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Galactic outflows are believed to play a critical role in the evolution of galaxies by

regulating their mass build-up and star formation’. Theoretical models assume
bipolar shapes for the outflows that extend well into the circumgalactic medium
(CGM), up to tens of kiloparsecs (kpc) perpendicular to the galaxies. They have been
directly observed in the local Universe in several individual galaxies, for example,
around the Milky Way and M82 (refs. 2,3). At higher redshifts, cosmological simulations
of galaxy formation predict anincrease in the frequency and efficiency of galactic
outflows owing to the increasing star-formation activity*. Galactic outflows are
usually of low gas density and low surface brightness and therefore difficult to
observe in emission towards high redshifts. Here we present an ultra-deep Multi-Unit
Spectroscopic Explorer (MUSE) image of the mean Mg Il emission surroundinga
sample of galaxies at z = 1 that strongly suggests the presence of outflowing gas on
physical scales of more than 10 kpc. We find a strong dependence of the detected
signal on the inclination of the central galaxy, with edge-on galaxies clearly showing
enhanced Mg Il emission along the minor axis, whereas face-on galaxies show much
weaker and more isotropic emission. We interpret these findings as supporting the
idea that outflows typically have a bipolar cone geometry perpendicular to the
galactic disk. We demonstrate that this CGM-scale outflow is prevalent among
galaxies with stellar mass M. 210%°M,,.

During the past ten years, integral field spectrograph facilities such
as the Very Large Telescope (VLT)/MUSE (ref. 5) and the Keck/Keck
Cosmic Web Imager (KCWI) (ref. 6) have enabled mapping the CGM
in emission using several tracers, such as Lya (refs. 7-12), CIV, He Il
and C 1l (ref. 13), and other rest-frame optical emission lines*", Yet
Lya emission can only be observed by ground-based facilities at 2= 2
and, owing to the severe effects of cosmological surface-brightness
dimming, itis very difficult to obtain spatially resolved spectroscopy
atsuch high redshifts.

The Mg 11112796,2803 doublet presents a potential alternative to
Lyafor tracing the CGM. Owing to its resonant nature, extended Mg Il
emission is expected to occur under similar conditions as Lya. The
ionization potential of Mg 1 (7.6 eV) is lower than that of HI (13.6 eV),
implying that the CGM remains at least partly neutral when Mg Il is
produced. This makes Mg Il a more promising tracer of the cool and
metal-enriched CGM gas compared with Lya. The line can be observed
from the ground at redshifts z 2 0.1 (ref. 16), facilitating higher linear
resolutionand much lower surface-brightness dimming. Nevertheless,
the detection of circumgalactic Mg Il is challenging because Mg Il is

intrinsically much fainter than Lya. So far, extended Mg Il emission
was detected around two galaxies by long-slit spectra”® and also more
recently by integral field spectrographs (refs. 19-21). The occurrence
frequency and outflow nature of the extended Mg Il emission are still
unclear and, therefore, we do not know if it is a common feature of
galaxies across the mass spectrum.

We answer this question using extremely deep MUSE observations
of asample of galaxies at z=1in the Hubble Ultra Deep Field*>. We use
Hubble Space Telescope (HST) images to construct a sample of 112
edge-on and 60 face-on galaxies. We perform an oriented stacking of
the MUSE datacube segments after aligning each edge-on galaxy along
the direction of the photometric major axis. We stack the face-on galax-
ies by their original sky orientations. Before stacking, we remove the
continuum and mask bright neighbouring objects in each individual
datacube (Methods).

We then construct Mg 1112796 pseudo-narrowband (NB) images by
summing the stacked datacubesin the spectral direction, followed by
spatial filtering. Figure 1 shows the stacking results of the HST images
(stellar component) and of the Mg 1112,796 line emission. We clearly
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Fig.1| Thestacked stellar continuum and Mg Ilemission. a,b, Thestacked
average of HSTimages (F435W, F775W, F606W, F850LP and F160W bands),
representing the stellar component. c-f, The mean (c¢,d) and median (e,f)
stacked Mg 112,796 A pseudo-NB images, smoothed by a Gaussian kernel of
width 0.4”. The white contours correspond to Mg Il significance levels of 20, 40
and 6o (dotted, dashed and solid lines, respectively). Each thumbnail has asize
of 5”x5”, corresponding to about 40 x 40 kpc at the median redshift of the
sample.Eachgrid cellinaandb corresponds toadistance of about 8 kpc. The
smallerand larger circlesinbrepresent the PSF full width at half maximum of the
HST and the MUSE, respectively. We extract spectrafromeach grid cellshownin
aandband presentthemin the corresponding panelsin Extended DataFig. 5.

detect resolved Mg Il emission extending over CGM scales. The scale
of eachthumbnailis 5” x 5” (corresponding to about 40 x 40 kpc at the
median redshift of the sample).

