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ABSTRACT

We study the properties of magnetic fields in the circumgalactic medium (CGM) of z < 1 galaxies by
correlating Faraday rotation measures of∼ 1, 000 high-redshift radio sources with the foreground galaxy
number density estimated from the DESI Legacy Imaging Surveys. This method enables us to extract
signals of rotation measures contributed by intervening gas around multiple galaxies. Our results show
that there is no detectable correlation between the distribution of rotation measures and the number
of foreground galaxies, contrary to several previous results. Utilizing the non-detection signals, we
estimate 3σ upper limits to the rotation measures from the CGM of ∼ 20 rad/m2 within 50 kpc and
∼ 10 rad/m2 at separations of 100 kpc. By adopting a column density distribution of ionized gas
obtained from absorption line measurements, we further estimate the strengths of coherent magnetic
fields parallel to the line of sight of < 2 µG in the CGM. We show that the estimated upper limits
of rotation measures and magnetic field strengths are sufficient to constrain outputs of recent galaxy
magneto-hydrodynamic simulations. Finally, we discuss possible causes for the inconsistency between
our results and previous works.
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1. INTRODUCTION

The circumgalactic medium (CGM) plays an impor-
tant role in galaxy formation and evolution. It is the in-
terface between the intergalactic medium and galaxies,
where galaxies acquire gas fuel to supply star-formation
and deposit metal-rich gas produced by feedback mech-
anisms driven by the explosion of stars and/or activi-
ties of supermassive black holes (see Tumlinson et al.
2017, for a review). In the past two decades, substan-
tive progress has been made to better understand the
properties of the CGM, including the gas content (e.g.,
Stocke et al. 2013; Werk et al. 2014; Prochaska et al.
2017; Bordoloi et al. 2018), the connections between the
properties of galaxies and their CGM (e.g., Chen et al.
2010; Kacprzak et al. 2012; Bordoloi et al. 2011; Zhu
& Ménard 2013; Nielsen et al. 2013; Lan et al. 2014;
Borthakur et al. 2016; Heckman et al. 2017; Lan & Mo
2018; Schroetter et al. 2019), and the small-scale struc-
ture of gas clouds (e.g., Lan & Fukugita 2017; Rubin et
al. 2018; Péroux et al. 2018). To interpret these obser-
vational results, theoretical and numerical studies have
explored various mechanisms that account for the ob-
served properties of the CGM (e.g., Nelson et al. 2018;
Hummels et al. 2019; van de Voort et al. 2019; Lan &
Mo 2019).
One of the potentially key physical components in the

CGM is magnetic fields. Theoretically, the presence of
magnetic fields has been found to prolong the lifetime of

gas clouds in the CGM and also affect the morphology of
gas structure (e.g., Chandran & Cowley 1998; McCourt
et al. 2015; Ji et al. 2018; Berlok & Pfrommer 2019;
Liang & Remming 2020; Nelson et al. 2020). Magnetic
fields are also tightly connected to the properties of cos-
mic rays, another potentially key physical component of
the CGM (e.g., Salem et al. 2016; Hopkins et al. 2020),
and sensitive to the feedback mechanisms adopted in
simulations (e.g., Pakmor & Springel 2013; Pakmor et
al. 2019). However, despite the growing importance of
magnetic fields in the CGM suggested by these theoret-
ical and numerical works, observational constraints on
the circumgalactic magnetic fields are still limited and
uncertain.
Faraday rotation has been used as a powerful tool to

probe magnetic fields in the Universe (see Han 2017,
for a review). When linearly polarized waves propagate
through a magnetized plasma, the plasma will cause ro-
tation of the polarization angle (∆Φ) of the linearly po-
larized waves (e.g., Klein & Fletcher 2015),

∆Φ = RMλ2, (1)

where λ is the observed wavelength and the rotation
measure, RM, is the integration of the product of elec-
tron density and magnetic field along the line of sight,

RM [rad/m2] = 0.812

∫ us

zs

ne
(1 + z)2

B|| · dl, (2)
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where ne is electron number density (cm−3), B|| is the
magnetic field strength parallel to the sightline (µG), dl
is the path length (parsec).
By making use of rotation measures of high redshift

radio sources, many studies have searched for possible
signals of rotation measures induced by intervening cir-
cumgalactic (and interstellar) medium gas tracers, such
as MgII absorbers (e.g., Kronberg & Perry 1982; Wel-
ter et al. 1984; Kronberg et al. 2008; Bernet et al. 2008,
2010; Joshi & Chand 2013; Farnes et al. 2014; Malik
et al. 2020) and Lyman alpha absorption systems (e.g.,
Wolfe et al. 1992; Oren &Wolfe 1995; Farnes et al. 2017).
However, these studies have not yielded a coherent pic-
ture of rotation measures from the CGM of galaxies.
The main limitation of such an analysis is that the ro-
tation measures of those sightlines are mostly enhanced
by the CGM of a single galaxy (e.g., Lan 2019), whose
signal could be too small to be robustly detected. In ad-
dition, absorption line systems are usually detected at
redshifts greater than 0.4 in optical wavelengths, where
the (1 + z)−2 factor in Equation 2 reduces the observed
signal. Prochaska et al. (2019) report the analysis of a
fast radio burst (FRB) whose sightline penetrates a mas-
sive foreground galaxy halo to constrain its circumgalac-
tic magnetic field. While this technique offers promise,
it awaits the discovery of 100+ well-localized FRBs for
a statistically powerful sample (e.g., Ravi et al. 2019) as
well as a better measurement of the Galactic foreground.
To overcome previous limitations, in this work we

