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Abstract

Using measurements of the [O III], Hα, and [N II] emission line fluxes originating in the cool (T ∼104 K) gas that
populates the halos of massive early-type galaxies with stellar masses greater than 1010.4 Me, we explore the recent
conjecture that active galactic nucleus (AGN) activity preferentially removes the circumgalactic medium (CGM)
along the polar (minor-axis) direction. We find deficits in the mean emission line flux of [O III] and Hα (65% and
43%, respectively) along the polar versus planar directions, although due to the large uncertainties in these difficult
measurements the results are of marginal statistical significance (1.5σ). More robustly (97%–99.9% confidence
depending on the statistical test), diagnostic line ratios show stronger AGN ionization signatures along the polar
direction at small radii than at other angles or radii. Our results are consistent with the conjecture of an anisotropic
CGM in massive early-type galaxies, suggested on independent grounds, that is tied to AGN activity and begin to
show the potential of CGM mapping using emission lines.

Unified Astronomy Thesaurus concepts: Circumgalactic medium (1879); Active galactic nuclei (16); Galaxy
structure (622)

1. Introduction

Martín-Navarro et al. (2021) identified a statistically
significant azimuthal variation in the star formation rates of
satellite galaxies of massive early-type galaxies. They proposed
that AGN-powered outflows modify the circumgalactic
medium (CGM) along the host’s minor axis, reducing the
ram pressure on orbiting satellites whose orbits are more
closely aligned with that axis and helping preserve their star
formation rates relative to that of those satellites whose orbits
are more closely aligned with the host’s major axis. We test this
conjecture by measuring the properties of the CGM as a
function of the azimuthal angle for a comparable set of massive
early-type galaxies.

Studies of the CGM have primarily relied on measurements
of absorption lines in the spectra of bright background objects
(e.g., Steidel et al. 2010; Chen et al. 2010, 2019; Menard et al.
2011; Bordoloi et al. 2011; Zhu & Ménard 2013a, 2013b; Werk
et al. 2013, 2014, 2016; Johnson et al. 2013, 2014, 2015; Croft
et al. 2016, 2018; Prochaska et al. 2017; Cai et al. 2017;
Johnson et al. 2017; Chen 2017b; Lan & Mo 2018; Joshi et al.
2018; Zahedy et al. 2019; Dutta et al. 2020; Zheng et al. 2020;
Haislmaier et al. 2021; Wilde et al. 2021; Norris et al. 2021; Qu
& Bregman 2022). This is a rich field of study, in some cases
with a particular focus on massive galaxies like those of
concern here (e.g., Chen 2017a; Zahedy et al. 2020), that has
yielded many insights into the galactic baryon cycle (Donahue
& Voit 2022). Unfortunately, the total number of measured
sightlines remains relatively small, making it statistically
difficult to compare CGM properties among specific, narrow
subsets of the available sample.

A growing set of complementary studies is now focusing on
measurements of emission lines. Optical emission lines from the
CGM provide an opportunity to explore the cool (T∼ 104 K)

phase of the CGM, but are challenging to measure (Zhang et al.
2016). In the local universe, Hα has been detected in the CGM
of individual galaxies only when the systems are extreme (such
as in the starburst/merger NGC 6240; Yoshida et al. 2016).
Zhang et al. (2016) presented the first detection of Hα and [N II]
λ6583, from low-redshift, normal galaxies extending out to a
projected radius of ∼100 kpc by stacking a sample of millions
of sightlines from the Sloan Digital Sky Survey (SDSS DR12;
Alam et al. 2015). Because every galaxy, in principle, has a
CGM that is emitting, large statistical samples are straightfor-
wardly compiled and specific questions, such as that regarding
the azimuthal properties of the CGM, can be addressed using
galaxy ensembles.
Building on that first Hα result using SDSS spectra, subsequent

studies have characterized the line-emitting, cool CGM within
50 kpc or one-quarter of the virial radius, 0.25Rvir, in low-redshift
galaxies (Zhang et al. 2016, 2018a, 2018b, 2019, 2020a, 2020b,
2021, hereafter, Papers I, II, III, IV, V, VI, VII). As in most of
those studies, we restrict ourselves here to radii interior to
50 kpc or 0.25Rvir because the measured emission beyond this
radius is strongly contaminated by emission from nearby
associated galaxies (Paper II).
From among the previous studies, the most relevant here is

