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Extreme resonance line profile variations in the ultraviolet spectra of NGC 1624-2: probing the giant magnetosphere of the most strongly magnetized known O-type star
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HAL is

Recent spectropolarimetric surveys such as the Magnetism in Massive Stars (MiMeS; Wade et al. 2016;Grunhut et al. 2017) and the B-fields in OB stars (BOB; [START_REF] Morel | IAU Symposium[END_REF] projects have led to the establishment of a distinct population of massive stars hosting detectable magnetic fields at their surfaces. About 7% of Galactic OB stars are estimated to belong to this category. Walborn (1972) identified a peculiar spectroscopic class of O stars with strong emission in their Ciii λ4650 line, comparable to that of the neighboring Niii lines, and labelled as "Of?p". The most extreme example of this subclass is the O7f?p star NGC 1624-2 (Walborn et al. 2010). It has since been determined that this specific spectral feature (and various other observational properties of the Of?p stars) is an indication of magnetism (Grunhut et al. 2017). Indeed, all five Galactic Of?p stars host detectable fields, with NGC 1624-2 possessing the strongest known surface field of any Otype star by nearly an order of magnitude (∼ 20 kG; Wade et al. 2012a).

Since the magnetic and rotational axes of a massive star arXiv:1811.10113v1 [astro-ph.SR] 25 Nov 2018 are (in general) not aligned, rotational modulations arise, explaining the variability observed for these stars throughout the electromagnetic spectrum. In this context, spectropolarimetric timeseries provide information on the topology of the field, as the line-of-sight magnetic configuration varies with phase since we view a different portion of the stellar surface as the star rotates. The Oblique Rotator Model (ORM; Stibbs 1950) describes this effect for a large-scale dipolar magnetic field.

The Hα emission of magnetic massive stars typically varies between a "low state" (corresponding to a nearly magnetic equator-on view) and a "high state" (pole-on view). NGC 1624-2 exhibits a single-wave variation of the equivalent width of Hα over its rotational cycle (Wade et al. 2012a), suggesting that we only view a single magnetic hemisphere, assuming a dipolar field (see, e.g., Fig. 1 from Petit et al. 2015 for a schematic view of high and low state).

In most magnetic massive stars, a number of other observables are found to vary over the rotational period, in a way that is consistent with the ORM paradigm, such as the profiles of wind-sensitive UV resonance lines. UV observations are particularly important to diagnose the wind properties of massive stars (e.g., Pauldrach et al. 1994), as wind-sensitive resonance lines contain information about their structure and kinematics. UV properties have been studied for a few magnetic O stars: HD 37022 (= θ 1 Ori C; Stahl et al. 1996), HD 57682 (Grunhut et al. 2009(Grunhut et al. , 2012)), HD 148937 (Martins et al. 2012), HD 108 (Marcolino et al. 2012), HD 191612 (Marcolino et al. 2013), CPD -28 2561 (Nazé et al. 2015) and HD 54879 (Shenar et al. 2017).

The general phenomenology at UV wavelengths can be summarized as follows: at high state, strong lines show enhanced absorption at high velocities (compared to other rotational phases), while at low state, weaker lines exhibit strong low-velocity absorption (e.g., Nazé et al. 2015). As described below, they also show a departure from the line profiles expected for a spherically symmetric outflow, e.g., the Civ λλ1548/50 doublet is often found to be overall desaturated in the spectra of magnetic stars.

Magnetohydrodynamic (MHD) simulations have shown in great detail the process by which a magnetic field can confine the stellar wind into a circumstellar magnetosphere [START_REF] Ud-Doula | Clumping in Hot-Star Winds[END_REF]. Slow rotators (such as NGC 1624-2, with a rotational period of 157.99d; Wade et al. 2012a) form dynamical magnetospheres (DMs), in which material flows along closed magnetic field loops from both magnetic hemispheres, colliding near the magnetic equator and then falling back onto the stellar surface, leading to complex and unstable flows.

Given its early spectral type, the dense stellar wind and extreme magnetic field of NGC 1624-2 interact strongly, creating a giant magnetosphere, much larger and denser than that of any other OB star. This is evidenced by the strong emission observed in its Hα line (Wade et al. 2012a). In addition, the strong X-ray emission that is produced in magnetically confined wind shocks (MCWS) is substantially attenuated in NGC 1624-2, and varies with rotational phase (Nazé et al. 2014;Petit et al. 2015).

Because of its extreme properties, NGC 1624-2 constitutes the "Rosetta stone" of massive star magnetism. Despite its importance, there have been no UV observations of this unique object until recently. In this paper, we present the first UV spectra of this object, obtained with the Cosmic Origins Spectrograph (COS) on the Hubble Space Telescope (HST).

In Section 2 we discuss the observations. Section 3 offers a qualitative description of the spectra and compares NGC 1624-2 to other non-magnetic and magnetic stars of similar spectral type. In Section 4 we describe our preliminary modelling methods and show some early results, including a comparison of NGC 1624-2's resonance line profiles to synthetic lines computed using the Analytic Dynamical Magnetosphere (ADM) formalism of Owocki et al. (2016). Finally, in Section 5 we draw conclusions and discuss future work.

OBSERVATIONS

Ultraviolet spectra of NGC 1624-2 were obtained at two rotational phases with the Cosmic Origins Spectrograph (COS) on board the Hubble Space Telescope. The spectra were acquired near phases corresponding to the "high" (φ ∼ 0.0) and "low" (φ ∼ 0.50) states of the Hα variations. Table 1 provides a journal of these observations, which constitute HST General Observer Program 13734 (PI: Petit).