The stack of edge-on galaxies in the left column of Fig.1shows a
clear enhancement of Mg Il emission along the minor axis. We detect
abipolar shape extending out to aradius of about 10 kpcin the stacked
cube, suggesting that this is because of gas recently ejected from the
galaxy. This anisotropic emissionisseenin boththe meanand median
stacked cubes, indicating that the Mg Il outflows are common among
our galaxy sample. We verify that this anisotropic pattern does not
result from a few bright outliers but is a generic property of galaxies
inour sample (Methods).
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We do notdetect strong extended emission around the face-on gal-
axies. Thereis, however, strong Mg Il absorptionin the central region
coinciding with the stellar component of the galaxies. In the outer
region, we see aweak ring patternin both the meanand median stacks.
The detection of the ring is robust (Methods). The physical origin for
this patternis unclear. It might be attributed to anisotropic Mg Il halo,
to inflowing or reaccreted gas or to a face-on outflow cone extending
toeven larger radii. Further observations and simulations are needed
for abetter understanding.

Tovisualize the kinematic structure of the extended Mg Il emission,
we split the wavelength range of the NBimage of Fig. linto three veloc-
ity intervals of 100 km s™, shown in Fig. 2. For edge-on galaxies, the
anisotropic Mg Il emission is seen in all velocity intervals, although
itis less evidentin the bluest channel. At the velocity centred on the
systemic velocity, we detect strong emission both above and below
the galaxy disk. Towards positive velocities, at which thereis nolonger
central absorption, Mg llis still strong along the minor axis. This shows
that the anisotropic Mg Il emissionis aninherent property ofthe CGM
andindependent of the central absorption of the stellar component of
the galaxy. The face-on sample shows central absorption atall velocity
intervals. It is strongest in the most negative velocity range and gets
successively weaker towards redder wavelengths. At all velocities, the
central absorption is stronger for face-on galaxies than for edge-on
systems.

Tostudy the stellar-mass dependence of the Mg Il emission, we split
our sampleinto halves around the median mass of the sample, 10°°M,,.
As shown in Fig. 3, only the high-mass edge-on subsample shows the
anisotropic Mg Il emission. The corresponding high-mass face-on sub-
set, in contrast, shows very strong central absorption surrounded by
anoisy emission-ring-like feature. On the other hand, the low-mass
subsample does not show such anisotropic emission, with both the
edge-onandtheface-onorientations presenting emission of irregular
morphology. This could hintata moreirregular geometry of outflows
in the low-mass systems. However, as a caveat, we note that low-mass
galaxies are smaller,implying that the impact of the point spread func-
tion (PSF) is more pronounced, so that smaller-scale wind signatures
would be more difficult to detect. A correlation between galaxy Mg I1
equivalent width and stellar mass was previously reported®?*, in which
the Mg Il emitters generally have lower masses than Mg Il absorbers,
with a transition occurring around 10°°M,,.

InFig. 4, we compare the spectra extracted fromthe central regions
ofthe high-mass galaxies. Evidently, the Mg Il absorption profile of the
face-on galaxies is much broader than that of the edge-on galaxies. If
we assume that the two samples of galaxies have similar properties
except for their inclination, then the widening of the absorption line
indicates the typical velocity of the outflow (v,,.). We use two independ-
ent methods to measure this velocity, obtaining a consistent estimate
of v,,, 180 km s (Methods).

