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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 30 upper limits to the rotation measures from the CGM of ~ 20 rad/m? within 50 kpc and
~ 10 rad/m? 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 G 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 (A®) of the linearly po-
larized waves (e.g., Klein & Fletcher 2015),

AD = RM N, (1)

where A 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,
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where n. is electron number density (cm™3), By, is the
magnetic field strength parallel to the sightline (uG), 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 MglI 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 + 2)~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 10® — 10! 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 ACDM cosmology with h = 0.7 and Qy = 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
Ngas

RMintcrvcning = Z RMigas (4)

according to the number of gas structures, Ngag, inter-
cepted by the sightline. In this work, we use the num-
ber of foreground galaxies, Ng,1, 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 Ngag 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 Ny, gas structures, the mean
RMintervening is expected to be consistent with zero
and the standard deviation, U(RMintervenmg), to be pro-
portional to y/Ngq. In other words, by investigating
0 (RMintervening) as a function of Ng,i, 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

1%]-:uv-[obs = RMobs - GRM7 (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., Enflin et al.
2009), applied to ~ 40,000 rotation measures of sources
on the sky. We then measure the standard deviation
of RRMs, orrm as a function of number of foreground
galaxies. We select radio background sources at high
redshifts to suppress the source contribution, RMgource-
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. Galazy 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 deg? of the sky with g, r,
and z bands with 24, 23.4, and 22.5 limiting magnitudes
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Figure 1. Redshift distributions of the analyzed galaxy
sample (blue) drawn from Zhou et al. (2020) and the radio
background sources (red) from Farnes et al. (2014).

for each band respectively. These depths are sufficient
to detect Lx galaxies at redshift 1. We use the latest
version of the galaxy catalog from the Sth data release’
with galaxy properties characterized by the Tractor al-
gorithm? (Lang et al. 2016) (See also Section 8 in Dey
et al. 2019). The catalog consists of nearly 1 billion
galaxies.

In this analysis, we select galaxies with z-band mag-
nitudes between 16 and 21 and photometric redshifts
smaller than 1 by making use of the photometric red-
shifts provided by Zhou et al. (2020) based on a random
forest algorithm. Figure 1 shows the redshift distribu-
tion of the galaxy sample with the mean redshift z ~ 0.3.

Finally, for each galaxy from the Legacy Surveys
in our analysis, we estimate its stellar mass via spec-
tral energy distribution fitting with the CIGALE pack-
age (Boquien et al. 2019). We adopt the simple stel-
lar population from Bruzual & Charlot (2003) with
Chabrier initial mass function (Chabrier 2003) and
delayed-exponential star-formation history. The best-
fit stellar mass is constrained by the observed flux in
g, 7, z, WISE 1 and WISE 2 bands. We provide the
galaxy information at https://people.ucsc.edu/~tlan3/
research/CGM_magnetic_fields/.

2.2.2. Rotation measure catalog

We use rotation measures of extragalactic sources
from Farnes et al. (2014) as our primary dataset. This

1 legacysurvey.org/dr8/description/

2 github.com/dstndstn/tractor
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Figure 2. Top: Residual rotation measures (RRMs) as a
function of number of galaxies Ng, within estimated phys-
ical impact parameter 10 < 7, < 200 kpc. The blue data
points show the individual sightlines. The black data points
show the mean values of RRMs and the errorbars show the
corresponding dispersion of the individual data points, esti-
mated from the standard deviation. The number of sight-
lines for each is listed under the black data points. Bottom:
Dispersion of RRMs, orrwM, as a function of number of galax-
ies. The errorbars show the bootstrapping uncertainties for
orrM. The grey dashed line and shaded region show the
best-fit function (Equation 6) and the corresponding 1o re-
gion.

catalog is mainly based on the rotation measures of
~ 35,000 sources from Taylor et al. (2009). In addition,
it includes the redshift information of the extragalactic
sources compiled by Hammond et al. (2012).

Given that our main goal is to extract the rotation
measures contributed by the CGM of intervening galax-
ies, we only select radio sources with redshift z > 1 as
background. The redshift distribution of the radio back-
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ground sources is shown in Figure 1. This selection also
reduces the contribution of rotation measures intrinsic
to the background objects (RMgource). Moreover, this
selection is motivated by the fact that galaxies brighter
that 21 magnitude in z-band are mostly at redshift lower
than 1 (Figure 1). Therefore, nearly all of the photomet-
ric galaxies detected close on the sky to the background
sources are expected to contribute to their rotation mea-
sure.