probe the rotation measures of the CGM of galaxies
by correlating the rotation measures observed for high-
redshift radio sources with the number of photometric
galaxies in the foreground. This analysis makes use of
the fact that the ionized CGM is ubiquitously detected
around 108 − 1011 M� galaxies (with almost 100% cov-
ering fraction within 200 kpc; e.g., Stocke et al. 2013;
Werk et al. 2014; Prochaska et al. 2017; Bordoloi et al.
2018). In so doing, we utilize information on the full
foreground galaxy density fields to extract the rotation
measure signals introduced by the CGM of foreground
galaxies. The structure of the paper is as follows. Our
data analysis is described in Section 2. We show our
results and discuss their implications in Section 3. We
summarize in Section 4. Throughout the paper we adopt
a flat ΛCDM cosmology with h = 0.7 and ΩM = 0.3.

2. DATA ANALYSIS

2.1. Method

The observed rotation measure of an extragalactic ra-
dio source has contributions from the Milky Way, the
source, and any gaseous structure in between. This can
be expressed as

RMobs = RMMilkyWay +RMintervening +RMsource. (3)

The intervening contribution can be further expressed
as

RMintervening =

Ngas
∑

i

RMi
gas (4)

according to the number of gas structures, Ngas, inter-
cepted by the sightline. In this work, we use the num-
ber of foreground galaxies, Ngal, with impact parameters
within 200 kpc as a proxy for the number of gas struc-
tures based on the fact that the CGM has nearly 100%
covering fraction at this impact parameter (e.g., Bor-
doloi et al. 2018). In what follows, we replace Ngas with
Ngal.
The rotation measure value can be positive and neg-

ative depending on the intercepting magnetic field ori-
entation. If the coherent length of magnetic fields is
much smaller than the path length of the sightline, the
RMintervening distribution is expected to follow a ran-
dom walk process (e.g., Akahori & Ryu 2010) and for
sightlines intercepting Ngal gas structures, the mean
RMintervening is expected to be consistent with zero
and the standard deviation, σ(RMintervening), to be pro-

portional to
√

Ngal. In other words, by investigating
σ(RMintervening) as a function of Ngal, one can extract
the characteristic rotation measure contributed by in-
tervening gas structure.
To extract the intervening RM signals, we obtain

residual rotation measures, RRMs, where

RRMobs = RMobs −GRM, (5)

with GRM, the Galactic component obtained from a
Galactic rotation measure map from Oppermann et al.
(2015). The map is reconstructed by an algorithm,
based on information field theory (e.g., Enßlin et al.
2009), applied to ∼ 40, 000 rotation measures of sources
on the sky. We then measure the standard deviation
of RRMs, σRRM as a function of number of foreground
galaxies. We select radio background sources at high
redshifts to suppress the source contribution, RMsource.
With the datasets described in the following section, we
are able to probe sightlines where the number of galax-
ies ranges from 0 to 10, much wider than the range
probed by previous studies using absorption line sys-
tems (mostly 0 or 1).

2.2. Datasets

2.2.1. Galaxy catalog

To explore the correlation between rotation measures
and the number of foreground galaxies, we make use of
the galaxy catalog provided by the DESI Legacy Imag-
ing Surveys (Dey et al. 2019), which consists of three
public surveys, the Dark Energy Camera Legacy Sur-
vey, the Beijing-Arizona Sky Survey (Zou et al. 2017),
and the Mayall z-band Legacy Survey. These surveys
together cover about 14,000 deg2 of the sky with g, r,
and z bands with 24, 23.4, and 22.5 limiting magnitudes
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output signal of recent magneto-hydro simulations
by Pakmor et al. (2019).

3. Adopting a column density of ionized gas obtained
from absorption line measurements, we estimate
the strengths of coherent magnetic fields parallel
to the sightlines as lower than 2 µG in the CGM.

4. Finally, we revisit some of the previous results
showing > 3σ detections of correlations between
the presence of MgII absorbers and the rotation
measure distribution and find that some of the re-
sults are sensitive to the foreground galactic model
used in the analyses. If adopting the same galac-
tic map, the results obtained from datasets used
previously become consistent with ours.

In our analysis, the uncertainties of the RMs (∼ 10 −

20 rad/m2) and the precision of the Galactic map are
the main limitations for detecting the magnetic field sig-
nals of the CGM. However, these limitations will soon
be overcome by upcoming datasets from new radio sur-
veys, such as LOFAR (van Haarlem et al. 2013), POS-
SUM (Gaensler et al. 2010) and SKA (Carilli & Rawl-
ings 2004), which will provide high precision rotation
measures with uncertainties ∼ 1 rad/m2 as well as high
number density of radio sources across the sky. The
combination of these radio datasets with galaxy infor-
mation from optical imaging and spectroscopic surveys,
such as LSST (Ivezić et al. 2019), Euclid (Amiaux et
al. 2012), and DESI (Levi et al. 2013), will largely im-
prove the constraints of rotation measures and magnetic
field strengths of the CGM. With new measurements,
we will have a better understanding of the properties of
magnetic fields around galaxies and how magnetic fields
regulate galaxy evolution.
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