Galactic outflows are responsible for removing potential fuel for star
formation from the galaxy while, at the same time, enriching the CGM
and the intergalactic medium. These feedback processes, although
incorporated as key elements of cosmological simulations, are still
poorly constrained on CGM scales. Recent observations find that the
Mg 11112796,2803 absorption occurs preferentially close to the major
or minor axes of the galaxies®?. It is particularly strong along the minor
axis, at which the metal-enriched outflows are expected® . However,
directimaging observations of such outflows, as well as the frequency
oftheir occurrence, are largely missing. In this study, we discover that
the anisotropic Mg Il emission extending up to approximately 10 kpc
is common for massive (M, 2 10*°M,) edge-on galaxies at z= 1. This
finding provides the most direct evidence of the prevalence of cool
and metal-enriched galactic outflows at high redshift. Simulations
predict that most of the metals produced inside high-redshift galaxies
are carried out by galactic winds®. The galactic winds may produce an
anisotropic metallicity distributionin the CGM (ref. 30). The results of
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Fig.2|Pseudo-NBimages for different velocity bins. Theimages are
extractedinintervals of 100 kms™ (=1 Ain therest frame) centred atMg I
2,796 A, then smoothed by a Gaussian of width 0.4”. The upper and lower rows

this paper provide further support for the key role of galacticwindsin
the transport of metals from the galaxy to the CGM.
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Fig.3|Comparison of the high-mass and low-mass subsamples. The
subsamples are bisected at the medianstellar mass of10°°M,,. The colour
scales were adjusted for presentation purposes. The white contours

show the edge-on and face-onsamples, respectively. The white contours
correspond to Mg Il significance levels of20,40and 6o (dotted, dashed and
solidlines, respectively). All scales and annotations are asin Fig. 1.
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Fig.4|Continuum-subtracted meanspectraofthe high-mass galaxies. The
spectraareextracted fromthe central1”. The pink and grey spectrashow the
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present the double-Gaussian decomposition of the Mg 112,803 A line (Methods).
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Methods

Datareduction and analysis

This work is mainly based on data release 2 (DR2) of the MUSE Hub-
ble Ultra Deep Field surveys?. The DR2 data consist of three datasets,
a 3 x 3-arcmin® mosaic of nine MUSE fields at 10-h depth (hereafter
MOSAIC), a1l x 1-arcmin?field at 31-h depth (hereafter UDF-10) and the
MUSE eXtremely Deep Field (MXDF), with a deepest achieved expo-
sureof 141 h. Thisis the deepest spectroscopic survey ever performed,
reaching an unresolved emission line 1o surface-brightness limit of
<10 erg s cm™2arcsec™. These deep MUSE observations enable
studies of extremely low surface brightnesses, such as spatially and
kinematically resolved analysis of the CGM by Ly« (refs. 31-33), the
detection of acosmicweb filamentin Lya emission on scales of several
comoving megaparsecs (cMpc) (ref. 12).

The DR2 catalogue provides redshifts, multiband photometry,
morphological and spectral properties, as well as measurements of
stellar mass and star-formation rate of all the galaxies discovered in
the MOSAIC, UDF-10 and MXDF fields****. In this work, we focus on
the Mg Il doublet. Given the wavelength range of MUSE, Mg Il can be
detected in the redshift interval of about 0.70-2.30. There are 568
galaxies detected in this redshift range.

Asthe goal of this work is to determine the azimuthal dependence of
extended Mg Il emission, a priori determination of galaxy orientation
is required. We selected subsamples of edge-on and face-on galaxies
by visual inspection. By cross-matching our visual selection with the
GalPaK measurement™ that covers a subset of this galaxy sample, we
find that most of the face-on and edge-on subsamples have inclination
angles of around <30° and >55°, respectively. Evenif this morphologi-
calclassificationis approximate, it is precise enough for our statistical
analysis. To remove potentially merging objects, we exclude all pairs
of galaxies with small projected angular separations (2”) and small
line-of-sight relative radial velocities (<1,000 km s™). We selected 112
edge-onand 60 face-on galaxies, withaccumulated exposure times of
2,599 hand 1,331 h, respectively.

Theredshift and stellar mass (M.) distributions of the parent sample
and the edge-on and face-on subsamples are shown in Extended Data
Fig.1. The two subsamples are comparable with each other in redshift
and mass. The median redshift is z=1.1. The median stellar mass is
approximately 10>°M,, with a $0.1-dex difference between the edge-on
and face-on subsamples. We also note that this morphological classi-
fication is mainly reliable for galaxies with mass M. > 10%°M,_, because
lower-mass galaxies are not well resolved, even with ultra-deep HST
images. The HST images of galaxies in the face-on and edge-on sub-
samples are presented in Extended Data Figs. 2 and 3. For the edge-on
galaxies, we find the major axis for each target from the HST images
by means of a principal component analysis. In Extended Data Fig. 3,
we present the measurements of the galaxy major and minor axes.

