=c/H(z), and
H(z) = Hy(Q,,(1 + 2)°> + 2)'/2 is the Hubble parameter at
redshift z. We adopt a flat ACDM cosmology with the Hubble
constant Hy="71kms 'Mpc™', and Q,,=0.3 and Q, =0.7
being the ratios of the matter and dark energy densities to the
critical density of the universe, respectively. In the above
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is amplitude of the turbulence per unit path length. The Cy is
expressed in terms of the quantity f2 = ((n2) — (n.)%)/(n.)2
with the mean electron density set equal to the baryonic density
of the universe (Macquart & Koay 2013):

Qo
(ne) = neo(l + 2)* = 225t (1 — yu) (1 + 26, (1 + 2)?
my

=226 x 1077 em=3(1 + )3
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as is true for an almost completely ionized IGM. In the above,
Peric 18 the critical matter density of the universe, Yy = 0.24 is
the helium fraction, and fi. = ny./ny = 0.08 (e.g., Mufioz &
Loeb 2018; Macquart et al. 2020). The clumping factor of the
IGM is conventionally defined as C = f2 + 1 = (n2)/(n,)2.
The turbulence is assumed to follow a Kolmogorov spectrum
with 3 being the power-law index; 3= 11/3 (Armstrong et al.
1995). The outer scale L, is set to 0.1 Mpc in line with
observations and theoretical estimates (Kunz et al. 2022). We
consider two approaches to constrain the lower scale /y: (i) as
the Coulomb mean free path in an ionized medium, and (ii) as
the viscous scale of the intergalactic magnetic field. In the
former case, the magnetic field is assumed nonexistent, and [ is
equal to the Coulomb mean free path, expressed in terms of the
plasma parameter A given by

_ 47ng N
3
where the Debye length is defined as (in cgs units):

knT 1/2
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as a function of the ambient temperature 7. The mean free path
is expressible in terms of A and the Coulomb logarithm, In A,
by

A &)

A
)\mfp In A )\D- (7)

For the cases under consideration, In A ~ 30.

To estimate the smearing contribution from a nonmagne-
tized, photoionized IGM between z~ 0 and 2, we infer the
expected clumping factor at each of the redshifts by the
equation:

FHI<”H I> = CIGM <ne> <np> Qlrec (8)

in which the photoionization rate is taken as I'y;= 107 127!
from recent constraints (Mitra et al. 2018), and we use
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the Case B recombination coefficient, . = 2.6 X
10~ B3(Tigpm/10,000 K) 98 cm?s~!  (Osterbrock 1989), as is
appropriate when considering average absorption in the IGM.
We assume an average temperature Tigy = 1.5 X 10* K (Upton
Sanderbeck et al. 2016) at mean density, characteristic of the
bulk of the IGM. Assuming almost complete ionization (an
excellent approximation in this regime), we can rewrite the
above equation as

FHI<fH I> = CIGM <ne> Qlrec (9)

where fi1 1= ng1/ny = 10>k is the neutral fraction constrained by
observations of the Ly« forest (Bi 1993), with n;, = (n,) being the
baryon number density. Using () =2.26 x 10~ cm (1 + z)°,
we find Cigm = 167/(1 +27 at z <3 which, when used along
with Tigm in Equations (1) and (3), leads to the blue line in
Figure 1. It can be seen that the predicted scattering timescales are
well below the observations at all redshifts. We can thus conclude
that a nonmagnetized, photoionized IGM is not sufficient to
explain the observed smearing.

We now consider the contribution of a WHIM to the
observed scattering. Between redshifts 0 and ~0.6, the WHIM
occupies about 4%—11% of the IGM by volume (e.g., Danforth
et al. 2016; Martizzi et al. 2019). The clumping factor of the
WHIM phase is about Gyyp = 400 (e.g., Davé et al. 2001),
with a characteristic temperature of Twym = 5 x 10° K
(Singari et al. 2020). In the presence of the WHIM component,
the effective temperature and clumping factor of the plasma
become (T) = Tigmfigm + TwamSwan:  (C) = Gamfiom
+CGwamm fwam Where fyypmg = 0.04-0.11 (all averages being
over volume). Using these values in Equations (1) and (3) leads
to the magenta line (bracketed by the shaded region covering
the range of fi ) in Figure 1. We find that while the WHIM
can potentially provide the contribution to the smearing for the
largest redshifts under consideration, z ~ 1, it cannot do so at
lower redshifts, where a different source of turbulence may be
warranted.

We invoke a nonzero magnetic field in the IGM to account
for the remainder of the turbulence. In this scenario, the IGM is
characterized by microinstabilities resulting from growing
Larmor-scale fluctuations that scatter ions, leading to an
“effective” viscosity with a scale set by the Alfvén scale, also
known as the effective viscous scale. This scale is the smallest
energy scale at which eddies reside and is responsible for the
turbulent energy cascade. Hence, it acts as the effective lower
scale Iy of turbulence in the presence of the magnetic field B
(e.g., Kunz et al. 2022):

U -3 B 3
Avisep =4 X 105 L ( )
seB 0(200 km s—l) 1 nG

n -3/2
(o) o

In the above, U is the associated velocity of the outer scale of
turbulence, assumed to be 200 km s ! (the typical circular
velocity of virialized objects). We bin the z ~ 0.75-2 redshift
range into equispaced redshift bins, and solve Equation (10) for
the strength of the field that accounts for the remainder of the
smearing, assuming the IGM contribution to be given by the
solid line in Figure 1. We find that values of 10-30 nG over
z~ 1-2 are needed to saturate the lower envelope of the
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Table 1
Upper Limits on the Intergalactic Magnetic Field Assuming a Photoionized
IGM, at Various Redshifts (First Column) and Corresponding Viscous Scales
(Second Column)

