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ABSTRACT

Context. The value of the accretion luminosity during the early phases of star formation is crucial information that aids in understand-
ing how stars form, but it is still very difficult to obtain.

Aims. We have developed a new methodology to measure accretion luminosity using mid-infrared hydrogen recombination lines and
applied it to a limited sample of Class I protostars in the Taurus and Ophiuchus star-forming regions.

Methods. We adopted the commonly used assumption that the properties of disk-protostar accretion in Class I objects is similar to the
disk-star accretion in Class II objects. Using simultaneous observations of three hydrogen recombination lines, Br,, Pf,, and Br,, we
derived the mean intrinsic line ratios, and we verified that these are constant across the probed range of photospheric and accretion
properties. We established correlations between the line luminosities and accretion luminosity.

Results. We measured the extinction toward the line emission regions in Class I protostars, comparing the observed line ratios to
the Class II mean values. We then derived the Class I accretion luminosities from the established Class II correlations. We find that
the accretion luminosity dominates the bolometric luminosity for the more embedded protostars, corresponding to lower values of
the bolometric temperature. As the bolometric temperature increases above ~700 K, there is a sharp drop of the contribution of the
accretion from the bolometric luminosity.

Conclusions. Our findings are in qualitative agreement with numerical simulations of star formation. We suggest our methodology
be applied to larger and more statistically significant samples of Class I objects to obtain a more detailed comparison. Our results also
suggest that by combining multiple infrared line ratios, it will be possible to derive a more detailed description of the dust extinction

law in protostellar envelopes.

Key words. stars: formation — stars: pre-main sequence — stars: protostars — stars: variables: T Tauri, Herbig Ae/Be

1. Introduction

It is widely accepted that planets form in protoplanetary disks,
which are the byproduct of the star formation process (Shu et al.
1987). The study of disks around pre-main sequence stars (so-
called Class II disks; for the original definition of the young
stellar objects classification scheme, see Lada 1987; Andre et al.
1993) has shown that in this phase, the disks are slowly evolv-
ing relics of more massive and dynamical structures that led
to the rapid assembly of the central star and the formation of
the planetary cores (e.g., Testi et al. 2022; Manara et al. 2023,
and references therein). Though the Class II disks are important
for understanding disk-planet interactions and the dissipation of

* Corresponding author: leonardo. testi@unibo.it

disks, it is in the early phases (Class 0 and I) that planet for-
mation most likely begins and most of the action takes place.
Recent numerical simulations of star formation that include non-
ideal magneto-hydrodynamics (MHD) and feedback effects and
resolve the disk formation phase and extend up to the ages of
the youngest Class I have shown that young star-disk systems
are expected to have very high accretion luminosities that com-
pletely dominate the radiative output from the central object as
well as the thermal structure of the young disks (Lee et al. 2021;
Waurster 2021; Lebreuilly et al. 2024; Ahmad et al. 2025). Obser-
vationally, the disk-(proto)star interaction processes are still very
poorly known in young embedded disks, yet they may play a
critical role in shaping the overall initial conditions for planet
formation (e.g., Hennebelle et al. 2020) and for the subsequent
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evolution of the star (e.g., Baraffe & Chabrier 2010). The lack
of understanding is exemplified by the well-known “luminosity
deficit” of protostars that seem to be under-luminous compared
to the theoretically predicted accretion rates necessary to assem-
ble the central protostellar mass within the duration of the
embedded evolutionary phase (e.g., Kenyon & Hartmann 1990;
Evans II et al. 2009). Several solutions for this conundrum have
been proposed over the years, including a large spread of the
accretion rates, both in time and environment conditions, lead-
ing to variable timescales to assemble the final stars (Fischer
et al. 2023). These effects result in a large spread of accretion
luminosities for protostars, as observed. As noted by Fischer
et al. (2023), the observational characterization of the accretion
luminosity in these early stages is still limited. In this context,
it is essential to understand the contribution of accretion lumi-
nosities to the total bolometric luminosity of young disk-star
systems. Numerical models predict that accretion dominates the
total luminosity from the young disk-star system for a signifi-
cant fraction of their early evolution, while measurements show
that in the majority of cases, the observed accretion luminosity
is less than 50% of the bolometric one (Fiorellino et al. 2023).
As discussed by these authors, one of the most plausible reasons
for this discrepancy is that the protostars for which the accre-
tion luminosity could be reliably measured typically have a low
extinction and are therefore representative of a late evolutionary
stage.

The most successful methodology to accurately separate stel-
lar and accretion luminosity contributions in young disk systems
is based on the assumption that the observational accretion sig-
natures (e.g., hydrogen emission lines) are related to the total
accretion luminosity as in Class II objects so that the well-
established Class II correlations between the emission line and
accretion luminosities (e.g., Alcala et al. 2017) can be applied
to the earlier stages of evolution. Correlations between line
luminosities and accretion luminosities have been established
empirically, so lines can be used as a quantitative proxy of accre-
tion, even if the line formation region is not necessarily confined
to the accretion flow. For example, the recent optical interferom-
etry study of GRAVITY Collaboration (2024) has found that the
accreting material contributes only a small fraction of the total
Bry line flux in Herbig stars. In the case of young embedded
disks, the detection of near-infrared lines (especially Br, ) is pos-
sible (e.g., Fiorellino et al. 2021; Antoniucci et al. 2011). The
major limitation of these studies is the very uncertain extinction
correction, which is also the reason for choosing low-extinction
Class I objects as targets. More direct methods of measuring L.
using the optical excess emission have been developed (White &
Hillenbrand 2004), but again they are only applicable to a subset
of objects with very low extinction and likely at the transition
with the Class II stage.

