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ABSTRACT

Galactic outflows are thought to eject baryons back out to the circum-galactic medium (CGM).
Studies based on metal absorption lines (Mg1l in particular) in the spectra of background quasars
indicate that the gas is ejected anisotropically, with galactic winds likely leaving the host in a bi-
conical flow perpendicular to the galaxy disk. In this paper, we present a detailed analysis of an
outflow from a z = 0.7 “green-valley” galaxy (log(M./My) = 9.8; SFR = 0.5Mg yr~!) probed by
two background sources from the MUSE Gas Flow and Wind (MEGAFLOW) survey. Thanks to
a fortuitous configuration with a background quasar (SDSSJ1358+41145) and a bright background
galaxy at z = 1.4, both at impact parameters of =~ 15kpc, we can — for the first time — probe
both the receding and approaching components of a putative galactic outflow around a distant
galaxy. We measure a significant velocity shift between the MgII absorption from the two sightlines
(84 £ 17km s~1), which is consistent with the expectation from our simple fiducial wind model,
possibly combined with an extended disk contribution.

Key words: galaxies: evolution — galaxies: haloes — intergalactic medium — quasars:
absorption lines — quasars: individual: SDSSJ13584-1145

1 INTRODUCTION wavelength have allowed the collection of large statisti-
cal samples of Mgll absorbers (e.g. Lanzetta et al. 1987;
Steidel & Sargent 1992; Nestor et al. 2005; Zhu & Ménard
2013) at redshifts 0.1 < z < 2.5. Follow-up observations of
the fields surrounding the absorbers have identified galaxies
associated to the absorbers and, hence, clearly established
that the Mg1I absorbing gas is found in the haloes of galaxies
(e.g. Bergeron 1988; Bergeron & Boissé 1991; Steidel 1995;
Steidel et al. 2002; Nielsen et al. 2013a,b).

Galaxies are surrounded by a complex multi-phase medium,
the circumgalactic medium (CGM; Tumlinson et al. 2017 for
a recent review). Accretion from this CGM onto galaxies and
winds from the galaxies into the CGM are believed to be key
ingredients in regulating the evolution of galaxies.

The detailed study of absorption features detected in
bright background sources is one of the main observational
tools helpful in characterizing the physical properties and
kinematics of the CGM gas. Among various transitions,
the Mg1iAA2797, 2803 doublet is an especially useful tracer
of the cool, photo-ionized component of the CGM (T =
10*7°K; e.g., Bergeron & Stasinska 1986). Its strength,
easy identifiability as a doublet, and convenient rest-frame

Subsequently, large observational efforts have been
put into mapping the spatial distribution and kinemat-
ics of the MgIil absorbing gas w.r.t. the galaxies in
whose haloes the gas resides. The major result from these
studies is that the MgIl absorbing gas is not isotropi-
cally distributed around the galaxies (e.g. Bordoloi et al.
2011; Bouché et al. 2012; Kacprzak et al. 2012; Lan et al.
* E-mail: johannes.zabl@univ-lyon1.fr 2014; Lan & Mo 2018; Zabl et al. 2019; Martin et al. 2019;

020z Asenuer 0z uo Jasn DN/ AlsIAUN uspieT AQ 9EE169G/L09EZIS/SEIUW/EB0 L 0 L/I0P/10EISqE-O[DILE-90UBADE/SEIUW/WOY"dN



2 J. Zabl et al.

Schroetter et al. 2019). Instead, the observations support a
two-component geometry: a bi-conical outflow perpendicu-
lar to the galaxy disk and an extended gas disk approxi-
mately co-planar with the stellar disk. This allows to split
the Mgl absorber sightlines into an outflow and a disk
sub-sample, which can be used to study the kinematics of
the outflows (e.g. Bouché et al. 2012; Kacprzak et al. 2014;
Muzahid et al. 2015; Schroetter et al. 2015, 2016, 2019;
Rahmani et al. 2018b; Martin et al. 2019) and the extended
gas accretion disks (e.g. Steidel et al. 2002; Chen et al.
2005; Kacprzak et al. 2010, 2011b; Bouché et al. 2013, 2016;
Ho et al. 2017; Ho & Martin 2019; Rahmani et al. 2018a;
Zabl et al. 2019), respectively.

The aforementioned results have been obtained statis-
tically by collecting single sightlines around many galazies.
A step forward would be to directly map the geometry of
the CGM around individual galazies. Such “tomography” re-
quires multiple or very extended bright background sources
behind the CGM of an individual galaxy.

Taking advantage of the comparably large extent that
galaxies in the local Universe span on the sky, Bowen et al.
(2016) have used four different background quasars to firmly
conclude for an individual galaxy that the absorbing gas is
distributed in an extended gas disk. However, having multi-
ple sufficiently bright background galaxies covering the halo
of a single galaxy is rare, especially at high redshift where
the virial radius corresponds to a fraction of an arcminute.

The few studies beyond the local Universe were either
using quasars by chance aligned close to each other (e.g.
D’Odorico et al. 1998; Crighton et al. 2010; Muzahid 2014),
multiple imaged lensed-quasar pairs (e.g. Rauch et al. 1999;
Lopez et al. 1999, 2007; Ellison et al. 2004; Rubin et al.
2018), or extended galaxies (e.g. Péroux et al. 2018;
Lopez et al. 2018, 2019). The main focus of these studies
was to characterize the coherence scale of the absorbing gas.

In this paper, we present a tomographic study of
the CGM around a z = 0.70 galaxy surrounded by
two bright background sightlines which was discovered in
the MUSE Gas FLow and Wind (MEGAFLOW) survey
(Schroetter et al. 2016 -paper I-; Zabl et al. 2019 -paper II-
; Schroetter et al. 2019 -paper I11-). This survey consists of
79 strong Mg11 absorbers towards 22 quasar sightlines which
have been selected to have (at least) three MgIl absorbers
with rest-frame equivalent widths EW?7%% > 0.3A and
0.4 < zaps < 1.5.