Extended Mg Il emission is reported in only a small number of
galaxies®. To increase the signal-to-noise ratio (S/N), determine the
average line strengths and obtain spatially resolved information on
the properties of the CGM, we adopt a full three-dimensional stack-
ing procedure. We stack the 5” x 5 MUSE mini-datacubes centred on
each source. Before stacking, we remove the continuum by perform-
ing aspectral median filtering using a wide spectral window of 200 A.
This approach provides a fast and efficient way to remove continuum
sources in the search for extended line emission. We also mask bright
neighbouring objects to avoid possible contamination. We shifted
individual datacubes and rebinned them to a common (rest-frame)
wavelength frame. We did not rescale the flux of each individual data-
cube to correct for the impact of cosmological dimming. The cubes
are averaged and weighted by the square root of their exposure time.
Finally, we extract pseudo-NB images from the stacked cube.

Inthis work, we investigate the relation between galaxy orientation
and extended Mg Il emission. Therefore, for the edge-on galaxies, we

stack the datacubes by realigning each one along the direction of the
galaxy major axis. We then proceed with the same stacking procedure
asdescribed above using the realigned cubes. For face-on galaxies, we
stack the datacubes using their original orientations.

We apply a pseudo-NB filter centred onthe Mg 112,796 A line, witha
rest-frame fullwidth of 3 A, corresponding to a velocity range of approx-
imately 300 km s InFig.1, we show the firstline (2,796 A) of the Mg Il
doublet. An anisotropic pattern can be clearly observed around the
edge-ongalaxy. To quantify the statistical significance of the observed
pattern, we calculate the S/N as follows. We estimate the noise by gen-
erating pseudo-NB images at 50 random wavelengths adjacent to the
Mg 112,796 A line, within +80 A, while avoiding the wavelength range
ofthe Mg Il doublets. The widths of these random NBs are the same as
the NB for the Mg Il line. Using these random pseudo-NB images, we
determine the noise and calculate the corresponding S/N. The S/N of
theMg Il detectionisindicated by the contoursinFig.1. Along the minor
axis of the edge-on galaxy, the anisotropic Mg llemission reaches a peak
S/Nof 60.The S/N for the face-onsampleis lower but we will still show
the robustness of the ring pattern in Extended Data Fig. 6.

We also plot the Mg 112,796 A maps at narrower velocity bins that
correspond to line-of-sight velocities of Av = -150 to -50, -50 to 50 and
50t0150 km s (Fig. 2). The sum of the three velocity bins corresponds
toapproximately 3 A in therest frame, so this combination of the three
maps equals the pseudo-NB in Fig. 1. In Figs. 2 and 3, we calculate the
S/N contours following the same method as above.

The size of the anisotropic Mg Il emission

To further quantify the spatial scale of the anisotropic Mg Il emission
around edge-on galaxies, we measure the distance (b) of the bipolar
Mg Il emission to the galaxy disk. This is achieved by calculating the
flux-weighted distance to the galaxy disk for the pixels within the 60
contours in Fig. 1. The distance derived from the mean-stacked data-
cubeisb=9.6 +1.7 kpc, whereas the median-stacked datacube yields
adistanceof b=9.4 +2.0 kpc. Todetermine the errors associated with
these distances, we replicate the procedure after adding noise to pro-
duce 100 mock NB images and repeat the distance calculation.

For comparison, we also compute the size of the stellar emission
region. We perform the stacking procedure on the MUSE white-light
images of the edge-on galaxies, applying the same smoothing kernel
as before. Subsequently, we fit a Sérsic profile to the stacked image.
The resulting minor-axis effective radius is 3.2 + 0.3 kpc.

Furthermore, we calculate the size of the anisotropic Mg Il emission
for the high-mass subsamplein Fig. 3 using the same methodology. In
this case, we use the 4o contours to define the emission region. The dis-
tance of the bipolar Mg Il emission to the galaxy diskis 5=10.2 + 2.5 kpc.
We measure the minor-axis effective radius of the stellar continuum
tobe 3.6 + 0.3 kpc.

