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Abstract

Galactic winds are associated with intense star formation and active galactic nuclei. Depending on their formation
mechanism and velocity, they may remove a significant fraction of gas from their host galaxies, thus suppressing
star formation, enriching the intergalactic medium, and shaping the circumgalactic gas. However, the long-term
evolution of these winds remains mostly unknown. We report the detection of a wind from NGC 3079 to at least
60 kpc from the galaxy. We detect the wind in far-ultraviolet (FUV) line emission to 60 kpc (as inferred from the
broad FUV filter in the Galaxy Evolution Explorer) and X-rays to at least 30 kpc. The morphology, luminosities,
temperatures, and densities indicate that the emission comes from shocked material, and the O /Fe ratio implies that
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the X—ray—emittinig gas is enriched by Type II supernovae. If so, the speed inferred from simple shock models is

about 500 km s

, which is sufficient to escape the galaxy. However, the inferred kinetic energy in the wind from

visible components is substantially smaller than canonical hot superwind models.

Unified Astronomy Thesaurus concepts: Galactic winds (572); Starburst galaxies (1570); Late-type galaxies (907)

1. Introduction

Intense periods of star formation can lead to multiphase,
galaxy-scale outflows driven by the energy and momentum of
stellar winds and supernovae (SNe). These galactic winds can
have speeds of hundreds to thousands of km s~' and are the
most extreme instance of stellar feedback (Veilleux et al. 2005;
Heckman & Thompson 2017; Rupke 2018). Winds have the
potential to regulate or even quench star formation in their host
galaxies and are perhaps the main source of metals in the
intergalactic medium. It is generally accepted that star
formation and active galactic nuclei (AGNs) are the source of
galactic winds, but how these determine the morphology,
kinematics, composition, and how much (if any) material
completely escapes the galaxy are unsettled questions.
Plausible theoretical models vary widely in their answers to
these questions (for a recent theoretical review, see
Zhang 2018).

Addressing these uncertainties requires measuring the
evolution of wind properties with distance from the galaxy,
such as the temperature, density, and velocity phase diagrams.
This is challenging because winds expand and decrease in
surface brightness, so beyond a few kpc from the galaxy, winds
have primarily been studied in absorption. For example,
Kacprzak et al. (2012) found using the MAGIICAT data set
of Mg Il absorbers that absorption occurs most frequently
within ~20° of the minor axis (outflows) and major axis
(accretion) of the host galaxies (although this is not generally
true beyond 40 kpc; Bordoloi et al. 2014), while Heckman et al.
(2017) showed with the COS-Burst survey that Lya absorbers
around starburst galaxies have roughly twice the virial velocity,
suggesting rapid outflows.

Nevertheless, searching for emission at large radii is
important because it enables the detailed study of winds from
individual objects, whereas pencil-beam absorption studies
must build up samples of absorption systems around similar
galaxies or focus on well-placed sight lines. This is limiting
because the wind properties are sensitive to the characteristics

of the generative starburst or AGN, which may differ
substantially even in similar galaxies. In addition to emission,
scattered Ly« can probe winds in individual galaxies (e.g.,
Duval et al. 2016), but as it does not directly probe ionized gas
and can have complex line-of-sight radiative transfer even after
scattering, it is not a primary tool. One of the best ways to
search for emission from winds, which is expected to be
primarily line emission, is to use integral field spectrographs on
large telescopes (e.g., Finley et al. 2017). Recently, Rupke et al.
(2019) reported the discovery of a 100 kpc wind in
SDSS J211824.06+001729.4 (“Makani”) at z = 0.459 using
the integral field unit on the Keck observatory. However, it
remains worthwhile to search for extended emission from
nearby winds because they can be observed with current
instruments in nearly every wave band.

Here we present evidence for emission from shocked gas in a
biconical outflow extending at least 60 kpc from NGC 3079
using far-ultraviolet (FUV) and X-ray data. The well-known
starburst and AGN galaxy NGC 3079 has an extensive radio
halo (Irwin & Saikia 2003), a nuclear Ho and X-ray bubble
(Cecil et al. 2001), and diffuse nuclear hard X-rays (Li et al.
2019). A biconical outflow at lower latitudes has already been
established from previous Ha, X-ray, and UV studies (e.g.,
Fabbiano et al. 1992; Strickland et al. 2004). There is also a
suggestion that the extensive HI tail seen behind the
companion NGC 3073 is due to stripping by the wind from
NGC 3079 (Irwin et al. 1987), as the ambient halo density
required to explain it via stripping in the hot halo of NGC 3079
or the tidal forces needed to strip the gas are inconsistent with
existing data (Shafi et al. 2015). If so, this would indicate a
wind extended significantly beyond the radio halo, although the
prospect of NGC 3073 itself driving an outflow has not been
thoroughly explored. The starburst in NGC 3079 is fueled by
3 x 108M,, of molecular gas in the nucleus (Sofue et al. 2001)
with a nuclear star formation rate (SFR) of 2.6M. yr '
(Yamagishi et al. 2010).
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Figure 1. Left: GALEX FUV image of NGC 3079, corrected for the galaxy light scattered into the wings of the PSF (see text for an explanation). The galaxy itself is
clipped out near R,s, and bright source masks are indicated in black (many more small point sources were excised). Several filament candidates form an X shape. The
color table is in units of 10~* counts s~'. Right: 0.3-2 keV XMM-Newton image of the same field with source masks shown in black and the optical galaxy (R,s)
shown as a blue ellipse. The same X shape seen in previous Chandra images is evident. The color table is in units of 10~> counts s~'. Both images have been

smoothed with a Gaussian kernel and clipped at the mean background.

In the following sections, we describe the data sources
(Section 2), the search for extended diffuse emission and
structure (Section 3), and our interpretation of this structure
based on the X-ray properties (Sections 4 and 5). We close with
a summary in Section 6. We adopt a distance of d = 19 Mpc
for NGC 3079 (Springob et al. 2009), which corresponds to a
scale of 5.5 kpc arcmin™' and is the median redshift-
independent distance from the NASA/IPAC Extragalactic
Database.”

2. Observations and Data

The primary data sets used in this paper are a 16.1 ks Galaxy
Evolution Explorer (GALEX) observation of NGC 3079 and
300 ks of new and archival XMM-Newton observations. Under
XMM-Newton project 080271 (PL: Hodges-Kluck), 231 ks of
new observations were obtained. We also used archival
Chandra, Neil Gehrels Swift Observatory (Swift), Infrared
Astronomy Satellite (IRAS), and Herschel observations as
complementary data sets.

2.1. GALEX

We used the FUV and near-UV (NUV) pipeline-processed
GALEX images. The FUV filter has an effective wavelength of
1542 A and a width (FWHM) of 228 A. The NUYV filter has an
effective wavelength of 2274 A and a width of 796 A. The on-
axis angular resolution of the 50 cm telescope is about 4”2 in
the FUV and 5”3 in the NUV channel. To prepare the images
for analysis, we clipped the image to a 25’ x 25’ square around
the galaxy, identified and masked point sources at least 3o
above the background, and masked extended sources through
visual inspection. The size of the region of interest is limited by
the significantly increased noise and image reconstruction

3 http:/ /ned.ipac.caltech.edu

artifacts near the edge of the GALEX field, and no overlapping
GALEX image is nearly as deep. Since we are interested in
diffuse light near the bright galaxy, we corrected for galactic
light scattered into the halo region by the wings of the point-
spread function (PSF). We followed the procedure described in
Hodges-Kluck et al. (2016, hereafter HK16), which involves
subtracting a scaled convolution of the galaxy image (i.e.,
within the optical R,s) with the PSF from the raw image. The
scale factor depends on the PSF and accounts for the fact that
the galaxy image has already been convolved with the PSF. We
used a PSF constructed in HK16 that is 15’ in radius. There are
no other extended sources in the field bright enough to require
this procedure. The resultant image is shown in Figure 1.