The paper is organized as follows. We present our ob-
servations in §2, the galaxies and absorption sightlines in the
field in §3, and a model for the CGM in §4. We compare this
CGM model to our data and discuss our results in §5. Fi-
nally, we present our conclusions in §6. Throughout, we use
a 737 cosmology (Ho = 70 km s~ %, QO = 0.3, and Qx = 0.7)
and we state all distances as 'proper’ (physical) distances.
A Chabrier (2003) stellar Initial Mass Function (IMF) is as-
sumed. We refer to the [O11] AA3727, 3729 doublet simply as
[O11]. All wavelengths and redshifts are in vacuum and are
corrected to a heliocentric velocity standard.

2 OBSERVATIONS
2.1 MUSE data

We observed the field around the quasar SDSSJ1358+1145
with MUSE (Multi Unit Spectroscopic Explorer;
Bacon et al. 2006, 2010) for a total integration time
of 3.11 hr. The first four exposures (4x1500s=1.67 hr; 2016-
04-09), which constitute the data used in papers II&III,
were taken with the nominal wide field mode without
adaptive optics (AO) (WFM-NOAO-N), as MUSE’s AO
system was not yet available at the time. After identifying
the science case of the present work, we realized a potential
benefit from using MUSE’s extended mode for subsequent
observations of the field. Therefore, we completed the
observations in extended wide field mode, while additonally
taking advantange of the available AO (4x1300s=1.44 hr;
2018-03-14; WFM-AO-E). Extended mode increases the
blue wavelength coverage from 4750 A to 4600 A with the
trade-off of some second order contamination at wavelengths
2> 8000 A. The extra coverage helps to better constrain the
continuum around MgIi A2796 at z = 0.704, the redshift of
the foreground galaxy whose CGM we study in this work.

We reduced the data identically to paper II, except that
we were using DRSv2.4 (Weilbacher et al. 2012, 2014, 2016),
which allows for the reduction of the AO data. The combined
AO and non-AO data have a point source Moffat full width
at half maximum (FWHM) of 0”.55 at 7050 A. Using the
depth estimator from paperII, this exposure time (3.11 hr)
and this seeing results in an [O11] point source detection
limit of 2.7 x 107 ¥ ergs™ ' cm™2. *

2.2 UVES data

We observed the quasar SDSSJ1358+1145 with the VLT
high-resolution spectrograph UVES (Ultraviolet and Visual
Echelle Spectrograph; Dekker et al. 2000) for a total integra-
tion time of 2966 s in the night of 2016-04-07. Further details
about observation, reduction, and continuum normalisation
are given in paper II.

3 RESULT
3.1 Identification of background sightlines

The main galaxy at z = 0.704 (main) was discovered
through association with an EW}?7%¢ = 2.5 A Mg11 absorber
towards the quasar SDSSJ1358+1145 from MEGAFLOW at
an impact parameter of b = 2.3 (16.8 kpc).

This quasar sightline is particularly interesting as it
contains two additional very strong Mgll absorbers with
a rest-frame equivalent width EW3?™ = 1.8 and 2.6 A
at redshifts z.ps = 0.81 and 1.42, respectively. The galaxy
counterparts of the z,ps = 0.81 and z,ps = 1.42 absorbers
have been described in paperIIl (wind sample) and pa-
perII (accretion sample), respectively. They are galaxies
with log(M./Mg) of 9.3 and 9.9, and are at relatively small
impact parameters of 1”7.6 and 3.6 from the quasar, as
also expected from the known Mgil EW—impact parameter

! The estimate is for &~ 7000 A. The detection limits are higher
at shorter and longer wavelengths (see e.g. Bacon et al. 2017).
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anti-correlation (e.g. Lanzetta & Bowen 1990; Bouché et al.
2006; Kacprzak et al. 2011a; Chen et al. 2010; Nielsen et al.
2013b). We refer to these galaxies in the following as back2
and backl, respectively.

Thus, together with the quasar, the main (z = 0.704)
galaxy has potentially three background sightlines (quasar,
back!, and back2) that can probe the CGM kinematics. In
addition to the quasar, backl is a useful background source,
as it has a very bright UV continuum.? back2 is not a useful
background source, due to intractable contamination from
the close-by quasar. The orientation of all three sightlines
w.r.t. the z = 0.704 galaxy is shown in Fig. 1(A) and listed in
Table 1. The listed errors are resulting from the uncertainties
on position angle and centroid of the main galaxy (cf. §3.2
and Appendix A).

3.2 The main galaxy’s properties

The spectrum of the main z = 0.704 galaxy is shown in
Fig. 2. The galaxy shows visibly weaker line emission than
is typical for star-forming galaxies on the star forming “main
sequence” (MS) at this redshift (e.g. Speagle et al. 2014;
Boogaard et al. 2018). Quantitatively, we found the galaxy
to have a stellar mass of log(M./Mg) =9.870% and a star
formation rate (SFR) of 0.5753 Mg yr~'.

The corresponding specific SFR (sSFR = 0.07 £+
0.06 Gyr™!) is —0.6752 dex (or &~ 1.50) below the MS pre-
diction for z = 0.70 (Boogaard et al. 2018). This means our
galaxy is similar to 'green valley’ galaxies.

We determined the stellar mass and SFR as in paper I1.
In short, we estimated M, from SED fitting using our cus-
tom code CONIECTO (see also Zabl et al. 2016) on 13 pseudo-
medium band filters created from the MUSE spectrum.®
Other values obtained from the SED fit are listed in Table 2.
The (instantaneous) SFR was determined starting from the
measured [O11] flux, correcting it for extinction using the
Calzetti et al. (2000) law with the strength of the extinction
estimated from the M, — E(B — V) relation of Garn & Best
(2010), and converted to a SFR using the Kewley et al.
(2004) relation.

We estimated the [O11] flux from a fit to the [O1]
morpho-kinematics using the 3D fitting tool GALPAK3D
(Bouché et al. 2015). This fit provided us also with a best-fit
estimate of the kinematics (see Table 2). The steps involved
in the GALPAK3D fitting were again identical to those de-
scribed in paper I1. However, as the [O11] flux is low for this
galaxy, it was not possible to robustly measure the kine-
matics and morphology (inclination in particular) based on
[O11] alone.* Thus, we decided to constrain the inclination,
i, using a continuum map in a pseudo r-band image created

2 The full spectral energy distribution (SED) of the z=1.42 back1
galaxy is shown in the Supplementary Appendix of paperII. The
galaxy has a M,g, i absolute total magnitude of -20.8, which is
slightly brighter than the characteristic Schechter magnitude at
its redshift (Dahlen et al. 2007).