For each visit, the data were collected with COS over two consecutive orbits. The first orbit was devoted to a target acquisition in the bright object aperture (BOA), which is required to place NGC 1624-2 accurately in the circular primary science aperture (PSA; 2.5 diameter). The target acquisition was followed by two exposures with the G130M grating centered on wavelengths of 1291 and 1327 Å, respectively. During the second orbit, exposures with the G160M grating centered on wavelengths of 1577 and 1623 Å were obtained. These combinations provided complete wavelength coverage from about 1130 to 1800 Å with a resolving power that increases linearly with wavelength from 16,000 to 21,000 over the respective ranges of both gratings. At each grating setting, the exposure was divided into 4 subexposures of equal duration but different FP-POS positions to mitigate the effects of fixed-pattern noise in the combined spectrum. All observations were obtained in time-tag mode by using both channels of the FUV cross-delay (XDL) line detector.

The spectra were uniformly processed with version 3.0 (2014 October 30) of the CALCOS calibration pipeline. The steps included: correcting the photon-event table for deadtime and positional effects such as drifts in the detector electronics, geometric distortion, and the Doppler shift of the observatory; binning the time-tag data and assigning wavelengths to the bins on the basis of Pt-Ne spectra acquired simultaneously with spectra of NGC 1624-2; extraction and photometric calibration of 1-D spectra; and the "shift and add" combination of spectra taken at different FP-POS positions of individual grating settings. Since the first spectra of NGC 1624-2 were obtained shortly after the move to life-time adjustment position 3 was implemented (on 2015 February 9), special care was taken to process the data with the appropriate reference files. Fiducial values of the signalto-noise ratio (S/N) per 9-pixel resolution element are indicated in Table 1. These estimates were computed from the mean flux between 1350 and 1355 Å and 1490 and 1495 Å for the settings of the G130M and G160M gratings, respectively. Since these intervals contain weak spectral features, the pixel-to-pixel noise was estimated from the scatter in the difference between the processed flux vector and a version that was smoothed over a resolution element.

Finally, the IDL procedure coadd_x1d 1 was used to merge the extracted, calibrated spectra into a single spectrum.

COMPARISON TO STARS OF SIMILAR SPECTRAL TYPE

The UV spectra of NGC 1624-2 are shown in Figure 1. The low-state spectrum is shown in pink and the high-state spectrum is shown in blue.

3.1 Qualitative description of the main UV spectral features of NGC 1624-2 and comparison with non-magnetic O stars

We first note that some of the most prominent spectral features undergo large variations over time. In particular, two important wind-sensitive resonance line doublets (Siiv λλ1393/1402 and Civ λλ1548/50) show clear differences in their line profiles between both phases due to rotational modulation as the viewing angle of the magnetosphere changes.

There is more absorption overall during the low state than during the high state. This is expected, since when the magnetosphere is viewed equator-on, there is a large amount of confined material obscuring the stellar disk. However, despite the overall absorption being stronger, we can see that for the Civ doublet, the high-velocity, blue-shifted absorption is actually stronger during the high state. The emission peak of the doublet remains at roughly the same level at both phases for Civ, but in the case of Siiv, the overall emission is clearly stronger during the high state.

Fig. 2 compares the profiles of NGC 1624-2's main windsensitive lines with those of two non-magnetic stars of similar spectral type: O7V((f))z (HD 93146, top) and O8III((f)) (HD 36861,bottom).

Comparing NGC 1624-2 with the dwarf O-type star HD 93146 2 , we find that they both show similarly desaturated absorption troughs in their Civ doublet. The blue edge of the line profile of NGC 1624-2 appears at a lower velocity than that of the non-magnetic star, and in fact suggests a terminal velocity that is significantly lower than what is theoretically expected (2875 km s -1 ; Wade et al. 2012a). However the emission component of NGC 1624-2 is stronger.

On the other hand, while the absorption trough of the Civ doublet in the O giant HD 36861 is strongly saturated, 1 This procedure was developed by the COS Instrument Definition Team. See Danforth et al. (2010) for a description and a hyperlink to the software repository. 2 Two components are known, HD 93146A and HD 93146B (O9.7IV; Sota et al. 2014), although it is not known whether they are physically bound. This might even be a hierarchical triple system (Mayer et al. 2017), but in any case, the light is dominated by the primary. While the other components could fill the line profile slightly, contributing to its desaturation (in the case of the Civ doublet), this profile appears consistent with that of other stars of similar spectral type (Walborn et al. 1985). its emission still is not as strong as that exhibited by NGC 1624-2.

Finally, when compared to both stars, NGC 1624-2's Siiv doublet stands out as it presents a fundamentally different morphology. In both non-magnetic stars, it is essentially unaffected by the wind, as is to be expected for a late O star. However, we can see a clear P Cygni-like profile in NGC 1624-2 during the low state. The double-peaked emission morphology present at the high state is to date unique to NGC 1624-2 and could arise from low-velocity material near the magnetic equator flowing from both magnetic hemispheres (therefore some material has a positive net line-ofsight velocity while the other half has a negative velocity), just off the limb of the star as it is viewed pole-on.

Comparison with other magnetic O-type stars

In Fig. 3, we visually compare the main wind-sensitive features of NGC 1624-2's spectra (namely the aforementioned Siiv and Civ doublets) to those of 7 other magnetic O stars for which archival UV spectra are available (though not always at extreme phases; blue lines denote high-state spectra and pink lines denote low-state spectra, while grey lines correspond to all other phases). The stellar and magnetospheric properties of these stars are summarized in Table 2, and details regarding the observations can be found in the Appendix.

