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Abstract

The study of ionized gas kinematics in high-z active galaxies plays a key part in our understanding of galactic evolution, in an age where nuclear activity was widespread and star formation close to its peak. We present a study of TXS 0952−217, a radio galaxy at z = 2.95, using VLT/MUSE integral field optical spectroscopy as part of a project aimed studying of the properties of ionized gas in high redshift radio galaxies (HzRGs). The Lyα line profile of this object presents various emission and absorption components. By utilizing Voronoi binning, we obtained a comprehensive map of the kinematic properties of these components. These observations revealed the presence of a redshifted, high velocity (v ∼ 500 km s−1) bipolar structure of Lyα emission, most likely corresponding to an outflow of ionized gas. The outflow extends beyond the compact radio source on both sides, with a total size of ∼21 kpc. Its kinetic power (1042.1 erg s−1) is about five orders of magnitude smaller than its radio power. Additional ionized lines, including HeIIλ1640, CIVλ1550 and CIII]λ1908 were detected and their line flux ratios determined. The presence of HeII allowed for a precise redshift measurement (z = 2.945 ± 0.002). Along with the recent discovery of a similar structure in TN J1049−1258, another HzRG, it displays the feasibility of using Lyα as a tracer of outflowing gas in high redshift sources, and particularly so when supported by non-resonant ionized lines such as HeII, which allow for accurate redshift and velocity measurements.
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1. Introduction
The majority of Lyα (1215.67 Å) radiation in galaxies is emitted by ionized hydrogen atoms undergoing recombination, as the electron cascades down to lower energy levels (Cantalupo 2017). Among the possible sources of ionization are both active galactic nuclei (AGN) and populations of young, massive stars. Consequently, star-forming galaxies that host nuclear activity are some of the brightest Lyα emitters. The Lyα emission line is now routinely utilized to study high-redshift objects as it falls in the optical band, allowing for deep ground-based observations, either through spectroscopy or narrowband imaging.
Lyα has also been observed to form very large extended structures around active high redshift galaxies (Cantalupo et al. 2014; Borisova et al. 2016), with sizes of up to hundreds of kiloparsecs, in both diffuse halos and cosmic-scale filaments of gas. Photons emitted in Lyα originated from the dense ionized gas (Prochaska et al. 2013; Finley et al. 2014) surrounding these active galaxies, enable the observation of these gargantuan structures through fluorescent emission, probing deeper than other lines thanks to its intrinsic brightness (Hayes 2015).
Integral field units, and in particular the Multi Unit Spectroscopic Explorer (MUSE) at the Very Large Telescope (VLT) and the Keck Cosmic Web Imager (KCWI) at Keck II, have enabled the systematic search and characterization of these high-redshift Lyα nebulae around AGN, from z ∼ 2 onward in the case of KCWI (e.g., Cai et al. 2019) and from z ∼ 3 in the case of MUSE (e.g., Arrigoni-Battaia et al. 2018). The nebulae appear to be brighter and more extended at higher redshifts, possibly due to a decrease in the cool-to-warm ionized gas mass ratio with cosmic age.
In galaxies themselves, however, the physical processes underlying this emission result in a complex line profile that is difficult to fully interpret in terms of its relation to the physical and kinematic state of the emitting gas. Lyα photons are scattered due to both the large cross-section of interaction with neutral hydrogen and the ubiquity of this element, increasing the optical path length these photons must travel to escape the galaxies they originate from. As the path length increases, so do the chances of these photons interacting with dust grains, which will re-emit this energy in the infrared range and strongly influence the amount of Lyα radiation that can escape from a given galaxy.
As a result of the aforementioned resonance, the outgoing Lyα emission has a complex line profile usually characterized by a bright emission component and fainter bumps at shorter wavelengths. This asymmetry affects the centroid of the line, resulting in a displacement of the measured central wavelength and discrepancies with other nonresonant ionized lines: redshift measurements based on Lyα have been found to be offset by an average of ∼400 km s−1 when compared to nebular lines (Steidel et al. 2010). Additionally, gas kinematics such as those stemming from outflowing winds can yield line profiles with multiple peaks and absorption troughs (see Verhamme et al. 2006; Behrens et al. 2014; Gronke et al. 2015, 2017, and references therein for various models and numerical simulations of the radiative transfer of Lyα).
Nonetheless, the Lyα emission properties in high-redshift AGN have been a topic of recent study, with deep integral field observations enabling the detection of large-scale ionized gas kinematic signatures originating from outflowing gas, accretion flows, and cool HI absorbers, among other phenomena (Swinbank et al. 2015; Silva et al. 2017; Arrigoni Battaia et al. 2019; Travascio et al. 2020; Wang et al. 2021, 2023, 2024; Lau et al. 2022). These studies have observed the effect AGN have on the Lyα nebulae surrounding their host galaxies, as well as the enrichment of the intergalactic medium traced by metallic emission and absorption lines, such as HeIIλ1640 and CIVλ1550.
One of the strongest pieces of evidence highlighting the influence AGN can have on their host galaxies are galactic-scale outflows, driven by radiation pressure and/or relativistic jets. They have been postulated as the mechanism through which active galaxies regulate star formation and interact with their environment (feedback). It has been hypothesized that all galaxies undergo short, recurring phases of nuclear activity (e.g., Schawinski et al. 2015) that lead to the coevolution of supermassive black holes and their host galaxies (Kormendy & Ho 2013). Moreover, cosmological simulations lacking AGN feedback produce an excess of massive, star-forming galaxies (Dubois et al. 2016). Consequently, feedback from AGN due to jet- or radiation-induced outflows (kinetic or radiative feedback) is one of the most important factors in explaining and predicting the observed properties of massive galaxies.