3 Different from paper II, we assumed a delayed 7 star formation
history (SFH) (SFR o ¢ X exp(—t/7), with ¢ being the elapsed
cosmic time since the galaxy started forming stars.

4 This is the reason why the galaxy was not part of the sample
in paper III.
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from the MUSE cube. We determined the galaxy morphol-
ogy, including i and position angle, PA, from this continuum
map using GALFIT (Peng et al. 2010). Further, we used the
appropriate Moffat PSF for the r-band as determined from
the quasar. The fit was complicated by systematic residuals
from the close-by quasar. Nevertheless, we could obtain a
robust estimate of ¢ = 71 + 5deg and PA = 37 + 8deg.
Details about the fit and the method to estimate the uncer-
tainties are given in Appendix A. Finally, we fit the [O11]
kinematics with GALPAK3D using ¢ and the PA as obtained
from the continuum (i = 71deg, PA = 37 deg).

3.3 Absorption in CGM of the main galaxy

The CGM around the z = 0.704 main galaxy can be probed
in absorption at multiple locations using the spectra of the
background quasar and the back! galaxy. While high spec-
tral resolution spectroscopy is only available for the quasar,
we can use the MUSE data cube to probe Mgl absorption
with the same spectral resolution in both sightlines.

8.8.1 Mgl absorption at the resolution of MUSE

Mgir is the strongest among the CGM metal absorption
lines covered by the MUSE data at this redshift and hence
the most useful to probe the CGM with low signal-to-
noise (S/N) background galaxy sightlines. We show in panel
E of Fig. 1 the observed z=0.704 Mgil absorption both
for the quasar (orange) and the backl (red) sightlines
(Mg11A2796 -dotted-, Mg11A2803 -solid-). The figure shows
that Mg1I absorption is not only visible in the quasar sight-
line (EW327™ = 2.7A), as per selection, but also in the
backl sightline (EW327% = 2.0A).

Despite the moderate spectral resolution (190km s™*
at 4700 A), the absorption profiles encode interesting infor-
mation. First, a velocity shift is clearly visible between the
two sightlines. The absorption in the back! galaxy sight-
line is redshifted w.r.t. that in the quasar sightline by
84 £+ 17km s~ ', with the absorption in the two sightlines
centred at 110 & 17km s~ ! and 25.8 + 0.4km s™', respec-
tively. We obtained these velocity measurements by simul-
taneously fitting both components of the Mgl doublet with
Gaussians. Second, we measured a EW27%¢ / EW}28%3 ratio
close to one in both sightlines. This means the Mgii ab-
sorption is strongly saturated.® Third, we find that the flux
reaches almost zero at peak absorption. For both sightlines,
this means, when accounting for the resolution of MUSE,
that the Mgil absorption is spread over a large velocity
range. For the extended galaxy sightline (back1), this fur-
ther means that the Mgil coverage must be complete over
the extent of the aperture from which we have extracted the
background spectrum. The non-circular extraction aperture,
which was chosen to optimize the S/N, included 29 spatial
pixels corresponding to an area of 1.2 arcsec?.

5 The EW32796/EW8‘2803 ratio for optically thin absorption is
2:1.

020z Asenuep gz uo Jasn DINNT / Alstaaiun uepia AQ 9€€1695/209EZ1S/SBIUW/EE0 | 0 | /I0P/10BISqB-8[0IB-80UBAPE/SBIUW/WOD dNoolwapeoe//:sdiy woll papeojumod



4  J. Zabl et al.

Table 1. Geometrical orientation of the system. (1) Background
object ID; (2) redshift; (3) impact parameter measured from main
z = 0.70 foreground galaxy [kpc at redshift of main]; (4) az-
imuthal angle w.r.t. the major axis of main [deg]; (5) magnitude
in 1" diameter aperture measured in pseudo-V filter created from
MUSE data.

Object 2z b a  my
1) &) 3) CORNC))
Quasar 1.484 16.8+0.7 81+8 18.5
Back1l 1.417 8.8+0.7 —109+9 24.7
Back2 0.809 20.5+0.7 115+8 24.0

8.8.2  Absorption at the resolution of UVES

In the previous section, we compared Mgl absorption along
both the galaxy and the quasar sightline at the same mod-
erate spectral resolution of MUSE. For the quasar sight-
line, we can use the high spectral resolution UVES spectrum
(8 km s™!) to study the kinematics in more detail. In Fig. 3,
we show one line each for Mn11, Zn1i, Feir, Mgi1, Mgi, Nal.
This is a subset of the low ionization lines covered by the
UVES spectrum. In addition to the data, a multi-component
fit is shown. For this fit, the positions and total number of
velocity components in the absorption system were derived
from all identified species. Their wavelength positions were
then fixed to avoid degeneracy with blended features. For in-
dividual elements, only a subset of components was selected
and fitted with a single Gaussian each with the evolution-
ary algorithm described in Quast et al. (2005) and applied
in Wendt & Molaro (2012).

As expected from the MUSE spectrum, the Mg11 A2796
absorption covers a broad velocity range - from —130 to
205km s~ - and is strongly saturated for most of this
range. Unsaturated or weakly saturated lines, such as the
Mg1A2852 line, are more useful to identify sub-structures.
Based on these transitions, we identified three main com-
ponents, which are indicated in Fig. 3 and labeled with A
(red), B (magenta), and C (orange). They are offset from
the systemic redshift of the foreground galaxy by —49, 10,
and 100km s~!, respectively.

From the UVES spectrum, [Zni1/Fell] is measured for
components A+B to be ~ 1.1 + 0.1,° which indicates
a significant amount of depletion for intervening systems
(De Cia et al. 2016) of ~ 0.3 dex (= 1.5 dex) for Zn (Fe),
respectively. This level of depletion is also associated with
more metal rich absorption systems with [Zn/H] around 1/2
solar (De Cia et al. 2016).