Younger and more embedded protostars require a method
for deriving an accurate measurement of the extinction, which
can be computed from the observed line ratios if the intrinsic
values are known. Beck (2007) attempted to use Br, and Br,
spectroscopy to derive extinction and accretion luminosity mea-
surements for Class I objects in Taurus. The methodology for
deriving extinction in that study relies on the assumption that
the intrinsic line ratio follows the Case B theoretical ratio (e.g.,
Hummer & Storey 1987). In this paper, we propose a different
approach based on the assumption that the intrinsic line ratio
for Class I objects is the same as for Class II objects, which
we derive empirically from observations. Thus, L, can then
be computed from the extinction-corrected line luminosity using
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the correlations established for Class II objects, as in Fiorellino
et al. (2021).

There is an obvious advantage to using hydrogen lines at
longer wavelengths where the extinction is much smaller. The
4.05 um Br, line is at least as strong as Br, (Giovanardi et al.
1991) and much less affected by uncertainty in the extinction
estimates. As an example, for a young disk with Ay= 50 mag,
the extinction at the Br, wavelength is about 5 mag, while at the
Br, wavelength, it is only ~2-3 mag (depending on the adopted
extinction law Wang & Chen 2019, see also Sects. 4.1 and 6.1).
However, this procedure requires characterization of the Class II
hydrogen line spectrum in the mid-infrared to establish the val-
ues of the line ratios and the correlations of L,..-Lyj;,e, Which are
currently unavailable, with very limited exceptions (Salyk et al.
2013; Rigliaco et al. 2015; Rogers et al. 2024b; Tofflemire et al.
2024). The purpose of this paper is to present a pilot study of
what can be obtained from three hydrogen lines in the 2—4 um
region (Br, (H(7-4), A = 2.17 um), Pf,(H(8-5), 4 = 3.74 um),
Br,(H5-4), A = 4.05 um). In this work, we first derive the mean
values and their errors for two ratios (Pf,/Br, and Br,/Br,) and
then establish the relations between L. and L(Pf,), and L. and
L(Br,). Subsequently, we test how the Class II data can be used
to derive the accretion luminosity in a sample of Class I objects
and discuss the results.

We note that, more generally, this method can be used to
derive the extinction correction for Class II objects located in
very dense and obscured regions of their parental molecular
cloud. For these objects more direct approaches (e.g., directly
measuring the excess continuum luminosity at UV and optical
wavelengths) cannot be applied, and extinction plays a dominant
role in computing the correct line luminosities.

2. Observations and data reduction

The new spectra presented in this paper include eight Class II
objects, seven T Tauri stars (TTSs) and one Herbig Ae star
(HAE), and 17 Class I and flat spectrum objects located in the
Taurus and p-Oph star-forming regions. The objects are listed in
Tables 1 and 2, respectively.

The observations were performed using the SpeX instrument
(Rayner et al. 2003, with the post 2014 upgrade) mounted on
the NASA IRTF telescope. We used the LXD_short spectro-
scopic mode covering the wavelength range 1.67—4.2 um and
the 0.5 arcsec wide and 15 arcsec long slit, resulting in a spec-
tral resolution of R~1500. Observations were carried out in four
separate sessions on 19-20 July 2022, 26-27 April 2023, 23-24
November 2023, and 27 December 2023.

We adopted the standard SpeX observing strategy: nodding
on slit for all point-like calibrators and targets; executing instru-
ment calibration sessions every ~1.5 hours; integrating on target
sources for 15-30 minutes, depending on the target brightness.
Finally, we observed AQOV bright stars at different air masses
every night for telluric correction.

We followed the standard SpeX data reduction and spectral
extraction procedures using the IDL software package spextool
(Cushing et al. 2004). After calibration and combination of all
the exposures for each target and telluric standard, we extracted
and combined the spectra and used spextool to correct for
telluric absorption. In order to check the final flux calibration,
following the standard calibration steps, we imported the two
spectral orders containing the Br, line and the Br, and Pf, lines
in a custom Python procedure, and we compared our final spec-
tra with 2MASS and Spitzer photometry. Typically, we found
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Table 1. Class II SpeX data.

Name d¢ AK FBry FPf)/ FBra/
(pe) (mag) (10°7W/m?) (10°7W/m?) (1077W/m?)

BP Tau 127 0.03° 132+0.5 31+02 14.6 + 0.3
CI Tau 160 0.34° 242 +04 10.1 £ 0.3 246+ 04
CW Tau 131 047 222 +0.6 11.2 £ 0.7 32.0+0.8
SSTe2d J162816.7-240514 138 0.78¢ 1.0+ 0.2 <1 <2
SSTe2d J162755.6-242618 132 0.13¢ 4.6+02 1.2+02 55+04
SSTe2d J162556.1-242048 135  0.35¢ 344 +0.7 10.8 £ 0.7 269+ 1.0
SSTe2d J162617.1-242021 135  0.39¢ 73+04 <1.8 71+£0.7
HD 163296 101 0.0¢ 215+ 6.8 87.5+6.8 278.1 + 8.6

Notes. @ Distances are from Gaia EDR3 (Gaia Collaboration 2021). ® Extinction from Gangi et al. (2022) computed from Ay using Cardelli
et al. (1989) with R= 3.1. © Extinction from Testi et al. (2022). ® Extinction from Ubeira Gabellini et al. (2019).

Table 2. Properties of the newly observed Class I/F and those from Beck (2007) (below the horizontal line).

Name 2000 62000 Region d¢ Class®  Agg  Too® Lio €
(po) (mag) (K) (Lo)