While the reasons and evidence outlined above indicate both the importance of feedback in simulations and the necessity of its existence as inferred from the observed properties of galaxies, direct observations have not resulted in a clear picture of how AGN feedback operates across cosmic time and how effective it actually is in affecting the evolution and star formation activity in galaxies. There are a few isolated cases with evidence of feedback in action in the form of outflows quenching star formation (e.g. Cresci et al. 2015; Carniani et al. 2016), but the effect seems to be limited to some parts of the galaxy and unable to affect the star formation rate as a whole. Moreover, these pieces of evidence are still debated (see Scholtz et al. 2020, 2021).
On the other hand, some of the clearest signs of AGN feedback in action come from radio galaxies (RGs). In the massive, brightest cluster galaxies in the local Universe, jets are observed to mechanically inject energy into the hot, X-ray-emitting halo, preventing gas accretion and thus star formation (see e.g. Best et al. 2006; Balmaverde et al. 2018).
High-redshift radio galaxies (HzRGs) are the progenitors of such massive galaxies, and we are able to observe them close to or at cosmic noon (z ∼ 2 − 3), an age of the Universe when galaxies were still evolving and forming stars at high rates (Madau & Dickinson 2014). The consequences of AGN feedback, postulated as a mechanism through which galaxies regulate their own growth and star formation, should be particularly pronounced in these sources. Along with type 2 quasars, RGs are characterized by relatively low continuum nuclear luminosities, since the dusty torus (and/or the galactic component itself) situated along our line of sight prevents the accretion disk from outshining the host galaxy (Ramos Almeida & Ricci 2017). Consequently, the bright point spread function that has to be accounted for when observing AGN face-on is not present, making it possible for the galactic emission to be spatially resolved and studied at the smallest scales permitted by instrumentation.
Given both the intrinsic brightness and resonant properties of Lyα, rest-frame UV observations of HzRGs allow us to study the distribution and kinematics of ionized and neutral hydrogen in their environment. These observations enable a full characterization of these sources, as one can observe massive, galactic-scale outflows in emission and inflows from the cosmic web and nearby gas in absorption.
HzRGs have been the subject of many studies (see Miley & De Breuck 2008 for a review, and references therein), as they tend to be particularly massive (De Breuck et al. 2010) and consequently, bright. RGs have been observed to follow a tight K-band magnitude-to-redshift relation (Willott et al. 1999; Brookes et al. 2006; Seymour et al. 2007), beginning in the local Universe and up to z ∼ 4, with their estimated stellar masses remaining fairly constant across cosmic time, up to an observed “hard” limit of 1012 M⊙ (Rocca-Volmerange et al. 2004). Of particular interest to our work are the early studies of Lyα emission around HzRGs (van Ojik et al. 1996a,b; Reuland et al. 2003; Villar-Martín et al. 2007a,b). Recent work, such as the study performed by Wang et al. (2023) highlights the possibilities large-scale surveys of this Lyα emission have to offer.
Also of interest are the environments inhabited by these galaxies; low-redshift RGs have also been found to reside in particularly dense environments and galaxy clusters (Donoso et al. 2010; Falder et al. 2010), in many cases as the brightest cluster galaxy (Hogan et al. 2015; Kale et al. 2015). HzRGs have been postulated as the progenitors of these massive radio-loud galaxies, as they too generally reside within overdense environments (Venemans et al. 2006; Wylezalek et al. 2013; Rigby et al. 2013; Uchiyama et al. 2022) that, while not yet tied by gravity at this early cosmic age, will in many cases become bound and form clusters.
However, we still do not know how the evolution of HzRGs occurs and how much and with which mechanisms an AGN affects the host galaxy in this class of object. It is thus necessary to gain a detailed understanding of the effects of AGN-related phenomena on the interstellar medium and on the star formation history, in the framework of galactic evolution.
We began a comprehensive program of observations with MUSE at the VLT to explore the properties of the ionized gas in HzRGs. The capabilities of this instrument combine the simultaneous spatial and spectral information of an integral field unit with the high sensitivity of an 8 m class telescope, allowing for detailed studies of the properties of Lyα emitters at z ≥ 2.9. In Coloma Puga et al. (2023) we presented the results obtained for TN J1049−1258, a HzRG at z = 3.7, for which the MUSE data show the presence of a one-sided, high-velocity (∼2250 km s−1) Lyα structure extending for ∼18 kpc along the radio jet, most likely an outflow of ionized gas.
In this work we present the results obtained for the central regions of the Lyα nebula in TXS 0952−217, an HzRG at a redshift of 2.95 (Brookes et al. 2008) located at RA = 09:54:28.9, Dec = –21:56:53.6. The scale factor at this redshift (assuming an H0 = 69.6 km s−1 Mpc−1 and Ωm = 0.286 cosmology) is 7.9 kpc arcsec−1.