Finally, we only select sources within the footprint
of the Legacy Surveys with at least three exposures in
z-band and g-band and with the 50 limiting magni-
tude in z-band of extended sources being deeper than
22.5mag. To ensure that our measurements are not
sensitive to a few outliers, we remove sightlines with
IRRM| > 100 rad/m? and with the uncertainty of RRM
greater than 20 rad/m?. This selection removes 3% of
the sources. The final catalog consists of ~ 1,100 back-
ground sources.

2.2.3. Galactic map of rotation measures

To remove the Galactic component, we adopt the map
of GRMs provided by Oppermann et al. (2015)%. These
authors develop a reconstruction algorithm within the
framework of information field theory (e.g., Oppermann
et al. 2011, 2012) and apply it to the rotation measures
of ~ 40,000 radio sources on the sky compiled from the
literature. The map has ~ 30’ angular resolution. For
each sightline of our sample, we use the GRM value of
the nearest bin from the map and subtract it from the
rotation measure of the radio source. The uncertainty of
the RRM of the sightline is estimated with the quadra-
ture of the uncertainties of the RM and GRM. We note
that Xu & Han (2014a) also produce a map of Galactic
rotation measures, which has angular resolution ~ 3 de-
grees, based on a weighted-average method. We have
performed our analysis using the RRM data from Xu &
Han (2014b) which is based on the Galactic map of Xu &
Han (2014a) and found consistent results (see Appendix

A).

3. RESULTS AND DISCUSSION

In this section, we present results of our correlation
measurements between the residual rotation measures
of background objects and the number of photometric
galaxies detected in the Legacy Surveys. We will ex-
plore how orgrm depends on the number of galaxies Nga1
along the sightlines and use such quantities to constrain
the rotation measures and corresponding magnetic field
strengths of the gas around galaxies.

3.1. orrwMm as a function of number of galaxies

3 https://wwwmpa.mpa-garching.mpg.de/ift /faraday /2014/
index.html
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Figure 3. Dispersion of RRMs as a function of measured
uncertainties of individual sightlines. The tight correlation
between orrm and the RRM uncertainty indicates that the
latter dominates the former.

We first explore orrm as a function of number of
galaxies with impact parameters r, < 200 kpc. The
impact parameters are estimated based on the photo-
metric redshifts of galaxies and angular separation be-
tween the background and the galaxies. The results are
shown in Figure 2. The top panel shows the distribu-
tion of RRM as a function of number of galaxies. The
black data points show the average RRM and the error-
bars indicate the standard deviation of RRM, orrm. As
expected, the average RRM is consistent with zero and
there is no correlation between the average RRM and
the number of galaxies.

The lower panel of Figure 2 shows the standard de-
viation of the residual rotation measures, orrm, as a
function of Nga. The corresponding uncertainties are
calculated by bootstrapping the catalog 500 times. In-
terestingly, we find no significant correlation between
orrMm and the number of galaxies. To characterize the
significance of the trend, we fit the measurements with

orRM = A X /Nga1 + B, (6)

and find the best fit A and B parameter values are —0.8+
0.7 rad/m? and 18.9 + 1.4 rad/m? respectively. This is
consistent with no correlation between orgrym and the
number of galaxies.

We further note that orry is &~ 20 rad/m? for each
of the bins. This zero point primarily reflects the uncer-
tainties of the residual rotation measures. To confirm
this assertion, we select sightlines with different RRM
uncertainties and calculate orgry as a function of RRM
uncertainty. The result is shown in Figure 3. As can be
seen, orrM increases with the RRM uncertainty, demon-
strating that the zero point seen in the bottom panel of
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Figure 4. Dispersion of RRMs as a function of number of galaxies and impact parameters from 10 kpc to 200 kpc. The gray
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241 E
2l orrM = A X \/Nga + B |
20F .
= 18} 1
£
Q 16F J
1k 10<rm <25 kpe i
25 < 1, < 50 kpe
1ol 50 < < 100 kpe |
100 < 1, < 200 kpe
1() 1 1 1 1

—4 -3 =2 -1 0 1 2 3 4
A [rad/m?|

Figure 5. Best-fit parameter A & B values as a function
of impact parameters. Independent of the r, interval, the A
values are consistent with zero and the B values are consis-
tent with 18.

Figure 2 is dominated by the measurement uncertain-
ties.

The non-detection of a correlation between orras and
Nga1, shown in Figure 2, demonstrates that with the pre-
cision of the rotation measures from the dataset, the con-
tribution of rotation measures from intervening galaxies
is too small to be detected. Nevertheless, we can utilize
the non-detection to place constraints on the rotation
measures from the CGM of galaxies.

