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Abstract

Context. Veiling is ubiquitous at different wavelength ranges in classical T Tauri stars. However, the origin of the veiling in the infrared (IR) domain is not well understood at present. The accretion spot alone is not enough to explain the shallow photospheric IR lines in accreting systems, suggesting that another source is contributing to the veiling in the near-infrared (NIR). The inner disk is often quoted as the additional emitting source meant to explain the IR veiling.

Aims. In this work, we aim to measure and discuss the NIR veiling to understand its origins and variability timescale.

Methods. We used a sample of 14 accreting stars observed with the CFHT/SPIRou spectrograph, within the framework of the SPIRou Legacy Survey, to measure the NIR veiling along the YJHK bands. We compared the veiling measurements with accretion and inner disk diagnostics. We also analyzed circumstellar emission lines and photometric observations from the literature.

Results. The measured veiling grows from the Y to the K band for most of the targets in our sample. The IR veiling agrees with NIR emission excess obtained using photometric data. However, we also find a linear correlation between the veiling and the accretion properties of the system, showing that accretion contributes to the inner disk heating and, consequently, to the inner disk emission excess. We also show a connection between the NIR veiling and the system’s inclination with respect to our line of sight. This is probably due to the reduction of the visible part of the inner disk edge, where the NIR emission excess is expected to arise, as the inclination of the system increases. Our search for periods on the veiling variability showed that the IR veiling is not clearly periodic in the typical timescale of stellar rotation – which, again, is broadly consistent with the idea that the veiling comes from the inner disk region. The NIR veiling appears variable on a timescale of a day, showing the night-by-night dynamics of the optical veiling variability. In the long term, the mean NIR veiling seems to be stable for most of the targets on timescales of a month to a few years. However, during occasional episodes of high accretion in classical T Tauri stars, which affect the system’s dynamic, the veiling also seems to be much more prominent at such times, as we found in the case of the target RU Lup.

Conclusions. We provide further evidence that for most targets in our sample, the veiling that mainly occurs in the JHK bands arises from dust in the inner disk.
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⋆ Based on observations obtained at the Canada-France-Hawaii Tele-scope (CFHT) which is operated by the National Research Council (NRC) of Canada, the Institut National des Sciences de l’Univers of the Centre National de la Recherche Scientifique (CNRS) of France, and the University of Hawaii. Based on observations obtained with SPIRou, an international project led by Institut de Recherche en Astrophysique et Planétologie, Toulouse, France.



1. Introduction
The photospheric lines of young low-mass accreting systems, commonly referred to as Classical T Tauri stars (CTTS), are shallower and present smaller equivalent widths than those of non-accreting stars with a similar spectral type. This phenomenon is known as the veiling of the photospheric lines (e.g., Hartigan et al. 1991; Valenti et al. 1993; Folha & Emerson 1999; Fischer et al. 2011). The presence of veiling suggests an additional emitting source, beyond the stellar photosphere contributing to the spectra of the targets, that is responsible for filling in the photospheric lines (e.g., Hartmann & Kenyon 1990; Gullbring et al. 1998; Calvet & Gullbring 1998; Johns-Krull & Valenti 2001).
The veiling in the optical and in the IR wavelengths has been studied using different approaches in the aim to understand its origins and variability (e.g., Basri & Batalha 1990; Edwards et al. 2006; Fischer et al. 2011; Antoniucci et al. 2017; Gully-Santiago et al. 2017; Ingleby et al. 2013; McClure et al. 2013; Kidder et al. 2021). The veiling variability along the stellar spectra depends on wavelength (e.g., Fischer et al. 2011; Faesi et al. 2012; McClure et al. 2013; Rei et al. 2018), and optical veiling is often associated with the accretion process, while the accretion shock is thought to be at the origin of an additional continuum emitting source to the stellar spectrum. (e.g., Gullbring et al. 1998). Usually, the accretion spot presents an emission contribution maximum around the ultraviolet domain, which decreases as the wavelength increases (e.g., Calvet & Gullbring 1998). Nevertheless, we do not expect a significant contribution of the accretion spot continuum emission in the IR wavelength; therefore, the accretion spot alone cannot explain the veiling in the IR domain.
In the IR region, the veiling increases with wavelength and in some cases, it becomes greater than the veiling in the optical domain (e.g., McClure et al. 2013). The central star illuminates the inner disk and this region absorbs photons from the star, the accretion spot, and even the accretion funnel, then re-emitting them in the infrared (IR) as the system rotates (e.g., Chiang & Goldreich 1997, 1999). Therefore, the inner disk is suggested as the origin of the additional continuum emission that is essential to explaining the near-infrared (NIR) veiling, although the measured veiling is often too great to be explained as coming merely from the disk emission, based on model predictions (e.g., Folha & Emerson 1999; Johns-Krull & Valenti 2001). Many authors have used different techniques to connect the observed veiling with inner disk emission, such as measuring the temperature of the region where the veiling comes from and using a black body fit to the veiling. For most of these systems, they found temperatures compatible with the dust temperature in the inner disk (e.g., Fischer et al. 2011; Antoniucci et al. 2017; Alcalá et al. 2021). For a few targets, the blackbody temperature measured using veiling is too high for dust to survive in the inner disk; this would indicate that the veiling should arise from the gas in the inner disk inside the star-disk co-rotation radius (e.g., Antoniucci et al. 2017; Alcalá et al. 2021). However, McClure et al. (2013) found no evidence of hot gas inside the inner disk, which would be responsible for the NIR veiling. Instead, they explained the IR veiling as the combined emission from the accretion shock on the stellar surface and dust around the sublimation rim of the inner disk.
The veiling around 1 μm and the veiling in the K band and beyond can also have different origins. While the accretion spot emission contribution is not very substantial around 1 μm, we do not expect a significant contribution from the inner disk either. The origin of the veiling in this spectral domain is poorly understood. However, significant veiling was measured around 1 μm, primarily for high accretion rate systems (e.g., Edwards et al. 2006; Fischer et al. 2011; Ingleby et al. 2013). In the literature, there are only a few plausible explanations given for that case of veiling, such as a contribution from emission lines, filling in of the photospheric lines, or origination from the accretion shock (e.g., Sicilia-Aguilar et al. 2015; Dodin & Lamzin 2013). Even if we do not detect these extra emission lines directly, they can contribute to making the photospheric lines of the stellar spectra shallower, which increases the veiling measurement.
We cannot exclude other possible explanations to the IR veiling, such as an envelope around a star that can also be a source of additional emission to the photospheric continuum, with emission compatible with NIR veiling (e.g., Calvet et al. 1997). However, CTTSs are usually Class II stars and we would not expect a significant contribution from a dusty envelope. Furthermore, the veiling in the K band is higher than the dust envelope emission can explain (Folha & Emerson 1999).
In this work, we study the veiling and its variability in the NIR, using a sample of young accreting stars observed with the Canada-France-Hawaii Telescope SPectropolarimètre InfraROUge (CFHT/SPIRou). Our sample comprises stars with different properties, such as the mass accretion rate, spectral type, and inclination with respect to our line of sight. We computed the veiling for the YJHK bands and compared the results with accretion and inner disk diagnostics.
We organized the paper as follows. In Sect. 2, we present the sample of stars that we used in this work, and we describe the data used. In Sect. 3 we show the procedures to measure the veiling. We describe the results obtained from the veiling measurements in Sect. 4. In Sect. 5, we discuss the possible origin of the veiling, and we compare our results with those of previous works. In Sect. 6, we present our conclusions.
2. Observations and targets selection
The sample of stars used in this work is composed of well-known young stars that are part of the SPIRou Legacy Survey-SLS science program: “Magnetic PMS star/planet survey” of some 50 class I, II, and III stars. The SPectropolarimètre InfraROUge (SPIRou) is a high-resolution velocimeter and polarimeter spectrograph (R ∼ 75 000) covering the NIR wavelength range ∼0.98 − 2.35 μm, corresponding to the spectral domain of the YJHK bands (Donati et al. 2018). The main science goals of CFHT/SPIRou Legacy Survey are the search for and characterization of planets around low-mass stars, and investigating the impact of the stellar magnetic field on planet and star formation in young systems (Donati et al. 2020a).
We aim to investigate the veiling of accreting young stars. Therefore, we selected, among the sample of stars observed by the SLS, 13 stars reported as accreting systems in the literature and for which we had a reasonable number of observations in time in comparison to the stellar rotation period. Most of these targets are classified as Class II and CTTS systems, and only V347 Aur is a Class I target. In addition, we added the T Tauri star J1604 (RX J1604.3−2130A) to the sample, which is not part of the SLS program, however, its CFHT/SPIRou observations are available.
In Table 1, we show the list of young stars analyzed in this work and the number of observations that we have for each target and each observational period. We also list three non-accreting T Tauri stars that cover our sample’s spectral types and are also slow rotators (v sin i < 15 km s−1). We used these stars as templates to compute veiling and the residual profiles, as described in the following sections.
Table 1. 
Sample of stars and number of observations per observational period.