2. Observations and data analysis
The observations were carried out on the 10 January 2022 as part of the program ID:108.22FU (PI:Balmaverde). Four separate observations were performed, between which the telescope was rotated 90° to reject cosmic rays, for a total of 2800 s of exposure time. We used the European Southern Observatory (ESO) MUSE pipeline (version 2.8.7) to obtain a fully reduced and calibrated data cube (Weilbacher et al. 2020). The seeing was measured to be 0[image: equation]72 ± 0[image: equation]03 from various stars within the field. The only galaxy within the 1 × 1 arcmin2 field of view that displays Lyα emission is the host of TXS 0952−217.
2.1. Source information
TXS 0952−217 is unresolved in all available radio observations. The stronger constraint on its size is provided by the Karl G. Jansky VLA Sky Survey (VLASS, Lacy et al. 2020), performed at 3 GHz with a resolution of 2[image: equation]5, where it appears as a compact unresolved source with an upper limit to its deconvolved size of [image: equation] corresponding to ∼10 kpc. Its radio spectrum, obtained by combining measurements from the Galactic and Extra-Galactic All-Sky MWA (GLEAM) catalog (Hurley-Walker et al. 2017) with those from VLASS, is well described by a single power law defined as a flux density Fν ∝ ν−1. The jet power, Pjet, of TXS 0952−217 can be estimated using the empirical relation between Pjet and radio luminosity at 327 MHz, P327 (Cavagnolo et al. 2010). The radio luminosity of TXS 0952−217 at (rest frame) 327 MHz, extrapolated from the observed GLEAM flux density at 92 MHz, is P327 = 3.4 × 1044 erg s−1 which yields a jet kinetic power of Pjet ∼ 1047 erg s−1. From Miley & De Breuck (2008), the radio luminosity of TXS 0952−217 is at the lower end of those observed for HzRGs.
The K-band magnitude of TXS 0952−217 is K = 19.87 ± 0.20 mag as measured from the United Kingdom Infrared Telescope (UKIRT) fast-track imager (Brookes et al. 2006). The observed K-band luminosity, which approximately corresponds to the V band in the rest frame, is ∼1011 L⊙. This value is in line with the expected stellar mass of HzRGs (Rocca-Volmerange et al. 2004; Seymour et al. 2007).
The lack of suitable sources prevented us from deriving an accurate astrometric correction for the MUSE data and consequently, we are unable to give an approximate position for the radio source with respect to these data. We assumed that the unresolved radio source is coincident with the peak of the continuum emission, which itself is coincident with the peak of Lyα.
2.2. Redshift determination
Prior to the analysis of the Lyα properties, the HeIIλ1640 emission line was fit (see Fig. 1), to obtain the redshift of the host galaxy and use it to constrain the center of the intrinsic Lyα emission. This was done because the measured centroid of nonresonant lines is a reliable tracer of systemic redshift, while the observed Lyα center has a tendency to be offset by an average of ∼500 km s−1 redward of other nebular lines (Steidel et al. 2010), another consequence of the asymmetrical absorption that results from resonance.
	[image: thumbnail]	Fig. 1. Top: Continuum-subtracted HeIIλ1640 emission line profile extracted from a [image: equation] rectangular aperture centered on the emission peak. The position of the aperture relative to the HeII emission, extracted using a 20 Å wide band is displayed in the top right inset. The orange line corresponds to the modeled emission profile. Bottom: Residuals from the fit, with the dashed orange lines marking the measured noise level.



The redshift measured from the HeIIλ1640 emission is z = 2.945 ± 0.002 (λHeII = 6471.3 ± 1.6 Å). This is slightly lower than the value of z = 2.95 reported by Brookes et al. (2008) from Lyα corresponding to a velocity shift of ∼360 km s−1 redward of the systemic redshift, which is within expectations (Steidel et al. 2010). The fit residuals shown in Fig. 1 hint at a double peaked profile with two very narrow components, and this solution does yield a lower value of the reduced χ2 statistical, but the resulting modeled emission clashes with the observed Lyα profile, both in the width and position of the components. As such, we conclude that the observed narrow peaks were spurious, a result of random noise. HeII, along with the other detected lines barring Lyα appear more compact than the extended emission nebula.
2.3. Lyman α fitting
With the systemic redshift now determined, we began the Lyα analysis process. We initially obtained a Lyα image of the source producing a narrowband image extracted using a 25 Å wide band centered on the centroid of the Lyα emission, shown in Fig. 2. It shows a bright central region with an elongation of ∼24 kpc at a 2σ limit in the SE-NW direction. This elongation, as well as any size quoted from hereon, is obtained by subtracting the seeing size in quadrature to the measured extension.
	[image: thumbnail]	Fig. 2. Lyα narrowband image extracted using a 25 Å wide band centered on the approximate centroid of the Lyα emission. The cross represents the brightest pixel, which is the assumed AGN position, and corresponds to the Δα = 0″, Δδ = 0″ position. The dashed circle represents the upper limit on the size of the radio emission under the same assumption of AGN position. The green contours represent the 2σ detection limits. The image has been smoothed with a Gaussian 2D kernel.