2.2. XMM

We processed each XMM-Newton data set using Science
Analysis Software (SAS) v17.0.0 and applied standard
procedures to extract event files for each camera (two MOS
and one pn). First, we used the emchain and epchain
scripts to filter and calibrate events and produce analysis-ready
event lists for the MOS and pn cameras (for the pn, we also
extracted out-of-time events). We then used the XMM
Extended SAS (ESAS) software (Snowden et al. 2004) to
further filter the data, including removing background flares
(through mos_filter and pn_fil ter), masking point sources
(through modified cheese masks), and extracting spectra with
the quiescent particle background and an estimate of the solar
wind charge exchange subtracted (through mos-spectra,
mos_back, pn-spectra, and pn_back). After filtering,
about 150 ks of good time remained (Table 1). We used the
background estimates to create filtered images from each
detector and combined these images across all exposures for
the image analysis. The combined X-ray image is several times
more sensitive to faint point-source emission than any
individual exposure, so we identified and masked additional
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Table 1
UV and X-Ray Observations in This Paper
Telescope Instrument Date ObsID Exposure GTI
10% ) 10%s)
1 @ 3 “ () ©)
GALEX FUV 2005-02-24 NGA_NGC3079 16.1 16.1
GALEX NUV 2005-02-24 NGA_NGC3079 16.1 16.1
Swift UvVwi 2013-11-12 80030001 0.3 0.3
Swift UVM2 2008-02-26 37245001 8.5 8.5
Swift Uuvw2 2009-02-27 37245002 1.2 1.2
Swift uvw2 2013-11-12 80030001 0.6 0.6
Swift uvw2 2014-04-04 91912001 0.7 0.7
Swift Uvw2 2014-04-06 91912002 49 49
XMM EPIC 2001-04-13 110930201 253 3.1
XMM EPIC 2003-10-14 147760101 444 6.6
XMM EPIC 2017-11-01 802710101 22.8 17.0
XMM EPIC 2017-11-03 802710201 22.4 7.1
XMM EPIC 2017-11-05 802710301 22.4 9.1
XMM EPIC 2017-11-09 802710401 22.4 3.8
XMM EPIC 2017-11-15 802710501 22.4 11.3
XMM EPIC 2017-11-23 802710601 22.4 14.1
XMM EPIC 2017-11-27 802710701 22.4 12.5
XMM EPIC 2018-04-17 802710801 26.0 22.0
XMM EPIC 2018-04-21 802710901 22.4 18.6
XMM EPIC 2018-04-23 802711001 25.3 21.0
Chandra ACIS-S 2001-03-07 2038 26.6 26.6
Chandra ACIS-S 2018-01-30 19307 53.2 532
Chandra ACIS-S 2018-02-01 20947 444 444

sources with edetect_chain to highlight the diffuse
emission. In general, the source masks extend to where the
light from the wings of the PSF is well below the background
rather than to a fixed encircled energy fraction.

For the image analysis, we adopt the 0.3-2 keV bandpass to
maximize the signal from hot gas. The combined 0.3-2 keV
image is shown in Figure 1. The sensitivity is not uniform
across the field, and this image has been clipped to the region
where the effective exposure exceeds about 80% of the total.
However, there is clearly a ring of increased noise that limits
the search for extended diffuse emission. The primary
astrophysical backgrounds are the hot gas in and around the
Milky Way and solar wind charge exchange, whereas the
instrumental backgrounds include residual soft proton flaring
(below the flare detection threshold) and a strong Al Ka line
(1.49keV) from the detector. The astrophysical backgrounds
are vignetted, the protons are centrally concentrated but not
optically vignetted, and the detector background is not
vignetted. This means that simple exposure correction can be
misleading. We follow Anderson & Bregman (2014) in
accounting for backgrounds (but not in fitting a radial profile)
in the 0.3-2keV bandpass, which involves fitting the soft
X-ray background spectrum at large radii to obtain its physical
normalization, using the unexposed chip corners (through the
ESAS software) to make nonvignetted background maps, and
“exposure correcting” using a factor based on the vignetting
function as a function of radius.

2.3. Auxiliary Data

We used the uvwl (22600 A), uvm2 (\2200 10\), and uwww?2
(A2000 A) Swift Ultraviolet and Optical Telescope (UVOT)
images as a check on the deeper GALEX data. We previously
processed these data in HKI16, including the removal of
persistent, diffuse scattered-light artifacts and correcting for the

PSF scattering from the galaxy. Multiple short exposures were
combined to form single images for each filter.

The 124 ks of archival Chandra Advanced CCD Imaging
Spectrometer (ACIS) data was used to identify X-ray point
sources to create masks for the XMM-Newton images and
search for diffuse emission. Both data sets were centered on the
ACIS-S3 chip. Unfortunately, the longer Chandra data sets
were obtained after the detector lost most of its soft sensitivity
(E <1 keV) due to molecular contaminant buildup on the
detector window. Thus, the Chandra sensitivity to hot gas is
much worse than with XMM-Newton. We reprocessed the data
using the Chandra Interactive Analysis of Observations (CIAO)
v4.11 software.® We used the standard chandra_repro
script to filter and grade the events. We then searched for
background flares in the light curve for the whole ACIS-S3
chip and excluded periods where the count rate exceeded 3o
above background but found no significant flaring. For the
imaging analysis, we reprojected and combined the data sets
using the merge_obs script. We then identified and removed
point sources and restricted the bandpass to 0.3-2 keV.

We also used the 100 ym IRAS and pipeline-processed
Herschel data in several bands from 70 to 160 ym without
further processing.

3. An Extended Wind Cone

We searched for extended emission in the GALEX and
X-ray images (Figure 1). Both the FUV and X-ray images show
the characteristic “X” shape of a biconical wind known to exist
around NGC 3079 from previous Ha and Chandra observa-
tions, but the filaments along the wind edges (identified in
Figure 2) appear to extend significantly farther than previously
known, especially in the FUV image, where the eastern

6 http://cxc.harvard.edu/ciao/
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Figure 2. Left: four candidate filaments identified in the GALEX FUV image. The maximum apparent extent is about 66 kpc from the galaxy nucleus on the east side.
The existence and extent of the NW filament are unclear because it coincides with the companion galaxy, MCG 9-17-9, located 33 kpc from NGC 3079. Right:
azimuthal significance map in the range R = 0’1725, 1/25-5/0, and 5/0-11/25. Each segment is 15° wide. In each ring, the color represents (X — 1)/o, where X is
the mean value in each segment, p is the mean for the ring, and o is the standard deviation of values in the ring. The colors have been biased toward positive

deviations.
Table 2
UV Filament Luminosities
Filament R.A. Decl. P.A. Length Width Filter m FUV-NUV ALy
(J2000) J2000) (deg) (arcmin) (arcmin) (mag) (mag) 10* ergs )
ey} 2) 3 ) (5) (6) (7 ®) © (10)
NE 10:02:32.16 +55:47:15.8 38 7 24 FUV 19.8 £ 0.1 <-04 37+04
NUV >20.2 <1.8
SE 10:02:38.20 +55:37:37.1 110 7 2.4 FUV 19.6 + 0.1 <-0.7 4.6 £ 04
NUV >20.3 <1.6
NwW 10:01:15.92 +55:43:11.2 110 7 24 FUV 19.8 £ 0.1 <-0.6 374+£03
NUV >20.4 <15
SW 10:01:24.17 +55:35:57.9 60 7 2.4 FUV 204 + 0.2 < 0.1 2.1+04
NUV >20.3 <13

Note. Columns: (1) filament ID from Figure 2, (2)—(3) central coordinates, (4)—(6) region, (7) GALEX filter, (8) AB magnitude calculated from the GALEX count rate

after PSF wing and dust correction, (9) FUV-NUYV color, and (10) luminosity.

filaments extend at least to 60 kpc from the galactic center. The
western filaments appear more truncated but extend to at least
30-40 kpc from the nucleus. Meanwhile, the XMM-Newton
image shows more extended X-ray emission on the west side
with a maximum extent of about 40 kpc and 30-35 kpc on the
east. The emission may extend farther, but the sensitivity
declines significantly outside R ~ 40 kpc.

