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Abstract

:

Galactic feedback (i.e., outflows) plays a fundamental role in regulating galaxy formation and evolution. We investigate the physical properties of galactic outflows in a sample of 29 local low-metallicity dwarf galaxies drawn from the Dwarf Galaxy Survey. We make use of Herschel/PACS archival data to detect outflows in the broad wings of observed [CII] 158 μm line profiles. We detect outflowing gas in 1/3 of the sample, and in the average galaxy population through line stacking. We find typical mass-loading factors (i.e., outflow efficiencies) of the order of unity. Outflow velocities are larger than the velocities required from gas to escape the gravitational potential of our targets, suggesting that a significant amount of gas and dust is brought out of their halos. Our results will be used as input for chemical models, posing new constraints on the processes of dust production/destruction in the interstellar medium of galaxies.
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1. Introduction


Galactic winds can originate both from stellar processes and active galactic nuclei (AGNs), being of key importance in regulating the formation and evolution of their host galaxies across cosmic time. Nearby dwarf galaxies are very sensitive to such feedback, thus representing the perfect target for a detailed investigation of galactic outflows and their impact on galaxy evolution. One of the most widespread techniques used to characterize outflows at different redshifts consists of decomposing emission line profiles into a narrow and broad Gaussian components, which are supposed to trace the virial motion of stars in the galaxies and the outflowing gas, respectively. This method has been successfully applied to the [CII] line at 158 μm rest-frame, one of the strongest fine-structure lines in the far-infrared (FIR) spectra of star-forming galaxies (SFGs; e.g., [1]), resulting in the detection of high-velocity outflows in high-z luminous quasars, and in normal SFGs at   z > 4   via stacking [2,3] thanks to IRAM and ALMA observations, respectively. Herschel data have been used to trace atomic (and possibly molecular) outflows in the broad [CII] wings of local ultra-luminous infrared galaxies (ULIRGs; [4]) as well.



We here investigate the importance of stellar feedback in the evolution of galaxies by constraining the efficiency of galactic outflows in local dwarf sources. We make use of archival spectroscopic [CII] observations as collected by Herschel/PACS in the sample of local dwarf galaxies drawn from the Dwarf Galaxy Survey (DGS; [5]). We derive the physical properties of outflows in these sources, in order to to characterize their origin, efficiency, and impact on the interstellar medium (ISM) and environment of their host galaxies. Our results are suitable for tuning state-of-the-art chemical evolution models (e.g., [6]) which attempt to reproduce the processes shaping the evolution of galaxies across cosmic times.



Throughout this work, we adopt a   Λ −  CDM cosmology with    H 0  = 70  km   s  − 1     Mpc  − 1    ,    Ω m  = 0.3   and    Ω Λ  = 0.7  . Section 2 presents the data and the methods used to identify galactic outflows. In Section 3, we discuss the major results obtained. Summary and conclusions are reported in Section 4.




2. Methods


The DGS survey undertake Herschel observations of 48 low-metallicity dwarf galaxies (log(   M *  /  M ⊙   ) ∼ 6 − 10   ) in the local Universe (  D ≲ 200  Mpc  ). The original sample is composed of 37 compact objects and 11 extended sources. The latter were excluded from this analysis as they were covered only partially by the PACS spectrograph. Moreover, two other sources were dropped from the PACS spectroscopy program because of time constraints [7]. We thus downloaded Herschel archival data cubes of [CII] emission for the resulting 35 galaxies. We used the Herschel Interactive Processing Environment (HIPE; [8]), version 15.0.1, on the cubes to extract the best spectrum (with the largest flux and a highest signal-to-noise) for each source. We further avoided 6 objects because their [CII] spectra were too noisy to be analyzed, ending up with a final sample of 29 galaxies. We examined the continuum-subtracted spectrum of each of these sources by fitting it with a single and double Gaussian profile (including in the latter a narrow and broad component), and by looking for an excess of emission in the high-velocity tails of the corresponding residuals. We compared the reduced   χ 2   of the fit with the single (  χ single 2  ) and double (  χ double 2  ) Gaussian profiles, considering the presence of the possible outflow component only when    χ double 2  <  χ single 2   . We found that 11 out of 29 galaxies show clear signs of outflowing gas as traced by the [CII] emission, while in the remaining sources the outflow (if present) is too faint to be individually detected. The physical parameters of the sources in our sample were retrieved by fitting their spectral energy distributions with the Code Investigating Galaxy Emission (CIGALE; [9,10,11]), which placed them (within the uncertainties) along the main-sequence of star-forming galaxies (e.g., [12]) in the local universe.