The Lyα spectrum extracted in one of the optimally selected Voronoi regions within the nebula is shown in Fig. 3; it corresponds to the sum of 14 spaxels (corresponding to 0.56 arcsec2) located in the southeastern part of the nebula. As mentioned in the introduction, resonance can result in Lyα emission yielding complex and varying profiles and indeed it shows multiple peaks and absorption features, the most prominent of which is at the source systemic redshift. The simultaneous fitting of emission and absorption profiles to Lyα emission is a well-known procedure (see van Ojik et al. 1996b; Jarvis et al. 2003), one that we adopt given the apparent complexity of the observed spectra. We detect the presence of a high-velocity tail on the red side of the emission, visible up to ∼1800 km s−1 from the line center. If the whole Lyα emission were to be attributed to a single Gaussian component, it would require a much larger amplitude than observed and a full width at half maximum (FWHM) of at least ∼2800 km s−1; reproducing the profile would also require multiple clouds of absorbing gas moving at very high-redshifted velocities. Alternatively, adding an emission component with a velocity offset of about ∼+500 km s−1 from the line center reproduces the observed red tail and although absorbing systems close to the systemic velocity are still required, it eliminates the need for the extremely fast absorbers. Consequently, we consider the double-Gaussian plus the “lower” velocity absorbers solution to be the optimal method of analysis. There is precedent for modeling the intrinsic Lyα emission with two Gaussians (see Wang et al. 2023). The implications derived from the presence of such an emission component are discussed in later sections.
	[image: thumbnail]	Fig. 3. Top: Example spectrum extracted from one of the selected Voronoi bins. The blue shaded histogram represents the observed flux. Shown in purple is the main Lyα component, in red the redshifted emission, in magenta the total combined emission and in black the absorption components. The vertical red and purple markings denote the emission component centroids. The orange histogram represents the total model, combining emission and absorption. Bottom: Fit residuals presented in the blue shaded histogram. The horizontal dashed orange lines represent the noise thresholds.



The Lyα line profile is then fit with two emission components and several absorption troughs in different regions of the nebula. To maintain a relatively constant signal-to-noise ratio irrespective of position within the nebula, we divided the visible emission using Voronoi binning (Cappellari & Copin 2003). The optimal compromise between S/N and spatial resolution is very much case-dependent, and given the apparent complexity of this source’s profile, we settled on an S/N ∼ 8 over the full profile, which corresponds to a total of six bins. The decision on the S/N threshold was based on the resulting fits at different S/N values: lower levels of signal compromise the quality of the fitting, while the spatial resolution is not significantly improved. To avoid adding in pixels with low signal, we masked all pixels with individual S/N < 1.5. We settle on this threshold based on a visual inspection of the remaining pixels after masking, as a higher cutoff eliminates slightly lower S/N pixels that contain otherwise relevant spectral information, while a lower cutoff includes pixels detached from the nebula as a result of random noise, and adding them to the binned spectra would contaminate them. The fitting requires between five and six absorbing profiles and two emission profiles. This degree of complexity demands a considerable amount of signal to successfully and reliably reproduce the data through modeling. We forced the center of the main Lyα emission to be within ±1 Å of the theoretical central wavelength corresponding to the redshift measured for the HeII line.
After identifying the emission components, absorption troughs modeled using Voigt profiles are added until our total model matches the observed profile. We used the value of the reduced χ2 as measure of goodness of fit. It is worth noting the used χ2 test exclusively evaluates how closely our model matches the observations, but it does not necesarily confirm the assumptions made to arrive at such a model (see Andrae et al. 2010). The analysis is performed using the Python package specutils (Robitaille et al. 2013; Price-Whelan et al. 2018). The Gaussian and Voigt models are fit with a Levenberg–Marquardt least squares method while the continuum is fit with a linear least squares method. The uncertainties that result from the fitting process are estimated through a Monte Carlo simulation. The fit is iterated (100 times for each bin in our case) while adding random noise to the spectrum; the noise is extracted from a normal distribution centered around the measured spectral noise for the selected bin. This results in a distribution of parameter values, from which we extracted both the parameter value itself and the 1σ uncertainty.
3. Results
The fit for the different bins, displayed in Fig. 4, results in the detection of two emission components across the entire Lyα emission region, and either five or six absorption troughs depending on the bin position.
	[image: thumbnail]	Fig. 4. Profile analysis of the Lyα nebula of TXS 0952−217. Center top: Pixels selected for the analysis based on an S/N > 1.5 threshold, divided into the optimized Voronoi bins. Inside each bin is included an identifying number, which is referenced in the spectrum title. Center bottom: Narrowband image from which the pixels were selected. Left and right: Individual spectra in the Voronoi bins, identified by the bin number atop each plot. The blue shaded histogram represents the observed flux, while the orange line represents the total model, combining emission and absorption. Each individual component is also overlaid, in purple and red for the emission and in black for the absorption. The purple and red tick marks at the top correspond to the central velocities of each emission component, while the black tick marks at the bottom are their equivalents in absorption. All fluxes are given in erg cm−2 s−1 Å−1.



3.1. Gas kinematics
We find the fit to be optimal using between five and six absorbers, some of which are below a 3σ detection in amplitude when compared to the measured noise. Consequently, our discussion is centered on the major absorbers, those that result in a considerable impact to the final spectrum. Three of these absorbing clouds are detected in every bin; one very close and slightly redward of the systemic velocity, one further to the red, at a velocity of ∼500 km s−1 and one in the blue side of the spectrum, at ∼ − 500 km s−1. In bins 5 and 6 a very deep absorption appears slightly to the blue of the systemic velocity, which is reflected on the observed spectra (see Fig. 4). This would imply the presence of an optically thicker cloud of cold ionized gas toward the northwestern region of the nebula. A similar absorber is observed in bin 2, but given its diametrically opposed location within the nebula, its origin is likely a different gas cloud.