Paper III, which presents a study of the physical properties of
the CGM based on diagnostic line ratios. Line ratios, like those
used in the BPT diagram (Baldwin et al. 1981), provide
guidance on the ionizing source of the gas. The use of such line
ratios has become common in the study of the central galaxies,
particularly to distinguish between the two expected dominant
sources of ionization, star formation, and active galactic nuclei
(AGN; e.g., Veilleux & Osterbrock 1987; Kewley et al. 2001;
Kauffmann et al. 2003a). In Paper III, we found that lower-
mass galaxies, M* < 1010.4 Me, have halo gas that is ionized
by softer sources, similar to that found in star-forming regions
(H II regions), while higher-mass galaxies, M* > 1010.4 Me,
have halo gas that is ionized by harder sources, similar to that
found in AGN-hosting galaxies or in shocked regions. Here we
use the same diagnostic tool, but examine the CGM behavior at
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different position angles, or azimuthal angles, around massive
galaxies and at different radii.

This paper is organized as follows. In Section 2 we present
the data analysis, including sample selection and a reprise of
the basics of our technique. In Section 3 we present our
measurements and identify any statistically significant differ-
ences we find as a function of azimuth and radius. In Section
3.2 we discuss implications of the results in the context of the
Martín-Navarro et al. (2021) scenario. In Section 4, we
summarize and conclude. Throughout this paper, we adopt a
ΛCDM cosmology with parameters Ωm= 0.3, ΩΛ= 0.7,
Ωk= 0 and the dimensionless Hubble constant h= 0.7 (see
Riess et al. 2018; Planck Collaboration et al. 2020).

2. Data Analysis

We follow the approach developed in Papers I through VII
by selecting galaxies that meet our standard criteria in redshift
(0.02< z< 0.2), half-light radius (1.5< R50/kpc< 10), and r-
band luminosity (109.5< Lr/Le< 1011) and add additional
criteria to produce the closest match to the Martín-Navarro
et al. (2021) sample. For the primary galaxies, we extract
measurements of the position angle, the Sérsic index (n), the
ellipticity (e) and the r-band absolute magnitude (Mr) from
Simard et al. (2011). This selection limits the primary sample to
galaxies from the seventh major data release of SDSS (DR7).
We extract measurements of stellar mass (M*) from Kauffmann
et al. (2003b,2003c) and Gallazzi et al. (2005), and star
formation rates (SFRs) from the MPA-JHU catalog (Brinch-
mann et al. 2004). The SFR estimates are aperture corrected to
account for the light outside the SDSS/eBOSS fiber aperture
(2″), which only collects ∼1/3 of the total light for a typical
galaxy at the median redshift of the survey (for details see
Brinchmann et al. 2004). We require the primary galaxies to be
early type, defined as having Sérsic index n> 2.5, and to have
a stellar mass such that M* > 1010.4 Me, which matches the
stellar mass where we found the CGM to have AGN-like
properties (Paper III) and which roughly corresponds to a halo
mass of 1012 Me (Behroozi et al. 2010,2019), as selected by
Martín-Navarro et al. (2021). We present the distribution of the
galaxy stellar masses in Figure 1. The mean and median mass
of the primary galaxy sample are consistent, ∼ 1010.87 Me.

Finally, we also define a minimum ellipticity criterion
(e> 0.25) to ensure that the position angle of the major axis
is well defined. We will discuss the impact of the limit on e on
our results in Section 3.
We use spectra from SDSS/eBOSS DR16 (Ahumada et al.

