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Abstract:

The majority of the ultimate main-sequence mass of a star is assembled in the protostellar phase,
where a forming star is embedded in an infalling envelope and encircled by a protoplanetary disk.
Studying mass accretion in protostars is thus a key to understanding how stars gain their mass and
ultimately how their disks and planets form and evolve. At this early stage, the dense envelope
reprocesses most of the luminosity generated by accretion to far-infrared and submillimeter wave-
lengths. Time-domain photometry at these wavelengths is needed to probe the physics of accretion
onto protostars, but variability studies have so far been limited, in large part because of the dif-
ficulty in accessing these wavelengths from the ground. We discuss the scientific progress that
would be enabled with far-infrared and submillimeter programs to probe protostellar variability in
the nearest kiloparsec.
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Photometric Variability of Protostars as a Probe of Mass Accretion

Stars form when dense cores in clouds of molecular gas collapse under their own gravity (Shu et
al. 1987). For most stars, the first 500,000 years of collapse (Evans et al. 2009) feature a central
hydrostatically supported object embedded in a dusty circumstellar envelope. Envelope material
falls onto a protoplanetary disk, which supplies the matter needed for the star to reach its ultimate
main-sequence mass. Some fraction of the disk material forms planets. We define the protostellar
phase as that in which the envelope and disk still play an important role in the observed properties
and subsequent evolution of the system. Studies of large samples of protostars reveal the conditions
under which our own solar system formed. Here we discuss our current understanding of pro-
tostellar accretion via time-domain photometry beyond 70 µm and address what is needed in
the 2020s and beyond to make further progress. We focus on the formation of low-mass stars
(. 1 M�); a contribution by Hunter et al. discusses variable accretion in massive protostars.

A protostellar spectral energy distribution (SED; see Figure 1) is expected to evolve to shorter
wavelengths as envelope dust clears out over time and there is less material available for reprocess-
ing and reradiating accretion luminosity. From least evolved to most evolved, Class 0 protostars
are faint in the mid-infrared (mid-IR) and emit most of their radiation at far-IR wavelengths (André
et al. 1993), Class I protostars have SEDs that rise with wavelength in the mid-IR (Lada 1987),
and flat-spectrum protostars have spectral energy distributions that are flat in the mid-IR (Greene
et al. 1994). Even for the flat-spectrum protostars, the wavelength region beyond 70 µm is a major
contributor to the luminosity.

After the protostellar phase, in T Tauri stars, accretion rates are of order 10−8 M� yr−1 (Hartmann
et al. 2016). These rates persist for at most a few million years, so Ṁ∆t during this phase is of order
only a few percent of the mass of the star. The vast majority of the mass assembly process must
therefore take place in the protostellar phase. The time dependence of protostellar accretion
is a fundamental measurement of how stars gain their mass, and our understanding in this area
is limited. Understanding this process will also enable insight into the origin of the initial mass
function of stars. Furthermore, since the accretion process is determined by the physical and
chemical properties within the disk, variability is intimately linked to the time-dependent structure
and chemistry of the disk. Finally, accretion variability may lead to much of the observed structure
within jets and outflows. In spite of dramatic progress made since the last decadal survey in
the theory and observation of the earliest phases of star formation, our understanding of the
physics of protostellar accretion remains poor.

Discovering how accretion works in the youngest protostars will aid our understanding of how
exoplanets form. Observations with submillimeter- to centimeter-wave interferometers have re-
vealed that protostars frequently have disks (Tobin et al. 2012; Murillo et al. 2013; Yen et al. 2017;
Segura-Cox et al. 2016, 2018), and studies of more evolved disks routinely reveal structure, sug-
gesting that planets may have already formed in the protostellar phase (ALMA Partnership 2015;
Long et al. 2018; Andrews et al. 2018). It remains to be seen whether the variability mechanisms
that prevail in more evolved disks (Herbst et al. 1994) also operate in the disks of protostars.