3.1. Filaments

The filaments are resolved, with widths exceeding several
kpc, although it is difficult to measure their widths owing to the
low surface brightness. This also makes it difficult to
objectively define filaments. Here we assumed that they simply
follow the direction of the brighter emission seen at lower
latitudes and defined rectangular boxes 38 x 13 kpc wide that
start at the edge of the brighter reflection nebula reported at
lower latitudes in (HK16). A length of 7’ (38 kpc) appears well
matched to the data but was defined by eye. We measured the
fluxes in these boxes, which are given in Table 2 and overlaid
in Figure 2.

Detecting low surface brightness emission requires account-
ing for true variation in the background across the field of view.
This variation, rather than Poisson noise, limits the sensitivity.
We defined multiple source-free regions around the galaxy at
the outskirts of the clipped field of view and measured the
mean background in each, as well as the standard deviation
among fields. We find Byyyv = (2.17 £ 0.01) x 103 and
Bruv = (1.44 + 0.02) x 10~* counts s~ ' pixel !, which is
consistent with typical GALEX values. The fluxes in each
filament region were measured and converted to magnitudes
using the AB zero-points of 20.08 and 18.82 mag for the NUV
and FUV, respectively. The sensitivities imply 3¢ upper limits
for these boxes of around 20.4 and 21.0 mag for the NUV and
FUV, respectively (surface brightness of 23.5 and
24.1 mag arcmin2).

Each of the FUV filaments is clearly detected (for a 3o
threshold). The luminosities range from 2 to 5 x 10** erg s !,
and their total luminosity is about 1% of the galaxy FUV
luminosity. In contrast, no filaments are detected in the NUV
image. The limits imply FUV/NUYV luminosity ratios greater
than 2 in the NE, NW, and SE filaments, corresponding to FUV
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—NUYV colors of less than 0.4 mag. The SW filament is the
weakest detection in the FUV, but it is also not present in the
NUYV, and Figure 2 suggests that it may not extend the full
length of the (uniform) 38 kpc box.

Although there are no extended (R > 15 kpc) NUV
filaments, at lower latitudes, diffuse UV continuum emission
is detected in the FUV, NUV, and UVOT images. The
morphology in each filter agrees well, and the measured fluxes
are similar. This emission was ascribed to scattering by
circumgalactic dust in HK16, indicating that the FUV filaments
are something else. However, since we defined the filaments
based on the presumption that they continue from spurs seen at
lower latitudes, it is likely that not all of the UV light seen at
lower latitudes comes from dust.

The measured fluxes show that there is some extended
emission in the boxes that we defined, but this does not prove
that the filaments are actually coherent structures that trace the
X shape seen clearly at lower latitudes. The average surface
brightness of the NE box (without subtracting background) is
20.4 mag arcmin 2, which is about equal to the 1o contour
above background. This precludes definitively characterizing
the emission as a coherent filament. However, there are two
reasons to believe that they do continue the X shape.

First, the X-ray image has similar structures that are clearly
connected to the lower-latitude filaments. This also makes it
unlikely that they are filter artifacts. There are some GALEX
FUV images where either a ghost image or stray light from a
bright source exterior to the field causes similar-looking
patterns, but there are no large-scale structures like this seen
in the wider FUV or NUV images.

Second, an azimuthal map gridded in 15° angular segments
at several radii (based on the drop-off of the average radial
profile) suggests that the X-shaped structure continues beyond
the inner regions except to the SW. The right panel in Figure 2
shows the quantity (X — p)/o, where X is the mean value of
the FUV image in each segment, ( is the mean of the X values
in that ring, and o is their standard deviation (not the
background). There are no filament candidates exceeding 3o
from the mean at any radii, but note that if the X shape is real,
then at least four of the 24 segments will have positive
deviations. For instance, if the background annulus has a
uniform brightness and there are four equally brighter
segments, the limiting (X — p)/o = 2.2. Therefore, the
purpose is to show where positive deviations occur, and the
map shows that they form an X-shaped structure in the second
ring (0 = 1/25-5") that continues to the NW, NE, and SE in the
outer ring (0 = 5'-11/25).

3.2. Galactic Cirrus

Extensive Galactic cirrus filaments are common in GALEX
images, so we investigated whether the filaments around
NGC 3079 can be explained by cirrus. First, we searched for
larger structures in the full 2° FUV image (as well as in the
NUV image). There is no clear structure in this wider field in
either the FUV (Figure 3) or NUV. The FUV—-NUYV colors of
less than —0.4 mag in the filament boxes shown in Figure 2
also disfavor cirrus, which tends to have FUV—-NUV ~ 0. In
this case, we should have easily detected the filaments in the
NUV image.

We then searched for far-infrared (FIR) counterparts, or
evidence for filamentary or highly variable FIR emission from
cirrus in the region. To investigate the larger-scale emission,

Hodges-Kluck et al.
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Figure 3. Neither the full GALEX FUV image (left) nor the 100 ym IRAS
image (right) support the hypothesis that the filaments are Galactic cirrus. The
cirrus in the region of NGC 3079 is neither bright nor strongly spatially
variable. Since the galaxy itself is a bright point source at 100 pm (89 Jy), it is
not possible to search for FIR counterparts in the IRAS data. The box shows
the region shown in Figure 1, while the circle shows the GALEX field of view.
The FUV color scale is in units of 10~ counts s’l, while the IRAS color scale
is in units of MJy sr™'. Sources detected with greater than 3¢ significance have
been masked in the FUV image.

we used the IRAS 100 ym maps,” as reprocessed using the
IRIS software (Miville-Deschénes & Lagache 2005). Figure 3
shows the wider field in the FUV and FIR, and the cirrus in the
region appears somewhat patchy but with variations on larger
scales than the filaments. The galaxy NGC 3079 itself is a FIR
source, and the 4’ resolution of the IRAS map prevents directly
searching for FIR counterparts to the FUV filaments. However,
no such counterparts are seen in the higher-resolution but
smaller field-of-view Herschel images of the region (covering
70-200 pm). Since diffuse FIR emission from dust above
NGC 3079 itself (“cirrus” in that galaxy) is detected at lower
latitudes in the same maps, we estimate that FIR emission from
cirrus would be detectable considering the FUV fluxes. Finally,
we examine the fields around NGC 3079 that have shallow
GALEX FUV coverage. We do not find such sharply defined
structure within a few degrees of NGC 3079. Thus, we argue
that it is very unlikely that the large FUV filaments are due to
Galactic cirrus.

They are also not due to scattered light from dust above
NGC 3079 itself. At lower latitudes, dust scattering is evident
through UV continuum emission in the FUV, NUV, and Swift
UVOT bands (HK16). The FUV—NUYV color of the diffuse,
low-latitude scattered light is close to 0 mag, whereas FUV
—NUV < —0.4 mag for three of the four filaments.