2020) for all of the sightlines projected within a specified range
of scaled projected radii for each of our primary galaxies. As
described in Paper V, we use scaled, projected radii, rs, to
account for the range in primary galaxy sizes. We define rs as
the ratio between the physical projected separation and the
virial radius of the primary galaxy (rs≡ rp/rvir). To estimate the
virial radius of the primary galaxy, we use the scaling relation
between the luminosity and the virial radius obtained by fitting
a high-order polynomial to the results drawn from the
UniverseMachine (Behroozi et al. 2019). As discussed in more
detail in Paper III, we typically set a physical lower limit on the
projected radius (10 kpc) for our sightlines to mitigate possible
contamination of the spectra by the central galaxy, but in this
study that criterion is superseded by our rs lower limit of 0.05,
which roughly corresponds to ∼15 kpc for galaxies with
M* > 1010.4 Me.
To probe the azimuthal distribution of the CGM, we

calculate the orientation angle, f, of each sightline with respect
to the major axis of each target galaxy. Specifically, we first
calculate the angle on the sky made by the line connecting the
center of the primary galaxy and the position of the sightline,
PA1,2, using

tan PA
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cos tan sin cos
, 11,2
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where (α1, δ1) and (α2, δ2) are the R.A. and decl. of the primary
galaxy and the sightline. We then calculate the difference
between PA1,2 and the major-axis position angle of the target
galaxy, restricting the difference to the range of 0° to 90°,
where 0° corresponds to the sightline lying along the major axis
and 90° along the minor axis, and refer to the angle as f (see
Figure 2).
Our procedure for processing the sightline spectra follows

from our previous papers. For each spectrum, we fit and
subtract a 10th-order polynomial to a 300Å wide section
surrounding the observed wavelength of Hα at the primary
galaxy redshift to remove the continuum. We then measure the
residual Hα flux within a velocity window centered on the
recessional velocity of the primary galaxy. We adopt velocity
windows of±330 and±450 km s−1 for galaxy stellar masses
in the range of 1010.4<M*/Me� 1011 and M*/Me> 1011,
respectively. See Paper V for more details. We only analyze
sightlines where the continuum level is < 3× 10−17 erg cm−2

s−1 Å−1 to limit the noise introduced by the actual SDSS
spectral target and require that the measured emission line flux
be within 3σ of the mean of the whole sample to remove
spectra of interloping strong emitters such as satellite galaxies.
We apply the same procedures and criteria for the [O III]λ5007
and [N II]λ6583 emission lines except that the continuum level
cut for [O III]λ5007 is < 2.0× 10−17 erg cm−2 s−1 Å−1. We
have confirmed that using the mean or median of the resulting
set of flux measurements in our subsequent analysis produces
consistent results. We present the results of mean flux here.
We estimate the uncertainties in the mean flux values by

randomly selecting half of the individual spectra in the relevant
subsample, calculating the mean emission line flux, and
repeating the process 1000 times to establish the distribution

Figure 1. The distribution of stellar mass for the primary galaxy sample. We
require M* > 1010.4 Me to match the stellar mass where we found the CGM to
have AGN-like properties (Paper III) and to approximately match the Martín-
Navarro et al. (2021) study.
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of measurements from which we quote the values corresp-
onding to the 16.5 and 83.5 percentiles as the uncertainty
range. We compensate for using only half the sample in each
measurement by dividing the resulting 1σ estimated uncertain-
ties by a factor of 2 .

3. Results

Our primary interest here is to examine the suggestion by
Martín-Navarro et al. (2021) that there are physical differences
in the CGM of massive early-type galaxies between the polar
and planar directions. To do this we separate our measurements
into two bins based on f, 0°� f< 45° and 45°� f< 90°,
which constrain the CGM properties along the major and minor
axes of the target galaxy, respectively. Although Martín-
Navarro et al. (2021) posited that the influence of the AGN
activity reaches beyond the virial radius, we constrain our
examination to projected radius between 0.05rvir and 0.25rvir
because of contamination from emission line flux arising in
nearby, associated halos at larger radii (Paper II).

