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Abstract

Absorption line spectroscopy using background quasars can provide strong constraints on galactic outflows. In this paper we investigate possible scaling relations between outflow properties, namely outflow velocity Vout, mass ejection rate Ṁout, and mass loading factor η, and the host galaxy properties, such as star formation rate (SFR), SFR surface density, redshift, and stellar mass, using galactic outflows probed by background quasars from MEGAFLOW and other surveys. We find that Vout (η) is (anti-)correlated with SFR and SFR surface density. We extend the formalism of momentum-driven outflows from a previous study to show that it applies not only to “down-the-barrel” studies, but also to winds probed by background quasars, suggesting a possible universal wind formalism. Under this formalism, we find a clear distinction between strong and weak outflows where strong outflows seem to have tighter correlations with galaxy properties (SFR or galaxy stellar mass) than weak outflows.
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⋆ Based on observations made at the ESO telescopes at La Silla Paranal Observatory under program IDs 094.A-0211(B), 095.A-0365(A), 096.A-0164(A), 097.A-0138(A), 099.A-0059(A), 096.A-0609(A), 097.A-0144(A), 098.A-0310(A), 293.A-5038(A).



1. Introduction
In the era of modern cosmology with well-determined cosmological parameters, the process (or processes) responsible for the low efficiency of galaxy formation is still unknown. The efficiency of galaxy formation, defined as the fraction of baryons in galaxies relative to the amount of baryons available for a given cosmology, is low, ranging from a few percent to 20% (e.g., Behroozi et al. 2013; Moster et al. 2013). The peak occurs at around the Milky Way dark matter mass (or 1012 M⊙). At low masses, it is common to invoke feedback processes such as supernovae explosions (e.g., Dekel & Silk 1986), radiation pressure (e.g., Murray et al. 2005; Hopkins et al. 2012), cosmic rays, or stellar winds to account for the low efficiency of galaxy formation. At higher masses, feedback processes from active galactic nuclei (AGN) are thought to play a major role (e.g., Silk & Rees 1998). Both SN-driven and AGN-driven outflows would drive baryons out of galaxies back into the circumgalactic medium (CGM).
The CGM, loosely defined as the region surrounding galaxies (within the virial radius, or < 100–150 kpc), is where the signatures of these complex feedback processes for galaxy evolution are to be found, including gas accretion from the intergalactic medium (IGM). Thus, observations of the CGM are crucial in order to put constraints on galaxy formation numerical models. However, the CGM is difficult to observe directly because the gas density is orders of magnitude lower than the interstellar medium of the host galaxy. Fortunately, bright background sources like quasars are effective probes to study the CGM because they are sensitive to low gas (or column) densities around foreground objects and they also reveal the presence of the kinematics of gaseous halos around any type of galaxy, irrespective of their luminosity or star formation rate (SFR; e.g., Bouché et al. 2007, 2012; Turner et al. 2014; Kacprzak et al. 2014; Schroetter et al. 2015, 2016; Muzahid et al. 2015; Rahmani et al. 2018; Mary et al. 2020).
Compared to traditional techniques requiring imaging and expensive spectroscopic campaigns (e.g., Bergeron & Stasinska 1986; Steidel et al. 1995; Nielsen et al. 2013), integral field units (IFUs) combined with background quasars provide the most efficient way to study the properties of gaseous halos surrounding galaxies because they simultaneously yield the redshifts of all galaxies in the field of view, thereby allowing for a rapid identification of absorption-galaxy pairs (e.g., Bouché et al. 2012; Schroetter et al. 2015, 2016, 2019; Zabl et al. 2019; Martin et al. 2019; Muzahid et al. 2020). Wide-field IFUs, for example MUSE (Bacon et al. 2006, 2010, 2015), are especially important given that they can study absorption-galaxy pairs up to 200–300 kpc, going beyond a typical virial radius at intermediate redshifts.
In the past years, several IFU surveys have yielded large samples of absorption-galaxy pairs, such as MUSEQuBES (Muzahid et al. 2020), CUBS (Chen et al. 2020), and MAGG (Lofthouse et al. 2020). In particular, our MUSE GAs FLow and Wind survey (MEGAFLOW) has yielded a sample of more than 100 Mg II absorber-galaxy pairs at 0.4 < z < 1.5 (Bouché et al., in prep.). A clear result from this survey and others (e.g., Bordoloi et al. 2011; Bouché et al. 2012; Kacprzak et al. 2011; Schroetter et al. 2015; Ho et al. 2017; Lan & Fukugita 2017; Lundgren et al. 2021) is that the cool CGM is anisotropic with an excess Mg II absorption along the minor and major axes of star-forming galaxies (SFGs), indicating two physical mechanisms responsible for the Mg II absorption around galaxies, the former being outflows (Schroetter et al. 2016, 2019) and the latter being extended gaseous disks (Zabl et al. 2019). This dichotomy is supported by the absorption kinematics with respect to the host (Schroetter et al. 2019; Zabl et al. 2019; see also Kacprzak et al. 2011; Nielsen et al. 2015; Bordoloi et al. 2011; Martin et al. 2019; Lundgren et al. 2021), and allows one to study the properties of outflows (e.g., kinematics, mass outflow rates).
While numerous studies exist on galactic outflows using traditional spectroscopy (called the “down-the-barrel” technique) (e.g., Genzel et al. 2011; Martin 2005; Heckman et al. 2015), only a few groups have used the background quasar (QSO) technique to put constraints on outflow properties (e.g., outflow velocity): the KBSS survey (Steidel et al. 2014), a galaxy redshift survey around 15 luminous QSOs; the COS-burst survey (Heckman et al. 2017) around 17 low-redshift starburst galaxies; the Keck survey for Mg II halos around 50 z ∼ 0.2 normal SFGs (Martin et al. 2019).
In this paper we focus on the properties (outflow velocity, ejected mass rate, and mass loading factor) of galactic outflows and investigate possible scaling relations with the properties of the host galaxy. The paper is organized as follows. In Sect. 2 we briefly present the MEGAFLOW sample. In Sect. 3 we investigate the different wind properties and compare them with the host galaxy properties, adding other studies in search of possible scaling relations. In Sect. 4 we discuss the possible origin of outflow mechanisms. In Sect. 5 we present the discussion and our conclusions.
Throughout the paper we use a 737 cosmology (H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7) and a Chabrier (2003) stellar initial mass function (IMF).
2. Data
2.1. The MEGAFLOW survey
The MusE GAs FLOw and Wind (MEGAFLOW) survey consists of 22 quasar fields selected to have multiple strong Mg II absorption lines (rest-frame equivalent width [image: equation] Å) in the Zhu & Ménard (2013) catalog based on the Sloan Digital Sky Survey (SDSS; Ross et al. 2012; Alam et al. 2015), which resulted in 79 strong Mg II absorbers1. The survey was designed to study the properties of gas flows surrounding SFGs detected using the Multi-Unit Spectroscopic Explorer (MUSE, Bacon et al. 2010) on the Very Large Telescope (VLT). For each quasar we carried out high-resolution spectroscopic follow-up observations with the Ultraviolet and Visual Echelle Spectrograph (UVES, Dekker et al. 2000).
We refer to Schroetter et al. (2016, hereafter Paper I) for a more detailed understanding of the observational strategy, and to Zabl et al. (2019, hereafter Paper II) for data reduction. In Schroetter et al. (2019, hereafter Paper III), we constrained outflow properties of 27 z ≈ 1 host galaxies; specifically, we constrained the outflow velocity Vout, the mass outflow rate Ṁout and the mass loading factor η = Ṁout/SFR (i.e., the ratio of the mass ejected rate to the SFR). In this paper we address whether these outflow properties follow scaling relations with host galaxy properties (e.g., SFR, stellar mass (M*), redshift).
2.2. Previous studies on galactic winds
In order to augment the results of Paper III with other outflow studies that also used the background quasar technique, here we include (Bouché et al. 2012, hereafter B12), who used a catalog of 11 galaxy-quasar pairs2 from a combination of SDSS, Keck LRIS, and OTA observations; the four wind cases in the SIMPLE sample (Schroetter et al. 2015), which are a combination of VLT/SINFONI and UVES observations; Heckman et al. (2017, hereafter H17), who built the COS-burst catalog containing 17 starburst galaxies selected from the SDSS data release 7 (DR7) and QSOs from the GALEX DR6 catalog; and Martin et al. (2019, hereafter M19), who used a sample of 503 galaxy-quasar pairs at z ≈ 0.2.
To compare wind properties from background quasars to the more common down-the-barrel technique, we also used Heckman et al. (2015, hereafter H15), who used the COS-FUSE and the COS-LBA surveys (Grimes et al. 2009; Alexandroff et al. 2015, respectively), and Perrotta et al. (2023, hereafter P23), who used a sample of 14 starbursts based on the SDSS DR8 catalog. Table 1 summarizes the characteristics of these surveys. As there are many down-the-barrel studies, we chose only those that reported outflow properties, for example the ejected mass outflow rates and mass loading factor. The two down-the-barrel studies H15 and P23 were chosen for the following reasons: they focus on low-redshift galaxies (z < 0.8) and are thus complementary to our z ≈ 1 sample; the stellar mass range probed is similar to ours (log M*/M⊙ ≈ 7 − 12); and the galaxies are starbursting, and are thus complementary to our more normal star-forming galaxies. Table 1 summarizes the general properties of each study. Concerning SFRs of the MEGAFLOW galaxies, Paper III discusses the possible bias between using SED fitting and [O II] emission. Comparing SFRs from different samples, they find that there is no systematic bias between the two methods.
Table 1. 
Summary of other wind studies.