If the FUV filaments are not produced by dust in either the
Galaxy or NGC 3079, the most likely light source is emission
lines in the filter. Any other continuum source would have to
explain the absence of emission in redder bands. There are
several possible lines covered by the FUV filter, including C IV
AA1548, 1550, He 11 A1640, and [O II] AA1661, 1666. These
lines could be produced either by cooling wind fluid,
photoionization, or shock heating.

Without spectroscopic data, it is not possible to use the FUV
fluxes alone to distinguish between these possibilities. If such a
spectrum were to exist, models such as CLOUDY (Ferland et al.
2017) would be able to do so. For example, the Hell line
requires hard ionizing photons (at least 54 eV), so a strong He II
line would favor shocks or AGN photoionization (cf. Jaskot &
Ravindranath 2016). As far as we know, there are no existing
models that could use only the FUV flux to determine the
origin, but we note that Borthakur et al. (2013) found CIV

7 Retrieved from https://irsa.ipac.caltech.edu/data/IRIS /.
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Figure 4. The FUV (left) and X-ray (middle) images rotated and stacked into a single quadrant to improve the signal, with the galaxy nucleus at the origin and the
galactocentric radius along the x-axis. The images have been clipped at the mean background, smoothed, and overlaid with 20, 40, 8¢, and 120 contours. The X-ray
image is clipped at a radius of 8’ because of the lower signal at the image edges. Both images show an extended, conical, limb-brightened wind profile, with the FUV
wind extending farther than the X-ray wind in both the horizontal and vertical directions. Right: X-ray (red) and FUV (cyan) quadrant images clipped at the mean
background +1o and overlaid. The combination highlights that the X-rays are interior to the FUV emission.

absorption around four starburst galaxies at impact parameters
between 100 and 200 kpc and concluded from CLOUDY
modeling that photoionization from either a starburst or the
metagalactic radiation field cannot explain the C IV lines. They
instead found that shock heating can do so, provided that much
of the wind energy is expended in shock heating circumgalactic
gas. The emission around NGC 3079 is not as extended, but if
it connects to unseen ionized gas at larger radii, then the same
logic would apply.

3.3. Quadrant Stacks

The structure of the FUV and X-ray emission becomes
clearer when stacking them in quadrants (Figure 4). We define
the abscissa along the galactocentric radius R and the height
above the midplane z as the ordinate. Despite the uncertainty
about the filaments, the FUV and X-ray emission clearly trace
limb-brightened cones. Notably, the edge of the X-ray cone is
interior to that of the FUV cone, and the X-ray edge coincides
with the brightest part of the FUV limb. This morphology is
consistent with the hot wind model from Heckman et al.
(1990), in which the hot wind shocks surrounding gas, and this
shocked gas is surrounded by a thin layer of rapidly cooling gas
visible in optical and UV emission lines. On the other hand, the
morphology disfavors strong radiative cooling of the hot wind
fluid itself (Thompson et al. 2016), in which case, we would
expect strongly peaked X-ray emission below the strongest
FUV line emission.

We measured scale heights for several types of profiles.
These include vertical profiles, radial profiles, and profiles
extracted along the edge of the cone (Figure 5). The vertical
profiles are averaged within R < 22kpc for the FUV image
and R < 16 kpc for the X-ray image, based on the extent of the
base of the wind. A single-exponential profile fits the X-ray
data well but not the FUV, whereas the sum of two exponential
profiles is a good fit to the FUV data. The scale height in the
X-rays is hx = 5.1 £ 0.2kpc, which is consistent with one
component of the FUV, hryy 1 = 4.6 £ 0.5 kpc. However, the
second component of the FUV, which accounts for 50% of the
flux, has a much larger scale height of hgpyy, = 18 + 2 kpc.
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Figure 5. Emission profiles measured from the quadrant stacks (Figure 4), with
the best-fit scale heights listed. Scale heights for both components are listed
when a double-exponential model is a significantly better fit than a single-
exponential model. The data are shown in black (errors in gray), and the best-fit
model is plotted in blue (FUV) or red (X-rays), with the components plotted as
dotted lines. Here we show the FUV vertical (z) profile averaged over
R < 22 kpc (top left), the X-ray vertical profile averaged over R < 16 kpc (top
right), the FUV profile along the wind cone edge as shown in Figure 4 (bottom
left), and the FUV radial profile (bottom right). The large scale heights indicate
that the wind is indeed very extended.

Meanwhile, the FUV profile along the edge of the wind cone
(where the signal-to-noise ratio is highest) is even more
extended, with scale heights hgyy = 7.5 £ 0.6kpc and
heyva = 31 = 18 kpe, while the azimuthally averaged radial
profile has hgyy = 10.6 £ 0.6 kpc.
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Figure 6. In the top left panel, the temperature and density were inferred from
model fits to spectra extracted from the blue rectangular regions, shown
overlaid on the soft X-ray image with point-source masks marked in black. In
the top right panel, the bright superbubble is unresolved with XMM, and its
mask (dashed circle) covers much of the central region, so we measured the
flux and emission measure from the Chandra image where the bubble (solid
circle) is resolved (see text). Bottom left: temperature profile measured from
these spectra based on fitting isothermal plasma models to the data. The error
bars are the 90% credible interval. Bottom right: mean density inferred from the
emission measure and a cylindrical wind model (see text). The red and blue
lines are the best-fitting power-law and exponential disk models, respectively,
while the dotted line represents a shock compression of the Milky Way halo
model (Miller & Bregman 2015) by a factor of 2.

4. X-Ray Properties

The soft X-rays provide further insight into the wind through
the resolved temperature and density measurements. We
measured these from spectra extracted in apertures parallel to
the midplane (Figure 6). The vertical sizes of the apertures are
based on the need to obtain at least several hundred source
counts to measure precise temperatures through most of the
wind. There is more than enough signal at lower heights, where
both soft and hard X-rays have been previously studied
(Strickland et al. 2004; Li et al. 2019), to perform finer
gridding, but we defer a more complete analysis of the
temperature structure to a future paper (M. Yukita et al. 2020,
in preparation).

4.1. Spectral Extraction and Fitting

For each aperture (Figure 6), we masked point sources and
extracted spectra from each XMM observation using the
XMM-ESAS software (Snowden et al. 2004). The bright
superbubble at the center (Cecil et al. 2002) is pointlike at the
XMM resolution and is also masked. An inspection of the
Chandra image shows that the diffuse spectrum from the
central aperture predominantly contains flux from the base of
the wind, so we include that aperture in the profiles. We also
extracted a background spectrum from an annular aperture for
each exposure.

All spectral fitting was performed with Xspec v12.10.1, and
the spectra from a given region were fitted jointly rather than
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using a coadded spectrum. We used the APEC thermal plasma
model with the Asplund et al. (2009) solar abundance table to
model hot gas. If the X-rays come from shocked gas, APEC
may not be appropriate, as it is based on collisional ionization
equilibrium. However, the equilibrium timescales are short
relative to both the radiative lifetime and the time for the wind
to expand to at least 50 kpc, so the hot gas at the wind edge is
likely close to equilibrium.

Instead of subtracting a scaled background spectrum, we
fitted the background spectrum and used the best-fit model as a
fixed component when fitting the source spectra. We adopted a
model for the soft X-ray background that includes a thermal
component for the Local Hot Bubble and the Galactic hot halo
and a power law with photon index I' = 1.46 for the cosmic
X-ray background APEC+PHABS(APEC+POW), in addition to
instrumental lines and continua.® We obtained a good fit with
typical values (kT; = 0.1 keV and kT, ~ 0.25 keV).