In our spectral stacks, we detect three emissions lines, [O III]
λ5007, Hα, and [N II]λ6583 (Table 1 and Figure 3). There is a
fractionally large, but statistically marginal, drop in the [O III]
and Hα fluxes when moving from the primary galaxy’s major
axis toward its minor axis. For example, the decline in [O III]
flux is 0.0031± 0.0022 in units of 10−17 erg cm−2 s−1 Å,

which corresponds to a flux drop of 65% but is only a 1.5σ
detection. The apparent drop in flux is consistent in the sense
expected from the scenario presented by Martín-Navarro et al.
(2021), but is not yet statistically convincing. The result of
combining all of the line fluxes and comparing in azimuth also
yields only a 1.5σ detection.
To confirm our ability to make such measurements and

estimate uncertainties, we construct a control sample as in
Paper IV, in which we “move” each primary galaxies to a blank
sky position, assign a random intrinsic position angle to the
primary galaxy, and redo the full analysis. Clearly in such cases
we should find no emission flux and no dependence on
azimuth. In Figure 3, we include the results from this control

Figure 2. In the top panel we show a cartoon of the orientation of the sightline
with respect to the target galaxy. A value of f = 0° represents the alignment
along the major axis of the target galaxy, while 90° along the minor axis. In the
bottom panels we present two galaxies from our sample, with images drawn
from from the DESI Legacy Imaging Surveys (Dey et al. 2019), and the sightline
orientation angles (f) indicated with red arcs. The orientation angle of the
example on the left is 18°. 11. It is 81°. 67 for the example on the right. The target
galaxy on the left is located at (R.A., decl.) = (1°. 61904, +0°. 48484) and has
z = 0.0622, e = 0.47 andM* = 1010.68 Me. The projected radius to the sightline
is 36.8 kpc. The target galaxy on the right is located at (R.A., decl.) = (18°. 2994 ,
+0°. 6965) and has z = 0.0846, e = 0.58 and M* = 1010.67 Me. The projected
radius to the sightline is 27.5 kpc.

Table 1
The Stacked [O II], Hα, and [N II] Emission Flux versus Azimuthal Angle

Line 〈f〉 N f
(deg) (10−17 erg cm−2 s−1 Å−1)

[O III] 21 2966 0.0048 ± 0.0015
68 2982 0.0017 ± 0.0016

Hα 21 3098 0.0035 ± 0.0014
68 3098 0.0020 ± 0.0013

[N II] 21 3046 0.0024 ± 0.0014
68 3081 0.0028 ± 0.0014

Figure 3. The [O III], Hα, and [N II] emission line flux for data sample (solid
shapes) and control sample (open shapes) as a function of azimuthal angle. The
data points are separated in horizontal direction for better visualization. The
black dashed line indicates the zero flux for better visualization.
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experiment, for which the results are indeed consistent with
zero flux and no dependence with orientation angle to within
the estimated uncertainties.

Next, we apply a test that is independent of binning in f to
further investigate the statistical significance of any difference
the Hα emission flux as a function of azimuth. We construct a
vector that corresponds to each individual line-of-sight
measurement that has a magnitude corresponding to the
measured Hα flux and orientation f. The vector sum for all
of the lines of sight with 0.05< rs< 0.125 lies along the
primary galaxy major axis with an offset angle of only 3°.8,
suggesting a strong excess of flux along the major axis. We
randomize the fluxes and position angles in 10,000 trails and
find that only ∼4.6% of the time does the sum align within 3°.8
of the major axis. We apply the same test to the [O III] within
0.125< rs< 0.25 and find that the sum is offset from the
primary’s major axis by ∼14°.5, which occurs in only ∼3.9% of
the corresponding 10,000 random trials. Both results support the
previous findings that the emission line fluxes decline toward
the polar axis.

Finally, to explore if azimuthal differences are more
statistically significant over certain radial ranges, we divide
the data into two radial bins. For each of the same two
azimuthal bins, we now present average measurements in each
of two rs bins, 0.05< rs< 0.125 and 0.125< rs< 0.25 (Table 2
and Figure 4). The differences we find are (1) an azimuthal
decline in Hα flux in the inner radial bin (2.0σ) as one
progresses from sightlines along the major axis to those along
the minor axis, (2) a radial decline in [O III] flux along the
minor axis (2.0σ), and (3) a radial decline in [N II] flux that is
independent of azimuth (2.2σ and 2.8σ, along the major and
minor axes, respectively). Again differences exist but are
statistically marginal.