Each CFHT/SPIRou observation consists of four sub-exposures to measure Stokes V, taken at different orientations of the polarimeter and used to compute the non-polarized and the circularly polarized profiles. As the focus of this work is to analyze only the non-polarized component of the spectrum, we averaged the four sub-exposures to increase the signal-to-noise ratio (S/N) of the spectra obtained at each night. For the non-accreting systems, we averaged all the observations obtaining a mean spectra that were used as templates. The CFHT/SPIRou data were reduced, while the telluric-corrected spectra were obtained using the data reduction system APERO, versions 0.6.131, 0.6.132, and 0.7.232 (Cook et al. 2022). The spectra were corrected for the barycentric velocity and locally normalized to the continuum level, using a polynomial function to fit the continuum.
3. Procedures to measure the veiling
We computed the IR veiling of the targets following the method described by Hartigan et al. (1989), where we compare the spectra of the target with the spectrum of a non-accreting T Tauri star of a similar spectral type. The Zeeman broadening of the photospheric lines can affect the veiling measurements. Therefore, we used WTTSs as templates that should present a similar magnetic activity as the CTTS (e.g., Johns-Krull et al. 2000). The WTTSs also present comparable physical properties to the CTTSs, such as chromospheric activity and surface gravity, which make WTTSs stars suitable to measure the veiling in accreting systems. We list the templates applied to each star in Table 2.
Table 2. 
Parameters of the targets derived in this work.