4 CGM TOY MODEL

Mgii absorption around a galaxy is, in observations,
predominantly found either along the galaxy’s minor
or major axis (e.g. Bordoloi et al. 2011; Bouché et al.
2012; Kacprzak et al. 2012; Nielsen et al. 2015; Martin et al.
2019), see also paperll and paperIIl. A natural explana-
tion for this dichotomy is a simple model of a bi-conical

6 The assumed solar abundances are adopted from Jenkins 2009
(based on Lodders 2003).

Table 2. Physical properties of the foreground galaxy (main).
For further details see §3.2 and paperII. (1) [O1] flux obtained
from GALPAK3D fit; (2) nebular extinction from E(B — V)-M.
relation; (3) nebular extinction from SED fit; (4) instantaneous
SFR from 1 & 2; (5) instantaneous SFR from SED fit; (6) stellar
mass from SED fit; (7) rest-frame B absolute magnitude from
best fit SED model; (8) distance from the MS (assuming MS from
Boogaard et al. 2018); (9) age of galaxy from SED fit (time since
onset of star-formation); (10) decay time in delayed 7 SFH from
SED fit; (11) rotation velocity from GALPAK3D fit; (12) velocity
dispersion from GALPAK3D fit; (13) virial velocity from vy, =
Vmax/(1.1£0.3); (14) virial radius from vyiy; (15) virial mass from
Vyir; (16) virial mass from abundance matching (Behroozi et al.
2010); (17) escape velocities at position of quasar/back! sightline
assuming a truncated isothermal sphere.

Row Property Value Unit
(1) Jionp  (1.5+0.1) x 10717 ergs~!cm™2
(2) E(B-V) (M) 0.24%042 mag
(3)  E(B-V) (SED) 0.0070°55 mag
(4) SFR (fion)) 057073 Mg yr~!
(5) SFR (SED) 0.375:8 Mg yr—1
(6) M. (SED) 9.8%0% log(M)
(7 B -19.6 mag
(8) §(MS) —0.6152 dex
9) age 9.51’8:‘; log(yr)

(10) T 8.715 0 log(yr)

(11) Umax 118+21 km s—!

(12) o0 38+15 km s7!
13 Vyir 107144 km s—!

(13) v 30

(14) Tvir 120735 kpc

(15) My, (from M) 11.6792 log(Mg)

(16) M,y (from kin.) 11.5":8"2 log(Mg)
17)  vesc (qso/backl 261 / 287 km s—!

q

outflow perpendicular to the galaxy disk and an extended
gaseous disk aligned with the galaxy disk. This picture
has gained support both from the theoretical and observa-
tional sides, i.e. predictions from cosmological hydro sim-
ulations (winds e.g., Dubois & Teyssier 2008; Shen et al.
2012, 2013, disks: e.g., Pichon et al. 2011; Kimm et al.
2011; Shen et al. 2013; Danovich et al. 2015; Stewart et al.
2011, 2017) and directly observed emission properties of
local galaxies (winds: e.g., Veilleux et al. 2005 for a re-
view, disks: e.g., Putman et al. 2009; Wang et al. 2016;
Tanjamasimanana et al. 2018).

In the following, we investigate a toy model implementa-
tion for kinematics and morphology of a disk+outflow model
to interpret the observed absorption features in both the
quasar and back! sightlines.

4.1 Model parameters
4.1.1 Biconical outflow

For the outflow model, we assume that a galaxy launches
winds from its central region into a bi-conical outflow
with half-opening angle 0o,:. We allow the cone to be de-
void of Mgl within an inner opening angle, 6i,, as indi-
cated by larger samples of wind pairs (e.g. papers 1& 111,
Bouché et al. (2012)). For the wind kinematics, we assume
that the gas flows outward radially with an outflow velocity,
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Figure 1. Comparison between data and model for the MgiI absorption seen in the MUSE spectrum for two sightlines through the CGM
of the main galaxy. A: 9”7.8 x 9.8 field, corresponding to 70 kpc x 70kpc at z = 0.70, around the main foreground galaxy shown as
color image with pseudo z’,r’,V broad-band MUSE images in the red, green, and blue channel, respectively. The quasar was subtracted,
but residuals are visible. The main foreground galaxy (center) is surrounded by three bright background sources: the guasar towards
the top (orange star), the bright galaxy towards the bottom (back?; red ellipse), and the second galaxy close to the quasar (back2; cyan
ellipse). B: View of the assumed CGM model (see §4) on the sky plane. The approaching outflow cone is indicated as solid concentric
circles, while the receding outflow cone is indicated by dotted circles. For the extended gas disk, the rotation line-of-sight velocity field is
overlaid. The orientation is identical to panel A and the positions of the quasar and back! are indicated by the orange dot and the red
surface-brightness ellipse, respectively. C: Geometry of the same model as in B, but here with the line-of-sight direction on the x-axis.
The point-source sightline for the quasar (orange) and the extended sightline for back! (red) are indicated. The cone is hollow in the
inner part. D: MgI1 AA2796, 2803 line-of-sight kinematics simulated at the resolution of MUSE based on the model shown in panels B&C
and described in §5.3 for the quasar (orange; offset by +1) and backI (red) sightlines, respectively. Both the 2796 A and 2803 A lines of
the Mg11 doublet are shown (dotted/solid; almost identical). The model parameters are listed as ’disk + wind’ model in Table 4. E: Mg11
line-of-sight kinematics measured with MUSE in the background quasar (orange; offset by +1) and galaxy spectra (red), respectively.
The zero-velocity corresponds to the systemic redshift of the main galaxy (z = 0.70344) as measured from the [O11] emission.

Vout, that does not change with distance from the galaxy.
From mass conservation, this constant velocity necessitates
a radial density p(r) oc 772, which is normalized at 1 kpc
with p1 = p(lkpc). We also account for random motions of
the encountered gas with ogas. Moreover, we assume that
the gas does not change its ionization state and that it is
smoothly distributed. Thus the wind parameters are Ooy¢,
Oin, Vout and p1 and ogas which are listed Table 3.