Regarding the gas kinematics for the main emission component, it is centered at λmain = 4796.2 ± 0.4 Å (corresponding to a velocity of vmain = 25 ± 25 km s−1) and we measure a width of FWHMmain = 910 ± 120 km s−1, averaged over all bins. For the red emission component, the center is at λred = 4803.7 ± 1.7 Å (vred = 500 ± 100 km s−1) the measured width is FWHMred = 1620 ± 180 km s−1, also averaged. The kinematics of the main emission remain almost constant throughout the extension of the source, both in terms of centroid and velocity dispersion. For the red emission component, the kinematic maps are shown in Fig. 5. While both emission components appear considerably broad, the measured width at the 80th flux percentile (v10 − v90) is W80 = 1320 ± 60 km s−1 which is consistent with observations of Lyα in other HzRGs (Wang et al. 2023).
	[image: thumbnail]	Fig. 5. FWHM and velocity maps for the red emission component in each Voronoi bin.



The identification of the presence of the main and of the high-velocity red wing enables us to perform narrowband imaging of the different spectral windows where each emission component is dominant. This, in turn, recovers some of the spatial information lost in the binning process and allows us to study the morphology of each component more closely. While both emission components are detected in all bins, the morphology derived from applying a synthetic narrowband to the red end of the emission profile is distinct from that of the main emission (Fig. 6). The band position are width are chosen so as to avoid any absorption troughs while ensuring the contribution from the main component is negligible. When observed with this method, the red component shows a bipolar morphology, extending ∼2[image: equation]7 (∼21 kpc) along the NW-SE direction, and on both sides of the AGN position, while the main component is more compact (∼1[image: equation]8 or ∼14 kpc).
	[image: thumbnail]	Fig. 6. Top: Total spectrum extracted by summing all the Voronoi bins (shaded blue histogram) and the toal model, extracted in the same manner (shown in the orange histogram). The total emission modeled for the main and red components are shown in the green and red histograms. The green and red shaded areas correspond to the selected bands used for the extraction of the flux maps. Bottom: Color map of the Lyα narrowband image extracted using a 20 Å wide band positioned on the approximate centroid of the Lyα emission. The black cross marks the brightest pixel in Lyα, which we assume coincides with the AGN position. The black circles mark the bright spots on each side of the red component. Shown in contours is the flux of the red tail from the Lyα profile, extracted using a 10 Å band. The contour levels are set at 0.5, 0.8 and 1 × 10−18 erg s−1 cm−2.



3.2. Emission line ratios
We detect several other emission lines in the gas nebula, namely C IVλ1550, He IIλ1640, C III]λ1909 and N Vλ1240 (C IV, He II, C III] and N V from here on), the brightest lines being C IV and He II. With the exception of N V, which is only detected in a few pixels, the other lines can be spatially resolved through narrowband imaging, using 20 Å wide bands centered on the HeII-measured redshift. Their emission is co-spatial with the main Lyα emission (see Fig. 6), but they do appear to be more compact, with sizes ranging from 1[image: equation]1 to 1[image: equation]4.
The line ratios are extracted by using continuum-subtracted narrowband fluxes in each of the selected bins. There are two reasons for following this procedure instead of fitting the lines and calculating the flux from the models. For the flux of the resonant lines (namely Lyα and CIVλ1550), it enables comparisons with previous studies that also utilized narrowband measurements instead of fitting intrinsic emission and absorptions (e.g. Villar-Martín et al. 2007a). In the case of Lyα in particular, the known degeneracy of the HI column density and amplitude of the intrinsic emission can result in uncertainties comparable to the magnitude of the measurement, which is wholly undesirable when estimating line ratios. For the other lines, it sidesteps the uncertainties that result from fitting the emission profile in bins where the signal-to-noise ratio is close to or below the threshold for a reliable detection.
In some cases, it is necessary to add the fluxes from adjacent bins in order to obtain a robust measurement of the line ratios. In particular, we combined the measurements for bins 5 and 6 into a single value, as well as bins 3 and 4. While this results in an additional loss of spatial resolution, we prioritized attaining a precise and reliable value. The line ratios obtained are presented in Table 1.
Table 1. 
Emission line ratios for the observed lines in TXS 0952−217.

4. Discussion and conclusions
We have observed the presence of a redshifted Lyα emission component that, when observed through a narrow band, presents a bipolar morphology. This suggests that the nature of this component is a galactic-scale outflow of gas, likely a result of nuclear activity. The possibility of it being originated by cold inflowing gas, radiating in Lyα through fluorescence, does not match the observed “hot” kinematic signatures (i.e., the width of ∼1600 km s−1). The most realistic alternative hypothesis would be for TXS 0952−217 to be undergoing a merger event with a close companion galaxy. And, although the velocity shift between the line centers is compatible with such a scenario, this would require an extremely hot galaxy (in terms of kinematics) with no detectable continuum emission. Additionally, the morphology extracted from the red tail of the profile yields a clearly extended profile with two bright spots close to the galactic center, much more compatible with outflowing gas stemming from the active nucleus of the host and voiding the central regions of gas. Moreover, the continuum emission is completely co-spatial with the main emission. All of these factors conflict with the companion and/or merger hypotheses.