Before comparing the target and template spectra, we shifted and broadened the template spectra to match the target spectra, using the radial velocities of the targets1. and the literature v sin i values of the targets. Due to the IR veiling wavelength dependence (e.g., Alcalá et al. 2021), we measured the veiling in four different spectral regions, 10 710 Å−10 810 Å, 12 840 Å−12 910 Å, 16 120 Å−16 220 Å, and 22 600 Å−22 690 Å, which we call rY, rJ, rH, and rK, representing the YJHK veilings, respectively. The stars RU Lup, DO Tau and, DG Tau present many emission lines along the spectra, probably originating from the accretion shock, which is a characteristic of high-mass accretion rate systems, which prevented us from using the same Y and J spectral regions for the veiling calculations. Then, for these targets, we used the spectral regions 10 760 Å−10 785 Å and 12 400 Å−12 550 Å to measure the rY and rJ veilings, respectively. On some nights, the 10 710 Å−10 810 Å region of the TW Hya and V2247 Oph spectra presented features that made veiling measurements impossible and we had to use the 10 864 Å−10 920 Å region to measure rY veiling instead.
We determined the best veiling value for each target spectrum through a χ2 minimization routine. The veiling was defined as the ratio of the continuum excess flux to the stellar photospheric flux (rλ = Fλexcess/Fλphot). Then, zero veiling means the system has no additional excess to the stellar photosphere. In the spectral range of our sample (K2 to M3), the choice of template does not interfere much in the computed veiling, as shown by Folha & Emerson (1999), since the difference between templates of different spectral types is small and produces an almost null relative veiling, within the uncertainties. We also measured the systematic veiling between our templates, which corresponds to the average veiling resulting from the computed veiling comparing each template with the other. We found it to be rY = 0.098 ± 0.068, rJ = 0.02 ± 0.02, rH = 0.05 ± 0.02 and, rK = 0.04 ± 0.02, which should only affect the veiling determination of stars with very small or no veiling.
In Fig. 1, we present the results for the four photospheric regions used to measure the veiling for CI Tau from two nights, representing spectra with smaller and higher veiling values. We show the target spectrum, and the unveiled and veiled template spectra. We also computed the residual profile, which is the target’s spectrum subtracted from the veiled template. Most of the residual profiles show almost no features at the location of photospheric lines, indicating that the veiling measurements were correctly determined for most nights, and that the photospheric lines were correctly removed. However, some of the spectra were quite noisy and this affected the veiling determinations. The veiling error obtained for each night, written in the plot, comes from a Chi-square minimization process, where we compare the target with the template spectra. Besides taking into account the noise of the target and template spectra2 to compute the veiling, there are other errors, such as those associated with the normalization processes that we did not consider in estimating the veiling error.
	[image: thumbnail]	Fig. 1. Examples of the four spectral regions used to measure the veiling of CI Tau. In each panel, we show two different nights, representing a small and a high veiling estimated for this target. We show the CI Tau spectrum in black and the residual profile (in red) obtained after subtracting the veiled template. The V819 Tau template spectra are also displayed before (orange) and after (blue) applying the veiling correction. The photospheric lines were removed in the residual profiles, showing that the veiling was accurately determined for most nights.



4. Results
We present in Fig. 2 the NIR average veiling over the observation nights, measured for all the four regions, referred to as rY, rJ, rH, and rK. For readability, we split the targets into two groups; systems with rK higher and smaller than 1. We also show the averaged veiling obtained for each target in Table 2. The veiling values increase from the Y to the K band for most of the targets, similar to the results found in previous works (e.g., McClure et al. 2013; Sousa et al. 2021; Alcalá et al. 2021). Besides this general result, the average veiling for some individual targets remains the same from the Y to K band. For example, the veiling measured for V2247 Oph. However, this target does not present significant veiling in any band, probably due to the fact that it is a more evolved system, where the accretion and the dust in the inner disk are too faint to be detected. Furthermore, this M-type star makes detecting excess in the IR difficult due to the low contrast between the stellar photosphere and the inner disk emission (e.g., Ercolano et al. 2009). Another example is CI Tau, where the average veiling decreases from the Y to the H band, followed by an increase to the K band. In that case, each band’s veiling variability is high and the difference in the Y to H average veiling is smaller than the standard deviation.
	[image: thumbnail]	Fig. 2. Average NIR veiling (left) and the veiling variability diagnostic (right) measured in different wavelength regions. The top and bottom panels show the targets with rK higher and lower than 1, respectively. The veiling increases from the Y to the K band for most of the targets. The error bars in the left panel represent the standard deviation of the average veiling over all the observation nights. In this figure and the following figures, the color and symbol codes in the panels identify each target.



Due to the small number of photospheric lines and the lower S/N values in the Y region of the spectra, the veiling in this region was not as well determined, compared to the other bands. For some nights or targets, the veiling is even slightly negative, which has no physical meaning – in such cases, we can assume that the system in this region has zero veiling.
We also checked the variability of the veiling measured in each band, computing for each target the rms of the YJHK veilings, using all the observed nights. To characterize the variability over the noise, we subtracted the average error of the veiling (σ) from the rms. Then, we computed [image: equation], as a veiling variability diagnostic, following Cody et al. (2014). We show the results in Figs. 2 and 3 as a function of the band and veiling measured, respectively. Most of the targets present variability above the error level. The veiling in the H band appears to be less variable than the other bands, while the K band presents the highest variability, driven by the systems with the highest veilings, which are also the most variable ones (see Fig. 3).
	[image: thumbnail]	Fig. 3. Veiling variability diagnostic as a function of the average veiling. The rms value refers to the root-mean-square of the veiling variability and σ is the average error on the veiling measurements. Each panel shows the veiling rλ measured in a different band (YJHK). Systems with higher veiling also present higher veiling variability.



The average veiling measured in RU Lup is relatively high compared to the other targets, mainly in the K band. These high average veilings are primarily due to the veiling measured in the 2021a period of observations (see Sect. 4.3). In that period, RU Lup also presented an increase in the photometric AAVSO V band brightness (about 0.3 mag smaller than the next observational period, where the veiling starts to go down). Therefore, the average veiling of RU Lup probably is overestimated and does not represent a quiescent value.
4.1. Veiling compared to inner disk diagnostics
The emission from the inner disk is claimed to contribute to the veiling. In such a case, we would expect a correlation between the veiling and other inner disk emission diagnostics from the photometric data.
The slope of the spectral energy distribution (SED) is often used as a disk emission diagnostic (e.g., Lada et al. 2006; Muzerolle et al. 2010; Teixeira et al. 2012). Using photometric data from different surveys, such as SDSS (Gunn et al. 1998), Gaia DR2 (Gaia Collaboration 2018), 2MASS, WISE (Wright et al. 2010), Spitzer (Fazio et al. 2004; Rieke et al. 2004), Herschel (PACS), Akari (IRC and FIS), we constructed the SED of the targets and measured the slope of the SED between 2 and 8 μm (α2 − 8), which is the spectral range that indicates significant inner disk emission. The α2 − 8 slope is smaller (more negative) for systems with less or no inner disk emission, and is higher (and even positive) for systems that present inner disk emission excess (e.g., Lada et al. 2006; Muzerolle et al. 2010). We list the α2 − 8 slope computed for the targets in Table 2.
We show in Fig. 4 the NIR veiling in the four spectral regions (YJHK), averaged over all the observation nights, as a function of α2 − 8. The veiling presents a clear linear correlation with the SED slope, mainly from the J to K band. The Y band veiling values are still correlated to the SED slope but less than the other bands, probably due to the contribution from the inner disk emission becoming more important at longer wavelength. The W1 − W2 ([3.4]−[4.6]) color index (not shown here) comes from the WISE telescope (Wright et al. 2010) is also correlated with the NIR veiling, presenting similar results as α2 − 8.
	[image: thumbnail]	Fig. 4. Average NIR veiling (rλ) as a function of spectral energy distribution slope between 2 and 8 μm (α2_8), which we used as the NIR disk emission diagnostic. The solid line is the linear fit to the data, and the correspondent slope is written in each panel. The NIR veiling seems to scale with the SED slope.