2.3. Sample general properties
To better understand the evolutionary state of the various samples, we show the selected literature galaxy samples and MEGAFLOW+SIMPLE (Schroetter et al. 2015) galaxies relative to the main sequence (MS) between SFR and galaxy stellar mass M* in Fig. 1. In order to account for the redshift evolution, we chose to use the relation derived by Boogaard et al. (2018) and normalized for a redshift z = 0.2. In this figure we clearly see that H15 galaxies are in the high SFR part, close to starburst galaxies, whereas the MEGAFLOW and M19 galaxies appear to be mainly located on the MS at z = 0.2. In Fig. 1 the red symbols represent either starbursts (for P23 and H17) or strong outflow cases (for H15, M19, and Paper III galaxies), as described in Sect. 3.1.
	[image: thumbnail]	Fig. 1. SFR-M⊙ main sequence. The data points are normalized for redshift evolution to z = 0.2. All the SFRs are also corrected to have the same initial mass function (a Chabrier 2003 IMF). The Boogaard et al. (2018) MS relation is represented by the dotted blue line along with its intrinsic scatter of 0.4 dex (gray dashed lines). As described in the text (Sect. 3.1), red (blue) galaxies are considered strong (weak) outflow cases.



3. Results
In order to compare wind studies using background quasars to other types of studies, we first need to establish a common framework. In particular, H15 makes a distinction between strong and weak outflows based on the wind momentum compared to the momentum injection rate from SFR, and extend their formalism to winds probed by background quasars sight-lines.
3.1. Wind formalism
Following H15, in the case of momentum-driven winds where the momentum injection rate ṗ⋆ is supplied by the star-forming or starburst galaxy, the outward force from the momentum injection is countered by gravity. For an outflow to develop, the outward force ought to be greater than gravity, defining a critical momentum injection rate ṗcrit (e.g., H15).
For a cloud outflow model (to be consistent with Bouché et al. 2012 and Schroetter et al. 2015), the outward force is the pressure Pw times the cloud area Ac,
[image: thumbnail](1)
where Ωw is the wind solid angle and r the location of the wind, while the inward gravitational force is
[image: thumbnail](2)
where G is the gravitational constant and [image: equation] the galaxy circular velocity. For a cloud of mass mc and area Ac, the critical momentum flux ṗcrit,c is given by Fw ≥ Fg, or [image: equation], such that, if one writes the cloud mass as mc = Ac(r) Nc(r) ⟨m⟩, where Nc(r) is the cloud column density and ⟨m⟩ is the mean mass per particle, the critical momentum flux is
[image: thumbnail](3)
This critical momentum flux required in order to have a net outward force on an outflowing cloud is [H15]
[image: thumbnail](4)
In other words, winds will only develop when ṗ⋆ > ṗcrit,c.
Comparing this critical momentum flux ṗcrit,c to the momentum injection rate ṗ⋆, which is ṗ⋆ = 4.8 × 1033 SFR dynes, one can distinguish between weak and strong outflows. H15 defined weak winds when 0 < log(ṗ∗/ṗcrit,c) < 1.0 and strong winds when log(ṗ∗/ṗcrit,c) > 1.0. This means that these regimes are the two cases where their momentum flux is higher or lower than ten times the critical momentum flux required to have a net outward force on an outflowing cloud. H15 made this arbitrary limit to where the strong outflow seems to carry a significant amount (on the order of unity) of the momentum flux available from the starburst.
From Eqs. (1) and (2), the equation of motion for such a cloud launched from R0 is (e.g., Murray et al. 2005; Heckman et al. 2015)
[image: thumbnail](5)
[image: thumbnail](6)
where [image: equation] defines the radius at which the velocity peaks at vmax
[image: thumbnail](7)
where Rg/R0 = ṗ⋆/ṗcrit,c(R0) (defined as Rcrit in Heckman et al. 2015).
It should be noted that this formalism makes a number of implicit assumptions. First, it assumes that the potential is that of an isothermal sphere, [image: equation], which implies that vcirc is independent of radius. Second, the expression for the critical momentum injection rate ṗcrit is estimated at r = R0, where R0 is the launch radius. H15 uses R0 = r⋆ = 1 kpc.
In the case of background sight lines, the critical momentum ṗcrit,c is only evaluated at r = b, where b is the impact parameter. However, assuming that outflows are mass conserving (i.e., ρ(r)r2 is constant, such that N(r)r is conserved), then Eq. (3) implies that ṗcrit,c is independent of radius, ṗcrit,c(b) = ṗcrit,c(R0), provided that the circular velocity vcirc is roughly constant.
Following H15, we also looked at a shell model for the outflowing gas4 using the critical momentum injection [image: equation], where the shell mass fraction fs ≡ Ms/M(< r) is ∼0.1. Figure 2 (right) shows that a shell model (Eq. (6) in H15) does not match the data compared to the cloud model shown in the left panel. We thus chose the cloud model as it appears to better describe the data.