The first obvious observation is that the resonance line profiles of NGC 1624-2 exhibit a much more pronounced variability than that of the comparison stars. This can undoubtedly be understood in terms of its larger and denser magnetosphere. Furthermore, as it is viewed nearly poleon at high-state and nearly equator-on at low-state, we can probe roughly the full range of possible viewing angles. Its field configuration thus yields the greatest possible variability given its magnetospheric parameters, along with perhaps CPD -28 2561 and HD 57682 (for which both poles can presumably be seen over a rotational cycle, as suggested by their double-wave Hα variations; see Table 2).

At its low state, NGC 1624-2's Siiv doublet shows a clear P-Cygni profile which is more reminiscent of an earlytype O giant, or an OB supergiant. Among other magnetic O stars, only HD 108 shows a similar emission. However, it does not share the remarkable double-peaked emission morphology that NGC 1624-2 exhibits in its high state. The other stars mostly exhibit minor variations of this doublet, with a slight broadening and more absorption at low state.

In contrast, the Civ doublet of NGC 1624-2 shows less absorption at high velocity during the low state, but more absorption at low velocity (which also manifests as an apparent decrease of the red-shifted emission). This is consistent with synthetic lines computed from MHD simulations (Marcolino et al. 2013), and similar to the variation seen in CPD -28 2561.

Another interesting feature of NGC 1624-2's UV resonance lines is the presence of broad, red-shifted absorption at low-state in both doublets. Among the other magnetic O stars, this feature is only seen in HD 54879, and could be linked to infalling material. In fact, HD 54879's UV spectrum is surprisingly similar to NGC 1624-2's low-state spectrum, despite its later spectral type.

Finally, we can also see from Fig. 1 that the absorption in the "forest" of Feiv photospheric lines is modulated between phases, appearing to be stronger at low state. This behaviour was also observed in the cases of HD 108 and HD 191612 (Marcolino et al. 2013).

As was pointed out by Nazé et al. (2015), comparing the behaviour of the UV resonance lines of all observed magnetic O stars (with the exception of HD 37022, which puzzlingly seems to exhibit the exact opposite behaviour; see section 4.1) leads to an overall consistent phenomenology for the variations seen in the UV wind-sensitive lines of magnetic O stars. In the case of strong3 lines, which can probe low-density, high-velocity material further from the stellar surface, the P-Cygni characteristics of the line profile seem to be intensified at high state. On the other hand, weak lines are formed in regions of high density, that can provide enough optical depth despite their weak opacity; these high-density regions are usually found surrounding the magnetic equator, closer to the star and therefore contribute significant low-velocity absorption at low state. This means that there are two main factors in understanding the nature and amplitude of the line profile variations detected in UV lines: line strength and the range of magnetospheric viewing angles. As further discussed in the following section, the line strength itself depends sensitively on the ionization balance and the mass-loss rate (or in the case of magnetic massive stars, the wind-feeding rate as discussed below). This can explain the range of behaviours and line morphologies examined in this subsection. As for the viewing angle, it appears that the extremes of these line profile variations correspond to a pole-on view (α = 0 • ) and an equator-on view (α = 90 • ), so a larger range in viewing angle between those two values will lead to larger variations. Conversely, for HD 148937, the limited range in viewing angle precludes sampling the full range of variations. Finally, depending on how far from the surface a wind-sensitive line Comparison between the resonance line profiles of NGC 1624-2 and that of non-magnetic stars of similar spectral type (Siiv λλ1393/1402 on the left and Civ λλ1548/50 on the right). The velocity axes refer to the blue component of the doublets. We see important differences in the morphologies of these lines, suggesting that the wind structure of NGC 1624-2 shows a strong departure from spherical symmetry.

Table 2. List of magnetic O-type stars appearing in Fig. 3 with their stellar and magnetospheric properties: effective temperature (T eff ), mass (M * ), luminosity (L), mass-driving rate ( ṀB=0 ), as calculated using the theoretical prescription by Vink et al. (2001), dipolar field strength (Bp), inclination angle (i; the angle between the rotation axis and the line of sight), the obliquity angle (β; the angle between the magnetic field axis and the rotation axis) and the range of viewing angles (α; the angle between the magnetic field axis and the line of sight). References for the stellar and magnetic parameters are the following: Star is formed, it might be more or less affected by magnetic wind confinement depending on the Alfvén radius.

T eff M * log(L) log( ṀB=0 ) Bp i β α range Spectral type (kK) (M ) (L ) (M yr -1 ) (kG) ( • ) ( • ) ( • ) NGC 1624-2 35 ± 2 a ∼ 30 a 5.2 ± 0.

MODELLING

Previous modelling efforts

In non-magnetic stars, UV resonance lines provide a critical diagnosis of wind properties. Spectral synthesis codes such as cmfgen (Hillier & Miller 1998) use models with spherically symmetric winds. Therefore, fitting the UV spectrum of a non-magnetic massive star with one of these models yields the mass-loss rate and terminal velocity of the wind.

However, the picture is more complicated in a magnetic massive star, since the field impacts both the density and velocity distribution of the circumstellar material, reshaping the wind into a magnetosphere. The usual assumption to circumvent this issue has been to consider, whenever possible, the high state spectrum to perform a quantitative spectral analysis using spherically symmetric models. Close to the magnetic pole the wind breaks open the field lines and the flow is nearly radial; therefore this viewing angle shows us the part of the magnetosphere that most resembles a spherically symmetric wind.

Such an approach has been adopted using cmfgen in the cases of HD 108 (Marcolino et al. 2012), HD 191612 (Marcolino et al. 2013) and HD 57682 (Grunhut et al. 2009), and using the PoWR code (Gräfener et al. 2002;Hamann & Gräfener 2003) in the case of HD 54879 (Shenar et al. 2017). However, these attempts were typically not able to account for the detailed shapes of the line profiles and yielded massloss rates that are at least an order of magnitude lower than the expected theoretical rates. In the case of HD 57682, Grunhut et al. (2012) used a heuristic model with a disc of circumstellar material concentrated around the magnetic equator to reproduce the observed variations in the Hα emission. This model yielded a mass-loss rate which was between 10 and 30 times greater than that inferred from the previous cmfgen fit to the UV spectrum.