We could expect that the NIR excess computed using the veiling would scale with the emission excess from NIR photometric data, which is often used as an inner disk emission indicator (Hillenbrand et al. 1998; Rebull 2001; Rebull et al. 2002). We computed the (H − Ks)excess, using the observed H − Ks color from 2MASS, corrected for extinction, using the AV quoted in Table 1 and the SVO Filter (Rodrigo et al. 2012; Rodrigo & Solano 2020) Aλ/AV relations to obtain the AH and AK extinctions. Then, we compared this dereddened color excess to the intrinsic color (H − Ks)o expected for an object with the same spectral type (Pecaut & Mamajek 2013). The color excess is (H − Ks)excess = (H − Ks)obs, dred − (H − Ks)o. We also relate the color excess and the excess flux, leading to (H − Ks)excess = −2.5log[(1 + rH)/(1 + rK)], where we used the veiling definition as rλ = Fλexcess/Fλphot. Then we can directly compare the color excess computed using the veiling and using the photometric measurements. We compare the two sides of this equation in Fig. 5, which shows a linear tendency and similar values considering the error of the measurements. Performing similar procedures, we computed the (J − Ks)excess, and the results are also presented in Fig. 5. The color excess computed using the 2MASS photometry is dependent on the Av of the systems, and the targets V347 Aur and CI Tau present discrepant Av values in the literature. CI Tau presents Av = 0.65 mag (Donati et al. 2020b) and AV = 1.90 mag (Herczeg & Hillenbrand 2014), while the (J − Ks)excess computed using the largest AV better agrees with the color excess calculated using veiling, the (H − Ks)excess, and the mass accretion rate computed in the next section seem to be in better agreement with AV = 0.65 mag; thus, we used this extinction value in the paper. The AV range of V347 Aur is even larger, with values from 2.2 to 7.5 mag (e.g., Dahm & Hillenbrand 2020). The AV = 3.4 mag computed using NIR colors by Connelley & Greene (2010) seems to better represent the value obtained from the veiling calculations.
	[image: thumbnail]	Fig. 5. Comparison between the color excess computed using the average NIR veiling and the 2MASS photometry. Left: (H − Ks)excess, right: (J − Ks)excess. See the text for the color excess definition. The dashed line represents a slope equal to 1. The NIR color excesses computed using the average veiling and the 2MASS magnitudes agree for most targets.



The 2MASS photometric magnitudes used for this analysis were obtained years before our observations. However, we do not expect a significant change in the NIR magnitudes over the next few years, aside from the daily timescale variation (e.g., Carpenter et al. 2001). It is likely that RU Lup will stand as an exception, as the average veiling was measured in a non-quiescent period. Then, the color excess computed using the veiling is higher than that obtained using the 2MASS magnitudes.
All these relations between the NIR veiling and the inner disk emission diagnostics show that a higher veiled system also presents higher inner disk emission, which is expected if the veiling has a contribution from the inner disk. However, to draw this conclusion, we assumed that these inner disk indicators, such as the slope of the spectral energy distribution, are suitable inner disk diagnostics. Kidder et al. (2021) showed that some of the targets classified as Class III using these disk indicators still show some inner disk emission based on the K band excess. They checked the emission excess of V819 Tau, which we used as a template to compute the veiling, but the H and K excesses found were very small, similar to the systematic veiling we obtained in Sect. 3. The relation between veiling and inner disk emission is clear for the K band and less for other bands, probably due to the influence of another additional continuum source for the other spectral regions and/or a smaller contribution from the inner disk to these shorter wavelengths.
4.2. Veiling compared to accretion diagnostics
We know that CTTSs are still accreting gas from the disk and accreting systems typically present strong and variable emission lines that form in the accretion funnel or in the disk wind (e.g., Muzerolle et al. 1998; White & Basri 2003; Edwards et al. 2003; Kwan & Fischer 2011; Alencar et al. 2012). The CFHT/SPIRou wavelength range includes some emission lines from hydrogen and helium, such as Paβ and Brγ as well as the He I triplet; in particular, the latter is very sensitive to accretion and ejection processes (e.g., Kwan et al. 2007; Sousa et al. 2021). The dynamics of the circumstellar lines for this sample of stars will be analyzed in an accompanying paper (Sousa et al., in prep.).
We measured the equivalent width of the circumstellar lines, and the average over all observing nights is listed in Table 2. First, we used the equivalent width as an accretion diagnostic (Alcalá et al. 2017), as systems that present larger equivalent widths are supposed to present higher mass accretion rates as well.
We corrected the equivalent width for the veiling as EW = EWmeasured(rλ + 1), where the rλ represents the veiling computed close to each emission line. In Fig. 6, we show the veiling as a function of the veiling corrected equivalent width of the circumstellar emission lines. We see a clear relationship between the NIR veiling and the accretion diagnostics. It means that higher mass-accretion rate systems also present a higher degree of veiling; this is a similar result to that found by Folha & Emerson (1999), demonstrating that although the veiling shows a contribution from the inner disk emission, it also suggests a connection with the accretion process.
	[image: thumbnail]	Fig. 6. Accretion diagnostics as a function of average NIR veiling. From left to right: average equivalent width corrected from the veiling of He I, Paβ, and Brγ lines. We show a connection between the system’s accretion diagnostic and the NIR veiling.