4.1.2  Ezxtended gas disk

However, as the sightlines are at relatively small impact pa-
rameters (at 8.8kpc and 16.8kpc), a contribution from a
thick extended gas disk cannot be ruled out. We model this
extended gaseous disk as an exponential profile with scale
length h, in radial direction. In the direction perpendicular
to the disk (z-direction), we assume an exponential profile

The cone opening angle 0oyt is &~ 30deg, and the in-
ner cone is 0, = 15deg, consistent with typical values
in paperIIl. The outflow velocity wvout is assumed to be
150km s~ !, corresponding to the typical vou; in paper III.
The intrinsic dispersion ogas is chosen somewhat arbitrarily
to be 10km s™*. All parameters of the fiducial model are
summarized in Table 4.

with scale height h,. The gas density is normalized at the
disk mid-plane in the disk center with po. For the disk’s
kinematics, we assume that the gas is rotating parallel to
the disk midplane with a circular velocity vcirc, which we
assume to be identical to vmax from the galaxy rotation. In
addition, the gas velocity vector can also have a radial infall
component, vy, which is added to the tangential component
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Table 3. Summary of model parameters in the CGM toy model (cf. §4).

Property Description Unit
Sightline
(1) i Inclination [deg]
Biconocial outflow
(2) Oout Outer (half-)cone opening angle [deg]
(3) Oin Inner (half-)cone opening angle [deg]
(4) Vout Outflow velocity — [km s™!]
(5) Ogas Gas velocity dispersion  [km s7!]
(6) p1 Density at norm radius (Mg1r) [em™3]
Extended gas disk
(7) Veire Circular velocity of gas  [km s™1]
(8) Ur Radial velocity of gas  [km s71!]
(9) Iy Exponential scale length (radial) [kpc]
(10) h;  Exponential scale length (vertical) [kpc]
(11) Ogas Gas velocity dispersion  [km s™!]
(12) po  Density at r =0 and z =0 (Mg1) [em™—3]
Arestlum] scale height h, of distant galaxies is typically 1 kpc, as sug-
20 0'|30 0'|35 '|40 0'|45 0 O'|55 gested by studies of edge-on disks in Hubble deep fields (e.g.
: iR 2 Elmegreen & Elmegreen 2006; Elmegreen et al. 2017). We
- E E assume that the extended cool gas disk probed by MgiIl has
o 154 § = similar scale height (h. = 1kpc). The gas dispersion, ogas,
oo | is assumed to be ~ 10 km s™' appropriate for the temper-
g ature of low-ionization gas (e.g. Churchill et al. 2003). The
n density po will be adjusted in order to match the absorption
3 optical depth for Mgl.
©
3
o
;2 4.2 Simulated absorption lines
o
0.0 : : HEE We use our code CGMPY to calculate the MgIl absorption
’ 0"5 0:6 0f7 0j8 0j9 profile which the outflow cones and/or the extended gas
Aobs[um] disk would imprint on a background source. In short, the

Figure 2. Best-fit SED model (blue) for the main foreground
galaxy compared to the observed spectrum (grey, smoothed with
FWHM = 88A Gaussian). The fit was done using pseudo-
photometry for 13 medium-band filters created from the spectrum
itself. The red errorbars indicate the filter-averaged flux densities
in these filters, with the horizontal bars indicating the width of
the filters. The black crosses show the flux-densities in the same
filters as obtained from the best-fit SED. While the SED fitting
was done including emission lines and the shown model medium
band flux-densities include this contribution, the best-fit SED is
shown without the emission to avoid visual confusion with the
actual emission lines.

keeping vcirc constant. 7 The disk parameters are vcirc, Ur,
Ogas, h, and po which are summarized in Table 3.

The circular velocity veirc is given by the kinemat-
ics of the host galaxy as described in § 3.2. The stellar

7 The circular and the radial moving gas are here asssumed to add
to a single components as in paper II, but unlike in Bouché et al.
(2016), where the same gas has both a radial and infalling com-
ponent.

code calculates for each of small steps (= 1pc) along the
line-of-sight (LOS) the LOS velocity, vios;step, and the col-
umn density, Ngstep, which can subsequently be converted
to an optical depth, Tstep(vios). The full 7(vios) distribution
for the complete sightline is then obtained by summing up
the Tytep(Vios) from each step and each component without
the turbulent velocity dispersion ogas. We account for this
random motions of the gas (0gas) by convolving the optical
depth distribution with a Gaussian of the selected ogas. Fi-
nally, the absorption profile is obtained by taking e~ 7(Vles)
and convolving with the instrumental line spread function
(LSF).

In the case of an extended sightline (such as for ‘back1’),
the absorption from the extended object is calculated by
taking the average over individual sightlines flux weighted
over an elliptical aperture centered on the galaxy (for backI!
with an area of ~ 1arcsec?).

5 DISCUSSION

Here, we describe how the toy model discussed in §4 per-
forms in discribing our data. However, we stress that we do
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Table 4. The choice for each of the parameters in Table 3 as used for the five models described in §5 and shown in Fig. 4.

Model 7 eout ein Vout Ogas P1 Vcirc Ur hr hy, Ogas PO
n 2 6 @ (5) (6) (M ©® (9 (@) (@11 (12)
Fiducial wind 71 35 15 150 10 8x107° - - - - - -
Slow wind 71 35 15 75 10 8x1075 - - - - - -
Disk 71 - - - - - 118 - 5 1 10 3x1073
Disk w. infall 71 - - - - - 118 40 5 1 10 3x1073
Disk + wind 71 35 15 100 10 8x107% 118 - 5 1 10 3x10°3

not expect this simple toy model to account for all data fea-
tures nor do we attempt to formally fit it to the data. Thus,
if the model can, at least approximately, explain most of
the absorption in both background sightlines, the simple toy
model can be viewed as a description of the main galaxy’s
CGM.

5.1 The fiducial (wind-only) model

We first tested the performance of a fiducial biconical
outflow-only model (cf. §4.1.1) given that both the quasar
and backl! are positionned along the minor axis of the host
galaxy, i.e. without an extended gas disk.

Here, the model’s orientation is set by the measurement
of the galaxy’s inclination ¢ (see §3.2). However, as the sign of
the galaxy inclination cannot be constrained with the avail-
able data (see e.g. Ho & Martin 2019), we were left with two
possible solutions. Here, we choose the sign of the inclina-
tion such that the absorbing gas in the cones is outflowing.
This outflow assumption requires that redshifted absorption
must originate from the far-side cone, and consequently, the
backl galaxy sightline crosses this far-side cone. Panels B
and C of Fig. 1 show the adopted orientation.