1 SSTc2d j162621.3-242304 1626 21.38  -242304.0 OphL1688 1394 1 2.2 3201%27 ISfZ
2 SSTc2d j162702.3-243727 1627 02.33 2437272 OphL1688 1394 1 3.1 93935 16fé8
3 SSTc2d j162709.4-243718 162709.43 2437188 OphL1688 1394 1 1.7 455):2(3) 2934
4 SSTe2d j162721.7-242953 162721.80 2429534 OphL1688 1394 1 2.0 534tg’z 2:1)‘6
5 SSTe2d j162726.9-244050 16272691 -244050.8 OphL1688 1394 1 2.5 40831;17 6ff‘5
6 SSTe2d j162727.9-243933 162727.89 2439439 OphL1688 1394 1 2.2 314t§g 13f§_5
7 SSTe2d j162730.1-242743 1627 30.18 2427434 OphL1688 1394 F 2.2 814’:%3? 3tf'5
8 SSTe2d j163135.6-240129 163135.66 -240129.5 OphL1709 1394 F 1.1 3871’{?3 2.5f8:2
9 SSTe2d j163200.9-245642 1632 00.99 -245642.0 OphL1689 1394 1 1.1 1333; 6f8:g
10  IRAS 04016+2610 404 43.07 +26 18 56.4 TauF 146 1 0.4 4273‘; 19f§j
11 MHO 1 414 26.27 +280603.3 Tau A 1305 1 0.9 10642220 23f§900
12 MHO?2 414 26.40 +280559.6 Tau A 1305 1 0.9 1136f2§26 23f§000
13 SSTtau 041430.5+280514 414 30.55 +280514.6 Tau A 130.5 F 1.0 2490ff328 25f{§00
14 SSTtau 042107.9+270220 4210797 +270220.1 Tau A 1305 1 2.7 1284f§§é l7fg8
15 SSTtau 0421144270109 421 1147 42701094 Tau A 1305 1 27 12747105 gl
15  SSTtau 043232.0+225726 4 32 32.05 +225726.7 TauB 131 1 2.1 8382;3 931
17  SSTtau 043935.1+254144 439 35.19 +2541447 TauB 131 1 0.4 337t‘?3 13:"1‘:2
18 IRAS04108+2803B 413 54.72 +28 11329 Tau A 1305 1 0.9 270f;é0 6.0f{‘8
18 IRASO04158+2805 418 58.13 +28 12234 Tau A 1305 1 0.6 1 172f3888 23?600
20 IRASO4181+2654A 4211147  +2701094 TauE 1602 F LI 43403 g
21  IRAS04239+2436 426 56.30 +2443353 TauB 131 I 0.4 31 lfggl l3ﬂ_3
22 TRAS04295+2251 4323205 42257267 TauE 1602 F 2.1 154413060 346770
23 IRAS04361+2547 439 13.89 +2553209 TauB 131 I 0.4 163f?8 28f?:§
24 IRAS04365+2535 439 35.19 +254144.7 TauB 131 I 0.4 369t§3 1 lf?:;

Notes. @ Distances are the average cloud distance for Ophiuchus and average distances of each sub-cloud for Taurus (see Testi et al. 2022; Grasser
et al. 2021; Roccatagliata et al. 2020). ® The literature young stellar object classification is based on Dunham et al. (2015), Rebull et al. (2010),

and Beck (2007). © From this paper (see Sect. 4.3).

the discrepancy to be less than ~30%, and we decided to scale
the spectra to match the photometry. Using this approach, we
minimized the uncertainty on the relative calibration of the two
bands. A possible continuum variability would result in a cor-
responding uncertainty in the estimated value of the accretion
luminosity.

Line fluxes were computed fitting a Gaussian line profile to
the spectra. The line fluxes measured for Class II objects are
reported in Table 1, while those measured in Class I and flat

spectrum sources are reported in Table 3. We do not explicitly
include the possible uncertainty due to the flux calibration
procedure discussed above.

3.Class Il

As outlined in Sect. 1, we intended to use the line measure-
ments on the Class II objects for two purposes. The first goal
was to measure the fluxes of the ratios Pf,/Br, and Br,/Br, and
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Table 3. Class I accretion properties.

Name Fgry ¢ Fpgy ¢ Fgro ¢ Apgy b Ape € LogioLacc?
107"W/m?»)  (10°"W/m?*) (107""W/m?)  (mag) (mag) (Lo)

1 SSTc2d j162621.3-242304 53+0.5 <7 26.3+4.0 <2.1 2.1 +0.6 0.80 + 0.59
2 SSTe2d j162702.3-243727 18.5 +£0.5 376 + 1.8 1339+ 2.8 28+04 26+04 1.89 + 0.39
3 SSTe2d j162709.4-243718 20.1 £ 0.6 68 £ 11 209 + 30 3605 3.0=x+0.5 2.35 £0.51
4 SSTc2d j162721.7-242953 <1.0 <2 111+ 1.1 - - —
5 SSTe2d j162726.9-244050 1.3+£0.2 <3 15,0+ 09 <3.0 3.2+0.5 1.01 = 0.51
6 SSTc2d j162727.9-243933 20+0.2 <5 16.54 + 1.7 <3.1 2.8 +0.5 0.86 +£ 0.54
7 SSTc2d j162730.1-242743 0.6 +0.16 <3 <8.2 - - —
8 SSTe2d j163135.6-240129 1.0 £ 0.1 24+04 12.9+ 0.8 31+£0.6 332+0.5 0.99 + 0.50
9 SSTc2d j163200.9-245642 <0.7 <3 98+ 1.5 — — —
10 IRAS 04016+2610 <3 <4 98+ 1.6 - - -
11 MHO1 11.1 £ 0.6 6.1 +£0.6 24.0+ 1.0 09 +0.6 1.1+£04 0.16 + 0.48
12 MHO?2 9.0+0.9 <3 8.63+09 <0.2 01+0.5 —0.88 + 0.59
13 SSTtau 041430.5+280514 3.9+0.6 <2 6.8 +0.5 <0.5 0.8+0.5 .-0.65+0.58
14  SSTtau 042107.9+270220 0.9 +£0.06 0.7+0.1 5.1 +0.06 1.4+ 0.6 22+04 -0.11 = 0.47
15 SSTtau 042111.4+270109 1.8 £ 0.15 1.0 £ 0.1 2.8+0.2 09+£05 06705 -1.20=+0.56
16  SSTtau 043232.0+225726 1.1 +£0.13 09+0.2 24+0.3 1.4 +£0.7 1.1 +£0.5 —-1.05 + 0.62
17  SSTtau 043935.1+254144 1.4 £0.07 3.4+0.3 13.5+£ 0.5 3.1+0.5 3.0+ 04 0.79 £ 0.46
18 IRAS04108+2803B 0.3+0.1 2.8 +0.1 9.6 +0.4 49+0.5 43+0.5 1.25 £ 0.48
19 IRAS04158+2805 0.2 = 0.06 <04 1.0+ 0.2 <3 23+0.8 —0.96 £ 0.79
20 IRASO04181+2654A 0.8 £0.1 1.5+0.3 53+0.3 26+0.7 244 +0.5 0.23 £ 0.54
21 IRAS04239+2436 5.3 +£0.06 11.7 £ 0.2 319+ 04 29+03 24+04 0.94 + 0.40
22  IRAS04295+2251 0.4 +£0.1 <0.3 1.8 +£0.2 <14 2.0+0.7 —0.55 + 0.66
23  IRAS04361+2547 0.9 £ 0.06 1.0+ 0.1 2.8 £0.08 1.9+0.5 1.5+04 —0.78 £ 0.50
24 TRAS04365+2535 1.3 +0.1 2.7+0.3 131 +£0.2 29+05 3.02+04 0.79 +£ 0.45