Finally, we note that this non-detection result is in-
consistent with several previous results, which report a
significant detection between the presence of MgII ab-
sorbers and excess rotation measures (e.g., Bernet et al.

2008; Farnes et al. 2014; Malik et al. 2020). We have
investigated possible causes for the inconsistency and
found that the galactic map used in those analysis may
affect the results. The details of the investigation are
described in Appendix B.

3.2. Constraining the rotation measures around
galazies

Before constraining the rotation measures around
galaxies, we first measure ogrry as a function of number
of galaxies and impact parameters. Figure 4 shows the
results in bins of impact parameter from 10 kpc to 200
kpc and Figure 5 shows the corresponding best fit pa-
rameter values for A and B from Equation 6. Similarly
to Figure 2, we find no correlation between ogrgy and
the number of galaxies from 10 to 200 kpc.

We now constrain the contribution of the rotation
measures from the CGM of galaxies. To do so, we per-
form simulations by adding rotation measures to the
original RRM values and perform the measurements it-
eratively until the best-fit A parameter value in Equa-
tion 6 exceeds 0 with 3o significance. In this way, the
uncertainties and the underlying distribution of RRM of
the dataset are preserved in the estimation.

More specifically, we first assume an intrinsic rotation
measure from a galaxy, |[RMga1|, and for each sightline,
we add the contribution to the original RRM value as

Nga
= ‘RMgal|

RRMéimulated = Iil{l\/[iorigina1 + Z * (1 + Zgal .)2 (7)
j gal,)

where ¢ indicates sightline ¢, Nyq; is number of galax-
ies for the sightline, z4q;; is the photo-z of galaxy j
around the sightline, and + reflects the random walk
nature of the rotation measure. After this process for
all the sightlines, we calculate ogrry as a function of
Ngal and obtain the best-fit A parameter value. While
performing the fitting process, we fix the B parameter
value to be the global ogrm of the sample, 18.9 rad/ m?.
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Figure 6. Illustration of the process for estimating the upper limits of the rotation measure contribution from galaxies. The

first panel from the left shows the observed orrm as a function of number of galaxies from 50 < r, < 100 kpc bin. The second

to the fourth panels show the expected orrm as a function of Nga if each galaxy contributes |RMga| = 10,15, and 20 rad/ m?
respectively. We consider a |RMgyq:| value as 30 upper limit when A parameter is detected with 3o significance.

Figure 6 illustrates the process. The left panel shows
the original measurements for 50 < 7, < 100 kpc bin
as shown in Figure 4. From the second to the fourth
panel, we show the orry measurements recovered after
introducing |RMga1| = 10, 15,20 rad/m? for each galaxy
respectively. As expected, the simulated orgry increases
with the number of galaxies, and the parameter A value
increases with [RMga|. The S/N of the A parameter
reaches 30 with [RMga| ~ 15 rad/m?; this value may
be considered as the 30 upper limit for the characteristic
rotation measure of the CGM of galaxies.

We perform this analysis for all the impact parame-
ter bins and the results are shown in the left panel of
Figure 7. We find that the rotation measure from the
CGM of galaxies is smaller than 30 rad/m? within 30
kpc and smaller than 10 rad/m? around 200 kpe. The
tighter upper limit at higher r, reflects the wider range
of Nga1 probed by the background sources. The green
dashed line shows the rotation measure as a function
of impact parameter from recent hydrodynamic simu-
lations by Pakmor et al. (2019). As can be seen, our
upper limit within 30 kpc indicates that the simulation
predicts too high rotation measures. As Pakmor et al.
(2019) reported that the rotation measures in their sim-
ulation are driven by galactic outflows, our upper limit
measurements have placed constraints on the models of
galactic outflows. The grey data point shows a similar
upper limit from Prochaska et al. (2019) with the ro-
tation measure of a fast ratio burst in the background
of a massive galaxy with 10'°7 M. We also note that
our constraints are consistent with the results from Op-
permann et al. (2015) and Schnitzeler (2010), suggest-
ing that the observed RM contributed from extragalac-
tic sources is most likely lower than 6-7 rad/m?, which
corresponds to ~ 10 rad/m? at redshift 0.3, the mean
redshift of our galaxy sample.