SEDs combining Spitzer, Herschel, and submillimeter data enabled the construction of bolometric
luminosity and temperature (BLT) diagrams for hundreds of nearby protostars. This diagram was
introduced by Myers & Ladd (1993) as a protostellar equivalent to the Hertzsprung-Russell dia-
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Figure 1: SEDs of Orion protostars from Furlan et al. (2016) that demonstrate the full range of
protostellar evolutionary classes, from least evolved (left) to most evolved (right). We include
photometry and spectroscopy from 2MASS (Skrutskie et al. 2006), Spitzer (Werner et al. 2004),
Herschel (Pilbratt et al. 2010), and the Atacama Pathfinder Experiment (APEX; Güsten et al. 2006).

gram, with the hope that it would lead to advances in the understanding of protostellar accretion
similar to what was facilitated by HR diagrams for stellar physics. Unfortunately, BLT diagrams
feature a spread of three orders of magnitude in luminosity at each temperature, without the clean
main sequence that exists for middle-aged stars (Figure 2). Studies have investigated the role ac-
cretion plays in the broad trends seen in BLT diagrams (Dunham et al. 2010; Fischer et al. 2017),
but the role of variable accretion in giving rise to the luminosity spread is not well quantified.

Class 0 and early Class I protostars, where the majority of the stellar mass is being assembled, are
typically faint to invisible at near-IR wavelengths and shorter. Mid-IR surveys, however, routinely
detect protostars and monitor their variability. The Spitzer YSOVAR program (Morales-Calderón
et al. 2011) obtained 3.6 and 4.5 µm light curves for protostars in various star-forming regions. The
origins of protostellar variability are complex at these wavelengths; variable disk structures as well
as accretion play a role (Rebull et al. 2015; Wolk et al. 2018). Protostars are brightest in the far IR,
which probes heating of the inner envelope by accretion processes. This wavelength range is thus
the ideal one for tracking accretion-driven variations in the luminosity. Beyond the far-IR, changes
in the submillimeter are more sensitive to the temperature in the outer envelope, where interstellar
heating is a factor (Johnstone et al. 2013). Thus, while the far-IR and submillimeter are the critical
wavelengths for this work, near- and mid-IR observations have important supporting roles.

Evidence for Variability in Protostars beyond 70 µm

Young stars may undergo episodic accretion outbursts, where the luminosity may increase by a
factor of more than 100 and remain high for decades (Hartmann & Kenyon 1996). In recent
decades, protostellar outbursts have been discovered (Strom & Strom 1993; Caratti o Garatti et al.
2011; Safron et al. 2015), and fossil evidence has been found for previous outbursts in the form of
extended C18O emission due to past heating (Jørgensen et al. 2015; Frimann et al. 2017). Outbursts
are thought to be due to the interplay between gravitational and magneto-rotational instabilities in
the disk, which are mediated by infall from the envelope (e.g., Zhu et al. 2012; Vorobyov & Basu
2015; Kratter & Lodato 2016). However, the origin of accretion variations and the nature of angular
momentum transport are debated. The outburst mechanism will be constrained by future studies
focusing on the physical and chemical properties of disks (see the contribution by Sheehan et al.).
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Figure 2: Bolometric luminosities (Lbol) and tempera-
tures (Tbol) of 330 young stellar objects in Orion, 315 of
which have bolometric temperatures characteristic of pro-
tostars (Classes 0 and I). The flat-spectrum class is not
included in this scheme, but it corresponds roughly to a
range of 350–950 K (Evans et al. 2009). There is a broad
spread in Lbol at each Tbol, and the median luminosity is
lower for larger Tbol. The distribution is consistent with
accretion luminosities that decline exponentially with
time but are punctuated by episodes of enhanced ac-
cretion (Dunham et al. 2010; Fischer et al. 2017).