The source model is an absorbed, isothermal plasma
(PHABS*APEC), where the column density of the absorbinzg
material is fixed at the Galactic value Ny = 9 x 10" cm™
We fix the metallicity (Z/Z.) at the solar value for these fits,
but the signal is sufficient to measure the O/Fe ratio (although
not the abundances of individual elements), as explored below.

4.2. Temperature, Density, and Abundance Profiles

The best-fit temperatures, APEC normalizations, and lumin-
osities are given in Table 3. The X-ray surface brightness is
asymmetric from east to west across the disk, possibly because
of the interaction of the wind with companion galaxies on the
west side. There is insufficient signal in the easternmost bin to
robustly measure the temperature, although the wind is
formally detected.

The APEC normalization encodes the emission measure,
EM x f n.nydV. To obtain 77, we assume a volume and that
n, = ny. Based on the limb-brightened morphology, in each
aperture except at the midplane, we fitted a simple cylindrical
shell model with constant density in the shell to the surface
brightness to obtain the emitting volume. This model yields the
average inner and outer radii R; and R,, while the height % is
that of the aperture. Since we have fixed the metallicity at solar,
we derive the quantity 7(Z/Z.)'/2. A summary of the
measured properties is given in Table 3, and the temperature
and density profiles are shown in Figure 6.

The central aperture is a special case because the XMM
superbubble mask covers much of the emission of interest
(Figure 6). Thus, to estimate the density, we first obtain R, R;,
and the temperature from the XMM data. Then, we measure the
0.3-2keV Chandra count rate in the region using a more
appropriately sized mask for the superbubble, whose emission
is associated with radio lobes and not part of the larger
X-shaped structure (Irwin & Saikia 2003). The Chandra
response files are used to convert this count rate into an
emission measure, assuming the best-fit XMM APEC temper-
ature, and the emission measure is converted to density using
the same assumptions as for the other apertures.

The profiles indicate a decline in temperature, as well as
density. The temperature appears to flatten near
kT ~ 0.28 keV, but in the outer regions the signal is low and
the fit may be biased by the Galactic background, which has a

8 Described in the ESAS manual and particular to each observation; see

https: / /heasarc.gsfc.nasa.gov/docs /xmm/esas/cookbook /xmm-esas.html.
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Table 3
X-Ray Wind Properties
Height Height Area kT APEC Norm. 0.3-10keV Lx R> Ry h (Z/Zs) Hot Mass
(arcmin) (kpc) (arcmin?) (keV) 1075 10%* erg s7h (arcmin) (arcmin) (arcmin) 1073 em™3) 10° M)
)] () 3) “) %) @) ®) ) 10) (11)
-39 -215 12.5 0.28 +0.12 <0.2 31+03 26+08 1.6 <0.15 <5
—2.4 —132 9.3 0.28 4 0.02 0.8010:9% 0.7 £0.1 19402 15+04 1.2 0.6 £ 0.2 8+3
-12 —6.6 9.5 0.36 + 0.02 24+0.1 24+0.1 14402 1.1+04 12 14403 10+ 3
0 0 8.0 0.40 4+ 0.01 68 +04 48 +03 11+03 05+02 12 20+ 0.6 18+7
12 6.6 9.5 0.33 + 0.03 22192 2193 14402 12+04 12 13+ 0.3 942
2.4 13.2 9.7 0.29 + 0.02 0.9 + 0.1 0.8 + 0.1 20£02 15+03 1.2 0.6 + 0.2 742
3.9 21.5 13.8 0.27 + 0.02 0.5+ 0.1 04 + 0.1 35403 21+06 1.6 0.3 +0.1 11+5

Note. Columns: (1)—(2) average box height above midplane, (3) unmasked area for spectral extraction, (4)—(6) best parameters for an isothermal model, (7)—(9) best
parameters for the average cylindrical shell at each height, and (10) mean density in each shell. The errors assume a 30% error in R, except for the central aperture,
where we assume a 50% error because source masking makes it more difficult to determine (R, is well defined and # is fixed). The error bar for k7 in the case of the

density upper limit corresponds to allowed temperatures if the source is there.

similar kT ~ 0.25keV. The decline of the density is more
certain. The inferred density is weakly sensitive to the volume
assumed in the shell model, but R, is tightly constrained to
within 1.5 kpc. The R; is less constrained, but a filled
cylindrical model is strongly ruled out by the limb brightening,
and the uncertainty in the quantity R3 — R} is dominated by
that in R,.

The density profile cannot be described by a power-law
model, where n(z) xz @ (Figure 6). The best-fit
a = 0.26 £ 0.05 is obviously a poor fit to the data. An
exponential profile, where n(z) < e~ /h s a good match with a
scale height & = 10 & 3kpc. This is consistent with the
~5 kpc scale height from the surface brightness profile, which
scales as n”. For a symmetric biconical wind with an opening
angle of 30°, the best-fit profiles imply a total mass within
30 kpc of ~7 x 10’M,, for the X-ray-emitting gas.

Finally, Figure 7 shows the O/Fe ratio as a function of
height above the midplane. This ratio was determined by fitting
the spectra in each box with an isothermal VAPEC model in
which the abundances of the « elements and Fe-group elements
were allowed to float relative to the solar values. The number
ratio was then calculated using the solar abundance table, for
which we adopted that of Asplund et al. (2009). We then
compared the values to the predictions for Type II SN
enrichment (Nomoto et al. 2006) and the solar abundance.
The measured values are a better match to the Type II SNe,
indicating that the outflow is enriched and powered by
these SNe.

There are several caveats. First, for the temperature of
NGC 3079 and the energy resolution of the MOS and pn, the
oxygen abundance is the best constrained, and the difference
between Asplund et al. (2009) and other commonly used tables
is significant for oxygen. However, using another table with
VAPEC (such as Anders & Grevesse 1989) would tend to
increase the O/Fe ratio rather than bring it closer to the solar
value. Second, the signal in the spectra is too low to rule out
solar abundances for regions well above the disk. Indeed, the
outermost bins lack the signal to get a meaningful fix on O/Fe
at all and are not shown. Third, if the wind has a complex
temperature structure, then the abundance values are likely
biased. We will explore these issues in a forthcoming detailed
analysis of the X-ray spectra (M. Yukita et al. 2020, in
preparation).
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Figure 7. The O/Fe number density as a function of height above the
midplane. The O and Fe values are measured using an isothermal VAPEC model
using Asplund et al. (2009) for solar abundances. The outermost bins are not
shown because the signal in the spectrum is too low to measure abundances.
The expected ratios for Type II SNe from Nomoto et al. (2006) and the Sun
(Anders & Grevesse 1989; Asplund et al. 2009) are shown for reference. The
outflowing material is more consistent with enrichment from Type II SNe, in
agreement with a prior Suzaku study by Konami et al. (2012).

5. The Extended Wind

The superwind galaxy NGC 3079 is well known, and the
features described above are new only in their extent, as they
continue the X-shaped structure previously reported (Heckman
et al. 1990; Cecil et al. 2001). Thus, we conclude that the
X-ray, and especially FUV, emission are part of an extended
galactic wind on a scale similar to that seen in the galaxy
Makani by Rupke et al. (2019). This extended emission
provides clues to the formation of the wind, for which there are
multiple theories (reviewed by Zhang 2018).