	[image: thumbnail]	Fig. 2. Normalized outflow velocity (Vout/Vcirc) as a function of the ratio of the amount of momentum flux supplied by star formation to the value needed to overcome gravity and push the outflowing gas for a cloud model (left) and for a shell model (right). This figure is similar to Fig. 9 in H15. Squares, crosses, triangles, circles, and stars represent respectively the MEGAFLOW, H15, B12, M19, and P23 galaxies. Empty symbols represent down-the-barrel data, whereas filled sybols are from background quasars studies. The left panel, in blue (red), shows the weak (strong) outflows. In the left (right) panel the dashed curve is derived from the equation of motion for a cloud (shell) model (see text). The white squares correspond to less reliable MEGAFLOW outflow properties (for more details, see Schroetter et al. 2019).



Table 2. 
Summary of bootstrap fitting.

3.2. A universal formalism
In order to test this formalism, we first compared the outflow velocity to the wind strengths, which is plotted in Fig. 2. This figure shows the normalized outflow velocity vout/vcirc as a function of log(ṗ∗/ṗcrit,c) ratio for the MEGAFLOW (Paper III), H15, M195, and P23 galaxies for a cloud and a shell model in the left and right panels, respectively. For the galaxies in Paper III, we used [image: equation] where Vmax is the intrinsic galaxy rotational velocity (corrected for the galaxy inclination), while H15 used the observed rotational velocity. Finally, we used the bi-conical shape of our outflows with a cone opening angle of 2θ = 60° because of the azimuthal bi-modality in Mg II (Bordoloi et al. 2011; Bouché et al. 2012; Schroetter et al. 2015; Lundgren et al. 2021). This lead to a downward correction of the H15 estimations of their ejected mass rate6. We also used their updated outflow velocities values (Heckman & Borthakur 2016). In addition, we investigated for a possible correlation between sight-line impact parameter and whether the outflow is classified as strong or weak, but found none.
In Fig. 2 and subsequently, we use blue (red) symbols for weak (strong) outflows when showing MEGAFLOW, H15, M19, and P23 results. In addition, throughout the paper the white squares correspond to galaxies in Paper III where the wind model does not fit the spectra convincingly7. In addition to differentiating between weak and strong outflows in blue and red, respectively, we also use empty markers for the down-the-barrel cases, namely H15 and P23, throughout the paper for a clear distinction between the two methods.
3.3. Wind scaling relations
Because galaxy properties like SFR and mass are thought to be directly linked with properties of galactic winds (e.g., Heckman et al. 2000, 2015; Martin 2005; Hopkins et al. 2012; Newman et al. 2012), we investigate the relations, if any, between outflow properties like their velocity Vout, their ejected mass rate Ṁout, and their loading factor η with these main galaxy properties.
3.3.1. Scaling relations involving Vout
To estimate Vout, one does not necessarily need a background quasar. Many other studies derived outflow velocities with high enough accuracy (±10 − 20%; e.g., Martin 2005; Genzel et al. 2011; Newman et al. 2012; Arribas et al. 2014; Heckman et al. 2015). These studies found a significant, but scattered, correlation between the outflow velocity and galaxy SFRs at low redshift (Heckman et al. 2000, 2015; Martin 2005; Rupke et al. 2005; Martin et al. 2012; Arribas et al. 2014). Martin (2005) derived an upper limit on Vout as a function of SFR. This limit corresponds to the upper envelope of the outflow velocity distribution at a given SFR.
We show in Appendix A that down-the-barrel and background quasar derived outflow velocities give similar outflow speeds Vout, and are therefore comparable. It is also worth mentioning that background quasar measurements are made at larger radii than down-the-barrel measurements, and hence suffer from time travel effects that could obscure correlations with SFR if the SFR varies in time. This effect is discussed in papers II and III and is one of the reasons why only galaxy-quasar pairs that have impact parameters ≤100 kpc were selected in these studies. This reduces the possible effect of the time traveling effect on SFR estimation, but does not remove it completely.
In Fig. 3 we investigate the dependence of Vout on SFR, SFR surface density, ΣSFR, and Vcirc, in the top left, middle, and right panels, respectively. In the left panel, we corrected the SFRs for the redshift evolution of the MS using Boogaard et al. (2018) in order to have all SFRs at the same redshift (z = 0.2 in this case to match H15). The dashed black line represents the upper outflow velocity found by Martin (2005) for a small sample of local galaxies. They found that Vout increases with SFR, and their upper limit seems to underestimate Vout for a given SFR.
	[image: thumbnail]	Fig. 3. Outflow velocity as a function of host galaxy properties. Top left: Vout as a function of SFR for MEGAFLOW and SIMPLE as well as observations from all the samples used in this study. The dashed black line shows a fit (log V = (0.35 ± 0.06)log(SFR)+(1.56 ± 0.13)) from Martin (2005). The errors on the Heckman et al. (2015) observations are 0.2 dex for SFR and 0.05 dex for Vout. Top middle: Vout as a function of ΣSFR for the same surveys as in the left panel. Top right: Vout as a function of S0.5. The red dot-dashed line shows a fit from H16. In these three panels, red (blue) observations correspond to starbursts (SFGs) for P23 or strong (weak) outflows for MEGAFLOW, M19, and H15. Bottom: outflow velocity normalized by the galaxy circular velocity as a function of the specific SFR (SFR/M*), SFR surface density (ΣSFR), and a combination of specific SFR and ΣSFR found in H15 (from left to right).