The results so far hint at azimuthal and radial variations in
CGM properties, but are often of marginal statistical significance
and, at least superficially, can sometimes appear to go in
opposite directions, for example with the Hα flux decreasing
toward the polar direction and the [O III] flux increasing toward
the polar direction in the innermost radial bin. If these variations
are real, they suggest a more complex behavior than a simple
removal of gas along the minor axis. Given that the cause of

these variations is posited to be related to nuclear activity in the
galaxy, we proceed to examine a line diagnostic ratio that is
widely used to quantify the nature of the ionizing source.
As we have discussed previously, a standard line diagnostic

diagram is referred to as the BPT diagram (Baldwin et al.
1981), which compares [N II]/Hα and [O III]/Hβ. One
challenge in calculating this set of line ratios is that we do not
have the signal-to-noise ratio (S/N) to detect Hβ in the spectral
stacks. As we did in Paper III when calculating the BPT line
ratio, we adopt Hβ/Hα= 0.3, a rough value consistent with the
nondetection for our entire sample and with theoretical
expectations. A second challenge, is that in some cases we
have average flux measurement that are formally consistent
with zero. In these cases, we use the 1σ upper limit when

Table 2
The Stacked [O III], Hα, and [N II] Emission Flux versus Azimuthal Angle and

Radius

Line 〈f〉 rs
a N f

(deg) (10−17 erg cm−2 s−1 Å−1)

[O III] 21 0.09 642 0.0003 ± 0.0033
0.19 2324 0.0052 ± 0.0017

68 0.09 651 0.0089 ± 0.0032
0.19 2331 0.0001 ± 0.0014

Hα 21 0.09 688 0.0082 ± 0.0029
0.19 2410 0.0025 ± 0.0015

68 0.09 703 −0.0005 ± 0.0028
0.19 2395 0.0032 ± 0.0014

[N II] 21 0.09 689 0.0081 ± 0.0029
0.19 2357 0.0008 ± 0.0015

68 0.09 694 0.0100 ± 0.0029
0.19 2387 0.0007 ± 0.0015

Note.
a rs is the ratio between the physical projected separation and the virial radius
of the primary galaxy, rs ≡ rp/rvir.

Figure 4. The [O III] (top), Hα (middle), and [N II] (bottom) emission line flux
as a function of azimuthal angle. The red dot represents the emission flux at the
inner radii of 0.05 < rs < 0.125 and the blue triangle is for the outer radii of
0.125 < rs < 0.25. The horizontal dashed line indicates the zero flux for better
visualization.
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calculating the related line ratio and quote the result as the
corresponding limit on the line ratio. We present the BPT line
ratios, or limits, for the two azimuthal and the two radial bins in
Figure 5.

The line ratios presented in Figure 5 are consistent with
ionization of the CGM by AGN, as expected for massive
galaxies with stellar mass> 1010.4 Me (Paper III). Although
the uncertainties are large, the results in one bin (the inner bin
along the minor axis) appear to be quite different than those of
the other bins. Beyond the statistical significance of the
difference, which we discuss next, we note that the offset is in
the expected sense in that the inner CGM along the minor axis
most strongly reflects the properties of AGN-ionized gas.

To quantitatively assess the significance of this result, we
reconstruct binned averages, randomly drawing with replace-
ment, samples to match the number of sightlines included in the
inner, polar subsample from data in the three other bins. The
fraction of the 10,000 reconstituted samples where the result is
at least as far toward the upper right of Figure 5 as the actual
measurement is only 3%. This test suggests that the inner, polar
set of sightlines are different than all other sightlines with 97%
confidence. However, this approach combines sightlines across
radii. If there are radial differences among sightlines, then we
should only compare between inner polar and planar sightlines.
When drawing solely from the inner, planar bin, with
replacement, and repeating the test we find that inner, polar
bin differs from the inner, planar bin with 99.7% confidence.

One concern here is that we could be misled because the
tests just described are a posteriori statistical tests. To address
this concern, we revisit our control sample and apply the same
test. We repeat the analysis defining each of the four bins as the
“different” bin and drawing comparison samples from the other
three bins. In no combination is the sole bin found to be
different than the other bins with greater than 1σ confidence.
Additionally, for 1000 random draws of a sample of the size of
original inner, polar sample of sightlines, only 0.1% are offset
as far or farther toward the upper right of the BPT diagram as
the actual inner, polar sample. These tests, plus the qualitative
nature of the finding (that the inner, polar bin is the one that

shows the strongest AGN features), provide additional
confidence in the finding.