Anotherimportant morphological parameter characterizing galactic
outflows is the opening angle (8). Despite the fact that galactic out-
flows in the local Universe do not commonly exhibit perfectly coni-
cal shapesinreal observations, approximating them with an opening
angle can simplify the modelling process. In this work, we are able to
directly measure this parameter from the edge-on image, thanks to
the preselection based on galaxy inclination. In Fig. 1, we define the
extent of the outflow using a flux level that encompasses half of the
peak flux (=5 x 10 erg s cm™2 arcsec ™). For the mean and median
stacks, we measure average outflow opening angles of 6 = 68 + 8° and
6=70 x11° respectively. Similarly, using the same method, we calculate
the outflow opening angle for the high-mass subsample showninFig.3
tobe =78 +15°.Itisimportant to note that the value of 6 depends on
the PSF and the smoothing kernel used, meaning that the actual 6 is
probably smaller than the measured value. Nonetheless, it is worth
mentioning that our measurement of @ is consistent with previous
absorption studies®®* andis also close to the opening angle measured
for the nearby starburst galaxy M82 (ref. 37).



Article

The prevalence of the anisotropic Mg Il emission

We have seen the anisotropic Mg Il emission in both the mean and
median stacks (Fig. 1), indicating that the Mg Il outflows are common
among the galaxies in our sample.

To further demonstrate that the stacking is not dominated by a few
outliers, we perform the following analysis. We produce pseudo-NB
images for eachindividual galaxy, using the same NB width as described
above. Then we perform aperture photometry on each pseudo-NB
image, placing the apertures1”above and below the galaxy plane along
the minor axis. In this way, we measure the fluxes of the regions in which
thebipolar outflows are expected. We measure the S/N of the photom-
etry. Thedistribution of the surface brightness and S/Nin the outflow
region for the edge-on galaxy sampleisshownin Extended DataFig. 4.
The smooth shape of the probability distribution indicates that the
signal is not dominated by outliers. The median surface brightness
of the Mg 1112796 outflow emission is 7.9 x 102° erg s cm2 arcsec™
We have also tried to remove the top 5% of the edge-on galaxy sample
with the highest S/N. Stacking the remaining datacubes then results
inabipolar pattern very similar to Fig. 1.

The spectroscopic properties of the extended Mg Il emission

We extract the spectra from different regions in the field of view. The
spectraareshownin Extended DataFig. 5, with each panel correspond-
ingtoagridcell atthe top rowinFig.1. Thestack represents a total expo-
sure time of thousands of hours, achieving alonoise level of less than
102" ergs?cm™?A™. We see prominent signals particularly in grid cell
nos. 8,13 and 18. For edge-on galaxies, in the regions along the galaxy
minor axis (for example, grid cell nos. 8 and 18), the stack shows pure
emission near the systemic redshift, supporting ascenario of galactic
outflow along the minor axis. The Mg Il emission line doublets show a
variation of line ratio over the field of view, indicating a complicated
radiative-transfer process.

The centre region (for example, cell no. 13) of the edge-on sample
shows a complex combination of blueshifted absorption and red-
shifted emission. Previous works found that Mg Il spectra of galaxies
seem to show pure absorption for high-mass galaxies, emission for
lower-mass galaxies and P Cygni-like profiles for intermediate-mass
galaxies®.

The ‘ring’ patternin the face-on galaxies

In Fig.1and Extended Data Fig. 5, we detect pure absorptionin the
centre of the stack of face-on galaxies. In the outer region, we see a
weak ‘ring’ patternin the NBimages.

To quantify therobustness of the ‘ring’ pattern, we show the spectra
extracted fromthe stacked face-onsample (red line, extracted froman
annular aperture of 17-2”) in Extended Data Fig. 6. Although the absorp-
tionisstrong, the redshifted Mg 1112796 lineis evident, with S/N = 3.2.
The equivalent width (EW) of the Mg 112,796 A line is —21+15 A. The
physical origin for this ‘ring’ patternis unclear. Owing to the uncertainty
inmeasuring the inclination angle, the face-on sampleis probably not
purely face-on. The ‘ring’ could also be attributed to inflowing or reac-
creting gas or outflows extending to large radii. Further observations
and simulations are needed for a better understanding.