Individual and Average Outflow Properties


The 11 galaxies with individual outflow detections show a significant residual emission at velocities of   ± 400  km   s  − 1     when modeling their [CII] spectra with a single Gaussian component. These residuals can be reduced to the noise level by adding a broad component to the fit, thus highlighting the presence of outflowing gas. We computed the [CII] luminosity of both components by following [13], as


   L  [ CII ]   = 1.04 ×  10  − 3     S  [ CII ]     Δ v   D L     (  z  [ CII ]   )  2    ν  o b s     [  L ⊙  ]  ,  



(1)




where    S  [ CII ]    Δ v   is the velocity-integrated line flux in units of Jy km s    − 1   ,   ν  o b s    is the observed peak frequency in Gigahertz, and   D L   is the luminosity distance in Mpc at the redshift derived from the centroid of the single Gaussian fit of the [CII] line (i.e.,    z  [ CII ]    ).



To obtain the average outflow properties of our galaxy sample we performed a stacking of their [CII] spectra. First, we used the computed    z  [ CII ]     to align each continuum-subtracted spectrum to the [CII] rest-frame frequency. Then, we proceeded with a variance-weighted stacking as


   S stack  =    ∑  i = 1  N   S i  ·  w i     ∑  i = 1  N   w i    ,  



(2)




where   S i   is the [CII] spectrum of the i-th galaxy, N is the number of stacked sources, and    w i  = 1 /  σ i 2    is the weighting factor (with   σ i   the noise associated to each spectrum). We show in Figure 1 (left panel) the result of this procedure. We again fitted the stacked spectrum with both a single and double Gaussian profile, comparing the corresponding reduced   χ 2   and residuals. The spectrum shows clear signs of broad wings at velocities ±∼400 km s    − 1    as evidenced by the corresponding large residuals obtained by using a single Gaussian function to fit the line profile. We also repeated the stacking by only including those sources with no individual outflow detection. This latter stacking is displayed in Figure 1 (right panel), where the spectrum is still affected by broad wings in its high-velocity tails, although they appear weaker than those found by stacking the whole sample. Once more, for both spectra, we estimated the [CII] luminosity of the broad components through Equation (1).



Finally, we characterized the average spatial extent of the atomic outflows in our galaxies by spatially stacking their [CII] cubes. As performed for the spectral stacking, we aligned the spectral axes of each continuum-subtracted cube to the [CII] rest-frame emission. Then, we also spatially aligned the cubes by centering them on the peak of the corresponding [CII] intensity map produced by summing the fluxes from the spectral channels including the emission line. We used a variance-weighted stacking as in Equation (2), where  σ  is now the spatial rms estimated in each channel of the cube in regions free of emission. We produced velocity-integrated [CII] maps of the wings at [−500, −250] and [250; 500] km s    − 1   , and added the two maps together to obtain the total outflow emission. We thus fitted a 2D Gaussian function to the total intensity map of the wings obtaining the outflow circularized effective radius as    R out  =   a b    , where a and b are the best-fit beam-deconvolved semi-major and semi-minor axis of the Gaussian, respectively. We found    R out  = 0.99 ± 0.39   kpc.





3. Results and Discussion


3.1. Outflow Efficiency


A fundamental parameter for characterizing galactic outflows and their impact on the evolution of their host galaxies is the so-called mass-loading factor, i.e., the ratio between the rate of gas mass expelled out of the galaxy and the rate of star formation (  η =   M ˙  out   /SFR). This quantity represents an estimate of the outflow efficiency and it is a key ingredient for simulations trying to explain the baryon cycle in galaxies. Following [14], we used the [CII] luminosity of the broad component (both for individual outflow detections and stacked spectra) to estimate the mass of the outflowing atomic gas, which is needed to compute the mass outflow rate as


    M ˙  out  =    v out  ×  M out    R out   ,  



(3)




where    v out  = F W H  M broad  / 2 +  |  v broad  −  v narrow  |    is the outflow velocity (with   F W H  M broad    the full width at half maximum of the broad component, while   v broad   and   v narrow   the velocity peaks of the broad and narrow components, respectively), and   R out   is the outflow radius.



We show in Figure 2 (left panel) the atomic outflow rate as a function of the SFR as obtained from the spectral stacking of our galaxies and from individual detections of the broad component. We also report the best-fit relations between molecular outflow rate and SFR for both local AGNs and starburst/SFGs as found by [15]. Most of our galaxies lie along the 1:1 relation with an average mass-loading factor   η ∼ 1.3  . However, we note that if all the phases (atomic, ionized, molecular) of the ISM would contribute equally to the outflow rate (e.g., [15]), we could obtain an average outflow efficiency three times larger than estimated (i.e.,   η ≳ 3  ). From the stacking of the whole sample (of the galaxies with non-detected outflows) we found similar results, that is   η = 0.97   (  η = 1.76  ). By fitting the individual outflow detections we obtained   log  (   M ˙  out  )  = 1.13  log  (  SFR  [ CII ]   )  + 0.05  , with the slope in agreement with that found by [15] for local SFGs, although closer to the 1:1 relation. Furthermore, we compare our results to those found at high redshift by [3,16], who took advantage of [CII] emission detected in SFGs at   4 < z < 6  . Both results are in good agreement with our findings, suggesting that similar feedback mechanisms could be in place in this kind of galaxies.