Spherically symmetric models can also be used to determine the ionization balance in the wind. This approach was used for instance by Nazé et al. (2015) for CPD -28 2561, using fastwind (Puls et al. 2005, combined with a new X-ray treatment implemented by Carneiro et al. 2016).

It has been shown that the behaviour of the UV resonance lines of magnetic O stars can be qualitatively understood by performing radiative transfer through MHD simulations. This technique has proven successful for both HD 191612 (Marcolino et al. 2013) and CPD -28 2561 (Nazé et al. 2015). In the former case, the opposite behaviours of the Civ and Siiv doublets is properly reproduced. For the latter star, MHD simulations coupled with a tlusty photospheric profile (Lanz & Hubeny 2003) and radiative transfer can reproduce the observed broadening of the Siiv doublet's absorption at low state.

However, MHD simulations fail to reproduce the observed variability of HD 37022, showing instead an offset of 0.5 in rotational phase (ud-Doula 2008). While this could perhaps be understood in terms of certain hypotheses formulated by Stahl et al. (1996) regarding the magnetic field topology (well before the field was even detected), further magnetic characterization of this star by Wade et al. (2006) conclusively excludes this possibility, making this phenomenology an enduring puzzle.

Departure from spherically symmetric winds

Wade et al. (2012a) used the optical spectrum of NGC 1624-2 to derive its stellar properties, and then computed a massloss rate of 1.6×10 -7 M yr -1 using the prescription by Vink et al. (2001). However, it is important to note that this corresponds to the value the mass-loss rate would have if the star did not possess a magnetic field, or in other words the wind-feeding rate, ṀB=0. The parameterizations derived by, e.g., ud-Doula & [START_REF] Ud-Doula | Clumping in Hot-Star Winds[END_REF]ud-Doula et al. (2008ud-Doula et al. ( , 2009) ) to describe various quantities related to massive star magnetospheres (such as the confinement parameter, spin-down time and Alfvén radius) are also all expressed in terms of the wind-feeding rate.

In reality, however, this wind-feeding rate does not correspond to the total surface mass flux, since the local mass flux varies latitudinally due to the inclination of the magnetic field with respect to the normal to the stellar surface (Owocki & ud-Doula 2004). This leads to a reduction of the integrated surface mass flux by a factor of nearly one-half in the case of a pure dipole (Owocki et al. 2016). Furthermore, the magnetic field confines a large portion of the outflowing material (up to 96% in the case of NGC 1624-2), which means that the "real" mass-loss rate should only take into account the material that actually escapes the star, mostly the outflow around the polar region that is not confined (e.g., ud-Doula et al. 2008;Petit et al. 2017). This "real" mass-loss rate is of particular interest in the context of stellar evolution modelling (e.g., Petit et al. 2017;[START_REF] Keszthelyi | The Lives and Death-Throes of Massive Stars[END_REF]Georgy et al. 2017).

To recapitulate, we are distinguishing between three main quantities:

(i) the "wind-feeding rate" (or ṀB=0) which corresponds to the expected mass-loss rate (in our case obtained via a theoretical prescription) a non-magnetic star with the same stellar parameters would have;

(ii) the integrated surface mass flux, which, compared to the previous quantity, is reduced by some factor due to the inclination of the surface magnetic field lines; and

(iii) the "real" mass-loss rate, which corresponds to the material escaping both the star's gravity and the magnetic confinement along open field lines.

The question then becomes which one (if any) of these rates would UV line fitting yield? Ideally, we would like to use a model that, taking into account the magnetospheric geometry, would recover ṀB=0. First, we consider, as has been done traditionally, the case of a spherically symmetric model.

We compute cmfgen models using the unclumped wind-feeding rate (log ṀB=0 = -6.8) adopted by Wade et al. (2012a) as well as an equivalent clumped wind-feeding rate of log ṀB=0 = -7.3 using a typical (e.g., Figer et al. 2002) volume-filling clumping factor of f = 0.1 (since Ṁ ∝ √ f for optically thin clumping). We also take into account the X-ray luminosity4 (LX/L bol = -6.2) obtained by Petit et al. (2015). Finally, we compare these models to our high-state spectrum. The agreement with the wind features is poor (see section 4.5), as expected, and we find that any attempt to fit the blue-shifted absorption of UV resonance lines would yield a wind-feeding rate at least one order of magnitude lower than the theoretical value (as has been found for other stars). This is due in part to the faster-thanradial expansion of a radial polar flow tube in a magnetic wind (e.g., Kopp & Holzer 1976;Owocki & ud-Doula 2004), as discussed by Marcolino et al. (2013).

However, if we focus on photospheric lines, such as the Fev and Feiv "forests", we notice some interesting features. In Fig. 4 we show the associated regions in the (high-state) spectrum. Thin black lines are models for various combinations of microturbulent velocity (v turb ) and metallicity (and thus iron content). The effective temperature and surface gravity are those determined by Wade et al. (2012a) based on the analysis of the optical spectrum. A standard model with solar composition (Z ) and a mictroturbulent velocity of 10 km/s produces too much Feiv absorption. Reducing v turb to 3 km/s (middle) improves the fit but the Feiv absorption remains too strong. Further reducing v turb to 1 km/s (not shown) does not change this picture significantly. On the other hand, reducing only the metallicity with a fixed microturbulent velocity of 10 km/s (top) does not reduce the strength of the Feiv absorption sufficiently to reproduce the observed spectrum. However, a model with a metallicity of Z /5 and with v turb = 3 km/s (bottom) simultaneously reproduces the absorption strength of both the Fev and Feiv "forests". Such a fit could not be accomplished by changing, e.g., the surface temperature, since that would also affect the depth of the Fev "forest", thus simply shifting the problem from one set of lines to the other. We note that Sundqvist et al. (2013) reported the suppression of turbulent broadening in NGC 1624-2 as observed in the optical spectra.