For comparison, in Extended Data Fig. 6, we also plot spectra
extracted from the bipolar outflow region (1.5” upper and lower than
the galaxy disk, with an aperture size of1”). The EW of the Mg 112,796 A
lineis —56 + 22 A. Both lines of the Mg Il doublet are obvious. The line
ratio of the doublet is 2.3 + 0.5, which is compatible with the value of
2 expected for an optically thin gas. The variation of the line ratio for
extended Mg Il emission has been reported®. However, with low S/N,
we see variation of the Mg Il doublet ratio (Extended Data Fig. 5) that
may result from the complicated radiative transfer of the Mg Il photons
and possibly hints at the variation of gas density in an optically thin
scenario®®%,

The outflow in the down-the-barrel absorption
Itisalsointeresting to compare the down-the-barrel spectrafromthe
galaxies themselves. We compare the spectra extracted from the centre
of the high-mass-galaxy sample in Fig. 4. The EW of the Mg 112,796 A
line of the face-on galaxy is 7.4 + 0.9 A. The EW of the edge-on galaxy
is2.5+0.7A.

The Mg Illines of the face-on galaxies are much broader than those of
the edge-ongalaxies, because the central spectra of the face-on galaxies
containthe down-the-barrelinformation on the galactic outflows along
the line of sight. The velocity difference of the two absorption lines
thus indicates the typical velocity of the outflow (v,,,). By measuring
the Mg 1112796 full width at half maximum difference of the face-on
and edge-on galaxies, we obtain an estimate of the typical outflow
velocity of161.5+27.8 kms™.

We also provide another measurement of v,,,. We perform a
two-component Gaussian fit of the Mg 1112803 absorption line, with
aGaussian component at zero velocity and another Gaussian compo-
nentwith the velocity difference as a free parameter. The first Gaussian
represents the Mg Il from the interstellar medium of the galaxy and
the second represents the galactic outflow. The fits are shown by the
dottedred linesin Fig. 4. The velocity difference of the two Gaussiansis
199.4 +19.6 km s, Although these two estimates of the outflow velocity
arecrude, they are in agreement within the error range.

Physical properties of the galactic outflows

We have shown that the anisotropic Mg Il emission extending up to
about 10 kpcisacommon phenomenon for massive edge-on galaxies
atz=1,which demonstrates the prevalence of cool and metal-enriched
galactic outflows. The existence of outflows at high redshift is previ-
ously observed as the bimodal distribution of Mg Il absorbers against
bright background sources®24°** The bipolar pattern of outflows
can also be statistically inferred by the down-the-barrel absorption.
The strengths and kinematics of the down-the-barrel absorbers are
observed as a function of galaxy-inclination angles®3¢44¢_ At similar
redshift, galactic outflows are observed individually by emissionlinesin
several cases” %48 Despite these individual findings, the occurrence
frequency and bipolar shape of the galactic outflows, as well as their
connection to the galaxy azimuthal angle, are very unclear. In our work,
Fig.1provides the most direct evidence of the prevalence of cool and
metal-enriched galactic outflows that formabipolar geometry.Inthe
previous sections, by imaging the galactic outflow in spatially resolved
spectroscopy, we have directly quantified its average morphology
and kinematics.

Here we turn to provide an order-of-magnitude estimate of the Mg 11
density. This estimate is based on the Sobolev approximation'®2°49°,
The Sobolev approximation models the outflow with aradial-velocity
gradient. Photons produced by star formation at frequency v can
only be resonant when they encounter a gas parcel with velocity
u(r,) = c(v-v,)/v,. The radial-velocity gradient thus ensures that the
photons can only be resonant at the Sobolev radius r.

In this work, we adopt the method of an identical case for an indi-
vidual galaxy with Mg Il emission’. Under the Sobolev approximation,
the Mg Il density can be estimated from the velocity gradient dv/dr as:

dv kpc
dr kms™

Nyg=6.9x10 ™" cm™

()

Considering the outflow velocity v,,, = 180 km s™, opening angle 6 = 70°
andimpact parameter b =10 kpc, we finally get nyg-=1.02 x 10° ecm™.

Given theion density ny,,+, the total gas density can be estimated by
correcting for metallicity 7(Mg), ionization fraction y(Mg") and dust
depletion d(Mg). We assume solar metallicity, which is approximately
the typicalinterstellar medium metallicity for similar redshift and mass
range®’. We chose adepletion typical of clouds in the Milky Way disk’®.