The red dot-dashed line in the top left and middle panels represents the positive correlation found by H15 and Heckman & Borthakur (2016). The red (blue) line with the shaded area represents our power law fit, which uses a least squares fitting method, of the strong (weak) population, and its error obtained using the bootstrap method on 100 k realizations. We find that the correlation between Vout and the reduced SFR is positive for the strong outflows (Vout ∝ SFR0.6±0.07). For the weak outflows in blue, a weaker correlation can be seen (Vout ∝ SFR0.2±0.09). The bootstrap fitting results are given in Table 2.
There have been disagreements about the existence of a correlation between Vout and SFR surface density (ΣSFR) (e.g., Chen et al. 2010; Rubin et al. 2014; Genzel et al. 2011; Newman et al. 2012). In the top middle panel of Fig. 3, we show the outflow velocity Vout as a function of ΣSFR8. Heckman & Borthakur (2016) found a strong correlation between these two quantities. Adding our observations as well as M19 to their sample confirms this correlation.
We also point out that the H15 ΣSFR are large compared to those of MEGAFLOW galaxies. Figure 1 shows that the H15 galaxies have higher SFRs than the MEGAFLOW galaxies. To check whether the large ΣSFR values of H15 were due to only SFRs or also sizes, Fig. 4 shows the distribution of half-light radius of samples used in this study. We see that the H15 galaxies tend to be much smaller. This contributes to the fact that their ΣSFR values are quite large compared to MEGAFLOW or M19 galaxies. Using the same bootstrap method as for the top left panel of this figure, there is no large difference between strong and weak outflows, [image: equation] and [image: equation], respectively.
	[image: thumbnail]	Fig. 4. Distributions of half-light radius r1/2 for all the samples: MEGAFLOW, SIMPLE, H15, Bouché et al. (2012), M19, Heckman et al. (2017), and P23 in blue, orange, green, red, purple, maroon, and pink, respectively.



The next step is to investigate whether the outflow velocity depends on the host galaxy mass. Following the SFR-M⋆ relation (Fig. 1) and the tendency of Vout to increase with the host galaxy star formation rate, we could expect the outflow velocity to also correlate with the host galaxy mass. However, a more massive galaxy has a deeper gravitational well, and thus it is more difficult for the gas to accelerate. The top right panel of Fig. 3 shows the relation between Vout and S0.5.
For the weak outflows from MEGAFLOW and M19 (in blue), outflow velocities are almost constant at around 100–200 km s−1, while for the strong outflows (red points) Vout indeed strongly correlates with galaxy mass, which confirms the results from H15, represented by the red curve in the top right panel. Using the bootstrap fitting method, we indeed find that strong outflows have a steeper slope with S0.5 ([image: equation]) than in the case for weak outflows ([image: equation]).
To summarize, Vout correlates with SFR and with ΣSFR. Vout also correlates with the host galaxy mass if outflows are strong and is weakly mass-dependent for weak outflows. In other words, we begin to see a difference in outflow properties between weak and strong outflows where strong outflows appear to correlate more strongly with galaxy properties than weak ones. Distinguishing between those two outflow populations allows us to confirm that the formalism of H15 is relevant to SFGs and starbursts.
In order to investigate further the possible scaling relations for the outflow velocity, in the bottom row of Fig. 3 we show Vout normalized by the galaxy circular velocity Vcirc as a function of specific SFR corrected to z = 0.2 (bottom left panel), SFR surface density (ΣSFR) (bottom middle panel), and a combination of specific SFR and ΣSFR (bottom right panel).
One sees that the relative outflow speed Vout/Vcirc is a simple function (perhaps universal) of SFR, or of momentum injection rate (bottom left), and that, as mentioned in H15, there is a possible saturation in normalized outflow velocity when Vout ≈ 4Vcirc above ΣSFR ∼ 10 M⊙ yr−1 kpc−2. This saturation is shown with the horizontal black dashed line in each panel of the bottom row in Fig. 3. We can see that this saturation seems to be the case if we only look at H15 data. However, with the addition of the lower SFR data (MEGAFLOW + M19), this is no longer as convincing. In the bottom panels we also show the bootstrap fits for each outflow population in red and blue lines for strong and weak, respectively. Apart from the normalization of each fit, strong and weak outflows appear to correlate similarly with each quantity. These correlations are less scattered than with SFR, ΣSFR, or M⋆, which we can directly compare with the top row, and there is no clear differentiation between the two outflow populations if we consider them together or independently (as shown by the corresponding correlation coefficients in Table 2).
3.3.2. Scaling relations for Ṁout
We now turn to another fundamental wind property, namely the ejected mass outflow rate Ṁout (and the mass loading factor η ≡ Ṁout/SFR), and investigate possible scaling relations with the properties of the host galaxies. In order to compare the outflow ejection rates Ṁout in Paper III to those in H15, where the mass ejection rate was estimated assuming spherically symmetric outflows with θmax = 4πsr, we scaled their Mout to 60° using, as previously, Vout from Heckman & Borthakur (2016).
For the M19 galaxies, to estimate the mass ejection rate we used the Mg II REW as a proxy to estimate the NH column density (Ménard & Chelouche 2009; Zhu & Ménard 2013). This proxy is only viable for strong Mg II REW, and we thus only selected the galaxies with [image: equation].
As in Fig. 3, the top panel of Fig. 5 shows the mass ejection rate (Ṁout) as a function of SFR corrected to z = 0.2 (left panel), ΣSFR (middle panel), and the galaxy mass (right panel). Regarding the Ṁout-SFR relation, Hopkins et al. (2012) predicted that Ṁout ∝ SFR0.7 (shown as the dashed red line in the left panel), whereas Arribas et al. (2014) observed a steeper index Ṁout ∝ SFR1.11 (shown as a solid black line).
	[image: thumbnail]	Fig. 5. Mass ejection rate and loading factor as a function of galaxy properties. Top: mass ejection rate as a function of star formation rate (left), star formation rate surface density (ΣSFR, middle), and galaxy circular velocity (right, and stellar mass on top x-axis) for both surveys (MEGAFLOW and SIMPLE) as well as observations from B12, H15, M19, and P23. In the left panel, the dashed red line shows the prediction Ṁout ∝ SFR0.7 from Hopkins et al. (2012) and the black line shows Ṁout ∝ SFR1.11 observed by Arribas et al. (2014). The blue dotted line corresponds to a constant mass loading factor Ṁout/SFR of 2. Errors for Heckman et al. (2015) are 0.25 dex for Ṁout and 0.2 dex for SFR and ΣSFR. Bottom: η as a function of SFR (left), ΣSFR (middle), and S0.5 (right) for both surveys (MEGAFLOW and SIMPLE) as well as observations from B12, H15, M19, and P23. In the left panel, the dashed red line shows the prediction η ∝ SFR−0.3 from Hopkins et al. (2012) and the black line shows the fit η ∝ SFR0.11 from Arribas et al. (2014). In the middle panel, the dashed red line shows the prediction [image: equation] from Hopkins et al. (2012) and the black line shows the fit [image: equation] from Arribas et al. (2014). Again, errors for Heckman et al. (2015) are 0.2 dex for SFR (and ΣSFR) and 0.45 dex for η. In the right panel, the dashed dotted black line shows η ∝ V−1 and the solid black line shows η ∝ V−2.