Taking into account a lower metallicity should lead to a lower theoretical wind-feeding rate (by roughly half an order of magnitude). However, while this result is intriguing, a proper abundance analysis for a magnetic O star would benefit from using non-spherically-symmetric atmospheric models (as evidenced by, e.g., the modulation of the Feiv forest between high and low state). Since such models are not currently available, we limit ourselves to noting the possibility of a subsolar metallicity5 , while still using the theoretical mass-loss rate computed at solar metallicity by Wade et al. (2012a) for our subsequent modelling and analysis.

Magnetospheric modelling

While it is possible to use MHD simulations to model massive star magnetospheres, they involve expensive calculations. Therefore, they are not particularly well suited to model a set of magnetic stars with various stellar and magnetic parameters. Furthermore, such calculations are . Fev (left and middle panel) and Feiv (right panel) "forests" of photospheric lines. The high-state observation is represented by the thick grey lines and the models by the thin black lines. The observation is compared to the best fit cmfgen model on the bottom, which uses both subsolar metallicity and low microturbulent velocity, and to two other models which implement each of these factors separately in the middle and on the top (vertically offset by 1 and 2, respectively). Only the model on the bottom can simultaneously match the line strengths for all three "forests".

not practical for a star like NGC 1624-2, due to its extremely strong magnetic field that leads to a high Alfvén speed, and consequently to extremely short Courant stepping times. In contrast, the simplified parameterizations included in the ADM formalism provide a significantly more efficient method to model the time-averaged behaviour of this star's magnetosphere and might allow us to recover its wind-feeding rate. This method has already been shown to successfully reproduce the Hα variations of slowly rotating magnetic massive stars (Owocki et al. 2016).

The ADM model consists of three main components. The upflow is the ionized material radiatively driven from the surface of the star. The ADM formalism makes the assumption that the magnitude of the material's velocity follows a β-law6 , but that its direction follows that of the field lines, as the material flows along the closed field loops from both magnetic hemispheres. This upflow leads to a region of shocked plasma, located between the shock front and the apex of the magnetic loop, close to the plane of the magnetic equator leading to a region of hot post-shock gas, whose extent depends on the cooling efficiency. Finally, once cooled, the material simply forms a downflow that starts at the loop apex and flows back onto the surface of the star along the field loops, undergoing free fall. Of course, the simultaneous presence of these three components at a given point in space is not physical, but it represents an adequate time-averaged picture of the dynamic flows which occur within the magnetosphere. Given these three components, the ADM model provides us with analytical prescriptions for the density and velocity at each point within the magnetosphere.

To model NGC 1624-2's magnetosphere, we make a few simplifying assumptions and approximations. We first con-sider a pure dipole model with an infinite Alfvén radius7 (RA). In reality, for NGC 1624-2, RA ≈ 11.4R * , which is large enough for this approximation to be warranted, since the extremely low densities at that distance will not contribute much to the line of sight optical depth. The extent of the closed field loops in NGC 1624-2's magnetosphere also eliminates concerns that the ADM poorly reproduces the outer wind (Hennicker et al. 2018) 8 . Furthermore, for this initial investigation, we only consider the upflow component. This is because we are seeking to investigate the desaturation that occurs within the high-velocity absorption trough in the high state. Since the downflow component located between the stellar disk and the observer (looking pole-on) would be redshifted, and the shock-heated region also should not cross the stellar disk from the observer's perspective (unless the cooling is unrealistically inefficient), using only the upflow provides a proof of concept to test whether the ADM formalism offers a better basis than previous methods to provide a quantitative estimate of the wind-feeding rate.

Radiative transfer

To perform radiative transfer on our model magnetosphere, we use a variation of the Sobolev with Exact Integration (SEI) method for a singlet (Hamann 1981;Lamers et al. 1987), taking into account the κ0 formalism of line strength as presented by Sundqvist et al. (2014) (their eq. 13). This parameter is proportional to the mass-loss rate and the fractional abundance of the absorbing ion for a given line.

The scalings used in the ADM model take into account two important velocities: the terminal velocity of the wind, v∞, and the escape velocity,

ve ≡ 2GM * (1 -Γe) R * (1)
where G is the universal gravitational constant, M * and R * are the stellar mass and radius, respectively, and

Γe ≡ κeL 4πGM * c (2)
is the standard Eddington factor, with κe = 0.34 cm 2 g -1 , the Thomson electron scattering opacity and c, the speed of light. Finally, we define

γw ≡ v∞/ve (3) 
to be the ratio between the terminal and escape velocities. Generally, for stars on the hot side of the bi-stability jump (T eff ∼ > 21 kK), it is assumed that γw = 2.6 (Lamers et al. 1995).

Then, for a given frequency within the line profile w obs , expressed in terms of velocity (normalized to v∞), we obtain the following expression for an infinitesimal element of optical depth for a point along the line-of-sight (z) direction:

dτ (w obs , z) = κ0γw √ πwD ρ ρc * exp - wz -w obs wD 2 dz (4)
where wD is a velocity broadening parameter taking into account both thermal and turbulent velocity fields (in units of v∞; for our models we adopt a value of 0.01, which correspond to a thermal broadening of 20-30 km/s), ρ/ρc * is an output of the ADM model corresponding to the scaled density (where the scaling factor is ρc * = ṀB=0/4πR 2 * ve), and wz is the line-of-sight component of the velocity (in units of v∞). The ADM model actually uses two different density scalings for the upflow and downflow components (ρc * and ρw * ), but they are easily related by using the γw parameter, which for now is set at the canonical value of 2.6.