For our ‘fiducial’ outflow model, we assume a value for
Oout (35deg), which is at the higher end of typical values
found in paper III. We made this choice, to ensure very high
coverage over the extended back! galaxy sightline in the
model, as required by the observed absorption strength (see
§3.3.1).

In Fig. 4 (row 1 - ‘Fiducial wind’), we overlay the re-
sulting absorption profiles over the UVES and MUSE data
for the ‘qso’ (Cols 1, 2 and 3) and ‘back1’ (Col. 4) sightlines.
Column 1 (2) show the model for the quasar sightlines for
Mgt (Mgr), respectively, where we scaled the MgI density
by 1/600 compared to Mgll according to Lan & Fukugita
(2017). Comparing our UVES data to the model for the
quasar sightlines shown in Cols. 1 ans 2, we find that the
absorption is made of two separate components which arise
from the assumption of an empty inner cone. These two
components might correspond to components A and B in
the observed spectrum (see §3.3.2). Comparing our MUSE
data and the fiducial wind model (Cols 3 and 4), we find
that the model and data match qualitatively for the blue-
(red-) shifted absorptions in the quasar (galaxy) sightlines
absorption shown in Col. 3 (4), respectively. However, there
are some discrepancies between the model and the data.

The main discrepancy is that the wind model cannot
explain the redshifted third component C. Another discrep-
ancy is that, for the quasar absorption, the model predicts

a blue-shift (—75 km s™') whereas the observed absorption
is close to systemic at ~ +25 km s™1.

A model with lower outflow velocity (voutr &~ 75km sfl)
would better match to components A and B in the Mgt ab-
sorption (Fig. 4; row 2 - ‘Slow wind’). However, it under-
predicts the redshift compared to the Mgl data in the
back1 galaxy sightline. Note that this potential velocity dif-
ference between the two sightlines could indicate decelera-
tion of the gas with distance from the galaxy, as the quasar
sightline is probing gas at a larger impact parameter than
the back! sightline does (16.8kpc vs 8.8kpc). Strong, non-
gravitational, deceleration in an outflow could be due to
drag forces (in observations e.g., Martini et al. 2018; in sim-
ulations e.g., Oppenheimer et al. 2010). However, this inter-
pretation would require the strong assumption that the two
opposite cones have the same velocity profile.

5.2 Disk model

Given the limitations of the fiducial wind only-model, and
the relatively small impact parameters, we discuss the ex-
tended gaseous disk model presented in §4.1.2. Indeed, the
two minor-axis sightlines cross the disk midplane at galac-
tocentric radii of 26kpc (0.217vi;) and 51kpc (0.42 7vir),
within the extent of co-rotating gas disks from paper Il and
Ho et al. (2017). Before discussing a potential combination
of wind and disk-model, we test whether a simple thick
disk model similar to Steidel et al. (2002); Kacprzak et al.
(2010); Ho et al. (2017) can potentially explain all absorp-
tion on its own.

In Fig. 4 (row 3 - ‘Disk’), we overlay the resulting ab-
sorption profiles over the MUSE and UVES data as before.
Comparing the UVES data to our model shows that a thick
disk model can only explain component B in the Mgl spec-
trum.® As for the wind model, the thick disk model cannot
explain the redshifted third component C. However, compo-
nent A in the UVES spectrum could be accounted for with
an extension of this disk model with a radial inflow com-
ponent (shown in row 4 of Fig. 4 - ‘Disk + infall’). The ob-
served velocity of —49km s~ would require a radial velocity
component of v, & —40km s7! = —0.4vvir.? Such a radial

8 We note that a very thin disk would have a narrower profile,
hence a lower equivalent width, and also a lower velocity shift
than a thick disk. This is, because a sightline crossing a thick
disks encounters different velocities at different heights above the
disk, up to sin(i)vcire (e.g. Steidel et al. 2002).

9 v &~ —40km s~ is enough to match the observed blueshift of
component A, because the model has also a contribution from the
rotational component (veirc)-
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Figure 3. Absorption in the quasar sightline at the redshift
of main measured with the high spectral resolution VLT/UVES
data. Panels 1-6 from the top: The observed absorption is
shown for multiple species, with a multi-component model fit
(thick grey line) overplotted over the data. The velocity com-
ponents considered in the fit are indicated as little bars near the
top of the panels, where a dotted bar indicates that the com-
ponent was not used for the specific line. Three main kinematic
components, A, B, C, can be clearly identified from the unsatu-
rated lines. The contribution of the three components, as mea-
sured from the multi-component fit, is shown by different colors.
For comparison, the panel for Mgi1 A2796 also shows the MUSE
spectrum (orange dotted; identical to panel E in Fig. 1) and the
UVES spectrum artificially degraded to the resolution of MUSE
(black dashed).

inflow velocity is feasible, based on results from simulations
(e.g. Rosdahl & Blaizot 2012; van de Voort & Schaye 2012;
Goerdt & Ceverino 2015; Ho et al. 2019) and observational
studies targeting the major axis sightlines (e.g. Bouché et al.
2013, 2016; Rahmani et al. 2018a, paper II).

5.3 Combined disk and wind

The observed absorption might be a combination of aborp-
tion from both a disk and an outflow component. As dis-
cussed in §5.1, the ouflow component alone, a faster wind
(150 km s™') matches better the observed absorption in the
backl sightline, while a slower wind (75km s™') matches
better the absorption in the gso sightline. For the follow-
ing, we assume a wind speed of 100km s~ as a compromise
to match approximately both sightlines with a single wind
speed. Fig. 4 (row 5 - ‘Disk + wind’) shows the resulting
absorption profile when combining the disk and this wind
toy model (The same model is also shown in Fig. 1, panel
D). While imperfect, the toy model is qualitatively in agree-
ment with the observed spectra, apart from component C.
Component C might be an unrelated component, similar to
the high-velocity clouds (HVC) seen around the Milky Way
(e.g., Wakker & van Woerden 1997 for a review). In sum-
mary, a plausible interpretation of the observed kinematics
in the two sightlines is absorption in a bi-conical outflow
with a potential disk contribution.

