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Abstract

In this Letter, we present the first systematic spectroscopic measurements of the near-infrared (NIR) hydrogen recombination lines Paschen alpha (Paαλ = 1.875 μm) and Brackett beta (Brβλ = 2.626 μm), produced by pre-main-sequence (PMS) stars. Such stars include T Tauri and Herbig AeBe stars, located in the massive Galactic star-forming region NGC 3603. We used measurements obtained from JWST NIRSpec, using multi-object spectroscopy (MOS) mode. Based on the existing empirical relations between Lacc and LBrγ from the literature, we used our new measurements to formulate, for the first time, an empirical relationship between the accretion luminosity, Lacc, of the stars and the line luminosities, Lline, of both Paα and Brβ. These relationships are: [image: equation] and [image: equation]. These new relationships are key to establishing rough estimates of the accretion rates for large samples of PMS stars with JWST.
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1. Introduction
The accretion luminosity, Lacc, of a star is a direct measurement of the gravitational energy released by infalling matter as it is accreted. If the mass, M*, and radius, R*, are known, then the mass accretion rate, Ṁ∗, can be determined from Lacc. The mass accretion rate is a fundamental characteristic of star formation, setting important constraints on accretion and stellar evolution models Calvet et al. (2000). It is also a crucial aspect of disk evolution and star and planet formation (Muzerolle et al. 1998; Basri & Bertout 1989). The accretion luminosity of a star is primarily radiated at ultraviolet (UV) and blue and optical wavelengths, producing excess emission above the intrinsic photospheric level of the star (e.g. Calvet & Gullbring 1998). It is possible to measure this accretion luminosity directly by observing the excess UV and optical continuum emission and comparing it to an appropriate stellar photosphere. This is commonly done using U and B band photometry with complementary spectroscopy (e.g. Venuti et al. 2014; Herczeg & Hillenbrand 2008; Gullbring et al. 1998).
Another approach to measuring the accretion luminosity is to use hydrogen recombination lines. The accretion luminosity has been shown to scale linearly with various recombination line luminosities. In Muzerolle et al. (1998), they found that the NIR hydrogen recombination line Brγ (λ = 2.166 μm) exhibited a tight scaling relationship with the accretion luminosity of 19 pre-main-sequence (PMS) stars. Such close relationships have since been found for a wide range of lines from hydrogen, as well as other elements (e.g. Alcalá et al. 2017).
The motivation behind using NIR recombination lines is two-fold. Firstly, NIR lines suffer from ∼10 times less extinction compared to UV and optical wavelengths. This results in a higher signal-to-noise ratio (S/N), making it possible to measure the accretion rates of more deeply embedded and/or distant objects. Secondly, because the extinction is lower, uncertainties that arise from extinction corrections are also smaller.
The majority of NIR stellar accretion studies have been conducted from ground-based observatories. From the ground, the strong recombination lines Paα and Brβ are not visible due to telluric contamination. Using the JWST Near InfraRed Spectrograph (NIRSpec), we were able to obtain moderate-resolution (R = 2700) spectra for 100 stars, 32 of which we classified as PMS stars. The grating-and-filter combination of G235H/F170LP was used. This gives us access to recombination lines that are not observable from the ground: Paα, a line that is typically ∼12 times brighter than Brγ, and Brβ, typically ∼1.6 times brighter than Brγ. These lines provide a new means to measure the accretion luminosity of PMS stars in the era of JWST, offering higher S/N, coupled with the exquisite sensitivity of NIRSpec, thus allowing for deeper and more precise star formation studies. The layout of this paper is as follows. In Sect. 2, we discuss the sample and our target selection criteria. In Sect. 3, we discuss the data processing steps, including the data reduction, extinction correction, flux calibration, photospheric and veiling corrections, and the measurement of the recombination lines. In Sect. 4 we present our results and in Sect. 5 we summarise our findings and present our conclusions.
2. Targets
The spectra were obtained as part of a NIRSpec Guaranteed Time Observations (GTO) programme (ID=1225). The stars reside in the giant Galactic HII region NGC 3603, located 7 ± 1 kpc away (Melena et al. 2008; Sung & Bessell 2004; Pandey et al. 2000). The cluster’s age has been estimated to be 1 − 3 Myr (Pang et al. 2013; Sung & Bessell 2004; Melena et al. 2008), with active ongoing star formation Beccari et al. (2010; hereafter B10). The spectra were obtained using the MOS mode of NIRSpec, which utilises the Micro-Shutter Assembly (MSA). The MSA consists of ∼250 000 microscopic, operable doors that can be commanded open or closed, allowing for the simultaneous acquisition of dozens of spectra within a single exposure Ferruit et al. (2022). These targets were chosen from an initial list of about 10 000 sources, originally observed with Hubble Space Telescope’s (HST) Wide Field Camera 3 (WFC3), see B10. Of the 100 sources observed with JWST, 60 were photometrically classified as PMS stars based on Hα narrow band excess emission; the remaining 40 stars were classified as main-sequence (MS) stars.
With our new spectroscopic data, we have revised this classification. We have classified 32 of the 100 sources as PMS. This lower classification rate likely comes from our stricter criteria. Following our classification criteria, a source was deemed PMS based on the simultaneous presence of the recombination lines: Paα, Brβ, and Brγ, in emission above the chromospheric level, after a photospheric absorption correction had been performed (see Sect. 3.5.2). There are sources in our sample that exhibit only a subset of these lines in emission, in most cases, only Paα. We have excluded these sources from our analysis simply because it is not possible to draw a relationship between Brγ and the other recombination lines if Brγ is not seen in emission. It is entirely possible that there are additional PMS sources in our sample, but within the scope of this study, we have focused on sources with strong recombination lines, unambiguously in emission. Of the 32 sources that we classified as PMS, 21 had also been classified in B10 as PMS based on Hα excess. The remaining 12 sources did not show evidence of Hα excess at the time the observations were made. Differences in the nebular background subtraction, extinction correction and photospheric correction could explain the differences between our classification and B10. There is also a ∼13 year time gap between our NIRSpec measurements and the photometric measurements of B10; thus, variability could also play a role. The sources are listed in Table 1 with their positions, physical properties, recombination line equivalent widths (EWs), and accretion luminosities.
Table 1. 
Physical properties of the PMS stars considered in this analysis and the EWs of the three recombination lines.