The amount of ejected mass by supernova explosions is directly linked to SFR, which means that it is intuitively expected that SFR correlates with Ṁout. Looking by eye only at weak outflows, there is no obvious correlation, but for strong outflows the correlation between the mass ejection rate and the galaxy SFR appears to be in closer agreement with the Hopkins et al. (2012) predictions than with the observations of Arribas et al. (2014). For Vout we use the bootstrap fitting method to measure the relations between Ṁout and the galaxy properties. In the top left panel of Fig. 5, both strong and weak outflows correlate slightly with SFR and the bootstrap slopes are close to each other, with the strong outflows having a steeper slope than the weak, Ṁout ∝ SFR0.5±0.1 and ∝SFR0.3 ± 0.2 for the strong and weak populations, respectively.
Contrary to the correlation between Vout and ΣSFR, the top middle panel of Fig. 5 shows that there is no correlation between the mass outflow rate and ΣSFR, except perhaps a mild relation, which is confirmed by the bootstrap fitting as [image: equation] for strong and [image: equation] for weak outflows. Similarly, the top right panel of Fig. 5 indicates a weak correlation between the ejected mass rate and S0.5 (and thus its stellar mass) for both strong and weak outflows, albeit also with a large scatter ([image: equation] for the weak populations and [image: equation] for the strong ones).
3.3.3. Scaling relations for η
The last but perhaps the most important parameter concerning galactic outflows is the mass loading factor η (i.e., the ratio of the mass ejection rate Ṁout to the SFR of the galaxy):
[image: thumbnail](8)
if [image: equation]
Depending on the value of α in Eq. (8), we can differentiate three cases: the correlation between η and SFR is positive (α > 1), negative (α < 1), or η can be constant (α = 1). These three possibilities are represented by the lines in top left panel of Fig. 5 with α = 0.7 (Hopkins et al. 2012), α = 1.11 (Arribas et al. 2014), and α = 1 (a constant loading factor η = 2), none of which actually fit the data. If a correlation exists, it has a lower α than Hopkins et al. (2012). According to the result of the bootstrap method in Table 2, α is around 0.4 regardless of outflow strength. Thus, we can argue that if η correlates with SFR, it should be an anti-correlation (α < 1). The bottom left panel of Fig. 5 shows the mass loading factor as a function of SFR. We can see a scattered anti-correlation between these two properties. This confirms that η ∝ SFRα − 1 with α < 1. Our observations are thus in qualitative agreement with the Hopkins et al. (2012) predictions.
As there is no significant difference between weak and strong outflows, we can conclude that the mass loading factor indeed anti-correlates with the galaxy SFR regardless of the galaxy type. Thus, galaxies with high SFR tend to have a lower mass loading factor than galaxies with a lower SFR. We return to the implications of this result in Sect. 4.
As before, we investigate whether the mass loading factor depends on local galaxy properties (such as ΣSFR) or global (such as mass). In the bottom middle panel of Fig. 5, we show η as a function of ΣSFR. Prediction and observations from Hopkins et al. (2012) and Arribas et al. (2014) are represented by red dashed lines and black solid lines, respectively. It appears that there is a clear anti-correlation between η and ΣSFR in the data. The slope of this anti-correlation seems to be the same for strong and weak outflows and the bootstrap fitting gives us the same slope for both populations (≈ − 0.2).
It is worth mentioning that Arribas et al. (2014) and Newman et al. (2012) found that low-z galaxies and high-z galaxies, respectively, require a ΣSFR larger than 1 M⊙ yr−1 kpc−2 for launching strong outflows. This statement is not supported by the MEGAFLOW or the M19 galaxies since the majority of them show outflow signatures and have ΣSFR below 1 M⊙ yr−1 kpc−2, even if we only focus on the strong outflows. As seen in bottom right panel of Fig. 5, the mass loading factor anti-correlates with the galaxy stellar mass. We discuss the implications with regard to the correlation slopes in the next section.
Another aspect about the mass loading factor is its redshift dependence. As there is a peak in star formation density at redshift 2–3 (e.g., Lilly et al. 1996; Madau et al. 1996; Behroozi et al. 2013), if η correlates with SFR, one can expect a correlation between η and redshift. We thus investigated this relation, but found no evident correlation (as compared to Muratov et al. 2015). Figure B.1 in the shows η as a function of redshift for individual cases of each study and shows no apparent correlation. Finally, we find no correlation between η and Vout, in agreement with results from H15.
4. The mechanisms that drive galactic winds
We now use the results shown in the previous section to tackle the question of what mechanisms drive galactic winds out of the galactic disk. To date, two major mechanisms have been identified that could be responsible for driving materials out of the galaxy: energy-driven outflows and momentum-driven outflows (as reviewed in Heckman et al. 2017). The momentum-driven wind scenario considers that the two primary sources of momentum deposition in driving galactic winds are supernovae and radiation pressure from the central starburst. This model assumes that Ṁout/Vout is constant and implies that η must be inversely proportional to Vcirc (i.e., [image: equation]), given that Vout scales as S0.5, and thus as the galaxy circular velocity (e.g., Martin 2005; Oppenheimer & Davé 2006, 2008; Davé et al. 2011; Heckman et al. 2017).
The energy-driven wind model assumes that when stars evolve, they deposit energy into the ISM. The amount of gas blown out of the disk is assumed to be proportional to the total energy released by supernovae and inversely proportional to the escape velocity squared. In the energy-driven scenario, energy conservation implies [image: equation] (e.g., van den Bosch 2002).
In the bottom right panel of Fig. 5, we show the mass loading factor η as a function of galaxy S0.59 (bottom x-axis) and galaxy stellar mass (top x-axis). In addition, we also show η ∝ V−2 (black line in the bottom right panel) in order to see if we could discriminate between the two mechanisms for driving outflows.
If we do not distinguish between weak and strong outflows, we find a scatter anti-correlation between η and S0.5 with a slope of ≈ − 0.9 ± 0.3. This slope value does not allow us to differentiate between momentum and energy-driven scenarios, but points toward a momentum-driven scenario nonetheless. Looking at strong and weak outflow populations individually, we find that the η anti-correlation with the galaxy stellar mass is steeper. We applied the bootstrap method to create 100 k realizations of the weak and strong groups with 39 and 43 data points, respectively, as well as for the combined data; the resulting histogram of the fitted slopes of the loading factor η – S0.5 relation is shown in Fig. 6. We can see that using all the data points, the mass loading factor η ∝ V−0.89 ± 0.25, whereas for each population independently, we find η ∝ V−0.99 ± 0.43 and η ∝ V−1.01 ± 0.24 for weak and strong outflows, respectively. This slope is consistent with the prediction of Hopkins et al. (2012) ([image: equation]) and favors a momentum-driven scenario for galactic outflows.
	[image: thumbnail]	Fig. 6. Histogram of fitted slopes for 100 k bootstrap normalized realizations of weak outflows (blue), strong outflows (green), and the combined samples (red).