5.4 Feasibility of the outflow

As discussed in §3.2, the SFR of the main galaxy is low
compared to star-forming galaxies with similar mass at sim-
ilar redshift. This raises the question whether the energy
and the momentum that are required to explain the wind
are at all feasible. To answer this question, we estimated
the mass outflow rate, Mout, the energy-outﬂow rate, Eout,
and the momentum outflow rate, pout. These estimates can
subsequently be compared to the estimated SFR and the
corresponding energy and momentum deposition rates from
supernovae (SNe).

We estimated Moy, for the bi-conical outflow of cool
gas using Eq. 5 from paperIIl. As inputs to the equa-
tion we assumed 6oyt = 35deg, 6in = 15deg, b = 15kpc,
Vour = 100km s™*, log(Nm;/cm™2) = 20.0. Here, we esti-
mated the HI column density using the EW327°¢ - HI rela-
tion from Ménard & Chelouche (2009) and Lan & Fukugita
(2017), which has an uncertainty of around 0.3 dex. Using
these values in the equations we obtain Mout =2.0Mg yrfl.
This corresponds with the assumed vy = 100km s™! to
Fouw = 6.0 x 10% ergs™* and pout = 1.3 x 103 gems™1.

A comparison of Mout to the estimated SFR allows us
to infer the mass-loading (n = Mout /SFR), which charac-
terizes the efficiency of a star formation powered wind to
remove gas from the galaxy. Assuming that the wind was
powered by the current SFR of 0.5 Mg yr~!, we infer n ~ 4.
This value can be compared to measurements of 1 both
from individual estimates (quasar sightlines e.g. paperIII,
Bouché et al. 2012; Schroetter et al. 2015; down the bar-
rel: e.g. Weiner et al. 2009; Martin et al. 2012; Rubin et al.
2014; Sugahara et al. 2017), indirect observational evidence
(e.g. Zahid et al. 2014; Mitra et al. 2015), or simulations
(e.g. Hopkins et al. 2012; Muratov et al. 2015). For the mass
and redshift of our main galaxy, the values in these studies
typically range from n ~ 1-10 (see also discussion in pa-
per III). Hence, we conclude that the 7 corresponding to our
preferred model seems feasible.

A direct comparison of the measured E‘out and Pout to
the momentum and energy injected by SNe leads to a simi-
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Figure 4. Comparison between data and various models. Eeach row shows a different model, as listed in Table 4. In each panel the light
grey curve is the observed absorption, while the blue line shows the modeled absorption. The first two columns show Mg11 A2796 (column
1) and Mg1A2852 (column 2) in the quasar sightline at the resolution of UVES. The third and fourth column show MgI1 A2796, 2803 for
the quasar sightline (column 3) and the back! galaxy sightline (column 4) at the resolution of MUSE. Here, the solid line is Mg11 A2796

(data and model) and the dotted line is MgI1 A2803 (data).

lar conclusion. Per 1Mg yr~* of star formation SNe deposit
mechanical energy and momentum with rates of approx-
imately 1.6 x 3 x 10" ergs™ (from Chisholm et al. 2017
based on Leitherer et al. 1999) and 1.6 x 2 x 10** gcms™!
(Murray et al. 2005)."° This means that our measured val-
ues correspond to energy and momentum loading of 3%
and 80%, respectively. These values are comparable to
those found by Chisholm et al. (2017) for a sample of lo-
cal star-forming galaxies when considering the relevant mass
range.'*

Finally, we note that the actual loading factors could
be smaller. The SFR might have been higher at the time
when the wind was launched. It would have taken the wind
~ 200Myr (= 100Myr) to travel to the quasar (backl)
sightline, assuming voyt = 100km s~!. With the limited
available data we cannot rule out that there was a signif-
icant burst of star-formation about 200-300 Myr ago, as

10 Factor 1.6 is to convert from the Salpeter (1955) to the
Chabrier (2003) IMF.

1 We have only included the cool phase of the outflow, so the
total loading factors could be higher.

motivated by tests with non-parmetric SFHs with PPXF
(Cappellari & Emsellem 2004; Cappellari 2017).

6 CONCLUSIONS

It is now statistically well established that there is a di-
chotomy in the spatial distribution of the cool circum-
galactic medium (CGM) gas probed through MgIil absorp-
tion, where the two components have been identified as aris-
ing in an extended gas disk and a bi-conical outflow. In this
paper, we present a rare chance alignment of a quasar and
a UV-bright background galaxy at relatively small impact
parameters (16.8 and 8.8kpc) from a z = 0.7 foreground
galaxy. As the two sightlines are close to the foreground
galaxy’s projected minor axis, but on opposite sides of the
major axis, the configuration is ideal to test the bi-conical
outflow component. Through studying the observed absorp-
tion both in MUSE and UVES data from the MEGAFLOW
survey, and comparison to modeled absorption, we reached
the following conclusions:
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e Both sightlines show very strong Mgil absorption
(EW327 > 2.0 A).

e We find a significant velocity shift of 84 + 17km s™!
between the two sightlines.

e The observed velocity shift is in broad agreement with a
bi-conical outflow toy model with a moderate outflow veloc-
ity of ~ 100km s~*, possibly combined with a disk model.

e The foreground galaxy has a relatively low sSFR (0.07=+
0.06 Gyr~ '), which puts the galaxy 0.6 dex below the MS at
z = 0.7. However, the mass-loading (1) required to explain
the modelled outflow is not unrealistic high ( ~ 4). More-
over, the sSFR may have been higher when the wind was
launched, ~ 108 yr.