It is possible for recombination lines to be present in MS/evolved sources through chromospheric emission (Herbig 1985; Strassmeier et al. 1990; Young et al. 1989). Chromospheric activity can be confused for weak accretion, as both mechanisms produce emission lines with small EWs. Accretion is usually associated with large EWs, for example: Hα ≥ 10 Å. This corresponds to EWs for Paα and Brβ of 1.2 Å and 0.15 Å, respectively, assuming case B recombination Hummer & Storey (1987). To avoid any misclassifications, we have taken a conservative approach and only considered sources with hydrogen recombination lines whose EWs are ≥3 times what is expected from chromospheric activity.
In some of the PMS spectra, there are additional hydrogen recombination lines, from the Brackett series as well as the Pfund series. A full description of the PMS spectra will be given in Rogers et al. (in prep.)1.
We have spectrally classified the majority of the PMS stars in this study. A subset of sources could not be classified spectroscopically as they lack any absorption lines. These PMS stars have temperatures masses estimated photometrically from B10, ranging from [image: equation], with an uncertainty of the order of [image: equation], placing them somewhere within the intermediate mass T Tauri, and Herbig AeBe star range. The large uncertainties on mass and temperature prevent us from firmly classifying these sources. In Table 1, we refer to these sources as either TT/HAe or HAe/Be stars.
3. Data reduction
3.1. Spectral extraction with NIPS
The data were reduced using the NIRSpec Instrument Pipeline Software (NIPS) Alves de Oliveira et al. (2018). NIPS is a framework for spectral extraction of NIRSpec data from the count-rate maps, performing all major reduction steps from dark current and bias subtraction to flat fielding, wavelength and flux calibration and spectral extraction, with the final product being the 1D extracted spectrum.
3.2. Nebular background subtraction
NGC 3603 is the optically brightest HII region in the Galaxy. As such, the nebular emission of NGC 3603 is extremely bright, in particular with respect to the recombination lines, which have typical EWs of ∼ 5000 Å. The nebular emission is also spatially variable across the area of a few micro-shutters (micro-shutter area = 0.46″ × 0.2″ ∼ 10−4 pc2). The removal of these nebular recombination lines from the stellar spectra was crucial in order to determine accurate accretion luminosities from the genuine stellar recombination lines.
Spectroscopy of the nebula was carried out simultaneously with the stellar spectroscopy. This was done by opening ‘slitlets’, consisting of three micro-shutters for each stellar source. The star was placed within the central micro-shutter, with the neighbouring shutters directly above and below it observing the adjacent nebular background. From the multiple nebular spectra per stellar source, we observed that the nebular emission lines fluxes typically differed by 7% between adjacent micro-shutters. In 5 out of 32 PMS sources, the corresponding nebular emission line fluxes differed by ≥20% between adjacent micro-shutters. In these cases, the measured nebular spectrum was likely not representative of the nebulosity within the central micro-shutter; hence, this could lead to over- or under-subtraction.