5. Summary and conclusions
In this paper we used the results published in Paper III on outflow properties inferred from quasar absorption lines and compared them with other studies reporting mass ejection rates in order to investigate possible scaling relations between outflows and their host galaxy properties. The three main parameters we investigated are the outflow velocity Vout, the mass ejection rate Ṁout, and the mass loading factor η. Those parameters were related to global galaxy properties, for example SFR, stellar mass, and SFR surface density.
We distinguished between two outflow regimes: weak and strong outflows (see Sect. 2.2). These regimes are the two cases where their momentum flux is higher or lower than ten times the critical momentum flux required to have a net outward force on an outflowing cloud (i.e., weak if log(ṗ∗/ṗcrit) < 1.0 and strong if log(ṗ∗/ṗcrit) > 1.0). For each parameter combination we used a bootstrap method in order to estimate the power law slopes of the relations between these properties. The two regimes show different behaviors, which can be summarize as follows:

	
The outflow velocity correlates with SFR, ΣSFR, and S0.5 and shows stronger correlations for the strong outflow population. In particular, Vout exceeds the upper limit of Martin (2005) concerning its correlation with SFR.



	
The mass ejection rate Ṁout correlates, as the outflow velocity, with the three galaxy properties for both populations, but the strong outflows does not clearly correlate with SFR surface density.



	
The mass loading factor anti-correlates with SFR, ΣSFR, and S0.5 for both populations. However, η is apparently not redshift dependent. The details of the different slopes are summarized in Table 2.



	
We also find that the galaxy does not need ΣSFR > 1 M⊙ yr−1 kpc−2 in order to be able to launch material out of the galactic disk.



	
In addition, we addressed the question of which mechanism is dominant and/or responsible for launching outflows. According to the bottom right panel of Fig. 5, we find that both weak and strong outflows point toward a momentum-driven scenario as the coefficient found for both populations is close to η ∝ V−1 with η ∝ V−1.01 ± 0.24 and η ∝ V−0.99 ± 0.43. This result needs to be confirmed with additional and more accurate results, but it shows that the mechanism responsible for launching the gas tends to be the same for the strong and weak outflow regimes.




In conclusion, using a bootstrap method on all galaxies and for the two regimes individually, we find that one needs to differentiate between strong and weak outflows as the two regimes have different behaviors. This differentiation is thus important to understand the role of galactic outflows in galaxy formation and evolution. We compared outflow properties derived from quasar absorption line and down-the-barrel methods and showed that a universal formalism can be used for outflows regardless of the method used. We mentioned that the background quasar line method has larger impact parameter than down-the-barrel and can suffer from time travel effects that could obscure correlation with SFR if the SFR varies during the time needed for the gas to get from the galaxy to the quasar line of sight. As this effect is discussed in the previous papers (papers I and III), we did not develop this effect here, but are aware that it may have an effect on results implying SFRs. Some results on properties like mass loading factors or mass ejection rates have order of magnitude uncertainties and are more indicative than accurate, but allowed us to nonetheless draw some conclusions using a bootstrap fitting method. Using the MEGAFLOW results on outflow properties and differentiating between weak and strong outflows, we confirm scaling relations as well as open new paths in the understanding of galactic winds properties and thus the evolution and formation of galaxies. Accuracy is essential in order to obtain the correct answers to these scaling relations, especially concerning wind properties like the mass outflow rate and mass loading factor. The background source method would greatly benefit from an accurate estimation of the hydrogen column density to be able to estimate lower column densities that can be inferred from Mg II absorption. Therefore, future observations are still needed. The James Webb Space Telescope allows higher redshift outflow studies and will provide many more outflow cases.


1 79 absorbers in DR1 of MEGAFLOW, with now up to 127, which constitutes DR2.