In 319 Orion protostars, Fischer et al. (2019) reported two outbursts over 6.5 yr, with increases in
luminosity by factors of ∼ 12 and 40. This result and the incidence of bursting sources elsewhere
(Offner & McKee 2011) point to a 1000 yr interval between bursts of a given protostar, but with
large uncertainty, comparable to estimates from jet structure and proper motions (Raga et al. 1990).
The left panels of Figure 3 demonstrate the outburst of HOPS 383, the first known Class 0 outburst
(Safron et al. 2015). Far-IR surveys will uncover additional deeply embedded outbursts, reduce
the uncertainty on their occurrence rate (Hillenbrand & Findeisen 2015), and perhaps detect the
signature of the beginning of accretion in the youngest protostars.

Smaller-scale far-IR variations have also been detected in protostars. Billot et al. (2012) obtained
Herschel/PACS photometry of 43 protostars in a 35′ by 35′ field in Orion at 70 and 160 µm. They
found that protostars frequently varied by more than 20% over periods as short as a few weeks,
implying that accretion rates vary at least at this level. In the immediate future, SOFIA has some
capacity to track the variability of nearby, bright protostars at mid-to-far-IR wavelengths.

The JCMT Transient Survey is conducting similar monitoring across eight nearby star-forming
regions at submillimeter wavelengths (Herczeg et al. 2017). It monitors more than 50 bright pro-
tostars with a monthly cadence and has discovered robust evidence of variability at 850 µm. Yoo
et al. (2017) reported on a submillimeter burst in a protostar in Serpens Main (right panel of Fig-
ure 3). The burst phasing matches the protostar’s 2 µm quasi-periodic light curve (Hodapp et al.
2012), suggesting a triggering mechanism within the inner few AU if the periodicity is related to
orbital times. Johnstone et al. (2018a) analyzed the first 18 months of survey data, finding that
about 10% of the surveyed protostars varied by about 5% at 850 µm over the course of a year.

Understanding Stellar Mass Assembly with Space-Based Far-IR Monitoring

Far-IR monitoring of a large number of protostars will reshape our understanding of the physics of
how stars get their mass and how this affects the formation of planets. While about 100 protostars
have been monitored so far beyond 70 µm, there are about 1000 in the nearest kiloparsec, about
25% of which are of Class 0 (Gutermuth et al. 2011; Dunham et al. 2015; Furlan et al. 2016). The
monitoring could extend to extragalactic targets, especially for massive young stellar objects. In
the Spitzer SAGE survey of the Large Magellanic Cloud (Meixner et al. 2006), 1% of massive pro-
toclusters varied over three months (Vijh et al. 2009); the variability was likely driven by individual
members of the clusters. Below we investigate the requirements to monitor those inside 1 kpc.
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Figure 3: Left: Spitzer 24 µm images that demonstrate the outburst of the Class 0 protostar
HOPS 383 in Orion (Safron et al. 2015). Right: JCMT 850 µm light curve of the quasi-periodic
Class I protostar EC 53 in Serpens Main (Yoo et al. 2017; Johnstone et al. 2018b).

Figure 4: Left: Histogram of 70 µm fluxes for 319 Orion protostars (Furlan et al. 2016). Right:
Number of protostars in the nearest kpc that can be imaged at 1 deg2 hr−1 as a function of observing
time and map size. The efficiency increases for smaller maps because protostars are clustered.

Angular resolution: An angular resolution of 5′′ (obtainable at 100 µm with a 4–5 m telescope)
corresponds to 5000 AU at 1 kpc. This is not fine enough to separate the components of typical
multiple systems (Kounkel et al. 2016; Tobin et al. 2016), but it is sufficient to separate the systems
from each other. In an unresolved system where one protostar shows dramatic variability, the
fractional change in flux from the system will be reduced compared to that of the single protostar,
but the detection can be investigated further with higher-resolution facilities.