In order to account for the spatially variable nebulosity, a brightness scaling procedure was developed to subtract the nebular light from the stellar spectrum. In all of the nebular spectra, a bright helium doublet is present at λ = 1.869 μm. For our sample of stars, this line has a purely nebular origin, only appearing weakly in absorption (EW ≤ 1 Å) in massive stars Husser et al. (2013). The line flux of the helium doublet was measured in the unsubtracted stellar spectrum and the corresponding nebular spectrum was scaled and subtracted from the stellar spectrum, such that the helium line was fully removed. The typical scaling factor was 0.94 ± 0.2. The typical He I EW after subtraction was 0.011 ± 0.16 Å.
We have estimated the uncertainty of this nebular subtraction by comparing the EW of the helium doublet to that of the hydrogen recombination lines of interest, namely Paα, Brγ, and Brβ. The helium and hydrogen lines exhibit a tight scaling relationship with an origin at ∼ 0 Å. This indicates that by removing the helium line, the hydrogen lines have also been fully subtracted. The dispersion of these relationships for Paα, Brγ, and Brβ were 8%, 11%, and 17%, respectively. These dispersions were taken as the uncertainty of our subtraction for each line and were propagated through to the final line luminosities.
3.3. Extinction correction
The stellar spectra also needed to be corrected for interstellar extinction. The extinction characteristics of NGC 3603 have been explored in detail in Rogers et al., (in prep.). This study utilised the hydrogen recombination lines of the nebular spectra. By studying the decrement of the Brackett recombination lines, it was possible to determine the NIR extinction law for each of our sources in NGC 3603, which allowed us to determine the reddening E(B − V) and the absolute extinction A(V) for each source. Using these values, the stellar spectra were corrected for extinction, and the uncertainties from R(V) and E(B − V) and A(V) were propagated through to the uncertainty of the recombination line luminosities. The typical value of R(V) for the region is R(V) = 4.8 ± 1.06, corresponding to E(B − V) = 0.64 ± 0.27 and A(V) = 3.1 ± 1.46
3.4. Flux calibration
The NIRSpec calibration does not yet offer absolute flux calibrated spectra, and so this must be done with a photometric catalogue. We have used the non-contemporaneous Ks band photometry of Brandl et al. (1999), obtained with ISAAC at the VLT. To avoid the impact of temporal variability from the PMS sources, we used only the MS sources to determine the flux correction. By convolving our JWST MS stellar spectra with the ISAAC Ks throughput filter, we found that our spectra were typically fainter than the corresponding ISAAC fluxes by a factor of 3.69 ± 0.93. We then applied this correction factor to the 32 PMS spectra. The uncertainty of this flux calibration was propagated through to the uncertainty of the line luminosities.
3.5. Determining LPaα and LBrβ
3.5.1. Measuring the recombination line EWs
A Monte Carlo approach was taken to measure the recombination lines, similarly to Riedel et al. (2017), Ashraf et al. (2023). With this approach, each line was measured 1000 times by fitting a Gaussian to determine the EW of the line. The EW was multiplied by the continuum to convert to a line flux. The line flux was allowed to vary with each iteration within its statistical and systematic uncertainties, under the assumption of independent and normally distributed uncertainties. The median of the 1000 fluxes was calculated and the uncertainty of the line flux was the standard deviation of the 1000 measurements. Figure 1 shows the line profiles of Paα, Brγ, and Brβ from the spectrum of source 977, an intermediate S/N source in our sample. A full grid of line profiles is provided in Appendix A.
	[image: thumbnail]	Fig. 1. Three recombination lines: Paα, Brγ, and Brβ are shown going from left to right. These lines come from the spectrum of source 977.