The ionization correction is a function of the ionization parameter,
which depends on the ionizing photon luminosity Q.

.52

A 0
Nygt )052 10 kpe ) ***(6.3 %1072
10° em™ r, d(Mg)

3.8x10° 0'52[ Q j""*s
n(Mg) 103 s

Reference 22 provides measurements of the star-formation rate
based on spectral-energy-distribution fitting. The median star-
formation rate of our sample is about 5.1M, year™. We then estimate
the typical Q of approximately 4.7 x 105 s™* (ref. 52). Given our input
value of r;and ny+, we finally get our best estimate of the hydrogen
density of n,,=0.03 cm™.

Finally, using the estimated H gas density and accounting for the
solid angle of the outflow, we can estimate the average mass-loss rate
inthe cool gas traced by Mg Il (ref. 18).

. (O r z v n
= 1 c H 3
Mou=30M year (“) 1 [10 kPCj (180 km s’lj(0.03 cm‘3) 3

Here we assume the covering fraction f.=1. We finally get
Moy =36.3M, year™!. This suggests that outflows typically remove
roughly seven times more gas mass than is being converted into stars
inside the galaxies at present. This roughly agrees with the predictions
from simulations®,

Note that here we only provide an order-of-magnitude estimate of
M, As previously mentioned, the measurements of 6and b are inev-
itably affected by the instrumental resolution. For our stacked face-on
galaxy sample, we make the assumption that the covering fraction f,
of Mg Il outflowing gasis uniformly 1. However, it is crucial to acknowl-
edge that, in real cases, f, may vary among different galaxies, thereby
introducing nonlinear contributions to the measurements. Our esti-
mate also depends on several parameters 7(Mg), x(Mg") and d(Mg),
for which we do not know the exact values. For example, we may expect
the typical metallicity to be subsolar. If we assume ametallicity of 0.5Z,,
then M,,,,would be boosted by a factor of 1.4. Besides these parameters,
M,,.depends mostly onv,,, by apower index of1.52. To provide a pos-
sible range of M,,,,, we vary v,,, from 170 to 190 km s and 6 from 60°
to 80°.In that case, M, varies from 23.9 to 52.7M_ year™.

n,=0.019 cm‘3(
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Ultra Deep Field surveys. The reduced MUSE datacubes are available
inref. 22.
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Extended DataFig.1|Distribution of the redshifts and stellar masses in the MUSE sample. The parent sample is shown by grey bars and the edge-on and
face-onsubsamplesareshowninblackandred, respectively.



Extended DataFig.2|HST images of all the face-on galaxies. Each thumbnail has the same size asin Fig. 1.




Extended DataFig.3|HST images of all the edge-on galaxies. Each thumbnail has the samessize asin Fig.1. The dashed and dotted lines show th
minor axes of the galaxies, respectively.
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Extended DataFig.4|Thesurfacebrightness ofthe Mg Il outflow from
each edge-ongalaxy. The distributions of surface brightness (a) and S/N (b).
Thesignals areextracted in1”-diameter apertures above and below the
edge-ongalaxies, atadistance to the galactic plane of 1”. The distribution of
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surface-brightness signals skews towards positive values, despite most of the
signals being of low S/N. The negative S/N values correspond to the negative
signalsin theleft panel.
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Extended DataFig.5|Thespectraofthe extended Mg Il emission. The theloerrorrangeofthe corresponding spectra. The panels for which the peak
spectraineach panelare extracted from the grid cell at the corresponding ofthe Mg112,796 A lineinthe black spectrafalls below the 2o threshold are
positioninFig.1. The black and red spectradenote the edge-on and face-on marked with alighter colour.

galaxy samples, respectively. Ineach panel, the coloured shading represents
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galaxy. The coloured shadingsrepresenttheloerrorrange of the corresponding
spectra. The two vertical dashed linesindicate the wavelength of Mg Il doublets.
The horizontal shadow shows the noise level. The EWs of the Mg 112,796 A line
fortheredandblackspectraare—21+15Aand-56 +22 A, respectively.

Extended DataFig. 6| The continuum-subtracted spectrumofthe ‘ring’in
face-ongalaxies. Theredline denotes the spectrum extracted fromthe ‘ring’
region of the stacked face-on galaxy sample. For comparison, we also show the
continuum-subtracted spectrum fromthe ‘outflow’ region of the edge-on
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