Notes.  Observed fluxes: objects 1-17 are from this paper, objects 18—

24 are from Beck. ® Extinction at the Pf, wavelength from the ratio

Br,/Pf,. ©) Extinction at the Br, wavelength from the ratio Br,/Br,. ) Accretion luminosity computed from the Br, luminosity (eq.(2)).

derive their mean values, which we used to infer the extinction
in highly reddened objects. The second was to extend the corre-
lation between optical and near-infrared lines and the accretion
luminosity to lines at longer wavelengths.

3.1. Class Il sample

To increase the number of stars and extend our sample toward
objects of higher L,.., we included the objects from Nisini et al.
(1995), who observed the same infrared lines in a sample of
intermediate-mass pre-main sequence stars. Our final Class II
sample includes a few TTSs with a high L, and a number
of HAeBe objects. This choice was motivated by the need to
cover a line luminosity range comparable to what is expected for
very young objects, such as Class I sources, which are known
to have a higher L, than the older TTSs in well-studied nearby
star-forming regions (Hartmann et al. 2016). We note, however,
that this implies that the mass of the central stars in our Class I
sample may differ from those in the Class II sample (the latter
typically being of higher mass). This is probably not a problem,
as the correlation between L,.. and the luminosity of individual
hydrogen lines (Ly;,.s) does not significantly depend on the mass
of the central star, with the possible exception of the very low
mass stars and brown dwarfs (see Appendix B).

3.2. Class Il line ratios

We proceeded by first deriving the intrinsic ratio of the Br,/Br,
and Pf,/Br, fluxes for the Class II objects observed with
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SpeX. We corrected the observed fluxes for extinction using
the values tabulated in Table 1 and the Cardelli et al. (1989)
extinction law with Ry=3.1. For all stars in our sample, the obser-
vations of the three lines were either simultaneous (in the case of
our SpeX observations) or executed within a few hours, such as
in the case of the observations reported by Nisini et al. (1995).
The total number of Class II objects is 25, and they all have
detected Br, lines. One has an upper limit in Br,, and two have
upper limits in Pf,.

The ratios of the dereddened fluxes are shown in Fig. 1.
Each of the ratios cluster around a well-defined constant value
independent of source properties, such as the stellar luminos-
ity L4, accretion luminosity, and extinction (see Fig. 3). The
mean value and its error are respectively Br,/Br,=0.89+0.24 and
Pf,/Br,=0.29+0.06. These values are briefly discussed in Sect. 7
in the general context of hydrogen line emission in Class II
objects.

3.3. Class Il Lacc-Ljne relations

We derived the accretion luminosity, L,.., of each object using
the well-established existence of a correlation between L,.. and
L(Br,) (e.g., Muzerolle et al. 1998; Natta et al. 2006; Alcald
et al. 2017; Fairlamb et al. 2017), revised in Appendix B to
include only objects with a high L(Br,) and L, derived from
UV excess emission:

Log,o(Lace/Lo) = (1.21 +0.05) Log,(Lg,, /Lo) + (4.28 £ 0.18).
(D
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Fig. 1. Top panel: ratio of the de-reddened Brer and Bry fluxes of Class II sources shown as a function of L, (left), L., computed from the Br,
luminosity (center; see Sect. 3.3), and the extinction in the K band (right). Bottom panel: same but for the ratio of Pf, to Br, fluxes. The values of
the ratios are shown by filled dots; the 30~ upper limits are indicated by arrows. When not visible, the errors are smaller than the dots. In both sets
of panels, the mean values of the ratios and their uncertainties are shown in orange.
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Fig. 2. Accretion luminosity, L., derived from the Br, luminosity
(Eq. (1)) plotted as a function of the line luminosity for Br, (left panel)
and Pf, (right panel), respectively. The orange line and shadowed area
show the best-fitting correlation and their uncertainty (see Egs. (2) and
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Fig. 3. Top panel: values of the accretion luminosity, L,.., derived from
L(Br,) as a function of L, derived from L(Br,). Bottom panel: same
but for L,.. derived from L(Pf,). The line of equal values is shown in
orange in each panel.

No similar datasets exist for Br, and Pf, in the literature. For
our sample, we do not directly have the values of L,.. computed
from a measured UV excess. Therefore, we computed the corre-
lations of these two lines with L, as derived from L(Br,). In
practice, we relied on the sample of Class II objects in Table 3.
We computed Ly from L(Br,) and Eq. (1), and we derived the
correlation between L,.. and L(Br,) (and L(Pf, )). The uncertain-
ties in the determination of the linear fit coefficients of Egs. (2)
and (3) were obtained by propagating the errors on the measured
line fluxes and on the Ly..-L(Br,) relation used to determine L.
The results are (see Fig. 2)

Logio(Lace/Lo) = (1.23 £ 0.04) x Logio(Lay, /Lo) + (4.41 £0.11)
@

and

Logio(Lacc/Lo) = (1.21 £ 0.04) X Logo(Lpt, /Lo) +(5.06 £0.12).
3

Figure 3 shows the values of L, . derived from L(Br,) (top panel)
and L(Pf,) (bottom panel) plotted as a function of the accretion
luminosity derived from L(Br,). The agreement between the val-
ues from L(Br,) and L(Pf,) is very good and well within the
uncertainties.