3.2. Outflow Escaping Velocity


We computed the escape velocities (  v esc  ) needed by outflows to escape the gravitational potential of their host galaxies, as


   v  e s c    ( r )  =   2 | Φ ( r ) |   =     2  M  h a l o   G   r ( ln ( 1 + c ) − c / ( 1 + c ) )   ln  ( 1 + r /  r s  )    ,  



(4)




where G is the gravitational constant, c is the concentration parameter,   M  h a l o    is the mass of the halo, and    r s  =  r  h a l o   / c   is the characteristic radius, with   r  h a l o    as the virial radius. Here, the halo mass was obtained from the stellar mass of the corresponding galaxy through abundance matching techniques, while the virial radius is defined as


   r  h a l o   =     3  M  h a l o     4 π  200   ρ  c r i t , 0       1 / 3   ,  



(5)




with   ρ  c r i t , 0    being the present critical density. In Figure 2 (right panel), we show the velocity of the outflow as a function of the escape velocity for each galaxy with individual outflow detection. As a comparison, we display the results by [17] for ionized outflows in a sample of ∼40 local starbursts, and by [18] from Keck spectroscopy of local dwarf galaxies (including AGNs and SFGs). The most massive galaxies (i.e.,   log (  M *  /  M ⊙  ) ≳ 10  ) lie below the 1:1 relation at large escape velocities, implying that outflows in these sources (at least from the ionized phase) are not able to expel material outside of their dark matter halos. On the contrary, all of our sources are close or above the relation, with outflow velocities higher than (or comparable to) the escape ones, in agreement with the results for local dwarf galaxies by [18]. This suggests that galactic outflows in these objects are able to bring material at least in their circumgalactic medium (CGM), having a significant impact on their baryon cycle.





4. Conclusions


In this paper, we investigate the impact of galactic outflows in the evolution of local low-metallicity dwarf galaxies drawn from the DGS survey. In particular, we take advantage of Herschel observations of their [CII] emission to study how galactic winds affect their hosts. We found clear evidence of outflowing gas in 1/3 of our sample, with an average mass-loading factor consistent with unity (although this could be three times larger if we account for the ionized and molecular ISM phases, which are not traced by the [CII] emission). We then estimated the escape velocities needed by outflows to bring the gas outside of the galaxies. We found that, for all our galaxies, outflows are fast enough to expel material into the CGM of their hosts, where the gas can be later re-accreted by galaxies as fuel for new star formation, or it can become unbound from their gravitational potential enriching the intergalactic medium. Our results could be used for tuning chemical evolution models trying to reproduce observational properties of both local and distant galaxies, thus providing a more robust characterization of the physical processes shaping their evolution across cosmic time. However, a more in-depth investigation is needed in order to provide a complete picture of feedback effect in local galaxies. Future observations will allow us to enlarge our current sample with ionized and molecular data, gaining a complete description of all the outflow phases affecting the ISM and external environment of galaxies.
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Figure 1. Left: Stacked variance-weighted [CII] spectrum (black histogram) of the whole sample as a function of velocity. The blue (pink) line represents the fit with a single (double) Gaussian function. The green and orange lines are the narrow and broad components of the double Gaussian, respectively. The FWHM of both components and the corresponding reduced   χ 2   are also shown in the figure. A zoom-in of the spectral region dominated by outflows is shown as an inset plot on the right. The bottom panel reports the residuals from the single and double Gaussian functions. The dotted horizontal line marks the zero level, while the shaded area represents the noise of each spectrum at   ± 1 σ  . Right: same as left panel, but for the stacking of only the sources with non-detected outflows. 
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Figure 2. Left: Atomic outflow rate as a function of the SFR, for both individual detections of broad wings (circles) and from line stacking of the whole sample and of the sources with non-detected outflow (big and small squares, respectively). The pink and violet lines are the best-fit relations between molecular outflow rate and SFR for local AGN hosts and star-forming/starburst galaxies by [15], while the shaded regions are the corresponding uncertainties. The solid grey line with the shaded area represent a linear fit to the DGS galaxies with individual outflow detections and its uncertainty, respectively. The dashed line reports the 1:1 relation. We also show the results from [CII] stacking of   z ≳ 5   SFGs by [16] (hexagon) and [3] (diamond). All markers are color-coded for their mass-loading factors. Right: Relation between the outflow velocity and the escape velocity. Galaxies of our sample with individual outflow detections are shown as circles. Local starbursts are represented by hexagons [17]. Nearby dwarf galaxies, including AGNs, star forming and composite galaxies, are shown as squares, stars, and pentagons, respectively [18]. The dashed line reports the 1:1 relation. All data are color-coded for their stellar mass. 
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