Furthermore, given the scope of this study, we limit our investigation to the absorption due to the intervening material which is in front of the stellar disk, along the line of sight. This is suitable to model the high velocity absorption trough, which is nearly unaffected by light that is scattered back into the line of sight. Future efforts will, however, take into account the full radiative transfer solution. For that same reason, we do not need to take into account a base photospheric absorption profile.

From the perspective of radiative transfer, using an analytic prescription to model the magnetospheric structure yields the marked advantage of allowing us to preset our integration grid, and then in a single loop both calculate the model at those points and integrate over each ray. This leads to a very efficient line synthesis technique, ideal for a vast parameter study.

We compute the absorption along 317 rays covering the stellar disk, where each ray contains 1000 linearly spaced points along the line of sight. The optical depth is computed along each ray using a piecewise linear integration scheme. The decrease in optical depth between the spherically symmetric wind and the magnetized wind is immediately apparent, demonstrating that the presence of a magnetic field leads to the desaturation of the absorption trough observed in NGC 1624-2.

Modelling results

First, we illustrate the strong desaturation that occurs at high velocity at a given line strength. We computed the optical depth for each of the rays for a specific frequency and created surface maps for two specific cases: a spherically symmetric wind, and a wind threaded by a pure dipole seen pole-on. The result can be seen in Fig. 5. We chose a value of w obs = -0.8, in the high-velocity absorption trough of the line. The optical depth is normalized to κ0. We can see that the magnetized wind has a much weaker optical depth at high velocity compared to the radially outflowing one. This corresponds to an effect that has already been observed for magnetic massive stars (see Fig. 3).

While this further demonstrates that spherically symmetric models are not suitable to infer wind properties from magnetic massive stars, it remains to be seen whether the ADM model can provide a quantitative approach to measure the wind-feeding rate of these objects. As a first proof of concept, we compute absorption-only line profiles and compare them to the pole-on spectrum of NGC 1624-2 and the cmfgen model shown in Fig. 1. We model the strong Civ doublet, which is typically used to diagnose wind parameters.

To do so, we must first compute the line strength (κ0) associated to the computed theoretical wind-feeding rate of NGC 1624-2. As in Wade et al. (2012a), we use a windfeeding rate of log( ṀB=0) = -6.8. Since the ADM model does not provide any information regarding ionization states throughout the magnetosphere, we have to resort to using the ion fraction outputted by the cmfgen model, in this case log(nCIV/nH) ∼ -5. This leads to a value of κ0 = 5.

Then, we validated this line strength value by comparing a profile obtained for a spherically symmetric outflow to the cmfgen model presented in Section 4.2. We com-puted profiles both with and without emission to determine at what velocity emission starts contributing significantly to the line profile; we found its contribution to be negligible for velocities ranging from wz = -1.0 to wz = -0.8.

We finally used the same line strength to compute a line profile (absorption only) using the ADM model viewed poleon (α = 0 • ). The results are shown in Fig. 6. We can see that at high blue-shifted velocities (beyond wz = -0.8), our spherically symmetric model is consistent with the cmfgen model. Interestingly, the ADM model that we computed also seems to reproduce the high velocity line depth of the actual pole-on data, at least beyond wz = -0.9. The discrepancy which arises at lower velocities obviously stems from the lack of emission in our profile, but could also be due to the magnetic geometry of NGC 1624-2: if the high state corresponds to a slightly off-pole view, this would lead to an even shallower absorption trough. For comparison, we also computed another ADM model line profile with a smaller line strength of κ0 = 0.5, corresponding to an order of magnitude lower wind-feeding rate, similar to what a fit of the data to a spherically symmetric model would have yielded. The absorption in the latter model is shallower than the observed spectrum, even without any emission included, suggesting that such a rate is smaller than the actual wind-feeding rate of the star.

While this preliminary result does not allow us to place very strong constraints on the actual value of the windfeeding rate, it does suggest that the observed UV spectrum of NGC 1624-2 is not inconsistent with the theoretical value computed by Wade et al. (2012a).

CONCLUSIONS

NGC 1624-2 exhibits remarkable variations in the profiles of its wind-sensitive UV resonance lines. These changes are much larger than those seen in other magnetic massive stars. In particular, the variations in its Civ and Siiv offer interesting parallels with behaviours previously noted in other magnetic stars, but also show some distinct characteristics, in particular the redshifted absorption that can be seen in the low state spectrum as well as the double-peaked emission in Siiv in the high-state spectrum.

Compared to MHD simulations, the ADM model offers a computationally inexpensive alternative which is much better suited for large parameter studies. As such, deriving wind parameters using the ADM formalism becomes a tractable problem, as opposed to simply providing a qualitative explanation for the line morphology. Admittedly, there might be some important limitations associated with the assumptions made by the ADM model9 , but a more systematic study attempting to fit observational data with synthetic line profiles will help verify and refine these assumptions.

One difficulty in interpreting the variations seen in the spectra of various magnetic O stars comes from the uncertainties in the viewing angle of the magnetosphere (α).

While our current understanding is that the optical high state corresponds to the smallest viewing angle (closest to magnetic pole-on) and that the low state corresponds to the largest viewing angle (closest to magnetic equator-on), comparing these observations to models will require more precise determinations of these viewing angles, and therefore better magnetic characterizations of these stars. This is not an easy undertaking as they are all slow rotators, but dedicated observing runs to fill in the phase coverage will ultimately prove necessary to better reconcile data and theory.