4. Class | objects

In this section, we apply the results obtained for our Class II
sample to derive the extinction toward each Class I object and
then its accretion luminosity. Beck (2007) observed a sample of
Class I sources in Taurus with the same instrument and setup
we used. We include in our analysis the seven objects for which
they detected Bry and at least one among Pfy and Bra. For
homogeneity, we re-analyzed all of the objects using the same
approach employed in our sample.

4.1. Extinction

The extinction in any of the three lines can be obtained from
the ratio of two of them, once an extinction law is adopted. We
computed the optical depth toward the Class I objects at the Br,
wavelength from the observed flux ratio Ry,=Br,/Br,, assuming
that the intrinsic ratio is the same as in Class II objects:

Robs 1
Bry,) =1 _—. 4
T(Br) n( Rp ) 8 (A2.17/A4.05 - 1) @)
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Fig. 4. Accretion luminosity computed from Pf, shown as a function
of the accretion luminosity computed from Br, for Class I objects. In
the first case, the extinction is derived from the ratio Pf,/Br,, and in
the second it is from Br,/Br, (see Sect. 4.1). Dark blue dots are objects
in Ophiuchus; light blue dots are objects in Taurus. Light blue squares
are Taurus objects from Beck (2007). The green dashed line shows the
locus of equal values.

The extinction is A,= 1.0867,. In Eq. (4), Ry is the intrin-
sic Br,/Br, extinction-corrected ratio for Class II objects
(Rp=0.89+0.24, see Sect. 3.2), and Aj17/A40s5 is the ratio of
the extinction at the wavelength of the lines (A, = 1.086 X 7,).
We adopted in all cases the extinction law WDOI with Ry=5.5
(Weingartner & Draine 2001), as it is more suitable for the dense
regions surrounding Class I sources (appropriate for Ax > 2.0,
also according to Li & Chen 2023); the corresponding ratio is
A405/A217 = 0.534. We proceeded in the same way to derive
the optical depth at the Pf, line from the observed Pf,/Br, flux
ratio:

Robs 1
Pf,) =1 _—, 5
T(Phy) = In ( Ry )X (A2.17/A3.74 - 1) ©)

where Rgp=Pf,/Br,, Ry=0.29+0.06 for Pf,/Br, (Sect. 3.2), and
Az74/Az17 = 0.573.

The extinctions derived for Br,, and Pf, are given in Table 3.
While the two extinctions were computed independently, we
checked that the corresponding extinctions in K are equal within
the uncertainty (see Fig. 4). The values of the extinction for
the sources in our sample are in the range of Ax~1-8 mag
(Ay~10-80 mag).

4.2. Accretion luminosity

The accretion luminosity of each object was computed from the
luminosity of Br, and Pf, corrected for extinction and as derived
in the previous section using the correlation between the line
luminosity and L,.. derived in Sect. 3.3. The two values agree
well within uncertainties, as shown in Fig. 5. We note that the
errors include the contributions from the observed line fluxes,
the extinction at the wavelength of the line we used to measure
L,cc, and the uncertainty on the relation L,..-L(Br,) (or Lyc-
L(Pf,)). The values displayed in Table 3 are derived from the Br,
line, as this line is detected in all objects and the values of L,
derived from it are more accurate than the value derived from
the other two lines. These L,.. values are the ones we use in the
rest of the paper, and we refer to them as L, for simplicity.
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Fig. 5. Extinction in the K band computed from the ratio Pf,/Br, is
shown versus the value derived from the Br,/Br, ratio (see Sect. 4.1).
Symbols are as in Fig. 4. The green dashed line shows the locus of equal
values.

4.3. Foreground extinction, bolometric luminosity, and
temperature

To compute the bolometric luminosities (Lyo) and bolometric
temperatures (Ty,)) of all of our sources, we followed the general
methodology of Dunham et al. (2015) but with the important
difference that we tried to evaluate the foreground extinction for
each of our sources independently (instead of using full cloud
averages). For each target, we selected an area with a radius
of 150", or about 0.1 pc at the distance of our targets, and we
computed the average extinction of all Class II within this area
(from the catalogs of Esplin & Luhman 2019; Esplin & Luhman
2020, for Taurus and Ophiuchus, respectively). The choice of the
maximum separation was based on ensuring that a few Class II
stars are available to compute an average extinction for each
Class I object. Two of our objects (SSTc2d J163135.6—-240129
and SSTc2d J163200.9-245642) are outside the area surveyed by
Esplin & Luhman (2020), and for these we adopted the average
cloud extinction value of Dunham et al. (2015).

We decided to use the average foreground extinction using
Class II stars within ~0.1 pc around each of our targets, instead
of the average cloud extinction, because we noticed that Class II
sources located in the vicinity of our targets show a significantly
higher extinction than average. This is not surprising, as Class I
sources are typically found in the denser regions of molecular
clouds, while the full Class II population is much more dis-
persed (Evans Il et al. 2009), leading to lower average foreground
extinction. The average uncertainty of our computation of the
foreground extinction is about AAx ~ 1 mag. The derived val-
ues of Ag fs, Liol, and Ty are listed in Table 2. Compared to the
estimates of Dunham et al. (2015), our values of Ly, and Ty
are generally higher, by up to a factor of about two, for objects
with the largest values of Ag f.. In the range of Ag g, of our sam-
ple (~0.5-3.2), we found no correlation between the foreground
extinction and the derived Ly, and Ty, as expected.