Sensitivity: As measured in Herschel images, 75% of the Orion protostars have 70 µm flux den-
sities greater than 0.35 Jy (left panel of Figure 4). For protostars at 1 kpc, this corresponds to
60 mJy. We want to measure 5% changes at three sigma, corresponding to a one-sigma sensitivity
of ∼ 1 mJy to monitor such variations in nearly all protostars in the nearest kiloparsec. Such a
survey would also be sensitive to submillimeter galaxies; we would distinguish between these and
protostars with near-IR spectroscopy or imaging.

Wavelength range: Class I protostars have SEDs that peak near 70 µm (Figure 1). In Herschel
images, Stutz et al. (2013) discovered the reddest, most deeply embedded protostars in Orion.
(Two of these are submillimeter variables; see Johnstone et al. 2018a and Mairs et al. 2018.) These
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are so faint at 24 µm that they were not classified as protostars based on Spitzer data alone. Their
SEDs peak between 100 and 160 µm. Therefore, photometry between 70 and 160 µm is needed
to recover the youngest protostars. Broad SEDs encompassing this range would be essential for
disentangling the causes of variability in all regions of the envelope, disk, and central object.

Mapping speed: Mapping speed, not sensitivity, is the limiting factor for the science discussed
here. Herschel Gould Belt Survey archival data (André et al. 2010) indicate that Herschel’s fastest
mapping mode mapped about 1 deg2 hr−1. Based on the distribution on the sky of the protostars in
the nearest kiloparsec, the right panel of Figure 4 shows how the number of protostars that can be
monitored at this speed depends on observing time and map size. Because protostars are clustered,
smaller fields can be monitored more efficiently. Monitoring nearly all of these protostars would
take . 20 hr and could be repeated several times over the life of a mission.

The parameters presented here are roughly consistent with those offered by the far-IR imager being
considered for NASA’s proposed Origins Space Telescope1. At the mapping speed considered
here, Origins would also be able to obtain 25–590 µm spectral cubes at a resolving power of a
few hundred. With these, one could compare the radiative energy balance of transients before and
after their outbursts. The joint Japanese/European SPICA2 mission is expected to have similar
capabilities, although with coarser angular resolution.

Understanding Accretion Physics with Ground-Based Submillimeter Monitoring

Like with large-amplitude bursts, understanding the smaller-scale photometric variability of pro-
tostars has suffered from small sample sizes and short time baselines. The work of Billot et al.
(2012) and the JCMT Transient Survey team have provided tantalizing evidence of far-IR and
submillimeter variability, but the frequency and amplitude of this variability is not yet well con-
strained. CCAT-p3, a planned 5 m submillimeter telescope dedicated to surveys, and AtLAST4, a
proposed 50 m single-dish companion to ALMA being investigated by an international collabora-
tion, would effectively map the requisite fields in the submillimeter, but for a longer period of time
and more frequently than a space-based far-IR mission.

Submillimeter data are an essential part of multiwavelength monitoring during a burst, which tracks
the progress of the temperature rise from the inside out, through the disk and envelope. This rise
is reflected in the dust emission, affecting short wavelengths first and propagating to longer wave-
lengths as the extent of heating increases. The differences in lag time between wavelengths also
reflect the physical geometry of the system. Structures close to the protostar are heated earlier and
to higher temperatures. This heating is not instantaneous, as the time taken for photons to propa-
gate outwards in such high optical-depth environments can be weeks or months; such timescales
can be measured by comparing lightcurves at multiple wavelengths (Johnstone et al. 2013).

Time-domain photometry of large samples of protostars at wavelengths beyond 70 µm will enable
major progress in understanding how stars gain their mass, how disks form and evolve, and how
planets begin to emerge in the first few hundred thousand years of solar system formation. As
the nature of photometric variability at these wavelengths becomes clear, followup spectroscopic
studies will give additional insight into the responsible physics.

1https://origins.ipac.caltech.edu/
2http://www.spica-mission.org/

3http://www.ccatobservatory.org/
4http://atlast-telescope.org
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