3.1. Dependence on Galaxy Properties

As introduced in Section 2, we set a minimum ellipticity
criterion for the primaries to ensure that the position angles are
robustly measured. Although the need for such a criterion is
evident, the value chosen is somewhat arbitrary but is an attempt
to achieve a balance between having a larger primary sample
that perhaps includes more for which the position angle is
uncertain and a smaller sample with better-defined position
angles. It is not a priori known which choice may result in the
most statistically significant results. Applying a more con-
servative cut (e> 0.4) results in a sample that is half the size but
a BPT ratio result that is nearly as significant as that described
previously (99.3% confidence versus 99.7%). On the other
hand, a more generous cut (e> 0.1) increases the sample by
about 50% but the significance of the result drops to 90.6%. Our
initial choice of e> 0.25 strikes a balance and other choices do
nor appear to provide more statistically significant results.
In Papers II/III/IV, we found that the emission line flux

from the CGM correlates with the stellar mass, SFR, and
morphology of the primary galaxy. As such, it is always a
danger when comparing samples selected for one reason that
any observed differences might instead originate from these
differences. Although we cannot envision reasons why
selecting on azimuth or radius of the sightlines would connect
to the properties of the primary galaxy, we nevertheless test that
the primaries in the various subsamples are all similar. The
samples are indeed nearly indistinguishable, with mean stellar
masses for the four samples ranging between 1010.90 and
1010.93 Me, the Sérsic n indices between 5.01 and 5.05, and the
SFRs between 0.36 and 0.41 Me yr−1. Based on previous
results, Papers II/III/IV, variations within these ranges are not
expected to lead to detectable emission line differences.

3.2. Discussion

We find that the inner CGM is indeed different along the
minor axis than along the major axis. Furthermore, this
difference is in line with the hypothesis that the central AGN
has a stronger influence in this direction. However, the emerging
picture for the observed emission line behavior hints at
something more complex than the simple interpretation posited
by Martín-Navarro et al. (2021) to explain their results, a lower-
density CGM along the minor axis. Consider that in Table 2 and
Figure 4 the Hα flux drops by more than a factor of 2 in going
from the planar to polar orientations, naively suggesting a
commensurate density change in the expected direction.
However, the trend in [O III] flux is in the opposite sense
(Table 2 and Figure 4) suggesting that there are other differences
at play beyond simply less gas. In retrospect, it is evident that the
influence of the AGN could not only lead to a lower density, but
also have other effects such as in the mean metallicity of the gas
(Schaefer et al. 2020; Bao et al. 2021) and the ionizing spectrum.
In fact, our most statistically significant result regards the nature
of the ionizing spectrum. Untangling these different aspects is a
challenge beyond our simple azimuthally dependent analysis
(e.g., see the complications in the metallicity analysis of
absorption line systems; Gibson et al. 2022).
Evidence for asymmetries in the CGM is also available from

absorption line studies. Huang et al. (2016) studied the CGM of

Figure 5. The BPT emission line ratios for two azimuthal and two radial bins.
The inner bins, 0.05 < rs < 0.125, are represented in red, while the outer,
0.125 < rs < 0.25, are in blue. The symbols designate the azimuthal bins as
given in the legend. The blue curve shows the boundary between the H II and
AGN regions of the diagram and the light gray points represent individual SDSS
galaxies.
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the luminous red galaxies (LRGs) using SDSS LRG-QSO pairs.
They found no strong dependence of Mg II covering fraction for
either passive or [O II]-emitting LRGs at projected radii
>50 kpc, but found a modest enhancement (∼50%) of Mg II
absorption closer to the major axis of [O II]-emitting LRGs at
projected radii <50 kpc that decreases toward the minor axis.
Our finding is qualitatively consistent with those findings.
Nelson et al. (2021) also found that Mg II halos, which traces
the cool (∼ 104K) gas in the CGM, are highly structured,
clumpy, and asymmetric, with isophotal axial ratio increasing
with galaxy mass. The CGM anisotropic signatures are also
common in hot X-rays, as predicted by Truong et al. (2021)
using cosmological simulations. Truong et al. (2021) predicted
that the CGM is anisotropic in its thermodynamical properties
and chemical content over a large mass range, and that the CGM
anistropy can be detected from future X-ray observations.