The uncertainty in Ag s, has a small impact on the derived
values of Ly, and Ty for sources with large values of A, and
small values of Ty, while the effect is much larger for sources
with high values of Ty (see Fig. 6). This is not surprising, as
sources with a high Ty have significant emission at short wave-
lengths, where an uncertain extinction correction will produce
the largest variations. This implies that our computed values of
Lvo1 and Ty, for the youngest sources are less affected by the



Testi, L., et al.: A&A, 703, A277 (2025)

2500 ——L

2000
21500 —

l— —
1000

500 I

._._
05 0 ) 4
Ak, g (mag)

Fig. 6. Bolometric temperature plotted against the computed foreground
extinction (A, s,). Symbols are as in Fig. 4.

uncertainty in the estimate of Ak ¢,. For high Ty, sources, which
are mostly part of the Taurus sample, our error bars are gener-
ally consistent with these objects being more evolved (possibly
Class II objects previously misclassified as Class I or F).

5. Discussion
5.1. Evolution of the Lacc/Lpo ratio

The values of L, derived in the previous section span a range
from <1 to ~100 Ly (see Fig. 7). In all but one of the objects
with Tpo < 500 K, within the uncertainties, L,.. is comparable
to the total bolometric luminosity, as shown in Fig. 8, where the
ratio L,c./Lyo 18 plotted as a function of the bolometric temper-
ature Ty Also, all but one of the objects with Ty, > 800 K are
compatible with L,.. being a small fraction of Ly (even though
the uncertainties in the Ly, measurements are very large for this
subsample, as noted above). Only one of the low accretors in
Taurus has Ty < 500 K, and one high accretor in Ophiuchus has
Tpor ~1000 K. We note that in some cases the derived L,c./Lio
ratio is larger than one. This can be due to different reasons, such
as the variability of L, or Ly (see below), or related to the
source geometry (see Sect. 6.2).

It is generally expected that younger objects, where a high
fraction of the luminosity is due to accretion, are also more
embedded in the parental core and therefore have a higher extinc-
tion due to local dust (e.g., Evans II et al. 2009). We computed
the local extinction, Aj.ca, as the difference between the total
extinction derived from the line ratios (see Table 3), which
depends on the total amount of dust along the line of sight,
and the foreground component, As,. Figure 9 shows the results
for the K band. Most low accretors have a low local extinc-
tion, Axocal S 1 mag, while most of the high accretors have
Ax jocal 2 2 mag. In spite of the large uncertainties that affect
some of the results, the transition between high to low accre-
tors at Tpep 1S ~500-700K. This trend is broadly consistent with
the expectations from numerical models of star formation. For
example, one result of Lebreuilly et al. (2024) is that proto-
stars have an initial evolutionary phase in which L,.. dominates
the instantaneous total luminosity of the central protostar. Then
there is a sharp transition to the total luminosity being dominated
by the internal luminosity of the central source. We note that
one important difference between the “total” luminosity com-
puted in the models and the “bolometric” luminosity derived
from observations is related to the temporal averaging introduced
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Fig. 7. Accretion luminosity (top) and fraction of accretion luminosity
over bolometric luminosity (bottom) as a function of L. Symbols are
as in Fig. 4. The green dotted lines show the locus of L,c./Lyoi=1, 0.1,
and 0.01, as marked.
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Fig. 8. Ratio of the accretion luminosity to the bolometric luminosity as
a function of Ty, . Symbols are as in Fig. 4. The dotted green lines show
the Ty,=700 K and the L,..=Ly, locus.

by the reprocessing of radiation in the protostellar envelope.
While in observations it is possible to have occurrences of
the instantaneous L, being larger than the Ly, in models
the instantaneous total luminosity of the central source is always
the sum of the instantaneous accretion and internal luminosities.

The fact that in most of the Ophiuchus Class I sample the
accretion luminosity accounts for all of the Ly, while Taurus

A277, page 7 of 14



Testi, L., et al.: A&A, 703, A277 (2025)

o

|
=

|
N

I—og 10 Lacc/|—bol

|
w

|
1N
N

0 2 4 6
Ak, local (Mag)

2500 i

2000

21500
I—

1000

500

(@)
N
(=

2 4 6 8
Ak, local (Mag)

Fig. 9. Top panel: ratio of L,../Lyo versus the local extinction in the
K band Ak jocq- Bottom panel: Ty, versus Ag jocq- Symbols are as in
Fig. 4.

objects cover a large range of values, from accretion to stellar-
dominated luminosity, is likely a selection effect. Indeed, the
Ophiuchus Class I sample contains objects selected because
of their low values of Ty, already corrected for an estimated
average foreground extinction (Dunham et al. 2015), while the
selection of Taurus Class I objects had less stringent criteria. The
objects classified as Class I purely on the basis of their observed
infrared spectral index (uncorrected for foreground extinction)
may in fact cover quite a significant range of different evolu-
tionary stages, such as from a time when the central star is
still significantly growing to a later phase where the central
object has already reached a mass close to the final one, and
the photospheric luminosity controls the thermal structure of the
surroundings.

This picture is in agreement with other studies of accretion
in young stellar objects. Fiorellino et al. (2023) show that in
Class I sources L, <0.5 Ly, in a sample selected for low values
of extinction, which is consistent with relatively evolved Class I
young stellar objects. In their sample, ~80% of the sources
show Ag< 3, whereas in our sample (see Fig. 9), ~80% of the
sources with Ag <3 show Ty, >700 K. Le Gouellec et al. (2024)
observed Bry line luminosities for a sample of face-on, hence
low-extinction, younger Class 0 young stellar objects. They show
that at younger ages, the line luminosity is a factor of ~100
higher than in the sample of Fiorellino et al. (2023).

5.2. Comparison with numerical simulations

Numerical simulations of star formation have now reached a
level of sophistication that allows us to estimate the variation of
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Fig. 10. Ratio of L,./Ly versus age (top) and Ly (bottom) from the
simulations of Lebreuilly et al. (2024).

Lacc as the objects evolve in time. To produce a qualitative com-
parison with our results, we used the L., Lo, age, and mass of
the protostars for a fully consistent population formed within a
single numerically simulated star-forming cloud in the high res-
olution non-ideal MHD simulations of Lebreuilly et al. (2024).
We note that for this analysis, the Ly, values were computed as
the sum of the accretion and intrinsic luminosities of the growing
sink particles, which represent the (proto-)stars in the simulation.
The value of Ly is thus the total luminosity of the compact pro-
tostar, which may differ from the observed Ly, as the latter is
derived from the line of sight’s reprocessed radiation through the
envelope (see Sect. 6).