The fact that the observed wide component is on the red side of the host emission, and not on the blue side as it is for outflows traced by nonresonant ionized lines (see Concas et al. 2019), also falls within expectations. Outflow signatures in Lyα have been an important topic of discussion in studies of radiation transfer: in particular, Verhamme et al. (2006) predict the outflow signatures to appear mostly at positive relative velocities due to back-scattering and strong absorption at rest-frame wavelengths. In addition, the photons capable of traversing the intergalactic and intracluster medium without being absorbed are those that leave the galaxy with frequencies either close to the rest frame wavelength or redshifted. Conversely, “blue” Lyα photons will be redshifted back to the central Lyα wavelength as they travel; if they encounter neutral gas at that point, they are highly likely to be absorbed and consequently scattered. This phenomenon greatly hinders our ability to study the Lyα emission at high velocities blueward of the systemic host emission, as any intervening cloud of neutral HI gas will scatter and further reduce the escape fraction of Lyα radiation.
With all of these considerations in mind, we conclude that the most likely explanation for the observed emission profile is a galactic-scale ionized gas outflow. To quantitatively explore its characteristics, we estimated the mass of the outflow using the relation derived by Osterbrock (1989):
[image: thumbnail](1)
assuming the ratios Lyα/Hα = 8.7 (Sobral & Matthee 2019) and Hα/Hβ = 2.86, and a gas density of ne = 200 cm−3. This last value was adopted to enable a comparison between our results and those obtained by Speranza et al. (2021). We derive the following physical quantities (see, e.g., Fiore et al. 2017) for the outflow:
(i) a mass outflow rate: [image: equation] yr−1, (ii) a kinetic energy: [image: equation] erg and (iii) a kinetic power [image: equation] erg s−1.
The jet power Pjet ∼ 1047 erg s−1, is a factor of ∼105 higher than the outflow kinetic power. In RGs at low redshifts, z ≲ 0.3, Speranza et al. (2021) measured outflow properties in the range Ėkin = 1042 − 1045 erg s−1 and estimated Pjet in the range ∼1044 − 3 × 1045 erg s−1. The typical ratio between the jet and outflow power is ∼0.1. In TXS 0952−217 this ratio is significantly lower, though similar to that observed in TN J1049−1258, another HzRG from the same sample (Coloma Puga et al. 2023), for which the observed ratio was Ėkin/Pjet = 10−4.
The radio source associated with TXS 0952−217 is unresolved, with a limit on its deconvolved size of ≲10 kpc; with this and its steep radio spectrum, it fulfills the criteria for compact steep spectrum (CSS) sources (see, e.g., O’Dea & Saikia 2021). CSS sources, along with gigahertz peaked spectrum radio sources, have been associated with the earlier evolutionary phases of RGs (see Fanti et al. 1995; Collier et al. 2018). The MUSE observations indicate that the outflow of ionized gas extends far beyond the radio structure. This is unusual, given that the expansion speed of the radio structure is expected to be higher than that of the outflow, in particular in the early phases of expansion where velocities as high as ∼0.1 × c have been observed in CSS (e.g., Polatidis & Conway 2003), while the projected outflow speed is just ∼500 km s−1. Assuming a constant gas expansion speed, the lower bound for the age of the observed outflow is ∼2 × 108 yr, much larger than the upper limit of the duration of radio activity, 3 × 105v0.1 yr (where v0.1 is the expansion speed in 0.1 × c units). A possible way to reconcile these results is to envisage that the radio emission undergoes transitions between phases of high and low activity and that the current radio structure represents only the most recent period of a high activity state.
Both the small size of the radio emission (when compared to the outflow size) and the lower ratio of outflow to jet kinetic power (compared to lower-redshift RGs) suggest that the relativistic jets and outflow are decoupled, and produced by two independent acceleration mechanisms: the jets might be driven by the magnetic field in the innermost regions of the accretion disk as expected if the jet launching process is due to the extraction of the rotational energy of the supermassive black hole (Blandford & Znajek 1977) while the outflow is powered by radiation pressure from the outer regions of the accretion disk. A similar conclusion was proposed for low-z RGs, based on different grounds, by Capetti et al. (2023).
The extension of the Lyα nebula in TXS 0952−217 is ∼24 kpc, smaller than other Lyα nebulae around HzRGs at similar redshifts. Wang et al. (2023) measured consistently larger nebular extensions for the other HzRGs observed by MUSE, ranging from ∼70 to more than ∼300 kpc. This difference can be explained by two factors. First, the observations used in that study are, on average, five to six times longer than our own. Consequently, they can detect zones of fainter nebular emission. Additionally, the authors acknowledge the possibility of a bias in their sample, which mostly includes well-known bright and extended sources. We will investigate this issue in more detail in a forthcoming paper in which we discuss the properties of all 16 targets of our MUSE observing project of HzRGs.
The assumption of co-spatiality between the AGN and the peak of Lyα emission is not always correct; Wang et al. (2023) find a correlation between the eccentricity of Lyα nebulae in HzRGs and the distance between the flux peak and the AGN position, obtained from radio or X-ray observations, where the distance increases as the nebulae become more asymmetric. In our case, the eccentricity measured via Gaussian fitting of the narrowband Lyα image yields e = 0.67 ± 0.06, which would correspond to a very short distance (∼1 kpc) between the Lyα peak and the AGN position, assuming the relation holds true for the smaller, fainter HzRGs.