2 Five of these pairs are in a configuration for wind studies.


3 Thirty of these galaxies have Mg II velocities, of which only 16 have an azimuthal angle with their quasar suitable for wind studies.


4 The shell wind model assumes that the outward force p⋆ is greater than the shell gravity [image: equation] for a shell mass Ms at radius rs.


5 For M19 systems we only use those with a REW [image: equation] larger than 0.5 Å in order to match the MEGAFLOW sample selection and have a consistent estimation of the hydrogen column density, which reduces the number of galaxies from 16 to 8 for this sample.


6 To get from a spherical to a bi-conical outflow with opening angles of 60° geometry, the reduction is approximately 8.


7 The reasons for each case are described in Paper III, one of the main reasons is that the absorption system has multiple components, and thus is too complex to be reproduced by the simple wind model as the absorption most likely is a combination of multiple galaxy contributions.


8 Since ΣSFR is correlated by the galaxy size, which is correlated with M*, we thus do not normalize for redshift evolution for this quantity.


9 We chose S0.5 as we used this parameter to derive galaxy stellar masses. It is more appropriate to use this factor than the maximum rotation velocity as some of our galaxies are dispersion-dominated.
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Appendix A:  Measuring outflow speeds
To estimate the outflow velocity, there are differences between the background quasar method and galaxy absorption method (known as the down-the-barrel method). The main difference is the background object. For quasar sightlines, it is known that the probed gas is likely to be in the CGM, while for galaxies (down-the-barrel) the gas can be anywhere in the CGM or IGM toward the observer. A background quasar also gives the location of the absorbing gas, namely the impact parameter, whereas absorption in a galaxy spectrum does not provide such information and is usually assumed to be several kiloparsec from the host galaxy.
In addition to this difference, the outflow absorption profile is different. In H15 the observer looks directly at the galaxy. The outflowing gas ejected from this galaxy is moving toward the observer. Thus, this gas gives rise to blueshifted absorption in the galaxy spectrum. In order to see this blueshifted absorption, the host galaxy needs to have a low inclination (to be close to a face-on configuration). Using a background quasar, the outflow absorption can be either blue- or redshifted with respect to the host galaxy systemic redshift. In addition, host galaxies are selected to be not face-on. The host galaxies selected in Paper III needed to have an inclination i ≥ 35° for low position angle uncertainties.
To assess these differences, and thus confirm that we obtain similar results for the outflow velocity using our wind model, we first needed to create a configuration similar to the H15 method, namely a down-the-barrel configuration. We then created a wind model for this specific geometry. For a face-on galaxy, H15 used the outflow velocity value corresponding to 80 − 90% of the blue-shifted absorption produced by the outflowing gas. This value will give the outflow velocity Vout, 90. This Vout, 90 was then corrected in Heckman & Borthakur (2016) to have the maximum outflow velocity of the gas. This maximum outflow velocity corresponds to our definition of Vout. We thus tried to see whether the Vout derived by H15 is similar to the value we derived from our wind model.
The aim was to see if we could reproduce the blueshifted absorption shape of their data seen in Fig. 1 of their paper, and also where Vout ends up. We created a wind model of a galaxy with an inclination of i = 0°, azimuthal angle of 90°, and an impact parameter b of 0 kpc.
This model is shown in Fig. A.1. The top left panel of this figure is a representation of the sky plane of the face-on galaxy with the outflowing cone directed toward the observer. The top right panel represents a side view of the system, showing the line of sight in orange crossing the outflowing cone from right to left. Since the line of sight crosses all the way from the galaxy to the outer part of the cone, we created an accelerated wind model (tracing the accelerating part of the outflow; this model is described in Schroetter et al. 2015). This accelerated wind model changes the asymmetry of the profile as there are more clouds with lower velocity close to the galaxy.
	[image: thumbnail]	Fig. A.1. Wind model using a similar configuration to that used in H15. Top left: Sky plane representation of the system. The dashed black circle corresponds to the face-on galaxy. The black circles represent the outflowing cone and the red dot represents the center of the line of sight crossing the outflowing cone. Top right: Side view of the system. The galaxy is represented on the right as a dashed vertical line, the outflowing cone as the vertical black lines going to the left. The line of sight is represented by the red filled rectangle crossing the outflowing cone. Bottom: Resulting simulated absorption profile. The vertical red dashed line represents the outflow velocity used as input for this wind model. The simulated profile was convolved with the resolution used in H15 (∼75km s−1 FWHM).



The bottom panel of Fig. A.1 shows the resulting absorption profile of this configuration. The red vertical dashed line represents the input Vout. We see that this outflowing velocity corresponds to the furthest part of the blueshifted absorption. This is in agreement with the Vout derived by H15, corrected in Heckman & Borthakur (2016). We can thus directly compare our results with those of H15. Even if we did not include galaxies from Arribas et al. (2014) we still considered the relations they found to see if there are significant differences between SFGs and Ultra/Luminous infrared galaxies outflow properties.
Martin et al. (2019) used the background quasar method for the galaxies in their sample, and thus we can easily derive their outflow velocities. For their galaxies, we used the maximum velocity offsets (blue- or red-shifted) of the Mg II absorptions seen in background quasars as projected outflow velocities. Then, using the inclination derived in their study and a cone opening angle of 30°, we obtained the estimated outflow velocities Vout. From these outflow velocities, impact parameters, and [image: equation], we estimated the mass outflow rates Ṁout using Eq. (5) of Schroetter et al. (2015). Then, mass loading factors η were estimated using SFRs. Since their SFRs were derived using the M19 main sequence figure, we emphasize that their results are more indicative than accurate.
For the P23 outflow velocities, as for M19, we assumed the outflow velocity to be the maximum Mg II absorption velocity offsets. We note that they also have Fe II absorption velocities, but for consistency we chose to only use the Mg II values since we do the same for background quasars. P23 also already have ejected mass outflow rater for the bi-conical outflow geometry and for the corresponding loading factors, and we thus did not need to re-estimate them.

Appendix B:  Mass loading factor redshift evolution
Figure B.1 shows the mass loading factor as a function of host galaxy redshift. As mentioned in the text, there is no apparent correlation between the mass loading factor and the host galaxy redshift.
	[image: thumbnail]	Fig. B.1. Mass loading factor as a function of host galaxy redshift. All points are individual results of both η and redshift from the studies mentioned in the legend.