In Figure 10, we show the values of the ratio L,.. over Ly
as predicted by the numerical simulations of Lebreuilly et al.
(2024). The simulations show that L,.. dominates L, at early
stages of evolution, and then the contribution of the accretion
to the total luminosity drops very rapidly at later evolutionary
stages. In the simulations, the transition occurs when the central
protostar reaches a critical internal luminosity threshold.

The same qualitative behavior is obtained in simulations with
different assumptions on the underlying physics Lebreuilly et al.
(2024 e.g., with mechanical feedback or low magnetization).
A more detailed comparison of our measurements with the
outcome of currently available numerical simulations remains
difficult because of the mismatch in the ages of the objects.

6. Caveats
6.1. Extinction correction

The results discussed above depend significantly on the adopted
extinction law in the region ~2-4um. There is a large
uncertainty on what is the most appropriate extinction law for
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the dense cores of Class I objects. When computing the extinc-
tion toward the hydrogen recombination lines, we adopted the
ratio Ay40s,/A2.17,=0.54. This is appropriate for the more red-
dened regions of p-Oph (Ax>1 mag Li & Chen 2023), and it is
in very good agreement with the interstellar medium extinction
curve of Weingartner & Draine (2001) for Ry=5.5. The values of
Ak obtained for our Class I objects (Table 3) mostly fall in this
range, suggesting that, at least, there is no inconsistency in our
results.

Theoretically, grain growth from the interstellar medium size
is expected to occur in cores, reaching maximum grain sizes that
could reach a few tens of microns for a density of 10® cm™ and
age of 1 Myr (Ossenkopf & Henning 1994; Ormel et al. 2009,
2011; Lebreuilly et al. 2023). In these conditions, Ossenkopf
& Henning (1994) found A4 s,/A2.17, values of ~0.55 for ice-
coated grains from the standard size distribution (Mathis et al.
1977), similar to the value 0.54 adopted in this paper. The authors
of Ormel et al. (2011) followed the evolution of grain proper-
ties in time and found values increasing from ~0.3 to ~0.7 at
1 Myr. Observationally, recent results by Li et al. (2024) on four
cores (two starless, one Class 0, and one Class I) show a flat
extinction law very similar among the four cores studied that
results in a Ay os,/Az.17, 1atio of ~0.7. Interestingly, this is sim-
ilar to the most recent values for interstellar medium extinction
(Hensley & Draine 2020). However, there is quite a spread in the
observational results (see, e.g., Li et al. 2024).

A flatter extinction curve results in a larger value of the
extinction than we derived from the observed line flux ratios.
This can have a significant effect, as it increases the line lumi-
nosities by a large factor and therefore also the accretion lumi-
nosity. For example, when adopting the Li et al. (2024) extinction
curve, the values of Ay s, in Table 3 roughly double, and L(Br,)
(hence, L,.) increases from a factor of a few for A4 s,~1-2 mag
to a factor of ~50 for objects with A4 s,~4 mag. Such very high
values of L,.. would be difficult to reconcile with the observed
bolometric luminosities.

6.2. Geometry of the source and scattering

What we discussed in the previous paragraph is the uncer-
tainty on the “pencil beam” extinction due to dust properties.
When observing an unresolved spatially extended source, the
unresolved geometry plays an important role in the “effective”
beam-averaged extinction. The effect of source geometry has
been investigated through simulations of the emerging spectral
energy distribution of protostars with complex geometry (e.g.,
Kenyon et al. 1993; Whitney et al. 1997, 2003). In particular,
Whitney et al. (2003) have discussed the effects of the geom-
etry and inclination angle of Class I young stellar objects on
the estimates of the source bolometric luminosity and infrared
colors.

The general conclusion is that the effects on Ly, are small;
the variations of the estimate of Ly, for the full range of inclina-
tions is found to be smaller than a factor of two. This is a small
uncertainty for our estimates of Ly, given all the other sources of
errors. On the other hand, the effect of geometry on the infrared
colors is more relevant. The results of Whitney et al. (2003)
demonstrate that there could be a significant systematic uncer-
tainty in the use of infrared colors to derive extinction due to the
unknown viewing angle, especially for sources with the disk axis
close to the plane of the sky. These effects have been confirmed
observationally by a spectral energy distribution fitting of large
samples of young stellar object photometry (Furlan et al. 2016;
Pokhrel et al. 2023). The total model luminosities can exceed the

measured Ly, by a factor of up to three for the most inclined
systems. These uncertainties can only be solved by the combina-
tion of more detailed observations, in order to derive the source
geometry, and the dust and line radiation transfer through the
disk-envelope system. We note that these uncertainties affect all
attempts to measure accretion luminosity using line emission in
protostars.

7. Class Il as templates for Class | accretion
properties

The use of hydrogen line ratios to measure the extinction toward
Class I objects in a manner similar to what we have done here is
not new. It has been used, for example, by Beck (2007), Caratti o
Garatti et al. (2012), and Edwards et al. (2013). A correct choice
of the intrinsic line ratios is particularly important in the case
of Class I. Beck (2007) also used the Br,/Br, flux ratio to com-
pute the extinction. The main difference with our approach is that
they adopted an intrinsic ratio of approximately three, which is
the theoretical value expected from Case B recombination lines
(Hummer & Storey 1987), rather than the value measured in
Class II (~1). As a consequence, the extinction derived by Beck
(2007) is significantly lower than our determinations, and L,
is smaller by a factor that ranges from roughly one for the less
reddened objects to ~40 for the most reddened ones.