3.5.2. Correcting for photospheric absorption and veiling
Before converting the EW to a flux, each EW needed to be corrected for photospheric absorption and veiling. To correct for photospheric absorption, the spectral type had to be determined. To do so, the Phoenix stellar models from Husser et al. (2013) were fit to the spectra using a minimum χ2 approach. A combination of hydrogen absorption lines, as well as metal absorption lines from Na I, Ca I, Al I, and Mg I were used to fit the spectra. An example fit is shown in Fig. 2. The uncertainties in Teff, Log(g), and metallicity [M/H] were determined from the standard deviation of the five best fitting models. Once the spectral type was known, the EWs of Paα, Brβ, and Brγ were measured in the model spectra. The EW uncertainties were also determined from the standard deviation of the five best fitting model spectra. For spectra where no absorption lines were detected, we used the spectral types determined by B10, with their associated uncertainties.
	[image: thumbnail]	Fig. 2. Best fitting Phoenix model spectrum. The source spectrum is shown as the black solid line. The best-fit model spectrum is shown as the red dashed line.



The approach from Lopez et al. (2006) was used to simultaneously corrected the spectra for absorption and veiling,
[image: thumbnail](1)
where EWcirc is the true EW of the line emission from the circumstellar disk; EWobs is the measured EW of the line; EWphoto is the EW of the photospheric absorption component; ΔmK is the absolute value of the difference between the scaled Phoenix model, Ks, band magnitude and the observed Ks band magnitude. To determine ΔmK, the extinction-corrected Ks band magnitude of the observed spectrum was subtracted from the Ks band magnitude of an appropriate Phoenix stellar model, scaled to the distance of NGC 3603. The absolute value of this difference was used for ΔmK. The corrected EWs were converted to fluxes as described above and, finally, to luminosities by scaling to the distance of 7 ± 1 kpc, and propagating the uncertainty of the distance.
4. Results
4.1. Determining the accretion luminosity relationship for Paα and Brβ
To determine the new empirical relationships between Lacc and Paα and Brβ, we utilised two separate, existing relationships for Brγ, determined by Alcalá et al. (2017) for T Tauri stars and Fairlamb et al. (2015) for the Herbig AeBe stars, although both relationships actually agree with each other within their uncertainties. These relationships are given in Eqs. (2) and (3), respectively:
[image: thumbnail](2)
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Using the relationships in Eqs. (2) and (3), we calculated the accretion luminosities of our PMS stars based on their Brγ line luminosities.
In order to derive the relationships for Paα and Brβ, we fit lines between the accretion luminosities and the two recombination line luminosities. The best fitting lines are shown in Fig. 3. These fits provide the new empirically derived relationship between the accretion luminosity and Paα and Brβ. These relationships are given in Eqs. (4) and (5):
[image: thumbnail](4)
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	[image: thumbnail]	Fig. 3. Relationship between Lacc with Paα and Brβ. The size of the circle scales with the mass of the source. The black line is the line of best fit, determined via ODR. The grey shaded band is the uncertainty of the best fit line. Panel a: The scatter between data and the line of best fit is σ = 0.27. Panel b: The scatter between data and the line of best fit is σ = 0.27.



The uncertainties of both the slope and y-intercept are dominated by systematic uncertainties. These systematics arise from the absolute flux calibration, the distance to NGC 3603, and the uncertainties inherited from Eqs. (2) and (3). Taking Eq. (4) for instance, the uncertainties can be broken down into their statistical and systematic components, with statistical uncertainty in square brackets and systematic uncertainty in angle brackets: ( ± 0.18)→[±0.006]+⟨±0.174⟩ and ( ± 0.42)→[±0.012]+⟨±0.408⟩.
5. Conclusions
We present the first empirical relationship between Lacc and LPaα and LBrβ by making use of the existing relationships between Lacc and LBrγ from Alcalá et al. (2017) and Fairlamb et al. (2015). These new empirical relationships should serve star formation studies in the era of JWST, where simultaneous access to these strong NIR lines has been made available for the first time. This will allow for deeper and wider star formation studies at larger distances than has been previously possible.


1 Individual spectra can be made available by the authors upon request.
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Appendix A:  Emission line profiles
	[image: thumbnail]	Fig. A.1. Paα emission line profile for each source. The best fitting Gaussian profile is shown as a red dashed line.



	[image: thumbnail]	Fig. A.2. Brγ emission line profile for each source. The best fitting Gaussian profile is shown as a red dashed line.



	[image: thumbnail]	Fig. A.3. Brβ emission line profile for each source. The best fitting Gaussian profile is shown as a red dashed line.
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	[image: thumbnail]	Fig. 2. Best fitting Phoenix model spectrum. The source spectrum is shown as the black solid line. The best-fit model spectrum is shown as the red dashed line.
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	[image: thumbnail]	Fig. 3. Relationship between Lacc with Paα and Brβ. The size of the circle scales with the mass of the source. The black line is the line of best fit, determined via ODR. The grey shaded band is the uncertainty of the best fit line. Panel a: The scatter between data and the line of best fit is σ = 0.27. Panel b: The scatter between data and the line of best fit is σ = 0.27.
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	[image: thumbnail]	Fig. A.1. Paα emission line profile for each source. The best fitting Gaussian profile is shown as a red dashed line.
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	[image: thumbnail]	Fig. A.2. Brγ emission line profile for each source. The best fitting Gaussian profile is shown as a red dashed line.
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	[image: thumbnail]	Fig. A.3. Brβ emission line profile for each source. The best fitting Gaussian profile is shown as a red dashed line.
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