This study presented a ‘tomographic’ study (i.e. with
multi-sightline) of the CGM around an individual galaxy in
the distant Universe (z ~ 0.7), and hence goes beyond the
statistical inference from single sightline samples. While we
find the data to be in broad agreement with our fiducial
CGM model, we cannot rule out alternative explanations.
A comparison of the CGM model to larger samples of rare
multi-sightline cases, including cases with even more sight-
lines as e.g. provided by background groups or gravitation-
ally lensed arcs (e.g. Lopez et al. 2018, 2019), will be an
important test for our assumed geometry. Additionally, it
will be necessary to test the geometry against observations
of the CGM in emission (e.g. Finley et al. 2017; Rupke et al.
2019).
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APPENDIX A: UNCERTAINTY ON
INCLINATION AND POSITION ANGLE

In our analysis, we tied the orientation of our toy model (§4)
to the orientation of the main foreground galaxy. Therefore,
a robust measurement of position angle (PA) and inclination
(¢) is important. As discussed in §3.2, the measurement of
the galaxy’s morphology is somewhat complicated by resid-
uals from the PSF subtraction. The residuals made a formal
assessment of the uncertainties based on the x? doubtful.
Therefore, we preferred to rely on a visual assessment of the
uncertainties. For this purpose we created GALFIT models
deviating from the best fit model either in PA or inclina-
tion. Fig. A1l shows models and residuals all for the best-fit
model, the PApest — 15deg, PApest + 15deg, ibest — 10deg,
ibest + 10deg . Except for the modified PA or i, we used in
each case identical morphological parameters to those in the
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Best APA = —15deg

model data

residual

APA = +15deg

Ai= —10deg Ai = +10deg

Figure A1l. Data, GALFIT model, and residuals (data-model) are shown for each of five models in the top, center, and bottom row,
respectively. The data, which are identical in each of the four columns, are a pseudo broadband r image created from the MUSE cube.
The main foreground galaxy is to the left and the back! background galaxy is to the right (north is to the top, east to the left; different
orientation from Fig. 1). The white region to the lower left masks residuals from the quasar subtraction. Left column: Best fit GALFIT
model, where both main and backl were fit simultaneously. The main galaxy has best fit PAyest = 37 deg and ipest = 71 deg assuming
a n = 1 Sersic profile. Center left column: This column and the other three columns show the best fit model with either the PA
or i of the main galaxy adjusted. Here, PA = PAyest — 15deg; Center column: PA = PAp.st + 15deg; Center right column:

i = ipest — 10deg; Right column: ¢ = ipeq; + 10 deg.

best fit model. The only free fit parameter in each of the
alternative models was the total flux. Both for PA 4+ 15deg
and 7 £ 10 deg the residuals are much stronger than for the
best-fit model and the models seems essentially inconsistent
with the data. Therefore, it seems plausible to define these
PA and incl differences as 20 uncertainties. In summary, we
conclude therefore that the 1o uncertainties for PA and i
are 8deg and 5deg, respectively.

In addition to the uncertainty in PA and ¢, there is also
a small uncertainty on the centroid. We estimated this un-
certainty through comparison between the continuum cen-
troid obtained from this GALFIT fit and the [O11] centroid
obtained from GALPAK3D fit. We find a deviation of 0”.16
between the two centroids. Therefore, we can assume as lo
uncertainty 0”.1 both in right ascension and declination.

APPENDIX B: IMPACT OF UNCERTAINTIES
ON INCLINATION AND POSITION ANGLE ON
MODELS

In this section, we asses the impact of the uncertainties for
i and PA on the simulated absorption in our toy models.
In Fig. B1 we show the ‘Slow wind’ model (see. Table 4)
with either ¢ or PA changed compared to the fiducial values
(row 1). Rows 2 and 3 show the result for changing the i by
+5deg (i.e., 66 deg and 76 deg), while keeping the fiducial

value for the PA. Rows 4 and 5 show the impact of varying
the PA of main by +10deg. Assuming AP A+ 10 deg means
that the azimuthal angle « is changed by F10deg both for
the quasar and the back! sightline (equally) compared to
the values stated in Table 1. All other parameters are kept
identical to those listed for the ‘Slow wind’ model in Table 4
and shown in the first row of Fig. B1.

In general, the differences between the absorption pro-
files for these variants appear small. The strongest visible
impact is for APA = +10deg (corresponding to o = 71 deg
for quasar and o = —119deg for back!). In this case, the
Mg1 absorption profile is not double-peaked and the Mgi1
absorption in the back! sightline is visibly weaker than in
the fiducial model. The double peak is absent, because the
distance from the minor axis is larger than in the fiducial
case and, consequently, the quasar sightline does not cross
the hollow part of the cone. The weaker Mgil absorption
for back! is also a consequence of a larger distance from
the minor axis. At & = —119deg part of the extended backI
galaxy sightline is no longer covered by the cone at all, which
reduces the effective EW{27%.

In Fig B2, we test the impact of the same ¢ and PA
variations, but now for the ‘Disk’ model (see Table 4). Here,
the differences in absorption strength appear stronger than
in the wind case. This is especially the case for changes in
i. Here, the strength varies - especially for the MgI absorp-
tion in the quasar sightline - as the sightline crosses the disk

020z Asenuep gz uo Jasn DINNT / Alstaaiun uepia AQ 9€€1695/209EZ1S/SBIUW/EE0 | 0 | /I0P/10BISqB-8[0IB-80UBAPE/SBIUW/WOD dNoolwapeoe//:sdiy woll papeojumod



Tomography of a galactic wind 13

MgllA2796 MglA2852 MgllAA2796, 2803 MgllAA2796, 2803
(UVES @ quasar) (UVES @ quasar) (MUSE @ quasar) (MUSE @ back1l)

- H H H H

£

2

3 4

o

)

b

el

S

I

([

<

o

g

&

el

=

+

[

<

(2t

g

b5

el

n

I —

Il

5

b5

el

n

+ —

Il

5

= 1 1 1 1 1 1 1 1 1 1 1 1
—-200 0 200 —-200 0 200 -500 0 500-500 0 500
Vios [km/s] Vios [km/s] Vios [km/s] Vios [km/s]

Figure B1. Comparison between modeled and observed absorption for the ‘Slow wind’ model assuming different inclinations and position
angles. The first row is identical to row 2 in Fig. 4, where the best fit ¢ and PA were assumed. Details about the content displayed in
the four columns are given in the caption of Fig. 4. The subsequent rows (1-4) show the same model, but with ¢ or PA changed by the
values stated in the row labels. For further details, see Appendix B.

mid-plane at larger galacto-centric radii, the larger the ¢ is.
We note, though, that most of the changes could be com-
pensated for by merely choosing a disk with higher density.
For the variations with PA, the centroid of the absorption
shifts, but only slightly.

In summary, we can conclude that the uncertainties on 4
and PA/a, as estimated in Appendix A, only subtly change
our simulated profiles. Therefore, we can decide that our
conclusions in §5 are not impacted by these uncertainties.
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Figure B2. As Fig. B1, but here for the ‘Disk’ model (cf. row 3 in Fig. 4). For further details, see Appendix B.
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