Our choice of using the observed Class II line ratios is new
and potentially important. In the case of the line ratios used
in this paper (see Sect. 3), the derivation of the extinction and
accretion luminosity of the Class I is made easy by our finding
that the two ratios, Br,/Br, and Pf,/Br,, in Class II are inde-
pendent of stellar and accretion properties (see Fig. 1) so that a
mean value can be derived with an uncertainty of only ~20%.
We think that this is probably the case for many other hydrogen
line ratios, as the studies of hydrogen line luminosities in Class
II have found that the luminosity of each individual line corre-
lates with L,.. almost linearly (Alcald et al. 2017; Fairlamb et al.
2017; Tofflemire et al. 2024).

One caveat, already mentioned in Sect. 3, is that the lack of
low-mass Class II stars accreting at very high rates forces us to
use intermediate-mass Class II as a proxy for Class I objects. At
present, most of the available evidence indicates that in Class II,
the total accretion luminosity is distributed roughly in the same
proportion among the many emission lines observed in the spec-
tra independently of such properties as age and mass. However,
this is a crucial aspect of the procedure outlined in this paper,
and it should be further analyzed.

The results of this paper show that it is necessary to have
measurements of multiple line ratios extending from the near-
infrared to the mid-infrared, possibly observed simultaneously,
for a large number of objects so that accurate mean values can
be computed and suitable line ratios are selected. Such a dataset
will be provided by JWST spectroscopy of Class II objects,
and it could provide the base for determination of the accretion
luminosity in embedded objects, following the classic method
outlined in this paper. Moreover, if multiple mean values of line
ratios spread over a large wavelength interval are available, one
could also obtain very valuable constraints on the extinction law
itself (see, e.g., Rogers et al. 2024a).

8. Summary and conclusions

In this paper, we have presented simultaneous Br, (1 =
217um), Pf, (1 = 3.74pm), and Br, (1 = 4.05um)
observations with the SpeX instrument of a sample of highly
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accreting Class II stars and Class I protostars. The aim of this
study was to characterize the line emission properties of Class II
stars and use these as a template to derive accurate accretion
luminosities for the Class I protostars. Our findings our outlined
as follows:

— From the analysis of the three lines in our Class II sam-
ple, we find that their flux ratios show a very low dispersion
with no dependence on the photospheric or accretion param-
eters. We derived mean values of the two ratios, Br,/Br, and
Pf,/Br,, and computed the correlations between the accre-
tion luminosity and the line luminosities of Br, and Pf,(see
Equations (2) and (3));

— Under the commonly used assumption that the accretion
engine inside Class I protostars is similar to more evolved
Class II stars, we developed a new method to derive a
measurement of the extinction that affects the line emitting
region by comparing the observed line ratios in Class I with
the mean values measured in Class II;

— This method can be extended to more line ratios and to
longer wavelengths using, for example, JWST. Doing so
would allow for the possibility of constraining the infrared
extinction law in protostars and hence the properties of dust
grains;

— We applied our method to a sample of young stellar objects
in different evolutionary stages in the Taurus and Ophi-
uchus star-forming regions. Our limited sample shows that
accretion luminosity either fully dominates the bolometric
luminosity of the young stellar objects or is negligible (as in
Class II). This transition is correlated with the evolutionary
stage, as traced by Ty, . We have shown that this behavior
is qualitatively consistent with the prediction of numerical
simulations.

We have discussed several difficulties in interpreting observa-
tions of Class I protostars that affect our and other methodologies
presented in the literature. Nevertheless, our results are intrigu-
ing, and the new methodology has a great potential to be applied
to statistically significant samples of protostars.

Data availability

The SPEX reduced data is available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/703/A277
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Appendix A: Line spectra

In this Appendix we report the observed spectra in the region of the Br,, Pf,, and Br, lines. In each panel we show the spectrum in
red, the fitted continuum as a solid blue line, and the gaussian fit used to estimate the line flux as a dashed blue line (only for the
sources where the line was detected). Figure A.1 shows the spectra for Class II sources, while Figs. A.2 and A.3 show the Class I

Testi, L., et al.: A&A, 703, A277 (2025)

spectra.
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Fig. A.1. Spectra of Br,, Pf,, and Br, (red line) for the Class II sources observed with SpeX. The fitted continuum is shown as a blue solid line.
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Fig. A.2. Same as Fig. A.1 but for Class I sources observed with SpeX.
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Appendix B: L,.-L(Br,) correlation in Class Il

As discussed in Sect. 3.2, several literature studies have reported correlations between the accretion rate luminosity, L., and the
intrinsic, extinction corrected Br, line luminosity, L(Br,). The most complete and widely used studies are the one by Alcala et al.
(2017) for stars below about one solar mass, and the one by Fairlamb et al. (2017) for intermediate mass stars. None of these two
studies covers the full range of Lp,., measured in our sample of Class II, and since the two correlations presented in the literature
show small, but significant differences we decided to recompute a correlation optimized for our range of measured line luminosities.
In Figure B.1 we show the samples of L,.. and L(Br,) measurements from Alcala et al. (2017) and Fairlamb et al. (2017), the
literature fits to the two separate samples, and our combined fit in the line luminosity range —5.5 <L(Br,)/Lo < 0.5. In deriving
the fit, we only considered the good measurements reported in the literature, excluding upper limits in any of the two quantities.
To perform the fit, we used the methodology described in Kelly (2007), using the Python implementation available at https:
//github.com/jmeyers314/linmix.git. The correlation, and its uncertainties, that we derived for use in this paper is

Log;o(Lace/Lo) = (1.21 + 0.05) Log(La,, /Lo) + (4.28 + 0.18). (B.1)

5.01

Log10(Lacc)
o
o

—2.51 P This paper
| Fairlamb et al. 2017
—-5.01 * Alcala et al. 2017
-75 -50 =25 0.0
LOglO(LBrV)

Fig. B.1. Correlation of L,.-Lg., for Class II objects in the literature. In red we show measurements for stars below about one solar mass (from
Alcala et al. 2017), in blue for intermediate mass stars (from Fairlamb et al. 2017). The red dotted line and blue dashed lines show the literature
correlations, derived for each sample separately. The light green line shows the correlation we derive for the range —5.5 < (Lg,,/Lo) < 0.5. The
dark green band shows the uncertainty in the fit.
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