The observed Lyα kinematics are within expectations with those observed in sources from the same sample of HzRGs. Wang et al. (2023) observed W80 values ranging from 103 to 3 × 103 km s−1, which is entirely compatible with our measured value of W80 = 1320 ± 60 km s−1. Their study also observed a radial gradient for the line width, with the regions closest to the AGN position presenting the most disturbed kinematic signatures. This could not be quantifiably measured in our case, given that a radial width profile could not be performed with the number of available bins, but the most disturbed kinematics are coincident with the brightest spots of emission of the red component (see Figs. 5 and 6). This would, in principle, agree with the AGN being located in between these bright spots.
The presence of HI absorbers in the spectrum of Lyα is well documented; recent studies have found very extended Lyα nebulae with absorbing troughs up to hundreds of kiloparsecs away from the nucleus (Silva et al. 2017; Wang et al. 2023). The main absorber we observed, located very close to the systemic redshift, is detected in some of these studies and is predicted by radiative transfer simulations (Verhamme et al. 2006). The presence of multiple absorbing sheets blueward of the central wavelength, originated from either cold ionized gas or expanding gas shells in the inter-stellar medium, is expected. Redshifted absorbers, however, are a rarer occurrence and could be the result of cold, infalling gas being accreted onto the galaxy. Additionally, given the faintness of CIVλ1550, we could not use its emission profile, which is also subject to scattering resonance, to test the possible enrichment of the observed HI clouds. A detailed analysis of the properties of these absorbers, which have shown a considerable degree of degeneracy in terms of their defining parameters (see Silva et al. 2017), is beyond the scope of this work.
The observed line ratios are consistent with an AGN as the main photoionization mechanism. The value of Lyα/HeII is well within the typical values measured in HzRGs (Villar-Martín et al. 2007a) and other large Lyα emitters, for example the Slug Nebula (Cantalupo et al. 2019). Additionally, the similarity between the values of Lyα/HeII and Lyα/CIV is also consistent with photoionization- as opposed to high-speed shocks, which could produce higher HeII fluxes (Allen et al. 2008; Arrigoni Battaia et al. 2015; Travascio et al. 2020). The fact that both Lyα/HeII and Lyα/CIV are higher beyond 1σ in the northwestern area, corresponding to bins 5 and 6, compared to the nuclear region (bin 1), could imply a slight change in the photoionization equilibrium, possibly due to increased star formation (Villar-Martín et al. 2007a). However, the values observed are still too low to sustain this claim.
For the two HzRGs discussed, TN J1049−1258 in Coloma Puga et al. (2023) and TXS 0952−217 throughout this study, the results of the MUSE observations point to the presence of an outflow. However, though they are apparently similar, they are in fact different in mant regards:
(i) their radio morphology (the former is an extended radio source, while the latter is compact), (ii) the geometry of their Lyα emission (the former is one sided, while the latter is bipolar), (iii) their line emission (the latter presents high-ionization lines, while the former is only detected in Lyα), and (iv) their gas kinematics (the former has a large velocity offset with small velocity dispersion while the latter has lower speed and a very large internal velocity spread).
It is worth noting that the marked difference in methodology utilized in these two studies might be the source of some of these differences.
Other studies of AGN-induced outflows in high-redshift galaxies differ from our analysis in both the observed outflow signatures and the interpretation of the physical processes behind them. For instance, a blue tail was found on the otherwise Gaussian profile of Lyα on the radio-quiet quasar J1538+08 at z = 3.6 (Travascio et al. 2020). Some observations of this line are, apparently, wholly unaffected by absorption or scattering resonance effects, meaning there is no silver bullet and a case-by-case approach is still needed. Future studies will no doubt shed light on the differences behind the unabsorbed and the highly affected profiles observed in Lyα.
The immediate surroundings of the Lyα-emitting gas and the ionization mechanism responsible for it are extremely important in determining the spectral shape and distribution of the emission, which means every object studied through this line needs specific considerations beyond what is required for nonresonant lines. Nonetheless, the amount of information it contains makes it one of the most interesting fields of research on ionized gas in distant objects.
The advent of high-resolution deep infrared spectroscopy, kick-started by the recent launch of JWST, will enable a number of these objects to be studied in their rest-frame optical window, where reliable tracers of ionized gas will allow for confirmation of the observed kinematics.
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Table 1. 
Emission line ratios for the observed lines in TXS 0952−217.
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	[image: thumbnail]	Fig. 1. Top: Continuum-subtracted HeIIλ1640 emission line profile extracted from a [image: equation] rectangular aperture centered on the emission peak. The position of the aperture relative to the HeII emission, extracted using a 20 Å wide band is displayed in the top right inset. The orange line corresponds to the modeled emission profile. Bottom: Residuals from the fit, with the dashed orange lines marking the measured noise level.
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	[image: thumbnail]	Fig. 2. Lyα narrowband image extracted using a 25 Å wide band centered on the approximate centroid of the Lyα emission. The cross represents the brightest pixel, which is the assumed AGN position, and corresponds to the Δα = 0″, Δδ = 0″ position. The dashed circle represents the upper limit on the size of the radio emission under the same assumption of AGN position. The green contours represent the 2σ detection limits. The image has been smoothed with a Gaussian 2D kernel.