Interpreting results is particularly fraught when stacking tens
of thousands of spectra. The CGM in each galaxy is a
multiphase, multi-ionization-state, and geometrically complex
structure (Tumlinson et al. 2017). It is not evident how those add
up to produce a mean line flux. In broad strokes, the results of
simple models are plausible (Paper VII), but in assessing the
detailed interplay between AGN and CGM, in what is perhaps
the average of a heterogeneous sample, such models are unlikely
to be illuminating. Instead, we await the detection of emission
lines in individual, normal, low-redshift galaxies. This is a
challenging observation for current state-of-the-art facilities, but
should become routine with the next generation of larger ground
based telescopes. For the warm CGM such observations may
come relatively sooner using ultraviolet emission lines observed
with satellites like Aspera (Chung et al. 2021), while for the hot
CGM they may eventually be available from X-ray facilities
such as the Hot Universe Baryon Surveyor (Cui et al. 2020).

4. Summary

To test whether AGN activity affects the CGM anisotropi-
cally, we applied a methodology developed to measure the
emission line fluxes from the cool (T∼ 104K) CGM (Paper I).
We selected primary galaxies with Sérsic index n> 2.5,
ellipticity e> 0.25 and stellar mass M* > 1010.4 Me, which
roughly corresponds to a halo mass of 1012 Me, to closely
match the galaxy sample studied by Martín-Navarro et al.
(2021). We calculated the relative position angle between each
sightline and the associated central galaxy major axis and
combined the Hα, [O III], and [N II] fluxes to search for trends
as a function of scaled projected radii and azimuthal angle.

The emission line flux of [O III] and Hα have a large (∼65%
and ∼43%, respectively) drop from the major axis to the minor
axis of the central galaxy, consistent with the hypothesis that
the CGM has a lower density in the polar direction (Martín-
Navarro et al. 2021), but due to large uncertainties the results
are statistically marginal (∼1.5σ). Further investigation of the
azimuthal flux behavior in two different radial bins shows more
complex behavior than can be attributed to merely a difference
in gas density in the polar versus planar directions, but these
results are also statistically marginal.

Because the conjecture has nuclear activity affecting the
CGM, we explore the BPT diagnostic line ratio for the CGM
along the major and minor axis of the central galaxy. We adopt
a fixed value of Hβ/Hα because of the nondetection of Hβ in
our spectra and quote limits for the logarithm of the ratios when
either the numerator or denominator is consistent with zero.

The ratios for the combined spectra in the inner, polar bin are
statistically different from those in any other radial or azimuthal
bin (confidence between 97 and 99.9% depending on the test).
Our identification of azimuthal variations in the mean CGM

properties is qualitatively consistent with the Martín-Navarro
et al. (2021) conjecture, but does not necessarily confirm it. We
are limited by the statistical confidence of our results and await
larger, deeper spectroscopic samples with which to revisit these
results. There are prospects in this regard. The Dark Energy
Spectroscopic Instrument (DESI; DESI Collaboration et al.
2016a,2016b) will ultimately collect ∼30 million spectra, an
increase in the number of sightlines by 2 orders of magnitude
relative to the current study due both to the increase in the
number of sightlines and the number of suitable primaries. Aside
from the gain in numbers, those spectra should also be better
suited for our purpose than SDSS spectra because DESI targeted
fainter objects and reach, on average, a lower S/N for each
“nuisance” target, thereby making continuum subtraction easier
and less critical. Furthermore, proposed massively multiplexed
deep spectroscopic surveys with new, dedicated telescopes will
push even further. Although we eagerly await the mapping of
emission lines in individual galaxies with which to explore the
CGM, there is still a role for these stacked analyses to examine
mean properties and address a wide array of scientific questions.
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