In particular, the line emission (primarily Ha) was
interpreted by Heckman et al. (1990) in the context of a hot
wind. In this case, superheated gas (T > 10% K) in the starburst
nucleus adiabatically expands into the ambient medium
(Chevalier & Clegg 1985; Strickland & Stevens 2000). This
drives a wind with velocity vyinq > 1000 km s~ !, with some
gas at lower and higher velocities. For a truly adiabatic wind,
the asymptotic vyinqg > 3000 km s~ L. The actual velocity will
depend on the wind evolution, which remains the subject of
active research (see Zhang 2018). At first, the wind inflates a
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Figure 8. Projected emission from a simulated galactic wind from Tanner et al. (2016). The three panels show Ha emission (left), which has the same morphology as
FUV line emission; soft X-ray emission (middle) from the shocked wind; and the superposition of X-rays on Ha (right). Note that the X-rays are somewhat edge-
brightened, mostly “fill” the wind cone at lower latitudes, and are interior to the strongly edge-brightened Ho emission, similar to what is seen in NGC 3079. Each box

is 1 kpc on a side, but see text for discussion.

bubble with a forward shock whose advance speed is faster
than the wind fluid, leading to a wind shock. The cooled wind
fluid is reheated at the shock to T ~ 10°=10’ K, so the soft
X-rays come from the sheath of shocked wind fluid around the
“free” wind. Outside of the wind is the shocked circumgalactic
medium (CGM), which emits primarily optical and UV lines.
Mixing of the shocked wind and ambient medium through
Rayleigh—Taylor instabilities also heats the cooler gas and
powers the optical and UV emission.

The morphology of the extended wind in NGC 3079 is in
qualitative agreement with this structure, with both the X-rays
and FUV forming edge-brightened cones and the X-rays
interior to the FUV. We compared the FUV and X-ray
morphology to more recent numerical simulations of a hot
wind from Tanner et al. (2016), which follows and is in
agreement with earlier work that pioneered fractal gas
distributions by Cooper et al. (2008). One such model is
shown in Figure 8, and the X-ray and Ha (a proxy for FUV)
emission look very similar to what we find in NGC 3079, as
shown in Figure 4. The authors used the magnetohydro-
dynamic Athena code (Stone et al. 2008) with radiative cooling
and photoelectric heating prescriptions. The model seen in
Figure 8 shows a projection from 1.5 Myr after the start of the
starburst with an SFR of 1.7 M, yr~' and an energy injection
rate of 7.5 x 10*' erg s~'. This corresponds to a central mass
loading of § ~ 2, while the SN thermalization efficiency is
fixed at e = 1. While this model uses parameters similar to M§82
and not NGC 3079, the similarity of the structure to what we
see in NGC 3079 is encouraging.

We note that the Tanner et al. (2016) simulations include
cool molecular gas, which could, in principle, affect the
partitioning of wind energy relative to the Heckman et al.
(1990) hot wind model. However, an inspection of the
simulations presented here shows that the hot gas contains
the bulk of the energy and that the inclusion of molecular gas
represents a small perturbation to the energy balance, even
though the cold phase contains a substantial fraction of
the mass.

Thus, we investigate the X-ray and FUV emission as if it
were produced by a hot wind. This enables us to assess whether
the data are indeed consistent with a hot wind (i.e., whether
interpreting the data in this model leads to sensible results), as

well as the impact of this wind on the galaxy and its environs.
The values we can infer in this framework are the FUV /X-ray
luminosity ratio, the shock velocity (a lower limit on the wind
velocity), and the mass-loading factor. We defer a more
detailed study of the thermal properties of the wind to a
separate paper (M. Yukita et al. 2020, in preparation).

First, we note that the same basic wind structure has also
been proposed for AGN-driven winds (Faucher-Giguere &
Quataert 2012), and NGC 3079 hosts a Compton-thick AGN
(Iyomoto et al. 2001) with an absorption-corrected 2—10 keV
Ly ~ 10* erg s7! (La Caria et al. 2019). Assuming a
bolometric correction of 15-25 from Vasudevan & Fabian
(2007), the true luminosity is a few x 10* erg s™', or about
one SN per year. This is sufficient to drive a galactic wind. The
XMM and GALEX data alone are insufficient to distinguish
between a starburst and AGN origin (see Sebastian et al. 2019,
for a discussion of the wind at smaller radii). Hereafter, we
refer to the hot wind model without regard to the initial power
source, except where noted.

5.1. Luminosity Ratio

The FUV /X-ray luminosity ratio is consistent with the hot
wind model. The 0.3—10 keV X-ray luminosity associated with
the wind is 1.1 x 10% erg s~' (Table 3), but about half of this
comes from the disk region, where we cannot isolate the wind
FUV emission due to extinction and scattered light. The
extraplanar X-ray luminosity is about 6 x 10°° erg s !, while
the FUV filament luminosity is 23 times higher at 1.4 x 10*!
erg s~ ', after correcting for the PSF wings of the galaxy. The
disparity intensifies with height. The luminosity ratio should be
high in the hot wind model (up to 100; Tanner et al. 2016), as
shock heating and mixing can heat entrained clouds and the
CGM to T ~ 10° K, where the C IV ion fraction is highest,
without significantly depleting the thermal energy of the
shocked wind.

This is also consistent with the conclusion from Borthakur
et al. (2013) that FUV absorption around starburst galaxies is
from collisionally ionized gas. Without spectroscopic informa-
tion, we cannot strongly rule out ionization from the AGN or
starburst, but both are disfavored here.
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A quasar or more modest AGN outburst could easily ionize
the extended wind. For example, Kreimeyer & Veilleux (2013)
reported giant ionization cones around a quasar, and Bland-
Hawthorn et al. (2019) showed that activity from Sgr A™ likely
ionized material in the Magellanic Stream, 75 kpc away from
the Galaxy. However, measurements in the prominent superb-
ubble close to the disk (Cecil et al. 2001) find an [O ] /Ha
ratio of less than 0.4, which is smaller than expected for an
AGN (Robitaille et al. 2007) and more consistent with a
starburst. The AGN is also low-luminosity and possibly
obscured, so ionization of the extended filaments appears to
require a more luminous episode within the past 0.2 Myr,
based on the light-travel time to the edge of the nebula. More
data are needed to confirm or rule out this possibility.

Despite the soft ionizing spectrum implied by the superb-
ubble line ratios, the starburst is a poor candidate for ionizing
the extended nebula. A starburst relies on SNe to power the
wind, but the ionizing flux from a given star cluster is highest at
very early times before many SNe have exploded. Thus, the
starburst would need to continually generate massive young
star clusters and sustain a nuclear wind.

5.2. Shock Velocities

In the hot wind paradigm, the wind speed can be estimated
from the temperature profile. If the wind rams into adiabatically
cooled wind fluid at the wind head or entrained cool gas, then
the shock will be strong, with kT ~ % (2inq. The temperature
profile in NGC 3079 then implies that vy;,q decreases from
about 570 km s~ ' near the disk to 475 km s~ ' at 20 kpc above
the disk. The outermost points hint that the temperature profile
flattens.

Alternatively, the X-ray emission could be a mixture of
shocked wind fluid and shocked ambient CGM. Galaxies like
NGC 3079 are believed to have an extensive hot CGM with a
temperature near or above the virial temperature (Bregman
et al. 2018), KTy ~ 31um, GMyy /Fyie, Where My ~ 101°M,, is
the mass enclosed in the virial radius and ry;. ~ 250 kpc for an
L, galaxy like NGC 3079. This leads to kT;. ~ 0.18 keV, or
2 x 10° K. In this case, the strong shock limit for the Rankine—
Hugoniot shock jump conditions may not apply, since even a
1000 km s~ wind (near the predicted maximum for the
adiabatic case) would only shock the CGM at Mach 4.
Adopting 0.2 keV as a rough estimate for the presence of a
putative hot halo, the sound speed is ¢; ~ 230 km s~! and the
temperature profile (Figure 6) implies Mach numbers of
2.1-1.5, or Vgoe ~ 350480 km s !. This is about 20%
smaller than for the strongly shocked case.