Within the limited scope of this paper, we have used the ADM model to produce synthetic UV line profiles which we have then compared to the data and to a cmfgen model. The latter suggests that a low metallicity and microturbulent velocity are needed to reproduce the iron "forests". We have limited our modelling with the ADM to the absorption component of the line, which is suitable to reproduce line depth at high velocities, in an effort to quantitatively characterize the wind-feeding rate of NGC 1624-2. We find that using a non-spherically symmetric model, we can attribute the desaturation of the line at high velocity to the magnetospheric geometry without having to involve atypically low wind-feeding rates. This means that we find our high-state observation to be consistent with the theoretical wind-feeding rate inferred by Wade et al. (2012a). This constitutes a proof of concept as to the quantitative potential of the ADM formalism and its potential to yield a useful means of analysis of UV spectra for magnetic O stars, thus laying the foundation for upcoming efforts.

Many improvements to our current modelling tools are being developed, including the full treatment of both the ADM model (including the downflow and shock retreat components, and allowing for a finite Alfvén radius) and radiative transfer (accounting for the "emission", or more accurately the light that is scattered into the line of sight). This will constitute the basis for an in-depth parameter study to investigate the full range of UV line profile behaviours (Erba et al., in prep.). These new developments will also help us validate and, as needed, fine-tune the ADM formalism for quantitative UV spectral analysis.

Further improvements could also take into account doublets, for a precise modelling of the Civ doublet for instance, as well as a varying line strength as a function of the ionization fraction throughout the wind. . Comparison between the line profiles of the Civ doublet of NGC 1624-2 (high state, in solid blue), the cmfgen model (in solid grey) computed using the theoretical mass-loss rate derived by Wade et al. (2012a) (see Section 4.2), and our absorption-only singlet model calculations using both a spherically symmetric wind (in dashed grey) and the ADM prescription (for line strengths corresponding to the theoretical wind-feeding rate in dash-dotted blue, and a wind-feeding rate which is one order of magnitude smaller in dash-dotted green). All profiles are normalized to their respective empirical or theoretical terminal velocity. The left panel shows the full line profiles, while the right panel focuses on the high-velocity blue-shifted absorption trough. As expected, there is good agreement between the cmfgen model and our spherically symmetric model. In addition, the ADM profile with a line strength of κ 0 = 5 closely follows the observations of NGC 1624-2 in this regime (the departure at lower velocities is due to the missing emission in our model), while the ADM profile with a weaker line strength does not produce enough absorption to match the observation, even at lower velocities despite the lack of emission in the model. Table A1. Full list of IUE and HST observations of the comparison non-magnetic and magnetic O stars used to produce, respectively, Fig. 2 
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Figure 1 .

 1 Figure1. HST observations of NGC 1624-2 (high-state in blue, low-state in pink) smoothed with an 11-pixel wide boxcar filter for display purposes. There are important variations in both the Siivλλ1393/1402 and Civλλ1548/50 doublets, as well as a modulation of the strength of the absorption in the Feiv "forest" around 1615-1630 Å.

  Figure2. Comparison between the resonance line profiles of NGC 1624-2 and that of non-magnetic stars of similar spectral type (Siiv λλ1393/1402 on the left and Civ λλ1548/50 on the right). The velocity axes refer to the blue component of the doublets. We see important differences in the morphologies of these lines, suggesting that the wind structure of NGC 1624-2 shows a strong departure from spherical symmetry.

)

  Wade et al. (2012a); b) Martins et al. (2010); c) Shultz & Wade (2017); d) Martins et al. (2012); e) Howarth et al. (2007); f ) Wade et al. (2011); g) Wade et al. (2015); h) Walborn et al. (2010); i) Simón-Díaz et al. (2006); j ) Wade et al. (2006); k ) Grunhut et al. (2009); l) Grunhut et al. (2012); m) Nazé et al. (2008); n) Wade et al. (2012b); o) Shenar et al. (2017); p) Castro et al. (2015) and q) Sota et al. (2011).

Figure 3 .

 3 Figure 3. Comparison between the resonance line profiles of NGC 1624-2 and that of other magnetic O-type stars. The velocity axis is centered on the position of the blue component of the doublet.

Figure 4

 4 Figure4. Fev (left and middle panel) and Feiv (right panel) "forests" of photospheric lines. The high-state observation is represented by the thick grey lines and the models by the thin black lines. The observation is compared to the best fit cmfgen model on the bottom, which uses both subsolar metallicity and low microturbulent velocity, and to two other models which implement each of these factors separately in the middle and on the top (vertically offset by 1 and 2, respectively). Only the model on the bottom can simultaneously match the line strengths for all three "forests".

Figure 5 .

 5 Figure5. Optical depth at the stellar surface (scaled to the line strength, κ 0 ) as a function of the impact parameter p (scaled to the stellar radius, R * ) at v/v∞ = -0.8, comparing a spherically symmetric outflowing stellar wind (red) with material trapped by a dipolar magnetic field viewed along the magnetic pole (blue). The decrease in optical depth between the spherically symmetric wind and the magnetized wind is immediately apparent, demonstrating that the presence of a magnetic field leads to the desaturation of the absorption trough observed in NGC 1624-2.

  Figure6. Comparison between the line profiles of the Civ doublet of NGC 1624-2 (high state, in solid blue), the cmfgen model (in solid grey) computed using the theoretical mass-loss rate derived byWade et al. (2012a) (see Section 4.2), and our absorption-only singlet model calculations using both a spherically symmetric wind (in dashed grey) and the ADM prescription (for line strengths corresponding to the theoretical wind-feeding rate in dash-dotted blue, and a wind-feeding rate which is one order of magnitude smaller in dash-dotted green). All profiles are normalized to their respective empirical or theoretical terminal velocity. The left panel shows the full line profiles, while the right panel focuses on the high-velocity blue-shifted absorption trough. As expected, there is good agreement between the cmfgen model and our spherically symmetric model. In addition, the ADM profile with a line strength of κ 0 = 5 closely follows the observations of NGC 1624-2 in this regime (the departure at lower velocities is due to the missing emission in our model), while the ADM profile with a weaker line strength does not produce enough absorption to match the observation, even at lower velocities despite the lack of emission in the model.