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	[image: thumbnail]	Fig. 3. Top: Example spectrum extracted from one of the selected Voronoi bins. The blue shaded histogram represents the observed flux. Shown in purple is the main Lyα component, in red the redshifted emission, in magenta the total combined emission and in black the absorption components. The vertical red and purple markings denote the emission component centroids. The orange histogram represents the total model, combining emission and absorption. Bottom: Fit residuals presented in the blue shaded histogram. The horizontal dashed orange lines represent the noise thresholds.
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	[image: thumbnail]	Fig. 4. Profile analysis of the Lyα nebula of TXS 0952−217. Center top: Pixels selected for the analysis based on an S/N > 1.5 threshold, divided into the optimized Voronoi bins. Inside each bin is included an identifying number, which is referenced in the spectrum title. Center bottom: Narrowband image from which the pixels were selected. Left and right: Individual spectra in the Voronoi bins, identified by the bin number atop each plot. The blue shaded histogram represents the observed flux, while the orange line represents the total model, combining emission and absorption. Each individual component is also overlaid, in purple and red for the emission and in black for the absorption. The purple and red tick marks at the top correspond to the central velocities of each emission component, while the black tick marks at the bottom are their equivalents in absorption. All fluxes are given in erg cm−2 s−1 Å−1.
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	[image: thumbnail]	Fig. 5. FWHM and velocity maps for the red emission component in each Voronoi bin.
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	[image: thumbnail]	Fig. 6. Top: Total spectrum extracted by summing all the Voronoi bins (shaded blue histogram) and the toal model, extracted in the same manner (shown in the orange histogram). The total emission modeled for the main and red components are shown in the green and red histograms. The green and red shaded areas correspond to the selected bands used for the extraction of the flux maps. Bottom: Color map of the Lyα narrowband image extracted using a 20 Å wide band positioned on the approximate centroid of the Lyα emission. The black cross marks the brightest pixel in Lyα, which we assume coincides with the AGN position. The black circles mark the bright spots on each side of the red component. Shown in contours is the flux of the red tail from the Lyα profile, extracted using a 10 Å band. The contour levels are set at 0.5, 0.8 and 1 × 10−18 erg s−1 cm−2.
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        Top: Continuum-subtracted HeIIλ1640 emission line profile extracted from a [image: equation] rectangular aperture centered on the emission peak. The position of the aperture relative to the HeII emission, extracted using a 20 Å wide band is displayed in the top right inset. The orange line corresponds to the modeled emission profile. Bottom: Residuals from the fit, with the dashed orange lines marking the measured noise level.
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        Lyα narrowband image extracted using a 25 Å wide band centered on the approximate centroid of the Lyα emission. The cross represents the brightest pixel, which is the assumed AGN position, and corresponds to the Δα = 0″, Δδ = 0″ position. The dashed circle represents the upper limit on the size of the radio emission under the same assumption of AGN position. The green contours represent the 2σ detection limits. The image has been smoothed with a Gaussian 2D kernel.
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        Top: Example spectrum extracted from one of the selected Voronoi bins. The blue shaded histogram represents the observed flux. Shown in purple is the main Lyα component, in red the redshifted emission, in magenta the total combined emission and in black the absorption components. The vertical red and purple markings denote the emission component centroids. The orange histogram represents the total model, combining emission and absorption. Bottom: Fit residuals presented in the blue shaded histogram. The horizontal dashed orange lines represent the noise thresholds.
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        Profile analysis of the Lyα nebula of TXS 0952−217. Center top: Pixels selected for the analysis based on an S/N > 1.5 threshold, divided into the optimized Voronoi bins. Inside each bin is included an identifying number, which is referenced in the spectrum title. Center bottom: Narrowband image from which the pixels were selected. Left and right: Individual spectra in the Voronoi bins, identified by the bin number atop each plot. The blue shaded histogram represents the observed flux, while the orange line represents the total model, combining emission and absorption. Each individual component is also overlaid, in purple and red for the emission and in black for the absorption. The purple and red tick marks at the top correspond to the central velocities of each emission component, while the black tick marks at the bottom are their equivalents in absorption. All fluxes are given in erg cm−2 s−1 Å−1.
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        Top: Total spectrum extracted by summing all the Voronoi bins (shaded blue histogram) and the toal model, extracted in the same manner (shown in the orange histogram). The total emission modeled for the main and red components are shown in the green and red histograms. The green and red shaded areas correspond to the selected bands used for the extraction of the flux maps. Bottom: Color map of the Lyα narrowband image extracted using a 20 Å wide band positioned on the approximate centroid of the Lyα emission. The black cross marks the brightest pixel in Lyα, which we assume coincides with the AGN position. The black circles mark the bright spots on each side of the red component. Shown in contours is the flux of the red tail from the Lyα profile, extracted using a 10 Å band. The contour levels are set at 0.5, 0.8 and 1 × 10−18 erg s−1 cm−2.
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	Bin N°
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	1
	5.6 ± 0.9
	4.2 ± 0.8
	1.3 ± 0.3
	1.9 ± 0.6



	2
	5.3 ± 2.0
	5.1 ± 1.8
	1.0 ± 0.5
	1.0 ± 0.6



	3 + 4
	7.2 ± 2.0
	6.3 ± 2.0
	1.1 ± 0.5
	1.2 ± 0.6



	5 + 6
	8.5 ± 2.4
	7.4 ± 2.2
	1.2 ± 0.5
	1.3 ± 0.5





      

      
Notes. The regions utilized for the different measurements are given in the first column.
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