We do not have photometric data simultaneous with our spectra to accurately compute the mass accretion rates using the equivalent width of the emission lines. However, most of our systems’ NIR magnitudes are relatively long-term stable. We used the 2MASS J and K magnitudes to estimate the continuum flux and then calculate the mass accretion rate using the Paβ and Brγ lines, respectively. The star V347 Aur is known to present long-term photometric variations (e.g., Dahm & Hillenbrand 2020), and we did not compute the mass accretion rate of this target.
We followed the procedures described by Gullbring et al. (1998) to compute the line flux and luminosity. The stellar parameters used are listed in Table 3, and we used the stellar distance from the Gaia Collaboration (Gaia Collaboration 2021). We dereddened the 2MASS magnitudes using the same method described in the previous section. To compute the accretion luminosity, we used the fits proposed by Alcalá et al. (2017), which show the relation between the line and accretion luminosities. Then, we determined the accretion rate setting the system inner radius as 5 R* (Gullbring et al. 1998). In Table 2, we show the individual mass accretion rates computed using the Paβ and Brγ lines. In Fig. 7, we show the average mass accretion rate as a function of the Y to K band veiling. Once again, we can connect the highest accreting system with the highest NIR veiling computed in the four bands.
	[image: thumbnail]	Fig. 7. Average mass accretion rate as a function of average NIR veiling. The average mass accretion was computed using the line fluxes of Paβ and Brγ. The error bar is the standard deviation between the two measurements. We see an association between the veiling and the mass accretion rate.



Table 3. 
Stellar parameters.

4.3. Veiling night-to-night variability
In this study, we have access to observations obtained on different nights and sometimes different observational periods for our sample of stars. This allowed us to analyze the night-to-night veiling variation and a possible long-term veiling variability on a timescale of two years. In Fig. 8, we show the veiling measured as a function of the observation dates. We used the modified Lomb-Scargle periodogram (Horne & Baliunas 1986) to study a possible periodicity of the veiling variations. We performed the periodogram analysis of the veiling in two ways: using all the observed nights and computing one periodogram per observational period. We searched for periods from 2 to 15 days or limited the search to the number of observed days, when the target was observed for less than 15 days. However, we did not find a significant periodic signal for most systems. We also phased the veiling using the known stellar rotation period of the targets, and again, most of the systems do not seem to vary in phase with the stellar rotation.
	[image: thumbnail]	Fig. 8. Night-by-night veiling values measured in four different spectral regions. We show each observational period per target in an individual panel. A missing veiling point in a specific band means that the spectral regions were subject to effects that prevented the veiling from being measured. In addition to the variability in terms of veiling, it is also not clearly periodic, at least on the timescale of stellar rotation. For more details, see text.



In Sect. 4, we used the veiling error as a threshold of the veiling variability, using the rms as a variability diagnostic, see Fig. 2. Then, any point above this limit represents a true variability of the veiling; below this threshold, the variability is at the same level as the errors associated with the veiling. We can see that the veiling rms presents values above the threshold of veiling variability for most of the targets and veiling bands. Only V2247 Oph shows most values below the threshold limit, while a few bands of TW Hya and DoAr 44 present most of the rms values below the threshold. Then, for V2247 Oph, we cannot attribute a variability to the veiling, which is consistent with this target presenting a small veiling and weak level of accretion and inner disk emission diagnostics.
We know the veiling is generally variable and we can trust the detection of veiling variability for most targets. Figure 8 shows that for all the veiling variable targets, the veiling varies on a timescale of at least one day and the veiling computed in the four spectral regions presents the same variability timescale. These results show that whatever region the IR veiling comes from, this region is dynamic and its flux changes on a timescale of days.
We also investigated veiling variability on a timescale of months to a few years; a change in the veiling in that timescale can have a different origin from the day-scale veiling variability, discussed above. The latter can be associated with the dynamic of the system’s rotation, while the possible long-term veiling variability reflects a change in the system’s accretion and/or inner disk conditions. In Fig. 9, we present the averaged veiling measured at each observational period. This plot displays nine systems that were observed in more than one observational season. Most targets do not present a significant difference in the veiling along the observational period. The K band veiling of CI Tau and the YJH veiling of DO Tau show a possible small change in this timescale. Then, we conclude that the veiling variability on a timescale of months-to-years is on the same order of magnitude as the day-to-day variability. RU Lup is the unique target with an evident change in the veiling along the observational periods in the four bands, but much more pronounced in the K band, along with a high standard deviation. We associate this change in the veiling with an occasional high accretion episode that occurred in 2021a, and despite the veiling still being high in 2021b, it seems to start to diminish later on. In 2022a, it is even smaller, but we have only one observation to serve as the basis for this assumption. The circumstellar emission lines’ equivalent widths corroborate with this assumption, as they increase in 2021a and start to decrease in the subsequent observation periods, similarly to the veiling. In contrast, the average veiling is stable, at least for most of the stars we analyzed, except for very high accreting systems, such as RU Lup, which can present episodic high veiling. Furthermore, in the same observational period, some targets show a few episodes of an increase in veiling, such as V347 Aur (Fig. 8); however, the average veiling values are still sustained.
	[image: thumbnail]	Fig. 9. Average of the NIR veiling computed at each observational period, with the error bar as the standard deviation of the computed mean veiling. We merged the measured veiling in 2020a and 2020b of the stars V2129 Oph and GQ Lup, as they are successive observations. The mean NIR veiling seems to be stable for most of the targets for a few months or years.