The density profile is independent of the temperature and
provides a constraint if we again assume a form for the hot
halo. The galaxy NGC 3079 has a mass similar to that of the
Milky Way (Veire &~ 208 km s ! compared to 240 km s~ for
the Galaxy), so we consider the hot CGM model for the Milky
Way from Miller & Bregman (2015), which is a modified 3
model with n(r) = ng(r/r.) 3%  for r>>r, where
norPem = 0.0135 em ™ kpe 3Pcam and Begy & 0.5. The core
radius is not independently determined because of confusion
toward the Galactic center, so we fix Bcgm = 0.5 and
determine the r. and compression factor (Mach number) that
best matches the NGC 3079 density profile to the Milky Way
density profile. We find a good fit (Figure 6) for r. ~ 6 kpc and
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a compression factor of ~2.0, leading to an average Mach 2.4
shock.

Of course, both estimates are speculative given the absence
of measurements of a hot halo around NGC 3079. Never-
theless, should such a hot halo exist, one could still infer the
wind velocity from kT as though the X-rays in the wind come
from shocked gas. This puts a lower limit on the wind velocity
of about 350 km s~

Finally, we note that while the Miller & Bregman (2015)
model provides a good match to X-ray emission- and
absorption-line data from around the Galaxy, there are several
competing models that can qualitatively change the expected
wind morphology and shock speed. For example, Faerman
et al. (2017) used a combination of absorption and emission
data to infer a much more massive halo, while Gupta et al.
(2012) and Nicastro et al. (2016) used absorption data sets to
describe hot halos that contain upward of 10'' M.. If we
perform the same exercise as above for the Faerman et al.
(2017) model, which has the advantage of being analytical, we
find that it overpredicts the observed density above about
10 kpc while having a similar temperature. If such a massive
halo existed around NGC 3079, the high density would likely
crush the wind, perhaps turning it into a bubbling plume.
However, we note that this does not constitute evidence for or
against any Milky Way halo model (for a discussion of those
models, see Bregman et al. 2018).

5.3. Mass Loading and Energetics

We can estimate the mass-loading factor for gas that reaches
high latitudes (here defined as z > 2 kpc) by comparing the
estimated 5 x 10’M,, in X-ray-emitting gas above this height
(Table 3) and the size of the wind to the SFR, assuming a
starburst origin. The 60 kpc size of the wind and the inferred
wind velocity of ~500 km s~ places a lower bound on the
lifetime of 120 Myr (if the X-rays trace shocked gas, the wind
cone expands more slowly). Since the average density of hot
gas implies a cooling time of hundreds of Myr (assuming solar
metallicity and the collisional equilibrium cooling functions
from Gnat & Sternberg 2007), the X-rays should trace the
energy deposited by the shocked wind over its history.

The 120 Myr limit implies an outflow rate to high latitudes
of M < 0.4M_, yr '. If we further assume that the current
SFR ~ 2.6 M., yr ' (Yamagishi et al. 2010) is the average over
that period and that the central mass-loading factor is 5 = 1,
then the high-latitude 3, < 0.2. Note that even if we assume a
younger wind (60 Myr at a terminal velocity of 1000 kms™"),
O < 0.4. However, (3, will be increased by the mass in the
swept-up shell that is accelerated outward. We do not know the
photoionization fraction, so we have a poor constraint on the
mass represented by the FUV emission. If all FUV-emitting
material is shock-heated and accelerated outward, then it is
possible for [y, to approach unity.

The mass and inferred shock speed lead to a kinetic energy
of about 1 x 10°% erg. For a 120 Myr lifetime, the kinetic
luminosity of the high-latitude wind is less than 2.7 x 10*
erg s_'. If we further assume that 1% of the stellar mass
becomes SNe, each SN contributes 10%! erg, and the
thermalization efficiency is unity, then the average kinetic
luminosity of the starburst is 8 x 10*' erg s '. This is
consistent with a Starburst99 (Leitherer et al. 1999) population
synthesis model for the same input SFR at solar metallicity.
The average wind kinetic luminosity is only 3.4% of this value.
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We have not considered the UV contribution, but it will be
small. Strongly shocked gas transforms roughly half the kinetic
energy into thermal energy, so even with zero photoionization
and 10 times more mass in warm gas, the contribution will be
smaller than from the X-ray-emitting gas.

The 120 Myr estimate from assuming a terminal wind
velocity of 500 km s~! is in tension with other estimates for
the starburst age. Yamagishi et al. (2010) found that the gas-to-
dust ratio is rather high and concluded that NGC 3079 is early
in its starburst phase. Meanwhile, Konami et al. (2012) defined
a region with a-enhanced abundances (an annulus centered at
4.5 kpc from the nucleus) and used the hydrodynamic model of
Tomisaka & Bregman (1993) to estimate the expansion
velocity and thus the age. They arrived at a velocity of about
450 km s*l, which is consistent with our shock-inferred
velocity but leads to a starburst age of 10 Myr. This is
consistent with the age of the well-known superbubble (Cecil
et al. 2001).

There are a few ways to reconcile the two ages. The 120 Myr
value assumes that the overall wind terminal velocity is
500 km s~!, which is substantially below the 3000 km g1
adiabatic solution or 1000 km s~ ' from Strickland & Stevens
(2000). Gas that remains this fast to large radii will be hard to
see and must not strongly interact with the surrounding
medium or it will dissipate its kinetic energy. Thus, there
may be a very fast spine to the wind with shocks at the edges
from lower-velocity components. However, for a maximal
expansion velocity of 3000 km s ', the starburst or AGN
outburst would still need to be at least 20 Myr old.

Alternatively, the extended structure may be a relic from a
prior outburst. If it were a jetted AGN outburst, we would
expect to see low-frequency radio synchrotron emission from
aging cosmic rays. The 326 MHz radio continuum maps in
Irwin & Saikia (2003) reveal a large radio halo but no
structures close to the scale of the wind described here. Instead,
the well-known radio lobes occur on much smaller scales near
the disk, and larger extensions that may indicate a prior
outburst are about 10 kpc in size.

Finally, the shocked wind interpretation that we applied
above may be wrong. A different source for the X-rays and
FUV would lead to different constraints on the wind speed.
Reconciling the young starburst with the large filaments is a
puzzle that remains to be solved.

5.4. A Hot Wind?

The FUV and X-ray morphology, FUV/X-ray luminosity
ratio, and small 3 at high latitudes are consistent with a fast,
nonradiative wind powered by superheated gas. On the other
hand, the inferred velocity and kinetic energy are smaller than
expected for an adiabatic wind. In such a wind,
Vwind ~ 1000€!/26-1/2 km s™', where ¢ € [0, 1] is the SN
thermalization efficiency and [ is the mass-loading factor. To
reconcile this velocity with the ~500 km s~' implied by the
X-ray temperature requires € ~ 0.25 or a large 3 = 4. For a
powerful wind, a large (3 is more likely than a small ¢, and the
high-latitude (,; < 0.2 would mean that very little of the mass
makes it to high latitudes and the wind ceases to be adiabatic at
lower latitudes. This scenario is supported by the density
profile, which is inconsistent with the R~ profile (or any
power-law model) expected from the adiabatic model. Since
the shocked wind is produced by the wind overrunning itself,
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the density profile from the X-rays should be (to first order) a
compressed version of the underlying profile.

It would not be surprising for a wind that begins with
adiabatic free expansion to leave the adiabatic regime after
several kpc, so our main concern is whether inferring Vgpock
from kT is still valid in this case, i.e., whether the high-latitude
wind is still fast and nonradiative. Strickland & Stevens (2000)
found that an initially adiabatic wind will not remain so but that
X-rays still predominantly come from shocked gas, with some
reasonable parameter sets (based on M82) yielding an average
wind speed of Vying ~ 500 km s~ 1. This suggests that kT
should roughly map to vyinga even when the adiabatic
approximation breaks down.