3.3. Constraining the strength of magnetic fields
around galaxies

We now estimate the upper limits of the strength of co-
herent magnetic fields parallel to the line of sight. Sim-
ilarly to the process in Section 3.2, we obtain the upper
limits by simulating realizations with different rotation
measures from galaxies. This time, instead of assign-
ing the value of rotation measure directly, we estimate
the rotation measure based on the strengths of mag-
netic fields (B)) and an adopted column density density
of electrons N, as

(8)

where 8 = 2.63 x 107" radm~—2 cm? uG~!, N, has units
of cm™2 and (By)) is in the units of uG (e.g., Kronberg &
Perry 1982). For the electron column density, we adopt
the best-fit profile

[RMga1| = BN (By))

—1
Ny = 101 x <Tp> [cm 2] 9)
Tvir

from Werk et al. (2014) based on photo-ionization mod-
eling for all the COS-Halo absorption line measurements
(Tumlinson et al. 2013). We adopt N. = 1.2Ny given
that the gas is mostly ionized with ionization fraction
> 99% and to account for doubly-ionized Helium (Werk
et al. 2014). In addition, we estimate the virial radius
of the dark matter halos with a scaling relation.

1/5
_ 1
1010'31\/[@ > ’ ( O)

M,
Tvir = 200 kpc <
from Zhu & Ménard (2013) and perform the measure-
ments with respect to the virial radius. This takes into
account the dependence of column density and magnetic
field strengths on the halo mass of galaxies.
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points show the constraints around a M# = 10'%7 M, galaxy from Prochaska et al. (2019). The green and purple dashed lines

show the simulated properties of Milky Way-type galaxies from magnetohydrodynamic simulations by Pakmor et al. (2019) and

Marinacci et al. (2018). We note that the green dashed line in the left panel is measured in projected distance, the same as the

observations, while the lines in the right panel are measured in 3D instead of projected space.

The right panel of Figure 7 shows the 3o upper limits
for (B)|) within the virial radius. Our results show that
(By) is smaller than 2 4G within the viriral radius and
smaller than 1 uG within 0.2 r,;., which is consistent
with the constraint from Prochaska et al. (2019) indi-
cated by the grey data point. We also show simulated
magnetic field strengths from Marinacci et al. (2018) and
Pakmor et al. (2019), indicated by the purple and green
dashed lines (for ~ 10'2 M, halo) respectively. We note
that the simulated results are average magnetic field
strengths measured in 3D. Therefore, a direct compari-
son between our upper limits and the simulated predic-
tions can not be made. Nevertheless, it illustrates that
our estimated upper limits of magnetic field strengths
within 0.2 r,;- are comparable to simulated ones and
could effectively constrain model predictions when com-
paring to the same 2D measurements from simulations.

Our estimated upper limits are consistent with the
expected magnetic field strengths between galaxies and
the intergalactic medium. The strengths of magnetic
fields of Milky Way-type galaxies have been measured
to be in the order of 10 puG (e.g., Beck 2015; Basu &
Roy 2013; Mao et al. 2017) and the strengths of mag-
netic fields in the intergalactic medium, are expected to
be much weaker, on the order of nG (e.g., Fukugita &
Peebles 2004; Ryu et al. 2008; Vazza et al. 2018; Vern-
strom et al. 2019; O’Sullivan et al. 2020; Stuardi et al.
2020). We also note that the magnetic field strengths in
the intracluster medium are ~ 1 —4 pG (e.g., Govoni et

al. 2010) at the same order of our constraints. Finally,
we emphasize that the estimated upper limits of mag-
netic field strengths depend on the assumed gas column
density. In our estimation, we only consider cool ion-
ized gas with temperature around 10* K. If a hot gas
component with 106 K is also considered (e.g., Li et al.
2018; Lim et al. 2020), we expect that the values of the
upper limits will be a factor of two lower than shown in
Figure 7 albeit subject to uncertainties in the hot gas
profile.

4. SUMMARY

By correlating the residual rotation measures of back-
ground radio sources with the number of photometric
galaxies detected in the DESI Legacy Imaging Surveys,
we investigate the rotation measures contributed by the
CGM of intervening galaxies. Our results are summa-
rized as follows:

1. No correlation between orry and Ngj,) is detected
within the impact parameters analyzed (10 < r, <
200kpc), contrary to some previous results ob-
tained by the correlation between MglI absorbers
and rotation measures.

2. We estimate 3 o upper limits of RMs contributed
by the CGM as a function of impact parameter and
find the characteristic CGM RM is smaller than
30 rad/m? within 30 kpc, a value lower than the
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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 pG in the CGM.

4. Finally, we revisit some of the previous results
showing > 3o detections of correlations between
the presence of Mgl 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 —
20rad/m?) 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 ~ 1rad/m? 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 (Ivezi¢ et al. 2019), Euclid (Amiaux et
al. 2012), and DEST (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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APPENDIX

A. MEASUREMENTS WITH XU & HAN (2014)
GALACTIC MAP

Here we perform our analysis using the RRM dataset
from Xu & Han (2014b) with the GRM correction based
on the Galactic map of Xu & Han (2014a). We use sight-
lines with z > 1, [JRRM| < 100rad/m? and uncertainties
of RRMs lower than 20 rad/m?, the same selection as
applied in the main analysis. The final catalog consists
of ~ 1,300 systems. Figure 8 shows the results, consis-
tent with the non-detection results as shown in Figure 4
based on the Galactic map of Oppermann et al. (2015).
This demonstrates that our results are not sensitive to
the foreground Galactic map.