5. Discussion
The dependence of veiling on wavelength is ubiquitous from the UV to the NIR range. The veiling in the optical domain decreases from the blue to the red part of the spectra, which is an effect of the decrease of the accretion spot continuum contribution (e.g., Calvet & Gullbring 1998); also, the veiling also does not vary for some wavelength ranges (e.g., Basri & Batalha 1990). On the other hand, in the IR range, the veiling increases with wavelength, as seen in Figs. 2 and 8, which is in agreement with similar results in the literature (e.g., Fischer et al. 2011; Alcalá et al. 2021).
The average veiling value for the entire sample of CTTS is ⟨rY⟩ = 0.2 ± 0.3, ⟨rJ⟩ = 0.4 ± 0.4, ⟨rH⟩ = 0.5 ± 0.5, and ⟨rK⟩ = 1.4 ± 1.6. We note that in the Y band, the average veiling is the lowest. Over these wavelengths from Y to K, the veiling can have contributions from different sources. For example, we expect the veiling in the K band to present more contributions from the inner disk than in the Y band. In Fig. 10, we show the YJH veiling as a function of the K band veiling. We can see that the J and H veilings seem to increase as the K band veiling increases; however, there is smaller correlation with the Y band veiling. These results are supported by the analysis of the correlation of the veiling samples and the linear fit showed in the Fig. 10. We computed the linear correlation coefficient (r) between two samples, where r = 1 represents a perfect correlation and when r = 0 there is no correlation. The Y and K band veilings present a correlation coefficient of 0.87, while the coefficient of the J and H and the K band are 0.98 and 0.96, respectively. Similar results were found by Cieza et al. (2005), where they compare the excess in the J and H bands with the K band excess, showing that both presented a linear correlation with the K band excess, and this was explained as due to the JHK excess arising from the same region.
	[image: thumbnail]	Fig. 10. YJH veiling as a function of the K band veiling. Each veiling value corresponds to the mean of all the observed nights, and the error bar is its standard deviation. The solid line is the linear fit to the data, and the fitted line’s slope is written in each panel. The correlation between the K band and the YJH bands veilings increases from the Y to the H band.



The NIR veiling should be the result of a combination of physical processes. Alcalá et al. (2021) computed the NIR veiling at several wavelengths for a sample of very high-mass accretion rate systems, including DG Tau (included in our sample). These authors fitted the veiling as a function of wavelength using a blackbody function and found temperatures compatible with the presence of dust in the inner disk. However, the temperature was too high (> 2000 K) for the dust to survive in a few of their cases. They also argued that the veiling should have a contribution from the hot gas inside the disk sublimation radius, and similar results were found by Fischer et al. (2011). To investigate this proposition, we looked at the CO bandhead at 2.3 μm of the CFHT/SPIRou data. This band, when in emission, is expected to form in the hot gas in the inner disk. Using the K band veiling, we veiled the template and removed the photospheric lines of the CO bandhead to obtain the residual CO profiles. Most targets do not present clear signs of CO emission, showing that this band is strictly photospheric. However, a few residual profiles of V347 Aur, which is a Class I object, along with DO Tau and RU Lup, which are strong accretors, present CO emission in some observations, indicating the presence of hot gas in the inner disk. In particular, RU Lup presents these hints of CO emission in the observational period when the veiling was high, and the system probably ensued a high episodic accretion. A further analysis of the CO bandhead is beyond the scope of this paper and it will be carried out in a dedicated paper exploring the significance of these CO emissions.
In the previous section, we show that the NIR veiling, mainly rK, presents a good correlation with the inner disk emission diagnostics obtained from the NIR photometric data and SED fit, demonstrating that the NIR veiling has an important contribution from the inner disk. However, we also see a correlation between veiling and accretion diagnostics. A high accretion-rate system presents larger veiling values in the IR. This shows that high-mass accretion rate systems should feature higher inner disk heating, thus higher temperatures and stronger inner disk emission excess as a consequence. Espaillat et al. (2022) fit most of the continuum spectra from NUV to NIR of the accreting star CVSO 109A quite well, using a combination of emission from the accretion shock (multiple funnel flow model) on the stellar surface and emission from the irradiated inner edge of the dusty disk. However, the inner disk and accretion shock model do not adequately reproduce the continuum excess in the Y to J band.
Indeed, while the veiling in the J to K band seems to point to a significant contribution on the part of the inner disk emission excess, the Y band veiling origin is still unknown. Dodin & Lamzin (2013) predicted significant veiling in the Y band from the accretion spot. They argued that the accretion spot (continuum emission and emission lines formed in the accretion shock) could account for optical and near IR veiling up to the J band. Unfortunately, our Y band veiling was not as well computed as for the other bands due to several issues in this spectral region and given the photospheric lines are not quite so prominent. Despite these obstacles, the Y band veiling agrees on a smaller scale with both accretion and inner disk diagnostics.
We checked if the inclination of the system has any impact on the measured veiling values. In Fig. 11, we show the NIR veiling as a function of the inclination of the system with respect to our line of sight, listed in Table 1. In addition, two discrepant systems (TW Hya and V2247 Oph), we can see an anti-correlation between veiling and the system’s inclination. This anti-correlation is not pronounced, as we can see in the linear fit slope, due to the spread of points (the correlation coefficients between the inclination and the YJHK veilings are −0.64, −0.76, −0.80, and −0.70, respectively), but the decreasing tendency of veiling with inclination is clear. We also advise that the inclinations used for DG Tau and DO Tau are the outer disk inclination, while the disk and the stellar inclination are not necessarily the same (Bohn et al. 2022). If confirmed, this anti-correlation can be due to a geometric effect: the more the system is inclined, the less we see (from the inner disk edge) where the nIR veiling is supposed to arise. The two targets, TW Hya and V2247 Oph, which do not seem to follow this tendency, do not have dust in the inner disk any longer and they are known to have gaps or holes in their inner disks (Calvet et al. 2002; Pontoppidan et al. 2008). In that case, independently of the system’s inclination, we would not expect to detect IR veiling, assuming that the IR veiling is due to dust emission in the inner disk.
	[image: thumbnail]	Fig. 11. Average NIR veiling as a function of the system’s inclination with respect to our line of sight. The solid line is the data’s linear fit, and the fitted line’s slope is given in each panel. We do not consider the discrepant targets (TW Hya and V2247 Oph) to fit the data. The NIR veilings tend to be anti-correlated with the system’s inclination, see text.