However, there are two more problems for the hot wind.
First, the density profile suggests that the FUV and X-ray
emission are coming from shocked CGM rather than shocked
wind, or that the shocked wind contributes little mass and
mixes efficiently with the CGM. Second, the kinetic energy
implied by the velocity and density places an upper bound on
the kinetic luminosity of E < 2.7 x 10*° erg s™', which is less
than 3.4% of the total starburst kinetic luminosity. In contrast,
hot wind models hold that most of the wind energy is in
hot gas.

In summary, the morphology and luminosities are consistent
with a fast, nonradiative wind that shock heats the surroundings
but carries only a small fraction of the starburst or AGN
energy, likely due to carrying a small amount of mass. In this
case, the remainder of the energy would accelerate cooler gas at
lower latitudes in an action like a galactic fountain.
Alternatively, if a collimated wind propagates far beyond the
60 kpc limit to the FUV emission, then the forward shock may
effectively cease to exist in the tenuous CGM, and the X-rays
could represent only a small fraction of the energy carried by
the wind. This would be the case if there is a 3000 km s~
component that persists to large radii.

5.5. Impact

Regardless of the nature of the wind, we can draw several
conclusions about its impact on the galaxy. First, the
5 x 10’M,, in hot, high-latitude gas implies that the wind is
not effective at removing mass from the galaxy. If the starburst
is self-limiting due to feedback, the heating and recycling
occurs at radii of at most a few kpc. The masses and limits from
above lead to a rate of <1 M, yr~! for removing gas to
22 kpc (deep radio observations place limits on the neutral
hydrogen in the wind; Shafi et al. 2015). The SFR is ~2.6 M,
yr~ ', so much more gas will be locked in stars than completely
removed from the galaxy by the end of the starburst.

Second, the wind may indeed heat the intergalactic medium,
assuming that kT maps to vgpock. At 500 km s ! between 1 and
30 kpc from the disk, the wind very likely exceeds the escape
velocity. A conservative estimate for the escape velocity within
the disk, Vee ~ 3Vire = 625 km s ', implies a lower
Vese < 550 km s lata height of 1 kpc for an exponential
disk model. Most of the X-rays from the central bin come from
at least this height (in large part due to absorption in the edge-
on disk). At larger heights, a disk model may not be
appropriate. The galaxy NGC 3079 has a similar stellar mass
and v to the Milky Way, so if we adopt the RAVE Milky
Way mass (Piffl et al. 2014) and a Navarro—Frenk—White
profile, the escape velocity at 20 kpc is 250-300 km s .
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Hence, the <1 M, yr ! expelled to >2 kpc from the disk is
also the limit on gas unbound from the galaxy.

Third, the wind has a strong impact on the CGM. The
density profile is incompatible with the adiabatic approx-
imation (n(r) o R72), and this suggests that many of the
X-rays come from shock-compressed CGM or entrained clouds
rather than strictly shocked wind. The 10 kpc scale height of
the best-fit exponential profile suggests that it is mostly CGM,
since most cold ISM is not expelled to high latitudes. For a
relaxed, disklike atmosphere around a galaxy, 10 kpc is rather
large, but the extended CGM may follow a spherical
distribution like the I} model, in which
n(r) o< (1 4+ (r/r.)?)3com/2_ This is a good fit to the data for
r. ~ 6 kpc when Bcgm = 0.5 (Figure 6), regardless of whether
the working surface is warm or hot CGM.

If the working surface is warm CGM, then only a small
fraction of the mass is heated, but all of the CGM traced by the
FUV is compressed, which may trigger condensation and infall
of clouds. On the other hand, if the working surface is hot
CGM, then the kinetic luminosity of E < 2.7 x 10% erg s~
implied b}y the hot gas is likely substantially higher than the
few x 10 erg s~ ' radiative luminosity of a normal hot halo in
an L, galaxy (Li & Wang 2013) and can prevent cooling. Even
if the leading edge of the wind expands 10 times slower than its
internal speed, the high-latitude mechanical luminosity is more
than enough to balance radiative cooling. The other major
impact on the hot CGM is through displacement. Although the
opening angle is only about 30°, the hot mass in the wind cone
is similar to that expected from the Miller & Bregman (2015)
Milky Way model within a radius of about 8 kpc. Thus, as the
wind evolves and eventually dissipates, the hot and expanding
cone will continue to stir up the CGM for a long time.

The wind also likely affects the companion galaxy,
NGC 3073. Shafi et al. (2015) argued that an ambient hot
density of 1.3 x 1072 cm ™2 is needed to explain the cometary
HT tail of NGC 3073 through ram pressure stripping due to
infall. The hot density profile shows that the hot density around
NGC 3073 (beyond 25 kpc from NGC 3079) is at least an order
of magnitude too small. In contrast, the ram pressure from
Vwind > 500 kms™' and a density of ~5 x 107* ecm ™ is
likely, but barely, sufficient to produce the tail based on the
arguments in Irwin et al. (1987). If NGC 3073 is in the middle
of the wind, then vy;,q could be substantially higher, which
would strengthen the case for wind stripping.

6. Summary and Conclusions

We report the discovery of FUV emission around NGC 3079
to at least 60 kpc from the nucleus, with X-rays detected to at
least 30 kpc. The FUV and X-ray emission is biconical and
edge-brightened, with the X-rays interior to the FUV. We rule
out dust scattering as the source of the FUV light, which makes
line emission the most likely candidate. Meanwhile, the X-ray
spectrum is consistent with line-dominated thermal emission
from a plasma near collisional ionization equilibrium. We
measured the temperature and density of the hot gas. Both
decline with height, with a possible flattening in the
temperature beyond 20 kpc at k7 =~ 0.27keV. The total
X-ray-emitting mass is about 5 x 10’M,.

The extended FUV and X-ray emission connects smoothly to
emission already well known at lower latitudes and is part of a
galactic superwind. The morphology of the FUV and X-ray
emission suggest a hot, nonradiative wind in which the
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emission is produced by shock heating (rather than radiative
cooling of upstream wind fluid). Assuming this to be the case,
the X-ray temperatures imply wind velocities of ~500 km s~ ',
which is sufficient to escape the galaxy. However, the density
profile and low mass and kinetic energy in hot gas are
inconsistent with a hot wind model, so the nature of the wind
must be further explored (M. Yukita et al. 2020, in
preparation).

The wind carries little mass and less kinetic energy than
expected for a hot wind but will nonetheless significantly heat
the CGM and perhaps the intergalactic medium. It remains an
open question whether winds, or how much of them, can
escape the galaxy’s potential. If the extended emission in
NGC 3079 traces shock-heated gas, then the wind is able to
maintain high velocities to at least 20% of the virial radius and
will encounter less resistance the farther it goes.

The extended wind reported here is one of just a handful of
highly extended winds, with others including NGC 6240
(Yoshida et al. 2016) and Makani (Rupke et al. 2019). The
closest by far, NGC 3079 presents a good target for deep Ha
mapping. The serendipitous discovery of the extended
filaments in the deep GALEX data suggests searching for
extended emission around other nearby, well-developed
starbursts, such as NGC 253 or M82. These galaxies are even
closer, so a very wide field is required.

The other work that is required is modeling of the evolution
of winds in realistic CGM environments and over long times.
This is difficult because the high resolution required to resolve
instabilities and mixing makes a large box computationally
expensive. However, adaptive mesh refinement and similar
techniques for concentrating resolution where it is needed may
make these models feasible.
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