4 lO (kPC) B (HG) Bmin - Bmax (HG)
1.05 0.07 11.8 5.8-26.9
1.3 0.08 14.3 7.0-32.3
1.55 0.09 17.9 8.6-40.1
1.8 0.12 22.8 10.9-50.8
2.05 0.19 294 14.0-65.1

Note. The third column denotes the derived field values assuming the outer
scale Ly = 0.1 Mpc. The range of possible field values obtained on varying L,
in 1 order of magnitude around 0.1 Mpc is indicated in the fourth column.

scattering distribution, as tabulated in the third column of
Table 1. The relevant inner scale is found to be of the order of
0.07-0.20 kpc over this redshift range, as shown in the second
column of the Table. The constraints on the field strength are
plotted in Figure 2 along with other upper limits in the
literature, both as a function of redshift, and of scale. The
inferred 7 values for the derived field strengths B are plotted as
a function of redshift in Figure 3 along with the data points.
If L, is allowed to vary in 1 order of magnitude around its
fiducial value (Macquart & Koay 2013; Xu & Zhang 2020), the
constraints on /, go up to a few tens of kiloparsecs (since
Equations (2) and (3) imply that for the same 7, [y o< Loz) while
the magnetic field follows B Lé/ 3. This range, indicated by
the shaded error band in the upper panel of Figure 2 and
tabulated in the fourth column of Table 1, is also representative
of the allowed range of B for a factor of ~2 variation in the
assumed U (since B ox U for fixed [, and Ly, Equation (10)).

3. Summary

We have used the measured distribution of scattering
timescales from the CHIME catalog of 536 FRBs to place
upper limits on the strength of the magnetic field on
subkiloparsec scales in the IGM. In so doing, we have
introduced a new method to constrain IGM magnetic fields on
much smaller scales than probed by existing techniques. A
nonmagnetized, photoionized IGM is found insufficient to
explain the observed smearing at all redshifts, with a WHIM
component needed to marginally satisfy the constraints at
z~ 1. We find that magnetic fields of up to ~10-30 nG on
scales of 0.07-0.20kpc are allowed to account for the
intergalactic component of the observed temporal smearing at
7z~ 1-2. The constraints we obtain are close to those expected
in models (Akahori & Ryu 2010; Akahori et al. 2016;
Hackstein et al. 2020) requiring larger simulated populations
of FRBs. However, as seen in Figure 2, the scales probed are at
least 2 orders of magnitude smaller, and the redshift ranges are
higher, going up to z ~ 2. Our upper limits are also likely to be
conservative, since a nonzero contribution to the turbulence is
usually expected from the host galaxy, even for the sources at
the lower envelope of the observed 7 distribution.*

4 The temporal resolution of the CHIME observations is not expected to
affect the distribution of scattering timescales and derived results (e.g., Zhu
et al. 2018). Some of the observed T measurements are themselves upper limits;
hence the actual inferred field is likely to be much lower than the values
quoted here.
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Figure 2. Upper limits on the magnetic field over 0 < z < 2 and at the scales
given in Table 1, as a function of (a) redshift and (b) scale. Also plotted are
existing upper limits from the literature over this redshift range (Planck
Collaboration et al. 2016; Vernstrom et al. 2019, 2021; O’Sullivan et al. 2020;
Amaral et al. 2021; Locatelli et al. 2021; Pomakov et al. 2022; Carretti
et al. 2023). The shaded red area on the top panel indicates the range of B
allowed by plausible variations of the outer scale and velocity parameters, as
described in the main text.

&%+ X

While we use a scattering screen positioned halfway between
the Earth and the source in this paper, it is worth exploring the
effects of modifying this assumption to account for nearer
screens. In the extreme case when the scattering screen is
assumed to be located at the Laniakea supercluster (z; ~ 0.1,
D ~0.33 Gpce) for all the sources, it results in a factor of
~1.1-2 higher 7 compared to the blue and magenta curves in
Figure 1. This is not expected to have a significant effect on the
derived magnetic field values at z = 1, and does not affect their
associated viscous scales, as well as the conclusion that the
inferred values are upper limits.

A potential independent constraint on these values may come
from measurements of the RM and its scatter, ogys from the
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Figure 3. Inferred scattering timescale as a function of redshift for a
photoionized IGM including the inferred magnetic field B in Table 1, shown by
the blue dotted—dashed line. This is compared to the CHIME observations (red
data points). The smearing timescale from a photoionized IGM alone (also
plotted in Figure 1) is shown as the orange solid line.

IGM alone. The present analysis predicts an RM contribution of
~10radm 2, and a scatter of ogy~ 0.014rad m > from the
magnetized IGM, consistently with expectations from simula-
tions (e.g., Akahori et al. 2016). These are about 1 order of
magnitude lower than current observational constraints on RM
and ogy (O’Sullivan et al. 2019; Feng et al. 2022), and thus
likely to be subdominant to the host contribution, but may be
observable with larger sample surveys. Future data from the
Square Kilometre Array (Gaensler 2009) and its precursors can
be used to further improve the magnetic field constraints on
some of these smallest scales accessible in the IGM.
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