6. Conclusion
In this work, we analyze the NIR veiling computed using high-resolution data from CFHT/SPIRou of a sample of 14 low-mass young stars. We found the veiling to increase from the Y to the K band, as a result of the increase of the emission contribution from the inner disk as a function of wavelength.
The veiling correlates with other photometric inner disk diagnostics, such as color excess and the slope of the spectral energy distribution, mainly in the JHK band, providing further evidence that the NIR veiling arises from hot dust in the inner disk. We also found a linear correlation between veiling and the accretion properties of the system. This shows that accretion contributes to inner disk heating and, consequently, to the inner disk emission excess. This effect is enhanced in high-mass accretion rate systems that also present a denser inner disk and higher inner disk emission (e.g., Sullivan & Kraus 2022).
We analyzed the NIR veiling variability through the modified Lomb-Scargle periodogram and we did not find any significant periodic signal in the four bands in timescales typical of stellar rotation (< 15 days), which also suggests the veiling comes from the dust emission in the inner disk. However, we show that the veiling is variable for most targets on a timescale of at least one day. Besides the night-by-night veiling variability, the mean NIR veiling per season appears to be mostly stable, for most targets and on timescales of several months to years.


1 For most targets, the radial velocities were computed using the CCF profiles generated by the SPIRou pipeline, implementing a numerical mask corresponding to the target spectral type. For TW Hya, we computed the radial velocity cross-correlating the target spectra with a WTTS with a similar spectral type.


2 We used as the spectral noise, the standard deviation measured in the continuum of each night, in the spectral region used to measure the veiling.
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	[image: thumbnail]	Fig. 1. Examples of the four spectral regions used to measure the veiling of CI Tau. In each panel, we show two different nights, representing a small and a high veiling estimated for this target. We show the CI Tau spectrum in black and the residual profile (in red) obtained after subtracting the veiled template. The V819 Tau template spectra are also displayed before (orange) and after (blue) applying the veiling correction. The photospheric lines were removed in the residual profiles, showing that the veiling was accurately determined for most nights.
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	[image: thumbnail]	Fig. 2. Average NIR veiling (left) and the veiling variability diagnostic (right) measured in different wavelength regions. The top and bottom panels show the targets with rK higher and lower than 1, respectively. The veiling increases from the Y to the K band for most of the targets. The error bars in the left panel represent the standard deviation of the average veiling over all the observation nights. In this figure and the following figures, the color and symbol codes in the panels identify each target.
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	[image: thumbnail]	Fig. 3. Veiling variability diagnostic as a function of the average veiling. The rms value refers to the root-mean-square of the veiling variability and σ is the average error on the veiling measurements. Each panel shows the veiling rλ measured in a different band (YJHK). Systems with higher veiling also present higher veiling variability.
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	[image: thumbnail]	Fig. 4. Average NIR veiling (rλ) as a function of spectral energy distribution slope between 2 and 8 μm (α2_8), which we used as the NIR disk emission diagnostic. The solid line is the linear fit to the data, and the correspondent slope is written in each panel. The NIR veiling seems to scale with the SED slope.
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	[image: thumbnail]	Fig. 5. Comparison between the color excess computed using the average NIR veiling and the 2MASS photometry. Left: (H − Ks)excess, right: (J − Ks)excess. See the text for the color excess definition. The dashed line represents a slope equal to 1. The NIR color excesses computed using the average veiling and the 2MASS magnitudes agree for most targets.
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	[image: thumbnail]	Fig. 6. Accretion diagnostics as a function of average NIR veiling. From left to right: average equivalent width corrected from the veiling of He I, Paβ, and Brγ lines. We show a connection between the system’s accretion diagnostic and the NIR veiling.
In the text



	[image: thumbnail]	Fig. 7. Average mass accretion rate as a function of average NIR veiling. The average mass accretion was computed using the line fluxes of Paβ and Brγ. The error bar is the standard deviation between the two measurements. We see an association between the veiling and the mass accretion rate.
In the text



	[image: thumbnail]	Fig. 8. Night-by-night veiling values measured in four different spectral regions. We show each observational period per target in an individual panel. A missing veiling point in a specific band means that the spectral regions were subject to effects that prevented the veiling from being measured. In addition to the variability in terms of veiling, it is also not clearly periodic, at least on the timescale of stellar rotation. For more details, see text.
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	[image: thumbnail]	Fig. 9. Average of the NIR veiling computed at each observational period, with the error bar as the standard deviation of the computed mean veiling. We merged the measured veiling in 2020a and 2020b of the stars V2129 Oph and GQ Lup, as they are successive observations. The mean NIR veiling seems to be stable for most of the targets for a few months or years.
In the text



	[image: thumbnail]	Fig. 10. YJH veiling as a function of the K band veiling. Each veiling value corresponds to the mean of all the observed nights, and the error bar is its standard deviation. The solid line is the linear fit to the data, and the fitted line’s slope is written in each panel. The correlation between the K band and the YJH bands veilings increases from the Y to the H band.
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	[image: thumbnail]	Fig. 11. Average NIR veiling as a function of the system’s inclination with respect to our line of sight. The solid line is the data’s linear fit, and the fitted line’s slope is given in each panel. We do not consider the discrepant targets (TW Hya and V2247 Oph) to fit the data. The NIR veilings tend to be anti-correlated with the system’s inclination, see text.
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      Parameters of the targets derived in this work.