Table 1 .

 1 Journal of COS Observations Central wavelength of the grating setting.2 Phase of MJD(mid) according to the ephemeris ofWade et al. 2012a. 

	ObsID	Grating	λc 1	S/N	UT (Start)	Exp. Time	MJD(mid)	φ 2
			( Å)			(s)		
	lcl601010	G130M	1291	15.8	2015-02-17T06:16:42	848	57070.2685 0.986
	lcl601020	G130M	1327	14.8	2015-02-17T06:39:53	844	57070.2846 0.986
	lcl601030	G160M	1577	22.9	2015-02-17T07:40:05	1084	57070.3279 0.986
	lcl601040	G160M	1623	22.6	2015-02-17T08:07:48	1080	57070.3472 0.986
	lcl602010	G130M	1291	16.9	2015-10-06T16:20:53	848	57301.6881 0.451
	lcl602020	G130M	1327	15.0	2015-10-06T16:44:04	844	57301.7042 0.451
	lcl602030	G160M	1577	21.6	2015-10-06T17:07:58	1084	57301.7309 0.451
	lcl602040	G160M	1623	21.1	2015-10-06T18:00:30	1080	57301.7588 0.452
	1							

  and Fig.3.

	Star	Data ID	Telescope	Instrument	Exposure	Observation	Phase	Program ID and PI
					time (s)	start time (UT)		
	HD 93146	SWP11136	IUE	SWP	3600	1981-01-24 01:43:07	N/A	OD40B (J.E. Hesser)
	HD 36861	SWP46257	IUE	SWP	20	1992-11-13 06:25:36	N/A	SWOJN (J.S. Nichols)
	HD 108	SWP08352	IUE	SWP	3300	1980-03-24 23:06:54	∼ 0.0?	NSCAD (A.K. Dupree)
		OBIL05010	HST	STIS	700	2010-09-09 16:15:11	∼ 0.5?	12179 (J.-C. Bouret)
	HD 191612	OBIL01010	HST	STIS	1500	2010-08-23 01:53:54	0.751	12179 (J.-C. Bouret)
		OBIL02010	HST	STIS	1500	2011-01-04 06:49:30	0.000	12179 (J.-C. Bouret)
		OBIL03010	HST	STIS	1500	2011-05-18 06:38:32	0.250	12179 (J.-C. Bouret)
		OBIL04010	HST	STIS	1500	2011-09-30 12:02:56	0.501	12179 (J.-C. Bouret)
	CPD -28 2561	OCI7A1010	HST	STIS	2110	2014-04-27 20:42:35	0.01	13629 (Y. Nazé)
		OCI7A3010	HST	STIS	2000	2014-05-15 07:58:15	0.25	13629 (Y. Nazé)
		OCI7A2010	HST	STIS	1850	2014-06-01 20:11:45	0.49	13629 (Y. Nazé)
	HD 37022	SWP13737	IUE	SWP	60	1981-04-17 01:31:52	0.756	HSDRP (R.J. Panek)
		SWP14665	IUE	SWP	90	1981-08-05 19:12:21	0.936	LB304 (L. Bianchi)
		SWP54001	IUE	SWP	120	1995-03-01 03:49:56	0.256	RA110 (O. Stahl)
		SWP54040	IUE	SWP	100	1995-03-05 03:36:57	0.513	RA110 (O. Stahl)
		SWP54112	IUE	SWP	100	1995-03-13 04:06:57	0.033	RA110 (O. Stahl)
	HD 57682	SWP03576	IUE	SWP	356	1978-12-12 06:29:00	0.671	RSLWK (L.W. Kamp)
		SWP21587	IUE	SWP	180	1983-11-20 07:51:44	0.050	MLFCG (C.D. Garmany)
	HD 148937	SWP02893	IUE	SWP	3600	1978-10-09 05:56:00	0.462	OSPSC (P.S. Conti)
		O6F301010	HST	STIS	883	2001-09-16 20:39:44	0.959	9243 (A. Boggess)
	HD 54879	OD3J01010	HST	STIS	383	2016-04-30 04:01:32	??	14480 (W.-R. Hamann)

In other words, lines which correspond to electronic transitions with a large opacity.

Based on a fit to an ISM-corrected model for NGC 1624-2 in its high state.

There have been no metallicity measurements for the cluster NGC 1624, but its position at the edge of the Galactic disk could be consistent with a subsolar value.

And in particular in this case, a velocity law using β = 1 such that the radial dependence of the velocity follows v(r) = v∞(1 -R * /r).

In a dipole model, the Alfvén radius corresponds roughly to the radius of closure of the largest closed field loop.

This particular study used HD 191612, with a much smaller Alfvén radius of 2.7R * , to compare MHD simulations and the ADM formalism using, in effect, an infinite Alfvén radius.

One particular limitation of the ADM formalism, in the context of the faster-than-radial divergence which occurs at the pole and helps explain the strong line desaturation at high velocity, is that the resulting lower density along the magnetic pole is not taken into account dynamically, since a simple β-velocity law is used and no forces are being computed.
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APPENDIX A: LIST OF OBSERVATIONS

The table below provides a list of all the UV spectroscopic observations of non-magnetic and magnetic OB stars shown in Fig. 2 and Fig. 3, respectively.