B. COMPARISON WITH PREVIOUS RESULTS

By exploring the dispersion of the rotation measures
of high redshift radio sources as a function of the num-
ber of photometric galaxies in the foreground, we find
that no correlation between the two quantifies can be

detected with current datasets. This non-detection is
inconsistent with several results previously reported in
the literature. For instance, Farnes et al. (2014) report
a 3.5 0 detection for the correlation between the pres-
ence of Mgll absorbers along quasar sightlines and the
excess rotation measures. This detection is particularly
strong along quasar sightlines with radio spectral index
a > —0.3. A similar study by Malik et al. (2020) also
reports a 40 detection for such correlation.

To explore the apparent inconsistency between our re-
sults and their results, we have reanalyzed the datasets
of Farnes et al. (2014) and Malik et al. (2020). We find
that the Galactic foreground contribution may play a
dominant role in their results. In Farnes et al. (2014),
they focused on measuring median |[RM| values and ar-
gued that the Galactic foreground is not expected to in-
duce the observed correlation. However, we notice that
the sightlines with absorbers have higher |GRM| in the
map of Oppermann et al. (2015). Instead of using |[RM]|
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measurements with Xu & Han (2014a) and Oppermann et
al. (2015) galactic maps respectively.

values for the measurements, we use |RRM| by adopt-
ing the Galactic map from Oppermann et al. (2015) and
find that median |RRM]| values for quasar sightlines with
and without absorbers are consistent with each other.
Figure 9 shows the results. This exercise suggests that

ignoring the Galactic foreground might affect the final
results.

The choice of Galactic maps also affects the results of
Malik et al. (2020). In Malik et al. (2020), they make
use of the RM galactic map from Xu & Han (2014a) to
subtract the Galactic component and estimate (1) the
median absolute deviation form the mean, MADFM,
and (2) standard deviation of the RRM distribution.
Their reported values are shown by the red data points
in Figure 10. The blue data points show the measure-
ments with the RM galactic map from Oppermann et
al. (2015). We find that if the Oppermann et al. (2015)
map is used, there is no significant correlation between
the dispersion of RRMs and the number of absorbers,
consistent with our findings.

We note that the dispersion of the measurements is
systematically lower when the map of Oppermann et al.
(2015) is applied. This is likely due to the fact that the
map of Oppermann et al. (2015) has higher angular res-
olution than the map of Xu & Han (2014a) and therefore
it is more sensitive to the small-scale structure of Milky
Way magnetic fields.

One of the early results reported by Bernet et al.
(2008) showed that the rotation measure from an inter-
vening absorber can be as large as 100 rad/m? in the rest
frame and the magnetic field strength ~ 10 4G (assum-
ing N, ~ 10%2° cm~2). These values are much higher than
our 30 upper limits. We note that Bernet et al. (2008)
make use of rotation measures obtained at 6 cm, while
the catalog we use from Farnes et al. (2014) makes use
of rotation measures obtained at 21 cm. One possible
mechanism responsible for the inconsistency is the in-
homogeneous foreground screens effect, which increases
depolarization toward longer wavelengths as discussed
in Bernet et al. (2012). This effect reduces the rota-
tion measure observed in longer wavelengths and there-
fore gives rise to the discrepancy between the results
obtained from 6 cm and 21 cm. On the other hand, the
correlation reported in Bernet et al. (2008) is based on a
relative small sample with ~ 70 sightlines. The correla-
tion signals between the presence of MglII absorbers and
the enhance of RM are detected with about 1.7 o sig-
nificance for sightlines with one MglI absorber and 3.3
o significance for sightlines with two absorbers but from
only five sources. A recent study by Kim et al. (2016)
performs a more detailed analysis, using Rotation Mea-
sure (RM) Synthesis, to investigate the Faraday Depth
spectra of a sub-sample of Bernet et al. (2008). They
find that the possible rotation measure contributed by
MglI absorbers is ~ 20 rad/m?, which brings the mea-
surements closer to the measurements obtained at 21
cm. To further reconcile the discrepancy between the
correlation seen with rotation measures obtained from 6
cm and 21 cm, it will require systematic measurements
for sources with radio observations covering a wide range
of wavelengths.
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