      
        


	Star
	Std
	vrad
	rY
	rJ
	rH
	rK
	EWHeI(a)
	EWPaβ(a)
	EWBrγ(a)
	ṀPaβ
	ṀBrγ
	α2_8(b)



	
	
	
	
	
	
	
	
	
	
	×10−8
	×10−8
	



	
	
	(km s−1)
	
	
	
	
	(Å)
	(Å)
	(Å)
	(M⊙ yr−1)
	(M⊙ yr−1)
	





	CI Tau
	V819TAU
	16.3 ± 0.5
	0.53 ± 0.28
	0.49 ± 0.17
	0.39 ± 0.09
	0.92 ± 0.23
	9.5 ± 3.2
	14.0 ± 2.6
	7.9 ± 1.8
	2.2
	4.2
	−0.84



	DoAr 44
	V819TAU
	−6.1 ± 0.7
	0.20 ± 0.09
	0.48 ± 0.10
	0.60 ± 0.06
	1.28 ± 0.05
	5.4 ± 1.4
	9.1 ± 0.8
	3.8 ± 0.5
	1.7
	1.5
	−1.09



	GQ Lup
	TWA9A
	−3.0 ± 0.3
	0.19 ± 0.09
	0.58 ± 0.11
	0.78 ± 0.14
	1.87 ± 0.26
	0.9 ± 2.0
	6.3 ± 1.6
	2.0 ± 0.7
	2.5
	1.9
	−0.89



	TW Hya
	TWA25
	12.4 ± 0.1
	0.08 ± 0.07
	0.09 ± 0.06
	0.10 ± 0.05
	0.23 ± 0.11
	5.1 ± 4.9
	15.9 ± 6.2
	6.8 ± 2.6
	0.6
	0.3
	−1.92



	V2129 Oph
	V819TAU
	−7.1 ± 0.6
	0.05 ± 0.10
	0.11 ± 0.06
	0.25 ± 0.07
	0.76 ± 0.16
	0.9 ± 1.1
	1.0 ± 0.7
	0.5 ± 0.3
	0.2
	0.1
	−1.62



	BP Tau
	V819TAU
	15.2 ± 0.6
	0.22 ± 0.09
	0.36 ± 0.06
	0.36 ± 0.09
	0.78 ± 0.10
	3.9 ± 1.4
	7.7 ± 1.4
	3.2 ± 0.8
	1.3
	1.1
	−1.69



	DG Tau
	TWA9A
	15.1 ± 3.4
	0.29 ± 0.22
	0.80 ± 0.20
	1.09 ± 0.16
	2.90 ± 0.51
	11.7 ± 2.7
	16.3 ± 2.1
	6.8 ± 1.0
	6.4
	7.6
	−0.26



	RU Lup
	TWA9A
	−1.3 ± 1.4
	1.14 ± 0.51
	1.70 ± 0.65
	1.65 ± 0.44
	6.27 ± 2.97
	23.2 ± 4.0
	30.1 ± 3.0
	12.2 ± 1.5
	7.8
	11.9
	−0.21



	V2247 Oph
	TWA25
	−5.8 ± 0.5
	−0.02 ± 0.07
	−0.06 ± 0.01
	0.01 ± 0.03
	−0.03 ± 0.02
	0.0 ± 0.2
	0.1 ± 0.1
	−0.1 ± 0.2
	0.009
	–
	−2.54



	DO Tau
	TWA25
	16.1 ± 1.0
	0.50 ± 0.40
	0.78 ± 0.41
	1.07 ± 0.32
	2.33 ± 0.61
	1.0 ± 1.8
	12.7 ± 3.9
	4.0 ± 1.9
	2.3
	3.4
	−0.54



	V347 Aur
	TWA25
	8.1 ± 0.6
	0.31 ± 0.19
	0.46 ± 0.26
	0.37 ± 0.15
	1.12 ± 0.31
	−0.9 ± 1.1
	6.7 ± 2.1
	2.9 ± 1.0
	7.1
	7.3
	−0.62



	J1604
	V819TAU
	−5.8 ± 0.8
	−0.14 ± 0.11
	0.20 ± 0.07
	0.22 ± 0.13
	0.81 ± 0.23
	−2.6 ± 1.8
	−0.1 ± 0.2
	0.3 ± 0.1
	–
	0.013
	−2.81



	PDS 70
	TWA9A
	5.0 ± 0.4
	0.02 ± 0.11
	0.18 ± 0.04
	0.19 ± 0.07
	0.34 ± 0.08
	−0.7 ± 0.9
	0.2 ± 0.2
	0.1 ± 0.2
	0.007
	0.003
	–



	GM Aur
	TWA9A
	14.5 ± 0.3
	−0.00 ± 0.06
	0.13 ± 0.09
	0.11 ± 0.06
	0.31 ± 0.10
	3.4 ± 2.8
	10.2 ± 3.2
	4.7 ± 1.9
	1.3
	1.0
	–





      

      
Notes.

(a) We used the convention of positive equivalent width for emission lines, and negative values for absorption lines.


(b) Slope of the spectral energy distribution measured between 2 and 8 μm.




    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Veiling variability diagnostic as a function of the average veiling. The rms value refers to the root-mean-square of the veiling variability and σ is the average error on the veiling measurements. Each panel shows the veiling rλ measured in a different band (YJHK). Systems with higher veiling also present higher veiling variability.

      

    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        Comparison between the color excess computed using the average NIR veiling and the 2MASS photometry. Left: (H − Ks)excess, right: (J − Ks)excess. See the text for the color excess definition. The dashed line represents a slope equal to 1. The NIR color excesses computed using the average veiling and the 2MASS magnitudes agree for most targets.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        Average mass accretion rate as a function of average NIR veiling. The average mass accretion was computed using the line fluxes of Paβ and Brγ. The error bar is the standard deviation between the two measurements. We see an association between the veiling and the mass accretion rate.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        YJH veiling as a function of the K band veiling. Each veiling value corresponds to the mean of all the observed nights, and the error bar is its standard deviation. The solid line is the linear fit to the data, and the fitted line’s slope is written in each panel. The correlation between the K band and the YJH bands veilings increases from the Y to the H band.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Average NIR veiling as a function of the system’s inclination with respect to our line of sight. The solid line is the data’s linear fit, and the fitted line’s slope is given in each panel. We do not consider the discrepant targets (TW Hya and V2247 Oph) to fit the data. The NIR veilings tend to be anti-correlated with the system’s inclination, see text.
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