Appendix C:  Outflow velocity versus impact parameter
Figure C.1 shows the outflow velocity as a function of impact parameter for background source studies. As mentioned in the text, there is no apparent correlation between these parameters.
	[image: thumbnail]	Fig. C.1. Outflow velocity as a function of the impact parameter for background sources studies.




Appendix D:  Galaxy properties
The following tables list all the galaxy properties used in this paper in order to be able to reproduce the results.
Table D.1. 
Summary of galaxy properties.

Table D.2. 
Summary of galaxy properties continued.
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All Figures
	[image: thumbnail]	Fig. 1. SFR-M⊙ main sequence. The data points are normalized for redshift evolution to z = 0.2. All the SFRs are also corrected to have the same initial mass function (a Chabrier 2003 IMF). The Boogaard et al. (2018) MS relation is represented by the dotted blue line along with its intrinsic scatter of 0.4 dex (gray dashed lines). As described in the text (Sect. 3.1), red (blue) galaxies are considered strong (weak) outflow cases.
In the text



	[image: thumbnail]	Fig. 2. Normalized outflow velocity (Vout/Vcirc) as a function of the ratio of the amount of momentum flux supplied by star formation to the value needed to overcome gravity and push the outflowing gas for a cloud model (left) and for a shell model (right). This figure is similar to Fig. 9 in H15. Squares, crosses, triangles, circles, and stars represent respectively the MEGAFLOW, H15, B12, M19, and P23 galaxies. Empty symbols represent down-the-barrel data, whereas filled sybols are from background quasars studies. The left panel, in blue (red), shows the weak (strong) outflows. In the left (right) panel the dashed curve is derived from the equation of motion for a cloud (shell) model (see text). The white squares correspond to less reliable MEGAFLOW outflow properties (for more details, see Schroetter et al. 2019).
In the text



	[image: thumbnail]	Fig. 3. Outflow velocity as a function of host galaxy properties. Top left: Vout as a function of SFR for MEGAFLOW and SIMPLE as well as observations from all the samples used in this study. The dashed black line shows a fit (log V = (0.35 ± 0.06)log(SFR)+(1.56 ± 0.13)) from Martin (2005). The errors on the Heckman et al. (2015) observations are 0.2 dex for SFR and 0.05 dex for Vout. Top middle: Vout as a function of ΣSFR for the same surveys as in the left panel. Top right: Vout as a function of S0.5. The red dot-dashed line shows a fit from H16. In these three panels, red (blue) observations correspond to starbursts (SFGs) for P23 or strong (weak) outflows for MEGAFLOW, M19, and H15. Bottom: outflow velocity normalized by the galaxy circular velocity as a function of the specific SFR (SFR/M*), SFR surface density (ΣSFR), and a combination of specific SFR and ΣSFR found in H15 (from left to right).
In the text



	[image: thumbnail]	Fig. 4. Distributions of half-light radius r1/2 for all the samples: MEGAFLOW, SIMPLE, H15, Bouché et al. (2012), M19, Heckman et al. (2017), and P23 in blue, orange, green, red, purple, maroon, and pink, respectively.
In the text



	[image: thumbnail]	Fig. 5. Mass ejection rate and loading factor as a function of galaxy properties. Top: mass ejection rate as a function of star formation rate (left), star formation rate surface density (ΣSFR, middle), and galaxy circular velocity (right, and stellar mass on top x-axis) for both surveys (MEGAFLOW and SIMPLE) as well as observations from B12, H15, M19, and P23. In the left panel, the dashed red line shows the prediction Ṁout ∝ SFR0.7 from Hopkins et al. (2012) and the black line shows Ṁout ∝ SFR1.11 observed by Arribas et al. (2014). The blue dotted line corresponds to a constant mass loading factor Ṁout/SFR of 2. Errors for Heckman et al. (2015) are 0.25 dex for Ṁout and 0.2 dex for SFR and ΣSFR. Bottom: η as a function of SFR (left), ΣSFR (middle), and S0.5 (right) for both surveys (MEGAFLOW and SIMPLE) as well as observations from B12, H15, M19, and P23. In the left panel, the dashed red line shows the prediction η ∝ SFR−0.3 from Hopkins et al. (2012) and the black line shows the fit η ∝ SFR0.11 from Arribas et al. (2014). In the middle panel, the dashed red line shows the prediction [image: equation] from Hopkins et al. (2012) and the black line shows the fit [image: equation] from Arribas et al. (2014). Again, errors for Heckman et al. (2015) are 0.2 dex for SFR (and ΣSFR) and 0.45 dex for η. In the right panel, the dashed dotted black line shows η ∝ V−1 and the solid black line shows η ∝ V−2.
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	[image: thumbnail]	Fig. 6. Histogram of fitted slopes for 100 k bootstrap normalized realizations of weak outflows (blue), strong outflows (green), and the combined samples (red).
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	[image: thumbnail]	Fig. A.1. Wind model using a similar configuration to that used in H15. Top left: Sky plane representation of the system. The dashed black circle corresponds to the face-on galaxy. The black circles represent the outflowing cone and the red dot represents the center of the line of sight crossing the outflowing cone. Top right: Side view of the system. The galaxy is represented on the right as a dashed vertical line, the outflowing cone as the vertical black lines going to the left. The line of sight is represented by the red filled rectangle crossing the outflowing cone. Bottom: Resulting simulated absorption profile. The vertical red dashed line represents the outflow velocity used as input for this wind model. The simulated profile was convolved with the resolution used in H15 (∼75km s−1 FWHM).
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	[image: thumbnail]	Fig. B.1. Mass loading factor as a function of host galaxy redshift. All points are individual results of both η and redshift from the studies mentioned in the legend.
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	[image: thumbnail]	Fig. C.1. Outflow velocity as a function of the impact parameter for background sources studies.
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        Wind model using a similar configuration to that used in H15. Top left: Sky plane representation of the system. The dashed black circle corresponds to the face-on galaxy. The black circles represent the outflowing cone and the red dot represents the center of the line of sight crossing the outflowing cone. Top right: Side view of the system. The galaxy is represented on the right as a dashed vertical line, the outflowing cone as the vertical black lines going to the left. The line of sight is represented by the red filled rectangle crossing the outflowing cone. Bottom: Resulting simulated absorption profile. The vertical red dashed line represents the outflow velocity used as input for this wind model. The simulated profile was convolved with the resolution used in H15 (∼75km s−1 FWHM).

      

    

  